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A POSTERIORI ERROR ESTIMATES
FOR THE CRANK-NICOLSON METHOD
FOR PARABOLIC EQUATIONS

GEORGIOS AKRIVIS, CHARALAMBOS MAKRIDAKIS, AND RICARDO H. NOCHETTO

ABSTRACT. We derive optimal order a posteriori error estimates for time dis-
cretizations by both the Crank—Nicolson and the Crank—Nicolson—Galerkin
methods for linear and nonlinear parabolic equations. We examine both
smooth and rough initial data. Our basic tool for deriving a posteriori esti-
mates are second-order Crank—Nicolson reconstructions of the piecewise linear
approximate solutions. These functions satisfy two fundamental properties:
(i) they are explicitly computable and thus their difference to the numerical
solution is controlled a posteriori, and (ii) they lead to optimal order residuals
as well as to appropriate pointwise representations of the error equation of the
same form as the underlying evolution equation. The resulting estimators are
shown to be of optimal order by deriving upper and lower bounds for them
depending only on the discretization parameters and the data of our problem.
As a consequence we provide alternative proofs for known a priori rates of
convergence for the Crank—Nicolson method.

1. INTRODUCTION

In this paper we derive a posteriori error estimates for time discretizations by
Crank—Nicolson type methods for parabolic partial differential equations (p.d.e.’s).
The Crank-Nicolson scheme is one of the most popular time-stepping methods;
however, optimal order a posteriori estimates for it have not yet been derived.
Most of the (many) contributions in the last years devoted to a posteriori error
control for time dependent equations concern the discretization in time of linear or
nonlinear equations with dissipative character by the backward FEuler method or
by higher order discontinuous Galerkin methods; cf., e.g., [12], [7], [8], [20], [9], [19]
and [I3]. Let u and U be the exact and the numerical solution of a given problem.
In a posteriori error analysis

lu = Ul <n(U),
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we seek computable estimators n(U) depending on the approximate solution U
and the data of the problem such that (i) n(U) decreases with optimal order for the
lowest possible regularity permitted by our problem, and (ii) the constants involved
in the estimator 7(U) are explicit and easily computable.

In this paper we derive optimal order estimators of various types for the Crank—
Nicolson and the Crank—Nicolson—Galerkin time-stepping methods applied to evo-
lution problems of the form: Find w : [0, 7] — D(A) satisfying

(1.1) { u'(t) + Au(t) = B(t,u(t)), 0<t<T,

u(0) = u?,

with A : D(A) — H a positive definite, selfadjoint, linear operator on a Hilbert
space (H,(-,-)) with domain D(A) dense in H, B(t,-) : D(A) — H,t € [0,T], a
(possibly) nonlinear operator, and u® € H. The structural assumption (G.1) on
B(t,-) implies that problem (L)) is parabolic.

A main novel feature of our approach is the Crank—Nicolson reconstruction U of
the numerical approximation U. This function satisfies two fundamental properties:
(i) it is explicitly computable and thus its difference to the numerical solution is
controlled a posteriori, and (ii) it leads to an appropriate pointwise representation
of the error equation, of the same form as the original evolution equation. Then
by employing techniques developed for the underlying p.d.e. we conclude the final
estimates. Of course, depending on the stability methods that are used, we obtain
different estimators. The resulting estimators are shown to be of optimal order by
deriving upper bounds for them, depending only on the discretization parameters
and the data of our problem. As a consequence we provide alternative proofs for
a priori estimates, depending only on the data and corresponding known rates of
convergence for the Crank—Nicolson method.

The above idea is related to earlier work on a posteriori analysis of time or space
discrete approximations of evolution problems [19] I8, [I7]. It provides the means
to show optimal order error estimates with energy as well as with other stability
techniques. An alternative approach for a posteriori analysis of time dependent
problems, based on the direct comparison of v and U via parabolic duality, was
considered in [12], [7], [20], [9] for p.d.e.’s and in [I1], [I0] for ordinary differential
equations (o.d.e.’s). In particular Estep and French [I0] considered the continuous
Galerkin method for o.d.e’s. Its lowest order representative corresponds to a variant
of the Crank—Nicolson method—the Crank—Nicolson—Galerkin method—considered
also in this paper. A posteriori bounds with energy techniques for Crank—Nicolson
methods for the linear Schrodinger equation were proved by Dorfler [6] and for the
heat equation by Verfiirth [22]; the upper bounds in [6], [22] are of suboptimal
order.

Most of this paper is devoted to linear parabolic equations, namely B(¢, u(t)) =
f(t) for a given forcing function f. The general nonlinear problem (L] is only
briefly discussed in the last section. The paper is organized as follows. We start
in Section 2 by introducing the necessary notation, the Crank—Nicolson and the
Crank-Nicolson—Galerkin (CNG) methods for the linear problem (2IJ). We then
observe that the direct use of standard piecewise linear interpolation at the approx-
imate nodal values (see (Z3])), would lead to suboptimal estimates as in [6] and [22].
The Crank—Nicolson and Crank—Nicolson-Galerkin reconstructions U are, instead,
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continuous piecewise quadratic functions which are defined in (Z9) and [222), re-
spectively. In Section 3 we estimate U — U. Section 4 is devoted to the a posteriori
error analysis for linear equations. Error estimates are obtained by using energy
techniques, as well as Duhamel’s principle. Both estimators lead to second order
convergence rates. Note the interesting similarity of the estimator obtained by
Duhamel’s principle to those established in the literature by parabolic duality. In
Section 5 we discuss the form of estimators in the case of nonsmooth initial data.
In Section 6 we finally conclude with the case of nonlinear equations.

2. CRANK—NICOLSON METHODS FOR LINEAR EQUATIONS

Most of this paper focuses on the case of a linear equation,
{u'(t) + Au(t) = f(t), 0<t<T,

(2.1) u(0) — 0.

with f : [0,7] — H. Let 0 = t° < t! < --- < t¥ = T be a partition of [0,T],
I, :== ("1, and k,, := " — t"~ L.
2.1. The Crank—Nicolson method. For given {v"}»_, we will use the notation
B n _ ,mn—1 1
o = %, VI = 5(’1}" +o" Y, n=1,...,N.
The Crank—Nicolson nodal approximations U™ € D(A) to the values u™ := u(t™)

of the solution u of ([2.I)) are defined by
(2.2) QU™ + AU = = f(t" %), n=1,...,N,

with UY := 4%, Since the error v™ — U™ is of second order, to obtain a second—
order approximation U(t) to u(t), for all ¢ € [0,7], we define the Crank—Nicolson
approximation U : [0,7] — D(A) to u by linearly interpolating between the nodal
values U1 and U™,

(2.3) Ut)=U""3 + (t —t""2)dU"™, tel,.
Let R(t) € H,
(2.4) R(t):=U'(t)+ AU(t) — f(t), tE€ I,

denote the residual of U, i.e., the amount by which the approximate solution U
misses being an exact solution of ([21)). Now

U'(t) + AU(t) = QU™ + AU™ % + (t — t""2)AdU", t€ I,,
whence, in view of (22,
U'(t)+ AU(t) = f(t"72) + (t — " 2)ADU™, t€ I,.
Therefore, the residual can also be written in the form
(2.5) R(t) = (t —t""2)ADU™ + [f(t"" %) — f(t)], tE€ I,

Obviously, R(t) is an a posteriori quantity of first order, even in the case of a
scalar o.d.e. w/(t) = f(t), although the Crank—Nicolson scheme yields second-order
accuracy. Since the error e := u — U satisfies ¢/ + Ae = —R, applying energy
techniques to this error equation, as in [6], [22], leads inevitably to suboptimal
bounds.
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2.2. Crank—Nicolson reconstruction. To recover the optimal order we intro-
duce a Crank-Nicolson reconstruction U of U, namely a continuous piecewise qua-
dratic polynomial in time U: [0,T] — H defined as follows. First, welet p: I, — H
be the linear interpolant of f at the nodes t"~! and t"_%,

(26)  wlt) = fE ) + - D) fe T, te

n

and define a piecewise quadratic polynomial ® by ®(t) := fttn,l p(s)ds,t € I, ie.,

@7) (1) = (t— ") fh) — (- e (e = () — ).

K,
As will become evident in the sequel, an important property of ® is that
(28) o) =0, @) =kuf("H) = [ 5y
ITI,

We now introduce the Crank—Nicolson reconstruction U of U by

(2.9) Ut) =un! - / t AU(s)ds + ®(t) Vtel,.

n—1

We can interpret this formula as the result of formally replacing the constants
1

U™~z and f(t""2) in [Z2) by their piecewise linear counterparts U and ¢, and
next integrating —AU + ¢ from t"~! to ¢t. Consequently

U't)+ AU(t) = o(t) Vit e I,.
Evaluating the integral in (29) by the trapezoidal rule, we obtain

l(t —t"HA[U#) + U+ @) Ve,

(2.10) Ut)y=0""1 - 5

which can also be written as

Ut)y=0""1 - A[(t —t" " HU™ ' + %(t —t"H20U" + ®(t) Vtel,.

Obviously U(t"~1) = U, Furthermore, in view of (Z8) and (Z2), we have
Ut") = U — k, AU" 2 + &(t")
= U™+ [~AU™E + f(t"72)] = U + k, O™ = U™

Thus, U and U coincide at the nodes t°,...,tY; in particular, U : [0,T] — H is
continuous.

Remark 2.1 (Choice of ). Let t € I,,. Since f(t) = f(t) + f'(#)(t — ) + O(k2),
t € I, it is easily seen that the only affine functions ¢ satisfying

sup | f(t) — o(t)| = O(k3)
tel,
are the ones of the form

o(t) = f(E) + [f' (1) + O(kn)] (t — 1) + O(k}).
Obviously

| o0t = @+ 5110+ O {(e" = = (! =7} + Ok

n
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therefore, for f'(f) # 0, the requirement [, @(t)dt = k, f(f) leads to £ = t"~% and

@(t) = FE2) 4 [J/(E"72) + O(ka)] (¢~ 177 5).

These comments demonstrate the special features of the midpoint method among
the one-stage Runge-Kutta methods.

Furthermore, our choice (Z.0)) is motivated by the fact that for all affine functions
¢ on I, we have [; ¢(s)ds = kyno(t"2), whence the requirement Ji w(s)ds =
k:nf(t"’%) (see ([2.8)), is satisfied if and only if ¢ interpolates f at t"=z. Now, to
ensure that (¢) is a second order approximation to f(t), we let ¢ interpolate f
at an additional point t™* € [t"~1,#"]; of course, in the case t"* = t”*%,  is the
affine Taylor polynomial of f around t"=z. In the sequel we let t™* 1= ¢"7 1, O

In view of [29) and (26]), we have
N 2
(211)  U'() + AU() = f("7%) + (0= [ 2) = f(" )], t € L
therefore, the residual R(t) of U,

(2.12) R(t):=U'(t)+ AU(t) — f(t), tel,,
can be written in the form

R(t) = AIU () - U (1)
A+ - e - e - ) te T

n

(2.13)

We will see later that the a posteriori quantity f%(t) is of second order; compare

with ([23).

2.3. The Crank—Nicolson—Galerkin method. Next we consider the discretiza-
tion of (21]) by the Crank—Nicolson—Galerkin method. The Crank—Nicolson-Galer-
kin approximation to u is defined as follows: We seek U : [0,T] — D(A), continuous
and piecewise linear in time, which interpolates the values {U"})_, given by

_ 1
(2.14) U™ + AU™ % = k—/ f)ydt, n=1,..., N,
n JI,

with U® = «°. This function U can be expressed in terms of its nodal values,
(2.15) Ut)=U""3+ (t —t""2)dU"™, tel,.
For t € I,,, U'(t) = OU™, and ([2.I4) takes the form

(2.16) U'(t)+AU”—%:ki/ FBdt, n=1,...,N.
n JI,

Now, % J; ¥(t)dt is the L* orthogonal projection of a function 1 onto the space
of constant functions on I,,, and [, U(t)dt = k,U™2; therefore ([ZI6) yields the
pointwise equation for the Crank—Nicolson—Galerkin approximation

(2.17) U'(t) + PyAU(t) = Pof(t) ¥t € I,
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with Py denoting the L? orthogonal projection operator onto the space of constant
functions in I,,. Equivalently, as it is customary, this method can be seen as a finite
element in time method, [4],

(2.18) / [(U",v) + (AU, v)] dt = / (f,v)dt Vv e D(A).

In In

For a priori results for general Continuous Galerkin methods for various evolution
p.d.e’s cf. [3 @ [14] 15].
Let R(t),

(2.19) R(t) :=U'(t) + AU(t) — f(1),

denote the residual of U. In view of (ZI7), the residual can also be written in the
form

(2.20) R(t) = A[U(t) = BU®)] = [f(t) = Rof(1)]-

However, this residual is not appropriate for our purposes, since, even in the case of
an o.d.e. v/(t) = f(t), R(t) can only be of first order, although our approximations
are piecewise polynomials of degree one.

2.4. Crank—Nicolson—Galerkin reconstruction. To recover the optimal order
O(k2), we introduce the Crank-Nicolson—-Galerkin reconstruction U of the ap-
proximate solution U, namely, the continuous and piecewise quadratic function

U:[0,T] — H defined by

(2.21) T](t) =Unt— /t_ [AU(s) — Py f(s)]ds Vte€ I,.
Hence

t

(2.22) U(t)=U""— %(t —t"HA[U®) + U™ + Pif(s)ds, tel,,

tn—1

with P; denoting the L? orthogonal projection operator onto the space of linear
polynomials in I,,; that U(t) is continuous, namely, U(t") = U™, is a consequence
of [ . Pif= /, ;. [- Obviously, U satisfies the following pointwise equation:

(2.23) U't)+AU(t) = P f(t) Vit e I;

compare with (ZI7). In view of (Z23), the residual R(t),

(2.24) R(t) :==U'(t) + AU(t) — f(t),

of U can also be written as

(2.25) R(t) = A[U(t) — UW)] + [PLf(t) — f(t)], te€ L.

R(t) is an a posteriori quantity and, as we will see in Section 3, it is of second order
at least in some cases.
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3. ESTIMATION OF U — U

In this section we will estimate U — U for both the Crank Nicolson and the
Crank—Nicolson—Galerkin methods; also we will derive representations of U-U
that will be useful in the sequel.

We let V := D(A'Y?) and denote the norms in H and in V by |- | and | - |,
v == |AY?v| = (Av,v)'/?, respectively. We identify H with its dual, and let V* be
the dual of V (V' C H C V*). We still denote by (-,-) the duality pairing between
V* and V, and by || - ||» the dual norm on V*, |jv||, := |A~/20| = (v, A=)/

3.1. The Crank—Nicolson method. From (2.I0) we obtain
1
Ut)y-U@t)=U""1-U(t) - 5= t"HAU®) + U™ + @(¢)

=—(t—t""hHou" — %(t —t"HA[U#) + U+ ®(1).
Therefore, in view of (2.2)),
U(t) - U(t) = (t —t" 1) [AU""2 — f(t"2)] — %(t —t"THYA[U ) + U™ + B(t)

= —%(t —t"HA[U(®t) — U™ + ®(t) — (t — tnil)f(tnf%%

whence, using 27, for t € I,,,
(31) O~ U) =~ )" — ) (SA00" — 7 — ),

n

from which we immediately see that max,c;, |U(t) — U(t)| = O(k2).

3.2. The Crank—Nicolson—Galerkin method. Subtracting (ZI5) from ([2:22),
and utilizing (2I4), for ¢t € I,, we obtain

U(t) - Ut) :%(t L) — £) AU

(32) t— tn_l t
— d d
) st [ P

Now, it is easily seen that

3.3 (P / £(s ds+ t—t"" / F()(s — "= )ds,
and ([B.2) can be rewritten in the form
(3.4) U@ -U®t) = (t—t" Y - )( ADU™ — —/ £(s —%)ds).

Therefore, U and U coincide at the endpoints of I,,, and, (Eonsequently, at all nodes
0, ..., tN. From ([B4) we immediately see that max;e;, |U(t) — U(t)| = O(k2).
Let us write both (3 and (34) in the form

(3.5) 0(t) ~ U(t) = 5 (¢ — ") (t" ~ 1) (ABU" — py.0);

here pg, = p N for the Crank-Nicolson method and py,, = pCNG for the Crank—
Nicolson— Galerkm method, respectively, with
1

(3.5) o5 = L) — )
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and

87 o3¢ = g [ s has= 5 [ (16 - ) s - s

Consequently, both pfy and p fNG depend on the first derivative of f.

4. SMOOTH DATA ERROR ESTIMATES

Let the errors e and é be defined by e := u — U and é := u — U. Subtracting
EI1) or @23), respectively, from the differential equation in (1), we obtain

(4.1) é'(t) + Ae(t) = Ry (1),

with Ry = R?N for the Crank—Nicolson method and Ry = R?NG for the Crank—
Nicolson—Galerkin method, respectively, defined by

(42) REN(H) = f(1) = {F(t" %) + %(t — ) - ) te T,
and

(4.3) RENC(t) == f(t) — Pof(t), t€E Iy

We make the following further regularity assumption on U , defined in (29]) and
&.21: A
Ut)eV, Vtelo,T].

4.1. Energy estimates. Taking in (@) the inner product with é(t), we obtain

(4.4) %% 0P + (Ae(t), &) = (Ry (1), &(1).
Now,

(Ae(t),e(t)) = %(H @1+ lle@®|* — lle) — e®)[*)
and

N L.
(Rr(®),6(0) < 1R @1+ Z1e@)*;
therefore, [@4)) yields

jt e)* + lle@®)|* + %Ilé(t)ll2 <O — U@+ 21 R ()13

We recall that ||v]| = |AY?v] and ||v], = |A~/?v].

(4.5)

4.1.1. Upper bound. Since é(0) =0, integration of (@A) from 0 to t < T yields
¢
|é<t>\2+/ (le(s)1” + 5l ds
< [ 106 -veras +2 [ Ry,

From (4.0) we easily conclude that

uas, ()P + [ (eI + 3 1e(o)?) ds)
< [ 106 -veras +2 [ Ry,

(4.6)

(4.7)
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Next, let 8 be given by

1
(4.8) & ::/O t2(1 —t)%dt = %;

then, obviously,

/ (t—t"H2(t" —t)%dt = B k5.
I

With this notation, in view of ([B.5]), we have

tm

wo [ I00-v@Pd< 530K (4200 + o).

4.1.2. Lower bound. Obviously,

10(s) = U(s) | < lle(s)l| + [le(s)]
and thus
(4.10) 10s) ~ U <3(llets)I” + 51e()])-

In particular, combining the upper and lower bounds, we have

5 [ 106 - veas < [ (P + J1ee)P) ds
< [ 106 -veras+2 [ 1Ry,

Invoking (&8), this shows that |é(¢)|? is dominated by fo (Ile(s)]1* + Flle(s)|?)ds

the energy norm error, plus data oscillation fo |Rs(s)||2ds. We will next estimate
the lower bounds above in terms of U™ and data in analogy to the upper bound in
[#9). To this end we first note that (3.3 yields

3 1 n— n 1 arrn
10() = U@ = 3t =" ")%(t" = )% (1472002 = |lpal?).

whence, in view of ([£8), we have

(4.11)

m

@2 [ 0s) - UG P ds =
0
Therefore, [@IT)), (E9) and @I2) imply
ﬁ i k5 |A3/25U'n|2 _ ﬁi ks || ”2
94 £ 12 £ P liPfn
n=1 =

[ (e + biee) as

B s 3/2377m|2

OOIQ

i 32y~ 2 Zk5 logall?.

(4.13)

IN

IN

tm
)2 [ IR s
0

Note that error bounds of this type are customary in the a posteriori analysis of
elliptic problems in which data oscillation appear with different signs in the upper
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and lower bounds. On the other hand, if f is constant, then the lower and upper
bounds are exactly the same up to a constant:

5 - 5 3/24371n 2 2 L. 2
—_— < _
24;’%\14 U < (\IG(S)H +5lles)ll )ds

tm

s—

(4.14)

IN

@

>k |A¥2oUm 2.
n=1

Let us also note that, in the case of f constant, in view of ([B.Hl), the estimate (@I1),
for t = ¢t™, can be written in the form of ([@I4]) with the lower bound multiplied by
2 and the upper bound by 1/2.

Remark 4.1 (Optimality of the lower bound). The pointwise lower bound

(4.15) (U =U)(s)| < le(s)| + [é(s)], s €[0,T],

cannot be expected to be of exactly second order for all s, since U — U vanishes
at the nodes t°, ..., t". However, we can conlcude from (I5) the following lower
bound in the || - || Leo (gy-norm, with |[v|| pee gy := maxe(o 7y |v(1)]:

(4.16) 1T = Ullzos iy < llellzos iy + el os cary-

For the trivial case that the exact solution w is an affine function, and so is f, then
both the Crank—Nicolson approximation U and the Crank—Nicolson reconstruction
U coincide with u; thus ([@I0) is an equality. Next consider the case of u nonaffine.
In view of (BI)), we have

_ K
T4
Now, for smooth data, we have, as k, — 0,

(U —U)(t" %)) %AéU"—i[f(t"‘%)—f(t"‘lﬂ‘-

kn

%AéU" _ é[f(tn—%) _ f(tn_l)] N %[Au/(tn_l) - f/(tn—l)] _ _%u//(tn—l).

If " (t"') # 0, we then have ||U — Ullpe(m.1,) > ck? with a positive constant c.
This is the generic situation.

That the lower bound in the L?(V)-norm is of the same form as the upper bound,
in the case of f constant, can be seen from (£I4]). Otherwise, let us note that, in

view of BJ) and (@),
. SIS 1 , 2
10— Ul = 83 k| g A00™ = (7 4) = 7]
n=1

and, assuming that the partition is quasi-uniform and letting k := max,, ky,

N
. 1 - 1 1 2
10 = Ul 2 eBk* Y ka|5400" = = [0"3) = r 1) |-

n=1

Now, as k — 0,
N
>k
n=1
whence, if u is not affine,

(4.17) |U ~Ullr2vy > CE2. O

1 2

o e e [

n

2(v)’
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Remark 4.2 (Alternative estimate in L°°(H)). Combining (ZI0) and (6] we can
replace the factor 1 on the right-hand side of (@7) by %, if we only want to estimate
the first term on the left-hand side of ([@T). Indeed, in view of (£I0), from (4.6)

we obtain

w3 [ 106 - vePas

< |é<t>|2+/ (|| () + 5 le(s)|?) ds

< [ 106 - veras +2 [ IRy,
ie.,

<2 [0 -ve a2 [ 1Rz s
and thus
(4.18) max, /||U e ds+2/ IRs(s)|2ds. O

The following stability estimate for the Crank—Nicolson scheme will be useful in
the convergence proof:

Lemma 4.1 (Stability). Let {U"}YN_, be the Crank-Nicolson approximations for

(PAUR

(4.19) QU™ + AU 7 = f",
where either f* = f(t"~z2) or f* = f[ s)ds. Then the following estimate
holds for m < N:
(4.20) > k| AYPOUM? 4 |APUT P < |APUOP 4k |AZ2
n=1 n=1

Proof. We apply A to the scheme
AJU™ + A2UE = A"
and take the inner product with 2k, A?(U™ — U"~1) to obtain
2k, | A3 20U 2 + | A2U™? — |A2U™ Y ? = 2k, (AfT, A20U™).
Summing here from n =1 to m, we get
Z 2k, | A320U™ 2 + |A2U™ 2 = |A2UCP + 2 Z kn(AfT, A20U™),
n=1 n=1

whence the Cauchy—Schwarz and the arithmetic-geometric mean inequalities yield

Z2kn|A3/25Un‘2 + |A2Um|2 < ‘A2U0|2
n=1
m ~ m -
+ Ykl AP 4 k| AY2OU
n=1 n=1

and the proof is complete. O
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From (@6), (£9), @20) and B3) we conclude the following Theorem. We
emphasize that the optimal order a priori error estimate ([£.23]), depending only on
the data (see below), follows from our a posteriori estimate (6). This shows, in
particular, that the a posteriori estimate is of optimal (second) order.

Theorem 4.1 (Error estimates). Let {U"}\_, be either the Crank-Nicolson ap-
proximations or the Crank—Nicolson—Galerkin approximations to the solution of
problem 1), e =u—U and é = u — U. The following a posteriori estimate is
valid form < N:

m

A (am |2 2 Lo e ﬁm53/2*n2
a2 G [ (eI + gl )ds < g 3R 1AY00 el
with B given by (L8]) and

t™ /6 m
(4.22) Elf]= 2/0 IR (5)12ds + 5 Y Knllosall®

n=1

Here Ry and py.,, are given by [@2) and B6), respectively, for the Crank-Nicolson
method, and by [@3) and B) for the Crank—Nicolson—Galerkin method. Further-
more, if U° € D(A?) and f(t) € D(A%/?), then the following a priori estimate holds
form < N:

t™ 1
e+ [ (I + e )ds
(4.23) 0 -
ngr?x k,;ll(‘A2U0|2 + an|A3/2fn|2> +5[f]7
n=1

with f* = f(t"’%) for the Crank-Nicolson method, and f" := é‘j‘[n f(s)ds for
the Crank—Nicolson—Galerkin method.

Remark 4.3 (Equivalent upper bound for CNG). In the case of the Crank—Nicolson—
Galerkin method, it is easily seen that ([{23]) yields

m

)P+ [ (le)IP + gl )ds

B

(4.24) .
< D max k3 (|470°P +/ 4% f(s)Pds) +£[f]. D
n 0

Remark 4.4 (Estimate for £] f]). As a by-product of interpolation theory, we realize
that the following optimal order estimate is valid for the error £[ f] in the forcing
term f:

<O R [ (I + 1)) s O
n=1 n

4.2. Estimates via Duhamel’s principle. We first rewrite the relation (1] in
the form

(4.25) é'(t) + Aé(t) = Ry (t) + Ry(t)
with
(4.26) Ry (t) == A[U(t) — U(t)].
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We will use Duhamel’s principle in (£25]). Let E4(t) be the solution operator of
the homogeneous equation
(4.27) V'(t) 4+ Av(t) =0, v(0) =w,

e, v(t) = Ea(t)w. It is well known that the family of operators E4(t) has several
nice properties, in particular, it is a semigroup of contractions on H generated by
the operator A. Duhamel’s principle applied to (£28) yields

(4.28) é(t):/o Ea(t—s)[Ry(s) + Ry(s) ] ds.

In the sequel we will use the smoothing property (cf., e.g., Crouzeix [5], Thomée
210)

(4.29) A Ea(t)w] < Cp———|A™w|, £>m>0.

té m
In addition, note that A and E4 commute, i.e., A E4(t)w = E4(t) Aw. In particu-
lar, (£29) can also be written in the form

(4.30) | E4(t) Afw| <0A —[A"w|, (>m>0,

whence |E4(t)w| < Cuat™™|A™™w|. Next, using [@28) for ¢t = ¢, we have

|é(t")\g/l [EA(t" — )[Ry (s) + Ry(s)]|ds

n
t"71

+/O ‘EA(t"—s)[R (s)+ Ry(s ]|ds

gOA/ AT Ry )yds+CA/ |Ry(s)|ds
I, -8 I,

tn71

1
vCa [ AT Ry () + Ry(s)] s
o —
and thus
A(an 1 _
e(t™)] gcA/ m "Ry (s)|ds + CA/ |Ry(s)|ds
I, - n
(4.31) ot
+Cy4  sup |A71[RU(8)+RJ"(8)H/ ——ds.
s€f0,t7—1] 0 " —=s
We now recall (£20]) and (3.0]), namely,
N 1 _
(4.32) ARy (s) =U(s) = U(s) = E(t — " (" =) (AOU™ — py.n),

to obtain a bound for the first two terms on the right-hand side of (£.3T]),

(4.33) /1 n tnl_

with

2
71R0(5)‘ds+/ |Ry(s)|ds < %|A5U"| + &L 1],
I,

(4.34) Eilly; f] ——!pf,nHk maX|Rf )|
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In addition, again using ([@32)), we have

sup |A71[RU(S)+Rf(S)]|A

(435) s€[0,tn—1]
1 t" — t"
< e 2 J n—17.
<gin() | max  (1A9U7)) + In(;) &[0.6°7]: /]
with
(@36) &[0, fli= g max (Blogl) +  max | sup |47 Ry()
. ) 3 . 81 i<n G 1Pf.3 1<j<n—1 sl f .

We have thus proved

Theorem 4.2 (Error estimates). Let {U"}N_, be either the Crank—Nicolson or the
Crank—Nicolson—Galerkin approzimations to the solution of problem 21I). Then,
with the notation of Theorem 4.1, the following a posteriori estimate is valid for
n<N:

1 - tr _
AT < - 2 n _ 2 J )
et < 5Ca (2kn|A8U [+In() max K5]AGU7|

(4.37)
+ Ca (&l 1)+ () El0.677:1)

with C4 the constant of @29) for £ = 1, m = 0, and the terms involving f are
defined in (E34) and @36). Furthermore, if UY € D(A?), f(t) € D(A?), and

k := maxo<;<n k; (2 + ln(%))lp, the following a priori estimate holds forn < N:

|é(tn)| S% Cx k‘Q{(‘AQUOP + ij|A3/2JFj|2)l/2 n lléljagxn ‘Afj|}
(4.38)
+Ca (8l 1+ 1) Ea([0,671: £]).

Proof. Tt only remains to prove [@38)). It immediately follows from (@I9) that
[AGU™| < |A2U" 3|+ |AF"] < max (JA2U™H,|A2U"]) + |AF"),
and ([438) thus results from ([£.37) in light of (£.20). O

Remark 4.5 (Alternative bound for CNG). In the case of the Crank—Nicolson—
Galerkin method, it is easily seen that ([{38) yields

<tn

(4.39) el S5150’4162{<A2I-—]0|2+/Otn ‘A3/2f(8)|2ds) + I<nax |Af(s )|}

+Ca (&l 1+ () &010,07):11) 0

kn

5. ESTIMATES FOR INITIAL DATA WITH REDUCED SMOOTHNESS

In this section our objective is the derivation of a posteriori error estimates in
the case of initial data with reduced smoothness.

Since the initial value problem (ZIJ) can be split into one with homogeneous
initial data and one with homogeneous equation, and we are mainly concerned with
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the effect of the initial data, we focus on the homogeneous initial value problem

w(t)+ Au(t) =0, 0<t<T,
(5-1) { u(0) = u°.

A typical a priori nonsmooth data estimate reads (see [21]),

(5.2) lu(t") - U™ < C (%) |U?,

s being the order of the method at hand and k the constant time step, t" =
nk. Tt is well known that estimates of this type are available for strongly A(0)-
stable schemes, such as the Runge-Kutta—Radau IIA methods, and, in particular,
the backward Euler method. Similar estimates are not available for A(0)-stable
schemes. A way of securing such estimates for A(0)-stable schemes is to start
the time-stepping procedure with a few steps of a strongly A(0)-stable scheme of
order s — 1 and then proceed with the main scheme. For instance, for the Crank-
Nicolson method it suffices to perform the first two steps with the backward Euler
scheme and subsequently proceed with the Crank—Nicolson method. The use of
the Euler scheme as a starting procedure for the Crank—Nicolson method in order
to establish a priori error estimates for nonsmooth initial data was suggested by
Luskin and Rannacher (see [21I], Theorems 7.4 and 7.5). In the a posteriori error
analysis we have to derive estimates with reduced regularity requirements on the
initial data, but in a form that allows efficient monitoring of the time steps. To
this end we will establish estimates that are the a posteriori analogs of Theorems
7.4 and 7.5 of [2I] for the following modification of the scheme: We let UY := u°
and define the approximations U™ to u™ := u(t™), m =1,..., N, by

(5.31) U™ + AU" =0, n=1,2,
(5.3i4) QU™ + AU™ 2 =0, n=3,...,N.
Note first that, even for U° € H, due to the fact that U and U? are backward Euler

approximations, we have U! € D(A) and U? € D(A?); then, obviously, U™ € D(A?)
for n > 2. We now proceed to the definition of the reconstruction U.

5.1. Reconstruction. Given the nodal approximations U°,...,U", we define the
approximation U(t) to u(t), t € [0,T], in the intervals I; and I» by interpolating
by piecewise constants at their right ends and at the other subintervals by linearly
interpolating between the nodal values, i.e.,

(5.41) Ut)y=U", tel,, n=1,2,
(5.47) Uty=U0"+(t—tmou™, tel,, n=3,...,N—1

(cf. ([Z3)). Furthermore, we let the reconstruction U of U be given by
¢

(5.5) U(t) :=U""" — AU(s)ds, t€ Iy,
tn—l

ie.,

(5.64) Ut)y=U""1—(t—t""HAU™, tel,, n=1,2,

t
. 1
(5.6i7) Uuty=u""1 - 5(t —t"YAU®#)+U" Y, tel,, 3<n<N.
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We observe that (5.6) coincides with the continuous piecewise linear reconstruction
of [19], whereas (5.6i7) agrees with the continuous piecewise quadratic reconstruc-
tion (2I0) for f = 0. In view of (5.3¢), we obtain

(5.71) Ult)—U(t) = —(t" —t)AU™, tel, n=1,2.

Furthermore, in view of (5.3i1),

(5.7i) U)—=U(t) = —=(t —t""H)(t" —t)AdU™, tel,, 3<n<N

1
2
(see (3I)). Note that, even for U° € H\D(A), U is well defined; this would
not be the case if U' and U? were Crank-Nicolson approximations because then
U™ ¢ D(A) for any n.

It immediately follows from (55) that
(5.8) &(t) + Ae(t) =0, 0<t<T;

compare with (&) for f = 0. Next, we will briefly discuss some of the estimators
we obtain by applying the energy method or Duhamel’s principle to the above error
equation.

5.2. Estimate I: Energy method. Taking in (B.8]) the inner product with é(t),
and recalling that

(Ae(t), () = 5 (eI + ()] ~ lle(t) — e(t]?),

we obtain
59) e+ [ (I +1eP)ds < [ 106) - UGs)17ds, 0<i<7

(cf. ([EG). Now, in view of (B.Td),
10 -U®N? = (" = )| 420", n=1,%

therefore
2 . 1
| 106) = UGs) P ds = 5 (14201 4 la¥20%)
(5.10) 0
1 _ _
= 3 (KlA20U" 2 + K| AV 2002 ).

Furthermore,

tm 5771 -
(5.11) / 0(s) ~ U(s)|Pds < Z 51 4%/250m 2,

t2 o

with § as in ([{8]). We thus deduce the upper a posteriori estimate

t
P + [ (eI + e )ds < (AY200° + 141 200°)
(5.12) ’ e
P 5| 43/2577n2.
+5 ;kn\A au™|?;

compare with (£21)) for f = 0. Proceeding as in Subsection[£.1.2l we also get a sharp
lower bound. Note that the above estimate holds, provided that U® € D(A'/2).

Further reasonable error control based on this estimate requires us to balance the
terms k;|AY/20U%|, ko| AY/20U?| and k2|A3/20U™|.
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5.3. Estimate II: Duhamel principle. We next modify arguments of Sections
4.2 to obtain the final result

1 _

e(t)| < Ca{2k2 1400

(5.13) S
v 5171 5772 2| ASTI

+ () max (k1|8U [ RaldU?], max | (K3 AOU |))},

which could be compared with [@37) for f = 0. Note that the above estimate holds,
provided that U° € H. Further reasonable error control based on this estimate
requires us to balance the terms k1|0U*|, k2|0U?| and k2| AOU™|.

6. ERROR ESTIMATES FOR NONLINEAR EQUATIONS

In this section we consider the discretization of (ILIl). We assume that B(t,-)
can be extended to an operator from V into V*. A natural condition for (LI to
be locally of parabolic type is the following local one-sided Lipschitz condition:

(6.1) (B(t,v) — B(t,w),v —w) < v —w|* + plv —w|* Vo,weT,

in a tube Ty, Ty, := {v € V : miny ||u(t) —v|| < 1}, around the solution u, uniformly
in ¢, with a constant A less than one and a constant p. With F(t,v) := Av— B(t,v),
it is easily seen that (GIJ) can be written in the form of a Garding-type inequality,

(6.2)  (F(t,v) — F(t,w),v—w) > (1= N)|v—w||* - plv —w]* VYo,weT,.

Furthermore, in order to ensure that an appropriate residual is of the correct order,
we will make use of the following local Lipschitz condition for B(t,-):

(6.3) |IB(t,v) — B(t,w)||sx < Lljv —w| Yv,weT,

with a constant L, not necessarily less than one. Here the tube T, is defined in
terms of the norm of V' for concreteness. The analysis may be modified to yield
a posteriori error estimates under analogous conditions for v and w belonging to
tubes defined in terms of other norms, not necessarily the same for both arguments.

In the sequel the estimates are proved under the assumption that U(t), U(t) € Ty,
for all ¢ € [0, T]. This assumption can, in some cases, be verified a posteriori under
conditional assumptions on U and U. Thus the final result will hold, pending on
a condition that U and U may or may not satisfy. However, the validity of this
condition can be computationally verified. The derivation of these bounds requires
the use of fine properties of the specific underlying p.d.e., as was done in [16] [I§],
and therefore goes beyond the scope of the present paper.

We refer to [3] for existence and local uniqueness results for the continuous
Galerkin approximations, in particular for the Crank—Nicolson—Galerkin approxi-
mations, as well as for a priori error estimates. Concrete examples of parabolic
equations satisfying (6.1]) and (€3] in appropriate tubes are given in [I] and [2].

6.1. The Crank—Nicolson—Galerkin method. We recall that this method for
(TI) consists of seeking a function U : [0,7] — V, continuous and piecewise linear,

such that U(0) = «(0) and

= 1 1
(6.4) U™ + AU" % = -~ / B(s,U(s))ds,
n JI,
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where U™ := U(t"),U"" 2 := LU+ U = U(t"=z). The Crank-Nicolson—
Galerkin approximate solution U can be expressed in terms of its nodal values
U™ and U™,

(6.5) UR)=U""2+(t—t""2)dU", teI,.

In view of ([Z22), we let the Crank-Nicolson-Galerkin reconstruction U of U be
(6.6) O(t) = U — A/:_l U(s) ds + /t PLB(s, U(s))ds,

ie., : :

(6.7) U(t) =U""' - %(t —t"HA[U @)+ U™ +/t:_1 PiB(s,U(s))ds, t€I,.

It immediately follows from (G.6]) that
(6.8) U'(t) + AU(t) = P,B(t,U(t)).

Using (6.4), it easily follows from (6.5) and (6.7) that
N 1 _
Ut)-U(t) =— 5(t —t"H (" — ) AU
t—t"!
kn,

t

/1 B(s,U(s))ds — Py B(s,U(s))ds;

tn—1

(6.9)

+

therefore, again using (G.4]), we have

Uty - 0(t) :%(t — e (42t é/, AB(s,U(s))ds)
(6.10) L n
o /1 B(s,U(s)ds— | PuB(s,U(s))ds,

tn—1

t € I,,. Hence, in view of [B.3]),

Ult) — U(t) :%(t (e (4% ki/ AB(s,U(s))ds)
(6.10") nn

+ %(t — " (" — 1) /1 B(s,U(s))(s — t"~7)ds,

t € I,,, from which we immediately see that maxyc;, [U(t) — U(t)| = O(k2).

6.2. The Crank—Nicolson method. The Crank—Nicolson approximations U™ &€
D(A) to the nodal values u™ := u(t™) of the solution u of (L)) are defined by

(6.11) U™ + AU™ = = B(t" 2,U"" %), n=1,...,N,

with UY := u(0). As before, we define the Crank—Nicolson approximation U to u
by linearly interpolating between the nodal values U"~! and U",

(6.12) Ut)=U""2 4 (t—t""2)dU", tel,.

Let b: I,, — H be the linear interpolant of B(-,U(-)) at the nodes t"~! and =3,
b(t) = B(t""3,U""%)

(6.13) + ki(t — ") B, UM 2) — BN, UMY, te .

n



A POSTERIORI ESTIMATES FOR THE CRANK-NICOLSON METHOD 529
Inspired by ([Z9), we define the Crank-Nicolson reconstruction U of U by

(6.14) Ut) =0 — A/t U(s)ds + /t b(s)ds, tel,,

n—1 n—1
ie.,

- 1

U(t) =U""" = g (t =" AU + U™ 1]+t~ BT U3

(6.15) 1 ) )

+ (- (A — )[BT, U 2) = B(t" L UMY,

t € I,,. Note that (615) reduces to (ZI0) in the case B is independent of u.
It immediately follows from (G.14]) that

(6.16) U'(t) + AU(t) = b(t), teI,.
Furthermore, it is easily seen that, for ¢t € I,,,
U(t) - U(t)
(6.17) 1

= =t ){AaU” - kl [B(t"=%, U %) — B(t" 1, U Y)] }
6.3. Error estimates. We now derive a posteriori error estimates for both the
Crank—Nicolson—Galerkin and the Crank—Nicolson method. Let e := u — U and
¢ := u—U. The following estimates hold under the assumption that U(ﬁ)7 U(t) € Ty
for all t € [0, T].

Crank—Nicolson—Galerkin method. Subtracting ([6.8) from the differential equa-
tion in (L]), we obtain

(6.18) é'(t) + Ae(t) = B(t,u(t)) — PLB(t,U(t)),
which we rewrite in the form

(6.19) é'(t) + Ae(t) = B(t,u(t)) — B(t,U(t)) + Ry (t),
with

(6.20) Ry(t) = B(t,U(t)) — PiB(t, U(t)).

Now,

(B(t,u(t)) — B, U®)), é(t)) =(B(t,u(t)) - BE,U®)), e(t))
+ (B(t,u(t)) — B(t,U(t)),U(t) — U(t)),
and, in view of (@Il and (G3]), elementary calculations yield
(6.:21) (B(t,u(t)) = B(t,U(t)),é(t)) < Me@)l|* + ule(®)]* + Lle®)[| |(T = U)@)]I-
Similarly,

(B(tu(t)) — B(t,U(t)), é(t)) =(B(t, u(t)) - (t,U( t)),e(t))

and
(6.22) (B(t,u(t)) = B(t,U(1)),&(t)) < M|e@)[|* + plé(®)[* + Llle)[| |(T = U)(@)].
Summing (6.2)) and (6.22]), we obtain

2(B(t,u(t)) — B(t,U(1)),e(t)) < M[le®)[|* + lle®)]*)

6.23 .
(623  (EOR + [e®F) + LW | + eI @ - )OI
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Now,
le()1? < (|e(®)] + (T — U)(®)])* < 20e()]? +2|(U - U)(1)]?
and

L(lle@)ll + lle®NIT — )@l

< (Il + e’ + T ~ U)o

<e(le@®* + lle®1?) + é—EH(U ~U)®)|*
Consequently, from (6.23]), we obtain
2(B(t,u(t)) = B(t, U(1)),é(t)) < A(e@)]|* + lle)]|*) + 3ule(t)|*

(6.24) . , o N~ ,
+2u(U = D)OF + (6@ + le®1*) + 51T =)@

for any positive ¢.

Taking in (G.I9) the inner product with é(t), we obtain

d . oo 2 a2 — 17T () — 2
(6.25) €O +lle@I +lle@)l” = IUE) - U@l
(Bt u(t) — B U),e(t)) +2(Ru(6),é(1)),

whence, in view of ([G24)),
LI + (1= A= 2) ([ + e(0)]?) < 3ule(0)?
(6.26) s A ,
(L4 DI - DY + 2000~ U)OF + LR

We thus easily obtain the desired a posteriori error estimate via Gronwall’s lemma
t
O + (12 =20) [ () + e(o)]*)ds
0

(6.27) < /t 3H(t=) [(1 n S—:) (T = U)(s)]?

—Jo
+ 200~ DY) + LR (5)2] ds.

Crank—Nicolson method. Subtracting (GIG) from the differential equation in

(T, we obtain
é'(t) + Ae(t) = B(t,u(t)) — b(t).
Therefore, ([6.27) is valid for the Crank—Nicolson method as well, this time with

Ru(t) == B(t,U(t)) — bt).
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