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ABSTRACT 
The source of the X-ray emission from O and B stars is currently the subject of debate. Shocks propagating 

through the winds of O and B stars have previously been proposed to explain their observed X-ray lumi- 
nosities. Strong shocks with velocity jumps of several hundred km s_1 can heat portions of the wind to 
106-107 K, producing major sources of X-ray and extreme-ultraviolet (EUV) emission lines. Alternatively, a 
corona at the base of the wind might also be responsible for the X-ray emission. In this paper, we investigate 
the characteristics of EUV lines produced in high-temperature X-ray emitting regions of early B stars. We 
present estimates of EUV spectral line fluxes for single- and multitemperature plasma models for three nearby 
main-sequence B stars (ß CMa, a Vir, and ß Cen A). The plasma models are constrained by X-ray spectral 
data, and are based on insights from previous hydrodynamics calculations of shocks propagating through hot 
star winds. The purpose of this paper is to demonstrate the importance of EUV emission lines in determining 
the properties of the X-ray emitting regions of hot stars. We also show that EUV emission lines from B stars 
with low interstellar medium hydrogen column densities may be detectable with the moderate-resolution 
(À/AÀ ä 300) spectrometers of the Extreme Ultraviolet Explorer (EUVE) satellite. We investigate the effects of 
Doppler spreading and the time-dependent attenuation of the overlying wind on line profiles, and discuss how 
spectral observations can be used to determine temperatures, velocities, and locations of the emitting plasma, 
thereby providing important insights into the physical processes occurring in extended atmospheres of hot 
stars. 
Subject headings: shock waves — stars: early-type — stars: emission-line — stars: winds — 

ultraviolet: spectra 

1. INTRODUCTION 

Stars of spectral class O and early B have been observed to 
have X-ray luminosities of ~ 10_8-10-6 times their bolometric 
luminosity (Harden et al. 1979; Long & White 1980; Cassinelli 
et al. 1981). Variabilities of up to 30% in the X-ray fluxes have 
been observed, with time scales ranging from minutes to days 
(Collura et al. 1989). Most of the X-ray emission appears to 
originate in hot gas with temperatures of several million 
degrees. Observations with the Einstein Solid State Spectrom- 
eter (SSS) also provide evidence for a harder X-ray component, 
which can be interpreted as arising in a gas with temperatures 
> 107 K (Cassinelli & Swank 1983; Swank 1985). More recent- 
ly, it has been proposed (Chen & White 1991) that hard X-rays 
with photon energies >2 keV, and perhaps even y-emission 
(Pollack 1987), could be produced by UV photons being scat- 
tered by relativistic electrons which are accelerated by shocks 
in hot star winds. 

The source of X-ray emission from early-type stars is not 
currently well-understood. Some of the X-ray emission could 
possibly be due to a hot corona at the base of the wind 
(Cassinelli & Olson 1979; Waldron 1984). Such a corona 
would have to be very thin to be consistent with the minimal 

1 Postal address: Washburn Observatory, University of Wisconsin, 475 
North Charter Street, Madison, WI53706. 

levels of infrared excess observed with the IRAS satellite 
(Lamers, Waters, & Wesselius 1984; Wolfire, Waldron, & 
Cassinelli 1985). However, there are at least two pieces of evi- 
dence that suggest the X-rays are not solely due to coronae. 
Firstly, there appears to be too little attenuation of soft X-rays 
(with energies between 0.6 and 1.0 keV) by the overlying wind 
for a corona to be the source of all of the X-rays (Cassinelli et 
al. 1981). Secondly, there has been no detection of optical 
coronal lines (e.g., Fe xiv at 5303 Â) that might be expected for 
a coronal plasma (Nordsieck, Cassinelli, & Anderson 1981; 
Baade & Lucy 1987). Since the fluid velocity of coronal regions 
is small and Doppler shifts are minimal, these coronal lines 
should be much more readily observable than similar lines 
emitted from shock-heated regions. 

Early-type stars also show strong ultraviolet resonance lines 
for “ superionization ” stages such as O vi, N v, and C iv 
(Lamers & Morton 1976; Lamers, Gathier, & Snow 1980). The 
presence of these ionization stages in early O star winds might 
be due to radiative transfer effects (Pauldrach et al. 1987), while 
in later O and B stars they are probably produced through the 
Auger process by the X-ray radiation field. The UV resonance 
lines exhibit broad P Cygni profiles, indicating that these stars 
are losing mass at large rates through dense, high-velocity 
winds (Lamers & Morton 1976), with maximum wind speeds 
being roughly 3 times the star’s escape velocity (Lamers, van de 
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Heuvel, & Petterson 1976; Snow & Morton 1976). Analyses of 
observed P Cygni profiles of O stars (Groenewegen, Lamers, & 
Pauldrach 1989) find that the shapes of the violet absorption 
wings and the wavelengths of the emission peaks can be better 
reproduced with a model which includes the effects of 
“ turbulence ” in the wind (i.e., wind velocity profiles which are 
not monotonically increasing). Such “turbulence” could be 
consistent with shocks forming in the winds. Superposed on 
the P Cygni profiles are narrow absorption components 
(NACs) (Lamers, Gathier, & Snow 1982) which suggests that 
the winds have abrupt changes in density. These features occur 
at velocities that are a few hundred km s “1 below the observed 
maximum wind velocities. Shocks with velocity jumps of this 
magnitude produce plasmas with temperatures ~ 106-107 K 
and can produce emission consistent with observed X-ray 
spectra (MacFarlane & Cassinelli 1989, hereafter MC). Recent 
observations of the time-variability of NACs suggest that their 
evolution is systematic (Prinja, Howarth, & Henrichs 1987; 
Henrichs, Kaper, & Zwarthoed 1988; Kaper et al. 1989) with 
changes occurring over time scales of tens of hours. Henrichs et 
al. (1988) and Prinja (1988) have shown there is a correlation 
between stellar rotation period and the appearance and evolu- 
tion of NACs for several O stars. 

While our understanding of high energy phenomena in hot 
stars has improved significantly over the past 10 to 15 years, 
much of the observational information has come from rather 
low spectral resolution data such as from Einstein X-ray spec- 
trometers, broad-band IRAS fluxes, and radio continuum 
observations. Direct observation of spectral emission lines 
would provide significant new constraints for deducing the 
properties of the extended regions of hot star winds. The first 
opportunity to obtain line emission spectra of the X-ray/EUV 
emitting regions will come with the launch of the Extreme 
Ultraviolet Explorer (EUVE) satellite. The medium-resolution 
spectral capability of EUVE (Bowyer & Malina 1991) will 
present important opportunities for deducing the location and 
characteristics of the X-ray emission from nearby hot stars. 

Recently, Cassinelli et al. (1991) have shown that the nature 
of the X-ray emission from early B stars may be revealed 
through observations with EUVE. The purpose of the present 
paper is to predict in greater detail the characteristics of EUV 
line emission for three nearby early-type stars, and to illustrate 
how such data will help constrain models of hot star X-ray 
sources. The best candidates for observation are nearby early B 
stars that have low interstellar medium (ISM) column densities 
and are known X-ray emitters. There is significant absorption 
by interstellar H and He at wavelengths from 912 down to 
about 100 Â. Because O stars tend to be at large distances and 
have large neutral hydrogen column densities, it is likely that 
only nearby B stars with low ISM column densities will be 
detected by EUVE. 

The organization of this paper is as follows. In § 2, we briefly 
review the shock model of MC that was used to study the 
properties of shocks propagating through the wind of t Sco 
(BO V). We shall use this model as a basis for our discussions 
for the shocked X-ray emitting regions of ß CMa (Bl II-III), 
a Vir (Bl IV), and ß Cen A (B1 III). In § 3, we present results 
of calculated line profiles from coronal and shock models. We 
also examine the effect of Doppler spreading of emission lines 
in high-velocity winds and the effects of attenuation by the 
overlying “ cool ” wind. In § 4, we use observational constraints 
from the Einstein Imaging Proportional Counter (IPC) data 
and insights from our shock model to predict EUV emission- 

line fluxes. These model fluxes are then folded through the 
EUVE spectrometer response functions and predicted spectra 
are shown. In § 5, we present an overall review of this 
investigation. 

2. SHOCK-PRODUCED X-RAYS IN HOT STAR WINDS 

Hot stars are known to have dense, high velocity winds 
(Snow & Morton 1976) that are losing mass at rates ~ 10“8- 
10“5 Mq yr-1 (Gathier, Lamers, & Snow 1981). The winds are 
driven by the scattering and absorption of photospheric radi- 
ation by spectral lines (Lucy & Solomon 1970; Castor, Abbott, 
& Klein 1975). Lucy (1982) argued that line-driven stellar 
winds are unstable and that perturbations in the flow velocity 
grow into a series of shocks. Predictions from his model are 
not in detailed agreement with observations because the 
shocks tend to be too weak. Calculations by Owocki, Castor, 
& Rybicki (1988, hereafter OCR) suggest that instabilities may 
produce strong shocks that are capable of heating portions of 
the wind to several million degrees. Their time-dependent 
radiation-hydrodynamics calculations, which ultilize a line- 
driving model based on pure absorption, suggest that insta- 
bilities can produce a highly structured wind with 
approximately 10 shocks within about 2 stellar radii that pro- 
pagate outward through the wind. More recently, Owocki 
(1991) has performed calculations using a model which 
includes the effects of scattering and found that, while the 
diffuse radiation drastically reduces the intrinsic (nonper- 
turbed) variability of the wind, the winds remain advectively 
unstable to perturbations > 1 %. 

Recently, MC performed time-dependent hydrodynamics 
calculations for early B stars. Using a phenomenological radi- 
ative acceleration model, they showed that the Einstein SSS 
X-ray observation for the early B star t Sco is consistent with 
strong shocks propagating through its wind. In a sense, the 
calculations of OCR and MC were complementary because 
while OCR studied the formation process of multiple shocks in 
isothermal winds; MC investigated the temperature structure, 
influences of radiative cooling and electron conduction, and 
X-ray emission properties of a single shock propagating 
through a model wind. In both calculations, the shock-heated 
X-ray emitting region is characterized by a strong reverse 
(starward-facing) shock which forms as a relatively cool, high- 
velocity portion of the wind rams into the slower moving, hot 
material ahead of it. Typical results from the MC model are 
schematically illustrated in Figure 1, where the wind tem- 
perature, velocity, and density are shown as a function of posi- 
tion. The temperature increases abruptly to > 106 K for both 
the forward and reverse shock fronts, while the density 
increases by a factor of 4. The position of the shock-heated 
region is of course time-dependent because material contin- 
ually flows away from the star. At some later time, another 
shock forms and propagates through the wind and the process 
repeats itself. 

The point we wish to emphasize here is that the velocity of 
the high-temperature, X-ray emitting region does not corre- 
spond to the terminal velocity (O associated with UV obser- 
vations. This velocity is determined from the P-Cygni profiles 
of ions that are present in the cool wind. In contrast, the X-ray 
emitting region moves at a velocity that is several hundred km 
s-1 slower than the cool wind on the starward side of the 
reverse shock. This is an important point because it may be 
possible to observe both emission lines from the X-ray emitting 
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Fig. 1.—Schematic illustration of with temperature, velocity, and density 
distributions in a shock-heated wind. Label “ C ” indicates the locations of the 
“contact region.” Note that the velocity of the high-temperature region is 
several hundred km s~1 lower than the maximum velocity of the cooler region. 

region (Cassinelli et al. 1991), and cool wind absorption lines at 
wavelengths above the He i edge at 504 Â (Kudritzki 1991). 

An open question associated with X-ray producing shocks in 
hot star winds is the rate at which shocks form. The calcu- 
lations of OCR suggest that shocks form as a result of insta- 
bilities on time scales of ~103 s. However, Mullan (1984) 
suggested that shocks form at the surfaces of “ corotating inter- 
action regions” as a result of stars emitting winds in a non- 
spherically symmetric manner (see Fig. 2). In this senario, the 
hot X-ray emitting region is spiral-shaped, and is bounded by a 

Fig. 2.—Schematic illustration of the forward/reverse shock pairs that 
form in a corotating interaction region. The location of contact region is 
indicated by the dashed line. 

forward/reverse shock pair. The shocks continually sweep up 
the cooler wind material as they propagate in the direction 
away from the hot region. In this case, shocks form contin- 
uously, but a new shock region passes by a given point in space 
only once every rotation period (~ 105 s). This scenario is con- 
sistent with the observed correlation of the time-dependence of 
the NACs and the stellar rotation. 

The NACs are probably caused by a large amount of cool 
(T ~ 104-105 K) material moving within a narrow velocity 
range. In the shock model illustrated in Figure 1, it seems quite 
possible that NACs result from attenuation by the high- 
density, low-temperature region that forms between the 
forward and reverse shocks, referred to as the “ contact region ” 
(labeled as C in Fig. 1). The high-density material near the 
contact region can cool rapidly to roughly the stellar effective 
temperature as a result of radiative cooling. The NACs tend to 
be absent from the P Cygni profiles of stars with lower density 
winds (Lamers et al. 1982). This may be a result of lower 
density winds having longer radiative cooling times, or 
perhaps not enough material near the contact region to 
produce appreciable attenuation. Although the width of the 
contact region in Figure 1 is very narrow, the total mass in the 
region is quite large because of its high density. Thus, the 
existence of NACs is consistent with shock models which have 
strong reverse shocks, hot X-ray emitting regions moving a few 
hundred km s“1 slower than the terminal velocity, and cooler 
dense material moving at roughly the same velocity as the hot 
material. 

3. HIGH-RESOLUTION EXTREME-ULTRAVIOLET 
EMISSION SPECTRA 

The X-ray emission from hot stars indicates the presence of 
material with mean temperatures of 106-107 K, with some 
evidence for material at temperatures above 107 K (Cassinelli 
& Swank 1983; Swank 1985). A significant fraction of the radi- 
ation emitted by low-density plasmas at these temperatures 
can be in the form of discrete lines. For near-solar composition 
plasmas, high-Z materials such as O, Ne, Si, and Fe are a 
significant source of line radiation at EUV and X-ray wave- 
lengths. In this section, we present source-dependent emission 
spectra in the wavelength range from 100-110 Â. This part of 
the spectrum may provide a good opportunity to deduce the 
physical properties of X-ray source regions of hot stars 
because: (1) several strong Fe ions, whose fractional abun- 
dance depends strongly on temperature, are present, and (2) 
attenuation effects are modest at these relatively short EUV 
wavelengths. The qualitative results of this section can of 
course be applied to other parts of the EUV spectrum as well. 

We will first consider line emission from stationary plasmas, 
such as would approximately be the case for coronal emission. 
Later, we investigate the effects of Doppler spreading for 
shock-heated regions propagating radially outward away from 
the star. We also examine the case of a hybrid corona-shock 
model in which lines are emitted both from a stationary 
plasma at the base of the wind and shock-heated material 
moving at high speeds. And finally, we examine the effects of 
attenuation by the overlying cool wind and ISM on the lines. 

3.1. Coronal Line Emission 
Let us consider the radiant emission from a single bound- 

bound transition with a Doppler line profile. For coronal emis- 
sion we assume the plasma velocity is small (v c). The energy 
emitted per second per unit frequency can be written as 
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TABLE 1 
Atomic Data of Lines Between 100 and 110 Â 

Ion 
Wavelength 

(Â) 
Oscillator 
Strength 

Gaunt 
Factor 

Fexxn . 
O vin ... 
Ne vin .. 
Fe xxi .. 
Fe ix.... 
Fe xviii. 
Ni ix.... 
O vi .... 
Feix.... 
Ne vu .. 
Fe vin .. 
Fe xix .. 

102.40 
102.44 
103.10 
103.30 
103.60 
103.90 
104.00 
104.80 
105.20 
106.20 
108.10 
108.40 

0.10 
0.08 
0.30 
0.05 
0.23 
0.06 
0.55 
0.03 
0.15 
0.46 
0.24 
0.10 

0.84 
0.04 
0.11 
1.00 
0.20 
0.78 
0.20 
0.45 
0.20 
0.05 
0.91 
0.75 

(Mihalas 1978) 

Lv = (Snhvl/c2) Jd3rnu(gi/gu)ccul(v), (1) 

Gould 1966) 

_ (3-65 x IO“13 cm3 eV7/2)n; ne(gjg¡)gul exp j-hv/kT) 
(hv0)3(kT)112 ’ ,4) 

where is the number density of lower (ground) state ions, gul 
is the Gaunt factor, T is the plasma electron temperature, and 
k is Boltzmann’s constant. Combining equations (1) and (4), we 
obtain : 

Lv = (2.53 x 10“17 ergs cm3 5~l)<t>JulgulfE 

x Jd3rf,z n2(TeW)“1/2 exp (- hv/kT), (5) 

where fE is the fractional elemental abundance (per free 
electron), fIZ is ionization abundance, and Tev is the electron 
temperature in eV. If we assume the temperature of the X-ray 
emitting region is uniform, the luminosity can be written in 
terms of the X-ray emission measure (EMX = J d3rn2): 

Lv = (2.53 x 10“17 ergs cm3 s“1) EMX </>„/„,gul 

x fEflz(Tey)“
1/2 exp ( - hv/kT). (6) 

where the integral is over the volume of the emitting region, nu 
is the number density of ions in the upper state of the tran- 
sition, gt and gu are the statistical weights of the lower and 
upper states, respectively, hv0 is the transition energy, h is 
Planck’s constant, and c is the speed of light. The bound- 
bound absorption cross section is 

aui(v) = (ne2/me c)ful <pv, (2) 

where me and e are the electron mass and charge, respectively, 
and ful is the oscillator strength. The normalized Doppler 
profile can be written as 

(/>v = (l/Jt1/2AvD)exp(-x2), (3) 

where 

f00 

x = (v - v0)/Avd and J </>v dv = 1 . 

The quantity AvD is the thermal Doppler width. The excited 
state number density, nu, is determined by steady state detailed 
balancing arguments. The collisional excitation rate is bal- 
anced by the radiative decay rate to give (see, e.g., Tucker & 

The single line flux seen at the Earth from a star at a distance D 
is 

Fv = Lv/(4nD2) . (7) 

Atomic data for the lines we have considered are listed in 
Table 1. The transition energies, oscillator strengths, and 
Gaunt factors are taken from Raymond & Smith (1977). Ion- 
ization fractions calculated with the Raymond-Smith code are 
listed in Table 2 at temperatures, of 1, 2,4, and 10 x 106 K. We 
have assumed the same elemental abundances as Raymond & 
Smith (1977) in computing line fluxes. 

The spectral fluxes between 100 and 110 À for isothermal 
coronal models for ß Cen are shown in Figure 3. Plots (a) 
through (d) represent coronal temperatures of 1, 2, 4, and 
10 x 106 K, respectively. For each case, we have taken EMX = 
4 x 1053 cm-3. (We note that the chosen values of EMX and T 
are not consistent with the Einstein IPC data described in § 4. 
However, our goal here is to show the relative strengths of the 
emission lines at various plasmas temperatures.) The contribu- 
tion to the flux from Bremsstrahlung is included to provide a 
rough estimate of the magnitude of the continuum. 

Figure 3 shows that a variety of strong emission lines are 

TABLE 2 
Ionization Fractions of Selected Lines 

Ion 
Wavelength 

(Â) 

Ionization Fractions3 

T = 1 x 106 K T = 2 x 106 K T = 4 x 106 K T = 1 x 107 K 

Fexxn . 
OViii .. 
Ne vin . 
Fe xxi .. 
Feix ... 
Fe xviii 
Ni ix ... 
O vi .... 
Feix ... 
Ne vu .. 
Fe vin .. 
Fe xix .. 

102.40 
102.44 
103.10 
103.30 
103.60 
103.90 
104.00 
104.80 
105.20 
106.20 
108.10 
108.40 

0 
0.93 (-2) 
0.67 (-1) 
0 
0.35 (0) 
0 
0.58 (-1) 
0.54 (-2) 
0.35 (0) 
0.15 (-1) 
0.79 (-1) 
0 

0.21 (-17) 
0.44 (0) 
0.13 (-1) 
0.50 (-13) 
0.24 (-3) 
0.56 (-3) 
0.20 (-3) 
0.24 (-2) 
0.24 (-3) 
0.37 (-3) 
0.12 (-4) 
0.77 (-6) 

0.95 (-7) 
0.17 (0) 
0.51 (-2) 
0.82 (-5) 
0.24 (-9) 
0.91 (-1) 
0.77 (-10) 
0.96 (-4) 
0.24 (-9) 
0.31 (-4) 
0.35 (-11) 
0.77 (-2) 

0.10 (0) 
0.16 (-1) 
0.56 (-4) 
0.19 (0) 
0.84 (-17) 
0.14 (0) 
0.14 (-18) 
0.61 (-6) 
0.84 (-17) 
0.70 (-7) 
0.29 (-19) 
0.22 (0) 

Exponents are in parentheses. 
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Fig. 3.—Computed line spectral fluxes for isothermal coronal models with plasma temperatures of 1 x 106K, 2 x 106K, 4 x 106K, andlO x 106 K 

present at each temperature. For instance, at 1 x 106 K, Fe vm 
(108.1 Â) and Fe ix (103.6 and 105.2 Â) have line center fluxes 
near 10“1 photons cm-2 s-1 eV-1. This corresponds to 
frequency-integrated fluxes of 1-2 x 10-3 photons cm-2 s-1. 
At T = 2 x 106 K, O vm (102.44 À), Ne vm (103.1 Â), and 
O vi (104.8 Â) are the strongest lines. At T = 4 and 10 x 106 

K, higher ionization stages of Fe emit the strongest lines 
(Fe xxii at 102.4 Â, Fe xvm at 103.9 À, and Fe xix at 108.4 Â). 
Although the line center fluxes are slightly lower at the higher 
temperatures, the frequency-integrated fluxes for the strongest 
lines are again 1-2 x 10-3 photons cm-2 s-1. These results 
show that in this fairly narrow spectral region of the EUV, a 
variety of ions emit strong lines which can be used to deduce 
the temperatures of the X-ray emitting regions of hot stars. 

3.2. Line Emission from Shocks 
If the high-temperature X-ray emitting regions are moving 

rapidly away from the star, the lines will be substantially 
broadened due to the Doppler effect. Wind velocities for hot 
stars are often observed to be ~ 1000-3000 km s - L Therefore, 
we might expect line widths at 100 Â to range up to 
A2 — Iß ^ ±1 A(ß = v^inJc). We have computed the spectral 
luminosity in this case by integrating the line profile over the 
angle between the observer and the wind velocity vector, 
6 = cos -1 //. For a Doppler profile, 

Lv oc J dfi exp (-[x- ô/jl]2) , (8) 

where ô — /?v0/AvD. For <5 > 1, the profile from an optically 
thin shell is “ flat-topped.” Thus, the photons from a single line 
will be distributed almost equally over A2 = +Xß. For the 
conditions discussed in this paper, 6 ~ 102. 

The spectral fluxes computed for /? = 0.01 are shown in 
Figure 4. In these calculations, we used the same emission 
measures and atomic data as in Figure 3. The lines are seen to 
be broadened over ±1 Â. This results in some overlapping 
between closely spaced lines. By comparison, the resolution of 
EUVE in this range is about 0.3-0.4 Â. This suggests EUVE 
observations may be able to distinguish between coronal and 
shock EUV/X-ray emitting regions. 

We have also computed the spectral flux for a “hybrid 
model.” Many hot stars observed with the Einstein Solid State 
Spectrometer appear to be emitting X-rays from plasmas with 
temperatures above 107 K (Swank 1985). One could speculate 
that the hard X-rays originate in a corona at the base of the 
wind, while the softer X-rays are emitted from shocks. Fluxes 
from this type of model are shown in Figure 5. For these 
calculations we assumed EM = 1 x 105 3 cm-3 for each of four 
isothermal regions with T = 1, 2, 4, and 10 x 106 K. The 1, 2, 
and 4 x 106 K components were assumed to have wind veloc- 
ities of ß = 0.01, while the 1 x 107 K component was station- 
ary. Figure 5 clearly shows narrow lines from the 
high-temperature region mixed with the broadened lines from 
the lower temperature regions. These results demonstrate how 
EUV line fluxes may allow us to deduce the origin of radiation 
from relatively complex, multicomponent sources. 
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Wavelength (Â) 
Fig. 4.—Computed line spectral fluxes for isothermal shock models wii 

Wavelength (Â) 
plasma temperatures of 1 x 106,2 x 106,4 x 106, andlO x 106 K 

3.3. Attenuation Effects 
Emission lines originating in a high-velocity wind have pro- 

files that can be preferentially attenuated in the longward of 
line center. This is because the redshifted side of a line orig- 
inates on the far side of the star, and has more absorbing 
material to travel through. For instance, consider the case 
illustrated in Figure 6, where a thin, hot, spherically expanding 

shell emits X-ray and EUV radiation. In the winds of early B 
stars, the EUV lines can be significantly attenuated by the 
neutral He. For the simple case where the wind density is given 
by n(r) = n0(RJr)2, the optical depth from the point of emis- 
sion to the observer is 

T(v, 9) = 
xE 

file aHe(V) 
9 

sin 9 

Fig. 5.—Computed line spectral flux for hybrid shock/coronal model. The 
material at T = 10 x 106 K is stationary, while the material at T = 1, 2, and 
4 x 106 K is moving at üwind = 0.01c. 

where xE is the radius of the emitting shell in units of the stellar 
radius (xE = RE/R*), /He is the fractional helium abundance 
(assumed to be 0.078), aHe(v) is the He photoionization cross 
section, and 9 is the angle between the observer and the source. 
The density distribution assumed above is consistent with a 
wind where the mass flux is spatially uniform and the velocity 
is constant. 

The frequency-dependent flux can be written as 

^ AL(T) EMX 
— 4nD2 eXP ^ —Tism^ 

where 

^ = 2 I exp {-T0 cos“1 (/i)(l-//2)~1/2} , (11) 
J/imin 

fl = cos 0 , 
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t 

I 
Fig. 6.—Schematic illustration of an X-ray emitting shell expanding away 

from a star. 

and 

Amin = - V1 -*E2 • 

The quantity AL(T) is the line power coefficient, and tism is the 
ISM optical depth. The cutoff in equation (11) is due to 
occulation by the stellar disk. For a line with a Doppler profile, 
the frequency-dependent attenuated line profile for the overly- 
ing wind becomes 

Av 

1 
2n1/2AvD 

dfi exp — (x — ôjn)2 cos 1 (a)1 
t0 ^7Y 

(12) 

The attenuated line profile is plotted in Figure 7 as a function 
of wavelength displaced from line center for several values of 
t0. When the overlying wind optical depth is low, the line 

AA//?À0 

Fig. 7.—Dependence of EUV line profiles on the overlying wind optical 
depth. The scaled value of the attenuated line profile is plotted as a function of 
the displacement for line center for several values of r0. 

profile is flat-topped (top curve). However, as the wind optical 
depth increases, the redshifted part of the line (AÀ > 0) 
becomes significantly more attenuated than the blueshifted 
portion. The ratio of the redshifted to blueshifted flux decreases 
as the optical depth increases. Thus, one can attempt to deduce 
the value of t0 (ocn0/xE) by measuring the ratio of the red- 
shifted to blueshifted intensities. Lines at 100 and 200 Â would 
of course have different line profiles because of differing 
amounts of attenuation. 

The variation of t0 with wavelength and shock position can 
be estimated as follows. For a wind with a constant mass flux, 
the density p = (M/4tcR^ v^), where M is the mass-loss rate. 
Using the empirical formula of Kudritzki et al. (1989) for early 
B stars, we find M æ 1 x 10'8 and n0 & 2 x 108 cm-3. For 
the neutral He cross section, a reasonable fit to the results of 
Reilman & Manson (1979) between 100 and 504 Â is : aHe(i) — 
2.1 x 10"19 cm2 (A/100 Â)2-3. This gives 

(13) 

The value of t0 is plotted in Figure 8 as a function of wave- 
length for several values of xE. For a shock at 50R* (lower 
curve), the optical depth is less than 1 for wavelengths below 
400 Á. However, near the star the optical depth of the overly- 
ing wind can be large enough to significantly attenuate lines, 
particularly those with wavelengths > 150 Â. If we assume that 
t0 must be less than 1 in order for lines to be observed, only 
lines below 100 Â would be observed at 2RJ|C. As the shock 
propagates outward, lines up to about 180 Â would be seen at 
10R*, and lines up to about 370 Â would be seen at 50R*. (As a 
reference, the time it takes a shock travelling at 1500 km s"1 to 
travel 50R* is about 60 hr.) Thus, unless the X-ray sources are 
very far from the star (r > 100R*), we expect each emission line 
intensity to show a different time-dependence. 

Finally, one must consider the attenuation by the interstellar 
medium. Figure 9 shows the dependence of the ISM attenu- 
ation factor [ = exp ( — tism)] with wavelength for several 
neutral H column densities. Of the three stars, ß CMa has the 
lowest column density (<2 x 1018 cm"2). For this reason, 

Wavelength (Â) 
Fig. 8.—Optical depth parameter for the overlying wind as a function of 

wavelength and the position of X-ray emitting region, xE = Re/R*. 

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



19
91

A
pJ

. 
. .

38
0 

. .
56

4M
 

PREDICTED EUV LINE EMISSION 571 No. 2, 1991 

Fig. 9.—Interstellar medium attenuation factor for several values of the 
column density. 

ß CMa offers the best opportunity to see emission lines over a 
wide spectral range. For stars with ISM column densities 
above 1019 cm-2, one would not expect to see emission lines at 
wavelengths longer than 200-300 Â. For stars with column 
densities greater that 1020 cm-2, detection of EUV emission 
lines from hot star winds is extremely improbable. Unfor- 
tunately, this means that no O stars should be detected with 
EUVE. 

4. PREDICTIONS FOR EXTREME-ULTRAVIOLET LINE EMISSION 

In this section, we discuss the characteristics of EUV radi- 
ation-emitted from the extended atmospheres of a few nearby 
early B stars, and describe how observations with the EUVE 
satellite may provide important information about the proper- 
ties of hot star X-ray/EUV sources. Some relevant parameters 
for the three early B stars we consider are listed in Table 3. 
These particular stars are considered good candidates for 
detection by EUVE because: (1) they are known X-ray sources, 
having been observed with the Einstein Imaging Proportional 
Counter (IPC) (Agrawal et al. 1984); (2) they are of a spectral 
type that should have high-velocity winds; and (3) their inter- 
stellar medium (ISM) column densities are relatively low. 

4.1. Constraints by IPC Data 
We have computed EUV line fluxes from two widely differ- 

ent types of models that are consistent with IPC X-ray obser- 
vations to estimate the emission from the stars under 
consideration. In the first model, we have fitted the observed 

TABLE 3 
Stellar Parameters 

ISM IPC 
Spectral Distance Column Density Count Rate 

Star Type (pc) (cm-2) (counts s-1) 

ßCMa   Bl II-III 203a <2 x 1018b 0.80c 

aVir  Bl IV 86a 7 x 1018b 0.227d 

ßCcn A   Bl III 81d 4 x 1019b 0.183d 

a Shull & Van Steenberg 1985. 
b Welsh, Vedder, & Vallerga 1990. 
c Agrawal et al. 1984. 
d Long & White 1980. 

TABLE 4 
Isothermal Fits to IPC Data 

log10 T EM 
Star IPC Bins (K) (cm-3) X

2 

ßCMa.   1-8 6.4 3.0 x 1053 3.4 
aVir  1-8 6.2 1.1 x 1053 3.5 
ß Cen A   1-9 6.3 1.3 x 1053 5.9 

IPC data to a simple isothermal plasma model. The best fits 
were obtained by adjusting the plasma temperature and the 
X-ray emission measure. Table 4 lists results for the best-fit 
cases for each star. The x2 values for all three stars show that 
the fits to the IPC data are reasonably good. We found that 
variations in the column density by as much as a factor of 5 
had little affect on our IPC fits. This is because the wind 
column density and ISM column densities for these stars are 
too small to produce any significant attenuation at the C, N, 
and O photoionization edges between 0.3 and 0.6 keV. Thus, 
the IPC data does not provide constraints for the ISM and 
overlying wind column densities for these stars. 

For the second model, we consider the case of a plasma with 
a wide range of temperatures. Hydrodynamics calculations of 
shocks propagating through model winds for t Sco (B0 V) 
typically found temperatures near the shock region to be dis- 
tributed between about 1 and 10 million degrees (MC). The 
calculations predicted a more-or-less uniform differential emis- 
sion measure ( = dEM/dT) over this temperature range. The 
calculated temperature distributions were found to produce an 
X-ray spectrum very similar to that of the two-temperature 
best-fit model (7^ = 5.3 x 106 K and T2 > 15 x 106 K) deter- 
mined from fits to Einstein SSS data (Cassinelli 1985). To test 
whether the X-ray emitting regions of ß Cen, a Vir, and ß CMa 
could be due to plasmas with a wide temperature range, we 
have fitted the IPC data to a simple multitemperature (6-T) 
model with a temperature distribution of log10 T(K) = 5.4, 5.6, 
5.8, 6.0, 6.3, and 6.6. In this model, the fractional contribution 
to the emission measure by each temperature component was 
one-sixth of the total. The fitted spectra for the isothermal and 
6-T models are compared in Figures 10 and 11 for /? Cen A and 

Energy (keV) 
Fig. 10.—Comparison of isothermal (solid curve) and 6-T (dashed curve) fits 

to the IPC data (error bars) for ß Cen A. 
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Fig. 11.—Same as Fig. 3, but for ß CMa. 

ß CMa, respectively. Results for the emission measure and %2 

for the best-fit cases are tabulated in Table 5. Note that the fits 
for this very simple 6-T model are reasonably good, with the/2 

values being roughly similar to those for the single- 
temperature fits. Surely, one could obtain better multi- 
temperature fits to the IPC data by adjusting the relative 
contribution of the different temperature components to the 
total emission measure. We do not wish to argue here that one 
model is better than the other. Rather the point we wish to 
emphasize here is that the X-ray emitting regions may very well 
have a wide range of temperatures. Unfortunately, the IPC data 
alone does not provide significant constraints on the tem- 
perature distributions of the X-ray emitting regions of hot 
stars. This also means that the velocity jumps at the shock 
fronts are not significantly constrained. 

4.2. Predicted EUVE Spectra 
Significantly better constraints for the properties of hot star 

extended atmospheres may come from observations with 
EUVE. The EUVE spectrometers have a spectral resolution 
(2/A/l) of about 250-350 in the wavelength region between 70 
and 700 Â (Hettrick et al. 1985; Welsh et al. 1990). This should 
enable the fluxes from individual lines to be measured, thereby 
providing significant temperature constraints for X-ray emit- 
ting plasmas. For example, Figures 12 and 13 show for ß CMa 
and a Vir, respectively, the simulated spectra for the EUVE 
spectrometers for the isothermal and 6-T models described 
above. To compute the spectra, we calculated line fluxes for the 
1-T and 6-T models using the Raymond-Smith code and fed 
the results through an EUVE spectrum simulation program. 
The ISM column densities listed in Table 3 were used to 
compute the attenuated EUV line fluxes. (For ß CMa, the 
upper limit was used.) For /? CMa it is seen that the isothermal 

TABLE 5 Fig. 12c 
Multitemperature (6-T) Fits to IPC Data 

Star IPC Bins EM (cm 3) x2 

ß CMa   1-8 4.3 x 1053 8.6 
a Vir  1-8 2.6 x 1053 7.1 
yffCenA   1-9 2.6 x 1053 3.4 

Fig. 12.—Simulated EUVE spectral response for ß CMa: (a) isothermal 
model with T = 106,4 K, EM = 3.0 x 1053 cm-3; {b) isothermal model with 
T = IO6 3 K, EM = 2.2 x 1053 cm-3; (c) 6-T model. The midwavelength spec- 
trometer response (dashed line) separates the short- and long-wavelength spec- 
trometer contributions (solid lines). The wide peaks near 304 and 584 Â are due 
to geocoronal He lines. Line identifications are taken from Raymond & Smith 
(1977). 
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Fig. 13b 
Fig. 13.—Simulated EUVE spectral response for a Vir: (n) isothermal 

model with T = 106 2 K, EM = 1.1 x 1053 cm-3; {b) 6-T model. The mid- 
wavelength spectrometer response {dashed line) separates the short- and long- 
wavelength spectrometer contributions {solid lines). The wide peaks near 304 
and 584 Â are due to geocoronal He lines. Line identifications are taken from 
Raymond & Smith (1977). 

best fit case (T = 106 4 K, EM = 3.0 x 1053 cm-3) shows mar- 
ginal detection of lines. The EUVE spectrum from another 
plausible isothermal model which provides a reasonable fit to 
the IPC spectrum is shown in Figure 12b. This corresponds to 
a case in which T = 106 3 K, EM = 2.2 x 1053 cm-3, and 
X2 = 10.8. In this case, several strong lines are more readily 
seen at A > 200 Â. Our results show that the line fluxes are 
clearly model-dependent, with the emission being near the 
limit of the minimum detectable flux for the EUVE spectrom- 
eters. 

Figure 13a shows that for a Vir an isothermal plasma region 
with a temperature of T = 1.6 x 106 K and EM = 1.1 x 1053 

cm-3 would be detected by the short- and midwavelength 
EUVE spectrometers. Several iron lines from ionization stages 
Fe xi through Fe xiv should have measurable fluxes. Second- 
order photons (at À = 22line) are detected by the long- 
wavelength spectrometer. 

Figures 12c and 13b show simulated EUVE spectra for the 
6-T plasma model. Table 6 lists the ions that are present and 

TABLE 6 
Observable EUV Lines 

Wavelength (Â) Ion log Tmax 

83.45 
86.77 

108.1 . 
171.1 . 
174.6 . 
180.4. 
185.2 . 
186.9 . 
203.8 . 
219.1 . 
264.5. 
284.2 . 

Fe ix 6.0 
Fe xi 6.0 
Fe vin 5.8 
Fe ix 5.8 
Fe x 6.0 
Fe xi 6.0 
Fe vin 5.8 
Fe xii 6.2 
Fe xiii 6.2 
Fe xiv 6.2 
Fe xiv 6.2 
Fe xv 6.4 

the temperature component giving the greatest contribution 
for each line. In both cases, lines are observed between 80 and 
500 Â. Note that again Fe lines are the most readily observa- 
ble. Several EUV lines originate in the lower temperature com- 
ponents of the plasma. These components contribute little to 
the X-ray flux, but will produce strong emission lines at EUV 
wavelengths. 

We have also calculated the emission for both the isother- 
mal and multitemperature models for ß Cen. Because of the 
relatively high ISM column density, the predicted EUV fluxes 
are slightly below the detection threshold of the EUVE spec- 
trometers. 

It is not clear if there is a significant amount of “ warm ” 
material (105 K < T < 106 K) in the winds of early B stars. 
Although plasmas in this temperature range tend to cool radi- 
atively much faster than higher temperature plasmas, the den- 
sities of B star winds may be low enough that cooling times 
become long. For t Sco, radiative cooling was found to be 
important for shocks forming close to the star (MC). However, 
it seems possible that warm material could exist farther from 
the star, where densities are lower and cooling times are longer. 
If ß CMa has a significant amount of warm material in its 
wind—i.e., comparable to the amount of material producing its 
X-ray luminosity—EUVE should be able to detect the lines 
emitted from this lower temperature plasma. 

5. CONCLUSIONS 

We have shown that observations of the EUV line emission 
from nearby early B stars can lead to a significant improve- 
ment in our understanding of their X-ray source properties. 
We have examined the line emission from a narrow spectral 
band (100 Â < A < 110 Â) to show the dependence of the EUV 
line spectrum on the temperature of the X-ray-emitting region. 
In addition, spectral analysis of the line profiles could allow 
one to definitively determine whether the X-rays are produced 
by a corona at the base of the wind or by shocks embedded in 
the wind. Because a corona at the low-velocity base of the wind 
would emit lines which are relatively narrow. Lines emitted 
from shock-heated plasmas embedded in the wind would 
exhibit rather broad profiles resulting from Doppler broaden- 
ing. The detection of individual emission lines by moderate- 
resolution spectrometers, such as those on EUVE, could 
provide valuable constraints on the temperature distributions 
throughout the X-ray emitting regions. 

The ratio of redshifted to blueshifted intensities for each line 
is predicted to increase as a shock propagates out through the 
wind. Because of this, one could observe time-dependence, and 
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perhaps periodicity, in these intensity ratios. In addition, the 
rate of change of the red-to-blue intensity ratio would be differ- 
ent for lines of different wavelengths. As the shock propagates 
outward through the wind, the red/blue intensity ratios of lines 
which are most sensitive to the overlying wind column 
density—i.e., the lines at longer wavelengths—will change 
more rapidly with time. Thus, in addition to providing insights 
into the temperature distribution, observing a number of lines 
over a range of EUV wavelengths will provide more rigorous 
constraints for shock models. 

Finally, we note that the predicted line fluxes for the stars 
which we consider to be the best candidates for detection are 
only slightly above the minimum detectable line flux of the 
EUVE spectrometers. Because of the many uncertainties 
involved—such as atomic data, elemental abundances, ISM 
and wind column densities—one cannot predict with certainty 
that lines will be detected by the EUVE spectrometers. 

However, with the next generation of higher-resolution, more 
sensitive EUV spectrometers, such as that to be flown on the 
ORFEUS/SPAS mission (Hurwitz & Bowyer 1990), the effects 
predicted in this paper should be observable. 
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