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Abstract

Temporal discretization methods for evolutionary differential equations that factorize the
resolvent into a product of easily computable operators have great numerical appeal. For
instance, the alternating direction implicit (ADI) method of Peaceman-Rachford for 2-D
parabolic problems greatly reduces the simulation time when compared with the Crank-
Nicolson scheme. However, like many other factorized approximation methods that exhibit
numerical stability, the ADI method is known to satisfy only the Von Neumann stability
condition, a necessary condition that is usually surmised as sufficient in practical cases as
pointed out by Lax and Richtmyer. Intensive efforts have been directed to understand the
Von Neumann condition, e.g. by John, Lax and Richtmyer, Lax, Lax and Wendroof, and
Strang. Their way of investigation is to find conditions under which the Von Neumann
condition becomes sufficient for stability. In this dissertation, we found a factorized tempo-
ral approximation method and a well-posed problem for which the method is unstable but
satisfies the Von Neumann stability condition. However, the method still exhibits excellent
numerical stability even for large time step sizes.

Thus, to better understand the Von Neumann condition, we investigate the relation
between stability and convergence in directions not covered by the Lax equivalence theo-
rem which equates the stability with convergence for all initial values under some uniform
consistency condition. To do that, we extend the Trotter-Kato theorem and the Chernoff
product formula to possibly unstable “spatial” and “temporal” approximations and indicate
how our results can be used for some unstable factorized approximation methods.
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1 Introduction

In this dissertation we consider single step temporal approximation methods for the evolu-
tionary system

"(t) = Au(t), t>0,

{uo aft), tz W)

u(0) = feD(A),
where A is a spatial (i.e. independent of time), closed linear operator in a Banach space F,
and D(A) denotes the domain of A. Single step temporal approximation methods of the

form
u" = V(at)u” (1.2)

approximate the solution at time (n+1)At by applying an operator V (At) to the approxi-
mate solution u™ at time n At, where the solution of equation (1.1) refers to a continuously
differentiable function t — u(t) € D(A) which satisfies (1.1). For all approximation proce-
dures, the final goal is “fast” convergence of the approximate solutions to the true solution.

The convergence of the approximate solutions computed by the method (1.2) depends
not only on the operators V(At), but clearly on the operator A and the regularity of the
initial values of the solutions as well. In this dissertation, we restrict ourselves to linear
problems which are well-posed (see [9, 17, 28]) in the sense that

e the spatial operator A is densely defined in the Banach space F,
e for each initial value f€ D(A), there exists a solution u of (1.1), and
e for each solution u of (1.1), for each ¢ > 0, u(t) continuously depends on u(0).

The three conditions above implies (see also [9, 17, 28]) that there exists a strongly con-
tinuous family of bounded linear operators S := {S(t) : t € [0,00)} which, for each ¢ > 0,
maps the initial value f to u(t), the value of the solution at time ¢. We call this operator
family S the Cp-semigroup generated by A. The emphases of this dissertation are

e to investigate approximation methods which are stable in senses weaker than the
classical one (see below), but still strong enough to imply convergence for a large set
of initial values, and

e to investigate “benefits” of weakened stability requirements with regard to the final
goal of approximations — “fast” convergence.

Since these “benefits” are the major motivation of this dissertation research, we describe
some of them in this introductory chapter.

Before we proceed, we would like to list some additional notations used in this dis-
sertation. The range of an operator A is denoted by R(A), and D(A%®) := N>, D(A").
We denote by L(FE) the set of bounded linear operators on a Banach space E. Here we
call an operator L bounded if it is bounded on a dense subset of F, and we identify it
with its unique bounded extension to E. We denote the everywhere defined (and hence



bounded) resolvent of a closed linear operator A by R(\,4) := (A—A)~!, and we denote
by p(A) == {A€C : (A— A)~! € L(E)} the resolvent set of A. The letters N, R and
C, respectively, denote the set of positive integers, the set of real numbers, and the set of
complex numbers. Moreover, Nj := N U {0}, and R" := [0, 0).

1.1 Notions of Stability

It is well known that the convergence of the approximate solutions computed by the
method (1.2) depends very much on the stability of the method, that is, the uniform norm-
boundedness of the powers of the operators V (At). This dependence was first recognized in
1928 by Courant, Friedrichs and Lewy in their important paper [6], and later characterized
(first by Lax in a seminar talk at New York University in January 1954) in the following
theorem reformulated from a result in an 1956 paper of Lax and Richtmyer [17].

Theorem (Lax Equivalence Theorem) Let S be the Cy-semigroup generated by A.
Assume that a strongly continuous one-parameter family of bounded linear operators V =
{V(t) : t€]0,8]} with V(0) =1 satisfies the uniform consistency condition

lim Y& gy f = AS(t) f (1.3)

At—0 At

uniformly for t in compact intervals for each f€ D(A). Then the following statements are
equivalent.

(i) bm V(t/n)"f = S(t)f uniformly for t€[0,T] for each T >0 and feE.

(i) For any T > 0 and compact subset Ec C E, im V(t/n)"f = S(t)f uniformly for
(t,f)E[O,T]XEc.

(iii) The family of bounded operators V is stable in the sense that there exists an increas-
ing positive function M (-) such that for any T > 0

V()" < M(T) (1.4)
for those (n,t) e Nx[0,0] with nt€[0,T].

Proof: (i)=-(iii). Let T" > 0. Since for each f € E the map ¢ — V(t)f is continuous,
we have that for each T > 0 sup{||V(¢)f] : t€[0,T7] N [0,d]} < co. Then by the uniform
boundedness principle (see [38], pp. 201),

sup{||V(t)| : t€]0,T] N[0, d]} < oo. (1.5)

Now statement (i) menas that for each fe E, im V(¢t/n)" f = S(t) f uniformly for ¢t [0, T7,
then we obtain that ~ SYP ||V (t/n)"f — S(t)f]| < 1 for all n > Ny for some f-dependent

t€[0,T], L <s

integer Ny > 0, which implies that

sup [V(t/n)"fll <1+ sup [[S@E)f].
n>Ny 10,7, £<5 0,7



Now for each feF,

o JWVemngl < s s IV
’nEN,iE[O,T]y%S(; n>Ng,te[0,T], t<5 "SNf,fE[O,T],%SJ
su su
< 1+ 2P lse I+ e sV (/)"
su ~lsur
< 14 Tf’MHS( =+ sV

Then it follows from (1.5) and the Cy-semigroup properties of S that

sup [[V(t/n)" f| < oc.
(n,t)ENX[0,T]

By the uniform boundedness principle, sup,, yenxjo,r) |V (/7)™ < occ.

Now for each T' > 0, let Sp := {(n,t) e Nx[0,T] : t/n < §}, and define a positive
function M : T'— M(T) =sup(, pyes, [V (t/n)"||. Since Sy C Srv for T' < T”, the function
M (-) is increasing. Let (n,t) € N x[0,d] with nt €[0,T]. Then (n,nt) € Sp. Thus, by the
definition of the function M (-),

V@)™ | = [V (nt/n)"|| < M(T),

which is statement (ii).

(iii)=(ii). For fe D(A), T > 0, and (n,t) e Nx[0,0] with ¢t < T,

= S IVE/n) =tV (t/n) — S(t/n)] (2 ]
< X MMV (E/n) = SE/n)ISCO

where the last inequality is due to the stability condition (1.4). Then, from the above

[V (t/n)"f = S@) [

inequality, we can further obtain

t)I

VAP =SWF < & SEMDIICE —4)-(CE - AlS(DS|

A

< ()P (M - a) - (BB - as (=i g (1.6)
< TMT) S (U - a) - (CBE - a5t ).

From the uniform consistency condition (1.3), it follows that

lim sup [[(YYR=E-A) S(=) f] = 0. (1.7)

n—00 1<i<n t/n

The Cp-semigroup S also satisfies the uniform consistency condition, since for each f € D(A)
and T > 0,

128w f-Asfl = [1S() (S48 F - af) |
SUDy(o.7] HS( - 12591 F — Af.

IN



Then we have that lim Sup ||(%—A) S(%=tt)f|| = 0, which, together with (1.7),

00 1<i<n
implies that lim_ H {(%—A) — (%—A)} S(%t)fH = 0. We obtain from (1.6)
that for fe D(A),
Tim [V (t/n)"f — S(0)f] =0 (18)
uniformly for ¢ €0, T.

For neN and t€[0,6], let L,(t) = V(t/n)" — S(t). Then, the uniform convergence in
(1.8) implies that lim L, (¢) f = 0 uniformly for ¢ € [0, T for each f € D(A). And the stability
condition (1.4) provides us the inequality || L,(¢)|| < 2M(T'). Now, for a compact subset
Ec, and € > 0, there exist k = k(e) elements fi, fa,- -, fx € Ec such that for any f € E¢,
there exists f;, € {f1, f2, -, fi,} with ||f — fi;|| < ¢/8M(T). Since D(A) is dense in F,
there exist g1, g2, -+, gx € D(A) such that 1S<L:I<)k lgi — fill < €/8M(T). Since lim L, (t)f =0
uniformly for ¢ € [0, 7] for each f & D(A), it follows that lim 1S<U;I<)k || Ly,(t)gi|]| = O uniformly
for t€[0,T]. Then there exists N = N(e) such that for n > N, :Sel[l()?ﬂ 1S<L:£)k | Ln () gi]| < €/2.
Now, for f€ Ec, t€[0,T], and n > N(e),

sup (Ll < sup [IZa(®)(F ~Fi)ll + 1Oy —9i) | + 1 Zn(0)gi, ]

t€[0,T] t€[0,7)
< sup [HLn(tH-(Hf—fz-fHJr!fif—gifH)Jr sup HLn(t)giH]
te[0,T) 1<i<k
< 2M(T)[e/SM(T) + ¢/SM(T)] + ¢/2

= 6’
which proves statement (ii).

(ii)=(i). The implication is obvious. O

Statement (iii) of the Lax equivalence theorem is the classical definition of stability for
general time dependent problems. Now we give two characterizations of it.

Lemma 1.1 Let {V(t) : t€[0,0]} be a one-parameter family of bounded linear operators
with V(0) = I. The following statements are equivalent.

(1) There exists an increasing positive function M (t) such that |V (t)"|| < M(nt) for all
(n,t)eNx]10,9].

(ii) There exists an increasing positive function M(-) such that ||V (t)"|| < M(T) for any
T >0 and (n,t) eNx|0, 6] with nt€[0,T].

(ili) There exist 0-dependent positive constants G and w such that for all t€]0, 4],

V()" < Ge™. (1.9)



Proof: (i)=-(ii): Let ' > 0. For (n,t) e Nx[0, 0] with nt € [0, T, statement (i) implies that
IV (t)"|| < M(nt). Since M(t) is an increasing function of ¢, it follows that M (nt) < M(T).

(ii)=-(iii): The inequality (1.9) obviously holds for ¢ = 0. So, we proceed to prove (1.9) for
the case t > 0.

Let T = 26, and let w = ZIn M(T). Then e*%T = M(T). It follows from statement
(ii) that ||V(t)[%]|| < M(T) since [%]t < T, where [%] denotes the largest integer less than
L But %7 = M(T), so we have

0.5wT [

V() F)]| < 05T < TR

T1.0.50Tt

ti Tt |

Since T' = 26, we obtain from the above inequality that

V()| < lF135% < [F)a525 = plFlot,

where the second inequality holds because t < . For notational simplicity, let N =
N(0,t) := [275] Then the above inequality becomes

VO] < eNer. (1.10)
Now, for any n€ N, there exist k, m €Ny such that n = kN +m and m < N. Thus,
V@)™ | = V@& < (Ve I*- [1ve™. (1.11)

Since m < N = [%] < 275, we obtain that mt < 20. Then it follows from statement (ii) that
|V (£)™|| < M(26), which, together with (1.11), implies that

IV ()" (I < M28)[[V () ™]*.
Now, it follows from (1.10) that ||V (£)"| < M(26)e*Net < M(26)e™t. Setting G = M (26),
we obtain statement (iii) from the above inequality.
(iii)=-(i): Statement (i) follows by setting M (t) = G e**. O
Now with this lemma, we obtain the following theorm concerning the equivalence of the

convergence and stability under a consistency condition weaker and much easier to check
than the uniform consistency condition in the Lax equivalence theorem.

Theorem 1.1 Let S be the Cy-semigroup generated by A. Assume that a strongly continu-
ous one-parameter family of bounded linear operators V := {V(t) : t€[0,0]} with V(0) =1
satisfies the consistency condition

L VOT
%g% ——f=Af (1.12)
for each fe D(A). Then the following statements are equivalent.

(i) bm V' (t/n)"f = S(t)f uniformly for t€[0,T] for each T >0 and feE.

5



(ii) The family of bounded operators V is stable in the sense of (1.4).

Proof: (i)=(ii). In part (i)=-(iii) of the proof of the Lax equivalence theorem, we did not
use the uniform consistency condition at all, which means that the implication (i)=-(ii) of
this theorem also holds.

(ii)=(i). By Lemma 1.1, the stability of V' implies its exponential stability. Then under
the consistency condition (1.12), the implication in this direction follows from the Chernoff
product formula [7] (also see Chapter 3). O

In view of the equivalence of the stability of the method (1.2) and the convergence of the
method for all initial values in the space E under the consistency condition (1.12), there are
two possible ways to proceed without risking losing convergence while weakening stability.
They are

e strengthening the consistency condition (1.12), and/or
e restricting the set of initial values for which the approximation methods will converge.

In this dissertation, we choose to restrict the set of initial values instead of trying to
strengthen the consistency. Let us explain why such a restriction is both practically ac-
ceptable and mathematically appropriate.

It is usually the case in actual numerical computations or in the mathematical study
of Cauchy problems modeled from evolutionary systems in sciences or engineering that the
initial values of the problem are in the domain of A. It is well-known that when the initial
value f is not in the domain of A, the meaning of the solution of the Cauchy problem (1.1)
has to be interpreted in the temporally non-differential sense of mild solutions (see [9, 28]).
Thus, if one is interested only in classical solutions, then one needs convergence only for
initial values in D(A). This allows one to consider stability requirements which are possibly
weaker than the one in the Lax equivalence theorem. For example, Butzer and Weis [4], and
Butzer, Dickmeis and Nessel [5] have considered stability and convergence in this direction.
They introduced a weakened notion of stability which they called stability-with-orders.

Definition 1.1 An approzimation method {V(t) : t € [0,d]} of bounded linear operators
with V(0) = I is said to be stable of order 3 > 0 (or (3-stable for short) if there exists an
increasing positive function M (-) such that for all t€(0,6] and n€N,

VP (@) < t7PM(nt). (1.13)

With the introduction of this “stability with orders” condition, they showed that a G-stable
approximation method V' (t) converges for all initial values in a subset S C D(A) if, for some
a > [, V(t) is uniformly consistent of order « on the set S C E in the sense that for
each T'> 0 and f €S, there exists a constant C7 s > 0 such that for all t€[0,T] and At in
a neighborhood of of 0, [|[V(at)S(t) f—S(t+at) f|| < Cr s - (at)*H.



With the introduction of this notion of weaker stability, Butzer, Dickmeis, Nessel and
Weis furthered the understanding of the relation between stability and convergence estab-
lished in the Lax equivalence theorem. Besides the mathematical significance, weakening
stability requirements also has practical computation benefits. A weaker stability require-
ment allows one to design more flexible approximation methods which might be advanta-
geous in other aspects. One example is the alternating direction implicit (ADI) method

Vipr(t) 1= (I =5 A1) (I =5 A2) (T +5A2) (I +5A1) (1.14)

proposed by Peaceman and Rachford [29] for two dimensional parabolic problems where A
is split into directional components A = A + Ay with D(A) C D(A;) for i = 1,2. The ADI
method is an approximate factorization of the second order Crank-Nicolson method

V.

CN

(t) = (I-LtA)(I+L4), (1.15)

where an approximation method V' := {V(¢) : ¢t € [0,0]} is called to be of p-th order
accurate if there exists a set D(AP) C E dense in E such that for each f€ D, there exists a
constant C' > 0 such that for ¢ in a neighborhood of of 0,

V) f—Ssmfll < C- (1.16)

The Crank-Nicolson method is well known to be of second order. This can be seen by
expanded the solution S(t¢)f and the Crank-Nicolson approximation V. (t)f into Taylor
series upto the third derivatives. The ADI method is an approximation to the Crank-
Nicolson method, but it attains the same order of accuracy. The significance of the order
of accuracy can be seen from the following proposition for methods that commute with the
operator A. For more general results, see Lax’s [16] and Butzer and Weis’ [4].

Proposition 1.1 Let S be the Cy-semigroup generated by A satisfying the stability condi-
tion ||S(t)|| < Me*t for some positive constants M,w independent of t. Let V := {V(t) :
t€[0,6]} with V(0) = I be a strongly continuous one-parameter family of bounded linear
operators satisfying the stability condition |V (t)"|| < Me™¥ for all n € N and t € [0,0].
Suppose that V is of p-th order for the evolutionary system (1.1) on D(AP*Y). Then, for
each f € D(APHY), there exists a positive constant C such that

fm, V&) = SO _

1. NnN—00
o (t/n)P

if for each t > 0, V(t)Af = AV (t)f for all f € D(APHL).

Proof: Let f€ D(APT!). Since V(t) and A commute for all ¢ > 0, it can be easily verified
that V(¢) and S(t) also commute. Then,

IVE/m)mf=SOFl = 15 VE/n) " [V(E/n) = S(t/n)]S(t/n)' " f
= S, V(E/n) TS /n) T [V (t/n) — S(t/n)]f]],



where the last equality is due to the commutativity of V(¢) and S(¢). Then the stability
conditions of .S and V imply that

IV E/n)"f =S I2fy M =t/mp eVt | [V (t/n) — S(t/n)]f]
M2t ST |I[V(/n) — S(t/m))f] (1.17)

M2€Wt Z?:l Cf (t/n)p+1,

INIA A

where the last inequality is due to the p-th order accuracy of V, and Cy is a positive
constant dependent upon f. Since 374 C¢(t/n)Pt1 = tCy(t/n)P, it follows from (1.17)
that

[V(t/n)"f =S fI < tCpM?e(t/n)P,

from which the conclusion of this proposition follows immediately. O

While it retains the same order as that of the Crank-Nicolson method on D(A3), the
ADI method (1.14) reduces the computation of the 2-D operator (I—£A)™ to that of two 1-
D operators (I —%Al)_l and ( —%Ag)_l, resulting in great computation reduction especially
when A is not self-adjoint. And this computation reduction does not come at the expense
of numerical instability, as exhibited by numerical errors as small as those of the stable
(see Chapter 4) Crank-Nicolson method. However, when the two components A; and Aj
do not commute, it is unknown if the ADI method is stable or -stable, even though in
this case it still exhibits perfect numerical stability. It will be proven in Chapter 4 that
when each component A; with D(A) C D(A;) satisfies the quasi-dissipative condition
(Aif, f) < wl||f]|? for some constant w and for all f € D(A;), the ADI method satisfies the
Von Neumann stability condition

n

Tim /[ Vapr(6) f|| < e'*, for t€[0,6] and f € D(A) (1.18)

for some constant w’ > w and an w-dependent constant § > 0. A more detailed definition
and historical background of this here newly introduced notion of stability are given below.

Another example of approximation methods with weakened stability but significant
computation benefits is a domain decomposition based factorized temporal approximation
method introduced by the author in his computer science dissertation proposal [40]. This
method is both computationally and communicationally efficient for large scale parallel
computing on distributed memory architecture machines. It exhibits excellent numerical
stability, and satisfies the Von Neumann stability under certain assumptions (see Chapter
4). However, it is unknown if this method is stable or -stable.

The Von Neumann stability condition (1.18) is usually stated only for methods for
spatially discretized problems (see [17, 16, 18, 32]) in finite dimensional spaces Ej,; i.e. for

{ wh (1) = Apup(t), t>0

up(0) = fr € Ep, he(0,¢) (1.19)

where {Ej, : h € (0,¢€)} is a family of finite dimensional spaces approximating E in some
sense, and {Ap, : By, — Ep,h€(0,€)} is a family of bounded linear operators approximating



A is some sense. A temporal approximation method {V'(t; Ap,) : (t,h)€10,9]x(0,€)} for the
spatially discrete problem (1.19) is said to satisfy the Von Neumann stability condition
if the spectral radii r(V (¢; Ap)) 1= limy, 0|V (t; Ap)™||Y™ of V(t; Ay) satisfy

r(V(t; Ap)) < et for all (t,h)€]0,8']x(0,€) (1.20)

for some constants w > 0 and ¢’ € (0, .

This spectral-radius based definition of Von Neumann stability is obviously extendible
to an approximation method V(¢; A) in a Banach space when the operators V (¢; A)™ are
bounded for all n large enough. However, the requirement that V' (¢; A)"™ are bounded op-
erators for sufficiently large n is too restrictive. Take the ADI method (1.14) for example.
The ADI method Vapr(t; Ap) for the spatially discrete problem (1.19) satisfies the Von
Neumann stability condition (1.20) when Ay ; and Ay o retain the quasi-dissipativity of Ay
and Ay. But in general, the operators Vupy(t; A)™ are not necessary bounded for n large
enough (see Section 1.2). Thus, in order to deal with approximation methods in Banach
spaces without recourse to spatial discretization, but still able to accommodate numerically
perfectly stable methods like the ADI, we are not going to impose the boundedness restric-
tion on the operator V (t; A)" for sufficiently large n. Hence, we generalize the usual Von
Neumann stability condition (1.20) to approximation methods in general Banach spaces in
the following sense.

Definition 1.2 An approzimation method {V (t):t€10,0]} of linear operators V (t) defined
on a set D C E is said to satisfy the Von Neumann stability condition on D if there
exist constants w > 0 and &' € (0,0] such that for all t€[0,8'] and f€ D,

n

lim /|| V(@) f < et (1.21)

n—oo

An approximation method V is said to satisfy the Von Neumann stability condition if
V' satisfies the Von Neumann stability condition on some dense subset of E.

It is obvious that this definition of the Von Neumann stability condition coincides with
the spectral radius based definition when {V'(¢) : ¢t €0, ]} is a family of bounded opera-
tors. It is well known that stable methods consisting of bounded operators satisfy the Von
Neumann stability condition in the sense that r(V(t)) < e for some constant w > 0 for
t in a neighborhood of 0 [17]. Now, with the characterizations given in Lemma 1.1, we
have the following stronger result. The proof is obvious and thus omitted.

Corollary 1.1 Suppose that a temporal approzimation method {V (t) : t €[0,0]} is stable
in the classically sense of Lemma 1.1. Then there exists a constant w > 0 such that
r(V(t)) < et for all t€]0,0].

This corollary states that the Von Neumann stability condition is a necessary condition
for stability. Since there has been no observed numerical “misfortune” of any Von Neumann
stable approximation method in practical computations, it is surmised, as pointed out by



Lax and Richtmyer in [17], that the Von Neumann stability condition (1.20) is also sufficient
for stability. Intensive research has been carried out to find conditions under which the Von
Neumann condition becomes sufficient for stability, e.g. by F. John [12], Lax and Richtmyer
[17], Lax [16], Lax and Wendroff [18], and Strang [32]. However, to our knowledge the
question if the Von Neumann stability condition (1.20) itself is sufficient for stability has
remained open, until now.

1.2 An Unstable but Von-Neumann Stable Method

In this section we present an example in which a consistent factorized temporal approxima-
tion method satisfies the Von Neumann stability condition in both the usual sense (1.20)
and the newly introduced sense (1.21), but is not stable in the classical sense (1.4) or in
the stability-with-orders’ sense (1.13). This shows that the Von Neumann condition is not
sufficient for stability. However, the method still exhibits excellent numerical stability as
indicated by measured errors in Tables 1 and 2 (see Section 1.2.3), and the measured errors
are even smaller than those of approximated solutions computed using the stable implicit
method.

1.2.1 The Problem and Its Spatial Approximation

Let Q=[0,7]. Let E denote the real Hilbert space F :={feL*(Q):f(0)=f(m)=0} with
the L? inner product. It is known that every function f in this space has a Fourier series
expansion f = > ,.cn (f, ex) er, where {ex}ren is an orthonormal basis consisting of the

functions ey (z) := \/%sin(kx). Let A; denote the differential operator Ay f = f”(x) on the
domain D(A1) :== {f€E : > pen |k {f, ek>|2 < oo}. It is easily verifiable that

Ajep, = —k?e;, for all keN, (1.22)

which implies that that A; is dissipative and hence generates a contraction semigroup.
Then the Hille-Yosida theorem implies that

(I —tA)7Y| <1 forallt>0. (1.23)

From the dissipativity of A;, we also have that

(I 4+tA)(I —tA) Y| <1 forallt>0, (1.24)
since for all fe D(A),
I(2+tA)fI? = (1P +2tRe (Arf, f) + [ Arf|?
< |fIP = 2tRe (Asf, f) + ]| AL f]?
= (I —tA)f]*
Define an operator Ay by
Aof = Z (f,en2) ek. (1.25)
k=1

10



By the Parseval equation || Y apex||? = 3 |ag/|? for all f = 3, arer € E. Then, we have
that || Aof|? = 3021 | (f,en2) 12 < 21 | {f,ex) |2 = || f||?, which shows that ||As|| < 1 and
hence

[+ tAsf| <1+ (1.26)

Define an operator A on D(A;) by Af := A1 f + Aaf. Then, A generates a Cy-semigroup
since A; generates a contraction semigroup and Aj is bounded (see Theorem 1.6.4, [9]).

For n € N, we choose the discrete space €2, := {%’T k= O,l,---,n}. Define, as a
counterpart of F, a finite dimensional function space E,, on this discretized domain €,
by E, := {f€L?(Q,): f(0) = f(r) =0}, with the inner product defined as (f,g), =
%ZZ;% (’%) g(’%) Define a projection operator P, : E — E, by (P, f)(z) = f(z) for fe
E and z€(),. With the discrete domain and function space in place, we will now discretize
the two operators A; and As;. We first choose an orthonormal basis of E,. For k =
1,2,---,n—1, let ey := Prep = \/gsin(k::n) for x € Q,. Then, |e,x]| = 1 for k €
{1,2,---,n—1} since

T n—1 2

lenil? = I 021 2sin®(kar/n)

2anw
2

= 1—711 "5 cos(2kxm/n)
2kxm

= L
2k
— 1—%Re711_e€ i = L
To see that
<€n,jaen,k> =0 for jak€{1)27"'an_1}’j7ék7 (127)

we first examine the case when j—k is an odd number. In this case j+k is also an odd
number. Since 2sin(a) - sin(8) = cos(a — ) + cos(a — 3),

(enjsenk) = 721 " sin(jazr/n) sin(kam/n)
=1 "% COSW—COS%
— Ly % oS (J—k)m +cog YR ma)m o (T'H:l)w —cos (J+k)( —z)7
— Ly nteos (j-k)zm k) _cos (j—/:l)xﬂ_ co (J+k)ﬂc7r+ oS (]#:z)m}
— 0.

Next, we examine the case when j—k is a non-zero even number. In this case j+k is a

positive even number. So,

(Enyjrenk) = %ZZ;(I) sin(jam/n) sin(kzr/n)
1 n—l (j—k)xm (j+k)zm

= = -0 |:C087 — COS
n

_ 1 Rezn 1[ G— k)xﬂ'/n_ei(j+k)z7r/n}

1 1—eti—k)m 1—etlitk)m
= o R L JG=F)m _1 G TR

—e'" —e
= 0.
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Now on F,, we use the commonly used central finite difference to discretize A, yielding

-2 1 0 --- 0 0 0

/1 -2 1 .0 0 o0
An’12:<:>

0 o o0 --- 1 =2 1

0 o o0 --- 0 1 =2

It was observed in Hockney’s famous Fast Poisson Solver paper [10] that

Anjienk = —a (1.28)

n,k en,k:7

2-2cos kX

where a, , := s > 0. To see this equality, let v;(i = 0,1,---,n—1) denote the i-th
entry in the vector v := A, e, ;. By definition,

v = (n/m)*/2/x [sin MEZDT 9 gin T 4 gin k(i + 1)7m} :

Notice that this equality also holds for ¢ =1 and i=n—1 since sin k(lgl)ﬂ = sin w =0.
Then, we have that v; = sin %[2 cos(km/n)—2] = —a,, €, ,. Since a,, > 0, Ay retains

the dissipativity of A;. From the dissipativity of A, 1, we have that
I = tA) 7 < 1 and (- tAu ) (T+tA. )] < 1 (1.29)

for all ¢ > 0. For the operator Ay, we use the discretization

k2<n

Apa f = Z <f, %7k2>en,k for fe E,. (1.30)
k=1

Since {en,k‘}z;% is an orthonormal basis of E,, it follows that A, s is bounded by 1 and
hence
I +tAs] <1+t (1.31)

1.2.2 The Temporal Approximation Method

Define temporal approximation methods V' (¢; A) and V (t; Ay,) for n€ N by

{ V(A F = (= LA) NI+ tA)(T + LA S, (1.32)

V(t; A Pof = (I—5An ) (I+tAn2)(I+5An1)Pof.
for fe D(A) and t€[0,1]. We shall show that
(a) V(t; A) is consistent for f€ D(A) in the sense of (1.12);
(b) V(t; A)™ is unbounded for all (n,t) e Nx (0, 1];

(c) {V(t; A) : t€]0, 1]} satisfies the Von Neumann stability condition (1.20) on D(A) for
all t€[0,1];

12



(d) V(t; Ayp) is not unconditionally stable, where the unconditional stability of the
temporal approximation method {V(¢; A,,) : (n,t) € Nx[0,00)} means the existence
of a constant ¢ € [0, 1] and an increasing function M(-) on [0,00) such that for all
n,keN and t€]0,d],

IV (t; An)* [l < M (kt);

(e) {V(t; Apn) : t€[0,1],ne N} satisfies the Von Neumann stability condition (1.20).

Proof: (a) For feD(A),

V(A —f = (I-1A) T I+tA)(I+5A)f - f
= (I-1A)7IT+tA)T+L1A4) — (I-LA))f
=54 A+ LA AL,

Thus we have that
VBRIl _Af = [(I-3A)TAf — Af] + S(I-540) A Au f.

Since A = A;+ Ay and Ay is bounded, it follows that D(A;) = D(A). Then, for fe D(A),
we have that A>A1f € E. Since A; generates a contraction semigroup, the Hille-Yosida
theorem implies that ||(I—£A4;)7!|| <1 for all ¢ > 0. Thus,

[5(1—5A41) " A2 A f|| < 51| A2A1f|| — 0
as t — 0. And again since ||(I—£A4;)7!|| <1, we obtain that

(=540 g =gl = I—=4A) g — (I = 5A)d]l
I(T—£A40) |- 5 Avg]
Ll Arg] — 0

VAVANI

as t — 0 for all g€ D(A). The Banach’s Convergence Theorem (see H. H. Schaefer [30],
Theorem II1.4.5) implies that }in(f)l (I-L£A;)™ g = g for all g€ E since D(A) is dense in E and
(I —%Al)_l is uniformly bounded. Replacing g by Af we obtain that lim;_,o (I —%Al)_lA -

Af = 0. Therefore, 1%1% — Af =0, which means that V (¢; A) is consistent.

(b) For keN, V(t; A)eye = (I — £A1) (I + tA2)(I + LA1)es2 by definition (1.32) of the
approximation method V. The equality (1.22) implies that

I+1A = (1-Lk?
( — 5141) e = (1+§]€ ) €k-
Thus we obtain that
V(t; A)ee = ( —%k‘l)( — %Al)’l(I + tAs)eyz. (1.34)

By the definition of Ay, (I + tAs)er2 = ep2 + te. Hence it follows from (1.34) that

V(t; A)erz = (1=5k%) (I — LA) T ege + teg).

13



Then, with (1.33) we obtain from the above equality that

V(t;Aez = (1_%k4)[1+1%k46k2+Hékz?ek]
1- Lk t(1—Lk?) (1.35)
= W@kQ W@k.
Therefore,
t(1-L k%) t(1-L k%)
1Vt Aesal] > 14T ep)] = |5

as k — oo for any ¢t > 0. This shows that V(¢; A) is unbounded for any ¢ € (0, o).
Now, let k be an integer that is not a square of an integer. Then,

V(t; A)ek = ( — %Al)fl(f—i-tAg)(I—l— %Al)ek

= (1—5K)(I - §41)7 (I +tAy)e, (1.36)

where the last “=" sign is due to (1.33). By definition, Az ey = >, (ex, €;2) e; = 0. Then, it
follows from (1.36) that V (t; A)e, = (1 — £k*)(I — 5A1) e, . With (1.33) we arrive at

t1.2
1-Lk

V(t;A)er, = —F56k. 1.37
_tp2 _tp4 _tr4
For each t € (0,1], let ¢, , := L%:z, Cop = %, and by := t(llJrif:Q) When £ is not a
2 2 2

square of an integer, it follows from (1.37) and (1.35) that

{V(t;A)"ek = ek forneN, (1.38)

V(t; Aeye = ¢, €2 + breg.
Now for ne Ny,
V(t; A)n+1ek2 = V(t; A)n(c2,kek2 + bkek)
C,, V(t; A)egz + bic? ey,

from which we have
0 Chyt [V(t; Ayt —c, V(t; A)l} k2 = Yiso Oy bich e = Nfilikbkek-
But the leftmost side of the above equalities equals

V(AT V(BA)!

n+1 n
Cok 2i%0

erz = [V(t; A" — e,

1+1 7
Cak ok k
So,
CnJrl . Cn+1
2,k Lk
V(t; A" ey = C;L:leka + brek,
’ Cok — Clk
Cn+176n+1
from which we obtain ||V (t; A)""leg:| > 2t —=by,|. Thus, to show that V'(; A)" is not

bounded for any n €N, it suffices to show that

n+1 n+1
Cor —Cig
R ——

Cok —Clk

klim = 00. (1.39)

14



We will show first that

cn+1 _ Cn+1
lim |25 LR =g, (1.40)
k—o0 Cok — Clk
Since % < g;—% < 1for b > a > 1, we have that |c,,| < |c,,| < 1. Obviously,
limy o0 ¢, ), = limg_.oo ¢, ,, = —1. So, |c,,| > 0 when £k is large enough, and thus
C
0< ﬁ <1, k large enough, (141)
limg oo 22 = 1. '
ok
nl_entt 1—(c1 1 /co )™ 1—gtt
Therefore, i:k_cii = 17((011{2//622’?;)) = 1, Where ), := ¢1k/c2 k. Then, by L'Ho-
. . et =it . d(1—az™) q1— .
pital’s rule limg_ oo H = limp_ oo (dxkk )/ (da:;jk) = n+1, which proves (1.40).

Obviously, limy_, by = —o0. Then (1.39) follows immediately from (1.40).

(c) Denote W (t) := (I+tAs)(I+L A1) (I—£ A1)~ . Then [|[W(t)|| < 1+t by (1.24) and (1.26),
and hence for (¢,n)€[0,1]xN and fe D(A),

V(&A™ = (=3 A) W)™ (I +tA)(I+ 3 A)f]|
W™ (2= 3 A)7H| - [T+ tA| - [|(T+5 A £

L+ )" (I + 540 ]

VAVAN|

It follows that
T ([ V(5 A FY = tim (1) [|[(T+ SADF[" =1+t

which shows that the approximation method V satisfies the Von Neumann stability condi-
tion (1.21) on D(A).

(d) By definition, the spatially discrete method {V'(t; A,,) : (t,n) €[0,1] x N} is called un-
conditionally stable if sup, cn HV(%, An)mH < M (t) for some positive increasing function

M (-). An obvious necessary condition for unconditional stability is

sup [V (5: An)™ Puf|| < M(t) sup || Puflln (1.42)
neN n neN

for f€ E. Thus, to show that V (¢; A,) is not unconditionally stable, it suffices to show that
(1.42) does not hold.

Let k be a prime number and n := k?+1. A calculation using (1.28) and (1.30) shows
that

t(l—%amkg)

t
I_Ean,kQ e k
1+%an,k sl

(&
1+%an,k2 ok

V(t; An)en,kQ = 2 +

(1.43)

_t
V(t; Ap)enr = 1= g0nk

i
1+§an,k nk>

which has the exact the same form as (1.38). Observe that the coefficients before e,, ;2 and

en,k have the same properties as those of ¢, ¢, , and by in (1.38), and that these properties

1,k?
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of ¢, ,, ¢,, and by are used in (c) to show the unboundedness of {[|V'(t; A)"e,, [|n}32, for
any fixed me€N and ¢t > 0. By exactly the same argument, we can show that the sequence
IV (t; An) ey g2|ln} 32, is unbounded for any fixed m € N and ¢ > 0. This shows that

(1.42) does not hold.

(e) Define Wy, (t) := (I+tAn2)(I+5An1)(I—5A,1)7 . Then [Wy(t)|ln < 1+ ¢ by (1.29)
and (1.31), and for me€ Ny and (t,n) €[0, ] x N,

IV (s An)™ fulln = [I(1 = 5 An ) Walt)™ (I +tAn2) (T4 5A0,1) fnlln
WOl (7 =53 An, )™ o 1T+ AR - [[(T+5An,1) flln

(1+ ™I + 5A1) fulln,

VAVANI

where the last inequality is due to (1.29), (1.31) and the inequality ||W,(¢)||, < 1+t. Again,

since the discrete matrix A, 1 is a bounded linear operator for each fixed n € N, it follows
that [|[V™(t; Ap)|ln < (14+8)™ |1+ 5 A1 ||ln. Therefore,

m

r(V(t;An)) = lim /(1 +8)"| I +tApqll, = 1+t

m—00

This shows that V' (¢; Ay,) satisfies the Von Neumann stability condition. O

1.2.3 Numerical Testings

To examine the numerical stability of the classically unstable method given in (1.32), we
choose an initial value condition for the problem with a known solution. The simulation
time interval, the initial value condition, and the true solution of the example problem for
the initial value condition are:

Time interval: [0, 1];
Initial value:  u(0,z) = sin(2x)+sin(3x);
True solution: u(t, z) = e *sin(2x)+e~Ysin(3x).

We also choose three initial value errors for the testing problem. They are

61(1’) = 0,

ea(r) = "I cos(nx),
2 ; 2

es(x) = Yhspenlie)

where n = m/Az is the spatial partition size. The second and third initial value errors
contain very high frequency components. High frequency errors usually tend to be enlarged
considerably for unstable methods like the explicit method, and we choose these two errors
in order to see how they will affect the simulation errors for our unstable example method.

We solved the example problem with the three perturbed initial value conditions by
the explicit method V (t)u™! = (I+tA)u™, the implicit method V (t)u"*! = (I—tA)~lu",
the factorized unstable method (1.32) which is listed as FAC in the tables, and the Crank-
Nicolson method (1.15) which is listed as C-N in the tables. We have tested these methods
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Table 1: Stability testing — Small spatial partition sizes

Az At Initial Err  Explicit Implicit FAC C-N
e1(x) 247¢ —01 4.06e — 02 3.04e — 03 3.04e — 03
w/16 | 1/5 ea(x) 7.13e+01 4.06e —02 3.03¢e —03 3.03e — 03
es(x) 1.31le+00 4.06e —02 3.04e —03 3.03¢ —03
e1(x) 6.70e — 03 9.32¢e — 03 7.24e — 04 7.24e — 04
w/16 | 1/20 ea(x) 548¢ 407 9.32¢ —03 7.24e—04 7.24e — 04
es(x) 1.77¢e +01 9.32¢ —03 7.29¢—04 7.29¢—04
e1(x) 2.0le —03 4.18¢ — 03 9.45¢ —04 9.45e¢ — 04
w/16 | 1/50 es () 2.27¢—03 4.18¢—03 9.45e¢—04 9.45¢—04
es(x) 2.00e — 03 4.18¢—03 9.49¢—04 9.49¢ — 04

Az At Initial Err  Explicit Implicit FAC C-N
(z) 246e+401 1.77e—02 7.81e—04 7.81le—04
(x) 2.87e+11 1.77e—02 7.88¢e—04 7.88e—04
(x) 1.07e +10 1.77e —02 7.79¢ —04 7.78¢ — 04
(z) 3.76e +34 1.78e —03 2.32e —04 2.32e —04
m/32 | 1/100 es(x) 1.26e+45 1.78¢—03 2.32¢e—04 232e—04
(z)
(z)
(x)
(z)

7/32 | 1/10 e

es(x 1.96e +37 1.78 —03 2.34e —04 2.34e — 04
e1(x 5.07¢ — 04 1.00e — 03 2.40e — 04 2.40e — 04
w/32 | 1/200 ex(x 1.94e+01 1.00e —03 2.40e —04 2.40e —04

5.0be — 04 1.0le—03 2.42e—-04 2.42e—04

with different spatial mesh sizes Ax and time step size At, and the computed approximated
solutions are compared with the true solution and the maximal errors are listed in the two
tables.

For the four methods chosen, the explicit method is not stable, not unconditionally
stable, and even not Von Neumann stable. The FAC is also not stable or unconditionally
stable, but satisfies the Von Neumann stability condition as shown in the previous section.
The implicit method is stable for all well-posed problems by the Widder’s theorem [2], and
the Crank-Nicolson is stable for quasi-dissipative problems (see Section 2 of Chapter 4) like
the example problem given in the previous section.

The test results show that the explicit method is obviously unstable. It has huge
numerical errors when time step sizes At are large relative to the spatial mesh size Ax.
The unstable method FAC exhibits much smaller numerical errors than does the explicit
method, even smaller than the errors produced by the always-stable implicit method. Only
when compared with the stable Crank-Nicolson method, the FAC method shows slightly
larger numerical errors for the cases of simultaneously large At and small Ax when the initial
value has high frequency errors. The Crank-Nicolson method is a second order method while
the FAC method is only first order. The first order accuracy of the FAC method is due to
the first order approximation of the semigroup e*42 by the explicit method (I+tAs) — the
second factor in the FAC method (1.32). And even in the worst tested case for the FAC
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Table 2: Stability testing — Large spatial partition sizes

Ax At Initial Err  Explicit Implicit F A C C-N
e1(x) 00 3.91e-03  6.45e-05  6.45e-05
w/4096 | 1/40 ez () 00 3.91e-03  8.28¢-05 8.28e-05
es(x) 00 3.91e-03 4.33e-04 6.47e-05
e1(x) 00 3.77e-04  6.31e-07 6.31e-07
7/4096 | 1/400  es(x) 0o 3.77e04 225005 2.250-05
es(x) 00 3.77e-04 4.04e-06 8.69e-07
e1(x) 00 3.76e-05 8.27e-09  8.27e-09
/4096 | 1/4000 ez () 00 3.76e-05 9.81e-09 9.81e-09
es(x) 00 3.76e-05 2.85e-08 2.85e-08

Ax At Initial Err  Explicit Implicit F A C C-N

e1(x) 00 1.92e-03 1.61e-05 1.61e-05
7/8192 | 1/80 es(z) 0o 1.92e-03 3.56e-05 3.56e-05
es(x) 00 1.92¢-03  3.46e-04 1.63e-05
e1(z) 0o 1.880-04 1.58¢-07 1.58¢-07
7/8192 | 1/800  es(x) 0o 1.88¢04 22505 2.25e-05
es(x) 00 1.88e-04 2.96e-06 3.66e-07
ex(2) 0o 1.88¢05 2.10e:09 2.10e-09
/8192 | 1/8000 ez(x) 00 1.88e-05 3.69e-09  3.69e-09
es(x) 00 1.88¢-05 1.29¢-08 1.29e-08

method, when compared with the Crank-Nicolson the errors are still close to those of the
C-N method. So it is unclear if these larger errors of the FAC method is caused by the
unstability or the first order accuracy.

1.3 Outline of the Dissertation

As mentioned in the beginning of this chapter, the purpose of this dissertation is to study
weakened stability conditions and their effects on or benefits to the convergence of ap-
proximation methods. Thus, the dissertation is presented in a way toward revealing the
convergence properties and possible “benefits” of Von Neumann stable methods like the
one presented in Section 1.2. Before addressing convergence of Von Neumann stable ap-
proximation methods in Chapter 3, we need to accumulate sufficient preparatory results in
Chapter 2. In Chapter 4, the convergence results established in Chapter 3 are applied to
the example in Section 1.2, and to two practically useful temporal approximation methods.
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2 Spatial Approximations

2.1 Introduction

For an evolutionary system many of its spatial properties are closely related to its temporal
properties. For instance, a property of the system at a spatial point will affect the properties
of the system at the neighboring spatial points as time progresses. Such tempo-spatial
interactions are also true with approximation procedures of an evolutionary system. For
instance, an approximation of the operator A (which is a purely spatial approximation
involving no time at all) clearly will affect the stability of a temporal approximation method
of the spatially approximated system.

A numerical simulation of an evolutionary system consists of spatial and temporal ap-
proximations. Because of the influence of spatial approximations on the temporal approxi-
mations, we shall examine spatial approximations in this chapter.

A spatial approximation of the evolutionary system (1.1) involves the approximation of
the operator A by a sequence of operators A,, which converges in some sense to A. Thus,
with spatial approximation we obtain a sequence of problems

{ W (t) = Anpu(t), t>0,

w(0) = f€D(A,) CE. (2.1)

In order that the approximating problems converge to the original problem in the sense that
the true solutions u,(t) of (2.1) converge to the true solution u(t) of the original problem
(1.1) uniformly on compact time intervals for a sufficiently large set of initial values, some
stability condition is usually enforced on the approximations in addition to the condition of
the strong convergence of A, to A. An important sufficient condition for the convergence
of spatial approximations is stated in the following result (see J. A. Goldstein [9], pp. 44)
derived from the Trotter-Kato theorem [13, 26, 36].

Theorem Let A,(ne€Ny) defined on D(A,,) D D(Ag) generate Cy-semigroups Sy, satisfying
the “stability condition”
1S, ()] < Me*t, t >0, (2.2)

for positive constants M,w independent of n,t. Assume that for each f € D(Ap), 1}1{100 Anf =
Aof. Then limy, oo Sp(t)f = So(t)f for each f € E, where the limit is uniform for t in
compact intervals of [0, 00).

The stability condition (2.2) not only assures the strong convergence of the semigroups,
but also suffices to absorb small initial value errors. In fact, for any f € FE and any sequence
{fn} CE with lim,,_,« fr, = f, the inequality

150 (@) frn = SO < [[Sn(®)(fn = DI+ (1S (t)f = SE)f]]

implies that lim, o Sy (¢)fn = f when ||S,(¢)|| is uniformly bounded on any compact
interval of . It may happen that the spatial approximations are such that the semigroup
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sequence is not stable even though the approximating operators converge. The following is
such an example.

Example 2.1 Let Y = {f € L?([0,1],C) : f(0) = f(1) = 0}. Let E be the product

Banach space given by E = {(f,9) : f,g € Y,||(f,9)|l == max(|[ flly,lglly) < oo}. Define
an operator A by A(f,g)(x) := (if"(x),ig"(x)), or, in matriz form

flo=[5 2]l

Since the Schrodinger operator Ag:= % generates a strongly continuous isometric group

Ss(t) on'Y, the operator A generates a Cy-semigroup on S(t):= (Sét) Ss?t)) on E. For each
n € N, define an operator A, on D(A) by

A, = A+ (8 E”),
where By, f := nm (f,en) en with e, representing the function x+— +/2sin(nnz). Then,
(1) each A, generates a Cy-semigroup Sy,
(ii) the operators A, converge strongly to A on D(A), but
(iii) ||Sn(t)]| > nt.

Proof: (i) Define P, := (8 13”). Since A generates a Cy-semigroup and P, is bounded
for each ne N, it follows that A,, = A + P,, generates a Cy-semigroup (see [9], pp. 40).

(ii) Let u=(f,9) € D(A). Then

lAne — 4l = (8 8") (7)]

= n7T|| (g,en> enHY
= (nm)7 I (¢",en) enlly
< (nm) g ly llenll3-

Since u € D(A), it follows that g” € L?[0,1] by the definition of A. Since |e,|y = 1 we
obtain that lim,_, ||Anu — Aul| = 0.

(ili) To prove the inequality we will derive an expression for the semigroup S,. For

feD(As)CY,
BnAsf = Bnif” = - Z.Bn Zzozl ]{727‘-2 <f7 €k> €k
—i 372 k27 (f, ex) Buex

—i(nm)3 (f, en) en.

On the other hand, AsB,f = Asnw (f,en) en = inm (f,en) € = —i(n7)3 (f, en) en, which
shows that

A,B,f = B,A,f for all fe D(A,). (2.3)
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Now, for u = (f,g) € D(A) we have that f, g€ D(As). Then,

A= (5) 68) () - (4 - B - G8) () - re. e
Let t > 0. Then, P, (I —tA)~! = (I —tA)~'P, since for all u€ E,

(I—-tAPu—P,(I—tA) Y 'u = (I—tA)[P,(I—tA)—(I—tA)P,)(I-tA) u
= (I —tA) tP,A—tAP,)(I —tA)"lu = 0.

It then follows that
P,S(t) = Pniim (I — %A)*’lC

_ 1 —k
= lim (71— FA)""P, (2.5)
= S(t)P,

for all ¢ > 0. Similarly, with (2.3) we can show that

BpSs(t) = Sy(t)B, for all t > 0. (2.6)

k
By Trotter’s product formula [37] we have that S, (t) = hm [e%P"S(%)] . Since P2 =0, it
follows that et = I + ¢P, for all t > 0. Thus,

Salt) = lim [(1+ £P)S(£)]"
hm(I + 5 Pa) S (1),

where the last equality is due to (2.5). Then we obtain

Sult) = eTnS(t) = ([+tR)SE) = (§'7") S().

Now let f,,(z) := (n7)" e, and let u, := (fg). Then

190 Wl =[S (t)u,||
= 16 7) (" siw) (4) 1
_ H thSé fn) H

= maX{IItB Ss() fnllys (155 () fully}
= HlaX{HtSs(t)annHYa HSS(t)fTLHY}?

where the last equality is due to (2.6). It follows from Stone’s theorem (see e.g. [9], pp. 32)
that Ss(¢) is a unitary operator for all ¢ > 0. Thus,

HSn(t)unH = maX{HtannHYa anHY}
= max{tnw| (fu,en) |, (n7) " lenllv }
= max{t, (n7)"1}.

Since ||nmu,|| = 1, we obtain that

1Sn @I = (150 (&) (nun)|

= nmmax{t,(n7)"!} > nnt.
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O

Although the spatial approximation given in the example above is unstable, it is stabi-
lizable in the following sense. The implications of the stabilizability of S,, with respect to
convergence will be described in the next section.

Example 2.2 The semigroup sequence { Sy} in Example 2.1 is stabilizable in the sense that
there exists a sequence of bounded operators {W,} such that

(a) [|WnSn(t)|| < Me*t for some constants M,w independent of n,t, and

(b) limy, oo Wi f = f for all f € E.

nm dx?

W Sn(t)|| = |[Wnett S(#)|| < ||Wnhetr™ |, where the last inequality holds because ||S(¢)| =
1. Now we will show that ||[W,e!f| < e for all t > 0 and n€N.

Proof: For n € N define operators W,, by W,,(f,g) := ((I———)‘lf, ) Then,

(a) We introduce the notation Q,f = (I—%%)_lf. Then W, (5) = (%2"?) (ch) For
(f,9) € E

(WaetP (D)0 = 1w (§17) () 1
= W (1) +Wa (3°87) () I
< W (DI+1(E2) G 6 ()1
= |Wa (§) 1+l (an"g) I

By definition, B,g = n (g, ey) e,. Since ||[W,|| < 1, it follows that

IWae™ (f,9)l < (£, 9)l| +tnml(g, en)] - [|(Quen, O)].

An easy calculation shows that Qne, = 2 for all n€N. Then from the above inequality
we obtain |[W,et(f, g)|| < e for t > 0 for all n€ N since

[Wet (£, )l ICF I + 5= g, en)] - Nl (en, 0]
1(f> 9|+t en)
ICF> 9+ tlglly

A+l 9
e’ll(f, 9)ll-

~—

INININ A CIA

(b) For feD(Ay),

lim [|Quf—f| = lim (1= )71 — /]
= lm [[(7— %) L .
= lim L ||( _LL) 1A f“ .
’Vlﬂoonﬂ- nt dx
< lm ALl = o,

n—oo M

1 d?

where the inequality sign “<” holds since [|(I —7=+5)7!| < 1. Since W, = (%2” ?), it

)
follows from (2.7) that lim, . Wyu = u for all u€ D(A). Since [|W,|| <1 for all n € N
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and D(A) is dense in E, statement (b) follows from Theorem II1.4.5 in H. H. Schaefer’s
[30]. |

One purpose of this chapter is to weaken the stability condition (2.2) to be able to
accommodate unstable but stabilizable spatial approximations like the one in the exam-
ple. In the next section we will investigate the convergence properties of unstable spatial
approximations which can be stabilized in the sense of Example 2.2.

One tool we use to establish convergence theorems in this thesis is the Laplace-Stieljes
transform and its approximation theory. In the following we collect some definitions and
known approximation results for the Laplace-Stieljes transform.

Definition 2.1 Let Lip, denote the Banach space of Lipschitz continuous functions
Lip,:={v:[0,00) = E:v(0)=0, and ||v||Lip, <o},

where ||v|| Lip,, ::sup{|||vj(f?_7v(g)l|| :t,t'€[0,00)}. Forwv € Lip,, the Laplace-Stieljes transform
o evTdr

of v is defined as (Lsv)(N) == [5° e Mdv(t) for all complex numbers \ with real parts
satisfying Re\ > w.

Remark 2.1 It is not difficult to verify that for any locally integrable function u : [0, 00) —
E satisfying ||u(t)|| < Me“* for some constants M,w > 0, the antiderivative v : t [; u(s)ds
is in Lip, and (Lsv)(A) = [¢° e Mu(t)dt = X [7° e Mo(t)dt.

The following theorem for approximations of Laplace-Stieljes transforms is taken from
Béumer and Neubrander’s paper [2].

Theorem 2.1 Let M > 0, f, € Lip, with ||fullLip, < M and r, = Lsf, for all n € Ny.
The following are equivalent.

(1) limy—oo n(A) = 10(A) for all A€ (w, o).

(i 1) limy— oo fn(t) = fo(t) uniformly on compact subsets of [0, 00).

2.2 Stabilized Spatial Approximations

One important result in the convergence theory for spatial approximations is the following
theorem originally due to Trotter (see [13, 26, 36]).

Theorem (Trotter-Kato) Let A be a generator of a Cy-semigroup S with ||S(t)|| < Me“*
(M,w>0, andt>0). ForneN, let A,, with D(A,) D D(A) be generators of Cy-semigroups
Sn(t). If the semigroups S, (n€N) satisfy the stability condition

ISn(®)I < Me*, (2.8)
then the following statements are equivalent.

(i) m R(\, A)f = R\, A)f for all A\ > w and f € D, where D is a total subset of E.
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(ii) For f € E, lim, oo Sp(t)f = S(t)f uniformly for t in compact intervals of [0,00).

An important assumption of the Trotter-Kato theorem is the stability condition (2.8) — the
uniform boundedness of the semigroups. This condition implies another important but less
conspicuous condition: a non-empty intersection of resolvent sets which contains a complex
right half plane. In this section we modify the Trotter-Kato theorem by requiring only a
stabilizability condition that does not imply a non-empty intersection of resolvent sets, and
a weaker strong convergence of the resolvents, namely, stabilized strong convergence.

Theorem 2.2 Suppose that A generates a Co-semigroup S with ||S(t)| < Me*t (M,w >0,
and t > 0). Forn € N, let W,, € L(E) and A, with D(A,) D D(A) be generators of
Co-semigroups Sy(t). If

(a) limy, oo Wy f = f forall f € E,
(b) For all fe D(A), Wy f€D(A) and W, Apf = AWy f for f € D(A), and
() [WaSn()]| < Me",

then the following statements are equivalent.

(1) limy—oo Rn(N)f = RN A)f for all X > w and f € D, where D is a total subset of E,
and Ry(N) f == [5° e MW, S, (t)f dt for A > w and f € E.

(ii) Forall fEE, }}Eloo WoSn(t)f = S(t)f uniformly for t in compact intervals of [0, 00).

Remark 2.2 [t is possible that the intersection of the resolvent sets of the operators A, is
empty. But since A, is a generator of a Cy-semigroup for each n €N, there exists wy, > 0
such that R(\, Ay) exists for all X\ > w,. Hence, R,(\) is an analytic continuation of
WoR(X, Ay) from (wy,o0) to (w,0).

Proof of Theorem 2.2: (i)==(ii): By condition (c) and the definition of R,,(\), a simple
calculation shows that || R, ()| < M (A —w)~! for all A > w. Then it follows from Banach’s
Convergence Theorem that statement (i) is equivalent to

lim Ry(\)f = R\ A)f (2.9)

n—oo

for all f € E.

Condition (c) implies that the function ¢+ [j W,,S,,(1) fdr is in Lip,, (see Definition 2.1)
and || f§ Wy Su(T) fd7||Lip, < M for all f € E. By Remark 2.1 and the definition of R,,
the Laplace-Stieljes transform of fg WyoSp(7)fdr is R,(\)f. Since the Laplace-Stieljes
transform of fj S(7)f dr is R(\, A)f, it follows from (2.9) and Theorem 2.1 that

n—o0

lim /0 WS (t)f dt = /O S(t)f dt (2.10)
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for all f € E.
Let fe E and A > w. By condition (c¢) and Remark 2.1,

RaNf = AJ5T e (g WaSa(r)f dr) dt

= A e MW, (f(f Sn(T)fdr) dt. (2.11)

Since fg Sp(7)fdr € D(A,), the commutativity condition (b) implies that W, fg Sp(T)fdre
D(A,). Then it follows from (2.11) that R,(\)f € D(A,,). Thus, by the closedness of A,
and the commutativity condition (b),

A RaNF = AJ5Z e AW, (J Su(r)f dr ) dt
= AJ5S e MWy (An f Su(r)f dr) dt
= A e MW (Sult)f — f) dt
= AR,(\)f — Wi f.

(2.12)

Since AR(A)f = AR(\, A) f—f, equation (2.9), condition (a) and equality (2.12) imply that
for all f € E,
Jim ApRy( N f = AR(NA)f. (2.13)

For f € B, let V,,(t)f := Ay [ WSy (1) fdr = WSy (t) f — Wy, f. Then, condition (c)
implies that
[Va(t)|| < Me** + M. (2.14)

Now for f € E,
IWaSn(t)f = SO < WalSa(t)f — f1 = [SEVF — FIl + [Watf — I
= |[Va(t)f = A fg S()fdr|| + |[Wnf — £l

Since ||W,, f— f|| — 0 by condition (a), to show lim ||, S,,(¢)f — S(t)f|| = 0 it suffices to
show that

t
lim V() f = / AS(r)f dr (2.15)
n—oo 0
for all f € D(A) (due to (2.14) and Banach’s Convergence Theorem.
For fe D(A), let g = (A — A)f for some A > w. Then,
IVa(t)f = Jo AS(T)fdr|| < || Jy WaAuSu(7)[R(A, A) = Ra(A)]gdr]|

+ || Jo WaSu(m)[AnRel(A) — AR(A,A)]gdr |
+ || Jo[WaSa(r) = S(T)]AR(X, A)gdr||.

Denote the three terms on the right hand side of the above inequality by I, 1o and I3
respectively. Then lim, .. I1 = 0 by (2.14) and (2.9), lim, o I2 = 0 by (2.13) and
condition (c), and lim,_,o I3 = 0 by (2.10). Therefore, (2.15) holds for all f € D(A).
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(ii)==(i): It is well known that R(\, A)f = [;° e *S(t)fdt for A > w and f € E. Then
with statement (ii) and the stability condition (c), statement (i) follows from the dominated
convergence theorem. O

The commutativity condition (b) in Theorem 2.2 is a severe restriction on the stabi-
lizing operators W,,. The stabilizers W, given in Example 2.2 do not commute with the
semigroups they stabilize, so the theorem is not applicable. But if we choose the stabilizers
W,, to be W,, = (6’02”@2), where @, = ( —iﬁ)fl, then it is verifiable that W,, and A4,

nm dx?
commute. Thus in this case, the unstable semigroup sequence {5, } converges strongly to

S under the stabilization of these new stabilizers.

2.3 Unstable Spatial Approximations

In this section we will derive several results with the commutativity condition removed.
To establish these convergence result for stabilized semigroups, we need to modify the
stabilizability condition accordingly.

Theorem 2.3 Suppose that A generates a Cy-semigroup S with ||S(t)|| < Me** (M,w >0
and t > 0). Forn € N, let W,, € L(E) and A, be the generators of Cy-semigroups Sy,.
Assume that

(a) fo € D:=NS21D(A,) N D(A),
(b) limy,— oo Wi f = f for all f € D(A), and

(c) WnSn(t)Anf]| < Mypest for all f € D(Ay) and for f-dependent constants My >
O,wr > w.

Then for each f € D, the integrals R,(\)f = [5°e MW, S,(t)f dt and R,(\)Anf :=
Jo° e NMW,LSn () A f dt exist for all X > wy and n € N; and the following statements
are equivalent.

(i) limp—oo Ru(AN)fo = R(N, A)fo for all X > wy,.
(i 1) limp—oo WiSn(t) fo = S(t)fo uniformly for t in compact intervals of [0, 00).

Proof: Since each operator A, generates a Cy-semigroup S, for n€ N, it follows that for
feD

t
Sult)f = £+ [ Su(r)Aufr.
0

From the boundedness of W,, we obtain that

t

WaSu(t)f = Waf + [ WaSa(r)Aufr.

0

Conditions (b) and (c) imply that

IWaSu()fll < supnen |Wafll + M [Le“rmdr = Gpes’,
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for some constant Gy. Thus the integrals R,,(A)f are well defined for all A\>w, and n€N.
Due to condition (c), the integral R, (A)A, f exists for f€ D, A>w,, and n€N. Thus, for
each f €D the integrals R, (\)(A—Ay)f also exist for all A>w, and n€N.

Now, for f€D, A>w,, and n€N,

AR, (N f = X [0 e MW, S, (t) fdt
= A [0 e MWL f + [ Sn(T)Ap fdr]dt
=Wof + A [ e™ [SW,Sy(T)Anf dr dt
= Wif+ [5° e MW,S, (1) An f dt
= Waf + Ra(N)Anf,

which is equivalent to
Rn()‘)()‘_An)f = Wyf (2.16)
for f € D(A,), A > wy and neN. Since R(A\, A)(A—A)f = f for all fe D(A) and A>w,
and since lim,,_,oc Wy, f = f for f € D(A), it follows that statement (i) is equivalent to
(i,) nhjgo Rn()‘)Anfo = R()\, A)Afo
for all A > wy,.
Let Wy := I, So(t) := S(t) and Ap := A. Then, Ro(\) = R(\, A), and for all n € Ny and
f € D(A,), W,Sp(t)f — Wy f = fot WA Sy (7) fdr since A,, generates the Cy-semigroup
Sy Since limy, oo Wy, f = f for all f € D(A), it follows that statement (ii) is equivalent to
t t
(if') lim / Wiy Ao (7) fodr = / AS(7) fodr.
n—~oo 0 0

For n € Ny, let v,(t) := fot Wi Ap S fodr = fg W Sn(m) A fodT. An easy calculation
shows that the Laplace-Stieljes transform of v, is

(Lsvn) (A) = Rp(A)An fo,

for all n€Ng. By condition (c), v, € Lip,, and sup,cn ||vn|| Lip, < My,. It then follows from
Theorem 2.1 that statements (i’) and (ii’) are equivalent. O

Theorem 2.3 relates the strong convergence of stabilized “resolvents” to that of the
stabilized semigroups. It is common that the strong convergence of generators, rather than
resolvents, is given. The following is a result relating the strong convergence of generators
to that of their stabilized semigroups.

Corollary 2.1 Suppose that A generates a Cy-semigroup S with ||S(t)|| < Me*t (M,w,t >
0). Forn € N, let W, € L(E) and A,, with D(A,) D D(A) be generators of Cy-semigroups
Sn. If

(a) limy oo Wi f = f for all f € D(A),
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(b) [[WpSp(t)|| < Me*t, and
(¢) limy,— o0 Anf = Af for all f€ D(A),
then, for all fe E, im W, S, (t)f = S(t)f uniformly for t in compact intervals of [0,00).

Proof: Condition (c¢) implies that for f € D(A>), there exists an f-dependent positive
constant My such that [|A, f|| < M for all n€N. Then,

IWoaSuOAuf| < IWaSu(®ll- [ Auf]
< Met|Anf] (2.17)
<

My Me.

Now, for f € D(A®), A > w, and n € N, let R,(\)f = [5°e MW, S,(t)f dt and
g:=R(\ A)f. Then

[BnA)f =R AF = BN (A=A)g = gl
= [IBn(M)(A=A) = I]¢]
[ [RAN) (A= An) + Ry(A)(An—A) — 1] g]|.

Obviously, g = R(\, A)f € D(A*)C D(A). Then (2.16) implies that
Rn(A)(A = An)g = Whyg.

Therefore,
[Rn(A) f—R(NA) [ [Wn + Rn(M)(An — A) = I]g||

< W —=Dgll+[[Ra( M) (An=A)g]|.

Using the definition of R, (\) and condition (b), an easy calculation shows that || R, (\)|| <
M (X —w)~L. This, together with (2.18), implies

(2.18)

RN f— RO A F < (W= Dgll + 2L 11(An—A)gll. (2.19)

Since g € D(A™), it follows from condition (c) that lim(A,—A)g = 0. And since (W,—I)g—0
by condition (a), it follows from (2.19) that R, ()\)f converges to R(A, A)f. Then, we obtain
from (2.17) and Theorem 2.3 that for all fe D(A>),

Jin W,(0)f = S(0) (220)

uniformly for ¢ in compact intervals of [0,00). By Theorem 2.7 in Pazy’s [28], D(A%) is
dense in E and hence total in E. Thus we obtain from Banach’s Convergence Theorem the
convergence in (2.20) for all f € E uniformly for ¢ in compact intervals of [0, c0). m|

Now, with the above corollary, we re-examine the problem discussed in Examples 2.1
and 2.2 from the viewpoint of convergence.
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Example 2.3 Using Corollary 2.1, statement (i) in Example 2.1, and statements (a) and
(b) in Ezample 2.2, we obtain that the unstable sequence of semigroups {Sn} converges
strongly to S under stabilization of {Wy}, namely, im W, S, (¢t)f = S(t)f for all f € E.
The stabilizability condition (a) proven in Example 2.2 further implies that for any f € E
and any sequence {fn,} convergent to f, the limit

lim W5, (t) fn = S(8) f

n—oo

holds uniformly for t in compact intervals, due to the following inequalities

Wi Sn(t) frn = SO IWiSn(8)(fn = DI+ IWaSn(t)f = S#) Il

<
< WRSa@ - 1fn — FIl + IWRSa(t) f — S@) fl.

O

It is evident from the proof of Theorem 2.3 that we can weaken the Cy-semigroup as-
sumption for S since the uniform norm-boundedness ||S(¢)|| < Me“! is not used at all. And
we can also relinquish the Cp-semigroup assumption for the approximating operator fami-
lies S), because we only require an initial value dependent uniform boundedness condition,
not uniform norm-boundedness. In the following theorem, we will weaken the assumptions
of Theorem 2.3 and generalize it, in the case of W,, = I, to families of linear, possibly
unbounded, and even unclosed operators.

Theorem 2.4 Let {Ay,}2 be a sequence of linear operators. Let f € 2 D(AY). For each
neNo, let {Su(t) : t > 0} be a one parameter family of linear operators with Sy, (0) = I and
Ne>0D(Sn(t)) D D for all neN. Suppose that

(a) the function t — Sy (t)f is differentiable for all t > 0 and % = Sp(t)Anf for
n€Np, and

(b) there exist constants M,w >0 such that ||S,(t) A, f|| < Me*t for allt > 0 and n € Ny.
Then the following statements are equivalent.

(i) lIm R, (N)f=Ro(A)f for all \>w, where Ry(\) f:= [5°e S, (t) fdt for A > w.

(i1) lim S, (t)f = So(t)f uniformly for t in compact intervals of [0,00).

Proof: Condition (a) implies that

t
So(t)f — f = / S, (1) Anfdr  for neNo. (2.21)
0
Then, condition (b) implies that

1Su ) FI| < IFI| 4 My [3eTdr = || f|| +w ™ M (et — 1).
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Then R, (A)f is well defined for A >w, and n € Ny.
Equation (2.21), condition (b) and Remark 2.1 imply that for each n €Ny, the function
t — (Sp(t)f— f) has a Laplace-Stieljes transform and its Laplace-Stieljes transform satisfies

[Es(Sn()f_f)]()‘) = A fooo e M fot Sn(T)Andedt
A JE e (Su(t)f — fde

for all A > w. Then, statement (i) is equivalent to
(t) Tim [£4(S0()f = D) = [£(So( 1~ PDINS  for A>w.

With conditions (a) and (b), a straightforward calculation using (2.21) shows that the
Lip,, norm of S,,(-)f— f as defined in Definition 2.1 satisfies

180() fllzip, <M
for all n€Ny. Then, by Theorem 2.1, (') is equivalent to
lim Sy(t)f—f = So(t)f—f
n—oo
uniformly for ¢ in compact intervals, which is obviously equivalent to (ii). O

Without the Cy-semigroup assumption for the operator family S, Theorem 2.4 aims at
ill-posed problems (as opposed to well-posed problems where the spatial operator A gener-
ates a Cp-semigroup). We would like to mention that in this dissertation we are not going
further toward that direction. Like Theorem 2.3, the main contribution of Theorem 2.4,
at least in this dissertation, is to serve as a bridge to the study of other approximation
methods. Because A is not required to be a Cy-semigroup, and because of the flexibility
of allowing unstable or even unbounded spatial approximation methods, we are able to
unify stable temporal approximation methods with a general class of possibly unstable but
Von-Neumann stable methods in the next chapter. This is done by bridging the temporal
methods to the true solution with a sequence of spatially approximating problems, which
are constructed from the approximating temporal methods and have only initial value de-
pendent uniform boundedness.
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3 Temporal Approximations

One practically useful convergence theorem for temporal approximation methods is the
following result originally due to Chernoff (see [28], pp. 90).

Theorem (Chernoff Product Formula) Suppose that A is the generator of a Cp-
semigroup S with ||S(t)|| < Me*t for all t > 0 for some constants M,w > 0. Let {V(t) :
t€[0,00]} be a temporal approzimation method which is consistent on D(A) and satisfies
[V (&)™ < Me™* for all (n,t)eNx[0,8]. Then, for each f € E, lim,_.oo V(L) f = S(t)f
uniformly for t in compact interval [0,T) for any T > 0.

In this chapter, we will generalize Chernoff’s product formula to (i) stabilized temporal
approximation methods, and (ii) to Von Neumann stable temporal approximations.

3.1 Stabilized Temporal Approximations

As an application of Corollary 2.1, we extend in this section the Chernoff product formula
to possibly unstable, but stabilizable approximation methods.

Theorem 3.1 Suppose that A generates a Co-semigroup S with ||S(t)|| < Me“t for all
t > 0 and some constants M,w > 0 independent of t. Let {V(t) : t € [0,6]} and {W(t) :
t € [0,0]} be two strongly continuous families of bounded linear operators on E satisfying
V(0) = W(0) = I, lim_o YOIL — Af for all f e D(A®), and

W@V )| < Mer* (3.1)

for all (k,t) € Nox[0,0]. Then, for any f € E, limy_.oo W(L)V(L)""1f = S(t) f uniformly
for t in compact intervals.

Lemma 3.1 Let W (t),V(t) be as in Theorem 3.1. Define Asf = %ﬁf for all s €
(0,T],f € E. Then for any w, > w, there exist s, > 0 such that |[W(s)et4s|| < Mewott+s)
whenever s€ (0, s,).

Proof: By definition, A, is bounded. Thus, ' f = limy, oo (I + L A,)" f for all f € E,
and therefore

W (s)e! fI| = limyn oo [[W(s) (I + 5 A45)™ I
= limmﬂooHW(S)( tv(s ) il (3.2)
= Ty, oo ||V (s) (o=t (o LV ()™ [l
= limMm—oo ||V (8)[Am +um (S)]mf||7

ms—t

where A, := t and i =1— A\, = % Since A, > 0 for m large, it follows that

1220 () A W (s)V () |

o (1) A i M e 005 £
Me“* (Am + pme®)™ || f1]

W (s) (Am + pmV ()™ £

IA I
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It follows from (3.2) that || (s)etds|| < Me¥® lim,y, oo (1 + pm(e¥* —1))™ by noticing that
Am = 1 — pim. For w, > w there exists s, > 0 such that e¥* — 1 < w,s for all s € (0, s,].
Then |[W(s)e!s|| < Me** limy,—o0 (1 4 pmwos)™. Replacing pim, by -, we obtain

(W (s)etAs|| = Me®s limy, oo (14 221)™ < Mewolstt),
which proves the lemma. .

The following lemma extends an estimate due to Chernoff [7]. The proof is a modifica-
tion of Chernoff’s original proof for his estimate.

Lemma 3.2 Let W, L € L(E). Suppose there exist constants M,l > 1 such that for all
feEB, ||WLY| < MI" for alln > 0. Then

[Wert=D f WL p| < Mymrne® I Lf - |
for each f € E and n € N.

Proof: Let feFE. Clearly, for neN,
Iwert==f— lVL”fH<ie‘”§: HVka WL . (3.3)

Now for k& > n,

IWLFf—WL"f| o IWLf — WL
i-Lw WL - | Lf - £
i1 MUY|Lf — £

MIESE L IILf = f]

M|k —n| - ||Lf — f||

MUF+ g —n| - ||[Lf — f|.

VAN VAN VAN VAN VAN VAN

Similarly, we can prove that |[WLFf — WL f|| < MI¥™|k —n|- ||Lf — f|| for k < n. It
follows from (3.3) that

o nF n
lenE=DF —Lrfll < e SRy fy MM k—n| - ||Lf— |

MUY Lf— IS8 2 — k|F
MU\ Lf— | 2 (G0 (AL,

IA N

Then by Schwartz inequality for inner products,

IN

le* =0 f — L7 f|

ML f { S M iy e k)
= MIpp- fue”ﬂ/?{zk o B2 —2mk+k2)} .
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But the summation > 72 ﬁ n? —2nk+k?) can be simplified into
k=0 &I

nk

Z%"o%(n —2nk+k?*) = nPe"—2n3y 3%, = 1|+Zk 1(1<: 1)1

= n2e" —2n2e" + 32 (k+1’3! nttt
_ n4n Zk °, k—i—l)n
—nge” + n(ne™ +e ) = ne".

Thus,

lenE=Df —Lrf|| < ALE||Lf - ﬂk””%ne)”2
= Mynrne=On2|Lf—f||.

O
Lemma 3.3 Let W(t),V(t) and As be as in Lemma 3.1. Then, for any T >0 and f € E,
T, W (t/m)V™(t/m)f — W (t/m)et 4o £ = 0 (3.4)

uniformly for t€(0,T).

Proof: By the condition (3.1) and Lemma 3.1, |[W(t/n)V"(t/n)f — W(t/n)etAm f|| is
exponentially bounded. Since D(A) is dense in E it suffices to show that (3.4) holds for
f€D(A*®) by Banach’s Convergence Theorem.

For s€(0,T], |[W(s)V™(s)|| < M1", where | = ¢**>1. Then, by Lemma 3.2,

M/nlme =02V () f — f|
M /re™sel =2V (s) f — f].

W (s)V"(s)f = W(s)e"V =D f|

I IA

tAt/n

By setting s = % and noticing that e”(v(%)_l)f =e f, we obtain

IWEVHE)f =W () fll < Mynestel " =02y (L) — f].

For any w, > w, there exists n, (dependent on T) such that for all t € (0,T], et/ — 1 <
2wot/n for all n > n,. So, for all n > n,,

W (V) f =W (e f] My/me e[V (1) f = f

<
L 2ot [V/m) =11
< Mope™

t/n
Since limy, o0 W = Af for f € N, D(A¥), it follows that
L [W(t/n)V"(t/n)f — W (t/n)e o f|| = 0
uniformly for ¢ € (0,7. |
Proof of Theorem 3.1: For f € F,

W Vet (5 f = SHf] WOV ) =WV

< e
+ WV =W (e f|
+ W(E)ehunf = SH)f].

33



Let I, I> and I3 denote the three components in the right hand side of the above inequality.
We already know that I —0 as n— oo uniformly for ¢€[0,7] (by Lemma 3.3).

For I we have that

I WV EHRV S = £

< M| V(E)f = £l

where the last inequality is due to the stability assumption (3.1). Since V(0) = I, the
strong continuity of V' implies that I; — 0 uniformly for ¢ € [0,7] as n — 0.

It remains to be shown that I3 — 0. By the definition of A, lim,_0Asf=V'(0)f=Af
for f €N ,D(A¥). By Lemma 3.1, there exist w,, M, >0 such that |[W(s)e!s|| < M,ete.
Since W is a strongly continuous family of bounded linear operators and W(0) =1, W(s)
converges strongly to the identity operator I as s — 0. Then, by Corollary 2.1, I3 — 0
uniformly for t € [0,7] as n — oo. O

3.2 Unstable Temporal Approximations

3.2.1 An Exponential Formula

In this subsection, we will generalize an exponential formula for semigroups generated
by bounded linear operators [23, 24, 39] to one-parameter families of linear (possibly un-
bounded and even not closed) operators.

Lemma 3.4 Let A be a linear operator and f € D(A>). Suppose that there exists constants
M >0 and w > 1 such that

|A"f|| < Mw"™  for allneN, (3.5)

Let t — et f 1 [0,00) — E be defined by et f := 520 E4A%f . Then,

n=0 nl

(i) e f is well-defined, entire, and %e“‘f —etAAf =y LAY A f.

n=0 "n!

(i1) (Lsef)(N) = [5° e MeAAS dt for all f€ D(A®) and A > w;

(iif) for any T >0, et f =lim (I+LA)"f uniformly for t€[0,T].

Proof: (i) It is obvious that the series > ;> tnﬁn f is uniformly convergent for all ¢ € C.
Thus e f is well-defined, entire, and

d tA _ d t" A"
€ [o= ’?’LO:OE nl f

_ [e's) t"A"Af — etAAf.

n=0 nl

(ii) Tt is easily verifiable that condition (3.5) implies that ||e!4f|| < Me“t and ||et4Af|| <
wMe*t for t > 0. Then, by statement (i) of this lemma and Remark 2.1, the map ¢ et4 f
has Laplace-Stieljes transform for A > w given by

LA f)(N) = /0 T Mt AAT g,
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O

To prove statement (iii) of the lemma above, we need the following lemma which extends
an estimate due to Chernoff [7].

Lemma 3.5 Let L be a linear operator defined on D(L) C E. Suppose that there exists a
constant | > 1 such that for each fe€ D(L>), there exists an f-dependent constant My such
that

1L f = LR fI| < My

for alln > 0. Then, for eacht > 0, the operator e! L1 f=>00 ML I) f is well-defined
on D(L*>®), and ||e"E=Df — L7 f|| < Mf\/ﬁl”e(lz_l)”/2 for feD(L>) cmd neNp.

Proof: For fe D(L*) and neN,

I =Dl = (L= DL = D)
=iy (5) ((0m L - D f|

< ?:ol LN = D f|
S an—ol ni—l Mflz

Mp(1+ 0"

Then, by Lemma 3.4, e!(*=1) f is well-defined for all t > 0 and f € D(L>).

It is well known that the series Y 7o tki, is absolutely convergent to e'. Therefore the
series > .o %Lk f converges to e' f by the convergence theorem for the Cauchy product
ele!L=1) £ Thus, we have that e®(L=1)f = ¢ WLk f for all f € D(L>), which implies
that

R

i n(Lk - L")fH . (3.6)

k=0
Now, for kK > n and f € D(L*>),

IZEf = Lrfl < S 1L = Ll
S Z?:n-i—l ‘]MflZ
<

MylF+n ) — n).

Similarly we can prove that ||L*f — L™ f|| < Myl**"|k — n| for k < n. It then follows from
(3.6) that

oo nk n
Jert=D g — g < e*“zk:mw;—L f
< Mpe "3 k;l ‘n k”i
— —nn e P (v/m)tnk)
= nyee \/%

Then, by Schwartz inequality for inner products,

L R e
= Ml gtz [y w2 onk k) )

ler =0 f — L7 f]

IN



But,

k k k
Sito fr(n®=2nk+k*) = nPe" — 20332, ﬁ + 2521 %

1 k+1

— 2" — 2p2em + T2, (k+ ;2:”
k+1)nk

—n2e" +n >, (et 1)n? kl)"

—n2e" + n(ne” + ") = ne™.

Thus,
Hen(LfI)f —Inf| < %e”lz/z(ne")lﬂ
= Mf\/ﬁl"e(l2_1)”/2.

O
Proof of Lemma 3.4: (iii) For ¢ = 0, the limit in statement (iii) holds trivially.
For s > 0, let Lg := I4+sA. Then for fe D(A®),
1L f = LEfIl = L8 (Lsf = £l
= sll( +sA)"Af]|
= sl Xioo (7) s"ARAS||
< s Xgoo () st Myt
= swMp(1+ sw)"
< C;féw.)s7
where Gy = swM;. It follows from Lemma 3.5 that
leEs=Df — L2 f|| < Gpy/ne™sele™ =002 for fe D(L™).
Replacing L, by I + sA and Gy by swMy, we obtain
lensAf — (I +sA)"f|| < stf\/ﬁe”“’Se(egws—l)"/?.
Setting s = % in the above inequality yields
[e4f = (T F AV < fr Myetel " =hmf2,
For t€[0,T], there exists Ny > 0 such that e2*¥/™ < 1—|—% for all n> Np. Then
HetAf _ (I+ %A)nf” < ﬁMfewte(1+4wt/n—1)n/2
< ﬁMfEBWt,
which implies that lim, (I + LA)"f = €' f. O

3.2.2 Von-Neumann Stable Temporal Approximations

In this section, we extend the Chernoff product formula to possibly unstable approximation

methods.
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Theorem 3.2 Suppose that A generates a Cy-semigroup S. Let V := {V(t) : t€[0,6]} be
a family of linear operators satisfying D(A) C D(V(t)*°) for all t € [0,]. Suppose that the
map t — V(t)f is continuous for all f € D(A). If there exists a constant w > 0 such that

(a) for all f € D(A), t €1[0,8] and n € N, [V (t)f — V() f|| < tMpe™t for some
f-dependent positive number My, and

(b) there exists a family {W(t) : t €[0,6]} of operators defined on D(A?) such that for
each f € D(A?) the map t — W (t)f is continuous, W(0)f = 0, and ||V (t)f —
Vi) f —t V() AF|| < te™||W(t)f| for all t€[0,8] and n€N,

then limn, ooV (L) f = S(t)f for each feD(A), uniformly for t in compact interval [0,T]
for any T > 0.

Before proceeding to prove Theorem 3.2, we first discuss connections of this theorem to
the Chernoff product formula and to the Von Neumann stability condition.

Remark 3.1 If a temporal approximation method V is consistent on D(A), and stable in
the classical sense that

V()| < Me™t,  for all (t,n)€0,0]xN (3.7)

for some positive constant M,w independent of n and t, then conditions (a) and (b) of
Theorem 3.2 hold. Hence, Theorem 3.2 is a generalization of the Chernoff product approz-
imation formula.

Proof of Remark 3.1: For fe D(A), t€]0,9) and neN,

v@"-1ves -1l

Ve ™f-vrfl <
S Menwt”t . V(t)tf*fH.

(3.8)

Since V' is consistent on D(A), it follows that the limit lim; g V(t)tf =t

||%|| is bounded on (0, ). Without loss of generality, we assume that s1(1§)§)H % | <
te (0,

%. Then it follows from (3.8) that ||V (¢) f — V™(¢) f|| < tMpe™*, which is condition (a)
of Theorem 3.2.

exists and hence

For f € D(A?), t€[0,6) and n€N,

V@™ if =ve"f -tV Afll Ve - IvVe s - f—tAf]
Mert|t - YOIZT _yp g (3.9)

tMenth V(t)tf—f _ Af”

IN A

For t €10, 4], define a family W(t) of operators on D(A) by

M (Y=L —Af) fort >0,

wins:= { 0 for t = 0.
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Then, from (3.9) we obtain that
[V f—vrf -tV Afll < te™ W)

for f € D(A?). Tt is obvious that the function ¢+ W (t)f is continuous for ¢ € (0, §] for each
fe€D(A). Since V is consistent on D(A), it follows that for each f € D(A), the function
t—W(t)f is continuous at ¢ = 0. This shows that V" also satisfies condition (b) of Theorem
3.2 O

Remark 3.2 Condition (a) of Theorem 3.2 implies that V satisfies the Von Neumann
stability condition (1.21) on D(A), namely, for all fe D(A),

T (IV () 7)Y < et (3.10)
Proof: Let f€D(A). The telescoping equality V(t)"f =37~ [V(t)kﬂf—V(t)kf} +f yields
that [[V(O"f < Srcy IV f — V(EFEF|| + || f]]- Then, condition (a) of Theorem 3.2
implies that

V@ sl < Sizo tMpe™ + | £l
< ntMpe™' +||f]]
< e Mpent + | f]
< (Mg + | fl)ererhr
from which (3.10) follows immediately. O

Similarly, we can show that the spatially discretized temporal approximation method
V(t; Ap) also satisfies the Von Neumann stability condition (1.20) when condition (a) of
Theorem 3.2 is preserved for the method V' (¢; Aj,). Namely, the following remark holds.

Remark 3.3 If a spatially discretized temporal approzimation method {V (t, Ap) : Ep —
En :t€(0,6],he(0,e)} satisfies

IV (t; Ap)™™ fr, = V(5 Ap)" fil| < tMy, ™ (3.11)

for all (t,h) €[0,6] x(0,e) and n € N. Then the Von Neumann stability condition (1.20)
holds for the approximation method {V (t; Ay) : (t,h)€[0,d]x(0,¢)}.

Now, we accumulate two lemmas for the proof of Theorem 3.2.

Lemma 3.6 Let V(t) be as in Theorem 3.2. Let T > 0. For each s € (0,T], define
Asf = %f for f€D(A). Then condition (a) of Theorem 3.2 implies the following.

(1) For f e D(A),
lim [[V*(t/n)f — e 4nf] =0 (3.12)

uniformly for t€(0,T).
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(ii) For f € D(A) and t > 0, the function t — et A f == Sk = Owtk,;‘EAsf is well
defined, and for any w, > w there exist s, € (0,T] such that for each s € (0,s,),
let4s As fI| < Mpe®ot for all f€D(A) and t > 0.

(iii) For f€D(A) andt >0, the function t—setdsf = 32, %f is well defined, and for
any w,>w there exist s,€ (0, T] such that for each s € (0, 5,), |lef|| < (|| ]| —I-%f)e“’ot
for all fe D(A) and t > 0.

(iv) For any w, > w there exist s, € (0,T] such that for each s € (0,s,) the integrals
Rs(\)g =[S e MelAsgdt exist for all g € D(A)UAs(D(A)) and A\ > w,, and the
equality Rs(N\)(A—As)f=f holds for all \>w, and fe€D(A).

Proof: (i) For ¢t = 0, (3.12) is obviously true. For ¢ € (0,71, condition (a) of Theorem 3.2
implies that
Vr(s)f =V ls) f]| < sMpe™®
= Ggyl",

where Gy = sMy and [ = e** > 1. Then, by Lemma 3.5,

||Vn(8)f _ en[V(s)—I]f“ < G&f\/ﬁlne(lg—l)n/Z

S My frensele*~In/2, (3:13)

By definition of Ay, e"V(&)~1f = ensAs¢ Thus taking s=t/n, we have that enlVE/m)=Il ¢ —
et/ Then it follows from (3.13) that

IVE" f = el < My Loestele " =tn/2,

For any w, > w, there exists n, (dependent on T) such that e***/" — 1 < 2uw,t/n for all
n > n,. So for all n > n,,

V() f —emfll < My etewt
wt ,wot

Mfﬁe ever,
from which statement (i) follows.
(ii) For f € D(A) and n € N,

Az A, f| = || (K=D)" (K= g

ST i (1) (L) V() L |
ST (1) Myes

= M (%)n

IA

where the last inequality is due to condition (a) of Theorem 3.2. Then, by Lemma 3.4,
et4s A, f is well-defined for f € D(A) and ¢ > 0.
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Statement (iii) of Lemma 3.4 implies that

let Asfll = [ limpmoso (I + 5 A)"™ Asf]| (3.14)
= limm—oo |[Am + V()™ As £, '
where )\m —1 m;i;t and Hm = 1-— )\m = % Since
| O+ V()™ Asfll = | S (1) Am=igd Vi(s) V=L g
< S (M) AT, My

My (A + pme?®)™

it follows from (3.14) that [|e‘ds Agf|| < Mplimy,—oo [1 + pm (e — 1)]™ by noticing that
Am = 1 — piy. For w, > w, there exists s, > 0 such that e — 1 < w,s for all s € (0, s,].
Then,

|et4s A f| My limgy, o0 (1 4 pmwos)™
My limp, oo (1 + 228)™
Mfew"t.

IA I IA

(ii) By an argument similar to that in the proof of statement (i), we can show that e4s f
is well defined for f € D(A) and ¢t > 0. Now, by statement (i) of Lemma 3.4, !s f =
f+ Jies Agf dr. Then by (i),

M,
e FIl < [1£]+ Mfe“”df < (Il + =L
w

) WoT

o

(iv) By the two estimates established in statements (ii) and (iii) for e*4s f and e*4s A, f, the
integrals Rys(\)g = [5° e MelAsgdt exist for all s€(0,s,), A>w, and g€ D(A)UA (D(A)).

By statement (i) of Lemma 3.4, we have that et4s f—f = f(f e™s A, fdr. Then it follows
from Remark 2.1 that for s€ (0, s,), A>w, and fe D(A),

[Ls(ef=PIN) = [§7 e Ne e Asf dt

= R(MAsf. (3.1

On the other hand, with the estimate established for ||e*4s f|| in statement (iii), integrating
by parts we obtain

[Ls(edf=PIN) = [ e Md(e s f~f)
= AfgleM(etsf—fdt

which, together with (3.15), implies that

Rs(/\)()‘_As)f =/

40



Lemma 3.7 Let As; be as defined in Lemma 3.6. Then condition (b) of Theorem 3.2
implies that for any w, > w, there exist s, € (0,T] such that for s € (0,s,) and f €
D(A?), et4s (A, — A)f is well-defined and ||ets (Ag — A)f|| < ewot||W(s)f]|| for t > 0, and
lims_.o Rs()‘) (AS —A)f =

Proof: For f € D(A?) and n € N,

lAz(A— A fll = || (LL=D) (=L - a) g

= s i () () Vis) (KL - A) g
ST (1) e [W(s) f |
= (=) s,

where the last inequality is due to condition (b) of Theorem 3.2. Then, by Lemma 3.4,
t4s(Ag—A)f is well-defined for f€ D(A) and ¢ > 0.

IN

Statement (iii) of Lemma 3.4 implies that

e (As=A)fIl = [Nlimmoo (I + 5 4)™ (A= A)f]

. 3.16
=l [+ V(A A, O
where A\, = %;t and g, =1— Ay, = % Since

|+ V()™ A = [0 () At Vigs) (V2L — 4) £

2o (T) AR ke W (s) £l
(Am + pme®)™ [[W (s) 1],
it follows from (3.16) that ||e!4s (As—A) f| < limp oo [1 + ptm(e® — 1)]™ ||W (s) f|| by notic-

ing that A\, = 1 — . For w, > w, there exists s, > 0 such that e“* — 1 < w,s for all
s € (0,s,]. Then,

I IA

e (As = A)F| < Tt oo (14 mwos)™ [W(5) ]
= limp oo (1+<L)™ W (s)f|
<

e [W(s)fl-

With the exponential bound established above for et4s(A,— A)f, it follows that the

integrals Rs(\)(As — A)f exist for all f€ D(A?) and s€(0,s,), and
RN (As = A)fll < fg~ e Ml (Ag — A) flldt

Jo©o e Nt W (s) fldt
(A=wo) H[W (s) fII-
Since W is strongly continuous and W (0)g = 0 for g€ D(A), we have that lims_,g Ry(\)(As—
A)f=0. O

A

Proof of Theorem 3.2: For f € D(A),
Ve (E)f =Sl

IN

V(5 f = e g

let4om f — S()f]1 (3.17)

+
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Since limy o0 [V (L) f — e!At/n f|| = 0 by Lemma 3.6, it remains to be shown that

lim etAemf = S(t)f. (3.18)
Let Rs and w, be as in Lemma 3.6. For f€ D(A) and \>w,, we obtain from statement
(iv) of Lemma 3.6 that R(A, A)f = Rs(A\)(A—As)R(X, A)f. Then,

Rs()‘)f - R()H A)f = Rs()‘)f - Rs()‘)()‘_AS)R(Av A)f
Rs(M[(A=A)= (A=A )|R(N, A) f (3.19)
Ry(N)(As — A)R(X, A) [,

Since f € D(A) implies that R(\, A)f € D(A?), it follows from Lemma 3.7 and (3.19)
that lim, oo Rs(A)f = R(A\, A)f for all A > w,. Then, with the boundedness condition for
et4s A, f proven in statement (ii) of Lemma 3.6, it follows from Theorem 2.4 and statement
(i) of Lemma 3.4 that limy_.q e*4s f = S(t)f uniformly for ¢ € [0,T] for all f € D(A), from
which statement (3.18) follows. O

One well-accepted meaning of stability for convergent methods that is also implied by
definition (1.4) is that when the initial value has a small error, the approximated solution
has a small error too. However, approximation methods satisfying only conditions (i) and
(ii) of Theorem 3.2 may not necessarily be stable in this sense, but are stable in a sense
very close to this.

Theorem 3.3 Suppose that condition (a) of Theorem 3.2 is strengthened to the following.
There exists a constant M >0 such that for all f€ D(A),t€[0,6] and neN,

IV (@6 f = VO FII < tMe™ (| f |+ AFID- (3.20)
Then for each f€ D(A) and each sequence {f,}C D(A) with
Tim || fu— 1| + |A(fa— )]l = 0, (3.21)
limy, oo V(L) f, = S(t) f uniformly for t in compact interval [0,T] for any T > 0.

Proof: For f € D(A), Theorem 3.2 implies that lim, o V(£)"f = S(¢)f uniformly for
t€[0,T]. It then suffices to show that for any sequence {f,} satlsfylng (3 1),

limy, oo V(L) (fu—f) =0 (3.22)
uniformly for t€ [0, T7.

For f € D(A) and a sequence {f,} satisfying (3.21), we have that

IVE Fa= DIl = 1158 [V G ) =V h)| + (B
fa= A1+ S IV (fa= 1) = VEE =Dl

IN
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It then follows from (3.20) that

V)" (fa= DI = fll + ey EM R (|| fo— fll + | A(fa— )]
1fn = £l + ks M e [l fu—FIl + A= ]
= fI + EMe“* [ fu— fII + |A(fn = F)II]
(A+tMe) [l fo—fll + 1A(fn = DI,

Then statement (3.22) follows from (3.21).

IA AN
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4 Applications

In this chapter, we apply Theorem 3.3 to the unstable but Von-Neumann stable temporal
approximation method given in Chapter 1, an ADI type factorized temporal discretization
method, and a domain decomposition based factorized temporal approximation method.

4.1 The Unstable but Von Neumann Stable Method
In Section 1.2, we have considered the evolutionary system
u'(t) = Au(t), t>0,
u(0) = feD(A),
on the Hilbert space E := {f € L?[0,n] : f(0) = f(7) = 0} with A + A; + Ay, where
Arf = " Aof = Y02, (f,er2)ex. We also investigated the temporal approximation

method ; ;
V() f = (- 5Al)*l(f +tA) (I + §A1)f,

and showed that it is unstable in the classical sense but satisfies the Von Neumann stability
condition (1.21). Now as an application of Theorem 3.3, we shall prove that this temporal
discretization method satisfies the following statement.

Statement 4.1 For fe D(A), and any sequence {fn}>2> C D(A) with
T (L1 + 12— 4] = 0,

lim,, oo V(%)”fn = S(t)f uniformly for t€[0,T] for any T > 0, where S is the semigroup
generated by A.

Proof: Since Aj is bounded, D(A) = D(A;1). Thus D(A)C D(V(t)*°). Since A; generates
a contraction semigroup and A, is bounded, it follows immediately that the map t— V (¢) f
is continuous for all f€ D(A).

The three inequalities (1.23), (1.24) and (1.26) are combined into

(1= 3407 < 1,
I(T+5A0)(I—3A)H <1, (4.1)
1+t < 1+t

For t > 0, denote Y (t) := (I+tAs)(I+LA1)(I—L£ A1), that is,
t _ t
V()= (I-L Ay (a-La.
Then (4.1) implies that ||[Y'(¢)|| <1+ t¢. Now for fe D(A) and n€N,

V@ f=verfl = v v -1 £
= |(I—5 A1) Y ()" [(I+A2) (T+5A1) — (I—5A1)] f]
= t|(I-5A) Y ()" [(T+5A2)A — SA3] £
<Y ()" [(I+542)A - 5A3] flI,
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where the last inequality is du to (4.1). From the inequality ||Y (¢)|| < 1 + ¢ we have that

V@)™t f —ve)"fl 1+ )" [(I+542)A — 5 AZ] f]|
te" [[|(1+5A2)Af|| + |5 A3£]]
te" [(1+3)IAfI + 311

te™ [ ALl + e[ £1]

e (AL + 1A

IA A IA DA IA

Now, for f€ D(A?) and n€N,

V(Y™ f = VL), —tVt)'Af|

V@)* [V(¢)—I-tA] fll

= =540 Y ()" [(I+A) (I+54) - (T—3A4) [—A) |
t(I=3A) 1Y (1)"[5A% — SAZ]f]
t(1+1)"|15(A* = A9 f]

te!|| 5 (A% —A3)f|l.

INIA

Set W(t) := £(A*—A3). Obviously, the map ¢— W (t)f is continuous and W (0)f = 0 for
all f€D(A?). Then, by Theorem 3.3, lim,, .o V(£)" f,, = S(t) f uniformly for ¢t€ [0, T] for
T2>0. O
4.2 ADI-type Factorized Methods

In this section, we use Theorem 3.3 to exmaine the convergence of the popular ADI-type
temporal approximation methods for quasi-dissipative operators in a Hilbert space.

Lemma 4.1 Let E be a Hilbert space with inner product (-,-). Let A be a Cy-semigroup
generator on E satisfying the quasi-dissipative conditon

Re (Af, f) < wl|fII%, (4.2)

for some constant w > 0. Then the Crank-Nicolson method V(t)= (I—%A)_I(I+%A) satis-
fies the stability condition

|V (t)]] < e**' for all t€]0, 1y (4.3)

Proof: Since A generates a Co-semigroup, it follows that (I—tA)~'€L(E) for t€[0,1).
Since (I — £A)™! and (I + £A) commute on D(A) for t€[0, 1], it follows that the stability

1

w
conclusion (4.3) is equivalent to that [|(I + SA)(I — $A)7lg|| < e*?||g| for all g € E.
Replacing (I — 5A)~!g by f, this is equivalent to

11+ 5A)F| < e2t)/(1 = SA)f|| for t]0, 1], Fe D(A). (4.4)
Squaring the left hand side of the above inequality, we obtain

1T+ 3AFP = 10+9)f +5(A-w)f]? .
= (1+SI1? +t(1+5) Re (A=w)f, f) + GlI(A-w) fI*.
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Squaring the right hand side of inequality (4.4), we obtain

HI=5A)fIP = (=515 (A=w) /| 2
= et (12|~ 105 Re {(Aw) , )+ HIEE]

Therefore, (4.4) holds as long as
t(1+5) +(1=5) e Re (A-w) f, f) < [(1-5)%e™ = (1+5)?] || f]I? (4.5)

for all ¢ € [0,1] and f € D(A). Since t[(1+%) + (1—%)e*!] > 0 for all t € [0,1], and
Re (( w)f, f) < 0 by the quasi- dissipativity assumption, it follows that (4.5) holds if
(1—¢)2et — (1442 > 0 for t€0, 1], which is obviously equivalent to

(1-)e2t — (1+4) >0 for t€[0, 1], (4.6)

Let h(t) :== (1-%)e* — (1+1%) for t €[0,1]. Obviously h is differentiable on [0, 1] and

W(t) = (3 —t)e* — 1. Since W'(t) > (1 —t)e* > 0 for t€[0,1], it follows that the function

t+— h(t) is increasing on [0, 1]. Again since h(0) = 0, it follows that h(t) > 0 for t € [0, 1].
Therefore, h(wt) > 0 for t€[0, 2], which is exactly (4.6). |

Theorem 4.1 Suppose that A = A+ Az with D(A) C D(A;)ND(Asz) generates a Cp-
semigroup S, and there exists a constant w > 0 such that

Re(Aif, f) <wl||fII* for all f€D(A) (4.7)
fori=1,2. Let {V(t) : t €0, %] be a family of linear operators given by
V(t) = (T=4A0)7 (T = $A0)" (T4 540) (T + 541) .

Then, for f € D(A) and {f,}52; C D(A) with lim, o ||f — full + [|A(f = fo)|| = 0, the
limit limn_,oovn(%)fn = S(t)f exists uniformly for t in compact subsets of [0,00), where

S is the Cy-semigroup generated by A.

Proof: By the Lumer-Phillips theorem, condition (4.7) implies that ||(A—w)(A—A4;) 7| < 1
for A > w for ¢ = 1,2. This is equivalent to [|(I—t4;)7!|| < (1—wt)™! for t €[0,2) and

i=1,2. Since (1 —wt)™' < e?! for te[0 we obtain that

s 35))
(1 = $A4)7H < e (4.8)
for t€[0, 1] and i = 1,2. For t€0, 1], let
Y(t) = (I—342) (I +542)(I+5 A1) (I - 5A41)7
By Lemma 4.1, the quasi-dissipativity condition (4.7) implies that

Y@ < e (4.9)
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for t€[0,1] and i = 1,2.
Let t€[0, 2]. Then D(A)C D(V(t)>) and the map ¢+ V(t) f is continuous for f € D(A).
For fe D(A) and neN,

V(@)™ f —ve)fl

V™M) — 5A1) (I - 5A2) A
t(I = 5A)Y ()" (T — 3A2) T ASl.

Then, by (4.8) and (4.9),

V&)™ f—vOrfll < tlAf]le“t(eter)m et
< tJAf] e,
Now for f€ D(A?) and n€N,
V)™ f = V()" —tVE)"Af]l = t[V"( )[( —3A41) (-3 42)7 — I] Af|
= tl(I—3 Ay V()" [( A2)*1—( —5A)] Af]|
< te(e 4“’ )M (1= tAg) —(I-£A)] A
< te®n|| [(T-542)71 = (I-3A1)] Al

Let W (t) = (I-5Ag) ™t —(I-L Ay) for t € [0, 1]. Clearly, the map t+— W (t) f is continuous and
W(0)f =0 for all feD(A;). Since D(A) C D(A;)ND(A3), it follows that Afe D(A;) for
all f € D(A?), and hence the map ¢+ W (t)Af is continuous and W(0)Af = 0 for f € D(A?).
Then by Theorem 3.3, for any sequence { f,,}°2; C D(A) with lim, .« || f—=fnl|+[|A(f~fn)]| =
0, the limit im V (L)" f, = S(t) f exists uniformly for ¢ in compact subsets of [0,00). O

4.3 A Domain Decomposition Method

In this section, we use Theorem 3.3 to analyze the convergence of an operator splitting
based domain decomposition method (see [40, 41]). A description of the method is given
below.

We consider the homogeneous initial-boundary value problem

sult,z,y) = Au(t,z,y) t>0, (z,y) €,
u(t,z,y) = 0 t>0, (z,y) €09, (4.10)
U(O,.’L‘,y) :f(a:,y) fED(A)v (l’,y)GQ

where A is a closed self-adjoint linear operator in the Hilbert space

L3(Q) = {feLQ(Q) . f(z,y) = 0 for (:c,y)eag},

and € is a two dimensional rectangular domain. Suppose that A satisfy the quasi-dissipative
condition

Re (Af,f) <w(f.f). (4.11)

where (-,-) denotes the L? inner product. We define a bilinear form (-,-) from D(A)x
D(A) — L§(Q) by
{(f:9) =2w(f,9) = ([, Ag). (4.12)

47



Since A is self-adjoint and quasi-dissipative with the L? inner product, it is easy to verify
that (-,-) 5 is an inner product. Define a new space

E:={feDA): Iflls = /if. f)g < oo}

Using the closedness of A, it is verifiable that E is a Hilbert space.

The domain  is divided into p open subdomains €y, g, -, ©, (e.g. as in Figure
1), where these subdomains do not contain any part of the interface boundary and thus
are disjoint. And the interface boundaries are defined as the set of points which are on the
boundary of the subdomains and are in the interior of €2. We denote the interface boundaries
by B. Then the complement of the interface boundary is B¢ = 2, UQoU--- U, and then
Q= B°UB.

o 0, o 01 Q,

Figure 1

We discretize the domain 2 uniformly in each dimension with mesh size h = max(hy, hy),
obtaining a discrete grid

Qh:{<$i7yj):i:0717”'7m7 andj:0717”'7n}7

where x;_1 and x; are neighboring coordinates in the x-dimension, and y;_1 and y; are
neighboring coordinates in the y-dimension with (zo,v;), (£m,y;), (i, y0), (€i,yn) on the
boundary 0€2. We define a finite dimensional function space Ej on the discrete domain by

B, = {feL2(Qh) . fz,y) = 0 for (m,y)G@QﬂQh} :

Let Aj be the discrete spatial approximation of A. If Aj retains the self-adjointness and
the quasi-dissipative condition

Re (Anf, ) <w(f, [), (4.13)

with respect to the finite dimensional L? inner product

. ’I?’L’I’L f xlvy] (l"iayj)’
i=1 1

.
Il

where [ and w respectively are the length (|zo—x,|) and width (Jyo—yx|) of the rectangular
domain €2, then F}, is a Hilbert space under the inner product

<f7g>h = 2w (fv g> - <f7 Ahg> . (414)
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With both the decomposition and discretization of the domain 2 ready, we define the
decomposition of the discrete domain €2 simply by inheriting the decomposition of the
original domain:

Q]w‘:QhﬂQi for t1=1, 2, ---, p,
{ By, =Q,NB.

Then our domain decomposition algorithm for computing the solution uZ'H at the (n+1)-th
time step from the current n-th time step is as follows.

1. Compute uZH at By, using an explicit scheme. These computed data provide the interface

boundary conditions.

2. Compute UZH on the subdomains Bj using any unconditional stable scheme with the

interface boundary conditions computed at step 1.

3. Throw away the interface boundary condition computed at step 1, bring back «™ on By,

and then implicitly recompute uZH on By,

There are several choices for the explicit operator in step 1, for the implicit subdomain
solvers in step 2, and for the implicit replacement operator in step 3. For the convenience
of discussion, we choose the explicit scheme in step 1, and the implicit scheme in both steps
2 and 3.

We first introduce some notations for the representation of our algorithm. Define two
operators Ap1:=Xp, Ap, Ap2 ::X32 Ay, where Xg is the characteristic matrix for a subset

S of Qj, defined by
uy(x), xels,

(XSUh)(HT):{ 0 r 8.

Thus Xg is a diagonal matrix that has 1 at the positions corresponding to the grid points in
the subset S and 0 everywhere else. The two matrices Ay, 1 and Ay, o are hence “restrictions”
of A on By and Bj respectively. They form a splitting of matrix Aj, namely, A, =
Ap1 + Apo. It is easy to see that the matrices Ay and Aj o have several rows whose
entries are all zero. For the matrix Ay 1, the non-zero rows correspond to the grid points
on the interface boundary, and the non-zero rows of the matrix Aj o correspond to the grid
points on the subdomains. If we order the grid points in such a way that the grid points
on the interface boundaries are listed before the grid points in the subdomains €2 Be as in
the ordering u, = (u B, U BE)T, then with any spatial approximation method, the matrix

Ay, has the form A, = (521 g;), where

D
Apy= (5 0) and Ano = (£, B,)- (4.15)
We first establish some properties about these two component matrices.

Lemma 4.2 If the matrix Ay is symmetric and satisfies the quasi-dissipative condition
(4.13) for each h € (0,1), then for all h € (0,1), the component matrices Ap1 and Apo
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satisfy the quasi-dissipative condition Re (Ap;f, f), < w(f, ), with respect to the inner
product given by (4.14).

Proof: We prove only the quasi-dissipativity of Aj ;. The proof for Ay, o is exactly the
same and thus omitted.
Let f € Ej. By definition,

(Anaf, £y, = 2w (An f, ) = (Apa f, Anf) - (4.16)

Since Ap 1 =Xp, Ap, we have that

(Apa fo Anf) = (X, Anf, Anf) = (XB, Anf,XB, Anf) = (An1f, Anrf)-
Then from (4.16), we obtain that

Re(Anr1f, f), = 2wRe({Anif, f) — (Anof, Anaf)

W{ A1 f, )+, Ana f) — (Anf, Ana f)
WQ <fa f> - <(w - Ah,l)f: (w - Ah,l)f)

w? (f, f)-

The quasi-dissipative condition (4.13) is obviously equivalent to 0 < w (f, f) — (Anf, f),
which implies that w (f, f) <2w (f, f)—(Anf, f). But the right hand side is exactly (f, f),,.
Then from (4.17), we have that Re (Ap1f, ), <w{(f, f)y O

(4.17)

IA I

Lemma 4.3 Suppose A, satisfies the quasi-dissipative condition (4.13) for all h € (0,1).
Then for all t€[0, -], he(0,1) and f € Ey,

8w
1 X5, (I=tAn1)" Il < ™| Xp, I} + (" = 1)l Xpg £II7- (4.18)
I Xpg (I=tAn2) ™ Il < ™| Xpg fII7 + (' = 1) X, fII7- (4.19)

Proof: We will prove only (4.18). The proof for (4.19) is the same and thus omitted.

Inequality (4.18) is obviously equivalent to
| X5, gllz < ™| Xp, (I=tAp1)gll} + (" =1)|| Xpg (I—tAn1)gll7 (4.20)
for all g€ Ey,. Since XB;Ah,l =0 and Xp, A 1 =Ap 1, the above inequality is equivalent to
| X, glliy < ™| XB, g — tAnaglli; + (' =1)[| X5: g7 (4.21)
The right hand side of the above inequality is equal to
et [ Xp, g} = 2t Re (Ap1g, ), + Il Anagll}] + ("' = D) X5 glI}.
Thus inequality (4.21) is equivalent to

0.< (€ = 1) [|| X5, glI7 + 1| Xng gll7] + €™ [l Anrgll} — 2t Re (Anrg, 9),] -
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But || Xp, g/? + || XB;QH;QZ = |lg||3, the inequality above is again equivalent to

2t ™ (Ang, 9y, < (¢ = Dllglli + e[| Anaglli-

Since e?'t2||A; 1g]|2 > 0, the above inequality holds if

dwt -1 o

e Re(An19.9), < —5—llglli- (4.22)
So to show (4.18), it suffices to show that the inequality (4.22) holds for all g € Ej and
tef0, 5.

Lemma 4.2 states that for all g € Ej,, Re(Ap19,9), < w(g,9)), which, by multipying
both sides by e***, is equivalent to

e*'Re (Ap 19, g), < e*'w (g, ), (4.23)

for all ¢ > 0. Since ' < 2 for t €0, &, it follows from (4.23) that e™*Re (45,19,9), <
2w (g, g), for t€[0, &£]. But 2w < 642171, then (4.22) follows immediately from the above

inequality. O

With the domain decomposition based matrix splitting given, the domain decomposition
method is representable by (see [41] for its derivation)

uZ'H = (I—AtAhJ)_l [XBh =+ XB}cl (I_AtAh72)_1(I+AtAh71)i| UZ (424)

Theorem 4.2 Let V(t, h) denote the error amplification matriz of method (4.24) for (t,h) €
[0,1]x(0,1), namely,

Vi(t,h) = (I=tAn1) ™ [Xp, + Xpg (I—tA2) (I+tAn)]

Suppose that for each h € (0,1), Ay, is self adjoint with respect to the finite dimensional L*
space inner product and satisfies the quasi-dissipative condition (4.13) with w = 0.1 For
each h€(0,1), let Ep, be the Hilbert space with inner product (4.14). If for each he (0,1),
there exists a projection operators Py, : E — E}, such that for each f€ D(A),

SuphE(O,l) ||thHh S MHf||E7 (425)
suphe(0,) [AnPrflln < M(f) for some M(f) >0,
and
lim [|Ap B f — BpAfln = 0. (4.26)

then the limit
Yim (VG B Pf = PaS(@)lln =0

holds uniformly for t in compact intervals, where S(t) is the semigroup generated by A.

!The case of w > 0 can be proven similarly but with more messy calculations. The two lemmas Lemma 4.2
and Lemma 4.3 are sufficient for establishing estimates for the proof of the case w > 0.
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To prove this theorm, we need the following estimates.
Lemma 4.4 The following inequalities hold for t €0, ﬁ], he(0,e) and f € E},.
(1) (V&R flln < [1(I=tAn1) flln for neN;
(A1) [V, h)" 1 f =Vt )" flln < tl|Anflln for neN;
(i) [Vt Ry =Vt hyf =tV (t )" Apflln < || A7 f|ln for n€N.
Proof: (i) Let V(t,h) = (I—tAp1) V() (I—tAp1)™", namely,
V =Xp, (I—tAn )"+ Xpe (I—tAp o) (I+tAp) (I-tAp1) ™ (4.27)

~ 2
Then vaHl% = HXBh(I_tAhJ)_lin‘i‘HXB}CL(I_tAh,Q)_l(I+tAh,1)(I_tAh,l)_lth- It follows
from (4.18) and (4.19) that

VAR < X, Il + | Xay (AR =407 F - (4.28)
A straightforward calculations using the matrix form (4.15) of Ay 1 and Ay o reveals that

Xpe (I+tApn)f =X f,
Xpe (I—tAp )" f =Xpe f, (4.29)
XB}CL (I+tAh71)(I—tAh71)_1f :XB}CL f

for all f € Ej. Then it follows from (4.28) that

VAR < X, A2+ Yo 1]

(4.30)
= [If17

Now for fe€ E},

[(T—tAp )t V" (I—tAp1)fIn
(I =tAp ) - (IVI™ - (=t A1) flIn (4.31)
(=t Ap )M - (T =t An1) flIns

IVt )" flln

VAVAN|

where the last inequality is due to (4.30). By Lemma 4.2, A;,; is dissipative since w = 0.
Hence ||(I—tAp 1) |5 < 1. Then from (4.31) we obtain

IVt )" flln < (T=tAn1) flln:

(i) For f€ Ej,

IVt h)" T f =Vt h)™ £l

[V, h) "Vt k) f = fllin
[(T=tAp )PV (T=tAp )Vt R)f — fln (4.32)
[(I=tAp)[V(E, R)f — fllns

IA I
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where the last inequality is due to the (4.30) and the inequality ||(I—tAp1) || < 1 implied
by the dissipativity of Ay ;. And

(I—=tAp )Vt ) f = f] = (I=tAp )VER)f — (I—tApy) f
= X, +Xpe (It Ap2) I+t A1) f — (It Apa) f
= Xpe [(I—tAp2) (I +tApy) — 1] f + tAp 1 f (4.33)
= Xpe (I—tApo) "tALf + tAn1 f
= [Xpe (I—tAp2) ™+ XpJtAnf.

Then it follows from (4.32) that

IVt h)" L f =Vt )" £ | Xpe (I—tAn2) tAnf|I; + 1| X, tARfIIR

<
< || Xge tARfIl} + | X, tAfI7
= |tAnfl,

where the second inequality is due to (4.19).
(iii) For feEp,

[V (t, )" f =V (t, )" f =tV (t,h)" Anflln

= [V, )"V (t,h)f — [ —tAf]ln

= [[(I=tAp ) V(I —tAp )Vt h) f — f = tARf]|In
< [[(I=tAp )V, ) f — [ — tApf]lIn-

And from (4.33) we have that

(4.34)

= [Xp (I—tAh,Q)_l‘i‘ XBJ tALf— (I—tAhJ)tAhf
= [XB‘ (I—tAh’g)_l— XB}C; +tAh’1]tAhf

= [XB {(I—tAhQ)_l—I} + tAh,ﬂtAhf

= [Xpe (I—tAh’Q)_ltAh’Q + tAh,l]tAhf

= [XBe (

Xpe (I—tApa)™ Xpe + Xp,Jt*Aj f,

(I—=tAp1)[V(t, h) f—f—tAnf]

>0 0 0 0 To

which, together with (4.34), implies that

[V (£, h)" T f =V (t,h)" f =tV (¢, h)" AnflI7

< || Xpe (I=tAp2) P App Anfll7 + || Xb, A7 117
< || Xpe * Ap2 Anfll;, + || X5, 2 A% f1I7

= || Xpg ARFIG + | X, 2 A7 17

= 12 A7 fII7,

where the second inequality is due to (4.19). O

Proof of Theorem 4.2: Define a product space

E= {{fh} 1 he(0,0), fu€En, {fu}ll = sup [[falln < oo},
he(0,1)
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and define an operator A on E by A{fn} = {Anfrn}. Since D(A;) = E}, the domain of
A is obviously D(A) = {{fh} €E : suppgoq) 1 Anfulln < oo} . It is easy to verify that A is
closed. And since Ay, = Ap1 + Apo and Ay 1, Ap 2 are dissipative, so is the operator A.
Then A generates a Cp-semigroup S. Again define two operators A; and Ay on D(A) by

A{fn} = {An1/r} Ao {fn} = {An2fn}-

Then similarly we can show that A; and Ay generate Cy-semigroups S and S respectively.
It is easy to verify that for ¢ > 0,

(I—tA) P ={{I—-tAn1) '},
{( [~ tAp)™ = {(I — tAps) 1. (4:35)

Now, we define a temporal method to approximate the semigroup S. For ¢t €0, 1], define
W(t) by W(t){fn} ={V(t,h)fr} for t€[0,1]. It is easily verifiable that for each ¢t €0, 1],
W (t) is linear and

W(t)f = (I —tA) Wy + Wa(I — tAs) U (1)) f (4.36)
for fe D(A), where
Wy = {Xg,}
Wy = {Xp}, (4.37)

U(t) = {(I+tAn1)}-

To see that D(A) C D(W (t)™) for all t€[0, 1], let f = {fn} € D(A). Then by statement (i)
of Lemma 4.4, for any k€N and t €0, 1],

V&R fulln < 1T = tAn) falln
< Alfulln +tl XB, Anfalln
<

[ fnlln + ¢l A faln-

Since {fn} € D(A), we have that supyc o 1){[lfalln; | Anfrlln} < oo, so
W@k fl = suppeiony IV(ER)* fulln

< suppeony U frlln + tlAnfalln}

< o9,

which means that fe D(W (t)>).

Next, we shall show that for each fe€ D(A), W(t)f is continuous in ¢. Since A; and Az
are dissipative, it follows that for f € E, the maps t — (I—tA;)~!f and t — (I—tAz) "L f are
continuous. Since W; and W5 are bounded operators on E, to show that W (¢) f is continuous
in ¢t for f € D(A), it suffices to show that ¢t — U(t)f is continuous for f € D(A). Now let
f = {fu} € D(A), and let t,¢ € [0,1]. Then, lU(5)f — UE)F] = I{(t — ) Ans fu} Il <
(t — || Af]l, from which it follows that ¢ — U(t)f is continuous for each f & D(A).

o4



For fe D(A), by definition of || - || we have that

W @)™+ f —wr @) £l suphe(o,1) IV (& R)" fo = V(£ h)" fulln

< suppeqo It Anfalln
=t AL,

where the inequality above is due to Lemma 4.4. And for f € D(A?), we can also obtain
the following immediately from Lemma 4.4.

W @)™+ f =W (t)" f = tw ()" Af[| < 2] A% f]].
Then it follows from Theorem 3.2 that for f€ D(A),

Jim W()"f =S(t)f (4.38)
uniformly in compact intervals. Let f € D(A). Then (4.25) implies that {P,f} € D(A). It
is easy to see that S(t) = {e'*}. Then we obtain from (4.38) that

lim sup ||V (t/n,h)"Pyf — e Py fln =0 (4.39)
7 he(0,1)

uniformly for ¢ in compact intervals for each f € D(A). Since Aj is dissipative for each
h € (0,1), the semigroups {e"*"},c(o 1) are uniformly norm-bounded by 1. Since e'n =

(e%Ah)”, the assumption (4.26) and the spatially discrete version of the Chernoff’s product
formula (see [28], pp 96) imply that for fe D(A),

lim (| P, f — P,S (1) fl|n = 0 (4.40)

uniformly for ¢ in compact intervals. Then, with (4.39) and (4.40), the conclusion of this
theorem follows from the inequality

V(5 h)" Puf =St) flln < e V(S B)" P f —e " P flln + [l Pof =S (&) f -
€0,
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