Condensed Matter Physics, 1998, Vol. 1, No. 3(15), p. 643–654

The existence and stability of relativistic shock waves: general criteria and numerical simulations for a non-convex equation of state

P.V.Tytarenko, V.I.Zhdanov

Astronomical Observatory of Kyiv Schevchenko University 3 Observatorna St., Kyiv–53, UA-254053, Ukraine

January 30, 1998

A small viscosity approach to discontinuous flows is discussed in relativistic hydrodynamics with a general (possibly, non-convex) equation of state that typically occurs in the domains of phase transitions. Different forms of criteria for the existence and stability of relativistic shock waves, such as evolutionarity conditions, entropy criterion and corrugation stability conditions are compared with the requirement of the existence of shock viscous profile. The latter is shown to be most restrictive in case of a single-valued shock adiabat expressed as a function of pressure. One-dimensional numerical simulations with artificial viscosity for a simple piecewise-linear equation of state are carried out to illustrate the criteria in the case of planar and spherical shock waves. The effect of a phase transition domain on the shock amplitude in the process of a hydrodynamical spherical collapse is demonstrated.

Key words: relativistic hydrodynamics, shock waves, anomalous equation of state, instabilities, numerical methods

PACS: 95.30.Lz, 95.30.Qd

1. Introduction

A number of applications of relativistic hydrodynamics deal with shock wave propagation in a matter at extremely high densities. This problems concern, e.g., the relativistic stellar collapse, the theory of early Universe, hydrodynamical models of elementary particle production in nucleus-nucleus collisions. Such a consideration usually requires taking into account various phase transitions that may occur in a super-dense matter under appropriate conditions. The domain of phase transitions typically has essential peculiarities from the viewpoint of hydrodynamics because of the possible non-convexity of the equation of state. Namely, this

© P.V.Tytarenko, V.I.Zhdanov 643

requires special attention to the existence and stability properties of discontinuous solutions [1,2]. The main problem is that standard equations for an ideal fluid flow with the general equation of state do not restrict properly the discontinuous solutions and the question is how to distinguish the physical solutions obtained either by analytical or numerical algorithms from those that cannot be realized in nature. This problem is well known in classical hydrodynamics [1,2] and needs to be investigated in a relativistic case.

The equations for a fluid flow of relativistic hydrodynamics are defined by conservation laws for energy-momentum and baryonic charge (or another conserved charge) combined with the equation of state. However, in the presence of discontinuities (shock waves) these equations must be complemented by additional restrictions in order to define correctly a generalized solution and to provide its uniqueness. Otherwise, there may be different solutions satisfying the same discontinuous initial data. This situation is typical of the quasilinear equations theory [1,2]. The criteria for the existence of a viscous profile (EVP), entropy criterion (EnC) and evolutionarity criterion (EvC) may be considered as the most famous examples of the above restrictions [1–3]. EVP selects the discontinuous solutions that can be obtained from continuous solutions of hydrodynamical equations with a non-zero viscosity in the small-viscosity limit. The physical background of this approach involves a discussion of validity of a viscous hydrodynamics approximation to describe the shock wave structure. This approximation is not always physically admissible and this diminishes the role of an EVP criterion. Nevertheless, a small viscosity model is physically well understandable and may be useful in phenomenological schemes of relativistic hydrodynamics (see, e.g., [4,5]) dealing with a superdense matter, where investigation of the shock structure at a microlevel is rather complicated. EnC prohibits unphysical shocks with the decreasing entropy. In many cases it is the only criterion that may be taken into account, but in the case of a non-convex equation of state it is not sufficient [1,2]. EvC may be considered as a general requirement that provides a correct construction of the solution by the determination of hydrodynamical parameters on the shock [3]. The solutions that do not satisfy these requirements are considered to be unphysical and must be rejected on a formal level [1–3]. An important practical question concerns the validity of numerical algorithms and their correspondence to the above criteria.

Another set of criteria concerns the stability of shock waves. According to the general notion of stability these criteria do not prohibit (mathematically) the existence of certain solutions. However, they show that some solutions are destroyed with time by exponentially growing small perturbations and, therefore, they cannot be realized in nature. The corrugation stability criterion [6,7] examines such perturbations of hydrodynamical quantities in a continuous flow and three-dimensional deformations of the discontinuity front itself.

In classical hydrodynamics much attention has been paid to compare different criteria for the existence and stability of shock waves. The aim of this paper is to outline some results concerning such a comparison in relativistic hydrodynamics.

The plan of the paper is as follows. In section 2 we review the conditions for EVP of relativisic shock waves with some generalization that allows one to compare different types of viscosity. In section 3 the EVP is compared with the corrugation stability conditions. Section 4 deals with numerical simulations of the shocks in the case of plane and spherical symmetry for a simple piecewise-linear equation of state that models a phase transition. We compare the numerical and analytical results in a plane case and study some qualitative effects due to the domain of phase transition in a spherical collapse. Section 5 summarises the results of the paper.

2. Existence of a viscous profile of a shock wave

A detailed investigation of the EVP criterion for relativistic shocks in an ideal fluid with a general equation of state has been carried out in [4,5]. It is important to note that the results of [4,5] do not use supposition about the convexity of Poisson adiabats, that is one of the Bethe–Weyl conditions (see, e.g., [1]) for a normal medium. In this section we reconsider some of these results in order to compare them with the stability criteria and with numerical algorithms involving the Neumann–Richtmyer artificial viscosity.

The equations of motion of an ideal relativistic fluid can be written as conservation equations of the energy-momentum tensor [3]

T^{μν} = (ε + p) u^μu^ν − pg^{μν} , (1)

where u^μ is 4-velocity of the fluid, {g^{μν} } = diag(1, −1, −1, −1), p is pressure and ε is the proper energy density. The pressure is related to ε and to the baryon number density n (or density of some other conserved charge) by a sufficiently smooth equation of state p = p (ε, V ), V = 1/n being the specific volume.

The conservation equations for T^{μν} must be complemented by conservation equations for the baryonic charge

∂_μ (nu^μ) = 0. (2)

In a discontinuous flow the hydrodynamic quantities on both sides of the shock are related through the integral form of conservation laws. However, relations on the discontinuities must be complemented by certain restrictions that are necessary to provide the uniqueness of discontinuous solutions [1,2]. These restrictions may be obtained by analyzing the structure of a shock transition in the presence of small dissipative effects, such as viscosity. In the presence of viscosity the conservation equation for T^{μν} must be replaced by

∂_μ (T^{μν} + τ^{μν} ) = 0, (3)

where τ_{μν} = Rτ^{visc}_{μν} ,

P.V.Tytarenko, V.I.Zhdanov

τ^{visc}_{μν} = η (u_{μ,ν} + u_{ν,μ} − u_μu^αu_{ν,α} − u_νu^αu_{μ,α}) + ( ζ − 2 3 η ) ∂u^α ∂x^α (g_{μν} − u_μu_ν ) , (4)

is the Landau–Lifshits relativistic viscosity tensor [3]; and the multiplyer R, that makes equation (3) somewhat different from that used in [4,5], may be any positive function of flow parameters to be specified later.

Under the given equation of state and appropriate initial conditions, equations (2) and (3) define solutions for the viscous fluid dynamics. To obtain the discontinuous ideal fluid motion we suppose that some limit of such a dissipative solution exists for η → 0, ζ → 0. This limit is considered as a generalized solution of the conservation equations for an ideal fluid. This is one of a number of possible methods to define discontinuous solutions; there may be, e.g., other dissipative effects besides viscosity; one may also use different definitions of a generalized solution of hydrodynamic equations of motion [3]. However, the approach based on the viscosity tensor [3] appears to be the simplest and physically well understandable. It is sufficient to obtain a continuous profile of the shock, the resulting restrictions being more stringent, e.g., than the evolutionarity conditions.

Thus, we expect that in the limit of small viscosity the solutions of hydrodynamical equations yield discontinuous flows describing shock waves. In the case of a nonzero viscosity the stationary shock wave propagating in a space-like direction l_μ is locally represented in a proper frame by a stationary viscous flow depending upon the only variable x = x^μl_μ. We choose the coordinates in such a way that {l_μ} = {0, 1, 0, 0}, x = x^1. Further, without loss of generality, one may also put u^2 ≡ u^3 ≡ 0 due to the choice of the reference frame.

The equations (1), (2) yield

T^{1ν} + τ^{1ν} = T^{1ν}_0 = const, (5)

nu^1 = j = const, (6)

where j = n_0u^1_0 and T^{1ν}_0 are asymptotic quantities either for x → ∞ or for x → −∞. Here we assume that for x → −∞, all the quantities tend to some constant values marked by “0” (the state ahead of the shock) and for x → ∞, the quantities tend to constant values marked by “1” (behind the shock). Because τ^{μν} → 0 for x → ±∞, the solution of equations (5), (6) (if it exists) satisfies the conservation relations that connect hydrodynamical quantities on the both sides of the shock.

However, there arises the question whether there is a continuous one-dimen-sional flow represented by the solution of (5), (6) that satisfies the both above asymptotics for x → ∞ and x → −∞. The existence conditions for a continuous solution of this boundary value problem are then interpreted as admissibility conditions for shock transition u^μ_{(0)}, V_0, p_0 → u^μ_{(1)}, V_1, p_1 with the corresponding states satisfying the relations on the shock wave.

Equations (5), (6) can be reduced, analogously to [4,5], to the first order ordinary differential equation R ( ζ + 4 3 η ) u_{1(0)}

V_0 dV dx = p (V, ~ε (V )) − ~p (V ) , (7) where ~p (V ) = { 1 + (u^1)^2 }_{−1} { T^{11}_{(0)} − T^{1μ}_{(0)}u_μu^1 } , (8)

~ε (V ) = T^{1μ}_{(0)}u_μ/u^1. (9)

The right-hand side of equation (7) equals zero for V = V_0 and V = V_1. Now one must analyse different choices of R.

a) R ≡ 1. This case has been studied in [4,5]. Let, e.g., V_1 > V_0 (the reverse case yields the same results), and the r.h.s. of (7) is smooth and positive for V ∈ (V_0, V_1). Then, there is a smooth solution V (x) of (7) that tends to V_0 for x → −∞ and to V_1 for x → ∞. If the right-hand side of (7) changes its sign at some point between V_0 and V_1, then there is no continuous solution of (7) in (−∞, ∞) connecting V_0 and V_1. As a result, we obtain the following criterion of admissibility of a stationary shock transition:

(V_1 − V_0) (p (V, ~ε (V )) − ~p (V )) > 0 (10)

for all V between V_0 and V_1. The cases when the left-hand side of (10) has zeros within (V_0, V_1) but does not have negative values (e.g. in the case of Joquet points) may be also included, but this requires some additional consideration.

b) The hydrodynamical numerical calculations often deal with an artificial viscosity of the Neumann–Richtmyer type [1,11]. We shall take this into account by putting R = C | |^{dV}_{dx} | | in (4), C being a positive constant. Let again, for definiteness, V_1 > V_0, and one has a strict inequality in (10). In this case, expanding equation (7) in the neighborhood of V_1 and V_0, one obtains dV/dx ∝ (V_1 − V )^{1/2} and an analogous relation for V_0. Using this it is easy to see that we have a finite interval [x_0, x_1] for the smooth solution V (x), such that V (x_0) = V_0, V (x_1) = V_1 (finite width of the shock front, cf. [1]). Outside this interval the solution may be continued by putting V (x) ≡ V_0 for x < x_0, V (x) ≡ V_1 for x > x > x_1.

On the other hand, if there is point V^′ ∈ (V_0, V_1) where the right-hand side of (7) changes its sign, then the solutions of (7) must be increasing for V < V^′ and decreasing for V > V^′. Therefore, there is no continuous solution connecting states “0” and “1”. Therefore, we again come to criterion (10).

It is shown in [4,5] that inequality (10) is equivalent to another one

(ε_1 − ε_0) (~p (ε) − p_H (ε)) > 0 (11)

expressed in terms of the Hugoniot–Taub shock adiabat p_H (ε) in plane of thermodynamical variables p − ε; the pattern function ~p (ε) = A − C/ (A + ε) represents curve (8) passing through the initial and the final state in the p − ε plane of thermodynamical parameters (this condition defines constants A and C). Inequality (11) must hold for all the values of energy density ε between states “0” and “1”, ahead of and behind the shock, respectively. This form of the EVP criterion works in the case of the single-valued Hugoniot–Taub adiabat p_H (ε). If this is not the case, one may use another form [4,5] of the criterion that uses an equation of state only. An equivalent assertion in terms of shock adiabats may be formulated as follows.

The compression (rarefaction) shock transition has a viscous profile on the condition that pattern curve ~p (ε) lies above (below) the Hugoniot–Taub adiabat in the vicinity of the initial point and does not intersect it between the initial and the final states.

It has been shown [4,5] that EnC follows from EVP, but the reverse statement is not valid. The evolutionarity conditions for relativistic shocks yield the inequalities for fluid velocities and sound speeds v_0, v_1, c_0, c_1 ahead of and behind the shock

v_0 ⩾ c_0, v_1 ⩽ c_1, (12)

that have the same form as for nonrelativistic ones [3]. Inequalities (12) can be also be obtained as a consequence of EVP [4,14]. Evidently, EVP imposes more powerful restrictions upon the parameters of the shock because (10) or (11) concerns all the states on the Hugoniot–Taub adiabat, not only in the neighbourhood of “0” and “1”. However, in the case of a normal equation of state (that allows only compression shocks) these criteria are equivalent.

Further we shall use another form of the EVP criterion [13]:

(p_1 − p_0) (P_{0,1} (τ) − p_H (τ)) > 0, τ ∈ [τ_0, τ_1] , (13)

where P_{0,1} (τ) =^{p1−p0}_{τ1−τ0} (τ − τ_0) + p_0 is a relativistic analog of the Rayleigh line, p_H (τ) is a shock adiabat with the centre at p_0, τ_0, τ = (ε + p) V^2 is a generalized specific volume. It has been shown in [13] that inequalities (11) and (13) are equivalent.

3. Shock wave instabilities and viscous profiles

Consider now the corrugation stability conditions [6,7] dealing with perturbations of the solutions of hydrodynamical equations. The shock transition “0”→“1” is corrugationally unstable [6,7] if at the final state p = p_1, τ = τ_1 either

m^2 ( ∂τ ∂p ) H < −1 (14) or m^2 ( ∂τ ∂p ) H > 1 + 2M + v_0v_1 1 − v_0v_1

, (15)

where M = v_1/c_1 is the Mach number behind the shock; v is the fluid velocity with respect to the shock front, m=ρv/ √ 1 − v^2 is a conserved flux, index H means that the derivatives are taken along the Hugoniot–Taub adiabat.

On account of the relation m^2 = (p − p_0) / (τ_0 − τ) we see that by virtue of (14) the relative disposition of the shock adiabat and the Rayleigh line in the neighbourhood of the final point p = p_1 contradicts (13). Then condition (14) is not satisfied for shocks satisfying EVP.

To analyse the second inequality (15) we pass on to variables u, p, where u is the fluid velocity ahead of the shock with respect to the fluid behind the shock,

u^2 =

(p − p_0) (ε − ε_0) (ε_0 + p) (ε + p_0)

. (16)

Let p_H (u) represent a shock adiabat in the p−u plane. We shall now analyze inequality (15) in view of the requirement that p_H (u) is a single-valued function. This is not a physical requirement; and, indeed, there are examples of non-single-valued adiabats [2]. However, the case of single valued adiabats p_H (u) covers a significant number of physical applications; and in the opposite case the investigation of discontinuous solutions requires additional information of a non-hydrodynamical nature [2],[9].

The equation for the Hugoniot–Taub adiabat [8] with the centre at (ε_0, p_0) can be written as τ (ε + p_0) − τ_0 (ε_0 + p) = 0.

Due to this equation we have the derivative (∂ε/∂p)_H that is used to obtain (∂u/∂p)_H from (16); then, substitution into (15) yields ( ∂u ∂p ) H < − v_1M m^2τ_1

1 − v^2_0 (1 − v_0v_1)^2

< 0 for p = p_1. (17)

On the other hand, direct calculation of this derivative from (17) for the initial point yields (∂u/∂p)_H = 1/ [c_0 (ε_0 + p_0)] > 0. So, this derivative changes its sign between the initial and the final states, and, therefore, dependence u_H (p) is not monotonous. This conclusion is the same as in classical hydrodynamics. In other words, shock adiabat p_H (u) is not single-valued.

Therefore, either the corrugationally unstable shocks do not satisfy EVP, or they are non-single-valued in the above sense.

So, we infer that shocks for the single-valued Hugoniot-Taub adiabat segments satisfying criterion (13) are evolutionary, corrugationally stable and satisfy the entropy criterion. Discontinuities that correspond to the segments of the shock adiabat where (13) is not valid break up, although their existence is not prohibited by conservation laws.

If the Hugoniot–Taub adiabat p_H (u) is not single-valued, this statement generally does not hold. Such shocks can break up in a non-unique way [2]. Even stable shocks may break up for non-single-valued Hugoniot–Taub adiabats. Consideration of shocks in this case needs additional information of a non-hydrodynamical nature [2,9].

4. Numerical simulations of shock waves

We have shown in section 2 that introduction of either the Landau-Liftshits viscosity or an analytical counterpart of the Neumann-Richtmyer viscosity leads to similar criteria for the shock existence in a one-dimensional flow. However, strictly speaking, when we pass on to a finite-difference analogues of hydrodynamical equations, such a comparison needs special mathematical investigation of a concrete numerical algorithm. In this connection we outline the results of numerical simulations of discontinuous flows in order to illustrate the correspondence between the above EVP criterion and an algorithm involving artificial viscosity. In this section we also apply a numerical algorithm to study the formation of a shock wave in a hydrodynamical spherical collapse.

We confine ourselves to a simple piecewise-linear equation of state that is similar to those considered in a most simple hydrodynamical model of a quark-hadron phase transition (see, e.g., [12])

p (ε) = ε/3 for 0 < ε ⩽ ε_1 (hadron phase), p (ε) = 1/3 for ε_1 < ε ⩽ ε_2, p (ε) = (ε − 1) /3 for ε > ε_2 (quark phase). (18)

The intermediate part for ε_1 < ε ⩽ ε_2 is considered as some model of a phase transition domain between the quark and hadron phases. This is a non-convex one-parametric equation of state; the same is the Hugoniot–Taub adiabat.

To perform the numerical calculations we have worked out a computer program that realizes an absolutely conservative numerical algorithm for relativistic hydrodynamical equations using small viscosity of the Neumann–Richtmyer type. The principle of absolute conservation means that not only conservation laws are approximated numerically but so are all their differential consequences. Such a property permits us to work with rather rough grids (which do not require powerful hardware) in order to obtain qualitatively good results by means of personal

Figure 1. Numerical simulations using the Neumann–Richtmyer viscosity (crosses) versus analytical solutions (solid line). The picture describes an energy density profile that evolves from an “unstable” plane compression shock.

computers. For a detailed description of the method for nonrelativistic equations see [11]; we have modified this approach to the relativistic one-dimensional flow in the case of planar and spherical symmetry.

A. In a planar case the problem we deal with is essentially a break-up problem of arbitrary discontinuity which is analogous to the well-known classical problem [1]. An algorithm of an analytical solution for a relativistic version of this problem can be found in [13,14]; a detailed analytical investigation of discontinuous initial data break-ups for the above equation of state is presented in [14]. The hydrodynamical flows of the breakup problem depend upon the only similarity variable x/t (t is time, x – a spatial variable). The analytical solutions for discontinuous initial data have been compared with the results of computer simulations. The results shown in figures 1 and 2 demonstrate that the initial configurations not satisfying (13) on discontinuities are disrupted into smaller shocks and simple waves. The results also show the existence of admissible (satisfying (13)) rarefaction shocks compatible with analytical calculations.

Figure 2. Energy density profile evolving from the desruption of an unstable plane rarefaction shock.

Figure 3. Spherically symmetrical discontinuous flow in the case of a converging rarefaction shock. The solid line shows the solution obtained by numerical integration of ordinary differential equations corresponding to the self-similarity case; the crosses show the results of an artificial viscosity algorithm.

B. In the case of spherical symmetry we cannot construct an analytic solution for the equation of state (18) with the same degree of completeness as in the planar case. To check up the program in this case we use a specific self-similar solution describing evaporation of a liquid drop through a converging rarefaction shock wave. The solution depends upon the only variable ξ = r/t (r being a radial variable). The trajectory of the converging shock is ξ = −ξ_0.

Inside the drop (|ξ| < ξ_0) the fluid is at rest (v = 0), ε = ε_0 = const.

Outside the drop (|ξ| > ξ_0) the solution is described by an ordinary differential equation (see, e.g., [15]) that is solved numerically. The initial values for v and ε in the hadron phase are obtained from ε_0 and ξ_0 through conservation relations that relate the hydrodynamical quantities on the both sides of the shock. Then this result is compared with the results of numerical simulations using artificial viscosity. These are also in good agreement (see figure 3).

C. The following question concerns the application of the above algorithm to the study of a role of the shelf part (modelling the phase transition domain) in the equation of state (18) in a hydrodynamical spherical collapse. As initial conditions for the converging rarefaction shock wave we take a spherically symmetric configuration with energy density ε (r, 0) = 1/ (2 + r^2) and with homological conditions on velocity v (r, 0) = −αr. We consider a class of equations of state (18) with different sizes of the “shelf” Δε = ε_2 − ε_1 and our aim is to study the qualitative dependence of the flow upon it. The results of the calculations are depicted in figure 4. These figures show the sequential time slices of energy density ε (r, t) as a function of the Eulerian coordinate.

a) b) c)

Figure 4. Energy density profiles in the case of a spherical collapse for different time moments. The figures a), b) and c) correspond to the values of the “shelf” Δε equal to 0,5,17, respectively. The wave-like structures and oscillations in the numerical solution are the consequence of the grid roughness. The “tails” of the solutions at the right-hand side of the curves correspond to a rarefaction wave of the outer layers in view of a nonequillibrium initial configuration that is cut off at ε = 0.05.

Figure 5. Numerical simulations using the Neumann–Richtmyer viscosity (crosses) versus analytical solutions (solid line). The picture describes an energy density profile that evolves from an “unstable” plane compression shock.

As it can be seen from the figures, the shelf part of the EOS causes an emergence of a shock wave moving from the centre of the configuration to the outer layers. This takes place at the moment when the energy density reaches ε_2. This is not surprising because the stiffening of the equation of state at this point acts as an elastic piston. Such a shock emerging in a star core in the collapse process will press on the outer layers of the star as a piston and may contribute to the envelope overthrowing in supernovae explosions. Dependence of the intensity of the shock wave upon the size of a phase transition, i.e. on the size of the “shelf”, is depicted in figure 5. As we see, the larger Δε, the stronger is the shock, i.e. the stronger is the effect of the piston on the outer envelope.

5. Conclusions

We have compared different known criteria for the existence and stability of relativistic shock waves: the existence of a viscous profile, entropy criterion, evolutionarity criterion and corrugation stability. These criteria have different senses and levels of physical justification and differently restrict discontinuous flows. The EnC and EvC follow from very general requirements, however, in the case of nonconvex equations of state they do not properly restrict discontinuous solutions of hydrodynamical equations. The solutions may be specified due to EVP requirements; in particular, this criterion does work in the relativistic problem of decay of arbitrary discontinuity [14]. However, justification of this criterion is less general from the physical point of view. This criterion was obtained in [4,5] by using the phenomenological relativistic viscosity tensor [3] (in a small viscosity limit) for a one-dimensional picture of the shock wave, so one may enquire about other models of the relativistic shock structure yielding other ways of studying discontinuous solutions. Here we do not discuss possible physical situations related to this model, but concentrate on formal results.

Though the relativistic EVP criterion of [4,5] is essentially one-dimensional and the corrugation stability concerns three-dimensional perturbations of the fluid flow, in the case of single-valued shock adiabats (in the p − u plane) the requirement of EVP is shown to be most restrictive: the shocks satisfying this criterion also satisfy EvC, EnC and are corrugationally stable. This is analogous to the non-relativistic case [2]. Though the requirement of a single-valued shock adiabat is not a physical one [2], this case covers a significant number of physical applications. If the shock adiabat is not single-valued, then there may exist corrugationally unstable shocks that satisfy EVP, EvC and EnC [2,9] and their consideration requires additional information of a non-hydrodynamical nature. Note that the results are valid for a wide class of equations of state including those having anomalous domains that are typical in the neighbourhoods of phase transitions.

It is also important to note that the results of the computer simulation based on widely used artificial viscosity schemes agree with the EVP criterion. This has been illustrated by numerical simulations using an absolutely conservative scheme with artificial viscosity for special one-dimensional relativistic flows with a simple piecewise-linear equation of state. The results of these simulations show an essential influence of the model phase transition domain on the amplitude of the shock arising in the spherical hydrodynamical collapse. This may be of interest for more detailed considerations of a relativistic stellar collapse in the supernova flares theory.

References

1. Rozhdestvensky B.L., Yanenko N.N. Systems of Quasilinear Equations. Nauka, Moscow, 1978 (in Russian).

2. Menikoff R., Plohr B.J. The Riemann problem for fluid flow of real materials // Rev.

Mod. Phys., 1989, vol. 61, No 1, p. 75.

3. Landau L.D., Lifshits E.M.. Fluid Dynamics. Nauka, Moscow, 1986 (in Russian). 4. Bugaev K.A., Gorenstein M.I., Zhdanov V.I. Relativistic shock waves under the existence of anomalous equation of state domains // Teor. Mat. Fiz., 1989, vol. 80, p. 138–149 (in Russian).

5. Bugaev K.A., Gorenstein M.I., Zhdanov V.I. Relativistic shocks in the systems containing domains with anomalous equation of state and quark barionic matter hadronization // Z. Phys. C, 1988, vol. 39, p. 365–370.

6. Kontorovich V.M. Stability of shock waves in telativistic hydrodynamics // JETP, 1958, vol. 34, p. 186 (in Russian).

7. Anile A.M., Russo G. Linear stability for plane relativistic shock waves // Phys.

Fluids, 1987, vol. 30, p. 1045; Stability properties of relativistic shock waves: Basic results // Phys. Fluids, 1987, vol. 30, p. 2406.

8. Thorne K.S. Relativistic shocks: the Taub adiabat // Astrophys. J., 1973, vol. 179, No 3, p. 897–907.

9. Kuznetsov N.N. On the theory of shock wave stability // JETP, 1985, vol. 88, p. 470 (in Russian).

10. Glimm J., Klingenberg C., McBryan O., Plohr B., Sharp D., Yaniv S. // Adv. Appl.

Math., 1985, vol. 6, p. 259.

11. Samarsky A.A., Popov Yu.P. Difference Schemes of Gas Dynamics. Moscow, Nauka, 1975 (in Russian).

12. Van Hove L. Two problems concerning hot hadronic matter and high energy collisions // Z. Phys. C, 1983, vol. 2, p. 93–98.

13. Bugaev K.A., Gorenstein M.I., Kampfer B., Zhdanov V.I. Generalized shock adiabatics and relativistic nuclear collisions // Phys. Rev. D, 1989, vol. 40, No 9, p. 2903–2913.

14. Zhdanov V.I., Kolomoets S.V. One-dimensional discontinuous flows of the relativistic fluid with anomalous equation of state // Visnyk Kyiv Univ. (Messenger of Kyiv University) Ser. Astronomy, 1994, vol. 33, p. 31–43.

15. Sibgatullin N.R.. Oscillations and Waves in Strong Gravitational and Electromagnetic Fields. Nauka, Moscow, 1984 (in Russain).

Існування та стійкість релятивістичних ударних хвиль: загальні критерії та числове моделювання для неопуклого рівняння стану

П.В.Титаренко, В.І.Жданов

Астрономічна обсерваторія Київського університету ім. Т.Шевченка, 254053 м. Київ, вул. Обсерваторна, 3

Отримано 30 січня 1998 р.

Обговорюється підхід малої в’язкости до розривних потоків у релятивістичній гідродинаміці із загальним (можливо, неопуклим) рівнянням стану, яке характерне для области фазових переходів. Різні форми критеріїв існування та стійкости релятивістичних ударних хвиль — умови еволюційности, ентропійний критерій та умови складчастої стабільности — порівнюються з вимогою існування ударного в’язкісного профілю. Показано, що останній критерій є більш обмежуючим у випадку ударної адіябати, яка виражається як однозначна функція тиску. Для ілюстрування цих критеріїв у випадку плоских та сферичних ударних хвиль проведено одновимірне числове моделювання зі штучною в’язкістю для простого кусково–лінійного рівняння стану. Продемонстровано вплив области фазових переходів на ударну амплітуду у процесі гідродинамічного сферичного колапсу.

Ключові слова: релятивістична гідродинаміка, ударні хвилі, аномальні рівняння стану, нестійкості, чисельні методи

PACS: 95.30.Lz, 95.30.Qd