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ABSTRACT 

We present a detailed chemical model of a photon-dominated region produced in a dense molecular cloud 
exposed to an intense far-ultraviolet radiation field. We use it to illustrate the gas-phase processes that lead to the 
production of atomic and molecular species in the several distinct zones that occur in the cloud. We identify 
molecular diagnostics of photon-dominated chemistry in dense molecular clouds. 

Subject headings: galaxies: ISM — ISM: molecules — molecular processes 

1. INTRODUCTION 

Photon-dominated regions (PDRs) form in neutral hy- 
drogen clouds which are exposed to far-ultraviolet (FUV) ra- 
diation fields (6-13.6 eV) from external sources (de Jong, 
Dalgarno, & Boland 1980; Tielens & Hollenbach 1985; Stern- 
berg & Dalgarno 1989 ). PDRs are ubiquitous in the interstellar 
medium and are present at the edges of H n regions (Stacey et 
al. 1993; van der Werf et al. 1993; Zhou et al. 1993; Hoger- 
heijde, Jansen & van Dishoeck; van der Werf et al. 1995 ), plan- 
etary nebulae (Graham et al. 1993; Latter, Walker, & Maloney 
1993) , and reflection nebulae (Fuente et al. 1993; Jansen, van 
Dishoeck, & Black 1994), inside clumpy molecular clouds in 
star-forming regions (Stutzki et al. 1988; Lane et al. 1990; 
Howe et al. 1991; Meixner et al. 1992), the Galactic center 
(Genzel, Hollenbach, & Townes 1994), and starburst galaxy 
nuclei (Stacey et al. 1991; Henkel, Baan, & Mauersberger 
1991; Krabbe, Sternberg, & Genzel 1994; Sternberg et al. 
1994) , and probably in the narrow-line regions of active galac- 
tic nuclei (Planesas, Scoville, & Myers 1991; Rotaciuc et al. 
1991; Jackson et al. 1993; Blietz et al. 1994; Tacconi et al. 
1994). 

The physical and chemical properties of PDRs are con- 
trolled by the incident FUV photons which both heat the gas 
and drive the cloud chemistry in sequences initiated by photo- 
ionization and photodissociation. The gas temperatures in 
PDRs range from —20 to ^1000 K, and they are often detect- 
able sources of infrared and millimeter atomic and molecular 
line emission. In recent years it has become possible to study 
individual PDRs in great detail using the multiwavelength 
techniques of ground-based and air-borne infrared imaging 
spectroscopy, heterodyne submillimeter spectroscopy, and 
millimeter wave interferometry (Harris et al. 1987; Jaffe & 
Howe 1989; Genzel, Harris, & Stutzki 1989; Hollenbach 1990; 
Poglitsch et al. 1991; Genzel 1992; Phillips 1992; Krabbe et 
al. 1993; Sargent & Welch 1993; Tielens et al. 1993). These 
observational studies will continue throughout the next de- 
cade. A major development will be the observation of PDRs 
from space using mid- and far-infrared spectrometers on board 

the Infrared Space Observatory {ISO) (Encrenaz & Kessler 
1992). 

Theoretical models of photon-dominated regions have been 
constructed and developed by several research groups (e.g., 
Tielens & Hollenbach 1985; van Dishoeck & Black 1988; 
Sternberg & Dalgarno 1989; Le Bourlot et al. 1993; Köster et 
al. 1994) and have been used successfully to interpret a wide 
variety of multiwavelength Galactic and extragalactic emis- 
sion-hne data. Comprehensive chemical models of low-density 
difluse and translucent clouds have been presented by van Dis- 
hoeck & Black ( 1986, 1989). However, they did not investi- 
gate molecule formation in dense clouds which fully absorb the 
incident FUV radiation. Many models of optically thick PDRs 
have been presented in the literature (Tielens & Hollenbach 
1985; Black & van Dishoeck 1987; Sternberg 1988; Sternberg 
& Dalgarno 1989; McKee 1989; Wolfire, Hollenbach, & Tie- 
lens 1993; Burton, Hollenbach, & Tielens 1990; Wolfire, Tie- 
lens, & Hollenbach 1990; Hollenbach, Takahashi, & Tielens 
1991; Elmegreen 1993; Le Bourlot et al. 1993; Meixner & Tie- 
lens 1993; Köster et al. 1994; Goldshmidt & Sternberg 1995). 
These authors focused on the FUV absorption properties of 
such clouds, and on the atomic fine-structure and H2 and CO 
line emissions produced in the clouds, and presented limited 
discussions of the cloud chemistry. 

In this paper we present a detailed chemical model of a pho- 
ton-dominated region produced in a dense molecular cloud ex- 
posed to an intense far-ultraviolet radiation field. We use our 
calculations to illustrate the various gas-phase photochemical 
processes that lead to the efficient production of atomic and 
molecular species in dense PDRs. 

2. MODEL 

The physical and chemical properties of photon-dominated 
regions depend on several cloud parameters including the 
(hydrogen) gas density and pressure, the intensity of the inci- 
dent FUV radiation field, the absorption and scattering prop- 
erties of the dust grains, the gas-phase elemental abundances, 
and the dumpiness of the clouds. All of these quantities vary 
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considerably in the wide range of possible interstellar environ- 
ments. 

Our model consists of a static, plane-parallel, semi-infinite 
cloud which is exposed, on one side, to an isotropic FUV field. 
In our calculations we assumed a constant hydrogen particle 
density nT= 106 cm-3 throughout the cloud, and adopted an 
incident FUV field equal to Draine’s ( 1978) fit to the average 
interstellar FUV field multiplied by an intensity scaling factor 
X = 2X 105. 

We used our model to compute the depth-dependent densi- 
ties of the hydrogen family H, H2, H

+, HJ, H3 ; the oxygen 
family O, O+, OH, H20, OH+, H20

+, H30
+, 02, and OJ ; the 

carbon family, C, C+, CH, CH2, CH3, CH4, CH+, CHJ, 
CH3, CHJ, and CH5 ; the sulfur family S, S+, SH, H2S, SH+, 
and H2S

+; the nitrogen family N, N+, NH, NH2, NH3, NH+, 
NH2, NH3, NHJ, N2, and N2H

+; the süicon family Si, Si+, 
SiH, and SiH2 ; the oxygen intermediates CO, CO+, HCO+, 
SO, S02, SO+, NO, NO+, SiO, Si02, SiO+, and SiOH+; and 
the carbon intermediates CS, CS+, HCS, HCS+, CN, HCN, 
CN+, HCN+, H2CN+, and OCS. 

The chemical structure depends on the total gas-phase abun- 
dances of the heavy elements. For the volatile elements, car- 
bon, nitrogen, oxygen, and sulfur, we adopted approximately 
solar abundances equal to, respectively, 3 X 10-4, 1 X 10-4, 
6 X 10-4, and 1 X 10-5 relative to hydrogen. We adopted a 
depleted abundance of 1 X 10-6 for the refractory element sili- 
con. We assumed that the total elemental abundances do not 
vary with cloud depth. 

We computed the atomic and molecular densities by solving 
equilibrium chemical equations of the form 

2 /Cy/( T)xjx, + 2 [ry(z) + tijlXj 
jl j 

2 kjiixi + 2 [IMz) + &;] ■, 
j' i •> 

(1) 

where x* = rii / «is the abundance of atom or molecule i (where 
n is the total volume density of hydrogen nuclei, and rii is the 
density of z), and where /cZ7/(T) are the (temperature- 
dependent) rate coefficients (cm3 s_1) for chemical reactions 
between species j and / that lead to the production of z, and 
Tij(z) and are the photon and cosmic-ray destruction rates 
(s-1 ) of species j with products z (Gredel et al. 1989; Roberge 
et al. 1991 ; Millar et al. 1991). The photodestruction rates de- 
pend on the incident FUV radiation field and on the cloud 
depth z (cm), and the cosmic-ray destruction rates depend on 
the cosmic-ray hydrogen ionization rate. In our model we 
adopted an interstellar cosmic-ray H2 ionization rate f = 5 X 
10-17 s-1. In the Appendix we discuss the basic photochemical 
data we used in our calculations. 

The chemical networks that govern the hydrogen, oxygen, 
carbon, sulfur, nitrogen, and silicon chemistry are shown in 
Figures 1-6 (Dalgamo & Black 1976; Prasad & Huntress 1979; 
van Dishoeck & Black 1986; van Dishoeck 1988; Millar et al. 
1991). The dominant formation and destruction reactions and 
reaction pathways that lead to the synthesis of the atomic and 
molecular species vary with the cloud depth as the local radia- 
tion field and gas temperature vary. We describe these pro- 
cesses in detail in § 3. 

TABLE 1 
Model Parameters 

Parameter Symbol Value 

Hydrogen particle density  
FUV intensity  
Oxygen abundance  
Carbon abundance  
Sulfur abundance  
Nitrogen abundance  
Silicon abundance   
PAH abundance   
Turbulent Doppler width   
Grain photoelectric threshold  
H21-0 vibrational critical density 

nT(cm 3) 
x 
[O] 
[C] 
[S] 
[N] 
[Si] 
[PAH] 
b(km s-1) 
£o(eV) 
nc

H cm 3 

106 

2X 105 

6 X IO“4 

3 X KT4 

1 X 10‘5 

1 X lO"4 

1 X 10-6 

1 X KT7 

? n 

With the exception of H2 we neglect the possible formation 
and ejection of molecules from grain surfaces (Breakers 1991; 
Shalabiea & Greenberg 1994). 

In pressure equilibrium equation ( 1 ) must be solved subject 
to the constraining equation 

d2 1 
p = (nii + nH2)kT + — + -pb2 (2) 

where the total pressure p is the sum of the thermal, magnetic, 
and turbulent pressures, «H and «h2 are the atomic and molec- 
ular hydrogen gas densities, B is the magnetic field, p is the 
mass density, and b is the “turbulent” velocity parameter. In 
our model we assume that the gas pressure is dominated by a 
magnetic field which is frozen into the gas, so that the total 
hydrogen particle density nT = nH + nU2 remains constant 
through the cloud ( Sternberg & Dalgamo 1989 ).1 

In thermal equilibrium equation ( 1 ) must also be solved 
subject to the additional constraining equation 

G(T)-L(T) = 0 (3) 

where G(T) and L(T) are the total local volume heating and 
cooling rates (ergs cm-3), respectively. We explicitly com- 
puted the gas temperature in the outer cloud layers where the 
incident FUV radiation field dominates the gas heating by a 
combination of grain photoelectric emission, photoionization 
of ‘Targe molecules,” and collisional deexcitation of FUV- 
pumped hydrogen molecules (Tielens & Hollenbach 1985; 
Lepp & Dalgamo 1988; Sternberg & Dalgamo 1989). The gas 
is cooled by atomic and ionic fine-structure line emission, and 
molecular rotational and vibrational line emission. We discuss 
the heating and cooling processes that we included in our cal- 
culations in the Appendix. At large cloud depths where the 
heating rates are less certain we adopted a uniform gas temper- 
ature equal to 20 K. 

In Table 1 we summarize the input model parameters that 
we adopted in our calculations. 

1 Note that n = nu-\- 2nH2 and that nT= nn + «h2 so that n ± nT. 
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Fig . 1.—Hydrogen network. Endothermic reactions involving atomic 
or molecular hydrogen are indicated by the symbols H and H2, respec- 
tively. Reactions involving FUV-pumped hydrogen molecules are indi- 
cated by the symbol H f. 

3. RESULTS 

The results of our computations are shown in Figures 7-22. 
Figure 7 shows the thermal profile of our model cloud, and 
Figures 8-22 show the abundances, xz (z), of the various 
atomic and molecular species as functions of the cloud depth, 
and the integrated atomic and molecular column densities 

Ni{z) = n f Xi(z)dzcttT2 (4) 
Jo 

also as functions of the cloud depth. In all of these figures the 
cloud depth is parameterized by the total visual extinction, Á y, 
measured from the cloud surface. Figures 8-22 display the 
complex chemical structure of photon-dominated regions. The 
atomic and molecular abundances are sensitive to the cloud 

depth, and many species show distinct density peaks at several 
locations through the cloud. 

The behavior illustrated in Figures 8-22 may be understood 
by noting that several distinct zones exist, at various depths in 
the cloud, in which the chemical structure is governed by spe- 
cific sets of chemical reactions. These zones may be identified 
as an H i and H/H2 transition layer, followed by C n, S n, Si n, 
and S i zones, and a dark core. We define these zones below, 
and we discuss the detailed atomic and molecular gas-phase 
production and destruction processes that occur in each of 
them. 

3.1. Hot H i Zone and H/H2 Transition Layer 

Close to the cloud surface rapid photodissociation of molec- 
ular hydrogen2 

H2 + v —H + H (Rl) 

produces an H i zone in which most of the hydrogen is present 
in atomic form. Hydrogen molecules form by the association 
of hydrogen atoms on grain surfaces 

H + H + gr. H2 -h gr., (R2) 

and the H2 density increases with increasing cloud depth as the 
rate of reaction (Rl ) is reduced by the combined effects of H2 

2 The identification number of each reaction is listed with the letter R 
when it is displayed for the first time in the text. 
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Fig. 4.—Sulfur network 

“self-shielding” and dust opacity. The cloud depth at which 
the hydrogen becomes molecular depends on the ratio x/^r 
(Sternberg 1988), and in our model the atomic and molecular 
hydrogen densities become equal at a depth y4F = 0.7 from the 
cloud surface ( see Fig. 8 ). We discuss our treatment of H2 self- 
shielding and grain-surface formation in the Appendix. 

As is shown in Figure 7 the gas in the H I zone is hot, with 
temperatures exceeding 103 K. The H i zones in dense PDRs 
become hot because gas heating (by grain photoelectric emis- 
sion, and collisional deexcitation of FUV-pumped H2) be- 
comes efficient while emission-line cooling is quenched 
(Sternberg & Dalgamo 1989; Burton et al. 1990). The gas re- 
mains hot through the outer part of the H/H2 transition layer, 
but cools rapidly as the hydrogen becomes fully molecular. 

The molecular chemistry in the hot H I zone and in the hot 
part of the H/H2 transition layer is driven by rapid photoion- 

Fig. 5.—Nitrogen network 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S 
..

. 
99

. 
.5

65
S 

No. 2, 1995 CHEMISTRY IN DENSE PHOTON-DOMINATED REGIONS 569 

ization and photodissociation and by FUV heating of the gas. 
The chemistry is initiated by several endothermic reactions be- 
tween the hydrogen molecules and the abundant atoms and 
ions (C+, N, O, and S+) which are produced by the rapid pho- 
toionization and photodissociation. These reactions become 
particularly effective in the H/H2 transition region where the 
H2 particle density becomes large but where the gas is still 
sufficiently warm for the reactions to proceed efficiently. A 
population of (superthermal) vibrationally excited hydrogen 
molecules is maintained by rapid FUV-pumping in the H I 
zone, and the internal energies of these molecules may also be 
used to overcome the endothermicities of the mediating hy- 
drogen abstraction reactions (see Appendix). 

The incident FUV radiation field is not significantly attenu- 
ated in the HI zone and in the H/H2 transition layer, and the 
hot gas chemistry is moderated by rapid molecular photodis- 
sociation and photoionization. A large electron density, ne ~ 
10"V, is maintained in the H i zone by the photoionization 
of atomic carbon, and the chemistry is also moderated by rapid 
dissociative recombination of the molecular ions. 

Photodissociation of molecular ions becomes important in 
the outer layers of PDRs when 0.1 cm3 since, typically, 
the photodissociation rates are equal to ~ 10~10 x s-1 and the 
dissociative recombination rates are equal to ~10-7«i? s-1. 
Thus, in the H i zone of our model cloud photodissociation 
and dissociative recombination are competitive processes for 
the removal of the molecular ions. 

3.1.1. Oxygen Family 

Rapid molecular photodestruction maintains most of the 
oxygen in atomic form throughout the hot H i zone and the H/ 
H2 transition layer, and the oxygen chemistry is initiated by 
the endothermic abstraction reaction 

molecules whose vibrational energies are used to overcome the 
endothermicity of reaction ( R3 ). The OH molecules produced 
by reactions (R3) and (R4) are rapidly removed by photodis- 
sociation 

OH + j/^O + H (R5) 

and the reverse of reaction ( R3 ) 

0H + H-^0 + H2. (R6) 

The OH density increases as the H2 density increases, and the 
formation reaction (R3) becomes very rapid in the outer part 
of the H/H2 transition region. However, as the hydrogen be- 
comes fully molecular, and the gas cools, reaction (R3) be- 
comes ineffective while the OH photodissociation rate remains 
high and the OH density decreases sharply. In our model the 
OH abundance reaches a maximum value of 6 X 10~6 at a 
visual extinction Av= 0.6 where h(H2)/az = 0.2 and the gas 
temperature T = 800 K (see Figs. 7 and 9). The OH radical is 
a crucial intermediary in the chemistry of the hot gas, and its 
very large abundance in the H/H2 transition layer leads to the 
efficient production of many molecules and molecular ions in 
this part of the cloud. 

H20 is produced in the hot gas by 

0H + H2-^H20 + H, (R7) 

a reaction which possesses a large activation barrier, and by 

OH + HfH20 + H , (R8) 

and is rapidly removed by photodissociation 

H20 + v OH + H (R9) 

and the reverse of reaction (R7) 

H20 + H-^0H + H2 (R10) 

in the H i zone where the atomic hydrogen density is large. 
02 is efficiently produced by the fast neutral reaction 

0H + 0-*02 + H (Rll) 

and is destroyed by photodissociation 

02 + v —► O + O (R12) 

throughout the H i zone. 
A crucial reaction in the H i zone and in the H/H2 transition 

layer is 

and by 

O + H2 -► OH + H (R3) 

O + H| -► OH + H, (R4) 

where in reaction ( R4) H * represents FUV-pumped hydrogen 

OH + C+ -► CO + H+ (R13) 

which is the major source of protons in the hot gas. The pro- 
tons are removed by the charge transfer reaction 

O + H+ -* 0+ + H (R14) 
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which initiates the sequence 

0+ + H2 OH+ + H , (R15) 

OH+ + H2 H20
+ + H , (R16) 

H20
+ + H2 ^ H30

+ + H , (R17) 

H30
+ + e-+ H20 + H , (R18) 

H30
+ + e-> OH + H2. (R19) 

The dissociative recombination of H30
+ is a negligible source 

of H20 in the hot gas. In the H I zone where the H2 density is 
small and the electron density is large the sequence of abstrac- 
tion reactions (R15)-(R17)is interrupted by the dissociative 
recombinations 

H20
+ -h e-> OH + H, (R20) 

H20
+ + £ -► O + H2, (R21 ) 

and 

OH+ + c —O + H. (R22) 

Photodissociation of H20
+ and H30

+ may be important 
processes in the hot gas. For example, 

H20
+ -hi/-*- H2 + O, (R23) 

H30
+ + HJ + OH , (R24) 

followed by 

H2 + H2 H3 + H (R25) 

may be major sources of H3 ions in the H I and H/H2 transi- 
tion layers. Although the H3 ions are rapidly removed by the 
dissociative recombinations 

H3 + £-► H2 + H (R26) 

and 

Hi + c^H + H + H, (R27) 

a large H3 density may be maintained in the H/H2 transition 
layer by reactions ( R23 ), ( R24 ), and ( R25 ). 

02 is produced in the HI zone by 

0H+ + 0 —Oi + H (R28) 

and by photoionization 

02 + v-+0} + e (R29) 

and is removed by dissociative recombination 

0ï + e->0 + 0 (R30) 

Oj + ï, —0 + 0+. (R31 ) 

The sequence (R14)-(R17) and reactions (R7), (Rll), 
and (R28) maintain large densities of OH+, H20

+, H30
+, 

H20, 02, and 02 near the OH density peak in the H/H2 tran- 
sition layer ( see Figs. 9 and 10). 

3.1.2. Carbon Family 

Rapid molecular photodestruction of the carbon bearing 
molecules and the photoionization of atomic carbon 

C + ^C+ + é? (R32) 

maintain most of the carbon in singly ionized form throughout 
the H i zone and the H/H2 transition layer, and the carbon 
chemistry is initiated by the endothermic abstraction reaction 

C+ + H2-*CH+ + H (R33) 

and by 

C+ + H* CH+ + H . (R34) 

The rapid formation of CH+ by reactions (R33) and (R34) 
initiates the sequence 

CH+ + H2 CH2 + H , (R35) 

CH2 + H2 CHJ + H, (R36) 

CH3
+ + e CH2 + H, (R37) 

CHj + ^-^CH + H2. (R38) 

This sequence is interrupted by the dissociative recombina- 
tions 

CHÎ + e —CH + H, (R39) 

CHÍ + e^C + H2, (R40) 

and 

CH+ + C + H (R41 ) 

in the H i zone. The CH+ ions formed by reactions (R33) and 
( R34 ) are removed by reactions (R35 ) and ( R41 ), and also by 
the reverse of reaction (R33) 

CH+ + H-^C+ + H2 (R42) 

in the H i zone where the atomic hydrogen density is large. 
A large CH+ density peak is produced by reaction (R33) in 

the hot part of the H/H2 transition layer, and in our model the 
CH+ abundance reaches a maximum value of 6 X 10-8 close 
to the location of the OH density peak ( see Fig. 12). CH+, like 
OH, is also an important intermediary in the hot gas chemistry, 
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and its large abundance leads to the efficient production of sev- CH4 + ^ CH4 + £, ( R57 ) 
eral molecular species in the H/H2 transition layer. 

Near the CH+ density peak the dissociative recombination CH4 + y -► CH3 + H , (R58) 
(R41 ) is the dominant source of atomic carbon, and the pho- 
todissociation of CH+ CH4 T v —► CH2 + H2, (R59 ) 

CH+ + v -+C + H+ (R43) CH4 + í/-^CH + H2 + H. (R60) 

is a major source of protons. 
The molecules CH and CH2 are produced by reactions 

(R37), (R38), and (R39), and are removed by photoioniza- 
tion and photodissociation 

CH + y -► CH + + e, (R44) 

CH + ï/^C + H, (R45) 

CH2 + CH2 + e, (R46) 

CH2 + i/ -> CH + H . (R47) 

CH3 is produced by radiative recombination 

CHl + e^Cn3 + v (R48) 

and by the endothermic abstraction reaction 

CH2 + H2 CH3 + H (R49) 

and by 

CH2 + H|-^ CH3 + H (R50) 

The sequence (R35)-(R38) and reactions (R48), (R49), 
(R50), (R54), and (R56) maintain large densities of 
CH2, CH3, CH, and CH2 and smaller densities of CH5, CH3, 
and CH4 near the CH+ density peak in the hot part of the H/ 
H2 transition layer ( see Figs. 12 and 13). 

3.1.3. Sulfur Family 

Rapid photodestruction of the sulfur bearing molecules and 
the photoionization of atomic sulfur 

S + p S+ + e (R61) 

maintains most of the sulfur in singly ionized form throughout 
the H I zone and the H/H2 transition layer, and the sulfur 
chemistry is initiated by the endothermic reaction 

S+ + H2 —SH+ + H (R62) 

and by 

S+ + H*-*SH+ + H. (R63) 

The formation of SH+ is followed by another endothermic re- 
action 

in the HI zone. 
The CH3 molecules are removed by photoionization and 

photodissociation 

CH3 + ï>-^CHJ + £, (R51 ) 

and by 

sh+ + h2 —h2s
+ + h 

SH+ + H* H2S
+ + H . 

(R64) 

(R65) 

CH3 + — CH2 + H 

and by the reverse of reaction ( R49 ) 

(R52) The production of H2S+ by the sequence of endothermic reac- 
tions (R62) and (R64) is inefficient and is augmented by the 
radiative association 

CH3 + H -► CH2 + H2 (R53) 

in the H i zone. 
CH4 is produced by radiative association 

CHÎ + H2->-CH? + i' (R54) 

followed by 

CH5 + CH3 + H2, (R55) 

CH?+ í?-*.CH4 + H. (R56) 

The dissociative recombination of CH5 is a negligible source 
of CH3 in the hot gas. The CH4 molecules are rapidly removed 
by photoionization and photodissociation 

S+ + H2 -► H2S
+ + v. (R66) 

The SH + and H2S + ions are removed by 

H2S
+ + e-»-SH + H, (R67) 

H2S
+ + ^^S + H2, (R68) 

Sir + e — S + H, (R69) 

and by the reverses of reactions (R62) and (R64) 

H2S+ + H ^ SH+ + H2, (R70) 

SH+ + H -► S+ + H2 (R71) 

in the H i zone. The dissociative recombination of SH+ is the 
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dominant source of atomic sulfur in the warm part of the H/ 
H2 transition zone. 

SH is formed by reaction ( R67 ) and also by the endothermic 
reaction 

and 

S + H2 — SH + H 

S + H? -*• SH + H . 

H2S is produced by radiative recombination 

H2S
+ + e -► H2S + v 

and by the endothermic reaction 

SH + H2 — H2S + H 

and 

SH + H2 H2S + H. 

(R72) 

(R73) 

(R74) 

(R75) 

(R76) 

The SH and H2S molecules are removed by photoionization 
and photodissociation 

SH + y SH+ + e, 

SH + ï/ S -h H , 

H2S T v —► H2S
+ + ^ 

and 

H2S + SH + H 

and by the reverses of reactions (R72 ) and ( R75 ) 

SH + H S + H2, 

H2S + H SH + H2 

(R77) 

(R78) 

(R79) 

(R80) 

(R81) 

(R82) 

in the H i zone. 
Because reaction (R62) is endothermic and the abundance 

of atomic sulfur is very small in the H I zone, the formation 
of SH by reactions (R67), (R72), and (R73), and of H2S by 
reactions ( R74 ), ( R75 ), and ( R76 ) is inefficient, and only very 
small densities of SH and H2S are maintained in the hot gas 
(see Fig. 15). 

3.1.4. Nitrogen Family 

Rapid photodestruction of the nitrogen bearing molecules 
maintains most of the nitrogen in atomic form throughout the 
H I zone and H/H2 transition layer, and the nitrogen chemis- 
try is initiated by the endothermic abstraction reaction 

N + H2-^NH + H (R83) 

and by 

N + H*-»-NH + H. (R84) 

The NH molecules formed by reactions (R83) and (R84) are 
removed by photodissociation and photoionization 

NH + v —N + H, (R85) 

NH + p -► NH+ + e (R86) 

and by the reverse of reaction ( R83 ) 

NH + H->-N + H2. (R87) 

The photodissociation of NH is the dominant source of atomic 
nitrogen in the hot gas. 

The photoionization of NH initiates the sequence 

NH+ + H2-*NHJ + H, (R88) 

NH£ + H2->► NHJ + H , (R89) 

NH, + H2 NHJ + H, (R90) 

NH4 + e^*- NH3 + H, (R91 ) 

NHJ + e-+ NH2 + H2 . (R92) 

In the H1 zone this sequence is interrupted by the dissociative 
recombinations 

NHJ + c->NH2 + H, (R93) 

NHJ+ í?^NH + H2, (R94) 

NHJ + e-»- NH + H, (R95) 

NH¿ + é>-*N + H2, (R96) 

NH+ + é?—N + H, (R97) 

and also by the photodissociations 

NHJ + y NH3 + H, (R98) 

NHJ + r -*• NHJ + H, (R99) 

NH2 +!'-*■ NH+ + H, (R100) 

NH+ + o -»■ N + H+ . (R101) 

NH2 is produced by reactions (R92) and (R93) and also by 
the endothermic reaction 

NH + H2-*NH2 + H (R102) 

and by 

NH + H2—NH2 + H, (R103) 
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and is removed by photodissociation and photoionization 

NH2 + v NH + H 

NH2 + NH2 + e 

and by the reverse of reaction ( R102 ) 

NH2 + H ^ NH + H2 

(R104) 

(R105) 

(R106) 

in the HI zone. 
NH3 is produced by reaction (R91 ) and by the endothermic 

reaction 

NH2 + H2 ^ NH3 + H 

and by 

NH2 + H^ NH3 + H 

and is removed by photodissociation 

NH3 + v NH2 + H 

and the reverse of reaction ( R107 ) 

NH3 + H-* NH2 + H2. 

N2 is produced by the reactions 

NH + N N2 + H , 

CN + N N2 + C , 

NO + N ^ N2 + O 

and is removed by photodissociation 

N2 + */ — N + N . 

N2H
+ is produced by 

NH2 + N N2H
+ + H 

(R107) 

(R108) 

(R109) 

(R110) 

(Rill) 

(R112) 

(R113) 

(R114) 

(R115) 

and is removed by dissociative recombination and photoioni- 
zation 

N2H
+ + e^N2 + H, 

N2H
+ + ^N2 + H+. 

(R116) 

(R117) 

Reactions (R83), (R102), and (R107), and the sequence 
(R88)-(R92), maintain large densities of NH, NH+, NH2, 
NH3, NHJ, NH2, and NH3 in the hot part of the H/H2 tran- 
sition layer. However, the densities of N2 and N2H

+ remain 
very small in the hot gas ( see Figs. 19,20, and 21). 

3.1.5. Silicon Family 

Rapid photodestruction of the silicon bearing species and 
the photoionization of atomic silicon 

Si + y —► Si+ + e 

573 

(R118) 

maintain most of the silicon in singly ionized form throughout 
the HI zone and the H/H2 transition layer. The silicon chem- 
istry is initiated by radiative association 

Si+ + H2 ^ SiH2 + 

rather than by the hydrogen abstraction 

Si++ H2SiH++ H 

(R119) 

(R120) 

because reaction (R120) is extremely endothermic and re- 
mains ineffective even in the hot gas. Reaction (R119) is fol- 
lowed by 

SiH2 + £ Si + H2 

and 

(R121 ) 

(R122) 

SiH is formed by reaction ( R122 ) and is removed by photodis- 
sociation 

SiH + y -► Si + H . (R123) 

Because the silicon chemistry is initiated by radiative associa- 
tion the production of SiH by reaction (R122) is inefficient, 
and radiative recombination 

Si+ + e Si + y (R124) 

rather than the dissociative recombination of SiH 2 is the major 
source of atomic silicon in the hot gas. Only a very small SiH 
density is maintained in the H i zone and in the H/H2 transi- 
tion layer ( see Fig. 18). 

3.1.6. Oxygen Intermediates 

CO is efficiently produced in the hot gas by the reaction 

OH + C+ -► CO + H+ 

and by 

OH + C+ CO+ + H 

followed by 

CO+ + H -*► CO + H + . 

HCO+ is produced by 

CO+ + H2^HCO+ + H 

and is removed by photodissociation 

HCO+ + y CO+ + H2 

(13) 

(R125) 

(R126) 

(R127) 

(R128) 
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and dissociative recombination 

HCO+ + e-> CO + H (R129) 

which is an additional source of CO in the hot gas. The CO 
molecules are removed by photodissociation 

CO + i/^C + O. (R130) 

Reaction (R13) and the sequence (R125)-(R129) maintain 
large densities of CO, CO+, and HCO+ near the OH density 
peak in the H/H2 transition region (see Fig. 11). 

SO+ is efficiently produced by the reaction 

OH + S+ SO+ + H (R131 ) 

and is removed by dissociative recombination 

S0+ + e-+S + 0 (R132) 

and photodissociation 

SO+ + y S+ + O . (R133) 

A large density of SO+ is maintained in the H/H2 transition 
layer, and the dissociative recombination of SO+ is the domi- 
nant source of atomic sulfur in the hot gas ( see Fig. 14). 

SO and S02 are produced by 

OH + S^SO + H (R134) 

and 

S0 + 0H-*S02 + H (R135) 

and are removed by photodissociation and photoionization 

SO + í^S + O, (R136) 

SO + ^SO+ + e, (R137) 

S02 + ^S0 + 0. (R138) 

However, because the density of atomic sulfur is very small in 
the H I zone and in the H/H2 transition layer only very small 
densities of SO and S02 are maintained in these cloud layers 
(see Fig. 14). 

NO is efficiently produced by 

& DALGARNO Vol. 99 

which is the major source of NO+ in the hot gas. An additional 
source is 

OH+ + N-> NO+ + H . (R142) 

The NO+ ions are removed by 

NO+ + é>—N + O. (R143) 

Reactions ( R139 ), ( R141 ), and ( R142 ) maintain large densi- 
ties of NO and NO+ near the OH density peak in the H/H2 

transition region ( see Figs. 19 and 21). 
SiO+ is produced rapidly by the reaction 

OH + Si+ — SiO+ + H (R144) 

which initiates the sequence 

SiO+ + H2 SiOH+ + H, (R145) 

SiOH+ + eSi + OH, (R146) 

SiOH+ + e-> SiO + H . (R147) 

This sequence is interrupted by the dissociative recombination 

SiO+ + £-► Si + O (R148) 

in the HI zone. This reaction is a major source of silicon atoms 
in the hot gas. 

SiO is produced by reaction (R147) and is removed by pho- 
todissociation and photoionization 

SiO + * —Si + O (R149) 

SiO + p -► SiO+ + e, (R150) 

and Si02 is produced by 

SiO + OH ^ Si02 + H (R151) 

and is removed by photodissociation 

Si02 + */-*Si0 + 0. (R152) 

A moderate SiO density is maintained near the OH density 
peak in the H/H2 transition layer. However, the density of 
Si02 remains negligible in this part of the cloud ( see Fig. 17). 

OH + N -► NO + H 

and is removed by photodissociation 

NO + y -► N + O 

and photoionization 

NO + ^ NO+ + e 

(R139) 

(R140) 

(R141 ) 

3.1.7. Carbon Intermediates 

CS+ is rapidly produced by the reaction 

CH + S+ —CS+ + H 

which is followed by 

(R153) 

(R154) 
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and 

HCS+ + e->CS + H. (R155) 

This sequence is interrupted by dissociative recombination 

CS+ + C + S (R156) 

and photodissociation 

HCS+ + v-+ CS+ + H . (R157) 

CS is produced by reaction (R155) and is removed by photo- 
dissociation and photoionization 

CS + C + S (R158) 

CS + v-*CS+ + e. (R159) 

Reactions (R153)-(R155) produce CS, CS+, and HCS+ den- 
sity peaks near the CH density peak in the H/H2 transition 
layer (see Fig. 16). 

HCS is inefficiently produced by 

CH2 + S->HCS + H (R160) 

and is rapidly destroyed by photodissociation 

HCS + p -► CS + H , (R161 ) 

and only a small density of HCS is maintained in the hot gas. 
CN+ is formed by 

NH + C+ CN+ + H (R162) 

and 

CH+ + N ^ CN+ + H . (R163) 

These reactions initiate the sequence 

CN+ + H2 HCN+ + H , (R164) 

HCN+ + H2 ^ H2CN+ + H , (R165) 

H2CN+ + HCN + H , (R166) 

H2CN+ + ^ ^ CN + H2 (R167) 

which is interrupted by the dissociative recombinations 

HCN+ + e-+ CN + H (R168) 

and 

CN+ + C + N (R169) 

in the H i zone. 

CN is produced by reactions (R167) and (R168) as well as 
by 

CH + N-^CN + H (R170) 

and 

CN+ + H ^ CN + H+ . (R171 ) 

HCN is produced by reaction ( R166 ), by the reactions 

CH2 + N -► HCN + H (R172) 

and 

HCN+ + H ^ HCN + H+ , (R173) 

by the endothermic reaction 

CN + H2 -► HCN + H (R174) 

and by 

CN + H* —HCN + H. (R175) 

The CN and HCN molecules are removed by photodissocia- 
tion 

CN + y C + N (R176) 

and 

HCN + j/^CN + H (R177) 

throughout the H i zone and the H/H2 transition layer. The 
HCN molecules are also removed by the reverse of reaction 
(R174) 

HCN + H — CN + H2 (R178) 

in the H i zone where the atomic hydrogen density is large. 
Reactions (R162)-(R175) maintain laige densities of 

CN+, HCN+, CN, and HCN near the CH density peak in the 
H/H2 transition layer (see Fig. 22). 

3.2. Cn and Sn Zones 

The photoionization of atomic carbon 

C + C+ + e (32) 

by the incident FXJV field maintains an extended cloud layer in 
which most of the carbon is singly ionized. This layer extends 
deeper into the cloud than does the H i zone because of the 
effective self-shielding of the hydrogen molecules. Thus, a C n 
zone exists in which most of the carbon is singly ionized and in 
which the hydrogen is fully molecular. In our model such a 
C ii zone is present at cloud depths between Av = 0.7 and 
Av= 1.7 (seeFigs. 8 and 11). 
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Similarly, the photoionization of atomic sulfur 
S + y—>S+ + £ (61) 

as well as the charge transfer reaction 

C+ + S -► C + S+ (R179) 

maintains an extended cloud layer in which most of the sulfur 
is singly ionized. This layer extends to larger cloud depths than 
does the layer of ionized carbon because sulfur is less abundant 
than carbon. Thus a SII zone exists in which the sulfur is singly 
ionized but in which the carbon is neutral ( and present primar- 
ily in CO molecules), and in which the hydrogen is fully mo- 
lecular. In our model such a SII zone is present at cloud depths 
between^4K

= T7 andAv= 3.7 (seeFigs. 8, 11,and 14). 
The molecular chemistry in the C n and S n zones is driven 

by photoionization and photodissociation, and is initiated by 
radiative association and abstraction reactions between the hy- 
drogen molecules and the abundant atoms and ions O, N, C+, 
Si+, and S+. The endothermic hydrogen abstraction reactions 
(R3), (R33), (R62), and (R83) which control the molecular 
production in the hot H I zone and H/H2 transition layer be- 
come much less effective in the C II and S n zones where the 
gas is cold with temperatures T ^ 100 K (see Fig. 7), and pro- 
ceed only in reactions with FUV pumped H* molecules. 

The FUV radiation field is partially attenuated in the C n 
and S ii zones, but the chemistry is still moderated by rapid 
molecular photodissociation and photoionization throughout 
these cloud layers. Electrons are produced by the photoioniza- 
tions (R32) and (R61), and dissociative recombination re- 
mains rapid in the CII and S n zones. 

3.2.1. Oxygen Family 

FUV-pumping maintains a population of vibrationally ex- 
cited hydrogen molecules throughout the C n and S n zones, 
and the formation of OH is dominated by 

0 + H2^0H + H (4) 

even at the inner edge of the S H zone where the density of 
vibrationally excited hydrogen molecules becomes very small. 
In the S ii zone additional sources of OH are 

NH + O^OH + N (R180) 

and 

H2S+ + O ^ OH + SH+ . (R181 ) 

The OH molecules are removed by photodissociation 

OH-h^-^OFH (5) 

throughout the C n and S n zones. Near the inner edge of the 
C ii zone where the FUV radiation field is partially attenuated, 
but where the C+ density is still large, the OH molecules are 
also effectively removed by 

OH + C+ CO+ + H (125) 

and by 

OH + C+ -► CO + H+ . (13) 

Reaction (R13) continues to dominate the production of pro- 
tons in the C ii zone. 

The protons are removed by 

O + H+ -► 0+ + H (14) 

which in the C n zone continues to initiate the sequence 

0+ + H2->OH+ + H, (15) 

OH+ + H2 ^ H20
+ + H , (16) 

H20
+ + H2 H30

+ + H , (17) 

H30
+ + e-> H20 + H , (18) 

H30
+ + e-> OH + H2. (19) 

In the S ii zone, the C+ density becomes small and the pro- 
tons are produced by cosmic-ray dissociative ionization 

H2 + c.r. -> H+ + H + £ (R182) 

rather than by reaction ( R13 ). In the cold S n zone the protons 
are removed by radiative recombination 

H+ + e + v (R183) 

rather than by the charge transfer reaction (R14) which is en- 
dothermic. The proton density becomes small in the S ii zone, 
and the hydrogen abstraction sequence (R16)-(R19)is initi- 
ated by the proton transfer reaction 

0 + H?^0H+ + H2 (R184) 

(rather than by reaction [R14] followed by [R15]) where the 
H3 ions are produced by cosmic-ray impact ionization 

H2 + c.r. H2 + e (R185) 

followed by 

H2 + H2 -► H3 + H . (25) 

H20 is formed by the dissociative recombination of H30
+ 

and is removed by photodissociation 

H20 + z/-*0H + H (9) 

throughout the C ii and S n zones. Near the inner edge of the 
C ii zone the H20 molecules are also removed by 

H20 -f C+ ^ HCO+ + H . (R186) 

02 is formed by 
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OH + O 02 + H (11) 

and is removed by photodissociation 

02 + y -► O + O (12) 

throughout the C n and S n zones. 
02 is formed and destroyed by 

OH+ + O 02 + H , (28) 

02 + ^ ► 02 + ^, (29) 

and 

Oj + e^O + O (30) 

throughout the C n and S n zones. 
The formation of molecular species of the oxygen family is 

less efficient in the cool C n and S II zones than in the hot H I 
zone and H/H2 transition layer (see Figs. 9 and 10). 

3.2.2. Carbon Family 

The carbon chemistry in the C n zone is initiated by the com- 
bined action of 

C+ + H2 CH+ + H (34) 

CH + v -+C + H , (45) 

CH2 + ï/ -► CH2 + e, (46) 

CH2 + */ —CH + H, (47) 

CH3 + */-*CHÍ+ e, (51) 

CH3 + ^CH2 + H, (52) 

OU + p-^CHt + e, (57) 

CH4 + ï/ —CH3 + H, (58) 

CH4 + í'-^CH2 + H2, (59) 

CH4 + ^CH + H2 + H (60) 

throughout the C 11 and S 11 zones. Near the inner edge of the 
C ii zone the CH2 molecules are also removed by 

CH2 + C+ ^ CH2 + C . (R188) 

CH3 is formed in the C11 and S11 zones both by reactions ( R48 ) 
and (R55 ), as well as by the photodissociation of CH4. 

The carbon hydrides are also removed by carbon insertion 
reactions of the form 

and the radiative association reaction 

C+ + H2 -► CH2 + p . (R187) 

In the S ii zone where the density of FUV-pumped molecules 
is very small the carbon chemistry is controlled primarily by 
reaction (R187). 

Reactions ( R34 ) and ( R187 ) are followed by the sequence 

CH+ + H2->CHJ + H, (35) 

CHj + H2-^CHi+ H, (36) 

CHJ+ —CH2 + H, (37) 

CHj + £-^CH + H2, (38) 

CH3 + £ -*► CH3 + p, (48) 

CH3 + H2 -*► CH5 + p, (54) 

CH5 + e CH3 + H2, (55) 

CHÍ + ^^CH4 + H, (56) 

which leads to the formation of CH, CH2, CH3, and CH4. 
These molecules are removed by photodissociation and photo- 
ionization 

CH + p CH+ + e, (44) 

CH„ + C+ C.HJ-! + H 

near the inner edge of the C 11 zone. These reactions will lead 
to the efficient production of complex hydrocarbons in this 
part of the cloud. 

Radiative recombination 

C+ + e^>C + p (R189) 

is the dominant source of neutral atomic carbon in the C 11 
zone. A large density of atomic carbon is maintained near the 
inner edge of the C 11 zone by reaction (R189) where the rate 
of carbon photoionization is reduced but where the carbon 
bearing molecules are still being destroyed by the FUV radia- 
tion field. In the S 11 zone where the C+ density is small the 
dominant source of carbon is 

CH + i/^C + H (45) 

rather than reaction ( R189 ). 
The densities of the molecular ions CH+, CH2, CH3, and 

CH5 decrease through the CII and S11 zones as the densities of 
FUV-pumped H2 molecules and C+ ions decrease. The densi- 
ties of CH, CH2, CH3, and CH4 increase with increasing depth 
through the C ii zone as the destructive FUV radiation field is 
attenuated. However, the densities of these molecules decrease 
through the S 11 zone as the C+ density decreases and the ini- 
tiating reaction (R187) proceeds more slowly (see Figs. 12 
and 13). 
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3.2.3. Sulfur Family 

Sulfur ions are produced by the charge transfer reaction 

C+ + S -► S+ + C (179) 

and by photoionization 

S + y S+ + £ (61) 

in the C n and S n zones. Reaction (R179) dominates the pro- 
duction of S + in the C n zone where the C + density is large, and 
reaction (R61 ) dominates in the S n zone where the C+ density 
is small. 

The sulfur chemistry in the CII and S n zones is initiated by 
the combined action of 

S+ + H* SH+ + H (63) 

and radiative association 

S+ + H2 H2S+ + v . (66) 

Reaction (R63) is less effective in the S n zone where the den- 
sity of FUV-pumped hydrogen molecules is very small. 

Reactions ( R63 ) and ( R66 ) are followed by the sequence 

SH+ + £-► S + H , (69) 

H2S+ + e-+ SH + H , (67) 

H2S+ + £ -► S + H2, (68) 

H2S
+ + e^H2S + v, (74) 

and the SH and H2S molecules that are formed by this se- 
quence are removed by photoionization and photodissociation 

SH + v SH+ + e, (77) 

SH + y —S + H, (78) 

H2S + i^H2S+ + é>, (79) 

and 

H2S + ^SH + H. (80) 

The SH molecules are also removed by 

SH + C+ CS+ + H (R190) 

near the inner edge of the C n zone. 
The hydrogen sulfides are also removed by sulfur insertion 

reactions of the form 

SH* + S + S2HJ+1 + H 

The production of SH+ and H2S+ and the reaction sequence 
(R69)-(R74) proceeds more slowly in the C n and S II zones 
than in the HI zone. The dominant source of atomic sulfur in 
these cloud layers is therefore radiative recombination 

S+ + e^>S + v (R191 ) 

rather than the dissociative recombination of SH+. 
The densities of SH and H2S increase through the C II and 

S II zones as the destructive FUV radiation field is attenuated 
with increasing cloud depth ( see Fig. 15). 

3.2.4. Nitrogen Family 

Photodestruction of the nitrogen bearing molecules main- 
tains most of the nitrogen in atomic form throughout the C n 
and S ii zones. The nitrogen chemistry is mediated by 

N + H* -► NH + H (84) 

followed by 

NH + v ^ NH+ + e. (86) 

In the SII zone where the density of FUV-pumped H2 becomes 
small the production of NH+ is augmented by 

N + H2 NH+ + H . (R192) 

Reactions ( R86 ) and ( R192 ) initiate the sequence 

NH+ + H2 NH2 + H , (88) 

NHÎ + H2^NH? + H, (89) 

NHJ + H2 -► NHJ + H , (90) 

NHÍ+ e —NH3 + H, (91) 

NHJ + e-+ NH2 + H2, (92) 

NHJ + £-► NH2 + H . (93) 

The NH2 and NH3 molecules that are produced by this se- 
quence are removed by photodissociation and photoionization 

NH2 + */-^NH + H, (104) 

NH2 + v NHJ + H , (105) 

H3 + ^NH2 + H (109) 

throughout the C 11 and S 11 zones. Near the inner edge of the 
C ii zone the NH2 molecules are also removed by 

NH2 + C+ ^ HCN+ + H , (R193) 

near the inner edge of the S11 zone. These reactions will lead to 
the efficient production of complex hydrosulfides in this part 
of the cloud. 

and near the inner edge of the S 11 zone, where the radiation 
field is attenuated, the NH, NH2, and NH3 molecules are also 
removed by the fast neutral reactions 
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NH + O —OH + N (180) 

NH + O-^NO + H (R194) 

and 

NH2 + O^OH + NH (R195) 

and by the charge transfer reaction 

NH3 + S+ NH3 + S . (R196) 

In the C ii zone the production of N2 is dominated by the 
reaction 

CN + N -► N2 + C , (112) 

and in the S n zone by the reaction 

N0 + N->N2 + 0. (113) 

The N2 molecules are removed by photodissociation 

N2 + p > N + N (114) 

throughout the C II and S n zones. N2H
+ ions continue to be 

produced by 

NH2 + N -► N2H
+ + H (115) 

in the C n zone. In the S n zone these ions are produced by 

N2 + H^ N2H
+ + H2 . (R197) 

The N2H
+ ions are removed by dissociative recombination 

N2H
+-bé>^N2 + H (116) 

throughout the CII and S n zones. 
With the exception of N2 the formation of molecular species 

of the nitrogen family is less efficient in the C n and S II zones 
than in the hot H I zone and H/H2 transition layer (see Figs. 
19, 20, and 21). 

3.2.5. Silicon Family 

Silicon ions are produced by photoionization 

Si + v-+ Si+ + e (118) 

throughout the C n and S n zones. Additional sources of Si+ 

ions are the charge transfer reactions 

C+ + Si Si+ + C (R198) 

near the inner edge of the C n zone, and 

S+ + Si S + Si+ (R199) 

in the S n zone. Most of the silicon remains in singly ionized 
form throughout the C n and S n regions. 

SiH is produced by the radiative association reaction 

Si+ + H2 SiH2 + v (119) 

followed by 

SiH2 + e Si + H2, (121) 

SiH2 + £ -► SiH + H . (122) 

The SiH molecules are removed by photodissociation 

SiH + i/^Si + H, (123) 

and the SiH density increases with increasing cloud depth 
through the C ii and S n zones as the photodestruction rate 
decreases ( see Fig. 18). 

3.2.6. Oxygen Intermediates 

Atomic oxygen remains abundant in the C n and S n zones 
and CO is produced by the reactions 

CH + O-^CO + H (R200) 

and 

CH2 + O -► CO + H2 (R201 ) 

rather than by reactions (R13)or(R123). Chemi-ionization 

CH + O HCO+ + e (R202) 

and the reactions 

CH2 + O HCO+ + H, (R203) 

CRt + O HCO+ + H2 (R204) 

are major sources of HCO+ in both the C n and S ii zones. In 
the C ii zone HCO+ is also produced by 

OH + C+ CO+ + H (125) 

followed by 

CO+ + H2 HCO+ + H . ( 127) 

Near the inner edge of the S n zone the reaction 

CO + H3 HCO+ + H2 (R205) 

becomes the dominant source of HCO+. The HCO+ ions are 
removed by dissociative recombination 

HCO+ + e CO + H , (129) 

and reaction (R127) dominates the removal of the CO+ ions 
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throughout the C n and S n zones. The CO molecules are re- 
moved by photodissociation 

CO + i^C + O (130) 

in the C n and S n zones. The CO+ and HCO+ densities be- 
come small in the C n and S n zones. The CO density becomes 
large near the inner edge of the C n zone as all of the gas-phase 
carbon is driven into the CO molecules ( see Fig. 11). 

In the CII zone SO+ is produced by 

OH + S + SO+ + H (131) 

and is removed by 

SO+ + e->S + 0, (132) 

and SO and S02 are produced by 

OH + S-^SO + H (134) 

and 

S0 + 0H-*S02 + H. (135) 

An additional source of S02 in the C n zone is the radiative 
association 

SO + O -> S02 + v . ( R206 ) 

In the SII zone SO and SO+ are produced by 

SH + 0-*S0 + H ( R207 ) 

and 

SO + v^SO+ + e (137) 

rather than by reactions (R134) and (R131 ) because the OH 
density becomes small. The production of S02 is dominated 
by reaction ( R206 ) in the S n zone. The SO and S02 molecules 
are removed by photodissociation and photoionization 

SO +j/^S + O, (136) 

SO + p-+SO+ + e, (137) 

S02-b y^SO + O (138) 

throughout the C n and S n zones, and the densities of these 
molecules increase with increasing cloud depth as the photo- 
destruction rates diminish ( see Fig. 14). 

NO is produced in the CII and S ii zones by 

OH + N^NO + H (139) 

and by 

and is removed by photodissociation and photoionization 

NO + y -► N + O , (140) 

NO + v NO+ + e. (141) 

The NO molecules are also removed by 

NO + C+ NO+ + C (R208) 

near the inner edge of the C n zone, and by 

NO + N N2 + O (113) 

in the S n zone. Reactions (R141 ) and (R209) are the domi- 
nant sources of NO+ in the CII zone. In the S n zone NO+ ions 
are formed by 

NO + S+ -► NO+ + S (R209) 

and are removed by 

NO+ + £-► N + O . (143) 

The NO density is limited by reactions (R208) and (R113) 
and remains approximately constant through the C n and S n 
zones (see Fig. 19). 

SiO is produced in the C n zone by the sequence 

OH + Si+ SiO+ + H , (144) 

SiO+ + H2 SiOH+ + H , (145) 

SiOH+ + e -► SiO + H . (147) 

In the SII zone the production of SiO is augmented by 

SiH2 + O ^ SiOH+ + H (R210) 

followed by reaction ( R147 ) and by 

SiH + O-^SiO + H. (R211 ) 

The SiO molecules are removed by photodissociation and pho- 
toionization 

SiO + z/^Si + O, (149) 

SiO + z/ -► SiO+ + e (150) 

throughout the C n and S n zones and also by 

SiO + C+ Si+ + CO (R212) 

and 

SiO + C+ — SiO+ + C (R213) 

NH + O^NO + H (194) near the inner edge of the C n zone. 
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Si02 is inefficiently produced by 

SiO + OHSi02 + H (151) 

and removed by photodissociation 

Si02 + ^SiO + 0. (152) 

581 

CN+ + H2 HCN+ + H ? ( 164) 

HCN+ + H2 H2CN+ + H , (165) 

H2CN+ + ^ HCN + H , ( 166) 

H2CN+ + e CN + H2. (167) 

The SiO density increases with increasing cloud depth as the 
rates of photo- and chemical destruction by reactions (R149), 
(R150), (R212), and (R213) decrease. The Si02 density re- 
mains negligible in the C n and SII zones ( see Fig. 17). 

3.2.7. Carbon Intermediates 

The carbon-sulfur intermediates CS + , HCS+ and CS are 
produced by the sequence 

CH + S+ -^CS+ + H, (153) 

CS+ + H2 ^ HCS+ + H , (154) 

HCS+ + £-^CS + H (155) 

in the C n and S n zones. The CS molecules formed by reaction 
(R155) are removed by photodissociation and photoioniza- 
tion 

cs + ^c + s, (158) 

CS + y -► CS+ + £.. (159) 

The CS density increases toward the inner edge of the C n zone 
as the photodestruction rates diminish, but decreases through 
the C+/C/CO transition region as the electron density and the 
rate of reaction ( R15 5 ) decrease ( see Fig. 16). 

HCS is formed by 

CH2 + S-h*HCS + H (160) 

and destroyed by photodissociation 

HCS + î/^CS + H. (161) 

In the S ii zone the HCS molecules are also removed by 

HCS + O ^ OCS + H , (R214) 

and the OCS molecules formed by reaction (R214) are re- 
moved by 

OCS + ^CO + S. (R215) 

The formation of the carbon-nitrogen intermediates in the 
C ii and SII zones is initiated by 

NH + C+ CN+ + H (162) 

followed by the sequence 

The formation of HCN in the CII and S ii zones is augmented 
by the reaction 

CH2 + N->HCN + H. (172) 

The HCN molecules are removed by photodissociation 

HCN + v -> CN + H , (177) 

which together with reaction ( R177 ) and 

CH + N-^CN + H (170) 

are the major sources of CN. The CN molecules are removed 
by photodissociation 

CN + p C + N, (176) 

and by 

CN + O-^CO + N, (R216) 

CN + N-*N2 + C (112) 

near the inner edge of the S ii zone. 
The CN density becomes large near the edge of the C ii zone 

where the reaction sequence (R162)-(R167) remains 
effective, but where the rate of photodestruction by reaction 
(R176) is diminished. The CN density decreases through the 
S ii zone as the C+ density decreases. The CN/HCN density 
ratio is large throughout the C ii and S ii zones ( see Fig. 22 ). 

3.3. Si ii and SI Zones 

The photodissociation of atomic silicon 

Si + v Si+ + e (118) 

and the charge transfer reaction 

S+ + Si S + Si+ (199) 

maintain a cloud layer in which most of the silicon is singly 
ionized. Because of the small silicon abundance this layer ex- 
tends to larger cloud depths than the ionized carbon or sulfur 
layers. Thus, a Si n zone exists in which the silicon is ionized, 
but in which the carbon and sulfur are present in neutral 
( atomic or molecular) form, and in which the hydrogen is fully 
molecular. In our model a Si ii zone is present at cloud depths 
between3.7 and 6 (see Figs. 8, 11, 14, and 17). 

At intermediate cloud depths a SI zone exists in which most 
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of the sulfur is present in neutral atomic form. The S I zone is 
maintained by photodestruction of the sulfur-bearing mole- 
cules, and rapid neutralization of the sulfur ions by radiative 
recombination 

S+ + e^S + v (191) 

and the charge transfer reaction ( R199 ). In our model a broad 
S i zone is present at cloud depths between Av = 3.7 and 7.6, 
and the Si II and SI zones overlap ( see Figs. 14 and 17). 

The FUV radiation field is severely attenuated in the Si II 
and SI zones, and the chemistry is driven by a combination of 
photoionization and photodissociation and cosmic-ray ioniza- 
tion. The chemistry is initiated by radiative associations and 
proton transfer reactions. The electron density becomes small 
while the atomic oxygen density remains large, and reactions 
between the molecular ions and the oxygen atoms begin to 
compete with dissociative recombinations in the Si n and S I 
zone. The molecular chemistry is moderated by photodissoci- 
ation and photoionization which proceeds more slowly in the 
Si II and SI zones than in the cloud layers closer to the surface. 

3.3.1. Oxygen Family 

In the Si n and S I zones the oxygen chemistry is driven by 
cosmic-ray ionization 

H2 + c.r. + e (185) 

followed by 

Hi + H2 —HJ + H (25) 

and the sequence 

0 + HÍ->0H+ + H2, (184) 

OH+ + H2 ^ H20
+ + H, (16) 

H20
+ + H2 ^ H30

+ + H, (17) 

H30
+ + e-> H20 + H, (18) 

H30
+ + e-> OH -f H2. (19) 

The dissociative recombinations (R18) and (R19) are the do- 
minant sources of H20 and OH in the Si n and SI zones. The 
H20 molecules are removed by 

H20 + Si+ SiOH + + H (R217) 

and by photodissociation 

H20 T y -► OH + H (9) 

which is an additional source of OH. The OH molecules are 
removed by 

0H + 0->02 + H (11) 

and the 02 formed by reaction (Rl 1 ) is removed by photodis- 
sociation 

02 + */-*0 + 0 (12) 

as well as by 

02 + C -► CO + O (R218) 

and 

02 + S-^S0 + 0. (R219) 

02 is produced by 

OH+ + O 02 + H (28) 

and by 

02 + H+-*OÍ + H (R220) 

and is removed by 

Oi + £->0 + 0. (30) 

Protons are produced by cosmic rays 

H2 + c.r. H+ + H + e (182) 

and are removed by radiative recombination 

H+ + eH + v (183) 

in the Si II zone, and by the charge transfer reaction 

H+ + S -► H + S+ (R221 ) 

in the SI zone. 
The 02 and H20 densities increase through the Si n and S I 

zones as the rates of photodestruction by reactions (R9) and 
(R12) decrease. However, the OH density is limited by reac- 
tion (Rll) and approaches a constant value at large cloud 
depths (see Fig. 9). 

3.3.2. Carbon Family 

The dominant source of C+ in the SI zone is the reaction 

He+ + CO C+ + O + He (R222) 

where the He+ ions are produced by cosmic-ray ionization 

He + c.r. He+ + e. (R223) 

The C+ ions are removed by the charge transfer reaction 

C+ + S C + S+ (179) 

which is the dominant source of atomic carbon in the SI zone. 
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The carbon chemistry is initiated by the radiative associa- 
tion 

C++ H2CHJ + y (187) 

and also by the proton transfer reaction 

C + HJ-*CH+ + H2 (R224) 

in the S I zone where the C+ density becomes small. These 
reactions are followed by the sequence 

CH+ + H2 — CHJ + H , 

CH2 + H2 — CHJ + H , 

CHj + i>->-CH2 + H, 

CHJ + e-*- CH + H2, 

CHÎ + e^-CHj + r, 

CHJ + H2 ^ CHJ + v, 

CHJ + £-»- CHj +H2, 

CHJ + c-^CH4+H 

(35) 

(36) 

(37) 

(38) 

(48) 

(54) 

(55) 

(56) 

The CH, CH2 radicals formed by this sequence are removed by 
the neutral reactions 

CH + O CO + H, 

CH2 + O — CO + H2, 

and the CH3 radicals are removed by3 

CH3 + O H2CO + H 

and by 

CH3 + N HCN + H2. 

(200) 

(201) 

(R225) 

(R226) 

CH4 is formed by the dissociative recombination (R56) and 
also by 

CHJ + CO -* CH4 + HCO+ . (R227) 

The CH4 molecules continue to be removed by photodissocia- 
tion and photoionization 

CH4 + 1/ — CHJ + e, 

CH4 + 1/ CH3 + H , 

(57) 

(58) 

3 Although reaction ( R225 ) dominates the removal of the CH3 radicals 
in the Si 11 and S 1 zones and in the dark core (see below) we have not 
explicitly included it in our calculations since we have not considered the 
formation and destruction of H2CO in our model. 

CH4 + P->► CH2 + H2, (59) 

CH4 + i>-*- CH + H2 + H (60) 

throughout the Si 11 and S1 zones, and by 

CH, + S+ HCS+ + H2 + H (R228) 

near the inner edge of the S1 zone where the radiation field is 
attenuated. 

The CH4 density increases through the cloud as the rates of 
photodestruction by reactions (R57)-(R60) diminish. How- 
ever, the densities ofCH+, CHJ, CHJ, CHJ, CHJ, CH, CH2, 
and CH3 become very small in the Si 11 and S1 zones (see Figs. 
12 and 13). 

3.3.3. Sulfur Family 

S+ is produced by photoionization 

S Ft'-»- S+ + c (61) 

and charge transfer 

C+ + S-^C + S+ (179) 

in the Si 11 and S1 zones. The sulfur ions are removed by radi- 
ative recombination 

S+ + e-*S + v (191) 

and also by the charge transfer reaction 

S+ + Si —S + Si+ (199) 

near the inner edge of the S 1 zone where the electron density 
becomes small. 

H2S+ ions are produced by 

S+ + H2-*H2S+ + )/ (66) 

and are removed by dissociative recombination 

H2S+ + e-► SH + H , (67) 

H2S+ + c—S + H2, (68) 

and also by reactions with atomic oxygen 

H2S++0^-0H + SH+ (181) 

and 

H2S
+ + 0->S0+ + H2 (R229) 

near the inner edge of the S1 zone. SH + is formed by the proton 
transfer reaction 

S + HJ SH+ + H2 (R230) 
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and removed by and also by 

SH+ + S + H. (69) NH2 + 0-*0H + NH (195) 

SH is formed by reaction ( R67 ) and is removed by ani* charge transfer 

SH + O-^SO + H. (207) 

H2S is efficiently produced by the charge transfer reaction 

H2S+ + S H2S + S+ (R231 ) 

and is removed by photodissociation 

H2S + v SH + H (80) 

throughout the Si II and SI zones. A large H2S density is main- 
tained near the inner edge of the SI zone where the formation 
reaction (R231 ) remains efficient, but where the rate of photo- 
destruction by reaction (R80) is reduced. The H2S density 
drops sharply beyond the edge of the SI zone as the density of 
atomic sulfur decreases and the sulfur is driven into SO and 
S02. In our model the H2S abundance reaches a maximum 
value of 6 X 10-9 at a visual extinction Av= 1.6 (see Figs. 14 
and 15). 

3.3.4. Nitrogen Family 

Nitrogen is fully molecular, and the nitrogen chemistry is 
driven by the reaction 

He+ + N2 -► N+ + N + He (R232) 

which initiates the sequence 

N+ + H2 NH+ + H , (R233) 

NH+ + H2 —NHJ+ H, (88) 

NH2 + H2 ^ NH3 + H , (89) 

NH3 + H2 NHJ + H , (90) 

NH4 + e-+ NH3 + H , (91) 

NH4 + e-+ NH2 + H2, (92) 

NHJ + c^ NH2 + H . (93) 

The NH2 and NH3 molecules produced by this sequence are 
removed by photodissociation and photoionization 

NH2 + z/-*NH + H, (104) 

NH2 + */-^NHÎ + é>, (105) 

NH3 + y-^NH2 + H, (109) 

NH3 + S+^NH? + S. (196) 

Reaction (R195) is the major source of NH in the S I zone. 
The NH molecules are removed primarily by 

NH + O-^OH + N, (180) 

NH + 0-*NO + H (194) 

in the SI zone. 
N2H + ions are produced by the reaction 

N2 + H3 N2H
+ + H2 (197) 

and are removed by dissociative recombination 

N2H
+ + é^N2 + H (116) 

in the Si 11 and S1 zones. 
The NH3 density increases through the Si 11 and S 1 zones 

as the rate of photodestruction by reaction (R109) decreases. 
However, the densities of NH and NH2 are limited by reactions 
( R19 5 ), ( R180 ), and ( R194 ), and their abundances approach 
constant values (see Fig. 21). The density of N2H

+ ions in- 
creases with cloud depth as the electron density decreases (see 
Fig. 19). 

3.3.5. Silicon Family 

Si+ is produced by photoionization 

Si + y Si+ + e (118) 

and by charge transfer 

S+ + Si S + Si+ (199) 

in the Si 11 and S1 zones. SiH is produced by radiative associa- 
tion 

Si++ H2SiHj + *> (119) 

followed by 

SiH2 + £ Si + H2, (121) 

SiH2 -h e-> SiH + H . (122) 

The SiH molecules are removed by photodissociation 

SiH + iz-^Si + H (123) 

and also by 
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SiH + O-^SiO + H (211) 

near the inner edge of the S i zone where the U V field is atten- 
uated. The SiH density decreases beyond the edge of the Si n 
zone as the Si+ density decreases ( see Fig. 18). 

3.3.6. Oxygen Intermediates 

HCO+ is produced in the SI zone by the sequence 

H2 + c.r. -► HJ + e, (185) 

HJ + H2^HJ + H, (25) 

CO + H3 HCO+ + H2, (205) 

and is removed by 

HCO+ + e-+ CO + H . (129) 

The HCO+ density increases with cloud depth as the electron 
density decreases (see Fig. 11). CO+ is very inefficiently pro- 
duced by 

CO + H2 -► CO+ + H (R234) 

and is rapidly removed by 

CO+ + H2 ^ HCO+ + H ( 127) 

and a negligible CO+ density is maintained in the S1 zone. 
SO + is produced by 

SH+ + O ^ SO+ + H (R235) 

and is removed by 

SO+ + £-► S + O . (132) 

SO and S02 are produced by the reactions 

SH + O -*► SO + H, (207) 

SO + O ^ S02 + v (206) 

and are removed by photodissociation and photoionization 

SO H- p S + O , (136) 

SO + ^SO+ + e, (137) 

and 

S02 + */-+S0 + 0. (138) 

Near the inner part of the SI zone the reactions 

SO + C^CO + O (R236) 

and 

SO + C-^CS + O (R237) 

dominate the removal of the SO molecules. The SO and S02 

densities and the S02/S0 density ratio increase through the 
Si ii and S1 zone as the rates of photodestruction by reactions 
(R136), (JU37), and (R138) decrease (see Fig. 14). 

NO is produced by 

OH + N -► NO + H (139) 

and is removed by 

N0 + N-^N2 + 0 (113) 

which is the dominant source of N2 in the Si 11 and S 1 zones. 
NO+ is inefficiently produced by 

NO + S+ —NO+ + S (209) 

and is removed by 

N0+ + é>^N + 0. (143) 

The NO density is limited by reaction (R113) and remains 
approximately constant through the Si 11 and S I zones (see 
Fig. 19). 

SiO is produced by the reactions 

SiH2 + O SiOH+ + H (210) 

and by 

H20 + Si+ ^ SiOH+ + H (217) 

followed by 

SiOH+ + e Si + OH ( 146) 

and 

SiOH+ + e-+ SiO + H . ( 147) 

The dissociative recombination (R146) is a major source of 
OH in the SI zone. The SiO molecules are removed by photo- 
dissociation and photoionization 

SiO + y Si + O (149) 

and 

SiO + v ^ SiO+ + e. (150) 

Si02 is produced by 

SiO + OH — Si02-f H (151) 

and is removed by photodissociation 
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Si02+ ^810 + 0. (152) 

The SiO and Si02 densities increase with the cloud depth as the 
rates of photodestruction by reactions (R149), (R150), and 
( R152 ) diminish ( see Fig. 17). 

3.3.7. Carbon Intermediates 

CS is formed by 

SO + C-^CS + O (237) 

and is removed by photodissociation and photoionization 

CS + ï^C + S, (158) 

CS + y CS+ + e. (159) 

The CS density becomes large near the inner edge of the S i 
zone where atomic carbon is still efficiently produced by the 
charge transfer reaction 

C+ + S -► C + S+ (179) 

and where the rates of photodestruction by reactions (R158) 
and (R159) are diminished. The CS density drops sharply be- 
yond the inner edge of the SI zone where reaction (R179) be- 
comes an inefficient source of atomic carbon, and where the 
SO molecules are preferentially driven to S02 by reaction 
(R206). In our model the CS abundance reaches a peak value 
of 8.5 X 10-6 at a visual extinctiony4K= 8 (see Fig. 16). 

Near the CS density peak the photodissociation of CS is itself 
a major source of atomic carbon, and the charge transfer reac- 
tion 

CS + H + CS+ + H (R238) 

dominates the removal of the protons. 
CS+ is formed primarily by reaction (R159) which is fol- 

lowed by 

CS+ + H2 HCS+ + H , ( 154) 

HCS+ + eCS + H . (155) 

OCS is produced by 

CO + S^OCS + i/ (R239) 

and removed by photodissociation 

OCS + */ —CO + S. (216) 

HCN is produced by the reactions 

CH3 + N -► HCN + H2 (226) 

and 

CH2 + N^HCN + H (172) 

and is removed by photodissociation 

HCN + */^CN + H. (177) 

CN is formed by reaction (R177) and also by 

NO + C-^CN + O (R240) 

and 

C + N -► CN + v . (R241 ) 

The CN molecules are removed by 

CN + O-^CO + N (216) 

and 

CN + N —N2 + C. (112) 

The formation of CN+ is dominated by 

CH+ + N -► CN+ + H (163) 

which initiates the sequence 

CN+ + H2 HCN+ + H , ( 164) 

HCN+ + H2 ^ H2CN+ + H , ( 165) 

H2CN+ + e ^ HCN + H , ( 166) 

H2CN+ + e -► CN + H2 . (167) 

However, reactions (R166) and (R167) are only minor 
sources of CN and HCN in the Si II and SI zones. 

The HCN density increases and the CN density decreases 
with increasing cloud depth as the HCN photodestruction rate 
decreases ( see Fig. 22 ). 

3.4. Dark Core 

At sufficiently large cloud depths the incident FUV field is 
completely attenuated, and the external photons no longer 
dominate or influence the cloud chemistry. In our model the 
inner edge of the photon-dominated region occurs at a cloud 
depth Avæ 10. A dark cloud core exists at greater cloud depths 
where the chemistry is driven by cosmic-ray ionization of hy- 
drogen and helium. 

In our model the density of the nonreactive metal ions is 
small, and most of the positive electric charge is carried by the 
abundant molecular ions. The fractional ionization is much 
smaller in the dark core than in the PDR, and the abundances 
of saturated molecular ions become large. Neutral molecules 
are removed by fast ion-molecule reactions (Prasad & Hunt- 
ress 1979) and also by cosmic-ray-induced photodissociation 
and photoionization (Prasad & Tarafdar 1983; Sternberg, 
Dalgamo, & Lepp 1987; Gredel, Lepp, & Dalgamo 1987; 
Gredeletal. 1989). 
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3.4.1. Oxygen Family 

The oxygen chemistry in the dark core is (as in the Si n and 
SI zones) driven by cosmic-ray ionization and proton transfer 
in the sequence 

H2 + c.r. -*• Hj + e, (185) 

Hí + H2^HJ + H, (25) 

0 + Hj-*0H+ + H2 (184) 

followed by 

0H+ + H2->-H20
+ + H, (16) 

H20
+ + H2-^H30

+-l-H, (17) 

H30
+ + H20 + H, (18) 

H30
+ + e—OH + H2. (19) 

Reaction (R18) is the dominant source of H20 which is re- 
moved by the reactions 

HCO+ + H20 — H30
+ + CO, (R242) 

HJ + H20 — H30
++ H2 (R243) 

and by cosmic-ray-induced photodissociation 

H20 + va -+ OH + H . (R244) 

OH is formed by reaction (R19) and is removed by 

0H + 0 — 02 + H. (11) 

The 02 formed by reaction ( R11 ) is removed by 

02 + i'cr O + O (R245) 

and by 

02 + Si-*Si0 + 0, (R246) 

02 + S —SO + O, (219) 

02 + C+^-C0 + 0+ (R247) 

02 ions are produced by cosmic-ray-induced photoionization 

02 + va-*-02+e (R248) 

and by 

02 + H+ -»• 02 + H (220) 

and are removed by 

Oî + e —0 + 0 (30) 

and 

02 + N -*• NO+ + O. (R249) 

Protons are produced by cosmic rays 

H2 + c.r. —H+ + H + <? (182) 

and are removed by reaction (R220) and by 

H20 + H+->-H20
+ + H (R250) 

in the dark core. 
Atomic oxygen is produced by reactions ( R245 ) and ( R246 ) 

and is removed by reactions (R19) and (R184). Most of the 
oxygen remains atomic in the dark core (see Fig. 9). 

3.4.2. Carbon Family 

Most of the carbon is present in CO molecules in the dark 
core. The carbon chemistry is driven by the reactions 

He + c.r. -► He+ + e, (223) 

He+ + CO -► C+ + O + He (222) 

which are followed by radiative association 

C+ + H2-^CHJ+ * (187) 

and the sequence 

CH2 + H2 -► CH3 + H , (36) 

CHÎ + é?-^CH2 + H, (37) 

CH3 + £CH + H2 , (38) 

CH3 + H2 -► CH5 + v , (54) 

CH? + é>^CH3 + H2, (55) 

CH? + é>—CH4 + H. (56) 

The initiating reaction (R222) is an additional source of 
atomic oxygen in the dark core. 

The electron density is small and the production of CH2, 
CH3, and CH4 by reactions (R37), (R55), and (R56) is aug- 
mented by the reactions 

CH5 + CO — CH4 + HCO+ , (227) 

CH5 + O — CH2 + H30
+ , (R251 ) 

and 

CH4 + He+ CH3 + H+ + He+ . (R252) 

The CH, CH2, and CH3 molecules are removed by 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S 
..

. 
99

. 
.5

65
S 

588 STERNBERG 

CH + O —CO + H, (200) 

CH2 + 0-^C0 + H2, (201) 

CH3 + O^H2CO + H, (225) 

and by 

CH3 + N —HCN + H2. (226) 

The CH4 molecules are removed by cosmic-ray-induced pho- 
todissociation 

CH4 + vcr CH2 + H2 (R253) 

which is an additional source of CH2, as well as by 

CH4 + IU — CHJ + H2, (R254) 

CH4 + H+ —CHÎ + H2, (R255) 

CH4 + H+^.CHÎ + H. (R256) 

The dominant source of atomic carbon in the dark region is 
cosmic-ray-induced photodissociation of carbon monoxide 

CO + íVr-^C + O. (R257) 

The carbon atoms are removed by 

02 + C->C0 + 0. (218) 

The CH4 density becomes large in the dark core. The densi- 
ties of the other species of the carbon family remain small ( see 
Figs. 11,12, and 13). 

3.4.3. Sulfur Family 

In the dark core most of the sulfur is driven into S02 mole- 
cules, and H2S+ions are inefficiently produced by the reactions 

He++ S02 — S++ SO + He , (R258) 

S+ + H2 -»• H2S+ + v (66) 

and are rapidly removed by the pair of reactions 

H2S+ + 0—OH + SH+, (181) 

H2S+ + 0->-S0++H2. (229) 

SH+ ions are inefficiently produced by 

HCO+ + S -► SH+ + CO (R259) 

and rapidly removed by 

SH+ + O SO+ + H . (235) 

The sulfur atoms are supplied by the dissociative recombina- 
tion 

& DALGARNO Vol. 99 

SO+ + c-*- S + O (132) 

and are removed by 

02 + S —SO + O. (219) 

H2S is inefficiently formed by 

SH+ + CH4 H2S + CH3 , (R260) 

H2S+ + S^H2S + S+, (231) 

H2S+ + NH3 H2S + NH3 (R261 ) 

and is removed by cosmic-ray-induced photodissociation and 
photoionization 

H2S + rcr — SH + H , (R262) 

H2S + ^ H2S+ + c. (R263) 

SH is formed by 

OH + S^SH + O (R264) 

and is removed by 

SH + O -► SO + H. (207) 

The densities of SH+, H2S + , SH, and H2S become very 
small in the dark core ( see Fig. 15). 

3.4.4. Nitrogen Family 

Most of the nitrogen is molecular in the dark core, and the 
nitrogen chemistry is initiated by the reaction 

He+ + N2 N+ + N + He (232) 

which drives the sequence 

N+ + H2 NH+ + H, (233) 

NH+ + H2 —NHi+ H, (88) 

NHJ + H2 —NHÎ + H, (89) 

NHJ + H2 —NHJ + H, (90) 

NHÎ + c->NH3 + H, (91) 

NHÎ + c^NH2 + H2, (92) 

NHJ + c^NH2 + H. (93) 

The NH2 molecules produced in this sequence are removed by 

NH2 + 0-*OH + NH (195) 
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which is the dominant source of NH. The NH molecules are 
removed by 

NH + O-^OH + N. (180) 

NH3 is produced by reaction ( R91 ) and is removed by 

HCO+ + NH3 ^ NHJ + CO (R265) 

and 

H30
+ + NH3 NHJ + H20 . (R266) 

The NH3 density becomes large in the dark core ( see Fig. 21). 
N2H

+ ions are produced by 

N2 + HJ ^ N2H
+ + H2 , (197) 

and, because the electron density is low, they are removed by 
the reaction 

N2H
+ + CO -► HCO+ + H2 (R267) 

rather than by dissociative recombination in the dark core. 

3.4.5. Silicon Family 

Most of the silicon is present in SiO molecules in the dark 
core. Si+ ions are produced by the reactions 

He+ + SiO Si+ + O + He , (R268) 

SiO + C+^Si+ + CO (213) 

HCO+ + e —CO + H (129) 

and by 

HCO+ + H20 ^ H30
+ + CO . (242) 

CO+ ions are very inefficiently produced by 

02 + C+ -► CO+ + O (R269) 

and are rapidly removed by 

CO+ + H2 ^ HCO+ + H . ( 127) 

The HCO+ density becomes large in the dark core, while the 
CO+ density remains negligible (see Fig. 11). 

SO+ ions are produced by 

S02 + C+ SO+ + CO (R270) 

and by 

He+ + S02 SO+ + O + He (R271 ) 

and is removed by 

SO+ + S + O , (132) 

and the SO+ density becomes large in the dark core. SO is pro- 
duced by cosmic-ray-induced photodissociation 

S02 + */crSO + O (R272) 

which are followed by the sequence 

Si+ -b H2 -*► SiHj + v , (119) 

SiH2 + e Si + H2 , (121) 

SiH2 + e-+ SiH + H . (122) 

The SiH2 ions are preferentially removed by 

SiH2 + O SiOH+ + H (210) 

in the dark core, and the formation of SiH by reaction (R122) 
becomes inefficient. The SiH molecules are rapidly removed 
by 

SiH + O^SiO + H, (211) 

and the density of SiH becomes very small ( see Fig. 18). 

3.4.6. Oxygen Intermediates 

HCO+ is formed by 

CO + H3 HCO+ + H2 (205) 

and is removed by 

which is an important source of atomic oxygen, and by 

02 + S-*S0 + 0 (219) 

and is removed by 

SO + O S02 + v . (206) 

The S02 density becomes large, and the S0/S02 density ratio 
becomes small in the dark core ( see Fig. 14). 

NO is produced by reaction (R232) followed by 

OH + N NO + H (139) 

and is removed by 

NO + N -► N2 + O (113) 

which is the main source of N2 in the dark core. NO+ is pro- 
duced by 

02 + N NO+ + O (249) 

and is removed by 

NO+ -b N + O . (143) 
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The NO+ density and the NO+/NO density ratio become large 
in the dark core ( see Figs. 19 and 21). 

The SiO molecules are removed by 

HCO+ + SiO ^ SiOH+ + CO, (R273) 

H30 + + SiO SiOH + + H20 ( R274 ) 

and by cosmic-ray-induced photodissociation 

SiO + i/cr-^Si + O. (R275) 

Reactions (R273) and (R274) are followed by 

SiOH + + SiO + H (147) 

and 

SiOH+ + eSi + OH (146) 

which is the main source of atomic silicon in the dark core. 
The atomic silicon is removed by 

02 + Si-*Si0 + 0 (246) 

which is the dominant source of SiO in the dark core. Si02 is 
formed by 

SiO + OH -► Si02 + H (151) 

and is removed slowly by cosmic-ray-induced photodissocia- 
tion 

Si02 + ï/ct SiO + O . (R276) 

A larger Si02 density is maintained in the dark core than in the 
outer cloud layers ( see Fig. 17). 

3.4.7. Carbon Intermediates 

CS continues to be formed by 

SO + C^CS + O (237) 

and is removed by 

HCO+ + CS -h* HCS+ + CO (R277) 

and 

H30
+ + CS HCS+ + H20 . (R278) 

The CS density is about 10~3 times smaller in the dark core 
than at the edge of the S I zone (see Fig. 16). The HCS+ ions 
produced by reactions {Kill) and (R278) are removed by 

HCS+ + £-> CS + H (155) 

and 

HCS+ + O — HCO+ + S . (R279) 

CS+ ions are very inefficiently produced by 

SO + C+ CS+ + O (R280) 

and are rapidly removed by 

CS+ + H2 ^ HCS+ + H . (154) 

OCS is formed by 

CO + S OCS + v (239) 

and removed by 

OCS + ^^CO + S. (R281 ) 

HCN is produced by 

CH3 + N -► HCN + H2 (226) 

and is removed by 

HCN + vcr CN + H (R282) 

and by 

HCN + H+ HCN+ + H . (R283) 

Reaction (R283) is followed by the sequence 

HCN+ + H2 ^ H2CN+ + H, (165) 

H2CN+ + e-+ HCN + H , (166) 

H2CN+ + e^> CN + H2. ( 167) 

CN is produced by reactions (R167) and (R282) and is re- 
moved by 

CN + O-^CO + N. (216) 

CN+ is produced by 

He+ + HCN CN+ + He + H (R284) 

and is removed by 

CN+ + H2 ^ HCN+ + H . (164) 

The CN+/CN density ratio becomes large, and the HCN/CN 
density ratio remains large in the dark core ( see Fig. 22 ). 

4. SUMMARY 

We have presented a detailed computation of the chemical 
structure of a photon-dominated region produced in a dense 
molecular exposed to an intense FUV radiation field. We have 
used our model in order to illustrate the gas-phase chemical 
processes that lead to the formation of atomic and molecular 
species at different depths through the cloud. Our results are 
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Family 
Hot H i H/H2 
Av= 0^0.7 

Cu 
0.7 -*► 1.7 

SII 
1.7 —3.7 

Si ii 
3.7 — 6 

Si 
3.7 — 7.6 

Dark Core 
Av> 10 

Hydrogen . 

Oxygen  

Carbon . 

Sulfur  

Nitrogen. 

Silicon  

Oxygen intermediates . 

Carbon intermediates . 

H H+ Hf HJ HJ 

0 0+ OH H20 
OH+ H20

+ H30
+ 

o2o2
+ 

cc+ 

CH CH2 CH3 
CH+ CHJ CH3 
CHÍ CHt 

S+ SH+ 

N 
NH NH2 
NH+ NH2 NH3 

Si+ 

CO CO+ HCO+ 

SO+ 

No NO+ 

SiO+ SiOH+ 

CS+ HCS+ 

CN HCN 
CN+ HCN+ H2CN+ 

h2 h2 

OOH 

CC+ 

CH CH2CH3 
CH+ CH2 CHJ 
CHJ CH5 

S+ 

N 

Si+ 

CO+ HCO+ 

CS+ HCS+ 

CN HCN 
CN+ HCN+ 

H2 

o 

S+ SH H2S+ 

N 

Si+ 

CO 

h2 

o 

s 

N 

Si Si+ 

SiH SiH2 

CO 

H2 

O 

S H2S h2s
+ 

NN+ 

N2 

Si Si+ 

CO 
so 

CS HCS HCS+ 

HCN 
OCS 

H2H3
+ 

oh2o 
h3o

+ 

o2 o2 

ch4 
cm 

NN+ 

nh2 nh3 
NH4 
n2n2h

+ 

CO HCO+ 

so so2so+ 

NO NO+ 

SiOH+ 

SiO Si02 

HCS+ 

HCN 
OCS 

a This table lists the atomic and molecular species that are preferentially produced in the different chemical zones present in a photon-dominated region 
with a total hydrogen particle density nT= 106 cm-3, which is exposed to a FUV radiation field with x = 2 X 105, and a cosmic-ray ionization rate of $* = 5 X 
10-17 s-1. The total elemental abundances are listed in Table 1. 

summarized in Table 2 which lists the species that are prefer- 
entially produced in different chemical zones through the 
cloud. We identify these zones (in order of cloud depth) as a 
hot H I and H/H2 transition layer, cold C 11, S11, Si 11, and S1 
zones, and a dark core. The locations of these zones in our 
model cloud are given in Table 2. 

In the hot H1 zone and H/H2 transition layer the hydrogen 
is atomic, the carbon, sulfur, and silicon are singly ionized, and 
the oxygen and nitrogen are atomic. The molecules OH, CH+, 
NH, and SH+ are rapidly produced in the hot gas, and their 
densities become very large in the warm part of the H/H2 tran- 
sition layer. The large OH density leads to the efficient produc- 
tion of H+, OH+, H20

+, H30
+, HJ, H20, 02, OJ, CO+, 

HCO+, CO, NO, NO+, SiO+, and SiOH+ in the hot gas. The 
large CH+ density leads to the efficient production of CH2, 
CHJ, C, CH, CH2, CS + , and HCS+, and the large CH+ and 
NH densities together lead to the efficient production of CN+, 
HCN+, CN, and HCN. 

In the C ii and S11 zones sulfur and silicon are singly ionized, 
oxygen and nitrogen are atomic, and the hydrogen is fully mo- 
lecular. The carbon is singly ionized in the C 11 zone, but is 
neutral (and present primarily in CO molecules) in the S 11 
zone. The gas is cold in these cloud layers and molecule forma- 
tion is less rapid than in the hot H1 zone. The large C+ density 
in the C 11 zone leads to the efficient formation of C, CH+, 
CH2, CH3, CH, CH2, CS+, HCS+, CN+, HCN+, CN, and 
HCN. Beyond the edge of the C11 zone the C+ density becomes 

small, and the densities of all of these species (with the excep- 
tion of HCN) also become small. The CN/HCN density ratio 
is large in the C 11 zone and decreases at larger cloud depths. 
Evidence of enhanced CO+ densities and large CN/HCN den- 
sity ratios in FUV-illuminated clouds has been presented by 
Latter et al. ( 1993), Störzer, Stutzki, & Sternberg (1995), and 
by Puente et al. ( 1993). The sulfur hydrides SH and H2S+ are 
efficiently produced in the S 11 zone where the S+ density re- 
mains large. 

In the Si 11 and S1 zones (which partially overlap) the carbon 
is locked in CO molecules, and the sulfur, oxygen, and nitrogen 
are atomic, and the hydrogen is molecular. The silicon is ion- 
ized in the Si 11 zone and is atomic in the S1 zone. The silicon 
hydrides SiH and SiH2 are efficiently produced in the Si 11 zone 
where the Si+ density is large. The molecules and molecular 
ions H2S, H2S

+, SO, CS, HCS, and HCS+ are efficiently pro- 
duced in the S 1 zone. The densities of H2S and CS are much 
larger near the inner edge of the S 1 zone than at deeper cloud 
depths. The CS molecule may be a tracer of FUV-illuminated 
clouds in addition to being a tracer of dense molecular gas. 
Evidence for photochemically enhanced CS and H2S abun- 
dances in FUV-illuminated clouds has been presented by Zhou 
et al. ( 1991 ) and Jansen et al. ( 1994 ). 

At sufficiently large cloud depths a dark core exists in which 
the chemistry is dominated by cosmic-ray ionization and the 
incident FUV photons no longer influence the molecular for- 
mation and destruction. The gas-phase carbon, sulfur, nitro- 
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TABLE 3 
Selected Molecular Diagnostics8 

Hot H i H/H2 C ii S ii Si n Si Dark Core 
Density Ratio y4^=0.6 Av= 1.5 Av

=3 Av=5 Av=l Av> 

0H/H20  4.5 (l)b 2.3(1) 9.3 9.2 (-2) 4.4 (-3) 3.4 (-4) 
0H7H30

+   1.8 1.3 7.5 (—2) 9.6 (-3) 1.3(-3) 1.4(-5) 
CO+/HCO+  5.1 (-2) 3.5 (-2) 1.5 (-4) 1.7 (-6) 2.9 (-7) 2.0 (-7) 
S07S0  1.7 2.3 (—1) 2.8(—3) 6.4(-4) 1.2(-4) 5.7(-4) 
SiO+/SiO  1.6 (-1) 5.7 (—3) 3.0 (—5) 1.2(-7) 1.8(-9) 1.7(-10) 
NH/NH3  7.8(4) 2.2(5) 9.2(3) 9.3 (-1) 1.7 (-2) 4.9 (-4) 
CN/HCN  4.7 1.1(1) 8.4 3.3(-l) 1.3(-3) 1.8(-4) 

8 Selected molecular density ratios at specific locations in the different chemical zones present in a photon-dominated region with a total 
hydrogen particle density nT= 106 cm-3, which is exposed to a FUV radiation field with x = 2 X 105, and a cosmic-ray ionization rate of ^ = 
5 X 10“17 s"1. The total elemental abundances are listed in Table 1. 

b Numbers in parentheses are exponents. For example, 4.5(1) = 4X 101. 

gen, and silicon are present in CO, S02, N2, and Si02 mole- 
cules respectively. The excess oxygen not driven into CO 
remains primarily in atomic form. In our model most of the 
positive charge is carried by molecular ions which recombine 
rapidly and the fractional ionization becomes small in the dark 
core. The densities of the saturated molecules and molecular 
ions H30

+, H20, 02, O?, HCO + , NHJ, NH3, N2H
+, SO+, 

S02, NO+, NO, SiOH+, SiO, HCS + , HCN, and OCS become 
large in the dark core. 

In Table 3 we list a set of specific molecular density ratios 
which may be used as diagnostics of the different chemical 
zones in the cloud. This table shows that the 0H/H20, OH+/ 
H30

+, CO+/HCO+, SO+/SO, SiO+/SiO, NH/NH3, and 
CN/HCN density ratios are largest in the outer chemical 
zones. Very large SO+/SO and SiO+/SiO density ratios are 
produced in the hot HI zone and H/H2 transition layer. The 
0H+/H30

+, CO+/HCO+, and NH/NH3 ratios remain large 
through the C n zone, and the 0H/H20, and CN/HCN ratios 
remain large through the S ii zone. All of these density ratios 
become very small at large cloud depths. 

The fractional ionization is controlled by the sequential pho- 
toionization of carbon, sulfur, and silicon through the PDR, 
and by cosmic-ray ionization of hydrogen and helium in the 
dark core. The fractional ionization ranges from 3 X 10 4 near 
the cloud surface to 3 X 10 9 in the dark core (see Fig. 8). 

The ambipolar diffusion rates, and the magnetically regulated 
cloud collapse times (Shu, Adams, & Lizano 1987; McKee 
1989), are therefore sensitive to the cloud depth and to the 
molecular abundances and density ratios (such as those listed 
in Table 3 ) in the different chemical zones. 

We have demonstrated that the abundances of many molec- 
ular species may be significantly enhanced in the photon-dom- 
inated regions of molecular clouds, and that specific molecular 
density ratios exist which may be used as diagnostics of photo- 
driven chemistry. However, our model is illustrative. The 
locations and sizes of the various chemical zones, and the 
abundances of the atomic and molecular species are, in gen- 
eral, sensitive to the total hydrogen gas density, the intensity 
of the incident FUV radiation field, the grain absorption and 
scattering properties, the total elemental abundances, and the 
cosmic-ray ionization rate. We will present a parameter study 
elsewhere. 

We thank W. G. Roberge for providing us with his radiative 
transfer program, and D. Jones for his assistance in using it. 
We thank E. F. van Dishoeck, R. Genzel, A. I. Harris, D. T. 
Jaffe, H. Störzer, and J. Stutzki for useful discussions. This 
work has been partly supported by the Smithsonian Astrophys- 
ical Observatory and partly by the National Science Founda- 
tion through grant AST-93-01009. 
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Fig. 8û Fig. 8/? 

Fig. 8.—{a) Abundances x, = ni/n (where n is the density of hydrogen nuclei and rii are the densities of species /) ofH, H2, H*, H+, Hj, , and e. (b) 
Integrated column densities Ni (cm-2) of H, H2, H*, H+, HJ, , and e. 

Fig. 9a Fig. 9b 

Fig. 9.—{a) Abundances of O, OH, H20, and 02. {b) Column densities of O, OH, H20, and 02. 

Fig. lOa Fig. 106 

Fig . 10.—( a ) Abundances of O+, OH+, H20
+, H30

+, and O 2. (6) Column densities of O+, OH+, H20
+, H30

+, and O 2. 
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Fig. \\a Fig. Mb 

Fig . 11.—( a ) Abundances of C, C+, CO, CO+, and HCO+. {b) Column densities of C, C+, CO, CO+, and HCO+. 

Fig. \2a Fig. \2b 

Fig. 12.—(û) Abundances ofCH + , CHJ, CHJ, CHJ, and CHJ. {b) Column densities of CH+, CHJ, CHJ, CH¿, and CHt 

Fig . 13.—( a ) Abundances of CH, CH2, CH3, and CH4. (b) Column densities of CH, CH2, CH3, and CH4. 
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Fig. 14.—(a) Abundances of S+, S, SO, and S02, and SO+. (/>) Column densities of S+, S, SO, S02, and SO+. 

Fig. 15a Fig. \5b 

Fig. 15.—(a) Abundances of SH, H2S, SH+, and H2S+. (b) Column densities of SH, H2S, SH+, andH2S+. 

Fig. 16a Fig. 166 

Fig. 16.—(a) Abundances of CS, HCS, OCS, CS+, and HCS+. (6) Column densities ofCS, HCS, OCS, CS+, and HCS+. 
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Fig. \la Fig. Mb 

Fig . 17.—( a ) Abundances of Si, Si+, SiO, and Si02. {b) Column densities of Si, Si+, SiO, and Si02. 

Fig. 18a Fig. 186 

Fig. 18.—(a) Abundances of SiH, SiH2, SiO+, and SiOH+. (6) Column densities of SiH, SiH2, SiO+, and SiOH+. 

Fig. 19a Fig. 196 

Fig. 19.—(a) Abundances of N, N2, NO, and N2F1+. (6) Column densities of N, N2, NO, and N2H
+. 
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Fig. 20a Fig. 20b 

Fig. 20.—(a) Abundances of N+, NH+, NHJ, NHJ, and NHJ. (b) Column densities of N+, NH+, NH2
+, NHJ, and NHJ. 

Fig. 21.—(a) Abundances of NH, NH2, NH3, and NO+. (b) Column densities of NH, NH2, NH3, and NO+. 

Fig. 22a Fig. 22b 

Fig. 22.—(a) Abundances of CN, HCN, CN+, HCN+, and H2CN+. (b) Column densities of CN, HCN, CN+, HCN+, and H2CN+ 
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598 STERNBERG & DALGARNO 

APPENDIX 

In this appendix we describe some of the basic input data and approximations that we employed in carrying out our calculations. 

Al. CHEMISTRY 

A1.1. Photoionization and Photodissociation Rates 

In our model we assume that a semi-infinite plane-parallel cloud is exposed to an isotropic far-ultraviolet radiation field given by 
Draine’s ( 1978 ) fit to the specific photon intensity of the average interstellar FUV field 

r/ x 1 /1.068 X 10~4 

j— 
1.719 X10“2 6.853 X 10“‘\ 

X2 + X3 j 
photons cm 2 s 1 Hz 1 sr (Al) 

multiplied by an intensity scaling factor x = 2 X 105. 
As the FUV radiation penetrates the cloud it is scattered and absorbed by dust grains and the rates of atomic and molecular 

photoionization and photodissociation diminish. In our model we adopted the grain scattering and absorption properties calculated 
by Draine & Lee ( 1984) for a “Mathis-Rumpl-Nordsieck” mixture of graphite and silicate grains (Mathis, Rumpl, & Nordsieck 
1977), and we used the analytic bi-exponential expressions 

r, = xCi exp ( — oiiAv — ßiA\) s-1 (A2) 

presented by Roberge et al. ( 1991 ) for the resulting depth-dependent photoionization and photodissociation rates. In these expres- 
sions is the visual extinction measured from the cloud surface, and C*, a:/ and ft are attenuation parameters that depend on the 
atomic or molecular FUV photo-absorption cross sections, the grain properties, and the total cloud thickness Axv. In our calcula- 
tions we adopted attenuation parameters appropriate for optically thick clouds with Axv = 100. We assume a gas-to-dust mass ratio 
suchthatTF= 4.75 X 10-22 where V" is the total column density (cm-2) of hydrogen nuclei from the cloud surface. 

We used the “spherical harmonics” radiative transfer program and fitting procedures developed and described by Roberge et al. 
in order to compute the coefficients (ft, at and ft ( for Axyx = 100) for several species ( C, Si, S, H2, CO, N2, and OH+) not considered 
by Roberge et al. but for which FUV absorption cross sections are available. In Table 4 we list the rates of atomic photoionization 
and molecular photodissociation for these species in an unattenuated Draine field. For species with unknown FUV absorption cross 
sections we set a = 2.55 and ß = —1.65 X 10-2 which we computed using the Roberge et al. program assuming wavelength- 
independent cross sections. In Table 5 we list the values of (ft, , and ft that we used for each of the photoreactions included in 
our calculations. 

The photodissociation rates of H2 and CO are also diminished by “self-shielding” as the FUV absorption lines through which 
these molecules dissociate become optically thick (Federman, Glassgold, & Kwan 1979; Sternberg 1988; van Dishoeck & Black 
1988; Abgrall et al. 1992). In our calculations we assumed that the FUV line and continuum attenuation are separable (Sternberg 
& Dalgamo 1989), and that the depth-dependent H2 photodissociation rate is given by 

ire 2 r 
Lho — X me 2 h(v)fM(Nn2) 

, auAv ßHA 2V „ 1 (A3) 

TABLE 4 
Photoreaction Rates3 

Photoreaction 

H2 + v —► H + H   
C + i/->C+ + í?  
S + y—►S+ + c  
n2 + ^n + n  
Si + ^ Si+ + e  
CO + v^C + O  
OH+ + i/ H+ + O 

4.9 (-11) 
2.4 (-10) 
4.3 (-10) 
2.1 (-10) 
3.1 (-9) 
2.0 (-10) 
1-2 (—11) 

a This table lists the rates of molecular pho- 
todissociation and atomic photoionization in 
an unattenuated Draine field for several spe- 
cies not included in the compilation of Rob- 
erge et al. 1991 for which FUV photoabsorp- 
tion cross section data are available. See Table 
5 for references. 
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TABLE 5 
Photoreaction Attenuation Parameters 

Photoreaction C a ß Reference 

-1.04 (-2) 3 
-1.66 (-2) 2 

+ + H  
OH + i/ —O + H   
H20 + v —► O + H2   
H20 + i/ -► OH + H  
H20 + z/ ^ H20

+ + e  
02 + v —► O + O   
02 + z' 02 + ^  
C + v-+C+ + e  
CH + z> -► C + H  
CH + v-+ CH+ + e  
CH2 + z/^CH + H  
CH2 + v-+ CH2 -he  
CH3 + z/^CH + H2  
CH3 + CH2 + H   
CH3 + z/ CH3 + e  
CH4 + z; ^ CH2 + H2  
CH4 + z/^CH + H2 + H 
CH4 + z/ —CH3 + H   
CH4 + Z/^CHJ -he  
S + v-+S+ -h e  
SH + z/ — S + H   
SH + v SH+ + e  
H2S + z/ -► SH + H  
H2S + v ^ H2S

+ -he  
NH + z/^N + H   
NH + z; ^ NH+ -he  
NH2 + z/^ NH + H  
NH2 + z/ NH2 + e  
NH3 + z; ^ NH2 + H   
NH3 + v-+ NH3 + e  
N2 + z/^N + N  
Si + v^Si+ + e  
SiH + z/ — Si + H  
SiO + z; — Si + O   
SiO + V-+- SiO+ -he  
Si02 + v —► SiO + O  
CO + z/ — C + O   
SO + z> -► o + s  
SO + v —*■ SO+ -he  
S02 + z^ —► SO + O   
CS + z/ — C + S  
CS + z; —► CS+ + e  
NO + z/ — N + O  
NO + v^ NO+ + £   
HCS + z/^CS + H  
CN + z/^C + N  
HCN -hv^CN-hH  
OCS + z/^CO + S   
H2 + z/ -► H+ + H   
H3 + z; -► H+ + H2   
H3 + z/ H2 + H   
OH+ + ^ H+ + O  
H20

+ + V-+H2 +o   
H2H

++ z;H++ OH .... 
H20

+ + Z/ 0+ + H2  
H20

+ + z/ ^ OH+ + H .... 
H30

+ + z; H+ + H20 ... 
H30

+ + z/ ^ H2 + OH .... 
H30

+ + v H20
+ + H ... 

H30
+ + z; OH+ + H2 ... 

02 + y -► O + o+   
CH+ + z/-^H+ + C   
CH2 -h CH+ + H   
CH3 + v-+ CHJ + H   
CH3 + z; ^ CH+ + H2  
CHJ + z; CHJ + H2  
CHJ + z; — CHJ + H   
CHJ + z> CHJ + H   
CHJ + z/-^CHJ + H2  

1.33 (—11) 3.78 
9.35 (—11) 2.13 
1.00 (-11) 2.55 
1.62 (-10) 2.10 
5.00 (-12) 2.55 
2.32 (-10) 2.23 
1.82 (—11) 3.83 
7.45 (-11) 3.51 
2.43 (-10) 1.74 
1.50 (-10) 2.55 
2.50 (-11) 2.55 
2.50 (-10) 2.55 
2.50 (-11) 2.55 
2.50 (-11) 2.55 
1.50 (-10) 2.55 
2.94 (-10) 2.61 
1.00 (-10) 2.55 
1.00 (-10) 2.55 
1.50 (-10) 2.55 
1.22 (-10) 3.13 
5.00 (-10) 2.55 
3.00 (-10) 2.55 
7.32 (-10) 2.38 
1.85 (-10) 3.30 
1.68 (-10) 2.37 
5.00 (-12) 2.55 
1.46 (-11) 1.90 
7.50 (-11) 2.55 
3.05 (-10) 2.16 
5.27 (-11) 3.35 
6.76 (-11) 3.86 
9.65 (-10) 2.37 
1.50 (-9) 2.55 
5.00 (-11) 2.55 
5.00 (-11) 2.55 
2.00 (-10) 2.55 
3.53 (-11) 3.47 
2.00 (-9) 2.55 
3.00 (-10) 2.55 
5.17 (-10) 2.30 
5.00 (-10) 2.55 
1.00 (-10) 2.55 
1.31 (-10) 2.07 
6.50 (-11) 2.55 
2.00 (-10) 2.55 
3.55 (-10) 3.71 
3.44 (-10) 2.69 
1.19 (-9) 2.05 
2.25 (-10) 2.55 
2.50 (-13) 2.55 
2.50 (-13) 2.55 
2.04 (-12) 3.35 
5.00 (-11) 2.55 
5.00 (-11) 2.55 
5.00 (-11) 2.55 
1.50 (-10) 2.55 
2.50 (-11) 2.55 
2.50 (-11) 2.55 
7.50 (-12) 2.55 
2.50 (-11) 2.55 
5.00 (-11) 2.55 
8.12 (-11) 3.71 
2.50 (-10) 2.55 
2.50 (-10) 2.55 
2.50 (-10) 2.55 
2.50 (-10) 2.55 
2.50 (-10) 2.55 
2.50 (-10) 2.55 
2.50 (-10) 2.55 

-1.65 (-2) 1 
-1.63 (-2) 2 
-1.65 (-2) 1 
-1.54 (-2) 2 
-9.95 (-3) 2 
-1.58 (-2) 4 
-2.21 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-2.03 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.61 (-2) 5 
-1.65 (-2) 1 
-1.65 (-2) 1 
-2.61 (-2) 2 
-1.22 (-2) 2 
-1.62 (-2) 6 
-1.65 (-2) 1 
-6.20 (-3) 2 
-1.65 (-2) 1 
-1.71 (-2) 2 
-1.58 (-2) 2 
-7.71 (-3) 7 
-1.47 (-2) 8 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.31 (-2) 9 
-1.65 (-2) 1 
-1.65 (-2) 1 
-2.30 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.40 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-8.14 (-3) 2 
-3.73 (-2) 2 
-1.28 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-8.16 (-2) 10 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-2.05 (-2) 2 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 
-1.65 (-2) 1 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S 
..

. 
99

. 
.5

65
S 

STERNBERG & DALGARNO 

TABLE 5—Continued 

Vol. 99 600 

Photoreaction C a ß Reference 

SH+ +1> -»■ S+ + H  5.00 (—13) 2.55 -1.65(-2) 1 
H2S+ + !'-*• SH+ + H  2.00 (—10) 2.55 -1.65(-2) 1 
NH+ + r—N + H+  5.00 (—11) 2.55 -1.65(-2) I 
NHJ + v-*- NH + H+   2.50(—10) 2.55 -1.65(-2) 1 
NHJ + ><-»■ NH + HJ   2.50 (—11) 2.55 -1.65(-2) 1 
NHj +1/-* NH2 + H+  2.50 (—11) 2.55 -1.65(-2) 1 
NHJ + i/—NH+ + H2   2.50 (—11) 2.55 -1.65(-2) 1 
NHJ +1/ -»■ NHJ + H   1.75 (—10) 2.55 -1.65(-2) 1 
NHÎ + k^-NHÎ + H   2.50 (—10) 2.55 -1.65(-2) 1 
NHJ + i/—NHÎ + H2   2.50 (-10) 2.55 -1.65 (-2) 1 
N2H

++ r — N2 + H+  5.00 (-11) 2.55 -1.65 (-2) 1 
CO+ + i’^C+ + 0  1.50 (-11) 2.55 -1.65 (-2) 1 
HCO++ v — CO++ H   1.50 (-10) 2.55 -1.65 (-2) 1 
SO+Tr —S+ + 0   5.00 (-11) 2.55 -1.65 (-2) 1 
SiO++ ? — Si++ O  1.50 (-11) 2.55 -1.65 (-2) 1 
SiOH+ + !'-*■ SiO+ + H  1.50 (-11) 2.55 -1.65 (-2) 1 
CS+Tr —S+ + C   I.OO(-IO) 2.55 -1.65(-2) 1 
HCS+ + V-* CS+ + H2   2.00 (-10) 2.55 -1.65 (-2) 1 
CN+ + v -»• C+ + N   5.00 (-11) 2.55 -1.65(-2) 1 
HCN++1/-► CN + H+  5.00 (—11) 2.55 -1.65(-2) 1 
H2CN+ + j/-^HCN + H+  5.00 (-11) 2.55 -1.65 (-2) 1 

a The depth-dependent atomic and molecular photoionization and photodissociation rates are given by 
G = xC exp (—aAv — ßAl) s_1. For A v > 15 the parameters a and ß should be replaced by «' = a + 7.5 X ß and 
6' = 0 (see Roberge et al. 1991 ). 

References.—( 1 ) Estimate; (2) Roberge et al. 1991; (3) Allison&Dalgamo 1970; (4) Cantu et al. 1981;(5) 
Chapman & Henry 197 Land Dilletal. 1975; (6) Kirby & Goldfield 1991; (7) Starketal. 1992; (8) Chapman* 
Henry 1972; (9) Letzelter et al. 1987, and van Dishoeck & Black 1988; (10) Saxon & Liu 1986. 

In this expression,/, are the H2 absorption line oscillator strengths ( Allison & Dalgamo 1970 ) of the energetically accessible Lyman 
and Werner band FUV transitions between the ground vibrational of the ground X12g electronic state and vibrational levels, v, of 
the excited B1 - „ and f111 „ electronic states, r/,. are the fractions of FUV absorptions into the levels r that lead to spontaneous 
radiative dissociations ( Stephens & Dalgamo 1972), and xL( v) are the incident FUV photon fluxes at the absorption-line transition 
frequencies. The line self-shielding functions are given by 

gv(NH2) 
TTg2 r1 dWy 
me 7 dNHl 

(A4) 

where JVv are the equivalent widths of the absorption lines, and A'h, is the H2 column density measured from the cloud surface. We 
used the analytic formulae of Federman et al. ( 1979) to compute the self-shielding factors as functions of the H2 column density. 
The bi-exponential term in equation (A3 ) accounts for the decrease in the H2 photodissociation rate due to FUV continuum grain 
attenuation. We adopted the H2 attenuation parameters aHl = 3.78 and ßHl = —1.04 X 10-2 which we computed (for A V” = 100 
clouds) assuming optically thin H2 absorption lines. Equation (A3) yields a H2 photodissociation rate equal to 4.9 X 10_11 s_1 in a 
unit Draine field. 

Similarly, we used a depth-dependent CO photodissociation rate given by 

0(ArH2,A
rcok““co^co'‘,Vl, (A5) 

where fv are the FUV absorption line oscillator strengths to predissociating levels in excited electronic states of CO, and t]v are the 
predissociating fractions (Letzelter et al. 1987; van Dishoeck & Black 1988 ). CO line shielding occurs due to overlap with broad H2 

absorption lines and opacity in the CO lines themselves. In our model we used the CO shielding function, 0( Vco> Nh2)> computed 
by van Dishoeck & Black ( 1988) as functions of the H2 and CO column densities 7Vh2 and Vco The bi-exponential factor in 
equation ( 5 ) accounts for grain attenuation of the CO photodissociation rate. We set aCo = 3.47 and ßu2 = — 1.31 X 10 “2 which we 
computed (using the Roberge et al. program) assuming optically thin CO dissociating absorption lines. Equation ( A5 ) yields a CO 
photodissociation rate equal to 2.0 X 10-10 s_I in a unit Draine field (van Dishoeck & Black 1988 ). 

Tco - X 
we 
me 2 Iv(v)fvVv 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
95

A
pJ

S 
..

. 
99

. 
.5

65
S 

601 No. 2, 1995 CHEMISTRY IN DENSE PHOTON-DOMINATED REGIONS 

A1.2. Cosmic-Ray-induced Photodestruction 

A flux of FUV photons is maintained in the “dark” cores of molecular clouds by the decay of electronically excited hydrogen 
molecules produced by H2 collisions with the energetic secondary electrons generated following the cosmic-ray ionization of H2 

(Prasad & Tarafdar 1983). These photons are absorbed by the dust grains and by atoms and molecules in photoionizations and 
photodissociations. The rates, Æcr, of atomic and molecular photoionization or photodissociation by the cosmic-ray-induced pho- 
tons may be written as (Gredel et al. 1989) 

*cr = 1 — CO 
(A6) 

where f is the cosmic-ray ionization rate (s-1) of hydrogen, co is the grain albedo, and /? is a factor that depends on the atomic or 
molecular FUV photoabsorption cross sections. In Table 6 we list the values of p for the cosmic-ray-induced photoreactions that 
we have included in our calculations. In our model we adopted a grain albedo co = 0.5. 

A1.3. Chemical Rate Coefficients 

In our calculations we included all of the 772 ion-molecule and neutral-neutral chemical reactions listed in the (UMIST) com- 
pilation of Millar et al. ( 1991 ) for which the chemical reactants and products are atomic and molecular species included in our 
model. Only 210 of these reactions significantly influence the cloud chemistry as discussed in § 3 and illustrated in Figures 1-6. We 
adopted the chemical rate coefficients listed by Millar et al. ( 1991 ), except for the dissociative recombinations H3+e->H2 + H 
(R26) and Hj + ^-^H + H + H (R27) for which we adopted rapid rate coefficients equal to 1 X 10 _7 ( T/300)-0 5 cm3 s-1 where 
Tis the gas temperature (K) (Amano 1990;Dalgamo 1993). 

A1.4. H2 Formation and Excitation 

The H2 formation rate is a crucial parameter which influences the size and gas temperature of the hot HI zone, and the densities 
of H2 and other molecular species in the warm part of the H/H2 transition layer. In our model we neglected gas-phase H2 formation 

TABLE 6 
Cosmic-Ray-induced Photodestruction Rates 

Photoreaction F Reference 

OH + ^^O + H  
H20 + Vcr-+- OH + H .... 
02 + ^cr O + O   
02 + ^cr C>2 + £   

■ C + I'd- -► C + e  
CH + I/CT —C + H  
ch4 + ch2 + h2 .. 
S + Vqj; —> S+ + e  
HsS + ^SH + H   
H2S + H2S+ + e .... 
NH2 + ^cr NH + H ... 
NH2 + vCt -*■ NHJ + e ... 
NH3 + Vçr-*- NH2 + H .. 
NH3 + I'd- -► NH2 + H2 . 
MLj + i/c^NHÎ+ e... 
SÍ Ver —*■ Si+ + e   
CO + i>cr C + O  
SO + —>■ S + O   
502 + ^ — 80 + 0  
NO + Vqt —>• N + O   
NO + ^cr — NO+ + e  
SÍO + Ver —- SÍ + O   
SÍO2 + ^cr ^ SÍO + O .... 
HCN + l'a- — CN + H ... 
OCS + I'd- ~co + s  
Ctr + ^cr —C + H+  

522 
979 
730 

88 
510 
756 

2272 
1000 
5072 
1555 

81 
610 

1325 
541 
543 

1500 
10 

500 
1995 
427 
430 

1500 
1500 
2986 
5371 

183 

a The cosmic-ray-induced photodestruction rates are given 
in units of the cosmic-ray ionization rate of hydrogen (see text). 

References.—(1) Gredel et al. 1989; (2) Gredel et al. 1987; 
(3) Langer & Glassgold 1990; (4) Estimate. 
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processes and assumed that the hydrogen molecules form on grain surfaces at a rate per unit volume Rnrin (s-1 ) where n is the total 
hydrogen particle density, nu (cm-3) is the atomic hydrogen density, and R is the H2-grain formation rate coefficient given by 

R = 3X 10-18/aST1/2 cm3 s-1. (A7) 

In this expression T is the gas temperature (K), 5 is the gas-grain sticking coefficient, and^ is the fraction of hydrogen atoms that 
do not evaporate from the grain surfaces before molecule formation. The H2 formation efficiency is uncertain at large gas and grain 
temperatures ( Buch 1989; Buch & Zhang 1991), and in our model we adopted the sticking coefficient given by Burke & Hollenbach 
(1983) 

S=[l +0.04(T+ 7^)1/2 + 2 X 10-3r+8X 10-6T2]-1 (A8) 

and the fraction 

^ 1 + 104exp(-600/7^) v ' 

given by Hollenbach & McKee (1979). The factors S and fa depend on both the gas temperature and the grain temperature Tg. For 
T* = 30 K the H2 formation rate coefficient equals 1.7 X 10-17 and 7.7 X 10-18 cm3 s-1 at a gas temperature of 102 and 103 K, 
respectively. 

The densities of vibrationally excited hydrogen molecules are important cloud quantities since the internal energies of 
(suprathermally ) excited molecules may be used to drive endothermic hydrogen abstraction reactions of the form 

X+H2-^XH + H (A10) 

even at low gas temperatures (Jones et al. 1986 ). For these reactions we adopted rate coefficients 

k = ko'Z x(v)e~{E~Ev)/kTcm3 s~l (All) 
v=0 

where x(v) and Ev are the population fractions and energies of H2 molecules in vibrational levels v. In this expression E is the 
reaction endothermicity defined such that for ground state H2 molecules the rate coefficients are equal to k0 QXQ(-E/kT). 

Detailed studies of H2 excitation in PDRs have been presented elsewhere (Black & Dalgamo 1976; Black & van Dishoeck 1987; 
Sternberg 1988; Sternberg & Dalgamo 1989; Burton et al. 1990; Goldshmidt & Sternberg 1995 ). In our calculations we solved the 
( depth-dependent ) equations of statistical equilibrium for the H2 vibrational level populations, jc( d ), but we neglected the rotational 
level distributions within each of the 15 vibrational manifolds. We considered vibrational excitations by FUV-pumping and by 
collisions with thermal hydrogen atoms and molecules, and vibrational deexcitations by (optically thin) quadrupole radiative 
transitions and collisions with H and H2. We adopted approximate H-H2 and H2-H2 collisional de-excitation rate coefficients 
Qv^v-\ = 5.4 X 10-13r1/2i; (cm3 s-1 ) where T is the gas temperature and v is the vibrational quantum number of the upper level 
(Sternberg & Dalgamo 1989; Mandy & Martin 1993; Sun & Dalgamo 1994), and upward rate coefficients given by the condition 
of detailed balance 

= ^{E-E^/kT 
Qv-+v-1 

(A12) 

We neglected collisions which induce transitions for which Av> For these rate coefficients the rates of radiative and collisional 
deactivation of H2 molecules in the v = 1 level become equal at a critical hydrogen particle density equal to 5 X 104 cm-3 at 103 K. 

In Table 7 we list the total column densities of vibrationally excited H2 molecules produced in our model. The total H2 column 
density in the v = 1 level is large due to the rapid collisional excitation that occurs in the hot part of the H/H2 transition layer (see 
Fig. 8 ). The excitation of the higher lying vibrational levels is dominated by FUV pumping ( Sternberg & Dalgamo 1989). 

A2. THERMAL BALANCE 

In our model we explicitly computed the equilibrium gas temperatures of the outer cloud layers where the incident FUV radiation 
field dominates the gas heating. At larger cloud depths, where the gas heating mechanisms are less certain, we adopted a uniform 
gas temperature equal to 20 K. 

The dominant gas heating mechanisms that we included are grain-photoelectric emission (de Jong 1977; Draine 1978), photo- 
ionization of “large molecules” (Lepp & Dalgamo 1988; Verstraete et al. 1990), and collisional de-excitation by FUV-pumped H2 

molecules (Sternberg & Dalgamo 1989). We considered gas cooling by atomic and ionic fine-structure line emission, molecular 
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TABLE 7 
Vibrational H2 Column 

Densities51 

At, (cm 2) 

0... 
1 ... 
2... 
3.. . 
4.. . 
5 ... 
6.. . 
7 ... 
8... 
9... 
10. 
11 . 
12. 
13. 
14. 

1.1 (22) 
1.6(17) 
4.6(15) 
1.2(15) 
6.8(14) 
4.5(14) 
3.1(14) 
2.2(14) 
1.6(14) 
1.2(14) 
8.6(13) 
6.2(13) 
4.3(13) 
2.8(13) 
1.7(13) 

a Total column densities in each of 
the 15 vibrational levels of the ground 
X1electronic state of H2 that are 
produced in a cloud with a total gas 
density nT = 106 cm-3 exposed to a 
FUV field with x = 2 X 105. 

rotational and vibrational line emission, and gas-grain collisions (Tielens & Hollenbach 1985; Sternberg & Dalgamo 1989; Hol- 
lenbach & McKee 1989). We describe these processes below. 

A2.1. H2 Heating and Cooling 

FUV pumping of the H2 followed by collisional de-excitation of the vibrational molecular levels heats the gas, and collisional 
vibrational excitation followed by radiative quadrupole decay cools the gas. The net heating (or cooling) rate due to the collisional 
energy transfers is 

^h2 
= «t«(H2) 2 x(v) 2 q(v -> v’)(Ev - Ev>) ergs cm 3 s *, (A13) 

V v' 

where w(H2) is the H2 density, x(v) are the fractions of molecules in each of the vibrational levels v, Ev is the energy of level v, and 
q{v ^ v') are the collisional rate coefficients for transitions from v to v'. GH2 is positive when the total energy transferred to the gas 
in collisional deexcitations is greater than the energy lost in collisional excitations. 

We have also included gas heating by H2 photodissociation and molecular formation (Stephens & Dalgamo 1973; Duley & 
Williams 1986 ). However, these processes do not contribute significantly to the gas heating ( Sternberg & Dalgamo 1989 ). 

A2.2. Photoelectric Emission 

Photoelectric emission of electrons from grain surfaces is a major heat source (Watson 1972; Jura 1976; de Jong 1977; Draine 
1978; Tielens & Hollenbach 1985; Sternberg & Dalgamo 1989). In our calculations we used Draine’s ( 1978) formalism and grain 
parameters to compute the photoelectric heating rate which is given by 

Gpe = 47t f ^ {E - eU)dE fH Y(e)f(E, e)g(e)de ergs cm'3 s"1 , ( A14) 
JEq JeQ 

where B0 is the photoelectric threshold, ¿Ke) is the photon radiation intensity for photons with energy e (see eq. [ Al]), Y(€) is the 
photoelectric yield, E is the energy of the ejected electrons, and f(E,e)\s the energy distribution function for the emitted electrons. 
The grain potential U is determined by the requirement that in equilibrium the total grain current due to electron and ion recom- 
bination onto the grain surfaces and photoelectric emission from the grains vanishes. In our computations we assumed that B0 = 
8 eV. 
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A2.3. PAH Photoionization 

Vol. 99 

Discrete photoionization of large molecules or very small grains may be a major heating mechanism in photon-dominated 
regions (Lepp & Dalgamo 1988; Wolfire et al. 1995). In our model we assume that large molecules are present in the form of 
polycyclic aromatic hydrocarbons (PAHs). Such molecules been proposed as the carriers of several broad near-infrared emission 
features in nebulae (Leger & Puget 1984; d’Hendecourt et al. 1982) although the identifications remain uncertain. We used the 
data provided by Verstraete et al. ( 1990) for large planar organic molecules to compute the PAH photoionization rate 

GP = Tpnpf^E') — ergs cm 3 s (A15) 

as a function of cloud depth. In this expression IV is the photoionization rate of neutral PAHs, (£) is the average kinetic energy of 
the photoelectrons, nP\s the total volume density of PAHs, and 

/= 
kPn(e) 

Tp + kPn(e) 
(A16) 

is the neutral PAH fraction, where kP= 1.3 X 10-10r1/2( 1 + 0) is the rate coefficient for recombination of electrons with ionized 
PAHs, n(e) is the electron density, and (ß^eU/kT where U is the electric potential of the ionized PAHs. Following Verstraete et al. 
(1990) we set (is) = 2.2 eV, </> = 2 X 104/r, and rPAH = 2.7 X 10-8 exp (—2.55 Av+ 1.65 X 10-2 ^4i-). In our model we adopted a 
total PAH abundance nP= 10~VH • For this choice the heating rates GP and GPE are comparable ( Lepp & Dalgamo 1988; Verstraete 
etal. 1990). 

A2.4. Fine-Structure Emission 

Fine structure line emission from trace atomic and ionic species is a major gas coolant in photon-dominated regions (Dalgamo 
& McCray 1972; Tielens & Hollenbach 1985; Sternberg & Dalgamo 1989 ). The cooling rate due to a transition i -► j of an atom or 
ion X is 

Lfj = niAijhvijßi Tij) ergs cm 3 s 1, ( A17 ) 

where is the volume density of the upper fine-structure level / , ^4 is the Einstein coefficient for spontaneous transitions, and v is 
the transition frequency. We used an “escape probability” method to compute the cooling in optically thick transitions, and in eq. 
(A16) ß(r) is the photon escape probability for static plane parallel clouds (de Jong, Chu, & Dalgamo 1975) where r is the line- 
center optical depth. We computed the line optical depths assuming Doppler parameters b = 2 km s-1. In PDRs the atomic and 
ionic fine-structure levels are excited primarily by neutral impact collisions with hydrogen atoms or molecules. In Table 8 we list 
the atomic data we used to compute the fine-structure cooling rates. Most of these data were obtained from the compilation of 
Hollenbach & McKee ( 1989). In Table 8 we also list the total optical depths and line intensities of the various fine-structure lines 
that are produced in our model cloud up to a cloud depth A y = 10. 

A2.5. Molecular Cooling 

Rotational line emission by the trace molecular constituents OH, H20, and CO contributes significantly to the gas cooling. OH 
rotational line cooling is particularly important in the hot part of the H/H2 transition region, and H20 and CO line cooling become 
significant in deeper and cooler cloud layers. 

In order to compute the OH and CO cooling rates we used Hollenbach & McKee’s (1979) analytic “universal” molecular cooling 
function 

Lrot 
2(kT)2A0n(X) 

Eo 
2 + ym + 0.6y^ 

1 + cr + (na/n) + l.5(nCT/n) 1/2 ergs cm 3 s 1 (A18) 

where 

ym = ln 1 + 
1 + Winer/n) ’ 

(A19) 

n(X) is the molecular density, A0 and E0 are the radiative transition probability and energy of the lowest rotational transition, ncr is 
the critical density for the level whose energy equals kT, and cT is a fine optical depth factor. We used the CO and OH cooling 
parameters recommended by Hollenbach & McKee (1979). Detailed treatments of CO line emission from PDRs have been pre- 
sented by Burton et al. ( 1990), Köster et al. ( 1994 ), and Wolfire et al. ( 1993 ). 
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TABLE 8 
Fine-Structure Cooling Data3 

605 No. 1, 1995 

Species 
Eh 

(K) 
X 

(iim) 
A 
(s-) ß 

Column 
Partner 

7d 

(cgs) Reference 

Si+ 

C . 

o. 

s.. 

Fe+ 

1/2 

■*1/2 

3n 
^2 

r2 
3Pi 

3 Pi 
6d9/2 6dv2 6D9/2 

r3/2 

3^3/2 
3Pl 
3P2 3P2 
3Pl 

3Po 
3Pl 
3Fo 
3Po 
6D-j/2 
6d5/2 
6A/2 

92 

414 
24 
39 
63 

228 

98 

326 

571 
255 
826 
554 
407 
961 

157.7 2.4 (-6) 

34.8 
609.2 
369.0 
229.9 

63.2 

44.2 

25.2 
56.6 
17.4 
26.0 
35.4 
15.0 

2.1 (-4) 
7.9 (-8) 
2.7 (-7) 
2.0 (-14) 
9.0 (-5) 

145.6 1.7 (-5) 

1.0 (-10) 

1.4 (-3) 
3.0 (-4) 
7.1 (-8) 
2.5 (-3) 
1-6 (-3) 
1.5 (-9) 

5.8 (-10) 
3.1 (-10) 
6.5 (-10) 
1.3 (-10) 
7.8 (-11) 
2.0 (-10) 
4.2 (-12) 
2.3 (-11) 
1.5 (—11) 
4.4 (-11) 
1.1 (-12) 
1.7 (-12) 
7.5 (-10) 
4.2 (-10) 
7.1 (-10) 
9.5 (-10) 
4.7 (-10) 
5.7 (-10) 

0.02 
0.1 
0.0 
0.045 
0.035 
0.084 
0.67 
0.38 
0.4 
0.35 
0.44 
0.12 

H 
H2 
H, H2 
H, H2 
H, H2 
H, H2 
H 
H2 
H 
H2 
H 
H2 
H, H2 
H, H2 
H, H2 
H, H2 
H, H2 
H, H2 

1.26 (-3) 
1.13 (—3) 
8.2 (-7) 
2.9 (-6) 
3.6 (-13) 

6.9 (-2) 

2.1 (-3) 

4.2 (-8) 
1-3 (-5) 
3.5 (-7) 
1.8 (-16) 
3.1 (-3) 
6.9 (-4) 
1.5 (-9) 

6.5 (-1) 
2.8 (-2) 
2.2 (-1) 
1-3 (—1) 
7.2 (-9) 

1.6(1) 

2.0 (—1) 

2.1 (-6) 
2.2 (-1) 
5.3 (-12) 
1.2 (-12) 
1.2 (—1) 
1.2 (-3) 
1.2 (-8) 

3 Most of the fine-structure data listed in this table were taken from the compilation presented by Hollenbach & McKee 1989. Individual references for 
the collisional rate coefficients are given below. 

b Upper level energies above ground. 
c Collisional de-excitation rate coefficients for collisions with atomic or molecular hydrogen are qH = aTß cm3 s-1.^ is the radiative transition probability 

between levels i and j. 
d The total fine-structure line intensities produced (within a cloud depth Á y = 10) in our model calculation are given as (cgs) units of ergs s-1 cm-2 sr-1. 
e T is the fine-structure line-center optical depth (at Ay= 10). 
References.—(1) Launay & Roueff 1977a; (2) Flower & Launay 1977; (3) Hollenbach & McKee 1989; (4) Launay & Roueff 1977b; (5) Jaquet et al. 

1992; (6) Aannestad 1973. 

For the polyatomic molecule H20 we used the expression provided by Neufeld & Melnick (1987) 

3.67 X 10-297’l'95«Hrc(H20) 
■i'H-.O 

1 + V«hVH2o/(1.4X lO'^T2-9) 
ergs cm 3 s 1 (A20) 

for the total water Une emissivity in static clouds. In this expression n(H20) and AH2o are the volume and column water densities, 
and b = 2 km s" is the emission line Doppler parameter. In Table 9 we list the total OH, H20, and CO rotational emission intensities 
produced in our model cloud. 

A3. NUMERICAL METHOD 

Equations ( 1 )-(4) (in §§ 2 and 3) are a set of nonlinear coupled ordinary differential equations for the atomic and molecular 
column densities Ni (z). We used the Newton-Raphson method to solve the set of nonlinear (algebraic) equations ( 1 ), (2), and 
(3), and we employed the Bulirsch-Stoer adaptive step-size extrapolation algorithm (Press et al. 1986) to compute the atomic and 
molecular column densities. 

TABLE 9 
Molecular Cooling Emission3 

I 
Molecule (cgs) 

OH  5.9 (-3) 
H20   1.4 (-4) 
CO  6.7 (-3) 

3 Total molecular rotational emis- 
sion line intensities (ergs s-1 cm-1 sr-1) 
produced in a cloud with nT= 106 cm-3 

exposed to a FUV radiation field with 
X = 2 X 105. 
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