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The building blocks of Life

• Water • Prebiotic molecules

   Molecules thought to be involved in the 
process leading to the origin of Life 
(Herbst & van Dishoeck 2009)

   High interest: amino acids, sugars, 
nucleobases

Glycine
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• Comets and asteroids rich in water and complex 
organic species such as amino acids and sugars

• Delivery to Earth through bombardments of 
comets and asteroids

Churyumov- 
Gerasimenko

Murchison 
Meteorite

Origin of the molecular 
complexity of asteroids and 

comets ?

Study of other star-forming regions in order to 
characterize the chemical content available 
when planets, comets and asteroids form

The building blocks of Life

Credit : New England Meteoritical Services

Credit: ESA/Rosetta/NavCam
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Chemistry

Molecular cloud

Stage of star formation

Grain

Star formation and chemistry
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Stage of star formation

Protostar
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Stage of star formation

Increase of the 
temperature

H2O-rich

CO-rich

Chemistry

CH3OHH2CO

Diffusion of the radicals and 
formation of the complex 

organic molecules

COMs

Grain

COMs

Star formation and chemistry
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Protostellar envelopeDark cloud

Protoplanetary 
disk Hot core/

corino
> 100 K

Formation of planets, 
comets and asteroids

100 AU

1000 AU

10000 AU

Outflow

- Thermal desorption of 
the icy grain mantles
- Detection of a large 
variety of COMs + water 
in the gas phase

Star formation and chemistry
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• A lot of COMs detected first towards high mass star-forming regions

• First COMs detected in solar-type protostars in 2003 (Cazaux et al.)

Acetaldehyde

Solar-type protostars can be as rich as the high mass versions

Methyl formate

Dimethyl ether

Ethyl cyanide

How complex is the chemistry
in hot cores and hot corinos ?
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New detections with ALMA and NOEMA

ALMA

NOEMA

• Very high spatial resolution

• High sensibility

• Broad spectral coverage with high 
spectral resolution

Revolutionizing our 
understanding of the 
complex chemistry in 
star-forming regions

Sources spatially resolved

Detection of less abundant 
species

More lines to confirm 
detections
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CH2OHCHO
Glycolaldehyde

• Prebiotic molecule 
• Simplest sugar  
• First product in the 
formation of ribose (essential 
constituent of RNA)

First detection of glycolaldehyde 
towards a solar-type protostar 

IRAS 16293-2422 
ALMA Science verification data

– 4 –

Fig. 1.— Spectra in the central beams toward the continuum peaks of IRAS16293A (upper) and
IRAS16293B (lower). Fits from LTE models of the methyl formate (blue) and glycolaldehyde (red) emis-
sion are overplotted. The purple line indicates the model fit to the possible ethylene glycol transition. The
X-axis represents the frequencies in the rest frame of the system (i.e., corrected for the system VLSR of
3 km s−1). The green line is an indication of the RMS level (13 mJy beam−1) represented by a spectrum
extracted from an off source position. Note the much narrower lines toward IRAS16293B which facilitate
identification of individual features.

Jørgensen et al. 2012



The ALMA-PILS survey

Solar-type protostar 
IRAS 16293-2422

(d = 141 pc)

Rho Ophiuchi cloud

A

B

60 AU

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

PILS : Protostellar Interferometric Line Survey
(Jørgensen et al. 2016) 

Spectral survey with ALMA: 329-363 GHz

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

9



Spectra of IRAS 16293–2422 (Jørgensen et al. 2016)

10,000 lines: 1 per 3 km/s



Source B (Jørgensen+ 2016)

• FWHM ~ 1 km/s towards source B
• FWHM > 3 km/s towards source A
• Less line confusion in source B
• Source B ideal to search for new molecules and isotopologues

Source A (Jørgensen+ 2016)

The ALMA-PILS survey
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Propanal (CH₃CH₂CHO)

Acetone (CH₃COCH3)

Ethylene oxide (C2H4O)

Lykke et al. 2017

PILS : new detections in solar-type protostars

(detected in comet 67P, 
Goesmann et al. 2015)

(detected in comet 67P, 
Goesmann et al. 2015)
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Propanal (CH₃CH₂CHO)

Acetone (CH₃COCH3)

Ethylene oxide (C2H4O)

Lykke et al. 2017

(detected in comet 67P, 
Goesmann et al. 2015)

(detected in comet 67P, 
Goesmann et al. 2015)

Acetaldehyde (CH3CHO)

PILS : new detections in solar-type protostars
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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 10 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.

ning a range from 1.2 in Sgr B2(N) to 13.2 in W51e1/e2. Bel-
loche et al. (2013) also observed these molecules towards Sgr
B2(N) and found a slightly higher value than Ikeda et al. (2001)
of 3.7–7.4. It thus seems that our observed value of 12 in a low-
mass YSO is toward the high end of the range observed in these
high-mass regions, but that source-to-source variations may be
larger than between the di↵erent groups of sources.

Occhiogrosso et al. (2014) used a two-stage (grain/gas)
model, MONACO, to predict the gaseous acetaldehyde and ethy-
lene oxide abundances during the cooling-down and subsequent
warm-up phase of of a hot core. At 200 K and 1.2 ⇥ 106 yrs the
fractional abundance of ethylene oxide and acetaldehyde with re-
spect to total H is 2⇥ 10�9 for both molecules, which means that
the relative abundance between the two species is unity. As pre-
viously mentioned, based on their laboratory experiments, Ben-
nett et al. (2005a,b) expect the relative abundance of CH3CHO
/ c-C2H4O to be larger than unity. Again, it seems that there are
some variations in the observed acetaldehyde–to–ethylene oxide
ratios – and that the model results of Occhiogrosso et al. (2014)
best reproduce the lower end in that range, while our measure-
ments are at the opposite end more than an order of magnitude
above. Still, given the variations seen in the models for acetone
and propanal it needs to be explored whether the specific physi-
cal structures of the sources can be part of the explanation.

5. Conclusion

We have carried out a first investigation of the oxygen bearing
species in the ALMA Protostellar Interferometric Line Survey
(PILS) of the protostellar binary system IRAS16293. Our main
findings are summarized as follows:
1. We have detected the molecules ethylene oxide (c-C2H4O),

acetone (CH3COCH3), and propanal (C2H5CHO) for the
first time toward a solar-type protostar. We have verified
that the emission of these species, along with acetalde-
hyde (CH3CHO), originates from the compact central region
of the protostar, which confirms our assumption that these
molecules spatially coexist. We determined a common exci-
tation temperature, Tex ⇡ 125 K for all four molecules and
use this to determine column densities for each species.

2. Compared to previous observations, our results for the rel-
ative abundance ratio of CH3COCH3/C2H5CHO is consis-
tent with the lower limit found by Belloche et al. (2013)
of SgrB2(N). The ratio for CH3CHO/c-C2H4O is compa-
rable to the largest value in the span of observed values of
high-mass sources from Ikeda et al. (2001) (about an order
of magnitude variation between the sources in that sample).
This suggests that the chemistry in the most central part of
IRAS16293 (the hot corino region) is not significantly dif-
ferent than those from the high-mass hot cores, but that there
may still be measurable source-to-source variations.

3. Contrary to our result, the models in Garrod (2013) pre-
dict propanal to be more abundant than acetone, except for

Article number, page 6 of 38page.38

Lykke et al. 2017

A revision of the formation (and destruction) pathways of these species 
is needed.

Chemical models

Sgr B2

IRAS 
16293 

B

IRAS 
16293 

B

Sgr 
B2
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PILS : new detections in solar-type protostars
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PILS : new detections in solar-type protostars
Methyl isocyanate

Ligterink et al. 2017

Peptide bond
(synthesis of proteins)

Observations and laboratory work on CH3NCO 2223

Figure 3. Black: detected unblended lines of CH3NCO towards source B. Red solid: best-fitting model for Tex = 300 K. Green dashed: best-fitting model for
Tex = 100 K. The Eup values of the lines are indicated in blue in the right upper part of each panel.

trace gas-phase molecules in the chamber that are released from the
ice surface upon linear heating during a temperature-programmed
desorption (TPD) experiment. TPD is a very useful method that al-
lows to identify desorbing species through their specific desorption

temperature and mass fragmentation pattern. Unambiguous iden-
tifications become possible through the use of isotopologues and
searching for the corresponding mass shifts of specific fragments.
Obviously, TPD comes with the destruction of the ice.

MNRAS 469, 2219–2229 (2017)

2222 N. F. W. Ligterink et al.

Figure 2. Integrated intensity map of the CH3NCO 390,39,0–380,38,0 tran-
sition at 336 339.9 MHz and Eup = 323.7 K between 1.7 and 3.7 km s−1.
The positions of the continuum of source A (south-east source) and source
B (north-west source) are indicated with red crosses, while the positions
studied in this paper are indicated with red circles. The contour levels start
at 5σ with additional steps of 5σ . The circular restoring beam of 0.5 arcsec
size is indicated in grey in the right-hand lower corner.

an HNCO column density of 3.7 × 1016 cm−2, which is within the
30 per cent uncertainty range. The resulting HNCO/CH3NCO abun-
dance ratio is about 12 towards source B with an uncertainty of less
than a factor of 2. Within the error margins, this is similar to the
value derived in Orion KL (Cernicharo et al. 2016) or Sgr B2(N2)
(Belloche et al. 2016, 2017). For source A, the column density of
HNCO is estimated to be about 3.4 × 1016 cm−2 (Tex = 100 K).
The corresponding HNCO/CH3NCO ratio is consequently about 4
towards this component, with a somewhat larger uncertainty of a
factor of 3 due to the difficulty of deriving a precise column density
for HNCO because of line blending. Overall, we can conclude that
the two HNCO/CH3NCO ratios are comparable towards the two
components of the binary.

Whereas HNCO is readily identified, this is not the case for
HOCN. No HOCN lines were detected and a 3σ upper limit of
3 × 1013 cm−2 is derived towards source B. HOCN is consequently
less abundant than HNCO and CH3NCO by at least three and two
orders of magnitude, respectively. Therefore, it is highly unlikely
that the gas-phase formation pathway involving HOCN, as pro-
posed by Halfen et al. (2015) in equations (1) and (2), contributes
significantly to the production of methyl isocyanate in this source.

We have also determined the abundance ratios of CH3NCO with
respect to CH3OH and CH3CN for comparison with other sources
in which methyl isocyanate has been detected (see Table 1). The
column density of CH3OH was estimated based on CH18

3 OH by
Jørgensen et al. (in preparation) for the one beam offset position
towards source B (∼1 × 1019 cm−2) using a 16O/18O ratio of 560
(Wilson & Rood 1994). With the same assumptions, we estimate a
column density of CH3OH of ∼2 × 1019 cm−2 in source A. CH3CN
was analysed by Calcutt et al. (in preparation) towards both source A
(∼8 × 1016 cm−2) and source B (∼3 × 1016 cm−2). Similarly to the
HNCO/CH3NCO ratio, the abundance ratio of CH3CN/CH3NCO is
comparable to the values found in Orion KL (Cernicharo et al. 2016)
and lower than towards Sgr B2(N1), but again comparable to Sgr
B2(N2) (Belloche et al. 2016, 2017). Methanol is, however, clearly

more abundant than methyl isocyanate towards IRAS16293 than
towards Orion KL and Sgr B2.

The HNCO/CH3NCO and CH3CN/CH3NCO abundance ratios
derived in IRAS16293 are much larger than the lower limits found
in comet 67P (>0.2). A proper comparison awaits the new results
derived with the ROSINA instrument (Altwegg et al. in preparation).

3 LA B O R ATO RY EX P E R I M E N T S

Grain-surface formation routes of complex molecules have been
investigated experimentally for many years using cryogenic set-ups
to mimic specific chemical processes under fully controlled labora-
tory conditions (see Herbst & van Dishoeck 2009; Linnartz, Ioppolo
& Fedoseev 2015, for reviews). In the present work, the formation
of methyl isocyanate is investigated by energetically processing
solid-state CH4:HNCO mixtures with vacuum-UV radiation. VUV
irradiated methane ice is known to efficiently yield methyl radi-
cals (Bossa et al. 2015), and these radicals are expected to further
react through surface diffusion with HNCO to form CH3NCO, as
proposed by Goesmann et al. (2015) and Cernicharo et al. (2016),
reaction (4). The Cryogenic Photoproduct Analysis Device 2 (Cry-
oPAD2) in the Sackler Laboratory for Astrophysics is used to per-
form the measurements to investigate the role of methylation of
HNCO in methyl isocyanate formation. A short description of this
set-up, experimental procedure and reference data is given below.

Note that in these experiments CH4 is used as the parent of
CH3 but in interstellar space methyl radicals active in the ice may
also originate from CH3OH dissociation (Öberg et al. 2009) or
from direct CH3 accretion from the gas phase. The main aim of
this section is to investigate whether or not the proposed solid-
state reaction as shown in reaction (4) can proceed at temperatures
typical for dark cloud conditions in the interstellar medium (ISM),
i.e. independent of the exact precursor species.

3.1 Set-up and method

CryoPAD2 consists of a central chamber operating under ultrahigh
vacuum conditions (P ≃ 10−10 mbar), to which various instru-
ments are attached. On the top a cryostat is mounted which cools
a gold-coated reflective surface down to 12 K. The temperature of
this surface can be controlled through resistive heating and varied
between 12 and 300 K, with an absolute temperature accuracy bet-
ter than 1 K. Pure and mixed gases are prepared separately in a
gas-mixing system which is attached to a high-precision leak valve
to the main chamber and which doses the gases on to the cooled
surface. The deposited ice samples are irradiated with VUV radia-
tion from a Microwave Discharge Hydrogen-flow Lamp (MDHL),
which emits radiation peaking at 121 nm and a region between
140 to 160 nm, corresponding to photon energies in the range of
7.5–10.2 eV (Chen et al. 2014; Ligterink et al. 2015). The total
lamp flux is (1.1 ± 0.1) × 1014 photons s−1 that is determined us-
ing a calibrated NIST diode. CryoPAD2 possesses two diagnostic
tools to monitor the VUV-induced processes in the ice. The beam
of a Fourier-Transform IR Spectrometer (FTIRS) is directed under
grazing incidence on to the gold-coated surface, in order to per-
form Reflection Absorption IR Spectroscopy (RAIRS). The sample
preparation and chemical changes under influence of VUV radia-
tion are monitored by recording vibrational fingerprint spectra of
molecules on the surface. To decrease the pertubing role of atmo-
spheric CO2 and H2O, the system is purged with filtered dry air. The
second instrument is a highly sensitive Quadrupole Mass Spectrom-
eter (QMS), with an ionization element at 70 eV, which is able to

MNRAS 469, 2219–2229 (2017)
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PILS : new detection in the interstellar medium

Methyl chloride (Freon-40)

• Produced on Earth through biological and industrial 
processes 

• Previously considered as a biomarker in the search for 
Life on exoplanets

CH₃Cl

Abiotic formation in the interstellar medium

Detection towards both IRAS 16293-2422 and comet 
67P (Fayolle et al. 2017)

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTERSNATURE ASTRONOMY

Figure  2 illustrates the spatial extent of the CH3Cl emission 
around IRAS 16293B. The brightest line, CH3

35Cl 130–120, is clearly 
spatially resolved (line integrated intensity shown in the left col-
umn, middle panel), and is detected almost out to the edge of the 
dust continuum emission, 1″  or 120 au from the source centre 
(left column, upper panel). Similar to other lines of other species, 

CH3
35Cl 130–120 is under-luminous toward the continuum peak of 

the B source owing to continuum absorption22,25. Compared with 
CH3OCHO, an archetypical complex organic molecule found 
around protostars, CH3Cl is somewhat more extended, but the dif-
ference is too small to be conclusive. The CH3OCHO spatial extent 
for lines with similar upper-level energies is shown in the bottom 
left panel of Fig. 2 through the imaging of one of its line integrated 
intensities, and the relative spectral line strengths for both species 
extracted at the three positions i, ii and iii away from source B is 
displayed in the right panel of Fig. 2.

The origin of the detected CH3Cl is not known and is difficult 
to constrain without considerable theoretical and experimental 
efforts, as astrochemical networks do not include its formation, 
or that of any other organohalogens beyond CH2Cl+. Amongst the 
potential formation routes, we suggest that there are at least two 
that are consistent with the observed CH3Cl excitation temperature 
of about 100 K and its extended spatial emission: (1) ion–molecule 
gas-phase chemistry with CH4Cl+ as an intermediate, and (2) for-
mation on grains through successive hydrogenation and halogena-
tion of carbon followed by sublimation. Details on these pathways 
are available in the Supplementary Information.

The species CH3Cl is also detected in the coma of the 67P/C-G 
comet as shown in Fig. 3 by the mass spectrometer response centred 
on mass/charge 49.99 u/e (where u is unified mass unit and e the  
number of electronic charge), corresponding to the presence CH3

35Cl. 
The species CH3

37Cl and CH3F are below the detection limit. Although 
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Fig. 2 | Spatial emission of CH3
35Cl compared with that of CH3OCHO around protostar IRAS 16293B. Top left: IRAS 16293–2422 band 7 continuum; 

middle left: CH3
35Cl 130–120 integrated line intensity around source B (upper-level energy 116!K); bottom left: CH3OCHO 176,11–165,12 A in v!= !0 integrated line 

intensity around source B (upper-level energy 115!K); the black contours represent the 3, 5, 7, 10, 15, 20 and 30σ detection levels; the size of the observing 
beam is plotted in the lower left corners. Right: spectra extracted at positions i, ii and iii labelled in the middle and lower left panels, overplotted with 
synthetic spectra of CH3

35Cl and CH3OCHO (excitation temperature of 120!K) in purple and green, respectively. The upper energy-level values of the three 
CH3

35Cl lines range from 116 to 147!K, whereas those of CH3OCHO v!= !0 are equal to 115!K and that of CH3OCHO v!= !1 is equal to 477!K.

Table 1 | Best-fit parameters and upper limits for methyl halides 
around protostar IRAS 16293B

Molecule Position Tex (K) N (cm−2) N /NCH OH3

CH3
35Cl i −

+103 3
3 (11!± !2)!× !1014 1.1!× !10−4

ii −
+102 3

4 (4.6!± !0.7)!× !1014 9!× !10−5

iii −
+85 13

15 (3.1!± !0.7)!× !1013 –
CH3

37Cl i – (4.9!± !0.8)!× !1014 5!× !10−5

ii – (2.2!± !0.4)!× !1014 4!× !10−5

iii – < 1!× !1013 –
CH3F i – < 4!× !1013 < 4!× !10−6

ii – < 2!× !1013 < 4!× !10−6

iii – < 5!× !1012 –
Excitation temperature (Tex), column density (N) and ratio over CH3OH for the organohalogens 
are reported for positions i, half a beam away, ii, one beam away, and iii, two beams away from 
IRAS 16293B. The column density values are given assuming a beam filling factor of unity, and the 
reported errors are mainly due to the calibration uncertainty of 15%.

NATURE ASTRONOMY | VOL 1 | OCTOBER 2017 | 703–708 | www.nature.com/natureastronomy 705



Cyanamide

16

Previous detections 

• Milky Way : massive star-forming regions Sgr B2 
and Orion KL  

• Extragalactic medium : NGC 253 and M82

NH2CN

Molecules with the carbodiimide moiety (–NCN–) find use in various 
biological processes (e.g., assembly of amino acids into peptides) 

Prebiotic chemistry 

• In liquid water, conversion into urea  

• Isomerisation into carbodiimide (HNCNH) in photochemically and thermally induced 
reactions in interstellar ice analogs (Duvernay et al. 2005) 
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First detection of cyanamide in solar-type 
protostars

A. Coutens et al.: First detection of cyanamide (NH2CN) towards solar-type protostars
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Fig. 1: Unblended lines of NH2CN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex = 300
K and 100 K are in red and blue respectively. The Eup values are indicated in green in the bottom right corner of each panel.
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Fig. 2: Unblended lines of NHDCN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex =
300 K is in red. The Eup values are indicated in green in the bottom right corner of each panel.

Table 1: Abundances of NH2CN with respect to H2 and
NH2CHO.

Source NH2CN/H2 NH2CN/NH2CHO
IRAS16293 B . 2⇥ 10�10 (a) ⇠ 0.20

IRAS2A ⇠ 5⇥ 10�11 ⇠ 0.02
Sgr B2 (N) – ⇠ 0.02–0.04
Sgr B2 (M) – ⇠ 0.15
Orion KL – ⇠ 0.4–1.5

Low-density model ⇠ 3.7⇥ 10�10 ⇠ 1.1⇥ 10�3

High-density model ⇠ 6.7⇥ 10�12 ⇠ 1.3⇥ 10�4

(a) Based on a lower limit of 1.2⇥ 1025 cm�2 for the H2 abundance (Jør-
gensen et al. 2016).

3.3. Abundances of cyanamide

Based on the analysis of the NH2
13CN isotopologue and the

lower limit of the H2 column density derived by Jørgensen et al.
(2016), we get, for IRAS16293 B, an abundance of NH2CN
with respect to H2 of . 2⇥ 10�10 at 60 AU from source B. The
NH2CN/NH2CHO abundance ratio is about 0.2.

Using the H2 column density derived by Taquet et al. (2015,
5⇥ 1024 cm�2) for IRAS2A, the abundance with respect to H2
is about 5⇥ 10�11. A simple analysis of the most optically thin
NH2CHO lines covered by our data suggests a column den-
sity of about 1.2⇥ 1016 cm�2 assuming a similar excitation tem-
perature of 130 K. This is in agreement with the value deter-

mined by Taquet et al. (2015). The NH2CN/NH2CHO ratio is
consequently about 0.02, an order of magnitude lower than for
IRAS16293 B.

The NH2CN/NH2CHO ratios derived for the low-mass pro-
tostars are similar to the range of values found in Sgr B2 (Bel-
loche et al. 2013, see Table 1). The NH2CN/NH2CHO ratio in
Orion KL seems to be higher (⇠0.4–1.5, White et al. 2003). This
value is, however, more uncertain since it was obtained using
only one line of NH2CHO and assuming di↵erent excitation tem-
peratures for the two molecules.

4. Discussion

The formation routes of NH2CN have only been marginally ex-
plored. According to the Kinetic Database for Astrochemistry3

(KIDA, Wakelam et al. 2012), there are no known gas-phase
mechanisms capable of its production. While the reaction CN
+ NH3 ! NH2CN + H has been proposed (Smith et al. 2004),
the theoretical study of Talbi & Smith (2009) suggests that the
production of NH2CN involves large internal barriers, with HCN
and NH2 being the likely products. Electronic recombination of
NH2CNH+ may produce NH2CN, but the only apparent way to
form this ion is through protonation of NH2CN itself. An alter-
native source of NH2CN is thus required to explain our obser-
vations. Cyanamide could be formed on grain surfaces through

3
http://kida.obs.u-bordeaux1.fr
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Appendix A: Maps of NH2CN towards IRAS16293 B
and IRAS2A

IRAS16293 B

357404.4 MHz

IRAS2A

317716.1 MHz

Fig. A.1: Integrated intensity maps of two transitions of NH2CN
detected towards IRAS16293 B (upper panel, from 3 to 5� by
step of 1�) and IRAS2A (lower panel, from 5 to 25� by step
of 5�). The position of the continuum peak position is indicated
with a red triangle, while the position analyzed for IRAS16293
B (full-beam o↵set) is indicated with a red circle. The beam size
is shown in grey in the right hand lower corner.

Appendix B: Spectra of NH2CN detected towards
IRAS2A
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Fig. B.1: Unblended lines of NH2CN detected towards IRAS2A.
The best-fit model is shown in red. The Eup values are indicated
in green in the upper left corner of each panel.

Appendix C: Spectra of NH2
13CN towards the

full-beam offset position of IRAS16293 B
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Fig. C.1: Lines of NH2
13CN detected towards IRAS16293 B at

the full-beam o↵set position. The best-fit model for Tex = 300
K is in red. The Eup values are indicated in green in the bottom
right corner of each panel.

Appendix D: Spectra of NH2CN observed at
different positions towards IRAS16293 B

Appendix E: Tables with detected lines of NH2CN
and its isotopologues

Table E.1: Detected lines of NH2CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

17 2 15 1 – 16 2 14 1 339238.0 274.3 3.9⇥ 10�3 105
17 0 17 1 – 16 0 16 1 339450.6 218.0 4.04⇥ 10�3 105
17 0 17 0 – 16 0 16 0 339710.9 146.8 4.15⇥ 10�3 35
17 2 15 0 – 16 2 14 0 339892.9 204.8 4.10⇥ 10�3 35
18 1 18 0 – 17 1 17 0 357404.4 177.5 4.82⇥ 10�3 111
18 2 16 1 – 17 2 15 1 359203.0 291.6 4.65⇥ 10�3 111
18 2 16 0 – 17 2 15 0 359892.2 222.0 4.88⇥ 10�3 37
18 3 16 0 – 17 3 15 0 360114.0 294.5 4.87⇥ 10�3 111
18 3 15 0 – 17 3 14 0 360127.4 294.6 4.87⇥ 10�3 111
18 1 17 1 – 17 1 16 1 361717.6 250.4 4.88⇥ 10�3 37
18 1 17 0 – 17 1 16 0 362143.5 179.6 5.02⇥ 10�3 111

Table E.2: Detected lines of NH2CN towards IRAS2A

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

12 1 11 0 – 11 1 10 0 241478.6 89.8 1.46⇥ 10�3 75
16 1 16 1 – 15 1 15 1 317620.4 215.0 3.29⇥ 10�3 33
16 1 16 0 – 15 1 15 0 317716.1 144.1 3.37⇥ 10�3 99

Table E.3: Detected lines of NHDCN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 1 – 17 1 17 1 336337.6 209.2 3.93⇥ 10�3 37
18 2 17 1 – 17 2 16 1 339114.5 239.4 3.94⇥ 10�3 37
18 3 16 0 – 17 3 15 0 339602.6 243.2 4.07⇥ 10�3 37
18 2 16 0 – 17 2 15 0 339730.4 194.1 4.10⇥ 10�3 37
18 1 17 1 – 17 1 16 1 342330.0 211.9 4.14⇥ 10�3 37
18 1 17 0 – 17 1 16 0 342438.4 166.0 4.24⇥ 10�3 37
19 5 15 0 – 18 5 14 0 358089.4 416.9 4.54⇥ 10�3 39
19 5 14 0 – 18 5 13 0 358089.4 416.9 4.54⇥ 10�3 39
19 3 17 1 – 18 3 16 1 358184.9 304.9 4.63⇥ 10�3 39
19 3 16 0 – 18 3 15 0 358488.3 260.4 4.80⇥ 10�3 39

Table E.4: Detected lines of NH2
13CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 0 – 17 1 17 0 357261.4 177.4 4.82⇥ 10�3 111
18 4 15 1 – 17 4 14 1 359154.9 460.9 4.55⇥ 10�3 111
18 4 14 1 – 17 4 13 1 359154.9 460.9 4.55⇥ 10�3 111
18 1 17 0 – 17 1 16 0 361997.1 179.6 5.01⇥ 10�3 111
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The ALMA data are part of the Protostellar Interferomet-
ric Line Survey (PILS) program1, a large spectral survey of
IRAS16293 observed in Cycle 2 between 329.1 and 362.9 GHz
at a spatial resolution of about 0.500 and a spectral resolution of
⇠0.2 km s�1. The observations and their reduction are presented
in Jørgensen et al. (2016). The data reach a sensitivity of about
4–5 mJy beam�1 km s�1.

The PdBI data of the low-mass protostar IRAS2A were ob-
tained with the WIDEX correlator in the framework of several
programs (V010, V05B, W00A, and X060). The data reduc-
tion of each dataset is described in Coutens et al. (2014, 2015)
and Persson et al. (2014). They cover the spectral ranges 223.5–
227.1, 240.2–243.8, and 315.5–319.1 GHz with a spectral reso-
lution of 1.95 MHz (⇠1.8–2.6 km s�1). The angular resolution
is about 1.200 ⇥ 1.000 at 225 GHz, 1.400 ⇥ 1.000 at 242 GHz, and
0.900 ⇥ 0.800 at 317 GHz. The rms are ⇠5–6 mJy beam�1 km s�1

or lower.
The spectroscopic data used here for cyanamide and its 13C

isotopolog come from the spectroscopic catalogs Jet Propul-
sion Laboratory (JPL, Pickett et al. 1998; Read et al. 1986) and
Cologne Database for Molecular Spectroscopy (CDMS, Müller
et al. 2001, 2005; Kraśnicki et al. 2011). The spectroscopy of
NHDCN was studied by Kisiel et al. (2013). Carbodiimide spec-
troscopic information comes from the CDMS (Birk et al. 1989;
Jabs et al. 1997).

3. Results

The CASSIS2 software was used to search for and identify the
lines of NH2CN and its isotopologs towards IRAS16293 and
IRAS2A. Synthetic spectra were produced and compared with
the observations to identify the lines. Potential blending with
other species from the CDMS or JPL catalogs was checked. Col-
umn densities were determined assuming local thermodynamic
equilibrium (LTE), which is reasonable for the inner regions of
low-mass protostellar envelopes owing to their very high densi-
ties (& 1010 cm�3, Jørgensen et al. 2016).

3.1. Analyses of cyanamide and carbodiimide

For the binary IRAS16293, 11 unblended lines of the main
cyanamide isotopolog are detected towards source B (see Figure
2) at the full-beam o↵set position analyzed in previous studies
(Coutens et al. 2016; Lykke et al. 2017; Ligterink et al. 2017). No
clear detection could be obtained towards IRAS16293 A, where
the lines are broader (� 2 km s�1). Maps indicate that the emis-
sion of this species arises from the warm inner regions around
the B component (see Fig. 1), similarly to other complex or-
ganic molecules (Baryshev et al. 2015; Jørgensen et al. 2016).
This species also appears to be strongly a↵ected by absorption
against the strong continuum similarly to formamide (Coutens
et al. 2016, see their Figure 1). The deep absorptions at the con-
tinuum peak and half-beam o↵set positions are clearly seen for
all the lines (see Figure B.1). Although a LTE model with a lower
excitation temperature of 100 K is in relatively good agreement
with the observations (see Figure 2), a temperature of 300 K is
a more appropriate fit. This is consistent with the temperature
derived for other species with high binding energies such as gly-
colaldehyde, ethylene glycol, and formamide (see discussion in
Jørgensen et al. submitted). At the full-beam o↵set position, a
1
http://youngstars.nbi.dk/PILS/

2 CASSIS has been developed by IRAP-UPS/CNRS (http://
cassis.irap.omp.eu/).

IRAS16293 B

357404.4 MHz

IRAS2A

317716.1 MHz

IRAS16293 B 
ALMA

NGC1333 IRAS 2A 
PdBI

Fig. 1: Integrated intensity maps of two transitions of NH2CN
detected towards IRAS16293 B (left panel, from 3 to 5� by step
of 1�) and IRAS2A (right panel, from 5 to 25� by step of 5�).
The position of the continuum peak position is indicated with
a red triangle, while the position analyzed for IRAS16293 B
(full-beam o↵set) is indicated with a red circle. The beam size
is shown in gray in the bottom right corner.

column density of � 7⇥ 1013 cm�2 is derived for an excitation
temperature of 300 K (� 5⇥ 1013 cm�2 for 100 K) and a source
size of 0.500. It should be noted that this column density can only
be considered as a lower limit because of the absorption com-
ponents that could lower the emission contribution of the line
profile. The higher value of the column density of NH2CN is
confirmed by the analysis of the 13C isotopolog (see Section 3.2).

Three bright and unblended lines of cyanamide are also de-
tected towards NGC1333 IRAS2A (see Figure 3). An excitation
temperature of ⇠130 K and a source size of ⇠0.500 were de-
rived from the analysis of other complex organics towards this
source by Coutens et al. (2015). Based on these parameters, a
LTE model with a column density of 2.5⇥ 1014 cm�2 is in very
good agreement with the observations. An excitation tempera-
ture of 300 K does not properly reproduce the lines. No other
line is missing in the spectral range covered by our data. Based
on this model, we can confirm the detection of this molecule by
comparing our predictions with the list of lines observed in the
spectral range 216.8–220.4 GHz covered by the CALYPSO pro-
gram (Maury et al. 2014). Among the six brightest lines, five
of them are in agreement with the presence of unidentified lines
detected by Maury et al. (2014) (see Table A.5). The last one is
blended with a NH2CHO line. Maps confirm that the molecule is
emitting within the warm inner regions of the source (see Figure
1).

We also searched for carbodiimide, HNCNH, which is
not detected with an upper limit of 3⇥ 1015 cm�2 towards
IRAS16293 B. Based on the non-detection of the HNCNH line
at 223.7918 GHz, we derived a similar upper limit for IRAS2A.
The non-detection of carbodiimide is not really surprising since
the upper limits are high and this isomer is known to be less
stable than cyanamide.

3.2. Analyses of the deuterated and

13
C isotopologs of

cyanamide

The 13C and deuterated isotopologs of NH2CN were searched for
towards both sources. Eight unblended lines of NHDCN were
identified towards the full-beam o↵set position of IRAS16293 B
(see Figure 4). This marks the first detection of this isotopolog
in the interstellar medium. Although the lines are faint, we can
confirm that all the features are real after checking the spectra at
the half-beam position (where the lines are brighter). Additional
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Appendix A: Maps of NH2CN towards IRAS16293 B
and IRAS2A

IRAS16293 B

357404.4 MHz

IRAS2A

317716.1 MHz

Fig. A.1: Integrated intensity maps of two transitions of NH2CN
detected towards IRAS16293 B (upper panel, from 3 to 5� by
step of 1�) and IRAS2A (lower panel, from 5 to 25� by step
of 5�). The position of the continuum peak position is indicated
with a red triangle, while the position analyzed for IRAS16293
B (full-beam o↵set) is indicated with a red circle. The beam size
is shown in grey in the right hand lower corner.

Appendix B: Spectra of NH2CN detected towards
IRAS2A
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Fig. B.1: Unblended lines of NH2CN detected towards IRAS2A.
The best-fit model is shown in red. The Eup values are indicated
in green in the upper left corner of each panel.

Appendix C: Spectra of NH2
13CN towards the

full-beam offset position of IRAS16293 B
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Fig. C.1: Lines of NH2
13CN detected towards IRAS16293 B at

the full-beam o↵set position. The best-fit model for Tex = 300
K is in red. The Eup values are indicated in green in the bottom
right corner of each panel.

Appendix D: Spectra of NH2CN observed at
different positions towards IRAS16293 B

Appendix E: Tables with detected lines of NH2CN
and its isotopologues

Table E.1: Detected lines of NH2CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

17 2 15 1 – 16 2 14 1 339238.0 274.3 3.9⇥ 10�3 105
17 0 17 1 – 16 0 16 1 339450.6 218.0 4.04⇥ 10�3 105
17 0 17 0 – 16 0 16 0 339710.9 146.8 4.15⇥ 10�3 35
17 2 15 0 – 16 2 14 0 339892.9 204.8 4.10⇥ 10�3 35
18 1 18 0 – 17 1 17 0 357404.4 177.5 4.82⇥ 10�3 111
18 2 16 1 – 17 2 15 1 359203.0 291.6 4.65⇥ 10�3 111
18 2 16 0 – 17 2 15 0 359892.2 222.0 4.88⇥ 10�3 37
18 3 16 0 – 17 3 15 0 360114.0 294.5 4.87⇥ 10�3 111
18 3 15 0 – 17 3 14 0 360127.4 294.6 4.87⇥ 10�3 111
18 1 17 1 – 17 1 16 1 361717.6 250.4 4.88⇥ 10�3 37
18 1 17 0 – 17 1 16 0 362143.5 179.6 5.02⇥ 10�3 111

Table E.2: Detected lines of NH2CN towards IRAS2A

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

12 1 11 0 – 11 1 10 0 241478.6 89.8 1.46⇥ 10�3 75
16 1 16 1 – 15 1 15 1 317620.4 215.0 3.29⇥ 10�3 33
16 1 16 0 – 15 1 15 0 317716.1 144.1 3.37⇥ 10�3 99

Table E.3: Detected lines of NHDCN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 1 – 17 1 17 1 336337.6 209.2 3.93⇥ 10�3 37
18 2 17 1 – 17 2 16 1 339114.5 239.4 3.94⇥ 10�3 37
18 3 16 0 – 17 3 15 0 339602.6 243.2 4.07⇥ 10�3 37
18 2 16 0 – 17 2 15 0 339730.4 194.1 4.10⇥ 10�3 37
18 1 17 1 – 17 1 16 1 342330.0 211.9 4.14⇥ 10�3 37
18 1 17 0 – 17 1 16 0 342438.4 166.0 4.24⇥ 10�3 37
19 5 15 0 – 18 5 14 0 358089.4 416.9 4.54⇥ 10�3 39
19 5 14 0 – 18 5 13 0 358089.4 416.9 4.54⇥ 10�3 39
19 3 17 1 – 18 3 16 1 358184.9 304.9 4.63⇥ 10�3 39
19 3 16 0 – 18 3 15 0 358488.3 260.4 4.80⇥ 10�3 39

Table E.4: Detected lines of NH2
13CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 0 – 17 1 17 0 357261.4 177.4 4.82⇥ 10�3 111
18 4 15 1 – 17 4 14 1 359154.9 460.9 4.55⇥ 10�3 111
18 4 14 1 – 17 4 13 1 359154.9 460.9 4.55⇥ 10�3 111
18 1 17 0 – 17 1 16 0 361997.1 179.6 5.01⇥ 10�3 111
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Fig. 1: Unblended lines of NH2CN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex = 300
K and 100 K are in red and blue respectively. The Eup values are indicated in green in the bottom right corner of each panel.
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Fig. 2: Unblended lines of NHDCN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex =
300 K is in red. The Eup values are indicated in green in the bottom right corner of each panel.

Table 1: Abundances of NH2CN with respect to H2 and
NH2CHO.

Source NH2CN/H2 NH2CN/NH2CHO
IRAS16293 B . 2⇥ 10�10 (a) ⇠ 0.20

IRAS2A ⇠ 5⇥ 10�11 ⇠ 0.02
Sgr B2 (N) – ⇠ 0.02–0.04
Sgr B2 (M) – ⇠ 0.15
Orion KL – ⇠ 0.4–1.5

Low-density model ⇠ 3.7⇥ 10�10 ⇠ 1.1⇥ 10�3

High-density model ⇠ 6.7⇥ 10�12 ⇠ 1.3⇥ 10�4

(a) Based on a lower limit of 1.2⇥ 1025 cm�2 for the H2 abundance (Jør-
gensen et al. 2016).

3.3. Abundances of cyanamide

Based on the analysis of the NH2
13CN isotopologue and the

lower limit of the H2 column density derived by Jørgensen et al.
(2016), we get, for IRAS16293 B, an abundance of NH2CN
with respect to H2 of . 2⇥ 10�10 at 60 AU from source B. The
NH2CN/NH2CHO abundance ratio is about 0.2.

Using the H2 column density derived by Taquet et al. (2015,
5⇥ 1024 cm�2) for IRAS2A, the abundance with respect to H2
is about 5⇥ 10�11. A simple analysis of the most optically thin
NH2CHO lines covered by our data suggests a column den-
sity of about 1.2⇥ 1016 cm�2 assuming a similar excitation tem-
perature of 130 K. This is in agreement with the value deter-

mined by Taquet et al. (2015). The NH2CN/NH2CHO ratio is
consequently about 0.02, an order of magnitude lower than for
IRAS16293 B.

The NH2CN/NH2CHO ratios derived for the low-mass pro-
tostars are similar to the range of values found in Sgr B2 (Bel-
loche et al. 2013, see Table 1). The NH2CN/NH2CHO ratio in
Orion KL seems to be higher (⇠0.4–1.5, White et al. 2003). This
value is, however, more uncertain since it was obtained using
only one line of NH2CHO and assuming di↵erent excitation tem-
peratures for the two molecules.

4. Discussion

The formation routes of NH2CN have only been marginally ex-
plored. According to the Kinetic Database for Astrochemistry3

(KIDA, Wakelam et al. 2012), there are no known gas-phase
mechanisms capable of its production. While the reaction CN
+ NH3 ! NH2CN + H has been proposed (Smith et al. 2004),
the theoretical study of Talbi & Smith (2009) suggests that the
production of NH2CN involves large internal barriers, with HCN
and NH2 being the likely products. Electronic recombination of
NH2CNH+ may produce NH2CN, but the only apparent way to
form this ion is through protonation of NH2CN itself. An alter-
native source of NH2CN is thus required to explain our obser-
vations. Cyanamide could be formed on grain surfaces through
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Appendix A: Maps of NH2CN towards IRAS16293 B
and IRAS2A

IRAS16293 B

357404.4 MHz

IRAS2A

317716.1 MHz

Fig. A.1: Integrated intensity maps of two transitions of NH2CN
detected towards IRAS16293 B (upper panel, from 3 to 5� by
step of 1�) and IRAS2A (lower panel, from 5 to 25� by step
of 5�). The position of the continuum peak position is indicated
with a red triangle, while the position analyzed for IRAS16293
B (full-beam o↵set) is indicated with a red circle. The beam size
is shown in grey in the right hand lower corner.

Appendix B: Spectra of NH2CN detected towards
IRAS2A
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Fig. B.1: Unblended lines of NH2CN detected towards IRAS2A.
The best-fit model is shown in red. The Eup values are indicated
in green in the upper left corner of each panel.

Appendix C: Spectra of NH2
13CN towards the

full-beam offset position of IRAS16293 B
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Fig. C.1: Lines of NH2
13CN detected towards IRAS16293 B at

the full-beam o↵set position. The best-fit model for Tex = 300
K is in red. The Eup values are indicated in green in the bottom
right corner of each panel.

Appendix D: Spectra of NH2CN observed at
different positions towards IRAS16293 B

Appendix E: Tables with detected lines of NH2CN
and its isotopologues

Table E.1: Detected lines of NH2CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

17 2 15 1 – 16 2 14 1 339238.0 274.3 3.9⇥ 10�3 105
17 0 17 1 – 16 0 16 1 339450.6 218.0 4.04⇥ 10�3 105
17 0 17 0 – 16 0 16 0 339710.9 146.8 4.15⇥ 10�3 35
17 2 15 0 – 16 2 14 0 339892.9 204.8 4.10⇥ 10�3 35
18 1 18 0 – 17 1 17 0 357404.4 177.5 4.82⇥ 10�3 111
18 2 16 1 – 17 2 15 1 359203.0 291.6 4.65⇥ 10�3 111
18 2 16 0 – 17 2 15 0 359892.2 222.0 4.88⇥ 10�3 37
18 3 16 0 – 17 3 15 0 360114.0 294.5 4.87⇥ 10�3 111
18 3 15 0 – 17 3 14 0 360127.4 294.6 4.87⇥ 10�3 111
18 1 17 1 – 17 1 16 1 361717.6 250.4 4.88⇥ 10�3 37
18 1 17 0 – 17 1 16 0 362143.5 179.6 5.02⇥ 10�3 111

Table E.2: Detected lines of NH2CN towards IRAS2A

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

12 1 11 0 – 11 1 10 0 241478.6 89.8 1.46⇥ 10�3 75
16 1 16 1 – 15 1 15 1 317620.4 215.0 3.29⇥ 10�3 33
16 1 16 0 – 15 1 15 0 317716.1 144.1 3.37⇥ 10�3 99

Table E.3: Detected lines of NHDCN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 1 – 17 1 17 1 336337.6 209.2 3.93⇥ 10�3 37
18 2 17 1 – 17 2 16 1 339114.5 239.4 3.94⇥ 10�3 37
18 3 16 0 – 17 3 15 0 339602.6 243.2 4.07⇥ 10�3 37
18 2 16 0 – 17 2 15 0 339730.4 194.1 4.10⇥ 10�3 37
18 1 17 1 – 17 1 16 1 342330.0 211.9 4.14⇥ 10�3 37
18 1 17 0 – 17 1 16 0 342438.4 166.0 4.24⇥ 10�3 37
19 5 15 0 – 18 5 14 0 358089.4 416.9 4.54⇥ 10�3 39
19 5 14 0 – 18 5 13 0 358089.4 416.9 4.54⇥ 10�3 39
19 3 17 1 – 18 3 16 1 358184.9 304.9 4.63⇥ 10�3 39
19 3 16 0 – 18 3 15 0 358488.3 260.4 4.80⇥ 10�3 39

Table E.4: Detected lines of NH2
13CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 0 – 17 1 17 0 357261.4 177.4 4.82⇥ 10�3 111
18 4 15 1 – 17 4 14 1 359154.9 460.9 4.55⇥ 10�3 111
18 4 14 1 – 17 4 13 1 359154.9 460.9 4.55⇥ 10�3 111
18 1 17 0 – 17 1 16 0 361997.1 179.6 5.01⇥ 10�3 111
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Fig. 1: Unblended lines of NH2CN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex = 300
K and 100 K are in red and blue respectively. The Eup values are indicated in green in the bottom right corner of each panel.
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Fig. 2: Unblended lines of NHDCN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex =
300 K is in red. The Eup values are indicated in green in the bottom right corner of each panel.

Table 1: Abundances of NH2CN with respect to H2 and
NH2CHO.

Source NH2CN/H2 NH2CN/NH2CHO
IRAS16293 B . 2⇥ 10�10 (a) ⇠ 0.20

IRAS2A ⇠ 5⇥ 10�11 ⇠ 0.02
Sgr B2 (N) – ⇠ 0.02–0.04
Sgr B2 (M) – ⇠ 0.15
Orion KL – ⇠ 0.4–1.5

Low-density model ⇠ 3.7⇥ 10�10 ⇠ 1.1⇥ 10�3

High-density model ⇠ 6.7⇥ 10�12 ⇠ 1.3⇥ 10�4

(a) Based on a lower limit of 1.2⇥ 1025 cm�2 for the H2 abundance (Jør-
gensen et al. 2016).

3.3. Abundances of cyanamide

Based on the analysis of the NH2
13CN isotopologue and the

lower limit of the H2 column density derived by Jørgensen et al.
(2016), we get, for IRAS16293 B, an abundance of NH2CN
with respect to H2 of . 2⇥ 10�10 at 60 AU from source B. The
NH2CN/NH2CHO abundance ratio is about 0.2.

Using the H2 column density derived by Taquet et al. (2015,
5⇥ 1024 cm�2) for IRAS2A, the abundance with respect to H2
is about 5⇥ 10�11. A simple analysis of the most optically thin
NH2CHO lines covered by our data suggests a column den-
sity of about 1.2⇥ 1016 cm�2 assuming a similar excitation tem-
perature of 130 K. This is in agreement with the value deter-

mined by Taquet et al. (2015). The NH2CN/NH2CHO ratio is
consequently about 0.02, an order of magnitude lower than for
IRAS16293 B.

The NH2CN/NH2CHO ratios derived for the low-mass pro-
tostars are similar to the range of values found in Sgr B2 (Bel-
loche et al. 2013, see Table 1). The NH2CN/NH2CHO ratio in
Orion KL seems to be higher (⇠0.4–1.5, White et al. 2003). This
value is, however, more uncertain since it was obtained using
only one line of NH2CHO and assuming di↵erent excitation tem-
peratures for the two molecules.

4. Discussion

The formation routes of NH2CN have only been marginally ex-
plored. According to the Kinetic Database for Astrochemistry3

(KIDA, Wakelam et al. 2012), there are no known gas-phase
mechanisms capable of its production. While the reaction CN
+ NH3 ! NH2CN + H has been proposed (Smith et al. 2004),
the theoretical study of Talbi & Smith (2009) suggests that the
production of NH2CN involves large internal barriers, with HCN
and NH2 being the likely products. Electronic recombination of
NH2CNH+ may produce NH2CN, but the only apparent way to
form this ion is through protonation of NH2CN itself. An alter-
native source of NH2CN is thus required to explain our obser-
vations. Cyanamide could be formed on grain surfaces through
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Appendix A: Maps of NH2CN towards IRAS16293 B
and IRAS2A

IRAS16293 B

357404.4 MHz

IRAS2A

317716.1 MHz

Fig. A.1: Integrated intensity maps of two transitions of NH2CN
detected towards IRAS16293 B (upper panel, from 3 to 5� by
step of 1�) and IRAS2A (lower panel, from 5 to 25� by step
of 5�). The position of the continuum peak position is indicated
with a red triangle, while the position analyzed for IRAS16293
B (full-beam o↵set) is indicated with a red circle. The beam size
is shown in grey in the right hand lower corner.

Appendix B: Spectra of NH2CN detected towards
IRAS2A
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Fig. B.1: Unblended lines of NH2CN detected towards IRAS2A.
The best-fit model is shown in red. The Eup values are indicated
in green in the upper left corner of each panel.

Appendix C: Spectra of NH2
13CN towards the

full-beam offset position of IRAS16293 B
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Fig. C.1: Lines of NH2
13CN detected towards IRAS16293 B at

the full-beam o↵set position. The best-fit model for Tex = 300
K is in red. The Eup values are indicated in green in the bottom
right corner of each panel.

Appendix D: Spectra of NH2CN observed at
different positions towards IRAS16293 B

Appendix E: Tables with detected lines of NH2CN
and its isotopologues

Table E.1: Detected lines of NH2CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

17 2 15 1 – 16 2 14 1 339238.0 274.3 3.9⇥ 10�3 105
17 0 17 1 – 16 0 16 1 339450.6 218.0 4.04⇥ 10�3 105
17 0 17 0 – 16 0 16 0 339710.9 146.8 4.15⇥ 10�3 35
17 2 15 0 – 16 2 14 0 339892.9 204.8 4.10⇥ 10�3 35
18 1 18 0 – 17 1 17 0 357404.4 177.5 4.82⇥ 10�3 111
18 2 16 1 – 17 2 15 1 359203.0 291.6 4.65⇥ 10�3 111
18 2 16 0 – 17 2 15 0 359892.2 222.0 4.88⇥ 10�3 37
18 3 16 0 – 17 3 15 0 360114.0 294.5 4.87⇥ 10�3 111
18 3 15 0 – 17 3 14 0 360127.4 294.6 4.87⇥ 10�3 111
18 1 17 1 – 17 1 16 1 361717.6 250.4 4.88⇥ 10�3 37
18 1 17 0 – 17 1 16 0 362143.5 179.6 5.02⇥ 10�3 111

Table E.2: Detected lines of NH2CN towards IRAS2A

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

12 1 11 0 – 11 1 10 0 241478.6 89.8 1.46⇥ 10�3 75
16 1 16 1 – 15 1 15 1 317620.4 215.0 3.29⇥ 10�3 33
16 1 16 0 – 15 1 15 0 317716.1 144.1 3.37⇥ 10�3 99

Table E.3: Detected lines of NHDCN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 1 – 17 1 17 1 336337.6 209.2 3.93⇥ 10�3 37
18 2 17 1 – 17 2 16 1 339114.5 239.4 3.94⇥ 10�3 37
18 3 16 0 – 17 3 15 0 339602.6 243.2 4.07⇥ 10�3 37
18 2 16 0 – 17 2 15 0 339730.4 194.1 4.10⇥ 10�3 37
18 1 17 1 – 17 1 16 1 342330.0 211.9 4.14⇥ 10�3 37
18 1 17 0 – 17 1 16 0 342438.4 166.0 4.24⇥ 10�3 37
19 5 15 0 – 18 5 14 0 358089.4 416.9 4.54⇥ 10�3 39
19 5 14 0 – 18 5 13 0 358089.4 416.9 4.54⇥ 10�3 39
19 3 17 1 – 18 3 16 1 358184.9 304.9 4.63⇥ 10�3 39
19 3 16 0 – 18 3 15 0 358488.3 260.4 4.80⇥ 10�3 39

Table E.4: Detected lines of NH2
13CN towards IRAS16293 B

Transition Frequency Eup Aij gup
(N, Ka, Kc, 3) (MHz) (K) (s�1)

18 1 18 0 – 17 1 17 0 357261.4 177.4 4.82⇥ 10�3 111
18 4 15 1 – 17 4 14 1 359154.9 460.9 4.55⇥ 10�3 111
18 4 14 1 – 17 4 13 1 359154.9 460.9 4.55⇥ 10�3 111
18 1 17 0 – 17 1 16 0 361997.1 179.6 5.01⇥ 10�3 111
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Fig. 1: Unblended lines of NH2CN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex = 300
K and 100 K are in red and blue respectively. The Eup values are indicated in green in the bottom right corner of each panel.
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Fig. 2: Unblended lines of NHDCN detected towards IRAS16293 B at the full-beam o↵set position. The best-fit model for Tex =
300 K is in red. The Eup values are indicated in green in the bottom right corner of each panel.

Table 1: Abundances of NH2CN with respect to H2 and
NH2CHO.

Source NH2CN/H2 NH2CN/NH2CHO
IRAS16293 B . 2⇥ 10�10 (a) ⇠ 0.20

IRAS2A ⇠ 5⇥ 10�11 ⇠ 0.02
Sgr B2 (N) – ⇠ 0.02–0.04
Sgr B2 (M) – ⇠ 0.15
Orion KL – ⇠ 0.4–1.5

Low-density model ⇠ 3.7⇥ 10�10 ⇠ 1.1⇥ 10�3

High-density model ⇠ 6.7⇥ 10�12 ⇠ 1.3⇥ 10�4

(a) Based on a lower limit of 1.2⇥ 1025 cm�2 for the H2 abundance (Jør-
gensen et al. 2016).

3.3. Abundances of cyanamide

Based on the analysis of the NH2
13CN isotopologue and the

lower limit of the H2 column density derived by Jørgensen et al.
(2016), we get, for IRAS16293 B, an abundance of NH2CN
with respect to H2 of . 2⇥ 10�10 at 60 AU from source B. The
NH2CN/NH2CHO abundance ratio is about 0.2.

Using the H2 column density derived by Taquet et al. (2015,
5⇥ 1024 cm�2) for IRAS2A, the abundance with respect to H2
is about 5⇥ 10�11. A simple analysis of the most optically thin
NH2CHO lines covered by our data suggests a column den-
sity of about 1.2⇥ 1016 cm�2 assuming a similar excitation tem-
perature of 130 K. This is in agreement with the value deter-

mined by Taquet et al. (2015). The NH2CN/NH2CHO ratio is
consequently about 0.02, an order of magnitude lower than for
IRAS16293 B.

The NH2CN/NH2CHO ratios derived for the low-mass pro-
tostars are similar to the range of values found in Sgr B2 (Bel-
loche et al. 2013, see Table 1). The NH2CN/NH2CHO ratio in
Orion KL seems to be higher (⇠0.4–1.5, White et al. 2003). This
value is, however, more uncertain since it was obtained using
only one line of NH2CHO and assuming di↵erent excitation tem-
peratures for the two molecules.

4. Discussion

The formation routes of NH2CN have only been marginally ex-
plored. According to the Kinetic Database for Astrochemistry3

(KIDA, Wakelam et al. 2012), there are no known gas-phase
mechanisms capable of its production. While the reaction CN
+ NH3 ! NH2CN + H has been proposed (Smith et al. 2004),
the theoretical study of Talbi & Smith (2009) suggests that the
production of NH2CN involves large internal barriers, with HCN
and NH2 being the likely products. Electronic recombination of
NH2CNH+ may produce NH2CN, but the only apparent way to
form this ion is through protonation of NH2CN itself. An alter-
native source of NH2CN is thus required to explain our obser-
vations. Cyanamide could be formed on grain surfaces through

3
http://kida.obs.u-bordeaux1.fr
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NH213CN

NHDCN

D/H (NH2CN) ~ 1.7 %  
D/H (NH2CHO) ~ 2 %  
D/H (other COMs) ~ 1-8%

NHDCN (first detection in the ISM)
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Formation pathways of cyanamide

• Gas phase : no formation pathways

• Grain surface : so far not explored

Observations : 
similar D/H ratio for NH2CN and NH2CHO
+ Similar spatial distribution

Formation from a same precursor NH2

NH2 + CN              NH2CN?
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Fig. 6: Chemical model abundances for the warm-up stage
of a hot-core type model with a final collapse density of
nH = 6⇥ 1010 cm�3 (high-density model, black lines for NH2CN
and green lines for NH2CHO). Solid lines denote gas-phase
molecules; dotted lines indicate the same species on the grains.
The red lines correspond to the abundance profiles of gas-phase
and grain-surface NH2CN for the lower density model, run at
nH = 1.6⇥ 107 cm�3.

densities are appropriate at the key temperatures at which many
molecules are formed.

In conclusion, the detection of cyanamide towards
IRAS16293 B and IRAS2A indicates that this species can
be formed early in solar-type protostars. If it survives during
the star formation process until its incorporation into comets or
asteroids, these objects could then deliver it to planets, which
may enable the development of life. Searches for this species in
the coma of comets could shed further light on this possibility.
Theoretical and experimental studies as well as more detailed
chemical models are needed to confirm the formation of NH2CN
through the grain-surface pathway NH2 + CN. It would also be
interesting to investigate whether this mechanism is su�cient to
explain the large-scale emission of NH2CN in galaxies.
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• MAGICKAL gas-grain chemistry code 
• Collapse (to nH) followed by warm-up to 400 K

nH = 6e10 cm-3 
(density IRAS16293B)

Highlights the necessity for future models of hot cores/corinos to 
treat the rising density and temperature in such cores concurrently, 
rather than as a two-stage process 
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PILS : new detections in solar-type protostars

CH2NH

N2O

CH2CHCN
Vinyl cyanide

Calcutt et al. 2018a

Ligterink et al. submitted
CH3NH2 and NH2OH not detected

Methanimine

Nitrous oxide
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Table 1. Column densities and rotational temperatures at the one beam o↵set position around source B from the ALMA-PILS data

Molecule Chemical formula N†tot (cm�2) Tex (K) Vpeak (km s�1)
Nitric oxide NO (1.5 – 2.5)⇥1016 40 – 150 2.5 ±0.2
Nitrous oxide N2O �4.0⇥1016 25 – 350 2.5 ±0.2
Hydroxylamine NH2OH 3.7⇥1014 100 2.7
Methanimine CH2NH (6.0 – 10.0)⇥1014 70 – 120 2.7 ±0.2
Methylamine CH3NH2 5.3⇥1014 100 2.7

Notes. All models assume LTE, a FWHM of 1 km s�1 and a source size of 000.5. †Upper limits are 3� and determined for Tex = 100 K.

Fig. 1. All detected transitions of CH2NH in the PILS spectrum at one beam o↵set around source B (black), with the synthetic spectrum
for Tex = 100 K and N = 8.0⇥1014 cm�2 (red) and other known species indicated in green. The upper state energy of each CH2NH transition
is indicated in blue.

Fig. 2. All detected transitions of NO in the PILS spectrum at one beam o↵set around source B (black), with the synthetic spectrum for
Tex = 100 K and N = 2.0⇥1016 cm�2 (red) and other known species indicated in green. The upper state energy of each NO transition is
indicated in blue.

Fig. 3. The N2O transition identified in the PILS spectrum at one
beam o↵set around source B (black), with the synthetic spectrum
for Tex = 100 K and N = 5.0⇥1016 cm�2 (red). The upper state energy
of the transition is indicated in blue.

Transitions of both CH3NH2 and NH2OH are not detected
and therefore upper limit column densities are determined. For
CH3NH2, the 61 ! 50 transition at 357.440 GHz best constrains
the upper limit column density. For a 3� upper limit line inten-
sity of 23 mJy km s�1, the upper limit column densities versus

the rotational temperatures are plotted in Fig. D.1 in Appendix
D. At Tex = 100 K, the upper limit column density is 5.3⇥1014

cm�2.

NH2OH has three strong transitions at 352.522, 352.730
and 352.485 GHz for the 70 ! 60, 71 ! 61, 72 ! 62 transi-
tions, respectively. Slightly di↵erent RMS noise conditions ap-
ply around each of these transitions, resulting in a 3� of 27, 21
and 27 mJy km s�1, respectively. The upper limit column den-
sity versus rotational temperature plot is shown in Fig. D.2 in
Appendix D. The transition at 352.522 GHz constrains the col-
umn density most, resulting in an upper limit column density of
NH2OH of 3.7⇥1014 cm�2 at Tex = 100 K.

Table 1 lists the column densities and excitation tempera-
tures for the five molecules under investigation in this work.
For the three detected species the column density and excita-
tion temperature ranges that can fit the emission are listed.
For the non-detected species CH3NH2 and NH2OH the up-
per limit column density is determined for Tex = 100 K. The
typical uncertainty in column density for a reasonable range
of excitation temperatures is a factor of ⇠2 (see Appendix D).
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Fig. 1. The panel on the left shows a velocity-corrected integrated emission (VINE) map of the 18±4�17⌥4 38 = 1 I = +1 transitions (332.029 GHz)
of methyl cyanide, which are unresolved. The right panel shows a zoom in of the methyl cyanide emission towards IRAS 16293B and an integrated
emission map of the 181 – 171 3=0 line (361.786 GHz) of methyl isocyanide. For IRAS 16293B six channels (1.2 km s�1) centered on the VLSR are
integrated over. For IRAS 16293A 16 channels (3.2 km s�1) centered on the Vpeak of each pixel are integrated over. The axes show the position
o↵set from the phase centre of the observations. Contour levels start at 30 mJy km s�1 and increase in steps of 50 mJy km s�1. The red star marks
the peak continuum position in each source and the black cross marks the o↵set position where the spectra analysed in this work are extracted
from. The RA and Dec o↵sets are relative to the phase centre of the observations.

Table 2. Excitation temperature (Tex), column density (N tot) and the
abundance ratio, N(CH3CN)/N(CH3NC), in IRAS 16293B and IRAS
16293A.

Source T ex N tot N(CH3CN)c

(K) (cm�2) N(CH3NC)
IRAS 16293B 150±20 2.0±0.2⇥1014 200
IRAS 16293A 150a <1.45⇥1013b >5317

Notes. All models assume LTE and a source size of 000.5. The FWHM
of IRAS 16293B lines is 1±0.2 km s�1 and the peak velocity is
2.7±0.2 km s�1, based on a fit of the data. aThe excitation for IRAS
16293A is adopted to be the same as IRAS 16293B and similar to other
molecules detected towards this source. bDetermined for the 3� upper
limit assuming an FWHM of 2.2 km s�1, based on the FWHM of other
molecules detected in this source in Calcutt et al. (2018). cDetermined
using CH3CN column densities from Calcutt et al. (2018).

3.3. Chemical modelling

In order to investigate the chemistry of CH3NC, we use an up-
dated version of the three-phase chemical kinetics model MAG-
ICKAL (Garrod 2013). This model has been updated with the
back-di↵usion correction of Willis & Garrod (2017). The chem-

ical network is based on that of Belloche et al. (2017), using
gas-phase, grain-surface and bulk ice chemistry, with formation
and destruction mechanisms for CH3NC added. This is, to the
authors’ knowledge, the first time that CH3NC has been incor-
porated into an astrochemical kinetics model. This network is a
preface to a more complete chemical treatment for isocyanides
(Willis et al., in prep.). The two-stage physical model used is
also similar to that of Belloche et al. (2017), in which a cold
collapse is followed by a static warm-up to 400 K. The cold col-
lapse in the model has an isothermal gas temperature (10 K), and
the dust temperature cools from an initial value of 16 K to a final
value of 8 K. The chemical model is a single-point model, thus
it has a uniform density. Following Coutens et al. (2018), we run
two models, using two di↵erent final densities for the collapse
phase: nH = 6 ⇥ 1010 cm�3, corresponding to the continuum
peak of IRAS 16293B and nH = 1.6 ⇥ 107 cm�3, corresponding
to the density of the filament between IRAS 16293A and IRAS
16293B (Jacobsen et al. 2018). The subsequent warm-up phase
starts at a dust temperature of 8 K, and reaches a final tempera-
ture of 400 K at 2.8 ⇥ 105 years. This timescale is used to rep-
resent an intermediate-timescale warm-up, where 2⇥105 years
is the time spent to reach a dust temperature of 200 K. This is
taken from Garrod & Herbst (2006). The model presented here
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Conclusions

•Very rich chemistry in solar-type protostars

• A lot of things can be learned about their molecular content with ALMA

• ALMA-PILS survey : 

‣ Detections of acetone, propanal, ethylene oxide, methyl isocyanate, methyl 
chloride, cyanamide, vinyl cyanide, methanimine, nitrous oxide, methyl 
isocyanide

‣ First detections of deuterated forms of COMs (formamide, glycolaldehyde, 
cyanamide)

• More to come…
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