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HIGHLIGHTS

• new method for populating line-by-line spectro-
scopic databases with beyond-Voigt lineshape pa-
rameters

• He-perturbed H2

• ab initio quantum scattering calculations of
beyond-Voigt line-shape parameters

• simple and compact formula that allows the speed-
dependence parameters to be calculated directly
from the generalized spectroscopic cross sections

• dataset compatible with the HITRAN database

• temperature dependences of the beyond-Voigt line-
shape parameters covering the range from 20 to
1000 K
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We demonstrate a new method for populating line-by-line spectroscopic databases with beyond-
Voigt line-shape parameters, which is based on ab initio quantum scattering calculations. We report
a comprehensive dataset for the benchmark system of He-perturbed H2 (we cover all the rovibrational
bands that are present in the HITRAN spectroscopic database). We generate the entire dataset of
the line-shape parameters (broadening and shift, their speed dependence, and the complex Dicke
parameter) from fully ab initio quantum-scattering calculations. We extend the previous calculations
by taking into account the centrifugal distortion for all the bands and by including the hot bands.
The results are projected on a simple structure of the quadratic speed-dependent hard-collision
profile. We report a simple and compact formula that allows the speed-dependence parameters to
be calculated directly from the generalized spectroscopic cross sections. For each line and each line-
shape parameter, we provide a full temperature dependence within the double-power-law (DPL)
representation, which makes the dataset compatible with the HITRAN database. The temperature
dependences cover the range from 20 to 1000 K, which includes the low temperatures relevant for the
studies of the atmospheres of giant planets. The final outcome from our dataset is validated on highly
accurate experimental spectra collected with cavity ring-down spectrometers. The methodology can
be applied to many other molecular species important for atmospheric and planetary studies.

I. INTRODUCTION

The collisional line-shape effects, including the beyond-
Voigt effects [1–8], play an important role in atomic and
molecular physics [9–13]. On one hand, they give access
to studying the molecular interactions [14–16] and dy-
namics [17], but on the other hand they can affect the
accuracy of optical metrology based on molecular spec-
troscopy [18]. In particular, insufficient modeling of the
line-shape effects can limit the accuracy of simulations of
atmospheric measurements of the Earth [19] and other
planets [20] and even modify the retrieved opacity of ex-
oplanetary atmospheres [21, 22]. To address this prob-
lem, a new relational structure [23] was introduced into
the most widely used line-by-line spectroscopic database,
HITRAN [24], allowing the beyond-Voigt line-shape ef-
fects to be represented [25]. It is, however, remark-
ably challenging to populate the entire database (all the
molecules and their isotopologues over a great spectral
range and thermodynamic conditions) with purely ex-
perimental beyond-Voigt line-shape parameters, not only
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due to a large number of transitions to be measured at
different conditions and different spectral ranges, but also
due to strong numerical correlations between the line-
shape parameters.

In this article, we demonstrate a new method for pop-
ulating line-by-line spectroscopic databases with beyond-
Voigt line-shape parameters that is based on ab ini-
tio quantum scattering calculations. We report a com-
prehensive dataset for the benchmark system of He-
perturbed H2 lines. We cover all the rovibrational bands
(with their branches) that are present in HITRAN. We
generate the values of the line-shape parameters (broad-
ening and shift, their speed dependence, and the complex
Dicke parameter) from fully ab initio quantum-scattering
calculations. We extend the calculations of the general-
ized spectroscopic cross sections reported in Refs. [15, 26]
by taking into account the centrifugal distortion for all
the bands and by including the hot bands. We extrap-
olate the ab initio results to populate very weak lines,
i.e., higher overtones, v′ ≥ 6, higher rotational num-
bers, J ′ ≥ 8, and high-v′ hot bands, v′ ≥ 6; follow-
ing the standard HITRAN notation, we denote the fi-
nal and initial states of a transition with primes and
double primes, respectively. The results are projected
on a simple structure of the quadratic speed-dependent
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hard-collision (qSDHC) profile [27–29] that is consistent
with the recently recommended HITRAN parametriza-
tion [30]. We also report a simple and compact formula
that allows the speed-dependence parameters (within the
quadratic model) to be calculated directly from the gen-
eralized spectroscopic cross sections, which considerably
speeds up the calculations and makes them numerically
more stable. For each line and each line-shape param-
eter we provide a full temperature dependence within
the double-power-law (DPL) representation, which was
recently recommended for the HITRAN database [30].
The results are valid for a wide temperature range from
20 to 1000 K, with the 50 - 200 K range prioritized (in
this range the DPL fits have 10 times larger weights),
which is relevant for the studies of the atmospheres of
giant planets. The final outcome from our dataset is val-
idated on highly accurate experimental spectra collected
with cavity ring-down spectrometers [31] demonstrating
sub-percent agreement. Incorporation of beyond-Voigt
line-shape parameters reported in this paper together
with their DPL temperature dependences into the HI-
TRAN database is possible thanks to the recently devel-
oped flexible relational structure of HITRAN [23]. The
complex structure of this dataset is easily accessible for
non-expert HITRAN users thanks to the HITRAN Ap-
plication Programming Interface (HAPI) [32] that auto-
matically generates spectra at the desired spectral range
and thermodynamic conditions chosen by the user.

The atmospheres of the giant planets in the Solar Sys-
tem are greatly dominated by a mixture of molecular
hydrogen and atomic helium. Moreover, atmospheres of
some types of super-Earth exoplanets are predicted to
be dominated by the H2-He mixture [21]. The spectro-
scopic studies of giant planet atmospheres are naturally
based on the main isotopologue of molecular hydrogen
[33]. However, although the abundance of hydrogen deu-
teride is 4 - 5 orders of magnitude smaller, HD is notice-
able in the spectroscopic studies of giant planets [20, 33]
due to the much larger intensity of the dipole transi-
tions compared to the weak quadrupole lines in H2. In
total, four combinations of collision partners should be
considered to provide a complete reference data for the
planetary studies: self-perturbed H2, He-perturbed H2,
H2-perturbed HD and He-perturbed HD. In this article,
we consider the simplest benchmark case of He-perturbed
H2.

In Section II, we discuss the general methodology of
generating beyond-Voigt line-shape parameters from ab
initio calculations. Section III illustrates the method-
ology on the examples of two rovibrational lines in He-
perturbed H2. The full comprehensive dataset for He-
perturbed H2 is discussed in Sec. IV and the complete
dataset is provided in the supplementary material [34].

Ab initio quantum-

chemical calculations
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FIG. 1. Diagram illustrating our approach to generating the
experimentally validated ab initio dataset of the beyond-Voigt
line-shape parameters and its incorporation into the HITRAN
database. The red arrows show the usual way of populating
the database based on experimental spectra analysis only.

II. METHODOLOGY OF GENERATING
DATASETS OF THE BEYOND-VOIGT

LINE-SHAPE PARAMETERS BASED ON THE
AB INITIO CALCULATIONS

A typical approach to populating the HITRAN
database with the beyond-Voigt line-shape parameters
[24, 32] uses the data that were obtained from fitting the
advanced profiles to the high-quality experimental spec-
tra [25, 35–39], see the red boxes in the flowchart in Fig. 1.
It is a challenging task to populate the entire database
with the purely experimental approach due to the large
number of transitions required to be accurately measured
at different conditions. Another difficulty is related to
strong numerical correlations between the line-shape pa-
rameters, which often results in large systematic errors
in the retrieved line-shape parameters. The numerical
correlation can be considerably reduced by implement-
ing the multispectrum fitting approach [40–42] which is,
however, very demanding from a technical point of view
and is still difficult to automatically apply to large ex-
perimental datasets.

In this article, we present a new methodology for pop-
ulating the spectroscopic databases based on ab initio
calculations. A key factor that enables development
of this approach was a demonstration that the fully
ab initio quantum-scattering calculations can reproduce
the shapes of the high-quality collision-perturbed exper-
imental spectra at the subpercent level [31], including
the deep non-Voigt regime (by subpercent agreement
we mean that the root-mean-square error of the ab ini-
tio model relative to profile peak (rRMSE) calculated
within ±FWHM is smaller than 1%). The flowchart
in Fig. 1 illustrates our methodology (see the yellow
boxes). The chain of the ab initio calculations starts
with the quantum-chemical calculations of the PESs
[14, 15]. In the second step, the PESs are used to per-
form the quantum-scattering calculations by solving the
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close-coupling equations, which provide the scattering S-
matrices as a function of relative kinetic energy of the col-
lision, Ekin. The S-matrices allow us to calculate the gen-
eralized spectroscopic cross-sections, σqλ(Ekin), that de-
scribe the collision perturbation of the optical coherence
associated with the considered molecular transition. This
approach also allows for the calculations of off-diagonal
generalized spectroscopic cross-sections. Thus, for in-
stance, the well-known case of overlapping lines could
be considered. However, in this study we limit the dis-
cussion to the case of isolated lines, which is relevant for
the molecular system considered here at pressures typical
for the atmospheres of gas giants. We consider two types
of generalized cross-sections that differ by the rank of the
velocity tensor, λ. For the zero rank, λ = 0, σqλ describes
perturbation of internal motion of the molecule, and its
real and imaginary parts have spectroscopic interpreta-
tion of the pressure broadening and shift cross-sections
(PBXS and PSXS, respectively) [43–46]. For λ = 1, σqλ
describes perturbation of translational motion (including
the correlations with dephasing and state-changing colli-
sions) and it has spectroscopic interpretation of the com-
plex Dicke cross-section (its real and imaginary parts are
denoted as RDXS and IDXS, respectively) [26, 47–50].
q is the tensor rank of the spectral transition operator
(equal to 1 and 2 for dipole and quadrupole lines, respec-
tively). In principle, σqλ should also be labeled with the
quantum numbers specifying the ground and excited lev-
els of the transition (a diagonal cross-section in Liouville
space); for the sake of notation clarity we skip them in
this article. The two complex cross sections, σq0 and σq1,
allow us to calculate the collisional quantities that are
needed for modeling the beyond-Voigt shapes of molec-
ular lines, as depicted in the third yellow box in Fig. 1.
The basic quantities are the collisional broadening, γ,
and shift, δ, of molecular lines expressed as a function
of active molecule speed, v, which can be calculated as
[3, 51]

γ(v) + iδ(v) =

1

2πc

1

kBT

2√
πvvp

∞∫

0

dvrv
2
re
− v2+v2

r
v2
p sinh

(
2vvr

v2p

)
σq0(vr),

(1)

where vp and vr are the most probable speed of the
perturber distribution and relative absorber-perturber
speed, respectively. kB and T are the Boltzmann con-
stant and temperature. Two other line-shape param-
eters, which quantify the rate of the velocity-changing
collisions, are the real, ν̃ropt, and imaginary, ν̃iopt, parts of
the complex Dicke parameter, ν̃opt, which is calculated

as

ν̃opt = ν̃ropt + iν̃iopt =
1

2πc

1

kBT
〈vr〉M2×

∞∫

0

dxxe−x
[

2

3
xσq1(Ekin = xkBT )− σq0(Ekin = xkBT )

]
,

(2)

where M2 = m2/(m1 + m2), and m1 and m2 are the
masses of the active and perturbing molecules (or atoms),

〈vr〉 =
√

8kBT/πµ is the average relative speed and µ is
the reduced mass of the colliding partners. The variable
of integration, x, is a dimensionless kinetic energy of a
collision, x = Ekin/(kBT ). The quantities expressed by
Eqs. (1) and (2) [i.e., γ(v), δ(v), ν̃ropt and ν̃iopt] carry all
the collisional information that comes from our ab ini-
tio calculations and enters the beyond-Voigt line-shape
models. The details of the line-shape calculations based
on these quantities can be found in Ref. [6, 52, 53].

From the perspective of spectroscopy applications and
populating the HITRAN database, the full speed depen-
dences, given by Eq. (1), and full ab initio line-shape
models [53] are far too complex to be stored in the
database and are computationally too demanding to be
used to analyze large sets of molecular spectra. There-
fore, following Ref. [30], we project the full ab initio
line-shape model on a simple structure of the quadratic
speed-dependent hard-collision model (qSDHC) [27–29],
in which the speed dependence is approximated with a
quadratic function [54]

γ(v) + iδ(v) ≈ γ0 + iδ0 + (γ2 + iδ2)
(
v2/v2m − 3/2

)
, (3)

where vm is the most probable absorber speed. The
speed-averaged broadening and shift, γ0 and δ0, are cal-
culated as real and imaginary parts of a simple average
of σq0 over the Maxwellian Ekin distribution [3, 51]

γ0 + iδ0 =
1

2πc

1

kBT
〈vr〉

∞∫

0

dxxe−xσq0(Ekin = xkBT ).

(4)
Alternatively, γ0 and δ0 can be calculated by averag-
ing γ(v) and δ(v) over the Maxwell distribution of ac-
tive molecule speed, v, yielding exactly the same result
as Eq. (4). The two parameters quantifying the speed
dependence of the broadening and shift, γ2 and δ2, are
calculated by demanding that the slope of the quadratic
approximation equals the slope of the actual speed de-
pendences at v = vm [53],

γ2 + iδ2 =
vm
2

d

dv
(γ(v) + iδ(v)) |v=vm . (5)

Following the generalized Hess method [4, 48, 50], we di-
rectly take the complex Dicke parameter, ν̃opt = ν̃ropt +

iν̃iopt, as a complex rate of the velocity-changing colli-
sions in the qSDHC model [30]. In the cases of molecules
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for which the Dicke narrowing is pronounced, we recom-
mend the use of the β correction [25, 55] that improves
the hard-collision approximation without increasing the
cost of the line-shape computations. Note that the β
correction is a generic concept valid for any molecular
system and does not require any additional parameter to
be stored (it depends only on the perturber-to-absorber
mass ratio [55]). In total, the most general form of the
qSDHC profile requires six line-shape parameters to be
stored:

γ0, δ0, γ2, δ2, ν̃
r
opt, ν̃

i
opt. (6)

The recent approach adopted in HITRAN [30] allows the
temperature dependences of all the six line-shape param-
eter to be represented with the double-power-law (DPL):

γ0(T ) = g0(Tref/T )n + g′0(Tref/T )n
′
,

δ0(T ) = d0(Tref/T )m + d′0(Tref/T )m
′
,

γ2(T ) = g2(Tref/T )j + g′2(Tref/T )j
′
,

δ2(T ) = d2(Tref/T )k + d′2(Tref/T )k
′
,

ν̃ropt(T ) = r(Tref/T )p + r′(Tref/T )p
′
,

ν̃iopt(T ) = i(Tref/T )q + i′(Tref/T )q
′
,

(7)

where Tref = 296 K. The full parametrization of the colli-
sional line-shape effects requires 24 coefficients per single
line, i.e., four coefficients per each of the six line-shape
parameters, see Eqs. (7). It should be noted that Eqs. (7)
represent the most general case of the DPL representa-
tion adopted in HITRAN [30]. For many molecular sys-
tems, not all the collisional effects are important at the
considered accuracy level and, for a given experimental
temperature range, a simple single-power law suffices. In
such cases, one of the two approaches will be adopted in
HITRAN. Either a single-power law and a smaller num-
ber of line-shape parameters will be stored (e.g., γ0 and
δ0 for the simple Voigt profile or γ0, δ0, γ2 and δ2 for
the quadratic speed-dependent Voigt profile) or the full
DPL parametrization will be adopted but some of the 24
coefficients will be set to zero.

In this article, we show that our approach based on ab
initio calculations allows us to fully benefit from the DPL
parametrization given by Eqs. (7). We generated a com-
prehensive dataset of the beyond-Voigt line-shape param-
eters for a system for which all the six line-shape param-
eters are necessary to represent the shapes of molecu-
lar lines (i.e., He-perturbed H2) and we use the DPL
parametrization to represent these parameters in a wide
temperature range, see Sec. III C for details.

The HITRAN DPL parametrization, see Eq. (7) and
Ref. [30], does not use the exact form of the Hartmann-
Tran profile (HT profile) [56] but its modified ver-
sion, the qSDHC profile. The main difference between
these profiles is that for the description of the velocity-
changing collisions the HT profile uses the frequency
of the velocity-changing collisions, ν̃vc, and the correla-
tion parameter, η (first introduced by Rautian and So-
belmann [2]), while the qSDHC profile uses an explicit

parametrization with the real, ν̃ropt, and imaginary, ν̃iopt,
parts of the complex Dicke parameter. The major ad-
vantage of the parametrization used in this work [30] is
that it avoids singularities in temperature dependences
of the complex Dicke parameter that may appear when
the HT parametrization is used [30]. Another advantage
of the qSDHC profile is that it does not require to intro-
duce unphysical speed dependence of the complex Dicke
parameter, in contrast to the original formulation of the
HT profile. For details refer to the Appendices A and B
in Ref. [30]; see also Ref. [57].

Hartmann proposed a different approach to populat-
ing spectroscopic databases with line-shape parameters
based on ab initio calculations [58] (see also Sec. 2 in
Ref. [30]). In his approach, the ab initio line-shape pa-
rameters are used with one of the sophisticated line-shape
models to generate reference shapes in a wide range of
pressures, and then the reference spectra are fitted with
some simpler phenomenological model. In his scheme the
fitted line-shape parameters lose their physical meaning
but, in principle, the shapes of molecular lines should
better agree with experiment. Similar tests were done be-
fore, for instance see Ref. [59] (in that work, due to a lack
of ab initio parameters, a sophisticated line-shape model
was used with parameters determined experimentally).
Recently, this approach was tested for the requantized
Classical Molecular Dynamics Simulations corrected with
the use of experimental spectra [60]. However, in the case
of the He-perturbed H2 lines considered here, the differ-
ence between the qSDHC profile and the more sophis-
ticated ones are much smaller than the difference with
experimental data. Hence that approach [58] would not
improve the accuracy of the dataset reported here.

III. ILLUSTRATION OF THE METHODOLOGY
FOR THE CASE OF 2-0 Q(1) AND 3-0 S(1) LINES

In this section, we use an example of two rovibrational
lines in He-perturbed H2 to illustrate the methodology
described in Sec. II and shown in Fig. 1. We consider the
2-0 Q(1) and 3-0 S(1) quadrupole lines that were recently
accurately measured with the cavity enhanced techniques
[31]; in this article we refer to them as reference lines.
These measurements were used for accurate validation of
the ab initio collisional line-shape calculations [31] and
more recently these spectra were used for validation of
improved quantum-scattering calculations that include
centrifugal distortion [61].

A. Ab initio quantum scattering calculations

The H2-He PES is three-dimensional, i.e., it depends
on the distance between the center of mass of the hydro-
gen molecule and the helium atom, R, the distance be-
tween the two hydrogen atoms, r, and the angle between
the intra- and intermolecular axes, θ. The quantum-
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FIG. 2. Examples of the generalized spectroscopic cross sec-
tions for the case of 2-0 Q(1) and 3-0 S(1) lines in helium-
perturbed H2, see the red and black lines, respectively. The
four panels show the pressure broadening (PBXS), pressure
shift (PSXS), and real (RDXS) and imaginary (IDXS) parts
of the complex Dicke cross-sections as a function of collision
energy. The gray line is the Maxwell-Boltzmann distribution
at 296 K in arbitrary units.
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FIG. 3. Examples of the speed dependences of the broaden-
ing, γ, and shift, δ, parameters. The red and black lines corre-
spond to the 2-0 Q(1) and 3-0 S(1) lines in helium-perturbed
H2, respectively. The solid lines show the full ab initio results
and the dotted lines show the quadratic approximations. The
dash-dotted lines show the corresponding speed-averaged val-
ues. The calculations were done for T = 296 K (upper pan-
els) and 200 K (lower panels); the corresponding Maxwell-
Boltzmann distributions (in arbitrary units) are plotted as a
gray lines.

scattering calculations [15, 26] that we used to generate
the line-shape parameter dataset are based on the re-
cent state-of-the-art PES that is an extension of the PES
published by Bakr, Smith and Patkowski [14] (this PES
will be referred to as BSP). The BSP PES was calcu-
lated using the coupled-cluster method with single, dou-
ble and perturbative triple (CCSD(T)) excitations, tak-
ing into account also the contributions from the higher
coupled-cluster excitations. It was determined for ten in-
tramolecular separations, between 1.1 and 1.75 a0, which
was shown to be insufficient for the detailed studies of
processes involving the vibrationally excited H2 molecule

(see Sec. 2 of Ref. [46] and Appendix C of [15] for de-
tails). This issue was addressed in the second version of
this PES, BSP2, which extended the range of ab initio
data points to r ∈ [0.65, 3.75] a0. The final version of
this PES, BSP3 [15], which was used in this work, has
improved asymptotic behavior of the H2-He interaction
energy at large R. The quantum scattering calculations
based on the BSP3 PES were recently tested on highly
accurate cavity-enhanced measurements of the shapes of
He-perturbed H2 2-0 Q(1) and 3-0 S(1) lines [31] resulting
in unprecedented agreement between experimental and
theoretical collision-induced line shapes. Furthermore,
the BSP3 PES was employed in the studies of purely ro-
tational lines of He-perturbed isotopologues of molecular
hydrogen: D2 [47, 62] and HD [63, 64].

For the purpose of dynamical calculations [15, 26], the
three-dimensional H2-He PES is projected over Legendre
polynomials, Pξ [15, 26, 46]:

V (R, r, θ) =
∑

ξ

vξ(R, r)Pξ(cos θ). (8)

In the case of homonuclear molecules like H2, the ξ in-
dex takes only even values. Due to the small overall
anisotropy of the H2-He PES, only the first four ξ values
are retained throughout the calculations. The vξ(R, r)
terms are averaged over rovibrational wavefunctions of
the unperturbed molecule, χv,J(r), leading to the ra-
dial coupling terms, Aξ,v,J,v′,J′(R), which enter the close-
coupled equations. At room temperature the vibrational
coupling (v 6= v′) can be neglected [15, 26]. The influence
of the centrifugal distortion (the J dependence of the ra-
dial coupling terms) was usually neglected in the scatter-
ing calculations for the rovibrational transitions [15, 26],
as it was suggested that this effect might be masked due
to the large contribution from the vibrational dephas-
ing [46]. However, it was shown recently [61, 64] that if
one aims for sub-percent accuracy of the line-shape pa-
rameters, the centrifugal distortion of the potential en-
ergy surface must be taken into account. Therefore, the
J-dependence of the radial coupling terms Aξ,v,J,v,J ′(R)
was included in the following analysis.

The scattering calculations were performed using the
recently developed BIGOS code [65] for a wide range of
relative kinetic energies. The BIGOS code solves the
coupled equations in the body-fixed frame of reference
using the renormalized Numerov’s algorithm [66]. Cal-
culations were carried out for intermolecular distances
ranging from 1 to 200 a0 and three asymptotically closed
levels were kept in the basis set. Figure 2 presents an
example of the generalized spectroscopic cross sections
for the 2-0 Q(1) and 3-0 S(1) lines.

B. Speed dependence of the broadening and shift,
and the quadratic approximation

The calculations of the γ0, δ0, ν̃ropt and ν̃iopt parame-
ters are straightforward and require only performing the
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FIG. 4. Examples of the temperature dependences of the six collisional line-shape parameters, γ0, δ0, γ2, δ2, ν̃ropt and ν̃iopt, for
the cases of the Q(1) 2-0 and S(1) 3-0 lines in H2 perturbed by He. The black and green lines are the ab initio results and
DPL approximations, respectively. The small panels show the residuals from the DPL fits. The vertical axes for all the panels
(including residuals) are in 10−3cm−1atm−1. The gray shadows indicate the temperature range prioritized in the DPL fits; this
temperature range is relevant for the atmospheres of giant planets.

averaging (with proper weights) of the generalized spec-
troscopic cross sections over the Maxwell distribution of
the relative kinetic energy of a collision, see Eqs. (2) and
(4). Calculations of the speed-dependence parameters,
γ2 and δ2, are, in principle, more complex and require a
few additional steps. First, the ab initio speed-dependent
broadening and shift are calculated from Eq. (1); Fig. 3
shows the result for the case of the 2-0 Q(1) and 3-0
S(1) lines. The full speed dependences are approximated
with a quadratic function, see Eq. (3). The choice of how
the γ2 and δ2 parameters are determined is not unique
[67, 68]. In our methodology we demand that the slopes
of the ab initio and quadratic speed dependences are
equal at the most probable speed, see Eq. (5). This ap-
proach is very efficient from a computational perspective.
The derivative from Eq. (5) can be done analytically be-
fore the integration in Eq. (1) and, hence, the γ2 and δ2
parameters can be evaluated directly by averaging the σq0

cross section with proper weights

γ2 + iδ2 =
1

2πc

1

kBT

vp√
π
e−y

2×
∞∫

0

(
2x cosh(2xy)−

(
1

y
+ 2y

)
sinh(2xy)

)
×

x2e−x
2

σq0(xvp)dx,

(9)

where x = vr/vp and y = vm/vp, with vr, vm and
vp being the relative absorber to perturber speed, most
probable absorber speed and most probable perturber
speed, respectively. Note that y =

√
α, where α is the

perturber-to-absorber mass ratio. The quadratic approx-
imations for the 2-0 Q(1) and 3-0 S(1) transitions are
shown in Fig. 3 as dotted lines. The results from Fig. 3
were calculated for T = 296 K. The accuracy of the
quadratic approximation depends on the choice of tran-
sition and line-shape parameter. In the cases considered
in Fig. 3, the approximation works better for the γ pa-
rameter.
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C. Temperature dependences of the line-shape
parameters

The values of the six collisional line-shape parameters,
γ0, δ0, γ2, δ2, ν̃ropt and ν̃iopt, were calculated in the tem-
perature range from 20 to 1000 K using Eqs. (4), (9) and
(2). The examples of these results, for the case of our
reference lines, are shown in Fig. 4. To represent these
temperature dependences in the HITRAN database, we
use the recently recommended DPL approximation [30]
for all the six line-shape parameters, see Eqs. (7). The
DPL fits were done for the 20 − 1000 K temperature
range enforcing ten times larger fitting weights for the
prioritized temperature range from 50 to 200 K (see the
gray shadows in Fig. 4), which is relevant for the atmo-
spheres of giant planets. The examples of the DPL fits
are shown in Fig. 4 as green lines. The DPL approxima-
tion performs best when the temperature dependence is
monotonic; when an extremum is clearly seen then the
accuracy is worse, see the δ0 panels in Fig. 4. The am-
plitude of the residuals for most of the cases is smaller
than 1%; their exact values are taken into account in the
estimations of the line-shape parameter uncertainties re-
ported in our dataset, see the supplementary materials
[34].

D. Examples of a complete dataset record

In Table I, we show examples of complete records from
our line-shape parameter dataset for the cases of the
two reference lines. All the coefficients are defined by
Eqs. (7), following the original formulation from Ref. [30].
A set of 24 coefficients per a single molecular transition
is required for a full DPL description of the six line-shape
parameters. The values of the coefficients gathered in Ta-
ble I are directly taken from the fits shown in Fig. 4. Note
that at T = Tref, Eqs. (7) simplify and a given line-shape
parameter is simply a sum of the corresponding Coeffi-
cient 1 and Coefficient 2; for instance γ0(Tref) = g0 + g′0.

E. Experimental validation

In this section, we show experimental validation of our
line-shape parameter dataset for the cases of the two ref-
erence lines. We use the experimental data reported in
Ref. [31]. The 2-0 Q(1) line was measured in the Greno-
ble laboratory at nine pressures from 0.39 to 1.05 atm
and at a temperature of 294.2 K. The 3-0 S(1) line was
measured in the Hefei laboratory at four pressures from
0.36 to 1.35 atm and at temperature of 296.6 K. The
experimental spectra are shown as black dots in Fig. 5.
Both experiments are based on high-finesse cavity ring-
down spectrometers; the experimental details are given
in Ref. [31].

It was demonstrated in Ref. [31] that the synthetic
profiles based on the fully ab initio calculations agree ex-

ceptionally well with the experimental profiles without
fitting any of the line-shape parameters. The relative
root mean square error (rRMSE) averaged over the pres-
sures calculated within ±FWHM around the line center
was 0.33% and 0.99% for the 2-0 Q(1) and 3-0 S(1) lines,
respectively [31]. Recently, the agreement with these
experimental profiles was confirmed with an improved
theoretical approach that includes the centrifugal distor-
tion in the quantum-scattering calculation; rRMSE was
0.38% and 0.86% for the 2-0 Q(1) and 3-0 S(1) lines,
respectively [61]. In this section, we show that we can
reach an almost equally good agreement if we replace
the full ab initio model with the approximate approach
presented in this article, consistent with the HITRAN-
format DPL parametrization [30]. The approximation is
twofold. First, the full line-shape model [31, 53, 69] is re-
placed with a quadratic speed-dependent hard-collision
(qSDHC) model. Second, the full ab initio temperature
dependences are approximated with DPL. The compari-
son is shown in Fig. 5. The average rRMSE is 0.46% and
0.93% for the 2-0 Q(1) and 3-0 S(1) lines, respectively. It
should be emphasized that none of the line-shapes were
fitted in this comparison (all of them were taken from
our dataset). For this comparison, we only fitted the line
area, baseline, background slope and line center (all the
pressures were fitted simultaneously and the fitted line
center was constrained to be the same for all the pres-
sures). The profiles from Fig. 5 were calculated using the
β correction [25, 55] to the qSDHC profile, see Sec. II for
details. Without the β correction, the average rRMSE
considerably deteriorates and equals 1.43% and 1.08%
for the 2-0 Q(1) and 3-0 S(1) lines, respectively.

IV. COMPREHENSIVE DATASET OF BEYOND
VOIGT LINE-SHAPE PARAMETERS FOR THE

HELIUM-PERTURBED H2 LINES

In this section, we discuss the main result of the present
paper, i.e., the complete dataset of the beyond-Voigt line-
shape parameters for the He-perturbed H2 rovibrational
lines. We provide a full set of the line-shape parameters
for all the 3480 H2 rovibrational electric quadrupole lines
present in the HITRAN database [24]. For our basic set
of 321 lines (that contains the strongest lines) we directly
perform ab initio calculations of the generalized spectro-
scopic cross sections, see Sec. III A. For all the other lines
(higher overtones, high-J lines and high-ν′ hot bands) we
extrapolate the ab initio data. The majority of the ex-
trapolated data concerns the hot bands. In this work,
we extended the ab initio calculations from Refs. [15, 26]
by taking into account the centrifugal distortion for all
the bands and by including the hot bands. We also per-
formed ab initio calculations for several dozen other lines
with high ν or J numbers, which we use to adjust and
validate our extrapolation scheme.

We use our ab initio generalized spectroscopic cross
sections to calculate the line-shape parameters and their
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TABLE I. Examples of the complete records from our DPL line-shape parameter dataset for the cases of the Q(1) 2-0 and S(1)
3-0 lines in H2 perturbed by He. Coefficients 1 and 2 are in cm−1atm−1. Exponents 1 and 2 are dimensionless. All the DPL
coefficients are defined by Eqs. (7), following the original formulation from Ref. [30].

Q(1) 2-0 line

Coefficient 1 Coefficient 2 Exponent 1 Exponent 2

γ0(T ) g0 = 0.29611 g′0 = −0.29076 n = −0.30724 n′ = −0.31188

δ0(T ) d0 = 1.29146 d′0 = −1.27385 m = 0.617 m′ = 0.622

γ2(T ) g2 = 0.114102 g′2 = −0.111618 j = 0.2396 j′ = 0.2453

δ2(T ) d2 = 0.091305 d′2 = −0.083861 k = −0.0013 k′ = −0.0383

ν̃ropt(T ) r = 0.04277 r′ = −0.00417 p = 0.6856 p′ = −0.1236

ν̃iopt(T ) i = −0.27435 i′ = 0.26376 q = 0.07106 q′ = 0.05273

S(1) 3-0 line

Coefficient 1 Coefficient 2 Exponent 1 Exponent 2

γ0(T ) g0 = 0.012847 g′0 = −0.001465 n = −0.11276 n′ = −0.92775

δ0(T ) d0 = 1.87405 d′0 = −1.84585 m = 0.61066 m′ = 0.61600

γ2(T ) g2 = 0.0493132 g′2 = −0.0440504 j = −0.34485 j′ = −0.38797

δ2(T ) d2 = 1.5985 d′2 = −1.5867 k = −0.01288 k′ = −0.01602

ν̃ropt(T ) r = 0.05173 r′ = −0.01689 p = 0.6530 p′ = 0.2554

ν̃iopt(T ) i = −0.4136 i′ = 0.39691 q = 0.08613 q′ = 0.06746

temperature dependences within the HITRAN DPL
parametrization [30]. Our ab initio calculations of the
cross sections were performed for:

• 105 lines from the Q-branches (J ′′ ranging from 1
to 7; Q(0) is forbidden) from the ν′ − ν′′ bands,
with ν′′ = 0, . . . , 4 and ∆ν = ν′ − ν′′ = 1, . . . , 5,

• 126 lines from the S-branches (J ′′ ranging from 0
to 5) from the ν′ − ν′′ bands, with ν′′ = 0, . . . , 5
and ∆ν = ν′ − ν′′ = 0, . . . , 5,

• 90 lines from the O-branches (J ′′ ranging from 2 to
7) from the ν′ − ν′′ bands, with ν′′ = 0, . . . , 4 and
∆ν = ν′ − ν′′ = 1, . . . , 5.

For each of these 321 lines, we employ the methodol-
ogy introduced in Sec. II to populate a complete dataset
record defined by Eqs. (7) and illustrated in Table I.

In Figure 6, we show an example of the vibrational,
ν′, and rotational, J ′′, quantum number dependences of
the line-shape parameters generated from our dataset at
150 K and 296 K (the plots do not show the raw ab

initio data, but the line-shape parameters already recon-
structed from our HITRAN-format DPL dataset). We
observe a strong dependence of all the six line-shape
parameters on the vibrational number ν′, and much
weaker dependence on the rotational number J ′′, which
is consistent with the phenomenological dataset for self-
perturbed H2 [25]. In Figure 7, we show the results for
different hot bands; the colors indicate the change of the
vibrational quantum number ∆ν = ν′ − ν′′. In contrast
to the simplest assumption that for a fixed ∆ν the line-
shape parameters should hardly depend on ν′′ (this was
assumed, for instance, in the phenomenological database
for the self-perturbed H2 [25]), we observe a strong de-
pendence on ν′′, especially for small ∆ν for the γ0 pa-
rameter.

The rovibrational lines in H2 are exceptionally weak;
the strongest line at T = Tref = 296 K is the 1-0 S(1)
line with a line intensity of 3.2 × 10−26 cm/molecule.
The intensity quickly decreases with J ′′ and ν′. For in-
stance, the intensity of the 1-0 S(5) line is as small as
2.2×10−29 cm/molecule, and the intensity of the 5-0 S(1)
line is 0.95× 10−29 cm/molecule. At lower temperatures
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FIG. 5. Comparison of the synthetic spectra of the He-perturbed H2 lines generated from our DPL HITRAN-format line-shape
dataset (red lines) with experimental spectra (black points) collected with cavity ring-down spectrometers. Temperatures for
the experimental and synthetic spectra are 294.2 K and 296.6 K for the 2-0 Q(1) and 3-0 S(1) lines, respectively. The red lines
below the profiles show the differences between the experimental and synthetic spectra; rRMSE is the corresponding relative
root mean square error calculated within ±FWHM around line center (relative means that RMSE is divided by the absorption
coefficient at the line peak).
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FIG. 6. An excerpt from our dataset illustrating the structure of the dataset and the examples of the vibrational and rotational
dependences of all six line-shape parameters. The line-shape parameters are determined for the He-perturbed H2 rovibrational
lines at T = 150 and 296 K; refer to red and black colors, respectively. All the parameters are expressed in units of 10−3

cm−1atm−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 [34].

that are relevant for giant planet atmospheres, the line
intensity decreases with J ′′ and ν′ even faster. For this
reason, we limit our full line-shape calculations based on
the ab initio generalized spectroscopic cross sections to
J ′ < 8 and ν′ < 6. For the completeness of the dataset,
we extrapolate our calculations for higher J ′′ and ν′ lines
that are present in HITRAN (in fact, in this procedure

we combine extrapolation and interpolation). The ex-
trapolation scheme is as follows. For every branch (O,
Q and S), we calculated the values of the line-shape pa-
rameters for one high-ν′ line per cold/hot band, i.e., we
performed additional ab initio calculations for the follow-
ing lines: Q(1) 9-x, S(1) 9-x, O(3) 9-x, with x = 0, . . . ,
5. We assumed in our extrapolation that the proportions
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FIG. 7. An excerpt from our dataset illustrating the values of the beyond-Voigt line-shape parameters for different hot bands.
The left and right sides of the figure show the results for the Q(1) and S(1) lines, respectively. All the parameters are expressed
in units of 10−3 cm−1atm−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 [34]. The data for
ν′ = ν′′ + ∆ν ≥ 6 come from extrapolation.

of the values of the line-shape parameters between the
9-0 and 5-0 bands for other J ′′ are the same as for the
three cases mentioned above (i.e., the same within each
branch). In the next step, we interpolated the line-shape
parameters for the bands between 5-0 and 9-0 using a
quadratic function fitted (separately for every J ′′) to 4-
0, 5-0 and 9-0 data. The same approach was applied
to extrapolate the data for hot bands. To populate the
dataset for higher J ′′, we performed fully ab initio calcu-
lations for the six high-J ′′ transitions belonging to the 2-0
band: O(10), O(13), Q(8), Q(11), S(8) and S(11) lines.
We constrained the same proportions of the line-shape
parameters between J ′′ = 5, 8 and 11 (10 and 13 for O
branches) for other bands, and we interpolated the values
of the line-shape parameters between J ′′ = 5 and 11 (13
for the O bands) with a quadratic function. For J ′′ > 11
(J ′′ > 13 for the O bands) we used linear extrapolation
based on the last two J ′′. This approach (based on the
data for the 2-0 band) was used to extrapolate the data
for higher J ′′ for all cold and hot bands. The scheme
of data interpolation and extrapolation described above
was implemented directly to the raw ab initio data be-
fore fitting the DPL temperature dependences. The rea-
son for this is that the four DPL coefficients are strongly
correlated with each other, and even for neighboring J ′′

and ν′ quantum numbers their fitted values can be very
different despite similar temperature dependences.

Due to a strong numerical correlation between the DPL
coefficients, the uncertainties of the DPL coefficients do
not suffice and a full covariance matrix would be needed.
For this reason, we do not report an individual uncer-
tainty for every DPL coefficient, but a single uncertainty

for the entire DPL function for a given line-shape param-
eter. The uncertainty consists of two contributions, the
first one comes from the DPL approximation, and the
second one from ab initio calculations. We calculate the
DPL contribution as a standard deviation of the differ-
ence between the full ab initio values of the line-shape
parameter and their DPL approximation calculated in
the range from 50 to 200 K, see the small panels in Fig. 4.
We estimate the uncertainty of our ab initio calculations
at 1%.

The complete dataset of the line-shape parameters
within the DPL representation [30] for the He-perturbed
H2 lines is given in the supplementary materials [34]; the
definition of the reported coefficients is given by Eqs. (7).
The lines are ordered with increasing transition energy.
The above described format of the uncertainties reported
in this work does not fit the standard HITRAN uncer-
tainty codes. For this reason, the error codes in HITRAN
will be set to unreported (code = 0). Nevertheless, all the
uncertainties are reported in the supplementary materi-
als [34] in the columns labelled DPL-err. In the sup-
plementary materials [34], we also provide the source ab
initio data that were used to generate the DPL dataset,
i.e., the generalized spectroscopic cross sections and line-
shape parameters as a function of temperature.

V. CONCLUSION

We demonstrated a methodology for populating line-
by-line spectroscopic databases with beyond-Voigt line-
shape parameters that is based on ab initio quantum
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scattering calculations. We provided a comprehensive
dataset for the benchmark system of He-perturbed H2

(we cover all the rovibrational bands that are present
in HITRAN). We extended the previous quantum-
scattering calculations by taking into account the cen-
trifugal distortion for all the bands and by including the
hot bands. The results were projected on a simple struc-
ture of the quadratic speed-dependent hard-collision pro-
file. For each line and each line-shape parameter, we pro-
vided a full temperature dependence within the double-
power-law (DPL) representation. The temperature de-
pendences cover the range from 20 to 1000 K, which also
includes the low temperatures relevant for the studies of
the atmospheres of giant planets. We demonstrated that
the synthetic spectra generated from our dataset agree
with highly accurate experimental spectra collected with
cavity ring-down spectrometers at a subpercent accuracy
level. The methodology can be applied to many other
molecular species important for atmospheric and plane-
tary studies.
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[26] H. Jóźwiak, F. Thibault, N. Stolarczyk, and P. Wcis lo,

J. Quant. Spectrosc. Radiat. Transfer 219, 313
(2018), URL http://www.sciencedirect.com/science/

article/pii/S002240731830428X.
[27] A. S. Pine, J. Quant. Spectrosc. Radiat. Transfe

62, 397 (1999), ISSN 0022-4073, URL http:

//www.sciencedirect.com/science/article/pii/

S0022407398001125.
[28] N. Ngo, D. Lisak, H. Tran, and J.-M. Hartmann, J.

Quant. Spectrosc. Radiat. Transfe 129, 89 (2013),
ISSN 0022-4073, URL http://www.sciencedirect.com/

science/article/pii/S0022407313002422.
[29] J. Tennyson, P. F. Bernath, A. Campargue, A. G. Csszr,

L. Daumont, R. R. Gamache, J. T. Hodges, D. Lisak,
O. V. Naumenko, L. S. Rothman, et al., Pure Appl.
Chem. 86, 1931 (2014), URL http://dx.doi.org/10.

1515/pac-2014-0208.
[30] N. Stolarczyk, F. Thibault, H. Cybulski, H. Jóźwiak,
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[65] H. Jóźwiak, M. Gancewski, K. Stankiewicz, and
P. Wcis lo, BIGOS computer code, to be published ( ).

[66] B. R. Johnson, J. Chem. Phys. 69, 4678 (1978).
[67] F. Rohart, L. Nguyen, J. Buldyreva, J.-M. Colmont, and

G. Wlodarczak, J. Mol. Spectrosc. 246, 213 (2007),
ISSN 0022-2852, URL http://www.sciencedirect.com/

science/article/pii/S0022285207002482.
[68] D. Lisak, A. Cygan, P. Wciso, and R. Ciuryo, J. Quant.

Spectrosc. Radiat. Transfer 151, 43 (2015), ISSN 0022-

4073, URL http://www.sciencedirect.com/science/

article/pii/S0022407314003604.
[69] R. Ciury lo, D. A. Shapiro, J. R. Drummond, and A. D.

May, Phys. Rev. A 65, 012502 (2002), URL http://

link.aps.org/doi/10.1103/PhysRevA.65.012502.

DECLARATION OF INTERESTS

The authors declare that they have no known com-
peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

AUTHOR CONTRIBUTION

Piotr Wciso: Conceptualization, Methodology, Valida-
tion, Writing - original draft, Writing - review & edit-
ing Franck Thibault: Conceptualization, Methodology,
Software, Validation, Writing - original draft, Writing
- review & editing Nikodem Stolarczyk: Investigation,
Visualization, Methodology, Software, Validation, Data
Curation, Writing - original draft, Writing - review &
editing Hubert Jwiak: Investigation, Methodology, Soft-
ware, Validation, Data Curation, Writing - original draft,
Writing - review & editing Micha Sowiski: Investigation,
Visualization, Methodology, Software, Validation, Data
Curation, Writing - original draft, Writing - review &
editing Maciej Gancewski: Investigation, Software, Val-
idation, Data Curation, Writing - original draft, Writ-
ing - review & editing Kamil Stankiewicz: Investigation,
Software, Validation, Data Curation, Writing - original
draft, Writing - review & editing Magdalena Konefa: Val-
idation Samir Kassi: Investigation Alain Campargue: In-
vestigation Yan Tan: Investigation Jin Wang: Investiga-
tion Konrad Patkowski: Investigation, Software, Writ-
ing - review & editing Roman Ciurylo: Conceptualiza-
tion, Methodology, Writing - review & editing Daniel
Lisak: Conceptualization, Methodology, Writing - re-
view & editing Roman Kochanov: Conceptualization,
Methodology, Data Curation Laurence Rothman: Con-
ceptualization, Methodology, Data Curation, Validation,
Writing - review & editing Iouli Gordon: Conceptualiza-
tion, Methodology, Data Curation, Validation, Writing -
review & editing

                  


