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NUMERICAL ANALYSIS OF THE DYNAMIC STABILITY OF RADIATIVE
SHOCKS

Russell Strickland & John M. Blondin 

To appear in The Astrophysical Journal, 449, 727, 1995. 

A preprint of this paper is available in postscript form in our Preprint Library.

 

Radiative shocks perturbed from steady state are subject to an oscillatory overstability. We have
examined the nature of this overstability in one and two dimensions using numerical hydrodynamic
simulations. In our first set of simulations we modeled a 1D flow onto a solid surface (similar to the
models of Imamura, Wolff, and Durisen (ApJ,1984). In the above image of gas density, the flow is
entering the numerical grid from the top and impinging a solid wall on the bottom. Time is progressing
to the right, so the oscillating shock front looks similar to a sin**2 function. 

We find that one-dimensional simulations of a uniform flow incident upon a reflecting wall produce
oscillation frequencies in agreement with those of earlier analytic (Chevalier and Imamura 1982) and
numerical (Imamura, Wolff, and Durisen 1984) work. We do not, however, find any evidence for
growth of the oscillation amplitude. This result is not in contradiction with previous linear analysis
because the supersonic flow into a wall problem is at a saturated, nonlinear amplitude from the
beginning. 

In our second set of simulations, the case of 1D steady state shocks in the absence of a solid wall (ie, and
interstellar shock), we find a slightly different dependence of the overstability on alpha when we assume
a cooling rate proportional to T**alpha, as seen in this image. In this case oscillations in radiative
shocks with alpha less than approximately 0.75 are found to saturate at a finite amplitude, i.e., the
relevant critical value of alpha is at least above 0.5. As shown here, we also find high Mach-number
systems to be less stable than low Mach-number systems subject to the same cooling law. Images
displaying these two trends can be retrieved by clicking the icons below. 

Finally, we addressed the stability of radiative shocks in 2D. In the first case we began with a planar,
steady shock and perturbed it by dropping in a very small "cloud" with a slight overdensity. This was
sufficient to excite oscillations in the shock front that grew to a nonlinear state but eventually decayed
away. Example images and an mpeg movie of this simulation are available here. 

We also examined the response of planar shocks to nonlinear perturbations. Here the shock front was
perturbed by stretching it (see the mpeg clip) according to a sine function. As illustrated in these images,
in all cases the discontinuity separating the cooling region from the cold gas layer was highly disrupted.
Since this is the location of the recombination emission, this instability suggests that interstellar
radiative shocks will not be smooth on length scales of order the local cooling length, when viewed in
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Vishniac Instabilities in Supernova Remnant
Shock Fronts

Once an oscillation is set up in the shock front of a supernova, it may lead to a
Vishniac type instability. As shown below, the gas behind a strong non-radiative
shock will have a low density and a very high temperature making its ram pressure
negligible compared to its thermal pressure. The pre-shock gas, on the other hand,
is characteristically cold and dense and at a high velocity with respect to the frame
of reference of the shock front; this means its ram pressure dominates over its
thermal pressure. 

When an oscillation is initialized, there develops an force inbalance at the shock
front due to the fact that thermal pressure is acts isotropically while ram pressure
only acts in the direction of the bulk gas velocity. This force inbalance creates what
is known as an overstability . Overstability is a condition in which the restoring
forces acting on the oscillation bring the shock front back to its equilibrium position
at a velocity greater than its original outward speed, resulting in continually
amplified oscillations. 

 

The Vishniac overstability leads to the accretion of mass into a shell at the
shock front. It may then, in conjunction with other cooling instabilities, fragment
the matter in the shell into clumps at least twice as dense as the surrounding
medium. Below is a simulation of the Vishniac effect acting in an expanding
supershell -- a result of multiple supernovae events. 
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the base of magnetically-channeled accretion columns on strongly magnetized neutron stars and white
dwarfs. Thus, the corrugation instability may play a role in producing variability in the emission from
the postshock gas. 

More detail can be found in the following paper: 

``The Corrugation Instability in Slow MHD Shocks", by J.M. Stone & M. Edelman, The Astrophysical
Journal, 454, 182 (1995).

 

The Wardle Instability in C-Type Shocks

In the densest regions of the ISM, the ionization fraction of the gas becomes so low that the ions and
neutrals are only weakly coupled. Weak MHD shocks in this case have a more complex structure than in
a fully ionized gas. In particular, Mark Wardle has shown that "C-type" shocks (in which all flow
properties vary continuously from upstream to downstream states) are unstable to perturbations in the
shape of the shock front. By extending the ZEUS code to treat a weakly ionized, two-fluid media, the
growth and saturation of the Wardle instability could be followed in a variety of circumstances. 

The image on the left shows the density and temperature in the
initial state, and after saturation of the Wardle instability in an
initially planar C-type shock propagating perpendicular to the
magnetic field lines. Click on the image to download a
full-sized version. 

The instability generates dense sheets of neutral gas in the
postshock flow, with hot gas located at the tip of each sheet.
Although the variations in the temperature caused by the
instability are significant, calculations show the observed
spectrum of the shock is not greatly affected. 

More detail can be found in the following papers: 

``The Wardle Instability in Interstellar Shocks: I. Nonlinear Dynamical Evolution", by J.M. Stone, The
Astrophysical Journal , 487, 271 (1997).

``The Wardle Instability in Interstellar Shocks: II. Gas Temperature and Line Emission", by D. Neufeld
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