
Infrared Response of H 2 to X#Rays in Dense 
Clouds

Citation
Tine, S., S. Lepp, R. Gredel, and A. Dalgarno. 1997. “Infrared Response of H2to X#Rays in Dense 
Clouds.” The Astrophysical Journal 481 (1): 282–95. https://doi.org/10.1086/304048.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:41397389

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:41397389
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Infrared%20Response%20of%20H%202%20to%20X%E2%80%90Rays%20in%20Dense%20Clouds&community=1/1&collection=1/2&owningCollection1/2&harvardAuthors=cf31150ff4b883967610dfeb5d8087ec&department
https://dash.harvard.edu/pages/accessibility


THE ASTROPHYSICAL JOURNAL, 481 :282È295, 1997 May 20
1997. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

INFRARED RESPONSE OF TO X-RAYS IN DENSE CLOUDSH2
S. AND S.TINE� LEPP

Physics Department, University of Nevada, Las Vegas, NV 89154-4002 ;
stefano=physics.unlv.edu, lepp=physics.unlv.edu

R. GREDEL

European Southern Observatory, Casilla 19001, Santiago, Chile ;
rgredel=eso.org

AND

A. DALGARNO

Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138 ;
adalgarno=cfa.harvard.edu

Received 1996 September 27 ; accepted 1996 December 16

ABSTRACT
The excitation by X-rays and cosmic rays of molecular hydrogen in interstellar clouds is analyzed. We

carried out detailed calculations of entry efficiencies in rovibrational levels of following impact withH2fast electrons produced by X-ray ionization of the gas. The competing e†ect of collisional excitation, and
quenching, by the ambient gas is examined in detail. Up to date values for collisional rate coeffi-H-H2cients are adopted, and some derivations of rovibrational rate coefficients from existing literatureH2-H2data are proposed. Several models as a function of temperature, density, and ionization rate are present-
ed. We found that infrared emission in X-ray dominated regions (XDR) is potentially observable forH2temperatures and ionization rates lower than certain critical values (typically T \ 1000 K and f/nH \
10~15 cm3 s~1, where f is the ionization rate). At higher temperatures, collisional excitation by the
ambient gas dominates the population of low vibrational levels, and at higher values of the abun-f/nHdance of is negligible. If such conditions are satisÐed, the resulting infrared emission spectrum can beH2used as a diagnostic of nearby X-ray sources such as in cooling Ñows in galaxy clusters, quasars, Seyfert
galaxies and supernova remnants. The intensity ratio of the 2È1S(1) and 1È0S(1) lines measured for the
Seyfert galaxy NGC 1275 is consistent with X-ray pumping.
Subject headings : ISM: molecules È molecular processes È radiative transfer È X-rays : galaxies È

X-rays : ISM

1. INTRODUCTION

Emission lines from excited rotation-vibration levels of
have been detected in a diverse range of objects in ourH2Galaxy and in external galaxies. The rotation-vibration

levels may be excited in collisions in warm gas, and the
resulting spectrum is often invoked as an indicator that
shocks are occurring. The levels may also be excited directly
in the process of forming the molecules, and they may be
excited by a process of ultraviolet pumping. Yet another
mechanism is initiated by cosmic rays or by X-rays. &Lepp
McCray have pointed out that X-rays absorbed in a(1983)
dense gas heat the gas so that thermal excitation of the
rotation-vibration levels occurs. The X-ray photoelectrons
may also produce excited rotation-vibration levels in a
process analogous to ultraviolet pumping. Similar processes
occur through the secondary electrons produced by cosmic-
ray ionization.

The photoelectrons and secondary electrons excite toH2singlet and triplet electronic states. The triplet states lead to
dissociation but in some fraction of the excitations the
singlet states cascade down by allowed radiation transitions
into the array of rotation-vibration levels of the ground
electronic state.

& Dalgarno have calculated the rates ofGredel (1995)
populating individual rovibrational levels by fast electrons
moving in a gas of molecular hydrogen, but they did not
include the e†ects of collision processes in the gas on the
resulting emission spectrum. Here we have carried out cal-
culations of the spectrum for di†erent gas densities.

We have conducted a thorough review of the literature
on the rate coefficients for collisions, and we haveH2-H2Ðtted their dependence on temperature by various formulae.
The uncertainties are large. For collisions we use theH2-Hresults of the classical trajectory calculations of Buch,Lepp,
& Dalgarno and Tine� , & Dalgarno(1995) Lepp, (1997).

The infrared emission spectrum can be determined from
the calculated equilibrium populations for any given Ñux of
fast electrons for any given distribution of hydrogen
between its atomic and molecular forms and any given total
hydrogen density. Some examples of the resulting spectra
are presented and discussed.

2. METHOD

2.1. Entry Rates
For each level (v, J) of the ground electronic state we have

extended the calculations of & Dalgarno andGredel (1995)
determined the entry efficiencies a(v, J) per unit molecule
following impact with nonthermal electrons. The entry effi-
ciencies per ionizing event do not vary much with the
energy of the secondary electrons, and we adopt the calcu-
lations of & Dalgarno for electrons withGredel (1995)
energy of 30 eV. Due to the low temperatures of interstellar
clouds, the resides mostly in the ground vibrationalH2level, in a distribution of rotational levels. The entry effi-
ciencies corresponding to any given initial rotational dis-
tribution of can be accurately reproduced by weightingH2the response of individual rotational levels & Dal-(Gredel
garno 1995).
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FIG. 1.ÈComparison of rate coefficients for collisions of with H, and HeH2 H2,

If f is the total ionization rate in s~1 due to X-rays or
cosmic rays, then the entry rate (cm~3 s~1) into level (v, J)
due to electron impact excitations is given by

X
v/0,J\ fn(H2) ;

JiEJ
s
Ji

a
Ji
(0, J) ,

X
v;0, J

\ fn(H2) ;
Ji

s
Ji

a
Ji
(v, J) ,

where is the fractional population of level in v\ 0.s
Ji

J
iFor any initial rotational level (of v\ 0) the sum of theJ

ientry efficiencies to any other rovibrational level is equal to

the number of exits from the initial level :

b
Ji

\ net exit efÐciency\ ;
v,J

@ a
Ji
(v, J) ,

where the prime indicates that the reentry into the initial
level itself is excluded.

Analogously to the deÐnition for entry rates, the net exit
rate (cm~3 s~1) out of level (v, J) is given by

Y
v/0,J \ fn(H2)sJ

b
J

,

Y
v;0,J \ 0 .

TABLE 1

COEFFICIENTS A, B, AND C FOR ARRHENIUS-TYPE FITS TO RATEH2-H2 COEFFICIENTSa

QH2
(v, v[ 1 ; 0, 0) QH2

(1, 0 ; v, v) QH2
(v, v[ 1 ; 0, 1)

v A B C A B C A B C

1 . . . . . . [25.45 20.21 3.870 [25.33 0.00 3.78 . . . . . . . . .
2 . . . . . . [24.54 20.00 3.740 [25.02 0.00 3.70 [12.55 388.22 0.148
3 . . . . . . [23.68 20.00 3.640 [24.67 0.00 3.59 [14.13 223.45 0.433
4 . . . . . . [22.96 20.00 3.550 [24.42 0.00 3.51 [14.41 334.47 0.557
5 . . . . . . [21.62 20.00 3.260 [24.01 0.00 3.38 [14.40 467.55 0.593
6 . . . . . . [20.95 20.00 3.160 [24.01 0.00 3.84 [15.77 586.45 1.070
7 . . . . . . [18.85 20.00 2.590 [23.08 0.00 3.17 [18.57 614.46 2.000
8 . . . . . . [18.17 20.00 2.490 [21.52 0.00 2.65 [17.47 888.90 1.650
9 . . . . . . [17.35 20.00 2.300 [20.41 0.00 2.29 [16.20 1178.72 1.240

10 . . . . . . [15.47 20.00 1.730 [20.00 0.00 2.00 [20.24 1398.51 2.480
11 . . . . . . [14.64 20.00 1.530 [19.50 0.00 2.00 [21.29 1320.56 2.750
12 . . . . . . [13.35 20.00 1.150 [19.00 0.00 2.00 [22.16 1251.92 2.960
13 . . . . . . [12.87 20.00 1.040 [18.50 0.00 2.00 [23.22 1173.03 3.240
14 . . . . . . [12.18 20.00 0.857 [18.00 0.00 2.00 [24.11 1103.51 3.460

a Numbers in italics are obtained by interpolation or extrapolation.
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FIG. 2.ÈFractional abundances as a function of in a gas at T \ 2000 Kf/nH

2.2. Collisional Rate Coefficients
The important collisional partners of in interstellarH2space are H, He, H`, and The literature on the subject,H2.especially regarding rovibrational transitions between high

energy states, is sparse. Various empirical models have been
used in previous calculations Roberge, & Dalgarno(Draine,

& Dalgarno We have reviewed the1983 ; Sternberg 1989).
most recent literature and constructed the model described
below for each type of collision process.

J@) ] H2.2.1. H2(v, J)] H ] H2(v@,
Recently, et al. have published semiclassicalLepp (1995)

calculations of rate coefficients (v, J ; v@, J@) at T \ 1000QHK by using the recent BKMP potential surface of
et al. Calculations at higher temperaturesBoothroyd (1991).

have been carried out, and empirical Ðts for the temperature
dependence for T º 1000 K have been produced et(Lepp
al. In the calculated rate coefficients (with1997). Figure 1
error bars) and the adopted Ðts (dotted line) from et al.Lepp

are presented for the two transitions (v\ 1,(1997)
J \ 3) ] (v\ 1, J \ 1) and (v\ 1, J \ 3) ] (v\ 0, J \ 3).
Similar calculations have been reported by &Martin
Mandy and a comparison with them is presented by(1995)

et al.Lepp (1997).
For temperatures below 1000 K the semiclassical approx-

imation ceases to be valid. Quantum tunneling e†ects
become a factor, particularly for nonreactive scatterings in
which the ortho-para character of is maintained. AtH21000 K, the semiclassical results of et al. agreeLepp (1995)
to within a factor of 2 with the quantum calculations of Sun
& Dalgarno when the DMBE potential energy(1994),
surface et al. is used, and a factor of 3 with(Varandas 1987)
the quantum calculations of & Wroe whenFlower (1997),

the BKMP surface et al. is used. For(Boothroyd 1991)
temperatures below 1000 K we accounted for tunneling
enhancement of pure rotational rate coefficients in v\ 0 as
described by et al.Lepp (1997).

2.2.2. H2(v1, J1)] H2(v2, J2) ] H2(v1@ , J1@ ) ] H2(v2@ , J2@ )
For collisions we distinguish pure rotational andH2-H2rovibrational transitions. Pure rotational (v1\ v1@ , v2\ v2@ )rate coefficients are taken from the Ðts of et al.Abgrall

to the original data of Flower, & Monteiro(1992) Danby,
(strictly valid for here assumed to be(1987) v1\ v2\ 0,

valid for all Only transitions with andv1, v2). o*J1 o\ 2
are considered. We also assume the rate coeffi-*J2\ 0

cients for this type of transition to be independent of AsJ2.an example, the rate coefficient for the case isJ1\ 3 ] 1
presented in as a function of temperature.Figure 1

For transitions with and/or we restrict*v1D 0 *v2D 0
ourselves to collisions in which at least one of the two H2molecules is in the v\ 0 state, either before or after the
collision. All other transitions are disregarded due to the
relatively small abundance of molecules. The rateH2(v[ 0)
coefficients for VT transitions, involvingQH2

(v1, v1@ ; v2, v2@ )exchange of energy between vibrational and translational
modes, and VV transitions, involving an exchange of vibra-
tional energies between the molecules, are derived as func-
tions of and T from Capitelli, &v1, v2, v1@ , v2@ , Cacciatore,
Billing and & Billing who present-(1989) Cacciatore (1992),
ed values of v[ 1 ; 0, 0) and 0 ; v, v) for v[ 0QH2

(v, QH2
(1,

and of 0, 1) for v[ 1.QH2
(v, v [ 1 ;

& Billing and & KolesnickKolesnick (1993) Billing
have subsequently revised the results for 1 ; 0,(1993) QH2

(2,
1) using updated potential curves. Neither the later
revisions nor the original results match well the experimen-
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emission spectra produced at cm3 s~1 and T \ 500 K with electron pumping either included (top) or excluded (bottom) for aFIG. 3.ÈH2 f/nH \ 10~17
density of (a) 10 cm~3, (b) 103 cm~3, (c) 105 cm~3, and (d) 107 cm~3.

tal data at T \ 300 K et al. We decided to(Kreutz 1988).
scale the results of & Kolesnick by a factor ofBilling (1993)
10 to intersect the experimental error bar at T \ 300 K. For
consistency, we have also adopted the same scaling by 10
for the other transitions of similar type. For the v\ 2 case,
we took into account the experimental result QH2

D 10~17
cm3 s~1 at T \ 82 K (Teitelbaum 1984).

We have Ðtted the results to the Arrhenius-type expres-
sion with the con-log10 QH2

(T ) \ A [ B/T ] C log10 T
straint B[ 0 as did et al. for theLepp (1997) H2-Hcollisional rate coefficients. The coefficients A, B, and C are
presented in For 0, 0) we have heldTable 1. QH2

(v, v [ 1 ;
B\ 20 for all v[ 1, to mimic the result for the case v\ 1
for which more information is available about the tem-
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FIG. 4.È(aÈc) Ratio 2È1S(1)/1È0S(1) as a function of f/nH

perature dependence et al. for all other(Cacciatore 1989) ;
cases, except only v\ 7, a direct Ðtting would result in
negative B coefficients, which yield unacceptable rate coeffi-
cients at low temperatures. All the Ðts reproduce the orig-
inal results with a maximum deviation of 1%, except for

0 ; v, v) transitions where the deviation can be as highQH2
(1,

as 28%. However, these transitions are the least important
among those listed.

The rovibrational transitions discussed above are single-
quantum transitions in which the vibrational quantum
numbers change at most by 1. For multiquantum tran-
sitions there exist only some illustrative results for VV tran-
sitions & Billing From these results we(Cacciatore 1992).
have arbitrarily assumed that the rate coefficients of all
transition (v, v[ 1 ; 0, 1) may be scaled down by 101~k
when the Ðrst molecule undergoes a transitions from vH2to v[ k. We have assumed such a scaling applies also to the
rate coefficients 0, 0) and 0 ; v, v) of VTQH2

(v, v [ k ; QH2
(k,

transitions.

The individual rovibrational rate coefficients have been
derived from the formulae given above by assuming that
only the three branches *(J) \ 0, ^2 are open and that
they are of identical weight. Furthermore, we assumed
that the rate coefficients averaged over initial rotational
levels and summed over Ðnal ones reproduce the above
band integrated values. For endothermic channels a factor
equal to where is the energy thresholdexp ([Eth/kT ), Ethfor the transitions, has been included. The resulting
rate coefficients can be derived by FORTRAN subroutines
publicly available on the World Wide Web
(http ://www.physics.unlv.edu/astrophysics/).

shows the rate coefficients derived for the VTFigure 1
rovibrational deexcitation 0) ]H2(v\ 1, J \ 3) ] H2(0,

0). The Ðgure shows that the rovib-H2(0, 3) ] H2(0, H2-H2rational deexcitation rate coefficients are 2 orders of magni-
tude smaller than similar rate coefficients for H2-Hcollisions, while the rate coefficients for pure rotational
transitions are of comparable magnitude.
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TABLE 2

ENTRY EFFICIENCIES FOR FRACTIONAL IONIZATION x \ 10~6a
Ji
(v, J)

v J [ J
i

J
i
\ 0 J

i
\ 1 J

i
\ 2 J

i
\ 3 J

i
\ 4 J

i
\ 5 J

i
\ 6 J

i
\ 7 J

i
\ 8 J

i
\ 9

0 . . . . . . [2 . . . . . . 3.5([3) 4.5([3) 5.0([3) 5.3([3) 5.5([3) 5.7([3) 5.8([3) 5.9([3)
0 1.2([2) 1.9([2) 1.7([2) 1.7([2) 1.7([2) 1.7([2) 1.7([2) 1.7([2) 1.7([2) 1.7([2)

]2 1.8([2) 1.0([2) 9.0([3) 8.4([3) 8.0([3) 7.8([3) 7.6([3) 7.5([3) 7.4([3) 7.3([3)

1 . . . . . . [2 . . . . . . 1.6 1.4 1.9 1.8 1.8 1.7 1.7 1.7
0 2.4 2.4 2.1 2.1 3.1 3.1 3.1 3.1 3.1 3.1

]2 2.4 2.4 4.7([1) 7.0([1) 1.2 1.2 1.3 1.3 1.4 1.4

2 . . . . . . [2 . . . . . . 1.2([1) 1.1([1) 1.5([1) 1.4([1) 1.4([1) 1.4([1) 1.4([1) 1.4([1)
0 1.9([1) 1.9([1) 1.7([1) 1.7([1) 2.5([1) 2.5([1) 2.5([1) 2.5([1) 2.5([1) 2.5([1)

]2 1.9([1) 1.8([1) 4.0([2) 5.7([2) 9.4([2) 1.0([1) 1.0([1) 1.1([1) 1.1([1) 1.1([1)

3 . . . . . . [2 . . . . . . 1.9([3) 2.4([3) 2.7([3) 2.9([3) 3.0([3) 3.0([3) 3.1([3) 3.1([3)
0 6.9([3) 1.1([2) 9.5([3) 9.3([3) 9.3([3) 9.3([3) 9.3([3) 9.2([3) 9.2([3) 9.2([3)

]2 9.4([3) 5.6([3) 4.8([3) 4.5([3) 4.3([3) 4.1([3) 4.1([3) 4.0([3) 3.9([3) 3.9([3)

4 . . . . . . [2 . . . . . . 1.7([3) 2.2([3) 2.4([3) 2.6([3) 2.7([3) 2.8([3) 2.8([3) 2.9([3)
0 6.4([3) 9.8([3) 8.8([3) 8.6([3) 8.6([3) 8.6([3) 8.6([3) 8.6([3) 8.5([3) 8.5([3)

]2 8.5([3) 5.1([3) 4.4([3) 4.1([3) 3.9([3) 3.8([3) 3.7([3) 3.6([3) 3.6([3) 3.5([3)

5 . . . . . . [2 . . . . . . 1.7([3) 2.2([3) 2.4([3) 2.6([3) 2.7([3) 2.7([3) 2.8([3) 2.8([3)
0 6.2([3) 9.6([3) 8.6([3) 8.4([3) 8.4([3) 8.4([3) 8.3([3) 8.3([3) 8.3([3) 8.3([3)

]2 8.4([3) 5.1([3) 4.3([3) 4.0([3) 3.8([3) 3.7([3) 3.6([3) 3.6([3) 3.5([3) 3.5([3)

6 . . . . . . [2 . . . . . . 1.6([3) 2.1([3) 2.3([3) 2.5([3) 2.6([3) 2.6([3) 2.7([3) 2.7([3)
0 5.8([3) 9.1([3) 8.1([3) 8.0([3) 7.9([3) 7.9([3) 7.9([3) 7.9([3) 7.9([3) 7.9([3)

]2 8.2([3) 4.9([3) 4.2([3) 3.9([3) 3.7([3) 3.6([3) 3.5([3) 3.5([3) 3.4([3) 3.4([3)

7 . . . . . . [2 . . . . . . 1.6([3) 2.0([3) 2.3([3) 2.4([3) 2.5([3) 2.6([3) 2.6([3) 2.7([3)
0 5.3([3) 8.5([3) 7.6([3) 7.4([3) 7.4([3) 7.3([3) 7.3([3) 7.3([3) 7.3([3) 7.3([3)

]2 7.9([3) 4.8([3) 4.1([3) 3.8([3) 3.6([3) 3.5([3) 3.4([3) 3.4([3) 3.3([3) 3.3([3)

8 . . . . . . [2 . . . . . . 1.5([3) 2.0([3) 2.2([3) 2.3([3) 2.4([3) 2.5([3) 2.6([3) 2.6([3)
0 4.8([3) 7.9([3) 7.0([3) 6.9([3) 6.9([3) 6.8([3) 6.8([3) 6.8([3) 6.8([3) 6.8([3)

]2 7.7([3) 4.6([3) 4.0([3) 3.7([3) 3.5([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3) 3.2([3)

9 . . . . . . [2 . . . . . . 1.5([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.4([3) 2.4([3) 2.5([3)
0 4.4([3) 7.3([3) 6.4([3) 6.3([3) 6.3([3) 6.2([3) 6.2([3) 6.2([3) 6.2([3) 6.2([3)

]2 7.3([3) 4.4([3) 3.8([3) 3.5([3) 3.3([3) 3.2([3) 3.2([3) 3.1([3) 3.1([3) 3.0([3)

10 . . . . . . [2 . . . . . . 1.5([3) 2.0([3) 2.2([3) 2.3([3) 2.4([3) 2.5([3) 2.5([3) 2.6([3)
0 4.3([3) 7.4([3) 6.5([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3)

]2 7.7([3) 4.6([3) 3.9([3) 3.7([3) 3.5([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3) 3.2([3)

11 . . . . . . [2 . . . . . . 1.5([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.4([3) 2.4([3) 2.5([3)
0 4.0([3) 6.9([3) 6.1([3) 6.0([3) 5.9([3) 5.9([3) 5.9([3) 5.9([3) 5.9([3) 5.9([3)

]2 7.4([3) 4.4([3) 3.8([3) 3.5([3) 3.4([3) 3.3([3) 3.2([3) 3.1([3) 3.1([3) 3.1([3)

12 . . . . . . [2 . . . . . . 1.6([3) 2.0([3) 2.2([3) 2.4([3) 2.5([3) 2.5([3) 2.6([3) 2.6([3)
0 4.1([3) 7.2([3) 6.3([3) 6.2([3) 6.1([3) 6.1([3) 6.1([3) 6.1([3) 6.1([3) 6.1([3)

]2 7.8([3) 4.7([3) 4.0([3) 3.7([3) 3.6([3) 3.4([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3)

13 . . . . . . [2 . . . . . . 1.2([3) 1.6([3) 1.8([3) 1.9([3) 1.9([3) 2.0([3) 2.0([3) 2.1([3)
0 3.2([3) 5.6([3) 4.9([3) 4.8([3) 4.8([3) 4.8([3) 4.8([3) 4.7([3) 4.7([3) 4.7([3)

]2 6.2([3) 3.7([3) 3.2([3) 2.9([3) 2.8([3) 2.7([3) 2.7([3) 2.6([3) 2.6([3) 2.6([3)

14 . . . . . . [2 . . . . . . 8.2([4) 1.0([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.4([3) 1.4([3)
0 2.1([3) 3.7([3) 3.2([3) 3.2([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3)

]2 4.1([3) 2.5([3) 2.1([3) 1.9([3) 1.9([3) 1.8([3) 1.8([3) 1.7([3) 1.7([3) 1.7([3)

J@) ] He2.2.3. H2(v, J)] He] H2(v@,
The system has been widely studied due to itsH2-He

relative simplicity. For the rate coefficients reliable data for
the pure rotational transitions (with v\ 0) are available.
We adopt here the calculations of & Ko� lerSchaefer (1985)
as Ðtted by et al.Abgrall (1992).

For transitions involving a change in the vibrational
quantum number v of the colliding few data are avail-H2,able. For the v\ 1 ] 0 transition experimental results by

et al. are available at temperatures betweenAudibert (1976)
50 and 300 K. We interpolated the data points using the
Ðts :

QHe(1 ; 0)(T ) \
710~8.8(T~1@3)~16.5
10~18.9(T~1@3)~14.2
10~47.4(T~1@3)~9.4

T ¹ 90 K ,
90 K \ T ¹ 230 K ,
T [ 230 K ,

and we adopted these same rate coefficients for *v\ 1 tran-
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TABLE 3

ENTRY EFFICIENCIES FOR FRACTIONAL IONIZATION x \ 10~4a
Ji
(v, J)

v J [ J
i

J
i
\ 0 J

i
\ 1 J

i
\ 2 J

i
\ 3 J

i
\ 4 J

i
\ 5 J

i
\ 6 J

i
\ 7 J

i
\ 8 J

i
\ 9

0 . . . . . . [2 . . . . . . 3.5([3) 4.4([3) 4.9([3) 5.2([3) 5.5([3) 5.6([3) 5.7([3) 5.8([3)
0 1.2([2) 1.9([2) 1.7([2) 1.7([2) 1.6([2) 1.6([2) 1.6([2) 1.6([2) 1.6([2) 1.6([2)

]2 1.7([2) 1.0([2) 8.9([3) 8.2([3) 7.9([3) 7.6([3) 7.5([3) 7.3([3) 7.2([3) 7.2([3)

1 . . . . . . [2 . . . . . . 3.6([1) 3.1([1) 3.1([1) 3.0([1) 2.9([1) 2.8([1) 2.8([1) 2.8([1)
0 4.8([1) 4.8([1) 4.7([1) 4.7([1) 5.0([1) 5.0([1) 5.0([1) 5.0([1) 5.0([1) 5.0([1)

]2 4.9([1) 4.8([1) 1.1([1) 1.6([1) 1.9([1) 2.0([1) 2.1([1) 2.2([1) 2.2([1) 2.2([1)

2 . . . . . . [2 . . . . . . 3.6([2) 3.2([2) 3.2([2) 3.1([2) 3.1([2) 3.0([2) 3.0([2) 3.0([2)
0 5.2([2) 5.6([2) 5.4([2) 5.3([2) 5.7([2) 5.7([2) 5.7([2) 5.7([2) 5.7([2) 5.7([2)

]2 5.5([2) 5.1([2) 1.5([2) 1.9([2) 2.2([2) 2.3([2) 2.4([2) 2.5([2) 2.5([2) 2.5([2)

3 . . . . . . [2 . . . . . . 1.8([3) 2.4([3) 2.6([3) 2.8([3) 2.9([3) 3.0([3) 3.0([3) 3.1([3)
0 6.8([3) 1.0([2) 9.4([3) 9.2([3) 9.2([3) 9.1([3) 9.1([3) 9.1([3) 9.1([3) 9.1([3)

]2 9.2([3) 5.5([3) 4.7([3) 4.4([3) 4.2([3) 4.1([3) 4.0([3) 3.9([3) 3.9([3) 3.8([3)

4 . . . . . . [2 . . . . . . 1.7([3) 2.2([3) 2.4([3) 2.6([3) 2.6([3) 2.7([3) 2.8([3) 2.8([3)
0 6.3([3) 9.6([3) 8.7([3) 8.5([3) 8.5([3) 8.4([3) 8.4([3) 8.4([3) 8.4([3) 8.4([3)

]2 8.4([3) 5.0([3) 4.3([3) 4.0([3) 3.8([3) 3.7([3) 3.6([3) 3.6([3) 3.5([3) 3.5([3)

5 . . . . . . [2 . . . . . . 1.7([3) 2.1([3) 2.4([3) 2.5([3) 2.6([3) 2.7([3) 2.7([3) 2.8([3)
0 6.1([3) 9.4([3) 8.5([3) 8.3([3) 8.3([3) 8.2([3) 8.2([3) 8.2([3) 8.2([3) 8.2([3)

]2 8.3([3) 5.0([3) 4.3([3) 3.9([3) 3.8([3) 3.7([3) 3.6([3) 3.5([3) 3.5([3) 3.4([3)

6 . . . . . . [2 . . . . . . 1.6([3) 2.1([3) 2.3([3) 2.4([3) 2.5([3) 2.6([3) 2.7([3) 2.7([3)
0 5.7([3) 8.9([3) 8.0([3) 7.8([3) 7.8([3) 7.8([3) 7.8([3) 7.7([3) 7.7([3) 7.7([3)

]2 8.1([3) 4.8([3) 4.1([3) 3.8([3) 3.7([3) 3.6([3) 3.5([3) 3.4([3) 3.4([3) 3.3([3)

7 . . . . . . [2 . . . . . . 1.6([3) 2.0([3) 2.2([3) 2.4([3) 2.5([3) 2.5([3) 2.6([3) 2.6([3)
0 5.2([3) 8.3([3) 7.4([3) 7.3([3) 7.2([3) 7.2([3) 7.2([3) 7.2([3) 7.2([3) 7.2([3)

]2 7.8([3) 4.7([3) 4.0([3) 3.7([3) 3.6([3) 3.4([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3)

8 . . . . . . [2 . . . . . . 1.5([3) 1.9([3) 2.2([3) 2.3([3) 2.4([3) 2.5([3) 2.5([3) 2.6([3)
0 4.8([3) 7.8([3) 6.9([3) 6.8([3) 6.8([3) 6.7([3) 6.7([3) 6.7([3) 6.7([3) 6.7([3)

]2 7.6([3) 4.6([3) 3.9([3) 3.6([3) 3.5([3) 3.4([3) 3.3([3) 3.2([3) 3.2([3) 3.2([3)

9 . . . . . . [2 . . . . . . 1.4([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.3([3) 2.4([3) 2.4([3)
0 4.3([3) 7.2([3) 6.3([3) 6.2([3) 6.2([3) 6.1([3) 6.1([3) 6.1([3) 6.1([3) 6.1([3)

]2 7.2([3) 4.3([3) 3.7([3) 3.4([3) 3.3([3) 3.2([3) 3.1([3) 3.0([3) 3.0([3) 3.0([3)

10 . . . . . . [2 . . . . . . 1.5([3) 1.9([3) 2.2([3) 2.3([3) 2.4([3) 2.4([3) 2.5([3) 2.5([3)
0 4.2([3) 7.3([3) 6.4([3) 6.2([3) 6.2([3) 6.2([3) 6.2([3) 6.2([3) 6.2([3) 6.1([3)

]2 7.5([3) 4.5([3) 3.9([3) 3.6([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3) 3.2([3) 3.1([3)

11 . . . . . . [2 . . . . . . 1.4([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.3([3) 2.4([3) 2.4([3)
0 3.9([3) 6.8([3) 6.0([3) 5.9([3) 5.8([3) 5.8([3) 5.8([3) 5.8([3) 5.8([3) 5.8([3)

]2 7.2([3) 4.4([3) 3.7([3) 3.4([3) 3.3([3) 3.2([3) 3.1([3) 3.1([3) 3.0([3) 3.0([3)

12 . . . . . . [2 . . . . . . 1.5([3) 2.0([3) 2.2([3) 2.3([3) 2.4([3) 2.5([3) 2.5([3) 2.6([3)
0 4.0([3) 7.1([3) 6.2([3) 6.1([3) 6.0([3) 6.0([3) 6.0([3) 6.0([3) 6.0([3) 6.0([3)

]2 7.7([3) 4.6([3) 3.9([3) 3.7([3) 3.5([3) 3.4([3) 3.3([3) 3.3([3) 3.2([3) 3.2([3)

13 . . . . . . [2 . . . . . . 1.2([3) 1.6([3) 1.7([3) 1.8([3) 1.9([3) 2.0([3) 2.0([3) 2.0([3)
0 3.1([3) 5.5([3) 4.9([3) 4.7([3) 4.7([3) 4.7([3) 4.7([3) 4.7([3) 4.7([3) 4.7([3)

]2 6.1([3) 3.6([3) 3.1([3) 2.9([3) 2.8([3) 2.7([3) 2.6([3) 2.6([3) 2.5([3) 2.5([3)

14 . . . . . . [2 . . . . . . 8.1([4) 1.0([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.3([3) 1.4([3)
0 2.0([3) 3.6([3) 3.2([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.0([3) 3.0([3)

]2 4.0([3) 2.4([3) 2.1([3) 1.9([3) 1.8([3) 1.8([3) 1.7([3) 1.7([3) 1.7([3) 1.7([3)

sitions of higher vibrational levels. Extrapolating above 300
K results in rate coefficients very similar to the onesH2-H2for the entire temperature range of interest (see Fig. 1,
dashed lines). Since these rate coefficients are expected to be
comparable on theoretical ground, the extrapolations are
used in the model.

The rovibrational rate coefficients are then extracted fol-
lowing the procedure applied earlier to collisions.H2-H2For *vº 2, we scaled the rate coefficients by 101~k for the
transitions v to v[ k as for H2-H2.

J@) ] H`2.2.4. H2(v, J)] H`] H2(v@,
Rate coefficients for pure rotational transitions in the

ground vibrational state have been measured by Gerlich
who presented a set of parameters for Arrhenius Ðts(1990),

to the data. We adopted his Ðts for theQ(J) \Q0 e~*E0@kT
exothermic channels and applied detailed balance to obtain
the rate coefficients for the reverse transitions. GerlichÏs Ðts
included transitions from any initial rotational level J ¹ 9
to any lower lying rotational level in the temperature range
10 K¹ T ¹ 500 K. We have assumed his Ðts to be valid for
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TABLE 4

ENTRY EFFICIENCIES FOR FRACTIONAL IONIZATION x \ 10~3a
Ji
(v, J)

v J [ J
i

J
i
\ 0 J

i
\ 1 J

i
\ 2 J

i
\ 3 J

i
\ 4 J

i
\ 5 J

i
\ 6 J

i
\ 7 J

i
\ 8 J

i
\ 9

0 . . . . . . [2 . . . . . . 3.0([3) 3.9([3) 4.4([3) 4.6([3) 4.8([3) 4.9([3) 5.0([3) 5.1([3)
0 1.1([2) 1.7([2) 1.5([2) 1.5([2) 1.5([2) 1.5([2) 1.5([2) 1.5([2) 1.4([2) 1.4([2)

]2 1.5([2) 9.1([3) 7.8([3) 7.2([3) 6.9([3) 6.7([3) 6.6([3) 6.5([3) 6.4([3) 6.3([3)

1 . . . . . . [2 . . . . . . 7.1([2) 6.2([2) 5.9([2) 5.6([2) 5.5([2) 5.4([2) 5.4([2) 5.3([2)
0 9.7([2) 1.0([1) 9.9([2) 9.9([2) 9.9([2) 9.9([2) 9.9([2) 9.9([2) 9.9([2) 9.9([2)

]2 9.9([2) 9.5([2) 2.5([2) 3.4([2) 3.8([2) 4.1([2) 4.2([2) 4.3([2) 4.4([2) 4.4([2)

2 . . . . . . [2 . . . . . . 1.0([2) 9.5([3) 9.3([3) 9.2([3) 9.1([3) 9.1([3) 9.0([3) 9.0([3)
0 1.7([2) 2.1([2) 2.0([2) 2.0([2) 2.0([2) 2.0([2) 2.0([2) 2.0([2) 1.9([2) 1.9([2)

]2 2.0([2) 1.6([2) 6.8([3) 7.7([3) 8.0([3) 8.2([3) 8.3([3) 8.4([3) 8.4([3) 8.4([3)

3 . . . . . . [2 . . . . . . 1.6([3) 2.1([3) 2.3([3) 2.4([3) 2.5([3) 2.6([3) 2.6([3) 2.7([3)
0 6.0([3) 9.2([3) 8.3([3) 8.1([3) 8.1([3) 8.1([3) 8.1([3) 8.1([3) 8.0([3) 8.0([3)

]2 8.0([3) 4.8([3) 4.1([3) 3.8([3) 3.7([3) 3.6([3) 3.5([3) 3.4([3) 3.4([3) 3.3([3)

4 . . . . . . [2 . . . . . . 1.5([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.4([3) 2.4([3) 2.5([3)
0 5.6([3) 8.5([3) 7.7([3) 7.5([3) 7.5([3) 7.5([3) 7.5([3) 7.5([3) 7.4([3) 7.4([3)

]2 7.3([3) 4.4([3) 3.8([3) 3.5([3) 3.3([3) 3.2([3) 3.2([3) 3.1([3) 3.1([3) 3.0([3)

5 . . . . . . [2 . . . . . . 1.4([3) 1.9([3) 2.1([3) 2.2([3) 2.3([3) 2.3([3) 2.4([3) 2.4([3)
0 5.4([3) 8.3([3) 7.5([3) 7.3([3) 7.3([3) 7.3([3) 7.3([3) 7.3([3) 7.3([3) 7.2([3)

]2 7.2([3) 4.3([3) 3.7([3) 3.4([3) 3.3([3) 3.2([3) 3.1([3) 3.1([3) 3.0([3) 3.0([3)

6 . . . . . . [2 . . . . . . 1.4([3) 1.8([3) 2.0([3) 2.1([3) 2.2([3) 2.3([3) 2.3([3) 2.3([3)
0 5.0([3) 7.8([3) 7.0([3) 6.9([3) 6.9([3) 6.9([3) 6.8([3) 6.8([3) 6.8([3) 6.8([3)

]2 7.0([3) 4.2([3) 3.6([3) 3.3([3) 3.2([3) 3.1([3) 3.0([3) 3.0([3) 2.9([3) 2.9([3)

7 . . . . . . [2 . . . . . . 1.4([3) 1.7([3) 1.9([3) 2.1([3) 2.1([3) 2.2([3) 2.2([3) 2.3([3)
0 4.6([3) 7.3([3) 6.5([3) 6.4([3) 6.4([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3) 6.3([3)

]2 6.8([3) 4.1([3) 3.5([3) 3.2([3) 3.1([3) 3.0([3) 2.9([3) 2.9([3) 2.8([3) 2.8([3)

8 . . . . . . [2 . . . . . . 1.3([3) 1.7([3) 1.9([3) 2.0([3) 2.1([3) 2.1([3) 2.2([3) 2.2([3)
0 4.2([3) 6.8([3) 6.0([3) 5.9([3) 5.9([3) 5.9([3) 5.9([3) 5.8([3) 5.8([3) 5.8([3)

]2 6.6([3) 3.9([3) 3.4([3) 3.1([3) 3.0([3) 2.9([3) 2.8([3) 2.8([3) 2.7([3) 2.7([3)

9 . . . . . . [2 . . . . . . 1.2([3) 1.6([3) 1.8([3) 1.9([3) 2.0([3) 2.0([3) 2.1([3) 2.1([3)
0 3.8([3) 6.3([3) 5.5([3) 5.4([3) 5.4([3) 5.4([3) 5.4([3) 5.4([3) 5.3([3) 5.3([3)

]2 6.2([3) 3.7([3) 3.2([3) 3.0([3) 2.8([3) 2.7([3) 2.7([3) 2.6([3) 2.6([3) 2.6([3)

10 . . . . . . [2 . . . . . . 1.3([3) 1.7([3) 1.9([3) 2.0([3) 2.1([3) 2.1([3) 2.1([3) 2.2([3)
0 3.7([3) 6.3([3) 5.5([3) 5.4([3) 5.4([3) 5.4([3) 5.4([3) 5.3([3) 5.3([3) 5.3([3)

]2 6.5([3) 3.9([3) 3.3([3) 3.1([3) 3.0([3) 2.9([3) 2.8([3) 2.8([3) 2.7([3) 2.7([3)

11 . . . . . . [2 . . . . . . 1.2([3) 1.6([3) 1.8([3) 1.9([3) 2.0([3) 2.0([3) 2.1([3) 2.1([3)
0 3.4([3) 5.9([3) 5.2([3) 5.1([3) 5.1([3) 5.0([3) 5.0([3) 5.0([3) 5.0([3) 5.0([3)

]2 6.3([3) 3.8([3) 3.2([3) 3.0([3) 2.9([3) 2.8([3) 2.7([3) 2.7([3) 2.6([3) 2.6([3)

12 . . . . . . [2 . . . . . . 1.3([3) 1.7([3) 1.9([3) 2.0([3) 2.1([3) 2.1([3) 2.2([3) 2.2([3)
0 3.5([3) 6.1([3) 5.4([3) 5.2([3) 5.2([3) 5.2([3) 5.2([3) 5.2([3) 5.2([3) 5.2([3)

]2 6.6([3) 4.0([3) 3.4([3) 3.2([3) 3.0([3) 2.9([3) 2.9([3) 2.8([3) 2.8([3) 2.7([3)

13 . . . . . . [2 . . . . . . 1.1([3) 1.4([3) 1.5([3) 1.6([3) 1.7([3) 1.7([3) 1.8([3) 1.8([3)
0 2.7([3) 4.9([3) 4.3([3) 4.1([3) 4.1([3) 4.1([3) 4.1([3) 4.1([3) 4.1([3) 4.1([3)

]2 5.3([3) 3.2([3) 2.7([3) 2.5([3) 2.4([3) 2.3([3) 2.3([3) 2.2([3) 2.2([3) 2.2([3)

14 . . . . . . [2 . . . . . . 7.0([4) 9.1([4) 1.0([3) 1.1([3) 1.1([3) 1.1([3) 1.2([3) 1.2([3)
0 1.8([3) 3.2([3) 2.8([3) 2.7([3) 2.7([3) 2.7([3) 2.7([3) 2.7([3) 2.7([3) 2.7([3)

]2 3.5([3) 2.1([3) 1.8([3) 1.7([3) 1.6([3) 1.6([3) 1.5([3) 1.5([3) 1.5([3) 1.5([3)

higher temperatures also.
Transitions induced by proton impact are not signiÐcant

in the molecular regions we explore, except in bringing
about ortho-para exchanges through proton interchange.
For these exchanges, only those with *J \ ^1 need be
included. For their rate coefficients we used the following
linear Ðts to the Arrhenius parameters of as aGerlich (1990)
function of J (with 8\ J ¹ 15) :

Q0(J) \
G[0.225J ] 3.405
[0.7745J ] 11.04

if J \ odd ,
if J \ even ,

*E0(J) \
G0.014J [ 0.291
0.00835J [ 0.189

if J \ odd ,
if J \ even .

For J [ 15, we assume the rate coefficients equal to that for



290 TINEŠ ET AL. Vol. 481

TABLE 5

ENTRY EFFICIENCIES FOR FRACTIONAL IONIZATION x \ 10~2a
Ji
(v, J)

v J [ J
i

J
i
\ 0 J

i
\ 1 J

i
\ 2 J

i
\ 3 J

i
\ 4 J

i
\ 5 J

i
\ 6 J

i
\ 7 J

i
\ 8 J

i
\ 9

0 . . . . . . [2 . . . . . . 1.8([3) 2.3([3) 2.6([3) 2.7([3) 2.8([3) 2.9([3) 3.0([3) 3.0([3)
0 6.1([3) 9.7([3) 8.7([3) 8.5([3) 8.4([3) 8.4([3) 8.4([3) 8.4([3) 8.4([3) 8.4([3)

]2 9.0([3) 5.4([3) 4.6([3) 4.3([3) 4.1([3) 4.0([3) 3.9([3) 3.8([3) 3.8([3) 3.7([3)

1 . . . . . . [2 . . . . . . 1.5([2) 1.3([2) 1.2([2) 1.2([2) 1.2([2) 1.2([2) 1.2([2) 1.2([2)
0 2.1([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2) 2.3([2)

]2 2.3([2) 2.1([2) 6.8([3) 8.5([3) 9.2([3) 9.5([3) 9.7([3) 9.9([3) 1.0([2) 1.0([2)

2 . . . . . . [2 . . . . . . 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3)
0 6.4([3) 8.3([3) 7.8([3) 7.7([3) 7.6([3) 7.6([3) 7.6([3) 7.6([3) 7.6([3) 7.6([3)

]2 7.8([3) 5.8([3) 3.2([3) 3.3([3) 3.3([3) 3.3([3) 3.3([3) 3.3([3) 3.3([3) 3.3([3)

3 . . . . . . [2 . . . . . . 9.5([4) 1.2([3) 1.4([3) 1.4([3) 1.5([3) 1.5([3) 1.6([3) 1.6([3)
0 3.4([3) 5.3([3) 4.7([3) 4.7([3) 4.6([3) 4.6([3) 4.6([3) 4.6([3) 4.6([3) 4.6([3)

]2 4.7([3) 2.8([3) 2.4([3) 2.3([3) 2.2([3) 2.1([3) 2.0([3) 2.0([3) 2.0([3) 2.0([3)

4 . . . . . . [2 . . . . . . 8.6([4) 1.1([3) 1.2([3) 1.3([3) 1.4([3) 1.4([3) 1.4([3) 1.4([3)
0 3.2([3) 4.9([3) 4.4([3) 4.3([3) 4.3([3) 4.3([3) 4.3([3) 4.3([3) 4.3([3) 4.3([3)

]2 4.3([3) 2.6([3) 2.2([3) 2.1([3) 2.0([3) 1.9([3) 1.9([3) 1.8([3) 1.8([3) 1.8([3)

5 . . . . . . [2 . . . . . . 8.5([4) 1.1([3) 1.2([3) 1.3([3) 1.3([3) 1.4([3) 1.4([3) 1.4([3)
0 3.1([3) 4.8([3) 4.3([3) 4.2([3) 4.2([3) 4.2([3) 4.1([3) 4.1([3) 4.1([3) 4.1([3)

]2 4.3([3) 2.6([3) 2.2([3) 2.0([3) 1.9([3) 1.9([3) 1.8([3) 1.8([3) 1.8([3) 1.8([3)

6 . . . . . . [2 . . . . . . 8.2([4) 1.1([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.4([3) 1.4([3)
0 2.9([3) 4.5([3) 4.0([3) 4.0([3) 3.9([3) 3.9([3) 3.9([3) 3.9([3) 3.9([3) 3.9([3)

]2 4.1([3) 2.5([3) 2.1([3) 2.0([3) 1.9([3) 1.8([3) 1.8([3) 1.8([3) 1.7([3) 1.7([3)

7 . . . . . . [2 . . . . . . 8.0([4) 1.0([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.3([3) 1.3([3)
0 2.6([3) 4.2([3) 3.8([3) 3.7([3) 3.7([3) 3.7([3) 3.7([3) 3.6([3) 3.6([3) 3.6([3)

]2 4.0([3) 2.4([3) 2.1([3) 1.9([3) 1.8([3) 1.8([3) 1.7([3) 1.7([3) 1.7([3) 1.7([3)

8 . . . . . . [2 . . . . . . 7.8([4) 1.0([3) 1.1([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.3([3)
0 2.4([3) 4.0([3) 3.5([3) 3.4([3) 3.4([3) 3.4([3) 3.4([3) 3.4([3) 3.4([3) 3.4([3)

]2 3.9([3) 2.3([3) 2.0([3) 1.9([3) 1.8([3) 1.7([3) 1.7([3) 1.7([3) 1.6([3) 1.6([3)

9 . . . . . . [2 . . . . . . 7.4([4) 9.6([4) 1.1([3) 1.1([3) 1.2([3) 1.2([3) 1.2([3) 1.2([3)
0 2.2([3) 3.7([3) 3.3([3) 3.2([3) 3.2([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3)

]2 3.7([3) 2.2([3) 1.9([3) 1.8([3) 1.7([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3) 1.5([3)

10 . . . . . . [2 . . . . . . 7.8([4) 1.0([3) 1.1([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.3([3)
0 2.2([3) 3.7([3) 3.3([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3) 3.2([3)

]2 3.9([3) 2.3([3) 2.0([3) 1.9([3) 1.8([3) 1.7([3) 1.7([3) 1.6([3) 1.6([3) 1.6([3)

11 . . . . . . [2 . . . . . . 7.5([4) 9.7([4) 1.1([3) 1.1([3) 1.2([3) 1.2([3) 1.2([3) 1.3([3)
0 2.0([3) 3.5([3) 3.1([3) 3.0([3) 3.0([3) 3.0([3) 3.0([3) 3.0([3) 3.0([3) 3.0([3)

]2 3.8([3) 2.3([3) 1.9([3) 1.8([3) 1.7([3) 1.7([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3)

12 . . . . . . [2 . . . . . . 8.0([4) 1.0([3) 1.1([3) 1.2([3) 1.2([3) 1.3([3) 1.3([3) 1.3([3)
0 2.1([3) 3.7([3) 3.2([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3) 3.1([3)

]2 4.0([3) 2.4([3) 2.1([3) 1.9([3) 1.8([3) 1.8([3) 1.7([3) 1.7([3) 1.7([3) 1.6([3)

13 . . . . . . [2 . . . . . . 6.4([4) 8.2([4) 9.1([4) 9.7([4) 1.0([3) 1.0([3) 1.0([3) 1.1([3)
0 1.6([3) 2.9([3) 2.6([3) 2.5([3) 2.5([3) 2.5([3) 2.5([3) 2.5([3) 2.5([3) 2.5([3)

]2 3.2([3) 1.9([3) 1.6([3) 1.5([3) 1.4([3) 1.4([3) 1.4([3) 1.4([3) 1.3([3) 1.3([3)

14 . . . . . . [2 . . . . . . 4.3([4) 5.5([4) 6.1([4) 6.5([4) 6.7([4) 6.9([4) 7.0([4) 7.1([4)
0 1.1([3) 1.9([3) 1.7([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3) 1.6([3)

]2 2.1([3) 1.3([3) 1.1([3) 1.0([3) 9.7([4) 9.4([4) 9.2([4) 9.0([4) 8.9([4) 8.8([4)

J \ 14 ] 13 for even initial J and to that for J \ 15 ] 14
for odd initial J.

2.3. Statistical Equilibrium Equations
In the present work we are interested in the e†ects of H2pumping by electron impact. Quenching by collisions with

the ambient gas and radiative cascade are also included, but
other competing processes such as formation and disso-
ciation that could a†ect the resulting rovibrational distribu-

tion are neglected. The equations of statistical equilibrium
may be written as follows :

0 \ ds
vJ

dt
\
C

;
v{J{

(A
v{J{,vJ] k

v{J{,vJ)sv{,J{
D

[ s
vJ

C
!

vJ
] ;

v{,J{
k
vJ,v{J{

D
] (X

v,J[ Y
v,J)

n(H2)
, (1)
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TABLE 6

A. EMISSIVITIES v (ergs s~1) OF SELECTED LINES AS A FUNCTION OF ATH2 nH(cm~3)
T \ 500 K, cm3 s~1f/nH \ 10~17

Line j(km) nH \ 101 nH \ 103 nH \ 105 nH \ 107 LTE

0È0S(7) . . . . . . 5.508 9.70([32) 2.42([29) 1.36([26) 2.47([25) 1.87([25)
1È0S(0) . . . . . . 2.222 1.12([29) 1.12([27) 1.11([25) 1.67([24) 2.15([25)
1È0S(1) . . . . . . 2.121 4.60([29) 4.56([27) 3.81([25) 4.00([24) 4.96([25)
1È0S(2) . . . . . . 2.033 2.46([30) 3.72([28) 4.75([26) 6.92([25) 7.15([25)
2È1S(1) . . . . . . . 2.247 3.39([30) 3.27([28) 1.90([26) 6.19([26) 9.12([30)
5È3O(3) . . . . . . 1.613 8.30([31) 6.71([29) 1.03([27) 1.41([27) 5.90([42)
6È4Q(1) . . . . . . 1.601 7.48([31) 5.94([29) 7.77([28) 9.86([28) 1.28([45)

B. EMISSIVITIES v (ergs s~1) OF SELECTED H2 LINES AS A FUNCTION OF nH(cm~3) AT

T \ 1000 K, f/nH \ 10~17 cm3 s~1

0È0S(7) . . . . . . 5.508 3.94([27) 6.95([25) 7.14([23) 1.27([22) 1.28([22)
1È0S(0) . . . . . . 2.222 2.51([27) 2.96([25) 2.28([23) 6.96([23) 7.09([23)
1È0S(1) . . . . . . 2.121 6.81([27) 9.05([25) 8.25([23) 2.60([22) 2.65([22)
1È0S(2) . . . . . . 2.033 1.51([27) 1.88([25) 2.10([23) 7.05([23) 7.19([23)
2È1S(1) . . . . . . . 2.247 2.14([29) 3.50([27) 4.07([25) 1.31([24) 1.32([24)
5È3O(3) . . . . . . 1.613 7.93([31) 5.34([29) 4.33([28) 5.08([28) 1.24([30)
6È4Q(1) . . . . . . 1.601 7.12([31) 4.66([29) 3.43([28) 3.88([28) 2.05([32)

C. EMISSIVITIES v (ergs s~1) OF SELECTED H2 LINES AS A FUNCTION OF nH(cm~3) AT

T \ 2000 K, f/nH \ 10~17 cm3 s~1

0È0S(7) . . . . . . 5.508 1.11([24) 1.90([22) 2.03([21) 2.21([21) 2.21([21)
1È0S(0) . . . . . . 2.222 1.63([25) 1.81([23) 6.08([22) 8.50([22) 8.53([22)
1È0S(1) . . . . . . 2.121 6.26([25) 7.63([23) 2.86([21) 4.03([21) 4.05([21)
1È0S(2) . . . . . . 2.033 2.05([25) 2.60([23) 1.06([21) 1.50([21) 1.51([21)
2È1S(1) . . . . . . . 2.247 2.08([26) 3.29([24) 2.11([22) 3.30([22) 3.32([22)
5È3O(3) . . . . . . 1.613 3.46([30) 7.72([28) 2.03([25) 3.75([25) 3.77([25)
6È4Q(1) . . . . . . 1.601 8.19([31) 9.04([29) 2.80([26) 5.41([26) 5.44([26)

where

!
vJ

\ ;
v{J{

A
vJ,v{J{, k

vJ,v{J{\ QH(vJ, v@J@)n(H)

] QHe(vJ, v@J@)n(He)] QH`(vJ, v@J@)n(H`)

] ;
v2J2,v2{J2{

QH2
(vJ, v@J@ ; v2 J2, v2@ J2@ )sv2J2

n(H2) . (2)

The fractional abundances have also to satisfy the con-s
v,Jservation requirement must be;

v,J s
v,J\ 1. Equation (2)

modiÐed for pure rotational transitions induced in H2-H2collisions by eliminating the sum over the quantum
numbers of the second molecule and replacing the termH2by 1.s
v2,J2We have solved the system of for initial Jequation (1)

values up to J \ 9. Electron pumping out of higher rota-
tional levels is negligible for the temperatures and ioniza-
tion Ñuxes we consider.

3. RESULTS

The entry efficiencies from individual initial rotational
levels have been calculated for di†erent values of the frac-
tional ionization of the gas. As pointed out by &Gredel
Dalgarno with increasing fractional ionization of the(1995),
gas more energy is transferred from the nonthermal elec-
trons into the kinetic energy of the gas by elastic scattering
with thermal electrons than to excitation of In particu-H2.lar, the low-energy collisions resulting in direct vibrational
excitation of become rare with increasing fractional ion-H2ization. Therefore, the excitation of v\ 1 and v\ 2 in low-
energy collisions diminishes for high values of the fractional
ionization. Tables and show the calculated entry2, 3, 4, 5
efficiencies as a function of initial rotational levela

Ji
(v, J)

and Ðnal rovibrational levels (v, J), with increasingJ
i
¹ 9

fractional ionization for the three branches *J \J[ J
i
\

0, ^2. For an initial rotational distribution the e†ectiveu
Ji
,

entry rate into level (v, J) is given to a very good approx-
imation by The tables show that electron;

Ji
u

Ji
a
Ji
(v, J).

pumping enhances the populations of the vibrational levels
but does not much alter the relative rotational populations
of any given vibrational level. The ratios of the intensities of
emission lines originating from the same vibrational level
provide accordingly a measure of the initial rotational
population. From it the kinetic temperature of the gas can
be derived, provided that the excited rotational populations
are not perturbed by other processes.

In presenting the infrared emission spectra arising from
X-ray photoelectron pumping, we take as free parameters of
the models the temperature, the density, and the ionization
rate. We ignore pumping by any ultraviolet radiation Ðeld
that may be present & van Dishoeck assuming(Black 1987),
either that it is dominated everywhere by the X-rays or that
its inÑuence is limited to a narrow boundary of the molecu-
lar region of the cloud. To restrict the range of models we
calculated the ratio of atomic and molecularn(H)/n(H2)hydrogen densities and the fractional ionization x(e) \

following the procedures of & Dalgarnon(e)/nH Lepp
In all the models the helium abundance was held at(1996).

We limited to less than 10~15 cm3 s~1,nHe
/nH \ 0.1. (f/nH)

for which the ionization ratios and aren(H`)/nH n(He)`/nHeabout 1.6] 10~2. For greater than 10~15 cm3 s~1,(f/nH)
vibrational energy transfers by electron and proton impacts
modify the vibrational level populations. For f/nH \ 10~15
cm3 s~1, preliminary estimates indicate possible enhance-
ments of up to a factor of 2 in the emissivities of the
v\ 1 ] 0 transitions. Reliable proton impact cross section
data for vibrational transitions are not available. However,
for high values of the abundance of is small and thef/nH H2infrared emission is weak.
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TABLE 7

EMISSIVITIES v (ergs s~1) OF SELECTED LINES AS A FUNCTION OF f (s~1) AT T \ 500 KH2A. cm~3nH \ 10

Line j(km) f\ 10~17 s~1 f\ 10~16 s~1 f\ 10~15 s~1 f\ 10~14 s~1

0È0S(7) . . . . . . 5.508 7.53([33) 9.70([32) 1.37([29) 7.55([29)
1È0S(0) . . . . . . 2.222 1.68([30) 1.12([29) 1.11([29) 4.00([29)
1È0S(1) . . . . . . 2.121 7.36([30) 4.60([29) 3.79([29) 1.45([28)
1È0S(2) . . . . . . 2.033 3.60([31) 2.46([30) 5.19([30) 2.79([29)
2È1S(1) . . . . . . . 2.247 4.53([31) 3.39([30) 9.17([30) 5.29([29)
5È3O(3) . . . . . . 1.613 8.40([32) 8.30([31) 6.18([30) 3.82([29)
6È4Q(1) . . . . . . 1.601 7.57([32) 7.48([31) 5.55([30) 3.43([29)

B. nH \ 103 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~15 s~1 f\ 10~14 s~1 f\ 10~12 s~1

0È0S(7) . . . . . . 5.508 1.45([32) 1.44([30) 2.42([29) 1.63([26)
1È0S(0) . . . . . . 2.222 2.00([30) 1.72([28) 1.12([27) 3.65([27)
1È0S(1) . . . . . . 2.121 8.26([30) 7.17([28) 4.56([27) 1.41([26)
1È0S(2) . . . . . . 2.033 6.51([31) 5.66([29) 3.72([28) 2.94([27)
2È1S(1) . . . . . . . 2.247 4.62([31) 4.38([29) 3.27([28) 4.87([27)
5È3O(3) . . . . . . 1.613 7.41([32) 7.31([30) 6.71([29) 2.86([27)
6È4Q(1) . . . . . . 1.601 6.60([32) 6.51([30) 5.94([29) 2.51([27)

C. nH \ 105 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~12 s~1 f\ 10~10 s~1

0È0S(7) . . . . . . 5.508 2.58([28) 3.65([28) 1.36([26) 2.02([25)
1È0S(0) . . . . . . 2.222 1.31([29) 2.01([27) 1.11([25) 2.52([25)
1È0S(1) . . . . . . 2.121 3.22([29) 7.19([27) 3.81([25) 9.06([25)
1È0S(2) . . . . . . 2.033 4.28([30) 8.70([28) 4.75([26) 2.07([25)
2È1S(1) . . . . . . . 2.247 4.36([31) 4.23([28) 1.90([26) 1.68([25)
5È3O(3) . . . . . . 1.613 7.11([32) 6.40([29) 1.03([27) 2.80([26)
6È4Q(1) . . . . . . 1.601 6.27([32) 5.60([29) 7.77([28) 2.05([26)

D. nH \ 107 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~11 s~1 f\ 10~8 s~1

0È0S(7) . . . . . . 5.508 8.72([26) 8.72([26) 1.51([25) 2.15([25)
1È0S(0) . . . . . . 2.222 1.08([27) 3.41([27) 1.09([24) 2.38([24)
1È0S(1) . . . . . . 2.121 2.22([27) 7.74([27) 2.47([24) 6.36([24)
1È0S(2) . . . . . . 2.033 3.64([28) 1.16([27) 3.93([25) 1.50([24)
2È1S(1) . . . . . . . 2.247 2.71([31) 2.62([28) 4.74([26) 4.17([25)
5È3O(3) . . . . . . 1.613 7.30([32) 6.95([29) 1.16([27) 3.35([26)
6È4Q(1) . . . . . . 1.601 6.96([32) 6.62([29) 8.15([28) 2.34([26)

Excitation of the vibrational levels occurs by photoelec-
tron collisions and by neutral particle collisions. Vibra-
tional excitations in collisions with H are much more
efficient than in collisions with or with He, and forH2cm3 s~1 neutral particle collisions are domi-(f/nH) \ 10~17
nated by hydrogen atom impacts. Depopulation of the
vibrational levels occurs by radiative decay at low densities
and by neutral atom collisional quenching at high densities.

The level population is dominated by photoelectron colli-
sions when the ionization rate exceeds some critical value,
which occurs when the product of the ionization rate and
the entry efficiency is equal to the rate at which collisions
populate the level. If is the total e†ective rate coefficientQupat which collisions populate the level and a is the total
e†ective entry efficiency into the level then

(f/nH)cr\ Qup/a . (3)

The e†ective rate coefficient and entry efficiency are calcu-
lated by summing over all possible population channels.

To illustrate the dependence of the emission spectrum on
density and temperature, we present in the pre-Table 6
dicted emissivities v (ergs s~1) per molecule of a selec-H2tion of infrared emission lines for a gas at temperaturesH2of 500, 1000, and 2000 K, respectively, at densities ranging

up to 107 cm~3 subjected to ionizing Ñuxes such that
cm3 s~1. Then and(f/nH) \ 10~17 n(H)/n(H2)\ 1.9

n(e)/nH \ 2 ] 10~5.
At 500 K, neutral particle collisions are inefficient in

causing excitation and the levels are populated by photo-
electron impact. The vibrational levels v\ 1 and v\ 2 are
excited by direct electron impact excitation of the ground
vibrational level and the higher v\ 5 and v\ 6 levels are
excited by cascading from electronically excited states of

The behavior of the v\ 5 and 6 levels is characteristicH2.of levels vº 3. The intensities of the emissions from high
vibrational levels are much less than those of the v\ 1È0
and 2È1 transitions. The marked di†erence in intensities is
an indication of electron pumping and contrasts with that
expected from ultraviolet pumping. The increase in line
intensities with increasing is a reÑection of the increase innHf imposed by the assumption of a constant The(f/nH).
modifying inÑuence of neutral particle collisions can be seen
in the changing relative intensities of the 1È0S(0), S(1), and
S(2) lines and in the saturation of the intensities with
increasing density.

At 1000 and 2000 K, thermal collisions with H atoms
occur rapidly and they play a major role in determining the
vibrational populations, particularly of the low-lying levels,
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TABLE 8

EMISSIVITIES v (ergs s~1) OF SELECTED LINES AS A FUNCTION OF f (s~1) AT T \ 1000 KH2A. cm~3nH \ 10

Line j(km) f\ 10~17 s~1 f\ 10~16 s~1 f\ 10~15 s~1 f\ 10~14 s~1

0È0S(7) . . . . . . 5.508 4.78([28) 3.94([27) 2.65([26) 1.02([25)
1È0S(0) . . . . . . 2.222 3.16([28) 2.51([27) 5.08([27) 5.44([27)
1È0S(1) . . . . . . 2.121 8.56([28) 6.81([27) 1.38([26) 1.53([26)
1È0S(2) . . . . . . 2.033 1.89([28) 1.51([27) 3.04([27) 3.25([27)
2È1S(1) . . . . . . . 2.247 2.66([30) 2.14([29) 4.65([29) 9.54([29)
5È3O(3) . . . . . . 1.613 8.00([32) 7.93([31) 5.69([30) 3.42([29)
6È4Q(1) . . . . . . 1.601 7.19([32) 7.12([31) 5.09([30) 3.04([29)

B. nH \ 103 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~15 s~1 f\ 10~14 s~1 f\ 10~12 s~1

0È0S(7) . . . . . . 5.508 9.62([28) 7.78([26) 6.95([25) 1.59([23)
1È0S(0) . . . . . . 2.222 9.89([28) 3.68([26) 2.96([25) 6.50([25)
1È0S(1) . . . . . . 2.121 3.03([27) 1.11([25) 9.05([25) 2.08([24)
1È0S(2) . . . . . . 2.033 6.37([28) 2.28([26) 1.88([25) 4.52([25)
2È1S(1) . . . . . . . 2.247 5.34([30) 4.09([28) 3.50([27) 1.35([26)
5È3O(3) . . . . . . 1.613 6.44([32) 6.28([30) 5.34([29) 2.03([27)
6È4Q(1) . . . . . . 1.601 5.65([32) 5.50([30) 4.66([29) 1.76([27)

C. nH \ 105 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~12 s~1 f\ 10~10 s~1

0È0S(7) . . . . . . 5.508 4.38([24) 6.06([24) 7.14([23) 1.20([22)
1È0S(0) . . . . . . 2.222 6.46([26) 4.65([25) 2.28([23) 3.55([23)
1È0S(1) . . . . . . 2.121 2.34([25) 1.61([24) 8.25([23) 1.30([22)
1È0S(2) . . . . . . 2.033 6.67([26) 3.84([25) 2.10([23) 3.40([23)
2È1S(1) . . . . . . . 2.247 1.77([28) 7.00([27) 4.07([25) 7.21([25)
5È3O(3) . . . . . . 1.613 5.35([32) 4.57([29) 4.33([28) 1.08([26)
6È4Q(1) . . . . . . 1.601 4.71([32) 4.01([29) 3.43([28) 8.40([27)

D. nH \ 107 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~11 s~1 f\ 10~8 s~1

0È0S(7) . . . . . . 5.508 1.11([22) 1.11([22) 1.22([22) 1.28([22)
1È0S(0) . . . . . . 2.222 6.07([24) 6.41([24) 6.10([23) 7.04([23)
1È0S(1) . . . . . . 2.121 2.11([23) 2.25([23) 2.28([22) 2.63([22)
1È0S(2) . . . . . . 2.033 6.17([24) 6.51([24) 6.16([23) 7.14([23)
2È1S(1) . . . . . . . 2.247 2.35([26) 2.92([26) 1.14([24) 1.42([24)
5È3O(3) . . . . . . 1.613 2.87([32) 2.42([29) 4.28([28) 1.18([26)
6È4Q(1) . . . . . . 1.601 1.51([32) 1.47([29) 3.38([28) 8.98([27)

whose populations tend quickly to thermal equilibrium as
increases.nHThe rotational population of the ground state is con-

trolled by neutral particle collisions and the intensities of
the pure rotational transitions in v\ 0 increase steadily
with toward the thermal equilibrium values.nHTo demonstrate the dependence of the emissivities on the
ionization rate f itself, we list in and theTables 7, 8, 9
emissivities per molecules for ranges of f at severalH2values of for a gas at temperatures of 500, 1000, and 2000nHK. The corresponding fractional abundances n(H), n(H2),n(H`), n(e) and n(He`) are shown in as functions ofFigure 2

for T \ 2000 K. The fractional abundances depend(f/nH)
little on T .

For large f and low densities and low temperatures, the
intensities scale linearly with f, but neutral particle colli-
sions increase in relative importance as f decreases, as nHincreases and as T increases. The tendency for collisions to
become dominant as f decreases and as increases isnHslowed by the conversion of H to that also occurs.H2Neutral particle excitation is less important for the high
vibrational levels and emission from them provides a more
direct measure of the ionization Ñux. At high densities, col-
lisional quenching is more rapid than radiative decay as a

depopulation mechanism and the levels tend to a thermal
distribution, indicated by LTE in the tables.

Figures show the predicted emission spectra for an3aÈ3d
ionization rate given by cm3 s~1 in a gas at(f/nH) \ 10~17
500 K and with densities ranging from 10 to 107 cm~3. The
theoretical spectra have been convolved with a Gaussian of
FWHM 0.01 km representing the Ðnite width of a spectro-
meter. Each pair of Ðgures shows the results with and
without the contribution of the photoelectron source.

At T \ 500 K, neutral particle collisions are e†ective
only in determining the relative populations of the low rota-
tional states of the v\ 0 vibrational level and the energetic
photoelectrons populate the excited vibrational levels.

The lines from the v\ 1 level are the strongest in the
spectrum. They increase in intensity approximately as the
density, though their relative strengths are modiÐed as the
rotational population in v\ 0 changes. At high densities,
the line intensities tend to a limit that is determined by the
value of (f/nH).

The ratio of the 2È1 S(1) and 1È0 S(1) line intensities is a
widely used diagnostic probe. In Figures we present4aÈ4c,
the ratio for T \ 500, 1000, and 2000 K and densities
between 10 and 107 cm~3 as a function of up to 10~15f/nHcm3 s~1. The variations with and are complicated(f/nH) nH
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TABLE 9

EMISSIVITIES v (ergs s~1) OF SELECTED LINES AS A FUNCTION OF f (s~1) AT T \ 2000 KH2A. cm~3nH \ 10

Line j(km) f\ 10~17 s~1 f\ 10~16 s~1 f\ 10~15 s~1 f\ 10~14 s~1

0È0S(7) . . . . . . 5.508 1.29([25) 1.11([24) 3.15([24) 6.20([24)
1È0S(0) . . . . . . 2.222 2.16([26) 1.63([25) 3.31([25) 3.36([25)
1È0S(1) . . . . . . 2.121 8.16([26) 6.26([25) 1.28([24) 1.32([24)
1È0S(2) . . . . . . 2.033 2.62([26) 2.05([25) 4.17([25) 4.26([25)
2È1S(1) . . . . . . . 2.247 2.52([27) 2.08([26) 4.38([26) 4.59([26)
5È3O(3) . . . . . . 1.613 3.83([31) 3.46([30) 1.08([29) 3.49([29)
6È4Q(1) . . . . . . 1.601 8.97([32) 8.19([31) 4.53([30) 2.51([29)

B. nH \ 103 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~15 s~1 f\ 10~14 s~1 f\ 10~12 s~1

0È0S(7) . . . . . . 5.508 7.36([25) 2.10([23) 1.90([22) 6.96([22)
1È0S(0) . . . . . . 2.222 1.90([25) 2.31([24) 1.81([23) 3.78([23)
1È0S(1) . . . . . . 2.121 7.95([25) 9.48([24) 7.63([23) 1.64([22)
1È0S(2) . . . . . . 2.033 2.51([25) 3.14([24) 2.60([23) 5.71([23)
2È1S(1) . . . . . . . 2.247 1.12([26) 3.58([25) 3.29([24) 7.64([24)
5È3O(3) . . . . . . 1.613 6.44([31) 6.38([29) 7.72([28) 3.55([27)
6È4Q(1) . . . . . . 1.601 8.28([32) 8.40([30) 9.04([29) 1.28([27)

C. nH \ 105 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~12 s~1 f\ 10~10 s~1

0È0S(7) . . . . . . 5.508 7.18([22) 8.67([22) 2.03([21) 2.17([21)
1È0S(0) . . . . . . 2.222 1.33([23) 3.54([23) 6.08([22) 7.14([22)
1È0S(1) . . . . . . 2.121 6.09([23) 1.62([22) 2.86([21) 3.38([21)
1È0S(2) . . . . . . 2.033 2.41([23) 6.11([23) 1.06([21) 1.25([21)
2È1S(1) . . . . . . . 2.247 7.65([25) 5.70([24) 2.11([22) 2.61([22)
5È3O(3) . . . . . . 1.613 1.71([29) 1.64([27) 2.03([25) 2.77([25)
6È4Q(1) . . . . . . 1.601 1.01([30) 1.68([28) 2.80([26) 4.17([26)

D. nH \ 107 cm~3

Line j(km) f\ 10~17 s~1 f\ 10~14 s~1 f\ 10~11 s~1 f\ 10~8 s~1

0È0S(7) . . . . . . 5.508 2.22([21) 2.22([21) 2.20([21) 2.21([21)
1È0S(0) . . . . . . 2.222 5.27([22) 5.31([22) 8.27([22) 8.52([22)
1È0S(1) . . . . . . 2.121 2.47([21) 2.49([21) 3.93([21) 4.04([21)
1È0S(2) . . . . . . 2.033 9.34([22) 9.40([22) 1.46([21) 1.51([21)
2È1S(1) . . . . . . . 2.247 1.39([22) 1.42([22) 3.18([22) 3.31([22)
5È3O(3) . . . . . . 1.613 1.16([25) 1.19([25) 3.57([25) 3.81([25)
6È4Q(1) . . . . . . 1.601 1.62([26) 1.65([26) 5.13([26) 5.77([26)

by the changes in the ratio and the greater efficiencyH/H2of collisions with H than with The increase in the ratioH2.from one plateau to another in Figures and for tem-4b 4c
peratures of 1000 and 2000 K, respectively, is a reÑection of
the conversion of to H. The plateaux are not apparent inH2because at 500 K and low neutral particleFigure 4a (f/nH)
collisions have little e†ect. At all three temperatures, the
ratios eventually increase with The increases begin at(f/nH).
the critical values of where photoelectron pumping(f/nH),
replaces neutral particle impact excitation as the major
population mechanism. When the level populations are
controlled by photoelectron pumping the ratio may also
increase when the ionization fraction gets large enough that
Coulomb heating competes with direct vibrational excita-
tion of the v\ 1 state. At 500 K, photoelectron pumping
controls the populations of v\ 1 and 2 for the entire range
shown in and for each density the change in ratioFigure 4
reÑects the change in entry efficiencies as the ionization
fraction changes. At 1000 K and low density the critical
value for (v\ 2, J \ 3) as calculated from isequation (3)

cm3 s~1. At this value the ratio increases as(f/nH)cr\ 10~16
the level departs from the pure collisional value (see Fig. 4b).
At the critical value of for (v\ 1, J \ 3) the ratio willf/nHÑatten out to its limiting value. Our results are qualitatively

similar to those of Hollenbach, & TielensMaloney, (1996).
Maloney et al. carried out a less detailed calculation of the
2È1S(1) and 1È0S(1) line intensities for a range of values of f
but did take into account the variation of T with f.

4. OBSERVATIONS

Observational data on the 2È1S(1)/1È0S(1) ratio in exter-
nal galaxies have been compiled by who hasMouri (1994),
discussed the possible excitation mechanisms. For the
Seyfert galaxy NGC 1275 the ratio is 0.061^ 0.029, a value
that occurs in a cold gas for a wide range of densities and
X-ray Ñuxes. Alternatively, the value of 0.06 can be produc-
ed in a thermal gas heated to a temperature of 1800 K. A
decisive test of the X-ray pumping mechanism would be
provided by the measurement of the ratio of the intensities
of lines from vº 3 to lines from v\ 1 or 2.
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