Reprinted from

NEW
ASTRONOMY

An international, electronic Journal in Astronomy and Astrophysics

New Astronomy 3 {1998) 57-73

1D gasdynamics of wind-blown bubbles:
effects of thermal conduction

S.A. Zhekov*', AV. Myasnikov®~

*Space Research Instinage, Bulgarian Academy of Sciences, § Moskovska str., Sofia 1600, Bulgaria
®fnstitiete Jor Problems in Mechanics, Russian Academy of Sciences, 107 Vernadskii Ave., Moscow 117528, Russia

Received 22 July 1997; accepted 3 November 1997
Comrmunicated by Richard McCray

ELSEVIER



NEW ASTRONOMY

RECEIVING EDITORS’

Dorald £. Hacker, UC Berkeley

John N, Bahcall, Institets for Advanced Sudy, Princston
Sallic L. Baliunas, Harvard Univeeniny

Steven Beckwilh, Max-Planck-Instiu fir Astrenomie

Ed, 3 Burtechi M huseits institute of Technolegy
Calberine . Cesarsky. CEA, Saclay

Peter 5. Conti, Untversity of Calstado

Lernox L. Cowie, University of Hawail

Kenpeth €. Freeman, Mu Stromie Ohservatory

Gerard F. Gitmnre, University of Covbodye

Robert P. Kirshoer, Harvard Univorsity

Shrinives Kulkaml, Califemia Institiie of Techrology
F. Dugeie Macchetto, Buropenn Spoce Agency

Hichard MeCray, University of Colorado

Frameesco Melchjorrd, University of Roms

Ken'ichi Nwnoto, University of Tokyo

Diavid N. Bchrarmm, University of Chicago

Gisncarin Setth, Univensity of Bologna

Seott Tromaine, Princeton University

Edward FJ. van den Heuvel, University of Amsterdam
Stanferd . Woosley, UC Santa Cruz

For camp! bintission iaft ion see the anabridged Guidelines to auihors in the preliminary poges fo this volume.
Full addresses and fields of interest of the Receiving Editors are provided therein and in the fast pages af ks ivsue.

SCIENTIFIC ADYISORY BOARD

Immo Appenzeller, Eand Heitfalk
Davigd Avnett, University of Atizona
Francesco Bertola, Universith ¢i Padova
Roger Blandford, Califomia Institute of Technology

Gerald Brown, Siatc University of New York st Stosy Braook
Cesare Chiosl, Univeesith di Padova

J. Leonard Culhane, University College Loridan

Tim de Zeeuw, Stemewacht Leiden

Reinhard Genzel, Max-Planck-Instint fir Exinterresirische Physik
Jeremy Good Princeton Untiversity Observatory

Lars E, Hernquist, University of Californta, Santa Cruz

Fiet Hut, Institve for Advanced Study, Princeton
Ceoliz A. Norpran, Johns HopkinS Universily and
Space Telescope Science Instilste

Fragee Paciui, Istituto Astronemias Avcetri, Firenze
William H. Press, Harvard Colloge Ohsoreatary
Annella L Sargent, California Instiuee of Techaulopy
Joseph Sk, University of Califomin, Berkeley

David Sperpet, Princeton University Observatory
Joschim Triimper, Mox-Planck-Instinat fir Exuraterrestrische Fhysik
Ewine F, van Dishoeck, Sterrewacht Leiden
Resemary F.G. Wyse, Inhms Hophing University

TECHNICAL ADVISORY BOAKRD

Miguel Albrechi, ESO
Denols Crabiree, Hetzherg Institute of Astrophysics
Dantel Egret, Observatoire Astronomigus de Strasboarg

P 5 Fhahh ik

@, S ian Asiraphysical Observetery

Fioon Muriegh, Space Telescope-ECF
Raymend Planic, University of llinols
Marion Schaitz. IPAC/California Institrle of Technology

Alms and Scope

NEW ASTRONOMY publishes anticles in alf fields of astronomy and astiophysizs:
theorctical, observational and jnstrinental.

NEW ASTRONOMY includes fufl Jeugth resecarch articles ond Jeber artictes. The
Journal cavers solar, planstery, sieMar, galactic and exiragaizctic asiranomy and
astrophysics. It mpens on original h In all {ength bands, mmging from
adio 1o gammp-ray.

Abstracted indexed s

Currenl Coutents: Physical, Chemical & Earth Stiences: INSPEC Seicace Citation
Index.

Subscription Tnformation

1998: Volume 3 (8 issires)

185N 1384-1078 {paper cdition)

IESN 1384-1092 (electraniz edition)

The suhseriplion price of this velume is 2vailabls upon roquzst fram the Puhlisher,
Subscribing institulcs reccive:

* untestricted, unlimited access o the WWW editon fur alf sclentiste af the
subscribing institute

* thz paper edition

* the electrenic cdition Far Loeal Arca Network appiication,

A reduecd suhscription rate is available For individuals. Please contazt the Publisher
tm.kelman@clsevier.nl) for further infarmation.

See alse our home page:

hiep: Ahwwnw.eisevisrnl flocale / newast

Stbseripiions are ascopted on a prepzid basis coly and are satercd on a cafendar year
basls. Tssues are sent by SAL (Surface Air Lifted) moil wherever this setvice s
avallable. Armail rates are avatlable upon request. For orders, claims, product
enquiries {nn manuscript etguiries) please contact the Costomsr Suppsnt Department
at the Regionat Sales Office nearest to you:

New York

Elsevier Science,

PO, Box D45, New York, NY HHS®0945, USA,

Teh +) 212 433 3730

{Tell Ftee number for Korth American custemers: 1 858 455 INFO 1437 4638])
Fox: +1 212633 3680,

Eemail: wsinfo-f@elseviercom

Amsterdeam

Elsevier Scienca,

BC. Box 217, 1000 AE Amsterdam, The Netkerlands,

Tel: +3§ 20485 3757 Fax: -+31 204853432,

E-mail: nlinfo-f@@elsevier.nl

Tobva

Elsevier Scienes,

49-15, Higashi-Azahm I-chems, Minatoku, Tokye 108, Japsn.

Tel: +B1 3 5561 5033; Fax: +81 3 5561 5047,

E-mail: ipfatSclszvicr.oajp

Ningapore

Elsevier Switnoe, .

o, ] Temasek Avenie, % 17-09 Millenia Tower, Stagapore 03992,
Tel: +6% 434 3727; Fax: -+65 337 2230,

E-mail: asipinfo@cliovicrcom.sg

Rio de Janeiro

Elszvier Scitnee,

Rus Sete de Setembeoo 111716 Andar. 20050-002 Centro, Ric de lanzire-RI, Brazil,
Tel: £35 21 300 5340 Fax: +55 21 307 1191

E-mail: elsevicr@campus.cambe

Claims for issues not ceceived should be made withie six menths of our publication
tmailing) dage,

Advertising Offices

frrecaaiional

Elscvier Sience, Advenising Department,

The Boulevard, Langford Lane, Ritingion, Oxford OXS 1GB, UK.
Teli +44 1865 B43565; Fax: +44 1865 843974,

USA snd Conndo

Westor Media Asvociaies, Dan Lipacs,

PO, Box 1110, Greers Famms, CF 06436-T110, USA
Tel: +1 203261 2500; Fax: +1 103 261 010].

Japan

Elsevier Scicnze Japon, Markeiing Services,

1-9-15 Higashi-Azabu, Minato-ke, Tekyo 106, Japan.
Tel: +81 3 5561 5033; Fax: +81 3 3561 5047,

US mailing notier - New Astronamy {188 1384-1076 (paper cdition)) is published every six weeks by Elwevier Scicnce BAY, PO, Bos 211, 1000 AE Amsierdam, The Netherlatds,
Annua) subseription price in the USA is US$ 460.00 (valid in North, Central and Sowth America aniy), including air spesd defivery. Periodicals posiage pending o1 Jamaica, NY 11431,

54 POSTMASTERS: Scml 2ddress changes to New Astronomy, Fublications E pediting, Inz., 200 Meacham Avenue, Elmont, NY 11003,
ARTREIGRT AND MAJILING in the USA hy Publicaiions Expediting, lne., 200 Mescham Avenee, HElment, NY 11003,

& ‘Fhe paper uged in this publication mects the requirements of ANSI NISG Z39.48-1992 (Permanence of Paper).

Printed in The Netherlands

% North-Holland, an imprint of Elsevier Science
HEl



ELSEVIER

New Astronomy 3 (1908} 5773

NEW
ASTRONOMY

1D gasdynamics of wind-blown bubbles:
effects of thermal conduction

S.A. Zhekov™', AV, Myasnikov®?

"Space Research Institute, Bulgarian Academy of Sciences, 6 Moskovska str., Softa {000, Bulgaria
®Institute for Problems in Mechanics, Russion Academy of Sciences, 101 Vernadskii Ave., Moscow 77526, Russia

Received 22 July 1997; accepted 3 November 1957
Communicated by Richard MeCray

Abstract

Gasdynamic propertics 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 therimal conduction. The
numerical method used in caleulutions is described in details. A comparison with the existing self-similar solution is
provided. 1t is shown that the self-similar solution sives 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 mualtiple shocks to appear in the interaction region and the analysis of the
rature of these shocks is provided. ® 1998 Elsevier Science BV,

PACS: 95.30.Lz; 97.10.Fy; 98.38.-

Keywords: Hydrodynamics; Conduction; Shock waves; 1SM: bubbles

1. Introduetion

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 & Underhiil, 19883, Thus, these
objects supply a considerable amount of mechanical
energy into the neighbouring matter (circumsteliar
and interstellar gas) which leads to an active inter-
action with their surroundings. Since the stellar

"E-mail: szhekov® bgearn.aced.be
*B-mail: myas@ipmmet.n

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 leng 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
lemperatures 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.

1384-1076/98/319.00 © 1998 Elsevier Science BV, All rights reserved.
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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 comresponding to the steltar wind velocity
(Bochkarev, 1988: Wrigge et al.. 1994), Such a
discrepancy mieans 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 1o be very hot since the
wind velocities, correspendingly the shock velocities,
are of the order of thousands kms ' while the
shocked intersteliar 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,
1985a,b, 1997, Garcia-Segira & Mac Low, 1995;
Garcia-Segura et al.,, 1996; Walder & Folini, 1996)
and many of its aspects were studied, the electron
thermal condnction has not been considered vet in
gasdynamical simulations. Since this energy trans-
port mechanismm may have an important impact on
the WBB phiysics a numerical model which correctly
weats 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
resuits are given in Section 4 and we discnss them in
Section 3.

2. Gas dynamical model

Let us assume that at some initial time =0 a
stellar wind {(SW) with parameters (Mgws Vow: Mywo
sy -Mp) starts blowing from the stellar surface R,
onto the ambient uniform interstellar medium (ISM)
with parameters (g, Tigns fhsws Fysy) Where

Mg = | is the Mach number at R, # — the mean
weight per particle, & — the mean weight per
nucleon, g, and Tig,, are the ISM number density
and temperature, respectively. For the typical values
of the SW and ISM parameters the resulting 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 [1+HI (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 fow with self-consistently taking
into account the effects of the optically-thin-plasma

Fig. L. A schematic diagram of the interaction between the stellar
wind {SW} and the interstellar medinm (ISM). F, G denote the
two shocks, § - contact discontinuity, P, ; — the boundasies of
preheating zomes, D, .. — the boundaries of the calculation
region. Regions I and IV, are occupied by the vndisturbed W
and ISM, respectively, regions 1, and TV, — by the preheated SW
and 15M, respectively, regions IT and IIT - by the shocked SW and
1SM, respectively.
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cooling and the thermal conduction. For the case of
such a flow the hydrodynamic equations read:

dp 1 dpR®
ar T R R T
adpu R _lm r'}(pvv2 +p)R2 _ 5:3
ar Rt OR R
dge 1 dle+pR’ _
H("]‘;TRE aR = _‘Qcme._erc “)

where p, v and p are the gas density, velocity and

. ) .
pressure. respectively: e =p/{y— 1)+ pgu /2 is the
total energy per unit volume; y = 5/3 is the adiabatic
index. The right-hand side terms in the energy
equation of the system (Eq. (1)} are:

Ome = 11, AT) (2}
_ i( CaAZ) 512 T z)
chc - R: aR 5 7 T BRR [3)
where
_HETup _ P _bBp
n, = g, e T=—",
pEmy iam, R, p
_ | Hswe R<S
H= HMisngs R=>=5"
_ _{,{,E,Sw, RS
# FTAPINE R>S"

XH,S\\-'» R<S
x,~{ e

R, is the universal gas constanl, n1,; and n, — the
hydrogen and the electron number density, respec-
tively, m, — the proton mass, C =9 X 1077, X, is
the relative hydrogen number density, 2= (2 — p)/
Xy 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<< 8y, gy =1} which
are introduced artificially in order to take into
account the damping effcct of the SW 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 lines of the elements H, He, C, N,
O, Ne, Mg, Si. 8, Ar. Ca, Fe, Ni and the following
approximation:

7710777, T,=T=10°
ATY=4 7% 107170 10°<T=4%107
3Ix 1077708, T=4%10"

where T is the ‘cutting’ temperagre which is
usually accepted to be equal to 107 (see also Section
5.2.2}. When a different chemical composition is
considered we assume that the temperature depen-
deace of the cooling curve does not change and only
the particle mumber density changes correspondingly.
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).

It we normalize all the linear sizes to R, (where R,
is some given distance), all the velocities to the
terminal wind velocity Vg, and the densities and
pressures to Mgy, /4mVR, and Mg Vi, /47RE, re-
spectively, the system of governing equations will
have the form (Eq. (1)} with terms

Q, = NTp, T, =T <10°
Qe =30, = LT %5, I <=T=4x10’
Q‘:];?wsﬁz T=4% 10"
{4)
and
Qllu:
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where T =j5/p is a dimensionless temperature. I,
I, I3 and I:ht are dimensionless coefficients:

f‘;:‘{ XIO T XzM{a;V:_SZ:R{;:E:
i
n=0170 ey it ViSR!,
[

[LTRE T S R3]

= 0598 pr XMV o R
,u.

I =0386us0M VI R

(T A8 Ny

with notations M, = My /10 " Mayr™', ¥V, =
Vew/10°cms™ and Ry ,,, = R/ 10 em.

To iniroduce 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 1, and IV,
separated from undisturbed fiows by the surfaces P,
and P, (Fig. 1). In the undisturbed regions 1_ and 1V,
the gas temperature is fow and. therefore, we can
describe the flow with the help of a steady-state
solution of the system (Eq. (1)) with @__. =@, . =0
(sign tilde over dimensionless parameters hereinafter
15 omitted):

vR”
N (y— DML +2
2
u2=—y_13'p£+1 (6)

for the region I, and

£ =331 X107 Ro )M (Vi s

- 190 A P
p=33X10 Rn[|2:M|6]}V‘SJHISMTISM

v=90 {7y

for the region 1V, 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.

U

3. Numerical metiod
3.1, The general structure of the scheme

In our calculations we use a soft fitting technigue
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 techniqué 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, = §, 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 inte the following three
sub-steps.

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

H' ' '=H"+D}r (8)
where 7=¢""" =",

The second sub-step consists of remeshing at =
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wtl

h accordingly to the new positions of the lines.
The simplest way to do it is to assume that between
varicus 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 1=1" and r=¢""" forms a time-
spatial structure CU)= (R, ,,.R, | .R LRI D
in the (R,7) space, where i denotes the cell number.
Finatly, at the third sub-step the new values of the
gasdynamical parameéters and D},"" in each mesh cell
are obtained at the moment 1 =¢""'. To do this, one
should integrate Eq. (1) over the volume C();

(V;M-I ri+1 Vﬂ' ))‘ *(Q—Ifﬁ—f_ﬂ"*“z)

+ (ft.&'? +f£f;?)vzr+li'.’.

o = (p,pti.e),

S =02p/R0). F=(00.— Q..

=04 Quﬁul

ﬂ!j{} = (Q;}‘Q;m,ﬂ!_ul), Q({hcl (0 0 Q(I:Iu.l)

V= (R:'J-H,f:_R?-],rg)!zs (M

where (27, 027, ' and '™ are the mass,
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:a Eu vﬂU").“'—= _(Q!Ul;a Qt“[p)
+f[_.t.'lvff 142
V:-‘+l(0"‘fj ﬂ_f.&]);r__flq'}vu+”"
V:J‘.-](U:J‘*[ _U:q')l'f_ (Qtihf;-} + (2“:_"]':,.,)
(10)
where o' and o' are defined below. This way of
Y

solving Eq. (9) is the finite-difference analogue of
the physical processes splitting method which allows
to take into account different physical processes
independently by making use of various powerful

lools 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
(Eq. {10} with

atl n+l [
£ )

C=(p"" p

To apply the Godunov (1959} scheme we write
the fluxes £2'*' in the form:

2= R?'—trz[Q(U_ Wil i

Q=R plel = W)U + P,
‘(Zfilif":R?-rlJB[E(UmW}+PU]¢+u3 (ll)

where W= (R, ~R_, .}/ is the edge velocity,
o, U, P, E are respectively the density, velocity,
pressure and total energy per unit volume at =
"2 (which, following Godunov et al. (1979}, we
call large variables), The large variables and the
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
represents one of the the five possible configurations
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 £y
where k is determined from the condition & <W <
&+1- Then, if the cell interface corresponds i the
fitted discontinuities F, 5, G or to the mobile
boundaries H,_ .. the dpproprlate choice b{.tween &
allows to determine Dy . For example, D}’ = ¢,
in the case when the ceIl interface conesponds to S.
This way of determination of the discontinuity
velocity allows just to mark the discontinuity instead
of fitting it in the strict sense of the word. However,
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
Jfirting technigue.

The originai Godunov scheme. assuming the
piecewise-constant distribution 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 Lhe. solution around discontinuities
{e.g.. Sawada et al., 1989).

3.3, The scheme for cooling

Let us now consider the second equation of the
sysiem {Eq. (10)) with
U[qr) - (pil+]’puri+|,€fq‘l}

which, using Eq. (4), we rewrite in the form

w+i n+l Tgh__ i) .
Vv p(’y_(Tl)’ T )=_I-’:T(q]"1pn+l'vn+u2(lr))

where o, =1, 06,05 for £= 123, respectively,
and the intermediate temperatures T'9' and T'%' are
determined with the help of the following relations:

AL L. p"H(_T“M’J'(}"— 1)+ Un+|3’,2)

Performing the integration of Eq. (12) one can
obtain:

T(q]
s L vu-[fl by
T{ﬂ(l_XATI:{'}"_']),O"-”T'N 4 V,,+| ) .
» X, =0
T!'_ch ___I‘\ . it e
exp\ ~ ALy = De" o )
. x=0

(13}

where y, =1 — ;. The first equation of Eq. (13)
gives also the restriction on the time step (the
temperature is a pesitive quantity) which should be
coupled with the CFL condition when solving the
system (Eq. (10)).

3.4. The scheme for thermal conduction

To describe the way we solve the third equation of
the system (Eq. (10)) let us rewrite it in the form:

Vr:-!- lpu+ I(T:r+i - qu])
(y— ik

—_ (hey o ytthe)
= — (2", + 1

- 142 +Hl)

(14}
where the thermal ftux 02"’ can be determined with
the help of Eq. (3) by introducing some fictitious
dimensionless temperatures 7, T and fluxes
M7 M 4 the corresponding cell interface
(e.g. Fedorenko, 1994):

D — o
het~ _ opyiradi L T
ﬂ;;u:_ _I:hc-‘\';( ¥ } R..1.— R, R

thert .0 +yELD
“Qm»u: = I-l‘ht"(.-'w'—](.ru;+lT )

L

v o
Moo Twy — B D 2

X
— FEDN P
R(+| Rf+i12

where x =88(Z)/Z and u' = plug,. Using the
conditions

= 0 oy 0 tthe)—
w T =T =0T 0,
— Qtlhl.‘]+ — ni!hc]

P ) “r+142

one can finally obtain
ithey 0 42
2= - f:lw(#.--r u:T;.—n:)

K:K:'+l(#?+[Ti*i - it.L:]T‘-)Ri,”:
KR o = Rop2) b (R, — R

(13)

with

0
it

_ JLL:'}T-"‘T:(RiH_R:+::2]+l-"?-:1Tr'LsK-+t(R;'+111_R;]
KR, . _Ri+!!2)+ i+l(Rr'+|f'2 _Ri)

(16)



S.A. Zhekov, AV Mvasnikov | New Astronomy 3 1 J998) 5771 5

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

{+ d LR
=Pt Tt 8P TP, T,
- P'HUE#‘?—IT:'—l =5;TW’

!

ak 52,0
p - I:t.u"'.“s+1(!i?+|;3Tf+u:) K.
e K;(RJH_Rx+u2)+"":+1(R;+|r2_Rr')
V:-;+I ;r+|
S —
Coly—br

T=4T+77"), v=1..0
T'=7" T"l=70 (17}

where » is an iteration number and Q@ is determined
from the condifion

max |79 — T2 T <e = |

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-vaive 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 {SWEBB). 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: M, = | X 107°Mm,
and V,,, = 2000kms ™' with the uniform interstellar
matter with a number density of 2., = lcm ™, The
interstetlar/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 1, 11, [11 and
IV. respectively. All the discontinuities {the contact
one and the two shocks) are treated by the described
above sofr fitring 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 1SM 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 ohserva-
tional point of view. We kept therefore M, = 50.

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

4.1 Radiative cosling

Here we consider a radiative SWBRB, 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 shel! {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 12000 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 impuise due to the
outer shell collapse to be better seen. Since the
density values caver quite a big range of magniludes,
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 ome (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 (¢} profiles in the
case of a purely radiative SWBB during tht bubble evoluton
between 6000 and 12000 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 107cms™’ (ihe difference
between the 3000 and 9000 yr profiles is two limes biggen)

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 noied by the irregular
changing of the pressure near the ouvter shock, while
the other wave penetrates in the opposite direction.
The large lengih scale in the bubble interior allows
us to follow its evolution. After the reflection of the
secondary shock from the inner shock (between 9000
and 10000 yr of the bubble age), the intensity of the
former gradually decreases and at a laier stage of the
bubble evolution no secondary shocks are ever
formed. This might weli be related to the fact that at
Iater 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 cooling
curve is important and this prevent the further fas
collapse of the shell.

4.2, Thermal conduction

The case of purely conductive SWBB is, of
course, only of academic interest but it is worthwhile
to consider it since these resuits can be used to reveal
the effects of different physical processes. Fig. 3
shows the SWBB for the interval of its evolution
between 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
SWRB.

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 10 the theoretical value of M * (where M
is the Mach number) for the isothermal shock.
Second, the effect of different chemical compositions
of the stellar wind and the interstéHar mediem is also
well demonstrated by the densily jump at the contact
discontinuity. We would like to stress that this was
possible to be found ouly because of the use of the
soft fitting lechnique. On the other hand, this density
Jump is well understood since the thermal conduction
equals the temperature on both sides of the contact
discontinuity, the pressures are equal as well and as a
resuit the number densities must be also equal. This
resulis in different densities and the density ratio
must be equal o the ratio of the mean atomic
weights per particle. In our case of ‘pure hetium’
wind and a ‘pure hydrogen’ interstellar gas this-ratio
is 1.3:0.5 which is exactly what is seen in Fig. 3b,
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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shock velocity is not very high which resulis in a
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 10 the thermal concuc-
tion fiux from the hot bubble. the outer (cold) shell is
heated and as a-result its gas temperature increases.
Irs gas pressure increases as well wuntil & new
pressure balance with the hot bubble is reached.
Since the hot bubble loses internal energy and the
cold shell gains 1t, 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 resuits in a much denser and with a lower
temperature interior of the SWBB with respect of the
radiative case and the mass of the hot bubble is

dominated by the ‘cvaporated” 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
WBB. A more realistic model of the wind-inler-
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 afso 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, ¥ is a result of the cold-shell ‘evaporation’
and the density-profile steepness reflects the strong
temperature  dependence of the electron thermal
conduction. The posiiion 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, thal is the
existence of wave(s) bouncing forth and back be-
tween the outer and the inner shocks during 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} propagating towards the inner shock at the
bubble age of 10000-14000 yr. Afier its reflection
from the inner shock this wave is moving back to the
ouier shock and at an age of about 16000 yr it
tnteracts with the newly formed wave propagating
again towards the inner shock. These multiple waves
interaction (wc will denote this phenomenon as
multiple shock waves, MSW, throughout this paper)
can be readily followed during the bubble evolution.
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Fig. . The pressure {a). density (b} and velocity {c} proiiles in the
case of the SWBEB (cooling and conductivity considered) during
the bubble evolution between 6600 und 20 000 yr with a time step
of 2000 yr tor (2) and (b} and of 1000 yr for {c). The solid lines
denote the two limited time cases. For clagty. the pressure profiles
are shifted by ~ 0.1 dex each with respect to the previous one, the
density profiles — by —0.2 dex and the velocity ones — by
107 ems ™' (the 13000 yr profile is shown twice, first, in the left
panel — up, and then in the nght panel — down).

Of course, it 1s 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’,
W, throughout the text) in the purely radiative case.
Se, i we assume that the FW is real, we can propose
the fellowing mechanism for the MSW formation. In
general, the hot bubble is an “comtainer” of energy
which. thanks to the thermal conduction, is perma-
nently spread over the whole bubble volume. This
mesans 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’. Firsi.
the outer-shell gas is ‘“instantaneously’ heated uvp
(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 s no additional
encrgy supply to the cold shell.

5. Discussion

The 1-D results on the SWBB with wking inte
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 effecis. Before
doing such a consideration, it is our Impression, that
a question of a fundamental importance is that about
the rzality of the waves (FW and MSW) found in the
numerical simulattons. This is so since if these
waves are physical then they can cauwse some in-
stability developments when the two-dimensional
effects are being considered.

5.1, 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).

511, Adiabatic WBB

We have staried 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 WBEB 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—¢ shows the dengity, pressure
and velocity profiles for the SWBB at its age of
10000 yr. It is seen that the numericaily 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 jess than 1% for the
position of the outer shock and less than 3% for the
position of the inner. An accuracy of beiter than 1%
is also found for the position of the contact dis-
continuity. When plotting the pressure profile, we
corected its value given by the similarity solution by
a factor of [G; /G, ]". 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
shocks.

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
energy transport mechanism governing the interior of
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Fig. 5. A comparison of the density. pressure and velocity profiles
between the numerical hydrodynamic catculations {dats) and the
stmilarity solution (solid lines) for the case of the adinbatic SWBR
at ity evolution age of 10000 yr.

the WBB and considered its late stage after the outer
shell has collapsed. Fig. 6a~d shows the temperature,
densily, pressure and velocity protiles for the SWBB
case at its age of 10000 yr where the solid line
denotes the Weaver et al. solution (derived by
solving Eqs. (30} and (31) given in their paper)
while the points correspond to the numerical hydro-
dynamic resulis. It is scen that the correspondence
between the two types of solution is very good for all
the quantities but the velocity. Having in mind the
MSW (see above), the last is not a surprise since the
similarity technique is not capable of trealing such
phenomena. We would like to note that the profiles
derived from the similarity solution are shown only
to the inner edge of the hot bubble (the inner shock)
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 shightly
wrong position (less than 109%) of the outer radius
(the outer shock) of the WBR (a correction for this
has been made- while presenting the results in Fig.
6a~d). This result is understandable since it is not
possible to follow the complete WBB evolution
when applying (his technique. For example, in this
case, first, we are not able to self-consistently
consider the collapse of the outer shell and instead
the WBRB evolution is split in two parts: before and
after the cold-shell collapse, respectively. Second,
the. similarity soluticn 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
similarity solution by Weaver et al. (1977). This
solution is physically incomplete since the cooling is
not self-consistently included im the WBB physics.
While this is not important fer 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 (see above). Additionally,
Weaver et al. assume that the contact discontinuity
and the outer shell coincide @i a luter stuge of the
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Fig. 6. A compurison of the temperature, density, pressure and velocity profiles between the numercal hydrodynamic calculations {dots) and
the similarity solution (solid lines) for the case of the SWBB (thermal conductivity and cooling included) at its evolution age of 10000 yr.
(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 represeritation of the
hot-bubbie 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 (¢.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 w 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
struclure and its basic equations (Egs. (30) and (31)
in Weaver et al., 1977) will now read:

ER L P 18
2V O UET S o (18)
3_1(_}(53 3”-&) _l_l___,l_S‘CB_]_.C.{z_.E 19
TEAtT )" g @ s 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 § = |
one gets the comesponding equations given by
Weaver et al. Fig. 6e~h shows the structure of the
SWEB when the thermal conductivity was reduced
by a factor of 107, thus, § = 10", As in Fig. 6a—d.
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the solid line denotes the similarity solution (from
Eqgs. (18) and (19)) and the dots present the exact
hydrodynamic resuits (as mentioned above, the simi-
tarity solution profiles have been corrected for the
deviation of the outer shock position from ity 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 thal part
of the hot bubbie, occupied by the shocked wind gas,
and a smailer size of that part consisting of gas
‘evaporated’ [rom the cold shell. This, with the
smaller preheating zone in the free-blown wind (Fig.
Ga.c and Fig. 6e,z), is 2 natural result from the
thermal conduction being less efficient, On the other
hand. the ‘reduced’ thermal conduction flux is still
big encugh to cause formation of the MSW which
are well demonsirated by the velocity profile (Fig.
6h}.

3.2, Are the numerically found waves real?

3.2.L Soft fitting vs. cupturing

In order to confront the soff firting technique with
the “traditional’ capiuring one we run the same cuase
of the SWBB using a fixed grid with H,_ = 2R,,
H,,=65R, and 2000 grid points. The velocity
profiles at  the bubble age of =
6000, 8000, 10000, 12000, 16 000, 18 000, 20 000
yr are presented in Fig. 7a.

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 fiting lechnique which, as our experiments
show, allows to obtain nonoscillating solution in the
vicinity of a soft-fitted shock even without any
addinonal stope 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
outer shock on the later stages of the bubble evolu-
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Fig. 7. Multiple shock waves at ditferent grid characteristics. (a) -
the velocity protiles in the SWBB during the bubble evolution
between 6000 aad 20000 yr with a time step of 2000 yr. The solid
lines denote ihe two lmiled time cases. For clarity, the velocity
profiles in the both panels- are shifted by 5% 107 ems™", 7%
10 cms ' and % 107 cms ™", respectively, each with respect to
the previous one. A stationary fixed grid was used. (b) — the
velocity profiles in the SWBB a1 its age of 12000 yr in the cases
of: stationary (D/V = 0.0} fixed grid {dots), fixed grid moving with
a constent vetocity D/V =003 {solid line). and fixed grid moving
with a constant velocity D/V = 0.1 {dashed fine}, {¢) — the velocity
profiles in the SWBE at its age of 10000 yr with different number
of grid points in the bubble interfor: B0 ~ solid line: 160 — long
dash; 320 ~ short dash: 640 - dots. The soft fitring technigue was
usexd.

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 smali
errors in the realization of the more complicated soft
firting 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
whale calculation region with the velocities D/Vy,, =
0, 0.05,0.1 Dy =Dp=Dg=D.=D, =D

uul

Viw ). which also means that all the vertices of the
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grid were moving with the same velocity. The choice
D{Vyy, = 0.03 corresponds approximately to the the
outer shock velocity at the moment #= 10000 yr
when the cooling manifests itself by generating
additional FWSs, The results of the calculations
performed with 200 grid points between A, and H_,
for the same case of the SWEBB 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
DIV, =0.03. As far as the essence of the soff fitting
technique is the moving of the grid with a velocity
equal to the discontinuity velocities (Section 3), we
can concinde that when the whole computational
region is. moving with D/V,,, = 0.05 we efficiently
fit the outer shock in the same way as done by the
soft fitting technique, and in this case the both
technigues are equivalent. On the other hand, since
all three considered cases (D/Vgy, =0, 0.03, 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 firring
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 siudy 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 SWEBB and applied the soft fitting technique.
The resuits 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.

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 radiaton 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 egquilibrium is established which is repre-
sentative for the ionization vebulae 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 evelution (FW and
MSW), it is of a great importance to study the
influence of this discontinvous behavicur of the
cooling curve on the secondary waves parameters.
In order 1o study the influence of the cooling curve
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L

(A(T)) cutting on the MSW evolution we have
considered the following general cases:

(1ythe A(T) has its normal shape down to the
“cuiting’ temperature. 7. and it is equal to zero
just below it

(2)the A(T') has its normal shape down to T, and it
linearly goes to zero between this temperature and

TP_CI':

(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
lo zero exponentially.

We would like 1o 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 A7) nor in its first
derivity. Case (4) is considered to be closer o the

expected behaviour of the total radiative cooling if
the photoionization has been also taken into account.
ndeed, one can cxpect some quasi-sxponential be-
faviour below some temperature where the photo-
ionization becomes important since in this case all
the processes (encrgy losses and gains) arc roughly
proportional 1o 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. 8 presents the results for the purely radiative
SWBB (no thermal conduction) for the four cases
Hsted above with the following A(T'} parameters: (1)
Toeo = T = 12000K; and for (2), (3) and (4) ~
T, = 12000K and 7, =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 MT). 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 actual 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 [or the purely radiative SWEBB in the cases
with T, = 12000. 15000, 3000C and 60000 K, re-
spectively. In all the models 7, was 12000 K and
the behaviour of the A(T) between 7, and 7, 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
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previous two is that the left panels show the resuits
for the bubble age of 10600 yr. This was done since
we are mainly interested 1o study the MT) influence
on the MSW which are well developed after about
8000-9000 yr of the SWBB evolution (see Fig. 4).
Alse, the velocity profile was chosen instead of 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
geaeral valid in this case too. On the other hund, we
would like to mention that the gradient of the A(T') in
its part where it goes to zero seems fo play more
irportant 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. 1. The influence of different values of T, in the cuse of the
SWBB {cooling and conductivity considered) at its age of 10000
(left pancls) and 13006 yr (right panels). respectively. The shaps
of the “eutting” part of the CC is Hnear and T, = 12000 K in all
cuses. Lines: dotted - ¥, = 12000K; shon dash - T =

i

13000 K: long dash - T, = 30000K: solid - 7, = 60000K.

exists in the A(T) (sce the right parels in Fig. 11). In
fact, the lower T, the steeper the MT) 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 7_, give
qualitatively 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
with the thermal conduction considered (MSW) are
physical rather than an arlifact from our numerical
code. Thus, the mechanism of continuous energy
‘pumping’ from the hot bubble into the coid 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. Conclustons

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 soff firing technique. The
main results of this siudy can be noted as folows.

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

© At a given stage of the wind-blown-bubble evolu-
tion muliiple 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 nawre rather
than being an artifact of the numerical simula-
tions. A Iwo-dimensional model of the wind-
blown bubbles is therefore quite welcome in order
to study the infiuence of these waves on the
stability properties of these objects.

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