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Motivations

I Many sulfur (single S) species detected in the interstellar gas
I From diatomic up to CH3CH2SH
I Wide variety of astronomical environments, including

extragalactic

I Sulfur chemistry in space still puzzling
I no depletion in diffuse medium
I much lower abundance in dense, cold clouds

I Sulfur on grains? when? how? which form?
I no H2S in grains
I OCS and SO2(?)

I Location and chemical form of missing sulfur
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Motivations

I Large abundance of triatomic S, O, and H species
I Especially in high–mass star-forming regions
I Key intermediates in the atmospheric oxidation of H2S to

H2SO4

I Prominent role in catalytic cycles of stratospheric ozone
depletion

I First experimental evidence of HSO by Schurath et al. (1977)
I low-resolution chemiluminescence visible spectra

I High-resolution spectroscopy by Endo et al. (1981)
I HSO and DSO
I hydrogen hyperfine coupling constant
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HSO – Experiment

I A′′ electronic ground state (Endo et al. 1981)
I µa = 2.20 D (Webster et al. 1982)
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HSO – Experiment

I Measured in the 194 GHz – 1.2 THz range
I Free–space cell, 3m long, single–pass arrangement
I Cryogenic InSb and Schottky diode detectors
I Room temperature measurements

I Sulfur is very sticky! – Similar results with two settings:
1. DC discharge (∼ 10–40 mA) of H2S and O2 (1:2)

total pressure < 20 mTorr
2. DC discharge (∼ 35–50 mA) of ∼ 40 mTorr of H2O

cleaner experiment
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HSO – Experiment G. Cazzoli et al.: Laboratory measurements and astronomical search for the HSO radical

Fig. 1. N = 106,4(5)�96,3(4) transition at ⇠397.2 GHz. In black, the signal
when a mixture of H2S and O2 is employed in the discharge for produc-
ing HSO. In red, the recording when the radical is produced by using
H2O only and sulfur adsorbed on cell walls.

4. Computations1

Quantum-chemical calculations of the spectroscopic parameters2

involved in the Hamiltonians above were carried out using the3

coupled-cluster (CC) theory (Shavitt & Bartlett 2009), unless4

otherwise noted, within the CC singles and doubles (CCSD)5

approach augmented by a perturbative treatment of triple ex-6

citations, CCSD(T) (Raghavachari et al. 1989), together with7

correlation-consistent (aug-)cc-p(C)VnZ (n = T-5) basis sets8

(Dunning 1989; Kendall et al. 1992; Woon & Dunning 1995;9

Peterson et al. 2002). Computations were performed with the10

quantum-chemical program package CFour (2012).11

While for a detailed account of the computational proce-12

dures, the reader is referred to the literature (Puzzarini et al.13

2010b; Puzzarini 2013), we briefly summarize the details of14

interest to the present investigation. For the determination of15

the rotational constants, a highly accurate equilibrium struc-16

ture (straightforwardly providing equilibrium rotational con-17

stants) was obtained by resorting to a composite scheme that ac-18

counts for extrapolation to the complete basis-set limit (CBS;19

using n = 5, 6), core correlation (CV; cc-pCV5Z) and the20

full treatment of triple (fT; cc-pVTZ) and quadruple (fQ;21

cc-pVDZ) excitations (CBS+CV+fT+fQ) (Heckert et al. 2005,22

2006). Vibrational ground-state rotational constants were then23

derived by including the vibrational corrections obtained from24

the evaluation of a cubic force field followed by a second-25

order vibrational perturbation theory (VPT2) analysis (Mills26

1972; Stanton et al. 1998) at the CCSD(T)/cc-pCVQZ level.27

As a byproduct of the latter analysis, the quartic and sextic28

centrifugal-distortion constants were also obtained (Mills 1972;29

Puzzarini et al. 2012b). The CBS+CV+fT+fQ structure was30

subsequently used in the evaluation of the equilibrium values of31

the electron spin-rotation tensor and the hyperfine parameters.32

The electron spin-rotation tensor ✏ was calculated in a per-33

turbative manner as second derivative of the energy with respect34

to the electron spin and rotational angular momentum as pertur-35

bations, as described in Tarczay et al. (2010). The reduced o↵-36

diagonal e✏ab term was determined according to Brown & Sears37

(1979) using the theoretical vibrational ground-state rotational38

constants mentioned above. The evaluation of the isotropic and39

anisotropic hyperfine coupling constants (hfcc) required the40

Fig. 2. N = 171,16�161,15 transition at ⇠683.8 GHz. In black, the signal
obtained by HSO produced by discharging (current = 55 mA) 43 mTorr
of H2O only and employing a modulation depth of 1.6 MHz. In red we
show the signal when a magnetic field of 126 G has been applied to the
previous conditions.

calculation of the spin density at the nucleus for the former 41

and the corresponding dipole-dipole contributions for the lat- 42

ter (see, for example, Perera et al. 1994). Finally, the nuclear 43

spin-rotation tensor was computed as the second derivative of 44

the electronic energy with respect to the rotational angular mo- 45

mentum and the nuclear spin in conjunction with the so-called 46

rotational London orbitals (Gauss et al. 1996) as explained in 47

Gauss & Stanton (1996) and Gauss & Sundholm (1997). For all 48

these properties, the equilibrium-value computations were car- 49

ried out at the CCSD(T)/cc-pCV5Z level with all electrons cor- 50

related. For the hfccs, due to the importance of the e↵ect of 51

di↵use functions on the neighboring atoms (see, for example, 52

Perera et al. 1994; Puzzarini et al. 2010a), CCSD(T) computa- 53

tions with the aug-cc-pCV5Z basis sets were performed. Vibra- 54

tional corrections (at the CCSD(T)/cc-pVTZ level, within the 55

frozen-core approximation) were evaluated in all cases using the 56

VPT2 approach (Mills 1972; Auer et al. 2003). 57

5. Results and discussion 58

5.1. Spectroscopic Parameters 59

The transition frequencies retrieved from the present measure- 60

ments together with those reported in Endo et al. (1981) were 61

fitted using Pickett’s SPFIT program Pickett (1991), with each 62

transition weighted proportionally to the inverse square of its 63

experimental uncertainty. The complete set of data consists of 64

transitions in the 79�161 GHz range from Endo et al. (1981) 65

and in the 194 GHz�1.2 THz interval from the present study. 66

A total of 205 distinct frequency lines (of which 153 are newly 67

detected) were included in the fit, and led to the determination 68

of 25 independent spectroscopic parameters with a root mean 69

square (rms) deviation of 78 kHz and a dimensionless rms er- 70

ror of 0.88. The results of the fit are collected in Table 1, while 71

the list of frequencies is available in the supplementary mate- 72

rial, which also contains the set of spectroscopic constants ob- 73

tained in the SPFIT format (in order to facilitate their inclusion 74

in spectroscopic databases). Our present results are compared 75

to those by Endo et al. (1981) and to the theoretical predictions 76

obtained as explained in the previous section. We note that, 77

in addition to the improvement of the available spectroscopic 78
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HSO – Experiment

I Confirmation by means of magnetic fieldG. Cazzoli et al.: Laboratory measurements and astronomical search for the HSO radical

Fig. 1. N = 106,4(5)�96,3(4) transition at ⇠397.2 GHz. In black, the signal
when a mixture of H2S and O2 is employed in the discharge for produc-
ing HSO. In red, the recording when the radical is produced by using
H2O only and sulfur adsorbed on cell walls.
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A total of 205 distinct frequency lines (of which 153 are newly 67
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square (rms) deviation of 78 kHz and a dimensionless rms er- 70

ror of 0.88. The results of the fit are collected in Table 1, while 71

the list of frequencies is available in the supplementary mate- 72

rial, which also contains the set of spectroscopic constants ob- 73

tained in the SPFIT format (in order to facilitate their inclusion 74
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Computations

H = Hrot + HS−N + Hhfs

I All computations made with CFOUR
I Ae ,Be , and Ce at the CBS+CV+fT+fQ level
I Vibrational corrections at the CCSD(T)/cc-pCVQZ level
I Quartic and sextic at the CCSD(T)/cc-pCVQZ level
I Electronic and nuclear Spin-Rotation at the

CCSD(T)/cc-pCV5Z level
I Isotropic and anisotropic hyperfine coupling constants at the

aug-cc-pCV5Z level
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Results – Rotational Constants

Parameter This work Previous
Experiment Theory

A0 (MHz) 299483.90(12) 300316.2 299484.68(14)
B0 (MHz) 20502.7847(10) 20527.6 20502.7823(83)
C0 (MHz) 19135.6989(10) 19160.0 19135.7168(83)
DN (kHz) 29.4675(13) 28.61 29.64(11)
DNK (kHz) 904.18(11) 882.33 903.41(40)
DK (MHz) 26.24(11) 25.99 [27.2]
d1 (kHz) -2.02504(43) -1.86 -1.926(65)
d2 (kHz) -0.35187(30) -0.29 -0.527(52)
HN (mHz) -28.42(75) -29.07
HNK (Hz ) 2.779(88) 2.28
HKN (Hz ) 144.7(43) 126.26
HK (kHz) [6.43] 6.43
h1×102 (mHz) [-8.32] -8.32
h2 (mHz) [3.69] 3.69
h3 (mHz) 1.10(22) 0.725
LJK (mHz) -11.4(32)
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Results – Spin rotation and Hyperfine interactions

Parameter This work Previous
Experiment Theory

εaa (MHz) -10366.15(10) -10979.0(-10940.5) -10366.17(16)
εbb (MHz) -426.633(17) -439.4(-438.9) -426.683(31)
εcc (MHz) 0.191(21) 2.82(3.29) 0.210(48)
ε̃ab (MHz) 377.971(16) 404.8(403.3) 377.81(80)
εNK
aa

e (MHz) 0.047(12)
εKaa

e (MHz) 2.979(10) 3.023(35)
εNK
bb

e (MHz) -0.001676(32)
εKbb

e (MHz) 0.0638(36)
εNK
cc

e (kHz) -0.114(30)
aF (H) (MHz) -35.72(50) -35.94(-34.58) -35.98(42)
Taa(H) (MHz) -11.932(86) -12.38(-13.25) -11.883(71)
Tbb(H) (MHz) 10.45(14) 10.71(11.25) 10.41(11)
Tab(H) (MHz) [-7.53]f -7.56(-7.53) [-7.8]f

Caa(H) (kHz) -20.18(-21.56)
Cbb(H) (kHz) 2.51(2.51)
Ccc(H) (kHz) -1.52(-1.59)
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Astronomical observations

Source Coordinates [J2000.0] HPBW [′′] Frequencies [GHz]
Orion KL α=5h35m14.s5 30-8 80-307(IRAM 30m) δ=−05◦22′30.′′0
Orion KL

α=05h35m14.s5 ∼1.9×1.4 213.7-246.7(ALMA SV)
δ=−05◦22′32.′′5Hot core

Orion KL
α=05h35m14.s1 ∼1.9×1.4 213.7-246.7(ALMA SV)
δ=−05◦22′36.′′9Compact ridge

Orion KL
α=05h35m14.s2 ∼1.9×1.4 213.7-246.7(ALMA SV)
δ=−05◦22′31.′′1MM4

Sgr B2(N)

(IRAM 30m)
30-21 80-115.5

Cold gas

α=17h47m20.s0
δ=−28◦22′19.′′0

(GBT 100m)
80-15 7-50α=17h47m19.s8

δ=−28◦22′17.′′0
Sgr B2(N)

α=17h47m20.s0 30-21 80-115.5(IRAM 30m)
δ=−28◦22′19.′′0Hot gas

B1-b α=03h33m20.s0 30-21 80-115.5(IRAM 30m) δ=31◦07′34.′′0
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Astronomical observations

Source vLSR ∆vFWHM dsou Trot N(HSO)
(km s−1) (km s−1) (′′) (K) ×1014 (cm−2)

Orion KL 8 3 5 150 ≤(2.0±0.6)(IRAM 30m)
Orion KL

8 3 3 150 ≤(4±1)(ALMA SV)
Hot core
Orion KL

7.5 2 3 100 ≤(1.0±0.3)(ALMA SV)
Compact ridge
Orion KL 3 3 3 150 ≤(1.0±0.3)(ALMA SV) 5 8 3 150 ≤(1.0±0.3)MM4
Sgr B2(N) 64 9 60 14 ≤(1.0±0.3)
Cold gas 75 12 60 14 ≤(1.0±0.3)
Sgr B2(N) 64 8 3 150 ≤(700±200)
(IRAM 30m) 73 8 3 150 ≤(100±30)
Hot gas 52 14 3 150 ≤(100±30)
B1-b 6.7 0.7 60 12 ≤(0.010±0.003)(IRAM 30m)
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HSO – Astronomical Spectra

A&A proofs: manuscript no. aa28745-16

Table 3. Column density ratios.

Source N(H2CS)/ N(CH3SH)/ N(H2S)/ N(SO)/ N(SO2)/ N(CS)/ N(OCS)/
N(HSO) N(HSO) N(HSO) N(HSO) N(HSO) N(HSO) N(HSO)

Orion KL (IRAM 30 m) �10a �50b �5000c �100d �1500d �100a �250a

Sgr B2(N) (Hot gas; ⇠64 km s�1 comp.) �4e �0.5 f �10g �10e �10e �4g �3 f

Sgr B2(N) (Hot gas; ⇠73 km s�1 comp.) �40e �2 f ... �35e �100e ... �8 f

Sgr B2(N) (Hot gas; ⇠52 km s�1 comp.) ... ... �6g �20g �60e ... ...
Sgr B2(N) (Cold gas; ⇠64 km s�1 comp.) ... ... ... �30h �16h ... ...
B1-b �12(i) �1.6(j) ... ... ... ... ...

Notes. (a) Hot core component (dsou = 1000, vFWHM = 10 km s�1) column densities derived by Tercero et al. (2010). (b) Hot core component
(dsou = 1000, vFWHM = 7 km s�1) column density derived by Kolesniková et al. (2014). (c) Hot core component (dsou = 600, vFWHM = 8.6 km s�1) col-
umn density derived by Crockett et al. (2014). (d) Hot core component (dsou = 1000, vFWHM = 10 km s�1) column densities derived by Esplugues et al.
(2013). (e) Hot component (dsou = 2�300, vFWHM = 7�10 km s�1) column densities derived by Belloche et al. (2013). ( f ) Warm (60 K) component
(dsou = 5�800, vFWHM = 6�8 km s�1) column densities derived by Belloche et al. (2013). (g) Hot component (dsou = 3-500, vFWHM = 12�15 km s�1) col-
umn densities derived by Belloche et al. (2013). (h) Cold component (dsou = 3000, vFWHM = 12�14 km s�1) column densities derived by Belloche et al.
(2013). (i) Marcelino et al. (2005). ( j) Cernicharo et al. (2012).

Fig. 3. Observed data of Orion KL, Sgr B2, and B1-b taken with di↵erent instruments (histogram black spectrum) together with the synthetic
spectra obtained using the column densities given as upper limits in Table 2 (thin red curve). The synthetic total model for the 30 m data of
Sgr B2(N) (see Belloche et al. 2013) and Orion KL (see Cernicharo et al. 2016) is overlaid in green. A vLSR of +9.0 km s�1, +64.0 km s�1, and
+6.7 km s�1 is assumed for Orion KL, Sgr B2, and B1-b, respectively.

HSO column density in the compact and warm components de-1

rived for SO by Belloche et al. (2013). Nevertheless, we noted2

that only the same two lines as above at 81.364 and 81.368 GHz3

(Eup = 19 K) are expected in the warm gas at 3 mm. Transitions4

with Eup between 80 and 300 K are b-type transitions or have5

S ij < 0.2. Therefore, the upper limit provided to the hot and6

compact components in Sgr B2 is very little constrained.7

Barnard 1: Barnard 1 is a low-mass star-forming region lo- 8

cated in the Perseus molecular cloud at the first evolutionary 9

stages (see, e.g., Gerin et al. 2015). We derived an upper limit to 10

the HSO column density in B1-b (see Fig. 3 and Table 2) to con- 11

strain the chemistry of this object using the IRAM 30 m data and 12

the physical properties of the cloud shown in Cernicharo et al. 13

(2012). 14

Article number, page 6 of 7

ISMS 2016 (Urbana) Valerio Lattanzi June 21, 2016



Conclusions

I New THz measurements for HSO radical
I Excellent test for quantum chemical calculations
I Deep search in astronomical sources
I No radioastronomical detection (so far)

I HSO has not been included in chemical models
I CH3S + O might produce HSO
I ⇒ yield of HSO might be too low for detection

I S-chemistry in space is very active and intriguing
I Extending astrochemical models to new S-species
I Laboratory work on new sulfur molecules (ions? radicals?)

ISMS 2016 (Urbana) Valerio Lattanzi June 21, 2016


