STABILITY OF IMPLICIT AND IMPLICIT-EXPLICIT
MULTISTEP METHODS
FOR NONLINEAR PARABOLIC EQUATIONS

GEORGIOS AKRIVIS

ABSTRACT. We analyze the discretization of nonlinear parabolic equations in Hilbert
spaces by both implicit and implicit—explicit multistep methods and establish local
stability under best possible and best possible linear stability conditions, respectively.
Our approach is based on suitable quantifications of the non-self-adjointness of linear
elliptic operators and a discrete perturbation argument.

1. INTRODUCTION

Let T > 0 and u° € H, and consider the initial value problem, for a possibly nonlinear
abstract parabolic equation,

{u’(t) + A(t)u(t) = B(t,u(t)), 0<t<T,

(1.1) u(0) = o
in the usual triple of separable complex Hilbert spaces V. ¢ H = H' C V', with V
densely and continuously imbedded in H. Here A(t) : V — V't € [0,T1], is a linear
operator, whereas the operator B(t,-) : V. — V't € [0,7], may be nonlinear. Cf.,
e.g., [20, Chapter 3], [0, Chapters 3 and 4], [25, Sections 6.8.1, 6.9.4, 7.11.2, 9.3|, 29,
Chapter 4]. We assume that (h) possesses a unique, smooth solution.

Let (o, ) and («,y) be implicit and explicit g-step methods, respectively, generated
by three polynomials «, 8 and ~,

q q q—1
Q)= il B =D B A=
=0 =0 =0

with real coefficients «;, 8; and ~;.

Let N € N,k := T/N be the constant time step, and " := nk,n = 0,..., N, be a
uniform partition of the interval [0, T]. Since we consider g-step schemes, we assume that
starting approximations U, ..., U%! € V are given. We recursively define a sequence
of approximations U™_€ V to the nodal values u™ := u(t™) of the solution u of the
initial value problem (ﬂ) by discretizing the differential equation in () either by the
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implicit scheme («, 3),
q

i=0 i=0
n=20,..., N —q, with [ the identity operator on H, or by the implicit—explicit scheme
(a7 /87 PY)?

q a1
=0 i=0

n =0,..., N—q. The implicit—explicit scheme («, 3, 7) results by employing the implicit
scheme (a, B) for the discretization of the linear part and the explicit scheme (q, ) for
the discretization _of the nonlinear part of the differential equation; see [5, 6, [l]. The
implicit scheme (@) has, in general, more advantageous stability properties than its
implicit—explicit counterpart ); however, if B(t, ) is nonlinear, @s is a nonlinear
equation in the unknown U™, To approximate U9, we need to linearize, for instance
by the Newton method; we shall not study linearizations of (@) here. In contrast
to ([1.2), the unknown U"™"? appears in ( only linearly, since 7, = 0; therefore, to
advance with the implicit—explicit scheme ([L.3) in time, we need to solve, at each time
level, just one linear equation, which reduces to a linear system of equations, if we
discretize also in space.

We assume that the implicit method («, ) is strongly A(0)-stable and denote by
9,0 <9 <90°, the largest angle for which the method («, 8) is A(¥)-stable.

1.1. Abstract setting. We denote by (-,-) both the inner product on H and the
antiduality pairing between V' and V| and by |- | and || - || the norms on H and V,
respectively. The space V' may be considered the completion of H with respect to the
dual norm || - ||,

(v, 0)|

[v]|+ := sup === = sup |(v,?)].
sev |0 aev
o lo)l=1

We assume that the operator A(t) : V' — V' is uniformly coercive and bounded, i.e.,

(1.4) Re(A(t)v,v) > li(t)||v||2 YveV
and
(1.5) A« < vt)|lv]] VveV,

respectively, with two positive functions, x,v : [0,7] — R, uniformly bounded from
below_by a positive constant and from above, respectively. Operators satisfying ()
and ( are sectorial in the sense that their numerical range {(A(t)v,v)/(v,v),v €
V,v # 0} is contained in a sector S,,S, := {z € C: z = pe'¥,p > 0, 4] < ¢}, of
half-angle ¢ < 90°.

High-order multistep schemes are not A-stable. To take advantage of the A(¥)-
stability of the implicit scheme (a, ), in the case ¥ < 90°, we need to quantify the
non-self-adjointness of the operator A(t). There are several equivalent measures of the
non-self-adjointness of linear operators. Which measure or estimate of the non-self-
adjointness of an operator is more suitable depends also on the employed stability
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technique. In the case of the energy technique, the ratio v(¢)/k(t) is commonly used as
an estimate of the non-self-adjointness of A(t); notice, however, that this ratio depends
on the norm || - || on V' and may be a crude estimate of the non-self-adjointness of A(t);
see Section W. On the other hand, the smallest half-angle of a sector containing the nu-
merical range of A(t) is a measure rather than an estimate of the non-self-adjointness
of A(t), which has been used in the stability analysis of multistep methods for linear
parabolic equations by alternative stability techniques, such as Cauchy integral repre-
sentations or spectral and Fourier techniques; see, e.g., [14, 15, 26]. As we shall see later
on, sharp sufficient stability conditions for nonlinear parabolic equations are nonlinear
in this measure of the non-self-adjointness of A(t); see (4.14).

It will prove advantageous for our purposes to introduce alternative equivalent mea-
sures of the non-self-adjointness of A(t). To this end, we first decompose A(t) into
its self-adjoint and anti-self-adjoint parts A () := (A(t) + A(t)*)/2 and A.(t) :=
(A(t) — A(t)*)/2, respectively,

(1.6) A(t) = Ay(t) + Al(t), te0,T).

Then, with the bounded linear operator A(t) : H — H and its anti-self-adjoint part
A (t),

(7)) A(t) == A7 POARAT2(1) = T+ Al(t),  Adlt) = ATV (6 Au(t) AT V3(8),
with I the identity operator on H, for the operator A(t) we have the equivalence

1
cos

(18)  WYoeV (Alt)v,v) €S, = |4 (1) <tang < |A()| <

Indeed, for v € V, with v := Ai/Q(t)v € H, we have
(A(t)o,v) = (A@R)A; 2 ()0, A7 (8)0) = (A7) A(4) A2 (8) D, 0)
= (A(t)D,0) = ((I + Aq(1)2,0) = |0]* + (Aa(t)0,),
(1.9) (A(t)v,v) = [7)* |1 + (Ag# Vv € Vv #0.

Due to the anti-self-adjointness of A, (), the second term in brackets is purely imaginary
and (notice that iA,(¢) is self-adjoint)

A, ()8, 9

a0
oeH bl
0#£0

see, e.g., [27, Theorem 2.2.11]; the first equivalence in (@) follows immediately from

the last relation and ([L.9). Furthermore, it is easily seen that the norms of A,(t) and

A(t) are related by

(1.10) JA®)]? =1+ A ()

(cf. (@) in the sequel); this yields the second equivalence in (@) In view of (@),
the norms of both A,(t) and A(t) are alternative measures of the non-self-adjointness
of the linear operator A(?).
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Obviously, any stability condition on |A,(¢)| can be equivalently written as a stability
condition on |A(t)| or on the smallest half-angle () of the sector S, containing the
numerical range of A(t), and wvice versa. Usually, stability analyses lead directly to
linear sufficient stability conditions; indirectly, one may reformulate such conditions as
nonlinear sufficient stability conditions on other quantities. It turns out that the best
possible sufficient stability condition for the implicit scheme (), under which we shall
indeed establish stability, is linear in |.A,(¢)| (and in the Lipschitz bound Ay (t) of B(t,-),
see () in the sequel) and nonlinear in |A(t)| or ¢(t). Thus, our crucial assumption
on the linear operator A(t) is

(1.11) A, (t)0] < M()|v] Vo e H Vit e0,T],

with a non-negative continuous stability function A;. Our main assumption on the non-
linear operator B(t,-) : V' — V' is that it satisfies the local Lipschitz condition

(1.12) [AJ2()(B(t,v) = B(t,9))] < M) A2(t)(v = 0)| + pa(t)v — 3] ¥t € [0,T],

for all v,0 in a tube T,,, T, := {v € V : min; ||v — u(t)|| < 1}, around the solution u,
defined in terms of the norm ||-|| on V, with a non-negative continuous stability function
A2 and a bounded function ps,. Clearly, (E} holds as an equality with us(¢) = 0 for
B(t,-) := Aa(t) As(t); in particular, the condition A\y(¢) < 1 ensures local parabolicity of
the differential equation in ( . actually, depending on the particular scheme we will
use for the discretization of ([L.1]) in time as well as on A;(t), we will need to assume
that Ao(¢) is suitably small.

Furthermore, we assume that the operators A(t), B(t,-) : V. — V' t € [0,T], satisfy
a Lipschitz condition in ¢,

(1.13) [ (A(t) — A(s))vll« < Lalt — s||jv]| Vs,t €[0,T] Yo eV,
and a Lipschitz-like condition, namely
(1.14) [[[B(t,v) — B(t,0)] = [B(s,v) — B(s, 0)]l|lx < Lplt — s|[lv — 0| Vs, €[0,T],

for v, v € T,, respectively; notice that the Lipschitz-like condition on_B(t,-) is local in
the second argument. Actually, the Lipschitz conditions ( 113) and ([L.14) can easily be
relaxed to bounded variation conditions; see Remark 2.1. Notice also that

w@m—B@my{B@@—Bgﬁﬂ:/[&@w—Bmwmh

with By(7,.) denoting the partial derivative of B with respect to ¢; thus, it is readily
seen that ([l.14) is satisfied if By(7,-) : V' — V' satisfies the local Lipschitz condition

(1.15) |Bi(,v) — By(r,9)|l < Lillv — 9| Vo,o €T,

uniformly in 7 € [0, 7.

Since the implicit scheme (a, ) is A(0)-stable, the product a,f, is positive. It then
follows immediately from the Lax-Milgram lemma that, given a w € V', the linear
equation

(1.16) v+ kB Ay =w

possesses a unique solution v € V, for any fixed t € [0, T|. Therefore, given the starting
approximations U, ..., U9"! € V, the approximations U9, ..., U € V are well defined
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by the implicit—explicit scheme (@) We refer to [[ll, §3 and Remark 6.1] for a discussion
concerning existence and local uniqueness of approximate solutions U?, ..., UY € V for
the implicit scheme (|L.2).

1.2. The stability result. We first introduce two constants, K, gy and K, g), by

(1.17) K(a,p) := sup maxM K (ap) = SUP max |[zy(¢)]

x>0 Cef [+ 2B8)(Q)] 250 ¢ex [+ 2B8)(Q)]
with £ denoting the unit circle in the complex plane, # := {z € C : |z| = 1}. Under
our hypotheses, the constants K, g and K, By AT€ finite; cf. [6, [1I]. Actually, with ¢

the largest angle for which the scheme («, ) is A(¥)-stable, we have
1

1.1 K = —

(1.18) (@B = sing’

see [1]. Moreover, for some implicit-explicit multistep schemes, the constants K, g
are explicitly given in [6] and [§].
The main result of this article is as follows:

Theorem 1.1 (Stability of the schemes ) and (@)) Let A1 and Ay be the stabilit
functions of the boundedness condition () and of the local Lipschitz condition (]1.12)

respectively. Then, under the linear conditions

Yy

)

(1.19) (cot )N (t) + K(aﬁ))q(t) <1 Vte|0,T]
and
(1.20) (cot )AL (t) + K(awgﬁ))\g(t) <1 Vtel0,T],

respectively, on the stability functions A1 and Ao, the implicit multistep scheme ()
and the implicit—explicit multistep scheme ([L.3) are locally stable in the following sense:
IfU°, ..., UN € T, satisfy (.2) and (), respectively, and VO, ..., VN € T, satisfy
the corresponding perturbed equations

i q
=0 —
and
q q—1
(122) Z azI + kﬁl tn+z))vn+z _ k271 thrz VnJrz) + kEn
1=0 1=0

n=20,...,N —q, respectively, then with 9™ = V™ — U™, for sufficiently small time
step k, we have

n q—1 n—q
(123) PRI < 3 (R R ) + kY IEE
/=0 j=0 =0
n=gq,...,N, with a constant C' independent of the time step k, the approximations

U™, V"™ and the perturbations E".
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Actually, () and () are best possible linear sufficient stability conditions on
the functions A\; and A, in the sense that none of the three coefficients cot ¥, K, 3 and
K(ap) can be replaced by a smaller coefficient, if we want the schemes ([L.2) and (),
respectively, to be stable for all initial value problems ( with linear operators A(t)
of the form () satisfying the boundedness condition ([L.11)) and nonlinear operators
B(t,-) satisfying the local Lipschitz condition (E)7 see [3]. Indeed, as we shall see, in
the case of the implicit scheme (), a necessary stability condition is linear, namely
of the form of () with strict inequality replaced by nonstrict inequality; therefore,
the linear sufficient stability condition (E) is sharp, even among possibly nonlinear
conditions on the stability functions A\; and A,.

Stability of implicit—explicit multistep methods under the sufficient stability condition
() was recently established in [3] for a particular subclass of equations of the form
(), namely with A(t) = [1 + ia(t)}As, where A, is a time-independent, positive
definite, self-adjoint operator, i is the imaginary unit and a is a real-valued function.

Combining the stability result of Theorem with the easily established consistency
of the implicit—explicit scheme ([L.3), we are led to optimal-order a priori error estimates;
see Proposition @ in the sequel. These results extend easily to fully discrete schemes
if we discretize in space, for instance by the finite element method; cf., e.g., [6, 4]. The
error analysis for the implicit schemes () and the analysis of linearizations of these
schemes are left to future work.

We assumed that the stability functions A\; and Ay are continuous for simplicity; it
suffices to agsume that the functions on the left-hand sides of the stability conditions
() and ([L.20) are uniformly bounded away from 1.

The local stability estimates of Theorem are valid in any tube T, C V of u, defined
in terms of other norms, provided the local Lipschitz conditions () and (@) hold
in Tu

An advantage of the implicit schemes is that K, gy may be much smaller than K, g+);
see [[, Table 2.1] for the case of the backward difference formula (BDF) methods. A
drawback of the implicit schemes, on the other hand, is that to advance in time we need
to solve, at each time level, a nonlinear equation. Thus, to implement such schemes,
we need to linearize, for instance by the Newton method.

1.3. An example. Let 2 C R? be a bounded domain with smooth boundary 042,
and consider the following initial and boundary value problem, subject to homogeneous
Dirichlet boundary conditions,

d
Z (a;j(x,t) + a;(x, t))uxj) = B(t,u) in 2 x[0,T7],
(1.24) “J
=0 on 02 x [0,T],
u(~,0) =u’ in 2,

with T positive and u° : £2 — C a given initial value. Here, Q, Q : 2% [0,T] — C% are
uniformly positive definite and Hermitian, and anti-Hermitian matrices, respectively,
with smooth entries a;;(x,t) and a;;(z, t), respectively, and B(t, -) are suitable, possibly
nonlinear, operators. We assume that () possesses a smooth solution.
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We consider complex-valued functions in {2 and, with standard notation for Sobolev
spaces, let H := L? := L*(2),V := H} := H}(2) and V' = H~! := H~(£2). We then
let the time-dependent, linear operators Ag(t), Aq(t) : V' — V' be defined by

(1.25) As(t)v = — Z (aij('yt)vxj)xia Aa(t)v = — Z (dij("ﬂvxj)xi’

and write ([.24) in the form () with A(t) :== As(t) + Ay(t) and B(t,:) : V = V' t €
[0, 77, (possibly) nonlinear operators. Notice that the operators Ay(t) and A,(t) are
positive definite and self-adjoint. and anti-self-adjoint, respectively. We shall elaborate
on the boundedness condition ([1.11]) for this example in Section E,

Some early references for multistep methods for parabolic equations are [31, [14, [15,
32, 18, 19]. The analysis originated in [31], where linear parabolic equations with
self-adjoint elliptic operators were considered; spectral techniques were employed. A-
stable two-step methods for nonlinear parabolic equations are investigated by the energy
technique in [32]. Multistep methods for linear parabolic equations with general time-
independent operators are analyzed in [14, [15]; a Cauchy integral representation is
used and stability bounds, containing a logarithmic factor, for linear equations with
maximally sectorial operators are established. The analysis of [14, 15] is extended via
a discrete perturbation argument to linear parabolic equations with time-dependent
operators and to quasilinear parabolic equations, respectively, in [[18, [19]; spectral theory
is employed in the case of self-adjoint operators, whereas the von Neumann inequality
is used in the case of A-stable methods; in the case of strongly A(¢})-stable methods
and operators with numerical range in a sector Sy, of angle ¥y < ¢ the analysis relies
on the stability bounds of [14, [15].

Implicit—explicit multistep methods, for linear parabolic equations, were introduced
and analyzed in [[13]; the analysis was extended to nonlinear parabolic equations in [b, 6,
1,12, 2,8, 9]. Implicit multistep schemes are studied in [21] for nonlinear stiff differential
equations and in [26] for linear parabolic equations with time-dependent operators. The
analysis in [21, 26, 6, [, 2, B] is based on spectral and Fourier techniques. In contrast,
in [[13, B] the energy method is employed; the drawback of the specific analysis is that
it does not lead to quantified sufficient stability conditions on the stability functions
A1 or Ay. Energy methods for high-order multistep schemes that do lead to quantified
sufficient stability conditions were only recently applied to BDF schemes of order up
to 5, first in [22] for implicit BDF methods for linear parabolic equations on evolving
surfaces, and subsequently in [12] and [2, 9] for implicit and implicit-explicit BDF
schemes for quasilinear and nonlinear parabolic equations, respectively.

Multistep and, in particular, BDF methods in Banach spaces are analyzed, e.g., in
[24, 116, 17, L1, [10]; the analysis in [24, [16] and [17, 11}, [L0] relies on semigroup theory and
discrete maximal parabolic regularity, respectively; more precisely, in [L1] the discrete
maximal parabolic regularity is combined with the energy technique.

The efficiency of implicit—explicit BDF methods for nonlinear parabolic equations has
been investigated by extensive numerical experiments in, e.g., [[7] with very satisfactory
results; see also relevant references therein.

For a variety of time-stepping schemes for parabolic equations and their properties,
we refer to the classical monograph in this field, namely [2§].



8 GEORGIOS AKRIVIS

An outline of the article is as follows: In Section E, we first recall the main stability
result of [[I]: then, combining this result with a suitable decomposition of the operator
A(t) in ), we prove Theorem and establish optimal-order error estimates. In
Section B, we give necessary stability conditions for the schemes ( and () and
discuss the sharpness of the sufficient stability conditions (m) and ([1.20); the stability
condition for the implicit schemes is sharp even among possibly nonlinear sufficient
stability conditions on the stability functions A; and Ay; whether this is the case also for
the implicit—explicit schemes remains open. In Section Y, we present additional sufficient
stability conditions. For BDF schemes up to order 5, stability has also been established
by the energy technique, under more stringent sufficient stability conditions than the
corresponding present ones in the case of the three-, four- and five-step methods. In
Section ff, we elaborate on some special cases of parabolic equations of the form ([1.24).

2. PROOF OF THE STABILITY RESULT

We first present a stability result of [[] and then prove Theorem @ Our approach
combines the main idea of [3] with a discrete perturbation argument and concerns a
much wider class of nonlinear parabolic equations. Combining stability and consistency,
we establish optimal order error estimates for the implicit—explicit schemes.

2.1. A known stability result. In this subsection, we assume that the operators A
and B in ([L.1)) are time independent, and the linear operator A is of the form

(2.1) A=A+ A

with A, : V' — V' a time-independent, positive definite, self-adjoint linear operator, and
a general bounded linear operator A : V — V', not necessarily anti-self-adjoint,

(2.2) |AZY2 Au| < M|AY20] 4+ ufv] Vo eV,

with a stability constant A\; and a constant pi.

It is shown in [1] that the implicit scheme () and the implicit—explicit scheme (@),
respectively, are locally stable in the tube T, for the initial value problem ([L.1)), with
operator A as described in this section, provided the stability constants \; and As in
the boundedness condition (@) and in the local Lipschitz condition ([l.12), with the
operator A(t) replaced by As, are small enough such that

(2.3) K(a,g))q + K(aﬁ))\g <1
and
(2.4) K(a,ﬁ)/\l + K(a,,B,y))\Q < 1,

respectively. Furthermore, () and (@) are best possible linear sufficient stability
conditions on the constants A; and ), in the sense that none of the coefficients K, g
and K(, ) can be replaced by a smaller coefficient if we want the schemes ) and
(IL.3), respectively, to be stable for all equations (@) satisfying (@) and (), see
[, 6]. Notice that both constants K4, g and K, g are, for consistent schemes, larger
than or equal to 1.

The only difference between the sufficient stability conditions (@) and (), as
well as between (2.4) and ( , is that A; in (R.3) and (R.4), respectively, is replaced
by (cos )\ in () and () A geometric interpretation of this difference is that
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A1 in (@) and (@) accounts for the operator A of (%m the ‘direction’ of which
(

we did not impose any restriction; in contrast, A; in ) and () accounts for
the anti-self-adjoint operator A,; the fact that A, is the operator analogue of a purely
imaginary number, i.e., a perturbation _of the self-adjoint operator A, in the ‘direction’
of the imaginary axis, is reflected in ([L.19) and (@) through the length (cos¥)\; of
the projection of iA\; in the direction perpendicular to the boundary of the stability
sector Sy; see Figure R.1.

FIGURE 2.1. Geometric interpretation of the stability conditions ()
and ([L.20): (cos?)A; is the length of the component (projection) of i\
in the direction perpendicular to the boundary of the stability sector Sy.

We now present the main stability result of [[1] for the implicit—explicit scheme (@),
see [, (6.6)] and_[6, (2.12)]. The proof of the corresponding stability result for the
implicit scheme ([1.2) is completely analogous.

Proposition 2.1 (The main stability result of [1]). Assume that the linear operator
AV = V' is of the form (@), and let A1 and Xy be the stability _constants of the
boundedness condition (R.2) and of the local Lipschitz condition ([L.12) for the time-
independent operator B : V. — V' with the_operator As(t) replaced by As, respectively.
Then, under the linear stability condition (R.4) on Ay and Ay, the implicit—explicit multi-
step scheme () is locally stable in the following sense: 0O UN VY L VN eT,
satisfy (IL.3) and_the corresponding perturbed equations (), respectively, then the sta-
bility estimate ([L.23) holds true for the differences 9™ := V™ — U™, with a constant C
independent of the time step k, the approximations U™, V™ and the perturbations E™.

2.2. Proof of Theorem @ In contrast to Section @, here we consider the initial
value problem ([L.1]) with linear operator A(t) of the form ). In this case, now with
A1 as in ), the sufficient stability conditions (R.3) and (R.4) can be relaxed to @
and (), respectively, i.e., the first terms on the left-hand sides of (R.3) and (Q) can
be multiplied by cos . See the relevant comments in [3].

We will see that Theorem @ for the implicit-explicit scheme () follows from
Proposition by using a more favourable decomposition of the operator A(t) and a
discrete perturbation argument. The proof of the corresponding stability result for the
implicit scheme ([1.2) is again completely analogous and is omitted.

~—



10 GEORGIOS AKRIVIS

The key point in the proof of Theorem @ is the following choice of a decomposition
of the operator A(t),
(2.5) A(t) = A(t) + A(t), with Ay(t) := (14 n)As(t) and A(t) := Au(t) — nAs(t),
with 7 a non-negative quantity that may depend on A;(¢) and Ay(t). We shall see that
a suitable choice of 7 is 1 := (tan¥)A;(t), with A\; as in ([L.11]).
Now, in analogy to the anti-self-adjoint operator A, (t) = ;1/2(t)Aa(t)As_1/2(t), see
(), with the notation of the decomposition (R.5), we consider the operator

At) == A7 P OAM AT (0);

f——

notice that, in contrast to A, (t), the operator A(t) is not anti-self-adjoint for positive
n, since A(t) is not anti-self-adjoint. We have the following crucial relation between

A(t) and A, (t),

At = AP 0(4000) = nA) A0 = T (Ault) = ).

with I the identity operator on H. Now, in view of the anti-self-adjointness of A, (%),
for any real number 7 we have

(2.6) |(Al(t) — A1)v|* = | A ()v])? + 72 |v]*> VYo € H,

and infer that the norms of the operators A(t) and A,(t) are related as

- 1

2.7 At)]? = Aa()]* + 7).

(2.7) |A(®)] (1+77)2(| OF +n%)

From (@) and (), we obtain for the norm of A(t) the central estimate
~ \2(¢ 2

(2.8) IA(t)] < %ﬂ“’w Yo e H Vit e[0,T].

Furthermore, it is easily seen that the operators ;ls(t) and B(t, -) satisfy the estimate
(2.9) [ASY2(0)(B(t,v) = B(t,8))] < M)AV (1) (0 = 8)| + fia(t) v — 8] Vv, 5 € Ty,
with

(2.10) Ja(t) ;:sz(tT)] and  fia(t) := j%

Compare (@) with ([L.11)) and (@) with (), respectively.

2.2.1. Time-independent operators. We first assume that the operators A and B in

() are time independent. From ) and (@), (@), (@), we then infer that the
1.1))

scheme ([1.3) is locally stable for ([L.1), with a time-independent operator A of the form
(), if A\; and Ay are such that

1 /\% + 772 K )\2

2.11 o <1,
(211) snd 14n @ E@BNT
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for some non-negative 1. Now,_for n = (tan )\, condition () reduces to the desired
sufficient stability condition ([L.2()) and the proof is complete. The motivation for this
choice of 7 is that () can be written in the form

1
[Smﬁ\/kf + 7?2 — n} + K,pyr2 <1

and the expression in brackets attains its minimum at 7 = (tan J)\;.

In the case of A-stable implicit methods («, ), i.e., when ¥ = 90°, it suffices to
choose the parameter 7 in (@) large enough.

Let us mention that the sufficient stability condition in [1 is linear; see (@) How-
ever, since the bound of the norm of A(¢) in (R.§) is nonlinear in \;, we are led to the
nonlinear stability condition (2.11)).

2.2.2. Time-dependent operators. We shall now utilize a discrete perturbation argu-
ment to extend our previous stability result to the case of time-dependent operators
A(t),B(t,) : V — V't € [0. 1] assuming that they satisfy ([l.11]) and (m) as well
as the Lipschitz conditions () and (ﬁ), respectively, with respect to ¢. Although
this argument is well known, see, for instance, [[18, [19, 26, 23, 11, [10], it is, to the best
of our knowledge, employed in the analysis of implicit and implicit—explicit multistep
methods for nonlinear parabolic equations by spectral and Fourier techniques for the
first time; in particular, it was an essential requirement up to now that the self-adjoint
part of the linear operator was time independent.

First, subtracting () from (), and letting 9™ := V™ — U™, we obtain

q q—1
(212) > (uI +EBAET)) 9" =k Yy [BE V) = B U] + KE™,
i=0 1=0

n=0,...,N—gq.Forafixedm,g <m < N,and forn =0,...,m—q, we rewrite ()
in the following form

q q—1

(2.13) Z (o] + kB A(E™)) 9"+ = k;Z% [B(t™, V") — B(t™, U] + k&,
i=0 =0

n=20,...,m— q, where

(E" = E"+ &} + &5,

£ = > AAW) - Ao
(2.14) X e
ey =~ Y o{ (Bl v - e, )

— [B(e vy — B(thri’UnJri)}}.
Since the time t is frozen at t™ in both operators A(¢t™) and B(t™,-) in (), and
conditions (m) and (Iﬂ) are satisfied for ¢ = t™, we can apply the already-established
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stability estimate for time-independent operators and infer that

q—1

Jj=0

m m—q
@15) 0P+ kIR < O DT (R kIR + kD e
=0 =0

in (

left-hand side of the sufficient stability condition (), and the function ps in
Our task is now the estimation of the last term on the right-hand

suitable way; to this end, we shall use the Lipschitz conditions ([1.13

respect to t. First, we have

q
€GN < D 1Bl ITA@™) — AW,
=0

and thus, using the Lipschitz continuity of A in time, see (),

q
(2.16) 14T < La ST IBIE™ — 499, £=0,...,m—q
i=0
Analogously, using (), we obtain
q—1
(2.17) IEGIL < L Y 1ul (@™ = )9, ¢=0,...,m—q.
i=0
Let
(2.18) "= |ES+ELI? and O™ =k [V
£=0 £=0

In view of (R.16) and (), we have

m-q , q 2 m—1
1< ey (- eI ) < oY e - 2o,
(=0

=0 N i=0
whence
m—1
EMTI < CR Y (m— 0%k,
(=0
ie.,
m—1
(2.19) EMTISCRY (m— )0 -0,
=0
with ©~1 := 0. Now, by summation by parts, we have
m—1 m—1
(m — 0?0 -6 = [2(m —0) — 1] e,
=0 £=0

side of @

1.14

see ) for the case of time-independent operators. Notice also that the constant C'
2.15)

is independent of t™; it only depends on T the suprema of the function on the

.
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and () yields

m—1
(2.20) EMI<CkY (m— £@f<cZ@f
=0
From () and (), we easily infer that
q—1 m—q m—1
21)  em =3P+ kI + kD IE IR+ CR Y 6"
=0 =0 =0

Therefore, with a discrete Gronwall inequality, we obtain

q—1

(2.22) o < ¢{ D (PP + K+ kz 1E4)2},
=q, Combmlng ) with - see also , we get the desired stability
estimate () and the proof of Theorem is complete

Remark 2.1 (Relaxation of the Lipschitz conditions ( and () to bounded
variation conditions). The Lipschitz conditions (m) and ([1.14)), with respect to t, can
easily be relaxed to bounded variation conditions,

(2.23) 1 (A(t) = A(s))v]l« < [0a(t) = oals)]|v], 0<s<t<T, Ywev,

and

I[B(t,v) — B(t,9)] — [B(s,v) = B(s,0)]ll. < [o5(t) — op(s)] v — 7],

(2.24) "
0<s<t<T, YvveT,,

with two increasing functions 4,05 : [0,7] — R. Indeed, it is easily seen that the
analogue of (R.19) is in this case

(2.25) £ < [o(t™) — o(t)]* (6" — 61,

= Q
i

L

I
=)

with o(t) := o04(t) + op(t). Then, by summation by parts, we obtain

m—1

C
m—q ~ 14
(2.26) < ;Ge@,
with a, := [o(t™) — ot } [o(t™) — a(t”l)F. From () and () we infer that
q—1
(2.27) om < C{ (1992 + k|97 |2) +/<;Z ||Ef||*}+oza£9€
=0 =0 =0

Since the sum ZZZ)l ay is uniformly bounded by a constant independent of m and the
time step k,

m—1

3w = [o(t™) = o(0)]* < [o(T) - 0(0)]”,

a discrete Gronwall-type argument applied to () leads again to (), and the
stability proof is completed as before.
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Remark 2.2 (Slight relaxation of the boundedness condition ()) The boundedness
condition ([L.11]) can be slightly relaxed to

(2.28) |Ag(t)v] < Mi(8)|v] + pa(t)||v]l« Yo e H VEte€[0,T],

with the non-negative continuous stability function A; as in () and a bounded
function pq; p; accounts for lower order terms and does not_enter into the sufficient
stability conditions ( 1.1&) and ([1.20). Compare (2.23) with (@) For instance, if A is

a positive definite self-adjoint operator and A, := i\ A, + i,ulAi/ 2, then
Ag = ATV2AATY? =i T + i ATV,

whence
(2.29) |Av| < Ai|v| + pa||v]|x Yo € H.

2.3. Error estimates. Here, combining the easily established consistency of the impli-
cit—explicit multistep scheme ([L.3) with the local stability result of Theorem [L.1|, we de-
rive optimal order error estimates. These results extend easily to fully discrete schemes
if we discretize in space, for instance by the finite element method; cf., e.g., [6, 4].

For simplicity, we assume that the order of both g-step methods, the implicit («, 3)
and the explicit (a, ), is p, i.e.,

q q q—1
(2.30) D ity =) i B =10) iy, 0=0,1,...p.
=0 =0 1=0

The consistency error E™ of the scheme () for the solution u of (EI), i.e., the
amount by which the exact solution misses satisfying (|L.3), is given by

q q—1
(2.31) kE" = Z (Ozi] + kﬁiA(tn+i))u”+i —k Z%B(tnﬂ', unt,
=0 i=0

= — ¢; we recall that u’ = u(t*) are the nodal values of the solution u of
. Flrst lettlng

q

Ep =Y o™ — kB ()], By =k Z Bt um),

i=0
with v, := 0, and using the differential equation in (), we infer that
(2.32) kE™ = ET + EY.

Now, by Taylor expandmg about t", we see that due to the order conditions of the
1nDhClt method (a, B), i.e., the first equality in (), and the second equality in
(R.30), respectively, the leadlng terms of order up to p cancel, and we obtain

t”“

tn+i

<p_1>z;<5 %) / (t" = 5)" 573<3 u(s)) ds.

(2.33)
Er =
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Thus, under obvious regularity requirements, we obtain the consistency estimate

(2.34) max ||E"|. < CKP.

0<n<N—q
Remark 2.3 (A basic difference in the error analysis of implicit and implicit—explicit
schemes). For a specific n > ¢, the local stability estimate () is valid for the implicit—
explicit scheme ), provided that U, V! € T,,¢ = 0,...,n — 1. Indeed, since Ya
vanishes, no estimate of the difference B(t", U™) — B(t", V™) is needed. This fact plays
an important role in the error analysis since it allows us to show inductively that the
approximations U™ belong to T),; see Proposition . In contrast, in the case of the
implicit scheme (), to establish the stability estimate (), for a specific n, we need
to assume that U, V¢ € T,,=0,...,n.

Proposition 2.2 (Optimal-order error estimates). Assume_that the stability functions
Ar_and Ny of Theorem satisfy the stability condition ([1.20), that the solution u of
() is sufficiently smooth such that the consistency estimate (R.34) is valid, and that

we are given starting approzimations U°, UL, ..., U™t € V tou, ... ,u?! such that
(2.35) max (v — U7| + k2|’ — U7||) < OkP.
0<j<q—-1

Let U4, ..., UN €V be recursively defined by the implicit-explicit q-step scheme ()
Then, there exists a constant C, independent of k, such that for k sufficiently small,

(2.36) max |u(t") — U"| < CkP.

0<n<N

Proof. Let e” == v — U™, n = 0,..., N, and subtract from () According
to the consistency estimate () and our assumption (2.35) on the accuracy of the

starting approximations U, U?, ..., U% !, there exists a constant C, such that
q—1 N—q

(2.37) c{ (1P + Kl ) + 5> HEin} < C2p,
j=0 =0

Next, we shall inductively show that

m q—1 A ' m—q

238) [Pk Y NP < O X0 (1 + k) + kY IEE,
=0 =0 =0

A

m = q — 1,..., N. This stability estimate completes then the proof since (2.36) is an
immediate consequence of (@3, and ()

Now, the estimate (m) is clearly valid for m = ¢ — 1. Assume inductively that it
holds form =¢—1,...,n+¢—1,0 < n < N — ¢q. Then according to () and the
induction hypothesis, we have, for k small enough,

(2.39) max |le/|| < CL.kPTY2 <1,
0<j<n+q—1

V)

and thus U7 € T,,57 = 0,...,n + q — 1. Therefore, according to our local stabilit
estimate ([L.23) with n replaced by n + ¢, see also Remark R.3, the estimate (2.33)
indeed holds for m = n + ¢ as well, and the proof is complete. U
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3. ON THE SHARPNESS OF THE STABILITY CONDITIONS ([l.19) AND ([L.20)

In this section, we first prove that the sufficient stability condition () for the
implicit scheme (@) is sharp by explicitly constructing suitable parabolic equations.
Then, we give necessary stability conditions for the implicit scheme ([l.2) as well as
for the implicit—explicit scheme ([l.3). In the case of the implicit scheme (), the
necessary stability condition is linear, and leads us again to the conclusion that the
sufficient stability condition () is sharp. For the implicit—explicit scheme (), the
sufficient condition () is sharp if the implicit method («, 3) is A-stable.

3.1. Sharpness of the sufficient stability condition () for the implicit
scheme () In view of ([L.1§), the sufficient stability condition ([L.19) for the im-
plicit scheme ([L.2) can be written as

(3.1) (cos A1 (t) + A2(t) < sind Vit e [0,T].

Notice that the bound sin¢ on the right-hand side is the distance of the number 1
from the boundary of the stability sector Sy of the method. The positive definite
self-adjoint operator A, is the operator analogue of a positive number; thinking of it
as normalized, we can view it as the analogue of 1. On the left-hand side of (B.1]),
the stability function )y is simply added, since it accounts for the perturbation B, in
the ‘direction’ of which we did not impose any restriction. On the other hand, the
stability function A\; accounts for the anti-self-adjoint operator A,; the fact that this
is a perturbation of the self-adjoint operator A, in the ‘direction’ of the imaginary
axis, in the sense that anti-self-adjoint operators are the analogues of purely imaginary
numbers, is reflected in (@) through the coefficient cosv; see Figure R.1. The stability
condition (B.l) can also be written as Aa(t) < sind — (cos 9)A;(t) with the expression
on its right-hand side being the distance of the point 1 4 iA\;(¢) from the boundary of
the stability sector Sy of the method; see Figure

In the simplest case ¥ = 90°, condition (@) reads Ao(f) < 1; the last condition is
necessary for the parabolicity of v’ J@Su = A\o(t)Asu, with a positive definite self-adjoint

(B.1)

operator; in particular, condition cannot be relaxed in this case.
We now focus on the interesting case 9 < 90° and, assuming that the left-hand side of
(IL.19) exceeds 1, shall explicitly construct examples of parabolic equations, for which the

implicit scheme (|1.2) is unstable. Indeed, in that case, we will have (cos¥) A+ Ay = sind

for some ¥ < 0 < 90° (see (Ell)) Consider the ray €5 := {pe”,p > 0}, and let 2,
denote the orthogonal projection of z; := 14+1A; on £;. First, Ay = |25 — 21|; see Figures

and W.1. Let now Ay be a positive definite self-adjoint operator with unbounded
spectrum and consider the “rotated” operator 23 A,. The eigenvalues of 25 A, lie on the
ray /3, which is outside the stability sector Sy; therefore, according to the von Neumann
criterion, the method (a, 3) is unstable for the equation

(3.2) u + Z9Asu = 0.

More precisely, by definition, for ) sufficiently close to 9, the ray £; is not entirely
contained in the stability region S of the method; if A is an eigenvalue of A, then the
method is unstable for equation (B.2) for all time steps k£ such that kZ\ ¢ S; since
there exists an unbounded sequence of positive eigenvalues of A, it is impossible to
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find a positive ky such that the method is stable for equation (@) for all time steps
0 <k < k.
Now, we write equation (@) in the form

(3.3) u + Agu+ i\ Agu = B(u)

with B(u) := — (23 — z1) Asu. It is easily seen that the boundedness condition () and
the Lipschitz condition () are satisfied for (@) with the given constants A; and As.
We infer that if the left-hand side in the stability condition () exceeds the bound
on its right-hand side, the method («, ) is in general unstable.

3.2. Necessary stability conditions. Here, we shall give necessary stability condi-
tions for the implicit scheme () as well as for the implicit—explicit scheme (@) The
necessary stability conditions are expressed in terms of two suitable functions. In the
case of the implicit method () the corresponding function has a simple form and
the necessary stability condition for the implicit scheme ([L.2) will lead us to the same
conclusion as in the previous subsection, namely that the sufficient stability condition
(@) is sharp.

3.2.1. The implicit scheme. Assume that the implicit method («, ) is A(¢)-stable, with
¥ < 90° as large as possible. Extending the definition (E) of the constant K, g, let

=B
3.4 K, := sup max - ,
B4 Rea W) =2 B e 7 0 + B0
Notice that K, )(0) = K(4pg); see ([.17). Furthermore, since

QI 2B(C)|
Q) + e+ B o) + 21— ) BQ)I

with ¢ denoting the complex conjugate of ¢, K (a,8) 18 an even function of y,

K(a,ﬁ)(y) = K(a,ﬂ)(_y), \y[ < tan¥.

Our task now is to simplify the presentation (@) of K(a,)(y). Since the function is
even, it suffices to consider the case of non-negative arguments y. Let d(¢) := «(¢)/B((),
for ¢ in the unit circle £, represent the points of the root locus curve of the method
(e, B). The root locus curve is symmetric with respect to the real axis. Since the method
is A(1))-stable, the root locus curve lies outside the sector —Sy.

We introduce the parts J¢," and ¢~ of the unit circle " according to the sign of

Re ((1 —iy)d(¢)),
AP ={Ce A Re((1—1iy)d(¢)) >0}, £ :={CeX :Re((1—iy)d(¢)) <0},

—tand < y < tan .

with d(¢) the points of the root locus curve; with 0 < ¢ < ¢ such that y = tany,
and d(C) = p(C)e™O, p(¢) = 0,—7 < $(¢) < , we have (1 — iy)d(¢) = £ WO,
whence ¢ € Jij“ and ¢ € J, respectively, simply means that d(¢) belongs to the
rotated by the angle ¢ non-negative and negative complex half-planes, respectively, in
the positive direction. For £ > 0, we have

(3.5) 1+ 2(1 —iy)d(Q)* = 1+ 28 Rew(G; y) + *|w(C y)|”
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with w((;y) := (1 —iy)d(¢). Now, for ¢ € ", we have Rew((;y) > 0, and the infimum
of the right-hand side of (B.5), for positive 7, is 1. For ¢ € J£,~, on the other hand, the
quadratic polynomial on the right-hand side of (B.5) attains its minimum at

iy Rew(Gy)
T (C,?J) : Iw(C;y)|2 ’
Thus, we have
1 1 KA
B0 A | Gl VIEPOL e

[mw(Gy)l [T (1~ iy)d(C))]
Now, from (@) and the definition of K, g)(y) we infer that
|d(9)]
3.7 K = - .

Let d(¢) = —p(¢)e™®), with p(¢) > 0 and —7 < ¥(¢) < . Since the method is A(")-
stable, we have |1 ()| > ¢, and the infimum of |¢({)| is ¥. Now, with 0 < ¢ < ¢ such
that y = tan ¢, we have

(1 —iy)d(¢) = _%ei(w(o—@

Y

whence (@) takes the form

1
K(ap)(y) = (cos ) sup — .
cer, |sin ($(C) — )]
Since cos (@Z)(C) — gp) > 0 for ¢ € 7, and either —m —p < Y(() —p < = —p or
U —@ < P(() — ¢ < m— p, it is easily seen that the infimum of |sin (¢(C) — gp)| is
sin(d — ¢). Thus, the previous relation yields the desired simplified representation

cos
3.8 K, = —T— =1 .
(3.8) (.8 (Y) S — ) VT tane
Notice that this relation can also be written in the form
1 1

(39)  KapsW) 0 <y <tand;
the denominator is the distance of the point 1 + iy from the boundary of the stability
sector Sy of the method (a, B); see Figure R.1.

We shall see that

(3.10) Kap (M) Aa(t) <1 V€ [0,T)

is a necessary stability condition for the implicit scheme (@) As before, () is
necessary if we want (@) to be locally stable for all equations satisfying our assumptions
with the given stability functions A; and .

Assume that (B.10) is not satisfied for a certain value t* of ¢; for notational simplicity,
we drop the dependence of Ay and Ay on t*. Then, for the function k,

o )\2555(0
(3.11) k(z,¢) = a(Q) + z(1 +ir)B(C)

" sind —cosdtang  sind — (cos)y’

x>0, [¢] =1,
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we have
(3.12) e, x>0 |k(z,z)|>1.
Since \ \

lim [k(z, ()| = 220y < 2P Ao < 1,

IC] =00 lag + (1 +1M) B, — ag + 205,
we infer that there exists a (* € C with |¢(*| > 1 such that |k(z,(*)| =1, i.e.,

)\2555@*) — oY
a(C*) 4+ x(1 +1iA)B(¢¥)

for a ¢ € [0,27). Therefore,

(3.13) a(¢) + (1 4+1M)B(C7) — Aawe B(C7) = 0.

Then, with A, a positive definite self-adjoint operator, choosing the anti-self-adjoint
operator A, := i\ A, and the linear operator B := l\e'YA,. we readily see that the
boundedness condition ([L.11)) and the Lipschitz condition (@) are satisfied. According
to the von Neumann criterion, a necessary stability condition is that, if v is an eigenvalue
of Ay, the solutions of

q
(3.14) Z [aj + ]{?l/((l +i\)B; — )\Qeiwﬂj)]vnﬂ =0
=0
are bounded; for kv = x this is not the case, since in view of () the root condition
is not satisfied. Therefore, the scheme (|L.2) is not unconditionally stable.
In view of the presentation (@) of K(ap)(y), the necessary stability condition ()
for the implicit scheme (|L.2)) is linear; it takes the form

(3.15) (cos A1 (t) + Xo(t) <sind Vt e [0,T].

Notice that the only difference between the sufficient and necessary stability conditions
( 1.1&) and (Ela), respectively, for the implicit scheme () is that the former is a strict
inequality and the latter a nonstrict inequality.

3.2.2. The implicit-explicit scheme. In the case of an A-stable implicit method (a, 3),
the sufficient stability condition () for the implicit—explicit scheme ([L.3) is sharp.
Therefore, as in subsection B.2.1, we assume that the implicit method (a, ) is A(?)-
stable, with 1 < 90° as large as possible.

In analogy to the function K, gy, see (B.4), for —tanv < y < tan), we define the
even function K, 3.,) by

B |2y (O)
(3.16) Kapan(y) = sup max o 50T

From (@) and the definition of K, s.)(y), we easily infer that

R R 5 40l RO
(.17) Kiooply) = max { g max (7000, S i (1 - )d(Q)]1B(C)] J

compare to (@)
As in the case of the implicit method (@), see (),

(3.18) K (M(t)Xa(t) <1 VE€[0,T]



20 GEORGIOS AKRIVIS

is a necessary stability condition for the implicit—explicit scheme (B) A simple rep-
resentation of K, g, is unfortunately not available. Also, in contrast to K, g), the
function K, ) is in general not increasing for positive y. Therefore, since

Kapy(y)he(t) <1 Vi€ [0,T],

for all 0 <y < A\((1), is clearly also a necessary stability condition, we modify (B.1§) as
follows: With

Kapn(y) = sup K@pgy(s), 0<y<tand,
0<s<y

a necessary stability condition for the implicit—explicit scheme () is
(3.19) Kapry (M) Aa(t) <1 Ve [0,T).

The left-hand sides of () and ) do not coincide, in general; consequently, in
contrast to the implicit schemes (), it remains open, whether the sufficient stabil-
[L.2d)

ity condition ([L. is best possible also among possibly nonlinear sufficient stability
conditions for the implicit-explicit schemes () when the implicit method (a, ) is
not A-stable. The discrepancy between the best possible linear sufficient stability con-
dition ([1.20) and the corresponding necessary stability condition () for concrete
implicit—explicit schemes () can be studied at least computationally.

4. ADDITIONAL SUFFICIENT STABILITY CONDITIONS

In this section, we discuss additional sufficient stability conditions for schemes ()
and () Here, the non-self-adjointness of A(t) is measured either by the smallest
half-angle ¢(t) of a sector containing its numerical range or by the norm of A(t) and is
estimated by the ratio v(t)/k(t).

4.1. Using the norm of A(t) as a measure of the non-self-adjointness of A(t).
As an alternative to (), let us now use the norm of the operator A(t) : H — H as
a measure of the non-self-adjointness of the operator A(t),

(4.1) |A(t)o] < M(t)|v] Yo e HVtelo,T).

In view of the relation ( between the norms of A(t) and A,(t), it is easily seen
that if () holds, then () is valid with \;(t) = /1 + [\ (¢)]2, and, conversely,
if (@) holds, then () is valid with A;(t) = 1/[M(¢)]? — 1. Thus, without loss of
generality, we may assume that A;(t) and \;(¢) are related as follows
(4.2) MO =1+ M0 Vtelo,T).

Then, the linear sufficient stability conditions ([[.19) and () for the implicit scheme
() and the implicit—explicit scheme ([1.3), respectively, on A;(¢) and Ay(¢) transform
into the following, nonlinear in A;(¢) and linear in A\y(t), sufficient stability conditions

(4.3) (cot 9)\/ [ M(B)]2 =1+ K@apra(t) <1 VYt €[0,T]

and

(4.4) (cot 9)\/[M(B)]2 =1+ Kpnha(t) <1 VYt €[0,T],
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respectively. Now,

(cot 9)\/[Mi(1)]2 — 1 < (cos )M (t) <= (cosI)\(t) < 1,

and we infer from (@) and (@), respectively, that

(4.5) (cos i (t) + Kapha(t) <1 Vit €[0,T]
and
(4.6) (cos N1 (t) + Kapnra(t) <1 VYt €[0,T]

are linear sufficient stability conditions on A; () and Ay(t) for the implicit scheme ()
and for the implicit—explicit scheme (), respectively. However, as we shall now see,
(1.5) and_(4.6) are not best possible linear sufficient stability conditions for the implicit
scheme ([L.2) and for the implicit—explicit scheme (@), respectively, if the method («, )
is not A-stable. First, in view of (@), using the von Neumann stability criterion, it is
easily seen that the implicit_scheme (v, 3) is in general unstable for the linear part of
the differential equation in ([L.1)) (with vanishing nonlinear part B) if (cos9)\; exceeds
1. Thus, the coefficient cos® of A (¢) in (4.5) and (4.6) cannot be replaced by a smaller
coefficient; but the coefficients K, and K, of Aa(t) in ( and (% can be
replaced by (sin® 9)K (4 ) and (sin® ) K (4 6.-), respectively; see ( and ({4.10) in the
sequel; notice that, since the nonlinear sufficient stability condition (4.3) for the implicit
scheme () is sharp, (@) is one (among infinitely many) best possible linear sufficient
stability condition on 5\1 and Ay for the implicit scheme (
First, we rewrite the sharp sufficient stability condition (4.3) in the form

(4.7) Kapha(t) < 1— (cotd)\/[M(D)]2 — 1 =: fF(A(t) Vte[0,T]

and notice that the function f is decreasing and strictly convex in the interval [1, 1/ cosvJ].
Replacing f on the right-hand side of (@3 by its linear Taylor polynomial, about some
point Z € (1,1/ cos¥], we are led to a linear sufficient stability condition for the implicit
scheme ), which is best possible in the sense that the corresponding coefficients of
A1(t) and A\y(t) cannot be replaced by smaller coefficients. For instance, by Taylor

expanding about Z := 1/cosv, we obtain the best possible linear sufficient stability
condition
1 -
Kwpra(t) < Sz [1— (cos)Ai(t)],
ie.,
(4.8) (cos )i (t) + (sin® ) Ko pAa(t) < 1Vt € [0,T];

compare to (@) This linear stability condition can also be written as

(4.9) (cos )N (t) + (sinP)Aa(t) <1Vt € [0,T).

The linear sufficient stability condition for the implicit—explicit scheme (@) corre-
sponding to (@) reads

(4.10) (cos V)M (t) + (sin? V) K@ pmpra(t) <1 Vtel0,T];
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compare to (@) Notice that, due to the fact that A(f) > 1 in ) and (4.10),
whereas A;(t) > 0 in () and (@), the coefficients of &‘) in (4.§) and (4.10) are
0

smaller than the corresponding coefficients in ([L.19) and (]L.2

—

4.2. Using the smallest angle of a sector containing the numerical range of
A(t) as a measure of its non-self-adjointness. As an alternative to the boundedness
conditions ([L.11]) or (4.1)), let us now use the smallest half-angle of a sector containing
the numerical range of A(t) as a measure of its non-self-adjointness,

(4.11) (A(t)v,v) € Spuy Yv eV Vt € (0,77,
with 0 < ¢(t)_< . Then, the boundedness condition () is satisfied Wlth )\ (t) =
tan ¢(t); see (@) Therefore, the sufficient stability conditions ([l.19) and ( for

the implicit multistep scheme () and the implicit—explicit multistep scheme @),
respectively, take the form

(4.12) (cot ¥) tan p(t) + K gra(t) <1 Vt € [0,T]
and
(4.13) (cot V) tan p(t) + K,pyie(t) <1 Vte[0,T],
respectively. Let us also note that () can be rewritten as
1

Ao(t) < cos (1) [sin ¥ cos (t) — sin () cos V],

i.e., as
in(v — o(t

(4.14) do(t) < O =2) oo 7,

cos p(t)

see Figure @ for the geometric interpretation. Due to the equivalence (), the suffi-
cient stability condition () for the implicit multistep scheme ([L.2) is also sharp.

4.3. Estimating the non-self-adjointness of A(t) by the ratio v(t)/x(t). The
commonly used ratio v(t)/k(t) of the boundedness and coercivity functions, see ([L.4)
and (|L.9), is also an estimate of the non-self-adjointness of the operator A(t); notice,
however, that this ratio may be a crude estimate of the non-self-adjointness of A()

since it depends on the choice of the specific norm || - || on V; see [2, Example 2.1].
According to () and (@), the time-dependent norms || - ||,
(4.15) [v]l := (Ag(t)v,v)V? = |A, () 0] Yo eV,

first used in the stability analysis of BDF methods in [2, [12], are uniformly equivalent
to || ' ||7

(4.16) VR ol < oll: < Vot o]l Vo € V.

We denote by || - ||x+ the corresponding time-dependent dual norm on V',

Vo eV ol = sup LD 4 12y,

sy 191l
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FIGURE 4.1. Geometric interpretation of the stability condition (4.14)
for the implicit scheme (a, 8). The stability constant Ay cannot exceed Aa,
the distance of the point z; = 1 + i\; from the boundary of the stability
sector Sy of the method.

Now, for v € V,0 # 0, using the first inequality in (4.16) and (), with v =
Ay (t)7Y20, we have
A® _ Al _ o IAG0)] 1 (Ao, 0)| _ [|A@]lx _ v(1)

2| llle — zey lollellvlle = @) sev ool s@llv] = s()
0#0 97#0

ie., |A(t)] < v(t)/k(t). Consequently, replacing A, (t) in (@) and (@), respectively,
by v(t)/k(t), we obtain sufficient stability conditions

(4.17) (cot 19)%\/@(15)]2 — k()2 4+ Kwpra(t) <1 Vtel0,T]
and
(4.18) (cot 79)L\/[1/(t)]2 — [R(®)]? + K@appra(t) <1 Vte[0,T]

r(t)
for the implicit scheme () and the implicit—explicit scheme (@), respectively; these
conditions are never more advantageous than (%nd ( respectively, with 5\1(75) =
| A(t)|, and may be much more restrictive than (4.3) and (4.4). Notice, also, that with
the norm || - [|; on V (@) and () are satisfied with x(t) = 1 and v(t) = | A(t)|, that
is, the inequality |A(t)| < v(t)/k(t) holds as an equality for this norm.

Remark 4.1 (Comparison with the energy technique). Stability of implicit as well as
of implicit—explicit BDF schemes of order up to 5 can be established also by the energy
technique under linear sufficient stability conditions on A, (t) and A\y(t); see [2, 9, 12]. In
the interesting case of the three-, four-, and five-step methods, the stability conditions
of 2, 9, 12] are more stringent than the corresponding conditions (@) and (@) In
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particular, the conditions of [2, 9, 12] are, for high order BDF schemes, not best possible
linear sufficient stability conditions.

5. APPLICATION TO EXAMPLE ()

In this section we briefly discuss the boundedness condition () in the case of the
initial and boundary value problem (@) We will see that the bound A;(t) is the
spectral radius of a matrix; in two simple cases more explicit forms of A;(¢) can be
derived. To save space, we do not discuss the Lipschitz condition ([1.12) here, since
it is a reformulation of corresponding conditions used in, e.g., [6, 12, [7, B]; we_refer
to these articles and references therein for examples of operators satisfying ([l.12) or
modifications thereof in tubes defined in terms of L*°-based Sobolev norms.

Let (-,-) and {-,-) denote the L? inner product and the product L? inner product in

L? = (1?)? = (LQ(Q))d, respectively; we denote by | - | both corresponding norms.
With the notation of subsection @, let us introduce in V,V = H} = .@(Aim(t)), 0<
t < T, the time-dependent norms || - ||; by ||v|]; := \A;p(t)v]. We identify H with its
dual, and denote by V' the dual of V, V' = H~! and by || ||, the time-dependent dual
norms on V', ||v|l,s = |As_1/2(t)v|. We use the notation (-,-) also for the antiduality

pairing between V' and V; then ||[v]|; = (A, (t)v, )2 and ||v|,; = (v, A7 (t)v) /2.
We shall see that the boundedness condition () is satisfied with

(5.1) M (1) = maxp(S(z,1), ¢ € [0,T),
x€f?
where p(-) is the spectral radius of the antihermitian matrices S(z,t) = Q~Y?(x,1)

Az, ) Q2 (x, ).
First, clearly,

d

d d d
(Asv,0) = g (AijV,, Vg, ) 5 ( E aijij,f)mi> E QVU )iy Vg,
— i=1

ij =1 j=1
i.e.,
(As(t)v,0) = (Q(-,t)Vv, VD).
In particular, (As(t)v,v) = (Q(-,t)Vv, Vu), whence
(5.2) lolle = [A2(8)o] = |Q'2(,t) Vol.
Now,

(Au(t)v, ) = (A(-, 1)V, Vi) = (S(-,)QY? (-, 1) Vo, QV2(-, 1) Vi),

whence

(5-3) [(Aa(t)0, )] < max||S(z,1)]|2 |QY2(-, 1) Vol [QY2(-,1) V3,
zel?

with || - ||2 denoting the spectral (Euclidean) norm of a matrix. Therefore,

|(Aa(t)o,9)| < max ||S(z,1)2 |AY2(t)0] [AYV2(#)3], ¢ € [0,T],
€S
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and thus, since the spectral norms of the antihermitian matrices S(z,t) are equal to
their spectral radii,

[ A2 () Aa(t)o] < M (B)IA2 (0] Yo eV Ve [0,T],
i.e.,
(5.4) \A;1/2(t)Aa(t)A;1/2(t)v] < M(t)|v| Yve HVYte|o,T],

with A; as given in (@) Thus () is satisfied with the function A; of (@)

Next we consider two special cases. In the first case, (b.1]) takes a very simple form;
in the second, we give an explicit form of the matrices S(z,t); their spectral radii can
then easily be computed.

5.1. Two special cases. First case: Assume first that

(5.5) A(z,t) = ia(z, ) QA(z,t), €2, 0<t<T,
with a a smooth real-valued function, a : £ x [0,7] — R. Then, S(z,t) = ia(x,t)ly
with I; the d X d unit matrix; thus,
(5.6) A1 (t) = max |a(x,t)| YVt € [0,T].

TES?
The analysis of implicit—explicit multistep methods in this particular case, with a matrix
Q independent of ¢ and a function a independent of x, was the subject of [3]. If

(5.7) Q(x,t) = a(z,t) 1y, Qx,t) =ia(z,t)ly, xz€ 2, 0<t<T,

with a and _smooth real-valued functions, a,a : £2 x [0,7] — R, then the parabolic
equation in ( ﬁl) takes the form

up — V- ((a(z,t) +ia(x, t))Vu) = B(t,u).

In this case

a(x,t) = iagm’ga(x,t), refl, 0<t<T,
a(z,
and, according to (@),
_ o Jal, b))
(5.8) A(t) = max (D) vVt € [0,T].

Second case: Here we shall consider the general case in two space dimensions, d = 2.
It is well known that

1
(5.9) Q'? = (Q+VdetQ 1),
VirQ +2v/det Q
with tr Q := aq; + ago the trace of . An easy way to check this is by means of the
Cayley-Hamilton theorem, which in the case of 2 x 2 matrices yields Q% 4 (det Q) =
(tr Q)Q; then,

(Q+VdetQ L) = (trQ +2Vdet Q) Q,

and (@) follows. Furthermore, multiplying (@) by Q72 we easily see that

(5.10) Q2= ! ((ra+vaera)rn - a).
Vdet @ VirQ + 2V/detQ
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Therefore, the antihermitian matrices S(z,t) = Q™ Y3(z,t)Q(z, 1)~ /*(z,t) take in
this case the form

1

(5.11) S = (A — ca(QQ + QQ) + AQQ),

det A (tr A +2Vdet Q)

with the constant cn := tr Q + vdet Q.

10.

11.

12.

13.

14.

15.

16.

17.
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