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ABSTRACT. It is known that the energy technique for a posteriori error analysis
of finite element discretizations of parabolic problems yields suboptimal rates
in the norm L (0,T; L?(Q)). In this paper we combine energy techniques
with an appropriate pointwise representation of the error based on an elliptic
reconstruction operator which restores the optimal order (and regularity for
piecewise polynomials of degree higher than one). This technique may be
regarded as the “dual a posteriori” counterpart of Wheeler’s elliptic projection
method in the a priori error analysis.

1. INTRODUCTION

A posteriori error estimation and adaptivity are in many cases very successful
tools for efficient numerical computations of linear as well as nonlinear PDEs. In
particular, a posteriori error control provides a practical, as well as mathematically
sound, means of detecting multiscale phenomena and doing reliable computations.
Although the a posteriori error analysis of elliptic problems is now mature [2, 3, 6,
7, 18, 23], the time dependent case is still under development. Many papers have
appeared for the discontinuous Galerkin method [9, 10, 11, 13, 14, 15, 20, 19], and
other schemes [1, 4, 17, 21, 24, 25|, mainly for linear parabolic problems.

One of the outstanding issues related to a posteriori estimation of (linear) time
dependent problems is the known fact that the energy technique for a posteriori er-
ror analysis of finite element discretizations of parabolic problems yields suboptimal
rates in the norm L>(0, T; L?(9)). Since the energy method is the most elementary
technique for estimating the error in the a priori analysis, the question whether or
not this method can be successfully applied in the a posteriori error analysis is very
natural. In addition, we hope that examining this and related issues will enable us
to increase our understanding on the important subject of error control for time
dependent problems in general.

We will work with the following linear parabolic equation as a model:

us+Au=f in Q x[0,T],
u(-,0) = up(-) in Q, (1.1)
u=0 ondQxI[0,T1].
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Here A is a linear, symmetric, second order positive definite elliptic operator and
Q) a bounded domain of R? (d > 1) with sufficiently smooth boundary for our
purposes. Let H := L*(Q), V := H}(Q) and V* := H~1(Q) be the dual of V. If
a(-,-) is the bilinear form that corresponds to A, our assumptions on A imply that

lollv = a(v, )/

defines a norm on V. We denote the norms on H and V* by || - ||y« and | - || &,
respectively, and we indicate with (-, -) the duality pairing either in H or V* — V.

We assume that f € L?(0,T;V*) and up € H, so that (1.1) admits a unique
weak solution satisfying

(ug(t),v) + a(u(t),v) = (f,v) forallveV, ae tel0,T].

In this paper we consider semidiscrete finite element discretizations of arbitrary
degree. We combine energy techniques with an appropriate pointwise representation
of the error based on a novel elliptic reconstruction operator which restores the
optimal order in L°°(0,T;L?(Q2)). This technique may be regarded as the dual
counterpart of Wheeler’s elliptic projection method in the a priori error analysis
[27]. In particular, for u; being the finite element approximation, our estimates
exhibit the following properties:

e the estimator is a computable quantity in terms of the approximate solution wuy,
and the data f,ug and €, but its actual form and quality depends only on the
elliptic estimator at our disposal;

e the order is optimal in L>°(0,T; L?(f2)) for any polynomial degree > 1, and the
regularity is the lowest compatible with (1.1) for polynomial degree > 1;

e the a posteriori estimates mimic completely the corresponding a priori estimates.

Here, we use the term “optimal order of convergence” following the classical termi-

nology in approximation theory. Meaning the maximum exponent r for which the

error is O(h"™) where h is the maximum diameter of the elements in the partition;

“optimal regularity” refers to the regularity which is the lowest compatible with

our problem that permits the error to be O(h").

Finite Element Approzimation. For T, being a shape-regular partition of {2 consider

the finite element space

Vi ={x € Hy(Q) : x|k € Pu(K) VK €T},

where P, (K) is the space of polynomials of degree < k over K. The finite element

approximation uy : [0,T] — V}, of u is defined to satisfy the following linear ODE
<uh,t7 X> + CL(’LL}“X) = <fa X> for all X € th a.e. t € [OvT]v
uh(-,O) = u% cV,.

(1.2)

A Posteriori Error Estimation. Residual based a posteriori estimates are usually
proved by estimating the linear functional R € V*, so-called residual,

“(R,v) = /OT (<uh,t,v> + alup,v) — (f, v))dt

(1.3)

= /T ((uh’t,v — Iv) + a(up,v — Ipv) — (f,v — Ihv>)dt,
0

in appropriate norms. Here in the second equality we have used the definition of
the semidiscrete scheme (1.2), and an interpolation operator I, : V' — V}, stable
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in V (e.g., Clement’s interpolant). Then, for ¢ = u — u; being the error to be
estimated, we have

1

T
Sle @+ [ ate.c)dt = S O + (R.c). (14)

Due to the presence of fOT a(up,e — Ipe)dt, which gives rise to the integral of
an H' elliptic residual, the ensuing a posteriori estimate is of optimal order in
L2(0,T; H}(Q2)), as corresponds to an estimate of fOT a(e, e)dt, but suboptimal in
L>(0,T; L?(£2)). It is well known that an analogous phenomenon occurs in the a
priori analysis, and that the use of an elliptic projection operator overcomes the
difficulty [27]. This is now a standard tool in the finite element analysis.

In this paper we introduce an elliptic reconstruction operator which restores the
optimal order in the a posteriori error estimation in L°°(0,T; L?(2)). The key
properties of the elliptic reconstruction U, cf. Definition 2.1, are (i) u — U satisfies
an appropriate pointwise equation, cf. (3.2), that can be used to derive estimates
in terms of uy,; — U, and (ii) wy, is the finite element solution of an elliptic problem
whose exact solution is U, and therefore uj, —U (as well as uj, . —U,) can be estimated
in various norms by any given a posteriori elliptic estimator. Note that a similar
function U was introduced in [12] for a different purpose.

For clarity of exposition we present the method in the simplest framework. The
ideas of the present paper might be useful for linear problems of non-dissipative
character, as well as for nonlinear dissipative problems. In this direction they should
be explored together with the recent a posteriori results of time discretization of
nonlinear problems [17, 19]. The a posteriori analysis of [17, 19] is based on the same
principles as in the present paper, namely an appropriate pointwise representation
of the error and energy arguments.

Although it is possible to derive quasi-optimal order-regularity estimators in
L>(0,T; L?(Q)) via parabolic duality [9, 22], this technique hinges on the parabolic
regularizing effect which is not valid for estimates in L?(0,T; HZ(€2)). For the lat-
ter, duality leads invariably to estimators similar to those obtained with the energy
approach, and which also bound the error in L>(0,7; L?()) but with suboptimal
order. In contrast, several contributions over the last few years are devoted to
estimates that are based on the (forward) energy approach. Picasso [21] derives a
posteriori error estimates of residual type that are optimal in L2(0,7; H(Q)) for
piecewise linear elements for space discretization and backward Euler for time dis-
cretization. Towards overcoming the barrier described above, Babuska, Feistauer
and Solin [4] derive estimates in L?(0,7;L?*(Q)) for (1.2) by a double integra-
tion in time; see also [1, 5]. In [24, 25] Verfiirth proves a posteriori estimates in
L"(0,T; LP(Q)), with 1 < r, p < oo, for fully discrete approximations of quasilinear
parabolic equations.

The paper is organized as follows. We introduce the elliptic reconstruction oper-
ator in section 2, and we derive abstract a posteriori error estimates in section 3. In
particular our estimator of Theorem 3.1 depends on an abstract elliptic estimator
function for elliptic problems; any such estimator can be used. In section 4 we
specify the form of the estimates for the classical residual type elliptic estimators.
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2. ELLIPTIC RECONSTRUCTION

We now introduce the elliptic reconstruction operator R : Vj, — V. To this end,
let P,} : V' — V}, be the elliptic projection operator, i.e.,

a(Piw,x) = a(w,x) for all y € V;, (2.1)
and let P,? : H — V}, be the L2-projection operator, i.e.,
(Plw,x) = (w,x) for all xy € Vj,. (2.2)
Let w € V satisfy the elliptic problem Aw = g € V*, or in weak form,
weV: a(w,v) = (g,v) forallveV. (2.3)
Let wy, € Vj, be the corresponding finite element solution
wp, € Vp alwn, x) = (g,x) for all x € Vi; (2.4)

hence wy, = Plw. We assume that we have at our disposal a posteriori estimators
that control the error ||w — wy||x in the spaces X = H,V, or V*.

Assumption 2.1. Let w and wy be the exact solution and its finite element ap-
proximation given in (2.3) and (2.4) above. We assume that there exists an a pos-

teriori estimator function € = E(wp, g; X ), which depends on wp, g and the space
X =H,V, or V* such that

lw —wplx < E(wp,g; X). (2.5)
Let Ay : V, — V}, be the following discrete version of A:
(Apv, x) = a(v,x) for all x € Vj,. (2.6)
Then we have:
Definition 2.1. Let uy, be the finite element solution of (1.2) and fy, := PP f. We

define the elliptic reconstruction U = Ruy, € HL(Q) of up, to be the solution of the
elliptic problem in weak form

a(U(t),v) = (gn(t),v)  for allv € HL(Q), a.e. t €[0,T], (2.7)
where
gn = Apun — frn + f. (2.8)

We note that a similar function U was defined at the final time T in [12] in a
different context, i.e., in post-processing the Galerkin method at 7" with the aim of
improving the order of convergence. We observe that U satisfies the strong form

AU = Apup — fo+ [, (2.9)
as well as
a(U,¢) = alun, p) = (fn — f,¢) = a(un,p)  for all g € Vp, (2.10)
because f, = PQf. This relation implies that uy, is the finite element solution of
the elliptic problem whose exact solution is the elliptic reconstruction U, namely,
up, = PLU. (2.11)
Assume that f € H'(0,T;V*). Since a(-, -) is independent of ¢ there holds a(Uy, ) =
a(up,t, ) for all ¢ € Vj, or
up, = PrU;. (2.12)
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In addition

a(Ug,v) = (gnhs,v) forallveV. (2.13)

3. ABSTRACT A POSTERIORI ERROR ANALYSIS

In this section we establish the improved a posteriori error estimate in H, and
make several comments about its optimality regarding both order and regularity.

Theorem 3.1. Assume that u is the solution of (1.1) and uy, is its finite element
approximation (1.2). Let U be the elliptic reconstruction of up and £ be as defined
in Assumption 2.1. Then the following a posteriori error bounds hold

T T
_ 2 _ 2 _ 2 1%\ 2
e (gmas, [0=Ulfy. [ Ut < [a@)=U Ot | ECunrognis V)2

and

< 0 Te: SV*)2dt 2 2 £ ‘H
OréltagXTHU_UhHH_||UO_Uh||H+( ; (Uh,t, Gh,t; V) ) + Joax, (Unh, gn; H).

Proof. By virtue of definitions (1.2) and (2.9) of uy and U, we have
upt + AU = f,
whence U satisfies the following pointwise equation
U +AU = f+ (U —up); - (3.1)
Thus the error equation for u — U reads
(u—U)+Alu—U) = (up, —U)y . (3.2)
Multiplying by u — U, and using standard energy arguments, yields

[(u = D)) +/ [(u—U)(s)[I3ds < [lu(0) — U0)|I%
0 (3.3)

t
+ [ e = U3 ds.
0
Relations (2.12) and (2.13), in conjunction with Assumption 2.1, imply
Huht - Ut”V* S g(uh,tagh,t; V*) )

which in turn leads to the first assertion of Theorem 3.1. To show the second one
it suffices to note that (2.11) and Assumption 2.1 yield

[(urp, = ) )|g < E(up(t),gn(t);H) forall0<t<T, (3.4)
which, together with
[u(0) = U(0)]| & < [[w(0) = un(0)||mr + (1P U(0) = U(0) ]|
< luo = upllr + E(un(0), gn(0); H),

concludes the proof. O
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Remark 3.1. (L%-based estimate). An alternative estimate that follows from the
proof of Theorem 3.1 is

T
_Ul% < _ 2 _ _
s [ = Ul < 10(0) = VO + guas, lu— Ul [ s = Ut

IN

T
s [lu = Ul (Ju0) = U+ [ Juns — Uille).
0

0<t<T

Therefore, (2.5) and (3.4) imply
T

goax flu—Ulla < fu(0) = UO)]la + ; E(un,t; gn,e; H)dt

along with the corresponding a posteriori error bound

T
Jpax [ — unller < lluo — u | + E(un(0), gn(0); H) + 2/ E(un,t, gn,e; H)dt.
<t< 0

Remark 3.2. (A priori vs a posteriori bounds). Note that the elliptic reconstruction
is an “a posteriori dual” to the elliptic projection [22, 27]. Furthermore the two
results in Theorem 3.1 are indeed an a posteriori dual to the classical a priori
estimate for semidiscrete linear parabolic problems [22, 27]

T
mave s, o, = Phulfy [ hun = Plalfpar) -

T
< jun(0) = PRu(@[f + | llus ~ Puelfy
0

and

max ||u— up||g < max ||u— Plully
0<i<T 0<i<T

) ) T . ) 1/2 (36)
+ (1n(0) = P + [ = Phuslpar)

Remark 3.3. (Optimal regularity). The a priori bound in (3.5) (and therefore in
(3.6)) is of optimal order. The regularity required is optimal only for polynomial
degree k > 2. Indeed by exploiting standard results on superconvergence in negative
norms of elliptic finite element problems we see that the following bound for the
error of the elliptic projection holds, [22, 26]:

o — Proflye < CR*HD o). (3.7)

The above estimate follows using the definition of the norm [[w||v+ = sup |, =1 (w, 2)
and a standard duality argument. Using (3.7) we obtain

T T T
/O g — Prug||3.dt < C /0 R2EFD ||y, || 2dt < CRAHHD /O |7y odt -

Here || - ||s denotes the Sobolev norm of H*(2), and for simplicity take A = —A
and f = 0.

For an (optimal) rate of convergence of order O(h**1) in L®°(0,T; L?(12)), the
minimal regularity required by our finite element space is u € L>=(0,T; H**1(Q)).
But it is a simple matter to check that for our problem both

T
2 2
| Tzt and s
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are bounded by the same constant depending on data. Thus the classical a priori
estimate (3.6) is of optimal order and regularity for k¥ > 2. The negative norm
| - [[v+ appears in a complete similar fashion in the a posteriori error analysis of
Theorem 3.1, and thus for polynomial degree k > 2 this indicates that the estimator
is of optimal order-regularity.

4. APPLICATION: RESIDUAL-TYPE ERROR ESTIMATORS

In this section we derive the specific form of the estimates of Section 3 in case we
choose the classical residual type estimators for (2.5) [6, 23]. Of course any other
choice, such as solving local problems [2, 7, 18, 23] or averaging techniques [3], is
possible according to Theorem 3.1. For simplicity we assume that A = —A and
that € is sufficiently smooth in order for (4.2) below to be valid. However, Theorem
3.1 is general enough to allow for geometric singularities and corresponding elliptic
estimators. We refer to [16] for weighted a posteriori estimators which account for
corner singularities in both H and V* in an optimal fashion. We refer also to [§]
where an error estimator is derived for an elliptic problem with curved boundaries.

We first calculate £(un,¢, gn,t; V*), or equivalently estimate

lollvs = sup (p,¢), p=(U—upn).
[l¢llv <1

We accomplish this via standard duality arguments. Given ¢ € V, let ¢ € V be
defined by

a(y,v) = (V, Vo) = (v,¢) Yv eV, (4.1)
and suppose there exists a constant Cq > 0, depending on the domain 2, such that
Y]l m2(0) < Callpllm @) (4.2)

If 7;, = { K} is a shape-regular partition of 2 into finite elements K, then S, = {S}
denotes the set of internal interelement sides and Ny, (F) stands for the union of all
elements of 7}, intersecting the closed set E (= K or S). Then, assuming for the
time being that the polynomial degree is k > 2 and recalling (2.12), we can write

(p, ) = a(¥,p) = a(yh — In, p)
< I = 5 Aol + 3 [ = ablloup) ds

KeTy, SESH
4.3
<Cr Y Blls i 0 1Al L2 (4.3)
KeT,,
5/2
+C1 Y bYWl 1 0npl L2 (s),

SeSy

where C7 > 0 is an interpolation constant associated with the local interpolation
operator Ij. If we further set

n-1(une)® = D Bl Aol + D bl Bnundllzas).
KeTy, SESH
and make use of (4.2), then we end up with the a posteriori error estimate
E(un, gn,; V*) = llpllve < CrCan—1(uny),

where C't now contains an additional factor to account for the h-independent overlap
of sets M,(E) in (4.3).
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The form of n_1(up,:) can be further simplified upon using the definition of the
elliptic reconstruction and the semidiscrete scheme:
Ap =AU — Aupp = —Apune + fre — ft — Aup e
Since up, ¢t + Apun,t = fnt, we have
Ap=—frni+unu+ fne— fit — Dupe = (une — Aup — f)e .
If we denote the element residuals as
Tl i=une — Aup, — f VK € Ty, Jls :=[Onun] VS € S,
we finally get
no1(une)® = D BillrllZoge + Y B3 lGdl72 ), (4.4)
KeTy, SESH
and
E(unt, gn; V™) < CrCan—_1(upe) if k>2.
Using similar arguments we can derive

E(un, gn; H) < CrCano(up) if k > 2,

where

mo(un)? = Z W77z ey + Z hllilZs)- (4.5)
KeTy, SeSy,

Note that the constants C;, Cq may have different values now. Finally in the case
k =1 the use of negative norm does not give better results because of the lack of
superconvergence. Hence

E(un,ty gn,t; V*) < E(un,e, gnas H) < CrCano(un,e) - (4.6)
In summary, we have derived the following explicit error estimate.

Theorem 4.1. (A posteriori estimators of residual type). Assume that the domain
Q is sufficiently smooth and let t € (0,T]. If k = 1, then the following a posteriori
estimate holds

= un) )t < 1 = ol
+ 01Co{moun )+ molun ) + ( [ mluna(s)?as) "}
In addition, for k > 2 we have
= )0t < 1 =
+ €GO + (@) + ([ nsunas) ).

where the estimators ng and n—y are given by (4.5) and (4.4) respectively.

Remark 4.1. The reasoning of Remark 3.3 applies and indicates that the estimator
in Theorem 4.1 is of optimal order for polynomial degree £k > 1, and of optimal
regularity for k£ > 2.
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