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Introduction

This paper investigates the rotational excitation of the HCN molecule by para-water for cometary applications. Indeed, water is the most abundant molecule in cometry atmospheres and is therefore the main molecular collider that contributes to the population and de-population of rotational HCN levels.

About five dozens of molecules have been identified in cometary atmospheres.

However, less than a dozen have strong enough spectral signatures to be detected in moderately active comets using current ground-based instrumentation, and to be used for statistical studies of comet composition. Molecules observable in the millimeter and submillimeter domains which are used for these studies are HCN, CS, CH 3 OH, H 2 CO, H 2 S and CH 3 CN (Bockelée-Morvan and Biver, 2017). These molecules have been observed in 15 to 35 comets. Depending of the molecule, abundances vary by a factor from a few to several tens (CO) among comets.

Abundance determinations based on radio and infrared observations of cometary atmospheres rely on the use of state-of-the-art excitation and radiation transfer models for precise measurements. Molecules released in the coma by the sublimation of cometary ices undergo a wealth of excitation processes. These include collisions with water, collisions with electrons, infrared excitation of the fundamental bands of vibration by solar radiation, and radiative decay. Radiative transfer codes based on the escape probability method and on the accelerated Monte Carlo algorithm of [START_REF] Hogerheijde | An accelerated Monte Carlo method to solve two-dimensional radiative transfer and molecular excitation -With applications to axisymmetric models of star formation[END_REF]have been developed to interpret optically thick HCN and H 2 O rotational lines [START_REF] Bockelée-Morvan | A model for the excitation of water in comets[END_REF][START_REF] Bensch | The Pure Rotational Line Emission of Ortho-Water Vapor in Comets[END_REF][START_REF] Zakharov | Radiative transfer simulation of water rotational excitation in comets. Comparison of the Monte Carlo and escape probability methods[END_REF]. As far as radio observations are concerned, their interpretation relies on assumptions on collisional cross-sections since in most cases the field of view encompasses regions out of equilibrium. Whereas cross-sections for collisions with electrons are largely available, for example HCN-electron collision of Faure et al. (2007), the crosssections for collisions involving water available in the literature rely on crude modelling [START_REF] Buffa | H 2 o-h 2 o collision rate coefficients[END_REF] or on laboratory measurements of line broadening providing total cross-sections for depopulation [START_REF] Murphys | Collision broadening of rotational absorption lines .v. pressure broadening of microwave absorption spectra involving asymmetric-top molecules[END_REF]. For HCN and CH 3 OH, two molecules with bright lines at millimeter wavelengths, indirect constraints on collisional rates were obtained by measuring several lines of the same molecule, or the same line with different fields of view [START_REF] Biver | Spectroscopic Observations of Comet C/1999 H1 (Lee) with the SEST, JCMT, CSO, IRAM, and NanC[END_REF]. The requirement of ad-hoc correcting factors to electron collision rates, with values that unexpectedly vary with the molecule, suggested that neutralneutral collisions are not correctly modeled. Worth noting is the elusive factor of two in discrepancies often observed in HCN production rate determinations from millimeter and IR observations [START_REF] Russo | Emerging trends and a comet taxonomy based on the volatile chemistry measured in thirty comets with high-resolution infrared spectroscopy between 1997 and[END_REF][START_REF] Bockelée-Morvan | The composition of cometary ices[END_REF]. Improved modeling of HCN excitation, together with large scale imaging of HCN rotational lines that could be performed with the Atacama Large Millimeter/submillimeter Array (ALMA)1 , may help solving this discrepancy. It should be noted that the current radiative transfer models use a global constant cross-section for excitation of molecules by water of about 10 -14 cm 2 [START_REF] Crovisier | Rotational and vibrational synthetic spectra of linear parent molecules in comets[END_REF][START_REF] Biver | Spectroscopic monitoring of comet C/1996 B2 (Hyakutake) with the JCMT and IRAM radio telescopes[END_REF] and do not take into account any possible differences in state-to-state inelastic rate coefficients.

As mentioned above, rotational excitation of molecules by water to produce collisional rate coefficients for cometary application has attracted next to no attention apart from a few publications. [START_REF] Buffa | H 2 o-h 2 o collision rate coefficients[END_REF] calculated H 2 O-H 2 O rotational inelastic rate coefficients using a methodology adapted from the Tsao-Curnutte approach [START_REF] Tsao | Line widths of pressure-broadened spectral lines[END_REF], which is one of the oldest methodologies employed to calculate pressure broadening coefficients. The Tsao-Curnutte approach is based on the long-range part of the potential energy surface and Buffa et al. included the dipole-dipole interaction. [START_REF] Agg | Infinite order sudden calculation of Raman Qbranch linewidths for H 2 O+H 2 O[END_REF] extended the infinite order sudden (IOS) approximation and a modified version of the breathing sphere approximation to calculate rate constants for rotationally inelastic scattering between two H 2 O molecules, those were used to determine Raman Q branch spectral linewidths. It should be mentioned that some theoretical investigations have recently applied the semi-classical MQCT method [START_REF] Ivanov | Rotational quenching of H 2 O by He: Mixed quantum/classical theory and comparison with quantum results[END_REF][START_REF] Semenov | Mixed quantum/classical theory for inelastic scattering of asymmetric-top-rotor plus atom in the bodyfixed reference frame and application to the H 2 O + He system[END_REF][START_REF] Semenov | Inelastic Scattering of Two Asymmetric-Top Rotors with Application to H 2 O + H 2 O[END_REF] to the water-He and the water-water systems. Nevertheless, the MQCT method has never been used to produce large sets of rate coefficients, the publications have focused on comparing the MQCT method to other well-known methods such the close-coupling (CC) [START_REF] Arthurs | The Theory of Scattering by a Rigid Rotator[END_REF] method or the coupled states (CS) [START_REF] Pack | Space-fixed vs body-fixed axes in atom-diatomic molecule scattering. Sudden approximations[END_REF][START_REF] Mcguire | Quantum mechanical close coupling approach to molecular collisions. j z -conserving coupled states approximation[END_REF] method. More recently, the CO-H 2 O system has been also investigated, exploring bound states and computing s-wave cross-sections (lowest value of the total angular momentum) for the excitation of CO by H 2 O using the CC method [START_REF] Kalugina | Interaction of H 2 O with CO: potential energy surface, bound states and scattering calculations[END_REF], as well as investigating the use of statistical, CS and classical methods as alternatives to CC calculations [START_REF] Loreau | Scattering of CO with H 2 O: Statistical and classical alternatives to close-coupling calculations[END_REF]. But no complete and accurate sets of thermalized rate coefficients have been produced yet.

The CC and CS methods have been intensively used over the years. In the past 10 years a wealth of new and highly accurate quantum theoretical collisional rate coefficients involving rotational transitions have been calculated for the excitation of molecules by He and H 2 [START_REF] Roueff | Molecular Excitation in the Interstellar Medium: Recent Advances in Collisional, Radiative, and Chemical Processes[END_REF]Dubernet et al., 2011;[START_REF] Dubernet | Collisional excitation rates in the ISM[END_REF], with published rate coefficients included or in the process to be included in the BASECOL database [START_REF] Dubernet | BASECOL2012: A collisional database repository and web service within the Virtual Atomic and Molecular Data Centre (VAMDC)[END_REF] 2 . The drive behind such calculations was mostly the study of the interstellar medium (ISM) coupled to the advent of a new generation of heterodyne instruments possessing large instantaneous bandwidths, from the ground-based single-dish 30m IRAM3 

to the ALMA interferometer, to the Herschel Space Observatory (de Graauw et al., 2010), that allowed to observe molecules with unprecedented sensitivity in various astrophysical media.

Those published rate coefficients are mostly based on collisional calculations performed within the Born-Oppenheimer approximation, which leads to a three-step procedure: calculation of the so-called potential energy surface (PES) via ab initio quantum chemistry or empirical methods, representation of the PES by some functional form useful for the dynamical calculations, and finally dynamical calculations carried out mainly with the CC method, or with the CS method for high energy calculations. Those accurate methods are very demanding in computer time and in memory requirements; it is generally accepted that CC calculations are the most accurate, followed by CS, IOS approximation (Tsien and Pack, 1970a,b;[START_REF] Secrest | Theory of angular momentum decoupling approximations for rotational transitions in scattering[END_REF], decoupled l-dominant approximation [START_REF] Depristo | Decoupled l-dominant approximation for ion-molecule and atom-molecule collisions[END_REF], and effective Hamiltonian methods [START_REF] Rabitz | Effective Hamiltonians in molecular collisions[END_REF]. In recent years, considerable progress has been made in the development of alternate methods to treat inelastic scattering. As mentioned before, the accurate semi-classical MQCT method has been developed and used for various systems and an option would be to employ that method for rotational excitation calculations by water. Another method that is gaining popularity (as a fully quantum approach applicable to large systems) is the wave packet-based Multi-Configurational Time-Dependent Hartree (MCDTH) method [START_REF] Meyer | The multi-configurational time-dependent hartree approach[END_REF][START_REF] Beck | The multiconfiguration time-dependent hartree (MCTDH) method: a highly efficient algorithm for propagating wavepackets[END_REF] that has shown promises in the calculation of inelastic cross-sections [START_REF] Ndengué | Atom-triatom rigid rotor inelastic scattering with the multiconfiguration time dependent hartree approach[END_REF]. Alternative approaches involving classical or semi-classical approximations are also available;

the most common approach is the quasi-classical trajectory (QCT) method (see [START_REF] Pattengill | Rotational Excitation: Classical Trajectory Methods[END_REF] and references herein), which solves the classical Hamilton equations using a random (Monte Carlo) sampling of initial conditions combined with a pseudo-quantization of internal energies. If the initial and final quantum states of the species are selected, state-to-state collisional cross-sections can be computed as for the above quantum methods. In addition, it is more straightforward to obtain directly the rate coefficients thermally averaged over the internal states of the collider, which are the quantities eventually used in the radiative transfer models of the cometary/ISM atmospheres. The QCT method has been used successfully for the excitation of water by thermalized H 2 (Faure et al., 2007).

In the current paper our focus is to investigate the use of the well-known quantum CS method for the rotational excitation of HCN by H 2 O through the convergence of the calculations with respect to all parameters. Although rate coeffi-cients obtained by the most accurate CC calculations are beyond feasibility, CC calculations might be used as a benchmark with caution. Therefore, as a first step our group has recently calculated (Quintas-Sánchez and [START_REF] Quintas-Sánchez | Theoretical study of HCN-water interaction: five dimensional potential energy surfaces[END_REF] five 5-dimensional ab initio PESs for the HCN-H 2 O system at the level of theory based on the single and double excitation coupled-cluster method with pertubative contributions of connected triple excitations CCSD(T) [START_REF] Hampel | A comparison of the efficiency and accuracy of the quadratic configuration-interaction (QCISD), coupled cluster (CCSD), and brueckner coupled cluster (BCCD) methods[END_REF][START_REF] Deegan | Perturbative corrections to account for triple excitations in closed and open-shell coupled-cluster theories[END_REF][START_REF] Watts | Coupled-cluster methods with noniterative triple excitations for restricted open-shell hartree-fock and other general single determinant reference functions -energies and analytical gradients[END_REF]. Those five PESs differ in the level of accuracy of the ab initio calculations, in the number of ab initio points used to describe the topology of the PES, and in the size of the orbital basis sets. A second goal of this paper is to assess the impact of the accuracy of the PES on collisional data using quantum CS rate coefficients. Finally, we provide the collisional rate coefficients for the de-excitation of the first 8 rotational levels of HCN by thermalized para-water, quantities necessary to take into account state-to-state collisional transfer in radiative transfer models of cometary atmospheres.

The paper is organized as follows. Section 2 recalls the methodology used to calculate and fit the PES. Section 3 presents the methodology for the collisional calculations. In Section 4 and 5, respectively, we discuss the convergence of collisional data with respect to rotational basis sets and the PES accuracy. We provide the final thermalized rate coefficients in Section 6. Concluding remarks are given in Section 7.

Potential Energy Surfaces

The CC and CS methods require that the angle dependence of the PES be expanded on the rotational functions of the monomers in order to speed up the collisional codes. For systems with many degrees of freedom, many terms should be included in the expansion in order to reproduce the topology of the PES in all the configuration space, specially in the short range. This means that many ab initio energies should be calculated to make possible the evaluation of the expansion coefficients, demanding larger and larger computational resources as the size of the orbital basis sets increases. Another drawback is that PESs with too large expansions results in very large matrices in the collisional calculation, leading to a significant increase on computing time for the dynamical calculations. Therefore one must balance several aspects: the accuracy of the ab initio PES at a single geometry (this is handled by the level of theory used in the ab initio calculations with the appropriate basis sets) and the optimum number of geometries chosen not only with respect to an adequate representation of the symmetry of the PES, but also with respect to an optimum number of coefficients in the expansion set.

We recall here the five PESs obtained in Quintas-Sánchez and [START_REF] Quintas-Sánchez | Theoretical study of HCN-water interaction: five dimensional potential energy surfaces[END_REF] using the CCSD(T) level of theory. In a first step, we compute (for intermolecular distances from 6.0 to 30.0 bohr) a large angular grid of ab initio energies using the the aug-cc-pVDZ (AVDZ) basis sets [START_REF] Dunning | Gaussian-basis sets for use in correlated molecular calculations .1. the atoms boron through neon and hydrogen[END_REF]. The radial coefficients are then calculated for each intermolecular distance as an overlap integral between the expansion function and the ab initio PES, which is solved by numerical integration. This gives us a first reference potential V ref avdz , which correctly reproduces the anisotropy of the angular dependence and is reduced to 445 significant terms in the angular expansion. This V ref avdz PES is calculated on a grid of 23 intermolecular distances, and for each distance on a grid of 43200 angular geometries. The V ref avdz isotropic term of the angular expansion has a well of about 1247 cm -1 . In a second step, a new PES (V f it avdz ) is obtained by fitting the coefficients in the previous 445-term-expansion using a reduced grid of ab initio points, randomly selected from the computed AVDZ-data. Due to the large number of points in the initial 5D-AVDZ-grid, a high quality assessment of the fitting procedure can be made, validating the fitting approach and testing the adequacy of the grid of points used to fit. More ab initio calculations are then carried out for this reduced grid of configurations using the aug-cc-pVTZ (AVTZ) basis set, and a new PES (V f it avtz ) is obtained for this new level of precision. Finally, ab initio calculations are computed for small intermolecular distances using the aug-cc-pVQZ (AVQZ) basis set. Then, two complete basis set (CBS) extrapolations [START_REF] Helgaker | Basis-set convergence of correlated calculations on water[END_REF]; [START_REF] Halkier | Basis set convergence of the interaction energy of hydrogen-bonded complexes[END_REF] are performed: one using the AVDZ and the AVTZ data at all distances, the other one using AVTZ/AVQZ at short range and AVDZ/AVTZ at long range, leading to 2 CBS PESs:

V f it CBS-DT and V f it CBS-T Q respectively. The V f it CBS-T Q PES is
the most accurate potential and is the one that requested the largest computing effort. The reduced grid consists of 23 intermolecular distances, and for each distance of a grid of 2600 angular geometries. The isotropic terms for the V f it avdz ,

V f it atdz , V f it CBS-DT , V f it CBS-T Q PES have wells of respectively 1248 cm -1 , 1495
cm -1 , 1613 cm -1 , 1597 cm -1 , and the global minimum of the

V f it CBS-T Q
PES is about 1815 cm -1 .

Quantum Calculations Methodology

Rotational energy levels of para-H 2 O and HCN

The rotational energy levels of water are characterized by the rotational quantum number j 2 (the lowest value of j 2 is zero for para-H 2 O) and the pseudoquantum number τ 2 which varies between -j 2 and j 2 (alternatively, we may use the pseudo-quantum numbers k a and k c with the correspondance τ 2 = k a -k c ).

To a single j 2 rotational quantum number is associated the ladder of increasing rotational energy levels corresponding to the successive values of τ 2 , 2 to 3 adjacent ladders might overlap. A ladder includes j 2 values of τ 2 for even j 2 , and j 2 + 2 values of τ 2 for odd j 2 . Identical to our previous publications the H 2 O energy levels and eigenfunctions were obtained by diagonalization of the effective Hamiltonian of [START_REF] Kyrö | centrifugal-distortion analysis of pure rotational spectra of H 2 O-16, H 2 O-17, AND H 2 O-18[END_REF], compatible with the symmetries of the (2002) obtained from CDMS database [START_REF] Müller | The Cologne Database for Molecular Spectroscopy[END_REF][START_REF] Müller | The cologne database for molecular spectroscopy, cdms: a useful tool for astronomers and spectroscopists[END_REF][START_REF] Endres | The Cologne Database for Molecular Spectroscopy, CDMS, in the Virtual Atomic and Molecular Data Centre[END_REF] 4 with the spectcol tool [START_REF] Dubernet | SPECTCOL: Spectroscopic and collisional data retrieval[END_REF] 5 using VAMDC technology [START_REF] Dubernet | Virtual atomic and molecular data centre[END_REF][START_REF] Dubernet | The virtual atomic and molecular data centre (VAMDC) consortium[END_REF].

PES. The table of Appendix

Collisions with H 2 O

Our numerical codes provides state-to-state collisional cross-sections that involve changes in both the target and the perturber rotational levels: σ(j 2 τ 2 j 1 → j 2 τ 2 j 1 )(E), where j 2 τ 2 and j 2 τ 2 represent the initial and final rotational levels of water, j 1 and j 1 the initial and final rotational levels of HCN, and E is the kinetic energy.

The state-to-state collisional rate coefficients are the Boltzmann thermal averages of the state-to-state inelastic cross-sections:

R(j 2 τ 2 j 1 → j 2 τ 2 j 1 )(T ) = 8 πµ 1/2 1 (k B T ) 3/2 ∞ 0 σ j2τ2j1→j 2 τ 2 j 1 (E) E e -E/k B T dE, ( 1 
)
where E is the kinetic energy, k B the Boltzmann constant, and µ the reduced mass of the colliding system.

These state-to-state collisional rate coefficients follow the principle of detailed balance, and reverse rate coefficients R(j 2 τ 2 j 1 → j 2 τ 2 j 1 )(T ) can be obtained from forward rate coefficients by the usual formula:

g j 1 g j 2 e - E int (H 2 O) k B T e - E int (HCN ) k B T R(j 2 τ 2 j 1 → j 2 τ 2 j 1 ) = g j1 g j2 e - E int (H 2 O) k B T e - E int (HCN ) k B T R(j 2 τ 2 j 1 → j 2 τ 2 j 1 ), (2) 
where g j1 and g j2 are the statistical weights related to rotational levels of HCN and H 2 O respectively, and the different E int are the rotational energies of the species.

The astrophysical users might want to use the so-called effective rate coefficients Rj2τ2 (j 1 → j 1 ), which are given by the sum of the state-to-state rate coefficients (eq. 1) over the final j 2 , τ 2 states of H 2 O for a given initial j 2 , τ 2 :

Rj2τ2 (j 1 → j 1 )(T ) = j 2 τ 2 R(j 2 τ 2 j 1 → j 2 τ 2 j 1 )(T ). (3) 
These effective rate coefficients do not follow the detailed balance principle, and both excitation and de-excitation should be calculated explicitly. Those quantities are sometimes used in the study of the interstellar medium, and we could imagine that new formalisms for cometary atmospheres might include them. It is worth writing the effective rate coefficients as a function of a crosssection per initial level of water in order to understand the issues linked to the quality of the calculations discussed in the next paragraphs:

Rj2τ2 (j 1 → j 1 )(T ) = 8 πµ 1/2 1 (k B T ) 3/2 ∞ 0 j 2 τ 2 σ j2τ2j1→j 2 τ 2 j 1 (E) E e -E/k B T dE = 8 πµ 1/2 1 (k B T ) 3/2 ∞ 0 σ j2τ2;j1→j 1 (E) E e -E/k B T dE. (4) 
The kinetic energy E is the difference between the total energy E tot and the internal energy of the initial states of water and of HCN:

E j2τ2j1 = E j2τ2 + E j1 .
Finally, the de-excitation rate coefficients for HCN by rotationally thermalized para-H 2 O can be obtained by averaging over the initial rotational levels of para-H 2 O:

R(j 1 → j 1 )(T ) = j2τ2 ρ(j 2 τ 2 ) Rj2τ2 (j 1 → j 1 )(T ) (5) with ρ(j 2 τ 2 ) = g j2 e - E int (H 2 O) k B T
/Z, where Z is the partition function over para-H 2 O states. Values of ρ(j 2 τ 2 ) are provided in Table 1 for a few temperatures.

These rates are referred as thermalized rate coefficients in the text and they can be re-written as a function of cross-sections per initial level of water as:

R(j 1 → j 1 )(T ) = 8 πµ 1/2 1 (k B T ) 3/2 j2τ2 ρ(j 2 τ 2 ) ∞ 0 σ j2τ2;j1→j 1 (E) E e -E/k B T dE, (6) 
These thermalized de-excitation rate coefficients follow the detailed balance principle and can be directly used in the new radiative transfer models of cometary atmospheres, as it is done in the study of the interstellar medium.

Table 1: Values of ρ(j 2 τ 2 ) for the first rotational levels of water, expressed as ρ((j 2 ) kakc )

where τ 2 = ka -kc, and for a few temperatures. Rotational inelastic cross-sections were obtained using CC and CS calculations with the MOLSCAT program [START_REF] Hutson | MOLSCAT computer code,version 14. Collaborative Computational Project[END_REF] further modified

p-H 2 O level 10K 20K 40K 100K 140K 200K 250K 0 00 1 1 1 1 1 1 1 1 11 0.
to obtain an hybride OPENMP/MPI code by [START_REF] Mcbane | MOLSCAT computer code, parallel version[END_REF] and P. Valiron 6 , we adapted further these packages in order to handle very large matrices in coupled states calculations. The scattering calculations were carried out with the propagator of [START_REF] Manolopoulos | An improved log derivative method for inelasticscattering[END_REF] with the starting and end point of the scattering calculations initially set at R min =5 bohr and R max =60 bohr. Both R min and R max are adjustable parameters depending on the value of the total angular momentum J or on the orbital angular momentum l. The MOLSCAT parameter STEP was taken to be 45 for total energies below 800 cm -1 and 20 for total energies above that value. The propagator parameters were carefully checked as is always done by the authors [START_REF] Dubernet | Collisional excitation rates of H 2 O with H 2 : I. Pure rotational excitation rates with para-H 2 at very low temperature[END_REF][START_REF] Grosjean | Collisional excitation rates of H 2 O with H 2 : II. Rotational excitation with ortho-H 2 at very low temperature and application to cold molecular clouds[END_REF][START_REF] Daniel | Collisional excitation rate coefficients of N 2 H + by He[END_REF][START_REF] Dubernet | Influence of a new potential energy surface on the rotational (de)excitation of H 2 O by H 2 at low temperature[END_REF][START_REF] Dubernet | Rotational excitation of ortho-H 2 O by para-H 2 (j 2 = 0, 2, 4, 6, 8) at high temperature[END_REF][START_REF] Daniel | Rotational excitation of 20 levels of para-H 2 O by ortho-H 2 (j 2 = 1, 3, 5, 7) at high temperature[END_REF][START_REF] Daniel | Rotational excitation of 45 levels of ortho/para-H 2 O by excited ortho/para-H 2 from 5 K to 1500 K: stateto-state, effective, and thermalized rate coefficients[END_REF]. The reduced mass of the HCN-H 2 O system is 10.805547045 a.m.u.

Basis set convergence : Choice of basis set

The basis set is a direct product of the rotational wavefunctions of water, characterized by the rotational quantum number (j 2 ,τ 2 ), and of the rotational wavefunctions of HCN, characterised by the rotational quantum number j 1 . The coupling scheme involves a first coupling between the monomers leading to an intermediate quantum number j 12 , such that ĵ12 = ĵ1 + ĵ2 .

CC calculations are carried out at a given total energy E tot , a given parity P and a total angular momentum J tot , with a subsequent coupling to the orbital angular momentum l such that Ĵtot = l + ĵ12 . A final cross-section for one transition in water and one transition in HCN is a function of E tot summed over P and J tot .

CS calculations are carried out at a given total energy, a given parity P , a given orbital angular momentum l and a given magnetic quantum number M .

A final cross-section for one transition in water and one transition in HCN is a function of E tot summed over P , l and M .

We call B(n, m) a basis set where n is the maximum value of j 1 , m is the maximum value of j 2 , and B(n, m) includes all the coupled |j 12 , j 2 , τ 2 , j 1 states. The convergence of the basis set usually involves keeping a number of closed channels above the total energy at which the collisional cross-sections are calculated. These closed channels mainly influence the collisional process in the strong interaction region via coupling of the potential. The potential couplings involve both transitions in the (j 2 k a k c ) energy levels of para-water that decrease with increasing ∆j 2 and ∆k a , and among the j 1 rotational levels of HCN that decrease with increasing ∆j 1 .

Choice of total energy points

CS calculations are carried out over essentially the whole energy range spanned by the Boltzmann distributions (eq.1); the highest total energy point calculated is at 2000 cm -1 .

In the dynamical calculations of the rate coefficients aimed at studying the convergence of rate coefficients with respect to the rotational basis sets, or in the calculations used for comparing the different PESs, the cross-sections were calculated on a grid of 253 total energies with varying energy steps, i.e. 0.1 cm -1 from 3 cm -1 to 18 cm -1 , 0.2 cm -1 up to 28 cm -1 , 2 cm -1 up to 127 cm -1 , and then finally only 10 energy points were chosen up to 2000 cm -1 .

For the final set of thermalized rate coefficients proposed for astrophysical applications in Section 6, calculations are performed at additional energy points above all relevant inelastic channels in order to better describe resonances.

Orbital angular momentum in CS calculations

The convergence of the orbital angular momentum l sum from l=0 to l max is achieved at better than 0.05 Å2 . Nevertheless, owing to the length of the calculations with the largest rotational basis sets, the following strategy has been adopted: steps of 1, 2, 3 are used up to respectively l max = 137, 158, 210, corresponding to a total energy of respectively 100, 158, 210 cm -1 ; for l max = 335, 432, 730, 890, 1060, the steps are respectively 5, 6, 10, 10, 20, corresponding to a total energy of respectively 265, 298, 398, 1000, 2000 cm -1 .

The cross-sections are interpolated in l using a step function. and CS cross-sections be quite different in all the relevant energy regions. For example, for the (V f it avtz ) PES and a B(n,0) basis, both CC and CS cross-sections at E tot = 8 cm -1 are converged for n=15 to better than 0.001 Å2 , and the values of σ(j 2 = 0 τ 2 = 0, j 1 = 0 → j 2 = 0 τ 2 = 0, j 1 = 1) (eq. 1) are respectively 31 Å2 for CC and 25 Å2 for CS calculations, i.e. a relative percentage difference of 20%. The only meaningful comparison between CC and CS calculations for the purpose of this work would be to compare final thermalized rate coefficients (eq. 5) for fully converged results with respect to the B(n,m) basis sets. Such comparison is not feasible for now, and the rate coefficients computed in this paper are provided at a given level of theory without any expectation on precision with respect to CC calculations. Any other approximate method would suffer of the same default as long as fully converged CC calculations cannot be performed.

Basis set convergence in CS calculations

The usual convergence tests involve to test the evolution of the state-tostate cross-sections σ j2τ2j1→j 2 τ 2 j 1 (E) as a function of the increase in the size of the rotational basis sets for several key kinetic or total energies. In the current application we are solely interested to address the accuracy of the thermalized rate coefficients, so the relevant cross-sections are the cross-sections per initial state of water, i.e., σ j2τ2;j1→j 1 (E) in eq. ( 4). Tables 2 and3 provide the stateto-state cross-sections and the cross-sections per initial level of water at total energies equal to 50 cm -1 and 112 cm -1 , for increasing values of m (water rotational levels) in the B(n,m) basis set. The rotational basis sets were tested up to B(10,8) at 50 cm -1 , up to B(10,7) at 112 cm -1 and (not shown) up to B(10,6) at 298 cm -1 . We note that the convergence of the state-to-state cross-sections is poorer by sometimes more than an order of magnitude compared to the cross-sections per initial state of water, the latter being the cross-sections that matter the most for the purpose of our application. For the cross-sections per initial state of water, we can note the following: at 50 cm -1 the relative difference percentage between B(10,4) and B(10,8) varies from a few percents to 20% with an average of 11%, while there is an average of 15% between B(10,2) and B(10,8); at 112 cm -1 we observe a net improvement in using B(10,4) over B(10,2), relative difference percentages of respectively 7%, 6% in average between respectively B(10,7), B(10,2) and B(10,7), B(10,4). We performed similar tests at a total energy of 298 cm -1 : a B(10,2) basis could be enough for the first 4 levels of water with a relative difference percentage of 9% compared to results with B(10,6). But for the other initial states of water accessible at E=298 cm -1 , the B(10,4) basis set provides cross-sections that are within a few percents of the results obtained with a B(10,6) basis. Next we wish to understand whether a Boltzmann average of those crosssections keeps roughly the same level of variations when changing the basis sets. To study this effect we choose the following 4 different basis sets: B(10,2), B(10,4), B(15,2), and B(15,4). The chosen basis sets allow the main PES longrange terms to be involved in the matrix of PES couplings (see the terms in Table 4 of Quintas-Sánchez and Dubernet (2017)). B(10,2) has the specificity to include water levels up to E int (H 2 O) = 136.1641 cm -1 and HCN levels up to E int (HCN ) =133.047 cm -1 ; the B(15,4) basis set includes HCN levels up to E int (HCN ) =310.443 cm -1 so that we can have reasonable results for transitions involving j 1 (HCN)=10 (E int (HCN ) =133.047 cm -1 ), and water levels up to 4 40 (j 2 = 4 τ 2 = 4, E int (H 2 O) =488.1349 cm -1 ), therefore assuming that most coupling would be taken care for the first 11 levels of HCN. From the point of view of computational resources, m = 4 is the highest value of j 2 that is reasonable to include in the rotational basis set in order to have reasonable computing times for the CS calculations of rate coefficients, since we need to calculate cross-sections on the whole range of the 253 total energies between 3 cm -1 and 2000 cm -1 . In order to compare with rate coefficients behaviors, the cross-sections per initial level of water (eq.4) at a total energy equal to 50 cm -1 are provided in Table 4. Across the different basis sets the variations of those cross-sections range between 2% and 20%.

We call RM the percentage relative difference between results obtained with different basis sets B(n,m) labelled X, Y:

RM (j 1 → j 1 )(T ) = 100 * R X (j 1 → j 1 )(T ) -R Y (j 1 → j 1 )(T ) /R Y (j 1 → j 1 )(T ), (7) 
and RM av the average of the absolute value of RM over the first 28 transitions of HCN, i.e. up to j 1 =7. The RM av values for [X=B(10,4), Y=B(10,2)] (pentagons) and for [X=B(15,4), Y=B(15,2)] (stars), i.e. corresponding to an increase of the water manifold, are about 14-18% for temperatures above T=50K and down to 10-14% at T=5K.

A more detailed analysis of RM is provided on Fig. 3 at T=10K and T=100K,

showing similar behaviors compared to the ones obtained in Fig. 2. Indeed, the RM values are around 5-15% when n is increased from 10 to 15 for a given value of m (red and blue lines and circles). We note a very strong effect when, for a fixed values of n, m is increased from 2 to 4 (yellow and green lines and circles), this effect being marginally larger when n = 10. In addition, we see that at low temperature (upper panels) the RM values are mostly large for the weakest transition, whereas at T=100K (lower panels) the RM values can be large for rate coefficients of large magnitude as well. This can be seen on either a) or b)

sub-figures, with sub-figures b) showing that the weakest transitions correspond to the largest ∆j 1 (HCN) transitions. This rate coefficients analysis shows that change of basis sets imply maximum variations of the rate coefficients of about 20%, which is roughly similar to the differences observed for cross-sections per initial state of water at E = 50 cm -1 .

Nevertheless, it should be noted that at T=100K the RM value of -80% corresponds to the j 1 = 2 → j 1 = 1 transition and to the inclusion of the m=4 manifold in the B(n,m) basis. This is further investigated below. provided by the B(15,4) basis set. Table 5 provides the results obtained with B(15,4) and B(15,2) basis sets for the relevant effective rate coefficients and the (j 1 = 2 → j 1 = 1) transition, in the temperature range from T=5K to T=150K.

The very large value of the B(n,4) effective rate coefficient R(j2=2,τ2=0) (j 1 = 2 → j 1 = 1)(T ) arises from a strong resonance between the water transition 2 20 → 3 13 and the HCN (j 1 = 2 → j 1 = 1) transition. Indeed, both transitions have a similar energy gap of respectively 6.12 cm -1 and 5.91 cm -1 , and have favorable selection rules: ∆j 2 = ± 1, k a = ± 1 for water and ∆j 1 =± 1 for HCN.

It should be noted that the B(15,4) rotational basis set ignores some levels of water with energies lower than the highest 4 40 (j 2 = 4 τ 2 = 4) level of energy equal to 488.1349 cm -1 . Indeed, the water levels 5 15 (j 2 = 5 τ 2 = -4), 5 24 (j 2 = 5 τ 2 = -2) and 6 06 (j 2 = 6 τ 2 = -6) have energies of respectively E int (H 2 O) = 326.6256, 416.2088 and 446.6972 cm -1 . From the above investigation on the HCN (j 1 = 2 → j 1 = 1) transition, we can assume that resonances would occur between the water transition 5 15 (j

2 = 5 τ = -4, E int (H 2 O) = 326,6256 cm -1 ) to 4 22 (j 2 = 4 τ = 0, E int (H 2 O) = 315.7792 cm -1
) and HCN transitions with similar energy gap such as the (j 1 = 4 → j 1 = 3) transition. The individual effective rate coefficients for Rj2=4 τ2=0 (j 1 = 4 → j 1 = 3)(T ) would possibly be strongly different and would impact strongly the R(j 1 = 4 → j 1 = 3)(T ) thermalized rate coefficients above T=150K.

As a conclusion, we believe that the B(15,4) basis set is an adequate compromise to describe the thermalized rate coefficients among the first 8 HCN rotational levels in the temperature range from 5K to 150K. Consequently, B(15,4) is chosen to assess the impact of the quality of the PES (see Section 5 below)

and to provide the final thermalized rate coefficients.

It should nevertheless be noted that fully converged results (to better than 20%) would require much larger basis sets than the one tested here, i.e. adapted to a global well depth of 1815 cm -1 . Indeed the highest HCN rotational level included in the basis set is about 1372 cm -1 , and we were limited to the water manifold to j 2 = 7 though the lowest levels of the j 2 = 8, 9, 10, 11 manifolds are below 1815 cm -1 .

Analysis of PES influence in the CS calculations

The analysis of the differences induced by using different PESs should be performed on a complete calculation of the thermalized rate coefficients. This is very expensive in computing time because it requires a very good description at energies close to the thresholds, in particular for the HCN transitions with water staying in its ground state. Indeed, the water ground state effective rate coefficients are predominant at temperatures below T=20K, i.e. where thresholds are important. A very good description implies in this case the use of an energy grid of 0.1 cm -1 for about 7 cm -1 , then 0.2-0.5 cm -1 for another 10 cm -1 , and finally 1 cm -1 up to 50 cm -1 above each threshold, all this in addition to the 253 energies grid described in section 3.3.2. The additional fine grid requests considerable amount of computing time, and therefore it is not possible to perform such analysis for each of the 5 PESs. As a result the 5 PESs were investigated using the initial 253 energies grid, and an additional fine grid above j 1 (HCN)=4 (with water in its ground state) was added to compare the 2 PESs: V f it CBS-T Q and V f it avtz . This addition allows to distinguish the impact of the PES from the impact of a poor description of the energy grid for the HCN transitions from j 1 (HCN)=4.

At this point, we perform an analysis similar to the one used in the previous section to study the basis set convergence: we calculate RM, the percentage relative difference between results (cf. eq. 7) with different combinations [X-Y] PES, as well as RM av , the average of the absolute value of RM over the first 28 transitions of HCN (i.e up till j 1 = 7). The individual relative differences, shown on Fig. 6, may be as large as 15%

at T=5K, about 7-8% at T=20K and down to 4-5% at T=50K. Fig. 7 shows that the additional fine grid above j 1 (HCN)=4 (with water in its ground state) reduces the relative difference RM(j 1 → j 1 )(T ) from 15% to less than 5% at T=5K, divides it by 4 at T=10K and goes from 0.7-1% to less than 0.5% at T=50K.

Therefore, the overall conclusion is that the relative difference of the thermalized rate coefficients between the 5 PESs amounts to about 5% for the 28 transitions between 5K and 150K. We believe that in the future it will be sufficient to calculate the ab initio PES at the AVDZ level for a sufficient large set of angular geometries in order to obtain a correct description of the topology of the PES, and then keep the minimum set of coefficients that reproduces correctly the PES and allows to carry out the CS calculations.

Thermalized rate coefficients

For public release, the thermalized rate coefficients are obtained with the V f it CBS-T Q PES, the B(15,4) basis set, and the 253 energies grid (see Section 3.3.2) completed with additional energy points above the thresholds. Table 6 provides the thermalized de-excitation rate coefficients from the first 8 rotational levels of HCN perturbed by para-water for temperatures from T=5K till T=150K. This set will be available in the BASECOL database. T=100K. We see that para-H 2 O propensity rules are rather similar to ortho-H 2 , but with the ∆j 1 = 1 propensity rule weakening at higher temperature. Fig. 9 shows that from the j 1 = 7 level of HCN the propensity rules for para-H 2 O change to strong ∆j 1 = 2 transitions, thus now resembling HCN-He and HCNpara-H 2 propensity rules. Again the effect is weakened at higher temperature.

The difference of behavior between low rotational levels of HCN and j 1 = 7

propensity rules is due to resonant rotational transfer processes between the j 1 = 7 → j 1 = 5 HCN transition and the 0 00 → 1 11 para-water transition, both transitions having nearly identical energy gaps. This results in a very strong state-to-state rate coefficient R(j 2 = 0τ 2 = 0, j 1 = 7 → j 2 = 1τ 2 = 0, j 1 = 5)(T ) that gives a strong Rj2=0τ2=0 (j 1 = 7 → j 1 = 5)(T ) effective rate coefficient. At low temperature the water ground state effective coefficient is the

dominant coefficient in the thermalized rate coefficient R(j 1 = 7 → j 1 = 5)(T )
and therefore leads strong value of the latter. At higher temperature the effect is weakened on the thermalized rate coefficients as more effective rate coefficients contribute to the average. This resonant energy transfer appears slightly for the j 1 = 6 → j 1 = 4 transition, but for no other investigated HCN transitions.

Therefore we see, that the understanding of propensity rules for collisions with water must take into account resonant rotational energy transfer.

Summary and Conclusion

We investigate in this paper the rotational excitation of the HCN molecule by para-water using the well-known and fairly accurate CS method, and report the first complete and useful set of thermalized rate coefficients for this system and for cometary applications. The influence of the PES in the CS calculations is analized by testing several potentials of increased quality, and it is shown that the average-quality PESs are sufficient for cometary applications. Also, because of the novelty of the system for quantum rotational excitations, the current study includes a detailed analysis of the convergence of the cross-sections and of the rate coefficients calculations with respect to all parameters involved. The paper is meant to be complete and pedagogical so as to bring pertinent information to other works with similar objectives, thus making an effort towards sharing information for the benefit of open science.

The resume of the convergence analysis shows that such analysis must be conducted on the cross-sections per initial state of water, it also shows that tests on individual cross-sections give only partial information, and that a more complete assessment of the convergence is obtained through the calculations of rate coefficients. In the latter case, enough cross-sections close to the thresholds must be included in the calculation so that the conclusions won't be biased.

From the conclusions of our PES sensitivity analysis, in the case of cometary applications we advocate to use small orbital basis sets.

We found that resonant rotational energy transfer must be taken into account for a complete understanding of the propensity rules for this system, indicating that non-quantum methodologies should be used with caution, since these effects (quantum in nature) will be unfeasible to be considered.

Further work will be conducted to compute the thermalised rate coefficients from higher rotational levels of HCN (j 1 = 8, 9, 10) with para-H 2 O, and of thermalised rate coefficients of HCN with ortho-H 2 O, since both excitation by para-water and by ortho-water, are necessary quantities for radiative transfer models of cometary atmospheres. For these calculations and only for the purpose of completeness, the same type of calculations will be considered at a first step.

Nevertheless other methods such as the statistical method [START_REF] Loreau | Scattering of CO with H 2 O: Statistical and classical alternatives to close-coupling calculations[END_REF], the MCDTH method [START_REF] Meyer | The multi-configurational time-dependent hartree approach[END_REF][START_REF] Beck | The multiconfiguration time-dependent hartree (MCTDH) method: a highly efficient algorithm for propagating wavepackets[END_REF], the semi-classical MQCT method [START_REF] Ivanov | Rotational quenching of H 2 O by He: Mixed quantum/classical theory and comparison with quantum results[END_REF][START_REF] Semenov | Mixed quantum/classical theory for inelastic scattering of asymmetric-top-rotor plus atom in the bodyfixed reference frame and application to the H 2 O + He system[END_REF][START_REF] Semenov | Inelastic Scattering of Two Asymmetric-Top Rotors with Application to H 2 O + H 2 O[END_REF]) could be considered.

Currently there is no evidence that these new rate coefficients will be useful in order to refine cometary atmospheres modelisation, and before carrying out calculations that cost thousands of hours of CPU time, we are interested to see how much change these new rate coefficients will trigger for the interpretation of cometary atmospheres.
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Table 3: State-to-state cross-sections and the cross-sections per initial level of water at a total energy equal to 112 cm -1 and corresponding to the HCN j 1 = 0 → j 1 = 1 transition.

Cross-sections units are Å2 . The water levels are expressed as (j 2 ) kakc where τ 2 = ka -kc.

When "p-H 2 O final" is labelled "summed", it means that the corresponding cross-sections are cross-sections per initial state of water (eq.4).

p to respectively to the HCN j 1 = 0 → j 1 = 2 transition and to the HCN j 1 = 1 → j 1 = 2 (both with initial state of water in its ground state)

.

Table 4: Cross-sections per initial level of water (eq.4) at a total energy equal to 50 cm -1 .

Cross-sections units are Å2 . The water levels are expressed as (j 2 ) kakc where τ 2 = ka -kc. Table 5: Effective rate coefficients (in cm 3 molecule -1 s -1 ), in the temperature range from T=5K to T=150K, for the HCN transition (j 1 = 2 to j 1 = 1), displayed for B(15,2) and B(15,4) basis sets and for each accessible initial water level. The water levels are expressed as (j 2 ) kakc where τ 2 = ka -kc.

HCN transition j

B(15,2) basis p-H 2 O level 5 10 20 30 50 80 100 150 1.51e-10 1.60e-10 1.74e-10 1.91e-10 2.24e-10 2.63e-10 2.83e-10 3.21e-10 1.05e-10 1.16e-10 1.30e-10 1.40e-10 1.56e-10 1.72e-10 1.81e-10 1.98e-10 1.03e-10 1.13e-10 1.34e-10 1.54e-10 1.93e-10 2.41e-10 2.68e-10 3.23e-10 2.05e-11 3.63e-11 5.79e-11 7.30e-11 9.42e-11 1.15e-10 1.25e-10 1.45e-10 1.03e-11 2.38e-11 5.13e-11 7.50e-11 1.14e-10 1.60e-10 1.86e-10 2.35e-10 B(15,4) basis p-H 2 O level 5 10 20 30 50 80 100 150 1.61e-10 1.69e-10 1.82e-10 2.00e-10 2.37e-10 2.80e-10 3.03e-10 3.48e-10 8.94e-11 1.02e-10 1.19e-10 1.33e-10 1.53e-10 1.74e-10 1.84e-10 2.05e-10 1.07e-10 1.17e-10 1.36e-10 1.55e-10 1.90e-10 2.36e-10 2.62e-10 3.15e-10 3.09e-11 4.58e-11 6.41e-11 7.83e-11 1.01e-10 1.27e-10 1.42e-10 1.70e-10 7.61e-10 1.21e-09 1.66e-09 1.87e-09 2.05e-09 2.15e-09 2.18e-09 2.21e-09 4.69e-11 6.55e-11 8.85e-11 1.04e-10 1.31e-10 1.68e-10 1.92e-10 2.47e-10 1.89e-11 2.73e-11 4.01e-11 5.02e-11 6.55e-11 8.19e-11 9.04e-11 1.06e-10 1.62e-11 2.54e-11 4.31e-11 6.12e-11 9.62e-11 1.42e-10 1.68e-10 2.25e-10 3.85e-11 5.46e-11 7.86e-11 9.94e-11 1.36e-10 1.85e-10 2.12e-10 2.68e-10 3.29e-11 4.85e-11 7.13e-11 8.93e-11 1.18e-10 1.51e-10 1.69e-10 2.02e-10 2.05e-11 2.90e-11 4.10e-11 5.01e-11 6.39e-11 7.86e-11 8.59e-11 9.91e-11 2.35e-12 3.48e-12 5.38e-12 7.17e-12 1.08e-11 1.66e-11 2.09e-11 3.23e-11 6.03e-11 8.53e-11 1.20e-10 1.47e-10 1.9e-10 2.41e-10 2.70e-10 3.30e-10 0 20 40 60 80 100 120 140 T (K) 

0 1 2 3 4 5 RM av (%) V ref avdz -V fit avdz V ref avdz -V fit avtz V fit avdz -V fit avtz V fit avtz -V fit CBS-DT V fit avtz -V fit CBS-TQ V ref avdz -V fit CBS-TQ 0 
V ref avdz , V f it avdz ,V f it avtz ,V f it CBS-DT , V f it CBS-T Q .
Calculations are performed with the 253 energies grid on the left hand side. On the right hand side, the label "bis" indicates that additional energy points have been added to the energy grid. See the text for details. : RM(j 1 → j 1 )(T ) for X = V f it avtz and Y =V f it CBS-T Q (eq. 7), as a function of the Y thermalized rate coefficients (cm 3 molecule -1 s -1 ). The circle represent calculations carried out with the 253 energies grid, and the pentagons with the latter grid completed with additional energy points above the j 1 =4 channel of HCN. Only de-excitation transitions from rotational levels up to j 1 =4 are included.

Table 6: Thermalized de-excitation rate coefficients (in cm 3 molecule -1 s -1 ) among the first 8 rotational levels of HCN in the temperature range from T=5K to T=150K. Table Appendix A.2: Rotational energy levels of HCN in cm -1 . The data up till j 1 =25 are from [START_REF] Ahrens | Sub-doppler saturation spectroscopy of HCN up to 1 THz and detection of J=3 → 2 (4 → 3) emission from TMCl[END_REF] obtained from CDMS database [START_REF] Müller | The Cologne Database for Molecular Spectroscopy[END_REF][START_REF] Müller | The cologne database for molecular spectroscopy, cdms: a useful tool for astronomers and spectroscopists[END_REF][START_REF] Endres | The Cologne Database for Molecular Spectroscopy, CDMS, in the Virtual Atomic and Molecular Data Centre[END_REF], above j 1 =25 the energy levels are obtained with B = 1.47822 cm -1 and D = 2.9093 x 10 -6 cm -1 from [START_REF] Maki | HCN rotational-vibrational energy levels and intensity anomalies determined from infrared measurements[END_REF]. 

level

  A.1 provides the first para-H 2 O rotational energy levels employed in the calculations: the energy levels are ordered by increasing energy and not by ladder of levels. The rotational energy levels of HCN are characterised by the rotational quantum number j 1 . The table of Appendix A.2 provides the HCN rotational energy levels used in the calculations. The HCN rotational levels below j 1 =25 are experimental data from Ahrens et al.

Fig. 1

 1 Fig.1displays the evolution of some cross-sections per initial state of water, i.e., σ j2τ2;j1→j 1 (E) (eq. 4) where the HCN rotational levels n are increased for several values of the water rotational levels. We increased the HCN rotational levels up till n=30 whose energy is close to the well of the PES isotropic term.It is worth noting the computer effort required to carry out the different calculations: a calculation with a B(16,7) basis set takes 6700 hours of CPU time (4720 channels), a B(30,6) calculation takes 15580 hours of CPU time (6560 channels), a B(30,5) calculation takes 4131 hours of CPU time (4034 channels), a B(16,4) calculation takes 292 hours of CPU time (1289 channels). The resulting cross-sections are not strikingly different among the different B(n,m) basis sets with values about 20% to each other.

Fig. 2

 2 Fig. 2 displays RM av values for different combinations [X-Y] of basis sets B(n,m). Two different behaviours can be observed in the figure: (1) when for a fixed number of water levels m (circles and squares) the number of HCN levels n change, and (2) when for a fixed number of HCN levels n the number of H 2 O levels m change (stars, pentagons, and triangles). The comparison between [X=B(15,2), Y= B(10,2)] (circles) and [X =B(15,4), Y= B(10,4)] (squares) results shows that the increase of the number of HCN levels from n=10 to n=15 leads to RM av values about 5-6% for temperatures above T=50K and up to 14% at T=5K. Below T=100K, the RM av values for [X =B(15,m), Y= B(10,m)] are smaller when water levels up to the m = 4 manifold are included in the basis set.

Fig. 4

 4 Fig.4displays the thermalized rate coefficients for a choice of strong HCN transitions ∆j 1 = -1 and for all transitions from the j 1 = 5 level. In the low temperature region those figures confirm that the increase of the HCN rotational basis set to n=15 has a strong impact when the water rotational basis set is limited to m=2. On the other hand, when the basis set is B(n,4) the rate coefficients obtained with B(15,4) and B(10,4) are in general very close. Fig.4also displays a remarkable change of trend in the B(n,4) thermalized rate coefficients [j 1 =2, ∆j 1 = -1] between T=50K and T=100K (upper left panel). The strong difference between the B(n,2) and B(n,4) coefficients is mainly due to the effective rate coefficients R(j2=2 τ2=0) (j 1 = 2 → j 1 = 1)(T ) that differs by one to two orders of magnitude (note that the (j 2 = 2, τ 2 = 0) level corresponds to 2 11 in the other notation). Notice that for all temperatures, and all the transitions represented in the figure, the thermalized rate coefficients obtained with the B(10,4) basis set are in good agreement with the results

  Fig. 5 displays the values of RM av calculated with the 253 energies grid (left hand side). The RM av values peak around 5% at T=5K and decrease with increasing temperatures. The fine description of thresholds accounts for about 1% of the averaged relative difference between the different PES as is displayed on the right hand side of the figure.

Fig. 8

 8 Fig. 8 compares the de-excitation rate coefficients from the j 1 = 5 level of HCN perturbed by para-H 2 O (thermalized rate coefficients), by He (Dumouchel et al., 2010), by ortho-H 2 (Hernández-Vera et al., 2017) and by thermalized para-H 2 (Hernández-Vera et al., 2017). HCN-He and HCN-para-H 2 propensity rules are similar, showing a strong ∆j 1 = 2 propensity rule at both T=10K and

Figure 1 :

 1 Figure 1: Cross-sections per initial state of water (in Å2 ), i.e., σ j 2 τ 2 ;j 1 →j 1 (E=50 cm -1 ) in eq. (4) as a function of the number of HCN rotational levels n in the B(n,m) rotational basis sets. 4 values of the water rotational levels m are considered : Bm stands for B(n,m) with n varying from 10 to 30. (a) and (d) correspond to the HCN j 1 = 0 → j 1 = 1 transition when water is respectively in its ground and first excited rotational state. (b) and (c) corresponds

Figure 2 :Figure 4 :

 24 Figure 2: Average of the absolute value of RM (cf. eq. 7) for different combinations [X-Y] of basis sets B(n,m). See the text for details.

Figure 5 :

 5 Figure 5: RMav for different combinations [X-Y] of PESs, where X and Y take values:V ref avdz , V f it avdz ,V f it avtz ,V f it CBS-DT , V f it CBS-T Q .Calculations are performed with the 253 energies grid on the left hand side. On the right hand side, the label "bis" indicates that additional energy

Figure 6 :

 6 Figure 6:RM(j 1 → j 1 )(T ) for different combination of X and Y (eq. 7) as a function of Y thermalized rate coefficients (in cm 3 molecule -1 s -1 ). The calculations correspond

Figure 7

 7 Figure7: RM(j 1 → j 1 )(T ) for X = V f it avtz and Y =V f it CBS-T Q (eq. 7), as a function of the Y thermalized rate coefficients (cm 3 molecule -1 s -1 ). The circle represent calculations

Figure 8 :Figure 9 :

 89 Figure 8: De-excitation rate coefficients from the j 1 = 5 level of HCN perturbed by para-H 2 O (thermalized rate coefficient),by He Dumouchel et al. (2010), by ortho-H 2 Hernández-Vera et al. (2017) and by thermalized para-H 2 Hernández-Vera et al. (2017). The rate coefficients are multiplied by 10 10 and units are in cm 3 molecule -1 s -1 .

  As already stated, it is generally accepted that CC calculations are the most accurate calculations available nowadays, followed by CS calculations. Unfortunately, CC calculations are computationally very expensive when they are associated with large basis sets, and such large basis sets are required in order to get reasonably accurate rate coefficients for the HCN-H 2 O system. It is also generally accepted that CS calculations are more suitable to describe inelastic transitions between energy levels of small energy spacings, and that accuracy of CS calculations increase with increasing relative kinetic energy. Of course we can compare cross-sections at a given total energy, but the PES coupling elements are very different in CC and CS calculations, and it is very likely that CC

	4. Analysis of rotational basis set convergence
	4.1. CS versus CC calculations

Table 2 :

 2 State-to-state cross-sections and the cross-sections per initial level of water at a total energy equal to 50 cm -1 . Cross-sections units are Å2 . The water levels are expressed as (j 2 ) kakc where τ 2 = ka -kc. When "p-H 2 O final" is labelled "summed", it means that the corresponding cross-sections are cross-sections per initial state of water (eq.4).

	HCN transition j 1 → j 1 p-H 2 O initial p-H 2 O final B(10,2) B(10,3) B(10,4) B(10,5) B(10,6) B(10,7) B(10,8)
	0 → 1	0 00	0 00	190	172	146.5	150.5	145.7	148	147
			1 11	6.2	9.4	11	9.4	6.8	9.6	8.2
		0 00	summed	196.2	181.4	157.5	159.9	152.5	157.6	155.2
		1 11	0 00	24.5	32	43	33	41	36	54.5
			1 11	132	104	98	86	97	94	83
		1 11	summed	156.5	136	141	119	138	130	137.5
	0 → 2	0 00	0 00	40	50.5	52	49.5	50.5	62	51
			1 11	4	3.5	4	3	4.5	3	4
		0 00	summed	44	54	56	52.5	55	65	55
		1 11	0 00	30	38	46.5	32.5	50	34.5	39
			1 11	32	28	25.5	26	22	29	29
		1 11	summed	62	66	72	58.5	72	63.5	68

http://www.almaobservatory.org/
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