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ERROR BEHAVIOUR OF EXPONENTIAL RUNGE-KUTTA METHODS

ANNE KVERNQO

ABSTRACT. The error behaviour of exponential Runge-Kutta methods is studied by use of
a modification of the B-series theory. In the modified series the stiffness is isolated from
the elementary differentials and included into the coefficients of the series. This makes it
possible to study the stiffness dependence of each term separately, and thereby gain better
insight into how methods might behave when applied to stiff equations.

1. INTRODUCTION

The aim of this paper is to get a better understanding of the error behaviour of exponential
Runge-Kutta (RK) methods. Such methods are derived to solve semilinear problems of the
form

(1) y/ =Ly + f(tay)a y(tO) = Yo

where L is a matrix and f(¢,y) is some nonlinear term. We consider s-stage exponential
RK-methods defined by

S
Yi = ety + b ag(hL) f(to + ¢;h,Y;),  i=1,2,-- s,
j=1

(2)

y1 ="y + hz bi(hL) f(to + cih, Y;).
i=1

for which the coefficients of the methods are given in a Butcher tableau as

ca|ann(z) - as(2)

or in matrix form as

Cs | as1(z) - ass(2)
bi(z) -+ bs(2)

Exponential integrators were originally introduced as a method to solve stiff problems by
use of explicit methods, without the familiar stability restrictions, see [4, 12, 14, 15]. The
recent wave of publications seems to be more directed towards time integration of spatially
discretized partial differential equations. A review of exponential integrators and related
methods can be found in [13].

Classical local order theory has been derived by several authors, e.g. [1, 8, 10|, based on
B-series and rooted trees. Such analysis is crucial for proving consistency and convergence
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FIGURE 1. Stepsize versus error for the model equation (3).
Left: The effect of stiffness. Middle: The effect of initial values.
Right: How the error changes over the first few steps.

of the methods, but it is not able to describe how the error behaves for stiff problems using
reasonable large stepsizes. Stiff order conditions can be found in [8, 9, 10].

In [5] Cox and Matthew describe and develop exponential integrators in the context of a
simple model ODE for the evolution of a single Fourier mode, given by

(3) yl = )‘y + f(tay)a y(tO) = Yo, Ae Ci? |)‘| >> 1.

The extension of the methods to systems of equations is immediate. But if the methods are
applied to the simple problem (3), local error behaviour can be observed which can not be
completely explained by any of the order theories mentioned above. The following example
illustrates this.

Example 1. Consider the equation (3), with f(¢,y) = y + sin(¢) and tg = 7/4. The error
is measured after one step of the Cox and Matthews’ 3th order exponential RK method, see
Table 1, and the results are given in Figure 1. To the left, the effect of the stiffness parameter
A is demonstrated. In this case, the initial value yg = 1. The picture in the middle shows the
effect of using different initial values. In this case X is constant, A = —103. To the right, we
can see how the error changes over the first few steps, using 9 = 1 and A = —103.

The aim of this paper is to derive a theory to explicitly describe these kinds of error
behaviour by rooted tree analysis. In the classical B-series theory, see [2, 6], the exact and
the numerical solutions are written as series of the form

S a(r)HTE ()t o).
TeT
When applied to (3) elementary differential F'(7)(yp) depends on powers of A\, making the
truncated series unsuiteable for describing the error behaviour when |A| is large and h mod-
erate.
For the model problem (3), we show that this problem can be overcomed by using a
modification of the B-series, described roughly by

> e @RF(T) (o, 5m0), 2= Ah,
TeT

in which F(7)(to, - ;yo) is independent of A\, but the coefficients «(7) are replaced by functions
of z, that is ¢(7)(z). The difference of these functions for the exact and the numerical solution
then gives a quite precise description of the error for different values of z.
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0
3 ¢1(3)
1 —<751(Z) 2¢1(z)
$1(2) — 3d2(2) +4¢3(z) 4da(z) —8¢3(2) —¢2(2) + 4¢3(2)
CM3, s=3
0
51 501(5) — §02(3)  §01(3) — ¢2(3) T 2eu(3)
1| 261(2) — 3¢a(2) —361(2) + 502(2) 2 0 201(%)
S61(2) — 3¢2(2)  —L61(2) + 30n(2) B o Mgl
Radau ITA, s=2 CMO3, s=3

TABLE 1. Examples of exponential RK methods.

As an introduction, the idea is demonstrated on a linear problem in section 3. The main
results, that is the series of the exact and numerical solutions of (3) ,are derived in section 4.
In section 5, we study the series for the smooth solution, as well as situations when the initial
value is on or off the smooth solution manifold. Section 6 presents numerical experiments
to illuminate the relevance of the theoretical results. Some concluding remarks are given in
section 7.

2. EXAMPLES OF EXPONENTIAL RUNGE-KUTTA METHODS.

Before studying the error behaviour, we would like to present some exponential RK-
methods which will be used throughout the paper to illustrate the theoretical results. The
methods are all of classical order 3, they have been chosen because of their diverse error
behaviour when applied to the model problem. The methods are

CM3: The third order explicit method developed by Cox and Matthew [5].

Radau ITA: An implicit third order exponential integrator based on the Radau ITA quadra-
ture, constructed by Hochbruck and Ostermann [9].

CMO3: A third order explicit method constructed by Celledoni, Marthinsen and Owren [3].
Contrary to the methods above, CMO3 was derived not primarely for solving (1), but as a
Lie group method for solving ordinary differential equations on manifolds.

The tableaux of the methods are given in Table 1. The coefficients are expressed in terms of
the function ¢g4(2), defined by

11 e 1 =
(4) gf)q(z): (q_l)!ﬁeAhA e~ 54 1d0:;<ez_zf>, g=1,2,---,

=

using z = Ah.
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CM3 Radau IIA CMO3
Pq(2) Yq(2)
e*—1 e*—1 e*—1 e*—1
z z z z
2
ef—1—z ef—1—z ef—1—z 3e3*-3
22 22 22 4z
z 22 22 2
ef—1—z—%- 1-2—-% (4—z)e*—4-3z e3”-1
23 , s 23 622 4z
1-z—2- -2 (6—2)e* —6—5z—222 (13—42)e*—13-92 o371
z‘; s 4 1223 5422 18z
l—2—2-—2- -2 (14 32)e*—14-112—422  (40-132)e*—40-27z 3% 1
25 9623 64822 1082

TABLE 2. Weight functions for the linear problem

3. THE LINEAR CASE

As an introduction to the idea of this paper, consider the the linear problem

(5)

Y =X y+ f(t),

The exact solution is given by

y(to) = Yo,

e C.

h
y(to + h) = eMyg + M / e f(to + o)do.
0

By using the series expansion of f(to+ o) and integrating each term separately we get

(6)

y(to +h) =e* y0+z¢

9=

where ¢4(2) is given by (4).

A similar series can be derived for the numerical solution,

(7)

where

y1 =€“yo + hz bi(2)f

i=1

Yq(2) =

truncation error is given by

y(to+ h) —

)RIFaD (1),
1

(to + cih) = €7 yo—i-zw

9=

1 S
——— ) bi(z)c!”
(¢—1) ;

Table 2 lists the functions ¢, as well as 1), for the methods given in Table 1.

Ze

thq

where the error functions &, are given by

Eq(z) =

$q(2) = Pq(2)-

z = A\h.

hqf q-1) (to)
1

1

Y(to)

Obviously, the error is of order o + 1 independent of the stiffness parameter A if

Eq(z) =0,

q:17279

)

The local
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and for the three methods under consideration

CM3 __ 3 Radau ITA __ 9 CMO3 __ 1
frg s = —_— .

and 0

0 0

But useful information can be achieved by detailed examination of the error functions in the
extreme cases, like the nonstiff, the strongly damped and the highly oscillatory case:

The nonstiff case. This situation is characterised by |z| small, such that the error functions
can be studied in terms of their series expansions. Since z = Ah, the nonstiff order of the
local error is p + 1 if

Eq(z) = O(P71T), g=o0+1,-- ,p.

We then get the following expansion for &£,(2):

q CM3 Radau ITA CMO3

2 0 0 622 + O(2%)
3 0 +240(z%) —%z+0(2?)
4 2524 0(z%) —5+0(z) 55+ 0(z)
5 —mm T 0(E) —5+0(E) 555+ 0()

which gives the following expressions for the errors:

(55" (t0) — gamg f D (t0)) h® + O(hO) for CM3
y(zo + h) —y1 = § (1" (t0) — 551" (t0)) h* + O(h®) for RADAU IIA .
(2= f(to) — 25 " (to) + ois " (t0)) B* + O(A®)  for CMO3
Thus for |A| small, the methods Radau ITA and CMO3 will have approximately the same

error behaviour. However, the A2 - term in the error of CMO3 will dominate for larger values
of |A|l. For the linear problem, CM3 is of nonstiff order 5.

Rapid decay. In this case we assume Re(z) << 0, such that all transients represented by
exponential functions are completely damped. The error functions can be written as

q CM3 Radau IIA CMO3

2 0 0 -+ +0(%)
3 0 —32+0(x) - +0(%)
4 —pat0(5) —m=+0(x) —5+0(x)
5~z t0(5) —me +O0(5H) o +O()

and the local truncation error is
— 5z h2 " (to) + O (& + hy)  for CM3
y(to+h) —y1 = —ﬁhf”(to) + O(% + 23) for Radau IIA .
—1hf'(to) + O(3& + & for CMO3

Only CM3 has a stiff local order of 2. Of the remaining methods, Radau ITA has an advantage
because of the 1/A? dependency.
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FIGURE 2. Local truncation error.

Rapid oscillations. At last we assume |z| large and A imaginary. The exponentials will rep-
resent rapid oscillations in the error functions, which are dominated by the terms:

q CM3 Radau ITA CMO3

22
2 o o
3 0 E+0(F) —*EH+0(H)

e Y

2
1 1 2¢” 1 3749
4 e12z2 +O(z_3) 2$Z+O(z_2) _6128,2 +O(
3e*—5 1 13e* 1 23747
9662:2 + O(Z_B) 6468 + O(?) B e216z + O(
and the absolute value of the local truncation error is

L ME2 " (to) + (9(% + %), with M € [0,2] for CM3

)
)

ot

W

T2\
ly(to + h) —y1| = ﬁfﬂf”(fo) + O((L—i + #) for Radau ITA
2 .
s MASf (to) + O(f5; + i) with M € [1,2] for CMOS3.

Radau ITA method is the only of the three methods that will demonstrate a significant different
error behaviour in the decaying and the oscillating case.
The theoretical results are confirmed by the following experiment:

Example 2. Consider the example given by Cox and Matthew [5]:
y' =Xy +sin(t),  y(0) =uyo

with exact solution
eM — \sint — cost

y(t) = yoeAt + 14 )2
The equation is solved by each of the three exponential Runge-Kutta methods, starting from
to = m/4, and the error is measured after one step. Two real and two imaginary values of A
have been used to represent the two stiff cases. The results are presented in Figure 2.

Even for this simple example, we observe that the error behaviour depends on both A and
h. We also observe that the theory gives a quite precise description of the observed results.
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4. THE SEMILINEAR CASE

We will now consider the semilinear scalar equation

(8) v =X+ f(ty), ylto) =%, AeC.
Assuming f sufficiently smooth, (8) possesses a smooth solution which can be written as an
asymptotic series in powers of 1/\:

(93) ys(t) = ys,O(t) + %ys,l(t) + %ys,Q(t) + -

By inserting the series of ys(¢) into (8) and comparing equal powers of 1/A, we obtain the
following expressions for the first three terms

(Qb) ys,O(t) = 07 ys,l(t) = _fa ys,Q(t) = _ft + fyf Tty

where the function f and its differentials are all evaluated in (¢,ys0(t)) = (¢,0). The solution
ys(t) is frequently referred to as the “smooth solution manifold” of (8). If Re(A) < 0 solutions
are attracted to the smooth manifold, if A is purely imaginary, solutions oscillates around it.
An initial value is called consistent if yo = ys(to).

As in the linear case, we would like to express the exact and the numerical solution as
power series of h, in which the coeflicients of the series are functions of z. However, from the
Runge-Kutta theory, we know that each term corresponding to a certain power of h might
split into several terms, so that the exact and the numerical solution are better represented
by B-series, [2, 7]. These considerations motivate the following preliminary definition:

Definition 1. A GB-series is a formal series in h of the form

(10) GB(p,Qoi2,h) = > o(7)(2) W F(T)(Qo),
T€T

where

T is an index set.

©(7)(2) is a function of z (elementary weight function).

|7| is a non-negative integer (order).

F(7)(Qo) is a differential operator on f (elementary differential), evaluated at some
point Q.

Our aim is to construct GB-series of the exact solution y(to + h) of (8) as well as the
numerical solution y; given by (2) using L = A, that is

(11) y(to + h) = GB(¢e, Qoi hA, o) = > () (BA) BT F(7)(Qu),
TeT

(12) y1 = GB(1, Qo hA, h,yo) = > 4(7)(hA) BT F(7)(Qo).
TeT

such that the elementary differentials F'(7)(Qg) of f are independent on the stiffness parameter
A

Obviously, the exact and numerical solution of the linear equation, given by (6) and (7),
can both be considered as GB-series. In this case T is the set of all nonnegative integers
and Qo = tg. In the semilinear case, it will be more convenient to let 1" be a certain set of
multicoloured rooted trees. As in (9) the elementary differentials will usually be evaluated at
(to,ys,0(to)) = (to,0). We will then use the notation Qo = (to,0;yo) where y is the initial
value of the problem.



8 ANNE KVZERNQ

The following lemma, which can be established with a minimum knowledge of the GB-
series, is a prerequisite for the construction of the series (11) and (12).

Lemma 1. Assume that y(h) can be expressed as a GB-series around Qo = (to, 0;y0), that is
y(h) = GB(p,Qo; 2, h). Then the function f(t+ vh,g5(h)) can be written as a formal series

(13) flto+7h,5(h) = Y agp(w)ps(w)(2)h* Fy (w)(Qo)
weW
where the index set W and the terms o, ¢, | - |5 and Fy are given as follows::

a) W is the collection of multisets of indices so that
- {0 ew
—w={F 1, Ty EW ifT, - ,TmeET.
Here o is one particular index, but e & T.

In the following, w = {ok,n, < Tm} € W oand among 71, , Ty, there are q distinct ele-
ments, each of multiplicity vj, j =1,--- ,q. Then

aston =1, o) =11y
j=1

) or({0) =1,  ¢pw) =7"]]en)
=1

d) [{0}p=0, |wly=k+)_|nl
i=1

ak—i—mf

o) Fy(0) = £(100). Fy(w)(Qu) = Gzt tto.0)(F(m)(@a)ooo- (1) @0))

Proof. Let z be fixed, and do a multivariable Taylor expansion of f around (¢g,0). Then

Flto+4h, G 0) = D2 37 Framy(t0, 0) () ()™

p=0 k+m=p
m
=Y Y il 0000 (T e F @)
p=0 k+m=p TeT
> 1
k i
= Z Z mfktmy(to,o)(’yh) Z HSD 7i)( h‘T IF(Tz)(QO)
p=0 k+m=p Ti,,Tm €T =1
The last sum is here taken over all possible ordered sets of 71, - - - , 7p,. If this set consists of ¢
distinct elements, each of multiplicity 7;, then the same term appear exactly m!/(ri!---ry!)

times. Using the multilinearity of the differentials fyy,, we get

f(t+~h,y(h)) = [(to, 0)

+ 2w m(H@ )h’f*zwﬂfkt y(t0, 0) (F(r1)(Qo) -+ F(1m)(Q0))

{.k 77—17... 7Tm}€W

where oF represents the k times derivatives of f with respect to t. Comparing this with (13)

proves the lemma. O
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Remark 1. In the transient case it might be advantageous to do the expansions around (tg, yo)
rather than around (t¢g,0). This can be done by writing the GB-series as

Jh) =yo+ e+ > e(METF(E)(Qo), Qo= (to,y0;v0),
TET\{*}
and * is the index representing 7. In this case, all the elementary differentials is computed

in (to,yo), but the lemma is not altered in any other ways.

The next step is to derive the G B-series of the exact solution, (11). In the following, we will
use Qo = (to,0;y0). The series will be derived from the the variation-of-constants formula,
which gives the exact solution of (8) as

h
(14) y(to +h) = e My + exh/ e f(to + s, y(to +<))ds.
0

Immediately, we can conclude that one term in the series is e®yg, or more formally
(15) * €T, we(x)(z)=¢% |*x|=0 and F(*)(Qo)=vo.
We also have that f(to + 7,y(to + 7)) = f(t0,0) 4+ - - -, thus a second term is given by

z " - -1
e* [ e ™ f(to,0)ds = hf(to,0)
0

z

so that

e —1

(16) °o€T, ¢e(o)(z) =——, [o]=1 and F(o)(Qo) = f(to,0).

The complete GB-series of the exact solution is given by the following theorem:

Theorem 1. The exact solution y(to + h) of (8) can be written as a GB-series of the form
(11) around Qo = (to,0;y0), with

a) x€T, ocT and [o*, 7, - 7] €T if 1, ,7m €T.

In the following, T = {ok, Ti, + yTm} € T and among 11, -+ , Tpy there are q distinct elements,
each of multiplicity rj, 5 =1,--- ,q. Then

b) F(*x)(Qo) =vo, F(0)(Qo) = f(to,0) and
F(7)(Q0) = frtmy(to, 0) (F(11)(Qo) - - - F(7m)(Q0)),

m
¢) | x| =0, |o\:1and]7'|:k+2\n]+1,

i=1
d) pe(*)(2) = €, pe(0)(z) = ¢ 2_1' Otherwise, p.(T)(z) is given by
ve(T)(2) = %ez /OZ o=t (1) (o) do,

where

) = o) [Jeem@),  am) =]
1l

ril
i=1 J
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Proof. The theorem will be proved by induction. Assume that it is possible to write the exact
solution as some GB-series (11). Then the first two terms are given by (15) and (16). For the
remaining terms, replace y(to + <) in the integral of (14) by its GB-series and use Lemma 1.
Thus (14) can be written as

(1)
h
S D@0 = €t [T T agtulesw)A0 Fyw) Qolds
T€T 0 weWw

=¢e° L ZU'”‘ e Tar(w w)(o)do | Wy (w .
yo+§v(z|wf+1/0 reas(whpsw)o)ds ) WS (0)(Qo)

Each term on the left hand side have a corresponding term on the right. Assume that

T1, 72, ,Tm € T and their corresponding functions F, | - | and ¢, are given by the theorem.
Then w = {o*,71,--- ,7,,} € W, and there must be a corresponding term on the left hand side
represented by an index 7 € T, which conveniently will be denoted by 7 = [F, 7y, 7,,].

Comparing the terms on each side, we get

IT| = lwlf +1, F(1)(Qo) = Fr(w)(Qo)

eZ 4
_ |lw| ¢ —0
and  @e(7) = Y /0 oVe %ar(w)ps(w)(o)do.
Inserting the expressions for |- |¢, F¢, ay and ¢f from Lemma 1 completes the proof. O

Remark 2. If the elementary differentials are evaluated in (¢g, y0; o) rather than in (g, 0; o),
then the GB-series for the exact solution can be written as

ylto+h) =yo+ (" —Dyo+ Y @e(r)(2)hF(7)(Qo)
TeT\{*}

Thus @¢(*)(z) = €* — 1, consequently one of the initial values for the recursion is changed,
but the reccurence formula itself is unaltered.

Using standard notation, an index 7 = [@F, 7y, -, 7,,] € T is associated with a rooted tree
obtained by connecting k£ e’s and the roots of 71, -+, 7, by k + m branches to a new white
vertex o which becomes the root of 7. In Table 3 the trees with less than four vertices are
listed, together with their corresponding terms.

The last step is to prove that the numerical solution can be written as GB-series similar to
those of the exact solution. The formula (2) applied to (3) can be written more compactly as

Y =e%yo+ hA(2) f(to + ch,Y),

18
( ) Yy = ezyo + hbT(Z)f(tO + Ch7 Y)’

cz c1z cszT
! a"'?es]

by using Y = [Y1,---,Y,]T for the vector of stage values, e = [e and
f(to +ch,Y) = [f(to + c1h, Y1), -+, f(to + csh, Y)Y, Further 1, = [1,1,---,1]T € R®.
The multiplication of a product of vectors by a matrix is defined by: If A is an s x s matrix
and d;, 1 = 1,--- ,m are vectors of dimension s, then

- f1a)
=1 =1
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That is, form the element-by-element product of the vectors before multiplying by A. We
now establish the following result:

Theorem 2. The stage vector Y as well as the numerical solution y1 given by (18) can be
expressed as GB-series similar to those of the exact solution of (8) , that is

Y:GB(\IIaQO;Z’h)v 1 :GB(QZ)»QO;Zah)
with Qo, T, F and | - | given by Theorem 1, and

U(x)(2) = €, W(o)(2) = A(2)ls and W¥(7)(2) = a(r) A(z) (&pr(n)),

W)= ¢, B =L ad 6(r) = a5 ([0,
=1
where T = [oF,
1451
and ot k_I;[r_

Proof. Assume that the GB-series of Y and y; exist. Insert those into (18) and use Lemma
1. We then get

Y U@EATFE)(Qo) = eFyo + Al2) Y ap(w)¥s(w)h"lrH Fy(w)(Qo),

Ti, s Tm| € T with q distinct subtrees 7;, each of multiplicity r;,

TeT weW
> UM RTF(T)(Qo) = e*yo + b7 (2) D ap(w) s (w)h! I Fy(w)(Qo).
TeT weWw

These expressions are similar to (17), which was used to generate the GB-series for the exact
solution. They only differ in the weight functions. We conclude that Y and y; can be written
as GB-series similar to those of the exact solution, but with weight functions given by

U()(2) =€, W(o)(z) = A(2)Ls,  W(7)(2) = A(2)arp(w) ¥ p(w)
b(R)(2) = e, P(o)(2) =bT(2)Ls,  U(7)(2) =0T (2)ars (W)W s (w)

where oy and ¥y are given by Lemma 1. O

Remark 3. If the elementary differentials are evaluated in (to,yo) the theorem is still valid,
with the only difference that U(x)(z) = e® — 15 and ¥ (*)(z) = e* — 1, see the remark after
Theorem 1.

Table 3 lists the weight functions for the trees of less than four vertices. Error functions
E(T)(2) = we(T)(2) —¥(7)(2) for the three methods of Table 1 can be found in Table 6 - 8 in
the appendix.

5. SOLUTIONS ON THE SMOOTH MANIFOLD

In the introductory example we saw how the error behaviour did not only depend on h
and A, but also on the initial value. The behaviour also changes over the first few steps.
In the rapid decay case, this is related to how the numerical solution approaches the exact
smooth solution ys(t), given by (9). In this section, we will first describe the solution y(t)
in terms of GB-series. Further, we discuss the series for the numerical solution in the case of
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T || F(r)  T(7)(2) Pe(T)(2) U(r)(2) P(7)(2)
x 0 Yo e* e? e*
o 1 f 1 bl Al b1,
‘é( 1 fyyO e? e? Ae? bTecz
? 2 It 1 ezz# Ac e
I 2 fyf el CCLAL A1, pT AL,
MO fuyoo 3 et 1 Ag2ez Ly g2es
2 fywo e* . A(c-e®) b7 (c-e%)
N2 fufw e ¥ —letl)e” A((AL) - ) b7 ((AL,) - &%)
*
i 2 fyfyyO e® % A2 e bTAecz
Z— 241z
% 3 fu 5 e (1ts+2 ) 1AC? 16T 2
z e*(—1+222 z
Y 3 fuf o CLz=0t 08 g(e - (ALy)) b (¢ - (AL))
e*—1)? e“* —2ze*—
Y3 fulf R S 3A((AL) - (AL)) 3HT((AL) - (AL))
[ ]
(:li 3 fylt etz W A?c b Ac
o
z e?(l1—z lz —
33 ff,f SChgEs Sl A%1, b A1,

TABLE 3. Trees with less than 4 vertices and their corresponding terms, using
Qo = (to,0;90)

consistent initial value. At the end of the section, we will use these ideas to explain how the
error changes over the first few steps.

GB-series of the smooth solution. Consider again the GB-series of the exact solution
given by Theorem 1. From the construction of the trees 7 and the weight functions ¢.(7)(2)
we observe the following:

e The weight function ¢¢(7)(z) can be written as

Pe(7)(2) = @er(T)(2) + ¢s(7)(2)

where ¢y,-(7)(z) includes all the terms involving e*, and the remaining term ¢g(7)(z)
is a rational function in z.
e ¢ (7)(z) =0 for all 7 € T if (at least) one of the vertices in 7 is a *.

If Re(N) << 0, ¢ (7)(2) quickly becomes negligible compared to ¢(7)(2) as z grows. Thus
the exact solution can be split into a transient and a smooth part,

y(to + h) = yu-(to + h) + ys(to + h),
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where the rapidly damped transient is given by

Yur(to + h) Z e (7)(2) KT F(7)(Qo),

TeT

and the smooth solution, to which y(tg + h) will be attracted, is

(19) ys(to + 1) = > @u(7)(2) KTIF (7)(t0,0; ).
TET,

Here Ty C T is the subset of trees in T with no x vertex. Elementary differentials F(7)(Qo)
of trees 7 with no x vertex do not depend on the initial value yg, this is emphasised by using
Qo = (to,0;-) for GB-series over Tj.

In the remaining part of this section, we will use the subscript s to denote expressions for
which all exponentials e has been removed, that is, set to zero.

For the smooth solution, we might be more interested in the dependency of A than that of
h. Tt is then convenient to introduce the function Py(7)(2) = 2I7lps(7)(2). From Table 4 we
get

_ o\ o\ oo\ 1 2 o0\
PS(O) - _17 7)5 (é) - —(1+Z), PS ((5) - 17 ,PS(H) - _1_2_52 ) PS(X) - 1+27 )
and the smooth solution can be written as
(20)
1
ys(to +h) = > —=Ps(T)(2)F(7)(to, 0;-)

|7l
TGTS )\

= ——f ((1 +2)fi - fyf)

;3 <<1 Fob st (4 2ol — Sl + @4 Z>fyfyfy) o (%)

To get an expression for the consistent initial value, keep A fixed and let h — O:

@1) wslto) = 3 —=Pu(r)(O)F(7) (¢, 0;°)

Tl
TETS
1, 1 1 1 ) of 1
— _Xf_ F(ft_fyf)“'ﬁ(ftt_ftyf‘k§fyyff_ fyft+fyfyf)+ <F>

Since ys(tg) only depends on ¢y and f, this approach gives a complete characterisation of
the smooth solution. (9).

For the numerical solution the situation is more complicated, since the behaviour of the
method depends significantly on whether the initial value y¢ is on or off the smooth manifold.

Consistent initial value. Assume that the initial value is consistent, that is yo = ys(to).
This improves the error behaviour significantly, and not only for A large. To se why, consider
the G B-series of the numerical solution given by Theorem 2. For each elementary differential
of a 7 € T\Ts, yo can be replaced by the series (21). As an example, consider the term
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corresponding to ’g:

1/}(3) (2)hfyyo = < )( )hfy< lf_%(ft_fyf)—i‘"')
= 1/) <g> ( ) <_;h2fyf - z_lzhg(fyft - fyfyf) +>
-t ener () o () e (3]« o g emer (£)

[ ] o
The term § contributes to the terms g, i, i etc. By replacing each yo with the series (21),
the numerical solution y; can be written as as a GB-series similar to (19), or

= > () ()T F(7) (10, 05 ).

TE€TS

The subscript ¢ is used to emphasise that the expression is only valid for a consistent initial
value. In this case each 1.(7)(2) is the sum of ¥(7)(z) and terms coming from some T\T.
To find ¥.(7)(2), the following lemma becomes useful:

Lemma 2. Ifyy = ys(to), then for each 7 € T\Ts the elementary differential can be expanded
into the series

F( )(tO’O Ys 750 Z ﬂ )\O(UT Q(U;T*)F(U)(to,o;')

uelU(1*)

The set U(1*) C Ty is defined recursively by
al) U(x) = Ts.
a2) If T = [ok,Tl*, T T, T with T € T\Ty and 7; € T,
then u = [.k:?ula UL T, 7Tm] € U(T*) lful € U(Tz*)

The remaining terms are given by
b olur) = {\url Juell),
Yoicq0(uis ) if T and u is given by a2).
P, (u)(0) fueU®),
le‘:1 Qus; ) if ™ and u is given by a2).
1 if ue U(%),
m,l—'rq, Hézl Bui; ) if T and u is given by a2).

¢) Qu;77) = {

d) Blu; 7%) = {

In d) we have assumed that among wuy,--- ,u; there are q distinct trees, each of multiplicity
Tj}j:]-a"' yq-

Proof. Obviously F'(*)(to,0;ys(to)) = ys(to) and for this tree the result follows from (21). Let

T = [k T, S TI S Tl41, "+ > Tm), and assume the statement of the theorem to be true for 77,
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1 =1,--- 1. From Theorem 1 we get

F(r*) (t0,0: s (t0)) = fiamy (t0,0 (H( Z i)

=1 u;eU(w

I Pt )
i=l+1
=Y B (H S QL)) F(u) .05,

uelU(1*)

5 Quis T F (wi) 10,0:))

u'u

using the same argument for 5(u;7*) as used in the proof of b) of Lemma 1. O

Remark 4. A simple intepretation of the lemma can be given as follows: Assume that 7* has
k x-nodes. A tree u € U(7*) is found by replacing each of the x-nodes by some u; € T,

i =1,---,k. Then o(u;7*) = Zle |uj| and Qu;7*) = Hi?:l Ps(u;)(0). Unfortunately,
B(u; ) still has to be calculated recursively.

Example 3. Let

O
O—.

. vv OO

T Y and

<

Since Ps(o) = —1 and Ps < > —1 we have
o(u;7%) =5, Qu; %) =1, Blu;77) =4
We are now ready to present the main result of this section:

Theorem 3. Assume that the initial value yg is consistent, thus satisfying (21). For at € T,
let

S(t) ={r" € T\Ts, such that 7 € U(7*)}

where U(7*) is given by Lemma 2. Then the exact and numerical solution can be written as

y(to+h) = ou(r)(2)hF()(Qo)

TETS
Z wc hMF( )(QO)
T€Ts
with
@s(7)(2) = pe(T)(2)|ez=0
and

v @) =@+ Y L g o),

T*eS(T)

where B(1;7*) and Q(7;7*) are given by Lemma 2.
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Proof. The results for the exact solution is given by (9). For the results of the numerical
solution, use (12) and Lemma 2 so that the numerical solution can be written as

y1= Y W EMTF@)t0,0) + Y v ()R E(T)(to, 05 s (to))

T€Ts T*eT\Ts
= S A @00+ Y s Y BT o () 10,0
T€Ts T*€T\Ts TeU(1*)
=3 (v s 3 U ot ) () ) Bl 10,05
(h)\)O'(TT )
7€Ts T*ES(T)
Using the fact that |[7*| + o(7;7*) = |7| and z = Ah we conclude the proof. O

The set S(7) can be found by the following rule:

Partition rule: Given a 7 € T, and let w be a subtree of 7, in the sense that w is a connected
graph including the root of 7. Let 7\w be the “forest” collecting the trees left over when w
has been removed from 7. Make sure that w is chosen such that 7\w C T. For each w there
is an associated 7*, that is the tree consisting of w and all the removed trees replaced by a *.
S(7) is then the set of all such possible 7*’s.

[ ]
Example 4. The partition of the 4th order tree 7 = Ob/é is given by
/ .\\ o O ° °
o &l QO ao\d; & d o d
LY/ v - Y Y
thus
1 3 1
Gelm) () = () ()P (Og ) 0) + v (V) &P )P, () (0)

+ 50 () P (3) 0) + 20 (*\ﬁ> >+w<°°><>.

The expressions for ¢,(7) and ¢).(7) are given in Table 4. For the methods of section 2 the
lowest order error terms E.(7)(z) = ¢s(7)(2) — ©¥c(7)(2) becomes

z

°
b _ 2 4y 32 2 z 2
gc <(l) (Z) _ 4 525-1—2 e2z _ 82542:6 2 4+ 2—;12 €%+ 8—:542:62 _ 4+5Zz5+z for CM3

(22) & <.8.> (2) = 254407 243 for Radau TTA
Ee (g> (2) = z%ez - %e%z - ﬁfTéz for CMO3

which is a significant improvement for all three methods. Notice that Theorem 3 is valid also
for small values of |z|.

Nonconsistent initial value. We now assume yg to be different from, but close to ys(to),
say ys(to) — yo = O(h). As for the exact solution, if Re(\) << 0 the numerical solution y;
can be split into a transient and a smooth part of which the smooth part can be written as

(23) ys1 = Y bs(T)(2)RTF(7)(t0, 0; o)

TeT
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v ps(7)(2) Pe(7)(2)

o —1 —lez 4071,

it _% —Z%ez +blc

2 z% Z%ez — LpTees 1 pT A1,

" _1+z;%z2 _Z%ez + %chz

.b’o % 2—1362 _ %bT(c . ecz) + bT(c- (A]ls))

RV —% —#ez + #bTGQCz — %bT (ecz . (Alls))—F%bT((A]ls) : (A]ls))
% 242 Ze# — LpTecs 4 4T Ac

§ —Z% —z%ez + Z%bTecz - %bTAeCZ + b7 A%,

TABLE 4. Weight functions when consistent initial values have been used.

where ¥4(7)(2) is the weight function v (7) with all exponential functions set to 0. Usually,
¥s(7)(2) # 0 for at least some 7 € T'\T}, in which case the numerical smooth solution depends
on the initial value y¢. Fortunately the number of terms that has to be considered can be
reduced in two common cases:

a) If ¢; >0,i=1,--,s then Wy(x) = €%|Re(z)——co = [0,0,--+,0]7, thus ¢4(7)(z) = 0
for all 7 € T\Ts. In this case

ys1= Y _ s(r) ()P (1) (t0, 05 ),
TET,

the numerical solution do not depend on the initial values, and the comparision with
(19) is straightforward.
b) If the method is explicit and ¢; > 0, ¢ = 2,---,s, then ¢; = 0 and Uy(*) =

€“|Re(z)——o0 = [1,0,--+,0]T. Since the method is explicit, A(z) is lower triangu-
lar, and W,(7)(2) = [0, X, -+, x| for all 7 € T\{x}. Consider trees of the form
F=[oF 1, - 2™ with 7y e T\{*}, i=1,---,1, andk+1>1, m>1.

For such trees we get

l
\IIS(%) = AS(Z) (ck ) H\IIS(TZ') ’ (\PS(*))m> = [0707 T 7O]T

i=1

and similar ¢5(7)(z) = 0. Thus for all 7 € T that is or has a subtree of the form 7,

Ys(T)(2) = 0.
The weight functions of the first order “bushy” trees i, v, .-+ are in this case given
by
k L7 k 1
Pa(H1)(2) = b7 () (Wa0)* = Tibon (o).
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These terms together give the following contribution to the error
oo
1
Z ¥ ([ 1) (Qo) = hbs(2) Y 7k (to. 0)y5
k=1""

= hbs1(2) (f (to, yo) — f(to,0)).
Radau IIA satisfies the condition of case a), CM3 and CMO3 those of case b).

Error behaviour over the first few steps. The influence of initial values are reduced as
the integration goes on. In this section we will explain why.

Assume that n steps are taken. We allow for variable step size, thus hy = tx11 — ¢ and
2z = Mg, k= 0,--- ,n, However, each stepsize is assumed to be large enough to damp out
the transients. The numerical solution after one step is given by (23), or

1
Ysn+1 = Z WPN(T)(Zn)F(T)(tna 0; ys,n),
TeT

where Py (7)(zn) = of lws( )(zn). If n > 1, each ys, in F(7)(tn,0;ys,) can be replaced by
its series:

Yom = 3 =P (T) e ) ()t 1,03 1)

TeT MT'
> 1 —Zn—1 8kF
TE k=0

where the elementary differential F(7)(t,—1,0,y,—1) have been replaced by its taylor expan-
sion around t,, using h,—1 = z,-1/A. For simplicity, we will in this subsection use the
notation y, o = yo even if yg is not necessarily consistent.

Example 5. Consider the term in the GB-series of y; 11 given by

3P (8) Gty = 5P (8) () (%waznnfy (F=2tp+)
+ %PN (g) (2n—1)fyfyyn—1 + %PN (3) (2n—1)fy [t

The term corresponding to j; thus contributes to terms of the trees
® * o

o S o 5
<y & 5 5

If n > 2 then ys,—1 can be expressed by its series, and so on. By this procedure it is
possible to write the GB-series for y; 41 as

1
Ysn+l = Z NG PNZ(Zn7 t 7Zn—i)F(T)(tn7 O; ys,n—i)
T€T

= Yei(T)(zn, ) IF () (b0, O yan—i), i<,
T€T
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>
o

s (g (2n)
L4hs (8) (2n)0(0) (2n-1)

=1y <j§> (20) s (j;) (Zn-1) ifi=1, 0 otherwise.

Zn

% Vs <.8.> (2n)
Y U (W) () + 2210 (V) () ()

Yo 0 () ) + 220 (W) ()ths(0)nt) + 220 (W) (s (0) (20 1)
¥ (i) + 22, (8) )t (3) Guor) = 22204 () G (@) (za1)

Lo (8) 0 0 (1) oy + oo (1) o (§) o) i1
oty (8) s (8) (o) (0)(zna) 022

TABLE 5. Weight functions v ;(7) for i > 1

where ZLT‘TIZ)&Z‘(T) = Pn,i(7). The expressions for some 15 ; are given in Table 5, see also Table
9. We observe that the elementary weight functions do not change after a certain number of
steps. This number of steps is related to the height of the tree, defined by

H(T):{1 if 7 € {o, %},

1+ maxj—y.., H(r;) ifr=1[o" 71, 7,] €T
By the construction of 1, ; we can conclude that
Vi (T)(2n,s -+ s Zn—i) = Vs,it1(T)(Zns -+ 5 Zn—i—1) ifi>H(r)—1
and in particular
Vei(t) =0, if 7e€T\Ty and ¢>H(t)—-1

Thus, the influence of initial the value is reduced for each step.
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6. NUMERICAL EXPERIMENTS AND DISCUSSION

In this section we discuss the results of the previous sections, and how they can be used to
explain observable phenomenas of the error behaviour. The discussion is illustrated by the
following simple example:

Example 6. Consider the equation

(24) y =Xy +(y+sin(t),  y(to) =yo,  to=m/4
thus f(t,y) = y + sin(¢). The exact solution to this problem is

cos(t) — (A + 1) sin(t)

y(t) _ Ce()\Jrl)t +

A+1)2+1
Two different initial values are considered,
yo = 1, (non-consistent),
5(tg) — (A + 1) sin(t
Yo = cos( 02)\ +( 1;2— +)151n( 0)7 (consistent).

We will use A = —10%, —10* to represent the rapid decay case, and A\ = 1024, 10%; for the
highly oscillatory case.

The problem is solved by the methods CM3, Radau ITA and CMO3. The error after one
step using different stepsizes is measured and presented in Figure 3 and 4. In the rapid decay
case, also the error after two and three steps are presented, using the same stepsize for all the
steps.

For the error functions of the three methods, we refer to the appendix.

Nonstiff case. We assume z to be sufficiently small to study the weight functions by their
series expansions in z. For a given 7 € T let ¢(7) be

(25) pe(T)(2) — (1) (2) = O(1DF1),

The error after one step will be

y(to+h) —y1 = Z(%(T)(Z) —(1))(2)) W F () (t0,0;50) = O(A"TRPHY)

TeT
where
p=min(g(r) +|r]) and r (r)nf?;‘c q(7)
q(r)+|T|=p

To find p by computing ¢(7) for all 7 € T is a formidable task because there is an infinite
number of even low order trees, that is the trees with *-vertices. In this situation it is
advantageous to take the GB-series around (%o, o).

y(to+h) = yo+ Y e(T)(2)RT F(7)(t0, yoi yo)
TeT

Y = yoll, + Z (1) ()R F (1) (to, yo; vo)
TeT

y1=1yo+ Z $(7)(2)hTF (7) (20, yos yo)
TeT
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where @, ¥ and 1 are given by the reccurence formulas of Theorem 1 and Theorem 2 with
the modifications described in the respective remarks. Because

Fe¥) = —1=0(2), T(H)(2) = —1, = 0(z) and (F)(z) = ¢ — 1= O(2),
the contributions to the weight functions corresponding to each % is O(h), thus also trees in

T\T; results in terms of order equal to the number of nodes. We get the following lemma:
Lemma 3. The local truncation error satisfies
y(to+ h) —y1 = ONF1hPHY)
if
Pe(T)(2) — (7)(2) = O(zq(T)H) with q(T) > p—|7|, V7 €T with less than p + 1 vertices,

and r = max q(7), the mazimum taken over all T such that q(7) + |T| = p.
If the initial value is consistent, the condition can be replaced by

0s(1)(2) — ¥s(1)(2) = O (1) with q(r) >p—|r|,  VreTs |7|<p
The statement for a consistent initial value is given by (19) and Lemma 2. Applying these
results to the example methods give
O(h* + \*h%)  for CM3,
y(to+h) —y1 = < O(N3h?) for Radau IIA,
O(A3h?) for CMO3.
For CM3 the order 4 term do not depend on A, the order 5 term might dominate the error
and is therefore included. Using consistent inital value we get:
O(h* + X2h%)  for CM3,
y(to+h) —y1 = ¢ O(\h?) for Radau IIA,
O(\2n%) for CMO3.
These results are in perfect agreements with the results of Figure 3 and 4.

Rapid decay case. In this case we assume Re(A) << 0 and |z| >> 1. Let us first consider
consistent initial values, in which case the error behaves as

Y (@s(7)(2) = Yem) (DR E(7) (20, 0; ).
TETS

The lowest order error terms are given by (22) ignoring all expontential terms. For the CM3
method there are also significant contributions from the fourth order terms:

2
" o(7)(e) - (e = - 12
¥ u(m)(2) () @emy = ST I 210

Using consistent initial value, the error after one step of the methods behaves as
@ (Z%h?’ + Z%h‘l) or O ()\—13 + %hQ) for CM3
y(to+h)—y1=4 O (Z%h?’) or O ()\—lgh) for RadaullA

@) (%hQ) or O (%h) for CMO3.
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5 Method: CM3
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-%- A=-l.e,y0=1
|| ~©- A=-le2,y0=1 0C90Cesy
10 1 o A=-1.e, yO consistent @/@ ’)
-6 A\=-1.e2, y0 consistent 4
6 > ==
10 = X : ol
x i )
X
8 ,
108+ <
%
107%% %
X
10_12€
-14
10 !
10° 107" 10° 107 107" 10°
h
5 Method: RadaullA
10 . . ! !
-%- A=-l.e,y0=1
107 -6- A=-l.e2,y0=1 ) O’QO@\ |
—— A=-1.e4, y0 consistent & 9
—-©—- A\=-1.e2, y0 consistent ¥’
10_6 L : X/,X/\X\ @ |
x
/X/
0f X
X
x
107%
107% )
[of
—14 @
10 !
10° 107" 10° 107 107" 10°
h
5 Method: CMO3
10
107+
10° }
10_8 r /x/'
X
- X
10 10 ,
-%- A=-l.e,y0=1
1072t ~©- A=-1.e2,y0=1
—— A=-1.e4, y0 consistent
e -©- A=-1.e2, y0 consistent
10 -5 —4 -3 =) = 0
10 10 10 10 10 10

error

error

error

, Method: CM3
10 T T T :
-x- 1step
-©- 2 steps
107t -o- 3steps g
9 — Consistent
XX X<
10°} o T, ]
Ko kSN
o O\ Ke iy
108t é&Q\ 9 =

Method: RadaullA

10 T T T :
-x- 1step
-©- 2 steps
107t -o- 3steps g
— Consistent

Method: CMO3

10 T T T :
107+ 1
TR KR A KK K KX X»f%z
10° } Sind
0%

-8

107 ¢ g;@‘ 1
_ 7@5

10 105/ i
12 -x- 1step

10 -Oo- 2 steps H

-©- 3steps
107 — Consistent
10° 107" 10° 107 107" 10°

FIGURE 3. Local error: To the left, local error for different values of A\, with
and without consistent initial values. To the right, the local error measured
for the first three steps.

when yo = y.(tg), which is exactly what we observe.
Using an inconsistent initial value, the error of both explicit methods will be dominated by
terms represented by the bushy trees, i, v, -+ +. Since both methods satisfy the conditions of

case

b),

page 17, these terms

together

gives

a contribution to the error

of
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Method: CM3 Method: RADAUIIA
10° : : : : 5 10° : : : : =
-x- A=1.e4i, y0=1 @ -%- A=1l.edi, yo=1 R
—1 a2 vO= XX’ﬁfr& —1 a2 vO= er@@%
102l -o- )\—1.62!, yo=1 . e X s 1072 | -0- )\—1.62!, yo=1 . g X7 O s
—— A=1.e4i, y0 consistent P —— A=1.e4i, y0 consistent © D
107 1 —©- A=1.e2i, y0 consistent | Q/ ] 107 —©- A\=1.e2i, y0 consistent | o
N _10°} ;
o o X
o 9] 108t /X
X
-10 /X/
10 ¢
10—127 i :
@
-14 @
10
107" 10° 107 107" 10°
h
Method: CMO3
10° : : ‘ : R
22
2 | e x LT
10 L o 3
107+
_10° 1
g
0t X
o
-10 (X
10 -%- A=l.e4di, yO=1
12 -©- A=l.e2i,y0=1
10 ¢ —— A=1.e4i, y0 consistent ||
e —©- A\=1.e2i, y0 consistent
10 ! !

FIGURE 4. Local error, highly oscillatory case.

bs1(2) h (f(to,yo) — f(to,0)). For some arbitrary yo the error after one step will behave
as

(@) (Z%h) or O (%) for CM3
(@) (%h) or O (%) for CMO3.
After one more step these terms disappear. The dominating error terms of the CMO3 method

is then represented by ?. the same as for the consistent inital value case. The term corre-
*

sponding to i together with the fourth order terms discussed above dominates the error for

the CM3 method. Thus
y(to +2h) —ya = O (z%lh2 + Z%h‘l) or O (A41h2 + %hQ) for CM3.

The 1/(A*h?) term disappear in the next step and the error for the CM3 method behaves as
in the consistent initial value case.
The smooth solution of the Radua ITA method do not depend on the initial values.

y(to+h) —y1 =

Rapid oscillations. At last, we will consider the case of rapid oscillations, that is Im(z) large,
thus all the exponential represents oscillations. In this situation, assume that either yg is
small, or f linear in y. For an arbitrary initial value yq the error for all the methods will be
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dominated by the order one term represented by j;, that is they are all dominated by a term
of the size e*h. For yo = y.(to) the picture is more diverse. From the tables in Appendix 1
we observe that
%hez for CM3
y(to+h) —y1 ~ %thz for Radau ITA
% (%e%z + %) h  for CMO3

which again is an agreement with the observed results of Figure 4.

7. CONCLUSION

The main idea of this paper is to express the error of an exponential RK method applied
to a single Fourier mode, by use of a modification of B-series. In the modified series the
stiffness is isolated from the elementary differentials and included into the coefficients of the
series. This makes it possible to study the stiffness dependence on each term separately, and
thereby gain better insight into how methods might behave when applied to stiff equations.
Obviously, the study of a scalar equation (3) can not replace any of the order and convergence
results mentioned in the introduction. However, as we have seen, it gives a quite precise and
illustrative description of certain properties of the error which is not covered by previous
results, and is therefore a relevant supplement to the present literature. One example is the
dependence on the initial value, which can be precisely described using the presented theory,
but is not evident from classical error analysis.

The basic idea of the paper can easily be adopted to other one-step methods, e.g. the
implicit-explicit Runge-Kutta methods, see [11]. The extension to the system (1) is straight-
forward in the linear case. In the semilinear case the theory applies if L and f commute. But
at the moment the theory is not applicable for general semilinear systems.
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In this appendix error functions of the methods CM3, RadaullA and CMO3 are given.
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TABLE 6. The error functions ¢.(7)(z) — ¥(7)(z) and the error functions for
consistent initial value ¢5(7)(z) — ¥.(7)(2) for the CM3 method.
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TABLE 7. The error functions ¢.(7)(z) — ¥(7)(z) and the error functions for
consistent initial value ¢(7)(2) — 1.(7)(z) for the Radau ITA method.
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TABLE 8. The error functions ¢.(7)(z) — ¥(7)(2) and the error functions for
consistent initial value ¢(7)(2) — 1c(7)(z) for the CMO3 method.
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TABLE 9. The error functions ¢4(7)(z) — 1s,:(7)(2) for the first three steps.
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