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We solve the ionization and thermal balance problem for homogeneous and inhomogeneous models
of gaseous nebulae. The relative intensities of helium to hydrogen radio recombination lines (RRL)
are calculated for these 1nodels at various positions and widths of the antenna beam. A class of
inhomogeneous models of nebulae is found in which, due to the hardening of the spectrum in the
periphery of the H II-He II region, the ratio of the integral intensities of the He and H RRLs,
yt, can reach relatively high values near the nebula bounlary (y* > 20% in spite of the relative
He abundance yp = 8%). This maximum observed value of yt decreases with increasing width of
the antenna beam. New calculations of the interstellar extinction curve in the wavelength range
100-3500A are employed. Contrary to previous studies, we conclude that the presence of dust can
enhance the effect of hardening.
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1 INTRODUCTION

The relative heliun abundance yo is one of the key parameters in cosmology and
astrophysics that can be determined from observations.

The most reliable method to determine yp is in neasuring the radio recombi-
nation lines (RRL) in nebulae (e.g., Mezger, 1980; Schmid-Burgk, 1981). These
observations allow one to evaluate the quantity y* = [ THedy/ [ THdy, the ratio
of the He and H integral intensities of RRLs.

The observations may yield key information on the possible gradient of the
He abundance in the Galaxy (Thum ei al., 1980; Shaver et al, 1983). Gradient
detection would enable one to estimate the contribution of stellar nucleosynthesis
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to the observed He abundance, and compare it with the initial He abundance that
had been formed in “the first three minutes”.

The He II abundance in the galactic H II regions has been determined from
a number of RRL observations. Recent observations have revealed an exciting
fact: there are variations of y* inside the H Il-regions (Sgr B2, W10, W3A, etc.).
These variations imitate the dependence of y* on the angular distance, ©, from the
ionizing star (as a rule, y* increases with ©).

An anomalously high apparent He abundance was found in W3A. High resolution
mapping of W3A in the RRLs 110a and 77a made by Roelfsema and Goss (1991)
show variations of y+ from 10% in the nebula centre up to 40% at the periphery. The
same behaviour of y* was found in W3B: a growth of y* from 15% in the centre to
25% at the boundary. Later these authors confirmed their results (Roelfsema et al.,
1992). A detailed analysis of these results has been performed recently by Gulyaev
et al. (1996).

A similar situation was found in Sgr B2 (Roelfsema et al., 1987) and in DR21
(Tsivilev, 1991). ‘ )

The measurements of y* (0) in the Orion Nebula performed by several authors
are contradictory. For instance, the radio mapping of Ori A at 6 cm shows that
y+(©) decreases from the centre of the nebula to its periphery (Pankonin et al.,
1980). On the contrary, at higher frequencies, y* shows a minimum in the centre
and increases with © (Tsivilev et al., 1986; Gordon, 1989). Optical observations
are also contradictory. According to Peimbert and Torres-Peimbert (1977), y*
decreases with ©. More recent observations of Baldwin et al. (1991) show that
y¥(6) remains constant up to © = 5 arcmin.

The main problem is whether these fluctuations are associated with the real
gradient of the He abundance in a nebula, or are they an apparent effect due to the
underionization of hydrogen caused by the hardening of the radiation field.

The results of many numerical simulations of the ionization structure of gaseous
nebulae are also contradictory.

According to Osterbrock (1989), the boundary of the He 1I zone is usually situ-
ated inside the H II zone. If, however, an ionizing star is very hot (of spectral type
earlier than O7), the outer boundaries of both ionization zones approximately co-
incide, and there appears a unified H 1I-He II region. In the latter case one usually
treats an observed value of y* as a real He abundance y,.

Osterbrock (1989) did not consider the detailed structure of the boundary layer
of the coupled H II-He II region, but showed that the critical effective tempera-
ture of the ionizing star (above which both ionization zones coincide) was about
40000 K.

Earlier Aller (1984) showed that if the star was sufficiently hot the hardening
led to the inversion of the He and H Strémgren spheres. He considered the nebula
model with T.g¢ = 48000 K and Ny = 11000 cm~3 and found that the H II zone
was smaller than the corresponding He II zone (Figure 6-1 from Aller, 1984). If
80, even in the case of constant relative He abundance throughout the nebula, a
solution can be obtained with a positive gradient of y* as a function of ©, at least
near the boundary.
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On the other hand, Roelfséma ct al. (1992) have studied several H II region
models with the effective temperatures of the ionizing stars in the range from 40 000
to 60000 K. An ambient density of 10 H atoms cm~3 has been used, and a He
abundance by number, yo, of 10% has been adopted. The authors have solved
the same equations as Osterbrock (1989) and they have taken into account the
same mechanisms of He and H ionization as Osterbrock (1974, 1989) and Aller
(1984). Nevertheless, they have obtained the opposite result: if Tegx = 50000 K,
then the He II zone lies within the H II zone. As seen from Figure 5 of their article,
in this case they have Ary;5/r i = 20%, where Ary/, is the difference between
the radius of the H II zone, r{/rs, and the radius of He II zone defined for the
ionization degree z = 1/2. Even if T.q = 60000 K (Figure 6 from Roelfsema et
al., 1992), the boundary of the He II zone does not go beyond that of the H II
zone: Arys/rij2 = 8%. Thus, Roelfsema et al. (1992) explain the observed high
values of y* in W3A by the local enhancement of the He abundance at the nebula
boundary due to the enrichment of the local ISM by WR stars.

The goal of the present article is to answer the main question: is it possible
to explain the above observations by choosing certain ionization structures of the
nebulae? We have solved the ionization and thermal balance problem (Osterbrock,
1989) for homogeneous and inhomogeneous models of gaseous nebulae. The relative
intensities of helium to hydrogen RRLs have been calculated at different positions
and widths of the antenna beam. The influence of dust is discussed based on the
latest achievements in this field.

2 MODEL SIMULATIONS AND RESULTS

Let us consider the ionization state of H and He around a hot star taking into ac-
count the hardening of stellar radiation. The hardening of radiation, propagating
to the outer boundary of the nebula, is caused by the very strong frequency de-
pendence of the bound—free absorption coefficient: »~3 for hydrogen and v=2 for
helium. The most efficient absorption occurs near the ionization threshold.

According to Aller (1984), the hardening of radiation from a rather hot star
(Teq = 48000 K) can invert the boundaries of the He and H Stromgren spheres:
the fraction of ionized He near the nebula boundary may be higher than that of
hydrogen (then the H II zone is smaller than the He II zone). Aller (1984) notes
also a rapid temperature rise towards the outer nebula boundary in spite of the
increase of number densities of N¥, Ot and S* ions which provide efficient cooling.
The hardening of the radiation field, as the nebula boundary is approached, has an
even stronger effect than the rise in the number densities of cooling agents.

The RRL intensities depend on the ion number density of a given element.
Then, if the inversion takes place, a high apparent He abundance, y*, near the
nebula boundary can be observed.

The question is — can this effect be strong enough to explain the observed be-
haviour of y*+?
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Figure 1 Relative radius of He 1I zone rfl'z /1'}‘,2 as a function of the effective temperature of a
central star. If Tog > 40000 K, the difference Ar, ; is about 1-2% of the nebula radius.

We have constructed several ionization models of a hydrogen—helium nebula.
We have tried to find under which conditions the thickness of the transition zone
(where the fraction of ionized He is higher than that of hydrogen) is a maximum.

First, we have considered a number of homogeneous models with various (but
constant through the nebula) He abundances yo (from 4% to 12%), different gas
densities and effective temperatures of the ionizing star. The stellar fluxes have
been taken from Mihalas (1972). The output parameter is the ionization degree
as a function of distance r from the central star: z'¢(r) for helium and z%(r) for
hydrogen. We have also found the radii of Stromgren spheres at the z = 1/2 level:
riy; for helium and riy, for hydrogen.

The results are presented in Figure 1. If T.g is lower than 40000 K, we have
r{"fz < r{"/z, in accordance with Osterbrock (1989). If Toq is higher than 40000 K,
the situation is reversed: r}’/"z > r?lz. We have obtained a class of homogeneous
models with a very thin transition zone — the difference r{*f, - "il/z = Aryis
about 1-2% of the nebula radius (Figure 1). The presence of helium provides
an additional opacity and affects also the ionization structure: the ground-state
recombinations and bound-bound transitions in He produce photons which are
able to ionize hydrogen. Thus, the He and H ionizations become coupled. The
quantity Ary;2/ry/2 shows a weak dependence on the hydrogen density and the
helium abundance; in models with low values of these parameters it can reach 2-
2.5%.

Let us determine S, the thickness of the zone, where the transition occurs from
the ionized to the neutral state. Figure 2a shows schematically the difference bet-
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Figure 2 Ionization degree vs distance froin the central star: (a) an illusiration of the difference
between S (the thickness of the transition zone) and Ary3; () the homogeneous nebula models;
the jonization degree decreases very abruptly, and S is actually equal to Ary ;.

ween S and Aryp. In this figure we plot the ionization degree as a function of
distance r from the central star.

In the homogeneous nebula models, the gradient of the ionization degree |dz/dr|
is very high, from 103 to 10° pc~?, depending on the input parameters of the nebula
model. The ionization degree decreases very ahruptly, and S is actually equal to
Aryya (Figure 2).
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For the homogeneous models, we have determined the intensities of hydrogen
and helium RRLs. Because of the narrow transition zone S = Ary; = 1-2%
and very high gradients |dz/dr| of the ionization degree, the contribution of the
transition zone to the integral RRL intensities is negligible, even if the antenna
beam is narrow.

We have analysed a class of inhomogeneous models with a negative density gra-
dient. We have considered several models with different density—distance relations:
r=1, r=2 exp(—r/ro), etc. We have found that, for the inhomogeneous models, the
H II and He II zones coincide at T = 40 000 K as in the case of the homogeneous
models.

The main result is that the transition zone can be relatively thick for this class
of model, so that S 3> Ary;, (a situation similar to that in Figure 2a). This is
very important because the observed quantity y* depends more strongly on S than
on Ary;s. The same is true in the interval 1-2% of ry;; which is explained by the
coupling of the H II and He Il zones.

Figure 3 presents the nebula model where the density varies as r—!. We adopt
the density Ny = 100000 cm~3 in the centre, and 200 cm~3 near the boundary; the
relative He abundance, yy, is constant throughout the nebula. We plot the following
quantities:

(a) ionization degree zH¢(r) for helium and zH(r) for hydrogen vs r;
(b) local value of y*(r) = yozHe(r)/zH(r) vs r;

(c) relative RRL integral intensities He 60ca/H 60c for three antenna beam widths
(5%, 10%, 20% of nebula diameter) as functions of position of the centre of
the antenna beam r.

We arrive at the conclusion that it is a possible to obtain a very high local y*(r)
near the nebula boundary - up to 50%. ,

The observed values of y* are certainly lower because of the integration over the
antenna beam. If the antenna beam width is about several percent of the nebula
diameter, the apparent y* can reach relatively high values near the nebula boundary
(more than 20% for yo = 8%). This maximum value of the observed y* decreases
with increasing width of the antenna beam.

The H II regions are expected to contain dust which can influence the ionization
structure (Aller, 1984). Dust particles absorb and scatter light selectively. To
allow for the effect of dust on the ionization structure, one must solve the radiative
transfer problem more accurately, expecially near the ionization thresholds of He
and H. In the article of Voshchinnikov and I’in (1993), the optical properties of
silicate and graphite dust grains of various sizes were calculated in the wavelength
range 100-3500A (the proposed working range of the Spectrum-UV project). The
authors computed the interstellar extinction curve for a silicate-graphite mixture
with a power-law size distribution. In addition to the well-known bump near 22004,
they discovered a strong maximum near 700A. Behind this maximum, the extinction
decreases with decreasing ), and reaches a plateau at A < 300 A.
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Figure 3 A model in which the density Ny decreases as r—! (N = 100000 in the centre and
200 cm ™3 near the boundary), and the He abundance is yo = 8%: (a) ionization degrees x!¢(r)
and z8(r) vs r, (3) local variable y*(r) = yozHe(r)/zt(r) vs r, (¢) relative line intensity He
60 /H 60cx vs r if the antenna beam width is 5%, 10%, and 20% of the nebula diameter.
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This behaviour of the extinction in the far UV changes critically our understand-
ing of the role of dust. Contrary to previous results, dust enhances the effect of
hardening of stellar spectra. Thus the presence of dust does not reduce the differ-
ence between the boundaries of the He and H ionization zones as thought previously
(Mathis, 1971; Roelfsema et al., 1992). On the contrary, dust weakens the coupling
of the zones.

3 CONCLUSION

We have solved the ionization and thermal balance problems for homogeneous and
inhomogeneous models of gaseous nebulae. The relative intensitics of helium to hy-
drogen RRLs for these models have been calculated at different positions and widths
of the antenna beam. We have determined physical conditions in inhomogeneous
nebula models which yield a relatively high apparent y* near the nebula boundary
(more than 20% if yo = 8%) due to the effect-of hardening. This maximum value
of the observed y* decreases with increasing the width of the antenna beam.

We have taken into account the advanced theoretical interstellar extinction curve
in the wavelength range 100-3500A (Voshchinnikov and Il'in, 1993). The curve
approaches a maximum at A = 700A and then decreases with decreasing ), reaching
a plateau at A < 300A. After inclusion of these new data, we find that the presence
of dust can enhance the effect of hardening, contrary to previous results.

In the introduction we formulated the goal of this article as follows: is it possible
to explain anomalously high values of y*, observed in the direction of some nebula
boundaries, by a particular ionization structure of the nebulae? We believe the
answer is affirmative.
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