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SPECTRAL-FRACTIONAL STEP
RUNGE-KUTTA DISCRETIZATIONS
FOR INITIAL BOUNDARY VALUE PROBLEMS
WITH TIME DEPENDENT BOUNDARY CONDITIONS

I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

ABSTRACT. In this paper we develop a technique for avoiding the order reduc-
tion caused by nonconstant boundary conditions in the methods called split-
ting, alternating direction or, more generally, fractional step methods. Such
methods can be viewed as the combination of a semidiscrete in time procedure
with a special type of additive Runge-Kutta method, which is called the frac-
tional step Runge-Kutta method, and a standard space discretization which
can be of type finite differences, finite elements or spectral methods among
others. Spectral methods have been chosen here to complete the analysis of
convergence of a totally discrete scheme of this type of improved fractionary
steps. The numerical experiences performed also show the increase of accuracy
that this technique provides.

1. INTRODUCTION

Splitting, alternating directions or fractional steps [21], [16] 27] are well-known key
words which refer to efficient discretization methods for complicated problems of
mathematical physics in several variables. Such methods provide strong reductions
of computational cost with respect to other classical, explicit or implicit methods.
Beginning from the seminal works of Douglas, Peaceman and Rachford (see [14]
15 [24]), many authors extended and improved these methods, but most of them
were developed and analyzed in close relation with specific classical evolutionary
problems and using the concrete properties of their solutions. Soon it was seen
that these kinds of methods suffer order reductions if they are used to integrate
problems with time dependent boundary conditions (see [17]); in order to avoid
such reductions, the authors introduced corrections in some classical alternating
direction schemes, which consist of modifying suitably the boundary conditions
that the original methods suggest for their internal (fractionary) steps. The first
idea which naturally arises for choosing boundary conditions in the internal steps
comes from viewing the solutions of these steps as approaches in intermediate times
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between two time levels, but the evaluation of the boundary conditions at these
intermediate times to define the internal steps is not necessarily the best option.

This order reduction drawback is also present in other classical discretization
methods of initial boundary value problems with time dependent boundary condi-
tions, for example, those derived from the combination of a Runge-Kutta method
and a finite difference or finite element method to discretize the time and spatial
variables, respectively. Such reductions have been deeply studied (see for example
[, [6], [22], [26]) and recently, Alonso-Mallo and Cano ([2], [3]) have developed and
analyzed a technique which can be used in Runge-Kutta or Rosenbrock methods to
avoid such order reduction. This technique also consists of modifying cleverly the
boundary conditions naturally associated with the internal stages of these methods.
This method has two great advantages: Firstly, the computational cost of modify-
ing the boundary values is very cheap, compared with the cost of a complete stage.
Secondly, only few changes are necessary in a standard software to accomplish these
modifications (cf. [10], [20])

In this paper we prove that a similar technique can be implemented successfully
to avoid these order reductions in the integration of initial boundary value problems
with evolutionary boundary conditions with schemes of type alternating directions,
splitting or fractional steps. The key for getting this in a unified way departs from
the works of Jorge [18] and Jorge and Lisbona [19], where they prove that a method
of these types may be viewed and analyzed as a combination of a standard spatial
semidiscretization scheme and a time integration process which uses a special kind
of additive Runge-Kutta method [I3]. Such methods are called fractional step
Runge-Kutta methods and we will refer to them as FSRK methods (see also Jorge
and Bujanda [§]). These ideas have permitted not only the analysis of classical
alternating direction, splitting or fractional step schemes in a unified way, but also
their application to other problems as well as the development of new higher order
fractional step schemes (see [9]).

For carrying out the development and analysis of our schemes, we will first con-
sider, in the next section, an abstract initial boundary value problem formulated
as an operational differential problem. Then we will study the convergence of
a fractional step Runge-Kutta time semidiscretization, with improved boundary
conditions for its internal stages. We prove in Sections 3 and 4 that such improve-
ment permits that the method not have order reductions due to the influence of
the boundary conditions.

The second discretization stage that we have performed to arrive at a numerical
method consists of discretizing in space the stationary problems resulting from
the application of an FSRK method to the continuous problem. Spectral methods
have been chosen here due to their facilities for reaching high orders of convergence.
Section 5 is devoted to the analysis of the fully discrete schemes derived of the use of
a spectral method for the spatial discretization. More classical spatial discretization
procedures can be seen combined with FSRK methods in [I1] and [12].

Some numerical experiences are shown in Section 6 in order to illustrate the
improvements provided by the technique introduced here of modifying the boundary
conditions of the internal stages. Finally, some conclusions are made in Section 7.
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2. NOTATION AND PRELIMINARIES

Let X and Y be two Hilbert spaces. The scalar product in X is denoted by
(). Let A: D(A) C X — X and 0 : D(A) C X — Y be two linear operators.
We study in the present paper full discretizations of the abstract nonhomogeneous
linear initial boundary value problem

u(t) = Aut)+f(), 0<¢<T,
(2.1) u(0) = wo€ X,
ou(t) = g¢g(t) €y, 0<t<T.

In practice, X is a space of functions defined in a domain 2 C R¢ with regular
boundary I', d > 1, A is an unbounded differential operator defined in a subspace
D(A) formed by regular elements of X and 0 is a trace operator onto the space
Y. The restriction of A to D(Ap) = Kerd, the elements of D(A) with vanishing
boundary, is denoted by Ag. (An example would be A = A, D(A) = H?*(Q),
D(Ap) = H?(Q) N H}(2).) We make the following hypotheses:

(A1) The operator — Ay is maximal and coercive, i.e.,

Vu e X,z € D(Ap)suchthat x — Agz = u, and
VYV € D(Ap), (—Aoz,z) > 0.

(A2) There exists an extension operator K : Y — D(A) such that dKv = v for
eachv eY.

For instance, these hypotheses are satisfied when (2.1]) is well posed in the sense
defined in [23].

Since we are interested in approximations of high order, we make the following
hypotheses of regularity of the solution of ([2I): There exists an integer number
r > 1 such that

(2.2) ATy € C([0,T), X), 0<j<m

We remark that the assumption (Z2) implies that the time derivatives of the so-
lution are regular in space, but without imposing any restriction on the boundary
values. In fact, Theorem 3.1 in [I] shows that (ZZ) is satisfied when the data wo,
f and g are regular and the boundary values dug, 9f(0) and g(0) satisfy certain
natural compatibility constraints. As a consequence, we obtain

(2.3) Alu(t) = uD(t) ZAJ =1l () 0<j<r
and by applying the boundary operator
(2.4) DA gt Z&AJ SOy, 0<j<r

These boundary values are used in thls paper in order to define suitable boundary
values of the internal stages of a fractional step Runge-Kutta (FSRK) method.
Notice that the right-hand side of [24) is given only in terms of the data of (21I).

Since we want to use FSRK methods for the time discretization of (&I), we
suppose that

(2.5) A=A, =D F
=1
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1804 I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

where A; : D(4;) C X — X are linear operators, simpler than A from some
points of view, such that D(A) = N, D(A;). For example, following the classical
alternating direction framework, m will be the spatial dimension of the original
evolution problem (d) and operators A; will contain the partial derivatives with

respect to one of the spatial variables x1,xs,...,z4. The techniques in this paper
require that we also assume that

(2.6) A A e D(4;),

whenever lq,...,l;,i € {1,...,m}, and s;, +-- -+ s, < r—1. Moreover, we suppose

that there exist linear operators 9; : D(A4;) C X — Y; in such a way that Kerd =

Ni~, Ker 9; and the assumptions (A1) and (A2) also hold for each pair of operators

A;, 0, 0 = 1,...,m; ie., if Ag; is the restriction of A; to D(Ag;) = Kerd;, the

elements of D(A4;) with vanishing boundary 9;, the following hypotheses hold:
(A1i) The operator —Ayp; is maximal and coercive, i.e.

Vue X,3z € D(Ap,;)suchthat z — Ag;x = u, and
Va € D(Ap,), (—Aoiz,z) > 0.

(A2i) There exists an extension operator K; : Y; — D(A;) such that 0, K;v = v
for each v € Y].

For the time discretization of (2.1]) we consider a special type of s-staged additive
Runge-Kutta method with Butcher’s table

c | A | As |-+ | An
>0 CACARaLS
where b; = [bi1,...,bis]T,c=[c1,...,¢5]T, and

;11 Qs
A; =
Ais1  ° Qiss

Let us denote 1 = [1,...,1]7 € R®, ¢! = [c},...,cL]T, for I > 0, and by T the
s-dimensional identity matrix. From now on, we suppose that (Z7)) has classical

order p; we remember [I8] that the order conditions

. l I I1<j<p
(2.8) by Aiy -+ A cd = ——, 0<i<p-—j
1 Vi 1j (]4—[)' ie € {17”.’m},

are necessary and sufficient so that (2.7) has classical order p when it is applied
to a linear nonhomogeneous ordinary differential equation with time independent
coefficients similar to (21)).

We also use the stage order of (277) as the maximum integer positive number ¢
such that

d=1A4dt1=1,...,¢i=1,...,m.

This definition of stage order is similar to the one used for Runge—Kutta methods.
We remark that this stage order is usually very small for known FSRK methods,
usually 0 or 1. As a consequence, an FSRK method may suffer a severe order
reduction when the solution does not vanish at the boundary and the time stepsize
is not too small. In this paper we use a similar technique to [2] and [3] to avoid
this trouble.
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For n > 0 integer, if we consider a constant time step k > 0, we take t,, = nk < T.
The application of an additive Runge-Kutta method, given by (Z7), to discretize
in time (Z1I), permits us to obtain approximations w,, of the exact solution u(t,)
by using the following process:

Firstly, for the internal stages, we obtain the equations

ZoI->"(AkANU, = AQ@Du,+kY i (A DF; pie,

(293) (81778m)Un = (Gl,n7~"7Gm,n)7

where U,, = [U}, ..., Uz]T, the vector of internal stages,
Finte = [filtn + c1k), ..., filtn + ¢sk)]T and Gy = [0iUy, ..., 0iU;]"

are the boundary values.
The time semidiscretization is achieved with the final equation of the additive
Runge-Kutta method,

m m
(2.9b) Unt1 = tn + Y (0] @ kAN, + kY (] @ I)Fj e
i=1 i=1
If we want to obtain from an additive Runge-Kutta method the cost reduction
typical of the fractional step schemes and preserve the unconditional convergence
properties of classical implicit methods, the following restrictions on the coefficients
of this method must be imposed:

Definition 2.1. A fractional step Runge-Kutta method (FSRK) is an additive RK
method satisfying

al’n‘zo, iE{l,...,S},lG{l,...,m}, aiij =0,Vj>1,

S m S
(2109 Jou |+ D" lanisl # 0= Y (bl + D lars)) =0, j€{l,....s}.
i=1 A=1 i=1
AL

Using these coefficient restrictions and the properties of the operators A; in [1§],
[8], it is proven that the calculus of (Z9al), (2.9b)) has a unique solution. Besides,
such a solution can be bounded independently of the size of k for those FSRK
methods which have all of their stages implicit (i.e., > ;"  aii; > 0fori=1,...,s)
or those FSRK methods which have only the first stage explicit and a suitable

last stage. These two cases contain most of the interesting classical and modern
fractionary step schemes.

3. CONSISTENCY OF THE TIME SEMIDISCRETIZATION

Now, we study the behaviour of local errors of the semidiscrete method defined
S

by (29a) and (229H). We denote by U,, = [ﬁ;, ...,U, )T and U, 41 the values that
satisfy and (2:9H) with w, = u(¢,). Then, the semidiscrete local truncation

error in t, is defined by
(3.1) pn =u(tn) —Un, 1<n<N.

Since U,, are approximations of Uy, 1 := [u(t, +c1k), ..., u(t, +csk)]T, a natural
choice is G;n = Gi e = [Oiu(tn + c1k), ..., Oiu(ty, + csk)]T. As we will see later,
this choice is related to the usual full discretization of (ZII) by using the method
of lines. However, with this choice, the order of the FSRK is only achieved when
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1806 I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

the solution satisfies certain artificial conditions at the boundary. Let us see how
to avoid this order reduction phenomenon. We define

U[O] = Un-i—ca

n

3.2 ) m ) m
(3:2) U = (1@ Du(ty) + O (A @ kA)UY + & (A @ I)Fi e

i=1 i=1

for each 7 > 0 and 1 <n < N and we consider the boundary values
(3.3) a¥ = o,uld,

forj>0,i=1,...,mand 1 <n < N. When we apply the FSRK method given

by (2.9a) and [2.9D) with u, = u(t,) and ([B.3) as boundary values of the internal
stages, the corresponding values obtained in (Z9a) and (2.9H) are denoted by UE]

and EL{].

Theorem 3.1. Let u be the solution of (ZI) satisfying (Z2) for r = p+ 1. We
use the boundary values GL{], 0 <j<p,in (ZTa). Then the local errors p%] =
u(tn) =T, 1<n < N,0<j<p, satisfy

o8N] < CKTIHL for k > 0,

where G(j) = min {p,q+ j}, and the constant C' depends only on the smoothness
of u and the FSRK method.

0]

Proof. First, we take j = 0 and we use G; , = Ggm to get

( ) (I@I—i(AZ@)kAz))U»[,?] = (1®I)U(tn)+k§m:(u4i ®I)Fi,n+cv
3.4 i=1 i=1

@1y 0T = (GG ),

Let 55 ! be the value given by

(35) (Z&I-) (A@kA)UM =1 @ Du(ty)+kY (A @ )Fpie+ 0l
i=1 i=1
By expanding into Taylor series, 55 Vs given by

Poogi
=Y Moo
j=q1 7

Y (A © A (k) + (A @ DIV (1)) ]
i=1
+O(kPTh)
O(kﬁ(O)“).
Denoting Al =yl 7% and subtracting (34]) from (B3),

n

TRI-" (4 @kA)AY = 6
1y-++-3Um n = .
G O ) ALY 0

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



SPECTRAL-FRACTIONAL STEP RUNGE-KUTTA DISCRETIZATIONS 1807
Therefore,
AV =TT (Ai®kA; ) "ol
i=1
for £ > 0. On the other hand, since the FSRK method has order p,

u(tn) + 3 [OF @ kAYUL + k(T © 1) Finec
=1

p—1 Lit1

= ulta) + 3 = ST (A (1) + 1P (k) + O
=0 7 =1
1

0
(3.6) = u(tn1) + OKHY),

where we have used the order conditions bl¢/ = 1/(j +1), j =0,...,p—1,i =

1,...,m.
Subtracting (2.90), with w,, = u(t,) and U,, = UE?] as internal stages, from (3.6,
we get
Pl = Y 0F@kA)T - A @kAig) 6l + O(kP*H).

i=1 i=1

Using the coefficient restrictions (2.I0) and the properties of the operators A;, for
more general initial boundary value problems, it is proven in [I8] and [§] that the
operator Y. (bf @ kA)Z @1 — 3" A; ® kA; o)~ " is bounded independently
of the size of k, for two special classes of FSRK methods which includes most of
the interesting classical and modern fractionary step schemes; from this, we obtain
that pﬂ_l = O(k7O+1),
Let us take 1 < 7 < p — ¢q. Then we have

(3.7)

(T -7 (A ®kA))T)

(1 (24 I)u(tn) + k Z:il(Az ® I)Fi,nJrca

@1, 0T = (G GHL)
and
B8)(ZT®I-Y (A @kAd)UY = @@Du(ty)+k> (A ®DEF pe+ 0,
=1 =1
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whence, by subtracting (B2) from (B3],

sbl —

n

—yli+l

=

(A @ kA)) (U = UYD)

Ms

= (

s
Il
-

= O (Aiokd)) Ul -ul

NE

-
Il
-

(A; @ kA;))7 60

Ms

= (

(3.9) = 0

s
I
-

qur]Jrl).

—~

We define

(310)  wlly =u(ty) + > (07 @ kANUY + &> (b7 @ I)F; e
i=1 =1

We deduce from (3.6]) that uldl = u(tni1) + O(kPT1). Moreover, we have

uH = ) + D07 @ kANUY + B (6F @ 1) F e
=1 i=1
=D _(f @ kAU - UFHY)
i=1
= ulty) + > (07 @ kA)UL + kD (b7 @ 1) Fi e
i=1 i=1
=Y (b @ kA5
=1

= wli = 207 @ kA

i=1

Now, we estimate the last term in the previous formula.

D 0f @kA)s = Y 0 @kA)(D (A @ kA8l
i=1 i=1 =1
m p kT
— j+1 T . ) .. o)
= K ) Z (bi Ay Ay ® A A Alj)z_; - ul” (t)
_ it Z (biTAll .. 'Alj ® A Ay, - ..Alj)
le, ,l =1
p m g (r—1)
xrzz [(As ® Ay) T (tn)
o r 1](3

+(A, ®T)S UV (t,)] + O(kPHath)
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-2

—r Y (b AL A AT @ AAy, - A Au ()
L

i,l1,..,05,5=1

fi+1+r

(> O AL Ay @ Ay, - A u (t,)

B,01,..,05=1

m
—r > (AL A AT @ A A AP ()

i,ll, ,lJ,S 1

+O(kp+j+1)]
A U o 1,
= - T A;A, ---A))u\"(t,
' 1
T:q+1‘7 +1+7] i1yl j=1 ’

_ Z (I ® A;A;, --- Ales)u(r—l)(tn)

_ Z (I ® AiAll e Alj)f:ngl)(tn)} + O(kp+j+1)

= O,

where we have used the order conditions (2.8).
Therefore, we obtain by using a recursive argument

(3.11) ufly = ultnsr) + O, 0<j<p—q
Now, we denote AL{] = Uy[bj] — UE]. For k > 0, we have
Al=(Zorl- Z(Ai ® kAi)) "ol
i=1
We subtract (2.91), with u,, = u(t,) and (B:3) as boundary values of the internal
stages, from (BIT]) written in the reversed order, and we get using (310

pﬂrl = Z bT®k;A ZoI- ZA ® kAio)” 15[J]+O(kp+l)
=1 i=1
(3.12) = O(kﬁmﬂ).

O

In order to illustrate how this process works, we consider now a single example
of the FSRK method which comes from the classical alternating direction method
of Peaceman and Rachford [14] [[5], [24] and which may be used for the time dis-
cretization of (2:I)). This method is given by the array

0 |0 0
1210 12 |1/2 0
(313) 1o 1 o|1/2 0 1/2

o 1 o]1/2 0 1/2]
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1810 I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

The corresponding system of equations for the internal stages [U}, U2, U3]T may
be written as

1 _
U, = un,

kA k k
(1= =502 = un + 5 (AU} + foltn) + 3 filtnray2),

2
kA, . i .
(1- TQ)Uﬁ = un + B(AU; + filtngrs2)) + 5 (AU + foltn)) + 5 foltra),

where, to obtain a unique solution, we need to assign the boundary values
(3.14) G, =0U}, Gj, =dU}
(Notice that, since the first internal stage U} is explicit, its boundary value is not

necessary.)
The time discretization is achieved with the final equation

k k
Upy1 = Up + k(A U2 + Ji(tnyr/2)) + 3 (AzUi + fz(tn)) + 5 (AQUS + fz(tn+1)) .

(Observe that, for this method, u,41 = U2.) This method has classical order p = 2
and stage order ¢ = 1. In order to define the suitable boundary values of the
internal stages, we consider

[0]

Urll’ u(tn)
Ugv[o] — u(tn+1/2)
y3 u(tns1)
and
u(ty
U1,[1] (En) k k
Ug’[” u(ty) + 5 (Aru(tngye) + fitngy2)) + 5 (Azu(tn) + f2(tn))
n = k
gl ultn) + k(Aru(tnirje) + filtniij2)) + 5 (Azultn) + fo(tn))
+5 (Aqu(tngr) + foltns1))

Our results prove order 1 when G§ ,, = Uz = Nu(tpiry2), G, = O, U0 =

dou(tny1) and order 2 when G3, = o Ut G3, = d,USM . Notice that these
boundaries make sense because of (Z6) . In fact, to obtain these boundary values
in practice (without knowing the exact solution ), some trick must be used. Tt
happens in many cases that, whenever v € D(A?), it is possible to calculate 9; Ayv
(resp. 0241v) as C1201v (resp. Ca102v), for some operators Cj; : Y; — Y. (Look
at Section 5.1 in order to understand the hypotheses being made in that particular
example.) Insuch a way, just O1u(t,) is needed to calculate 0y Agu(ty,) for the second
stage, and just dau(t,+1/2) is needed to calculate 2 Aju(t,41/2) for the third stage.
For the rest of the terms needed, as it is usually not possible to calculate 9; 4;v in
the same direct way, the decomposition A = A; + Ay must be used, together with
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the fact that Au = u’ — f. Therefore,

w(tn) + 5 (W (tns1/2) = Azultayi) = foltury))
Uy 2 (Agu(ta) + folt)
vy ultn) + k(Avultugrj2) + fi(tag2) ’

Ul k
+§ (W (tn) — Ayu(ty) — f1(tn))

+§ (' (tnt1) — Aru(tnir) = fi(tnt))

and from here the entire stage boundaries (B.I4) can be calculated. For example,
when the boundary data are 0u(t) = ¢g1(t) and dhu(t) = ga(t),

auzl = Gl
ko,
= gi(tn) + B} (91(tn+1/2) = Cr291(tny1/2) — 31f2(tn+%)>
k
+§ (Cr291(tn) + 01 fa(tn))
Ul = Gyl
= go(tn) + k(C292(tni1/2) + 02 fi1(tni1/2))
k
+5 (gé(tn) - C2192(tn) - a2f1(tn))
k
t3 (95(tns1) — Carg2(tns1) — B2 f1(tny1)) -

Remark 3.2. In other cases more iterations to the stage boundaries would be needed
to achieve the optimal order. It is important to notice that (2:3), together with
[23), the commutativity of the operators {A;}, and the hypotheses that

(3.15) &Aév = C’fj(‘)iv, for every v € D(A™ ) and i # j,1 <1 <r

make that it is possible to calculate the stage boundaries from the given data f
and g. It is also remarkable that the hypotheses (3:15) can be assumed in most
applications. Note also that, although operators A; do not commute, it will always
be possible to calculate GIY which ensures, at least, one order of improvement with

respect to the one obtained with the classical boundary conditions, G[°.

4. STABILITY AND CONVERGENCE

In order to obtain convergence to the solution of the continuous problem (1),
for the semidiscrete solutions obtained with an FSRK method described by (2.9al),
(E9b) with the coefficient restrictions (ZI0), the consistency properties studied in
the previous section must be accompanied by suitable stability properties. In this
context, the classical concept of O-stability is not applicable due to the fact that
operators A, A; are generally not bounded. The natural stability requirement for
our semidiscrete solutions is the preservation of the contractivity of the solutions
of the continuous problem (Z1I). This means that any two solutions u(t) and v(t)
of the same problem (ZII), obtained by choosing two initial conditions ug and vy,
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1812 I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

respectively, verify that ||u(t’) —v()| < ||u(t) —v(t)]|, ¥¢' > t. The preservation of
this condition for our semidiscretization schemes means that

(4.1) [tins1 — vnsa |l < tin — vall, ¥n=0,1,...

and for any two sequences {u, }, and {v, }, generated with the same scheme (2.9a)),
(B9D), from different initial values up and vg, respectively. If the set of operators
{Ao,i} 7 is commutative, then the difference of numerical solutions u,, —v,, satisfies
the recurrence relation

Unp+1 — Un4+1 = ’I“(k?AQ,l, kAQ,Q, ey kAO,m)('U,n — ’Un)7

where
m m
7'(21, 2250 v ey ZM) =1+ Zzlb'LT(I - Z ZjAj)716
i=1 j=1

is called the amplification function associated to the FSRK method. In this case, it
is clear that the preservation of the contractivity for our FSRK schemes is equivalent
to the transition operator is a contraction in X, i.e.,

(42) ||7"(kA071, kAQQ, ey kA07m)|| S 1.
In [19] the authors develop several results which ensure that this transition operator
is a contraction if the rational function of m complex variables r(z1, 22, ..., 2m) is

an A-acceptable rational approximatiorﬂ to the exponential exp(z1 + - - -+ z,,) joint
to some additional assumptions on the commutative system {Ag ;}7*,; moreover, if
the operators —Ag; are coercive, some additional A-stability requirements on the
FSRK methods of type strong A-stability, in particular the L-stability, ensures a
strongest contractive behaviour of type ||r(kAo 1, kAo 2, ..., kAo m)|| < exp(—kf),
where (3 is a positive constant independent of the size of k. In [§], the authors
face a more general evolutionary problem where the operators Ag; may change
smoothly in time. In these cases a weaker stability result is obtained because the
constant § may have negative values, but this property is also sufficient to obtain
convergence for the corresponding semidiscretization procedures, in finite intervals
of time. For proving these stability results in such a quite general context, the
holomorphic functional calculus in several variables is a strong tool. The penalty
to pay is that the commutativity on the operators A ; is a restriction difficult to
overcome for theoretical proofs. Nevertheless, practice shows that this restriction
is not necessary to get numerical stability. In [7} O] the authors perform several
examples considering noncommuting operators Ag; and numerical stability still
remains.

The combination of the stability result (#2)) with the consistency result given
in Theorem Bl permits us to obtain, via a well-known recurrence reasoning, the
following convergence result.

Theorem 4.1. Let u be the solution of (21)) satisfying Z2) for r =p+1, and let
[Z3a), 291) be an pth order FSRK method improved with the modified boundary

conditions G[yf], 0 < j <p. Then the global errors RL{] = u(ty) — u[y{] satisfy
|RU| < CKID)|  for k > 0,

1A—acceptabi1ity means that |r(z1,22,...,2m)| < 1 for all (21, 22,...,2m) € C™ such that
Re(z;) < 0,Vi =1,...,m. Weaker A-acceptability requirements of type A(0)-acceptability can
be considered if the operators Ag ; are self-adjoint.
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where G(§) = min{p, ¢+ j}, and the constant C' depends only on the smoothness of
u and the coefficients of the FSRK method.

5. FULL DISCRETIZATION

In this section we describe the space discretization of the elliptic problems which
define each of the stages in ([29a)), and we analyze the error committed with the
full discretization in space and time. We have considered spectral methods for the
full discretization because they are very suitable for noncomplicated domains (as
the ones in which we are interested in order to apply the advantages of fractional
step Runge-Kutta methods) and because they are extremely accurate for regular
solutions in such a way that, in the numerical experiments, the avoidance of order
reduction in time is revealed even in the case of choosing few nodes for the spatial
discretization.

5.1. Spatial discretization. Now we describe how the spectral method works to
integrate an elliptic problem of the form

*Aiu = fia
(5.1) o — g
For simplicity, we will assume ¢ = 1, the domain is the square = [—1,1] x [—1, 1]

where A; = 0, and 01u means the values of u in

01) = {(_17y1)7 (1ay2)7 with Y1,Y2 € [_17 1]}

The approximated solution u; is searched among the polynomials of degree < J
(I1;) such that

uy = Rl,JU + 11,591,
where RlJu,ILng e II,, 81(R1,Ju) = 0 and I;,5¢; interpolates g; in Z; N 0;12

and vanishes in Z;N ), with =; being the Gauss—Lobatto mesh with J + 1 nodes
in each direction.
Imitating the weak formulation of (B1),

(Viu, Viv) = (f1,v) for every v € H'(Q) such that v = 0,
the following is imposed:
(Viug,Vivy) s = {f1,vs)s for every v; € Iy such that dyv; =0,

where (-,-)s is the Gauss-Lobatto quadrature rule in €. That can be seen to be
equivalent to the collocation method

(5.2) —Ajuy=fin (Q\&lQ) nN=y.
Then, in [5], it is proved that
u(,y5) = waCy) 21,1 = O™ ul, yp) L (-1.17)s

where {y;} are the Gauss-Lobatto nodes. Therefore, applying Fubini’s theorem,
and the fact that the Gauss-Lobatto rule given by (-,-) ; approximates (-, ) 12(q),

lu—wuslls = O™ ull zrm(e))-

Making afterwards the full discretization of the parabolic problem, the most
important values are the interior ones. Therefore we shall denote as R; ; the
polynomial which belongs to X; = II; N H} () and which interpolates Ry ju in

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1814 I. ALONSO-MALLO, B. CANO, AND J. C. JORGE

the interior nodes of Z;. Denoting also by P; : L?(Q) — X the projection operator
with respect to (-,-); on X, it follows that

(5.3) [1Pyu— Rigully < lu—uglls = O " ||ull ),
because Pyu— R; ju vanishes in 02N = and coincides with Pyu— Ry ju in §02 NZj.
For the real implementation and analysis of (5.2), if we are just interested in the

[e]
values of s in ) N = (the same as those of Ry _ju), we can consider the collocation
method in (2\092) N E;. That means that

(54) - PJAlRl,JU - PJAlILng = PJf.

Now, as RLJ’U, =R ju+ IQ,J(‘)Q(RLJU), and PJAlIZJ&QRLJU =0, (&9) is saying
that

(5.5) — AvgoRigu— Bi g = Prf,

where Al,J70 : X] — X] is defined by ALJ’O = PJA1 and BLJ : L2(5‘1(2) — XJ by
By j = PjAi1LL ;. So (B.9) is enough to determine the (J — 1) x (J — 1) interior
values in which we are interested.

5.1.1. Analysis of full discretization. As the values on 0f) are already known for the
exact solution, the internal stages in (Z9al) must be discretized taking into account
that we are just interested in the values of u,, in the interior nodes of =;. From
the previous section, if Uy, jo,un,70 € Xy are the approximations to U, in (Z3al)
and u,, in (2.9D) in the interior nodes, then

(5.6) (I ®I;—k Z(Al X AL]’O))Un’]’O = (1 X I])un"]’()
i=1

+k Z(Ai ® B;,7)0;Up, + k Z(Az ® P7)F; ntes

i=1 =1

m
(5.7) Unt1,5,0 = 50 + k(0] ® Ai 10)Un.s0

i=1

+k Y (] @ Bi ))0iUn + kY _(b] @ Pr)Fjpnie.
i=1 i=1
Remark 5.1. Because of the form of fractional step methods (ZI0), whenever
B;,;0;U,,; has been needed for one of the stages, no other B; ;0;U,,; is needed
for j # i in the following ones.

The following lemma will be used to assure that (5.6) is solvable and the operator
(Z®I;—kY" (A ®A; . 0))" " is bounded. This statement is straightforward in
case the method is A-stable and all the stages are implicit. The case in which the
first stage is explicit is also interesting and must be studied with more care. That
has already been done in [§].

Lemma 5.2. The operators A; jo are dissipative.

Proof. For simplicity we will assume ¢ = 1 and Q = [—1,1] x [-1,1] and A1 = Oy,
although it can be generalized easily to other values of the index 4, a bit more
complicated domains and different operators A;.
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If u € X , then
(A1, 70u,u); = (PrAju,u) ;s = (A1u,u).

On the other hand, if {L;} are the Lagrange polynomials associated to Gauss—
Lobatto nodes in [—1, 1], then for some constants by j

J—1
u = Z bk Li(x)Li(y).

1,k=1

As a consequence, if {a;m} are the Gauss-Lobatto rule coefficients in Q (ajm =
a;jam, {a;} Gauss—Lobatto coefficients in [—1,1]),

J—1
(Arwu)y =Y agmld b Li (@) Li(ym) 1 bracLi(a;) Lic(ym)]

jm=1 Lk 1k
J—1

= Z Um Zaj Zbl mL, l'j Zblle x]
7—1 1

D I O SURTLE SUMALE
o l

= Z am[(z blle Z blle / (Z blmL;(x))de]
m=1 1 -1y

J—1
(5.8) = / Zblle

Here we have used that [Zl bi,m Ly (2)][>°, bim Li(2)] is a polynomial of degree <
2J — 2 in the variable  and the Gauss—Lobatto rule integrates it exactly. Finally,
as the coefficients of Gauss-Lobatto are positive [25], (i) is saying that

(Alu, U)] S 0.
Besides, (Aju,u); = 0 if and only if

> bimLi(x) =0, m=1,...,J-1

As L; =0in {—1,1}, >, bym Li(x) = 0 and therefore b;,,, and w vanish. O

Theorem 5.3. Because of ([Z2), the exact solution v of ([ZI)) belongs to H™(Q),
with m = 2r. Then the full discretization given by (B8)-(B1) with O;U,, = GEJL
in B3) produces an estimate of the solution at the interior of Q and at time t,
(tn,10) such that

| Prutn) = tn,solls = O(nJ>~™ + k10) 4 Ji=m),

Proof. For g € L?(9R2), let I;g be the interpolant of g at QN =, which vanishes
at 6 N=;. Let us also define the set of polynomials of degree < J,

Un.g =Upgo+ ;00,5 = U 10+ I;GY,
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as the solution of

Z@I;—k Z(Al ® A;i.7.0)Un.10

i=1
m
(5.9) = (1@ 1y)Ryu(t,) + kZ[(-Az ® B, 1)0iUn.g + (Ai @ Ry)F; nic]
i=1
and Up+1,7,0 in X7 as
Un+1,J,0 = RJU +k2 ®A1JO n,J,0

_|_]€Z ®sz 8UnJ+kZbT®RJ) i,n+c-

i=1

On the other hand, from U,[lj Vin (1) (denoted as U, for simplicity), u, is defined
as

m m

Unt1 = ulty) +k Z(sz @ A))Up + k Z(sz ® I)Finte.

i=1 i=1
The proof is then based on the decomposition
(5.10) Pru(tny1) —uny1,70 = (Pru(tns1) — Ryu(tng1)) + (Ryu(tngr) — nt1,50),

where R ju is the elliptic projector operator which solves, according to the spectral
discretization in use,

—Au = finQ,
Oou = g in 0N

(5.11)
That is to say, the operator Ry : D(A) — X is such that

(5.12) —AjoRju—Byg=Psf,

where Ao = P;A|x, and By = P;Al;|125q)- Because of classical results in [5],

(513) ||P]u — R]u”] = O(J27m||u||Hm(Q))

Therefore, it suffices to estimate the second brackets in (510), for which that is
decomposed as

RJu(tn+1) — Up+1,7,0 = (RJU(thrl) - RJ’EnJrl) + (RJﬂnJrl - ﬂnJrLJ,O)
(5.14) H(Wn+1,7,0 = Un+1,7,0)-

Then, because of the definition of local truncation error p,, (5:13) and Theorem

B.1,

|Ryu(tng1) — Ritingills = |[Ripnlls = |(Ripn — Prpn) + Prpnlls
= O(J* ™| pullzrm () + lonlls) = O™ |Jul| grm () + KIDT).
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To bound the second parentheses in (5.14)), let us apply Ry to (B.1) and we get that

R;U, = (1®Rjyu(t,) +k Z[(Az ®@ RjA)U, + (A @ Ry)Fi e

i=1

= (A@R)ulty) + kY (A @A joRNUn + kY (A @ Ry)Finye

i=1 i=1

+k Z(Ai ® (RjA; — A joRy))Up

=1
= (1®Rjult,)+k Z(‘AZ ® Ai’J’OR])Un +k Z(Az ® Ry)Finye
i=1 i=1
+k Y (A ® (Ry — Pr)A; + (PrA; — Ai 50R 1)) U
=1

Then,

RjUy—=Upyo=[Z&1; kY (Ai® A"

i=1

x [k Ai @ (Ry — Pr)A; + (PrAi — Ai joR)))Un
=1

-k Z(Al ® B;,7)0iUy,J]

i=1

= ZoI; -k (Ai® A0

i=1
(5.15) x [k Z A; @ (=AijoRy + AijoRi g+ (R;— Py)A)U,).
i=1
On the other hand,
Ryting1 = Ryultn) +kY (0] @ RjA)U, + kY _(b] @ Rj)Fine

i=1 i=1

= Ryu(t,) +k Z(sz ® A go0Rs)Un

i=1
+k Z(b? (24 (R]Ai — Ai,J,ORJ))Un + kZ(sz X RJ)Fi’n+C
i=1 i=1
= Rju(t,)+k Z(Z%T ® A; g0R7)Uy
i=1
(5.16) +k Z(biT @ ((Ry — Py)Ai + (PsA; — Ai joR)))Un
i=1

+k Y (] @ Ry)Finye.

i=1
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Therefore,

Rytn41 — Unt1,7,0

= k(z b; ® Ai y0)(RsUp — Un,s0)

i=1

+kZ[sz ® [(Ry — Py)A; + (PyA; — A; joR))|U, — B;, 70U, ]

i=1

= k‘(z b} @ A 50)(RyUn — Uy i0)

i=1

+k2[b;fr ® (Ry — Py)Ai + Ai s0(Ri,s — Ry))]Un.
i=1

Because of (5.13) and the definition of U,, in (3.7,

I(Ry = Pr)AiUnl| s O~ 2| AU | )
(5.17) = O ™ Unllam o)) = O™ [ull gm (0))-

It is also true that
Aigo(Rig— Ry) = Ai jo[(Ri,.; — Py) + (Py — Ry)],
and from here, attending to (E3) and EI3),

I Ai,s0(Rig — Ry)Unlls < |Ai,0,00(J> ™ | Unl| () |5
5.19) A
= O(J47m||u||Hm(Q))'

Using now (515), (BI7), (G.I8) and the uniform boundedness on J and k of
ity b @kAigo) (I @ Iy — kY0, AiAi o)~ Bl [18],

Rjyty41 — Unt1,7,0 = O(kJ4_m||u||Hm(Q)).

As for the third term of (EI4), subtracting (G.6) from (E), we get that

m
Unyo—Ungo = (T®I;— kZAi ® A go) !

i=1

<[(1® Ly)(Ryul(tn) — tn,50) + k> _(Ai @ (Ry = Py))Finiel,

i=1
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m
Unt1,00 — Un+1,00 = Ryu(tn) —ungo+k Z(biT ® A;.7.0)(Un,70 — Un,s0)
i=1
m

+kY (6] ® (Ry = Py))Finse
i=1

(5.19) = RJ'U'Etn) — Un, J,0
+k zm:(sz & Ai,J,O)(I@ I;— kiAz & Ai’LL())_l
i=1 i=1
x[(1 @ L) (Ryu(tn) — tn,10)
+k i(-Ai ® (Ry — P1))Fin+c]
i=1

+k) (b ® (Ry = Py))Finse-
i=1

Now, (BI3) implies that
(R = P3)Fumte = O D)l m-2(0) = Ol s cay)-

Using again that Y.~ (b @ kA; j0) (T @1, — k> (A ® A; 50)) "t is a bounded
operator,

Unt1,0,0 — Un+1,00 = T(kA1L 70, kAm 70)(Ru(ty) — Un,10)
FO(kJ ™ ull zm (),
and as a consequence,
Ryu(tn+1) — tnt1,00 = (kA1 105, kAm,70) (Ryu(tn) — Un,70) + €10,
where
€rn = O(JF™ 4 T+ 4 | gi=m),
Using a recursion argument,

n—1 n—1

Ryu(ty) —un, g0 = Z( H (ki A1 g0 ki Am,0)€00,)
lo=0 l1=l2+1
n—1
(5.20) + I rtki, Avsos- - ki, A o) (Ru(0) — Pru(0))
=0
= O(nJ* ™+ k10 4 gi=m),
because of (Z2). O

Remark 5.4. In practice, it happens many times that for moderate stepsizes k.,
the global error behaves in this way:

Pru(tn) — tn,z0 = O(J* ™™ + K1OT 4 g gi=m),

The reason for that was studied for Runge-Kutta methods in [22], 26] and it was
mainly due to a summation-by-parts procedure which could be applied to the equiv-
alent form of (B220) for those methods. The same behaviour is observed for frac-
tional step methods.
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Remark 5.5. The analysis carried out here for spectral methods can be extended
easily to other spatial discretization methods. For example, if finite differences
were considered, it would suffice to substitute in (@.3]), (5I2) the operators Py, Ry
by suitable restrictions to the corresponding nodes and Ajo, A; jo0, Bis by the
corresponding matrices which result after the discretization of the elliptic boundary
problems (5.10]), (EI). The error bounds obtained for (5.20) would depend on the
particular methods considered.

6. EXAMPLES AND NUMERICAL EXPERIMENTS

To illustrate the results of the previous sections, we have performed some nu-
merical experiments using the full discretization Spectral/FSRK described in (E6)—
(E7). We have considered the problem

urt,,y) = et 2,1) +uyy(t2,y) — 41+ y?)e e in @ = [-1,1] x [-1,1],
u(0) = e“‘yz,
u(t,z,y) = e~te™ ip o9,

whose exact solution is u(t,z,y) = e~ten v’ (e H™(Q) for every integer m > 0).
In such a way, when considering J = 18 nodes in each direction, the error coming
from the space discretization in our numerical experiments is negligible in front of
the error coming from the time semidiscretization, for moderate sizes of k, as was
announced by the results of Theorem B3l

As a first FSRK-method, we have considered the array (B.13)). This method has
stage order 1, according to (Z9) and classical order 2. Its amplification function is

1+31+2

_ A1 27
1 21 2

r(z1,22) =
With the most natural boundary conditions for the stages (GL?]), the bounds in
Theorem BT and Remark B4 give order 2 for the local error and (a bit heuristically)
for the global error. However, a better order can be observed with the boundary
conditions for the stages GLI I In this case, the bound gives order 3 for local error
and (a bit heuristically) for the global error. Table[Mlshows the order for local error
by integrating till time 7" = k with timestep k = 1/n and measuring the error at that
particular time in L2?-norm approximated by the Gauss-Lobatto quadrature rule.
Table[2 does the same for global error integrating till time 7' = 1 and measuring the

TABLE 1. Orders for local error and method (EI3)

n | 510 | 10-20 [ 20-40 | 40-80 [ 80-160 | 160-320
GIT 11.9569 | 2.0672 | 2.1377 | 2.1910 | 2.2400 | 2.2956
G| 27992 | 2.8394 | 2.8715 | 2.8990 | 2.9223 | 2.9414

TABLE 2. Orders for global error and method (313))

n | 5-10 | 10-20 [ 20-40 | 40-80 [ 80-160 | 160-320
G 121092 | 2.0035 | 1.9993 | 2.0007 | 2.0004 | 2.0001
G| 2.3446 | 2.1490 | 2.0632 | 2.0287 | 2.0140 | 2.0070
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FIGURE 1. Comparison of efficiency with method (BI3) and stage
boundaries GL?] and G[nl].
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error just at that final time. The orders observed are the expected ones. The only
thing to notice is that the global order for Gg I'is not as high as 3 for the smallest
values of k. That corresponds to the fact that, for a fixed value of J and k small
enough, the stiffness of the problem does not cause order reduction and the analysis
can be done in the classical way. Consequently, no numerical order reduction will
be observed in this case.

When looking at the size of the errors, the fact that the order is higher in
general for j = 1 leads to much smaller errors when k is smaller. That can be
observed in Figure [T} in which the L?-norm is represented against the timestep.

TABLE 3. Orders for local error and method (E1)

n | 5-10 | 10-20 | 20-40 | 40-80 [ 80-160 | 160-320
GIT 1 0.7062 | 0.9920 | 1.1271 | 1.2103 | 1.3096 | 1.4811
G [ 2.4776 | 2.3838 | 2.2465 | 2.1781 | 2.1662 | 2.1579
G 13.1008 | 3.1365 | 3.1335 | 3.1492 | 3.1920 | 3.2619
TABLE 4. Orders for global error and method (G.1)
n | 510 | 10-20 [ 20-40 | 40-80 [ 80-160 | 160-320
G 1 0.8470 | 1.0591 | 1.1561 | 1.2187 | 1.3010 | 1.4375
G | 2.4887 | 2.3132 | 2.1861 | 2.1386 | 2.1370 | 2.1479
G™ [ 3.1374 | 3.1003 | 3.0636 | 3.0445 | 3.0363 | 3.0312
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Circles correspond to G[y(b)] and crosses to G[n1 I, As the last correction just means
some modifications on the boundaries of the stages, the figure implies that that

implementation is more competitive.

As a second example, we have considered the FSRK-method of classical order 3

[

1

0| 2 0

1 1 1

31 2 O 0 3

3 1 1 1

w|w 0 2 0 5% 0

19 | 119 _ _3 1

(61) 25 50 0 2 0 O 25 0 2

3 3065 1500 1 75 250

5 706 0 ~ 353 0 2 0 706 0 353 0

29 | 1447 1 353 4 2 1

50 | 3750 0 10 0 3750 010 75 0 15 0 2
68 325 353 553 125 125
B 0 -7 0 55 010 =7 0 35 0 37

This method has stage order 0. Therefore, with G[y(b)], Theorem B.1] and Remark
B.4 give order 1 for local and global errors. That is observed in practice, as Tables
Bland Al show. With Gg ], theorems give order 2. In practice, the order is even a bit
higher for the biggest values of the stepsize. With G[n2 ], the expected order 3 for

10

FIGURE 2. Comparison of efficiency with method (G.1I) and stage

boundaries GL?], Gg] and GE].
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NUMBER OF FUNCTION EVALUATIONS

FIGURE 3. Number of evaluations the source term against the
global errors with method (BI3]) and stage boundaries G and
G[nl], method (GJ]) and stage boundaries GL?], Gg] and Gg].

both local and global error is observed in the tables. So, through the techniques of
this paper, the classical order of the method has been reproduced for global error.

In Figure 2| we again represent global error against the timestep. The results
for G[y(b)] and G[nl] are again represented by circles and crosses, respectively. Now,
the results for GLQ I are represented by asterisks. The gain in order with j is again
evident through the slopes of the lines in that figure. As for the size of the errors,
the great decrease comes when changing j = 0 for j = 1. For all the values of
k which we have proved, the errors with one modification of the boundaries are
several orders of magnitude smaller. Then, a bigger value of j leads to smaller
errors for the smallest values of the stepsize considered.

Finally, we have studied the computational cost of both methods with all the
implementations considered. We remark that the performance of both methods
improves clearly when the boundary values are successively modified. As expected,
the method (B.I3) (with ¢ = 1) is better than the method (6.I) (with ¢ = 0) when
the usual implementation is used, corresponding to the use of GL? ). When the stage
boundaries are modified, (313)) is still better than (G-1) for moderate values of the
error (see Figure B). However, (6-I) is better when a smaller value of the error is
required.

7. CONCLUSIONS

We would like to mention now the important advantages of the type of discretiza-
tion suggested here when integrating regular problems in noncomplicated domains.
First of all, when dealing with the spectral discretization in space suggested here,
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fractional step Runge-Kutta methods manage to reduce the cost of the LU factor-
ization needed for the stages from O(.J%) arithmetic operations in the Runge-Kutta
case to O(J?) due to the fact that the FSRK time semidiscretization reduces the
continuous problem to a set of essentially one-dimensional elliptic problems. Then,
the forward and backward substitutions needed for the complete resolution of each
stage means O(J*) operations in the Runge-Kutta case and just O(J?) in the frac-
tionary step case. On the other hand, the spectral discretization in itself is very
suitable for the same kind of problems, because it leads to really small errors in
space. Finally, the fact that the reduction of order in time is completely avoided
with the techniques in this paper leads to a very efficient method, mainly taking
into account that the modifications needed to avoid that order reduction just mean
O(J) operations at each stage (the number of nodes in the boundary). This means
nearly nothing compared with the total required to advance a step (O(J?)) and it
is one of the features which makes this technique better than others already in the
literature.
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