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ABSTRACT

Models of ionization fronts located at the edges of expanding H 11 regions are presented. These fronts are
of the weak D-type and are preceded by shocks in the H 1 clouds. Since the energy input time is smaller than
the cooling time, the gas is found to heat up to a high temperature immediately following ionization. At the
trailing edge of the front, the temperature decreases and the ionized gas merges with the main bulk of the
nebula where the physical processes are in equilibrium. The emission in [O 1] and [N 1] lines is greatly enhanced
because of the high temperature at the front. The emission in these and other important lines is calculated
and compared with HB. Effects of different velocities of flow, of different exciting stars, and of different gas
densities on the structure of the fronts are also investigated.

Observations of bright rims of H 1 regions where enhanced emission of [N 1] lines has been reported are

discussed on the basis of these models.
Subject heading: nebulae

I. INTRODUCTION

H 11 regions are known to expand into the surround-
ing H 1 clouds due to the existence of a pressure
gradient across the ionization front (Oort 1954; Kahn
1954; Oort and Spitzer 1955; Savedoff and Greene
1955). The initial expansion produces a shock which
propagates into the H 1 cloud. Behind the shock the
density rises as the shock-deposited energy is dissipated
in the form of radiation. Inside the ionized volume the
decrease in density due to the expansion makes more
ionizing photons available, and the ionization front
moves outward following the shock. After a time short
compared with the lifetime of the H 11 region the
cloud settles down to the following configuration:
(i) an ionized volume of gas where equilibrium con-
ditions prevail: (ii) a transition region, the ionization
front, where dynamical effects are important; (iii) a
shocked shell of neutral matter cooled to its preshock
temperature into which the ionization front is moving;
(iv) a shock front ahead of this neutral shell; and
(v) an undisturbed H 1 region outside the shock front.
The entire configuration grows in size until the ex-
citing star evolves off the main sequence. This picture
assumes an infinite extent for the cloud.

Since the expansion of an H 11 region lasts for a
longer time than the typical time scales of recombina-
tion and cooling in a dilute gas, at the trailing edge
of the ionization front (adjacent to the equilibrium
H 11 region) the gas is nearly in a state of equilibrium
while in the ionization front and at the leading edge
(close to the dense neutral matter) large deviations
from equilibrium conditions may occur. For a mature
H 11 region, i.e., one with its age large compared with
the formation time (Mathews and O’Dell 1969), the
acceleration of the ionization front itself is negligible,
and in a frame of reference moving with the ionization
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front the structure of the front can be assumed to be
stationary.

Observations of the emission lines in H 11 regions
have provided valuable information on the physical
nature of the ionized gas, its distribution and kine-
matical properties within the nebula. Depending on
the physical conditions and the distribution, certain
lines are enhanced in certain parts of the nebula.
In particular, the [N 11] lines AA6548, 6583 have been
found enhanced near the bright rim structures ob-
served in many of these nebulae (Courtés, Louise, and
Monnet 1968, 1969; Foukal 1969; Louise and Sapin
1973; Bohuski 1973). These lines have been ex-
tensively used along with He to investigate the thermal
condition, the turbulence, and the abundance of
nitrogen in diffuse nebulae. The ratio I(A6583)/I(He)
has been found to increase toward the edges of these
nebulae. Since He is a recombination line and de-
pends weakly on temperature whereas the [N 1] 6583
is collisionally excited and involves a Boltzmann
factor, the high value of I(16583)/I(H«) has often been
interpreted as the evidence of high temperature at the
rims.

Equilibrium models of H 1 regions (Hjellming
1966; Rubin 1968) do show a rise in temperature in the
outer parts. However, because of the expansion the
outer parts deviate significantly from equilibrium con-
ditions (Mathews 1965), and a proper understanding
of the physical conditions near the edge of an H 11
region requires the application of a dynamical theory
to ionization fronts. The peculiar behavior of the
[N 1] lines near the bright rims is to be understood
in the light of such a theory.

We present models describing the ionization, the
thermal and the emission-line structure of ionization
fronts surrounding H 11 regions which are beyond their
initial phase of expansion. We have assumed a steady
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flow in the comoving frame of the ionization front.
Similar models were computed by Hjellming (1966).
These were limited by the then existing knowledge
of the physical processes in gaseous nebulae. No
attempt was made in this earlier work to obtain the
emission-line structure near the edge. We shall find
that the results of the present models are notably
different from these earlier models.

We have included hydrogen, helium, oxygen, and
nitrogen as the basic constituents of the H 1 region.
Of the other light elements, doubly ionized neon is an
important source of cooling in an H 1 region but
theoretically very little of it is expected in the vicinity
of an ionization front. Carbon has also been left out
because both the singly and the doubly ionized species
of carbon are unimportant in cooling processes. The
heavy elements do not contribute to the opacity
either, owing to their relatively low abundances. For
simplicity dust and magnetic forces are also left out
of the present models.

II. THEORY

We consider a frame of reference moving with the
ionization front. In this frame neutral gas is flowing
in at the leading edge of the front, is getting ionized,
and is merging into the equilibrium region at the
trailing edge. The structure of the front is assumed to
be stationary in this comoving frame. Since the spatial
extent of the ionization front is small compared with
the size of the H 11 region itself, its curvature is ne-
glected and the front is assumed to have plane-parallel
symmetry.

The flow of the gas through the ionization front is
described by

d

< () =0, 1)
du ldp

“ZT =0 @

Here u denotes the velocity of an element of gas in
the moving frame of the front, p the density of the
gas, and p its pressure. The quantities p and p can be
expressed in terms of the number densities of hydrogen
and helium Ny, Ny, their fractional ionization x and
¥, and the temperature T of the gas (Hjellming 1966):

P = mHNH + mHeNﬁe ) (3)
p=(+XINkT + (1 + YNukT. (@)

The physical processes in the front are dominated
by the absorption by the gas of the stellar photons of
energy larger than or equal to the Lyman threshold
energy. For a plane-parallel ionization front, the
mean intensity of stellar radiation at any point in the
front is given by

4mJ(2) = dmJi(z = 0) exp (- fo ) kvdz’) .06
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where k, is the absorption per unit length. The
point z = 0 corresponds to a distance r from the star,
close to the Stromgren radius for the static H n
region with the given star and density.

Because of their high abundances, hydrogen and
helium are the main sources of opacity in a nebula.
The differential monochromatic optical depth is given
by

dr, = [Ngoa,(H) + Nyeea,(He)ldz, (6)

where a,(H) and a,(He) are the ground-state photo-
ionization cross sections of hydrogen and helium,
respectively, and Nyo, Ny, are the number densities
of hydrogen and helium atoms. If the optical depths
at the Lyman and He 1 thresholds be denoted by =y
and 7y, and the corresponding frequencies by », and
vy, respectively, 7, can also be written as

n@) = 2 o) + 2B . )

The ionizations of hydrogen and helium are de-
termined from

d “ 4xl,
d_z(uNH+) = —Ngo Lo "

—0.964NH9+NeaB(HC) + NH"'NeOCB(H) s

®)
d ® 4ml],
2 (Nge) = — Ny j T aHed
+NHe+ eaA(He) s (9)

where J, denotes the mean intensity of radiation in-
cluding a diffuse component due to recombinations
to the ground state of helium, N, is the electron
density, and «z(H), o4(He), oz(He) are the recombina-
tion coefficients with the subscripts 4 and B re-
spectively denoting whether recombinations to the
ground level of the atoms are included or not. In
equation (8) we have taken into account the ionization
of hydrogen by the recombination line radiation of
helium and have used the “on the spot” approxi-
mation for the absorption of diffuse radiation from
ground-state recombinations of hydrogen and helium
(Hummer and Seaton 1964; Osterbrock 1971).

It is important to know the ionization structure of
oxygen and nitrogen because of the different cooling
efficiencies of their various ions. Oxygen can be doubly
ionized in an H 11 region while nitrogen can be triply
ionized. There is a negligible amount of N*2 in an
ionization front; hence only two stages of ionization
of each of these elements are considered.

The process O° + H* & O* + H° is resonant,
and the charge-exchange cross sections is very large.
It has been found that even in an H 11 region charge
exchange with protons dominates over the photo-
ionization of O°. Moreover, since the charge-ex-
change relaxation length is very small, the ionization
of O° at any point in the front is determined by the
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local ionization of hydrogen. Following Field and
Steigman (1971) and also Brown (1972), we write
NO*) _ 8 Nu+
N(O° ~ 9 Ngo (10)

The relative concentration of O** at any point in the
front is determined from

® 4n ]S
2.59v9 hv
+NO**)N,(O%) . 11

Steigman, Werner, and Geldon (1971) have calculated
the charge-exchange cross sections and rate co-
efficients for charge exchange between protons and
N° atoms. For temperatures and densities of interest
in nebular work, the rate coefficients are found to be
larger than the radiative recombination rates. The
fractional ionization of N° is then given by

N(N*) _ R(NH*) Ny | 12)
N(N%) ~ R(N*H) Ny

where R(INH*) and R(N*H) are the rate coefficients
for charge exchange between N° atoms and protons
and between N* ions and hydrogen atoms, re-
spectively. The concentration of N*+ is determined
from an equation similar to (11). The thermal struc-
ture of the ionization front is calculated from

Qg dU | v
P =Pty (13)

di; [uN(O**)] = —N(O™) a,(O*)dv

where U denotes the internal energy per gram, V the
specific volume, and Q the total energy per gram of
material. The ionization energy is subtracted out of
Q and hence is not included in U. The left-hand side
of equation (13) equals I' — A where T is the energy
gain in ergs cm~% s~! and A the energy loss in the
same units. Equation (13) can be simplified with the
help of (2) to

d p 1 .\
puaE(U+;+§u)—A—-I‘, (14)

where we have replaced d/dt by —ud/dz. The internal
energy U is given by
_3d+xn+d+p4

v 2 my + my.A

kT,

where A is the abundance of helium by number with
respect to hydrogen.

Evaluation of I' and A has been discussed exten-
sively in literature (Spitzer 1948, 1949; Spitzer and
Savedoff 1950; Burbidge, Gould, and Pottasch 1963).
In the present work the heating through the ionization
by 1_Siii’fuse radiation of helium has also been included
inT.

The surface fluxes of the ionizing stars are taken
from the model atmospheres of Hummer and Mihalas
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(1970). The radii are obtained from Morton’s (1969)
data on O stars in conjunction with Morgan’s (1972)
calibration of the spectral type and M, for these stars.
The photoionization cross sections have been obtained
from Bethe and Salpeter (1957), Bell and Kingston
(1967), and Henry (1970). Many of the collision
strengths used for the computation of collisional
excitation have come from the work of Saraph,
Seaton, and Shemming (1969). Radiative recombina-
tion coefficients are determined by using the ex-
pressions of Seaton (1959) for all except helium for
which the data of Brown and Mathews (1971) have
been fitted to suitable formulae. For computation of
the line strengths we have used the atomic data of
Pengelly (1964) and Brocklehurst (1971, 1972).

The structure of the ionization front is determined
by the stellar flux incident at the trailing edge and by
physical conditions in the neutral gas ahead which
have been modified by the shock progressing into the
undisturbed material. Unfortunately there is no simple
way of relating the strength of the shock to the type
of the star and the initial density. The upstream con-
ditions are determined by the previous dynamical
history of the nebula. The velocity of the gas as it
emerges from the trailing edge of the front is related
to the upstream conditions through the equation of
continuity and cannot be known a priori. This velocity,
denoted by u;,, is taken as an input parameter in the
present problem.

Beyond the initial phase of expansion when the
shock has separated appreciably from the ionization
front, the ionization front is of the weak D-type in
which the flow is subsonic both ahead of and behind
the front (Mathews and O’Dell 1969). From a con-
sideration of time scales, an H 11 region is supposed
to have a weak D-type ionization front for the major
part of its life. Hence the models described in the
present work all refer to weak D-type ionization
fronts.

Given a star and a gas density, it is possible to
compute the model of an equilibrium H 11 region.
Since the dynamical effects are important in the outer
parts of a nebula, the equilibrium parameters at the
very edge would in general be different from the values
obtained from a dynamical model. However, at the
trailing edge this difference is not very large and can-
not propagate very far into the H 11 region, since the
dynamical calculations (Mathews 1965) indicate that
the bulk of an H 11 region can be described rather well
by equilibrium models. We start the calculation by
considering a point in the H 11 region, not far from
the edge. We then assume reasonable values for the
optical depths at the Lyman threshold and at the He 1
threshold at this point. It is then possible to calculate
the temperature and ionization by solving the equa-
tions of ionization and thermal equilibria. A guess at
the velocity u;, then gives a sufficient number of initial
conditions to numerically integrate the equations of
the front. Depending on the choice of u;,, the inte-
gration across the front yields different values of
temperatures and densities for the neutral gas where
the ionization goes to zero. Since the upstream density
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and temperature are not specified, there is a range of
values of u;, that gives acceptable solutions for a weak
D-type ionization front.

We integrate the dynamical equations ““backwards”
(i.e., toward the star) and obtain values of the physical
variable at an inner point. These values are better
than the original, rather arbitrary, guesses because
the solutions relax towards the equilibrium solution
in the backward integration. We then start from this
inner point (z = 0) and integrate forward to obtain
the structure of the ionization front. The boundary
conditions at the leading edge are not specified by any
fixed value of temperature or of the velocity u;, but
we do require x — 0, y — 0, and T — 0 at the leading
edge. It is also required that the velocity at the leading
edge be less than the local sonic velocity. For an
integration that does not satisfy these conditions the
whole procedure is repeated with a different choice
of the optical depths and u;,. A second-order predictor-
corrector scheme is used for the integration of the
differential equations.

The origin of the spatial coordinate z corresponds
to the starting point of the final integration for any
model. In reality it corresponds to a position r, close
to the outer edge of an H 11 region. The flux at this
point can only be computed when r, and hence the
spatial dilution of the radiation is specified. The
optical depths 5 and =y, are also functions of this
distance but their dependence on r, is weak since the
gas in the H 11 region is almost completely ionized, and
it is only at the edge that the optical depths start in-
creasing very rapidly. For all the models to be dis-
cussed r, has been chosen to correspond to 0.9R,,
where R; is the Stromgren radius of the H 11 region.

III. RESULTS

Table 1 summarizes the models computed in the
present program. The abundances chosen for all the
models except model 7 are N(He)/N(H) = 1071,
N(O)/N(H) = 1073, and N(N)/N(H) = 10~% Inmodel
7, the helium and oxygen abundances are kept the
sa(l)m4e but the nitrogen abundance is increased to 6 x
10-¢

We now discuss the main features of a typical model.
Figure 1 shows a plot of the hydrogen and helium
ionization for model 2. The exciting star would be
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Fi1G. 1.—The ionization structure of H and He for model 2
(Totr = 50,000 K, Ny = 10cm ™2, up = 2.5 kms~?).

far to the left in the diagram, and the shock is to
the right. The decrease in the ionization is smooth, the
changes being rather sharp near the leading edge. The
thickness of the ionization front is approximately
equal to the mean free path of an ionizing photon. In
the frame of reference of the ionization front the gas
is flowing in toward the star while the distance is
taken to be increasing away from the star. Since the
ionization front is moving into the neutral material
ahead of it, ionizations dominate over recombinations
at all points in the front. It is seen that helium is less
ionized than hydrogen in the front regions. This is
true for all the models. In figures 2 and 3 the ioniza-
tion structures of oxygen and nitrogen are shown. O**
and N** are present in the front regions in almost
equal amounts. These species recombine to O* and
N+, respectively, going upstream from the trailing
edge of the front. As a result initially fractions of both
O™ and N* increase reaching maximum values where
O** and N** disappear. Since O* and N* are tied
to the local ionization of hydrogen through charge
exchange, their ionization structure follows closely
that of hydrogen.

Figure 4 shows that the temperature in the front
shows a great deal of variation, reaching values of

TABLE 1
MODEL PROPERTIES
EFFECTIVE
TEMPERATURE Gas DENSITY
OF THE IN THE THRESHOLD OPTICAL DEPTHS
MoODEL IoNizING NEBULA Uiz
No. StAR (K) (cm~3) (kms~?) ot THe'
1........ 40,000 10 2.0 7.6 2.0
2000, 50,000 10 2.5 8.6 5.5
3. 40,000 10 3.0 7.6 2.0
4o....... 40,000 10 4.0 7.7 2.1
Scciii. 40,000 100 2.5 8.7 3.8
6........ 50,000 100 2.5 10.9 6.6
Toevinn. 40,000 ) 100 3.0 8.3 3.7
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Fi1G. 2.—Nitrogen ionization structure for model 2

14,000-16,000 K slightly behind the leading edge and
decreasing slowly to near equilibrium values at the
trailing edge. It might be suspected that the very high
maximum temperature is caused by the hardening of
the stellar radiation by preferential nebular absorption
of the softer photons. However, this effect is not im-
portant: a model was calculated with only one fre-
quency group at 1.80v,. Its thermal structure was
about the same as the corresponding multifrequency
model.

Instead, the high-temperature peak occurs because
the heating by photoionization takes place simul-
taneously with the ionization, while the cooling must
wait for the cooling ions (primarily O*) to be excited
to the upper level of the transition before the emission
of the cooling [N 1] and [O 1] radiation can take
place. The distance over which the temperature is
high is approximately equal to the cooling length, or
the distance which a parcel of gas moves in the
average time required for an O* ion to be excited
from %S to the 2D levels. The temperature peak is
made very pronounced by the fact that oxygen is only

1.0 T T T T T
i N(0*) h
8 N(0) .

IONIZATION FRACTION

1 1 L

(o] .05 .0 5 .20 25
Z (10'8cm)
Fi1G. 3.—Oxygen ionization structure for model 2

14
1.2
1.0

.8

T(104 °K)

[N Y

OO

Z(10'®m)
FiG. 4.—Temperature structure for model 2

ionized to O* rather than O**, and O* has no fine-
structure levels which can cool even at low tempera-
ture.

The temperature structure in the front is dependent
on the velocity u;; and hence on the velocity of the
gas. This is shown in figure 5, where the thermal
structures for models 1, 3, and 4 have been shown.
Each curve is labeled by the value of u;, in km s~ A
larger velocity decreases the temperature gradient
and stretches the front but does not change the
maximum temperature or the sharpness of the drop
at the leading edge. This dependence of the tempera-
ture structure on the flow velocity can be explained
again in terms of the cooling length defined before.
The maximum temperature reached near the leading
edge is determined only by the radiation field in that
region. Since the field is independent of the velocity
1,5, the gas is initially heated to the same temperature.

T(103°K)

'l 1 1 ] N
05 10 5 20 .25 .30
Z(10'%cm)

Fic. 5.—Dependence of the temperature on the velocity
of flow. Temperature structure for models 1, 3, and 4. Each
curve is labeled by u;; in km s~1,
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The cooling length is increased because the gas is
flowing with a higher velocity in the moving frame.

Figure 6 shows a plot of the pressure, the total
density, and the velocity u. For a weak D-type front
u is restricted to less than the sonic velocity at all
points in the front. If a high u;, were used as an input,
the increase in u in the front would make it larger
than the sonic velocity at some point in the inte-
gration. This would invalidate a weak D front. When
the velocity approaches (5p/3p)!/? the adiabatic
sound velocity, the steady flow approximation scheme
used in this paper breaks down because shocks within
the ionization front have not been allowed. We
restricted the choice of u;, such that this limit was
never approached. As the gas enters the leading edge
of the front there is a steep fall in the density as the
temperature increases. The density of the neutral gas
adjacent to the leading edge of the front is orders of
magnitude higher than in the H 11 region. Since most
of the change in the density takes place where the
ionization is low, the electron density in a parcel of gas
shows a smooth increase as it flows through the front
into the H 11 region.

The total pressure p shows very little variation in
the front. The freshly ionized gas cools off approxi-
mately isobarically. Similar results were obtained by
Field et al. (1968) for shock fronts in the interstellar
medium.

The stellar flux undergoes a redistribution in
frequencies as it penetrates further and further into
the H 11 region. The flux reaching the front is peaked
at very high frequencies. A comparison of the models
1 and 2 shows that the peculiarities of the stellar flux
distribution are washed out by the time the radiation
reaches the front regions. The structure of the fronts
for the two different exciting stars is very similar.
The properties of H 11 regions generally change with
the exciting star. This change is seen in the bulk of the
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Fic. 6.—Pressure, density, and velocity for model 2. The
left ordinate gives » in km s~* and p in 10~** dynes cm~2
The right ordinate gives Ny in cm ™3,
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nebula. Even though the ionization front structure is
not sensitive to the change in the input radiation
field, the H 11 regions surrounding stars with different
effective temperatures are different from one another.

The abundance of the important cooling sources
affects the thermal structure of the front significantly.
In model 7 with a higher nitrogen abundance the
cooling is increased and the temperature at the
trailing edge is much lower. The average temperature
in the front is decreased by about 4000 K. Trial in-
tegrations with reduced oxygen and nitrogen abun-
dances produced very high temperatures.

An H 11 region with a higher density has a thinner
ionization front. The models with Ny = 100 cm~3
are similar to the low-density models in all respects.
The collisional de-excitation of the metastable levels
of O* and N* is marginal at this density, and the
temperature structure is hardly affected.

The emission-line structure of the ionization fronts
is notably different from the equilibrium case. Be-

~cause of the high temperature attained in the fronts

the collisionally excited lines are enhanced with
respect to the recombination lines of hydrogen. For
exciting stars with high effective temperatures (7, >
40,000 K) both O* and N* are concentrated in the
outer parts of the nebula. The [O 11] and [N 11] lines
have their peak emissions in the ionization front
region. Lines of the neutral species O° and N° can
only be emitted in the transition region since they
require the presence of both neutrals and electrons
for their formation. In models of equilibrium H 11
regions (Rubin 1968) the [O 1] and [N 1] lines are
extremely weak. The entire emission in these lines is
confined to the front regions. Both the [O 1] A6300
and the [N 1] A5202 have emission peaks close to the
leading edge of the ionization front (fig. 7).

The column emissivities (tables 2 and 3) are obtained
by integrating the computed volume emissivities over
the thickness of the ionization front for any model.
The line strengths do not include any significant
portion of the equilibrium H 11 region adjacent to the
front itself. The first four columns of table 2 may be
compared to see the effects of a change of the velocity
u;, on the emissivities. In model 4 the emissions in
absolute units are increased compared with model 1
because of the larger spatial extent of the ionization
front. Since this is a scaling effect, the strengths of the
lines with respect to HB are hardly changed. The last
two columns show the results for the hotter star. In
general the strengths of the lines are not changed
significantly with a change in the input radiation field
except for the ratio [O 1] A5007/[O 11] A3729. For the
hotter star the ratio is understandably larger. In all
the models the [O 11] lines AA3726, 3729 are the very
strongest. The [O m] and [N 1] lines are also quite
strong.

The unusual strength of the [O 11] lines is not
surprising at all since these lines are generally stronger
than He in the observations of H 11 regions. Since
O+ is theoretically expected to be concentrated in the
outer parts of an H 11 region, while the hydrogen re-
combination lines are emitted by the entire nebula,
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Fi1G. 7.—Volume emissivities in the important optical lines
for model 2. The curves are lettered as follows: A, H 1 16563;
B, H1 M861; C, He 1 A5876; D, [O 1] A6300; G, [O u] A3729;
H, [0 u] A7325; J, [O m] A5007; K, [O m] 24363; L, [N 1]
A5202; M, [N 1] 16584 ; N, [N ] A5755.

in reality the [O 11] lines will not appear as strong when
integration over a significant volume of the nebula is
considered. The same argument applies to the [N 11]
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lines which are, in general, a fraction of the strength
of He in most nebular observations.

The calculated line strengths all refer to the narrow
region immediately behind the ionization front. In an
observational program it is very difficult to concen-
trate only on this region, and all observations include
some cooler inner parts of the H 11 region where the
physical processes are in equilibrium. Various lines of
sight of observations include varying proportions
of the inner bulk of the nebula; hence the strength
of the [O 11] and [N 1] lines would vary greatly in
scans across an H 11 region. Published observations
by Peimbert and Costero (1969) where line intensities
were measured in the different parts of several H 1
regions show the enhancement of the [O 11] and [N 1]
lines in the outer regions quite clearly. The observa-
tions of the ratio [N 11]/He also bears this out.

The [N 11] A5755 is weak even at the high tempera-
tures of the front regions, although for the brightest
H 11 regions this line should have measurable counts.
If this line could be measured, it would provide an
excellent test of the temperature increase at the fronts.
It is to be noted that in the ionization front the tem-
perature derived from I(A5007 + A4959)/1(A4363) will
always be lower than the value derived from /(16548 +
A6584)/I(A5755). The [N 1] A5755 is generally stronger
than the [O 1] A4363 in these models.

The hypothesis of a high nitrogen abundance
causing an enhancement of the [N 1] lines has been
put to test in model 7. It has been shown that most
of the nitrogen in an ionization front is in N*. The
value of 6 x 10~* for the nitrogen abundance was
derived by Courtés et al. (1969) from the [N 1]/He
ratio in IC 434. Interference filter photographs show
that the distributions of hydrogen and N* in this
nebula are very similar. In model 7 the increased
cooling due to an increased nitrogen abundance
makes the average temperature of the front lower
than in the other cases. But the [N 11] lines are much
stronger than He, the integrated ratio 16583/Ha being

TABLE 2
EMISSIVITIES IN THE LINES FOR THE MODELS WITH Ng = 10 cm~2
MobpEL 1 MoDEL 4 MODEL 2
(Te[f = 40,000 K, Ug = 2km S_l) (Teft‘ = 40,000 K, Uy = 4 km S_l) (Tel’f = 50,000 K, Uig = 2.5km S-I)
Emission Emission Emission Emission Emission Emission
(107 ergs cm~2 Normalized (10-7 ergs cm~2 Normalized (107 ergscm~2 Normalized
LINE AA) s~lsr-1) to HB s=1sr-1) to HB s=1sr-t) to HB
Hri........ 6563 1.383 2.76 2.540 2.76 1.817 2.76
Hri........ 4861 0.501 1.00 0.920 1.00 0.658 1.00
Her....... 5876 0.045 0.09 0.074 0.08 0.046 0.07
Her....... 4471 0.020 0.04 0.037 0.04 0.020 0.03
[Om]...... 5007 2.009 4.01 3.478 3.78 3.706 5.63
4363 0.010 0.02 0.018 0.02 0.019 0.03
[On]...... 3729 9.721 19.40 19.450 21.14 12.940 19.65
7325 0.396 0.79 0.764 .. 0.83 0.546 0.83
[O1]....... 6300 0.832 1.66 1.960 2.13 0.994 1.57
5577 0.040 0.08 0.092 0.10 0.046 0.07
[Nu]...... 6583 2.370 4.72 5.144 5.59 3.514 5.34
5755 0.050 0.10 0.110 0.12 0.079 0.12
[N1l....... 5202 0.167 0.33 0.405 0.44 0.204 0.31
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TABLE 3
EMISSIVITIES FOR THE MODELS WITH Ny = 100 cm 3
MODEL § MOoDEL 6 MobpEeL 7
(Te[f = 40,000 K, U = 2.5 kms~ 1) (Te[f = 50,000 K, Ug = 2.5km S—l) (Tef[ = 40,000 K, U = 3.0km S_l)
Emission Emission Emission Emission Emission Emission
(10-%ergs cm~2 Normalized (10-% ergs cm 2 Normalized (10-%ergscm~2 Normalized
LINE A* s~lsr-Y) to HB s~lsr ) to HB s~tsr7Y) to HB

Hri........ 6563 1.715 2.76 1.780 2.76 1.829 2.76
Hri....... 4861 0.622 1.00 0.645 1.00 0.663 1.00
Her....... 5876 0.048 0.08 0.046 0.07 0.049 0.07
Her....... 4471 0.022 0.04 0.021 0.03 0.022 0.03
[Om]...... 5007 2.752 4.42 7.660 11.88. 1.230 1.86

4363 0.014 0.02 0.054 0.08 0.003 0.01
[Om]...... 3729 10.270 16.50 12.880 19.97 4.361 4.52

7325 0.386 0.62 0.627 0.97 0.106 0.16
[O1]....... 6300 0.610 0.98 0.897 1.39 0.497 0.75

5577 0.026 0.04 0.049 0.08 0.0126 0.02
[Nm]...... 57u 0.228 0.37 0.290 0.45 1.281 1.93
[Nu]...... 6583 2.892 4.65 2.141 3.32 10.70 16.14

5755 0.055 0.09 0.057 0.09 0.118 0.18

204 0.031 0.05 0.035 0.05 0.203 0.31

122 0.105 0.17 0.111 0.17 0.664 1.00
[N1....... 5202 0.117 0.19 0.193 0.30 0.522 0.78

* In angstroms unless otherwise noted.

as large as 6.0. Figure 8 shows that for our model 2 with
normal abundance of nitrogen the ratio of the volume
emissivities jgsgs/jsses varies between 1.0 and 6.0 in the
ionization front. The integrated ratio is 1.9. Recently
Louise and Sapin (1973) have measured the variation
of [N 11]/He at different points of IC 434 and found an
increase of the ratio near the bright rim of this nebula.
While their observation may not have isolated the
ionization front completely, the maximum values
obtained by them lie close to 1.5. It seems likely,
therefore, that the enhancement of the [N 1] line in
this case is due to the temperature increase rather
than to an overabundance of nitrogen.

The He 1 lines at AAS5876, 4471 are very weak in the
front regions owing to the low ionization of helium.
The [O 1] and [N 1] lines are quite strong. These lines
are emitted in the transition region where O+ and N*

8.0
7.0 b
6.0
5.0
4.0 b
30
2.0F .

1.0

jesea/leses

.05 10 A5 .20
Z(10"%cm)

Fic. 8.—Ratio of volume emissivities jgsgs/isses in the
ionization front for model 2.

are recombining and the temperature is still quite
high. The [O 1] A6300 is stronger than HB though not
as strong as Ha in these models. For the assumed
normal abundances the [N 1] A5202 (stronger of the
doublet) is one-fifth the strength of the [O 1] line. In
model 7, the effect of an overabundance of nitrogen
is to make A5202 as strong as 16300.

The present models show that in the ionization
front the [O 11] and [N 11] emissions are very intense.
They provide the major energy sink near the edges of
H 11 regions. Naturally, the ratio [O 1] A3729/[N 1]
A6583 appears as an indicator of the oxygen to
nitrogen ratio. For the normal abundances this ratio
lies between 3.0 and 4.0 while for model 7 it is less
than 1.0.

IV. CONCLUSION

A consideration of the dynamics in the vicinity of
an ionization front shows that the temperature can
reach high values, causing an enhancement of the
collisionally excited lines with respect to the less
temperature-sensitive hydrogen recombination lines.
The observed enhancement of the [N 11] lines at the
bright rims of H 11 regions can thus be explained on
the basis of dynamical effects. A reduction of the
abundances of the cooling ions or an increase of the
density may increase the temperature such that
collisional ionization of the gas becomes a possibility.
This aspect needs further investigation. For fruitful
comparison with observations, it is necessary to cal-
culate the expected integrated spectrum of an H 11
region. A combination of a dynamical model of the
edge and an equilibrium model of the inner portion
of an H 1 region is deemed essential for such an
evaluation of the spectrum. Equilibrium models have
proved inadequate to explain the observed strengths
of [O 1] and [N 11] in case of planetary nebulae.
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