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A B S T R A C T

A comprehensive semi-classical study of the collisional line broadening and shift coefficients of C2H2 by several
key perturbers (H2, He, N2, C2H2, CO, and CO2) for astronomical applications using the Complex Robert–
Bonamy–Ma (CRBM) framework is presented. Following the CRBM computational protocol, the intermolecular
interaction potentials are constructed from atom–atom and electrostatic interactions, and then fitted to
reproduce experimental room-temperature line-broadening parameters taken from the literature. In total, 657
experimental values are used in the fitting. The empirical potentials are then used to predict line broadening
coefficients over a wide temperature range. Reference collisional line widths 𝛾0 and temperature exponents 𝑛
for the commonly used single-power law are produced, as well as a set of parameters for the double-power law,
which better reproduces the temperature dependence of theoretical predictions. The vibrational dependence
of the line widths is studied using a new ab initio isotropic polarizability surface of C2H2 and is found to
be negligible. The computed line broadening parameters are found to agree well with the experimental data,
while the modelling of line shifts of HCCH is not satisfactory when compared to the experiment. The new line
broadening data of C2H2 with the 𝐽 (or 𝑚) dependence have been used to populate the ExoMol database
www.exomol.com as part of the ExoMol pressure-broadening diet and can be used to model opacities of
atmosphere of (extrasolar) planets. The CRBM methodology tested here on C2H2 can be used for other similar
(closed-shell) systems in ExoMol that are important for exoplanetary atmospheric studies.
1. Introduction

Acetylene is a small polyatomic hydrocarbon species whose spectra
are important in astrophysics and atmospheric studies [1]. On Earth, it
is among the minor constituents of the atmosphere produced mainly by
human activity [2]. It is also one of the target molecules being searched
for on Mars in the 3 μm region [3,4]. Acetylene has also been detected
in a number of other cooler bodies in the Solar system, such as Jupiter,
Saturn, Titan, and Pluto, where the low-lying 𝜈5 fundamental band was
observed. Outside the Solar system, various bands of acetylene have
been observed in warmer environments such as carbon stars [5], hot
Jupiters [6], and this molecule is predicted to be present in soot-rich
sub-Neptune type extrasolar planets (exoplanets) [7]. In the context of
atmospheres of exoplanets, acetylene is particularly intriguing because
it can serve as a precursor for more complex organic compounds and, at
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high temperatures and high UV fluxes, may indicate a rich atmospheric
chemistry.

The majority of known exoplanets are not visible directly, and disen-
tangling their spectrum from that of a much brighter host star presents
challenges. One of the main tools for detection of atomic and molecu-
lar species is cross-correlation, where the filtered high-resolution and
noisy spectra of an exoplanet are compared against model planetary
opacities for various species [8]. The need for accurate line positions
and intensities has been recognized for some time now [9], and work
is ongoing on generation of high-resolution molecular linelists within
the frameworks of projects like HITEMP and ExoMol. Additionally,
generation of cross-sections and opacities requires knowledge of the
line shapes, which means that need for line broadening data is gaining
increasing attention [10,11]. To address this challenge, theoretical
studies of acetylene’s spectral properties are crucial.
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Broadening and shifting of acetylene lines by various perturbers has
been extensively studied both experimentally and theoretically. Room-
emperature measurements of multiple vibrational bands in pure acety-
ene have been performed by Jacquemart et al. [12,13]. Measurements

in the 𝜈5, 𝜈4 + 𝜈5, 𝜈1 + 𝜈3, and 𝜈1 + 3𝜈3 bands have also been performed
y other groups [14–23]. Foreign-gas broadening and shifting has

been studied in mixtures of acetylene with hydrogen [24–29], nitro-
gen [17,21,24,26–28,30–38], oxygen [33,35,39], rare gases [17,21,26–
28,34,40], and carbon dioxide [35,41,42]. Theoretical studies were

ade using the close coupling approach [29,43], semi-classical Robert–
onamy type calculations [44–47], and the fully classical Gordon’s

approach [48–50].
In this theoretical study, we use the semi-classical Complex Robert–

onamy–Ma (CRBM) framework [51,52] and focus on the magnitude
and temperature-dependence of acetylene broadening coefficients with
arious molecules relevant to astronomical applications over a wide

temperature range. We also investigate the effect of vibrational con-
tributions to line-broadening and lineshift coefficients. As for the col-
lisional partners, in stars and in such exoplanets as hot Jupiters and
sub-Neptunes, the primary broadening species will be molecular hy-
drogen H2 and helium. We also include larger molecules that are likely
to be present in the atmospheres of cooler and heavier atmospheres,
such as CO2, C2H2, CO, and N2. The results are compared to existing
experimental data and other theoretical approaches.

To assess vibrational contributions to line shape parameters, semi-
classical approaches require knowledge of the state-dependent po-
arizabilities for acetylene. There are a number of theoretical and
xperimental studies on the polarizability of acetylene (see summaries

in [53,54]), but few of them consider how this property changes
ith vibrational and rotational state. Russell and Spackman [55] cal-

culated the electronic and rovibrational polarizabilities of acetylene
using Møller-Plesset theory (MP2) and a more accurate Brueckner
theory [56], BD(T). Monten et al. [57] investigated the dependence
of polarizability of C2H2 on the number of perturbations included in
oupled cluster expansion, as well as on completeness of the basis

set. Sharipov et al. [58] aimed to cover dipole moments and polariz-
abilities for a vast number of small molecules, as well as to estimate
ibrational contributions to these properties using DFT. We calculate
he expectation values of the isotropic polarizability using a high-level
CSD(T)-F12b approach with the aug-cc-pVQZ basis set and varia-
ionally obtained ro-vibrational wavefunctions calculated using the
ariational program TROVE [59].

Our paper is organized as follows: Section 2 describes our method-
ology, including line shape calculation details, construction of the
interaction potentials and their fitting, as well as details and results of
the polarizability calculations. In Section 3, we show the results of line
shape modelling and compare it with existing data; Section 4 provides
a discussion of the results, and our Conclusions are given in Section 5.

2. Methodology

2.1. Collisional effects on shapes of isolated lines

Here we employ the Complex Robert–Bonamy–Ma framework [51,
52] to study line-broadening and shifting coefficients of acetylene.
n this semi-classical approach, the isolated-line halfwidths and shifts
ppear as averages of scattering matrix 𝐒 over collision trajectories and
erturber states [51],

(𝛾 + 𝑖𝛿)𝑓 𝑖 =
𝑛𝑏
2𝜋 𝑐 ∫

∞

0
𝑣𝑓 (𝑣)𝑑 𝑣∫

∞

0
2𝜋 𝑏𝑑 𝑏

(

1 − ⟨

𝐒𝑓 𝑖
⟩

𝐽2

)

, (1)

where 𝐒𝑓 𝑖 = ⟨⟨𝑣𝑖𝐽𝑖𝑣𝑓𝐽𝑓 |𝑆̂|𝑣𝑖𝐽𝑖𝑣𝑓𝐽𝑓 ⟩⟩ is a matrix element of the scatter-
ng operator in line-space formed by Liouville-space vectors
𝑣𝑖𝐽𝑖𝑣𝑓𝐽𝑓 ⟩⟩ ≡ |𝑣𝑓𝐽𝑓 ⟩⟨𝑣𝑖𝐽𝑖|. The average over the perturber states
as discussed by Ma et al. [52]. Because the subject of concern are

solated-line properties, the influence of line-mixing resulting from
2 
non-diagonality of the tetradic matrix 𝐒 in line-space [60] is ignored
ere, and only two indices related to a spectral line 𝑓 ← 𝑖 are

retained. The elements of the scattering matrix depend on the details of
intermolecular interactions which happen during the collisional event.
To proceed with calculations, the scattering operator is expanded up to
the second order in perturbation [61], and with the use of the cumulant
expansion [62], the expression in the parentheses can be rewritten as

1 − exp
(

−𝑖 ⟨𝑆1⟩𝐽2 − ⟨𝑆2⟩𝐽2

)

𝑓←𝑖
. (2)

In this work, we also neglect the effects of line-coupling [63],
which appear as a result of the non-diagonality of operators in this
exponential. The 𝑆1 term in the expression above is largely responsible
for line shifting and the vibrational contribution to line-broadening and
depends on the difference of angle-averaged interaction potentials in
the initial and final states of the radiator 𝛹𝑖,𝑓 and the perturber 𝛹2:

𝑆1 =
1
ℏ ∫

∞

−∞
𝑑 𝑡

[⟨

𝛹𝑓𝛹2
|

|

|

𝑉 iso(𝑅(𝑡))||
|

𝛹𝑓𝛹2

⟩

−
⟨

𝛹𝑖𝛹2
|

|

|

𝑉 iso(𝑅(𝑡))||
|

𝛹𝑖𝛹2

⟩]

. (3)

The dependence of the isotropic potential on 𝑣2, 𝐽2 will be ignored. The
𝑆2 term is primarily responsible for the rotational dependence of line
shape parameters within a vibrational band and is given by a sum of
contributions 𝑆2 = 𝑆∗

2,𝑖 2 +𝑆2,𝑓 2 +𝑆2,middle, where the first two, ‘‘outer’’
terms are [64,65]

𝑆2,𝑖 2 =
1
ℏ2

∑

𝐽 ′𝑖 𝐽
′
2

𝑙1 𝑙2𝐧𝐚𝐧𝐛

𝐾outer 𝐷(𝑙1𝑙2,𝐧𝐚𝐧𝐛, 𝐽𝑖𝐽 ′
𝑖 𝐽2𝐽

′
2)𝐹

𝑙1𝑙2
𝐧𝐚𝐧𝐛 (𝜔𝐽𝑖𝐽 ′

𝑖
+ 𝜔𝐽2𝐽 ′

2
), (4)

and the 𝑆2,𝑓2-term is obtained by index interchange 𝑖 ↔ 𝑓 . The
‘‘middle’’ term is [63,64]

𝑆2,middle = 1
ℏ2

∑

𝐽 ′
2

∑

𝑙1 𝑙2
𝐧𝐚𝐧𝐛

𝐾middle 𝐷
(

𝑙1𝑙2,𝐧𝐚𝐧𝐛, 𝐽𝑖𝐽𝑓 , 𝐽2𝐽 ′
2
)

𝐹 𝑙1𝑙2
𝐧𝐚𝐧𝐛

(

𝜔𝐽2𝐽 ′
2

)

.

(5)

In the above equations, 𝐷 is a product of reduced matrix elements
of the kind ⟨𝛹𝑖‖𝐷𝑙

∗𝑛(𝛺)‖𝛹𝑖′ ⟩. For various collisions, their contribution
s usually diminished by resonance functions 𝐹 which contain the
ime-integral of the interaction and help satisfy the energy balance

in the scattering matrix [66]. 𝐾 is a numerical factor coming from
recoupling coefficients, 𝐧𝐤 = 𝑛𝑘,𝑖 with 𝑘 = 𝑎, 𝑏, 𝑖 = 1, 2 is a pair of
indices for each molecule coming from the two terms in this second-
order perturbational treatment, which along with 𝑙1,2 appear in the
interaction potential expansion.

The time dependence in both 𝑆1 and 𝑆2 is contained in the in-
egral of 𝑉 (𝑅(𝑡)), that is the strength of interaction between the two
olecules during collisions, which are assumed to follow classical

rajectories given an initial relative velocity 𝑣 and impact parameter
. 𝑅(𝑡) is the centre-of-mass separation of the two colliding molecules
t time 𝑡. Instead of assuming a trajectory model (straight-line or
arabolic), the trajectories are numerically integrated using Hamilton’s
quations and the isotropic part 𝑉 iso(𝑅(𝑡)) of the interaction potential
‘‘exact’’ trajectories). This ground-vibrational-state isotropic potential
as used for trajectory calculations for all the vibrational states of

he radiating molecule. Once the classical paths are established, we
calculate the components of the scattering matrix 𝑆1 and 𝑆2. The
𝑆1 term only depends on the isotropic part of the potential, and its
vibrational dependence is included through modification of long-range
van-der-Waals interactions. The 𝑆2 term, on the other hand, only
depends on the anisotropic terms, and those are constructed using
a vibration-independent potential with electrostatic and atom–atom
contributions.
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2.2. Interaction potential

Theoretical determination of line shape parameters relies on the
details of interaction between the radiator and perturber during the
collisional event. The scattering matrix elements from Eq. (1) need
to be calculated for a number of initial velocities, impact parameters
and internal states of the molecules. An account of the full interaction
potential and the resulting exact (no quotes) trajectories are not easy to
nclude in a semi-classical approach. One consequence is the emerging
nergy exchange between rotational and translational motions, which is

usually ignored in semi-classical methods. Another one is out-of-plane
rajectories which are no longer symmetric with respect to the distance
f the closest approach 𝑟𝑐 = 𝑟(𝑡 = 0) and would require a general expres-

sion for the resonance functions, without any analytical simplifications.
In the current approach, the trajectories resulting from different initial
conditions are assumed to be propagated by the isotropic potential, and
t each moment the value of the full interaction potential is used for
he calculation of 𝑆1 and 𝑆2 terms.

To this end, we construct model potentials, 𝑉 , for C2H2+X (X=H2,
e, N2, C2H2, CO2, CO) as follows. The molecules are considered to
e rigid rotors with equilibrium geometries taken from the ground

electronic state. This choice helps us reduce the dimensionality of
the problem to the monomer rotation degrees of freedom only. The
interaction potential is constructed from two parts as

𝑉 = 𝑉estat + 𝑉a-a. (6)

Here, the long-ranged electrostatic interactions between molecules,
estat, are described with the usual expressions for the interaction
etween electric multipoles [67] and expressed as a series in spherical
armonics. The second term 𝑉a-a, predominantly responsible for the
hort-ranged interactions, is built from individual atom–atom contri-
utions that use the Lennard-Jones (LJ) 6-12 form as given by

𝑉a-a =
𝑛
∑

𝑖=1

𝑚
∑

𝑗=1
4𝜀𝑖𝑗

[

( 𝜎𝑖𝑗
𝑟1𝑖,2𝑗

)12
−
( 𝜎𝑖𝑗
𝑟1𝑖,2𝑗

)6
]

. (7)

To cast this into the same form as used for electrostatic interactions,
he two-centre expansion [67] is applied to 𝑉a-a using both molecules’
quilibrium geometries and the relative orientation of the molecules in
he dimer. With the atom–atom potential expressed as 𝑉𝑖𝑗 =

∑

𝑎𝑛𝑅−𝑛

see above), the general expression for the interaction potential in
aboratory-fixed frame (LFF) can be written as

𝑉 (𝑅, 𝛺1, 𝛺2, 𝜔) =
∑

𝑙1𝑙2𝑙

∑

𝑛1𝑛2
𝑚1𝑚2𝑚

∑

𝑤,𝑞

𝑈
(

𝑙1𝑙2𝑙 , 𝑛1𝑛2𝑤𝑞
)

𝑅𝑞+𝑙1+𝑙2+2𝑤

×𝐶 𝑙 𝑚
𝑙1𝑚1 𝑙2𝑚2

𝐷𝑙1
𝑚1𝑛1

∗ (
𝛺1

)

𝐷𝑙2
𝑚2𝑛2

∗ (
𝛺2

)

𝑌𝑙 𝑚∗(𝜔). (8)

Here, 𝐶 𝑙 𝑚
𝑙1𝑚1 𝑙2𝑚2

is the Clebsch–Gordan coefficient, 𝐷𝑙
𝑚𝑛(𝛺) are

igner D-matrices, and 𝑌𝑙 𝑚(𝜔) are spherical harmonics. Together,
these terms form the rotationally invariant part of the potential which
depends on the orientations of molecular axes 𝛺 = (𝛼 , 𝛽 , 𝛾) in LFF and
the direction 𝜔 = (𝜃 , 𝜑) of a vector 𝑅⃗ connecting the centres of masses of
the two molecules. 𝑈 (… ) is the expansion coefficient representing the
combined contribution from electrostatic and atom–atom interactions
for a particular power in 𝑅. The summation is performed over various
ymmetries of the interaction 𝑙1, 𝑙2, different projections 𝑛, 𝑚 entering

the rotationally-invariant term, and integer indices 𝑤 and 𝑞. The latter
is equal to 1 for electrostatic terms and 6 or 12 for the atom–atom
terms. All the molecules which we consider as rigid are linear at
equilibrium, so the above expression somewhat simplifies with 𝑛1 =
𝑛2 = 0. As for the truncation of other expansions, in this work we
used the 4th rank (max(𝑙1, 𝑙2)) and 20th order (𝑙1 + 𝑙2 + 2𝑤) to ensure
convergence with respect to both angular and radial variables.

The isotropic potential used in trajectory propagation can be ob-
tained from Eq. (8) by choosing the 𝑙 , 𝑙 , 𝑙 = 0 contribution from the
1 2

3 
expansion. For some of the systems, as will be demonstrated below, a
simplified 𝑚-𝑛 LJ version of the potential was used instead, expressed
through parameters 𝜎iso, 𝜀iso:

𝑉iso = 4𝜀iso

[(𝜎iso
𝑟

)𝑚
−
(𝜎iso

𝑟

)𝑛]
. (9)

2.3. Effects of vibrational dephasing

In the current approach, vibrational contribution to the line-shape
arameters can be reduced to several effects [68,69] that affect the
alues of 𝑆1 and 𝑆2. The first one affects both contributions and comes

from a difference in classical trajectories. When the target molecule is
ibrationally excited it has a different effective equilibrium geometry
eaning that the classical trajectories describing the collision will

also be slightly different. We neglect this effect as it is expected to
only matter for very weakly interacting partners [69], so a single
time-integration is done in Eq. (3) for each pair of states 𝑖, 𝑓 .

The other effects appear as differences in individual 𝑆1 and 𝑆2
ontributions compared to purely rotational transitions. The changes in
he 𝑆2 term, come from small changes in the energy gaps, the rotational
arts of wavefunctions and the collisional transition probabilities for
ifferent rovibrational states. The energy gaps 𝛥𝐸𝑖,𝑖′ − 𝛥𝐸𝐽2 ,𝐽 ′

2
were

alculated using energies of acetylene and the perturbers taken from
he ExoMol database [70]. The wavefunctions and respective transition

probabilities, related to reduced matrix elements ⟨𝛹𝑖‖𝐷𝑙
∗𝑛(𝛺)‖𝛹𝑖′ ⟩, can

be calculated using ab initio wavefunctions [71]. However, in this
work we employ a simplified approach which used rigid linear rotor
wavefunctions |𝐽 𝐾 𝑀⟩ = |𝐽0𝑀⟩ for the 𝑆2 term. Also, the matrix
lements are calculated only for collisional transitions within a given
ibrational state, so collisional transitions between states belonging to
ifferent vibrational states are not considered here due to the isolated
ibrational state assumption; because of this approximation, the av-
raging in Eq. (1) is only performed over one (ground) vibrational

state.
We now focus on the description of the 𝑆1 term which includes

ost of the vibrational contribution to the line shape. From Eq. (3)
it follows that 𝑆1 is non-zero only if the isotropic part of the potential
shows dependence on the radiating-molecule state. To account for the
dependence of the isotropic potential on the radiator state, we follow
the usual practice and introduce a separate potential showing this
rovibrational dependence which is approximated using only van der
Waals dispersion interactions as −𝐶6∕𝑅6. The respective expectation
values for a particular state 𝑔 that would enter Eq. (3) can be written
as

⟨𝛹𝑎,𝑔|𝑉
iso(𝑡)|𝛹𝑎,𝑔⟩ = − 3𝛼𝑏𝑈̄

2𝑅6(𝑡)
⟨𝛹𝑎,𝑔|𝛼𝑎|𝛹𝑎,𝑔⟩, (10)

where 𝛼 is the isotropic polarizability tensor, 𝑎 and 𝑏 designate the
radiating molecule and the perturber, 𝑔 = 𝑖, 𝑓 is the initial (final)
states of the radiating molecule, 𝑈̄ is the mean excitation energy, and
he expectation values are taken over the radiating-molecule states.

We emphasize that this representation of the potential is only used
for the calculation of the (ro)vibrational-state dependence of the 𝑆1
term, while both the molecular trajectories and the 𝑆2 contributions
are calculated using the potential expressions described in the previous
section.

We explored two expressions to calculate the dispersion interaction
energy. One is the London formula,

𝐶Lond
6 = 3

2
𝑈̄ 𝛼iso

𝑎 𝛼iso
𝑏 [eV ⋅ 𝑎60], (11)

where the mean excitation energy 𝑈̄ is related to the ionization poten-
tials via the Unsöld approximation [72]
𝑈̄ = 𝐼𝑎𝐼𝑏∕(𝐼𝑎 + 𝐼𝑏)



A. Sokolov et al.

n

f
b
e
u
r
s
h

t
g
L
𝜎
c
e

w
p

a
s
a
a

b

H

w

H
a
o

i

o
f

Journal of Quantitative Spectroscopy and Radiative Transfer 330 (2025) 109225 
with 𝐼 in eV and 𝛼 in 𝑎30. This is the most popular method in the
literature to estimate changes in the long-range interactions. An alter-
ative approach is to use the Slater–Kirkwood formula, which employs

a different expression for 𝑈̄ and reads

𝐶Sl-Kirk
6 = 3

2
𝑎3∕20

(

𝛼iso
𝑎 ∕𝑁𝑎

)1∕2 +
(

𝛼iso
𝑏 ∕𝑁𝑏

)1∕2
𝛼iso
𝑎 𝛼iso

𝑏 [Ha ⋅ 𝑎60]. (12)

Calculations using Eqs. (11) and (12) require knowledge of the ex-
pectation values of the polarizability, calculations of which will be
discussed in detail below. Additionally, one needs ionization potentials
𝐼 or effective number of electrons 𝑁 depending on which formula is
chosen. In our calculations, values 𝛼iso

𝑏 and 𝐼𝑎,𝑏 were taken from the
NIST database [73] and 𝑁𝑎,𝑏 were taken from expressions given in [74].
The state-dependent polarizability values of the radiator have been
computed by us as will be described in the next section.

We also explored two modifications of the potential in Eq. (10)
or the 𝑆1 term. One is to include an approximate effect of the vi-
rational motion on the short-ranged forces such as 𝐶12∕𝑟12 using
xpressions from [74] with the 𝐶12 coefficient estimated from molec-
lar polarizabilities. Although the change in the repulsive part with
ovibrational state is usually neglected, it might be more relevant for
ystems with weaker electrostatic interactions like for acetylene which
as no permanent dipole moment.

The second modification consists of a different way to set up
𝑉 iso(𝑅; 𝑣𝐽 ) in Eq. (3). Instead of introducing a separate isotropic po-
ential for use just with 𝑆1, we scaled the LJ coefficients of the existing
round-vibrational-state potential used for trajectory propagation. The
J parameters of that potential expressed by Eq. (10) are scaled by
𝑣≠0∕𝜎𝑣=0 and 𝜀𝑣≠0∕𝜀𝑣=0, where the scaling coefficients are based on
alculated values of polarizabilities and London or Slater–Kirkwood
xpressions. This option can help avoid a situation where the two

potentials estimated from different grounds (atom–atom + electrostatic,
Eq. (9) vs polarizability based, Eq. (10)) have noticeably different
values of 𝜎iso, so that collisions never get molecules close enough to

here the short-range part of the second potential would come into
lay.

As will be demonstrated below, our calculated acetylene linewidths
re not very sensitive to these ways of computing 𝑆1. The effect is
mall and indistinguishable within experimental uncertainties, while
ccuracy of lineshift predictions for any of these approaches listed
bove falls short of expectations.

2.4. Interaction potential fitting

Usually, the broadening parameters calculated with semi-classical
(ab initio) approaches are slightly overestimated (see, e.g., Refs. [64,75–
79]) and predictions with such models can be substantially improved
y fitting the interaction potential to minimize the difference between

theoretical and experimental broadening parameters, which can be
done through a non-linear least squares fit. Below, we describe which
parameters were fitted, what were they fitted to and how the residuals
were constructed.

In the atom–atom part of the potential in Eq. (7), the major source
of uncertainties lies in the LJ parameters 𝜎𝑖𝑗 and 𝜀𝑖𝑗 in Eq. (7) between
different atoms of acetylene and those of the perturber (C–H, C–He,

–H, etc.). These quantities are not always well known or necessarily
transferable between different molecules, so they are fitted for each pair
of atoms for each collisional system. For example, the C2H2–H2 system
requires two types of interactions, C–H and H–H, while for C2H2–CO2
dimer there are four different pairs of interactions, each of which has
two parameters, 𝜎𝑖𝑗 and 𝜀𝑖𝑗 . In this work, the initial estimates for atom–
atom parameters of C2H2–X were either taken from the literature [80,
81] or from our previous works (i.e., [82,83]). Where necessary, the
interaction parameters were constructed from homonuclear tabulated
Lennard-Jones values using Lorentz–Berthelot combination rules [81].
4 
Table 1
Sources for line broadening/shifting data at room temperature used in this study.

Source Perturber Band Line profile

[25] H2 𝜈5 V
[32] N2 𝜈5 V
[14] C2H2 𝜈5 V
[27] H2, He 𝜈5 –
[28] H2, He, N2 𝜈1 + 𝜈3 V
[26] H2, He, N2 𝜈5 V
[31] N2 (𝜈4 + 𝜈5)0 V
[17] He, N2, C2H2 𝜈1 + 3𝜈3 G, R
[40] He 𝜈5 V
[16] C2H2 𝜈1 + 3𝜈3 V
[18] C2H2 (𝜈4 + 𝜈5)0 V
[12] C2H2 three bands R
[36] N2 (𝜈4 + 𝜈5)0 R
[37] N2 (𝜈4 + 𝜈5)0 V
[41] CO2 (𝜈4 + 𝜈5)0 R
[42] CO2 𝜈3 V
[35] CO2 𝜈1 + 𝜈3 V

Line profiles are denoted by R: Rautian, G: Galatry, V: Voigt, or ‘‘–’’: not specified.

As for the electrostatic part, it has been established that Robert–
Bonamy (RB) type calculations for acetylene show better agreement

ith the experiment when using a smaller quadrupole moment value
than predicted by experiment or theory (i.e., [18,45,84]). Given how
the electrostatic interactions involving its quadrupole are dominant for
acetylene line broadening values, we chose to treat the quadrupole
moment of acetylene as an adjustable parameter, which is fitted for
each broadener case. The quadrupole moments 𝜃 (and additionally
the dipole moment 𝜇 for CO), required for the calculation of electro-
static interactions and equilibrium geometries of individual perturbing
molecules were taken from NIST [73].

The third set of parameters, in addition to LJ parameters {𝜎𝑖𝑗 , 𝜀𝑖𝑗}
and the quadrupole moment 𝜃, are the isotropic potential parameters
𝜎iso and 𝜀iso used to propagate the trajectories. Generally, this isotropic
potential is drawn from the expansion in Eq. (8) by setting 𝑙1, 𝑙2, 𝑙 = 0.

owever, this can only be done reliably if the potential is known to be
ccurate. Because the parameters {𝜎𝑖𝑗 , 𝜀𝑖𝑗} and 𝑞 already act as effective
nes, in some cases we instead fit 𝜎iso and 𝜀iso from Eq. (9) or fix them

to known ab initio values instead of using the expansion. The quality of
the fit is quantified with the root mean squared error defined as

rmse =

√

√

√

√
1

𝑁 − 𝑃

𝑁
∑

𝑖=1

(

𝛾expt
𝑖 − 𝛾 theory

𝑖

)2
,

where 𝑁 is the number of experimental points and 𝑃 is the number of
nteraction potential parameters varied in a particular fit.

2.5. Choice of experimental line shape data

The reference pressure broadening coefficients data used in fitting
f the potentials were taken from the available experimental sources
or P- and R-branches at room temperature and are listed in Table 1.

Although this set is not exhaustive and more experimental data can
be found in Refs. [12,45] and some newer papers, including different
temperatures, bands, perturbers, and model profiles, we use it as a
representative sample of broadening and shifting data for at least a
couple of different bands for each of the five perturbing species con-
sidered with available experimental data with the aim of investigating
the presence of vibrational dependence. Some experimental data were
not considered if we already had reliable data with good coverage
of lines for that particular band, or if the data were found to have
systematic errors comparing to more reliable data from other publica-
tions. Lower-temperature data were not considered because we target
higher temperature applications and, additionally, the fitting procedure
could perform worse due to poor predictions of semi-classical methods
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at lower temperatures. The scarce high-temperature data, where semi-
classical methods should perform well, were reserved as a test group
for our theoretical predictions.

Ideally, one would require accurate measurements of widths and
hifts both at small and large values of 𝐽 for different vibrational

states and covering a large temperature range. Provided the theory is
sound and the experiment is sufficiently accurate, even a few measure-
ments constraining both the long- and the short-range parameters of
the interaction potential should suffice to obtain accurate theoretical
temperature-dependent line shape parameters [85]. However, these
emands are often not met due to time constraints or experimental
bstacles such as temperature/pressure limitations, safety concerns (as

in the case of the hot acetylene), high noise in low-intensity lines,
high uncertainties in shifts measurements, as well as data treatment
difficulties in signal analysis [13,35,41,86].

Another issue comes from the use of different line profiles in ex-
perimental retrievals. CRBM is suited to describe the Lorentzian part
f the observed line profile and can provide [87] the parameters 𝛾0,
0, 𝛾2, and 𝛿2 of the quadratic speed-dependent Voigt profile (qSDVP).
elocity-changing collisions are not a part of this model. Thus, it would

be appropriate to fit our results on experimental broadening parameters
retrieved with the same qSDVP model. If we look at the broadening pa-
rameters in Table 1, most of them were obtained from the Voigt-profile
fits. However, there is little discussion about possible deviations from
the Voigt shape. Recent discussion [22,23,88,89] has revealed that
sing the Voigt profile in retrievals can lead to unphysical halfwidth
lternations between even and odd 𝐽 s, while the use of qSDVP gives a
uch more accurate description. Some publications use the Rautian or
alatry profiles instead of qSDVP to reduce their measurements, which

also leads to better residuals. However, those profiles include the effects
of velocity-changing collisions that are absent in our model. Sometimes
retrievals are presented for multiple profiles (see, e.g., Ref. [37]) where
the differences in 𝛾0 reach ∼ 0.004 cm−1atm−1 (∼ 5%). At the same
ime, the experimental data (see Table 1) that use different profile

models lie roughly within each other’s error bounds. For this reason,
we decided to ignore any differences between the underlying models
used in retrievals and treat all experimental and theoretical 𝛾0 values
as comparable, regardless of the profile. All the data were weighted by
the corresponding experimental uncertainty in our fitting procedure.

2.6. Fitting procedure details

The fitting of interaction potential parameters 𝜎𝑖𝑗 , 𝜀𝑖𝑗 , 𝜃, (𝜎iso, 𝜀iso)
was performed in python with a non-linear least squares minimization
package using trust region reflective algorithm [90]. The individual
imensionless residuals for each point were constructed as

𝑟𝑖 =
𝐴theory
𝑖 − 𝐴expt

𝑖

𝜎expt
𝑖

(13)

to minimize the effect of experimental data with large error bars. Here,
𝐴theory
𝑖 are the calculated values of 𝛾 (𝛿) at each iteration, and 𝐴expt

𝑖 and
theory
𝑖 are experimental values and their uncertainties. The Jacobian

used to determine the steepest descent path was computed numerically
by finite differences (5% deviations from value at current iteration) in
each of the fitting parameters.

We performed calculations for each of the bands and compared
hem only to data from that particular band instead of polling together
ll the data for each 𝐽 as 𝑣-independent. This makes the procedure
ess robust if data for one particular band are erroneous but allows for
esting of the vibrational dependence in the calculation. This procedure
lso allows for the inclusion shifts in the residual, but we later found
hat it also makes the convergence worse, so fitting was only done using
he broadening data. The residuals vector to be minimized is then

{

HW HW HW
}

𝑟 = 𝑟1, 1 , 𝑟1, 2 ,… , 𝑟𝑘, 𝑛 , (14)

5 
where 𝑘 is the counting number of a band and 𝑛 is the number of
xperimentally measured lines in that band.

The performance of non-linear least squares algorithms strongly
depends on the details of the algorithm, so multiple fits for each
ollisional system have been performed using different initial potential
arameters from the literature, different ways of numerical Jacobian
valuation, in-built loss functions, and fixing some parameters during
itting. Sometimes, the fits converged to some local minima and the
roadening coefficients with those input parameters were not satis-
actory. In some other cases, visually indistinguishable broadening
redictions were obtained using different values of interaction potential
arameters because of the in-built uncertainty in non-linear fits coming
rom parameter-space curvature. The final potential parameters were
hosen from among the fits such that the broadening coefficients were
losest to the experiment and showed no unphysical behaviour at high
where there is no experiment to constrain the fits.

2.7. Rovibrationally averaged polarizabilities

Often when 𝑆1 is included in line shape calculations, only the
vibrational matrix elements are used in Eq. (10). Such an approach
is exact if rovibrational interactions for states in a certain energy
ange are small in magnitude, in which case the matrix elements are

independent of 𝐽 [91]. However, in the general case some influence
of the rotational state on the interaction potential can be expected.
Here we use accurate rovibrational wavefunctions of C2H2 generated
ariationally using the rovibrational program TROVE [59] to compute

the matrix elements of 𝑉 iso
disp in conjunction with a high level ab initio

polarizability surface 𝛼. Using accurate nuclear motion wavefunctions
helps account for the contributions from both vibrational and rotational
egrees of freedom of the radiator to the intermolecular potential. It

has been argued, that for the line shifts in the water’s 𝜈2 and 𝜈2 + 𝜈3
bands, this effect is important [92]. As will be shown below, accounting
or these effects for acetylene does not affect the broadening and shifts
ignificantly.

The calculations of the rovibrationally averaged isotropic electric
olarizabilities follow the Born–Oppenheimer approach and is per-

formed in two steps. In the first step, the electronically averaged
olarizability surfaces of C2H2 are computed with the MOLPRO 2020

program [93]. We used the CCSD(T)-F12b/AVQZ level of theory [94]
to compute the matrix elements of the static polarizability tensor for
an isolated electronic state as

𝛼𝑖𝑗 (𝐫) =
𝜕2𝐸(𝐫;𝐹 )
𝜕 𝐹𝑖𝜕 𝐹𝑗

|

|

|

|

|𝐹=0
, (15)

on a large set of geometries (37400) covering the energy range up
to 26,000 cm−1. Here, 𝐸(𝐫;𝐹 ) are the energies, 𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 are
directions of the field given in molecule-fixed frame, 𝐫 represent the
molecular geometry and 𝐹 are the field strength. This derivative can
be calculated numerically using the finite-field method with sufficiently
small values of 𝐹𝑖 (we used 𝐹𝑖 = 0.005 a.u.) to exclude the effects of
yperpolarizabilities but large enough to ensure numerical accuracy.
e then obtain the isotropic polarizability surface as

𝛼̄(𝐫) = (𝛼𝑥𝑥(𝐫) + 𝛼𝑦𝑦(𝐫) + 𝛼𝑧𝑧(𝐫))∕3.

It is also implicitly assumed, that the pure vibrational contribution to
polarizability are neglected as the response of nuclei to the field is too
low, so only the fast response of electrons is taken into account.

Some comparison of our results with the polarizability values of
acetylene from the literature is presented in Table 2, where one can
ee that with a sufficiently large basis set and enough terms to describe

electron correlation, the values 𝛼̄𝑒 are within several ∼ 0.1 𝑎03.
In the rovibrational calculations with the variational code TROVE

e employ the same calculation setup as in Chubb et al. [95], where
it has been used to compute an extensive line list aCeTy for acetylene.
This includes an empirical PES obtained by fitting to the experimentally
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Table 2
Values for the polarizability of acetylene in units 𝑎03. Note that the zero-point
corrections 𝛥 ̄𝛼ZPC often designate different quantities; see text for details. Molecular
geometries were often calculated with a different basis, which is not given here.

Method 𝛼̄e 𝛥 ̄𝛼ZPC

CCSD(T)/AVQZa [57] 22.504 0.50b

CCSDTQ(P)/CBS [57] 22.476 0.50b

MP2/TZP2(f) [55] 22.711 0.45b

BD(T)/TZP2(f,d) [55] 22.554 0.45b

B97-2/Sadlej pVTZ [58] 23.474 0.59c

MP4(SDQ)/Sadlej pVTZ [58] 22.643 0.59c

CCSD(T)-F12b/AVQZa (this work) 22.625 0.73b

a AVXZ = aug-cc-pVXZ.
b Correction for ground vibrational state, 𝐽 = 0.
c Average at 298 K.

derived energies of C2H2 from Chubb et al. [96]. The Hamiltonian
operator, including the kinetic energy operator and potential energy
function, was represented as a Taylor-type expansion in terms 3𝑁− 5 =

linearized coordinates 𝝃 {𝜉1, 𝜉2,… , 𝜉7} [97] given by

𝜉1 = (𝑟linCC − 𝑅e), (16)
𝜉2 = (𝑟linCH1

− 𝑟e),

𝜉3 = (𝑟linCH2
− 𝑟e),

𝜉4 = 𝛥𝑥1,

𝜉5 = 𝛥𝑦1,

𝜉6 = 𝛥𝑥2,

𝜉7 = 𝛥𝑦2.

Here, 𝑟linCC, 𝑟linCH1
and 𝑟linCH2

are linearized (in terms of the Cartesian
displacements) bond length values and 𝛥𝑥1, 𝛥𝑦1, 𝛥𝑥2 𝛥𝑦2 are the
Cartesian displacements of the hydrogen atoms in the (3𝑁 − 5) repre-
sentation [97]. The D20ℎ(M) molecular symmetry group [98] was used
or symmetry adaptations of the basis set functions with the TROVE

automatic symmetrization procedure [99]. The primitive vibrational
basis set was limited by the polyad number scheme:

𝑃 = 2𝑛1 + 𝑛2 + 𝑛3 + 𝑛4 + 𝑛5 + 𝑛6 + 𝑛7 ≤ 12,

where 𝑛𝑖 are the excitation numbers of the 7 one-dimensional vibra-
tional sets, with 𝑖 = 1 corresponding to the C–C mode, while 𝑖 = 2, 3
orrespond to the two C–H stretches and 𝑖 = 4, 5, 6, 7 correspond to the
our Cartesian-like bending modes (see [97]).

The isotropic polarizability 𝛼̄ is then represented using a Taylor-type
xpansion in terms of the same 7 linearized coordinates 𝜉𝑛 (𝑛 = 1,… , 7)

as in Eq. (16):

̄ (𝝃) =
∑

𝑖,𝑗 ,𝑘,…
𝐹𝑖,𝑗 ,𝑘,…𝜉𝑖1𝜉

𝑗
2𝜉

𝑘
3 … (17)

where 𝐹𝑖,𝑗 ,𝑘,… are expansion parameters obtained through a least-
squares fit the ab initio values of 𝛼̄(𝝃).

The TROVE rovibrational wavefunctions were computed and used
o obtain rovibrationally averaged polarizability matrix for a number
f vibrational states 𝑣 and 𝐽 = 0 … 30 as expectation values

̄𝑣,𝐽 = ⟨𝑣, 𝐽 |𝛼̄(𝝃)|𝑣, 𝐽⟩,
where 𝑣 is a short hand notation for a vibrational state of acetylene
𝑣1, 𝑣2, 𝑣3, 𝑣𝑙44 𝑣

𝑙5
5 .

The result represents electronic polarizability with a correction
oming from a different effective geometry in a particular rovibrational

state. Note, that this quantity is different from the purely vibrational
contribution [100] (sometimes also confusingly called ‘‘atomic’’ or
‘geometric’’) caused by a change in vibrational wavefunctions under
he influence of electric field, that is a change in nuclear and not
lectronic motion.
6 
Fig. 1. Calculated expectation values of polarizability for selected states.

The data calculated for nine vibrational states considered in this
ork is shown in Fig. 1. A table with numerical values is given in the

supplementary material. Each vibrational state shows a slight rotational
(𝐽 ) dependence which can be modelled as a quadratic function of 𝐽 , at
least outside any interactions or resonances. When the latter occur, the
single state dependence changes to a more complex avoided-crossing-
type pattern or gives rise to outliers. At lower energies this is fairly rare
(only one point for the 𝜈1 + 𝜈3 state), but as energy and the associated
density of states increase, the rotational dependence of the expectation
values of polarizabilities becomes increasingly non-monotonic. As an
example, the figure shows the complicated 𝐽 -dependence of the 𝜈1+ 3𝜈3
state (lowest dark green curve), as well as a complicated behaviour of
two other states from the same polyad, as illustrated by the dark green
curves in the top part of the figure.

Given the polarizability value of the ground vibrational state at
𝐽 = 0, the zero-point correction is calculated as 𝛼̄gs,𝐽=0 − 𝛼̄𝑒 = 0.73 𝑎03.
rom examining Table 2, one can see this value is higher than the oth-

ers. The study [57] estimates their zero-point correction to electronic
polarizability using the Born–Oppenheimer molecular dynamics, which
eads to a correction at 𝑇 = 298 K of 𝛥𝛼 = 0.50 𝑎30. The difference
ith [57] cannot be attributed to the temperature effect, given that

at room temperature about ∼ 85% of molecules occupy the ground
vibrational state and our data for 𝛼̄𝑣,𝐽=0 is larger than their average,
but to the potential energies and/or wavefunctions used. We do not
know the exact cause but possible impacts on the broadening from this
difference are discussed below.

3. Results of CRBM calculations

The model described above was used with the CRBM code to
ompute line broadening and line shift parameters for C2H2 perturbed
y six species: H2, He, N2, CO, CO2, and self-broadening. For each
erturber, a number of non-linear least-squares fits to adjust the po-
ential based on experimental broadening data (see Section 2.4) were

performed. We only present a few of these fits in detail to illustrate
the quality of predictions with and without fitting of the interaction
potential parameters. The list of parameters producing the best fit
for each of the perturbers is given in the Supplementary material.
Calculations of broadening parameters showed only a small dependence
on the vibrational band, so results are shown only for one band for all
the perturbers except for nitrogen, where the vibrational dependence
is examined in more detail.
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3.1. Line broadening coefficients

3.1.1. C2H2–H2
As mentioned above, semi-classical broadening coefficients are of-

ten overestimated, and for the case of broadening by light molecules
his effect is more pronounced. In practical applications, the common
olution is to refine the interaction potentials parameters as described
bove by fitting to the experimental values of the line broadening
arameters 𝛾. In fact, fitting is essential to ensure reasonable repro-
uction of the experiment and, more importantly, reliable predictions.
n fits for C2H2–H2, we used 104 experimental measurements of 𝛾
t room temperature with |𝑚| spanning from 1 to 37 taken from
efs. [25,26,28].

Fig. 2 shows line broadening parameters for C2H2 perturbed by
ydrogen at room temperature, obtained using the three interaction

potentials obtained from different combination rules and two fitted
results for the 𝜈1 + 𝜈3 band. We observed no significant vibrational
ependence of the broadening parameters, so only data for this band
re presented. Our theoretical data are compared with the experimental
alues (𝜈5 and 𝜈1 + 𝜈3 bands) and to the Robert–Bonamy calculations
rom Thibault et al. [76] which use an accurate ab initio potential [101].

Broadening coefficients are plotted against a spectroscopic parameter
|𝑚| defined as
𝑚 = −𝐽 , (P-branch)
= 𝐽 + 1, (R-branch)
= 𝐽 . (Q-branch)

Regardless of the choice of the interaction potential used, without
efinement, the CRBM values of the C2H2–H2 broadening parameters
re significantly larger than experimental values. The same applies to
he RB calculations by Thibault et al. [76] shown with green circles,
lthough the difference is smaller.

We would like to stress that though this comparison looks un-
favourable for CRBM, the original RB method had a minor mistake in
the averaging expression that has since been fixed [52], so CRBM (and
imilar, newer methods like CRBM with line coupling, CRBMc [63])
hould be preferable being more theoretically sound. Fitting of interac-

tion potential parameters substantially ameliorates our agreement with
the experiment. Fit 1 which starts from starting estimate 1 (red points)
uses five parameters, two pairs of atom–atom parameters for C–H, H–H
and 𝜃 taken from [44], and the isotropic 6-12 LJ potential is obtained
rom this potential’s expansion. Fit 2 starts from starting estimate 2
blue points) and uses seven fitting parameters, fitting the isotropic
nteractions as well. It uses the same atom–atom parameters and 𝜃,
nd the isotropic potential is estimated from molecular polarizabilities
nd expressions in [74]. Fitting gives rmse of 0.0034 cm−1atm−1 and
.0029 cm−1atm−1 at room temperature for fits 1 and 2, respectively.
or reference, the 𝐽 -averaged experimental errors are 0.0044 [25],

0.0014 [26], and 0.0038 cm−1atm−1 [28], respectively, but the experi-
ents do not perfectly agree among each other, and figures better show

he quality of the fit.
Fig. 3 shows the fitted results in more detail. The experimental

values of 𝛾 of C2H2–H2 exhibit a mild slope with increasing |𝑚| (or
𝐽 ), which is well reproduced in our calculations. The calculated values
appear to be underestimated for the first couple of lines, while the rest
of the values lie well within the experimental bounds. It is interesting,
that the close coupling calculations from Thibault et al. [76] (orange
circles) show additional depression in broadening coefficients around
|𝑚| ≈ 6 which is not apparent in the experiment or our calculations.

he trend at intermediate values of |𝑚| (or 𝐽 ) is consistent among all
datasets. At higher 𝐽 s, the large experimental uncertainties make it
arder to constrain the results of our fits, which continue to show a
ild decline. The HITRAN [102] data for this system, being empirical

in nature, shows great agreement at small and intermediate |𝑚|, but 𝛾
s simply set to a constant value for high 𝐽 values. Still, this should
7 
Fig. 2. Comparison of broadening coefficients for C2H2–H2 at room temperature with
and without fitting. Experimental data from [25,26,28], theoretical data for comparison
from [76].

Fig. 3. C2H2–H2 broadening coefficients at room temperature. Experimental data from
[25,26,28], theoretical data for comparison from [76,102].

not be interpreted as a significant drawback because the intensities of
lines with high 𝐽 will likely be small even at high temperatures and the
esulting discrepancy in the cross-sections will be minimal.

As there are no experimental broadening data for C2H2–H2 at high
temperatures, in Fig. 4 we show a comparison with close-coupling (CC)
data calculated for 2000 K [76] and HITRAN data extrapolated to this
emperature [102]. To estimate IR broadening coefficients from Raman

Q-branch broadening data given in [76], the random-phase approxi-
mation (RPA) is used [103,104], assuming 𝛾𝐽 ′←𝐽 ≈ (𝛾𝐽 ′←𝐽 ′ + 𝛾𝐽←𝐽 )∕2,
which should hold well at high temperatures where collisions mainly
probe the region with short-range forces. The HITRAN data [102] are
extrapolated to high temperatures using the provided single-power law
coefficients.

All three theoretical calculations (CC, RB, and CRBM) predict a
flat 𝐽 -dependence of 𝛾 at high temperature except for the first couple
f lines. The presence of strong 𝑚 dependence in the HITRAN data

stems from their use of the 𝐽 -independent temperature coefficient 𝑛.
Comparison of our calculations with CC results shows an absence of a
pronounced drop between |𝑚| = 0 and 1, as well as good agreement
for the best fit) between broadening coefficients everywhere else.
his agreement is interesting in the sense that both the fitted CRBM

predictions at room temperature (see Fig. 3) are nearly identical, while
at 𝑇 = 2000 K there is a significant difference. We believe this difference
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Fig. 4. C2H2–H2 broadening coefficients at 2000 K. Data for comparison from [76,102]
(see text).

is a consequence of the fitting procedure carried out just at room
temperature, as well as the way we adjust the potential. Effectively,
we are not fitting the potential itself, but the integral of cross-sections
in Eq. (1), which depends parametrically on the potential, to get agree-

ent with experimental broadening parameters at one temperature. To
e more precise, for a given (𝑏, 𝑣), a trajectory integral, which depends

parametrically on the potential, is weighted by different factors in
q. (1), notably by the (temperature-dependent) velocity distribution

factor. Naturally, there can be different integrand functions that would
give the same value of the integral at room temperature and very close
broadening parameters. However, there is no guarantee that a weighted
integral that gives good broadening parameters at one temperature
will work well at others. In terms of fitting, this might represent
multiple minima, where the ‘correct’ one is not necessarily global, or
tighter constraints on the parameters’ error bounds. To make the results
more precise, a multi-temperature fit would be required, provided the
experimental data are accurate and consistent. Otherwise, it will have
the opposite effect.

Thus, although the potential itself does not depend on temperature,
collisions at different velocities probe different regions of the potential,
which makes the fit temperature-sensitive. Collisions with 𝑏 < 𝜎iso and
low velocities cannot bring the molecules much closer than 𝜎iso, in
contrast to high velocity collisions where the short-ranged features of
the potential become predominant. In turn, low-velocity glancing col-
lisions (𝑏 ≫ 𝜎iso) are much more sensitive to the details of long-ranged
interactions than high-velocity ones. When partial cross-sections for
different velocities are weighted by the respective Maxwell–Boltzmann
factors in Eq. (1) for a particular temperature, the quality of predictions
might deteriorate if the desired temperature is very far from the one
that served to fix the potential parameters. The final set of temperature-
ependent broadening parameters has been generated using potential
arameters from fit 1 because, although it performs slightly worse
t room temperature, the agreement with CC/CS calculations at high
emperature is much better.

3.1.2. C2H2–He
Helium broadening presents a tough case for the CRBM model.

ecause of a very shallow potential well and the absence of electric
multipole interactions, the halfwidths end up extremely sensitive to
he variation of the atom–atom parameters 𝜎𝑖𝑗 , 𝜀𝑖𝑗 for C–He and H–He.
he initial estimate of the potential using helium parameters from [81]
ith Lorentz–Berthelot rules led to grossly overestimated results at
96 K (𝛾(𝑅(1)) = 0.099 cm−1atm−1). The Waldman–Hagler combina-

tion rules [105] which showed excellent results for rare gas dimers
led to more sensible but still overestimated predictions (𝛾(𝑅(1)) =
8 
Fig. 5. He-broadening of acetylene at 197 K and room temperature. Experimental data
rom [17,26,28,40], theoretical data for comparison from [43].

0.074 cm−1atm−1). Fitting the potential parameters also presented diffi-
culties, in part because of the large relative experimental errors which
allowed deducing a number of 𝐽 -dependent trends from wildly different
atom–atom parameters.

By trial and error, we have identified several combinations of
parameters that gave reasonable results, two of which are consid-
ered below. The first uses atom–atom contributions calculated with
Waldman–Hagler rules as starting estimates, in conjunction with a fixed
sotropic LJ potential taken from an ab initio study [106] that should

give more or less realistic trajectories. The second one uses only those
atom–atom parameters but with a more repulsive LJ 17-6 radial depen-
dence in Eq. (7). The fit was performed for 95 experimental values of
𝛾 at room temperature with |𝑚| = 1,… , 31 taken from [17,26,28,40].

Results of calculations for the 𝜈1 + 𝜈3 band are shown in Fig. 5. At
room temperature, both fits perform well, especially given the scatter
in experimental data used during fitting, and the final rmse is again
around 0.003 cm−1atm−1 for both the fits. The agreement with the CC
calculation is surprisingly good at intermediate 𝐽 for both fits, with the
first fit showing better agreement at small 𝐽 and the second fit better
following the results of quantum calculations at high 𝐽 . Comparisons at
low temperature do not allow one to determine the better fit because
both perform poorly, which might be caused by the poor quality of
the fitted interaction potential for low-energy collisions, or by the
general deterioration of the semi-classical model predictions at low
temperatures.

Nonetheless, we decided to keep the potential parameters from fit 2
ecause those predictions underestimated the broadening at small 𝑚,
hich is consistent with our room-temperature broadening calculation

or H2 and, as shown below, for other perturbers, too. This feature
eems to be a systematic error of CRBM approach when applied to
roadening of acetylene. Given that the non-conservation of rototrans-
ational energy should not pose a problem for the C2H2–He system [43],

and there are no electrostatic interactions between the molecules,
further support is lent to the importance of line-coupling in 𝑆2 matrices
for acetylene.

3.1.3. C2H2–N2
The results of CRBM calculation for nitrogen-broadening are shown

in Fig. 6. The initial estimates for the potential parameters were taken
from [33] (green line) and from combination rules [81] (violet line).
We found that for nitrogen the fits performed poorly without an explic-
itly provided isotropic potential. For this reason, the isotropic potential
parameters 𝜎iso, 𝜀iso were fixed (combination rules values from [81],
ab initio values from [107]), which means only five parameters (two
pairs of 𝜎 , 𝜀 , and 𝜃) were used in the fitting procedure. Fitting
𝑖𝑗 𝑖𝑗
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Fig. 6. C2H2–N2 broadening parameters at room temperature with and without fitting.
Experimental data for comparison from [17,26,28,31,32,36,37].

was performed based on the 157 experimental data for four bands:
𝜈5 [26,32], (𝜈4 + 𝜈5)0 [31,36,37], 𝜈1 + 𝜈3 [28], and 𝜈1 + 3𝜈3 [17].

Unlike for hydrogen and helium broadening described above, the 𝛾
predictions with no fitting are markedly better, at least for some initial
estimates. Otherwise, the same general 𝐽 -dependent trend is observed
s before – a gentle sloping and a slight underestimation of broadening
or the first few lines.

Fig. 7 compares calculated values of 𝛾 from fit 1 with the ex-
perimental data [38,45] at five other temperatures which were not
sed in the fit. Experimental data is symmetric between R- and P-
ranches except for the first couple of lines; theoretical predictions do
ot show any significant difference between the branches. The overall
greement at 195 K is not great, most likely for the same reasons
hat were indicated in the helium discussion. At higher temperatures,
he comparison gets progressively more favourable. Broadening of the
irst few lines is underestimated, as was the case for hydrogen. At
he same time, at higher temperatures for 𝑚 > 20 the theoretical
rend seems to go above experimental data. This indicates that the fit
truggles to constrain the short-range forces from more scarce high-𝐽
alues of gamma. The situation could be improved by doing a multi-
emperature fit or by including very high-𝐽 broadening parameters at
oom temperature that would be more sensitive to variations in those
otential parameters. The quality of both fits 1 and 2 is comparable
0.0041 and 0.0036 cm−1atm−1), but we have chosen the first potential
s slightly less repulsive and expect it to introduce a smaller error at
igher temperatures.

3.1.4. C2H2–C2H2
Fitting was performed using 227 experimental values of 𝛾 with |𝑚| =

1,… , 36 for seven different bands at room temperature taken from [12,
14,17–19]. For this system it was essential to separately provide the
sotropic potential instead of obtaining one from the expansion. In our
its we discovered that for a system with two long molecules and mean-
ield trajectories, the only relevant part of the atom–atom potential was
he repulsion along the longest dimension of the molecules, that is the
epulsive H–H interactions. Broadening parameters were largely insen-
itive to variations in other potential parameters (with the exception of
), which is likely an artefact appearing from model approximations.
o the best of our knowledge, there is no ab initio potential for the
cetylene dimer, so we cannot fix the isotropic potential parameters to
 known value as was done for He and N2. Because of this, the isotropic
otential parameters were fitted, together with three pairs of atom–
tom parameters and the quadrupole moment. The initial estimates for
he isotropic parameters were taken from [81], and the rest were taken

from [44].
 b

9 
Fig. 7. Comparison of C2H2–N2 halfwidth predictions from fit 1 with experimental data
for the 𝜈1 + 𝜈3 band not used in fitting, at 195, 373, 473 K [38] and 253, 333 K [45].

Fig. 8. Self-broadening of acetylene at room temperature. Data for comparison
from [12,14,15,17–19,22,102,108].

Results of self-broadening parameters calculations at room temper-
ature are shown in Fig. 8 and compared with experimental data [12,14,
15,17–19,22,108] and some of the existing parametrizations [19,102].
Theoretical values of 𝛾 obtained with existing potential parameters
rom [14,44] are shown as a blue and a green curve, respectively.
he former resembles the original RB calculation performed in that
aper with the same set of potential parameters, while for the latter
he comparison is not straightforward because a different trajectory
odel was used. The result of the calculation with the adjusted po-

ential is depicted by a red curve in Fig. 8 which shows a significant
improvement at middle and high values of the rotational index 𝑚. At
small 𝑚, however, broadening coefficients are underestimated as was
also observed for other molecules. The rmse of the fitted data was
0.0091 cm−1 and most of this error comes from lines with |𝑚| < 5.
Two empirical sets of data [19,102] obtained using Padé approximants
are also shown for comparison.

3.1.5. C2H2–CO2
Fitting was performed using 74 room-temperature experimental

points from [35,41,42] with |𝑚| = 1,… , 31 for three different bands. For
this system, there are four pairs of atom–atom interactions. The initial
estimates for O–H and C–O interactions were taken from [83], while
C–C and H–C were taken from the self-broadening case. As with self-
roadening, the isotropic potential was also provided in the model, and



A. Sokolov et al.

t
d
t

a
e

p

v
t
a
o

C
e
s
o
n
t
r

p
t

𝐽

e

r
a
s
v
[
e

t
l

o

a
s
u
s
S
c
a
I

Journal of Quantitative Spectroscopy and Radiative Transfer 330 (2025) 109225 
Fig. 9. C2H2–CO2 broadening coefficients at room temperature. Data for comparison
from [35,41,42,102].

its parameters were constructed using Lorentz–Berthelot combination
rules. The values for the acetylene dimer were taken from [81], while
hose for carbon dioxide dimer were obtained from fitting the ab initio
ata [109] to the 12-6 LJ form by fixing the repulsive wall position and
he potential energy minimum.

Calculated line broadening parameters for C2H2 perturbed by CO2
t room temperature are illustrated in Fig. 9 and compared with
xperimental data [35,41,42,47] and HITRAN data [102]. Note that the

declared errors in [42,47] are too small to be seen on this plot. Theoret-
ical predictions without fitting are overestimated over the entire range
of |𝑚|. In fit 1, the isotropic potential was fixed at the initial estimate
to try and reduce the number of fitting variables, while in fit 2 all 11
arameters were being fitted. The rmse for fits 1 and 2 is, respectively,

0.0083 and 0.0032 cm−1atm−1. The second fit performs significantly
better at all values of 𝐽 except at highest values where theoretical
alues start to flatten out faster than the experimental ones. Despite
hat, we still use fit 2 to generate the final broadening parameters for
ll temperatures because fit 1 was obtained with some aggressive fitting
f the quadrupole moment which we consider suspicious.

3.1.6. C2H2–CO
A recent study by Hu et al. [110] provides strong evidence for a

O and CO2-rich atmosphere produced by magma outgassing in a hot
xoplanet 55 Cancri e. In such conditions, line-broadening of minor
pecies by carbon monoxide would play an important role on the
bserved spectrum. At the same time, to the best of our knowledge
o experimental data on CO-broadening of acetylene are available in
he literature. We therefore present the line-broadening calculation
esults without fitting the potential. Fig. 10 shows calculation results

for four model potentials. The first one uses atom–atom parameters
and 𝜃 from fitted C2H2–CO2 with isotropic potential estimated from
olarizabilities, and shows the smallest broadening coefficients. Poten-
ial two uses literature data for the atom–atom parameters [44,83],

a higher value of 𝜃 = 4.5 DÅ and the same isotropic potential for
trajectories. Potential three and four differ from the second one by
using different isotropic potentials for trajectories: potential three uses
an expansion based on atom–atom parameters, while potential four
uses values from Hirschfelder et al. [81] instead. All show similar

-dependence trends, except for potential 3; without either experi-
mental data or a good potential, it is hard to improve the present
results of modelling. We chose potential 2 to produce the reference
temperature-dependent line-broadening coefficients as it represents the
‘‘middle ground’’ between different predictions. Comparing these re-
sults to other broadeners, hydrogen-broadening after fitting is slightly

smaller, as is nitrogen and helium, while heavier C2H2 and CO2 show

10 
Fig. 10. Calculated C2H2–CO broadening coefficients at room temperature.

larger broadening values due to more closely spaced rotational levels,
ven though they lack the dipole moment that CO possesses.

3.1.7. Vibrational dependence of 𝛾 (or lack thereof)
The typical influence of vibrational effects on acetylene’s theo-

etical values of 𝛾 can be illustrated using the nitrogen-broadening
s an example, for which there are sufficient experimental data on
everal vibrational bands. Previous experimental studies note that the
ibrational contribution to halfwidths in acetylene seems to be small
12,13,17,28,29,111] as measured broadening coefficients for differ-
nt bands lie within the uncertainties of those experiments. Still, it

was important to check whether theoretical values for different bands
would provide close predictions within experimental error bars, and if
so, how different would values of 𝛾 be for bands with high number of
excitations.

Calculations of 𝛾 for different bands are based on fits that use
different 𝑆1 contributions. As outlined above, the difference comes
from approximations used in the calculation of dispersion interaction
energy from known (ro)vibrational values of polarizability. For lines
with |𝑚| > 30, our values of the polarizability were extrapolated using
a quadratic function in 𝐽 which worked well for states with a low
number of vibrational quanta, but not for 𝜈1 + 3𝜈3, as Fig. 18 shows
hat the 𝐽 -dependence is clearly not quadratic. Using such a poor fit
eads to unphysically large 𝑆1 term at very large 𝐽 s, and since in the

Complex RBM approach the 𝑆1 and 𝑆2 terms each affect both widths
and shifts [82], even the halfwidths show an erroneous increase. To
avoid this, and because rotational changes to interaction potential are
smaller than the already small vibrational ones, we ultimately decided
to work with 𝛼̄𝑣,𝐽=0 in all our calculations. This choice had no impact
n broadening parameters of other bands considered here.

Values 𝛾 for four bands calculated using our values of polarizability
nd the London formula Eq. (11) are presented in Fig. 11. These results
how no significant vibrational dependence of broadening coefficients
p to high 𝐽 ; at |𝑚| = 30, the difference between the largest and
mallest values (bands 𝜈5 and 𝜈1 + 3𝜈3) is about 𝛥𝛾 ≈ 0.002 cm−1atm−1.
imilar results have been obtained when we used other methods of
alculating dispersion interactions. We stress that such minor changes
re not always the case, and imaginary terms in the exponent (𝑆1 and
m𝑆2 in Eq. (2)) are known to influence halfwidths if collisions are

weak [82].
Within each band, the predicted difference in 𝛾 between P- and

R-branches is found to be negligible for all the lines except the first
couple of lines in the 𝜈5 band. This is illustrated in Fig. 11, where P-
and R-branches are shown as dashed and solid lines, respectively. This
discrepancy for the 𝜈 band is not caused by the 𝑆 , but by the 𝑆 term.
5 1 2
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Fig. 11. C2H2–N2 with predictions for several vibrational bands. R- and P-branches for
the 𝜈5 band are shown in solid and dashed lines.

Fig. 12. Lorentzian and Voigt broadening parameters for C2H2–N2 at room temperature
nd 1 atm. Voigt function calculated using [112].

This is a consequence of the interaction potential symmetry: when the
two interacting molecules have an inversion centre, all odd ranks 𝑙𝑎,𝑏 in
q. (8) vanish and only collisional transitions with even 𝛥𝐽 are allowed.
ecause 𝐽 = 0 in the upper state does not exist, R(2) line of the 𝜈5
undamental is missing a relaxation channel compared to other bands,
o is the P(3) line. In our calculations, this effect is only present for
he first few lines meaning the collisional transitions with |𝛥𝐽 | > 4
re much less likely. Calculations with a higher cutoff of short-ranged
nteractions 𝑙max = 8 did not change the picture significantly, which
eans that for the potentials considered terms with 𝑙 > 4 are small, and

ur rank truncation in these calculations is justified. Accounting for of
exadecapole moments in the long-ranged forces is unlikely to change
he picture at small |𝑚| values. Calculations using other treatments
f the vibrationally-dependent potential mentioned above produced
imilar broadening coefficients.

At the same time, we note that our treatment of 𝑆2 is not rigorous, in
articular the reduced matrix elements are calculated with rigid rotor
avefunctions. If one used accurate linear molecule wavefunctions that
llow for bending, this feature will likely change.

The absence of predicted vibrational dependence of broadening
arameters is even more surprising for the case of self-broadening of
cetylene. For instance, self-broadening of water is known to show a
eak, but not negligible vibrational dependence of 𝛾 (∼ 10%) [68],

and for self-broadening in ammonia the differences between various
bands vary several-fold [113]. For a species with no dipole moment,
 m

11 
like carbon dioxide, self-broadening also showed vibrational depen-
dence [114], albeit small. While acetylene also has no permanent
dipole moment, the experimental self-broadening data for this molecule
measured for 15 hot bands [13] show large scatter and suggest such
 dependence might be present. Despite this, our calculations do not
how any noticeable changes coming from the leading vibrational

contribution, 𝑆1, into the total scattering matrix in Eq. (1) when
calculations are done for different bands.

Most software packages used to produce cross-sections for exo-
planetary research work with the Voigt profile (describing the com-
bined effect of collisional and Doppler broadening) and require 𝛾𝐿
and temperature as inputs. Considering the results above, it is safe to
use vibrationally-independent values of 𝛾𝐿 for all bands of acetylene,
and any substantial differences in broadening parameters between the
bands is more likely to come from the frequency-dependent Doppler
broadening contribution 𝛾𝐷. Fig. 12 shows the purely Lorentzian con-
tribution and the total broadening using the Voigt profile with the
Doppler component calculated at room temperature as 𝛾𝐷 ≈ 3.581 ⋅
10−7𝜔𝑓 𝑖

√

𝑇 ∕𝑀 cm−1, where 𝑀 is molecular mass of the radiating
molecule in Daltons. For bands with low vibrational excitation there
is virtually no difference in 𝛾(𝑚) and the lines on the plot overlap, but
as one moves to higher excitations (centred at ≈ 6550 and 12750 cm−1),
the Doppler component brings a more significant contribution to the
overall Voigt halfwidths. This is especially pronounced for higher 𝐽 ,
where the Lorentzian components are small, as comparison of solid and
dashed violet lines in Fig. 12 shows.

3.2. Line-shifting coefficients

Line shifts are obtained from our CRBM calculation as the imaginary
part of Eq. (1). This quantity is known to be much more sensitive
to the vibrational effects than broadening coefficients. In general, the
quality of our line shift predictions for acetylene are worse than for
broadening coefficients. Below we only discuss the cases of line-shifting
by hydrogen and nitrogen calculated using polarizabilities taken from
two different sources and different ways of estimating the vibrationally-
dependent part of the potential. Possible reasons for discrepancies with
the experiments and comparisons with other semi-classical calculations
are considered in the discussions.

The pressure shifts of C2H2 by H2 for 𝜈1 + 𝜈3 and 𝜈5 bands at
room temperature are shown in Fig. 13, where we compare our the-
retical results with the experimental values [27,28]. Solid lines are

calculations using values of polarizability from this work, and dashed
lines use the values from Russell and Spackman [55]. Both calculations
use the London expression for the dispersion interaction, Eq. (11). It
should be noted that the line shift calculations do not involve any
additional fitting parameters beyond those used to model the line
widths, and the vibrational variation of the theoretical shifts is mainly
due to the variation of the electric polarizability 𝛼̄𝑣𝐽 . With different
sources for polarizability, the results end up quite different but in line
with the polarizability differences between vibrationally excited and
ground states 𝛼̄𝑣,𝐽−𝛼̄gs,𝐽 (see Fig. 18 below). Our predictions yield more
egative values of the shifting coefficient than the experiment predicts,
nd, for hydrogen-shifting, show little to no 𝐽 -dependence. Variations
f the isotropic potential driving the trajectories do not change this
icture, and no combination of 𝑆1 expressions and values of 𝛼̄ led to
s reproducing the observed small positive line shift values for the 𝜈5
and [27], which are highlighted on the figure.

The experimental data on the line shifts of C2H2 with N2 are
epresented by four vibrational bands, 𝜈5 [27], 𝜈4+𝜈5 [37], 𝜈1+𝜈3 [28],

and 𝜈1 + 3𝜈3 [17], which allows for better evaluation of the vibrational
effects and their importance in the CRBM model. From Fig. 1, the
olarizabilities of these four states increase in order 𝜈5, 𝜈1 + 𝜈3, 𝜈4 + 𝜈5,

and 𝜈1 + 3𝜈3, and so do the line shift predictions for different bands.
s shown in Fig. 14, the line shifts in transitions involving bending
odes (orange and red points) are again significantly more negative
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Fig. 13. H2-shifting of acetylene at room temperature. Calculations shown in solid lines
use polarizability from this work, those shown with a dashed line use polarizability
from Russell and Spackman [55].

Fig. 14. Line-shifting coefficient of acetylene by N2 calculated using polarizabilities
from this work and the London expression for 𝐶6.

Fig. 15. Line-shifting coefficient of acetylene by N2 calculated using polarizabilities
from [55] and the London expression for 𝐶6.

than the experiment. For the band with four quanta of stretch 𝜈1 +
3𝜈3 (light blue), the theoretical shifts are smaller than experimentally
measured ones. Although the 𝜈 + 𝜈 band fortuitously shows good
1 3

12 
agreement, still the trend in its P-branch shows a slightly different
slope to the observed one. Because for this perturber 𝐽 -dependence is
more pronounced, it is also worth mentioning that with 𝐽 -dependent
polarizability values 𝛼̄𝑣,𝐽≠0, the asymptotic R-branch line shifts (𝑚 >
25) are slightly lower than their P-branch counterparts. This is the
result of rotation-vibrational coupling [115] introduced in the isotropic
potential in 𝑆1 from the use of ab initio wavefunctions in polarizability
calculations. However, this effect seems to be very weak for acetylene
(𝛥𝛿 ≈ 10−4 cm−1atm−1).

A different trend is obtained when using polarizabilities from Rus-
sell and Spackman [55] in calculations of 𝑆1 and line-shifting coef-
ficients as shown in Fig. 15. Here, the discrepancy between bending
modes in theory and the experiment is reduced, so those theoretical
values are small and close to zero. However, the calculated line shifts
involving bands with stretching modes are more negative than with our
values of 𝛼 and still do not agree with the experimental data. Therefore,
the quality of theoretical predictions remains only qualitative for any
choice of polarizability data.

3.3. Parametrization of temperature dependence

The dependence of broadening parameters for different lines is con-
sidered as a function of temperature. Because vibrational dependence
in 𝑆1 is shown to be small, and that in the 𝑆2 term is considered only
partially, the widths of P(J) and R(J+1) lines are almost equal, and so
the parametrization of 𝛾 vs |𝑚| should be sufficient to describe all the
lines in our results. Two expressions are considered. The single-power
law (SPL) is the one commonly used and is given by

𝛾(𝑇 ) = 𝛾0

(

𝑇ref
𝑇

)𝑛
, (18)

where 𝛾0 = 𝛾(𝑇ref) is the line width parameter (half-width-at-half-
maximum or HWHM), 𝑛 is the temperature exponent and 𝑇ref is the
reference temperature usually selected to be 296 K. Another, more re-
cently proposed parametrization is the double-power law (DPL) [116],
which reads

𝛾(𝑇 ) = 𝑐1

(

𝑇ref
𝑇

)𝑛1
+ 𝑐2

(

𝑇ref
𝑇

)𝑛2
. (19)

While for some transitions and certain collision systems SPL may be
accurate within a couple hundred degrees, DPL has been shown to
work better in larger temperature ranges for both semi-classical [83]
and fully quantum calculations [117]. A similar expression for line
shifts enables describing lines where the sign of lineshifts changes with
temperature. However, because the agreement of line-broadening coef-
ficients with experimental data is much better than that of lineshifts,
here we only consider parametrization of broadening parameters.

To perform parametrization of our theoretical values, CRBM calcu-
lations have been performed for 14 temperatures from 200 to 3500 K,
and the values of 𝛾 were then fitted using Eqs. (18) and (19). The
temperature coefficient 𝑛 in SPL was obtained by the least-squares
fitting those data to Eq. (18). Indeed, in double logarithmic scale
theoretical predictions should lie along a straight line if the single-
power law holds. The double-power law which has four parameters
(𝑐1, 𝑐2, 𝑛1, and 𝑛2) requires the use of nonlinear least-squares fits. The
SPL parameters 𝛾0 and 𝑛 of C2H2 for all perturbers considered are
provided in the form .broad files as part of the ExoMol diet [118]
at www.exomol.com. See also the ExoMol 2024 release paper [70],
where the recent updates of the ExoMol diet were presented. The SPL
parameters are also provided as part of the supplementary material to
this paper.

The function in Eq. (19) is not well-defined for nonlinear minimiza-
tion routines because it might converge to local minima if during the
iterations it approaches 𝑐1,2 → 0 or 𝑛1 → 𝑛2, where DPL reduces to SPL.
To prevent the minimizer from exploring those regions of parameter
space, the objective function is penalized as follows. In addition to
the residuals 𝛾 − 𝛾 that enter the sum of squares for each
CRBM DPL

http://www.exomol.com
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Fig. 16. Temperature dependence of broadening parameters for four self-broadened
ines of acetylene from 200 to 3500 K. Points are calculated data, solid lines are linear

regressions of those data representing the single-power law from Eq. (18), dashed lines
re double-power law fits from Eq. (19).

temperature, we add three more terms 𝑤𝑖 log |𝑥𝑖|, 𝑥𝑖 = 𝑐1,2, 𝑛1 − 𝑛2 that
iscourage the minimizer from converging to solutions with small val-
es of 𝑥𝑖. The weights 𝑤𝑖 are chosen such that for the initial estimates
hese three residuals are a few orders of magnitude smaller than those
oming from halfwidth differences. For the first line |𝑚| = 1, the initial
stimates of parameters 𝑐1 and 𝑛1 are taken from the SPL results, and
hose for 𝑐2 and 𝑛2 are taken as fractions of the other two, i.e. 𝑐1∕5. The
nitial estimates for other lines are taken from solutions for the adjacent
ine |𝑚| − 1. Although this procedure does not eliminate parameter
orrelation, it helps homogenize the variation of DPL parameters vs 𝑚
nd promotes their smooth variation.

Fig. 16 shows temperature dependence of broadening coefficients
or four self-broadened acetylene lines in a double logarithmic scale
see Eq. (18)). The usual reference temperature of 296 K was chosen,

which is where all the data pass through. For this system, broadening
arameters of lines with small values of |𝑚| lie along straight lines and
o can well be described by a single power law. Transitions between

more excited rotational states clearly deviate from this behaviour and
how the failure of the SPL description. DPL parametrization, shown
or 𝑚 = 30, 50 as a dashed line, give a much better representation of

the data. This situation is also illustrated in normal scale in Fig. 17 for
hree self-broadened lines which also show DPL predictions as a better

way to parametrize temperature dependence.
From a practical point of view, however, the advantages of the

ouble-power law parametrization are minimal in this particular case.
he largest deviations with SPL, as shown on Fig. 17, happen for inter-

mediate 𝑚s at low temperatures and for high 𝑚s at all temperatures. At
he same time, our low-temperature predictions are not too accurate,
nd broadening coefficients at high 𝐽 are already small in magnitude.
or completeness, we provide both parametrization in ExoMol’s .broad
iles as m0 (SPL) and m2 (DPL) diets which can be found on the ExoMol
ebsite and the supplementary material.

4. Discussion

4.1. Broadening coefficients and fitting of the potential

The results of the calculations above show that using literature data
for the atom–atom parameters and the electric multipoles lead to over-
estimated values of broadening parameters, which is especially pro-
nounced for light perturbers, H2 and He, that more strongly probe the
repulsive wall of the potential during collisions. For heavier perturbing
molecules, the literature data can be used as a first estimate. Fitting the
13 
potential parameters to the existing experimental line-broadening data
helps improve the agreement, but for all the perturbers considered here
the calculated broadening values at small 𝑚 are underestimated after
fitting.

One might ask whether it is possible to further tweak this ‘‘effective’’
potential to improve agreement with the experiment, in line with
what was done, for example, in [45]. It is known [85,119], that lines
with large halfwidths are more sensitive to long-range parameters and
insensitive to atom–atom LJ parameters, so changing the long-range
forces could improve agreement for small 𝑚. For example, in [33]
this was done through modification of dispersion forces, and in [45]
different values for perturber’s 𝜃 were tested. In our fits, we found that
the most effective way of increasing the broadening at small |𝑚| was
to adjust electrostatic terms, but we had to use a smaller value of the
quadrupole 𝜃 for acetylene to improve the overall agreement. This is
also generally known [18], and semi-classical line shape calculations
for molecules with large dipole or quadrupole moments often end up
overestimated if literature data for electrostatic constants is used. For
instance, the quadrupole moment of acetylene in a recent theoretical
study is estimated to be within 𝜃 = 4.8 − 5.1 DÅ [53] while in broadening
alculations lower values led to best agreement: 𝜃 = 4.75 [25], 4.5 [18],

4.0 [14], and even as low as 3.75 DÅ [33]. In our calculations from
Fig. 3, the fits converged for the quadrupole moment values of 3.71 and
3.77 DÅ, respectively. Because changing this optimal parameter to im-
prove predictions at small 𝑚 would make the results worse everywhere
else, no further manipulations were performed.

At the same time, there are preliminary results suggesting that
educing the quadrupole moment has a similar effect on broadening
arameters as does the inclusion of line-coupling effects. Therefore,
sing a better theory could improve the solution of the inverse prob-
em and produce better line shape parameters using more realistic

quadrupole moment values. This will be investigated in a future paper,
and for now we stick with the best solution obtained within CRBM.
Despite certain shortcomings, the current fitting procedure leads to
cancellation of errors coming from poor knowledge of the potential and
certain approximations in the present level of theory, and thus enables
apturing the general trends of experimentally observed broadening
oefficients.

4.2. Calculation of expectation values for the isotropic polarizabilities

Table 2 presents a measure of zero-point corrections to polariz-
ability 𝛥 ̄𝛼ZPC. Although this quantity is used by different authors in
different meanings, we will still try to use it as a point of comparison.
The study by Russell and Spackman [55] provides an expression for an
arbitrary rovibrational expectation value of the polarizability of C2H2.

ompared to their values, our 𝛥 ̄𝛼𝑣,𝐽=0 is larger. The approaches to get
hose values, however, are quite different. In [55], the expectation

values are calculated by expanding the isotropic polarizability surface
n a Taylor series in normal mode coordinates. The expectation value
xpression for specific states is obtained using contact transformations
nd requires as inputs harmonic vibrational frequencies and various

normal-mode coordinate derivatives of the energy and polarizabil-
ity surfaces. In contrast, our calculations use polarizability expansion
in linearized coordinates, and the expectation value is calculated in
a straightforward fashion as an integral with variationally obtained
rovibrational wavefunctions.

Comparisons of 𝛼̄𝑣𝐽 from our work and from Russell and Spackman
[55] for other rovibrational states is presented in Fig. 18. In both
cases, the change with rotational state is very small compared to that
between vibrational states, which is not unexpected. Polarizability is
often treated as a ‘‘volume’’ measure of a molecule, and changes in
rotational state only slightly change bond lengths through centrifugal
distortion terms, while the difference between different vibrational
modes is much more pronounced. As for the vibrational states, the

data show significant differences. This is especially concerning for the



A. Sokolov et al.

o

w

a
d
s

a
a

Journal of Quantitative Spectroscopy and Radiative Transfer 330 (2025) 109225 
Fig. 17. Temperature dependence of broadening parameters for three self-broadened lines of acetylene. Points are calculated data, lines are SPL (Eq. (18)) and DPL (Eq. (19)) fits
f calculated data.
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Fig. 18. Comparison of certain electronic polarizability expectation values between our
results (A) and Russell and Spackman [55] (B).

ground vibrational state (black symbols) because both approaches use
Taylor expansion about zero-field equilibrium geometry. One could
expect the 𝛥 ̄𝛼𝑣,𝐽=0 to be similarly displaced from 𝛼𝑒 regardless of other
computational details, but this is not the case. Another major difference
is the relative contribution of bending motion to the polarizability
(green and red symbols). Usually, the bending mode contribution to
polarizability is smaller than for stretches as was shown for carbon
dioxide [64] and water [120], and this trend was also observed for
acetylene in a previous study [55].

We should note that Sharipov et al. [58] also consider vibrational
averages of polarizabilities (their 𝛼UP), including acetylene, but gives
very different values for stretches and bendings that do not agree
either with us or [55]. This is also the case for water data (compare

ith ab initio data from [120] or empirical estimates from [121]).
Apparently, the choice of a simplified method which enabled covering
 wide variety of species, cannot capture the finer details of vibrational
ependence of polarizability, and thus we did not use these data in line
hape calculations.

When it comes to vibrational contributions to the line broadening
nd shifts, it is not the absolute values, but their difference that
ppears in 𝑆1 expressions. For this reason, the differences in 𝛼̄𝑒 do

not matter as much as relative differences between the expectation
values. We believe, that significant improvement of our polarizability
expectation values could come from rectification of wavefunctions
used to averaging the surface. Our current calculations were based
on an approximated kinetic energy operator and a smaller basis set.
An improvement of the wavefunctions might both lower the values of
bending modes’ averages and those of the ground-state through smaller
zero-point contribution from 𝜈4 and 𝜈5 vibrations, which would also
reflect on the line shift calculations.
14 
We would like to emphasize that expectation values calculated in
such a way include contributions from spontaneous resonances between
different vibrational states in a polyad. An example of such a resonance
can be seen in the lefthand panel of Fig. 18 appearing as an outlier of
the 𝜈1 + 𝜈3 polarizability expectation values at 𝐽 = 16.

Such polarizability calculations, in principle, can be carried out for
any number of rovibrational states. However, assigning spectroscopic
quantum numbers to those states is a tedious and often ambiguous
process [122], so we have restricted our line shape calculations to a
small number of states with well defined assignment. In order to mini-
mize the amount of data, the vibrational dependence of polarizabilities
is sometimes expressed as proportional to the number of quanta in
different modes 𝛼𝑖 = 𝛼0+

∑

𝜈 𝑐𝑖 ⋅ (𝜈𝑖+𝑑𝑖). Unfortunately, this simple form
tarts breaking down very quickly as the polyads are formed where
he term ‘‘individual vibrational state’’ starts to lose its meaning. For
xample, the three states (2𝜈4 + 𝜈5) with different values of 𝑙4, 𝑙5, 𝑙tot in

Fig. 1 show quite different values of polarizabilities.

4.3. Line-shifting coefficients and their vibrational dependence

Effects of different vibrationally-dependent model potentials on line
hifts as outlined in methodology are presented in Fig. 19 using C2H2–
2 system as an example. Blue lines show calculated lineshift data for

wo bands, 𝜈1+𝜈3 and 𝜈1+ 3𝜈3, with the commonly used approach, where
n extra vibrationally-dependent long-range isotropic potential is in-
roduced. The respective 𝐶6 coefficient is estimated from the London
xpression Eq. (11) using our values of polarizability.

Yellow lines show data where this potential also has a repulsive
12 contribution (estimated using [74]), and the 𝐶6 is calculated using

the Slater–Kirkwood expression Eq. (12). This expression gives a more
ttractive value of 𝐶6, which for various states (and perturbers) is 30 to

50% times larger. For example, for the C2H2–N2 dimer where acetylene
is in the ground vibrational state, Eq. (11) gives 𝐶6 = 2.18 𝐸ℎÅ6 while

ith Eq. (12) one gets 3.26 𝐸ℎÅ6. This more attractive potential is
eflected in more negative and spaced values of the lineshifts between
ifferent bands even when the repulsive 𝐶12 term is introduced.

Data shown by violet lines are calculated by scaling the existing
sotropic potential instead of introducing a separate one for the pur-

poses of 𝑆1 calculation, and the scaling factors are based on expressions
rom [74] where 𝐶6 is calculated using Eq. (11). These data show

a different trend and as higher values of |𝑚| increase slightly before
eaching asymptotic values. Nonetheless, none of the combinations
ead to simultaneous agreement with all the experimental data sets.
odification of atom–atom parameters also do not lead to a significant

mprovement in shifts.
Unfortunately, these results fall short of representing the observed

experimental trends for different vibrational bands. It is, therefore,
interesting to compare our results to other semi-classical line shift data
which show better agreement. There are multiple papers that modelled
line shifts on a band-by-band basis. It is often done with a similar
scaling of the isotropic potential [27,45,46]:

𝑉 modif =
𝛥𝐶6

[

𝑦
𝐶12 −

𝐶6
]

, (20)
iso 𝐶6 𝑟12 𝑟6
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Fig. 19. Comparison of different approaches used in 𝑆1 evaluation for the calculation
of line-shifting coefficients for two different bands of acetylene in the C2H2–N2 system.

where the vibrational-state-dependent parameters are
𝛥𝐶6
𝐶6

=
𝛼𝑓 − 𝛼𝑖

𝛼𝑖
,

𝑦 =
𝛥𝐶12∕𝐶12
𝛥𝐶6∕𝐶6

.

The change in 𝐶6 term can be tied to a (ro)vibrational change in po-
larizability, but usually the change in short-ranged forces is unknown.
Often, both the parameters 𝛥𝐶6∕𝐶6 and 𝑦 are treated as adjustable
for that particular band. We would emphasize that both in our work
and the ones cited above the atom–atom parameters, and thus, the
trajectories, were fitted to obtain agreement with experimental line-
broadening data. Additionally, in other works the coefficients 𝛥𝐶6∕𝐶6
and 𝑦 were also fitted to adjust line shifts, while we used ab initio
data for polarizabilities to estimate these vibrational changes in the
interaction potential.

Table 3 compares the values of the vibrationally-dependent part of
the potential for various perturbers and vibrational bands used in those
works with our estimates. Based on our polarizability data, we present
two scaling factors, one relying on London’s expressions and the other
— on the Slater–Kirkwood model. The 𝐶12 coefficient which appears in
(20) twice, explicitly and in 𝑦, was estimated using the expression for
the equilibrium separation 𝑟𝑚 from [74].

Starting with shifting by H2 in the 𝜈5 band [27], the values of the
𝛥𝐶6∕𝐶6 coefficient are comparable with our calculations, however, the
second coefficient 𝑦 is very different. To obtain agreement with line-
shifting measurements in [27], modification of the short-ranged forces
had to be much larger than what we predict based on the polarizability
data alone. This also shows up in self-broadening data from [46], where
the three bending bands have quite different 𝑦 coefficients (1.6, 0,
and 0.5), a variation not reflected in changes of acetylene average
bond lengths or the isotropic polarizability. This might imply that
although these fitting coefficients 𝛥𝐶6∕𝐶6 and 𝑦 appear in the potential
expression, such fitting also compensates for other aspects of theory.

Unfortunately, it is hard to pin down the exact reason here. The
inability to predict positive lineshifts for H2 and He probably comes
from the too approximate repulsion term 𝑟−12. The fact that shifts are
influenced by the repulsive part of the potential was mentioned in [27]
where C2H2 line shifts were also modelled for such perturbers as H2,
He, N2, and Ar using the RB formalism. Vibrational dependence was
approximated with the use of two parameters, 𝛥𝐶6∕𝐶6 and 𝑦 which
were adjusted to obtain agreement with their experimental lineshift
data. The authors note that for heavy perturbers, in this case Ar and
N2, their model suggests that the long-range part of the vibrationally
dependent isotropic potential is dominant, and the best agreement was
15 
Table 3
Comparison of parameters 𝛥𝐶6∕𝐶6 and 𝑦 from Eq. (20) used to model vibrational
dependence of the potential by various authors with values obtained from our
polarizability calculations.

Data Broadener Band 𝛥𝐶6∕𝐶6 𝑦

From [27] H2 𝜈5 0.010–0.015 5–6
Our calc (Eq. (11)) 0.0090 1.674

(Eq. (12)) 0.0069 1.886
From [27] N2 𝜈5 0.010–0.015 0–1.5
Our calc (Eq. (11)) 0.0090 1.549

(Eq. (12)) 0.0065 1.756
From [45] 𝜈1 + 𝜈3 0.005 0.7
Our calc (Eq. (11)) 0.0152 1.552

(Eq. (12)) 0.0109 1.760
From [46] self 3𝜈5 0.006 1.6
Our calc (Eq. (11)) 0.0264 1.440

(Eq. (12)) 0.0197 1.586
From [46] (2𝜈4 + 𝜈5)1 I 0.0045 0
Our calc (Eq. (11)) 0.031 1.442

(Eq. (12)) 0.023 1.588
From [46] (2𝜈4 + 𝜈5)1 II 0.004 0.5
Our calc (Eq. (11)) 0.027 1.441

(Eq. (12)) 0.020 1.586

obtained with a small value of 𝑦 ≈ 0 − 1, depending on |𝑚| within the
band. The situation was completely different for light perturbers, H2
and He, where to get positive line shifts, much greater importance had
to be given to short-ranged interactions, 𝑦 ≈ 4 for He and 𝑦 ≈ 5 − 6 for
H2.

A different point was raised in fully classical studies of the broad-
ening parameters [49]. The authors note that on average, trajectories
driven by the isotropic potential, as done in CRBM, correspond to more
distant turning points compared to the ones driven by the full potential.
Using this line of reasoning from [27,49], the failure to predict shifts
using vibrationally dependent model potentials might arise because in
CRBM, the molecules during a collisional event never get close enough
to experience the vibrational dependence of the potential at short
range. At the same time, shifting the isotropic LJ parameters to allow
for closer trajectories spoils the agreement of broadening parameters.

An indirect confirmation of the importance of short-ranged ef-
fects also comes from [119]. It was noted, that for self-broadening
and shifting in water vapour, where interactions are strong and long-
ranged, the largest contribution to the Re(S2) term is accumulated at
larger distances, before the trajectories start to bend, and the trajectory
model did not matter that much in that case. Same small differences
between trajectory models were observed for line shifts which are
determined by imaginary terms of 𝑆. However, for the two molecular
pairs considered in this work, the longest ranged term is 𝑟−5 as opposed
to 𝑟−3 in [119], so the details of the interaction potential at small
intermolecular separations, as well as the trajectory intricacies, might
become significant.

Probably a more important effect on line shifts is line-coupling. In
a theoretical study on purely rotational lines of water [78] where the
𝑆1 term does not appear, the account of line-coupling changed shifting
coefficient of certain lines by as much as 25%. One can expect that
for rovibrational lines of acetylene, where the 𝑆1 terms are always
present, this effect is even more important. Evaluation of the extent
of this contribution is left for a future study.

5. Conclusions

A comprehensive computational study of line broadening and line
shifts of C2H2 with a number of perturbers (H2, He, N2, C2H2, CO, and
CO2) is presented using the CRBM method. The interaction potentials
were built following the usual CRBM protocol, with electrostatic and
atom–atom parameters as its cornerstone. These input parameters are
initially taken from the literature or from different studies and then
refined by fitting to the experimental data on the line-broadening
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coefficients. For C2H2 broadening, this protocol was found to yield
reasonable agreement except for the lowest values of 𝐽 which are
underestimated.

Different models accounting for vibrational dependence of the po-
tential during the collisional encounter have been tested. All of them
rely on ab initio polarizability data of the radiating molecule calculated
as expectation values in different vibrational states. All in all, no
significant vibrational dependence of line broadening coefficients is
observed, which is in agreement with the available experimental data.
Neglecting rotational states in the 𝑆1 matrix elements is shown to be
valid as the effect of rotational dependence of the potential expressed
through 𝛼 = 𝛼(𝐽 ) is shown to be insignificant. For C2H2 line-shifting,
poor agreement is observed.

The line shape parameters of acetylene resulting from this study
are provided on www.exomol.com as part of the ExoMol C2H2 data.
Rovibrational expectation values of the isotropic polarizability, as well
as model potentials for the studies systems are provided as part of the
supplementary material.

The CRBM methodology has proved to be robust, efficient and suf-
iciently accurate to be used for a large scale production of line broad-
ning parameters for line lists containing up to billions of transitions
specially for the molecules lacking the experimental information. An
pplication of CRBM to other ExoMol molecules is currently underway.
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Appendix A. Supplementary data

The supplementary material contains (A) the expectation values of
the isotropic polarizability obtained in this study, (B) the interaction
potential parameters used for the calculation of line-broadening param-
eters, and (C) single- and double-power law coefficients obtained from
itting of the theoretical data.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jqsrt.2024.109225.
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