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Background
• Pre-stellar cores are the first phase of the star formation:

• chemistry and physics away from complexity arising from the proto-stellar feedback
• exhibit complex molecular inventory and distribution
• starless cores on the verge of star formation

Phase & Object Age Radius Temp. Density Chemical processes

(yr) (AU) (K) (cm−3)

1 - Pre-stellar core ∼ 105 ∼ 104 7–15 104–106 Ice formation &
molecular deuteration

2 - Protostellar envelope: 104–105 ∼ 104

Cold envelope 100–104 ≤ 100 105–107 Ice formation &
molecular deuteration

Hot corinos ≤ 100 ≥ 100 ≥ 107 Complex molecules
formation

3 - Protoplanetary disk: ∼ 106 ∼ 200

Outer midplane 20–200 100–10 108–106 Ice formation &
molecular deuteration

Inner midplane ≤ 20 ≥ 100 ≥ 108 Complex molecules
formation

Caselli & Ceccarelli, A&ARv 2012
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Observational details

• Single-pointing observations with IRAM 30m

(May 2015)

• α2000 = 15h54m08s .6, δ2000 = −02◦52′10′′.0

• EMIR receiver (E090) at 3mm

• FTS backend: 49 kHz/channel

7.2 GHz instantaneous bandwidth

• Frequency switching

• Tsys around 80–120 K

• rms ∼ 2–10 mK

• 46 molecular species
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L183 at 3mm: looking for...
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ABSTRACT

The isocyanate radical (NCO) is the simplest molecule containing the backbone of the peptide bond, C(=O)-N. This bond has a
prebiotic interest since is the one linking two amino acids to form large chains of proteins. It is also present in some organic molecules
observed in space such as HNCO, NH2CHO and CH3NCO. In this letter we report the first detection in space of NCO towards the
dense core L483. We also report the identification of the ion H2NCO+, definitively confirming its presence in space, and observations
of HNCO, HOCN, and HCNO in the same source. For NCO, we derive a column density of 2.2⇥1012 cm�2, which means that it is only
⇠5 times less abundant than HNCO. We find that H2NCO+, HOCN and HCNO have abundances relative to HNCO of 1/400, 1/80,
and 1/160, respectively. Both NCO and H2NCO+ are involved in the production of HNCO and several of its isomers. We have updated
our previous chemical models involving NCO and the production of the CHNO isomers. Taking into account the uncertainties in the
model, the observed abundances are reproduced relatively well. Indeed, the detection of NCO and H2NCO+ in L483 supports the
chemical pathways to the formation of the detected CHNO isomers. Sensitive observations of NCO in sources where other molecules
containing the C(=O)-N subunit have been detected could help in elucidating its role in prebiotic chemistry in space.

Key words. Astrochemistry – ISM: clouds, L483 – ISM: abundances – Stars: formation, low-mass Line: identification

1. Introduction

Most molecules observed in space can be formed with just four
atoms, H, C, N, and O. These atoms are the building blocks of or-
ganic and prebiotic molecules, and arranged together, constitute
the backbone of the peptide bond R–C(=O)–N(–H)–R0, which
links two amino acids and allows to build large proteins. There-
fore, the observation of simple molecules with the C(=O)–N
group in space can provide important clues on the earliest chem-
ical steps in the synthesis of amino acids. The isocyanate radical
(NCO) is the simplest such species and it is predicted to be abun-
dant in dark clouds (Prasad & Huntress 1978; Marcelino et al.
2009). It is also the main precursor of isocyanic acid (HNCO),
a species that has been found in a large variety of interstellar
environments (see Marcelino et al. 2009, and references within).

HNCO has several metastable isomers: HOCN, HCNO, and
HONC, which lie respectively at 24.7, 70.7, and 84.1 kcal mol�1

respect to HNCO (see Schuurman et al. 2004). Two of these iso-
mers, HCNO and HOCN, have also been previously detected in
molecular clouds (Marcelino et al. 2009, 2010; Brünken et al.
2010). The chemical pathways to the formation of these species
are diverse, but the main precursors in gas-phase are the radicals
NCO and CNO (Marcelino et al. 2010; Quan et al. 2010). Fol-
lowed by protonation and hydrogenation, these radicals will lead
to the di↵erent protonated CHNO ions: H2NCO+, HNCOH+,
HCNOH+, H2OCN+, and H2CNO+ (Marcelino et al. 2010; Quan
et al. 2010). By dissociative recombination reactions, these ions

? Based on observations carried out with the IRAM 30m telescope.
IRAM is supported by INSU/CNRS (France), MPG (Germany) and
IGN (Spain).

could produce all the CHNO isomers, including the highest iso-
mer in energy HONC not detected so far in space, and also the
NCO radical (Marcelino et al. 2010). The two isomeric forms
of the protonated isocyanic acid H2NCO+ and HNCOH+, have
been studied in the laboratory (Lattanzi et al. 2012; Gupta et al.
2013), and H2NCO+ has been tentatively detected in absorption
of the low-lying rotational transitions in the centimeter band to-
wards the molecular cloud Sgr B2(N) by Gupta et al. (2013).

In this letter, we report the first detection in space of NCO
and we confirm the presence of H2NCO+ through millimeter
emission transitions. These species were detected towards L483,
a dense core located in the Aquila Rift which hosts a proto-
star, IRAS 18148�0440, in transition from Class 0 to Class I
and which shows infall motions and a collimated molecular out-
flow (Tafalla et al. 2000; Park et al. 2000). Based on the bright
emission of carbon chains like C4H (Agúndez et al. 2008; Sakai
et al. 2009), it has been suggested that L483 may host a warm-
carbon-chain-chemistry environment. Apart from carbon chains,
L483 is also rich in O-bearing organic molecules such as HCO,
HCCO, H2CCO, CH3CHO, HCCCHO, and c-C3H2O (Agúndez
et al. 2015a; Loison et al. 2016). Recently, the chemical rich-
ness of the source has been evidenced with the discovery of
several new molecules: HCCO, NCCNH+, NS+, HCS, and HSC
(Agúndez et al. 2015a,b, 2018; Cernicharo et al. 2018). Recent
ALMA observations have shown a chemical di↵erentiation in
L483, with carbon chains such as C2H tracing the envelope and
more complex organics like HNCO, NH2CHO, and HCOOCH3
being distributed around the protostar (Oya et al. 2017). The
detection of NCO and H2NCO+ around a low-mass protostar
such as L483 can thus shed light on the formation of prebiotic
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Detected Species

Number of Atoms

2 3 4 5 6 8

C17O C2H C3O c-C3H2 CH3CHO CH3OCHO
C18O HCN HOCO+ l-C3H2 CH3CCH

13C18O HC15N HDCS c-CC13CH2

CN H13CN H2CS c-C3HD
13CN H15NC H2C34S C4H
SO HN13C D2CS t-HCOOH

S18O HCO+ HNCO H2CCO
C34S HC18O+ HOCN CH3OH
NS+ HCS+ DNCO CH2DOH

N2H+ NH2D HC3N
SO2 DC3N

34SO2

OCS
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Analysis

• Performed with GILDAS/CLASS and CASSIS

• Assuming LTE conditions

• Line opacity checked for each transition

• τ = −ln
[
1− TMB

f [Jν(Tex )−Jν(Tbg )]

]

• Started with iCOMs (LAMs, COMs...)

• More refined analysis for CH3OH
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COMs Spectra

95951 95948 95945

10 5 0 5 10

Velocity [km/s]

0.04

0.02

0.00

0.02

0.04

T m
b[

K]

Frequency [MHz]

CH3CHO 
Best-fit

101986 101982 101979

10 5 0 5 10

Velocity [km/s]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

T m
b[

K]

Frequency [MHz]

H2CCO  
Best-fit

89583 89580 89577

10 5 0 5 10

Velocity [km/s]

0.00

0.01

0.02

0.03

0.04

0.05

T m
b[

K]

Frequency [MHz]

t-HCOOH
Best-fit

85459 85456 85454

10 5 0 5 10

Velocity [km/s]

0.00

0.01

0.02

0.03

0.04

T m
b[

K]

Frequency [MHz]

CH3CCH 
Best-fit

88851 88847 88843

25 20 15 10 5 0 5

Velocity [km/s]

0.005

0.000

0.005

0.010

0.015

T m
b[

K]

Frequency [MHz]

CH3OCHO
Best-fit

96745 96742 96739

10 5 0 5 10

Velocity [km/s]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

T m
b[

K]

Frequency [MHz]

CH3OH
Best-fit

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



Methanol in LTE
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Methanol in LTE

L183 L1544
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Ntot = (9.1 ± 6.0) x 1013 cm 2

51, 5-40, 4 (E2 E1)

21, 2-11, 1 (E2)20, 2-10, 1 (A + )

20, 2-10, 1 (E1)

00, 0-11, 1 (E1 E2)

CH3OH Rotational Diagram

A&A proofs: manuscript no. aa23858-14

Fig. 3. CH3OH lines observed towards the (0′′, 0′′) position of L1544. Left: group of 21,2−11,1 and 20,2−20,1 transitions. Right: 00,0−11,1 (E1 − E2)
line. The spectral rms is ∼3 mK. The red solid line plots the Gaussian fit obtained using CLASS.

Table 2. Results of the CLASS GAUSS fit on the observed spectral
profile of the methanol lines observed towards L1544.

Line vLSR

∫
T ∗A v ∆v

(km s−1) (mK km s−1) (km s−1)

CH3OH
20,2−10,1 (A+) 7.1804(11) 472.4(25) 0.3888(12)a

21,2−11,1 (E2) 7.1808(14) 360.7(25) 0.3888(12)a

20,2−10,1 (E1) 7.194(11) 43.0(20) 0.3888(12)a

00,0−11,1 (E1 − E2) 7.1723(78) 67.1(30) 0.346(17)
CH2DOH
(20,2−10,1, e0) 6.889(24) 30.5(42) 0.358(60)
(30,3−20,2, e0) 6.939(22) 31.3(45) 0.313(48)

Notes. Numbers in parentheses refer to 3σ uncertainties in units of the
last quoted digit. (a) Fitted as average value.

diagram method (Goldsmith & Langer 1999). We used here the1

modified method described by Nummelin et al. (2000), which2

also includes the cosmic background emission and the peak op-3

tical depth in addition to Tex and N. In this approach, the opti-4

mised parameters were sought by minimising the squared sum5

of the error weighted differences between observed and mod-6

elled line intensities. These intensities are derived through the7

radiative transfer equality8

Tmb = ηbf [Jν(Tex) − Jν(Tbg)] (1 − e−τν), (1)

where ηbf is the source-beam filling factor, and Jν(T ) is the9

equivalent Rayleigh-Jeans temperature. Assuming a Gaussian10

line profile, the peak opacity of each transition is obtained as11

τ
(peak)
ν =

√
ln 2
16π3

c3AguN
ν3Q(Tex)∆v

e−Eu/kTex
(
ehν/kTex − 1

)
. (2)

Here, ν is the emission frequency, ∆v the FWHM line width in12

units of velocity, Eu the energy of the upper level (as listed in13

Table 1), gu the rotational degeneracy, A the Einstein’s coeffi-14

cient for spontaneous emission, and Q(T ) is the rotation partition15

function at temperature T . This is computed by summing over16

all (A + E) rotational levels (Xu & Lovas 1997), whose energies17

are available at the CDMS2 (Müller et al. 2005). Throughout the18

calculations, the average FWHM line width of 0.37 km s−1 was19

used and the beam filling factor ηbf was set to unity.20

2 Cologne Databases for Molecular Spectroscopy, URL: http://
www.astro.uni-koeln.de/cdms/
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Linear fit

Fig. 4. Rotational diagram produced by the four CH3OH lines observed
towards L1544. A considerable scatter is apparent. The red dashed line
represent the “best” linear fit of all data and yields Tex = 6 ± 3 K (see
text).

Once the best-fit N and Tex are determined through Eqs. (1) 21

and (2), the match between observed and modelled data can be 22

presented in a population diagram fashion, ln(Nu/gu) vs. Eu, 23

where the Nu value for each transition is derived from the corre- 24

sponding peak optical opacity through 25

Nu = [Bν(Tex) − Bν(Tbg)]

√
4π3

ln 2
τ

(peak)
ν ∆v

hcA
· (3)

The result of this comparison is illustrated in Fig. 4. The ob- 26

served points exhibit a considerable scatter, largely exceed- 27

ing the estimated error bars (∼15%, including calibration and 28

pointing uncertainties). The largest deviations are shown by the 29

21,2−11,1 (E2) line, which appears substantially brighter than ex- 30

pected. The best-fit modelled points instead lie on a straight 31

line, not far from the linear fit obtained under the assump- 32

tions of optically thin emission and negligible background ra- 33

diation (Goldsmith & Langer 1999). Indeed, the derived peak 34

optical depths are moderate (τ < 0.4) and the cosmic back- 35

ground (Tbg = 2.7 K) emission merely acts as an offset. Figure 4 36

clearly indicates that excitation anomalies are present, thus pre- 37

venting determination of a unique excitation temperature for all 38
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Methanol non-LTE analysis – long story short

2.0 2.5 3.0 3.5 4.0 4.5

Log(r[AU])

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

T e
x [

K]
Excitation Temperatures

20, 2 10, 1 (A + )
21, 2 11, 1 (E2)
20, 2 10, 1 (E1)
00, 0 11, 1 (E1 E2)
CMB

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



L183 & L1544

• Deeper analysis – extending molecular sample

• L1544 well studied prestellar core in Taurus

• Several molecular studies in literature

• Recent high-sensitivity single-pointing observations from ASAI (now publicly

available)

• Literature (or in preparation) data where available

• Otherwise ASAI data – same analysis method as for L183
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L183 at 3mm

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



Results – I

• First Case: ≤ 2 transitions detected in L183 and no literature data for L1544.

Species L183 L1544

Tex = 5K Tex = 10K Tex = 5K Tex = 10K

13C18O (3.9±0.6)× 1013 (3.3±0.5)× 1013 (3.6±0.6)× 1013 (3.0±0.5)× 1013

DC3N (8.2±1.3)× 1011 (1.3±0.2)× 1011 (7.4±1.1)× 1012 (1.2±0.2)× 1012

DNCO (1.2±0.2)× 1012 (4.9±0.8)× 1011 (2.6±0.4)× 1012 (1.0±0.2)× 1012

H15NC (3.8±0.6)× 1011 (3.4±0.5)× 1011 (7.5±1.1)× 1011 (6.8±1.0)× 1011

HC18O+ (5.7±0.9)× 1010 (5.2±0.8)× 1010 (1.3±0.2)× 1011 (1.2±0.2)× 1011

HN13C (1.4±0.2)× 1012 (1.3±0.2)× 1012 (2.5±0.4)× 1012 (2.3±0.4)× 1012

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



Results – II

• Second Case: ≤ 2 transitions detected in L183 and literature data for L1544.

Species L183 L1544

Tex = 5K Tex = 10K Tex (K) Nobs (cm−2)

c-C3H2 (3.5±0.6)× 1012 (1.4±0.2)× 1012 6 (3.7±0.1)× 1013

c-H13CCCH (1.9±0.3)× 1011 (2.0±0.3)× 1011 6 (9.6±0.4)× 1011

C34S (7.8±1.2)× 1011 (5.7±0.9)× 1011 10 (7.8–8.3)× 1011

C3O (7.6±1.2)× 1011 (1.4±0.2)× 1011 10 2.0× 1011

HCS+ (1.8±0.3)× 1011 (1.4±0.2)× 1011 10 (6.2–6.5)× 1011

HDCS (8.1±1.2)× 1011 (6.8±1.0)× 1011 6.8±0.6 (1.6±0.8)× 1012

HOCO+ (4.4±0.7)× 1011 (2.4±0.4)× 1011 8.5 1.9× 1011

NS+ (1.2±0.3)× 1010 (8.4±2.1)× 1009 12 2.3× 1010

S18O (1.2±0.2)× 1012 (8.5±1.3)× 1011 6–8 (3.0–3.2)× 1011

SO2 (3.5±0.5)× 1012 (3.4±0.5)× 1012 12±1 (2.0–3.5)× 1012

CH3CCH (3.4±0.6)× 1012 (1.8±0.3)× 1012 11±2 2.0× 1013

D2CS (5.1±0.8)× 1011 (4.2±0.6)× 1011 9.6±1.5 (1.1±0.7)× 1012

H2C
34S (1.8±0.4)× 1011 (1.9±0.4)× 1011 14.1±2.0 (3.5±0.7)× 1011

HNCO (5.8±0.9)× 1012 (3.2±0.5)× 1012 10 (4.0±1.0)× 1012

HOCN (7.9±1.4)× 1010 (4.5±0.8)× 1010 10 (4.0±2.0)× 1010

SO (6.0±1.0)× 1014 (4.3±0.7)× 1014 9.7±1.8 (5.2±0.8)× 1012

HC3N (7.3±1.1)× 1012 (6.1±0.9)× 1011 7.2±0.2 (8.0±0.4)× 1013

l-C3H2 (1.1±0.3)× 1011 (4.1±1.0)× 1010 4 1.1× 1012

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



Results – III
• Third Case: 2 transitions detected in L183.

MCMC analysis for L183 and literature data for L1544.

Species L183 L1544

Tex (K) Nobs (cm−2) Tex (K) Nobs (cm−2)

CH3CHO 5.5±0.4 (3.1±0.6)× 1012 17±1 5.0× 1011

t-HCOOH 8.1±0.8 (1.4±0.3)× 1012 10 5.0× 1011

CH3OCHO 14.9±2.0 (1.0±0.1)× 1012 5.1±2.3 (4.4±4.0)× 1012

H2CCO 21.3±1.6 (1.1±0.1)× 1012 27±1 5.0× 1012

CH2DOH 6.8±0.5 (1.9±0.2)× 1012 5–8 (2.4±0.9)× 1012

OCS 11.0±1.2 (7.4±1.0)× 1012 5.6±0.2 (6.5±0.9)× 1012

H2CS 12.3±0.7 (1.7±0.1)× 1012 12.3±0.7 (7.3±1.0)× 1012

c-C3HD 6.5±0.8 (6.1±0.7)× 1011 6 (6.2±0.3)× 1012

C4H 5.1±0.1 (4.2±0.4)× 1013 10 (1.8±0.6)× 1014

CCH 11.9±6.6 (3.8±0.6)× 1013 4.3 (2.4±0.8)× 1014

C17O 11.5±0.8 (5.1±0.1)× 1014 10 6.6× 1014

N2H+ 4.6±0.1 (1.2±0.2)× 1013 5.0±0.2 (1.8±0.2)× 1013

NH2D 5.6±0.1 (2.3±0.1)× 1014 10 (2.6±0.1)× 1013

H13CN 3.0±0.1 (9.4±0.5)× 1011 3.4±0.1 (1.3±0.1)× 1012

CH3OH – (4.9±0.7)× 1013 – (2.7±0.6)× 1013

ISMS 2018 (Champaign-Urbana) Molecular Complexity in Prestellar Cores June 21, 2018



Column Density ratio
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Column Density ratio
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L183 and Chemical Model

• Molecular abundances compared to chemical model by Vasyunin+ (2017)
• Advanced gas-grain astrochemical model
• Multilayer approach to the ice-surface chemistry
• Reactive desorption based on recent experiments

• In 2017 only iCOMs in L1544 considered

• Radial distribution of density and temperature from physical model

• Herschel beam does not resolve denser part of the core

• For the inner 3000 AU distributions combined with L1544 model density profile
(Keto & Caselli 2010)
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Evolution of the Chemical Model

• Larger molecular set → more challenging

• Model 2: modified initial chemical composition

• from Diffuse Cloud (Av =2, n = 102 cm−3) to Dark cloud (Av =10, n = 104 cm−3)

• → no improvement.

• Model 3: Updated reaction rates, added new chemical reactions.
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L183: observations VS chemical models

Species Column Density (cm−2)

Observed Model 1 Model 2 Model 3

SO 6.0× 1014 3.2× 1014 5.4× 1014 3.7× 1014

OCS 7.4× 1012 1.9× 1012 1.5× 1011 3.2× 1012

H2CS 1.7× 1012 1.3× 1013 1.4× 1013 1.3× 1013

SO2 3.5× 1012 1.6× 1014 9.5× 1014 2.2× 1014

CS 7.8× 1012 1.8× 1013 2.6× 1012 2.5× 1013

HCS+ 1.8× 1011 2.9× 1010 2.3× 1010 2.9× 1010

CH3OCHO 1.0× 1012 5.5× 1010 1.8× 1011 1.2× 1011

HCOOH 1.4× 1012 9.1× 1012 2.0× 1012 8.9× 1012

CH3CHO 3.1× 1012 3.6× 1013 9.9× 1011 1.5× 1012

CH3CCH 3.4× 1012 1.1× 1013 1.1× 1012 1.5× 1013

CH3OH 4.9× 1013 2.2× 1014 5.2× 1013 3.5× 1014

H2CCO 1.1× 1012 2.7× 1013 5.8× 1011 7.4× 1012

N2H
+ 1.2× 1013 3.8× 1012 5.9× 1012 2.5× 1012

C2H 6.3× 1013 5.1× 1013 3.7× 1012 4.9× 1013

C4H 4.2× 1013 4.2× 1013 1.1× 1013 4.5× 1013

HNCO 5.8× 1012 8.0× 1011 2.1× 1012 8.5× 1011

HC3N 7.3× 1012 4.9× 1012 1.0× 1010 4.1× 1012

HCO+ 2.9× 1013 1.7× 1013 8.8× 1012 1.5× 1013

HOCO+ 4.4× 1011 9.9× 1010 3.0× 1011 7.1× 1010

CO 8.5× 1017 5.6× 1017 7.1× 1016 6.7× 1017

HCN 6.0× 1013 5.4× 1013 6.2× 1012 6.2× 1013
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Conclusions

• More than 100 emission features from 46 molecular species

• First detection of NS+, Methyl Formate, and D-Methanol in L183

• Column densities compared to those found in the dust peak of L1544

• C/O differentiation of the two sources:
• L183 is richer in O-bearing species
• L183 core more embedded than L1544
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H2 distribution: L183 & L1544

Spezzano+, 2016
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Conclusions

• More than 100 emission features from 46 molecular species

• First detection of Methyl Formate and D-Methanol in L183

• Column densities compared to those found in the dust peak of L1544

• C/O differentiation of the two sources:
• L183 is richer in O-bearing species
• L183 core more embedded than L1544
• Screen of the core from the ISRF
• ⇒ allowing most of C → CO and little for C-chains

• Environmental conditions (more than time evolution) translate into chemical
differentiation

• SO2 model issue:
• SO + OH → SO2 + H
• OH might be overestimated in the model, although consistent with previous

estimations
• Uncertain rate coefficient at low temperatures (measured only T≥ 300 K)
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Next

• Extend new chemical model to L1544

• Follow-up mapping of L183 already performed

• Extend L183 VS L1544 comparison

• Methanol and D-Methanol

• Chemical differentiation

• Environmental conditions

• L. Bizzocchi, P. Caselli, J. Harju, A. Vasyunin, C. Vastel, B. Lefloch, R. Bachiller

Post-Doctoral Position @ CAS on ION TRAP
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Methanol non-LTE analysis

• Refined analysis using RT code MOLLIE

Keto & Rybicki, ApJ 2010

• Spherically symmetric model for density and temperature

• Based on Herschel/SPIRE maps at 250, 350, and 500µm

• Gas and Dust temperature assumed equal (valid for n & 105cm−3)

• 3-D models of n and T distributions averaged within spherical shells around the

density maximum
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L183 Physical Model
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Methanol non-LTE analysis – 2

• De-excitation rates for p−H2/A−CH3OH and p−H2/E−CH3OH for the

statistical equilibrium calculations

Rabli & Flower, MNRAS 2010

• o−H2/p−H2 very low in pre-stellar cores

• Input: CH3OH abundance converted into a radial abundance profile

• Output: data cube w/ spectral distribution of the emerging radiation field

• convolution with the telescope beam

• extract central pixel and comparing with observations

• χ2−fit optimization observed VS modelled spectra
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Methanol non-LTE analysis – 3
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Collisional artefacts
A&A proofs: manuscript no. aa23858-14
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Fig. 8. Rotational energy plot for the lowest levels of E-CH3OH.
Active collisional channels are indicated by the upward grey ar-
rows, with solid lines marking “strong” collisional transitions (upward
rate >10−11 cm3 s−1 at 10 K, Rabli & Flower 2010a). Red solid arrows
indicate the observed radiative transitions.

lower 11,1 and 21,2 states have rate coefficients that are set to zero1

in the present E-CH3OH/p-H2 data set (Rabli & Flower 2010a).2

As discussed in Rabli & Flower (2010b), this is an artefact of3

the coupled state (CS) approximation used in the production of4

the collision cross sections, and it is very likely that the colli-5

sional 00,0−11,1 and 00,0−21,2 transitions actually have small, but6

non-zero, rate coefficients.7

Repeated tests using altered sets of collisional data showed8

that rate coefficients as small as 3 × 10−11 cm3 s−1 (ca. one third9

of the 21,2−11,1 upward rate) allow for a satisfactory modelling10

of the 00,0−11,1 (E1 − E2) emission without significantly alter-11

ing the fit quality of the 21,2−11,1 (E2) and 20,2−10,1 (E1) transi-12

tions. This finding thus suggests that the difficulties encountered13

in modelling the 00,0−11,1 (E1 − E2) line are indeed caused by14

small inaccuracies in the collisional dataset used.15

An estimate of the error bar associated to the CH3OH col-16

umn density was obtained as in Bizzocchi et al. (2013). The17

Gaussian width of the χ2 profile (plotted vs. the free parame-18

ter) is used to get an estimate of the uncertainty involved in the19

optimisation process (∼19%). A further 10% error is added in20

quadrature to take the telescope calibration into account, yield-21

ing a final estimate of a 22% relative uncertainty. We thus ended22

with N(CH3OH) = (2.7 ± 0.6) × 1013 cm−2. This value is not far23

from the uncertain results derived using an LTE approach in24

Sect. 3.2, and it provides a more accurate constraint for the25

CH3OH column density in L1544.26

3.4. Singly deuterated methanol (CH2DOH)27

Two lines of CH2DOH have been detected towards L1544,28

20,2−10,1 and 30,3−20,2, at 98.4 and 134.1 GHz, respectively.29

Both are a-type transitions belonging to the lower e0 torsional30

state (see Table 1). The observations are shown in Fig. 9, and31

the results of the CLASS Gaussian fits are reported in the last32

two rows of Table 2. Interestingly, both CH2DOH lines peak33

Table 3. CH2DOH column densities determined in L1544 assuming op-
tically thin emission and excitation temperature in the 5–8 K interval.

N/1012 cm−2

Tex = 5 K Tex = 6.5 K Tex = 8 K

Q(T )a 9.603 15.251 22.447
20,2−10,1 (e0) 2.11 2.14 2.43
30,3−20,2 (e0) 2.96 2.30 2.22

Notes. (a) Rotational partition function.

at a slightly bluer velocity compared to the ones of the parent 34

species, which in turn are consistent with the systemic velocity 35

of L1544 (7.2 km s−1, Caselli et al. 2002a). The difference, ca. 36

0.3 km s−1, is small but significant given the fit statistical errors 37

(<0.003 km s−1 for most lines) and the spectral channel spacing 38

of the observations (0.11−0.15 km s−1). It is also unlikely to be 39

due to uncertainties in the rest frequencies because they are pre- 40

dicted to be as small as ∼0.005 km s−1. The slight discrepancy 41

is thus suggestive of a complex cloud dynamics, and it suggests 42

that deuterated methanol traces a more confined (maybe inner) 43

region with respect to its parent species. To confirm this, a map 44

of CH2DOH is required. 45

The CH2DOH column density can be calculated from each 46

transition assuming LTE conditions and optically thin emission 47

once a suitable constraint for the excitation temperature, Tex, is 48

available. It holds that 49

N =
8πν3

c3

Q(Tex)
guAul

eEu/kTex

ehν/kTex − 1

[
Jν(Tex) − Jν(Tbg)

]−1
∫

Tmbdv. (4)

Given the uncertainty of the excitation temperature determined 50

for the parent species, the column density of the deuterated vari- 51

ant is derived through Eq. (4) assuming Tex ranging between 5 52

and 8 K. The results are collected in Table 3. 53

The rotational partition function, Q(T ) (whose values are 54

also reported in Table 3) refers to the entire CH2DOH popula- 55

tion (i.e., it includes e0, e1, and o1 levels) and was calculated 56

by summing over rotational levels using the spectroscopic data 57

of Pearson et al. (2012). The error bar of the CH2DOH col- 58

umn density is estimated adding in quadrature the calibration 59

error (∼15%) and the maximum dispersion due to the uncer- 60

tainty in Tex. In this way we obtain N(CH2DOH) = (2.4 ± 0.9)× 61

1012 cm−2. 62

We also performed sensitive observations at the frequency of 63

the 11,0−10,1 (A− −A+) line of the singly deuterated CH3OD iso- 64

topologue, but they resulted in a non-detection. The achieved 3σ 65

sensitivity was 7 mK km s−1 (assuming a line width similar to 66

that found for CH2DOH) thus, with Tex constrained in the 5–8 K 67

interval, we derived a 3σ upper limit of 2.4 × 1011 cm−2 for the 68

beam-averaged CH3OD column density (see next section for a 69

possible explanation of this non-detection). 70

4. Discussion and conclusion 71

We have detected two lines of CH2DOH in L1544 and car- 72

ried out an accurate evaluation of the methanol deuteration in 73

a cold pre-stellar gas. From the beam-averaged column densities 74

computed in Sects. 3.3 and 3.4, we obtain a fractionation ratio 75

[CH2DOH]/[CH3OH] = 0.10 ± 0.03, a value significantly lower 76

than the ones measured in low-mass Class 0 protostars (0.4–0.6, 77

Article number, page 6 of 8

• Collisional transitions connecting 00,0 to 11,1

and 21,2 have rate coefficients set to zero

• Artefact of the coupled state approximation

• Using 1/4 of 21,2 − 11,1 satisfactory modelling

the 00,0 − 11,1(E1 − E2) transition w/o altering

the others
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Density distribution

Merged density profile for L183
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