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Abstract

Aims. In this work, we present a pruned set of state-to-state rate coefficients (STS rates) for inelastic H2:H2 collisions in the thermal range from 10 to 1000 K. The set includes all relevant rates needed for diagnostics based on the simulation of quadrupole infrared spectra of H2.

Methods. The reported set was obtained from a quantum scattering close-coupling calculation employing a recent version of the MOLSCAT code, a high-level potential energy surface, and rotational energies of the H2 molecules with spectroscopic accuracy. These improvements have led to a significant increase in the accuracy with respect to previous computational results. The accuracy of the present STS rates is tested against recently reported experimental rates. Most dominant rates agree with the experiment within a 2σ uncertainty (2 to 6%).

Results. In addition to the tables given in the main text, three machine-readable tables are available at the CDS. These tables include all the relevant numerical results of the paper, namely, the excitation and de-excitation STS rates for H2:H2 inelastic collisions at selected temperatures between 10 and 1000 K, and their functional description for interpolation at any intermediate temperature.
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★ Full Table 1 and Tables 2 and 3 are available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/647/A155



1 Introduction
As the most abundant and ubiquitous stable molecular species in the universe, H2 has been the subject of a great number of observational works in recent decades (Dalgarno 2000; Habart et al. 2005; Huestis 2008). In particular, the infrared quadrupole emission following the decay from ultraviolet absorption in H2-rich regions of the universe has provided a useful diagnostics tool based on the analysis of the infrared emission spectra (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989). The line intensities of these spectra are given by
[image: equation](1)
where vj and v′j′ are the vib-rotational quantum numbers of the upper and lower energy levels of the transition, A is the quadrupole radiative transition probability, ν is the transition frequency, and Nvj is the total column density of pumped molecules in level vj.
Modelling of H2-rich regions of the interstellar medium rests upon the solution of the system of level population-destruction equations (Black & van Dishoeck 1987; Sternberg &Dalgarno 1989), where the number densities of the molecular and atomic participants combine with the quadrupole transition probabilitiesA(vj → v′j′) and with other physical quantities relevant for the statistical equilibrium. These ingredients include, among others, the temperature dependent collision state-to-state rate coefficients, Q(T; vj → v′j′) (STS rates in short), and the UV excitation rates, P(vj → v*j*), which depend on the UV field intensity and on the number density of atomic and molecular hydrogen species.
Simulation of the observed IR emission spectra under the constraints of the population-destruction equations leads to the modelling of the H2 medium, producing quantitative information on temperatures, densities, UV radiation field, and the ortho-H2 (oH2) to para-H2 (pH2) ratio. Among the various ingredients needed for this procedure the most elusive ones are the Q(T; vj → v′j′) STS rates. The quadrupole (electric and magnetic) and dipole (magnetic) transition probabilities are accurately established (Roueff et al. 2019), while the UV pumping rates P(vj → v*j*) are subject to a number of physical uncertainties. Other applications of the STS rates in astrophysical environments concern the low-density-limit cooling function Λ(T) as a function of temperature for the various H2 :H2 inelastic collision processes (Lee et al. 2008).
The Q(T;vj → v′j′) STS rates for collisions involving hydrogen species have been the subject of a great number of theoretical and computational works in theframe of the quantum scattering theory, but just a few experimental works have been reported. In spite of this effort, only partial results of uncertain accuracy have been available until recently. Relatively complete sets of calculated Q(T; vj → v′j′) STS rates for H2 :H2 inelastic collisions in the v = 0 ground state of H2 based on high-quality H2 -H2 intermolecular potential energy surfaces (PES) were reported by Montero et al. (2006) and Montero & Pérez-Ríos (2014) employing the rigid-rotor DJ00-PES by Diep & Johnson (2000).
The following partial results on STS rates for inelastic H2 :H2 collisions within v = 0 vibrational state are discussed below: the FR98 set (Flower & Roueff 1998, 1999) based on Sw88-PES (Schwenke 1988); the Lee08 set (Lee et al. 2008) based on DJ00-PES (Diep & Johnson 2000); and the Wan18 set (Wan et al. 2018; Stancil, priv. comm.) based on P08-PES (Patkowski et al. 2008). The FR98 set can also be retrieved from the BASECOL 2012 database (Dubernet et al. 2013), and the Lee08 set from the UGAMOP database (Lee et al. 2008).
These three sets of STS rates, though extensive in the domain of temperatures, are incomplete in terms of collision processes. They only consider collisions of one active H2 molecule with a passive H2 molecule in the J = 0 or J = 1 rotational ground state of pH2 or oH2, respectively.Important processes involving simultaneous excitation and de-excitation of both colliding partners (up-down processes) have not been considered in the FR98, Lee08, or Wan18 sets.
Calculations based on full-dimensional H2 -H2 PESs have also been reported: by Lin & Guo (2002) using the B02-PES (Boothroyd et al. 2002) and the ASP94-PES (Aguado et al. 1994); by Otto et al. (2008) using the B02-PES; and by Balakrishnan et al. (2011) using the B02-PES and the H08-PES (Hinde 2008). The merits and limitations of these calculations were recently discussed by Montero et al. (2020). In general, the STS rates within v = 0 based on full-dimensional PESs are far less accurate than STS rates based on rigid-rotor PESs.
Here we present a calculated set of STS rates for H2 :H2 inelastic collisions in v = 0 based on the high-quality ab initio P08-PES. This P08-PES is based on ab initio calculations with the coupled-cluster method using single, double, and non-iterative triple excitations [CCSD(T)] and a very large basis set, followed by extrapolations to the complete basis set limit. As carefully assessed by Patkowski et al. (2008) this P08-PES is more accurate than the DJ00-PES (Diep & Johnson 2000) and the H08-PES (Hinde 2008). The present calculated set spans the thermal range between 10 and 1000 K. It is pruned to the relevant STS rates in the population-destruction equations in this thermal range, and is therefore conceived for practical use in diagnostics of the interstellar medium according to the procedure outlined above. Moreover, this set is assessed against the recent experimental STS-rates (Montero et al. 2020) with very good agreement.
The present work is structured as follows. In Sect. 2 the theoretical and computational methodology is presented. The numerical results on STS rates for H2 :H2 inelastic collisions are included in Sect. 3. Table 1 of Sect. 3 includes the relevant de-excitation STS rates at selected temperatures between 10 and 1000 K. Tables 2 and 3 include the coefficients for interpolation at any temperature between 10 and 200 K and for 100 to 1000 K, respectively. A discussion of our results and a comparison with experimental STS rates and with results from FR98, Lee08, and Wan18 sets are given in Sect. 4. Figures 1 and 2 show the overall behaviour of several dominant STS rates. Figure 3 offers a detailed comparison of the present results with results from experimentation and previous sets of STS rates. Section 5 summarises our conclusions.
Table 1 
Calculated de-excitation STS rates for H2:H2 inelastic collisions in units of 10−20 m3 s−1.

Table 2 
Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 10 and 200 K.

2 Methodology
For consistency with our previous experimental and theoretical work (Montero et al. 2020), we employ the notation kturs instead of the Q(T;vj → v′j′) used by other authors (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989) for the H2 :H2 STS rates inthe v = 0 ground level. Subscripts t, u, r, s take the values of the rotational quantum number J of H2 ; t, u and r, s refer to the pre- and post-collisional state of the two H2 colliding partners, respectively. In summary, we consider the collision processes
[image: equation](2)
The kturs STS rates at a given translational temperature T are obtained from the Boltzmann average
[image: equation](3)
where [image: equation] is the mean relative velocity of colliding partners of reduced mass μ, σturs (Etu) are the integral STS cross-sections for the collision processes, and
[image: equation](4)
is the precollisional kinetic energy for the initial states (t, u), where Et and Eu are the rotational energies of both H2 colliders in the t and u states, respectively,and Etot is the total energy of the system.
The STS rates obey the detailed balance relation
[image: equation](5)
where ϵt, ϵu, ϵr, ϵs are the energies of the rotational levels (in kelvin). Thus, only the de-excitation rates, where ϵt + ϵu > ϵr + ϵs, need to be calculated via Eq. (3), while the excitation rates are obtained from Eq. (5).
The σturs cross-sections of Eq. (3) were obtained by solving the time-independent close-coupling equations for the scattering between two linear rigid rotors (Green 1975, Pérez-Ríos et al. 2009). These calculations were performed using a recent version of MOLSCAT code (Hutson & Le Sueur 2019). The close-coupling equations were propagated from R = 1 to 20 Å, R being the intermolecular distance, employing the hybrid log-derivative/Airy propagator by Manolopoulos (1986) and Alexander & Manolopoulos (1987). At each total energy, partial cross-sections were accumulated for increasing values of the total angular momentum until these contributions became smaller than 0.001 Å2.
To add novelty to our approach, we included rotational energies EJ of H2 of nearly spectroscopic accuracy in the MOLSCAT code. These rotational energies were computed in terms of an expansion in [image: equation] up to n = 5, with parameters B0, D0, H0, L0 and M0 taken from Jennings et al. (1987), who determined those values from fits to measured rotational transitions. The effect of using these spectroscopic energies compared to a much simpler rigid-rotor expression for the rotational energy is discussed below.
Calculations were done separately for the pH2 + pH2, oH2 + oH2 and pH2 + oH2 combinations. The basis set for the wave function expansion was built from a list of pairs of rotational quantum numbers (J1, J2) (rotational channels) ordered by their rotational energy [image: equation]. We have included 13 rotational channels for the pH2 :pH2 and oH2 :oH2 collisions (from (J1, J2)=(0,0) to (4,8) for pH2 :pH2, and from (1,1) to (5,9) for oH2 :oH2, and 16 rotational channels for the pH2 :oH2 combination(from (J1, J2)=(0,1) to (4,7)). Due to their identical nuclear spin, the collision partners were considered indistinguishable for pH2 :pH2 and oH2 :oH2 collisions. This feature is accounted for in the calculation program, where only distinguishable pairs (e.g. J2 ≥ J1) must be included to define the basis set. In order to prevent double counting when rotational states of reactants or products are the same, the resulting STS rates are multiplied by the factor
[image: equation](6)
according to Pérez-Ríos et al. (2011).
We employed the P08-PES for the interaction between two H2 molecules in their ground electronic state, fixing their intramolecular distances at their average value in the lowest rovibrational state. The P08-PES is given as an analytical function V (R, θa, θb, ϕ), where θa and θb are the angles between the intermolecular axis and the two intramolecular Jacobi vectors, and ϕ is the torsional angle. In the MOLSCAT calculations, this potential is internally expanded in coupled products of spherical harmonics depending on these angles. The expansion coefficients (depending on R) are computed using ten quadrature points for each angular variable. The expansion involves up to λa = λb= 4 values of angular momentum of the spherical harmonic functions and λ = 8 for their coupling. An important computational detail deserves mention: calling the subroutine provided by Patkowski et al. (2008), the angle π − θb must be introduced as an argument instead of θb in order to be consistent with the definitions of the angles used in the MOLSCAT code (Patkowski et al., priv. comm.).
We carried out several tests for the convergence of the cross-sections (most of them at Etot = 7000 cm−1). The cross-sections are converged within 1% with respect to the number of rotational channels and to the parameters of the propagator and the PES expansion. A more accurate expansion of the PES simply modifies (by about 2–3%) the cross-sections of the most inefficient transitions, those smaller than 0.01 Å2. In addition, some cross-sections involving very highly excited states, such as for instance σ6343 or σ6361, are less accurate with respect to the number of rotational channels. However, we verified that even at Etot = 11 000 cm−1 they are converged to better than 4%.
For the pH2 :pH2 and oH2 :oH2 collisions, the calculations were carried out for a large number of total energies Etot (about 1000), ranging from the opening of the first rotationally excited state up to about 11 000 cm−1. For the pH2 :oH2 collisions, it was necessary to reach up to 14 000 cm−1 with a total of 1700 energy points. These energy grids are unequally spaced, in such a way that they are much denser for regions close to the opening of the different rotational channels (where the cross-sections exhibit some resonances) than for the higher total energies (where the behaviour of the cross-sections is far smoother). These choices ensure the convergence of the STS rates of Eq. (3) in the 10 to 1000 K interval studied here.
Table 3 
Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 100 and 1000 K.

3 Results
We calculated a large number of STS rates in the 10 to 1000 K thermal interval. As discussed in our previous study (Montero et al. 2020, Supp. Material) many of these STS rates are almost irrelevant in practical terms. Therefore, in the present work we only report those STS rates that have some significant contribution to the population-destruction equations (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989) in the 10 to 1000 K thermal range. This selection is made on the basis of the value of the STS rate combined with the product of populations Pt Pu of the precollisional levels, as discussed in detail by Montero et al. (2020, Supp Material).
The recommended set of de-excitation STS rates for diagnostics based on the population-destruction equations (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989) at eight selected temperatures between 10 and 1000K is shown in Table 1. The ‘Gap’ refers to the difference in rotational energy (ϵt + ϵu − ϵr − ϵs) induced by the collision. Excitation STS rates can be obtained from the de-excitation rates by means of the detailed balance Eq. (5).
Interpolation is necessary for practical use of the STS rates at any temperature between 10 and 1000 K. For interpolation between 10 and 200 K we provide the polynomial parametric description based on the
[image: equation](7)
power series; am coefficients are given in Table 2. The accuracy of this parametric description with respect to the calculated STS rates is, on average, far better than 1%.
Interpolation between 100 and 1000 K is based on the Arrhenius-Kooij equation (Vissapragada et al. 2016):
[image: equation](8)
A, B, and C parameters are given in Table 3. The accuracy of the Arrhenius-Kooij parametric description with respect to the calculated STS rates between 100 and 1000 K is, on average, better than 2%. The standard error estimates of the parametric descriptions with respect to the calculated STS rates, Spol and SAK, are given in the last column of Tables 2 and 3, respectively.
Overlapping of the two functional descriptions of the STS rates in the common section between 100 and 200 K is fairly good. At T ≈ 130 K, both descriptions match almost exactly. However, the temperature of exact matching slightly depends on the particular STS rate. For optimal use of Tables 2 and 3 it is recommended to employ the polynomial description for 10 ≤ T ≤ 130 K, and the Arrhenius-Koiij description for 130 ≤ T ≤ 1000 K.
Machine-readable (MR) versions of Tables 1–3 are available at the CDS. The MR version of Table 1 includes more temperatures as well as the corresponding excitation STS rates obtained from the de-excitation STS rates by means of the detailed balance Eq. (5).
	[image: thumbnail]	Fig. 1 Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).



4 Discussion
As shown in Figs. 1 and 2, the present calculated STS rates match the available experimental values in the range 20 to 300 K very well. The STS rates from the Lee08 set are quite close to the present STS rates. Conversely, the STS rates from FR98 show some noticeable differences with respect to the present results, while the STS rates by Wan et al. (2018)1 are systematically lower than the present STS rates. These differences are far more evident in Fig. 3 where they are expressed asa percentage as
[image: equation](9)
where [image: equation] are STS rates by other authors (oa), including the experimental ones, and [image: equation] are the STS rates calculated in the present work.
Figure 3 shows the good agreement between the present results and the experimental ones (dots) in the 20 to 300 K range in more detail, with differences between 5 and 10% for 20 ≤ T ≤ 50 K, and smaller than 5% for 50 ≤ T ≤ 300 K. The present STS rates depicted in Figs. 1 and 2 are the parametric polynomial description (in red, from 10 to 200 K) and the parametric Arrhenius-Kooij description (in green, from 100 to 1000 K) according to Eqs. (7) and (8), with the parameters from Tables 2 and 3, respectively. Other STS rates from Table 1 which are not depicted in Figs. 1–3 show similar degrees of accuracy compared to the experimental rates (Montero et al. 2020).
The FR98 set was calculated using the experimental energies of the rotational levels, which are very close to those of the present [image: equation], n ≤ 5, expansion. Thus, the large differences between the FR98 set and the present STS rates should be attributed to the different PESs employed and/or to other differences in the computational procedure.
On the other hand, Wan18 STS rates were calculated with the same P08-PES and MOLSCAT methodology of the present work. Hence, the systematic differences evident in Fig. 3 require some explanation. First, Wan18 rates were calculated using rigid rotor energies EJ = B0J(J + 1) with B0 = 60.853 cm−1 (Wan et al. 2018) while the present STS rates have been calculated with nearly exact rotational energies. We find that this difference in the rotational energies can lead to a substantial decrease in the STS rates (up to 30% for some transitions at low temperature). In addition, another computational detail deserves mention: calling the subroutine provided by Patkowski et al. (2008), the angle π − θb must be introduced as an argument instead of θb for consistency with the definitions used in the MOLSCAT code (Patkowski et al., priv. comm.). The combined effect of those computational differences might account, at least in part, for the differences found between Wan18 STS rates and the present ones.
The role of simultaneous excitation-de-excitation processes (up-down processes in short) also deserves mention. In these processes, one of the colliding partners gains energy while the other loses energy. The collision energy gap tends to be small, as can be seen in Table 1 for the 2543, 4123, and 0321 processes. Their gaps are about one-half smaller than the next single de-excitation processes, 2000 to 2505, where only one of the partners becomes de-excited while the other remains unchanged. As shown in Table 1, the STS rates of the up-down processes are considerably larger than those of the single de-excitation processes. Therefore, up-down processes do contribute significantly to the population-destruction equations (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989) and cannot be ignored. Surprisingly, there are almost no reports about up-down STS rates in the literature with the exception of Monchick & Schaefer (1980) and previous works from our laboratory (Montero et al. 2006, 2020; Montero & Pérez-Ríos 2014). The quantitative importance of the 0321 up-down process was discussed in detail by Montero et al. (2020, Supp Material). Figures 1a and b show the relative values of k0321 and k4123 up-down rates compared to the dominant rates k3010, k3111 in Figs. 1c and d, and to k2000, k2101, k4020, and k4121 shown in Figs. 2a–d.
The statement by Flower & Roueff (1998) according to which the STS cross-sections for H2 :H2 inelastic collisions are insensitive to the rotational state of the perturber is not supported by the present results nor by the experiment (Montero et al. 2020). As shown in Table 1, the k2101 STS rate is considerably larger than k2000, namely 76% larger at 300 K, and 63% larger at 1000 K; k3111 is also largerthan k3010, that is, 26%larger at 300 K, and 40% larger at 1000 K. Those STS rates originate from the integration of the corresponding STS cross-sections according to Eq. (3), and hence the cross-sections are actually sensitive to the rotational state of the perturber. This happens at least for low values of the J rotational quantum number, those dominant in the 10 to 1000 K range.
	[image: thumbnail]	Fig. 2 Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).



	[image: thumbnail]	Fig. 3 Differences of experimental and other calculated STS rates with respect to the present calculation (Eq. (9)), in %.



5 Conclusions
In this work the relevant STS rates for H2 :H2 inelastic collisions between 10 and 1000 K were calculated employing a recent version of the H2 -H2 PES and of the MOLSCAT code. Our main conclusions are

	1. 
The P08-PES (Patkowski et al. 2008) proves to be of very good quality in the range of energies involved in the STS rates compared with the experiment between 20 and 300 K (the relevant range of total energy being Etot ≤ 4500 cm−1) within the v = 0 vibrational state. Together with the recent version of the MOLSCAT code (Hutson & Le Sueur 2019), the P08-PES provides STS rates that are highly consistent with the experiment (Montero et al. 2020).


	2. 
The use of accurate experimental spectroscopic values for the energies of the rotational levels in v = 0 has substantially improved the accuracy of the STS rates calculated here.


	3. 
The pruned set of STS rates reported here is considered to be sufficiently complete for diagnostics between 10 and 1000 K based on the simulation of IR emission spectra combined with the population-destruction equations (Black & van Dishoeck 1987; Sternberg & Dalgarno 1989).


	4. 
The pruned set of STS rates reported here is expected to be substantial for the quantitative interpretation of gas dynamic processes involving H2, such as for instance, the experimental study of H2:H2O inelastic collisions.



The presentresults, especially the MR Tables, are hoped to be useful to the astrophysical community in the near future. The interpretation of a wealth of astronomical infrared spectroscopic data on H2 will probably benefit from the present results.

Acknowledgements
This work has been supported by the Spanish Ministerio de Economía y Competitividad (MINECO), grants FIS2017-84391-C2 and CONSOLIDER-ASTROMOL CSD2009-0038. We are indebted to K. Patkowski for the clarification about the use of the H2 +H2 potential energy surface subroutine. Thanks are due to P. C. Stancil for the h2.dat file with the STS rates corresponding to P08-PES calculation by Wan et al. (2018).

References
	
Aguado, A., 
Suarez, C., & 
Paniagua, M. 
1994, 
J. Chem. Phys., 101, 4004
[See]
	
Alexander, M. H., & 
Manolopoulos, D. E. 
1987, 
J. Chem. Phys., 86, 2044
[See]
	
Balakrishnan, N., 
Quemener, G., 
Forrey, R. C., 
Hinde, R. J., & 
Stancil, P. C. 
2011, 
J. Chem. Phys., 134, 014301
[See]
	
Black, J. H., & 
van Dishoeck, E. F. 
1987, 
ApJ, 322, 412
[See]
	
Boothroyd, A. I., 
Martin, P. G., 
Keogh, W. J., & 
Peterson, M. J. 
2002, 
J. Chem. Phys., 116, 666
[See]
	
Dalgarno, A. 
2000, 
Molecular Hydrogen in Space (Cambridge Contemporary Astrophysics), eds. 
F. Combes, & 
G. Pineau des Forets 
(Cambridge: Cambridge University Press), 3
[See]
	
Diep, P., & 
Johnson, J. K. 
2000, 
J. Chem. Phys., 112, 4465; 2000, 113, 3480 (erratum)
[See]
	
Dubernet, M. L., 
Alexander, M. H., 
Ba, Y. A., et al. 
2013, 
A&A, 553, A50
[See]
	
Flower, D. R., & 
Roueff, E. 
1998, 
J. Phys. B At. Mol. Opt. Phys., 31, 2935
[See]
	
Flower, D. R., & 
Roueff, E. 
1999, 
J. Phys. B At. Mol. Opt. Phys., 32, 3399
[See]
	
Green. S 
1975, 
J. Chem. Phys., 62, 2271
[See]
	
Habart, E., 
Walmsley, M., 
Verstraete, L. et al. 
2005, 
Space Sci. Rev., 119, 71
[See]
	
Hinde, R. J. 
2008, 
J. Chem. Phys., 128, 154308
[See]
	
Huestis, D. L. 
2008, 
Planet Space Sci., 56, 1733
[See]
	
Hutson, J. M., & 
Le Sueur, C. R, 
2019, 
Comp. Phys. Comm., 241, 9
[See]
	
Jennings, D. E., 
Weber, A., & 
Brault, J. W. 
1987, 
J. Mol. Spectr., 126, 18
[See]
	
Lee, T.-G., 
Balakrishnan, N., 
Forrey, R. C., et al. 
2008, 
ApJ, 689, 1105
[See]
	
Lin, S. Y., & 
Guo, H. 
2002, 
J. Chem. Phys., 117, 5183
[See]
	
Manolopoulos, D. E. 
1986, 
J. Chem. Phys., 85, 6425
[See]
	
Monchick, L., & 
Schaefer, J. 
1980, 
J. Chem. Phys., 73, 6153
[See]
	
Montero, S., & 
Pérez-Ríos, J. 
2014, 
J. Chem. Phys., 141, 114301
[See]
	
Montero, S., 
Thibault, F., 
Tejeda, G., & 
Fernández, J. M. 
2006, 
J. Chem. Phys., 125, 124301
[See]
	
Montero, S., 
Tejeda, G., & 
Fernández, J. M. 
2020, 
ApJS, 247, 14
[See]
	
Otto, F., 
Gatti, F., & 
Meyer, H. D. 
2008, 
J. Chem. Phys., 128, 064305
[See]
	
Patkowski, K., 
Cencek, W., 
Jankowski, P., et al. 
2008, 
J. Chem. Phys., 129, 094304
[See]
	
Pérez-Ríos, J., 
Bartolomei, M., 
Campos-Martínez, J, 
Hernández, M. I., & 
Hernández-Lamoneda, R. 
2009, 
J. Phys. Chem. A, 113, 14952
[See]
	
Pérez-Ríos, J., 
Tejeda, G., 
Fernández, J. M., 
Hernández, M. I., & 
Montero, S. 
2011, 
J. Chem. Phys., 134, 174307
[See]
	
Roueff, E., 
Abgrall, H., 
Czachorowski, P., et al. 
2019, 
A&A, 630, A58
[See]
	
Schwenke, D. W. 
1988, 
J. Chem. Phys., 89, 2076
[See]
	
Sternberg, A., & 
Dalgarno, A. 
1989, 
ApJ, 338, 197
[See]
	
Vissapragada, S., 
Buzard, C. F., 
Miller, K. A., et al. 
2016, 
ApJ, 832, 31
[See]
	
Wan, Y., 
Yang, B. H., 
Stancil, P. C., et al. 
2018, 
ApJ, 862, 132
[See]



1 Kindly reported by Stancil (priv. comm.) in h2.dat file.



All Tables
Table 1 
Calculated de-excitation STS rates for H2:H2 inelastic collisions in units of 10−20 m3 s−1.
In the text

Table 2 
Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 10 and 200 K.
In the text

Table 3 
Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 100 and 1000 K.
In the text

All Figures
	[image: thumbnail]	Fig. 1 Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).
In the text



	[image: thumbnail]	Fig. 2 Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).
In the text



	[image: thumbnail]	Fig. 3 Differences of experimental and other calculated STS rates with respect to the present calculation (Eq. (9)), in %.
In the text





    
      Table 1 

      Calculated de-excitation STS rates for H2:H2 inelastic collisions in units of 10−20 m3 s−1.

      
        


	t u r s
	Gap/K
	10
	50
	100
	200
	300
	500
	750
	1000





	2 5 4 3
	316.88
	190.4
	201.0
	280.7
	428.9
	548.6
	727.3
	885.0
	1004.0



	4 1 2 3
	327.16
	194.9
	205.5
	289.0
	446.7
	574.4
	763.9
	930.4
	1058.0



	0 3 2 1
	334.74
	275.4
	290.3
	408.7
	630.0
	806.3
	1065.0
	1293.0
	1473.0



	2 0 0 0
	509.86
	43.02
	38.88
	56.07
	99.7
	148.8
	255.6
	397.8
	543.6



	2 1 0 1
	509.86
	64.53
	65.31
	96.25
	174.6
	261.3
	441.5
	665.9
	884.1



	2 2 0 2
	509.86
	69.92
	67.16
	97.35
	174.0
	258.7
	435.4
	657.3
	874.4



	2 3 0 3
	509.86
	69.97
	69.05
	100.2
	179.3
	267.2
	451.6
	684.1
	912.0



	2 4 0 4
	509.86
	68.53
	68.09
	99.11
	178.7
	268.4
	459.4
	704.6
	947.9



	2 5 0 5
	509.86
	67.48
	67.02
	97.73
	176.7
	265.8
	457.1
	704.8
	952.6



	5 1 3 3
	644.05
	28.96
	32.02
	52.40
	109.1
	175.7
	315.5
	482.3
	634.8



	4 0 2 2
	661.91
	41.41
	45.61
	74.41
	153.9
	247.1
	443.8
	683.2
	907.2



	3 0 1 0
	844.60
	22.73
	23.20
	36.25
	74.12
	121.8
	235.1
	395.4
	565.3



	3 1 1 1
	844.60
	22.30
	24.43
	40.41
	88.92
	153.3
	313.0
	544.7
	792.6



	3 2 1 2
	844.60
	25.40
	26.47
	42.32
	89.95
	152.7
	308.3
	535.5
	779.9



	3 3 1 3
	844.60
	28.16
	29.03
	46.29
	97.81
	164.9
	329.3
	567.1
	821.8



	3 4 1 4
	844.60
	28.86
	29.93
	47.78
	101.2
	171.1
	342.9
	592.5
	860.7



	3 5 1 5
	844.60
	28.66
	29.71
	47.49
	101.3
	172.3
	349.0
	609.2
	891.5



	6 1 4 3
	948.24
	6.87
	7.78
	13.67
	33.17
	60.92
	133.2
	241.0
	357.1



	4 0 2 0
	1171.77
	8.87
	9.45
	15.91
	37.22
	67.72
	150.0
	280.4
	429.4



	4 1 2 1
	1171.77
	8.69
	9.46
	16.32
	40.02
	75.82
	177.7
	346.9
	545.9



	4 2 2 2
	1171.77
	7.70
	8.40
	14.75
	36.85
	70.60
	168.0
	332.0
	526.6



	4 3 2 3
	1171.77
	8.90
	9.60
	16.45
	39.90
	75.24
	176.4
	345.9
	547.0



	4 4 2 4
	1171.77
	9.97
	10.54
	18.01
	43.50
	81.52
	189.2
	368.1
	579.3



	4 5 2 5
	1171.77
	9.66
	10.78
	18.50
	44.81
	84.14
	195.8
	382.3
	603.4



	5 0 3 0
	1488.65
	3.05
	3.33
	5.92
	15.43
	30.67
	77.15
	160.0
	262.9



	5 1 3 1
	1488.65
	3.35
	3.71
	6.70
	18.04
	36.98
	97.56
	210.7
	356.3



	5 2 3 2
	1488.65
	2.86
	3.18
	5.76
	15.70
	32.58
	87.69
	192.6
	329.3



	5 3 3 3
	1488.65
	2.65
	3.04
	5.62
	15.56
	32.50
	88.13
	194.8
	334.3



	5 4 3 4
	1488.65
	3.05
	3.50
	6.32
	17.03
	35.04
	93.61
	205.3
	351.3



	6 1 4 1
	1792.85
	1.20
	1.35
	2.53
	7.43
	16.38
	48.21
	114.5
	207.2




      

    

  
    
      Table 2 

      Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 10 and 200 K.

      
        


	t u r s
	Gap/K
	a0
	a1
	a2
	a3
	a4
	a5
	Spol





	2 5 4 3
	316.88
	214.830
	−3.68004
	0.107439
	−1.00632E-3
	4.40266E-6
	−7.31809E-9
	1.81



	4 1 2 3
	327.16
	220.491
	−3.84555
	0.111700
	−1.04224E-3
	4.55306E-6
	−7.56345E-9
	1.88



	0 3 2 1
	334.74
	311.786
	−5.45602
	0.158321
	−1.47579E-3
	6.43869E-6
	−1.06872E-8
	2.62



	2 0 0 0
	509.86
	52.2644
	−1.308165
	0.0325606
	−3.01884E-4
	1.33791E-6
	−2.24735E-9
	0.60



	2 1 0 1
	509.86
	74.5105
	−1.44478
	0.0389100
	−3.50088E-4
	1.53233E-6
	−2.55815E-9
	0.63



	2 2 0 2
	509.86
	82.3467
	−1.76989
	0.0454488
	−4.12851E-4
	1.81166E-6
	−3.02642E-9
	0.78



	2 3 0 3
	509.86
	81.3040
	−1.62350
	0.0426269
	−3.85140E-4
	1.68829E-6
	−2.82116E-9
	0.70



	2 4 0 4
	509.86
	79.3559
	−1.55388
	0.0409938
	−3.68744E-4
	1.61341E-6
	−2.69180E-9
	0.67



	2 5 0 5
	509.86
	78.1910
	−1.53800
	0.0405417
	−3.63290E-4
	1.59240E-6
	−2.65411E-9
	0.67



	5 1 3 3
	644.05
	33.0293
	−0.610689
	0.0177597
	−1.51847E-4
	6.58739E-7
	−1.09839E-9
	0.28



	4 0 2 2
	661.91
	47.2837
	−0.879221
	0.0254526
	−2.17807E-4
	9.43334E-7
	−1.57081E-9
	0.40



	3 0 1 0
	844.60
	26.4090
	−0.530468
	0.0141524
	−1.23414E-4
	5.39467E-7
	−9.00632E-10
	0.22



	3 1 1 1
	844.60
	25.5303
	−0.481591
	0.0137928
	−1.17786E-4
	5.17233E-7
	−8.66778E-10
	0.22



	3 2 1 2
	844.60
	29.4316
	−0.586354
	0.0159400
	−1.38188E-4
	6.06391E-7
	−1.01444E-9
	0.26



	3 3 1 3
	844.60
	32.7628
	−0.666646
	0.0179225
	−1.55644E-4
	6.82247E-7
	−1.14082E-9
	0.29



	3 4 1 4
	844.60
	33.4830
	−0.670652
	0.0181292
	−1.57009E-4
	6.87934E-7
	−1.15013E-9
	0.29



	3 5 1 5
	844.60
	33.2414
	−0.664705
	0.0179417
	−1.55071E-4
	6.79274E-7
	−1.13448E-9
	0.29



	6 1 4 3
	948.24
	7.85258
	−0.147783
	0.00432082
	−3.56928E-5
	1.57925E-7
	−2.66000E-10
	0.07



	4 0 2 0
	1171.77
	10.2756
	−0.204695
	0.00560974
	−4.72881E-5
	2.08616E-7
	−3.50057E-10
	0.09



	4 1 2 1
	1171.77
	10.0290
	−0.196479
	0.00547949
	−4.56720E-5
	2.02879E-7
	−3.41105E-10
	0.09



	4 2 2 2
	1171.77
	8.95592
	−0.184755
	0.00515301
	−4.32187E-5
	1.92648E-7
	−3.24348E-10
	0.09



	4 3 2 3
	1171.77
	10.3017
	−0.205146
	0.00567859
	−4.76496E-5
	2.11420E-7
	−3.55070E-10
	0.09



	4 4 2 4
	1171.77
	11.6417
	−0.243036
	0.00659063
	−5.57299E-5
	2.47267E-7
	−4.15579E-10
	0.11



	4 5 2 5
	1171.77
	10.9641
	−0.194897
	0.00561877
	−4.60223E-5
	2.03277E-7
	−3.40687E-10
	0.09



	5 0 3 0
	1488.65
	3.52582
	−0.0704002
	0.00195308
	−1.60548E-5
	7.19381E-8
	−1.21288E-10
	0.03



	5 1 3 1
	1488.65
	3.86337
	−0.0763634
	0.00214912
	−1.76271E-5
	7.97877E-8
	−1.34907E-10
	0.03



	5 2 3 2
	1488.65
	3.29427
	−0.0647312
	0.00182473
	−1.49014e-5
	6.75559e-8
	−1.14141E-10
	0.03



	5 3 3 3
	1488.65
	3.03133
	−0.0574814
	0.00167307
	−1.34501E-5
	6.10147E-8
	−1.02905E-10
	0.03



	5 4 3 4
	1488.65
	3.45231
	−0.0609352
	0.00179013
	−1.42776E-5
	6.43738E-8
	−1.08209E-10
	0.03



	6 1 4 1
	1792.85
	1.38113
	−0.0272737
	0.000772191
	−6.20265E-6
	2.85154E-8
	−4.81019E-11
	0.01




      

      

Notes. Resulting STS rates and Spol in units of 10−20 m3 s−1.




    

  
    
      Table 3 

      Parametric description of de-excitation STS rates for H2:H2
inelastic collisions between 100 and 1000 K.

      
        


	t u r s
	Gap/K
	A
	B
	C
	SAK





	2 5 4 3
	316.88
	605.922
	0.450790
	30.5657
	5.10



	4 1 2 3
	327.16
	639.804
	0.450912
	33.2493
	5.26



	0 3 2 1
	334.74
	895.347
	0.444640
	32.4929
	6.18



	2 0 0 0
	509.86
	130.296
	1.15401
	−40.8913
	0.72



	2 1 0 1
	509.86
	250.261
	1.03940
	−14.4065
	2.53



	2 2 0 2
	509.86
	242.733
	1.05032
	−20.4358
	2.24



	2 3 0 3
	509.86
	250.081
	1.05983
	−21.3370
	2.38



	2 4 0 4
	509.86
	248.347
	1.09466
	−24.8059
	2.36



	2 5 0 5
	509.86
	243.861
	1.11156
	−27.3743
	2.19



	5 1 3 3
	644.05
	204.532
	0.981208
	41.4587
	3.81



	4 0 2 2
	661.91
	278.047
	1.01392
	31.8279
	4.75



	3 0 1 0
	844.60
	114.737
	1.30962
	−21.4256
	2.73



	3 1 1 1
	844.60
	154.368
	1.35941
	−3.31954
	2.91



	3 2 1 2
	844.60
	146.834
	1.37630
	−16.7212
	2.68



	3 3 1 3
	844.60
	158.418
	1.35671
	−16.5912
	2.73



	3 4 1 4
	844.60
	164.029
	1.36568
	−17.2032
	2.84



	3 5 1 5
	844.60
	163.930
	1.39329
	−19.5963
	2.86



	6 1 4 3
	948.24
	69.1522
	1.39220
	30.0579
	1.58



	4 0 2 0
	1171.77
	66.4682
	1.54221
	−12.0983
	1.37



	4 1 2 1
	1171.77
	76.2655
	1.63211
	−6.30961
	1.82



	4 2 2 2
	1171.77
	71.5090
	1.65711
	−4.52058
	1.73



	4 3 2 3
	1171.77
	73.3998
	1.65803
	−15.2932
	1.74



	4 4 2 4
	1171.77
	79.3673
	1.64057
	−15.5039
	1.80



	4 5 2 5
	1171.77
	81.4366
	1.65164
	−17.1128
	1.83



	5 0 3 0
	1488.65
	30.5963
	1.78062
	−9.57112
	0.77



	5 1 3 1
	1488.65
	36.6318
	1.88104
	−12.3188
	0.98



	5 2 3 2
	1488.65
	32.3200
	1.91953
	−12.3615
	0.91



	5 3 3 3
	1488.65
	32.4979
	1.92944
	−9.96558
	0.91



	5 4 3 4
	1488.65
	33.6644
	1.93178
	−21.4617
	0.92



	6 1 4 1
	1792.85
	15.9192
	2.11723
	−18.6300
	0.48




      

      

Notes. Resulting STS rates and SAK in units of 10−20 m3 s−1.




    

  
    
      Fig. 1 
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        Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).

      

    

  
    
      Fig. 2 
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        Present calculated STS rates kturs compared to experiment and other calculations (in units of 10−20 m3 s−1).

      

    

  
    
      Fig. 3 
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        Differences of experimental and other calculated STS rates with respect to the present calculation (Eq. (9)), in %.
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