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Fig. 1. Methodology for continuum subtraction illustrated with data
from two representative pixels toward IRAS 16293A (upper) and
IRAS 16293B (lower): shown are the flux distributions for the two pix-
els (histogram) with the resulting fit overlaid (red line).

out. The calibration otherwise proceeded in the same manner as
for the Band 7 data.

4. Results

4.1. Continuum emission

Much can be learned about the structure of the
IRAS 16293�2422 system by straightforward inspection
of the dust continuum maps. Figure 3 shows a three-color
composite of the continuum toward the system in the 3.0 mm,
1.3 mm, and 0.87 mm bands, while Fig. 4 shows the continuum
at the three di↵erent wavelengths separately at the angular
resolution of each individual dataset. The extended emission
connecting the two sources, also noted in the science veri-
fication data (Pineda et al. 2012), is clearly seen. It shows a
characteristic bend toward the north of IRAS 16293A/east of
IRAS 16293B. East of IRAS 16293B two separate stream-lines
pointing away from the source are seen. Toward IRAS 16293A
additional extended continuum emission is observed toward the
southwest. This extension coincides with the N2D+ emission
picked up in SMA observations (Jørgensen et al. 2011) and
likely reflects cold material with a high column density.

Another very striking feature of the maps is the clear dif-
ferences in the morphologies and colors of the emission toward
the two protostars. IRAS 16293A appears clearly elongated in

Fig. 2. Continuum peak flux (in a 0.500 beam toward IRAS 16293B for
the 18 di↵erent spectral setups (plus signs) as a function of frequency.
A slight increase in flux as a function of frequency is seen that can be
approximated by a power-law F⌫ / ⌫2. The shaded areas correspond to
this dependency ±5% (darker color) and ±10% (lighter color). About
70% of the measurements are within the ±5% region with all of the
measurements within the ±10% area.

Fig. 3. Three-color image showing the continuum at 3.0 mm, 1.3 mm,
and 0.87 mm (ALMA Bands 3, 6, and 7) in red, green, and blue, respec-
tively. Before the combination the 1.3 mm and 0.87 mm images were
smoothed to match the resolution of the 3.0 mm data.

the northeast/southwest direction (with an aspect ratio of 1.9).
Chandler et al. (2005) used continuum maps at 305 GHz from
the SMA to study the system: in super-resolution images (im-
ages for which higher weight was given to the longer base-
lines and subsequently restored with a beam slightly smaller
than the usual synthesized beams), they noted a similar exten-
sion, but also found that the source broke up into two sepa-
rate components named “Aa” and “Ab”. These separate com-
ponents are not seen in our images even though the beam in the
ALMA observations (with regular weighting) is comparable to
those super-resolution images. Our images are therefore more in

A117, page 7 of 41 Credit: ESO/C. Malin

PILS team : J.K. Jørgensen (PI), Per Bjerkeli, Tyler Bourke, Hannah Calcutt, Audrey Coutens, Maria Drozdovskaya, Edith Fayolle, 
Rob Garrod, Steffen Jacobsen, Niels Ligterink, Julie Lykke, Sebastien Manigand, Holger Müller, Nadia Murillo, Karin Öberg, 
Magnus Persson, Gwendoline Stephan, Matthijs van der Wiel, Ewine van Dishoeck, Susanne Wampfler & Eric Willis

Jørgensen et al. 2016



Prestellar 
core Class 0 Class I Class II Class III Planetary 

system

            

Star formation process

Envelope dissipationGravitational 
collapse

Credit: Adapted from M. Persson

Star and planet formation



Prestellar 
core Class 0 Class I Class II Class III Planetary 

system

            

Star formation process

Envelope dissipationGravitational 
collapse

Credit: Adapted from M. Persson

Star and planet formation

Comets & asteroids 
(meteorites) 


rich in amino acids 
and sugars

Churyumov- 
Gerasimenko

Murchison 
Meteorite

DNA



Prestellar 
core Class 0 Class I Class II Class III Planetary 

system

            

Star formation process

Envelope dissipationGravitational 
collapse

Credit: Adapted from M. Persson

Star and planet formation

Comets & asteroids 
(meteorites) 


rich in amino acids 
and sugars

Churyumov- 
Gerasimenko

Murchison 
Meteorite

DNA

 Origin of the molecular 
complexity ?
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star-forming regions ?
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• Class 0 protostellar system


• Ophiuchus molecular cloud, d ~ 160 pc


• First solar-type protostar with COMs 
detection (Cazaux et al. 2003)


• High deuteration

Spectral surveys : 

Antares

L1688L1689

IRAS 16293-2422

Credit: Adam Block/Steward Observatory/University of Arizona

The solar-type protostar IRAS 16293-2422

• CSO + JCMT (239-250 GHz and 338-347 
GHz)


• TIMASSS : IRAM-30m + JCMT (0.9-3 mm)


• SMA  (~0.9 and ~1 mm)
Jørgensen et al. 2011

Caux et al. 2011

van Dishoeck et al. 1995
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The ALMA-PILS survey

• PILS = Protostellar Interferometric Line 
Survey 

• ALMA band 7 (329-363 GHz)


• Complementary observations in bands 3 
and 6


• ALMA 12m array (13 h) + ACA (53 h)


• Spectral resolution ~ 0.2 km/s


• Angular resolution ~ 0.5’’ (60 AU)


• rms ~ 5 mJy (1 km/s)



10,000 lines: 1 per 3 km/s

The ALMA-PILS survey



• Line identification 

• Abundance, temperature, …

• Kinematics (infall, rotation, …)

Characterizing the molecular content in protostars

IRAS 16293-2422 - ALMA 
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✤  Spectroscopy (CDMS, JPL, …)


✤  Radiative transfer modeling

• Frequencies

• Relative intensities



Kinematic and modeling study of IRAS 16293-2422

van der Wiel et al. 2019 Jacobsen et al. 2018

• The bridge arc could be a remnant of filamentary substructure in the protostellar 
envelope material from which protostellar sources A and B have formed 


• Infalling rotating collapse or protoplanetary disk

• Source A at least 3 times (18 Lsol) more luminous than B (3 Lsol)

S. K. Jacobsen et al.: The ALMA-PILS survey: 3D modeling of the envelope, disks and dust filament of IRAS 16293–2422

Fig. 5. Zeroth moment maps of the observed and synthetic CO isotopologue gas line emission. Contour levels are divided logarithmically from
0.5 to 7.3 Jy beam�1 km s�1. The RA and Dec offsets are relative to the phase center of the observations. See Table 4 for abundances. DM denotes
the PP-disk model and RTM denotes the rotating toroid model.

emission structure, but instead results in a bimodal distribu-
tion as seen in C18O, near rc,A (rdisk = 75 AU). The PP-disk
model fails to produce the emission peaks around source A, in
all isotopologues, as the PP-disk A region heavily absorbs the
line emission, even when the standard abundances are lowered
by a factor of five, despite the fact that we used the PP-disk
model parameters with the lowest optical depth while matching
continuum constraints.

When the PP-disk model standard abundances were lowered
by a factor of ten or 15 instead (Fig. F.1) the C17O emission from
the filament became much weaker than observed, while the disk
A region remained in absorption. The model absorption is then
likely not due to line self-absorption, but rather originates from
the optically thick dust. This suggests that the disk-like emission
around source A is composed of a relatively diffuse, vertically
extended structure.

However, if larger amounts of CO are in front of disk A,
on similar spatial scales, then it could explain the extra line

emission in the observations compared to the PP-disk model
emission. Since the continuum emission is consistent with a PP-
disk model, we cannot exclude the possibility that the disk-like
emission structure around source A could be from a flat disk,
based on our model and observations alone. It is also possible
that the presence of material in front of disk A could allow the
rotating toroid models to use the standard ISM CO abundance
and still qualitatively match the observations.

6. Discussion

The combined constraints from the dust continuum and CO
isotopologue emission, necessitate very high PP-disk model
scale-heights around source B, H0 > 3.0 AU at 10 AU, which
is suggestive of a nonsettled disk with a large vertical distribu-
tion, meaning that it is indicative of a structure similar to that
of the diffuse, rotating toroid model. These scale-heights are
unprecedented for Class II disks, but similar to the one reported
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Why do all these detections matter ?

• Knowledge of the chemistry at an early stage of the star formation process


• Comparison with comets (e.g., 67P - Rosetta)


• Tests of chemical networks through the comparison between the observed 
and predicted abundances


• Updates of chemical networks for the species which were not previously 
included


• Comparisons between star forming regions : chemical differentiation ? 
Evolution or environment?
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J. M. Lykke et al.: The ALMA-PILS survey: First detections of ethylene oxide, acetone and propanal toward IRAS 16293-2422

Fig. 3. Bar plot of the relative abundances of CH3COCH3/ C2H5CHO and CH3CHO/c-C2H4O from Table 1. The observations are indicated by
color bars, while the chemical predictions are shown by white bars with di↵erent circle sizes. The two lower limits derived by Belloche et al.
(2013) for CH3COCH3/C2H5CHO are illustrated by upward arrows. The range of CH3CHO/ c-C2H4O ratios determined in ten sources by Ikeda
et al. (2001) is indicated by the hatched area. For the CH3CHO/ c-C2H4O ratio from Belloche et al. (2013), we used the average value of the
column densities of the rotational and first torsionally (vt = 1) excited states of acetaldehyde.

Table 2. Relative abundances in di↵erent sources.

Source CH3COCH3/C2H5CHO CH3CHO/c-C2H4O References
IRAS 16293-2422 8 12 this study
Sgr B2(N) �3.6�14.5a 3.7�7.4b Belloche et al. (2013)
Survey of massive SF regions – 1.2�13.2 Ikeda et al. (2001)
Chemical model: peak gas-phase 0.22: 0.83: 0.07c – Garrod (2013)
Chemical model: peak grain-surface 0.37: 2.3: 0.39c – Garrod (2013)
Chemical model of hot cores – 1d Occhiogrosso et al. (2014)

Notes. (a) Range reflects span for rotational states in the Vo↵ = 0 km s�1 and the Vo↵ = 10 km s�1 components of Sgr B2(N). Propanal is not
detected, therefore the upper limit is used after correction for a similar beam filling factor. (b) Range reflects span for the rotational and first
torsionally (3t = 1) excited states of acetaldehyde in the Vo↵ = �1 km s�1 component of Sgr B2(N). (c) Chemical model of hot cores for a slow,
medium, and fast model, respectively. (d) The MONACO code (at 200 K and 1.2 ⇥ 106 yr).

proposed by Combes et al. (1987) has been shown not to be e�-
cient enough to produce the observed values (Herbst et al. 1990).
In the model presented by Garrod et al. (2008), acetone is formed
on grains by the addition of CH3 to CH3CO.

Hollis et al. (2004) proposed the formation of propanal to
occur through simple successive hydrogenation:

HC2CHO + 2H! CH2CHCHO + 2H! C2H5CHO. (4)

However, Garrod (2013) proposed a di↵erent formation route
through the addition of HCO and C2H5 radicals on grains.
Garrod (2013) found the formation to be most rapid at 30 K,

when sublimation of grain-surface methane (CH4) is most
e�cient.

Laboratory experiments were conducted by Bennett et al.
(2005a,b) to study the synthesis of acetaldehyde, ethylene oxide,
and vinyl alcohol in interstellar and cometary ices after irra-
diation with energetic electrons. Acetaldehyde appeared to be
formed in both CO–CH4 and CO2–C2H4 ice mixtures, while
ethylene oxide and vinyl alcohol are only detected in CO2–C2H4
ice mixtures (Bennett et al. 2005a,b). While CO, CO2, and CH4
have been observed in interstellar ices, C2H4 is formed as a
secondary product by charged particle irradiation and photoly-
sis of CH4 ices and it is therefore likely only present in small
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Fig. 1. Chemical representation of the tautomers of malonaldehyde. The
enol form, 3-hydroxypropenal, is on the left, while the dialdehyde form,
propanedial, is on the right.

yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
ular Spectroscopy (CDMS, Müller et al. 2001, 2005). It is based
on the measurements reported in Baughcum (1983), Stolze et al.
(1983), Turner et al. (1984), Firth et al. (1991), and Baba et al.
(1999). The b-dipole moment component comes from Baugh-
cum et al. (1981) while the a-dipole moment was determined by
Baba et al. (1999). The strong b-type transitions occur within the
tunneling states (rotational transitions) whereas the weak a-type
transitions connect the two tunneling states (rotation-tunneling
transitions). The extensive set of experimental rotational transi-
tions cover a large range of J quantum numbers; however, tran-
sitions with the lowest Ka were only accessed for low values of
J as these are somewhat weaker than higher-Ka transitions in the
same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
having high values of J and very low values of Ka have large
uncertainties which prohibit their unambiguous identification in
the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
cases.

The ALMA/PILS survey is fully described in Jørgensen et al.
(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
4–5 mJy beam�1 km s�1. Besides the Band 7 observations, small
spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results

Using a dedicated Convolutional Neural Network on a large
set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
ponent B of IRAS16293 at a position o↵set by 0.500 (one beam)
with respect to the continuum peak position in the south-west di-
rection (↵J2000=16h32m22s.58, �J2000=-24�28032.800). This posi-
tion is regularly used in the PILS studies to search for molecules
and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
A �2 method is then used to derive the best fit parameters. To
ensure that the lines are not blended with other species, we over-
lay the model including the species previously identified in this
source. We added HONO (Coutens et al. 2019), CH3OCH2OH,
CH2DCHO, t-C2H5OCH3 (Manigand et al. 2020), C2H3CHO,
C3H6 (Manigand et al. 2021), and CH3OCHD2 (Richard et al.
2021) to the list presented in Appendix A of Coutens et al.
(2019).

To constrain the best-fit parameters, we run two grids, one
with large steps followed by another one around the best model
with smaller steps (�N = 2 ⇥ 1014 cm�2, �T = 25 K). For this
second grid, the column density ranges from 2 ⇥ 1014 to 3 ⇥
1015 cm�2, while the excitation temperature is between 50 and
350 K. To avoid overestimating the column density, we also in-
clude 5 undetected lines presenting small uncertainties in the �2

analysis (see Table A.1). The best-fit model is obtained for a
column density N of 2.2 ⇥ 1015 cm�2 and an excitation temper-
ature Tex of 350 K (�2

red ⇠ 2.0). However, the excitation temper-
ature is not well constrained. Our �2 analysis shows that various
models with excitation temperatures in the 75–350 K range can
properly reproduce the lines included in the calculation (3� un-
certainty). It is due to the Eup values of the detected lines that
only span a small range (see Table 1 and Table A.1). Indeed,
transitions with higher Eup values are present in the PILS range
but they all show large uncertainties and are consequently ex-
cluded from the analysis. Previous molecules identified in the
PILS survey were classified in two categories according to their
excitation temperatures. For some molecules, the excitation tem-
perature is found to be ⇠125 K while for others, it is ⇠300 K (see
Jørgensen et al. 2018 for more details). If we assume excitation
temperatures of 125 and 300 K, we obtain column densities of 3-
hydroxypropenal of 1.0 ⇥ 1015 cm�2 (�2

red ⇠ 2.0) and 1.8 ⇥ 1015

cm�2 (�2
red ⇠ 2.0), respectively. In the second hypothesis (� 300

K), tens of additional lines should be detected. Given their large
uncertainties, it is usually easy to find lines within the uncertain-
ties that could be reproduced by the models with high Tex. But

1 CASSIS has been developed by IRAP-UPS/CNRS (Vastel et al.
2015). http://www.cassis.irap.omp.eu
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yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
ular Spectroscopy (CDMS, Müller et al. 2001, 2005). It is based
on the measurements reported in Baughcum (1983), Stolze et al.
(1983), Turner et al. (1984), Firth et al. (1991), and Baba et al.
(1999). The b-dipole moment component comes from Baugh-
cum et al. (1981) while the a-dipole moment was determined by
Baba et al. (1999). The strong b-type transitions occur within the
tunneling states (rotational transitions) whereas the weak a-type
transitions connect the two tunneling states (rotation-tunneling
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J as these are somewhat weaker than higher-Ka transitions in the
same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
having high values of J and very low values of Ka have large
uncertainties which prohibit their unambiguous identification in
the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
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The ALMA/PILS survey is fully described in Jørgensen et al.
(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
4–5 mJy beam�1 km s�1. Besides the Band 7 observations, small
spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results

Using a dedicated Convolutional Neural Network on a large
set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
ponent B of IRAS16293 at a position o↵set by 0.500 (one beam)
with respect to the continuum peak position in the south-west di-
rection (↵J2000=16h32m22s.58, �J2000=-24�28032.800). This posi-
tion is regularly used in the PILS studies to search for molecules
and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
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(2019).
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yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
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sitions with the lowest Ka were only accessed for low values of
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same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
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the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
cases.
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(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
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spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results
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set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
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and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
A �2 method is then used to derive the best fit parameters. To
ensure that the lines are not blended with other species, we over-
lay the model including the species previously identified in this
source. We added HONO (Coutens et al. 2019), CH3OCH2OH,
CH2DCHO, t-C2H5OCH3 (Manigand et al. 2020), C2H3CHO,
C3H6 (Manigand et al. 2021), and CH3OCHD2 (Richard et al.
2021) to the list presented in Appendix A of Coutens et al.
(2019).

To constrain the best-fit parameters, we run two grids, one
with large steps followed by another one around the best model
with smaller steps (�N = 2 ⇥ 1014 cm�2, �T = 25 K). For this
second grid, the column density ranges from 2 ⇥ 1014 to 3 ⇥
1015 cm�2, while the excitation temperature is between 50 and
350 K. To avoid overestimating the column density, we also in-
clude 5 undetected lines presenting small uncertainties in the �2

analysis (see Table A.1). The best-fit model is obtained for a
column density N of 2.2 ⇥ 1015 cm�2 and an excitation temper-
ature Tex of 350 K (�2

red ⇠ 2.0). However, the excitation temper-
ature is not well constrained. Our �2 analysis shows that various
models with excitation temperatures in the 75–350 K range can
properly reproduce the lines included in the calculation (3� un-
certainty). It is due to the Eup values of the detected lines that
only span a small range (see Table 1 and Table A.1). Indeed,
transitions with higher Eup values are present in the PILS range
but they all show large uncertainties and are consequently ex-
cluded from the analysis. Previous molecules identified in the
PILS survey were classified in two categories according to their
excitation temperatures. For some molecules, the excitation tem-
perature is found to be ⇠125 K while for others, it is ⇠300 K (see
Jørgensen et al. 2018 for more details). If we assume excitation
temperatures of 125 and 300 K, we obtain column densities of 3-
hydroxypropenal of 1.0 ⇥ 1015 cm�2 (�2

red ⇠ 2.0) and 1.8 ⇥ 1015

cm�2 (�2
red ⇠ 2.0), respectively. In the second hypothesis (� 300

K), tens of additional lines should be detected. Given their large
uncertainties, it is usually easy to find lines within the uncertain-
ties that could be reproduced by the models with high Tex. But

1 CASSIS has been developed by IRAP-UPS/CNRS (Vastel et al.
2015). http://www.cassis.irap.omp.eu
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Fig. 1. Chemical representation of the tautomers of malonaldehyde. The
enol form, 3-hydroxypropenal, is on the left, while the dialdehyde form,
propanedial, is on the right.

yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
ular Spectroscopy (CDMS, Müller et al. 2001, 2005). It is based
on the measurements reported in Baughcum (1983), Stolze et al.
(1983), Turner et al. (1984), Firth et al. (1991), and Baba et al.
(1999). The b-dipole moment component comes from Baugh-
cum et al. (1981) while the a-dipole moment was determined by
Baba et al. (1999). The strong b-type transitions occur within the
tunneling states (rotational transitions) whereas the weak a-type
transitions connect the two tunneling states (rotation-tunneling
transitions). The extensive set of experimental rotational transi-
tions cover a large range of J quantum numbers; however, tran-
sitions with the lowest Ka were only accessed for low values of
J as these are somewhat weaker than higher-Ka transitions in the
same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
having high values of J and very low values of Ka have large
uncertainties which prohibit their unambiguous identification in
the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
cases.

The ALMA/PILS survey is fully described in Jørgensen et al.
(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
4–5 mJy beam�1 km s�1. Besides the Band 7 observations, small
spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results

Using a dedicated Convolutional Neural Network on a large
set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
ponent B of IRAS16293 at a position o↵set by 0.500 (one beam)
with respect to the continuum peak position in the south-west di-
rection (↵J2000=16h32m22s.58, �J2000=-24�28032.800). This posi-
tion is regularly used in the PILS studies to search for molecules
and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
A �2 method is then used to derive the best fit parameters. To
ensure that the lines are not blended with other species, we over-
lay the model including the species previously identified in this
source. We added HONO (Coutens et al. 2019), CH3OCH2OH,
CH2DCHO, t-C2H5OCH3 (Manigand et al. 2020), C2H3CHO,
C3H6 (Manigand et al. 2021), and CH3OCHD2 (Richard et al.
2021) to the list presented in Appendix A of Coutens et al.
(2019).

To constrain the best-fit parameters, we run two grids, one
with large steps followed by another one around the best model
with smaller steps (�N = 2 ⇥ 1014 cm�2, �T = 25 K). For this
second grid, the column density ranges from 2 ⇥ 1014 to 3 ⇥
1015 cm�2, while the excitation temperature is between 50 and
350 K. To avoid overestimating the column density, we also in-
clude 5 undetected lines presenting small uncertainties in the �2

analysis (see Table A.1). The best-fit model is obtained for a
column density N of 2.2 ⇥ 1015 cm�2 and an excitation temper-
ature Tex of 350 K (�2

red ⇠ 2.0). However, the excitation temper-
ature is not well constrained. Our �2 analysis shows that various
models with excitation temperatures in the 75–350 K range can
properly reproduce the lines included in the calculation (3� un-
certainty). It is due to the Eup values of the detected lines that
only span a small range (see Table 1 and Table A.1). Indeed,
transitions with higher Eup values are present in the PILS range
but they all show large uncertainties and are consequently ex-
cluded from the analysis. Previous molecules identified in the
PILS survey were classified in two categories according to their
excitation temperatures. For some molecules, the excitation tem-
perature is found to be ⇠125 K while for others, it is ⇠300 K (see
Jørgensen et al. 2018 for more details). If we assume excitation
temperatures of 125 and 300 K, we obtain column densities of 3-
hydroxypropenal of 1.0 ⇥ 1015 cm�2 (�2

red ⇠ 2.0) and 1.8 ⇥ 1015

cm�2 (�2
red ⇠ 2.0), respectively. In the second hypothesis (� 300

K), tens of additional lines should be detected. Given their large
uncertainties, it is usually easy to find lines within the uncertain-
ties that could be reproduced by the models with high Tex. But

1 CASSIS has been developed by IRAP-UPS/CNRS (Vastel et al.
2015). http://www.cassis.irap.omp.eu
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Fig. 1. Integrated intensity maps of the line emission for C3H6 and
C2H3CHO, summed over ± 0.5 MHz. The locations of IRAS 16293B
continuum peak and the offset position are marked by the black star and
plus sign, respectively. The blue contours start at 4� and increase by
steps of 4�, where� is 5 mJy beam�1 km s�1 for the integrated intensity.
A representative beam of 0.005 is shown in the lower right corner of each
panel.

been used in Manigand et al. (2020), where more substantial
details can be found. This synthetic spectrum considers the gas
as a homogeneous slab under LTE conditions and uses the opti-
cally thin molecular lines to fit the observed spectrum and to
estimate the column density, the rotational temperature, the peak
velocity shift, the FWHM and the source size, which is fixed to
0.005, based on the previous PILS studies.

We run a grid of models in column densities from 1013 to
1017 cm�2 and for excitation temperatures ranging from 50 to
300 K in steps of 25 K. The peak velocity shift and FWHM
were set to 2.7 and 0.8 km s�1, respectively, for C2H3CHO and
2.5 and 0.8 km s�1, respectively, for C3H6, after a visual inspec-
tion of the alignment of the observed lines and the model. The
best model was estimated through a �2 minimisation, with a
modified weighting factor as detailed in Manigand et al. (2020).
The modified weighting factor favours the under-estimation of
the intensity of the modelled spectrum, which reflects possi-
ble unexpected blending effects with other species. A correction
factor was applied to the derived column density to take into
account the continuum contribution as detailed, for example, in
Jørgensen et al. (2018) and Calcutt et al. (2018b). The relative
uncertainty of the column density and the rotational temperature
is 20%.

The best agreement between the data and the model for
C2H3CHO was found at an excitation temperature of 125± 25 K
and a column density of 3.4± 0.7⇥ 1014 cm�2. All the lines used
in the fit are shown in Fig. 2. The lower intensity of the lines in
Band 7 compared to those in Band 6 emphasises the relatively
low rotational temperature derived from the model.

The rotational temperature and column density of C3H6 was
found to be 75± 15 K and 4.2± 0.8⇥ 1016 cm�2, respectively. All
the brightest lines in Band 6 are marginally optically thick for the
best fit physical conditions. Nevertheless, the optically thick line

at 235.272 GHz shows very good agreement with the observed
line, which consolidates the unusually low value of 75 K found
for the rotational temperature towards the IRAS 16293B hot
corino region. The C3H6 lines used to assess the column density
and the rotational temperature are shown in Fig. 3.

The majority of C3H6 transitions are split into A and E tor-
sional sub-states due to the CH3–group in the molecule. This
kind of split is common to most of the species having the CH3
group, such as CH3OH or CH3OCHO. For C3H6, the intensities
of the lines at 340.827, 347.774 and 351.738 GHz, correspond-
ing to E-transitions, are overestimated by the LTE model. The
A-transitions that have the same quantum numbers, in particular
the same upper-level energies and Einstein’s coefficients, are in
good agreement with the model. This overestimation of the E-
transitions alone may suggest that the spin weight ratio between
the transitions arising from A and E substates is not equal to
unity.

To test this hypothesis, we added the spin weight of the E-
transitions with respect to the A-transitions in the LTE model
and assessed this ratio, given the best fit found for the excita-
tion temperature, velocity shift and FWHM. This spin weight
factor gE/A is multiplied to the upper state degeneracy of the
E-transitions. The best fit was found at the same column den-
sity, i.e. 4.2± 0.8⇥ 1016 cm�2, and a spin weight ratio of
gE/A = 0.6± 0.1. Figure 4 shows the LTE model, including the
discrepancy of the E-transitions with respect to the A-transitions.
This difference between the A- and E-transitions could reflect an
abundance asymmetry between the different conformers, due to
low temperature at the moment of their formation, for example.
Similar E/A ratios were observed towards dark clouds (Friberg
et al. 1988), cold prestellar clumps (Menten et al. 1988) and more
recently towards young stellar objects (Wirström et al. 2011).
Nevertheless, in this study, there are still too few isolated tran-
sitions to be able to rule out any bias from the spectroscopic data
that could explain this asymmetric E/A spin ratio.

For the sake of the chemical modelling comparison, the
upper limits on the column density were derived for HCC-
CHO, C3H7OH, C3O, C3H8, and cis-HC(O)CHO. These upper
limits correspond to the column density reached in the model
when the most intense lines reached 3� at ⇠100 K, which
is the average excitation temperature of C2H3CHO and C3H6.
The upper limit of cis-HC(O)CHO leads to an upper limit of
the total amount of HC(O)CHO of <2.6 ⇥ 1023 cm�2 in the
gas phase, which does not provide any real constraint on this
molecule. Table 2 summarises the column densities and rota-
tional temperatures of the newly detected species towards source
B. Previous detections of chemically related species, namely
acetaldehyde (CH3CHO), acetone (CH3COCH3), ethyl methyl
ether (C2H5OCH3), C2H5CHO and CH3CCH, reported from the
same dataset by Lykke et al. (2017) and Calcutt et al. (2019),
are also indicated in the table and have been used for a com-
parison with the chemical model. Qasim et al. (2019) already
reported a column density upper limit for Ga-n-C3H7OH of
<1.2⇥ 1015 cm�2 at 300 K and <7.4⇥ 1014 cm�2 at 125 K,
using the Band 6 dataset of Taquet et al. (2018). Given their
same dataset and the correction factor to include the contribu-
tion of the other conformers, this estimate is consistent with the
results presented here. In the following, we consider the more
conservative column density upper limit of <3.0⇥ 1015 cm�2.

4. The chemical model

In this section, we compare the abundance, and the upper lim-
its, derived from the observations towards IRAS 16293B with
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Fig. 1. Integrated intensity maps of the line emission for C3H6 and
C2H3CHO, summed over ± 0.5 MHz. The locations of IRAS 16293B
continuum peak and the offset position are marked by the black star and
plus sign, respectively. The blue contours start at 4� and increase by
steps of 4�, where� is 5 mJy beam�1 km s�1 for the integrated intensity.
A representative beam of 0.005 is shown in the lower right corner of each
panel.

been used in Manigand et al. (2020), where more substantial
details can be found. This synthetic spectrum considers the gas
as a homogeneous slab under LTE conditions and uses the opti-
cally thin molecular lines to fit the observed spectrum and to
estimate the column density, the rotational temperature, the peak
velocity shift, the FWHM and the source size, which is fixed to
0.005, based on the previous PILS studies.

We run a grid of models in column densities from 1013 to
1017 cm�2 and for excitation temperatures ranging from 50 to
300 K in steps of 25 K. The peak velocity shift and FWHM
were set to 2.7 and 0.8 km s�1, respectively, for C2H3CHO and
2.5 and 0.8 km s�1, respectively, for C3H6, after a visual inspec-
tion of the alignment of the observed lines and the model. The
best model was estimated through a �2 minimisation, with a
modified weighting factor as detailed in Manigand et al. (2020).
The modified weighting factor favours the under-estimation of
the intensity of the modelled spectrum, which reflects possi-
ble unexpected blending effects with other species. A correction
factor was applied to the derived column density to take into
account the continuum contribution as detailed, for example, in
Jørgensen et al. (2018) and Calcutt et al. (2018b). The relative
uncertainty of the column density and the rotational temperature
is 20%.

The best agreement between the data and the model for
C2H3CHO was found at an excitation temperature of 125± 25 K
and a column density of 3.4± 0.7⇥ 1014 cm�2. All the lines used
in the fit are shown in Fig. 2. The lower intensity of the lines in
Band 7 compared to those in Band 6 emphasises the relatively
low rotational temperature derived from the model.

The rotational temperature and column density of C3H6 was
found to be 75± 15 K and 4.2± 0.8⇥ 1016 cm�2, respectively. All
the brightest lines in Band 6 are marginally optically thick for the
best fit physical conditions. Nevertheless, the optically thick line

at 235.272 GHz shows very good agreement with the observed
line, which consolidates the unusually low value of 75 K found
for the rotational temperature towards the IRAS 16293B hot
corino region. The C3H6 lines used to assess the column density
and the rotational temperature are shown in Fig. 3.

The majority of C3H6 transitions are split into A and E tor-
sional sub-states due to the CH3–group in the molecule. This
kind of split is common to most of the species having the CH3
group, such as CH3OH or CH3OCHO. For C3H6, the intensities
of the lines at 340.827, 347.774 and 351.738 GHz, correspond-
ing to E-transitions, are overestimated by the LTE model. The
A-transitions that have the same quantum numbers, in particular
the same upper-level energies and Einstein’s coefficients, are in
good agreement with the model. This overestimation of the E-
transitions alone may suggest that the spin weight ratio between
the transitions arising from A and E substates is not equal to
unity.

To test this hypothesis, we added the spin weight of the E-
transitions with respect to the A-transitions in the LTE model
and assessed this ratio, given the best fit found for the excita-
tion temperature, velocity shift and FWHM. This spin weight
factor gE/A is multiplied to the upper state degeneracy of the
E-transitions. The best fit was found at the same column den-
sity, i.e. 4.2± 0.8⇥ 1016 cm�2, and a spin weight ratio of
gE/A = 0.6± 0.1. Figure 4 shows the LTE model, including the
discrepancy of the E-transitions with respect to the A-transitions.
This difference between the A- and E-transitions could reflect an
abundance asymmetry between the different conformers, due to
low temperature at the moment of their formation, for example.
Similar E/A ratios were observed towards dark clouds (Friberg
et al. 1988), cold prestellar clumps (Menten et al. 1988) and more
recently towards young stellar objects (Wirström et al. 2011).
Nevertheless, in this study, there are still too few isolated tran-
sitions to be able to rule out any bias from the spectroscopic data
that could explain this asymmetric E/A spin ratio.

For the sake of the chemical modelling comparison, the
upper limits on the column density were derived for HCC-
CHO, C3H7OH, C3O, C3H8, and cis-HC(O)CHO. These upper
limits correspond to the column density reached in the model
when the most intense lines reached 3� at ⇠100 K, which
is the average excitation temperature of C2H3CHO and C3H6.
The upper limit of cis-HC(O)CHO leads to an upper limit of
the total amount of HC(O)CHO of <2.6 ⇥ 1023 cm�2 in the
gas phase, which does not provide any real constraint on this
molecule. Table 2 summarises the column densities and rota-
tional temperatures of the newly detected species towards source
B. Previous detections of chemically related species, namely
acetaldehyde (CH3CHO), acetone (CH3COCH3), ethyl methyl
ether (C2H5OCH3), C2H5CHO and CH3CCH, reported from the
same dataset by Lykke et al. (2017) and Calcutt et al. (2019),
are also indicated in the table and have been used for a com-
parison with the chemical model. Qasim et al. (2019) already
reported a column density upper limit for Ga-n-C3H7OH of
<1.2⇥ 1015 cm�2 at 300 K and <7.4⇥ 1014 cm�2 at 125 K,
using the Band 6 dataset of Taquet et al. (2018). Given their
same dataset and the correction factor to include the contribu-
tion of the other conformers, this estimate is consistent with the
results presented here. In the following, we consider the more
conservative column density upper limit of <3.0⇥ 1015 cm�2.

4. The chemical model

In this section, we compare the abundance, and the upper lim-
its, derived from the observations towards IRAS 16293B with
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The chemistry of 3-carbon species
S. Manigand et al.: First detection of C2H3CHO and C3H6 towards IRAS 16293–2422 B

Fig. 6. Final abundances reached at the end of each simulation run for the targeted species. The dashed blue line shows the observed abundance of
the species towards IRAS 16293B. The error bars and the blue area correspond to one half order of magnitude confidence limit, thus a 1�-difference
between observations and simulations corresponds to one order of magnitude. The dashed blue region represents the abundance values that are
consistent with the corresponding upper limit. The abundance scale of C3O is lower than the other plots. The abundance upper limit of HC(O)CHO
is <2.6⇥ 104 relative to CH3OH, therefore, there is no observational constraint on the abundance of HC(O)CHO. The abundance upper limit of
C3H7OH is the sum of n-C3H7OH and i-C3H7OH abundance upper limits.

production of saturated ones. The agreement of this run with
observations is better than for the fiducial chemical network in
terms of abundances of CH2(OH)CHO, (CH2OH)2, CH3OCHO,
and CH3OCH2OH, suggesting that hydrogenation reactions play
an important role in formation of such COMs in hot corino
regions. The hydrogenation of CH3OCHO has been recently

studied in laboratory by Krim et al. (2018). They reported a
calculated energy barrier of 32.7 kJ mol�1 for the ice-surface
reaction s-H + s-CH3OCHO and concluded that this pathway
did not seem to contribute to the formation of CH3OCH2OH.
The experimental result of Krim et al. mainly shows that this
reaction is slower than the s-H + s-H2CO ! s-CH3O reaction
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the species towards IRAS 16293B. The error bars and the blue area correspond to one half order of magnitude confidence limit, thus a 1�-difference
between observations and simulations corresponds to one order of magnitude. The dashed blue region represents the abundance values that are
consistent with the corresponding upper limit. The abundance scale of C3O is lower than the other plots. The abundance upper limit of HC(O)CHO
is <2.6⇥ 104 relative to CH3OH, therefore, there is no observational constraint on the abundance of HC(O)CHO. The abundance upper limit of
C3H7OH is the sum of n-C3H7OH and i-C3H7OH abundance upper limits.

production of saturated ones. The agreement of this run with
observations is better than for the fiducial chemical network in
terms of abundances of CH2(OH)CHO, (CH2OH)2, CH3OCHO,
and CH3OCH2OH, suggesting that hydrogenation reactions play
an important role in formation of such COMs in hot corino
regions. The hydrogenation of CH3OCHO has been recently

studied in laboratory by Krim et al. (2018). They reported a
calculated energy barrier of 32.7 kJ mol�1 for the ice-surface
reaction s-H + s-CH3OCHO and concluded that this pathway
did not seem to contribute to the formation of CH3OCH2OH.
The experimental result of Krim et al. mainly shows that this
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The chemistry of 3-carbon species

• Impact of the duration of the prestellar phase on the abundances of the 
saturated vs unsaturated COMs


• Formation of C2H3CHO and C2H5CHO through both :


‣ successive hydrogenation reactions on ice surfaces of C3O, with 
a formation of C3O in the gas phase (C3 + OH —> C3O + H)


‣  radical-radical additions of HCO and C2H3 or C2H5 on ice 
surfaces


• Rate of 10-12 cm3 s-1 for the gas phase reaction C3 + O —> C2 + CO 
necessary to fit the observed abundances


• Other missing consumption pathways of C3 (PAHs) ?

Main conclusions of Manigand et al. 2021
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Fig. 1. Chemical representation of the tautomers of malonaldehyde. The
enol form, 3-hydroxypropenal, is on the left, while the dialdehyde form,
propanedial, is on the right.

yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
ular Spectroscopy (CDMS, Müller et al. 2001, 2005). It is based
on the measurements reported in Baughcum (1983), Stolze et al.
(1983), Turner et al. (1984), Firth et al. (1991), and Baba et al.
(1999). The b-dipole moment component comes from Baugh-
cum et al. (1981) while the a-dipole moment was determined by
Baba et al. (1999). The strong b-type transitions occur within the
tunneling states (rotational transitions) whereas the weak a-type
transitions connect the two tunneling states (rotation-tunneling
transitions). The extensive set of experimental rotational transi-
tions cover a large range of J quantum numbers; however, tran-
sitions with the lowest Ka were only accessed for low values of
J as these are somewhat weaker than higher-Ka transitions in the
same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
having high values of J and very low values of Ka have large
uncertainties which prohibit their unambiguous identification in
the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
cases.

The ALMA/PILS survey is fully described in Jørgensen et al.
(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
4–5 mJy beam�1 km s�1. Besides the Band 7 observations, small
spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results

Using a dedicated Convolutional Neural Network on a large
set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
ponent B of IRAS16293 at a position o↵set by 0.500 (one beam)
with respect to the continuum peak position in the south-west di-
rection (↵J2000=16h32m22s.58, �J2000=-24�28032.800). This posi-
tion is regularly used in the PILS studies to search for molecules
and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
A �2 method is then used to derive the best fit parameters. To
ensure that the lines are not blended with other species, we over-
lay the model including the species previously identified in this
source. We added HONO (Coutens et al. 2019), CH3OCH2OH,
CH2DCHO, t-C2H5OCH3 (Manigand et al. 2020), C2H3CHO,
C3H6 (Manigand et al. 2021), and CH3OCHD2 (Richard et al.
2021) to the list presented in Appendix A of Coutens et al.
(2019).

To constrain the best-fit parameters, we run two grids, one
with large steps followed by another one around the best model
with smaller steps (�N = 2 ⇥ 1014 cm�2, �T = 25 K). For this
second grid, the column density ranges from 2 ⇥ 1014 to 3 ⇥
1015 cm�2, while the excitation temperature is between 50 and
350 K. To avoid overestimating the column density, we also in-
clude 5 undetected lines presenting small uncertainties in the �2

analysis (see Table A.1). The best-fit model is obtained for a
column density N of 2.2 ⇥ 1015 cm�2 and an excitation temper-
ature Tex of 350 K (�2

red ⇠ 2.0). However, the excitation temper-
ature is not well constrained. Our �2 analysis shows that various
models with excitation temperatures in the 75–350 K range can
properly reproduce the lines included in the calculation (3� un-
certainty). It is due to the Eup values of the detected lines that
only span a small range (see Table 1 and Table A.1). Indeed,
transitions with higher Eup values are present in the PILS range
but they all show large uncertainties and are consequently ex-
cluded from the analysis. Previous molecules identified in the
PILS survey were classified in two categories according to their
excitation temperatures. For some molecules, the excitation tem-
perature is found to be ⇠125 K while for others, it is ⇠300 K (see
Jørgensen et al. 2018 for more details). If we assume excitation
temperatures of 125 and 300 K, we obtain column densities of 3-
hydroxypropenal of 1.0 ⇥ 1015 cm�2 (�2

red ⇠ 2.0) and 1.8 ⇥ 1015

cm�2 (�2
red ⇠ 2.0), respectively. In the second hypothesis (� 300

K), tens of additional lines should be detected. Given their large
uncertainties, it is usually easy to find lines within the uncertain-
ties that could be reproduced by the models with high Tex. But

1 CASSIS has been developed by IRAP-UPS/CNRS (Vastel et al.
2015). http://www.cassis.irap.omp.eu
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Fig. 2. Lines of HOCHCHCHO detected towards IRAS16293 B. The observations are in black. The model with N = 1.0 ⇥ 1015 cm�2 and Tex =
125 K is overlaid in red. The green line corresponds to the model which includes the previous molecules identified in the PILS survey.

Table 1. List of the HOCHCHCHO transitions identified towards IRAS 16293 B

Transition Frequency Uncertainty Eup Aij gup
N
0

K
0
a

K
0
c
30

t
- N
00

K
00
a

K
00
c
300

t
(MHz) (MHz) (K) (s�1)

17 17 0 1 - 16 16 1 1 329184.3 0.0223 171.1 1.30⇥ 10�3 35
17 17 1 1 - 16 16 0 1 329184.3 0.0223 171.1 1.29⇥ 10�3 105
21 14 7 0 - 20 13 8 0 330826.2 0.0188 148.7 8.32⇥ 10�4 129
21 14 8 0 - 20 13 7 0 330826.5 0.0188 148.7 8.32⇥ 10�4 43
20 15 5 0 - 19 14 6 0 333154.6 0.0155 147.3 9.76⇥ 10�4 41
20 15 6 0 - 19 14 5 0 333154.6 0.0155 147.3 9.76⇥ 10�4 123
19 16 3 0 - 18 15 4 0 335375.8 0.0154 146.9 1.14⇥ 10�3 117
19 16 4 0 - 18 15 3 0 335375.8 0.0154 146.9 1.14⇥ 10�3 39
19 16 3 1 - 18 15 4 1 335563.8 0.0154 177.9 1.12⇥ 10�3 39
19 16 4 1 - 18 15 3 1 335563.8 0.0154 177.9 1.12⇥ 10�3 117

25 12 13 0 - 24 11 14 0 341865.3 0.0411 176.0 5.78⇥ 10�4 153
20 16 4 1 - 19 15 5 1 344235.8 0.0157 186.3 1.14⇥ 10�3 123
20 16 5 1 - 19 15 4 1 344235.8 0.0157 186.3 1.14⇥ 10�3 41

24 14 10 1 - 23 13 11 1 356301.7 0.0304 208.6 8.58⇥ 10�4 147
19 18 1 1 - 18 17 2 1 357554.9 0.0231 195.8 1.56⇥ 10�3 39
19 18 2 1 - 18 17 1 1 357554.9 0.0231 195.8 1.56⇥ 10�3 117
22 16 7 1 - 21 15 6 1 361541.5 0.0191 204.3 1.18⇥ 10�3 45
22 16 6 1 - 21 15 7 1 361541.5 0.0191 204.3 1.18⇥ 10�3 135

29 12 18 1 - 28 11 17 1 362238.2 0.0768 253.7 4.87⇥ 10�4 177

there are a few exceptions for the transitions at 343.466, 349.919,
and 350.017 GHz that do not show lines within their uncer-
tainties, which suggests that the excitation temperature could
be lower than 300 K. Additional spectroscopic measurements
would be needed to definitely answer this question. The model
predictions obtained for Tex = 125 K are overlaid on the spec-
tra of the detected lines in Fig. 2 and the undetected ones in
Fig. A.1. We carefully checked that no HOCHCHCHO line is
missing with this model in other parts of the PILS survey. In
Band 6, two faint lines are detected at 247.5312 and 250.4599
GHz and are in relative agreement with the model. Another fea-
ture is present at 239.4605 GHz but blended with an unidentified
species (see Fig. B.1).

The moment 0 map of the transition at 335375.8 MHz is pre-
sented in Fig. 3. The emission is compact and similar to the other
COMs detected in this source (see e.g., Lykke et al. 2017; Jør-
gensen et al. 2018; Calcutt et al. 2018).

The isomers of 3-hydroxypropenal were also searched for
in the PILS data. HCOCH2CHO (propanedial), CH3COCHO
(methylglyoxal), and CH2COHCHO (2-hydroxypropenal) are
not in the spectroscopic databases CDMS and JPL (Pickett et al.
1998). Only C2H3OCHO (vinyl formate) and the s-cis and s-
trans conformers of C2H3COOH (propenoic acid) are available
in CDMS. C2H3OCHO is not detected with an upper limit of
4⇥ 1015 cm�2 based on the undetected transition at 355.246
GHz. Upper limits of 1⇥ 1015 cm�2 and 4⇥ 1015 cm�2 are also
derived for the s-cis and s-trans conformers of C2H3COOH, re-
spectively.

If 3-hydroxypropenal forms on grains, its hydrogenation
could potentially lead to the saturated version, 1,3-propanediol
(CH2OHCH2CH2OH). Indeed, many saturated COMs are de-
tected towards IRAS16293. The lower energy conformer a’GG’g
present in the CDMS database was searched for. An upper limit
of 1⇥ 1015 cm�2 is derived.
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3-hydroxypropenal

enol

propanedial

dialdehyde

Fig. 1. Chemical representation of the tautomers of malonaldehyde. The
enol form, 3-hydroxypropenal, is on the left, while the dialdehyde form,
propanedial, is on the right.

yse the data in Section 3 and we run a chemical model to predict
the abundances of HOCHCHCHO and its isomers in Section 4.
We conclude in Section 5.

2. Observations and spectroscopy

3-Hydroxypropenal is the enol tautomeric form of malonalde-
hyde. The enolic cis form is strongly favored over the dialde-
hyde form of malonaldehyde because of the ability to form an
intramolecular hydrogen bond (see Fig. 1). The hydrogen atom
of this bond can move fairly easily from the CHOH group to the
CHO group, thus exchanging the positions of the two groups.
The tunneling is only slightly hindered, which leads to a split-
ting of 647 GHz (⇡ 21.6 cm�1 ⇡ 31 K). The spectroscopic data
of HOCHCHCHO come from the Cologne Database for Molec-
ular Spectroscopy (CDMS, Müller et al. 2001, 2005). It is based
on the measurements reported in Baughcum (1983), Stolze et al.
(1983), Turner et al. (1984), Firth et al. (1991), and Baba et al.
(1999). The b-dipole moment component comes from Baugh-
cum et al. (1981) while the a-dipole moment was determined by
Baba et al. (1999). The strong b-type transitions occur within the
tunneling states (rotational transitions) whereas the weak a-type
transitions connect the two tunneling states (rotation-tunneling
transitions). The extensive set of experimental rotational transi-
tions cover a large range of J quantum numbers; however, tran-
sitions with the lowest Ka were only accessed for low values of
J as these are somewhat weaker than higher-Ka transitions in the
same range. In addition, the small amount of rotation-tunneling
transitions have also high values of Ka. Therefore, transitions
having high values of J and very low values of Ka have large
uncertainties which prohibit their unambiguous identification in
the ALMA/PILS data sets currently even though their intensi-
ties should be su�ciently above the noise limit in at least some
cases.

The ALMA/PILS survey is fully described in Jørgensen et al.
(2016). In summary, these observations obtained with both the
12m array and the Atacama Compact Array (ACA) cover the
entire range between 329.1 and 362.9 GHz (Band 7) with a reso-
lution of 0.244 MHz (⇠0.2 km s�1). The two components A and
B of the protostar IRAS16293 are observed simultaneously with
the pointing center in-between. The beam sizes vary between 0.4
and 0.700 and the observations were restored with a circular beam
of 0.500. The sensitivity of the combined observations is about
4–5 mJy beam�1 km s�1. Besides the Band 7 observations, small
spectral windows were also covered in Bands 3 and 6. More in-
formation about the data reduction, the continuum subtraction
and these additional data can be found in Jørgensen et al. (2016).

3. Analysis and results

Using a dedicated Convolutional Neural Network on a large
set of multi-species synthetic spectra assuming local thermody-
namic equilibrium (LTE, Boulanger et al. 2022), we predicted
the presence of HOCHCHCHO in the PILS data with a probabil-
ity larger than 50%. The used spectrum corresponds to the com-
ponent B of IRAS16293 at a position o↵set by 0.500 (one beam)
with respect to the continuum peak position in the south-west di-
rection (↵J2000=16h32m22s.58, �J2000=-24�28032.800). This posi-
tion is regularly used in the PILS studies to search for molecules
and isotopologues, as the lines are relatively narrow (FWHM ⇠
1 km s�1) and bright without being a↵ected by absorption fea-
tures (e.g., Coutens et al. 2016; Lykke et al. 2017). We confirm
the detection of HOCHCHCHO with a classical analysis using
the CASSIS1 software. We do not detect 3-hydroxypropenal to-
wards IRAS16293 A, as the lines are broader than on source B.

In total, we identify 11 lines of HOCHCHCHO towards
source B (see Fig. 2 and Table 1). All of these lines present
small uncertainties, do not show significant blending with other
identified species and are not a↵ected by absorption features.
Our analysis is similar to the ones presented in previous stud-
ies (Coutens et al. 2016, 2019; Lykke et al. 2017; Ligterink et al.
2017). Synthetic spectra are produced assuming LTE for various
values of column densities N and excitation temperatures Tex.
A �2 method is then used to derive the best fit parameters. To
ensure that the lines are not blended with other species, we over-
lay the model including the species previously identified in this
source. We added HONO (Coutens et al. 2019), CH3OCH2OH,
CH2DCHO, t-C2H5OCH3 (Manigand et al. 2020), C2H3CHO,
C3H6 (Manigand et al. 2021), and CH3OCHD2 (Richard et al.
2021) to the list presented in Appendix A of Coutens et al.
(2019).

To constrain the best-fit parameters, we run two grids, one
with large steps followed by another one around the best model
with smaller steps (�N = 2 ⇥ 1014 cm�2, �T = 25 K). For this
second grid, the column density ranges from 2 ⇥ 1014 to 3 ⇥
1015 cm�2, while the excitation temperature is between 50 and
350 K. To avoid overestimating the column density, we also in-
clude 5 undetected lines presenting small uncertainties in the �2

analysis (see Table A.1). The best-fit model is obtained for a
column density N of 2.2 ⇥ 1015 cm�2 and an excitation temper-
ature Tex of 350 K (�2

red ⇠ 2.0). However, the excitation temper-
ature is not well constrained. Our �2 analysis shows that various
models with excitation temperatures in the 75–350 K range can
properly reproduce the lines included in the calculation (3� un-
certainty). It is due to the Eup values of the detected lines that
only span a small range (see Table 1 and Table A.1). Indeed,
transitions with higher Eup values are present in the PILS range
but they all show large uncertainties and are consequently ex-
cluded from the analysis. Previous molecules identified in the
PILS survey were classified in two categories according to their
excitation temperatures. For some molecules, the excitation tem-
perature is found to be ⇠125 K while for others, it is ⇠300 K (see
Jørgensen et al. 2018 for more details). If we assume excitation
temperatures of 125 and 300 K, we obtain column densities of 3-
hydroxypropenal of 1.0 ⇥ 1015 cm�2 (�2

red ⇠ 2.0) and 1.8 ⇥ 1015

cm�2 (�2
red ⇠ 2.0), respectively. In the second hypothesis (� 300

K), tens of additional lines should be detected. Given their large
uncertainties, it is usually easy to find lines within the uncertain-
ties that could be reproduced by the models with high Tex. But

1 CASSIS has been developed by IRAP-UPS/CNRS (Vastel et al.
2015). http://www.cassis.irap.omp.eu
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Fig. C.1. Representation of the isomers of HOCHCHCHO included in
the chemical modeling with their formation energies and the transition
states (TS) between the tautomeric forms. The values with a are obtained
through M06-2X/AVTZ calculations using C2H4 + CO2 as a reference,
while the ones with b and c refer to Guthrie (1978) and Moulds & Riley
(1938), respectively.
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Fig. 3. Integrated intensity map of the HOCHCHCHO line at 335375.8
MHz towards IRAS16293 B. Dust continuum contours are indicated
with white contours (levels of 0.02, 0.05, 0.1, 0.2, and 0.5 Jy beam�1)
The position of the continuum peak is indicated with a gray square,
while the position analyzed for IRAS16293 B (full-beam o↵set) is in-
dicated with a gray circle. The beam size is indicated in white in the
bottom left corner.

4. Chemical modeling and discussions

To better understand the chemistry of HOCHCHCHO and its
isomers, we used the Nautilus code (Ruaud et al. 2016), a three-
phase gas, grain surface and grain mantle time dependent chemi-
cal model, and updated the chemical network described in Mani-
gand et al. (2021) by including the reactions producing and con-
suming the C3H4O2 isomers as well as some radical species
linked to C3H4O2 and not yet present in the network, for example
CH2CHO, CH2COH, or HCCHOH (see Appendix C). For the
physical model of the formation of a low-mass protostar, we con-
sider two successive stages similarly to Manigand et al. (2021):
i) a uniform and constant stage, corresponding to the pre-stellar
phase, with a density of 5 ⇥ 104 cm�3, a temperature of 10 K for
both gas and dust, a visual extinction of 4.5 mag, a cosmic-ray
ionization rate of 1.3 ⇥ 10�17 s�1, a standard external UV field
of 1 G0, the initial abundances listed in Table 3 of Manigand
et al. (2021), and a duration of 106 years, ii) the collapse phase
described in Manigand et al. (2021).

Six C3H4O2 isomers are introduced in the network:
3-hydroxypropenal (HOCHCHCHO), 2-propenoic acid
(C2H3COOH), methyl glyoxal (CH3COCHO), propanedial
(HCOCH2CHO), 2-hydroxypropenal (CH2COHCHO), and
vinyl formate (C2H3OCHO). The description of their forma-
tion and destruction pathways is presented in Appendix C.
HOCHCHCHO is mainly formed through an indirect way with
CH2CHO + HCO ! HCOCH2CHO ! HOCHCHCHO. The
predicted abundances with respect to CH3OH are indicated in
Table 2. Among the di↵erent isomers of C3H4O2, three are
relatively abundant according to the model. HOCHCHCHO has
a predicted abundance with respect to CH3OH of 4.6⇥ 10�4 in
agreement with the observations (1⇥ 10�4) (see below for the
discussions on uncertainties). CH3COCHO and CH2COHCHO
also show high abundances (with respect to CH3OH) of 2⇥ 10�3

and 6⇥ 10�4, respectively. Future detections could be possible
for these two species if spectroscopic data are available. It

Fig. 4. Evolution of the abundances of the C3H4O2 isomers, HOCHCH-
CHO, HCOCH2CHO, CH3COCHO, and CH2COHCHO, and their pre-
cursors, CH3CO, CH2CHO, and CH2COH, during the collapse phase.
Solid and dotted lines are used to indicate the gas phase and grain man-
tle + surface abundances of the C3H4O2 isomers, respectively. Dashed
lines are used to represent the grain mantle + surface abundances of the
precursors.

should be noted that the calculated structure of propanedial
(HCOCH2CHO) is non-planar. Its dipole moment is very
uncertain because it depends strongly on the dihedral angle
between the two -CHO groups2). Consequently, HCOCH2CHO
which is predicted to have a relatively high abundance (with
respect to CH3OH) of 1⇥ 10�4 may be also detectable. Figure
4 shows the evolution of the most abundant isomers and their
precursors during the collapse phase.

The formation pathways of CH3COCHO, mainly the grain
surface reaction CH3CO + HCO, are credible and the calcu-
lated abundance of CH3COCHO makes it a potentially de-
tectable species. For CH2COHCHO, it is more ambiguous be-
cause one of the main pathways of formation is the isomerization
of CH3COCHO, which could be very less favorable on grains
that the result given by the methodology used here. The abun-
dances of C3H4O2 isomers are linearly dependent on the branch-
ing ratios of the association reactions, which are not known but
whose uncertainty can be estimated at about a factor of 2 in this
case. The abundances are also highly sensitive to the reactions
with hydrogen atoms, which are the most e�cient destruction
reactions in our model. The barriers were calculated using the
DFT method associated with the M06-2X functional. As these
reactions take place through tunneling, they are dependent on
the barrier time and the barrier width estimated by calculating
the imaginary frequency. The uncertainty on the rate of these re-
actions is therefore not negligible and the uncertainty induced on
the C3H4O2 abundances can be estimated to be about a factor of
5. Thus, the total uncertainty on the predicted abundances of the
C3H4O2 isomers is about a factor 10.

5. Conclusion

We detected 3-hydroxypropenal (HOCHCHCHO) for the first
time in the interstellar medium. This species is identified towards
the component B of the solar-type protostar IRAS 16293–2422
2 https://cccbdb.nist.gov/dipole2x.asp
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Table 2. Predicted and observed abundances of the C3H4O2 isomers.

Isomer Formula Predicted abundance Predicted abundance Observed abundance
(/H) (/CH3OH) (/CH3OH)

3-Hydroxypropenal HOCHCHCHO 1.4 ⇥ 10�8 4.6 ⇥ 10�4 1.0 ⇥ 10�4

Propanedial HCOCH2CHO 3.0 ⇥ 10�9 9.9 ⇥ 10�5

Methyl glyoxal CH3COCHO 7.4 ⇥ 10�8 2.4 ⇥ 10�3

2-Hydroxypropenal CH2COHCHO 2.0 ⇥ 10�8 6.6 ⇥ 10�4

Vinyl formate C2H3OCHO 8.4 ⇥ 10�10 2.8 ⇥ 10�5  4 ⇥ 10�4

2-Propenoic acid C2H3COOH 2.2 ⇥ 10�13 7.3 ⇥ 10�9  5 ⇥ 10�4

Notes. The total uncertainty on the predicted abundances is about a factor 10.

in the framework of the ALMA-PILS survey. An abundance of
10�4 with respect to CH3OH is derived with an LTE model.
The excitation temperature cannot be constrained with precision
as the frequencies of the transitions with high Eup show large
uncertainties. Further spectroscopic studies could help answer
this question. We updated our chemical network by including
HOCHCHCHO and five of its isomers. Our model reproduces
the abundance of HOCHCHCHO with respect to CH3OH within
the uncertainties. HOCHCHCHO is mainly formed through the
reaction CH2CHO + HCO ! HCOCH2CHO followed by the
tautomerization of HCOCH2CHO into HOCHCHCHO. High
abundances (> 10�4 with respect to CH3OH) are also predicted
for two other isomers (CH3COCHO and CH2COHCHO), which
are not available in the CDMS and JPL databases. This study
highlights the important need for additional spectroscopic stud-
ies of 3-carbon species in the submillimeter range.
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Table 2. Predicted and observed abundances of the C3H4O2 isomers.

Isomer Formula Predicted abundance Predicted abundance Observed abundance
(/H) (/CH3OH) (/CH3OH)

3-Hydroxypropenal HOCHCHCHO 1.4 ⇥ 10�8 4.6 ⇥ 10�4 1.0 ⇥ 10�4

Propanedial HCOCH2CHO 3.0 ⇥ 10�9 9.9 ⇥ 10�5

Methyl glyoxal CH3COCHO 7.4 ⇥ 10�8 2.4 ⇥ 10�3

2-Hydroxypropenal CH2COHCHO 2.0 ⇥ 10�8 6.6 ⇥ 10�4

Vinyl formate C2H3OCHO 8.4 ⇥ 10�10 2.8 ⇥ 10�5  4 ⇥ 10�4

2-Propenoic acid C2H3COOH 2.2 ⇥ 10�13 7.3 ⇥ 10�9  5 ⇥ 10�4

Notes. The total uncertainty on the predicted abundances is about a factor 10.

in the framework of the ALMA-PILS survey. An abundance of
10�4 with respect to CH3OH is derived with an LTE model.
The excitation temperature cannot be constrained with precision
as the frequencies of the transitions with high Eup show large
uncertainties. Further spectroscopic studies could help answer
this question. We updated our chemical network by including
HOCHCHCHO and five of its isomers. Our model reproduces
the abundance of HOCHCHCHO with respect to CH3OH within
the uncertainties. HOCHCHCHO is mainly formed through the
reaction CH2CHO + HCO ! HCOCH2CHO followed by the
tautomerization of HCOCH2CHO into HOCHCHCHO. High
abundances (> 10�4 with respect to CH3OH) are also predicted
for two other isomers (CH3COCHO and CH2COHCHO), which
are not available in the CDMS and JPL databases. This study
highlights the important need for additional spectroscopic stud-
ies of 3-carbon species in the submillimeter range.
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Table 2. Predicted and observed abundances of the C3H4O2 isomers.

Isomer Formula Predicted abundance Predicted abundance Observed abundance
(/H) (/CH3OH) (/CH3OH)

3-Hydroxypropenal HOCHCHCHO 1.4 ⇥ 10�8 4.6 ⇥ 10�4 1.0 ⇥ 10�4

Propanedial HCOCH2CHO 3.0 ⇥ 10�9 9.9 ⇥ 10�5

Methyl glyoxal CH3COCHO 7.4 ⇥ 10�8 2.4 ⇥ 10�3

2-Hydroxypropenal CH2COHCHO 2.0 ⇥ 10�8 6.6 ⇥ 10�4

Vinyl formate C2H3OCHO 8.4 ⇥ 10�10 2.8 ⇥ 10�5  4 ⇥ 10�4

2-Propenoic acid C2H3COOH 2.2 ⇥ 10�13 7.3 ⇥ 10�9  5 ⇥ 10�4

Notes. The total uncertainty on the predicted abundances is about a factor 10.

in the framework of the ALMA-PILS survey. An abundance of
10�4 with respect to CH3OH is derived with an LTE model.
The excitation temperature cannot be constrained with precision
as the frequencies of the transitions with high Eup show large
uncertainties. Further spectroscopic studies could help answer
this question. We updated our chemical network by including
HOCHCHCHO and five of its isomers. Our model reproduces
the abundance of HOCHCHCHO with respect to CH3OH within
the uncertainties. HOCHCHCHO is mainly formed through the
reaction CH2CHO + HCO ! HCOCH2CHO followed by the
tautomerization of HCOCH2CHO into HOCHCHCHO. High
abundances (> 10�4 with respect to CH3OH) are also predicted
for two other isomers (CH3COCHO and CH2COHCHO), which
are not available in the CDMS and JPL databases. This study
highlights the important need for additional spectroscopic stud-
ies of 3-carbon species in the submillimeter range.
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• Upper limits in agreement for vinyl formate and 2-propenoic acid


• Predictions of  high abundances for propanedial, methyl glyoxal and 2-
hydroxypropenal 

Spectroscopic studies are needed:  
• to search for propanedial, methyl glyoxal and 2-

hydroxyprop-2-enal  in IRAS16293 and other 
sources  

• to test the chemical network

Importance of spectroscopic studies
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Table 2. Predicted and observed abundances of the C3H4O2 isomers.

Isomer Formula Predicted abundance Predicted abundance Observed abundance
(/H) (/CH3OH) (/CH3OH)

3-Hydroxypropenal HOCHCHCHO 1.4 ⇥ 10�8 4.6 ⇥ 10�4 1.0 ⇥ 10�4

Propanedial HCOCH2CHO 3.0 ⇥ 10�9 9.9 ⇥ 10�5

Methyl glyoxal CH3COCHO 7.4 ⇥ 10�8 2.4 ⇥ 10�3

2-Hydroxypropenal CH2COHCHO 2.0 ⇥ 10�8 6.6 ⇥ 10�4

Vinyl formate C2H3OCHO 8.4 ⇥ 10�10 2.8 ⇥ 10�5  4 ⇥ 10�4

2-Propenoic acid C2H3COOH 2.2 ⇥ 10�13 7.3 ⇥ 10�9  5 ⇥ 10�4

Notes. The total uncertainty on the predicted abundances is about a factor 10.

in the framework of the ALMA-PILS survey. An abundance of
10�4 with respect to CH3OH is derived with an LTE model.
The excitation temperature cannot be constrained with precision
as the frequencies of the transitions with high Eup show large
uncertainties. Further spectroscopic studies could help answer
this question. We updated our chemical network by including
HOCHCHCHO and five of its isomers. Our model reproduces
the abundance of HOCHCHCHO with respect to CH3OH within
the uncertainties. HOCHCHCHO is mainly formed through the
reaction CH2CHO + HCO ! HCOCH2CHO followed by the
tautomerization of HCOCH2CHO into HOCHCHCHO. High
abundances (> 10�4 with respect to CH3OH) are also predicted
for two other isomers (CH3COCHO and CH2COHCHO), which
are not available in the CDMS and JPL databases. This study
highlights the important need for additional spectroscopic stud-
ies of 3-carbon species in the submillimeter range.
Acknowledgements. This paper makes use of the ALMA data
ADS/JAO.ALMA#2013.1.00278.S and ADS/JAO.ALMA#2012.1.00712.S.
ALMA is a partnership of ESO (representing its member states), NSF (USA)
and NINS (Japan), together with NRC (Canada) and NSC and ASIAA (Taiwan),
in cooperation with the Republic of Chile. The Joint ALMA Observatory is
operated by ESO, AUI/NRAO, and NAOJ. This project has received funding
from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement 949278,
Chemtrip). VW acknowledges the CNRS program "Physique et Chimie du
Milieu Interstellaire" (PCMI) co-funded by the Centre National d’Etudes
Spatiales (CNES).

References
Anastasi, C. & Maw, P. R. 1982, Journal of the Chemical Society, 78, 2423
Baba, T., Tanaka, T., Morino, I., Yamada, K. M. T., & Tanaka, K. 1999, J. Chem.

Phys., 110, 4131
Baughcum, S., Duerst, R., Rowe, W., Smith, Z., & Wilson, E. 1981, J. Am.

Chem. Soc., 103, 6296
Baughcum, S. L. 1983, PhD thesis, Harvard University, Cambridge MA, USA
Baulch, D. L., Bowman, C. T., Cobos, C. J., et al. 2005, Journal of Physical and

Chemical Reference Data, 34, 757
Boulanger, A., Caux, E., & Dupin de Saint-Cyr, F. 2022, in Astronomical Data

Analysis Software and Systems XXXI (in press)
Calcutt, H., Fiechter, M. R., Willis, E. R., et al. 2018, A&A, 617, A95
Caux, E., Kahane, C., Castets, A., et al. 2011, A&A, 532, A23
Ceccarelli, C., Bacmann, A., Boogert, A., et al. 2010, A&A, 521, L22
Coutens, A., Jørgensen, J. K., van der Wiel, M. H. D., et al. 2016, A&A, 590, L6
Coutens, A., Ligterink, N. F. W., Loison, J. C., et al. 2019, A&A, 623, L13
Coutens, A., Willis, E. R., Garrod, R. T., et al. 2018, A&A, 612, A107
Del Rio, D., Stewart, A. J., & Pellegrini, N. 2005, Nutr Metab Cardiovasc Dis.,

15(4), 316
Ding, Y.-h., Zhang, X., Li, Z.-s., Huang, X.-r., & Sun, C.-c. 2001, Journal of

Physical Chemistry A, 105, 8206
Fayolle, E. C., Öberg, K. I., Jørgensen, J. K., et al. 2017, Nature Astronomy, 1,

703
Firth, D., Beyer, K., Dvorak, M., et al. 1991, J. Chem. Phys., 94, 1812
Garrod, R. T. 2013, ApJ, 765, 60

Garrod, R. T., Belloche, A., Müller, H. S. P., & Menten, K. M. 2017, A&A, 601,
A48

Guthrie, J. P. 1978, Canadian Journal of Chemistry, 56, 962
Harada, N., Herbst, E., & Wakelam, V. 2010, ApJ, 721, 1570
Herbst, E., Terzieva, R., & Talbi, D. 2000, MNRAS, 311, 869
Hippler, H. & Viskolcz, B. L. 2002, Physical Chemistry Chemical Physics (In-

corporating Faraday Transactions), 4, 4663
Jørgensen, J. K., Müller, H. S. P., Calcutt, H., et al. 2018, A&A, 620, A170
Jørgensen, J. K., van der Wiel, M. H. D., Coutens, A., et al. 2016, A&A, 595,

A117
Jung, S.-H., Jang, S.-C., Kim, J.-W., Kim, J.-W., & Choi, J.-H. 2015, Journal of

Physical Chemistry A, 119, 11761
Ligterink, N. F. W., Coutens, A., Kofman, V., et al. 2017, MNRAS, 469, 2219
Lykke, J. M., Coutens, A., Jørgensen, J. K., et al. 2017, A&A, 597, A53
Manigand, S., Coutens, A., Loison, J. C., et al. 2021, A&A, 645, A53
Manigand, S., Jørgensen, J. K., Calcutt, H., et al. 2020, A&A, 635, A48
McGuire, B. A. 2021, arXiv e-prints, arXiv:2109.13848
Michael, J. V., Nava, D. F., Payne, W. A., & Stief, L. J. 1979, J. Chem. Phys., 70,

5222
Minissale, M., Dulieu, F., Cazaux, S., & Hocuk, S. 2016, A&A, 585, A24
Moulds, L. d. V. & Riley, H. L. 1938, Journal of the Chemical Society (Re-

sumed), 621
Müller, H. S. P., Schlöder, F., Stutzki, J., & Winnewisser, G. 2005, J. Mol. Struct.,

742, 215
Müller, H. S. P., Thorwirth, S., Roth, D. A., & Winnewisser, G. 2001, A&A, 370,

L49
Pickett, H. M., Poynter, R. L., Cohen, E. A., et al. 1998,

J. Quant. Spectr. Rad. Transf., 60, 883
Pryor, W. A. & Stanley, J. P. 1975, The Journal of Organic Chemistry, 40, 3615
Richard, C., Jørgensen, J. K., Margulès, L., et al. 2021, A&A, 651, A120
Ruaud, M., Wakelam, V., & Hersant, F. 2016, MNRAS, 459, 3756
Senosiain, J. P., Klippenstein, S. J., & Miller, J. A. 2006, Journal of Physical

Chemistry A, 110, 5772
Stolze, M., Hübner, D., & Sutter, D. 1983, J. Mol. Struct., 97, 243
Turner, A. M., Bergantini, A., Koutsogiannis, A. S., et al. 2021, ApJ, 916, 74
Turner, P., Baughcum, S., Coy, S., & Smith, Z. 1984, J. Am. Chem. Soc., 106,

2265
Vastel, C., Bottinelli, S., Caux, E., Glorian, J. M., & Boiziot, M. 2015, in SF2A-

2015: Proceedings of the Annual meeting of the French Society of Astronomy
and Astrophysics, 313–316

Wakelam, V., Loison, J. C., Mereau, R., & Ruaud, M. 2017, Molecular Astro-
physics, 6, 22

Whytock, D. A., Michael, J. V., Payne, W. A., & Stief, L. J. 1976, J. Chem. Phys.,
65, 4871

Zeng, S., Quénard, D., Jiménez-Serra, I., et al. 2019, MNRAS, 484, L43
Zhou, Y., Quan, D.-H., Zhang, X., & Qin, S.-L. 2020, Research in Astronomy

and Astrophysics, 20, 125

Article number, page 5 of 10

• Upper limits in agreement for vinyl formate and 2-propenoic acid


• Predictions of  high abundances for propanedial, methyl glyoxal and 2-
hydroxypropenal 

Spectroscopic studies are needed:  
• to search for propanedial, methyl glyoxal and 2-

hydroxyprop-2-enal  in IRAS16293 and other 
sources  

• to test the chemical network

< 2.4 x 10-4
Koucky, Kolesnikova et al. 2022

2-hydroxyprop-2-enal



First detections of isotopologues in the ISM

Formamide 
NH2CDO
cis-NHDCHO
trans-NHDCHO

Glycolaldehyde
CHDOHCHO 
CH2ODCHO 

CH2OHCDO 

13CH2OHCHO 

CH2OH13CHO 


Methyl formate
HCOOCHD2

Cyanamide 
NHDCN
NH213CN

Ketene
13CH2CO
CH213CO
CHDCO

Acetaldehyde
CH3CDO
13CH3CHO
CH313CHO

Formic acid
H13COOH
t-DCOOH
t-HCOOD

Ethanol
a-a-CH2DCH2OH
a-s-CH2DCH2OH
CH3CHDOH

Formaldehyde
H2C17O
D213CO

Methyl cyanide
CHD2CN

Dimethyl ether
CH3OCHD2

Isocyanic acid 
DNCO

Coutens et al. 2016, 2018, Jørgensen et al. 2016, 2018, Persson et 
al. 2018, Calcutt et al. 2018, Manigand et al. 2019, Richard et al. 
2021, Müller et al. 2022

Oxyrane
c-C2H3DO



Deuteration of molecules

Jørgensen et al. 2018



Deuteration of molecules

Jørgensen et al. 2018

Cloud B only

Same initial 
and final 

abundances

Increase of 
abundances 
during the 
collapse

Comparison with 3D chemical modeling (Coutens et al. 2020)



Comparison between IRAS16293 A and B
Manigand et al. 2020

• Analysis of a single position (0.6" north-east of IRAS 16293 A, narrow lines)

• Different spatial distribution of the molecules towards A would explain the differences

• The less abundant species towards A appear to be more compact



Comparison with other protostars: COMPASS

What is next?

• Recently (July 2022) we were awarded 125 
hours of ALMA time for a new large 
program, COMPASS.


• Unbiased line surveys for 11 protostars in 
diverse evolutionary stages and from 
different environments.


• What are the physical, environmental, and 
evolutionary regulators of the formation of 
complex organics? 

• Is there a universal outcome of interstellar 
chemistry in terms of complex organics? 

• And ultimately: how much diversity in 
organic inventories do we expect for 
planetary systems?
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Merel van’t Hoff 
Yao-Lun Yang 

•ALMA large program (125 h)


•Unbiased line surveys of 11 low-
mass protostars (diverse 
evolutionary stages and different 
environments)


• What are the physical, 
environmental, and evolutionary 
regulators of the formation of 
complex organics? 

• Is there a universal outcome of 
interstellar chemistry (COMs) ? 

• How much diversity in organic 
inventories do we expect for 
planetary systems?



Drozdovskaya et al. 2019 

Comparison with comets



Tools for astrochemical observations

✦  Interface between the CASSIS 
software (IRAP) and the Aladin 
software (CDS)

• Characterizing the chemistry of more protostars with 
ALMA and NOEMA


➡ Chemical differentiation 

➡ Chemical evolution


• Development of tools for an efficient analysis of a 
large amount of interferometric data

✦  ATOMIS: web interface to search 
for specific species in the ALMA 
archive (S. Ben Hmida, J.-M. 
Glorian)

hemtrip

The CHEMical TRail In Protostars: From the deeply 
embedded phase to the planet-forming disk

https://aladin.u-strasbg.fr/

See poster ATOMIS !



Summary

• Very rich chemistry in solar-type protostars

• PILS: Large and unbiased spectral survey of IRAS 16293-2422 with ALMA

• A lot of first detections both in solar-type protostars and in the ISM

• Spectroscopic studies are necessary to identify all the lines in the survey 

• Chemical models can be improved and tested thanks to the high number of 
detected species 

• Chemical network with molecules with up to 3C atoms (J.-C. Loison)

• Chemical models can also help us determine the most promising species to 
search for

• More ALMA data coming soon (COMPASS) to investigate the chemical 
differentiation



Thanks for 
your attention !


