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BOUNDARY CONDITIONS FOR THE EINSTEIN-CHRISTOFFEL
FORMULATION OF EINSTEIN’S EQUATIONS

DOUGLAS N. ARNOLD, NICOLAE TARFULEA

ABSTRACT. Specifying boundary conditions continues to be a challenge in nu-
merical relativity in order to obtain a long time convergent numerical sim-
ulation of Einstein’s equations in domains with artificial boundaries. In this
paper, we address this problem for the Einstein-Christoffel (EC) symmetric hy-
perbolic formulation of Einstein’s equations linearized around flat spacetime.
First, we prescribe simple boundary conditions that make the problem well
posed and preserve the constraints. Next, we indicate boundary conditions
for a system that extends the linearized EC system by including the momen-
tum constraints and whose solution solves Einstein’s equations in a bounded
domain.

1. INTRODUCTION

In the Arnowitt-Deser-Misner or ADM decomposition, Einstein’s equations split
into a set of evolution equations and a set of constraint equations (see Section ,
and what one does to construct a solution consists of first specifying the initial
data that satisfies the constraints and then applying the evolution equations to
compute the solution for later times. The problem of well-posedness in the ana-
lytic sense has been intensely studied, with the result that there is a great deal of
choice of formulations available for analytic studies (see [15] 48] 29, [6] [32] [, [7, 8]
T, 111, T3], 14}, 20], 2T1], 23], 27, 40, 41], among others). However, in numerical rela-
tivity, one usually solves the Einstein equations in a bounded domain (cubic boxes
are commonly used) and the question that arises is what boundary conditions to
provide at the artificial boundary. In general, most numerical approaches have
been made using carefully chosen initial data that satisfies the constraints. On the
other hand, finding appropriate boundary conditions that lead to well-posedness
and consistent with constraints is a difficult problem and subject to intense in-
vestigations in the recent years. In 1998, Stewart [49] has addressed this subject
within Frittelli-Reula formulation [29] linearized around flat space with unit lapse
and zero shift in the quarter plane. Both main system and constraints propagate
as first order strongly hyperbolic systems. This implies that vanishing values of
the constraints at ¢ = 0 will propagate along characteristics. One wants the values
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of the incoming constraints at the boundary to vanish. However, one can not just
impose them to vanish along the boundaries since the constraints involve deriva-
tives of the fields across the boundary, not just the values of the fields themselves.
If the Laplace—Fourier transforms are used, the linearity of the differential equa-
tions gives algebraic equations for the transforms of the fields. Stewart deduces
boundary conditions for the main system in terms of Laplace-Fourier transforms
that preserve the constraints by imposing the incoming modes for the system of
constraints to vanish and translating these conditions in terms of Laplace—Fourier
transforms of the main system variables. In 1999, a well posed initial-boundary
value formulation was given by Friedrich and Nagy [22] in terms of a tetrad-based
Einstein-Bianchi formulation. In view of our work which is to be presented here,
of particular interest are the more recent investigations regarding special boundary
conditions that prevent the influx of constraint violating modes into the compu-
tational domain for various hyperbolic formulations of Einstein’s equations (see
[2, B, [BL 12, 16, 17, 34, BT [42] [44] [43] 52] 53], among others). A different approach
can be found in [28] 26], where the authors stray away from the general trend of
seeking to impose the constraints along the boundary. They argue that the projec-
tion of the Einstein equations along the normal to the boundary yields necessary
and appropriate boundary conditions for a wide class of equivalent formulations.
The ideas and techniques introduced in [28| [26] are further developed and proven to
be effective by the same authors in [25]. In principal, they show that the projection
of the Einstein tensor along the normal to the boundary relates to the propagation
of the constraints for two representations of Einstein’s equations with vanishing
shift vector, namely, the Arnowitt-Deser-Misner (ADM) formulation [I0] and the
classical Einstein-Christoffel (EC) formulation [6]. In particular, they obtain a set
of boundary conditions for the EC formulation which has the same principal part
as one of those presented in [I7] and [9]. However, it should be said that, although
the projection of the equations along the normal to the boundary represents an
interesting approach, there are several issues which have not been addressed. First
and foremost, there is the question of the well-posedness of the resulting bound-
ary conditions, that is, in the sense that the initial-boundary value problem has a
unique solution and this solution depends continuously on the initial and boundary
data. In fact, at least in the EC case, the projection of the equations itself does
not yield well-posed boundary conditions, because it provides too many conditions,
some of which are ill-posed for the system. Therefore, further considerations are
necessary in order to single out a subset of well-posed constraint-preserving bound-
ary conditions for the EC formulation (see [25]).

Of course, specifying constraint-preserving boundary conditions for a certain
formulation of Einstein’s equations does not solve entirely the complicated problem
of numerical relativity. There are other aspects that have to be addressed in order
to obtain good numerical simulations; for example, the existence of bulk constraint
violations, in which existing violations are amplified by the evolution equations
(see [I8| 19, 36}, [45], and references therein). A review of some work done in this
direction can be found in the introductory section of [34]. Before we end this very
brief review, it should also be mentioned the work done on boundary conditions for
Einstein’s equations in harmonic coordinates, when Einstein’s equations become
a system of second order hyperbolic equations for the metric components. The
question of the constraints preservation does not appear here, as it is hidden in the
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gauge choice, i.e., the constraints have to be satisfied only at the initial surface,
the harmonic gauge guarantees their preservation in time (see [38, (0, 1], and
references therein).

In this paper we address the boundary conditions problem for the classical EC
equations derived in [6], linearized with respect to the flat Minkowski spacetime,
and with arbitrary lapse density and shift perturbations. This problem has been
addressed before in [I6] in the case of spherically symmetric black-hole spacetimes
in vacuum or with a minimally coupled scalar field, within the EC formulation of
Einstein’s equations. Here Stewart’s idea of imposing the vanishing of the ingo-
ing constraint modes as boundary conditions is employed once again. Then, the
radial derivative is eliminated in favour of the time derivative in the expression of
the ingoing constraints by using the main evolution system. The emerging set of
boundary conditions depends only on the main variables and their time derivative
and preserves the constraints. In [I7] this technique is refined and employed for
the generalized EC formulation [32] when linearized around Minkowski spacetime
with vanishing lapse and shift perturbations on a cubic box. Again, the procedure
consists in choosing well-posed boundary conditions to the evolution system for
the constraint variables and translating them into well-posed boundary conditions
for the variables of the main evolution system. The scheme proposed in [I7] ends
up giving two sets, called “Dirichlet and Neumann-like,” of constraint preserving
boundary conditions. However, the energy method used in [I7] works only for
symmetric hyperbolic constraint propagation, which forces the parameter 1 of the
generalized EC system to satisfy the condition 0 < 1 < 2. Therefore the analysis
in [I7] does not cover the case n = 4 required for the standard EC formulation
introduced in [6]. In [9] we announced and presented our results on the boundary
conditions problem for the standard EC formulation (n = 4) linearized around the
Minkowski spacetime with arbitrary lapse density and shift perturbations in the
Penn State Numerical Relativity Seminar. In essence, we introduced the very same
sets of boundary conditions that are under scrutiny in this material, i.e., and
(4.13) (see [9]). Much of this material appeared also in the thesis of the second
author [52].

The organization of this paper is as follows: in Section [2| we introduce Ein-
stein’s equations and their ADM equations for vacuum spacetime. In Section [3]
by densitizing the lapse, linearizing, and defining a set of new variables, we derive
the linearized EC first order symmetric hyperbolic formulation around flat space-
time. The equivalence of this formulation with the linearized ADM is proven in
the Cauchy problem case. In Section [ we indicate two distinct sets of well-posed
constraint-preserving boundary conditions for the linearized EC. We prove that the
linearized EC together with these boundary conditions is equivalent with linearized
ADM on polyhedral domains. In Section [5] we indicate boundary conditions for an
extended unconstrained system equivalent to the linearized ADM decomposition.
In Section [6] we discuss the case of inhomogeneous boundary conditions. We end
this work with a summary and a discussion of our results in Section[7] For reader’s
convenience, in the appendix we review a classical result on the L? well-posedness
of maximal nonnegative boundary conditions for symmetric hyperbolic systems.
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2. EINSTEIN’S EQUATIONS AND THE ADM DECOMPOSITION

In general relativity, spacetime is a 4-dimensional manifold M of events endowed
with a pseudo-Riemannian metric g,3 that determines the length of the line ele-
ment ds? = gagdxo‘dxﬁ . This metric determines curvature on the manifold, and
Einstein’s equations relate the curvature at a point of spacetime to the mass-energy
there: Go3 = 87T,3, where G is the Einstein tensor, i.e., the trace-reversed Ricci
tensor Gog := Rag — 3Rgag, and T, is the energy-momentum tensor. In what
follows we will restrict ourselfs to the case of vacuum spacetime, that is T3 = 0.
Einstein’s equations can be viewed as equations for geometries, that is, their so-
lutions are equivalent classes under spacetime diffeomorphisms of metric tensors.
To break this diffeomorphisms invariance, Einstein’s equations must be first trans-
formed into a system having a well-posed Cauchy problem. In other words, the
spacetime is foliated and each slice ¥, is characterized by its intrinsic geometry -;;
and extrinsic curvature Kj;, which is essentially the “velocity” of v;; in the unit
normal direction to the slice. Subsequent slices are connected via the lapse function
N and shift vector 3 corresponding to the ADM decomposition [10] (also [54]) of
the line element

ds® = —N?dt* + ~;;(dz" + B'dt)(dz? + B7dt). (2.1)

This decomposition allows one to express six of the ten components of Einstein’s
equations in vacuum as a constrained system of evolution equations for the metric
7vi; and the extrinsic curvature Kj;:

Yij = 2N Kij + 2V 8y,
Kij = N[Rij + (K)K;; — 2Ky K!] + 'V Ky + Ky V8" + Ki;Vi8' — Vi VN,
Ri+(K})* - K;; KV =0,
VIK;; — ViK] =0.

(2.2)
where we use a dot to denote time differentiation and V; for the covariant derivative
associated to v;;. The spatial Ricci tensor R;; has components given by second order
spatial differential operators applied to the spatial metric components v;;. Indices

are raised and traces taken with respect to the spatial metric 7;;, and paranthesized
indices are used to denote the symmetric part of a tensor.

3. LINEARIZED EINSTEIN-CHRISTOFFEL

The Einstein-Christoffel or EC formulation [6] is derived from the ADM system
with a densitized lapse. That is, we replace the lapse N in with a,/g where
denotes the lapse density. A trivial solution to this system is Minkowski spacetime in
Cartesian coordinates, given by v;; = d;;, K;; = 0, 3* = 0, « = 1. In the remainder
of the paper we will consider the problem linearized about this solution. To derive
the linearization, we write v;; = 05 + gij, Kij = _ij, 8" = 3*, o = 1+ @, where the
bars indicate perturbations, assumed to be small. If we substitute these expressions
into (with N = a,/7), and ignore terms which are at least quadratic in
the perturbations and their derivatives, then we obtain a linear system for the
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perturbations. Dropping the bars, the system is

9ij = —2Kij +200:55), (3.1)

. 1
Kij = ala(jgi)l — §8ldlgij — aiajgll — 8i8j047 (32)
C =8 (8'q; — 0;91) = 0, (33)
Cj:=0'K;; — 9;K} =0, (3.4)

where we use a dot to denote time differentiation.

Remark. For the linear system the effect of densitizing the lapse is to change the
coefficient of the term 9;0;¢! in . Had we not densitized, the coefficient would
have been —1/2 instead of —1, and the derivation of the linearized EC formulation
below would not be possible.

The usual approach to solving the system f is to begin with initial
data 9:5(0) and K;;(0) defined on R3 and satisfying the constraint equations ,
, and to deﬁne gi; and K; for t > 0 via the Cauchy problem for the evolution
equatlons . It can be easily shown that the constraints are then satisfied
for all tlmes Indeed if we apply the Hamiltonian constraint operator defined in
to the evolution equation and apply the momentum constraint operator
defined in to the evolution equation , we obtain the first order symmetric
hyperbolic system

) , ) 1
C=-20C;, C;=—39,C.

Thus if C and C} vanish at ¢t = 0, they vanish for all time.

The linearized EC formulation provides an alternate approach to obtaining a
solution of f with the given initial data, based on solving a system with
better hyperbolicity properties. If g;;, K;; solve ( . (3-4), define

1
frij = 5[3kgij — (8'q1i — 9ig}) ;1. — (0 quj — 9;91) i) (3.5)

Then —0* f, rij coincides with the first three terms of the right-hand side of (3.2)),
SO

Zj = 8 f]ﬂ] 81(%’04. (36)
Differentiating (3.5 in time, substituting (3.1}, and using the constraint equation

, we obtain
fkij = —8kKij + Lkij, (3.7)
where
Liij = Ok0uBj) — 0'0uBy6jk — 0'0uBjdik (3.8)
The evolution equations and for K; and fi;, together with the evolution
equation for g;;, form the linearized EC system. As initial data for this system
we use the given initial values of g;; and K;; and derive the initial values for fy;

from those of g;; based on (3.5)):

rig(0) = %{akgij(o) —[0'91(0) — Bigi(0)]6; — [0'915(0) — 9 91(0)]dax}.  (3.9)

In this paper we study the preservation of constraints by the linearized EC system
and the closely related question of the equivalence of that system and the linearized
ADM system. Our main interest is in the case when the spatial domain is bounded
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and appropriate boundary conditions are imposed, but first we consider the result
for the pure Cauchy problem in the remainder of this section.

Suppose that K;; and fi;; satisfy the evolution equations and (which
decouple from (B.1))). If K;; satisfies the momentum constraint for all time,
then from we obtain a constraint which must be satisfied by fy;:

O* (0 fraj — 0 f’) = 0. (3.10)

Note that (3.5) is another constraint that must be satisfied for all time. The

following theorem shows that the constraints (3.4)), (3.5]), and (3.10) are preserved
by the linearized EC evolution.

Theorem 1. Let initial data g;;(0) and K;;(0) be given satisfying the constraints
(3-3) and (3.4), respectively, and fr;;(0) be defined by (3.9). Then the unique
solution of the evolution equations (3.1), , and (3.7) satisfies (3.4), , and
(3.10) for all time.
Proof. First we show that the initial data fy,;(0) defined in (3.9) satisfies the con-
straint (3.10)). Applying the constraint operator in (3.10]) to (3.9) we find
1 1

(0" frtj — 05 )(0) = 531'(313]“91:1 — 8" 991)(0) = 50;C(0) =0. (by (3.3))
It is immediate from the evolution equations that each component Kj;; satisfies the
inhomogeneous wave equation

Kij = 00K — 0% Lyij — 9:0;4.

Applying the momentum constraint operator defined in (3.4), we see that each
component C; satisfies the homogeneous wave equation

C; = 0%0,C;. (3.11)

Now C; = 0 at the initial time by assumption, so if we can show that C'j =0 at
the initial time, we can conclude that C; vanishes for all time. But, from and
the definition of C},

Cj = =0"" fry — i), (3.12)
which we just proved that vanishes at the initial time. Thus we have shown Cj}
vanishes for all time, i.e., holds. In view of , holds as well. From
and we have

frij = %akgij — 0'03B6 1 — 0'01 B0
Applying the momentum constraint operator to and using , it follows
that o ) l
5(5 qui — 0ig;) = 9° 9By,
S0 frij — [Okgi; — (O'qui — 0:9})6kj — (8'gi; — 0;9¢)0ki]/2 does not depend on time.

From (3.9, we have (3.5). O

In view of this theorem it is straightforward to establish the key result that for
given initial data satisfying the constraints, the unique solution of the linearized
EC evolution equations satisfies the linearized ADM system, and so the linearized
ADM system and the linearized EC system are equivalent.
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Theorem 2. Suppose that initial data g;;(0) and K;;(0) are given satisfying the
Hamiltonian constraint and momentum constraint , respectively, and that
initial data fr;;(0) is defined by (3.9). Then the unique solution of the linearized
EC evolution equations , , (3.7) satisfies the linearized ADM system (3.1])—

B4).

Proof. From Theorem |1, we know that C; = 0 for all time, i.e., holds. Then
from and we see that C' = —287 C; =0, and, since C' vanishes at initial
time by assumption, C' vanishes for all time, i.e., holds as well.

It remains to verify . From Theorem [I} we also have (3.5). Substituting
in gives , as desired. [

4. MAXIMAL NONNEGATIVE CONSTRAINT PRESERVING BOUNDARY CONDITIONS

In this section of the paper, we provide maximal nonnegative boundary condi-
tions for the linearized EC system which are constraint-preserving in the sense that
the analogue of Theorem [1]is true for the initial-boundary value problem. This will
then imply the analogue of Theorem [2] We assume that € is a polyhedral domain.

Consider an arbitrary face of 9Q and let n' denote its exterior unit normal.
Denote by m* and I* two additional vectors which together n? form an orthonormal
basis. The projection operator orthogonal to n’ is then given by 77 := m;m’ + ;19
(and does not depend on the particular choice of these tangential vectors). Note
that ‘ A ‘

& =nnd + 17, 7'177;-C =7k, (4.1)
Consequently, _
vw' = nlvmnaw’ + fviriw’ for all vy, w'. (4.2)

First we consider the following boundary conditions on the face:

n'm? Ki; = n'lVK;; = nFn'n? fr; = n*mim? fri; = 0PIV fra; = nfm fri; = 0.
(4.3)
These can be written as well:

'K =0, nfn'nd fri; =0, nfrU0M fr =0, (4.4)
and so do not depend on the choice of basis for the tangent space. We begin by
showing that these boundary conditions are maximal nonnegative for the hyperbolic
system , , and , and so, according to the classical theory of [24] and
[35] (also [30} 33}, 37, [39] 46}, [47], among others), the initial-boundary value problem
is well-posed. For convenience, in Appendix A we recall the definition and a classical
result due to Rauch [39] on L? well-posedness of maximal nonnegative boundary
conditions.

Let V' denote the vector space of triplets of constant tensors (gi;, Kij, fri;) all
three symmetric with respect to the indices ¢ and 5. Thus dimV = 30. The

boundary operator A,, associated to the evolution equations (3.1)), (3.6), and (3.7)
is the symmetric linear operator V' — V given by

Gij =0, Kij=nFfuij,  frij = nik;. (4.5)
A subspace N of V is called nonnegative for A, if
9i597 + Kij K + fri; f*7 > 0 (4.6)

whenever (gij, Kij, frij) € N and (§ij, Kij, fri;) is defined by (&35]). The subspace is
maximal nonnegative if also no larger subspace has this property. Since A,, has six
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positive, 18 zero, and six negative eigenvalues, a nonnegative subspace is maximal
nonnegative if and only if it has dimension 24. Our claim is that the subspace N
defined by is maximal nonnegative. The dimension is clearly 24. In view of
, the verification of reduces to showing that n* frij K > 0 whenever
(4.3) holds. In fact, n* fi;; K% = 0, that is, n* fi;; and K;; are orthogonal (when
(4.3) holds). To see this, we use orthogonal expansions of each based on the normal
and tangential components:

K;; = nlninmanlm + nlniT]mKlm + Tilnmanlm + Tl'lijKlmv (4~7)
n® fri; = n'nin™ngn® frim + nlniT]mnkfklm + i nyn® frum + TilT}nnkkam-
(4.8)
In view of the boundary conditions (in the form (4.4])), the two inner terms on the
right-hand side of (4.7)) and the two outer terms on the right-hand side of (4.8)
vanish, and so the orthogonality is evident.

Next we show that the boundary conditions are constraint-preserving. This is
based on the following lemma.

Lemma 3. Suppose that o and 3° vanish. Let 9ij, Kij, and fri; be a solution

to the homogeneous hyperbolic system (3.1), (3.6), and (3.7) and suppose that the
boundary conditions (4.3) are satisfied on some face of 0. Let C; be defined by

(3.4). Then

Cin'o,C7 =0 (4.9)
on the face.
Proof. In fact we shall show that n/C; = 0 (so also n/C; = 0) and ijnl@le =0,
which, by (4.2]) implies (4.9)). First note that

Cj = (876" — 876" 0 K iy = (870’0 + 67" 7% — 656 )0 K i,
where we have used the first identity in (4.1)). Contracting with n/ gives
njCj = (nmnink +nmrtk — nkéim)akKim
= 7nmnznkfk1m + TillenmakKim + nkéimflkim
where now we have used the equation (3.7) (with 8; = 0) for the first and last
term and the second identity in (4.1) for the middle term. From the boundary
conditions we know that n™n*nF fi;,, = 0, and so the first term on the right-hand
side vanishes. Similarly, we know that 7%n™K;,, = 0 on the boundary face, and
so the second term vanishes as well (since the differential operator /0y is purely
tangential). Finally, n*6"™ fri, = nF(n'n™ + 1™ + m'm™) frim = 0, and so the
third term vanishes. We have established that n/C; = 0 holds on the face.
To show that ij n'9;C7 = 0 on the face, we start with the identity
ijnl(smjéik _ Tpm(nink + Tik)nl — Tpmni(akl _ 7_kl) =+ TmeikTLl.
Similarly
T]Pnlékjéim = Phplpin™ 4 FPkpimpl.

Therefore,
' 9,07 = P! oy (6796 — 6867 ) Ok Kimm

_ (Tpmnzé'kl o Tpmnz,rkl + Tpm,]_zknl . Tpk:nlnz mo_ Tkazmnl)akalKim.
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For the last three terms, we again use to replace 9Ky, with — fiim, and
argue as before to see that these terms vanish. For the first term we notice that
M 0L0 K = OOk Kim = Kim (from and with vanishing « and %).
Since 7P n’ K;,, vanishes on the boundary, this term vanishes. Finally we recognize
that the second term is the tangential Laplacian, 79,0, applied to the quantity
n*7P™ K, which vanishes. This concludes the proof of . O

The next theorem asserts that the boundary conditions are constraint-preserving.

Theorem 4. Let Q be a polyhedral domain. Given g;;(0) and K;;(0) on Q satisfying
the constraints (3.3|) and , respectively, and fi;;(0) defined by (3.9), define gi;,
K;j;, and fri; for positive time by the evolution equations (3.1), (3.6, and (3.7
and the boundary conditions . Then the constraints ([3.4)),
are satisfied for all time.

Proof. Exactly as for Theorem [1| we find that C; satisfies the wave equation (3.11)
and both C; and Cj; vanish at the initial time; these facts are unrelated to the
boundary conditions. Define the usual energy

1 .. A
E@®) = B / (C;C7 4 8'C;0,CY) da.
Q
Clearly E(0) = 0. From (3.11)) and integration by parts

E= [ Cn'dCido. (4.10)
ble)
Therefore, if & = 0 and 8% = 0, we can invoke Lemma, |[3| and conclude that E is
constant in time. Hence E vanishes identically. Thus C; is constant, and, since it
vanishes at time 0, it vanishes for all time. By , the constraints (3.10)) are
also satisfied for all time. This establishes that the constraints and (3.10)) hold
under the additional assumption that o and 8¢ vanish.
To extend to the case of general o and 3° we use Duhamel’s principle. Let
S(t) denote the solution operator associated to the homogeneous boundary value
problem. That is, given functions h;;(0), x;;(0), ¢xi;(0) on €2, define

S(t)(hi(0), ki (0), @rij (0)) = (hij (), Kij (t), Prij (),

where h;j, Kij, @ri; is the solution to the homogeneous evolution equations

hij = =2k, fiij = =0 brij,  rij = —Onkisj,
satisfying the boundary conditions and assuming the given initial values. Then
Duhamel’s principle represents the solution g;;, Kj, fri; of the inhomogeneous

initial-boundary value problem (3.1)), (3.6), (3.7), (4.3)) as
(935(t), Kij(t), friz (1))

t
= 5(t)(9i(0), Ki5(0), fri5(0)) +/0 S(t = 8)(20:8)), —0:0j(s), Liij (s)) ds-

(4.11)
Now it is easy to check that the Hamiltonian constraint is satisfied when g;; is
replaced by 20;3;) (for any smooth vector function %), the momentum constraint
is satisfied when K;; is replaced by —0;0;c(s) (for any smooth function «),
and the constraint is satisfied when fy;; is replaced by Lg;;(s) defined by
(for any smooth vector function 3?). Hence the integrand in satisfies



20 D. N. ARNOLD, N. TARFULEA EJDE/CONF/15

the constraints by the result for the homogeneous case, as does the first term on
the right-hand side, and thus the constraints (3.4) and are indeed satisfied
by K;; and f;, respectively.

The proof of the fact that the constraints are satisfied for all time follows
exactly as in Theorem

Note that the boundary conditions play a crucial role in proving that the
momentum constraints (3.4) are preserved for all time; the preservation of the
constraints and eing a consequence of this fact. (I

The analogue of Theorem [2| for the initial-boundary value problem follows from
the preceding theorem exactly as before.

Theorem 5. Let Q2 be a polyhedral domain. Suppose that initial data g;;(0) and
K;;(0) are given satisfying the Hamiltonian constraint and momentum con-
straint (3.4)), respectively, and that initial data fi;;(0) is defined by (3.9). Then the
unique solution of the linearized EC initial-boundary value problem (3.1)), ,
, together with the boundary conditions satisfies the linearized ADM sys-

tem 7 i €.

We close this section by noting a second set of boundary conditions which are
maximal nonnegative and constraint-preserving. These are

Tli’fleij = mlmJK” = ZZZJK” == mileij = nknimjfkij == nkniljfkij == 0, (412)
or, equivalently,
nianij =0, TilijKij =0, TLkTLilefkij = 0. (4.13)
Now when we make an orthogonal expansion as in (4.7), (4.8)), the outer terms
on the right-hand side of the first equation and the inner terms on the right-hand
side of the second equation vanish (it was the reverse before), so we again have the
necessary orthogonality to demonstrate that the boundary conditions are maximal
nonnegative. Similarly, to prove the analogue of Lemma [3| for these boundary
conditions we show that the tangential component of C; vanishes and the normal

component of n!d;C? vanishes (it was the reverse before). Otherwise the analysis
is essentially the same as for the boundary conditions (4.3)).

5. EXTENDED EC SYSTEM

In this section we indicate an extended initial boundary value problem whose
solution solves the linearized ADM system f in 2. This approach could
present advantages from the numerical point of view since the momentum constraint
is “built-in,” and so controlled for all time. The new system consists of 7 ,
and two new sets of equations corresponding to

. 1
Kij = —0" frij + 5(81']7]’ + 9;pi) — 0 prdi; — 9;0;cx, (5.1)
and to a new three dimensional vector field p; defined by
p; = O' Ky — 0K} (5.2)

Observe that the additional terms that appear on the right-hand side of (5.1))
compared with (3.6]) are nothing but the negative components of the formal adjoint
of the momentum constraint operator applied to p;.
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Let V be the vector space of quadruples of constant tensors (9ij, Kijs frij Dr)
symmetric with respect to the indices ¢ and j. Thus dim V' = 33. The boundary
operator A, : V — V in this case is given by

%(”ipj+njpi)+nkpk5ija frij = nuKij, pi = —n' Ky+n K]

(5 3)
The boundary operator A, associated to the evolution equations (|3 , ,
and has six positive, 21 zero, and six negative eigenvalues. Therefore, a
nonnegative subspace is maximal nonnegative if and only if it has dimension 27.
We claim that the following boundary conditions are maximal nonnegative for (3.1)),

B0, B9, and (.2),

Gij = 0, Kij = n" frij—

nlmJK,-j = TLZZJK@]‘ = nknlnjfk,-j

= nF(m'm? fri; + pr)

= n"(I'V frij + pr) (54)
= nkmiljfkij =0.
These can be written as well:
TR K; =0, nfnindfr; =0, Pt frg M) = 0, (5.5)

and so do not depend on the choice of basis for the tangent space.

Let us prove the claim that the subspace N defined by (5.4 . is maximal non-
negative. Obviously, dim N = 27. Hence, it remains to be proven that N is also
nonnegative. In view of (5.3), the verification of non-negativity of N reduces to
showing that

'I”kakz‘jKij — niijij + nkpk;Kll >0 (5.6)
whenever holds. In fact, we can prove that the left-hand side of ([5.6) van-
ishes pending holds. From the boundary conditions (in the form ) and
the orthogonal expansions and of K;; and fy;j, respectively, the first
term on the right-hand side of reduces to nkT“ijfkinlm = —nfptt K,
Then, combining the first and third terms of the left-hand side of (5.6) gives
—n p;cT”K]—l—n pk(WK = nFppn nJK” Finally, by using the orthogonal decom—
position p/ = nFpnd + Tk] pr and the first part of the boundary conditions
the second term of the left-hand side of (| is —n*pin n]KZj — prn TkJK
—nFpenin? K;;, which is precisely the negative sum of the first and third terms of
the left-hand side of . This concludes the proof of .

Theorem 6. Let Q be a polyhedral domain. Suppose that the initial data g;;(0) and
K;;(0) are given satisfying the Hamiltonian and momentum constraints ,
respectively, fri;(0) is defined by , and p;(0) = 0. Then the unique solution
(945, Kij, frij. pi) of the initial boundary value problem , , , and ,
together with the boundary conditions , satisfies the properties p; = 0 for all
time, and (9,5, Kij) solves the linearized ADM system 7 in Q.

Proof. Observe that the solution of the initial boundary value problem , ,
, and (boundary conditions), together with p; = 0 for all time, is the
unique solution of the initial boundary value problem , , , and ,
together with the boundary conditions . The conclusion follows from Theo-
rem [ O
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We close by indicating a second set of maximal nonnegative boundary conditions

(corresponding to ) for (3.1 . ., and . for which Theorem@holds

as well. These are
nianij = mimjKij = mileZ-j
= lileij = nknimjfkij —mFpy (5.7)
=nFn'l fr; — Fpy, = 0,
or, equivalently,

NI K =0, UMKy =0, nfnitilf; - mFp, = 0. (5.8)

6. INHOMOGENEOUS BOUNDARY CONDITIONS

In this section we provide a formal method of constructing well-posed constraint-
preserving inhomogeneous boundary conditions for (3.1)), 1- , and ( corre-
sponding to the two sets of boundary conditions 1 3 and (4.12)), respectively The
first set of inhomogeneous boundary conditions corresponds to (4.3] ) and can be
written in the following form

n'mI Kij = n'lVK;j = n*n'n? fr; = n®mim? fri; = n*00 fri; = n*mil fr; =0,
(6.1)
where f(ij = Kij — Kij, fkij = frij — Frij, with k;; and F;; given in Q for all time
and satisfying the constraints and , respectively.
The analogue of Theorem [4| for the inhomogeneous boundary conditions is
true.

Theorem 7. Let Q be a polyhedral domain. Given g;;(0) and K;;(0) on Q satisfying
the constraints and , respectively, and fi;;(0) defined by (3.9), define gi;,
K;j, and frij for positive time by the evolution equations (3.1), (3.6), and (3.7
and the boundary conditions . Then the constraints (3.4]), (3.5), and (]&
are satisfied for all time.

Proof. Observe that gij, ij, and f;ﬂj satisfy ., , and (3.7 . ) with the forcing
terms replaced by 20(;8;), —0;0;a— ok Frij— m”, and Lk” OkhRij— Fk”, respectively.
Exactly as in Theorem W| it follows that K” and f;m satisfy (3.4 and ( -,
respectively, for all time. Thus, K;; and fy;; satisfy and respectively,
for all time. Finally, same arguments as in Theorem [l| show that the constraints
are also preserved through evolution for all time. ([l

The analogue of Theorem [5| for the case of the inhomogeneous boundary condi-
tions ([6.1)) follows from the preceding theorem by using the same arguments as in
the proof of Theorem

Theorem 8. Let Q be a polyhedral domain. Suppose that initial data g;;(0) and
K;;(0) are given satisfying the Hamiltonian constraint and momentum con-
straint (3.4]), respectively, and that initial data fi;;(0) is defined by (3.9)). Then the
unique solution of the linearized EC initial-boundary value problem (3.1), ,
, together with the inhomogeneous boundary conditions (6.1)) satisfies the lin-

earized ADM system (3.1)—(3.4) in Q.
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Note that there is a second set of inhomogeneous boundary conditions corre-
sponding to (4.12) for which Theorem [7| and Theorem |8 remain valid. These are

ninjf(ij = mimjf(ij = lileZ'j = mile'ij = nknimjfkij = nkniljfkij = 07 (62)

where again f(ij = Kjj — kyj, fki]‘ = frij — Frij, with x;; and Fj;; given and
satisfying the constraints and , respectively.

Similar considerations can be made for the extended system introduced in the
previous section. There are two sets of inhomogeneous boundary conditions for
which the extended system produces solutions of the linearized ADM system ([3.1[)—
on a polyhedral domain 2. These are

TLZ’ITLJKZ'J' = TLZZJKZ']‘ = nknlnjfkij

= nk(mimjfkij + pr)

o (6.3)
= 0" ("0 frij + pr.)
= nkmiljfkij =0
and o o o
nZnJKij = mlmjKij = mlleij
="V Ky
(6.4)

k, i, jF k
=n nm]fkij*m Pk

= nFn'l fri; — Fpr =0,
where f(ij and fkij are defined as before.

The next theorem is an extension of Theorem [6] to the case of inhomogeneous
boundary conditions.

Theorem 9. Let Q be a polyhedral domain. Suppose that the initial data g;;(0)
and K;;(0) are given satisfying the Hamiltonian and momentum constraints
, respectively, fri;(0) is defined by ., and pi(0) = 0. Then the umque
solutzon (9ijs Kij, frij.pi) of the initial boundary value problem (13.1), ., 1
and ., together with the inhomogeneous boundary conditions (6.3) (or (6.4
satisfies the properties p; = 0 for all time, and (gi;, K;j) solves the linearized ADM

system (3.1)—(3.4) in .
Pmof Note that the solution of the initial boundary value problem (3.1), (3.6]),

, and . (or ., respectively), together with p; = 0 for all time, is the

unlque solution of the initial boundary value problem (3.1)), (5.1}, (3.7), and (5.2)),
together with the boundary conditions (6.3]) (or (6.4)), respectively). The conclusion
follows from Theorem O

7. CONCLUDING REMARKS

We have studied the boundary conditions problem for the standard EC formula-
tion of Einstein’s equations linearized about the Minkowski spacetime In Section[d]
we indicate two sets of maximal nonnegative boundary conditions and (4.12] -,
respectively, which are consistent with the constraints. These boundary conditions
were announced in [9] and overlap with the boundary conditions found in [I7] for
the generalized EC formulation for 0 < n < 2 with vanishing shift and lapse density
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perturbations. However, the energy method of [I7] works only for the general-
ized EC formulation with 0 < n < 2; the standard EC formulation corresponds
to n = 4. Moreover, we prove that our boundary conditions are well-posed and
consistent with the constraints in the more general case of arbitrary shift and lapse
density perturbations by using a new argument involving the Duhamel’s principle.
Also, our approach emphasizes the relation between the ADM formulation and the
constrained evolution of the EC system in the linearized context. Besides, our
method is simpler, yet effective, and seems to be easily transferable to other formu-
lations and/or other background spacetimes. In fact, other Einstein’s hyperbolic
formulations, e.g., Alekseenko—Arnold [4], are analyzed in [52] by using the same
method. A subclass of the boundary conditions presented in this paper and intro-
duced previously in [9] has been pointed out by Frittelli and Gomez in [25] (in the
case of vanishing shift vector) as an example to their Einstein boundary conditions,
that is, the vanishing of the projection of Einstein’s tensor along the normal to the
boundary.

One of the main results in this paper is the construction of an extended symmetric
hyperbolic system which incorporates the momentum constrains as main variables.
For this extended system, we construct two sets of maximal nonnegative boundary
conditions and establish its relationship with the linearized ADM formulation. Such
a construction could serve as a model of how to control the bulk constraint violations
by making the constraints part of the main evolution system, and so keeping them
under control for all time. To the best of our knowledge, this is a new approach
regarding the bulk constraint violations control.

We also make some considerations about how inhomogeneous boundary condi-
tions consistent with the constraints could be constructed.

In some places, our methods of proof interfere with the techniques used in [16]
and [I7], e.g., using the trading of normal derivatives for tangential and temporal
ones and the use of the energy method to prove that the constraints are preserved.
We apply these techniques to the slightly more general case of polyhedral domains
(as opposed to cubic boxes) and in a more systematic way. This could be of po-
tential interest to the case of curved boundary domains, for which the derivative
components trading techniques introduce new terms related to the geometry of the
boundaries (see [52], Section 4.2, for the analysis of a model problem similar to the
linearized EC formulation on curved domains). It is also expected that these or
similar techniques will be useful in the nonlinear case. For the interested reader,
we point out the work done in [34], where the authors construct new boundary
conditions for the nonlinear KST form [32] of the Einstein equations (which in-
cludes the EC formulation). Their boundary conditions are designed to prevent
the influx of constraint violations and physical gravitational waves into the compu-
tational domain. However, as specified in [34], there is no rigorous mathematical
well-posedness theoretical ground yet for these kind of boundary conditions, as
opposed to the simpler case of maximal nonnegative boundary conditions.

8. APPENDIX: MAXIMAL NONNEGATIVE BOUNDARY CONDITIONS FOR
SYMMETRIC HYPERBOLIC SYSTEMS

Let © C R™ be a bounded domain with smooth boundary and 7' > 0. We
introduce the notations O = (0,7)xQ and I" = (0, T) x 9Q. Consider the first order
differential operator L := 8y + Y .-, A;(t,z)0; + B(t,z), where A; €Lip(0), B €
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L>*(0), and (B+ B*)/2 =Y, 0;A; € L°°(0). We suppose that L is symmetric,
that is, A; = AF on O. Our interest is in solving the initial-boundary value problem

Lu= f(t,z) in O, u(0,)=ginQ, wu(t,z)€ N(t,z) for (t,z) € [0,T] x IQ,

(8.1)
where N(t,x) is a Lipshitz continuous map from [0,7] x 99 to the subspaces of
C™. Set n' be the outer unit normal to I, and denote by A, (t,z) the boundary
matriz/operator A, (t,x) := Y 1 n(x)A;(t,x). We assume that I is characteristic
of constant multiplicity in the sense that dim ker A4,, is constant on each component
of I'. We next suppose that N is mazimal nonnegative, that is, the following two
conditions hold on T

(An(t,z)v,v) >0, V(t,z) €T, Vv € N(t,z) (8.2)
and
dim N (¢, x) = # nonnegative eigenvalues of A, (¢, z) counting multiplicity. (8.3)

The maximality condition (8.3)) implies that the boundary subspace N cannot be
enlarged while preserving (8.2)).

Let Hp := {u € L*(0) : Lu € L?>(0)}. It is easy to prove that Hg is a Hilbert
space with respect to the inner product (u,u)m, := (u,u)r20) + (Lu, Lu) 12(0).

Theorem 10 (L? well-posedness, [39, Theorem 9]). For any f € L((0,T) : L?(Q))
and g € L*(Q) there is a unique u € Ho satisfying (8.1). In addition, u € C((0,T) :
L*(Q)),

sup |lu(®)llz2) < CllfllLro,r):22(0)) + 9llL2 ),
0<t<T

and

ta
[ut2)llL2(0) — llu(t)]2@) < /t 1f(o)l[L2(0) + Cllu(o)|L2(q) do-
1
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