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POSTPROCESSING THE GALERKIN METHOD:
THE FINITE-ELEMENT CASE*
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Abstract. A postprocessing technique, developed earlier for spectral methods, is extended
here to Galerkin finite-element methods for dissipative evolution partial differential equations. The
postprocessing amounts to solving a linear elliptic problem on a finer grid (or higher-order space)
once the time integration on the coarser mesh is completed. This technique increases the convergence
rate of the finite-element method to which it is applied, and this is done at almost no additional
computational cost. The numerical experiments presented here show that the resulting postprocessed
method is computationally more efficient than the method to which it is applied (say, quadratic finite
elements) as well as standard methods of similar order of convergence as the postprocessed one (say,
cubic finite elements). The error analysis of the new method is performed in L? and in L norms.

Key words. dissipative equations, postprocessing finite-element methods, multilevel methods,
nonlinear Galerkin methods

AMS subject classifications. 65P25, 65M70, 65M15, 65M20

PII. S0036142998335893

1. Introduction. Finite-element methods do not seem to have benefited as
much as spectral methods from some of the recent advances in the dynamical sys-
tems approach to partial differential equations (PDEs) like those in [15], [14], [13],
and [41]. Since these advances are mostly based on spectral decompositions, they are
readily adapted to spectral methods, but do not seem to have a clear-cut translation
to finite elements. In [21] and based on the results of [15] and [13], an inexpensive
novel technique to increase the accuracy and computational efficiency of Fourier spec-
tral methods was developed. In this paper, we present a general technique to improve
the convergence rate of Galerkin methods which applies to finite-element methods
(and in the particular case of Fourier—Galerkin methods it coincides with that in [21];
see also [37]). We do this with no direct address to [13].

Let © C R? be a domain with a smooth boundary. We consider dissipative PDEs
(see, for instance, [8], [24], [25], [41]) which can be written as evolution systems of the
form

(1) C(%—l—uAu—i—F(u):O,

in the Hilbert space H (in this work H = L?(f)), with solutions determined uniquely
by the initial condition

(2) u(+,0) = up.
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Here, v > 0 is a scalar, A : D(A) C H — H is a densely defined, unbounded,
self-adjoint, and positive operator with compact inverse. For simplicity, we treat
here only the case A = —A, where A stands for the Laplacian operator subject
to homogeneous Dirichlet boundary conditions, but our results also apply to other
elliptic operators in divergence form with sufficiently smooth coefficients and (with
adequate modifications) to other boundary conditions. The (nonlinear) operator F'
that we consider is one of the following two types:

1. reaction-diffusion equations,

(3) F(u) = g(u),

for some smooth function g : R — R;
2. reaction-diffusion equations plus nonlinear convection,

(4) Fu) = g(u) +b(u) - Vu,

for some smooth mapping b : R — R?, and ¢ is as above.

For simplicity, we concentrate here on the two types of nonlinearity above, but
both g and b can be made dependent on x and ¢ as well. Also, although we concentrate
on scalar equations, the results here can be extended to systems. We treat here the
case where Q C R¢ with d > 1; the case d = 1 is particular and much simpler to
analyze.

Let T, = (77, ¢")icr,, b > 0, be a family of partitions of suitable domains Q,
where the parameter h is the maximum diameter of the elements 7/ in 7, and ¢!
are the mappings of the reference simplex 79 onto Tih. For r > 2 we consider the

finite-element spaces
Sh,r = {Xh €C@m) | xnprodl € PN (m),  xu(z)=0 Vze 39}1}7

where P"~1(1y) denotes the space of polynomials of degree at most r — 1 on 7.

Let us denote by a(-,-) the positive definite, bilinear form induced by A, that is,
a(u,v) = (AY?u, AY?y) = (Vu, Vo) for u,v € D(AY?) = H}(S2), where (-, -) denotes
the standard inner product in L?(Q2) (or in L%(Q)?). In a similar manner let ay(-, )
be the corresponding bilinear form on S, (in our case an(xn, ¥n) = (VXn, VU )n,
XhsYn € Sh.r, where (-, ), stands for the standard inner product in L?(€)); and let
us denote by A, the associated positive, self-adjoint operator in S}, ., that is,

an(Xn,¥n) = (Anxn, Yn)n = (Xns An¥n)n YXn, Y0 € Shp-

Let us also denote by P}, the standard L? orthogonal projection onto Sy, ., and
by Ry, the elliptic projection onto Sy, (also known as the H! projection) which, for
u € HY(Q) is defined by

an(Rpw, Xn)n = an(u, xn) = (Vu, Vxin)n Vxn € Shyr-

The discrepancy between 2 and 2 is usually solved by an adequate selection of
quadrature rules, although other alternatives are also possible (see section 2.1).

The Galerkin approximation to the solution u of (1)—(2) is described as follows:
Find wy, : [0,T] — Sh, such that

d
(5) %uh + vApu, + PhF(uh) =0,
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(6) up(0) = Rpuo.

We use (6) for simplicity in the analysis. Our results may be easily extended to the
case where uy (0) = Ppug.

Next, we motivate and introduce the method studied here. Suppose that we are
interested in the solution w of (1)—(2) at a given time T. At time T, rewriting (1),
we have that vAu(T) = —F(u(T)) — £u(T). Thus, u(T) can be seen as the solution
of an elliptic problem whose right-hand side is not known but can be approximated.
The method we propose is as follows.

(i) First, integrate (5)—(6) up to T to obtain the Galerkin approximation uy(T).

(ii) Then solve (or, in practice, approximate) the following linear elliptic problem:

Find @ € D(A) such that

(7) vAu = —F(un(T)) — —un(T).

dt

We call this approximation procedure the postprocessed Galerkin method. Under
certain assumptions (to be specified in section 2.1) we can state Theorem 1 below,
whose proof is deferred until section 2.3 (a version of this result in L is presented
in section 4.1). In Theorem 1 and in the rest of the paper, the constants @ and T are

__[2 ifr>4and (3) holds, __JO ifr=3and (3) holds,
F=1 otherwise, " 11 otherwise.

THEOREM 1. Let T > 0 and r > 3. There exists a constant C > 0 which depends
on K(u), defined in (22) below, such that for h sufficiently small the postprocessed
Galerkin approzimation @ solution of (7) satisfies

(8) [u(T) = @l g2y + B l[u(T) = ll 1 () < CH™ [log(R)]"

We notice that the bound (8) is an improvement over the standard Galerkin error
bound, [[u = unl|p2(q) + b lu = unll g1 gy < CR", which is optimal even in the case of
linear problems.

We remark that in practice, of course, u cannot be computed exactly since in
general it does not belong to a finite-dimensional space, as opposed to uy. However,
one can approximate the solution @ of (7) by some @ belonging to a finite-element
space of piecewise polynomials either of degree » + @ — 1 over 7y, or of degree r — 1
but over some finer partition 7;, with h™# = p/".

It must be noticed that, from the practical point of view, the computational cost
of the postprocessing step (7) is a very small fraction of the cost of computing u(T') by
time integration from ¢ = 0 to ¢ = T'. Thus, @y, is an approximation to u(7") of higher
order (i.e., asymptotically more accurate) than w,(T"), but it costs (almost) nothing
once up(T) is available. We will see the implications of this fact in the numerical
experiments in section 3.

Observe that the combination of the Galerkin method (5)—(6) and the postpro-
cessing step (7) can be seen as a novel two-level or two-grid method for evolution
equations. Two-level methods for nonlinear problems have mostly been developed
and implemented for steady equations (see, e.g., [5], [31], [47], [48], and the references
therein). The basic idea in the steady-state case is to solve the nonlinear problem on
a low-order approximation space (or coarse grid) and then obtain a better approxi-
mation with one or two Newton iterations on a higher-order approximation space (or
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on a finer grid). In this way, the nonlinearities are treated in the (cheaper) low-order
approximation space or coarse grid, and only linear systems are solved in the (more
costly) higher-order approximation space.

On evolution problems, two-level (or further, multilevel) methods can obviously
be used in the nonlinear systems that arise when using implicit time integrators.
Other more refined ideas have recently been suggested [3], [9], [33], [34], but, so far,
the two levels of discretization are used at every time step along the time evolution.
On the contrary, Theorem 1 in this paper states that it is safe to perform the time
evolution on the low-level (or coarse grid) approximation space and obtain the higher-
order correction only once, at t = T, that is, when the time-marching is finished. The
price to be paid is that the low-level (or coarse grid) approximation space must be
composed of piecewise polynomials with a degree of at least 2 (r > 3), since the
postprocessing step (7) does not increase the convergence rate if uy,(T) is computed
by integrating on time on a space of piecewise-linear polynomials.

The postprocessing step (7) is a generalization to finite-element methods of an
earlier postprocessing procedure developed for spectral methods in [16], [21], and
[22]. To be more specific, suppose that instead of Sy, the approximation space is
H,, spanned by the eigenfunctions of A associated with the lowest m eigenvalues or
frequencies. Then, the Galerkin approximation (5) would be w,, : [0,7] — H,, such
that

du,,

(9) g + vAuy, + P F(um,) =0,

where P, is the L? projection onto H,,. The postprocessing step (7) would be

(10) vAu = _W(T) — F(um(T)).

Projecting (10) onto H,,, since P, and A commute, we get vAP,, it = — P, F(up, (T))—
du:;t(t) - and hence, Pt = um(T), the Galerkin approximation at time T'. Thus,
one has only to compute the high-frequency modes § = (I — Py,)a. Applying (I — Py,)

to (10) we obtain

(11) vAG = _(I_Pm)F(um)7

which is the postprocessing step proposed in [21], [22]. Observe also that ¢ = ®(u,) =
(vA)"YI — Pp)F(un).

The formulation (11) of the postprocessing step is more natural in the case of
spectral methods. However, when developing this paper, (7) (or (10)) was seen to be
more meaningful and useful. This point of view was also reached independently in
17), [1].

In fact, in the case of spectral methods, the postprocessed Galerkin method was
developed the opposite way. In the context of inertial manifolds [14] and approxi-
mate inertial manifolds, it was shown in [13] (see also [15]) that given the low modes
Pu of the solution u of (1)—(2), ®(Pnu) = (vA)~1(I — P,,)F(Pnu) is a high-order
approximation to the high-frequency modes (I — P,,,)u of u. Based on this fact, the
so-called nonlinear Galerkin methods (NLG) [12], [28], [32] were developed (see also
[10], [11], [15], [29], [42], [43], and the many references therein). In these NLG meth-
ods, nonlinear terms are typically evaluated in the whole spectrum (or some generous
truncation of it), for example, (Y, +P(ym,)), where y,,(t) € H,, is the low-frequency
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component of the NLG approximation ¥y, + ®(y,,). This is computationally costly,
and (to add to the cost) it is done along the time evolution in NLG methods.

Currently, there is enough available evidence [20], [21], [35], [46] that NLG meth-
ods are not competitive from the point of view of efficiency (or at least, not necessarily
competitive). For this reason, the postprocessed Galerkin (spectral) method (9)—(10)
was developed. The aim was to exploit the approximation capabilities of ® but
without paying for the computational cost of NLG methods (notice that in (9)—(10)
nonlinear terms are applied only to elements of H,,, and ® is computed only once).

The postprocessed Galerkin method was seen to be computationally more effi-
cient than classical Galerkin spectral methods in [16] and [21]. This is also the case
of Galerkin finite-element methods, as is shown in section 3 and in [30]. The compu-
tational gain is even more significant in the maximum norm. The last section of this
paper is devoted to the error analysis in L°°.

We end this section by giving an idea of the proof of Theorem 1. Evaluate the
PDE (1) at time ¢t = T and subtract it from (7). After rearranging terms and applying
A~1 one sees that

WD)~ = A7 (D) = GulD) + LA (1) ~ FD),
Thus, at first sight, u(T) — @ depends on up,(T) — w(T) (and (duy /dt) — (du/dt)|=1)
which is only O(h"). However, in due course we will show that ||A~'(F(ux(T)) —
F(u(T))) HLZ(Q) can be bounded in terms of || A~ (u(T) —un(T)) HL2(Q) (A=1/2 instead
of A=! when F is given by (4)). We write u — uj, = (u — Rpu) + (Rpu — uy). Since it
is well known (see, e.g., [44]) that ||A=*(I — Rh)u(T)||L2(Q) = O(h™in(2r=2r42)) (and
the same bound for A=Y (I — Rp,)u.(T)), we have that

_ C -
IMﬂwmméyoM%w@)Rwﬁwgw
-1 i _ i min(2r—2,r+2)
(12) + 4 un(T) = R Su(T) +O(h ).
dt dt .

The O(hmi“(QT_Q’T""Q)) term above clearly shows that the postprocessed method will
have a strictly higher convergence rate than the Galerkin method on which it is
based, only if r > 3, that is, up,(7T') is a piecewise polynomial with a degree of at least
2. We will duly show that the other two terms on the right-hand side of (12) are
O (R [log(h)|").

The argument above shows that there is nothing especially nonlinear about the
idea behind the postprocessed Galerkin method, and the results would be the same if
F were linear. Notice that even in the linear case the method presented here allows
an O(h"*2) (or O(h"™*1)) error at the “same” price of a cheaper O(h") method. In
any case, since most of the interesting phenomena arise in nonlinear problems, for
completeness we consider F' as in (3)—(4).

The rest of this paper is organized as follows. Section 2 is devoted to proving
Theorem 1. Numerical experiments are presented in section 3. Finally, we carry the
L*° analysis in section 4.
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2. The postprocessed Galerkin method.

2.1. Preliminaries. We now present the assumptions under which Theorem 1
holds. We restrict ourselves to quasi-uniform meshes 7}, so that the following inverse
estimate holds for any element 7 € 7}, and vy, € S (see, e.g., [39]):

(13) [onllwmoiry < CHT™ G onllyragry,  0<I<m <2, 1<g<p< oo,

Also, we assume the following restriction between the order of approximation r
and the dimension d:

(14) d<2r—1.

This is required by the presence of the nonlinear term F', but it can be loosened if
F is linear. Since finite elements are most advantageous when dealing with complex
geometries, we consider only d > 2. Following the ideas presented here, the one-
dimensional case admits a much simpler treatment.

In this situation, for 1 < p < oo, and for any v € D(A) NW™P(Q), an interpolant
In(v) € Sp,» exists such that

(15)  |lv = In(W) ooy + B llv = In (@) lwroana,) < 07+ 6(R) [0llyrngqy -

(we extend by zero Ip, (v) in Q\Qy,), where §(h) = max,cq, dist(z,dQ). For x € QNQp,,
this bound follows from the standard theory of interpolation and the Bramble—Hilbert
lemma. For z € Q\Qp, v(x) can be bounded using of the mean-value theorem (see,
e.g., (19) below).

However, for the purpose of analysis, we may assume (see, e.g., [39]) that Q;, C Q,
since one may consider a domain 2§ with a smooth boundary such that QUQ;, C Qs,
and max {dist(z, 0(QUQp)) | x € INs} < cpd(h) for some ¢ > 0. Then, for each
t, replace u(t) by the solution us(t) of —Aus(t) = fu.(t), where f,(t) is a suitable
extension of —Au(t) to Qs (see [39] for details). The sets {25 must be built so that for
6 sufficiently small we have that

||U§||Wz+2,p(gé) < Cp ||fv||Wl‘p(Qé) = Cp ||AU||WL,p(Q) s 0<i<r,

for every p € [2,00) and every v € W"2(Q). Here Cp > 0 constant that depends
on p but not on §. This can be readily done if € is bounded and r 4+ 2 smooth, or
uniformly r + 2 smooth [1, p. 67].

We will also assume that the solution of (1) satisfies

(16) Ms = orél%XTHAS/Qu(.’t)||L2(Q) < +00.

To ensure the estimate (16) for every solution of (3), (4), with initial data in D(A%/?),
it is sufficient to require, for example, that both g and b satisfy ¢g(0) = 0 and b(0) = 0.
If, in addition, the right-hand side of (1) has a smooth forcing term f = f(z,t) instead
of zero, then it is sufficient that f(x,t) has a zero trace at the boundary of .

In the understanding of the postprocessed Galerkin method, the elliptic projection
Rpu of w will play a prominent role. To simplify notation we write

Th = Rhu.
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Under these conditions the following bounds hold for 1 < < r:

u = Phullp2(q)

17
(17) = 7l 2y + bl =l

} < Cn' H“”Hl((z) )
and, for 0 < s < 2,

HA’S/Q(U — Phu

(18) ||A*5/2(u —r

)HL‘Z(Q) < Chl+§Hu||Hl(Q) , §:min(3’7‘—2).
)HL%Q)

For these bounds to hold, care must be taken to approximate the boundary with the
necessary accuracy (see, e.g., [44, section 5.1]). Henceforth, we will assume that for
some constant cg > 0,

8(h) = max dist(z, 9Q) < csh™ 2.
z€Qy
We also remark that (16) plays a role in order to bound [|V(u — r4)|| 2, in terms
of h!~1 [ull g1y i (17), due to the skin-layer Q\(2),. To be more precise, let D C €

be such that max{dist(z,09Q) | z € D} < ¢d(h). For any v € D(A), since v = 0 on
02, one can check that

(19) (vl 2Dy < CO(R) [V| 2 -

Hence, taking D = Q, we have that
1/2 1/2
IV0l 2@nan) < Cllol g, Wl na,) < COR) ol q -

For v € D(A3/?) better estimations can be obtained as follows. Consider Q; CC
Q, with a sufficiently smooth boundary such that max{dist(z,9Q) | * € 21} <
cod(h) for some ¢ > 0. Then |[Vv||r2na,) < IVVllL2\q,). Using the divergence
theorem, trace theorems, and the smoothness of €2, one can show that ||Vv||%2(9\91) <
||A1}||Lz(Q\Ql)(HUHLz(Q\Ql) + ||VU||L2(Q\QI)>. Now, recalling (19), we have that
HVUHLz(sz\Qh) < C6(h) [[9ll s (s -

For the L? projection P, we will use stronger estimates than those in (17). More

precisely, there exists a constant C' > 0 such that

(20) [0 = Ppollpaqy < Cllvllpay, 1<q=< 00,
Yo € L1(Q) (see, e.g., [44, p. 39]). Similarly, for the elliptic projection
(21) [Bnll o < C

(see [39]), where, here and in the rest of the paper, |||, denotes the operator norm
in L(LP(2)) for 1 < p < oo. We remark that for piecewise-linear finite elements (i.e.,
r = 2) the bound (21) does not hold (C' should be replaced by C(1 + |log(h)|)). In
this paper, however, we restrict ourselves to r > 3.

The error estimates in sections 2.2 and 2.3, as well as the constant C' in Theorem
1 depend on

() K(wt) = uC Ol + Nt Oll gy K (w) = max K(u,).
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Notice then, that we are assuming sufficient smoothness of the solution as well as of
the initial condition. It must be stated that if (1) is autonomous and g and b in the
nonlinear terms F' in (3)—(4) are analytic, due to the analyticity in time of the solutions
of (1)~(2), for most initial conditions uy, it is possible to bound |lu;(-, )|/ (o) in terms
of max.cg ||u(-, 2)|| () for z in an adequate neighborhood S of [0, 7] in the complex
plane (see, e.g., [7, pp. 104-109]).

We will frequently use the following version of Sobolev’s lemma: for p € [1,00),
there exists a constant C' = C(€, p) such that

1 1 1 s
ooy < Clltlwnney  for > 225 =5 andve Wor(@)
whenever p’ < co. For p’ = oo the above inequality holds for % > 1% > % — 5, and,

furthermore, in this case v is also a continuous function.
Also the following inequality, which is easily obtained from Holder’s inequality,
will be frequently used:

(23) (o) < Wy Iollzniy Nl 5+ 7 = 5

2.2. Analysis of the Galerkin method. In this section we obtain bounds for
up — rp. The main result is Theorem 2 at the end of the section. Its proof will be
obtained as a consequence of several previous lemmas.

In the following, we need the residual or truncation error 7}, of the elliptic pro-
jection 7, = ri(t) = Rpu(t). Notice that rj, satisfies

d
(24) E’I"h +vApr, + PhF(Th) =Ty,

where the truncation error T}, is

(25) T, = Ph(F(rh) - F(u)) + %rh — Pruy.

In general, [Ty 2(q) is not smaller than [luy — drp/dt|| 2y = O(h"). In fact,
the above is definitely true in the linear case when F' = 0. On the other hand,
notice that in Lemma 4 below, we bound not only |7} 2() but also an integral of
e~ V(t=s)AnTy, (s) with respect to s. It is the smoothing effect of the semigroup e~ "t4»
that gives the extra power h* |log(h)|" in Theorem 2 with respect to the O(h") decay
of [ Thll2(q)-

LEMMA 1. Let vy, : [0,T] — Sp, satisfy the threshold condition,

(26) ) = on(8) | gy < o’

fort € [0,T]. Set p = 0 if the nonlinearity F is given by (3); otherwise set p = 1
when F is given by (4). Then there exists a constant C, which depends on ¢y, and
maxo<i< [u(t)|| (), such that for t € [0,T]

@1 A PUF @) — Frn®)] s < Clon® = ()l (e -
Furthermore, for F given by (4) we have that

1Pn (F (un(t) = F(ru())ll 2y < C(IV @ (t) = ra(®)lL2(q)
(28) +h7H lon () = ()l 2y -
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Proof. Let us take t € [0, T, and for simplicity, let us drop the explicit dependence
on t. We first notice that both v, and 7, are bounded in L in terms of u, since
llvnllz= (@) < llvn = rallLe=(@) + |7 Lo (), Which, thanks to the inverse estimate (13)
and the threshold condition (26), is bounded by c;uh" %2+ ||r),|| L= (o). Then in view
of the fact that Ry, is bounded in L (recall (21)), Sobolev’s lemma, and the restriction
(14) between the dimension d and r we have that ||vp ||z ), [|7allz~ @) < Cllullgr@)-
As a consequence, for any smooth function f,

(29) fon), f(ry) € LP(Q) for 1 <p < oo.

Thus, for F as in (3), the statement (27) is a direct consequence of the mean-value
theorem.
For F' as in (4) we first prove (27). Notice that A;”/ZP,L = Ai_“/QA,ZlPh =

Ai_“/thA’l. In addition, for xp € S, we have that ||A,1L/2Xh||L2(Q) = |Vxrllz2 (o),

and |A™! - ||y < C||[A7Y2 || 12(q). Then, using (17) we have that

||A}:1/2Ph(F(vh) - F(Th))HLz(Q)S CHA71/2(F(U}1) - F(Th))HLz(Q)

Let us estimate the right-hand side above by duality. Since A~'/2 is bounded, we

need only to study the convection term. Let us denote e;, = vy, — ;. We have that
(30) b(’l}h) -V, — b(’/‘h) -Vr, = b(vh) -Vep, + (b(vh) — b(’/’h)) -Vry.

Let ¢ € C5°(£2) be a test function. Taking the inner product in (30) with ¢ and
integrating by parts the first term on the right-hand side above becomes

(b(vn) - Ven, A712¢) = (ep, div(b(v,) A~/ 29))
(31) = (ehv b/(vh) ' VUhA71/2¢) + (6}“ b(vh) ' VA71/2¢))
We now take p such that

1 1/4 if d=2
p \1/2—1/d ifd>2.

Then, by Sobolev’s lemma, we have that || - || zr) < C| - |g1(0), and, in particular,
|A=Y2¢ || o) < Cll|lr2(0). We also take g such that 1/q + 1/p = 1/2. For this
value of ¢, thanks to (14), it is immediate to check that

(32) lullyro) < Cllull gro -
Applying (23) to the right-hand side of (31), we have that
’(eh,b’(vh) : VUhA_l/Q(?)‘ <C Heh||L2(Q) Hb/(vh)||L°°(Q) ||vvh||Lq(Q) ||¢||L2(Q) )
|(€hab(vh) : VA_1/2¢)‘ <C Heh||L2(Q) Hb(vh)”LOO(Q) H¢||L2(Q) :

Also, for the second term on the right-hand side of (30), thanks to the mean-value
theorem and (29), arguing as above we have that

[((b(vn) = b(rn))Vrn, A72¢)| < Cllenl| g2y V70 Lagey 161l 20
Thus, (27) is proved, provided we show that

(33) ||VUhHLq(Q) ) HVThHLq(Q) <cC ||u||H7‘(Q)
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for some C > 0, independent of u. For this purpose we write
VORIl o) = V(0 = T0)ll o) + 1Vl Lo -

On the one hand, due to the inverse estimate (13) and the threshold condition (26),
we have that ||V (vs, — 71) | pa(q) < Ch™1HAA/ =2y, — 1| 12(q) < Ceyy, (assuming
h < 1if d =2). On the other hand, for Vrp, we write Vry, = V(rp — I (u)) + VI (u),
where Ip,(u) is the interpolant of u. Using the inverse estimate (13), we have that

||VThHLq(Q) < Cp 1/ l2) llrn — Ih(“)”m(@) + ||VIh(u>||Lq(Q) :

By writing r, — In(u) = (rp, — u) + (v — Ip(w)), in view of (17) and (15), it follows
that [|Vrp|lLe) < C(llullgr ) + [ullwia)). This and (32) lead to (33).

To prove (28), as before, we need only to treat the convection term, so we con-
centrate on (30). Therefore, because of (29) and by using the mean-value theorem,
we have that

1F(wn) = F(ra)ll g2y < CUIV(0n = o)l p20) + V7Rl poe ) on = 70l £2(0y)-

Thus, (28) is proved, provided we show that || V7| 1) < Ch™ |u gr(q). For this
purpose, we take s = 1/d and then, due to the inverse estimate (13), we have that
[Vrrll L) < Ch™Y|rallLs(0)- Then, the proof is easily concluded with arguments
similar to those used in proving (33). 0O

LEMMA 2. Fix ¢y, > 0 and T > 0. Then there exists a constant S > 0 such
that for any C* mapping vy, : [0,T] — Sh. satisfying v, (0) = 74,(0) and the threshold
condition (26) for t € [0,t1], where t1 < T the following bound holds:

/0 e’ (=) An (T}, (5) — Th(s)) ds

— <
(34)  max on(t) = rn(t)] 2 < S max e’

where

d
(35) Th(s) = %vh +vApup + PhF(’Uh).

Proof. Let us call e, = r, — vy and Ej, = T}, — Th. Subtracting (35) from (24),
and taking into account that e;(0) = 0, for ¢ € [0, 1], we have that

(36)  en(t) = /O t e V=) An py (F(vp(s)) — F(rp(s))) ds + /O t e V=) AE, () ds.

We take p = 0 if the nonlinearity F is as in (3) and g = 1 otherwise. By writing
e~ =08 Py (F(op () — F(ra(s))) = A/ 0040 (A2 P (F (w3 (5)) — F(ra(s))),
and using Lemma 1, from (36) we obtain that

¢ [t llen®lzz) + max
vi/2 Jo (t— s)n/2 5 ogtagT

llen(@)l L2 (q) <

)

t
/ e VI=)ANE, (5) ds
0 £2(9)

where we have taken into account that ||AZ/2e‘”(t‘s)Ah o < (v(t —s))~*/2. Then a
generalized Gronwall lemma (see, e.g., [25, p. 6]) leads to (34). O

We remark that, with minor modifications, it is easy to prove that (34) also holds
when vy, (0) # r(0).
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LEMMA 3. Let v € H"(Q) N HY(Q) and fix ¢ > 0. Then, there exists a con-
stant C' = C(||v]l g+ ,¢) such that for p = 0,1,2 and Vx € H(Q) N L>2(Q) with
Xl 7o () < €, we have that

||A7“/2(F(U)*F(X))||L2(Q) < C(HA(ku)/z(U*X)||Lz(Q)+HU - X||Lq(Q)HU - XHHi(Q))a
(37)

where i = 0 when F is given by (3) and i = 1 when F is given by (4). Here q =
max(2,d/y'), where ' = p—1/2 if d/p = 2; otherwise ' = p.

Proof. We concentrate on the more difficult case of nonlinear convection (4).
Observe that due to the restriction (14) on the dimension d and the fact that we are
demanding [|x|[z~(q) < ¢, then, for any smooth function f, both f(v) and f(x) are
in LP(Q) for 1 < p < 0.

We estimate the left-hand side of (37) by duality. Let us then take ¢ € C§°(Q).
Let us also take p such that

) 1/2 — p/d if d/2 > p,
(38) —=1{1/2-(n—-1/2)/d ifd/2=p,
p 0 if d/2 < p.

With this choice of p, due to Sobolev’s inequality, we always have that

||A7#/2¢HLP(Q) < C ||¢||L2(Q) .

We take g such that 1/p+1/¢ = 1/2. Notice then that this is the value of ¢ in (37).
Also, with Sobolev’s inequality and (14), it is easy to show that

We notice that (A=#/2(F(v) — F(x)),¢) = (F(v) — F(x)), A=*/2¢). We treat
the nonlinear convection term b(v) - Vo — b(x) - Vx in more detail. In the following,
we denote € = v — x. Observe that

ey Mz < C a1 -

(40) b(v) - Vo —b(x) - Vx =b(v) - Ve + (b(v) — b(x)) - Vv — (b(v) — b(x)) - Ve.
We first bound the last term on the right-hand side above. We have that
[((b(v) = b(x)) - Ve, A2¢) | < [[6(v) = b0 | pagaya | Vellz ey [[ A28 11 0
< 16(0) = b0 Ly IVellp2ya 191l 22 -

Since b is smooth we have that [|b(v) — b(x)||Le()e < Cll€lLa(q). Thus,

(41) A2 (b(w) = 50)) - Vel iy < € lell ey el -

For the first term on the right-hand side of (40) we deal with the more difficult
case u = 2. Integrating by parts twice and observing that the boundary terms vanish,
we have that (b(v) - Ve, A71¢) = (VA Le, Vdiv((A71¢)b(v))). Then, the following
bound is easily obtained:

|(b(v) - Ve, A726) | < ClIVAT || a 1B | e (0 A7 6] g2y
+ (VA e, ( (0) (V)" + div(b(v))]) VA ¢)|
(42) + (VA e, (A7 ¢) Vdiv(b(v)))|.
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We can bound the last term on the right-hand side of (42) as follows:
(VA e, (A710) Vaiv(b(®))] < VA7 €] e[ A7l g IV (B oy
< OV A e o e Vi) s 1] 20

Since Vdiv(b(v)) = (V20)¥' (v) + (" (v) - Vv) Vv, using (39) we have that

Vi) | agaye < Clolhyzaay + V012 gr2) < Cllolr

for some C' = C([[v[| g (q))- It follows that
(43) (VAT e, (A719) Vdiv(b(v)))| < Cl[VAT €| 12 g0 9] 20 -

Using similar arguments, we obtain the following estimate for the second term on
the right-hand side of (42):

[(VA™ e, (0 (0)(V0)" + div(b())VAT'9)| < C[ VA e]| o a1 ll 2 ) -
Thus, in view of (42) and (43), it follows that

(44) A7 (b(0) - Ve[ oy < CIVAT | o

HL2(Q) Q)d-

Finally, the second term on the right-hand side of (40) can be treated similarly
as the first one (i.e., after applying A=, it can be bounded by the right-hand side of
(44)). This and (41) show that for p =2,

(45) | A2 (b(0)- Vo F()- V0 12y < CUAS2el| g Hlell gy Iellaraca)-

In the case where p = 1, we first notice that [|A7Y/2 || p2(q) = |[VA™ || p2(q). We
then return to (40) and estimate again the first two terms by duality (recall that the
third term has already been dealt with). For example, for ¢ € C5°(Q2)?, integrating
by parts twice, we obtain (VA™(b(v) - Ve), ¢) = (¢, div((A1div(4))b(v))). It is now
easy to proceed as in the case u = 2. Finally, the bound (45) in the case p = 0 is a
direct consequence of (40).

The arguments above can be (more easily) applied to the reaction term, yielding

[A7#2(9(0) = 900N (e < CUAT2(0 = )| 2 + 0 =Xl Lagey =Xl 2 )

for ;1 =0,1,2. This and (45) lead to (37). O
LEMMA 4. There exists a constant C, that depends on K(u) which is given in

(22), such that for t € [0,T] the following bounds hold for p=1,2:
(46) 1T ()l 20y < O

—n/2 r4+min(pu—1i, 0
(47) 14 2T (0)]] oy < CHTPETH0, =12,
(48) ||A_“/2Th(t)||L2(Q) < Oprmin(p=im, p=12,

where i = 0 when F is given by (3) and i = 1 when F is given by (4).
Proof. In view of the expression of T} in (25), the estimate (46) is a direct
consequence of the fact that P}, is bounded, Lemma 3 (for p = 0) and (17).
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Concerning (47)—(48), notice that, for y = 1,2, A;“/QP;L = Ai_“/ZRhA*I. In
case p = 1, observe that || A;/* Ry, - |2 = VR - lz2() = |AY?Ry - || 12()- By
writing Ry, = I + (R, — I), for both = 1,2, and for v € L*(Q), we have that

14,2 Pyl o) < ||A17H/2A71’UHL2(Q) 1 {|AT (T — Ry AN

() L2(Q)"
Since by (17), ||A*#/2(I — R,)A~ |2 = O(h*) for u = 1,2, then
- /2 —un/2
HAhM PhUHLZ(Q) = HA g “”L?(Q) +Cn” ||v||L2(Q)'
As a result we get
—n/2 —p/2 —pu/2

14220 sy < IAT2(E ) = F (@) gy + A2 =],

(49) + O (IF () = F() 2oy + 1n = )il 2gey)-

To prove (48), we observe that A=#/2P, = A=H/2(P, —I)+A~#/2. Hence, in view
of (18), HA*“/QT;LHLQ(Q) is bounded by the right-hand side of (49). Then, applying
Lemma 3 and (17)—(18), we obtain

(50) ||A}:M/2Th ||A*#/2Th“L2(Q) < C(hermin(H*i,ﬁ) + hrfz' ||’LL _ thLQ(Q))'

||L2(Q)’

To finish the proof we have to show that |[u —rp||Leo) = O(h*). For this purpose we
write

l[u—rnl L) = lu— Phu||L<1(Q) + [[Phu — 7”h||Lq(Q) :

Thanks to (13), we have that ||Pyu — 7| pa(q) < CRYY =YD || Pyu — 1| 12(q). But
d(1/g—1/2) = min(0, ' —d/2), and due to (14), d(1/g—1/2) = min(0, x—r). Hence,

(51) 1Py =l oy < CH™ O flu — | 2y < CH Jfull o g -

On the other hand, replacing v by v = u— I (u) in (20), where Iy (u) is the interpolant
of u, in view of (15) and (39), we have that

Ju— PhU”Lq(Q) < Ch* HUHWMQ(Q) < Ch* ”uHHT(Q) :
This, together with (51) implies that
(52) [u—=rallpa) < CK(u)h*. 0

Observe that the presence of time derivatives in (49) accounts for the presence of
ug in (22).
LEMMA 5. There exists a positive constant C = C(K (u)) such that
t p—
/ e V=) AnT () ds < Ch™ T |log(h)|".
0 L2(Q)

(53) o?%XT

Proof. Let us take p =1 if r = 3 and F is given by (3); otherwise we take p = 2.
By writing e ¥(t=9)A4n T, = AZ/Ze*”(t*S)Ah(A,:"/2Th), we have that

T 2
’ < / HAEe_V(t_S)Ah
L2(Q) 0

t -
/e_”(t_s)AhTh(s) ds AhTuTh(t)

0

ds | max
2 0<t<T L2(9)
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Let A, Ay be the smallest and largest eigenvalues of Ay, respectively. In the case
1 = 2 one can easily check that

A A=) f p(t — 5) <A\
|[Ape =] < (w(t—s)~t Ay <w(t—s) <AL
Ape A=) i p(t — 5) > AL

On the other hand, for the case u = 1, one has ||A}L/267”(t75)‘4"||2 < (v(t—s))~ 12
Taking into account that A,, is bounded from below by the coercivity constant of
a(-,-) = (AY2, AY?) and that Ay < ||Apll, < C/h2, it follows from the above that
for some constant 0 < C' = C(T),

max

¢
/ e V=) AnTy () ds
0<t<T

0

T —p/2
ey S VP [log(h)[" max [| A" T ()] L2 -
Thus, (53) follows from the above and Lemma 4. |

THEOREM 2. There exist positive constants C' = C(K (u)) and hqy given by (55)

below, such that for every h € (0, ho],
4 - 2oy < CRTTF L T
(54) s [u(0) = un (020 < CH ()
Proof. This theorem is a direct consequence of Lemma 2 with vj, replaced by
up, (and hence Ty, = 0) and Lemma 5. It remains only to check that v, (t) = up(¢)

satisfies the threshold condition (26) for ¢ € [0,7T]. This can be done by a standard
continuity argument as follows. Let us take

. 02 _
(55) ho = min ((25%)2 ,€ 2) ,

where S is the stability constant in (34), C is the error constant in (53), and ¢, is
the threshold constant in (26). Observe that hg < e~2 implies that h'/2|log(h)| <
2¢e~ ! < 1, for h < hy. Let us define

t1 =t1(h) =max{ s | wn(t) =un(t) satisfies (26) for ¢ € [0, s] }.

Since 74,(0) — up(0) = 0, by continuity we have that ¢t; > 0. We now show that
ti(h) > T for h < hg. Suppose that t1(h) < T for some h < hg. Since vy = up
satisfies (26) for ¢ € [0,¢1(h)], it follows that

Irn(tr) = un(t1)ll 12y < SCH™ [log(h)|" < SCH™'/2(h!/? [log(h)])
Cth < @hr
28C — 2
Then, there exists to > t; such that (26) holds for v, = uy, and t € [0,¢3]. But this
contradicts the definition of ¢;. Therefore, it must be t1(h) > T. O

< SCh™tY2 = 4" SCh'/? < h"SC

2.3. The postprocessing step. In this section we prove Theorem 1, but first we
analyze how @ (and hence ), which lives in the infinite-dimensional space D(A%/?) (re-
call (16)), can be approximated in some finite-element space with an O(h"+#|log(h)|")
€rror.

We consider a finite-element space Sp; this will be either

(1) Sp = Spr ., with (R')” < Ch™F|log(r)[,
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that is, piecewise polynomials of degree r over a finer grid; or, if u(T) € H™*F,
(2) Sp = Sh#’“-i—ﬁa

that is, piecewise polynomials of degree r + fz over the same grid.
Let u;, € Sy, be the solution of

(56) VAhth = —Ph (F(uh(T)) + (Z'U/h(T)) )

where P, is the L2 projection onto S, and Ay, is the linear, positive, self-adjoint
operator induced by the bilinear form a when restricted to Sy,. Observe then that @,
is the elliptic projection Ry of @ onto S),. Notice also that the right-hand side of
(7) is in H1(Q2) but not in H?(Q). Thus, at first sight, applying (17) we have that
@ —tn || L2y = O(R?). However, as we will show next, ||@— || 12(q) is indeed of the
order of O(h"#|log(h)|").

Since @y, is the elliptic projection of 4, it is a well-known fact that

IV (@ — an)llpagpe < IV(@ = Xn)llp2pe ¥Xn € She

Now, take x, = fh(u), the interpolant of u in Sy, and write @ — fh(u) =(a—u)+
(u — In(u)). Then Theorem 1 and the interpolation error (15) show that

IV (@ = @)l g2 (ya = O [log(h)]"),

which by (17) leads to ||& — @l L2(0) = O(h"TF|log(h)|") by using standard duality
arguments and (17).

LEMMA 6. There exists a positive constant C' that depends on K(u), such that
the following bounds hold for u=1,2:

HA?l(Th(T) - uh(T))tHL?(Q) < C(|lrn(T) — un (D)l 20y + R,
[A7200(T) = un (D)l 2oy < T I(T) = un(Dll gy +H777),

where i = 0 when F is given by (3); otherwise i = 1 when F is given by (4).
Proof. We drop the explicit dependence on the argument 7. We have that

(57) (Th — Uh)t = 7Z/Ah(7‘h — uh) -+ Ph(F(uh) — F(Th)) + T3,

Consider the third term on the right-hand side above. We have already established
bounds for A=#/2T}, in Lemma 4, for pn =1, 2.
For the first term on the right-hand side of (57) we write A=#/2A; = (A=#/2 —

A;”/QPh)Ah + A,ll_#/2. Then, due to the inverse estimate (13), it follows that
||AZ/2H2 < Ch™* for s = 1,2. This and (17) lead to

(58) |‘A_“/2Ah(uh — Th S Chu_2 ||uh — Th”L?(Q) y o= ]., 2.

)HL2(Q)

Finally, for the second term on the right-hand side of (57), by writing A—H/2 =
(A=m/2 — A}_L”/Q) + A;“/Q, from (17) and Lemma 1, it follows that

[ A2 Pu(F(un) = F ()| oy < C lun = rall p2gq) -

This together with (57), (58), and Lemma 4 finishes the proof. O
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Proof of Theorem 1. Subtracting (7) from (1) and applying ¥A~! we have that
- 1 1 _1 ( duy, du
B9) u(T)—a=v"" | A" (F(up(T)) — F(u(T))) + A E(T) - %(T) :
Since [|V-[| 12(q) = ||Al/2-||L2(Q)7 then by Lemma 3 and an argument similar to that
leading from (50) to (47), we obtain the following bounds:
(60) |lu—allz2q) < O||A71(uh - u)||L2(Q) + HAil(uh - u)t||L2(Q) + €2,
(61)  [lu—all g (q) < CHA_l/Q(uh - u)HLQ(Q) + HA_l/z(uh - u>tHL2(Q) + €1,
where for p = 1,2, €, = [|[u — up||Lo()llu — unl| gi(q), with ¢ as indicated in Lemma
3 and ¢ = 1 when F is given by (4); otherwise i = 0.
Let us first find an upper bound for €,. We write
(62) u—rp=(u—rp)+ (rn —up).
For r, — up, using the inverse estimate (13) and Theorem 2, we have that
a_d ripd_d 7
llrn — uhHLq(Q) <Cha™2 ||rp, — U}LHL2(Q) < CK(u)h HaKRE log(R)|" .

But d/q—d/2 = —d/p, which, in view of (38), allows us to write r+n—d/p > n+p—1,
where we have used that r > 3 in the case d/2 < p. This and (52) lead to

ot = gy < CK ()™ EH=1) log ()7
Using again (62), applying (17), (13), and Theorem 2, one can show that
flu— “h”Hi(Q) < CK(u)h"™",

where ¢ = 1 when F' is given by (4); otherwise ¢ = 0. Hence, it follows that

e < CK(uh™F llog(h)[", e < CK(u)h™ ' [log(h)|".

Let us now turn to the other terms in (60)—(61). Using (62) and taking into
account that A=#/2 is bounded, we have that

||A7“/2(u —up,
HA‘”/Q(u— up,

)HL2(Q) < |’A71“‘/2(U — Th)HLQ(Q) +C ||’I‘h — uh||L2(Q) ,

< (|42 = )il o + A2 = un

)tHL2(Q) )tHL2(Q)'

Then, (17)—(18) and Lemma 6, together with (54), yield the bound (8). 0

3. Numerical experiments. We consider the reaction-diffusion system

ot
auz

dur — 1 4y + udug + vAuy
5 = 3uy — ufug + vAug

known as the Brusselator (see, e.g., [27]), in Q x [0, T], where Q = [0, 1]? and T' = 10,

subject to the Neumann boundary condition

3’LL1 . 8u2 .
%—%—O on QQ
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Fic. 2. Component uz of the solution at T' = 10.

Although for simplicity we have developed the analysis for Dirichelet boundary con-
ditions, our analysis can be modified to cover the Neumann boundary conditions case
as well.

We set v = 0.002. We complement this system with the initial condition

ur(w,y,0) = 1 - 3(2y — )((2y — 1)* - 3),
ua(x,y,0) =3 — (22 — 1)((2z — 1)% — 3).

The corresponding solution becomes nearly periodic in time, and develops moderately
large gradients. Figure 1 shows the evolution of [[u[[ ;2. up to time T' = 20, and a
periodic behavior can be observed. In Figure 2, the component us of the solution, at
time T = 10, is portrayed; the gradient takes values above 50 in some points of the
domain.

In our calculations we take the so-called regular pattern triangulations of 2, which
are induced by the set of nodes (j/N,k/N), 0 < j,k < N, where N = |Q| /h is an
integer. For the Galerkin method (5) we used Lagrange quadratic elements on these
triangulations (i.e., » = 3) and for the postprocessing step, since the solution u =
(u1,u2)T is smooth, we choose Lagrange cubic elements on the same triangulations.

Since the Laplacian is noninvertible when subject to Neumann boundary condi-
tions, for the postprocessing step we solve

P - ~ d
(63) VAh'LLLh + 4ul,h =1+ Ph(uihulh) — aul,h,
o o . d
(64) vAptgp + Ph (u%,thh) =3uy,, — prACLE

solving first (63) (notice that vAj+4I; is invertible) and then (64).
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For the time integration, a variable-formula, variable-coefficient implementation
of the backward differentiation formulae (BDF) was used with orders up to six (see,
e.g., [26]). This method is widely used in the numerical integration of stiff ordinary
differential equations (ODEs), like those arising from the spatial discretizations of
dissipative PDEs. This BDF code was previously used in [16],[19], [20]. In [19], this
code is shown to be more efficient than other widely used integrators in dissipative
PDEs (including semi-implicit methods). Without an efficient time integrator, as
shown in [19], [20], it may take an unaffordable amount of computing time to reach
the levels of accuracy described below.

For each h used in the triangulations of 2, every experiment was carried out with
different values of the tolerance TOL (an input value to the time integrator) below
which local time discretization errors are desired. The smallest error obtained was
selected for the plots. There was always a point, depending on h, at which further
reducing the tolerance did not reduce the errors any more. This means that the
error arising from time discretization is much smaller than the error arising from the
finite-element spatial discretization. When this happens, one can be sure that the
errors observed are due only to the spatial discretization and do not depend on the
time integrator used. In view of [19] we were particularly careful to ensure that the
dominant error in all the computations presented here was the spatial discretization
error in order to avoid wrong conclusions from our numerical experiments. Also, for
the computational cost in Figures 4-6 below, the largest tolerance among those with
which the spatial discretization error was dominant was used. We refer to this value
of the tolerance as the optimal tolerance. A smaller tolerance would result in a larger
cost but no smaller error. A larger one, on the other hand, would imply a larger error,
but then the same error could be obtained at less cost with the same tolerance and
larger h.

In Figure 3 we present a convergence diagram showing the errors committed by the
methods when used with h = |Q| /N, N = 12,24, 48. By errors we mean the difference
between the approximations (u1 p,u2,,) or (41,4, U2,,) and the exact solution (at the
end of the section we explain how it was obtained). In this and in the rest of the plots,
the computational results of the classical quadratic elements are joined by continuous
lines, and those of the postprocessed method by discontinuous (dashed) lines. With
this, we get an idea of what the result would have been for intermediate values of h.
It can be seen that as h is decreased from left to right, the errors in both methods
decrease from top to bottom, but they decrease faster in the postprocessed method.
Measures of the slopes of the plots confirm the rates predicted by the theory (i.e., the
errors in the plot decrease like N®1°P® = const.h~51°P¢),

The improved convergence rate of the postprocessed method observed in Figure
3 also implies improved efficiency. This can be checked in Figure 4, where the same
errors as in Figure 3 are plotted against the smallest amount of CPU time that
the methods needed to achieve them, that is, the cost of integrating the method
with the optimal tolerance (notice that, for a given h, the optimal tolerance of the
postprocessed quadratics is, in general, smaller than that of the quadratics). The
reason for this improvement is that the error of the Galerkin method is reduced when
the postprocessing is done, but this is done at very little cost (less than 10% of
the whole computation, including the extra cost of integrating in time with smaller
tolerances). In fact, the cost of the postprocessing step is equivalent to the cost of
roughly 10 time steps, and the number of time steps in the results shown in Figure 4
varies between 109 and 344.



Downloaded 04/17/17 to 150.214.182.208. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

488 BOSCO GARCIA-ARCHILLA AND EDRISS S. TITI

Brusselator with nu=0.002: T=10
10

N=12
10° | B
» slope=3.0563
s
@
2
g
[
o N
slope=3.8084 N=48
10 | B
Quadratics
N
N
N
N
\\ Postprocessed
*+ Quadratics
10° & ,
10 10
N=[QJ/h
Fic. 3. Convergence diagram.
Brusselator with nu=0.002: T=10
2
10 T
N=12
10° | B
14
e
5]
2
k<
o
~
4
10° F E
Postprocessed Quadratics
105 1 ‘2 3
10 10 10
CPU time

Fic. 4. Efficiency diagram.

The postprocessed quadratic elements are not only more efficient than the classical
quadratics but also more efficient than the classical cubic elements, which have the
same convergence rate as the postprocessed quadratics. In Figure 5 we have plotted,
besides the results of Figure 4, those of the classical cubic elements, that is, the
standard Galerkin method (5)—(6) but with » = 4. These are represented by asterisks
joined by dotted lines. Notice how the discontinuous line (postprocessed method) is
always on the left (less CPU time) of the dotted line of the cubics. In this example,



Downloaded 04/17/17 to 150.214.182.208. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

POSTPROCESSING FINITE-ELEMENT METHODS

Brusselator with nu=0.002: T=10

T
N=6
107 | % |
10° | E
4
e
3]
2
8
<
NJ
4
10 Quadratics
Postprocessed N \ .
Quadratics N
Sy
Cubics
. N=48
10" | 4
N=48  x
Il Il
10 10? 10° N=48
CPU time
Fic. 5. Efficiency diagram.
Brusselator with nu=0.002: T=10
1
10 T T
*.. N=6
LN
N
—10 N .
N=12 ° ... Cubics
~ .
~ .
~ . N=12
~
~ -
10° SR ]
Postprocessed SO
[ Quadratics ~ -
e e
5] RN
2 N=24 N
8 e
2] N L N=24
8 N
- N *
N
103 L \\ i
N =
N .
N
N
3
N=48
10* | | | N=48 "y
10 107 10°
CPU time

Fi1G. 6. Efficiency diagram in L.

489

the postprocessed quadratics save between 15% and 17% of the cost of the cubics.
More significant is the gain in the maximum norm in Figure 6, where the postprocessed
quadratics require between 21% and 25% less computing time than the classical cubics.

A significant detail can be observed in Figures 5 and 6: The postprocessed method
is more efficient than classical methods for quite large errors (already above 1073).
This is in contrast to our previous experience with spectral methods, where, typically,
postprocessing brings a substantial improvement only for quite small errors (below

10°) [16], [21].
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FIG. 7. Evolution of PCG iterations for h = 1/2/48 and TOL = 0.001: — - — MAXIPCG = 8, —
MAXIPCG = 11, —— MAXIPCG = 18818.

We end this section by commenting on the more relevant details of the methods
used. Recall that the time integration is done with the BDF. Since these are fully
implicit methods, then, at every time step, a system of nonlinear equations of the
form

(65) avy, + ((St)(VAh’Uh + PhF(’Uh)) =0,

has to be solved, where 6t is the time steplength. This was done by Newton iteration.
The exact Jacobian matrices were replaced by the Jacobian matrix of the linear terms,
that is,

(66) oMy, + ((St)l/S}“

where M), and S}, are the mass and stiffness matrices (see, e.g., [45]).

The corresponding linear systems were solved by the preconditioned conjugate
gradient method (PCG) with incomplete Cholesky (ICH) factorization of (66) as
preconditioner (see, e.g., [23]). Both PCG and ICH algorithms were taken from
the SLAP library. A single ICH factorization of (66) proved to be extremely costly
(between 5% to 10% of the whole computation from ¢ = 0 to T = 10). Thus,
it was computed at the first step and reused in later steps until the PCG did not
converge, when it was recalculated again. By convergence in the PCG method we
mean achieving a relative error below a prescribed value TOLPCG in less than a fixed
number of iterations MAXIPCG.

In our present case, we chose TOLPCG = 103 for the linear systems in the Newton
iteration of (65), and 10~ for those in the postprocessing (63)—(64). To set the value
of MAXIPCG, we performed a practical study for various values of h and settle it to
MAXIPCG = 11, which usually forced the computation of two ICH decompositions. In
Figure 7, the number of PCG iterations (the maximum for the two or three linear
systems solved per step) for different values of MAXIPCG are shown, together with the
CPU times of the corresponding runs. It can be seen how if MAXIPCG is generous
(dashed line) the code computes only one ICH factorization at t = 0 but in the end
performs a crippling number of iterations. If MAXIPCG is too tight (dash-dotted line)
the second ICH decomposition is computed too soon, at t = 1.6662; the number of
PCG iterations is drastically reduced from then onward, but the overall number of
iterations (and hence the cost) is larger than for MAXIPCG = 11 (continuous line).
Notice how in this last case, the number of iterations is drastically reduced at t =
2.5005 when the second ICH factorization is computed, and remains the lowest from
then onward.
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For the linear systems in the postprocessing step (63)—(64), it proved far more
effective to use the diagonal of the corresponding matrices as a preconditioner. A far
greater number of PCG iterations were taken (in the example of Figure 7, 70 for 4y
and 308 for g j for systems of 21025 unknowns), but it compensated for the cost of
a new ICH factorization (notice that the matrices in the postprocessing step are of
larger dimension than those in (66)).

The initial guess for Newton’s method in (65) was computed by standard tech-
niques of extrapolation in the BDF code (see, e.g., [26]), and for the PCG method
in the corresponding linear systems the initial iterates were set to 0 (notice that the
solutions of this systems are the increments of Newton iterations that are supposed
to be small). For the linear system in the postprocessing step (63)—(64), the initial
guess was the Galerkin approximation uj expressed in the nodal basis of the cubic
elements.

It may be asked if other linear algebra techniques would have changed the results
shown here. This would be especially the case if a faster (if existing) linear algebra
would have favored the cubic elements but not the quadratics (and hence, neither
the postprocessed method), although it is difficult to devise why it should be so.
Obviously, it is out of the scope of this paper to test all possible linear system solvers,
especially when there does not seem to be a clear-cut criterion for when to apply
the many existing techniques competing for attention. The PCG used here seems to
us a very reasonable choice, especially if we take into account the very low number
of iterations that it took to solve the systems in our examples (recall Figure 7).
Furthermore, a significant improvement could have been made to the postprocessing
step with multilevel techniques (see, e.g., [4]), which would have favored yet further
the postprocessed Galerkin method. We tested direct (sparse) solvers, but they were
remarkably more costly than the PCG. We also checked that explicit time integrators
were much less efficient than the BDF (i.e., the system of ODEs (5) is genuinely stiff).

In all the results shown here, the initial condition (6) was replaced by the inter-
polant Ij,(ug), which is much cheaper to compute than the elliptic projection in (6).
We also performed the experiments with (6), and observed that the differences with
those shown here were insignificant.

The theoretical (“exact”) solution u was computed with cubic elements and
h = \/2/96, using values of the tolerance ranging from 1079 to 1072, so that the
computed solution taken as exact is reasonably more accurate than those shown in
the experiments.

All experiments were carried out on a SUN Ultra-1, Mod. 140 workstation with
64 MB RAM, under Solaris 2.5.1. All programs were written in FORTRAN, used
double precision arithmetic, and were compiled with the SparcWorks 4.0 compiler
with the -fast option.

4. L°°analysis.

4.1. Preliminaries and main result. In comparison to section 2, we further
restrict ourselves here in the following sense.
1. The results here apply only to reaction-diffusion equations with nonlinear
terms as in (3).
2. We consider only problems in R?, with d = 2, 3.
(As with the L? analysis, the case d = 1 is particular and easier to study).
The error estimates in this section depend on

(67) Koo(u,t) = [[ul, Dllywree ) + 1w Dllwre )y Koo(u) = max Koo(u,t).
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Under these conditions, the error bounds of the postprocessed Galerkin method
are stated in the following theorem whose proof is given in section 4.3.

THEOREM 3. There exist constants C = C(Koo(u)) > 0 and hg > 0 such that for
every h € (0, hg] the solution @ of (7) satisfies the following bound:

68 U= ||y iy < CHTT2=42 log(R)|*~ Y% ifr =3,
(68) [ [ g
69 U — 1|7 ooy < CR7T2 [log(h)|? ifr > 4.

Lo (Q)

We now state the equivalent to (17)—(18) in the L* norm. Instead of (17) we
have

(70) flu— Th”Loc(Q) +hlu— 7”h||v[/1,oo(ﬂrmh) < CH Hu||Wl~OO(Q) ) I<i<r.

This estimate follows from Theorem 5.1 in [39], (15), and (13). We are unaware of an
estimate like (18) in L, although similar results in LP can be found in the literature.
Thus, we prove the following result.

LEMMA 7. Assume that d > 2,7 > 3, and §(h) = O(h™("+2:2(=1)) " Then there
exists a constant C > 0 such that for v € Wn(Q) the following bound holds:

(M) A7 0= Rat)| ey < C 0l gy A02207D) o)
Proof. Following [39], we take x5 = I (A~!(I — Rj;,)v) the interpolant of A=!(I —
Rp)v. Then
[ATHI = Ri)o|l oo gy < [ATHT = Bi)v = x| oo () + 0 Lo -

Let us take p with 2 < p < oco. For the first term on the right-hand side above we
have that (cf. [6, Thm. 3.1.6])

A~ (I = Rp)v < CR*™P|| A7 (I = Rp)v

XhHLoo(Q) HWZm(Q)‘

Let us recall the following inequality (see, e.g., [39] and [49]) which, for linear elliptic
equations, illustrates the rate at which the Agmon-Douglis—Nirenberg regularity and
well-posedness estimate [2] deteriorates as p — oo. Namely, there exists a constant
C > 0, which is independent of p, such that

(72) ||A71w||W2,p(Q) < Cp Hw“LP(Q) ) 2< p < oo.
Thus, it follows that
|A™H(I — Rp)v < Cph*~ /7 ||(I - Rp)ollpo(a)

< Cphrt2=d/r [vllwre () -

XhHL‘X’(Q)

Using (13) we have that ||xs|r=@) < Ch~%?|xp| 1r(q), and thus

(73)  lIxnll g ) < Chid/p(HXh — AT - Rh)”HLP(Q) +[[ATH(I = Rn) HLP(Q))'

In view of the interpolation error bound (15), (70) and (72) we obtain the following
estimate for the first term on the right-hand side of (73):
Ch=?||xp — A™(I = Rn)v < Ophr+2-d/»

||L:D(Q) ||v||Wm7(Q) :

Also, it is well known (see, e.g., [40, Example 3.2]) that

(74) Ch™ d/PHA I Rh < Cphmin(r+2,2(r71))fd/p|

||LP(Q) = |v||WTaP(Q) 5

with C' independent of p and h. Taking p = |log(h)|, (71) follows easily. O
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4.2. L°°analysis of the Galerkin method. The following resolvent estimate,
which is due to Palencia [38], will be needed later for our L™ error estimates.

LEMMA 8. Fiz o € (0,7m/2) and ho € (0,e7]. Let B(h) denote B(h) = ||(Py —
Rip)A7 Y (= O(R?|log(h)|)). Then there exist positive constants Coo and o < 1)
such that the bounds

- Coole| " if |2 < oB(h)™
I—A)7Y < _ '
H(Z n) ||oo— {Cooh_d/2|z| 1 if |Z|ZO

hold for z € C with m > |arg(z)| > « and for 0 < h < hy.
Taking for example a = (d + 3)/(20 cos(«)), it easily follows that there exists a
constant Cy > 0 such that for A sufficiently small

(75) He_tAhXhHLoo(Qh) <Co ||X}L||Lw(gh) ’ Xn € Sp, t =710 = aﬁ(h) |10g(h)| :
We will also use the following bound from Nitsche and Wheeler [36],
(76) ||e*tA"XhHLoo(Qh) < Crlixnllpo(ay) - Xn € Sh, 20, r>4.

The lack of a bound like (76) V¢ > 0, if r = 3, is the reason that the convergence rate
depends also on the dimension d. This will be seen in Lemma 11 below.

LEMMA 9. Fiz ¢y, > 0 and T > 0. Then there exists a constant S > 0 such that
for vy : [0,T] — Sh,r satisfying vy(0) = ry(0) and the threshold condition

(77) 7 (8) = o (8) | o sy < ot

fort €[0,t1] where t; < T, the following bound holds for h sufficiently small:

)

t
/ ~VU=DAN(Fy (5) — Ty(s)) ds.
L= (Qn)

0

— <
Jpax lvn(t) = rn (Ol ) < S omax

(78)
where T is as in (35).

Proof. We notice that the threshold condition (77) and the fact that Ry, is bounded
ensures that both [[va||ze () and ||ry| (o) are bounded by some constant C' =
C(ctn, maxo<i<r ||u(t)|| L= (q)). Since F' is smooth, it follows that

(79) 1 (n) = E(ru)ll oo,y < Cllon =7l Loy -

Now take norms in (36). For r > 4, thanks to (76), the fact that P, is bounded in
L (recall (20)) and (79) above, standard arguments with the Gronwall lemma lead
to (78).

For r = 3, similar arguments (with a generalized Gronwall lemma as in Lemma
2) will also lead to (78) as long as we prove

’ - C/t [on(s) = rn($)ll L () s,
(80)

=
for some C' > 0 and v < 1. To do this, we consider the value r¢ in (75) and let us call
t = max(0,¢ — ro/v), so that for s € [0,7], v(¢t — s) > r¢. Then, thanks to (75), (79),
and the fact that Pj, is bounded, we have that

/O V=4 Py (F(vy) — F(ra)) ds

t
[ e V=) P (F(vy,) — F(ry)) ds
7 7

t
< Cﬁ o (8) = Th($)ll oo () d5-
L"O(Qh)
(81)
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On the other hand, take p = d and k = d/2 — 1 so that 1/p = 1/2 — k/d. Then, for
s € [t,t] and wy, € Sy, -, thanks to the inverse estimate (13) and Sobolev’s lemma, we
have that

Hew(t D An g, H QH (=5 Ay, ’ H —u(t=5)Any ‘
L=y~ h meh) h H*=(Q)

< g H —v(t— s)Ahw ‘ HAI/Qe—u(t—s)Ahw "
~h 2@ 11" L2(9)

C
5 lonlaga) -

h(v(t— s))

Now observe that for s € [f,], since v(t — s) < ro < Ch®?, it follows that h~' <
C(v(t — s)~%/3). Thus, taking into account that

(82)

IN

ELo2_(d 1 J2_d 1 3 1 11
2737 \1 3- 47646 12 5%
we have that
c C|Q |12

Heiu(t S)Ah’whH < 1T ||wh||L2(Qh) < i ||wh||L°°(Qh)

Lee (@) (v(t—s))™ (v(t—s))™

This (replacing wp, by Pr(F (vy)—F(ry))) together with (79) and (81) leads to (80)with
y=11/12. O

Having established stability in the previous lemma, we now face the task of esti-
mating the right-hand side of (78) when vj, = uy,. Recall that in the L? case, this was
straightforward thanks to the very favorable L?-bounds of Ane #(!=%)4r hich can
be obtained by means of the spectrum of Ay. In the present case, i.e., the L*° case,
the lack of such bounds for e #(t=5)4n (let alone Aje #(¢=*)4r) makes the task much
harder. Since the difficulty lies when ¢ — s is small (recall for example the restriction
n (75)), we will decompose the integrals in (78) into two parts corresponding to ¢t — s
large (Lemma 10 below) and small (Lemma 11 below).

LEMMA 10. Fiz o € (0,7/2), let o and B(h) be as in Lemma 8, and set 71 =
dB(h)|log(h)|/(2vo cos(a)). Then there exists a constant C > 0 such that for t > 1
the following bound holds for h sufficiently small:

b= C t
v(t=9)ArTy (5)d < —|log | —
/0 e n(s)ds < og A

Proof. By writing e*(*=9)4nT},(s) = Ape?(=*)4n AT}, (s), we only need to bound
Ape’t=9)4n  Let T be the boundary of the sector {z | |arg(z)| < a}, endowed with
the positive orientation. Then

) |

L2o(Qn) USEHS%)EHHA Th ||L°O(Qh)

1
Ape v t=9)An — —,/ze_”(t_s)z(zl— Ap) "tz
211 r

We take p; = o3(h)~!, and divide T in the two parts I' N {|z] < p1} and the two
half-lines T' N {|z| > p1}. Taking into account the resolvent estimate in Lemma 8, we
can write

Coo

X7 > efl/(tfs) cos(a)p dp,

HAhe v(t—s AhH < 20 / v(t— s)cos(a)pdp+2
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so that

20 e—y(t—s) cos(a)py
Ape =04 < =~ .
l4ne I < v(t — s)cos(a) + hd/2

We now notice that for s < t—7y, we have that t—s > 71, and then —v(t—s) cos(a)p; <
—vT cos(a)py = —dlog(h)/2 = d|log(h)|/2. Thus,

4C
<

84 Ape V=) A —
(84) H he > = y(t — s) cos(a)

By integrating the right-hand side above with respect to s on the interval [0,¢ — 7],
(83) follows easily. |

LEMMA 11. Let a, o, B(h), and 7, be as in Lemma 10. Then, there exists a
constant C' > 0 such that for t > 11 the following bound holds: for r = 3,

and forr > 4,

Proof. The case r > 4 is a consequence of (76) and the fact that

¢
/ e"(T=)ANTy (5) ds
¢

—T1

< 3—d/232—d/2
iy S C 1B max ITh(5) e

t
/ e”(t_s)AhTh(s) ds
t—T71

< 212
< C'log(h)*h , max ITh () Lo () -
LOQ(Q;,) -

(85) 1 =< Ch?log(h)%.

For r = 3, let us take p = d and k = d/2 — 1, and recall (82). Then

which, since 1 — k/2 = 3/2 — d/4 and in view of (85), finishes the proof. 0

LEMMA 12. Let v € W2(Q) and fix ¢ > 0. Then there exists a constant C' that
depends on ||v|lw2.=(q) and ¢, such that Vx € L*(Q) satisfying ||v — X[~ @q) < ¢
the following bound holds:

1-k/2
<9 m)
- pr/2p, hilLee ()

¢
/ e?(t=)ATy (5) ds
t—Tl

LDO(Qh)

(86) HA_I(F(U) - F(X))HLO@(Q) < C (HA_I(U - X)HLOO(Q) + HU - XH%OO(Q)) :

Proof. Since F' is smooth, F" is bounded in {z | |z| < |[v]|p~(q) + c}. Then,
using the mean-value theorem, it follows that

1P~ FOO ey < 1P @0 — ey + Cllo — Xy
Since ||A™!|o < +o0, we need only to bound the [[A™1F'(v)(v — x)|| 1 (q). Let us
denote e = v—y and £ = A~ te. Since A(F'(v)€) = EAF'(v)+2VF(v)-VE + F'(v)e,

we have that

AT F (v)e = F'(v)E — ATHEAF (v)) — 24" Y(VEF'(v) - VE).
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It is clear that the first two terms on the right-hand side above are bounded by the
right-hand side of (86), so we need only to bound the third term. Take p = d + 1;
then

[A7VF @) V)| g < CIIVATH(TF () VE) 1y

We estimate the right-hand side above by duality. Take ¢ € C5°(2)?. Then

[(VATH(VF'(v) - VE),¢)| = (A~ VE), div(¢))]
=[(VF A”ldiv(9))]
= |(5 le 1d1v(¢)VF( )|
< €l Loy |div(AT V(G VE (0)]| 1o g

<C ||€||L°°(Q) HU”W?-,oo(Q) ||A71div(¢)||wl,q(g)

<C ||5||Loo(Q) Hv||W2=°O(Q) ||diV(¢)||W—1,q(Q)
S ClEll g Wlw2 @) 19l Loy B

LEMMA 13. There exists a constant C' that depends on Koo (u), which is given in

(67), such that for t € [0,T] the following bounds hold:

(87) ITn () oo @,y < O,

(88) | A7 T (t) HLW(Q < Ch ¥ [log(h)],
(89) AT T L,y < CH™ [log(R)],

where =2 if r > 4 and @ = 1 otherwise.

Proof. The bound (87) is a direct consequence of the mean-value theorem, (70)
and the fact that ||Py[|« is finite. To prove (88) we notice that A, 'P, = R, AL
Since ||Rpl|co is finite (recall (21)) we have that

—1 -1 —1
143 0| gy < C (1A F ) = F@)]| ey + 147 00 = )il ] o )
Then (88) follows from Lemma 12 and (71). Finally, for (89), we erte A7l = (A1
A_lph) + A;; ' Py. Since from (70) and (74) we have that ||A~! — 1PhH =
A7H| = O(h? [log(h)|), then (89) follows from (87) and (88). O

THEOREM 4 There exist a constant C' that depends on K (u), which is given
n (67), and a constant hg > 0 such that for 0 < h < hg the following bound holds:

(90) a7 (8) = ()] oy < CR7 log()"
where it = 2 when r > 4 (otherwise it = 2 —d/2) and ¥ = 2 when r > 4 (otherwise
P=3-—d/2).

Proof. The proof is a direct consequence of Lemmas 9, 10, 11, and 13. One has
only to check that the threshold condition (77) holds, but this, as in Theorem 2, is
easily proven by standard continuity arguments. 0

4.3. Analysis of the postprocessing step in L°°. In this section, as in sec-
tion 2.3, we first prove Theorem 3. Then we provide an approximation 4y, in an
appropriate finite-element space, to @ such that ||[@ — @ || L~ (q) is of the same order
as ||t — ul| L= (q)-
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Proof of Theorem 3. One has only to follow the reasoning of section 2.3, replacing
L?(Q) by L>=(£2), and concentrating on the case u = 2. Taking the L norms in (59)
and applying Lemma 12 we obtain that

||u - aHLw(Q) SC(HA_l(u - uh)HLOO(Q) + ||u - uh”ifﬂ(ﬂ) )+HA_1(U - uh)tHLoo(Q)-

We write u — up, = (u —73) + (rp, — up). Then, in view of (70) and the estimation of
l7 — un|| £ (q) in Theorem 4 we have that

lu = all e () < Cl[AT = 70) || oo ) + AT (@ = 70| e g
RV Chr+2=r/d log()[* =%, r =3,
+][A™ “h)t”me) + {ciﬁ? log(h)|?, r >4

Lemma 7 shows that the first two terms on the right-hand side above are bounded
by the right-hand sides of (68)—(69). In order to estimate ||A™ (1, — up)¢|| Lo (), We
follow the proof in Lemma 6. Thus we return to (57). We have already estimated
A= T || L (o) in Lemma 13. The term A~ Ap, (up —ry,) is treated as in Lemma 6, but
now notice that ||(A™' — A, ') Pylec = O(h?|log(h)]), which accounts for the extra
|log(h)| term in (68)—(69) with respect to the bound (90) of u — r; in Theorem 4.
The second term on the right-hand side of (57) can be bounded as follows. Notice
that ||A71Py|lc < +00, so that in view of (79) and Theorem 4.2, we have that

AT Po(F (un) = F(ru))|| oo ) < CI1F (un) = F(rn)l ()
< Cllun = | oy < CR™ T log(h)[". O

Let us now consider the solution u, = Ry of (56), where the finite-element
space S, is as in section 2.3, but adequately modified to account for the difference in
convergence rates in L? and L>. Since Ry, is bounded in L> we have that Yy, € S

la — ﬁhHLoo(Q) = H(I - Rh)aHLOO(Q) = H(I - Rh)(ﬁ o >~<h)HL""(Q)
< Clla—=Xnllpoo (o) -

As in section 2.3, replacing x; by the interpolant I (u) of u in Sy, and writing @ —
In(u) = (@ —u) + (u — Ip(w)), then with Theorem 3 and the interpolation error (15)
we conclude that [|@ — @p|[ () is of the same order as |G — ul| . (q)-
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