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A B S T R A C T 

The formyl cation (HCO 

+ ) is one of the most abundant ions in molecular clouds and plays a major role in the interstellar 
chemistry. For this reason, accurate collisional rate coefficients for the rotational excitation of HCO 

+ and its isotopes due to the 
most abundant perturbing species in interstellar environments are crucial for non-local thermal equilibrium models and deserve 
special attention. In this work, we determined the first hyperfine resolved rate coefficients of HC 

17 O 

+ in collision with H 2 ( j = 0). 
Indeed, despite no scattering calculations on its collisional parameters have been performed so far, the HC 

17 O 

+ isotope assumes 
a prominent role for astrophysical modelling applications. Computations are based on a new four dimensional (4D) potential 
energy surface obtained at the CCSD(T)-F12a/aug-cc-pVQZ level of theory. A test on the corresponding cross-section values 
pointed out that, to a good approximation, the influence of the coupling between rotational levels of H 2 can be ignored. For this 
reason, the H 2 collider has been treated as a spherical body and an average of the potential based on five orientations of H 2 

has been employed for scattering calculations. State-to-state rate coefficients resolved for the HC 

17 O 

+ hyperfine structure for 
temperature ranging from 5 to 100K have been computed using recoupling techniques. This study provides the first determination 

of HC 

17 O 

+ –H 2 inelastic rate coefficients directly computed from full quantum close-coupling equations, thus supporting the 
reliability of future radiative transfer modellings of HC 

17 O 

+ in interstellar environments. 

Key words: molecular data – molecular processes – scattering – ISM: abundances. 
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 I N T RO D U C T I O N  

hen aiming at a deeper knowledge of the physical and chemical 
roperties of star forming regions, the formyl cation (HCO 

+ ) 
nd its isotopic variants undoubtedly represent one of the most 
ttracting systems for a number of reasons. HCO 

+ is widespread 
nd abundant through many evolutionary stages of the interstellar 
edium (ISM) and its formation path is straightforward and well 

nderstood (Herbst & Klemperer 1973 ). Due to its ionic nature, 
t plays a major role both in the interstellar chemistry and the
ynamics of the interstellar gas. It also provides much information 
n the characteristics of the sources responsible for its heating and 
onization (Gu ́elin, Langer & Wilson 1982a ; Jørgensen, Sch ̈oier &
an Dishoeck 2004 ). Moreo v er, its main destruction route occurs by
issociative recombination, making its abundance closely related to 
he electron density of the studied region (Wootten, Snell & Glassgold 
979 ). 
Generally speaking, the capability of modelling the collisional 

xcitation is critical to derive reliable molecular abundance from the 
mission spectra of interstellar clouds (Roueff & Lique 2013 ). This is
articularly true for species that are abundant in the ISM, since their
mission lines are often optically thick. To this aim, many efforts
ave been made in order to retrieve accurate state-to-state collisional 
 E-mail: francesca.tonolo@sns.it (FT); luca.bizzocchi@unibo.it (LB) 

p  

a
a
b  

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
ate coefficients for HCO 

+ interacting with the He and H 2 (Mass ́o &
iesenfeld 2014 ; Yazidi, Ben Abdallah & Lique 2014 ; Tonolo et al.

021 ), as well as for some of its isotopologues (see e.g. Pagani,
ourgoin & Lique 2012 , Denis-Alpizar et al. 2020 and references

herein). 
Ho we ver, in spite of several spectroscopic studies and astrophysi-

al detections (see e.g. Gu ́elin, Cernicharo & Linke 1982b ; Plummer,
erbst & De Lucia 1983 ; Dore, Cazzoli & Caselli 2001 ), to the best
f our knowledge, a thorough study of the collision physics of the
C 

17 O 

+ − H 2 system has not been carried out yet. The rotational
ransitions of the 17 O-bearing variant exhibit hyperfine structure 
ue to the splitting of its rotational energy levels by the electric
uadrupole coupling of the 17 O ( I = 5/2) nucleus. When properly
reated, the hyperfine structure is a precious source of information 
s the observed intensities for the various hyperfine components 
rovide a mean to constrain the optical depth. Given the above
oti v ations, the av ailability of up-to-date collisional data of HC 

17 O 

+ 

ith the major astrophysical collision partners gains a substantial 
mportance. 

With the aim of filling this lack, we present here the first calculation
f the hyperfine state-to-state rate coefficients for HC 

17 O 

+ with H 2 

 j = 0) system based on a new four dimensional (4D) interaction
otential. The paper is structured as follows. In Section 2 , the
dopted computational procedure is described. In more detail, the 
pproach employed to accurately describe the interaction potential 
etween HC 

17 O 

+ and H 2 is provided in Section 2.1 . In Section 2.2 ,
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Figure 1. Jacobi internal coordinates of the HCO 

+ –H 2 collisional 
system. 
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he computation of the collisional cross sections are described
Section 2.2.1 ), and the collisional rate coefficients are reported and
nalysed (Section 2.2.2 ). Moreo v er, Section 3 assesses the impact
iven by isotopic substitution on the values of the computed rate
oefficients. Finally, a comparison of the rate coefficients obtained
ith the almost exact recoupling approach and those derived from

nfinite order sudden (IOS) based approximation (Faure & Lique
012 ) and statistical methods is provided in Section 4 with the aim
f estimating the impact of such approximations on radiative transfer
pplications. 

 C O M P U T  AT I O NA L  D E T  AILS  

.1 Potential energy surface 

he first step in computing the scattering parameters of a collisional
ystem is the determination of the corresponding potential energy
urface (PES). Within the Born–Oppenheimer (BO) approximation,
he interaction energy of the fragments does not depend on the
hosen isotopologue for either the target or the collider species,
he only difference is the shift of the Jacobi coordinates, used to
escribe the scattering due to the variation of the centre of mass.
o investigate the HC 

17 O 

+ and H 2 collisional system, we thus
ecided to study the PES involving the parent species (HC 

16 O 

+ ).
uch a choice allowed for a direct test of the accuracy of our
ethodology by comparison with previous calculations (Mass ́o &
iesenfeld ( 2014 ), Yazidi et al. ( 2014 )). The effect of the iso-

opic substitution is then accounted for by shifting the centre
f mass of the target in the PES before performing scattering
alculations. 

To describe the collisional system, a set of four Jacobi coordinates
as been used (see Fig. 1 for a graphical representation), i.e. the R
istance between the centre of mass of HCO 

+ and that of H 2 , the
angle between the HCO 

+ molecular axis and the R vector, and,
nally, the θ

′ 
and φ angles that orient the H 2 molecule in the HCO 

+ –
 plane and out of it, respectively. HCO 

+ and H 2 were considered as
igid rotors since under non-reactive low-temperature conditions, all
he vibrational channels are closed for all of the rotational channels
aken into account. Furthermore, previous studies have shown that
he rigid rotor approximation is accurate enough for low-temperature
cattering applications, whenever collisional energies are lower than
he bending frequency (Stoecklin et al. 2013 ). The geometry of
NRAS 516, 2653–2661 (2022) 
CO 

+ was held fixed at its experimentally determined equilibrium
tructure (linear): r CH = 1.0920 Å, and r CO = 1.1056 Å (Dore et al.
003 ). For H 2 , we used the bond length r HH = 0.7667 Å, which
orresponds to the vibrationally averaged value of its ground state
Jankowski & Szalewicz 1998 ). 

The interaction energies between HCO 

+ and H 2 have been com-
uted by employing an explicitly correlated method denoted by the
F12 suffix (Adler, Knizia & Werner 2007 ; Peterson, Adler & Werner
008 ; Knizia, Adler & Werner 2009 ) based on the coupled cluster the-
ry and accounting for the singles, doubles, and a perturbative treat-
ent of triples excitations (CCSD(T), Raghavachari et al. 1989 ). This

as been combined with a correlation consistent quadruple- ζ quality
asis set, thus leading to the CCSD(T)-F12/aug-cc-pVQZ level of
heory (Dunning 1989 ). This choice was supported by the demon-
trated accuracy of explicitly correlated methods in describing long-
nd short-range multidimensional PESs (Lique, Kłos & Hochlaf
010 ; Ajili et al. 2013 ). Moreo v er, the addition of diffuse functions
n the basis set impro v es the description of the electronic behaviour
or molecular systems involving non-covalent interactions (Kendall,
unning & Harrison 1992 ; Lupi et al. 2021 ). All calculations were

arried out with the MOLPRO suite of programs (Werner et al.
012 ). 
The interaction energy E int has been computed as: 

 int = E AB − ( E A + E B ) , (1) 

here E AB is the molecular complex energy, while E A and E B are the
nergies of the two fragments (here generally denoted as A and B ).
ach energy has also been corrected for the basis set superposition
rror (BSSE) by means of the counterpoise (CP) correction scheme.
he CP correction is computed using the Boys & Bernardi ( 1970 )
cheme: 

E CP = 

(
E 

AB 
A − E 

A 
A 

) + 

(
E 

AB 
B − E 

B 
B 

)
, (2) 

here E 

AB 
X is the energy of the monomer calculated with the same

asis set used for the cluster and E 

X 
X is the energy of the monomer

omputed with its own basis set (X = A, B). 
We mapped the PES of the collisional system by selecting an

rregular grid of 3375 points in the { R , θ , θ
′ 
, φ} set of coordinates.

e chose 25 values of the θ angle equally spaced from 0 to 180 ◦ and
7 R distances, which vary between 2.5 and 10 Å with a denser mesh
n the proximity of the potential well. Finally, for each set of R and
, five different orientations of H 2 with respect to HCO 

+ ( θ
′ 

and φ
ngles) have been selected. The use of such a limited subset of target-
ollider orientations is discussed more in detail in the following
aragraphs. 
To solve the close-coupling equations, a suitable angular expan-

ion of the PES for each inter-molecular distance R is needed. For the
CO 

+ −H 2 collisional system, this expansion assumes the form of
n interaction potential between two linear rigid rotors (Green 1975 ;
ernli et al. 2007a , b ): 

 ( R, θ, θ ′ , φ) = 

∑ 

l 1 l 2 μ

v l 1 l 2 μ( R) s l 1 l 2 μ( θ, θ ′ , φ) , (3) 

here v l 1 l 2 μ( R) are the radial coefficients and the l 1 , l 2 , and μ indices
re associated with the rotational angular momenta of HCO 

+ ( j 1 ),
 2 ( j 2 ), and with their vector sum, respectively. In equation ( 3 ), the

entrosymmetric nature of H 2 forces the index l 2 to be even. The
 l 1 l 2 μ coefficients are defined as products of spherical harmonics
 Y l i m 

( θ, φ)) and the Clebsch–Gordan vector-coupling coefficients
see Green 1975 ; Bro wn, Bro wn & Carrington 2003 ; Edmonds 2016

art/stac2394_f1.eps
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or further details): 

 l 1 l 2 μ( θ, θ ′ , φ) = 

(
2 l 1 + 1 

4 π

)1 / 2 {
〈 l 1 0 l 2 0 | l 1 l 2 μ0 〉 P l 1 0 ( θ ) P l 2 0 ( θ

′ ) 

+ 

∑ 

m 

( −1) m 2 〈 l 1 ml 2 − m | l 1 l 2 μ0 〉 

×P l 1 m 

( θ ) P l 2 m 

( θ ′ ) cos ( mφ) 

}
, (4) 

here P l i m 

( θ ) = Y l i m 

( θ, φ)e −i mφ . 
Previous studies (Faure et al. 2005 ; Wernli et al. 2006 ) have shown

hat the basis terms with l 2 > 2 in the expansion of the potential can
e safely neglected in the description of the HCO 

+ –H 2 interaction. 
his significantly reduces the computational effort, since the only 
asis functions that describe the dependence of the potential on the 
elative orientations of H 2 are the Y 00 , Y 20 , Y 21 , and Y 22 spherical
armonics. At fixed R and θ values, the dependence of the potential 
n the orientation of H 2 is thus entirely described by the knowledge
f only four orientations { θ ′ 

, φ} of H 2 . Hence, the choice of five sets
f { θ ′ 

, φ} angles is not only sufficient to describe the dependence of
he potential on them, but also allows for an o v er-determined system
o test the accuracy of the l 2 truncation. The five orientations chosen
o describe the relative rotations of H 2 with respect to the target
olecule are: 

 → 

(
θ ′ = 

π

2 
, φ = 0 

)
; (5a) 

 → 

(
θ ′ = 

π

2 
, φ = 

π

2 

)
; (5b) 

 → ( θ ′ = 0 , φ = 0) ; (5c) 

 → 

(
θ ′ = arccos 

(
1 √ 

3 

)
, φ = 

π

4 

)
; (5d) 

 → 

(
θ ′ = π − arccos 

(
1 √ 

3 

)
, φ = 

π

4 

)
. (5e) 

hey are the same used by Wernli et al. ( 2007a ) for the HC 3 N–H 2 

ystem. 
We performed a two dimensional (2D) fit of the potential for each

f the five sets of { θ ′ 
, φ} orientations, following the same procedure

escribed by Tonolo et al. ( 2021 ) for the interacting HCO 

+ –He
ystem. The ab initio values and those obtained from the fitted radial
oefficients of equation ( 3 ) differ by less than 1.5 per cent across the
ntire grid. Fig. 2 illustrates the topology of the potential obtained for
ach orientation of H 2 : only minor anisotropy of the potential with
espect to the orientation of H 2 is apparent, thus validating the choice
o exclude the basis terms with l 2 > 2 in the angular expansion of the
ES. Each 2D cut of the potential also exhibits a minimum for θ ∼
80 ◦, wherein the hydrogen molecule approaches the hydrogen side 
f HCO 

+ . In accordance with the findings of the benchmark study of
ass ́o & Wiesenfeld ( 2014 ) on dif ferent le vels of theory, the potential
ell has its maximum depth when the H 2 fragment is perpendicularly 
riented with respect to the HCO 

+ plane ( θ = π , φ = π /2) and
 ∼ 3.44 Å. 
Having assessed the correct behaviour of the potential for each 

rientation of H 2 , the analytical dependence o v er { θ ′ 
, φ} was then
ntroduced via the following equation (Wernli et al. 2006 ): 

 ( R, θ1 , θ
′ , φ′ ) = V av ( R, θ ) 

+ 

1 

2 
[ V ( R, θ, z) − V av ( R, θ )](3 cos 2 θ ′ − 1) 

+ 

3 

2 
[ V ( R, θ, a) − V ( R, θ, b)] sin θ ′ cos θ ′ cos φ′ 

+ 

1 

2 
[ V ( R, θ, x) − V ( R, θ, y)] sin 2 θ ′ cos (2 φ′ ) , 

(6) 

here x , y , z, a , b correspond to the coordinates specified in
quation (5) and 

 av ( R, θ ) = 

1 

7 
[2( V ( R, θ, a) + V ( R, θ, b)) 

+ ( V ( R, θ, x) + V ( R, θ, y) + V ( R, θ, z))] . (7) 

his allowed us to fully include the rotational structure of H 2 in the
cattering calculations, thus also incorporating the couplings with 
he H 2 ( j > 0) rotational states. Ho we ver, a dedicate test (see next
ection for details) showed that the effects of such coupling on the
ate coefficients is negligible, as already found for the HCO 

+ –H 2 

ollisional system (Mass ́o & Wiesenfeld 2014 ). Only the leading
erm l 2 = μ = 0 needs thus to be retained in the expansion of the
nteraction potential expressed equation ( 3 ). 

This corresponds to further simplify the expansion of the potential 
o the interaction of a rigid linear body with a sphere (Lique et al.
008 ; Dumouchel, Kłos & Lique 2011 ): 

 av ( R, θ ) = 

∑ 

l 1 

v l 1 ( R) P l 1 ( cos ( θ )) , (8) 

here the quantity V av ( R , θ ) is the potential averaged over the angular
otion of H 2 , already defined in equation ( 7 ). This formulation of

he potential reduces the description of the PES to a two-dimensional
roblem, thus significantly simplifying the computational effort of 
cattering calculations. A contour plot of the potential derived from 

he fit is shown in Fig. 3 . 
A spherical average of the HCO 

+ –H 2 potential was also previously
erformed by Yazidi et al. ( 2014 ) but, unlike us, they accounted
or only three orientations of H 2 . Comparing the topology of the
wo PESs, the agreement is good. Both potentials exhibit a strong
nisotropy with respect to the θ angle and present a global minimum
t R = 3.6 Å and θ = 180 ◦. Since we have adopted an higher level
f theory, the present PES represents – to date – the most accurate
escription of a spherical potential on the targeted system. 

.2 Scattering calculations 

.2.1 Inelastic cross sections 

ith the aim of computing the rate coefficients of the HC 

17 O 

+ –
 2 collisional system, the most reliable approach is to perform 

ull quantum close-coupling (CC) calculations on the interaction 
otential shifted for the 16 O → 

17 O isotope substitution. This isotopic
ubstitution introduces a new feature due to the 17 O nuclear spin
angular momentum I = 5/2), which couples with the molecular ro-
ational angular momentum j through electric quadrupole interaction. 
he total angular momentum of the molecule F is thus defined by the
 + I vector sum. This leads to the splitting of each rotational level
nto v arious F suble vels with F v arying between | I − j | and I + j . Since
he energy splittings due to the interaction structure are much smaller
han those between rotational levels, a common approximation is to 
gnore, at a first stage, such coupling contribution from the molecular
MNRAS 516, 2653–2661 (2022) 
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Figure 2. Contour plots of the HCO 

+ –H 2 interaction PES for five different orientations of H 2 with respect to HCO 

+ as a function of R and θ . Energies are in 
cm 

−1 . 
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amiltonian and to subsequently decouple the spin wave-functions
rom the rotational ones using the recoupling method described
y Alexander & Dagdigian ( 1985 ). In detail, the inelastic cross-
ections associated with a jF → j 

′ 
F 

′ 
transition are obtained from the

otational scattering matrix elements S J ( jl ; j 
′ 
l 
′ 
) (nuclear-spin free)

erived from the close-coupling (CC) calculations: 

 

J ( j l; j ′ l ′ ) = 1 − S J ( j l; j ′ l ′ ) . (9) 

 

J ( jl ; j 
′ 
l 
′ 
) are the T -matrix elements, which are linked to the opacities

ensor P 

K ( j → j 
′ 
) via 

 

K ( j → j ′ ) = 

1 

2 K + 1 

∑ 

l l ′ 
| T K ( j l; j ′ l ′ ) | 2 , (10) 
NRAS 516, 2653–2661 (2022) 
here 

 

K ( j l; j ′ l ′ ) = ( −1) −j−l ′ (2 K + 1) 
∑ 

J 

( −1) J (2 J + 1) 

×
{

l ′ j ′ J 
j l K 

}
T J ( j l; j ′ l ′ ) . (11) 

rom the opacity tensor elements P 

K ( j → j 
′ 
), the recoupled inelastic

ross sections 
(
σ REC 

j F→ j ′ F ′ 
)

are obtained as: 

REC 
j F→ j ′ F ′ = 

π

k 2 jF 

(2 F 

′ + 1) 
∑ 

K 

{
j j ′ K 

F 

′ F I 

}2 

P 

K ( j → j ′ ) . (12) 

his method is approximate, but almost exact and therefore is
ommonly considered as a ‘reference’ approach (Faure & Lique
 2012 )). 

art/stac2394_f2.eps
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Figure 3. Contour plot of the HCO 

+ –H 2 interaction PES for the averaged 
potential V av (equation 7 ) as a function of R and θ . Energies are in cm 

−1 . 

Table 1. Computed cross sections at E = 50 cm 

−1 for HC 

17 O 

+ − H 2 ( j = 

0) collisions obtained from the 2D spherically averaged potential and the full 
4D potential which includes the coupling with j = 2 rotational level of H 2 . 

j → j 
′ 

Cross sections / Å2 Per cent error 
4D 2D 

1 → 0 58.14 53.41 − 8 .86 
2 → 0 52.59 50.31 − 4 .54 
3 → 0 46.12 44.00 − 4 .84 
4 → 0 27.26 30.28 9 .98 
5 → 0 16.81 15.74 − 6 .80 
2 → 1 59.78 60.87 1 .80 
3 → 1 48.43 53.18 8 .92 
4 → 1 36.70 35.19 − 4 .30 
5 → 1 17.09 18.77 8 .93 
3 → 2 55.24 52.95 − 4 .32 
4 → 2 45.75 41.75 − 9 .56 
5 → 2 20.39 21.02 3 .01 
4 → 3 56.79 51.02 − 11 .31 
5 → 3 24.43 23.19 − 5 .35 
5 → 4 40.04 35.63 − 12 .39 
Average absolute per cent error 6 .99 
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Table 2. Hyperfine resolved (de-)excitation rate coefficients of the two 
lowest rotational levels for T = 10, 30, and 50K. 

j , F → j 
′ 
, F 

′ 
k j F→ j ′ F ′ / 10 −10 cm 

3 s −1 

10K 30K 50K 

1, 1.5 → 0, 2.5 1.85 1.54 1.45 
0, 2.5 → 1, 1.5 0.81 0.89 0.89 
1, 2.5 → 0, 2.5 1.85 1.54 1.45 
0, 2.5 → 1, 2.5 1.22 1.34 1.34 
1, 2.5 → 1, 1.5 1.09 0.75 0.60 
1, 1.5 → 1, 2.5 1.63 1.13 0.91 
1, 2.5 → 1, 3.5 2.45 1.73 1.41 
1, 3.5 → 1, 2.5 1.83 1.29 1.06 
1, 3.5 → 0, 2.5 1.85 1.54 1.45 
0, 2.5 → 1, 3.5 1.63 1.78 1.78 
1, 3.5 → 1, 1.5 1.37 0.98 0.81 
1, 1.5 → 1, 3.5 2.73 1.95 1.62 
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As mentioned in the previous section, a preliminary test on the 
nfluence of the coupling between j = 0 and j > 0 rotational states
f H 2 was performed in order to e v aluate the reliability of the 2D
otential spherically averaged over the H 2 orientations. We thus 
ompared the values of the j (H 2 ) = 0 partial cross sections computed
or a single value of the total energy (50 cm 

−1 ) using the global
D (equation 3 ), thus accounting for the j = 0, 2 coupling, and
he reduced 2D (equation 7 ) potentials. The results are shown in
able 1 : the pairs of values exhibit a mean average percentage
rror of ∼7 per cent and a maximum discrepancy of 12.4 per cent.
his validated the results given by the spherical average potential 
pproximation, which was then applied to the entire energy grid. In
he following, the H 2 projectile is thus considered as a structureless
pecies, behaving as a rotating sphere ( para -H 2 with j = 0). 

All scattering calculations have been carried out by employing 
he MOLSCAT program (Hutson & Green 1994 ) at values of the
inetic energy ranging from 2 to 500 cm 

−1 with narrower steps at
ow energies (0.2 cm 

−1 ), which gradually increase as the energy rises.
he adopted propagator is a hybrid one between the Manolopoulos 
iabatic modified log-deri v ati v e propagator and the Ale xander–
anolopoulos–Airy propagator (LDMD/AIRY) (Alexander 1984 ; 
anolopoulos 1986 ; Alexander & Manolopoulos 1987 ). This pro- 
ides the correct compromise between computational efficiency and 
ccuracy in the description of the potential, since it differently 
eals with the short- and long-range propagation according to the 
otential requirements, and thus using narrower propagation steps 
hen the energy gradient is higher. The integration range was set

rom 2.5 Å to a long-range limit value purposely chosen to ensure
onvergence of the inelastic cross sections for the considered energy 
ange. The same scheme has been applied to the rotational basis
ut-off of HC 

17 O 

+ , which has been optimized for each energy range
rom a minimum value of j = 25 at 2 cm 

−1 up to a maximum of
 = 31 at the highest energies (abo v e 300 cm 

−1 ). The maximum
alue of the total angular momentum J = j + l has been chosen
s the one that allowed for the convergence of the inelastic cross
ections within 0.005 Å, reaching a maximum value of J = 118
t 500 cm 

−1 . The reduced mass of the collisional system is set
o 1.8709 u and the rotational energies have been computed from
he experimental ground-state spectroscopic constants (Dore et al. 
001 ): B 0 (HC 

17 O 

+ ) = 43528.92 MHz, D 0 (HC 

17 O 

+ ) = 78.96 kHz.
he energies of the hyperfine levels of HC 

17 O 

+ required for the
ecoupling calculation have been taken from Bizzocchi ( 2022 ). 

.2.2 Hyperfine-resolved rate coefficients 

aving computed the inelastic cross sections σ REC 
j F→ j ′ F ′ , the corre- 

ponding rate coefficients are straightforwardly derived at a given 
emperature T by averaging over collision energy ( E c ) : 

 j F→ j ′ F ′ ( T ) = 

(
8 

πμk 3 B T 
3 

)1 / 2 ∫ ∞ 

0 
σ REC 

j F→ j ′ F ′ E c e 
−E c /k B T d E c . (13) 

e have obtained hyperfine resolved (de-)excitation rate coefficients 
or the lowest six rotational levels in the 5–100K range. The complete
et of them will be made available through the LAMDA (Sch ̈oier
t al. 2005 ; van der Tak et al. 2020 ) and BASECOL (Dubernet et al.
013 ) data bases. A list of the rate coefficients involving the first
wo rotational levels at 10, 30, and 50K is presented in Table 2 ,
hile Figs 4 and 5 depict the variation of some de-excitation rate

oefficients with temperature. In Fig. 4 , the trend of the inelastic
ate coefficients involving the same final hyperfine state is provided, 
hereas Fig. 5 shows the quasi-elastic rate coefficients into the j =
 and j = 2 rotational levels. From both, a propensity towards the
ransitions involving the final hyperfine level ( F’ ) with the highest
ultiplicity clearly stands out. In addition, inelastic rate coefficients 
MNRAS 516, 2653–2661 (2022) 
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Figure 4. Temperature variation of the hyperfine resolved HC 

17 O 

+ –H 2 rate coefficients for some transitions involving the same final hyperfine state. 
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xhibit a propensity toward transitions involving � F = � j when F’
I and −� F = � j when F’ < I . 

 ISOTOPIC  EFFECT  

or astrophysical purposes, it is often assumed that collisional
ate coefficients of a main isotopologue can be used to estimate
ate coefficients for other isotopic variants. To test the reliability
f this approximation for the 16 O → 

17 O isotope substitution, we
ompared the values of the cross-section computed at E = 50 cm 

−1 

or the HCO 

+ and HC 

17 O 

+ target species. These two scattering
ystem differ by the position of the centre of mass, the rotational
onstants of the target and the reduced masses. The results, reported
n Table 3 , exhibited significant discrepancies with an average
ercentage difference of more than 20 per cent. Noteworthy, the
ariation between the cross sections of HCO 

+ and HC 

17 O 

+ seems not
o follow any kind of predictable pattern. Therefore, we expect that
he use of scaled rate coefficients derived from the parent species
NRAS 516, 2653–2661 (2022) 
ould lead to unreliable results in radiative transfer modelling of
strophysical HC 

17 O 

+ emission. 

 C O M PA R I S O N  WI TH  APPROX IMATED  R AT E  

OEFFI CI ENTS  

he recoupling approach used in the present work to compute
yperfine-resolved rate coefficients is almost exact but requires to
tore the S J ( jl ; j 

′ 
l 
′ 
) elements and to compute the opacity tensor

etween the rotational levels of HC 

17 O 

+ , which implies a significant
omputational effort. To a v oid such a demanding step, various
pproximate methodologies are frequently employed. A simple
pproach that is widely used for astrophysical applications (see
uilloteau & Baudry 1981 ; Keto & Rybicki 2010 ) is the statistical
ethod called M j -randomizing limit or proportional approach (RAN,
lexander & Dagdigian 1985 ). This method assumes a statistical

eorientation of the quantum number F 

′ 
after the collision, thus ne-

lecting any dependence on the initial conditions of the system. This
llows to express the jF → j 

′ 
F 

′ 
hyperfine-resolved rate coefficients
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Figure 5. Temperature variation of the hyperfine resolved HC 

17 O–H 2 quasi- 
elastic rate coefficients involving the j = 1, 2 rotational levels. 
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Table 3. Computed cross-sections at E = 50 cm 

−1 for the HC 

17 O 

+ /HCO 

+ 
and H 2 ( j = 0) collisions. 

j → j 
′ 

Cross sections / Å2 Per cent error 
HC 

17 O 

+ HCO 

+ 

1 → 0 53.41 64.96 21 .62 
2 → 0 50.31 55.34 10 .00 
3 → 0 44.00 47.18 7 .24 
4 → 0 30.28 41.16 35 .90 
5 → 0 15.74 20.49 30 .20 
2 → 1 60.87 60.25 − 1 .03 
3 → 1 53.18 49.24 − 7 .40 
4 → 1 35.19 40.20 14 .22 
5 → 1 18.77 18.88 0 .59 
3 → 2 52.95 64.27 21 .39 
4 → 2 41.75 51.14 22 .47 
5 → 2 21.02 23.86 13 .47 
4 → 3 51.02 61.93 21 .38 
5 → 3 23.19 37.58 62 .02 
5 → 4 35.63 47.33 32 .85 
Average absolute per cent error 20 .12 
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rom the corresponding pure rotational one j → j 
′ 
through 

 j F→ j ′ F ′ ( T ) = 

(2 F 

′ + 1) 

(2 j ′ + 1)(2 I + 1) 
k j→ j ( T ) . (14) 

 way to account for the collision propensities given by the Wigner
oefficients of equation ( 12 ) is provided by the Neufeld & Green
 1994 ) approximation (NG). This approach is based on the IOS
ethod which ignores the rotational energy spacing with respect 

o the collision energy, and derives the rate coefficients between 
yperfine structure levels from the rotational excitation rate involving 
he fundamental j = 0 state (for more in-depth description, see 
aure & Lique 2012 and references therein). 
To assess the impact of these approximations on a typical non- 

TE radiative transfer modelling, we have compared the hyperfine 
ate coefficients obtained with the full quantum CC approach plus 
ecoupling with those derived from the corresponding rotational 
ollision data employing the NG and RAN approximations. The 
esults at 10K and 100K are shown in Fig. 6 . At low temperature,
he collisions are slow and typically go through the formation of a
ong lifetime HC 

17 O 

+ –H 2 complex in the potential well. When the
omplex dissociates, the level population evolves to a randomized 
istribution according to the statistical weights of the final states 
 F 

′ 
). For this reason, the RAN approximation performs better at

ow temperatures at which statistical effects have a major impact 
n the rate coefficients. Conversely, the NG method is less accurate
n describing the rate coefficients at low temperatures, where the 
ssumption of neglecting rotational energy spacing compared to the 
ollision energy is no longer valid. On the other hand, at higher
emperatures, the influence of the propensity rules given by the 

igner coefficients becomes increasingly prominent, thus making 
he NG approach a better approximation. 

 C O N C L U S I O N S  

n this work, we presented the first computed rate coefficients for
he hyperfine (de-)excitation of HC 

17 O 

+ by collisions with H 2 

 j = 0), the most abundant collisional partner in cold molecular
louds. First, we characterized the involved PES by exploiting 
he accuracy of explicitly correlated coupled-cluster calculations, 
mploying the CCSD(T)-F12a/aug-cc-pVQZ level of theory. The 
nteraction energy was averaged over five H 2 orientations and then 
tted by means of the procedure described by Werner et al. ( 1989 ).
efore performing scattering calculations, the effects due to the 
oupling between the different rotational states of H 2 ( j = 0, 2)
n the inelastic cross sections have been assessed. This permitted 
s to neglect, in a good approximation, the influence of j (H 2 )
 0, thus allowing to perform spherical average of the potential
ith respect to the orientations of H 2 . Finally, state-to-state rate

oefficients between the six lowest rotational levels have been com- 
uted using recoupling techniques for temperatures ranging from 5 
o 100K. 

The importance of these data is highlighted by the significant 
ifference between the values of the collision cross sections com- 
uted for HCO 

+ and HC 

17 O 

+ . As a matter of facts, retrieving the
MNRAS 516, 2653–2661 (2022) 
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Figure 6. Comparison between HC 

17 O 

+ –H 2 recoupling hyperfine rate coefficients and those obtained using the RAN (top panels) and NG (bottom panels) 
approximations at 10K (left-hand panels) and 100K (right-hand panels). In each panel, the dashed lines delimit the region where the rate coefficients differ by 
less than a factor of three. 
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ollisional rate coefficients of HC 

17 O 

+ and H 2 by simply scaling
he ones of the HCO 

+ –H 2 system does not represent a reliable
pproach. A similar behaviour is also expected for the HC 

18 O 

+ 

sotopologue, which features an even more pronounced shift of
he centre of mass with respect to the parent species. Furthermore,
he comparison with commonly adopted approaches, such as RAN
nd NG approximations, indicates that the recoupling approach
epresents the most reliable methodology to compute hyperfine
esolved inelastic rate coefficients for astrophysically interesting
ystems. 
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