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Abstract

We introduce a non-overlapping variant of the Schwarz waveform relaxation algorithm for semi-
linear wave propagation in one dimension. Using the theory of absorbing boundary conditions, we
derive a new nonlinear algorithm. We show that the algorithm is well-posed and we prove its conver-
gence by energy estimates and a Galerkin method. We then introduce an explicit scheme. We prove
the convergence of the discrete algorithm with suitable assumptions on the nonlinearity. We finally
illustrate our analysis with numerical experiments.

1 Introduction

Schwarz waveform relaxation is a new class of algorithms for domain decomposition in the frame of time
dependent partial differential equations. They are well-adapted to evolution problems, designed to solve
the equations separately on each spatial subdomain on the whole time interval, exchanging informations
on the space-time boundary of the subdomains, overlapping or not [7].

In particular for the computation of wave propagation, it is of great importance, due to numerical
dispersion, to be able to handle local time and space meshes, and this is allowed by these new algorithms.
We presented the method for the linear wave equation in [8] and [6]. When using overlapping subdomains
and “classical” Schwarz waveform relaxation -by a Dirichlet exchange of informations on the boundary-
the so defined algorithm converges in a finite number of iterations, inversely proportional to the size of the
overlap, which increases the storage and computational load. We therefore introduced optimized trans-
mission conditions, relying on the theory of absorbing boundary conditions, which improve drastically
the convergence of the algorithm.

This paper is a first attempt to extend the strategy to nonlinear equations. An analysis of the
classical Schwarz waveform relaxation algorithm for convection dominated nonlinear conservation laws
was performed in [5], but no other transmission conditions have been used so far. We are interested here
in the semilinear wave equation. This equation intervenes in various phenomena as the dislocation in
crystals, laser pulses in plasmas, etc.. (see for instance [15]). In the latter example, as the laser wavelength
and the Debye length of the plasma can differ by several orders of magnitude, discretizations sufficiently
fine to resolve the short scales yield systems of equations far beyond the power of current computers. By
using domain decomposition techniques, decoupling different time scales becomes possible.

As a first step, the goal of this paper is to define new Schwarz waveform relaxation algorithms for
the semilinear wave equation. We introduce two nonoverlapping algorithms. The first one referred to as
linear uses the absorbing boundary condition of the linear problem whereas the second one referred to as
nonlinear uses the nonlinear absorbing boundary conditions designed by J. Szeftel in [14]. The paper is
organized as follows.

In Section 2, we introduce the definitions of the algorithms.
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In Section 3 , we prove the algorithms to be well-posed. For the precise analysis, we use a fixed point
algorithm with regularity estimates on a linear problem.

In Section 4, we prove the convergence of the algorithms. The proof is an extension of a clever trick in
[9], already used for linear algorithms, either hyperbolic or parabolic (see [8]). However the nonlinearity
requires a very fine analysis.

In Section 5, we design discrete Schwarz waveform relaxation algorithms. In each subdomain, the
interior scheme is the usual leapfrog scheme for the linear part, with a downwinding in time for the
nonlinear part. The exchange of informations on the boundary is naturally taken into account by a finite
volume strategy. In Section 6 we study the convergence of the algorithms, by discrete energy estimates.

As it is always the case for nonlinear problems, the well-posedness and convergence results hold only
locally in time. Therefore numerical experiments are very important to bypass the limitations of the
theory. We present the results in Section 7, showing in particular that our nonlinear algorithm gives
optimal results within a large class of algorithms.

Remark Due to the complexity of the mathematical theory, we restrain ourselves to the one dimensional
case. The multidimensional study contains additional difficulties due to the geometry and should be
considered in a forthcoming paper.

2 Problem Description
We consider the second order semilinear wave equation in one dimension,
(atz_ai)u:f(uvatuuawu) (1)

on the domain R x (0,T") with initial conditions ¢ (-,0) = p, ;U (-,0) = q.

2.1 Absorbing Boundary Conditions for the Semilinear Wave Equation

The question of absorbing boundary conditions arises when one wants to make computations on an
unbounded domain: a bounded computational domain is introduced, on the boundary of which boundary
conditions must be prescribed. These boundary conditions must be absorbing to the waves leaving the
domain. A whole strategy has been designed by Engquist and Majda for linear problems with variable
coefficients, using pseudo-differential operators [4]. Recently it has been extended to nonlinear operators
by J. Szeftel, in particular for the semilinear wave equation [14], using the paradifferential calculus of [1]
and [10]. We introduce a family of operators

B* (g% )u = yu £ dpu + g™ (u), (2)

for C* functions g* such that g*(0) = 0. The linear absorbing boundary operators are given by g* = 0.
In the case where f(u,u, ug) = fi(u) + fa(w)us + fs(uw)u, with f; in C*(R), 1 < j <3, and f1(0) =0,
the following nonlinear boundary operators are given in [14]:

1

9" (u) = )

[ mod o= =5 [+ mied )

We replace the problem on the domain R by a boundary value problem in g = (a, b):

(02 — 0%)u = f(u, O, O,u) in Qo x (0,7T), n

B~(g7)u(a,) =0, BF(g")u(d,) =0,
with initial values p and ¢. Such boundary conditions give well-posed initial boundary value problems,
and are absorbing provided the intial data be compactly supported in Qq, see [14]. Following the strategy
in [8], we use such absorbing operators for domain decomposition.



2.2 A General Non-Overlapping Schwarz Waveform Relaxation Algorithm

We decompose the domain (a, b) into I non overlapping subdomains Q; = (a;, a;+1), a; < a; for j < i and
a1 = a, ar+1 = b, and we introduce a general non overlapping Schwarz waveform relaxation algorithm.
An initial guess {h;t’o}lgigﬂ is given. For k > 1, one step of the algorithm is

(02 — 22yl = f(uF, 0l 0,uF) in Q; x (0,7),
uf(,O) =D, 8{“?(,0) =4q in in
B_(g_)uk(ai5 ) = h;ﬂkila B+(g+)uf(ai+1v ) = h’;ﬁkil in (OaT)a (5)

%

hot =B ), B = B g ek (i, ) in (0,7),
where B*(gT) are given in (2). For ease of notations, we defined here hf’ ¥ =0 and hi]f =0, so that the
index ¢ in (5) ranges from ¢ = 1,2,...,1. In the sequel, we call linear transmission condition the choice
g* = 0 and nonlinear transmission condition the choice (3). For the classical linear homogeneous wave
equation, it has been proved in [8] that the algorithm converges optimally if T is small enough (which
means in two iterations, independently of the number of subdomains), and the transmission operators
B* are given by B* = 0, £ 0,. This behavior is due to the finite speed of propagation, together with
the fact that these operators are the exact Dirichlet-Neumann operators in this case. In the nonlinear
case, the propagation still takes place with the finite speed, but we can use only approximate Dirichlet
Neumann operators. Therefore the classical Schwarz algorithm with overlap is still convergent, and for
our nonoverlapping nonlinear algorithms, we will use energy estimates.

3 Well-posedness For The Subproblems

The study of the nonlinear problem relies on an iterative linear scheme. Therefore a first step for the
definition of the algorithm is to study the nonhomogeneous initial boundary value problem for a general
domain = (a_,a4),
(02 — 0%)u = f(u, Oyu, Oyu) in Q x (0,7T),
B_(g_)u(a—v'):h_u B+(g+)u(a+7'):h+7

with initial values p and ¢q. We will use for 7 < 2 the spaces

(6)

Vi(Q,T) = {u € L=(0,T; L*(Q)), 0% € L>(0,T; L*()), |a| < j}. (7)
In formula (7), o is a 2-index in N2, the first coordinate in « stands for the time, and the second one
stands for the space, so for instance 0%u = Oiu for v = (1,1). V;(Q,T) is equipped with the norm
HuHVj(Q,T) = mMaX|q|<j Hao‘uHLw(o,Tﬂ(Q))-

Theorem 3.1 Let p in H*(Q)) and q in H* (). There exists a time T* such that for any T < T*, for
h* in HY(0,T) with the compatibility conditions

h*(0) = g(as) £ p'(ax) + g* (p(az)), (8)
(6) has a unique solution u in Vo(Q,T), with du(ax,-) and dyu(ax,-) in HY(0,T). Furthermore there
exists a positive real number C* such that
ull Py + D Y 10%uas, ) o) < C Pl + lalEn @ + D 1W5 1 E o), (9)
£ lal=1 I
where T* and C* depend on the data p,q, f, g%, h*.

This result has been first proved in [14] with homogeneous boundary conditions (i.e. h* = 0). The
additional difficulty comes from the boundary conditions, and we give here the main steps of the proof.
It relies on the construction of a sequence of linear problems of the form:

02— B2+ = F in Q x (0,T),

(Ovii — uii)(a, ) = H=, (Dyii+ 0ut) (ay,-) = H*. (10)



Proposition 3.2 Let p in H*(Q) and q in HY(Q). For any positive time T, let F in H'((0,T) x Q),
and H* in H*(0,T) with the compatibility conditions

H*(0) = qlax) £ p'(ay). (11)

Then, (10) with initial data p and q has a unique solution G in Va(Q,T), with di(ay,-) and Oyu(ax,-)
in HY(0,T). Moreover we have the following bounds on the solution

113, 0.0 + D (10sii(az, W o r) + 10xilas, )3 o)
+
< Crie" (1F 1 0,2 (0)) + IFC 07200y + Z ||Hi||%{1(O,T) + Pl + lalng), (12)
+

where Cy is a universal constant.

Proof We start with the a priori estimates. We multiply (10) by d;@ and integrate by parts in Q:

d - - . -
7 (100, D2 ) + 180, Ol () + (Grii(a—, £)* + (Dri(ay, ))?

N~

= (F(, t), 8t11(-, t))LZ(Q) + H™ (t)@t&(a_,t) + H+ (t)at’l](a+, t)

Using the Cauchy-Schwarz inequality on the right hand side, together with the inequality o8 < % a2—|—% (2
for all a, B € R, and finally integrating in time, we obtain

t
0 12 + (D)l o +/0 [(Ovila—, $))* + (drti(ay, 5))°] ds
t t
S/O 8¢t (-, 5)I172 (0 d8+/0 1F G917 ds

+||q||i2<n)+||p||§11<m+/0 [(H™())* + (H*(5))?] ds.

By Gronwall Lemma, we deduce that

t
19t (-, )22 () + A, )3 q) +/0 [(Gra(a—, s))? + (Drti(ar, 5))*] ds
< (IFIZ 20,7y x0) + el 720 + 12170 ) + ; IH |72 00,1
which gives
max 0%l (0. 7:22() + N0si(a—, |F 207y + 0si(ar, T2 01
< e (IF 720y + Iz + Pl F1 @) + g IH*Z20,1))- (13)
Differentiating in time in (10), we now apply (13) to 0;@, and obtain:
] 10%0ctl|T o0 (0,112 (2y) + 107 @(a, M T 207y + 107 @(as, T 207

||

< 6T(||atF||2Lz((o,T)xQ) + ||5t2ﬂ('=0)||2m(9) + ||‘J||§11(Q) + Z ||5tHi||2Lz(o,T))- (14)
I

We must estimate 924(-,0) in the righthand side of (14). We multiply (10) by %@, integrate in space
using the boundary conditions, and evaluate at time 0:
+ q(a-)07u(a—,0) + g(ay)0fi(ay,0)



We integrate by parts in the second term, and rewrite the equality as
107a(,0) 172y — (97a(:,0), 87a(-,0)) + (p, O74(-, 0))
— (H™(0) — q(a-) + d,pla_))d2(a—,0) + (H+(0) — glas) — dup(as))02ilas, 0) + (F(-,0), 5%a(- 0)).
The boundary terms on the right-hand side vanish by the compatibility conditions, and we get
107a(-, 0172y = (02p — p + F(:,0),074(-,0)).
Using the Cauchy-Schwarz Lemma, we obtain
1070(-,0) | L2y < 102D — p+ F(-,0)|| 2 (-

We replace the term [|07a(+,0)||2(q) in (13), and we deduce the second a priori estimate:

max 100|700 (0,122 () + 107 Wla, ) Z 20y + 107 @lay, )| F 201y

<3 (10 F 172 (0% + I1FC0)F 200y + 1Pl 20 + 1l ) + Z 18 H* |7 20,7))-  (15)
T

We still need to estimate the mixed derivatives 0., in the interior and 0,;@ on the boundaries. We use
the equation, which gives in the interior

1022 oo (0,1522()) < 106tl| Loo (0,7 22(02)) + 18l oo 0,7:22(02)) + |1 F |l Lo 0,7502(02)) -

We now introduce the inequality
IEN 20,0200y < 2(1F (5 0)172) + TNOF 200 7.12(02)))»

and by (15) and (13), we get, using that e/ > 1 and e? > T,
||azzﬂ||%oo(0,T;L2(Q)) < 156T(”FH%Jl(o,T;L?(Q))_FHF('a 0)||%2(Q)+||p||%{%Q)*’HQH%I(Q)*'Z ||Hi||§{1(0,T))-
+

As for the boundary term, we get for instance on the left boundary

10ezti(a—,-)|l20,1) < 10nti(a—, ) L2,y + 10:H " ||L20,7)-

Squaring the inequality, and adding the term coming from the right boundary leads to
Z 10reti(as, ) |72 (0,7 < QZ(Hattﬂ(aiv M2y + 10:H |72 00,1))
+ +

which provides the last estimate announced in the proposition. The well-posedness is then derived in a
standard way by the Galerkin method. |
The solution @ of the nonlinear subdomain problem is now defined through an iterative scheme. The
initial guess is ug = p. At step k, uy being known, we define

Flw) =w+ flw, 0w, d,w), GF(w) = gt (w(ax,-)), HE(w) = h* — GF(w). (16)

Uig+1 1s the solution of the linear initial boundary value problem (10) with data fr = F(ax), g,f = G*(ay),
hf = H(uy), and initial data p and ¢q. The proof of convergence for the sequence @y is written in details
in [14]. The uniqueness follows from the result:

Lemma 3.3 There exists a real positive increasing function 6 such that, for any time T, for any v in
Va(Q,T), 0%F(v) is in Vi(Q,T), GF(v) and H(v) are in L>=(0,T). Moreover, for vi, va in Va(Q,T), we
have
IH* (v1) = H= (v2) [ L (0,7) < Ollvrllvaary + lo2llvaie,m) lor = v2llviga,m), )
[F(v1) = F(w2)llvi oy < Ol[orllvaa,my + lo2llve.my)llor — v2llvae,m,



As a consequence, we have the well-posedness of problem (4).

Corollary 3.4 Let p in H3(Q) and q in H}(Y). There exists a time Tg > 0 such that for any T < Tg,
(4) has a unique solution @ in Va(Q,T), with 0%u(a,-) and 0%u(b,-) in H*(0,T) for |a| = 1. Furthermore
there exists a positive real number C* depending only on the size of Q0 such that

”TLH%@(Q,T) + Z |0%u(a, ')H%Il(O,T) Z (0% u(b, ')H%U(O,T) < C*(HPH%{?(Q) + HQH%P(Q))'

la|=1 |al=1

4 Convergence of The Algorithm

We now study the convergence of the Schwarz waveform Relaxation Algorithm (5). In order to define
the algorithm, we need a regularity result:

Proposition 4.1 For anye, 0 < e <1, Va(Q,T) C C°(0,T; H>=<(Q)) NCL(0,T; H~¢(Q)).

Proof By using extension operators in time and space, it suffices to prove the result in R x R. We make
use of the Littlewood-Paley theory (see for example [2]). In particular, there exists ¢ and x two tempered
distributions on R, with ¢ supported in (—8/3,—-3/4)U (3/4,8/3), x supported in (—4/3,4/3), and

XE)+ ) p(279%) =1,V €R.

q=0

We define the dyadic projectors A, by their action on a function u,

A_ju = x(D)u, Aqu = ¢©(279D)u for ¢ > 0, (18)
where D = —i0. These operators give an equivalent norm in H*(R),
3
= (3 218
q>—1

They can also be used to define the Zygmund spaces

Ci={uedS ull-= sup 27| Aqul® < +oo}.
g>m

C; coincides with the usual Holder space when r is not an integer. For any positive r, we know that
W™ the space of functions in L> with derivatives of order up to r in L*°, is included in C}. Therefore
we have

V2(R,R) C CJ(R, H*(R)) N C; (R, H'(R)) N CZ(R, L*(R)).
We need an interpolation lemma.

Lemma 4.2 For any positive o, 3,a,b, for any 8,0 <6 <1,
C2(R, H(R)) NCA(R, H'(R)) C €MD (R, HOF(-0b(R)),

Applying the lemma with successively («, 8,a,b) = (0,1,2,1) and («, 8, a,b) = (1,2,1,0), we find for
any 6,6 in (0,1),
V2(R,R) C IR, H'P(R)) N2~ (R, H (R)).

Since for any € > 0 we have C¢ C C° and C}*¢ C C*, this concludes the proof of Proposition 4.1.

Proof of Lemma 4.2 It relies on the convexity of the exponential function.

j (0 —6 k(6 —0)b
||u||zfa+(179)ﬂ(R,Hea*’(l*@)b(]R)) = §>11p1 92j(6a+(1-6)8) Z 92k(0a+(1-0) ||A§A£u”2
J== E>—1



where A% (resp. A¥) is the Littlewood Paley operator acting in the time (resp. space) variable.

) i . . 9 . (1-9)
Z 92k(Ba+(1 9)bHA§AkuH2 _ Z <(22k HA; ku|‘2) (22kaA§.AkuH2) )

E>—1 E>—1

(Z 22ka|\A§ ﬁqu)e( Z 22kb||A§A£uH2)1—9'

E>—1 E>—1

IN

Therefore we have

. 0 ) 1-6
HuHzfa+(179)ﬁ(R,H9a+(179)b(R)) S (Sup 22704 Z 22kaHA§Azu||2) (Sup 22]ﬁ Z 22kaA§A£uH2)
j>-1 E>—1 j=-1 k>—1

which writes

0 1-6
2 2 2
FulZess-o03 g goasr-on ey < (lilBeemoey) (1il2sg pmy) -

Theorem 4.3 Letp in HZ () and q in HE(Q). There exists a time Ty < T¢ such that for any T < Ty, for
any initial guess ¥ in H'(0,T) with the compatibility conditions hy (0) = q(aiy1)+p (aiv1)+g+ (p(air1))
and h; (0) = q(a;) — p'(a;) + 9~ (p(as)), the algorithm (5) is defined and converges in U;Va(2;,T) to the
solution @ of (4).

Proof We first prove that the algorithm is well-defined : with the assumptions on h;t in the theorem,
we know by Theorem 3.1 that (5) defines in each Q; a u} in Va(;,T), with dyul(ai,-), Oul(airy,-),
Oyul(as,-) and dyul(ait1,-) in H(0,T) for T < T}. Furthermore, by Lemma 3.3, B~ (g7 )ul_;(a;,-) and
BT (g7)ul,q(ait1,-) are in H'(0,T). As for the compatibility conditions, we have

B_(Q_)Uztl(aia 0) = }in%(atu}fl(ai, t) — awuztl(aiat) + 9_(%171(@1'7 t)))
and by Proposition 4.1, we can pass to the limit and get

B~ (97 )u;_1(ai,0) = q(a;) — p'(a:) + g~ (p(a:)).

This, together with the same regularity result on a;41, permits the recursion.

We define for T < min(7T, min, (T7%)), for k > 1, the quantities (with u; = u/q,) for 1 < i,j < I,
j=iorj=i-1,

e; = uj — uj,

b= Pb) — Flu)

K2

B =g b)) — g (us(a), REF = gt (ub(ai)) — g (ug(ai))

ko _ k
7

The operators F is defined in (16). The error e¥ in Q; at iteration k is a solution of

(02 — 3%)ek + ek = fFin Q; x (0,7) (19)
(O — On)el + By = (0 — Ou)ef ! + hi ™ on {ai} x (0,T) (20)
(0 + Ox)ek + hi" = (9 + Oo)eli ! + by on {aipa} x (0,T) (21)

with vanishing initial values and ef = 0, e}, =0, h’fb— =0, h];)’;q_l =0 . In order to get a new energy
estimate in ;, we multiply (19) by d;eF and integrate by parts:
d

2 Fo (ef) — [0uek0uel (i1, ) — DuekOueb(as, )] = (7F, Orel) (22)



with Eq(u) = %(||8tu||%2(m +110zull72 () + lullF2(q))- We rewrite the boundary terms using the boundary
operators:

1 _
OrelOuel (aiy1,-) = = ((0r + O0u)ef (aig1, ) + hf’f)z—z((at — 3u)ef (ain, ) + hi )2 + RE i,
(23)

—0uef Ouet (i, ) = (0 = De)el (as, ) + by )* = ((c’% + 0a)ef (ai, ) + i )° + RE; o

The remainders RY, | and R}, ; will be evaluated later. We insert (23) into (22), and obtain

d

G0 () (01 = Du)ek(anar. )+ B+ (0 + 00k () + WL )P

1 1
4((515 + 0p)ef(aiv1, ) + h§2+)2 + Z((at — 0p)el(ai,) + hk )? + Rf,iJrl + Rf,ifl + (fF, 0pel).

Using the transmission conditions (20), (21), we get

d

—Eq, (e}) +

o (00 = )eb (@sn, ) + T )P+ (0 + 0u)ek s ) + AT )2

»—H»PM—‘

1 _ _
((3t + Op)ei (ain, ) + hfz-i}l+) + —((0y — Op)el T (as, ) + hfz )2

4
+sz+1 +Rzz 1 + (fzk76tef)
(24)

We sum (24) on the indexes i, 1 <14 < I and integrate in time. We translate the domain indexes in the
right-hand side. Defining

Bao, (¢4) = 710 — ek (@i, )+ W07 + (0 + Bu)eb (i, ) + S )7),

we get, since the initial data vanish,

I
ZEQi(G?) /ZE@Q d8</ ZE@Q k= 1 d
=1

(25)
k k k
/ 1+1 + Ri,zel)(s)ds +/0 ;( i 0e; ) (s)ds.

Differentiating the equation and the transmission conditions in time yields the bound on (’%ef:
¢ T
ZEQ (Dyek) / ZEM (k) (s)ds < /O > Boq, (ef ") (s)ds
i=1
¢ I
+ / Z (RE, .+ RE,_))(s)ds + /O D @ fF Ouel)(s)ds
i=1

We now estimate the remainders. We start with Rfl 41 (ignoring the superscript k):

(26)

1
2l

and we get a bound on the integral of R; ;41:

Riit1 = ~[=hii(2(0cei + Ouei)(airr, ) + hify) + hiyy ;(2(0rei — Onei)(aiys, ) + hiyy )],

t
1
.. 2 - 2 — . . . 2
/o Riita(s)ds < 7 (||h“||H2(O yT 1hiiril g o ) + 5 10eei(aia, )l 4

Ny A2
Hz(o t) : + ||6w€z(az+1, )||

(0,) H % (0,0)

).

We can treat Ri,iflaéi,ifla and Rm—,l the same way and obtain

2 + 1 2 2
+ || i— 1Z||H2(0 t)) 2(”81561(0:“ )||H7%(O,t + ||a 61(0415 )||H7§(0 t))

t
| Buaatods < sz,
0



st [|Oztei(aita,-)|?

t
R . 3 2 2 +1 2
[ Rsnds < 300nEIy 10Ty )+ Ry :
t
R. . < 3 = |12 2 4+ 1 )12 (s )2 .
[ Rsmads < 300+ IR )+ 10,y e >”H7%<0,t>

At point a; for instance, by the Trace Theorem, there is a constant C3 independent of T', such that for
any « with |a| = 1, we have

10%ex (a1, -3 .y <

0% 0rei(ai, ')||H*5(0,t) < [[0%€ei(as, ')HH%(o,t) < Csl|0%eill (o x 0,0)),

< 0%i(as, Wiz < Csll0%eillm @0

which gives our first bounds on the remainders:

t 2
1 2 — 2 C3 2
[ Reno)ds < SUREIZy )+ Iy o )+ S e o
5 2 - 2 2
[ B < ORIy )+ 10Tl )+ el

We now insert the previous estimates in (25) and (26). By Cauchy-Schwarz inequality we get

Z Eq,( / Z Eyq,(e;)(s)ds <

I
/0 ZEf’Qi(efil)(S)d k”H? Q% (0,8)) Z/ I fE ||L2 )8

3 ! . 3L

— 2 2 e 2 2

4 ||H2(O t)+ ”h”“HHz(o t) 42 ”H2(0 t)+ ”hz 11” 07t))7 (27)

1
Z ((’%6 /ZEaQ (’%6 s)ds <
i=1
t _ C24+1¢ 1<~ [
/ Zmeatef Y(s)ds + BILS ek oo + 3 O / 100 £4 350 (5)ds
3 =1 =1

I
3 2 2 3 2 2
ZZ |8th || )+||at l+1z||H2(0t) ZZ |8th s +||8t i 17,||H2(0t))

(28)
Adding (27) and (28), we can write

I
> (Eo,(e}) + Ba,(0re}) /ZEaQ ) + Eoq, (0:e¥))(s)ds

=1
t I 1
S/ Z Epo,(ef 1) + Epg, (8rel ™)) (s)ds + (CF + 1)Z||€f||§{2(ﬂix(o,t))
P i=1
I
+§Z(||h ||2 +||h ||2 +||h ||2 +|| 12 )
4_1 1+1,7 71— 11H2(0t)
1
3 k42 kA )2 k-2 kAt 2
+4l:1(||3th I%, o t)+||ath1+1z|| +||3th 151 )+||5thz Lill7 Ot))
I
1
+ Z §(||ff||%2(ﬂx(o,T)) + ||5tff||%2(szx(o,T)))~
i=1



We now estimate the quantities involving the hfji Refining the results in Lemma 3.3, we have a real
positive increasing function 65, such that

|| ||§{ 0 t)+|| ih ||2 Yo, = 92( Z (Haaui”%%(lx(O,T))+||aauf||%2(Q><(O,T)))) Z ||8a6§||%2(52><(0,T))
Ot‘;zég,é) O“;Zégfz)
which gives
I
Z(Eszi( ) + Eq, (0re}) / Z Eoq,(ef) + Eaq, (0ref))(s)ds
i=1
< / Z Eon,(¢571) + Eon, (9reh ™)) (s)ds
2 k2 k|2 (29)
+ 293 Z (10%uillZ2(x 0,1y) + 10°ui 1L2(0x (0,7 ) Il€7 72 (02, % (0,8
a2(02)
"1
+ Z E(Hfikn%?(Qx(O,T)) + 1017 20x (0.1))):
i=1
with 03 = 303 + C3 + 1. We now evaluate the terms in the right-hand side. We first note that
t
||e§||§12(ﬂi><(0,t)) < /0 (Ea, (ei‘c) + Eo, (3t€§) + ||3zz€§||%2(ni))d57
and evaluate ||8mef||%2(ﬂix(0 #)) by equation (19):
||3mef||%2(mx(0t < 3(/|Ouef 122 (i x (0,0)) + ||ek||L2(Q x(0,8)) T I1£F 172 x0.60))5
from which we deduce
t
€5 %20 0,)) < 4/0 (Eo, () + Ea, (ie)ds + 3| 11720, x (0.0))-
There remains only in (29)
I
S (Bo (¢) + B, (d1ch) / z Eoa, (€}) + Eoq, (9rek))(s)ds
i1
< / Z Eoo, (e5°1) + Fon, (Breh~1))(s)ds
t
+ 2493 Z ||aaui||i2(nx(o,:r)) + ||aauf||2Lz(Qx(o,T))))/0 (Eo,(ef) + Ea, (dre}))ds
0 (0.2)
I
(6% (6% 1
+Z(393( Z (llo Ui||%2(9x(o,:r)) + 19 ui’c”%?(Qx(O,T)))) + 5)(||fik”2L2(Q><(O,T)) + HatfzkHQL?(Qx(O,T)))'
i=1 o
a(02)
(30)

Again, as in Lemma 3.3, there exists a positive increasing function 64 such that

FE ) Fogg) + 10 () 2y S ORC D (10%uillTogy + 10%uf IZai) D 197€f 1220y,
laj<2 laj<2

a#(0,2) a#(0,2)

the latter sum means that no term 0., are present, therefore we can bound the sum by twice the energy.
Furthermore we know that the energy of @ is bounded on the interval (0,7"). Thus there exists a new
positive increasing function 65, depending on w, such that

IFE(E 2y + 10 fE (T < (03(Ba,(ef) + Eq, (0rel))(Ba, (ef) + Eo, (9eel)))(#).  (31)
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We insert (31) into (30), and get (with a new function )

I

> (Eo,(e}) + Ba,(ref) /ZEaQ ) + Eaq, (8:¢X))(s)ds

=1

S/ Z Eoq, (ef™) + Eoq, (0cef 1)) (s)ds (32)
+z / (0 (o, (e}) + Eo, (91e})) (Ho, (€5) + En, (9,¢5)) (s)ds.

For clarity we define

I I
B, = (Eq,(ef) + Eq,(0ief)), Ef = (Esq,(ef) + Eoq,(0rel)).

=1 =1

and we can rewrite (32) as

znt / Eb d8</ Ek 1 d8+/ 96 znt znt(s)ds (33)

Summing in k, we define E = Zk 1 and we have

znt’

1nt /Eb d8</ Eb d8+/ 96 1nt 1nt(8)d8'

Let now C' > 0. If ¢ tends to 0, fo E}(s)ds +tCHs(C) tends to 0. Therefore there exists a Ty such that
[ El(s)ds + TyCs(C) = C, and so we have for t < T,
EK

nt

(t) < C.

We conclude that u¥ exists on the time interval (0,7}), and that Zle (Eq, (e¥) + Eq, (d1e¥)) tends to 0
when k tends to infinity: the sequence u¥ converges to @ on (0,7}) in each subdomain in the norm of

energy. |

5 A Finite Volume Discretization

We use here a finite volumes scheme, which has been described in [8] for the linear one-dimensional wave
equation, and extended to the non linear boundary value problems in the frame of absorbing boundary
conditions in [13]. We restrict ourselves to uniform meshes in time and space.

5.1 Discretization of the Subdomain Problem (6)

The domain Q x (0,T) is meshed by a rectangular grid, with uniform mesh sizes Az and A¢. There are
J + 1 points in space with Az = (ay —a—)/J, and N + 1 points in time, with At = T/N. We denote
the numerical approximation to u(a— + jAxz,nAt) by U(j,n). We introduce the notations:

U(j7n+1)_U(j7n) U(j7n)_U(j7n_1)

D} U(j,m) = Aot D; UGjim) = Dn =D,

prugn) = ZU* Lz)x— uG,n) Dz UGm) = 2@ —AU;C(J‘ —Ln).

D8 Uiy = UL n)2A;J(j—17n)7 UGy — U(j7n+1)2;tU(j7n—1)7 (34)
I TR
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The last finite derivative in (34) is a second order approximation of d;u, to be used in the nonlinear
term, in order to design an explicit scheme.
The scheme in the interior writes

We define the discrete initial value as
P(j) =pla— +jAr), Q)= qla— +jAx),

and we obtain the initial scheme

(D} — 5D D7IUG.0) = Q) + 5L IPG)L.QU).DIQG)), in (1,7~ 1] (36)

For the boundary conditions, we define the discrete boundary operators as:

Bi(.ﬂgi)U(Ovn) = (Dg - D;F + %Dj D; )U(O7n) - %f(U((]’n)vD;* U(Ovn)vDi U(O7n)) +gi(U(Oyn))7

+ AV Az Az (37)
B~ (f,97)U(0,0) = (D" — D} + N )U(0,0) — EQ(O) - Tf(P(O%Qi(O),Di P(0)) + g~ (P(0)),
BY(f,g7)U(J,n) = (Df +D; + %Dj Dy )U(J,n) - %f(U(J, n), D; " Ui(J,n), Dy U(J,n)) +g¢" (U(J,n)).
(38)
A A A
BH(£,g1)U(J,0) = (D + Dy + S DHU(L0) = T2QU) = SEF(P(), Qul)), Dy P)) + g% (P(D)).
We define the boundary data as
1 tn+AL/2 9 At/2
H*(n) = —/ hE(r)dr, 1<n<N,H*0)= —/ hE (7)dr (39)
At Jy, —at)2 At Jo
The discretization of Problem (6) is now given by (35), (36), with boundary conditions
B_(fag_)U(Oa ) =H" ) B+(f7 g+)U(J7 ) = H+ in ﬂO,TL < N]I7 (40)
where the discrete boundary operators B¥ are given in (37), (38).
Our numerical computations indicate that this scheme is second order both in space and time.
5.2 The Discrete Schwarz Waveform Relaxation Algorithm
The equation is now discretized on each subdomain Q; x (0,7), ¢ =1,..., I separately, using an uniform

mesh with sizes Az and At. There are J;+1 points in space and N +1 grid points in time in subdomain €2;,
with Az = (ai11 — a;)/J; and At = T/N. We denote the numerical approximation to u¥(a; + jAz, nAt)
on Q; at iteration step k by UF(j,n).

The problem in domain €2; is now defined through boundary data HljE ’kil, coming from the neigh-

boring subdomains ;41 .Therefore, we define the extraction operator from domain 2; to his neighbours
as:

~ Az _ Az o
B (£,97) Us(0,n) = (DY + D = SEDf Dy )U0.m) + S F(Us(0,0), D" U0, m), DF Us(0,m) + g™+ (Ui (0, ),

BH(,g%)Ui(0,0) = (DF +Df = S50 ) U:0,0)+ Z2Qi(0) + S 7(P0),@:(0), D Pi(0)) + 9" (PA(0).

At
(41)
~ _ 0 _ Az b o Az . _ _
B~ (f,97)Ui(Ji,n) = (Dy — Dy _TDt D, )Ui(Jivn)‘f‘?f(Ui(Jiyn)yDt Ui(Ji,n), Dy Ui(Ji,n)) + g~ (Ui(Ji,n)),
~ A A A
B~ (f,97)Ui(J;,0) = (D} — Dy — K:‘Dj)Ui(Jivo) + ﬁ@i(%‘) + TIf(Pi(Ji)in(Ji)yD; Pi(J3)) + 9~ (Pi(Jy))-

(42)
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The discrete Schwarz waveform relaxation algorithm on subdomains €2;, 7 = 1,..., I is defined as follows.
. 0,4+ ..
An initial guess {H,; ™ }1<i<r is given. For k > 1, we solve

(D Dy — DF Dy )UF = f(UF, Dy *UF,DOUF) in [1,J; — 1] x [1,N],
VK0 = B (DF — 5D D7 UEC0) = @it SEF(PLQu DYQ) n |1, 1],
B~(f,g7)UFO0,") = H;”“ Y BY(f,gN) Ui, ) = B in [0, < N

HM =B (fg7) U (Jima, ) HPE = BT (f£,9M)UfL(0,) in 0,0 < NJ.

As in the continuous algorithm, we set U§ = 0 and U}, , = 0.

We denote by U the discrete approximation of problem (4), obtained by solving (35,36,40) on 2 = (a,b)
with J = Zi]:l J; intervals of length Az, and H* = 0. Each subproblem is an explicit scheme, thus has
a unique solution. Therefore the Schwarz waveform Relaxation Algorithm is well defined. If it converges,
the limit in each subdomain is denoted by V;. It satisfies the same scheme as U at initial time, in the
interior and on the exterior boundaries. At point a; it satisfies for any n > 0

B™(f,97)Vi(0,n) = B~ (fog WVier(Jie1,n) , BY(f,g7)WViea (Jima,n) = BY(f,g7)Vi(0,m).  (44)

Theorem 5.1 Suppose that f is affine in the third variable Oyu. Then, if the discrete algorithm con-
verges, it converges to the discrete approzimation U of problem (4).

Proof Since p is in H?(2) and ¢ is in H*(Q), they are both continuous and we have for any 4, V;(0,0) =
P;(0) =V;—1(Ji=1,0) = Pi—1(Ji—1) = p(a;), and Q;—1(Ji—1) = Q:(0) = ¢q(a;). We write the transmission
conditions (44) for n = 0. The nonlinear terms containing g* on both sides cancel out, and we have

(DF — D3 + 22D i(0.0) - 2o a(a) - £ 10(@). a(a). DF pla)) =
(D} —D; — ixDJ“ Wiz1(Ji=1,0) + %Q(ai) + %f(p(ai)uqmi)vD; p(a;)), (45)

(DF +DF = 3207 Wi0,0) + Jra(a) + S5 f(plas), afas), D plas)) =
(Df +D; + %D+ Wi-1(Ji-1,0) — %Q(ai) - %f(p(ai),q(ai))vl?; plai)).  (46)
Adding (45) and (46) yields D; V;(0, 0) = 1(Ji=1,0), and hence V;(0,1) = V;—1(Ji-1,1). We

define now V (j,n) for 0 < j < J as V (7, ) ( j,n) if jAz = a; + jAz, with 1 < j < J;. With the
assumption on f, since DY = (D} + D, )/ we can rewrite (45) as

_ Az - Ax
(Dy —D; — QEDJF WV (i, 0) + 27 4ai) + Az f(p(ai), g(ai), DY p(a;)) =0,
with j; = J1 + ...+ J;, which, multiplying by — 2A , proves that V is solution of (36) at any point, and

therefore U and V coincide at time 0 and 1. A simple recursion with the explicit schemes now proves
that, for any n, for any 4, V;(0,n) = V;_1(J;—1,n), and therefore U = V. |

Remark 5.2 The assumption on f in Theorem 5.1 is fulfilled when f(u,us,uz) = fi1(u) + fo(uw)us +
f3(’U/)’U/1

6 Convergence of the Discrete Algorithm

According to Theorem 5.1, we suppose that f is affine in d,u. We introduce the linear transmission

operators defined by - _
T+ = B%(0,0), TF = B*(0,0)
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We note U; = 0/ q,. With these notations, the error Uik = Uik — U; is solution of the linear problem
(Df Dy —=Df Dy +1)Uf =F}F, in [1,J;—1] x [1,N] (47)
(48)
with the initial value UF(j,1) = UF(4,0) = 0 and the transmission conditions

T-UF0, )+ G =T U I, )+ G2 F i [0, N,

- S - (49)
TrOF(J;, )+ GHE =TT 0,) + G i [0, N
The remainders are given by
Fz'k = f(Uikat_* Uikag Uik) - f(UZth_* Uikag UZ) + Uzk for n > 1,
_ Az _ _

G = = fR0.) + 97 (UF(0,) = g(Ti(0, ),

Sk ATy —([TF ([

Gior = - fitalUicn, ) + 97 (Uil (Jim1, ) = 97 (Uima(Jimr, ), (50)

GF* = S + gt OF ) — 6" (O ),

3

~ Ax _
Gt = 5 £ (0.) + g7 (U84(0,) = g7 (Tina (0,)),

and Gli’ k(O) =0, éli k(O) = 0. For n = 0, the centered derivative in z are replaced in the expression of
FF by a forward or backward derivative.

We define now a discrete energy as follows. We consider sequences of the form V = {V(j)}o<;<s in
R7*! and we define a bilinear form on R/*! by

as (VW) = (3 D (V) Di (W) + 3 VW) 61

Jj=1

For a mesh function V of time and space, we define

Az 2
=5 2 (D7 VG.) +(Dy V(G n+ 1)),

j=1

Ep(V)(n) = aa(V(-,n),V(,n—1)),

Ex(V)(n)

FE =FEx+ FEp.

The quantity Fk is a discrete kinetic energy, and Ep as discrete potential energy. The following lemma
gives a lower bound for E under a CFL condition, and hence shows that E is then indeed an energy. The
proof is classical ([8]) and is omitted here.

Lemma 6.1 For any n > 1, we have

A2 A2
B0 2 (1- 55 - 28 ) B (53)
Hence, under the CFL condition
A2 A2
—+— <1 4
Azt <b (54)

E is bounded from below by an energy.

The following energy estimate is obtained by a discrete integration by parts:
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Lemma 6.2 For any V solution of
(Df Dy —DFfD; +1)V=F, 1<j<J-1,1<n<N, (55)

we have for anyn > 1,

B(WV)(n) — BV)(n— 1)+ STV, + TV (/,0)?
J 56
- %[(T‘V(O, n))? + (TV(J,n))?] + 2AtAz > " F(j,n) D} V (j,n), (56)

j=1

and for n =0,

Ex(U)(0) + BO)0) + ZUT 00,0 + (F-U( +1,0)?
J o7
— %[(T’U(O, 0))> + (TFU(J,0))%] + aa(P, P) + 2A2 Y~ Q(j)D;f U(4,0). o7

j=1

These estimates are obtained by multiplying (55) with DY V' (j, n) and integrating by parts [8].
We now state the main result of this section.

Theorem 6.3 Suppose that f is affine with respect to O,u. Defining the quantities
Rf(m) = G ()G () + 2T TF0,n)) + G () Gy (n) + 2T T (Ji,m)
—G;F(n)(G7F(n) + 2T UF(0,n)) = G (n)(GFF(n) + 2T UF (5, m)),

K2

(58)

and assuming that there exists a positive constant M such that for any iteration number K, any domain
Q; and any discrete time n, the following estimate holds

J
200 S FEGm) DY UE (o) + 3 RE(n) < METE)(n), (59)

j=1
then, for At sufficiently small, the discrete Schwarz algorithm converges in the energy norm.
Remark 6.4 Assumption (59) is technical, and will be proved in Corollary 6.5 in a special case.

Proof We apply (56,57) to UF. Since the initial data vanish, every term in (57) vanishes. Thus
E(UF)(0) = 0, and we rewrite (56) as

BOF)(n) ~ BOF) 1) + ST 0E0,n) + G ) + (T () + G )’

= %[(T—U;@(o, n)+ G )+ (TFOF(Jm) + GEE0)] (g
Ji
+2AtAx Y fE(j,n)DY UF(j.n) + %Rf(n)-

j=1

We now insert the transmission conditions (49), translate the indices in the righthand side, and add the
contributions of all subdomains. We define a total internal energy and a total boundary energy as

I
_ At S - L _
Efn) = S" EOH M), Bhn) = 50 S (T TH0,m) + G ) + (T 0 m) + G ().
i=1 i
With these notations we can write
! Ji At
Ef(n) — Ef(n— 1)+ Ef(n) = Ef '(n) + > _[2AtAz > £¥(j,n) DY Uf (j,n) + 735-“(”)]- (61)
i=1 j=1
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We now sum up (61) for 1 < k < K, and define EX (n) = Zszl E¥(n):

K I J;
. . . _ 1
EE(n) — EE(n—1)+ EE(n) = ES(n) + At 2Ax *G,n)DY UF(j,n) + =RE(n)]. (62
1 (n) = Er (n = 1)+ Eg (n) = Ep(n) ;;[ j;f(])t (G,n) + 5 Ri(n)]. (62)
Under assumption (59) we deduce that
EX(n) — EX(n—1) < Fo(n) + MALEE (n). (63)

The recursive inequality is easy to solve. For At sufficiently small, M At < 1, and since EK(O) =0, we
get

n N
Eff(n) < MmN " Fy(p) <MY Fo(p). (64)

This proves that sup,,< x Ef* (n) is bounded as K tends to infinity. Therefore we have

I
Yn <N, EUF - TU)(n) —0as k — +o0 (65)

i=1

which concludes the proof. |

We are able to prove the assumption (59) in the case of the linear transmission conditions.

Corollary 6.5 Suppose that f is affine with respect to Oyu. For At sufficiently small, there exists a time
T such that the discrete Schwarz waveform relazation algorithm (43) with linear transmission conditions
(i.e. g =0) converges to the discrete approzvimation U of problem (4) on (0,T).

Proof Here the remainder R¥(n) reduces to
and the estimate (59) amounts to proving that for any £k < K, n < N,

J;
Az fF(G,n)DY UF(j,n) < MiE(UF)(n). (67)
j=0

If f is globally Lipschitz in both variables, this is merely an application of the discrete Cauchy-Schwarz
lemma. |

7 Numerical Results

7.1 Remarks on Overlapping versus Nonoverlapping Schwarz Waveform Re-
laxation Algorithms and Variants

The original Schwarz algorithm, designed for elliptic equations, uses overlapping subdomains (Q; = (a;, b;)
for 1 < ¢ < I, with a; < aj41 < b; < bj41), with an exchange of Dirichlet data on the boundary,
and the convergence factor depends on the overlap [11, 9]. For hyperbolic problems, due to the finite
speed of propagation, it is easy to see that this ”classical” algorithm converges in a finite number of
iterations, given by N = [¢T'/L| where ¢ is the wave speed, and L the size of the overlap. In the
linear case, absorbing transmission conditions have the same property, but the convergence is drastically
improved, even without overlap. In one dimension, for sufficiently small T, only 2 iterations are needed
for convergence, independently of the number of subdomains, [8], and in two dimensions, the absorbing
transmission conditions with optimized coeflicients can reduce the error after 2 iterations by a factor 20
[6].
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In the nonlinear case, we have theoretical convergence results on the linear algorithm for sufficiently
small T. However, we will see that the linear algorithm outperforms the classical one on large time
intervals as well, and that the nonlinear algorithm performs even better.

Our experiments concern the space domain Q = [0, 4], simulating R with linear absorbing boundary
conditions at each boundary. The time interval is [0,2]. € is divided in two subdomains. The initial
value is supported in (0,2), with p(z) = 23(2 — )3, the initial velocity is q(x) = 32%(2 — x)?(z — 1). This
is a good test since the solution is supported in the first subdomain at ¢ = 0 and escapes in the second
domain before the end of the computation.

Note that the Schwarz algorithm can be viewed as a fixed point algorithm applied to the interface
problems _ _

(H{, Hy) — (BTU2(0,-), B~U(J1,")) = A(H;{ , Hy).
In all cases, the stopping criterion in the algorithm will be on the residual res® for .A. We also compute
the exact discrete solution in €2, and measure the discrete global error E¥ in L>(0, T, L?(52)).

7.2 The Classical Overlapping Schwarz Algorithm

In this case, Q; = (0,24 L) and Q2 = (2,4).
interface problem:

The stopping criterion pertains to the residual for the

1/2
rest = (I a2+ Lol + 1687 )21

We run the computation until the residual res® is equal to zero. The theoretical minimal number of

AzT r

iterations for the discrete algorithm is N, = [ A7 EL while the continuous one is NJj, = ’—f]

We start with the nonlinear term f(u,us, uy) = u?. Table 1 gives the number of iterations Neomp
needed to achieve convergence (i.e the error is zero), together with Ntdh and NV;;, for a fixed overlap equal
to 8 grid points. At and Az vary with At/Ax kept constant, such as to fulfill the CFL condition.

Az [2/100 1/100 1/200 1/400
At | 2/120 1/120 1/240 1/480
Neomp | 16 29 54 105
Ng 16 31 61 121
NE, 13 26 51 101

Table 1: Number of iterations to achieve convergence for the classical Schwarz algorithm, L = 8Ax

The speed of convergence is a decreasing function of the stepsize. It is in accordance with the discrete
theoretical convergence speed for large stepsize, and with the theoretical continuous speed for small
stepsize. This is due to the fact that the smaller the stepsizes are, the closer the discrete algorithm is to
the continuous algorithm.

Table 2 shows the convergence behavior of the algorithm for fixed stepsize, as a function of the overlap.
The number of iterations needed to reach convergence decreases with the size of the overlap, and the
behavior is similar to the continuous one for fine mesh, to the discrete one for rougher mesh.

overlap L | Az 2 Ax 4Ax 8Ax 16Ax overlap L | Ax 2 Ax 4Ax 8Ax 16Ax
Neomp 220 111 56 29 15 Neomp 61 31 16 9 5
NG 241 121 61 31 16 NZ 61 31 16 8 4
N§, 201 101 51 26 13 N, 51 26 13 7 4

Az =1/100, At =1/120 Az =4/100, At =4/120

Table 2: Number of iterations to achieve convergence for the classical Schwarz algorithm as a function of
the overlap
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We show on Figure 1 the convergence history of the classical Schwarz algorithm for various values
of the mesh size and an overlap equal to eight gridpoints.We check in each case that the error E*
vanishes together with the residual. Furthermore we can see that the error decays very slowly for many

iterations, and reaches zero in a few iterations, independently of the mesh size (three or four in all cases).
The behaviour is very similar to what happens for the linear wave equation

: only the finite speed of
propagation produces convergence, which takes place when the signal has left the domain. The algorithm
behaves similarly for other nonlinearities.

10°
RN Tl 10° T RN
\ ~ A > ~
\ \ N
\ =
\ 3 107 K N
1 \ \
| \ \ \
o \ \
| i 10 | .
1 ' ' 1
1 1 o 1 \
! | 2107 '
1 \ w 1 1
1 i l 1
. 1
| | 10° | :
| | ! |
1
\ : 10l | ——Ax=001 i
1 |—ax=o001 : . -~ -Ax=0005 ;
- - ~Ax=0005 ! | 0 ' -~ Ax=00025 w
- - Ax=00025 ‘ ‘l
y : i
10 16 L L L L L 10 14 L L L L L
0 20 40 60 80 100 120 0 20 40 60 80 100
Iteration

120
Iteration

Figure 1: Variation of the residual res” (left) and the error E*(right) as a function of the iteration number
k.

7.3 The Non linear Nonoverlapping Schwarz Algorithms

We will see in this section that our strategy greatly improves the performances of the Classical Schwarz
algorithm. Note that, whereas the classical algorithm only converges in the presence of an overlap, and

the smaller the overlap, the slower the convergence, our algorithms are run without overlap.
Here the residual is given by:

’I”eSk =

1/2
(”(G*”“rl =GP ) e, )7e + (G = G5 F) (an, ')||%2)

We start with f = u®. In this case the transmission operators are the same and linear, since g* = 0. We
have proved in Corollary 6.5 that there exists a final time 7" for which the discrete algorithm is convergent.

In the forthcoming computations, the theoretical and numerical data are the same as before. Figure 2
plots the convergence history for various mesh sizes. The computation is stopped as soon as the residual
reaches 0.51077.

3
Iteration

3 35 4 45 5
Iteration

Figure 2: f = u®. Left residual, right: error. *: Az = 1/100, At = 1/120, o: Az = 1/200, At = 1,240,
O Ax = 1/400, At = 1/480.
We see that the algorithm converges very rapidly, independently of the mesh size.
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We consider now the case f = u?u,, and nonlinear transmission conditions, i.e. g% (u) = +u3/6. In
Figure 3, we plot the convergence history for various mesh sizes. The computation is stopped as soon as
the residual reaches 0.5107".

—— Linear
- - - Nonlinear

——Linear —— Linear
- - - Nonlinear - - - Nonlinear
1 2

1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5

Iteration Iteration Iteration
— Linear
- = -Nonlinear

—Linear — Linear
- = = Nonlinear - = = Nonlinear

Error
Error
e
S

7| 0
1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5 1 15 2 25 3
Iteration Iteration Iteration

Az =1/100, At = 1/120 Az =1/200, At = 1/240 Az = 1/400, At = 1/480

4 45 5

Figure 3: f = u?u,. Top: residual, bottom: error. Solid: linear, dash: nonlinear.

Both the linear and the nonlinear transmission conditions behave very well. The convergence takes place
in 5 iterations with the linear transmission condition, in 4 iterations with the nonlinear one.

We also can vary the nonlinearities in the transmission conditions, we use a real parameter ¢, and
g% = £6u>. The nonlinear strategy corresponds to § = 1/6, whereas the linear one is obtained for § = 0.
We draw in Figure 4 the error curves after 3 iterations for the same initial values as before, the mesh
sizes are Ax = 1/100, At = 1/120. We observe that the nonlinear strategy corresponds precisely to the
optimal numerical value of the parameter d, validating the high frequency approach.

Error

Figure 4: f = u?u,. Variations of the error as a function of the nonlinearity coefficient &

We have carried out the same computations in the case f = u?u;. We do not display the results here
since they are very similar.

8 Conclusion

We have presented a linear and a nonlinear Schwarz waveform relaxation algorithm without overlap
for the semilinear wave equation. On the continuous level, we proved the convergence for sufficiently
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small time intervals. We designed a discrete algorithm, in such a way that, if convergent, the algorithm
converges to the discrete solution in the whole domain, which we prove when the nonlinearity is affine in
O, u. In that case we proved the convergence for the linear transmission condition. Numerical experiments
highlight the fast convergence to the discrete full domain solution in a large time domain in both linear
and nonlinear strategies, without overlap. Furthermore, we have shown that our nonlinear transmission
conditions give optimal results within a large class of transmission conditions.
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