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ABSTRACT

Results of a ROSAT X-ray survey of 12 nearby near-main-sequence B stars are presented. Objects with
very low interstellar hydrogen column density were chosen to study the soft X-ray emission properties of the
stars. All of the stars were detected at the 3 ¢ level. Spectral fits to seven of the stars are presented, and
temperatures and source emission measures are derived. The spectra and characterized by emission from gas
at a temperature of about 2 x 10° K, which is lower than that typically observed for O stars. The ratio
Ly/Lg,, decreases sharply with spectral types later than B1, reaching values of about 10~° at B3 V; much less
than the value of 10~ 7 that holds for O stars and early-B stars. The survey includes four f Cephei stars and
two Be stars. Our observations are consistent with the finding that f Cephei variables have softer spectra than
other stars of the same spectral type. The X-ray emission measures for the stars are compared with upper and
lower limits derived using mass loss rates and terminal velocities from line-driven wind theory. It is concluded
that if shocks embedded in the winds are the source of the X-ray emission then a significant fraction of the
winds in B stars must be hot. One to a few shocks can account for the observed emission measures. As a
function of spectral type, there appears to be a transition in X-ray emission properties at about B1 to B1.5,
with later type stars having a smaller Ly/Lg,, ratio. Coronal and shock models are discussed in regards to the

BO V star 7 Sco which has an anomalously high source temperature.
Subject headings: shock waves — stars: early-type — stars: mass loss — X-rays: stars

1. INTRODUCTION

Surveys with the Einstein Observatory more than a decade
ago showed that essentially all O stars and early-B supergiants
are X-ray emitters, with luminosities given by the relation
Ly ~ 107 "Ly, (Harnden et al. 1979; Long & White 1980; Pal-
lavicini et al. 1981; Cassinelli et al. 1981). The X-ray spectra of
the stars indicated emission from a hot gas at temperatures of
typically 3 to 9 x 10® K (Chlebowski, Harnden, & Sciortino
1989).

X-ray emission from these stars had been predicted from the
appearance of superionization stages such as O vI in the
Copernicus satellite observations of many early-type stars
(Cassinelli & Olson 1979). These initial X-ray emission predic-
tions were based on models in which a hot corona was
assumed to exist at the base of the stellar wind. A dynamical
coronal model was developed by Waldron (1984). The spectra,
however, showed that this could not be the full explanation
because there was too little absorption of the coronal emission
by the material in the intervening wind (Long & White 1980;
Cassinelli et al. 1981). Lucy & White (1980) and Lucy (1982)
proposed that the X-rays in O stars arise from shocks that can
form because of instabilities in line driven winds. Further
studies of the formation of shocks in hot star winds were
carried out by Owocki & Rybicki (1984) and Owocki, Castor,
& Rybicki (1988).

From an analysis of high-resolution solid state spectrometer
(SSS) data for OB supergiants, Cassinelli & Swank (1983) con-
cluded that most of the X-ray emission from OB stars comes
from regions well above a base coronal zone, at absorption
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column densities which correspond to the location where the
wind has reached about 90% of its terminal speed. However,
there could also be a contribution from much hotter zones,
perhaps closer to the star, as evidenced by hard emission com-
ponents in the SSS spectra and some evidence of a spectral line
feature near 2.2 keV in the spectrum of { Ori (Cassinelli &
Swank 1983).

B stars in luminosity classes III-V, which we refer to as BV
stars, were also observed by Einstein and have been presented
by Long & White (1980), Agrawal et al. (1984), and Grillo et al.
(1992). The UV resonance lines which show the presence of
winds are narrower in the B V stars. This is an indication of a
lower wind terminal speed (Friend & Abbott 1986; Bjorkman
1989). These stars also have significantly lower mass-loss rates,
as indicated by the weaker UV resonance lines and the wind
densities are estimated to be lower by an order of magnitude or
more (Snow 1981). The maximum wind velocity determines the
maximum jump in speed across a shock in the wind. If the
actual shock velocities are proportional to the terminal wind
speeds, then the shock velocities and temperatures should also
be lower than is the case for O stars.

The nature of shocks in the B V stars has been considered by
Lucy & White (1980) and Lucy (1982) in regard to the BO V
star 7 Sco. Because the densities in the BV winds are low
relative to those of the more luminous O and OB supergiant
stars, the cooling time in the postshock flow is increased. The
cooling column density was found to be as large as the entire
wind column density so that there could not be a sequence of
shocks as proposed in the Lucy (1982) model. The problems of
wind shocks in stars with low mass loss rates were addressed
by MacFarlane & Cassinelli (1989, hereafter MC). In contrast
with the model of Lucy & White (1980), and Lucy (1982), MC
found that the shocked region could be relatively thin. MC
considered a model in which a fast wind catches up with and
shocks an earlier wind. This leads to a “driven-wave” shock
structure often discussed in regard to the solar wind
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(Hundhausen 1985). A forward-reverse pair of shocks is formed
with a high-density contact surface possibly occurring in
between. The forward shock occurs where the shock zone
catches up with the slow wind, and a reverse shock occurs
where the fast wind collides with the shock zone. The net effect
is that the region can be narrow and denser than estimated by
Lucy & White (1980) and Lucy (1982).

Another mechanism for the production of shocks in the
outflow from B stars is associated with the presence of disks
around the rapidly rotating Be stars. Bjorkman & Cassinelli
(1990, 1993) have developed a “wind-compressed disk”
(WCD) model in which the disk is maintained by ram pressure
confinement by the stellar wind. Using line-driven wind theory
to describe the outflow of the wind that originates at high
stellar latitudes, the model predicts that for rotation speeds a
certain threshold (~ 50% of critical speed), the wind converges
toward the equator and passes through an oblique standing
shock. This compresses the flow to densities that are two to
three orders of magnitude larger than those in the polar
regions and produces temperatures between 10° and 10° K in
the postshock region.

In summary, there are several shock models as well as a
coronal emission model which can possibly explain the pres-
ence of X-rays in the B V stars. The goal of our observations
has been to obtain spectra that will help to differentiate among
models for B V stars and constrain the number, location, and
morphology of the shock regions.

In § 2, the properties of the stars in our survey are described
and the analysis methods are described. In § 3 the results of the
data analysis are reported, and in § 4 there is a comparison of
the results with the model predictions.

2. THE ROSAT OBSERVATIONS

2.1. Survey Stars

The stars in our survey were chosen to satisfy several cri-
teria: (1) proximity, (2) low interstellar hydrogen column
density (typically log Ny < 20), and (3) full coverage of the
late-O and early-B spectral subtypes within the luminosity
classes III-V. The basic parameters of the stars are given in
Table 1.

The sample contains several classes of B star. There are four
B Cephei variables, (« Vir, &' CMa, B Cen, and 4 Sco), and two

TABLE 1
STELLAR PARAMETERS

Spectral Distance® log N,,° v sin i° L,

'bol

Object Type (pc) (em™%) V* (kms™!) (ergss™Y)
uCol ........ 095V 700 19.85 5.16 140 1.5 x 10%®
TSCo..oiunnn. BO V 170 2043 284 20 1.6 x 1038
6Car ........ BO.SV 207 20.28 2.76 150 1.7 x 1038
BCen ........ B1 IIT 85 19.63 0.61 110 9.5 x 1037
ECMa...... B1 III 460 19.20 4.34 10 1.0 x 1038
aVir ......... Bl 1V 86 18.80 0.97 135 7.5 x 1037
ASCO..c.uunt B1V 110 19.23 1.62 145 3.3 x 10%7
nCen ........ B1.5 Ve 93 20.11 231 345 1.2 x 1037
aPav ........ B25V 57 <1830 194 20 6.5 x 10%¢
oaEri......... B3 IVe 28 <18.30 048 250 5.3 x 1036
oSgr......... B3IV 55 <1840 209 205 7.4 x 103
nUMa....... B3V 42 17.80 1.86 195 5.1 x 103

* From Hoffleit & Jaschek 1982.

® From Welsh, Vallerga, & Vedder 1990, Welsh 1991, and B. Y. Welsh,
private communication.

¢ From Uesugi & Fukuda 1982.
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Be stars (« Eri and 5 Cen), as well as five classical B stars. The
sample also contains the very late O star, 4 Col, 09.5 V. This is
a well-studied star and serves as a convenient comparison star
to link the B star properties with those of the somewhat better
understood O stars (Olson & Castor 1981; Chlebowski &
Garmany 1991). Another of the survey stars, 7 Sco, is perhaps
the best studied of the early-B stars (e.g., Lamers & Rogerson
1978) and has long been used in tests of wind and shock models
(Lucy & White 1980; Abbott & Friend 1989; Springmann &
Pauldrach 1992). Its X-ray emission was measured using both
the IPC and SSS instruments on Einstein (Collura et al. 1989;
Swank 1985).

2.2. Binarity of Sample Stars

Some later type main-sequence stars are known to have
X-ray luminosities in excess of 103° ergs s~* due to coronal
emission (Pallavicini et al. 1981). So a G-dwarf companion,
say, could have stronger X-ray emission than a B3 V star.
Evolved companions can also contribute significant quantities
of soft X-rays to the combined output of the binary system.

There are indications of binarity for several of the stars in
our sample. Unfortunately, in many cases it is impossible to
ascertain the nature of the binary companion. For a Vir the
companion can be identified as a B3 III star, with a 2 day
orbital period (Batten et al. 1987). A visual companion of
£! CMa has a magnitude of + 14, compared with the primary’s
magnitude of +4, at a separation of 0.5 (Proust, Ochsenbein,
& Pettersen 1981). 8 Car is a spectroscopic binary with a com-
panion of unknown spectral type (de Vaucouleurs 1957). o Pav
is a spectroscopic binary with a 12 day period. The spectral
type of its companion is unknown (Batten, Fletcher, & Mac-
Carthy 1987). # UMa also has a spectroscopic companion of
unknown spectral type (Bahng 1958). A Sco is thought to have
a companion which has recently evolved off the main sequence
(Koch 1990). Fortunately, for each of these stars we have one
or more apparently single stars in the same spectral class, so
the binary stars effects should not prevent us from finding
reliable tends in X-ray emission versus spectral type.

2.3. Data Extraction and Reduction

All our observations where made with the Position Sensitive
Proportional Counter (PSPC) aboard ROSAT. This instru-
ment is described in the ROSAT Mission Description (NASA
Research Announcement 91-OSSA-25, Appendix F, 1991) and
in Truemper (1982) and Pfeffermann et al. (1988). It has a 2°
field of view and spatial resolution of 25” at 0.93 keV. The
PSPC bandpass is from 0.1 keV to 2.5 keV and the spectral
resolution is given by AE/E = 0.43(E/0.93 keV) 5. In an
attempt to enhance the spectral resolution of soft X-rays for
some objects, an observation with the boron filter was used in
combination with unfiltered observations. This filter blocks
X-rays above the 0.188 keV boron absorption edge and below
the carbon edge at 0.284 keV, thereby transmitting X-rays
from only the lower half of the carbon band. The use of this
filter allowed us to derive tighter constraints on the emission
properties of a Vir and § Cen.

The data extraction and spectral analysis were done using
the PROS analysis software, which runs within IRAF. The
sources were extracted using a circle with a 4’ radius. This is
large enough to include any soft photon “electronic ghost
images.” The background region was extracted from an
annulus with an outer radius of ~8’, or more if the field was
not crowded, surrounding the source region. The five objects
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TABLE 2
OBSERVATIONAL DATA

Duration Counts
) of Exposure Hardness Background
Object Date Filter s) Ratio® Subtracted
uCol ........ 1992 Mar 31 3962 —0.44 £+ 0.05 638 + 31
7Sco......... 1991 Mar 2 931 +0.61 + 0.03 1413 + 39
fCar ........ 1992 Oct 22 1504 —0.26 + 0.04 562 + 24
pCen........ 1992 Jul 25 676 —0.59 + 0.04 728 + 27
1992 Jul 25 688 —0.62 + 0.04 736 + 28
1992 Jul 26 Boron 596 +0.19 +£ 0.10 104 + 10
1992 Jul 26 434 —0.62 + 0.06 441 + 21
1992 Jul 26 Boron 730 +0.07 £ 0.10 100 + 10
&' CMa ..... 1992 Apr § 1991 +0.30 + 0.07 217 + 16
aVir......... 1992 Jan 23 672 —0.88 + 0.05 737 + 28
1992 Jan 23 Boron 3896 —0.61 + 0.06 477 + 23
ASco ........ 1991 Feb 28 1384 —0.85 + 0.06 596 + 27
nCen........ 1992 Aug 12 4033 —0.11 £ 0.16 53+9
aPav........ 1991 Mar 25 1171 —-0.23 £ 0.20 31+ 6
oEri......... 1991 May 9 1582 —0.83 +0.21 5449
aSgr ........ 1991 Mar 31 3184 —1.04 + 0.44 4+ 13
nUMa ...... 1992 May 26 2616 —0.70 + 0.54 2349
1992 May 29 Boron 4856 17+ 10

* (Counts in channels 51-201) — (counts in 11-41)/(total counts).

with fewer than 100 counts were extracted using smaller source
circles, with radii between 1’ and 2'. This was done to minimize
the number of background counts inside the source circle and
thus minimize the uncertainty in the count rate. For these low
count sources, the use of a smaller source extraction circle can
be justified because the number of electronic ghost images
should be negligible compared to the count rate uncertainty.
Table 2 lists the PSPC exposure times and the net background-
subtracted counts for the 12 stars in our sample.

2.4. Timing Analysis

As can be seen in Table 2, all of our observations are a few
kiloseconds in duration. Only two individual observations
have more than 4000 s of continuous data. Several of the stars
were observed in segments with gaps in between, and this
allowed us to search for variability on timescales of several
hours or days in these objects.

ROSAT observations are made with the satellite undergoing
a 400 s wobble. The wobble mode is used to prevent the PSPC
window support wires from obscuring sources in the field of
view (Downes et al. 1991). This procedure can introduce a 400
periodicity (and multiples thereof) into the observed data
which must be accounted for when performing time variability
analysis.

We tested light curves made with several different binnings
against the hypothesis of a constant source. Short periodicities
were searched for using Fourier analysis and period folding.
We attempted to detect long-term variability by fitting a
sloping line to the light curve in each case where the hypothesis
of a constant source could be rejected at the 90% confidence
level. Where we had more than one observation of the same
object, separated by a gap, we compared mean count rates
among the different segments. We had the capability of detect-
ing fluctuations on the 20%-30% level which have been
reported in OB star X-ray emissions (Agrawal et al. 1984;
Collura et al. 1989), although confusion with the spacecraft
wobble period was a problem.

Given that pulsations of a star could lead to wind variability
and perhaps a fast wind—slow wind interaction, we are espe-

cially interested in searching for periodicities in the X-ray
spectra of the four f Cephei stars. These objects show optical
variability in their sample of 8 Cephei stars using Einstein and
found only a weak, several hundred second periodicity in one
object, § CMa, which is not one of our program stars.

For no star did we find a significant indication of long-term
(periods greater than 1 ks) time variability. Although for three
objects, &' CMa, 1 Sco, and A Sco, we detected variability with
peak-to-peak amplitude variations of ~20% (with periods of
625, 125, and 400 s, respectively), we must attribute this tempo-
ral variability to the spacecraft wobble.

2.5. Spectral Fits

The ROSAT PSPC records photon events in 242 energy
channels in the spectral range 0.1-2.5 keV. In our reduction
procedure the data are rebinned into 33 bins. We generally
excluded bins with fewer than 10 counts from our spectral fits.
We attempted spectral fits so seven stars which had more than
100 net counts. For the five objects which have fewer than 100
net counts, spectral fitting is not justified, and X-ray lumi-
nosities were determined using the appropriate conversion
factor between count rate and flux, which is in the range 3-
7 x 10712 ergs cm ™2 counts ™ ! depending on the ISM column
density and temperature (NASA Research Announcement 91-
OSSA-25, Appendix F, 1991).

Our observed pulse height distributions were fitted with
thermal continuum plus line emission spectral models
(Raymond & Smith 1977; Raymond 1988). The adjustable
parameters were temperature, emission measure, and column
density (wind and interstellar combined). The column densities
were constrained to be at least as large as the published inter-
stellar values (allowing for observational uncertainty). Models
were calculated for various combinations of parameters, cor-
rected for interstellar absorption using Morrison & McCam-
mon (1983) opacities, and convolved with the instrument
response function. These models were then compared with the
observations and the absolute x> minimum determined in
parameter space. The best-fit spectral parameters were used,
along with the distance to the object, to find the X-ray lumi-
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nosity corrected for interstellar absorption. The best-fit spec-
tral parameters for each star are listed in Table 3 and
displayed, with confidence regions, in Figures 1a—1g. We used
the updated version of the PSPC instrument response matrix
which was incorporated in the 1992 December 15 release of
PROS. This was especially critical for analyzing the boron
filter observations.

The y? statistic was used to assess the goodness of fit for the
spectral models. Good fits generally had reduced y2? values
below 2. Fits with reduced y? values below 3 were deemed
plausible, although not ideal (see Table 3 for reduced 2
values). We were able to find model parameters which led to
values below 3 for all seven objects. For one object, t Sco, a
two-component model was required in order to achieve a good
fit. In order to determine the extent of the confidence regions in
parameter space, we calculated a x2 grid in three-dimensional
(column density—temperature—emission measure) space. The
68%, 90%, and 99% confidence volumes were defined by Ay?
values based on the number of free parameters in the models
(Lampton, Margon, & Bowyer 1976). We display two-
dimensional projections in temperature—column density space
of these volumes for the single-component fits to observations
of six of the stars, with dashed-line contours indicating the
emission measure values (Figs. 1la-1f).

We attempted two-component spectral fits in the cases of the
four objects for which the one-component fits had reduced y?
values above 2. As mentioned above, the two-component
model was necessary to achieve a plausible fit for t Sco. In the
cases of a Vir and f Cen, we had several different observations
of each object. For both stars, fitting a two-component model
gave an improved fit for some observations but not for others.
When the separate observations were fitted simultaneously, the
two-component models showed little improvement over the
one-component models. The fit to the observation of 6 Car was
improved by the use of a two-component model, although the
best-fit column density for both components in this case was
larger than the combined ISM and theoretical wind values.
The X-ray luminosity derived from the two component model
agrees to within 10% with that derived from the one-
component model. Since the one-component model provided a
plausible fit we show the fit and the corresponding confidence

CASSINELLI ET AL.

contours in Figure 1b, although we include the best fit param-
eters for both models in Table 3.

For most stars in the sample, the line of sight ISM column
densities are known with a relatively high degree of accuracy.
In several cases the most probable hydrogen column density
values derived from the spectral fitting procedure were signifi-
cantly lower than the published ISM values. For these stars we
restricted the search of spectral parameter space to column
density values at least as large as the published ISM values
(allowing for an uncertainty of typically +0.15 in the log). We
considered that the tendency for low derived column densities
could be due to UV photoelectrons possibly causing spurious
counts in the PSPC instrument. Although no such phenome-
non has been reported, the objects which we observed are very
strong UV sources. In order to test this theory we refitted five
of the stars. This time we excluded channels 11 through 20.
However, this did not cause the derived column density values
to become higher; in fact, they tended to be lower, indicating
that an excess of low-energy counts was not the cause of the
small derived column densities.

For observations with the boron filter we made use of the
additional spectral information by simultaneously fitting the
filter and nonfilter observations. In these cases the y2 con-
fidence grids enclosed less parameter space than those of either
the filtered or unfiltered observations alone.

3. RESULTS

3.1. Individual Objects

In this subsection we discuss the individual stars and the
results of the spectral and timing analysis for each. We make
comparisons between our derived X-ray luminosities and those
derived from Einstein observations (Chlebowski et al. 1989;
Grillo et al. 1992). For four objects, T Sco, 4 Sco, § Cen, and
0 Car, we found X-ray luminosities which differed by more
than a factor of 2 from those found with the Einstein Observa-
tory. The Einstein count rate to flux conversion was based on a
0.5 keV (5.8 x 10° K) Raymond-Smith model (Grillo et al.
1992), whereas we used different models for each object.

TABLE 3
DERIVED X-RAY PROPERTIES
log Ny Temperature log EM Ly Degrees of
Object (cm™2) (10° K) (cm™3) (ergs s™1) Ly/Lgy, %2 Freedom
nCol.oviiiiiiininnen. 19.7 23 54.5 7.6 x 103! 51 x 1077 19 16
7Sco(l-comp)......... 20.3 9.3 54.3 5.8 x 103! 3.7 x 1077 52 24
7 Sco (2-comp) ......... 20.9, 21.3 1.3, 8.6 549, 54.4 2.7 x 1032 1.7 x 107¢ 14 21
0 Car (1-comp) ........ 20.2 2.1 54.0 2.4 x 103! 1.3 x 1077 2.7 18
0 Car (2-comp) ........ 20.2, 21.0 13,40 53.8, 53.6 2.6 x 103! 14 x 1077 0.8 15
pCen ........... 19.5 20 534 5.7 x 103° 6.0 x 1078 2.7 77
¢ CMa 19.8 3.7 54.0 2.4 x 103! 2.4 x 1077 0.9 12
aVir ..o, 18.5 1.3 53.2 3.6 x 103 48 x 1078 3.0 31
ASCO eviiiiiiiiin 19.0 1.5 53.1 2.7 x 103° 82 x 1078 1.0 14
nCen® ....coieiininnn. 51.8 9.3 x 102® 78 x107°
aPav® ...l 51.2 39 x 10?8 6.0 x 107°
aEri* . 50.7 1.2 x 1028 23 x 107°
O SE o 50.7 18 x 10 24 x10°°
nUMa* ................ 51.0 6.7 x 10?7 1.3 x10°°

* These objects have fewer than 100 counts so their X-ray luminosities were calculated using the count rate to flux
conversion factor, assuming a temperature of 2 x 10° K and using the published ISM N,.
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F1G. 1.—For each pair of figures, the left-hand panel shows the PSPC pulse height distributions in net counts per channel versus energy in keV. Also shown are
the best fits to the spectra. The right-hand panel shows the confidence regions in column density—temperature space with the emission measure values indicated with
dashed contours. The solid contours show the y? values which correspond to the 68%, 90%, and 99% confidence levels. For © Sco we show only the pulse height
distribution and the one- and two-component models, as the one-component model fit was so poor that the confidence regions are irrelevant and displaying the
six-dimensional parameter space of the two-component model fit is problematic.
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3.1.1. uCol,09.5V

This is the only O star in our sample and serves as a bridge
between the early-B stars in our sample and the more thor-
oughly studied O stars. We therefore note that the X-ray lumi-
nosity we found is consistent with that found from Einstein
IPC observations (Chlebowski et al. 1989). With over 600
counts we had a high-quality observation of u Col, and there-
fore the spectral fit was well constrained. The temperature of
2 x 10° K and emission measure of 10545 cm ™3 were typical
for late-O stars, as was the X-ray luminosity of 7.6 x 103! ergs
s~ 1. There was no evidence of variability in the light curve of
1 Col on scales from a few seconds to a few hours.

As we show in § 4.1 the wind is optically thick out to several
stellar radii at the lowest energies (see also Table 5), but this
did not appear to have an effect on the PSPC spectrum. The

derived possible values of the hydrogen column density are in
agreement with the ISM value; no additional absorption
attributable to the overlying wind was needed. Therefore it
appears that the X-rays were emitted from regions farther out
in the flow, and certainly not from a base coronal zone. The
relatively low temperature of the X-ray—emitting gas is another
indication of the absence of a corona.

3.1.2. ©Sco,BOV

7 Sco was our strongest detection with over 1400 counts.
The spectral fit indicated that it had the highest temperature of
any object in the sample by more than a factor of 2. It also had
the highest X-ray luminosity and Ly/Lg, of the stars in the
sample.

The single component spectral fit was very poor (see Fig.
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1g); therefore, we fitted a two-component model to t Sco,
which yielded a significantly better ¥ value. This model had a
component with a temperature around 8 x 10° K and a cooler
component with a temperature of about 2 x 10° K. The two
components have nearly equal emission measures. The fit indi-
cates that the hot component was seen through a significant
amount of absorbing material in the wind. We consider the hot
component of the model in more detail in the next section.

Collura et al. (1989) studied Einstein IPC observations to
search for variability in 12 OB stars. In the case of T Sco they
discovered variability at the 2 o level with an amplitude of 30%
on a time scale of 50 s. We saw no evidence of that periodicity
in our observations using either Fourier analysis of the light
curve or period folding. Although there was some indication of
variability on a timescale of about 125 s, this is probably a
harmonic of the spacecraft wobble.

This star was also observed with the Einstein SSS (Swank
1985) which revealed the presence of a 5.3 x 10° K and an
approximately 20 x 10° K component. We could not detect
this hotter component because the emission measure derived
by Swank is several times too small for us to have detected in
the presence of emission from the other component. The X-ray
luminosity we derived (using the two-component spectral fit) of
2.7 x 10*? ergs s ! is several times larger than that found with
Einstein (Grillo et al. 1992).

3.1.3. §Car,B0O.5V

This star has been reported to be carbon deficient and have
enhanced nitrogen, probably due to mass exchange with a
binary companion (Walborn 1976). We obtained over 500
counts in our 1500 s observation of 8 Car. The temperature we
found of 2 x 10° K and the emission measure of about 1054
cm ™3 are very similar to the values we derived for the O star
u Col. The X-ray luminosity we derived of 2.4 x 103! s~ ! is
more than two times that found with the Einstein Observatory
for 6 Car (Grillo et al. 1992). There was no evidence of any
variability for this source on timescales up to several kilo-
seconds.

3.14. f Cen,B11II

This is one of the four § Cephei stars in our sample. We have
five separate observations of f Cen each separated by several
hours. Two of the observations were with the boron filter and
three without. All the spectra had over 100 counts and two
have more than 500, although one of the filter observations
had only 100 counts and fits to it were not at all well con-
strained. We therefore fitted models to four of the observa-
tions. We found that all four observations could be fitted
adequately with a single model. The 90% confidence regions
for all four observations overlap in parameter space. By simul-
taneously fitting the boron and open observations, we took
advantage of the added spectral resolution provided by the
filter to more tightly constrain the model parameters. This
object was found to have a temperature of 2 x 10° K. We
derived an X-ray luminosity which is slightly more than twice
that found with the Einstein Observatory (Grillo et al. 1992).
None of the five observations contradicted the hypothesis of a
constant source at the 90% level. Additionally, the mean count
rate of the three separate unfiltered observations agreed with
each other at the 2 ¢ level. We therefore have no indication of
the X-ray emission of § Cen being variable on timescale from
10 to 10*s.

X-RAY EMISSION FROM NEAR-MAIN-SEQUENCE B STARS 711

3.1.5. ¢* CMa,B111I

The B Cephei variable, ¢! CMa is the most distant B star in
our sample (D = 460 pc). Even so, the spectrum was of rela-
tively good quality with over 200 counts recorded. We found a
temperature of 3.7 x 10° K, and an emission measure of
almost 10%4, which is similar to that of t Sco and u Col. This
star had the strongest X-ray emission of any  Cephei variable
in the study of Agrawal et al. (1984). It had the highest Ly of the
four B Cephei stars in our sample, with a Ly/Lg,, 4 times as
large as any of the others. The X-ray luminosity we derived is
in agreement with that found with Einstein (Grillo et al. 1992).
The high luminosity could possibly be due to the presence of a
binary companion, at a separation of 0'5. The resolution of the
PSPC at the relatively soft energies involved here is too poor
to enable us to separate the two sources in the image. If the
companion is a flaring M star, it could explain the anom-
olously hard X-ray spectrum.

Our analysis of the 2000 s light curve of this object indicated
the presence of an approximately 650 s periodicity with an
amplitude of ~25%. Because this period is near that of the
spacecraft wobble, we attribute the variation in the observed
intensity to this cause. No variability was detected by Agrawal
et al. (1984) using the Einstein IPC.

3.1.6. o Vir,B11V

The f Cephei variable, a Vir (Spica) was observed 4 times,
with the observations separated by a total of 3 days. One
observation was made without the boron filter and three with
it. As with the § Cen observations, we combined the separate
data sets for the purpose of spectral fitting. We were able to fit
all the observations with a single model and were able to con-
strain the spectral parameters to a greater degree than we
could with any subset of observations. We derived an X-ray
luminosity of 3.6 x 103° ergs s~ ! which agrees with that found
by the Einstein Observatory (Grillo et al. 1992) once we account
for the different distance (0.04 kpc) used by them. We found no
evidence of variability either in the individual observations or
from one observation to the next. Thus variability on time-
scales up to several thousand seconds can be ruled out.

3.1.7. ASco,B1V

This was another strong detection with over 500 total
counts. We found an X-ray luminosity of 2.7 x 103° ergs s *
which is almost 3 times larger than that detected by Einstein,
after allowance for the different distance (0.09 kpc) used by
Grillo et al. (1992). 4 Sco was one of the softest and weakest
sources for which we attempted a spectral fit. There was no
evidence of time variability, other than that attributable to the
400 s spacecraft wobble period.

3.1.8. nCen,B1.5 Ve

This object was one of the two Be stars we observed. It has
a very low column density and a very rapid rotation speed
(vsini = 350 km s~ !). The observation exceeded 4000 s, but we
collected only 53 + 9 counts. This was not enough to justify
attempting a spectral fit, but the X-ray luminosity was calcu-
lated using a count rate to flux conversion factor of
6.7 x 1072 ergs cm ™2 counts™! dictated by the interstellar
Ny value and assuming a temperature of 2 x 10° K. This cal-

culation gave an X-ray luminosity of 9.3 x 10?® ergs s~ !.

3.19. a Pav,B2.5V

Our detection of this object (at the 5 ¢ level with 31 + 6
counts) was not very strong, and therefore a spectral fit was not
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FIG. 2—Emission measures and temperatures derived from the PSPC observations for seven stars and summarized here. The best-fit values are indicated by the
squares, and the error bars correspond to the maximum extent of the 99% confidence contours, calculated with the column densities fixed at the best-fit values. Note

that both the hot and cold components are shown for 7 Sco.

justified. An X-ray flux was determined using the count rate to
flux conversion factor assuming a temperature of 2 x 10% K.
Our value of Ly = 3.9 x 10?2 ergs s™! is consistent with the
upper limit derived from the Einstein observation (Grillo et al.
1992).

3.1.10. a Eri,B3IVe

The star a Eri is the nearest Be star (D = 28 pc). With 54 + 9
counts, this was a positive detection, but spectral fitting was
not justified. The X-ray luminosity derived from the count rate
to flux conversion factor, assuming a source temperature of
2 x 10°K,is 1.2 x 10*8ergss™1.

3.1.11. ¢ Sgr,B31V

This object was a 3 ¢ detection with 44 + 13 counts. The
X-ray luminosity as derived from the count rate, again
assuming a temperature of 2 x 10 K,is 1.8 x 1028 ergss™!.

3.1.12. nUMa,B3V

We have two observations of this star—one with the boron
filter and one without. Neither observation yields a positive
detection at the 3 o level, but taken together, they do constitute
a 3 o detection. However, computing a luminosity from the
combined count rate is unreliable. The open observation
implies a 3 ¢ upper limit to the X-ray luminosity of 2.7 x 10?8
ergs s~ !, assuming a temperature of 2 x 10° K.

For a summary of derived spectral parameters, see Figure 2.

3.2. The Ratio of X-Ray to Bolometric Luminosity

Given that the O stars follow the Ly ~ 10~ 7Ly, relation it is
of interest to see if this relation extends to later spectral type.
Figure 3 shows our derived values for Ly/Ly, plotted as a
function of stellar spectral type. The uncertainties in Ly are due
to those of photon counting statistics combined with a factor-
of-2 uncertainty in the conversion factor from counts s~ ! to
flux due to uncertainty of the temperature in the X-ray-
emitting plasma. We find that the Ly ~ 107 "Ly, relation
holds down to spectral type B1, but by B3 the X-ray lumi-
nosities are down to a little more than 10~ °Lg,,. Only one of
our program stars, # Cen, is in the gap between spectral types

B1 and B2.5. It is therefore difficult to determine if there is a
steady decrease in the Ly/Ly, ratio B1 or if there is an abrupt
drop down to the Ly ~ 10~ °Ly,; regime. An abrupt drop in
Ly/Lg, is what would be expected if the line-driving mecha-
nism ceases to function for spectral types beyond the early-B
star range (Abbott 1978).

Schmitt et al. (1993) using the HRI on ROSAT found that
the Ly ~ 10~ 7Ly, relation extends well down into the B star
range for young B stars. Using ROSAT all-sky survey data,
Meurs et al. (1992) have found that the 10”7 law holds for
about ~10% of the B stars observed with ROSAT. They

LA N B BN B T T T L T
L O T Sco .
-6 — —
: Q u Col T
B O ¢ CMa 7
E L O 6 Car ]
} O A Sco
= 8 B Cen -1
~ | a Vir |
up
2 - -
-8 — O Cen a Pav ]
B n UMa T
- o Sgr ]
a Eri T
-9 —
PR VT U NN T NN TR NN WO SO N N SO W N N
BO B1 B2 B3

Spectral Type

F1G. 3.—The ratio of the X-ray to bolometric luminosity vs. spectral type is
shown for all 12 stars. The X-ray luminosities for the seven earliest type stars
were calculated from the results of the spectral fitting, The X-ray luminosities
for the other five stars were calculated using the appropriate count rate to flux
conversion factors. The uncertainties in the Ly/Ly, values are typically a
factor of 2, which is on the order of the size of the symbols.
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attribute the high L,/Lg, ratio found for some of the late-B
stars in their sample to the presence of binary companions.
Our observations appear to describe the variation of Ly/Lg,,
versus spectral type with less scatter for later spectral types
than the results reported by Meurs et al.,, and our increased
sensitivity allows us to detect stars with Ly/Ly,; an order of
magnitude lower than Meurs et al. (1992). Clearly Ly/Lg,,
decreases sharply in the B star range.

3.3. Comments on the 8 Cephei Stars

Of the seven objects for which we performed spectral fitting,
four were f Cephei variables. The three softest sources are all
B Cephei variables:  Cen, a Vir, and 4 Sco. The fourth object,
&' CMa, had a relatively hard spectrum with a derived tem-
perature in the 3 x 10° K range, and an X-ray luminosity 6
times greater than any of the other § Cephei variables. This
object is known to have a binary companion which could
account for the hard radiation. Although our sample is not
large enough to allow us to make firm conclusions, the results
are consistent with those of Meurs et al. (1992) who found
B Cephei variables to have softer X-ray emission than other
stars of the same spectral type. There was no more indication
of time variability in the X-ray emission of any of the variable
stars than there was in the rest of the sample. If the X-ray
emission of these stars did vary on the same timescale as the
optical emission, then we would have detected it, especially in
the cases of a Vir and f Cen, for which which we had several
observations spanning many hours, or even days.

4. DISCUSSION

There are several proposed explanations of X-ray pro-
duction in OB stars. However, we will mostly confine ourselves
to interpreting ROSAT observations in terms of the presence
of shocks in the stellar winds. The star 7 Sco has quite different
properties from the other stars, and we will discuss the possi-
bility that its hard X-ray spectrum arises from a coronal struc-
ture. Although we will be concentrating on thermal emission
from shock-heated gas, we will also briefly consider the
inverse-Compton emission of shock-accelerated electrons.
First, we will discuss radiation-driven wind models, which we
use to analyze all the observations.

4.1. B-Star Properties Based on Wind Models

In contrast with O stars, very little is known about the winds
and mass-loss rates of B stars at spectral type Bl and beyond.

X-RAY EMISSION FROM NEAR-MAIN-SEQUENCE B STARS
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The column density through the winds is too small to produce
significant wavelength displaced absorption or a P Cygni
profile, and so there is little information obtainable from UV
line profiles concerning the wind velocities and the wind mass-
loss rate for our program stars (except for stars earlier than
spectral type B1). Given this lack of information in other spec-
tral bands, and assuming that X-rays arise in wind shocks,
X-ray observations therefore can provide useful new informa-
tion about the winds and outer layers of the atmospheres of B
stars. Our approach will be to use theoretical predictions
about B star winds and to see if they help us understand the
X-ray properties, or if they lead to inconsistencies with the
ROSAT X-ray emission. We use “modified CAK theory” as
described by Friend & Abbott (1986) and Pauldrach, Puls, &
Kudritzki (1986). The theory works quite well for the O stars
and OB supergiants, and its has led to useful predictions of Be
star properties when used in the WCD model (Bjorkman &
Cassinelli 1993).

The quantities that determine the wind properties are the
stellar parameters: stellar mass, M, luminosity, L, and effective
temperature T ; and the three coefficients of modified CAK
theory, k, o, and & which determine the radiation forces
(Abbott 1982). The values of these modeling parameters used
for the stars in our survey are presented in Table 4. The values
of radiation force parameters were interpolated from the tables
in Abbott (1982). Kudritzki et al. (1989) developed a simplified
fitting procedure that reproduces quite accurately modified
CAK theory results. Their procedure provided the terminal
velocity and the mass-loss rates given in Table 4. To calculate
wind emission measures we also need to assume a wind veloc-
ity law. For this we use the well-known beta velocity law with
B = 0.8 (Groenewegen & Lamers 1989):

or) = ve,(1 — Ry/r)’ . )

For the shocks to provide X-ray emission, there must of
course be a jump in velocity that is sufficiently large to produce
temperatures of order 10° K. Using the relation from Krolik &
Raymond (1985),

Ty = 1.44 x 105[V,/(100 km s })]2 K, Q)

where V, is the shock speed relative to the upstream wind
velocity, this implies a velocity jump at the shock front of 267
km s~!. This V, estimate gives some information about the
location of the shock; in particular, it can be used to provide a
estimate of a minimum preshock wind speed. On inspecting the

TABLE 4
ADOPTED STELLAR PARAMETERS

T M log L V, M
Object Spectral Type (K) (Mg) (L) (km s™1) Mg yr™) References k o é
uCol ........ 095V 34500 21 4.68 2658 322 x 1078 1 0.113 0.617 0.121
tS8co......... BO V 32000 18 4.56 2516 1.63 x 1078 1 0.113 0.604 0.095
fCar ........ BOSV 28000 16 4.54 2038 597 x 107° 1 0.136 0.577 0.095
BCen........ B1 III 26000 . 14 4.52 1519 1.88 x 1078 1 0.177 0.565 0.116
¢ CMa ..... B1 III 26000 14 4.52 1518 1.88 x 1078 2 0.177 0.565 0.116
aVir......... B1 1V 24000 11 4.30 1280 7.94 x 107° 1 0.200 0.552 0.136
ASco ........ B1V 24000 12 4.26 1385 5.13 x 107° 1 0.189 0.554 0.136
nCen........ B1.5 Ve 24000 11 3.98 1585 1.08 x 107° 1 0.164 0.556 0.136
aPav........ B25V 17900 7 3.38 1314 519 x 1071t 1 0.161 0.537 0.121
aEri......... B3 IVe 14400 1 3.13 1662 142 x 101! 3 0.192 0.504 0.041
oSgr ........ B3 1V 18000 7 3.27 1411 2.76 x 10711 3 0.152 0.540 0.123
nUMa ...... B3V 14400 11 3.13 1474 1.50 x 10~ ! 1 0.145 0.541 0.123

REFERENCES.—(1) Snow & Morton 1976; (2) from ¥ magnitude and bolometric correction in Code et al. 1976; (3) Snow 1982.
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results of the shock model of Owocki et al. (1988), one sees that
the strong reverse shocks tend to have velocity jumps no more
than about 0.5 times the local wind speed. Hence if we expect
to have shocks of about 267 km s~ !, we need to be considering
regions where the wind speed is about 500 km s ! or more. We
therefore chose to focus our attention on the region beyond the
point where the velocity of the wind is equal to some minimum
velocity, v,,;,. In Table 5 we list the radius at which this
minimum velocity is attained.

Now let us consider upper and lower estimates to the emis-
sion measure of the X-ray producing material. If a § velocity
law structure is assumed, the volume emission measure of the
entire wind (beyond the point where the velocity is at least as
large as v,,,) is given by

EMy = (28 — 1)7! EM[(00/0min) " =17, (3)

where EM,, is the emission measure of a wind having a con-
stant velocity of expansion v(r) = v, is given by

EM; = (4n/R, pt. p,)(M [Ammy v.,)? @

and y, and y, are the mean molecular weight per electron and
proton, respectively.

An estimate of the minimum X-ray flux associated with stars
having numerous source regions in their winds is the emission
measure of a single shock. For this, consider a single shock at
the base of the X-ray—producing region. We estimate that wind
material goes through a reverse shock, heats up to a tem-
perature Ty, and then cools by radiation and adiabatic expan-
sion over a cooling length I.. The cooling length [, is related to
the characteristic cooling time, ¢, by the relation, I, = V,t./4
(Hillier et al. 1993). The characteristic or e-folding cooling time
at ris given by

t, = (1.5nkTy)/(n,ny A + (pv/r)dInp/dinr) . 5

Here A is the Raymond-Smith emissivity in ergs s~ ! ¢cm?, and

the last term is the adiabatic cooling rate which we evaluate
using the scale length of the local § velocity law at the radius
where the shock jump occurs. We find that adiabati¢ expan-
sion can be the dominant cooling process for stars later than
about B1. Cooling times and lengths are given in Table 5.

In addition to the upper and lower limits for the X-ray
emission measure, it is useful to know the column density and
optical depth through the wind, given by the following inte-

Vol. 421

grals over radius or velocity:

Ny = (M/dmpgmy) | drf(or?) ©)

Tmin

= Nuz/(1 = B) [1 = Oin/v)" P71, ™

where yy is the mean molecular weight per hydrogen nucleus,
and Ny; is the column density through the wind of a star that
has a constant velocity outflow with v(r) = v, :

Nyz = M/(voo R, 4mpy my) . ®

The quantity Ny, is a useful parameter for describing the
thickness of a stellar wind. We have found it preferable to plot
the X-ray results versus Ny, instead of spectral type. This is
because within a given spectral class we can have some stars
that are main-sequence stars and some that are giants. On the
H-R diagram the two luminosity classes are not widely
separated in the B spectral range, but the separation is suffi-
cient to make a noticeable difference in the wind properties.
Table 5 includes the Ny, value for each of our stars.

4.2. Comparison of Observations with B Star Wind
Emission Measures

Figure 4 shows a comparison of the observed EMy with our
upper and lower limits based on wind theory properties,
plotted against N,. Several limits are shown on these figures.
We have calculated the upper limit, EMy, using two values for
Umin» 500 km s~ and 267 km s~ !, where the latter value is the
¥V, which produces 10° K gas. The lower limit is also calculated
in two ways. In one case we use for the shock temperature the
value 10° K, and in the other case we use the temperature
associated with the X-ray spectral fits, to calculate the emission
measure in a single spherically symmetric shock zone at the
base of the wind with a radial extent equal to the cooling
length. Since the Ty associated with the different stars shows a
range in values, the line C is rather jagged. Note that for the
stars in the spectral class range BC-B1.5 that the observations
are nicely bracketed by the upper and lower limits, within the
observational and theoretical uncertainties.

For most of the early-B stars, the observed values of the
emission measures lie quite close to the EM; associated with a
single shock. This suggests that number of shocks along any
radial column through the star is small. As is discussed in

TABLE 5
STELLAR WIND PARAMETERS

Rso0" log Ny,  log Ny(Rso0)*  log Ny(2R,) Ty=500 Ty=500 Vinook” L(Rs0)  L(2R,)  t(Rs00)  t(2R,)

Object (R,)  (cm~3) (cm?) (cm-2) (0283keV) (0706 keV) (kms ')  (R,) ®,) (ks) (ks)
uCol ........ 1.14 20.93 21.00 20.59 3.28 0.49 400 0.02 0.08 0.77 3.23
7S8co......... 1.15 20.65 20.73 20.32 1.69 0.25 770 0.22 0.21 5.06 4.72
OCar ........ 1.21 20.31 20.34 19.98 0.69 0.10 390 0.11 0.15 4.16 5.40
pCen........ 1.33 20.78 20.72 20.45 1.63 0.25 360 0.03 0.08 245 5.88
('CMa ..... 1.33 20.78 20.72 20.45 1.63 0.25 470 0.09 0.16 4.67 8.29
aVir......... 1.45 20.51 20.40 20.18 0.77 0.12 280 0.05 0.09 3.66 6.69
ASco ........ 1.39 20.31 20.20 19.98 0.52 0.08 300 0.05 0.09 3.58 6.71
nCen ........ 1.31 19.72 19.67 19.38 0.15 0.02 267 0.07 0.10 4.16 591
aPav........ 1.43 18.52 18.41 18.20 0.01 <1072 267 0.15 0.14 7.93 7.62
oEri......... 1.29 17.79 17.76 17.46 <1072 <1072 267 0.14 0.12 8.60 7.06
oSgr ........ 1.38 18.28 18.20 17.94 0.01 <1072 267 0.15 0.13 6.79 6.23
nCMa....... 1.35 17.79 17.99 17.72 <1072 <102 267 0.15 0.13 5.80 5.15

® Radius at which v,y = S00km s~ .
® Column density above R, (to infinity); Ny(2R,) column density above 2R,.

© For those stars with fewer than 100 counts, a shock temperature of 106 K is assumed.
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FiG. 4—Emission measure vs. the column density parameter Ny, (defined
in eq. [8]) are shown for each star. The points for each star are taken from the
best-fit single-component models or the count rate to flux conversion factors,
except in the case of © Sco, where the value comes from the two-component
spectral fit. The four lines shown were derived from standard radiation-driven
wind theory, as described in the text. The upper limits (denoted A and B) are
integrals over the entire smooth wind from some inner point (v = 267 and 500
km s !, respectively) out to infinity. The lower limits (C and D) are the
expected emission measures from a single shock at the base of the wind. Line C
is calculated using the derived emission temperatures, while line D is calculated
assuming a temperature of 10 K.

Cassinelli & Swank (1983), a smaller number of shocks could
lead to significant variability in the X-ray emission as the
shocks propagate outward and their X-ray emission decreases.
This is certainly the case if the shocks are spherically sym-
metric about the star. However, if a typical shock subtends a
small solid angle above the star, then the X-ray time variability
would be relatively constant because the emission arises from a
large number of shock zone segments. The lack of demonstra-
ble variability in our sample suggests that the segmented emis-
sion picture applies. This was also the conclusion of Cassinelli
& Swank (1983) in regards to the OB supergiant stars.

Figure 4 shows a rather different result for the B stars of
spectral type B2.5 and B3 (which cluster to the lower right side
of the figure). The X-ray emission measure has decreased sig-
nificantly for these later type B V stars, but not as much as
wind theory predicts. The observed emission measures are an
order of magnitude above the upper limits. Several explana-
tions are possible:

1. The values used for the ratio (M/v,)? that appears in the
expression for the wind emission measure could have been
underestimated by our application of line-driven wind theory
to B stars later than B2. It is quite possible that the terminal
velocity is overestimated. Two recent papers have investigated
why B stars do not show broad wind profiles. Abbott & Friend
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(1989) suggested that the wind is terminated by the fact that the
outermost shocks do not cool off and this leads to an upper
limit on the velocity since the driving ions are no longer
present. Springman & Pauldrach (1992) have argued that the
acceleration of a line-driven wind terminates at a radius at
which there can be a decoupling of the driving ions and the
wind plasma. Either of these explanations could perhaps
decrease the terminal speed by a factor of 2 or so. In both of
these models it is assumed that the mass-loss rate which is
determined by conditions at the flow critical point is not
changed. But it is not implausible that the one order of magni-
tude excess of X-ray emission measure shown in on the right-
hand side of Figure 4 could be explained by modifications to
the winds that would change M/v, by a factor of 3.

2. A second possible reason for an excess emission measure
could be that the material is located in a corona. Some support
for this possibility is given by the 30 ks ROSAT observation of
the Be star A Eri, which shows that it has a flaring hard com-
ponent attributed to a magnetized region (Smith et al. 1993).

3. The Be stars are rapid rotators and their winds are not
spherically symmetric In particular, for the WCD model the
winds from the polar regions collide at the equatorial zone and
hot gas is produced behind the oblique shock. The shock struc-
ture is not like the spherical one that we have envisioned in
deriving our estimates of the two limits EM,, and EM,. The
WCD model predicts a higher emission measure than would
be expected from our spherically symmetric shock picture,
which is exactly what we see in the case of « Eri. The only other
Be star in our sample is # Cen, and in Figure 4 it is nevertheless
bracketed by the upper and lower limits.

4. The excess emission derived in the cases of « Pav and
n UMa could be due to the presence of binary companions
around these objects. Such companions could have X-ray
luminosities on the order of the observed 102° ergs s~ *.

We favor the first explanation, that our application of wind
theory has underestimated the M/v,, for the winds of B stars
beyond spectral type B2. The explanation which relies on the
presence of coronae seems unlikely because the emission from
theses stars is so soft. All of the later type stars in the sample
have hardness ratios comparable to or softer than that of
0 Car. This implies that none of these objects has a tem-
perature much above 2 x 10° K. The third explanation neces-
sarily applies only to Be stars and therefore cannot be a
complete explanation. Likewise, the last explanation can only
account for the relatively high X-ray luminosities of two of the
four stars.

If we are going to attribute the X-ray production in the
objects we have observed to wind shocks, we would like to be
able to place the locations of these shocks zones in the winds.
As was mentioned in the subsections on the individual stars,
the column densities we find from the spectral fitting procedure
are generally consistent with no wind absorption. In fact, only
for 7 Sco, ¢! CMa, and 0 Car (two-component model) do the
spectral fits to the observations allow the possibility of X-rays
arising closer to the star than one stellar radius from the
surface.

4.3. Inverse-Compton X-Ray Emission
Chen & White (1991) have studied in detail a mechanism in
which electrons are accelerated to relativistic velocities via
multiple passages through wind shock fronts. These relativistic
electrons inverse-Compton-scatter UV photospheric photons
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up to X-ray energies. This mechanism has been invoked to
explain the hard X-ray emission seen from O stars, but its
application to B stars is uncertain because the shock structure
in B star winds is not well known (Chen 1992). We fitted
power-law spectra, as would be expected from this inverse-
Compton mechanism, to several of our observations. In the
case of T Sco we obtained a fit for a combined Raymond-Smith
and power-law model which was statistically as good as that
for a two-component Raymond-Smith model. The power-law
index we derived was 2.5. Such a steep spectrum could be
produced by electrons which have been accelerated through
relatively weak shocks with Mach numbers around two (Chen
1992). In our fit, the power-law component was responsible for
producing a few times 1032 ergs s~!. While the inverse-
Compton luminosity we derive is high, and the spectrum is
quite steep, the parameters are possibly consistent with the
Chen & White model. Although we cannot rule out the possi-
bility that this shock-related mechanism produces some soft
X-rays in some of the objects in our sample, we choose to
discuss it no further because of the uncertainty in its applica-
tion to B star winds.

4.4. Coronal X-Rays

It can be seen from the pulse height distribution that 7 Sco is
an anomolously hard source. Indeed the SSS observations by
Swank (1985) revealed an even hotter component. One can ask
whether coronal emission could explain our observation. Our
two-component fit to the PSPC data indicates that there is a
8 x 10° K component seen through a column density of about
102 ¢cm 2. This column density is consistent with that of the
entire wind of 7 Sco in addition to the ISM contribution, indi-
cating that the emitting region lies at the base of the wind. The
V, associated with a temperature of 8 x 10° K is about 800 km
s~ ! and so a shock of this magnitude would not form inside the
point in the wind where the velocity reaches about 1500 km
s~ L. But even if the entire wind beyond this point is heated to
8 x 10° K, the emission measure in this region is too small by
an order of magnitude to account for the observed emission
measure.

This appears to be good evidence for the presence of a
coronal zone on t Sco. However, it was just this sort of
problem that was addressed using an alternative shock model
by MacFarlane & Cassinelli (1989). A discussed earlier, their
model, in which a fast wind collided with a preexisting slower
wind, can explain how a large X-ray emission measure could
be produced because of the relatively large cooling length of
the shock zone. Whether that particular shock model is the
best one of T Sco or whether a coronal contribution is required
for the star is still unclear. However, it is clear that none of the
other stars in the sample have the high temperatures indicative
of coronal emission.

5. CONCLUSIONS

We have obtained X-ray observations for nearby B stars
that lie in the spectral range 09.5-B3. For many of the stars
the inferred temperature of the X-ray source regions is low
relative to that of O stars, which indicates that it would be
difficult to detect the stars located at column densities much
above 102° cm~2. In the future, the softness of the emission
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must be accounted for when interpreting statistics based on
large samples of B stars.

The Ly/L,,, relation that holds for the O stars does not hold
for all of the B stars. The ratio decreases from about 10”7 to
about 10~ ? along the spectral sequence from BO to B3. There is
a clear difference between the early B V stars and the ones in
the mid-B V spectral range. Limits on X-ray emission mea-
sures derived from wind theory also show a strong decrease
over this spectral range. This change in Ly/Lg, is consistent
with the decrease in the amount of wind material present.

Making comparisons with wind theory predictions, we
found it convenient to use a measure of the wind column
density proportional to M/R, v, instead of spectral class
because our sample consists of stars of luminosity classes V, IV,
and III, so the wind properties are not monotonic in spectral
class alone. The emission measures associated with the obser-
vations have been found to be consistent with predictions
made on the basis of line-driven wind theory for all of our
stars, independent of luminosity class, for spectral classes BO-
B1.5. The comparisons are consistent with the picture that
X-rays are produced by just a few shock zones because of the
relatively large predicted cooling lengths. The lack of time
variability in any of the observed objects suggests that the
shock-emitting regions are segmented, as opposed to spher-
ically symmetric.

Stars of spectral type B2.5-B3 with small wind column den-
sities have X-ray-emission measures that are larger than our
estimates for the entire wind emission measure, and four pos-
sible explanations have been offered. Perhaps our use of line-
driven wind theory that provides reasonable estimates for the
BO-B1.5 stars becomes less accurate for later type stars, in the
sense that the later type stars have a larger M/v,, than predict-
ed. Nevertheless the fact that wind theory provides predictions
that are reasonably good, gives additional justification for the
application of the theory to B stars, as in the WCD models.

We find temperatures for the B V star X-ray—emitting
regions of 1-4 x 10° K (except for t Sco). This range is about a
factor of 2 below the temperatures found for O stars. This is
just what is expected in the shock picture if the B V stars have
lower terminal velocities than the O stars. Three of the four g
Cephei variables have derived temperatures consistent with
1 x 10°K.

The 09.5 star u Col has X-ray properties similar to the
majority of the B stars in the sample. The emission is too cool
and too free of absorption to arise in a coronal region.

The star T Sco appears to be quite different from the other
stars in our sample, in that the emission temperature is signifi-
cantly higher. This might result from a coronal loop source
region, analogous to that in A Eri (Smith et al. 1993). However,
it is also possible to explain the results with a fast wind/slow
wind interaction shock.
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