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Abstract

In this paper, we develop the Runge-Kutta generalized convolution
quadrature (gCQ) with variable time stepping for the numerical solution
of convolution equations for time and space-time problems and present the
corresponding stability and convergence analysis. For this purpose, some
new theoretical tools such as tensorial divided differences, summation by
parts with Runge-Kutta differences and a calculus for Runge-Kutta dis-
cretizations of generalized convolution operators such as an associativity
property will be developed in this paper.

Numerical examples will illustrate the stable and efficient behavior of
the resulting discretization.
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1 Introduction

Convolution operators play an important role in numerous applications which
are modelled by linear time-invariant nonhomogeneous evolution equations.
This includes problems in time and space-time wave and heat propagation prob-
lems which are formulated either by ordinary and partial differential equations
or by the corresponding integral equations.

The discretization will be based on the convolution quadrature (CQ) method
which has been developed originally by Lubich, see [12, 13, 16, 15] for parabolic
problems and [14] for hyperbolic ones. The idea is to express the convolution
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kernel k as the inverse Laplace transform of some transfer operator K and to
formulate the problem as an integro-differential equation in the Laplace domain.

The discretization then consists of approximating the (time-dependent) dif-
ferential equation in the Laplace domain by a time stepping method — besides
multistep methods also Runge-Kutta methods have been proposed and analyzed
for this purpose [1, 2, 3, 5, 12, 13, 15]. The transformation back to the time
domain results in a discrete convolution equation which then can be solved nu-
merically. This method is nowadays one of the most popular method in this
field.

However, the CQ method as well as its analysis relies strongly on the use of
constant time stepping. In [9, 11], the generalized convolution quadrature (gCQ)
has been introduced which allows for variable time stepping. The approach was
limited to the first order implicit Euler scheme.

The goal of this paper is to introduce the Runge-Kutta generalized convolu-
tion quadrature which results in a method with much faster convergence rates as
well as an improved long time behavior of the approximation compared to the
implicit Euler method. The possibility to use variable time stepping allows to
resolve adaptively a non-smooth behavior of the temporal solution which often
occurs, e.g., in the short time range after an electric circuit is switched on and
before it has reached a periodic state.

The paper is structured as follows. In Section 2 we will briefly recall the
definition of one-sided convolution operators and define the class of convolution
kernels which we will consider in this paper. In Section 3 we will introduce
Runge-Kutta generalized convolution quadrature for the discretization of con-
volution operators. Its stability and convergence will be analyzed in Section 4
and the summation-by-parts formula for divided Runge-Kutta differences will
be derived for this purpose. Section 5 is devoted to the numerical solution of
convolution equations. We will present the discrete equations and derive an
associativity property for the composition of Runge-Kutta generalized convolu-
tion operators which allows to use the stability and error analysis as in Section
4 to derive corresponding estimates for the discrete solution. Finally, we will
report in Section 6 the results of numerical experiments to illustrate that, for
problems where the regularity of the solution is not uniformly distributed in the
time interval, our method converges with optimal convergence rates while other
CQ-type methods are converging suboptimally.

2 The Class of Problems

We will consider the class of convolution operators as described in [14, Sec. 2.1]
and recall its definition. Let B and D denote some normed vector spaces and
let £ (B, D) be the space of continuous, linear mappings. As a norm in £ (B, D)
we take the usual operator norm
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For given ¢ : R>o — B, we consider the convolution
t
/ kE(t—71)¢(r)dr inD foralltel0,1]. (1)
0

The kernel operator k is defined as the inverse Laplace transform of a given
transfer operator K. The class of problems under consideration is defined as
follows. For o € R we introduce

C,={z€C| Rez >0c}.

Assumption 1 For some ox € R (describing the analyticity region) and some
p € R (describing the growth behavior), the class A% (B, D) of transfer opera-
tors consists of operator valued mappings K : C,,. — L (B, D) which satisfy:

1. K :C,,, — L (B, D) is analytic.

2. For any o > ok, there exists a constant Cop > 0 such that K satisfies the
algebraic growth estimate!

1K (2)llpep < Cop (1+1[2D)",  Vz2eC,. (2)

For j € Z, we define

Kj(2):=27K(z2). (3)
For any
v €Ny such that v > p+1, (4)
the Laplace inversion formula
1
ky(t) := — K, (2)dz, 5
()= 55 [ Koy 2 )

for a contour v = 0 + iR, with 0 > o, defines a continuous and exponentially
bounded operator k,, (¢), which by Cauchy’s integral theorem vanishes for ¢ < 0.
Let

Ci([0,7],B) := {weCj([O,T],B) IVo<r<j—1: 0 (0) :0}.

As in [14] we denote the convolution k * ¢ for ¢ € C¥ ([0,77], B) and v as in (4)
by

(K (91) ) (t) := / iy (1) 0 (t — 1) dr. (6)

Then
1

w@a 0= [ ( [ Ras) otote-nyar

2mi

where the integrals exist as Riemann integrals.

IThe generic constant C' in the following estimates will depend on Cop but not explicitly
on o. Hence, if Cyp is independent of o so is the constant C.



Remark 2 FEquation (7) can be rewritten as the coupled system
1
(K (0)9) (0 = 5 [ Koo (2.0)dz (s0)
i/,

with the solution u, of
atuu(z7 t) = ZUV(Z, t) + 8g¢(t)’ Uu(z7 O) =0, (8b)

and v a suitable contour in the complex plane: either a vertical contour running
from o —ioco to o + 100, for some v which satisfies (4), or a suitable closed
contour clockwise oriented.

3 Runge-Kutta Generalized Convolution Quadra-
ture

3.1 Runge-Kutta Methods

The discretization of the convolution (6) will be based on a discretization of
the ordinary differential equation by a Runge-Kutta method with variable time
steps. In this section, we will introduce the class of Runge-Kutta methods which
we will consider and collect some basic properties — for proofs and further details
we refer to [8].

We consider Runge—Kutta method of s stages given by the Butcher table
A = (aij); =, b = (bi)j=y, ¢ = (c);—;. For the discretization we employ a
sequence of time points © := (¢,)N_, with

O=to<ti1i <...<tny=T, Aj:tj—tjfl, A= maXAJ—. (9)
1<i<n

The local quasi-uniformity of the mesh is defined as the constant
1 A; + JAVERT
Co:=— max [ —— .
© 2 2<i<N \ A;_1 A;
As a further (mild) assumption on the mesh width we impose the condition on
the maximal mesh width

(10a)

A < CeT/N. (10Db)
Notation 3 The internal time points are defined by t,; = th_1 + ;A\, T =
1,...,s. For a function g which is defined in the time interval [0,T], we intro-
duce

g™ = (g (tn));_, € C".

The time step n is denoted as a superscript for vectors and matrices in order
not to confuse with their components. The m-th time derivative of function u
is denoted by 0w and its evaluation at some time point ty, is

d™u

omuk) = e (tk) -
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Further, we introduce 1 = (1)?:1 and, for vectors v,w €C?, the bilinear (not

sesquilinear!) form
S
V- -WIi= E VjWj.
=1

We also recall here the Hadamard product of two vectors v,w € C® by

vow=(vw)_, and V" =vo...0v.
= —_—————

m-times

The application of the s-stage Runge-Kutta methods to the initial value
problem y' = f (¢,y), y (0) = yo can be written as the following recursion

VO =y A aif (e + A V) i1
j=1

y" =yl A, i:bjf (tn,l + ¢ Ay, Yj(")) .
j=1

The Runge-Kutta method has (classical) order p > 1 and stage order q if
for sufficiently smooth right-hand side f

Yi(l) —y(gA)=0 (A(lfrl) Vi=1,...,m and yM —y(t;)=0 (AIfH) ,

as A; — 0.
For the analysis of the Runge-Kutta method, the stability function

R(z):=1+zb-(I—2zA)""1 (11)
plays a central role; here, and in the following I denotes the identity matrix.
Throughout the paper we assume that the Runge-Kutta method satisfies the

following assumption.

Assumption 4
The Runge-Kutta method is A-stable, this is

|R(2)] <1, for Rez <0, (12)
with classical order p > 1 and stage order q < p and it is stiffly accurate, this is
b=ATe;, with e;=(0,...,0,1)T € R". (13)

We will further assume that R is a Padé approximation to the exponential func-
tion and cs = 1.

Two important families of methods satisfying Assumption 4 are RadaullA
and LobattolIIC methods.



Remark 5 In what follows we will repeatedly use the following properties of
Runge—Kutta methods satisfying Assumption 4:

1. Since R is a Padé approzimation of the exponential function Theorem
4.12 in [8] implies that the coefficient matriz A is diagonalizable and all
eigenvalues d;, 1 <1i < s, have strictly positive real part. In particular A
is invertible.

2. Condition (13) implies R (00) =0 [8, Chap. IV, Prop. 3.8].
3. If the method has stage order q, it holds ([8, (15.5)])

1
AcmDO — 2 om0yl <<y, (14)
m

4. If the method has order p, it follows (cf. [1, 16])

b- Alc(kfl)Q =b- Aé*lckQ/k —

CE Vk+e<p  (15)

3.2 Discretization of the Convolution Operator

The starting point of the discretization of the convolution operator is the rep-
resentation (8). We will add more flexibility in the discretization by replacing
the regularization parameter v by a parameter p € Ny. The stability and con-
vergence analysis will show that p can be chosen in the range

v—(q+1)<p<p+v—(¢g+1), (16)

where v > p+ 1 is as in (4)-(5), p is the order of the Runge-Kutta method
which we will employ for the discretization and ¢ is the stage order; some hints
for the choice of p will be given in Remarks 7 and 20.

The discretization will be based on an approximation of the ordinary differ-
ential equation (cf. (8b))

Orup(z,t) = zuy(z,t) + 00 P(t), u,(2,0) = 0.

Assumption 4 implies (13) so that the chosen Runge-Kutta method can be
written in the form

ul” () = (es : ug"_l)(z)) 1+A,A (zué")(z) + 8f¢(")> . (17)

We can write (17) as a recurrence for u(p”)

W () = (I A, 2A)"! ((es _ u<”*1>(z)) 1+ AnAag’¢(n>) (18)

P P

= (e 0™ (2)) R(Bn2) + An (1 - 208,4) " A"



with
R(z):=(I—zA)""1. (19)

From the identity
1 1 11
I-2A) " A=-(I-2zA) —-1 (20)
z z

which holds for all square matrices A with regular resolvent, we conclude that
the last component e, - R equals the stability function R (cf. (11)).

The last component in (18), (ugn)> then defines the approximation of u (¢,,).

Definition 6 (Runge-Kutta Generalized Convolution Quadrature) Let
the transfer operator K satisfy (2) and let v € Ny be the smallest integer such
that v > p+ 1. Let ¢ € C§ ([0,T], B) and consider the convolution operation

27

K(at)¢(t)=/ot< ! LeZTKV(z)dz> Fot—7ydr  Vitel0,T]. (21)

Let a Runge-Kutta method be given which satisfies Assumption 4. Then the
discretization of (21) by Runge-Kutta Generalized Convolution Quadrature is
given by

(K, (97) 8{'@5)(70 = ! , /Kp (2) uf)”) (2)dz, n=12,... (22)
v

oi
with u/()o) =0 and
u(p”)(z) = (es . ug,"_l) (z)) R (An2)+A, (I—2A,A) A0l o™, n=12....

The approzimation of K (0¢) ¢ at time point t,, is given by the last component

e - (K, (09) 00 ) ™), Here, p € Ny is a regularization parameter (cf. (16))
which can be chosen in the range

v—(qg+1)<p<p+v—(¢+1),

where p is the classical order of the Runge—Kutta method and q denotes the stage
order.

Remark 7 [t is important to mention that v in (22), typically, is not chosen
as the vertical contour o + iR but as a finite closed contour which encircles
the poles of ufjn) and is counter clockwise oriented. For the practical realization
the contour integral in (22) has to be approzimated by numerical quadrature
(see also Remark 20); for the implicit Euler method this has been developed
and analyzed in [10, 11] while for Runge-Kutta method this is the topic of a
forthcoming paper.



4 FError Analysis of Runge-Kutta Generalized
Convolution Quadrature

The analysis of the Runge-Kutta gCQ consists of several steps: First, we will

resolve the recursion in (18) to express u(pn) as a sum over the history. This

allows to employ a summation-by-parts formula which allows to gain negative
powers of z (and hence a faster decay of the integrand for large z) on the expense
of increased smoothness requirements on the input function ¢.

4.1 Summation-by-Parts

The recursion (18) can be resolved and we obtain

ulV (2) = A, (I-2A,A) " A O™
n—1 n—1
+3 A ( 11 R(Aﬂ)) (es A(I— 2ALA) 7! Aaf¢(‘f>) R(A,z).
k=1 (=k+1
(n)

For the last component e - u, ’ (z) this formula simplifies and we obtain

es-ul” (z) = ZAk< H R(Ag;:)) (es : (I—zAkA)_lAﬁt”qS(’“)). (23)
k=1

l=k+1

For the forthcoming analysis it is convenient to write this equation by using
tensor calculus. Let us define the tensor product of vectors for k > 1 by?

k k
el® = Re,, 1" =1 (24)
=1 =1

and the Kronecker tensor product of matrices

n

AF™ (2) = Q) (I - 28,A)7".
{=k

Recall that a Kronecker matrix ®?’:1 BU) is applied to a tensor ®;l:1 v of
vectors v by means of
d

KRBV évu) :é)B(j)v(j)_
j=1 j=1

j=1

k
2Note that the notation v ® ®w(j ) sometimes appears also for k < 0. In this case we set
j=1

k
v®®w(j> =vifk<O0.
j=1



The canonical extension of the bilinear form v - w to tensors is

évm . éw(j) :ﬁvu).wm_
j=1 j=1 j=1

Finally, the vectorization is given by

d—1 d d—1 d—1
®V(a‘> Qe - ®W<j) — ®V(j> . ®W<j) w(®  (25)
j=1 j=1 j=1 j=1
d—1
— HV@ w@ | W@, (26)
j=1

Then, we have
ul (2) = Z Ap (el = @ o) - (A% (2) (A0f6® 01009 ) . (2)
k=1

In the next step, we will introduce difference operators which are related
to the time steps tx and we will discuss their relation to Newton’s divided
differences later. Let again © := (¢,)_; denote the time grid with steps A; =
t; —t;j—1. Formally we extend the time grid to the negative time axes by setting
t_; = —jAy, 7 €N

Definition 8 (Divided Runge-Kutta Differences) Let a Runge-Kutta method
be given by the Butcher table A, b, ¢ with non-singular A and ¢ = 1. For a
subset T C 7 of consecutive integers, let O1 := (vx),c; C R denote a sequence

of strictly increasing points with steps Ay, = xp — xi_1. We set

I’'={keZ|{k—-1,k} CZ}.

For a function v which is defined in the points xy , 1= xp_1+c Ay, for allk € T'
and 1 <r < s, the Runge-Kutta differences [...Jv are given by the recursion:

[z := v®) = (v (21,))0_, Vkel (28)
and for all i,k € ' with i < k

[ @ity kv o= (ApA) " ([Eig1s - 2x]o — (€6 - [, zp1]v) 1).
(29)
For m € Ny, the tuple of m-th order Runge-Kutta differences [Oz]™w €
X rez C° is given by

[0z]"v = X [Zk—m;---,z]v. (30)
ke



For a tuple V.= X ;cq v of vectors v¥) = (v%)) € C° we set

m=1

[y 2]V = [z, ...,z ]

for any continuous function v which interpolates V at the mesh points, i.e.,
v(Th,) = vﬁk) forallkeZ and1<r <s.

In particular we have (cf. (28))
[2h—1, ze]v = (ApA) ! (v(k) - (es ~v(k*1)) 1) . (31)

Proposition 9 (Summation by parts formula) Let a Runge-Kutta method
satisfy Assuption 4. Let w: R>o — C be a function which can be continuously
extended to Reg by zero. The time mesh satisfies (9) and is extended by t_; =
—jA; for j € N. Set wi) = (w(t;,))’_, € C°, j € Z<y and let e1®, 1"® be
as in (24). Then, for any m € Ny

- (n—k)® . (k,n) (k) (n—k)®
I;Ak (es ® o) (A (2) (Aw ®1 )) (32)

m—1
- _ ZZ:% w
+ Zim Xn: Ay (egﬂfk)® ® o) . (A(k,n) (Z) (A[[tk—nu o ,tk]]w Q 1(n7k)®>> .
k=0

For the corresponding generalized discrete convolution operator it holds

K (09)w = K, (99) [O] ™ w. (33)

10



Proof. We denote the left-hand side in (32) by lhs and obtain (cf. (20))

Ths = ZA ( n=k)® g, )

((I —2AcA) T A AT () (Wi 10-0)
(((I — 20 A) T - 1) ® AlF+Lm) (Z)> (W<k> ® 1(n7k)®)
- _ W;”) é (1- ZAkA)il w®
18 (heen)
(X = 2A,A) T @ AlRFLR) (Z>) (W(k> ® 1(n7k:)®>
- % :;: (eé""“)® ® -) : (I ® AkTLn) (z)) (W(k> ® 1(n—k>®)
Cw

- Z ( (k)8 g .) AR () (Woc) ® 1<n—k>®)

- % (egnfk)@’ ® o) AR (2) ((1 @e,)wh g 1("*’“)@)

_ 1 Z A ( .) AE () (A[[tk_l, ta]w ® 1<"*’“>®) .

This one-fold summation by parts can be iterated and leads to the assertion.
The second relation (33) is a simple consequence of Cauchy’s integral theo-
rem. W
The following proposition states the boundedness of the right-hand side in
(32) with respect to a decreasing step size in terms of the stage order of the
underlying Runge-Kutta method.

Definition 10 Let r € Ny, T' > 0, and V' be a normed vector space with norm
|-Ily,- For a vector-valued function v € V*, we set

Ivlly = ma ol

if no confusion is possible.
For a function w € C" ([0, T],V) and any interval T C [0,T], we set

1
[Wlor vy = gwldw @y and - wllore,y) = max Pl -

11



Proposition 11 Let a Runge-Kutta method be given by the Butcher table A,
b, ¢ with non-singular A and cs = 1. Let V be a normed vector space. If the
method has stage order q then for 0 < ¢ < g+1 and any w € CIT ([tg_g, t], V)
it holds

k
Htk—éytk+1—€w--atkﬂU7::éﬁ‘v(k)477Fé£1—é’

)

(k) +1-¢
|82, < O lolown o AL

where C depends on co (cf. (10a)), q, and A.

Proof. The proof is by induction. For ¢ = 0 the result is obvious and we even
have equality: [t,]w = w*) so that Tgli)l =0.
Let us assume now that the result is true for £ — 1. Then for ¢ we have

[th—ts thtg1, .- ti]w = A;lA_l (Itk—t41s - - te]w — (es - [th—i,- .-, tr—1]w) 1)
(34)
= A;lA_l (8filw(k) — (es : afflw(k_l)) 1 + ’i‘(k) )

q+1—¢
_aca ([ T
= k \ tw + q+17[ bl
k—1

m=1
where

(k) . mlk k-1
T, =T, — (e T ) 1

Conditions (14) imply

tj m s ‘
AjAI W) = </ 3t€w> + €W,
t

i-1 m=1
with 4
e, = ot ot wlen vy 0= <
We apply this for r = ¢ + 1 — £ and obtain
b ) e
ATTAT / dfw = 9fwl) € (35)
ti-1 m=1
with
~(9) )
é v S CqCA |w‘cq+1([t7‘_1,t]‘],v) A;]+1 . (36)

The combination of (34) with the induction hypothesis, (35), and (36) yields

[[tkfé, {775 P ,tk]]w = 8fW(J) + Tt(yli)lfl

with ®
10
HTlHleHV <C |w‘0”1([tj—17tj]xv) A;I-

and the result follows. m

12



4.2 Stability

The starting point of the error estimates for the Runge-Kutta gCQ is the sum-
mation formula with summation by parts (cf. (33)):

K, (09) 006 = Kpm (07) [O]0F 0. (37)
In the next Lemma we collect some elementary estimates.

Lemma 12 Let a Runge-Kutta method be given which satisfies Assumption 4.
Let d;, i =1,...,s, be the eigenvalues of the coefficient matriz A. We set

Red; . . .
rozmin{|de|2:1<z<s}>0 and oo =min{|d;|: 1 <i<s}>0.
(38)

(i) There exists a constant C' depending on ro and the Runge-Kutta coeffi-
cients such that

IR(2)| <1+C(Rez),  VzeC with Rezg%() (39)

and (r) := max{0,z}.
(ii) Let A =V~1DV (cf. Remark 2). Then, it holds

2
QoTo

H(I - zA)_lH < By := HV_lH V]I Vz e C with Rez < %0.

(40)

Proof. (i) By using Re (%) = (Re()/ \C|2, we conclude that R is analytic for

all z € C with Rez < rg. Then there exists Cr > 0 such that |R(z)] < Cgr
for all z € C with Rez < %ro. We conclude from Cauchy’s integral theorem

that |R' (z)] < 4?—03 for all z € C with Rez < 5. Taylor’s theorem gives us the
estimate

4
|R(m+iy)|§|R(iy)|+%x VO0<z<ry/2and y € R.
0

Since A-stability implies |R (iy)| < 1 we conclude that
|[R(2)| <14+ CRez Vze C with0<Rez<ry/2

holds. Estimate (39) is trivial for Rez < 0 (cf. (12))
(#4) By Remark 2 we can estimate

|@—=a)7| < [V VI max {1}

1<i<s | |1 — 2d;]
Writing z = + iy and d; = u 4+ iv, we obtain

11— 2d;)* = (1 — zu+ yv)° + (yu + 2v)* = K (y).

13



The quadratic function x attains its minimum at y = —u;ﬁ so that

(1= 42+ )

K (y) >

u? 4 v?
Note that for 0 < z < 2(u++v2), it holds
2
(a: (u2 + 112) - u) 1 w2
> > — .
r(y) 2 u? + v? 4 u? 402

This proves (40). m

Theorem 13 Let a Runge-Kutta method be given which satisfies Assumption 4.
Fix 0 > ok and let the mazimal step A satisfy

%0 — Ao >0. (41)

Let p € No be such that v — (¢+1) < p < v holds. Assume that ¢ €
Cf([0,T],D). Then, for any m € Ny with

p—p+l<m<qg+1, (42)

the stability estimate

H 89 8”(/5)

< CZAk eC”(tn—tk)
k=0

i ‘[[tk_m, N .,tk]]afa;HB (43)

holds. If ¢ € CP*™ ([0, T], D) then

|15 @) ], < oo g+ o)

©o([0,T],B) (44)
Proof. By Proposition 11 the 7-th order divided Runge-Kutta difference of
07 ¢ are bounded and we apply m-times summation by parts, i.e., consider (37)
for m as in (42). The assumption (42) ensures that the contour in the definition
of the generalized convolution Kz (3? ) can be chosen as the vertical axes
v =0 +iR. Note that (37) equals

N . . ;
(k5 (09) 0f0) " = 2 / Ky (2) (2051~ A ™ dz ([ 121070)
v
(45)
n—1
Ay -1
+ ﬁki/Kﬁ_i_ﬁL (Z) (I—ZAnA 1) 1
k=0 v

.(es.(zAkI—A—l)*l[[tk,m,.. tx]97 ¢) H ( (I— 2A0A)"! ) .
l=k+1

14



Assumption (13) implies that
R(z)=e, - I—2A)""1

and then by Lemma 12 we can bound

n—1 n—1
[T (ec-@—zam) 1)< T (1+Cony) < ettt
P=k+1 t=k+1

Furthermore, we have

and

H(zAnI A ([[tk,,h, .. 7tk]]8{3¢) HB < BollA| H[[tk,m, . ,tk}]ﬁt%HB

es (20T — A7) [t 7tk]]af¢HB < BollAll H[[tk,m, . ,tk]]aquHB

Hence,

n)

H 5 (09) aw) (46)

B

< \/’(BO || ZA eccr(t —t)

[ L 2 I A =
D Jy
with an adjusted value of 5y. The choice of p as stated in the lemma implies

e

§ CZA]C eca(tnftk)
k=0

‘[[tk_m,...,tk]]aquHB (47)

D

with C = /s M S, 12" P~ dz, which is (43). The combination with
Proposition 11 glves (44)

4.3 Convergence

For given K € A%, (B, D) we set

w:=K(0)¢ and wg") =e, - (K, (07) 8f¢)(n) ) (48)

for p being the regularization parameter in (22). We distinguish two main cases
according to the choice of p.
If 4 — p < —1 then (8a) holds with v = p and the error can be written

1

Sw™ = w(ty) — w = —
2mi

p

K, (2) (up (2, ) — ul) (z)) dz.  (49)

~

For 0 > o, we choose the contour v = ¢ + iR and split it into

Ynear -— {C €y |<A| < Csplit} and Ytar = ’Y\'Ynear (50)
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with some 0 < Cgpiiy = O (1) which will be fixed later. This induces the error
splitting

1 n
dwh) = o : K, (2) (up (z,tn) — u(p”) (z)) dz and (5w( ) = ow™ 5w .
(51)
In the next two lemmas we estimate (49).
Lemma 14 Assume that p—p < —1 and ¢ € CPTPT1([0,T], B) with
oM (0) =0 V:ir=0,....,p+gq.

Then the far field component of the error in (51) can be bounded by

H(;wgbr) . < CeoT 16l corar o.17.5) AGTP—H (52)

Proof. We assume in more generality that
#M(0)=0 Vr=0,....,.p+m-—1

and choose m < ¢ 4 1 later in an appropriate way.
Further we introduce the solution of the Runge-Kutta gCQ with right-hand
side [©]™ 0 ¢, given by (see (30) and (27))

ul), (2) = Xn: A (7% 0 0) (A0 (2) (Althm, - ] 0f @12 )

k=1
(53)
As usual in this paper, the last component is denoted by ug")n =ey- uf,rf) (2).
In order to estimate the component of (49) which is related to the farfield

we will estimate the difference u, (z,t,) — uﬁ,”) (2) for z € Ygar. On the one side
we observe that the exact solution of the ODE is given by

t
u, (z,t) = /O =T 9P (1) dr. (54)

Since 9T (0) = 0for 0 < £ <m—1< qand ¢ € CPt™ ([0,T]), we get via
partial integration

1 ¢
< aer P(t) | upim (2,t)
0+l m !

Up (Zv t) = - (55)

£=0

On the other side, we recall that the numerical approximation by the Runge—
Kutta method can be written by using tensor notation as in (27), this is

ul ( ZA ( (n—k)® ) , (A(k,n) (2) (Aatqu(k) 2 1(”*’“)®>) .
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Summation by parts (Proposition 9) yields

m— 1
n bty -« s n]]ap¢ ul, (2)
( ) Z 41 e s (56)
P z z
with u(p ), as in (53). Since u(p") =e;- u(n) the error can be written in the form
far Z 5wf(:r)f far 0, — Wrfar,m (tn) (57)
with
(n) ._ 1 KP (Z) 0 p+L
6wfar,€ T % /yfar L1 (es ' [[tn—b oo 7tn]]at ¢ - 8t QS (tn)) dZ,
(n) 1 K, (2) Q)
Wearm *= 5= T , ( )dZ,
' 271— 1 Yfar z o
L[ K,()
Wtar,m (tn) = % . m Up+m (Z, tn) dz.

Proposition 11 implies
‘ e [tnmrs- o 00— 00 (1)

so that the combination with (2) yields

m—1

(n)
Z 5U’f:r,e
(=0

< Clolorm opm A0 VO<E<m,

m—1
m— —p—t—1
<SC Y Blein e, o A Z/ AT e (58)
D =0 Ytar
AR,

<C |¢‘Cp+m([tn—m+lvtn]73)
(n)

far,m>
ply by e, from the left, and observe that “(K, (9) (0{¢)) ") in (45) then has

to be substituted by “wg?m ’. From Proposition 11 and the proof of Theorem
13 we then deduce (cf. (46))

n (ﬂOHA”)2 . co(ty,— —p—m
Hwé$JL)SV@:mg;Ake<“ Ml 10F A | el

far

To estimate w we substitute v by ¢, in the right-hand side of (45), multi-

< CecoT Am‘f‘P—M—l ||¢|

cmte([0,T],B) -
The last term in (57), Wear,m (tn), can be estimated by using (54):

tn ol
z —T €
it )y < Wllcrsmqomy | €7 dr < o llcommgomy o

and, in turn,

w0t ()l < C e 16l 0,77,y A™ 0.

The estimate of the farfield follows by choosing m =q¢+1. m

17



Lemma 15 Assume that p — p < —1 and fix 0 > ok . Let the mazimal step A
(cf. (9))satisfy

%0 — Ao >0, (59)

with 1o in (38). Assume further that ¢ € CPP+1((0,T], B) with ¢(")(0) = 0
forallr=0,....,p+q.
Then the error estimate

Hw (tn) — w,()”)

. < O el ||¢||CP+F+1([O,T],B) Copip—q-1 (A) Amin{p, p+q—p}
(60)
holds with w (t,), w,()n) as in (48) and

1 v# -1,
1og% v=—1

o (8) = { (61)

Proof. The far field component of the error (49) is bounded in Lemma 14. As
in the proof of Lemma 14, we assume in more generality that

pM0)=0 VYr=0,...,p+m—1

for some m < g+ 1.
To estimate the near field component we start from

t
u, (2,t) :/0 eIt —7)dr

and notice that after differentiating this relation k times for some k£ < p+ 1 we
obtain, for any z € C,

Ofu, (z,t) = /t A=) 9P G (1) dr + e kz_:l 1094 (0)
0 £=0
Hence, we obtain
0 k<m
10Fup (2, D)l 5 < ™ | 1217 18l o1,y + ki Bl c’)f“cﬁ(o)‘ mi1<k<p+l
o (62)
<M a7 Gl e 0,11,

Solving the error recursion.
In order to estimate

1

27

/ Kp(2) () 0 (2)) . (63)

near

18



we analyze the error
en(2) = uy(z,tn) — uE)")(z), 2 € Ynear- (64)

Following [16, proof of Theorem 3.3], we set

s
dg”)(z) = u,,(z, tn_1+ ClAn) — up(z, tn—l) — An Z aiju’p(z, tn_1+ CjAn),
j=1

d(n)(z) =y (2,tn) —up(2,th—1) — Ay iju:)(z,tn_l +c¢jA,) = dgn).

j=1

We set D™ = (dl(-n))f:1 and

R . (0" 1 (ak-e _ 1 ke
o ((51 )i:l. (k:—l)!( ¢ kc '

By inserting the exact solution into the Runge-Kutta scheme and performing
Taylor expansion around ¢,, we obtain

D™ (z) = Y0 _ ) AROFu, (2,1,) 6% + AEQM (2),

d™ (z) = AP f;"ﬁl K (%) O, (2,t) dt,

where

tn —
Q™ (z) = / K (t Atn_l) M, (2, 1) dt

tn—1 n

and k = (k;);_;, k are bounded Peano kernels. Note that this implies

|Q )z < €ty lwin, aym) S T Aulel”™ [l cosses o
ldo ()l p < CAL Jup (2) gmsr i,y g,y < €77 AR 16l gosrr (0,7, -
Thus, the error satisfies the recursion
en(2) = R(Anz)en—1(2) — Apzb - (I — ApzA) ' DM (2) + d™ (2),

for the stability function R of the Runge-Kutta method (11). Solving the re-
cursion and using that eyg = 0 we obtain

n n

en(z)=>_ | J] R(Acw2) (Ajzb-(I—AjzA)’lD(j)(z)+d(j)(z)).

j=1 \t=j+1
By Lemma 12 for A small enough we can estimate

[R(Apz)| <7, Vizeny, n>1, (66)
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so that

len (2) |5 < CeT zn: (HAjzb (I A;2A) 1D (z)HB v Hd(j)(z)HB) .
j=1

(67)
The combination of the order condition (15) with (65) allows to bound the first
norm in the right-hand side of (67) by

HAjzb-(I—AjzA)_lD(j) (Z)HBS zp: A;?Hafup(z,tj)HBHAjzb-(I—AjzA)*&(’“)H
k=q+1
(68)

a7 |assb (- Aa) QU]

For sufficiently small 0 < Cgpiie = O (1) in (50) we have ||A;zAl < 1 for all
Z € Ynear SO that a Neumann series argument gives us

HAjzb~(I*AjZA)—16(k)H < W

where C depends on A, b, c. Recall that m < ¢ 4+ 1. Thus, for all z € yyear it
holds (cf. (62))

p
£ - sen 00

p
<C > AF|ofu, (2.8)] (k—1)!

k=q+1

é CP eUT A§+2 |Z‘p+17m ||¢HCP+P([O7T]7B) .
For the second term in the right-hand side of (68) we get in a similar fashion
A7||aseb - (1-2;24)71Q0) | <ca?||Q)| < e AT 6l s 0,17,
so that
len (2) 1B < Cet (A;}H ‘z|p+1_m ||¢||Cp+p([o,T],B) + AP 277 H¢||Cp+p+1([0,T],B)) :

This estimate allows to bound the nearfield error by using (2)

1605 [l p < C 2" Nlen (2)1Ip d2
'Ynear

< CeccT ||¢||Cﬂ+?+1([O,T],D)/ (Aé_’""l |Z|M_P+P+1—m + AP ‘Z|N_P+P—m) dz

AP p—p+p—m<—1,
< Cet ||¢||cp+p+1([0,T],D) AP log i p=ptp-—m=-—1,
AmFTe=l=n y—pt+p—m>—1.
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The combination with the farfield estimates leads to the assertion for m = ¢+1.
]

Our approximation (22) has implicit a certain regularization of the integrand
according to the results in Section 4.1. As a consequence, it is not necessary
to choose p > p + 1 for convergence in (22). It is actually enough to choose
p > it — q. The full convergence result according to the choice of p is stated in
the following theorem.

Theorem 16 Let K € A%, (B, D) be a transfer operator and let v € Ng denote
the smallest integer with v > p+ 1. Let a Runge-Kutta method be given which
satisfies Assumption 4. Fiz o > o and let the maximal step A (cf. (9))satisfy

%0 — Ao >0, (69)

with o in (38).
For any p € N> in (22) with p > v — (¢+ 1) and ¢ € C§ ([0,T],B) let

w=K(@)¢ and wi:=e,- (K, (0°)00s)" .
Then, the error estimate

||¢HCO+P+1([07T],B) Cu—pt+p—q—1 (A) Amin{p’ p+q—,u}, H—p< -1,

<C eccyT

Hw (tn) = w,g”) D

B) Amin{p, ;0-1-11-&-1—1/}7 uw—p>-1
(70)

holds with ¢, (A) as in (61), provided that ") (0) = 0 for allr = 0,...,p+q

and ¢ € C*TP+1 (0,77, B).

||¢Hcv+p+1([o,T],

Note that estimate (70) implies that the choice p = p+v—(q+ 1) (cf. (16))
leads to a convergence order O (AP) for sufficiently smooth and compatible data,;
for a further discussion see Remarks 7 and 20.

Proof. The case u—p < —1 is fully addressed in Lemma 15. Let us then assume
that 4 — p > —1 and let v € Ny be the smallest integer such that v > pu +1
holds. Then the contour integral in

_ I/WKU(Z)UV(ZJ) dz

C2ri

is well defined for all ¢ € C§ ([0,T], D). Since v is large enough we may choose
v as any suitable contour in the complex plane: either a vertical contour =
running from ¢ —ico to ¢ + ioco or a suitable closed contour ~r, clockwise
oriented.

The representation of the discrete solution

1

L
Yol T om

L K, (=) ul™ (2) dz = — L K (2) 2 Pul (2) dz
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is well defined by Theorem 13, (44) if we choose a closed contour 7., which

N
encircles the spectra U spec (A,;lA’l). The error at time step ¢, is given by
k=1
() _ L v=py(n)
w(ty) —w™ = — [ K,(2) (uy(z,tn) ey (z)) dz.  (71)
P 2mi /sy, P
Following the notation introduced in the proof of Lemma 15, we add and sub-

tract u(yn) and split the error into two terms

w_ 1 .
10 = g | 0@ (e ) —0)
m_ 1 (1) () — 4v—pyy(n)
Ty 5 K, (2) (uV (2) = 2" Puy (z)) dz.

YO

The term T can be estimated by using Lemma 15 with the substitution p < v
therein and we get

HTn,lHB < CecaT ||¢||CV+P+1([O,T],D) Chu—vtp—m (A) Amin{P, V+Q*l»¢}. (72)
By Proposition 9, the term TQ(n) is the s-th component of

T = (K, (0F) (070 — 101" 0f4))" .

Following the proof of Theorem 13 for the choices m < 0 and p < v, which is
allowed because
p—p+l<m<qg+1,

we obtain

|

n
co(tn— v— (k)
SO Mgy (@90 0) ) — Tty ti0FG| -
k=0
Proposition 11 gives now the estimate

=2

co(tn—tk) +p+1—v
B < CZAke * |atp¢|0q+1([tk_(y_p),tk],D) AZ P (73)

< Ce“ TN blass(pory.py AT

Our assumptions
pSput+l<v

imply that the A-exponents in (72) and (73) satisfy
vtq—p>q+1>q+1—-(v—p),
which leads to the final error estimate

‘hﬂm)—wy)Dg(%gﬁ”mbwﬁumﬂﬁﬂvm@ﬂﬂ+w@'
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5 Runge-Kutta Generalized Convolution Quadra-
ture for Solving Convolution Equations

5.1 Discretization

In this section we will consider the solution of one-sided convolution equations:
For given g, find ¢
K ()¢ =y (74)

We assume that the transfer operator K satisfies
K e A§+ (B, D) for some 04,0 € R (75a)

and, in analogy to (4), we choose m € Ny as the smallest integer such that
m > 6+1. In view of (6) we are seeking the solution ¢ of (74) in CF* ([0, T], B).
To ensure existence of a solution of (74) we assume

K ':C, — L£(D,B) existsand K~ € A* (D, B) for some o_, 1 € R.
(75b)
We define v according to (4) but emphasize that p, this time, denotes the
growth exponent of the inverse operator K ~!. We thus assume in what follows
that

K1 <C(1+|z])". (76)

(Z)HBeD
Proposition 17 Let (75) be satisfied. If g € C¥ ([0,T],D), then

6(t) = (K (8)g) (1) = — L(K‘l)y(z) (/Otez"at”g(t—r)m') = (77)

T 2mi

for a contour vy =0 +1iR and o > o_ is well defined.
If g € C™([0,T], D), it holds ¢ € CF* ([0, T, B) so that K (8;) ¢ is well
defined and ¢ as in (77) satisfies (74).

Proof. The choice of v and the smoothness assumption on g imply that ¢ in (77)
is well defined (cf. (7)). By differentiating (77) and using g € C§™™ ([0,7], D),
we obtain qS(T) =0 for 0 < r < m — 1. Thus, the associativity for one-sided
convolutions (see [14, (2.3), (2.22)])

V(9) W (0r) = (VW) () (78)

yields K (8;) (K~'(0;)¢) =g.m
The inversion formula (77) allows us to discretize the convolution equation
(74) by the same method as developed for the forward equation (cf. Section 3):

N
n>_<1 ¢)£)") = (K_l)p (09)0fg  for some p as in (16) (79a)

and the approximation of ¢ at time point ¢, is given by the last component

O (tn) ~ ¢ = e, - @, (79b)
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Remark 18 The representation of the generalized convolution quadrature in the
form (79) is well suited for theoretical investigations but not for the practical
implementation: For important applications such as, e.g., for the solution of
the space-time wave equation, the operator K1 (s) is infinite dimensional and
not available explicitly so that its discretization would be prohibitively expensive.
Instead, we will prove that the associativity of continuous convolutions (78) is
inherited by the Runge-Kutta gCQ: Under assumptions which will be detailed
in Theorem 28 it holds

V(0P) o W (09) = (VW) (97) (80)
so that (79a) can be written in the form (cf. Remark 22, Corollary 29)

N N
K-y (97) <>< ¢£:“> = X (9/e)".
n=1 n=1
Definition 19 (Runge-Kutta gCQ for Solving Convolution Equations)
Let the transfer operator K satisfy (75) and let v,m € Ny be the smallest inte-
gers such that v > p+1 and m > 0+ 1. Let g € C§™™ ([0,7], D). We consider
the problem: Find ¢ € C§* ([0,T], B) such that

K(0)¢=y. (81)

Let a Runge-Kutta method be given which satisfies Assumption 4. Then the
discretization of (81) by Runge-Kutta generalized Convolution Quadrature is
given by

N N

K-, (97) <>< ¢§,”>> = X (97)" (82)
n=1 n=1

and the approximation of ¢ at time t,, by the last component qﬁ(p”) = ey - ¢£,").

Here, p € Ng s a reqularization parameter which can be chosen in the range

v—(g+1)<p<ptv—I(¢+1), (83)
where p denotes the order and q the stage order of the Runge-Kutta method.

Remark 20 For the algorithmic realization of the Runge-Kutta gCQ (cf. (82))
one has to approximate the contour integrals in

LI ! (n)

51 vz K (2)u,” (2)dz (84)
by numerical quadrature. For the implicit Euler gCQ, such a quadrature scheme
has been proposed and analyzed in [10, 11].

On one hand, Theorem 16 indicates that the upper bound in (83) for the
choice of p improves the convergence rates up to the optimal order O (AP)
for sufficiently smooth and compatible data, while smaller choices of p lead to
a milder growth behavior of the integrand in (84) and simplify the numerical
quadrature. This also shows the importance of the summation-by-parts repre-
sentation which allows to achieve a faster decay of the integrand in the error
estimates without increasing the numerical parameter p furthermore.
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5.2 Associativity

The stability and convergence analysis of the approximation gbg") as in Definition
19 follows directly from Theorem 13 and 16 if we prove the inversion formula

X ¢ = (K1), (6F) (>< <afg><">) .

n=1

In more generality, we will prove (80). This requires to reformulate the con-
tour integrals via tensorial divided differences which we will introduce and the
proof of a Leibniz rule for tensorial divided differences to derive the associativity
property for the composition of discrete generalized convolution operators. We
refer to [7] and [6] for an introduction to tensor calculus and advanced topics.

Fori,j,i',j € {1,..., N}, we consider sequences B(*) € C*** k € {i,...,j}
and C*) € C***, k € {#',...,j'}, of matrices. In Section 4.1 we introduced the
Kronecker products of matrices and their application to tensors of vectors. The
composition of Kronecker matrices is defined as the tensor of the “matching”
matrix products by

j L max{7.j' }
(@BW)O R | = ® BHCH,

k=i k=i’ k=min{i,i’}

where we set B*®) =T for k ¢ {i,...,j} and C®) =T for k ¢ {i’,...,j'}.
For ¢ = i’ and j = j' we suppress the composition sign “o” as is usual for
matrix-matrix multiplication.

Finally we define the resolvent matrix for C € C**5 by
R.(C) € C°*** with R,(C):=(zI—-C) ".
Definition 21 For a set of matrices C¥) € C**%, 1 < k < n, and a function f

which is analytic in a complex neighborhood U of U spec (C(k)), the tensorial
k=1
divided difference [XZ:1 C(k)] f is a Kronecker matriz given by>

= i /F £(2) (é)RZ (c<k>)> dz, (85)
k=1

n

X C*)

k=1

n

for a counterclockwise oriented closed contour T in U which encircles U spec (C(k)).

k=1

Notice that for s = 1, C%) = ¢(k) ¢ C, for 1 < k < n, and the resolvent
matrices are just the scalar factors (z — ¢*))~1. Then formula (85) becomes

3We prefer the notation [X:zl C(k>] f instead of [C<1),C(2>,...,C(">] f because of
brevity.
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nothing but the standard Newton’s divided difference of f at arguments c(¥).
This is a consequence of the following contour integral representation [4]

[e0,e®,. ] = L / Ldz, (86)

H z —ch))
=1

for T' enclosing the arguments ¢(®). In this way, tensorial divided differences
{Xi:i C(k)} f are generalizations of Newton’s divided differences for matrix-
valued arguments via the Cauchy formula (85). In Lemma 25 we will derive
an alternative representation of tensorial divided differences which mimics the
recurrence relation for classical divided differences.

These tensorial divided differences allow to express the generalized discrete
convolution (22), (27) via

o) = (K7, (09) o)

an’k (egn—k)@) ® .) ) Q;(

k=1 =k

AA; ] (K7, (g™ @ (A—11)<“’“>®)> :

(87)

for 1 <n < N. The result is an N-tuple of vectors in C*.
The function w,, ; is given by

n

wn j (2) = H (z — A;l) . (88)

L=j+1
Remark 22 This representation shows that the generalized discrete convolution
depends only on the discrete values 8tpg(k) and thus can be applied also to tuples

Xévzl (afg)(’“) of stage wvectors; thus, the composition of generalized discrete
convolutions is well defined.

Representation (87) extends the definition of generalized discrete convolu-
tions based on the implicit Euler method (cf. [11]) to Runge-Kutta methods as
can be seen from the following remark.

Remark 23 In [9, first formula in the proof of Lemma 4.1.], it was shown that
the gCQ based on the implicit Euler method with variable step size can be written
in the form

n 1 ) .
) =N (0) [ oy | (K )ap o), “
o) ;w,k( )<[Ak N AJ( )p ’g (89)

where wy, 15 as in (88). By using the contour integral representation (86)
and taking into account the clockwise orientation of the contour vy, (89) can be
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expressed in terms of contour integrals as

n

= i -1 o (h)
¢p ;AkQWi/y <gl — zA£> (K )p (Z) 0y g\"dz. (90)

Alternatively, we consider equation (87) for the implicit Euler method. In this
case we have A = (1) € RY! and, in turn,

¢(n (87)2 nk 2
(85)Z< 11 1) %IIL (Hz_(lA[)—l> (K1), () 00 g® .

{=k+1 l=k

n

><

(BT, 00g™

This is the same expression as (90) and we see that (87) defines an extension of
the divided difference representation of scalar generalized convolution quadrature
based on the implicit Euler method to Runge-Kutta methods.

The key role for writing (79a) as a forward equation will be played by an
elegant inversion formula (which is well known for Runge-Kutta Convolution
Quadrature with constant time steps).

In order to prove the associativity property of our discretization we develop
a tensorial Leibniz formula and a composition rule for tensorial divided differ-
ences.

By Cauchy’s integral theorem it is easy to see that [C] f is the value of the
function f applied to the matrix C which is the analogue to standard zero-th
order divided differences. For higher order divided differences we first introduce
the tensorial difference ©(*7) (A, B) as the Kronecker matrix defined by

o) (A, B) <®I>®A® ®I—<®I>®B® ®I
0=k+1 l=j+1

If A and B are simultaneously diagonalizable, this is, A = V- 'D(MV and
B =V !'D®@V, for some V and diagonal matrices D), D®) | we have?

(é‘,u)).(@(k,y‘) (A, B) éwu)) _ (éVTV(i)>.<@(kJ) (Du),D(z)) éVWu‘)) .
=1

i=1 i=1 =1

Remark 24 The eigenvalues of ©*9) (A, B) are given by )\511)—)\222), where )\Z(-ll)
are the eigenvalues of A and )\g) those of B. Hence, ©*7) (A, B) is reqular if
and only if spec (A) Nspec (B) = 0. In this case, (@(k’j) (A, B))_1 exists, i.e.,

(@um) (A,B)) T ki) (A, B) = o) (A, B) (@Um (A B) ®1

4By VT we denote the transposed of the matrix V (without complex conjugation) and by
VT = (V_l)T.
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but, in general, is not a Kronecker matrix. Further note that

<év(i>> . ((@Uc,j) (A,B))‘l éw“’)
i=1 i=1
= (év—rv(i)> : ((@um) (Du),D(z)))léVW(i)) .

Lemma 25 For a set of matrices ck) e Cs*%, 1 < k <n, which are simulta-
neously diagonalizable, i.e.,

cW =v-ipWv, (91)

@)z @) -

Furthermore, if the intersection of the spectra of any pair C¥),CU) &k #£ 4, is
empty, the following recursion for tensorial divided differences holds true

it holds

X C*)
k=1

[Cm, " c“ﬂ f (93)

= (1o [c®,....c®] 1) - ([cW,....c* V] 1)) (&0 (C(’f),c“)))_l.

Proof. Statement (92) is trivial.

Since the matrices C*) are simultaneously diagonalizable it is sufficient to
prove the statement for diagonal matrices C*) = D®*) and the statement follows
from the corresponding property for standard divided differences. m

Lemma 26 (Leibniz Rule for Tensorial Divided Differences) Let CU), 1 <
Jj < n, be simultaneously diagonalizable (91), and f be as in Definition 21. For

n

mappings f, g analytic in a neighborhood of U spec(C(k)) the tensorial Leibniz’

k=1
g) . (94)

)

Proof. Since the matrices C*) are assumed to be simultaneously diagonalizable
it is sufficient to prove the statement for diagonal matrices C*) = D®) 1 < k <
n. Furthermore, continuity of divided differences with respect to the arguments
C®) 1 < k < n, implies that it is enough to prove (94) for matrices with
pairwise disjoint spectra, cf. [4].

The statement is trivial for n = 1 and we assume next that the assertion
holds for all m < n and derive it for n.

rule for divided differences holds

(fg)=zn:<

j=1

n

X ¢

J
X C*)
k=j k=1

X C*)
k=1
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From Lemma 25, we deduce®

[D(l), . .,D(")} (f9)
= ((12 [D®,....D™] (19)) = ([DD,...,D"V] (fg) 2 1)) (&) (D(”),D(l)))_l
e (163 [0 p] 1) ([0 0])

n—1

D(J) ..,D("—”]fo[D<1>,...7D(j>}g oI (@(n,n (D(m,D(l)))‘l

\ I
A

J
- <|:D(J ,...,D<”>] fo [D<1>7_._7D(j)} g) AN (Dm?D(l))
j=2

n—1
) (n) M ) nd) (P Pl D) (™ pMY))~
+;([DJ,...,D }fo[Dl,...7D]}g)6 i (D ,DJ) (@ 1 (D 7D1))

Since &1 (D(l),D(l)) = o) (D("),D(")) = 0 the first sum can be ex-
tended to 7 = 1 and the second one to j = n without changing the values. Since
e(jvl) (D(])’ D(l)) +@(n73) (D(”)7 D(])) = @(nvl) (D(n)7 D(l)), the result fOHOWS.
]

Finally, we will need a result for the composition of tensorized bilinear forms
and employ the notation of vectorization as in (25).

Lemma 27 For vectors v, w() e C*, let

k k k
Q) = QLB WD g g mh [ (Q) v [ R BO | &) wl.
j=m+1 j=m+1 j=m+1
Then
n n+1 n+1
( X v ®.> . ( 0 C(é)) <q<k+1> o ® W(j)) (95)
l=k+1 {=k+1 l=k+2
n n+1 k+1 n+1
_ ( R v ®.) . ( X Cm) o ( 0 B(e)) X W,
{=m+1 (=k+1 {=m+1 {=k+1

5To derive the third equality, we have inserted

n—1

_S" [pW) (n) (1) G-1) (G+1) (n) ) )
;[DJ,,‘.,D | ro([PD, ... DU ] g 1)+ g(1®[DJ D] 1)o[D, . D] g

and used (93).
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Proof. We denote the left-hand side in (95) by lhs. Then,

n n+1 n+1
Ths — a(m+1H) < X v ®.> . ( X C(f)) <B(k+1)w<k+1> 2 X W(j))

{=k+1 l=k+1 {=k+2
n n+1 n+1
— o(mHLk) (v<k+1> . C<k+1)B<k+1>W<k+1)) ( & v ®.> . ( 0%9) c“)) R wl
l=k+2 l=k+2 {=k+2
k k k
— R v [ @BV ® w|x
j=m+1 j=m-+1 j=m-+1

% (v(k+1) . C(k+1)B(k+1)W(k+1)> %

n n+1 n+1
“ ( &) v ®.> . ( R C(é)) R wh

l=k+2 L=k+2 L=k+2

and this is the assertion. m

Theorem 28 (Associativity) Let a Runge-Kutta method be given which sat-
isfies Assumption 4. Let W (s) € L(B, D) and V (s) € L (D, E) denote transfer
N

operators which are analytic in some complex neighborhood U of U spec (M(k)).

k=1
It holds

V() oW (7)) = (V) (87) (96)

Proof. We set
k -1
g+ = (egk—m)(@ ®.) ( X AT

l=m A@

W> (W < (1) %),
The left-hand side in (96) can be written in the form

(n)
(V- (07) (W (97) w))

n k n —1
=3 wWnk (0) wim (0) (egn_km ® °> : [X AT

k=0 m—0 =k ¢
Lené 27 Z Wi (0) Z (eng—m)® ® .) .
m=0 k=m
(A2 ) o ([ A2 w (wm @ (A1) ™).
1=k Ay l=m Ay

Next we apply the tensorial Leibniz rule for divided differences (cf. Lemma 26)
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to obtain

(V(99) (W (99) w))™

(VW)) (wm @ (A7) ™)

Corollary 29 (Inversion Formula) Let a Runge-Kutta method be given which
satisfies Assumption 4. FEquation (79a) has an explicil inversion formula. It
holds

N N
K, (9P) <>< W) = X arg™. (97)

n=1 n=1
Proof. We employ Theorem 28 with V := K_, and W := (Kﬁl)p to obtain

(n)

(10 0F) (071, 29) )
_ ni:own,m (0) (egnfm)éb ® .) . [;( AA;

{=m

(1) <w<m) ® (A*11)("‘m)®)

with the identity mapping Id. Hence, only the summand with m = n is different
from zero and the assertion follows. m

6 Implementation and experiment

Our implementation of the Runge-Kutta gCQ is based on quadrature applied
to definition (22). If a suitable quadrature with nodes z, and weights wy, £ =
1,...,Ng, is available it is clear how to approximate the action of the (forward)
convolution K (8°)¢ by a Runge-Kutta time stepping method applied to

Opup(z,t) = zpuy(z,t) + 07 d;  up(2,0) =0, €=1,...,Ng.
The solution of the convolution equation K (99)¢ = g, for given g, avoids the

evaluation of the inverse convolution ¢ = K ~1(9°)g by employing the following
algorithm which is based on K and not on its inverse. We compute approxima-

tions (:5(”) ~ ¢™ from
~(n) ol
K—P ((AnA)il) ¢ = g(n) - ZwZK—p(ZZ) (es : u(nil)(zf)) (I - AnZEA)ill
=1

in the following way.
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Algorithm 30 (Runge-Kutta gCQ with contour quadrature)

e Initialization. Generate K_, (z;) for all contour quadrature nodes zy,
~(1
¢=1,2,...,Ng. Compute (b( ) from

(

Ko, ((0A)7) " = apg®. (98)

e Forn=2,....N

1. Runge—Kutta step. Perform a step of the Runge—Kutta method
applied to (8b) and compute

umngﬂ——a—AnlqA)1<<%.umm@@)1+wﬁn1A$m_D>

for all contour quadrature nodes: z =z, £ =1,...,Ng.

2. Generate linear system. If A, is a new time step, then generate
K_, ((AnA)’l). Otherwise this operator was already generated in a
previous step. Update the right-hand side

Nq
r(™ = (™ (u(”_1)> = Gfg(")—z weK_,(2¢) (es . u("_l)(Zg)) (I—AnzA) ' 1.
=1

3. Linear Solve. Solve the linear system

(n) _ I‘(n).

(a6
For gCQ based on the implicit Euler method the quadrature problem has
been fully solved in [10] and several experiments are reported in [11]. The con-
tour of choice in this case is the circle centered at A;liln with radius A;liln, which
coincides with the boundary of the region |R(Aminz)| = 1. The parameteriza-
tion of this circle uses Jacobi elliptic functions in order to optimally exploit the
analyticity domain of the integrand in (22), whose poles are located in the real
segment [A™1 AL
For higher order Runge-Kutta methods the poles of the integrand in (22)
are typically located in a sector around the positive real axis and the boundary
of the stability region |R(Aminz)| = 1 is more complicated than a circle. In
Figure 1 we show the location of the poles, the curve |R(Amninz)| = 1 and our
contour of choice for the grid

. 2
@:(i), j=1,...,20,

both for implicit Euler and RadaullA5. In both cases we choose a circle as
the integration contour but in the case of RadaullA5 the radius is much larger,
namely M = 5max(|A|)/Amin for A € spec(A). This implies that the boundary
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Figure 1: Poles of the integrand in (22), integration contour and curve
|R(Aminz)] = 1 for 20 steps quadratically graded towards the origin. Left:
For implicit Euler method. Right: For RadaullA5

of the contour becomes more vertical at z = 0 and thus avoids invading too
much into the region |R(Aminz)| > 1 close to the origin. For this contour the
number of quadrature nodes needed to produce the error plot in Figure 2 was
Ng =3N log?(N). The optimization of the integration contour and a rigorous
error and complexity analysis are the subject of ongoing research.

In order to illustrate the performance of high order Runge-Kutta gCQ in
comparison with the original CQ, with uniform steps, we consider the following
one-dimensional example: Find ¢ such that K(9;)¢ = g with

1— e—2z

K(z) %

and  g(t) = t>/%e7t. (99)

The exact solution to this problem is computed in [17] and is given by

/2]
B(t) =2 g'(t—2k). (100)
k=0

We approximate ¢(t) for ¢t € [0,1] by applying Algorithm 30 with RadaullA5
and p = 0. Then we have g =1 in Assumption 1, p = 5 and ¢ = 3. The right-
hand side g satisfies ¢'*)(0) = 0 for £ = 0, 1,2 and is not three times differentiable
at t = 0. This lack of regularity suggests to use a time grid which is algebraically
graded towards the origin. We heuristically choose a quadratically graded mesh
with points

© = (t;))L, with tj:(;v>
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Figure 2: Error with respect to the number of steps for g in (99). The straight
lines indicate slopes 1, 2 and 3, respectively.

and o = 2. In this case it is A = N~! and Ap;n = N2, For a comparison
with uniform steps we set & = 1. Figure 2 shows that the convergence rate is
O(A3) for the graded mesh and about O(A!-) for the uniform mesh. For this
example, we have y = 1 and thus the minimal integer v > pu+ 1 is v = 3. For
p =0, with g —p=1> —1, Theorem 16 then predicts a convergence rate like
O(A3+173) = O(A). The theoretical estimate provided by this Theorem is of
order 3 or higher only for p > 2. More precisely it is O (A3) for p = 2 and
O(AP) for p = 3. We believe this is due to a limitation of our theory which
does not allow in principle to choose a fractional value of v. In the limit (not
allowed) case v = 2, the theoretical estimate yields actually an estimate like
O(A?%). However we observe a better convergence rate for p = 0 as predicted
by our theory, actually the rate coincides with the optimal convergence rate for
smooth and compatible problems with uniform time steps developed in [1]. It
is an open problem whether there exist examples where a bigger value of p is
necessary for variable steps than for uniform steps or whether our theory yields
a suboptimal estimate in terms of this parameter.
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