MATHEMATICS OF COMPUTATION, VOLUME 32, NUMBER 142
APRIL 1978, PAGES 345-362

A Quasi-Projection Analysis of Galerkin Methods
for Parabolic and Hyperbolic Equations

By Jim Douglas, Jr., Todd Dupont and Mary F. Wheeler*

Abstract. Superconvergence phenomena are demonstrated for Galerkin approxima-
tions of solutions of second order parabolic and hyperbolic problems in a single
space variable. An asymptotic expansion of the Galerkin solution is used to derive
these results and, in addition, to show optimal order error estimates in Sobolev

spaces of negative index in multiple dimensions.

1. Introduction. We shall be concerned primarily with the analysis of supercon-
vergence phenomena associated with the numerical solution of second order, linear
parabolic and hyperbolic equations by Galerkin methods based on piecewise-polyno-
mial spaces. Our principal tool will be an asymptotic expansion to high order of the
Galerkin solution; this expansion will be obtained by using a sequence of elliptic pro-
jections and will be called a quasi-projection.

In Sections 4 and 5 we develop the quasi-projection for parabolic Galerkin
procedures for problems in one or several space variables for both Neumann and
Dirichlet boundary conditions and derive optimal order negative norm estimates for
the error in the Galerkin solution. In Section 6 we apply the quasi-projection to de-
rive superconvergence results in the case of a single space variable when the Galerkin
space consists of piecewise-polynomial functions of degree . It is well known [4],
[6], [7], [9], [10] that, if & is the knot spacing parameter associated with the not
necessarily uniform grid, the Galerkin solution for standard parabolic problems con-
verges with an error that is at best globally of order O(h"* '), as measured in L? or
L”. Consider a knot at which the smoothness constraint of the Galerkin space re-
duces to continuity. We show that the Galerkin solution produces an O(h?")-ap-
proximation at such a knot. Also, we show that a very simply evaluated weighted
quadrature of the Galerkin solution gives an O(h?")-approximation of the flux at the
knot; the direct evaluation of the derivative of the Galerkin solution leads to an
O(h")-approximation.

We summarize briefly in Section 7 results presented in detail elsewhere [3]
showing that the superconvergence results above are preserved and that supercon-
vergence occurs in the time increment when the Galerkin procedure is discretized
in time by a collocation method.

In Section 8 we treat continuous-time Galerkin methods for hyperbolic prob-
lems and obtain analogous results.

Throughout this paper we rely heavily on some earlier results of two of the
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authors on two-point boundary problems [1] and on collocation methods for para-
bolic equations [2]. The quasi-projection is conceptually similar to thé quasi-inter-
polant in [2] that played a central role in the derivation of superconvergence results
in that treatment. The flux procedures evolve from earlier work by the other author
[11] and her husband [8]. The applications of the quasi-projection have been limited
to standard Galerkin methods in this paper; see [S], [12] for applications to #! and
H™! Galerkin methods.

2. Some Notations and Preliminaries. Let £ be a bounded domain in R” with
a smooth boundary 9Q2;if n = 1, let Q = I be an interval. For nonnegative integers
s the real Sobolev space H*(S2) is the set of all real functions in L2 () whose distri-
butional derivatives of order not greater than s are also in L2(£2); H5(Q2) is normed by

Iwl2 = 3 Ip*wl?,

lal<s
where & = (a;, @y, . . ., @), @; a nonnegative integer, lal = a; +- -+ a_, D*w
= alalw/ax‘{‘l s+ 0xon, and
2 _ .02 _ 2
1212 = 1212, ) = [ 2 dx.

Denote the inner products on the (real) spaces L2(2) and L2 (02) by
(0. ¥) = fgovax and 0=, wvdo,

respectively. We shall also use the norm on the dual space H*(2) = (H5(Q))'; let
lpll_y = sup{(p, ¥)/IYI: ¥ € H(Q), Iyl #0}.

Note that the duality is with H°(2) and not with H§(€2). Finally, if X is a normed
space with norm Il and if ¢: [0, T] — X, we adopt the notations

T
o125 ey = N0125 g iy = J MO dt

and

IIcpIILm(X) = "‘p"L""(o,T;X) = ess sup ()l .
0<t<T

The time interval [0, T'] will be denoted by J.
Let a(x), b(x), 1 <i<n, and c(x) be C*(2) functions, and assume that

2.1 0<gy<alx)<a, x€EQ.

Let b(x) be the vector with components b,(x), and define the differential operator
L on Q by

2.2) Lw=-7 - (ax)Vw) + b(x) - Yw + c()w.

The formal adjoint L* of L is given by
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L¥p =—V - (aVyp) — V * (bp) + cyp.
Let B be the bilinear form associated with L:
B(p, ¥) = (aVy, V¥) + (b - Vo + ¢y, V).

Assume that B is coercive over H'(£2); i.e., assume that there exists a positive con-
stant b, such that

(2.3) B(p, v) = byllol}, o€ H ().

The assumption (2.3) is always obtainable by a trivial change of dependent variables
in the nondegenerate parabolic case.

Galerkin methods require finite-dimensional subspaces of H'(£2) having good
approximation properties. Let 0 </ <1 and associate a space M, with 4 such that
M, is a finite-dimensional subspace of H 1(€2) and such that there exists a constant
C, independent of %, for which

24) inf {llp—xll +hlp—xl,}<Crlel,
XEMpy

for any ¢ € H5(2), 1 <s <r + 1, where r is an integer greater than one. Set
M?, ={x€M,: x=0o0n0Q},

and assume the approximation property that (2.4) holds for any ¢ € H*(2) such that
¢ = 0 on 052. Note that it is usually difficult to construct Mg such that (2.4) is
valid for piecewise-polynomial spaces. We make this limiting assumption in this paper
only because our applications are to problems with = 1.

3. The Parabolic Problem and its Galerkin Method. We shall consider parabolic
boundary problems with either Dirichlet or Neumann boundary conditions. Let p €
C™ (), where 0 < py < p(x) < p,; on 2, and let w satisfy

p%—‘:+Lw=f, (x, ) EQ x J,
(3.1) w(0) = w*, x€Q,
a%—‘:—+(l—a)w=g, (x, ) €02 x J,

where v denotes the exterior normal to 952, and « assumes the constant value zero
or one for all (x, 1) € 92 x J. If a« = 0, assume g = 0; i.e., we restrict ourselves to
homogeneous Dirichlet data. Let

MS, a=0,

M,, a=1.

3.2) M=

Then an integration by parts shows that

(3.3) (pdw/ot, v) + B(w, v) = (f, v) + alg, v), VEM

A continuous-time Galerkin approximation to the solution of (3.1) can be defined
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by requiring that w,: J — M satisfy
(34) (pdw,/dt,v) + Blw,,v) = (f,v) +{g v), vEM O0<t<T,

in addition, it is necessary to specify the initial condition w,(0). The initial condition
will be given later (see (4.11)), since we have in mind a modification of the usual ini-
tial values in order to achieve superconvergence.

4. The Parabolic Quasi-Projection. The usual analysis [9] of the error in the
Galerkin approximation for parabolic problems is founded upon comparing the func-
tion w, to the elliptic projection of the solution w of (2.1). Let Wh: J — M be
given by

“.1) B(w, -w,v)=0, vEM, (EJ.

If the initial condition for w,, is chosen properly, it can be seen [6], [10] that Wh -
w,, is one power of 4 smaller than either Wh —w or w, — win both L™(L*()) and
L=H! (2)). This motivates the further use of elliptic projection to produce an ap-
proximation of w, to some higher order; it will be shown that an approximation of
w, to order O(h*") can be obtained in the form of a finite expansion with the terms
decreasing geometrically in size with ratio o(h?).

Let zy = w, — W, wy, = w,,, and 05 = w, — w,,. Then it is easy to see from
(3.3),(3.4), and (4.1) that

4.2) (0004/02, v) + BB, v) = (pdz,/01, V), VEM.

Define maps zpJ —M recursively by

4.3) B(zj, v) = —(poz;_,/dt,v), VEM tEJ j=1,2,....
Set

(4.4) wi=w,,+zl+~-+z,., i=1,

and

4.5) 0;=w,—w,, j>1

A simple induction argument using (4.2) and (4.3) shows that
4.6) (paol./at, v) +B(;,v) = (pbzi/at, v, VEMtEJ

The immediate objective is to show that the terms z; decrease for J ranging
:0 approximately /2. The argument will involve duality and estimates in Sobolev
ipaces of negative index in a serious way.

LEMMA 4.1. Let 1 <q <r + 1 and assume that ¥ *w/ar** € HI(Q) for
*€J. Then, for—1<sand v = min(s + 2j,r — 1),
j+k

4.7 w

WY, el
q
Proof. Note first that the coefficients of L are independent of ¢; hence

p
o ) —s\
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k k+1
48) B( N[ ) vem
otk > arkt1 o) :

It follows immediately from setting v = 8"21-/8/‘ that

okz, ok*+1z
(4.9) bl 2 ez

-1

S
ok |11 arkt1

Note that, if r is even and (4.7) holds for j < r/2, then it holds for j = r/2. Conse-
quently, it suffices to consider s <r— 2 — 1.

Let s > 0 and assume that ¢ € H5(2). Let ¢ € Ht2(Q) be determined as the
solution of the boundary problem for L*p = Y, x € Q, with

g‘p+v bp =0, x€0Q,ifa=1,

or
=0, x€0Q,ifa=

In either case, lpll ,, < CIyll, by standard results on elliptic regularity.
First, consider z, = %h —w. By the usual argument,

<6mzo x[x> ( "z, L > 5 "z, > 5 "z ) y
> = s Y| = 9 | = L' VN I VEM.
o™ o' or" or'"

Hence, (2.4) implies that

> <C

fors +2<r+1ors<r—1. Since the inequality

0"z

m

ot

inf llp —vll, <

o I vem

loll, kot
1

o™ zq/ae™ 1, < Clla™w/or™ Il h9~"

is trivial, (4.7) holds for j = 0.
Next, it follows from (4.8) that

<6mzj ) <3mzj iz, >
-, =B —,(p_ v - ,0 T v
.10y \ 3" o™ arm+1
Mz, am+l am+l
- i, R SR T Zj-1
_B<atm 4 v> + (’D arm+l g (0 arm+1 ¥

Thus, (4.9) and (4.10) imply that

+1 m+1
oz 3” th N om Z; g RS l?_]—_ g
™ at’"“ 1 ‘ atm+l —s—2
m+1 m+1
<c; ° "‘I | = f
arm*1 ||, armtl |2
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Since (4.7) holds for j = 0, induction on j implies that (4.7) holds, with the reduction
on the range of s in going from j — 1 to j being caused by the last term in the above
inequality. Thus, the lemma has been proved.

Note that each a"z’./at" is O(h?") in H~5(2) for its maximum applicable value
of s if the solution w is sufficiently smooth.

The estimates of Lemma 4.1 can be applied to (4.6) to bound the difference
0; between w; and w,, after a choice of the initial value of w,, is made.

THEOREM 42, If2k <r—1, let

(4.11) w,(0) = w, (0) = w,(0) + z,(0) + - - - + 2,(0),

andlet 1 <q <r + 1. Then,

ak+1w
(412) IIG “ - <C hq+min(2k+l,r—l),
E'L>L2(Q)) ark+1 |L2(Hq(fl))
and
( flae+s
_w natE ok <r- 1,
(4.13) or* T ||lL2 e a))
IIGkIILm(Hl(Q))< c ak+1y okt2y, :]hq”k“,
or* 1 I~ ma(n)) ar** 2 L1 @macay
if2k<r-—2.

CoroLLARY 43. [f2k<r—-1,1<q <r + 1,and w,(0) is defined by (4.11),
then

k+1

Chq+s Z a]_w

or

1w = Wyl e rmsary <

L2(HA(R))

for 0 <s<min(2k + 1,r—1).
Proof of Theorem 4.2. Note that 6,(0) = 0. To prove (4.12) choose v = 0,
in (4.6). Thus,

1 d 0z,
3 g7 WOxs 0x) + B(O,,0,) = <p a0 ? >

2

1
<cl|=E +5b0l6, 12,
a2 ki

and (4.12) follows from (2.3) and Lemma 4.1. Next, choose v = 980, /8¢ in (4.6) and
observe that

glo Yre)_14d 20,
k> 3¢ _253(91(,60 2dt(b V@k, k) +(b Vek, o)
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Hence,

[ 30, 80,
fo <p v at>d + 5 B0,(0), 0,(1))

3 20
_f< ;;‘,at>d1+ ® - V0,(1), 0,(1)) - ft<b-V0k,—a—tk->dT.

If (2.3) is used along with the Gronwall inequality, it is easy to see that

(4.14)

0z,
Hek"L“’(Hl(Q)) <C;"9k"L°"(L2(Q)) + St 22 %
s (L4(R))
' gk+1,l
ar** 1 || L2maa)y)

provided that 2k <r — 1. This establishes the first inequality in (4.13). If r is odd,
the choices 2k = r — 1 and g = r + 1 produce an O(h?")-estimate for 0, in HY{(Q);
however, if r is even, only an O(h*"~!)-estimate can be obtained from (4.15). The
following argument regains the O(h2"). Integrate the first right-hand side term in
(4.14) by parts in time:

t[ 8z, 090, 3z, t [ 9%z,
fo <p ot ’?) dr = <’D ot (1), 6,(0) _fo <p ?’ek) dr.

Then, if 16, (¢*)I; maximizes the H'-norm of 0,@),

azk 2 22k|I 2
e, ()% <cC S N+ 16,aMl, —T.I dr + 116,(*)I%},
-1 l -1
and
0z 1622
e, | C%l —k|t K
kLNHlQ\ i +||9"°°
H @) | ot L°°(H‘1(n)) ar? L@#E=1(q)) k'L=(L2(Q))
(4.16) SR, .y
<C P - pa+2k+1
ot L= (Ha(Q)) ark+2 L1Haa))

for 2k <r — 2. Thus, the theorem has been demonstrated.
For ¢ > 0 the functions z; are not, in general, computable; consequently, it is
- of interest to show that the initial condition (4.11) can be evaluated using no more
than the data f and w* and the differential operator. Let k be chosen so that k <
I;, where
r—1, rodd,

(4.17) 2% =
r—2, r even.

In order to evaluate z;(0) using (4.3), it is necessary to evaluate 9z, _,(0)/d¢ first,
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which in turn requires 822k_2(0)/at2, Ce akzo(O)/atk, by (4.8). Indeed, the evalua-
tion of (4.11) necessitates performing the %(k + 1)(k + 2) projections using (4.1) or
(4.8) to obtain 8™2z,(0)/9r™, 0 <j +m <k. Now, 3" w(0)/9¢™ can be evaluated
using f, w*, and time-derivatives of the differential equation. Also, it follows from
(4.1) that

B "W, Mw 0 o ‘
atm (0)—a[m ()70 — Y, UEM,

hence, the process can be started and then continued using (4.8) to find z,(0), . . .,
z,(0). While the computational effort called for by (4.11) is obviously greater than
that for the commonly used initial conditions, it is insignificant in terms of the over-
all problem. The code that takes time steps can be used to make the projections, so
that the work for any single projection is about equivalent to that for a time step.

5. The Parabolic Quasi-Projection in a Single Space Variable. When Q =1 =
(0, 1), Lemma 4.1 can be sharpened to give a bound on the value of z; at any knot
x; at which the smoothness constraint reduces to simple continuity. Let A, = {x,,
Xps- s XN, 1 0=x <x; <+ <xy, =1, with max(x; —x,_,) = h, and as-
sume that M, consists of piecewise-polynomial functions of degree r having knots at
x; €4,. Ateachx;, 1 <i<N, - 1, the elements of Mn will be assumed to be CPi-
functions, 0 < p; <r; p, and py,, will be interpreted to be zero. Then (2.4) holds
for both M,, and M?,.

Let x € [0, 1], and assume that x = X;(ny for each h and that p;,y = 0. In
the discussion below, x will be treated as an interior point of [0, 1]; the modification
in the argument to allow x = 0 or x = 1 will be indicated at the end of the proof of
Lemma 5.1.

It is convenient to define some spaces that generalize H°(2) in order to include
a bound on the values of the functions at the point x. For s > 0 let

(5.1) H® = {u: ul o3, € B0, 0), ulg, 1, €H(G, 1)} x R,
and set

2 _ 2
(5.2) e, B = Nulys o 3 + Il iz ) + £

For any elements (u, §) and (v, ) of H 9 define the inner product
(5.3) [, B), (v, 7)] = (u, v) + Py,

where (u, v) denotes the usual L2 (/)-inner product. The space HS ,$ =0, can be
defined by duality with respect to the above inner product; however, since we shall
need the dual norm only for functions in H*(/), we shall avoid some technicalities by
restricting to such functions. Let z € H!(/), and set

(G 2(x)), (u, B)]

(5.4)
Y @, ol >o0t.

HzI_g = sup
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Note that the choice u = 0 and § = sgn z(x) shows that
(5.5) lzG)l < llizll_;, s>0;

thus, the value at x of any function in H!(/) is majorized by any ﬁs-norm, § positive
or negative. Hence, the following generalization of Lemma 4.1 provides excellent
estimates for the functions z].()_c) generated by (4.3).

LEMMA 5.1, Let 1<q<r+1and 0<s<r-2—1. If 3/ *w(p)/ar/** ¢
HY(I) for t €J, then
oltky
otk ®
Proof. We shall use the s = —1 case covered by Lemma 4.1. Let s > 0 and let

W, B e H. Determine ¢ € C(I) as the solution of the two-point boundary problem
given by

akz]-
—
o @)

(5.6) hq+s+2i, reg

q

<C

-8

L* =V, x€l,
(a0 +bp)(x)=0, x=0orl,ifa=1,
p(x)=0, x=0orl,ifa=0,

Nx+0 _ _
ap'1315 = - 8.

(5.7)

It is an exercise in ordinary differential equation theory to show that

e, eGNII,, < Clilw, B,

with the constant being independent of the position of x. Integration by parts and
the assumed jump condition on ¢ lead to

asz asz —. v B)J_B<?_ki]_ >
ok ark (x)>’( B A VY

oz AN U W A
=B\ )T\ P ar YT T\ e 0¥

Since ¢ € C(I) is such that (with M = M, or M2, as appropriate)

(5.8) inf llp —vll; < Clll(p, Gl At
veM

it follows that

<C ; E .
=S —s—2

Note that (5.5) implies that Illzlll_, < CllzI_;. The first two terms on the right-
hand side have already been bounded in Lemma 4.1; if we can show that

ak+1 ak-l-l

k
az].

ark

Z.

j—1 Z

j—1

k
0 zj
atk+ 1

ak hs+l+
t

1

’ hs+l +
-1

atk+l

k |
0%z,

ark

oFw

ark

(5.9)

hts, —1<s<r-1,
q

)
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then the induction argument of Lemma 4.1 can be repeated to finish the proof. Since

Kakzo ¥z, j) v ] 5 o¥z, > cu
=B|——,p-v v
atk 5 atk (x s ( 5 B) <atk " s s

(5.9) follows from (5.8) and the known bound on 13%z4/a¢% 1, .
For Dirichlet boundary conditions it is pointless to consider x = 0 or 1, but it

is valuable to allow x to be an endpoint when Neumann boundary conditions are im-
posed. In this case the jump condition at x in the relations defining the function ¢
modifies the boundary condition so that

(ap’ + by)(x) = o=
if x

and ap’ + by remains zero at the other end. Otherwise, the argument above is es-
sentially unaffected, and Lemma 5.1 has been demonstrated.

Note that the choice s = r — 2 — 1 in (5.6), combined with the inequality (5.5),
shows that

(5.10) lz,Ge, DI < ClAIw()/3 I W71, 1<q<r+1,t€J

The remainder of this section is concerned with some estimates comparing
Dirichlet and Neumann quasi-projections; these estimates will be applied in obtaining
the flux estimates of the next section. Let w be the solution of (3.1) with homoge-
neous Dirichlet data (o = 0). Let w, be computed by (3.4) and (4.11), using M = Mg

and a = 0. Denote the corresponding quasi-projection by w, = Wh +z, +--+
z;. Next, construct the Galerkin solution u,: J — M, by letting

duy, aw |*
(5.11) py,.v + B(u,, v) = (f, v)+a5;c—vo, veM,, 0<r<T,

where u,(0) is again determined by (4.11), except that now the quasi-projection cor-
responds to the Neumann condition; i.e., let u, = LT,, +y, + - +y,, where En
satisfies (4.1) with M = M, and ¥, satisfies (4.3). The function u,, is being introduced
for analytic purposes; it is not usually computable.

Let z, =Wh W, Yo =27h - w, a.nduj =y]-—zj,j=0, ..., k Observe that

am'u amu am+lu.
5.12 0 - / R el _ 0
( ) B<atm,v>—B<a ,v>+<p PyES ,v] =0, ve M,.

First, choose

amﬂo amyo amyo
v= - 0, (1 —x)———— (1, t)x;
am o™ (0. 1X ) ar'” (1.9

then, by earlier results on Galerkin methods for two-point boundary problems by two
of the present authors [1],
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a’"u ! Yo
el ool e
(5.13) "
SC||—|| Wt !, teu
ar" || 4
Next, choose
v= ——= —
ar"
then, by Lemma 5.1 and (5.5),
TR my m m+l'u_
a—m’ < 03 a_m . 1) o
(5.14) o or” -1
+j m+1
<o) || I | i = g
arm arm |,
Induction applied to (5.13) and (5.14) shows that
m+j
(5.15) i “J 9 _ Wttt reygj=1,..., k.
armti |,

6. Some Superconvergence Results for Parabolic Problems in a Single Space
Variable. Let M, be the space described in the previous section, and assume that x
X;ny € Ay is a knot for which Piny = 0. Let w, denote the Galerkin solution of
the parabolic boundary problem (3.1) with either Dirichlet or Neumann boundary
conditions, and assume that (4.11) defines the initial condition for the Galerkin solu-
tion.
THEOREM 6.1. Let 1 <gq<r+ 1land 2k <r—1. Then

_ k azw ~
(6.1) lw —w,)x nl<C Y natr-1 4 g
j=0 bt’ L= (HI())
where
ak+1y,
K+ 1 Itk ok <r-1,
62 e=| N ey
k+1 k+2
C< v ‘lv & w pat2k+1
ork+ L=(HA(1)) arkt2 L1

if2k<r-—

Proof. Write w — w,, in the form

(6.3) W= w,)&x, 1) =W =W)X, ) + (W, —w,), 1)~ Zk: z;(x, 1).

=1
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It is known [1] (and follows from (5.10), as well) that (w — Wh)(f, t), which is just
the error in the Galerkin solution of the two-point boundary problem associated with
the operator L and whichever boundary conditions are assigned, is bounded at a knot
at which Pitn) = 0 by

(6.4) lw = W), DI < Clw)ll p971, e

The second term is bounded by e as a consequence of the H!(Q)-estimate of Theo-
rem 4.2, and (5.10) completes the demonstration.

A slightly less precise statement of the result when k takes on its maximum
useful value is given by

_ [ri21+1 || o/'w
6.5 Iw-w)e nDl<c ¥ — @ natr=1. rey.
j=o0 || ot L>(H9(D))

The superconvergent approximation of the knot value results from evaluating
the Galerkin solution at the knot. Other superconvergent approximations of quanti-
ties associated with the solution of the differential equation can be formed by simple
manipulations of the Galerkin solution. Consider (3.1) with homogeneous Dirichlet
data, and let us produce an O(h*")-approximation of the flux across the boundary
at x = 1. If the Galerkin solution is differentiated and evaluated at x = 1, only an
O(h")-approximation will be obtained.

To motivate the selection of a relation to find the flux, consider the function
u,: J — M, defined by (5.11) and use v(x) = x as the test function in (5.11). Then,

(6.6) (adw/dx)(1, 1) = (pOu,/0t, x) + B(u,, x) = (f, x).

The function u,, is not computable, but we have seen that u, and w,, the Galerkin
solution with the Dirichlet data, are very nearly the same. Thus, we let

6.7) Iy (#) = (pOw, /3¢, x) + Bw,, x) — (f, x), t€E€J.

Note that I, need be evaluated only at times at which the flux is desired. Moreover,
since any function in Mg can be added to v(x) = x without changing the right-hand
side, we can for the purpose of evaluating I'; take

6.8) [, (?) = (Pdw,/0t, v) + Bw,,Y)— (f,7), tEJ,
where

(x - xN,,—l)m
T~ XN,-1 <x < 1,
(6.9) Ye) = (1 —xpy, )" "

0, otherwise,

where m = 1 + py, ;. Observe that (6.9) requires the evaluation of quadratures
over a single subinterval and, consequently, is a completely trivial calculation.
To analyze the error in the approximation of the flux, first put £ = w, —u,.
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Then, (6.6) and (6.7) imply that
I, (1) — (@dw/ox)(1, 1) = (pd¢/ot, x) + B(, x).

Now,
Bt x) = (¢, —(a +xb) +cx) + (@ + xb)El(l),
and it follows that

ry- <a g-;v>(l, t), < C;

If we adopt the notations used toward the end of Section 5 and in addition set ¥, =
U, —u, and 0, = w, —w,, then

23
ot

(6.10)

+ Il + 150, 1)l + (1, 7)1 .

k
(6-11) E=vp =0, i~ X My
=1

Theorem 4.2, (5.13), and (5.15) show that

ak+l

6.12) gl < ¢

hq+r—l +C hq+min(2k+l,r—-l

L2(H4 (1))

atk+

The estimation of 9%/d¢ requires that 8y, /3¢ and 80, /0t be bounded. First, it follow:
from (4.6) and the fact that ¥, (0) = 6, (0) = O that

30 3 3z
3 at
k+1
w +8
<C||m (0) qhq

for 1 <q <r+1andf = min(2k, r — 1). Note that (4.6) can be differentiated
with respect to time and then v chosen to be (for the case of the 30, /0r estimate)
00,/0t. Then, it is easy to see that

00, i
or <C —(0)]‘ +
L Lew2ay) t L2@" 1ty
ak+l ak+2 s
<C o + hate,
3 atk+l q atk+2 L2(Hq(1))
Hence,
ila k+1 |l yw
I—E <C — | nt!
1ot j=1 ar q
(6.13) :
gkt+1 k+2, ja+
+C k+1 (0) + k+2 .
I or ot L2(H4 (1))
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Since £(0, 1) = ~u,(0, ¢) and &(1, ) = —u,(1, 1), Theorem 6.1 implies that

150, Ol + 11, D)
s¢ Z
j=0

(6.14) gk+1

w
atk+l

_(I) hq+r—l +C

, hath,
1 L*(H4(I))

The inequalities (6.12)—(6.14) combine to give the following theorem.

THEOREM 6.2. Let w,:J — Mg be the solution of (3.4) and (4.11), and let
- Ty (?) be defined by either of the equivalent relations (6.7) and (6.8). If 1 <q <r
+ 1 and § = min(2k, r — 1), then

’ ow
Iy - <a—>(1, )]
ox

(6.15) ﬁ S| s
k+1 k+2
. < akt+1y, ok *+2w hqﬂi%.
Ll Lo mrary) 3tk *2 || L2may)
In particular, if r is odd and 2k =r — 1 or if r is even and 2k = r,
ow k+2 | a/w
(6.16) Fl(t)—(a—>(1,t)l<c > 1— patr-t, I<g<r+1.
\ Ox =0 Il 8¢ || L2@way)

It is also possible to produce an O(h%")-approximation of the flux at an interior
point of I. Letx = Xin) € A, and assume, as usual, that Pitny = 0. Let

(6.17) I5(0) = X Y(pdw, /0t, x); + Bz(w,, x) — (f, x)z},

where the subscript x indicates that the integrals are to be taken over the interval

0,%). If

X - X _ —r(x_x_ _ )r, _ x<x ’
(618) S(X)= ('(") i(h) 1) i(h)—1 ,(n) S Xin)y

0, otherwise,
then I';(7) can be evaluated using quadratures over a single subinterval by
(6.19) Is(t) = (pdw,/0t, 8) + B(w,, §) — (f, 8).

Clearly, by interchanging x for 1 — x, an approximation to (@dw/dx)(x, f) can be
obtained using the subinterval to the right of X;(ny instead of the one to the left.
Inequalities analogous to (6.15) and (6.16) can be proved for 5 (r) — (@dw/dx)(x, 1)l.
The proof is quite similar to that given above, with the function u,, being replaced by
Sptd ™ My z = {vl 5 7): v €M, } where s, satisfies

s, ow x
p;-,v;+3;(sn,v)=(f,v);+ P Y vE My 3
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with s, (0) being determined by the analogue of (4.11) for (0, x). A little care shows
that the corresponding constants C are independent of Xx.

7. Discretization in Time for the Parabolic Problem. A detailed description of
the discretization in time of the Galerkin method (3.4)—(4.11) using collocation at
Gaussian points in time for a solution space that is the tensor product of M, or Mg
in space with C° piecewise-polynomial functions in time is presented in the authors’
Mathematics Research Center technical report [3]. The superconvergence results of
Section 6 are generalized in a way that covers the knot value results, with supercon-
vergence occurring in the time increment as well as 4, and that produces flux esti-
mates related to (6.15). The results pertain to Crank-Nicolson differencing as a
special case. The development strongly resembles that given earlier by two of the
authors for collocation-collocation methods for parabolic equations [2].

8. The Quasi-Projection and Superconvergence for Galerkin Methods for the
Wave Equation. We shall restrict our attention to the single space variable case of
Q =1=(0,1) and to the space M, of piecewise-polynomial functions of degree r
described in Section 5. Throughout this section let x = Xin) € A, and assume that
Pitny = 0. Letw satisfy the wave equation subject to homogeneous Dirichlet bound-

ary values:
9w
p—2+Lw=f, x,nel xJ,
ot
8.1 w0, ) =w(l,t)=0, €/,

ow
w(x, 0) = wi(x), —a—t Ce, 0) =wi(x), x€L
A continuous-time Galerkin method can be defined for (8.1) by seeking w,: J — M
= Mg such that
(8.2) (p9*w,[0t*,v) + B(w,,v) = (fv), VEM, tEJ,

where w),(0) and dw,,/0£(0) will be specified later (see (8.6)).

A quasi-projection for the hyperbolic problem can be constructed in a manner
analogous to that used in Section 4. Let w,,: J — M be the elliptic projection of
the solution w:

(8.3) Bw, —w,v)=0, vEMt€EJ

Set zy, = W,, — w and recursively define z;pJ — M by the relation

(8.4) B(z;, v) = —(03%z,_, /3% ,v), VEM, tEJ.
Letw, =w, +z; + - +2z, and 6, = w, —w,,. Itiseasy to show inductively
that

%0, 3z,
(8.5) o o ,U | +BO,,v)=|p o ,U ), vEM tel
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We shall utilize the quasi-projection w, to set up initial conditions for (8.2); let
ow ow
(8-6) Ww,(0) = w, (0), a_th 0) = _at_k 0), 2%k<r-1.

The function w,, (0) can be evaluated using w¥ and the differential equation, and
0w, /8t(0) using w} and the differential equation.

An argument paralleling that leading to Lemmas 4.1 and 5.1 leads to the follow-
ing bounds fort€EJand 1 <g <r+ 1:

[} 2j+m
Mz, %It my )
(8.7 —'| , RITSHU . 0<i<l —1<s<r-2-1,
arm |—s at2]+m 2
85) 0"z e ,
8.8 X < q+r-1 <ji<Ll
e (X, [) <C ' a[2i+m h . 0 YA 5

The total energy is the most natural measure to associate with solutions of wave
equations. Hence, use v = 980,/0¢ in (8.5) and note that (8.6) implies that 0,(0) =
00, /01(0) = 0; thus, if

| et By

’ x*as8

(8.9) Iulfn =

a+f<m L°°(L2(I)),

it follows that (with the second inequality requiring an integration by parts in )

322k
o , 2k<r-1,
3 222y
B10) 15 | o
- 2 13
c 2 072 ] % <r-2.
o Ne=@1ay Il a2 Nl Lra—1ay
Thus,
(8.11) 16, | <;C|w|q+2k+2hq“k’ k<r-1,
. \
i C|w|q+r+1hq+’-l, reven, k = (r — 2)/2.

THEOREM 8.1. Ifx = Xiny € A s Piny = 0, and w,, is determined by (8.2)
and (8.6), then for 1 <q <r + 1

B Clwl yars k2%, 2k<r-1,
(812) |(w—wh)(x, l’)l <

Clwl 4 2h?77Y, reven, k = (r - 2)/2,
and
(8.13) (aw awn) & 0| < Clwlgraiaesh®™?%, 2k <r-1,
. - - » ~
ot ot 1 C|w|q+r+2hq+"1, reven, k = (r — 2)/2.
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Proof. The inequality (8.12) follows from the decomposition w —w, = (w —
Wh) +0, —(z; +- - +z), then known [1] superconvergence of the knot value
for the two-point boundary problem, (8.11), and (8.8). In order to establish (8.13)
it is sufficient to bound 86, /9t in H(1), since the other terms can be handled as
immediately above. First, it follows from 6,(0) = 0 and (8.5) that

1320,(0)/a2 | < Cll2%z,(0)/0F2 1.

If (8.5) is differentiated with respect to time and then v chosen to be a’ek/aﬁ, it
is easy to show that

920 20
k I | a2

or =2y ot || L=cuary)

Clwl g 3h?™2e, 2 <r-1,
<

Clwl gy ah?™770, reven, k = (r = 2)/2,

and (8.13) follows.
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