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Well posed constraint-preserving boundary conditions
for the linearized Einstein equations

Gioel Calabrese, Jorge Pullin, Olivier Sarbach, Manuel Tiglio
Department of Physics and Astronomy, Louisiana State University,
202 Nicholson Hall, Baton Rouge, Louisiana 70803-4001

Oscar Reula
Facultad de Matemdtica, Astronomia vy Fisica,
Universidad Nacional de Coérdoba,
Ciudad Universitaria, 5000 Cérdoba, Argentina.

In the Cauchy problem of general relativity one considers initial data that satisfies certain con-
straints. The evolution equations guarantee that the evolved variables will satisfy the constraints
at later instants of time. This is only true within the domain of dependence of the initial data.
If one wishes to consider situations where the evolutions are studied for longer intervals than the
size of the domain of dependence, as is usually the case in three dimensional numerical relativity,
one needs to give boundary data. The boundary data should be specified in such a way that the
constraints are satisfied everywhere, at all times. In this paper we address this problem for the case
of general relativity linearized around Minkowski space using the generalized Einstein-Christoffel
symmetric hyperbolic system of evolution equations. We study the evolution equations for the con-
straints, specify boundary conditions for them that make them well posed and further choose these
boundary conditions in such a way that the evolution equations for the metric variables are also
well posed. We also consider the case of a manifold with a non-smooth boundary, as is the usual
case of the cubic boxes commonly used in numerical relativity. The techniques discussed should be
applicable to more general cases, as linearizations around more complicated backgrounds, and may
be used to establish well posedness in the full non-linear case.

I. INTRODUCTION

In the Cauchy problem of general relativity, Einstein’s equations split into a set of evolution equations and a set of
constraint equations. Given initial data that satisfies the constraints one can show that the evolution equations imply
that the constraints continue to hold in the domain of dependence of the initial slice. However, in numerical relativity,
due to finite computer resources, one usually solves the field equations in a domain of the form (¢,2%) € R x Q, with
Q a bounded space-like surface with boundary 9f). In this case the domain of dependence of the initial slice is “too
small” and one wants to evolve beyond it. Then the question that arises is what boundary conditions to give at the
artificial boundary R x 02 . This problem has two aspects to it. First, one wishes to prescribe boundary conditions
that make the problem a well posed one which preserves the constraints. In addition to that, one might desire to
embed in the boundary conditions some physically appealing property (for instance that no gravitational radiation
enters the domain). These two aspects are in principle separate. In this paper we will concentrate on the first one,
namely, how to prescribe consistent boundary conditions. The construction we propose ends up giving “Dirichlet
or Neumann-like” boundary conditions on some components of the metric, with some free sources. The latter allow
freedom to consider boundary conditions for any spacetime in any slicing.

If the field equations are cast into a first order symmetric hyperbolic form there is a known prescription for
achieving well posedness for an initial-boundary value problem (this is discussed in detail in section II), namely
maximal dissipative boundary conditions [EI] Well posedness is a necessary condition for implementing a stable
numerical code in the sense of Lax’s theorem [P]. However, additional work is needed if one wishes to have a code
that is not only stable but that preserves the constraints throughout the domain of evolution. As we stated above,
this implies giving initial and boundary data that guarantees that the constraints are satisfied. Traditionally, most
numerical relativity treatments have been careful to impose initial data that satisfies the constraints. However, very
rarely boundary conditions that lead to well posedness are used, and much less frequently are they consistent with the
constraints. Only recently, following Friedrich and Nagy [E], has work with numerical relativity in mind started along
these lines [@],[ﬁ],[ﬂ],[ﬂ], [E] Of particular interest is the recent paper of Szilagyi and Winicour [E], which outlines a
construction with several points in common with the one we describe here.

In this article we derive well posed, constraint-preserving boundary conditions for the generalized [@] Einstein-
Christoffel (EC) [ symmetric hyperbolic formulations of Einstein’s equations, when linearized around flat spacetime.
The procedure consists in studying the evolution system for the constraints and making sure that the corresponding
initial-boundary value problem is well-posed through appropriate boundary conditions. There is some freedom in the
specification of the latter. Next, we translate them into boundary conditions for the variables of the main evolution
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system. The main difficulty consists in making use of the freedom that one has in the boundary conditions for the
evolution system of the constraints in such a way that the resulting boundary conditions for the main evolution system
ensure well-posedness. We consider the case of a non-smooth cubic boundary as is of interest in numerical relativity.
This involves the additional complication of being careful about ensuring compatibility at the edges joining the faces.
To our knowledge, this is the first detailed analysis of the initial-boundary value problem with a non-smooth boundary
in the gravitational context.

The organization of this paper is as follows: in section ﬂ we review the basic technique of energy estimates used
to prove well posedness. In section we review the generalized EC symmetric hyperbolic formulation, write down
the evolution system for the constraints and analyze under what conditions the latter is symmetric hyperbolic. In
section m we compute the characteristic variables for the main evolution system and for the system that evolves the
constraints. These characteristic variables are a key element for prescribing the boundary conditions that lead to
well-posedness. In section M we write down the constraint preserving boundary conditions in terms of the variables
of the main evolution system. In section @ we derive the necessary energy estimates to show that all the systems
involved in our constraint-preserving treatment are well posed. In section we summarize the constraint-preserving
construction of this paper. We end with a discussion of possible future improvements to and applications of the
boundary conditions introduced in this paper.

II. BASIC ENERGY ESTIMATES

In this section we review some basic notions of energy estimates for systems of partial differential equations, as
discussed, for instance, in ] Consider a first order in time and space linear evolution system of the form

dyu = Adju, (1)

where u = u(t, ) is a vector valued function, ¢t > 0, 2° € €, and where the matrices A', A% and A3 are constant.
The symbol P(7) is defined as P := A'n;. The system is symmetric (or symmetrizable) hyperbolic if there is a
symmetrizer for P. That is, a positive definite, Hermitian matrix H independent of n* such that HP = P'H for all
n; with >, sn?=1.

In order to show well-posedness of the initial value problem for such a system, one usually derives a bound for the
energy

E(t) = /Q(u,Hu) Bz (2)

where (.,.) denotes the standard scalar product. Taking a time derivative of @), using equation (fll), the fact that
HA’ are symmetric matrices, and Gauss’ theorem, one obtains

d , 4

—E(t) = / 2(u, HA?Oju) d*x = / 0j(u, HAV ) dx = / (u, HP(fi)u) do,

dt Q Q o9

where 77 is now the unit outward normal to the boundary 92 of the domain. For simplicity let’s assume that P(77) has
only the eigenvalues £1 and 0. Let v, «(=), and u(?) denote the projections of u onto the eigenspaces corresponding
to the eigenvalues 1, —1 and 0, respectively. That is, u = v + u(=) + () and P(i)u = uwt) — (=), Then

(u, HP(it)u) = (™), Hu™)) — (), Hu(7)).

If we impose boundary conditions of the form u(t) = Ru(~) with R “small enough” so that RTHR < H [E], it
follows that E(t) < E(0) for all ¢ > 0. These kind of energy estimates are a key ingredient in well-posedness proofs.
One can generalize this result to boundary conditions of the form

™) = Rul™) 4 g, 3)

where g = g(t,24) is a prescribed function at the boundary and RTHR < H, as before. In this case, an energy
estimate can be obtained as follows: We first choose a function 1 that satisfies ¥(*) = Ry)(=) + g at the boundary.
Then, we consider the variable & = uw — v instead of u which now satisfies the homogeneous boundary condition
@) = Ra(-) and the modified evolution equation

oyt = A10;u + T,
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where F' = A7) — 041 is a forcing term. One now repeats the estimate for the energy defined in (E), with u replaced
by @, and obtains

dt

where |G| = EY2, |F| = ([(F, HF)d*z)'/? and where we have used Schwarz’s inequality. Therefore, we obtain the
estimate

GEO <2 [ @HP)E<2a] - |F).
Q

la(t, )l < [la(0,.)]] +/O (s, ) llds.

Similar estimates can be obtained for systems with non-constant coefficients, as is the case, for instance, of lin-
earizations around a given non-Minkowski metric, as in black hole perturbations. In the non-linear case the proofs of
bounds are only for finite amounts of time, since solutions can blow up in a finite time starting from initial data with
finite energy.

The existence of an energy estimate implies that the initial-boundary value problem is well posed. By this we mean
that there exists a unique smooth solution to the problem for which the energy estimate holds [@, E] It should
be noted that these results are in principle only valid for smooth boundaries. Later in this paper we will discuss
boundaries that are non-smooth. It should be understood that in those cases the energy estimates we derive do not
necessarily imply the existence and uniqueness of smooth solutions.

III. THE FIELD EQUATIONS AND THEIR CONSTRAINT PROPAGATION

In this section we present the field equations that we will use through this paper, and analyze the constraints
propagation. In the first subsection we present the evolution equations for the main variables within the generalized
Einstein-Christoffel symmetric hyperbolic formulation of Einstein’s equations. In the second subsection we analyze,
in the fully non-linear case, the evolution equations for the constraints within this formulation and derive necessary
conditions for the latter to be symmetrizable. We will need this system to be symmetric hyperbolic in order to
derive an energy estimate in the way we sketched in Section @ Rather surprisingly, it turns out that in the original
EC system the constraints’ propagation does not seem to be symmetrizable. Imposing the symmetric hyperbolicity
condition naturally restricts the free parameter of the system to an open interval. As a side note, there seems to
be some correlation between the stability properties of the system found in numerical experiments and this natural
choice.

A. The formulation

In [@] the following symmetric hyperbolic system [@] of evolution equations for the three-metric (g;;), the extrinsic
curvature (K;), and some extra variables f,;; that are introduced in order to make the system first order in space is
derived:

Oogij = —2Kij, (4)
K = —8kfkij +l.o., (5)
60fkij = —6kKij +l.o0., (6)

where 9% = ¢g*'9; and where 9y = (9; — £5)/N is the derivative operator along the normal to the spatial ¢ = const.
slices. The shift 8¢ is an a priori prescribed function on spacetime while the lapse N is determined by N = g'/2 @,
with @ a priori prescribed. Here and in the following [.0. stands for “lower order terms”. These terms depend on
gij, Kij, frij, @ and 8 but not on the derivatives of g;j, K;; or fg;j. Provided that the constraints (see equation (E)
below) are satisfied, the spatial derivatives, di;; = Orgij, of the three-metric are obtained from

s s 77_4 s s
diij = 2 frij + 19k (fj)s - fj)s) + 91 (s = ) (7)

where 7 is a free parameter with the only restriction n # 0.

The evolution system (@,E,ﬂ), besides being symmetric hyperbolic, has the additional feature that all characteristic
speeds (with respect to the normal derivative operator dp) are either 0 or +1, so that all characteristic modes lie
either along the light cone or along the orthogonal to the hypersurfaces ¢ = const. direction.

The particular case with 17 = 4 corresponds to the system derived in [@] As we will show shortly, the latter does,
however, not seem to admit a symmetric hyperbolic formulation for the evolution of the constraints.



B. The evolution of the constraints

In order to solve Einstein’s vacuum equations, one has to supplement the evolution equations @,E,E) with the
following constraints:

0= C= %g“ba’“(dabk — dkab) + l.o.,
0= Oj E(?“Kaj —g“bﬁjKab+l.o.,
0= Chkij = dkij — Okgij ,

0= C[]”‘j = (9[ldk]” .

(8)

where C, C; are the Hamiltonian and momentum constraints, respectively.
Using the evolution system (H,E,H) for the main variables, one obtains the following principal part for the evolution
system for the constraint variables [[L{]:

8C = gakck +lo., (9)
4 —2
8Ci = " o,0 — 98 Cs,. — 8k CL, 5 + Lo, (10)
800]”7‘ = Z.O., (11)
n—4

90Cikij = 1ugruC) + 9i91Cy + l.o.. (12)

4
A system is symmetrizable if we can find a transformation that brings the principal part into symmetric form. In
order to investigate under which conditions this system is symmetrizable hyperbolic, we split Cj;; in its trace and
trace-less parts:

1 1
Cikij = Ewij + 3 (916Bjyk — 9 Bjy) + 3 9iiWik

where Ej;; is trace-less with respect to all pair of indices and where in terms of the traces Si; = CS( ki)s? A = Cs[,ﬂ.]S
and Vi, = C},.°,

4 12 4 9 12
Byi = 5 Ski — — Aki — ¢ Vi » =z — Ak -
k 3Sk = A 5Vk Wi 5Vzk+5 1k
Rewriting the principal part in terms of these variables, we find
8C = gakck +lo., (13)
4—2n k k k
0 C; = 0;,C — 0% Sy; — 0" Ap; — 0"V + loo., (14)
n
3 1
805',”- = —Z/r] (8(;601) — g gkiascs) + l.0. 5 (15)
O A = (1 - 77) 8[kCi] +l.0., (16)
7
0o Vii = (In — 3) 8[,601-1 +l.o., (17)
8oCkij = l.o.. (18)
80Elkij = l.O. . (19)

Having split all the variables into their trace and trace-less parts the only natural transformations that remain are
rescaling of the variables or linear combinations of the antisymmetric symbols Ag; and Vi;. First, looking at the terms
depending on Cj in the evolution equation for C' and vice-versa, we see that n < 2 is needed in order to make the
corresponding block in the principal part symmetric by a rescaling of C'. Next, looking at the terms involving Sy, in
the evolution equation for C; and vice-versa, through a similar reasoning, we obtain the condition n > 0. Finally, if
0 < n <2, it is easy to see that the transformation

Api = Api + Vi Vii = (Tn/4 = 3) Agi + (1 — 1) Vi

brings the corresponding block into manifestly symmetric form.



We can summarize the result as follows: If 0 < 1 < 2, the principal part of the system () is symmetric with
respect to the inner product associated with

16 — 877

4
CC +C'C; + 2 S’“Skz + —— AM Ay + VIV, + CMICLyy + B By (20)

L.U)= 8 —3n

where U = (C, C;, Sk, A;”», V;ﬂ-, El;ﬂ-j)T. It is interesting to notice that in a numerical empirical search for a value of
7 that improves the stability of a single black hole evolution, Kidder, Scheel and Teukolsky found the value n = 4/33,
which lies inside the interval 0 < 5 < 2 [L(]. On the other hand, the evolution of the original EC (n = 4), for which
we were not able to find a symmetrizer, according to [@] does not perform very well in 3D black hole evolutions. Also
of interest is that in the recent work of Lindblom and Scheel ] they note that the previously mentioned range of n
is also preferred. (See figure 5 of their paper; the range 0 < n < 2 translates to —oo < v < —0.5). In that work they
also study the dependence on another parameter Z, which corresponds to a rescaling of a variable and therefore its
effects do not influence the principal part of the equations, which is what determines the level of hyperbolicity of the
system.

IV. CHARACTERISTIC VARIABLES

Here we discuss the characteristic variables of the main evolution system (@,E,E) and of the evolution system ([L3{L9)
for the constraints. The characteristic variables are needed in order to give the boundary conditions of type (E), which
yield a well-posed initial-boundary value problem.

From now on we will concentrate on linearized (around Minkowski spacetime in Cartesian coordinates) gravity for
simplicity. That is, the background metric is

ds® = —dt? + 5ijdxid:1:j ,

where 9;; is the flat space metric. We also assume that our perturbations have vanishing shift and vanishing linearized
densitized lapse. In these cases, all lower order terms vanish (with the obvious exception of the right hand side (RHS)
of () and the evolution equations simplify considerably.

We also choose our spatial domain to be a box Q = [Zmin, Tmaz] X [Ymin, Ymaz] X [Zmin, Zmaz), though the analysis
below could be generalized to other domains.

A. Characteristic variables for the main system

When linearized around flat spacetime, the main evolution system reduces to

Orgij = —2K5 ,
WKy = —0" frij , (21)
Oifriy = —OuKyj . (22)

Since g;; does not appear in the evolution equations for K;; and fi;, we do not consider its evolution equation in the
following. Therefore, the system we consider has the simple form dyu = A79;u, with u = (Kjj, frij)?.

The characteristic variables with respect to a direction n’ are variables with respect to which the symbol P(7) =
An; is diagonal. They can be obtained by first finding a complete set, eq, ..., e24, of eigenvectors of the symbol (the
e;’s are called characteristic modes) and then expanding u with respect to these vectors. The coefficients in this
expansion are called the characteristic variables.

For the above system there are six characteristic variables with speed 1, six with speed —1 and twelve with zero
speed. They are given by

<7 — fnij (speed +1)
) Kz] + fnzg s (Speed —1) (23)
”kz; frij — i fnij » (speed 0)

where fr;; = fkijnk. In terms of these variables, the evolution system becomes

8tv§;[) = +0,v

nw

o) = ——(9k ( z;)"’ < )), (25)

— Mol (24)



where 0,, denotes the derivative in the direction of n and 6,? = Oy — ni0, are the derivatives with respect to the
directions that are orthogonal to n.

1. Gauge, physical, and constraint-violating modes

Before we proceed, it is interesting to give the following interpretation to the characteristic variables of the main
system with respect to a fixed direction n*: Consider a Fourier mode of u with wave-vector along n*, ie. assume
that the spatial dependence of u has the form e™*’. In this case, the linearized constraints assume the form
L(n*)u = 0, where L(n') is a constant matrix. Also, since in the case we are considering the non principal terms
vanish, characteristic modes of this form solve the evolution equations.

Now we can check which characteristic modes (or combination thereof) satisfy the constraint equations and which
do not. It turns out that all modes violate the constraints, except for the ones corresponding to the characteristic
variables vfljﬁ) and ﬁgiB) = vl(;;) —da Bvcc(i) /2, where A, B denote directions which are orthogonal to n.

Next, consider an infinitesimal coordinate transformation z* — z* + X*. With respect to it,

Kij — Kij — 81'8th s
gij = Gij + 206X

Assuming that X* and X; are proportional to e =’ and using () we find that

0 0 n—4
& o+ X £ X, ’UEM)j — ’UEM)j —ba (njyXn — Xj) + I 0i; X4,
while the remaining variables are invariant. In particular, we can gauge away the variables vfﬁﬁ) and v,(l_). The
characteristic variables 191(:2 are gauge-invariant and satisfy the constraints.

This suggests the following classification: We call
(&)

e the variables vnn’ gauge variables.

e the variables ﬁz(fB) physical variables.

B(£)

e and the remaining variables v'g

and vaiB) constraint violating variables.

We stress that this classification is exact only if all the fields depend on the variable nyz* and the time coordinate ¢
only. (In particular, it is exact in 1 + 1 dimensions since then there is only one space dimension.) Nevertheless, this
classification sheds light on the boundary treatment below: For example, we will see that giving boundary data that
is consistent with the constraints will fix a combination of the in- and outgoing constraint violating variables while

we will be free to choose any data for some combination of the in- and outgoing gauge and physical variables (see
equation (Bg) below).

B. Characteristic variables for the constraints

For our purpose, it is sufficient to find the constraint characteristic variables that have non-zero speed, since these
are the ones that enter the boundary condition (E) In the system considered here there are three characteristic
variables with speed 1 and three with speed —1,

2n —4
Ui

v =+

K3

Cni £ (Spi + Ani), (26)

while the remaining variables have zero speed.

V. CONSTRAINT-PRESERVING BOUNDARY CONDITIONS

Here we start with boundary conditions for the constraints that ensure that they are preserved though evolution
and then translate them into the boundary conditions for the main system. In order to do so we write the in- and



outgoing characteristic variables of the constraints in terms of (derivatives of) the characteristic variables of the main
system. Well-posedness of the resulting constraint system is shown in the Section

In order to preserve the constraints we impose boundary conditions for their evolution of the form (H) with ¢ =0
(g # 0 would not preserve the constraints). That is,

v = Livio, (27)

where the matrix L is constant. As discussed in Sect. E, the coupling matrix L must be “small enough” if we want
to obtain a useful energy estimate. We will analyze this question in the Section @

Next, our task is to translate the conditions (é) into conditions on the main variables. Using the definition of the
constraints, Eqs. (), we find

C = g ok, | (28)
C; = VK;j — 0K , (29)
Sni+ Ani = 0 frit — 0if*un + 1 [ni0'v; — 30vy,] , (30)

4

where v, = f,° — f°,,. Using Eqgs. (@,@,) and the definition of the characteristic variables, Egs. (@,E), one
obtains

1
AN 3n“1(33 9% Bn) + 3 (1 1 > 0" (2 ( kk)B - 2“1(5521@ - 7(:1;’) +’Uf(lB)> (31)
1 3
VD = ol - 07+ ouelD 7 5 (1- ) 0n (22 + o883 - of2) (32)

where the capital indices A, B = 1, 2 refer to transverse directions (i.e. directions orthogonal to n), and where we sum
over equal indices.

A first problem that arises in the above expressions is that with maximally dissipative boundary conditions one
does not control normal derivatives d,, of the incoming characteristic variables at the boundary and, therefore, cannot
impose the above conditions, Egs. (@,@) However, since in Egs. (@,@) the normal derivatives are present only on
variables with speed 41, we can use the equations (@) to trade normal derivatives by time and transverse derivatives.
Doing so one obtains

1
VI = Loy — 0% £ 000, £ 5 <1 4 > 07 (200 — 205 — ol +0(3). (33)
1/ 3 .
v = 700 — 080 + 9,00 1 0% 5 = 5 (1 - I”) 9 (2 O o) U;,;) : (34)

The second problem is to show well-posedness for the evolution system of the main variables. Conditions (@)
together with Eqgs. (@,@) do not directly translate into conditions of the form (E) for the main variables since
transverse derivatives appear in the expressions g @ . In order to get a well-posed initial-boundary problem
we look for appropriate linear combinations g = u ) of in- and outgoing main variables and an appropriate
coupling matrix L such that the conditions (@) with @ @ ) can be incorporated in a closed set of evolution system
at the boundary for the variables g and some variables with zero speed. This is discussed next.

A. Neumann boundary conditions: evolution system on each face

(+)

i vgj_) and s;; = vg;_) + vgj_) (di; stands for difference [2J], and s;; for sum).

Consider the combinations d;; = v;
Noticing that

V) 4+ v = ddpp — 8%san ,

—VXF) + Vf(f) Oesan +0"dap — Oadpp — Oadnn + 2‘90”an + (1 - —) 0a ( BO)Bn + dBB) ;

we see that one way of imposing boundary conditions such that the constraints are satisfied is through
0=VH+y), (35)
0= -ViP4+vi. (36)
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Equations (@,) amount to giving as boundary conditions for the constraints’ propagation a coupling between the
incoming and outgoing characteristic constraint variables as in Eq. (R7) with (L/) = diag(—1,1,1). These equations
can also be seen as equations for dgp and s, 4 at the n-face, where d Ap and d,, are a priori prescribed functions (i.e.
they are not fixed by the constraints’ treatment). Here d 4B is defined as the traceless part of d4p. That is,

A 1
dap =dap — 55,436100

where 645 = 1 if A = B and zero otherwise.
In fact, Egs. @,) do not not contain as dynamical variables only dgp and s,4, but also some zero speed
variables. Therefore, in order to get a closed system, we need evolution equations for the zero speed variables vg%n.

These equations can be obtained from the evolution system of the main variables, equation (@)
1
0= + 5 Dasns (37)

Below we will show that equations @,,@) constitute a symmetrizable hyperbolic system of evolution equations at
the face orthogonal to n for the variables (dgg, San, ”,(fl)an)v where dag = dag — 1/26apdcc and dy,y, can be freely
prescribed. Since the domain we are interested in is a box, Egs. (@,,@ need to be evolved at each face. In order
to do so one needs boundary conditions at each edge (intersection of two faces). Below we will also explain how these
boundary conditions are naturally fixed by compatibility conditions.

Assuming one already has the solution to Egs. (@,,@) at each face, the boundary conditions for the main
variables, which are of the required form (), are the following:

Y B N U, N G (B O PR 7 B P JU e

where dgp and s, 4 are obtained from the evolution system (@—@) at the n-face and where we can specify the gauge
variable d,, and the physical variable dsp freely. Note that

dnn = _2fnnn s JAB = _2anB + 5ABfnCC . (39)

In view of equation (ﬂ) and the fact that if the constraints are satisfied we have di;; = 0xg:;, we see that these are
Neumann conditions on some components of the three-metric.

Now we go back to the evolution system (@@) at the face and look at it in detail. In order to make the notation
more compact we write d™ =dg B, sff) = SAn, h% = vff]én for the variables associated with the face orthogonal to
n. Then we have

8d™ = 947 (40)
n n 4-3 2-3 o

orsy) = —20°hE - — T ountm — T” Dad™ — 3BT + Dad), (41)
n 1 n

oihly) = -3 das'y) (42)

where h(") denotes the trace of hg%. One can check that as long as 1 # 2 this system is symmetric hyperbolic with
respect to the inner product associated with

2
d" |+ 8h LAY, sACSED (43)

2 n) (n n 4-3
(B.B) = () + 25557647 + | (6 — 3) o7 + =

where B = (d, sa,hap) and hap denotes the trace-less part of hapg, hap = hag — (5A3hcc)/2.

B. Neumann boundary conditions: Compatibility conditions at the edges of the faces

The system we just introduced is defined on each of the six n-faces. The faces themselves have boundaries: the
edges that join them. We need to ensure that the system on each face is well posed taking into account the boundary
conditions at the edges. Since each edge is shared by two faces, this will translate into compatibility conditions among
the various systems.
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The system of interest has, at each edge, two ingoing modes with speeds 1/3/2 and 1 and two outgoing modes with

speeds —1/3/2 and —1. At face n, the corresponding characteristic variables with respect to a direction m?, are

1 /2 1 4-3n 2-3n
= +-4/2¢m) _ = (n) 4 (n) 4 (n)
W, /a7 :|:2\/;sm 3 [2hmm 5 h 1 d

Wy = :I:s](D") - 2h§,’fl)) ,

where p is a transverse direction orthogonal to m (and n).

In terms of the original variables, the variables d™ 554) hf4 i 5 on the n-face are

d"™ = ~2f,pp , Sff) =2Kna , hx% = faBn , A = ~2fnnn CZX% = —2fnaB +daBfncc -

Now let {n,m, p} be orthogonal directions naturally associated with the box (say, the standard Cartesian coordinates
{z,y,z}). If we compare these variables in two different directions n and m, say, we obtain the following compatibility
conditions:

s = glm) (44)
“oh) = d) ()
h = nim (46)
On the other hand, we have, by definition of the characteristic variables,
W™ ) 2 () ) ) ()
+ /—3/ /—3/ Sm ’ w+1 +w—1 - 4hmp .
Therefore, the correct boundary conditions at the edges are
W™ = W™y 2 2 (47)
3/2 3/2 ’
wi =~ + 2d,<:;3> - (48)

Notice that up to now the quantities that were freely specified were d,,, and dap one each of the n-faces. Therefore,
in order to fix the boundary data for the systems that are defined on these faces we also have to a priori specify the
quantities s%m) =2K,m = 55,’5 ) at the edges defined by the intersection of faces n and m.

Imposing these boundary conditions automatically implies that the compatibility conditions (@) and (@) are
satisfied. On the other hand, we have at the edge joining the faces n and m,

00 (ngz) — h) = ~La, (s — sim) =0

pn

where the last equality follows from imposing the boundary conditions at the edges. Therefore, these boundary
conditions also imply that the compatibility condition (@) is satisfied through evolution provided it does so initially.

C. Dirichlet boundary conditions

In a similar way to the Neumann case, one can obtain a closed system at the boundary for the variables

(sBB,dAn, Uz(cg)ma ”,(SJ)BBv U(BBA) by requiring

0= V-V, (49)

0=v"+v, (50)

where

V7§+) — Vn(i) = OispB — o dan + 28AUABB (1 - _> da ( BOJ)BA 2”52121@ - d”A) )

Odan +0Psap — 0aspp — Oasnn -

|
L
X
>
Il
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One also has to take into account the evolution equations for the zero speed variables:
1
0= 8,5’020% + 5 aASij . (51)

In this case, one can freely specify s,, and §4p5, which corresponds to Dirichlet conditions on some components of
the extrinsic curvature:

Son = 2Knn . S4B =2Kap—dapKcc . (52)

Assuming one already has the solution to Egs. @,@) at each face, the boundary conditions for the main variables,
which are of the required form (f]), are the following:

U(B+B) = —01(9_3) +sBB, U,(:;L) = UAn +dan o) = =) + s @E;FB) = —@i&? + 548 - (53)

In terms of the variables s = spg, da = dan, ha = 37 1)1(4])33 +(4- 377)(1)539])314 — vff%n) we can rewrite the boundary

system ( @-@ ) as

8—-3 1
Bs = —— 1 9Ad, — = 0%hy, (54)
4 2
1
Opds = B 9as + Oasnn — 08B , (55)
443 4 —
Ohy = -5 o4 > T (Dasnn — 0P554) . (56)
This system is symmetrizable hyperbolic with respect to the inner product associated with
4—-3 4—-3
(B, B) = 45> + 8d*da + (hA 5 = dA> (hA - — iU dA) (57)

where B = (s,da, ha).

There is one ingoing and one outgoing mode, with speeds ++/3/2, respectively. The corresponding variables in a

direction m# are

wy 57 = V325 % 5 <8 3 gy — )

We now turn to the compatibility at the edges of the faces. In terms of the original variables one has

s =2Kpp,  dy) = —2fua,  hY =30fape+ (4—30)(fepa— fan),
s0) = 2K,  85) =2Kap —danKoc .
From these expressions one can see that the only compatibility conditions are
= 2 (s~ ) )
sim) 4 950m) — () 4 9g(n) (59)

Equation (@) fixes the boundary data for the ingoing variable:

w'™ it 4/3/2(sm (60)

3/2
This condition will be used in the energy estimate (@) in order to prove well-posedness for the system at each face

in the Dirichlet case. On the other hand, Eq. (@) is a compatibility condition at the intersection of faces n and m
for the free boundary data.

VI. WELL POSEDNESS

We start by showing that the conditions (@,) and (@,@), for the Neumann and Dirichlet case, respectively,
imply that the evolution system for the constraints is well-posed. Then we derive energy estimates for the closed
system of evolution equations at each face, and using these estimates we show that the evolution of the main system
is well-posed as well.

Since we have already shown that all the evolution equations involved in our constraint-preserving treatment are
symmetric hyperbolic, and since we have already cast all boundary conditions in maximally dissipative form, the
main purpose of this section is to explicitly show that the different couplings are “small enough” with respect to the
corresponding symmetrizers, in the sense discussed in Section E
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A. Constraint propagation
Here we derive an estimate for the growth of the energy
Econstraints = /Q(U, U)dr,

where (U, U) is defined in (R(). Taking a time derivative and using equations (L3-Ld) we obtain, after integrations by
parts,

4
dt

Econstraints = 2/

[4— 2n
09

CC, —C'S,; — CiAm} do,
n

where n* is the unit outward normal to the boundary 9§ of the domain. Expressing the integrand in terms of
characteristic variables defined in @), we obtain

d 1 g NP
. Econstraints = _/ 5” (‘/ZH_)VH—) - ‘/z( )V( )) dO’ = 0;
dt 2 Jog ’ J

where the last equation follows from the conditions (B5B€) and (td,5d) in the Neumann and Dirichlet cases, respec-

tively. Therefore, the initial-boundary value problem for the constraints is well-posed. In particular, this implies that
zero initial data for the constraints implies that the constraints are zero at later times as well.

B. Face systems

1. Neumann conditions

In order to show well-posedness for each system defined on the n-face I';, we consider the corresponding energy
norm for the Neumann case,

E(FH,N) :/ (B,B)da,

where (B, B) is defined in (@) Taking a time derivative and using the above evolution equations we obtain
iE = 6 3 w? — w? —|—4(w2 — w? )
i = [V g \Myar T e T

We use the boundary conditions (@,@), with sslm) =0 and dﬁ;@ = 0 for the moment, to get rid of the first term on
the RHS of Eq. (@) Using Schwarz’s inequality, the second term is estimated as follows:

ds+4/ 4 (8Adm _aBdAB) do.  (61)

4/ 54 (9adun — 0Pdag) do <ATELE ),
g ,

n

where
f2 = / (aAd,m - chZAB) (aAd,m - aCJAC) do.
T
Therefore, we end up with the estimate

t
B, (0 < B, ) (0)2 42 / f(s)ds (62)
0

and see that the energy is bounded and the bound is determined by the norm f of the free data on the boundary.
The assumptions s%m) =0= dﬁ{;‘) can be easily relaxed with an argument similar to the one we presented in the
paragraph following equation (E) That is, one defines a new variable that incorporates the inhomogeneity in the
energy generated by the term that appears in the case of a non-smooth boundary and obtains an energy estimate for

the new variable, since the variable redefinition is finite and well defined. Well posedness follows immediately.
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2. Dirichlet conditions

The Dirichlet case is similar to the Neumann one. The energy is now given by

E(Fn,D) = / (B,B) dU,

n

with (B, B) given by Eq. (F7). We obtain the estimate

d 2 2 7 l/2
dr D) < VE/3 /ar <w+\/% B w—m) ds +2/ B, ) (63)
where
f~2 = / (8A5nn - aBéAB) (8A5nn - 8C§AC) dgv
T'n

and we can proceed as in the Neumann case, using in this case the boundary condition (@)

C. Main system

Having obtained a bound for each closed system defined on a face we can obtain a bound for the main evolution
variables by the standard techniques described in section II where we now have the boundary conditions (Bf) and
(@) for the Neumann and Dirichlet cases, respectively, which are of the required form (E)

VII. SUMMARY

The well posed, constraint preserving boundary conditions presented in this paper can be summarized as follows.

A. Neumann case

e Free data:

At each face (say, the n-one), the three quantities d,, and dap must be a priori defined (subject to standard
compatibility conditions with the initial data). These quantities correspond to the normal (that is, in the n
direction) derivative of the normal and the transverse, traceless parts of the three metric, see Eq. (@) One of
these variables is gauge and the other two are physical, in the sense discussed in Section @ In addition, the

quantities sglf ) = 2K,,m should be prescribed at each edge defined by the intersection of faces n and m. These

quantities must satisfy the compatibility conditions s,(zm) = 557?).

e Evolution systems on faces:

The 2D symmetric hyperbolic 7 x 7 system (@,@,@) is evolved on each face. This system needs boundary
conditions at the edges of the corresponding face. They are given by equations (@, @)

The solution to each of these systems provides the three quantities dg% and sfﬁg at each of the six n-faces.

e Main evolution system:

The main system (R1RJ) is evolved in the 3D domain. This system needs boundary conditions, at each face,
for the six incoming characteristic modes. These boundary conditions at, say face n, are given by Eq. (BY),
where the needed information for three of these boundary conditions is provided by the a priori specified d,,,

and d 4 B, while the other three are given by dg,% and 55:2
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B. Dirichlet case

e Lree data:

At each face (say, the n one), now the three quantities s,, and §4p must be a priori given. They correspond to
the time derivative of the normal and transversal, traceless part of the three metric, see Eq. (é) These three
quantities have to satisfy the standard compatibility conditions with the initial data, but also some compatibility
conditions at edges, Egs. (@,@) They are also gauge and physical variables, in the sense discussed in Section

V.

e Evolution systems on faces:

The 2D symmetric hyperbolic 5 x 5 system (@, ,E) is evolved on each face. This system needs boundary
conditions at each edge. They are given by Eq. (pd).
(n)

The solution to each of these systems provides the three quantities sz 5 and dgﬁz at each of the six n-faces.

e Main evolution system:

The main system @,@) is evolved in the 3D domain. This system needs boundary conditions, at each face,
for the six incoming characteristic modes. These boundary conditions are given by (@), where the needed
information in three of these boundary conditions is provided by the a priori specified s,, and $4p, while the

other three are given by sg% and dfzz.

VIII. CONCLUSIONS:

We have studied the system of evolution equations for the constraints for a subfamily of the generalized Einstein-
Christoffel symmetric hyperbolic system. We have shown how to give boundary data for the constraints in such a way
that it translates into boundary data for the main system that yields a well posed problem, both for the main system
and the system of evolution equations for the constraints. We have studied the case of a boundary that is not smooth,
as is the case of the usual cubic boxes used in numerical relativity. This required additional care at the boundaries
of each face, with the ensuing compatibility conditions. It should be noted that the energy estimates derived do
not necessarily guarantee the existence of a smooth solution in the presence of corners even with the compatibility
conditions we presented. Further work is needed to establish smoothness of the solution.

Our analysis was carried out for the case of linearized gravity around Minkowski space-time. It is expected that
similar techniques will be useful in the case of other background space-times and also in the non-linear case. We
will discuss these generalizations in future papers. Also, since we have followed a systematic approach and have not
taken any advantage of the gauge choice, in principle it should be possible to apply the same procedure to symmetric
hyperbolic formulations with live gauges [@]

We have also found that, at least with the formulation of Einstein’s equations here used (the generalized EC),
the Neumann and Dirichlet cases are in fact the only ones for which well posedness can be established through the
techniques used in this paper (see the appendix). More specifically, we have found that these two cases are the only
ones in which closed systems at the faces can be obtained. However, this does not mean that these are the only well
posed cases, since in the initial-boundary value problem an energy estimate is a sufficient but not necessary condition

for well posedness. Also, giving the appropriate (dyn,d™ ap,snm) data in the Neumann case, or the appropriate
(Snn,$4p) in the Dirichlet case, one should be able to recover any spacetime in any slicing. This is because our
constraint-preserving treatment makes sure that one is solving not only Einstein’s evolution equations but also the
constraints. But it does not make any restriction on the space of solutions to the Einstein equations. However, it is
not clear how to choose these “appropriate” boundary conditions, without any a priori knowledge of the solutions, in
order to model an isolated source, given that the boundaries are at a finite distance. This same problem appears in
similar approaches [ﬂ, E] One possible solution is to provide these functions through Cauchy-characteristic [{, @] or
Cauchy-perturbative matching , or to resort arguments using the peeling property. Another possibility would be
to impose a “no incoming radiation” condition. However, it is not clear how to do this within formulations that have
as extra variables first but not second spatial derivatives of the three metric. This might be remedied by repeating
this construction for other systems of evolution equations where the variables that represent gravitational radiation at
the boundary play a more central role, as in [E] For instance, a system of evolution equations of higher order where
the Weyl tensor is the fundamental variable, would be suitable for this purpose.

With the results of this paper one can now assure that both the evolution equation for the main variables of the
problem and the evolution equations for the constraints are well posed on a manifold with (non smooth) boundary.
This allows to evolve initial data that satisfy the constraints beyond their domain of dependence, as is of interest in



14

numerical simulations of the binary black hole problem. Moreover, well posedness opens the possibility of constructing
numerical schemes for which numerical stability can be rigorously proved.
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APPENDIX A: CLOSING THE BOUNDARY SYSTEM

In Section M we showed how to construct a closed system at the boundary by taking appropriate linear combinations
of characteristic variables. We also chose a particular combination of ingoing and outgoing constraints and showed
that it gives rise to a system of partial differential equations that lives on the boundary. To close this system we had
to include the evolution of some zero speed modes. A question that arises is whether there other ways of closing the
boundary system, apart from the Neumann (lH49) and the Dirichlet (5454) case.

To answer this question we will make no assumptions on the coupling matrices R and L. The boundary condition
for the system of the constraints is assumed to be

Vz(+) — Lijvj(_) , (Al)

where L;/ is a 3 x 3 coupling matrix and V;(i) is given in (B3) and (B4). At the boundary data must be given to the
ingoing modes. We will assume that they satisfy

’Uz(;r) = Rijklvl(gz) + bij ) (AZ)
where Rijkl is a 6 x 6 coupling matrix and b;; is the boundary data. If we insert @) into (@) we obtain a system
which contains derivatives of the boundary data b;;, of the outgoing modes ’Ul(; ), and of the zero speed modes U(Toi)j.
This system can be solved for the time derivatives of three of the b;;, namely bpp and b, 4. To the remaing b;; one
can give arbitrary data and consider them as source terms. In order to close the system the coeflicients that multiply
terms containing outgoing modes vl(; ) must vanish. After imposing this condition the coupling matrices R and L,
which in general depend on 45 parameters, depend on one parameter only (apart from 7). The zero speed modes that
appear in the rhs of this system cannot be eliminated by any choice of this parameter. Therefore in order to close the
system one has to enlarge it by including the evolution of at least the zero speed modes that appear in the rhs. The
requirement that the evolution of these zero speed modes do not contain any spatial derivatives of outgoing modes,
forces the couplings R and L to be the ones the we used in subsections (V4) and (V Q).

Summarizing, the Neumann and the Dirichlet cases are the only ways that one can obtain a closed system at
the boundary. Furthermore, as we have shown in this paper, the boundary system is symmetric hyperbolic and the
coupling matrices R and L are “not too large”. Any other choice of coupling matrices would lead to a system for
which the techniques used in this paper to prove well-posedness cannot be applied.
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