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HIGHLIGHTS

• new method for populating line-by-line spectroscopic databases with beyond-Voigt lineshape parameters

• He-perturbed H2

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

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

• dataset compatible with the HITRAN database

• temperature dependences of the beyond-Voigt lineshape parameters covering the range from 20 to 1000 K

I. INTRODUCTION

The collisional line-shape effects, including the beyond-Voigt effects [1][2][3][4][5][START_REF] Ciury Lo | Spectral Line Shapes[END_REF][START_REF] May | [END_REF][8], play an important role in atomic and molecular physics [9][10][11][12][13]. On one hand, they give access to studying the molecular interactions [14][15][16] and dynamics [17], but on the other hand they can affect the accuracy of optical metrology based on molecular spectroscopy [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 exoplanetary atmospheres [21,22]. To address this problem, 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 effects to be represented [25]. It is, however, remarkably challenging to populate the entire database (all the molecules and their isotopologues over a great spectral range and thermodynamic conditions) with purely experimental beyond-Voigt line-shape parameters, not only * piotr.wcislo@umk.pl 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 lineshape parameters.

In this article, we demonstrate a new method for populating line-by-line spectroscopic databases with beyond-Voigt line-shape parameters that is based on ab initio quantum scattering calculations. We report a comprehensive dataset for the benchmark system of Heperturbed H 2 lines. We cover all the rovibrational bands (with their branches) that are present in HITRAN. We generate the values 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 calculations of the generalized 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 extrapolate the ab initio results to populate very weak lines, i.e., higher overtones, v ≥ 6, higher rotational numbers, J ≥ 8, and high-v hot bands, v ≥ 6; following the standard HITRAN notation, we denote the final 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 hard-collision (qSDHC) profile [27][28][29] that is consistent with the recently recommended HITRAN parametrization [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 generalized spectroscopic cross sections, which considerably speeds up the calculations and makes them numerically more stable. For each line and each line-shape parameter 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 validated 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 developed flexible relational structure of HITRAN [23]. The complex structure of this dataset is easily accessible for non-expert HITRAN users thanks to the HITRAN Application Programming Interface (HAPI) [32] that automatically generates spectra at the desired spectral range and thermodynamic conditions chosen by the user.

The atmospheres of the giant planets in the Solar System 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 H 2 -He mixture [21]. The spectroscopic studies of giant planet atmospheres are naturally based on the main isotopologue of molecular hydrogen [33]. However, although the abundance of hydrogen deuteride is 4 -5 orders of magnitude smaller, HD is noticeable in the spectroscopic studies of giant planets [20,33] due to the much larger intensity of the dipole transitions compared to the weak quadrupole lines in H 2 . In total, four combinations of collision partners should be considered to provide a complete reference data for the planetary studies: self-perturbed H 2 , He-perturbed H 2 , H 2 -perturbed HD and He-perturbed HD. In this article, we consider the simplest benchmark case of He-perturbed H 2 .

In Section II, we discuss the general methodology of generating beyond-Voigt line-shape parameters from ab initio calculations. Section III illustrates the methodology on the examples of two rovibrational lines in Heperturbed H 2 . The full comprehensive dataset for Heperturbed H 2 is discussed in Sec. IV and the complete dataset is provided in the supplementary material [34]. 

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 spectra [25,[35][36][37][38][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 parameters, which often results in large systematic errors in the retrieved line-shape parameters. The numerical correlation can be considerably reduced by implementing the multispectrum fitting approach [40][41][42] which is, however, very demanding from a technical point of view and is still difficult to automatically apply to large experimental datasets.

In this article, we present a new methodology for populating 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 experimental 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 initio 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 perform the quantum-scattering calculations by solving the close-coupling equations, which provide the scattering Smatrices as a function of relative kinetic energy of the collision, E kin . The S-matrices allow us to calculate the generalized spectroscopic cross-sections, σ q λ (E kin ), that describe 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 instance, the well-known case of overlapping lines could be considered. However, in this study we limit the discussion 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, σ q λ describes perturbation of internal motion of the molecule, and its real and imaginary parts have spectroscopic interpretation of the pressure broadening and shift cross-sections (PBXS and PSXS, respectively) [43][44][45][46]. For λ = 1, σ q λ describes perturbation of translational motion (including the correlations with dephasing and state-changing collisions) and it has spectroscopic interpretation of the complex Dicke cross-section (its real and imaginary parts are denoted as RDXS and IDXS, respectively) [26,[47][48][49][50]. q is the tensor rank of the spectral transition operator (equal to 1 and 2 for dipole and quadrupole lines, respectively). In principle, σ q λ should also be labeled with the quantum numbers specifying the ground and excited levels 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, σ q 0 and σ q 1 , allow us to calculate the collisional quantities that are needed for modeling the beyond-Voigt shapes of molecular 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 k B T 2 √ πvv p ∞ 0 dv r v 2 r e - v 2 +v 2 r v 2 p sinh 2vv r v 2 p σ q 0 (v r ), (1) 
where v p and v r are the most probable speed of the perturber distribution and relative absorber-perturber speed, respectively. k B and T are the Boltzmann constant and temperature. Two other line-shape parameters, which quantify the rate of the velocity-changing collisions, are the real, νr opt , and imaginary, νi opt , parts of the complex Dicke parameter, νopt , which is calculated

as νopt = νr opt + iν i opt = 1 2πc 1 k B T v r M 2 × ∞ 0 dx xe -x 2 3 xσ q 1 (E kin = xk B T ) -σ q 0 (E kin = xk B T ) , (2) 
where

M 2 = m 2 /(m 1 + m 2 )
, and m 1 and m 2 are the masses of the active and perturbing molecules (or atoms), v r = 8k B T /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 = E kin /(k B T ). The quantities expressed by Eqs. ( 1) and ( 2) [i.e., γ(v), δ(v), νr opt and νi opt ] carry all the collisional information that comes from our ab initio 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. [START_REF] Ciury Lo | Spectral Line Shapes[END_REF]52,53].

From the perspective of spectroscopy applications and populating the HITRAN database, the full speed dependences, 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. Therefore, 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][28][29], in which the speed dependence is approximated with a quadratic function [54] 

γ(v) + iδ(v) ≈ γ 0 + iδ 0 + (γ 2 + iδ 2 ) v 2 /v 2 m -3/2 , ( 3 
)
where v m is the most probable absorber speed. The speed-averaged broadening and shift, γ 0 and δ 0 , are calculated as real and imaginary parts of a simple average of σ q 0 over the Maxwellian E kin distribution [3,51] 

γ 0 + iδ 0 = 1 2πc 1 k B T v r ∞ 0 dx xe -x σ q 0 (E kin = xk B T ).
(4) Alternatively, γ 0 and δ 0 can be calculated by averaging γ(v) and δ(v) over the Maxwell distribution of active molecule speed, v, yielding exactly the same result as Eq. ( 4). The two parameters quantifying the speed dependence of the broadening and shift, γ 2 and δ 2 , are calculated by demanding that the slope of the quadratic approximation equals the slope of the actual speed de-

pendences at v = v m [53], γ 2 + iδ 2 = v m 2 d dv (γ(v) + iδ(v)) | v=vm . (5) 
Following the generalized Hess method [4,48,50], we directly take the complex Dicke parameter, νopt = νr opt + iν i opt , as a complex rate of the velocity-changing collisions in the qSDHC model [30]. In the cases of molecules for which the Dicke narrowing is pronounced, we recommend 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:

γ 0 , δ 0 , γ 2 , δ 2 , νr opt , νi opt . (6) 
The recent approach adopted in HITRAN [30] allows the temperature dependences of all the six line-shape parameter to be represented with the double-power-law (DPL):

γ 0 (T ) = g 0 (T ref /T ) n + g 0 (T ref /T ) n , δ 0 (T ) = d 0 (T ref /T ) m + d 0 (T ref /T ) m , γ 2 (T ) = g 2 (T ref /T ) j + g 2 (T ref /T ) j , δ 2 (T ) = d 2 (T ref /T ) k + d 2 (T ref /T ) k , νr opt (T ) = r(T ref /T ) p + r (T ref /T ) p , νi opt (T ) = i(T ref /T ) q + i (T ref /T ) q , (7) 
where T ref = 296 K. The full parametrization of the collisional line-shape effects requires 24 coefficients per single line, i.e., four coefficients per each of the six line-shape parameters, see Eqs. [START_REF] May | [END_REF]. It should be noted that Eqs. [START_REF] May | [END_REF] represent the most general case of the DPL representation adopted in HITRAN [30]. For many molecular systems, 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 number of line-shape parameters will be stored (e.g., γ 0 and δ 0 for the simple Voigt profile or γ 0 , δ 0 , γ 2 and δ 2 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. [START_REF] May | [END_REF]. We generated a comprehensive dataset of the beyond-Voigt line-shape parameters for a system for which all the six line-shape parameters are necessary to represent the shapes of molecular lines (i.e., He-perturbed H 2 ) 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 version, the qSDHC profile. The main difference between these profiles is that for the description of the velocitychanging collisions the HT profile uses the frequency of the velocity-changing collisions, νvc , and the correlation parameter, η (first introduced by Rautian and Sobelmann [2]), while the qSDHC profile uses an explicit parametrization with the real, νr opt , and imaginary, νi opt , parts of the complex Dicke parameter. The major advantage 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 introduce 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 populating 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 parameters 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 before, 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 H 2 lines considered here, the difference between the qSDHC profile and the more sophisticated 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 H 2 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 H 2 -He PES is three-dimensional, i.e., it depends on the distance between the center of mass of the hydrogen molecule and the helium atom, R, the distance between the two hydrogen atoms, r, and the angle between the intra-and intermolecular axes, θ. The quantum- FIG. 3. Examples of the speed dependences of the broadening, γ, and shift, δ, parameters. The red and black lines correspond 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 values. The calculations were done for T = 296 K (upper panels) 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 recent 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 calculated using the coupled-cluster method with single, double and perturbative triple (CCSD(T)) excitations, taking into account also the contributions from the higher coupled-cluster excitations. It was determined for ten intramolecular separations, between 1.1 and 1.75 a 0 , which was shown to be insufficient for the detailed studies of processes involving the vibrationally excited H 2 molecule (see Sec. 2 of Ref. [46] and Appendix C of [15] for details). 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] a 0 . The final version of this PES, BSP3 [15], which was used in this work, has improved asymptotic behavior of the H 2 -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 H 2 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 rotational lines of He-perturbed isotopologues of molecular hydrogen: D 2 [47,62] and HD [63,64].

For the purpose of dynamical calculations [15,26], the three-dimensional H 2 -He PES is projected over Legendre polynomials, P ξ [15,26,46]:

V (R, r, θ) = ξ v ξ (R, r)P ξ (cos θ). (8) 
In the case of homonuclear molecules like H 2 , the ξ index takes only even values. Due to the small overall anisotropy of the H 2 -He PES, only the first four ξ values are retained throughout the calculations. The v ξ (R, r) terms are averaged over rovibrational wavefunctions of the unperturbed molecule, χ v,J (r), leading to the radial coupling terms, A ξ,v,J,v ,J (R), which enter the closecoupled equations. At room temperature the vibrational coupling (v = v ) can be neglected [15,26]. The influence of the centrifugal distortion (the J dependence of the radial coupling terms) was usually neglected in the scattering 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 dephasing [46]. However, it was shown recently [61,64] that if one aims for sub-percent accuracy of the line-shape parameters, the centrifugal distortion of the potential energy surface must be taken into account. Therefore, the J-dependence of the radial coupling terms A ξ,v,J,v,J (R) was included in the following analysis. The scattering calculations were performed using the recently developed BIGOS code [START_REF] Jóźwiak | BIGOS computer code[END_REF] 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 [START_REF] Johnson | [END_REF]. Calculations were carried out for intermolecular distances ranging from 1 to 200 a 0 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 γ 0 , δ 0 , νr opt and νi opt parameters are straightforward and require only performing the Examples of the temperature dependences of the six collisional line-shape parameters, γ0, δ0, γ2, δ2, νr opt and νi opt , 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 -3 cm -1 atm -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 spectroscopic 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, γ 2 and δ 2 , 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 γ 2 and δ 2 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 approach is very efficient from a computational perspective. The derivative from Eq. ( 5) can be done analytically before the integration in Eq. ( 1) and, hence, the γ 2 and δ 2 parameters can be evaluated directly by averaging the σ q 0 cross section with proper weights

γ 2 + iδ 2 = 1 2πc 1 k B T v p √ π e -y 2 × ∞ 0 2x cosh(2xy) - 1 y + 2y sinh(2xy) × x 2 e -x 2 σ q 0 (xv p )dx, (9) 
where x = v r /v p and y = v m /v p , with v r , v m and v p 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 approximations 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 transition and line-shape parameter. In the cases considered in Fig. 3, the approximation works better for the γ parameter.

C. Temperature dependences of the line-shape parameters

The values of the six collisional line-shape parameters, γ 0 , δ 0 , γ 2 , δ 2 , νr opt and νi opt , were calculated in the temperature 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. [START_REF] May | [END_REF]. 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 atmospheres of giant planets. The examples of the DPL fits are shown in Fig. 4 as green lines. The DPL approximation performs best when the temperature dependence is monotonic; when an extremum is clearly seen then the accuracy is worse, see the δ 0 panels in Fig. 4. The amplitude 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 reported 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. [START_REF] May | [END_REF], 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 Table I are directly taken from the fits shown in Fig. 4. Note that at T = T ref , Eqs. [START_REF] May | [END_REF] simplify and a given line-shape parameter is simply a sum of the corresponding Coefficient 1 and Coefficient 2; for instance γ 0 (T ref ) = g 0 + g 0 .

E. Experimental validation

In this section, we show experimental validation of our line-shape parameter dataset for the cases of the two reference lines. We use the experimental data reported in Ref. [31]. The 2-0 Q(1) line was measured in the Grenoble 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 ringdown 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 pressures 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 distortion 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 HITRANformat DPL parametrization [30]. The approximation is twofold. First, the full line-shape model [31,53,69] is replaced with a quadratic speed-dependent hard-collision (qSDHC) model. Second, the full ab initio temperature dependences are approximated with DPL. The comparison 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 pressures). 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 lineshape parameters for the He-perturbed H 2 rovibrational lines. We provide a full set of the line-shape parameters for all the 3480 H 2 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 spectroscopic 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 extrapolated 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 performed 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 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 -1 atm -1 . Exponents 1 and 2 are dimensionless. All the DPL coefficients are defined by Eqs. [START_REF] May | [END_REF], following the original formulation from Ref. [30]. ν i opt (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 νν bands, with ν = 0, . . . , 4 and ∆ν = νν = 1, . . . , 5,

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

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

For each of these 321 lines, we employ the methodology introduced in Sec. II to populate a complete dataset record defined by Eqs. [START_REF] May | [END_REF] 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 reconstructed 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 selfperturbed H 2 [25]. In Figure 7, we show the results for different hot bands; the colors indicate the change of the vibrational quantum number ∆ν = νν . In contrast to the simplest assumption that for a fixed ∆ν the lineshape parameters should hardly depend on ν (this was assumed, for instance, in the phenomenological database for the self-perturbed H 2 [25]), we observe a strong dependence on ν , especially for small ∆ν for the γ 0 parameter.

The rovibrational lines in H 2 are exceptionally weak; the strongest line at T = T ref = 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 instance, 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 /cm -2 ) 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). 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 -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. [START_REF] May | [END_REF], 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 extrapolation scheme is as follows. For every branch (O, Q and S), we calculated the values of the line-shape parameters for one high-ν line per cold/hot band, i.e., we performed additional ab initio calculations for the following 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 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 calculations 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 before fitting the DPL temperature dependences. The reason 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 uncertainty for every DPL coefficient, but a single uncertainty for the entire DPL function for a given line-shape parameter. 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 difference 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 H 2 lines is given in the supplementary materials [34]; the definition of the reported coefficients is given by Eqs. [START_REF] May | [END_REF]. 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 uncertainty 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 materials [34] in the columns labelled DPL-err. In the supplementary 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 lineshape parameters as a function of temperature.

V. CONCLUSION

We demonstrated a methodology for populating lineby-line spectroscopic databases with beyond-Voigt lineshape parameters that is based on ab initio quantum scattering calculations. We provided a comprehensive dataset for the benchmark system of He-perturbed H 2 (we cover all the rovibrational bands that are present in HITRAN). We extended the previous quantumscattering calculations by taking into account the centrifugal distortion for all the bands and by including the hot bands. The results were projected on a simple structure of the quadratic speed-dependent hard-collision profile. For each line and each line-shape parameter, we provided a full temperature dependence within the doublepower-law (DPL) representation. The temperature dependences 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 planetary studies.
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 2 FIG.2. Examples of the generalized spectroscopic cross sections for the case of 2-0 Q(1) and 3-0 S(1) lines in heliumperturbed 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.

  3 m/s) δ (10 -3 cm -1 atm -1 ) 3 m/s) δ (10 -3 cm -1 atm -1 ) 200 K

  FIG.4. Examples of the temperature dependences of the six collisional line-shape parameters, γ0, δ0, γ2, δ2, νr opt and νi opt , 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 -3 cm -1 atm -1 . The gray shadows indicate the temperature range prioritized in the DPL fits; this temperature range is relevant for the atmospheres of giant planets.
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FIG. 6 .

 6 FIG.6. An excerpt from our dataset illustrating the structure of the dataset and the examples of the vibrational and rotational 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 -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.[START_REF] May | [END_REF], based on the coefficients from our dataset[34].

FIG. 7 .

 7 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 -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.[START_REF] May | [END_REF], based on the coefficients from our dataset[34]. The data for ν = ν + ∆ν ≥ 6 come from extrapolation.
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