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Semidiscrete Least-Squares Methods for Second Order
Parabolic Problems With Nonhomogenous Data

By J. Thomas King

Abstract. Recently, Bramble and Thomée proposed semidiscrete least-squares methods
for the heat equation. In this paper we extend these methods to variable coefficient parabolic
operators with nonhomogeneous equations and boundary conditions.

1. Introduction. Recently there has been much interest in variational methods
for approximating the solution of parabolic problems (cf. [8], [12], [14]).

For essential boundary conditions, the author proposed weighted least-squares
methods for parabolic problems [10]. These methods are based on the ideas of Bramble
and Schatz [3]. Another way of implementing the ideas of [3] to parabolic problems
has been proposed by Bramble and Thomée [6]. In [6] the authors give semidiscrete
least-squares methods for the heat equation under homogeneous boundary con-
ditions.

The purpose of this paper is to generalize the methods of [6] to variable coefficient
second order parabolic operators with nonhomogeneous data. The error analysis
given here will be similar to that of [6], however we need to significantly change some
details.

2. The Initial-Boundary Value Problem. Let @ be a bounded open domain
in Euclidean N-space with boundary 99, of class C~ (cf. [1]). For 0 < T < « we put
Q=0X(@0,Tland T = 92 X (0, T].

We shall consider, in Q, the parabolic operator L defined by

N

Lu = A(x, Du — u, = Y, D,(a;;(x, )D,,u) — u,

i,i=1
and the following initial-boundary value problem:
2.1) Lu=1f inQ, u=g¢g onTl, u(-,0) = u, in Q

where f, g, u, are given. We assume that A is uniformly elliptic in the closure of Q,
0, and for convenience assume that the coefficients a;; are in C°(Q).

We will need the following function spaces. For k = 0, an integer, H*(Q) will
denote the usual Sobolev space of order k on @ with norm

1/2
(2.2) llol]s = L ZI; ||D"¢||2]
where ||¢|| = (fa [#(x)|” dx)"%.
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We will denote the corresponding inner product on H°(Q) = Ly(Q) by ({-, - )).
The inner product and norm on L,(d€) will be denoted by (-, - ) and |-| respectively.

For the semidiscrete methods which follow we will need to introduce finite-
dimensional subspaces of H’(Q) having certain approximation theoretic properties
depending on a small parameter . Specifically we will assume throughout this paper
that S,” is any finite-dimensional subspace of H*() having the following property:

(*) For any u € H'(Q) with 2 £ s < r there exists a constant C, independent
of h and u, such that

2
inf 3 K"7*||u — ¢ll; £ CA7F||uf],.

GESAT =0

Examples of such subspaces are contained in [2], [7], [9], and [13].

3. Implicit Semidiscrete Methods. In this section we give semidiscrete least-
squares schemes for finding approximate solutions of the initial-boundary value
problem using the subspaces S,". The schemes proposed here are based on the classical
implicit finite-difference approximation for L.

Before making these ideas more precise we will need some notation. Let k =
T/M where M is a positive integer and let ¢, = nk forn = 0, --- , M. We will use
the notation u" = u(-, t,) and 4, = A(- , t,).

We shall approximate the solution of problem (2.1) by a function of the form

14

G.1) ox, 1) = 2 ()
where {¢;};. is a suitable local basis for S,” and c; is defined on the mesh: 0 <
tl < cre < tu-l < T.

The implicit approximation schemes are defined as follows:

For given S,” having local basis {¢,}7., and given v satisfying 0 < y < %, find
a function v of the form (3.1) such that

G) {up —0°,¢)) =0 forall¢ € S, andforn =0, --- , M — 1,
(32) (i) (kf""" = 0" = (kdner — D", (k Ansr — 1)9))
+ K™ — ", ¢) = 0 for allg € S;.

We remark that the elements of S,” are not required to satisfy boundary con-
ditions, and only L, inner products are involved in the computation of v. The solution
of (3.2), for each n, is determined by solving a linear system of algebraic equations
whose coefficients depend only on F = {f, g, u,}, h, k, and +. The linear system yields
a symmetric matrix which is sparse if we take S,” to be a certain class of splines with
a suitable local basis. Note also that we could choose v° = u, in place of (i) in (3.2).

For notational simplicity it is convenient to introduce the following definitions.
For u € H?(Q) we define the operator L,"u = (kA4, — 1)u.

Let A be the product space H°(2) X H°(d%) with inner product

LU, V1=t 1) + Kh""(g, &)

where U = {f, g} and V = {f, g}. We put ||U||, = [U, U]
Let T," be the map {L,"u, u|,} from H?(Q) into A. Then ||T, 4||, is a norm on
H(9).
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Existence. We assume that u, € H(Q), {* € HQ), and g" €& H(89) for
eachn = 1, --- , M. Since the matrix { ((¢;, ¢;))} is positive definite, (i) has a unique

solution {c,°, --- , ¢,’}. Now suppose that {c,", --- , ¢,"} have been found; then
(i) has a unique solution if and only if the only solution of the system
(3.3) [T 0", Ti"'¢;1=0, 1=j=<v,

is the trivial solution. Multiplying (3.3) by ¢;"*! and summing over j yields
“T:+lvn+l”i = 0

so that L,"*'v**' = 0in @ and v™*' = 0 on Q. Hence v"*' = 0.

Error Analysis. We will need the following a priori inequality for the operator
L," which is essentially proved in [6].

LemMa 3.1. There exists a constant o = 1 such that, for u & H*(Q) and
1£ns M,

(3.4 ull” < [1L2ul]® + ak™?|ul®.
We will also make use of the following lemma which is essentially proved in [6].

LemMMa 3.2. Suppose u € H'(Q) with2 < s S rand C, > 0. If k = Ch*""?
0= v =< 3)then

(3.5) inf ||Tiu — @)|[x = CkR"7*||u]],
PESAT

where C is independent of h, k, and u.

We will also make use of the following easily proved estimate.

Lemma 3.3. Suppose a,, b,, and c, are nonnegative. If ¢ = 0, and, for n = 0,
L, M—1,

172
a:+1 = bin + (1 + %)ai + c:n + 2(1 + Ail) QnCn+1

then there exists a constant C, independent of M, such that

max a, < C{M"2 max b, + M max c, + ao}~
Osns M Osns M OsnasM
We are now in a position to analyze the error in scheme (3.2). Let u be the solution
of (2.1), v be the solution of (3.2), and pute = u — v.
THeEOREM 3.1. Ifu(- ,t) € H'(Q) foreacht € (0, T)with2 < s S randu €
C*(Q), then, for k = o*'*h*""*, we have

(3.6) max ||l¢"]| = C{h’||u0||2 + £°p""" max |[u"||, + k max ||Du(-, t)ll}.
OsnsM 1snsM te(o,T]

We remark that « is the constant of Lemma 3.1.
Proof. We have from (3.4) that

™" = L™ 1" + ekl
so that, for k = a**h*""?,
G P S T L = (e, T — [T, T
Now let y™*' € S," be such that
(3.8) [T — "), Ti"'¢l = 0 for all ¢ € ;.
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By an elementary application of Taylor’s theorem we have
(3-9) L:+lun+l = kf"+l _ un + pn+l

where ||p™*'|| < Ck* max,c(o,n|[D."u(- , .
We now use (3.2) and (3.9) in (3.7) to yield

(3.10) ”en+l||2 § <<en — P”+1, L:+l(vn+l — Illn+l)>) + [T;+len+l, T:+l(un+l - ¢n+l)].
By virtue of (3.10) and the definition of ¢"*' we then have
(3'11) “en+l”2 é <<en — pn+l’ L:+l(vn+l — ¢n+l)>) + ”T:+l(un+l — ¢n+l)”i.

We now estimate the first term on the right-hand side of (3.11). We subtract
(3.8) from (3.2) and use the relation (3.9) to yield

(3.12) [T37@™ — ™), T8l = (" — o™, Li7'¢))
where ¢ € S,” is arbitrary. Choosing ¢ = v™*' — ¢"*! in (3.12) implies that
”L:+l(v»+l — ¢n+l)”2 § K(e“ — P"+l: L:+l(vn+1 — ¢n+l)>)|

so that, by the Schwarz inequality,

(3.13) L™ — DI < |l — o'
Using the Schwarz inequality and (3.13) in (3.11) yields

(3.14) e 117 = 1727 @™ — ¢ OIA + [l — o™

so that

(3.15) [l S @ = O 1S+ 1+ 2 e e
It follows from (3.15) by an application of Lemma 3.3 with ¢ = O that

max [|¢"|| < C{k™* max [|Tiw" — ¢")la
(3.16) 1snsM 1snsM
+ llug — ol + &7 max ||p"|[}
lsnsM . .

The result (3.6) follows from (3.16) by an application of Lemma 3.2 and
property (*).

4. Crank-Nicolson Semidiscrete Methods. The implicit schemes of the pre-
vious section have, at best, order of convergence O(k). In order to improve the order
of convergence it is necessary to discretize the time variable with higher order ac-
curacy. The schemes given here are based on a Crank-Nicolson type finite-difference
approximation for the operator L. It will be shown that the order of convergence
can be improved to O(k®).

We will use the notation u**"?* = }(u" + u""'). We shall again approximate
the solution of problem (2.1) by a function of the form (3.1); however, we will now
take v° = u,. We will use the notation L,"u = (k4, + Du.

The approximation schemes are defined as follows:

For a given S,” having local basis {¢,};., and given v satisfying 0 < ¥
find a function of the form (3.1), with u, = ©v°, such that, forn =0, --- , M




SEMIDISCRETE LEAST-SQUARES METHODS 409

@.1) (kTP = Lt — L 0 Le)) + KR =0t ) = 0

forall¢ € S,".

Error Analysis. We will again need an a priori inequality for the operator L,,,"
which is essentially proved in [6].

LEMMA 4.1. There is a constant 8 2 1 such that, foru € H(Q) and1 £ n £ M,

4.2) [1Lk2ul|* £ (4 4 K){||L52u]|® + Blul®}.

Let u be the solution of (2.1), v be the solution of the Crank-Nicolson scheme
(4.1),and pute = u — v,

THEOREM 4.1. Ifu(- ,8) € H'(Q) foreacht € (0, T]with2 < s S randu €
C¥Q) then for k = C,h”, with C, = max{a”?, 8} we have

4.3) max ||¢"]| < c{k‘“h"’ max ||u"||, + &¥* max ||Du(-, t)[[}
te(o0,T)

1snsM 1snsM

where o and (8 are the constants of Lemmas 3.1 and 4.1 respectively and C is inde-
pendent of h, k, and u.

Note that we have assumed the more restrictive condition k = C,h".

Proof. As in the proof of Theorem 3.1 we have

“.4) ™ 11* = [1Tee |13
Using the relation

(4.5) L:;zlun-v-l - kfn+l/2 — " + pn+l/2

where

[10"%|] £ CK* max ||Diu(- , 1)||
t€(0,T]

and arguments analogous to those in the proof of Theorem 3.1 it can be shown that
the right-hand side of (4.4) is bounded by

“.6) T = 9N+ [(Lipe® — 0™, L — )

where "' € S, is defined such that

4.7 (T35 @™ — ™), Tha¢l = 0 forallg € S;.

We estimate the last term in (4.6) by methods analogous to those used in the
proof of Theorem 3.1. We subtract (4.7) from (4.1) and use the relation (4.5) to
yield

(4.8) [To2@ — ), Toael = (Lie” — o™, Lijs¢))
where ¢ € S,” is arbitrary. Choosing ¢ = v™*' — ¢"*' in (4.8) implies that
4.9 “L:;zl('-’"“ - '/’"“)” = (|f::,2e" - P"“/z ”

Hence, from (4.4) through (4.9), we conclude that,for0 = n = M — 1,

(4100 [P S (1T R S TR @ = IR + (1 L5ee” — 07771

Hence from the assumption k = Coh” and Lemma 4.1 it follows that
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€11 S T8 113 < 1T — w1
@4.11) + U+ DT R+ ™1 + 200 + K™ 2] || Taee”| s
An application of Lemma 3.3 with ¢ = T in (4.11) yields

(4.12)  max ||Tepe’||s = C{k_l/2 max ||Ti.@w" — ¥")||x + k7' max ||g _1/2”}
1505 M 1sns M 1sns M

from which (4.3) easily follows by an application of Lemma 3.2 and observing that
(4.4)is valid foranyn =0, --- , M — 1.

Discussion of Results. The bounds in the error estimates (3.6) and (4.3) involve
certain norms of the solution u of problem (2.1). Under slightly stronger regularity
assumptions on u (i.e., the data F = {f, g, u,} must be sufficiently regular) these
norms on u can be bounded by certain Holder norms on the data (cf. Theorem 5.2
on p. 320 of [11]).

For the purely implicit scheme (3.2) suppose we take r = 4 and S,* to be cubic
splines or the Hermite space of piecewise cubic polynomials ([4], [5], [9]). Then if
[|lu(- , £)||, is bounded uniformly in ¢, with 2 < s < 7, we have

max ||e"|| = OK'*h"™* + k).
OsnsM

Hence, since k = o*/°h*"’%, we have that the error is of order O(k) for s = 4 and
y=%orfors=3and vy = 3.
For the Crank-Nicolson scheme (4.1) we find that the error is O(k®) if v = %
and ||u(- , 9)||. is bounded uniformly in ¢.
The Crank-Nicolson methods of [8] yield error estimates of the form
max ||¢"]| = O(F** ™" + k%)

0osnsM
where the solution of (2.1) satisfies u(- , £) € H** and the space of approximants
consists of piecewise polynomials of degree 2s — 1 (on a mesh of width 4). Thus if
s = 2 (i.e., piecewise cubics) then the error is of order O(k®) provided k = Ch*>.
We should remark that the methods of [8] require the approximants to satisfy bound-
ary conditions.
The methods of [10] yield error estimates of the form

T 1/2
{fo lleC- » OII* df} = O(h" + k)

where u € H**'*(Q) (cf. [10]) and the admissible approximants consist of a certain
class of splines which are piecewise polynomials of degree 2s — 1 in the space variables
(on a mesh of width %) and of degree s — 1 in ¢ (on a mesh of width k). Thus for
s = 2 and k 2 Ch? the error is of order O(k®). We remark that the methods of [10]
yield arbitrarily high order of accuracy (for sufficiently regular ) without requiring
the admissible approximants to satisfy boundary conditions.

Acknowledgement. The author gratefully acknowledges the referee’s many
helpful comments and suggestions for the improvement of this paper.

Department of Mathematics
University of Cincinnati
Cincinnati, Ohio 45221




SEMIDISCRETE LEAST-SQUARES METHODS 411

1. S. AGMON, Lectures on Elliptic Boundary Value Problems, Van Nostrand Math.

Studies, no. 2, Van Nostrand Princeton, N. J., 1965. MR 31 #2504.
BN-6 2. 197 8]3U§KA, Approxtmatzon by Hill Funcnons, University of Maryland Technical Note
N- 48 1
J. H. BraMBLE & A. H. SCHATZ, “Raylergh-thz-Galerkm methods for Dirichlet’s
problem using subspaces without boundary conditions,” Comm. Pure Appl. Math., v. 23,
1970, pp. 653—-675. MR 42 #2690. .

4. J. H. BraMBLE & S. R. HiLBERT, “Bounds for a class of linear functionals with
applg?tions to Hermite interpolation,” Numer. Math., v. 16, 1970, pp. 362-369. MR 44
#7704.
5. J. H. BRaMBLE & S. R. HILBERT, “Estimation of linear functionals on Sobolev spaces
with applications to Fourier transforms and spline interpolation,” SIAM J. Numer. Anal.,
v.7, 1970, pp. 112-124. MR 41 #7819.

6. J. H. BRAMBLE & V. THOMEE, “Semidiscrete least-squares methods for a parabolic
boundary value problem,” Math. Comp., v. 26, 1972, pp. 633-648.

7. J. H. BRAMBLE & M. ZLAMAL Trlangular elements in the finite element method,”
Math. Comp., v. 24, 1970, pp. 809-820. MR 43 #8250.

. J. DoucLas & T. DuronNT, “Galerkin methods for parabolic equations,” SIAM J.
Numer. Anal., v. 7, 1970, pp. 575-626. MR 43 #2863.
HILBERT Numerical Methods for Elliptic Boundary Value Problems, Doctoral
Thesis, University of Maryland College Park, Md., 1969.

10. J. T. KING, “The approximate solution of parabolic initial-boundary value problems
by welghted least-squares methods,” SIAM J. Numer. Anal., v. 9, 1972, pp. 215-229.

11. O. A. LADYZENSKAJA, V. A. SoLoNNIKOV & N. N. URAL'CEVA, Lmear and Quasilinear
Equations of Parabolic Type, ‘Nauka”, Moscow, 1967; English transl.,, Transl. Math. Mono-
graphs, vol. 23, Amer. Math. Soc., Provrdence, RI 1968 MR 39 #3159a, b.

12. H. S. PricE & R. S. VARGA Error Bounds for Semidiscrete Approximations of Para-
bolic Problems with Applications to Petroleum Reservoir Mechanics, SIAM-AMS Proc., vol.
II, Amer. Math. Soc., Providence, R.L., 1970, pp. 74-94. MR 42 #1358.

13. M. H. ScHULTZ, “Approximation theory of multivariate spline functions in Sobolev
spaces,” SIAM J. Numer. Anal., v. 6, 1969, pp. 570-582. MR 41 #7823.

14. B. SWARTZ & B. WENDROFF, “Generalized finite difference schemes,” Math. Comp.,
v. 23, 1969, pp. 37-49. MR 39 #1125.




