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Extreme Ultraviolet Explorer (EUVE) spectral observations of ¢ CMa (B2 II) provide significant
new information about the ionization dynamics of its wind, its mass loss rate, and the interaction
of its wind with the soft X-ray/EUV radiation field. We present results from wind ionization
calculations which show how EUV radiation, emitted predominantly in the form of Fe IX-XVI
lines from plasma with T ~ 1 — 3 x 10® K, significantly alters the ionization state of its wind.
EUV photons from the hot plasma photoionize He II in the cool portion of ¢ CMa’s wind,
producing anomalously high abundances of He III. The subsequent recombination from He III
results in He IT Lo (304 A) and L3 (256 A) lines which are observed by EUVE. Also observed
is O III AX 374, which results from the O III A\ 304 multiplet being pumped by He II La
— the Bowen mechanism (Cassinelli et al. 1995). We report on initial results from numerical
simulations which show the effect of the Bowen mechanism on the O III 374 A line emission.

1. Introduction

Ultraviolet observations of hot stars (Snow & Morton 1976; Lamers & Morton 1976)
have shown that they suffer significant mass loss through high velocity winds. For early-
O stars, radio (Bieging, Abbott, & Churchwell 1989) and Ho (Lamers & Leitherer 1993)
observations provide evidence for mass loss rates ~ 10=% — 10~% Mg /yr, while wind
velocities can be 3,000 km/s or more. Observational determination of mass loss rates for
late-O and early-B stars becomes more difficult, however, because their winds are much
weaker; i.e., they tend to exhibit lower densities and lower velocities. Fortunately, EUVE
observations of the B2 II star ¢ CMa (Cassinelli et al. 1995) have provided valuable new
data for studying the winds of early-B stars. Emission lines between 150 A and 400 A
have been observed from both the hot X-ray emitting region (Fe IX-XVI) and the cool
wind (He IT and O III). Below, we present results from wind ionization calculations which
show the influence of the soft X-ray/EUV radiation on the ionization state of the wind,
and the effect of the Bowen mechanism on the O III 374 A line intensity.

ROSAT observations of ¢ CMa (Drew, Denby, & Hoare 1993) showed that ¢ CMa,
like most other hot stars, has a significant X-ray luminosity (Lx ~ 1 x 1077 Lyg). Two-
temperatures fits to the ROSAT data suggest a relatively strong low-temperature com-
ponent (T ~ 1—2 x 10° K), and a weaker high-temperature component (T ~ 8 x 10° K).
Plasmas at these temperatures also exhibit strong Fe line emission between 150 A and
400 A, which was observed by EUVE for ¢ CMa. Recent studies (MacFarlane, Cohen, &
Wang 1994) have predicted that the soft X-ray/EUV radiation of early-B stars can sig-
nificantly alter the bulk ionization state of their winds. This is unlike the case of early-O
star winds, where X-rays tend to produce only a small (but detectable) perturbation on
their ionization distribution (Cassinelli & Olson 1979).

Because EUVE has detected both the hot plasma Fe line emission and cool wind He II
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and O IIT line emission, it presents a rare opportunity to study the interplay of the hot
plasma radiation field and the cool wind.

In this paper, we present several results from numerical simulations describing these
effects. More detailed descriptions of this work will be presented elsewhere (Cohen et al.
1995, MacFarlane et al. 1995).

2. Models

Detailed descriptions of our wind ionization code have been presented elsewhere (Mac-
Farlane et al. 1993, 1994); only a brief summary is presented here. The wind is assumed
to be spherically symmetric with a velocity which increases monotonically with radius.
The density is specified by its mass loss rate and assuming, the mass flux is constant
with radius. The radiation field includes contributions from: (1) the photosphere, based
on Mihalas’ (1972) non-LTE models longward of 912 A and a fit to the EUVE data for
350 A < X < 730 A; (2) diffuse radiation in the wind; and (3) EUV/X-ray radiation from
a high-temperature plasma, which had a frequency-dependence given by XSPEC models
(Raymond & Smith 1977) and a power-law temperature distribution determined from
the combined analysis of ROSAT and EUVE data (Cohen et al. 1995). Emission from
the hot plasma was assumed to be distributed throughout the wind (shock model), with
a peak in the differential emission measure at » = 1.5 R, (& = —3 in Eqn. (10) of Mac-
Farlane et al. 1993). Radiative transfer effects for all radiation sources were computed
using a multi-ray impact parameter model.

Non-LTE atomic level populations were computed by solving multilevel statistical equi-
librium equations self-consistently with the radiation field. A total of 81 levels for H, He,
and O were considered in our atomic model. It was necessary to consider fine-structure
splitting of the O III levels so that the Bowen photoexcitation mechanism (Bowen 1935)
could be accounted for. This mechanism arises due to overlap of the He Il L line at
303.78 A and the O IIT 1522522p? 3P - 15225?2p3d PP multiplet (see Figure 1). When
He III recombines to the n = 2 state of He II, the Lo photons emitted can be absorbed,
producing an anomalously high population of the O IIT 3d 3PP level. This level subse-
quently decays to the 3s 3P? level, resulting in the spontaneous emission of the A\ 374
multiplet, which is observed as a single emission feature by EUVE (Cassinelli et al. 1995).
The interaction of overlapping lines is modeled using a generalized Sobolev method with

multiple velocity surfaces (Rybicki & Hummer 1978; Puls, Owocki, & Fullerton 1993; see
also MacFarlane et al. 1995).

3. Results

We first examine the effect of soft X-ray/EUV radiation on the He ionization balance
in the wind of ¢ CMa. Figure 2 shows computed ionization distributions for He I-III
from two calculations: one using a distributed X-ray emission source (solid curves) and
the other with no X-ray source (dotted curves). In each case the mass loss rate was
0.8 x 1078 Mg /yr. Clearly, the population of doubly ionized He (circles) is dominated by
photoionization due to the hot plasma radiation, which dominates the radiation field at
hv > 54 eV. At relatively low velocities (v<0.4 v and r < 1.5 R.) the He III population
is lower because of the higher wind densities and the fact that the X-ray differential
emission measure peaks at » = 1.5 R, in this model. Note that in the absence of X-
ray-induced photoionization, the He III fraction is < 10~* throughout the wind. The
distribution of He III in the wind is important because its recombination is the source of
photons which are ultimately observed by EUVE at 304 A and 374 A.
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FIGURE 1. Schematic energy level diagram illustrating radiative processes in the wind of
e CMa,
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FIGURE 2. Helium ionization distributions calculated with a distributed hot plasma radiation
source (solid curves) and with no X-ray radiation source (dashed curves).

The effect of the Bowen mechanism (photopumping of the O III A 304 multiplet by
He II La) on the O III A\ 374 flux can be seen in Figure 3, where the 374 A profile
is shown from two calculations. The solid curve shows the profile from a calculation
in which line overlap effects on the atomic populations were included, while the dashed
curve is from a calculation in which photoexcitation due to overlapping lines was ne-
glected. (Note, however, that the emergent spectra, which are computed after the level

https://doi.org/10.1017/50252921100036253 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100036253

378 J. J. MACFARLANE ET AL.

o o
[3®] (9%

e
s

Flux (photons/cmzls)

e
o

372 373 374 375 376
Wavelength (A)

Ficure 3. Calculated O III AX 374 line profiles for ¢ CMa wind ionization models with
M = 0.8 x 10~® Mg/yr. Dashed curve: atomic populations computed without line overlap
effects; solid curve: with line overlap effects.

populations are determined, do include overlap effects. This gives rise to the structure
seen in the absorption component of the profile.) By including the Bowen effect in
the calculation, the emission from the 374 A multiplet is seen to increase substantially.
Without the Bowen effect, the AX 374 profile has the characteristic P-Cygni shape, with
blue-shifted absorption and red-shifted emission; that is, scattered photospheric radiation
with no additional source of photons. Preliminary results suggest that the best agree-
ment with the EUVE data for the 304 A and 374 A lines is obtained for mass loss rates of
~1—2x 1078 Mg, /yr. Final results and a complete description of this analysis will be
presented in a forthcoming paper.
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