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We consider the initial-boundary value problem for systems of quasilinear wave equations on do-
mains of the form [0,7] x X, where X is a compact manifold with smooth boundaries 9%. By using
an appropriate reduction to a first order symmetric hyperbolic system with maximal dissipative
boundary conditions, well posedness of such problems is established for a large class of boundary
conditions on 9%. We show that our class of boundary conditions is sufficiently general to allow for
a well posed formulation for different wave problems in the presence of constraints and artificial,
nonreflecting boundaries, including Maxwell’s equations in the Lorentz gauge and Einstein’s gravi-
tational equations in harmonic coordinates. Our results should also be useful for obtaining stable
finite-difference discretizations for such problems.

I. INTRODUCTION AND MAIN RESULTS

Motivated in part by the numerical computation of spacetimes on a finite domain with artificial boundaries, the
initial-boundary value problem (IBVP) in general relativity has started to receive a lot of attention during the last few
years (see [1] for a review). A well posed IBVP for Einstein’s vacuum field equations was formulated for the first time
by Friedrich and Nagy [2] based on tetrad fields and the theory of quasilinear, symmetric hyperbolic systems with
maximal dissipative boundary conditions |3, 4, 15]. More recently, Kreiss and Winicour [6] formulated a well posed
IBVP for the harmonic gauge formulation of the Einstein vacuum equations which casts the field equations into a set
of ten coupled quasilinear wave equations subject to four constraints. There are two key ideas behind the result of
[6]. The first one is the realization that the wave equations, when viewed as first order pseudodifferential equations,
has a non-characteristic boundary matrix. This allows application of the boundary value theory for such systems
developed by Kreiss in the 1970’s [7]. Second, the formulation of boundary conditions for the frozen coefficient form
of the harmonic Einstein equations which ensure constraint propagation and satisfy the estimates required by the
Kreiss theory. The well posedness of the system and the generalization to the quasilinear case can then be established
using the theory of pseudodifferential operators (see, for instance, |8]).

In a subsequent paper [9], similar results were obtained via more mundane energy estimates which follow by
integration by parts, without resort to the pseudodifferential calculus. For this, a non-standard energy norm is
constructed which is based upon the choice of a particular time-like direction adapted to the boundary conditions
being imposed. With respect to this energy the Kreiss-Winicour boundary conditions are maximally dissipative and
so standard well posedness theorems apply even in the quasilinear case |5, [10]. Besides being a simpler proof, or
at least a proof that can be followed completely by a reader not familiar with the pseudodifferential techniques, it
implies similar results for the stability of finite difference approximations to Einstein’s equations in the harmonic
gauge. This follows from considering the semidiscrete system of ordinary differential equations in time obtained by
substituting finite differences for spatial derivatives. If the semidiscrete system is stable, then for appropriate time
discretizations the fully discrete system is guaranteed to be stable [11]. The stability of the semidiscrete system can be
established by the use of finite difference operators satisfying summation by parts |[12], the counterpart of integration
by parts, by mimicking the steps leading to the continuum energy estimate. A summation by parts algorithm for
the harmonic Einstein IBVP was developed for homogeneous boundary conditions |13] and verified to be stable in
numerical tests [14]. The results of |9] provide a means to prove stability in the inhomogeneous case.

In this paper we present a more general and geometric version of the foregoing results which applies to coupled
systems of quasilinear wave equations with a certain class of boundary conditions. The well posedness of the resulting
IBVP is established by reducing the wave system to first order symmetric hyperbolic equations subject to maximally
dissipative boundary conditions. As we show, our class of boundary conditions is sufficiently flexible for obtaining well
posed IBVP formulations for different models of isolated systems in physics, including the wave equation, Maxwell’s
equations and the Einstein field equations.

In what follows we present the main results.
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A. Main theorem

Let T > 0, and denote by % a d-dimensional compact manifold with smooth boundaries 0¥. The type of system
our results apply to is a set of quasilinear wave equations on M = [0,T] x X coupled both by lower order terms and
in the principal part, by a change in the characteristic directions via a metric which can depend on the local value
of the fields involved. More precisely, let 7 : E — M be a vector bundle over M with fibre RV, let V, be a fixed,
given connection on E and let g, = gap(®) be a Lorentz metric on M with inverse ¢g®(®) which depends pointwise
and smoothly on a set of fields ® = {@A} A=1,2,...N parameterizing a local section of E. Our signature convention
for gap is (—,+,...,+). We shall also assume that each time-slice ¥; = {t} x ¥ is space-like and that the boundary
T = [0,T] x 0% is time-like with respect to gas(®P). In the following, we will refer to local sections in E as vector-valued
functions over M. We will also assume the existence of a positive-definite fibre metric hap on E. We consider a
system of quasilinear wave equations of the form

g (®)V,V, 04 = S4(9, VD), (1)

where S4(®, V®) is a vector-valued function which depends pointwise and smoothly on its arguments. The wave
system () is subject to the initial conditions

@A}EO =o', nbqu>A}Eo =11, (2)

where ®¢' and TI§' are given vector-valued functions on g, and where n® = n®(®) denotes the future-directed unit
normal to ¥ with respect to gqp. In order to describe the boundary conditions, let T* = T%(p, ®) be a future-directed
vector field on 7 which is normalized with respect to g.» and let N = N%(p, ®) be the unit outward normal to T
with respect to the metric gq;. We consider boundary conditions on 7 of the following form?:

[T+ aN’]| V@4 |, = V@7 |, +d*p @7, + G, (3)

where o = a(p, ®) > 0 is a strictly positive, smooth function, G4 = G4(p) is a given, vector-valued function on
7 and the matrix coefficients c®4p = c*4p(p, ®) and d*p = d*p(p, ®) are smooth functions of their arguments.
Furthermore, we assume that ¢*“ 5 can be made arbitrarily small in the following sense: Given a local trivialization
0 : U xRN s 771(U) of E such that U C M is compact and contains a portion U of the boundary 7, and given
£ > 0, there exists a smooth map J : U — GL(N,R),p + (J*5(p)) such that the transformed matrix coefficients

&aAB = JACCIICD (J_l)DB
satisfy the condition
hape®Ac(P)E P p(2)V,VpP < ehape™(®)V, WP, (4)

for all vector-valued one-forms VaA on U, where here and in the following, e, refers to the Euclidean metric e, =
Jap + 2T, T, which is defined for points on 7.
The main result of this paper is:

Theorem 1 The IBVP [[I2[3) is well posed. Given T > 0 and sufficiently small and smooth initial and boundary
data <I>64, Hg‘ and G4 satisfying the usual compatibility conditions at 0%, there exists a unique smooth solution on
M satisfying the evolution equation (), the initial condition (3) and the boundary condition (3). Furthermore, the
solution depends continuously on the initial and boundary data.

A common situation in which the condition ) is automatically satisfied is given in the following

Lemma 1 Let U C T be an open subset of T such that U is compact. Assume there exists a smooth map J : U —

GL(N,R),p — (JA5(p)) over U such that the transformed matriz coefficients ¢ = J4cc*“p (J_l)D B are in
upper triangular form with zeroes on the diagonal, that is

@4 =0, B < A.
Then, the condition () is satisfied on U.

1 We adopt the Einstein summation convention for the lower case Latin abstract spacetime indices a, b, ¢, ... as well as for the Capital
indices A, B, C, ... on the fibre of E.



Proof. (cf. The proof of the Liapunov stability theorem) In order to simplify the notation we use a matrix notation
and write &% = Jc?J L. Let § > 0, and define Ds := diag(1,6,42,...,6V"1) and Js := D5 'J. Then, ¢} := JscoJ; ' =
D5 '@ Ds has the components (cf)4p = §5-4¢2 45, where here, 654 refers to the (B — A)’th power of §. Since
¢@4p =0 for B < A we have c¢§ = O(9), and 2 satisfies the condition (@) provided § > 0 is chosen small enough.

The proof of theorem [ is given in sections [[Il and [IIl In order to illustrate the ideas on a simpler example, we
start in Sect. [Tl with the wave equation on a fized background metric gqs, and analyze the general case in Sect. [TIl

Since many physical systems can be described by systems of wave equations, theorem [I] should have many applica-
tions. In the following, we mention two such applications for the initial-boundary value formulation of isolated systems
with constraints. The physical motivation for the choice of nonreflecting boundary conditions in these examples is
described in detail in section [Vl

B. Maxwell’s equations in the Lorentz gauge

The first application describes an electromagnetic field on the manifold M = [0,T] x ¥ with a fixed background
metric gq and corresponding Levi-Civita connection V,. As before, we assume that each time-slice ¥y = {t} x X
is space-like and that the boundary 7 = [0,T] x 9% is time-like. In the Lorentz gauge C := V, A’ = 0, where A°
denotes the 4-vector potential, Maxwell’s equations assume the form of a system of wave equations,

gV VyA¢ = R A — J° | (5)

where R,, denotes the Ricci tensor belonging to the metric g, and J¢ is the four-current. (B) implies that the
constraint variable C' obeys the following equation

gV, V,C = —V°J, . (6)

Therefore, the imposition of the boundary condition C|; = 0 and the satisfaction of the continuity equation V°J, =0
imply that any smooth enough solution of (@) with initial data satisfying

Clg, =0, n"V,Clg, =0,

satisfies the constraint C' =0 on M since in this case the constraint propagation system (@) is homogeneous.

Asymptotically nonreflecting boundary conditions at 7 = [0,T] x X, in the sense of [V] can be formulated by first
introducing a null tetrad {K?, L%, Q%, Q*} which is adapted to the boundary. Let T% be a future-directed time-like
vector field tangent to 7 normalized such that g, 7T = —1, let N* denote the unit outward normal to 7 with
respect to gqp and complete 7% and N® to an orthonormal basis {T%, N, V¢ W} of T,M at each point p € 7. Then,
we define the null vectors

Ka = Ta_|_Na, La = Tva_]\]a7 Qa = Va+iWa, Qa = Va—iWa,
where 7 = v/—1. These vectors may be smoothly continued in a small region inside the domain, for example by parallel
transport along the normal direction to the boundary. In this way, one obtains a local null basis of TM. Finally, let
r denote the areal radius of the cross sections 9%;. This function can also be continued in a small region inside the
domain by parallel transporting 0%; along the normal direction. The following boundary conditions are derived in

section [V Bl

1
T—QK“KbVa(r2Ab) _ = gx , (7)
(K°Qp — Q“Ky) VaAb‘T = qq, (8)
(K°Ly + L*KyVa A — Q"Qp — QuQ") VaA®|, = 0, 9)

where ¢ and gg are given real and complex scalars on 7. The first condition is a gauge condition, the second condition
controls the electromagnetic radiation through 7 and the third condition enforces the constraint C' = g®V, 4, = 0
on 7.

The evolution equation (Bl has the form () where E is the tangent bundle over M, and the boundary conditions

[@R[) have the form (@] with

a=1,

1 _ _ _
= {2Q<“QC>Kd + LUK K, — K (Q"Qq + Q“Qd)] L d% = (K'Y, logr) LK,

—_

G° == [~L°x + Q%q + Q°Gg] -

[\



Since

% chd _ 0,

Cachd _ —QGKC,

Cachd _ —QGKC,

Cachd — _[OK°¢ _— Qan _ QGQC,
the matrix elements ¢*¢4 are in upper triangular form with zeroes in the diagonal when expressed in terms of the
basis {K® Q% Q% L%}. Therefore, the assumptions of Lemma [T are satisfied and we obtain a well posed IBVP.

C. Einstein’s equations in harmonic coordinates

As a second application of our theorem we consider Einstein’s field equations in (generalized) harmonic coordinates.
For this, we follow [15, 16] and choose a fized background metric §,;, on M = [0,T] x ¥ with the property that each
time-slice ¥; = {t} x X is space-like and the boundary 7 = [0,7T] x 0% is time-like with respect to §,;,. We impose
the following gauge condition on the dynamical metric gqp,

e = g (rcab - fcab) —H°=0. (10)

Here, H¢ is a given vector field on M and I'°y, and I'¢,; are the Christoffel symbols corresponding to the dynamical
and background metrics, respectively. In the particulag case where H¢ = 0 and where the background metric is the
Minkowski metric in standard Cartesian coordinates, I'¢;; vanishes, and the condition C¢ = 0 reduces to the usual
condition for harmonic coordinates Oz# = 0 for u = t,x,y, z. However, the advantage of the condition (I0) is that it
maintains the covariance of the theory since C¢ is the difference between the two Christoffel symbols,

° 1 ° o °
Cap =T =T a = 59° (Vahoa + Whaa = Vihas) (11)

where hqp = gab — §,p denotes the difference between the dynamical and the background metric.
With the condition ([I0), Einstein’s field equations are equivalent to the wave system

QCdvcvdhab = 2gef90dceaccfbd +4 Ccd(agb)ececfgdf - 290d‘Rnecd(agb)e

1
+ 167G <Tab - §gabngTcd) + ZV(U,HI)) ) (12)

where Rnade denotes the curvature tensor with respect to ¢,;, Tay the stress-energy tensor and G denotes Newton’s
constant. Solutions of this equation which are smooth enough imply that the constraint variable C, satisfies

9°V . VaCoy = —R,"Cy — 167GV Ty, . (13)

Therefore, the imposition of the boundary condition C,|; = 0 implies that any smooth enough solution of (I2)) with
initial data satisfying

Ca|20 = 0, n“VaCb|EO = 0,

satisfies the constraint C, = 0 on M provided the stress-energy tensor is divergence free, VT, = 0.

In order to formulate asymptotically nonreflecting boundary conditions we first construct an adapted local null
tetrad {K%, L% Q% Q} and a radial function r as in the electromagnetic case. Notice that here these quantities
are defined with respect to the dynamical metric g,, and not the background metric ¢g,,. The boundary conditions
derived in section [V.C] are the following:

1 °
= KK KN, (r*hye)| = —aqxx, (14)
T
1 a1-b T ew 2 1°bC
S KK LNG (P hne) + —3"Poe| = —4qq - (15)
T
1 o
T—ZKaKchva(r2hbc) = —4KQ (16)
T




KQ"Q"Vahse — Q" Q'K “Vihue| = —~aqq . (17)

(K°Q"Q° + L"K"K® = Q"K' Q" = Q"K'Q") Viho| = —2K"Hi|y . (18)
(K"L'Q° + L*K"Q° = Q"KL + Q"Q"Q°) Vahue| = —2Q"Hal7 . (19)
(KaLch + LOQYQ° — QUQPLE — QaQch) %ah/bc o= —2L°H,|, (20)

where gk x and ggg are real-valued given functions on 7 and giq and qgq are complex-valued given functions on 7.
The first three equations ([[4)),([IH), (18] are related to the gauge freedom, the condition (IT) controls the gravitational
radiation while the remaining conditions (I8),(I9),([20) enforce the constraint C, = 0 on the boundary. The evolution
equation (I2)) has the form (Il) where E is the vector bundle of symmetric, covariant tensor fields on M and the
boundary conditions (IZH20) have the form (@) where o = 1 and ¢%¢,, is in upper triangular form when expressed in
terms of the basis { K°K¢, K®LY) K(Q9), Q*Qc, QQ), L(*Q°) LPL}.

II. THE WAVE EQUATION ON A CURVED BACKGROUND

In this section we prove Theorem [ for the case of a single wave equation
9*°Va Vs = S (21)

on M =[0,T] x X. For simplicity, we also assume that g, and S are independent of ¢. In this case, it is convenient
to choose V, to be the Levi-Civita connection with respect to gq,. The IBVP consists in finding solutions of (2I))
subject to the initial conditions

s, = ¢, nbvb¢|20 = , (22)
where ¢ and my are given functions on ¥y, and the boundary conditions
[T°Vé +aN*Vie] , = G, (23)

where G is a given function on 7. Here, n® and N® denote the future-directed unit vector field to the time-slices 3;
and the outward unit normal vector field to 7, respectively, T? is an arbitrary future-directed time-like vector field
which is tangent to the boundary surface 7 and « is a strictly positive function on 7. Without loss of generality, we
assume that T is normalized such that g, 77" = —1. Furthermore, by redefining ¢ and S if necessary, we may also
assume that the boundary data G vanishes identically.

In order to show well posedness for this problem, we use a geometric reduction to a first order symmetric hyperbolic
system with maximal dissipative boundary conditions [3, |4, [17]. First, introducing the variables V,, = V,¢, the wave
equation can be rewritten as the first order system

va¢ = Va I’ (24)
9*°VaVi = S, (25)
VoV — ViV, = 0. (26)

Next, we specify any future-directed time-like vector field u® and contract the first and the last equation with it. This
yields the evolution system

Lo =u'V, =11, (27)

9"'VaVy = S, (28)

£,V = VIl (29)

where £, denotes the Lie derivative with respect to u®. This system is subject to the initial and boundary conditions
Olg, =0,  n'Vilg =m,  1§Ve=15Vsd0, (30)

where ¢g : X9 — M is the inclusion map, and subject to the constraint C, = 0, where the constraint variable C, is
defined as C, =V, — V,¢. The evolution equations ([27) and 29)) imply that C, is Lie-dragged by the time evolution
vector field u®,

£.,C, =0.



In the following, we assume that u® is pointing away from the domain at the boundary. This implies that a solution
of (Z72829) with constraint-satisfying initial data automatically satisfies the constraints everywhere on M, and no
extra boundary conditions are needed in order to ensure that the constraint C, = 0 propagates.

Still, there is a huge freedom in choosing the evolution vector field u®; different choices lead to first order evolution
systems (2728[29) which are inequivalent to each other if the solution is off the constraint surface C, = 0. In this
work we exploit this freedom in order to obtain energy estimates which allow for an appropriate control of the fields
not only in the bulk but also on the boundary of the domain (see the estimate ([B@l) below). In order to analyze this,
following [17] we rewrite the evolution system (28[29]) in the form

A%V V= —u(Vo Vi = VVo) + up VoV = wy S,

where the symbol is given by A% = —ugpe +26% ). Since A%, is symmetric in be and since ug A% = —uau®gpe +
2upu, is positive definite, the evolution system is symmetric hyperbolic. In particular, the evolution equations imply
that

V(A VIVE) = (VA% ) VIV + 2(up V)8
Integrating both sides of this equation over the manifold M = [0,T] x ¥ and using Gauss’ theorem, one obtains?

/ ng A% VOV = / ng A% VOV + / Ny A% VOVE — / [(VaA%e) VIV +2(u, V) S] (32)
Zr 2o T M
The following two conditions (see |4]) guarantee that the IBVP (Z72S2IBUBT]) is well posed:

(i) naA%. is positive definite.

(ii) For each p € 7, the subspace N_(p) C T, M consisting of the vectors V°(p) satisfying the boundary condition
@) at p is maximal non-positive. This means that N,.A%.(p)V®(p)V¢(p) < 0 for all V¥(p) € N_(p) and that
N_(p) does not posses a proper extension with this property.

For the following, we choose the time evolution vector field u® such that u® is everywhere future-directed and
time-like on M and such that u® lies in the plane spanned by T% and N® at each point of the boundary, more
specifically,

u®y =T+ 6N,

with 0 < 0 < 1 a function on 7. The following two lemmas imply the satisfaction of the conditions (i) and (ii) for an
appropriate choice of 4.

Lemma 2 n,A%,.(p) is positive definite for allp € M.

Proof. Let hap = gap + nanp be the induced metric on ¥y and expand u, = pu(ng + 4,), where g = —n%u,. Since u®
is future-directed and time-like, u > 0 and a4, < 1. Therefore,

na-Aabc = U (hbc + npne + 2n(bﬂc))

is positive definite. O

Lemma 3 Let 0 < 6 < a(l + a?)~. Then, the boundary spaces N_(p) are mazimal non-positive for all p € T.
Proof. (cf. appendix B in Ref. |9]) Fix a point p € 7, and let V* € T,M. We have

N A% VOVE = [6TyTe 4 6 NyN. + 2T, N,y — 6 Hye] VPV
= —0 [(T"V5)? + (N"W)? + HpVPVE] + 2 [6(TV3)? + 5(N®WA)? + (TPV3) (N°VL)]

2 Notice that since n® is future directed, its flow increases ¢; hence in coordinates (t,z*) where t parametrizes [0,7] and z? are local
coordinates on X, we have n? > 0 and n¢ < 0.
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where Hyp. = gpe + TpT:. — Np N, is the induced metric on the orthogonal complement of the plane spanned by T? and
N®. Eliminating the terms (T°V3) in the second square bracket on the right-hand side using the boundary condition
1) we obtain

N A% VOVE = =5 [(TV,)? + (N°VG)? + HypVIVE] 4+ 2 [6(a® + 1) — a] (N°13)2. (33)

The last term on the right-hand side is non-positive by the assumption of the lemma. Therefore, N,A%,. is negative-
definite on the subspace of vectors V* satisfying the boundary condition. Finally, we observe that N_(p) is maximal
since its dimension is d = dim 7, M — 1 while the symmetric bilinear form N,.A4%, has signature (1, d). 0

If we relax the assumption of homogeneous boundary data and replace the condition ([BII) by the condition
[TV, + aN"V;] . = G, (34)
we obtain, instead of (33]),
Ny A" VPVE = =5 [(TW3)? + (N°V5)? + HpVPVE] + 2 [5(a® + 1) — a] (N®V3)? +2(1 — 26a)(N"V4)G + 26 G2.
Let 0 < p<1andset d =(1—p)a(l+a?)~t. Then, we have (cf. appendix B in Ref. [9])

(1 —26a)?

Ny A% VOVE < =6 [(T"V)? + (N°V,)? + Hy VOVE] + [25 + 2ap

] G*. (35)

Using this and the positivity of n4.4%. in the identity ([82]) we obtain the estimate

t
/ Nna A% VPV < / na A% VOV — Oy / Na A% VOV + Oy / G? + C; / / Nna A% VOV + / 52| ds

Et E0 7—:“ Tr 0 s Zs

for all0 < ¢t < T, where Oy, Cy and Cj are strictly positive constants which are independent of V?, and 7; := [0, t] x 9.
t

Applying Gronwall’s lemma?® to the function y(t) := [ [ n4.A4%.V "V °ds we obtain from this
03,

Lemma 4 Let T > 0. There is a constant C = C(T) > 1 such that all smooth enough solutions to the IBVP
(2812913013]) satisfy the inequality

t
/ na A% VPV + / ng A% VPVe < C / na A% VPV + / G? + / (;/ S% | ds|, (36)
Ty 0 s

3t T 0
for all0 <t < T, where T, := [0,t] x 9%.

Since any solution of this problem also satisfies u*C, = u*V, — £,¢ =0, £,C, = 0 and 15C, = 1§(Vo — V) =0,
and since u® points outward from the domain at 7', the constraint C, = 0 is satisfied everywhere on M. From this
and the previous lemma, we have established:

Theorem 2 The second order problem (ZI[22I23) is strongly well posed: given smooth initial and boundary data ¢y,
wo and G satisfying the usual compatibility conditions at 0%, there exists a unique smooth solution satisfying the
estimate (36) with V¢ replaced by V*¢.

Remark 1 The important feature of the estimate (306) is the second term on the left-hand side which yields a L*
boundary estimate for the gradient of ¢. This estimate is obtained by choosing the time evolution vector field u® in
such a way that the boundary matriz N, A%, is negative definite on the subspace of vectors satisfying the boundary
conditions. As we will see (Lemmal@l in the next section), this property is important for systems of wave equations
since it allows the coupling of the boundary conditions through small enough terms involving first derivatives of the
fields. If, on the other hand, u® is chosen to be tangent to the boundary, the boundary matriz has a nontrivial kernel
and one does not obtain an estimate for the gradient of ¢ on the boundary from the first order system. However, this
does not affect the strong well posedness of the second order system which is independent of u®.

3 See, for instance, Lemma 3.1.1 in Ref. [1§]



As an example, consider the wave equation on the half-plane ¥ = R, x R? with the flat metric ¢ = —dt? + dz? +
dy? + dz%. In this case, we have

00, =8, N9y =—0, T, — % (@, — Y0, — 5°0.),

with (8Y)% + (8%)? <1 and p := /1 — (8¥)2 — (3#%)?, and the boundary condition (23)) reduces to

[(bt + pa¢m - 6y¢y - 6z¢z]z:0 = pGa (37)

where ¢, := 0;¢ etc. Choosing u® = p(T* + JN?) with 0 < 6 < 1 the energy norm for this problem reads

/

8

\8

/ Na A% VOV =

¢

(67 + 07 + &5 + &7 + 20 (6pda + Yoy + 57¢)] dy dz da.

o

8

This is similar to the norm we used in Ref. [9] for obtaining an a priori energy estimates for the second order wave
equation with boundary condition (&1)).

III. SYSTEMS OF WAVE EQUATIONS AND PROOF OF MAIN THEOREM

In order to show that the system (M23) yields a well posed IBVP, we follow the arguments given in Sect. [[I]
and reduce it to a first order symmetric hyperbolic system with maximal dissipative boundary conditions. Let
VoA =V, 04, and let u®(p, ®) denote a future-directed time-like vector field on M such that

u®l, =T" + 5N*,

with 0 < 6 < 1 a function on 7 to be determined. Then (II) can be rewritten as the first order evolution system

u'V,d4 = u'V,A, (38)
gab(q))va%A = SA((I),V), (39)
u® (Vo Vot = Vo Vo) = u*RApa, @5, (40)

where R4 g,p, denotes the curvature belonging to the connection V,. At this point, we stress that the connection V,
is a fixed background connection on the vector bundle E, and not the Levi-Civita connection belonging to the metric
Jan(®), so that R4 pap, does not depend on ® nor its derivatives. The system BRBJMED) is subject to the constraint
CyA =0, where Gy := V, @4 — 134, Eqs. (B3ED) imply that the constraint variable Cy4 is Lie-dragged by u®:

£,0," = u'V,Cp + (Vyu®)Co? = 0.

Therefore, any smooth enough solution of the first order problem BSIBIHEQ) belonging to initial data with Cp4 = 0
satisfies the constraint Cy? = 0 everywhere it is defined. The initial condition is

o4, =7, Vitls, =MooV =g Vedy (41)
and the boundary condition (8] reads
[T*Vy + aN*Vy] , = ¢* 45 Vo P |, +d?p 7| + G2 (42)

In order to analyze the well posedness of the first order IBVP B8I39 [F0I4TI42) we first linearize the system by
replacing the coefficients g.,(®), S4(®, V), T?(®), N*(®), a®), c* A 5(®), d4 5(P) by smooth functions g.p, S4, T,
N° «, c*4p, d* g, respectively. Local in time well posedness for the original quasilinear system follows by iteration
from the well posedness result for the linear system with enough differentiability?. Next, we use a partition of unity in
order to localize the problem. With this, it is sufficient to consider a local trivialization ¢ : UxRY + 7=1(U) of E such
that U C M is compact and contains a portion U of the boundary 7. Let € > 0. According to the assumption there

4 See, for instance, [10, [18].



exists a smooth map J. : U — GL(N,R),p — (J-(p)) such that the transformed matrix coefficients ¢® := J.c®J !
satisfy the condition (@] for all vector-valued one-forms V, on U. Setting hag(e) := (JXhJ:)ap = hop(J:)C a(J)P B,
we can reformulate this condition by stating that

hap(e)c®Aa(®) B p(®)V, WP < ehap(e)e®™(®)V, AP | (43)

for all vector-valued one-forms V,* on U. The system BRBIHE0) can be written in the form

( —AhAB(()a)uaVa hAB(E)(ll“cha ) (‘;I)CBB > =8(®,V), (44)

where A > 0 is to be determined, A%, = —u®gpe + 26°u.) and
—Ahap(e)utV,B
P = .
S( ’ V) < —hAB(E)RBCab(I)Cua + hAB(E)ubSB(‘I), V)

Let B(ng; (¥, W), (®,V)) denote the bilinear form belonging to the principal symbol of [@]), that is, for an arbitrary
one-form w, on M define

B(wa; (\I/a W)v ((I)a V)) = _AuawahAB (e)quq)B + hAB(E)waAachbAVCB-
We have

Lemma 5 Let A > 0. Then, B(ng; (¥, W), (®,V)) is symmetric in (U, W), (P, V) and positive definite for we = uq
and w, = ng. Therefore, the system (4)) is symmetric hyperbolic.

Proof. The symmetry property follows immediately from the symmetry of hap(¢) and the symmetry of A%, in be. In
order to check the positivity statements, let w, = g, v := v/—u%u, and i, := 7 uq. Since A%cuq = 2 [gpe + 2050,
we find

B(ua; (2,V),(®,V)) =% [Ahap ()PP + (gap + 2tats)hap(e)Va AV F]

which is manifestly positive definite. The proof that B(ng; (®,V), (®,V)) is positive definite is similar to the proof
of Lemma 0O

As in the previous section we obtain well posedness of the linearized system provided we can show that each
boundary space

N-(p) = {(2,V) € RN x RFDIN [T (p) + a(p)N*(0)] Vi = A p(p)Va” + d* ()27}, peld,
is maximal non-positive with respect to B(Ng; (®, V), (®,V)). This is the statement of the next lemma.

Lemma 6 Set § := a(1+a?)71/2 and k := 225 + (1 — 20)?/a]?. Choose ¢ > 0 small enough such that ke < § and
A > 0 large enough such that 2f<ahAB(5)dAchD<I>C<I>D < 6AhAB(£)<I>A<I>B for all ® € RN. Then, the boundary space
N_(p) is mazimal non-positive for all p € U.

Proof. Let p € U. We have, as in the proof of Lemma [3]
B(Ng; (®,V),(®,V)) = —AuNhap(e)®A®E + hap(e) Ny A% VP AVEE
= —0hag(e) [(T°T" + N*N® + H*")V, WP + Ap4 3]
+ 2[6T*T" + S N*N® + TN°] hap(e)Va* V2. (45)

Let (®4,V,4) € N(p). Then, T*V,* = —aNV,* + G* with G4 := ¢4V, B + d45®P, and we may use this
equation in order to eliminate the terms (7%V,“) in the second bracket on the right-hand side of (@5]). This yields

1- 2504)2}

B(Nu; (®,V),(®,V)) < —6hagp(e) [(T°T" + N°N°* + H*)V,* WP + AeA®F] + {25 + hap(e)GAGE,

where we have set § := a(1 + a?)7!/2 and used the boundary estimate ([B5) with p = 1/2. Now,

hap(e)GAGE < 2hap(e)c® AoV, B WP + 2hap(e)d? @ dP poP

<
< 2ehap(e)e™®V, A VpP + 2hap(e)d? cd® p@C @7, (46)



10

where we have used the estimate (@3] in the last step. Recalling that e® = g + 27T% =TT + N*N° + H and
the definition of x in the assumption of the lemma we find

B(Ng; (2,V),(®,V)) < —6hap(e) [V VP + ADA®P] + k [chap(e)e™ Vo Vi P + hap(e)d? cd® p@©oP].

The non-positivity of N_(p) now follows from the assumptions on € and A. Finally, we observe that an element in
N_(p) is characterized by N conditions in a (d + 2)N-dimensional space which implies that dim N_(p) > (d + 1)N.
On the other hand, from Eq. #3) we see that the signature of B(N,;.,.) is given by (N, (d + 1)N). Therefore,
dim N_(p) = (d + 1)N and the maximality of N_(p) follows. 0

IV. BOUNDARY CONDITIONS FOR ISOLATED SYSTEMS

We consider here boundary conditions for an isolated system emitting radiation. If, for computational purposes,
the evolution domain of such a system has a finite (artificial) boundary, some artificial boundary condition must
be imposed. If one knew the correct boundary data for the analytic problem, then in principle one could use any
boundary condition corresponding to a well posed IBVP. However, the determination of the correct boundary data
is in general a global problem, in which the boundary data must be determined by extending the solution to infinity
either by matching to an exterior (linearized or nonlinear) solution obtained by some other means. The matching
approach has been reviewed elsewhere [19]. Here we consider an alternative approach in which homogeneous boundary
data can be assigned in such a way that the accuracy of the boundary condition becomes exact in the limit that the
boundary is extended to infinity. (Such boundary conditions would also be beneficial to the matching approach
because the corresponding boundary data would be small so that numerical or other error would also have a small
effect.) Artificial boundary conditions for an isolated radiating system for which homogeneous data is approximately
valid are commonly called absorbing boundary conditions (see e.g. [20, 121, 122, [23, [24, 125)), or nonreflecting boundary
conditions (see e.g. [26, [27, 28]) or radiation boundary conditions (see e.g. [29]). Such boundary conditions are
advantageous for computational use. However, local artificial boundary condition are not perfectly nonreflecting in
general. Here, to be more precise, we consider nonreflecting boundary conditions in the sense of boundary conditions
for a well posed problem for which homogeneous data produces no spurious reflection in the limit that the boundary
approaches an infinite sphere. The extensive literature on improved versions of nonreflecting boundary conditions
involves higher order and nonlocal methods. Our interest here is to investigate the optimal choice of local first
order homogeneous boundary conditions on a spherical boundary for the constrained Maxwell and linearized Einstein
problems expressed in terms of the gauge dependent variables A* and v*¥. See [30, 131, 32] for the construction of
higher-order and higher-accurate boundary conditions for Einstein’s equations.

We base our discussion on waves from an isolated system satisfying a system of flat space wave equations. We
use Greek indices to denote standard inertial coordinates z# = (¢, x,y, z) in which the components of the Minkowski
metric n** are diag(—1,1,1,1). In the case of a scalar field ®, we thus consider the wave equation

n*P0,03® = (=07 + 92 + 02 + 92) & = S,
where the source S has compact support. Outside the source, we assume that the solution has the form

f(t_r797¢) +g(t—’f',9,¢) + h(t7r797¢)

r r2 r3

P — , (47)

where (7,0, ¢) are standard spherical coordinates and f, g and h and their derivatives are smooth bounded functions.
These assumptions determine the exterior retarded field of a system emitting outgoing radiation. The simplest case
is the monopole radiation

ft—r)

r

(b =
which satisfies (0; 4+ 0,)(r®) = 0. This motivates the use of a Sommerfeld condition
1
~(0c+8:)(r®)|r = q(t, R, 0, ¢)

on a finite boundary r = R.
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The resulting Sommerfeld boundary data q in the general case ([@T) falls off as 1/R3, so that a homogeneous
Sommerfeld condition introduces an error which is vanishingly small for increasing R. As an example, for the dipole

solution
J— / J— —
(I)Dipole = 8zf(t 7‘) = (f (t 7‘) + f(t 2 T)> cos
r r r
we have
f(t—r)cosb
1= 7R

A homogeneous Sommerfeld condition at » = R would lead to a solution P Dipole containing a reflected ingoing wave.
For large R,

~ F(t+r—2R)cosf
(I)Dipole ~ (I)Dipole + K ( r ) )

where 0, f(t) = F(t) and the reflection coefficient has asymptotic behavior x = O(1/R?). More precisely, the Fourier
mode

eiw(tfr) eiw(t+rf2R)
r r ) ’

(i)Dipole (W) - 82 < + Ky
satisfies the homogeneous boundary condition (9; + 8T)(r<i) Dipole (w)|r = 0 with reflection coefficient

1 1
T 2?R2+ 2iwR -1 22R®

(48)

Kw

Note that (59) and (62) satisfy
Kk ~ qR. (49)

In the case of a system of equations x will have N components corresponding to the number of modes generated in
the reflected wave. The boundary conditions lead to a system of simultaneous equations relating x to the components
of the Sommerfeld data g. If these equations are nondegenerate then ([@3J)) continues to hold. However, degeneracies
could conceivably lead to weaker asymptotic falloff of k. (It would be interesting to determine whether such cases
exist.) In any case, (49)) gives the optimum allowable behavior of the reflection coefficients so that the asymptotic
behavior of the Sommerfeld data ¢ is a good indicator of the quality of the boundary condition. This forms the basis
of our investigation of the Maxwell and linearized Einstein equations with a spherical boundary in sections [V Bl and

va

A. A plane boundary

The key ideas in the above example are that (i) the Sommerfeld condition is only satisfied exactly by waves traveling
in the radial direction and (ii) in the asymptotic limit » — oo all waves from an isolated system propagate in the
radial direction. This allows us to reformulate our discussion of the Sommerfeld condition by considering a wave ®
propagating in the domain = < 0, which is incident on a plane boundary at x = 0 with the boundary condition

K®90®|,—0 = 0,

where K0, = 0; + 0, is the characteristic direction determined by the outward normal to the boundary 9, and the
time direction 9;. This homogeneous condition is satisfied for plane waves ® = G(t + kyx + kyy + k,2) incident on
the boundary only for the single case (kg,ky, k.) = (1,0,0), i.e. a plane wave propagating in the outgoing normal
direction. Plane waves in the normal direction pass through the boundary whereas plane waves incident in other
directions on the boundary give rise to a reflected wave. We will take advantage of this simplification of the plane
wave case in discussing boundary conditions for electromagnetic and gravitational waves. The results then suggest how
to formulate boundary conditions for an isolated electromagnetic or gravitational system with a spherical boundary
of radius R, where in the limit R — oo all radiation is incident normally.
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For the electromagnetic case, we describe the field by means of a vector potential A* satisfying the Lorentz gauge
condition. Maxwell’s equations in a flat spacetime with Minkowski metric n** then reduce to the wave equations

7P 0a03 A" =0
subject to the constraint
C:=0,A4"=0

introduced by the Lorentz gauge condition. This constraint keeps us from requiring that each component of A* satisfy
a homogeneous Sommerfeld condition, in contrast to the scalar example. The electromagnetic case also differs from
the scalar case because of the remaining gauge freedom allowed by the Lorentz condition.

An electromagnetic plane wave incident in the outgoing normal direction can be described by the real part of the
vector potential

A, =F(t-2)Q.+G(t—2)K, ,

where F'(t — z) is complex, Q" = Y* 4+ iZ" is a complex null polarization vector, G(t — x) represents gauge freedom
and K* =T" 4+ X*, in terms of the orthonormal tetrad (T#, X*,Y*, Z") aligned with the coordinate axes satisfying

M = ~T, T, + X, X, + Y,.Y, + 2,2, .

In order to formulate a gauge invariant boundary condition we consider the corresponding electromagnetic field
tensor

F. =0,A, —0,A, =—-F'(t —2)(K,Q, — Q.K,).
Here we adopt the notation 0, F(u) = F'(u). For this plane wave, all components of F),, satisfy
K"F,, =0.

However, this condition rules out the possibility of a static electric field oriented normal to the boundary. For the
purpose of formulating a boundary condition which only restricts propagating waves it suffices to consider the weaker
condition

K'Q"F,, =0. (50)
In terms of the electric and magnetic field components tangential to the boundary, (B0 corresponds to the plane
wave relations Eigp, - Bion, = 0 and |E¢qpn| = |Btan|, with the corresponding Poynting vector in the outward normal
direction.

We can incorporate (B0) into the following homogeneous Sommerfeld boundary conditions for the vector potential:

KYK"9,A, =0, (51)
QYK 9, A, = KYQ'O,A, . (52)

The remaining boundary condition can be expressed in Sommerfeld form by rewriting the constraint as

C =< (-LYK" - K"L" + Q"Q" + Q"Q") 0,A, =0, (53)

N =

where L¥ = TH — X*. Here (K*, L*, Q") form a null tetrad according to the conventions
Nuv = _K(,uLv) + Q(,LLQV) (54)

We assume throughout the following that the spin transformation freedom Q* — e**Q* has been restricted according
to K"0,a = 0. The Sommerfeld boundary conditions (GIl), (52) and (53) have the required hierarchical, upper
triangular form for a well posed IBVP, see Lemma [I}

For the purpose of extending this approach to the gravitational case, we write the linearized Einstein vacuum
equations in the form

170057 = 0 (55)
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subject to the harmonic constraints
C" = —-0,4" =0. (56)

Here, to linearized accuracy, we set /—gg"” = n*¥ 4+ y*” so that 7, represents the perturbation of the densitized
metric. (Indices of linearized objects are raised and lowered with the Minkowski metric.)
A plane gravitational wave incident on the boundary in the outgoing normal direction is given by

Y =F(t—2)Q"Q" + K(”él’) (t—x)— %n“”Kaga(t — ),

where " (t — ) describes the gauge freedom.
In order to formulate a boundary condition with gauge invariant meaning analogous to (B0) in the Maxwell case,
we consider the linearized curvature tensor

1
—2Ruvpe = 050uYuo — 050 Vup — 0p0uVvo + 00O0uvup — 5(77#08,)8,,7 — NupOs0uY — Mo 0p0uy + My pO0s0uy)

= 4F”(t — I)K[#QU]Q[pKU] . (57)

Plane wave boundary conditions on the curvature tensor could be imposed by requiring that the Newman-Penrose
component ¥y = K*QVQPK° R,,,- vanish on the boundary. (See [2] for a discussion of the appropriateness of this
boundary condition.) However, this requirement involves second derivatives in the normal direction when expressed
in terms of v,,. Instead, we require ¥ := K*Q"Q*T? R, ,c = 0 on the boundary. The condition ¥ = 0 is equivalent
to Wo = 0 if the Ricci component R, Q*Q" = 0, e.g. if the vacuum Einstein equations are satisfied.

A straightforward calculation leads to

— 20

K*Q"Q T (0,00Yuo — 0c0uYup — 0p0uYvo + 000uVup) + %Q”Qp&,@)’y

= KQQUT (00D — Oyt + OoDyiy) + (KK + QMQ7)Q Q70,0

= Q0§ K 4 Q" QN0 ~ KPP T 0, )

170, ( KIQUQ D,y + KHQ”QP@M%,J) | (58)

Thus, besides containing no second derivatives normal to the boundary, the condition ¥ = 0 can be reduced to two
first order conditions by factoring out the Q¥9, and T°0, derivatives in (B8) which are tangential to the boundary.
There are many ways this can be done. In order to obtain first order conditions which fit into a hierarchy of Sommerfeld
conditions, we modify (B8] according to the steps

—2w = Q"d, (%(K#K" F QRO — 5K Dy %K“Qch’@wap>
170, (  KPQ QPO + K#Q”Qpaﬂup) (59)
- 500, ((K“K"Q” L QUKTLY — QUQ7 Q)0 — 2Q4Cl — K“QPK“aﬂap)
+ T90, < — K“QUQP&/}/M; + K”QVQP3#7VP> (60)
= Q"0 <(K“K"Q” — Q QRN Do — 2K QK D,y — 2@%)
+ T70, <K“QVQP5M’7UP). (61)

Thus since the derivatives @0, and T"0, are tangential to the boundary, we can enforce ¥ = 0 on the boundary
through the first order boundary conditions

QQPK"d,yap = 0, i (62)
KaQﬁKuau’YOzﬁ - %KQKBQM(?M’YQB + %QQQBQH(?MVQB =0. (63)
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These two boundary conditions can then be included in a hierarchical set of Sommerfeld boundary conditions, ac-
cording to the example

KOKPK! 9,705 = 0, (64)
Q“QPK" 9,y ap = 0, (65)
Q*Q° K dyyap = 0, (66)
KQPK"0,7ap — K KPQ 0,708 + 3Q*QPQ 0y vap = 0. (67)

The constraints C,, = 0, which determine the remaining boundary conditions, can be cast in the Sommerfeld form
1 v v 914 v
C, = §(L K+ KYLF —QVQF — Q Q“)(?l/yl,p—(),

which can also be incorporated into the hierarchy.

However, there are many alternative possibilities to (G4]) - (67)) which preserve the hierarchical Sommerfeld structure
and lead to a well posed IBVP. In the absence of a clear geometric approach, we next examine the boundary conditions
appropriate to an isolated system by considering the resulting reflection off a spherical boundary.

B. Application to Maxwell fields with a spherical boundary

In the case of a general retarded solution for a massless scalar wave equation, we found that a Sommerfeld boundary
condition on a spherical boundary of radius R required data ¢ = O(1/R?). Homogeneous Sommerfeld data gave rise
to an ingoing wave with reflection coefficient x = O(1/R?), as in ([@8). This is the best that can be achieved with
a local first order homogeneous boundary condition on a spherical boundary. We now investigate the corresponding
result for the constrained Maxwell equations expressed in terms of a vector potential A*.

In doing so, we associate spherical coordinates (r, :CA), zh = (0, ¢), in a standard way with the Cartesian coordinates
2t = (2,9, 2), e.g. z=rcosf. Asin (B4) we introduce a null tetrad (K*, L*, Q") adapted to the boundary, where now
K19, = 0; + 0,, L'0, = 8; — 9, and we fix the spin-rotation freedom in the complex null vector vector Q* = (0, Q")
by setting

_os
T 9zA

Q' Q4, (68)

where
A_(r Aoy L ¢
Q —(Q,Q)—r<1,sin9)-

We describe outgoing waves in terms of the retarded time v =1t — 7.
In order to investigate the vector potential describing the exterior radiation field emitted by an isolated system we
introduce a Hertz potential with the symmetry

g = gl ln“”H.
4

Then the vector potential
At =9, H"

satisfies the Lorentz gauge condition and generates a solution of Maxwell’s equations provided the Hertz potential
satisfies the wave equation. The trace H represents pure gauge freedom.

We consider outgoing dipole waves oriented with the z-axis. Other dipole waves can be generated by a rotation.
Higher multipole waves can be generated by taking spatial derivatives.

The choice H = Z aaa@, H#! = 0 gives rise to the dipole gauge wave

= (B0 Y g (2100 Y g, (0 FODY
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with components

F'(u)  2F(u)
K"A, = ( 3 + 3 cosb,
Flw) | Fu)Y .
QrA, = < 2 + 3 | sin 6. (69)
In appendix [Al we give some useful formulae underlying the calculation leading to (69) and the following results.
The choice H* = (TFZ" — Z”T”)@ gives rise to a dipole electromagnetic wave
frw) | f(u) f'(w)
A, = —(T + 2 T}, cost — TZ”
with components
A'K, = fﬁg) cosb,
!/
arq, =1L ) Gne. (70)
r

The choice H" = (X'Y"? — Y+ X") O gives rise to a dipole electromagnetic wave with the dual polarization

T

A#__<f/(u) n f(U)><yX# - ﬂ)

r 72 r r

with components

AFK, =0,
ArQ, = z(@ + %) sin 6. (71)

We wish to formulate boundary conditions which generalize the Sommerfeld hierarchy (5Il) and (B2)) to a spherical
boundary of radius R in a way which minimizes reflection. By inspection of (€9), (Z0) and (7], we consider the choice

1 124
T—2K“a#(T2K A)) = qxk , (72)

%K "0,(rQ" A,) — Q19 (K" A,) = qo, (73)

chosen to minimize the asymptotic behavior of the Sommerfeld data. As before, the constraint determines the
remaining boundary condition as part of the Sommerfeld hierarchy.
For the dipole gauge wave (69),

2F (u)cosd

qK = —% ; 9@ =0;

for the dipole electromagnetic wave (T0Q)),
u) .
K = 0, qQ = fég) Slne;
and for the dual dipole electromagnetic wave (1))
—if(u) .
gk =0, qQ = 7R3(’ ) sin 6.

Overall this implies gk = O(1/R*) and qg = O(1/R3). We have checked that homogeneous Sommerfeld data leads
to reflection coefficients with overall behavior x = O(1/R?) in accordance with ([@9).
Note that the relations (A1) and (AR) allow us to express ([[2) and (73) in the form
1 v
K K 0,7 A) = axc (74)
QVKHa,U.AI/ - KVQMa,uAV =4qQ; (75)

which correspond to () and (8) when 0, is generalized to the connection V, in a curved space background. Here
([T is equivalent to the gauge invariant condition

Q'K"F,, = qq. (76)
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C. Application to linearized gravitational fields with a spherical boundary

The gravitational case is more complicated than the electromagnetic case because the geometry of the boundary is
coupled with the boundary condition. Additionally, there are no gauge invariant quantities, analogous to (Z6]) in the
electromagnetic case, on which to base first order boundary conditions. We begin with a discussion of how to adapt
to a curved boundary the first order version of the ¥ boundary condition given in Sect. [V Al for a plane boundary.

In the nonlinear treatment of a curved boundary with unit outer normal N we can decompose the metric according
to

Gab = Tab +NaNb )

where 744 is the metric intrinsic to the time-like boundary. Let D, denote the covariant derivative associated with
Tab- The extrinsic curvature of the boundary is

Nap = 7,V Ny .
We complete an orthonormal basis by setting
Tab = —ToTp + Q(aQb)

in terms of a time-like vector 7% and complex null vector Q% tangent to the boundary.
We decompose ¥ := K*Q QTR apeq = Vr + ¥ and the Weyl component Vo = K°Q QK Rypeq = U + ¥y +
2V N, where K¢ =T% 4+ N% and

Ur = T°Q"Q°T"Rapea , (77)
Uy = N°Q"Q°T'Rupea (78)
Urn = T°Q°Q°NRaped - (79)

When the vacuum Einstein equations are satisfied the Riemann curvature tensor may be replaced by the Weyl tensor
whose symmetry implies Wn = 0. Therefore, in this case, ¥ = 0 implies the vanishing of the Newman-Penrose Weyl
component ¥y = 0.

A short calculation gives the embedding formulae

Uy = Q QT (DyNy. — DyNea)
and

\I/T = TaQchTd ((3)Rabcd - Nachd + Nchad) 9

where ®) Rypeq is the intrinsic curvature to the boundary, i.e.
TaQchTd(S)Rabcd = QchTd(Dch - Dch)Tb .

(These are the embedding equations for the Cauchy problem corrected for the space-like character of the normal to
the boundary.)

We now apply these results to a spherical boundary » = R in linearized theory off a Minkowski background, i.e
9uv = NMuv+e€hy, in standard inertial coordinates x*, where € is the linearization parameter. We choose T, = 9,,t+0(e)
and N, = 9,7+ O(¢). Then D, T, = O(¢) and Ny, = R™'Q +O(€), where Qu, = Q(,Q,) is the metric of a 2-sphere
of radius R. We choose the basis to satisfy 7#D, T, = 0 and T"D,Q, = 0, so that

Uy = T”QVQPTU@)R#WM +0(?) =T D, (Q"Q’D,T,) + O(e?)
and
1 ~ 1
Uy =T7Do(Q"Q"Npw) = QD@ Now) + 5@"(DpQu)Q"Q T Now + Q" Q"D T, + O(E).
Thus the boundary conditions

QVQP(Npu+DpTV) = 07
Q"T’N,, = 0, (80)
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imply to linearized accuracy that

1
U= =Q"Q'D,T, . (81)

This gives a geometric formulation of the first differential order version of the requirement that ¥ — 0 in the asymptotic
limit R — oo. However, U5 = O(1/R%) in an asymptotically flat space-time, whereas (81 leads to ¥ = O(1/R?).
This is an indication that the boundary conditions (8Q) might lead to more reflection than desirable. Can this be
remedied by the introduction of, say, lower order terms in the boundary conditions? We investigate this question in
the context of a well posed IBVP based upon the harmonic version of the linearized Einstein equations (B3] and (B6l),
where y#¥ = —h* + %n““h.

For this purpose, we now consider linearized outgoing waves in the harmonic gauge which are incident on a spherical
boundary. We model our discussion on the Maxwell case by using the gravitational analogue of a Hertz potential
H#ovB 33 134], which has the symmetries

grovB _ gylualvs _ pruelvf] _ prvBue
and satisfies the flat space wave equation
970, HHVP = .
Then the densitized metric perturbation
Y = 8a85H““”ﬁ.
satisfies the linearized Einstein equations in the harmonic gauge. Outgoing waves can be generated from the potential

£ )
r

frrovs _

)

and its spatial derivatives.

The incidence of such an outgoing wave on a boundary r = R leads to reflection, with the asymptotic falloff of
the reflection coeflicients depending upon the choice of boundary conditions. We limit our calculation of reflection
coeflicients to the case of outgoing quadrupole waves, which can be obtained from the Hertz potential

Huauﬁ _ Kuauﬁ (u) 7 (82)

r

where K#*v# is a constant tensor. (All higher multipoles can be constructed by taking spatial derivatives.) K5 has
21 independent components. However, the choice K#*8 = eto¥F Jeads to v*¥ = 0 so there are only 20 independent
waves. These can be further reduced to pure gauge waves, corresponding to the trace terms in K#*8 e.g. Krovh =
nnPr — ntvneP leads to a monopole gauge wave. Linearized gravitational waves arise from the trace-free part
of K+¥B  There are ten independent quadrupole gravitational waves, corresponding to spherical harmonics with
(£ =2,-2 < m < 2) in the two independent polarization states. The other ten independent potentials comprise two
monopole gauge waves, three dipole gauge waves and five quadrupole gauge waves, for which the linearized Riemann
tensor vanishes. It suffices to consider the following examples of waves with quadrupole dependence aligned with
the z-axis. Other quadrupole waves can be obtained by rotation and have similar asymptotic behavior. Reflection
coefficients from the other monopole and dipole gauge waves are smaller and provide no further useful information.
The Hertz potential (82) gives rise to the perturbation

,_Y,uu _ K,uauﬁaaaﬁ fi‘U) )

Appendix [A] lists useful formula for the calculations underlying the following results.

1. Quadrupole-monopole gauge wave

The Hertz potential

Huauﬁ _ (Zunowzﬁ + ZVT]BHZQ _ Zunaﬁzu _ Zﬁnuuza) f(u)

r
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gives rise to a combination monopole-quadrupole gauge wave with components

Q°QMap = —2(% + %) sin” 0,
QaQﬁ'}’aﬁ = _2<f”(u) + 2f’§u) + 2f(3u)> cos? 6,
r r r
KoQPyy — 1 g) sinf cos 6, (83)
K“Kﬁwaﬁ = 2(% + _2];(3u)> cos? 0,
v o= —%cos26‘+2<% + %)(1 — 3cos? ).

Here the sin? # dependence of the spin-weight 2 component Q®Q” Yo is a pure 2Y3¢ spin-weighted spherical harmonic;
the sin 6 cos @ dependence of the spin-weight 1 component K®Q?v,4 is a pure 1Y2o harmonic; and the remaining spin-
weight 0 components are mixtures of Yyo and Yag.

2. Quadrupole gravitational wave

The trace-free Hertz potential

fu

r

~

—~
o
=~

~—

HrevB — <(T“ZC‘ — ZPT)(XVYP —YVXP) 4 (XHY S —YRX )TV ZP — Z"Tﬁ)>

gives rise to a perturbation with v = 0 and components

r r2

QQQQ’YQB = 2251n29<w+ f/(u)>7
QQQBW(}B = 0, (85)

KQQB’Yaﬁ = icos@sin9(2f;§u) 4 M)

r3

K K yap = 0,

which have spin-weighted ¢ = 2, m = 0 dependence.

8. Dual quadrupole gravitational wave

The trace-free Hertz potential

HHovP = ((T“Z“ = Z'TN T 2P = Z°TP) — (XPY* = YFX)(X'YP - vV XP) + %(nwnaﬁ - nﬂ%““)) / (T“),
obtained from the dual of ([B4)), gives gives rise to a perturbation with v = 0 and components
QQQB’YQQ — 94in2 6.(f”£“) + f;(QU) + fﬁ?)’
@@ = oo - (L2 1), (56)
K“Qﬁ*yag = cos@sin9<w + fﬁ?),
KKP~,5 = 2(cos* — %)fﬁg) ,

which have spin-weighted ¢ = 2, m = 0 dependence.
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4. Sommerfeld-type boundary conditions

Sommerfeld boundary conditions consistent with a well posed harmonic IBVP have wide freedom regarding (i)
partial derivative terms consistent with the hierarchical upper triangular structure of the boundary condition and (ii)
lower differential order terms. Here we consider three choices of of boundary conditions and compare their reflection
coefficients. One basic idea common to these choices has already be used in the scalar and Maxwell cases, i.e by
inspecting the asymptotic behavior of the waves (83), (85) and (86l we use the property K*0, f(u) = 0 to introduce
the appropriate powers of r that lead to the smallest asymptotic behavior in the resulting Sommerfeld data.

Our first choice of boundary conditions is the mathematically simplest choice

1
T—QKQKBKH(?#(T2’YQQ) = KK , (87)
1
;QaQﬁK”au(maﬁ) = 4Qq > (88)
1
L QU QK 0u(r100) = a0 (%9)
1 [ aYeR 7d) 2
r_2K Q K", (r*vap) = akq - (90)

This was the choice adopted in numerical tests verifying the stability of the harmonic IBVP with a plane boundary
[14]. The powers of r in (87)-(@0) are based upon the leading asymptotic behavior of the components for the gauge
wave (83) and the gravitational waves (8H) and (86). These choices lead to boundary data with the asymptotic
behavior

dKK ~ ~hp >

"Q ~ Rr

Thus the behavior of qgq and g imply that the resulting reflection coefficients have overall asymptotic dependence

no weaker than x = O(1/R?).
Our second choice, which is partially suggested by the electromagnetic case (3] and leads to weaker reflection,
consists of the modifications

1

KKK 0, ep) = ascrc (91)
1 Y21 R 74"} 2
2KQK Ou(r*vap) = aKq (92)
1 @) Y
QK08 ~ L = agg 93)
QaQﬁKuau’Yaﬁ _QQKQQ#(?MVQB = 4QQq - (94)

Now q.. ~ f(u)/R* for both gravitational quadrupole waves. For the gauge waves, o5 ~ f'(u)/R®. Using the Regge-
Wheeler-Zerilli perturbative formulation and the metric reconstruction method described in [35] we have independently
checked that this leads to reflection coefficients x = O(1/R?) for the gravitational waves and x = O(1/R?) for the

gauge waves in accord with ([@9). After replacing v, = —hu, + %mv and identifying 0, with the connection V, of
the background metric §,,, (@1)-(@4) correspond to the boundary conditions ([4])-(I7) discussed in Sect. ['Cl
Our third choice of boundary conditions, motivated by the first order version of the ¥y boundary condition (61), is

KF0,(rPK K y,5) = qir (95)
K"9,(rQ*Q%vap) = 40q (96)
K"9,(rQ*Q"vap) = 400 » (97)

1 1 1_
ﬁKuau(ﬁKaQﬁ%ﬁ) - QQ“%KQKB%B + 5@/‘@&@53”%5 =qKQ - (98)
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However, for the gravitational quadrupole wave (85, this leads to qxg ~ f(u)/R? and so it results in much stronger
reflection than the first two choices. Thus, as might have been anticipated by the discussion following (&T]), the first
order version of the ¥ boundary condition is not as effective as ([@4)-(@I]) in the case of a spherical boundary.

V. CONCLUSION

We have considered the IBVP for a coupled system of quasilinear wave equations and established (local in time) well
posedness for a large class of boundary conditions. In particular, this allows for the formulation of a well posed IBVP
for quasilinear wave systems in the presence of constraints on finite domains with artificial, nonreflecting boundaries.
Therefore, we anticipate that our results will have application to a wide range of problems in computational physics.
Furthermore, since our proof is based on a reduction to a symmetric hyperbolic system with maximal dissipative
boundary conditions, it also lays the path for constructing stable finite difference discretizations for such systems.

Our work has been motivated by the importance of the computation of gravitational waves from the inspiral and
merger of binary black holes, which has enjoyed some recent success [36, 137, 138,139, |40]. At present, however, none of
the simulations of the binary black hole problem have been based upon a well posed IBVP. The closest example is the
harmonic approach of the Caltech-Cornell group [41], 142, 43] which incorporates the freezing ¥y boundary condition
in second order form and has been shown to be well posed in the generalized sense in the high frequency limit [15].

Our results have potential application to improving the binary black hole simulations. However, many of these
simulations are carried out using the BSSN formulation [44, 45] of Einstein’s equations, which differs appreciably
from the harmonic formulation considered here. Although our results constitute a complete analytic treatment of the
IBVP for the harmonic formulation of Einstein’s equations, the extension to the BSSN formulation is not immediately
evident. For this purpose, it would be useful to reformulate the boundary data for the harmonic problem in terms of
the intrinsic geometry and extrinsic curvature of the boundary, as has been done for the initial data for the Cauchy
problem. Such a geometric reformulation remains an outstanding problem.
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APPENDIX A: SOME USEFUL FORMULAE

Here we give a short summary of the formulae and conventions underlying the calculational results of Sec’s. [V Bl
and [V.Cl We have

daf(w) = —f'(WKa, u=t—7, K*9,Kz=0. (A1)
so that
8@1@ = @KCJ% + f;(f) (Karg + oK) + #{f)wﬂﬁ - (f/iu) + %)mﬁ (A2)
and
Kﬂa#aaaﬁ@ = _@KQKQ - W(KW +rakp) - %(f)wg + (w + 3’; Wys, (A3)

where 14 1= 0,7 and 1,8 := 0,037r. The spatial components are

ry = 71 = (sinf cos ¢, sinfsin ¢, cosh), 71; = % — %

Our conventions for the polarization dyad give rise to the Cartesian components

(Q%,QY,Q7%) = (cosfcos d — isin @, cos O sin ¢ + i cos ¢, — sin §), (A5)
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which satisfy
(Q®)*+(QY)? = —sin? 6, Qm%—Qy§ = —isinf, Qx%—FQy% = sin9<2 cos 0 cos ¢ sin p+i(cos? ¢ —sin? ¢)> (A6)
and

r =% Qo=

cot . S
Q. Qo =-

r r T

From these follow the necessary commutation relations such as

[rQ"0u, K70, = 0. (A8)
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