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A B S T R A C T 

One of the most fundamental hypotheses in astrochemistry and astrobiology states that crucial biotic molecules like glycine 
(NH 2 CH 2 COOH) found in meteorites and comets are inherited from early phases of star formation. Most observational searches 
for glycine in the interstellar medium have focused on warm high-mass molecular cloud sources. Ho we ver, recent studies suggest 
that it might be appropriate to shift the observational focus to cold low-mass sources. We aim to detect glycine towards the 
so-called methanol hotspot in the Barnard 5 dark cloud. The hotspot is a cold source ( T gas ≈ 7.5 K) with yet high abundances of 
complex organic molecules (COMs) and water in the gas phase. We carried out deep pointed observations with the Onsala 20 m 

telescope, targeting several transitions of glycine conformers I and II (Gly-I and Gly-II) in the frequency range 70.2–77.9 GHz. 
No glycine lines are detected towards the targeted position, but we use a line stacking procedure to derive sensitive abundance 
upper limits w.r.t. H 2 for Gly-I and Gly-II, i.e. ≤(2–5) × 10 

−10 and ≤(0.7–3) × 10 

−11 , respectively. The obtained Gly-II upper 
limits are the most stringent for a cold source, while the Gly-I upper limits are mostly on the same order as previously measured 

limits. The measured abundances w.r.t. H 2 of other COMs at the B5 methanol hotspot range from 2 × 10 

−10 (acetaldehyde) to 

2 × 10 

−8 (methanol). Hence, based on a total glycine upper limit of (2–5) × 10 

−10 , we cannot rule out that glycine is present 
but undetected. 

Key words: astrobiology – astrochemistry – ISM: abundances – ISM: molecules. 
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 I N T RO D U C T I O N  

lycine ( NH 2 CH 2 COOH ) is the simplest amino acid used in the 
etabolism of terrestrial lifeforms. Since its first detection in mete- 

rites in the 1970s (Kvenvolden et al. 1970 ; Cronin & Pizzarello
999 ; Ehrenfreund et al. 2001 ; Botta et al. 2002 ; Glavin et al.
006 ; Koga & Naraoka 2017 ) it has been speculated that prebiotic
aterials have been delivered to Earth by smaller impacting bodies 

Hoyle & Wickramasinghe 1977 ; Ehrenfreund & Charnley 2000 ). 
his hypothesis is supported by the identification of glycine in the 
omas of comets 81P/Wild 2 (Elsila, Glavin & Dworkin 2009 ) and
7P/Churyumo v–Gerasimenko (Altwe gg et al. 2016 ; Hadraoui et al. 
019 ), as well as in samples from asteroid (162173) Ryugu (Naraoka
t al. 2023 ). There is general consensus that meteoric glycine is
ainly the product of aqueous alteration in subsurface layers of the 

steroidal host bodies (Lee et al. 2009 ; Ioppolo et al. 2021 , and
eferences therein). On the other hand, the study by Hadraoui et al.
 2019 ) suggests that cometary glycine is more pristine and might
ndeed have an interstellar origin. 

To test the claimed hypothesis, astronomers have searched for 
igns of interstellar amino acids, in particular glycine, for more than 
our decades (Brown et al. 1979 ; Hollis et al. 1980 ; Snyder et al. 1983 ;
erulis et al. 1985 ; Gu ́elin & Cernicharo 1989 ; Combes, Rieu &
lodarczak 1996 ; Ceccarelli et al. 2000 ; Hollis et al. 2003a, b ; Kuan
 E-mail: tadeus.carl@chalmers.se 

c
(  
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
t al. 2003 ; Snyder et al. 2005 ; Cunningham et al. 2007 ; Jones et al.
007 ; Belloche et al. 2008 ; Gu ́elin et al. 2008 ; Drozdovskaya et al.
019 ; Jim ́enez-Serra et al. 2020 ). Ho we ver, no clear detection has
een made to this day. Most studies have focused on high-mass star-
orming regions (especially hot cores in Sgr B2 and Ori A), although
ome low-mass dark cloud sources have been included in the sample
ets of Brown et al. ( 1979 ) and Snyder et al. ( 1983 ). Only Ceccarelli
t al. ( 2000 ) and Drozdovskaya et al. ( 2019 ) investigated low-mass
rotostellar sources (hot corinos). 
Hot cores with kinetic temperatures of 100–200 K are often the first

hoice when searching for complex organic molecules (COMs) due 
o the o v erall large amount of available material combined with a rich
hemistry and line variety. In the case of glycine, the observational
ocus on hot cores has been justified by early theoretical (Sorrell
001 ; Woon 2002 ; Garrod 2013 ) and experimental (Bernstein et al.
002 ; Mu ̃ noz Caro et al. 2002 ; Holtom et al. 2005 ; Lee et al. 2009 )
tudies, indicating that glycine could only form by means of ener-
etic (UV/electron/thermal) processing of interstellar ices, involving 
emperatures > 50 K. There is, ho we ver, increasing e vidence that a
hift of focus to cold ( ∼10 K) low-mass sources might be appropriate
hen searching for glycine. 
It is known from observations since the 1980s that COMs like
ethanol (CH 3 OH), acetaldehyde (CH 3 CHO), or methyl formate 

CH 3 OCHO) can reach significant abundances in cold molecular 
loud sources such as TMC-1, L1689B, L1544, and Barnard 5 
Matthews, Friberg & Irvine 1985 ; Friberg et al. 1988 ; Marcelino
t al. 2007 ; Bacmann et al. 2012 ; Vastel et al. 2014 ; Jim ́enez-Serra
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Schematic view of the conformers of parent and daughter 
molecules in the considered reactions that form glycine ( NH 2 CH 2 COOH ) 
and formic acid (HCOOH) on an interstellar ice surface. Left column: 
hydrogenation of c -HOCO leads to t -HCOOH, while the radical–radical 
reaction NH 2 CH 2 + c -HOCO leads to Gly-I. Right column: hydrogenation of 
t -HOCO leads to c -HCOOH, and NH 2 CH 2 + t -HOCO forms Gly-II. Credit: 
Jose Aponte. 
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1 Following Wirstr ̈om et al. ( 2014 ), the term methanol ‘hotspot’ is used to 
indicate the position of the methanol intensity peak. 
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t al. 2016 ; Taquet et al. 2017 ). Based on that high degree of chemical
omplexity, Jim ́enez-Serra et al. ( 2014 ) tested the detectability of
lycine with radiative transfer models for the prototypical pre-
tellar core L1544, indicating that several glycine transitions with
n upper level energy E u < 30 K and an Einstein coefficient of
pontaneous emission A ul ≥ 10 −6 s −1 can reach detectable intensities
n cold sources. Furthermore, severe observational issues with hot
ores, such as line blending and multiple velocity components, can
e a v oided when observing colder, quiescent sources with lower
ine densities and narrower line widths. In addition, a combined
xperimental and theoretical study by Ioppolo et al. ( 2021 ) has
ecently shown for the first time that glycine can form on the surface
f interstellar ices at low temperatures ( ∼13 K) and in the absence
f energetic irradiation. Experiments and modelling agree that the
ain route of formation is the radical–radical reaction 

H 2 CH 2 + HOCO −→ NH 2 CH 2 COOH . (1) 

As many molecules, glycine has several stable conformational
somers with different zero-point energies. The two lowest-energy
onformers of glycine are denoted with I and II (hereafter, Gly-
 and Gly-II). The zero-point energy of Gly-II is approximately
007 ± 101 K higher than that of the lower energy conformer Gly-I,
hile the electric dipole moment of Gly-II is approximately six times
igher than that of Gly-I (Lovas et al. 1995 ). Since spectral intensity
s proportional to the square of the dipole moment, the intensity of
ly-II is enhanced by a factor of approximately 36 o v er Gly-I. This

eads to an anomalous high intensity ratio of both conformers, i.e.
 much weaker rotational spectrum of Gly-I compared to Gly-II,
espite the lower zero-point energy of Gly-I (cf. Snyder et al. 1983 ).
or this reason, Gly-II was the first conformer to be spectroscopically

dentified in the laboratory (Brown et al. 1978 ; Suenram & Lovas
978 ; Suenram & Lovas 1980 ). It is also for this reason that early
earches for glycine in the interstellar medium (ISM; Brown et al.
979 ; Snyder et al. 1983 ; Berulis et al. 1985 ) focused on transitions
f Gly-II, while all later studies focused either on Gly-I or included
ransitions of both conformers. 

Based on the spectroscopic properties of Gly-I and Gly-II, and
n purely thermodynamic grounds, much higher abundances of Gly-
 are expected over the whole molecular cloud temperature range
10–200 K). Ho we ver, observ ations have sho wn that an equilibrium
somerization is not al w ays established in molecular clouds, but
ather that the high-energy conformer of a molecule can have much
igher abundances than expected (Garc ́ıa de la Concepci ́on et al.
022 ). In the case of formic acid (HCOOH), the gas phase abundance
atio of the high-energy c ( is )-conformer to the low-energy t ( rans )-
onformer can reach values of 5–6 per cent, as found towards two
ark cloud sources, Barnard 5 and L483, with kinetic temperatures
f around 10 K (Taquet et al. 2017 ; Ag ́undez et al. 2019 ). Those
atios are several tens of orders of magnitude higher than predicted
y gas phase isomerization models including ground-state quantum
unnelling effects (Garc ́ıa de la Concepci ́on et al. 2022 ). This
ndicates that some key isomerization mechanisms are not fully
nderstood. Photoswitching mechanisms as proposed by Cuadrado
t al. ( 2016 ) can likely be neglected in well-shielded dark cloud
egions as B5 and L483. Ho we ver, Taquet et al. ( 2017 ) suggest that
he solid-state formation of molecules on interstellar ices can produce
on-equilibrium isomerizations because the outcome of a surface
eaction depends also on the relative orientation between a surface
pecies and the incoming gas phase species (e.g. Rimola, Sodupe &
gliengo 2012 ; Enrique-Romero et al. 2016 ). Furthermore, in the
articular case of formic acid, it is assumed that one major route of
olid-state formation is the reaction chain 
NRAS 524, 5993–6003 (2023) 
O + OH −→ HOCO , (2) 

OCO + H −→ HCOOH , (3) 

ith most of the HOCO radical formed in its low-energy trans -
onfiguration (Goumans, Uppal & Brown 2008 ). However, the hy-
rogenation of t -HOCO leads to c -HCOOH, which can significantly
ncrease the gas phase cis / trans ratio of formic acid, once desorbed
rom the grain surface. We argue that the same principles can lead to
nomalously high Gly-II/Gly-I gas phase ratios in cold sources like
5, if it is assumed that glycine forms in the solid phase via reaction
 1 ), and by noting that Gly-II is formed from reactions of t -HOCO
nd NH 2 CH 2 (cf. Fig. 1 ). Ho we ver, recent modelling work by Garrod
t al. ( 2022 ) suggests that several other glycine formation routes can
e very efficient at dark cloud conditions and potentially dominate
 v er reaction ( 1 ). Of these, only the reaction of NH 2 (or of NH
ollowed by H) with CH 2 COOH could lead to glycine conformers I
nd II since the latter radical is itself formed from HOCO. Thus, in
his case, the Gly-II/Gly-I ratio should also follow the c / t -HCOOH.
herefore, gas phase observations of the Gly-II/Gly-I ratio in cold
ources could in principle be used to investigate the main formation
outes of glycine at low temperatures. 

Based on the abo v e considerations, the methanol hotspot 1 in the
arnard 5 (hereafter B5) dark cloud (Perseus, d = 302 ± 21 pc;
ucker et al. 2018 ) is a promising target to search for interstellar
lycine. It is located approximately 0.55 pc to the northwest of
he prominent class-I protostar IRS-1 (see maps in Wirstr ̈om et al.
014 ; Taquet et al. 2017 ). The location of the hotspot is neither
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Table 1. Targeted Gly-I and Gly-II transitions and their spectroscopic 
properties, taken from CDMS ( cdms.astro.uni-koeln.de ; see also Ilyushin 
et al. 2005 ). 

Transition Frequency E u A ul g u 
(GHz) (K) (s −1 ) –

Gly-I 
10 3,7 − 9 3,6 71.611 56 21.5 1.5 × 10 −6 63 
11 2,10 − 10 2 9 71.646 39 22.4 1.6 × 10 −6 69 
10 2,8 − 9 2,7 71.910 30 20.2 1.6 × 10 −6 63 
12 1,12 − 11 1,11 72.559 35 23.3 1.8 × 10 −6 75 
12 0,12 − 11 0,11 72.601 11 23.3 1.8 × 10 −6 75 
11 1,10 − 10 1,9 72.841 25 22.3 1.7 × 10 −6 69 
6 3,4 − 5 2,3 73.503 46 9.9 3.5 × 10 −7 39 
11 3,9 − 10 3,8 74.923 44 24.7 1.8 × 10 −6 69 
4 4,1 − 3 3,0 75.795 27 8.6 7.2 × 10 −7 27 
4 4,0 − 3 3,1 75.802 14 8.6 7.2 × 10 −7 27 
11 4,8 − 10 4,7 75.922 23 27.1 1.8 × 10 −6 69 
11 4,7 − 10 4,6 76.913 70 27.2 1.8 × 10 −6 69 
6 3,3 − 5 2,4 77.199 06 9.9 3.7 × 10 −7 39 
12 2,11 − 11 2,10 77.652 29 26.1 2.1 × 10 −6 75 

Gly-II 
10 3,8 − 9 3,7 71.141 50 21.7 5.2 × 10 −5 63 
10 6,5 − 9 6,4 71.614 83 30.2 3.8 × 10 −5 63 
10 6,4 − 9 6,3 71.617 29 30.2 3.8 × 10 −5 63 
10 5,6 − 9 5,5 71.877 04 26.8 4.5 × 10 −5 63 
10 5,5 − 9 5,4 71.942 25 26.8 4.5 × 10 −5 63 
10 4,7 − 9 4,6 72.065 95 24.0 5.0 × 10 −5 63 
10 4,6 − 9 4,5 72.944 52 24.0 5.2 × 10 −5 63 
11 2,10 − 10 2,9 74.121 76 23.1 6.2 × 10 −5 69 
10 2,8 − 9 2,7 74.838 70 21.0 6.4 × 10 −5 63 
12 1,12 − 11 1,11 74.926 70 24.1 6.7 × 10 −5 75 
12 0,12 − 11 0,11 74.950 73 24.1 6.7 × 10 −5 75 
11 1,10 − 10 1,9 75.009 64 23.0 6.5 × 10 −5 69 
10 3,7 − 9 3,6 75.378 86 22.2 6.3 × 10 −5 63 
11 3,9 − 10 3,8 77.916 34 25.4 7.0 × 10 −5 69 
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ssociated with a prestellar core nor a protostellar source (Wirstr ̈om
t al. 2014 , and references therein). The detection of abundant water
8 × 10 −9 ) by Wirstr ̈om et al. ( 2014 ) as well as methanol (2 × 10 −8 )
nd other COMs ( ∼10 −10 ) by Taquet et al. ( 2017 ) confirms the
hemical complexity of the region; abundances are relative to H 2 . 
n addition, it is in this position that c -HCOOH has been detected
t a relative abundance of 6 per cent as compared to t -HCOOH
Taquet et al. 2017 ). The H 2 column density and dust temperature
owards the hotspot are estimated from data of the Herschel Gould 
elt surv e y 2 (HGBS) as N (H 2 ) = 1 × 10 22 cm 

−2 and T dust =
3 K, respectively 3 (Andr ́e et al. 2010 ; Roy et al. 2014 ). Non-local
hermodynamic equilibrium (LTE) radiative transfer calculations of 
ethanol emission by Taquet et al. ( 2017 ) reveal a gas kinetic

emperature of T kin = 7.5 ± 1.5 K and a gas density of n (H 2 ) =
2.25 ± 1.50) × 10 5 cm 

−3 . 
For our study, single-point observations were made with the 

nsala 20 m telescope towards the B5 hotspot, with several Gly-I
nd Gly-II transitions targeted in the frequency range ∼70–78 GHz. 
he observations are described in Section 2 , and we present the

esulting spectrum and the detected molecules in Section 3 . Glycine 
as not detected, but we derive sensitive upper limits for both glycine

onformers using spectral line stacking, as described in Section 4 . 
n that section, we also present the column density calculation for
ther detected molecules. In Section 5 , the derived glycine upper 
imits are compared to limits for other sources as well as to reported
bundances of other COMs at the position of the B5 hotspot. We
ummarize our conclusions in Section 6 . 

 OBSERVATIONS  

ur LTE analysis using T ex = 7.5 K predicts that a number of Gly-I
nd Gly-II transitions in the 4 mm band will have detectable peak
ntensities if the glycine abundance and distribution at the B5 hotspot 
s similar to other detected COMs (Taquet et al. 2017 ). The consid-
red transitions are presented in Table 1 with their spectroscopic 
roperties. Single point observations were carried out towards the 
5 hotspot with the Onsala 20 m telescope at 70.2–77.9 GHz. We
bserved for a total of ∼150 h in three observation runs in 2017,
018, and 2022. 
The receiver frontend was a 4 mm dual-polarization sideband- 

eparating HEMT receiver (Walker et al. 2016 ). This frontend has 
ommon warm optics with the 3 mm system (Belitsky et al. 2015 ).
n the 2017 observations, the centre frequency was 72 GHz, and 
n 2018, it was 76 GHz. In the 2022 observations, we used two
ettings with the centre frequencies from 2017 and 2018, referred 
o as S1 and S2, respectively. We used a symmetric dual-beam 

witching mode with a switching frequency of 1 Hz and a beam
hrow of 11 arcmin in azimuth. The half-power beamwidth at 74 GHz
s 51 arcsec. We pointed the antenna towards 03:47:32.10 RA (J2000)
nd 32:56:43.0 Dec. (J2000). Pointing and focus accuracy was 
hecked with observations of SiO masers at 86.2 GHz, and was 
ound to be within 5 arcsec for the pointing. The receiver backend
as a FFT spectrometer, consisting of four modules. To increase 

he ef fecti ve observ ation time, we used the dual-polarization mode,
o v ering about 2.5 GHz per module pair. This resulted in 4 GHz
otal bandwidth per frequency setting, with an o v erlap of about
 http:// www.herschel.fr/ cea/ gouldbelt/ en/Phocea/ Vie des labos/Ast/ast vis 
.php?id ast=66 
 We used N (H 2 ) = 1 × 10 22 cm 

−2 to update the abundances derived for water 
nd COMs in Wirstr ̈om et al. ( 2014 ) and Taquet et al. ( 2017 ). 

I

T  

s  

I  

l
i  
 GHz. The frequency resolution was 76.3 kHz, corresponding to a
elocity resolution of 0.31 km s −1 at 74 GHz. The data was calibrated
sing the chopper-wheel method and the estimated calibration 
ncertainty was 10 per cent. In the 2017, 2018, and 2022 obser-
ations, the system noise temperature varied mostly within 195–
50, 165–405, and 170–360 K, respectively, but for shorter periods 
f worse observing conditions it increased significantly abo v e 
his. 

We used the 20 m data reduction software XS for data reduction
nd correction for frequency- and ele v ation-dependent main beam 

fficiency and Doppler-shifted spectral resolution. Spectra with noise 
emperatures abo v e 500 K were e xcluded. We combined our 2017
nd 2018 data with our 2022-S1 and 2022-S2 data, respectively, 
nd averaged the dual-polarization spectra weighted by their system 

emperature and integration time. We fitted and subtracted a linear 
aseline to line-free regions in the 2017-2022-S1 and 2018-2022-S2 
veraged spectra, and combined them to one spectrum. 

 RESULTI NG  SPECTRUM  A N D  LI NE  

DENTI FI CATI ON  

he resulting spectrum of our observ ations to wards the B5 hotspot is
hown in Fig. 2 . The frequencies of the targeted Gly-I and Gly-
I transitions from Table 1 are marked by solid green and blue
ines, respectively. The selection of considered glycine transitions 
s described in more detail in Section 4.1 . The RMS noise towards
MNRAS 524, 5993–6003 (2023) 

http://www.herschel.fr/cea/gouldbelt/en/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=66
file:cdms.astro.uni-koeln.de
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M

Figure 2. Spectrum towards the B5 methanol hotspot in the frequency range 70.2–77.9 GHz. The solid green and blue lines mark the frequencies of targeted 
Gly-I and Gly-II transitions, respectively. The peak intensity of the truncated H 2 CO(1-0) line is at ∼1.22 K. The ne gativ e feature at ∼71.44 GHz and the positive 
feature at ∼72.95 GHz, left of the OCS(6-5) peak, are bad channels. 
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he low-frequency end of the spectrum is ∼6.2 mK. It decreases with
requency to reach ∼4.2 mK towards the high-frequency end. In
egions where the backend modules o v erlap, around 72 and 76 GHz,
here is a noticeable decrease in noise due to the spectral resampling
esulting in an increase of the ef fecti ve channel width. 

None of the targeted glycine lines shows an intensity abo v e the
oise level but we use spectral line stacking to derive column density
nd abundance upper limits for Gly-I and Gly-II, separately. This is
escribed in more detail in Section 4.1 . 
We do detect emission lines from acetaldehyde (CH 3 CHO),

ormaldehyde (H 2 CO; H 2 
13 CO), the DCO 

+ ion, deuterated hydrogen
soc yanide (DNC), carbon yl sulfide (OCS), and sulfur dioxide (SO 2 ;
4 SO 2 ). The detected transitions are listed in column two of Table 2
ogether with their line width and integrated intensity (last two
olumns). The individual spectral lines with their Gaussian fits are
hown in Fig. A1 . 

 ANALYSIS  

.1 Glycine upper limits 

pectral line stacking is used to derive the highest sensitivity
stimates possible for the column density upper limits of Gly-I and
ly-II. Our stacking method consists of four steps: 

(1) identification of the presumably strongest transitions, 
(2) extraction of spectra around the transition frequencies of the

dentified transitions, 
(3) conversion of intensity scale to column density scale in all

pectra, assuming LTE conditions, 
(4) averaging of the obtained column density spectra. 

Assuming LTE conditions and optically thin emission, the total,
eam-averaged column density of a molecule can be written as 

 tot = 

1 

C 

∫ 

T mb d v, (4) 
NRAS 524, 5993–6003 (2023) 
here T mb d v is the integrated intensity and C is a constant, given
s 

 = 

hc 3 

8 πk B 

g u A ul 

ν2 

exp ( −E u /T ex ) 

Q rot ( T ex ) 

[
1 − J ν( T bg ) 

J ν( T ex ) 

]
. (5) 

 is the Planck constant, c is the speed of light, k B is the Boltzmann
onstant, T ex is the excitation temperature, and T bg is the CMB
emperature. The line-specific spectroscopic parameters are the total
e generac y g u , Einstein coefficient for spontaneous emission A ul ,
ransition (rest) frequency ν, upper state energy E u (in Kelvin), and
he rotational partition function Q rot at T = T ex . Furthermore, J ν( T )
s the temperature equi v alent of the specific intensity, given as 

 ν( T ) = 

hν

k B 

[
exp 

(
hν

k B T 

)
− 1 

]−1 

. (6) 

he last term in equation ( 5 ) is only needed if T ex is comparable to
 bg , which is the case for the B5 hotspot. According to equation ( 4 ),

he column density in one spectral channel of width �v is given by 

 

ch 
tot = 

T ch 
A �v 

C 

, (7) 

nd for step (1), we estimate the antenna temperature in one channel
 T ch 

A ) for all Gly-I and Gly-II transitions in the frequency range
0.2–77.9 GHz. We assume N 

ch 
tot = 3 . 6 × 10 12 cm 

−2 for Gly-I and
 

ch 
tot = 2 . 0 × 10 11 cm 

−2 for Gly-II, and set �v = 0.4 km s −1 and
 ex = 7.5 K, based on temperature estimates for the B5 methanol
otspot (Taquet et al. 2017 ). Only transitions for which T ch 

A > T lim 

re considered, and we use 2 and 1 mK as temperature limits T lim 

or Gly-I and Gly-II, respectively. The considered transitions are
isted in Table 1 , together with the spectroscopic parameters that
eed into the constant C , i.e. E u , A ul , and g u . The rotational partition
unctions of Gly-I and Gly-II are 1350.38 and 1310.26 at T = 9.375 K,
especti vely (v alues from CDMS 

4 ; see also Ilyushin et al. 2005 ).
ased on the theoretical temperature dependence for the rotational

file:cdms.astro.uni-koeln.de
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Table 2. Detected transitions with their spectroscopic and observed parameters; all uncertainties are 1 σ values. Spectroscopic 
parameters are taken from CDMS ( cdms.astro.uni-koeln.de ) and JPL ( spec.jpl.nasa.gov ; only for CH 3 CHO; see also Kleiner, 
Lovas & Godefroid 1996 ). 

Molecule Transition ν E u A ul g u Q rot (9 . 375 K) FWHM 

( a ) 
∫ 

T mb d v ( b) 

(GHz) (K) (s −1 ) ( km s −1 ) (mK km s −1 ) 

A − CH 3 CHO 4 14 − 3 1,3 74.891 67 11.3 1.3 × 10 −5 9 ( c ) 66.02 ( d ) 0.67 ± 0.07 30.2 ± 3.3 
4 0,4 − 3 0,3 76.878 95 9.2 1.5 × 10 −5 9 ( c ) 66.02 ( d ) 0.51 ± 0.06 45.8 ± 2.8 

E − CH 3 CHO 4 1,4 − 3 1,3 74.924 13 11.3 1.3 × 10 −5 9 ( c ) 66.02 ( d ) 0.75 ± 0.10 27.0 ± 2.7 
4 0,4 − 3 0,3 76.866 43 9.3 1.5 × 10 −5 9 ( c ) 66.02 ( d ) 0.67 ± 0.03 60.8 ± 2.9 

H 2 CO 1 0,1 − 0 0,0 72.837 94 3.5 8.2 × 10 −6 3 13.80 1.04 ± 0.04 1370.1 ± 3.8 
H 2 

13 CO 1 0,1 − 0 0,0 71.024 78 3.4 7.6 × 10 −6 3 14.13 0.77 ± 0.07 69.3 ± 4.9 
DCO 

+ 1 − 0 72.039 31 3.5 2.3 × 10 −5 3 5.77 1.29 ± 0.06 331.6 ± 3.0 
DNC 1 − 0 76.305 73 3.7 1.6 × 10 −5 3 5.47 1.92 ± 0.27 29.1 ± 2.4 
OCS 6 − 5 72.976 77 12.3 1.1 × 10 −6 13 32.46 0.60 ± 0.03 102.2 ± 3.5 
SO 2 6 0,6 − 5 1,5 72.758 24 19.2 2.8 × 10 −6 13 33.07 0.70 ± 0.02 220.5 ± 4.0 
34 SO 2 6 0,6 − 5 1,5 74.404 57 19.1 3.0 × 10 −6 13 33.64 0.49 ± 0.13 14.0 ± 2.6 

Notes. ( a ) Derived from Gaussian fits (see Fig. A1 ); ( b ) Derived by integration over line channels (see Fig. A1 ). 
( c ) We use g u = 2 J + 1 to be consistent with Q rot ( T ) from Nummelin et al. ( 1998 ). 
( d ) From Nummelin et al. ( 1998 ) for A-/E-species separated, i.e. Q rot ( T ) = 2.3 × T 3/2 . 
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artition function of (a)symmetric-top molecules, we determine the 
artition function at T ex as 

 rot ( T ex ) = Q rot ( T ) 

(
T ex 

T 

)3 / 2 

. (8) 

As step (2), we extract spectra o v er 50 km s −1 around the transition
requencies of the considered Gly-I and Gly-II transitions, and 
etermine 1 σ noise temperatures T σmb in line-free regions (compare 
igs A2 and A3 ). In order to obtain a single column density
stimate from the obtained spectra, the individual spectroscopic line 
arameters must be included before averaging. In step (3), we do 
his by transferring the intensity axis of each spectrum to a column
ensity axis by using 

 tot ( v ) = 

T mb ( v ) �v 

C 

, (9) 

here T mb ( v) is the observed main beam temperature. Finally, as step
4), we average the obtained column density spectra weighted by 1 σ
oise column density, which we calculate for all spectra as 

 

σ
tot = 

T σmb �v 

C 

. (10) 

The stacked column density spectra for Gly-I and Gly-II are shown 
n Fig. 3 . Even in the stacked spectra, glycine is still not detected,
ut we use the obtained noise level to derive sensitive upper limits.
n both spectra, the dashed blue line marks the 1 σ column density
oise level. The corresponding 3 σ column density upper limits of 
ly-I and Gly-II are presented in Table 3 together with the abundance
pper limits relative to H 2 . 

.2 Column densities of detected species 

olumn densities of H 2 CO, H 2 
13 CO, DCO 

+ , DNC, OCS, SO 2 , and
4 SO 2 are calculated from equation ( 4 ), assuming LTE conditions and 
ptically thin emission. The required spectroscopic parameters are 
iven in Table 2 , and we use equation ( 8 ) to determine the rotational
artition functions at T ex = 7.5 K. For the linear molecules DNC and
CS, we use the equi v alent relation 

 rot ( T ex ) = Q rot ( T ) 
T ex 

T 
. (11) 
In the case of the H 2 CO(1-0) line, we expect the optically thin
pproximation to fail, and derive an estimate for the optical depth τ
sing the rare isotopologue method with 

W 12 

W 13 
= [1 − exp ( −τ )] 

[
1 − exp 

( −τ

12 C / 13 C 

)]−1 

, (12) 

here W 12 and W 13 are the integrated intensities of H 2 CO(1-0) and
 2 

13 CO(1-0), respectively. We assume 12 C / 13 C = 68 for the local
SM, based on Milam et al. ( 2005 ). We get τ = 3.4 and calculate the
orrected column density of H 2 CO using 

 

corr 
tot = 

τ

1 − exp ( −τ ) 
N 

thin 
tot , (13) 

here N 

thin 
tot is the optically thin estimate. 

The derived column densities are presented in Table 3 , together
ith the molecular abundances relative to H 2 . 

.3 Rotation diagram acetaldehyde 

ollowing Goldsmith & Langer ( 1999 ), we perform a rotation
iagram analysis for the four detected transitions of acetaldehyde 
CH 3 CHO), listed in Table 2 , together with six transitions detected
owards the B5 hotspot by Taquet et al. ( 2017 ). We assume optically
hin emission and an LTE population of levels, and calculate the
pper state column densities N u as 

 u = 

8 πk B ν
2 

A ul hc 3 

∫ 

T mb d v. (14) 

lotting ln ( N u / g u ) against E u and fitting the data linearly yields an
xcitation temperature of T ex = 5.8 ± 0.8 K and a total column
ensity of N tot = (1.4 ± 0.5) × 10 12 cm 

−2 . Fitting the data for A-
nd E-species separately yields approximately the same result as 
tting the data for both species combined, as expected from the low
ifference in ground state energy (0.1 K; Kleiner et al. 1996 ). When
nding an excitation temperature so close to the CMB temperature 
 T bg = 2.73 K) it is important to consider its influence on excitation
sing the correction term 

 bg = 

[
1 − J ν( T bg ) 

J ν( T ex ) 

]−1 

. (15) 
MNRAS 524, 5993–6003 (2023) 
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M

Figure 3. Stacked spectra for Gly-I (left) and Gly-II (right) in column density scale, determined from equation ( 9 ). In both spectra, the dashed blue line marks 
the 1 σ column density noise level, and the dashed black line marks the LSR velocity of the B5 methanol hotspot. The column density peaks at ∼ 24 km s −1 (left) 
and ∼20 km s −1 (right) arise from the detected H 2 CO(1-0) and CH 3 CHO(4 1, 4 -3 1, 3 ) transitions, respectively. The regions where the peaks appear are excluded 
from the RMS calculation (compare Figs A2 and A3 ). 

Table 3. Beam-averaged column densities and abundances relative to H 2 ; 
uncertainties are 1 σ values and upper limits are 3 σ values. We use N (H 2 ) = 

1 × 10 22 cm 

−2 from HGBS data (Roy et al. 2014 ). 

Molecule N tot N tot / N (H 2 ) 
(cm 

−2 ) 

CH 3 CHO 

( a ) (1.97 ± 0.65) × 10 12 2 × 10 −10 

H 2 CO (4.14 ± 0.01) × 10 13 4 × 10 −9 

H 2 
13 CO (6.20 ± 0.44) × 10 11 6 × 10 −11 

DCO 

+ (4.14 ± 0.04) × 10 11 4 × 10 −11 

DNC (6.27 ± 0.51) × 10 10 6 × 10 −12 

OCS (1.31 ± 0.04) × 10 13 1 × 10 −9 

SO 2 (2.48 ± 0.04) × 10 13 3 × 10 −9 

34 SO 2 (1.54 ± 0.28) × 10 12 2 × 10 −10 

Gly-I ≤ 4 . 6 × 10 12 ( b) ≤ 5 × 10 −10 ( b) 

≤ 2 . 1 × 10 12 ( c) ≤ 2 × 10 −10 ( c) 

≤ 1 . 6 × 10 12 ( d) ≤ 2 × 10 −10 ( d) 

Gly-II ≤ 3 . 3 × 10 11 ( b) ≤ 3 × 10 −11 ( b) 

≤ 1 . 1 × 10 11 ( c) ≤ 1 × 10 −11 ( c) 

≤ 7 . 1 × 10 10 ( d) ≤ 7 × 10 −12 ( d) 

Notes. ( a ) T ex = 5.7 K, from CH 3 CHO rotation diagram analysis. 
( b ) T ex = 5 K; ( c ) T ex = 7.5 K; ( d ) T ex = 10 K. 
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towards the B5 methanol hotspot. A- and E-type transitions are depicted 
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Considering the influence of cosmic microwave background (CMB) radiation, 
the resulting excitation temperature is 5.7 ± 0.8 K, and the total column 
density is (2.0 ± 0.6) × 10 12 cm 
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he corrected upper state column density is then given by 

 

corr 
u = C bg N u . (16) 

Iterating the updated values of N 

corr 
u and T ex , the asymptotic values

f excitation temperature and total column density are T ex = 5.7 K
nd N tot = (2.0 ± 0.6) × 10 12 cm 

−2 . The resulting abundance relative
o H 2 is 2 × 10 −10 (see Table 3 ). The final rotation diagram is shown
n Fig. 4 . For the calculation of total column density, we use the
otational partition function derived in Nummelin et al. ( 1998 ) as
 rot ( T ) = 4.6 × T 

3/2 for A- and E-species combined, and for g u =
 J + 1. Considering both species separately using the same iterative
rocess as described gives an A/E ratio of 0.88, which is close to the
xpected ratio of unity. 

 DISCUSSION  

he excitation temperature of 5.7 ± 0.8 K obtained from the
H 3 CHO data indicates possible sub-thermal excitation of the

otational levels of acetaldehyde at the position of the B5 hotspot
NRAS 524, 5993–6003 (2023) 
where the gas kinetic temperature is estimated from methanol lines
s T kin = 7.5 ± 1.5 K). Based on that, and in order to co v er a larger
ange of possible excitation temperatures for glycine, we calculate
wo more sets of 3 σ upper limits for 5 and 10 K (see Table 3 ). For
he lower excitation limit of T ex = 5 K, the number of considered
ly-I and Gly-II transitions in the spectral line stacking reduces to

wo and 10, respectively, and the abundance upper limits increase to
 × 10 −10 and 3 × 10 −11 . Conversely, for the higher excitation limit
f T ex = 10 K, the number of considered Gly-I and Gly-II transitions
ncreases to 18 and 16, respectively. The abundance upper limit of
ly-I remains at rounded 2 × 10 −10 , while that of Gly-II decreases

o 7 × 10 −12 . 

.1 Glycine upper limits compared to other sources 

e w pre vious attempts have been made to detect glycine towards
old low mass sources. The published upper limits we have identified
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Table 4. Glycine upper limits (3 σ ) towards cold molecular cloud sources. 

Source Conformer T ex N upper N upper / N (H 2 ) Reference 
(K) (cm 

−2 ) 

L1544 Dust peak Gly-I 5 5.8 × 10 12 1 × 10 −10 (1) 
10 3.3 × 10 12 6 × 10 −11 

L1544 Methanol peak Gly-I 5 9.5 × 10 12 6 × 10 −10 (1) 
10 4.2 × 10 12 3 × 10 −10 

IRAS16293-2422 Gly-I 20 5.0 × 10 12 1 × 10 −10 (2) 
L134 Gly-II 10 2.0 × 10 12 2 × 10 −10 (3), (4) ( a ) 

TMC-1 Gly-II 7 3.0 × 10 12 2 × 10 −10 (5), (6) ( a ) 

L183 Gly-II 7 4.5 × 10 12 2 × 10 −10 (5), (7) ( a ) 

Notes (1) Jim ́enez-Serra et al. ( 2016 ); (2) Ceccarelli et al. ( 2000 ); (3) Snyder et al. ( 1983 ); (4) van 
der Werf et al. ( 1988 ); (5) Brown et al. ( 1979 ); (6) Spezzano et al. ( 2022 ); (7) Lattanzi et al. ( 2020 ) 
( a ) Reference for source H 2 column density. 
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re summarized in Table 4 . 3 σ upper limits 5 of Gly-II are reported
or the dark clouds TMC-1 and L183 in Brown et al. ( 1979 ) as
 × 10 12 cm 

−2 and 4.5 × 10 12 cm 

−2 , respectively, assuming T ex =
 K for both sources. Another 3 σ upper limit of Gly-II is reported in
nyder et al. ( 1983 ) for L134 as 2 × 10 12 cm 

−2 , assuming T ex = 10 K.
dopting the respective H 2 column densities towards TMC-1, L183, 

nd L134 (2 × 10 22 , 3 × 10 22 , and 1 × 10 22 cm 

−2 ; van der Werf, Goss
 Vanden Bout 1988 ; Lattanzi et al. 2020 ; Spezzano et al. 2022 ),

he corresponding Gly-II abundance upper limits are presented in 
able 4 . Depending on the assumed excitation temperature at the B5
otspot, the Gly-II abundance upper limit of this work is one to two
rders of magnitude lower than those early estimates. 
Jim ́enez-Serra et al. ( 2016 ) report two sets of 3 σ upper limits

or Gly-I towards the centre of the pre-stellar core L1544 and an
ffset position towards the shell-region where methanol emission is 
ound to peak (see Table 4 ). The assumed excitation temperatures 
re 5 and 10 K. Based on typical COM excitation temperatures of
5–6 K, reported for the L1544 dust peak, the upper limit estimate

or T ex = 5 K might be better constrained at that position. It is on
he same order than our Gly-I upper limit towards the B5 hotspot. At
 ex = 10 K, the upper limit at the L1544 dust peak becomes an order
f magnitude lower than the limit at the B5 hotspot. Typical COM
xcitation temperatures at the L1544 methanol peak are reported 
s ∼5–8 K. At both excitation limits ( T ex = 5 and 10 K), the Gly-I
bundance upper limit towards the B5 hotspot is slightly lower but 
n the same order as at the L1544 methanol peak. We note that the
onditions at the L1544 methanol peak are presumably more similar 
o the B5 methanol hotspot than the conditions at the L1544 dust peak.

Another 3 σ upper limit of Gly-I is reported for the cold ( ∼20 K)
uter layer of the solar-type protostar IRAS16293-2422 in Ceccarelli 
t al. ( 2000 ) as 5 × 10 12 cm 

−2 , i.e. 1 × 10 −10 w.r.t. N (H 2 ). The upper
imit is obtained by av eraging o v er three lines at around 101 GHz.
o we ver, the assumed excitation conditions in the envelope of

RAS16293-2422, though cold, are only marginally comparable to 
he case of the B5 hotspot because a difference of ≥10 K in excitation
emperature is quite significant at low temperatures, and can change 
n upper limit by about an order of magnitude. 

.2 Glycine upper limits compared to COM abundances at the 
5 hotspot 

he acetaldehyde column density we derive in our study, i.e. 
2.0 ± 0.6) × 10 12 cm 

−2 , is approximately 2.5 times lower than the
 Reported are 2 σ limits from which we derived 3 σ values. 

A

T
f

stimate in Taquet et al. ( 2017 ), i.e. (5.2 ± 0.7) × 10 12 cm 

−2 . This
iscrepancy cannot be explained by the higher number of available 
ata points for the rotation diagram analysis, but we are confident
bout the updated estimate. 

The abundances of COMs relative to H 2 at the hotspot range
rom 2 × 10 −10 for acetaldehyde and 4 × 10 −10 for methyl 
ormate to 2 × 10 −8 for methanol; di-methyl ether is tentatively 
etected at 2 × 10 −10 (Taquet et al. 2017 ). The most stringent,
otal abundance upper limit of glycine derived from the present 
bservations (2 × 10 −10 for T ex = 7.5 K) is comparable to the
bundance of the least abundant COM so far detected at the hotspot.
ence, given the present data, we can neither confirm nor rule out

he presence of glycine in the gas phase at the B5 hotspot. If glycine
s present but undetected, it is either less abundant than other COMs
r has a more compact distribution or both. 

 C O N C L U S I O N S  

sing the Onsala 20 m telescope, we performed a deep search for
lycine towards the B5 methanol hotspot, which is a cold source ( T k 

7.5 K) with yet a significant amount of COMs in the gas phase
Taquet et al. 2017 ). We targeted several transitions of Gly-I and
ly-II in the frequency range ∼70–78 GHz. Our study is the first to

earch for a set of glycine transitions in this lower frequency range. 
We did neither detect Gly-I nor Gly-II during our observations but

eri ve sensiti ve upper limits for both conformers, using spectral line
tacking and assuming LTE conditions and optically thin emission. 
ince, we did not detect glycine the hypothesis of a non-equilibrium
ly-II/Gly-I ratio similar to the case of c -HCOOH/ t -HCOOH could
ot be tested. Our Gly-II upper limits towards the B5 hotspot are
he most stringent obtained so far for a cold molecular cloud source.
he obtained Gly-I limits are mostly on the same order as previously
ublished limits towards comparable sources. 
If glycine is present but undetected in the gas phase at the B5

otspot it is either less abundant than other detected COMs in that
ource or has a more compact distribution or a combination thereof.
e, therefore, do not rule out a future detection of glycine towards the 
5 hotspot with higher-sensitivity instrumentation. Jim ́enez-Serra 
t al. ( 2014 ) calculate a detection limit of ∼1.5 × 10 −11 for glycine
n cold molecular cloud sources. This limit has not yet been reached
y any study searching for glycine. 
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APPEN D IX  A :  A D D I T I O NA L  F I G U R E S  

Figure A1. Spectral lines of non-targeted molecular transitions observed in the frequency range 70.2–77.9 GHz towards the B5 methanol hotspot. In all panels, 
the dashed blue line shows the Gaussian fit of the spectral line, and the dashed black line marks the LSR velocity of the hotspot. The dashed red lines mark the 
boundaries for the integrated intensity calculation. 
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Figure A2. Spectra around transition frequencies of targeted Gly-I transitions. The red regions mark the ranges for the calculation of the RMS noise temperature. 
The dashed black line marks the LSR velocity of the B5 methanol hotspot. 
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Figure A3. Spectra around transition frequencies of targeted Gly-II transitions. The red regions mark the ranges for the calculation of the RMS noise temperature. 
The dashed black line marks the LSR velocity of the B5 methanol hotspot. 
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