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ABSTRACT

Context. The interpretation of water line emission from infrared and submillimetre observations requires a detailed knowledge of
collisional rate coeflicients over a wide range of levels and temperatures.

Aims. We attempt to determine rotational and rovibrational rate coefficients for H,O colliding with both H, and electrons in warm,
molecular gas.

Methods. Pure rotational rates are derived by extrapolating published data using a new method partly based on the information (phase
space) theory of Levine and co-workers. Ro-vibrational rates are obtained using vibrational relaxation data available in the literature
and by assuming a complete decoupling of rotation and vibration.

Results. Rate coefficients were obtained for the lowest 824 ro-vibrational levels of H,O in the temperature range 200-5000 K.
Our data is expected to be accurate to within a factor of ~5 for the highest rates (210~'! cm?®s™'). Smaller rates, including the ro-
vibrational ones, should be generally accurate to within an order of magnitude. As a first application of this data, we show that

vibrationally excited water emission observed in evolved stars is expected to be at least partly excited by means of collisions.

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

1. Introduction

Water molecules are found in a large variety of astronomical en-
vironments, ranging from interstellar molecular clouds to stellar
photospheres, circumstellar envelopes, and comets. In these me-
dia, they represent a major reservoir of oxygen. Furthermore,
water emission may dominate the cooling of the warm part
(a few 100 K) of these regions (Neufeld & Kaufman 1993). The
water molecule is also one of the main sources of radio (from
the submillimetre to the centimetre domain) maser emission,
which has the potential to enable detailed studies of physical
conditions, source dynamics, and magnetic fields (Humphreys
2007). A quantitative modelling of the excitation and line for-
mation processes is therefore essential to understand the nature
of these media. Besides the approximations introduced into ra-
diative transfer calculations, such analyses are hampered by the
lack of reliable collisional rate coefficients, especially for high-
lying rotational and vibrational levels.

Despite progress in both laboratory and theoretical studies
of H,O collisional excitation (see Barnes et al. 2004; Faure et al.
2007, and references therein), there is still a crucial lack of state-
to-state rate coefficients for water in vibrationally excited states.
Current rotational data (Green et al. 1993 for H,O—He; Faure
et al. 2004 for H,O-electron; Dubernet et al. 2006; and Faure
et al. 2007 for H,O—H,) is also restricted to levels of energy be-
low the first excited vibrational state, which lies at 1594.7 cm™!
above the ground state. The main difficulty in computing rate
coefficients for higher levels relates to the fact that quantum

* Tables A.1-A.4 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/492/257

scattering calculations become computationally prohibitive as
soon as the number of coupled channels to be included in
the (time independent) Schrodinger equation exceeds a few
thousands. This imposes severe limitations especially when the
projectile has internal degrees of freedom such as H,. The quan-
tum wave packet approach (see e.g. Otto et al. 2008) could pro-
vide an efficient alternative to fully coupled channel calculations
but to our knowledge it has yet to be developed for polyatomic
targets. There is currently therefore no quantum calculations
for H,O—H, that include vibrational motion and/or rotationally
“hot” molecules (Ey, 2 2000 K). At the quasi-classical level,
hot molecules can be handled but other limitations occur, such
as the inability of classical mechanics to estimate low probabil-
ity processes (see Faure et al. 2007, and references therein). As
aresult, to extend the collisional data of water to kinetic temper-
atures at which it becomes vibrationally excited (7' 2 2000 K),
a new approach is necessary and needs to be developed. This is
the objective of the present article.

The method of computation of collisional rate coefficients,
and its application to HyO-H, and H,O-electron rotational and
rovibrational excitation is exposed in Sect. 2. First astrophysical
implications, including cooling rates and critical densities, are
discussed in Sect. 3.

2. Collisional rate coefficients
2.1. Rotational rates
2.1.1. H,O-H»

Faure et al. (2007) computed quasi-classical rate coefficients
for rotational de-excitation in the lowest 45 para and 45 ortho
levels of H,O colliding with both para- and ortho-H; in the

Article published by EDP Sciences
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temperature range 20—2000 K. This corresponds to a total of
990 para and 990 ortho H,O downward rates for each tempera-
ture. We note that in these calculations para- and ortho-H, were
assumed to be (separately) thermalized at the kinetic tempera-
ture. The objective of this section is to estimate the rotational
rates for thousands of transitions involving states above the low-
est45.

Our analysis is inspired by the information theory approach
developed by Levine and co-workers (see the review by Levine
1978). This approach was originally introduced as a procedure to
compact and correlate the vast amounts of data, both theoretical
and experimental, on molecular collisions. For the rotational ex-
citation of a linear rotor by a structureless particle, the following
expression for the rate coefficient was suggested by Procaccia &
Levine (1976):

k(J = J'5T) = A(DKJ — J'; T) expl-0r(TIAE /|/kT]. (1)

In the above expression, J is the rotor angula momentum,
K°(J — J';T) is a “prior” rate, simply proportional to the
phase space available for the final state, A(T) is a temperature-
dependent normalization factor, 6 is an adiabaticity parameter,
and AE,;; = (E; — Ej) is the rotational energy transfer or en-
ergy gap. The deviation of the actual (measured or computed)
rate, k, from its prior value, kO, is called the surprisal. A number
of studies demonstrated that the accuracy of the surprisal analy-
sis is variable and that different systems show a variety of scat-
ter in the surprisal plots (see in particular Green 1979). It was
generally recognized, however, that it accounts properly for the
underlying qualitative trends.

Following Eq. (1), the expression below can be assumed for
the rotational rates of water:

k(i = j:T) = g;A(T) exp[—6r(T)|AEi;|/kpT], )

where {i, j} specify the initial and final H,O rotational quantum
numbers (e.g. J, . and J, . K;) respectively and g is the degen-
eracy in the j level, i.e. (2J° + 1). To assess the reliability of
Eq. (2), a set of rates of Faure et al. (2007) at 2000 K is plotted,
in Fig. 1, as a function of the energy gap. Despite the large scat-
ter of points, the correlation between the rates and the energy
gap is significant with a correlation coefficient equal to 0.66.
More reliable or similar results were obtained for other temper-
atures. The slope 0x(T) was found to vary between 0.1 and 4.4
over the temperature range 20—2000 K, in agreement with the
observations of Procaccia & Levine (1976) for heteronuclear di-
atomics. Og(T)/kgT was also found to tend to a constant value
at 2000 K, reflecting the fact that rates converge to a simple 7'!/?
temperature dependence at high temperature (see also Procaccia
& Levine 1976).

The scatter of data points in Fig. 1 reflects a complicated
competition between different dynamical effects, including the
energy gap but also specific dynamical constraints. In particular,
although no rigorous selection rules exist for inelastic collisions,
propensity rules are generally observed. For water-H; collisions,
the “preferred” rotational transitions can be defined to be those
for which (Faure et al. 2007):

AJ=0,x1,+2; AK,=0,+1,+2; AK.=0,+1,£2. (3)
The above rules are of course not accounted for by the informa-
tion theory approach.

Our analysis of the data of Faure et al. (2007) demonstrated
that for a given set of {AJ, AK,, AK,}, rates are approximatively
constant, that is, do not strongly depend on J, K, and K.. The
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Fig. 1. Downward rotational rate coefficients of Faure et al. (2007) (di-
vided by the degeneracy in the final rotational state) for ortho-H,O col-
liding with para-H, as a function of the energy gap. The kinetic temper-
ature is 2000 K. The dashed line corresponds to a linear least squares fit
of the logarithm of the data.

sum of downward rates out of any upper state and restricted to
transitions that do not obey Eq. (3):

KOG T) = Y ki i), @)

Jj<i,jeP

is also approximatively constant (in Eq. (4), the P set includes
only transitions with |AJ] > 2 or |AK,| > 2 or |AK,| > 2).
We can therefore classify collision-induced rotational transitions
into two categories: high propensity transitions that do obey
Eq. (3) and low propensity transitions that do not. For the for-
mer, we define for each set of {AJ,AK,, AK.} an average high
propensity downward rate:

K@i — j;T) = kasak, ax.(T), ®)

computed using the corresponding rates within the low-
est 990 transitions. For the latter, we compute the average of
k9o%n(j: T) for the lowest 45 levels, k%°""(T), and we define the
low propensity downward rates to be:

iy T = gk (T) _ .

K2 = jT) = S expl=0r(DIAE kT, (©6)

where

SGT)= ) grexpl—Op(T)AEq|/ksT1. @
k<ikeP

It should be noted that Eq. (6) has similarities with the extrapo-
lation formula used by Neufeld & Melnick (1987) and Neufeld
& Kaufman (1993).

In Fig. 2, we compare rates calculated from the combina-
tion of Egs. (5) and (6) with the original data of Faure et al.
(2007). The high propensity rates are easy to identify because
they correspond to “peaks” in the plots (see in particular the
lower panel). It can be noticed that Eq. (5) does successfully
reproduce the largest peaks. Equation (6) is also found to repro-
duce the general trend of the low propensity rates, although the
lowest rates (those below ~10~'3 cm? s7!) are generally overesti-
mated. These low rates are expected to play only a minor role in
the radiative transfer equations. As a result, the present method
based on the combination of Egs. (5) and (6) is found to pro-
vide a good, quantitative estimate of the highest rotational rates
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Fig. 2. Downward rotational rate coefficients for ortho-H, O—para-H, at
2000 K as a function of the transition number (1-990) corresponding to
the lowest 45 levels. The original data of Faure et al. (2007) (red stars
and dashed line) is compared with our estimate based on the combina-
tion of Egs. (5) and (6) (blue solid line). The lower panel zooms in on
the range 490—-600, corresponding to transitions involving initial levels
661, 752, and 95. See text for details.

with a typical accuracy of factors of 2—3. Since the original data
of Faure et al. (2007) are generally in error by factors of 1-3
(Dubernet et al., private communication), the present data are
believed to be accurate within a factor of ~5 for the highest rates
(those above ~10~!" cm? s7!). For lower rates, our extrapolation
method is inevitably less accurate and some individual rates may
be in error by (at most) one order of magnitude (except for the
lowest rates, for which overestimates by 2 orders of magnitude
may be found). We emphasize, however, that only comparisons
with experimental data will enable the accuracy of the original
data of Faure et al. (2007) and, therefore, of the present rates to
be assessed reliably. In this context, it should be noted that state-
to-state inelastic scattering experiments on HyO—H, are being
performed in Nijmegen (ter Meulen, private communication, see
e.g. Moise et al. 2007). Detailed comparisons between theory
and experiment are in progress and will be published elsewhere.

We also computed downward summed rates (rates from a
level summed over all possible downward transitions) for ortho-
H,O colliding with para-H, using both the QCT data of Faure
et al. (2007) and unpublished quantum data of Dubernet et al.
(in preparation). Relative differences between the QCT and
the quantum summed rates were found to be lower than 50%
for the 10 lowest ortho-H,O levels!' in the temperature range
200—-1500 K, indicating a far higher accuracy for downward
summed rates than for individual state-to-state rates. It should
be noted that these summed rates are used to estimate critical
densities (see Sect. 3.2).

We conclude that the information theory approach, supple-
mented by both low-lying level data and the knowledge of col-
lisional propensity rules, provides a good framework for ex-
trapolating H,O—H,; rotational rates to higher-lying levels. In
the present study, the above procedure was applied to all para
and ortho rotational transitions involving levels above the low-
est 45 and below a threshold energy of 5000 cm™! with respect
to the ground rotational state (corresponding to the 165th para
and 164th ortho level). For temperatures above 2000 K, a sim-
ple T'/? temperature dependence was assumed for the rates,

! Quantum data for higher levels are not available when para-H, is in
a rotational state J, > 2.
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as suggested by the high temperature results of Faure et al.
(2007). Finally, since we are interested in high temperatures
(T > 200 K), an H; ortho-to-para ratio (OPR) of 3:1 was as-
sumed for all temperatures. We note that this choice may be
inadequate in some cases, for example in molecular outflows
where the OPR has been found to be well below its value at
local thermodynamical equilibrium (LTE) (Lefloch et al. 2003;
Neufeld et al. 2006). However, the dependence of the H,O rates
on the H, OPR has been shown to be modest above 200 K (Faure
et al. 2007).

2.1.2. H,O-electron

Rate coeflicients for electron-impact excitation of water were
computed by Faure et al. (2004) for rotational de-excitation
among the lowest 14 para and 14 ortho rotational levels of H,O
(corresponding to J < 5) in the temperature range 100—8000 K.
This corresponds to a total of 91 para and 91 ortho H,O down-
ward rates for each temperature. These calculations were per-
formed by combining the molecular R-matrix method with the
adiabatic-nuclei-rotation (ANR) approximation. An alternative
theory, for which state-to-state cross sections are derived from
experimental data, was also reported (éurﬂ< et al. 2006). Both
approaches were found to be in good agreement, confirming the
accuracy of the R-matrix calculations. Faure et al. (2004) also
found that H,O-electron rotational rates are dominated by dipo-
lar transitions:

AJ=0,+1; AK,==+1,+3,..; AK, ==+1,+3,.. (8)

They also demonstrated that the accuracy of the Born approxi-
mation, which considers only the electron-dipole interaction, in-
creases with the collision energy (see Fig. 2 of Faure et al. 2004).
Since we are interested in high temperatures (7 > 200 K), rates
for dipole-allowed transitions involving levels with J > 5 were
computed using the Born approximation. For dipole-forbidden
transitions, Eq. (6) was computed using the original data of
Faure et al. (2004). In Fig. 3, we can first observe that the high
propensity rates, that is those obeying Eq. (8), are well repro-
duced by the Born calculation, as expected at such a high tem-
perature (2000 K). Second, Eq. (6) is again found to reproduce
the general trend of the low propensity rates, although it overesti-
mates those lower than ~107'° cm? s~!. Finally, we note that that
the highest rates exceed those for HO—H, by typically four or-
ders of magnitude (see discussion on cooling rates in Sect. 3.1).

We conclude that the information theory approach supple-
mented by both low-lying level data and the Born approximation
provides a good framework for extrapolating H, O-electron rota-
tional rates to higher-lying levels. In the present study, the above
procedure was applied to all para and ortho-H,O levels above
the lowest 14 and below a threshold energy of 5000 cm™!, as for
H,0-H,.

2.2. Vibrational excitation
2.2.1. H,O-H»

Faure et al. (2005a) computed quasi-classical rate coefficients
for the relaxation of the first excited bending mode of H,O (ly-
ing at 1594.7 cm™! above the ground state) by H,. Their high
temperature (77 > 1500 K) relaxation rate coefficients were
found to be large (>107!" cm?®s™') and compatible with the
single experimental value at 295 K (Zittel & Masturzo 1991),
as illustrated in Fig. 4. At lower temperatures (7' < 1500 K),
however, the quasi-classical trajectory (QCT) approach was
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shown to be questionable, due to small number statistics. This
problem is, of course, even more severe for state-to-state ro-
vibrational transitions. Quantum mechanics is computationally
prohibitive for such a system, particularly because the standard
rotational infinite-order-sudden (IOS) approximation is unreli-
able for molecules with high rotational constants (Faure et al.
2005b, and references therein). As a result, the calculation of
state-to-state rate coeflicients for the vibrational (de)excitation
of H,O by H, appears highly challenging from both a clas-
sical and quantum point of view. We develop below an ap-
proximate method to estimate rates for state-to-state transitions
connecting two vibrational states of water, by considering the
lowest 5 vibrational levels denoted by v = (v1, v2, v3)2. The first
rotational levels of the four lowest excited vibrational levels are

2 In the standard normal mode notation (which is valid for low lev-
els of the stretching excitation), v = (v1,v2,v3) represents vibrational
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at 1594.7 cm™! (010), 3151.6 cm™! (020), 3657.1 cm™! (100),
and 3755.9 cm™' (001) above the ground state (000) (Tennyson
et al. 2001).

It was generally assumed in the astronomical literature (see
e.g. Chandra & Karma 2001) that state-to-state ro-vibrational
rates are to be proportional to the rates for the corresponding
rotational transitions in the ground vibrational state:

k(v,i = V', j; T) = Puwk(000,i — 000, j; T), )

where {v,v’} specify respectively the initial and final HO vi-
brational quantum numbers and P,, is a dimensionless param-
eter. For the (de)excitation of the bending mode (010) of water,
P,, was generally assumed to have a value between 0.01 and 1
(e.g. Gonzalez-Alfonso et al. 1998) and to be independent of
temperature.

In their QCT study, Faure et al. (2005b) demonstrated that
the final distribution of the water rotational levels after a vibra-
tional relaxation is similar to the final distribution after a pure
rotational relaxation: it peaks at the initial J with an exponential
decay as a function of the rotational energy gap (see Fig. 3 of
Faure et al. 2005b). Exception occurs for low initial J, in which
case the rotational distribution is broad and peaks at higher J.
We note that similar results were observed for simpler diatomic
systems (see for example the quantum VCC-IOS calculations
of Lique & Spielfiedel 2007 for CS—He). The QCT results of
Faure et al. (2005b) therefore suggest that Eq. (9), which cor-
responds to decoupling rotation and vibration, is qualitatively
correct. It should be noted, however, that Eq. (9) completely ne-
glects quasiresonant, vibration-rotation, energy-transfer, which
is expected to occur at low energy or for high initial J (see Faure
et al. 2005b, and references therein). Furthermore, vibrational
transitions for which the initial and final rotational quantum
numbers are identical require special consideration: in this case,
Eq. (9) does not apply because rotationally elastic rates are typ-
ically 1-2 orders of magnitude higher than rotationally inelas-
tic rates. For vibrationally inelastic transitions, this propensity
is still marked but it is significantly reduced (Faure et al. 2005b;
Lique & Spielfiedel 2007). Our recommendation for these transi-
tions is therefore to employ the highest rate from the considered
initial state.

To define P,,, our guiding principle is that of detailed bal-
ance, which states that upward and downward ro-vibrational
rates must obey the relation:

k(o,i — ', i T) = 2L expl(Evi— Ey i /ksTIk(W', j — 0,35 T).(10)
m

1

By expressing the rotationally summed and averaged vibrational
relaxation rate to be:

2. 9iexpl=Ey;/kpT] Y k(v,i = V', j; T)

k(v — ' T) =
=il 3. gi expl—Ey/ksT]

, (1)

and assuming

EU’,i = Ev,i + AEUU’: (12)

where AE,, is the vibrational energy gap, we can show that the
following definition of P, :

k(v = v";T) 3. gi expl—Evi/kpT]

Py (T) = ; ; s
@ 2i 9iexpl—Eyi/kpT]1 % i k(0,i — 0, j;T)

13)

quanta in normal modes vl (symmetric stretch), v, (bending), and v;
(antisymmetric stretch), respectively.
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ensures that detailed balance is automatically fulfiled by Eq. (9).
We note that P,, depends on temperature. Obviously Eq. (12)
is not rigorously exact (see below), although the main source of
inaccuracy is the assumption of complete decoupling between
rotation and vibration. We, nevertheless, believe that substituting
Egs. (13) into (9) provides the essential characteristics of the
inelastic, state-to-state, vibrational processes involving water.

In Fig. 4, experimental and QCT relaxation rate coefficients
for the lowest vibrationally excited mode of water, (010), are
plotted as a function of temperature. We added to this figure
a previous estimate based on an empirical equation derived
from shock-tube measurements of diatomic systems (see e.g.,
Gonzalez-Alfonso et al. 2002, and references therein). It can be
noticed that this empirical prediction underestimates the exper-
imental rate (at 295 K) by more than two orders of magnitude
and the QCT rates (at higher temperature) by typically one order
of magnitude. The vibrational (de)excitation of water by Hj is
therefore far more rapid than anticipated.

QCT and experimental data were interpolated using the poly-
nomial form:

3

Ink(T) = Z a T3,

i=0

(14)

which was found to provide an accurate representation of the rate
in the range 200—-5000 K, as shown in Fig. 4. The fitting coeffi-
cients are the following: ap = —14.01,a; = -202.1, a, = 960.0,
and a3 = —1374. It should be noticed that a standard 7-1/3
law, as predicted by the Landau-Teller classical model, does also
fit the QCT data satisfactory in the high temperature region.
Below 1500 K, however, the 7-1/3 dependence does not hold.
This finding was observed in many other hydrogen systems as
demonstrated by strongly nonlinear Landau-Teller plots (see for
example the theoretical work of Dashevskaya et al. (2007) for
H,+H,). Furthermore, even negative temperature dependence
was observed experimentally close to room temperature for the
self-relaxation of H,O (Zittel & Masturzo 1991). It is therefore
possible that the rate for vibrational relaxation of H,O by H,
increases below 300 K.

For higher vibrational modes of water, the only available data
is provided by the measurements of Zittel & Masturzo (1991)
at 295 K. In addition to the (010) bending level, these authors
measured rate coefficients for vibrational relaxation of the (100)
and (001) stretching level reservoir and the (020) bending over-
tone. Since the relaxation between the nearly resonant (100) and
(001) stretching levels is far more rapid than relaxation from the
stretching levels, (100) and (001) were experimentally found to
reach equilibrium immediately and to relax as a single reservoir.
Rates for relaxation of the stretching level reservoir are therefore
the Boltzmann-weighted averages of the rates for the individual
(100) and (001) levels. Zittel & Masturzo (1991) measured to-
tal relaxation rate constants and only some information was de-
duced about the individual, state-to-state vibrational rates. As a
result, the following assumptions were made in the present work:

k(001 — 100; T) = k(000 — 000; 7)), (15)
and
k(001 — v';T) = k(100 — v'; T) = k(v;3 = v'; T), (16)

where v; 3 designates the stretching level reservoir. We also as-
sumed that all vibrationally elastic rates, that is rates for pure
rotational transitions within a given vibrational level, are equal
to the rotational rates within the ground vibrational state (000).
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Table 1. Rate constants for vibrational relaxation of H,O by H; at 295 K
derived from the experiment of Zittel & Masturzo (1991). Powers of 10
are given in parentheses.

Initial level ~ Final level & (cm®s™')
010 000 1.30(-12)
020 010 2.30(-12)
020 000 0.60(-12)
100 020 0.64(-12)
100 010 0.08(-12)
100 000 0.08(-12)
001 020 0.64(-12)
001 010 0.08(-12)
001 000 0.08(-12)

This assumption was tested by QCT calculations on the low-
est (010) mode and found to be accurate within typically two
Monte Carlo standard deviations.

From Tables 1, 2 of Zittel & Masturzo (1991), vibrational
relaxation rates at 295 K among the lowest 5 vibrational levels
were determined and are summarized in Table 1. We note that
the parameter Zy, = k;LH’ [kson, (see Eqs. (1)—(3) of Zittel &
Masturzo 1991) is taken to be 0.15. We also assumed that the rate
for relaxation from the v, 3 reservoir to the ground state equals
the rate for relaxation to the (010) level (see discussion in Zittel
& Masturzo 1991). Finally, vibrational excitation of H, was ne-
glected, in agreement with experimental results (see Table 2 of
Zittel & Masturzo 1991).

The rate constants presented in Table 1 were extrapolated
from 200 to 5000 K, assuming the same temperature depen-
dence as the rate for the (010) — (000) transition (see Eq. (14)).
This hypothesis should be reasonable, especially at high tem-
peratures (77 2 1000 K) where all rates are expected to fol-
low a Landau-Teller law. The coefficients P,,(T'), represented
by Eq. (13), were then computed for each vibrational transition
using the above defined rates and the experimental level ener-
gies taken from Tennyson et al. (2001). The coefficients P, (T")
were found to be similar for ortho and para-H,O, typically to
within 5%, and to have values between 10~* and 107!, as il-
lustrated in Fig. 5. The coefficients P,,(T") were found to vary
significantly (over an order of magnitude) in the temperature
range 200—-5000 K, with a minimum at 400 K. This minimum
reflects the competition in Eq. (13) between the temperature de-
pendences of k(v — v’;T) and the sums in the numerator and
denominator.

Finally, we note that Eq. (13) can be applied to both exci-
tation and de-excitation transitions. We recommend using the
equation for de-excitation (relaxation) transitions for which rates
have been measured. However, we computed P,,(7T) as a test
for excitation transitions. The resulting state-to-state rate con-
stants were found to satisfy detailed balance to within typi-
cally 20%. This indicates that Eq. (12) does not introduce major
inacurracies.

In the present study, the above procedure was applied to all
para and ortho ro-vibrational de-excitation transitions involv-
ing levels below a threshold energy of 5000 cm™" with respect
to the ground state. This corresponds to 108 para and 107 or-
tho rotational levels within (010), 56 para and 55 ortho levels
within (020), 44 para and 44 ortho levels within (100) and, fi-
nally, 41 para and 40 ortho levels within (020). This results in
a total of 824 levels, including those in the ground vibrational
state (000). The complete set of de-excitation rates among all
levels between 200 and 5000 K are provided as online material
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Fig. 5. Temperature dependence of the P,,(T) coefficients for different
vibrational transitions, as defined in Eq. (13), for (ortho-)H,O—H, colli-
sions. Note that only five over the nine transitions are plotted for clarity
in the figure.
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Fig. 6. Rate coefficients for the relaxation of the three normal modes
of water by electron-impact, calculated from the cross sections of
Nishimura & Gianturco (2004).

(Tables A.1, A.2). Excitation rates can be obtained from the de-
tailed balance relation, Eq. (10). Tables A.1, A.2 will be also
made available in the BASECOL database® and at the CDS*.

2.2.2. H,O-electron

Nishimura & Gianturco (2004) computed quantum vibrationally
inelastic cross-sections for the water molecule colliding with
low-energy electrons. Results were obtained to low energies for
the three normal modes of H,O (010, 100, and 001) and good
agreement with existing experiments was found. From their
cross sections (tabulated in Table 3 of their paper), we com-
puted thermal relaxation rate coefficients for the temperature
range 200—-5000 K. These rates are plotted in Fig. 6. In con-
trast to HO—H, relaxation rates, we note that electron-impact
relaxation rates decrease with increasing temperature. This re-
flects the energy dependence of the excitation cross-sections,
which show strong peaks close to thresholds, especially the v,
and v, modes (see Nishimura & Gianturco 2004). As a result,
excitation rates decline slowly to zero at low temperature. This

3 http://www.obspm. fr/basecol/
4 http://cdsweb.u-strasbg.fr/cgi-bin/qcat?1/A+A/492/
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Table 2. Fitting coefficients a; (i = 0 to 3) of the polynomial fit, Eq. (14),
to the vibrational relaxation rates of H,O by electron-impact.

Initial level  Final level ay a a, as
010 000 -21.54 5726 2542  368.0
100 000 -22.17 58.31 -271.4  398.8
001 000 -19.57 -64.22 629.4  -1794
i v:‘(01‘0)-(‘00(‘)) ‘
10" [ -E] v=(020)-(000) |
E & €1 v=(020)-(010)| 7
F v=(100)-(000) |
[ Ba_ -7 v=(100)-(020) | |
| SBe_g v=(001)-(000)| |
2 -.}_—B__—E—_-E——"B“"‘G' ——————— n
§10 g D*@-\.;ﬁ.\': g i
,g . R TR B = g e R =i
o L |
10°F 4
10 P R P I .
0 1000 2000 3000 4000 5000

Temperature (K)

Fig. 7. Temperature dependence of the P, (T") coeflicients for different
vibrational transitions, as defined in Eq. (13), for (ortho-)H,O-electron
collisions. Note that only six over the nine transitions are plotted for
clarity in the figure.

behaviour is generally attributed to the dominant long-range
dipole potential terms at low impact energies. Furthermore, the
fact that the v; and v, modes have significantly higher rates than
v3 is due to much higher polarizability and quadrupole gradi-
ents (Nishimura & Gianturco 2004). Finally, as in the case of
rotational excitation, we note that these rates are several orders
of magnitude higher than those for HO—H, (see discussion on
cooling rates in Sect. 3.1).

The relaxation rates plotted in Fig. 6 were interpolated us-
ing the polynomial form of Eq. (14). The fitting coefficients are
given in Table 2.

To our knowledge, neither theoretical nor experimental data
are available in the literature for other transitions. This is true
in particular for those involving the v; = 2 mode for which we
have employed the polynomial fit of the (010)—(000) transition
(Table 2) and applied the corresponding ratios observed by Zittel
& Masturzo (1991) for H,O—H, rates, deduced from Table 1.
Rates for transitions from (100) and (001) to (010) were also as-
sumed to be identical to those for (000), as for H,O—H,. In other
words, for transitions not included in Table 2, we assumed the
same propensity rules as in the case of H,O—H, (see Table 1).
Equation (15) was also assumed.

The corresponding coefficients P,,(T) have values between
a few 107* and a few 1072, as illustrated in Fig. 7. In con-
trast to the H,O—H, case, however, the coefficients P,,(T) are
found to decrease with increasing temperature and depend only
weakly on the temperature (in the range 200—5000 K). This of
course reflects the temperature dependence of the rates, as plot-
ted in Fig. 6.

As for HO-H,, Eq. (13) was applied to all para and or-
tho ro-vibrational de-excitation transitions involving levels be-
low a threshold energy of 5000 cm™! with respect to the ground
state. The complete set of de-excitation rates for all levels be-
tween 200 and 5000 K are provided in online material at the
CDS (Tables A.3, A.4). Excitation rates can be obtained from


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810717&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810717&pdf_id=6
http://www.obspm.fr/basecol/
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/492/257
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/492/257
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810717&pdf_id=7
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the detailed balance relation in Eq. (10). Tables A.3, A.4 will
also be made available in the BASECOL database’ and at the
CDS®.

3. Astrophysical implications

Detailed analysis of the implications of our collisional rates re-
quires radiative transfer calculations, which will be presented in
a forthcoming paper (Josselin & Faure, in preparation). We re-
strict ourselves to basic considerations, by comparing cooling
rates and critical densities with those derived from previously
assumed hypotheses, such as a constant (independent of temper-
ature) proportionality between rovibrational and rotational rates.

3.1. Cooling rates

To illustrate the overall difference between the present new rates
and those previously employed in the literature, we calculated
the cooling rate in the optically thin low-density limit:

Lo(T) = ) koiE:. (17

For both rotational cooling and vibrational cooling, Ly(T) was
computed previously by Neufeld & Kaufman (1993). The water
ortho-to-para ratio is assumed to be 3:1. We calculated Eq. (17)
for both HO—H,; and H,O-electron using the rates described in
Sects. 2.1 and 2.2, that is including all levels below 5000 cm™L,
In Figs. 8 and 9, comparisons between the present results and
those of Neufeld & Kaufman (1993) are presented. It can be no-
ticed that the new H,O-H, rotational rates increase the cooling
rate at low temperature, as expected, but decrease the rate at high
temperature with respect to the values of Neufeld & Kaufman
(1993). This reflects the different extrapolation methods used
here and in the work of Neufeld & Kaufman (1993). We also
observe that the H,O-electron rotational cooling rate is higher
than the H,O—H, cooling rate by several orders of magnitude,
as expected (see Sect. 2.1.2). We note, however, that the electron
fraction, x(e) = [e]/[H], is generally in the range [107°-1073],
so that the contribution of electrons is significant only in the
harsher environments (x(¢) > 107), e.g. photon-dominated re-
gions (PDRs) and X-ray dominated regions (XDRs).

In Fig. 9, it can be noticed that the new H,O-H, vibrational
rates increase the cooling rate by one to three orders of magni-
tude with respect to the value of Neufeld & Kaufman (1993).
The vibrational cooling rates are still lower than the rotational
rates except at 7 > 3000 K where they are comparable. We
note, however, that Neufeld & Kaufman (1993) demonstrated
that cooling due to vibrational transitions of H,O may domi-
nate over rotational transitions at high temperature and H, den-
sity when opacity and non-LTE effects are taken into account
(see Fig. 6 of their article). We also note that the vibrational
cooling rate is essentially dominated by the lowest vibrational
mode (010) at these temperatures. Finally, the H,O-electron vi-
brational cooling rate exceeds the HyO—H, rate by two to four
orders of magnitude.

3.2. Critical densities

The concept of a critical density, i.e. that above which collisions
dominate over radiative processes in populating energy levels

5 http://www.obspm. fr/basecol/
% http://cdsweb.u-strasbg.fr/
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and ensure local thermodynamic equilibrium (LTE) conditions,
is poorly defined in the case of a multi-level system. For a 2-level
system, we have: neir = Au/ka, Where Ay denotes the Einstein
A-coefficient and ky; the collisional rate coeflicient, for the tran-
sition from the upper (u) to the lower (1) level. In the case of a
multi-level, these coefficients have to be summed over all pos-
sible downward transitions. For radiative rates, we use the com-
puted line list published by Barber et al. (20006).

As an illustration, we consider the (010) 64, — 75, water line,
observed for the first time by Menten et al. (2006) towards the
red supergiant star (RSG) VY CMa. The H, critical density for
the 64, level as a function of temperature is shown in Fig. 10,
with the location of typical conditions for a RSG atmosphere
(MARCS spherical model, with T.g = 3600 K, M = 15 M,
log g = 0.0; Gustafsson et al. 2008), the circumstellar conditions
for which this submillimetre line may be formed (7 = 1000 K,
ng, = 2 x 10° cm™), and the H, critical density derived by
Menten et al. (2006): ngi(661) = 5 x 102 cm™3. These authors
assumed that rate coefficients for transitions from the ground to
the v, = 1 state are identical to those for transitions within the
ground state with identical quantum numbers multiplied by a
constant factor of 0.02. This is about two orders of magnitude


http://www.obspm.fr/basecol/
http://cdsweb.u-strasbg.fr/
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810717&pdf_id=8
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for the (010) 64, level, compared with typical conditions for a RSG
atmosphere and circumstellar envelope (see text for details).

larger than the critical density we derive from our collisional
rates, mainly because Menten et al. (2006) did not consider vi-
brationally elastic (i.e. pure rotational) rates within (010). Our
new value (about 8 x 10'! cm™ at 1000 K) still implies that col-
lisions with H, molecules cannot thermalize the observed lines,
but their contribution cannot be neglected. In other words, purely
radiative excitation now appears questionable for this line (and
the other submillimetre maser lines). Furthermore, the gas den-
sity rises above the value of the critical density in the transition
region between the outer stellar atmosphere and the circumstel-
lar region where the maser lines are supposed to be formed. A
detailed, multi-zone, radiative-transfer model is therefore essen-
tial to interpret these observations. We finally note that the maser
lines are believed to be collisionally-pumped (Humphreys 2007,
and references therein). Adopting our new collisional rates, we
propose to test the efficiency of v, = 1 maser pumping with ra-
diative transfer calculations (Josselin & Faure, in preparation).

4. Conclusions

In this paper, we have presented new collisional rate coefficients
for the (de)excitation of the lowest 824 ro-vibrational levels of
water by both H, and electrons in warm and hot molecular gas
(200 < T < 5000 K). Pure rotational rates have been obtained
by extrapolating the data of Faure et al. (2004) and Faure et al.
(2007) using a new method partly based on the information
(phase space) theory of Levine and co-workers. Ro-vibrational
rates have been obtained using vibrational relaxation data
available in the literature and by assuming complete decoupling
between rotation and vibration. Since the published data that we
have employed are believed to be accurate to within a factor of 3,
our extrapolated data should be accurate to within a factor of ~5
for the highest rates (those above ~10~'! cm?s™!). Lower rates,
including the ro-vibrational ones, should be generally accurate
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to within an order of magnitude. Despite these modest accura-
cies, we note that summed rates (see Sect. 2.1.1) and cooling
rates (see Sect. 3.1) have a higher precision and the present data
should be adequate for estimating density and temperature con-
ditions from emission spectra. The prediction of physical condi-
tions required to produce non-LTE effects should also be reason-
able. We have therefore shown that H,O v, = 1 lines observed in
RSG stars are expected to be at least partly excited by collisions.
Forthcoming radiative transfer calculations will investigate this
point in more detail (Josselin & Faure, in preparation). Finally,
we would like to emphasize that the present study provides the
most extensive collisional data to date for an asymmetric rotor.
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