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We report the results of ab initio investigation of the S and O branches of the hydrogen molecule perturbed by helium atom. The calculations, based on closecoupling scheme, were performed for vibrational bands from v=0 to v=5, and rotational levels up to j=5. We provide the pressure broadening and shifting coefficients and the real and imaginary parts of Dicke contribution to the Hess profile. The results are important for astrophysical studies, for example as a reference data for studying the gas giants' atmospheres.

Hydrogen molecule is the most abundant molecule in the universe. Its importance in astrophysical studies has been thoroughly reviewed in Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]. Let us remind that the accurate values of pressure broadening and shifting coefficients are needed for the spectroscopic studies of the gas giants' atmospheres 5 [START_REF] Baines | The abundances of methane and ortho/para hydrogen on Uranus and Neptune: Implications of new laboratory 4-0 H 2 quadrupole line parameters[END_REF][START_REF] Hayden | 395 The H 2 4-0 S(0,1, and 2) quadrupole features in Jupiter[END_REF]. Moreover, the simplicity of the H 2 -He system allows highly accurate ab initio potential energy surface to be calculated and verified experimentally.
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The goal of this paper is to provide the fully ab initio line-shape parameters for H 2 in helium baths. In a recent paper [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], some of the present authors reported a new potential energy surface for this system and provided line-shape 10 parameters for Raman isotropic and anisotropic Q lines. The latter parameters can be also used for electric quadrupole Q lines. In addition, this PES [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] was recently successfully tested on the very first purely rotational Stokes lines of D 2 in He [START_REF] Martinez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]. Here, we investigated the anisotropic Raman S and O lines of H 2 in He, for vibrational bands from 0-0 up to 0-5, for rotational levels 15 from j=0 to j=5 for S lines, and from j=2 to j=5 for O lines. We report the pressure broadening and shifting coefficients and both real and imaginary part of the Dicke parameter. We have calculated them by averaging the generalized spectroscopic cross sections for 18 temperatures, ranging from 5 to 2000 K. The generalized spectroscopic cross sections were calculated using S-matrix elements 20 provided by the MOLSCAT [START_REF] Hutson | Molscat version[END_REF] code.

Quantum scattering calculations

In this section we report the details of ab initio quantum scattering calculations for the H 2 -He system. The potential energy surface (PES) in the examined system depends on the distance between the hydrogen molecule and the helium 25 atom, R, the intramolecular distance, r HH , and the angle between these two axis, θ. We made use of the PES which was recently reported in Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], which is an extension of the Bakr et al. PES [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF]. It has recently been shown [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF] that the PES from Ref. [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF] is more accurate than the previous PESs ( [START_REF] Schaefer | Quantum calculations of rotational and NMR relaxation, depolarized Rayleigh and rotational Raman line shapes[END_REF][START_REF] Muchnick | The HeH 2 energy surface[END_REF][START_REF] Boothroyd | Accurate analytic HeH 2 potential energy surface from a greatly expanded set of ab initio energies[END_REF]). However, it was pointed out, that the PES from Ref. [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF] does not cover large 30 enough vibration amplitude in H 2 and therefore should not be used to study the overtones. Not only does the most recent PES [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] cover the sufficient range of the interatomic distance, r HH , but it also properly describes the asymptotic behavior of the interaction energy in this system. For more details see [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF].

The PES is expanded over Legendre polynomials, P λ :

V (R, r HH , θ) = λ V λ (R, r HH )P λ (cos(θ)).

(1)
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Since H 2 is a homonuclear molecule, the λ index takes only even values, and due
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to the small anisotropy of the PES, it is sufficient to retain only the first 4 terms of the expansion. The obtained terms V λ (R, r HH ) are averaged over rovibrational wavefunctions of the H 2 molecule χ j,v (r HH ), which gives the radial coupling terms V λ,v,j,v ,j (R). For transitions between different vibrational states, one can neglect the centrifugal distortion [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF], and write the radial coupling terms 40 as V λ,v,0,v ,0 (R). Thus for rovibrational transitions we consider 2*4 radial coupling terms. While considering purely rotational transitions, one should take into consideration the centrifugal distortion. This phenomenon was firstly studied by Shafer and Gordon [START_REF] Shafer | Quantum scattering theory of rotational relaxation and spectral line shapes in H 2 -He gas mixtures[END_REF], and latter by Dubernet and Tuckey [START_REF] Dubernet | Raman Q and S line broadening and shifting coefficients: some commonly used assumptions revisited[END_REF], who have shown that it has a relatively small effect effect for the broadening but a 45 rather large one for the shift. This is due to the fact, that the line shift is very sensitive to the difference in the elastic scattering in the two different rotational states. Therefore, in this case, one cannot average the terms V λ (R, r HH ) over rovibrational wavefunctions with j set to 0. In order to obtain proper results, we have prepared the radial coupling terms V λ,0,j,0,j (R) with j up to 15 and 14,
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for ortho and para states, respectively. Thus for purely rotational transitions we have to consider 144 radial coupling terms.

We performed close-coupling calculations for this system using the MOLSCAT [START_REF] Hutson | Molscat version[END_REF] code, obtaining the S-matrix elements. We used them to calculate the generalized spectroscopic cross section [START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and dicke narrowing: a generalization of Hess ´s theory[END_REF][START_REF] Schaefer | Line broadening of HD immersed in He and H 2 430 gas[END_REF]:

σ q λ (v i , j i , v f , j f , E kin ) = π k 2 Ji,J f ,l,l , l, l (-1) l-l -l+ l [J i ] [J f ] × [l] [l ] l l   l l λ 0 0 0     l l λ 0 0 0        j i j i l l j f l j f l q J f J i λ      ×i l-l -l+ l [δ ll δll -v i j i l |S Ji (E Ti )|v i j i l v f j f l |S J f (E T f )|v f j f l * ]. (2) 
The rovibrational transition is denoted as v i , j i → v f , j f , where i and f are the indexes of the initial and final states, respectively. J is the total angular
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momentum, l is the relative kinetic momentum, and J = j+l. k is the wavevector 55 associated with the initial kinetic energy. [x] denotes (2x+1), quantities in parentheses are Wigner 3j and the quantity in bracket is a Wigner 12j symbol of the second kind [START_REF] Yutsis | Theory of angular momentum, Israel Program for Scientific Translations[END_REF]. The total energies associated with each of the rovibrational energy levels are denoted as

E Ti = E kin + E viji and E T f = E kin + E v f j f . The
tensor order of the radiation-matter interaction is denoted as q, and for the 60 investigated here anisotropic (or equivalently absorption quadrupole) S and O lines, q=2. Equation ( 2) is a quite complex formula which involves a number of angular momenta and S-matrix elements. The summation over the six angular momenta reduces to a summation over only four of them for the case of λ=0.

Moreover, in this case, the total angular momenta are in a triangular relation 65 with q, and the Wigner 12j symbol can be transformed into a product of two Wigner 6j symbols. Thus, for λ=0, Eq.( 2) reduces to the standard generalized spectroscopic cross section σ q 0 [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF][START_REF] Shafer | Quantum scattering theory of rotational relaxation and spectral line shapes in H 2 -He gas mixtures[END_REF][START_REF] Ben-Reuven | Symmetry considerations in pressure-broadening theory[END_REF][START_REF] Ben-Reuven | Impact broadening of microwave spectra[END_REF], whose real and imaginary parts are referred to as the pressure broadening (PBXS) and pressure shifting (PSXS) cross sections, respectively. For λ=1, Eq.( 2) transforms into the complex Dicke 70 cross section (DXS) σ q 1 [START_REF] Martinez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF][START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and dicke narrowing: a generalization of Hess ´s theory[END_REF][START_REF] Schaefer | Line broadening of HD immersed in He and H 2 430 gas[END_REF][START_REF] Corey | Dicke narrowing and collisional broadening of spectral lines in dilute molecular gases[END_REF]. Considering the vector nature of the velocity (a rank-1 tensor), the velocity-changing collisions induce additional angular momenta coupling. The summation is still over six angular momenta and there is no simple triangular rule for J i , q and J f . Thus, Dicke cross sections are more averaged quantities than PBXS and PSXS.
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We took advantage of the fact, that the PES does not couple ortho and para states of H 2 . While constructing the basis for the calculations, we dealt with even and odd rotational levels separately. The calculations of the cross sections were performed for 263 kinetic energies, ranging from 0.1 to 9000 cm -1 . The basis included rotational levels up to j=15 and j=14 for ortho and para states 80 of H 2 molecule, respectively. One asymptotically closed level was retained in the calculations, apart from the kinetic energies larger than 7000 cm -1 . The energy levels of the rovibrational states were taken from Komasa et al. [19].
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Line-shape parameters and collisional integrals

In this section we use generalized spectroscopic cross section to calculate the 85 spectral line-shape parameters: pressure broadening and shifting coefficients, Γ 0 and ∆ 0 , as well as the real and imaginary part of the Dicke coefficient (which is also referred to as the frequency of optical velocity-changing collisions), ν r opt and ν i opt , respectively. The first step is to calculate ab initio collision integrals ω s,s λ :

ω s,s λ (q) = v dxx (s+s +2)/2 e -x σ q λ (v i j i v f j f ; E kin = xk b T ) , (3) 
where v = 8k b T /πµ is the mean relative speed of the particles. The spectroscopic line-shape parameters are related to the collision integrals in the following way [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF]:

γ 0 = Re n b ω 00 0 (q) κ, (4) 
δ 0 = -Im n b ω 00 0 (q) κ, (5) 
νr opt = Re n b m b 2 3 ω 11 1 (q) -ω 00 0 (q) m a + m b κ, (6) 
νi opt = -Im n b m b 2 3 ω 11 1 (q) -ω 00 0 (q) m a + m b κ, (7) 
where m a and m b are the masses of the active molecule and perturber atom respectively, and n b is the number density of the bath. Those parameters are rescaled with κ coefficient, which stands for the definition of units, such that these are in the units of cm -1 /atm, with

κ = 1 2πc × T 0 p 0 T , (8) 
where T 0 = 273.15 K and p 0 = 1 atm= 101.325 kPa.
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The final line-shape parameters can be obtained in the following way: Γ 0 = γ 0 p, ∆ 0 = δ 0 p, ν r opt = νr opt p, ν i opt = νi opt p, where p is the helium pressure. 

Results

In this section we report the results of our calculations of the pressure broadening, shifting cross sections along with the Dicke cross sections, as well as the 95 obtained line-shape parameters. Our calculations produced a large quantity of data, and we only present some representative examples here. The full set of results can be found in the supplementary materials [START_REF] Jóźwiak | Supplementary material 445 for PB-, PS-and Dicke coefficients[END_REF].

Generalized spectroscopic cross-sections

The goal of the following discussion is to give a brief look into the rotational on the rotational number j (Figs. 3,4). The rest of the data can be found in the supplementary materials for this paper [START_REF] Jóźwiak | Supplementary material 445 for PB-, PS-and Dicke coefficients[END_REF]. ) consider the purely rotational S 0 (1) and O 0 (3) lines. As expected, the pressure broadening cross sections are identical, while the pressure shifting cross sections have opposite sign. This phenomenon was observed for all investigated purely 115 rotational lines during this investigation, and was previously noticed in earlier studies [START_REF] Martinez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF][START_REF] Ben-Reuven | Symmetry considerations in pressure-broadening theory[END_REF]. The values of the PBXS and PSXS are small, comparing to the other vibrational bands, due to the fact, that there is no vibrational phase shift. Moreover, the dephasing between j=1 and j=3 may be small. For kinetic energies in range from 0.1 cm -1 to 10 -20 cm -1 , values of the PBXS decrease, ) sample the long range attractive part of the potential, and as the kinetic energy increases, the repulsive part of the potential plays a more important role (recall that the overall PES well depth is about 10 cm -1 ). Thus, it is possible that the 125 shift, which result from the difference of scattering phase shifts (see Eq. (A.4) in

S1(0) S1(1) S1(2) S1(3) S1(4) S1 (5) 
S1(0) S1(1) S1(2) S1(3) S1(4) S1 (5) 
Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]), may change its sign while passing from the very low kinetic energies to higher ones. Note also, that analogously to vibrational transitions (see below)

the difference V 0,0,ji,0,ji (R) -V 0,j f ,0,j f (R) changes its sign while passing from the long to the short range part of the potential. As the kinetic energy increases,
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the role of the inelastic collisions increases and the values of the PBXS increase (see the inelastic cross sections in the Fig. 1). Ultimately, the purely rotational phase shift should tend to 0.

A similar discussion has already been reported around Figs. 13 and 14 of
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Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF] for the pressure broadening and shifting cross sections of the S 0 (1) line.
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In addition, the role of the isotropic components of the PES was discussed for both cross sections.

Let us now consider rovibrational transitions. In these cases, at least at low kinetic energies, a large contribution to the pressure broadening and shifting cross sections comes from the vibrational dephasing, which arises from the dif-140 ference in the isotropic components of the PES in v = 0 and in v (see Fig. 4 of Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF])

: ∆V 0 (R) = V 0,0,0 (R) -V 0,v,v (R)
. This difference increases for 0-v transitions with v. Since this difference varies with R, its contribution to the pressure broadening and sifting cross sections varies with the kinetic energy.

Moreover, as the kinetic energy increases, the contribution from the inelastic 145 cross section increases. The inelastic cross sections increase with v because the spacing between the rotational energy levels in a given vibrational state decreases with v. One should also realize, that the inelastic contribution to the PBXS, presented in Fig. 1 is the same for S 0 (j) and O 0 (j + 2) lines, while for rovibrational S v (j) and O v (j + 2) lines this contribution is different. This is due 150 to the slight differences between the radial terms of the potential in v = 0 and in v (as v increases, so does the interaction energy) and a strong variation of the energy spacing between the rotational levels with v. For example the difference between the rotational levels E v=0 (j = 3) -E v=0 (j = 1) is about 587 cm -1 , while the difference between E v=5 (j = 3) -E v=5 (j = 1) is about 444 cm -1 .
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These considerations explain why the absolute values of the pressure broadening and shifting cross sections increase with v. As the energy increases (above about 600 cm -1 ) the inelastic cross sections increase abruptly, and the magnitude of the PSXS decreases. Finally, a sign change of the PSXS is observed around 20 cm -1 , that may come from a sign change of the difference between 160 the isotropic parts of the PES in v = 0 and in v, ∆V 0 (R). Such analysis was performed for isotropic and anisotropic Q v (2) lines in Figs. 5 and7 of Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF],

in terms of the vibrational dephasing, full dephasing and inelastic contributions. Re(DXS) are equal for the S 0 (1) and O 0 (3) lines, while their imaginary parts have opposite sign [START_REF] Martinez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]. Similar to the Q v (2) lines, discussed in Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] (see Fig. 1 See Table V of Ref. [START_REF] Forsman | H 2 -He vibrational line-shape parameters: Measurement and semiclassical calculation[END_REF], which provides thermally averaged values of the cross sections at various temperatures for Q lines of the fundamental band and Fig. 13 of Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], which provides values for isotropic and anisotropic Raman Q lines at room temperature.
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A N U S C R I P T considered. The dephasing contribution to the PBXS (Eq. (A4) of [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]) must be considered too. If we assume that it does not depend on j (which is the case for a purely vibrational dephasing, coming from the differences of the isotropic parts 195 of the PES in v=0 and in v=1), then its contribution would be the same for S 1 (j) lines (or O 1 (j) lines). This is roughly observed for kinetic energies larger than about 1000 cm -1 . At the lowest kinetic energies (except below 1 cm -1 )

the main contribution to the PBXS comes from the dephasing contribution.

Since it slightly depends on j [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF][START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], this is mainly a vibrational contribution.
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Concerning the PSXS, the values for the O and S lines, all together, do not differ very much for a very wide range of kinetic energies 2 (between about 1 and 1000 cm -1 ) because they mainly originate from the vibrational phase shift. In the highest energy domain, above 1000 cm -1 , we observe a splitting of the S 1 (j)

and O 1 (j) shifts, due to the competition between the inelastic transitions and The behavior of the cross sections for kinetic energies below 1 cm -1 is difficult to interpret. At first sight, these calculations are expected to be more simple. In fact, this is not the case because the wavelength of the scattered 215 wavefunction strongly varies from infinity to the small R distance. Moreover, the results are very sensitive to the input parameters of the propagator. However, it can be seen from Figs. 1 and2, where the probability density function of the Maxwell-Boltzmann distribution is presented, that the results below 1 cm -1

do not influence the final line-shape parameters for temperatures larger than 220 2 See Table II of Ref. [START_REF] Forsman | H 2 -He vibrational line-shape parameters: Measurement and semiclassical calculation[END_REF] for Q 1 (j) lines and Fig. 14 of Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], which provide thermally averaged values of the cross sections at room temperature.
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• • • • • • ■ ■ ■ ■ ■ ■ ◆ ◆ ◆ ◆ ◆ ◆ ▲ ▲ ▲ ▲ ▲ ▲ ▼ ▼ ▼ ▼ ▼ ▼ ○ ○ ○ ○ ○ ○ • S v (0) ■ S v (1) ◆ S v (2) ▲ S v (3) ▼ S v (4) ○ S v (5)
• • • • • • ■ ■ ■ ■ ■ ■ ◆ ◆ ◆ ◆ ◆ ◆ ▲ ▲ ▲ ▲ ▲ ▲ • O v (2) ■ O v (3) ◆ O v (4) ▲ O v (5)

Line-shape parameters

In this subsection we present the dependence of the line-shape parameters on the final vibrational number v of the transition. We chose to present in graphical form the results at the temperature of 296 K. The coefficients at 225 different temperatures can be found in the supplementary materials [START_REF] Jóźwiak | Supplementary material 445 for PB-, PS-and Dicke coefficients[END_REF]. The pressure broadening coefficients, shown in the Fig. 5, increase with v for both S ) and O lines. However, in case of O lines, the difference between the rotational numbers of the initial states, j, is more significant. We have no clear explanation for that. However, we note here, that the inelastic contribution to the pressure 230 broadening cross sections for S(j) and O(j+2) lines are quite different. This could cause the difference in the dependence of γ 0 on j for the S and O lines.
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• • • • • • ■ ■ ■ ■ ■ ■ ◆ ◆ ◆ ◆ ◆ ◆ ▲ ▲ ▲ ▲ ▲ ▲ • O v (2) ■ O v (3) ◆ O v (4) ▲ O v (5)
The pressure shift coefficients follow similar trend, increasing with v in case of both lines, as predicted. lines, as the vibrational quantum number v increases, the dependence on the rotational quantum number is quite significant. For the imaginary part, the dependence on the vibrational quantum number is very similar for both S and O lines, with a quite small j dependence for a given vibrational band.

The line-shape parameters were calculated at 18 temperatures between 5 and 240 2000 K. Figure 7 presents the temperature dependence of all the four reported coefficients of the S v (1) line in various vibrational bands. The behavior of the pressure broadening and shift coefficients is similar to the one observed for Q lines [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF]. The strong dependence on T and v can also be observed for the real and imaginary parts of the Dicke parameter, with a slight decrease of the absolute 245 values of νi opt for higher vibrational bands in temperatures above 500 K.
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Table 1: Half width at half maximum (HWHM) for the S 0 (j) lines in 10 -3 cm -1 amg -1 .

Besides the typical Lorentzian contribution, γ 0 , we present the effective half width at half maximum, γ † , taking into account all the line-shape effects (both the velocity-changing collisions and speed-dependent effects). The inhomogeneous component of the broadening due to the speed-dependence of the line shift (see Eq. ( 9)) is denoted as γ δ . The values in parenthesis indicate the 1σ standard uncertainty. b Experimental values from Ref. [START_REF] Michaut | Investigations of pure rotational transitions of H 2 self-perturbed and perturbed by He. I. Measurement, modeling, and quantum calculations[END_REF].
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Table 2: Pressure shift coefficients of the S 0 (j) lines in 10 -3 cm -1 amg -1 . Besides the typical Lorentzian contribution, δ 0 , we present the effective shift of the spectral line, δ † , taking into account all the line-shape effects (both the velocity-changing collisions and speed-dependent effects). The values in parenthesis indicate the 1σ standard uncertainty. b Experimental values from Ref. [START_REF] Michaut | Investigations of pure rotational transitions of H 2 self-perturbed and perturbed by He. I. Measurement, modeling, and quantum calculations[END_REF].
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Comparison with the experimental data

We compared the values of the pressure broadening and shift coefficients presented here with the available experimental data for S 0 (j = 0 -4) lines, reported by Hermans et al. [START_REF] Hermans | Measurements on the influence of binary collisions on the depolarized Rayleigh and rotational Raman lines for H 2 -noble gas systems at low temperatures[END_REF] and Michaut et al. [START_REF] Michaut | Investigations of pure rotational transitions of H 2 self-perturbed and perturbed by He. I. Measurement, modeling, and quantum calculations[END_REF]. The data are gathered 250 in the Tables 1 and2. Due to the fact that some of the experimental data were reported for temperatures outside of our grid, we performed additional calculations for them.

Overall, the agreement between our calculations and the experimental results is quite well. For the pressure broadening coefficient, a slight disagreement be-
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tween theory and experiment can be observed in two cases: for temperatures below 50 K and for temperatures above 600 K. The disagreement in the lowtemperature range was already reported in Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF], for the S 0 (1) line and we still have no explanation for that. In the high-temperature case, the discrepancy is reduced if the contributions from the inhomogeneous broadening due to 260 the speed dependence of the collisional shift and narrowing due to the speed dependence of the collisional broadening [START_REF] Wcis Lo | Strong competition between velocity-changing and phase-or state-changing collisions in H 2 spec-460 tra perturbed by Ar[END_REF] are taken into account (see Tables 1, 3 and 5 of Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]). The values of the line broadening and shift corrected for these line-shape effects, γ † and δ † , are shown in Tables 1 and2. The detailed discussion on how to calculate the speed dependence of collisional broadening 265 and shift from the generalized spectroscopic cross section is given in Ref. [START_REF] Wcis Lo | Accurate deuterium spectroscopy for fundamen-465 tal studies[END_REF],

see Eq. ( 23) therein. Apart from the temperatures below 50 K, the largest disagreement between γ † and the experimental results is 1.8σ combined standard uncertainty.

In case of the pressure shift coefficient, for low temperatures the uncertainty 270 of the experimental data is quite large, and our results lie within the error bars.

For larger temperatures we observe a slight disagreement with the experimental data, that was also noticed for the S 0 (1) line in Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]. The shift calculated after taking into account the speed-dependent effects has reduced this disagreement, and the largest discrepancy is 2.3σ.
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In Ref. [START_REF] Michaut | Investigations of pure rotational transitions of H 2 self-perturbed and perturbed by He. I. Measurement, modeling, and quantum calculations[END_REF] the authors state that the inhomogeneous broadening could be neglected for the S 0 lines in the He-perturbed H 2 . The results, presented
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in Table 1 contradict this statement. In order to more explicitly present the influence of the inhomogeneous broadening and the speed dependence of the lineshape parameters, let us recall that if the speed dependence is approximated by the simple quadratic function and the velocity-changing collisions by the hardcollisions model, then the above mentioned inhomogeneous broadening is [START_REF] Wcis Lo | The implementation of non-voigt line profiles in the hitran database: H2 case study[END_REF]:

γ δ = 3 2 δ 2 2 νr opt , (9) 
where δ 2 is a parameter quantifying the magnitude of the speed dependence of the collisional shift within the quadratic approximation. Equation ( 9) is true for νr opt δ 2 , which is well obeyed for molecular hydrogen. Additionally, if this condition is satisfied, the shape of the inhomogeneous component is Lorentzian, and can be simply added to γ 0 . We present the values of γ δ in Table 1. If there

280
would not be any narrowing due to the speed dependence of the pressure broadening coefficient then the difference between γ † and γ 0 would exactly match γ δ .

For some lines this difference is almost as large as γ δ (for instance for the S 0 (4) line at 995 K), which means that the speed dependence of the collisional shift is considerably larger than the speed dependence of the collisional broadening 285 (which is not explicitly presented here). For other cases, the speed dependence of the broadening dominates, effectively resulting in narrowing of the spectral line, and thus γ † < γ 0 .

Accuracy of the calculations

The close-coupling scheme is the most accurate method of obtaining the 290 line-shape parameters. However, there are several factors that could influence the accuracy of the results presented in this paper. The most important one is the accuracy of the potential energy surface used in the calculations. We made use of the most accurate PES available for the H 2 -He system [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], which is an extension of the previous one [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF]. Very conservative estimations of the
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for the S 0 (1) and S 1 (1) lines to check how such slight change of the isotropic radial terms V λ=0,v,j,v ,j (R) (multiplication by 1.01) could influence the final line-shape parameters. For the purely rotational line, for temperatures above 300 50 K, the relative differences between the parameters obtained with modified and correct radial terms were below 0.4%. For the remaining temperatures (5, 10, 25 and 50 K), the differences were 2%. For the S 1 (1) line, the relative differences were below 1% for all temperatures. However, as stated previously, the estimates of the uncertainty of the PES were quite conservative.
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Other factors that could influence the accuracy of the calculations come from the numerical methods of solving the close-coupling equations. Let us remind that we used MOLSCAT code for that purpose [START_REF] Hutson | Molscat version[END_REF]. Firstly, there are several parameters of the used propagator that could slightly modify the output of the program. We made use of the hybrid modified log-derivative Airy propagator or Appendix C of Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF]). However, increasing this parameter to 200 a 0 has 320 rather small influence on the output cross sections in that case, and the lineshape parameters for the S 0 (1) and S 1 (1) lines obtained this way differ from the ones reported in this work only by less than 0.02%. Thus, we can safely state that the error coming from this parameter is negligible.

The start point of the propagation, controlled by RMIN, should be placed of the highest kinetic energy in the asymptotic region [START_REF] Hutson | Molscat version[END_REF]. Through the DR variable the user can declare the initial step size explicitly. A wrong step could strongly modify the results, especially for kinetic energies below 1 cm -1 . We note here that both pressure shifting cross section and imaginary part of the 340 Dicke cross section are very sensitive to the changes of these parameters. We performed tests using different step sizes for several lines from 0-5 band and we could determine the error associated with this factor: 0.5% for the pressure broadening coefficient and the real part of the Dicke parameter and 1% for the pressure shift coefficient and the imaginary part of the Dicke parameter.
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The number of closed levels used in the calculations could also contribute to the uncertainty of the results. For all investigated lines we kept one closed level, but we made additional calculations with two closed levels to check how this could influence the final line-shape parameters. The relative differences between these results where about 0.5%. Moreover, we checked how truncating 350 the basis in the calculations for highest kinetic energies (above 8000 cm -1 ) could modify the results. We found that such truncation could influence the line-shape parameters only for T = 2000 K. This error is 0.5% large.

Taking into consideration the most significant factors: the accuracy of the PES, the error coming from the step size of the propagator and from the number distribution at this temperature is still significant for kinetic energies about 360 9000 cm -1 , and calculations should be performed for even larger kinetic energies. Therefore, we estimate that the uncertainty for T = 2000 K is 3% large.

For temperatures below 50 K, the uncertainties of the line-shape parameters are 3.5% large. All the error bars reported in this work are 1σ standard uncertainties. 365

Conclusion

We provided a set of line-shape parameters for S and O branches of H 2 in He for 18 temperatures between 5 and 2000 K. We investigated 60 transitions in total, for vibrational bands ranging from 0-0 up to 0-5 and for rotational levels from j=0 to j=5 for S lines, and from j=2 to j=5 for O lines. We used the 370 most accurate available PES for this system [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] and performed close-coupling calculations using the MOLSCAT code [START_REF] Hutson | Molscat version[END_REF]. The generalized spectroscopic cross sections were obtained from the S-matrix elements, for kinetic energies ranging from 0.1 up to 9000 cm -1 . The final line-shape parameters reported here are the standard pressure broadening and shifting coefficients and the real and imagi-375 nary parts of Dicke parameters. All these quantities, along with the generalized cross sections, can be found in the supplementary materials [START_REF] Jóźwiak | Supplementary material 445 for PB-, PS-and Dicke coefficients[END_REF]. The results of this investigation provide a reference data for astrophysical and planetary studies. The present work completes the previously reported calculations on the Q-branches [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] and together with Ref. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] provide data that will be used 380 in our forthcoming article [START_REF] Wcis Lo | First 475 comprehensive dataset of beyond-voigt line-shape parameters from ab initio quantum scattering calculations for the HITRAN database[END_REF] to generate the first comprehensive dataset of line-shape parameters for the HITRAN database [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF].
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Figure 1 :

 1 Figure 1: Comparison of pressure broadening and shifting cross sections between Sv(1) and Ov(3) lines in various vibrational bands at different kinetic energies (solid lines). The index v denotes the final vibrational quantum number. The inelastic contributions to the PBXS are presented in the upper panels (dashed lines). The Maxwell-Boltzmann distributions at 10, 296 and 1000 K are represented as dashed gray lines in the lower panels.
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  and vibrational dependences of the cross sections, as well as the similarities

Figure 2 :

 2 Figure 2: Comparison of real and imaginary parts of Dicke cross sections between Sv(1) and Ov(3) lines in various vibrational bands at different kinetic energies. The index v denotes the final vibrational quantum number.

Figure 1

 1 Figure1shows the pressure broadening and shifting cross sections as a function of the kinetic energy for various vibrational bands for the S v (1) and O v (3) lines, as well as the contributions to the broadening from the inelastic cross 110

Figure 3 :

 3 Figure 3: Comparison of pressure broadening and shifting cross sections between S and O lines in the fundamental band at various kinetic energies. The inelastic contributions to the PBXS for the S 1 (0-3) and O 1 (2-5) lines are presented in the upper panels (dashed lines). The Maxwell-Boltzmann distributions at 10, 296 and 1000 K are represented as dashed gray lines in the lower right panel.
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  before growing up. At the minimum, a change of the sign of the PSXS is observed. A tentative explanation is the following: the very low kinetic energies

Figure 4 :

 4 Figure 4: Comparison of real and imaginary part of Dicke cross sections between S and O lines in the fundamental band at various kinetic energies.

Figure 2

 2 Figure 2 shows an analogous comparison but for the real and imaginary parts of Dicke cross sections (DXS). It can be seen, that the values of the 165

9

  Fig. 3 presents the comparison of various S and O lines in the fundamental band in order to show the rotational dependence of the cross sections with j.Generally speaking, the PBXS for low j are sensitive to both the long and short 180
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  the elastic ones (see Fig.11of Ref.[START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]).

Figure 4

 4 Figure 4 shows the comparison between Dicke cross sections for different lines of the fundamental band. The real part of these XSs are almost identical for the whole examined kinetic energy range, and there is no clear j dependence. Similar situation occurs while discussing the imaginary part of these cross sections. The210

Figure 5 :

 5 Figure 5: Comparison of pressure broadening, γ 0 , and pressure shift, δ 0 , coefficients at 296 K as a function of the final vibrational state for the 0→ v bands.

Figure 6 :

 6 Figure 6: Comparison of real and imaginary parts of Dicke parameter, νopt, at 296 K as a function of the final vibrational state for the 0→ v bands.

Figure 6 A

 6 provides comparison for the real and imaginary parts of the Dicke parameter. The real part clearly depends on v, and for O 235

Figure 7 :

 7 Figure 7: Pressure broadening, γ 0 , and pressure shift, δ 0 , coefficients, real and imaginary parts of the Dicke parameter, νopt, for the Sv(1) lines as a function of temperature.

a

  Experimental values from Ref.[START_REF] Hermans | Measurements on the influence of binary collisions on the depolarized Rayleigh and rotational Raman lines for H 2 -noble gas systems at low temperatures[END_REF].

310of

  Manolopoulos and Alexander (setting INTFLG=8 in the MOLSCAT code), which uses the diabatic modified log-derivative method for intermolecular distances R between RMIN and RMID, and the Airy propagator between RMID and RMAX (when the propagator reaches R = RMAX, the calculations are terminated), where RMIN, RMID and RMAX are parameters that are set man-315 ually. In all calculations the values of these three parameters where set to 1 a 0 , 20 a 0 and 100 a 0 , respectively. The change of the RMAX parameter could potentially influence the values of the cross sections for small kinetic energies, as the long range interactions are mostly important in that region (see Sec. 4.1
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  deep in the potential wall, and the value of 1 a 0 satisfies this condition. Additional tests were performed for several kinetic energies for the S 1 (1) line, to determine if increasing the range of the propagation (by setting RMIN = 0.5 a 0 )A C C E P T E D M A N U S C R I P Tcould influence the outcoming results. No significant difference was observed for any of the final line-shape parameters. Thus we believe that there is no signif-330 icant error coming from this parameter. Note that MOLSCAT allows RMIN and RMAX not to be fixed but to be determined internally for each new total angular momentum. No significant changes were obtained.Another factor influencing the results comes from the step size of the chosen propagator, which, in the MOLSCAT code, can be controlled by variables STEP 335 or DR. STEPS is the number of steps per half-wavelength for the open channel
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  of closed levels, we can conservatively estimate the accuracy of the line-shape parameters presented here. The uncertainties for temperatures above 50 K and below 2000 K are 2.5% large. We stress here, that the accuracy of the calculations deteriorates at 2000 K, due to the fact, that the Maxwell-Boltzmann A C C E P T E D M A N U S C R I P T
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accuracy of the used PES indicate the uncertainties of the interaction energies, for instance, near the minimum are not larger than 1%. We repeated calculations
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