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On flow phenomena that emit X-rays in hot star winds
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Abstract. The X-ray emission from O stars may orig-
inate from instability-generated shocks in their stellar
winds. Previous numerical simulations that assumed the
wind to be isothermal could only draw limited conclu-
sions concerning this emission. We present new calcula-
tions including the energy transfer in the wind. They con-
firm that up to a few stellar radii, radiative cooling is effi-
cient, i.e., shock cooling zones are short compared with dy-
namical lengths. At larger radii, however, the wind struc-
ture changes drastically because all shocks are destroyed
quickly due to a broadening of their cooling zones. We
discuss the following flow phenomena as possible sources
of X-rays: (1) inner radiative shocks; (2) shock merging;
(3) outer adiabatic shocks; (4) leftover hot gas from shock
destruction; and (5) an outer corona.

Introduction. With the recent progress in the station-
ary theory of radiatively driven stellar winds it is possi-
ble to predict mean flow properties like mass-loss rates
and terminal velocities (Castor et al. 1975; Abbott 1982;
Pauldrach et al. 1986, 1994). However, the observed X-ray
emission from OB stars (ROSAT: Hillier et al. 1993) gives
evidence for vigorous flow disruptions, i.e., shocks, which
heat the wind gas locally to T > 105 K. The shocks may
stem from a hydrodynamic instability due to the radiative
driving (Lucy & Solomon 1970; Owocki & Rybicki 1984;
Lucy 1984).

Flow features emitting X-rays. For details on the cal-
culation of the nonlinear growth of unstable perturbations
we refer to Owocki et al. (1988), Owocki (1991), and Feld-
meier (1995). Fig. 1 shows the evolution of the radial wind
(assuming spherical symmetry) of a typical O supergiant.
A base perturbation of period 5,000 s and amplitude 25%
was applied. Guided by this figure, we discuss some flow
features which may contribute to the X-ray emission.

1. Radiative shocks. Due to the radiative instability, very
narrow and dense shells which are separated by nearly
void regions propagate through the wind. The shells are
enclosed by a strong reverse shock at the inner side and a
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Fig. 1. Evolution of a typical O supergiant wind being subject
to the radiative instability.

weak forward shock at the outer side. Since radiative cool-
ing is efficient at small radii, the shock cooling zones are
short compared with the shell distances. Radiative shocks
above some 10° K are subject to the thermal instability of
Langer et al. (1981), which leads to a periodic contraction
and expansion of the cooling zones. In our present mod-
els, the forward shocks do not contribute significantly to
X-ray emission since their temperatures are some 10° K
only.

2. Shell collisions with shock merging. In Fig. 1, shell-shell
collisions occur quite frequently up to 6 R,. During the
merging of a reverse with a forward shock the total ve-
locity jump becomes larger than the single shock jumps.
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This leads temporally to (i) higher temperatures (the hot
cusps in the temperature diagram), and (ii) a broadening
of the cooling zone. Shock merging has therefore immedi-
ate significance for the hard component of the X-ray emis-
sion. Fig. 1 shows a rather periodic wind structure due to
the regular, strictly periodic seed perturbation. In models
with a more chaotic perturbation spectrum many more
shell collisions can occur, and the total X-ray emission
from the wind might not show an observable variability
due to individual shell collisions.

Fig. 2. Velocity versus radius (in arbitrary units) for a test
calculation with an interior sequence of adiabatic shells. A for-
ward shock catches up and merges with a reverse shock at
r = 0.4. This leads to an outer, sawtooth-like sequence of for-
ward shocks. The full circles mark post-shock material.

Furthermore, shell collisions can possibly influence the
global wind dynamics. Fig. 2 shows a test calculation
with a sequence of adiabatic shells enclosed by equally
strong reverse and forward shocks in a spherical wind
with v = const., p ~ r~2. Only pressure forces are in-
cluded here. The adiabatic shells expand, and a forward
shock catches up with a reverse shock at r = 0.4 (arbitrary
units). This collision transforms the inner shell sequence
into an outer sawtooth-like sequence of forward shocks.
For the inner shell sequence only the material within the
shells passed through a shock, whereas for the outer for-
ward shock sequence every gas particle undergoes repeated
shock transitions. However, it is not clear yet how this test
simulation translates into the wind simulations including
line driving, radiative cooling, shock destruction (see sec-
tion below), etc.

3. Adiabatic shocks. When radiative cooling becomes inef-
ficient at low densities, the cooling is by expansion only,
either laterally due to spherical divergence, or radially by
acceleration of the gas. However, such adiabatic shocks are
not found in Fig. 1. The reason is that the reverse shocks
are abruptly destroyed at intermediate radii, instead of
being progressively transformed into adiabatic shocks at
large radii:

4. Hot material leflover from shock destruction. Fig. 1
shows a major change in the wind structure around 6 to

7 R.. The following sequence of events occurs (Feldmeier
1995). (1) Radiative cooling behind shocks ceases to be
efficient after the main mass of gas has been compressed
into shells. (2) Therefore the cooling zones broaden. Since
the gas at the end of the cooling layer is very dense and
inert, this takes place by driving the shock front into the
pre-shock gas. (3) Since the material ahead of the shock
is accelerating, the front encounters always slower mate-
rial. The shock jump becomes ever smaller until it finally
vanishes. (4) Leftover from this is gas which was heated
in the front at former times, and which had not yet time
enough to cool. The main cooling of this very rarefied gas
should be by expansion.

5. Quter corona. Beyond this shock-destruction site, the
volume filling factor of leftover hot, rarefied gas is quite
high (0.5 to 0.8). This region resembles therefore an outer
corona. However, (i) the mass fraction and therefore the
emission measure of hot gas is still very small, and (ii)
the large filling factor in Fig. 1 results mainly from the
large perturbation at the wind base, whereas small per-
turbations give small filling factors. It therefore remains
an open question whether an outer corona surrounds O
supergiants. On the other hand, for B near main sequence
stars with thin winds and inefficient radiative cooling the
accumulation of hot gas seems quite probable.

Conclusions. In an initial attempt to fit the ROSAT
spectra of hot stars, we assume radiative shocks to be
distributed stochastically in the inner wind regions, and
adiabatic shocks in outer regions (cf. Kudritzki et al. and
Palsa et al., this volume). A more detailed picture of the
X-ray emission including the flow features discussed in the
present paper is currently being developed.
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