Steady shell description in stellar atmospheres with the use of analytical 2-D calculations
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Abstract

Stationary shells are often observed in the atmospheres of early or late type supergiants. We examine self-consistently the possibility of steady state condensation formation in stellar atmospheres and we show that a composite thermo-radiative outflow driving may lead to polar shell formation depending on the local radiative force due to the optically thin spectral lines scattering. The stellar envelope is three-zonal, accelerating - decelerating - accelerating, and the subsonic region of the wind needs to be mechanically heated while the supersonic region radiatively cools. The heating/cooling rates depend on the mass loss rate and they are consistent with atomic calculations for radiative cooling and with acoustic wave damping or turbulent conduction mechanisms for heating. The results are illustrated and discussed with the use of an application for P Cygni, the prototype of LBVs.

1. Introduction

Steady shells, or "blobs" are often observed in the envelopes of stars. We study self-consistently the shell formation as a feature of the mass loss mechanism in supergiants when the radiative force is important and the stellar envelope is optically thin. The methodology we follow is similar to the 2-D, non-polytropic, solar wind studies (cf. Low & Tsinganos 1986). We follow the hydrodynamic equations to describe the dynamics of the outflow under simplifying geometrical assumptions and then we discuss the energy balance and the demanded heating rate. The heating/cooling rate must be in accordance with the underlying physical mechanisms, which produce external heating or cooling to the expanding plasma.

2. Self-consistent, analytical 2-D description

Steady state, self-consistent 2-D solutions that describe an inviscid stellar outflow, fulfill the continuity of mass and conserve the angular momentum. Thus, for a helicoidal and axisymmetric flow, Vθ=0, the density and the azimuthal velocity are written as:
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while the radial velocity, Vr, and the fluid pressure, P, obey the equation of motion
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where Γ=L/LE is the ratio of the luminosity of the central star to its Eddington luminosity and Frad is the radiative force due to the optically thin spectral lines. According to Chen & Marlborough (1994), the thin line force depends on the number of lines and the corresponding absorption coefficient, and it can be parameterized as a power law of distance Frad(ρ r(-2. Under the previous assumptions the radial velocity has the form 
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, where functions f1, f2 are given in Kakouris (1997), Kakouris & Moussas (1996; 1997). It has been shown that this class of solutions describes condensations in a stellar envelope under certain circumstances (Kakouris & Moussas 1998, Kakouris 1998). An example is given in the next section.

Since no assumptions on the energetics of the outflow have been made, we adopt the 1st thermodynamic law to calculate the demanded heating/cooling rate, q, in order to sustain the velocity and pressure fields calculated previously. The heating rate (erg/cm3/s) is:
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where γ=5/3 is the adiabatic index. Along a streamline, an effective polytropic index is defined as α=(lnP/(lnρ. For an equivalent polytropic description, α must be positive and greater than unity. For physically viable solutions, the heating/cooling rate must be reasonable and in accordance with micro-processes in the stellar envelope. In the absence of the radiative forces, it is found that only the subsonic stellar envelope needs to be isothermally heated while the supersonic envelope radiatively cools. The demanded heating/cooling throughout the stellar envelope is proportional to the mass loss rate. It has been shown (Kakouris 2001) that in stellar winds from supergiants and for the observed mass loss rates, the radiative cooling rate is equal to the one calculated from first principles for optically thin plasmas (Schmutzler & Tscharnuter 1993). Thus, the corresponding subsonic heating can be attributed to acoustic wave heating close to the stellar surface or either to laminar or turbulent conduction depending on the mass loss rate.

3. An example

In order to illustrate a steady shell in the envelope of a star, we choose the hypergiant P Cygni as the central gravitational object. This stellar envelope is thought to possess a deceleration region (Kuan & Kuhi 1975; Nugis et al. 1979), and there is observational evidence for shell or "blob" ejection (Vakili et al. 1997) as well as radiative cooling observed in a radio-nebula around the star (Skinner et al. 1998). For appropriate parameters in the previous solutions (given in Kakouris 2001) a shell-like structure is formed at the polar region in about 5 stellar radii (Fig. 1). The stellar envelope is accelerating - decelerating - accelerating. The inner acceleration is thermal and the outer is radiative (Kakouris & Moussas 1998). 

The calculation of the demanded heating/cooling (Fig. 2) indicates that the outflow needs to be isothermally heated in the subsonic region, it becomes adiabatic at the sonic transition and it radiatively cools throughout the supersonic envelope. The radiative cooling in the intermediate decelerating region is consistent with isometric radiative cooling of optically thin plasmas (Schmutzler & Tscharnuter 1993) and emission lines could form there. The calculation of the effective polytropic index shows that the regions around the shell may be convectively unstable because α is negative there. Although the calculation of the adiabatic lapse rate, dT/dr, indicates that these regions are stable to thermal motions a detailed stability analysis is needed for convection. So we consider these regions as candidate regions for turbulent thermal motions. We summarize the several different regimes in the stellar envelope in Fig. 3.
4. Conclusions
A new class of 2-D solutions has been derived, which describe steady shell formation in the envelopes of supergiant stars. For appropriate mass loss rates the underlying heating/cooling processes support the steady shell formation and certain observational features of these stars.
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Fig. 1. Logarithmic density contours in the envelope of P Cygni. Z axis is the rotational axis of the star. In the red regions the density maximizes while in blue minimizes. The shell-like structure is formed in about 5 stellar radii. 
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Fig. 2. The demanded heating / cooling rate, q, along the rotational axis of the stellar envelope. The dotted curve shows the envelope temperature, the dash-dotted shows the number density and the dashed curve shows the local black-body thermal losses, qbb. Note that the subsonic envelope is heated, as well as the post-shell region (i.e. the outer acceleration region). The calculation in the middle deceleration region is consistent with isometric radiative cooling. 
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Fig. 3. Right: The shell-like structure along the rotational axis. Left: The corresponding regions of the stellar envelope.
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