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ABSTRACT

Archival X-ray spectra of the four prominent single, non-magnetic O stars
¢ Pup, ¢ Ori, & Per, ¢ Oph, obtained in high resolution with Chandra HETGS/MEG have
been studied. The resolved X-ray emission line profiles provide information about the
shocked, hot gas which emits the X-radiation, and about the bulk of comparably cool stellar
wind material which partly absorbs this radiation. In the present paper we synthesize X-ray
line profiles with a model of a clumpy stellar wind. We find that the geometrical shape of the
wind inhomogeneities is important: better agreement with the observations can be achieved
with radially compressed clumps than with spherical clumps. The parameters of the model,
i.e. chemical abundances, stellar radius, mass-loss rate and terminal wind velocity, are taken
from existing analyses of UV and optical spectra of the program stars. On this basis we also
calculate the continuum absorption coefficient of the cool-wind material, using the Potsdam
Wolf-Rayet (POWR) model atmosphere code. The radial location of X-ray emitting gas
is restricted from analyzing the fir line ratios of helium-like ions. The only remaining free
parameter of our model is the typical distance between the clumps; here we assume that at
any point in the wind there is one clump passing by per one dynamical timescale of the wind.
The total emission in a model line is scaled to the observation. There is a good agreement
between synthetic and observed line profiles. We conclude that the X-ray emission line
profiles in O stars can be explained by hot plasma embedded in a cool wind which is highly
clumped in the form of radially compressed shell fragments.
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1 INTRODUCTION

Young and massive O-type stars possess strong stellar winds. The
winds are fast, with typical velocities up to 2500 km/s, and dense,
with mass-loss rates M >10~7 M, /yr. The driving mechanism for
the mass-loss from OB stars has been identified with radiation pres-
sure on spectral lines (Castor, Abbot & Klein 1975). However, it
was pointed out early (Lucy & Solomon 1970) and later further
investigated (Owocki & Rybicki 1984) that the stationary solution
for a line-driven wind is unstable; small perturbation grow quickly
and result in strong shocks giving rise to the production of hot gas
and emitting of X-rays.

X-rays from hot OB type stars were discovered by the Ein-
stein X-ray observatory (Harnden et al. 1979; Seward et al. 1979).
A large number of OB type stars was detected by the Rosat All
Sky Survey (Berghdfer, Schmitt & Cassinelli 1996), providing firm
evidence that the X-ray emission is intrinsic for O star winds. The
low resolution Rosat spectrum of the O-type supergiant ¢ Pup was
modeled by Hillier et al. (1993). In order to explain the apparent
weakness of absorption in the spectrum, Hillier et al. (1993) pos-
tulated that the X-rays are emitted far out in the stellar wind, at
distances larger that 100 R., by an optically thin shell expanding
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at constant velocity. The emission from such shell would produce a
broad rectangular box-like line.

A box-like line profile is distinctly different from a skewed
triangular line expected from radiation arising in the wind accel-
eration zone and attenuated in the wind (MacFarlane et al. 1991).
Ignace (2001) demonstrated that the asymmetry of the line corre-
lates with the wind opacity and density. In a more optically thick
wind the lines are more blue-shifted. Since atomic opacity is wave-
length dependent, the lines are expected to differ in shape across
the spectrum, with larger blue-shift at wavelengths where the wind
opacity is higher.

X-ray generation in the wind acceleration zone is predicted
in the model by Feldmeier, Puls & Pauldrach (1997), who showed
from hydrodynamic simulations that dense cool shells of gas form
in deep wind regions. Collisions of these shells can lead to strong
shocks. X-rays originate from radiatively cooling zones behind the
shock fronts. The hot X-ray emitting plasma is thermal, has a small
filling factor, and is optically thin. The produced X-rays can be
significantly attenuated by the overlying cool stellar wind. Hence
the blue-shifted lines are expected.

High-resolution X-ray spectra of O-type stars were obtained
for the first time by the Chandra X-ray observatory (Waldron &
Cassinelli 2001). The resolved emission line profiles offered a strin-
gent test for the theory. The analysis of the line ratios from He-like
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ions in ¢ Ori and ¢ Pup constrained the regions of X-ray forma-
tion relatively close to the stellar surface. The line width was mea-
sured to be less than corresponding to the maximum velocity, con-
firming that the line emission originates in the wind acceleration
zone. Line blue-shifts were also detected, indicating wind attenua-
tion (Cassinelli et al. 2001).

However, the data revealed that the line blue-shifts do not
change significantly for lines at different wavelengths in contrast
to what was expected (Waldron & Cassinelli 2001; Cassinelli et
al. 2001). Moreover, the line fitting using the ”standard model” of
smooth homogeneous wind was not able to to reproduce the lines
observed in non-magnetic single O stars unless with significantly
reduced mass-loss rates (Kramer, Cohen & Owocki 2003, Cohen et
al. 2006).

There is a good reason to believe that mass-loss rates from
O stars are need to be revised downwards. A plenitude of obser-
vational and theoretical evidence indicates the clumped inhomoge-
neous nature of O star winds (Repolust et al. 2004, Bouret, Lanz &
Hillier 2005, Fullerton, Massa & Prinja 2006). The empirical mass-
loss rates of WR stars are generally reduced by factors of a few in a
clumped wind (Hamann & Koesterke 1998), but it is still not known
by how much exactly in case of O stars (Puls et al. 2006).

Radiative transfer in a stochastic medium is distinctly differ-
ent from the transfer in a smooth medium (Pomraning 1991), es-
pecially when the clumps are not necessarily optically thin. There-
fore, it is inconsistent to apply the smooth-wind formalism in order
to model spectral lines in a wind where the mass-loss rate estimates
are based on the assumption of wind clumping.

The transport of X-rays in a clumped stellar wind was studied
analytically and numerically by Feldmeier, Oskinova & Hamann
(2003) and Oskinova, Feldmeier & Hamann (2004), respectively.
Motivated by the prediction of hydrodynamic simulations that the
cool-wind clumps are radially compressed, we considered the case
of anisotropic wind opacity, where the optical thickness of a clump
depends on its orientation. Feldmeier et al. (2003) showed and
explained that the assumption of flattened wind clumps leads to
nearly symmetric and blueshifted line shapes. A corresponding 2D
stochastic wind model developed in Oskinova et al. (2004) demon-
strated that clumping effectively reduces the wind opacity and its
wavelength dependence. The latter effect leads to a similarity of
the shapes of all X-ray lines. Recently, Owocki & Cohen (2006)
used a similar model, but restricted to the specific case of isotropic
clumps. In the latter model a symmetric line profile results only
when the mean separation between optically thick clumps is quite
large, of the order of a few stellar radii.

The main objective of the present paper is to compare, for the
first time, the model lines from clumped winds with the lines ob-
served in the X-ray spectra of the prominent single non-magnetic
O stars ¢ Pup, & Per, ¢ Ori, and ¢ Oph.

Our basic strategy is to adopt the best available parameters for
the stars and their winds, compute on their basis the model line
profiles, and compare them with the observation. Thus we do not
infer the model parameters from the line fitting, but instead answer
the question whether the observed lines can be described in the
framework of the X-ray transport in stochastic media.

We utilize the most recent empirical mass-loss rates of our
sample stars, and evaluate the mass-absorption coefficient in the
wind using state-of-the-art non-LTE atmosphere code. Observed
X-ray spectra are analyzed to infer the zone of X-ray emission
and the wind velocity field. The only remaining free parameter of
our model is the average time interval between subsequent clumps

Table 1. Chandra ACIS-S HETGS observations of prominent O-type stars.

Name  ObsID log(Ng) Flux! exposure
[em—2] [erg/sicm?] [ksec]

¢ Pup 640 20.00 9.0 x 1012 67

¢ Ori 610 20.48 6.0 x 1012 59

¢ Ori 1524 20.48 6.0 x 1012 13

& Per 2450 21.06 1.2 x 10712 160

¢Oph 4367 20.78 3.1 x 10712 48

¢Oph 2571 20.78 3.1 x 10712 35

1 Flux not corrected for interstellar absorption

passing the same point in the stellar wind. For this parameter we
adopt the wind flow time, R /voo .

With all model parameters defined, we model each line and
compare it with the observation.

The paper is organized as follows. Observational evidences
of strong wind clumping are discussed in Section 2. The observa-
tions and broad-band spectral properties of our sample stars are pre-
sented in Section 3. The analysis of line ratios of He-like ions, con-
ducted in order to estimate the location and temperature of the X-
ray emitting plasma, is presented in Section 4. Section 5 describes
the stellar atmosphere model, and Section 6 briefly summarizes our
radiative transfer technique for X-rays in a clumped stellar wind.
The comparison of modeled and observed line profiles is done in
Section 7, and a discussion follows in Section 8. Conclusions are
presented in Section 9.

2 CLUMPED WINDS OF EARLY-TYPE STARS

There is mounting observational evidence of strong inhomo-
geneity of stellar winds. Stochastic variable structures in the
He 11 4686 A emission line in ¢ Pup were revealed by Eversberg,
Lépine & Moffat (1998), and explained as an excess emission from
the wind clumps. Markova et al. (2005) investigated the line-profile
variability of Ha for a large sample of O-type supergiants. They
concluded that the properties of the Ha variability can be explained
by a wind model consisting of coherent or broken shells. Bouret et
al. (2005) conducted a quantitative analysis of the far-ultraviolet
spectrum of two Galactic O stars using the stellar atmosphere code
CMFGEN. They have shown that homogeneous wind models could
not match the observed profiles of O v and N 1v and the phospho-
rus abundance. However, the clumped wind models match well all
these lines and are consistent with the Ha: data. This study provided
strong evidence of wind clumping in O stars starting just above the
sonic point. A reduction of mass-loss rates by a factor of at least 3
compared to the homogeneous wind model was suggested. A sim-
ilar result was obtained from fitting stellar wind profiles of the P v
resonance doublet by Fullerton et al. (2006). A sample of 40 Galac-
tic O stars was studied, and the conclusion was drawn that the mass-
loss rates shall be reduced by up to one order of magnitude, depend-
ing on the actual fraction of P v in the wind. The discordance was
attributed to the strong clumping of the stellar winds.

X-ray observations of massive stars allow to probe the column
density of the wind. An analysis of the X-ray emission from the
O stars § Ori (Miller et al. 2002) and ¢ Pup (Kramer et al. 2003)

© 2006 RAS, MNRAS 000, 1-14



High resolution X-ray spectroscopy of bright O typestars 3

>_ 3 S s -53 -
> z = x x < = S = = — =
< < X % 2 % -
5 a3 =22 2 2 =P 3L 3 2 =
- 1 | 1 | Iﬁ || 1 || T r’-||| ||J-| ! ||/ | || T rII_ll 1 |I -]
0.2 - { Pup]
- 0417
01 -
. __I_r T T T T T T T |_|_|_| T |_|' T |Z_(|')ri_
01 | 09.71]
o< K ]
(&)
2 oo Lt M A A - }L I
~ . _I_l_l_r T T T T T T |_|_| [ T [ T [ T
£0.03 |- £ Per
§0-02 — O7.511—
©
o] LA ]
© | | | | | | I
£ 000 === — T —T T T
50.10 |- Z Oph
: 09V 1
F MM :
0.00 - | l | o M 1 | gy ]
4 6 8 10 12 14 16 18 20 22 24 26

Wavelength (,3\)

Figure 1. De-reddened HETGS/MEG=1 spectra of prominent O stars.

have shown that the attenuation by the stellar wind is significantly
smaller than expected from standard homogeneous wind models.

Similar conclusions are reached from the analysis of X-rays
from colliding wind binaries (CWB). Such systems consist of two
massive early-type stars. The copious X-ray emission is produced
in the wind collision zone. At certain orbital phases the X-ray
emission from the colliding wind zone travel towards the observer
through the bulk of the stellar wind of one companion. Deriving the
absorbing column density from X-ray spectroscopy constrains the
mass-loss rates. An analysis of XMM-Newton observations of the
massive binary > Vel was presented by Schild et al. (2004). They
showed that the observed attenuation of X-rays is much weaker
than expected from smooth stellar wind models. To reconcile the-
ory with observation, Schild et al. (2004) suggest that the wind is
strongly clumped. Similar conclusions were reached from Chan-
dra and RXTE observations of WR 140 (Pollock et al. 2005). Alike
+2 Vel, the column density expected from the stellar atmosphere
models that account for clumping in first approximation only is a
factor of four higher than the column density inferred from the X-
ray spectrum analysis.

Spectacular evidence of wind clumping comes from X-ray
spectroscopy of high-mass X-ray binaries (HMXB). In some of
these systems a neutron star is on a close orbit deeply inside the
stellar wind of an OB star. The X-ray emission with a power-law
spectrum results from Bondi-Hoyle accretion of the stellar wind
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onto the NS. These X-rays photoionize the stellar wind. The result-
ing X-ray spectrum shows a large variety of emission features, in-
cluding lines from H-like and He-like ions and a number of fluores-
cent emission lines. Sako et al. (2003) reviewed spectroscopic re-
sults obtained by X-ray observatories for several wind-fed HMXBs.
They conclude that the observed spectra can be explained only as
originating in a clumped stellar wind where cool dense clumps are
embedded in rarefied photoionized gas. Van der Meer et al. (2005)
studied the X-ray light curve and spectra of 4U 1700-37. They
showed that the feeding of the neutron star by a strongly clumped
stellar wind is consistent with the observed stochastic variability.

These observational findings appear to be consistent with the
stellar wind theory. The hydrodynamic modeling of Feldmeier et
al. (1997) (see also a pseudo 2D simulation of Dessart & Owocki
2003) predicts that the stellar winds are strongly inhomogeneous
starting from close to the core, and with large density, velocity and
temperature variations due to the de-shadowing instability. This in-
stability leads to strong gas compression resulting in dense cool
shell fragments (clumps). The space between fragments is essen-
tially void, but at the outer side of the dense shells exist extended
gas reservoirs. Small gas cloudlets are ablated from these reser-
voirs, and accelerated to high speed by radiation pressure. Propa-
gating through an almost perfect vacuum, they catch up with the
next outer shell and ram into it. In this collision, the gas parcels are
heated and emit thermal X-rays. The X-ray emission ceases when
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Table 2. Stellar wind parameters

Name  Sp.Type R Tefr Voo Ta M clumping®  ref
[Ro]l [kK] [km/s] [hr] [Mg yr~1]

¢ Pup 041 18.6 39 2250 1.6 4.2 x10-6 yes 1

¢ Ori 09.51 31 32 2100 2.9 2.5 x 10—6 no 2

EPer  O7511 242 35 2450 1.9 1.2 x 10~ yes 1

¢ Oph o9V 8.9 32 1550 1.1 <1.8x 1077 no 3

a “yes” — clumping was taking into account for mass-loss estimates; “no” — mass-loss is not corrected for the clumping
1) Puls et al. (2006), 2) Lamers & Leitherer (1993), 3) Repolust et al. (2004)

the wind reaches its terminal speed. In contrast, the cool fragments
are maintained out to large distances. Runacres & Owocki (2005)
studied the 1D evolution of instability-generated structures in the
winds and demonstrated that the winds are inhomogeneous out to
distances of 1000 R.. Thus theory predicts the existence of two
disjunctive structural wind components — hot gas parcels that emit
X-rays, and compressed cool fragments that attenuate this radia-
tion.

3 HIGH-RESOLUTION X-RAY SPECTROSCOPY OF
SINGLE O STARS

A growing number of O-type stars has been observed with the high-
resolution spectrographs on board of Chandra and XMM-Newton.
The purpose of this paper is to study the X-ray line profiles, there-
fore we selected the brightest stars with well-resolved lines. The
HETGS/HEG detector on board of Chandra has a spectral resolution
AX = 0.012 A, while HETGS/MEG has A\ = 0.024 A. However
the effective area of HEG is smaller than that of MEG. The RGS on
XMM-Newton has larger effective area but more modest spectral
resolution. For consistency we concentrate here only on the first
order co-added HETGS/MEG spectra.

We consider only single stars because in a CWB the geom-
etry of the system can affect the line shapes (Henley, Stevens &
Pittard 2003). However, there is no way to make sure that an O
star is definitely single. Runaway O stars are distinguished by an
almost complete lack of multiplicity (Hoogerwerf, de Bruijne &
Zeeuw, 2001). Therefore, we have selected all three single O-type
runaways observed by Chandra HETGS - ¢ Pup, & Per, and ¢ Oph.
These stars are relatively X-ray bright and observed with exposures
long enough to accumulate high quality spectra as shown in Table 1
and in Fig. 1. We have also considered a fourth star, ¢ Ori, albeit it is
a known binary (Hummel et al. 2000), because the initial interpre-
tation of X-ray emission line profiles from this star caused doubts
in the validity of the shock model of X-ray production (Waldron
& Cassinelli 2001). The stellar and wind parameters of our sample
stars are compiled in Table 2.

Waldron & Cassinelli (2001) and Cohen et al. (2006) pre-
sented a detailed analysis of Chandra observations of ¢ Ori.
Cassinelli et al. (2001) and Kramer et al. (2003) analyzed Chan-
dra spectra of ¢ Pup. XMM-Newton observations of ¢ Pup were
analyzed by Kahn et al. (2001) and Oskinova et al. (2006). Wal-
dron (2005) reported observations of ¢ Oph. Chandra observations
of & Per were not yet published to our knowledge.

We retrieved the public archival data of these four stars and

extracted the spectra using the latest version of the Chandra soft-
ware and the calibration data base. The de-reddened MEG spectra
of the stars are shown in Fig. 1 (see also XMM-Newton spectra of
O stars in Fig. 8 from Paerels & Kahn (2003)). The emission lines
seen in all spectra are resolved, with broader lines seen in the stars
with higher wind velocities. The spectra exhibit emission from H-
like and He-like ions of low and intermediate Z elements. The Si
and Mg lines are most prominent in the ¢ Pup spectrum, while oxy-
gen lines dominate the spectrum of ¢ Ori. The ratio of nitrogen to
oxygen line fluxes is higher in the runaway stars compared to the
¢ Ori spectrum. Kahn et al. (2001) found that in ¢ Pup the emis-
sion measures derived from the nitrogen emission lines are at least
one order of magnitude larger that those of carbon and oxygen.
They conclude that the elemental abundance ratios of nitrogen to
oxygen, as well as nitrogen to carbon are considerably higher than
solar indicating that the material has undergone CNO processing.
This is in accordance with scenarios where runaways have previ-
ously been members of close binary systems and undergone mass
exchange.

The spectral energy distribution (SED) of all stars can be fitted
using the standard collisional plasma models, e.g. apec. The spec-
tral fits indicate the presence of multi-temperature plasma with tem-
peratures in the range 0.2 keV<kTx<0.7 keV. Kahn et al. (2001)
reported the detection of continuum in the XMM-Newton spec-
trum of ¢ Pup, although their fits were inconclusive. Oskinova et
al. (2006) analyzed archival ¢ Pup data and concluded that the lines
to continuum ratio is in agreement with the inferred plasma tem-
peratures.

The emission lines seen in the spectra of O stars cannot be
fitted by means of the stationary plasma emission line models im-
plemented in the fitting software. The standard models are not ade-
quate for the fast moving stellar winds, and cannot predict expected
line profiles.

4 LINE RATIOS FOR HELIUM-LIKE IONS

The He-like ions show characteristic “fir triplets” of a forbidden
(2), an intercombination (x + y) and a resonance (w) line. In OB
type stars, the fir line ratios can be used to constrain the tempera-
ture and location of the X-ray emitting plasma. As was shown by
Gabriel & Jordan (1969) the ratios R(n.) and G(T.) are sensitive
to the electron density and to the electron temperature:

z
T+y

R(ne: Trad) = (1)

© 2006 RAS, MNRAS 000, 1-14
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Table 3. Ratios of fluxes? in the components of He-like ions estimated by fitting observed spectral features.

Star Ne 1x Mg X1 Sixi

R G G R G
(Pup 0.35+0.12 1.3+0.3 0.36 £0.09 1.05+£0.15 0.9+£0.2 1.14+0.2
¢ Ori 0.3£0.2 0.9+£0.2 0.9+0.4 1.14+0.3 1.9+16 1.4+08
& Per 0.14+0.1 1.4+£0.5 0.19£0.15 1.17£0.35 2+13 1+3
¢ Oph 1.1+£1.1 1.13+0.35 0.3+0.1 1.0+ 0.3 0.9+£08 0.6+0.3

2 Fluxes are from the triple-Gaussian fitting of MEG spectral lines
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Figure 2. Mg x1 line observed in the spectrum of ¢ Ori, & Per, and ¢ Oph
(co-added MEG=1). Vertical dashed lines indicate rest-frame wavelength:
Aw —resonant line, Ay 4y — intercombination line, A, — forbidden line. The
rest frame wavelengths in this and all following figures are corrected for the
radial velocities taken from Hoogerwerf et al. (2001). The solid lines are
triple-Gaussians fits.
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Figure 3. Observed and theoretical R and G ratios for the Mg X! fir triplet.
Observed values are denoted by the star name. The curves represent the
theoretical R and G from Porquet et al. (2001) for the corresponding T%aq
and the radii of line formation. Observed values of G are consistent with
electron temperatures Te < 3 MK. Observed values of R roughly constrain

~

the line emission regions between > 1.5 and < 5 R for all stars.

2+ (x+vy)

G(r) = 2

@
A strong radiation field can lead to a significant depopulation of the
upper level of the forbidden line via photo-excitation to the upper
levels of the intercombination lines. This is analogous to the effect
of electronic collisional excitation, thus mimicking a high density.
For the characteristic densities of O star winds the photo-excitation
is the dominant mechanism for depopulation. Since the radiation
field dilutes with distance from the stellar surface, the ratio between
forbidden and intercombination line provides information about the
distance of the X-ray emitting plasma from the photosphere. How-
ever, this is possible only when the radiative temperature Ty,q Of
the radiation field at the wavelength of the depopulating transition
is known. Porquet et al. (2001) performed improved calculations
of R and G line ratios for plasmas in collisional equilibrium and
tabulated them for a wide range of parameters, including Traq.
Lines of O vii, Ne1x, Mg X1, and Sixii1 are observed in all
our sample stars, however O vi1 is well resolved only in ¢ Oph.
Therefore, we use in our analysis only He-like ions of Ne, Mg, and
Si. In the sample stars with large wind velocities, ¢ Pup and & Per,
the w, x + y, and z components strongly overlap. Hence flux es-
timates in each separate component are ambiguous. The situation
is best for ¢ Oph, the star with the lowest wind velocity, where all
components are well separated. To obtain the flux in the w, x + v,



6 L.M. Oskinova, A. Feldmeier, W-R. Hamann

Normalized Flux

0 L
1000 1100 1200 1300 1400 1500 1600
AR

Figure 4. The EUV spectrum of ¢ Pup, observed with FUSE (thin line),
compared to a POWR model spectrum (dotted). The resonance doublets of
C1v,Nvand O Vi are well reproduced, as well as the “forest” of iron-group
lines. The O vi doublet can only be fitted with models when assuming that
a diffuse X-ray field causes additional ionisation.

and z components for a given ion, we have fitted all three compo-
nents simultaneously as Gaussians. Figure 2 shows an example of
the observed and fitted lines of a He-like ion. The derived R and G
ratios for all stars are listed in Table 3.

The tables from Porquet et al. (2001) were used to constrain
the temperature and location of the X-ray emitting plasma. The ra-
tio G is sensitive to T, while it is almost insensitive t0 ne, Traq
and the dilution factor . In our stars G is large. The derived elec-
tron temperatures are lower than the temperatures corresponding to
the ionisation potential for the given ion. The emission measures
are highest for the ions with lowest ionisation potential. This is in
accordance with the analysis of differential emission measure in
¢ Pup and ¢ Ori conducted by Wojdowski & Schulz (2005).

For electron densities less than ~ 10 cm™3 and in the pres-
ence of a strong UV field, the ratio R (forbidden to intercombi-
nation lines) is not sensitive to the density but depends instead
on the electron temperature T, radiative temperature Traq, and
the dilution factor W. The electron temperature is constrained by
G. The radiative temperature of the radiation field at the wave-
length of interest (see Table 3 in Porquet et al. (2001)) can be deter-
mined from stellar atmosphere models. We employ POWR model
to calculate the radiation temperature as function of wavelength
for different depth points in the wind. The radiative temperature at
Af i 864A(Si x111) as < 90 per cent of the effective temperature.
For the lighter ions As_; 1033 A (Mg x1), A¢rs; 1270 A (Ne 1x), the
wavelength of interest is on the red side of the Lyman jump in the
stellar SED, and the radiative temperature is higher, roughly equal
to the effective temperature.

With T;.q and T, constrained, the ratio R can be used to es-
timate the dilution factor W and, therefore, the radial distance r
from the stellar photosphere at which the X-rays are produced. The
ratios R and G and corresponding error bars measured in Mg XI
for our sample stars are shown in the R — G diagram in Fig. 3.
Theoretical values of R and G, calculated by Porquet et al. (2001)
for Traqa = 30kK and Traq = 40KkK, and for different distances
r, are also plotted in Fig.3. From comparison between observed
and theoretical values of R and G we conclude that the Mg X1 line
is emitted by gas located between 1.5 R. and 5 R. in all stars. It
should be noted, however, that the grids presented in Porquet et al.
(2001) are quite coarse. Moreover, the observed lines, especially in
& Per, are very noisy.

We constructed similar diagrams also for Nei1x and SixIil.
The latter line is sufficiently well resolved only in ¢ Pup and ¢ Oph.
Comparison of R— G diagrams for the different He-like ions in our
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Figure 5. The radius were the radial optical depth of the wind becomes
unity in dependence on the wavelength in the Chandra HETGS/MEG range.
The calculations were done using the POWR stellar atmosphere code
(see text) with stellar parameters from Table2. The prominent edge at
A21.5 A is due to oxygen. The vertical dashed lines correspond to the wave-
lengths of the studied lines (as indicated).

sample stars allows to conclude that the X-ray emission originates
not closer to the stellar photosphere than =~ 1.5 R. and not further
than = 10 R., i.e. in the wind acceleration region for all stars of
our sample.

5 MASS-LOSS AND STELLAR ATMOSPHERE MODELS
OF SAMPLE STARS

Full non-LTE stellar atmosphere models of O star winds are neces-
sary to infer parameters of general, cool stellar wind. Recently, Puls
et al. (2006) presented an up-to-date review of the effects of clump-
ing on M determinations in O star winds. They analyzed Ha, IR,
and radio fluxes of ¢ Pup and £ Per (within a sample of 19 Galactic
O stars) using non-LTE models which account for line-blanketing
and clumping. The derived stellar parameters are listed in Table 2.
The mass-loss rates are identical for H,, IR, and radio determina-
tions and constitute upper limits, since the clumping properties of
the wind are still unknown (see Puls et al. (2006) for details). The
stellar parameters for ¢ Oph listed in Table 2 are from Repolust
etal. (2004). The mass-loss is based on the analysis of photospheric
lines from H and He and shall be considered as an upper limit. This
is also the case for parameters of ¢ Ori in Table 2 (Lamers et al.
1999).

The aim of this paper is to model the attenuation of X-rays in
a clumped wind, where the photons are absorbed only in clumps
and can escape freely between them. The total mass of the wind is
conserved and distributed stochastically, in the form of clumps. The
optical depth of clumps for the X-rays is determined by the wind
density and the mass absorption coefficient. In our clumped model
the total radial optical depth of the wind is absolutely the same as
for a homogeneous wind of the same mass-loss rate.

We consider continuum absorption of X-rays in clumped cool
wind caused predominantly by bound-free and K-shell ionisation
processes. Introducing Cartesian coordinates, the z axis points to-
wards the observer and the impact parameter p stands perpendicular
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to the latter. Alternatively, a point (p, 2) is specified by spherical co-
ordinates, i.e. the radius r = 1/p? + 22 and the angle ¥ = cos ™' p
between the line of sight and the radial vector. Hence pp = z/r. It
is assumed that the time-averaged stellar wind is spherically sym-
metric and expands with a radius-dependent velocity

To

(1) = Voo (1 — —)ﬂ , (3)

r

where voo is the terminal velocity, and ro is chosen such that
v(r = R«) = 0.01vs. R. is the stellar (photospheric) radius.
For a given mass loss rate M, the continuity equation defines the
density stratification via p(r) = M /(4wr?v(r)).

The wind can be specified by its total radial optical depth,

oo
Te = / Kpp(r) dr, 4)
where &, is the mass absorption coefficient, which describes the
continuum opacity of the bulk of “cool” wind material at the fre-
quency of the considered X-ray line.

In order to provide realistic values for this ., we employ the
Potsdam Wolf-Rayet (POWR) model atmosphere code (Hamann
& Gréfener 2004). For each star we calculate a model with the
parameters from Table 2, and the appropriate chemical composi-
tion from the references given in Table 2. For instance, enhanced
nitrogen and depleted carbon and oxygen (Lamers et al. 1999) are
taken for the ¢ Pup model. Figure 4 shows that our model spectrum
of ¢ Pup agrees well with the observed EUV spectrum.

The O VI resonance doublet (see Fig. 4) can only be repro-
duced by models if there is a diffuse X-ray field causing some “su-
perionisation”, as already recognized by Cassinelli & Olson (1979).
In our model we adopt thermal bremsstrahlung emission from a hot
embedded plasma component of 3 x 108 K and adjust the filling
factor such that the level of emerging X-rays corresponds roughly
to the observation.

In fact, k. chiefly depends on the chemical composition, but
not much on other details of the model, nor on the radial coordi-
nate. Table 4 gives k, at the wavelength position of the studied X-
ray emission lines, for each star of our sample. In order to visualize
how opaque or transparent the stellar winds are for X-ray radia-
tion, we plot at which radii the radial optical depth becomes unity
(Fig.5), for the wavelength range under consideration. At a few
stellar radii, i.e. in the acceleration zone of the stellar wind where
X-ray producing shocks should be located, the wind of ¢ Pup is op-
tically thick for all considered X-ray lines (except perhaps Si x1V).
In £ Per and ¢ Ori, only the softer of the X-ray lines should en-
counter optically thick continuum absorption. The outer wind of
¢ Oph is almost transparent for the X-ray line photons.

6 TRANSFER OF X-RAYS IN A CLUMPED STELLAR
WIND

Wind inhomogeneity alters the radiative transfer significantly. We
have studied the effects of wind fragmentation on X-ray line for-
mation analytically in the limit of infinitely many stochastically
distributed fragments (Feldmeier et al. 2003), and numerically for a
finite number of fragments within an accelerating stellar wind (Os-
kinova et al. 2004). The latter work describes in detail the model
and the code used in the present paper. Here we briefly summarize
the description of fragmented-wind opacity in order to introduce
the parameters that will be used in the next section to model ob-
served X-ray lines.
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Figure 6. Solid lines: model line profiles of O vi11 in the spectrum of ¢ Ori
for different fragmentation frequency, no, as indicated. Dashed line: smooth
wind model line. The line emission region is assumed between 1.5R. and
9R., velocity law is with 8 = 1. Frequency is measured relative to the line
center and in Doppler units referring to the terminal wind velocity v . Flux
is normalized to the line flux in the unabsorbed case. All model lines in this
paper are convolved with a Gaussian according to the HETGS/MEG spectral
resolution.
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Figure 7. The same as in Fig. 6 but lines are normalized to the same maxi-
mum. The average time between subsequent clump passage, <T'>= 1/no,
is indicated in the upper right corner.

For a homogeneous wind, the optical depth ,(p, z) between
a point (p, z) and the observer is

koM [ dZ

= . 5
T}‘(p7 Z) A . ’I"’2’U(7J) ( )
with ' = \/p? + 2'2.

We assume that close to the stellar core at distances smaller
than Rmin < 1.5R. the wind is homogeneous and no X-ray pro-
duction is taking place. The wind instabilities start to develop at the
distances larger than Rmin. These instabilities result in the heating
of some small fraction of the material to X-ray emitting temper-
atures. The general stellar wind remains cool and is compressed
into shell fragments. While general wind fragmentation persists till
large distances Rmax =~ 300R., the X-ray emission is ceased at
the distance Remis = 5R.. We assume that the wind is homoge-

neous at distances 2 Rmax and take into account the absorption of
X-rays by this part of the wind as well.
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The hot material (T'x ~ 1 MK) emitting X-rays is permeated
with the cool (T ~ 10kK) wind fragments (i.e. clumps), which
attenuate the X-ray emission. Both the hot and the cool gas com-
ponent move outwards with the same velocity »(r) and distributed
stochastically.

We assume for simplicity that all parcels of gas which emit
X-rays have the same temperature 7x and, on average, the same
mass. The line emission is powered by collisional excitation and
therefore scales with the square of the density. We assume that the
hot gas parcels expand according to the continuity equation when
propagating in radial direction. Hence, the emission of each hot
parcel is Lo/ (r?v(r)), with a constant L, determined by the line
emissivity.

The mass and the solid angle of each cool wind fragment are
also preserved. In order that the time-averaged mass-flux M of
shells resembles that of a stationary, homogeneous wind, the radial
number density of shells must scale with 1/v(r):

no
n(r) = o) (6)
The parameter no = n(r)v(r) defines the number of frag-
ments passing through some reference radius (e.g. entering or leav-
ing the wind) per unit of time and is constant due to the mass
conservation. It does not depend on the distance and is therefore
convenient model parameter. We refer to no as the fragmentation
frequency. The inverse quantity, <7T'>, is the average time interval
between two consequent shells passing the same point in the stellar
wind. When <T"> is equal to the flow time, Ta = R. /v, the av-
erage separation between clumps is 1 R, when v(r) = ve. In the
wind acceleration region, where the X-rays are emitted, the radial
separation between clumps is smaller. All model lines presented in
this paper are computed assuming no = Tﬂ’1
When ny is specified, the time averaged number of fragments
in radial direction is

Rmax
(N2) = o / dr @)

Rmin v(r)

As was discussed in Oskinova et al. (2004), the average radial
optical depth of a fragment located at distance r is
wad Rl M 11
T T4 e ng ®)
We assume here that the cool fragments are compressed ra-
dially and therefore aligned (this model sometimes is referred to
as ”Venetian blinds”). The optical depth of a flattened fragment 5
along line-of-sight depends on its orientation

—=rad
_ T
Tj = ) (9)
Tkl
where
Zj

=—7 10
Thus, the optical depth of each fragment, and therefore the effective
wind opacity, is angular dependent. As discussed in Oskinova et
al. (2004), the optical depth along the line of sight between point
(p, z) and the observer in a stellar wind which consists of aligned
fragments is

dz’

v(r’)
where zmax = v/ Rzax — p?, and dz’ = dr'/p. In the specific

(0,2) = no / " 1= e )] 22§ (p, zmee) (1D)

Table 4. Mass absorption coefficient x, [cm2 g—!] at the wavelengths of
X-ray emission lines from stellar wind models, for the radial range between
1.5R. and 5R.

Line Wavelength [A] CPup (¢Ori  &Per (¢ Oph

SixIv 6.18 18 34 11 11
Mg x11 8.42 22 44 23 23
Ne X 12.14 59 73 55 57
Fexvii 15.01 94 108 95 95
Ovill 18.97 171 177 170 172
N VI 24.78 93 80 93 94

case of isotropic wind opacity, which was considered in Owocki &
Cohen (2006), factor p(r) in omitted in Eq. (9) and Eq. (11).

Let us compare the optical depth in a fragmented wind
(Eqg. 11) with the optical depth in a homogeneous wind (Eq.5). In
the limiting case of optically thin fragments (T-J?ad <& 1) the expo-
nent under the integral in Eq. (11) can be expanded. Substituting the
average optical depth of a fragment defined by Eqg. (9) the optical
depth in the thin-fragment limit is the same as in a homogeneous
wind.

The dependence of the model line on ng is demonstrated in
Figs. 6,7. One can see from Eq. (8) that when ng is small the frag-
ments are opaque for X-rays. In this case the radiation can escape
only between fragments and the shape of the line profile does not
change as long as the fragments remain opaque. With increasing
no the number of optically thin fragments increases, changing the
line profile. For sufficiently large no, when all clumps are optically
thin, the line profile looks like from the smooth wind model.

In the limit of optically thick fragments (%J-‘ad > 1) the optical
depth becomes

Rmax d?“l
T(P,Z)ZWO/T oy’ 7 >1, (12)

where the contribution from 7, (p, z(Rmax)) is omitted for clarity.

The dependence of optical depth on the mass absorption co-
efficient x, and M has disappeared in Eq. (12). Thus, in a limiting
case of a wind which consists only of opaque fragments, the opac-
ity is grey and is determined by the fragmentation frequency no
and the velocity.

In our stochastic numeric wind model the fragments may have
different optical depths, and are not necessarily opaque. As can be
seen from Eq. (11) even when the optical thickness of the fragments
is ~ 1 the dependence of optical depth 7(p, z) on &, is weaker,
compared to the homogeneous case (Eq. 5).

Hence, albeit the opacities «, differ significantly depending
on the wavelength (see Table 4), the optical depths 7(p, z) for dif-
ferent lines remains similar (more so in the case of optically thick
clumps). Therefore the profiles of X-ray emission lines are similar
across the spectrum.
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Figure 8. Strongest emission lines observed in ¢ Pup (co-added MEG=1) and the model lines. The solid lines are the model with ng = 1.7 X

10~4s~! («T>= 1.6hr), 8 = 0.9, and the radiation originating between 1.5R. and 5R.. The dashed line is for the homogeneous model of the same M.

7 COMPARISON WITH OBSERVED X-RAY LINE
PROFILES

7.1 Model specification

The model is specified by mass-loss rate A, velocity field param-
eters veo and 3, mass-absorption coefficient ., , and fragmentation
frequency no, as well as by the radii of the line emission zone.

We use the most recent published mass-loss rates for our sam-
ple stars. In case of ¢ Pup and & Per M is corrected for clumping,
while for ¢ Ori and ¢ Oph the clumping is not accounted for. Ve-
locity field parameters are from spectral analyses referenced in Ta-
ble 2. The mass-absorption coefficients are determined using the
sc POWR code. For all our models we adopt the fragmentation fre-
quency which is equal to the inverse wind flow time, no = veo / Rx.
The radii of the line emission zone are constrained from our analy-
sis of fir line ratios in Sect. 4. Thus, no free parameter remains and
a model is completely specified.

7.2 X-ray emission lines in ¢ Pup, £ Per, ¢ Ori, and ¢ Oph

¢ Pup. Figure8 shows the strongest emission lines observed in
¢ Pup. As can be seen in Fig.5, the wind of ¢ Pup becomes op-
tically thin for X-rays at the SixIv A6.18 line just above 2R...
When the wind is optically thin above the line emission region,
the emergent line should be nearly symmetric relative to the rest
wavelength Ao. However, the peak of the Sixiv line is shifted to
the blue, quite similar to other lines in Fig.8. This indicates that
the line photons must have originated below the surface of optical
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depth unity at 2R.. This is in agreement with the estimates based
on the fir analysis.

The clumped wind model predicts that the shape of the emis-
sion lines is similar across the spectrum. This prediction is con-
firmed observationally. Kramer et al. (2003) note from the analysis
of observed lines that the amount of absorption inferred for dif-
ferent lines in ¢ Pup and the line shapes are not sensitive to wave-
length. We emphasize that the model lines shown in Fig. 8 are not
selected best-fit models. These lines are computed using indepen-
dently derived parameters. Comparing model and observation, we
conclude that the stochastic wind model is capable to reproduce the
observed lines sufficiently good.

Some of the lines shown in Fig.8 are contaminated by
blends. The Nvii line is blended with N vi1 (X 24.898) (Pollock
& Raassen 2006). Similarly, Fe xvi1 line is possibly blended with
Fe x1X (A15.08). Emission from Ovii (A15.17) is also likely to
contribute in the far red wing of Fe xvi11 (Oskinova et al. 2006).

& Per. The strongest X-ray emission lines observed in & Per are
shown in Fig. 9. The data are quite noisy, however, the lines look
similar to each other regarding broadening and blue-shifts. For
comparison, we have over-plotted on the Fe xvii and O vii line
both smooth and fragmented model line profiles. The difference
between them is relatively small, because the clumps in £ Per are
not optically thick. It appears that the red wing of the Fe xvi1 line
is above the model. This could be due to blending with lines from
higher iron ions, or it may indicate that the fragmentation frequency
is somewhat lower in £ Per. Puls et al. (2006) suggest a much higher
clumping factor in the outer wind of £ Per than in ¢ Pup.

¢ Ori. Figure 10 shows the best-resolved lines in the ¢ Ori spec-
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Figure. Lines of Ne x, Fe xvi1,and O vii1 observed in & Per (co-added MEG=1) and the model lines. The solid lines are the model withng = 1.4x10=4s~1
((T)y = 1.9hr), 8 = 0.9, and the radiation originating between 1.5R. and 7R.. Dashed lines are homogeneous wind model.
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Figure 10. Lines of Ne x, Fe xvi1, and O Vi1 observed in ¢ Ori (co-added MEG=1) and the model lines. The solid lines are the model with no = 2.7 X
1075 s~ 1 («T>=2.9hr), B = 0.8, and the radiation originating between 1.7 R. and 9R... The dashed line is for the homogeneous model of the same M.

12.05

trum. The lines have similar shapes, they are blue-shifted and
broadened. The model lines shown in Fig.10 are calculated us-
ing mass-loss which is most certainly is overestimated by factor
of ~few. Therefore, the model lines are slightly shifted to the blue
compare to the observed lines. As shown in Fig. 7, the reduction
of fragmentation frequency by factor of 3 can shift the model line
to the red by about =~ 0.1v.,. The reduction of empirical mass-
loss rate of ¢ Ori will also lead to the improvement of the model.
Lines of ¢ Ori were analyzed by Cohen et al. (2006) by means of
smooth wind model. They have found from the best-fit model of
O Vi1l that /i,,M/47ono ~ 0.26. Substituting the mass-absorption
coefficient from Table4 and stellar parameters from Table 2, the
corresponding mass-loss rate is M ~ 1.3 x 1077 Mg yr !, which
is 20 times lower than estimated in Lamers & Leitherer (1993).
On the other hand, the clumped wind model provides the same
quality of fit assuming M only twice as low as in Table2 and
fragmentation frequency equal inverse flow time. This is illus-
trated in Fig.11 which shows the observed and the four model
lines of O viii in ¢ Ori. The line from clumped wind model, with
ng=Tg' =91x10"°s7 and M = 1.2 x 107° Mg yr~ ' is
nearly identical with the line computed using smooth wind model
with M = 1.3 x 1077 Mg yr~1.

¢ Oph. The wind of ¢ Oph is almost transparent for X-rays. As
can be seen in Fig.5, at the wavelengths of the Mg x11, Ne x and

Fe xvii the wind is optically thin for the X-rays already above
~ 1.5 R.. These lines are shown in Fig.12. Due to the nearly
complete lack of absorption in the wind the lines provide detailed
information about the location and conditions of the hot plasma it-
self. The lines are symmetric and quite narrow, with broadening
up to the £ 0.8 v. The slight asymmetry is due to occultation by
the stellar core. The line shapes indicate that emission originates in
the wind acceleration zone. The line shape is best reproduced (by
eye estimate) when 8 = 1.5. As can be seen from the two models
over-plotted on the observed Fe xVvii line, the difference between
smooth and fragmented models is negligible for the thin wind of
¢ Oph.

At the wavelengths of the O viii and the N vii line the wind
of ¢ Oph is thin only above = 2.5 R.. These lines are shown in
Fig. 13. Both these lines have a low signal-to-noise ratio, and it
is difficult to assess the influence of wind absorption on line pro-
files. The O vi1l line appears asymmetric, with the blue wing be-
ing weaker than the red one, and our spherically-symmetric model
cannot reproduce it well. However, it is not clear whether this line
asymmetry is significant. The N vi1i line is slightly shifted to the
blue. To demonstrate how sensitive is the emission line profile to
the location of the X-ray emitting plasma, we show two model lines
for Oviirand Nvii in Fig. 13. For each ion, the model lines differ
only by the assumed minimum radii of X-ray emission. It appears
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Figure 12. Lines of Mg x11, Ne X, and Fe xVv11 observed in ¢ Oph (co-added MEG=1) and the model lines. The solid lines are the model with ngy = 2.5 X
10~4s~! (<T>= 1.1hr), B = 1.5, and the radiation originating between 1.5 R. and 9 R.. The wind optical depth is smaller than unity for all these lines.
Consequently, all lines can be equally well be reproduced by a smooth-wind model (shown by a dashed line).
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Figure 11. Observed (histogram) and model lines of O vii1in ¢ Ori. Arrows
indicate models used to compute the lines. For smooth wind models, only
mass-loss rate, M [Mg yr=1] is shown, for clumped wind models, both
mass-loss rate and the inverse fragmentation frequency, <7'>= n Lis
shown. Line with M = 1.3 x 10~7 Mg, yr~1 is the best-fit smooth wind
model, as found in Cohen et al. (2006).

that the O viil and the N Vi1 lines originate from slightly further
out in the wind than the lines shown in Fig. 12 at = 1.9 R,.

The ¢ Oph wind opacity is small and X-rays produced in the
wind can escape without suffering significant attenuation. This al-
lows to assess the intrinsic production of X-rays. We have calcu-
lated the ratios of the X-ray luminosity to the bolometric and me-
chanical (Mugo/a) luminosity of stellar wind in ¢ Oph and com-
pared it with these ratios for other stars. The results are given in
Table 5.

The ratio of X-ray to bolometric luminosity in all stars in Ta-
ble 5 is slightly smaller than the canonical 10~7 known for OB stars
(Berghdfer et al. 1996). Perhaps, this is because the large sample of
bright OB stars analyzed by Berghofer et al. (1996) is biased to-
wards binary stars, which tend to be more X-ray bright.

As can be seen from Table 5 the ratio of the X-ray and the
mechanical luminosity is highest in ¢ Oph compared to the other
stars with larger wind attenuation. We estimate that about 0.01% of
the kinetic energy of the stellar wind of ¢ Oph is spent on the X-ray
generation.
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Figure 13. Lines of Oviii and N vii observed in ¢ Oph (histograms, co-
added MEG=1) and the model lines. The solid lines are from a model where
radiation originates between 1.9 R, and 9 R, while dashed model lines are
for the radiation from 1.5 R« — 9 R...

8 DISCUSSION

The result of our analysis is that the stochastic wind model lines are
in good agreement with the lines observed in stellar X-ray spectra.
This confirms the clumped nature of O star winds.

So far, modern non-LTE stellar atmosphere models include
clumping only in the first approximation of optically thin clumps.
For clumps which are not optically thin, a non-LTE treatment re-
quires to follow the transport of radiation inside the clumps, which
is presently an impossible task at least in full detail.

But fortunately, the problem of X-ray formation in the winds
of massive stars is much simpler, since we assume that the X-ray
emission of optically thin plasma is decoupled from the continuum
absorption in cool wind. Therefore, the full non-LTE treatment is
not needed, and the solution of pure-absorption radiative transfer is
sufficient.

Optically thin clumping in the winds reduces the empirically
determined mass-loss rates. It is not a priory obvious how the pres-
ence of optically thick clumps may affect the mass-loss estimates
(Brown et al. 2004). There is no observational evidence that the
clumps in the wind are all optically thin. On the contrary, pho-
tometric and spectral variability indicate that opaque clumps are
present in stellar winds. The outstanding question of “true stellar
mass-loss rates in clumped winds is being extensively investigated
at present (e.g. Puls et al. 2006).
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Table 5. Ratios of X-ray, bolometric and mechanical luminosities

L. M. Oskinova, A. Feldmeier, W.-R. Hamann

Name D Lx Lo Linech Lx/Lyo Lx /Lmech
[pc] [ergls] [erg/s] [erg/s]

CPup 460 2.3x10%2 2.8x10% 6.7x10% 82x108% 3.4x 1073

¢Ori 500 2.1x10%32 3.0x10% 35x10% 68x107% 58x107°

EPer 850 1.4x10%2 3.1x10% 23x10% 45x107% 6.0 x 107°

¢Oph 154 1.2x103" 2.8x10% <14x10% 4.1x1078% 285x107°

Distances are as used in papers quoted in Table 2

Normalized flux

-0.5 0.0 0.5
Normalized frequency

Figure 14. Observed (histogram, co-added MEG=1) and modeled Ne x line
in ¢ Pup. From left to right model line profiles are calculated assuming
M = 43, 8.6, 4.3, 2.1, 0.43 x 10~ Mg yr—!. Corresponding normal-
ization coefficient for the model line maximum to the observed line maxi-
mumisn = 2.6 x 104, 16.0, 2.6, 0.85, 0.23

8.1 On the dependence of line profiles on mass-loss rate

In our modeling we adopted mass-loss rates which, when available,
account for the wind clumping. Since the mass is conserved in the
wind, the optical depth in each clumps scales directly with M, and
inversely with fragmentation frequency (Eq. 8). The effect of wind
clumping on the lines profiles is most pronounced when clumps are
optically thick for the incident radiation (Feldmeier et al. 2003).
Therefore, the reduction of empirical mass-loss rates means that in
order for clumps to be optically thick the fragmentation frequency
should be smaller.

In Fig.14 we model the Nex line in ¢ Pup for the same
fragmentation frequency, but different mass-loss rates. The lowest
value, M =~ 0.43 x 10~% Mg yr—!, is an estimate by Fullerton et
al. (2006), based on the assumption that all phosphorus is in the P v
ground level (g(P**) = 1). Adopting this value, the effect of wind
absorption on the line profile is smaller than observered, as can be
seen from the smaller blueshift of the model line compared to the
observed line in Fig. 14. With increasing M the line maximum be-
comes more and more blueshifted.

The effect of increasing absorption on the line flux, which can-
not be seen from Fig. 15 because the profiles are scaled to the same
maximum, is dramatic. Actually, the profile for the highest M is
10° times weaker than for the lowest M, provided that the same
flux has been originally released in the X-ray emitting zone. Even
for the optically thin Fexvii line in ¢ Oph (Fig.12) the flux in

M = 43/8.6/4.3/2.1/0.43 x 10~

the fragmented wind model is about 30% higher than that in the
smooth wind model. Unfortunately, no models are available yet that
would be able to predict the line fluxes based on detailed hydrody-
namic simulations. A comparison of fluxes between modeled and
observed lines would be a very sensitive tool.

8.2 On the influence of the velocity field on the line profile

The influence of the velocity field on model line profiles is illus-
trated in Fig.15. Hydrodynamic simulations of Feldmeier et al.
(1997) indicate that the velocity of the hot plasma is nearly the same
as the cool-wind velocity. In this paper, we approximate the veloc-
ity field as monotonic ( see Feldmeier & Nikutta (2006) for the
treatment of non-monotonic velocity). From the width of the line
profiles we infer that the X-ray emission in all four stars is origi-
nating in a region extending from about = 0.3vo, t0 & 0.8v.. The
corresponding radii of emission can be obtained if the velocity-law
parameter 3 is known. Vice versa, if radii of emission are given, 8
can be inferred from the line-profiles. Usually, 3 is estimated from
UV line fits, and typically lies between 0.5 and 1.5. Fullerton et al.
(2006) obtained for ¢ Pup 8 = 0.5, while Puls et al. (2006) obtain
B = 0.95 and notice that different values may apply for inner and
outer parts of the wind. 8 = 1 was inferred from the line profile
variability in ¢ Pup (Eversberg et al. 1998). It seems that optical and
UV line profiles are less sensitive to the exact value of 3 than the X-
ray lines studied here. As shown in Fig. 15, the line profile changes
significantly in dependence on 3. The synthetic lines for our four
program stars shown in the figures were actually slightly optimized
by adjusting B within the uncertainties of previous estimates (see
figure captions).

8.3 On the applicability of smooth wind radiative transfer in
clumped winds

The optical depth in a smooth wind is given by Eq. (5), which was
employed by Kramer et al. (2003) and Cohen et al. (2006) to fit
the line profiles observed in the X-ray spectra of ¢ Pup and ¢ Ori.
They have used 75 = H,,M/47rvoo as one of their four free fitting
parameters. Assuming &, = 125gcm™2 for all analyzed lines in
¢ Ori, it was shown that the best-fitting values of 7o imply signif-
icantly reduced mass-loss rates, e.g. due to the wind clumping. In
a clumped wind, however, the optical depth is given by Eq. (11),
which is more general than Eqg. (5). The latter applies only for a
limiting case of numerous and optically thin clumps.

Little is known so far about mass, density and geometry of in-
dividual clumps. Clump optical depths are likely to be different at
different radii in the wind. This is reflected in our stochastic wind
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Figure 15. Observed (histogram, co-added MEG=1) and modeled Ne x
line in ¢ Pup. From left to right line profiles are calculated assuming
B =0.7,0.9, 1.5.

model, where the mass of a clump is conserved, but its radial optical
depth scales as 72 (Eq. 8). Furthermore, since clump optical depth
is proportional to x,, a clump can be optically thick at one wave-
length and optically thin at another. As can be seen from Table 4,
the mass absorption coefficient differs by one order of magnitude
between the wavelenghts of the Si x1v and the O viii line. Figure 8
shows model lines of Si x1v and O vii1 in ¢ Pup. For the Si X1V line
the difference between clumped and smooth model is small, indi-
cating that the clumps are optically thin at A 6.18 (Si x1v). On the
other hand, the model lines of O vi11 for smooth and clumped wind
are significantly different, and, therefore, at least some fraction of
the clumps are optically thick at A 18.97 (O vii1). Consequently,
Eqg. (11) can be applied for the Six1v line, but cannot be used for
the O vl line.

Overall, when stellar mass-loss rates are revised down because
of the wind clumping, the clumped wind radiative transfer should
be applied for consistency.

8.4 On the line profiles and clump geometry

As discussed in detail in Oskinova et al. (2004), the optical depth
in a clumped wind is determined by two factors. The first factor
is the probability that a photon which encounters a clump is ab-
sorbed by clump material. This probability is obviously equal to
one for optically thick clumps, 7.1 >> 1, and is reduced otherwise
to 1 — exp(—7a) (see Eq. 11).

The second factor is the probability that a photon propagating
along the ray towards the observer does encounter a clump. When
clumps are distributed randomly in the wind, this probability de-
pends on the length of the path. The longer a photon travels through
the wind, the higher is the probability that it will be intercepted by a
clump. Therefore, photons emitted in the part of the wind which is
receding from the observer have higher probability to be absorbed.
Thus there are less photons in the red wing of a line reaching an
observer than in the blue part. This is the basic physical reason for
the blueshift of the X-ray emission line profiles.

Moreover, the probability that a photon does encounter a
clump depends also on the clump cross-sections. Approximating
clumps as spheres, the clump cross-section is the same from all di-
rections, which is conceptually similar to the atomic cross-sections.
The emergent line profiles are skewed in both cases.
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Figure 16. Two model lines, both calculated with ng = 4.1 x 10~5 s~1
and 7o = 10. Flux is normalized to the unabsorbed line flux. The only
difference between the models is the assumption of isotropic opacity (i.e.
clumps as “balls”) and anisotropic opacity (i.e. clumps as “pancakes”). The
solid vertical lines mark the positions of line maxima. Isotropic opacity
leads to a more blueshifted and significantly skewed line profile.

To explain the observed near-symmetry of line profiles in the
framework of the smooth wind model, Kramer et al. (2003) and Co-
hen et al. (2006) suggested the reduction of mass-loss rates, which
implies lower densities. When the particle number density is re-
duced, the photon mean free path is increased. In a clumped wind
with spherical clumps, each clump is analogous to a particle. In or-
der for the line profile to be symmetric, the “particle” (i.e. clump)
number density must be reduced, which consequently leads to a
larger photon mean free path (i.e. porosity length).

This deep analogy between smooth winds on one side and
clumped winds with spherical clumps on the other side explains the
principal similarity between the conclusions reached in Cohen et al.
(2006) and in Owocki & Cohen (2006), namely the requirement of
large mean free paths in order to produce symmetric emission line
profiles.

A qualitatively different behavior of the radiative transfer is
achieved, however, for anisotropic opacity (i.e. non-spherical, ori-
ented clumps), as studied in Feldmeier et al. (2003) and Oskinova et
al. (2004). This effect of clump geometry on emergent line profiles
is demonstrated in Fig. 16. Two model lines are calculated with the
the same fragmentation frequency and the same value of 5. The
only difference is that in one case isotropic opacity, i.e. spherical
“ball-like” clumps are assumed, while the other model is calculated
for the anisotropic opacity in the limiting case of clumps which are
flat like “pancakes”. Figure 16 clearly shows that in the latter case
the line is non-skewed and less blueshifted than in the former case.

The assumption of flat clumps was used in the present paper
to model the observed line profiles. We have demonstrated that this
model yields good agreement with the observed data.

9 CONCLUSIONS

The effect of clumping on the wind attenuation is threefold. Firstly,
it reduces the wind absorption compared to the smooth-wind
model, allowing for more flux to escape. Secondly, it leads to a
weaker dependence of the effective opacity on wavelength, making
it entirely grey in the case of optically thick clumps. This prediction
of similar opacity for different lines agrees well with the similarity
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of line profiles observed at different wavelengths. Thirdly, it af-
fects the shape of line profiles, but only in the case when effective
anisotropic opacity is assumed. The radially compressed, slab-like
shell fragments lead to the emergence of the symmetric, but blue-
shifted lines profiles which are indeed observed.

Inhomogeneity of the stellar wind can reduce the mass-loss
rates estimated empirically from the analysis of recombination and
Ha lines. These reduced mass-loss rates should be used in conjunc-
tion with the stochastic wind radiative transfer formalism in order
to consistently model X-ray emission line profiles.

The radii in the wind where continuum optical depth for the
X-rays is unity is below 10 R, in Chandra MEG energy band
for ¢ Pup, ¢ Ori, & Per, and ¢ Oph. Stellar wind in ¢ Oph is almost
transparent for the X-rays, consequently the emission line profiles
show no effect of wind absorption. We estimate that ~ 0.01% of
the mechanical energy of the wind of ¢ Oph is converted into X-
ray emission. The X-ray emission lines observed in the spectra of
¢ Pup, ¢ Ori, and & Per are affected by wind absorption. This result,
as well as shape of line profiles, is in agreement with the analysis
of line ratios in the He-like ions. The above analysis constrains the
origin of X-ray emission to the acceleration zone in the stellar wind.

Summarizing, we conclude that by using independently de-
termined parameters as input for the model of an inhomogeneous
stellar wind we are capable to reproduce the observed X-ray emis-
sion lines in O stars. The wind clumping explains the shape of the
line profiles, i.e. their width, symmetry and blueshift, as well as
their similarity across the spectrum.
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