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ABSTRACT

Aims. Our objective is to obtain the best possible set of rotational (de)-excitation state-to-state and effective rate coefficients for
temperatures up to 1500 K. We present state-to-state rate coefficients among the 45 lowest levels of o-H,O with Hy(j» = 0) and
Ajr = 0,+2, as well as with Hy(j, = 2) and Aj, = 0, —2. In addition and only for the 10 lowest energy levels of 0-H,0, we provide
state-to-state rate coefficients involving j, = 4 with Aj, = 0,-2 and j, = 2 with Aj, = +2. We give estimates of effective rate
coefficients for j, = 6, 8.

Methods. Calculations are performed with the close coupling (CC) method over the whole energy range, using the same 5D potential
energy surface (PES) as the one employed in our latest publication on water. We perform comparisons with coupled states (CS) cal-
culations, with thermalized quasi-classical trajectory (QCT) calculations using the same PES and with previous quantum calculations
obtained between 7 = 20 K and T = 140 K with a different PES.

Results. We find that the CS approximation fares extremely badly even at high energy for j, different from zero. Comparisons with
thermalized QCT calculations show large factors at intermediate temperatures and factors from 1 to 3 at high temperature for the
strongest rate coefficients. Finally we stress that scaled collisional rate coefficients obtained with He cannot be used in place of

collisional rate coefficients with Hj.

Key words. molecular data — molecular processes — ISM : molecules

1. Introduction

This is the first effort on such a large scale to obtain the high-
est possible accuracy for collisional excitation rate coefficients
of an asymmetric molecule with a rotationally excited diatomic
molecule. This effort is justified by the importance of water in
various astrophysical media. Water is a key molecule for the
chemistry and the energy balance of the gas in cold clouds and
star forming regions, thanks to its relatively large abundance
and large dipole moment. A wealth of observational data has
been obtained by the Infrared Space Observatory (see for exam-
ple: Cernicharo & Crovisier 2005; Spinoglio et al. 2001; Tsuji
2001; Wright et al. 2000), the Submillimeter Wave Astronomy
Satellite (Melnick et al. 2000) and the ODIN satellite (Sandqvist
et al. 2003; Wilson et al. 2003). In the near future the Heterodyne
Instrument for the Far-Infrared (HIFT) will be launched on board
the Herschel Space Observatory. It will observe with unprece-
dented sensitivity spectra of many molecules with an emphasis
on water lines in regions such as low or high mass star forming
regions, proto-planetary disks and AGB stars. The interpretation
of these spectra will rely upon the accuracy of the available col-
lisional excitation rate coefficients that enter into the population
balance of the emitting levels of the molecules. In the tempera-
ture range from 5 K to 1500 K, the most abundant collider likely

to excite molecules in media with weak UV radiation fields is
the hydrogen molecule, followed by the helium atom.

A pioneering rigid-body 5D PES was obtained by Phillips
et al. (1994) for the excitation of the rotational levels of H,O by
H,. Using this PES, Phillips et al. (1996) computed rate coef-
ficients for rotational de-excitation among the first 5 ortho and
para levels of water with H, (j = 0, 1) for temperatures ranging
from 20 K to 140 K. Dubernet & Grosjean (2002) and Grosjean
et al. (2003) extended this work down to 5 K and pointed out
that such low temperature rates are highly sensitive to a proper
description of resonances.

Recently an accurate 9D PES for the deformable H, — H,O
system was calculated by Faure et al. (2005a). This PES com-
bined conventional 5D and 9D CCSD(T) calculations (coupled
cluster with perturbative triples) and accurate calibration data us-
ing the explicitely correlated CCSD(T)-R12 approach (Noga &
Kutzelnigg 1994).

As a first application of the 9D PES, high temperature
(1500 K < T < 4000 K) rate coefficients for the relaxation of
the v, bending mode of H,O were estimated from quasiclassical
trajectory calculations (Faure et al. 2005a) and the role of rota-
tion in the vibrational relaxation of water was emphasized (Faure
et al. 2005b).
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Another application of this 9D PES was to construct an ac-
curate 5D PES suitable for inelastic rotational calculations by
averaging over H, and H,O ground vibrational states. As was
pointed out in Faure et al. (2005a), this state-averaged PES is
actually very close to a rigid-body PES using state-averaged ge-
ometries for H,O and H,.

Using this newly determined 5D PES for H,—H,O, Dubernet
et al. (2006b) provided an extended and revised set of rate co-
efficients for de-excitation of the lowest 10 rotational levels of
o/p-H,O by collisions with p-H; (j, = 0) and o-H,(j, = 1), for
kinetic temperatures from 5 K to 20 K.

The new PES of Faure et al. (2005a) leads to a significant
re-evaluation of the rate coefficients for the excitation of H,O by
para-H, (j = 0). Indeed for the 1,9 to 1¢; transition observed by
the SWAS satellite, the new PES increases the de-excitation rate
coefficient by a factor of 4 at 5 K and by 75% at 20 K compared
to the previous results of Dubernet et al. (Dubernet & Grosjean
2002; Grosjean et al. 2003), leading to a total increase at 20 K
of 185% with respect to the Phillips et al. (1996) results. The de-
excitation rate coefficients of other transitions induced by para-
H; can increase by as much as 100% or decrease by 30%. For
collisions with ortho-H,(j = 1) the new PES has a smaller effect
on the de-excitation rate coefficients with a maximum change
of 40%. The influence of the new PES on collisions with both
p-Hz (j» = 0) and o-H; (j» = 1) is expected to become less
pronounced at higher temperatures.

Faure et al. (2007) provided rate coefficients for rotational
de-excitation among the lowest 45 rotational levels of o/p-H,O
colliding with o/p-H, in the temperature range 20-2000 K. This
set is a combination of various data: 1) data obtained with quasi
classical trajectory (QCT) calculations with the H, molecule as-
sumed to be rotationally thermalized at kinetic temperature and
calculated between 100 K and 2000 K; 2) the values at 20 K are
CC calculations from Dubernet et al. (2006b) for the first 5 lev-
els and are equal to values at 100 K for all other levels; 3) scaled
H,O-He results from Green et al. (1993) for the weakest rate
coefficients. A preliminary comparison (Faure et al. 2007) with
current CC calculations concerning low lying levels of water at
high temperature showed that QCT thermalized rate coefficients
were accurate to within a factor of 1-3 for the dominant transi-

tions, i.e. for those with rates larger than a few 1072 em3 st

Our current objective is to obtain the best possible set of rota-
tional (de)-excitation state-to-state and effective rate coefficients
for temperatures up to 1500 K. We provide state-to-state rate co-
efficients among the 45 lowest levels of 0-H,O with Hy(j, = 0)
and Aj, = 0,+2, as well as with Hy(j, = 2) and Aj, = 0,-2.
In addition and only for the 10 lowest energy levels of 0-H,O,
we provide state-to-state rate coefficients involving j, = 4 with
Aj, = 0,-2 and j, = 2 with Aj, = +2. We give estimates of
effective rate coefficients for j, = 6, 8.

2. Methodology
2.1. Collisions with H»

Our calculations provide state-to-state collisional rate coeffi-
cients involving changes in both the target and the perturber ro-
tational lev_el.s,.i.e. R(jiti1jp — J'] 71 j,)(T) where j11, ]'] T’l rep-
resent the initial and final rotational levels of water, j,, j, the
initial and final rotational levels of H,, and T is the kinetic tem-

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

8 1/2 1
R(leljZ - ],17/1.]/2)(7") = (a) (kBT)3/2

f(; O'j]lez_)j'IT/lj/z(E)Ee—E/kBTdE’ (1

where E is the kinetic energy, kg is the Boltzmann constant and u
is the reduced mass of the colliding system.

These state-to-state collisional rate coefficients follow
the detailed balance principle and reverse rate coefficients
R(ji7\j, — jiT1j2)(T) can be obtained from forward rate co-

efficients by the usual formula:
Ei’nl(HZO) Ei/m<H2)
- - g s L
gigne BToe BT R(ITLR 2 iT12)
_ E(0)  _ Eyy(tt)

BT e BT R(j1Tij2 = J1T1J5)s (2)

=91 9p¢

where g, g;, are the statistical weights related to rotational lev-
els of H,O and H, respectively, and the different Ej, are the
rotational energies of the species.

Some astrophysical applications might rather use the so-
called effective rate coefficients R »(j1T1 — jj7)) which are
given by the sum of the state-to-state rate coefficients (Eq. (1))
over the final j, states of H, for a given initial j,:

RiGiiri = iTD(T) = Y RGiTij2 = 71 35)(D). 3)

7

These effective rate coefficients do not follow the detailed bal-
ance principle and both excitation and de-excitation should be
explicitly calculated. It should be recalled that in the tempera-
ture range between 5 K and 20 K (Dubernet & Grosjean 2002;
Grosjean et al. 2003), the effective rate coefficients follow the
principle of detailed balance within the calculation error, be-
cause there are no transitions to the j, = 3 rotational level of
0-Hj, and transitions to the j, = 2 rotational level of p-H, are
negligeable.

Finally, averaged de-excitation rate coefficients for o/p-H,O
by rotationally thermalized o/p-H; can be obtained by averaging
over the initial rotational levels of o/p-Ha:

RGjiti = ji7)) = D pUoIR,Grry = ji)(T)
2

= > () Y RGiTI2 = JTAT) ()
2 J
. _ Ein () . L. .
with p(jo) = gj,e  *7 /Z, where Z is the partition function over
either ortho or para-H; states. These averaged de-excitation rate

coeflicients are those directly calculated by Faure et al. (2007)
with a QCT method.

2.2. Description of the calculations

In the current calculations we use the same expansion of the
Faure et al. (2005a) 5D PES as in Dubernet et al. (2006b),
where details can be found. For this PES, inaccuracies in in-
elastic cross sections might come from different sources: prop-
agation parameters, description of the rotational Hamiltonians
of the 2 molecules, sizes of H,O and H, rotational basis sets,
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Table 1. Energy levels of o-water obtained with the Kyrd (1981) Hamiltonian.

Level Energy(cm™) j 1t k, k. Level Energy(cm™) j Tk, ke

1 23.7943 1 -1 0 1 24 744.1639 8 -7 1 8
2 42.3717 1 1 1 0 25 756.7256 6 1 4 3
3 79.4963 2 -1 1 2 26 782.4112 7 -3 2 5
4 134.9018 2 1 2 1 27 842.3574 7 -1 3 4
5 136.7617 3 3 0 3 28 885.6018 8 -5 2 7
6 173.3656 3 -1 1 2 29 888.5995 6 3 5 2
7 212.1561 3 1 2 1 30 920.1698 9 -9 0 9
8 224.8383 4 3 1 4 31 931.2383 7 1 4 3
9 285.4192 3 3 3 0 32 1006.1173 8 -3 3 6
10 300.3621 4 -1 2 3 33 1045.0572 6 5 6 1
11 325.3483 5 -5 0 5 34 1059.8371 7 3 5 2
12 382.5171 4 1 3 2 35 1079.0815 9 -7 1 8
13 399.4581 5 3 1 4 36 1114.5515 10 -9 1 10
14 446.5107 5 -1 2 3 37 1122.7100 8 -1 4 5
15 447.2528 6 -5 1 6 38 1201.9234 9 -5 2 7
16 488.1084 4 3 4 1 39 1216.1956 7 5 6 1
17 508.8121 5 1 3 2 40 1255.1688 8 1 5 4
18 5529119 6 -3 2 5 41 1282.9207 9 -3 3 6
19 586.2445 7 -7 0 7 42 1293.6356 10 -7 2 9
20 610.3418 5 3 4 1 43 1327.1114 11 -11 0 11
21 648.9791 6 -1 3 4 44 1360.2373 9 -1 4 5
22 704.2158 7 -5 1 6 45 1394.8143 7 7 7 0
23 742.0761 5 5 5 0

level of approximation in quantum calculations where the cou-
pled states (CS) approximation might be used instead of the ex-
act close coupling (CC) method. Additional errors might be in-
troduced in rate coefficients if the kinetic energy grid is not fine
enough near thresholds, resulting in poor low temperature rate
coefficients, or not extended to high enough energies, leading to
wrong high temperature results.

Our quantum calculations are carried out with modified ver-
sions of the sequential and parallel versions of the MOLSCAT
code (Hutson & Green 1994; McBane 2004). Parameters of
the propagation are optimized as was done in Dubernet &
Grosjean (2002); Grosjean et al. (2003); Dubernet et al. (2006D).
Identically to Dubernet et al. (2006b), the H, energy levels are
the experimental energies of Dabrowski (1984) and the H,O en-
ergy levels and eigenfunctions are obtained by diagonalisation
of the effective hamiltonian of Kyro (1981), compatible with the
symmetries of the PES (Dubernet & Grosjean 2002; Grosjean
et al. 2003; Dubernet et al. 2006b). The first 45 levels of ortho-
water are given in Table 1. The reduced mass of the system is
1.81277373 a.m.u.

2.2.1. Basis set convergence: Methodology in choosing
an appropriate basis set

The basis set is a direct product of rotational wavefunctions of
water, characterized by the rotational quantum number j; (the
lowest value of j; is one for 0-H,0) and the pseudo-quantum
number 7; which varies between —j; and j; (alternatively, we
may use the pseudo-quantum numbers k, and k. with the cor-
respondance 7; = k, — k), and of rotational wavefunctions of
hydrogen characterised by the rotational quantum number j,. To
a single j; rotational quantum number is associated a ladder of
increasing rotational energy levels corresponding to successive
values of 7, characteristic of 0-H,O, and it should be remem-
bered that 2 to 3 adjacent ladders might overlap. A ladder in-
cludes j; values of 7| for even j;, and j; + 2 values of 71 for odd
Jj1. CC calculations are carried out at a given total energy, a given

parity and a total angular momentum Ji;. The coupling scheme
involves a first coupling between the monomers leading to an
intermediate quantum number jj,, such that }12 = }1 + }2, and
a subsequent coupling to the orbital angular momentum [ such
that Jio, = I+ jlz. We call B(n,m) a basis set where 7 is the max-
imum value of j;, m is the maximum value of j,, and B(n, m) in-
cludes all the coupled |j2, ji, 71, j» > states. The convergence of
the basis set usually involves keeping a number of closed chan-
nels above the total energy at which the collisional cross-sections
are calculated. These closed channels mainly influence the col-
lisional process in the strong interaction region via coupling of
the potential. The potential couplings between (jk,k.) energy
levels decrease with increasing Aj; and Ak,, therefore for the
simple case of a B(n,0) basis set we find that a good conver-
gence is reached with 10 energetically closed channels of wa-
ter. The basis set B(n,0) with an energy cut-off above the 10th
closed channel of water is called a B*(n,0) [10] basis set (see
notation below). Another important question is the accuracy of
cross-sections with respect to the number of closed channels of
the H, molecule. Phillips et al. (1996); Dubernet & Grosjean
(2002) already showed that the j, = 2 level has a strong influ-
ence on inelastic cross-sections involving no energy transfer in
H,. Therefore these authors chose basis sets of the type B(n, 2),
while Grosjean et al. (2003) used a B(n, 3) basis set. Generally at
least one to two closed Hj rotational channels would be required
in order to ensure convergence to better than 5% of inelactic
cross sections involving energy transfer in H,. This would be
particularly important if the purpose of our calculations was to
find inelastic rate coefficients of H, averaged over water transi-
tions. However for our purposes it is sufficient to use a basis set
which is reduced by the application of an energy cut-off, follow-
ing Dubernet et al. (2006b). We define B*(n, m)[p, g, r] to be a
subset of B*(n,m) containing, for j, = 0,2,4 respectively, all
states of B*(n,m) up to the first p, ¢ and r states whose inter-
nal energies lie above the sum of the total energy and E(|j, >),
where the total energy is taken respective to the ground state of
water and p-Ho.
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Table 2. Rotational (de)excitation cross-sections (in A2) of 0-H,O calculated with different basis sets: (1) a complete B(6,2) basis set, (2) a
B*(6,4)[all, all, 5] basis set with an incomplete ladder in j, = 4, (3) a B*(9,4)[10, 10, 5] basis set with incomplete ladders for j, = 0,2,4. The
transitions are labelled by the quantum numbers jik.ke — jikik; (j2-j5) where primes are final states.

Total energy (cm™) Transition B(6,2) B*(6,4)[all,all,5] B*(9,4)[10,10,5] Difference
4295 To; — 130 (0=2)  0.021 0.025 16%
1oy = 150 (0-0)  3.890 3.856 0,8%
330 = 110 (0=2)  0.443 0.500 11%
350 = 110 (0-0)  0.106 0.102 4%
681.1 To; — 150 (0-2) 0.176 0.175 0.5%
1o1 = 110 (0-0) 4.3480 4.3489 0.02%
330 = 119 (0-2) 0.9760 0.9773 0.1%
350 = 10 (0-0) 0.1488 0.1481 0.4%
834.9 To; — 10 (0-2)  0.268 0.318 16%
oy = 119 (0=0)  4.454 4.412 1%
330 = 110 (0=2)  0.919 0.980 6%
350 = 1,0 (0-0)  0.194 0.186 4%
delt R b N coefficients when they are dominated by those state-to-state rate
. ~==q btz e e coeflicients. This happens when there is internal energy trans-
3 el A Se-121- S fer between excitation of H, and de-excitation of o-H,O. This
%2 . 4e-12 - S is illustrated in Fig. 1 for the water transition 33 to 1,9 where
- T} S RGI=3m =32 g = 1 =~ = 0)(T) is larger
gle,“ ] 2e2 //-/ A thanR(j; =371 =3j,=0— j, =17) =-1j, =0)T).
1 1e-12 M
0¢ P T T T m 2.2.2. Basis set convergence: choice of basis set
T®) T(X)

Fig. 1. State-to-state rate coefficients (cm?® s™!) of the 33, to 1o transi-
tion of 0-H,O as a function of temperature (Kelvin). The full line in-
dicates the state-to-state rate coefficients for Aj, = 0, and the broken
line corresponds to Aj, = 2. The lines in parts a) and b) are calculated
with a B*(6, 4)[all, all, 5] basis set. Part b) also shows rate coefficients
obtained with a B(6, 2) basis set (squares and diamonds) at low temper-
ature.

Some behaviors of cross-sections for different basis sets and
low lying levels of 0-H,O are shown in Table 2; they are rep-
resentative of the whole set of cross-sections. At total energy
E = 681.1 cm™!, these cross-sections show less than 0.5%
difference between B*(6,4)[all, all, 5] and B*(9,4)[10, 10, 5],
which includes the open channel 7y7 and closed channels involv-
ing incomplete ladders up to a maximum value of j; equal to 9.
This result could be considered as trivial but it clearly shows that
the convergence procedure of readjusting the number of closed
channels for each total energy is solely necessary for total ener-
gies covering the opening of molecular channels whose transi-
tions we are interested in; above the highest threshold of interest
the basis set does not need to be increased.

Another question is the accuracy of cross-sections with re-
spect to the inclusion of the j, = 4 level in the basis sets. Table 2
shows that j, = 4 has the strongest effect on transitions from
Jj2 = 0to j, = 2. Overall the inclusion of the j, = 4 level induces
an effect of about 10% to 20% on the strongest state-to-state rate
coefficients involving energy transfer in Hp, i.e. for R(j;71; j» =
0,2 — ji7}; j5 =2,0)(T) (and up to 60% for the weakest). This
effect is directly transfered to the effective (de)-excitation rate

It is not possible to obtain the same fully converged rate coef-
ficients for all transitions among the first 45 levels of o-H;O.
Therefore we adopted different strategies. For transitions among
the first 20 levels of 0-H,O, we adopted one closed channel for
H; with a maximum value of j, equal to 4. For H,O the basis set
combined at least one closed j; level and a cut-off in rotational
energy equivalent to 10 rotational levels for j, = 0, 2 (reduced to
5 closed rotational levels for j, = 4) above the total energy con-
sidered in the calculations, i.e. a B*(n,4)[10, 10, 5] basis set. This
method was employed over the whole range of energies for the
de-excitation of the first 10 levels while for de-excitation from
the 11th to the 20th levels of 0-H,O it was employed up to a to-
tal energy of 950 cm™! only. Due to prohibitive computing cost
for total energies from 950 cm™~! up to 8000 cm™!, the reduced
basis set B*(n,2)[10, 10] was used for de-excitation calculations
from the 11th to the 45th levels of 0-H,O with p-H,.

2.2.3. Choice of method

CC calculations give exact results but are computationally very
expensive when they are associated with very large basis sets.
Usually CS calculations are prefered for calculations at total en-
ergies located far enough from the transition thresholds; there-
fore the CS method cannot adequately describe collisional de-
excitation among the lowest 45 levels of water for total energies
up to 2000 cm™~!. Moreover we find that the CS method degrades
the quality of rate coefficients involving excited rotational lev-
els of H, with and without energy transfer in H,. For non neg-
ligeable rate coefficients the errors range from 50% to 100%.
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Table 3. Summary of the sets of state-to-state (STSR) R(j 7}, — ji71/2)(T) and effective rate coefficients (ER) R 5»(1T1 — Ji7)(T) available in
BASECOL. Column 1 labels the set of state-to-state rate coefficients. T, (K) and T« (K) indicate the lowest and highest temperatures at which
calculations and fits have been performed for the relevant sets of data. The column “Transition” indicates the number of levels among which rate
coeflicients are provided. T1, T2, T3, T4 indicate the expected accuracy: T1 for the 20 first levels of 0-H,O, T2 from the 21st to the 30th level, T3
from the 31st to the 40th, T4 from the 41st to the 45th. A1 means “20% at most for the most significant rates, i.e. larger than 107147, A2 means
“not good but contribute only 4% to effective rate coefficients”, the notation X(Z)Y means X% accuracy below a temperature of 7 = Z Kelvin and

Y% accuracy above T = Z Kelvin.

Set Tmin(K)  Tha (K)  Transitions T1 T2 T3 T4
(Hh j=0 j,=0 STSR 5 1500 45 levels 5% 10% 20(100)10 50(100)10
2) J,=2 STSR 5 1500 45 levels Al
Jj,=4 STSR - - none
2 ER 5 1500 45 levels 5% 15% 20(100)15 50(100)15
3 jp=2 j,=0 STSR 5 1500 45 levels Al
4 Jj,=2 STSR 5 1500 45 levels 10% 25(10)15  40(10)20  50-100(300)25
(5) J,=4 STSR 1000 1500 10 levels A2
i ER 5 1500 45 levels 10% 25(10)15  40(10)20  50-100(300)25
=4 j,=0 STSR - - none
(6) Jh = STSR 1000 1500 10 levels A2
(7) Jj,=4 STSR 5 1500 10 levels 40%
X ER 5 1500 10 levels 40%

Therefore our choice was to use the close coupling method over
the whole range of total energies.

The failure of the CS method has already been observed
by Kouri et al. (1976) for diatom-diatom collisions in the case
of HCI-H, (Table XI) for transitions that are dominated by the
strong long range interaction (j, = 1, 2). Heil et al. (1978) sug-
gested that the breakdown of the CS approximation is initiated in
the short range part of the PES and that the long range anisotropy
increases this breakdown. However they assumed that CC and
CS would agree better at higher energies. Obviously this is not
the case for the present system. It should be noted that even for
atom-diatom collisions, Dubernet et al. (2001) showed that CC
and CS total inelastic cross-sections among the lowest rotational
levels of H, colliding with He did not converge at high tem-
perature, though the results were close. In fact, the CS method
involves approximating angular momentum terms in the total
Hamiltonian, and in particular omitting Coriolis terms. When the
angular momentum of the hydrogen molecule is introduced into
the problem, the validity of these approximations for the angular
momentum coupling is likely to be compromised. The large en-
ergy spacing of the rotational levels of hydrogen will exacerbate
these effects.

2.2.4. Choice of total energy points

CC calculations are carried out over essentially the whole en-
ergy range spanned by the Boltzmann distributions (Eq. (1)); the
highest energy point calculated is at 8000 cm™' and cross sec-
tions are extrapolated at higher energy in order to achieve con-
vergence for de-excitation from the highest water energy levels.
These extrapolations do not degrade the accuracy of rate coef-
ficients because the concerned cross sections behave regularly.
We carefully spanned the energy range above the inelastic chan-
nels and added more points in the presence of resonance struc-
tures. The total energy grid below the 10th threshold has been de-
scribed in Dubernet et al. (2006b); between the 10th and the 20th
threshold energy steps vary from 0.5 to 2 cm™!, from the 20th to
the 25th they range from 2 to 5 cm™!, above the 25th threshold
they vary from 10 to 40 cm™!. We paid particular attention to
having a fine description of low energy behaviors of cross sec-
tions connected to j, = 2 for rotational levels of H,O up to

600 cm~!. Nevertheless for j, = 2 the energy grid is coarser
than for j, = 0, though still allowing an adequate precision (see
Table 3). Overall there are about 1592 energy points.

3. Discussion
3.1. Results forj, =0, 2,4, 6, 8

We use the methodology described above to calculate sets of
state-to-state rate coefficients (Eq. (1)) in the temperature range
from 5 K to 1500 K for de-excitation transitions among the
45 lowest levels of 0-H,O with j, = 0and Aj, = 0, +2, as well as
with j, =2 and Aj, = 0, -2. In addition and only for the 10 low-
est energy levels of 0-H,O, we obtain cross sections involving
Jjo =4 with Aj, = 0,-2,-4, j, = 0 with Aj, = 0,+2,+4 and
Jj» = 2 with Aj, = 0,+2, 2. Because of the sparse energy grid
of cross sections involving j, = 4, we estimate that the related
rate coefficients are only correct for temperatures above 1000 K.
All rate coefficients involving energy transfers with Aj, = +4
are very small and can be ignored up to 1500 K. The state-to-
state rate coefficients involving energy transfers from j, = 2 to
j» =4 or from j, = 4 to j, = 2 contribute only 4% to the effec-
tive rate coefficients; nevertheless we provide them for the sake
of completeness between 1000 K and 1500 K. They should only
be used to calculate the effective excitation and de-excitation rate
coefficients of 0-H,O out of the j, = 2, 4 level as their accuracy
is quite low.

Additionally we use the breathing sphere approximation
(Agg & Clary 1991a,b), i.e. we average the PES over j, = 4
in order to complete the set of de-excitation cross sections of o-
H,O with j, = 4 and Aj, = 0, which allows us to obtain rate
coefficients for temperatures between 5 K and 1500 K. This pro-
cedure is fully justified by the small magnitude of cross sections
involving energy transfer with Aj, = -2, -4 from j, = 4.

From the calculated state-to-state rate coeflicients, the effec-
tive rate coefficients corresponding to j, = 0, 2, 4 can be cal-
culated using Eq. (3). The ratios of effective de-excitation rate
coefficients (Eq. (3)) R =2 (R ,=4) over effective de-excitation
rate coefficients R =0 (R j,=2) for the first 45 (10) levels of ortho-
water are given in Figs. 2, 3. Table 4 provides the correspon-
dance between labels of the 990 transitions and labels of the en-
ergy levels given in Table 1.
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Fig. 2. Ratios of effective de-excitation rate coefficients (Eq. (3)) for the first 10 levels of o-water and for temperatures ranging from 20 K to
1600 K. Black lines give the ratios Rj,-»/R;,—o and red lines give the ratios R;,_4/R;,—». The abscissae indicate the labeling of the de-excitation
transitions as indicated in Table 4.
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temperatures: 7 = 100 K (black), T = 200 K (red), T = 400 K (green), T = 800 K (blue), T = 1600 K (cyan). The abscissae indicate the labeling
of the de-excitation transitions as indicated in Table 4.
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Table 4. Labels of first and last de-excitation transitions from a given level (as given in Table 1). This table is the key for reading the figures giving
ratios of rate coefficients as a function of transitions labels.

Level First Last Level First Last Level First Last
2 1 1 17 121 136 32 466 496
3 2 3 18 137 153 33 497 528
4 4 6 19 154 171 34 529 561
5 7 10 20 172 190 35 562 595
6 11 15 21 191 210 36 596 630
7 16 21 22 211 231 37 631 666
8 22 28 23 232 253 38 667 703
9 29 36 24 254 276 39 704 741
10 37 45 25 277 300 40 742 780
11 46 55 26 301 325 41 781 820
12 56 66 27 325 351 42 821 861
13 67 78 28 352 378 43 862 903
14 79 91 29 379 406 44 904 946
15 92 105 30 407 435 45 947 990
16 106 120 31 436 465

Ratios R =2 /R =0 can be very large for water transitions for
which no internal energy transfer occurs between H, and H,O;
these large ratios are due to the strong long range part of the PES
for j, = 2. These ratios can as well be very small when internal
energy transfer strongly enhances R j,=0 rate coefficients. The al-
ternating large and small ratios lead to the patterns observed in
Fig. 3; these patterns are particularly noticeable for de-excitation
from high lying energy levels of water. Indeed R,-Fo(a - a)
de-excitation effective rate coefficients are strongly influenced
by the corresponding state-to-state rate coefficients R(j, = 0 —
J5 = 2;a — a) for all o-water @ levels above the opening of
the j, = 2 level of H,, while Rjz=2(a - a), §j2:4(a — a’) ef-
fective rate coefficients are mainly influenced by respectively the
R(j=2->j,=2a—>ad)andR(jo =4 — j, =4 a — o)
state-to-state rate coefficients.

Effective rate coefficients of 0-H,O linked to j, = 6, 8 may
also be obtained using the breathing sphere approximation be-
tween 5 K and 1500 K. Indeed Dubernet et al. (2001) (in Fig. 2)
showed that total inelastic cross-sections of Hp with j, = 4,
6 colliding with He are negligeable in the energy range from
0 cm™! to 5000 cm™! and we can assume a similar behavior in
the present case. Nevertheless this work is not performed in the
present paper and the magnitudes of the relevant effective rate
coefficients may be evaluated using multiplicative factors with
the following guideline, based on available comparisons among
our calculated rate coefficients between j, = 2 and j, = 4: the
user may vary the effective rate coefficient by 20%—-50% (mostly
increase) from j, = 2to j, = 4, and so on up to j, = 8.

The BASECOL database (Dubernet et al. 2006a) will pro-
vide full tables of the rate coefficients sets mentioned in Table 3.

3.2. Accuracy of results

Apart from the usual checks of convergence with respect to prop-
agation parameters, basis set and total angular momentum, the
state-to-state rate coefficients have been carefully checked by
detailed balance. It should be recalled that the quality of rate
coefficients at low temperature is linked to the number of energy
points close to the molecular thresholds, and we have an excel-
lent energy grid for j, = 0 and a sparser but still good energy grid
for j, = 2. We have a very good grid for j, = 4, due to the use of
the breathing sphere approximation at total energy close to wa-
ter thresholds. The maximum values of the estimated errors are
given in Table 3 for transitions starting from different levels of

0-H,0 (T1, T2, T2, T4) and for the various sets of state-to-state
rate coefficients (1 to 7). Sets (5) and (6) have very low accu-
racy, which is not a cause for concern for the present application
since they provide a very small contribution to the effective rate
coeflicients. The accuracy of the effective rate coefficients (ER)

A

Rj,o reflects the accuracies of set (1) and of set (2) to a lesser

extent. The accuracy of the effective rate coefficients (ER) R =2
is mainly connected to set (4) because set (3) rate coeflicients
give a small contribution to the effective rate coefficients. The
accuracy of the effective rate coefficients linked to j, = 4 can be
estimated to be around 40%.

3.3. Thermalized rate coefficients

We will not explicitly provide de-excitation rate coefficients of
Ein ()

0-H,0 with thermalized H, (Eq. (4)). The values of gj,e  *7
in Table 5 indicate that we can provide accurate averaged de-
excitation rate coefficients (Eq. (4)) up to 300 K—400 K for tran-
sitions from the 11th—45th level of 0-H,O, and up to 800 K for
the 10 first levels, the accuracy being that of the state-to-state
rate coefficients. When levels j, > 2 start to contribute to ther-
malised rate coefficients, the uncalculated effective rate coeffi-
cients for j, > 2 might be estimated using the guidelines given
in Sect. 3.1. Another possibility at high temperature is to directly
use the QCT rate coefficients of Faure et al. (2007), being aware
of their limitation. Extensive comparisons between our averaged
de-excitation rate coefficients and the QCT results are given in
the following sections.

3.4. Overestimation of rate coefficients by QCT calculations

The calculations of Faure et al. (2007) are described in the in-
troduction. At 20 K a comparison between the present results
and the Faure et al. (2007) results only indicates whether those
authors were right to claim that their linear extrapolation from
100 K lies within a factor of 2 to 3 of the true values. In order to
compare quantum and QCT results obtained with the same PES,
we must remove the scaled H,O-He results from their published
set since the scaled H,O-He rate coeflicients are used for 65%
of the transitions at various temperatures. Figure 4 shows the ra-
tios of averaged CC rate coeflicients over thermalized QCT rate
coefficients for temperatures 100 K, 200 K, 800 K and 1600 K
(note that averaged CC rate coeflicients involve j, = 0,2, 4 for
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Table 5. Unnormalized population of the rotational states of p-H, relative to j, = 0, at different temperatures and assuming thermodynamic

equilibrium.
J2/T(K) 10 100 140 200 400 600 800 1200 1500
0 1 1 1 1 1 1 1 1 1
2 - 0.028 0.122 037 136 2.1 2.6 324 354
4 - - - - 0.12 05 1.0 213 284
6 - - - - - 0.03 0.14 0.63 1.15
8 - - - - - - - 0.09 0.27

Table 6. Quantum numbers of levels involved in the transitions of Fig. 5
a), b), ¢) overestimated by QCT calculations. Primes indicate quantum
numbers of the final states.

Transitions j 1 ke k. j T kK K
71 5 3 1 4 3 3 0 3

74 4 3 1 4

77 5.5 0 5

221 7 -5 1 6 5 -5 0 5
225 6 -5 1 6
229 7 -7 0 7
580 9 -7 1 8 7 -7 0 17
585 8 -7 1 8
591 9 9 0 9

transitions among the first 10 levels of water and j, = 0, 2 for all
other transitions). We find that the QCT method systematically
overestimates, by up to a factor of 10, some of the strongest rate
coefficients and underestimates rate coefficients involving inter-
nal energy transfer between o-H,O and H; by factors as large
as 100 at T = 100 K. The agreement between the two sets of
rate coefficients improves with increasing temperature and above
T = 800 K most rates are within a factor of 3.

The overestimation of some of the strongest thermalized rate
coefficients concerns a few transitions over the whole range of
temperature. This effect is not related to the missing j, = 4 quan-
tum effective rate coefficient since the overestimation exists for
temperatures below 400 K. Figure 5 compares our CC averaged
rate coefficients with the set published by Faure et al. (2007) and
with scaled He rate coefficients of Green et al. (1993) for transi-
tions from the 514, 716, 913, 625 levels. These last 2 sets coincide
for some transitions since Faure et al. (2007)’s set includes both
QCT calculations and scaled He rate coefficients for the weakest
transitions. QCT calculations systematically overestimate transi-
tions from the 514, 716, 913 levels to the lowest level of a j ladder
(indicated by arrows), with the strongest overestimation corre-
sponding to a transition in the same ladder (bold arrows). Table 6
gives the initial and final quantum numbers of the involved tran-
sitions. These overestimations seem to exist for initial j having
odd values only. Indeed for even j no such overestimation is ob-
served, as can be seen in part (d) of Fig. 5 for de-excitation from
the 6,5 level. We suspect that these systematic overestimations
are an artefact of the binning procedure in the QCT calculations
of Faure et al. (2007).

3.5. Underestimation of rate coefficients by scaled He
and QCT calculations

The de-excitation rate coefficients of H,O + He of Green et al.
(1993), scaled by a factor of 1.344 to correct for the differing
colliding system masses, have systematically been used in as-
trophysical applications to mimic rate coefficients of H,O + Hs.

Phillips et al. (1996) had already pointed out that this method
was not correct for temperatures up to 140 K. Figures 6, 7 show
that scaled H,O + He rate coeflicients underestimate both the
j» = 0 effective and thermalized rate coefficients, with ratios
as large as 1000. The largest ratios occur for transitions domi-
nated by internal energy transfer between H, and H,O. This in-
duces larger rate coefficients for the concerned water transitions
and the effect is particularly noticeable for de-excitation from
high lying levels of water and for transitions involving favorable
quantum numbers, i.e. Aj;, Ak, small.

Examples of transitions largely underestimated at 100 K by
both scaled He and QCT calculations are given in Table 7. The
ratios of CC averaged de-excitation rate coeflicients of o-H,O
with p-H; over QCT calculations of Faure et al. (2007) are never-
theless smaller than the ratios of CC averaged de-excitation rate
coeflicients over scaled water-He rate coeflicients (Green et al.
1993). Apart from the overestimation cases analyzed above,
QCT calculations generally are an improvement over scaled He
calculations. It is unfortunate that very few rate coefficients can
be calculated via QCT calculations.

Figures 8 to 13 compare our averaged rate coefficients with
the set published by Faure et al. (2007) and with scaled He
rate coeflicients of (Green et al. 1993) for some of the 990
de-excitation transitions from the first 45 levels of ortho-water.
Again we recall that these last 2 sets coincide for some transi-
tions since Faure et al. (2007)’s set includes both QCT calcula-
tions and scaled He rate coefficients for the weakest transitions.

3.6. Comparison with the H,O + H, effective rate
coefficients of Phillips et al. (1996)

Comparison with effective rate coefficients of Phillips et al.
(1996) can only be performed for the first 10 levels of o-H,O
and for temperatures in the range 20 K to 140 K. The ratios
of effective rate coefficients, given in Table 8, decrease slightly
with temperature. This certainly reflects the decreasing influence
of the difference between the two different PES (Phillips et al.
1994; Faure et al. 2005a) as temperature increases. The first line
of Table 8 shows that the j, = 2 level cannot be ignored in the
calculation of the averaged rate coefficients above 7' = 120 K.

3.7. Fitted rate coefficients

The state-to-state rate coefficients R(j171j» — j| 7 j5)(T) for the
de-excitation of 0-H,O with p-Hy(j, = 0,2,4) and Aj, = 0, +2
are fitted to an analytical form very similar to the one used by
Mandy & Martin (1993):

N-1

log,o R(T) = )"

k=1

&)

I T]"‘: Lo
I Ogloe an T/e+e€ ’

The fits are performed using numerical rate coefficients calcu-
lated at ~100 temperatures ranging from Ty, to Thmax Which
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rate coefficients of Faure et al. (2007), the dotted lines to the scaled He rate coefficients of Green et al. (1993). The abscissae correspond to the

index of the transition with quantum numbers indicated in Table 6.

are indicated in Table 3. The fitted coefficients are such that
the maximum error between initial data points and fitted val-
ues is minimal. A maximum value of N = 14 is necessary in
order to obtain good accuracy over the whole range of tempera-
ture. The fitted rate coeflicients were subsequently compared to

numerical rate coefficients calculated with a step of 7 = 1 K
from Tpin t0 Thax and the maximum error found is less than
0.5%. We emphasize that these fits have no physical meaning;
they are only valid in the temperature range of the relevant 7'y,
Tmax and should not be used to perform extrapolations. The
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Table 7. Levels involved in some of the transitions largely underestimated by scaled He calculations and to a lesser extent by QCT calculations at
100 K. We provide ratios of averaged CC rate coefficients over QCT and scaled He calculations at 100 K, as well as the values of the corresponding

averaged CC rate coefficients (in cm? s7}).

Transitions Initial Level Final Level CC value Ratios (CC/QCT) Ratios (CC/He)
127 17 7 8.5e-12 7 66
144 18 8 9.9¢-12 7 68
180 20 9 8.3e-12 7 32
223 22 13 7.5e-11 30 191
268 24 15 6.3e-11 7 55
313 26 13 6.1e-11 36 142
425 30 19 1.5e-10 20 328
456 31 21 7.4e-11 17 15
487 32 22 4.9e-11 9 42
519 33 23 2.3e-10 15 38
553 34 25 1.8e-10 91 45
583 35 22 1.9¢-10 59 1800
619 36 24 2.2e-10 39 773
690 38 24 34e-11 18 683
732 39 29 3.4e-10 100 142
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Fig. 12. Ratios of CC averaged de-excitation rate coefficients (Eq. (4)) of o-H,O with p-H, over the set of rate coefficients published by Faure et al.
(2007) (black line) and over scaled He rate coefficients of Green et al. (1993) (red line) for the 596th to the 780th de-excitation transitions from
the first 35 levels of o-water for temperatures ranging from 200 K to 1600 K. The abscissae indicate the labeling of the de-excitation transitions as

indicated in Table 4.

complete sets including levels up to the 45th will be available
in the BASECOL database (Dubernet et al. 2006a). The quality
of the fits can be checked on line through the graphical interface.

4. Concluding remarks

We provide state-to-state rate coefficients among the 45 lowest
levels of o-H,O with H, (jo» = 0) and Aj, = 0, +2, as well as with
Jj» =2 and Aj, = 0,-2. In addition and only for the 10 lowest
energy levels of 0-H,O, we obtain state-to-state rate coefficients
involving j, =4 with Aj, =0,-2and j, =2 with Aj, = +2.

For the given PES the accuracy of quantum rate coefficients,
explicitly given for different temperatures and transitions, is
rather homogeneous and lies between 5% and 40% for the first
40 levels of 0-H,O. For the available transitions, we strongly
recommend use of the present sets of effective rate coefficients
instead of either the scaled H,O-He data of Green et al. (1993) or
the set published in Faure et al. (2007). For temperatures above
400 K, thermalized rate coefficients start to include j, > 2 ef-
fective rate coefficients for which we do not provide exact quan-
tum results for all transitions. We advise the user to use multi-
plicative factors in order to estimate these missing effective rate
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Fig. 13. Ratios of CC averaged de-excitation rate coefficients (Eq. (4)) of o-H,O with p-H, over the set of rate coefficients published by Faure et al.
(2007) (black line) and over scaled He rate coefficients of Green et al. (1993) (red line) for the 781st to the 990th de-excitation transitions from
the first 35 levels of o-water for temperatures ranging from 200 K to 1600 K. The abscissae indicate the labeling of the de-excitation transitions as
indicated in Table 4.

Table 8. Ratios of the 5 effective de-excitation rate coefficients of Phillips et al. (1996) over our averaged rate coefficients (1st line) for o-H,O
with p-H,. The ratios of Phillips et al.’s results over our effective rate coefficients (Eq. (3)) for j, = 0 for 0-H,O with para-H, are given on every

second line.

Transitions/T (K) 20 40 60 80 100 120 140
21 286 209 187 184 197 221 246
286 209 18 174 1.66 1.62 157

31 1.68 158 156 157 1.65 1.77 193
1.68 158 155 153 152 149 148

32 095 094 091 09 095 1.06 121
095 094 09 086 083 081 0.79

41 075 078 083 092 1.08 132 1.60
0.75 078 0.83 087 093 099 1.04

42 1.59 158 156 156 158 1.62 1.70
1.59 158 155 154 152 150 148

43 213 206 199 198 207 227 248
213 206 198 190 182 1.77 171

51 0.86 0.88 0.88 091 098 1.10 1.25
0.86 0.88 0.88 0.88 0.8 090 093

52 1.60 152 151 153 1.60 1.70 1.82
1.60 152 151 149 148 146 145

53 1.57 150 150 152 1.60 1.72 1.89
1.57 150 149 149 149 147 147

54 197 169 155 154 173 212 2.64
197 169 154 142 134 127 124

coeflicients. Above 400 K the user can also choose to use the set

published in Faure et al. (2007), being aware that the weakest
transitions are given by scaled HyO-He rate coefficients which
are sometimes wrong by large factors. As expected we find that
the scaled He rate coefficients (Green et al. 1993) are neither
representative of the effective rate coefficients R,_o nor of the
averaged CC rate coefficients.

Finally we find that the CS approximation fares extremely
badly even at high energy for j, not equal to zero. We will inves-
tigate the breakdown of the CS approximation in another publi-
cation.

We are currently carrying out similar calculations for o-H,O
with o-H; (j» = 1, 3) and for p-H,O with o/p-Ho.
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