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RUNGE-KUTTA APPROXIMATION
OF QUASI-LINEAR PARABOLIC EQUATIONS

CHRISTIAN LUBICH AND ALEXANDER OSTERMANN

En I’honneur de Michel Crouzeix a l'occasion de son cinquantieme anniversaire

ABSTRACT. We study the convergence properties of implicit Runge-Kutta meth-
ods applied to time discretization of parabolic equations with time- or solution-
dependent operator. Error bounds are derived in the energy norm. The con-
vergence analysis uses two different approaches. The first, technically simpler
approach relies on energy estimates and requires algebraic stability of the Runge-
Kutta method. The second one is based on estimates for linear time-invariant
equations and uses Fourier and perturbation techniques. It applies to A4(0)-
stable Runge-Kutta methods and yields the precise temporal order of conver-
gence. This order is noninteger in general and depends on the type of boundary
conditions.

INTRODUCTION

In this paper we investigate the approximation properties of implicit Runge-
Kutta methods applied to time discretization of parabolic equations with time-
or solution-dependent operator. Apart from some results in Crouzeix’s thesis
[3], this appears not to have been studied previously. There are, however, a
number of papers dealing with the backward Euler or Crank-Nicolson method,
and a few papers studying multistep methods. These papers fall into two groups,
depending on whether the results are obtained from!

(A) estimates for linear time-invariant equations coupled with perturbation
techniques [3, 18, 21, 26], or

(B) energy estimates, e.g. [7, 27] (cf. also [14]).

Both approaches turn out to be useful also in the context of Runge-Kutta meth-
ods, and to offer different merits. They work with different assumptions about
the equation (A: resolvent bounds, B: Garding’s inequality) and require dif-
ferent stability conditions on the part of the methods (A: A(6)-stability, B:
B-stability or algebraic stability). When they apply, energy estimates provide
far simpler stability and convergence proofs. It seems, however, that they do
not yield the noninteger temporal convergence order which is actually observed
in computations and can be explained via approach (A). When it comes to mod-
ified Runge-Kutta methods, in particular linearly implicit methods [24], there
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is usually no alternative left to choosing (A). So we have found it worthwhile
to present both approaches in this paper (also because (B) is quite short).

In §1 we use energy estimates to derive error bounds for algebraically stable
Runge-Kutta methods applied to a class of quasi-linear parabolic equations, or
to their spatial semidiscretizations in the method of lines. Our treatment here
is certainly influenced by the classical paper of Douglas and Dupont [7], where
the Crank-Nicolson method is studied. As algebraic stability has been tied to
energy estimates since its introduction by Burrage and Butcher [1] and Crouzeix
[4], a result like our Theorem 1.1 is possibly without surprise to the experts in
the field. We note, however, that the somewhat related B-convergence theory
of Frank et al. [8] does not apply to the equations studied here and, moreover,
would only predict a smaller temporal convergence order than does Theorem 1.1
(g instead of g + 1, where ¢ is the stage order of the Runge-Kutta method).

An approach of type (A) is followed in the remaining §§2 to 5. It is different
from Crouzeix’s [3] approach to linear parabolic equations with time-dependent
operator. Crouzeix uses a theorem of von Neumann and perturbation tech-
niques to show step-by-step stability of A4-stable methods and then obtains con-
vergence by accumulating local errors similarly to the convergence proofs for
nonstiff ordinary differential equations. Notwithstanding its merits, that result
yields only suboptimal orders of convergence, it does not give error bounds in
the energy norm, and it does not apply to A4(6)-stable methods with 6 < n/2.

In §2 we derive some new stability estimates for strongly A(6)-stable Runge-
Kutta methods applied to linear parabolic equations with constant operator.
Generating functions, Parseval’s formula, resolvent bounds, and techniques
from [23] and [26] are the tools in this stability analysis.

In §3 we consider parabolic equations with time-dependent operator. The
estimates of §2 are such that they extend to the time-dependent case in a very
simple way (Lemma 3.1), by taking up an idea of Savaré [26], who recently
studied multistep methods for such equations. Convergence results are then
presented in Theorems 3.2 and 3.3. The temporal order of convergence in the
energy norm is min(p, g + 1 + ), where p denotes the (nonstiff) order and
q the stage order of the Runge-Kutta method, and B depends on the spatial
smoothness of the solution and on the boundary conditions. In the case of time-
dependent strongly elliptic second-order operators, we get the following values
of B when the error is measured in temporally discrete versions of the L?(H})N
Lg°(L2) norm: With homogeneous Dirichlet boundary conditions, we have
B = 3 —¢ for arbitrary ¢ > 0, in the sense of an error bound C(e)-h+!+3/4-¢
which can probably be sharpened to C - h9+1+3/4.|logh|" with a small power of
the logarithm. In the case of Ncumann boundary conditions we get S = — —-¢€
in 1 space dimension, and 8 = 3 —¢ in 2 and more space dimensions. Penodlc
boundary conditions yield the full order p (always assuming sufficient temporal
and spatial smoothness of the solution). We observed the sharpness of these
convergence orders in our numerical experiments. Cf. also [25] and [23], where
fractional convergence orders for linear and semilinear equations with constant
operator are studied.

Section 4 extends these results to quasi-linear equations. For solution-
dependent strongly elliptic second-order operators, we still get the results
sketched above in 1 and 2 space dimensions, but our assumptlons lead to some
problems in 3 space dimensions.
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Finally, §5 shows that the results of §§2 to 4 extend to variable stepsizes under
mild restrictions on the time step sequence.

We conclude this section by recalling some terminology (cf. [2, 12]). A Runge-
Kutta (RK) method applied to an initial value problem

u=F(t,u), u(0) = up,

with a stepsize 4 > 0 yields at ¢, = nh an approximation u, given recursively
by

m m
Upy) = Uy +hzb]U,I”, U"i=un+hzaijU,:j,
Jj=1 j=1
Upi = F(tn +cih, Uni) (i=1,...,m).

The Runge-Kutta method has order p, if the error of the method, when applied
to ordinary differential equations with sufficiently differentiable right-hand side,
satisfies u,—u(t,) = O(h?) as h — 0, uniformly on bounded time intervals. We
always assume p > 1. The method has stage order q, if 37 a; jcj.‘“ =ck/k
for k=1,...,q and all i. In the following we will use the notation

g=(aij);"lj=la bT=(b],-..,bm), l=(1,...,1)T.

A Runge-Kutta method is called A(6)-stable, if I — z& is nonsingular in the
sector |arg(—z)| < 6, and if the absolute value of the stability function R(z) =
1+ zbT(I — z&)~'1 is bounded by 1 for |arg(—z)| < . The method is called
strongly A(0)-stable, if it is A(6)-stable and in addition has an invertible Runge-
Kutta matrix &, and the limit of the stability function at infinity, R(oc0) =
1-bT& 1, has absolute value strictly smaller than 1. The Runge-Kutta method
is called algebraically stable if the matrix (b;a;; + b;aj; — bibj);': j=1 18 positive
semidefinite and all weights b; are positive.

Throughout the paper, C will denote a generic constant which takes on
different values on different occurrences.

ENERGY ESTIMATES

1. A CONVERGENCE RESULT FOR ALGEBRAICALLY STABLE RK METHODS

In this section we use energy estimates to derive a convergence result for
algebraically stable Runge-Kutta methods applied to the initial value problem

(1.1) u' + Aluu = f(1), u(0) = uy.

The setting of this equation is as follows: Let H and V be (real, separable)
Hilbert spaces with norms |-| and || - ||, respectively, such that V' is embedded
densely and continuously in H. The norm on the dual space V' is denoted by
|l-ll.. We identify H and its dual H', so that ¥ ¢ H = H' c V', and the
duality (-, -) between V' and V coincides-on H x V' with the scalar product
of H. We assume that, uniformly for all # € V', the bilinear form associated
with the linear operator A(u): V — V' satisfies the Garding inequality

(1.2) (Awv,v) > a-|v||>—c-v|?>, foru,veV
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with @ > 0 and ¢ > 0, and is bounded by
(1.3) [(A(w)v, w)| < M-||v| - ||lw|| foru,v,weV.

 Further we assume that there is a subset S of ¥V such that the following Lip-
schitz condition is satisfied: For every 0 > 0, there exists L = L(J, S) such
that

(1.4) I(A(v) —A(w))ull« <d+|lv-w||+L-Jv-—w| foruesS, v,weV.

Example (cf. [7]). On a smooth domain Q c R?, consider the quasi-linear
parabolic equation

d
ou 0 (

E a;j(u(x, t))—>+f(x,t), xeQ, 0<t<T
at i ax; Xj

with Neumann boundary conditions

> ni-a(u(x, t))a =0, xe€dQ, 0<t<T,
i,j=1 Xj

where (n;, ..., ng)(x) denotes the normal vector. The coefficient functions
a;j : R — R are assumed to be bounded and Lipschitz bounded, and the matri-
ces (a;j(un)) (u € R) are uniformly positive definite. The variational formula- .
tion of this problem is of the form (1.1) on H = L?(Q) and V = H!(Q), with
operators A(u): V — V' defined by

A, w)= [ 3 a(ur)) - 2L 2

el 6x, 6x,
This satisfies (1.2) and (1.3). Condition (1.4) holds with
S=58(r) = {u € HY(Q) : sup |Vu(x)| < r} ,
X€EQ

because for u € S(r) and v, w, ¢ € V we have

[ @0 - ay w2 22 ax
i,j

<lev—wlp-r-lgla,

where ./ denotes a Lipschitz constant of the functions a;;(+). This example is
readily extended to include first-order terms, or to Dirichlet or mixed boundary'
conditions. 0O

We have the following convergence result.

Theorem 1.1. Consider the initial value problem (1.1)-(1.4). Let {u,} C V be
a Runge-Kutta solution obtained with an algebraically stable method of stage
order q and order p > q + 1 having an invertible coefficient matrix & and
|R(o0)| < 1. If equation (1.1) has a solution u(t) € S for 0 <t < T, with
temporal derivatives u9tV) € L2(0, T; V) and u9*? € L2(0, T; V'), then for
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sufficiently small stepsizes h (restricted only by the constants in (1.2)-(1.4)), the
error is bounded for Nh < T by
N
| hYy Nl = u(ta)|? + max. Jun — u(ty)|?
(s =

T T
< C-(h?)2. (/ IIu("+')(t)||2dt+/ IIu“’*z)(t)llfdt) -

The constant C depends on the Runge-Kutta method, on the constants in (1.2)-
(1.4), andon T.

Remarks. (a) Theorem 1.1 generalizes to variable stepsizes. The proof makes
no essential use of constant stepsizes, in contrast to the proofs in §§2 to 4.

- (b) Theorem 1.1 has an obvious extension to the situation where the constants
in (1.2) and (1.3) are allowed to depend on ||u|| and to deteriorate with growing
|lu|| . (The constant C in (1.5) then depends also on supy<,<7 ||u(?)||.) For
example, the incompressible Navier-Stokes equations in dimension 2 and 3
then fit into the framework. Moreover, f(¢) in equation (1.1) can be replaced
by f(t, u) satisfying a local Lipschitz condition | f(¢,v) — f(¢, w)|. < d-
lv = wl| + L&, r)-|lv —w| for |lv|| + ||lw|| < r. This is often satisfied for
first-order nonlinearities. Of course, the operator 4 may also depend on ¢.

(c) Equation (1.1) can also result from space discretization of a parabolic
initial-boundary value problem, with conditions (1.2)-(1.4) holding uniformly
in the meshwidth. In this situation, it is more interesting to compare the fully
discrete solution to the solution of the PDE rather than that of the spatial
semidiscretization. A projection #(¢) of the PDE solution onto the finite-
dimensional approximation space then satisfies a perturbed equation (1.1):

@'+ A@)a= f(t) +d(1), 2(0) =up+ep,
where d(t) is the spatial truncation error. If #(z) is in S and sufficiently

smooth, then the difference between the Runge-Kutta solution u, of equation
(1.1) and o(¢t) is bounded by

h Z llun — a(tn)|I* + max |un — a(ty)|?

n=1

N m
<c- (B +leof? + IR(0)] - lleoll> + £ Y D" d(tn + cih)ui) ,
‘ n=0 i=1
where B is the expression on the right-hand side of (1.5), with u replaced by
it. The proof of this estimate is a simple extension of the proof of Theorem
1.1. Errors resulting from the inexact solution of the nonlinear Runge-Kutta
equations can be bounded similarly.

(d) In finite dimension, the existence of a numerical solution can be shown un-
der the method assumption of [6, Thm. I1.5.4]: There exists a positive diagonal
matrix D such that DZ+&TD is positive definite (cf. also [12 Ch.1V.14]). Us-
ing condition (1.2), one shows that the iteration U, m 4 AU, o))U ()
f(tn + cih) maps some ball into itself and one applies Brouwer S ﬁxed-pomt
theorem. Uniqueness is obtained from condition (1.4) only if there exists a
numerical solution with internal stages U,; € S which is not guaranteed in
general.
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Proof of Theorem 1.1. The proof combines arguments that are familiar from
B-stability theory and from energy estimates for the time-continuous case.

(a) For brevity, we denote the solution values U,; = u(t, + ¢;h), U,; =
u'(ty +cih), and @1, = u(t,). We then have

m m
U,,,-=a,,+hZa,~jU,’,j+D,,,-, ﬂ,,+1=l~ln+h2bjU,:j+dn+1,
, j=1 j=1
where the defects are of the form

tn+l t_ tn
Dy = hq/ Ki ( 7 ) ut()dt,
tn

Ins1 -
dn1 = h"“/ K (t—ht'i) u9*2(t) dt
tn

tny1 t—t
=-h1 / K’ (—") u@D (1) dt
n h

with bounded Peano kernels k; and x (for simplicity we assume that all ¢; €
[0, 1]). Here we have used Taylor expansion and the definition of the stage
order ¢ and the order p > g + 1. We note for later use that, by the Cauchy-
Schwarz inequality,

N m N
(1.6) hY S IDujI? + kY (ldnstl + lldnsi /RI2) < C- B,
n=0 j=1 n=0 ‘
where B denotes the expressi0n~on the right-hand side of (1.5).
(b) The errors E,; = Uy — Uy, E); = Uy, — Uy, and e, = up — il, thus
satisfy

(1.7a) Eji + A(Upi)Eni = ~(A(Uni) = A(Uni)) Uni,
m

(1.7b) Eni=ey+hY aiE,; — Dy,
Jj=1
m

(1.7¢) eny1 =€y +hzbiEj,i—d,,+1 .

i=1

We take the square of the H-norm in (1.7¢c) to obtain

2 m
- 2 <dn+1 3 en+ h Z blE:”> + Idn+]l2 .

i=1

m
ent+hY biEy

i=1

(1.8) e =

We estimate the three terms on the right-hand side separately. Expressing e,
by equation (1.7b), we have

2 m
= len|* + 21 _ bi(Ep;, Eni + Dni)
i=1

m m
+hY > (bibj — biayj — bjaji) - (Epi» Epj) -

i=1 j=1

m
i=1
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As the method is algebraically stable, the last term is nonpositive. For the
middle term we note that by (1.7a) we have (omitting all the subscripts n, i)
(E', E + D) = —(A(U)E, E) - (A(V)E, D) - ((A(U) - A(D))T, E + D).

Using conditions (1.2)—(1.4) (note that Uni = u(ty + cih) € S by assumption),
we can bound this by

(E',E+ D)< —a-||E|*+c-|E|* + M- | E||-|D|| + (S| E|| + LIE|)- | E + D||
and hence, for sufficiently small ¢,
(E', E+D) < -3 -|E|* + C+|E[* + C | D|.
The second term in (1.8) is estimated as

m
<dn+l > €n+ h Z biE:u’>

i=1

m
< lidnsille - llell + Idnsrll - B bill Epill

i=1

< hc?lle'nll2 + h/5 I dns1/R)? + Ch - Z | Enjli? + Ch/8 « ||dnss|*
Jj=1
with a small 6. Here we have used the bound

m
(1.9) IEnll« < C+ Y |Enjll,

j=1
which is a consequence of equation (1.7a) and conditions (1.3) and (1.4). Fi-
nally, the last term in (1.8) is bounded by

|dns1l? < Ndnstls - [dnsall < -?:h lldnsll? + 5’1 Ndnrr /Al

Putting all these estimates together, we have shown (note that b; > 0 for all i)

m
lens1]® = leal® + /3 Y~ bill Enil?

i=1

m
(1.10) < Chd - llenl? + ChY |Eni?

i=1
m
+ Ch Y |IDuill* + Ch- (|l dns1* + |dns1 /BII2) -
i=1
(c) From equations (1.7b, ¢) we infer
e,,+1 = R(OO) ’en + bT@’_l(Eyi +Dn) - dn+| P’y
and since |R(oo)| <1, this implies

(1.11) hZ lleasll? < ChZZ 1Eni + Daill* + ChZ ldnsll?

n=0 i=1 =0

(d) Summmg the inequalities (1.10) from n =0 to N and inserting (1.6)
and (1.11), we get

N m N m
(1.12) lene1l2+ 2> ST IE? < ChY D |Ewl* +C-B.

n=0 i=1 n=0 i=1
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We next estimate :
lEni,l2 < 30+ "Eni“2 + %a-l : “Emni

and bound || E,;||. , using the triangle inequality in (1.7b), the continuity ||e,|.
< C-|e,| of the inclusion H C V', and the estimate (1.9):

. m
N|Enills < C-leal + ChY IEnjll + | Dnill -

j=1
Hence,
N m N m N
(1.13) BY Y |Enil? < (6/2+ Ch?/6)-hY Y | EnjlI*+ChY)_lesf* +C-B.
n=0 i=1 n=0 j=1 n=0

We insert this bound into (1.12) to get (again for a suitable choice of &)

N
lex+12<Ch> les+C-B, O0<Nh<T,

n=0
and the discrete Gronwall inequality now gives us
lea/?<C-B, 0<nh<T.

We insert this estimate back into (1.13), and (1.13) back into (1.12), and so
obtain

N m
hY S IEml?<C-B.
n=0 i=1

This bound inserted into (1.11) finally gives us

N
hY lenul?<C-B,

n=0

and the theorem is proved. O

FOURIER AND PERTURBATION TECHNIQUES

2. STABILITY ESTIMATES FOR LINEAR TIME-INVARIANT EQUATIONS

In this section we derive some estimates for Runge-Kutta methods applied
to equations with constant operator

(2.1) U +Au=f(t), u@)=uy (>0).

We study this equation in a Hilbert space framework of analytic semigroups (cf.,
e.g., Kato [15, Chs. VI and IX], Lions [19, Chs. IV and VI], and Lasiecka [16]),
emphasizing the role of resolvent bounds. On a (complex, separable) Hilbert
space H with scalar product (-, -) and norm ||, let —4 be the generator
of a bounded analytic semigroup that has 0 in its resolvent set. In other words,
A:D(A)C H — H is a densely defined closed linear operator whose resolvent
is bounded by

M n
-1 - z
(2.2) [((A+ A) " pen < T for |argd|<m—¢ (q) < 2) .
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We consider a second Hilbert space V' C H with norm | -|| and assume that
(2.3) V = D(A'?) = D(4*'/?) with equivalent norms,

where as usual the norm on D(4'/2) is given by ||v||p 412y = |4!/?v|. In partic-
ular, A'/2 and A4*!/? are isomorphisms between ¥ and H . It follows that the
sesquilinear form defined by (Au, v) = (4'2u, A*'/2v) for u € D(4),v eV
extends to a bounded sesquilinear form on V x V', and consequently A4 ex-
tends to an isomorphism from J to its conjugate linear dual V'’ which we
again denote by A4:

(2.4) A:V — V' is bounded and invertible.

The norm on V' will be denoted by |- |.. We always identify H and H’, so
that

(2.5) VCH=H' cV’, with duality (v',v)=(v',v)forv e H,veV.
From (2.2) we get the bounds
. Ml

-1

A+ A4)yey < M

for |argA| < m — ¢, where M; and M, can be chosen to depend only on the
constants in (2.2) and (2.3).

Remark. On finite time intervals, all our results remain valid if, for some ¢ > 0,
the operator A + cI instead of A satisfies conditions (2.2) and (2.3).

(2.6)

Examples. For 4 a second-order strongly elliptic differential operator on a
bounded domain Q with Neumann boundary conditions (not necessarily self-
adjoint), A + cI satisfies for suitable ¢ > 0 the above assumptions on H =
L?(Q) and V = H'(Q). The bound (2.2) is well known, and condition (2.3) fol-
lows with the help of, e.g., Theorem 1.4.8 in Henry [13], or Lions [20]. The as-
sumptions are equally met for Dirichlet boundary conditions (with V' = H}(Q))
and mixed boundary conditions. The conditions can also be verified for finite
element discretizations of such operators, uniformly in the gridsize. 0O

We will now give stability bounds for Runge-Kutta solutions of equation
(2.1). It is convenient to split the problem into the two special cases where
either 4o =0 or f(¢t) = 0. The general case then follows by superposition.

Lemma 2.1. Consider equations (2.1)—(2.3) with uy = 0. Let the Runge-Kutta
method be strongly A(6)-stable with 0 > ¢ . Then, the numerical solution (u,)
and the internal stages (Uni) are bounded for h > 0 by

(2.7) hZ||un+1||2+hZZnUmnz<c hZZ||f(z,.+c, )II2

n=0 i=1 n=0 i=1
for every N > 0. The constant C is independent of h, N, and f.
Proof. (a) We consider the generating functions

u(C)=Zun+1C", U,(C)=ZUnC", F(C)=ZFnC”,
n=0 n=0 n=0
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with U, = (Uni))I, , Fn = (f(tn +c:ih)), . A calculation yields (see Lemma 3.1
of [23]) that they are related by?

(2.82) U() = (A“) + A) F(0),
T 60—
(2.8b) u) = T U0
with A({) = (€ + *1bT)~!. We will show in part (b) of the proof that
A
() ).

Then, using Parseval’s formula in (2.8a) gives us the desired estimate for the
internal stages Uy; . Since |R(c0)| < 1, Parseval’s formula used in (2.8b) yields

Z ltnaa]? < constzz 1Unill?

n=0 i=1

and hence the bound (2.7 ).
(b) It remains to show (2.9). Let |£]<1,{#1. We have

(2.10) AQ)/h+ )™ =5 / (z/h+A)~' - (z-AQ)) " dz,

where y is a union of bounded contours that enclose the eigenvalues of A({).
The formula‘of Lemma 2.4 in [23],

~1 _ -1 ¢ _ —1q4pT(T _ -1

(2.11) (A(Q)—-2)" =@ - z&4) +1—_R(Z)—C.(I z2&) 10 (I - z@)~ ",
shows that the eigenvalues of A({) are either eigenvalues of &~! or satisfy
R(z) = 1/{. By A(0)-stability, they are all in the sector |argz| < 7 — 6 <
n —~ ¢. Moreover, for { bounded away from 1, all eigenvalues of A({) are
bounded away from 0. These eigenvalues can be enclosed by bounded contours
in |argz| £ m— ¢ that stay a fixed positive distance away from the eigenvalues,
so that on these contours (A({) — z)~! is uniformly bounded for |{| < 1. By
the bound (2.6), the contribution of these eigenvalues in equation (2.10) thus
gives us uniformly bounded operators from (V') to V™ for |{|<1.

It remains to study the contribution of the eigenvalue z({) near 0 occurring
for { near 1. Hence, let z({) be defined by R(z({)) =1/{ for. { near 1, with
z(1) = 0. By A(6)-stability, |argz({)| <7 —6 for |{| <1, { near 1. Formula
(2.11) shows that

ReS(Z(C )

PR
A - 2) 20—

where the residue Res(z) = (I — z@’) 1167(I — z&)~'/R'(z) is bounded for z
near 0 (since R'(0) = 1). Therefore, the contribution in (2.10) of the contour
yp encircling z({) is equal to

(2.12) sz (z/h+ )7 (2= AQ)) " dz = (2({)/h + 4)7" - Res(z({))-
Yo

2As in (2.8a), we often write A({) instead of A({)® Iy, and A insteadof I, ® 4.

+0(1), z-2z({), {nearl,
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Again by (2.6), this is uniformly bounded as an operator from (V)™ to V'™
for { near 1 with |{|<1. O

The following lemma shows that, pointwise in time in the H-norm, the so-
lution is again bounded as in Lemma 2.1. For different pointwise estlmates cf.
Lemma 3.5 of [23].

Lemma 2.2. Under the assumptions of Lemma 2.1, we have for all n > 0

(213)  fupn|*+ max |Unf*<C- B IS+ b,

v=0 i=1
Here, C is again independent of n, h, and f.
Proof. (a) We start from the inequality

n .
(2.14) ltn1|* <2 (s — sy, Uyt
v=0

which holds for arbitrary sequences (u,) with- 4y = 0. Inserting u,.; — u,
from the Runge-Kutta method and using the duality (2.5), we obtain

n m
unri? <23 <h Y bi(~AUsi + f(ty + cih)), uu+1> :

v=0 i=1
By the Cauchy-Schwarz inequality, this implies
2\ 172 n 1/2
|tn 1] < 2 (h Z ) ’ (h Z "uv+1"2) .
v=0 v=0
By the bound (2.4) and Lemma 2.1, each of the sums on the right-hand side
is bounded by a constant times the right-hand side of (2.7). This shows that
|ns1|* is bounded as stated in (2.13).

(b) To prove the estimate for the internal stages, we note that Un = (Uni)2,
is given from the Runge-Kutta formulas as

Uy=(I+h@ QA (h@F, +1u,).

Since the eigenvalues of & are all in the interior of the sector |argd| <7 — ¢,
it follows from (2.2) that (I + h@ ® A)~! is uniformly bounded as an operator
from H™ to H™ . We also have the resolvent bound

(2.15) IA+A) Yoy <C-A"V2, |argd|<7m—-9.

This follows from (2.6) via |(A + A)~'w|? < ||(A + A) " 'w]|l« - |(A + 4)~w|| <
C-)A|7-||w|? for w € V'. Now, (2.15) implies that (I+h&@®A)~! is bounded
by O(h~1/2) as an operator from (V’)” to H™ . Hence, we have

m
|Unil* < C- (Iunl2 +hY ISt + th)llf) :

j=1

Zb (AU, + f(t, + cih))

i=1

As we know already that |u,|? is bounded by (2.13), this gives the desired
bound also for the internal stages U,;. O

A dual version of Lemma 2.2 is the following.
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Lemma 2.3. Under the assumptions of Lemma 2.2, we have for all N >0

1/2 N m
(2.16) (thumuz+hZZuUmu2) SC-hY D f(tn +cih)]

=0 j=1 n=0 i=1
with a constant as in (2.13).
Proof. The result relies on a duality argument as in [26, Cla1m 2.8]. For the
internal stages, we have to bound the mapping I}, (H™) — Z(V™) : (Fa)M, —
(U W n=0- This has the same operator norm as its adjoint l2 y(ym - l°°(H'”)
(F W (U,,) N o> which is given by the following scheme, derived by taking
adjoints in (2.8a):
Uy, = bity — h(@T ® 4*)U, + h@™F,,
iy = ity — h(1T ® AU, + h1TF,, iy =0.
In the same way as in Lemma 2.2, one obtains the bound (2.13) for the dual
variables: '

N m
max max |[Un? <C-hY_ > |Ful?,

0<n<N 1<i<m
n=0 i=1

i.e., the requlred bound for the adjoint mapping. We thus get the bound (2.16)
for the internal stages (Up;), and the result for (u,41)Y, then follows from
equation (2.8b) via Parseval’s formula. O

Next we consider equation (2.1) with f(z) = 0. Then the Runge-Kutta
solution is just #, = R(—hA)"ug. It is known from Le Roux [17] (cf. also [5])
that R(—hA) is uniformly power-bounded if R(z) is the stability function of
a (strongly) A(@)-stable method and A4 satisfies (2.2). Hence,

|un| < C+|ug| forn>0.
For the /2-norm in time/¥ -norm in space we have the following estimate:

Lemma 2.4. Consider equations (2.1)-(2.3) with f(t)=0. Let the Runge-Kutta
method be strongly A(0)-stable with 6 > ¢ . Then, the numerical solution and
the internal stages are bounded for all N >0 by

N ) N m

(2.17) B Nner = R(00) uo| +h Y Y D 1 Unill* < C - Juol*
n=0 n=0 i=1

The constant C is independent of h and N .

Remark. Note that A YN |luns1]|2 < C+|ugl?* if R(co) = 0. In this case one
has also |lu,|| < C-(nh)~1/2|up| for n > 1, see [22, formula (3.31)].

Proof of Lemma 2.4. The generating functions satisfy (cf. (2.8))

A 1
Th 1-c%

(bT@~'U(L) + R(oco)ug) .

(2.18a) U©) = (A(C) + A)
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Using the identity

A1 . @1

[-7 " T-R(e0)C’ |

which is verified by multiplying both sides with A({ )‘ =4+ —leT , We
rewrite (2.18a) in the form of (2.8a) with F, = (Fy;)™, ;==& '1- R(o0 ) ~up/h-.
For the internal stages we thus get the bound (2.17) by applying Lemma 2.3 with
F,; in the role of f(¢, + c;h), noting once more |R(oo)| < 1. The result for

the sequence (4,41 — R(00)"*'uy) then follows by using Parseval’s formula in
(2.18b). O

(2.19)

3. LINEAR EQUATIONS WITH TIME-DEPENDENT OPERATOR

We consider time discretization of the initial value problem
(3.1) UW+Au=f@t), ul0=u 0<t<T).

Extending the setting of §2 to the time-dependent situation, we assume that the
densely defined closed operators A(t): D(A(t)) ¢ H — H satisfy conditions
(2.2) and (2.3) uniformly in 0 <t < T'

1 - z
(32) A+ A0 < o forlail<m—p (p<F),

with M independent of ¢, and
(3.3) V =D(A(t)'/?) = D(A(t)*'/?) with equivalent norms, uniformly in ¢,

where V is assumed not to depend on ¢. Of course, A(¢) then also satisfies
(2.4) and (2.6) uniformly in ¢. In addition, we assume

(3.4) I4(t) — A(Dllyrv <L-lt—7|, 0<T<t<T.

Example. Consider the second-order strongly elliptic differential operator (9; :=
9/0x;) A(yu=73; ;0i(aij(x, t)0;u) + 3 ; bi(x, 1)0iu + c(x, t)u with smooth
bounded coefficients on a smooth bounded domain Q, equipped with Neumann
boundary conditions. We take this as an unbounded operator on H = L2(Q).
While D(A(t)) depends on ¢ through the boundary conditions du/dn,y =
> jmiaij(x, t)du =0, the space D(A(t)'/?) =V = H'(Q) is independent of
the problem coefficients (cf. Lions [19, Ch. VI.1]), and [20, §6].

Lemma 3.1. On finite time intervals (0 < nh < Nh < T < ), the estimates of
Lemmas 2.1-2.4 remain valid for the Runge-Kutta solutions of equations (3.1)-
(3.4) with time-dependent operator.

Proof. The proof is a discrete analogue of the following surprisingly simple
proof of an estimate for the exact solution of equation (3.1). We learnt this
from Savaré’s paper [26], where time discretization of equation (3.1) by linear
multistep methods is studied. Consider equation (3.1) rewritten in the form

(3.5) U+ Au = ?(t) with f(t) = f(t) + (A7) — A(2))u(?)
for a fixed 7 > ¢. For the time-invariant equation with operator A(t), we have
the estimate (cf. [16, §4])

(3.6) / uRdi < € (Iuo|2 +f 7o dt)
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with C independent of 7. To bound the term containing f, one uses (3.4)
and a partial integration:

/II(A(f)—A(I))u(t)IlfdtS/ L@~ 1)||u(t)|* dt
0 0

- /0?21,2(?— 1) (/Ot ||u(t)||2dr) dt.

Hence, w(?) = fot lu(z)||> dt satisfies an inequality of the form to which Gron-
wall’s lemma applies. This provides an estimate (3.6) with the data f instead
of f.

The above arguments carry over to the discrete case without difficulty: Lem-
mas 2.1 and 2.4 establish the discrete version of (3.6), partial summation re-
places the partial integration in (3.7), and a discrete Gronwall lemma then yields
the desired estimates. We omit the details. O

(3.7)

If the solution of (3.1) is sufficiently smooth in time, one has the following
convergence result.

Theorem 3.2. For an initial value problem (3.1)-(3.4) consider a Runge-Kutta
method of stage order q and order p > q + 1 that is strongly A(6)-stable with
0>e¢. If us) € L2(0, T; V) and u9*? € L*(0, T; V'), then the error is
bounded for Nh < T by.

N
B> llun — utn)|* + Og}fl(leun — u(ty)?
(3.8 "0 -

T T
< C-(hy- ( | evaypar+ [ nu<q+2>(t)||3dz).
0 0

The constant C depends on the Runge-Kutta method, on the constants in (3.2)-
(3.4),andon T.

Proof. Let us first assume that the operator A4 is time-independent. The general
case will be treated at the end of the proof.
(a) For the errors €,41 = Upy1 — U(lny1) and E, = (Ep;)7, with Ey = Upi—
u(t, + c;h) we have the recursion
(I+h@ @ A)E, =1e, — Dy,

3.9
( ) €nt1 = €p ‘h(bT®A)En —dnt1,

where d,,; and D, = (D)7, are the defects obtained by inserting the exact
solution values into the Runge-Kutta scheme. We recall that these defects satisfy
the bound (1.6). The generating functions

eQ) =Y emil", E() =) Enl",
(3.10) =0 =0
d(C) =Zdn+1C”, D(C)=2DnC”

n=0 n=0
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are then related by (cf. (2.8))
. -1
(.1a)  EQ)=- (A“) + A) AlG) (D(C) R 1d<¢))

(3.11b) e(l) = —pr=7 (BT@ U E) + D) - d(0)).

R( )¢
Using the identity (2.19), we rewrite (3.11a) as
(3.12) . 1
5@+ 00 = (A 4 4) " an) - (A 4 1) LKD),

By (2.4) and (2.9), the operator (A({)/h+ A)~'A4 is uniformly bounded on V'™
for || < 1. By (2.9) and |R(c0)| < 1, the expression multiplying {d({)/h is a
uniformly bounded operator from V' to V™. Thus Parseval’s formula applied
to (3.12) gives

(3.13) h ZZ IEnill* < C (hZZ D2 + 1 Z ||dn+1/h||2)

n=0 i=1 n=0 i=1 n=0
and by (1.6) this is bounded by the right-hand side of (3.8). Parseval’s formula
used once more in (3.11b) then yields the desired bound for 4 Ef,v llens1]|?.
(b) The pointwise estimate in the H-norm follows as in the proof of Lemma
2.2 with u,, U,; replaced by e,, E,;, using the second formula of (3.9) and
the estimate (3.13) of the internal stages.
(c) For the time-dependent case, we use the ideas of Lemma 3.1. With fixed
A = A(7) for a suitable 7, we write the error recursion as
(I+hg®A)En = len_Dn+thn,
with F,; = (4 — A(t, + c;h))E,;. This gives for the generating functions a
combination of (2.8) and (3.11):
(3.15)

B = - (40 +A>_l 28 (b + 51d0) + (B + A) F(Q).

Hence, Parseval’s formula can again be applied, y1eld1ng

h Z Z IE.i|? < C ( h Z Z IDyill® + A Z dy+1/R]1?

v=0 i=1 v=0 i=1

(3.14)

+h Z Z l4— A + cih)ll%n_VIIEwIF) .
v=0 i=1

Partial summation of the last term (with 4 = A(¢,41)) and the application

of a discrete Gronwall lemma yield an /2> bound of the form (3.13) for the

internal stages. This leads to the desired bound for A Z(’f llens1]|? as in part

(a). The pointwise bound in the H-norm is proved as in part (b), using the

second formula of (3.14). O

Assuming more spatial regularity, we obtain an improved temporal order of
approximation.
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Theorem 3.3 (Refined error estimate). In addition to the conditions of Theo-
rem 32 let p > q+ 2. We further suppose that the regularity assumptions
u@+2) € L2(0, T; V) and u9*d e L2(0, T; V') hold. If B € [0, 1] is such
that D(A(t)'/**8) is independent of t (with uniformly equivalent norms) and
APua+)) € L2(0, T; V), then the error is bounded for Nh < T by

N

h Z llun — u(t)|I* + max |t — u(tn)|?
n=0

(3.16) <C. (hq+1+ﬂ)2 . / "Aﬂu(qH)(t)"z dt
0

T T
+c-<hq+2)2-(/0 ol de+ [ ||u<q+3><t>uidt).

Again, the constant C depends only on the Runge-Kutta method, on the constants
n (3.2)-(3.4), andon T. :

Remark. The restriction to B < 1 is not essential. If A(¢) depends smoothly
on ¢ as an operator from V to V' and if higher temporal derivatives of u
satisfy some regularity assumptions as in Theorem 3.3, then the convergence
order is min(p, g + 1 + B). We do not prove this extension of Theorem 3.3.
The proof uses similar ideas but becomes very technical.

Example. We consider again a second-order strongly elliptic differential opera-
tor with time- (and space-) dependent smooth coefficients on a smooth bounded
domain Q, equipped with appropriate boundary conditions. We take it as an
unbounded operator on H = L%(Q). The attainable value of f in Theorem
3.3 relies on the characterization of the domains of fractional powers of elliptic
operators given by [9] and [10]:

(i) Homogeneous Dirichlet boundary conditions. For o < 5/4 (and a >
1/2) we have D(A(1)*) = H?**(Q) N H}(Q) with uniformly equivalent norms.
However, for a > 5/4 an element v € D(A(t)*) has to be such that A(f)v
vanishes on the boundary, and hence D(A(#)*) depends in general on ¢ for
a > 5/4. We next consider the condition 4A#u(@tD)(¢) € V or equivalently
ut(r) € D(A(t)'/>*8). A smooth function over Q that vanishes on the
boundary is in D(A(7)%/4=¢) = H3/2-2¢(Q)N H}(Q) for arbitrary ¢ > 0. This is
sharp unless further (unnatural) boundary conditions are satisfied. In the case
of a temporally and spatially smooth solution, Theorem 3.3 is thus applicable
with 1/2+ 8 =5/4—¢,ie, f=3/4—¢.

(i) Homogeneous Neumann boundary conditions du/dn,y =
>, jmiaij(x, 1)8u=0. In 2 and more space dimensions, D(A(?)*) = H*(Q)
for o < 3/4, but for larger values of a the domain depends on ¢ through
the boundary conditions. These do not depend on ¢ in dimension 1, and then
D(A(t)*) is independent of ¢ for a < 7/4. On the other hand, a smooth func-
tion satisfying the boundary conditions is in D(A(¢)’/4~¢) for arbitrary ¢ > 0.
The time derivatives of a smooth solution satisfy the boundary conditions only
if they do not depend on ¢, hence in dimension 1. Otherwise, the solution
derivatives are in D(A()3/4-%¢). We can thus use Theorem 3.3 (or the exten-
sion mentioned in the above remark) with 8 = 5/4 — ¢ in 1 space dimension
or when the coefficients a;; do not depend on ¢ on the boundary, and with
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B = 1/4 — ¢ otherwise in higher dimension. The latter value of g is also
obtained with nonhomogeneous Neumann boundary conditions.

(iii) Periodic boundary conditions. Here we have for all a that D(A(¢)*) is
independent of ¢, and a smooth solution is in D(A(¢)*) together with its time
derivatives. Hence, in this case the above remark gives us the full convergence
order p.

Remark. While the above values of B are sharp for the energy norm, they are
not necessarily optimal for error estimates in the L2(Q)-norm. In fact, we can
also consider A(f) as an unbounded operator on the space H = H~1(Q) with
D(A(t)) = H}(Q), in the case of Dirichlet boundary conditions. We then have
V = L*(Q) and D(A(t)'/2*8) = D(Ay()?), where Ay(t) is the same differential
operator viewed as an unbounded operator on L2(QQ). Hence we can choose
B =5/4—¢ (larger by 1/2) in this case, to obtain an estimate

N 1/2
(h z llun — u(t,,)||%2(n)) = O(hat+1+5/4-¢)

n=0

for smooth solutions. In [23] such an estimate was shown pointwise in time
for equations with time-independent operator. We do not know if this can be
achieved in the time-dependent case.

Proof of Theorem 3.3. We concentrate on those aspects that go beyond the proof
of Theorem 3.2.

(a) We first consider the estimates in the V-norm for the time-invariant
situation. Since p > g + 2, the defect in (3.9) can now be rewritten as

| tns _
Dp; = h9*1 .6, - ul@tV(¢1,) + h9H! / l Ri (t—h—tl) utA(t)dt,
- ’

tn+l — .
dpr =2 [ (%) w93 (1) dt
tn

with bounded Peano kernels £ and k; and with

(3.17)

j=1 i=1

m m
(3.18) &= (—q—_i——l—)—' ((q +1)Y ac! - cf“) satisfying » _ b;6; =0.

We shall show that the estimate (3.16) also holds for 4 Y ||En; + Dpil|>. The
desired bound for ¥ |le,||> then follows from (3.11b). We start from identity
(3.12). By (3.17), the term coming from d({) is bounded as needed. It thus
remains to consider the contribution of

G() = (é%—) + A)‘l 4D() = (é%—) + A>_l AP 4PD(0).

Using the estimate (see, e.g., [13, §1.4])
(3.19) IA+ ) APy y < C-A7F, |argd|<m -9,

we obtain from the representation as a contour integral (2.10) that ||G({)| <
C-hf.||48D({)||, uniformly for all { with |{| < 1 that are bounded away
from 1. For { near 1 (cf. proof of Lemma 2.1) one eigenvalue z({) of A({)
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gets close to 0, and such an estimate can no longer be inferred. To overcome
this problem, we use equation (2.12) and the identity

bT(I-z8) ' =bT + zbT@(I - 28)7'.

The contribution of the eigenvalue z({) to G({) is thus (with z = z({) for
short)

_ -1
(3 +4) IA-%.MD(C)

—-B(T _ 11pT -
+(%+A) 41-B 48 . ZI-B(1 Z@)R/::) eI - z@)! - APD().

For the first term, we use that (z({)/h + A)~!4 is bounded as an operator on
V™ for { near 1 with |{| < 1, whereas the second term can be bounded via
(3.19) as before. This yields

(3.20) IGO)Il < C-hP - 4P D(O)]| + C - 16TDO)II,

now valid uniformly in |{| < 1. We finally apply Parseval’s formula and use
(3.18) for bTD,.

(b) We next verify the pointwise estimates in the H-norm. As in the proof
of Theorem 3.2, we start from

lent1l> <2 (- h(bT ® A)I + h@ ® A)~'1e,, €,41)

+ (h(bT ® A)(I +hZ ® A)_IDV ) eu+l)‘_ (du+l s eV+1)|

and use the Cauchy-Schwarz inequality. This yields immediately the bounds for
the first and the third term. The second term is split as

(BT RAI +h@® A)“D;,

m
=Y " biAD,; - (b7 ® A)I + h@ ® A)"'@ ® (h4)'~F . 4*D,,
i=1
and since (3.19) shows that (I + h@ ® A)~'@ ® (hA)!~# is bounded as an

operator on V'™ we obtain the desired bounds as in part (a).
(c) In the tlme-dependent case, we start from (3.12) and (3.15), Wthh shows

' __ (A, N\ e W) (a0, T
B0 =~ (G2 +4) g G (S +4) FOKQ),

with
Fpi = (A — A(tn + cih))(Eni + Dni)
and
~ Kni = A(tn)Dyi + (A(tn + cih) — A(n))Dp;

The term coming from K({) can be bounded as in part (a), using the Lipschitz
boundedness (3.4). The rest of the proof is then identical to part (c) of the
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preceding proof. For the pointwise estimate in the H-norm, we use (2.14) with
u, replaced by e, , further

m
ens1 = €n—hY_ biA(ty + cih)(Eni + Dni)
(3.21) o
+h Z bi(A(tn + cih) — A(tn))Dni + A(tn)bTDn —dpi
i=1

and the above estimate for Y ||E,; + Dyil|2. O

Remark. Concerning spatial discretization, the remark (c) after Theorem 1.1
applies verbatim to the present situation, with B now given by the right-hand

side of (3.8) or (3.16) for & instead of u. This follows by linearity and using
Lemma 3.1 to treat the perturbations.

4. QUASI-LINEAR EQUATIONS

We now consider equations with solution-dependent operator,
(4.1) U+Awu=f(t), u0)=u (0<t<T).
We use the framework of §2 and consider again a Hilbert space triple V C H =
H' cV'.ForveV,let A(v): D(A(v)) C H— H be a densely defined closed

linear operator. Conditions (2.2) and (2.3) are assumed to hold uniformly for
v varying in bounded subsets of V , viz.,

2
(4.3) V = D(A(v)'/?) = D(A(v)*'/?) with equivalent norms.

Then A(v) also satisfies the bounds of (2.4) and (2.6) uniformly for v in
bounded subsets of V. We further assume that the following local Lipschitz
condition is satisfied: For all 6 > 0 and all r < oo, there exists L = L(J, r)
such that

(4.4) | A(w) — AW)llyrey <6-Jlv-w||+L-Jv-w| for|v||<r,|w|]|<r.
Example. Consider a second-order strongly elliptic differential operator A(v)
with smooth coefficients a;;(v(x)) etc. over a smooth bounded domain Q C
R? | equipped with Neumann boundary conditions. In 1 space dimension, tak-
ing H=L*Q) and V = H(Q) c C(Q) gives well-defined operators A(v),
v € V, that satisfy the above conditions. In particular, condition (4.4) is ob-
tained from the estimate

4(v) — AW)llyr—v < sup la(v(x)) — a(w(x))l,

M n
-1 - —
(42) |G+ AN e < T for lagdl Sz —p (e<3),

using the local Lipschitz boundedness of a and the imbedding H*(Q) c C(Q)
for s > % together with the bound [19, Prop. IV.4.1]

[vllgs < 8|Vl + Cs(S)+|v]y2 forve H(Q)ands< 1.

This choice of H and V is no longer possible in 2 dimensions. Here, it
can .be shown that our conditions are met when the-differential operator is
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considered as an unbounded operator on the Sobolev space H = H*(Q) with
0 <s < 1/2, with V = H*!(Q). The lower bound on s originates from
Sobolev’s inequality in the requirement ¥ ¢ C(Q). The upper bound comes
from condition (4.3), because for values of s > 1/2 the Neumann boundary
conditions (which depend on the coefficients a;;(v(x))) enter into D(4(v)!/?).
Note that for s < 3/2 one has H*(Q) = D(Ay(v)*/?), where Ay(v) is the
same differential operator taken as an unbounded operator on L?(Q2). In 3
space dimensions, there is a conflict between the Sobolev inequality for ¥ and
condition (4.3), so that the 3-dimensional quasi-linear Neumann problem falls
outside our framework.

The situation is more favorable for the Dirichlet problem, for which condi-
tion (4.3) is less stringent. Here one can take H = H§(Q) and V = H**(Q)n
H}(Q) (and hence V' = HS~1(Q)) with 0 <s <1 in 2 space dimensions, and
still with s =1 in 3 dimensions. O

We have the following convergence result for the case that the solution of
(4.1) is sufficiently smooth in time.

Theorem 4.1 (Convergence of Runge-Kutta methods for quasi-linear parabolic
equations). For an initial value problem (4.1)-(4.4) consider a Runge-Kutta
method of stage order q and order p > q + 1 that is strongly A(0)-stable with
0>¢. If u9t) € L2(0, T; V) and u'9+? € L*(0, T; V'), then for sufficiently
small stepsizes h there exists a unique numerical solution u, (0 < nh <T)
whose error is bounded by

N
h Z "un - u(tn)llz + Olsnnast |un - u(tn)‘z
45 "

T T
< C- (). (/ IIu("+')(t)II2dt+/ Ilu““z)(t)llfdt) -
0 0

The constant C depends on the Runge-Kutta method, on the constants in (4.2)-
(4.4), on supo,<7 lu(®)ll, andon T .

Proof. Let us assume for a moment that the numerical solution u, and the
internal stages U,; exist for 0 < nh < T and that
(4.6) Unill < r

with r = 2supg<,<r ||#(?)||. For sufficiently small stepsizes 4, this will be
verified at the end of this proof. N

(a) For a concise notation, we abbreviate the exact solution values by Uy; =
u(ty, + cih), ity = u(t,) and we set

(4.7) Ay = diag(A(Un1) , -- - » (Unm)).

In this notation, the errors E,; = U,;— l7,,,~ and e, = u,—ii, of the Runge-Kutta
method applied to (4.1) are related by

(I+hg%)En=len+h£Fn_Dn,

4.8
(4.8) €ny1 = 6€p — hbT%En + hbTFn — dnt1
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with Fy; = (A(Uy;) — A(Uy;)) - Uy and with the defects D,; and d,,, . Recall
that these defects satisfy the bound (1.6). Lemma 3.1 and Theorem 3.2 now
give the following /2-bound on the error (cf. (2.7) and (3.13)):

N N m
(4-9) ) h Z ”en+1”2 + h E Z ”Eni"2 S C ¢ (BN + h Z Z ”Fm" )

n=0 n=0 i=1 n=0 i=1

with

(4.10) By=h3" S IDul? + b Z st /B2 + hz st

n=0 i=1 =0

The rest of the proof is to show that the left-hand side of (4.9) can actually be
bounded already by By .

(b) We thus have to estimate F,;. This is the moment where condition (4.4)
comes into play. Since the internal stages are bounded by assumption (4.6), we
conclude that

IFnill2 < (S| Enill + LIEnil)? - r
and further
(4.11) ||Fuill? < 2r20%||Epi||?® 4+ 4r*L*(|Ep;i + Dyil* + |Dnil?) .
(c) We next establish a bound for |E,,, + Dyp;|. For technical reasons, we
regroup (4.8) as
(I +h& @ A(iiy))(En + D,,) =1e, + h@F, + h@ ® A(it,)D,
+ (& ® A(i1,) — @)E, .

Since the operator (I + h&@ ® A(ii,))~! is uniformly bounded on H™ and
bounded by O(h~1/2) from (V')™ to H™ (see Proof of Lemma 2.2), we obtain

(4.12)

m
|Em‘ + Dnil2 <C- ('en|2 +h Z "Fnj + A(an)Dnj "3
Jj=1

+ h| @ ® A(iin) — @Hllmeym ||Enj||2) )

j=1

and by applying (4.4) to ||A(it,) — A(Upi)||lv'ey also
(4.13)

|Eni + Dil* < C- (Ie'nl2 +h Z lEnjll? + A }: (|1 Dnjll> + A3 Z | Enj II2)
j=1 Jj=1 j=1

(d) Next we consider the second equation of (4.8). Recalling the tech-
niques of the proof of Lemma 2.2 part (a) and substituting each occurrence
of XY N|Euill* or X lles+1ll* by (4.9), one finds

n m
(4.19) lensil2 < C- (B,, iy qu-u%) ,

v=0 i=1
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* which is the same bound as for the /2-norm. We then insert (4.14) into (4.13)
and use the estimate (4.11). This results in

n m n m
|Em' + Dni|2 <C- (Bn +h Z z |Euj + Duj|2 + h(h2 + 52) Z z ||EVj||2)

v=0 j=1 v=0 j=1
for i=1, ..., m. The application of a discrete Gronwall inequality now gives
the bound
(4.15) |Eni + Dnil* < C- (Bn + h(h* + 6?%) Z Z ||Eu1||2)
v=0 j=1

(e) We finally insert (4.15) into (4.11), and (4.11) into (4.9). Since J can be
chosen arbitrarily small, we obtain

N N m
hYy llenul®+hY > IEw|* < C-By,

n=0 n=0 i=1

and by (4.15), (4.14) also
2 |>< C-By.
oy lensal” + Py Lk a |Enil = C-By
These are the desired bounds that lead to the estimate (4.5) in the same way as
in Theorem 3.2.
(f) It remains to prove the (local) uniqueness and existence of the numerical

solution as well as the bound (4.6) for the internal stages. We use a fixed point

argument.
First we will show that the iteration
(4.16)
U**D =y, — h Za,, (AUUE™D = fltn+ k), i=1,..,m,

is a contraction w1th respect to the welghted norm
ITalll = _max max(|Unill, h~"2|Unil)
in a ball (with respect to the |||-||| norm) around 1-u, of a fixed, sufficiently

large radius. The proof that the iteration maps the ball into itself for small A
uses arguments similar to the proof of contractivity, and is therefore omitted.

To show contractivity, we consider the difference of two sequences U,S"“) and
V,%+Y | We denote this difference by E{*" = U¥+D - y;*+1 | and like in (4.7),
we write for short &/ (Uy,) = diag(A(Un1), ..., A(Unm)). We then have

(I + h&@ ® A(un))ES*) = h@ (ot (V¥ — o (U)) Y
| +h(& ® A(un) — @¥ (UF)EFY.
Recalling the uniform bounds on (I+h&Z®A(u,))~! and the Lipschitz condition
(4.4), and using that V,**! is again in the ball, we get
IEX*D) < C-(6- max ||E®|+LhY>.h~"? max |E,(,k.)|)
n j=l,e,m’ j=1,m,m ™

+C- @+ LA UL ~ 1l max B
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and the same bound for A=1/2.|EX*D| Thus, the recursion satisfies

k k
WESV < €8+ LA I EP|I,

and hence is a contraction for § and 4 small enough. This proves the unique-
ness of the numerical solution in the ball.

It remains to show the existence of a fixed point. For this we take U =
u(tn + c;h) as starting value for the iteration and use |||u, — u(t,)||| < C-h'/2,
which follows from parts (a)-(e) of the proof (with ¢ = 0). From the identity

(I +h@ ® A(u(ta))(US) — ULY)
=1-(un — u(tn)) — (@ (UY) - @ ® A(u(ta)))(USY = US) = D
one deduces as above that
O = U2l < € -hlV2.

~ Thus, if A is small enough, the iterates remain bounded by 2supo<,<7 [lu()|l
in V-norm and converge to a fixed point U, satisfying (4.6). O

Under slightly stronger assumptions, we obtain—as in the linear case—a.

higher temporal order of convergence. In addition to (4.2)—(4.4) we now assume
that for all r > 0 there exists L = L(r) such that

SL-(lu-vll+llu-wl)-|lv-wl|
Vi—v

for max(||u||, ||v||, |lw]||) < r. This, together with (4.4), implies the estimate

(4.18) H—(v)[wl

uniformly for v and w in bounded subsets of V. Let further g € [0, 1] be
such that D(A4'/2+8(v)) is independent of v (with uniformly equivalent norms)
and

(4.17) {|A(v) — A(w) — W(u)[v —w]

< C-wl

Vi—Vv

(4.19) A5 %(u(:))

<C-|4%w|, 0<t<T,

uniformly for w € D(A4'/?*8) .

Theorem 4.2 (Refined error estimate for quasi-linear equations). In addition
to the conditions of Theorem 4.1 we assume p > q + 2, (4.17) and (4.19).
We further suppose that the regularity assumptions u9*? € L*(0, T; V) and
u@+d ¢ 120, T; V') hold If APula*) € L%(0,T; V), then the error is
bounded for Nh < T by

N
h Z lln — u(tn)|I* + max |t — u(tn)|?
n=0

(4.20) < C-(hat1HA)2. / 4P ulatD(2)|| dt
0

T T
+C-(h12). ( ] 12 (1) |2 dit + ] uu@“’(t)uZdz).
0 0
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Again, the constant C depends only on the Runge-Kutta method, on the constants
in (4.2)—(4.4), (4.17), (4.19), on supo<,<r l|u(t)|l, and on T .

Example. Consider again the example of solution-dependent strongly elliptic
second-order operators from the beginning of this section. We compare the
situation to that of the example after Theorem 3.3. In 1 space dimension,
Theorem 4.2 gives us the same noninteger convergence order as Theorem 3.3.
Condition (4.19) is not restrictive for spatially smooth solutions. In 2 space
dimensions, we still get the same values of f by choosing H = H*(QQ) with a
small s > 0. For the Dirichlet problem in 3 dimensions, taking H = H}(Q)
allows us to choose B = 1/4 —¢. For periodic boundary conditions, Theorem
4.2 gives us B = 1, but we expect that here again the full order p can be
obtained under reasonable assumptions on the derivatives of 4.

Proof of Theorem 4.2. We use the same notation as in the proof of Theorem
4.1. The main idea now is to show that under the present assumptions, the
bounds (4.9), (4.14), and (4.15) also hold if ||E,;| is replaced by || Ep; + Duil|
and if 3;||Dnl|? is replaced by ¥, AP APDyi||? + || 2; biDyill>. The rest is
then identical to the preceding proof. :

(a) We start again with (4.8), written as
(I + h@s4,)(Ey + Dy) = 1€, + h@F, + h@K, + h@S,,
ens1 = €y — hbTAy(Ey + Dy) + hbTFy + hbTK,, + hbTSy, — dyyy

with Fyi=(A(Uni—Dpi)— A(Un:)) - Uni and with Sn;=A(ikn) Dni+ 52 (i) [Dnilitn.
The remaining term, namely

Ko = (A(T) ~ (D = Du) = S3@n)D1) - Un

(4.21)

04, . ~ -
+ ﬂ(un)[Dni] . (Eni + Dyi+ Uyi — i1y — Dm‘)
+ (A(Uni) — A(itn)) - Dri
satisfies by (4.17), (4.18), and (4.4) the bound
(4.22) 1 Knill2 < C+ B2« (1 Duill* + Il Eni + Daill®) .

The recursion (4.21) admits by Lemma 3.1 and Theorem 3.3 instead of (4.9)-
(4.10) the (sharper) bound

N N m N m
(4.23) BY llentl* +2Y_ D IIEni+ Duil> < C- (EN +hY Y ||F,.,-||3) ,

n=0 n=0 i=1 n=0 i=1

where, owing to (4.22),

N m N
By=hS S WP APDul? + 1Y

2

Z biDm'

(4 24) n=0 i=1 n;O i=1
' N m v N—1 N
+ 13 S NEni + Duill* + Y dnsa /B + 2 Y ldnsal-
n=0 i=1 n=0 n=0 '

Note that F,; is bounded by
(4.25) | Fill? < 2r26%|| Epi + Dil|* + 4r2L?| E; + Dpyf? .
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(b) To establish the bound for |E,; + Dy;|, we use the identity
(I + h@ ® A(iin))(Ey + Dp) = e, + h@F, + h@K, + h@S,
+h(@ © A(itn) — @y)(En + Dn),

further (4.23), the uniform boundedness of (I +h&@ ® A(itn))~'@ ® (hA(i1,))!~#
on V™ and (4.19). This gives

(4.26)
IEni + Dm’|2
m m m
<C: (len|2 +h Z IIfmllf +h Z "hﬂAﬂDnJ’"2 +h? Z "Enj + Dnj”2) .
Jj=1 J=1 Jj=1

(c) From the second line of (4.21) one obtains with the same techniques as
in the preceding proof

n m
(4.27) |en-i-l|2 < C. (Bn +h Z Z ||Fm||3) .
v=0 i=1
With the bounds (4.23), (4.25)-(4.27) available, one continues as in the proof
of Theorem 4.1. O

Remark. The remark (c) after Theorem 1.1 about space discretization applies
also to the present situation, with B now given by the right-hand side of (4.5)
or (4.20) with # instead of u. Also remark (b) after Theorem 1.1 about the
generalization from f(¢) to f(¢, u) applies to Theorem 4.1, and to Theorem
4.2 with additional assumptions on 8 f/0u.

5. VARIABLE TIME STEPS

The proofs of the results of the foregoing sections used in an essential way
the assumption of a constant time step 4. There is, however the following
extension to variable stepsizes.

Theorem 5.1. The lemmas and theorems of §§2-4 remain valid for Runge-Kutta
solutions obtained with stepsize sequences {h,} satisfying

N
(5.1) > Nnpr/hn =11 < C,
' n=0 .
(5.2) ch<h,<h, 0<n<N,

with a positive constant c.

. Remark. Condition (5.1) is familiar from the convergence analysis of linear
multistep methods for ODEs, see [11, Thm. I11.5.7]. Condition (5.2) may appear
rather restrictive. However, if there is a finite subdivision of the integration
interval into subintervals on which stepsizes of different scales are used, then
one can apply Theorem 5.1 separately on each of the subintervals.

We do not give a proof of Theorem 5.1, but only indicate how the variable
stepsize version of Lemma 2.1 comes about. The basic idea is again that of
Lemma 3.1. To simplify the presentation further, we consider here only the
backward Euler method

Uny) — Un
Tho + Aupp1 = for1, up=0.
n+l
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We rewrite this as
' Up+1 — Un
h + An+1un+l = &n+1

with Apy1 = (Ant1/h) - A, gn+1 = (Ans1/h)« fas1, O again as (cf. (3.5))

Upt1 — U
n_+h_n + ANUni1 = Zni1 + (AN — Ant1) *Uny1 -

By Lemma 2.1 and condition (5.2), we now have

hz llun|l* < Ch Z I£all2 + Ch Z AN = Anll}r oy llunll?

n=1 n=1

Using partial summation and the definition of A4, , and noting that
(hN - hn)z _ (hN — By )2
h h
we get for all N
N N N-1 n
RY Nunl> < ChY_NAIZ+C Y an-h Y llu|?.
n=1 n=1 n=1 v=1

By (5.1), (5.2), we have Y a, < C, and hence a discrete Gronwall-type inequal-
ity gives

Ihn+l - hnl
< 2——h

=4,

N N .
RY lunl* < CR Y full?,
n=1 n=1
which is the desired result.
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