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Abstract. We present the results of close coupling calculations of pure rotational excitation réteieots of HO by ortho-

H,, performed between 5 K and 20 K. At 20 K there is a good agreement with those results obtained previously by Phillips et al.
(1996). Fits of our de-excitation collisional rate fib@ents are provided. These new rateftio@nts are used in the modelling

of cold interstellar clouds to determine the influence of the precision of the rafieceer@s on predicted line intensities.
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1. Introduction mission, the Herschel Space Observatory (hereinafter HSO).
Specifically, the Heterodyne Instrument for the Far-Infrared on

Water is a key molecule for the chemistry apd the energy b I6ard HSO will allow observations of several water lines with
ance of the gas in cold clouds and star forming regions, tha

. lativelv | bund ql diool & recedented sensitivity inftirent environments, from the
toltsre _atlve y 1arge abundance and arge dipole moment. Fofe stellar medium to stellar or planetary atmospheres.
a long time chemical models have predicted the water abun- In Paper | Dubernet & Grosjean (2002) calculated the pure

dance to be around 10in cold clou_ds (Lee et al. 1996_)’ € -rotational (de)-excitation rate cfiients of orthgpara HO by
among the most abundant O-bearing molecules. Yet, in wa ra b at very low temperatured (< 20 K). The other avail-
regions water is expected to become the main reservoir P

hank both . fthe i . Ia le excitation rate cdicients of HO by H, are those calcu-
oxygen, thanks to both evaporation of the icy grain mantigg.  , phillips et al. (1995, 1996), using the close-coupling

(;]I'ielens S;Allamlianﬁlola 1987b,a) and endothegn(;cbreactio%d the coupled states methods with a potential energy sur-
that transform all the gaseous oxygen not in ut rathgl.e (pES) calculated by Phillips et al. (1994). Those authors
into H,0O (Graff & Dalgarno 1987). Heating of the gas 0CCUry, o ijed data between 20 K and 140 K for a number of or-
both because of the absorption of the radiation emitted b Hypara HO — orthgpara b pure rotational transitions. The
newly born star (Ceccarelli et al. 1996; Doty & Neufeld 1997} sults presented in Paper | (Dubernet & Grosjean 2002) were

and becal_Jse of the strong molecular shocks emanati_ng fromé ificantly diterent from those presented earlier by Phillips
protostar itself (Kaufman & Neufeld 1996a,b). For this reasop, | (1996) at 20 K. In particular, the excitation ratefGaéent

water modeling deserves particular attention. In this resp the J:—Lio transition of water was more than 50% larger

collisional rotational and ro-vibrational excitation rates ofH than the Phillips et al. (1996) result. This was a consequence of

by H, are essential for the interpretation of excitation Condéfn inadequately fine energy grid used by Phillips et al. (1996)

tlpns and for t_he determination of chemical composition in thﬁ integrating the cross-sections over a Maxwellian distribution
dlffere_nt med|a._ _of kinetic energies.

This paper is the second part of a thorough theoretical ap gnalysis of the results of Paper | (Dubernet & Grosjean
study of the collisional excitation rates ofz8 by H. The 5002) shows that reasonable extrapolation of the high tempera-
study is motivated both by the intepretation of the data recenﬂyre data gives up to 50% error at 5 K for thg41, transition
acquired by theinfrared Space ObservatorfKessler et al. ot yater. By reasonable extrapolation, we mean using a power
1996) and theSubmillimeter Wave Astronomy Satellifeere- |5\, fit for the de-excitation rate céiicients of the PR

inafter SWAS; Melnick et al. 2000), and by the future ESAyansition, with our calculated points at 16 K and 20 K, and
obtaining the excitation rate cfigients by detailed balance.
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Table 1. Propagation parameters of MOLSCAT used in our calcula-
tions (see the MOLSCAT documentation, Hutson & Green 1994, for
the meaning of the parameters). 30

Propagation parameters

INTFLG =6 STEPS= 10

DTOL =0.3 OTOL=0.005

RMIN =1 (adjusted) IRMSEEO0 RMAX =50 (adjusted)

20 - A

&ross—sections

This type of extrapolation may be justified because of the lo
dependence of the de-excitation rate figgents on tempera-
ture.

Both the diferences found with earlier results of Phillips
et al. (1996) and the inadequacy of rate fticéent extrapola-
tion in the particular case of Paper | (Dubernet & Grosjean 9, 110 210 310
2002) motivated the present determination of pure rotational E,, (cm™)
excitation rate coicients of orthgpara HO by ortho B at
very low temperaturesT( < 20 K) where no data have yetrig. 1. Inelastic cross-section (inZhas a function of kinetic energy
been calculated. We use the same PES (Phillips et al. 1984 Em) of the water 3; — 1 transition (withj, = 1).
and the same description of the water molecule as Phillips et al.

(1995), which allows us to compare the collision ratefioe

cients we obtain at 20 K with those of Phillips et al. (199%nda specifies the other 30 quantum numbers (e.§. 1, K1),
1996). However we use improved dynamical calculations cofa-is the kinetic energy anld is the Boltzmann constant. The
pared to the earlier calculations of Phillips et al. (1996). Thigte codicients are obtained using an analytical integration for
implies using a larger rotational basis set, a finer energy giRmperatures ranging from 5 K'to 20 K, the inelastic cross sec-
and close coupling calculations on the whole energy range. TS being interpolated by straight lines between calculated
description of the quantum calculation and the analysis of tMalues. Calculations are made over essentially the whole en-
rotational excitation rate cdigcients are given in Sect. 2. ergy range spanned by the Boltzmann distributions; the highest

Section 3 investigates the use of rateflioents in a spe- €Nergy point calculated is at the threshold energy of the transi-
cific LVG model of cold interstellar clouds, in order to providdion plus 1&T.

a simple test of the influence of the precision of ratefitcdients We carefully spanned the energy ranges above the inelas-
on the predicted water line intensities. tic channels and added more points in the presence of reso-

nance structures. We found that the resonances do not play an
. important role once the cross-sections are averaged over en-
2. Methods and rate coefficients ergy, contrary to what was found for the excitation of water

Close coupling calculations are done in the same spirit ashi Para-H (Dubemnet & Grosjean 2002). This is due to the
Paper | (Dubernet & Grosjean 2002): we use Green’s code!d@e magnitude of the ex0|tat|o_n cross-sections of water by
the PES of Phillips et al. (1994) and the MOLSCAT (Hutsofitho-H, compared to the magnitude of the resonance struc-
& Green 1994) code with correctly converged parameters (SHE8S; as is shown in Fig. 1. The energy grid used is therefore
Table 1). The water molecule is described by a version of the 8Rarser than for parazbut still much finer than the one used
fective Hamiltonian of Ky (1981), compatible with the sym-PY Phillips et al. (1996). _ _ _
metries of the PES. We use the molecular constants of Table | The &fective rotational inelastic rate cieients are given
of Kyrd (1981) and our calculated rotational levels ¢f€l are by the sum of the inelastic rate d&eients (Eq. (1)) over the
identical to those of Green et al. (1993). The reduced mass'gf! J5 states for a given initiaj:
the system is 1.81277373 a.m.u. and the hydrogen molecule is
taken as a rigid rotor with a rotational constant of 60.853tm Rj,-1 (ja — j'@’) (T)=Z R(ja,j2=1—=ja’,j5)(T). (2

The state-to-state rotational inelastic rate fioents are I5

the Boltzmann thermal averages of the inelastic cross sections: ) .
In the temperature range between 5 K and 20 K, the inelastic

, g\ 1 rate codficients from transitions betwegn = 1 andj, = 3
R — £)(T) = (E) (KT)372 are zero.
00 For collisions of HO with ortho-H,, Phillips et al. (1996)
X fo opp (E)E€TXTAE, (1) concluded that &(j; = 5, j, = 1) basis set is dfcient

for obtaining an accuracy of better than 10% in the temper-
whereg = ja, j2 andg’ = j’'o/, j,, unprimed and primed quan-ature range from 20 K to 140 K; it is not necessary to use
tum numbers label initial and final states of the molecules,B(j;1 = 5, jo = 3) basis set (the values ¢f and j, indi-
j and j, are the rotational angular momenta of®and i cated are the maximum rotational quantum numbers & H
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Table 2. Effective rate coficients of Eg. (2) (in crhs™t) of ortho-H,O with ortho-H; (j = 1). The levels are labelled witjx_,«,. The column
“Points” gives the number of energy points used in the Boltzmann average. The last column gives the data of Phillips et al. (1996). The levels
are organized according to increasing energy as in the paper of Phillips et al. (1996).

Initial  Final Points 5 8 12 16 20 20

101 110 396 1.04(E-12) 8.24(E-12) 2.68(E-11) 4.91(E-11) 7.10(E-11) 7.04(E-11)
101 212 288 1.41(E-17) 6.13(E-15) 1.87(E-13) 1.05(E-12) 3.01(E-12) 2.94(E-12)
101 21 171 4.54(E-25) 7.38(E-20) 5.90(E-17) 1.69(E-15) 1.27(E-14) 1.20(E-14)
101 303 161 3.37(E-25) 6.62(E-20) 5.87(E-17) 1.76(E-15) 1.36(E-14) 1.16(E-14)
101 312 120 1.85(E-30) 2.08(E-23) 1.78(E-19) 1.66(E-17) 2.54(E-16) 2.31(E-16)

lo1 31 86 2.08(E-35) 1.47(E-26) 1.24(E-21) 3.63(E-19) 1.11(E-17) 1.11(E-17)
lo1 44 68 6.68(E-37) 1.79(E-27) 3.10(E-22) 1.28(E-19) 4.78(E-18) 5.89(E-18)
lo1 330 40 459(E-45) 8.64(E-33) 5.70(E-26) 1.46(E-22) 1.63(E-20) 1.58(E-20)
lo1 43 33 3.23(E-47) 3.14(E-34) 5.10(E-27) 2.03(E-23) 2.92(E-21) 3.27(E-21)

110  loa 396 2.18(E-10) 2.33(E-10) 2.49(E-10) 2.61(E-10) 2.70(E-10) 2.68(E-10)
lip 212 288 3.29(E-15) 1.90(E-13) 1.86(E-12) 5.87(E-12) 1.17(E-11) 1.11(E-11)
lio 21 171 2.25(E-22) 4.98(E-18) 1.32(E-15) 2.16(E-14) 1.17(E-13) 1.16(E-13)
110 303 161 6.65(E-23) 1.73(E-18) 4.93(E-16) 8.30(E-15) 4.50(E-14) 4.44(E-14)
lip 3 120 7.45(E-28) 1.12(E-21) 3.13(E-18) 1.69(E-16) 1.87(E-15) 1.80(E-15)

lip 31 86 3.20(E-33) 3.00(E-25) 8.07(E-21) 1.34(E-18) 2.89(E-17) 2.60(E-17)
Lio 44 68 1.12(E-34) 4.17(E-26) 2.41(E-21) 5.79(E-19) 1.55(E-17) 1.70(E-17)
110 330 40 3.69(E-42) 9.39(E-31) 2.04(E-24) 3.00(E-21) 2.39(E-19) 2.37(E-19)
lio 43 33 1.69(E-44) 2.23(E-32) 1.21(E-25) 2.83(E-22) 2.98(E-20) 3.64(E-20)

21, loa 288 7.68(E-11) 8.22(E-11) 8.89(E-11) 9.46(E-11) 9.93(E-11) 9.71(E-11)
21, 1o 288 8.52(E-11) 9.02(E-11) 9.55(E-11) 9.90(E-11) 1.01(E-10) 9.67(E-11)
21, 21 171 8.13(E-18) 3.46(E-15) 1.03(E-13) 5.67(E-13) 1.59(E-12) 1.52(E-12)
21 303 161 6.79(E-18) 3.46(E-15) 1.15(E-13) 6.75(E-13) 1.97(E-12) 1.91(E-12)
21, 3o 120 1.09(E-22) 2.95(E-18) 8.76(E-16) 1.53(E-14) 8.51(E-14) 7.92(E-14)

212 31 86 6.73(E-28) 1.18(E-21) 3.53(E-18) 1.95(E-16) 2.18(E-15) 2.11(E-15)
210 44 68 1.18(E-29) 8.19(E-23) 5.24(E-19) 4.22(E-17) 5.91(E-16) 5.34(E-16)
21 33 40 8.15(E-38) 3.90(E-28) 9.39(E-23) 4.62(E-20) 1.91(E-18) 1.77(E-18)
215 43 33 1.13(E-39) 2.54(E-29) 1.42(E-23) 1.04(E-20) 5.45(E-19) 5.54(E-19)

21 lo1 171 2.03(E-11) 2.08(E-11) 2.15(E-11) 2.20(E-11) 2.25(E-11) 2.15(E-11)
21 Lo 171 4.82(E-11) 4.98(E-11) 5.16(E-11) 5.31(E-11) 5.43(E-11) 5.42(E-11)
21 2, 171 6.69(E-11) 7.29(E-11) 7.85(E-11) 8.25(E-11) 8.54(E-11) 8.19(E-11)
21 33 161 2.34(E-11) 3.21(E-11) 3.98(E-11) 4.45(E-11) 4.72(E-11) 4.48(E-11)
21 3 120 7.14(E-16) 5.18(E-14) 5.88(E-13) 2.02(E-12) 4.26(E-12) 3.95(E-12)

21 31 86 1.00(E-20) 4.65(E-17) 5.22(E-15) 5.66(E-14) 2.40(E-13) 2.31(E-13)
21 44 68 4.92(E-23) 8.56(E-19) 1.97(E-16) 3.01(E-15) 1.56(E-14) 1.60(E-14)
21 33 40 7.28(E-30) 8.68(E-23) 7.43(E-19) 6.89(E-17) 1.04(E-15) 1.03(E-15)
21 43 33 1.52(E-32) 9.75(E-25) 2.15(E-20) 3.22(E-18) 6.52(E-17) 5.24(E-17)

303 loa 161 1.90(E-11) 1.90(E-11) 1.92(E-11) 1.95(E-11) 1.98(E-11) 1.69(E-11)
303 1o 161 1.79(E-11) 1.76(E-11) 1.74(E-11) 1.73(E-11) 1.72(E-11) 1.70(E-11)
303 2o 161 6.98(E-11) 7.37(E-11) 7.89(E-11) 8.32(E-11) 8.66(E-11) 8.40(E-11)
303 21 161 2.86(E-11) 3.21(E-11) 3.56(E-11) 3.76(E-11) 3.86(E-11) 3.66(E-11)
303 32 120 3.60(E-15) 2.05(E-13) 2.00(E-12) 6.34(E-12) 1.28(E-11) 1.28(E-11)

303 31 86 8.57(E-21) 3.09(E-17) 2.92(E-15) 2.83(E-14) 1.10(E-13) 1.02(E-13)
303 44 68 5.61(E-22) 8.19(E-18) 1.73(E-15) 2.55(E-14) 1.29(E-13) 1.23(E-13)
303 330 40 1.13(E-30) 1.03(E-23) 7.27(E-20) 5.91(E-18) 8.11(E-17) 9.21(E-17)
303 43 33 5.84(E-32) 2.95(E-24) 5.67(E-20) 7.90(E-18) 1.53(E-16) 1.39(E-16)

and H used included in the basis). We performed close cogenerally but not always larger th&¢5, 1) rates. The biggest
pling calculations with bothB(5, 1) andB(5, 3) basis sets differences correspond to the smallest ratéfaments. Tables 2
in the energy range from the opening of the lowest inelaand 3 give the fective rotational inelastic rate cieients at
tic channel to a total energy of 750ch The correspond- several temperature calculated witlB¢, 3) basis set, for or-
ing effective rate coficients have absolute relativefidirences tho and para bD respectively, together with the values ob-
ranging from 2% to 30%, th&(5, 3) rate cofficients being tained by Phillips et al. (1995) at 20 K withE(5, 1) basis set.
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Table 3. Effective rate coficients of Eq. (2) (in crhis ™) of para-BO with ortho-H (j, = 1). The levels are labelled witfx_k, . The column
“Points” gives the number of energy points used in the Boltzmann average. The last column gives the data of Phillips et al. (1996). The le
are organized according to increasing energy as in the paper of Phillips et al. (1996).

Initial Final Points 5 8 12 16 20 20

Ooo 111 326 6.02(E-15) 3.54(E-13) 3.48(E-12) 1.10(E-11) 2.22(E-11) 2.19(E-11)
oo 22 259 2.22(E-19) 4.40(E-16) 3.04(E-14) 2.54(E-13) 9.14(E-13) 8.31(E-13)
Ooo 21 209 3.15(E-23) 1.03(E-18) 3.48(E-16) 6.46(E-15) 3.73(E-14) 3.36(E-14)
Ooo 20 135 3.13(E-28) 7.60(E-22) 2.72(E-18) 1.65(E-16) 1.96(E-15) 1.90(E-15)
Ooo 35 120 2.49(E-29) 1.14(E-22) 5.79(E-19) 4.15(E-17) 5.40(E-16) 6.30(E-16)

Oo 32 87 2.99(E-38) 1.53(E-28) 3.62(E-23) 1.68(E-20) 6.51(E-19) 7.48(E-19)
Oco  4os 65 1.40(E-39) 3.69(E-29) 2.29(E-23) 1.82(E-20) 1.00(E-18) 9.90(E-19)
0o s 51 6.97(E-47) 6.09(E-34) 9.58(E-27) 3.82(E-23) b5.51(E-21) 5.69(E-21)
Oco  3s1 42 6.26(E-48) 1.47(E-34) 3.97(E-27) 2.07(E-23) 3.51(E-21) 3.13(E-21)

.1 Oy 326  8.82(E-11) 9.42(E-11) 9.96(E-11) 1.04(E-10) 1.07(E-10) 1.06(E-10)
L1 2, 259  1.74(E-14) 6.52(E-13) 5.00(E-12) 1.39(E-11) 2.56(E-11) 2.51(E-11)
L1 24 209  6.25(E-18) 3.61(E-15) 1.29(E-13) 7.86(E-13) 2.34(E-12) 2.27(E-12)
L1 2o 135  2.77(E-23) 1.24(E-18) 4.83(E-16) 9.63(E-15) 5.86(E-14) 5.73(E-14)
L1 33 120  2.84(E-24) 2.45(E-19) 1.37(E-16) 3.26(E-15) 2.19(E-14) 1.99(E-14)

L: 3, 87 5.60(E-33) 5.09(E-25) 1.33(E-20) 2.15(E-18) 4.52(E-17) 4.93(E-17)
Li: 4. 65 8.49(E-35) 3.85(E-26) 2.48(E-21) 6.31(E-19) 1.75(E-17) 1.95(E-17)
L. 43 51 4.41(E-42) 6.93(E-31) 1.15(E-24) 1.48(E-21) 1.08(E-19) 1.00(E-19)
Li: 341 42 7.56(E-43) 3.26(E-31) 9.51(E-25) 1.63(E-21) 1.43(E-19) 1.29(E-19)

22  Opo 259  259(E-11) 2.64(E-11) 2.72(E-11) 2.78(E-11) 2.83(E-11) 2.58(E-11)
22 L1 259  1.39(E-10) 1.48(E-10) 1.56(E-10) 1.62(E-10) 1.65(E-10) 1.61(E-10)
22 21 209  1.25(E-13) 1.99(E-12) 9.54(E-12) 2.12(E-11) 3.45(E-11) 3.49(E-11)
22 20 135  1.61(E-19) 2.01(E-16) 1.05(E-14) 7.63(E-14) 2.51(E-13) 2.35(E-13)
22 313 120  7.72(E-20) 1.99(E-16) 1.63(E-14) 1.50(E-13) 5.73(E-13) 5.52(E-13)

2> 3, 87 1.93(E-28) 5.26(E-22) 2.00(E-18) 1.23(E-16) 1.47(E-15) 1.45(E-15)
2%, 44 65 1.84(E-30) 2.48(E-23) 2.31(E-19) 2.25(E-17) 3.53(E-16) 3.09(E-16)
22 43 51 7.54(E-38) 3.51(E-28) 8.52(E-23) 4.25(E-20) 1.77(E-18) 1.51(E-18)
22 3 42 2.89(E-39) 3.58(E-29) 1.46(E-23) 9.28(E-21) 4.46(E-19) 4.04(E-19)

2,0 Oy 209  5.00(E-12) 5.63(E-12) 6.31(E-12) 6.75(E-12) 7.02(E-12) 6.35(E-12)
2,1 11 209  6.84(E-11) 7.47(E-11) 8.18(E-11) 8.74(E-11) 9.16(E-11) 8.88(E-11)
21, 20, 209  1.73(E-10) 1.82(E-10) 1.94(E-10) 2.03(E-10) 2.10(E-10) 2.12(E-10)
2.1 2o 135  8.60(E-16) 7.72(E-14) 9.66(E-13) 3.47(E-12) 7.51(E-12) 7.45(E-12)
2,1 313 120  8.30(E-17) 1.40(E-14) 2.46(E-13) 1.04(E-12) 2.48(E-12) 2.35(E-12)

21, 3, 87 4.20(E-25) 7.62(E-20) 6.45(E-17) 1.89(E-15) 1.44(E-14) 1.45(E-14)
2., 44 65 1.78(E-27) 1.59(E-21) 3.25(E-18) 1.49(E-16) 1.48(E-15) 1.49(E-15)
2, 45 51 2.60(E-34) 7.99(E-26) 4.22(E-21) 9.81(E-19) 2.60(E-17) 2.32(E-17)
21, 31 42 1.30(E-35) 1.09(E-26) 9.98(E-22) 3.04(E-19) 9.44(E-18) 8.05(E-18)

20 Oy 135  6.97(E-12) 6.82(E-12) 6.84(E-12) 6.95(E-12) 7.10(E-12) 6.86(E-12)
20 11 135  421(E-11) 4.18(E-11) 4.23(E-11) 4.31(E-11) 4.40(E-11) 4.28(E-11)
20 2 135  3.06(E-11) 2.99(E-11) 2.95(E-11) 2.93(E-11) 2.93(E-11) 2.73(E-11)
20 21 135  1.19(E-10) 1.26(E-10) 1.33(E-10) 1.39(E-10) 1.44(E-10) 1.42(E-10)
20 313 120  8.03(E-12) 1.60(E-11) 2.35(E-11) 2.84(E-11) 3.18(E-11) 3.11(E-11)

20 3, 87 7.97(E-20) 1.82(E-16) 1.38(E-14) 1.22(E-13) 4.54(E-13) 4.68(E-13)
20 44 65 1.27(E-22) 1.40(E-18) 2.58(E-16) 3.62(E-15) 1.78(E-14) 1.77(E-14)
20 43 51 5.39(E-29) 1.91(E-22) 8.22(E-19) 5.34(E-17) 6.51(E-16) 6.29(E-16)

20 31 42 1.19(E-29) 1.19(E-22) 9.21(E-19) 8.13(E-17) 1.20(E-15) 1.09(E-15)
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Table 4. Coeﬁicientsaﬁz)zlzj% i (n = 0 to 4) of the polynomial fit (Eq. (3)) to theffective de-excitation rate cfiients of ortho-water in

Table 2. The fective excitation rate céicients can be obtained by detailed balance. The first column gives the final state and the polynomial
ordern, the following columns give the fitting céfecients for various initial states. The levels are labelled Withk, . We emphasize that these

fits are only valid in the temperature range from 5 K to 20 K.

by al, &b, &b, A, oah, a%, &, &b, &l

0 -10.1876 -9.8101 -10.1703 -10.5424 -12.2931 -9.6483 -11.1640 -11.3694 —-12.4494
1 6.5796 0.5647 -3.0277 —0.6399 9.2629 —13.2040 -3.0869 -5.0876  -0.7116
2 -22.7661 -5.9239 7.4800 0.5258 —29.2146  36.8854 9.9865 15.9120 6.3499

3 31.4597 9.9441 -9.2544 0.0215 37.5916 —-46.7970 -14.0478 —-22.1115 -13.6319
4 -15.6234 -5.1116 4.6355 0.0989 -17.6172 22.2593 7.1424 11.2390 8.6836
Lio a(£)21.2 a(Hn)22.1 a(Hn)?»os a(Hn)?’l.z a(:)32.1 a(:)41.4 a(:)33.0 a(:)“zs

0 -10.8118 -9.7732 -11.4567 -10.1456 -10.3113 -11.2115 -10.6512 -11.3165
1 7.4280 -3.1678 5.0975 -5.2141 —9.7549 -3.1187 —6.1335 -5.1081

2 —23.3047 8.0202 —13.7565 12.4640 27.6769 10.0179 18.9963 16.2240
3 30.0489 —10.1443 16.0631 —15.3446 -35.2199 -14.3942 -26.1038 -23.4875
4 -14.0322 5.0836 —6.6633 7.4845 16.6678 7.3682 13.1249 12.3566
212 al, ahy, ab, &b, oab, dh, o al,

0 -10.1667 -10.2893 -10.2134 -9.8133 -10.3763 -10.6506 —-11.6818
1 1.7849 3.5690 0.3910 —6.0796 —4.0238 —6.3023 -0.8441

2 —6.5466 -13.9411 -2.5257 16.9870 11.5290 19.7761 6.2154

3 7.6661 19.5139 2.9383 —22.4136 -16.0531 -28.3573 -12.1634
4 —2.9588 -9.3103 —-0.9904 11.1376 8.3618 14.9054 7.5419

221 aly, ah, ab, &, ab, &l

0 -12.5143 -11.3874 -8.9216 -10.5847 -9.9467 —10.4404

1 16.9687 10.5262  -9.3767 —4.1839 —3.8886 —6.4087

2 —-48.2815 -34.1153 23.6301 9.8197 12.2989 19.9189

3 56.9744 44.0339 —28.4478 -10.7217 -17.6984 —29.2215

4 -24.2411 -20.4615 13.0161 4.2197 9.2371 15.5988
Sos a(Hn)?’l.z a(:)32.1 a(:)41.4 a(:)33.0 a(:)“zs

0 -10.1031 -10.2176 —9.6188 -12.0621 -10.2604

1 4.4953 -3.6094 -3.9802 1.4928 —4.3320

2 -16.4020 12.8009 10.3903 4.3519 13.7521

3 22.5214 -19.8468 -14.2019 -14.1974 -20.5819

4 -11.0314 10.9007 7.5242 10.0233 11.1931

The discrepancies between our ratefiorents and the Phillips For astrophysical use, our de-excitatioffieetive excita-
et al. (1996) rate cdBcients at 20 K range between 2%ion rate cofficients may be fitted by the analytical form used
and 25%. Phillips et al. (1996) used a smaller basis sby, Balakrishnan et al. (1999) and used in Paper | (Dubernet &
a sparser energy grid and coupled states calculations ab@vesjean 2002):
450 cnt?. The various small errors introduced in their calcula- N
tions sometimes compensate for one another and someti 5 : o _ (n
add to one another. 'IF'Jherefore théfeet on the data is nei—rl]a%?O Rialja = J'a)(T) = ZajFl;j‘Hi"”
ther homogeneous amondfiéirent transitions nor among dif-
ferent temperature, and isfiicult to predict. Nevertheless itwhere x = 1/TY3. Tables 4 and 5 give the fitted values
should be noted that the largesffdrences correspond to theof aj,-1;jojo- for the de-excitation fective rate coficients
smallest rates. We believe that most of offeetive rate coef- given in Tables 2 and 3 respectively. The excitatidieetive
ficients have a maximum error of 3% for all given transitionte codicients can be obtained by detailed balance using the
and temperatures, and for the given potential energy surfageergy levels given by Green et al. (1993). In the present paper
The smallest fective rate co@icients might have a higher er-our dfective rate coficients follow the detailed balance princi-
ror, but these rates are unimportant. ple within the calculation error, because there are no transitions
to the j, = 3 rotational level of H at very low energy. But in

X' 3)

n=0
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Table 5. Coeiﬁcientsaf';)zl;jwj,a, (n = 0 to 4) of the polynomial fit (Eq. (3)) to theffective de-excitation rate cigients of para-water in
Table 3. The ffiective excitation rate cdicients can be obtained by detailed balance. The first column gives the final state and the polynomi
ordern, the following columns give the fitting céfecients for various initial states. The levels are labelled viithk, .We emphasize that these

fits are only valid in the temperature range from 5 K to 20 K.

2 o) o) o) o) o) a0 o)

004’0 a(n)

111 202 211 —20 313 35 —4o4 —413 331
0 -9.2196 -10.5644 -12.5365 -10.0061 -11.2977 -12.8447 -11.8093 -13.6415 -11.9075
1 -4.8077 0.7471 12.0237 —8.0560 —2.6392 —2.7402 —1.2909 8.9455 -3.8667
2 11.9283 -3.1298 -35.7592 21.1002 7.1789 21.6079 3.4620 —27.4139 11.8491
3 -14.3880 3.7884 42.8885 -25.0268 —9.1812 -42.8813 -5.1317 35.4918 -16.4370
4 6.6227 -1.2576 —18.3335 11.5425 4.7295 26.0394 2.9875 —17.0599 8.5438
i a(£)20.2 a(Hn)21.1 a(Hn)Zz.o a(:)31.3 a(:)32.2 a(:40.4 a(:)41.3 a(:)33.1
0 -10.7363 -10.2653 -9.6180 -10.4682 -10.7198 -11.4634 -11.8217 -10.8323
1 8.0746 3.6744 —4.8781 -1.8012 —6.4847 0.2937 —1.4055 —4.8412
2 —-23.9005 -14.1624 12.0389 4.8826 22.0777 —1.7585 4.6025 14.1863
3 29.1820 19.2240 -13.8634 —6.9287 —-32.6194 3.5667 —6.8634 —18.9250
4 -12.8709 —-8.9750 6.4187 3.9533 17.1533 —2.2181 3.4001 9.4947
2 al, ab, &b, &, ab, o, o alh,
0 —9.9342 -9.9715 —9.6593 -9.8947 -10.4306 -12.7925 -11.9214
1 3.6405 -4.4341 —2.2514 —6.6853 -3.3175 11.1765 0.9281
2 -14.0091 12.7021 4.0588 21.2566 7.8651 —-36.0036 —1.5458
3 20.0353 -15.6973 -5.0059 -31.0300 -9.0122 48.1492 —0.1500
4 —10.0308 7.2244 3.0100 16.2566 4.1399 -23.6727 1.1650
211 aly, ab, ab, &b, &b, &l
0 -9.9108 —-10.8548 —9.6450 -11.3711 -10.4960 -10.6282
1 1.9280 5.2417 —-6.4971 3.0639 —4.6407 —4.4253
2 —8.2382 -16.2733 19.3304 -11.7300 11.9976 12.6545
3 11.5316 20.3823 —27.1327 17.7318 -15.2811 -17.0611
4 -5.3817 —9.0809 13.8905 -9.4384 7.3365 8.7126
220 a(:)31.3 a(:)32.2 a(:)‘lo.zt a(:)41.3 a(:)33.1
0 -10.8154 —9.5935 -12.7240 -11.3048 -10.0644
1 2.7559 -4.2012 15.0927 1.0408 —2.7224
2 —7.3990 10.5606 -54.6129 -1.1575 8.4156
3 4.4787 -14.5285 81.0160 -0.3876 —12.0942
4 -3.4467 7.3934 -43.1518  0.5005 6.4608

general only th&(ja, j2 = 1 — '/, j;) and theR(ja — j’@’) required precision of rate cfiwients in the modelling of astro-
satisfy the usual detailed balance relations between forwataysical media.

and reverse rates, and tﬁg(ja — j’a’) do not since they do

not involve a complete thermal average (Phillips et al. 1996).

A fourth-order polynomialif = 4) is required to cover the 3. Application to cold molecular clouds
whole range of temperature and to provide a fitting error better

than 0.02% on all rate c@i&cients. We emphasize that these fit Oti\_’ated by this probler_n we checked th_e ianL_lenc_:e of t_he
are only valid in the temperature range from 5 K to 20 K. Precision of the rate cdi@men_ts_ on the predicted line |ntenS|_-
y P g ties of the ground state transition observed by SWAS (Melnick

It is interesting to note that the extrapolation method det al. 2000) at 557 GHz. The predicted intensities were ob-
scribed in the introduction works very well for the present réained by means of a LVG model to solve self-consistently
sults with ortho dihydrogen. We recall that it does not worthe non-LTE population equilibrium, and whose details are
well for results with para dihydrogen. It is therefordfaiult reported in Ceccarelli et al. (1998, 2002), ldensities of
to judge the precision of an extrapolation procedure before the 10° cm™ and 1x 10° cm3 were used. The results were
calculations are actually performed. It raises the question of thet very sensitive to the change in density.
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We compared the predicted line intensitié% and|>2 ob-  AcknowledgementsMost scattering calculations were performed at
tained respectively with the fully converged rate fiméents the CINES under project aoh2271. This work is supported by the
corresponding to the large basis 86, 3), and with the less PCMI National Program.
accurate rate cdéicients calculated with 8(5, 1) basis set.
We found a maximum dierence of 2% in the predicted line
intensities, which corresponds to thefdirence in the corre-
sponding rate cd&cients for the 41 — 11 o transition. We per-
formed extra tests using arbitrary rate fia@ents with higher Balakrishnan, N., Forrey, R. C., & Dalgarno, A. 1999, ApJ, 514, 520
differences and found the same lineffieet. More work should Ceccarelli, C., Baluteau, J.-P., Walmsley, M., et al. 2002, A&A, 383,
be carried out on the subject, but it is not the purpose of the603
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