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Introduction

Molecular hydrogen is the most widespread molecule in the Universe. It is also the simplest molecule, the structure of which can be calculated from first principles, which makes it well suited for accurate tests of ab initio calculations. A mixture of molecular hydrogen and helium is the main component of the atmospheres of gas giants in the Solar System and is predicted to be a dominant constituent of the atmospheres of some exoplanets [START_REF] Miller-Ricci | The Atmospheric Signatures of Super-Earths: How to Distinguish Between Hydrogen-Rich and Hydrogen-Poor Atmospheres[END_REF].

Despite its considerably smaller abundance compared to the H 2 isotopologue, HD is noticeable in spectroscopic studies due to the presence of electric dipole transitions, the intensities of which are much larger than the extremely weak quadrupole transitions in H 2 . An accurate list of the line-shape parameters is necessary for a correct interpretation of molecular spectra from the atmospheres of gas giants [START_REF] Feuchtgruber | The D/H ratio in the atmospheres of Uranus and Neptune from Herschel PACS observations[END_REF] and exoplanets [START_REF] Fortney | The Need for Laboratory Measurements and Ab Initio Studies to Aid Understanding of Exoplanetary Atmospheres[END_REF]. Studies of the H 2 -rich atmospheres are well suited for measuring the D/H ratio, which is crucial for understanding the evolution of the Universe and planets' atmospheres [START_REF] Smith | 580 W. Macy, The H 2 4-0 S(0,1,and 2) quadrupole features in Jupiter[END_REF][START_REF] Baines | The Abundances of Methane and Ortho/Para Hydrogen on 585 Uranus and Neptune: Implications of New Laboratory 4-0 H 2 Quadrupole Line Parameters[END_REF].

The relevant collisional systems for spectroscopic studies of gas giants' atmospheres that involve molecular hydrogen are: H 2 -H 2 , H 2 -He, HD-H 2 [START_REF] Wehr | Dicke-narrowed spectral line shapes of co in ar: Experimental results and a revised interpretation[END_REF] and HD-He. The He-perturbed H 2 was thoroughly examined both theoreticaly [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][START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] and experimentaly [START_REF] Słowiński | H 2 -He collisions: Ab initio theory 605 meets cavity-enhanced spectra[END_REF]. The research program aiming at calculating the He-perturbed H 2 line-shape parameters was recently concluded with producing a compre-30 hensive dataset of the beyond-Voigt line-shape parameters for this system that covers all the rovibrational transitions and a wide range of temperatures [START_REF] Wcisło | The first comprehensive dataset of beyond-Voigt line-shape parameters from ab initio quantum scattering calculations for the HITRAN 610 database: He-perturbed H 2 case study[END_REF]. Several purely rotational transitions were recently investigated for He-perturbed HD in 35 Ref. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF].

In this paper, we present fully ab initio calculations of the generalized spectroscopic cross-sections (GSXS) and collisional line-shape parameters for the HD molecule in helium bath. The GSXS were 40 obtained by performing dynamical close-coupling calculations at various relative kinetic energies of the colliding pair using the most recent ab initio potential energy surface (PES) [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 improved version of the one reported by Bakr, Smith and Patkowski PES [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF] (we refer to it as BSP PES). The quantum scattering calculations were performed with the recently developed BIGOS com-puter code [START_REF] Jóźwiak | BIGOS computer code[END_REF]. More specifically, the calculations were performed for selected vj → v j rovibrational 50 transitions from v = 0, v = 0 to 5, j = 0 to 5 for the R lines and j = 1 to 6 for the P lines. Despite that there are no P lines for purely rotational transitions in the absorption spectrum, we report the line-shape parameters for them for complete-55 ness. We derive the pressure broadening and shift coefficients, as well as the real and imaginary parts of the Dicke parameter. The line-shape parameters, at different temperatures, are obtained by averaging the GSXS over our grid of relative kinetic 60 energies of the colliding pair.

Calculations

In this section, we briefly explain the methodology of our ab initio quantum scattering calculations used to obtain the GSXS and collisional line-shape 65 parameters for the He-perturbed HD lines.

Generalized spectroscopic cross sections

The PES for H 2 -He interaction, V(r,R,θ), depends on three parameters: r -the distance between the protons in the hydrogen molecule, Rthe intermolecular distance between the hydrogen molecule center of mass and helium atom, and θ -the angle between the molecular bonding axis and the axis connecting its center of mass with the helium atom. Since we work within the Born-Oppenheimer approximation, we can apply the H 2 -He PES to the HD isotopologue by simply shifting the center of mass of the hydrogen molecule. The HD-He interaction PES is expanded over the Legendre polynomials:

V (r, R, θ) = Lmax L=0 V L (r, R)P L (cos θ). (1) 
Due to the small anisotropy of the PES, it is sufficient to truncate the expansion at L max = 7 [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF].

Both odd and even terms of the expansion must be taken into account (in contrast to H 2 and D 2 ) since HD is a heteronuclear molecule. To solve the scattering equations we compute radial coupling terms:

V L,v,j,v ,j (R) = ∞ 0 χ v ,j (r)V L (r, R)χ v,j (r)dr, (2) 
where χ v,j (r) are the HD rovibrational wavefunctions. We neglect the vibrational coupling, hence only v = v radial terms are considered in our cal-70 culations. It has been demonstrated in several articles that for purely rotational lines it is important to take the centrifugal distortion into account [6-9, 11, 14, 15]. Disregarding the centrifugal distortion leads to the assumption that j = j = 0 for 75 all radial coupling terms. This approach is usually used in the case of rovibrational transitions [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][START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF][START_REF] Słowiński | H 2 -He collisions: Ab initio theory 605 meets cavity-enhanced spectra[END_REF].

In this work, we show that the centrifugal distortion cannot be neglected for the rovibrational lines if one aims at sub-percent accuracy of the calcu-80 lated line-shape parameters.

The major part of the calculations consists of solving the close-coupling equations [START_REF] Arthurs | The Theory of Scattering by 630 a Rigid Rotator[END_REF][START_REF] Flower | Molecular Collisions in the Interstellar Medium[END_REF]. The BIGOS code [START_REF] Jóźwiak | BIGOS computer code[END_REF] solves the coupled equations in the body-fixed (BF) frame of reference, 85

I d 2 dR 2 + k 2 γ I - 1 R 2 L 2 pJ F pJ (R) = 2µV pJ (R)F pJ (R), (3) 
for each pair of total angular momentum (J) and parity (p), using the renormalized Numerov's algorithm [START_REF] Johnson | Multichannel log-derivative method for scattering calculations[END_REF]. Here, k 2 γ = 2µ(E -E γ ), E is the total energy of the system, E γ is the energy of the rovibrational state, and µ is the reduced mass of 90 the HD-He system. Numerical solution of Eq. ( 3) is found in the form of the log-derivative matrix Y pJ = F pJ /F pJ , which is transformed to the space-fixed frame at sufficiently large value of R. The scattering matrix is obtained from the bound-95 ary conditions imposed on the wavefunction of the system [START_REF] Johnson | Multichannel log-derivative method for scattering calculations[END_REF]. The S-matrix is used to calculate the GSXS [START_REF] Monchick | Diatomic-diatomic molecular 640 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 gas[END_REF]:

σ q λ (v i , j i , v f , j f ; E kin ) = π k 2 ∞ Ji,Jf ,l,l , l, l i 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   [δ ll δll -v i j i l |S Ji (E Ti )|v i j i l v f j f l |S Jf (E Tf )|v f j f l * ].
(4) The initial state of a transition is labeled by the v i and j i quantum numbers, and final by v f and 100 j f . J i and J f are the initial and final total angular momentum, respectively, l is the relative angular momentum of the HD-He motion, k is the wavenumber related to the initial kinetic energy. Total energies of the system in the initial and fi-105 nal spectroscopic states are denoted by E Ti and E Tf , and are the sums of the kinetic energies and the energies of the rovibrational states. The symbol [x] stands for (2x+1), the matrices written in paranthesis are Wigner 3-j symbols and the matrix in square bracket is a Wigner 12-j symbol of the second type. Index q describes the rank of the radiation-matter interaction tensor. For dipole lines q = 1. For more details the reader is referred to Refs. [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] and [START_REF] Monchick | Diatomic-diatomic molecular 640 collision integrals for pressure broadening and Dicke narrowing -A generalization of Hess's theory[END_REF]. The real and imaginary parts of σ q=1 λ=0 are called pressure broadening (PBXS) and pressure shift (PSXS) cross-sections, respectively. σ q=1 λ=1 is the complex Dicke cross-section. We refer to the real and imaginary parts of the Dicke crosssection as RDXS and IDXS, respectively.

Collision integrals and line shape parameters

The line-shape parameters are obtained by evaluating the collision integrals [START_REF] Monchick | Diatomic-diatomic molecular 640 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 gas[END_REF][START_REF] Demeio | Effects of velocity changing collisions on line shapes of HF in Ar[END_REF],

ω ss λ (q) = v ∞ 0 x (s+s +2)/2 e -x σ q λ dx, (5) 
where v = 8k B T /πµ, σ q λ is the GSXS given by Eq. ( 4) and x = E kin /k B T ; k B , T and µ denote Boltzmann constant, temperature and reduced mass of the system, respectively. Speed-averaged pressure broadening and shift, Γ 0 and ∆ 0 , and complex Dicke parameter, ν opt , are related to Eq. ( 5) through [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF][START_REF] Wcisło | Accurate deuterium spectroscopy for fundamental studies[END_REF] 

Γ 0 + i∆ 0 = 1 2πc p k B T ω 00 0 (q), (6) 
ν opt = 1 2πc p k B T M 2 2 3 ω 11 1 (q) -ω 00 0 (q) , (7) 
where p is pressure, M 2 = m 2 /(m 1 + m 2 ), with m 1/2 being masses of active/perturbing species, and c is the speed of light; normalization factor (2π) -1 arises when one uses frequency instead of angular 125 frequency to describe the spectrum. We denote the gas density-normalized values of the line-shape parameters with their lowercaseletter counterparts, i.e., γ 0 and δ 0 , and ν opt for the complex Dicke parameter. To compare our results

Results

In this section, we present the results of our ab initio calculations of the GSXS and line-shape pa-135 rameters. We also discuss the influence of centrifugal distortion on the rovibrational lines.

Generalized spectroscopic cross sections

First, we discuss the dependence of the GSXS on the kinetic energy, vibrational band, and ini-140 tial molecular rotational state. We plot only a part of the examined transitions. The full dataset for all the lines is provided in the supplementary material [23]. In the data files we also include the inelastic contribution to the pressure broadening cross-145 section (see Appendix A. of Ref. [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]).

Figure 1 shows the dependence of the PBXS and PSXS on the vibrational band for the lowest initial rotational quantum number for selected lines belonging to the R and P-branches. Figure 2 shows 150 the PBXS and PSXS dependence on the initial rotational number for the fundamental band. We also present the inelastic contribution to the PBXS for each transition. The behavior of the PBXS and PSXS for the two branches is very similar. They ex-155 hibit similar dependencies of the cross-sections on the kinetic energy (K.E.). As expected, the PBXS for purely rotational lines R(0) and P(1) is the same, while the PSXS only differs by the sign. The same observation was made for all pairs of purely 160 rotational lines R(j) and P(j+1) and was reported in multiple previous studies for S(j) and O(j+2) lines in H 2 -He and D 2 -He systems [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF][START_REF] Martínez | Test-625 ing 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]. From 0.2 cm -1 the values of PBXS decrease, reach a minimum around energy 10-40 cm -1 and increase at 165 higher energies. Near the minimum of the PBXS, at K.E. about 10-15 cm -1 , the PSXS changes its sign. The intuitive explanation of this has been presented in Ref. [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]. At low relative K.E. the de Broglie wavelength of the scattering system is rel-170 atively large, the long-range attractive part of the potential plays a significant role. At higher K.E., the repulsive part of the potential becomes more important. Because the shift results from the difference of scattering phase shifts, it may change its 175 sign while passing from very low energies to higher ones. Finally, the cross-sections increase for higher energies because of the growing contribution from the inelastic collisions [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF].

For the R v (0) and P v (1) lines a rapid change in 180 both the PBXS and the inelastic contribution to the PBXS around 90 cm -1 can be observed. This is due to the fact that at this K.E. the first inelastic channel in the initial spectroscopic state (v, j = 1) becomes energetically accessible. Note that in the 185 case of the R v (0) lines, this threshold energy corresponds to K.E. = 89 cm -1 since all these lines share the same initial spectroscopic state. However, one can observe that the larger the value of v is, the less significant is this rapid change in the PBXS.

R(0) R(1) R(2) R(3) R(4) R(5)
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On the other hand, for P v (1) lines this threshold energy varies with v. This is because the inelastic contribution from the first open channel originates from the final spectroscopic state, and the rovibrational energy of the E v,j=0 state varies from about 195 89 to 71 cm -1 , for the v = 0 and v = 5 states, respectively. The sharp change cannot be spotted for R(j) and P(j+1) for j > 0 because neither in the initial nor in the final state the molecule occupies the ground rotational level j = 0. Thus, there is always 200 at least one inelastic channel open in both spectroscopic states, regardless of the K.E. considered. We note that the opening of the next inelastic channel causes a much weaker change in the cross-sections.

It can also be noticed in Fig. 1 that at low K.E.
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the inelastic contribution to the PBXS is identical for the P v (1) lines, while this contribution differs for the R v (0) lines. The inelastic contributions to the PBXS for P v (1) and R v (0) lines are defined as

σ P Binel [P v (1)] = 1 2    j =1 σ (v=0,j=1→v=0,j ) + j =0 σ (v,j=0→v,j )    210 σ P Binel [R v (0)] = 1 2    j =0 σ (v=0,j=0→v=0,j ) + j =1 σ (v,j=1→v,j )    ,
where the σ denote standard state-to-state cross-sections. Both spectroscopic transitions involve the same rotational levels but in different vibrational states, thus the inelastic state-to-state 215 cross-sections out of them are different. However, in the P v (1) case, at low kinetic energies only the state-to-state cross-section from v = 0, j = 1 to v = 0, j = 0 contributes; this contribution does not depend on v. When the kinetic energy

220 reaches E v,j=1 -E v,j=0
, then the inelastic contribution coming from the upper state (v = 1, j = 0) starts to contribute; note that this threshold depends on v since the rotational spacing depends on the vibrational state. For the later, the R v (0) 225 lines, the situation is reversed. At low kinetic en-ergies only the state-to-state cross-section from v, j = 1 to v, j = 0 contributes and this cross-sections depends on v. The inelastic cross-sections out of v = 0, j = 0 start to contribute to the PBXS when 230 the level v = 0, j = 1 is energetically accessible, at

E kin = E v=0,j=1 -E v=0,j=0 .
The values of the PBXS and absolute values of the PSXS distinctively increase with the vibrational band. A similar observation was made for the H 2 -

235

He system in Ref. [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]. This is due to two factors. First, for the rovibrational bands, a significant part of the PBXS and PSXS comes from the rovibrational dephasing, which mainly results from the difference in the isotropic components of the PES 240 for different v. For v-0 bands this difference increases with v. Secondly, the spacing between rotational energy levels decreases with increasing vibrational number. This enhances the inelastic processes which can be observed in Fig. 1.

245

Figure 2 presents the dependence of the PBXS and PSXS on the rotational quantum number j for the fundamental band. The PBXS generally decreases with increasing j. The only exceptions to this rule seem to be lines R(0) and P(1) for low en-250 ergies. However, right above the energy threshold of the first inelastic channel, the PBXS significantly increases and surpasses the values of the PBXS for higher rotational numbers. As noticed in [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] the PBXS for low j is sensitive both to the long-range 255 and short-range interaction while for higher j it is mostly sensitive to the short-range part of the PES. Moreover, for a given v the spacing between rotational levels increases with increasing j, which should impact the contribution from the inelastic 260 collisions. The two factors explain the observed dependence on j. The PSXS does not display such monotonicity for lower energies, but it occurs for higher ones. Cross-sections for both branches hold similar dependence on the kinetic energy for differ-265 ent j and v. The PSXS also change their signs at nearly the same energy for all investigated lines.

Figures 3 and4 present the dependence of the real and imaginary part of the Dicke cross-sections (RDXS and IDXS) on the rotational and vibra-270 tional number, respectively. As reported before in Refs. [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] and [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] for the He-perturbed H 2 , the dependence of the RDXS on v and j is marginal for low kinetic energies and can be only noticed for energies higher than around 200 cm -1 , which can 275 be attributed to the increasing contribution from the inelastic collisions. We observe that the values of the RDXS slightly increase with the vibrational quantum number v but the differences are much smaller than for the PBXS. For energies higher than 280 1000 cm -1 the RDXS slightly decreases with j. The dependence on v and j for IDXS is similar as for PSXS. The absolute values of the IDXS increase with increasing v. For higher energies, the IDXS decreases with j while for lower energies there is no monotonic dependence on the rotational number. The change of the sign is also observed, but for energies around 150-200 cm -1 . For purely rotational transitions R(j) and P(j+1), the RDXS values are the same while the IDXS values change their sign.

290

Such behavior was also reported in previous studies for S(j) and O(j+2) lines in H 2 -He and D 2 -He systems [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF][START_REF] Martínez | Test-625 ing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF].

Line-shape parameters

In this subsection, we present the calculated collisional line-shape parameters: the pressure broadening coefficient, γ 0 , the pressure shift coefficient, δ 0 , and the real and imaginary parts of the Dicke parameter, ν r opt and ν i opt , respectively. Calculations were conducted at 30 temperatures ranging from 5 to 2000 K. In this paper, we plot our results at a temperature of 296 K. The full data is provided in the supplementary material [23].

Figure 5 shows γ 0 and δ 0 for all examined lines. As noticed in the discussion on the GSXS, both γ 0 and δ 0 distinctly increase with the vibrational band essentially because the vibrational dephasing increases. δ 0 dependence on v seems to be nearlinear, while γ 0 increases faster for higher bands. The dependence of γ 0 on j varies depending on the vibrational band which was also observed in the GSXS. For lower v, the pressure broadening coefficients decrease with j, while for higher v they increase with j. The pressure shift coefficients generally increase with j at this temperature except for the 0-0 vibrational band in the R-branch. While the dependence on j seems to be much more important with increasing v, the relative dependence of δ 0 does not change very sharply.

Figure 6 presents complex Dicke parameters for all studied lines. The real and imaginary parts of the Dicke parameter depend on j and v oppositely to γ 0 and δ 0 , respectievely [START_REF] Wehr | Dicke-narrowed spectral line shapes of co in ar: Experimental results and a revised interpretation[END_REF]. This behavior can be explained by the following relation (see Appendix A in Ref. [START_REF] Stolarczyk | Evaluation of different parameterizations of temperature dependences of the lineshape parameters based on ab initio calculations: Case 670 study for the HITRAN database[END_REF])

ν opt = 2 3 M 2 ω 11 1 -M 2 (γ 0 + iδ 0 ). (8) 
In our case of He-perturbed HD, M 2 ≈ 4/7.

320

Note that, in general, the j and v dependence of ν opt is dominated by the first term in Eq. ( 8), i.e., (2/3)M 2 ω 11 1 . However, in the case of molecular hydrogen the sytuation is completely reversed and a major contribution comes from the second term in 325 Eq. ( 8), -M 2 (γ 0 + iδ 0 ), which is clearly seen when comparing Figs. 5 and 6.

Comparision with previous studies

We compare our results of the pressure broadening and pressure shift coefficients with previous 330 theoretical studies of Refs. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF][START_REF] Gustafsson | The HD-He complex: Interaction-induced dipole surface and infrared absorption spectra[END_REF][START_REF] Mcquarrie | Collisional interference in the infrared spectrum of HD: calculation of the line shape of vibrorotational transitions for HD-He[END_REF] and experimental data of Refs. [START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF][START_REF] Mckellar | Interference effects in the spectrum of HD: II. The fundamental band for HD-rare gas mixtures[END_REF]. We present the values separately for purely rotational and rovibrational transitions, respectively in Tables 1, 2 andTables 3, 4, because of the very recent study of purely rota-335 tional lines [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF].

First, let us comment on purely rotational transitions. As expected, because of the same method of calculations and applied PES, we obtained the same results as presented in a recent study of Thibault 340 et al. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF]. Small deviations can be explained by some improvements introduced in the present calculations comparing to the previous ones. We slightly changed the propagator's step and increased the number of closed energy levels used in calculations.

345

Moreover, in Ref. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF] the rotational basis was limited to j = 7, while in this work we expanded the rotational basis up to j = 21. Because our results overlap, for the case of purely rotational lines the reader is referred to [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF] for comparison with exper-350 imental data and previous calculations.

As γ 0 and δ 0 are the half width at half maximum (HWHM) and shift of Lorentz profile, these values should not be compared with the parameters of the experimental profiles directly. Instead, one 355 should consider a more realistic line-shape function, taking into account speed dependence of the broadening and shift parameters, as well as the velocity-changing collisions. We used our ab initio data to simulate a fully synthetic speed dependent 360 quadratic hard collision profile SD q HCP [START_REF] Wcisło | Accurate deuterium spectroscopy for fundamental studies[END_REF][31] [START_REF] Rautian | The effect of collisions on the Doppler broadening of spectral lines[END_REF] and numerically evaluated its HWHM and effective line peak shift (SD q HCP HWHM and SD q HCP shift in Tables 1234).

The experimental data for rovibrational transi- opt and ν i opt parameters at 296 K for all examined lines in the R and P-branches.

Table 1

HWHM values determined experimentally and theoretically. Speed-averaged pressure broadening coefficients, γ 0 , are obtained directly from our calculations and the HWHM values are determined numerically from the Speed Dependent quadratic Hard Collision Profile, SDqHCP, simulated using the line-shape parameters resulting from our calculations. All coefficients are in 10 -3 cm -1 amg -1 .

Purely rotational transitions T [K]

R0(0) R0( 1) R0( 2 

Table 2

Pressure shift values determined experimentally and theoretically. Speed-averaged pressure-shift coefficients, δ 0 , are obtained directly from our calculations and the line shift values are determined numerically from the SDqHCP, simulated using the line shape parameters resulting from our calculations. All coefficients are in 10 -3 cm -1 amg -1 .

Purely rotational transitions T [K]

R0(0) R0( 1 sented in Table 3 and Table 4, respectively. Our results are in good agreement with radiative closecoupling values of Gustafsson and Frommhold [START_REF] Gustafsson | The HD-He complex: Interaction-induced dipole surface and infrared absorption spectra[END_REF], although different PES was used. Despite the semiclassical approach, the difference between our results and those of McQuarrie and Tabisz [START_REF] Mcquarrie | Collisional interference in the infrared spectrum of HD: calculation of the line shape of vibrorotational transitions for HD-He[END_REF] are also quite small, usually around 20%, but much lower for R 1 (1) line. Available experimental data is quite well consistent with our calculations, however, they lie a little beyond the experimental error 380 bars. The experimental HWHM and line shift, as mentioned before, should correspond to the calcu- HWHM values determined experimentally and theoretically in the fundamental band. Speed-averaged pressure broadening coefficients, γ 0 , are obtained directly from our calculations and the HWHM values are determined numerically from the Speed Dependent quadratic Hard Collision Profile, SDqHCP, simulated using the line-shape parameters resulting from our calculations. All coefficients are in 10 -3 cm -1 amg -1 .

Rovibrational transitions T [K]

R1(0) R1( 1 

Table 4

Pressure shift values in the fundamental band determined experimentally and theoretically. Speed-averaged pressureshift coefficients, δ 0 , are obtained directly from our calculations and the line shift values are determined numerically from the SDqHCP. All coefficients are in 10 -3 cm -1 amg -1 .

Rovibrational transitions T [K]

R1(0) R1

exp./calc. 77 lated effective shift and HWHM of SD q HCP rather than directly to γ 0 and δ 0 . We note, however, that it is not the case for all the considered transitions. Ref. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF] for R-lines in Lu et al. experiment [START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF].

Recent measurements of S-lines presented in Fig. 12. Ref. [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF] distinctively better agree with the effective values calculated with SD q HCP than with 390 the γ 0 and δ 0 . For δ 0 the calculations of Ref. [START_REF] Gustafsson | The HD-He complex: Interaction-induced dipole surface and infrared absorption spectra[END_REF] are more consistent with the experimental data.

Centrifugal distortion contribution

It has been demonstrated, that studying collisional perturbation of purely rotational lines of light 395 molecules requires taking into account the influence of the centrifugal distortion [START_REF] Dubernet | Raman Q and S line broadening and shifting coefficients: Some commonly used assumptions revisited[END_REF] and calculating the non-diagonal radial terms of the PES, which couple different rotational levels of the molecule [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF][START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF][START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF]. The role of the centrifugal distortion in the HD-400 He system for purely rotational lines has been discussed recently in [START_REF] Thibault | Lineshape parameters for the first rotational lines of HD in He[END_REF], where authors compared calculations conducted while neglecting and taking into account this effect. Usually it is assumed that the centrifugal distortion for the rovibrational tran-405 sitions is negligible due to the vibrational dephasing which is supposed to completely dominate this effect. In this subsection, we show, however, that the role of the centrifugal distortion for the rovibrational transitions in the HD-He system cannot be 410 neglected as far as subpercent accuracy is required. Fig. 8. The relative difference in the values of the collisional line-shape parameters in calculations neglecting, and taking into account the centrifugal distortion as a fuction of vibrational band v-0. These differences are reported for the Rv(4) lines at 295 K. Note, that for v = 0, which is not presented here, the error for δ 0 and ν i opt is much higher, around 50%, mainly due to their relative small absolute values.

Figures 7 and8 show the relative difference between the line-shape parameters obtained in calculations neglecting centrifugal distortion and calculations where the effect was taken into account.

415

They are plotted as a function of the initial rotational number j and vibrational band v-0 for chosen representational transitions at 295 K. Figure 7 shows collisional parameters for the R-branch of the fundamental band. As expected, the relative 420 difference for all parameters increases with initial j. The molecular wave functions χ v,j (r), which are used for calculating the radial terms, differ slightly with j number. The difference between two wavefunction increases with the increasing difference be-425 tween the initial and final rotational level jj . In calculations neglecting the centrifugal distortion, radial coupling terms are determined assuming that χ v,j (r) = χ v,j (r) with j = j = 0. Clearly, the error resulting from neglecting the centrifugal dis-430 tortion should increase with increasing initial rotational level. The error for the fundamental band for δ 0 and ν i opt can be as high as 9%, while for γ 0 the error goes up to about 4%. The ν r opt is almost insensitive to this effect. Similar behavior applies 435 to other bands and other considered temperatures.

The dependence of collisional parameters on the vibrational band is less monotonical. First, because of the growing role of vibrational dephasing for higher rotational bands, the relative difference 440 resulting from neglecting the centrifugal distortion should decrease with v number. This conclusion applies to δ 0 and ν i opt as can be seen in Fig. 8 with few insignificant exceptions for some lines at other temperatures. However, the behavior of γ 0 and ν r opt is 445 different. Typically, these differences increase with vibrational level v for lower bands, but they eventually start to drop (see Fig. 8). The same behavior can be observed for ν r opt , although for lines presented on the graph the difference only increases. A 450 tentative explanation is the presence of competitive effect which is the decreasing of the rotational level spacing with the band. Because of that, for higher bands, more rotational levels must be supplied in the basis set, thus enhancing the error.

455

As a conclusion, the accuracy of our calculations requires taking into account the centrifugal distortion, especially for higher rotational lines, where the error caused by neglecting centrifugal distortion can reach 9%. All the presented cross-sections 460 and line-shape parameters reported in this paper (and provided in supplementary material [23]) were calculated taking into account the centrifugal distortion.

Accuracy of calculations

The most important factor that can influence the results of our close-coupling calculations is the accuracy of the PES used. Conservative estimations of the used PES [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] accuracy show that the uncertainty of the interaction energy is not greater than 1% [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]. We multiplied all the radial terms by 1.01 and repeated the calculations of the line-shape parameters for line R(0) in band 1-0 at 3 different temperatures -77 K, 195 K, and 296 K. The largest error, about 0.45%, was found for the γ 0 coefficient at 77 K.

Other sources of uncertainty are associated with numerical methods of solving the close-coupling equations. The following parameters control the propagator accuracy: the start point of propagation R min , the final point of propagation R max , the number of steps per half-de Broglie wavelength, and the number of asymptotically closed energy levels in the basis (rotational states which energy is higher than the sum of the K.E. and the energy of current molecular rotational state). Figure 9 shows the relative difference between the line-shape parameters resulting from the calculations performed with a different number of asymptotically closed energy levels with respect to the case with 5 asymptotically closed energy levels. It can be seen that the error that comes from using a limited basis in the calculations decreases with an increasing number of closed levels logarithmically. In the present work, we always included 3 closed levels in the basis. The highest relative difference of the line-shape parameters between those results and results for 5 closed levels at temperatures 77 K, 195 K, and 296 K was around 0.003% for the 1-0 R(0) line. This error is negligible comparing to the one resulting from potential uncertainty.

To obtain accurate values of the line-shape parameters, the starting propagation point should lie deep inside the repulsive region of the PES, while the final point should be far outside the turning point for the highest l value associated with J. In the previous studies of the H 2 -He system [START_REF] Jóźwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] the authors used R min = 1 a 0 and R max = 100 a 0 . The difference resulting from increasing the R max to 200 a 0 is around 0.02% and the difference from decreasing R min is even smaller. In this work, for a similar HD-He system, we put R min = 0.5 a 0 and R max = 200 a 0 . Because of that, the error coming from setting those parameters can be ignored. To choose a proper number of steps per half-de Broglie wavelength, we conducted calculations of GSXS for a series of increasing steps. For each energy, we selected steps that guarantee at least 0.1% accuracy, however, for most energies the accuracy was higher. We then repeated calculations of the line-shape pa-520 rameters for R(0) 1-0 line with 2 times higher step value. The largest error, 0.06%, occurred for δ 0 at 77 K.

After taking into account all the factors, we concluded that the most important influence on the 525 accuracy of the calculations comes from the uncertainty of the PES. The total uncertainty of our calculations is estimated at 0.6%.

Conclusion

The pressure broadening, pressure shift, as well 530 as the real and imaginary part of the complex Dicke parameter for HD in helium bath for 12 purely rotational and 60 rovibrational lines were calculated. We obtained the line-shape parameters γ 0 , δ 0 , ν r opt and ν i opt at 30 temperatures ranging from 5 535 to 2000 K. We examined the centrifugal distortion contribution to the line-shape parameters of rovibrational transitions and concluded, that for accurate calculations it is important to take it into account. There is a necessity of more accurate exper-540 imental studies of the collisional line-shape effects to validate results of reported calculations.
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Fig. 1 .

 1 Fig.1. R(0) and P(1) pressure broadening and shift cross-sections (PBXS and PSXS, respectively) for different vibrational bands as a function of the collision kinetic energy. The dashed lines in the upper panels represent the inelastic contribution to the PBXS for each transition. The dashed gray lines are the Maxwell-Boltzmann distributions at a temperature of 10 K, 77 K, and 296 K. PBXS and PSXS are the real and imaginary parts of σ q=1 λ=0 , respectively.

Fig. 2 .

 2 Fig. 2. PBXS and PSXS for different rotational transitions of the fundamental band as a function of collision kinetic energy. The dashed lines in the upper panels represent the inelastic contribution to the PBXS for each transition. The dashed gray lines are the Maxwell-Boltzmann distributions at the temperature of 10 K, 77 K, and 296 K.

Fig. 3 .

 3 Fig. 3. The real and imaginary part of Dicke cross-sections σ q=1 λ=1 (RDXS and IDXS, respectively) for the R(0) and P(1) lines of different vibrational bands as a function of the collision kinetic energy.

Fig. 4 .

 4 Fig. 4. The RDXS and IDXS for different rotational transitions of the fundamental band as a function of the collision kinetic energy.
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  tions is limited to results for R 1 (0) and R 1 (1) lines at 77 K of McKellar and Rich[START_REF] Mckellar | Interference effects in the spectrum of HD: II. The fundamental band for HD-rare gas mixtures[END_REF]. Previous theoretical studies also contain results for P 1 (1) line and other temperatures for the pressure broadening coefficient. The values of γ 0 and δ 0 are pre-

Fig. 5 .

 5 Fig.5. γ 0 and δ 0 parameters at 296 K for all examined lines in the R and P-branches.

Fig. 6 .

 6 Fig.6. ν r opt and ν i opt parameters at 296 K for all examined lines in the R and P-branches.
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  similar observation was shown in Fig. B.1. in

Fig. 7 .

 7 Fig.7. The relative difference in the values of the collisional line-shape parameters in calculations neglecting and taking into account the centrifugal distortion as a function of initial molecular rotational level j. These relative differences are reported for the studied R lines of the fundamental band at 295 K.

Fig. 9 .

 9 Fig.9. The relative difference in values of the collisional line-shape parameters in calculations that use from 0 to 4 asymptotically closed energy levels in the basis and calculation that use 5 closed levels. The differences correspond to the R(0) line from 1-0 band at 296 K.

Table 3

 3 

with previous experiments, we provide the parameters in units of cm -1 /amagat. 1[START_REF] Miller-Ricci | The Atmospheric Signatures of Super-Earths: How to Distinguish Between Hydrogen-Rich and Hydrogen-Poor Atmospheres[END_REF] The amagat (amg) is defined as the number of molecules of an ideal gas per unit volume at standard temperature and pressure conditions.
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