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How to observe molecules in star-forming regions ?

1. Infrared spectroscopy in absorption to study interstellar ices

Ices: near and mid-IR
High-mass protostar AFGL7009S 
observed with ISO

D
artois et al. (1998)

New observatories:  
JWST, E-ELT, SPHEREx
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2. Millimetric spectroscopy in emission to study the molecular gas

Gas: sub-mm/mm

New observatories:  
NOEMA, ALMA, ngVLA ?

Taquet et al. (in prep.)

How to observe molecules in star-forming regions ?
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3. Space missions: final composition of the Solar Nebula

Rosetta - Comet 67P

HL Tau

Dust: Continuum Gas: HCO+

50 AU Yen et al. (2016)
How to observe molecules in star-forming regions ?
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Theoretical and 
experimental chemistry

ObservationsModelling

1. Development of gas-grain 
model

2. Single-dish and 
interferometric mm observations

Physical Models

Expertises in Astrochemistry
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Main projects during ASTROFIT2 program

Methanol deuteration in low-mass protostars 
Taquet, Bianchi, Codella, Persson, Ceccarelli et al. (A&A, in press)

Bright methanol in a cold dark cloud 
Taquet, Wirström, Charnley et al. (In prep.)

Sulphur chemistry along molecular outflows 
Taquet, Codella, De Simone, López-Sepulcre, Pineda et al. (to be subm.)

Deep search for O2 towards a low-mass protostar 
Taquet, van Dishoeck, Swayne, Harsono et al. (2018)



Bright cold methanol emission in Barnard 5 
Taquet, Wirström, Charnley et al. (In prep.)



Methanol: a key molecule for organic chemistry

High methanol abundances both in interstellar ices and gas

High-mass protostar AFGL7009S 
observed with ISO

Dartois et al. (1998), Boogert et al. (2015)

Low-mass protostar IRAS4A  
observed with NOEMA

De Simone et al., Taquet et al. (in prep.)



Methanol: a key molecule for organic chemistry

Methanol is likely the mother molecule of many interstellar Complex 
Organic Molecules



Molecular mapping of the Barnard 5 molecular cloud
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Fig. 1: H2 column density (left) and dust temperature (right) maps of the Barnard 5 molecular cloud derived by the Herschel Gould
Belt survey (1? ).

part". The Herschel maps revealed the presence of a so-called
"elongated filament" along the southeast - northwest direction at
the origin of the formation of several dense cores (12).

Figure 2 compares the integrated intensity maps of our tar-
geted species. We only show the brightest transition of each
species in the case of H2CO, CH3OH, C3H2, and HC3N which
show the detection of two of more transitions. All maps have
been re-gridded to the same angular resolution of 31 00 corre-
sponding to the IRAM 30 resolution at 81 GHz. Table 2 lists
the Spearman’s correlation coe�cients between the integrated
intensity, the H2 column density, and the dust temperature maps.
The ten targeted species clearly show di↵erent spatial distribu-
tions within the cloud. C3H2, HC3N, DCN, and CCS are only
detected in the main part of the cloud whereas 34SO and OCS
are detected only towards the filament. DCO+, H2CO, CH3OH,
and C34S are detected towards both components. In the main part
of the cloud, C3H2, HC3N, and CCS show very similar spatial
distributions with a L-shape profile and with an emission peak
at about 3 arcmin north from IRS1. In contrast, the peak of the
DCO+, H2CO, and DCN molecular emissions is close to IRS1.
Along the filament, one can notice a peak of methanol emission
towards the so-called methanol hotspot already discussed in pre-
vious studies (16; 14). The methanol hotspot is located between
two dense cores, East189 and East286, identified with Herschel
(14) and shows a peak of H2CO, OCS, 34SO molecular emis-
sions.

The Spearman’s correlation coe�cients confirm our conclu-
sions inferred by eye. HC3N, C3H2, and CCS have correlation
coe�cients higher than 0.5 among each other but weak coe�-
cients with other species but C34S. DCO+ has a high coe�cient
only with DCN and C3H2. CH3OH emision is highly correlated
with H2CO and 34SO with coe�cients higher than 0.7. The H2
column density has a high correlation coe�cient of 0.6-0.7 with
DCO+, DCN, and CH3OH. Deuterated species DCO+ and DCN
have been commonly used as dense cold tracers due to the im-
portance of density and temperature on the deuterium chemistry.

These integrated intensity maps suggest that the filament and
the main part of the cloud seem to be of di↵erent nature. The
main part of the cloud acts a "normal" cloud with bright emission
from usual tracers extensively used in previous studies. The fil-

ament, however, is only bright in H2CO, CH3OH, SO, and OCS
two species that can be produced by surface chemistry.

3.2. Multivariate analysis

Statistically, our dataset is composed of 1850 "samples", i.e. spa-
tial pixels, each described by 9 "features", i.e. number of indi-
vidual line intensities. For species with several detected transi-
tions, we only use the one with the highest signal-to-noise and
we neglect the OCS transition whose emission is detected only
towards a handful of pixels. The goal of the principal component
analysis (PCA) is to decompose the initial multivariate dataset in
a set of successive orthogonal variables, called principal compo-
nents (PCs), that explain a maximum amount of the variance.
The variation of the most significant PCs therefore show in a
more compact form all essential variation of the data. The prin-
cipal components are ordered of decreasing projected variance.
The first PC is the axis of largest variance of the initial data. The
second PC is then the axis of largest variance orthogonal of PC1
and so forth. The maps of the first few PCs should allow us to
disentangle the regions of the cloud that show the strongest dif-
ferences from the distribution that is common to all species. In
practice, we use the PCA implementation available in the Python
package scikit-learn (10). This type of analysis has been al-
ready performed to study the physical and chemical properties of
nearby star-forming regions (15; 6; Melnick; 3; 13). Before per-
forming the PCA, we mean-centered and normalised our data as
done in the litterature. Figure 3 shows the maps of the four first
principal components obtained from the projection of the mo-
ment 0 maps of the ten targeted species. Figure 4 and 5 show
the contribution of all transitions to each of the first four PCs.
It is found that PC1 accounts for 59% of the total variance in
the data while PC2, PC3, and PC4 account for 18, 6, and 4%,
respectively. More than 80% of the total variance in the data are
therefore included in the first four PCs.

All line intensities show a positive correlation with the first
PC, suggesting that PC1 is actually a weighted mean of all line
intensities. The PC1 associated map, shown in Fig. 3, gives
us an idealised representation of the molecular emission of the
Barnard 5 molecular cloud. With the characteristic L-shape pro-
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Bright unexpected methanol emission in Barnard 5
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Fig. 1: H2 column density (left) and dust temperature (right) maps of the Barnard 5 molecular cloud derived by the Herschel Gould
Belt survey (1? ).

part". The Herschel maps revealed the presence of a so-called
"elongated filament" along the southeast - northwest direction at
the origin of the formation of several dense cores (12).

Figure 2 compares the integrated intensity maps of our tar-
geted species. We only show the brightest transition of each
species in the case of H2CO, CH3OH, C3H2, and HC3N which
show the detection of two of more transitions. All maps have
been re-gridded to the same angular resolution of 31 00 corre-
sponding to the IRAM 30 resolution at 81 GHz. Table 2 lists
the Spearman’s correlation coe�cients between the integrated
intensity, the H2 column density, and the dust temperature maps.
The ten targeted species clearly show di↵erent spatial distribu-
tions within the cloud. C3H2, HC3N, DCN, and CCS are only
detected in the main part of the cloud whereas 34SO and OCS
are detected only towards the filament. DCO+, H2CO, CH3OH,
and C34S are detected towards both components. In the main part
of the cloud, C3H2, HC3N, and CCS show very similar spatial
distributions with a L-shape profile and with an emission peak
at about 3 arcmin north from IRS1. In contrast, the peak of the
DCO+, H2CO, and DCN molecular emissions is close to IRS1.
Along the filament, one can notice a peak of methanol emission
towards the so-called methanol hotspot already discussed in pre-
vious studies (16; 14). The methanol hotspot is located between
two dense cores, East189 and East286, identified with Herschel
(14) and shows a peak of H2CO, OCS, 34SO molecular emis-
sions.

The Spearman’s correlation coe�cients confirm our conclu-
sions inferred by eye. HC3N, C3H2, and CCS have correlation
coe�cients higher than 0.5 among each other but weak coe�-
cients with other species but C34S. DCO+ has a high coe�cient
only with DCN and C3H2. CH3OH emision is highly correlated
with H2CO and 34SO with coe�cients higher than 0.7. The H2
column density has a high correlation coe�cient of 0.6-0.7 with
DCO+, DCN, and CH3OH. Deuterated species DCO+ and DCN
have been commonly used as dense cold tracers due to the im-
portance of density and temperature on the deuterium chemistry.

These integrated intensity maps suggest that the filament and
the main part of the cloud seem to be of di↵erent nature. The
main part of the cloud acts a "normal" cloud with bright emission
from usual tracers extensively used in previous studies. The fil-

ament, however, is only bright in H2CO, CH3OH, SO, and OCS
two species that can be produced by surface chemistry.

3.2. Multivariate analysis

Statistically, our dataset is composed of 1850 "samples", i.e. spa-
tial pixels, each described by 9 "features", i.e. number of indi-
vidual line intensities. For species with several detected transi-
tions, we only use the one with the highest signal-to-noise and
we neglect the OCS transition whose emission is detected only
towards a handful of pixels. The goal of the principal component
analysis (PCA) is to decompose the initial multivariate dataset in
a set of successive orthogonal variables, called principal compo-
nents (PCs), that explain a maximum amount of the variance.
The variation of the most significant PCs therefore show in a
more compact form all essential variation of the data. The prin-
cipal components are ordered of decreasing projected variance.
The first PC is the axis of largest variance of the initial data. The
second PC is then the axis of largest variance orthogonal of PC1
and so forth. The maps of the first few PCs should allow us to
disentangle the regions of the cloud that show the strongest dif-
ferences from the distribution that is common to all species. In
practice, we use the PCA implementation available in the Python
package scikit-learn (10). This type of analysis has been al-
ready performed to study the physical and chemical properties of
nearby star-forming regions (15; 6; Melnick; 3; 13). Before per-
forming the PCA, we mean-centered and normalised our data as
done in the litterature. Figure 3 shows the maps of the four first
principal components obtained from the projection of the mo-
ment 0 maps of the ten targeted species. Figure 4 and 5 show
the contribution of all transitions to each of the first four PCs.
It is found that PC1 accounts for 59% of the total variance in
the data while PC2, PC3, and PC4 account for 18, 6, and 4%,
respectively. More than 80% of the total variance in the data are
therefore included in the first four PCs.

All line intensities show a positive correlation with the first
PC, suggesting that PC1 is actually a weighted mean of all line
intensities. The PC1 associated map, shown in Fig. 3, gives
us an idealised representation of the molecular emission of the
Barnard 5 molecular cloud. With the characteristic L-shape pro-
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V. Taquet et al.: Bright methanol emission in the Barnard 5 molecular cloud: evidence of a cloud-cloud collision ?

Fig. 9: Abundances relative to H2 (left) and rotational temperature (right) maps of methanol in the Barnard 5 dark cloud obtained
from the rotational diagram analysis of the CH3OH emission. For now, A and E states have been simultaenously and the column
density should therefore multiplied by a factor of two.
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V. Taquet et al.: Bright methanol emission in the Barnard 5 molecular cloud: evidence of a cloud-cloud collision ?

Fig. 2: Integrated intensity maps of the di↵erent species targeted with the IRAM 30m telescope. Contours show the 3�, 6�, 12�,
and 24� levels. All maps have been re-gridded to have the same spatial angular resolution (i.e. 31.600).
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Cold methanol is detected in a "secondary" part of the cloud with 
relatively high abundances
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Fig. 1: H2 column density (left) and dust temperature (right) maps of the Barnard 5 molecular cloud derived by the Herschel Gould
Belt survey (1? ).

part". The Herschel maps revealed the presence of a so-called
"elongated filament" along the southeast - northwest direction at
the origin of the formation of several dense cores (12).

Figure 2 compares the integrated intensity maps of our tar-
geted species. We only show the brightest transition of each
species in the case of H2CO, CH3OH, C3H2, and HC3N which
show the detection of two of more transitions. All maps have
been re-gridded to the same angular resolution of 31 00 corre-
sponding to the IRAM 30 resolution at 81 GHz. Table 2 lists
the Spearman’s correlation coe�cients between the integrated
intensity, the H2 column density, and the dust temperature maps.
The ten targeted species clearly show di↵erent spatial distribu-
tions within the cloud. C3H2, HC3N, DCN, and CCS are only
detected in the main part of the cloud whereas 34SO and OCS
are detected only towards the filament. DCO+, H2CO, CH3OH,
and C34S are detected towards both components. In the main part
of the cloud, C3H2, HC3N, and CCS show very similar spatial
distributions with a L-shape profile and with an emission peak
at about 3 arcmin north from IRS1. In contrast, the peak of the
DCO+, H2CO, and DCN molecular emissions is close to IRS1.
Along the filament, one can notice a peak of methanol emission
towards the so-called methanol hotspot already discussed in pre-
vious studies (16; 14). The methanol hotspot is located between
two dense cores, East189 and East286, identified with Herschel
(14) and shows a peak of H2CO, OCS, 34SO molecular emis-
sions.

The Spearman’s correlation coe�cients confirm our conclu-
sions inferred by eye. HC3N, C3H2, and CCS have correlation
coe�cients higher than 0.5 among each other but weak coe�-
cients with other species but C34S. DCO+ has a high coe�cient
only with DCN and C3H2. CH3OH emision is highly correlated
with H2CO and 34SO with coe�cients higher than 0.7. The H2
column density has a high correlation coe�cient of 0.6-0.7 with
DCO+, DCN, and CH3OH. Deuterated species DCO+ and DCN
have been commonly used as dense cold tracers due to the im-
portance of density and temperature on the deuterium chemistry.

These integrated intensity maps suggest that the filament and
the main part of the cloud seem to be of di↵erent nature. The
main part of the cloud acts a "normal" cloud with bright emission
from usual tracers extensively used in previous studies. The fil-

ament, however, is only bright in H2CO, CH3OH, SO, and OCS
two species that can be produced by surface chemistry.

3.2. Multivariate analysis

Statistically, our dataset is composed of 1850 "samples", i.e. spa-
tial pixels, each described by 9 "features", i.e. number of indi-
vidual line intensities. For species with several detected transi-
tions, we only use the one with the highest signal-to-noise and
we neglect the OCS transition whose emission is detected only
towards a handful of pixels. The goal of the principal component
analysis (PCA) is to decompose the initial multivariate dataset in
a set of successive orthogonal variables, called principal compo-
nents (PCs), that explain a maximum amount of the variance.
The variation of the most significant PCs therefore show in a
more compact form all essential variation of the data. The prin-
cipal components are ordered of decreasing projected variance.
The first PC is the axis of largest variance of the initial data. The
second PC is then the axis of largest variance orthogonal of PC1
and so forth. The maps of the first few PCs should allow us to
disentangle the regions of the cloud that show the strongest dif-
ferences from the distribution that is common to all species. In
practice, we use the PCA implementation available in the Python
package scikit-learn (10). This type of analysis has been al-
ready performed to study the physical and chemical properties of
nearby star-forming regions (15; 6; Melnick; 3; 13). Before per-
forming the PCA, we mean-centered and normalised our data as
done in the litterature. Figure 3 shows the maps of the four first
principal components obtained from the projection of the mo-
ment 0 maps of the ten targeted species. Figure 4 and 5 show
the contribution of all transitions to each of the first four PCs.
It is found that PC1 accounts for 59% of the total variance in
the data while PC2, PC3, and PC4 account for 18, 6, and 4%,
respectively. More than 80% of the total variance in the data are
therefore included in the first four PCs.

All line intensities show a positive correlation with the first
PC, suggesting that PC1 is actually a weighted mean of all line
intensities. The PC1 associated map, shown in Fig. 3, gives
us an idealised representation of the molecular emission of the
Barnard 5 molecular cloud. With the characteristic L-shape pro-
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V. Taquet et al.: Bright methanol emission in the Barnard 5 molecular cloud: evidence of a cloud-cloud collision ?

Fig. 2: Integrated intensity maps of the di↵erent species targeted with the IRAM 30m telescope. Contours show the 3�, 6�, 12�,
and 24� levels. All maps have been re-gridded to have the same spatial angular resolution (i.e. 31.600).
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Fig. 2: Integrated intensity maps of the di↵erent species targeted with the IRAM 30m telescope. Contours show the 3�, 6�, 12�,
and 24� levels. All maps have been re-gridded to have the same spatial angular resolution (i.e. 31.600).
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Fig. 2: Integrated intensity maps of the di↵erent species targeted with the IRAM 30m telescope. Contours show the 3�, 6�, 12�,
and 24� levels. All maps have been re-gridded to have the same spatial angular resolution (i.e. 31.600).
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Multi-variate analysis of the molecular emission

V. Taquet et al.: Bright methanol emission in the Barnard 5 molecular cloud: evidence of a cloud-cloud collision ?

Fig. 3: Maps of the four first principal components obtained by performing the PCA analysis on the normalised moment 0 datacubes.

by Herschel. DCO+ tracing the dense gas, the comparison of the
kinematics between DCO+ and CH3OH suggests that CH3OH
should be associated with these two dense cores.

3.4. Rotational diagram analysis of methanol

A rotational diagram (RD) of the CH3OH emission is performed
towards all pixels of the cloud when three or more transitions are
detected at a 3� level. The derived CH3OH abundance and ro-
tational temperature maps are shown in Figure 9.Following the
non-LTE RADEX analysis of the CH3OH emission towards the
methanol hotspot in Taquet et al. (14), we assume that the E
and A states have the same column density, N(E-CH3OH) =
N(A-CH3OH). In the context of the rotational diagram analy-
sis, we assume that CH3OH transitions are optically thin and a
local thermodynamic equilibrium (LTE) population of the lev-
els. These two assumptions might not be accurate for the con-
ditions found in the B5 cloud. The RADEX analysis carried out
in Taquet et al. (14) shows that CH3OH transitions are optically
thick with ⌧ ⇠ 1 � 2 towards the methanol hotspot while the
densities found in the cloud are likely lower than the critical
densities of the CH3OH transitions. The CH3OH column den-
sity of ⇠ 1.5 ⇥ 1014 cm�2 found with the RD analysis is nev-
ertheless in good agreement with the RADEX value, suggest-
ing that the RD analysis should give a first accurate estimate of
the CH3OH abundance through the cloud. Not surprisingly, the
bright methanol hotspot is the region with the highest column
density. The associated rotational temperature is roughly con-
stant throught the cloud between 8 and 10 K, except near the
IRS1 Class I protostar showing a slight higher value. In the main
part of the cloud, the methanol hotspot decreases from ⇠ 10�8

at the edges to 2 � 3 ⇥ 10�9 at AV > 4 mag. This decrease can
naturally be explained by the decrease of the UV flux and the
increase of density with the visual extinction that limits photo-
evaporation and increase the accretion rate. In the filament, the
methanol abundance shows a totally di↵erent behaviour increas-
ing from 3 ⇥ 10�9 to ⇥10�8 between 2 and 6 mag. Such a strong
increase cannot be explained by the typical non-thermal des-
orption processes, grain heating by CRs, chemical desorption,
photodesorption, invoked to explain the presence of methanol in
dark clouds.

4. Discussion

5. Conclusions

The bright methanol hotspot could therefore be due to a collision
between two "clumps" (or fibers according to A. Hacar’s termi-
nology?) traced by H2CO. The fiber with the lowest observed
velocity of 9.4 km/s containing the dense cores is impacted by a
second viber at a velocity of 10.2 km/s with a velocity di↵erence
of ⇠ 0.8 km/s along the line of sight. This type of clump-clump
collisions, inducing weak shocks, has already been proposed to
explain the presence of methanol in dark clouds like TMC1-A.
The typical abundance of 10�8, altough much higher than typical
methanol abundances in dark clouds, represents only ⇠ 1 % of
the methanol reservoir that should be locked in ices. Can grain-
grain collisions with collision velocity of 0.5 - 1 km/s "sputter"
1% of the ices?
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Methanol emission triggered by cloud-cloud emission ?
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Fig. 7: Normalized spectra towards the methanol hotspot (left) and the IRS1 protostar (right). Only transitions detected at �3� levels
are shown.

Fig. 8: Position-velocity diagrams of DCO+, H2CO, (color scales) and CH3OH (contours in steps of 9 � in both figures) along the
Barnard 5 cloud whose direction is depicted by the dashed line in Fig. 2 and 6.
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V. Taquet et al.: Bright methanol emission in the Barnard 5 molecular cloud: evidence of a cloud-cloud collision ?

Fig. 2: Integrated intensity maps of the di↵erent species targeted with the IRAM 30m telescope. Contours show the 3�, 6�, 12�,
and 24� levels. All maps have been re-gridded to have the same spatial angular resolution (i.e. 31.600).
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Methanol emission is detected where two H2CO components collide:



Sulphur chemistry along molecular outflows 
Taquet, Codella, De Simone, López-Sepulcre, Pineda et al. (to be subm.)



Potential chemical clock around protostars because abundances of “bright” 
species (i.e. CS, SO, H2S, OCS, SO2) are thought to evolve strongly with time 

Why sulfur chemistry ?

Charnley (1997)



Potential chemical clock around protostars because abundances of “bright” 
species (i.e. CS, SO, H2S, OCS, SO2) are thought to evolve strongly with time 

Why sulfur chemistry ?

Charnley (1997)

Can we use sulfur chemistry to assess the physical and chemical 
conditions of molecular outflows ?
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Fig. 1: Moment 0 integrated maps of the transitions from SiO, CH3OH, NH3, CS, OCS, SO, and SO2 integrated over the (-10, +7)
km s�1 (blue) and (+7, 30) km s�1 (red) ranges. Contour levels increase in steps of 3 sigma. Black crosses represent the position of
the 4A1 and 4A2 sources of the IRAS4A binary system. Green crosses represent the position of the SiO(5-4) emission peaks along
the outflow.

grains and then sputtered in shocks while CH3OH and NH3 are
two abundant ice components. They are therefore considered as
reference species to locate the position of shocks, where grains
and ices have been recently sputtered, throughout the outflows.
The positions of the SiO(5�4) emission peaks along the outflows
are depicted by the green crosses with associated peak numbers.

It can be clearly noticed that OCS, SO, and SO2 targeted
at high angular resolution trace di↵erent regions of the proto-
stellar outflows. The blue emission of the SiO(5 � 4) and the

two SO transitions clearly allow us to disentangle the outflow
emission from the two sources IRAS4A1 and A2. The outflow
driven by IRAS4A1 seems to extend along the South-North
(hereafter S-N) direction while the outflow driven by IRAS4A2
extends along the Southwest-Northeast (hereafter SW-NE) di-
rection. The SO(45�34) transition at 206.176 GHz of our SOLIS
data observed at high angular resolution therefore confirms the
CALYPSO results already shown by Santangelo et al. (2015).

Article number, page 4 of 19

A&A proofs: manuscript no. iras4a_Sspecies_v4

Fig. 1: Moment 0 integrated maps of the transitions from SiO, CH3OH, NH3, CS, OCS, SO, and SO2 integrated over the (-10, +7)
km s�1 (blue) and (+7, 30) km s�1 (red) ranges. Contour levels increase in steps of 3 sigma. Black crosses represent the position of
the 4A1 and 4A2 sources of the IRAS4A binary system. Green crosses represent the position of the SiO(5-4) emission peaks along
the outflow.

grains and then sputtered in shocks while CH3OH and NH3 are
two abundant ice components. They are therefore considered as
reference species to locate the position of shocks, where grains
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The NGCC1333-IRAS4A protostellar system

Chemical differentiation between OCS, 
CS, SO, and SO2 at “low” (2-4 arcsec) 
resolution

Choi (2005)



Dissecting the outflows with clustering methods

20

North: 
High/broad-velocity 
Intermediate-velocity 
Low-velocity 
South: 

Noise

North EHV

North HV

North LV


Protostars

IRAS4A-NW

OCS peak

South SiO 

South SO


North(LV)

South(SO+SiO) 
South(SiO)

OCS peak
Protostars 4A2

North(EHV) North(HV)

Decomposition of the outflows based on their molecular emission only: 

- K-Means algorithm


- 9 features (mom. 0, 1, and 2 of OCS, SO, and SiO) 


- Spatial information not used


- Number of clusters K as input



Chemical interpretation

21

OCS and H2S should trace shock fronts whereas SO2 more abundant in post-
shock regions, SO and CS are present in and behind shock fronts

A&A proofs: manuscript no. iras4a_Sspecies_v4

Vshock = 20 km s-1 Vshock = 30 km s-1Dark cloud

Fig. 8: Left panels: Absolute abundances of selected sulfuretted species as a function of time predicted by the GRAINOBLE astro-
chemical model in the gas phase (solid curves) and in interstellar ices (dashed curves) at 10 K (top) and 20 K (bottom) and for
nH = 2 ⇥ 104 cm�3, ⇣ = 10�17 s�1, and AV = 20 mag. Middle and right panels: Gaseous absolute abundances of selected sulfuretted
species (colored curves) and physical conditions (black curves) as function of the distance from the shock front predicted by the
Paris-Durham shock code for a shock velocity of 20 (center panels) and 30 (right panels) km s�1. Solid and dashed colored curves
show the abundances with and without the OCS formation/destruction reactions introduced by Loison et al. (2012), respectively
(see text for more details).

4) Non-LTE analysis of four SO2 transitions towards several SiO
emission peaks suggests that associated gas should be relatively
dense, with densities higher than 105 cm�1, and relatively warm
(T > 100 K) in most cases.

5) A comparison with theoretical predictions carried out with the
state-of-the-art Paris-Durham shock model allowed us to give
an intepretation of the chemical evolution of sulfur chemistry
along the two outflows, in spite of the complex sulfur chemistry
at work. OCS would have been e�ciently formed in "warm" in-
terstellar ices, i.e. at T ⇠ 20 K, and then recently released in
the gas phase of shock through sputtering processes, explaining

its bright emission in the likely young South outflow driven by
IRAS4A1. In contrast, SO2 should be rather formed behind the
shock front through warm gas phase chemistry, explaining why
SO2 is mostly detected towards the more elongated and likely
older NE-SW outflow driven by IRAS4A2. SO and CS should
be abundant both in the shock front and behind the shock regard-
less of the shock velocities, explaining their bright and extended
emission throughout the two outflows.

Acknowledgements.
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Methanol deuteration in low-mass protostars 
Taquet, Bianchi, Codella, Persson, Ceccarelli et al. (A&A, in press) 



Gas phase [D]/[H] in dark clouds

H3+ + HD        H2D+ + H2 + ΔE = 232 K

See Pagani et al. (1992); Roberts et al. (2003, 
2004); Flower et al. (2006); Hugo et al. (2009), …

Deuteration in the gas (and in ices) is governed by: 
- Temperature 
- CO abundance 
- Ortho/para ratio of H2  
- Moment of formation 

Deuteration: powerful chemical tracer !

Key reaction for deuterium chemistry:

Methanol and water are formed through hydrogenation reactions on cold 
interstellar grains 

→ their deuteration highly depends on atomic [D]/[H] in the gas



Warm deuterated methanol towards low-mass protostars

Analysis of NOEMA and ALMA observations towards four low-mass protostars in 
different molecular clouds: Perseus, Orion, Ophiuchus

IRAS2A (Perseus) with NOEMA IRAS4A (Perseus) with NOEMA

HH212 (Orion) with ALMA

IRAS 16293-B (Ophiuchus) with ALMATaquet et al. (2019, in press)

Bianchi et al. (2017),  
Taquet et al. (2019, in press)

Jørgensen et al. (2018)

A&A proofs: manuscript no. Dmeth_aa_v10

Fig. 1. Integrated maps of the continuum, CH2DOH, CH3OD, and CHD2OH emission observed towards IRAS2A for the three
PdBI frequency settings (top: 145 GHz, middle: 165 GHz, bottom: 225 GHz). Red contours show the the 3� and 6� levels, whilst
blue contours are in step of 9�. The synthesized beams are shown in the bottom left of each panel. The black cross depicts the
position of the protostar.

and a source size of 000.19 was derived by Bianchi et al. (2017)
from the analysis of the spatially resolved 13CH3OH Cycle
4 emission map. At LTE, the column density of every up-
per state N

up

can be derived for each set of N
tot

, T
rot

, and
source solid angle ⌦s. The best-fit model populations are
plotted together with the observed populations of the levels
in Figures 4, 5, and 6 and are marked by cross symbols. Ta-
ble 2 summarises the parameters of the best-fit models and
their associated uncertainties. The column densities of
CH3OH and CH3CN have been derived in Taquet
et al. (2015) via the analysis of the emission from
28 CH3OH and 13 13CH3OH transitions assuming a
12C/13C elemental ratio of 70 and from six CH3CN
transitions detected in the 145 and 165 GHz fre-
quency settings, respectively. Taquet et al. (2015)
used the same Population Diagram method by con-
sidering the rotational temperature T

rot

, the total
column density in the source N

tot

, and the source
size ✓S as free parameters.

For IRAS2A and IRAS4A, we start the analysis with
CH2DOH since this is the isotopologue with the highest
number of detected transitions and with the largest range
of excitation, with 25 detected transitions of upper level
energies Eup between 33 and 364 K. The population dis-
tributions can be reproduced with rotational temperatures
of 166+58

�48 and 152+62
�78 K in IRAS2A and IRAS4A, respec-

tively. These temperatures are slightly higher, but within
the uncertainties, than the temperature of 140 K needed to
reproduce the CH3OH and 13CH3OH emissions (Taquet et
al. 2015). Transitions with upper level energies lower than

100 K are optically thick with opacities of 0.2 - 0.4 to-
wards IRAS2A and 0.5 - 1.0 towards IRAS4A, depending
on their properties. For CH3OD, we assume the same ro-
tational temperature than CH2DOH because of the lower
range of excitation (Eup from 33 to 104 K) and the high
scatter and uncertainties in the population distributions for
both sources. The strong scatter of the CH3OD population
is not entirely reproduced, possibly because of non-LTE ef-
fets due to high critical densities. CH3OD transitions are
also optically thick with opacities ranging from 0.3 to 1.3
towards the two sources. The CHD2OH population distri-
bution shows much less scatter that CH3OD. The compari-
son of the column densities derived in this work with those
found for CH3OH in Taquet et al. (2015) allows us to de-
rive the methanol deuterations in the two sources. We find
a [CH2DOH]/[CH3OH] abundance ratio of 5.8 ± 0.8 and
3.2 ± 0.7 % towards IRAS2A and IRAS4A, respectively.
Using the CH3OD partition function estimated by
Parise (2004), we find [CH2DOH]/[CH3OD] abun-
dance ratios of 3.6 ± 1.6 and 5.3 ± 3.4 in IRAS2A
and IRAS4A, respectively. However, as expected,
we find lower [CH2DOH]/[CH3OD] abundance ra-
tios of 0.8±0.3 and 1.2±0.5 in IRAS2A and IRAS4A,
respectively, when the partition function from Jør-
gensen et al. (2018) is used. As discussed in Section
4.3, a [CH2DOH]/[CH3OH] abundance ratio of ⇠ 3
is consistent with the statistical value whereas a ra-
tio of ⇠ 1 remains puzzling. In addition to methanol,
we also detect three transitions from the deuterated methyl
cyanide isotopologue CH2DCN at 225 GHz. We obtain the
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Fig. 2. Integrated maps of the continuum, CH2DOH, CH3OD, and CHD2OH emission observed towards IRAS4A for the three
PdBI frequency settings (top: 145 GHz, middle: 165 GHz, bottom: 225 GHz). Red contours show the the 3� and 6� levels, whilst
blue contours are in step of 9�. The synthesized beams are shown in the bottom left of each panel. The black crosses depict the
position of the protostars.

Fig. 3. Integrated maps of the continuum , CH2DOH, and CH3OD emission observed towards HH212 for the ALMA frequency
setting at 335 GHz. For the continuum map, red contours show the 5 first 20� levels and blue contours are in steps of 100�. For
the molecular maps, blue contours are in steps of 3�. The synthesized beams are shown in the bottom left of each panel.

CH2DCN column densities by assuming that the CH2DCN
rotational temperature is equal to 200 K, the rotational
temperature of CH3CN measured in Taquet et al. (2015).
Comparing the CH2DCN column densities derived in this
work with those of CH3CN from Taquet et al. (2015) al-
lows us to obtain [CH2DCN]/[CH3CN] ratios of 3.6 ± 0.8
and 2.7± 0.9 % in IRAS2A and IRAS4A, respectively.

For HH212, we re-derive the column densities of
13CH3OH and CH2DOH already estimated by Bianchi et
al. (2017). Our methodology differs slightly with respect to
Bianchi et al. (2017) since the PD diagram is built upon the
flux extracted from an elliptical mask instead of the con-
tinuum peak position in order to use consistent methods
for the different sources. Assuming a source size of 000.19

following Bianchi et al. (2017), we start with 13CH3OH
and we then use the derived rotational temperature to esti-
mate the CH2DOH and CH3OD column densities. We ob-
tain a [CH2DOH]/[CH3OH] abundance ratio of 2.9 ± 0.8
%. The [CH2DOH]/[CH3OD] abundance ratio is found to
be 7.2± 5.3 and 1.5± 0.6 with the CH3OD partition func-
tion estimated by Parise (2004) and Jørgensen et al. (2018),
respectively.

4. Discussion

4.1. Comparison with previous observations

Deuterated methanol has been previously detected with the
IRAM 30 meters single-dish telescope towards IRAS2A and

Article number, page 5 of 16

V. Taquet et al.: Warm methanol deuteration in protostars

Fig. 2. Integrated maps of the continuum, CH2DOH, CH3OD, and CHD2OH emission observed towards IRAS4A for the three
PdBI frequency settings (top: 145 GHz, middle: 165 GHz, bottom: 225 GHz). Red contours show the the 3� and 6� levels, whilst
blue contours are in step of 9�. The synthesized beams are shown in the bottom left of each panel. The black crosses depict the
position of the protostars.

Fig. 3. Integrated maps of the continuum , CH2DOH, and CH3OD emission observed towards HH212 for the ALMA frequency
setting at 335 GHz. For the continuum map, red contours show the 5 first 20� levels and blue contours are in steps of 100�. For
the molecular maps, blue contours are in steps of 3�. The synthesized beams are shown in the bottom left of each panel.

CH2DCN column densities by assuming that the CH2DCN
rotational temperature is equal to 200 K, the rotational
temperature of CH3CN measured in Taquet et al. (2015).
Comparing the CH2DCN column densities derived in this
work with those of CH3CN from Taquet et al. (2015) al-
lows us to obtain [CH2DCN]/[CH3CN] ratios of 3.6 ± 0.8
and 2.7± 0.9 % in IRAS2A and IRAS4A, respectively.

For HH212, we re-derive the column densities of
13CH3OH and CH2DOH already estimated by Bianchi et
al. (2017). Our methodology differs slightly with respect to
Bianchi et al. (2017) since the PD diagram is built upon the
flux extracted from an elliptical mask instead of the con-
tinuum peak position in order to use consistent methods
for the different sources. Assuming a source size of 000.19

following Bianchi et al. (2017), we start with 13CH3OH
and we then use the derived rotational temperature to esti-
mate the CH2DOH and CH3OD column densities. We ob-
tain a [CH2DOH]/[CH3OH] abundance ratio of 2.9 ± 0.8
%. The [CH2DOH]/[CH3OD] abundance ratio is found to
be 7.2± 5.3 and 1.5± 0.6 with the CH3OD partition func-
tion estimated by Parise (2004) and Jørgensen et al. (2018),
respectively.

4. Discussion

4.1. Comparison with previous observations

Deuterated methanol has been previously detected with the
IRAM 30 meters single-dish telescope towards IRAS2A and

Article number, page 5 of 16



Methanol deuteration from low-mass to high-mass hot cores

Methanol deuteration observed towards hot cores mostly regulated by 
the temperature of the progenitor cloud ? 

Taquet et al. (in press):  
Observed data from Peng+ (2012, OrionKL), Fuente+ (2014, NGC7129), Bianchi+ (2017, HH212), Belloche+ (2016, 
SgrB2), Bøgelund+ (2018, NGC6334), Jørgensen+ (2018, IRAS16293)



Methanol deuteration from low-mass to high-mass hot cores

Methanol deuteration observed towards hot cores mostly regulated by 
the temperature of the progenitor cloud ? 
+ Other processes (time, warm ice or gas phase chemistry) at work ?

Taquet et al. (in prep.):  
Predictions with the Taquet+ (2014) model but with constant physical conditions



Fortran90 code accompanied by Python scripts to run and analyse the 
simulations: 

http://github.com/vtaquet/momice 

Three networks: 
- Network 1: H2O, CO2, and CH3OH formation without gas phase chemistry 
- Network 2: ice deuteration  
- Network 3: extended surface + KIDA gas phase networks 

Four options: 
1) Invididual simulations with constant physical conditions 
2) Spatial evolution with evolving physical conditions 
3) Model grid to explore the impact of physical conditions on ice chemistry 
4) Sensitivity analysis to evaluate the impact of surface and chemical parameter 

uncertainties on ice chemistry 

“Astronomical” and “experimental” versions

MOMICE: MOdel for Multiphase Ice ChEmistry

27



Processes included in the model

28

MOMICE multi-phase (bulk, surface, gas) astrochemical model 
Taquet et al. (2012, 2013, 2014, 2016); Dulieu et al. (2018)

1) Gas phase chemical network based on KIDA database 

2) Gas-grain processes



Chemical modelling of laboratory experiments: 
→ validation of the formalism and constraints on surface/chemical parameters ? 

Example for CO hydrogenation (Watanabe et al. 2004 and Fuchs et al. 2009): 
Ed/Eb = 0.45 ± 0.05 
Ea(CO+H->HCO) = 4000 ± 500 K 
Ea(H2CO+H->HCO+H2) = 4000 ± 250 K 
Ea(H2CO+H->CH3O) = 4750 ± 250 K

Experiments from Watanabe et al. (2004)

Flux = 5x1014 cm-2 s-1

Constraining the models with experiments

A&A proofs: manuscript no. expmodelling_v1
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Fig. 3. Temporal evolution of the chemical abundances in ices in the experiments by Watanabe et al. (2004) (crosses) and with
the best-fit models (lines) at 8 K, (left), 10 K (center) and 12 K (right). Dashed and solid lines represent the results of the best-fit
model of grid (1) with two free parameters and grid (2) with five free parameters, respectively (see Table ?? for the best-fit values
of each grid and the associated χ2).)
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Fig. 4. Temporal evolution of the chemical abundances in ices in the experiments by Fuchs et al. (2009) (crosses) and with the
best-fit models (lines) at 12 K, (left), 13.5 K (center) and 15 K (right). Dashed and solid lines represent the results of the best-fit
model of grid (1) with two free parameters and grid (2) with five free parameters, respectively (see Table ?? for the best-fit values
of each grid and the associated χ2).)
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Fig. 5. Temporal evolution of the chemical abundances in ices in the experiments by Watanabe et al. (2004) (crosses) and with
the best-fit models (lines) at 8 K, (left), 10 K (center) and 12 K (right) for the CO:H2O mixed ice case. Dashed and solid lines
represent the results of the best-fit model of grid (1) with two free parameters and grid (2) with five free parameters, respectively
(see Table ?? for the best-fit values of each grid and the associated χ2).)
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Impact of uncertainties on ice composition
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10% uncertainty on binding energies, diffusion-to-binding energy ratio, 
and activation energies 

See recent works by Penteado et al. (2017), Holdship et al. (2018)

nH = 2x104 cm-3, T = 10 K
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10% uncertainty on binding energies, diffusion-to-binding energy ratio, 
and activation energies 

See recent works by Penteado et al. (2017), Holdship et al. (2018)

nH = 2x104 cm-3, T = 10 K
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Main activities during the PROSPECTS project

- ~ 25 publications:  
• 4 first-author publications 
• 11 others with significant contributions 

- Oral contributions: 
• 4 seminars 
• 5 invited talks 

- Visits and collaborations: 
• Two visits at Paris Observatory (F. Dulieu)  
• Many visits at University of Grenoble (C. Ceccarelli) 
• Collaborations with Leiden Observatory, NASA Goddard


