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Although X-ray emission from massive, early-type stars has been known for almost thirty years, it is only with
the advent of the high-resolution spectrographs aboard Chandra and XMM-Newton that a detailed investigation
of the X-ray spectra of these stars has become possible. The existing observations of both single and binary
early-type stars have been used to study the properties of their stellar winds. While some results agree with the
expectations from theoretical models, other spectra show unexpected features. In this contribution, we review our
current knowledge on the X-ray emission of stars of spectral type O and Wolf-Rayet and discuss the possibilities
to test some new ideas with future high-resolution X-ray observations.

1. X-ray emission from early-type stars

Early-type stars of spectral type O or Wolf-
Rayet (WR) are hot and luminous objects (Teg >
30000K, Lpo > 4 x 10 L) with initial masses
on the main sequence of more than about 15 Mg,
The strong radiation fields of these stars drive en-
ergetic stellar winds with mass loss rates in the
range M~ 1077 — 104 Mg yr ! and terminal ve-
locities of order v ~ 1000 — 3000km s 1. These
winds not only affect the evolution of the stars
themselves, but they have also a tremendous im-
pact on their surroundings (see e.g. [1] for a gen-
eral review). Stellar winds of O-type stars are
driven by the transfer of momentum from the
photospheric radiation field through photon scat-
tering by strong UV resonance lines [2]. In this
mechanism, only a fraction of the ions are di-
rectly accelerated. The other charged particles
that constitute the stellar wind are dragged along
by Coulomb interactions.

X-ray emission from early-type stars had been
expected on theoretical grounds since the pres-
ence of certain ions (Ovi and Nv) in the UV
spectra of these stars could be explained by
Auger ionisation [3]. In the late seventies, when
the FINSTEIN satellite observed regions near
Cyg X-3 and 7 Car, a number of secondary X-ray
sources were discovered and identified with O and
WR stars of the Cyg OB2 and Car OB1 associa-
tions [4,5]. The first low-resolution broad-band
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X-ray spectra of these early-type stars indicated
plasma temperatures of about k7T ~ 0.5keV and
luminosities of ~ 10~7 Ly,,. The first theoretical
attempts to explain this X-ray emission supposed
that it arises from a dynamo-driven corona at the
base of a cool wind [3,6]. However, as the stellar
winds of massive stars in high-mass X-ray binaries
produce strong absorption of the X-ray emission
from the compact companion [7], one would ex-
pect to see similarly strong absorption for X-rays
arising from a base corona. Since this is not the
case, alternatives to the base corona model were
sought. The most popular current scenario for X-
ray emission from single O-stars stems from the
fact that the transfer of momentum via scatter-
ing by resonance lines is a highly unstable process
(see e.g. [8,9]). This microscopic line-force insta-
bility is thought to trigger macroscopic hydrody-
namic shocks distributed throughout the wind;
X-rays from the shock-heated plasma could bet-
ter account for the overall properties of the low-
resolution spectra of early-type stars as seen with
EINSTEIN, ROSAT and ASCA [10].

With the advent of XMM-Newton and Chan-
dra, the current generation of X-ray observato-
ries combine high throughput and high-resolution
spectroscopy, and new insight into the X-ray
emission of early-type stars has been obtained.
Since this conference deals primarily with high-
resolution X-ray spectroscopy, we will focus on
the results that have been obtained with the
Chandra and XMM-Newton grating instruments.
A general review of X-ray properties of early-type
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WR140 (WC7+04-5) and zeta Ori (09.5la) with the MEG
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Figure 1. HETG-MEG spectra of ¢ Ori (red) and the colliding wind binary WR. 140 (blue). Note the
prominent bremsstrahlung continuum in WR 140 and the obvious difference in plasma temperature be-
tween the two stars. The WR 140 spectrum is the pre-periastron observation discussed by [17].

stars can be found for instance in [11].

The first massive stars to be observed with
these high-resolution spectrographs ! were the su-
pergiants ( Pup (= HD 66811; O41Ief) and ¢ Ori
(= HD37742; 09.71Ib) (see [12-14]), revealing
X-ray spectra dominated by numerous emission
lines (see Fig.1). These individual lines or groups
of lines provide for the first time the opportunity
to apply detailed diagnostics of the physical prop-
erties of the X-ray emitting plasma. Half a dozen
single O-stars have been observed to date with
either HETG or RGS and their spectra show a
variety of line morphologies, from rather narrow
to broad, from symmetric to asymmetric, from
blue-shifted to un-shifted, although there seems
to be a reasonably smooth transition from ¢ Pup

LAX = 0.012, 0.024, ~ 0.06A for the HETG/HEG,
HETG/MEG and the RGS instruments respectively

at one extreme to o Ori (= HD 37468; 09.5V) at
the other [15].

While single O-type stars are found to display
intrinsic X-ray emission that scales roughly with
bolometric luminosity (see e.g. [16] and references
therein), some early-type binaries are consider-
ably brighter, hotter and more variable. This is
attributed to the interaction of the stellar winds
of the binary components. A few of these sys-
tems (such as WR 140, [17] see also Fig.1) are
among the brightest hot-star X-ray sources and
we review some of the results from high-resolution
spectroscopy in Sect. 4.

2. The standard wind-shock model for sin-
gle O stars

As outlined above, the most popular current in-
terpretation of the intrinsic X-ray emission from
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single early-type stars relies on the wind-shock
model based on the idea that stellar winds driven
by the transfer of momentum from the radiation
field through scattering in UV resonance lines
are highly unstable. In this scenario, the X-ray
emitting plasma should be distributed across the
stellar wind and as a result of the bulk expan-
sion of the wind material the spectral lines are
expected to be significantly broadened. In ad-
dition, photoelectric absorption by the overlying
cool wind, assumed smooth and spherically sym-
metric, should mostly affect the emission coming
from the wind material that is moving away from
the observer. Hence the red wing of an X-ray line
should be more heavily absorbed than the blue
wing (see Fig.2). The lines are thus expected
to be broad, blue-shifted and asymmetric with a
steeper blue wing (see Fig. 2). Moreover, the line
emission is expected to arise from radii above the
surface of optical depth unity (7 = 1). Due to the
wavelength dependence of photoelectric absorp-
tion, longer wavelength transitions should come
from farther out in the wind than lines at shorter
wavelengths.

There is growing evidence (e.g. [18]) that stellar
winds of O-type stars are not smooth but clumpy.
This can have important consequences on the
wind absorption, as discussed further below. Sev-
eral authors have computed synthetic line pro-
files for various situations (optically thin vs. opti-
cally thick lines, homogeneous vs. clumped stellar
wind,...) based on the wind-shock model ([19-21];
see also Oskinova et al., these proceedings).

The high-resolution X-ray spectra of the su-
pergiant ¢ Pup [13,14] are reasonably well repro-
duced by these models: the broad emission lines
are resolved by the RGS and HETG instruments
and appear significantly blueshifted and skewed.
The broadening implies Doppler velocities of less
than vy, indicating that the lines originate from
within the wind acceleration zone. The observed
line morphologies agree with the theoretical pro-
files computed for a standard model configura-
tion. Eight individual spectral lines were fitted
with a simple spherically symmetric wind-shock
line profile model by [22]. The free parameters of
their model were

- the inner radius of the emission zone Rg.
All the X-ray line emission is assumed to

Observer

Flux 4

Figure 2. Schematic view of emission-line for-
mation in the standard wind-shock model for a
smooth spherically symmetric wind. Consider
line photons arising on the dashed surface in an
expanding wind. Since the X-ray emitting mate-
rial is assumed to move along with the cool wind
material, for an observer located to the right in
our cartoon, a photon coming from the rear side
of the wind will be red-shifted, whereas photons
from the front side will be blue-shifted. In the
absence of photoelectric absorption by the cool
wind material, we expect to observe a roughly
flat-topped line profile (dash-dotted line profile).
However, as a result of the much larger column
density seen by the red photons, the red part of
the line suffers much stronger absorption than the
blue and the resulting profile is blue-shifted and
asymmetric, as shown by the solid line profile.

arise from plasma located at r > Rjy.

- the filling factor of the hot plasma (assumed
to vary as r—? with ¢ being a fitting param-
eter.

- the typical wind optical depth 7, at the
wavelength of the line. For a smooth



spherically symmetric wind, this parameter
should be equal to %, where & is the
absorption coefficient of the overlying cool
wind material.

While for most lines the values of Ry cluster
around 1.4 R,, the most surprising result from
this study was that the wind attenuation param-
eter 7. was found to be significantly smaller than
might have been expected from the commonly
adopted M and assuming a spherically symmetric
homogeneous wind. Moreover, no obvious depen-
dence of 7, on the line wavelength was found, sug-
gesting that over the observed wavelength domain
between 6 and 25A, the absorption is essentially

grey [22].

Another diagnostic of the plasma conditions is
provided by the ratio of the intensities of the
forbidden and intercombination lines of He-like
triplets. For X-ray emitting plasmas surrounding
early-type stars which have a strong UV radia-
tion field, this ratio is essentially determined by
the dilution of the UV radiation field [23,24]. For
the RGS and HETG spectra of ( Pup this tech-
nique indicates that the lines form at several stel-
lar radii above the photosphere as expected for
plasma embedded in the wind.

While (Pup seems to fit well into the wind-
shock paradigm, the morphology of the X-ray line
profiles of some other O-type stars observed with
the HETG and RGS spectrographs does not con-
form at first sight so well to expectations. A con-
troversial case is ¢ Ori, whose lines are narrower
than those of (Pup [12,25-27]. In the first pa-
per dealing with the HETG spectra of this star
[12], it was argued that the Sixiir He-like triplet
arises very close to the stellar surface and that
the strongest X-ray lines are symmetric and do
not show any evidence of blue-shifted line cen-
troids. They concluded that this result was at
odds with the wind-shock model and they pro-
posed instead that the X-ray emission comes from
magnetic loops near the stellar surface. Recently,
the same data have been reanalysed in a vari-
ety of ways, yielding quite different conclusions
[27,25-27]. [27] obtained a good fit to the en-
tire spectrum with the same asymmetric trian-
gular velocity profile for every line. They found
that the X-ray lines of ( Ori show some asym-
metry with the line centre being blue-shifted by
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~ —300kms~!. Similarly, it has been shown by
[25] that Gaussian fits with zero velocity shift
such as used by [12] produce systematic residuals
that can be reduced if the Gaussians are allowed
to have a blue-shifted centroid. [25] also went
on to use a model-independent non-parametric
method, based on the moments of the lines, to
confirm the existence of a significant blue-shift.
Finally, they used the same method as [22] to fit
seven individual lines with synthetic profiles for
a spherically symmetric wind-shock model (see
above). Good fits were obtained that indicated
values of Ry of about 1.5R., a roughly constant
filling factor and a typical optical depth param-
eter of 7, ~ 0.25 — 0.5, about one order of mag-
nitude lower than expected for a homogeneous
wind with the assumed mass loss rate. The Ry
parameter indicates that much of the line emis-
sion actually arises from regions in the wind be-
low the 7 = 1 surface for a homogeneous wind
(see Fig.3). This situation, along with the fact
that, once again, no obvious trend of the opti-
cal depth with wavelength was observed (as for
¢ Pup [22], see also Fig.3) could indicate that the
mass loss rate of (Ori is lower than previously
reported and that clumping impacts significantly
on the value of 7.

The effect of clumping has been investigated
further by several authors [26,29,30]. [26,29] fit-
ted the observed HETG spectral lines of ¢ Pup,
¢ Ori, £Per (= HD24912; O7.5I1I(n)((f))) and
¢ Oph (= HD 149757; 09.5V) with a clumped
wind model. From these studies, it appears that
clumping can have serious effects on the shape of
the X-ray lines in the standard model.

First of all, mass loss rates of early-type stars
are mostly determined by fitting the optical, UV
and near-IR spectra with a model atmosphere
code. Accounting for the clumping of a frag-
mented stellar wind reduces the mass loss rates
by a factor of a few to a few tens compared to
smooth wind models. This will obviously lead to
a reduced optical depth for X-ray photons. The
line emission will thus be less attenuated and the
line asymmetry will be less pronounced than in a
smooth wind.

Second, if the clumps are nearly optically thick,
the dependence of 7, on \ vanishes and the opac-
ity eventually becomes grey. This can easily be
understood if we consider that the optical depth
now reflects the probability that any line of sight
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Figure 3. Left: comparison of the observed minimum radii of line formation with the ‘X-ray photosphere’
of ¢ Ori. The square dots with error bars indicate the Ry parameter from the fits of [25] to the line profiles
observed in the HETG spectrum as a function of wavelength. The dotted line yields the theoretical
radius of 7 = 1 for the stellar and wind parameters of ¢ Ori (Teg = 28 500K, M = 2.5 x 10~ Mg yr—1,
Voo = 2100kms™!, R, = 31R@, M. = 49 M) calculated with the wind opacity model of [28]. Right,
upper panel: predicted photoelectric absorption coefficient of the wind material around ¢ Ori using the
same wind opacity model as for the left panel. Right, lower panel: effective wind optical depth of ¢ Ori

as determined from the fits of individual lines [25].

from the X-ray emission zone outwards intersects
a clump. This probability obviously depends on
the average separation between the fragments,
which is a wavelength independent, purely ge-
ometrical parameter. For a large enough spac-
ing between the clumps, the stellar wind becomes
porous and the shape of an emission line is sen-
sitive to the spatial distribution of the clumps
rather than to the amount of material along the
line of sight. A detailed investigation of the effects
of porosity has been presented by [30]. These au-
thors show that in order to produce a substan-
tial reduction of the effective optical depth, the
so-called porosity length h = [/f must be large.
In this relation, [ is the characteristic size of the
clumps, whilst f = [3/L? is the clumping factor,
L being the mean distance between the clumps.
A long porosity length implies that either the
clumps must have very large characteristic sizes,
or the volume filling factor must be small or a

combination of both properties. These require-
ments on the clump sizes and filling factors seem
a priori at odds with the properties of the small-
scale wind structures expected from 1-D hydro-
dynamical simulations of the intrinsic instability
of line driven stellar winds.

At this stage, it is worth emphasizing that any
conclusions about the opacity of stellar winds
should also be able to account for the wind ab-
sorption in high-mass X-ray binaries such as Vela
X-1 (see e.g. Paerels, these proceedings). In these
systems, the wind of an apparently normal O star
provides material for both accretion and absorp-
tion, the absorption showing no obvious signs of
anything but a normal photoelectric law.

Understanding the nature of wind opacity is
also highly relevant for the study of chemical
abundances and vice-versa. As a result of the
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combined action of stellar evolution and mass loss
through the stellar wind, the surface composition
of evolved massive stars is significantly altered.
In principle, high-resolution X-ray spectroscopy
offers the possibility to constrain abundances of
some elements that are difficult to derive from
other wavelength domains. The relative emission
measures of various lines in the RGS spectrum of
¢ Pup were investigated by [14]. They found that
the abundances of CNO elements were non-solar
with nitrogen overabundant, and carbon and oxy-
gen depleted. It should be stressed that this kind
of analysis strongly depends on the knowledge of
the wavelength dependence of the optical depth.
In fact, if the wind is clumpy and the optical
depth effectively grey [25,26], then no correction
of the wind absorption is needed, although cor-
rections are still required for ISM absorption. If
on the other hand, the opacity is non-grey, the
differences in optical depth for the different lines
must be accounted for. Another crucial point is
the fact that the X-ray emitting plasma is usu-
ally not isothermal. Therefore, the conversion of
line strength into actual abundances critically de-
pends upon our knowledge of the emission mea-
sure distribution (see e.g. Behar, these proceed-

ings).

Finally, we stress that the X-ray emission from
embedded shocks is usually expected to be rather
soft. This is because the X-rays arise from within
the wind acceleration zone where the winds have
not yet reached v, thus reducing the velocity
jump (and hence the increase in plasma tem-
perature) across a hydrodynamical shock. In
¢ Pup, for instance, both the line spectrum and
the continuum emission, modelled as thermal
bremsstrahlung, are consistent with k7" ~ 0.6keV
[29]. It is thus usually considered that the wind-
shock model cannot explain the existence of sig-
nificant quantities of X-ray emitting plasma at
temperatures above ~ 1keV in early-type stars.
When such hard emission dominates the X-ray
spectrum, it is often interpreted in terms of ei-
ther a magnetically confined wind or a wind-wind
collision in a binary system (see e.g. Fig.1).

3. Magnetically confined winds

In the early 1990’s, extensive optical as
well as UV monitoring campaigns of 6! OriC
(= HD 37022; O4-6 Vp) revealed a periodic (P =
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15.42 days) modulation of its spectrum ([31] and
references therein). It was suggested that these
variations could indicate a rotational modulation
of the emission in an oblique magnetic rotator
[31]. The same periodicity was subsequently dis-
covered in the ROSAT HRI X-ray count rate of
this extremely young star [32]. To explain these
features, a model where a large-scale dipolar mag-
netic field confines the stellar wind near the mag-
netic equator has been proposed [33] (see Fig.4).
This model quantitatively reproduces the X-ray
and optical variations of #' Ori C. The existence
of a dipolar magnetic field with an equatorial field
strength of By = 530G and inclined by ~ 45°
with respect to the rotation axis was discovered
by [34]. The magnetic field channels wind ma-
terial from both hemispheres towards the mag-
netic equator thereby producing a head-on col-
lision of two high velocity flows that heats the
plasma to temperatures of ~ 30 x 106 K. As the
star rotates, our viewing angle towards the con-
fined wind varies, thus resulting in a modulation
of the observable X-ray flux as well as of the opti-
cal emission lines [33,35]. Recently, [36] reported
on four Chandra HETG spectra that were ob-
tained in such a way as to sample the 15.42days
cycle. These four spectra display narrow spectral
lines with Doppler widths ranging from ~ 250 to
~ 625kms~!. Furthermore, the line strengths
of the He-like triplets seen in the HETG spec-
tra indicate that the X-ray emitting plasma must
be located rather close to the stellar surface (be-
tween about 1.5 and 2.0R.). As shown by [36],
these are actually the properties expected for the
X-ray emission of a magnetically channeled wind.

The question that comes to mind is how unique
an object #1OriC is. So far, there are two
other massive stars for which the detection of
a large-scale magnetic field has been claimed in
the literature. These are the peculiar Of?p ob-
ject HD 191612 for which [37] reported a dipo-
lar field strength of 1.5 £ 0.2kG and the very
young B0.2V star 7 Sco (= HD 149438) which has
an average field strength of 300G over the stel-
lar surface [38]. High-resolution X-ray spectra of
7 Sco and HD 191612 have been obtained and dis-
cussed by [39,40] and [41] respectively. The X-
ray properties of 7 Sco fit indeed rather well into
the overall picture of the magnetically confined
wind scenario. In fact, the star displays an un-
usually hard X-ray spectrum (with temperatures
up to 20 x 10°K) and a comparatively large X-
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Figure 4. Schematic view of the magnetically con-
fined wind model for an oblique magnetic rota-
tor such as ! Ori C. The magnetic axis (dashed
line) is inclined with respect to the rotation axis
(solid line). The dipolar magnetic field channels
the wind material towards the magnetic equator
where it collides with the material from the op-
posite magnetic hemisphere. This collision gener-
ates a hot, high-density plasma near the magnetic
equator, where copious amounts of relatively hard
X-rays are emitted. During the rotational cycle
the viewing angle towards the confined wind re-
gion changes resulting in the observed modulation
of the X-ray emission as well as of the emission
at other wavelengths.

ray luminosity (~ 3 x 103! ergs™!) for a BO-type
object. The average HWHM of the lines in the
HETG and RGS spectra is ~ 300kms™! (much
less than v, ~ 2400kms™!), even less than for
0' OriC. The Sixiil He-like triplet of 7Sco in-
dicates a formation radius of less than 1.5R.
[39,40]. Therefore, [39] pointed out the similari-
ties between 7 Sco and 6! Ori C. The discovery of
a magnetic field [38] lends further support to this
interpretation, although the magnetic topology of
T Sco appears significantly more complex than a
simple dipole. Such a complex magnetospheric
structure results in a heavily distorted torus of
closed magnetic loops where the wind flows col-
lide and produce a hot X-ray emitting plasma.
Thus the magnetosphere of 7 Sco might resemble

that of the Solar corona, although the mechanism
responsible for the heating of the plasma would
obviously be different [38].

The situation is however quite different for
HD 191612. RGS spectra of this star at three
different phases of its 538day cycle were ob-
tained by [41]. While the overall spectrum of the
star is rather hard, including emission at tem-
peratures of 12 — 18 x 108K, it appears signifi-
cantly cooler than 6! Ori C, where plasma as hot
as 30 x 106K has been observed. In addition,
the OvIil Lya and Fexvil A15.014 lines have
FWHM of 2000 — 2600kms~!, whilst the average
FWHM of the X-ray lines of HD 191612 amounts
to 1800 £ 400kms~!. These lines are thus sig-
nificantly broader than those of 7 Sco or §! Ori C.
These properties are therefore at odds with the X-
ray emission of HD 191612 arising from a magnet-
ically confined wind. While [37] suggested that
the confinement of the stellar winds in 8! OriC
and HD 191612 as estimated from the parameter

_ (B3R imi :
M= o) should be similar, we caution that

the large mass loss rate of HD 191612 probably
means that the optical depth of the wind is also
significantly larger. Therefore, it could be possi-
ble that the larger optical depth prevents us from
seeing the X-rays from the magnetically com-
pressed wind that should essentially be located
below the Alfvén radius. However, this interpre-
tation would contrast with the idea that the X-ray
wind attenuation is reduced by wind clumpiness
and that most of the X-ray lines form between
~ 1.5and ~ 2.5 R, as inferred for { Pup and ¢ Ori
for instance.

4. Colliding Wind binaries

In early-type binaries, the interaction of stellar
winds can produce X-ray emission that comfort-
ably exceeds the intrinsic emission of the compan-
ion stars (see e.g. [42]). The eccentric (e = 0.88)
long-period (P = 7.94yrs) WC7 + 04-5 bi-
nary WR 140 (= HD 193793) probably provides
the best example of a colliding wind binary sys-
tem. Signatures of the wind interaction can be
seen in wavelengths ranging from radio to X-rays.
For instance, the system is known to display non-
thermal synchrotron radio emission that varies as
a function of orbital phase. Spectacular images of
the radio emission obtained with the VLBA [43]
show clearly that the non-thermal radio emission
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comes from the wind-wind collision zone between
the stars.

The X-ray emission of WR140 [17] is also
highly variable as a function of orbital phase be-
cause of both the changing orbital separation and
variable absorption along the line-of-sight to the
shock region. WR 140 was observed twice with
the Chandra HETG close to the 2001 peristron,
once before and once after. The spectra reveal a
strong continuum (kT ~ 4keV) and many emis-
sion lines (see Fig.1). The pre-periastron X-ray
luminosity in the energy range 0.5 — 10keV was
~ 1.5 — 2.0 x 103*ergs™!, about a factor of 10
— 100 larger than the typical X-ray luminosity of
single O stars.

The remarkably strong neon lines in the X-
ray spectrum of WR 140 are probably due to the
chemical enrichment of the stellar wind of the WC
component. Since the strong bremsstrahlung con-
tinuum is largely produced by free electrons from
carbon and helium, the most abundant elements
in the WC wind, the equivalent widths of lines
directly reflect the relative abundance of the cor-
responding elements with respect to He and C,
allowing accurate abundances to be derived.

The spectral lines of WR 140 were blue-shifted
during the pre-periastron observation with ve-
locity widths increasing with ionization poten-
tial. Given the orbital configuration of the bi-
nary at the time of the observation, the blue-
shift directly indicates that the X-ray emission
arose from material flowing along the shock cone
wrapped around the O-star. The changing line-
widths, on the other hand, were interpreted as
a consequence of the lack of equilibrium caused
by the slowness of relaxation behind collisionless
shocks in the low-density interacting flows be-
tween the stars.

Beside the long-period colliding wind binaries
like WR 140 and 7 Car ([44]), many other shorter
period early-type interacting wind binaries have
been observed with XMM-Newton, mainly O + O
systems with periods of days to weeks. In these
close systems, the winds interact before they have
reached their terminal velocities and many dis-
play phase-modulated X-ray flux [45-48]. Be-
cause of the lower pre-shock wind velocities, the
X-ray emission from the wind interaction zone is
softer and weaker than in wider systems such as
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WR 140. For a review of the X-ray observations
of these systems, we refer to [11].

5. A new paradigm for X-ray emission
from single early-type stars

Some of the thinking applied to WR 140 has
triggered the development of a alternative in-
terpretation to the standard wind-shock model
[27,49] that could be far-reaching in its implica-
tions. The ions and electrons of the stellar wind
interact through slow, long-range Coulomb colli-
sions. As pointed out above, these are relevant
in the wind-driving mechanism for transferring
momentum from the small minority of directly
driven ions to the flow of all ions and electrons.
In addition, they will also help determine the way
in which any shocks in the wind might develop.
[27,49] drew attention to the fact that the ion-
ion collisional mean free path scales as v*/n;,
where v is the ion velocity and n; the density.
Whilst this mean free path is small near the stel-
lar photosphere, it increases rapidly with radius
in the stellar wind as v increases and n; decreases.
For instance, in { Ori, it reaches about 1R, at
r = 10R.. These authors suggest, therefore, that
in common with most other astrophysical plas-
mas, much of a stellar wind is a collionless plasma
and that any shocks which develop are regulated
instead by plasma waves and are thus of magnetic
origin. In such collisionless shocks, it is expected
that predominantly ions are heated, whilst elec-
trons remain cold. Given the even slower rate
of energy exchange between ions and electrons,
equilibrium is unlikely to be established and X-
ray ionization could be due to protons rather
than electrons. The width of the emission lines
would then result from the thermalized motion of
the ions in the post-shock region, rather than re-
flecting the bulk motion of the emitting plasma.
[27,49] also discussed the possibility that the slug-
gishness of Coulomb interactions could prevent
the microscopic instability of the driving mecha-
nism developing into macroscopic shocks. If the
shocks producing the X-rays in both single and bi-
nary stars are indeed collisionless, high-resolution
X-ray observations of early-type stars provide a
novel testbench for the study of magnetic fields
and plasma physics.
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6. Conclusions and Future Prospectives

High-resolution spectroscopy with Chandra
and XMM-Newton has opened up an entirely new
view on the X-ray emission of early-type stars.
However, there is still a long way to go before the
X-ray spectra of hot stars reach the same level
of accuracy as in IUE UV spectra. Moreover,
high-resolution X-ray spectroscopy of early-type
stars is so far restricted to only about a dozen ob-
jects. In order to formulate general conclusions,
it is mandatory to enlarge this sample. This is
especially true since different objects apparently
require different models to account for their X-
ray spectra. Using longer integration times with
the current facilities to observe fainter sources is
not enough. Instead, a quantum leap in effective
area is required, such as expected for the XEUS
and Con-X , in order to increase significantly the
number of early-type stars that can be studied at
high resolution.

Beside the large effective area and good spec-
tral resolution, future X-ray spectrographs should
also have angular resolution at least as good as
that of the current EPIC instruments aboard
XMM-Newton. As the majority of the early-type
stars are located in open clusters, poor angular
resolution would condemn X-ray spectroscopists
to work with spectra suffering from confusion by
the light from either neighbouring massive stars
or from the abundance of low-mass pre-main se-
quence stars that congregate around early-type
stars.

Future high-resolution spectra of massive stars
will provide the first detailed X-ray line pro-
files, possibly allowing the study of variability on
time-scales down to the hours typical wind flow
times. In the UV and optical domain, emission-
line-profile variability on such time-scales is com-
mon and has been attributed to either small-scale,
such as clumps, or large-scale structures in the
winds.

XEUS and Con-X observations will also pro-
vide tests for the various ideas outlined above.
For instance, they will allow to search for satel-
lite lines that could indicate the presence of non-
thermal electrons via inner-shell ionization. Rel-
ativistic particles are expected to be accelerated
in the shocks probably responsible for the X-ray

emission in both single and binary stars. All-in-
all, these observations promise deeper insight into
the high-energy mechanisms that occur inside the
stellar winds of hot stars and will provide funda-
mental information on many processes that occur
in astrophysical plasmas. In many respects, the
golden age of X-ray astronomy of early-type stars
is yet to come.
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