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ABSTRACT 
We present the results of computations for a model of the time development of H i photodissociation zones 

in the molecular gas around O and early B main-sequence stars and their associated H n regions. The compu- 
tations are for a grid of values of stellar effective temperatures (Teff) from 20 to 45 kK (spectral types 
B2.5 V-05 V) and of ambient gas particle densities from 30 to 3000 atoms cm-3. We follow the conditions in 
the atomic gas in and behind the advancing dissociation front from an assumed stellar “ switch-on ” time until 
the ionization and associated shock front overtakes the zone of dissociation. A fraction of H2 molecules which 
absorb photons in the Lyman-Werner bands are dissociated during the resulting electronic and vibrational 
excitation. The dissociation rates are much higher in regions close to the star where the UV energy density is 
sufficient to provide re-excitation before the molecules decay to the vibrational ground state. For most com- 
binations of stellar type and gas density this ensures an initial rapid formation of an H i zone. The disso- 
ciation front then advances into the> molecular gas on the time scale of the expansion of the H n region. As 
the H ii region expands, the surrounding H i zone is eventually eroded by the advancing shock and ionization 
fronts. 

The model calculations show the following features of atomic zones around H n regions: In low-density gas 
the unshocked H i zone will persist for up to half the main-sequence lifetime of the star, whereas in high- 
density gas the zone will last only a few percent of the stellar lifetime. A star with a ^eff at the lower end of 
the range will dissociate to a radius several times the radius of the H n region, whereas the maximum width of 
the dissociation zone around a star at the early end of the range will be less than the ionized radius. The sizes 
and masses of both H n regions and their H i zones increase with decreasing density of the surrounding gas. 
For a given gas density, the total mass of atomic gas formed is not nearly as strong a function of stellar type 
as is the total mass of ionized gas. For a 7¡ff of 45 kK, the mass of H i at the time when the shock overtakes 
the dissociation front ranges from 25 M© in gas of density 3000 cm-3 to 105 M0 in gas of density 30 cm-3. 
The corresponding range for a of 20 kK is from 20 M© to 2 x 104 M©. Although dissociation zones will 
form around all H n regions, they will be relatively more prominent where the exciting star has an effective 
temperature below 30,000 K. One can expect to detect photodissociated H i around young systems with excit- 
ing stars earlier than about spectral type B4. 

Several heating and cooling processes are included in the model. The dominant heating processes are the 
dissociation itself in the advancing front, and the photoelectric effect on dust grains elsewhere. The most 
prominent cooling processes are infrared lines from H2 molecules in molecular gas near the front, and the C+ 

line at 158 //m in the dissociated atomic gas. Gas temperatures near young, rapidly advancing dissociation 
fronts may be as high as 1000 K, but values near 100 K are more typical of developed H i zones. 

We discuss the detectability of H i zones. In about seven cases where sufficiently detailed observations are 
available, we compare the results of the model calculations with observations of 21 cm emission and absorp- 
tion from H i zones surrounding H n regions. The exciting stars in these observations span the range from B5 
to 06. The modeling calculations are generally in accord with the observations and permit a more com- 
prehensive interpretation. 
Subject headings: H n regions — ISM: general — ISM: molecules 

1. INTRODUCTION 

Emission at 21 cm wavelength from atomic hydrogen associ- 
ated with young clusters containing O and B stars was detected 
in a number of early observations (Wade 1957; Davies & Tov- 
massian 1963; Raimond 1966). The first systematic search for 
H i specifically associated with discrete H n regions was under- 
taken by Riegel (1967). This study revealed definite detections 
in four cases of 27 regions searched, and possible detections in 
a further seven regions. The resolution of these early observa- 
tions (~ 10') was insufficient to show any detailed structure in 
the H I emission, or to separate associated clouds from the 
background of extended emission. Nonetheless, it was appar- 
ent that the regions were extended and quite unlike the 

expected thin shocked shells of H i just ahead of the ionization 
fronts (Lasker 1966). 

Much of this early work preceded the full realization that 
much of the gas near star-forming and H n regions is in the 
form of molecular clouds. More recent observations of higher 
resolution (Roger & Pedlar 1981; Read 1981a, b; Dewdney & 
Roger 1982; Roger & Irwin 1982; Joncas et al. 1985) have 
determined that the associated H i is often in broad interme- 
diary zones between the ionized and molecular components, 
and is almost certainly due to specific dissociation of H2 by the 
ultraviolet radiation from the exciting star(s). In some instances 
the H i shows expansion velocities in the range 2-7 km s- ^ In 
regions for which some estimate of temperature can be made 
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(e.g., Roger & Irwin 1982) the values in the atomic gas are in 
the range 100-300 K. 

It is our intention in this paper to present results of modeling 
computations which can be easily compared with these obser- 
vations and which, with new predictions, can provide a direc- 
tion for future measurements. 

The dissociation of H2 occurs through a two-step process 
proposed by Solomon (Field, Somerville, & Dressier 1966) and 
outlined by Stecher & Williams (1967) in which molecules are 
initially excited to the first electronic level and to a number of 
vibrational levels by the absorption of Lyman-Werner band 
photons in the range 91-112 nm. In the prompt return to the 
electronic ground state, approximately 11% of the molecules 
acquire sufficient vibrational energy to dissociate. The remain- 
ing molecules cascade through the vibrational-rotational levels 
toward the vibrational ground state. For low levels of UV 
energy density, typical of the general interstellar radiation field, 
several studies (e.g., Hollenbach, Werner, & Salpeter 1971; 
Jura 1974; Federman, Glassgold, & Kwan 1979) considered 
the advancement of plane-parallel dissociation fronts into 
molecular gas clouds from the outside and the conditions 
which result when an equilibrium is established between disso- 
ciation and re-formation. The fronts advance at rates deter- 
mined by the imbalance between the rate of destruction of H2 

molecules and the rate of re-formation of molecules on dust 
grains. A state of equilibrium may eventually be reached and a 
transition zone of H i and H2 established. London (1978) 
investigated the time-dependent effects, including heating, as a 
plane-parallel dissociation front advances into molecular gas. 
For the case of a newly formed 05 star in gas of density 
n > 103 cm“3 Hill & Hollenbach (1978) studied the infrared 
spectral lines produced as a dissociation wave expands into 
molecular surroundings. More recently, Tielens & Hollenbach 
(1985a) have modeled the chemistry and heat balance for the 
one-dimensional equilibrium situation of intense UV radiation 
fields impinging from the outside on dense (103 

cm“3 < n < 106 cm“3) neutral clouds. 
These treatments of dissociation fronts are not readily 

applicable to the general case of a new star forming within a 
molecular cloud, for several reasons. First, the levels of disso- 
ciating UV radiation just outside the initial ionization bound- 
ary can be many orders of magnitude greater than the general 
interstellar value. The photon flux is then sufficient to re-excite 
molecules before they relax to the ground vibrational state 
(multiple excitation) through absorptions in additional 
Lyman-Werner band transitions, thus increasing the chance of 
dissociation (Shull 1978; Harwit & Schmid-Burgk 1983). 
Second, the r“2 diminution of the radiation field in the neigh- 
borhood of a star plays an important role. Last, but not least, 
many of the H i zones observed may be produced by relatively 
young stars for which insufficient time has passed for the estab- 
lishment of an equilibrium between the dissociation and re- 
formation processes. Indeed, under some conditions full 
equilibrium may not occur during the lifetime of the exciting 
star, or it may be thwarted by factors such as density inhomo- 
geneities or migration of the star relative to the surrounding 
gas. Even in the absence of such factors, the dissociation front 
may be overtaken by ionization and the associated shock 
before equilibrium is reached. Our model is specifically 
directed toward a description of the evolution of broad 
unshocked H i zones around newly formed stars and their H n 
regions. 

In § 2 we will describe the input parameters and structure of 

the time-dependent model, and the various processes included 
in the calculations. Results of the model computations are 
given in § 3 in the form of descriptive and observable param- 
eters of the H i zones as functions of time for various stellar 
types and gas densities. In § 4 we discuss the implications of the 
model calculations and relate them to past and future observa- 
tions. 

2. THE MODEL 

2.1. Assumptions 
Our model represents a first-order attempt to follow the 

development of dissociation around a newly formed star and 
its H ii region. We consider the approximation in which a star 
forms instantly within a molecular cloud of constant density, 
well shielded from the general interstellar ultraviolet radiation. 
We assume that the star maintains a constant luminosity 
throughout its main-sequence lifetime. Investigations of the 
later stages of protostellar collapse (e.g., Yorke & Krügel 1977) 
show that for nonrotating, nonmagnetic, spherically symmetri- 
cally collapsing protostars, the time spanned from the star first 
being able to significantly ionize (U = 1.5 pc cm“2, NL = 1044 

photons s“1) and dissociate to the stage when it reaches a 
main-sequence equilibrium is of order 104 yr, and is not a 
strong function of the final stellar effective temperature. That 
is, more massive stars have further to evolve between these 
conditions, but the evolution proceeds more rapidly. If rota- 
tion and magnetic fields could be considered, it is likely that 
this time span would lengthen. The time for formation of an 
initial Strömgren sphere is approximately the reciprocal 
product of the recombination coefficient and the gas density, 
which varies from 5000 yr in gas of density 30 cm“3 to 50 yr in 
density of 3000 cm “ 3. Thus the “ initial Strömgren sphere ” will 
be in place when the main-sequence lifetime begins. For the 
purposes of the model, we assume that the Strömgren sphere 
and the main-sequence star are in place at i = 0. 

The two main independent variables in the model are the 
effective temperature of the star (which corresponds to the 
main-sequence stellar type) and the density of the circumnebu- 
lar gas in the parent molecular cloud. The values of many other 
less important parameters which can be varied in the model 
are listed together with their default values in Table 1. 
However, the results presented in § 3 make use of these values. 

Our calculations assume spherical symmetry, and condi- 
tions in the surrounding medium are expressed as functions of 
both radius and time. We assume that all stellar radiation in 
the sub-Lyman continuum (2 > 91.2 nm) emerges from the 
H ii region and is available for dissociation and heating. 
Lyman-a radiation emerging from the H n region is ignored. 

2.2. Overall Structure of the Model 
The structure of the modeling program is illustrated in the 

block diagram in Figure 1. For a given set of initial conditions, 
calculations are made at increments in radius from the ioniza- 
tion boundary outward within an outer loop incremented in 
time. The determination of the grid increments in radius and 
time is critical to the effective operation of the program. In the 
region of the advancing dissociation front, the intervals, in 
radius and time, must be sufficiently fine to portray accurately 
and follow changes in rates of dissociation, re-formation, ion- 
ization, recombination, heating, and cooling. Increments in 
time were determined empirically and were considered suffi- 
ciently fine when further subdivision resulted in no significant 
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TABLE 1 
Default Values of Model Parameters 

Parameter Value 

Total column density corresponding to 1 mag 
of visual extinction mag)  2.0 x 1021 cm-2 

Re-formation rate of H2 molecules 
on dust grains (R)   3.0 x 10“17 cm-3 s-1 

Photoelectric efficiency factor (yeff)  0.1 
Dust-grain work function energy  8.0 eV 
Grain albedo (a)   0.5 
Grain scattering angle cosine  0.5 
Cosmic-ray ionization rate (Ç0)   1.0 x 10“16 s -1 

Carbon ionization rate (Yc uAC)  3.28 x 105 mac s 1 

Sulfur ionization rate (Ys u^)  1.80 x 106 mas 
s 1 

Turbulent velocity width (ôVD)  4.0 km s "1 

Abundances relative to hydrogen : 
Helium  0.1 
Oxygen   1.6 x 10"4 

Carbon   1.1 x 10-4 

Sulfur  1.0 x 10"5 

Silicon   1.5 x 10"6 

Iron  5.8 x 10"7 

change. Because the advancement of the dissociation front 
slowly decelerates, we have found that a time increment 
increasing exponentially with time is satisfactory. In radius, 
relatively coarse increments are acceptable in the largely 
molecular gas ahead of the dissociation front and in the pre- 
dominantly atomic gas behind the front. In the region of the 
advancing dissociation front, however, a radius increment 
based on the slope of the density ratio, nH2/nH,, in the previous 
time step is used. For each new time step the radius increments 
are recalculated so that the region of finest increments moves 
with the front. We note that there is a gross disparity between 
the very short length scales imposed by absorption in the 
Lyman-Werner lines and the longer scales for absorption of 
UV radiation by dust and r~2 diminution. This disparity can 
be six orders of magnitude in molecular gas. 

For specific values of the initial conditions, including the 
main independent variables of gas density and stellar effective 
temperature, at each value of time and radius, the UV spectral 
energy densities corrected for radius (r-2), dust absorption and 
scattering, and line optical depths can be calculated for each 
Lyman-Werner band. The populations of the various vibra- 
tionally excited states of H2 are determined entirely by these 
local UV energy densities. Rates of destruction for the mol- 
ecules in the various vibrational levels and the general re- 
formation of molecules on dust grains can then be calculated 
and applied to revise the densities. 

Temperature-dependent processes, in particular several 
heating and cooling processes and three electron production 
processes, are contained in an iterative loop in a section of the 
program which treats the temperature in one of two ways: (1) If 
the total heating and cooling rates are almost equal after one 
time increment, the temperature is the equilibrium tem- 
perature, or (2) if the two rates are substantially different, the 
time increment is subdivided into steps such that the tem- 
perature can change by no more than 10% per step. New 
heating rates, cooling rates, and ionization balance are calcu- 
lated for each substep in the inner loop, and the procedure is 
continued until the next main time increment. 

Ionization balance (i.e., the densities of C+, S+, H+, and 
electrons) is determined iteratively to give a consistent solution 
for electron density in each of the three ionization/ 

recombination equations (see § 2.8). It is considered that a so- 
lution has been reached when the electron densities given by 
the production equations are consistent to within 0.1%. 

All calculated parameters for the specific radius and time, 
including accumulated column densities, are stored and 
retrieved where necessary for calculations at subsequent 
points. For each time step, calculations continue to a radius 
where the density ratio nHl/nt reaches a limit, taken as 0.03%. 
For a given set of input parameters, calculations proceed until 
the advancing ionization/shock front effectively overtakes the 
more rapidly decelerating dissociation front. 

2.3. Initial Conditions 
We assume that the abundances of elements in the inter- 

stellar gas are as listed in Table 1. These values, from de Jong 
(1977), are somewhat depleted compared with solar abun- 
dances. We further assume that, prior to the formation of the 

Fig. 1.—Block diagram of the structure of the modeling program 
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exciting star, the circumstellar gas is well shielded from the 
general interstellar ultraviolet radiation and that atoms of 
carbon and oxygen, with similar abundances, are primarily in 
CO molecules. We adopt a dust-to-gas ratio of 1% by mass. 
Temperatures of 10-15 K are initially maintained by energetic 
electrons from cosmic-ray ionizations balanced mainly by 
cooling due to the J = 1 -► 0 transition of CO (Goldsmith & 
Langer 1978). 

As the star forms and ionizes the surrounding gas, other 
changes occur in the gas on time scales short compared with 
the dissociation of molecular hydrogen. CO is readily disso- 
ciated in diffuse gas through the absorption of photons in 
bands in the range 89-110 nm (van Dishoeck & Black 1988; 
Viala et al. 1988). For most of these bands the probability of 
dissociation from the upper electronic state is high. The total 
rate of dissociation is determined by those lines with the short- 
est lifetimes in these upper states, by the self-shielding of the 
column density of CO, and by shielding through overlapping 
lines of H2. For the purposes of the model, we assume that the 
CO is predissociated. Carbon atoms are kept ionized by con- 
tinuum photons in the same energy range (E > 11.26 eV) as 
that required for dissociation of CO. The extent of this ionized 
carbon may be limited ultimately by dust absorption or a 
density boundary. Energetic electrons from the ionization of 
carbon will heat the molecular gas (de Jong 1977). A more 
important source of heat, however, derives from the photoelec- 
tric effect on dust grains (Watson 1972) in which energetic 
photons dislodge electrons from the grain surfaces, which 
escape with excess energy that is shared with the gas through 
collisions. Cooling in this H2/C

+ region will be largely through 
fine-structure emission of C+ at 158 /zm and rotational tran- 
sitions of H2. 

2.4. Ultraviolet Radiation Spectrum and Diminution by Dust 

The UV radiation densities for our model are derived from 
interpolations of the tabulated values of stellar flux calculated 
by Kurucz (1979) for model stellar atmospheres and from the 
values of main-sequence stellar radii given by Panagia (1973). 
Flux values for the range in wavelength from 91 to 316 nm, and 
in stellar effective temperature from 18,000 to 45,000 K, have 
been extracted from the tables. To limit the number of vari- 
ables, only radiation densities for solar metal abundances and 
for log surface gravity equal to 4.0 (Teff < 35,000 K) or 4.5 
(Teff > 35,000 K) have been used. A further discussion of the 
radiative output of this range of stars is given in § 4.1. 

It is convenient to express the UV energy density, uA, in units 
of the mean interstellar radiation field. We use the value 
4 x 10-16 ergs cm-3 nm-1, estimated by Habing (1968) for 
A = 100 nm as this unit value and refer to it as the “Habing 
field ” or “ Habing unit.” Although the value was derived at a 
specific wavelength, we will express energy densities at all 
wavelengths in these units. 

In the calculation of energy density at a given wavelength 
and distance from the star, the value is corrected for r-2, and 
for dust extinction and scattering. Our estimates of the inter- 
stellar extinctions corresponding to given column densities 
of gas are taken from values interpolated from the table of 
average, normalized extinction F)] as a function of 
wavelength listed by Savage & Mathis (1979), and converted to 
values of the extinction ratio, A JAV, with an assumed ratio of 
AJE(B—V) — 3.1. To convert from column density to magni- 
tudes of extinction, we use the factor Nlmag = NH/AV = 
2 x 1021 protons cm“2 mag-1. Corrections to the energy 

density for scattering by dust grains are made by using the 
concept of the “exclusion optical depth” described by Whit- 
worth (1975). We have used his tables of the ratio Texc/iext, 
where Texc is the exclusion optical depth and iext is the optical 
depth due to extinction. The values that we have selected are 
appropriate to a radiative transfer model for the case corre- 
sponding to a grain albedo of 0.5 and a mean forward scat- 
tering angle cosine of 0.5. 

This treatment of absorption and scattering is valid for 
plane-parallel geometry. A comparison with a more sophisti- 
cated code for spherical geometry in a typical case (C. Rogers 
1991, personal communication) shows that we may underesti- 
mate the illumination by factors in the range 1.3-1.6, not a 
serious matter given the uncertainties of the absorption and 
scattering parameters. 

2.5. Absorption by Hydrogen Molecules 
Values of the energy density calculated as described above 

represent the UV intensity prior to any line absorption by 
molecular hydrogen. The optical depths in the lines are 
extremely high, thus preventing the use of unshielded absorp- 
tion rates in calculations of dissociation rates. The method 
used here is based on the photon penetration probability and 
uses a combination of the treatments of de Jong, Dalgarno, & 
Boland (1980) and Shull (1978), which in turn are based on the 
methods of Avrett & Hummer (1965). The effective absorption 
rate of UV photons is the product of the penetration probabil- 
ity and the unshielded absorption rate. 

The following expressions involving penetration probabil- 
ities and absorption rates are used in determining the popu- 
lations of the vibrational levels and the rate of dissociation. A 
more thorough discussion of the expressions can be found in 
de Jong et al. The absorption cross section, for a particu- 
lar transition t; -m/ is (ne1 /mc)fv^v> cm2 Hz, where v and vf are 
the lower and upper states of the transition and/is the oscil- 
lator strength. The unshielded absorption rate, B0v_>v', is 
(À3/hc)Gv_+V'UXv s-1, where uXv ergs cm-3 nm-1 is the average 
UV energy density appropriate to a Lyman or Werner band, 
and a is the cross section. The optical depth at the line center, 
tv-+V', in terms of the molecular column density out to this 
point, NH2, is (gv^V' NH2)/(n

1/2AvD) where AvD, the Doppler fre- 
quency width of the Lyman-Werner line, is (<5 FD v)/c. The quan- 
tity Ô VD is the turbulent velocity width of the gas. 

In the above relations, the values oïfv^v> have been modified 
to account on the average for rotational splitting of the 
Lyman-Werner lines. The expression given by Schadee (1967), 
modified with approximations for this application, yields a 
factor (Jmax + l)/(2Jmax + 1) which is applied to the values of 
fv.+V' given by Allison & Dalgarno (1970). Jmax is the highest 
rotational state which is assumed to be populated. We have 
assumed that only R-branch transitions occur. Since energy 
differences between adjacent rotational levels are only about 
0.015 eV, the rotational levels can be populated by thermal 
collisions. We have assumed a value of 7 for Jmax, correspond- 
ing to an average gas temperature of about 1000 K, a value 
representative of that near the dissociation front. The overall 
effect of this rotational splitting is not large, reducing the/^/s 
by a factor of about 0.5. 

For tv_¥V> < 2.5, in the linear part of the curve of growth, the 
expression for the penetration probability,/?^^), of a partic- 
ular transition uses the first nine terms from a power-series 
expansion of Shull (1978): 

n=o "K« + 1)1/2 ’ 
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In the square-root portion of the curve of growth, with 

a > 2.5, we use the form given by de Jong et al. (1980): 

S /?SR(w) = (1.84a+1)-1 

21/2 / a y/2] 
eT^„.[loge (tv^v.)]1/2 + Vo.J j ’ 

where a = 9.23 x 10-3(7t1/2<5Jd)-1 is the Voigt parameter with 
SVD in kilometers per second. 

Figure 2 shows a plot of the penetration probability for these 
two regimes as a function of the optical depth at the line center. 
De Jong et al. (1980) include an additional term in the calcu- 
lation of the penetration probability to allow for overlap of the 
wings of adjacent lines in situations where the optical depth at 
the line center, is greater than about 105. We have found 
that this term is seldom required, for the following reason. In 
each increment of time in the model, calculation of the density 
of H i continues until the atomic density reaches a small frac- 
tion (0.0003) of the total density, at which point the t’s have 
reached their highest values, which is almost always less than 
105. In a few specific cases optical depths as high as 105 were 
encountered in our model near the end of the evaluated time 
range at the outermost limits of the dissociation front. On 
these rare occasions the dissociation front had almost reached 
an equilibrium radius and had been overtaken by the 
ionization-shock front. The above expressions for penetration 
probability are strictly valid only for slab geometry. However, 
since most of the dissociation takes place in a shell of minute 
thickness compared with its radius, little error is expected to 
result. 

In the modeling program the optical depths in the Lyman- 
Werner lines and their wings at a given radius are determined 
from the current column of H2 in each vibrational state of the 
lower electronic level. The optical depths are converted to 
photon penetration probabilities through the curve of growth 
(cf. Fig. 2) for each Lyman or Werner line. For the determi- 
nation of the new local populations of the vibrational states, 
the penetration probabilities for lines with a common lower 
level are averaged over all upper levels to yield values of Fv(v). 

Optical Depth at Line Center 
Fig. 2.—Photon penetration probability as a function of the optical depth 

at the line center for the linear (curve a) and square-root (curve b) portions of 
the curve of growth. 

These are used to further decrement the UV radiation densities 
for each lower level. In turn, these energy densities are used to 
interpolate the local H2 vibrational population ratios from a 
table computed and stored in advance. We discuss the gener- 
ation of this table in the next section. For calculations of the 
dissociation rate (§ 2.7), the penetration probabilities for each 
line, ß{xv^v), are used with no averaging other than that of the 
oscillator strengths over the J transitions. 

2.6. Populations of the Vibrational States of H2 

Shull (1978) first drew attention to the fact that the rate of 
dissociation of molecular hydrogen will increase substantially 
if the bound vibrational states of the ground electronic level 
are populated. With values of the LTV energy density that exist 
throughout most of the interstellar medium, virtually all 
excited molecules relax back to the ground vibrational state in 
times of order 105-106 s (Black & Dalgarno 1976), well before 
electronic re-excitation. However, in the regions just outside the 
ionization boundaries of young O and B stars, the UV inten- 
sity can be up to 105 times more intense than the mean inter- 
stellar radiation field, and it is highly probable that an excited 
molecule will absorb another Lyman or Werner photon before 
completing the vibrational cascade. The decay from the higher 
electronic state is rapid, and this “ multiple excitation ” process 
effectively both repopulates the bound vibrational levels and, 
in 11 % of the cases, results in decay to the vibrational contin- 
uum (i.e., dissociation). 

We assume that the populations of the excited vibrational 
states at each radius element are unaffected by collisional de- 
excitation and are determined only by the UV energy density 
at that point. (The mean time between collisions is of the order 
of 1-5 yr for gas of density 300 protons cm “ 3, and is dependent 
on the square root of temperature and inversely on density). 
This approach permits populations to be determined by inter- 
polation from a precalculated table of population ratios 
indexed to the energy density. The validity of this approach 
depends upon the populations reaching a steady state in a time 
which is relatively small compared with the “dissociation 
time,” as reflected in the typical time increments used in the 
model. 

The distribution of vibrational states in intense UV fields 
has been considered by Shull (1978). A quantitative determi- 
nation of the populations of the states requires a set of differen- 
tial equations in which all the entry and exit rates, listed in 
Table 2, are summed for each vibrational state in the ground 
electronic state. The following notation is used in Table 2: v 
denotes the vibrational state (in the electronic ground state 
X1^) whose population is being evaluated; v" denotes an arbi- 
trary vibrational-rotational state in the electronic ground 
state; v' denotes an arbitrary vibrational-rotational state, in 
one of the upper electronic states, either B1^ or C1^. Vmax, 
the highest value of v or v", is 14. V'max, the highest value of v', is 
36 for the Lyman transitions and 13 for the Werner transitions, 
except when the transitions are energetic enough to require 
photons with wavelengths shorter than the Lyman limit for 
ionization, 91.2 nm. The net fraction, Q(v), of the population of 
molecules which absorb Lyman-Werner photons and then end 
up in the v state is given by Shull (1978), in which the sum of 
the Q’s are tabulated for the Lyman and Werner transitions, 
weighted by oscillator strength. Oscillator strengths,for 
the Lyman and Werner transitions, and the transition prob- 
abilities for subsequent decay, A(v' -* v)9 have been taken from 
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TABLE 2 
Entry and Exit Terms for Determining Populations of Vibrationally Excited H2

a 

Transitions Term 

Entry 

Spontaneous transitions from a higher vibrational state  

Lyman transitions originating from t/'b  

Werner transitions originating from v”h   

Exit 

£ V A(v” -► v) 

E nv„QL(v"-+v) £ B0h(v" 

£ nV'Qw(v"-+v) £ BowO;" V" = Q i;' = 0 

V') 

‘V') 

Spontaneous transitions to a lower vibrational state 

Lyman absorptions 

Werner absorptions 
a The notation is defined in the text. 
b Ô is given by Shull 1978 : 

Q(v" -, u) = £ f(v" _> v')lA{v' -► u)/Atot] / £ f(v" -► v') . 
v' = 0 I v' =0 

X nvA(v^v") 
v” = 0 

V max 
nv £ Bol(v-*v') v' = 0 

V max 
nv £ Bow(v v) v' = 0 

Allison & Dalgarno (1970). Transition probabilities for vibra- 
tional transitions in the ground electronic state, A(v -+ v"), are 
from Turner, Kirby-Docken, & Dalgarno (1977). Also, because 
the solution is required only for an elemental volume, and the 
attenuation of the UV energy density, uXv, in the gas column 
from the star has already been applied, we have used the 
unshielded absorption rates, B0\ in the determination of local 
populations. 

The set of equations dn(v)/dt = (entry rates) — (exit rates) 
can be solved by standard techniques. Since they are included 
separately in the model, the formation and dissociation rates 
(as entry and exit terms, respectively) have not been included in 
Table 2. 

Figure 3 shows the steady state solution of the population 
equations for each of the vibrational levels v for UV intensities 
ranging from 1 to 105 Habing units. Note that about half of the 
molecules are in an excited state when the UV intensity is just 
over 103 Habing units. At a UV intensity of 105 Habing units, 
almost 90% of the molecules are in excited states. Since each 
different level of vibrational excitation opens up another band 
of Lyman-Werner lines, the “ opportunities ” for absorption of 
a Lyman-Werner photon (and for subsequent dissociation) 
increase approximately in proportion to the number of lines in 
a band. Strictly, this is true only in the limit when the popu- 
lations of all vibrational levels are equal. 

We have compared our fractional populations of molecules 
in various vibrational states with calculations of relative 
column densities of H2 molecules in vibrational states calcu- 
lated by Sternberg (1988) for a single energy density equivalent 
to 170 Habing units (his Table 1). The relative column densities 
in the excited states correspond closely to our values of frac- 
tional populations from Figure 3. Referenced to the total 
population, Sternberg’s values are close to our predictions for 
130 Habing units, a good agreement considering that the com- 
pared parameters are not identical. 

Figure 4 shows the “ stabilization time,” derived from a time- 
dependent solution of the population equations, plotted 
against UV energy density for the case in which all the H2 is 

initially in the ground vibrational state. Similar curves will 
apply to other initial conditions. The criterion for stabilization 
used here is that the fraction of the population in the ground 
(v = 0) state has settled to within 1% of its final asymptotic 
value. Regardless of the initial conditions, the relative popu- 
lations of the various bound states tends to stabilize in about 
106 s. 

The active region, in which these excited populations of H2 
exist, forms the advancing dissociation front. The time taken 
for the front to advance a distance equal to its own thickness 

Fig. 3.—Fraction of H2 molecules in each vibrational state for radiation 
densities ranging from the mean interstellar value to 105 times this value. 1 
Habing unit = 4 x 10~16 ergscm-3 nm-1. 
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Fig. 4.—Time taken for the relative population in the ground state to 

stabilize to within 1% of its final asymptotic value (curve a) and to within 10% 
(curve b), for various values of the local UV energy density. 

depends upon the detailed conditions beyond the ionization 
boundary but is almost always much greater than the corre- 
sponding stabilization time. This permits the use of the tabular 
data shown in Figure 3 for calculations of the dissociation 
rates. 

2.7. Dissociation and Re-formation q/'H2 

We compute the photodestruction rate with an expression 
similar to the formulations of Shull (1978) and of de Jong et al. 
(1980). The rate D{v) appropriate to molecules excited from the 
various bound vibrational states in the ground electronic level 
is given by the relation 

^3 V max 
D(v) = — puJ2Jm^ + 1) X o^v.ß{xv^v) s'1, 

nc v' = o 

where p is the probability of an excited molecule decaying to 
the vibrational continuum (dissociating). The parameter ukv is 
the local UV energy density in ergs cm-3 nm-1, diminished 
by r-2 and general dust absorption and scattering, and aver- 
aged over the wavelength range appropriate to v. The term 
(2Jmax + 1) accounts for the number of rotationally split lines. 
The individual destruction rate for each level, D(v\ is applied 
separately to the corresponding density of molecules in that 
level. D is not particularly sensitive to the temperature of the 
gas. 

Stecher & Williams (1978) describe a second mechanism for 
photodestruction which will be operative if the UV energy 
density is sufficient to populate vibrational levels substantially 
above v = 4. The mechanism involves photoionization of the 
vibrationally excited molecules with continuum photons near 
100 nm, followed by photodissociation of the H2 by radiation 
over a wide range of wavelength (Dunn 1968). Since we have 
not included this mechanism in our model, photodestruction 
rates for extreme UV energy densities will be underestimated. 

Re-formation of molecular hydrogen is assumed to take 
place on dust grains (cf. Hill & Hollenbach 1978) at a rate 
proportional to the product of the density of atomic hydrogen, 
nH „ and to the density of grains, which in turn is proportional 
to the total gas density, nt. The rate of formation, F, is given by 

F = RnHlnt cm-3 s“1 , 

in which the rate coefficient, R = 3 x 10“17 cm3 s“1, includes 
a gas-to-dust mass ratio of 100. 

As indicated in § 2.2, the size of radius increments used in the 
model is based upon the slope of the ratio nH2/nH, in the pre- 
vious time increment. The initial radius and time increments 
are determined as follows: The initial radius increment, ArI? is 
chosen to represent the length of a column of gas in which 
there is only a small fractional change, AD(v), in the disso- 
ciation rate along the column for a given transition. Using only 
the first two terms in the expansion of /?L, an expression for 
Arf can be derived for a particular transition: Avi = 
[23/2AvDAD(vj]/((jv^V'fv^V' nv). We have chosen the value of 
AD(v) to be 0.5. After evaluating Arf for each transition, the 
minimum value is used. For the initial time increment we have 
then chosen a value such that the density of H2 in the first 
radius element is decreased by only 20%. 

2.8. Ionization Balance 
As sources of free electrons in the model, we have the two 

most abundant heavy elements, carbon and sulfur, which can 
be ionized in a radiation field longward of 91.2 nm, plus hydro- 
gen, which is ionized by cosmic rays (de Jong 1977). As noted 
by de Jong, the number of electrons freed from dust grains is 
negligible. Ionization balance for an atomic species A is deter- 
mined by a set of simultaneous equations of the form 
(JaUxaKa = *A(T)niAne, where (T^uXA) s“1 is the photoion- 
ization rate in an UV energy density of uXA ergs cm 3 s 1 

(averaged over the appropriate range of wavelengths); nnA 
cm“3 is the density of the neutral species; otA(T) cm3 s“1 is the 
recombination coefficient at gas temperature T ; niA cm “3 is 
the density of the ionized species; ne cm“3 is the density of 
electrons. The T’s and a’s for the heavy elements and the a for 
H are from Black (1975) and are listed in Table 1. The UV 
energy is averaged over a wavelength range from 91 to 110 nm 
for carbon and from 91 to 119 nm for sulfur. The ionization 
rate for H is given by Spitzer & Scott (1969) in the form (o[(l 
+ *He)(l + $) + 2/He], where Co ^ the primary ionization rate 

(adopted as 1.0 x 10“16 s“1; see Table 1); /He is the abun- 
dance of He (adopted as 0.1); and <I> has been tabulated by 
Spitzer & Scott as a function of nH ,/ne. 

2.9. Heating and Cooling Processes 
Our model includes four heating mechanisms : heating from 

the photodissociation of H2 itself, from the photoejection of 
electrons from dust grains, from the ionization of carbon 
atoms, and from cosmic-ray ionization. The photoejection of 
electrons from polycyclic aromatic hydrocarbon (PAH) mol- 
ecules has been suggested as a significant source of heating in 
the interstellar medium (d’Hendecourt & Léger 1987). We have 
not included this heating in our models; to do so would require 
some knowledge of the abundance and composition of PAHs 
and of their ability to survive in regions of high UV intensity. 
Heating from the vibrational de-excitation of H2, following 
excitation by UV radiation, becomes significant only at den- 
sities near or above our maximum density (Sternberg & Dal- 
garno 1989) and has not been included. 

Overall, the most important heating mechanism on both 
sides of the dissociation front is that resulting from the photo- 
ejection of electrons from dust grains (Watson 1972) discussed 
in some detail by de Jong (1977), Draine (1978), and de Jong et 
al. (1980). Electrons are ejected with energies in excess of that 
required to overcome a work function energy barrier, taken to 
be 8 eV (Table 1), plus that due to the net positive charge on 
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the grain which has accumulated from previous electron losses. 
The grain potential must be determined before the heating rate 
can be evaluated. Following de Jong (1977), we numerically 
integrate the left-hand side of the following equation for 
photoejection/recombination, starting at the Lyman limit, vH, 
until it equals the right-hand side : 

where yeff is the photoelectric efficiency factor, taken as 0.1 (see 
Table 1); v0 is the lower frequency limit for which photons are 
energetic enough to eject electrons; T is the gas temperature; 
me is the mass of the electron; Vg is the electrostatic grain 
potential; ne is the electron density. The result yields v0, which 
can be used to evaluate the photoelectric heating rate : 

r 2 P1* / . A - V0 rpe = ^eff C J (nd &d)v 

where 

ergs cm 3 s 1 , 

(nd^d)v 
(1 - a)(AJAv) 

1.086Almag 
nt cm 

and (nd crd)y is the effective cross-sectional area of dust particles 
per cubic centimeter as a function of frequency; nt protons 
cm ~ 3 is the gas density; a is the albedo of the dust; AJAV is the 
ratio of extinction at frequency v to that in the V band (cf. 
§ 2.4); Ni mag is the column density for 1 mag of extinction in 
the V band (cf. § 2.4); the factor 1.086 converts from powers of 
e to magnitudes. 

Heating due to the excess energy from dissociation of molec- 
ular hydrogen is taken to be 0.4 eV per dissociation event 
(London 1978). The heating rate is given by FH2^h = 0.4ndiss/Ai 
eV cm - 3 s - \ where ndiss is the density of H2 dissociated during 
the last time increment and At is the length of the increment. 
This process is the major source of heat in the neighborhood of 
the advancing dissociation front. 

Calculation of the heating from electrons resulting from the 
ionization of carbon also follows the method of de Jong (1977), 
but with specific estimates of the average UV energy density in 
the spectral range applicable to single carbon ionization (91- 
110 nm). The resulting heating rate is rc^c+ = Tc

uxcnc erês 

cm"3 s"1, where Yc is given in Table 1 ; ukC is the UV energy 
density averaged over the appropriate range of wavelengths; 
nc is the density of carbon atoms. 

For cosmic-ray heating, present at a low level largely inde- 
pendent of the dissociation, we follow the method of de Jong 
(1977), with corrections for secondary electrons taken from 
Spitzer & Scott (1969) and for a cosmic-ray ionization rate of 
1.0 x 1016 s"1 (Table 1). 

Cooling of the gas occurs through excitation of C+, O, Fe+, 
Si + , and C through collisions with electrons, hydrogen atoms, 
and molecules. Energy is lost through line emission in the 
infrared at wavelengths ranging from 26 jum (Fe+) to 610 //m 
(C). We have used equations for cooling rates as outlined by 
Dalgarno & McCray (1972). For example, the cooling rate 
for C+ excited by H atoms is given by A = 1.0 x 10"24 

LH(C+/T)nHlnc+ ergs cm"3 s"1, where, in this case, the 
cooling efficiency, LH(C+/T) is tabulated as a function of gas 
temperature in Table 4 of Dalgarno & McCray. Their Table 4 
contains similar tabulations for O and C. Cooling efficiencies 
for Si+ and Fe+ are given by equations (22) and (23) of Dal- 
garno & McCray. Equations for excitation of C+, O, Fe+, and 

Si+ are given by equations (3), (10), (8), and (5), respectively. 
Collisional excitation of O, C, and C+ by H2 molecules are 
included with rates assumed to be 25% of the corresponding 
rates for hydrogen atoms (Dalgarno & McCray 1972). 

We also include rotational (J = 2 -> 0) cooling of thermal- 
ized H2 as given by equation (8) of Goldsmith & Langer (1978) 
and, for temperatures greater than 100 K, the various 
vibrational-rotational transitions of H2 summarized in Table 1 
of Hartquist, Oppenheimer, & Dalgarno (1980). Throughout 
the regions of interest we assume that CO is largely dissociated 
in the molecular gas. If this were not the case, there would be 
strong cooling due to collisional excitation of CO by H2 mol- 
ecules (Goldsmith & Langer 1978). 

Temperature as a function of time is determined assuming 
ideal-gas behavior under constant-volume conditions: 
dT/dt = f/cn(r — A), where T is the gas temperature, t is time, 
k is Boltzmann’s constant, n is particle density, F is the total 
heating rate, and A is the total cooling rate. As outlined in 
§ 2.2, heating, cooling, and ionization balance are 
redetermined at each new temperature. 

2.10. The Expanding H n Region and the Shocked 
Component ofH i 

Although our model is concerned primarily with the gas 
beyond the ionization and shock fronts of the expanding H n 
region, the evolving properties of the ionized and the gradually 
accumulating shocked atomic gas play a role in determining 
the conditions at greater radii. At each time increment we 
calculate the velocity of the advancing shock, Vs, with an 
expression derived from the pressure “jump condition ” across 
the shock in a manner similar to that given by Spitzer (1978), 
but including a term for the thermal pressure in the H i region 
ahead of the shock : 

Pn Tu _ 7¡ 
1 - Pn/4PiAPiMn Pi 

where k is Boltzmann’s constant, and T, p, and p are the 
temperature, density, and mean mass per particle in the atomic 
ionized regions. The velocity and time increment determine the 
radial increment. Assuming constant UV flux, the density in 
the H ii region will decline with the — 3/2 power of its radius 
(e.g., Spitzer 1978). Thus the radial column density and the 
total mass in the ionized gas can be calculated. Since the orig- 
inal density and radius and the new radius determine the total 
mass of gas within the shock radius, the mass of shocked gas 
and its column density can also be calculated. The changing 
column densities in the ionized, shocked and unshocked 
atomic regions inside the dissociation front are than available 
for the calculations of absorption. 

Lasker (1966) has determined that the maximum thickness 
of the shocked H i layer should be about 10% of the nebular 
radius in the absence of radiative cooling and much thinner 
with effective cooling. We have not attempted to estimate the 
thickness of the layer but note that, because cooling through 
the 63 pm line of [O i] and the 158 pm line of [C n] is very 
efficient, the layer is expected to be thin. 

We choose to terminate the model calculations at the time 
when the radius of the shock/ionization front reaches the 
radius of the dissociation front, essentially marking the end of 
the unshocked H i zone. 
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3. RESULTS OF THE MODEL COMPUTATIONS 

Computations have been carried out for 30 discrete com- 
binations of the two main independent variables, the effective 
temperature of main-sequence stars and the ambient gas 
density. Particle densities of 30, 100, 300, 1000, and 3000 
protons cm-3 and effective temperatures of 20, 25, 30, 35, 40, 
and 45 kK constitute the discrete values. This range in tem- 
perature covers approximately the main-sequence spectral 
types from B2 to 05. Interstellar clouds with mean particle 
densities less than 30 protons cm ~3 are unlikely to be sites of 
star formation, and, in any case, would probably be insuffi- 
ciently shielded to remain undissociated by the general inter- 
stellar radiation field. Densities greater than 3000 protons 
cm “ 3, while common in the cores of clouds, will not be gener- 
ally typical of mean values in molecular clouds on parsec-scale 
sizes. 

3.1. Advancement of the Dissociation Front with Time 

In Figure 5 we illustrate the radial profile of dissociated gas 
in advance of the ionization/shock front for the case of a star 
with an effective temperature of 30 kK embedded in gas of 
density 300 protons cm-3 for four discrete times separated by 
factors of approximately 10. The profile corresponding to the 
earliest time illustrates the very rapid formation of a substan- 
tial dissociated zone of thickness similar to the initial Ström- 
gren radius. The second profile, corresponding to 7000 yr, 
shows the H i zone near the time when the ratio of the zone’s 
outer radius to the radius of the H n region is close to a 
maximum. The third profile, for 6.5 x 104 yr, illustrates the 
zone near its maximum thickness (and radial column density) 
and shows the encroachment on its inner radius by the expand- 
ing H ii region and layer of shocked H i. In the final profile, at 
7.6 x 105 yr, the advancing ionization/shock front is close to 
overtaking the dissociation front. 

Figure 6a shows, for circumnebular gas of density 300 cm-3 

and embedded stars of various temperatures, the advancement 
with time of the point at which half the molecules are disso- 
ciated. For comparison, the radii of the expanding H n regions 
are also shown, and we follow the dissociation until the 
advancing ionization overtakes the dissociation front at what 
we term the “ catch-up radius.” The axes are logarithmic, and it 
can be noted that, although the ultimate radius of the disso- 
ciation front is not a strong function of stellar temperature, the 
proportionate thickness of the dissociation zone decreases 
sharply with increasing temperature. By contrast, Figure 6b 
shows the development of the dissociation zones surrounding a 
star of effective temperature 30 kK for various gas densities. It 
can be seen that the zone scales closely with the radius of the 
H ii region, although the absolute thickness is much greater for 
lesser gas densities. 

Figure la illustrates the catch-up radius for all the various 
combinations of density and effective temperature. It is appar- 
ent that this radius is principally a function of gas density. The 
corresponding times for the overtaking to occur are illustrated 
in Figure lb, together with the corresponding lifetimes of the 
main-sequence hydrogen-burning phase for stars of various 
initial stellar temperatures inferred from the data of Maeder & 
Meynet (1989). Here we see that in low-density gas an 
unshocked dissociation zone will persist for a good fraction of 
the main-sequence lifetime, regardless of the stellar type, 
whereas for densities in excess of 200 cm-3 the zone may be 
shocked and ionized in less than 10% of the lifetime. 

0 1 2 3 4 5 
Radius (parsecs) 

Fig. 5.—Profiles of the density of the unshocked H i vs. radius for four 
times in the evolution of an advancing dissociation front of a star of effective 
temperature 30 kK and surrounding gas of density 300 proton cm - 3. 

3.2. Maximum Radial Thickness of the Dissociation Zone 
The maximum of the ratio of the outer radius of the disso- 

ciation zone (half-dissociation point) to the H ii region radius 
as a function of effective stellar temperature and gas density is 
shown in Figure 8a. Values of this ratio vary from close to 
unity for hotter stars in high-density surroundings to values 
close to 10 for cooler stars in similar surroundings. For mid- 
temperature stars this ratio is not a strong function of the 
surrounding gas density. The time at which this maximum 
ratio occurs is shown in Figure 8b to vary from very early times 
in high-density situations to values near 105 yr in low-density 
gas. At all densities the maximum ratio occurs later for hotter 
stars. Figure 9a shows the maximum radial thickness of the H i 
zone for the various combinations of gas density and stellar 
temperature. For densities below 1000 cm-3 this maximum 
thickness is relatively independent of stellar temperature, 
varying from ~8 pc for densities near 30 cm-3 to ~0.5 pc for 
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Fig. 6.—Advancement with time of the radial point at which half the molecules are dissociated {solid line) and of the radius of the expanding H n region {dashed 
line), (a) for a gas density of 300 cm-3 with six values of effective temperature and {b) for a star of effective temperature 30 kK and five values of gas density. 
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Fig. 7.—(a) Radius at which the dissociation front is overtaken by the expanding H u region (“ catch-up radius ”) and (b) time taken for the overtaking to occur 
for various combinations of gas density and stellar effective temperature. The dashed line in (b) shows, for comparison, the main-sequence lifetime for the stars of 
vanous effective temperatures. 

values near 1000 cm-3. The time at which the zone reaches 
maximum thickness declines with both increasing stellar tem- 
perature and increasing density as portrayed in Figure 9b. 
Since the combination of gas density and thickness determines 
the column density through the zone, we will defer further 
comment until this latter parameter is considered. 

3.3. Rates of Dissociation and Accumulated Total Mass 

The initial rates of dissociation are generally two to three 
orders of magnitude greater than the net ionization rates at the 
advancing ionization front. Figure 10 shows how the rates 
decline with time for stars of various temperatures in gas of 

o 

d 
K 

.§ 
X 
d 
2 

Fig. 8u 
Fig. 8.—(a) Maximum ratio of the radius of the dissociation front to that of the expanding H 

various combinations of gas density and stellar effective temperature. 

Fig. 8h 
ii region and (b) time at which a maximum occurs in the ratio, for 
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Fig. 9.—(a) Maximum radial thickness of the dissociated zone and (b) 
temperature and surrounding gas density. 

Effective Stellar Temperature (kK) 
Fig. 9b 

time taken to reach this maximum thickness, for various combinations of stellar effective 

density 300 cm-3 and for stars of Teff = 30 kK (spectral type 
B0) in gas of various densities. The net ionization rates and the 
rates of increase in the net shocked components of H i accumu- 
lated as expansion proceeds are also shown for comparison. 
The initial dissociation rate is principally a function of stellar 
temperature, reflecting as it does the total number of disso- 
ciating photons, and is almost independent of the surrounding 
gas density. However, the initial rate does persist for a much 
longer time in the lower density gas, due in part to the lower 
rates of re-formation and the lower proportional change in the 
r~2 UV diminution. After ~ 104 yr, significant amounts of H i 
are caught up in the shocked atomic shell, and eventually the 
rate at which gas is shocked exceeds that of new H i pro- 
duction. 

The cumulative effects of the dissociation rates are illus- 
trated in Figure 11 with plots of total dissociated mass as 
functions of time for runs of stellar temperature and gas 
density. Also shown in these figures are the mass of the 
shocked component of the atomic gas and the mass of ionized 
gas within the H n region. The curves are carried to the point 
where virtually all the accumulated H i has been shocked. 
Although this point occurs much sooner for stars with higher 
effective temperatures, the accumulated mass at these points is 
primarily a function of the gas density, and varies only slowly 
with stellar temperature. The ratio of the mass of dissociated 
gas to the mass of ionized gas in the H n region at this point, 
however, is much greater for lower temperature stars and 
varies only slowly with gas density. These final or terminal 
masses of H i and the corresponding masses of H n are plotted 
for all calculated combinations of stellar temperature and 
density in Figure 12. A comparison of these plots shows clearly 
that the mass of ionized gas has a much greater dependence on 
the luminosity of the exciting star than does the atomic mass. 

It is instructive to look at the mass of dissociated gas at an 
earlier point in the evolution of the H i zone for all com- 
binations of density and effective temperature. Figure 13 shows 

the total mass of H i and the mass of the shocked component 
at the point in each situation where the ratio of the H i zone 
radius to the H n region radius is maximum. It is clear that at 
these earlier evolutionary times (cf. Fig. 8b), the dependences of 
the amount of dissociated mass on both stellar type and 
ambient density are significant. 

3.4. Radial Column Densities of Shocked and Unshocked H I 
The radial column density in an evolving zone around an 

exciting star combines, by definition, density and thickness 
parameters. Figure 14 illustrates the variation with time of the 
radial column densities of the ionized gas, the shocked H i, and 
the unshocked H i for runs of stellar temperature (n = 300 
cm-3) and gas density (Teff = 30 kK). The radial column 
density of the ionized gas declines with time as the effect of 
reduced density due to expansion outweighs the increased 
radius and the contribution of the newly ionized gas. The 
maximum radial column density of the unshocked component 
of the dissociated gas is not a strong function of either stellar 
type or gas density, peaking for the parameters used in our 
model within a factor of 2 of a value ~2 x 1021 cm-2. This 
parameter is plotted in Figure 15a for the full range of densities 
and effective temperatures. Note the linear ordinate scale and 
the small range of values. The turnover for higher densities and 
higher effective stellar temperatures is caused by the more 
rapid encroachment of the shock front in these particular situ- 
ations. Figure 15b shows the corresponding times for the 
occurrence of the maximum column density of the unshocked 
H i component. 

3.5. Heating, Cooling, and Temperature in the 
Dissociation Zone 

The variation of the most important heating and cooling 
rates with radius in the completely and partially dissociated 
gas is displayed in Figure 16 for a logarithmic sequence of four 
times in the case of a star of effective temperature 30 kK in gas 
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Fig. 10.—Rates of dissociation as a function of time (solid line), rate of new ionization (dotted line), and rate of increase of shocked atomic gas (dot-dash line), (a) for 
a gas density of 300 cm-3 with six values of effective temperature and (b) for a star of effective temperature 30 kK and five values of gas density. 
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Fig. 11.—Total dissociated mass of H i as a function of time (solid line), mass of ionized gas (dotted line), and mass of shocked H i (dot-dash line), (a) for a gas 
density of 300 cm “ 3 with six values of effective temperature and (b) for a star of effective temperature 30 kK and five values of gas density. 
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Fig. 12.—(a) Final total mass of H i (at catch-up time) and (b) corresponding mass of H n for various combinations of stellar effective temperature and 

surrounding gas density. 

of density 300 cm-3. The resulting temperature profiles are 
shown in Figure 17 for each time, along with the correspond- 
ing radial density profile of the atomic gas (cf. Fig. 5). 

At the earliest time shown the newly dissociated gas is 
heated to temperatures near 1000 K by the excess kinetic 
energy of the dissociation products, raising the cooling rate 
(due in about equal proportions to infrared lines of C + and O) 
to a level more than an order of magnitude greater than the 
heating rate. In the partially dissociated gas just ahead of the 

front, however, cooling by rotational lines of H2 dominates, 
keeping the gas almost in thermal equilibrium. (The sharp ver- 
tical line in Fig. 16 is at the position of the dissociation front, 
denoting the falloff of heating or cooling which is associated 
with H2.) For a cooling rate of 1 x 10“22 ergs cm-3 s_1 and a 
temperature rise of 1500 K, a rough calculation yields a time of 
about 104 yr for equilibrium to occur. In the radial profile for 
7000 yr the temperature peaks near 400 K at the dissociation 
front and the effects of the gas cooling behind the front are 

20 25 30 35 40 45 
Effective Stellar Temperature (kK) 

20 25 30 35 40 45 

Effective Stellar Temperature (kK) 

Fig. 13a Fig. 13b 
Fig. 13.—(a) Total mass of H i and (b) mass of shocked H i, at the point in each calculation where the ratio of the H i zone radius to the H n region radius is a 

maximum, for various combinations of surrounding gas density and stellar effective temperature. 
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Fig. 19.—Temperature of the atomic gas just head of the advancing shock and ionization front as a function of time, (a) for a gas density of 300 cm 3 with six 
values of effective temperature and (b) for a star of effective temperature 30 kK and five values of gas density. 
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Fig. 15.—(a) Maximum radial column density of the unshocked H i and (b) corresponding times of occurrence of this maximum column density, for various 
combinations of model gas densities and stellar effective temperatures. 

clearly seen. C+ cooling has begun to dominate over O 
cooling. Although O is slightly more abundant than C+, the 
temperature sensitivity of O cooling is greater than that of C+ 

in the 100-1000 K range. The suppression of the heating rate 
near the ionization front, and the concomitant rises in tem- 
perature and cooling rate, are due to the accumulation of grain 
charge, reducing the energy of photoelectrons ejected from 
dust particles. In the partially dissociated gas, heating and 
cooling processes associated with H2 are less dominant. 

At 6.5 x 104 yr essentially all the completely dissociated gas 
has reached an equilibrium temperature near 100 K. Except 
near the dissociation front, the gas is heated mainly by the 
photoelectric effect on dust. The dissociation heating approx- 
imately doubles the gas temperature at the front, which now 
moves more slowly, with the gas cooling to equilibrium in a 
relatively narrow radial distance. Cooling by rotational lines of 
H2 is no longer important. The radial profile for 7.6 x 105 yr 
shows most of the gas at an equilibrium temperature near 40 K 
with only a slight perturbation at the dissociation front. 

A more detailed illustration of the heating and cooling pro- 
cesses is given in Figure 18 for t = 1000 yr. In addition to 
photoelectric and dissociation heating, cosmic-ray heating and 
heating due to ionization of carbon are shown. Neither is an 
important heating component, but both contribute to the elec- 
tron pool. Dissociation and re-formation of H2 contribute 
some heating in the purely atomic zone. Here H is the principal 
exciter of C+ and O, with electrons playing a minor role in the 
excitation of C+. Other combinations of exciter/coolants are 
much less important. In the partially dissociated gas, electrons 
and H2 molecules have some importance at radii greater than 
2 pc in the excitation of C+. Neither, however, dominate the 
H2 rotational cooling except at very large radii. 

In Figure 19 we show the variation of gas temperature with 
time for a traveling point in the H i gas just ahead of the shock 
and ionization fronts for runs of stellar effective temperature 

and gas density. For most cases, the gas temperature is initially 
in the range 1000-2000 K during the time when heat released 
by the dissociation process is dominant. After the dissociation 
front has moved significantly outward, the gas at this traveling 
point attains a temperature determined mainly by the balance 
between the heating due to the photoelectric effect on dust 
grains and the C+ cooling. The minimum apparent in most 
curves is due to the decreasing importance of dissociation 
heating with radius and to the suppression of the photoelectric 
heating caused by the accumulated charges on the dust grains. 
As the traveling point moves outward, the accumulated charge 
lessens, allowing increased heating until we reach the point 
where dust absorption and r~2 diminution of the ultraviolet 
reduce the effectiveness of the photoelectric effect. 

In the region near the dissociation front where heating from 
dissociation is most intense, there is considerable time depen- 
dence to the heating and cooling. The minimum “ thickness ” 
and minimum time for which a new temperature can be 
ascribed are determined by the mean free path of particles and 
the mean time between collisions, respectively. The mean free 
path in atomic material of density 300 cm-3 is about 7 x 10" 6 

pc. The mean time between collisions is 43.6 T-1/2, where T is 
the temperature in kelvins. For temperatures ranging from 100 
to 1000 K, the mean time between collisions ranges from 4.4 to 
1.4 yr. Also, the lifetimes of the vibro-rotational states of H2 

between which cooling transitions occur are of the order of 
0.01-0.1 yr, and dissociation of the coolant is happening 
rapidly here. Therefore, in a narrow region around the disso- 
ciation front no thermalized steady state is reached, and we 
expect that temperatures are indeterminate. 

Sternberg & Dalgarno (1989) present a detailed treatment of 
heating and cooling in dense {nH2 = 103-107 cm-3) photo- 
dissociation regions for the purpose of predicting the infrared 
response of the molecular hydrogen component. They con- 
clude that for densities below 104 cm-3, gas temperatures in 
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Fig. 17.—Profiles of the temperature of the gas (solid lines) in the 
(unshocked) gas for the same case and times as in Fig. 16. The corresponding 
radial density profiles of the atomic component from Fig. 5 are shown as 
dashed lines. 

the regions are close to 100 K, independent of UV energy 
density, and in general agreement with the results of our 
model. 

4. DISCUSSION 

4.1. General Considerations 
The model calculations show clearly the dependence of the 

H i dissociation process on stellar type, surrounding gas 
density, and the age of the star. As with an H n region, the size 
and mass of the H i zone increase with decreasing density of 
the surrounding gas. Similarly, earlier type stars have more 
photons available for both ionization and dissociation. 

However, compared with the companion H n region, the size 
and mass of the dissociation zone is relatively less dependant 
on the effective temperature (and the concomitant luminosity) 
of the exciting star (Fig. 12). Qualitatively, this may be 
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Fig. 18.—Profiles of heating and cooling rates in the (unshocked) gas for 
the same case as in Figs. 16 and 17, 7000 yr after the formation of the initial 
Strömgren sphere. The dissociation front is at a radius of approximately 1.4 pc 
at this time. Heating and cooling rates are shown individually for each of the 
heating and cooling processes considered in the model. In the plot of cooling 
rates, labels of the form H-C+ are to be interpreted as excitation of C+ by 
collisions with H. 
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explained as follows. First, the mean energy of photons from 
later type OB stars is shifted toward longer wavelengths in the 
UV, emphasizing photons capable of dissociating but not ion- 
izing. Second, there is the r~2 enhancement of the intensity of 
stellar UV just outside the ionization front for cases of small 
H ii regions around stars of lower effective temperatures. 
Finally, the dissociation zones around earlier type stars are 
more rapidly eroded by the advancing ionization fronts. 

The relative number of photons available for ionization and 
dissociation can be assessed with reference to Table 3, which 
lists as a function of stellar effective temperature (col. [1]) the 
number of Lyman continuum photons (col. [2]) and the 
number of photons in each of the Lyman-Werner bands corre- 
sponding to the bound vibrational levels (cols. [3]-[17]). Note, 
however, that although virtually all Lyman continuum 
photons will ionize, only photons with energies corresponding 
to Lyman lines for significantly populated vibrational levels 
will result in dissociation. Thus, Table 3 is most useful for 
comparisons, within a given band, of the relative numbers of 
photons from stars of various temperatures. The relatively 
large factor (about 105) in the ratio of ionizing photons over 
the range of Tei{ is apparently due mainly to differences in the 
amount of continuum absorption in the stellar atmospheres 
shortward of the Lyman ionization limit (A = 91.2 nm). Differ- 
ences in the amount of helium absorption may also play a role. 
On the other hand, the radiative output in the stellar spectra 
just longward of the Lyman limit where the dissociation bands 
are located, changes by a factor of only 170 (for t; = 0) over the 
range of Teff considered. Hence dissociation remains an effec- 
tive process for stars which produce little or no ionization. 

The evolution of an H i zone is somewhat more complex 
than that of an H n region. The rapid initial rate of disso- 
ciation due to multiple excitation in the Lyman bands ensures 
that a substantial zone of atomic gas, like the initial Strömgren 
sphere, will form within the time scale required for the new star 
to attain main-sequence equilibrium. For most cases the ultra- 
violet intensity at the dissociation front is such that multiple 
excitation will persist for some time and permit the relatively 
rapid development of an H i zone. As the H n region begins to 
expand, the dissociation front continues to progress into the 
molecular gas. The lower luminosity stars (e.g., B2) will even- 
tually dissociate to radii of more than 5 times their ionization 
boundaries, whereas for earlier types (e.g., 05) the dissociation 
does not extend beyond 1.5 times the ionization radii. The 
width of the dissociation zone will begin to decline when multi- 
ple excitation is no longer effective and advancement of the 
dissociation front falls below the expansion rate of the shock 
and ionization boundary. Ultimately the shock front will over- 

take the dissociation region. The layer of shocked H i will have 
a thickness and density limited probably by magnetic pressure. 
With sufficient compression, the high densities in the layer will 
promote H2 re-formation resulting in a pressure reduction, 
further compression and accelerated cooling through H2 rota- 
tional transitions. As a fraction of the main-sequence 
(hydrogen-burning) lifetimes, the end of the unshocked disso- 
ciation zone will occur at a time determined mainly by the 
density of the surrounding gas. For gas densities in excess of 
1000 atoms cm-3 this time may be only a few percent of the 
main-sequence lifetime, whereas for densities less than 30 
atoms cm-3 the H i zone may persist for more than half the 
stellar lifetime. Since the lifetimes of the stars in the range we 
consider vary over an order of magnitude, there will be a simi- 
lar variation in the actual lifetimes of the associated disso- 
ciation zones for any given mean density in the surrounding 
gas. 

Conditions in the unshocked H i zone do not appear to 
reach an equilibrium state in which the net dissociation and 
re-formation rates are equal before the zone is overtaken. The 
following simplified expression for dissociation-re-formation 
equilibrium, similar to one given by Hill & Hollenbach (1978), 
can be numerically integrated from the ionization boundary at 
r0 to a point where dissociation is almost complete: 

-3 
”H2 2Rn, + I0(r0/r)2ßN^l2e~KN' Cm ’ 

where nt and nn2 are the proton density and the density of H2, 
respectively, and the iV’s are the corresponding column den- 
sities. R is the molecule re-formation rate, 70 = 0.23£o s “1 is 
the unshielded dissociation rate at radius r0, and K is the 
absorption coefficient of the dust. This relation employs the 
simplifying assumption that all Lyman-Werner absorptions 
are from the ground vibrational state. For the case of nt = 300 
protons cm ~3 and a T,« = 30 kK the expression yields a radius 
of the dissociation front of ~3.2 pc, and a column density of 
~2.9 x 1021 cm-2. These values are similar to the correspond- 
ing model results at the time of catch-up. 

In constructing our model, most of the assumptions we have 
made have been conservative ones in the sense that they would 
tend to underestimate the rate and extent of the dissociation. 
This is particularly true for the treatment of the ultraviolet 
illumination which ignores Lyman-a and secondary Lyman- 
Werner band photons, for the treatment of the rotational line 
splitting, and for the neglect of dissociation of H2 formed from 
the ionization of vibrationally excited molecules (Stecher & 
Williams 1978). 

TABLE 3 
Comparison of Radiative Output from Early-Type Stars in Ionization and Dissociation Bands 

7¡ffa Nion
b AUoc Nv=l Nv=2 Nv _ 3 Nv=a Nv=5 Nv=6 Nv=7 Nv=8 Nv=9 Nv=í0 Nv=íí Nv=í2 Nv=13 Nv=14. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) 
20 
25 
30 
35 
40 
45 

a Units are 103 K. 
b Derived from Panagia 1973. Units are 1047 photons s~ ^ 
c Integrated over dissociation bands using stellar fluxes from Kurucz 1979 and stellar radii from Panagia 1973. Units are 1047 photons s~ ^ 

0.0024 
0.089 
1.4 

14 
68 

270 

1.2 
6.8 

20.6 
39.9 

102.5 

1.9 
10.2 
29.3 
54.4 

137.7 

1.9 
9.9 

27.6 
49.7 

125.0 

1.7 
8.2 

21.4 
36.7 
89.1 

2.9 
13.5 
35.0 
60.1 

146.5 

2.9 
13.0 
33.1 
56.6 

137.1 

3.1 
13.5 
33.6 
57.1 

137.0 

3.2 
13.5 
33.6 
57.4 

136.6 

3.4 
14.3 
35.8 
61.7 

145.9 

3.3 
13.4 
33.5 
57.7 

136.0 

3.5 
13.8 
33.9 
58.4 

136.4 

3.6 
13.9 
34.0 
58.7 

136.6 

3.6 
13.9 
34.1 
59.1 

136.8 

3.3 
12.8 
31.5 
54.5 

126.5 

3.6 
13.9 
34.3 
59.6 

137.3 
205.1 272.2 245.2 172.5 284.1 265.6 264.9 264.1 282.0 262.7 263.2 263.5 263.8 244.4 264.5 
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4.2. Detectability o/H i Zones 
The general problem of observing any H i feature in 21 cm 

emission is that of being able to discern the feature from the 
background of widely distributed low-density atomic hydro- 
gen kept dissociated by the general interstellar UV radiation. 
With sufficient resolution H i zones formed by the specific dis- 
sociation of molecular hydrogen can usually be identified by 
their special morphology relative to the associated H n region 
or far-infrared source. Ease of detection will be determined by 
the masses and column densities of the H i at the particular 
time in the zone’s evolution. Clearly low-density surroundings 
favor large total masses and the length of time for which a zone 
will survive. On the other hand, greater surrounding gas den- 
sities will yield higher column densities at the time of peak 
prominence of an H i zone, making it, for a period, easier to 
discern against the general background. The stellar luminosity 
will largely determine the prominence of the H i zone relative 
to that of the associated H n region. Stars with higher effective 
temperatures will produce extensive ionized regions with rela- 
tively thin zones of H i, whereas stars with lower effective tem- 
peratures will ionize much smaller regions but still produce 
relatively substantial atomic zones. 

The state of the atomic gas is indicative of the main- 
sequence age of the star and its H n region. The unshocked H i 
zone develops early in the star’s lifetime and is transformed on 
the time scale of the expansion of the ionized region to a 
narrow shocked layer, which is slowly eroded by ionization. 
The shock decelerates and postshock gas ultimately becomes a 
subsonic flow of ionized and atomic gas. With any decline in 
luminosity in the later stages of a star’s main-sequence lifetime, 
recombination of this ionized outflow may occur and again be 
detectable as an atomic zone. 

4.3. Comparisons of Observations with the Models 
Observations of a number of H i zones described in the 

literature have yielded parameters which can be compared 
with our model calculations. Parameters for a selected group 
of these are summarized in Table 4. The table lists the density 
(rz), radius (R), and mass (M) for the H n and H i components, 
the emission measure (EM) of the ionized gas, and the column 
density (iV,) and expansion velocity (k¡) of the atomic com- 
ponents for the sources described in the following paragraphs. 

At least three examples of easily detected H i zones sur- 
rounding small faint H n regions are known. The first is that 
surrounding the star LkHa 101 and near its associated reflec- 
tion nebula NGC 1579 and an elongated dark cloud. Observa- 
tions of 21 cm emission (Dewdney & Roger 1982) show ~85 
Mq of H i in a cloud ~ 3.5 pc across surrounding an H n 
region, detected in thermal continuum radio emission 
(Dewdney & Roger 1986), of approximately one-tenth the 

linear size and comprising ~0.1 M© of ionized gas. High- 
resolution observations show a prominent circumstellar com- 
ponent in the ionized gas which corresponds to a region of 
mass outflow (Purton et al. 1982). Densities in the H n region 
are close to an order of magnitude higher than in the area of 
the H i zone. Taking this factor into account, we have com- 
pared the measured parameters with model calculations for 
various combinations of density, stellar temperature, and age, 
and find the observations consistent with a star of effective 
temperature near 25 kK, gas densities varying from 1000 cm-3 

near the star to ~ 100 cm-3 in the H i, and an age of < 104 yr. 
Since expansion of the ionized gas has not yet occurred, a 
negligible amount of the dissociated gas should have accumu- 
lated in a shocked shell. None was detected. 

The second example is the H i cloud of ~ 1.4 M0 recently 
discovered to be associated with the far-infrared source IRAS 
23545 + 6508 (Dewdney et al. 1991). Observations have 
revealed weak continuum emission at 2 = 6 cm (S ^ 1 mJy), 
which is consistent with an H n region of mass 6.6 x 10-4 M0 
surrounding an exciting star of spectral type near B3 (Teff ^ 18 
kK). As with LkHa 101, the observations indicate a higher 
density (n ^ 300 cm-3) in the ionized gas than in the H i zone 
(nHI ^130 cm-3). Again, the results are consistent with our 
models for an age of ~ 104 yr. Similar associations of H i 
clouds with far-infrared emission probably hold out the best 
hope for detecting specific dissociation regions for which the 
H ii emission is obscured in the optical and too weak for easy 
detection in radio continuum emission. The dust coexistent 
with the atomic gas is heated mainly by photons in the same 
energy range as those responsible for dissociation, so it is to be 
expected that, to a first order, the dust emission at 60 and 100 
pm will show a distribution similar to that of the H i. 

A third case of an H i zone surrounding a faint H n region is 
that reported by Rodriguez et al. (1990) surrounding the star 
SYS 3 associated with the reflection nebula NGC 1333 at a 
distance of ~ 350 pc. The flux density of the thermal emission 
indicates that the star is of spectral type B3.5 ZAMS (Teff ^ 
16.6 kK), although its bolometric luminosity suggests B5-B6 
ZAMS. The mass of H i is 0.017 M0, a factor of ~ 1000 greater 
than the ionized mass. The mean densities of the H i and the 
H ii implied by the observations are both ~ 5000 cm - 3, signifi- 
cantly higher than the densities for the two previous examples. 
Although the stellar and density parameters are just out of the 
range of our models, the observations seem consistent with 
extrapolations from the model predictions for excitation by a 
star of TM = 16.6 kK in gas of this density, provided that the 
region is at a very early stage of its evolution. 

An excellent example of a developed H i zone surrounding a 
known H n region is that associated with IC 5146, excited by 
the B0 V star BD +46°3474 (Roger & Irwin 1982). In this case 

TABLE 4 
Comparative Observational Examples 

Teff Mn EM Ru nn Mj N, Rj nj Age exp 
Object (kK) (M0) (cm-6 pc) (pc) (cm-3) (M0) (cm-2) (pc) (cm-3) (yr) (kms-1) 

SYS 3  16 <1.4 xlO-5 >1.3 xlO5 0.0025 >5000 0.017 6 x 1020 0.03 6000 ~103 

23545 + 6508   18 6.6 x 10-4 6200 0.025 340 1.4 0.9 x 1020 0.4 133 <104 0 
LkHa 101   25 0.1 105 0.15 1000 85 13 x 1020 1.7 100 104 0 
Sh 187   30 7.3 10800 0.8 150 60 12 x 1020 1.7 240 1.5 x 105 

IC 5146  30 9.8 7900 1.1 110 450 6 x 1020 3.0 200 105 2.3 
NGC 281   40 2200 6200 10 20 > 3500 1.1 x 1020 40 20 105 6.0 
Sh 142   45 4000 15800 13 30 ~ 3000 4 x 1020 13 ... 105 
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the H ii region comprises 10 M0 within a radius of 1.1 pc and 
is surrounded by a atomic zone of ~450 M0 within a radius of 
~3.5 pc. Evidence that the system is more evolved than the 
two regions cited above is that the mean density in the ionized 
gas is about a factor of 2 less than the mean atomic density 
(%, 200 cm ~3), plausibly as a result of expansion. The 
observed parameters are consistent with our model predictions 
for a star of effective temperature 30 kK and an age near 105 yr. 
At this stage in the development the model predicts that ~5% 
of the dissociated H i should be within the shocked shell 
advancing at approximately 5 km s_1. The distribution of the 
H i emission in angle and radial velocity was interpreted 
(Roger & Irwin 1982) as indicating a general outward expan- 
sion of all the atomic gas at ~2.3 km s-1. In light of this 
prediction, however, a distribution with a mainly quiescent 
component plus a small shocked component should be tested 
against the observations. 

A rather similar example is the H i zone associated with the 
H ii region Sharpless 187 as described by Joncas, Durand, & 
Roger (1991). The region, probably excited by a BO star, is 
partially optically obscured by the associated molecular cloud. 
There is evidence of“ champagne-type ” outflows from the rela- 
tive velocities of the molecular, atomic, and ionized com- 
ponents. 

Comparisons of highly evolved H n/H i systems with the 
models are generally more difficult because of the expansion of 
the nebulae into diffuse and possibly irregular surroundings. 
H i zones may be fragmentary and incomplete. NGC 281 is an 
extended emission nebula excited by the 06.5 V star HD 5005 
and the 08 V star HD 5005C. Associated H i was first detected 
by Riegel (1967) and mapped in detail by Roger & Pedlar 
(1981). The ionized gas extends to radii of ~10 pc and the 
atomic gas to ~ 40 pc. Densities for both components are near 
20 cm “3. The extent and total mass ( ~ 2200 M0) of the ionized 
gas and the presumed stellar excitation suggest an age near 106 

yr. At this time the model would predict that a substantial 
fraction of the dissociated gas is entrained behind the shock 
front, which would be advancing at a velocity in the range 3-6 
km s_1. The observations show ~3500 M0 of H i in a broad 
band extending over half the perimeter of NGC 281 centered 
to the southeast of the source. From the distribution in angle 
and velocity Roger & Pedlar have concluded that this emitting 
region is expanding outward at ~6 km s-1. It is likely, then, 
that the shock and ionization fronts in an evolved H ii region 
such as this have become convoluted and that, in projection, 
the postshock atomic gas appears as a broad band of emission. 
Atomic gas farther from NGC 281, but still clearly associated 
with it, shows a distinctly narrower profile in velocity. 

The H ii region Sharpless 142, excited principally by the 06 
V star DH Cep in the open cluster NGC 7380, also shows 
associated atomic hydrogen in a partial fragmented shell 
(Joncas et al. 1985). The total mass of ionized gas, 4000 M0, 
and that of the associated atomic component, ~3000 M0, are 
comparable to the estimated ~5600 M0 of molecular gas 
(Joncas, Kömpe, & de la Noë 1988), indicating that the ioniza- 
tion and dissociation processes are rapidly engulfing the avail- 
able material. From the estimated age of the cluster, ~2 x 106 

yr, and the stellar excitation (Teff ^ 45 kK), our models suggest 
that virtually all the dissociated gas should have been over- 
taken by the shock front. The H i gas distribution is complex, 
but there is some indication from spectral profiles that it may 
be shocked. 

A few other regions which show dissociated gas, such as 

those toward the complexes W3 (Read 1981a) and W58 (Read 
1981b), show evidence of more than one source of excitation 
and of components at various stages of evolution. It is there- 
fore much more difficult to compare the observations of H i 
emission from these regions with the model predictions. 
However, H i in absorption of the strong continuum emission 
from these compact H ii regions has been detected and has 
revealed the shocked atomic gas. In studies of H i in absorp- 
tion toward Orion A, van der Werf & Goss (1989) detect three 
distinct components of H i : first, the atomic envelope of the 
associated background molecular cloud; second, a swept-up 
layer of gas which shares the same velocity field as the ionized 
gas; and third, what is probably an intervening layer of photo- 
dissociated gas not yet overtaken by the shock front. Van der 
Werf & Goss estimate that the ratio of column density in the 
unshocked component to that in the shocked component is 
about 2:1. For their parameters of stellar effective temperature 
in the range 40-45 kK and an ambient density in the range 
300-1000 cm-3, our model would predict a column density 
ratio between 1.7 and 3.8 for the estimated age of the Orion 
complex, 5 x 105 yr. 

4.4. Related Observations in Other Bands 
Since the dissociation process results from the radiative exci- 

tation of hydrogen molecules, concomitant fluorescence in the 
infrared will occur in the dissociation fronts as the molecules 
relax through vibrational-rotational levels. Black & van Dis- 
hoeck (1987) have modeled the radiative excitation process and 
have shown that it can be distinguished from the more 
common thermal collisional excitation by a significant popu- 
lation of vibrational levels v >2. Intensity ratios of lines near 
2 = 2 jum which reflect this difference have been used by Gatley 
et al. (1987) and Sellgren (1986) to show the presence of UV- 
pumped fluorescence in a number of regions principally classi- 
fied as reflection nebulae and excited by stars in the spectral 
range B1-B3. Hayashi et al. (1985) have also detected a radi- 
atively excited component to the fluorescence near the Orion 
Nebula. However, with the exception of Orion, none of the 
other detections coincide with objects for which dissociation 
zones in H i have been mapped. Clearly some of the young 
regions with advancing dissociation fronts, such as SYS 3, 
LkHa 101, and IRAS 23545 + 6508, are prime candidates for 
searches for fluorescence, although the densities may be lower 
than for regions in which detections have so far been made. 

Broad-band emission in the range 500-900 nm, termed 
“ extended red emission ” (ERE), has been detected in a number 
of reflection nebulae (e.g., Witt & Boroson 1990), often coin- 
cident with regions of H2 fluorescence. Duley (1985) suggested 
that the emission is due to luminescence excited by high UV 
flux levels incident upon hydrogenated amorphous carbon 
grains. Duley & Williams (1990) note that the conditions of 
high flux, high H-atom abundance, and elevated temperatures 
likely to be found in young dissociation fronts are probably 
ideal for rapid rehydrogenation of grains, and hence for the 
detection of ERE. 

Carbon is singly ionized by photons of 2 < 113 nm, in the 
same energy range as the Lyman band photons responsible for 
dissociation. Since, however, the ionization is achieved with 
continuum photons, the process can advance into the molecu- 
lar gas ahead of the dissociation. The fine-structure line of C+ 

at 158 jum constitutes the major coolant of the regions either 
side of the front. This line has been observed with airborne 
telescopes in a number of transition zones between H n regions 
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and associated molecular clouds (e.g., Russell et al. 1981 ; Lane 
et al. 1990). Tielens & Hollenbach (1985b) have modeled the 
emission in this line and several others to match observations 
of the Orion Nebula. Current detections of C+ emission are for 
compact regions of higher density than those considered in our 
model calculations, although column densities are similar. As 
sensitivities improve and imaging without the limitations of 
restricted chopper throw become possible, the extended diffuse 
H i zones will become amenable to study. Similar consider- 
ations apply to observations of other spectral lines in the far- 
infrared, in particular the 63 /¿m line of [O i], which will be a 
major coolant in the regions of young dissociation fronts with 
elevated temperatures due to dissociation heating. Also in the 
far-infrared, measurement of the Brackett and Pfund series in 
the atomic zones, particularly for very young objects, may be 
fruitful. Kwan & Alonso-Costa (1988) have modeled the pro- 
cesses which involve absorption of the sub-Lyman continuum 
(91-113 nm) to produce enhanced emission in Bra and Bry. 
The region of LkHa 101 is one of several which display strong 
Brackett and Pfund lines (Simon & Cassar 1984) but the broad 
line widths suggest that the emission is from stellar outflow 
material rather than from the diffuse H i. 

An inspection of the far-infrared continuum emission at 60 
and 100 //m in images of the extended diffuse H i zones 
observed with the IRAS satellite reveals emission regions 
similar in size to the dissociation zones. This is consistent with 
our knowledge that the dust component of the gas surrounding 
an H ii region is heated primarily by the sub-Lyman UV 
photons in a similar energy range to that of the Lyman-Werner 
bands. Furthermore, for a star optically obscured on all sides, 
we would expect the integrated far-infrared luminosity of the 
region to be close to the stellar luminosity of the exciting star. 
The integral estimated from IRAS flux densities for the H i/IR 
source IRAS 23545 + 6508 has been used (Dewdney et al. 1991) 
to imply a B3 star as the source of excitation, consistent with 
the excitation parameter derived for the faint H n region 
detected in 6 cm continuum emission. The IRAS data should 
be used for first-order analyses of the variation of dust condi- 
tions in different H i zones and as a function of radius from the 
exciting star(s) within each region. 

4.5. Refinements to the Modeling 
For the purposes of this description we have deliberately 

restricted the model to default values of a number of param- 
eters which could be varied. With minimal effort the sensitivity 
of the model to variations in these parameters could be tested. 

Since our prime interest is in determining the evolutionary 
development of the various components of the interstellar gas 
and dust in the neighborhood of O and early B stars, it is of 
some importance to be able to model the time variation of 
luminosity and temperature (UV continuum spectrum) of the 
stars before, during, and following their main-sequence life- 
times. Recent models of the evolution of massive stars (e.g., 
Maeder & Maynet 1989) are now sufficiently detailed that this 
could be attempted. Of particular interest is the onset of disso- 
ciation and ionization as a new star approaches the main 
sequence. 

Our assumption of constant luminosity during the main- 
sequence lifetime needs scrutiny. A decline in luminosity or 
effective temperature, perhaps due to substantial mass loss, 
could result in a retreat of the ionization front, leaving a 
recombined H i zone with outwardly directed momentum. A 
similar situation may also arise at the end of the main- 

sequence lifetime, although we would expect it to be more 
difficult observationally to relate recombined gas concentra- 
tions to particular exciting stars at this stage. 

We have assumed constant gas densities in the present 
description, although such an assumption is not realistic. The 
present model is capable of treating a specified monotonie 
density decline, and consideration should be given to extend- 
ing the model to arbitrary density distributions. Certainly, 
some investigation of the role played by the portion of a pro- 
tostellar cloud which has escaped collapse could be fruitful. 
Such circumstellar gas is likely to be of much higher density 
than the general surrounding medium and will be the first to be 
affected by the stellar radiation. The compact component of 
the H ii region of LkHa 101 (Dewdney & Roger 1982) is prob- 
ably the ionized remnant of such a cloud. 

Our present treatment does not adequately consider the very 
late stages of the advancement of the shock and ionization 
front into the dissociated gas. Depending upon the degree of 
compression in the shocked H i shell, re-formation of H2 mol- 
ecules may possibly occur here before the so-called catch-up 
time and even alter the penetration of the ultraviolet to the 
unshocked gas beyond. With realistic estimates of magnetic 
fields, which are likely to limit the pressures and densities in the 
shocked shells, the model could be extended to include these 
effects. In this regard it is interesting to note that none of the 
observations of H i zones in emission appears to show a narrow 
zone, even in cases for which the detected expansion of the 
atomic gas would suggest that the H i has been shocked. 

Star formation near the edges of molecular clouds is com- 
monplace, and blister and champagne models (Zuckerman 
1973; Tenorio-Tagle 1979) have been developed to aid in the 
interpretation of the observations of such regions. An exten- 
sion of our model to adequately accommodate the variations 
in density inherent in blisters and champagne flows would be a 
major undertaking, requiring a full treatment of the dynamics 
of ionized and dissociated components. In the present work we 
justify ignoring the dynamics of the atomic gas on the grounds 
that the pressure which would cause the dissociation zone to 
expand is typically a factor of about 8 less than that in the 
ionized region. This will not be the case in early times near the 
dissociation front, where heat of dissociation raises the gas 
temperature above 1000 K, or in the layer of newly shocked 
gas prior to cooling. Density or pressure discontinuities con- 
ducive to champagne flows will seriously affect the dynamics of 
the ionized gas, and to a lesser extent the surrounding neutral 
material. The inclusion of a comprehensive treatment of the 
time-dependent photodissociation process in hydrodynamic 
codes such as that of Bodenheimer, Tenorio-Tagle, & Yorke 
(1979) would provide valuable insight into the evolution of 
atomic zones in nonhomogeneous regions. 

Finally, extensions to the model which will enable the pre- 
diction of other observable parameters in the dissociation 
front, in the shocked and unshocked components of the atomic 
gas, and in the associated dust component are of considerable 
interest. In particular, the intensities of the fluorescence lines of 
H2, the cooling lines of [C n] and [O i] at 158 and 63 /un, and 
predictions of the continuum emission from the UV-heated 
dust are particularly relevant to observations employing 
current and planned instruments for the far-infrared. 

It is a pleasure to thank D. Carrier, N. Robert, F. Piché, and 
D. Blouin for assistance with the model computations. We 
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have benefited at various times from discussions with C. R. for a critical reading of the manuscript and for useful com- 
Purton, W. H. McCutcheon, G. Joncas, P. van der Werf, and ments. We thank the referee for suggestions which have 
D. J. Hollenbach. We are particularly indebted to C. Rogers improved the paper. 
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