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Abstract

Gasdynamic properties of the wind-blown bubbles are considered in the framework of the 1D spherically symmetric flow.
The model self-consistently takes into account the optically-thin-plasma cooling and the electron thermal conduction. The
numerical method used in calculations is described in details. A comparison with the existing self-similar solution is
provided. It is shown that the self-similar solution gives a relatively well representation of the hot-bubble interior and could
be used for estimations of some of its spectral characteristics. However, it is also shown that the thermal conduction in
combination with the cooling may cause additional multiple shocks to appear in the interaction region and the analysis of the
nature of these shocks is provided. © 1998 Elsevier Science BV.

PACS: 95.30.Lz; 97.10.Fy; 98.38.j
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1. Introduction

It is well known that one of the main properties of
the hot luminous stars is the presence of stellar winds
with relatively high mass loss rates and wind veloci-
ties (e.g., Conti & Underhill, 1988). Thus, these
objects supply a considerable amount of mechanical
energy into the neighbouring matter (circumstellar
and interstellar gas) which leads to an active inter-
action with their surroundings. Since the stellar
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winds from the luminous stars are highly supersonic,
this interaction results in formation of so called
wind-blown bubbles (WBB) around these objects
which explains the nebulae having been observation-
ally found in optical since relatively long time ago
(e.g., Chu, 1981; Lozinskaya, 1982). On the other
hand, the high velocities of the stellar winds suggest
that the shocked gas in the WBB is heated to high
temperatures and it will be a source of X-ray
emission. It has to be mentioned that the X-ray
studies of these objects can serve as an important
tool for testing our knowledge about the shock
formation in cosmic plasma.
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Unfortunately, only one object has been well
studied in the X-rays so far, namely, this is NGC
6888 and one of the main results is that the tempera-
ture of the gas emitting in X-rays is considerably
(from a few times to one order of magnitude) lower
than that corresponding to the stellar wind velocity
(Bochkarev, 1988; Wrigge et al., 1994). Such a
discrepancy means that some additional mechanism
should be taken into account in the physics of the
WBB. A possible physical process which can effec-
tively lower the WBB gas temperature is the thermal
conduction. Its importance also follows from the fact
that gases with very different temperature are in
contact in the WBB interior. Namely, the shocked
stellar wind gas is expected to be very hot since the
wind velocities, correspondingly the shock velocities,
are of the order of thousands kms ™' while the
shocked interstellar gas has a temperature typical for
the HII regions since it is photoionized by the UV
emission of the central star.

Although the physical picture of the WBB has
been a subject of active numerical modelling (e.g.,
Rozyczka, 1985; Rozyczka & Tenorio-Tagle,
1985a,b; D’Ercole, 1992; Brighenti & D’Ercole,
1995a,b, 1997; Garcia-Segura & Mac Low, 1995;
Garcia-Segura et al., 1996; Walder & Folini, 1996)
and many of its aspects were studied, the electron
thermal conduction has not been considered yet in
gasdynamical simulations. Since this energy trans-
port mechanism may have an important impact on
the WBB physics a numerical model which correctly
treats its effects is the aim of this work. The gas
dynamic model is described in Section 2. Section 3
presents the numerical model used in this study. The
results are given in Section 4 and we discuss them in
Section 5.

2. Gas dynamical model

Let us assume that at some initial time r=0 a
stellar wind (SW) with parameters (My, Viw, Mgy
fgw,M,) starts blowing from the stellar surface R,
onto the ambient uniform interstellar medium (ISM)
with parameters (nygy, Tism> tism» Aism) Where

M, > 1 is the Mach number at R,, p — the mean
weight per particle, & ~ the mean weight per
nucleon, n,, and Ty, are the ISM number density
and temperature, respectively. For the typical values
of the SW and ISM parameters the resuiting flow is
characterized by existence of two shocks and a
contact discontinuity (Fig. 1). Because of the large
typical values of V. the gas in the interaction
region II+1II (Fig. 1) will have a very high tempera-
ture, the shock-heated plasma will be optically thin
and its emission is expected to be mainly in the
X-ray spectral domain. Besides, due to the existence
of a high temperature in the interaction region and
high temperature gradients in the vicinity of the
shocks, remarkable influence of the electron thermal
conduction on the flow is expected.

Thus, in the present study we consider 1D spheri-
cally symmetric flow with self-consistently taking
into account the effects of the optically-thin-plasma

Fig. 1. A schematic diagram of the interaction between the stellar
wind (SW) and the interstellar medium (ISM). F, G denote the
two shocks, § — contact discontinuity, P, — the boundaries of
preheating zones, D,, ., — the boundaries of the calculation
region. Regions I, and IV, are occupied by the undisturbed SW
and ISM, respectively, regions I, and IV, — by the preheated SW
and ISM, respectively, regions II and III — by the shocked SW and

ISM. respectively.
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cooling and the thermal conduction. For the case of

such a flow the hydrodynamic equations read:

dp 1 dpoR”
ot R OR
dpv 1 Apv’+pR  2p
ar  R? oR “ R
de 1 de+pR’
(')lf —R_'l 8R = = Qems + chc (1)

where p, v and p are the gas density, velocity and
pressure, respectively; e = p/(y — 1)+ pv’/2 is the
total energy per unit volume; y = 5/3 is the adiabatic
index. The rwht hand side terms in the energy

equation of the system (Eq. (1)) are:

Cems = i ng AT) 2)
where
n=BEP oy E B2
C g om R THam R, p’
uz{ysw, R<S
T e R>SC
- fla‘SW’ R<S
’u:l/j’ISM’ R>S’
( Xy sw» R<S
Xu :iXHJSM, R>S’

R, is the universal gas constant, ny and n, — the
hydrogen and the electron number density, respec-
tively, , - the proton mass, C =9 X 1077, Xy is
the relative hydrogen number density, Z = (& — u)/
uXy, is the mean ion charge, &Z) is a function
having the asymptotic values (1) = 3.1616, &() =
12.47 (Braginskii, 1957), &, and &, are dimen-
sionless reduction factors (0 << &gy s =1) which

are introduced artificially in order to take into
account the damnino effact of the Q\X/ and TCN

account th e damping effect of the and ISM
magnetic fields and plasma fluctuations (see Section
5.1.2).

To determine the function A(T') (cooling curve) we
used the model of Raymond & Smith (1977) includ-
ing free-free, two-photon and recombination con-
tinua and emission hnes of the elements H, He, C, N,
O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni and the following

approximation:

{ 7x1077T =T=10
’ cut — -
XT) ={ 7x107°T7°%% 10°=T=4x10’
A =27 05 —_— 4 ~7
L3X10 ~ 177, =4 X 10
where T, is the ‘cutting’ temperature which is

usually accepted to be equal to 10* (see also Section
5.2.2). When a different chemical composition is
considered we assume that the temperature depen-
dence of the cooling curve does not change and only

the narticle number dencity chanoeg correenaondinely
the particie num DEr gensity changes corresponaingly.

This simplification is done just for technical reasons
and it should not change our results qualitatively
(e.g., the thin-plasma-cooling is important only in
that part of the WBB which is occupied by the gas
with solar abundances — the ‘pure’ hydrogen case,
see Section 4).

If we normalize all the linear sizes to R, (where R

vORUHENAIAT i VI QLT GL SLATS W ak g \WIIIT 1

is some given distance), all the velocmes to the
terminal wind velocity Vi, and the densities and
pressures to MSW/47TVR(2) and MSWVSW/47TR(2), re-
spectively, the system of governing equations will
have the form (Eq. (1)) with terms

r Qi:n;ﬁz’ ‘CUISTglos
Cems {erz"‘“ﬁz, 10°=T=4x10
N _ 5052 o A 1nT
LY =134 p, I =4 X 1u
(4)
and
thc
_p L O ED) N2 8 B N
e IR\ Z \ngw ) " R\ gy /)
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where T=j/p is a dimensionless temperature, [,

I, I’ and I, are dimensionless coefficients:

s —2 5~
Fl_ ' 6) <8)R0(12)
,u

- A= @ . ~5.2 15—
Fzzo-l'ng‘sﬂzszw)V's) R0(112>

=0 598 X MoV s Roi2:

I =0. 386”‘2\;M(6)V(8)R0(l2)

with notations M(6 =My /10" Mgy yr ™", Vis, =
Vew/10°cm's ™" and Ry, = R,/10'* cm.

To introduce the physical boundary conditions we
note that since the thermal conductivity depends on
temperature nonlinearly, the preheating zones have
finite sizes (Zel’dovich & Raizer, 1967). Therefore,
we can expect (at least if the influence of thermal
conduction is not extremely strong) that the non-
stationary interaction of the supersonic SW with the
ISM is characterized by preheating zones I, and IV,
separated from undisturbed flows by the surfaces P,
and P (Fig. 1). In the undisturbed regions I, and IV,
the gas temperature is low and, therefore, we can
describe the flow with the help of a steady-state
solution of the system (Eq. (1)) with Q... = Q. =0
(sign tilde over dimensionless parameters hereinafter
is omitted):

1
P VR’
(o
YMG\ (y — DM +2
; 2
v“'—'—-7—_—l-lpe+l 6)

for the region I, and

p=331X10" “R()(mM(sl)V(s)nISM

p=55%x10""R} , M \V s smTisum

v=40 (7)

for the region IV,, respectively. Taking D, <P, and
D, .> P;, we can use the relations (Eq. (6)) and
(Eq. (7)) for determining the physical boundary
conditions at R =D, and R = D_,, respectively.

out?

3. Numerical methed
3.1. The general structure of the scheme

In our calculations we use a soft fitting technique
developed by Godunov et al. (1979) on the basis of
the Godunov scheme (Godunov, 1959). The tech-
nique allows to combine the advantages of the
Eulerian and the Lagrangian approaches and, cou-
pled with the method of the physical process splitting
{Yanenko, 1967), allows to easily take into account
various physical processes such as thermal conduc-
tion (e.g. Zhukov et al., 1993)

The essence of the technique can be shortly
described as follows. Let us suppose that the state of
the flow is known at the moment ¢ = ¢". This means
that the gasdynamical parameters (pressure, velocity
and density) are known in the region bounded by H,
and H_,. The boundaries H,, and H_, may be
mobile and this is also true for some fitted dis-
continuities H, = F, H, = S, H, = G inside the flow.
The positions H" and velocities Dy of all the
boundaries and discontinuities are also known at
t =¢". The law of motion of each mobile line may be
given beforehand or determined during the calcula-
tions. Therefore, the mesh used in the calculations
changes from a given time step to the consecutive
one following the position of moving boundaries and
discontinuities and any time step in the calculations
may be conditionally divided into the following three
sub-steps.

At the first sub-step, the positions of the mobile
lines at the moment ¢ =¢""" are determined:

H ' '=H"+Dir (8)

where 7=1¢""" — ",
The second sub-step consists of remeshing at ¢t =
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""" accordingly to the new positions of the lines.
The simplest way to do it is to assume that between
various discontinuities the grid vertices have an
uniform distribution, but we do not need to restrict
ourselves to this assumption. Thus, the grid vertices
distributions at t=¢" and r=r""" forms a time-
spatial structure C(i)= (R"_, ,.R", ,,.R:=} . RIL D
lIl [ne (l( [) bdeC WI)CI"C l (lt:l'lOle ine Cell l'lUIIlDCf
Finally, at the third sub-step the new values of the
gasdynamical parameters and Dj," ' in each mesh cell
are obtained at the moment ¢ =¢"*'. To do this, one
should integrate Eq. (1) over the volume C(i):
(Vn +1 n +1

; V 0' )/T—- _(ﬂi_l/w+ﬂ,+1/ﬂ)

+ (ftgl +ff-q’)V:lﬂu

o = (p.pue),

fH=02p/R0), f=(00,~Qun),

n — ﬂ(g) 3 ﬂ(lhc)

ﬂ(g) (.Qp qu Q(g)), n(thc) - (O.O,Q(Ihc)),

V=R, —R_;2)/2, €)

where 07, 0", 0% and Q' are the mass,

=L, Qi 22 alc U Hlass

impulse, full enthalpy and thermal fluxes through the
cell interface per unit time.

Following Zhukov et al. (1993) we substitute the
system of equations (Eq. (9)) by the equivalent one
(V'.'_H (g)

i

—Viehit= - Q2% ,,+ Q%))

L (@12
TJ

i i

Vit gld _ g8y o = floyntl/2
Vi (e o NIr=f"V]

1, n+1 (D (the) (the)
Viie! —a")r=— (@27, + 2.7,

(10)

where o' and o'’ are defined below. This way of
solving Eq. (9) is the finite-difference analogue of

the nhvcical nrocesges gnlitting method which allowsg
tne pnysica: processes spuiting metnct waicnt ainsws

to take into account different physical processes
independently by making use of various powerful

4 ~1. 1 I R I Y o S P J TR S S MY & T, Y W
tools developed for studying the influence of each
process.

3.2. The Godunov soft fitting scheme for adiabatic
flows

Let us consider the first equation of the system

s Va3

(Eq. (10)) with

n+l (g))

(g) _ n+i
o =(p ,pv e

To apply the Godunov (1959) scheme we write
the fluxes §2* in the form:

27, ,,= z+l/2[Q(U Wil

27y, :Ri2+l/2[Q(U —WH)U + Pl )

n‘if—)l/’l=Ri2+l/2[E(U—W)+PU]i+1/2 (11)

where W= (R, —R!,,,,)/7 is the edge velocity,
o, U, P, E are respectively the density, velocity,

men oI ee O D .

pressuic auu udl ClICLgy pol Ullll VUlUlllC at 1=
"*'"* (which, following Godunov et al. (1979), we
call large variables). The large variables and the
. . . cs .. n+1
moving discontinuities velocities D}, = are deter-
mined from the exact solution of the local adiabatic
Riemann problem with the piecewise-constant initial
conditions at cells interfaces. Namely, the solution
ranmracante ana ~fF tha tha Goa oo A B airratinnag
IVPILOULIL ULIC Ol \. 1IC uIC 11ve PUDDIUIC COIlI 5u1auuuo
appearing when an arbitrary discontinuity decays,
say, two shocks and contact discontinuity which
velocities £, < &, < &, are known. Since W is also
known one can determine the large variables as
corresponding to the region bounded by ¢, and &,
where k is determined from the condition & <W <

& Tha ¥ tha ~all intarfana carracnande tha
Sk+1° 1ien, I tn€ Céu intertace puuboyuuuo o the

fited discontinuities F, S, G or to the mobile
boundaries H,, ., the approprlate choice between £,
allows to determine DH . For example, D;H =¢,
in the case when the cell interface corresponds to S.
This way of determination of the discontinuity
velocity allows just to mark the discontinuity instead

of fittine it in the strict sence of the word Haowever
Of HuIng I in e SiCt sCNsC O1 € WOrG, mOwever,

since it turns out that as a result of the described
above mesh motion the discontinuities are spread out
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over zero-one mesh points we call this procedure soft
fitting technique.

The original Godunov scheme, assuming the
piecewise-constant distributlon of gasdynamic pa-
rameters inside the cell, is of the first order accuracy
in space and time. To increase the resolution prop-
erties of the scheme, we introduce a piecewise-linear
distribution of gasdynamic parameters inside each
cell and apply some additional procedure to avoid
oscillations of the solution around discontinuities

(e.g., Sawada et al., 1989).
3.3. The scheme for cooling
Let us now consider the second equation of the
system (Eq. (10)) with
0,(([) — (pn+]’pvn+l’e(q))
which, using Eq. (4), we rewrite in the form
Vn + Ipn + I(T(q) _ T(&'))
(y-Dr
where @, =1,—-0.6,0.5 for k=1,2,3, respectively,

and the intermediate temperatures 7'? and T'%’ are
determined with the help of the following relations:

_FkT““a"p'” 13Vn+ 172 (12)

e = p" TRy — 1) + 0" 12)

Performing the integration of Eq. (12) one can

=1

obtain:

Tiq)
) r AT
T‘g’(l—kaF(v—l)p"“T“’ s ) :
_< Xk#O '
- nt+1/2
T(g’exp( -7l (y— l)p"H‘v;,,H >,
L =0

(13)

where y, =1 — a,. The first equation of Eq. (13)
gives also the restriction on the time step (the

temperature is a positive quantity) which should be

temperature is a positive quantity rich should
coupled with the CFL condition when solving the
system (Eq. (10)).

3.4. The scheme for thermal conduction

ation of

be the way we solve the th
(

i u
10)) let us rewrite it in the form:

3

Vn+lpn+](Tn+l _ T(t[')
(y—Dr

= (@5, 25
(14)

where the thermal flux £2°°” can be determined with
the help of Eq. (3) by introducing some fictitious
'JII'\I" ﬂll\'ﬂc

dimensionless temperatures T T
GIMEnsIocniess  wempe i, i

N7 Q" at the corresponding cell interface
(e.g. Fedorenko, 1994):

- 0
T — 4T
th:\)/: = -T, « (T )5/2:“’: M ip2 .
i+1/2 the i i — i+
R~ R
Althery 1572
ie12 = e 1+1U"z+11
4
p :“z+1Ti+| —/"Li-HT n2
l‘l

— +1/2
Ri+l Ri+l/2

where « = 0&(Z)/Z and /,LOI/.L//,LSW. Using the
conditions

wT =p T =

nithe)+ __ ~(the)

i+1/2 i+1/2

0 (the)—
Mivr2Tivins 25500

one can finally obtain
(they _ _ 0 52
02,05 = I-I‘hc(l‘l’i+l/7Ti+1/2)

0 2
KKz+l(lu‘r+th+l M TOR 1))
KRy — Ry ) Tk Ry — R

(15)

with

,0 is
Mivi2divi)2
T k(R ~
M LK
KRy —

0
Ry tm T Ry~ R)
t+l/2)+ I(Rt+l/2 Rr)

(16)
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Thus, Egs. (14)-(16) can be written in a three-
diagonal form:

0 v Opv
=Pyt Ty TP TPy T,

i i

_ 0 v _ (q)
Pypomi T, =sT

0 A 512,52
P _ ]:thiKi+l<lu‘i+l/2Ti+l/2) R, i)
+1/2 — _
' KR Ry )t Ry s — R
n+l1 n+1
o = Vi i
Eo(y—=Dr

T=XT"+T"", v=1..0,
=7, T1"'=7° (17)

where » is an iteration number and Q is determined
from the condition

max,[T? = T¢'|IT¢ ' <e < 1

On each iteration the system (Eq. (17)) is solved
using Thomas algorithm (e.g. Hirsch, 1990) which
we have tested with the help of exact solutions of the
initial boundary-value problems for the nonlinear
diffusion equation (Samarskii & Sobol, 1963).

4. Results

In order to study various effects of the physical
processes included in the model, we consider a so
called ‘standard’ wind-blown bubble (SWBB). It is
assumed that it is a typical representative of the
objects around luminous stars in the Galaxy. The
SWBB is a result of interaction of the stellar wind
from a star having parameters: Mg, = 1 X 107° M,
and Vy,, = 2000kms ' with the uniform interstellar
matter with a number density of n,q,, = 1cm ™. The
interstellar/circumstellar matter is ionized by the
radiation of the star and has a constant temperature
of 12000 K. For a technical consistency between
different cases, we use the same grid, namely, having
50, 40, 80 and 20 grid points in regions I, 11, III and
IV, respectively. All the discontinuities (the contact
one and the two shocks) are treated by the described
above soft fitting technique which also allows to treat

properly different chemical compositions. Thus, the
SWBB is such that the chemical composition of the
SW is typical for the WR stars (that is ‘pure’ helium)
while the ISM has solar abundances (‘pure’ hydro-
gen). The dependence of the solution on the mach
number M, is not studied here because as it was
shown by Myasnikov (1996) this parameter influ-
ences the solution only in the early stages of the
evolution which are not interesting from an observa-
tional point of view. We kept therefore M, = 50.

In the next subsections we pay attention to the
effects of the electron thermal conduction but for
comparison the effects of the radiative cooling are
considered as well.

4.1. Radiative cooling

Here we consider a radiative SWBB, that is, the
radiative energy losses by an optically-thin plasma
are self-consistently included in the model. As first
was noted by Falle (1975), the radiative losses
become very important at a certain moment of the
bubble evolution and the outer shell (shocked inter-
stellar gas) collapses. As a result, a secondary shock
is formed which propagates towards the inner shock.
This is well seen in Fig. 2 where the pressure,
density and velocity profiles for the time interval
between 6000 and 12 000 yr of the bubble evolution
are shown. The pressure profile (Fig. 2a) is shown
only in vicinity of the outer shock. This is so in order
the formation of the pressure impulse due to the
outer shell collapse to be better seen. Since the
density values cover quite a big range of magnitudes,
the density profiles (Fig. 2b) are shown separately
for the inner and the outer part of the SWBB. The
position of the contact discontinuity coincides with
the big density gradient splitting the bubble in two
parts: inner one (low density) and outer one (high
density).

For the chosen set of physical parameters, which
basically determine the wind-interstellar-matter inter-
action, the cooling in the outer shell becomes very
important at the bubble age of about 6000 yr which
is followed by a collapse of the outer shell; a
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Fig. 2. The pressure (a), density (b) and velocity (c) profiles in the
case of a purely radiative SWBB during the bubble evolution
between 6000 and 12 000 yr with a time step of 1000 yr. The solid
lines denote the two limited time cases. For clarity, the density
profiles are shifted by — 0.1 dex each with respect to the previous
one while the velocity ones — by 10’cms™' (the difference
between the 8000 and 9000 yr profiles is two times bigger)

pressure impulse is formed (Fig. 2a) and secondary
shocks form. As noted by Falle (1975), one of the
secondary shocks moves towards the outer shock,
and their interaction can be noted by the irregular
changing of the pressure near the outer shock, while
the other wave penetrates in the opposite direction.
The large length scale in the bubble interior allows
us to follow its evolution. After the reflection of the
haock (hatwoaan OONN

carnndary chack fram tha innar ¢ s
T S11GCK ( OCUWELH Fuvvy

secondary shock from the inne
and 10000 yr of the bubble age), the intensity of the
former gradually decreases and at a later stage of the
bubble evolution no secondary shocks are ever
formed. This might well be related to the fact that at
later stages of the bubble evolution the temperature

of the outer shell is always below 10°K which
means that only the last branch (Q«T) of the coolin

means that only the last branch (QxT) of the coolin g

curve is important and this prevent the further fast
collapse of the shell.

49 7 7 I
4.4, Lnermal conaucrion

course, only of academic interest but it is worthwhile
to consider it since these results can be used to reveal
the effects of different physical processes. Fig. 3
shows the SWBB for the interval of its evolution
beiween 6000 and 12000 yr. The pressure profile
(Fig. 3a) is shown in vicinity of the outer shock in
order to have a better comparison with the radiative
SWBB.

The difference with the radiative case is immedi-
ately seen. First, while in the radiative case the inner
shock is adiabatic (the energy losses are not im-
portant in the hot bubble due to its low number
density) it has now become isothermal because of
the large thermal flux from the hot bubble to the free
wind. The isothermity of the inner shock is well
denoted by the large density jump which perfectly
corresponds to the theoretical value of M : (where M
is the Mach number) for the isothermal shock.

rrely conductive SWBB is, of

A ns o affant ~f Liffanant rhamisanl camamaciti~

Scuuud, the effect of different chemical COompositions
of the stellar wind and the interstellar medium is also
well demonstrated by the density jump at the contact
discontinuity. We would like to stress that this was
possible to be found only because of the use of the
soft fitting technique. On the other hand, this density
jump is well understood since the thermal conduction
"""" Is the temperature on both sides of the contact
discontinuity, the pressures are equal as well and as a
result the number densities must be also equal. This
results in different densities and the density ratio
must be equal to the ratio of the mean atomic
weights per particle. In our case of ‘pure helium’
wind and a ‘pure hydrogen’ interstellar gas this ratio

1.3:0.5 which is exactly what is seen in Fig. 3b

ic o t ig
1S 1.5° Whicn 1S exacuy wnatl 1§ seen in rig. 30.

Third, there are no waves formed in the purely
conductive SWBB since the thermal conduction only
redistributes the internal energy between the different
parts of the bubble and there are no real energy
sinks.

Fig. 3 also demonstrates the so called cold shell
‘evaporation’ which is well seen in the density
profiles (Fig. 3b). First we see that the outer shock is
quasi-adiabatic (a density jump of about 4) since the
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smaller temperature jump and a small electron
conduction efficiency as well. Since there are no
energy losses (cooling) the outer shell is much
thicker than it is at the same age of the radiative
SWBB evolution (see Fig. 2b). Another important
difference is that the density decreases gradually into
the bubble interior and the hot bubble is much denser
with respect to the radiative case (note the y-axis
scales in Fig. 2b and Fig. 3b). This behaviour can be
understood as follows. Due to the thermal conduc-
tion flux from the hot bubble, the outer (cold) shell is
heated and as a result its gas temperature increases.
Its gas pressure increases as well until a new
pressure balance with the hot bubble is reached.
Since the hot bubble loses internal energy and the
cold shell gains it, the size of the former decreases
and the size of the latter increases and this is the cold
shell ‘evaporation’. Thus, the electron conduction
influence results in a much denser and with a lower
temperature interior of the SWBB with respect of the
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rauiatvo Last anig lllU imass Or ui€ noét suUovIE IS

dominated by the ‘evaporated’ mass from the cold
shell.

4.3. Cooling and thermal conduction

In the previous two subsections we considered,
respectively, the net effects of the thin-plasma cool-
ing and thermal conduction on the physics of the

WRR A mare reslictic model of the wind_inter.
vw 3o, A mMOre réansal moGe: 61 il winG-iunly

stellar-matter interaction will then be if their simulta-
neous effects are taken into account. Fig. 4 presents
the result of the SWBB modelling in the time
interval from 6000 to 20000 yr of the bubble
evolution. All previously mentioned major features
are also seen here. Namely, the collapse of the outer
shell and the secondary shock formation, the effect
of different chemical composition, the isothermity of
the inner shock. It should be noted that the big
density gradient, seen in vicinity of the outer (col-
lapsed) shell, does not indicate the contact discon-
tinuity. It is a result of the cold-shell ‘evaporation’
and the density profile steepness reflects the strong
dependence of the electron thermal
conductzon. The position of the contact discontinuity
is found by the density jump near the inner shock.
On the other hand, there is a big difference between
the case under consideration and the cases of purely
radiative and purely conductive WBB, that is the
existence of wave(s) bouncing forth and back be-
tween the outer and the inmer shocks uiifiﬁ5 the
whole bubble evolution after the outer shell has
collapsed. This is well seen in the profiles of all
physical quantities but it is better demonstrated in the
velocity profile. In fact, we can easily note a wave (it
is probably a shock formed by the outer shell
collapse) propagatmg towards the inner shock at the

PN 1tNnNnnn 14 NNN . PR
UUUUIC agc Ul 1UUUU 19 UUU yI. t\llCl is

Aoty
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reflection
from the inner shock this wave is moving back to the
outer shock and at an age of about 16000 yr it
interacts with the newly formed wave propagating
again towards the inner shock. These multiple waves
interaction (we will denote this phenomenon as
multiple shock waves, MSW, throughout this paper)

rom o raadiler Falloacerad Adrvnie o tha hoaldele agaliafiae
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107 cms ™' (the 13000 yr profile is shown twice, first, in the left
panel — up, and then in the right panel — down).

Of course, it is natural to ask whether these waves
are physical or numerical and we will additionally
address this item below. On the other hand, some
conclusions, supporting their physical nature, could
be drawn in a straightforward way from the previous
cases. Namely, we do not see any waves in the
purely conductive WBB while we do see a secondary
wave/shock (we will name this wave a ‘Falle wave’,
FW, throughout the text) in the purely radiative case.
So, if we assume that the FW is real, we can propose
the following mechanism for the MSW formation. In
general, the hot bubble is an ‘container’ of energy
which, thanks to the thermal conduction, is perma-
nently spread over the whole bubble volume. This
means that a thermal wave is continuously propagat-
ing into the cold shell and heats it up. On the other
hand, the cold-shell density is already such that the
radiative cooling is very important and the supplied

energy is permanently lost by emission. Each of this
mechanisms has its own characteristic timescale and
their combined effect acts as an energy ‘pump’. First,
the outer-shell gas is ‘instantaneously’ heated up
{because of the physical nature of the thermal
conduction) and the additional energy is emitted later
on due to the cooling. This can also explain why
there are no FWs in the late stage of purely radiative
bubble, namely, because there is no additional
energy supply to the cold shell.

5. Discussion

The 1-D results on the SWBB with taking into
account the electron thermal conduction can serve as
a basis for our understanding of these objects. They
can be further developed to be closer to the reality by
considering the two-dimensional effects. Before
doing such a consideration, it is our impression, that
a question of a fundamental importance is that about
the reality of the waves (FW and MSW) found in the
numerical simulations. This is so since if these
waves are physical then they can cause some in-
stability developments when the two-dimensional
effects are being considered.

3.1, Comparison with the similarity solution

To check our calculations we compared the nu-
merical results with the self-similar solutions ob-
tained by Weaver et al. (1977).

5.1.1. Adiabatic WBB

We have started with the comparison between our
numerical solution and the similarity one, given by
Weaver et al. (1977) for the case of an adiabatic
WBB. As described by these authors, the structure of
the WBB can be derived separately for the inner
(shocked stellar wind gas) and the outer (shocked
interstellar gas) parts. To do that, we followed the
procedure, given by Weaver et al. {(1977), in the case
of the SWBB. Fig. Sa—c shows the density, pressure
and velocity profiles for the SWBB at its age of
10000 yr. It is seen that the numerically found
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profiles perfectly coincide with those given by the
similarity solution. More precisely, the differences
between the similarity solution and the hydro-
dynamic computations are less than 1% for the
position of the outer shock and less than 3% for the
position of the inner. An accuracy of better than 1%
is also found for the position of the contact dis-
continuity. When plotting the pressure profile, we
corrected its value gwen by the similarity solution by
a factor of [G,, /G 1. Thus we can prove that, on
the one hand, the assumptions behind the similarity
solution are consistent with the WBB physics and, on
the other hand, our numerical technique is able to
handle properly the time-dependent flows with strong

N SR s
SNOCKS.

5.1.2. Conductive WBB

Our numerical results can be also compared with
the similarity solution found by Weaver et al. (1977)
for the thermal conductive case. Weaver et al. have
assumed that the thermal conduction is the main
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Fig. 5. A comparison of the density, pressure and velocity profiles
between the numerical hydrodynamic calculations (dots) and the
similarity solution (solid lines) for the case of the adiabatic SWBB
at its evolution age of 10000 yr.
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the WBB and considered its late stage after the outer
shell has collapsed. Fig. 6a—d shows the temperature,
density, pressure and velocity profiles for the SWBB
case at its age of 10000 yr where the solid line
denotes the Weaver et al. solution (derived by
solving Egs. (30) and (31) given in their paper)
while the points correspond to the numerical hydro-
dynamic results. It is seen that the correspondence
between the two types of solution is very good for all
the guantities but the velocity. Having in mind the
MSW (see above), the last is not a surprise since the
similarity technique is not capable of treating such
phenomena. We would like to note that the profiles
derived from the similarity solution are shown only
io the HII]CI CUgC Ol UIC hot DUUDIC (thc mner bIlOLK)
since this solution gives no indication on the position
of that hot-bubble border. Also, we would like to
mention that the similarity solution gives a slightly
wrong position (less than 10%) of the outer radius
(the outer shock) of the WBB (a correction for this
has been made while presenting the results in Fig.
6a—d). This result is understandable since ii is not
possible to follow the complete WBB evolution
when applying this technique. For example. in this
case, first, we are not able to self-consistently
consider the collapse of the outer shell and instead
the WBB evolution is split in two parts: before and
after the cold-shell collapse, respectively Second,
the 51muar1ty solution cannot handle the change in
the physical conditions of the interstellar gas due to
the thermal conduction (there exists a preheating
zone in the early stages of the WBB evolution while
the cold-shell temperature is still high enough, that is
before the shell collapse).

Also, it is worth noting some limitations of the

cimilarity cnlntion hy Waavar ot ol 71077\ Thig
Siifiiiaiity SUnutiGili UY wldvll Ct di. (1777, 11is

solution is physically incomplete since the cooling is
not self-consistently included in the WBB physics.
While this is not important for the hot-bubble interior
(due to its low density), the radiative losses play
important role in the transition zone between the cold
shell and the hot bubble. Namely, this is the reason

for the MSW appearance {cae ahpva) Additionally

for the MSW earance (see above). Additionally,
Weaver et al. assume that the contact discontinuity
and the outer shell coincide at a later stage of the
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{a—d) present the standard case and (e—h) show the case with ‘reduced’ thermal conductivity.

bubble evolution, that is after the outer-shell collapse
due to the rapid cooling. Instead, the hydrodynamic
calculations show that the contact discontinuity has
moved towards the inner shock (see the density jump
near the inner shock in Fig. 3b, Fig. 4b and Fig. 6b)
and the big density gradients in vicinity of the cold
shell are result of the cold-gas ‘evaporation’. Never-
theless, it is our impression that the similarity
solution gives a relatively well representation of the
hot-bubble interior and it could be used for estimat-
ing some of its spectral characteristics.

5.1.3. ‘Reduced’ thermal conduction

An interesting case can be considered which is
somehow intermediate between those considered
above, namely, this is the case when the thermal
conduction is suppressed due to some physical
conditions (e.g., existence of magnetic fields, plasma
fluctuations). In order to have an idea about the
expected effects we consider the case when the
thermal conductivity is simply reduced by some
factor while its dependence on temperature remains
the same. We would like to note that in the one-

dimensional case this is the only possibility to study
such an effect.

For this purpose we use the introduced in Section
2 dimensionless coefficient & which denotes the
reduction factor for the thermal conductivity and it is
thus less than unit (6 = 1). In this case we can also
consider a similarity solution for the hot bubble
structure and its basic equations (Egs. (30) and (31)
in Weaver et al., 1977) will now read:

Sy—srrd 2 L 8
2 T d§_5§ 1052 (1)
T df ., 3/2£>M}il_§3l£~—l§—

0 dg(f"’ )"0 2 rag 3 1Y

These equations can be solved in order to derive a
similarity solution which then can be compared with
the exact hydrodynamical one. We note that if § =1
one gets the corresponding equations given by
Weaver et al. Fig. 6e—h shows the structure of the
SWBB when the thermal conductivity was reduced
by a factor of 10°%, thus, § = 10°* Asin Fig. 6a—d,



S.A. Zhekov, AV, Myasnikov | New Astronomy 3 (1998) 57-73 69

the solid line denotes the similarity solution (from
Eqs. (18) and (19)) and the dots present the exact

1 tinnad ahnave the cimi
hydrodynamic results (as mentioned above, the simi-

larity solution profiles have been corrected for the
deviation of the outer shock position from its exact
value). It is seen that the hot-bubble gas temperature
is higher in this case which is well understood since
a smaller part of its internal energy has been supplied
into the cold shell. This also explains why the

density profile shows a larger extension of that part

of the hot bubble, occupied by the shocked wind gas,
and a smaller size of that part consisting of gas
‘evaporated” from the cold shell. This, with the
smaller preheating zone in the free-blown wind (Fig.
6a,c and Fig. 6e,g), is a natural result from the
thermal conduction being less efficient. On the other

haond th fpad A’ tharmanl Avinss a 3 i1l
nang, Wi 1reGudtd’ nfrma: ConGucuon nux 18 stiu

big enough to cause formation of the MSW which
are well demonstrated by the velocity profile (Fig.
6h).

5.2. Are the numerically found waves real?
5.2.1. Soft fitting vs. capturing
In order to confront the soft fitting technique with
the ‘traditional’ capturing one we run the same case
of the SWBB using a fixed grid with H,, =2R,,
H,,=65R, and 2000 grid points. The Velocny
profiles at the  bubble age of =
6000, 8000, 10000, 12000, 16 000, 18 000, 20 000

wr are nracantoad Ta

JiI aiv piusulinal 111 1 15 fa.

One can see that the FW is generated only once
unlike the case presented in Fig. 4 (soft fitting) but
small-scale oscillations are seen around the inner
shock. These oscillations have a numerical origin
indeed because we do not see them when using the
soft fitting technique which, as our experiments
show, allows to obtain nonoscillating solution in the
vicinity of a soft-fitted shock even without any
additional slope limiting procedures. Thus, no MSW
are found in the case of the fixed grid. It is
suggestive that this discrepancy may be a result of
that the outer shock is numerically worse described
(captured) in the case of the fixed grid. Really, the
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velocity profiles in the SWBB at its age of 12000 yr in the cases
of: stationary (D/V = 0.0) fixed grid (dots), fixed grid moving with

nstant velnmtv D/V=0,05 (sohd line), and fixed grid mrwmo
with a constant velocity D/V = 0.1 (dashed line). (¢) ~ the velocity
proﬁles in the SWBB at its age of 10000 yr with different number
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of gnu potis in the bubble interior: 80 — solid ullC 160 — IUllg
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tion when its intensity decreases due to the decrease
of its velocity is spread on two-three grid points in
the case of a fixed grid but on zero points when the
soft fitting technique is applied. On the other hand,
the MSW may be generated by the probable small
errors in the realization of the more
fitting technique.

In order to check which one is the case, we carried
out a set of calculations using the capturing tech-
nique but on moving mesh. Namely, we moved the
whole calculation region with the velocities D/V,,, =
0, 0.05, 01 Dy =D.= D =D, DH =D/
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grid were moving with the same velocity. The choice
D/Vy,, =0.05 corresponds approximately to the the
outer shock velocity at the moment ¢ = 10000 yr
when the cooling manifests itself by generating
additional FWs. The results of the calculations
performed with 200 grid points between H,, and H_,
for the same case of the SWBB at its age of 1=
12000 yr are presented in Fig. 7b. One can see that
the additional FW appears only in the case with
D/Vgy = 0.05. As far as the essence of the soft fitting
technique is the moving of the grid with a velocity
equal to the discontinuity velocities (Section 3), we
can conclude that when the whole computational
region is moving with D/Vy,, =0.05 we efficiently
fit the outer shock in the same way as done by the
soft fiting technique, and in this case the both
techniques are equivalent. On the other hand, since
all three considered cases (D/Vs,, =0, 0.05, 0.1) are
equivalent from a technical point of view, we can
conclude that the MSW are not caused by some
numerical errors in the realization of the soft fitting
technique and we do not see these waves on the fixed
grid only because we are not able to resolve the outer
shock well enough in order to study such fine scale
behaviour of the solution. Also, we do see the
primary FW on the fixed grid because it appears
when the outer shock still has a high velocity and
therefore intensity which allows to capture the shock
better.

Another experiment we performed is to increase
the resolution (the number of grid points) in region
III where the MSW manifest themselves. We consid-
ered the SWBB and applied the soft fitting technique.
The results at the bubble age of 10000 yr are
presented in Fig. 7c. One can see that the MSW have
a qualitatively similar behaviour on different meshs,
therefore, we can conclude that the reason of the
MSW appearing is physical rather than numerical.

35.2.2. The influence of the cooling curve cutting
One of the main limitations in our model is that
related to the thin-plasma cooling. It is assumed that
the radiative cooling is important in the entire
temperature range but below some ‘cutting’ tempera-
ture value. This means that the cooling is decoupled

from the radiation of the central star which is
responsible for the ionization of the interstellar gas.
The last is qualitatively reproduced by the cooling
cut-off temperature since in such a way it is ensured
that the gas cannot cool below this value, that is, an
ionization equilibrium is established which is repre-
sentative for the ionization nebulae with an almost
constant gas temperature. On the other hand, such a
treatment of the shock-heated-gas cooling and its
interaction with the central star radiation may suffer
some weakness since this means that down to the
‘cutting’ temperature value the cooling curve has
some non-zero values and it “instantaneously’ makes
a jump to zero just below this temperature. More-
over, since other, secondary, discontinuities have
appeared during the WBB evolution (FW and
MSW), it is of a great importance to study the
influence of this discontinuous behaviour of the
cooling curve on the secondary waves parameters.
In order to study the influence of the cooling curve
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T, =12000K; shortdash — 7, = 15000K;longdash - 7 =

wut cut
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(AMT)) cutting on the MSW evolution we have
considered the following general cases:

(1)the A(T) has its normal shape down to the
‘cutting’ temperature, 7., and it is equal to zero
just below it;

(2)the A(T) has its normal shape down to 7, and it
linearly goes to zero between this temperature and
T,.:

(3) the A(T) has the same behaviour as in case (2) but
it goes to zero quadratically;

(4)the same as in case (2) and (3) but the A(T) goes

to zero exponentially.

We would like to mention that case (2) was
introduced with the aim to avoid the discontinuity in
the A(T). Case (3) further guarantees that there is no
discontinuity neither in the A(T) nor in its first
derivity. Case (4) is considered to be closer to the

expected behaviour of the total radiative cooling if
the photoionization has been also taken into account.
Indeed, one can expect some quasi-exponential be-
haviour below some temperature where the photo-
ionization becomes important since in this case all
the processes (energy losses and gains) are roughly
proportional to the mean gas temperature (which is
in its turn related to the stellar photospheric tempera-
ture). It is worth noting that in this picture 7, is
representative of the equilibrium temperature of the
interstellar/circumstellar gas.

Fig. § presents the results for the purely radiative
SWBB (no thermal conduction) for the four cases
listed above with the following A(7) parameters: (1)
T,.= T.,,=12000K; and for (2), (3) and (4) -
7,.,=12000K and T, =30000K; The tempera-
ture and density profiles (which are of main astro-
physical interest) are presented in the left panels for
the bubble age of 8000 yr and the same is shown in
the right panels of Fig, 8 for the age of 15000 yr. We
consider in details only the outer part (between the
contact discontinuity and the outer shock) of the
SWBB since the cooling is important only there
while the profiles of the all quantities coincide in the
interior of the hot bubble independently on the
different behaviour of the A(T). It is well seen that
there are no big differences in the profiles of the
physical parameters between the cases under consid-
eration. Indeed, the actval differences (e.g., in the
position of the outer shock etc.) are less than 1%
(note the length scale in the figures).

Another important parameter which may influence
the cold shell structure is 7,,. Fig. 9 shows the
results for the purely radiative SWBB in the cases
with T, = 12000, 15000, 30000 and 60 000K, re-
spectively. In all the models T,, was 12000K and
the behaviour of the A(T') between T, and T, was
linear. The structure of Fig. 9 is the same as in Fig. 8
and the results show that no reasonable differences
are seen between the different cases.

Additionally, we have considered the same cases
as those shown in Figs. 8,9 but the thermal conduc-
tion was also taken into account. The results of these
simulations are presented in Figs. 10,11, respective-
ly. The only difference in these figures with the



72 S.A. Zhekov, AV. Myasnikov | New Astronomy 3 (1998) 57-73

6 T
55
b M E
€ g st
x K
45
e m et s 4
O 1IX1IWY DLXIU™ B.oX1
R, cm
1.2X 107 [T T T T T T T 107
=y p
L Bx10
. exi0ef = 3
B 3 4 mexigtf
g Bxlee 1 E ]
° ‘ ] e L
- . 4 ex: >3 3
P o4x108f 4
2x108f- I—: 2xeory ﬂl
N STV ITITIITII N AT ST T
ax 1 6x10 4x 108 6x10% Bx10m®
R.om R, om

Fig. 10. The influence of different shape of the "cutting” function
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short dash — linear: long dash — quadratic: solid — exponential
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previous two is that the left panels show the results
for the bubble age of 10000 yr. This was done since
we are mainly interested to study the A(T") influence
on the MSW which are well developed after about
80009000 yr of the SWBB evolution (see Fig. 4).

Al tha valacit fila wae ~hn inctaad of
A180, e VEIOCily profud was Cnosen instead ox that

of the density since the MSW are better seen in the
former. As in Figs. 8,9, the temperature profiles are
shown in vicinity of the outer shell while the velocity
profiles are shown in the region between the inner
and the outer shocks. Figs. 10,11 show that the
conclusion drawn for the purely radiative case is in

oan, 1 yalid in thic a tany {(n tha athar hand we
Zoncrar vaud I Uais €ast oo, i e Uil aanGg, wo

would like to mention that the gradient of the A(T') in
its part where it goes to zero seems to play more
important role here. For example, the velocity profile
is more ‘sensitive’ to the existence of a discontinuity
in the A(T') at later bubble age (see the right panels in
Fig. 10) and the same is true when a higher gradient
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Fig. 11. The influence of different values of 7 in the case of the

SWBB (cooling and conductivity considered) at its age of 10000
(left panels) and 15000 yr (right panels), respectively, The shape
of the ‘cutting’ part of the CC is linear and 7 = 12000K in all

aer

cases. Lines: dotted ~ T =12000K; short dash - T =

TR SR b S eut

15000 K: long dash — T.,, = 30000K; solid ~ T,,, = 60000K.

exists in the A(T') (see the right panels in Fig. 11). In
fact, the lower T, the steeper the A(T) goes to zero.
However, a general conclusion is straightforward
even in this case, namely, that the different shapes of

the A(T') (see above) and different values of T, give
nalitatively tha camia ha]—\qw;nnr nf tha MQW

gualitatively the same behaviour of the MSW.

Finally, the analysis of the results presented here
makes us confident to draw a conclusion that the
numerically found waves in the purely radiative case
(FW) as well as in the physically more complete one

physical rather than an artifact from our numerical

code Thuce the mechaniecm of continuoucs enarav
COGE. 1aus, Wie mednanism Oi Conunuous oenergy
s

‘pumping’ from the hot bubble into the cold shell
with its consecutive emission due to the fast cooling
may have an important impact on the WBB physics.
Its two-dimensional consideration is definitely
worthy since it may shed light on the formation of
some irregular structures observed in these objects.
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6. Conclusions

We have considered a numerical 1D model of
wind-blown bubbles which self-consistently takes
into account the optically-thin-plasma cooling and
the electron thermal conductivity. The model is
based on the use of the soft firting technique. The
main results of this study can be noted as follows.

e A comparison between the numerical solution and
the existing self-similar one shows that the latter
is accurate enough for all the physical quantities
profiles but that of the gas velocity in the bubble
interior. Thus, the similarity solution can be use
for having estimates of some spectral characteris-
tics of the hot bubble.

s At a given stage of the wind-blown-bubble evolu-
tion multiple shock waves appear. They are result
of a combined effect of the plasma cooling and
the electron thermal conduction. Various tests
have been performed which made us confident
that these waves have a physical nature rather
than being an artifact of the numerical simula-
tions. A two-dimensional model of the wind-
blown bubbles is therefore quite welcome in order
to study the influence of these waves on the
stability properties of these objects.

» A comparison between the soft firting technique
and the more ‘traditional’ capturing one shows
that the former is superior. For example, it better
fits the shock discontinuitics and gives the same
spatial resolution by making use of a smaller
number of grid points (the last means that it is
less time consuming too).
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