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Abstract

We propose a new, augmented formulation of the coupled Euler-FEinstein
equations for perfect fluids on plane-symmetric Gowdy spacetimes. The
unknowns of the augmented system are the density and velocity of the fluid
and the first- and second-order spacetime derivatives of the metric. We
solve the Riemann problem for the augmented system, allowing propagating
discontinuities in both the fluid variables and the first- and second-order
derivatives of the geometry coefficients. Our main result, based on Glimm’s
random choice scheme, is the existence of solutions with bounded total variation
of the Euler—Einstein equations, up to the first time where a blow-up singularity
(unbounded first-order derivatives of the geometry coefficients) occurs. We
demonstrate the relevance of the augmented system for numerical relativity.
We also consider general vacuum spacetimes and solve a Riemann problem,
by relying on a theorem by Rendall on the characteristic value problem for the
Einstein equations.

PACS numbers: 04.20.Cv, 04.20.Ex, 04.30.—w, 47.75.+f

1. Introduction

It is well known that solutions of the Euler equations for inviscid hydrodynamics can
develop ‘shocks’ or discontinuities in the density and velocity, even starting from smooth
initial data. The same is known to be true for special relativistic hydrodynamics assuming
plane symmetry. What happens when general relativity is taken into account? A shock

0264-9381/04/225043+32$30.00  © 2004 IOP Publishing Ltd  Printed in the UK 5043


http://stacks.iop.org/cq/21/5043

5044 A P Barnes et al

would imply a discontinuity in the energy—momentum tensor and hence, via Einstein’s
field equations, a discontinuity in the Ricci curvature tensor or, equivalently, jumps in
the second derivatives of certain metric tensor components. But do Einstein’s equations
permit such discontinuities? If the sources and fields are weak so that linearized theory is
applicable, it seems very plausible physically that they should. But what of the full nonlinear
theory? Although there is a rich literature concerned with relativistic jump conditions
(for instance [12]), the relativistic Rankine—Hugoniot relations, very little seems to have
been done to establish existence and uniqueness of discontinuous solutions of the field
equations.

The first rigorous result of which we are aware is due to Smoller and Temple [18]. They
looked at the special relativistic Euler equations and assumed planar symmetry. (In Cartesian
coordinates (¢, x, y, z) all quantities are assumed to depend on # and x only.) They demonstrated
the existence of global solutions with bounded variation, by generalizing Nishida’s proof
[13, 14] for the non-relativistic system.

Much earlier Taub [19] had proposed an approximation scheme for solving the Einstein
field equations with planar symmetry and not-so-weak fields. At the lowest level one has
precisely the special relativity problem. Taub assumed the Smoller—Temple result and
then described a systematic iteration process to include the matter—geometry and geometry—
geometry interactions. A demonstration of its convergence would appear to be a daunting
problem.

Rigorous existence results for full general relativity have been obtained by Groah and
Temple [6, 7] under the assumption of spherical symmetry. While their results are very
interesting we feel that the assumption of spherical symmetry is restrictive. We shall argue
that general relativistic shocks are a fascinating example of the features of hyperbolic systems.
But for spherical symmetry many of these features are suppressed (cf Birkhoff’s theorem
[21]).

There is an important difference between classical hydrodynamics and Einstein’s theory.
Reductions of Einstein’s equations produce a hyperbolic system but with elliptic constraint
equations. The latter are often regarded as secondary, subsidiary features but we shall argue
that they are of pivotal importance. For a related discussion see, e.g., [4].

The use of the space of functions with bounded variation in general relativity is not new;
cf the extensive and profound work by Christodoulou (for instance in [2]) on the Einstein
equations coupled to a scalar field.

We start by considering the vacuum case for this is the key to the entire discussion. It
is explored in detail in the next section. Within an initial spacelike hypersurface we assume
that there is an internal hypersurface (i.e., a 2-surface) across which some second transverse
derivatives of the 3-metric are discontinuous. (We do not ask how these discontinuities
occurred.) By imposing the constraint equations we determine directly which discontinuities
are permitted. We next demonstrate that for permissible discontinuities we can solve the initial
data problem, i.e., determine the initial data for Einstein’s equations on the initial hypersurface
which satisfy the constraint equations. The Cauchy problem has initial data discontinuous
across a 2-surface and so resembles a Riemann problem. On each side of the discontinuity we
can solve a standard Cauchy problem within the appropriate domain of dependence. Reading
off the solutions on the future boundary of each side we have sufficient data to solve the
characteristic initial value problem to the future of the boundaries, according to a theorem
of Rendall [15]. This produces an existence/uniqueness result which is local, i.e., valid in a
small spacetime neighbourhood of the initial discontinuity. In each domain of dependence and
in their common future the solution is smooth. However if there were discontinuities in the
initial data then there will be discontinuities in the second transverse derivatives of the metric
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across the boundaries. Apart from vacuum, no other assumption is required, and so this is a
general result.

We next turn to the case where an inviscid perfect fluid is present. In classical (non-
relativistic) hydrodynamics, existence/uniqueness theorems are usually based on a technique
introduced by Glimm [5] (cf [11] for recent developments) which assumes planar symmetry.
We therefore restrict consideration to a subclass of plane-symmetric Gowdy spacetimes
whose general properties are described in sections 3 and 4. In section 5 we introduce the
new, augmented formulation in which the first- and second-order derivatives of the metric
components are considered as independent unknowns. Section 6 states precisely the main
result of this paper, an existence theorem for arbitrary large initial data. We write the field
equations as a quasilinear system of conservation laws with sources. This differs from standard
reductions in that we write down equations for the evolution of first and second derivatives of
metric coefficients, allowing them to be as discontinuous as the fluid variables. Further we
assume that the initial data satisfy the constraints for we do not use the constraint equations
directly in our analysis. We treat the convection terms through a Riemann problem defined
in section 7. We introduce a generalization to the Glimm scheme, whose convergence is
established in section 8. The main difficulties for the convergence analysis are to ensure that
(1) the total variation of the fluid and the first-order derivatives of the geometry coefficients
have uniformly bounded variation, and that (2) the energy density remains bounded away from
zero and the velocity remains bounded away from the light speed. This leads us to the main
result of this paper, the existence theorem stated in section 6.

In section 9 we describe the numerical implementation of a finite difference scheme based
on the augmented formulation, and show some results from numerical simulations. A final
section provides some concluding observations.

2. The vacuum case
Let ¥ be a spacelike hypersurface in spacetime M with intrinsic curvature tensors %,; and
kqp. Suppose there is a surface S C X such that

(1) the fields A,y and k,;, are C* on the complement of S,
(2) the second transverse derivatives may be discontinuous across S.

We first ask what restrictions are imposed on such jumps by the constraint equations, then

whether the constraint equations can be solved, and finally whether the vacuum Einstein field

equations can be solved. For the notation used in this section we refer to the textbook [21].
The constraint equations are

k"1 — ko =0, @2.1)
R + kgpk® — k> = 0. (2.2)
Here | denotes the covariant derivative of A, 3R its Ricci scalar and k = k,. Since the

questions we are asking are local we use Gaussian normal coordinates adapted to S so that §
is (x! =0) and

ds? = dx'” + hpdx? dx®,

where A, B, ... range over 2, 3. We are interested in the second transverse derivatives of z14
and the first transverse derivatives of k4 5. We may decompose the momentum constraint as

k' gkt 4=k =0, ka'a+ka® p—k 4+ =0,
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where - - - denotes terms containing no derivatives of k., and at most first derivatives of 4, so
that they are continuous at S. We deduce immediately that k4; ; and kAA,l must be continuous
across S.

Next we introduce the notation dyp = —1hap1 andd = h*Pd,p. Then the Hamiltonian
constraint can be written in the form

2R —hBdyp 1 +d* +3d,pd™? + kypk® — k* =0,

where 2R is the Ricci scalar curvature of hyp. Now h48d,p | = d | +2d,p3d*? and so we
see that d | must be continuous. Thus we can allow jumps only in the trace-free parts of d4p
and k4 p, ;. If we introduce the normal (in M) to the surface ¥ and decompose the Weyl tensor
into its electric and magnetic parts then only the trace-free parts of these can have jumps.
Equivalently if we introduce a Newman—Penrose null tetrad with [/, n#* spanning the 2-space
generated by the normal and 9/ dx! then ¥, ¥, and W5 must be continuous across S; only Wy
and W, can have jumps.

Can we find solutions of the constraint equations with these properties? Consider first the
case of time- symmetrlc data, k., = 0. Let h Ap be any symmetrlc tensor field such that the
trace-free part of h Ag.11 1s discontinuous and require that f (x“)h g satisfies the Hamiltonian
constraint. The equation for f is

13%
Af =5 Rf =0,
where 3R is the Ricci scalar of ’iZA p. We can solve this easily in two special cases:

(1) If hipp is piecewise analytic we can impose boundary data

£@0,xY =1, £10,x*) =0

and use the Cauchy—Kovalevski theorem.
(2) fwe set hap = hap(x") and f=rf (x1) then we have an ordinary differential equation
which can be solved. (Such data admit an Abelian two-dimensional isometry group.)

In the general case we have to try a different approach. We prescribe h 4p arbitrarily and
use the constraint equations to obtain parts of k,;,. We decompose k,? into k', k12, k42 and
further decompose k42 into 2k (its trace) and k42 (its tracefree part). We prescribe k48 with
a jump in S. In the Hamiltonian constraint k;! appears only in the form k; ' (k» + k33) and we
can solve for it provided 2k # 0. In the momentum constraint the ;' ; terms cancel and we
can solve for 2k ; and k;* ;. Assuming again analyticity or symmetry we can obtain a solution
if we give initial values 2k # 0 and k;* at S.

We next introduce a chart in spacetime M as follows. (Figure 1 may be helpful here.) Ny
and N, are null hypersurfaces in M which intersect in S. x° is an affine parameter along the
null geodesic generators of Ny such that x® = 0 at S. It is also defined to be zero on N;. x!
is similarly defined, so that S is x0 = x! = 0. (x%) are the intrinsic coordinates in S and we
propagate them onto Ny and N; by requiring them to be constant along the null generators.
This defines (x*) on Ny U N;. We propagate them into the future U by requiring Ux? = 0
and solving the characteristic initial value problem.

We relabel the initial data on ¥ on each side of S as %h,;, and '4,;, and extend each of
them smoothly across S in an arbitrary way. Consider first the data °h,,. By solving the
standard Cauchy problem we can determine, at least locally, a smooth solution in the domain
of dependence Uy. Since this includes Ny we can obtain the restriction of Y45 to Ny by
taking the limit from the past. The same can be done on N;. Then a theorem of Rendall
[15] guarantees the local existence and uniqueness of the solution of the characteristic initial
value problem for the Einstein vacuum field equations in U. The solutions will be smooth in
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Figure 1. Spacetime M with two dimensions suppressed. Smooth data °A,, and ' 1y, are specified
on the indicated regions of the Cauchy surface X, but they do not agree in the overlap at S. %%y, is
used to determine the solution in the region Uy and hence, by continuation from below, on the null
hypersurface Ny. The data on the null hypersurfaces are used to solve a characteristic initial value
problem for the metric in U. The second transverse derivatives of this solution on Ny and N; are
discontinuous.

Uy, Uy and U, and across Ny and N; they will be continuous with continuous transverse first
derivatives, but the second transverse derivatives will have jumps.
Thus in the vacuum case we have a fairly complete local result.

3. Plane-symmetric perfect fluids

Even in the Newtonian case existence results are only known for the case of one spatial
independent variable. Therefore we restrict consideration to plane-symmetric spacetimes.

We consider solutions of the Einstein—Euler equations for a compressible perfect fluid,
assuming that the spacetime metric has the following ‘polarized Gowdy’ form,

ds? = gop dx® dxf = e (—dr? + dx?) + e (e* dy* + e % dz?), (3.1

where the coefficients a, b, ¢ only depend on the time variable ¢ and the space variable x, but are
independent of y and z. We consider perfect fluids with mass density p > 0, energy density
@ > 0 and pressure p. These thermodynamical variables are connected via the so-called
equation of state of the fluid: p = p(p, w). For simplicity (we do not have to worry about the
evolution of p) we consider an ultrarelativistic fluid whose equation of state is

p=c’H, 0<c <1,

where the constant ¢, is called the sound speed.
The 4-velocity vector u* is normalized to be of unit length

uu, = —1.
We make the simplifying assumption that the velocity is only in the x-direction, and set
u* =ey(1,v,0,0),

where the coordinate velocity v satisfies [v| < 1and y = (1—v?)~"/2. The matter is described
by the energy—momentum tensor

T = (u+ pyu®u’ + pg*?, (3.2)
from which we extract fields 7, S and X defined via
T =e 7 =e 2 ((u+ p)y* — p). 3.3)
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T —e 25 =e X (u+ p)yv, (3.4)

and
T''=e 2% =e X ((u+p)y*v* + p). (3.5)
Note that given w, v and p, which we will consider as our primary unknowns, or primitive
variables, it is easy to compute 7, S and X, which we shall call conserved variables. Given
the conserved variables 7 and S it is straightforward to compute primitive variables  and v
and hence p. These calculations take place in Minkowski spacetime, which is independent of

the geometry variables a, b and c.
Because p = c2j, we have

t=+py’—p=((1+c)y* = )u,
S=(u+pyv= (1 + cf)yzvu, 3.6)
Y= (u+pyi+p= ((1 + cf)yzvz + cf)u
and it is convenient to note here that
—1+X -2p=—(1+c})n, -3 =(1-c)u. (3.7)
The Einstein field equations are
G = kT, (3.8)

where G*# is the Einstein tensor and k = 87 G/c*. Here G is Newton’s gravitational constant,
and c is the speed of light which (by appropriate choice of physical units) is set to unity
throughout this paper.

Using the line element (3.1) we may compute the constraint equations, the (00) and (01)
components of (3.8) as

2a,b; +2a,b, +b? —2b,, —3b* — 7 — ? = ke¥7, (3.9)
—2a,b, — 2a,b; + 2by, +2bb, +2cic, = Kk €2, (3.10)

as well as the evolution equations, the (11), (22) and (33) components

2a;b; +2a.b, —2b,; —3b? +b? — ¢ — c? =k e*X, (3.11)
—a; +ay — by — b,2 +2bic; + by + b)zC —2bycy + ¢y — ct2 — Cpx + cjzc =ke’p, (3.12)
and

—a; + ayy — by — b,2 —2b,c; + by + b)% +2bycy — Cip — sz +Cyy + cjzc =k e¥p. (3.13)

The evolution equations contain second time derivatives of a, b and ¢, whereas the constraint
equations contain only zero or first time derivatives.

It is convenient to take certain linear combinations: computing ‘—(3.9)+(3.11) —(3.12) —
(3.13)’ gives

Ay — e = b} —bE — ¢} + i+ Sk e (—T + T —2p), (3.14)
while “(3.9) — (3.11)" yields
by — by = —2b7 +2b% + lk e (r — ), (3.15)

and finally “(3.12) — (3.13) simplifies to
Cit — Cxx = —2bsc; +2b, . (3.16)



The Glimm scheme for perfect fluids on plane-symmetric Gowdy spacetimes 5049

The evolution equations for the fluid are a consequence of the Einstein field equations (3.8)
and are obtained by expressing the Bianchi identities G*#. 5 = 0 for the metric in terms of the
energy—momentum tensor

7.5 =0, (3.17)
where .z denotes the covariant derivative. We thus obtain the Euler equations

o+ S, =T, S;+2, =T, (3.18)
in which the ‘source terms’ 7 and 7, are given by

T = —t(a, +2b;) — SQay, +2b,) — Xa, — 2pby,

T, = —ta, — SQa; +2b,) — X(a, +2b,) +2pb,.

(3.19)

Note that if we set a = b = ¢ = 0, forcing the spacetime to be flat then the right-hand sides
of (3.18) are zero. In this case we have the special relativistic Euler equations.
Next we examine the constraint equations (3.9) and (3.10). It is convenient to define

H = e*(2a,b; +2a,b, + b} — 2b,, — 3b; — ¢} — ct — k e¥'7), (3.20)

X

and
M = e*(=2a,b, — 2a,b, + 2b,, +2b,b, + 2c,cx — Kk €2°5), (3.21)

so that the constraint equations are equivalent to H = M = 0. If we form the time derivatives
of H and M and make use of the evolution equations we obtain

H["‘MX:O:Mt'i'Hx, (322)

a symmetric hyperbolic system of conservation laws (with characteristic velocities 1) for H
and M. Thus if the conservation equations are satisfied at say r = O for all x and the evolution
equations (3.14)—(3.18) are satisfied for + > 0 and all x, then the constraint equations are
satisfied for + > 0 and all x.

This completes the description of the system under study.

Remark 3.1. It should be noted that the limiting case ¢; = 1 is very different. For ¢, < 1
and the energy momentum tensor (3.2), the conservation equations (3.17) imply the nonlinear
Euler equations. However if ¢; = 1 it is easy to verify that the solution of (3.17) is

w=pp)(VPP),  ut=p PV, (3.23)
where ¢ satisfies the linear wave equation
8"’V Vg = 0. (3.24)

4. Special solutions

Before we present the main statement in this paper (section 5), it is useful to investigate the
existence and properties of special solutions, and to discuss the general algebraic properties
of the system under consideration. One important issue of interest before we can develop a
theory of shock waves is to determine the functional space suited to our problem.

We begin by formally decoupling the fluid and the metric and considering the Einstein
equations in vacuum for metric (3.1). Thus we consider the following equations for the
variables a, b, c:

2 2 2, 2
ay — axx = by — by —c; +cy, “.1)
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by — by = —2b7 +2b7, 4.2)
and

Cit — Cxx = —2b,c; +2b,c,. 4.3)
In addition we must satisfy the constraint equations

2a,b; +2a,b, +b? —2b,, —3b* —c? — =0, 4.4)
and

—2a;b, — 2a,b, + 2b;, +2b,by +2c,c, = 0. 4.5)

Theorem 4.1. When the coupling with the fluid is neglected (that is, by formally replacing the
coupling constant k by 0), the geometric variables a, b, c may blow up in amplitude in finite
time. More precisely, the following hold:

o The general solution b = b(t, x) of (4.2) may exhibit blow up in finite time.
e As long as b remains bounded, the variables a and ¢ remain bounded as well.

Furthermore, the initial value problem for the vacuum polarized Gowdy equations admits a
smooth, globally defined solution (for all t > 0 and all x) when the initial data for a, b, ¢ are
smooth compactly supported functions and the initial data for b are sufficiently small, in the
sense that

/ e 0 (b4 (0, )] +[b,(0. x)]) dx < 1.
R

Therefore, the function b determines whether there are singularities in the geometric
variables. A blow up of b corresponds to the formation of a singularity in the metric.
Theorem 4.1 explains why the existence result in section 5 can cover only a finite time interval
for general data.

Proof. We observe that the nonlinear equation (4.2) for the function b is equivalent to the
linear wave equation

@) = (@) =0,
and can therefore be integrated explicitly:
1L f/fx+0)+g(x—1)
2 fx+t)+glx—1)’
where f and g are arbitrary functions satisfying f +g > 0. The function e?” being the solution
of a linear wave equation, may well be positive initially but it can vanish after a finite time,
corresponding to a blow up of the coefficient b itself. Clearly, depending upon the choice of
the functions f and g, the function b and its derivatives may (or may not) blow up in finite
time. However, when f and g are sufficiently close to a positive constant, or equivalently
when b,, and b, are sufficiently small at time ¢ = 0, then the solution » remains close to 0 for
all times and no blow up takes place.

If b is already determined and smooth, equation (4.3) can be regarded as a linear equation
in ¢ and therefore its solutions cannot blow up in finite time. Similarly, if both b and ¢ are
already determined, the coefficient a is the solution of a linear wave equation (4.1) with given
right-hand side. Again no blow up can possibly take place. (|

b(x,t) = %log(f(x+t)+g(x —1)), by(x,t) = 4.6)

A special class of homogeneous vacuum solutions, possibly exhibiting blow up, is obtained
by assuming that a, b, ¢ are independent of the space variable. Note that b does not have
compact support and, therefore, the following result does not contradict the global existence
result in theorem 4.1.
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Theorem 4.2. When the coupling with the fluid is neglected, the homogeneous solutions have
the form

2
eza=A|t_t()|2k —1/2, ezb:Blt_t()" ezczc|t_t0|2k

where ty, A, B, C and k are constant parameters. The curvature invariant Rebvs Rapys s

proportional to |t — t0|_4k2_3. Thus by suitable choice of the parameters we can arrange blow
up att = ty in the future.

We now turn to the coupled Einstein—Euler system. Here there are a few exact solutions,
including a homogeneous one [1]. Let o and m be positive constants, and set

F(s) = (e +ms' )07,

Define t implicitly via

T S1/3
= ——d
/0 (Feni— &

Then the solution is given by

1 2
a:—glogt+(1—csz)logf(r), b:§logt, c=0

4m

BECT A

"

The singularity here occurs at t+ = v = (. By choosing data at some positive ¢ and time-
reversing it we can arrange for blow up in the future. For a related discussion see Rendall
[16].

5. The augmented Euler-Einstein system

Consider the two constraint equations (3.9), (3.10). It is natural to place the terms b,, and
b;, (which have the highest derivatives) in the same functional class as the unknowns t and S
(which may have jumps). This motivates us to consider b,, and b;, as independent variables,
and, in order to treat all geometry variables on the same level of regularity, we set

. . . 2
U': (atxsaxx’blvaxxvctx’cxxv)v V: (Ta S)’ W= (e avat’avat’bxvclvcx)'

The augmented system associated with the equations under consideration has the abstract
form

U + AU, + A2V, + AW, = R(U, W), U=U(@,x) e RS,
Vi +B(V)V, = S(V, W), V=V(@tx) eR, xR, (5.1
W, +CW, =TV, W), W = W(, x) € R, x R

Specifically, we find

Ui — Upe + 36c(1+60) (Wipn) = 2(Us Wy — Uy Ws — UsWe + UsW5),
Uy — Uz, =0,

U — Use = 3 (1 = ) (Wip), = 2(UsWs + Us We),

Uy — Uz, =0,

(5.2)

(5.3)
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in which p is a function of V, and
Us; — Usy = 2(=UsWs + Uy W7 — UsWy + UsWs),

5.4)
Ug — Us, = 0.
The evolution equations for the V-variables are (3.18), that is with the new notation
Viet+ Vo, = =Vi(Wa +2Wy) — Vo(2W3 +2Ws) — ZW, — 2p W,
(5.5)
Vor+ 2, = —=ViW; — VL2Wo +2Wy) — Z(W3 + 2W5) +2pW5,
in which X, p are functions of V. Finally, for the variable W we add
Wi =2W 1 Wa,
Wo — Wi, = Wi — Wi — W — Lewi (1+¢))ue,
W3, — W =0,
Wy — Wsy = —2W; +2W5 + 2 Wi (1 = ¢})ue, (5.6)
Ws, — Wy =0,
Wer — Wax = =2WyWes +2Ws W7,
W7 — Wey = 0.

In addition, the system of evolution equations is supplemented with two constraints of the
form

DWU,V,W)=0, EWU,V,W)=0, 5.7)
where D and E are given by

DWa Wy + 2W3Ws + Wi — 22Uy — 3W2 — W2 — W2 = kW, V, (5.8)

—2WoWs —2W3Wa +2Us + 2WaWs + 2We W7 = k W V3. (5.9)

If these constraints are satisfied at the initial time, then they are satisfied for all times as
a consequence of the evolution equations. For suppose that U, V and W satisfy the evolution
equations (5.1). It follows from the Bianchi identities that D and E satisfy a similar system
with fluxes and sources which are homogeneous functions of D and E of degree 1. Thus if D
and E are zero initially they will remain so.

It is illuminating to compare the vacuum and fluid cases at this point. If the fluid has a
shock then Vi = 7 and V, = S will be discontinuous and so Us = b,, and Uy = b,, might
also be discontinuous, as a consequence of the constraint equations (5.8), (5.9) (assuming
apriorithat W, = e“ is continuous). Butin vacuum the same argument shows that these second
derivatives of b will be continuous. This is fully consistent with section 2 for trace(h 4 3) = e*.
In the vacuum case it is ¢;, and c¢,, which can carry discontinuities.

We observe that the matrix A! has constant coefficients and eigenvalues 41 (each with
multiplicity 3) and a full basis of eigenvectors. Basically, the unknown U e R satisfies
three wave equations in flat space, coupled only through the source term R(U, W), a given
algebraic expression of U and W. Note however that the term (W;u), generates some
additional coupling, that is the terms A2V, + A*W,, between the fluid and the geometry
(which should not be handled as a source term since @ may contain discontinuities). To
handle this coupling we will solve a Riemann problem (section 7).

On the other hand, the matrix B(V') depends nonlinearly on V and describes the standard
relativistic fluid equations in a Minkowski background. The eigenvalues of the matrix B(V)
are those of the special relativistic Euler equations in flat space [18],

v * ¢

Ay = .
= 1 + vy

(5.10)
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Note that since 0 < ¢y < 1, A, is a strictly increasing function of ¢; and so A, > A_ for all v
with 0 < |v| < 1.

Finally, we note that the matrix C has constant coefficients and eigenvalues 0 and +1 with
multiplicities 0, 3 and 3, and a full basis of eigenvectors. We have a simple evolution equation
for e>* and three wave equations. As a matter of fact, the equations for V and W can be solved
independently from the equations for U, and the latter serve only to propagate the constraints.

Remark 5.1. The limiting case ¢; = 1 needs special treatment. Note first that because of
(3.7), the matter term on the right-hand side of (3.15) vanishes and so the b-equation reduces
to its vacuum form (4.2) with explicit solution (4.6). The field equation (3.24) for ¢ implies

¢ — €®¢,), =0,

or

it — Prx = —2b,p; + 2b, by, (5.11)

which should be compared with the c-equation (4.3) in vacuum. Note also that (5.10) implies
Ay = £1.

6. The Cauchy problem

In this section we state the existence result to be established in this paper. With any function
with bounded variation ¥ : R — R we associate its L>° norm

Yz~ := sup Y (x)]
xeR

and its total variation

TV(Y) =sup» |¥ (1) = Y (x,)] < 00,

where the supremum is over all monotone increasing, finite sequences x,. An alternative
definition (which is essentially equivalent to the above) is to require

f@dex
R

where the supremum is taken over all smooth functions with compact support satisfying
[[@]|z~ < 1. (In other words, a function has bounded variation if its derivative in the weak
sense of distributions is a bounded measure.)

The relevance of the space of functions with bounded variation to study nonlinear
hyperbolic systems was recognized by Glimm [5]. Recall that such a function ¥ admits
left-hand and right-hand traces Y (x=) at each point x, which are distinct at countably many
points, at most. This space is well suited to describe discontinuous solutions of hyperbolic
equations. In addition, the analysis of approximate solutions is based on a key compactness
theorem, due to Helly: if Y” is a sequence of functions whose bounded variation remains
uniformly bounded when 7 — 0, then one can extract from Y" a subsequence and find a
function of bounded variation Y such that Y (x) converges to Y (x) at every point x.

Given this background we can state our main theorem:

sup < 00,

Theorem 6.1. Suppose that the prescribed initial values U (0), V (0) and W (0) at time t = 0
satisfy

IUO) [z~ +TV(V, W)(0)) < o0 (6.1)
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and satisfy the constraint equations (5.7). Then there exists a solution U = U(t,x),V =
V(t,x), W = W(t, x) which is defined for all x € R and on a (maximal) time interval
t € [0, Timax), is a solution of (5.1) (in the sense of distributions) satisfying constraints (5.7) at
each time, and has the regularity

U@L~ +TVV, W)(1)) < oo, 1 € [0, Trax), (6.2)

/ [(V, W), x) — (V, W), x)|dx < Clt — 1’| (6.3)
R

for some C > 0andallt,t’ € [0, Tyax). When Thyax < 00, then the L™ norm of the geometry
variables W (t) must blow up at t = Tyax.

In theorem 6.1 the solutions satisfy the equations in the sense of distributions: for instance,
for the fluid equations (5.5) this means that

//(@Vl+9xV2)dxdt=//9(—V1(W2+2W4)—V2(2W3+2W5)—EW2—2pW4)dxdt,

and
//(QZVQ +60,X)dxdt = — //(V] W3 — Vo2QWo +2Wy) — (W3 +2Ws) +2pW5) dx dt,

for every smooth function 6 = 6(t, x) with compact support.
The proof of theorem 6.1 will be based on the Glimm scheme [5]. To establish the
existence of a solution to the Cauchy problem we proceed as follows:

e Solve the Riemann problem when the source terms are neglected.

e Design an approximation scheme based on Glimm'’s random choice method and a suitable
fractional step procedure to handle the sources.

e Estimate the L* norm of the approximate solutions.

e Derive a bound on the total variation of the variables V and W.

e Check the compactness and consistency of the scheme, including the constraint equations.

Observe that the equations (especially (5.2)—(5.4)) are linear in U and an L* bound on U
is sufficient in the convergence analysis. On the other hand, the equations under consideration
are nonlinear in V and W and we must therefore control a stronger norm. The total variation
is natural when propagating discontinuities are expected in the solutions.

Note that we are regarding U, V and W as independent variables, and are allowing
discontinuities in all of them. Thus constraints (5.7) cannot be imposed throughout
the approximation scheme but could be checked afterwards, based on the evolution
equations (5.10). Alternatively, one could, at each time step, project the approximate solution
onto the manifold determined by the constraints. This is probably useful to improve the
accuracy in numerical calculations, although it is not required for the convergence analysis.

Remark 6.2. It can be checked that the solution U in theorem 6.1 is weakly continuous in
time, in the sense that for every smooth, compactly supported function 6 there exists C > 0
such that

/(U(l,x) —U{',x))0(x)dx| < Cl|r —1'|
R

forallz,t" € [0, Thax)-
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7. The Riemann problem

Throughout this section we neglect the source terms in (5.1) as well as the constraint
equations (5.7). The fluid variables satisfy the two conservation laws

T+ S, =0, S+ 2, =0, (7.1)

which are entirely decoupled from the geometry. The Riemann problem for the special
relativistic fluid equations (7.1) corresponding to the piecewise constant, initial data

(!, 8, x <0,
(7, 90, x) = (7.2)
(", 8, x>0,
was solved by Smoller and Temple [18]. It is convenient to introduce the Riemann invariants
=sw-2  s=3w+2),
where
( 1+v >
w = log ,
1—v
and

f Vp'im)

m+ p(m) l+c
The mapping v € (—1,1) » w e Riis one—to—one, while the mapping p +— z is one-to-one
from (0, c0) onto itself.

The construction of the solution of the Riemann problem (7.1), (7.2) requires some tedious
algebra but is rather standard. We will only need here to recall a few properties of the solutions.
The solution of the Riemann problem is made of two waves associated with the two nonlinear
characteristic families associated with the sound speed c;.

5 log = ko log .

(1) The regions
Ry ={(rs):—M <r <s <M}, M > 0, (7.3)

are convex in the plane of the conservative variables and are invariant regions for the
Riemann solutions, that is, if the Riemann data belong to R, for some M > 0, then
the corresponding Riemann solution also belongs to Rjy,. This is established by direct
verification from the expressions of the shock curves and rarefaction curves which are
used to construct the solution of the Riemann problem.

(2) When two elementary waves of the relativistic fluid system or, more generally, when two
Riemann solutions ‘interact’, the total variation is non-increasing. This is so provided
the total variation is measured in the variable log u, as first discovered by Nishida for the
fluid equation in flat space [13].

We now turn to the equations for the geometric components. Neglecting the source terms
we obtain

Uy — U + 2 (1+ ¢%) (Wi, =0,

(7.4)
Uy — le = Oa
Us, — Usy — 36 (1 — ¢*)(Wip), =0,

(7.5)
Uy — Us, =0,

and
Us;, — Us, =0, Us — Usy = 0. (7.6)
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Solving the Riemann problem for the linear hyperbolic system (7.6) is straightforward:
the solution (Us, Ug) contains two waves with speeds —1 and 1 respectively. Exactly one of the
Riemann invariants Us £ Uy is discontinuous at each of the two waves. More precisely, the
Riemann problem (7.6) and

(Ué,Ué), x <0,

Us, Us) (0, =
(Us, Ug)(0, x) vz, up). £>0

(7.7)

are solved with two waves with speeds —1 and +1. The constant states (Ué, Ué) and (Ui’ VUE )
are separated by a middle constant state

(Us, Ug),
determined by the Rankine Hugoniot relations for each wave, that is,

—(U5 = Ug) = (U5 =Ug) =0, —(Ug = Ug) = (U5 = Us) =0,
and

(U5 —U3) = (Ug - U5) =0, (Ug —Ug) = (U5 = U3) = 0.

This is equivalent to the continuity of the first (second) Riemann invariant across the first
(second) wave, thus

0 = UL+ UL+ UL - UL, 0 = UL+ UL - UL+ UL
This explicit form for the solution will allow us to control easily any norm of the Riemann
solution we might need to estimate later in the proof.

Theorem 7.1. Given any constant Riemann data U, Vi, W and (U™, V", W), there exists
a solution to the Riemann problem

U, + AU, + A2V, + A>W, =0, U=U({,x)eR®,
V,+B(V)V, =0, V =V(,x) € R, (7.8)
W, +CW, =0, W=W(t,x) eR,
(ut, vi, wh, x <0,
u,v,w),x) = (7.9)
wr, v, wn, x > 0.

The variable V contains two (shock or rarefaction) waves associated with the sound speeds
+cg, while the geometric variables Us, Ug contain two shocks with speeds £1, and the
variables Uy, . .., Uy contain five waves associated with the light speeds %1, the sound speeds
+cg and the speed 0. The variable Wy has a single wave with zero speed, while W, ..., W
have jumps with speeds +1.

Remark 7.2.

e If the components Us, Us are continuous initially that is U} = U! and U = U/ then
Us, Ug remain constant. In particular, discontinuities in the components Us, Ug cannot
appear unless they exist at the initial time.

e The same is true for all of the components of U, U,, Uz, Uy along the light cone.

Proof. It remains to solve the Riemann problem for (Us, U,), for instance. The jump relation
along a sound wave with speed A is

—(U = Us) = (U] = Uy) = e Wi (1= ) (" = 7)) =0,
(U - U;) - (U5 —U5) =0,
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The right-hand components can be expressed in terms of the left-hand components:

P
Uf =U; + kWi (1 =) (" — ),

12
I=A%2 (7.10)
vreur— 1 Wi(1—¢?) (" —p)
4 THe T e T e ) R
It will be convenient to set
W, =W, Wi = Wwy.

In the special case that the fluid variables contain two shock waves we can combine the above
jump relations and determine the solutions (Us, Us): it is made of five waves and six constant
states

U0y, (U uy), (U U,
(Ui, uy), (U™, Uy, (U3, U7),
where (U}, U}) and (U3, U}) are given constants and along the wave with speed —1 we have
U+ Ul =Us + UL, (7.11)
while along the sound wave with speed A/
| A 2 I
*— wl - *
U;” - Uy = WEKWI (1 — G )(,U« -,
(7.12)
*— wl - 2 * !
v, -U; = _TO»Z)ZEKWI (1 —Cs )(M =),
and for the stationary wave
Uy —Ust =0, Uit — Uy + e (Wi = wi)(1 = ¢)u* =0.
Finally along the sound wave with speed A"
U — Ut = LEKW*—(I—C?)(LJ—M*)
3 T =22 ! ’ ’
(7.13)
Ur* _ U*+ — _;EKW-F(I —c 2)(//Lr _ M*)
4 4 1—n22 ! ’ ’
and for the wave with speed +1
Uy —-Uu;" =U; —Uj. (7.14)

Note that all of the constants 7%, £*, \! and A" are already known from solving the
Riemann problem in the fluid variables. The above linear, algebraic system of eight equations
determines uniquely the eight unknowns U 2 oU j‘l , U;k ) j‘ -, U3*+, U j{ﬂ U3  and U;". Setting

1 (1—¢?) 1 (1-¢?)
! — * l r + r *
= kW ——2 " —pu), = gkWio—— W — ),

o =K 11_&,)2(# n) o =K 11_()\,)2(# w)
and

pr =3 (Wi = wi)(1 = e?)u,
we find

Ui = HUS+ U+ U, — U — (1 2D)e! — (1+ 1) ], a15)

U = 3[UL = Us + Uy + U + (L+ADa! + (1L+ 3 + B7], '
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Ui =U = 3[US+ UL + Uy — U + (=1 + AD)a! — (1+ 20" — B*],
Ui = 3[US = U+ U+ U + (= 1+ 2D + 1+ 2" + B, (7.16)

Uit = UL = Us + Up+ Uf + (=1 + 2D + 1+ )" — B7],
Uy = MU+ U + Uy — U + (=1 +)a! + (=1 + 1" — B*], 1)
Uy = U — U +Uj+ U + (=1 +ADa! + (=1 + 1)e” — B7]. '

A similar result holds for U; and U,. Note that jumps in the geometry across the four interfaces
occur if and only if there are jumps in the matter variables across the inner pair of interfaces.
Note too that this Riemann solution violates the constraint equations (3.9) and (3.10). Jumps
in Us = b,, and Uy = b,, can occur only at those interfaces where the matter variables are
discontinuous.

This completes the construction of the Riemann solution in the variables (Ui, Uy) when
there are only shock waves.

If the fluid variables have a rarefaction fan, we can determine U3, U4 within the rarefaction:

—EU, — Uy — Wi (1 —¢*)u’ =0, —£U, — Uy =0,
where & = x/t, and a is a constant. Therefore the rarefaction fan (and thus the rarefaction

curve) in the variable (U3, Uy) issuing from a left-hand state (U, U, ) is given by the explicit
formula (£ € [A™, A7),

§ 1
Uy®) = Uy +/ X Lewi (1= e d,
S imar2 (7.18)
£ 1 1 '

U4(g) = U4_ —/):7 1——_)(2§KW1(1 —CSZ)M/(X)d)C.

Here 1, A" are the smallest and largest speeds of the rarefaction fan and u = (&) denotes
the energy density within the fan. We end up with explicit expressions for the rarefaction.
When the left-hand or right-hand sound waves are rarefaction fans, the jump conditions (7.12)
and (7.13) should be replaced by

)‘+l
1 /
Ui = é* +/ L—/(Wl_(l — csz)ul (x) dx,
Al 1 — .x2

2
+ (7.19)
s
U =Uk — f LEKW*(l — ) (x) dx
T =22 ) ’
and
A‘+I‘ x 1 2 ,
vy’ =U3*+/ ﬁgKWr(l—Cs ),ur (x)dx,
N (7.20)
Ui =U; - / #EKWT(I — ¢ (x) dx,
o~ 1—x22
respectively. This completes the discussion of the Riemann solver. ]

Remark 7.3. The discussion above is not applicable to the limiting case ¢, = 1 because we
assumed right at the start that v € (—1, 1). However the limiting case is very simple. We do
not use the equation for the V-variable, but adjoin U; = ¢,, and Ug = ¢, to the U-variable
and Wg = ¢, and Wy = ¢, to the W-variable. We need also to simplify the first (5.2) and the
second (5.6). Now U7 and Ug satisfy equations whose principal part is identical to that of (5.4)
on replacing Us by U7 and Ug by Ug. Then remark 6.2 applies to U7, Ug. Discontinuities in
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these components cannot appear unless they exist at the initial time. Thus the ‘fluid’ variables
remain continuous. It follows that there can be no discontinuities in the U-variable unless they
were present initially.

8. A generalized Glimm scheme

In this section, we introduce a generalization of the Glimm scheme [5, 10, 11] to solve the
initial value problem and we establish its convergence towards a solution of the system of
equations under consideration, under the assumption that no blow up occurs in the geometry
terms, that is on any interval [0, T'] satisfying

sup |[W(z, x)| < oo.
tel0,T],xeR

It will be convenient to set u = (U, V, W) and to rewrite the equations in the form
Qo+ 0y f () = g(u), ut,x) e Q cRY, r>0,xeR, (8.1

The precise expressions of f, g, 2 are easily deduced from (5.1). The approximation scheme
can be decomposed into a step based on a (generalized) Riemann solver, and a step based on
an ODE solver.
We start by analysing the properties of the source term g(u). For every uy € Q2 we denote
by u(t) = S;(up) the solution of the ordinary differential equation
u'(t) = g(u(r)), t >0, u(0) = uog. 8.2)

In general, the solution of (8.2) is defined on a finite time interval only, since u(¢#) may
tend to infinity in finite time. We shall also use the notation S;(i¢) = (U, V, W)(¢), up =
(Uo, Vo, Wp), ete.

Lemma 8.1 (Uniform L* bounds). For every ug € Q2 the solution S;(ug) of the problem
(8.2) satisfies the following property: as long as the geometry variables W remain bounded,
the geometry variables U and the fluid variables V remain also bounded and, furthermore, the
fluid variables remain bounded away from the singularities 1 = 0 and v = £1. The Riemann
invariant variables of the fluid (defined in section 7) satisfy the estimate

lw@)| +z()| < |wol + |20l + Cut, t<T, (8.3)
where Cy is a constant depending only on sup,co 1) |W ()| and T is any time such that this
supremum is finite.

Proof. We first show that, as long as U, W remain bounded, we have
0<u<C, —1l<v<l.

To this end we rewrite the V-system in terms of the variables u, v. Neglecting the space
derivatives in the fluid equations we find

T = Tl(Vs W)s St = TZ(Vs W)?

where 7T and T, were defined in (3.19). It is straightforward to replace t and S by p« and v,
finding

/-’LI = f(l‘Lv U)v Uy = g(U), (84)
with
Flp,v) = —p(1+¢2) (1 = vHWa + 2(Wy + vWs)) /(1 — ¢, *0?)
g) = (1= v)(=v(1 = cH)Wo — (1 — ¢,2v*) W3 + 2vc,2(Wy + vWs)) /(1 — ¢, *0?).
(8.5)
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As long as W,, W3, W, and W5 remain bounded, g(v) is a smooth function of v € (—1, 1)
and g(£1) = 0. We deduce that trajectories ¢ +— v(¢) cannot exit the interval (—1, 1) and
therefore |v| < 1.

Note further that f(u, v) is linear in u,

flu,v) = fou,

where f(v) is smooth for |v| < 1 and smooth a,, b, and b,. It follows that  stays positive
and cannot blow up in finite time, unless the geometry variables themselves blow up.
To bound V uniformly we now consider the evolution of the Riemann invariant variables:

2

w, = ﬁ(—v(l — " )Wa — (1 — ¢*v%) W3 + 2ve, > (W + vWs)) (8.6)
— %V
and
1 +¢,2 )
i = —Kom((l — v )W2 +2(W4 + UWS)). (87)
We see that
w; = B"W, z; = B*W,

where B, B*® are matrices that remain uniformly bounded, since, as we have just established,
the velocity variable v stays in the interval (—1, 1). As long as the geometry variable W
remains bounded, we can conclude that the fluid variables w, z are also bounded. Finally we
observe that the equations for U, for instance for U; and U,,

Uiy =2(UsWs — UsWs — UsWe + Us W), Uy =0,
are linear in U and therefore can be solved as long as W remains bounded. This completes
the proof of lemma 8.1. ]

We now turn to the Riemann problem. Given two constant vectors uy,ug € 2 and a
point (¢, xo) the generalized Riemann problem Rg(ur, ug; ty, xo) is the Cauchy problem for
the system (8.1) with piecewise constant initial data

W x) = ' T (8.8)
ug, X > Xp.
On the other hand, the classical Riemann problem R (uy, ug; to, xo) is obtained by neglecting
the source term g(u). Let us denote its solution by u€(t, x;up, ug; to, xo). Recall that the
solution of the generalized Riemann problem is piecewise smooth and has a local structure
similar to the one of the classical Riemann problem. This motivates us to define an approximate
solution of it, denoted by uC (¢, x; uy, ug; to, xo) and defined for all ¢ > fy and x € R, by

11—ty
uC(t, x; up, ug; to, Xo) =uc(t,x;uL,uR;to,xO)+/ g(S.uC(t, x; ur, ug; to, xo)) dz.
0
(8.9)

Observe that u¢ at a given time ¢ only depends upon u€ at the same time .

We claim that the function u® approximates (in an averaged sense) the system of
equations (8.1). For any s, 7 > 0 and any smooth function § : R* x R — R with compact
support, we set

fo+s Xo+r
A(s,r;0) = / / 93,0 + f(u%)d,0 + g(u®)0) dx dr.
T Xo—r

It is not difficult to check the following estimate.
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Lemma 8.2 (Approximate balance law for the Riemann solver). For any ty > 0,x0 €
R,u;,ug € Q,anys,r > 0, and any smooth, compactly supported function : R* xR — R,
the function ult, x) =uS(t, x;uL, ug; to, xo) satisfies the estimate

Xot+r Xo+r
A(s,r;@)—/ uG(t0+s,x)9(t0+s,x)dx+/ uS (ty, x)0(ty, x) dx
o to+s o to+s
— f(uG(t,x0+r))9(t,x0+r) dr + f(uG(t,xo —r)0(t, xg —r)dt
Ty )
= 0>+ 7)) (s+r+|ug —url), (8.10)

where O(1) is a bounded function depending on 6 and remaining uniformly bounded when
r,s — 0.

Our generalization of the Glimm method is based on the approximate Riemann solver
just introduced. Let s and r denote time and space mesh lengths satisfying s/r < 1, the ratio
s/r being kept constant while r, s — 0. Let a = (ax)r—0.1,... be an equidistributed sequence
in(—1,1).

We define an approximate solution u#, = u, (¢, x) of the general Cauchy problem consisting
of system (8.1) and prescribed initial data u:

u(0, x) = up(x), x e R. (8.11)
First, u, (0, x) is defined to be a piecewise constant approximation of uq, say

u, (0, x) = uog((h+ Dr), x € [hr,(h+2)r), h even. (8.12)
If u, (¢, x) is known for ¢t < ks for some integer k > 0, we set
u,(ks+,x) =u,(ks—, (h+1+ap)r) x € [hr,(h+2)r), k + h even. (8.13)

Then, in each region ks <t < (k+ 1)s, (h — D)r < x < (h+ 1)r (k + h even), the function
u, is defined as the approximate solution to the generalized Riemann problem

Re(u,(ks, (h — 1)r), u,(ks, (h + )r); ks, hr),

that is (by our definition of the approximate solver)
u(t, x) = uCt, x; u,(ks, (h — Dr), u,(ks, (h + 1)r); ks, hr)
t €lks, (k+1)s),x € [(h— Dr,(h+ Dr), k + h even.

This completes the description of the scheme.
We will use the notation

ur = (Ura Vrv Wr)‘

(8.14)

Based on lemma 8.1 we have :

Lemma 8.3 (L Stability of the generalized Glimm scheme). As long as the geometry
variables W, remain uniformly bounded, then the fluid variables V, remain uniformly bounded
and, furthermore, remain bounded away from the singularities u = 0 and v = £1. The density
W, and velocity v, associated with V, satisfy, for every T before blow up, the estimates

ce < pur(t, x) < Gy, v (2, )| < 1 —cy, te€[0,7),x eR, (8.15)
where ¢, € (0, 1) and Cy, > 0 depend only on T and

sup  |W,.(¢, x)|.
tel0,T],xeR
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Proof. The lemma follows directly from the following two observations:

(1) In view of lemma 6.1, the ODE solver ensures constancy of the sign of the density
variable and keeps the velocity variable within the physically admissible interval (—1, 1).
Moreover, the L norm of p, and v, can increase after each ODE step but, for each time
step, the increase is at most C,s (see (8.3)).

(2) On the other hand, the Riemann solver satisfies a maximum principle in the Riemann
invariants associated with the fluid variables (see Smoller and Temple [18]).

Our scheme combines the two effects above. Adding up the various contributions C, we
deduce that, over the time interval [0, T'],

sup [w, (7, x)| +sup [z, (2, x)| < sup |wo(x)[ +sup [zo(x)[ + C,T, t<T.
X X X X

Rewriting this estimate in terms of the density and velocity gives precisely (8.15). This
completes the proof of lemma 8.3. ]

We now establish the uniform stability in total variation for V and W, together with the
L™ stability of U,. To simplify the notation we set
Ug 1 = Uy (ks+, (h+ Dr), k + h even,

which, by construction, has the form
s

Uk et = U el +/ 8(S:uty p+1) dr, k + heven,
0
where ;. , is a value taken by the solution of the classical Riemann problem
Re (-1 ps Ug—1,n+2; (kK — Vs, (h+ Dr).
Using earlier notation we actually have
~ c r
Uk htl = U (ak;; Uk—1,hs Mkfl,h+2) .

Following Glimm [5] we decompose the (¢, x)-plane into diamonds A, (here k + h is
even) with centre (ks, hr) and vertices

S=((k—1)s, (h+ag_1)r), W = (ks, (h — 1 +ap)r), (8.16)
E = (ks,(h+1+ap)r), N = ((k+ 1)s, (h +ag1)r).
For a fixed pair (k, h) we set
Us = Uk—1,h» Uy = Uk h—1, UE = Uk h+l, UN = Ujs1,hs

and
Uw = Uk,h—1, UE = Uk h+1, UN = Ukt1,h-

By construction, uy and ug are values achieved by approximate Riemann solutions at the
points ((k — 1)s, (h — 1)r) and ((k — 1)s, (h + 1)r) respectively, more precisely

uy = ’L?W +/ g(Sr’IZW) dr
0
and
p— +/‘ (S, i) dr.
0

Similarly, we have

uy :ﬁN +‘/\ g(SIﬁN) dr.
0
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We define the strength vector €(uy,ug) € R’ from the jumps of the solutions of the
Riemann problem with data u; , ug: the first two components €, (uy, ug) and €;(uy, ug) are
the jumps of the log of the density across the fluid shock or rarefaction waves; the remaining
six components of € (uy, ug) are associated with the geometric variable W and are the jumps
in the corresponding Riemann invariants (along the waves with light speed 1). It is important
to note that € depends only on the V, W variables. This is consistent with the fact that we do
not need to control the total variation in U. The norm |e(u, ug)| is defined to be the sum of
the absolute values of the components. All the estimates below involve constants that depend
on the geometry for which we assume uniform boundedness.

Lemma 8.4. The wave strength € : 2 x Q — R° is a smooth function of its arguments. For
any ur, ug, u;, wy (in any given compact subset of 2) we have the uniform estimate

e(uy, up) =€(up,up)+ O, up)|(uy, —url+uy —ugl)
+O0()|(uy —up) — (ug —ug)|. (8.17)

Proof. Note that €; (u;,ug) = 0if ug = uy, so that

! 86,’
€i(up,ug) = / ™ (up, (1 —up +tug)(ug —ug)dr
0 r

and similarly

1

86,’

€y, uf) = / o uyp, (1 =y +tuly) Wy —uly)dr.
0 r

We thus get

€y, uy) —e€(up, ug)
de

/1 BEi( ) (1 ) ) /)_
= Uy, —T)u; +1tu
o L L R Ju

BMR

C(up, (1= Dug + wR)}(uR —uy)de
R

: 36,‘ / / / / ’
+/ (up, (I —1uy +tup)((uy —uy) — (ug —ur))dr
0o OUg

=0 (Juy —up|+|uf —ugDlug —url+ O()|(ug —uy) — (g —ur)l,

which leads to the desired estimate since

lug —url = OM)]e(ur, ug)|. 0

Relying on notation (8.16) we define the strength of the waves entering the diamond
Ay n(k + heven) as
€x(Arp) = le(@w, us)| + le(us, ug)l,
and the strength of the waves leaving the diamond Ay j, as
€ (Arn) = le(uw, un)| + €@y, ug)|.

We consider spacelike curves J connecting vertices of the form (ks, (h + 1 +ay)r) (k+h
even). If J contains the segment from ((k — 1)s, (h+ax_;)r) to (ks, (h+1+ay)r), one says that
the waves (ug_1 5, Ug.p+1) cross J. We use the same terminology for the waves (g ,—1, Ux—1.1)-
The total variation along J is then defined by

L(J) = Z l€ i1 Wi pe) | + 1€ @1, —10)1,

waves
crossing J
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which can also be decomposed according to its components V, W:
L(J)=Lv(J)+Lw(J).
We will also control the sup norm of the variable U:
Su(J) =supN(U,),
J
where, for every function U = U(x), N(U) is defined from the Riemann invariants
U] + Uz, U3 + U4 and U5 + U(, as
NWU) = sup |Ui £ Us| + |Us £ Ug| +|Us £ Us|.
R
A spacelike curve J; is said to be an immediate successor of a spacelike curve J; if the

curves J; and J, pass through the same vertices, except for one, and if J; lies to the future of
the curve J;.

Lemma 8.5. Let J, and J, be two I-curves, J, being an immediate successor of Ji. Denote
by Ay the diamond limited by these curves. Then we have

Ly(J2) — Ly(J1) < Cysex(Ap ), Lw(J2) — Lw(J1) < Cyse(Arpn), (8.18)

where C only depends on the amplitude of the geometry variables W,. Furthermore, the L™
norm in the U-variable is controlled by

Su(J) < (1+C,.T)sup L(K), (8.19)
K
where the supremum is taken over all spacelike curves.

Proof. Let ug, uw, ug, uy be the values taken by the function u, at the vertices of Ay ;. We

find
L(Jy) = L(J1) = |e(uw, un)| + e, ug)| — le(@w, us)| — |e(us, up)|,

€ (Arn) — €(Ax ),

by definition of €, and €*.
Assume first that the effect of the source term g(u#) can be neglected. Then, the total
variation in V (measured with log 1) is non-increasing [18],

Ly(J) —Lv(J) <0,
while the total variation in W (the left-hand side of (5.6) is linear) is conserved,
Lw(J2) — Lw(J1) =0.

This completes the derivation of (8.18) when the source term is neglected.
We now include the effect of the source term g () and consider the decomposition

L(J) — L(J)) =X+ Xo,
X1 = le@w,un)| + ey, ug)| — l€e@w, us)| — le(us, Up)l,
Xy = |e(uw, un)| + ey, up)| — le@w, uy)| + ey, ug)l,

where %y is obtained from iy by applying the ODE solver backwards. Now, we observe that
the discussion in the first part of this proof applies to the term X, while for the term X, we
can rely on lemma 8.2 and obtain

1Xo| < le(uw,un)|Cs + ey, ug)|Cs+Cluw —uy —Uw +un|+Clug —Uy — g +uy|

< Cs(le(uw, un)| + leGin, up)).
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Hence, the total variation of the geometric variable W satisfies
Ly (J2) = Lw(J1) < Cs€.(Agp).

The change of the total variation of the geometric variables, that is Ly (J2) — Lw(Jy), is
controlled by the total variation of the right-hand side.

To estimate the L* norm of U we rely on the proof of theorem 6.1 in section 6, which
enabled us to derive explicit formula for the Riemann solution. It shows that, when the source
term is neglected, the L° norm in U increases proportionally to the total variation in . and W;.
The Riemann invariant U; — U, for instance ‘propagates’ with the light speed and, therefore,
waves associated with the sound speed contribute at most once to the L* norm in U. In other
words, we have

Sy (J) < sup L(K),
K

by taking the supremum over all spacelike curves originating on the initial axis + = 0 and
ending on the curve J. When the source term is taken into account we follow the same
discussion above for the variables V and W and find

Su(J) <supL(K)+C,Tsup L(K).
K K
This completes the proof of lemma 8.5. ]

For each ko denote by Ji, the spacelike curve connecting the points of the form
(ks, (h+ay)r) with k = ko or k = ko + 1. By induction from lemma 8.5 we have immediately

L(]k0+1) < L(Jko) + C*S Z 6*(Ak0,h)
h

= (1+Cys)L(Jy,)
< e“TLW), (8.20)

where L(J;) < CTV (Vy, Wp).
We have now established the following result.

Theorem 8.6. Let the initial data ug : R — 2 be a function with bounded variation. Consider
the approximate solutions u, = (U,, V,, W,) constructed by the generalized version of the
Glimm scheme, as defined above. Suppose that on some interval [0, T the geometry variables
remain uniformly bounded, that is
sup  |[W,.(r,x)| < C; (8.21)
tel0,T],xeR
for some C', independent of r.
Then, there exist constants ¢, € (0, 1) and C, > 0 depending on C., and T, such that

the approximate solutions u, : [0, T] x R — Q remain uniformly bounded in L™ and for
te€[0,T]

Cy g /»Lr(tv x) g C*’ |Ur(tv X)| < 1 - Cses (822)
MUl ~® < NUrllzem) + C TV ((Vo, Wo)), (8.23)
TV(V:, W)(1) < C.TV((Vo, Wp)), (8.24)

and are Lipschitz continuous in time, i.e. for every 0 <t < t’

/ [(Ve, W, x) — (Ve, W) (2, ) dx < ([t = 2] +5)CLTV ((Vo, Wo)). (8.25)
R
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‘We conclude this section with:

Theorem 8.7 (Convergence of the generalized Glimm scheme). Under the assumptions of
theorem 8.6 and for almost all equidistributed sequences a = (ay) there exists a subsequence
of u, such that (V,, W,) converges strongly in the L' norm to a limit (V, W) and U, converges
in the averaged sense (weak-star sense in L*°) to some limit U. The function (U, V, W) is a
weak solution (in the integral sense) to the Cauchy problem (8.1) and (8.6), satisfying moreover

cx S p(t,x) < Gy, v, )| < 1—cy, (8.26)

TVI(V, W)(®) < C.TV((Vy, Wp)), (8.27)
and for every t,t' <0

/ [(V, W)(t,x) — (V, W', x)|dx < |t —{'|C, TV ((Vy, Wp)). (8.28)
R

Our main result, theorem 6.1, follows now from theorems 8.6 and 8.7.

Proof. In view of the uniform estimate in theorem 8.6 and by Helly’s compactness theorem
it is standard matter to extract a subsequence of approximate solutions (still denoted u,) such
that (V,, W,) converges strongly in L' to some limit (V, W) : R* x R — R® while U,
converges weakly to some limit U. All the estimates known for u, extend to the limit function
u= UV, W).

Relying on lemma 8.2 we now show that u is a weak solution of (8.1). Letd : R* xR — R
be a smooth function with compact support and set

A(u,,0) = // (U, 0,0 + f(u,)0,0 + g(u,)0) dx dr. (8.29)
R*xR

Using that U, converges weakly and V,, W, converge strongly, while all the equations under
consideration are linear in U (but nonlinear in V, W), it follows that, by Lebesgue dominated
convergence theorem, as » — 0

Alu,,0) — Au, 0). (8.30)

We are going to prove that A(u,, 6) tends to zero, which will establish that A(u, 8) = 0
and that u is a weak solution. We first proceed by tacitly assuming that the total variation of
all component of u, is uniformly bounded and, next, explain how to handle U, which is only
in L*°. Denote by Xskl(l)};ﬁo@ the characteristic function of the support of the function 6. We can
write

(ko+D)s  p(ko+D)r
A, 0)=Y > / (u, 3,0 + f(1,)0,0 + g(u,)0) dx dt
k

ko hoodd ¥ kos (ko—Dr
_ ol 2 3
= Q, +Q; + Q)
where

1 2 2 ko, h
QL= O™ +r7)(s + 7+ |tk nor1 — kg1 Xep
k() h()Odd

(ko+1)r
@2=>% (f( uy (ko + 1)s—, x)0((ko + 1)s, x) dx

ko hoodd Y (ko=Dr

(ko+1)r
— / u, (kos+, x)0 (kos, x) dx)

(ko—1)r
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(ko+1)s
Q=>"% {/k F (2, (ho+ )r —0)0(t, (ho + 1)r)dr

ko hoodd 0§

(ko+1)s
- / S (ur (2, (ho — Dr +0))0(z, (ho — 1)r)dt} .
kos
Since V,, W, have uniformly bounded total variation and 6 is a smooth function one finds
easily
Ql =or. (8.31)

The term
+00
Q2 = _Z/ [u,1(ks, x)0(ks, x) dx
k —00

can be rewritten in the form
(h+D)r

Q= ZZ/ . (uy (ks—, (h + ap)r—) — u, (ks—, hr—))0(ks, x) dx.

This term was studied by Glimm [5] and, for almost every random sequence (ay )y, satisfies
27| < cr. (8.32)

In order to control Q, we use the Lipschitz continuity of the smooth function f and
obtain
(ko+1)s

Q= Z Z (f(u, (2, (ho+ Dr—)) — f(u,(t, (ho+ Dr +0)))0(t, (ho + 1)r) dt
ko hoodd ¥ kos
(ko+1)s o
—omY ¥ /k Jur (1, (ho + Dr+) — u, (1, (ho + Dr—)| de o
k(] h() odd
(ko+1)s o
=omy / k1) = 8 g o+ 1)| X'y
ko hoodd V¥

(ko+1)s

—o LY [ wandy,
ko ho YK

0S
thus
Q=00 (8.33)

Finally, we discuss the component U, which is only bounded. The original proof of
Glimm requires that the approximate solution is of uniformly bounded total variation, but can
be extended to our situation where the component U, is solely bounded. The main observation
is that (8.32) must be replaced by the weaker statement

Qf — 0 when r — 0, (8.34)

which is clearly sufficient to deduce the result.
In conclusion we have

A(u,,0) —> 0
so that the limit function u satisfies
Au,0)=0

and, therefore, is a weak solution of (8.1). The proof of theorem 8.7 is complete. U
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Remark 8.8. It would be interesting to estimate the L> norm of the geometric variables W
from the initial data of the problem in order to make the condition (8.21) more explicit. In
particular, this would require to be able to estimate the time of blow up from the initial data of
the problem.

9. Implications for numerical relativity

In recent years numerical relativists have started to treat the special relativistic Euler equations
using modern high resolution shock-capturing (HRSC) methods. There are many such
algorithms, and a detailed comparison can be found in e.g. [8]. They involve three components,
a reconstruction process, an (approximate or exact) Riemann solver and a time discretization
method. Here we will use a third order, weighted essentially non-oscillatory (WENO)
reconstruction [17], the (approximate) Marquina solver [3] and the third order total variation
diminishing Runge—Kutta method (TVDRK3) advocated in [17], for we have found them to
be robust and reliable even in extreme situations [9].

Note that the relativistic Euler equations (3.18) involve only first derivatives of @ and b.
Thus we can form a closed system of evolution equations by adjoining the equations (5.6)
for the W-variables. We call this the small system. Thus the simplest approach is to apply
the HRSC algorithm to the Euler equations and some standard approach, e.g., iterated Crank—
Nicholson to the W-equations. However this turns out to be inaccurate and significant
violations of the constraint equations (3.9) and (3.10) develop. This is not surprising for
those equations imply discontinuities in b;, and b,, which the standard approach cannot
handle. Our next approach was to treat the first derivatives on an equal footing to the fluid
variables and to apply WENO, Marquina and TVDRK3 schemes to the nine-dimensional
system of equations. This reduced but did not eliminate the constraint violations.

Another approach is to integrate the complete system of U-variables (second derivatives),
V -variables (fluid quantities) and W-variables described in section 4. Because this system has
dimension 15 we call it the big system. Constraint violations, away from discontinuities, were
reduced to acceptable limits. However the evolution of the V and W variables was identical to
that of the small system! The U variables were evolved and satisfied the constraint equations,
but they were not coupled to the other variables.

The numerical results were improved when some coupling was enforced, as now
described. Recall two of the W equations (5.6)

Wap — Wsy = -+ -, Ws, — Wy, =0,

where the source term is irrelevant here. These say
(b)r — (by)x = -+, (bx)r — (br)x = 0.

We now replace (b,), by b,y = Uy and (b,), = b, = Us, i.e., we evolve
Wiy =Us+---, Ws, = Us.

The other two pairs of equations are treated similarly. This does not reduce the dimension of
the system, it is still 15, but the characteristic structure is considerably simplified. We call this
the medium system.

In order to use characteristic WENO decomposition and the Marquina solver we need
the eigenvalues of the 15 x 15 Jacobian matrix and left and right eigenvectors normalized
by I.-r = 1. In what follows we write right eigenvectors as vectors and left eigenvectors as
covectors. Furtherc. = 1 £ ¢,2and Ay = (v £ ¢;) /(1 £ vcy). Finally define

v:—¢,?

T 41—
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Figure 2. The shock tube evolution at time ¢ = 0.5. The four graphs show, as functions of x,
respectively p/4 and v, a;y and ayy, by and by, and finally the Hamiltonian and momentum
constraints.

There is an eigenvalue A = 0 with multiplicity 7. A basis of normalized eigenvectors is
lo=d(e"),  ro=0/0 +5Kp(d/dac — 0/0byy),

L =d(ay), ry = d/day, I, = d(ay), r, = d/0ay,

I3 =d(by), ry = d/dby, Iy = d(by), ry = 9/0by,

ls = d(cy), rs = d/dcy, le = d(cy), re = 0/0cy.
The eigenvalue & = —1 has multiplicity 3 and the eigenspace has a normalized basis
l7 = tkpeq(€) + 2d(bey +boy) + Sk e¥d(t — ), r7=0/3bix +3/0b,,
Iy = —kpc,d(€) + 1d(a, +a) — tke* (e /e )d(t — S), rg = 0/0a; +0/0ay,
ly = %d(c,x +Cry), r9g = 0/0Ci +0/0Cyy-
The eigenvalue A = 1 has multiplicity 3 and the eigenspace has a normalized basis
Lo = —3kpcq(€®) + 3d(byx — byy) — 1k €*d(T +S), rio = 0/3byx — 8/3byy,
I = bepe,d(@) + dd(ay — a) — bee (e, /e )d(T + ), ri = 0/da, — /day,
lo = dd(er — e, Fia = 0/0ci, — 8/cx.

The eigenvalue A = A_ is simple with eigenvectors
li3 = —(cy/co)D(—dt + (dS)/A4),
Fi3 =k €[0/0a, — A_"'0/0ay, — (c—/ci)(0)0bry — A_"'0/0byc +20_"10/0T +20/09)],
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Energy density and velocity att = 0.5 atxand axx att=0.5
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Figure 3. The shock tube evolution at time r = 0.5. The four graphs show, as functions of x,
respectively p/4 and v, ar, and ayy, by, and by, and finally the Hamiltonian and momentum
constraints. This is a ‘zoom-in’ of figure 2 to the range 0.4 < x < 0.5.

and the eigenvalue A = A, is simple with eigenvectors

ha = —(cy/c-)D(dt — (dS)/A-),
ria = 1€ [8/8ar, — Ay T10/Bax, — (c_/c) (/b — A1 B/0b + 20, 18/0T +23/05)].

We now describe two numerical simulations in which ¢(z, x) = 0. The first simulation is
a general relativistic version of the classic shock tube problem [20]. We chose time-symmetric
initial data with v(0, x) = S(0, x) = @,(0, x) = b,(0, x) = 0. We also chose a(0, x) = —2.
The constraint equation (3.10) is identically satisfied. We chose

100, x <0,

k0, x) =
s ) 1, x>0,

and ¢,> = 1/3 appropriate to black-body radiation. The remaining constraint equation (3.9)
is now a first-order ordinary differential equation for b, which can be solved analytically for
x <0andx > 0. Setting f = « e*1, a constant, we have

b, = —\/;tan (%\/ﬁx + C> ,

where C is an integration constant. The two constants of integration were used to make b,
continuous at x = 0 and to place the curvature singularity well away from the domain of
integration —1 < x < 1. Our cell-centred simulation used 800 cells with a Courant number
of 0.5.
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Figure 4. The collision evolution at time + = 0.3. The four graphs show, as functions of x,
respectively p/4 and v, a;, and ayy, by and by, and finally the Hamiltonian and momentum
constraints.

Figure 2 shows as functions of x, respectively u/4 and v, a,, and a,,, b, and b,, and
finally the Hamiltonian and momentum constraints at time = 0.5. Figure 3 is a ‘zoom-in’ of
figure 2 covering a much smaller x-range.

There is a right moving hydrodynamical shock which has reached x ~ 0.45 from x = 0.
We know from the constraint equations and the evolution equations for the second derivatives
that discontinuities in the second derivatives should appear at the same point, and these are
clearly visible in figure 3. For the geometry variables we also expect effects travelling at
velocity £1, which should be visible at x = +0.5. Indeed there are discontinuities in the
second derivatives of a at these two x-values, although in our simulation they are not as well
resolved as the primary one at x = 0.45. The constraint equations require discontinuities in
the second derivatives of b at hydrodynamic shocks but prohibit them elsewhere, and so there
are no jumps in by, or b,, at x = +0.5. Away from discontinuities the constraints are as low
as one would expect from a continuous simulation, and this has been verified by convergence
tests.

The second simulation, the collision problem, is similar to the first. There are again two
density states but the transition between them is initially continuous and the states are moving
towards each other

40 20
(0, x) = — (1.1 + tanh(—40x)), (0, x) = = tanh(—40x).
K K

We chose a(0, x) = —3.0 and a,(0, x) = 0. We treated the constraint equations as coupled
ordinary differential equations for b, (0, x) and b, (0, x) and solved them numerically assuming
they both vanished at x = 0.



5072

A P Barnes et al

2.5

1.5

0.5

-0.5

Energy density and velocity att=0.3

atx and axx att=0.3

0.8
0.6 |
04
0.2

-0.2 |
-04 |
-06 |
-0.8

atx
axx

Constraints att = 0.3

0.003 T T
0.002 -
0.001 -

0 #‘M
-0.001 | -
-0.002

-0.003
-0.004

T
X =

&

il

L. hcon + ]

0.2

Figure 5. The collision evolution at time + = 0.3. The four graphs show, as functions of x,
respectively p/4 and v, a;, and ayy, by, and by, and finally the Hamiltonian and momentum
constraints. This is a ‘zoom-in’ of figure 4 to the range —0.05 < x < 0.35.

We describe the solution at t+ = —0.3, and figures 4 and 5 are the analogues of figures 2
and 3. Although the hydrodynamical variables were initially smooth, two shocks have
developed at x &~ (.02 where the density more than doubles and at x &~ (.22 where it
decreases by a factor of about 40. The a-derivatives have a small blip at x = —0.3 travelling
to the left at the speed of light. There are two shocks corresponding to the hydrodynamic
shocks, and a rarefaction fan for 0.22 < x < 0.3. The b-derivatives merely have shocks
corresponding to the hydrodynamical ones. Because the shock at x & 0.02 is relatively weak
the constraints are satisfied to satisfactory precision there. There are still O (Ax) deviations
at the strong shock. However this feature originated much earlier and has been moving to
the right. As it does so the constraint violations in its wake can be seen to reduce quickly to
satisfactory levels. This is good news for numerical relativity.

10. Conclusions

At first sight it might appear incongruous, given the title of this paper, to discuss the propagation
of discontinuities in the curvature tensor of vacuum spacetimes. However this topic, discussed
in section 2, is the key to our results, for it forces us to look at the constraint equations. If a
discontinuity arises it must satisfy the constraint equations on any Cauchy surface, and so can
occur only in certain second derivatives of the trace-free part of the spatial 3-metric. In this
case we were able to produce a fairly general existence/uniqueness theorem.
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We are primarily concerned with curvature discontinuities produced during the evolution
of an inviscid fluid, and cannot expect to produce existence results which are more general than
those where self-gravity is not included, and so we have restricted consideration to spacetimes
with planar symmetry, and in particular polarized Gowdy spacetimes. Our main existence
result was stated in section 6, and the formal proof was outlined in the next two sections.
Some exploratory numerical calculations are reported in section 9. Here we see explicitly that
where there are hydrodynamic shocks, certain second derivatives of the metric components
(b;y and by, ) also have shocks, as required for the constraints to be fulfilled. Other second
derivatives (a;, and a,,) contain shocks or rarefaction fans propagating at the speed of light,
as predicted by our theory.

All of this work is in progress, and suggests many new questions. One outstanding
theoretical question is how do matter shock waves interact/affect spacetime singularities?
Another is that, given that we now understand the nature of the problem, can we improve
on the quality of the numerical calculations reported in section 9?7 Preliminary results, to be
reported, suggest that we can.
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