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ABSTRACT. We generalize the theory of underlying one-step methods to strictly
stable general linear methods (GLMs) solving time-dependent ordinary differ-
ential equations (ODEs) that satisfiy a global Lipschitz condition. We combine
this theory with the Lyapunov and Sacker-Sell spectral stability theory for one-
step methods developed in [22, 23, 24] to analyze the Lyapunov stability of a
strictly stable GLM solving a time-dependent linear ODE. These results are
applied to develop a stability diagnostic for the solution of linear ODEs by
strictly stable GLMs.

1. Introduction. "What do multistep methods approximate?’ This question is
one that beleaguers many researchers of multistep discretizations of ordinary differ-
ential equation (ODE) initial value problems (IVPs) due to the fact that the local
truncation error of a k-step multistep method depends on the previous k steps. For
autonomous ODEs, two classic papers, [16] and [19], provide an answer to this ques-
tion by applying invariant manifold theory for maps to relate the numerical solution
produced by a multistep method to the flow of the differential equation it is ap-
proximating. This facilitates the use of discrete dynamical systems theory which is
important in the context of structure preserving methods [17] and time-dependent
(nonautonomous) stability theory [22, 23, 24]. The focus of this paper is to use
the spirit and technique of [16] and [19] together with invariant manifold theory for
nonautonomous difference equations to develop a stability theory for general linear
methods (GLMs) solving uniformly exponentially stable, nonautonomous, linear
ODEs.

Our contribution in this work is twofold. We first apply invariant manifold theory
for nonautonomous difference equations to prove Theorem 3.1. This theorem states
that for a strictly stable GLM solving a nonautonomous ODE that satisfies a global
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Lipshitz condition, there is a time-independent change of variables and a unique
one-step method (called the underlying one-step method) so that if the step-size is
sufficiently small, then the graph of the one-step method is a global, exponentially
attractive, invariant manifold of the discrete-time system resulting from the change
of variables. Theorem 3.1 generalizes the technique of characterizing the approxi-
mation properties of a GLM by its underlying one-step method to ODEs that are
nonautonomous.

The second contribution of this paper is to use Theorem 3.1 and the Lyapunov
and Sacker-Sell spectrum based stability theory for one-step methods solving nonau-
tonomous ODE IVPs developed in [22, 23, 24] to prove Theorem 3.3. By stability we
shall always be referring to the concept of time-dependent Lyapunov stability un-
less otherwise specified. Theorem 3.1 states that for all sufficiently small step-sizes
the numerical solution by a strictly stable GLM of a nonautonomous linear ODE
with Sacker-Sell spectrum bounded above by zero decays at a uniform exponential
rate. This provides a way of analyzing the numerical stability of time-dependent
linear ODEs that may fail to satisfy a one-sided Lipshitz condition or the uniform
decay estimates of AN- and B-stability theory. Subsequently, we apply Theorem 3.3
to develop a stability diagnostic to determine when a strictly stable GLM fails to
produce a decaying numerical solution to a linear ODE whose Sacker-Sell spectrum
is bounded above by zero.

The use of invariant manifold theory to characterize the approximation properties
of a multistep method by an associated one-step method was pioneered in [19] and
[16]. The results of [19] were extended to GLMs in [25] using the invariant manifold
theory for maps developed in [26]. The techniques used in these works are only
rigorously justified for autonomous differential equations which is probably due
to the fact that at the time there was not a well-established theory for invariant
manifolds of nonautonomous differential and difference equations. This subject has
since been one of intensive investigation (see [1, 3, 4, 5, 7]) that we use in the
development of our theoretical results.

The stability of the numerical solution of an ODE IVP by a multistep method
is a challenging and important problem dating back at least to the investigations
by Dahlquist in [8, 9, 10]. For time-dependent trajectories the well-established
stability theories (e.g. AN-stability, B-stability, algebraic stability) give conditions
on a GLM so that with no step-size restriction it preserves the asymptotic decay
of a trajectory that is uniformly decaying. This restricts the analysis to implicit
methods and these theories do not provide a way to restrict the step-size for a
given convergent or strictly stable GLM solving non-uniformly decaying problems;
no obvious analog of linear stability domains exists for time-dependent problems. In
this paper we exploit the Lyapunov and Sacker-Sell spectral stability theory for one-
step methods developed in [22, 23, 24] to characterize the stability of a strictly stable
GLM solving a nonautonmous linear ODE whose Sacker-Sell spectrum is bounded
above by zero by analyzing the stability of its underlying one-step method.

The remainder of this paper is organized as follows. In Section 2 we introduce
some preliminary notation and cover some background material on the approxima-
tion of Lyapunov and Sacker-Sell spectral intervals based on smooth QR decom-
positions of fundamental matrix solutions. In Section 3.1 we prove an existence
theorem (Theorem 3.1) for underlying one-step methods. In Section 3.2 we apply
Theorem 3.1 to prove Theorem 3.3 which relates the stability of a strictly stable
GLM to the Lyapunov and Sacker-Sell spectrum of its underlying one-step method.
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In Section 4 we present the results of two experiments showing how the theory de-
veloped in Section 3 can be used as a stability diagnostic for strictly stable GLMs
solving linear ODEs. The paper is concluded with some final remarks in Section 5.

2. Preliminaries. In this section we introduce some notation and terminology and
state some basic results from the theory of Lyapunov and Sacker-Sell spectra and
their approximation using QR based methods. For the remainder of this work we
let || - || be a norm on R% and use the same symbol for the induced matrix norm.
We may sometimes drop writing the explicit ¢ dependence of matrices and functions
when their time dependence is clear from the context. Whenever we use the word
stability we are referring to time-dependent Lyapunov stability. Consider the ODE

Ivp

l‘(to) = Xo

where tp € R and f : (tg,00) x R? — R?. We consider numerical solutions of (1) by
a fixed step-size, k-step, s-stage general linear method

Gn=U®IDX,+hC&I)F, )
Xpp1=V@DNX, +h(DI)F, (2)

where h > 0 is the size of the time step (the step-size) with ¢, = to + nh and
U= (ui,j) S RSXk, V= (U@j) S Rka, C = (ci,j) S RSXS, D = (d@j) S kas, and
Fo=(fo1,--s fns)T € R® where f,; = f(gn.i,tn + &) for some real constants
&Gandi=1,...,s. We also let G, = (951, e ,g,{,s)T € R%. The symbol I is the
d X d identity matrix and ® denotes the Kronecker matrix product which defines an
algebraic operation on matrices A = (a;;) € R™*"™, B € RP*? for positive integers
m,n,p,q by the rule

a17lB NN aLnB
A®B= : :

am1B ... amnB

An important property of Kronecker products we use in Section 3 is that if A and
B are invertible, then (A® B)™! = (A~ ® B~!). We always consider general linear
methods (2) that are in Nordsieck form, that is, the vector X,, = (z%,...,2%)T €
R is such that

p
x;ZZqi,jx(j)(tn)—i—O(h”“% i=1,....k, n>0
j=0

where each ¢; ; € R, 1) (t) denotes the j'* derivative of the exact solution z(¢; o) of
(1), and p is the order of the local truncation error of the method. Well-known time-
stepping methods such as linear multistep and Runge-Kutta methods are examples
of GLMs in addition to many predictor-correct and implicit-explicit methods. A
general linear method (2) is said to be strictly stable if 1 is an eigenvalue of V' and
all the other eigenvalues of V' have modulus strictly less than 1. Strict stability is
not a particularly stringent hypothesis to place on a GLM since all Runge-Kutta
methods are strictly stable as are many popular linear multistep methods such as
BDF1-6 and the Adams-Bashforth methods. We refer readers to [18] for an excellent
overview of the theory of general linear methods.
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Assume that f(z,t) is continuously differentiable. Associated to the solution
x(t;xo) of (1) is the linear variational equation

= D(z(t;zo), t)x = Alt)x, t>ty, D= (;ix (3)
The stability of the zero solution of (3) in general does not depend on the time-
dependent eigenvalues of A(t) which has motivated the development of several alter-
native stability spectra. The two spectra we consider in this work are the Lyapunov
spectrum, first considered in [20], and the Sacker-Sell spectrum, which was first
developed in [21].
We say that (3) is uniformly exponentially stable if for any fundamental matrix
solution X (¢), there exists K > 0 and a > 0 so that

IX(®)X(s)7Y] < Ke =9 ¢ > 5>t

Analogously, we say that (3) is exponentially stable if for any fundamental matrix
solution X (¢), there exists K > 0 and « > 0 so that

X0 < Ke™".

A sufficient condition for uniform exponential stability of the zero solution is that
the Sacker-Sell spectrum is bounded above by zero and a sufficient condition for
exponential stability of the zero solution is that the Lypaunov spectrum is bounded
above by zero.

Using (3) we can express (1) in linear inhomogeneous form

{ &= A(t)r + N(t)
Qﬂ(to) = X9

(4)

where N(t) is bounded. Uniform exponential stability of (3) implies that the solu-
tion of (4) is uniformly exponentially stable. A similar implication is not true if is
only exponentially stable.

The QR theory for the approximation of the Lyapunov and Sacker-Sell spectrum
of (3), developed and analyzed extensively in [12, 13, 14, 15], is based on the con-
struction of a time-dependent orthogonal change of variables. Let Q(t) be a solution
of the differential equation

_ (QTAQ)iy, >
Q1) = Q1)S(QM), A1), S(Q,A)i; = 0, i=7 (5)
—(QTAQ)i;, i<y

where A(t) comes from (3). Under the change of variables x = Q(¢)y, the system

j=B(t)y, B=QTAQ-Q"Q (6)

is such that B(t) is upper triangular for all ¢. We refer to the system (6) as a
corresponding upper triangular system to (3) and the Lyapunov and Sacker-Sell
spectra of these two systems coincide. The endpoints of the Sacker-Sell spectrum can
be computed using the diagonal of B(t) so long as the coefficient matrix A(t) of (3)
is bounded and continuous. To accurately compute the endpoints of the Lyapunov
spectrum we must assume in addition that (3) has an integral separation structure;
without this additional assumption the Lyapunov spectrum may be unstable with
respect to L (tg, 0o) perturbations of A(t). The following theorem summarizes how
to compute end-points of the Lyapunov and Sacker-Sell spectrum of (3) in terms of
the diagonal entries of B(t)
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Theorem 2.1 (Theorems 2.8, 5.1, 5.5, 6.1 of [12]). Let B : (tg,00) — RI*4 pe
bounded, continuous, and upper triangular and let Xgp = Ule[ai,ﬂi] denote the
Sacker-Sell spectrum of y(t) = B(t)y(t). The endpoints of the spectral intervals are
given by

t+H 1 [t+H

1
o; = liminf inf — B, i(t)dr, f; =limsupsup — B;i(r)dr, i=1,...

H—0 t>to H J, H—oo t>to t
Furthermore, there exists H > 0 so that if t — s > H, then

. 1
«; = inf
t>to t — S

t 1 t
/ Bii(m)dr,  Bi = supi>t, —s / B;i(r)dr, i=1,...,d. (8)
s B — S Js

Assume that B : (tg,00) — R4 has an integral separation structure and let
Y1, = UL [, i) denote the Lyapunov spectrum of §y = B(t)y. Then the Lyapunov
spectrum of §(t) = B(t)y(t) is continuous with respect to L™ (tg,00) perturbations
of B(t) and the endpoints of the Lyapunov spectral intervals are given by

N = llggft—to

t t
1
/Bi,i(T)dT, p; = lim sup /BM(T)dT, i=1,...,d
to t—o0 — 0 Jtg
(9)

O

A similar theorem can be proved for discrete-time linear systems (see [6, 27] and
[23]) which are in turn used to prove the main results of [23] and Section 3.2 of
[22]) which are summarized in the following theorem. This result is fundamentally
based on the observation that the numerical solution of a nonautonomous linear
ODE 2 = C(t)z by a one-step method takes the form z,,; = ®“(n)z,.

Theorem 2.2. Let x,1 = ®*(n;h)xz, denote the numerical solution to (3) by a
one-step method with local truncation error of order p > 1 with step-size h > 0
and initial condition xo. Let ¥4 = UM [n?, pd] and X4, = UL [af,b1] de-
note the Lyapunov and Sacker-Sell spectrum respectively of the discrete nonau-
tonomous difference equation r,y1 = ®*(n;h)z, and let X = UM [n;, 5] and
Y4, = UL [a;,b;] denote the Lyapunov and Sacker-Sell spectrum of (3).

1. If the coefficient matrix is bounded and continuous, then for every e > 0 there
exists h* > 0 to that if h < h*, then |af* — a;| < ¢ and |b* — b;| < € for
i=1,....d.

2. If (3) has an integral separation structure, then there exists h* > 0 so that if
h < h*, then |aft — a;| = O(hPTY) and |b — b;| = O(RPTY) fori=1,...,d.

O

We apply Theorem 2.2 in Section 3.2 to prove a stability result for strictly stable
GLMs solving nonautonomous, linear ODEs with Sacker-Sell spectrum bounded
above by zero.

3. Main Results.

3.1. Nonautonomous invariant manifold reduction. In this section we prove
that there exists a unique underlying one-step method for a strictly stable GLM
approximating the solution of nonautonomous ODE whose nonlinear part satsifies
a global Lipschitz condition. Throughout we consider a strictly stable, k-step, and
s-stage general linear method (2) in Nordsieck form that we denote by M and we
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assume that M has local truncation error of order p > 1. We let P € R*** be a
matrix so that E = P~'V P is of the form E = [ 1 1> ] where the eigenvalues
2,2

of Eyy € RF=1¥k=1 3]l have modulus strictly less than 1 (E may be taken to be
e.g. the real Jordan form of V). The main result of this section is the following
theorem.

Theorem 3.1. Consider the following ODE
&= A(t)x + N(z,t) (10)

where N(x,t) satisfies the Lipschitz condition that there exists K > 0 so that for all
x,y € R we have

IN(z,t) = Ny, t)|| < K|z —y|| (11)
Assume that A(t) is bounded, N(0,t) =0, DN(0,t) = 0, and both A(t) and N(x,t)
are CPTY. Then there exists G > 0, v € (0,1), and h* > 0 so that such that the
following conclusions hold.

1. Every numerical solution {X,,}°, with X,, € R¥* of (10) by M using step-
size h € (0, h*) is the solution of a nonautonomous discrete dynamical system
Xnt1 = F(Xn,tn).

2. The discrete dynamical system Y11 = H(Yp,t,) = (P71 F(P®I1)Y,,ty,)
defined from the change of variables X,, = (P ® I)Y,, satisfies that if h €
(0, h*), then there exists a unique continuous function ¢ : R® x 7 — RF=1)
whose graph is invariant under the flow of Y41 = H(Yy,tn) and such that
for any Yo € R, there exists 2} € RY such that the solution {Y,}32, of
Yot1 = H(Y,, t,) using initial value Yy satisfies

1Yn = Znll < GY", (12)

where the sequence { Z, }°°_ is such that Z, = ((2})T, o(zn,n)T)T and Z,, 41 =
H(Z,,t,) for alln > 0.

3. The difference equation yn+1 = Hi(Yn,©(yn,n),t,) where Hy denotes the
first d components of H defines a one-step approximation to (10) with local
truncation error of order p which is referred to as the underlying one-step
method of M.

4. If the derivatives of f(x,t) = A(t)x + N(z,t) are bounded and h < h*, then ¢
is as smooth as f(x,t).

The remainder of this section is dedicated to the proof of Theorem 3.1. The
method M applied to the problem (10) with step-size h > 0 takes the form

{ Gn = (U@ X, +h(C®I)M,G,, + h(C ® )N,

X1 = (V& )Xo+ (D & D)MypG + h(D ® )N (13)

where M,, = diag(A,1,..., Ans) € R¥XS N = (N(gn1,tn+&10)T, oo, N(gnoss tnt
)T and A, = A(t, + &h) for i = 1,...,s. The equation (13) implies that
the internal stages G,, satisfy the following algebraic condition
Gp=[I—-h(COI)M,) " (U)X, +h[I—-h(CI)M,] " (CRI)N,. (14
The implicit function theorem, N(0,t) = 0, DN(0,t) = 0, and the fact that A(

and N (z,t) are at least C? then implies that there exists h* > 0 so that h € (0, h
then

)
t)
),

Xn+1 = (V®I>Xn+R(Xnatnvh) (15)
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where the term R(X,t,h) is Lipschitz in X,, with Lipschitz constant Lr = Lg(h)
bounded as Lr(h) < hJ' for some constant J > 0. Therefore the first conclusion
of Theorem 3.1 is proved. Under the change of variables X,, = (P ® I)Y,, we have

1 1
n = n +R Ynatn _
{ Yn+1 =Y 1( ) Y, = ((yl)T,(yZ)T)T’ y711 c Rd’ yrzl c Ré(k=1)

n

y721+1 = (EQ,Z & I)y'rzz + RQ(Yna tn) ’

(16)

where R; and Rs each have Lipschitz constants Lr, = Lg,(h) and Lg, = Lg,(h)

bounded by hJ where J < ||[P~! @ I||J'|P @ I||. The following is an invariant

manifold theorem for difference equations of the form (16) and is a restatement of

the conclusions of Theorem 3.1, Theorem 3.2, and Theorem 5.1 in [2]. It is included
for completeness.

Theorem 3.2. Consider a system of difference equations of the form

Tn41 = Anxn + Fl(tn; mnayn) (17)
Yn+1 = Bryn + FQ(tnaxnvyn)
where x, € R™, y, € R, and n > ng such that
m —1 n—m
I A <K < "
I 1= Bill < Ka , m>m>mng
and

for constants L > 0, K > 1 and 0 < a < f8 satisfying the following spectral gap
conditions

O<L<B4;(a(2+K—\/4+K2), cla+2KL)<1<c(f—2KL)  (20)

for some ¢ > 0. Denote the solution of (17) with the initial condition zg = [ 20 }
0

at initial time ng as

Z'(’I’L, no, 370790)

21
y(n;’nOaanyO) ( )

z(n;no, To, Yo) =
Then there exists a unique continuous map ¢ : R%" x Z — R% whose graph is the
manifold

D= {(n,z,¢(z,n)):ncZxecRH}.
and D is invariant under the discrete flow of (17). Additionally, D is globally
exponentially attracting in the sense that for any zo = (zo,y0) € R¥ x R there
exists (ng, wo, ¢(wo,no)) € M, G >0 and v € (0,1) so that

llz(n; 10, 20, Y0) — 2(n; 10, wo, (w0, n0))|| < GY"7", n>ng (22)
O

We now use Theorem 3.2 to complete the proof of Theorem 3.1. There exists
hi > 0 so that if h € (0,h}), then X,, satisifes the difference equation (15). The
matrix sequence {Y,,}°°, where Y,, = (P~! ® I) X,, satisfies the difference equation
(16). Since the eigenvalues of Fj 5 all have modulus strictly less 1 the difference
equation satisfied by {Y;,}52, is of the form (17) for « < 8 =1 and L = hJ. Thus,
we can choose ¢ > 0 and h* € (0, h}] so small that the inequalities (20) are satisfied
whenever h € (0,h*). So, if h € (0, h*), then there exists a unique continuous map
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¢ :RYIxZ — RU=D G >0, and v € (0,1) such that if Y;, is the solution of (16),
then there exists a sequence {z,}22, such that

Zpt+1 = Zn t Rl(zm @(zmtn)vtn)a ||Yn - (Zna (p(zn,n))T” <GY". (23)

which proves the second conclusion of Theorem 3.1. Since M is of order p the third
conclusion follows from the definition of the local truncation error of a GLM in
Nordsieck form and the fact that solutions of (16) and (2) are related by the change
of variables defined by P ® I. Conclusion 4 follows from the results of [5].

3.2. Nonautonomous stability of general linear methods. In this section
combine the results of Theorems 2.2 and 3.1 to prove a stability result for the so-
lution of (3) by a strictly stable GLM. The main result is the following theorem
which shows that if the step-size of a GLM satisfying the hypotheses of Theorem
3.1 solving the linear problem (3) is sufficiently small, then the exponential stabil-
ity /instability of numerical solutions of (3) found with the GLM are determined by
the stability spectra its underlying one-step method approximates. This provides a
partial answer to the question posed in the title of this paper.

Theorem 3.3. Suppose that the coefficient matriz A(t) of the nonautonomous lin-
ear ODE (3) is bounded and CP*'. Assume that the method (2) denoted by M is
strictly stable, in Nordsieck form, and has local truncation error of order p > 1. Let
Yss denote the Sacker-Sell spectrum of (3).

1. If Y55 N [0,00) = 0, then there exists h* > 0, G > 0, and v € (0,1) so that
the numerical solution {X,}52, of (3) by M using step-size h > 0 satisfies
1 X5l < GY™ for any initial value Xo = (xf,..., 2 )T and h € (0, h*).

2. If Xgs N [0,00) # B, then there exists h* > 0, G > 0, and v > 1 so that for
any h € (0, h*, there exists an initial value Xo = (zf,..., 2k )T so that the
numerical solution {X,}52, of (3) by M using step-size h and initial value
Xo satisfies || Xn| > Gy™.

An analagous result holds for the Lyapunov spectrum of (3) if we assume that the
ODE has an integral separation structure.

Proof. We prove the first conclusion since the proof of the second is very similar.
Since A(t) is bounded and CP*™! and M is strictly stable, in Nordsieck form and
has local truncation error of order p > 1, we can choose hi > 0 so small that the
four conclusions of Theorem 3.1 hold for A < h}. The first conclusion of Theorem
3.1 implies that X, +1 = F(X,,t,) for some function F' and the second conclusion
of 3.1 implies that there exists G; > 0 and v; € (0,1) so that

(Pt ® D)X, — Zull < Gi7f, n>0
where Z, = ((z})7T, (p(yk,n))T)7T is a solution of Z,, 11 = H(Z,,t,) with H defined

n
as in Theorem 3.1. The third conclusion implies that 2}, = Hi (2}, ¢(z5,n),tn),
where H7 is the first d components of H, defines a one-step approximation with local
truncation error of order p to @ = A(t)z with initial condition z}. We therefore can
write 2} = Hi(z}, ¢(zk,n),t,) = ®*(n)2,. Theorem 2.2 then implies that there
exists h3 > 0 so that if h € (0, h3) then the Sacker-Sell spectrum of 2,41 = ®4(n)z,
is bounded above by zero and therefore

2]l < G2vy, n>0 (24)

for some Gy > 0 and 72 € (0,1). By the work in the previous section, there
exists h5 > 0 so that if h € (0,h3), then F(X,,t,) = ®(n)X,, and H(Y,,t,) =
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(P~ @1)®(n)(P®1)Y, where
®(n) =V &I) +hD@I)M,I—-h(C®I)M,]"

and ®(n) is bounded and invertible with M,, as defined in Equation (16). Since the
graph of ¢ is invariant under the flow of H and ®(n) is bounded and invertible,
it follows that 0 = ¢(y,n) if and only if y = 0 for all n > 0. Therefore, since the
fourth conclusion of Theorem 3.1 implies that ¢ is CP*! and since p > 1 it follows
from (24) that there exists G3 > 0 and 3 € (0,1) so that

1Z,]l < Gsvy, n>0
If we let h* = max{h%, hi} and h € (0, h*), then
[ Xl < [(PRD|| ((P~F @ )Xy — Znll + 1 Zall) < (PRI (G177} + Gs75), n > 0.

The result follows by taking G = max{G;,G3} and v = max{vy1, 73} O

In the stability theory of ODE IVP solvers it is often the case that a class of
test problems is used to characterize the stability of a solver. In [22] and [23] it is
shown that the stability of the numerical solution by a one-step method with local
truncation error of order p > 1 of a nonautonomous linear ODE with an integral
separation structure and a bounded and sufficiently smooth coefficient matrix can
be characterized (approximately to within the supremum of the local truncation
error of the method) by the one-step method applied to d scalar test problems of
the form @ = A(t)z where A(t) is the real-valued diagonal element of a matrix B(t)
of a corresponding upper triangular system ¢ = B(t)y to (3). Theorem 3.3 justifies
using such test problems to characterize the stability of strictly stable GLMs solving
nonautonomous linear ODEs satisfying the above stated hypotheses by passing to
the underlying one-step method.

Theorem 3.3 is an asymptotic result that says that as h — 0 we can guarantee the
exponential decay of the numerical solution of an nonautonomous linear ODE whose
Sacker-Selll spectrum lies to the left of zero. It is natural to try and find a subset
of AN-stable methods that preserve the asymptotic decay of all such linear ODEs
with no restriction on h. The following theorem partially answers this question and
says that step-size restriction is essential for the preservation of asymptotic decay
by strictly stable linear multistep and Runge-Kutta methods.

Theorem 3.4. Given any strictly stable and consistent linear multistep method or
a convergent Runge-Kutta method M and any fized step-size h > 0, there exists an
asymptotically contracting scalar ODE & = A(t)x such that the numerical solution
{zn}52 becomes unbounded as n — oo for any intial condition x(0) = xo # 0.

Proof. Let S denote the linear stability domain of M and let dS denote its bound-
ary. Since M is a strictly stable linear multistep method or a convergent Runge-
Kutta method it follows that there exists § > 0 such that (0,0) ¢ SUOS. Consider
the ODE & = (D cos(2rwt) + L)z = A(t)x wheret > 0,0 < D+ L < %, L <0 and
w = 2w /h and let 2(0) = 2o # 0. Since L < 0 it follows that & = A(¢)x has Sacker-
Sell spectrum bounded above by zero. The equation D cos(2rwt,) + L = D+ L
implies that the solution of & = A(¢)x using M with step-size h > 0 is the same as
the numerical solution of the ODE & = (D + L)x. The quantity h(D+ L) ¢ SUJS
since h(D 4 L) < §/2. Therefore the numerical solution of & = A(t)z by M using
the step-size h > 0 becomes unbounded as n — oc. O
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The geometric idea behind the proof of Theorem 3.4 is that if the step-size is too
large, then hA(nh + tg) may be outside the classical stability domain too often and
destabilize the numerical solution.

In [22, 23], the stability results for one-step methods approximating a nonau-
tonomous linear ODE with Sacker-Sell spectrum bounded above by zero are ex-
tended to linear homogeneous problems of the form (4) using the discrete variation
of parameters formula. It is challenging to extend the technique developed in this
section for analyzing the stability of a strictly stable GLM solving a linear ODE
to linear inhomogeneous ODEs since it is unclear what the relationship is between
the underlying one-step method of the linear ODE and that of the corresponding
linear inhomogeneous equation. It is unlikely that the underlying one-step method
is a Runge-Kutta or other classical one-step method and indeed (see [16]) such ab-
stractly defined methods can be ’quite exotic’. This precludes a straightforward
application of the discrete variation of parameters formula.

4. Experiments. In this section we apply the results of Section 3 to investigate
the stability of the numerical solution of the linear ODE

B(t) = A@a(t), A(t) = QBQT +QQ7, >0 (25)
| aycos(t)+b Ié] | cos(wt) —sin(wt)
Bit)=| ™ 0 1 ag cos(t) + bo } Q) = [ sin(wt)  cos(wt) |’

b2<bl<07 al,ag,w>0
by the BDF2 method

4

1 2
Tn42 — gxn+1 + gxn = ghf($n+27 tn+2)' (26)

The BDF2 method is well known to be a 3-step and single stage strictly stable
GLM that is AN-stable and has local truncation error of order 2. The ODE (25)
has Lyapunov and Sacker-Sell spectrum that is bounded above by zero, the right
endpoints of the Lyapunov and Sacker-Sell spectra are equal and given by b <
0, and there exists K > 0 so that every solution x(¢;z¢) of (25) satisfies that
|z (t; 20)|| < K|lxo]|e®t. Although the AN-stability of BDF2 might seem to suggest
there should be no stability issues when solving (25), Theorem 3.4 and the results
of our experiments below imply that this need not be the case.

We first show how to evaluate the underlying one-step method of a strictly stable
GLM indirectly. Theorem 3.3 implies that the exponential stability of a strictly sta-
ble GLM solving (25) can be characterized by the Lyapunov or Sacker-Sell spectrum
of the underlying one-step method

Ynt1 = Hy (ynatn) = (I)A(n)yn (27)

which has local truncation error of the same order. Rather than attempting to
directly evaluate the function H; we instead make use of (12) to evaluate H; in-
directly. Let Xy be some starting values for a GLM satisfying the hypotheses of
Section 3.1 applied to solve (3) with step-size h > 0 and denote the associated
numerical solution as {X,}%, where X,, = (z},...,25)T. For the sequence de-
fined by Y,, = (P~! ® I)X,, there exists G > 0, v € (0,1), and Z, of the form
Zp = (2n, o(2n,n))T so that

||Yn - Zn” <Gy
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and 2,11 = Hi(zn,t,). If we let P71 = (@,j)k,j:h then the sequence defined

(2
component-wise as w, := Z?:l f?l’jx% is approximately equal to an output of (27)
for sufficiently large values of n > 0.

We use this technique to approximate the largest discrete Lyapunov exponent
of (27) as follows. Given an initial condition x(0) = x9 we use the RK4 Runge-
Kutta method to compute z1. For n > 2, we solve the equation (25) for z,, 12 and
set X,, = (Tn,...,Tnyo)?. Using X,,, we form w, = Z?Zl q1,jTntj—1. Since wy,
approximately satisfies (27) we can view it as the first column in a fundamental
matrix solution. Suppose that we let w, = Q,R, be a QR factorization where
Qn € R¥* is orthogonal and R, € R¥*!. Under the assumption that (27) has
a discrete integral separation structure, the largest (see [11]) discrete Lyapunov
exponent fimax of (27) is typically given by

ax = limsup
fima, n—00 tn - tO

> (Rja (28)

=0

where (R,)1,1 denotes the (1,1) entry of R,,. We estimate (28) by truncating the
limsup as

1
Happr (No, N') = maxX N, <n<No+N > (R (29)
tn, —to
Jj=No
We approximate the largest discrete Lyapunov exponent pimax of (27) by (29) and
use the sign of pappe(No, N) for large values of Ny and N as a stability diagnostic

for the numerical solution of (25) by (26).

’ h ‘ LTEmean ‘ LTEmax ‘ Pappr(N¢/2, N5 /2) ‘
75E—1|137FE10 |1.51FE11 |7.68E—1
75E—2|3.7E—-3|942FE -3 | 9.03E — 3
75E —3|3.60E—7|638FE—4|—-9.70E —2
7TH5E—4|195E -9 |6.24FE —5 | 9.04FE —2
TABLE 1. Results of an experiment for the solution of (25) us-
ing B])FQ7 a; = ay = 12, b1 = —0.14, b2 = —0.15, ﬁ = 100,
w = 1, and a final time of ¢; = 40 for various step-sizes h and
the initial condition z(0) = (1,0)7. LTEmean is the mean local
truncation error, LTEmax is the maximum local truncation error,
and flappr(Nf/2,Nf/2) is the value of (29) where Ny is the final
step of the approximation.

We display the results of our first experiment in Table 1 and Figure 1. For step-
sizes h = 7.5-1071,7.5- 1072 the method (26) produces numerical solutions to (25)
that are growing in norm with approximate largest discrete Lyapunov exponents
that are positive. When h = 7.5- 1072 the local trunation error, which is gradually
increasing as shown in Figure 1, remains bounded by 1072, When h = 7.5-1073,7.5-
10=* the method (26) produces a decaying solution to (25) and the approximate
largest discrete Lyapunov exponent of (27) is negative. This experiment shows
that monitoring the approximate largest discrete Lyapunov exponent of the one-
step method (27) can be a more effective tool for controlling the global error and
monitoring stability than the local truncation error.
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FIGURE 1. Left: Logarithmic plot of the 2-norm of the local trunc-
tion error of the numerical solution versus time for various values
of h. Right: Logarithmic plot of the 2-norm of the numerical so-
lution versus time for various values of h. The parameter values
used were a; = ags = 1.2, by = —0.14, by = —0.15, § =10.0, w =1
with a final time of ¢ = 40 and the initial condition z(0) = (1,0)7.

’ a1 =as=a ‘ LTEmean ‘ LTEmax ‘ Pappr(N¢/2,Nf/2) ‘ Tmax ‘

1.15 5.50E —5 | 438E -3 | —2.33E -2 1.068
1.45 118 —4 | 5.02E -3 | —1.69E — 3 1.086
1.75 2.88FE —4 | 5. 70E -3 | 1.78E — 2 1.11
2.05 7T96E —4 | 64FE —3 | 3.64E — 2 1.23

TABLE 2. Results of an experiment for the solution of (25) using

BDF2, using by = —0.5, by = —.055, 3
time of £y = 100 for various values of a

= 1.0, w = 1, and a final
= a1 = ag using the step-

sizes h = 0.05 and the initial condition z(0) = (1,0)7. LTEmean
is the mean local truncation error, LT Emax is the maximum local
truncation error, fappe(Ny/2, N/2) is the value of (29) where Ny
is the final step of the approximation, and Tyax is the maximum
value of 7,, which denotes the quotient of the local truncation error
at time-steps n + 1 and n.

In Table 2 and Figure 2 we display the results of our second experiment. The
results of this experiment are meant to illustrate the difficulty in detecting stabil-
ity using only point-wise values of the local truncation error. We see that there
are no spikes in the local truncation error from one step to the next since Tyax i
approximately 1 for all values of a = a; = as. Additionally, as the parameter a
varies from 1.45 to 1.75, the numerical solution becomes unstable and the ratio be-
tween the mean and maximum 2-norm of the local truncation error is 2.44 and 1.14
respectively which are comparable in value to the corresponding ratios when the
parameter a varies from 1.15 to 1.45 where there is no loss of stability. This exper-
iment demonstrates that the pointwise local trunation error and its local variation

can fail to detect a loss of time-dependent stability.

35

40
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FIGURE 2. Left: Logarithmic plot of the 2-norm of the local trunc-
tion error of the numerical solution versus time for various values
of h. Right: Logarithmic plot of the 2-norm of the numerical solu-
tion versus time for various values of h. The parameter values used
were using b; = —0.5, b = —.055, § = 1.0, w = 1, and a final time
of t; = 100 for various values of a = a1 = ag using the step-sizes
h = 0.05 and the initial condition z(0) = (1,0)7.

5. Conclusion. In this work we have used invariant manifold theory for nonau-
tonomous difference equations to show that a strictly stable GLM solving a nonau-
tonomous ODE that satisfies a global Lipschitz condition has an underlying one-step
methods whenever the step-size is sufficiently small. This result combined with the
Lyapunov and Sacker-Sell spectral stability theory for one-step methods developed
in [23, 24] and [22] is applied to analyze the stability of a strictly stable GLM solv-
ing an nonautonomous, linear ODE whose Sacker-Sell spectrum lies to the left of
zero. These theoretical results are then applied to show that sign of the approxi-
mate largest discrete Lyapunov exponent of the underlying one-step method of a
strictly stable GLM can be a more robust tool than the point-wise values of the
local truncation error for monitoring the stability (and hence global error) of the
numerical solution of a nonautonomous, linear ODE IVP.

Most step-size selection strategies for the solution of ODE IVPs select step-size
based mainly on the local accuracy of the method, which we have shown in Section
4 can lead to stability issues for linear nonautonomous ODEs, even if the method
is AN-stable. Our experimental results suggest that the nonautonomous stability
theory for GLMs that we have developed can be a useful tool for step-size selection
based on stability as well as accuracy (a practical step-size selection algorithm for
Runge-Kutta methods based on these ideas can be found in [24]). In future work it
remains to show that our results can be extended to variable step-size and variable
order GLMs and that the stability theory can be extended to nonlinear ODE IVPs.
Interestingly, whereas we have used our nonautonomous results as a practical way of
detecting (and hence correcting) an unstable numerical solution, in the abstract of
[19] it is stated that ”...this result is of theoretical interest; it does not seem to affect
the significance of multi-step methods for practical computations”. The results of
this paper serve as yet another example of how mathematics that is considered
theoretical and abstract can one day find a practical application.

100
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