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ABSTRACT

We report the discovery of HSO towards several cold dark clouds. The detection is confirmed by the observation of the fine and
hyperfine components of two rotational transitions in the protostellar core B1-b, using the Yebes 40 m and IRAM 30 m telescopes.
Furthermore, all the fine and hyperfine components of its fundamental transition 10,1−00,0 at 39 GHz were also detected toward the
cyanopolyyne peak of TMC-1. The measured frequencies were used to improve the molecular constants and predict more accurate line
frequencies. We also detected the strongest hyperfine component of the 10,1−00,0 transition of HSO toward the cold dark clouds L183,
L483, L1495B, L1527, and Lupus-1A. The HSO column densities were obtained using LTE models that reproduce the observed
spectra. The rotational temperature was constrained to 4.5 K in B1-b and TMC-1 using the available Yebes 40 m and IRAM 30 m
data. The obtained column densities range between 7.0×1010 cm−2 and 2.9×1011 cm−2, resulting in abundances in the range of (1.4–
7.0)× 10−12 relative to H2. Our observations show that HSO is widespread in cold dense cores. However, more observations, together
with a detailed comparison with other S -bearing species, are needed to constrain the chemical production mechanisms of HSO, which
are not considered in current models.
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1. Introduction

Among the ∼300 molecules detected in space, 33 are sulfur-
bearing species1, which makes sulfur an important and ubiqui-
tous constituent of the interstellar medium (ISM). Furthermore,
sulfur is a biogenic element and as such it is a fundamental con-
stituent of life on Earth (Todd 2022). In spite of its importance,
there are many unknowns in the chemical evolution of sulfur
along the lifecycle of matter. One of the main issues raised in
recent years is the missing sulfur problem. While in the dif-
fuse ISM, the observed abundance of sulfur is found to be simi-
lar to the solar one (Goicoechea & Cuadrado 2021), in the cold
and dense molecular clouds, the sum of the abundances of all
detected S-bearing molecules accounts only for less than 1% of
the sulfur (Vidal et al. 2017). The open question to consider is
thus whether the missing sulfur is in the form of some gaseous
species that has not yet been identified or whether it is present as
some solid compound in dust grains.

The QUIJOTE2 line survey (Cernicharo et al. 2021a) has
provided the detection of many new sulfur-bearing molecules in

? Based on observations with the 40m radio telescope of the National
Geographic Institute of Spain (IGN) at Yebes Observatory (projects
19A003, 20A014, 20A016, 20D023, 21A006, 21A010, 21A011,
21D005, and 22B023), and the IRAM 30m telescope. Yebes Obser-
vatory thanks the ERC for funding support under grant ERC-2013-
Syg-610256-NANOCOSMOS. IRAM is supported by INSU/CNRS
(France), MPG (Germany) and IGN (Spain).
1 https://cdms.astro.uni-koeln.de/classic/molecules
2 Q-band Ultrasensitive Inspection Journey to the Obscure TMC-1
Environment.

the dense core TMC-1 (Cernicharo et al. 2021b,c; Cabezas et al.
2022; Fuentetaja et al. 2022). It is likely that these molecules are
also present in other molecular clouds, but still their abundances
do not account for the missing sulfur. In the past, other species
have been the target of astronomical searches in order to find the
main sulfur reservoir, but without success. One of them is HSO,
which was searched for by Cazzoli et al. (2016), based on the
accurate laboratory investigation of its rotational spectrum up to
the THz region. These authors targeted the massive star-forming
regions, Orion KL and Sgr B2, as well as the dense core B1-b
in various transitions lying at 1, 2, and 3 mm, but did not detect
HSO. However, they did not use the most favorable transitions,
at least for the cold dense core B1-b, which lie at lower frequen-
cies. Here, we present new data towards B1-b, obtained with the
Yebes 40 m and IRAM 30 m telescopes, where we have identi-
fied HSO. Using the very deep spectral line survey QUIJOTE,
performed with the Yebes 40 m telescope, we have also detected
all the fine and hyperfine components of the 10,1−00,0 rotational
transition of HSO towards the cyanopolyyne peak of TMC-1
(hereafter TMC-1 CP). Moreover, we also report the detection
of HSO toward five additional cold dense cores.

2. Observations

The data of B1-b and TMC-1 CP presented here are part of
the spectral line surveys performed at the Yebes 40 m and
IRAM 30 m telescopes. The Yebes 40 m data at 7 mm cover
the full Q band, between 31.1 GHz and 50.4 GHz, using the
NANOCOSMOS HEMT Q band receiver (Tercero et al. 2021)

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

L13, page 1 of 8

https://doi.org/10.1051/0004-6361/202346935
https://www.aanda.org
http://orcid.org/0000-0001-7236-4047
http://orcid.org/0000-0002-2395-8532
http://orcid.org/0000-0002-3518-2524
mailto:n.marcelino@oan.es
https://cdms.astro.uni-koeln.de/classic/molecules
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Marcelino, N., et al.: A&A 674, L13 (2023)

and the fast Fourier transform spectrometers (FFTS), which
allow almost the full coverage of the band at a spectral reso-
lution of 38 kHz. We observed two setups at different central
frequencies in order to fully cover the lower and upper frequen-
cies allowed by the Q band receiver and to check for spuri-
ous signals and other technical artifacts. The Yebes 40 m data
of TMC-1 CP correspond to the QUIJOTE deep spectral survey,
see Cernicharo et al. (2021a, 2023) for details. The observations
of B1-b were performed in different projects, in January and
February 2020 and between June and August 2021. The
IRAM 30 m data consist of a 3 mm line survey that covers
the full available band at the telescope, between 71.6 GHz and
117.6 GHz, using the EMIR 090 receiver connected to the FTS in
its narrow mode, which provides a spectral resolution of 49 kHz
and a total bandwidth of 7.2 GHz. Observations were performed
in several runs. Between January and May 2012, we com-
pleted the scan 82.5–117.6 GHz (see Cernicharo et al. 2012),
and in August 2018, after the upgrade of the E090 receiver, we
extended the survey down to 71.6 GHz. More recent observa-
tions in 2021 from other projects at 3 mm, which cover transi-
tions of HSO between 75 and 81 GHz, have been used to com-
plement the data and confirm or provide improved upper limits.

Additional Yebes 40 m data at 7 mm of the dense cores L183,
L483, L1495B, L1527, and Lupus-1A are also included in this
Letter. The observing strategy was similar to that used for B1-b
and TMC-1 CP, although the total observing time dedicated to
each source is uneven.

For both the Yebes 40 m and IRAM 30 m telescopes, obser-
vations were performed using the frequency switching tech-
nique. The intensity scale in the spectra is T ∗A, antenna
temperature corrected for atmospheric absorption and spillover
losses, which was calibrated using two absorbers at different
temperatures and the atmospheric transmission model ATM
(Cernicharo 1985; Pardo et al. 2001). The estimated uncertainty
for T ∗A is 10%. At the observed frequencies, the main beam effi-
ciency is 0.58 and 0.82 for the 40 m and 30 m telescopes, respec-
tively, and the half power beam width (HPBW) is 44′′ and 31′′
at 39 GHz and 79 GHz, respectively. All the data were reduced
and analyzed using the GILDAS3 software.

3. Results

3.1. Line identification

During the analysis of the 7 mm line survey of B1-b,
we detected a series of nearby unidentified lines around
39.5 GHz. Using the Cologne Database for Molecular Spec-
troscopy (CDMS, Müller et al. 2005) and the MADEX4 code
(Cernicharo et al. 2012), where the predictions for the line
frequencies were obtained from the rotational constants of
Cazzoli et al. (2016), we assigned the observed lines to the
N = 10,1−00,0 rotational transition of HSO. This transition shows
multiple fine and hyperfine components due to electron and
nuclear (of hydrogen) spins hyperfine interactions. All of them
were detected in the B1-b spectra. We also searched for other
transitions within the 3 mm IRAM survey, where the strongest
components of the N = 20,2−10,1 transition were also identi-
fied towards B1-b (see Fig. 1). In TMC-1 CP, all the components
of the N = 10,1−00,0 rotational transition of HSO were clearly
detected, thanks to the very high sensitivity of the QUIJOTE

3 http://www.iram.fr/IRAMFR/GILDAS/
4 https://nanocosmos.iff.csic.es/madex/

Fig. 1. Observed transitions of HSO toward B1-b
with the Yebes 40 m (upper panels) and the IRAM 30 m (bottom
panels) telescopes. The red line shows the LTE synthetic spectrum
obtained from a fit to the observed line profiles (see text). Note: the
20,2−11,0, J = 5/2–3/2, F = 2–1 component, shown in the LTE model to
the right of the bottom panels, is blended with a negative artifact result-
ing from the frequency switching observing technique. The observed
position in B1-b is αJ2000 = 03h33m20.8s and δJ2000 = 31◦07′34.0′′.

L13, page 2 of 8

http://www.iram.fr/IRAMFR/GILDAS/
https://nanocosmos.iff.csic.es/madex/


Marcelino, N., et al.: A&A 674, L13 (2023)

Fig. 2. Observed transitions of HSO toward TMC-1 CP, from the
Yebes 40 m QUIJOTE survey. The red line shows the LTE synthetic
spectrum obtained from a fit to the observed line profiles (see text). The
observed position of TMC-1 CP is αJ2000 = 4h41m41.9s and δJ2000 =
+25◦41′27.0′′.

7 mm survey data (see Fig. 2). However, no lines were detected
at 3 mm.

Table 1 shows the observed parameters obtained from Gaus-
sian fits for both sources, where we also include 3σ upper limits
for non-detections. From the Gaussian fits, we noticed some dif-
ferences in the measured frequencies in the spectra. The latter
were obtained using a fixed local standard of rest velocity value
for each source. For TMC-1 CP the velocity used is 5.83 km s−1,
obtained from other molecules within the QUIJOTE line survey
(Cernicharo et al. 2020). B1-b shows two velocity components
for some molecules, at 6.5 and 7.0 km s−1, therefore we used
the averaged value of 6.70 km s−1, obtained from fits to multi-
ple molecular species, which has been used in previous studies
(see, e.g., Marcelino et al. 2005). We used the observed frequen-
cies in TMC-1 CP, where the LSR velocity is better determined
and lines are narrower, to improve the molecular constants and

obtain new rest frequencies (see Sect. 3.2 for details of the new
calculations). Table A.1 shows the new calculated frequencies
and line parameters of the observed transitions, while in Table 1
we show the difference between the observed frequency and the
new calculated rest frequency.

The HSO lines at 3 mm have only been detected towards
B1-b, where the strongest component of the 20,2−10,1 transi-
tion is clearly seen. However, the J = 3/2–1/2 F = 2–1 compo-
nent at 79 378 MHz is at the limit of detection, with a S/N of
only 2.5 (see Fig. 1 and Table 1). Another HSO component that
is similar in intensity, at 79 162 MHz, is blended with a nega-
tive artifact produced by the folding of the frequency-switching
spectra (see Fig. 1). There are other HSO lines covered in the
3 mm survey that have been searched for in B1-b, but they are
not detectable due to the high energy levels involved and low
expected intensities. Among them is the 21,1−11,0 transition at
81.3 GHz searched for by Cazzoli et al. (2016) towards B1-b,
with an upper level energy of 19.1 K. While the new survey data
gathered in 2018 improved the sensitivity of the spectra, no line
was detected with a root mean square (rms) of ∼3 mK. Thanks to
the extension of the B1-b survey below 80 GHz, we were able to
access the more favourable rotational transitions detected in this
work.

In addition, HSO has also been identified in other dense cores
observed by our group with the Yebes 40 m and the IRAM 30 m
telescopes (Marcelino et al., in prep.; Agúndez et al., in prep.).
We have detected the strongest component of the N = 10,1−00,0
transition towards L183, L483, L1495B, Lupus-1A, and (tenta-
tively) in L1527. Figure A.1 shows the observed line profiles,
where the calculated frequency is indicated by a vertical dashed
line. There are slight deviations from the calculated frequencies
in some of the cores, which are mostly within the full width
at high maximum (FWHM) of the lines. However, the line in
L1527 shows a significant difference. We searched the molec-
ular catalogs for other possible carriers for this line in L1527,
but could not find any other than HSO. Yoshida et al. (2019),
in their Nobeyama spectral survey, also observed variations in
the observed velocity for some lines, up to 0.6 km s−1, compat-
ible with the deviation we also found for HSO. Nevertheless,
we still consider the detection in L1527 as tentative. Table 1
shows the obtained line parameters and upper limits for all the
sources. In L183, we also identified two other components of the
N = 10,1−00,0 transition, while no other lines have been detected
in the rest of the cores. It is worth noting that although these
cores show stronger HSO line intensities than TMC-1 CP, we
could detect all the hyperfine components of the N = 10,1−00,0
transition in TMC-1 CP thanks to the very high sensitivity of
the QUIJOTE survey. Our 30 m observations only cover the
N = 20,2−10,1 transition for L483, where the full band was
observed in the spectral line survey performed by Agúndez et al.
(2019). However, no line was detected. Indeed, from our local
themodynamical equilibrium (LTE) models (see Sect. 3.3), we
obtained an expected value for the intensity of the strongest com-
ponent at 79 165 MHz, namely, of ∼4 mK, which is consistent
with a non-detection (see Table 1).

3.2. Improved molecular constants for HSO

The HSO radical (2A′′) is a prolate asymmetric top belong-
ing to Hund’s case b, with J=N+S and F=J+I, where N, S,
and J are the rotational angular momentum, electronic spin
momentum, and total angular momentum, respectively. We note
that I, the nuclear spin angular momentum of hydrogen, is
coupled with N. Therefore, the effective Hamiltonian operator

L13, page 3 of 8



Marcelino, N., et al.: A&A 674, L13 (2023)

Table 1. Line parameters of the detected transitions of HSO.

Transition νobs
(a) νobs − νcalc

(b) ∆v T ∗A
∫

T ∗Adv Notes
(MHz) (MHz) (km s−1) (mK) (mK km s−1)

B1-b
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 0 39 517.602± 0.010 +0.008 0.95± 0.15 2.25± 0.47 2.28± 0.35
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.198± 0.003 −0.024 1.22± 0.06 5.95± 0.37 7.73± 0.31
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 1 39 553.383± 0.016 −0.054 1.38± 0.24 1.56± 0.46 2.30± 0.39
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 0 39 826.737± 0.022 +0.070 0.97± 0.32 1.19± 0.38 1.24± 0.33
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 0 − 1 39 857.384± 0.013 −0.028 1.14± 0.19 1.46± 0.36 1.77± 0.29
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 1 39 862.473± 0.015 −0.037 1.60± 0.24 1.71± 0.40 2.90± 0.38
N = 20,2 − 10,1 J = 5/2 − 3/2 F = 2 − 1 79 162.483± 0.004 (A)
N = 20,2 − 10,1 J = 5/2 − 3/2 F = 3 − 2 79 164.952± 0.016 +0.025 0.76± 0.22 9.90± 2.44 8.06± 1.58
N = 20,2 − 10,1 J = 5/2 − 3/2 F = 2 − 2 79 183.698 (c) ≤3.07 (B)
N = 20,2 − 10,1 J = 3/2 − 1/2 F = 1 − 1 79 368.415 (c) ≤3.20 (B)
N = 20,2 − 10,1 J = 3/2 − 1/2 F = 1 − 0 79 373.513 (c) ≤3.22 (B)
N = 20,2 − 10,1 J = 3/2 − 1/2 F = 2 − 1 79 378.760± 0.013 +0.064 0.33± 0.11 7.31± 2.22 2.54± 0.76
N = 20,2 − 10,1 J = 3/2 − 3/2 F = 1 − 1 79 677.488 (c) ≤3.06 (B)
N = 20,2 − 10,1 J = 3/2 − 3/2 F = 2 − 2 79 708.983 (c) ≤ 2.66 (B)

TMC-1 CP
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 0 39 517.601± 0.015 +0.007 1.30± 0.23 0.57± 0.13 0.78± 0.13
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.209± 0.010 −0.013 1.19± 0.10 1.26± 0.13 1.60± 0.11
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 1 39 553.438± 0.010 +0.001 0.38± 0.15 0.34± 0.12 0.14± 0.04
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 0 39 826.664± 0.010 −0.003 0.45± 0.21 0.38± 0.10 0.18± 0.06
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 0 − 1 39 857.413± 0.020 +0.001 0.88± 0.33 0.27± 0.12 0.25± 0.09
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 1 39 862.501± 0.017 −0.009 1.06± 0.34 0.51± 0.12 0.57± 0.16
N = 20,2 − 10,1 J = 5/2 − 3/2 F = 3 − 2 79 164.927 (c) ≤2.00 (B)
N = 20,2 − 10,1 J = 3/2 − 1/2 F = 2 − 1 79 378.696 (c) ≤1.90 (B)

L183
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 0 39 517.554± 0.015 −0.040 0.61± 0.21 1.50± 0.50 0.97± 0.34
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.214± 0.012 −0.008 0.62± 0.45 2.42± 0.74 1.60± 0.68
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 1 − 1 39 553.437 (c) ≤0.63 (B)
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 0 39 826.667 (c) ≤0.80 (B)
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 0 − 1 39 857.412 (c) ≤0.66 (B)
N = 10,1 − 00,0 J = 1/2 − 1/2 F = 1 − 1 39 862.522± 0.014 +0.012 0.99± 0.17 2.26± 0.64 2.38± 0.46

L483
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.174± 0.006 −0.048 0.86± 0.10 2.47± 0.40 2.27± 0.24
N = 20,2 − 10,1 J = 5/2 − 3/2 F = 3 − 2 79 164.927 (c) ≤3.58 (B)

L1495B
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.184± 0.010 −0.038 0.95± 0.14 2.97± 0.64 2.99± 0.45

L1527
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.130± 0.012 −0.092 1.26± 0.22 2.91± 0.50 3.90± 0.52

Lupus-1A
N = 10,1 − 00,0 J = 3/2 − 1/2 F = 2 − 1 39 532.195± 0.007 −0.027 0.66± 0.13 4.43± 0.69 3.12± 0.48

Notes. All observational parameters and their associated uncertainties are obtained from a Gaussian fit to each line profile. (a)Observed frequencies
adopting a vLSR of 6.70 and 5.83 km s−1 for B1-b and TMC-1 CP, respectively (see text). For the other dense cores, we used the following values:
2.4 km s−1 for L183 (Marcelino et al. 2009; Lattanzi et al. 2020), 5.3 km s−1 for L483 (Agúndez et al. 2019), 7.67 km s−1 for L1495B (Hirota et al.
2004), 5.9 km s−1 for L1527 (Yoshida et al. 2019), and 5.0 km s−1 for Lupus-1A (Sakai et al. 2010b). (b)Observed minus calculated frequency,
where calculated frequencies are those obtained in this work (see text and Table A.1). (c)For the non-detected lines, frequencies in the table are
the calculated ones. (A) Blended with negative frequency-switching artifact. (B) Non-detection 3σ limits are shown. The σ value is computed
as rms ×

√
∆v × δν(c/νrest), where the rms is measured in the spectra, c is the speed of light, δν is the spectral resolution (0.03815 MHz and

0.04883 MHz for the Yebes 40 m and the IRAM 30 m observations, respectively), and ∆v is the full width at half maximun for which we used the
average of the observed values.

incorporates, in addition to the rotational Hamiltonian (also
including centrifugal-distortion terms), two further terms: one
describing the electron spin-rotation interaction (through the
electron spin-rotation tensor ε) and the other one accounting
for the nuclear hyperfine interactions (through isotropic Fermi-
contact interaction constant aF and the anisotropic T tensor).
Hydrogen (I = 1/2) is the only nucleus contributing to the
nuclear hyperfine Hamiltonian, which also includes the almost
negligible nuclear spin-rotation interaction (described through

the C tensor). For further details, we refer, for instance, to
Endo et al. (1981) and Cazzoli et al. (2016).

The rotational spectrum of HSO has been investigated in
the laboratory by Endo et al. (1981) in the 79–161 GHz range
and by Cazzoli et al. (2016) in the 194 GHz–1.2 THz interval.
In the latter work, the two set of measurements were merged
in a global fit, which was performed using the SPFIT/SPCAT
suite of programs (Pickett 1991) and employing Watson’s S -
reduced Hamiltonian (Watson 1977) in its Ir representation
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(Gordy & Cook 1984). In the global fit, each transition was
weighted proportionally to the inverse square of its experimen-
tal uncertainty. The spectroscopic analysis was also supported
by high-level quantum-chemical calculations (see Cazzoli et al.
2016, for all details). The line catalog obtained in Cazzoli et al.
(2016) guided the present radioastronomical observations and
led to the unequivocal detection of the hyperfine components
of the N = 10,1−00,0 transition. However, their rest frequen-
cies were predicted with uncertainties of about 200–300 kHz.
Therefore, their incorporation in the global fit allowed us to
improve the spectroscopic parameters. The results of this fit are
compiled in Table A.2, where a comparison with the param-
eters from Cazzoli et al. (2016) is reported. The improvement
is apparent and one additional octic centrifugal distortion con-
stant (LKKN) has been determined in this study, which was
excluded from the original fit because it was only barely deter-
mined. As expected, its incorporation has some impact on the
HNK and HKN sextic terms as well as on the LNK octic param-
eter. Overall, the rms error increased from 0.9 (Cazzoli et al.
2016) to 1.1 (the present work). This slight worsening is not
related to centrifugal distortion, but to the new detected tran-
sitions in B1-b and TMC-1 CP. Indeed, the two sets of fre-
quencies differ one from the other by more than the assigned
uncertainties.

3.3. Column densities

The new spectroscopic constants and frequencies of HSO were
introduced in MADEX, which was used to produce LTE syn-
thetic spectra. The comparison between the synthetic and the
observed spectra allowed us to estimate the column density
of HSO in each source. We used the dipole moments calcu-
lated by Cazzoli et al. (2016), µa = 2.18 D and µb = 0.65 D.
We note that only a-type transitions were observed. Although
the N = 20,2−10,1 transition was only detected towards B1-
b, through only two hyperfine components, we used the 3 mm
spectra in both TMC-1 CP and B1-b at the frequencies where
an HSO line is expected to constrain the rotational tempera-
ture and to check that the non-detections are consistent with the
model predictions. The model takes into account the different
telescope beams and efficiencies to obtain antenna temperature
intensities for each line. We assumed uniform sources with a
diameter size of 80′′ for TMC-1 CP (Fossé et al. 2001) and 100′′
for B1-b (Bachiller & Cernicharo 1984; Hirano et al. 1999), and
linewidths of 1.0 km s−1 and 0.8 km s−1 for B1-b and TMC-
1 CP, respectively, which are around the average value obtained
from the Gaussian fits to the HSO lines. The rotational tem-
perature that better reproduces the observed spectra from both
the Yebes 40 m and IRAM 30 m telescopes is 4.5 K. This value
is lower than the kinetic temperature usually obtained for B1-b
and TMC-1 CP, ∼10 K (see, e.g., Marcelino et al. 2005, 2009).
However, values higher than 5 K overestimate the 3 mm data.
Figures 1 and 2 show the synthetic spectra from the LTE mod-
els in red, overlaid with the observed line profiles. We used the
same rotational temperature of 4.5 K to compute an LTE model
for the other cores where HSO has been detected. We assumed
that all the sources are extended (see, e.g., Sakai et al. 2010a;
Cordiner et al. 2013) and used a source size of 100′′ in our mod-
els, which is more than twice the beam of the Yebes 40 m tele-
scope at the frequencies of HSO. Frequencies and linewidths
used in the models are obtained from the Gaussian fits (see
Table 1). Figure A.1 shows the LTE models overlaid with the
spectra and Table 2 gives the obtained column densities and
abundances for all the sources.

Table 2. Obtained column densities and abundances for HSO.

Source N(HSO) HSO/H2
(a) HSO/SO (b)

(cm−2) (10−12) (10−4)

B1-b 2.9×1011 1.9 7.4
TMC-1 CP 7.0×1010 7.0 20.6
L183 9.0×1010 3.6 1.5
L483 1.0×1011 2.5 5.0
L1495B 1.4×1011 1.4
L1527 1.7×1011 2.1 154.5
Lupus-1A 1.3×1011 4.3

Notes. (a)H2 column densities are: B1-b 1.5×1023 cm−2 (Hirano et al.
1999), TMC-1 CP 1022 cm−2 (Cernicharo & Guelin 1987), L183
2.5×1022 cm−2 (Lattanzi et al. 2020), L483 4×1022 cm−2

(Agúndez et al. 2019), L1495B 1×1023 cm−2 (Crapsi et al. 2005),
L1527 8.2×1022 cm−2 (Yoshida et al. 2019), and Lupus-1A 3×1022 cm−2

(Sakai et al. 2009). (b)SO column densities are: B1-b 3.9×1014 cm−2

(Loison et al. 2019), TMC-1 CP 3.4×1013 cm−2 (Loison et al. 2019),
L183 6.0×1014 cm−2 (Lattanzi et al. 2020), L483 2.0×1014 cm−2

(Agúndez et al. 2019), and L1527 1.1×1013 cm−2 (Yoshida et al. 2019).

The highest HSO column density was obtained for B1-b,
where the strongest lines have been observed. This value is sig-
nificantly higher than in TMC-1 CP, while for the other dense
cores, we found values in the range of (1–2)× 1011 cm−2. The
errors in the column densities are estimated to be 20% in B1-b
and TMC-1 CP, where we observed a larger number of lines and
the spectra are more sensitive, and the errors are 50% for the
other sources. We adopted H2 column densities from the litera-
ture to derive fractional abundances of HSO to improve the com-
parison of the results from the observed cores (see Table 2). The
fractional abundances of HSO are similar among the sources,
with values in the range of (1.4–4.3)× 10−12 relative to H2, the
only exception being TMC-1 CP, which has the highest HSO
abundance, 7×10−12 relative to H2. However, the fractional abun-
dances are affected by the different methods used to obtain the
H2 column density and, therefore, we consider that HSO is
present in these cold dense cores, with similar abundances of
a few times 10−12 relative to H2.

4. Discussion

The rotational temperatures obtained from the LTE models in
B1-b and TMC-1 CP indicate that HSO emission arises from
a cold region in the clouds. It is known, however, that B1-b
has two very young embedded sources: B1-bN, a first hydro-
static core candidate, and B1-bS, an extremely young Class 0
protostar (Gerin et al. 2015). In fact, ALMA observations by
Marcelino et al. (2018) show that B1-bS contains a hot and
compact region with strong emission from complex organic
molecules (COMs). The emission from these species was repro-
duced by using a source model with two components, one very
compact and hot (200 K and 0.35′′) and another one at lower
temperature (60 K and 0.6′′). We explored the possibility that
the emission from HSO could arise from such compact and
warm regions. We ran a series of LTE models with temperatures
between 60 and 200 K, where we changed the column density
and the source size. We could not find any solution reproducing
the observed line profiles from the two telescopes. Furthermore,
we did not detect other transitions in the 3 mm data involving
higher energy levels (see also Cazzoli et al. 2016). Therefore, the
HSO emission in B1-b should arise from the cold envelope.
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The low temperature of 4.5 K obtained from the observed
spectra in B1-b and TMC-1 CP is consistent with those obtained
for SO by Loison et al. (2019) in the same sources. From rotation
diagrams, these authors obtained temperatures of 6.5±0.7 K and
3.9±0.1 K for B1-b and TMC-1 CP, respectively. The rotational
temperature obtained in TMC-1 CP is actually very similar to
the one calculated for HSO from our LTE models, which could
indicate a common origin. Among the other observed dense
cores, L483 and L1527 have been considered as warm carbon-
chain chemistry sources (Sakai et al. 2008; Oya et al. 2017). In
fact, the kinetic temperature in L1527 has been found to be
13.9 K (Sakai et al. 2008), which is slightly higher than 10 K.
However, in both L483 and L1527, the rotational temperature
of SO is low, at 4.5 K and 6 K, respectively (Agúndez et al.
2019; Yoshida et al. 2019), which supports the use of a low rota-
tional temperature for HSO in these sources. Table 2 shows
the abundance ratio N(HSO)/N(SO) using SO column densi-
ties from the literature. It is seen that this ratio is not uniform
across the different sources, but it exhibits large variations from
one source to another. This behavior may hold information on
the chemistry of HSO, which is as yet poorly constrained. We
note that the highest ratios are found for L1527 and TMC-
1 CP, both known for their high abundance in carbon chain
molecules.

Our results show that HSO is indeed present in cold gas.
However, HSO was not detected by Cazzoli et al. (2016) towards
the high-mass star forming regions Orion KL and Sgr B2.
These authors obtained upper limits to the column density of
∼1×1014 cm−2, for both Orion KL and Sgr B2(N), including the
cold gas component for the latter, where the N = 101−000 transi-
tion at 39 GHz was not detected in the PRIMOS5 data. Since they
did not detect HSO in their search, including B1-b, Cazzoli et al.
(2016) concluded that HSO does not achieve a significant abun-
dance to be detectable in these clouds. However, although the
observed abundances of HSO, of a few times ∼10−12 relative
to H2, are too low to account for the missing sulfur in molecu-
lar clouds, our results show that HSO is a widespread molecule
in cold regions. Further investigation is needed to elucidate
whether HSO could be observed in other type of interstellar
sources, such as diffuse clouds. Furthermore, the chemistry of
HSO has not been explored in current chemical models. The for-
mation pathways to the HSO radical in cold interstellar clouds
are quite uncertain (Cazzoli et al. 2016). This species is not
included in either the UMIST (McElroy et al. 2013) or KIDA
(Wakelam et al. 2015) chemical kinetics databases. Neutral–
neutral reactions, such as O + H2S, O2 + SH, or O + CH3SH,
have barriers when leading to HSO or are endothermic processes
(Tsuchiya et al. 1994, 1997; Cardoso et al. 2012). The OH + SH
reaction is an interesting possibility, although to the best of our
knowledge, it has not yet been studied. Alternatively, HSO could
be produced from the dissociative recombination of ions such as
H2SO+, although the chemistry of this cation is currently unex-
plored in chemical networks.

5. Conclusions

We report the detection of a new molecule, HSO, towards sev-
eral cold dark clouds. Furthermore, thanks to the deep observa-
tions from the Yebes 40 m telescope, we detected all the fine and
hyperfine components of the N = 10,1−00,0 transition towards
B1-b and TMC-1 CP. The latter was used to improve the spectro-

5 PRebiotic Interstellar MOlecule Survey https://www.cv.nrao.
edu/PRIMOS/index.html

scopic molecular constants and frequencies of HSO. The detec-
tion of the strongest component of this transition towards other
dense cores demostrates that HSO is widespread in cold envi-
ronments, despite its low abundance. Although HSO is a sim-
ple molecule with common atoms, its chemistry has not been
studied in detail. Further observations are needed to investi-
gate whether these species could be produced under different
conditions.
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Appendix A: Additional tables and figures

Table A.1. Transitions of HSO observed with the Yebes 40m and IRAM
30m telescopes.

Transition νrest Eup Ai j S i j
(MHz) (K) (10−6 s−1)

N = 10,1 − 00,0
J = 3/2 − 1/2 F = 1 − 0 39517.594±0.007 1.9 0.69 0.61
J = 3/2 − 1/2 F = 2 − 1 39532.222±0.003 1.9 1.14 1.67
J = 3/2 − 1/2 F = 1 − 1 39553.437±0.007 1.9 0.44 0.39
J = 1/2 − 1/2 F = 1 − 0 39826.667±0.008 1.9 0.45 0.39
J = 1/2 − 1/2 F = 0 − 1 39857.412±0.015 1.9 1.17 0.33
J = 1/2 − 1/2 F = 1 − 1 39862.510±0.010 1.9 0.71 0.61
N = 20,2 − 10,1
J = 5/2 − 3/2 F = 2 − 1 79162.483±0.004 5.7 9.78 1.78
J = 5/2 − 3/2 F = 3 − 2 79164.927±0.003 5.7 10.98 2.80
J = 5/2 − 3/2 F = 2 − 2 79183.698±0.008 5.7 1.20 0.22
J = 3/2 − 1/2 F = 1 − 1 79368.415±0.012 5.7 2.81 0.30
J = 3/2 − 1/2 F = 1 − 0 79373.513±0.007 5.7 6.15 0.67
J = 3/2 − 1/2 F = 2 − 1 79378.696±0.004 5.7 9.38 1.69
J = 3/2 − 3/2 F = 1 − 1 79677.488±0.016 5.7 1.82 0.19
J = 3/2 − 3/2 F = 2 − 2 79708.983±0.016 5.7 1.58 0.28

Table A.2. Spectroscopic parametersa,b of HSO.

Parameter This work Cazzoli et al. (2016)
A0 / MHz 299483.868(80) 299483.90(12)
B0 / MHz 20502.78627(60) 20502.7847(10)
C0 / MHz 19135.69995(60) 19135.6989(10)
DN / kHz 29.46847(79) 29.4675(13)
DNK / kHz 904.870(69) 904.18(11)
DK / MHz 26.122(74) 26.24(11)
d1 / kHz -2.02578(30) -2.02504(43)
d2 / kHz -0.35319(34) -0.35187(30)
HN / mHz -29.56(51) -28.42(75)
HNK / Hz 3.896(53) 2.779(88)
HKN / Hz 134.8(42) 144.7(43)
HK / kHz [6.43] [6.43]
h1×102 / mHz [-8.32] [-8.32]
h2 / mHz 5.09(36) [3.69]
h3 / mHz 1.07(18) 1.10(22)
LNK / mHz -59.6(18) -11.4(32)
LKKN / Hz 1.709(84) –
εaa / MHz -10366.131(70) -10366.15(10)
εbb / MHz -426.630(10) -426.633(17)
εcc / MHz 0.205(12) 0.191(21)
ε̃ab/ MHz 377.951(13) 377.971(16)
εK

aa
c / MHz 2.9760(75) 2.979(10)

εNK
bb

c / kHz -1.637(23) -1.676(32)
εK

bb
c / MHz 0.0569(27) 0.0638(36)

εNK
cc

c / kHz -0.125(22) -0.114(30)
aF(H) / MHz -35.842(13) -35.72(50)
Taa(H) / MHz -11.917(30) -11.932(86)
Tbb(H) / MHz 10.45(12) 10.45(14)
Tab(H) d / MHz [-7.53] [-7.53]
Caa(H) / kHz [-20.18] [-20.18]
Cbb(H) / kHz [2.51] [2.51]
Ccc(H) / kHz [-1.52] [-1.52]

Notes. (a) Watson S -reduction. Uncertainties (1σ) are in units of the last
significant digit. (b) Values given in square brackets are kept fixed at the
computed values, see Cazzoli et al. (2016) for details. (c) Centrifugal-
distortion dependence of the electron spin-rotation constants, as given
by Endo et al. (1981). (d) The negative sign means the sign of Tab is
opposite to that of 1/2(εab + εba).
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Fig. A.1. HSO N = 10,1−00,0 J = 3/2−1/2 F = 2−1 transition observed
in five cold dense cores with the Yebes 40m telescope. The abscissa cor-
responds to the rest frequency assuming the local standard of rest veloc-
ity for each source (see Table 1). The ordinate is the antenna tempera-
ture corrected for atmospheric losses in mK. The red line shows the LTE
synthetic spectrum obtained from a fit to the observed line profiles (see
text). The green vertical dashed line indicates the new calculated fre-
quency corresponding with this transition. Observed positions for each
source are: L183: αJ2000 = 15h54m08.6s and δJ2000 = −02◦52′10.0′′,
L483: αJ2000 = 18h17m29.83s and δJ2000 = −04◦39′38.33′′, L1495B:
αJ2000 = 04h15m41.8s and δJ2000 = 28◦47′46.0′′, L1527: αJ2000 =
04h39m53.88s and δJ2000 = 26◦03′11.0′′, and Lupus-1A: αJ2000 =
15h42m52.4s and δJ2000 = −34◦07′53.5′′.
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