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Abstract

The acoustic wave equation on the whole three-dimensional space is considered with initial data and inho-
mogeneity having support in a bounded domain, which need not be convex. We propose and study a numerical
method that approximates the solution using computations only in the interior domain and on its boundary.
The transmission conditions between the interior and exterior domain are imposed by a time-dependent bound-
ary integral equation coupled to the wave equation in the interior domain. We give a full discretization by
finite elements and leapfrog time-stepping in the interior, and by boundary elements and convolution quadrature
on the boundary. The direct coupling becomes stable on adding a stabilization term on the boundary. The
derivation of stability estimates is based on a strong positivity property of the Calderén boundary operators
for the Helmholtz and wave equations and uses energy estimates both in time and frequency domain. The
stability estimates together with bounds of the consistency error yield optimal-order error bounds of the full
discretization.

1 Introduction

Boundary conditions that yield the restriction of the solution to the whole-space equation on a bounded domain
are known as transparent boundary conditions. For the three-dimensional wave equation they are nonlocal
in space and time. In the last decades, a vast literature on approximating transparent boundary conditions
has developed. There are fast algorithms for implementing the exact, nonlocal boundary conditions in special
domains such as balls (e.g., Grote & Keller [12], Hagstrom [17], Alpert, Greengard & Hagstrom [2], Lubich &
Schadle [25]), there are local absorbing boundary conditions (e.g., Engquist & Majda [10], Hagstrom, Mar-Or
& Givoli [18]), there are methods based on the pole condition (Ruprecht, Schadle, Schmidt & Zschiedrich [28],
Gander & Schédle [11]), and — perhaps most widely used — there are perfectly matched layers (Berenger [8]
and countless papers thereafter) that implement approximate transparent boundary conditions. None of the
local methods works, however, on non-convex domains where waves may leave and re-enter the domain. While
the computational domain can in principle be enlarged to become convex or even a ball, this may require the
discretization of a substantially larger domain than the domain of physical interest (for example, in the case of
a scaffolding-like structure).

It is the objective of the present work to present a provably stable and convergent fully discrete algorithm
that couples a standard discretization in the interior domain (by finite elements with explicit leapfrog time-
stepping) with a direct discretization of the boundary integral terms (by boundary elements and convolution
quadrature), without any requirement of convexity of the domain. The solution in the exterior domain can then
be evaluated at specific points of interest by evaluating boundary integrals, which are again discretized by (the
same) boundary elements and convolution quadrature.

This paper is thus related to work on boundary integral equations for the wave equation, which have attracted
considerable interest in recent years. Basic analytical theory is provided by Bamberger & Ha Duong [4], Lubich
[24], and Laliena & Sayas [23]. The standard discretization in space is by boundary elements (in their Galerkin
or collocation variants). Two classes of discretizations in time are known to yield guaranteed stability: the
space-time Galerkin approach (Ha Duong [14], Ha Duong, Ludwig & Terrasse [15]) and convolution quadrature
(Lubich [24] and more recently Hackbusch, Kress & Sauter [16], Banjai & Sauter 7], Banjai [5], Banjai, Lubich
& Melenk [6], Chappell [9], Chen, Monk, Wang & Weile [27], Monegato, Scuderi & Stani¢ [26]). Here we use
convolution quadrature for time discretization of the boundary integrals.

To our knowledge, the only work, containing some analysis, that numerically couples boundary integral
operators with the wave equation in the interior domain to implement transparent boundary conditions, is the
recent paper by Abboud, Joly, Rodriguez & Terrasse [1]. They use a first-order weak formulation of the wave
equation in the interior (that we shall also adopt), which is discretized by discontinuous finite elements in space



and the explicit midpoint rule in time. Their discretization of the boundary integral operators follows the space-
time Galerkin framework. On the theoretical side, they show partial stability (excluding the effect of boundary
perturbations), which is, however, not sufficient to obtain convergent error bounds. The partial stability result
is based on a non-negativity property of the Calderén operator for the wave equation, which is also established
in [1]. We refer here also to an early, purely numerical, work by Jiao, Li, Michielssen & Min [22].

While our approach in this paper is clearly influenced by [1], we choose different numerical methods and
use different analytical tools to study them, and we obtain strong stability results that enable us to prove
convergence and error bounds for the full discretization. As a key analytical result, we show a strong positivity
(or coercitivity) property of the Calderén operator, which we prove first for the Helmholtz equation (that is, the
Laplace transformed wave equation) and then transfer it to the wave equation via an operator-valued version
of the classical Herglotz theorem. The required extensions of this theorem are formulated in the preparatory
Section 2, both in a time-discrete and time-continuous setting. We also show that convolution quadrature time
discretization inherits the positivity property from the time-continuous to the time-discrete setting. In Section 3
we study the Calderén operator of the Helmholtz equation, showing the positivitiy property that we transfer to
the wave equation in Section 4. There we also describe the weak first-order formulation of the coupled problem
that we adopt from [1].

In Section 5 we describe the discretization that we propose and study. Space discretization is done by standard
finite elements in the interior domain and by boundary elements. Time discretization is by standard leapfrog
time stepping in the interior, and by convolution quadrature on the boundary. The coupling is stabilized by
adding an extra term to the naive coupling of the methods. The fully discrete method remains explicit in the
interior and is implicit only in the boundary variables, for which a linear system with the same positive definite
matrix is solved in each time step.

In Section 6 we study the stability of the spatial semi-discretization. The strong positivity property of the
Calderon operator, which is inherited by the Galerkin boundary element space discretization, is a key aspect. We
use energy estimates both in the time-dependent equations and in the Laplace-transformed (frequency-domain)
equations. Combining our stability estimates with bounds of the consistency error then allows us to obtain
optimal-order error bounds of the semi-discretization in Section 7.

In Sections 8 and 9 we carry out an analogous, but technically more demanding programme for the full
discretization. We make essential use of the fact that the strong positivity property is preserved under convolution
quadrature time discretization. Our final result, Theorem 9.1, yields an asymptotically optimal O(h+ At?) error
bound in the natural norms for linear finite elements and naturally mixed piecewise linear / piecewise constant
boundary elements, for the leapfrog method and for the convolution quadrature based on the second-order
backward difference formula. This holds under a CFL condition that can come arbitrarily close to the the usual
CFL condition of the leapfrog method for the problem without boundary coupling. The spatial order can be
increased with finite elements and boundary elements of higher degree.

To our knowledge, this paper gives the first convergence proofs both for a semidiscretization and a full
discretization of the interior-exterior coupling problem for the wave equation. We believe that the techniques
developed here are useful also for studying other numerical methods than the particular ones chosen here: higher-
order continuous or discontinuous finite elements and boundary elements as well as different time discretization
methods in the interior, such as the implicit midpoint rule for which one would expect unconditional convergence
without a CFL condition, and different time discretizations on the boundary, such as higher-order Runge-Kutta
convolution quadrature. The analysis of such alternative schemes, interesting as they may be, is, however,
beyond the scope of the present paper in which we have chosen to present a complete stability and error analysis
for one particular numerical scheme.

In this paper we concentrate on the analysis of the considered numerical methods. We hope to report
numerical experiments elsewhere.

2 Preparation: Variants of the Herglotz theorem

A key ingredient of the analysis of both the continuous and discretized wave equation is the positivity of a
boundary integral operator and its discretization. This positivity resides on an operator-valued variant of the
classical Herglotz theorem [21], which states that an analytic function has positive real part on the unit disc if
and only if convolution with its coefficient sequence is a positive semidefinite operation.

2.1 A time-discrete operator-valued Herglotz theorem

Let V be a complex Hilbert space with dual V', with the anti-duality denoted by (-,-). Let B(¢) : V — V' and
R(¢) : V = V be analytic families of bounded linear operators for || < p. We assume the uniform bounds

I1B(Olvev <M, [[R(Ollvev <M, | <p, (2.1)



and expand B(¢) and R(() as
B(¢)=Y_B.(", R()=>_ Ru("
n=0 n=0
Lemma 2.1. In the above situation the following statements are equivalent:
1. Re (w, B(Q)w) > ~[|R(Qw|?*,  Yw e V[¢| < p.
2

o0 n o0 n
2. Z p*"Re <wm Z anwj> >y Z P Z R,_jw;|| holds for any finite sequence w, € V.
n=0 3=0 n=0 3=0

Proof. Let §(0) = B(pe?), R(A) = R(pe'?) and for any finite sequence (w,) let @(f) = > e pw,. Then
by Parseval’s formula we have

S (0 s Y0 Baspuy) = [ (@(0). BO)3(0)0
n=0 7=0 -

and
2

/ 1ROFO))2d0 =3 5 |3 Ry
B 2

n=0

which yields the implication 1. = 2. For the reverse direction one additionally uses a sequence of non-negative
approximate d-functions p,(#) (e.g., the Fejér sequence) and chooses w(0) = p,(6 — 6,)"/?w, to localize the
above integrals near an arbitrary 0,. O O

2.2 A time-continuous operator-valued Herglotz theorem

Let B(s) : V — V' and R(s) : V — V be analytic families of bounded linear operators for Re s > 0. We assume

the uniform bounds
1B v < Misl%, |R($)lvey < Mls)*,  Res>o. (2:2)

For integer m > p + 1, we define the integral kernel

1
K,(t) = —/ eStsT™B(s)ds. (2.3)
271 S, v
For a function w € C™([0,T], V) with w(0) = w'(0) = --- = w(™~1(0) = 0, we let

)0 = (5)" [ nlt = ruiriar.

We note that B(0;)w is the distributional convolution of the inverse Laplace transform of B(s) with w.

Lemma 2.2. In the above situation the following statements are equivalent:
1. Re(w, B(s)w) > ~v||R(s)wl?, Yw eV, Res > 0.
2. /OO e 27"Re (w(t), B(Oy)w(t))dt > 'y/oo e 27 R(Oy)w(t)||?dt, for all w € C™([0,00), V) with finite sup-
pco)rt, w(0) = w'(0) = --- = w™ 0) :00, and for all t > 0.
Proof. Similarly as above the result is obtained using Plancherel’s formula, which here gives
/Ooo(e”tw(t),e”tB(at)w(t»dt/ R(fw(s),B(s).Zw(s»ds,
o+i

where Zw denotes the Laplace transform of w, and

[ IR zu) s = [T e po)u0 P
o+iR 0

O O



2.3 Convolution quadrature and preserving the positivity

Convolution quadrature based on an A-stable multistep method discretizes B(d;)w(t) by a discrete convolution
(B@AYw) () = 3 By ju(jAL).
§=0
Here the weights B,, are defined as the coefficients of the power series
5(¢) S
B = B,¢",
(5¢) =3¢

where in this paper we choose 6(¢) to be the generating function of the second order backward difference formula
(BDF2):
5O =1-¢)+301-0>%

The method is of order 2, which can be formulated as
§(e™®) = 2+ 0(2%)
and it is strongly A-stable, which means that
Red(¢) > a+0(a?),  [(]<e™®,
for small «. It is known that
B(0AYw(t) — B(0y)w(t) = O(At?),  uniformly for t = nAt < T, (2.4)

for sufficiently smooth functions w with sufficiently many vanishing derivatives at t = 0, see [24] for details.
Moreover the scheme preserves the positivity property of the continuous convolution.

Lemma 2.3. In the situation of Lemma 2.2 the condition 1. of that lemma implies, for oAt > 0 small enough
and with a p = e~ 75t + O(At?),

> P*"Re (w(nAt), B )w(nAt)) > 5 p™" || RO7 )w(nAt)|?,
n=0 n=0
for any function w : [0,00) = V with finite support.

Proof. Under the above conditions we have

o (n (S ) o) me (i (2) ) 2o (50)

for all w € V and |¢| < p. The result then follows from Lemma 2.1. O O

2

9

3 Calderén operator for the Helmholtz equation

With the Helmholtz equation
s*u — Au =0, e R*\T, (3.1)

and the boundary surface I' of a bounded Lipschitz domain  C R3, with exterior normal n(z) for almost every
x € T', we associate the usual boundary integral potentials [23]: the single layer potential

o—slz—yl

S(e(w) = [ e, @ eRT.

the double layer potential

—slz—y|
e
Op, —— ar,, R3\ T,
(90 gt ) )T, @ B

Dis)ola) = [

T



where 0,,, denotes the exterior normal derivative with respect to the variable y. The corresponding boundary
integral operators are defined as

e—slz—yl
ngox:/igoydf, zel, 3.2
(5)p(w) = | g el (32)
e—slz—yl
K@www=/(amhm_y)w@mm, ver, (33
=0, 78@ yl y)dl’ r 3.4
) e dr r

( ni/ ( My 47r|x — y|) 4,0(2/) Y rel. (35)

The above boundary integral operators are bounded linear operators on the following spaces

Vi(s): HY2(T) — HY2(T), K(s): HY*(I') — HY*(I),

KT(s): HY*(I') - H~Y2(T), W(s): HY/2(T') - H-Y2(D).

with the following bounds holding for all Res > o > 0

IV ()|l g2y sr-172y < Clo)
||K )2 @yem/zry < C(0)]s
< C(o)
(o)ls

For a proof of these facts see [4, 3] and for a table with all these properties listed see [23]. We note that C(o)
depends polynomially on o~1.

Let v~ and 7% denote the interior and exterior traces on the boundary T, whereas ,; and 9, the interior
and exterior normal traces on I'. Further we will also denote by O+ = R\ Q the domain exterior to 2. The
relationship between the boundary integral potentials and operators is given by

V(s)e=7"S(s)p=7"5(s)¢e,  K(s)p={{rD(s)e}}

and
K" (s)p = {{0.5(s)p}},  W(s)p = =0, D(s)p = =0, D(s)p,

where {{yu}} = £(y"u + y"u) denotes the average of the inner and outer traces across the boundary.
In terms of these boundary operators the solution of the Helmholtz equations is expressed as

u=sS(s)p+ D(s), (3.6)

where

o=~ 0wl v=-lyl (37)

and [yu] = v u—~"u, [0,u] = 9, u— 0, u denote the jumps in the boundary traces. Next we define a Calderén
operator, whose positivity will be crucial for the analysis:

o= (5 i) 63

In the following we denote the anti-duality between H~/2(T") x HY/?(T') and HY?(T') x H=*/(T) by (-, ).
Lemma 3.1. There exists § > 0 so that the Calderén operator (3.8) satisfies

. R
Re <(i> , B(s) (j) >F > B min(1, |s|?) | e|28 (HsoHH 12y + ||¢||H1/2(F))

for Res > 0 and for all p € H-Y2(T') and ¢ € H'/*(T).

Proof. Since (3.6) yields the identities

{{vud} =sV(s)p + K(s)v,  {{0nu}} = sKT(s)p — W(s)¥,



it follows that

2 (1) = (Lfislon) 39

Re ((£).56) (1)) = Re (0 {0 e + Re ({20, b
= Re (0,0, + Re (~ 10w, ur

= Ress (I1Vull3, gy + 1l @)

. Res
2§ win(L )T (K12 12y + 190ss2ry)

Hence, using Green’s theorem and (3.1),

The final inequality above is obtained using the trace inequalities as follows:
HQDH?J*I/?(F) = ||[%anu”|i[—l/2(r) <C (H%VUHZLQ(R?’\FF + H%AUHZLQ(H@\F))
= C (14 Vull, oyrys + sl sz )
< Cs|* max(1,[s[ %) <||§Vu|\2L2(R3\F)3 + ”u”%2(R3\I‘))

and similarly for ¢ = —[vyu]. O O

4 Boundary integral formulation of the wave equation

4.1 Calderon operator for the wave equation
Consider the wave equation in R3

O2u—Au=f inR>x][0,T], (@)
u(z,0) = ug, Opu(z,0) = vy, in R

Let again Q C R3 be a bounded Lipschitz domain with boundary I' and assume that the supports of ug, v, and
f are contained in (2.
We can rewrite (4.1) as a problem set on the interior domain

O2u"—Au"=f inQx[0,T],

| (4.2)
u (z,0) =ug, O (z,0) =7y, in €,
a problem set in the exterior
Ofut — Aut =0 in QF x [0,7],
) (4.3)
ut(2,0) =0, Ot (z,0)=0, inQF,
where QF = R?\ ), and transmission conditions coupling the two sets of equations
yuT =T, o u” =0 u. (4.4)

The solution of (4.1) is then given by u =u~ in Q and by v = u* in QF.
With time convolution operators based on the boundary integral operators for the Helmholtz equation, the
solution of the exterior equations can then be written as

u = 8(0:)0p + D(0;). (4.5)
The boundary densities are given by
p=-0,'0fut,  p=rtut (4.6)
and satisfy the equation
e\ _1( yu”
o (9)-3( )

where B(s) is defined in (3.8), the notation B(9;) is explained in Section 2.2, and we have used (3.9) and the
fact that v~ u™ = 9, u™ = 0.



4.2 Positivity of the time-dependent Calderén operator
Applying Lemma 2.2 we have the positivity of the time-dependent Calderén operator B(d;):
Lemma 4.1. With the constant 8 > 0 from Lemma 3.1 we have that

[ ((20) oo (£) o)
> ger [ e (107Dl + 197 VD )

for any T > 0 and for all ¢ € C*([0,T], H-'/*(I")) and all ¢p € C3([0,T], H'/*(T")) with o(-,0) = dyp(-,0) =
= 03¢p(-,0) =0, ¥(-,0) = Opp(-,0) = 92 (-,0) = 0. Here, cp = min(T—1,T73).

Proof. The proof follows directly from Lemma 2.2 and Lemma 3.1, where we use Res > ¢ = 1/T and the lower
bound min(1, [s|?)Res > min(T~!,73). The smoothness requirements on ¢ and % result from the bounds on
the boundary integral operators. The reason that the integrals extend only up to T, lies in the causality property
that B(0;)w(T) depends only on w(t) for t <T. O O

Similarly, Lemma 2.3 implies the positivity of the convolution quadrature approximation B(9/*). This result
will be needed later in the paper.

Lemma 4.2. Let E : [0,00) — [0,00), S : R = R, ¢ € C4[0,T], H-Y2(T)), «» € C3([0,T], H'/*(T")), with
90('70) = 875(»0("0) == ?@('70) =0, ’L/)(?O) = 8tw( ,0) = 82¢( ) =0.If
E+ <<$> ,B(8,) (i»r =S  inl0,T) (4.8)

then
’ 1 1
E(T) +ﬁCT/O (Hat_ o( )3z ey + 107 w(',t”ﬁrlm(r)) dt
T
§62E(0)+/ =T S (1) dt,
0

where cr = min{T~1, T3} and e = exp(1) is Buler’s number.
Proof. The result follows from multiplying (4.8) by e~2t/T using that F is non-negative and applying Lemma
4.1. O O

4.3 First-order formulation and energy estimate

We rewrite the wave equation as a first-order system (and omit the superscript ~ in the interior)

V-v+f
Vu

]

i in (4.9)

with the coupling condition ¢ = yu, ¢ = —yv - n for ¢ and ¥ of (4.6) expressed as

B(0y) (i) =1 <_3U“_ n) onT.

As in [1], we determine the weak formulation using
(V-v,w) = =30, Vw) + 1(V-v,w) + 2 (n - yv,w)r

and similarly for (Vu,z). Here (-,-) denotes the inner product in Ls(f2) or Lo(Q)® as appropriate. With this
weak formulation the coupled system reads

)+ 5(V - v,w) = 3{p, yw)r + (f.w) (4.10)
2)+ 2(Vu,z) + 2, vz - n)r (4.11)

v, Vi
u, V-
<< ) ( >> = (& qu)r — Sy noy)r (4.12)



for all (w, z) € HY(Q) x H(Q)? and (§,1) € H~'/2(I") x H'/2(T"). While this weak formulation is not standard
for use with finite element discretizations, it will turn out to have favourable properties in the present coupling
context.

Testing with w = u, 2z = v, = ¢, n = ¥ and adding the three equations up we get

& (ol o+ 30i) + ((£) 5@ (5)) = (o

From the positivity property of the Calderén operator in Lemma 4.1 it follows that the field energy (so called
because its Maxwell analogue is the electro-magnetic energy in the field)

E= %HUH%Q(Q) + %anig(ﬂ)

satisfies for ¢ > 0 (if f = 0; see Lemma 4.2)

t
E(t) + fe / (107 20 7)oy + 107 sy )b < € B(O).

5 Discretization

5.1 FEM-BEM spatial semidiscretization

Let Up, Vi, ¥y, @y be finite dimensional subspaces of the following Sobolev spaces
U,c H'(Q), V,=U}c H(Q)? w,cHY>I), &,cH Y*I).

In particular we can choose U}, as the finite element space of piecewise linear functions, ¥j, the boundary element
space of piecewise linear functions, and ®; the boundary element space of piecewise constant functions. The
chosen bases of these spaces are denoted by (bY), (b}/), (bY), and (b¥), respectively. We assume that ¥;, and @),
contain the traces of Uy: ~vUp, C ¥y, 0,U, C &y,.

The semi-discretized system then reads: find up(-,t) € Uy, vp(-,t) € Vi, op(-,t) € @p, (- t) € Uy, such
that

(iLh,’wh) = —%(Uh, th) + %(V © U, wh) - %((ph,'ywhﬁ + (f7 wh) (5.1)
(’[)h, Zh) = —%(uh, V- Zh) + %(Vuh, Zh) + %(zbh,'yzh . Tl>1'* (5.2)
<(§Z> ,B(@t) (;’Z:) >F = %<€h77uh>1‘ - %<’7vh .z 7]h>F (53)

for all wy, € U, 21 € Vi, & € Py, and np, € Y.
For the vectors of nodal values this leads to a coupled system of ordinary differential and integral equations

Mou = —D”v — Cyp + Mof (5.4)
M;v= Du-—Cie (5.5)

T
B(0,) (2;) = (g%z) . (5.6)

The matrices My and M; denote the symmetric positive definite mass matrices whose entries are the inner
products of the basis functions of U, and Vj, respectively. The matrices D, Cy, C; have the entries

Dlji = =5 (6], Vb)) + 5(V - b, b7),

j 0 Vi
and
Colri = —3(bp, vy )r, Cilej = %<b}zy,’75}/ “n)r.
The matrix B(s) is given as
_( sV(s) K(s)
2= (0wl

where the blocks are given by
V(s)lew = (b, V(s)bi)r,  K(s)lee = (07, K(s)b) )r, W(s)leer = (b, W (s)bjr)r-
We note that differentiating the first and last equations and eliminating v yields the second-order formulation

Mot = —DTM;}(Du- C9)— Cop + Mof

B(0;) (i) = (ClTMl—l?j]gz? Cﬂb)) '



Remark 5.1. Compared with [1], our spatial discretization differs only in that we used standard finite elements
instead of the discontinuous Galerkin approach considered in [1]. Our choice was mainly made for ease of
presentation, and we claim no originality or superiority of our choice. We note, moreover, that the discontinuous
Galerkin method of [1] coupled with boundary elements gives rise to a spatially discrete system of the same form
5.4. Our stability analysis of the semidiscretization therefore also applies to the space discretization of [1] and
improves on the partial stability results shown there.

5.2 Leapfrog—convolution quadrature time discretization

We couple the leapfrog or Stérmer—Verlet scheme (see, e.g., [20])

M,v"/2 = Myv"+ 1AtDu" — 1AL Cyyp"
Mou™! = Mou" — AtDTv" /2 _ At Copm /2 4 AtMf"1/2
My = My LA LAy

to convolution quadrature

(2] -
t ¢ - C{(Vn+1/2 o OéAtle_lcl’(;anrl/z) )

where a"t1/2 = L(u"*! + u") and P T = 1(y"" +4"), and where @ > 0 is a stabilization parameter

and ¢n+1/2 = ("' — ™) /At. The role of the stabilization term will become clear in the stability analysis.

When the system is transformed such that My and M; are identity matrices, we can take @ = 1 to obtain a
stable scheme under the CFL condition At||D|| < 1, and for larger values of o we can get arbitrarily close to the
optimal CFL condition At||D|| < 2, which is required for the leapfrog discretization in the interior domain.

Remark 5.2. While our space discretization is only marginally different from that of [1], our time discretization
is substantially different both in the interior domain and on the boundary. In the interior we use the standard
leapfrog—Stérmer—Verlet integrator, whereas [1] use the two-step explicit midpoint rule, which is notorious for its
weak instability property (oscillatory behaviour). On the boundary we use the Laplace transform based convolution
quadrature, whereas [1] use the space-time Galerkin method. Moreover, we have added the stabilization term,
which allows us to prove stability and optimal-order error bounds. The stability and error analysis of the time
discretization methods considered here and in [1] is substantially different. We emphasize that in neither paper
the originality of the respective method is in the well-known building blocks in the interior and on the boundary,
in space and in time, but in coupling the various discretization methods in a stable way.

5.3 Computing the discrete solution

Let us assume that at time-step n, v, u”, ¢/~1/2, and ’(/Jj, j =0,...,n, are known. Using the first equation

. = - n+1/2
above we can compute v*t1/2, In the final equation we rewrite a"/2 and 1 as

ﬁn+1/2 _ %(un _ AtMalDTVn+1/2 _ AtMalcocpn—i-l/Q +Atfn+1/2 _|_un)

and
- n+1/2

At — 2" T2 oy,

Grouping the known and unknown quantities together we obtain an equation for ¢"+1/2 and {p"“/ %,

(Pn+1/2
(BO + AtH) {bn—i-l/Q = Xn7

where By = B(6(0)/At), x™ contains known quantities and

H=— <§COTM0100

2aC{M;1cl) '

Both By and H are positive definite, hence a unique solution exists. The remaining unknowns at time-step n+ 1
can then be directly obtained from the second and third equations.



6 Stability of the spatial semidiscretization

6.1 Setting of the stability analysis

In the following analysis we assume that the bases of Uy, Vi, ¥;, and ®;, are orthonormal in Lo(Q), L2()3,
HY 2T), H —1/2(T), respectively, so that the corresponding inner products are just the Euclidean inner products
of the coeflicient vectors, which are denoted by (-,-) for the interior variables, and by (-, -)r for the boundary
variables. The Euclidean norms will be denoted by | - |. The time discretization scheme then takes the above
form with the simplification that the mass matrices My and M; are identity matrices.

In this section we are interested in the propagation of spatial discretization errors. For the errors we have
similar equations but with additional inhomogeneities on the right-hand side, which are the residuals on inserting
a projection of the exact solution onto the finite element space into the scheme. We then end up with the task
of bounding the Euclidean norms of the solutions to the equations

u=-DTv - Cyp+f,
\.7: Du_Cl¢+ga

son(g) = () + (2)

in terms of the Euclidean norms of the perturbations f, g, p,o.
We have the positivity relation, with 8 > 0 independent of the gridsize,

[ ((50)-2eo (§) ),

T
> Ber / 2T (07 (1) + |07 p(1)[?) dt

(6.1)

which is inherited from the corresponding property of the Calderén operator B(3d;).

6.2 Field energy

Lemma 6.1. The semi-discrete field energy

E(t) = lu() + 3lv(t)]®

is bounded along the solutions of (6.1) by
B() < C3)(BO) +t | (K2 +1e(r)P) dr

¢
max(,t9) [ (b +15(P) dr ).
0
fort > 0. This estimate holds provided p(0) = p(0) =0 and o(0) = &(0) = 0.

Proof. (a) Taking the inner product of the first equation in (6.1) with u, the second with v, and the third with
(p,1)T and summing the equations we get

£+ ((%) 5@ ($)>F = ive - ((7): (Z>>p'

Integrating and using the positivity property of B(9;) (Lemma 4.2) gives that the semi-discrete field energy
satisfies, for t > 0,

B()+8min(t™1) [ (107 ()P +107 ()R ) ar
<e(BO) + [ I, £r) + (v(r).g(r)ldr (62)
0
+ [ Her).plor + (Wr). o (elar).

This estimate is however not sufficient in order to estimate E(t) in terms of F(0) and the perturbations f, g, p
and o. While f and g pose no problems, the dependence on the boundary perturbations p and o needs to be
treated in a different way.

10



(b) If we first assume that p and o are zero, then using the Cauchy-Schwarz inequality
|(E(),u(r)) + (v(7),&(m)| < e S(E(n)|* + [g(1)*) + $E()

and the Gronwall inequality we obtain the estimate

El)<e <62E(0) + 64%/0 (IF(D)1> + 1g(m)?) dT) :

(¢) By linearity it remains to study the case E(0) = 0, f = 0, and g = 0. We consider the Laplace transformed
equations:

o () (9 2)

We take the inner product of the first equation with U, the second with v, and the third with (g, 12) and sum
up the real parts to obtain

Res|[d]? + Res |[v|2 + Re <<“§> ,B(s) (":0>> = Re (@, p)r + Re (3, 8)r.
p »)/

Using Lemma 3.1 we obtain

R ~ -~ PN ~
gmin(L 1)1 5 (1 + [97) < 1(@.Pr | + 1. 8)cl.

Using the Cauchy-Schwarz inequality

PPN . 1~ . -1, ~
(@.P)r| < § min(1, [sP)Res|s @I + 5 (min(L, |s|*)Res) " |sp[?

we obtain for Res > 1/t
1 + [9|* < 87 max(t?,£°) (|s*pI* + [s°5]%) .

With the Plancherel formula and causality we conclude

/0 (M) + [$(r)[2) dr < (e/8)? max(i2, 1) / (1B + 15(r)[2) dr. (6.3)

Note now that

t t T 2 t _3 T
/ lo(r)2dr = / / (r — a)pla) da| dr < / T / () dadr
0 0 0 0 3 0
tT3 t ) t4 t )
< [ %[l dadr =3 [P ar
0 0 0

Applying the Cauchy-Schwarz inequality in the last term of (6.2), and using (6.3) and (6.4), proves the result if
E(0)=0,f=0,and g=0.

(d) Denoting the solution of (b) by ug and that of part (¢) by ur, the solution of the general problem is
given as u = ug + ur and bounded by [u|? < 2(Jug|? + |ur|?). With the estimates of (b) and (c) this gives the
result. O 0

(6.4)

6.3 Mechanical energy

Differentiating the first and last equations in (6.1) and eliminating v yields the second-order formulation

i@ = —-D'Du+DTCi¢p — Cop+f—DTg
o\ clua p (6.5)
B(0,) (w) - (c{(DuO— clw)) * (d T C?g) '

11



Lemma 6.2. The semi-discrete mechanical energy

H(t) = 3|a(t)]” + 3|Du(t) — Ci9(t)]”
is bounded along the solutions of (6.1) by

H(t) < 0) 4t / £(r) (r)Pdr
+ max(?, 19) / (1B()1 + 16(r) + CT&(r)P) dr),

0
for all t > 0. This estimate holds provided p(0) = p(0) =0, o(0) = &(0) =0, and g(0) = 0.

Proof. The proof is similar to that of Lemma 6.1. .
(a) We take the inner product of the first equation in (6.5) with 1 and the second with (¢, )T and sum up:

e (5) w0 ), - ot () ),

Integrating and using the positivity property of B(9;) (Lemma 4.2) gives that the semi-discrete mechanical
energy satisfies, for ¢t > 0,

1(6)+ Amin(~ 17 [ (o) + () ) dr
+ / (a(r), £(r) ~ DT g(r))]dr (6.6)
/ {(r), b(r))r + (@b(r), 6(r) + Cg(r))rldr ).

While f — D”g poses no problems, the dependence on the boundary perturbations p and ¢ + CTg needs to be
treated in a different way.

(b) If we first assume that p and & + CTg are zero, then using the Cauchy-Schwarz inequality and the
Gronwall inequality we obtain the estimate

H(t)<e (ezH(O) +e4§ /0 f(r) — DTg(T)|2dT> .

(¢) By linearity it remains to study the case u(0) = u(0) = 0 and f — D”g = 0. We consider the Laplace
transformed equations:

st = -D”"Di + DTCyep — sCop

56 (17) = (crvar ) * (w+ors)
cT( Du— C19) so+Clg)"

We take the inner product of the first equation with su and the second with (s¢, S’l//\J)T and sum up to obtain

s|sul* + 5|Du — C1"7f|2 + <(z:€> B(s) <§z)> <<z:z> (S& ‘i%lTé\) >F

Taking the real part, using the positivity of B(s) on the left-hand side and the triangle inequality on the right-
hand side we obtain

fmin(L|s|)Re s (| +1b*) < |(@. 5Pl + (%55 +sCTE)r|.
Using the Cauchy-Schwarz inequality we obtain for Res > 1/t
@1> + [¥|° < B2 max(¢?,t%) (|s°p|* + |s°F + sCT g|*) .

With the Plancherel formula and causality we conclude

t

/0 (M) + [$(r)[2) dr < (e/8)? max(i2, 1) / (B2 +16(r) + CTg(r)2) dr.

12



Using the Cauchy-Schwarz inequality in the last term of (6.6) and

! 2 t4 ’ 2
[ tetar < 55 [ oty
0 0

gives the result if H(0) =0 and f — DTg = 0.
(d) As in the previous proof we conclude to the stated result using linearity and the estimates in (b) and
(c). O O

6.4 Boundary functions

Lemma 6.3. The boundary functions of (6.1) are bounded as
! 2 2
| el + petryyar

< CEmax(. %) [ ([H0)F + &) + () + 167 dr.

for all t > 0. This estimate holds provided that £(0) = 0, g(0) =0, p(0) = p(0) =0, and o(0) = 6(0) = 0.

Proof. We separate the three cases (i) u(0) =0, v(0) =0, f =0 and g =0, (ii) p =0, 6 =0 and g = 0, and
(iii) all inhomogeneities and initial values vanish except for an arbitrary g.

In the case (i) an estimate of the temporal Ly norms of ¢ and 1) is given in (6.3). In the case (ii) such an
estimate follows from (6.6). It remains to study the case (iii), which is done by an extension of part (c) of the
proof of Lemma 6.1.

We consider the Laplace transformed equations:

su=-DTv - Cyp

sV=Di-C¢+§g

o §)- ()

We take the inner product of the first equation with 4, the second with v, and the third with (g, 171)T and sum

up to obtain R R
S[GP + SO + <(;§) B(s) (ji;)> — %,8).

Taking the real part and using Lemma 3.1 we obtain

. R . ~ .
Re s[9[2 + Bmin(L, /%) 75 (18] + [I2) < Res|9f* +

|s[?

1
4Re s

gl
Hence we obtain for Res > 1/t

I? + [9* < 57" max(t?,1°)[sg[*.
With the Plancherel formula and causality we conclude

/ (D)2 + [(r)?) dr < B~ max(i2, 1) / &(r)Pdr.
0 0

Combining the cases (i)—(iii) gives the result. O O

7 Error bound for the spatial semidiscretization

7.1 Consistency errors

We denote by PhU and P,Y the Lo(Q2)-orthogonal projections onto the finite element spaces Uy, and V},, respectively,
and by P;LI) and P,;I’ the Lo(T')-orthogonal projections onto the boundary element spaces ®;, and U}, respectively.
We omit the superscripts U, V, ®, ¥ when they are clear from the context.
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We consider the defects obtained when we insert the projected exact solution (Ppu, Prv, Phy, Pyt)) into the
variational formulation. We obtain, for all for all w € Uy, z € V},, £ € @, and n € Uy,

(Ppit, w) = =1 (Pyv, Vw) + 2(V - Pyo,w) — 2(Pyp,yw)r + (f, w)
+ (V- (v = Pp),w) — (v — Py, V)

(Pn,2) = =5 (Pou, V - 2) + 5(VPyu, 2) + 5 (Puh, vz - n)r
+ (u— Pyu),z) — 2(u— Pyu, V- z)

()0 (32~ (-,
~((6)-ron (Z207)), 1) (e A ),

where the expressions in the second line of each of the three equations represent the consistency errors multiplied
with the test functions. They are estimated using the following lemmas and the trace inequalities ||[yw|| g1/2(ry <
Cllwll () and ||z - 0l g-1/2r) < O]l a1(0)-

Lemma 7.1. In the case of a quasi-uniform triangulation of ), there exists a positive constant C such that
|w — Pywl| 1) < Chlw|gz)  for allw € H*(RQ).
Proof. We denote by Ij, the finite element interpolation operator and write
w — Pyw = (w — Inw) + (Inw — Prw).

The H'(Q2) norm of the first term is of O(h) by standard finite element theory. The L(€) norm of the second
term is O(h?) and hence the result follows using an inverse inequality. O O

Lemma 7.2. There exists a constant C(t) growing at most polynomially with t such that

/ot 50 (Ei: gZ;iE::D HH1/2(F)><H1/2(F)

t

< Cm [ (18 ey + 1By
for any t > 0 and for all ¢ € C?([0,t], H'/*(T")), ¥ € C%([0,t], H*/*(T)) with ¢(-,0) = dp(-,0) = 0 and
Y(-,0) = (-,0) =0

Proof. We first investigate the action of the blocks of B(s) on the projection errors. By the bounds given in
Section 3 and by the standard approximation estimates for boundary element spaces we obtain for Res > o > 0

18V ($)(I = Pu)@ll /2y < C0)|sPlle = Pallr-172r
< ClsP*hllell e ry-

dr

Similar bounds hold for the other blocks, so that
(I —=Pp)p
B
(s) ((I — Py

The result now follows by Plancherel’s formula and causality. O O

C(o)ls*h (el grrzry + 19l garagry) -

H/2(D)x H—1/2(T)

With the above two lemmas, the consistency errors have been estimated.

7.2 Error bound

Combining the previous lemmas we obtain the following result.

Theorem 7.3. Assume that the initial values u(-,0) and v(-,0) have their support in Q2. Let the initial values for
the semi-discretization be chosen as up(0) = Pru(0) and v, (0) = Prv(0), where Py, denotes the Lo (€2)-orthogonal
projection onto the finite element spaces. If we assume that the solution of the wave equation (4.9) is sufficiently
smooth, then the error of the FEM-BEM semi-discretization (5.1) is bounded by

() — w@)lLzacey + len(t) — o8l o
1/2
+( / lon(r) = ey + 1900 = 9B sydr) < CLOO

where the constant C(t) grows at most polynomially with t.
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Proof. We apply the stability lemmas to the differences up — Ppu, vy, — Prv, o, — Prip, and 1, — Pyt and denote
the defects in (7.1) by
(fnsw) = =3 (v = Pyv, Vw) + 5(V - (v = Pyv), w)

1
= (V- (v = Py),w) = 5(y(v = Py) - n,yw)r,
(9n,2) = —%(u—Phu,V-z) %(V( — Pru), 2)
= (V(u— Pyu), z) = 5{y(u — Pyu),y2)r,
for all w € HY(Q), 2 € (H*(Q))3, and

(1) =-so (5252) v (Sl ).

Translating Lemma 6.1 into the functional analytic setting gives the estimate

(7.2)

lun (t) = Pru(t)l|70) + lon(t) = Pro()]1Z,

<A@t [ (16T + lonC e )
+ max(t?, 1) / (10 + 180G 2721 ) 7).

Similarly Lemma 6.3 translates into
t
/0 (Nen (o) = Pasplo DBy 27oey + 160Co7) = Pt )0y )

t
<c(p) max<t2,t6>< | (10 0 + 1018 )

t
+ / (10200 7) 2 ey + 1020m () -ssary) dr>.

The conditions on the vanishing initial values required in Lemma 6.1 and Lemma 6.3 are satisfied because we
assumed that the initial data of the wave equation have their support in 2 and because we chose the initial
values of the space discretization as the appropriate projections of the initial data.

Using the estimates of Lemma 7.1 and Lemma 7.2 yields the result. O O

We remark that higher-degree finite elements and boundary elements yield correspondingly higher order,
provided that the solution is sufficiently smooth.

8 Stability of the full discretization

8.1 Setting of the stability analysis
In this section we study the stability of the fully discrete scheme under the CFL condition

AtD] <1 (8.1)
and the lower bound on the stabilization parameter
a>1. (8.2)

We remark that the same kind of results can be obtained, for sufficiently large «, under the weaker CFL bound
At||D|| < p < 2, which becomes arbitrarily close to the optimal CFL condition At||D|| < 2 for the problem
without boundary coupling. The lower bound on « tends, however, to infinity as p — 2. When non-orthonormal
bases are accounted for ||D|| is substituted by ||M1_1/2DM51/2||. In the case of shape regular triangulations
these quantities are asymptotically equivalent. The lower bound on « is on the other hand basis independent.

We consider the setting of Section 6.1 and bound the Euclidean norms of the solutions of the perturbed
discrete scheme

vitl2 = vy LA D - AL Ciy" + LAt g
u"tl = ut - AtDTV Y2 At Con T2 4 At frY/2
vl =y t2 L LA DUt - AL C iyt + JAL g !
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and

n+1/2 T=n+1/2 n
[B(atm) <‘P>} — Cou cnt1/2. |+ <” _ﬁﬁi)
P CT(v"t1/2 — aAt*C1ap ) o"

— . 1/2
where again a"*+1/2 = %(unJrl +u”) and ¢n+1/2 _ 1(,¢n+1 + "), and ¢n+ 2 _

n+1 n
2 ("7 —9")/At.
We will proceed in parallel to Section 6 and transfer the arguments from the semidiscrete to the discrete
situation, concentrating on the extra difficulties.

8.2 Discrete field energy
Lemma 8.1. Under conditions (8.1) and (8.2), the discrete field energy

E" = %'un|2 + i('vn-‘rl/2|2 + |Vn—1/2|2)

s bounded, at t = nAt, by
t n . .
n o, b +1/2)2 2
E SC(E +2Atj§0(|fﬂ I* + |g’] )

+ max(t2, 1At Y (9820722 + | (9820712 2) ),
=0

where C is independent of h, At, and n.

Since v" = L(v"H1/2 4 v*~1/2) this result also yields a bound of [v"|? of the same type.

Proof. (a) The recursion for v is conveniently expressed in the midpoint values v +1/2 only:
viH/2 — =2 L AtDu” — AtCiyp" 4+ At gt

We take the inner product with %\7" = i(v”H/Q +vn1/2) = %v” in this equation, with @”*/2 in the equation

for u"*!, with half times v"*! in the equation for v**!, and with (p"*+1/2, 1,_bn+1/2)
We sum up the resulting four equations to obtain

in the boundary equation.

%‘Vn+3/2|2 - %‘Vn—l/z‘z + %|un+1‘2 o %|un‘2
— 1AL, Du" — C19p") — AL, Du" T - Crypt Y
+ AHVTY2 D2 Cl{bn+1/2) n O(Atg(C]_'l;bn+1/2, Cl{bnﬂﬂ)

+ At < (:Zig) , {B(atm) (£>]n+1/2>

— LA )+ BAKEL g + A2, 412
+ At((pn+1/2,pn+1/2> +At<0’n+1/2,{ﬁn+l/2>.

Here we note that on setting v* = (v**t1/2 — y"=1/2) /At we have

LA™, Du” — Cy9p") + LAHF™ Dut! — €yt
_ At(vn+1/27Dﬁn+1/2 _ C1¢n+1/2)
= IAZ(@" T Du"t! — Gy ) — LAP(V", Du” - Ciy")

and
e n+1/2

AHC " Cip" ) = LjCyg P - L ey

2

Hence the first three lines in the above equation can be written as Entl — E™ with the modified discrete field
energy

Evn :%|un|2 + %(|Vn+1/2|2 + ‘Vn71/2|2)

— LA# (", Du” — C19p") + aA L Ciyp" 2.
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We estimate
(v",Du" — C19") = [Du” — C19"|* + (g", Du" — C19")
< (1+ fe)Du — Co" + 5"
< U+ b1+ Je)Du"? + (14 Je)(1 + 5GP + 5 [g"
with arbitrary e, ez > 0. Under the CFL condition (8.1) we obtain on choosing ¢; = 1/4 and e = 2/3 that the

modified discrete energy is bounded from below by

B> L+ (V2R 4 v 2R) 4 - DARIC" - BAR g (8.3)

1
2
Note that the term with 9™ is non-negative for a > 1.

We sum from n = 0 to m and note that by the positivity of B(s) from Lemma 3.1 and by the proof of

Lemma 2.3 we have
m (Pn+1/2 A © n+1/2
At T , | B(0 T > 0.
S { (G B (%))

We then have

m m—1
E™—E° < ALY V9T |gt + At Y @ttt
’:El n=0 (8.4)
n n -n+1/2 n
+ AT (Jm 2 2 4 R o)),
n=0

where the double prime on the first sum indicates that the first and last term are taken with the factor %

(b) If we first assume that all p™ and o™ are zero, then using the Cauchy-Schwarz inequality and Young’s
inequality, and finally the discrete Gronwall inequality, we obtain the estimate at ¢t = nAt,

~ ~ t n , .
o, b j+1/2)2 2
Er<e E+2At§.0(|ff \+|g3|)
p=

(c) By linearity it remains to study the case E° = 0 and all f7+1/2 = 0 and g" = 0. As is usual in the stability
analysis of difference and multistep methods (see, e.g., [13] and [19, Chap. V]), we consider the equations for the
generating power series

Q) =Y u'¢r, v(Q) =Y v,
n=0 n=0

where n is an exponent only on ¢ and a time superscript else. We have, omitting the argument ¢ in U, Vv, etc.,
and letting s = §(¢)/At for brevity,

<]
|

-DTY - Cyp

-~ >% = Di-Ci9
¢ Ciu (ﬁ)
B ~ = -1 -~ ~ |-
®) <¢> <01T0 — aA’CTC S zp) o

U= HDE, =5+ DY
We now use the energy method on the system for the generating power series. We take the inner product with

where

~

Q in the first equation, with %(1 + ¢)Vv in the second equation, and with (5) in the third equation. We sum

up and take the real part to obtain

Ut TR ? ?
SAT [al® + SAL [V +Re<<{[;>’B(8) <17’>>F

+Re((¢7 = Q¥ (DE - C1)) + Sadt(¢! 2~ 1)|C1 P

~

= Re(®,p)r + Re (v, o)r.
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Using the equation for v, the first term in the second line can be rewritten as

(P -1 ¢ 2 1 12
R = At“|Du-C .
SN [Du — Cy9p|
Here we note that _
1
Re szifa |C| <1a
1-¢ 2

and under condition (8.1),
1A DU - Ci9)? < [U)? + A |Crep|2.
With condition (8.2) we thus obtain, for |(| < 1,

Re<<j§>,B<s> <5>>F<Re<so, P)r + Re (9,6)r,

8 min(L[s[?) s o (18F +19F) < (8. Pr| + (4,5

and Lemma 3.1 gives us

Using the Cauchy-Schwarz inequality

we obtain for Res > 1/t

~ o~ . 1~ 1, ~
@.9)rl < £ min(L,|s?)Resls 3> + 4 (min(1, |sP)Res) ~'[spl?

—~

28

B2 + [ < B2 max(%,1°) (|s”B|” + [s°5?)
For s = 0(¢)/At we have Res > 1/t if |¢| = p with p = e #A! for a u = 1/t + O(At). With the Parseval formula
on the circle || = p and causality we conclude, at t = nAt,

NIE

+1/29
>~ (I 122 + [ *P?) (8.5)

<.
I
=)

2(6/5 max t2 t6 Z( aAt J+1/2|2+ |(atAt)2o.j+1/2‘2> )
3=0

We now return to the bound (8.4), where we use a Cauchy-Schwarz inequality on the right-hand side and insert
the above bound to obtain

Er < C max(t2, %) Atz( 8At 2 g+1/2‘2 n \(8At) o_]+1/2|2>
7=0

(d) By linearity, combining the estimates of (b) and (c) and recalling (8.3) gives the stated result. O O

8.3 Discrete mechanical energy

In the following we denote u"t1/2 = (u"t! — u)/At, f* = (f*+1/2 — £7=1/2) /At etc., and as previously,
—n n n - n+1/2 n n
i ““:%(u g, 4 / =1 14,

Lemma 8.2. The discrete mechanical energy

Hn+1/2 | n+1/2|2 %‘Dﬁ"+1/2 _ C]’ljanrl/Q‘Q

is bounded at t = (n + 1/2)At by
t S . )
+1/2 12 b R YARIT
2 < C(H +3 ]§_0:|f3 D7gl|

Fmax(2,19) 3 (@227 + (02 (6 + c?g>f|2)),

=0

where C' is independent of h, At, and n.
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Proof. (a) We use a reformulation of the method. Like in the passage from the first-order formulation to the
second-order formulation in the temporally continuous case, we eliminate the variables v in the equation. This

gives us .
u"t —2u” +u" ! = —ADT (DU - Ci19") — AtPCop™ — APDT g™ + A",

leferencmg the boundary equation yields, with 1/; ({an/Q " 1/2)/At ("t — ") /(2At) and
it = (T = ) (2a),

B(@At) <P n _ C(T)"ﬁn ) pn
t o\ - clT(Du"—clw)—aMcchﬂp” Clg" 6™

with ¢ = (" — 29" + ") /A%, and p" = (p"t/2 — pn=1/2) /At and 6" = (6" /2 — g 1/2) /AL, We
note that
%(ﬁn+1/2 + un—l/Q) — (ﬁn+1/2 _ l—ln—l/2>/At — (un+1 _ un_l)/<2At)

and hence 1" = u". We take the inner product with 0™ in the interior equation, and with $A#(¢", ¥") in the
boundary equation. We note

(ﬁ”’ un) _ Z%M(un+l/2 + ﬁn71/2,ﬁn+1/2 7 unfl/Q)
1 an .
— 2At(| +1/2|2 |l.1 1/2|2)7

(Dl_ln - Cl’lj[)n Du” — Cl’lpn>

1
— E(D n+1 - C ,l/}n+1 Du” — Cl’lpn)
1 _
—E(Du — C1¢", Du" ! — Cy" 1),
and ) ,
0 “n n+1/2 n—1/2
(¥",C{Cep ) = (|C11/’ ?—|Ciop ).

Summing all up and setting

/2 — %|1-1n+1/2|2 + (Dun+1 . 01¢7L+17Dun — CiY") + aAt2|C ¢n+1/2

s (£). o (0]

= At(@", f" — DTg") + AHG", p") + At(yp", CTg" ! 4 6).

we obtain

)

Under the CFL condition (8.1) we estimate, according to the formula ab = §(a + b)? — 1(a — b)?,

(Du™*! — C 9" Du™ — Cip")

At?

T|D]:ln+1/2 C 1,[)n+1/2

_ |Dﬁn+1/2 _ Cl,lz)"+1/2|2 N |

n+1/2

> |Dﬁn+1/2 . Cl{pn+1/2|2 . %‘ﬁn+1/2|2 Nz (el 1/’ ‘

so that
n+1/2

1z > %|1-1n+1/2|2 I |Dﬁn+1/2 _ C1¢n+1/2|2 + (a — 1)A2|Cy b 2. (8.6)

Note that the term with v is non-negative for a > 1.
We sum from n = 0 to m and note that by the positivity property of B(s) from Lemma 3.1 and by Lemma

2.3
SS((8) e Q)
Hoee Fms - F2 < Ay (@80 - DTg") + (@7, 67) + (@, CTg" + 6™)). 57
n=0
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(b) If we first assume that all terms p”™ and CTg" + ¢™ are zero, then using the Cauchy-Schwarz inequality
and Young’s inequality, and finally the discrete Gronwall inequality, we obtain the estimate at t = nAt,

~ ~ t noL )
n+1/2 12 . b R 3 YARRID
H <el|lH +2Atjg:o|fﬁ D'g’|

(c) By linearity it remains to study the case where u® = 0, u' = 0, and all f* — DTg" = (. As in part (c)
of the previous proof, we use the energy technique on the transformed equation. The generating power series
satisfy the equations

1 _24¢ A -~ -~
R = DDA Cif) - Co

B(s) (1/]) B (qT(Dﬁ— C19) —ozAtQCTCl e ¢)> * <¢+ c{g) ’

where s = 6(¢)/h and

('-¢
2A1

('-¢
2A1

P.

<

u,

=1l

) in the boundary equation, sum up

)

12
¢!

<16

and take the real part. This gives

9 (1o 24(~ @
S e ((2) 00

+ ——Re (¢! )\Du—01¢|2+aAt2—R

We take the inner product Wlth i1 in the interior equation and with (

+C\clz,bl2

)

(¢,P) + (1.6 + Cg).

For |¢| < 1 we have

¢'-2+4¢
¢

and hence we conclude, by the same arguments as at the end of part (c) of the proof of Lemma 8.1, that

Aty (1971 + 1972)
=0
2(e/B) max(i2, 1)L Y (1081207 + (07126 + CTg) ).

J=0

Re >0, Re(("'-=¢>0

We return to the bound (8.7), where we use a Cauchy-Schwarz inequality on the right-hand side and insert the
above bound to obtain

H™Y? < Cmax(t,1)At Y (107017 + 107 (6 + CTg)'[P) -
j=0
(d) By linearity, combining the estimates of (b) and (c) and recalling (8.6) gives the stated result. O O

8.4 Boundary functions

Lemma 8.3. The boundary functions are bounded at t = nAt by

n

Do 4 )

j=0

< Omax(®, ) S (P + 12 + [ 4 1677
§=0
where C' is independent of h, At, and n.
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Proof. We separate the three cases (i) u’ =0, v° =0, f/+1/2 = 0 and g7 = 0, (ii) p/TV/2 =0, 67t/2 = 0 and
g’ = 0, and (iii) all inhomogeneities and initial values vanish except for arbitrary g7. In the case (i) an estimate

of the temporal £» norms of ¢/+1/2 and 4’ /% is given in (8.5). In the case (ii) such an estimate follows from
(8.7). The case (iii) is proved by an extension of part (c) of the proof of Lemma 8.1, similar to the proof of
Lemma 6.3. O O

9 Error bound for the full discretization

We proceed in the same way as for the semidiscretization in Section 7. We first rewrite the fully discrete
equations in their variational formulation: find uj € Up, v}, v nH/Q € Wy, (pZH/z € &y, Yy € Uy, (and ’(/}n+1/2
L(ptt +47) and wn+1/2 A (Yt —¢m)) such that

Z (o —on z) = =L, V- z) + 2Vl zn) + L0 vz e
n n n+1/2 n+1/2 n+1/2
(= wy) = L p T V) + LV o ) — Sep YRy
+ (f(tns1/2)s wn)

(”ZH B ”Z+1/2’ o) = —%(uZH,V o)+ (Vunﬂ7 W) + %< ZHVVZ’L “n)r (9.1)

2
y;
n+1/2 n .
<<§IZ> [ (07) (37)} >p - %@h’whH/Q)F - %W”hﬂ/z M Mp)T
— oA (P 2 )t

for all wy, € Uy, zn, € Vi, fh € ¢, and nn € Up.

We consider the defects obtained when we insert the projected exact solution (Pru, Prv, Py, Pyt)) into the
variational formulation of the fully discrete scheme. Instead of Pyv(t,1/2) we insert P,o"+1/2 with vn+1/2 =
V(tpi1/2) — A 6(t41/2), chosen such that o"+1/2 = v(t,) + SAt0(t,) + O(At®) and v(tyqq) = 0"H/2 +
%At D(tns1) +O(A?) if the solution is temporally sufficiently smooth, as a simple Taylor expansion shows. This
gives, for all z, € Vj,

AL (P "2 — Poo(ty), zn) = — L (Pou(t,), V - z1) + L(VPyu(tn), 21)

1
-1
+ 3 (Putp(tn), v2n - nhr + (dy, 21)
with the defect
dit = gn(tn) + KtP n (07112~ o(ta) - JAti(E)),
in which the first term was defined in the consistency error of the semidiscretization, see (7.2) and (7.1), and the
second term is O(At?) in the L?(2)-norm provided that the solution is temporally sufficiently smooth.

The arising defects in the further formulas of (9.1) then also consist of terms that are already present in the
defects of the semidiscretization, see (7.1), and additional terms that are O(At?) in the case of a temporally
smooth solution. For the interior equations this is obtained from Taylor expansion, and for the boundary
equations it follows from the known error bound (2.4) of convolution quadrature [24]. We thus have O(h + At?)
consistency errors in the appropriate norms. With the discrete stability lemmas from Section 8 applied to the
errors uy — Ppu(ty,), vi — Ppo(ty), <p2+1/2 Prp(tni1/2, and 9} — Ppip(t,) we then obtain, by the same arguments
as for the semidiscrete case in the proof of Theorem 7.3, the following error bound for the full discretization.

Theorem 9.1. Assume that the initial values and the inhomogeneity of the wave equation (4.9) have their
support in §. Let the initial values for the semi-discretization be chosen as up(0) = Pou(0) and v, (0) = Prv(0),
where Py, denotes the Lo(2)-orthogonal projection onto the finite element spaces. If the solution of the wave
equation is sufficiently smooth, then the error of the FEM & BEM & leapfrog € convolution quadrature full
discretization (9.1), under the CFL condition (8.1) and with the stability parameter satisfying (8.2), is bounded
at t = nAt by

up, — w(t) o) + lvh — v(B)[lLy s

1/2
n—1
i+1/2 Ti41/2
+ At ey /2 o(tjr1/2) 512y + 105, /2 - D(t1s2) a2y
§=0
< O(t)(h + At?),
where the constant C(t) grows at most polynomially with t. O
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