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Abstract. Inthis work we study a possible physical mechanisippear frequently in spectral analyses of early type stars (e.g.
which is able to create steady state shells around astrophysicassatella et al. 1979, Lamers et al. 1985, Lamers et al. 1988,
objects. This mechanismikermo - radiativeand it is applied Scuderietal. 1994). The effects of these structures on the stellar
to optically thin stellar atmospheres. An outflow deceleratiospectrum have been reported by Lamers (1994). These shells are
region separates the rest of the stellar envelope into inner aotsidered either stable or variable and in many cases the respec-
outer acceleration regions. The shell is formed in the supersotive stars exhibit variability in spectral features. The formation
region of the outflow. Studying the dynamic nature of the shellsf shells, shown in the spectrum, is also known for late-type
itis found that the shell distance depends on the thin spectral Isw@ergiants (Weymann 1963, Bernat 1977). In these stars the
opacity and the number of thin lines. The shape of the shell dadiation pressure effect is also important.
pends on the differential rotation of the fluid. It is found that the In this work we study the shell formation dynamics in a stel-
mass concentration may look like a shell or a double blob over atmosphere as a steady state hydrodynamic (HD) procedure.
the poles of the central object. The prestiv@rmo - radiative In fact, we apply the analytical 2-D solutions for thermally and
mechanism is based on the analyt2a D, hydrodynamic so- radiatively driven stellar winds of Kakouris & Moussas (1997)
lution of Kakouris & Moussas (1997) and the analysis of Chesssuming the stellar atmosphere optically thin. In addition, we
& Marlborough (1994) for the thin radiative force as well asised the analyses of Chen & Marlborough (1994) (hereafter
the work of Lamers (1986) for the acceleration mechanism @M) and Lamers (1986) for the radiative force based on opti-
the envelope oP Cygni The shell characteristics are deducedally thin spectral lines.
through applications to superluminous early type supergiants. Kakouris & Moussas stellar wind solutions atieermo-
Applications to late type supergiants as wellRaCygniare radiative (i.e. thermally and radiatively driven). In Kakouris
shown. Itis found that superluminous supergiants are expecgdoussas (1997) (hereafter Paper II) the thermally driven
to form steady shells and an exampleRaCygniillustrates such solutions of Kakouris & Moussas (1996) (hereafter Paper 1)
ashell at- 5 stellar radii. The present three - zone envelope fQfere generalized to incorporate the differential rotation of the
P Cygniresembles that of Nugis, Kolka & Luud (1979) but usefuid and the optically thin radiative force (also Kakouris 1997).
different driving outflow mechanisms. The parameters usedfhese solutions are global 2-D and self-consistent to HD, and
this article are in accordance with previous works and sevegalself similar (Tsinganos & Sauty 1994).
observational data are reproduced successfully by the model. The rest of this article is organized as follows: In Sect. 2 we
introduce physical considerations for a HD steady state shell.
Key words: hydrodynamics — methods: analytical — stars: ajn Sect. 3 we present briefly both thermal and radiative mecha-
mospheres — supergiants — stars: mass-loss nisms which drive stellar winds and the Paper Il model which is
applied. In Sect. 4 we present solutions with shells for a hypo-
thetical early type superluminous object, for a hypothetical late-
1. Introduction type supergiant and for hypergiant P Cygni. Finally, in Sect. 5

_ _we discuss the results and physical characteristics of the model.
Mass loss from early type stars is thought to be of radiative

origin. In many cases, the spectral lines of such stars indicate
emission and form P Cygni profiles. This phenomenon is foud Steady shell: physical considerations
in main-sequence stars and giants (Be stars) as well as super-

giants (B[e] stars) (Doazan 1982). Moreover, IUE observatioh41at We 3"?‘” asteﬁtdy s_ht;llnl this Worﬁ,'s, a cloncerrlt;gnop of
have shown very clearly that "shell” or "blob” characteristicd'€ &xPanding stellar wind plasma. This is also calleleasity
luctuation The concentration of fluid is formed in the stellar

Send offprint requests 1é. Kakouris envelope and at a certain distaritg,.;;. The simplest shape for
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outer

. travelling shells or from shell-like structures formed by interac-
acceleration

tions of supernovae progenitor winds with the ambient circum-
stellar gas. In the first kind the interaction between plasma and
grains hasto be evaluated while in the other two time-dependent
HD must be employed (especially when the structure is formed

decelerati - ey
cecierdtion by an explosion in the star’s interior).

*Tinner .
acceleration ",
.

3. The thermo-radiative mechanism

Mass loss is a dynamic phenomenon of major importance which
is observed in stars of all types (Cassinelli 1979). The first theo-
retical 1-D description of this phenomenon was given by Parker
(1958) who had predicted trsmlar windas a thermally driven
mass outflow from the Sun. Thermally driven winds were de-
scribed self-consistently (i.e. by solving the HD equations an-
alytically or exactly) in 2-D by Tsinganos & Vlastou (1988),
Tsinganos & Sauty (1992), Lima & Priest (1993), Kakouris &
Moussas (1996).

On the other hand, the thermal mechanism is considered
unimportantin winds from early type stars. From the early times
of radiatively driven wind models it has been pointed out that
Parker's model fails to describe mass loss from early type stars
because it needs an enormously hot cordhia 107 K). In

density

distance R« Ri R: this case, strong high energy emission and/or absence of some
_ o _ ions should appear in the stellar spectrum which is not consistent
Fig. 1. Schematic view of a spherical steady shell with observations (e.g. Weymann 1963, Lucy & Solomon 1970).

This situation is discussed by Underhill (1982) (p. 242) where

the author distinguishes between "truly” coronal regi@h >
this shellis spherical and the width of H,, is determined by the 10% K) and "corona-like” layer] < 108 K) for an area above
inner R, and outerR, radii (H = Ry — R;). The fluid density the photosphere.
in the shell region determines the shell magg,.;;. The fluid The existence of a hot coron@ (> 10° K) in early type
passes through the shell region as it expands and also rotaegs and a thermal mechanism plus a radiative one (based on
A characteristic time period is the time in which a certain fluidontinuum absorption), has been proposed by Hearn (1975a,b)
element passes through the shell. in order to model the atmosphere@©©Ori which exhibits shell

Using the single fluid HD theory, it is obvious that in a siteharacteristics. The author (1975b) calculated the energy loss of

uation like this there is evidence of deceleration in the stellarstellar corona showing that for a given surface pressure there
envelope. If the deceleration is efficiently strong the consenia-a surface (coronal) temperature that minimizes the energy
tion of mass leads to an increase in density. So, the fluid mustbgs. This coronal temperature is about a factor of 10 larger than
initially accelerated from low velocities at the stellar surface the effective temperature for early type stars with high mass
higher, then it decelerates and then it accelerates again andess rates. Relevant works, based on observations (especially
capes to infinitely large distances from the central object. In this heavy ion spectral lines with high ionization), followed in
way, three domains in the stellar envelope exisinaer accel- the next years investigating the possibility of a thin corona-like
eration region adeceleration regiornd anouter acceleration layer in OB stars. Lamers & Snow (1978) suggesteéd* K <
region A schematic view of this case is shown in Fig. 1. Th& < 410> K using UV satellite observations. Cassinelli, Olson
deceleration is due to the gravitational attraction of the cent&liStalio (1978) calculated the ddprofile for ¢ Ori concluding
object. The outer acceleration region is probably due to radiativet the possible hot corona must be very thin ..). Olson
forces since no other mechanism is known to drive the outfldd978) used data farPupconcluding that coronal temperatures
at very large distances. Under discussion is the mechanism thahe rangg2 — 50) 10°K are possible and the combination
drives the outflow in the inner acceleration region. In this worf UV and Hx observations are necessary. However, Cassinelli
we adopt a thermal mechanism to drive the outflow in the inn&rOlson (1979) found that the possible corona must be very
part with a smaller radiative force contributing. We expect titain. However, Hubeny et al. (1985) discussed the spectroscopic
flow in the shell region to be supersonic because in the subsaodi@gnostics of superionization in UV spectra of B stars with the
region the acceleration must be very high and there is no euse of CIV, SilV, NV lines noting that absorption near 1550A
dence for deceleration there. The previously described situatismot CIV but a mix of Felll lines. In this case there is not
is going to be modelled in the next sections. This kind of shell@servational evidence for a hot corona in B stars. Furthermore,
qualitatively different from dusty shells, from time-dependemecent development of thermally driven stellar winds by Lima
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& Priest (1993) extent Parker's modal2 — D andalso relax the Eq. (2) implies differential rotation for the fluid which is con-
isothermal assumption. In that work, an example of a thermattplled by the parameter. In the force balance Ed.](4) is the
driven solution to B stars was given. flow thermal pressurdy... 4 is the line radiative force and the
Radiatively driven winds from early type stars use two typéast right hand term is the effective gravity (gravitational force
of line-forces which coexist with the electron scattering forceeduced by the Thomson electron scattering force) where G is
the optically thick which employes the Sobolev mechanism atfte gravitational constant/ is the mass of the star afds the
first used by Castor, Abbott & Klein (1975) (CAK model) andatio of the stellar luminosity. to Eddington luminosity. g:
the optically thin (Cassinelli & Castor 1973, Marlborough &
Zamir 1975). The thick-line force is supposed to drive winds — L = _Lor (6)
with high terminal velocities{ 103km/sec). The thin-line Lg  4rGMmyc
force is thought to drive winds with high mass loss rate and I ere ¢ is the speed of light and the Thomson scattering
(~ 10%km/sec) terminal velocities. In order to model windsgrgss sectiondy = 6.7 10~2%cm?). In addition, we use the
from Be stars, de Araujo (1995) studied the wind driving trafiimensjonless parameter= V.../V, which is the ratio of the
sition from the optically thick to the optically thin case. _escape velocity at the stellar surface to the velocity parameter.
In Paper Il we mcorpprated the thin-line radiative force in 114 total radiative acceleratid,, ,/p s in the radial direc-
the thermally driven solution of Paper |. In that work we showegh, ‘hecayse photon scattering in the atmosphere is isotropic,
Eg;tlg’;?aetﬁfgztt&irgz:lgiﬁgzzrg Z)k;%g?};{ thBey\iArqggr Sglrzlty, %8 proportional to the incident Eddington radiation fiiand
. - i o] o i t —
ing a significant radiative force close to the star the temperattilglbe:;)g)p }Igon;ooggﬁe_C\tfé”cg:q/lIer:,iﬁjsatle%i'fgr'csesfﬁ%d-?ﬁomson
at the stellar surface is reducedit@® K. In 3a" these cases theelectronoscaltlterying separately and this force (due to continuum
temperature drops with distance 10 — 10° K" at 100 stellar 5psqrption) is merged with gravity giving the effective value
radii. The 2-D s_olutlons of_ Paper Il can b_e addressed as fOIIOY}‘ISit (Eq.[3). The remaining part of", , (i.e. F,qq) is due to
(full mathematical analysis and expressions of all flow quantjse |ine contribution. Adopting theptically thin atmosphere

ties can be found in Paper 11): approximationand according to CMF,.,; can be expressed by
line absorption opacities; and subsequently by Thomson cross

Paper Il solution sectionor ask; = §;0r/m,. An average value af can be de-

termined by the quantit. < ¢ >= Zf.\[:l L;0;/L, where

The outflow is steady staté (0t = 0), axisymmetric to the ro- < 6 > is the average of the opacity of all thin line, is the

tational axis §/9¢ = 0) and helicoidal {y = 0) (with (r, 6, ¢) - : . .
: - e J 72 .number of thin lines and,; is the local monochromatic lumi-
the usual spherical coordinates). The fluid is ideal, mV'SC'ﬁleity in each line. By setting/(R) = TN < 6 > /(1 —T)

non-magnetized and non-polytropic. In this case, the flow b%e authors suggest that the number of lines and the average

velocity given he expressions: . I X o
elocity given by the expressions opacity scale with distance depending upon the local excitation

£(R) — w? and ionization equilibrium. In this way the thin line radiative
Vr(R,0) =/ f(R) — B sin®* 0 (1) acceleration is written as:
1 L GM (1-T)W(R
g s = 2 N <55 SHMUZDWIR)
Vo(R,0) = w sty ) p dmmper R2 R
’ R

2 1/2 2 1/2
satisfies the governing HD equations which conserve mass and v Vy 1= DW(R) = RV Vy (R) (7)

2 R R? 2 R
momentum: * *
V(pu) =0 (3) Wherer is a constant anélQ(R) = (1 — W (R)/TR2.

By this formalism there is a correspondence between Paper
Pl Vi = —VP + Frog p(1 - F)GM? @ Il parameters and the works of CM and de Araujo (1995). CM
: - - rad — P75

introduce a power lawV (R) = nR¢. de Araujo considers a
similar parameter. which expresses the effect of all lines and
W = 1. Obviously, there is a direct correspondence of the
parameters of the three works:

r2

The symbols have the usual meanifiy:= /R, is the dimen-
sionless radial distancé?( is the stellar radius)y’ = u/V,, is
the dimensionless velocity} = /2kgT,/m,, kg is Boltz-
mann’s constanty,, the proton mas§,, the temperature param- 1-T
eter),w = V,o1(0 = 7/2)/V,, is the dimensionless rotational™ ~ r) n

velocity of the star at the equatorial plapegs the fluid density.

The fluid temperature is related to pressure and density by tte Parametex, or equivalently;, depends on the number of
usual equation of state: thin lines and the mean line opacity and increases with them.

The characteristic value:

(8)

_ my P(R,0)
TR0 = o (R.0) ®) =TT (©)
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Fig. 2a—c. Steady shell formation for case 1 parameters of Tabéefdrce balancé outflow radial velocityc outflow density, temperature and
pressure. In plotb andc solid curves are polar and dashed are equatorial. Ingdliee different forces are shown. The equatorial one is the
centrifugal (5) (much smaller than the others). The thermal (3) and outward (4) are polar forces. The balance of the effective gravity (1) with
the total outward force (4) (i.e. thin radiative (2) plus thermal (3)) separates the stellar envelope into inner and outer acceleration regions along
the polar axis. Note that the outward force almost coincides with the thermal force at the stellar surface and with the thin radiative force after 2
stellar radii.

equals the radiative force and the effective gravity at the stelks Range | solution in Paper Il) is applied in next section. The

surfacex, diverges whed' — 0 and vanishes when = 1. sonic surface is spherical and very close to the stellar surface
It was shown in Paper Il that an analytical self-consistent PR, << R,). This is a solution with maximum radial velocity

D solution is obtained for any functiad@( R) (Eq.[1) by solving in the equatorial plane of the central object.

Egs. [3) - @) and determining the functiofi@nd&(R; p; w).

e 4. Steady shells modeled by the 2-D thermo-radiative
(CR)?>W+3) = € — (1 + 4)w?| ¥+ solution
€= 4.1. Force balance

F(R) = fo(R;pyw) [A+ A1 (& psw) + As Lo (€5 p;w)] (10)  As deduced in Paper Il, when the thermal pressure force is em-
ployed to excite and drive a wind from typical early type stars,

wheref, is a function(, A, A;, A, are constants and thie, I>  then, a sharp temperature gradient appears close to the star which

integrals are evaluated numerically (Paper Il). The inte@iral leads to~ 10° K surface temperature. Once a radiative force

involves the functior). contributes in that region the temperature gradient smooths lead-
2 2 ingto~ 10° K. In isothermal models the thermal force is much
Ay =(1- F)?, Ay = /i].—‘? (11) less since no gradient of the sound speed exists. It was also

seen that even if we adopt a strong thermal driving near the star
The solutions are of four types. The solution which describ#®e outflow cannot start from very low initial velocities because
subsonic outflow at the stellar surface which becomes transooiche strong gravitational attraction after a certain distance.
close to the star and terminates supersonic at infinity (namuis means that the thermal force decays very rapidly with dis-
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tance. By introducing a radiative force comparable to gravity (or 200
greater than it) the previous decelerating effects and high initial
velocities disappear. On the other hand, in optically thin stellar
atmospheres, the radiative mechanism which is able to produce
such a high force must be investigated. This is a well known 150
subject in radiatively driven winds since the work of Lucy & &
Solomon (1970). Obviously, the main problem exists in astro%
physical objects which posses a strong gravitational field and.

low luminosities without rotating close to the Keplerian-speedt 10
limit. The situation is still complicated when outflows from BeZ.
stars are studied, as well as from P Cygni type supergiants (Kuagg
& Kuhi 1975). Most of these stars show P Cygni profiles ang>
there is also evidence for shell or blob ejections (Lamers 1994).
These two observational features give some basis for a decel-
eration region in the atmosphere but the exact mechanism is
not known (Kuan & Kuhi 1975, Hearn 1975, Nugis et al. 1979,
Lamers et al. 1985).

—— polar
(a) - --- equatorial

In order to use the thin-line radiative force (described in the 0
previous section) we have to choose the parameterslQ) (R)
(Eqg. (@)). According to CM the radial dependence of the thin 10 "
radiative force is a power law: 10
1
8
with e constant. In order to create shells and not monotonously 10
accelerating outflow solutions we have to choese< &, 107

(Eqg. [9)). Choosing: < 1 the line opacity is less than the 1 ¢
continuum.

The role of the thermal force in the present work is to excite
and drive the outflow in the inner acceleration region and to 10
prevent gravitational attraction in the deceleration regionupto 10 ?
the shell distance. An increasing with distance thin radiative 10 2
force (which is less than the thermal force close to the stellar
surface) contributes in the inner part and dominates in the outer.
This force equals gravity at the shell distance. In this way, we fit 1
athermal force in order to obtain almost equilibrium conditions 1¢ -*
at the shell (across the rotational axis). The thermal driving in 10 =2
the inner acceleration region introduces a corona-like layer with 1 10 100
temperature higher than the effective of the star. In present work,
we restrict our analysis for early type supergiants to cases w'i_l

h .
= . - - ig. 3aand b. Dependence of the shell distance upon parametansi
Timax < 2 107 K, according to theoretical and ObserV"’Itlon%lforvalues of Tablell. Solid curves are polar and dashed are equatorial.
aspects referred in Sect. 3.

3]

4.2. Deduction of shell solutions

An approximate shell distance along the polar axis is easi
evaluated neglecting the thermal and the centrifugal force.
equalizing the effective gravity and the thin radiative force
obtain:

viously, ag) increases the right hand term pf{14) destroys
e equilibrium at the shell distance and the shell disappears for
> Oaz. With increasingu, the rotating fluid concentrates
. close to the equator and consequently, the shell overlaps the
R _(1-T\¢ R 13 polar regions reaching the equatorial area. Conclusively, it is
sheltl =\ 7.1 * (13)  seen that the shell distance depends on the stellar luminosity
Taking into account the centrifugal force at otherco—latituédes(r)’ the number and the opacity of the thln_llnesr()._ The
Eq. [I3) becomes: shape of the shell dgpends on the differential r.otatlon of the
fluid (1) and the rotation of the stav]. The exact distance and
Rshelr r (Rsheu)HE 20 <2 g shape of the shell are found by taking into account the thermal

(1-T) R. R, 2 (14) force which is maximum at the equatorial plane.
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Fig. 4a—d. Dependence of shell shape upon differential rotation paramdtercase 1 of Tablgl1 shown by selected logarithmic denkigy4)
contoursapy =1,bpu=>5cp=10,d pu =50

In order to illustrate the previous results let us considerTable 1.Parameters for the applications of Figs. 2, 3, 4
hypothetical superluminous Bla+ type supergiant of:

A

case K )

M =30 My, R, =80 Rg, Vyor = 50 km/sec 1 11745 050 05 10
2 26685 025 05 10

L=510° Lo, T =051, Teg =2 10" K 3 17342 050 02 10

and adopt a density parametgr= 10'2 part/cm? and a tem-
perature paramet@}, = 10* K which correspondto a mass loss
rate M = 4.210°% My /yr, w ~ 12.35, v ~ 93, k, = 0.95.
We present three cases with the values of Table 1.

683

In Fig. 2a the force balance along the polar axis is shown for
case 1. The outward acceleration is the sum of the thermal and
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=

. . . N . . 1
radiative contributions and almost balances effective gravity a w8 :

o vl oo 1ol 1

plotted (being negligible compared with radiative and effective
gravity). As pointed out, the thermal force decays rapidly with
distance. In Figs. 2b-2c the results for outflow radial velocity
Vr, densityp, temperaturd” and pressuré’ are shown. Solid
curves are polar and dashed are equatorial. Amass concentration
is formed at~ 3.5 R. which is the shell distance. The thermal 1001 1
pressure drops inside the shell (subpressure region) and as a i|(q) M5 supergiant
result the fluid cools (Eq.]5). Note that the fluid temperature is 50 e equatorial ] oo
about2 10° K at the stellar surface and reaches the effective polar ] ‘

—~

value atl.5 R. Thus, the corona-like region @s5 R,. S ] :
In Fig. 3 the steady shell solutions are illustrated for cases 607 | . E £60
1 - 3. The shell distance depends on betinds (Eg. (13)),so, € A ] :
the shell appears at 11 R, in case 2 and at 12.5 R, incase —
The change for the shell shape is shown in Fig. 4. Plot (c>) 3 ] :
corresponds to case 1 while in the other pjots different. For 204 ;/520
smally (~ 1, plot (a)) the shell is restricted at polar regions and ] :
looks like a double blob. For large (~ 50, plot (d)) the shell S I ,,,Eo
reaches the equator. 1 . 10 20 100
Fig. 5a and b. Steady shell solution for a hypothetical M5 supergiant
aradial velocityb density and temperature. Solid curves are polar and
Outflows from late type M5 supergiants have lower terminal vgashed are equatorial.
locities (~ 100km/sec) compared with early type stars. There
is an uncertainty for their radii, but, let us consider the followin
values for a typical M5 supergiant:

o ol ol

O R
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ol ool vl
ooy

— O
O

o
(@)

407 —F40

4.3. M supergiants

Eamers (1986) the total outward acceleration seems to scale as
R~18,In the analysis of Sect. 4.2 (Fig. 2a) it was shown that

M =24 Mg, R. =500 Rg, Viot =25 km/sec the total outward acceleration in the outer acceleration region
5 is approximately equal with the thin radiative force. So, we set
L=310" Lo, I'=0.38 e = 0.2. We present two cases: (1) whefe= 433, . = 10,

A steady shell at 10R, appears (Fig. 5) using a densit);2) whereA = 386.5, = 50. In both cases a steady shell is

parameter, — 101! part/cm?® and a temperature parameformed at~ 5R, (Fig. 6). In Fig. 6¢ the meridional projection
ter T — 16’3 K (which correspond to mass loss raté — of the shell for case 2 is illustrated by contours of the density
= =

1.65 105 My /yr, w ~ 6.18, v ~ 33), & = 0.5 (critical value logarithm (og p). The asymptotic outflow velocity d00R. is

ko = 1.6), A = 378.3,¢ = 0.5, u = 10. There is observational abo_IL_th192 kgnl/lsec' ¢ 2 (Fia. 60) | luated :
evidence for chromospheric emission from late type supergiant?Iy bey Scoisi:jn;isr?g (:nciiiZR (ar|1?j a:)oft:d\fza L:Z dtiausr}L(J)rrnerl-
seen in H, Call and K spectral lines (Cassinelli 1979 and rej- . ! 2

! P ! ( et cEﬁ:}shell. In this casé?; = 3.5 R, and Ry = 5.5 R,, SO,

erences therein). So, the temperature could reach values o . . .
) P the thickness of the shell i ~ 2 R.. The shell exists for

order10% K at the stellar surface (Fig. 5b). . . o
(Fig. 5b) colatitudes? < 72°. The density in that region is bounded by
_ 4.410'° < p < 1.3 10" part /em?. An approximate numerical
4.4. P Cygni integration gives:

The epvelope of hypergiaﬁ’tognihas begn extensively stud-]\{she” ~ 2.6 10% kgr ~ 4.37 103 M,
ied with the use of observations. According to Lamers (1986

we adopt the parameters: It is also found that across the rotational axis the fluid spends
M =30 Mo, R. = 76 Re, Viwy = 65 km/sec rmeg2ioynr to travel up tolOR. and passes- 0.8 yr at the shell
L=72410°Lo, T =0.74,T.g = 210* K The ejection of shells from the hypergidCygnihas been

extensively investigated by Lamers et al. (1985) who found sta-
In order to apply the solution we set the density paramgter ble and variable shell components in the observed spectrum.
2 10*? part/cm® and the temperature paramefgr= 10° K Lamers (1986) also studied the acceleration in the envelope of
(which correspond to a mass loss rafe= 7.6 10~6 Mg /yr, this star. He suggested that the radiative force is mainly based
w ~ 16, v ~ 95.50). The critical value of the line opacity ison the large number of thin lines in the spectrum and the to-
k, = 0.35 and we choose the value = 0.25. According to tal outward force barely exceeds gravity, scalingzas-®. The
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Fig. 6a—c. Steady shell solution for hypergiaRtCygni(Sect. 4.4)a radial velocityb density and temperatureselected logarithmic density
(log p) contours for case 2. A steady shell is formed-ai R. whenx = 0.25 and the radiative force scalesBs -8,

mechanism described in Sect. 2 has also similarities with tharthermore, the shell distance, shape and the terminal velocity
work of Nugis et al. (1979) who proposedraee zonenvelope can change as described in Sect. 4.2.

in order to explain observations &f Cygni In this way they

mtroduced ADA - models becguse of acceleration - decele?'Discussion

tion - acceleration of the flow in each zone respectively. They

suggest radiative acceleration and gravitational deceleration liothis work we presentedhermo - radiativenechanism which

the outer zones but they correlate the inner acceleration andiexble to create steady state shells in optically thin stellar atmo-
citation of the flow with possible stellar pulsations. Fo€ygni spheres. This mechanism is based on the Paper Il analytical 2 —
they found that inner acceleration occurs uRt&, and then D solution and the analysis of CM for the thin radiative force.
the flow is decelerated up ®R.. Lamers et al. (1985) argueThe shell is formed in the supersonic region of the outflow. The
that this model explains their observations because it impliessults show that early and late type superluminous supergiants
high velocities & 103 km/sec) not observed. are expected to create massive shells in their envelopes even if

. . . . L .. the opacity in thin lines is smaller than the continuum opacity.
In this work, just using the thin radiative force as described . : )
. 18 g : is happens because these stars are close to their Eddington
by CM scaling af?~*° (in accordance with Lamers (1986) for,. . : )
. limit. Stars which are closer to the main sequence can possess
the stellar post - shell envelope) we find a three - zone en

Ve- . ) . ; X
lope similar to Nugis et al. (1979). The inner acceleration is ﬁﬁells.wnh the same mephamsm but with larger Ilne opacity.
This mechanism is insensitive to stellar rotation. So, the

to~ 0.5 ., and the deceleration is up to the shell dIStan%efars do not have to rotate close to the Keplerian-speed limit.

~ 5 R,. Afterwards the flow is accelerated by the thin rad|at|vr|ehe centrifugal force is negligible in most applications, so, the

force. The present velocities are less thaa km,/scc (Fig. 6). mechanism applies similarly to fast and slowly rotating objects
The main difference with Nugis et al. (1979) is that the inner PPIIES y y g ob) '
The thermal driving used for early type stars does not pro-

acceleration is thermo - radiative and steady (not related with
. . . uce enormous temperature close to the stellar surface. The
possible stellar pulsations and time dependent HD). We evalu-

ate a shell mass ¥, ~ 1.31 105, very close to the corona-like region is very third(5 R, for the example of 4.2,

: _ 0.1 R, for the P Cyg example of 4.4) and the maximum temper-
> 5 o
estimated by Lamers et al. (1986)/(xeu > 6 107" Mo). atures are bounded by the vali0® K. This is in accordance

We must note that the main purpose of this article is to studyith Hearn (1975a,b), Lamers & Snow (1978), Cassinelli, Ol-
the mechanism of steady shell creation. So, the applicationstin & Stalio (1978), Olson (1978), Cassinelli & Olson (1979)
P Cygnishown in Fig. 6 is just indicative for shell formation(Sect. 3). We note that possible incorporation of non-thermal
in its envelope. It is seen that the mass loss rate and the shelling mechanisms in the inner acceleration region will de-
mass are underestimated (observéd~ 1.5 10-5M, /yr). crease the temperature values, and this will be a subject for
This divergence can be removed by redefining the paramgterfuture work.
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Concerning the observed shell variabilities we have to na#@beny, 1., Stefl, S., Harmanec, P., 1985, Bull. Astronomical Inst.
thatthey cannot be modeled by the present steady state solutionsCzechoslovakiad6, 214 — 230
On the other hand, the present shells depend upon the baldfriguris, A., 1997, Ph.D. Thesis, University of Athens
of the thin radiative force with gravity as well as the differentidfakouris, A., Moussas, X., 1996, A&/06 537 — 546 (Paper )
rotation of the fluid. If the radiative parameters change durifigikouris: A., Moussas, X., 1997, A&24 1071 — 1082 (Paper II)
the life of the star the shells may appear or disappear at sev n, P., Kuhi, L.V., 1975, Apdl99, 148 — 165

. " . . . Lamers, H.J.G.L.M., 1986, A&A159 90 — 100

distances. The transition between these situations needs UM Fers H.J.G.LM. 1994, Ap&SR21 41 — 63
dependent H!D, but, if the time perlods.between them are Iar@&ners' H.J.G.L.M., Snow, T.P., 1978, ARLY, 504 — 514
enough the final stages of shell creation can be described| By ers H.J.G.L.M., Korevaar, P, Cassatella, A., 1985, A&AQ, 29
the present model as steady state. As seen in Sect. 4.2. this_ 49
mechanism can either produce shells or double blobs beyondithgers, H.J.G.L.M., Snow, T.P., de Jager, C., Langerwerf, A., 1988,
poles. We note that the spectroscopic observations depend onthe\pJ, 325 342 — 354
relative observer’s direction. So, variabilities with periodicitiesima, J.J.G., Priest, E.R., 1993, A&R68 641 — 649
correlated with the star’s rotation may be appropriate to thegcy, L.B., Solomon, P.M., 1970, Ap159, 879 — 893
present solutions. We also note that very massive shells wHarlborough, J.M., Zamir, M., 1975, Ap195, 145 - 155 .
large opacity may cause deviations in the observed stellar m%@%ﬁ'g& D., 1978, Stellar AtmospherésFreeman, San Francisco,

and radius. Nugis, T., Kolka, I., Luud, L., 1979, inMass loss and evolution of

The adopteq r?dlatlve for.ce In thls. _Work dec.ays O-type star§ P.S.Conti, C.W.S.de Loore (editors), Reidel, Dor-
monotonously with distance. If this force exhibit local maxima  j,ocht 39 — 42

and minima the creation of multiple shells is also possible. oison, G.1., 1978, Ap226, 124 — 137

In the present work we study the dynamic nature of shellsarker, E.N., 1958, Ap128 664 — 676
The energetics of the outflow must also be studied. Just apply®@ideri, S., Bonanno, G., Spadaro, D., Panagia, N., Lamers,
the 1% Law of Thermodynamics we find that the outflow must H.J.G.L.M., de Koter, A., 1994, Ap3;37, 465 — 475
be heated very close to the stellar surface and it is cooled affa@linganos, K., Vlastou-Tsinganos, G., 1988, A&83 125 - 130
other distances (Paper I1). The cooling is possibly radiative, Sginganos, K., Sauty, C., 1992, A&R55 405 — 419
emission lines are expected in the spectrum. The flow energefie§ganos, K., Sauty, C., 1994, {bosmical Magnetismedited by
as well as the spectrum formation, the thermodynamic condj- D-Lynden-Bell, Kluwer Acad. Publ., Dordrecht, 45-54
tions in the shell and ionization stages will be the subject of%d?rh"]’ A., Doazan, V., _1982’8 stars with and without emission

. - . . lines’, Monograph Series on Nonthermal phenomena in Stellar

forthcoming work. Another point for future work is the incorpo- Atmosph NASA SP - 456

: . o . g pheres,
_rat|on _ofthe thick rad|§1t|ve fo_rce, using the Sobo!ev mec_hamsweymann, R.. 1963, ARAGAL 97 — 144
in the inner acceleration region where the velocity gradients are
significant. The inclusion of other driving mechanisms in the
inner part of the envelope, such as magnetic driving, could also
be considered.

Conclusively, steady shells are consistent with single fluid
HD when the thin radiative force is important. This result con-
cerns early and late type supergiants which usually exhibit shell
characteristics and emission lines in their spectrum.
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