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We study how different types of blowups can occur in systems of hyperbolic evolution equations of the
type found in general relativity. In particular, we discuss two independent criteria that can be used to
determine when such blowups can be expected. One criteria is related to the so-called geometric blowup
leading to gradient catastrophes, while the other is based upon the ODE-mechanism leading to blowups
within finite time. We show how both mechanisms work in the case of a simple one-dimensional wave
equation with a dynamic wave speed and sources, and later explore how those blowups can appear in one-
dimensional numerical relativity. In the latter case we recover the well known ‘“‘gauge shocks” associated
with Bona-Masso—type slicing conditions. However, a crucial result of this study has been the identi-
fication of a second family of blowups associated with the way in which the constraints have been used to
construct a hyperbolic formulation. We call these blowups ‘“‘constraint shocks” and show that they are
formulation specific, and that choices can be made to eliminate them or at least make them less severe.

DOI: 10.1103/PhysRevD.71.064021

I. INTRODUCTION

When studying the Cauchy problem of field theories in
physics, one has to worry about the existence and unique-
ness of solutions to the system of evolution equations
considered. In mathematical terms, one is interested in
working with problems that are well-posed, by which one
understands that a unique solution exists (at least locally),
and solutions are stable in the sense that small changes in
the initial data produce small changes in the solution. In
this respect, one usually looks for either symmetric or
strongly hyperbolic systems of equations since Cauchy
problems for such systems are known to be well-posed
under very general conditions [1].

In the case of general relativity, the Cauchy problem was
studied since the 1950s with the pioneering work of
Choquet-Bruhat [2], and by the mid 1980s a number of
hyperbolic reductions were known (see for example [3—-6],
and more recent reviews in [7,8]). Still, those reductions
played a minor role in numerical relativity, where practi-
cally all work using the Cauchy approach was based on the
Arnowitt-Deser-Misner (ADM) system of equations
[9,10]. Interest in hyperbolic formulations in numerical
relativity started in the early 1990s, with the work of
Bona and Massé [11-13], but continued as a small side
branch for a number of years. This situation remained until
Baumgarte and Shapiro showed in [14] that a reformula-
tion of the ADM equations originally proposed by
Nakamura, Oohara and Kojima [15], and Shibata and
Nakamura [16], had far superior numerical stability prop-
erties than ADM. Baumgarte and Shapiro attributed this to
the fact that the new formulation, which has since become
known as BSSN, had a “more hyperbolic flavor.” This
rather informal statement was later put on firmer ground in
[17-19], and today it is understood that ADM is only
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weakly hyperbolic (and thus not well-posed) [20], whereas
BSSN is strongly hyperbolic [18,19].

The recognition by the numerical relativity community
of the fact that well-posedness is a crucial ingredient for
having long term stable and well behaved numerical simu-
lations (see [21]) has led, in recent years, to an explosion in
the search for ever more general hyperbolic reductions of
the Einstein evolution equations. At this time many such
hyperbolic formulations exist, several of which have doz-
ens of free parameters (see for example [22,23]). The large
number of ways in which one can construct strongly or
even symmetric hyperbolic formulations has taken us to a
situation where there are now many more proposed for-
mulations than numerical groups capable of testing them.
At the same time, there is a growing realization that in
some respects well-posedness is not enough, as empirically
some hyperbolic formulations have proven to be far more
robust than others. Some work has been done on the
analytic side trying to understand what makes some hyper-
bolic formulations better suited for numerical work. In
particular, one can mention the work of Shinkai and
Yoneda [24], where the propagation of constraints for
different formulations is studied by linearizing the evolu-
tion system around the Schwarzschild background and
looking for the eigenvalues of the evolution matrix in
Fourier space, and the work of Lindblom and Scheel
[25], where the rate of growth of the constraint violation
is analyzed for a family of symmetric hyperbolic formula-
tions using the fact that for such systems one can construct
an “‘energy norm.” The consensus is that one should look
beyond the principal part of the system, and study the
effect of the source terms on the stability.

In this paper, we want to focus on a different aspect that
can differentiate between hyperbolic formulations and that
has been so far overlooked. Well-posed formulations are
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known to have well behaved solutions locally, but there is
no guarantee that these solutions can exist beyond a certain
finite time. In fact, on physical grounds we expect solutions
to fail after a finite time in some circumstances, due, for
example, to the formation of singularities in gravitational
collapse. But there is another way in which solutions can
become singular after a finite time, the best example of
which is the formation of shock waves in hydrodynamics.
In general relativity, and particularly in vacuum, we do not
expect this type of shock waves to develop. Nevertheless,
one must remember that the evolution equations evolve
more than just the physical degrees of freedom. In particu-
lar, there are also gauge degrees of freedom that can cause
coordinate singularities to arise during the evolution. In
[26] one of us showed that coordinate singularities caused
by the crossing of the characteristic lines associated with
the propagation of the gauge can in fact easily form. These
so-called ‘“‘gauge shocks’ are now known to be responsible
for the fact that some gauge choices are much better
behaved than others. In particular, in Ref. [27] it was
shown that the well known “1 + log” slicing condition,
which empirically has been found to be very robust, is in
fact the only member of its family that avoids gauge shocks
approximately. More recently it has been found that, for the
evolution of Brill wave spacetimes that are very close to
the critical threshold for black hole formation, the use of
shock avoiding slicing conditions is crucial [28].

But there are degrees of freedom other than the physical
and gauge modes that also appear in the evolution equa-
tions of general relativity. These extra degrees of freedom
have to do with the violation of the constraints and, even
though for physical initial data they should vanish identi-
cally, truncation errors make their presence unavoidable in
numerical simulations. It is therefore very important to
understand how these constraint violating modes behave
analytically. A main result of this paper is the recognition
that constraint modes can also give rise to the development
of blowups in a finite time that are very similar to the gauge
shocks studied before. These blowups are a property of the
specific form of the evolution equations and their effects
can be significantly reduced if one chooses carefully how
the constraints are used when constructing a hyperbolic
system. In this paper we show how blowups can arise in
spherically symmetric relativity, and how they can best be
avoided by modifying the evolution system. We believe
that the study of such constraint shocks might help us
understand why otherwise well-posed and “nice”” formu-
lations might behave poorly in numerical simulations.

A comment about our terminology is in order.
Borrowing the language from hydrodynamics, throughout
the paper we will refer in a somewhat loose way to blowups
as ““shocks,” though this term strictly only refers to blow-
ups caused by the crossing of characteristic lines.

This paper is organized as follows. In Sec. II we intro-
duce the concept of hyperbolicity and describe two differ-
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ent criteria that can be used to determine when blowups in
the solutions to hyperbolic systems of equations can be
expected. Section III introduces the simple one-
dimensional wave equation with sources and a dynamic
wave speed as an example of how these blowups develop.
In Sec. IV we apply the blowup criteria to the evolution
equations of general relativity. We start with the simple
case of 1 + 1 dimensions, where we recover the well
known gauge shocks, and later study the case of spherical
symmetry where we find that constraint shocks can also
arise. We conclude in Sec. V.

II. HYPERBOLICITY AND SHOCKS

The evolution equations we are interested in analyzing
are the evolution equations for the Cauchy problem of
general relativity. In particular we are interested in study-
ing the appearance of singular nonphysical solutions. Such
an analysis can be best made using the characteristic
structure of hyperbolic systems, so we will start from the
definition of hyperbolicity. We will also concentrate on
systems with only one spatial dimension as this makes
the analysis so much simpler. The important point of
what happens in the multidimensional case is a matter
for future research. Notice that one-dimensional systems
are in fact relevant in general relativity, as they can repre-
sent the evolution of systems with, for example, spherical
symmetry.

There is one important point that should be mentioned.
Throughout this section, and in the rest of the paper, we
manipulate differential equations by assuming that partial
derivatives in time and space commute. This type of ma-
nipulation leaves smooth (‘“‘classical’’) solutions un-
changed, but can easily change the speed of propagation
of shock waves [29]. Still, in this paper we will only be
interested in smooth solutions, and we will consider the
development of a shock as a pathology. Our whole empha-
sis is in finding ways to avoid shocks.

A. Hyperbolic systems
We will consider quasilinear systems of evolution equa-
tions that can be split into two subsystems with the follow-
ing structure:

9,i = —MLa i — M2K, (2.1)

9,K + MLoZii + M2, K = px (i, 0., K). (2.2)
Here ii and K are n and m dimensional vectors, respec-
tively, and M,ll‘2 and M}(’z are matrices whose coefficients
may depend on the u’s, but not on the K’s.

In order to have a first order system we will introduce the
spatial derivatives D; := 9 ,.u; as extra independent varia-
bles, whose evolution equations are obtained directly from
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those of the u’s,

9,D + o . (MLD + M2K) = 0. (2.3)

In the following we will always assume that the initial
data satisfies the constraints D; = d,u;. This implies that
spatial derivatives of the u’s can always be substituted for
D’s and treated as source terms.

Let us now define the (n + m) dimensional vector ¥ :=
(D, K). We can then rewrite the system of evolution equa-
tions as

3, = —M(ii), (2.4)

where M and A are n X (n + m) and (n + m) X (n + m)
matrices,

1 2
M = (M, M2), A=<M” M) (2.6)

M Mg

and where the source vector ¢, is given by
Gov = (- D{[(5,,M})D + (3,,M2)K], ﬁx) 2.7
i=1

In our primary example, the Einstein equations, the
vector i consists of gauge variables and components of
the 3-metric, whereas v contains both variables associated
with the spatial derivatives of the gauge variables and
metric components (the D’s) and also variables arising
from the time derivatives of the metric components (the
K’s). Note, furthermore, that the source terms ¢, appearing
on the right-hand side of (2.5) are in general functions of
both the u’s and v’s (typically quadratic on the v’s).

The system of equations above will be hyperbolic if the
matrix A has (n + m) real eigenvalues A;. Furthermore, it
will be strongly hyperbolic if it has a complete set of

eigenvectors &;,
Aé = Né 2.8)

If we denote the matrix of column eigenvectors by R,

R = (& Epem) 29
then the matrix A can be diagonalized as
R “'AR =diag[A,, ..., A = A (2.10)

Notice that for systems with only one spatial dimension the
otherwise important distinction between strongly and sym-
metric hyperbolic systems does not arise.

For a strongly hyperbolic system we define the eigen-

fields as
w=R"13. (2.11)

By analyzing the time evolution of the eigenfields we now
want to study by which mechanisms blowups (i.e., singu-
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larities) in the solutions can arise. As pointed out in [30],
there are basically two different blowup mechanisms
which are, somewhat misleadingly, referred to as ‘“‘geo-
metric blowup” and the “ODE-mechanism.” Since in the
first case the derivative of an evolution variable, and in the
second case an evolution variable itself, becomes infinite
within a finite time, the names “‘gradient catastrophe’ [31]
and “‘blowup within finite time”” are probably more appro-
priate. In the following sections we will explain the basic
idea behind these two mechanisms using as a prototype a
simple scalar equation, and we will show how both mecha-
nisms are in fact closely related. We will also point out how
these mechanisms generalize from a single ordinary or
partial differential equation (ODE or PDE) to systems of
PDE’s.

B. Geometric blowup and linear degeneracy
1. Scalar conservation laws

The first mechanism responsible for blowups involves
only quasilinear systems of equations. Here the solution u
under consideration has a well-defined limit at a given
point and only the derivatives of u become infinite there.
Typical examples of this situation are obtained when solv-
ing scalar conservation equations of the form

du+ 0, F(u) = d,u+ alu)d,u =0, (2.12)

where a(u) ‘= dF(u)/du. The blowup is then due to the
focusing of characteristics at a point, and the mechanism is
referred to as geometric blowup. Taking the simplest non-
linear function F(u) = u®/2, we obtain Burgers’ equation

d,u + ud,u =0, (2.13)

which is frequently discussed in the literature as an ex-
ample of a genuinely nonlinear PDE leading to shock
formation (see for example [31,32]). The solution of
Eq. (2.13) can be interpreted as a time-dependent one-
dimensional velocity field u. The equation then states
that the characteristics (i.e., the “flow lines’’) have zero
acceleration, that is du/dt = d,u + (dx/dt)d,.u = d,u +
ud,.u =0, which means that particles following those
trajectories move with constant velocity u = dx/dk.
However, unless the initial velocity distribution uy(x) is a
nondecreasing function of x (so that the particles ‘“‘spread
out”), eventually a particle with higher velocity will col-
lide with one ahead of it having a lower velocity. In
particular, as particles initially at rest are not moving at
all, u is forced to become singular at a finite time if its
initial velocity distribution has compact support [except in
the trivial case when ug(x) vanishes everywhere].

2. Linear degeneracy

The previous argument coming from Burgers’ Eq. (2.13)
can be easily generalized to the case of Eq. (2.12). Consider
two locations x; and x, with x; < x, and corresponding
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initial values u; = uy(x;) and u, = uy(x,). Just as before,
the values of u are conserved along characteristics, so
unless a[u(x)] is purely increasing in x, it is always pos-
sible to find locations such that a(u;) > a(u,), so the
characteristic lines on the left go faster than those on the
right [as a(u;) represents their velocity]. One may readily
verify that the lines will intersect at a time given by

At the point of intersection u has to take both values u; and
u,, S0 a unique solution ceases to exist. When this happens
the spatial derivative of u# becomes infinite and the differ-
ential equation breaks down, in other words no smooth
solution of (2.12) exists after r = 1.

For smooth initial data, taking the limit |x; — x| — Oin
the expression for 1, we see that this gradient catastrophe
will occur at a finite time

(2.14)

1 1

T minfalug)] | min[a(ug)yug]

(2.15)

in the “future” if initially we have 9,aluy(x)] <O,
whereas the problem arises in the “past” if 9, a[uy(x)] >
0 holds initially. Since in general one cannot guarantee that
every initial data set one would like to use satisfies such a
condition, the criteria for not forming a shock demands that
the function a(u) should be linear, that is a’(u) = 0.

The above argument can also be generalized to
(strongly) hyperbolic systems of equations (see [33]). For
such systems, the condition one needs in order to avoid the
formation of shocks associated with the propagation of a
given eigenfield w; is for this eigenfield to be ‘“‘linearly
degenerate,” which means that the eigenvalue A; associ-
ated with w; must be constant along integral curves of the

corresponding eigenvector &;:

AN, B (n+m) N, avj
ow;

vai : ‘?i =

=0. 2.16
“— Jv; dw; ( )
J S

C. ODE-mechanism and the source criteria
1. ODE’s with quadratic sources

In ODE’s, PDE’s and systems of PDE’s, an evolution
variable itself can become infinite at a point by a process of
“self-increase’” in the domain of influence leading to this
point. In a somewhat misleading way, the underlying
mechanism has been given the name ODE-mechanism
(see [30]), since prototype examples are based on simple
ODE’s such as

du )

== = cu? ¢ = const # 0. 2.17)
dt

For nontrivial initial data the solution of (2.17) is
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() = —0

# 0.
1 — ugyct o

(2.18)
This solution clearly blows up at a finite time given by
rr=—, (2.19)

either in the past or in the future, depending on the sign of
upc. One can also expect such blowups to happen in the
case when c is not a constant but instead a function of time.
If ¢(¢) is bounded, one can apply theorems 1 and 2 of [34]:
Supposing that the function c(z) satisfies the inequality 0 <
C <c(t) for 0 = ¢ =T, and that u, is positive, then T <
1/(uoC) since u(z) for all positive 7 is bounded from below
by uy/(1 — uyCr). Similarly, supposing that ¢(¢) satisfies
the inequality |c(7)| < C, then the initial value problem has
a solution for at least |¢] < 1/|uyC].

2. The source criteria for avoiding shocks

Let us now go back to our original system of Eqs. (2.4)
and (2.5). Multiplying Eq. (2.5) from the left by R~ we
find

9,(R71%) + (R"'AR)d,(R™'D)

=R'4, +[3,R'+(R'AR)o, R '], (2.20)
which, by making use of (2.10) and (2.11), yields
Iw+ Adw = q,, .21
where
G, =R71G, +[R T+ A3 R 0. (2.22)

In this way we have obtained an evolution system where
on the left-hand side of (2.21) the different eigenfields w;
are decoupled. However, in general the equations are still
coupled through the source terms g, . In particular, if the
original sources were quadratic in the v’s, we will have

(n+m)
d;;’ =9,w; + A0,w;, = Z cipwiwi + O(w), (2.23)
jk=1

where d/dt := 3, + A;0, is the derivative along the corre-
sponding characteristic. As pointed out for a similar system
in [35,36], here the c¢;;;w? component of the source term
can be expected to dominate, so mixed and lower order
terms can be neglected. Though we have no proof of this
statement in the general case, one can expect it to be true at
least for systems with distinct eigenspeeds, as mixed terms
will then be suppressed when pulses moving at different
speeds separate from each other. The effect of the term
c;iiw?, on the other hand, will remain even as the pulse
moves. The numerical simulations presented in the follow-
ing sections show empirical evidence that reinforces this
argument.
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We can then rewrite the above equation as

v, = Ciiinz:
dt
which has precisely the form of the ODE studied in the
previous section. In order to avoid a blowup, one would
then have to demand that the coefficients c;; vanish. We
call this the “source criteria” for avoiding blowups.

There is a very important property of our system of
equations regarding the coefficients c;; that come from
the source terms ¢,,. From (2.22) one could expect con-
tributions to these coefficients coming both from the origi-
nal sources ¢, and from the term in brackets involving
derivatives of R~!. However, one can show that this is not
the case and for the systems under study the contributions
to ¢;;; coming from the term in brackets cancel out, that is,
all contributions to c;;; come only from the original sources
G-

In order to see this we start by rewriting the term inside
brackets on the right-hand side of (2.22) as

(2.24)

n
dR™'+ AR =S (9, + Adu)a, R (2.25)
=1

Since both the time and space derivatives of u; can be
written in terms of v’s, and the above term multiplies the
vector U in Eq. (2.22), it is clear that this term will give rise
to quadratic terms in the v’s, and hence in the w’s. The
question is whether these quadratic terms will produce a
contribution to the coefficients c;;;. From the last equation
it is clear that no such contribution will exist if the follow-
ing condition holds:

d
6—(6tu1 +20,u)=0, Vi=n+m), [=n (226)
Wi

We will now show that this condition is indeed always

satisfied. Notice first that, from the definition of the eigen-

fields w and the matrix R, one can easily see that
d >

P é:i : vv’

o (2.27)

with the eigenvector 5 ; corresponding to the eigenvalue A;.
Now, from Eq. (2.4) and the definition of the D’s we have

(n+m)
atul + /\iaxl/tl = — Z Mljvj + AiDZ)
j=1

(2.28)

which implies that

(n+m)

£V (0 + Nouy) = Ny — Z Mgy (2.29)
=

where §;; is the j component of the vector 5 ;» and where we
have used the fact that the first n components of v are
precisely the D’s (remember that by construction [ = n).
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To finish the proof we now use the fact that the first n
rows of the matrix A are given by the matrix M, and also
the fact that .;;- ; is an eigenvector of A with eigenvalue A;,
which implies

(n+m) (n+m)
Z M = Z A& = A (2.30)
=1 j=1
from which we finally find
£V + Ajouy) = 0. (2.31)

This completes the proof that condition (2.26) always holds
(as long as the constraints D; = 9 ,u; are satisfied), which
in turn means that the term in square brackets in (2.22) does
not contribute to the coefficients c;;;.

We want to make another important comment here: As
the eigenvectors é ; diagonalizing the matrix A are obtained
only up to an arbitrary rescaling, also the eigenfields w; are
not unique. In particular, any w; can be multiplied by an
arbitrary function of the u’s to obtain w; = Q;(it)w;.
However, since the v’s are related to derivatives of the
u’s, such a rescaling will introduce new quadratic source
terms, so one would in general not expect the coefficients
¢;;; to be invariant under rescalings of the eigenfields.

Remarkably, for the systems of the type (2.4) and (2.5)
that we are interested in, it turns out that such rescalings of
the eigenfields have no effect on the coefficients c;;. The
proof of this is again related to condition (2.26). In general,
if we rescale the eigenfunctions as w; = Q;(ii)w;, we will
find that

Glﬂ/i + /\l-vaT/l- = Q(a,wi + )\iaxwi)

+ w; Z 9, 2(0,u; + A;0up)
=

= qui + w; Z au,Q(atul + Aiaxul).
=1
(2.32)

From this we see that, although the rescaling does intro-
duce new quadratic terms, condition (2.26) guarantees that
no new contributions to the coefficient c;; will arise, i.e.,
the source criteria for avoiding blowups is invariant with
respect to rescalings of the eigenfunctions (again, as long
as the constraints D; = d,u; are satisfied).

3. Is the source criteria necessary and sufficient in order
to avoid blowups?

A question one might immediately ask is whether the
source criteria introduced above is necessary and sufficient
to avoid blowups. Although we have no proof at this time,
numerical experiments (such as those shown in later sec-
tions) indicate that whenever the source criteria is not
satisfied blowups do develop, which would support our
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conjecture that the criteria is indeed necessary in order to
avoid blowups.

About it being sufficient, it clearly is not. This can be
seen from the following example. Consider the system of
two equations,

v + vy = v+ v3, (2.33)
atvz + ax‘Ul = _2U1U2, (234)
which can easily be diagonalized to find
dwy + 0w, = w2, (2.35)
dw_ — o w_ = w3, (2.36)

with w. = v| * v,. The diagonalized system clearly sat-
isfies the source criteria. Now, take initial data such that
vy = k = const and v, = 0 in a large spatial region. This
implies that in that region w; = w, = k. Since the spatial
derivatives vanish and both fields are in fact equal, the
equations above are of the form (2.17) and the fields will
blow up in finite time (provided the region where the fields
were initially equal is large enough). This initial data is
clearly very special, but it does show that the source
criteria is not sufficient in order to avoid a blowup.
Nevertheless, for more generic data this situation will be
very rare.

We have in fact performed numerical experiments with
systems of the above form, but generalizing the source
terms to

OWwse T we = awsr +bew,w_ +cawz.  (2.37)

-

When using Gaussians with a small amplitude of order
O(e) as initial data for w-., then whenever the coefficients
a- are nonzero one typically finds that blowups occur on a
time scale of order O(1/¢). If, on the other hand, a~ = 0
and one has only mixed terms and/or terms quadratic in the
other eigenfield in the sources, blowups again eventually
develop, but now on a time scale of order O(1/€?). Hence,
if one is interested in propagating small perturbations, then
satisfying the source criteria should allow one to obtain
longer evolutions.

D. Relationship between the different
blowup mechanisms

In order to understand the relationship between the
geometric blowup and the ODE-mechanism, we will study
a system of two variables constructed from the simple
scalar conservation law (2.12) by introducing either the
time or space derivative of the function u as an extra
independent variable.

We start by introducing D := 9 ,u as a new variable. One
then obtains the system

d,u = —a(u)D, (2.38)

PHYSICAL REVIEW D 71, 064021 (2005)

9,D + a(u)d,.D = —a'(u)D?, (2.39)

where the evolution equation for D has been found by
differentiating (2.12) with respect to x and exchanging
the order of 4, and d,.

As we are interested in studying solutions of the original
scalar conservation law, but seen from a different perspec-
tive, will only consider initial data such that the constraint
D = 9,uis satisfied. Remembering that along a character-
istic line of (2.12) u is constant [and hence also a(ux) and
a'(u)], the equation

dD

o =9,D + a(u)o,D = —a'(u)D? (2.40)
t

arising from (2.39) can be easily integrated. We find that,
along the characteristic, the following relation holds:

Dy
D(t) = —————. 241
@) 1 + Dya'(u)t (241
This clearly becomes infinite at a time ¢* given by
= - ! (2.42)
Dya'(u)’ '

Let us now introduce K := d,u instead of D as an extra
variable. We then obtain the system

du =K, (2.43)
a'(u)
a(u)
Here the evolution equation for K has been derived by

taking a partial derivative with respect to ¢ of (2.12). As
before, by integrating the equation

dK a'(u)
92 = 9,K + a(u)d,K =
dt t a(u) Py a(l/{)

0,.K + a(u)o, K = K2 (2.44)

K2, (2.45)

along the characteristic one finds

Ko

K(r) = , 2.46

K T A
which diverges at a time given by
, alu)

= 2.47

Kod' () (247)

These two examples are nothing more than our original
scalar equation (2.12) in disguise. However, they are in fact
linearly degenerate by the definition given above as the
only eigenvalue a(u) is independent of D and K, respec-
tively. They still give rise to a blowup, as they should, but
this time the blowup appears through the ODE-mechanism
instead of the original geometric blowup mechanism.
Notice that, from (2.42) and (2.47), one can conclude that
a condition for not having a blowup in finite time is a’(u«) =
0, which is the same condition we found in Sec. IIB 2
above. This shows clearly that what can be considered a
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geometric blowup of a given variable u can always be
reinterpreted as an ODE-type blowup of its derivatives,
so both blowup mechanisms are closely related.

E. Indirect linear degeneracy

Linear degeneracy turns out to be insufficient for avoid-
ing blowups in the particular case of system (2.4) and (2.5)
for two reasons. The first reason has to do with the presence
of nonvanishing source terms ¢, and has been discussed in
Sec. II C above. The other reason is simply the fact that for
this type of systems the eigenvalues of the characteristic
matrix A depend only the u’s and not on the v’s, which
means that all eigenfields are linearly degenerate in a trivial
way. We have already seen an example of this in the
previous section when we considered the simple scalar
conservation law and introduced derivatives as extra inde-
pendent variables.

For this reason the concept of “indirect linear degener-
acy” was introduced in [26]. This simply replaces the
eigenvalue A; in Eq. (2.16) by its time derivative:

aA;, g, v,

vv)"i : gi = oW

= 0. 2.48
a'Uj aW,’ ( )

j=1
This new condition yields nontrivial results for the system
(2.4) and (2.5) if the time derivatives of the u’s, appearing
when differentiating A; with respect to time, depend on the
corresponding w;.

It is in fact not difficult to see where the indirect linear
degeneracy condition comes from. Consider the system of
two equations

d,u = p(u, v, d,u), (2.49)

v+ Au)d, v = qu, v, d,u), (2.50)

with p linear in v and d,u. We now extend the above
system by introducing the variable D := 9,u. This means
that the sources p and ¢ are now functions of (u, v, D). The
full system will then be

du = p, 2.51)
9D —a.p=0, (2.52)
v+ Awdv=q, (2.53)

which is exactly of the form (2.4) and (2.5). Let us for a
moment assume that ¢ = 0. In that case it is clear that v
will be constant along the characteristics lines x = xy +
A(u)t. The simplest example is obtained when A(u) = u
and p = v — uD, since then we find that along the char-
acteristics du/dr = v (provided that the constraint D =
d,u remains satisfied). This means that along those lines
we have u = ug + vt, so the characteristics have constant
acceleration given by v (since u is the characteristic
speed). If initially vy(x) = v(r = 0, x) has negative slope
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in a given region, the characteristics are then guaranteed to
cross (as lines behind accelerate faster than those in front).
At the point where this happens the gradient of v will
become infinite and we will have a blowup. For cases
when p is a different function one cannot integrate the
equations exactly, but the same general idea will hold. Of
course, when the source term ¢ is not zero one could
imagine that ¢ can be chosen in such a way as to avoid
the crossing of characteristics, but such a choice would
clearly not be generic. The only way to be sure that there
will be no blowup is to ask for dp/dv = 0. Indirect linear
degeneracy is simply the generalization of this condition to
the case of a system with more equations.

The argument given above, however, is clearly not rig-
orous. Indirect linear degeneracy is therefore still a more or
less ad hoc condition. Part of the reason for discussing it
here is precisely to study its relevance in different cases by
numerical experiments. As our results in the following
sections show, indirect linear degeneracy and the source
criteria often yield the same conditions for avoiding blow-
ups. When they do not, the source criteria seems to be more
important. Exploring the link between indirect linear de-
generacy and the source criteria is something that should
be further investigated, and we are currently working in
that direction.

ITI. THE WAVE EQUATION WITH SOURCES AND A
DYNAMIC WAVE SPEED

A. Blowup formation

As an example for the type of evolution systems studied
in the previous sections we will consider the simple scalar
wave equation with sources,

0?u — 2(u)o2u = q(u, d,u, d,u). (3.1)

Here we allow the wave speed c¢ to be a function of the
wave function u. The source term ¢, on the other hand, can
depend both on « and its first derivatives. Introducing D =
d,u and K = 9d,u, we can rewrite the wave equation as

d,u =K, (3.2)
d,D—d,K =0, (3.3)
9,K — c?9,.D =g, 34

which is of the form (2.4) and (2.5). One can readily verify
that the eigenvalues of the characteristic matrix,

0 -l
(e o)

are A+ = *c, with corresponding eigenfields (the normal-
ization is chosen for convenience)

(3.5)

Wi = %(K ¥ cD). (3.6)
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The linear degeneracy criteria then is trivially satisfied
since the eigenvalues depend only on u. However, when we
calculate the time derivative of the eigenvalues we find

A =*cdu=*cK=*c(wy +w_). 3.7

The indirect linear degeneracy condition (2.48) asks for the
derivatives d A+ /dw~ to vanish, which implies

¢ =0. (3.8)

This is no longer trivial and corresponds to what one would
in fact expect: The wave speed should be independent of
the wave function if we want no shocks to develop.
Let us now turn to the source criteria. We find

/

D ) + S —wd),
Notice that the evolution equation for a given eigenfield
w. contains no quadratic terms on itself other than those
that might come from ¢ (it has only mixed terms and terms
quadratic in the other eigenfield). The source criteria then
demands that the source term g should be free of the
quadratic terms w% and w2 . If we assume that ¢ is of the
form

3.9

q = Ac*D?* + BeDK + CK?
=(A—-B+Owi —2(A—-Cw,ow_

+ (A + B+ C)w2, (3.10)

with A, B and C arbitrary functions of u, it follows that in
order to avoid blowups these functions have to satisfy

B =0, A+C=0. (3.11)

B. Numerical results

We have performed a series of numerical simulations for
wave equations which satisfy or violate indirect linear
degeneracy and/or the source criteria. The results from
these simulations are summarized in Table I. All simula-
tions have been performed using a method of lines with
fourth order Runge-Kutta integration in time, and standard
second order centered differences in space (with no artifi-
cial dissipation added").

As initial data we have taken u(r = 0) = 1 and hence
D(t = 0) = 0, together with the derivative of a Gaussian
for the time derivative of u, i.e.,

K(t = 0) = —(2kx/0?) exp(—x*/d?). (3.12)

! Artificial dissipation (or some other more advanced technique
like shock capturing) is crucial to follow shock waves, but here
we do not want to go beyond shock formation, so we do not
actually need it. In hydrodynamics there are physical principles
that allow one to follow the solution past the shock formation
(we know that physically there is no true discontinuity), but in
this case there is no analog of that.

PHYSICAL REVIEW D 71, 064021 (2005)

TABLE I. Summary of results from simulations of a wave
equation that satisfies (Yes) or violates (No) both indirect linear
degeneracy (i.l.d.) and the shock criteria (s.c.).

ild. s.c. (c, q) Result

No No c=u, g="2uD? Blowup (Fig. 1)
No Yes c=u,qg=2uD?>—K?/u) Blowup? (Fig. 2)
Yes No c=1,q=2D? Blowup (Fig. 3)
Yes  Yes c=1,qg=2D>-K? No blowup (Fig. 4)

Here we used the derivative of a Gaussian and not a simple
Gaussian in order to excite perturbations where u is both
smaller and larger than its initial value.

For all the runs shown here we have used the particular
values k = 0.1 and o = 0.3. These rather strong and lo-
calized perturbations are motivated by the fact that we
wanted to see shock formation early, in particular, before
the variable u changes sign (since the first two examples
with eigenspeeds given by *u are not strongly hyperbolic
for u = 0). However, also for other values of x and o we
have seen qualitatively very similar behavior (and whether
or not u crosses zero does not seem to play a role in the
formation of shocks).

For the runs with highest resolution we have used 80 000
grid points and a resolution of Ax =35 X 10™*, which
places the boundaries at =20, together with time steps of
At = Ax/2. In addition, for each evolution variable we
have computed the convergence factor n which, using
three runs with high (), medium («™) and low (u’)
resolutions differing in each case by a factor of 2, can be
calculated as, e.g.,

1 N; 1
_N Sy luf = ujl

LN ’
v 2o luj —ufl

In the plots we show four different convergence factors:
We denote with a triangle the convergence factors obtained
when comparing runs with 80000, 40 000 and 20 000 grid
points and a spatial resolution of 5 X 1074, 1073 and 2 X
1073. We use boxes, diamonds and stars to denote the
convergence factors when gradually lowering all three
resolutions by a factor of 2. For second order convergence
we expect 1 = 4.

The first test we have done corresponds to a case that
violates both blowup criteria. We obtain such a system by
simply taking a time derivative of Burgers’ equation. We
find 0?u — u?d2u = 2u(d,u)*> and hence identify

Nu (3.13)

c=u, g = 2uD>. (3.14)
Results for this simulation can be found in Fig. 1. In the left
panel we show snapshots of the evolution of the variables
u, D and K in steps of At = 1, and in the right panel we
show convergence factors for the previously mentioned

series of different resolutions. From the figure we clearly
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Results for the case when both criteria are violated. This simulation corresponds to the time derivative of Burgers’ equation,

for which we have ¢ = u and ¢ = 2uD?. In the left panel a sharp gradient is clearly visible on u, and large peaks can also be seen on D
and K. In the right panel we see a clear loss of convergence that becomes sharper as resolution is increased in the order *‘star, diamond,

box and triangle,” indicating a blowup at a time ¢ = 7.

see that, as expected, shocks do form, with large gradients
developing on u and large peaks on D and K. Moreover,
from the convergence plots we see that there is a clear loss
of convergence, and as the resolution is increased, this loss
of convergence becomes more sharply centered around a
specific time ¢ =~ 7, indicating that the blowup happens at
this time.

For the second example we have chosen a situation
where indirect linear degeneracy is violated but the source

criteria holds. Numerical results for the case

g = 2(uD?* — K*/u) (3.15)

c=u,

are shown in Fig. 2 (a simpler case arising for a vanishing
source term, g = 0, yields very similar results). The figure
shows large peaks developing in both D and K, and a sharp
gradient developing in u#. The convergence plots show
some loss of convergence for the lower resolutions but,
in contrast with the previous example, convergence seems
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FIG. 2. Simulation for a case that violates indirect linear degeneracy, but satisfies the source criteria (¢ = u, g = 2(uD?> — K?/u)).
The left panel shows that D and K develop large peaks, while u develops a sharp gradient but no peak. The convergence plots on the
right panel indicate also loss of convergence in D and K, however convergence seems to improve with resolution.

to improve with resolution. This would seem to indicate
that, although sharp gradients do develop, a real blowup
has not occurred. Nevertheless, such sharp gradients are
difficult to resolve numerically, so their presence is
undesirable.

The third simulation corresponds to a case that satisfies
indirect linear degeneracy, but violates the source criteria,
with wave speed and source term given by
g = 2D

c=1, (3.16)

Results for this run are shown in Fig. 3. As before, we see
that both D and K are developing large peaks. The evolu-
tion variable u is developing both a large peak and a large
gradient. The convergence plots show a loss of conver-
gence at lower resolutions that improves as the resolution is
increased. In this case, however, all runs crash at =7,
indicating that a blowup has indeed occurred at that time.

Finally, our last test corresponds to the case when both
criteria are satisfied, with the wave speed ¢ and source term
q given by

064021-10



CONSTRAINT AND GAUGE SHOCKS IN ONE- ...

PHYSICAL REVIEW D 71, 064021 (2005)

u
12
e e ﬁ\‘i:
11
3
1 i
74 2
09 | |
0.8 | | | | 0
-15 -10 5 0 5 10 15 X Oﬂrl 2.5 5 75 t
1F
4 s * s
0.5' \§\\
3
0 Ml NINEN ,
0.5 |
a1l 0
15 10 5 0 5 10 15 X 01,] 25 5 751
1F
N — ——
05|
J 3
: L]
l/ 2
05 | |
-1+ - | | | 0
15 210 s 0 5 10 5X 0 25 5 75t

FIG. 3. Results of a simulation for the case that satisfies indirect linear degeneracy, but violates the source criteria (c = 1, ¢ = 2D?).
The left panel shows that D and K develop large peaks, while u develops both a peak and a large gradient. The right panel shows that
convergence is lost at low resolutions but improves at higher resolutions, until a final time of # =~ 7 when runs at all resolutions crash,

indicating a true blowup.

c=1, q = 2(D?* — K?). (3.17)
Results for this simulation are shown in Fig. 4. We see that
the solution behaves in a wavelike manner, with no evi-
dence of a blowup. This result is reinforced by the con-
vergence plots indicating that we have close to second
order convergence during the whole run for all resolutions

considered, with no evidence of loss of convergence at any

time (notice the change in scale with respect to previous
plots).

From the previous simulations it is clear that, for the
scalar wave equation with a dynamic wave speed and
sources, sharp gradients and blowups are only avoided
when both indirect linear degeneracy and the source crite-
ria are satisfied. In particular, the case with ¢ = 1 and ¢ =
2(D? — K?) behaves very similar to what one would expect
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FIG. 4. Simulation for the case that satisfies both blowup avoiding criteria. In this case we have taken ¢ = 1 and g = 2(D? — K?),

and we find wavelike behavior with no evidence of a blowup.

from the standard wave equation with unit wave speed and
a vanishing source term.

This observation can be easily understood by generaliz-
ing an example suggested by Nirenberg in [37]: Smooth
solutions that extend globally in time will always exist if
one can find a smooth transformation of the form i = ii(u),
for which i satisfies the standard wave equation, 972ii —
02ii = 0 (see [38,39]). One may readily verify that, for our
particular example with wave speed and source term given
by (3.17), this is indeed the case for the variable & =
exp(2u).

IV. THE EINSTEIN EQUATIONS

In the previous sections we have described how blowups
can be produced in systems of hyperbolic equations, and
what conditions need to be satisfied in order for these to be
avoided. We have also considered one simple example, the
wave equation with sources and a dynamic wave speed. We
will now turn our attention to the system we are most
interested in, namely, the evolution equations of general
relativity. In this paper, we will restrict ourselves to two
cases, “‘toy” 1+ 1 relativity, and spherically symmetric
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relativity, and leave the important three-dimensional case
for a future work.

We believe that it is important to mention here the main
results which will be presented in this section. In the first
place, we will recover the results regarding ‘‘gauge
shocks” discussed already in [26,27,40]. But the most
important result that we will show is the fact that, for the
spherically symmetric case, one can also identify a second
family of blowups that are not associated with the gauge
but rather with the violation of the constraints. We will
refer to such blowups as “constraint shocks,” since they
are clearly associated with the way in which the constraints
have been added to the evolution equations. These con-
straint shocks will correspond to blowups in the
Hamiltonian and momentum constraints at a finite time
as the numerical example at the end of Sec. IV C 2 shows.”

Since the blowup analysis assumes that we have a
strongly hyperbolic system, we will in each case begin
by constructing such a hyperbolic system for the Einstein
equations. Notice that there is no unique way to obtain
hyperbolic evolution systems from the Einstein equations
and we will use this fact to explicitly construct formula-
tions that avoid constraint shocks.

A. Einstein equations in 1 + 1 dimensions

Let us assume that we have standard general relativity in
one spatial dimension. It is well known that in such a case
the gravitational field is trivial and there are no true dy-
namics. However, one can still have nontrivial gauge dy-
namics that can be used as a simple example of the type of
behavior one can expect in the higher dimensional case.
We will start from the “‘standard” Arnowitt-Deser-Misner
(ADM) equations for one spatial dimension [10], where by
standard we mean the version of York [9]. Since we want a
hyperbolic system of evolution equations that includes the
gauge, we will use the Bona-Mass6 family of slicing con-
ditions [11]:

0, = —a’f(a)trK, 4.1)

where f = f(a) > 0 identifies the member of the Bona-
Massé family being used (for example, f = 1 corresponds
to harmonic slicing, and f = 2/« to the so-called 1 + log
slicing). For simplicity we will also restrict ourselves to the
case of vanishing shift vector.

Following [26], the two-dimensional vector i will con-
sist of the lapse function « and the spatial metric function
g ‘= g, as components. The vector U, on the other hand, is

2A question arises as to whether one could predict the con-
straint shocks by applying the source criteria directly to the
constraint evolution system. The answer is that one cannot, since
in the constraint evolution system the sources are linear in the
constraints, so if we keep all coefficients constant no blowup
would be expected (at worst one would have exponential
growth). But this is inconsistent, as in fact the coefficients are
not constant and depend on the metric and its derivatives.
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a three-dimensional vector with components given by the
logarithmic spatial derivatives of @ and g, and the unique
component of the extrinsic curvature (with mixed indices).
That is,

i=(a g) U = (D, Dy, K), (4.2)

where

D, = 9,Ina, D, = d,Ing, K:=K. (4.3)
(Note that in [26] the variable D = 9,g/2 is used instead of
D, and K,, is used instead of Ky.) The fact that we define
the D’s as logarithmic derivatives instead of simple deriva-
tives is in order to simplify the resulting equations, and
makes no significant difference in the analysis of Sec. II.
The ADM evolution equations for the vectors i and ¥

turn out to be

0, = —a’fK, 4.4)
alg = _2agK) (4.5)
and
d,D, + 9,(afK) =0, (4.6)
9D, + d,2akK) =0, 4.7)
9,K + a.(aD,/g) = a(K* = D,D,/2g). (4.8)

This system has again the form (2.4) and (2.5). In particu-
lar, the last three equations can be written as 9,0 +
A(i4)o,v = g,, where

0 0 af
A= ( 0 0 2a>, 4.9)
a/g 0 0
and
—a(f + af)D, K
G, = —2aD,K . (4.10)
a(K2 - D%y/g + DaDg/zg)

When studying the characteristic structure of the system
of equations above we find the following eigenvalues

A =0, M. = *a i, (4.11)
8
with corresponding eigenfunctions
f
Wy = Da - EDg, (4]2)
wh = J/fgK = D, (4.13)

The system is therefore strongly hyperbolic as long as
f >0, with one eigenfield propagating along the time lines
and the other two propagating with the ‘“‘gauge speeds”
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M, = *ay/f/g.

In order to study the possible formation of shocks for the
propagating eigenfields, one can immediately see that the
direct linear degeneracy criteria as formulated in (2.16)

cannot be used, since )\fi does not depend on either D, D,

or K. The indirect linear degeneracy condition, however,
yields

ant j=1 avj aWi 2g 2 '
4.14)

where the last step comes from expressing the time deriva-

tives of & and g contained in /ifi in terms of K using (4.4)
and (4.5).
For the source criteria, on the other hand, we need to

determine the term quadratic in w}; in the source terms

associated to the evolution equation for wft itself. We find

f /
aw “ (1 —f - %)w{f + O(wow', wl.wh).

4 2Jfg

(4.15)

Asking for the coefficient of the quadratic term to be zero,

one finds
a af’
=2 1—f——>=0.
B 2\/fé’< 2
It is interesting to note that here both indirect linear

degeneracy and the source criteria yield the same condition
for avoiding blowups, namely

o

I+~

(4.16)

/
l—f—ﬁ=0. 4.17)
2
The reason why this is so is not completely clear, but it
probably implies that in this case the sources and character-
istic speeds are not independent of each other.
The shock avoiding condition (4.17) has been studied

before in [26,27,40]. Its general solution is

const

fla)=1+ (4.18)

a2 ’
Reference [27] also considers some approximate solutions
that are more useful for numerical simulations. Notice also
that, since in this simple case we only have gauge dynam-
ics, these shocks are directly associated with the foliation
itself, and for this reason they are known as ‘“‘gauge
shocks.”

B. Einstein equations in spherical symmetry
1. Standard ADM equations

In order to generalize the previous system to spherical
symmetry, we start with the spatial line element

di> = A(t, r)dr* + r?B(t, r)dQ?, (4.19)
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where dQ? = d6? + sin’0d¢? denotes the usual solid
angle element. Note that in this case the vector i will
consist of the lapse a and the metric components A and
B. Furthermore, the v’s are given by the spatial derivatives
of these quantities

D, = 9d,Ina, D, = 0,1nA, Dy = 0, 1nB,

(4.20)

together with the extrinsic curvature variables (again with
mixed indices)
K, = K],

Ky = Kj = K§. 4.21)

That is,

l:t) = (ay Ay B)r l—}) = (Dar DA? DB; KA, KB) (422)

In the following we will assume for simplicity that we
are in vacuum and that the shift vector vanishes. Using the
Bona-Massé slicing condition (4.1), the evolution equa-
tions for the u’s become

9, = —a*f(K, + 2Kp), (4.23)
9,A = —2aAK,, (4.24)
3,B = —2aBKj. (4.25)

The evolution equation for the v’s can be obtained
directly from the ADM equations and the definition of
the D’s. These equations can again be written in the form
3,0 + A(i)d,v = g, where the characteristic matrix is

0 O 0 af 2af

0 O 0 20 0
A= 0 O 0 0 2a |, (4.26)

a/A 0 a/A O 0

0 0 a/24 O 0

and the source terms are given by
qp, = —a(f + af)D,(Ks + 2Kp), (4.27)
qDA = _ZaDaKA, (428)
qDB = _2aDaKB, (429)
o D D
dk, = _Z|:Da<Doz - 7A> - TB(DA - DB)

(4.30)

1
— AK, (K4 + 2Kp) — = (Dy — 2DB):|;
r

a D
qKB = _QA[DB(Da - 7‘4 + DB) - 2AKB(KA + ZKB)

i 2
+ 1D, ~ Dy +4Dy) — = (A - B)} 4.31)
r rB

Furthermore, the Hamiltonian and momentum constraints
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take the form

3Dp
4.32
r B ( )
D 1
C, :=—0Kp+ ( 23 —)(KA —Kz) =0. (4.33)
r

2. ADM equations in new variables

Rather than working with the standard ADM equations
described in the last section, following [41] we will intro-
duce the “antitrace’” of the spatial derivatives of the metric
components, D = D, — 2Dy, and the trace of the extrinsic
curvature, K = K, + 2Kp, as fundamental variables in-
stead of D4 and K. This choice of variables makes the
hyperbolicity analysis more transparent. The vector v will
then be

‘I_J) = (Da, D, DB, K, KB)? (434)
and the evolution of the u’s will be given by
9,0 = —a’fK, (4.35)
d,A = —2aA(K — 2Kp), (4.36)
9;B = —2aBKgp. 4.37)

For the v’s, one again obtains a system of the form 9,0 +
A(ii)o,v = g,, but this time with characteristic matrix

0 0 0 af O

0 0 0 20 —8«
A = 0 0 0 0 20 |, (4.38)
a/A 0 2a/A O 0
0 0 a/24 0 0
and source terms
qp, = —a(f + af')D,K, (4.39)
gp = —2aD,(K — 4Kp), (4.40)
qDB = _2aDaKB, (441)
o D DB
= — — ) = + =2\ — 2
2 2
r r°B
= Dg( D, — 2 — 2AKK
qK, 2A |: B( 2) B
2
+ L op, —p+apy) - 2 a- B)}. (4.43)
r B
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Finally, the Hamiltonian and momentum constraints take
the form

Dyg D
D—D A—B
+ E+——=0 (4.44)
r r*B

Dy . 1
C, = —0,Kp + (—2 + —)(K —3Kp) =0. (445)
r

3. Modifying the equations by using the constraints

It turns out that, as they stand, neither the matrix A of the
original ADM system, (4.26), nor the one of the rewritten
system, (4.38), has a complete set of eigenvectors for all
f >0, so the systems of evolution equations are not
strongly hyperbolic. Interestingly, strong hyperbolicity
only fails for f = 1, which corresponds to harmonic slic-
ing (this only happens in spherical symmetry, in the full 3-
dimensional case strong hyperbolicity fails for ADM much
more severely). Since harmonic slicing is such an impor-
tant condition for both theoretical and practical reasons,
the systems described above are not very useful.

Let us concentrate on the second system of evolution
equations. By making use of the constraint equations,
(4.44) and (4.45), its principal part can be modified to
construct a strongly hyperbolic system for all f > 0. In
particular, adding multiples of the constraints will modify
the third and fifth columns of the matrix (4.38). We will
consider adjustments to the evolution equations for the v’s
of the form

(n+m)
d,v; + Z Ajjo,v; + a(ATC, + mAa™MiC,) = q..

(4.46)

Here the terms {A;, m;} are allowed to depend on f(a), such
that for harmonic slicing these coefficients reduce to con-
stants. Furthermore, the exponents { ;, M} are fixed by
looking at the characteristic matrix and demanding that for
f = 1 its entries have homogeneous powers of A. Doing
this we find

Hp =Hp=Hp, =-1/2 (4.47)
Hy=Hy =1, (4.48)
Mp, = Mp=Mp, =0, (4.49)
My =My, =—1/2, (4.50)

and the characteristic matrix then takes the general form
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ahDa//Al/2 af

0 0 amp,
0 0 ahp/AY? 200 a(mp —8)
A=| 0 0 ahp, /A 0 al+mp,)
a/A 0  a+hg)/A 0  amg/AY?
0 0 a(l/2+hg)/A 0 amg/AY?
4.51)

We now need to determine the coefficients /; and m; in
order to obtain a well behaved system of evolution
equations.

4. Integrability and hyperbolicity

Since the D’s arise as spatial derivatives of the lapse and
metric components, their evolution equations are obtained
by taking a time derivative of their definition and then
changing the order of the partial derivatives. If one later
adds multiples of the Hamiltonian and momentum con-
straints to the evolution equations for the D’s, one finds
that whenever these constraints are violated the D’s in fact
cease to be derivatives of metric functions. One conse-
quence of this is the fact that, in the sources of the evolu-
tion equations for the eigenfields w;, the coefficients c;;;
will no longer be invariant under rescalings of the form
w; = Q(a, A, B)w; (the proof presented at the end of
Sec. IIC2 of the invariance of these coefficients under
such rescalings relied on the derivative constraints being
satisfied). Such a property of our system of equations is
undesirable, as it makes the source criteria for avoiding
blowups impossible to apply in practice.

This leads us to the ““integrability criteria,” which states
that the D’s should remain derivatives of the metric func-
tions independently of the constraints, and implies that we
must set the hp’s and mp’s to zero and consider only
adjustments in the evolution equations of the extrinsic
curvature variables.

Doing this we obtain for the characteristic matrix (4.51)
the following eigenvalues

Ao =0, (4.52)
M= +a i, (4.53)
= A
o
Ao = ——(mp. £ /4 + 8hp. + m2 ). 4.54
+ 2\/2( Kp Kp KB) ( )

The first three eigenvalues (A, A’;) are precisely the ones

we found for the 1 + 1 dimensional case, so clearly )l}; are
again gauge speeds (they depend on the gauge function f).
The last two eigenvalues depend on the choices we have
made to add constraints to the evolution equations, so we
will call them ““constraint speeds.” In fact, it is not surpris-
ing that we find only characteristic speeds associated with
the gauge and the constraints, since in spherical symmetry

PHYSICAL REVIEW D 71, 064021 (2005)

it is well known that there are no gravitational waves, i.e.,
no physical waves propagating at the speed of light.

From the last expressions we see that if we want the
constraint speeds to be centered along the time lines we
must ask for

mg, = 0. (4.55)
If we now rewrite the parameter s, as
1 u?
hy, = —=+—f, 4.56
k=5t (4.56)

with u a constant, then the eigenvalues A< take the follow-
ing simple form:

AL = *Fupa i 4.57)
- A
At this point, only the adjustments to the evolution
equation of the trace of the extrinsic curvature, iy and
mg, and the constant p remain as free parameters. It is now
not difficult to show that the system of evolution equations
will be strongly hyperbolic, i.e., the matrix (4.51) can be
diagonalized and a complete set of eigenvectors exists, as
long as f > 0 and w & {0, =1}. We want to point out here
that the latter condition implies that all characteristic
speeds have to be distinct. However, there is one important
exception, since for |u| = 1 the adjustments hx = —2
together with mg = 0 also yield a strongly hyperbolic
system (which will be of some importance later).
Furthermore we observe that no particular problems arise
for the case of harmonic slicing (f = 1). For completeness
we explicitly state here the general form of the eigenfields:

wo = Dy — JECD — 2Dy, (4.58)
wh = JF(1 = u?)[D, = \FAK]
+ [ﬁ(z + hy) + %M}DB
+[22 + hg) * mg[fIVAK, (4.59)
wS = u/fDg * 2JAKp. (4.60)
In the case when |u| = 1, hy = —2 and my = 0, the

eigenfields wi and w$ take a different form given by

wl. = \/[fAK * D,, (4.61)
wS = \/fDy + 2JAKj,. (4.62)

5. Indirect linear degeneracy

Just as before, the linear degeneracy criteria is trivially
satisfied. Applying the indirect linear degeneracy criteria,

dA;/dw; = 0, to the eigenvalues /\J;, we find
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EYA a? af’
— = 1=f——
8W'{_F 2(1 - Mz)\/fA< / 2 )

This gives us the same condition on f for avoiding a
blowup as before, namely, condition (4.17), which is pre-
cisely the result we obtained for the 1 + 1 dimensional
case. In addition, however, we note that blowups can also
arise from the second pair of eigenvalues, for which we

(4.63)

find
a/ig__;mz l—f—af/
aws. 4./fA [( 2 >
4+ 2hg *
x ( K ’;mKﬁ> 4 2f} (4.64)
l—pn
The condition for avoiding these blowups is then
N4+ 2hg =
ul(1-p-9L K “2’”’“/7 +2f]=0.
2 1—u
(4.65)
The first thing to notice is that we clearly must take
mg =0, (4.66)
in which case the condition reduces to
"\(4+2h
al(1-p-9L ST fof =00 467
2 1 —u

Now, if we insert a member of the gauge shock avoiding
family into this condition, we find

wf =0,

which, remembering that for strong hyperbolicity one must
have f > 0 and u # 0, brings us to the rather discouraging
result that—for the adjustments considered here—we
cannot avoid at the same time both gauge shocks and
constraint shocks coming from the indirect linear degen-
eracy criteria.

Instead of using a full blown member of the gauge shock
avoiding family, we could be less ambitious and use a
solution that avoids gauge shocks only approximately.
For example, in Ref. [27] it was shown that the standard
1 +log slicing, corresponding to the choice f = 2/a,
avoids gauge shocks to first order (which explains why it
is so robust in practice). Taking such a form of f we find
that the condition for avoiding constraint shocks is

(4.68)

2

he = 22— (4.69)
a—1
For @] = 1 this condition implies g = —2 which, as we

have seen in the previous section, is the only value of hg
that yields a strongly hyperbolic system when |u| = 1.
However, as mentioned before, for the special case
{lul=1,hx = —2} the eigenfields are different and the
analysis should be performed separately. When we apply
the indirect linear degeneracy criteria to the eigenfields w<
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given by (4.62), we find that a);-’;/ an is nonzero, and
since in this case we have no free parameters, it is hard to
say if the condition is “closely satisfied” or not. Still,
Eq. (4.69) does seem to indicate that the combination
{lwl = 1, hxy = —2} is preferred by indirect linear degen-
eracy. We will return to this case when we consider some
numerical examples below.

6. Source criteria

The source criteria for the gauge eigenfields w{; yields
the same condition on f as indirect linear degeneracy since
the quadratic coefficient turns out to be

il )

On the other hand, for the constraint eigenfields w¢ we find
the following quadratic coefficient:

_ U+ pfe
 16p’fVA

i

Ciir

(4.70)

(7 + dhg — 3u>f = 2umgn/f).

4.71)

cce
Crea+

If we want to avoid a blowup this coefficient must vanish,

7+ 4hyg — 3u2f = 2umg Jf = 0. 4.72)
This can be accomplished for any f if we choose
mg =0, 4.73)
and
1+ 3u?
he = —2 + LE3S (4.74)

4

We first notice that again we obtain the condition mg = 0,
just as we found in the previous section. It is also interest-
ing to notice that for a given choice of f we have a one-
parameter family of solutions that avoids this type of
shocks. From (4.56) and (4.74) we see that the parameter
w relates hg and hg, according to

| 3,
="

Considering the restrictions on x4 imposed by strong hyper-
bolicity, u & {0, =1}, we see that in the (hg, hy,) plane
this shock avoiding family must be such that

hKB 9E %(JC - 1)

We see hence that by appropriate choices of f(a) and
suitable adjustments to the evolution equations, it is pos-
sible to avoid at the same time the gauge and constraint
shocks identified by the source criteria.

As a final comment it is important to point out that, in
contrast to what we found for the gauge shocks, in this case
indirect linear degeneracy and the source criteria yield
different statements for avoiding constraint shocks.

hg = —1 (4.75)

hg > —1

B T

(4.76)
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C. Numerical tests in spherical symmetry

We will now describe some numerical experiments de-
signed to test the shock avoiding conditions found in the
previous sections. We will concentrate on two different
types of tests: the robust stability test [42], and a test of
Minkowski initial data with a violation of the constraints
added by hand.

1. Robust stability test

As a first numerical experiment we have performed the
robust stability test as described in [42]. For this test, one
takes Minkowski initial data and adds random noise with a
small amplitude to all dynamical variables. For the evolu-
tion we have used both harmonic slicing with f = 1 and
standard 1 + log slicing with f = 2/a.

For the simulations discussed below we used 1000 grid
points, a grid spacing of Ar = 0.001 and a time step At =
Ar/2. Furthermore, we have demanded periodic boundary
conditions and have set all 1/ and 1/ terms to zero by
hand (i.e., we are performing the run ‘““at infinity’’). Setting
these terms to zero should have no important effect on the

10E-1 5
10E-2 IS
10B-3 |== 7 T e T .
o
o — =t
luf =1
10E-5 W =2
10E-6
1 . 10 30 t
10E-3
10E-4 |
10E-5
10E-6
’ 05 I 15 2 [yl

FIG. 5. Top. Using harmonic slicing, the average error for the
robust stability test is shown for ADM and different members of
the wu-family as a function of time (measured in units of the
light-crossing time of our grid). Bottom. The value of the average
error after one light-crossing time is plotted as a function of the
parameter .

PHYSICAL REVIEW D 71, 064021 (2005)

presence of blowups since one can readily verify that such
terms are only linear in the eigenfields. Moreover, one
could easily regularize the equations at the origin by
following the procedure described in [41], but doing so
would only obscure the study of blowups by mixing them
with purely geometric effects.

We start the simulations with Minkowski initial data
plus random noise of order 10~ on all evolution variables.
At latter times we compute the error 6 as the average
absolute value over the grid of the quantity (33, lu; —
11+ 33, lvil)/8

We first performed runs for the ADM system without
adding constraints, and observed the well known growth in
the average error caused by the fact that ADM is only
weakly hyperbolic. Next, we implemented the w-family
given by (4.56) and (4.74), which according to the source
criteria is shock avoiding. Figure 5 shows the behavior of
the average error for this family. In the top panel we plot
the growth of the error for the case of harmonic slicing as a
function of time (measured in units of the light-crossing
time of our computational grid), for several different values
of | u|. We see that for ADM (which is not a member of the

10E-2 0
10E-3 T pmm T
=TT ADM/
L o e
10E-4 -= hg=-1
_th_
hK=_
10E-5 hg=-4
10E-6
1 3 10 30 t
Ol =1
10E-3

10E-4

10E-5

10E-6

4 3 2 -1

FIG. 6. Top: Setting || = 1, the average error for harmonic
slicing is found to grow only moderately for iy = —2, whereas
for other values of Ay (and, in particular, for ADM correspond-
ing to hx = 0) a rapid growth is observed. Botfom: The average
error after one crossing time is plotted as a function of hg.
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u-family), and for the cases with u = 0 and |u| = 1, the
error grows linearly with time, while for |u| = 1/2 and
|| = 2 the error initially does not grow at all (at later
times, however, also in these cases a linear growth with a
very small gradient develops). The lower panel in this
figure shows the value of the average error after one
light-crossing time as a function of ||, as obtained both
for harmonic and 1 + log slicings. We see that for values of
|| close to O or 1, the error is already very large after one
light-crossing time, while away from these values the error
remains small. The poor behavior of the simulations with
u = 0and || = 11is caused by the fact that for such cases
the evolution system is not strongly hyperbolic. Also, from
(4.57) we see that for values of |u| close to but different
from either O or 1, the eigenspeeds A4 associated with the

constraint modes become very similar to either Ay or /\];.
This means that even if the system is still strongly hyper-
bolic, the argument used for ignoring mixed terms in the
sources will not apply.

In particular, for the case || = 1 the adjustment hyx =
—2 suggested by the indirect linear degeneracy criteria
turned out to be helpful. Because of this, in Fig. 6 we
also show similar plots testing different values of the
parameter /g in the case of || = 1. Here one can observe
that, for values of &g other than —2, and, in particular, for
ADM corresponding to hx = 0, a linear growth in the
average error is present. For the adjustment suggested by
the indirect linear degeneracy criteria (which is the only
value here which yields a strongly hyperbolic system),
initially no error growth is found.

2. Minkowski initial data plus constraint violation

As we saw in the previous section, the robust stability
test is very good at distinguishing between strongly and
weakly hyperbolic systems, but does not show any clear
indication that, among strongly hyperbolic systems, those
that avoid shocks are better behaved. This should not be
surprising as the robust stability test uses random, uncorre-
lated and nonsmooth initial data, while shock formation is
the result of the coherent evolution of smooth initial data.

For this reason, using harmonic slicing we have per-
formed evolutions of Minkowski initial data with a smooth
violation of the constraints added by hand. Here we have
chosen a perturbation in K similar to the one we used for
the scalar wave equation, namely

Kyt =0) = —(2kr/o?) exp(—r?/o?), 4.77)

with parameters « = 0.05 and o = 1.

For the simulations shown below we used 8000 grid
points and a grid spacing of Ar = 0.01 (which places the
boundaries at +40) together with a time step At = Ar/2.
Furthermore, we have again neglected 1/r and 1/r* terms
as the simulation can be “shifted” to large values of r.

In Fig. 7 we show contour plots of the root mean square
(rms) of the Hamiltonian constraint as a function of the
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FIG. 7. Contour plots of the rms of the Hamiltonian constraint
are shown at times t = 6 and ¢ = 18.

adjustment parameters hg and hy, at two different times
during the evolution, using 40 equidistant parameter
choices in each direction. The momentum constraint, not
shown here, has a very similar behavior. Note that black
and dark gray colors correspond to regions where the rms
of the Hamiltonian constraint grows rapidly, and light gray
denotes regions where it grows very slowly or not at all.
For ADM (corresponding to hg = hg, = 0 and denoted by
a black circle) a rapid growth of the constraints is found.
We also observe rapid growth close to the white circle,
representing the special case with hx = —2 and hg, =0
which corresponds to the only strongly hyperbolic system
along the line |w| = 1 and is preferred by indirect linear
degeneracy.

The white diagonal line corresponds to the shock avoid-
ing w-family obtained from the source criteria (not defined
for the points u = 0 and |w| = 1 represented as boxes).
We clearly see that this one-parameter family falls in the
middle of the region where the rms of the Hamiltonian
constraint does not grow, indicating that it does correspond
to a preferred region of parameter space.
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There is a final point related to Fig. 7. The figure shows
that the line || = 1 also seems to produce slow growth of
the constraints. However, as mentioned before, in that case
the system is only weakly hyperbolic and our whole analy-
sis breaks down, so we have no explanation as to why this
line represents a preferred region.

wS hg = -2, hgg= 172 (lul = 42)

04

-02

04 F

-20 -10 0 10 20 Tr

WS hg = -2, hg= 0 (lul = 1)

02 r

0.1 r

-0.1

02

20 10 0 10 20 T

ws  hg=-1/4, hgy= 172 (lul = 42)

SRR
T

-0.15

20 -10 0 10 20 Tr

FIG. 8. Evolution of the eigenfields w¢ (black) and w< (gray)
associated with constraint shocks. 7op. Blowups occur for a
strongly hyperbolic case that is not shock avoiding. Middle.
Shocks also form for the adjustments suggested by the indirect
linear degeneracy criteria. Bottom. No shocks are found for a
member of the w-family obtained by the source criteria.
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In order to see the formation of shocks more clearly, in
Fig. 8 we show the time evolution (shown every At = 2) of
the eigenfields w& which are associated with the formation
of constraint shocks. The upper panel shows the evolution
for the parameter choice iy = —2 and hg, = 1/2 (which
for harmonic slicing implies |u| = +/2), corresponding to
a strongly hyperbolic case that does not avoid constraint
shocks. From the figure we see how a shock is clearly
forming, as expected. The middle panel corresponds to
the parameters hg = —2 and hg, = 0 (and hence |u| =
1) preferred by the indirect linear degeneracy criteria.
Again we observe the formation of shocks. Finally, the
lower panel shows the evolution for a member of the shock
avoiding w-family with parameters hxy = —1/4 and
hg, = 1/2 (e, |ul= V2). In this case the evolution
shows a wavelike character, and no shocks form on the
time scale considered here.

V. CONCLUSIONS

We have presented an analysis of two different blowup
mechanisms for systems of hyperbolic equations of the
type found in general relativity, namely, the geometric
blowup or gradient catastrophe, and the ODE-mechanism.
As an example of how these mechanisms operate we have
used the simple one-dimensional wave equation with dy-
namic wave speed and nontrivial source terms.

We have later performed a blowup analysis of one-
dimensional systems in general relativity, concentrating
ontoy 1 + 1 relativity and spherically symmetric relativity,
and using the hyperbolic Bona-Mass6 family of slicing
conditions. In the first case, we have recovered the well
known gauge shocks and found, somewhat surprisingly,
that both blowup criteria give precisely the same condition
for shock avoidance. When studying the spherically sym-
metric case, we have also found the same type of gauge
shocks but, much more importantly, we have found a
second family of modes that can produce blowups. The
characteristic speed of these extra modes is controlled by
the way in which the constraint equations are used to
modify the evolution equations, so we have called such
blowups “‘constraint shocks.” We have also studied how
one can adjust the way in which constraints are added to
the evolution equations to avoid as much as possible the
formation of such constraint shocks. Finally, we have
presented numerical simulations that confirm that con-
straint shocks can and do indeed form, and that they can
be avoided by using the results of our previous analysis.

We would like to mention here that although in the
present study we did not work with adjustments that can
avoid constraint shocks according to both blowup criteria,
this is simply because we have considered only a restricted
form of adjustments to the evolution equations. More
elaborate adjustments can give rise to completely shock
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free formulations.> Moreover, empirically we have found
that the source criteria seems to be far more important than
indirect linear degeneracy (though it is still not clear why
in the case of gauge shocks both criteria give rise to the
same condition for avoiding blowups).

As a final note, we want to point out that there is a very
important difference between gauge and constraint shocks.
When a gauge shock develops, it means that our coordinate
system has broken down and there is no way to continue
the evolution past that point other than choosing a different
gauge. Gauge shocks are certainly nonphysical, as the
geometry of spacetime remains smooth, but they do repre-
sent very real pathologies in the spatial foliation.
Constraint shocks, on the other hand, are not only non-

*In fact, it is not very difficult to find adjustments that satisfy
both criteria. By making use of an arbitrary function c(a, A, B),
the adjustment (4.56) can by generalized to obtain g, = (¢ —
1)/2. The source criteria then implies that hx = —2 + (1 +
3c)/4, which generalizes the previous expression (4.74) and
again yields the relation (4.75). Furthermore, since the eigenval-
ues AS are now given by A¢ = *a./c/A, by choosing ¢ =
w2A/a? one obtains AS. = *u = const, which trivially satisfies
the indirect linear degeneracy criteria. Numerical experiments
show that systems with these adjustments behave in a very
similar way to those described in the text.
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physical, but they should not arise at all if the constraints
remain satisfied exactly. In a numerical simulation the
constraints are of course violated, but as the resolution is
increased this violation should become smaller and
smaller, so the possible formation of constraint shocks
becomes less of an issue. Nevertheless, at any fixed reso-
lution constraint shocks can form at a finite time unless
care is taken to use a form of the equations that avoids
them.

Because of this we recommend that out of the many
possible ways of constructing strongly hyperbolic evolu-
tion systems in general relativity, for numerical evolutions
one should concentrate on those that have better shock
avoiding properties, both in the gauge and constraint vio-
lating sectors, as these should prove to be more robust in
practice.

ACKNOWLEDGMENTS

It is a pleasure to thank Marcelo Salgado, Alejandro
Corichi, Denis Pollney, Sascha Husa and Olivier Sarbach
for many useful discussions and comments. This work was
supported in part by DGAPA-UNAM through Grants
No. IN112401 and No. IN122002, and by NSF Grant
No. PHY-02-18750. B.R. acknowledges financial support
from the DAAD and the Richard-Schieber Stiftung.

[1] H.O. Kreiss and J. Lorenz, [Initial-Boundary Value
Problems and the Navier-Stokes Equations (Academic,
San Diego, 1989).

[2] Y. Bruhat, Acta Mathematica 88, 141 (1952).

[3] Y. Choquet-Bruhat and Y. York, in General Relativity and
Gravitation, edited by A. Held (Plenum, New York, 1980),
Vol. I, pp. 99-172.

[4] Y. Choquet-Bruhat and T. Ruggeri, Commun. Math. Phys.
89, 269 (1983).

[5] H. Friedrich, Commun. Math. Phys. 100, 525 (1985).

[6] Y. Choquet-Bruhat, in Gravitation: An Introduction to
Current Research, edited by L. Witten (Wiley, New
York, 1962).

[7] H. Friedrich, Classical Quantum Gravity 13, 1451 (1996).

[8] H. Friedrich and A. D. Rendall, Lect. Notes Phys. 540, 127
(2000).

[9] J. York, in Sources of Gravitational Radiation, edited by
L. Smarr (Cambridge University Press, Cambridge,
England, 1979).

[10] R. Arnowitt, S. Deser, and C. W. Misner, in Gravitation:
An Introduction to Current Research, edited by L. Witten
(Wiley, New York, 1962), pp. 227-265.

[11] C. Bona, J. Mass6, E. Seidel, and J. Stela, Phys. Rev. Lett.
75, 600 (1995).

[12] C. Bona and J. Mass6, Phys. Rev. D 40, 1022 (1989).

[13] C. Bona and J. Massé, Phys. Rev. Lett. 68, 1097 (1992).

[14] T. Baumgarte and S. Shapiro, Phys. Rev. D 59, 024007

(1999).

[15] T. Nakamura, K. Oohara, and Y. Kojima, Prog. Theor.
Phys. Suppl. 90, 1 (1987).

[16] M. Shibata and T. Nakamura, Phys. Rev. D 52, 5428
(1995).

[17] M. Alcubierre, G. Allen, B. Briigmann, E. Seidel, and
W.-M. Suen, Phys. Rev. D 62, 124011 (2000).

[18] O. Sarbach, G. Calabrese, J. Pullin, and M. Tiglio, Phys.
Rev. D 66, 064002 (2002).

[19] H. Beyer and O. Sarbach (2004), Phys. Rev. D 70, 104004
(2004).

[20] S. Frittelli and R. Gomez, J. Math. Phys. (N.Y.) 41, 5535
(2000).

[21] B. Gustafsson, H. Kreiss, and J. Oliger, Time Dependent
Problems and Difference Methods (Wiley, New York,
1995).

[22] L.E. Kidder, M. A. Scheel, and S.A. Teukolsky, Phys.
Rev. D 64, 064017 (2001).

[23] O. Sarbach and M. Tiglio, Phys. Rev. D 66, 064023
(2002).

[24] H.-a. Shinkai and G. Yoneda, Classical Quantum Gravity
19, 1027 (2002).

[25] L. Lindblom and M. A. Scheel, Phys. Rev. D 66, 084014
(2002).

[26] M. Alcubierre, Phys. Rev. D 55, 5981 (1997).

[27] M. Alcubierre, Classical Quantum Gravity 20, 607 (2003).

[28] P. Diener (private communication).

064021-21



REIMANN, ALCUBIERRE, GONZALEZ, AND NUNEZ

[29]
(30]
(31]
(32]
[33]

[34]
(35]

R.J. Leveque, Numerical Methods for Conservation Laws
(Birkhauser Verlag, Basel, 1992).

S. Alinhac, Blowup for Nonlinear Hyperbolic Equations
(Birkhéduser, Boston, 1995).

F. John, Partial Differential Equations (Springer-Verlag,
New York, 1986).

E. Hopf, Commun. Pure Appl. Math. 3, 201 (1950).

P. Lax, Development of Singularities of Solutions of
Nonlinear Hyperbolic Partial Differential Equations
(STAM, Philadelphia, 1973).

P. Lax, J. Math. Phys. (N.Y.) 5, 611 (1964).

F. John, in Nonlinear Wave Equations, Formation of
Singularities, University Lecture Series (American
Mathematical Society, Providence, Rhode Island, 1990),

[36]
(37]
[38]
[39]
[40]
[41]

[42]

064021-22

PHYSICAL REVIEW D 71, 064021 (2005)

Vol. 2.

F. John, Commun. Pure Appl. Math. 27, 377 (1974).

S. Klainerman, Commun. Pure Appl. Math. 33, 43 (1980).
F. John, Commun. Pure Appl. Math. 34, 29 (1981).

W. Strauss, in Nonlinear Wave Equations, Regional
Conference Series in Mathematics No. 73 (American
Mathematical Society, Providence, Rhode Island, 1989).

M. Alcubierre and J. Mass6, Phys. Rev. D 57, R4511
(1998).

M. Alcubierre and J. Gonzalez, gr-qc/0401113 [Comput.
Phys. Commun. (to be published)].

M. Alcubierre et al., Classical Quantum Gravity 21, 589
(2004).



