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Line-shape parameters for the first rotational lines of HD in He
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We report theoretical and experimental line-shape parameters for He-perturbed pure rotational HD lines that are relevant for the studies of gas giants atmospheres. Besides the usual pressure broadening and shift parameters, we also report their speed dependencies and Dicke parameters. The theoretical values, obtained from quantum dynamical calculations, are for the R(j=0-3) lines and S(j=0-2) and temperatures from 10 to 500 K. The measurements, performed using stimulated Raman spectroscopy, were done for the S(j=0-2) rotational Raman lines at 77, 195 and 298 K. We also compare the results of our calculations with pressure broadening and line shift coefficients available in the literature at 77, 195 and 300 K for the studied R lines. We demonstrate that a simple Voigt profile is insufficient to accurately model the shapes of He-perturbed HD lines at conditions relevant to gas giants atmospheres, and one should incorporate also the speed-dependent effects and velocity-changing collisions.

Introduction

The deuterium hydride molecule (also known as the hydrogen deuteride molecule) is of great importance for astrophysics and planetology [START_REF] Tennyson | Molecules in Space: in Handbook of Molecular Physics and Quantum Chemistry[END_REF][START_REF] Encrenaz | The Solar System[END_REF][START_REF] Menten | Molecules detected in interstellar space[END_REF]. The measurement of the D/H ratio is fundamental for understanding the evolution of the Universe from the standard Big Bang nucleosynthesis as well as for understanding the delivery of water to Earth's oceans (Altwegg et al. 2015). Since molecular hydrogen is the major constituent element of the giant planets the relative HD abundance is well suited to determine this ratio. The Herschel onboard PACS (Photodetector Array Camera & Spectrometer) instrument measurements of the rotational R(0) and R(1) HD lines in the atmospheres of Uranus and Neptune confirmed the deuterium enrichment in the atmospheres of these two planets compared to the protosolar value [START_REF] Feuchtgruber | The D/H ratio in the atmospheres of Uranus and Neptune from Herschel-PACS observations[END_REF]). In the same spirit the R(2) and R(3) lines of HD were recorded by the Short Wavelength Spectrometer (SWS) onboard the Infrared Space Observatory (ISO) for studying the atmosphere of Saturn and Jupiter [START_REF] Lellouch | The deuterium abundance in Jupiter and Saturn from ISO-SWS observations[END_REF]. The 120-and 5-fold enrichment of the D/H ratio on Venus and Mars compared to Earth is a fundamental constraint on models for their atmospheric evolution [START_REF] Encrenaz | The Solar System[END_REF].

The HD molecule is the simplest heteronuclear molecule and thus possesses a (weak) electric dipole moment. Throughout the last decade there has been a renewed interest in HD spectroscopic properties. [START_REF] Pachucki | Electric dipole rovibrational transitions in the HD molecule[END_REF] calculated the electric dipole moments for the first purely rotational R lines and R and P lines of the fundamental and first 4 overtones in the electronic ground state. They later on provided [START_REF] Pachucki | Rovibrational levels of HD[END_REF] very accurate dissociation energies for all rotationvibrational states in the same electronic state. Meanwhile, [START_REF] Sprecher | Communication: The ionization and dissociation energies of HD[END_REF] using a hybrid experimental-theoretical method, determined the adiabatic ionization energy and the dissociation energy of HD and [START_REF] Kassi | Electric quadrupole and dipole transitions of the first overtone band of HD by CRDS between 1.45 and 1.33 µm[END_REF] provided a line list of electric dipole and quadrupole transitions of the first overtone by using cavity ring down spectroscopy (CRDS). In addition, the latter study reported the transition moments of the studied lines. For both studies, the agreement with the ab initio calculations of [START_REF] Pachucki | Rovibrational levels of HD[END_REF] was very good. More recently, [START_REF] Cozijn | Sub-Doppler frequency metrology in HD for tests of fundamental physics[END_REF] performed sub-Doppler measurements of the frequency of the R(1) to R(3) lines of the 2-0 band of HD. The former line was also measured by [START_REF] Tao | Toward a determination of the proton-electron mass ratio from the Lamb-Dip measurement of HD[END_REF] using a comb-locked CRDS. Since the line position of these two independent measurements disagrees by 0.895 MHz, [START_REF] Fasci | Precision spectroscopy of HD at 1.38 µm[END_REF] remeasured it by using frequency-stabilized CRDS. Such highly accurate measurements provide benchmark data for testing non adiabatic and relativistic corrections and quantum electrodynamics for molecules and represent also a test for fundamental physics [START_REF] Salumbides | Bounds on fifth forces from precision measurements on molecules[END_REF][START_REF] Ubachs | Physics beyond the standard model from hydrogen spectroscopy[END_REF][START_REF] Cozijn | Sub-Doppler frequency metrology in HD for tests of fundamental physics[END_REF][START_REF] Tao | Toward a determination of the proton-electron mass ratio from the Lamb-Dip measurement of HD[END_REF][START_REF] Fasci | Precision spectroscopy of HD at 1.38 µm[END_REF][START_REF] Wcis Lo | Accurate deuterium spectroscopy for fundamental studies[END_REF]).

In the present study we are interested in HD in helium baths. The HD-He system is the simplest interacting pair after H 2 -He, D 2 -He and T 2 -He. The H 2 molecule and its isotopologues interacting with helium have been thoroughly investigated in the last decades (for a review see [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] Wcis Lo | Accurate deuterium spectroscopy for fundamental studies[END_REF]; [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]; [START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]). For instance, in view of the role played by HD in the astrophysics and astrochemistry of the interstellar media, the rovibrational quenching rate coefficients of HD in collisions with helium [START_REF] Nolte | Rovibrational quenching rate coefficients of HD in collisions with He[END_REF] were calculated using [START_REF] Muchnick | The HeH 2 energy surface[END_REF] potential energy surface (PES) and the rotational rate constants were calculated more recently by [START_REF] Zhou | Quantum rotational scattering of H 2 and its isotopologues with He[END_REF] using the Bakr, Smith, and Patkowski (BSP) PES [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF]. Transport and second virial coefficients were also calculated for the HD-He system [START_REF] Green | Close-coupled calculations of viscosity transport-relaxation cross sections for HD-He: Comparison with experiment[END_REF][START_REF] Mccourt | Transport and relaxation properties of isotopomeric hydrogenhelium binary mixtures. II. HD, D 2 , T 2 He mixtures[END_REF][START_REF] Garberoglio | Fully quantum cross second virial coefficients for the three-dimensional He-H 2 pair[END_REF].

HD is particular because its weak, non-BornOppenheimer, permanent dipole moment is of the same order as the HD-He supramolecular collision-induced dipole moment. Thus HD, and in particular HD in He, were studied to investigate collision-induced effects in allowed rotational or rovibrational spectra of HD [START_REF] Tabisz | Interference effects in the infrared spectrum of HD; Atmospheric implications[END_REF]. A first effect, the so-called intracollisonal effect, is due to an interference between the permanent dipole moment and the collisionally induced one. As a consequence Fano profiles were observed where one could expect to see a Lorentzian or Voigt profile for an isolated line. At higher densities (above about 50 amg) the intercollisional interference effect, due to succeeding collisions, may also contribute to the spectra. Thus the allowed lines sit on a broad collision-induced background. In the course of these studies the standard pressure broadening and shift coefficients of the first pure rotational lines were measured at 77, 195 and 295 K (Drakopoulos and Tabisz 1987;[START_REF] Ulivi | Temperature dependence of the collisional interference in the pure rotational far-infrared spectrum of HD[END_REF][START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF]). More recently, Gustafsson and Frommhold (2001a,b) revisited this problem using the radiative close coupling theory where only binary collisions are accounted for. Starting from a dipole-moment surface for HD-He and the HD permanent dipole moment, these authors generated fully ab initio the spectral regions around the purely rotational R 0 (0) and R 0 (1) lines as well as the region around the R 1 (0) line of the fundamental band at 77 K. It should be noted that the interference mechanism should also manifest itself in a Raman spectrum when a permanent and an interaction-induced polarizability interfere.

In this article we present the generalized spectroscopic cross sections obtained from close coupling dynamical calculations performed on the most recent ab initio 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 original BSP PES [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF]. Following the generalized Hess method (GHM) of [START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF] we obtained, from these cross sections and the related collision integrals, line shape parameters for the R 0 (j =0-3) and S 0 (j =0-2) lines for various temperatures between 10 and 500 K. Such parameters may be implemented in standard Lorentzian, Dicke and Voigt profiles and more sophisticated ones such as Hess [START_REF] Hess | Kinetic theory of spectral line shapes. the transition between Doppler broadening and collisional broadening[END_REF], Pine [START_REF] Pine | Asymmetries and correlations in speed-dependent Dickenarrowed line shapes of argon-broadened HF[END_REF]), Hartmann-Tran [START_REF] Tennyson | Recommended isolated-line profile for representing high-resolution spectroscopic transitions (IUPAC Technical Report)[END_REF], the speed dependent billiard-ball profile of Ciury lo et al. ( 2001) and Blackmore profiles [START_REF] Blackmore | A modified Boltzmann kinetic equation for line shape functions[END_REF][START_REF] Wciso | Influence of the interaction potential shape on the Dicke narrowed spectral line profiles affected by speed-dependent collisional broadening and shifting[END_REF] (for a review of different profiles see [START_REF] Hartmann | Collisional Effects on Molecular Spectra[END_REF][START_REF] Hartmann | Recent advances in collisional effects on spectra of molecular gases and their practical consequences[END_REF]). In addition, we present the first measurements for the above mentioned pure rotational Stokes lines of HD in helium baths at 77, 195 and 298 K. We show that theoretical data alone, such as colisional pressure broadening and pressure-induced line shift coefficients, are not sufficient to match the experimental data. Our raw data are carefuly analysed using a speed dependent hard collision profile based on our ab initio calculations. We then obtain a good agreement with the measured values.

In Section 2 we briefly describe our quantum dynamical calculations. In Section 3 we illustrate the kinetic energy dependence of selected cross-sections and compare them with available data in the literature. Section 4 presents the pressure broadening and shift parameters and the complex Dicke parameters.

Comparisons with experimental or theoretical data when available are also performed. The experimental part is described in section 5. In Section 6 we perform our line shape analysis which provides a direct comparison with the experimental data. We show that a proper interpretation of experimental data requires to take into account the beyond Voigt line-shape effects: speed dependence of the broadening and shift and velocity-changing collisions. Section 7 concludes the present article.

Dynamical calculations

Since, within the BornOppenheimer approximation the HD-He interaction is the same as the H 2 -He one, we made use of the extended and improved, by [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF], original BSP PES [START_REF] Bakr | Highly accurate potential energy surface for the He-H 2 dimer[END_REF]. This PES is expected to be the most accurate H 2 -He PES to date [START_REF] Garberoglio | Fully quantum cross second virial coefficients for the three-dimensional He-H 2 pair[END_REF][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] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]. The 3-dimensional H 2 -He PES V (r,R,θ), where r is the intramolecular H-H distance, R is the distance of the H 2 centre of mass to the helium atom and θ the angle between them, has been adapted to the HD-He interaction by shifting the centre of mass by r 6 thus allowing the redefinition of the Jacobi coordinates R and θ for each geometrical configurations. The HD-He PES has been expanded over 7 Legendre polynomials P L (cosθ), with L ranging from 0 to 6 (in contrast to the H 2 and D 2 homonuclear isotopologues, for the heteronuclear HD molecule both even and odd terms are required due to its lower symmetry):

V (r, R, θ) = L V L (r, R)P L (cos θ).
(1)

For such light systems and at least to study purely rotational lines it is important [START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF][START_REF] Dubernet | Raman Q and S line broadening and shifting coefficients: some commonly used assumptions revisited[END_REF][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] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF][START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]) to take into account the effect of the centrifugal distortion, thus the final radial coupling potential terms were evaluated following the same method as in [START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]:

V L,vj,v j (R) = ∞ 0 χ v j (r)V L (r, R)χ vj (r)dr, (2) 
where χ vj (r) designates a radial wavefunction of the rovibrational Hamiltonian of the diatomic. We set v = v = 0 for studying pure rotational transitions.

Since our rotational basis was limited to j = 7, we are left with (a maximum of) 252 coupling terms. Disregarding the centrifugal distortion by setting j = j ' = 0 limits the number of radial coupling terms to 7.

Quantum dynamical calculations were done using the MOLSCAT code (Hutson and Green 1995) in conjunction with the hybrid modified log-derivative Airy propagator of Alexander and Manolopoulos (1987) for solving the close coupled equations. Propagations were carried out between 1 and 100 Å with a starting minimum step of 0.01 Å. In order to perform the thermal average of the generalized cross sections, calculations were performed for a number of relative kinetic energies from 0.1 to about 2500 cm -1 with the step size varying from 0.1 to 100 cm -1 . For instance for the S 0 (1) and R 0 (0) lines calculations were performed on a grid of 295 and 345 kinetic energies respectively. The rotational energy levels are the theoretical ones of [START_REF] Pachucki | Rovibrational levels of HD[END_REF]. The masses of the deuterium hydride and helium were taken to be m(HD) = 3.022 u and m( 4 He) = 4.0026 u.

Generalized cross sections

The close-coupling expression of the generalized cross sections is given for two diatomics (one spectroscopically active molecule infinitely diluted in a bath of a diatomic molecule) by [START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF]. They can be easily adapted to the case of a diatom-atom pair (Schaefer andMonchick 1987, 1992;[START_REF] Demeio | Effects of velocity changing collisions on line shapes of HF in Ar[END_REF]. With the GHM [START_REF] Hess | Kinetic theory of spectral line shapes. the transition between Doppler broadening and collisional broadening[END_REF][START_REF] Corey | Dicke narrowing and collisional broadening of spectral lines in dilute molecular gases[END_REF][START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF] two kinds of complex cross sections are necessary.

The first one, denoted σ q λ=0 (v i j i v f j f , v i j i v f j f ; E kin ), associated with a spectral line v i j i → v f j f is identical with the standard generalized spectroscopic cross sections as obtained from the relaxation theory (Baranger 1958a,b,c;[START_REF] Fano | Pressure broadening as a prototype of relaxation[END_REF]Ben-Reuven 1966a,b) for the collisional line-shape parameters. Its real part provides the pressure broadening cross section (PBXS), while its imaginary part yields the pressure shift cross section (PSXS). The second cross section arising from the kinetic theory, denoted σ q λ=1 (v i j i v f j f , v i j i v f j f ; E kin ), describes the diffusion of the polarization of the spectral transition. Thus collisions reorient the angular momentum and the velocity vectors as well as changing their magnitudes. The formal expressions of the generalized cross sections are given by:

σ q λ (v i j i , v f j f ; v i j i , v f j f ; E kin ) = π k 2 
Ji,J f ,l,l , l, l

[J i ] [J f ] ([l] [l ] l l ) 1/2 (i) -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 J f (E t f ) v f j f l * . (3) 
Since they were recently discussed by [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]; [START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF] we briefly recall some aspects of the above equation. GHM cross sections involve S-matrix elements, obtained from the MOLSCAT code [START_REF] Hutson | Molscat version14, Collaborative Computational Project 6 of the UK Science and Engineering Research Council[END_REF] in our case, where primed variables denote postcollisional values. They are calculated at the same kinetic energy E kin but at different total energies

E ti = E kin + E viji and E t f = E kin + E v f j f where E viji is the rovibrational
energy of the initial level of the optical transition v i j i → v f j f of rank q with q=1 for dipolar lines and q=2 for quadrupolar and depolarized Raman lines (anisotropic Raman lines). k is the wavenumber associated with the kinetic energy h2 k 2 /2µ, where µ is the HD-He reduced mass. J and l are the total and orbital angular momenta of the colliding pair, [x] stands for 2x+1, (...) are 3j symbols and the large bracket is a 12j of second kind. The latter takes also into account the coupling of the radiation-matter interaction tensor order q and the velocity operator of rank 1 (for λ=1). For short, these cross sections will be denoted by σ q λ (j i j f ; E kin ) since the vibrational quantum numbers v i , v f are zero for the considered lines and we are only dealing with diagonal cross sections.

Figure 1: (Color online) Pressure broadening cross sections (Reσ q 0 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD" are the results of our full calculations, taking into account the centrifugal distorsion, while "no CD" are the results obtained using only 7 radial coupling terms. Black sympbols represent computed values by [START_REF] Green | Rotational excitation of HD by collisions with He[END_REF].

Figure 1 shows the pressure broadening cross sections (PBXS) for the R 0 (0), R 0 (1), R 0 (2), S 0 (0), S 0 (1) and S 0 (2) lines. First, we remark that there is almost no difference between our calculations performed with and without taking into account the centrifugal distortion (for clarity, the results of our calculations performed for S lines with no centrifugal distortion are not presented, but the same conclusions remain valid). For clarity as well, our results for the R 0 (3) line are not shown. [START_REF] Green | Rotational excitation of HD by collisions with He[END_REF], considering HD as a rigid rotor and using a PES derived by [START_REF] Shafer | Quantum scattering theory of rotational relaxation and spectral line shapes in H 2 -He gas mixtures[END_REF], has computed the pressure broadening cross sections for the R 0 (0), R 0 (1) and S 0 (0) lines for collisional kinetic energies between 2 and 600 cm -1 . In Fig. 1, we compare the results of our calculations with those of Green (see Table 3 of Green (1974)). They are in surprisingly good agreement with our data. Pressure broadening cross sections for IR R lines and Raman S lines arise both from elastic (including reorienting) collisions and inelastic collisions. The latter contribution differs for the two types of lines because an R(j) lines takes into account standard inelastic cross sections out of the levels j and j+1, while an S(j) lines involves inelastic cross sections out of the levels j and j+2. Finally, a visual comparison of our cross sections for the R 0 (0) and R 0 (1) lines with the ones reported in figures 3a and 4a of [START_REF] Schaefer | Line shape cross sections of HD immersed in He and H 2 gas. I. Pressure broadening cross sections[END_REF] shows what seems to be a very good agreement. 0 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD" are the results of our full calculations, taking into account the centrifugal distorsion, while "no CD" are the results obtained using only 7 radial coupling terms.

The corresponding pressure shift cross sections (PSXS) are plotted in Fig. 2, where we show the differences for the R 0 (j=0-2) and the S 0 (j=0-2) lines with and without taking into account the centrifugal distortion. First, we observe that this effect is more important for the PSXS than for the PBXS, as expected from previous works [START_REF] Shafer | Quantum scattering theory of rotational relaxation and spectral line shapes in H 2 -He gas mixtures[END_REF][START_REF] Dubernet | Raman Q and S line broadening and shifting coefficients: some commonly used assumptions revisited[END_REF][START_REF] Thibault | A test of H 2 -He potential energy surfaces[END_REF]. Moreover, we see that the centrifugal stretching effect increases with j (as expected too). Finally, our exact values for the R 0 (j=0) and R 0 (j=1) lines have the same behaviour with the kinetic energy and are in very good agreement with the values of Schaefer and Monchick (see Figures 3b and4b in [START_REF] Schaefer | Line shape cross sections of HD immersed in He and H 2 gas. I. Pressure broadening cross sections[END_REF]).

The real part of the Dicke cross section (DXS) related with the Dicke narrowing effect is plotted in Fig. 3. As already found for H 2 or D 2 in helium [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF][START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF][START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF], this cross section has a very small j dependence. This may be related to the fact that these cross sections are more highly averaged quantities as compared to the PBXS since they involve additional angular momenta (see Eq. ( 3)). Recall also that for structureless colliding partners the real part of the DXS reduces to a simple momentum-transfer cross section [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF]).

To our knowledge the imaginary parts of the DXS were never reported for HD lines in helium baths. They were safely disregarded by [START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF]. As can be seen on Fig. 4 these cross sections are very small (even smaller than the line shift cross sections) and thus their calculations are difficult. We may encounter convergence problems and truncations errors. Nevertheless, they have, overall, a small j dependence above about 100 cm -1 , and these XS for S(j) and R(j) lines vary roughly similarly. Moreover, we observe a threshold resonance effect near the opening of the j = 1 level (near 90 cm -1 ). This threshold effect is also noticeable at the same kinetic energy in Fig. 1 and2 for the R 0 (0) and S 0 (0) lines and was discussed in [START_REF] Schaefer | Line shape cross sections of HD immersed in He and H 2 gas. I. Pressure broadening cross sections[END_REF].

Additionally, we note that the centrifugal distortion plays a minor role.

The full set of our cross sections are given as supplementary material [START_REF] Thibault | HD in He generalized cross sections[END_REF], including our results for the R 0 (3) line not presented in this section. 1 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD" are the results of our full calculations, taking into account the centrifugal distorsion, while "no CD" are the results obtained using only 7 radial coupling terms.

Collision integrals and line shape parameters

In order to calculate the line shape parameters, it is first necessary to derive the relevant collision integrals from the generalized cross sections [START_REF] Corey | Dicke narrowing and collisional broadening of spectral lines in dilute molecular gases[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 gas[END_REF][START_REF] Demeio | Effects of velocity changing collisions on line shapes of HF in Ar[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] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF][START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF]:

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 ) (4)
with < v > the mean relative speed at a given temperature T ,

< v >= 8k B T /πµ. ( 5 
)
and µ is the reduced mass of the colliding pair. Then following the GHM [START_REF] Hess | Kinetic theory of spectral line shapes. the transition between Doppler broadening and collisional broadening[END_REF][START_REF] Corey | Dicke narrowing and collisional broadening of spectral lines in dilute molecular gases[END_REF][START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF], two collision frequencies are introduced, namely ω A and ω R (in rad s -1 ). The first one is the complex PB-, PS-coefficient :

ω A = n b ω 00 0 (q) ≡ Γ -i∆ = n b (γ 0 -iδ 0 ), ( 6 
)
Figure 4: (Color online) Imaginary part of the Dicke cross sections (DXS) (Imσ q 1 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD" are the results of our full calculations, taking into account the centrifugal distorsion, while "no CD" are the results obtained using only 7 radial coupling terms.

where n b is the number density of the perturbers, the helium atoms, Γ and ∆ are the usual Lorentzian collisional HWHM (half width at half maximum) and line shift, and γ 0 , δ 0 the corresponding normalized coefficients. The second collision frequency takes into account the correlation between the translational 240 motion and the internal changes. According to [START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF] it is expressed as a mass-weighted combination of ω 1,1 1 (q) and ω 0,0 0 (q):

ω R = M a ω A + 2 3 n b M b ω 11 1 (q) (7)
with

M i = m i m a + m b , (8) 
where m a is the mass of the active molecule (HD) and m b the mass of the bath particle (He); the index i stands for a or b. In the following we will call ω A and 245 ω R the generalized Hess parameters because these are the frequencies which enter in the expression of Hess' profile [START_REF] Hess | Kinetic theory of spectral line shapes. the transition between Doppler broadening and collisional broadening[END_REF] with the line position ω 0 and the frequency of observation ω. 1 (1) as a function of the temperature. The red symbols represent selected data from tables 2 and 3 of [START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF].

In profiles that include the effect of the velocity changing collisions (VC) [START_REF] Hartmann | Collisional Effects on Molecular Spectra[END_REF], leading to the Dicke narowing, an effective frequency 250 of such collisions appears. This parameter is often loosely deduced from the mass diffusion coefficient and often denoted ν dif f in place of ν opt . It has been recognized by [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] that the "true" optical frequency of the VC collisions is given by the GHM as follows 1 :

ν opt = ω R -ω A . ( 9 
)
This frequency is complex (contrary to ν dif f , which is real). The discussion 255 about the main differences between ν dif f and ν opt is reported in Appendix A.

1 The name optical frequency is not related to the frequency domain of an electromagnetic wave but to make the distinction with ν dif f since it is νopt that is a parameter of a line profile.

To avoid confusion, this optical frequency could be named a "Generalized Hess Frequency" because it comes from Hesss theory [START_REF] Hess | Kinetic theory of spectral line shapes. the transition between Doppler broadening and collisional broadening[END_REF] generalized by [START_REF] Corey | Dicke narrowing and collisional broadening of spectral lines in dilute molecular gases[END_REF] followed by [START_REF] Monchick | Diatomic-diatomic molecular collision integrals for pressure broadening and Dicke narrowing: A generalization of Hess's theory[END_REF]. It could also be called a "Complex Generalized Dicke Frequency", since it contains more than the usual Dicke frequency. In the end, we have settled for calling it "Complex Dicke Parameter". This is the term we use in the discussion Table 1: Calculated and experimental pressure broadening coefficients γ 0 in 10 -3 cm -1 amg -1

for the R 0 (j = 0-3) lines. The SDqHCP (for quadratic speed dependent hard collision profile) values are expected observed HWHM, see Section 6.3. Figures 5, 6 and 7 compare our collision integrals with picked values2 in Tables 2 and 3 of [START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF] at various temperatures betwwen 10 and 500 K for the R 0 (0) and R 0 (1) lines. We observe an overall very good agreement between these two sets of calculations.

T (K) R 0 (0) R 0 (1) R 0 (2) R 0 (
Tables 1 and2 provide theoretical and experimental PB-and PS-coefficients at 77, 195 and 296 K for the R 0 (j=0-3) lines. When comparable, the results of our calculations are in good agreement with the radiative close coupling values of Gustafsson and Frommhold (2001a) and the CC values of [START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF] despite that different PESs were used. On the contrary, the agreement is not satisfying with the experimental values of Tabisz and coworkers [START_REF] Drakopoulos | Collisional interference in the foreign-gas-perturbed far-infrared rotational spectrum of HD[END_REF][START_REF] Ulivi | Temperature dependence of the collisional interference in the pure rotational far-infrared spectrum of HD[END_REF][START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF]), the agreement being slightly better for the shifts of the R 0 (0) and R 0 (1) lines. We have no in Appendix A.

Table 2: Calculated and experimental line shift coefficients δ 0 in 10 -3 cm -1 amg -1 for the R 0 (j = 0 -3) lines. The SDqHCP (quadratic speed dependent hard collision profile) values are expected observed HWHM, see Section 6.3. clear explanation of that fact. We may suspect the quality of their spectra which are quite noisy (see for instance Fig. 1 of [START_REF] Drakopoulos | Collisional interference in the foreign-gas-perturbed far-infrared rotational spectrum of HD[END_REF] and Fig. 2 of [START_REF] Ulivi | Temperature dependence of the collisional interference in the pure rotational far-infrared spectrum of HD[END_REF]). Moreover this group used high densities (a few tens of amagats) with not small mixing concentration ratios c He /c HD , thus the contribution of the HD-HD collisions is not negligible on the widths and shifts.

T (K) R 0 (0) R 0 (1) R 0 (2) R 0 (
In addition, HD-HD and HD-He interference effects affect the line shapes and the far IR R lines are superimposed on a broad continuum due to HD-HD and HD-He induced absorption. The presence of dimers is also possible at the lowest temperature.

Raman spectra of the S 0 (j=0-2) lines, that we report in this paper, were recorded in Madrid at 77, 195 and 298 K for total densities below 1.25 amagat and HD relative concentration smaller than 11%. Experimental details are provided in the next Section. Tables 3 and4 gather our experimental and calculated values for the pure rotational Stokes lines. Here too we observe quite large differences for the PB coefficients and an overall better agreement for the shifts. We also note that the disagreement increases as temperature increases.

An accurate line shape analysis, trying to reconcile these two sets of data,
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is the object of Section 6. Data resulting from this analysis are denoted by SD q HCP in Tables 34.

Experimental determination of the widths and shifts

The observation of the S 0 (0), S 0 (1) and S 0 (2) lines of the pure rotational Raman spectrum of HD studied in this work has been carried out through the use of a high-resolution stimulated Raman spectroscopy (SRS) setup. The SRS apparatus has been described in a previous article [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF] where the shifting and broadening of D 2 pure rotational lines were measured. The modifications described therein have been kept in this work as the frequency range of the studied lines is similar and temperatures are the same. At its core, the setup is essentially a quasi-cw pump-probe configuration in which a fixed-frequency, cw laser beam acts as probe and a tunable, pulsed laser beam acts as pump. The beams are spatially overlapped and focused collinearly on the sample under study. To register a Raman spectrum the frequency of the pump beam is scanned, and when the frequency difference of the two beams matches that of a Raman transition an energy transfer takes place between both beams. In our setup, it is detected through the intensity loss experienced by the high-frequency probe laser beam. Thus, by monitoring this intensity as a function of the frequency difference of the two beams a Raman spectrum of the sample is obtained. The apparatus function, which results from the convolution of the spectral profiles of the two laser beams, has a nearly Gaussian shape.

The attainable resolution, loosely defined as the full width at half maximum (FWHM) of this apparatus function, is limited only by the linewidths of the two beams. This allows the recording of high resolution spectra if narrowlinewidth lasers are employed. In the present experiment, a resolution of about 1.8 x 10 -3 cm -1 was attained.

As in the above mentioned article, perpendicular polarization of the pump and probe lasers has been used in order to make easier the separation of both lasers after interaction in the sample cell. Measurements were performed at 77, 195 and 298 K. In order to reach the first two temperatures, the body of the cell was immersed in liquid nitrogen and carbonic dry ice respectively.

Every spectral line was recorded twice at four different pressures in the range between 50 and 1000 mbar for every temperature. The HD partial pressure was kept constant, at a value between 3 and 8 mbar depending on the line and temperature, for each pressure series. The whole procedure was repeated between three and four times.

The procedure for the determination of both the line shift and line broadening coefficients was the same as described by [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]: in an initial step, wavenumber corrections were applied to account for the relative thermal drift of both wavemeters (see [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF] for details). Then, all the line profiles in the series were independently fitted to Voigt profiles using commercial software (Peak Fitting Module of Microcal Origin). Both the Lorentzian and Gaussian widths of the profile were initially left unconstrained, and this allowed us to verify that all the fits in each series, within the limits allowed by the experimental noise present in the spectra, converged to similar values of the Gaussian width, which also matched the width of our apparatus function. After this verification, the Gaussian width for each series was constrained to the average value obtained for the series and all the fits repeated to extract the Lorentzian contributions to the profiles. Figure 8 shows the S 0 (0) spectral line at 77 K and a partial He pressure of 348 mbar (black) together with the fitted Voigt profile (red) and residuals (blue) to give an idea of the quality of the fit.

The pressure broadening coefficients were obtained by fitting the lorentzian contributions extracted from the linewidths of a pressure series to Eq. ( 3) in [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF], which consists of a linear broadening term and a nonlinear Dicke term. Figure 9 presents one example of these fits, corresponding to the S 0 (0) line at 77 K. The obtained broadening coefficients are presented in Table 3 for all lines and temperatures.

A simple linear fit of the wavenumbers of the maxima against the He partial pressure in each series was used to determine the shift coefficient. Figure 10 illustrates three of these linear fits, corresponding to the S 0 (0) spectral line at 77, 195 and 298 K, and gives a visual idea of the quality of the fits and the magnitude of the error bars associated to the determination of the maxima. The obtained coefficients for all lines and temperatures are displayed in Table 4.

The collisional line-shape effects and comparison between theory and experiment

In this section we show that, in order to properly interpret experimental data and compare with the results of the ab initio quantum scattering calculations, the beyond-Voigt line-shape effects have to be taken into account. In this respect, any molecular hydrogen isotopologue is very atypical and exhibits strong speed dependence (SD) of collisional broadening and shift as well as a very pronounced influence of the velocity-changing (VC) collisions. In Section 6.1, we discuss the line-shape effects relevant for the considered here He-perturbed HD pure rotational lines. These lines exhibit even more interesting collisional effects than other molecular hydrogen spectra, because here not only the SD of broadening and shift are very strong, but also the SD of broadening is much larger than the SD of shifting, which results in enhancement of the inhomogeneous collisional asymmetry, see Section 6.2. In Section 6.3, we compare our full theoretical results with experiment.

The collisional line-shape effects

In the case of molecular hydrogen spectra, the beyond-Voigt line-shape effects are atypically pronounced. Besides the basic Lorentzian broadening, γ 0 , and shift, δ 0 , parameters, one has to consider their SD and the VC collisions.

We tested that the present state-of-the-art approaches (Wcis lo et al. 2018) incorporating the exact form of ab initio SD and billiard-ball [START_REF] Ciury Lo | Solving the line-shape problem with speed-dependent broadening and shifting and with Dicke narrowing[END_REF] or Blackmore [START_REF] Wciso | Influence of the interaction potential shape on the Dicke narrowed spectral line profiles affected by speed-dependent collisional broadening and shifting[END_REF]) models of VC collisions lead only to small corrections comparing simpler approximated methods at present conditions (high-pressure limit) and experimental accuracy. Therefore, it suffices to use a model based on a quadratic approximation of SD and hard-collision approximation of the VC collisions. The resulting profile is called SD hardcollisions profile with quadratic SD (SD q HCP). The SD of broadening and shift is quantified by γ 2 and δ 2 parameters. The real and imaginary rates of the VC collisions are denoted by νr opt and νi opt (Eq. ( 9)). Therefore, SD q HCP is parametrized by six collisional line-shape parameters: γ 0 , δ 0 , γ 2 , δ 2 , νr γ 2 = 3.60, δ 2 = 1.54, νr opt = 28.8 and νi opt = -1.84 (all the numbers are in the unit of 10 -3 cm -1 /amg). The gray line is a Lorentz profile with ab initio γ 0 and δ 0 (the same as the aforementioned ones for SD q HCP). The SD of broadening and shift leads to inhomogeneous collisional narrowing and broadening of the parison is done for the high-pressure limit, n = 10 amg, where the Doppler component is completely negligible. For the Lorentz profile we used our ab initio broadening, γ 0 , and shift, δ 0 , parameters, while for the SDqHC profile we used the full set of the ab initio line-shape parameters: γ 0 , δ 0 , γ 2 , δ 2 , νr opt and νi opt . The green and gray vertical dashed lines are the effective positions of the SDqHC and Lorentz profiles; the difference of the pressure shifts originates from the nonzero value of the δ 2 parameter and the asymmetry enhancement effects caused by γ 2 , see Section 6.2. The SDqHC profile is narrower than the Lorentzian, because the speed-dependent effect is dominated by the speed-dependence of broadening (γ 2 > δ 2 ).

profile, respectively. Since γ 2 is much larger than δ 2 , the SD q HCP is effectively narrower than the Lorentzian, see Fig. 11; see also the comparison between the gray and green lines in upper panels in Fig. 12.

Enhancement of the collisional inhomogeneous line asymmetry 395

In the simple case of a Voigt profile the effective position of the molecular line is given by a sum of its unperturbed line position and the collisional shift, ν 0 + pδ 0 . However, when the collisional shift depends on the speed of an active molecule, i.e. δ 2 = 0, then the line is additionally broadened and asymmetric (this contribution is called inhomogeneous collisional broadening). The Voigt profile and extrapolating the fitted values of γ 0 and δ 0 parameters to the high-pressure limit, see Section 5 for details. The gray lines are the direct values of the γ 0 and δ 0 parameters from our ab initio calculations, see Eq. ( 6). The green lines are the effective width and shift of the SDqHC that we expect to observe in experiment determined as shown in Fig. 13. The experimental black points should be compared with green lines.

However, since for molecular hydrogen the real part of the frequency of the VC collisions, νr opt , is large, the inhomogeneous asymmetry and its associated additional shift are (strongly) reduced. This competition between SD effects and VC collisions is well known in molecular hydrogen spectra analysis [START_REF] Wcis Lo | Strong competition between velocity-changing and phase-or state-changing collisions in H 2 spectra perturbed by Ar[END_REF]. For most cases of self-and foreign-perturbed molecular hydrogen lines, the above described picture is valid, for instance see [START_REF] Wcis Lo | Strong competition between velocity-changing and phase-or state-changing collisions in H 2 spectra perturbed by Ar[END_REF] for Ar-perturbed H 2 Q(1) 1-0 line, [START_REF] Wcis Lo | Accurate deuterium spectroscopy for fundamental studies[END_REF] for self-perturbed D 2 S(2) 2-0 line and Slowínski et al. for He-perturbed H 2 2-0 Q(1) and 3-0 S(1) lines. The system considered in this article is atypical and exhibits intriguing features. Indeed, in the present case the SD effects are not dominated by the SD of the shift, but by the SD of the broadening. The obvious consequence is that SD effects effectively lead to narrowing of the profile, for example see Fig. 11 for the He-perturbed HD S 0 (2) line (the green line including SD effects is clearly narrower than its Lorentzian counterpart). This narrowing is also seen in the upper panels in Figs. 12 andB.1. The intriguing feature that we observed here is not related to the widths of the lines, but to their effective shifts. If we simulate the SD q HC profile without the SD of broadening (γ 2 = 0) then the effective line shift is very close to δ 0 (in such case the two vertical lines from Fig. 11 would overlap). This is caused by the fact that νr opt is much larger than δ 2 and the δ 2 -induced asymmetry of the line is completely unobservable because of the much more pronounced influence of VC collisions. The intriguing feature is that if we turn on the SD of broadening (i.e., we set γ 2 to its value deduced from our ab initio speed dependent broadening coefficients) then the line gets asymmetric and hence effectively shifted, see Fig. 11. This behavior is quite unexpected because, due to the symmetry of the line-shape equations, γ 2 by itself cannot induce any asymmetry of the line. To ensure that this is a physical effect and not caused by the simplifications assumed in the SD q HC model or by some numerical problems related to the used computer algorithm, we repeated these simulations with a much more sophisticated line-shape model (a speed reaching exactly the same conclusion. Our interpretation of this effect is that although the SD of broadening cannot induce line asymmetry by itself, it enhances the contribution of the SD line shift within the competition between the SD of line shift and VC collisions. It should be emphasized that the differences between effective line shifts of SD q HC and Lorentzian models from Fig. 11 and lower panels in Figs. 12 are completely caused by this enhancement effect and without it the gray and green lines from these figures would be overlapped.

Comparison between theory and experiment

The comparison of our experimental results and ab initio calculations for the pure rotational S lines in He-perturbed HD is shown graphically in Fig. 12.

The black points are the experimental shifts and half-widths at half maximum determined by fitting the actual experimental spectra with a Voigt profile and extrapolating the fitted values of γ 0 and δ 0 parameters to the high-pressure limit, see Section 5 for details. The error bars are 1 σ standard errors. The gray lines from Fig. 12 are the direct values of the γ 0 and δ 0 parameters from our ab initio calculations, see Eq. ( 6). The green lines in Fig. 12 are the effective widths and shifts of the ab initio SD q HC model. In Fig. 13, we demonstrate the procedure we used to determine them. The green points in Fig. 13 represent 450 our ab initio SD q HCP and the red line is a Lorentzian fit. The bottom panel of Our experimental data (black points in Fig. 12) should be compared with the green lines. It is seen that for almost all the cases from Fig. 12 the green lines agree with experiment within combined experimental and theoretical 1 σ (we estimate theoretical uncertainty at 2.5 % [START_REF] Jwiak | Ab initio line-shape calculations for the S and O branches of H 2 perturbed by He[END_REF])), which is not the case for the gray line. The data provided by our SD q HCP analysis are also reported in Tables 3 and4. This demonstrates that the incorporation of the collisional line-shape effects is necessary for a proper physical interpretation of the experimental data.

In the Appendix B we show a similar comparison, but for R lines.

Conclusion

In this article, using the most recent and expected most accurate ab initio PES of [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] for H 2 -He, we have presented line-shape parameters for the purely rotational dipole R 0 (j=0-3) and Raman S 0 (j=0-2) lines of HD in helium baths. Our values compare very well with previous calculations performed for the R 0 (j=0-1) [START_REF] Green | Rotational excitation of HD by collisions with He[END_REF]Schaefer andMonchick 1987, 1992;Gustafsson and Frommhold 2001a) and S 0 (j=0) [START_REF] Green | Rotational excitation of HD by collisions with He[END_REF] lines. However, there is still a quite large disagreement with available experimental data existing for the R lines [START_REF] Drakopoulos | Collisional interference in the foreign-gas-perturbed far-infrared rotational spectrum of HD[END_REF][START_REF] Ulivi | Temperature dependence of the collisional interference in the pure rotational far-infrared spectrum of HD[END_REF][START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF]. Therefore, new measurements performed at atmospheres-relevant densities would be welcome for these lines of astrophysical and atmospherical interest.

A simple Voigt profile is inadequate to simulate such spectra and capture their complexity. By using a speed dependent hard collision profile, we show that not only effects coming from internal changes due to collisions must be considered to reach good agreement between experimental and calculated data but also effects coming from the translational motion and the correlations between these different kinds of phenomena. Taking into account these effects we obtained very good agrement between our theoretical data and the ones deduced from our SRS measurements.

In addition, we provide as supplementary material [START_REF] Thibault | HD in He generalized cross sections[END_REF]) a in the appendices A and B of [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] and in the suplementary material of [START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF]). Therefore the important difference between the frequency of the velocity changing collisions derived from the diffusional motion and the complex Dicke parameter ν opt , as given by Eq. ( 9), is that the latter includes the transport of the internal polarization and thus depends on the rovibrational transition.

In our previous works about H 2 -He [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF] of the VC collisions, even if it is small, for the two different lines. This appears naturally within the GHM. The value deduced from our classical method is not bad but insufficient for an accurate line shape analysis. The difference increases with temperature, which we may relate with the increase of the inelastic collisions. As compared to the previous studied systems [START_REF] Thibault | Rovibrational line-shape parameters for H 2 in He and new H 2 -He potential energy surface[END_REF][START_REF] Martínez | Testing the ab initio quantum-scattering calculations for the D 2 -He benchmark system with stimulated Raman spectroscopy[END_REF] the difference is bigger between ν dif f and ν opt because of the lack of symmetry (the PES include odd anisotropic components). Finally, let us note that this difference is even bigger for CO in Ar baths because of the predominance of the inelastic collisions for this system Kowzan et al.. points) are taken from [START_REF] Drakopoulos | Collisional interference in the foreign-gas-perturbed far-infrared rotational spectrum of HD[END_REF], [START_REF] Ulivi | Temperature dependence of the collisional interference in the pure rotational far-infrared spectrum of HD[END_REF][START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF]. The observed halfwidths and shifts should be slightly smaller than the collisional parameters γ 0 and δ 0 as shown by the green lines. The values deduced from our SD q HCP analysis at 77, 195 and 296 K are also reported in Tables 1 and2. We also observe more important disagreement between our 545 values deduced from our line-shape analysis (SD q HC) and the experimental values than between our comparisons for S lines. Thus new experiments for pure rotational R lines should be undertaken. (1989); [START_REF] Lu | Temperature dependence of the pure rotational band of HD: Interference, widths, and shifts[END_REF]. The gray lines are the direct values of the γ 0 and δ 0 parameters from our ab initio calculations, see Eq. ( 6). The green lines are the effective width and shift of the SDqHC that we expect to observe in experiment determined as shown in Fig. 13. The experimental black points should be compared with green lines.

Associated reference in the main text : [START_REF] Thibault | HD in He generalized cross sections[END_REF].

Figure 2 :

 2 Figure 2: (Color online) Pressure shift cross sections (Imσ q0 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD" are the results

Figure 3 :

 3 Figure 3: (Color online) Real part of the Dicke cross sections (DXS) (Reσ q1 (j i j f ; E kin )), as a function of the kinetic energy, for the R 0 (j=0-2) and S 0 (j=0-2) lines of HD in He. "with CD"

Figure 5 :

 5 Figure 5: (Color online) Normalized (in mK/amg) real part of ω 0,0 0(1) or pressure broadening coefficients as a function of the temperature. Recall that 1 mK = 10 -3 cm -1 . The red symbols represent selected data from tables 2 and 3 of[START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF].

Figure 6 :

 6 Figure 6: (Color online) Normalized (in mK/amg) imaginary part of ω 0,0 0 (1) or minus pressure shift coefficients as a function of the temperature. The red symbols represent selected data from tables 2 and 3 of Schaefer and Monchick (1992).

Figure 7 :

 7 Figure 7: (Color online) Normalized (in mK/amg) real part of ω 1,1 1 (1) as a function of the temperature. The red symbols represent selected data from tables 2 and 3 of Schaefer and

Figure 8 :

 8 Figure 8: (Color online) S 0 (0) line at 77 K. Experimental (black dots), fitted Voigt profile (red line) and residuals (blue dots), at 348 mbar of He partial pressure.

  Figure 9: (Color online) Experimental line-width (HWHM) for the S 0 (0) line at 77 K (black dots) and best fit to equation 3 in Martínez et al. (2018) (red line) to extract the pressure broadening coefficient.
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Figure 10 :

 10 Figure 10: (Color online) Experimental line-shifts of the S 0 (0) line at 77 K (red dots), 195 K (blue dots) and 298 K (black dots) and linear fits (lines in red, blue and black) for the three temperatures.

  opt and νi opt ; all of them are determined from our ab initio quantum scattering calculations (Wcis lo et al. 2018), see Eqs. (6) and (9). The definition of γ 2 and δ 2 can be found in Tennyson and et al. (2014); Stolarczyk et al. (2019),Kowzan et al.. The influence of the beyond-Voigt line-shape effects on the spectra considered here are shown in Fig. 11 for the case of S 0 (2) line in He-perturbed HD at T = 298 K in the high-pressure regime where the Doppler effect is completely washed out by the Dicke narrowing. The green line is the full SD q HCP with ab initio values of six collisional line-shape parameters: γ 0 = 8.46, δ 0 = 3.64,

Figure 11 :

 11 Figure 11: (Color online) Comparison of the full SDqHC profile (green line) with the simple Lorentz profile (gray line) for the S 0 (2) line in He-perturbed HD at T = 298 K. The com-

Figure 12 :

 12 Figure 12: (Color online) Comparison of our experimental results and ab initio calculations for the pure rotational S lines in He-perturbed HD. The black points are the experimental shifts and half-widths at half maximum determined by fitting the actual experimental spectra with

  dependent billiard-ball model with ab initio speed dependence (Ciury lo et al. 2001) based on completely different numerical algorithms (Wcis lo et al. 2013))

Figure 13 :

 13 Figure 13: (Color online) Lorentzian fit to the ab initio SDqHC profile for the S 0 (2) line in He-perturbed HD. The green points represent the ab initio SDqHC profile; exactly the same as the green line in Fig. 11, i.e., generated for T = 298 K and n = 10 amg. The red line is a Lorentzian fit, whose broadening, γ 0 , and shift, δ 0 , parameters quantify the effective width and shift of our ab initio SDqHC profile. This is the way how the green lines from Figs. 12 and B.1 were determined.

Fig. 13

 13 Fig. 13 shows the residuals from the fit. The fitted values of the Lorentzian γ 0 and δ 0 give us information about effective half-width at half-maximum and shift of the line that we expect to observe in the experiment. The values of these two fitted parameters are shown in Fig. 12 (green lines) as a function of temperature.
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  and D 2 -He Martínez et al. (2018) we have shown that the effective parameter ν dif f and the true frequency of the VC collisions ν opt are very close because of the great importance of the isotropic interaction as compared to the anisotropic components (starting with L = 2) and the weakness of the inelastic collisions, at least up to room temperature. Figure A.1 shows the same comparison for the R 0 (0) and S 0 (2) lines in helium. The classical value for ν dif f has been obtained following Hirschfelder et al. (1967) performing simple classical calculations on the isotropic term of the HD-He PES. The close coupling method allows the distinction of the frequency

Figure A. 1 :

 1 Figure A.1: (Color online) Comparison of the frequency of the VC collisions (in cm -1 /atm) obtained with the GHM, νopt, with the diffusional frequency ν dif f at various temperatures.

Figure

  Figure B.1: (Color online) Comparison of experimental results and our ab initio calculations for the first pure rotational R lines in He-perturbed HD. The black points are the experimental shifts and half-widths at half maximum taken from Drakopoulos and Tabisz (1987); Ulivi et al.

Table 3 :

 3 Present calculated and experimental line broadening coefficients γ 0 in 10 -3 cm -1

	amg -1 for the S 0 (j = 0 -2) lines. The SDqHCP (quadratic speed dependent hard collision
	profile) values are expected observed HWHM, see Section 6.3.
	T (K)	S 0 (0)	S 0 (1) S 0 (2)	exp./calc.
	77	1.89(9) 2.1(1)		experimental
		1.98	2.12	1.81	calculations
		1.97	2.11	1.79	SD q HCP
	195	6.1(3) 5.9(3)		experimental
		6.62	5.96	4.99	calculations
		6.28	5.77	4.86	SD q HCP
	298	9.4(5) 9.4(5) 7.6(4) experimental
		11.14	9.97	8.46	calculations
	10.29 SD T (K) 9.37 8.05 S 0 (0) S 0 (1) S 0 (2) exp./calc.
	77	1.75(9) 1.46(7)		experimental
		1.77	1.55	0.74	calculations
		1.71	1.51	0.71	SD q HCP
	195	3.4(2)	3.1(2)		experimental
		3.32	3.50	2.38	calculations
		3.09	3.25	2.21	SD q HCP
	298	3.9(2)	4.0(2) 3.0(2) experimental
		4.0	4.63	3.64	calculations
		3.7	4.16	3.27	SD q HCP

q HCP Table 4: Present calculated and experimental line shift coefficients δ 0 in 10 -3 cm -1 amg -1 for the S 0 (j = 0 -2) lines. The SDqHCP (quadratic speed dependent hard collision profile) values are expected observed HWHM, see Section 6.3.

Note that Eq. (16) of[START_REF] Schaefer | Line broadening of HD immersed in He and H 2 gas[END_REF] is incorrect: to convert the rate constant expressed in cm

s -1 to cm -1 amagat -1 a factor 1 2π should be added.
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asymmetry causes that the effective position of the line is additionally shifted. first complete set of line shape parameters for purely rotational electric dipole and Raman lines. This includes for the R 0 (j=0-3) and S 0 (j=0-2) the various cross sections, the Ω integrals, GHM parameters, the speed dependence of the line shape parameters as well as thermally averaged values between 10 and 500 K. Thus our data set is well suited to generate from a simple Voigt to the most elaborated line profiles including effects arising from internal changes and the translational motion.

Appendix A. Relation between the Dicke parameter ν opt for the velocity changing collisions and the empirical one ν dif f When one wants to consider the effect of the velocity changing collisions on the line shape, as an initial value in a line fitting procedure or by default, the frequency of such collisions is often fixed to ν dif f [START_REF] Hartmann | Collisional Effects on Molecular Spectra[END_REF]) which is deduced from the mass diffusion coefficient D ab [START_REF] Hirschfelder | Molecular Theory of Gases and Liquids[END_REF]) via:

where m a is the mass of the optically active molecule. The cross section σ q 1 that allows the determination of the ω 1,1 1 (q) collision integral has no classical equivalent. However, it can be demonstrated that for structureless colliding particles, thus driven by one and only one central potential, the real part of that cross section reduces to a momentum-transfer cross section (see also the discussions

Appendix B. Line-shape analysis for R lines

In this appendix we graphically show (Fig. B.1) the results of our quadratic speed dependent hard collision profile (SD q HC) for the studied R lines, exactly as it has been performed for the S lines, see Section 6. The meaning of the gray and green lines is exactly the same as in Fig. 12. The experimental data (black
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