Expanding shells:

gravitational instability with thin shell and hydrodynamical simulations

Abstract:

We develop a model of the thin shell expanding into a uniform medium. Density perturbations are described with hydrodynamic and Poisson equations on the shell surface including linear and quadratic terms.

The linearized equations of this problem were solved by Elmegreen (1994) who obtained the criteria for the shell instability. In the initial period of the evolution the shell is gravitationally stable due to squeezing connected to the fast expansion. Later, when it decelerates, the gravity starts to be important. The nonlinear terms enable us to follow the fragmentation process of the shell to the later stages of the evolution.

We are working on the numerical model of the expanding self- gravitating shell using the ZEUS hydrocode. These simulations should verify the gravitational instability criteria and the nonlinear analysis of the shell fragmentation. Fig. 1: Coordinates on the shell surface:

velocity for surface flows

Θ = r ⁄R for the position, and the angular

Ω = v⁄R

∂ m ∂ t � ∇ ,mv = AVρ_0 1 A d dt mv =�c^2 ∇ Σ �Σ ∇ Φ

Δ Φ = 4π G Σ δ z

The linear analysis:

Hydrodynamical equations on the shell surface:

ω_η= i 3V R ± �V 2 R^2 � η^2c^2

R^2 � 2π GΣ_0η R ω_η i < 0 instability for:

The perturbation growth rate: Σ Ω ∼e^{i ω t�ηΘ}

Perturbations of the surfface density Σ and surface flows Ω :

The non- linear analysis:

We use the similar aproach, which was adopted by Fuchs (1996) for the case of the uniformly rotating disk. The time evolution of perturbations is calculated as the numerical solution of the Fourier transform of the hydrodynamical equations on the shell surface. Nonlinear terms describe the interaction of three modes inclined at an angle of 60 degrees.

ω_{η,max}= i 3V R � �V 2 R^2 � π^2 G^2 Σ_0^2

c^2 η_{max}= π GΣ_0 R

c^2

The most unstable modes have wavenumber:

exp iω_{η ,max}t and grow as

Fig. 2: The time dependence of the maximum perturbation growth rate.

Fig. 4: The spatial distribution of the surface density at time t = 55 Myr. (cnf. to Fig. 3).

Fig. 5: The velocity field on the shell surface at the same time.

Hydrodynamical simulations using the ZEUS hydrocode

We use the ZEUS3D v3.4 hydrodynamical code (Stone & Norman, 1992), which is based on the methods of finite differences and finite volumes. It includes mechanisms for simulating the shock waves, the self- gravity is also implemented.

In this poster we present two simulations. The first one is computed in the cartesian grid with 50x50x50 cells, the second one in the spherical grid with 50x32x32 cells. The energy is being inserted continuously with luminosity 6.67e51 erg / Myr into the ambient medium with the density 1.3 mH / ccm in the both cases. The gravitation and the radiative cooling were turned off.

Fig. 9: Distribution of the density in the x- y plane. The shell holds spherical symetry with quite good accuracy. However, the Cartesian grid effect occurs as the higher density along the y=x line at the later stages of the evolution.

Fig. 10: The evolution of the total, kinetic and internal energy of the shell.

Fig. 11: A fraction of the internal (and kinetic) energy should stay constant during the evolution. In the analytical Sedov solution is Eint / Etot = 0.7.

Fig. 12: The comparison of the flux of the inserted energy and the real energy flux, which was computed as the sum over the whole computing area. We hope that it will be possible to lower this discrepancy by using a more stable energy source in the future.

Fig. 6: The distribution of the density along the x- axis at 0.2, 4, 8 and 12 Myr.

Fig. 7: The distribution of the internal energy along the x- axis at the same times.

Fig. 8: The evolution of the shell radius in comparison to the analytical Sedov solution. The numerical model expands faster. It is probably the effect of the mass input, which is not included in the Sedov solution.

Fig. 3: The evolution of the maximum surface density perturbation in the linear and nonlinear solutions.

The Cartesian grid:

The spherical grid:

References:

This instability criteria was originally obtained by Elmegreen (1994)

Elmegreen, B. G., 1994, Ap. J., 427, 384 Fuchs, B., 1996, MNRAS, 278, 985 Stone, J. M., Norman, M. L., 1992, Ap. J. Supp., 80, 759 Wunsch, R., Palous, J., 2001, A&A, 374, 746

R. Wunsch & J. Palous

Astronomical Institute, Academy of Sciences of the Czech Republic, Prague ( richard@saiph.ig.cas.cz, jan@rigel.ig.cas.cz )

Fig. 16: Distribution of the density in the Θ = 0 plane. There are no grid effects contraty to the simulation in the Cartesian grid (cnf. Fig. 9)

Fig. 17: The evolution of the total, kinetic and internal energy of the shell.

Fig. 18: A fraction of the internal and kinetic energy.

Fig. 19: The comparison of the flux of the inserted energy and the real energy flux. The energy source seems to be numerically unstable in the later stages of the evolution.

Fig. 13: The distribution of the density along the Θ = 0 , ϕ = 0 line at 0.2, 4, 8 and 12 Myr.

Fig. 14: The distribution of the internal energy along the Θ = 0 , ϕ = 0 line at the same times.

Fig. 15: The evolution of the shell radius in comparison to the analytical Sedov solution.