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1 INTRODUCTION 

ABSTRACT 
We present several models of the evolution of young Wolf-Rayet (WR) ring 
nebulae. We focus on the transient but non-negligible phase during which the stellar 
wind is accelerated, from a velocity of about 10 kIn S-1 in the red supergiant (RSG) 
stage to velocities of the order of 2000 kIn s-t, typical of WR winds. The WR wind 
interacts with the free RSG wind and sweeps up an accelerating shell. This shell 
experiences a strong Rayleigh-Taylor instability and fragments, producing dense 
knots and filaments. Note that this happens before it interacts with the shell swept up 
by the RSG wind. We also assume an anisotropic RSG wind. Initially the outer 
shock of the nebula is isothermal, given its low velocity and the high density of the 
RSG wind close to the star. Later on the shock becomes adiabatic and the transition 
to the fast adiabatic regime occurs earlier along the polar direction, where the 
density is lower. In this phase the post -shock gas of the adiabatic shock is hot enough 
to emit soft X-rays. We compare our results with the well studied WR ring nebula 
NGC 6888. It shows an ellipsoidal, filamentary shell at optical wavelengths, while in 
the X-ray two lobes are present in opposite zones along the major axis. We find that 
our simple model may qualitatively explain these features. Our hypotheses are not 
specific for NGC 6888 and we expect that the 'two-lobe' X-ray morphology is a 
common attribute of young ring nebulae. 

Key words: hydrodynamics - stars: Wolf-Rayet - ISM: bubbles - ISM: individual: 
NGC6888. 

In recent times a number of papers have presented detailed 
numerical simulations of Wolf-Rayet (WR) ring nebula 
evolution. The resulting picture is much more complicated 
than the classical bubble model (Dyson & de Vries 1972; 
Weaver et al. 1977; see Dyson 1989 for a review), as the 
evolution is strongly influenced by several instabilities. 

the evolution of the circumstellar medium (CSM) around a 
star which undergoes the evolutionary sequence O--+lumi
nous blue variable (LBV) --+ WR, following the entire life of 
the star. One of the major results was, again, that dynamical 
instabilities strongly affected the behaviour of the nebula. 

WR ring nebulae are usually observed at optical and, 
recently, IR wavelengths. NGC 6888 represents a notable 
exception, being the only WR ring nebula reliably detected 
in the X-ray as well (Bochkarev 1988; Wrigge, Wendker & 
Wisotzki 1994). In the optical range the nebula shows a 
clearly delineated shell structure with an elongated, ellipsoi
dal shape and filamentary morphology. The X-ray bright
ness distribution, however, consists of two 'lobes', two bright 
regions in opposing zones along the major axis (cf. Boch
karev 1988). We assume that, once more accurate data have 
been obtained by the next generation of satellites, this X-ray 
morphology will reveal itself to be rather common in the 
WR ring nebulae, and NGC 6888 must not be considered as 
peculiar. We thus compare the results of our simulations 

In previous papers (Brighenti & D'Ercole 1995a, b) we 
investigated the effect of the stellar motion on the evolution 
of WR ring nebulae around isolated stars. We found that 
the WR wind interacts with a highly distorted bow shock 
generated during the previous red supergiant (RSG) phase. 
The resulting WR ring nebula fragments as it crosses the 
bow shock, assuming very irregular morphologies, at least 
during the early times. 

Garcia-Segura & Mac Low (1995) considered the evolu
tion of WR bubbles expanding in anisotropic RSG winds, 
while Garcia-Segura, MacLow & Langer (1996) presented 
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with this well studied object, with the aim of explaining, 
qualitatively, the 'NGC 6888-like' X-ray features on general 
grounds, referring to simple hypotheses. 

We make the following two assumptions: (i) a progressive 
speed up of the stellar wind during the transition 
RSG-+ WR; (ii) an anisotropic mass loss during the RSG 
phase. This latter hypothesis has already been used to 
explain the elongated shape of some WR shells (e.g. Garcia
Segura & Mac Low 1995) and planetary nebulae (e.g. Kahn 
& West 1985; Mellema & Frank 1995), as well as to describe 
the CSM around SN 1987A (cf. McCray 1993 and refer
ences therein). In the present work we relax the assumption 
of an instantaneous switch from an RSG wind to a WR 
wind, often used in previous simulations. A wind-wind 
interaction with rapidly increasing wind velocity has been 
studied analytically by Kahn & Breitschwerdt (1990) in the 
context of planetary nebula evolution. The time needed to 
accomplish this transition is rather uncertain, depending 
critically on poorly understood mass loss physics. Based on 
stellar models given by Schaller et al. (1992), we assume that 
this time is of the order of 104 yr, a time comparable to the 
dynamical age of many WR ring nebulae. The way in which 
the wind speeds up during the transition RSG-+ WR is also 
poorly known. For the sake of simplicity we assume that the 
wind velocity varies as a power law: VWR octP/2• 

The paper is organized as follows. In Section 2 a simple 
analytical approach is given which is intended to guide the 
interpretation of the numerical models. Section 3 is devoted 
to the illustration of the models, and the results are dis
cussed in Section 4. 

2 DESCRIPTION OF THE MODEL 

2.1 Scenario 

We briefly give a qualitative description of the major hydro
dynamical processes expected during the early evolution of 
a WR bubble, when the WR wind interacts with the free 
wind of the progenitor, here assumed to be an RSG star (i.e. 
we are considering stars with initial mass 30 Mo ;;;;M;;;; 50 
Mo)· 

As the WR wind interacts with the RSG wind a simple 
structure is formed, essentially two concentric shells of 
shocked matter (the shocked WR material and the shocked 
RSG material) separated by a contact discontinuity. The 
outer shell is bounded by a forward shock moving through 
the RSG gas, while a reverse shock separates the inner shell 
from the freely expanding WR wind. 

In the beginning both shocks are isothermal because they 
are moving through high density gas. As time goes by, how
ever, the WR wind velocity increases and its density 
decreases. These two variations cooperate in reducing the 
cooling rate of the inner shell, and the reverse shock even
tually becomes adiabatic quite early (a few 103 yr). As the 
evolution proceeds, the outer shock also tends to become 
adiabatic because the pre-shock density decreases during 
expansion, and the cooling time of the shocked RSG wind 
becomes greater than the age of the shock (see below). 
Hereafter the outer shock is also adiabatic. 

When an anisotropy in the RSG mass loss rate is present, 
the transition time to the adiabatic regime for the outer 

shock depends on the polar angle (because the outer density 
does). For an RSG wind denser on the equatorial plane, the 
transition happens earlier near the poles. Thus, a portion of 
the shock may be radiative and relatively slow, while at the 
same time the polar lobes may be adiabatic and fast. Here 
the post-shock gas is relatively dense and hot enough to 
emit X-ray photons, and the X-ray morphology of the object 
should be that of two bright lobes in the polar regions. 

The second important process present in this model is the 
Rayleigh-Taylor (RT) instability triggered by the accelera
tion of the WR wind, which leads to the fragmentation of 
the shell, generating dense knots and filaments inside the 
nebula. 

Note that the scenario depicted above applies only to 
young ring nebulae, with ages of the order of a few 104 yr. At 
later times the WR shell must interact with the shell gener
ated at the outer edge of the RSG wind during the RSG 
phase (D'Ercole 1992). 

2.2 Dynamics 

In this subsection we make our analysis more quantitative 
and develop a simple theory in order to better understand 
the results of the numerical simulations presented below. 
We assume that during the transition RSG-+ WR, the wind 
velocity increases smoothly as VWR(t) = Vo(t/1:ol!2 for t < 1:0 , 

while V WR = Vo for t 2. 1:0 , The mass loss rate, instead, is 
asumed to vary instantaneously from £1RSG to £1wR . Note 
that, as a rule, £1_RSG is comparable with £1wR. The mech
anical power of the WR wind is therefore 
LWR =O.5£1wRV~R(t) =LotP. 

The expansion law for an energy-conserving bubble with 
a radiative outer shock (thin shell approximation), powered 
by a mechanical luminosity LWR(t) =LotP and expanding in 
an r-2 density profile, is (Ostriker & McKee 1988; Dyson 
1981) 

Rsh(t) = ---.- VRSG - t 3 , [ 
27 £1WR V~]l/3 P+3 

p(f3) MRSG 1:g 
(1) 

where VRSG is the RSG wind velocity and 
p(f3) = 10133 + 63132 + 12613 + 81. Equation (1) is valid for 
t:::;, 1:0 , 

In Section 3 we show three numerical models with 13 = 1, 
2 and 4 respectively. In the analysis below we focus 
especially on our reference model 13 = 2, corresponding to a 
linear velocity increase. 

In order to treat analytically the possible polar depend
ence of the RSG progenitor mass loss, we assume that the 
gas (both the shocked WR wind and the swept-up RSG 
material) moves along radial paths at all times (cf. Henney 
& Dyson 1992 for a somewhat different 'radial flow' 
approxi~ation). This a.ssumption allows us to substitute 
MRSG -+Mo/(8), where Mo is the total RSG mass loss rate. 
The RSG wind density then is 

£10 

PRSG(r, 8) /(8). 
4nr2VRSG 

(2a) 

According to Blondin & Lundqvist (1993), for the angular 
dependence we choose 
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3 
f( e) = -- (1 -A cosz e), 

3-A 
(2b) 

with A =0.8. We are now in a position to calculate two 
interesting features of our model: the shape of the nebula 
and the time of the radiative-adiabatic transition for the 
outer shock. The shape is shown at t = 1.8 X 104 yr in Fig. 1c 
(opposite p. 390) for the case f3=2. 

For temperatures 105 K < T < 3 X 107 K (corresponding 
to shock velocities 100 km S-I < Vs < 1500 km S-I) Kahn 
(1976) showed that the cooling time can be written as 

-35 V; V;,z 
tcool =6.2 x 10 - s ~ 900 - yr, (3) 

Po no 

where Vs,z = VJ(102 km S -I) and Po is the pre-shock density. 
In order to evaluate the effectiveness of the radiative cool
ing we calculate the cooling parameter x=tcoollt, where t is 
the age of the shock. If X <; 1 the shock is nearly adiabatic, 
while it is radiative if X < 1. We find: 

1 v: 
X=7 X 10-33 __ ~SG (f3+3f 

f(8)8/3 Mo 

x [p(lf3) ~R VRSG ~;r/3 t3+3, (4) 

and for the reference model f3 = 2 it can be written as 

1 v: [M V Z ]5/3 = 0.63 X 10-6 __ ~SG,I ,WR,3 v: ~ t13/3. 
X f(e)8/3 M M RSG,I ,Z 3 

~3 ~3 ~4 

(5) 

Assuming all the parameters between square brackets to be 
unity (but '0,4 = 2 and V O,3 = 2), and considering an isotropic 
RSG wind [i.e. f( e) = 1], X = 1 at tt, ~ 2.7 X 104 yr. Because 
t t, > '0 this value is not consistent and should be regarded as 
a lower limit. Let us consider the dependence on the polar 
angle e. For e=o (poles) we get X=l att,,~ 12 000 yr, while 
for e = nl2 (equator) X = 1 at" ~ 33 000 yr. Thus a substan
tial time interval exists during which the outer shock is 
adiabatic near the poles and radiative near the equator. This 
leads to an important observational consequence: the adia
batic portion of the shock heats the gas at T<; 106 K, enough 
to emit X-ray photons, while the slower radiative portion is 
unable to heat the gas to X-ray temperature (see Section 
3.1) and is detectable only in the optical band. We thus 
expect a 'two-lobe' morphology in X-rays. 

For the other models considered in the present work we 
find that X=l at tt,~6.6 x 103 yr for 8=0, and at 
tt, ~ 3,3 X 104 yr for 8 = n12, for the f3 = 1 model, while X = 1 
attt, ~ 1.7 x 103 for 8=0, and at tt, ~ 3 X 104 for e=nI2, for 
the f3 = 4 model. These results are in good agreement with 
the numerical simulation shown in the next section, and 
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especially with a higher resolution calculation (see Section 
3.2). 

As stated above, the shocked RSG wind shell is accel
erated by the (less dense) shocked WR wind and is there
fore subject to RT instabilities. The growth time for a mode 
of wavelength A, in the case of incompressible fluid, is 
(Chandrasekhar 1961): 

(7) 

where IX is the ratio of the shocked WR wind density to the 
shocked RSG wind density, and ash is the shell acceleration. 
It is easy to show that IX « 1 for all the times of interest. The 
shell acceleration is derived directly from equation (1) and 
we can estimate the effectiveness of the instability through 
the parameter XRT=,RTlt: 

1 
X ~ 0.69,,1,1/2 ---

RT (f3z + 3 f3)I/2 

X ---,-VRSG - t 6. [ 
1 MWR V~] -116 _(HPl 

p(f3) M RSG ,g 

For f3 = 2 it becomes 

[M VZ ]-116 1/6 1/2 WR 0,3 - 5/6 XRT ~ 0.936f(e) A_I -. - VRSG,I-Z- t3 , 

Mo '0,4 

(8) 

(9) 

where A_I =A!(1O- 1 pc). XRT < 1 for all the time of interest 
(that is t3> 1) and it decreases during the evolution. Note 
the very weak dependence on 8. Thus, on the grounds of this 
simple analysis, non-linear instabilities are expected to be 
present along the whole shell at all times. The numerical 
simulations presented in the next section confirm this 
result. 

Note that the shell is RT unstable only for energy con
serving bubbles, i.e. only if the reverse shock is adiabatic. In 
fact, in the case of isothermal reverse shocks, assuming the 
same sound speed in both halves of the shell, one has IX <; 1, 
and no RT instability develops. 

We also note that, since the shell is accelerating, it does 
not suffer the Vishniac (1983) instability or the non-linear 
thin shell instability (NLTSI) (Vishniac 1994). All in all, the 
only dynamical instability at work in wrapping and destroy
ing the shell is expected to be, in our model, the RT 
instability in the case of an adiabatic reverse shock. 

3 EVOLUTION OF THE CSM 

The present models were worked out with a 2D version of 
the hydrocode used in Bedogni & D'Ercole (1986), which 
adopts the upwind control volume approach to compute the 
advection terms in the hydrodynamical equations. A linear 
distribution of the advected quantities inside each mesh is 
considered, in order to obtain second-order accurate fluxes 
(van Leer 1977). Shocks are captured using a von Neu
mann-Richtmyer artificial viscosity that spreads them over 
several (3-4) zones. We also use a small amount of linear 
viscosity to prevent numerical instabilities in the stagnant 
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regions behind strong stationary shocks. Radiative, optic
ally-thin cooling is used in the energy equation using the 
Mathews & Bregman (1978) approximation to the plasma 
cooling curve of Raymond & Smith (1977). 

We use a staggered, spherical, Eulerian grid. Given the 
symmetry of the problem, the grid covers polar angle range 
0° ~ 8 ~ 90° with 470 zones. Reflecting boundary conditions 
are applied at 8=0° and 8=90°. The radial coordinate 
covers the range 0.2~r~6.6 pc with 775 zones, and a free 
outflow from the grid is allowed at the outer edge. At the 
inner edge, inflow conditions are set to mimic the time
varying WR wind. 

To set up the CSM at the beginning of the WR phase, we 
have included an angular density variation in the RSG wind 
given by equation (2). For all the models a value of A = 0.8 
was assumed, corresponding to a density ratio of 5 between 
the equator and pole. VRso =lO km S-I and Mo=3 x 10-5 

Mo yr- I have been assumed in all runs. 
The value of the mass loss rate was not changed during 

the WR stage, MWR =3 x 10-5 Mo yr-I. We applied a WR 
wind at the inner boundary with a velocity varying as 

V WR = {VRSO + Vo (~r/2, if t < to; 

(10) 
VRSO + Vo otherwise. 

We chose t o=2 x 104 yr and Vo = 2000 km S-I. Estimates of 
to are rather uncertain and we considered the given value as 
typical after an inspection of the stellar evolution models of 
Schaller et al. (1992). Given our ignorance about the details 
of the transition from the RSG to the WR stage, we con
sidered three possible values of the exponent: 13 = 1, 2, 4. 
The model with the linear velocity growth represents our 
reference model (Model L). The cases with 13=1 and 13=4 
are referred to as Model S and Model Q, respectively. 

3.1 Model L 

As pointed out in the previous section, the reverse shock 
becomes adiabatic quite early (t ~ 3 X 103 yr). The outer 
shock, as expected, becomes adiabatic earlier along the sym
metry axis (at t ~ 9 X 103 yr), while it remains isothermal on 
the symmetry plane up to the end of the simulation 
(t=2.3 x 104 yr). This result is in good agreement with the 
theoretical estimates given above. 

Fig. 1 (opposite p. 390) shows four shots of the simulation 
at different times. Panel (a) represents the density distribu
tionofthenebulaatt=8 x 103 yr. The forward shock is just 
starting to become adiabatic along the symmetry axis. The 
RT instabilities begin to effectively distort the accelerating 
dense shell. Along the pole, the shell density is n, ~ 15 cm-3 

and the velocity expansion Vexp ~ 200 km S-I. On the equa
torial plane n, ~ 380 cm -3 and Vexp ~ 100 km S -I. The 
density ratio between the pre-shock and post-shock densi
ties of the shell, b ~ 16 (on the equatorial plane), is lower 
than its expected value given by the square of the Mach 
number .,I{ 2 = 100, denoting an insufficient grid resolution 
in order to properly resolve the shell. The average bubble 
temperature is Tb ~ 3.3 X 106 K and its average density 
nb ~ 2.4 cm-3. 

At t = 104 yr (panel b) the R T fingers are well developed, 
with densities ranging from nk ~ 500 cm -3 near the equa-

torial plane to nk ~ 150 cm-3 in the polar region. The post
shock density of the adiabatic portion of the shock front is 
nad ~ 6 cm-3, and the post-shock temperature 
Tad ~5 X 105 K. V exp ~ 110 km S-I on the equator and 
V exp ~ 200 km S-I along the pole. Tb ~ 8 X 106 K and nb ~ 1 
cm-3• 

At t = 1.8 X 104 yr the adiabatic fraction of the forward 
shock has increased (panel c). nad ~ 1 cm-3 and Tad ~ 106 K 
close to the polar axis. The expansion velocity along the 
polar direction is Vexp ~ 240 km s-l, while on the equator 
Vexp ~ 160 km S-I. Tb ~ 2.3 X 107 K and nb ~ 0.12 cm-3• On 
the equator, n, ~ 120 cm-3• The analytical solution obtained 
in the previous section (solid line) is superimposed. The 
agreement is reasonably good in regions where the shock 
front is still radiative. At optical wavelengths the WR 
nebula is likely to appear (edge-on) as a couple of incom
plete arcs, resembling the shape of a barrel. In the X-ray, 
however, two lobes are likely to be present (see below). The 
knot density decreases with the pressure of the hot bubble 
as it expands (the clumps are indeed slightly underpressur
ized, indicating an insufficient numerical resolution). At this 
time nk ~ 35 cm -3 near the pole and nk ~ 270 cm -3 near the 
equator. The radii of the knots are typically 1.5 x 10-2 pc. 

Finally, in panel (d) the nebula is shown at t = 2.3 X 104 yr. 
The expansion velocity has increased further, V exp ~ 170 km 
s -Ion the equator and V exp ~ 380 km s -I along the pole, 
where n, ~ 75 cm -3. The filaments are slower than the outer 
shock, with a velocity ~ 100 km S -I in the equatorial region 
and ~ 200 km S-I near the pole. The other physical quanti
ties are as follows: Tad ~ 2.5 X 106 K and nad ~ 0.25 cm- 3, 

Tb ~ 3.2 X 107 K and nb ~ 0.06 cm-3• 

Many RT fingers wrap and break, forming knots. Sepa
rate animations show clearly that fingers and knots formed 
close to the equator have a tendency to migrate (subson
ically) toward the pole, pushed by the shocked WR wind. 
We note that, once the outer shock becomes adiabatic, the 
contact surface is still subject to severe RT distortions (see 
panels c and d), but condensations are no longer formed. 
The fate of the knots, and their possible influence on the 
dynamics of the WR nebula have been discussed, among 
others, by Brighenti & D'Ercole (1995b). Other considera
tions concerning more specifically the model described here 
are given in Section 4. 

3.2 The influence of the grid 

3.2.1 Varying the resolution 

In order to study the influence of the grid resolution on the 
flow simulation, we re-run Model L on a grid with the same 
number of mesh points, but extending up to a radius of 1 pc. 
The radial mesh size was thus L\ = 1.25 X 10-3 pc, 6.6 times 
lower than in the previous case. 

Fig. 2 (opposite p. 390) shows the nebula after t = 8 X 103 

yr; a zoom of the first panel of Fig. 1 is also reported for 
comparison. The shell density compression (j ~ 100 is about 
a factor of 4 lower than its theoretical value .,I{2, denoting 
that the shell is not yet properly resolved. As expected, 
however, well developed RT fingers are now present. In 
principle, given the very short value of tRT> perturbations of 
any wavelength down to approximately the mesh size would 
be present, at variance with the result shown in panel (a) of 
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Opposite p. 390, MNRAS, 285 

6 
(a) (b) 

1 

1 

1 2 3 4 5 6 1 2 3 4 5 6 
Figure 1. Logarithmic CSM density distribution for Model L at four different times: (a) t=8 x 103 yr; (b) t= 104 yr; (c) t= 1.8 X 104 yr; (d) 
t=2.3 x 104 yr. The distribution has cylindrical symmetry around the vertical axis. In panel (c) the analytical shape of the shell is super
imposed. The grey-scale varies linearly from - 25.8 (white) to - 20.75 (black). Distances are given in pc. 

(a) 
0.8 

0.6 

0.4 

0.2 

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

Figure 2. Density distribution for Model L with two different grid resolutions (see text) at t = 8 X 103 yr. Minimum and maximum values of 
the density logarithm are ( - 23.9, - 19.5 ). 
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1 

1 2 3 
Figure3. Model L at time t= 1.9 x 104 yr computed on a cylindrical grid. It shows fewer filamentary structures than the shot in Fig. l(c), to 
which it must be compared. Minimum and maximum values of the density logarithm are ( - 25.83, - 20.34). 

6 

5 

4 

3 

2 

1 

1 2 3 4 5 6 1 2 3 4 5 6 

Figure 4. Model Q (a) at time (=2.3 x 104 yr and Model S (b) at time t= 1.2 x 104 yr. While the former shows a strong resemblance to Model 
L, the latter presents fewer filaments. This behaviour is the result of the lower shell acceleration in Model S. Minimum and maximum values 
of the density logarithm are ( - 25.5, - 19.9). 
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6 
(a) 
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1 2 3 4 5 6 

Figure 5. Interaction of Model L with the RSG shell. The times are: (a) t = 1.85 X 104 yr; (b) t = 2.45 X 104 yr; ( c) t = 3.25 X 104 yr. The RSG 
shell thickening is due to its instantaneous jump in temperature (T = 102 --> 104 K) introduced to mimic the ionizing effect of the WR stellar 
radiation. Minimum and maximum values of the density logarithm are ( - 27.35, - 20.4). 
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-2 -1 o 1 2 -2 -1 o 1 2 

Figure 6. X-ray (0.1-2.4 keY) brightness map of Model L at t= 1.8 x 104 yr. Panel (a) gives the edge-on appearance; panel (b) gives the 
brightness distribution for an angle of 45° between the symmetry axis and the line of sight. The maps are smoothed in order to mimic an 
angular resolution of 10 arcsec for a nebula at a distance of 5 kpc. 
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Fig. 2. However, short wavelengths are reasonably damped 
by the numerical viscosity. Note that in the simulation with 
higher resolution the nebula appears to retard. Actually, 
this is a result of the fact that the central hole in the grid 
covers the same number of mesh points, i.e. extends up to a 
smaller physical radius. Note also that at higher resolution 
the outer shock delays its transition to the adiabatic regime 
(in closer agreement with the analytical estimates) because 
of the higher post-shock densities. 

3.2.2 Vizrying the grid geometry 

We also ran model L on a cylindrical grid having the same 
radial resolution as our standard spherical grid. Fig. 3 
(opposite p.390) shows the result at time t=1.9 x 104 yr, 
which should be compared with panel ( c) of Fig. 1. 

The most striking feature of this model is the paucity of 
RT fingers. This is presumably the result of the fact that the 
grid resolution is constant on a cylindrical grid, while it 
increases toward the centre on a spherical grid. On our 
standard grid, for instance, the linear mesh size along the e 
direction varies in the range 2.8 x 10-5-2.2 x 10-2 pc along 
the radius, while the radial size is ,i = 8.25 X 10-3 pc. The 
intrinsic numerical viscosity varies linearly with the mesh 
size and is thus much lower on the spherical grid in an area 
extending up to 300 grid in the radial direction. In the 
absence of strong compression in the flow around the RT 
fingers, the artificial viscosity is rather uninftuential. Ini
tially, therefore, the RT instabilities can develop more easily 
on the spherical grid. 

3.3 Comparison with other models 

Fig. 4(a)(opposite p. 390) shows Model Q att = 2.3 x 104 yr, 
the same time as Fig. 1( d). Model Q is less extended, and 
the outer shock reaches the grid boundary (at e = 0°) at 
t ~ 2.8 X 104 yr. Of course, this nebula expands more slowly 
than Model L because the WR wind velocity is lower for 
t < To. As can be seen in Fig. 4(a), the different behaviour of 
the shell acceleration does not produce sensible differences 
in the development of RT fingers. We conclude that Model 
L and Model Q have essentially the same dynamical evo
lution. 

Model S, however, shows more pronounced differences. 
Fig. 4(b) illustrates this model at t = 1.2 X 104 yr. This time is 
slightly longer than that considered in Fig. l(b), but the 
nebula has essentially the same extension reached by Model 
L at t = 1.8 X 104 yr (Fig. lc). Contrary to Model Q, the wind 
velocity is now always higher (relative to Model L) for t < To 

and the nebula expands more quickly, reaching the grid 
polar boundary at t = 1.8 X 104 yr. The development of RT 
fingers is much less efficient in this model. Although from 
the linear analysis given in the previous section a slightly 
lower efficiency in forming clumps may be expected for 
lower values of {J, the numerical simulation shows that such 
a tendency is amplified, probably by non-linear effects. 

3.4 Interaction with the RSG shell 

A massive star on the main sequence (MS) is expected to 
produce, through its wind, a large, hot cavity (the MS bub
ble) with a thermal pressure greater than or equal to the 
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interstellar medium (ISM) pressure. The successive RSG 
wind does not expand freely but piles up at its boundary, 
forming a shell (the RSG shell). WR ring nebulae are thus 
expected to interact with this shell. 

In order to set up the initial condition for this simulation 
we considered a hot cavity surrounding the star with 
Tc=5 x 106 K and nc=5 x 10-3 cm-3, which can be thought 
of as typical for an MS bubble. The location of the RSG 
shell is calculated assuming the balance between the RSG 
wind ram pressure and the thermal pressure of the MS 
bubble. It turns out that the RSG shell extends up to 5.5 pc 
on the equatorial plane and 2.5 pc along the polar direction. 
We adopt a shell density nRsG=3.5 cm-3 and a thickness 
,iRSG=0.5 pc, following the results by O'Ercole (1992). 
These results have been obtained with 10 spherical sym
metric simulations, so in principle they could not be trans
ported to the present problem. Given, however, our 
approximations in describing the RSG and WR winds, and 
the transition between them, this procedure does not 
reduce the accuracy of the overall description of the flow. 

Fig. 5 (opposite p. 390) shows the interaction between the 
WR shell and the RSG shell at three different times. The 
RSG shell, whose temperature is assumed to be 104 K, has a 
thermal pressure greater than that of the surrounding 
medium and increases its thickness with time. This effect 
also takes place in real nebulae because of the ionization by 
the WR star. We point out that the real thickening of the 
shell is expected to be lower because the ionizing flux from 
the star grows in a finite lapse of time, while in our simula
tions the gas temperature is never allowed to decrease 
below 104 K. However, the general description of the inter
action between the WR ring and the RSG shell is not greatly 
affected by this assumption. 

Fig. 5( a) (t = 1.85 X 104 yr) illustrates the WR ring when it 
has crossed almost all the RSG shell thickness (on the polar 
axis). The outer shock turns suddenly into the isothermal 
regime, changing the optical and X-ray morphology of the 
nebula. In this phase the nebula is X-ray faint. Later on, at 
t=2.45 x 104 yr (panel b), the nebula erupts into the MS 
bubble. The newly formed cool, thin shell fragments at this 
stage (cf. Garcia-Segura & Mac Low 1995). Given the high 
value of the ambient temperature, the nebular gas moves 
through the MS bubble with a weakly supersonic velocity. 
Panel (c) shows the nebula at t=3.25 x 104 yr. The nebular 
gas is expanding almost freely through the breach in the 
RSG shell. 

4 DISCUSSION 

4.1 Clump evolution 

Several processes tend to destroy the inhomogeneities 
embedded in a wind-blown bubble, namely the thermal 
evaporation (Cowie & McKee 1977), the ablation (Hart
quist et al. 1986) and the photo-evaporation (McKee, Van 
Buren & Lazareff 1984). For the parameters of the knots 
quoted in Section 3.1, we find that the evaporation time for 
unimpeded thermal conduction (Cowie & McKee 1977) is 
tev;S 103 yr, in good agreement with the results of Brighenti 
& O'Ercole (1995b). The ablation time, however, is much 
longer, tab ~ 100tev • The degree of the suppression of ther
mal conduction in an astrophysical plasma is very uncertain, 
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and the evaporation time may be significantly longer than 
that estimated above. Thus, firm conclusions about the effi
ciency of this process cannot be drawn. We can only infer 
that, while ablation is ineffective over the lifetime of the 
nebula, evaporation may efficiently destroy the clumps. In 
this case, possible 'cloudlets' present in evolved rings are 
likely to be ISM inhomogeneities progressively engulfed by 
the expanding nebula. 

We point out here that Brighenti & D'Ercole (1995b) 
considered an instantaneous transition RSG-+ WR, and 
they assumed fully ionized knots at all times. In the model 
described here, instead, the knots form at times t < '0, when 
the stellar ionizing radiation field may be insufficient to fully 
ionize the clumps. Thus, the clumps could have a tempera
ture Tk ~ 102 K. However, in the present computations the 
gas is not allowed to have temperatures lower than 104 K. 
This inconsistency does not affect the general behaviour of 
the nebula, but may prevent the clumps reaching higher 
densities. If the knot temperature decreases to 102 K iso
barically, then nk is of the order of 105 cm -3 and 
~k ~ 3 X 10-3 pc. In this case tev ~ 3 X 104 yr, while again 
tab ~ 100tev. However, thermal conduction is likely to be 
suppressed to some extent and tev should be realistically 
longer than the nebular age. Nonetheless, for neutral con
densations, photo-evaporation must be considered. 
Evidence of photo-evaporating clumps embedded in the 
wind-blown nebula NGC 6165 is reported by Scowen et al. 
(1996) and in the planetary nebula A30 by Borkowski, Har
rington & Tsvetanov (1995). The characteristic photo-evap
oration time of a knot at a distance rpc( =r/1 pc) from a star 
emitting S ionizing photons per second is (McKee 1986) 

For rpc=2, S49=S/(1049 s- I )=1 and the knot parameters 
considered above, we have tpe = 1.5 X 104 yr. As outlined in 
the previous section, the knot density decreases with time, 
i.e. a factor of six in our simulations. Because tpe ocn~, the 
photo-evaporation time decreases by a factor 2.4. On the 
other hand the knots move far from the star, so r increases. 
All in all, tpe may be considered constant during the evolu
tion. We note, in passing, that the mass of the knot is quite 
low ( ~ 10-3 Mo ), so that the rocket effect is rather ineffect
ive for the dynamics of the clump (McKee 1986). 

We conclude that in evolved ring nebulae, small neutral 
condensations are likely to be photo-evaporated while 
larger ones survive. The observed inhomogeneities in WR 
nebulae may thus be generated by the nebula itself, rather 
than be pre-existing in the local ISM. We also note that the 
knots generated in the polar region are more easily des
troyed than those born near the equatorial plane, which are 
one order of magnitude more massive. 

4.2 Emission 

Fig. 6 (opposite p. 390) illustrates the X-ray brightness map 
of Model L at t = 1.8 X 104 yr (Fig. 1 c) at two different 
angles. The emissivity is calculated in the ROSAT band 
(0.1-2.4 keY) by the hydrocode cooling routine. As 
expected on theoretical grounds (Section 2.2), the edge-on 
map effectively shows a lobe in the polar region (as 

observed in NGC 6888, Bochkarev 1988) produced by the 
adiabatic shock front. This lobe is nearly an order of magni
tude brighter than the rest of the nebula. However, the 
inner region of the X-ray map is dominated by the emission 
generated at the contact surfaces. In fact, given the well 
known numerical broadening of the contact discontinuities 
(of the bubble as a whole, and of the filaments), an artificial 
enhancement of the emission occurs on these surfaces. This 
emission is actually expected if heat conduction is effective 
to some extent (cf. Mellema & Frank 1995). Otherwise, the 
lobe structure should emerge more prominently. Note that 
the numerical enhancement of radiative cooling at the con
tact discontinuities prevents us from calculating the X-ray 
luminosity in a consistent way, so we can make only a mor
phological analysis. 

The optical radiation, on the other hand, comes from the 
warm gas of the isothermal shock and filaments. Thus, in 
our models, the X-ray and optical brightness maps should 
be roughly complementary (when viewed edge-on). 

Young WR ring nebulae, expanding through a free RSG 
anisotropic wind, are likely to have an (edge-on) optical 
barrel-like morphology, such as RCW 104 (cf. Marston, 
Chu & Garcia-Segura 1994), although filaments may still 
contribute to the optical emission from the polar regions. 

After the interaction with the RSG shell, the adiabatic 
shock becomes radiative once again and its X-ray emission 
disappears, the shock being now too slow to produce X-ray 
temperature gas. The X-ray lobes will not develop again 
even after the blow-out in the MS bubble, given the very low 
ambient density. Before the break-out the nebula has a 
rather irregular but complete optical shell. The ring bright
ness is not expected to be uniform, being higher in the 
portions that cross the RSG shell. After the blow-out the 
shell will appear barrel-like again. 

Younger nebulae have more regular elliptical shapes and, 
possibly, a negligible polar X-ray emission. 

Finally, we note that soft X-ray absorption (neglected in 
the discussion above) may have a significant effect on the 
appearance of the nebula. For a neutral or photoionized gas 
at T ~ 104 K the optical depth for 0.1 ke V radiation is ,= 1 
for a hydrogen column density N ~ 2 X 1019 em -2 (e.g. Kro
lik & Kallman 1984). For instance, the RSG shell assumed 
above has N ~ 5 X 1018 em -2. Thus, the RSG shell, the free 
RSG wind, the radiative portion of the WR shell and the 
possible shell of the MS bubble may effectively shield the 
soft X-ray emission, altering the X-ray morphology of the 
nebula. This effect should be considered in interpreting the 
observations. 

5 CONCLUSION 

In this paper we have investigated the dynamical evolution 
of WR ring nebulae during the early phases, when the WR 
wind expands through the unperturbed RSG wind. In par
ticular, we focused our attention on the effect of an aniso
tropic RSG mass loss and of an increasing WR mechanical 
luminosity, as expected during the transition RSG-+ WR. 

These two assumptions produce two separate pheno
mena. The anisotropic RSG wind causes the outer shock to 
be slow and radiative near the equatorial plane and, at the 
same time, fast and adiabatic in the polar region. This fact 
has an important observational consequence: the polar 
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regions are strong X-ray emitters, while the radiative por
tions of the shock emit in the optical band. The increase of 
the wind mechanical power causes the acceleration and 
then the efficient fragmentation, via RT instabilities, ofthe 
shell. 

This result, together with the results in Brighenti & D'Er
cole (1995b) and Garcia-Segura & Mac Low (1995) (where 
the RT instability is generated by the interaction with the 
RSG shell) indicates that shell fragmentation is an unavoid
able process in WR ring nebulae. The fate of the knots and 
their feedback on the nebula dynamics are still unclear, and 
more detailed theoretical and observational studies on this 
subject would be highly desirable. 
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