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Complex organic molecules (COMs)

COMs detected in a lot of astrophysical environments, especially in the warm 
inner regions of star-forming regions (hot cores, hot corinos) where molecules 
formed on grain surfaces desorb in the gas phase 

Similar COMs detected in star-forming 
regions and comets

Are the COMs formed early in star-forming 
regions preserved until incorporation into 
comets?

How do they form?

starting from m/z 59 (10), and eliminating un-
stable and unsaturated species. This yielded a
good fit to all peaks (exceptm/z 15 and a fraction
of m/z 29, Fig. 2) with 16 species from several
families ofmolecules—alcohols, carbonyls, amines,
nitriles, amides, and isocyanates—in a consistent
combination (Table 1). Peaks for m/z < 10 were
not included in the fit because they are not listed
in the standard NIST mass spectra (11). The mo-
lecular abundances of these compounds relative
to that of water (Table 1) were corrected for elec-
tron cross section (table S4). The absence of ions
at m/z 32 indicates a lack of sulfur-bearing spe-
cies (Fig. 2 and Table 1). Amino acids were not
included in the fit because themolecular ion peaks
of glycine (m/z 75) and alanine (m/z 89) are neg-
ative after background subtraction, thereby sug-
gesting that they are noise. Although fragment
peaks assigned to glycine and alanine in the NIST
standard spectra (11) are present in the COSAC
spectrum (in them/z 30s to 40s range), any con-
tribution to these fragment peaks fromamino acids
is difficult to disentangle from the contributions
of other species.
The main source of error is the low signal in-

tensity, averaging about 100 counts (table S1). A
statistical square-root of n approach yields a
standard deviation of 10%. In addition, the NIST
standard spectra (11) have a 15% error. Consid-
ering formal error propagation and the uncer-
tainties in our peak-fitting algorithm, we estimate
that the abundances given in Table 1 are accurate
to about a factor of 2. The fit of a mass spectrum
whose peaks result from the superposition of dif-
ferent molecular species is intrinsically degen-
erate, with several possible solutions (10).
The absence of large quantities of NH3,HCHO,

and CO2 in our best fit may seem surprising be-
cause they were expected to be present as com-
ponents of cometary ice. NH3 (m/z 17) was not
needed for the fit, but the presence of small quan-
tities seems likely. However, this is hard to quan-
tify because the large H2O peak atm/z 18 implies
a substantial contribution to them/z 17 peak from
the OH fragment peak of H2O, which is difficult
to distinguish from any NH3 contribution. HCHO
(m/z 30) and CO2 (m/z 44) are not included be-
cause m/z 30 is mainly accounted for by frag-
ment peaks of other molecules, rather than by
the molecular ion of HCHO, andm/z 44 is main-
ly accounted for by fragment contributions from
acetamide, formamide, and acetaldehyde, rather
than by CO2.
We initially tried a fit that started with the as-

sumption that m/z 44 came from CO2, but no
acceptable fit could be achieved to the remaining
peaks. If all of m/z 44 were ascribed to CO2, our
sample would only contain 3% of CO2 relative to
water. Using the procedure described above,
we found that a more sensible fit for all mass
peaks, especiallym/z 57, 58, and 59, could only be
achieved by assuming a CO2 concentration of
less than 0.1%. The low abundance of CO2, NH3,
and HCHO could indicate that the excavated
COSAC sample came from an area depleted in
volatile ice components. Observations by the Visi-
ble, Infrared and Thermal Imaging Spectrometer

(VIRTIS) from the Rosetta orbiter (15) do suggest
a dark surface depleted in volatiles, consisting
mainly of refractory organicmacromolecular ma-
terials, with very little ice on the surface. Studies
(16) using the Rosetta Orbiter Spectrometer for
Ion andNeutral Analysis (ROSINA) indicate that

volatile ices sublime diurnally and seasonally, with
CO2 ranging from 3% relative to water in local
summer (the present case) to 80% in local winter.
The COSAC findings differ from those of Ptol-

emy (17) because COSAC sampled particles exca-
vated by the impact (10) that entered the warm
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Fig. 2. The fit to the observed spec-
trum. Comparison of the COSAC
original mass spectrum (black bars for
each integer mass) and the spectrum
reconstructed from the best fit (orange
bars to right of original signal). The peak
heights are normalized to 100 for the
m/z 18 peak (which has been truncated).

Fig. 3. Possible formation pathways of COSAC compounds. Spe-
cies in red are not confidently identified; species in green are reported
for the first time in comets by COSAC.

Table 1. The 16 molecules used to fit the COSAC mass spectrum.

Name Formula
Molar

mass (u)
MS

fraction
Relative to

water

Water H2O 18 80.92 100
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methane CH4 16 0.70 0.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methanenitrile (hydrogen cyanide) HCN 27 1.06 0.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Carbon monoxide CO 28 1.09 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methylamine CH3NH2 31 1.19 0.6
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanenitrile (acetonitrile) CH3CN 41 0.55 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Isocyanic acid HNCO 43 0.47 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanal (acetaldehyde) CH3CHO 44 1.01 0.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methanamide (formamide) HCONH2 45 3.73 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethylamine C2H5NH2 45 0.72 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Isocyanomethane (methyl isocyanate) CH3NCO 57 3.13 1.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Propanone (acetone) CH3COCH3 58 1.02 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Propanal (propionaldehyde) C2H5CHO 58 0.44 0.1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanamide (acetamide) CH3CONH2 59 2.20 0.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

2-Hydroxyethanal (glycolaldehyde) CH2OHCHO 60 0.98 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

1,2-Ethanediol (ethylene glycol) CH2(OH)CH2(OH) 62 0.79 0.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

PHILAE ’S FIRST DAYS ON THE COMET 

Molecules detected on the comet 67P 
with Rosetta-COSAC (Goesmann et 

al. 2015)
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Complex organic molecules (COMs)

COMs detected in a lot of astrophysical environments, especially in the warm 
inner regions of star-forming regions (hot cores, hot corinos) where molecules 
formed on grain surfaces desorb in the gas phase 

Isotopic fractionation (D, 13C, 15N) can help 

➡ chemical link between species 
➡ formation timescales of molecules 

Similar COMs detected in star-forming 
regions and comets

Are the COMs formed early in star-forming 
regions preserved until incorporation into 
comets?

How do they form?
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starting from m/z 59 (10), and eliminating un-
stable and unsaturated species. This yielded a
good fit to all peaks (exceptm/z 15 and a fraction
of m/z 29, Fig. 2) with 16 species from several
families ofmolecules—alcohols, carbonyls, amines,
nitriles, amides, and isocyanates—in a consistent
combination (Table 1). Peaks for m/z < 10 were
not included in the fit because they are not listed
in the standard NIST mass spectra (11). The mo-
lecular abundances of these compounds relative
to that of water (Table 1) were corrected for elec-
tron cross section (table S4). The absence of ions
at m/z 32 indicates a lack of sulfur-bearing spe-
cies (Fig. 2 and Table 1). Amino acids were not
included in the fit because themolecular ion peaks
of glycine (m/z 75) and alanine (m/z 89) are neg-
ative after background subtraction, thereby sug-
gesting that they are noise. Although fragment
peaks assigned to glycine and alanine in the NIST
standard spectra (11) are present in the COSAC
spectrum (in them/z 30s to 40s range), any con-
tribution to these fragment peaks fromamino acids
is difficult to disentangle from the contributions
of other species.
The main source of error is the low signal in-

tensity, averaging about 100 counts (table S1). A
statistical square-root of n approach yields a
standard deviation of 10%. In addition, the NIST
standard spectra (11) have a 15% error. Consid-
ering formal error propagation and the uncer-
tainties in our peak-fitting algorithm, we estimate
that the abundances given in Table 1 are accurate
to about a factor of 2. The fit of a mass spectrum
whose peaks result from the superposition of dif-
ferent molecular species is intrinsically degen-
erate, with several possible solutions (10).
The absence of large quantities of NH3,HCHO,

and CO2 in our best fit may seem surprising be-
cause they were expected to be present as com-
ponents of cometary ice. NH3 (m/z 17) was not
needed for the fit, but the presence of small quan-
tities seems likely. However, this is hard to quan-
tify because the large H2O peak atm/z 18 implies
a substantial contribution to them/z 17 peak from
the OH fragment peak of H2O, which is difficult
to distinguish from any NH3 contribution. HCHO
(m/z 30) and CO2 (m/z 44) are not included be-
cause m/z 30 is mainly accounted for by frag-
ment peaks of other molecules, rather than by
the molecular ion of HCHO, andm/z 44 is main-
ly accounted for by fragment contributions from
acetamide, formamide, and acetaldehyde, rather
than by CO2.
We initially tried a fit that started with the as-

sumption that m/z 44 came from CO2, but no
acceptable fit could be achieved to the remaining
peaks. If all of m/z 44 were ascribed to CO2, our
sample would only contain 3% of CO2 relative to
water. Using the procedure described above,
we found that a more sensible fit for all mass
peaks, especiallym/z 57, 58, and 59, could only be
achieved by assuming a CO2 concentration of
less than 0.1%. The low abundance of CO2, NH3,
and HCHO could indicate that the excavated
COSAC sample came from an area depleted in
volatile ice components. Observations by the Visi-
ble, Infrared and Thermal Imaging Spectrometer

(VIRTIS) from the Rosetta orbiter (15) do suggest
a dark surface depleted in volatiles, consisting
mainly of refractory organicmacromolecular ma-
terials, with very little ice on the surface. Studies
(16) using the Rosetta Orbiter Spectrometer for
Ion andNeutral Analysis (ROSINA) indicate that

volatile ices sublime diurnally and seasonally, with
CO2 ranging from 3% relative to water in local
summer (the present case) to 80% in local winter.
The COSAC findings differ from those of Ptol-

emy (17) because COSAC sampled particles exca-
vated by the impact (10) that entered the warm

aab0689-2 31 JULY 2015 • VOL 349 ISSUE 6247 sciencemag.org SCIENCE

Fig. 2. The fit to the observed spec-
trum. Comparison of the COSAC
original mass spectrum (black bars for
each integer mass) and the spectrum
reconstructed from the best fit (orange
bars to right of original signal). The peak
heights are normalized to 100 for the
m/z 18 peak (which has been truncated).

Fig. 3. Possible formation pathways of COSAC compounds. Spe-
cies in red are not confidently identified; species in green are reported
for the first time in comets by COSAC.

Table 1. The 16 molecules used to fit the COSAC mass spectrum.

Name Formula
Molar

mass (u)
MS

fraction
Relative to

water

Water H2O 18 80.92 100
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methane CH4 16 0.70 0.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methanenitrile (hydrogen cyanide) HCN 27 1.06 0.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Carbon monoxide CO 28 1.09 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methylamine CH3NH2 31 1.19 0.6
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanenitrile (acetonitrile) CH3CN 41 0.55 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Isocyanic acid HNCO 43 0.47 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanal (acetaldehyde) CH3CHO 44 1.01 0.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Methanamide (formamide) HCONH2 45 3.73 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethylamine C2H5NH2 45 0.72 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Isocyanomethane (methyl isocyanate) CH3NCO 57 3.13 1.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Propanone (acetone) CH3COCH3 58 1.02 0.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Propanal (propionaldehyde) C2H5CHO 58 0.44 0.1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Ethanamide (acetamide) CH3CONH2 59 2.20 0.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

2-Hydroxyethanal (glycolaldehyde) CH2OHCHO 60 0.98 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

1,2-Ethanediol (ethylene glycol) CH2(OH)CH2(OH) 62 0.79 0.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

PHILAE ’S FIRST DAYS ON THE COMET 

Molecules detected on the comet 67P 
with Rosetta-COSAC (Goesmann et 

al. 2015)
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Isotopic fractionation of COMs

However observations of the less abundant isotopologues of COMs can be 
challenging. 

It requires : 

- a high sensitivity  

- a high spatial resolution : region of emission of COMs in star-forming regions is 
compact (< a few ‘’) 

- a high spectral resolution : needed to distinguish lines in the relatively dense 
spectra of hot cores/corinos

Audrey Coutens                                                                                                               Fractionation of isotopes in space - Florence 10-13 October 2016
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Isotopic fractionation of COMs
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However observations of the less abundant isotopologues of COMs can be 
challenging. 

It requires : 

- a high sensitivity  

- a high spatial resolution : region of emission of COMs in star-forming regions is 
compact (< a few ‘’) 

- a high spectral resolution : needed to distinguish lines in the relatively dense 
spectra of hot cores/corinos

Not a lot of studies on isotopic fractionation of COMs in star-
forming regions (mainly deuteration and 13C of CH3OH) 



PILSThe PILS Survey
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Nearby (120 pc) low-mass protostellar 
binary and astrochemical template 
source. 

First detections of complex organic 
molecules toward solar-type protostars 
(e.g. Cazaux et al. 2003) as well as 
prebiotic molecules (Jørgensen et al. 
2012).

• Protostellar interferometric line survey (Jørgensen et al. 2016) 

• An unbiased spectral survey with ALMA of the solar-type 
protostellar binary IRAS 16293-2422 between 329 and 363 GHz

A

B

60 AU

ALMA: dust continuum 
(bands 3, 6 and 7)

• Spectral resolution 0.2 km/s 
• 0.5’’ (60 AU) angular resolution 
• RMS ~ 5 mJy (1 km/s)



Spectra of IRAS 16293–2422 (Jørgensen+ 2016)

10,000 lines: 1 per 3 km/s
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Source B (Jørgensen+ 2016)

The PILS Survey Source A (Jørgensen+ 2016)

• FWHM ~ 1 km/s towards source B 
• FWHM ~ 5 km/s towards source A 
• Less line confusion in source B 
• Source B ideal to search for new 

molecules and isotopologues
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Source A (Jørgensen+ 2016)



The PILS Survey

• FWHM ~ 1 km/s towards source B 
• FWHM ~ 5 km/s towards source A 
• Less line confusion in source B 
• Source B ideal to search for new 

molecules and isotopologues

Source B (Jørgensen+ 2016)

• Lines in absorption towards the 
continuum peak position of B 

• Best position shifted by ~ 0.5’’ from 
continuum peak position 

• Bright lines but little absorption

J. K. Jørgensen et al.: The ALMA Protostellar Interferometric Line Survey (PILS)

Fig. 6. Comparison between the spectra in the 338 GHz window around the prominent CH3OH branch from the single-dish observations from
the TIMASSS survey (Caux et al. 2011) (top row), the ACA-only data toward IRAS16293A and IRAS16293B (second row; left and right,
respectively), the full data toward IRAS16293A and IRAS16293B (third row; left and right, respectively) and positions o↵set by a half and full
beam southwest of the IRAS16293B continuum position (bottom row). Note that the scale on the Y-axis in the bottom two rows di↵er from the
top rows.

Article number, page 11 of 34page.34

Offset position

Continuum peak
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Propanal (CH₃CH₂CHO)

Acetone (CH₃COCH3)

Ethylene oxide (C2H4O)

Lykke et al. submitted

New detections of COMs in IRAS 16293

(detected in comet 67P)

(detected in comet 67P)
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HNCO: 
DNCO 
HN13CO

Formamide (NH2CHO): 
NH2CDO 
cis-NHDCHO 
trans-NHDCHO 
NH213CHO

Detections of deuterated and 13C isotopologues

- Molecules with peptide bond  
Precursors of metabolic and genetic material 
(e.g., RNA bases) 

- Formation route unclear : 
• correlation with HNCO (Bisschop+ 2007, 

Mendoza+ 2014, Lopez-Sepulcre+ 2015) 
• hydrogenation of HNCO on grain surface 

(Noble+ 2015, Song+ 2016) 
• radical association on grains NH2 + HCO, 

NH2 + H2CO (Fedoseev+ 2016) 
• gas phase formation NH2 + H2CO (Barone+ 

2015) 

- Possibly different D/H ratios between the 
functional groups (-NH, -CH) that could reveal 
the presence of hydrogen isotope exchanges on 
grain surfaces 
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HNCO: 
DNCO 
HN13CO

Formamide (NH2CHO): 
NH2CDO 
cis-NHDCHO 
trans-NHDCHO 
NH213CHO

Detections of deuterated and 13C isotopologues

Coutens et al. 2016

L4 A. Coutens et al.
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Figure 2. Black: Detected lines of NH
2

CDO, cis-NHDCHO, trans-
NHDCHO, NH

2

13CHO, DNCO and HN13CO. Red: Best-fit model.

Finally, the next most simple amide after formamide, ac-
etamide (NH

2

COCH
3

), was also searched (frequencies provided
by V. Ilyushin) but not detected in the survey. [not sure that we can
give an upper limit as the partition function is for the ground
state only - this molecule has a very low lying torsional mode]

4 DISCUSSION AND CONCLUSION

Jørgensen et al. (in prep). estimated that the H
2

column density
towards source B (in 50 AU) is about 1.4⇥ 1025 cm�2 or higher.
It consequently leads to an abundance of NH

2

CHO  4⇥ 10�10

and an abundance of HNCO  2⇥ 10�9. The ratio that we found
here for HNCO/NH

2

CHO, ⇠5, is consistent with the ratios found
between HNCO and NH

2

CHO in warm sources in previous studies
(Bisschop et al. 2007; Mendoza et al. 2014; López-Sepulcre et al.
2015). Thanks to these interferometric observations, we also con-
firmed that these two species are spatially correlated. The lines are
emitted in the same region and the deuterium fractionation ratios
of these two species are also very similar. This reinforces that these
two species are very certainly chemically related. Although it was
recently shown that formamide does not form by hydrogenation of

HNCO on grains surfaces at low temperature (Noble et al. 2015), we
cannot exclude that these two species form from a same precursor
or that one of them results from the other one through a di�erent
pathway. For example, Tideswell et al. (2010) showed that HNCO
easily forms on the grains but that its presence in the gas phase is
not directly explained by the desorption of HNCO but rather by the
formation from more complex species that are themselves formed
from HNCO on the grains then ejected in the gas phase (HNCHO,
HNCOCHO, HNCONH and HNCOOH). If these more complex
species could also e�ciently lead to the formation of NH

2

CHO, it
could explain their correlation. Note that NH

2

CHO was proposed
to form in the gas phase through the reaction between NH

2

and
H

2

CO (Barone et al. 2015), but it is not clear how it could be linked
to HNCO, as the main formation pathway for HNCO is thought
to be on the grains (Garrod et al. 2008; Tideswell et al. 2010;
Fedoseev et al. 2015). More theoretical and experimental work is
consequently necessary to understand the correlation between these
two molecules.

Regarding the deuteration, IRAS16293 is the first source for
which deuterated formamide is detected. Upper limits were pre-
viously derived in the high-mass star forming region Sgr B2(N)
with deuterium fractionation of 0.6%, 0.6%, and 0.9% for
NH

2

CDO, cis-NHDCHO, and trans-NHDCHO, respectively (Bel-
loche et al. 2013). They are slightly lower than the estimates found
towards IRAS16293, which is expected considering the relatively
low level of deuteration in Sgr B2 (Belloche et al. 2015).

In IRAS16293, formamide seems to show a relatively low deu-
terium fractionation ratio compared to other oxygen-bearing com-
plex species. In particular, the CH

2

DOH/CH
3

OH, HDCO/H
2

CO
and DCOOCH

3

/HCOOCH
3

ratios are found to be about 37%, 15%
and 15%, respectively (Parise et al. 2006; Loinard et al. 2000;
Demyk et al. 2010). The formamide deuterium fractionation ratio
is, however, relatively similar to the CH

3

OD/CH
3

OH ratio (⇠1.8%
Parise et al. 2006). This di�erence of deuteration between CH

2

DOH
and CH

3

OD was proposed to come from hydrogen isotope exchange
on grain surfaces between water and methanol (Faure et al. 2015).
The CH

2

DOH/CH
3

OH would reflect the initial deuterium fraction-
ation of methanol on the grain surfaces, while the CH

3

OD/CH
3

OH
ratio would decrease due to the reaction CH

3

OD + H
2

O! CH
3

OH
+ HDO. Indeed, contrary to the -CH functional group that is not
a�ected by hydrogen isotope exchanges, the hydroxyl (-OH) and
amine (-NH) groups are able to establish hydrogen bonds. Their
deuteration should consequently equilibrate with water due to hy-
drogen isotope exchanges. Consequently, if formamide forms on the
grain surface, NH

2

CDO should be more abundant than NHDCHO.
However, here the deuterium fractionation ratio of formamide is
quite low and similar to the CH

3

OD/CH
3

OH ratio. So, if the ini-
tial deuterium fractionation of formamide (supposed to be equal to
NH

2

CDO/NH
2

CHO) is already low and similar to the measured
CH

3

OD/CH
3

OH ratio (that is thought to have equilibrated with
water), the hydrogen isotope exchanges will not lead to a lower
NHDCHO/NH

2

CHO ratio.
For the possible formation of formamide in the gas

phase though H
2

CO + NH
2

(Barone et al. 2015), the
NHDCHO/NH

2

CHO ratio should reflect the NHD/NH
2

ratio, while
the NH

2

CDO/NH
2

CHO should be similar to the HDCO/H
2

CO ra-
tio or lower (depending on the branching ratio between the reactions
NH

2

+ HDCO! NH
2

CDO + H and NH
2

+ HDCO! NH
2

CHO +
D). The value of NHD/NH

2

ratio is unknown. As previously men-
tioned, the HDCO/H

2

CO is however quite high (⇠15%) compared
to the NH

2

CDO/NH
2

CHO ratio, but it would be necessary to de-
termine its value with interferometric data as well, as the deuterium
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D/H ~ 2% for any form 
based on a standard 12C/13C ratio ~68 
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N(cis-NHDCHO)     = 1.2 x 1014 cm-2 

N(trans-NHDCHO) = 1.0 x 1014 cm-2 

N(NH213CHO)          =    9 x 1013 cm-2 

D/H ~ 2% for any form 
based on a standard 12C/13C ratio ~68 

N(DNCO)    = 3 x 1014 cm-2 

N(HN13CO) = 4 x 1014 cm-2 

DNCO/HNCO ~ 1%

Coutens et al. 2016

A. Coutens et al.: The ALMA-PILS survey: First detections of deuterated formamide and deuterated isocyanic acid

Fig. 1. Integrated intensity maps of NH2CHO, HNCO, and their iso-
topologues towards source B. The position of the continuum peak of
source B is indicated with a red cross, while the position of where the
spectrum was extracted is shown with a red circle. The beam sizes are
shown in gray in the bottom right corner of each panel. The contour
levels start for the main isotopologue of HNCO at 0.05 Jy km s�1 with
a step of 0.05 Jy km s�1. For the other species, the levels are 0.02, 0.03,
0.04, 0.06, 0.08, 0.1, and 0.12 Jy km s�1.

these column densities, several NH2CHO lines and all of the
HNCO lines are overproduced, indicating that they are optically
thick. The model of formamide is, however, in agreement with
the few lines with the lowest opacities (see Figs. B.7 and B.8).
NH2CH18O has also been searched for, but is not detected with
a 3� upper limit of 8⇥ 1013 cm�2. The non-detection of this iso-
topologue is consistent with the 16O/18O ratio of 560 in the in-
terstellar medium (Wilson 1999), which gives N(NH2CH18O) =
2⇥ 1013 cm�2. Similarly, HNC18O is not detected either with a
3� upper limit of 1.5⇥ 1014 cm�2, which is consistent with its
expected column density of 5⇥ 1013 cm�2.

Using the column densities derived for the 13C isotopo-
logues and a standard 12C/13C ratio, the deuterium fractiona-
tion in NH2CHO is about 2% for the three deuterated forms and
the DNCO/HNCO ratio is similar (⇠1%). If the 12C/13C ratio is
lower (⇠30) as reported for glycolaldehyde by Jørgensen et al.
(2016), the D/H ratios of formamide and isocyanic acid would
be about 4�5% and 2�3%, respectively.

We also search for the 15N isotopologues of formamide and
isocyanic acid. A couple of transitions could tentatively be as-
signed to 15NH2CHO, but these lines are close to the noise level
and possibly blended with other species. For H15NCO, the uncer-
tainties on the frequencies of some of the transitions are rather
large, preventing any firm detection. Based on a standard 12C/13C
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Fig. 2. Black: detected lines of NH2CDO, cis-NHDCHO, trans-
NHDCHO, NH13

2 CHO, DNCO, and HN13CO. Red: best-fit model.

ratio, lower limits of 100 and 138 are obtained for the 14N/15N
ratios of formamide and HNCO respectively.

4. Discussion and conclusion

Our derived ratio in IRAS16293 for HNCO/NH2CHO, ⇠3,
is consistent with the ratios found in warm sources in
previous studies (Bisschop et al. 2007; Mendoza et al. 2014;
López-Sepulcre et al. 2015). Thanks to our interferometric ob-
servations, we also confirm that these two species are spa-
tially correlated. The deuterium fractionation ratios of these two
molecules are also similar, reinforcing the hypothesis that they
are chemically related. We discuss here possible scenarios for
the formation of these species in the warm inner regions of
protostars.

Assuming that the deuteration of formaldehyde in the re-
gion probed by the ALMA observations of formamide is sim-
ilar to the value derived with single-dish observations (⇠15%,
Loinard et al. 2000), we can discuss the possibility for the gas-
phase formation mechanism proposed by Barone et al. (2015),
H2CO + NH2 ! NH2CHO + H. According to this reaction, the
deuterated form NHDCHO would result from the reaction be-
tween NHD and H2CO, while NH2CDO would form from NH2
and HDCO. We would consequently expect a higher deuteration
for NH2CDO, compared to the observations, unless the reaction
between NH2 and HDCO leads more e�ciently to NH2CHO

L6, page 3 of 10
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A. Coutens et al.: The ALMA-PILS survey: First detections of deuterated formamide and deuterated isocyanic acid

Fig. 1. Integrated intensity maps of NH2CHO, HNCO, and their iso-
topologues towards source B. The position of the continuum peak of
source B is indicated with a red cross, while the position of where the
spectrum was extracted is shown with a red circle. The beam sizes are
shown in gray in the bottom right corner of each panel. The contour
levels start for the main isotopologue of HNCO at 0.05 Jy km s�1 with
a step of 0.05 Jy km s�1. For the other species, the levels are 0.02, 0.03,
0.04, 0.06, 0.08, 0.1, and 0.12 Jy km s�1.

these column densities, several NH2CHO lines and all of the
HNCO lines are overproduced, indicating that they are optically
thick. The model of formamide is, however, in agreement with
the few lines with the lowest opacities (see Figs. B.7 and B.8).
NH2CH18O has also been searched for, but is not detected with
a 3� upper limit of 8⇥ 1013 cm�2. The non-detection of this iso-
topologue is consistent with the 16O/18O ratio of 560 in the in-
terstellar medium (Wilson 1999), which gives N(NH2CH18O) =
2⇥ 1013 cm�2. Similarly, HNC18O is not detected either with a
3� upper limit of 1.5⇥ 1014 cm�2, which is consistent with its
expected column density of 5⇥ 1013 cm�2.

Using the column densities derived for the 13C isotopo-
logues and a standard 12C/13C ratio, the deuterium fractiona-
tion in NH2CHO is about 2% for the three deuterated forms and
the DNCO/HNCO ratio is similar (⇠1%). If the 12C/13C ratio is
lower (⇠30) as reported for glycolaldehyde by Jørgensen et al.
(2016), the D/H ratios of formamide and isocyanic acid would
be about 4�5% and 2�3%, respectively.

We also search for the 15N isotopologues of formamide and
isocyanic acid. A couple of transitions could tentatively be as-
signed to 15NH2CHO, but these lines are close to the noise level
and possibly blended with other species. For H15NCO, the uncer-
tainties on the frequencies of some of the transitions are rather
large, preventing any firm detection. Based on a standard 12C/13C
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Fig. 2. Black: detected lines of NH2CDO, cis-NHDCHO, trans-
NHDCHO, NH13

2 CHO, DNCO, and HN13CO. Red: best-fit model.

ratio, lower limits of 100 and 138 are obtained for the 14N/15N
ratios of formamide and HNCO respectively.

4. Discussion and conclusion

Our derived ratio in IRAS16293 for HNCO/NH2CHO, ⇠3,
is consistent with the ratios found in warm sources in
previous studies (Bisschop et al. 2007; Mendoza et al. 2014;
López-Sepulcre et al. 2015). Thanks to our interferometric ob-
servations, we also confirm that these two species are spa-
tially correlated. The deuterium fractionation ratios of these two
molecules are also similar, reinforcing the hypothesis that they
are chemically related. We discuss here possible scenarios for
the formation of these species in the warm inner regions of
protostars.

Assuming that the deuteration of formaldehyde in the re-
gion probed by the ALMA observations of formamide is sim-
ilar to the value derived with single-dish observations (⇠15%,
Loinard et al. 2000), we can discuss the possibility for the gas-
phase formation mechanism proposed by Barone et al. (2015),
H2CO + NH2 ! NH2CHO + H. According to this reaction, the
deuterated form NHDCHO would result from the reaction be-
tween NHD and H2CO, while NH2CDO would form from NH2
and HDCO. We would consequently expect a higher deuteration
for NH2CDO, compared to the observations, unless the reaction
between NH2 and HDCO leads more e�ciently to NH2CHO
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Detections of deuterated and 13C isotopologues

Gas phase : 

NHD + H2CO                NHDCHO + H 
NH2  + HDCO               NH2CDO + H 
                                         NH2CHO + D 

Grain surface : 

#ND + #CO            #DNCO 

#NHD + #H2CO            #NHDCHO + H 
#NH2  + #HDCO            #NH2CDO + H 
                                          #NH2CHO + D 

            

H

H,D

H,D#NH2  + #DCO            #NH2CDO + H 
#NHD  + #HCO            #NHDCHO + H 

Need for deuteration of potential precursors to constrain formation of formamide 

#DNCO               #NHDCHO 

#HNCO               #NH2CDO    
   
                             #NHDCHO  
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Detections of deuterated and 13C isotopologues

Glycolaldehyde:  
CH2OH13CHO 
13CH2OHCHO 
CH2ODCHO 
CH2OHCDO 
CHDOHCHO 

Jørgensen et al. 2016

A&A proofs: manuscript no. ms

Appendix C.6: Glycolaldehyde: Deuterated isotopologues

Fig. C.6. Detection CHDOHCHO (upper panels) and CH2OHCDO (lower panels) showing the 16 brightest lines as expected from the synthetic
spectrum.
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Appendix C.6: Glycolaldehyde: Deuterated isotopologues

Fig. C.6. Detection CHDOHCHO (upper panels) and CH2OHCDO (lower panels) showing the 16 brightest lines as expected from the synthetic
spectrum.
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Fig. 10. Abundances of methyl formate (CH3OCHO), glycolaldehyde (CH2(OH)CHO), ethylene glycol ((CH2OH)2), acetaldehyde (CH3CHO)
and acetic acid (CH3COOH) relative to methanol (CH3OH) toward IRAS16293B (this paper) compared to SgrB2(N) from Belloche et al. (2013)
and to the slow, medium and fast models of Garrod (2013).

Table 4. Derived column densities for the isotopologues of glycolalde-
hyde and abundances relative to the main isotopologue.

Species Na N/N(CH2OHCHO)b

[cm�2]
CH2OHCHO 6.8 ⇥ 1016 . . .
CHDOHCHO 7.1 ⇥ 1015 0.10 (9.6)
CH2ODCHO 3.2 ⇥ 1015 0.047 (21)
CH2OHCDO 3.5 ⇥ 1015 0.052 (19)
13CH2OHCHO 2.5 ⇥ 1015c 0.037 (27)c

CH2OH13CHO 2.5 ⇥ 1015c 0.037 (27)c

aColumn density of the isotopologue corrected for the vibra-
tional contributions at 300 K. bColumn density of isotopologue
relative to that of the main species. Number in parenthesis gives
the inverse ratio: traditionally the former is quoted for mea-
surements of the deuterated species, while the latter is typi-
cally quoted for 12C/13C measurements. cThe 13CH2OHCHO
and CH2OH13CHO fitted with a common column density for
both due to the relatively low number of lines seen for the two
species.

ganics from single-dish observations of IRAS 16293�2422 and
other protostars (e.g., Parise et al. 2006; Demyk et al. 2010;
Richard et al. 2013). Before concluding that this lower ratio re-
flects di↵erences in the processes involved in the formation of
glycolaldehyde, caution must be taken as the single-dish and in-
terferometric data probe very di↵erent environments due to the
very di↵erent beam sizes. The significant beam dilution and ex-
citation/optical depth e↵ects may also be an issue for the single-
dish observations where many components are enclosed in one
beam. Clearly, a systematic comparison of the D/H ratios for
complex organics on the scales of the ALMA observations will
be critical.

It is particularly noteworthy that no di↵erences are seen in
the deuteration of the three di↵erent functional groups in gly-
colaldehyde. For deuterated methanol the CH3-group has been
found to be significantly enhanced compared to the OH group
with the D/H ratios of 12% for CH2DOH (ratio of the column
densities of CH2DOH/CH3OH of 37%) and 1.8% for CH3OD
(Parise et al. 2004). This led Faure et al. (2015) to propose that
the functional groups able to establish hydrogen bonds (-OH, -
NH) are expected to equilibrate with the D/H ratio in water ice
during heating events. In this scenario, the OH group of gly-
colaldehyde should show a significantly lower D/H ratio than
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Fig. 10. Abundances of methyl formate (CH3OCHO), glycolaldehyde (CH2(OH)CHO), ethylene glycol ((CH2OH)2), acetaldehyde (CH3CHO)
and acetic acid (CH3COOH) relative to methanol (CH3OH) toward IRAS16293B (this paper) compared to SgrB2(N) from Belloche et al. (2013)
and to the slow, medium and fast models of Garrod (2013).

Table 4. Derived column densities for the isotopologues of glycolalde-
hyde and abundances relative to the main isotopologue.

Species Na N/N(CH2OHCHO)b
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CH2OHCHO 6.8 ⇥ 1016 . . .
CHDOHCHO 7.1 ⇥ 1015 0.10 (9.6)
CH2ODCHO 3.2 ⇥ 1015 0.047 (21)
CH2OHCDO 3.5 ⇥ 1015 0.052 (19)
13CH2OHCHO 2.5 ⇥ 1015c 0.037 (27)c

CH2OH13CHO 2.5 ⇥ 1015c 0.037 (27)c

aColumn density of the isotopologue corrected for the vibra-
tional contributions at 300 K. bColumn density of isotopologue
relative to that of the main species. Number in parenthesis gives
the inverse ratio: traditionally the former is quoted for mea-
surements of the deuterated species, while the latter is typi-
cally quoted for 12C/13C measurements. cThe 13CH2OHCHO
and CH2OH13CHO fitted with a common column density for
both due to the relatively low number of lines seen for the two
species.

ganics from single-dish observations of IRAS 16293�2422 and
other protostars (e.g., Parise et al. 2006; Demyk et al. 2010;
Richard et al. 2013). Before concluding that this lower ratio re-
flects di↵erences in the processes involved in the formation of
glycolaldehyde, caution must be taken as the single-dish and in-
terferometric data probe very di↵erent environments due to the
very di↵erent beam sizes. The significant beam dilution and ex-
citation/optical depth e↵ects may also be an issue for the single-
dish observations where many components are enclosed in one
beam. Clearly, a systematic comparison of the D/H ratios for
complex organics on the scales of the ALMA observations will
be critical.

It is particularly noteworthy that no di↵erences are seen in
the deuteration of the three di↵erent functional groups in gly-
colaldehyde. For deuterated methanol the CH3-group has been
found to be significantly enhanced compared to the OH group
with the D/H ratios of 12% for CH2DOH (ratio of the column
densities of CH2DOH/CH3OH of 37%) and 1.8% for CH3OD
(Parise et al. 2004). This led Faure et al. (2015) to propose that
the functional groups able to establish hydrogen bonds (-OH, -
NH) are expected to equilibrate with the D/H ratio in water ice
during heating events. In this scenario, the OH group of gly-
colaldehyde should show a significantly lower D/H ratio than
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very di↵erent beam sizes. The significant beam dilution and ex-
citation/optical depth e↵ects may also be an issue for the single-
dish observations where many components are enclosed in one
beam. Clearly, a systematic comparison of the D/H ratios for
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It is particularly noteworthy that no di↵erences are seen in
the deuteration of the three di↵erent functional groups in gly-
colaldehyde. For deuterated methanol the CH3-group has been
found to be significantly enhanced compared to the OH group
with the D/H ratios of 12% for CH2DOH (ratio of the column
densities of CH2DOH/CH3OH of 37%) and 1.8% for CH3OD
(Parise et al. 2004). This led Faure et al. (2015) to propose that
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NH) are expected to equilibrate with the D/H ratio in water ice
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Conclusions on isotopic fractionation  
from the ALMA-PILS survey 

• Detections of numerous isotopologues of complex organics (high number of lines 
from wide spectral coverage provide accurate abundance ratios) 

• First detections of deuterated forms of formamide (NH2CHO; Coutens+ 2016) and 
deuterated and 13C-forms of glycolaldehyde (CH2OHCHO; Jørgensen+ 2016) in the 
ISM 

• D/H ratios ~ 1–5% on the scales probed by ALMA observations 

• Lower values than inferred in colder gas from single-dish observations 

• No significant difference in ratios for different functional groups of molecules.
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