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a b s t r a c t 

We report a comprehensive dataset of beyond-Voigt line-shape parameters (pressure broadening and 

shift coefficients, their speed-dependences, and the complex Dicke parameters) for all electric dipole and 

quadrupole transitions within the ground electronic state in He-perturbed HD that are present in the 

HITRAN database. The parameters are determined from generalized spectroscopic cross-sections which 

we obtain by solving ab initio quantum scattering problem using the close-coupling formulation and the 

state-of-the-art potential energy surface of the HD-He interaction. We parametrize the temperature de- 

pendence of the line-shape parameters with double-power-law representation (DPL), recommended for 

the HITRAN database. Comparison with the analogous results for the H 2 -He system reveals a strong iso- 

topologue dependence. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Due to its abundance in the Universe, molecular hydrogen is an 

object of interest in various fields. Because of its simplicity, it is a 

benchmark system for testing ab initio quantum chemistry calcu- 

lations [1,2] and quantum electrodynamics for molecules [3,4] . De- 

spite its small natural abundance, the HD isotopologue is notable 

in spectroscopy of gas giants’ atmospheres due to the presence of 

permanent dipole moment, and thus, dipole transitions, the inten- 

sities of which are much larger than those of weak quadrupole 

lines in H 2 . HD also possesses a smaller rotational constant than 

H 2 which entails smaller rotational spacing of the energy levels. 

Those two facts result in the potential domination of HD molecules 

in the process of primordial gas cooling under specific physical 

conditions [5] . The D/H ratios, which are mainly obtained from 

measurement of abundances of H 2 and HD, are also essential indi- 

cators of planetary formation and evolution [6,7] . For precise mea- 

surements, a list of accurate values of line-shape parameters is cru- 

cial [6,8] . For some observations [6] , it turns out that the errors 
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in the analysis can be dominated by the uncertainties of self- and 

helium-perturbed line-shape parameters. 

A mixture of molecular hydrogen and atomic helium is the 

main constituent of the atmospheres of gas giants in the Solar Sys- 

tem. It is also predicted to be a dominant component of atmo- 

spheres of some types of exoplanets [9] . Thus, the relevant col- 

lisional systems, for which line-shape parameters are sought af- 

ter, are: H 2 - H 2 , H 2 -He, HD- H 2 , and HD-He. The importance of the 

beyond-Voigt line-shape parameters was widely discussed in pre- 

vious studies [10–18] . Populating the entire database of the line- 

shape parameters for a large number of transitions and differ- 

ent thermodynamical conditions with experimentally determined 

values is a very challenging task. Not only is it hard because 

of the wide spectral range of transitions and different measure- 

ments’ conditions but also due to strong numerical correlations 

between the line-shape parameters [19] . This problem was ad- 

dressed by the implementation of a method that allows obtain- 

ing accurate line-shape parameters through ab initio quantum scat- 

tering calculations. The method has been already used for thor- 

ough examination of the H 2 -He system [1,20,21] , which resulted 

in the first comprehensive dataset of beyond-Voigt line-shape pa- 

rameters [19] which covers all electric rovibrational transitions 

within the ground electronic level that are present in the HITRAN 
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database [22] for a wide range of temperatures. The results of 

those ab initio calculations were successfully experimentally ver- 

ified for several lines [19,23,24] . In the case of the HD-He sys- 

tem, the line-shape parameters for several rotational lines were 

investigated theoretically and experimentally [25] and calculations 

for several dozens of dipole rovibrational transitions were con- 

ducted [26] . 

In this work, we utilize the method of obtaining the collisional 

line-shape parameters through ab initio quantum scattering cal- 

culations that was presented in Ref. [19] , to populate all electric 

dipole and quadrupole transitions within the ground electronic 

state that are present in the HITRAN database for He-perturbed 

HD. Using the state-of-the-art potential energy surface obtained 

through quantum chemical calculations [1,2] we solve the quan- 

tum scattering problem by adopting the close-coupling formulation 

and obtain the scattering matrices. They are used to calculate the 

generalized spectroscopic cross-sections (GSXS) which are utilized 

to derive line-shape parameters that describe pressure broaden- 

ing, shift, their speed-dependences, and the effect of the velocity- 

changing collisions. Temperature dependences of the line-shape 

parameters are expressed using the double-power-law (DPL) repre- 

sentation, which is the recommended parametrization for the HI- 

TRAN database [27] . Section 2 provides the details of the calcula- 

tions. In Section 3 , we discuss the dependences of the GSXS and 

line-shape parameters on the vibrational band, initial rotational 

level, and the performance of the DPL parametrization. For com- 

pleteness, we interpolate and extrapolate our large set of ab ini- 

tio calculated line-shape parameters to populate all electric dipole 

and quadrupole rovibrational transitions within the ground elec- 

tronic state that are present in the HITRAN database. We also com- 

pare our results with the ones presented in Ref. [19] for the H 2 -He 

system. We observe a strong isotopologue dependence which is in 

contradiction to the results measured for more massive molecules. 

The GSXS and ab initio values of line-shape parameters for calcu- 

lated lines, as well as DPL coefficients, are provided in the supple- 

mentary material [28] . 

2. Calculations 

This section presents the methodology used to obtain the line- 

shape parameters from ab initio calculations for a collisional sys- 

tem consisting of a diatomic molecule and a structureless atom. 

Section 2.1 describes how to determine the line-shape parameters 

from the GSXS and Section 2.2 briefly explains the process of ob- 

taining GSXS through quantum scattering calculations. 

2.1. Line shape parameters 

The pressure broadening and shift of the spectral line may 

be described by the pressure broadening γ (v ) and pressure shift 
δ(v ) coefficients which are functions of the speed, v , of the active 
molecule (the coefficients also depend on the temperature but for 

short we do not write it explicitly). They may be obtained from 

first principles by calculating the generalized spectroscopic cross- 

section, σ q 
0 
, (which is described in the next subsection) and av- 

eraging it over the velocity distribution of relative motion of the 

active molecule and the perturber [29–31] : 

γ (v ) + i δ(v ) = 

1 

2 πc 

1 

k B T 

2 √ 

π v̄ p v 
×∫ ∞ 

0 

v 2 r exp 
(

−v 2 + v 2 r 
v̄ 2 p 

)
sinh 

(
2 vv r 
v̄ 2 p 

)
σ q 
0 
(v r ) dv r , 

(1) 

where v r is the relative speed of colliding partners, v̄ p is the most 

probable speed of the perturber, k B is the Boltzmann constant, c is 

the speed of light, and T denotes temperature. 

For most applications, it is inconvenient to store the full speed- 

dependence of γ (v ) and δ(v ) and use it in the data analysis. 
For this reason the new HITRAN DPL format [19,27] adopts their 

quadratic approximation [32,33] : 

γ (v ) + iδ(v ) ≈ γ0 + iδ0 + (γ2 + iδ2 ) 

(
v 2 

v 2 m 

− 3 

2 

)
, (2) 

where v m 

denotes the most probable speed of the absorber. γ0 

and δ0 are the speed-averaged pressure broadening and shift co- 
efficients, which can be calculated directly from [11,27] : 

γ0 + i δ0 = 

1 

2 πc 

1 

k B T 
〈 v r 〉 

∫ ∞ 

0 

xe −x σ q 
0 
(xk B T ) dx, (3) 

where x = E kin /k B T , E kin is the relative kinetic energy of the colli- 

sion partners and 〈 v r 〉 is the mean value of their relative speed. 

Alternatively, γ0 and δ0 may be obtained by averaging Eq. (2) over 

the Maxwell-Boltzmann distribution of the absolute speed at given 

temperature, T . Parameters γ2 and δ2 are obtained by imposing the 

condition that the slopes of the actual speed-dependence and the 

quadratic approximation are equal at the most probable absorber 

speed, v m 

: 

2 

v m 

(γ2 + iδ2 ) = 

d 

dv 
(γ (v ) + iδ(v )) | v = v m . (4) 

Using this condition together with Eqs. (1) and (2) one can write 

explicit formula for γ2 and δ2 [19] : 

γ2 + iδ2 = 

1 

2 πc 

1 

k B T 

v p √ 

π
e −y 2 ×∫ ∞ 

0 

(
2 z cosh (2 zy ) −

(
1 

y 
+ 2 y 

)
sinh (2 zy ) 

)
×

z 2 e −z 2 σ q 
0 
(z v p ) dz, 

(5) 

where y denotes the v m 

/ ̄v p ratio and z is equal to v r / ̄v p . 
The impact of velocity-changing collisions is quantified by the 

complex Dicke parameter ˜ νopt , which is also known as the optical 

frequency of the velocity-changing collisions. It can be calculated 

as: 

˜ νopt = ̃

 νr 
opt + i ̃  ν i 

opt = 

1 

2 πc 

1 

k B T 
〈 v r 〉 M a ×∫ ∞ 

0 

xe −x 
[ 
2 

3 
xσ q 

1 
(xk B T ) − σ q 

0 
(xk B T ) 

] 
dx, 

(6) 

where M a = 

m p 

m a + m p 
, m a and m p are the masses of the active 

molecule and the perturber and σ q 
1 
is the Dicke cross-section. 

Altogether, we report six collisional line-shape parameters: γ0 , 

δ0 , γ2 , δ2 , ̃  νr 
opt 

˜ ν i 
opt , and we provide their temperature dependences 

using the double-power-law (DPL) [27] format, recommended for 

the HITRAN database [22] : 

γ0 (T ) = g 0 (T re f /T ) 
n + g ′ 0 (T re f /T ) n 

′ 
, 

δ0 (T ) = d 0 (T re f /T ) 
m + d ′ 0 (T re f /T ) m 

′ 
, 

γ2 (T ) = g 2 (T re f /T ) 
j + g ′ 2 (T re f /T ) j 

′ 
, 

δ2 (T ) = d 2 (T re f /T ) 
k + d ′ 2 (T re f /T ) k 

′ 
, ˜ νr 

opt (T ) = r (T re f /T ) 
p + r ′ (T re f /T ) p 

′ 
, ˜ ν i 

opt (T ) = i (T re f /T ) 
q + i ′ (T re f /T ) q 

′ 
, 

(7) 

for T re f = 296 K . The ab initio values of the line-shape parameters 

are calculated at different temperatures ranging from 20 to 10 0 0 K 

and then projected on the DPL representation. Due to its impo- 

trance from the perspective of the gas giants’ atmospheric observa- 

tions, we prioritized the temperature range between 50 and 200 K 

by applying weights magnified tenfold in the fitting procedure. 

2.2. Generalized spectroscopic cross-sections 

In order to obtain the GSXS, one needs to solve the Schrödinger 

equation for the atom-molecule scattering problem and find the 
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scattering matrices describing the completed collision process. 

The problem may be addressed through the close-coupling for- 

mulation [34,35] . In the case of collision between a diatom 

molecule and a structureless atom, the potential energy surface 

(PES), V (R, r, θ ) , depends only on three variables – R , which is 

the distance between the atom and the center of mass of the 

molecule, r, which is the internal distance between the nuclei in 

the molecule, and θ , which is the angle between the molecular 

axis and the axis connecting the atom with the center of mass 

of the molecule. In our calculations, we use the current state-of- 

the-art BSP3 PES [1] which is an upgraded version of the Bakr, 

Smith, Patkowski PES [2] . Because this PES is calculated within 

the Born-Oppenheimer approximation, it may be used to describe 

the HD-He interaction by simply shifting the center of mass of the 

molecule. The dependence on θ is separated by expanding the po- 

tential in terms of Legendre polynomials: 

V (R, r, θ ) = 

ξmax ∑ 

ξ=0 

v ξ (R, r) P ξ ( cos θ ) . (8) 

In our calculation, we truncate the expansion at ξmax = 6 which 

gives accurate results due to the small anisotropy of the sys- 

tem [25] . The PES is further expanded in terms of radial molecular 

wavefunctions χv , j (r) of the HD molecule to separate the depen- 

dence on r and obtain the radial coupling potential terms: 

A ξ , v , j, v ′ , j ′ (R ) = 

∫ ∞ 

0 

χv ′ , j ′ (r ) v ξ (R, r ) χv , j (r ) dr, (9) 

We neglect any vibrational coupling, thus for all non-zero radial 

terms v = v ′ . Usually, for rovibrational transitions, the centrifu- 
gal distortion coming from the difference in the shape of radial 

molecular wavefunctions for different j is neglected [20] which re- 

sults in the assumption that j = j ′ = 0 . However, it was shown re- 

cently [26] that in the case of such a light molecule as HD, the 

centrifugal distortion cannot be disregarded if one seeks a sub- 

percent accuracy, especially for transitions that include higher ro- 

tational levels. 

The quantum scattering calculations are performed using the 

BIGOS code [36] for kinetic energies ( E kin ) ranging from 0.1 cm 

−1 

to 90 0 0 cm 

−1 . Propagation is carried out between 0.1 and 

200 a 0 using the renormalized Numerov’s algorithm [37] and log- 

derivative method [38] . Based on calculations for one transition, 

we determine the value of numerical parameters – propagator’s 

step and the number of closed channels (i.e rovibrational levels in 

the basis, the energy of which is higher than the total energy of 

the system) such that they provide sub-percent accuracy for the 

relevant range of E kin . The determined step of the propagator de- 

pends on the energy of the collision, and the number of closed 

channels is set to 3 (see Section 4 from Ref. [26] ). Using bound- 

ary conditions imposed on the wavefunction of the system one 

can obtain the scattering matrix [39] and use it to calculate the 

GSXS [40,41] : 

σ q 

λ
(v i , j i , v f , j f ; E kin ) = 

π
k 2 

∑ ∞ 

J i ,J f ,l ,l 
′ , ̄l , ̄l ′ i 

l −l ′ −l̄ + ̄l ′ 

×(−1) l −l ′ −l̄ + ̄l ′ [ J i ] 
[
J f 
]√ 

[ l ] [ l ′ ] 
[
l̄ 
][
l̄ ′ 
]( l l̄ λ

0 0 0 

)
×
(
l ′ l̄ ′ λ
0 0 0 

)[ 

j i j i l̄ l̄ ′ 
j f l j f l ′ 
q J f J i λ

] 

[ δl l ′ δl̄ ̄l ′ 

−〈 v i j i l ′ | S J i (E T i ) | v i j i l 〉 〈 v f j f ̄l ′ | S J f (E T f ) | v f j f ̄l 〉 
∗
] . 

(10) 

In the equation above v i , j i , v f , j f denote the initial and final states 
of the optical transition. J i and J f are the total angular momenta 

associated with the initial and final spectroscopic levels, E T i , E T f 
are the total energies of the system in the initial and final spec- 

troscopic states, k is the wavenumber corresponding to the initial 

kinetic energy, l is the relative angular momentum and E kin is the 

relative kinetic energy which is the same in both initial and final 

states of transition. The symbol [ x ] stands for (2 x + 1) , the matrix 

written in square brackets is the Wigner 12-j symbol of the sec- 

ond kind, the matrices in the parenthesis are Wigner 3-j symbols, 

and q denotes the rank of the radiation-matter interaction tensor. 

For quadrupole lines q = 2 and for dipole lines q = 1 . The real and 

imaginary parts of σ q 
0 

are the pressure broadening and pressure 

shift cross-sections (PBXS and PSXS, respectively) [42–44] while σ q 
1 

is the complex Dicke cross-section [40,44,45] , the real and imagi- 

nary parts of which are denoted by RDXS and IDXS, respectively. 

3. Results 

The full procedure described in the previous section is con- 

ducted for all electric dipole and quadrupole transitions within the 

ground electronic state for which both the initial and final lev- 

els of the HD molecule are described by vibrational levels 0 to 5 

and 8, and rotational levels from 0 to 6 and 9 to 11, including hot 

bands. Such a wide range of vibrational and rotational states al- 

lows us to obtain results containing all the most important and the 

strongest transitions as well as a great number of weaker ones. For 

each of these transitions, we obtain the GSXS at E kin of HD-He rel- 

ative motion ranging from 0.1 to 90 0 0 cm 

−1 . The GSXS are used to 

obtain the line-shape parameters as described in Section 2.1 . The 

temperature dependence of the latter is projected onto the DPL 

structure [19,27] . The GSXS, the values of line-shape parameters, 

and the DPL coefficients are provided in the supplementary ma- 

terials [28] . This work extends the ab initio calculations reported 

in Ref. [26] by the inclusion of the quadrupole transitions, provid- 

ing speed-dependence parameters, γ2 and δ2 , performing some ad- 

ditional calculations for transitions involving higher j and ν , and 
expressing the temperature dependence of line-shape parameters 

with convenient DPL parametrization for the database application. 

For completeness, to populate all lines within the ground elec- 

tronic state that are present in the HITRAN database [22] with 

beyond-Voigt line-shape parameters, we extrapolate our ab ini- 

tio results of the line-shape parameters obtained from calculated 

GSXS. We also compare our results with calculations for H 2 -He 

system [19] and observe a strong isotopologue dependence be- 

tween them. 

3.1. Quantum scattering calculations 

In this section, we present the results of our quantum scatter- 

ing calculations for selected transitions. We also discuss the differ- 

ence between GSXS for H 2 -He and HD-He collisional systems on 

the example of several selected lines. 

Fig. 1 shows examples of the GSXS for the cases of the O(2), 

Q(1), and S(0) lines for different vibrational bands, as a function of 

the relative kinetic energy of HD-He motion. In the case of dipole 

lines, a similar presentation was already published and discussed 

in Ref. [26] . In each panel, the GSXS are compared between vibra- 

tional bands from 1-0 to 5-0 and 8-0. 

Both the PSXS and IDXS change their signs as the relative ki- 

netic energy increases. The reason for this behavior in the case 

of the PSXS was presented in Ref. [21] and related to the fact 

that collisions occurring at different relative kinetic energies probe 

different regions of the PES. For each rovibrational transition in 

every branch, the change of the PSXS sign occurs at similar E kin 
around 10 to 30 cm 

−1 . For the IDXS the change can be observed at 

E kin around 150 to 300 cm 

−1 . Near the energy at which the PSXS 

changes its sign, the PBXS reaches its minimum. 

It can be seen that the values of the PBXS, RDXS as well as 

the absolute values of the PSXS and IDXS increase with the vi- 

brational band. For the RDXS, such behavior becomes noticeable 
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Fig. 1. The PBXS, PSXS, RDXS, and IDXS compared between vibrational bands as a function of the relative motion of HD and He for the O(2), Q(1), and S(0) lines. The inelastic 

contribution to the PBXS is represented by colored dashed lines in the upper panel. The dashed gray lines in the second row show the Maxwell-Boltzmann distributions at 

10 K, 77 K, and 296 K. 

at E kin higher than around 200 cm 

−1 . In the case of the PSXS, 

such behavior is seen at K.E higher than around 10 cm 

−1 . This de- 

pendence on the vibrational band results from two phenomena. 

Firstly, a significant contribution to the PBXS and PSXS for rovi- 

brational transitions comes from rovibrational dephasing. It mainly 

originates from the difference in the isotropic part of the PES in 

the initial and final molecular state, which increases with the dif- 

ference between initial and final vibrational levels. Secondly, the 

rotational spacing of energy levels decreases with increasing vibra- 

tional state, which enlarges the inelastic contribution to the cross- 

section. It can be easily separated for the PBXS and is marked by 

colored dashed lines in Fig. 1 . 

One may notice that for some lines a sharp change of the GSXS 

can be observed at a certain E kin This is caused by the opening 

of the first inelastic energy channel in the initial or final molecu- 

lar state of the optical transition. The opening occurs when the ki- 
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Fig. 2. Comparison of the PBXS and PSXS in HD-He and H 2 -He collisional systems for several selected transitions. Starting from the left panels transitions 1-0 S(0), 5-0 S(0), 

1-0 Q(1) and 5-0 Q(1) are shown. The dashed lines correspond to the inelastic contribution to the pressure broadening cross-section. 

netic energy of the relative motion becomes high enough to induce 

collisional rotational excitation of the molecule. This may result in 

a rapid change of the inelastic part of the cross-section. The fact 

that the rotational constant decreases with the vibrational quan- 

tum number explains why the PBXS of O lines split at slightly dif- 

ferent E kin (see also Figure 1 and discussion about the P v (1) and 

R v (0) lines in Ref. [26] ). 

In Fig. 2 , a comparison of the PBXS and PSXS between selected 

quadrupole lines in the HD-He and H 2 -He collisional systems are 

presented. The values of the GSXS for the H 2 -He system are taken 

from Ref. [19] . One can immediately notice that in the case of tran- 

sitions belonging to the fundamental band, the PBXS for the H 2 -He 

system is significantly smaller than in the case of the HD-He sys- 

tem. The difference comes mainly from the inelastic part of the 

PBXS, which is a dominant component of the cross-sections for the 

HD molecule and is significantly greater than the inelastic contri- 

bution in the case of H 2 . This is further magnified at low K.E in 

the Q(1) line, where the inelastic contribution is exactly zero for 

the H 2 molecule. The elastic part generally exhibits a smaller dif- 

ference between the two systems. The behavior of inelastic con- 

tribution is explained as follows. Firstly, the energy spacing be- 

tween rotational levels is larger in the H 2 than in the HD iso- 

topologue. Secondly, the collisions do not induce transitions be- 

tween even and odd rotational levels for H 2 , since they cannot 

change the nuclear spin of the molecule. In contrast, the leading 

anisotropic component of the HD-He PES, the A ξ=1 , v , j, v ′ , j ′ term, al- 

lows � j = | j f − j i | = 1 transitions. 

The situation is different for transitions between states for 

which the difference in vibrational level �ν = ν f − νi is large. In 
such cases, the dominance of the PBXS cross-section value of HD 

over H 2 is not that pronounced, because the elastic part of the 

PBXS starts to play a more important role, as the difference be- 

tween initial and final molecular wavefunction becomes larger. 

This can be seen in the panels from the second and fourth columns 

in Fig. 2 . Generally, the elastic part of the PBXS is larger for HD 

molecule at lower K.E range and smaller at higher E kin This sug- 

gests a larger difference between the initial and final states in 

terms of the repulsive part of the PES of hydrogen-helium in- 

teraction as the high-energy collisions probe the repulsive short- 

range of the PES. For some transitions between states that dif- 

fer significantly in terms of ν and j, in a certain E kin range, the 

value of the PBXS in H 2 -He system may become larger than in the 

HD-He system. Finally, the PSXS is similar for the two collisional 

systems. 

3.2. Dataset of beyond-Voigt line-shape parameters 

In this section, we describe the final result of our work, i.e., 

the comprehensive dataset of the beyond-Voigt spectral line-shape 

parameters of HD perturbed by He. Our dataset covers all the 

11 575 rovibrational lines present in the HITRAN database, includ- 

ing electric dipole transitions from the P and R branches, as well 

as the O, Q, and S electric quadrupole lines. We perform the ab 

initio calculations described in Section 2 to obtain the line-shape 

parameters for the basic set of 875 transitions at temperatures 

spanning from 20 to 10 0 0 K. Our calculations are based on the 

cross-sections which are provided in the supplementary materi- 

als to this work [28] . The data for the remaining 10 700 lines 

(the majority belong to the hot-band lines) comes from interpo- 

lation and extrapolation of the data from our basic set. Let us de- 

note a given transition as X( j ′′ ) ν′ - ν′′ , where X ∈ {O, Q, P, R, S} 

denotes the branch, j ′′ is the rotational quantum number of the 

initial state, and ν ′ and ν′′ are the final and initial vibrational 
states, coupled by the transition. We also denote �ν = ν ′ − ν′′ . Us- 
ing this notation, let us describe our interpolation and extrapola- 

tion scheme with the following steps (note that after each step 

the interpolated and extrapolated lines are appended to the basic 

set). 

• if there are at least three lines with the same X, ν ′ and ν′′ in 
our initial dataset, we use a second-order polynomial to inter- 

polate the missing lines as a function of j ′′ , up to the highest 
j ′′ = j ′′ max from our basic set. For j ′′ > j ′′ max we copy the dataset 

entries of X( j ′′ max ) ν
′ - ν′′ lines. 

• If there are at least three lines with the same X, j ′′ and ν′′ , we 

use a second-order polynomial to interpolate the missing lines 

in the function of ν ′ , up to the highest ν ′ = ν′ 
max from our basic 
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set. For ν ′ > ν′ 
max we copy the dataset entries of X( j ′′ ) ν′ 

max - ν
′′ 

lines. 
• For each X and j ′′ we select the lines with the lowest �ν = 

�νmin (i.e., 1-0, 2-1, 3-2... for the O, P and Q branches and 0- 

0, 1-1, 2-2... for the R and S branches). We extrapolate these 

subsets with a second-order polynomial in the function of ν ′′ 
to obtain entries for the high hot bands with �ν = �νmin . 

• For each X and j ′′ we approximate the missing hot band entries 

maintaining constant distances between different subsets with 

the same �ν , i.e., X( j ′′ ) ν′ − ν′′ = X( j ′′ ) �ν - 0 - X( j ′′ ) �νmin - 

0 + X( j ′′ ) (ν′′ + �νmin ) - ν
′′ (for example S(0) 4-2 = S(0) 2-0 - 

S(0) 0-0 + S(0) 2-2). 

The above interpolation and extrapolation scheme is repeated 

for every considered temperature. We apply the DPL representation 

defined by Eqs. (7) to represent the temperature dependences in a 

form adopted in the HITRAN database [27] and recently applied for 

the H 2 -He system [19] . We perform a weighted fitting procedure in 

the 20 − 10 0 0 K temperature range, prioritizing the range between 

50 and 200 K (see the gray-shaded areas in Fig. 3 ). 

Fig. 3 presents examples of the DPL representation applied to 

the cases of two purely rotational lines, S(0) and R(0) from 0-0 

band, and two rovibrational lines, Q(1) 1-0 and R(1) 1-0. The gen- 

eral performance of DPL is satisfying and comparable with the one 

presented in Ref. [27] on an example of a few collisional systems. 

As noticed in Refs. [19,27] , DPL works the best when the temper- 

ature dependence of the line-shape parameters is monotonic, and 

its performance is worse when sharp extrema are present as can 

be seen in Fig. 3 . 

The highest discrepancy can be observed for the δ2 parameter 

of the S(0) 0-0 line. However, as shown in Ref. [24] for H 2 iso- 

topologue, the neglection of the speed-dependence effect, which 

for this molecule has an exceptionally high impact, introduces a 

change of the line-shape up to a level of a few percent. Thus, in 

the most important temperature region and its proximity, apply- 

ing the DPL is expected to cause, at most, sub-percent change of 

the line-shape due to inaccuracy of δ2 representation. Good per- 
formance of the DPL approximation in the case of the ˜ νr 

opt may be 

related to the fact that it can be quite accurately determined from 

the diffusion coefficient which satisfies the power law temperature 

dependence [27] . Comparison with analogous results calculated for 

H 2 -He collisional system [19] leads to the observation that both 

isotopologues H 2 and HD portray similar dependence of the line- 

shape parameters on temperature. 

The dependences of the line-shape parameters on the vibra- 

tional band and initial rotational level of the transition are shown 

in Fig. 4 . We present the parameters at two temperatures – 150 K 

and 296 K. For comparison, in the case of γ0 and δ0 , we also in- 

clude the data for the H 2 -He collisional system at 296 K [19] . Con- 

trarily to the results obtained for more massive species, such as 

self- or foreign-gas-perturbed CO, SO 2 and OCS [46–49] , the differ- 

ence between the results for H 2 and HD is pronounced. Therefore 

we question the ”isotopic invariance” paradigm by demonstrating 

strong isotopologue dependence of the line-shape parameters. 

The differences between vibrational bands are clearly visible for 

γ0 and δ0 , as both parameters increase with the final vibrational 

level ν′ . This behavior is expected, since γ0 and δ0 are proportional 
to the averaged values of the PBXS and PSXS which, in general, in- 

crease with the vibrational band. The difference between the PBXS 

for the two isotopologues, shown in Fig. 2 , is directly manifested 

in differences between pressure broadening coefficients in Fig. 4 . 

For the bands with lower ν ′ , γ0 in HD is dominated by the inelas- 

tic contribution at 296 K. Hence, γ0 is much larger for HD than 

for H 2 , for which the inelastic contribution is considerably reduced 

due to the lack of collision-induced transitions between para- and 

ortho- H 2 and larger rotational spacing. In the case of the S(0) 0- 

0 line, γ0 for HD is more than ten times larger than for the H 2 

molecule. As the ν ′ increases, the elastic contribution that comes 

mainly from the difference in radial coupling terms of the poten- 

tial in the initial and final states becomes more important and γ0 

in H 2 becomes even slightly larger than in HD. 

The dependences of γ2 and δ2 on the vibrational band mir- 

ror the dependences of γ0 and δ0 – they become larger as the 

speed-averaged pressure broadening and shift increase. The real 

and imaginary part of the Dicke coefficient ˜ νopt , in turn, decrease 
with the vibrational band. Although the RDXS and the absolute 

value of IDXS grow with ν ′ , the velocity-changing effect is cor- 
related with coherence damping and dephasing and, as it can be 

seen in Eq. (6) for the Dicke parameter, σ q 
0 

cross-section is in- 

cluded in the equation. 

The pressure broadening coefficient decreases with the initial 

rotational number j ′′ due to the fact that each subsequent ro- 
tational level differs increasingly in energy in accordance to the 

quadratic relation E j ′′ = B j ′′ ( j ′′ + 1) . This behavior was also ob- 

served before in many collisional systems [50–52] . For purely ro- 

tational lines, γ0 drops to nearly zero as j 
′′ increases because the 

elastic contribution, emerging from the difference of initial and fi- 

nal molecular wavefunctions, is very low (for pure rotational lines, 

the vibrational state is the same and only a slight role is played 

by centrifugal distortion), and because the states with higher j ′′ 
are less sensitive to the elastic effects coming from the attractive 

part of a PES. In the case of H 2 molecule, γ0 coefficient is very 

small thus the dependence on j ′′ is not well pronounced. For rovi- 

brational bands in HD, γ0 generally also decrease with j ′′ , but as 
it can be seen in Ref. [19] for H 2 it is not always the case. As 

an example, for the Q branch of the 2-0 band, γ0 is not mono- 

tonic at the beginning and for higher j ′′ it has a nearly constant 
value. Thus, it is another manifestation of the isotopologue depen- 

dence. Again, the δ2 and γ2 coefficients mirror the dependence 

of γ0 and δ0 . Due to the relatively low value of γ0 for purely 

rotational lines and nearly transition independent RDXS, the real 

part of Dicke parameter ˜ νr 
opt is almost constant with j ′′ . Compar- 

isons of ab initio calculations with available experimental data can 

be found in Refs. [25,26] . There is a need for accurate measure- 

ments of the line-shape for rovibrational transitions for further 

validation. 

To estimate the uncertainties of our ab initio results, we per- 

form some additional calculations for the R(0) line of the 1-0 band 

at temperatures 77 K, 195 K, and 296 K, and investigate how the 

variation of the PES and dynamical numerical parameters of the 

propagation process (the initial and final points of the propagation, 

the propagation step and the number of asymptotically closed en- 

ergy channels) affect the value of the ab initio coefficients. Conser- 

vative estimations show that the uncertainty of the used PES [1] is 

not greater than 1 % [21] . Thus, we repeat the calculation using po- 

tential radial terms multiplied by 1.01 and for the considered cases 

the highest obtained deviation is 0.45 %. The convergence of our 

calculations with the dynamical numerical parameters is obtained 

as follows. We set the initial and the final points of the propa- 

gation, R min and R max , the number of propagation steps, and the 

number of asymptotically closed energy channels such that only a 

sub-percent deviation of the line-shape parameters is introduced 

upon halving of R min and R max , doubling the number of propaga- 

tion steps and adding the next asymptotically closed energy level. 

In total, we estimate the uncertainty of the calculated parameters 

at 0.6 %. It should be noted that in the case of interpolated and 

extrapolated parameters for the weaker transitions the deviation 

may be higher. There is also a second type of uncertainty origi- 

nating from the DPL approximation (estimated by the root mean 

square error in the prioritized temperature range). The total com- 

bined uncertainty of each parameter is provided in the supplemen- 

tary materials in the column DPL-err [28] . 
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Fig. 3. Temperature dependences of the six collisional line-shape parameters, γ0 , δ0 , γ2 , δ2 , ̃  νr opt and ̃
 νi opt , for the four sample lines of HD perturbed by He. The black and 

green lines are the ab initio values and DPL representations, respectively. Each large graph is accompanied by a small one, presenting the residuals of the DPL fits. The vertical 

axes for all the panels (including residuals) are in 10 −3 cm 

−1 atm 

−1 . The gray-shaded areas indicate the temperature range prioritized in the DPL fits. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

7 
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Fig. 4. Examples of the vibrational and rotational dependences of the six line-shape parameters reported in our dataset. Red and black dots correspond to the line-shape 

parameters for HD-He system at 150 K and 296 K, respectively. For comparison, we also added values of the line-shape parameters for the H 2 -He system at T = 296 K 

marked by gray dots. All the parameters are expressed in units of 10 −3 cm 

−1 atm 

−1 . The values of the line-shape parameters shown in this plot are not directly taken from 

ab initio calculations, but reconstructed from the DPL relations, Eqs. (7) , based on the coefficients from our dataset. 

4. Conclusion 

Using the methodology presented in Ref. [19] to we performed 

accurate ab initio quantum scattering calculations, obtaining gener- 

alized spectroscopic cross-sections and line-shape parameters for 

electric dipole and quadrupole transitions within the ground elec- 

tronic state for He-perturbed HD. The line-shape parameters de- 

scribe the pressure broadening and shift, γ0 , δ0 , and the most 

important beyond-Voigt effects, the speed-dependences of γ0 , δ0 
through quadratic approximation, γ2 , δ2 , and the velocity-changing 
collisions through the complex Dicke parameter ˜ νopt . Temperature 

dependences of the line-shape parameters were expressed by the 

double-power-law representation recommended for the HITRAN 

database. Calculations of generalized spectroscopic cross-sections 

were performed in kinetic energy range from 0.1 to 90 0 0 cm 

−1 and 

line-shape parameters were obtained at temperatures from 20 to 

10 0 0 K which is the relevant range for investigations of gas giants 

and exoplanets atmospheres. The ab initio results cover all transi- 

tions including hot bands which involve vibrational levels from 0 

to 5 or 8 and rotational levels from 0 to 6 and 9 to 11. Such a wide 

range was fully sufficient for populating all strongest and most im- 

portant transitions and a great number of weaker ones. The values 

for exotic lines were obtained by interpolation and extrapolation 

of our ab initio results. This allowed us to populate all 11 575 rovi- 

brational lines present in the HITRAN database. Comparison with 

values for H 2 -He system led to the observation of strong isotopo- 

logue dependence for hydrogen molecule and helium atom system 

which arises mainly from the limitation of inelastic contribution in 

the case of H 2 . Calculated generalized spectroscopic cross-sections, 

line-shape parameters, and double-power-law coefficients are pro- 

vided in the supplementary material [28] . 

In principle, our methodology can be readily applied to any di- 

atomic molecule in a 1 � electronic state interacting with a struc- 

tureless atom. Similar calculations could also be done for not too 

massive linear molecules interacting with an atom, for example, 

C 2 H 2 -Ne [53] . For simple diatomic or linear molecules manifest- 

ing fine [54] or hyperfine structure [55] , the theory (for recoupling 

the various angular momenta) exists and could be used to produce 

line-shape parameters for selected lines. Usually, the main prob- 

lem which one needs to overcome during the calculations for more 

massive systems is the increased size of the basis caused by the 

fact that more massive molecules have lower rotational constants, 

and thus, their rotational levels are less energetically separated. 

Nevertheless, such calculations could be handled for selected lines 

of various rovibrational bands by neglecting the rovibrational cou- 

plings, i.e. the potential centrifugal distortion. One may also limit 

the calculations to the transitions that do not involve high vibra- 

tional bands. 

For two interacting diatomic or linear molecules calculations 

become more challenging. However, numerous attempts have been 

already conducted within the above limitations for selected tran- 

sitions. The examples of these are molecules in dihydrogen baths 

such as CO- H 2 [56] , N 2 - H 2 [57] or C 2 H 2 - H 2 [58,59] . Recently, 

successful attempts were performed for some collisional partners 

relevant from the perspective of Earth’s atmosphere studies –

Ar-perturbed CO [60] , N 2 -perturbed CO [61,62] and N 2 -perturbed 

O 2 [63] (the last work is also an example of application of the 

method for an active molecule with non-zero spin). 

The problem of a large rotational basis may be addressed 

through the use of various approximations such as the coupled 

state approximation [61] or its improved version that includes the 

nearest neighbor Coriolis coupling [64] . The efficiency of these ap- 

proximations should be more deeply investigated in the future. For 

some systems, the limitation of the method may be imposed by 

the absence of sufficiently accurate potential energy surfaces in- 

cluding the vibrational dependence of the active molecule. 
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Visualization. Hubert Jóźwiak: Conceptualization, Software, Inves- 

tigation, Validation, Writing – review & editing. Franck Thibault: 

Conceptualization, Methodology, Software, Resources, Writing –

review & editing. Piotr Wcisło: Conceptualization, Methodology, 

8 
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