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PARALLEL SCHWARZ WAVEFORM RELAXATION ALGORITHM
FOR AN N-DIMENSIONAL SEMILINEAR HEAT EQUATION *

MINH-BINH TRAN!

Abstract. We present in this paper a proof of well-posedness and convergence for the parallel Schwarz
Waveform Relaxation Algorithm adapted to an N-dimensional semilinear heat equation. Since the
equation we study is an evolution one, each subproblem at each step has its own local existence time,
we then determine a common existence time for every problem in any subdomain at any step. We
also introduce a new technique: Exponential Decay Error Estimates, to prove the convergence of the
Schwarz Methods, with multisubdomains, and then apply it to our problem.
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1. INTRODUCTION

In the pioneer work [16-18], P. L. Lions laid the foundations of the modern theory of Schwarz algorithms.
He also proposed to use the Schwarz alternating method for evolution equations, and studied the algorithm
for nonlinear monotone problems. Later, Schwarz waveform relaxation algorithms, by refering to the paper [2],
were designed independently in [12,14] for the linear advection-diffusion equation. They try to solve, on a given
time interval, a sequence of Cauchy Problems with the transmission conditions of Cauchy type on overlapping
subdomains. The algorithm is well-posed with some compatibility conditions.

An extension to the nonlinear reaction-diffusion equation in dimension 1 was considered in [10]. For nonlinear
problems, especially evolutional equations, there are some cases that the solutions blow up in finite time, which
means that if we divide the domain into several subdomains, at each step we can get different existence times in
different domains, and we do not know if there exists a common existence time for all iterations. However, with
the hypothesis f/(¢) < C in [10], we do not encounter this difficulty and the iterations are defined naturally on an
unbounded time interval. Proofs of linear convergence on unbounded time domains, and superlinear convergence
on finite time intervals were then given in case of n subdomains, based on some explicit computations on the
linearized equations. Another extension to monotone nonlinear PDEs in higher dimensions were considered by
Lui in [19,20]. In these papers, some monotone iterations for Schwarz methods are defined in order to get the
convergence of the algorithm, based on the idea of the sub-super solutions method in PDEs and no explosion
is considered. Recently, an extension to Systems of Semilinear Reaction-Diffusion Equations was investigated
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in [5]. Some systems in dimension 1 were considered and the proofs of the well-posedness and the convergence
of the algorithm used in this paper were a development of the technique used in [10].

We consider here the semilinear heat equation (2.1), in a spatial domain 2 = D x (a,b) of RY, with the
nonlinearity of the form (2.2), which allows explosion of solutions in finite time. We cut the domain into bands
2; = Dx(a;,b;), with a1 = a and by = b. These bands are overlapping, i.e. for alli € {1,T—1}, aj41 < b; < bit1.
In each of these subdomains, we solve a heat equation with Dirichlet limit conditions. Since the domains are not
smooth, we cannot use classical results about semilinear heat equations on smooth domains; we then establish
some new proofs of existence for a general domain in Theorem 2.1. Applying the results in Theorem 2.1 for the
equation (2.7), we get an existence result for a semilinear heat equation in a domain of the type 2 = D x (a,b)
in Theorem 2.2.

Theorem 2.3 confirms that the algorithm is well-posed and there exists a common existence time for all
subdomains at all iterations despite of the phenomenon of explosion. The common existence time T is computed
explicitly so that one can use it in numerical simulations. This is a collolary of Theorem 2.2.

We prove in Theorem 2.4 that the algorithm converges linearly. There are five main techniques to prove
the convergence of Domain Decomposition Algorithms and they are: Orthorgonal Projection used for a linear
Laplace equation (see [16]), Fourier and Laplace Transforms used for linear equations (see [8,9,11,14]), Maximum
Priciple used for linear equations (see [13]), Energy Estimates used for nonoverlapping algorithms (see [1]),
and Monotone Iterations (see [19,20]) used for nonlinear monotone problems. The convergence problem of
overlapping algorithms for nonlinear equations is still open up to now. In this paper, we introduce a new
technique: Exponential Decay Error Estimates, based on the idea of constructing some Controlling Functions,
that allows us to prove that the algorithm converges linearly. An announcement of this research was published
earlier in [22].

2. THE MAIN RESULTS
We consider the semilinear heat equation
Opu — Au — f(u) =0, (2.1)
with the assumptions on f:

[ is in C*(R) and there exists Cy > 0, p > 1 such that |f(z)| < Cylz[P~1, Vo € R. (2.2)

Remark 2.1. An example of this function is f(z) = aP.

We first set an existence theorem for the initial boundary value problem, and more important, new estimates
on the solution. We need here some notations. We set p; = 3(”71), a > 0 satisfying 1 — (p1 + pa) > 0, 1 and Io

4p
are positive numbers such that % + % =1 and l;p; < 1. We denote by ||u]

u belongs to L¥(0,T, L"(w)), where w is some domain in RY k, h can be infinite. We define

k. the norm [[ul|1x o 1,14 (u)), When

_ p1+pa _ _ 8p
T(r,m) = [(4m) 7 T Cpmax(1,2072)(4r 4 4m) |75,
(4.,1.)7101111“1*1)111 7% r 2 p=1l 1 —l2 (23)
G(riTyma, ma) = (T) o [Cf max{1,2P7*}(my + ¢ 2 )¢ +m2} dc.
Before studying (2.1), we will firstly consider the following problem
ow — Aw = f(w+wv) in O x (0,7),
w=0 on 00 x [0,T], (2.4)

w(.,0) =0 in 0,

where O is a bounded domain in R .
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Theorem 2.2. Suppose that O is a bounded domain in RN and denote its measure by m(O).
Let Ty be a positive constant and suppose that v € C([0,Tp], L*(O)) satisfying |v| < M a.e.. Let Ry =

p+3
L T,

5 p—
2max|cj<p |f(Q)|m(0)2 m Then, there exists a time T, = min(Ty, 1, T(Ry, MP~1 ((’))Tpl)), such that

for all T < T, equation (2.4) has a unique solution w in L>(O x (0,T)) N C([0,T],L*(0)) N L*(0,T, H}(O))
and dyw € L*(0,T, L*(0)). Moreover, ||w||so,co < M., where

T =GN TG T, MY m(0) ' %,1 m(0) maxii<u [fQ)))
M= (T5)* [ Cy maX(l 20-2) (G-YT.)'" + MP~'m(0)'% ) G-H(T.)' " (2.5)
+m((’))%max|c|<M\f( Ol]-

Let Ty be a positive constant and suppose that v € C([0,Tp], L2(0)) N L>(0, Ty, L?P(0)) a.e.. Denote Ry =

o
8T, |1f(v)||so,2/(B(p — 1)). Then, there exists a time T, = min(Ty, 1, T(Ra, HUHIE;I(O’T’LQP(O)), such that for
all T < T, equation (2.4) has a unique solution w in L>=(O x (0,T)) N C([0,T], L*(0)) N L*(0, T, H}(O)) and
dyw € L?(0,T, L*(0)). Moreover, ||w||so,co < My, where

| GTHT) = G AT ol 3y ()2 B
M.i= (Z)F [Cf max(1,272) (G TR +[oli),) GH(T)'E (26)
HIF )|z

We consider now a bounded domain of the following form 2 = D x (a,b) C R, where D is a bounded domain
with smooth enough boundary 0D in RY~2. The boundary 912 of {2 is made of three parts, I, = D x {a},
I'r = D x {b}, and I'c = D x (a,b). Dirichlet data g are given on the boundary 942 x (0,7, defined by gr,
on Iy, gr on I'r, gc on I'c. These functions are all continuous. We now introduce the basic initial boundary
value problem for (2.4):

Ou — Au = f(u) in 2 x (0,7),
u=gqg in 902 x (0,T), (2.7)
u(.,0) = ug in 2.

The following theorem will be proved later by using Theorem 2.2.

Theorem 2.3. Suppose that ug € C(£2) and g € C(012) with uo 92 = 9li=o- Let M be a positive constant
satisfying M > max(||uo||oos ||9]]oc). Suppose that Ry is like in Theorem 2.2. There exists a limit time T, =
min(1, 7(R, MP~tm(12) 2101)), such that for all T < T\, equation (2.7) has a solution u in L°°(£2 x (0,T)) N
C([0,T], L3(2)) N L3(0, T, H}(2)); dyu € L?(0,T, L*(12)). Moreover ||u||so,co < M + M* where M* is obtained
from (2.5) by replacing O by 2 and u is continuous on 2 x (0,T).

We divide the domain {2 into I subdomains with 2, = D X (a;, b;), with a3 = a and by = b. We suppose that
a1 < az <by <by<...<ay<by_q1 <by, we denote by L; the length of £2;: L; = b; — a;, and by .S; the size of
the overlap S; = b; — a;41.

The parallel Schwarz Waveform Relaxation Algorithm solves I equations in I subdomains instead of solving
directly the main problem (2.7). The iterate #k in the jth domain, denoted by u;“ , is defined by

dulf — Auk = f(ub) in £2; x (0,7),

u§(~,aj,~) = uf 11( a;,-) in D x (0,T), (2.8)

uk (-, by, ) = wi (- bj,) in D x (0,7).

Each iterate inherits the boundary conditions and the initial values of wu:

uf =gon 0f2;N0N x (0,T), u§(~,~,0) = up in £2,
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FIGURE 1. An illustration of how to divide f2.

which imposes a special treatment for the extreme subdomains,
ulf('va'a'):ga ulf(,b,)zg
An initial guess is provided, i.e. we solve at step 0 equations (2.8), with boundary data on left and right

u2(~,aj,~) = g;-) in D x (O,T),u;?(-,bj, )= h‘; on D x (0,7T).

Definition 2.4. The parallel Schwarz waveform relaxation algorithm is well-posed if there exists a local time
T < T such that for all " < T, each equation (2.8) in each iteration has a solution over the time interval
(0,T). Moreover, {uf, jel,I, ke N} is bounded in C(£2 x [0,T7]).

Let M a positive number. According to theorem 2.3, the following problem has a solution ¢, in some interval
C(92 x [0, Ty)):
8t¢>M — A¢M = f(qu) in 2 x (O,To),
o =M in 992 x [0, Ty], (2.9)
om (-, 0) =M in £2.
The next theorem gives a common existence time for the iterates:

Theorem 2.5. Suppose the data ug and g;, g? and h? are continuous and satisfy the compatibility conditions
U |90 = 9ji=0, Uo(-a;) =gy l|e=0° ug (-, bj) = hY 0"

Let M be a positive constant such that
M > max(|[uolloc, |l9lloss (197 1locs [172]l0sd € 1,1) ).

Let M, be greater than the mazimum of ¢pr on the boundaries of 2 x (0,T) and 2; x (0,T), j € 1,1.
The algorithm (2.8) is then well-posed with a local time at least equal to

T* = min(Ty, 1, Ty, T(Ry, MP~Ym(82;) % ), 5 € T,1)).
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We denote by e;? the error uf — u, where u is the solution of (2.7). Let P be a function from R to R such

that (i) P € C?(R); (i) P(x), P"(z) > 0 Vo € R; (iii) P(x) = 0 iff z = 0 and P’(0) = 0; (iv) VM > 0, there
exists K (M) such that ‘yﬁég)‘ < K(M),Vz€eR,|z|] < M. An example of P is P(z) = 2%. We finally state
the convergence of the algorithm:

Theorem 2.6. With the same assumptions as in Theorem 2.3, let v be a constant large enough and denote
~ Si..81-
by € the constant /3 Tr=7=. If we put By = max, 17 HP(e?)exp(—vt)HC(inx(oj)) = max;.i7 HP(u;€ -

w) exp(=1t)|| o @) end E, = max; 7771 Ek+;}, the parallel Schwarz waveform relazation algorithm (2.8)
converges linearly in the following sense: for every T < T*,

E,, < Eyexp(—né),¥n € N,
and as a consequence

. k o _
i, 2 1S ey =©

3. PROOF OF THE EXISTENCE RESULTS FOR SEMILINEAR HEAT EQUATION
IN AN ARBITRARY BOUNDED DOMAIN — THEOREM 2.2

3.1. Premiliary results
Let w be an arbitrary bounded domain in RY and consider the following equation
¢ —AC=0 inwx (0,7),
¢(.,.)=0 on dw x [0,T], (3.1)
¢(,,0)=¢ onw.

We consider the operator A = —A(, D(A) = {¢|¢ € H}(w), A € L*(w)}. According to Proposition 2.6.1
page 26, of [3], A is an m-dissipative operator with dense domain in L?(w). Let S(t) be the Dirichlet semigroup
associated with A on L?(w) (see [4]). If {, € D(A), due to Theorem 3.1.1 page 33, of [3], ((t) = S(t)(o is a
solution of (3.1).

According to Section 6.5 page 334, of [6], there exist a sequence of eigenvalues 0 < Ay < A2... and \y — oo
as k — oo and an othornormal basis {wy}72, of L?(w) which is also an orthogornal basis of H{(w), where wy,
is the eigenfunction corressponding to Ag:

Awg = Mpwg In w,
w, =0 on Jw.

Denote by <, > the scalar product in L?(w), we have the following Lemmas, whose proofs are classical.

Lemma 3.1. If {y € L*(w), then we have that

oo

S(t)Co = Zeft’\’“ (Co, wr)wy. (3.2)
k=1
Lemma 3.2. Suppose that g € C([0,T], L*(w)) and po € D(A), we consider the following equation
Op—Ap=g inwx(0,T),
p(,.)=0 on dw x [0, T, (3.3)
p(,0)=py onw.
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Then (3.3) has a solution in L*(0,T, H}(w)) N L*(0,T, L?(w)) given by the following formula

p(.,t) = S(t)po —l—/o S(t—s)g(.,s)ds. (3.4)

3.2. Proof of Theorem 2.2

We consider again the operator A = —A(, D(A) = {¢|¢ € HL(O), A¢ € L*(O)} with its associated Dirichlet
semigroup S(t). Thanks to Lemma 3.2, instead of considering directly the equation (2.4), in some of the following
steps, we will consider the following equation

u(t) = S(t)(0) —|—/0 flu+v)(s)ds :/0 flu+wv)(s)ds. (3.5)

Step 1. We use a fixed point argument to prove that (3.5) has a solution.

We work with the case v € L°°(0, T, L??(0)). The case v € L°(0,T, L>°(0O)) can be treated with exactly the
same manner.

We consider the Banach space Yr = {u € L ((0,7),L?*(0),||ully, < oo} and ||ully, =

loc
supgser t*[[u(.,t)||2p. Let B be the closed ball in Y7 with center 0 and radius Ry, we will use the Banach
Fixed Point Theorem for the mapping
®: B—B (3.6)

t
D(u)(.,t) = / St —s)f(u+v)(.,s)ds.
0
Let u1, us be two functions in B, we now prove that & is a contraction
t
@) (1) — Pluz) (., t)||2p < £° / [S(t = s)(f(ur +v) = f(uz 4 v))||2pds.
0
Using the LP? — L7 estimate (see [21] Prop. 48.4, p. 441), we obtain

3(p—1)

1S(t = 8)(f (w1 +0)(.; ) = f(ug +0)(,8))|l2p < (4n(t = 5))" 7 [[f (w1 +v)(, 8) = (w2 +0)(, 8)|lo-

This leads to

" / 15(t — $)(f (u +v) — f(us +0)|pdls
0

_3(p=1) )

_3(p—1
< 1 (am) 5 [ o) 04 Ol — o
0 P=

t
_3(p=1 _3(p=1
< t*(4m) T / (t—s) T [|Cflus —I—U\P_l + Cflug —|—v|p_1|\27pl|\u1 — Us|2pds
0 P

_3(—=1

¢ 3= N N
<t%(dm)” T Of/(t_s) B (Jlus +0ll5 "+ luz + 0] |5, ) |ur — uzl[2pds.
0

We have Hui—i—ng;l < (|Juill2p +||vl|2p)P~ L, for i = 1,2. Moreover, if p > 2, we have that (||u;||2p+]||v||2p)P 7t <

QP_Q(HWHIz);l + Hng;l) and if p < 2, we have that (||u;||2p + |[v]]2p)P 7 < Hqug;l + Hng;l, for i = 1,2. These
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inequalities lead to
[ 10 = )7 +0)(5) — Tl 015l
<t 471') Cf max{2F~2 1}

t
_3e-b —1 —1 —1
x/oos—s) T (luallg, ™ + el + 2llol B, ") s = uzllzpds

< t*(dm) 5 Oy max{2r 2 1}/ (t—5)" "5 s (- Da
X (5(10—1)@”111” b +s(P—1)aHu2H2; _,_28(10—1)(1”1)”127;1) [y — sz |apds
< t*(4m)” Cfmax{Qp 21}

t
(p—1) —
x / (t — s)*3 o s~ (r=Da (2R2 + 270y B 1) [lur — uzl|2pds
0

< t(’(47r) Cf max{2F~2 1} <2R2 + 27~ Da”””oo 2p)

t 3(p—1)
x/(t—é‘f G sy —auy||,ds
0

o _3(p=1) _92 (p—1)a
<t*(4m)” @ Cpmax{2P~% 1} (2R2+2T’° | Hoozp)

¢ _3G-1)
x/ (t—s) " sY|ur — uzl|2ps Pds
0
< (4m) "5 Oy max{2P 2, 1} (2R + 27|y ol[23,) Ju1 — uzl[v,
t _8k-1)
xta/ (t—s)"  s7Ps,
0

noticing that here we use the fact: uy, us € B, i.e. s~ 1)°‘Hu1\|p ! s(p_l)aHquggl < Rs.
We consider the last term on the RHS of the previous mequahty

t 3(p—
ta/ (t—s)fs(zlol) sTPds
0
t 3(p—1) s\~ sg\—pa g
L
/0 t t t
/ (pfl)lfpady

1
_ _3(17 1) 3(p—1) _3(=1)
= tlta-pa [/ 1-v)y"" % v po‘dl/—i—/ (1—v)" % v Py
0

_ t1+a—pa—

A simple computation gives

1 1 3(p—1)
2 -y z s 2 @ tpa—l
(1—-v) » v P < v Pdy= —
0 0

1_3(12_;1)_]30[

N
w

'S
[

and o
23(27;)4’170171

! 3(p—1) ! 3(p—1)
/ (1 — I/)_ w» Py < / (1 — I/)_ p Py = —
1 1 1 3=1) — pa
2 2 4]3
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As a consequence to these estimates

" / 15(t — $)(f (u +v) — f (s +0)|pdls

3(p—

< (4m) "% Oy max{2v2, 1} (2R2+2T“° R Hoozp)

3(p—1)
PIETEERE S —pa—3&=D
X Tt |1 — ua|lyy
1o 3=
4p p
3(p—1)

= (4m)~ "% Oy max{2r~2,1} (2R2—|—2T(” e[y \|w2p)

9250 4pa

+3
Xl_s(T)_T%_PHul —uz|lyr.
4p
31,
We put C; = (4m)” 5 Crmax{2P~2,1}(2Ry + 2T7®=De||y|[P” 2p)%T sp, then C; <
3(17 M-Hm pt3 3(p
(4m)" "5 Oy max{20-2, 1} 2Ry + 277V [o||2. zp)WT*gp < (4m) Oy max{202, 1} (2R, +
3p-1) +pa p+3
2||v| 2 21’)12—?’:%‘;71)—10(111* 7 < L. This implies that @ is a contraction in the Banach space Yr.
D

Choosing us to be 0 in this estimate, we obtain also that |[@(u1) — ®(0)||y, < Cillu1|ly; < $R2. Moreover,
the estimate

/ Is(t - )/ >>|2pds</0t<47r<t—s>>‘ (0)l[2ds

s[(t—s)

implies that ||@(u1)||y, < Re. Which means that & is a contraction from a complete metric space to itself and
it admits a unique fixed-point u in this set according to the Banach Theorem.

(v)]]2ds < %Rz (3.7)

Step 2. We prove that v € L*(O x (0,T)).
Step 2.1. We consider the case v € L>(0, T, L*(0)).

Firstly, we prove that u € L>°(0,T, L**(0)). From u(x fo (t —s)f(u+v)(z,s)ds, we have the following
inequality

[l D)ll2p < HS(t—S)f(UJrv)HzpdSS/ (4m(t —s))~ (u+v)[|2ds
0 0

</ (5

P (- v) = @)l +11£@)]l2)ds
The computations

1 @)ll2 < £ Oz + [1F (w)olle < 1O}z + [ (] 2o, [[0]]2p
< I£O)ll2 + [IClvP~H] 22, [Jvll2p = 1£(0)]]2 + Crllv]3,
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implies that f(v) belongs to L>°(0,T, L?>(©)). Combining this with the estimate of ||u(.,)||2,, We obtain
p g s Ly g ) D>

[ERI- / (4t = 5)) "7 (1f 0+ Qll 2z llullap +11£(0) |oo,2)ds

¢ 31 B
S/0(47T(t—3)) - ([|Crlv+¢IP 1H;%lHquerHf(U)Hoo,z)dS

¢ 8(p—1)
3/0(477@—5))_ ™ (\|Cfmax{1,2p*2}(\v\1’*1+\u|p*1)|\%|\u|\2p
£ (V)] 00,2)ds
¢ _30-1) N . .
3/0(477@—5)) T [Cpmax{1,2°72}(||vl[5, " + [Jull5, ")lull2p
1

£ (0)]o0,2]ds
t 3(p—D)ly o
dn(t — ) "t d

< [/Owt ) s

t
[/0 [Cy max{1, 272} (|[o][5c 2, + lull5, )fullzp + 1 (0) oc,2]ds |

: 1,01 _ 4
notice that I, Il > 0, Tt =1 and [; < ﬁ.
The inequality

1y ot 1 3(p—
t 73(P—1)11d (t—S)lis(p“Pl)’l 173(]74101)]1 < Tlis(p%l)ll
— 4 —_ — fr
; (t—s)" @ ds T [ _ 30 1h ] _ 301k
4p 0 4p 4p
leads to
Bp-Diy \ TT
_ 2=k b1
Tt 4p _3(p=1)
|ull2p < (71 3(p1)l1> (4m)” "o (3.8)
.

1
l2

¢
Uo (O max{1, 272} (|[v][55 2, + Ifull, Dllull2p + 11 (0)]]o.2)'>ds
Put U(t) = Hu(.,t)Hlfp, the inequality (3.8) becomes

1]

3(p—1)l T

T _ 3=y

U(t) = (1 _ (P—l)l1> (47T) .
4p

/O[Ofmax{l 22} (|[o|[E L, + U () YU () + £ (0)]]oo,2)2ds.

1_M 11 3( 1)1 1
T Ip P 2 _9 p—1 1
We denote 1 (t) = ( 1_3-Dh ) (47T fO fmax{l?QP } (HUHOO ,2p L (S) 2 ) L (s)l2
-t

1o 3=Dl
4p

M p—1 1
FILFO)l s, then V) = (S ) (am) 5 (05 max(1,2077) (Bl + U0 U0 +

FOlal Since U0) < V) then Vi) < (P ) (m) 5™ () max(t, 22 (bl
V)T VT 4 (17 0)]l02)"

oo2p
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Basing on the notations in (2.5), we put

3(p—1)lo

_ [ (4m) "™ d¢
G(r) _/O 1 3(p4 )iy 31 ’
(S ) (Crmax{1, 22} (o, + R + 10

then G is an increasing function on [0, +00) and G'(V (t)) < 1. Hence G(V (t)) < t+G(V(0)) = t+G(0) =t < T,
and U(t) < V(t) < G~Y(T,). Finally, ||[u(.,t)||2, < G~HT, )12 We have proved that u € L>(0,T, L?*?(0)) by
proving a New Gronwall Inequality on U (t).

Secondly, we prove that u € L°°(0,T, L>°(0)). Using Proposition 48.4, page 441, [21], we get the following
estimate

[lu(s Bl < I\S(t—S)f(quv)(S)HoodsS//(47r(t—8))_%\|f(u+v)(8)l\2d8
0 0
S/O(4W(t—8))’%(|\f(u+v)(8)—f(v)HerHf(v)Hz)ds
S/O(47T(t—8))_%[@maX{172p_2}(|\UI\ + 015 2p) [ull2p + 11F (0)]loc 21ds

< /()t(‘lﬂ(t—s))i[cf max{1, 22} (GHT) T +|[v][253,)G 1 (1)
H{1F (V)] |oo,2]ds
< 74T (Cp max{1, 222} (G (T + [[oll22h, )G ()
+[1f (0)]]o0.2],
which deduces v € L*(O x (0,T)).
Step 2.2. For the case v € L>(0,T, L>°(0)), we use exactly the same argument, but with the function G(r) =

Sl

3(p—1)lo

/T (4m)” = d¢
0 3ol \ T ! =1l 1 1
(Bt ) [ max{t, 22 H(@m(©)Fp1) + ¢TI + maxarl FQm(©)

l2

p—1

Then we have [[u(., )|l < 7= (4T)F [Cf max{1, 2072} (G~' (T)'T +(Mm (0)%)~1) G-Y(T.)'%
+max¢cj<pr |[f(¢)] m(O)2] and u € L>(O x (0,T)).

Step 3. We prove that u € C([0,77], L>(O)) and u is also a solution of (2.4). The proof in this step works well

for both cases v € L>(0,T, L??(0)) and v € L*(0,T, L>=(0)).
For € positive,

t+e t
u(.,t+e)—u(.,t):/0 S(t+e—s)f(u+v)(.,s)ds—/0 S(t— ) (u+ v)(, 5)ds

t t+e
:/O [S(t—i—e—s)—S(t—s)]f(u—l—v)(.,s)ds—l—/t S(t+ e — 8)f(u+v)(, 5)ds,

which implies the following inequality

t t+e
\Iu(-7t+6)—U(-,t)H2S/O I\[S(t+€—8)—S(t—8)}f(u+v)(-,8)\lzd8+/t 1S(t + €= 5)f(u+0)(., 5)l|2ds.
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We firstly estimate the second term on the RHS of the previous inequality. Due to Proposition 48.4 ([21], p. 441),

t+e

t+e
/t 15t + € — 8)f(u+0)(, )| |ads < / £+ 0)(., )| |ods.

Since ftt+6 [|f(u+ v)(., s)||2ds tends to 0 as € tends to 0, f;t+€ [|S(t +€—s)f(u+v)(.,s)||]2ds tends to 0 as €
tends to 0.

Now, we estimate the first term. Noticing that |[[S(t + € —s) —S(t — s)]f(u +v)(., 5)||]2 tends to 0 as € tends
to 0 for all s in [0,¢], and

ISt +e—s) =St =) f(u+v)(,9)ll2
<IS(E+e=s)futv)(8)lla +[IS(E =) f(utv)(8)ll2 < 2[[f (u+v)(,5)]]2,

where f(u + v) can be proved to belong to L>(0,T, L?(O)) by using the same argument as before; due to the
Lebesgue Dominated Convergence Theorem, we deduce that

t

lig(l) ; [I[S(t+e—s)—St—s)]f(ut+v)(.,s)|2ds =0.

Therefore lim,_ |[u(., + €) — u(.,t)|]2 = 0, or u € C([0, T], L*(0)).
Since v € C([0,T],L*(0)), u +v € C([0,T],L*(0)). Which implies f(u + v) € C([0,T], L*(O)); and by
Lemma 3.2, u is also a solution of (2.4).

4. PROOF OF THE EXISTENCE RESULTS FOR SEMILINEAR HEAT EQUATION
IN A CYLINDRICAL BOUNDED DOMAIN — THEOREM 2.3

First, we consider the following equation

0w — Av =0 in 2 x (0,T),
v=yg on 0f2, (4.1)

v(.,0) = up(.) on £2.

We recall the following definition:

Definition 4.1 ([7], Def. ¢ p. 69). Let w be a domain in RY, we say that dw x (0,7] has the outside strong
sphere property if for every Q = (xg,to9) in dw x (0,T], there exists a ball K with center (Z,t) such that
Kn(wx[0,T]) ={Q} and |z — z| > u(Q) > 0, for every (z,t) in @ x [0,T], |t — to| < €, where € is a constant
independent of Q.

We will prove that, in fact 942 x (0,7 has the outside strong sphere property.

Let Q@ = (zo,tp) be on 92 x (0,T]. Since D is smooth, there exists Z and a constant r > 0 such that
K = Bpn (Z,7) N 2 = {x0} and ||Z — xo||gny = 7.

We choose £ = to and let (2/,t') be in Ben+1((2,1),7) N (2 x [0,T]), then ||z’ — Z||gs + [t/ — ] < r. Since
||2' — Z||gy < 7y 2" € Bpa (%,7) N 2 and 2’ = x9. We infer that ¢ = to and Bpn+1((7,%),7) N (2 x [0,T]) =
{(z0,t0)}. For (z,t) € 2 x [0,T], ||z — Z|[gv > > 0. Consequently, 352 x (0,7T] has the outside strong sphere
property.

By Theorem 8 ([7], p. 69), we can conclude that 942 x (0, T| has local barriers. Due to Theorem 5 page 123, [7],
there exists a unique solution v to the problem (4.1), and v € C*?((0,T] x 2) N C (2 x [0,T]). According to
Theorem 10 page 72, [7], v € C*(£2 x (0,1)).
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Due to the Weak Maximum Principle ([6], p. 368): maxg o1V = maxpox(o,r)) v, and ming, o v =
ming(ox (o,7y) v- Which gives v < M and v > —M on 2 x [0,7T] since M > max{||uo||ss, ||g|loc}. Then
[0l Lo (2x(0,1)) < M.

Subtracting (4.1) and (2.7), and put w = u — v, we have the following equations

Ow — Aw = f(w+v) in 2 x(0,7T),
w(.,.)=0 on 012,
w(.,0) =0 )

(4.2)

on (2.

According to Theorem 2.2, (4.2) has a solution w satisfying w € L*(£2 x (0,7)) N C([0,T], L*(£2)) N
p—1

L2(0, T, H(£2)) and 8w € L*(0, T, L*(£2)). Moreover, ||w||so.co < 774 (4T%)3 [Cf max{1,2°2} (G~Y(T,) =
+H(Mm ()% )P~1) GTUT.) = +maxig<ar [£(Q)|m(2)F], where

3(p—1)lo

(4m) T g

1_ 3=l \ T 1 p=1 1 L2
(B )" [Crmaxtt 2 2 (m( @)1 + R 4 masiyeanl FQ (@)
Hence (2.7) has a solution u satisfying u € L*(£2 x (0,7)) N C([0,T],L3(£2)) N L?(0,T, H(
and Qu € L2(0,T,L2(£2)). Moreover, |[ullos.oe < M, =M+ 7=% (4T.)% [C; max{1,2P-2} (G-Y(T\)'=
1

p—1
H(Mm(Q)%)) G pmaxig<ar |F(Olm(2)]
Using the results in Section VL8 of [15] for the equation Oyu — Au = g in 2 x (0,T), where g = f(u + v),
g € L>(£2x(0,T)), we can conclude that u is continuous on 2 x (0,T).

5. PROOF OF THE WELL-POSEDNESS AND CONVERGENCE PROPERTIES
OF THE ALGORITHMS — THEOREMS 2.5 AND 2.6

5.1. The well-posedness of the algorithm — Proof of Theorem 2.5
We consider equation (2.9)
Ohdm — Apn = f(dur) in 2 x(0,Tp),
dm(,.) =M on 042 x [0, Tp],
om(,0) =M on 2.

(5.1)

Since f(x) is positive for all x in R, then Orppr — Adpsr > 0 and O (ppr — M) — A(ppr — M) > 0. Since ppr = M
on (902 x [0, Tp]) U (2N {0}), then ¢py > M on £2 x [0, Tp] according to the Maximum Principle.

We will prove that the algorithm is well posed for T' < T by recursion.

For k = 1, we consider the problem on the jth domain

Ouj — Auj = f(uj) in £2; x (0,7),
u; (-, aj, ):ugfl(,aj, in D x (0,7),
0 in D x (0,7T), (5.2)

on 0D x [aj,bj] X [O,T],

on .Qj.
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satisfying uj € L*®(£2; x (0,7)) N

is continuous on (2; x (0,7"). The fact

According to Theorem 2.3, the equation (5.2) has a solution wu;

C([0,T), L3(2;)) N L2(0,T, HY(2;)), dpul € L*(0,T, L2(£2;)) and u!

that u; € C12((0,T) x £2)) then follows
Since 0y (¢ar —uj) — Alonr —uj) = f(onr) — f(uf); Op(dar —uj) — Aldar —uj) — (dnr — uj)e(z, t) = 0, where

S

S

F(oa)—f(ug) . 1

oo it o # uj,
oz, t) = $u—y !

(o) otherwise.

We notice that ¢ € C(22; x (0,7)) and ujy < M < ¢proon (9925 x [0,T]) U (£2; x {0}). Then it follows by the
Maximum Principle that ¢ > uj on 2; x (0,T).

Since 0y (uj+M)—A(uj+M)—(f(uj)—f(=M)) = f(—=M) > 0 and u} > —M on (942;x[0, T])U(§2; x{0}); the
Maximum Principle then implies that u} > —M on £2; x (0,T). Consequently, on > ul > —M on £2; x (0,T),
Vj=T1,1.

Suppose that the algorithm is well posed up to step k = m, and moreover ¢p; > u§ > —M on 2; x (0,T)
Vj=1,1,i=1,m, using the same argument as above we can see that the algorithm is well posed for k = m + 1
and ¢y > uT > —M on 2, x (0,T), Vj =1,1.

Therefore, the algorithm is well posed for all £ € N and we have also ¢y > u;“ > —M on £2; x (0,T),
Vi =11

5.2. The convergence of the algorithm — Proof of Theorem 2.6

We divide the proof into several steps.
Step 1. The Exponential Decay Error Estimates.
On the jth domain, at the kth iteration, we consider the equation

atef — Ae? = f(uf) — f(u) in £2; x (0,7,

er(,az,-) = 5:11(~,aj,~) in D x (0,7T),

k(- bj ) =ehil(by)  in D x (0,7), (5.3)
ef(.,.):() on 9D x [aj,b;] x [0,T],

e;?(.,()):() on Qj.

Since the algorithm is well posed, according to Definition 2.4, the set {uﬂy = 1,1,k € N} is bounded by a
constant C. This implies {e}|j = 1,1,k € N} is bounded by a constant Cy, where Cy = Cy + Nl o @xom)-

We consider the Controlling Function @(x,t) = P(ef) exp(B(z — a;) — ~t), and L(P) = 0, — AD + 230D,
where § and 7 are constants to be chosen later in the next steps and z denotes the variable in the direction of
(a,b). We now prove that if we choose (3,7) such that v — 32 is large enough, £(®) is negative.

A simple computation gives

L(®) = (Duek — Ak)P'(ek) exp(B(z — aj) — 1)
+ (82 — ) P(eX) exp (B(z — a;) — 4t) — (Veb)? P"(e¥) exp (B(z — aj) — 1)
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By (5.3), the previous computation leads to

@) = (f(uh) = F)P'(ef) exp (8= — a) = 71)
+ (82 = 7)P(ef) exp (B(z — ay) — 7t> — (Vek)* P"(eb) exp (B(= — aj) — 1),

which implies
L(@) < [(f(uf) = f(w)P'(ef) + (8% =7 P(e))] exp (B(z —aj) = 1)
We consider the term (f(uf)—f(u))P’(e?)—&—(ﬁz—v)P(e?). By the Mean Value Theorem, f(u;C (x,t))—f(u(x,t))
e?(x,t)ﬂ(((x,t)), where ((x,t) is a number lying between u?(w,t) and u(z,t). We observe that |((x,1)]
[uf (2, t)| +|u(z,t)] < C1 + HUHC(W) = C4, which implies |f’(¢(z,t))| is bounded on 2 x (0,T).
We fix a pair (z,t) in 2 x (0,7T):
o If P(e¥(x,t)) =0, then e¥ = 0 and P’(e¥) = 0. That means (f(u¥) — f(u))P'(e}) 4 (62 — 7)P(ek) = 0.
o If P(e?(ac,t)) # 0, then
(f(uf) = f)P'(e}) + (B = 7)P(ef)  ef(x,t)P'(e])

P(e]) =y S ) =),

IA I

e?(m,t)P/(ef)
P(ek)
bounded on 2 x (0,T) as | f'(¢(x,t))| is bounded. Since P(ek) is positive, then if we choose (3, ) such that

—3% 4 v is large enough, we can have that (f(u;“) - f(u))P’(e;?) + (8% - ’y)P(ef) is negative.

Consequently, if v — 4?2 is large enough, (f(u;“) - f(u))P’(e;?) + (8% - ’y)P(ef) is negative or L£(®) is negative.
When L£(®) < 0, according to the Maximum Principle, the function ®@(x,t) can only attain its maximum
values on the boundary 042 x [0,T] or £2 x {0}. We have that & > 0, and moreover & = 0 on {2; x {0} and on
0D x [a;,bj] x [0,T]. Thus:
e If the maximum value(s) of @ can be achieved on §2; x {0} and on 9D x [a;,b;] x [0,T], then & = 0 on
2 % (0,T); which means that ¥ =0 on £ x (0,T).
e If e¥ # 0, then the maximum value(s) of @ can be achieved only on D x {a;} x [0, T] or on D x {b;} x [0, T7].

¥ (@,t) P (eh)

Since e is bounded by Cs, is bounded by K (C5); which means R f(¢(x, 1)) is

For  in RY, denote that x = (X, 2) where X € RVN~! and z € R, we now have the following exponential
decay estimates for the errors e;? .
Case 1. 5 =1. -
__ We have that ek =0on D x {a1} x [0,T]. Since e} # 0, the maximum value(s) of @ can only be achieved on
D x {b1} x[0,T] and for (X, z,t) € {4 x (0,T)

P(eM)(X, z,t) exp (B(z — a1) — 7t)
< max ]{P(e’f)(X, b1, t)exp (B(b1 —a1) —~t)}

~ Dx[o,T

= Dril[%ch]{P(eg*l)(X, bi,t)exp (8S1 —t)}. (5.4)

Case 2. j =1.
We have that €% =0 on D x {b;} x [0,T]. Since ¥ # 0, the maximum value(s) of @ can only be achieved on
D x {as} x [0,T] and for (X, 2,t) € £2; x (0,7)

P(e})(X, z,t) exp (B(z — ar) — yt) < max {P(ef)(X,ar,t) exp(—y)}
Dx[0,T]

= Dril[aofT]{P(e'fii)(X, ar,t) exp(—yt)}. (5.5)
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Case 3. 1 <j< I . .
The maximum value(s) of ¢ can be achieved on both D x {a;} x [0,T] and D x {b;} x [0,T] and for

(X,z,t) € 2; x (0,T)

P(ef)(X, z,t)exp (B(z — aj) — vt) < max { DI>I<1%XT {P )X, b;,t)exp (B(b; — a;) — i) },

e {P(ef)(X, a5, 0) exp(—1) |

:max{ {P (X, b, t)exp(ﬁ(bj—aj)—'yt)},
max P(ejjl)(X, a;,t)exp(—vt) ¢ ¢ (5.6)
Dx[0,T]

Step 2. Proof of convergence.
Step 2.1. Estimate of the right boundaries of the sub-domains. Consider the Ith domain, at the kth step, (5.5)
infers

P2, 1) exp(B(z — ar) —71) < mae (P(H(X, a1, 1)) exp(—)}.

Replace z by b;_1, we get

P(ef(X,br—1,t)) exp(B(br—1 — ar) — yt) < Foax {P(ef (X, ar,t)) exp(—yt)}.

Since ef(X,by_1,t) = e T1 (X, br_1,1),

Pl (X, br—1,1)) exp(B(b—1 — ar) — yt) < Dril[aoxT]{P(e’f(X, ar,t)) exp(—7t)}.

Let 3 in this case be (31 to be \/_ then when we choose v large, v — 32 is large. The inequality becomes

P(e’ﬁ}(X, br_1,t)) exp(—~t) < exp(—£1.57-1) max {P(eI(X, ar,t))exp(—~t)}.

Dx[0,T]
We deduce
P (efT3(X,br—1,1)) exp(—t) < exp(—p1S1-1)Er. (5.7)
Moreover, on the (I — 1)th domain, at the (k + 1)th step, (5.6) leads to
P (ej11) (X, 2 t) exp(B(z — ar-1) = 1)

< max{ _max {P(elf'i)(X, br_1,t)exp(B(br—1 —as—1) — ’yt)},
Dx[0,T]

k-+1 B
e {PE§(Xar sty exp(-1)} .

Since €} (X, by_a,t) = e}T5(X,br_2,1),
P (542)(X. by 2. ) exp(B(br—2 — ar-1) — 1)

< max{ ‘max {P(e’ﬁ})(X, br—1,t)exp (B(br—1 —ar—1) — t) },
Dx[0,T]

k+1 B
Fax {P(ef DX, ar—1,t) exp( vt)}}

— max { e [P DX bra ) exp(BL11 =)},

k+1 _
e L) (X, s, 1) e )}



810 MINH-BINH TRAN

Hence
P (e’ff%) (X, br_o,t)exp(B8Si_o —t) < maX{P(e’;ﬂ)(X, br—1,t)
x exp(BLr—1 — 7t), P(efT1)(X, ar_1,t) exp(—7t)}.

Since
P (D) (X, ar-1,t) exp(—t) < Eyya,

(5.7) implies
P (e’f_‘%) (X, br_a,t)exp (BSr—2 —t) < max{Eyexp(BL;—1 — $151-1), Ex+1}-
Thus
P (57 3)(X, broa,t) exp(—t) < max{Ey, exp(B(Lr-1 — Sr—2) = f151-1), Ejs1 exp(—F51-2)}.

We choose 8= 2 = (1 ii:l such that Bo(—Lj_1 + S;_2) + $1.571-1 = [$2S51_2; then

1

P (e’ftg)(X, br_o, t) exp(—~t) < max{Ey, Ext1} exp(—F2S51-2). (5.8)
Using the same techniques as the ones that we use to achive (5.7) and (5.8), we can prove that
P (e’}fﬁ) (X,br—j,t) exp(—vt) < max{FEk, ..., Ext,—1}exp(—3;S1—;), (5.9)

Whereﬁj:&&‘l. CIESES) j=12,..., 1 —1}.

L1 "7 Li—j41

Step 2.2. Estimate of the left boundaries of the sub-domains
Consider the first domain, at the kth step, (5.4) infers

P(e’f(X, z,t))exp(fz — yt) < max {P(elf(X, b1,t)) exp(8by — ~t)}.

Dx[0,T)
Replace z by as, we get

P(ef(X, az, 1)) exp(—t) < max {P(e}(X, b1, 1)) exp(—7t)} exp(F(—az + b))
Dx[0,T]

Since ef (X, az,t) = es (X, ag, t),

P (eé“(X, as, t)) exp(—t) < Dm[%xT]{P(e’f(X, bi,t)) exp(—7t)} exp(3S7).

Let §=—-0] = —\/g, then when we choose ~ large, v — 32 is large. The inequality becomes
P (5™ (X, az,t)) exp(—t) < exp(—151) S ]{P(elf(X, bi,t)) exp(—7t)}.
Dx[0,T
We deduce
P (eé“(X, as, t)) exp(—~t) < exp(—/3151)Ek. (5.10)
Moreover, on the second domain, at the (k + 1)th step, (5.6) leads to
Vi (6g+1) (X, Z, t) exp(ﬁ(z - a2) - ’Vt)

< max{ _max {P(eé“)(X, ba, t) exp(B(be — az) — 'yt)},
Dx[0,T)

k+1 _
e [P (X, a2, 1) exp(—t) b}
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Since eb (X, a3, t) = 5 T2(X, a3, 1),

pP (eé”)(X, as,t) exp(B(az — az) — 1)

< max{ _max {P(eé“)(X, ba, t) exp(B(be — as) — yt)},
Dx[0,T]

k+1 _
Jmae (P (X 0z, 1) exp(—) |

= max{ _max {P(eé“)(X, ba,t) exp(fLg — 'yt)},
Dx[0,T)

k+1 _
e [P (X, 0, 1) exp(—t) }}.

Hence

P (e52)(X, as, t) exp (B(La — S5) — 1) < max {P(d;“)(X, b, 1)

X exp(BL = 11), P(eh ™) (X, az,t) exp(—1) }.

Since

P(e5) (X, ba, t) exp (—t) < Ej1,
(5.7) implies
P(e5™)(X, a3, t) exp (B(Lz — S2) — vt) < max{FE}, exp(—B151), Bx11 exp(BL2)}.

Thus

P (e§+2)(X, as, t) exp(—~t) < max {E exp(—B(La — S2) — 3151), Ex+1exp(3S2)} -
We choose 8= -3, = —5{?—; such that —(3(Ls — Sa) — 8151 = $S2. Then, we have that
P(e5?) (X, az,t) exp(—7t) < max{FE}, Eyxy1} exp(—355s). (5.11)
Using the same techniques as the ones that we use to achive (5.10) and (5.11), we can prove that

P(e;?ﬂ‘*l)(x, aj,t) exp(—t) < max{Ej, ..., Exrj_2}exp(—B;_1Sj—1), (5.12)

whereﬁ;:ggg_;...Sg;l,j:{z,...,f_n.
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Step 2.3. Convergence result

From the fact that € =

7 S1...51-1

STy Lo and

B = s,
* jer[gf}}fl]{ kit

(5.9) and (5.12) give us

or

Ery1 < Epexp(—€),Vk €N,

E, < Eyexp(—né),Vn € N

Hence Ej tends to 0 as k tends to infinity, which gives

lim max ||P(e

k —
k—o0 j=T1T j)HC(Q7 x(0,T)) — 07

and we get the linear convergence of the algorithm.
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