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Abstract. In this paper, we consider the constructive a priori error estimates for a full discrete
numerical solution of the heat equation. Our method is based on the finite element Galerkin method
with an interpolation in time that uses the fundamental solution for semidiscretization in space. The
present estimates play an essential role in the numerical verification method of exact solutions for
the nonlinear parabolic equations. This implies that by utilizing the present results we could get
the guaranteed a posteriori error estimates for various kinds of nonlinear evolutional problems. Our
results can also be considered as an explicit optimal estimate with the limited regularity of solutions.
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1. Introduction. The main aim of this paper is to obtain the constructive a
priori error estimates for a full discrete approximation uﬁ of the solution u to the
following heat equation with homogeneous initial and boundary conditions:

%—Vﬂu:f in QxJ, (1.1a)
u(z,t) =0 on 00 x J, (1.1b)
u(z,0) =0 in Q. (1.1c)

Here, Q C R?, (d € {1,2,3}) is a bounded polygonal or polyhedral domain; J :=
(0,T) CR, (for a fixed T' < 00) is a bounded open interval; the diffusion coefficient v
is a positive constant; and f € L?(.J; L?(Q2)). In the discussion below, we refer to the
a priori estimates as ‘constructive’ if all the constants can be numerically determined.
In particular, we try to derive the estimates with a numerically computable constant
C with

o =kl o (g < €1 (0,200 (1.2)

Such a bound plays an essential role in the numerical verification of solutions to the
nonlinear parabolic initial-boundary value problems, which is a principal motivation
for our work. Namely, by using the constructive error estimates (1.2), we can formulate
the numerical enclosure method for a solution to the nonlinear problem of the form

ou

i vAu = g(t,z,u, Vu) in QxJ, (1.3a)
u(z,t) =0 on 90 x J, (1.3b)
u(z,0) =0 in Q, (1.3¢)
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where ¢ is a nonlinear function in u with appropriate assumptions.

We will first introduce a full discrete approximation scheme for the problem (1.1),
in which we use a time interpolation scheme by using the associated fundamental
matrix for a system of ordinary differential equations (ODEs) which is generated by
the usual semidiscrete Galerkin method in the space direction. Next, by the use of
a priori estimates for the semidiscrete approximation and the interpolation, we will
derive the constructive error estimates for the full discretization.

Notice that the basic situation for the verified computation of solutions to the
parabolic problems is similar to the elliptic case. Namely, the corresponding elliptic
problem to (1.1) is the following Poisson equation.

{ —Au=f in Q, (1.4a)
u=0 on 0f). (1.4b)

Then, the constructive error estimates for the usual finite element solution of (1.4),
i.e., the H}-projection of a solution u, presents the basic principle of the verified
computations for nonlinear problems, corresponding to (1.3), of the form

{ —Au = g(x,u, Vu) in £, (1.5a)
u=0 on Of). (1.5b)

Based on this principle, there have been several works for elliptic problems, including

the Navier-Stokes equations [7, 8, 18, 19, 9, 10, 11, 1]. Therefore, if we obtain the
constructive error estimates of a full discrete numerical scheme for the heat equation
(1.1), we can establish the numerical verification method of solutions for the nonlinear
problem (1.3).

One of us has already obtained some constructive error estimates [12, 14], but
the actual computations lacked efficiency. In our previous work [15], in which we
combined the a priori error estimates for a semidiscrete approximation with the a
priori estimates for the ODEs, we obtained a technique that enabled us to formulate
a verification method for nonlinear problems. However, it also has computational
difficulties because the corresponding linear ODEs are very stiff for a small mesh size
in the spatial direction. If we use the present results to implement a new verification
method, we would expect to overcome these difficulties and to improve the computa-
tional cost for the verification of solutions for the nonlinear problem (1.3). We have
already confirmed that this method greatly reduces the computational cost, which
will be published in a forthcoming paper [3]. Also, we emphasize that our a priori
error estimates of the form (1.2) should be the optimal order for the associated norms
and, as far as we know, there have been no such constructive estimates yet derived.

The contents of this paper are as follows: In Section 2, we introduce some function
spaces, operators, and other notation. In Section 3, we propose a new full discretiza-
tion scheme for the heat equation. For later use, we present some constructive a
priori estimates for the semidiscrete approximation in Section 4. The results of this
section are already known, but we describe them in order to make our arguments
self-contained. In Section 5, we derive constructive a priori error estimates for the
new full discretization scheme which was introduced in Section 3. We also attached
an auxiliary result in an appendix.

2. Notation. We denote by L?*(Q) and H!(2) the usual Lebesgue and Sobolev
spaces on (), respectively, and by (u,v)2(q) = Jou(x)v(x)dr the natural inner
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product of u, v in L?(Q). By considering the boundary and initial conditions, we
define the following subspaces of H!(Q2) and H*(J) as

Hy(Q):={ue H' () ; u=00n092} and V'(J):={ue H'(J); u(0)=0},

respectively. These are Hilbert spaces with inner products
ou Ou
(V) g0 = (Vi VO)pagye - and - (u,0)y gy = (f)t’({%)m(-l).

Let X () be a subspace of L*(Q) defined by X(Q) := {u € L*(Q) ; Au € L*(Q)}.
We define the time-dependent Sobolev spaces as usual, and define

V(L)) = {u € L*(J;L* () ; % € L*(J; L2(Q))},

with inner product (u,v) . In the following discus-

vi(sL2) (5 %)B(J;H(Q))
sion, abbreviations like L?Hj for L?(J; Hj(€2)) will often be used. We set V :=
Vi (J; LQ(Q)) N L? (J; H} (Q)) Moreover, we denote the partial differential operator
ANy VOLA(J;X(Q) = L2(J; L2(Q)) by Ay = 2 —vA.

Now let Sp,(2) be a finite-dimensional subspace of H} () dependent on the pa-
rameter h. For example, S}, (£2) is considered to be a finite element space with mesh
size h. Let n be the degrees of freedom for S, (Q), and let {¢;}* ; C HJ(2) be the
basis functions of Sy, (£2). Similarly, let V}!(.J) be an approximation subspace of V1(.J)
dependent on the parameter k. Let m be the degrees of freedom for Vkl(J ), and let
{vi}, C Vi}(J) be the basis functions of Vi}(J). Let V!(J;54(2)) be a subspace
of V corresponding to the semidiscretized approximation in the spatial direction, and
the space Vi (J; S (€)) is defined as the tensor product V;'(J) @ S5 (€2), which cor-
responds to a full discretization. We define the Hg-projection Plu € S,(£2) of any
element u € H{(Q) by the following variational equation:

(V(u— Phu), Vup,) =0, Vo, € Sh(Q). (2.1)

L2(Q)d
The V'-projection Pf : V1(J) — V;}(J) is similarly defined.

Now let IIj, : V1(J) = V;}(J) be an interpolation operator. Namely, if the nodal
points of J are given by 0 =to < t; < --- < t,,, = T, then for an arbitrary u € V*(J),
the interpolation Il,u is defined as the function in V}! (.J) satisfying:

u(t;) = (Mgu) (t;), Vie{l,...,m}. (2.2)

From [2, Lemma 2.2], if V}!(J) is the P1 finite element space (i.e., the basis functions
W; are piecewise linear functions), then Pf coincides with II;. For any element u € V/,
we define the semidiscrete projection Pyu € V! (J 3 Sh (Q)) by the following weak form:

<§t (u(t) — Phu(t)),vh) o) + v (V(ul(t) = Pau(t)), Von) 1o gy =0, (2.3)

Yo, € Sp(Q), ae. teJ

Finally, we define the full discretization operator PF : V — V! (J ; Sh(Q)) by PF =
I Py,.
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3. Full Discretization Scheme. In this section, we describe how to compute
the full discretization approximation for (1.1). Since the full discretization scheme in
this paper uses interpolation in the time variable, this method of computing P,fu is
somewhat different from the usual Galerkin procedure. But note that this principle
enables us to remove the stiff property coming from the spatial discretization. In the
derivation procedure of this scheme, we consider the fundamental matrix of solutions
for the ODEs associated with the semidiscrete approximation Ppu.

Now, for each f € L?(J; L*(f2)), we define the semidiscretization by uj, € V1 (.J; S,(Q2))
by the following variational form for a.e. t € J:

8uh

(at(t), Uh> ) + v (Vug(t), Vvh)LQ(Q)d = (f(t), Uh)L2(Q) ,  Yon € Sp(2). (3.1)
Note that, from (2.3), we have up = Pju.

We now define the symmetric and positive definite matrices Ly and Dy in R"*"
by

Lyij =85 0i) 200y, Doy = (V¢j,Vdi)aqa, Vi,je{l,....n}

Let f:= (f1,-.,f2)" € L?(J)" be a vector function defined by f; := (f, ¢s) 12 (q)- From

the fact that up € V1 (J; Sh(Q)), there exists a coefficient vector u:= (uy,...,u,)7 €
V1(J)™ such that

un(z,t) = Y dil@)u;(t) = d(x) u(t),
j=1
where ¢ := (¢1,...,¢,)7. Then, the variational equation (3.1) is equivalent to the
following system of linear ODEs:
L¢u’ + uD¢u =¥ (32)

Noting that (3.2) is a system of nonhomogeneous linear ODEs with constant coeffi-
cients, by using the fundamental matrix of the system, we obtain

u(t) = /0 "exp (s — Ly Dy) L;5(s) s (3.3)

Here, ‘exp’ means the exponential of a matrix. Taking notice of this representation,
we define the full discretization uf € V;!(J;S5(€2)) of (1.1) by the interpolation

up(z,t;) = (Mpup) (z,8;), Yo eQ, Vie{l,...,m}. (3.4)

Then, by definition, we have ufl = P,fu, and the actual computational procedure to
get uﬁ is as follows.
First, we define the matrix F' € R™*" whose i-th column is given by

F; = /o i exp ((s — ti)VL;quﬁ) L;lf(s) ds, Vie{l,...,m}. (3.5)

Next, noting that uf € V' (J;S,(R)), there exists a coefficient matrix U in R™*™
such that uf = ¢TUvy, where ¥ := (1,...,%m)T. Therefore, from the definition
(3.4), and by the use of (3.3), we have

o(x)TUp(t;) = d(z)Tu(ty), Ve e, Vie{l,...,m}. (3.6)
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Let ¥ € R™*™ be the matrix whose elements are defined by ¥; ; := ¢;(¢;). Then the
functional equation (3.6) is equivalent to the following linear system of equations:

UV =F. (3.7)

Thus by solving (3.7), i.e., computing F¥~! we can determine the full discrete ap-
proximation qu

REMARK 3.1. If the basis functions v; satisfy ¢;(t;) = 6;,;, where § means the
Kronecker delta, then the matriz U is the unit matriz in R™>"™. Therefore, it is not
necessary to solve the linear system of equations.

Now we will give some consideration to the actual computation of the integral
in (3.5) because it looks complicated due to the exponential of a matrix. First, note
that we have the following proposition.

PROPOSITION 3.2. For any A and B in R™*" if they are symmetric and positive
definite, then all the eigenvalues of A~'B are positive.

Indeed, let (\,v) be an eigenpair of A~!B. Then,

Bv = M.
Therefore, we have
0 <v*Bv = \v*Av,

which implies A > 0 by the positive definiteness of A.

Hence if L;1D¢ is numerically diagonalizable, then the computations in (3.5)
should not be difficult. We can prove this property for Ly, and Dy by the following
lemma.

LEMMA 3.3. If A is a symmetric nonsingular matriz, and B is a symmetric
positive definite matriz in R™*™, then all eigenvalues of A~'B are real, and A™'B is
diagonalizable.

Proof. From the symmetric positive definiteness of B, it is Cholesky decomposable
with B = BY2BT/2 where BT/2 .= (31/2)T. Then, for any eigenpair (\, ) of A™1B,
we have

(B72A71BY2) (BT/20) = X (BT/2) . (3.8)

Since A is symmetric, BT/2A=1B/? is also symmetric. Hence (A, v) is real. Moreover,
BT/2A=1B'Y/2 can be diagonalized by some orthogonal matrix P € R™*"™ such that
pT (BT/QAlelm) P = A, where A is a diagonal matrix generated by the eigenvalues
of BT/2A4-1BY/2_ Then, we have

A'B = (PTBT/‘A‘Y1 A (PTBT/Q) :
which proves the lemma. O
Let V¢_1A¢V¢ be the diagonalization of L;1D¢, where Ay = Ap are the
=
eigenvalues of L;1D¢. For each matrix A = (4;;) € R™ ™, we set diag(A) :=
(A1, .. ,Anyn)T € R™. Then, for all i € {1,...,m}, we have by (3.5)
— i
Fyy = (v;diag (VoL5'C))

J
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t
where C’;’k = / exp ((s — ti)vAg) fi(s)ds, Vjke{l,...,n} (3.9)
0

In the present case, since each A in (3.9) is positive from the above proposition, the
computation of F; is not difficult.
REMARK 3.4. If Q is a rectangular domain, and Sp(Q) is a Q1 finite element
. . -1 . . - . .
space with uniform mesh, then Ly Dy is a symmetric positive definite matriz (see Sec-

tion A). Therefore, the diagonalization of L;lDd, is easily obtained in this case. For
guaranteed computations of linear algebraic problems, including diagonalization and
Cholesky decomposition, we can use a convenient software package such as INTLAB
(http: //www.ti3.tu-harburg.de/rump/intlab/) [16].

4. Estimates for semi discretization. In this section, we describe for later
use the a priori estimates for the solution u of (1.1) and the semidiscrete projection
Phu. Several of the results presented below have been previously used [15], but, for
the sake of completeness, we present the proofs.

LEMMA 4.1 ([15, Lemma 2]). It holds that

| Apul| Yu eV NL*(J;X(Q)). (4.1)

” HVl(J LQ(Q) — ‘ L2(J;L2(Q)> ’

Proof. For arbitrary u € C§°(J x ) and t € J, we have

t3 dt ||VU( Wiz(ya = (e us) 2y + v (Vi Vaig) 2y
2(02)

= (uy — vAu, ut)Lz(Q)

IN

HAtUHLZ(Q) ||Ut||L2(Q)

I /\

||Atu||L2(Q)+ el 720

Hence we have

d

2 2 2
el ) + o [Vullz2oya < [[Avullp2q) -
Integrating this on J, we get

2
001 gy + 2 1D e < N0l

(722 JLA(Q))

From HVu(T)HZLQ(Q)d > 0, we obtain

[[u t||L2(J L2() = ||Atu||

L2 (1L2(Q))

Since C§°(J x Q) is dense in V N L?(J; X()), (4.1) is obtained. O
The following estimates can be obtained in a similar way.
LEMMA 4.2. It holds that

G ||At [ Yu e VN L*(J;X(9Q)), (4.2)

lu ||L2(J Hl(Q)) r2(r22(2)’

where C), > 0 is the Poincaré constant.
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Proof. For arbitrary u € V N L%*(J; X()) and almost everywhere ¢ € J, we have

1d
Sd ()72 () + v IV F20ya = (e ) 2y + v (Vit, Vi) 2 g
= (w — vAu,u) 2

< Al L2 gy lull 2 (q)

2

P 2 v 2
S5, [Avull720) + 202 l[ullz2(q) -

Using Poincaré’s inequality, we obtain

d 2 2 cy 2
pr lu(O)lz20) + v IVu)l 120y < 7,7 [Awullz2(q) -

Integrating this on J, we get

, 2
—= A
1%

2 2
||u(T)||L2(Q) +I/HquL2( LQ(J;LQ(Q)) :

a <
1L2@)" =
From Hu(T)HQLQ(Q) >0, (4.2) is obtained. O

The following lemma shows V! L? stability for the semidiscretization operator Pj,.
LEMMA 4.3 ([15, Lemma 3]). It holds that

| Prul| ) < ||Atu||L2( Vu e VNnL*J;X(9Q)). (4.3)

v (o) )

Proof. For arbitrary u € V N L?*(J; X(Q)) and almost everywhere t € J, by
setting vy, = (Ppu); in (2.3) we have

2
vd 9 0Py u 8Phu> ( 8Phu>
+ —— [|[VPyu(t =|—, +v | VPu,V
LQ(Q) 2 dt || h ( )HLZ(Q)d < 6t at LQ(Q) h (9t L2(Q)d

= @ — vAu, LPhu .
ot ot £2(Q)

Therefore, applying similar estimates in Lemma 4.1, the proof is completed. O
Similarly, by setting v, = Pyu in (2.3), we have the following L2H} stability.
LEMMA 4.4. It holds that

BPhu
H A )

C,
(| Pru| ) < 71’ | Apul| Yu e VNL*(J;X(Q)). (4.4)

LZ(J;H(}(Q) = L? (J;LQ(Q)) ’

Now we can make the following assumptions about the approximation property
of the Hj-projection P! defined in (2.1).

ASSUMPTION 4.5. There exists a numerically computable constant Cq(h) > 0
satisfying

[u = Pyul o) < Calh) [lu—Pyul[ 1 gy, Yu € Ho(Q). (4.6)

[|lu— P,}uHHé(Q) < Ca(h) [|Aull 2y,  Yu € Ho() N X (), (4.5)
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For example, if Q is a bounded open interval in R, and S;,(Q) is the P1 finite
element space, then Assumption 4.5 is satisfied by Cq(h) = %, where h is the mesh
size (see, e.g., [13]).

The following theorem is similar to [12, Lemma 2] but with a better result.

THEOREM 4.6 ([15, Theorem 4]). Under Assumption 4.5, the following construc-
tive a priori error estimate holds,

2

||u — Phu”LQ(J;Hé(Q)) < ;Cﬂ(h) HAtU’HLz(J;Lz(Q)) )

Vu e VNL*(J;X(Q)). (4.7)

Proof. For arbitrary u € V N L? (J;X(Q)), we denote u := u — Ppu. Then, for
almost everywhere t € J, we have

1d Ju
BYT, Jui(t )HQLz(Q) +v Hul(t)H?{é(Q) = <3;(t)ﬂu(t)> o) + v (ur(t), ur(t) gy (o)

_ (8;;(0, u(t) — P,}u(t)> + v (ur (), u(t) = Prut)) g gy »

L2(Q)
where we have used (2.3). Thus, by using the property of H{-projection, we obtain

1d ou 1 1 0Pnu 1
gar iy + v luslling o) = (at’“‘Ph“>L2<m o (= P) gy o) (at’“‘Ph“ Lo

P,
= (%—VAU U — Pﬁu) — (6 hu,u—Pﬁu)
ot @)\ O 12(9)

OP
(H —vAu Wt ) Ju— Pal ooy
L2()

ot
From (4.5) and (4.6) in Assumption 4.5, we have

L2(Q) ’

Hu(t) - P}%“(t)HLz(Q) < Cﬂ(h)Q HAu(t)H[ﬂ(Q) ;oae tel

2

= ol 0wy ey — 20y

14 8t at LQ(Q)
Ca(h)?

< S (g + el o) -

Therefore, we have by (4.8)
1 A A

By, I L”L?(Q) +VHULHH @S, [ Avull 2 q) + ot ) [Avull 2 q) + Fn )

Ca(h)? dPyu|® du ||”

Integrating this on J, from (4.1) and (4.3), we get

Cq(h)?

14

du
ot

O0Ppu
(2 |8l 7age + \ =

IN

2 ‘

2
L2L2

1 2 2
3 lur (D72 0) + v lurllzzm
122

IN

4 9 2
;Cﬂ(h) ||Atu||L2 (.];LZ(Q)) P
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which implies

2
||'LLJ_||L2 (J;Hé(Q)) < ;Cﬁ(h) ||Atu||L2 (J;LZ(Q)) .

This completes the proof. O
Finally, we conclude this section by showing the L2L? error estimates for Pj,.
THEOREM 4.7 ([15, Theorem 5]). Under Assumption 4.5, we have the following

constructive a priori error estimates:

<4Cq(h)||u — Prul|

llu — Phull Yu e V. (4.9)

L2 (1:02(2) L2 (5HL(©Q))

The proof of this theorem is given in [15].

5. Constructive estimates for full discretization. We introduced, in Sec-
tion 3, a full discrete projection PFu for the solution u of the heat equation (1.1) and
explained that it is computable by using the fundamental matrix for an ODE system
generated by the semidiscretization. We now derive the constructive a priori error
estimates for the full discrete projection P}’fu and the approximation u’,j As described
in Section 2, this full discretization operator is composed of the semidiscretization in
space and interpolation in time, i.e., P,’f = Il P},. Therefore, in the discussion below,
we will use the approximation properties for the semidiscrete projection Py, derived in
the previous section as well as the interpolation Il to obtain the desired estimates.

First of all, we assume the inverse estimates on Sp, ().

ASSUMPTION 5.1. There ezists a constant Cip,(h) > 0 satisfying

HuhHHé(Q) < Cino(h) HuhHL2(Q) ;. Vup € Sp(Q). (5.1)

For example, if 2 is a bounded open interval in R, and S;(f2) is the P1 finite
element space, then Assumption 5.1 is satisfied with Ci,(h) = %, where A, is
the minimum mesh size for Q (see, e.g., [17, Theorem 1.5]).

For the interpolation operator, we make the following assumption.

ASSUMPTION 5.2. There ezists a constant Cj(k) > 0 satisfying

w—Tlgul 2 yy < Cu(k) lullyryy, VYue V(). (5.2)

For example, if Vi!(J) is the P1 finite element space, then Assumption 5.2 is
satisfied by C;(k) = % (see, e.g., [17, Theorem 2.4]).

The following theorem shows L2H} stability for the full discretization operator
P,

LEMMA 5.3. Under assumptions 5.1 and 5.2, we have the estimates:

C
||P}’quL2(J;Hé(Q)) < (VP + Cim,(h)CJ(k)) ||Atu||L2(J;L2(Q)> , YueVnL*(J;X(Q).
(5.3)
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Proof. For arbitrary v € V N L?(J; X(Q)), from (5.1), (5.2), (4.3), and (4.4), we
have

||P}]fu||L2(J;Hé(Q)) S PhuHm(J;Hg(sz)) + | Pl

< Cinv(h) |11 Phu — Phul|

2 (1HY (@)

L2 (J;Lz(ﬂ)) + ||Phu||

+ (| Phul]

L2 (J5HY (@)

< Cinv(h)OJ(k) ||PhuH

vi(5L2@) L2 (J3HL (@)

Cp
S (Clnv(h’)CJ(k) + l/) HAtuHLz (.];LQ(Q)) :

This completes the proof. O
We obtain the following V! L? stability.
THEOREM 5.4. Let Vkl(J) be the P1 finite element space. Under assumptions 5.1
and 5.2, we have the estimates:
17

< 2| Al Vu e VNL*J; X(Q)). (5.4)

vi(522(9) 2 (5L2(9))

Proof. Since, for the P1 finite element space, it is seen that the V!-projection
PF coincides with the interpolation, e.g., [2, Theorem 2.2], we have PF = PFP,.
Therefore, for an arbitrary u € V N L?(J; X(2)), we have

||Plkphu($v ) - Phu(wa ')Hvl(J') < ||Ph7.l,(.’£, ')”Vl(J) , V€ Q.
Integrating this on €2, we get

||P1kPhU—PhuHV1( < Phully

JiL2(Q)) JiL2(Q))

On the other hand, from (4.3), we obtain

(| Pfl| < || Pf Puu — Pyul| + || Pyl

vi(nr2(@) vi(nr2@) vi(n2@)

< 2 Aeull a5, 0(0y) 0

which proves the desired estimates. O

The above V1L? stability was obtained in neither [12] nor [14]. Moreover, we
believe there are no existing estimates of the form (5.4) for any full discrete approxi-
mations.

Next, we describe the constructive a priori L2H} error estimates for P,’f.

THEOREM 5.5. Under assumptions 4.5, 5.1, and 5.2, we have the following
constructive a priori error estimates:

[l = Pru|

) < Cy(h,k) ||Atu|\L2( vu e VNL*(J;X(Q)),

(5.5)

2 (5 HL (2 JiL2())

where Cy(h, k) :== 2Cq(h) + Cinu(h)C (k).
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Proof. For an arbitrary u € V N L?(J; X(Q)), from (4.7), (5.1), (5.2), and (4.3),

we have

HU;—P;]:UH < ||u—Phu|| + ||Phu—HkPhu||

L2 (5HE(Q) = L2 (7HL ()
BPhu

ot

L2 (7:HL(9))

AN

L2 (J;L2(Q) 12 (J;LZ(Q))

IN

(ath + CunMCs0) 120l )

which concludes the proof. O
Finally in this section, we describe the constructive a priori L?L? error estimates
for P,’f.
THEOREM 5.6. Under assumptions 4.5 and 5.2, we have the following construc-
tive a priori error estimates:
e = Priul]

) < Co(h, k) |\Atu|\L2( vu e VNL*(J;X(Q)), (5.6)

2 (722 JiL2(Q))

where Co(h, k) = £Cq(h)? + Cy (k).
Proof. For an arbitrary v € V N L?(J; X()), from (4.9), (5.2), (4.7), and (4.3),
we have

|u— Prul| < |lu— Puul| + || Phu — I Prul|

L2 (502(@)
8Phu
ot

L2 (502(@) 2 (5L2(@))

<4Cq(h) ||lu — Prul|

+ Cy (k) H

L2 (J;Hé(ﬂ)) 12 (J;LQ(Q))

202(1) A

< 4Caf(h) v L2 (502(@)

+ CJ(k) HAtuHL2 (J;LQ(Q)) .
Therefore, this completes the proof. O

REMARK 5.7. Since Ciny(h) generally has the order O(h™1), if we take k = h?,
then the estimates in Theorem 5.5 give an O(h) error estimate. On the other hand, if

we use the higher-order derivative of u, e.g., ||Vu,5||L2 (522(@) on the right-hand side

of (5.5), then, from the argument in the proof, we can easily obtain the constructive
estimates with order O(h + k). Therefore, we could say that our estimates, i.e., the
order of the constants Cy(h,k) in Theorem 5.5, should be optimal. Moreover, the
estimates in Theorem 5.6 are O(h? + k), which is clearly an optimal error bound
in the sense of a concerned norm. And if we choose k = h?, then it yields O(h?)
estimates. But, of course, the value of the constant may not be the best possible,
and there is some possibility to improve the magnitude, which is desirable in order to
realize an efficient numerical verification method(cf. [13]).

6. Conclusions. We presented constructive a priori error estimates for the full
discrete approximation for the heat equation. In particular, it should be emphasized
that the time derivative of this full discretization scheme has stability for an external
force with L?L? regularity, and our error estimate has an optimal order of conver-
gence. These results should greatly contribute to the efficient implementation of the
numerical verification method for solutions of nonlinear evolutional problems.
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Appendix A. Symmetricity of L;1D¢ for Q1 element.

In general, the matrix L;qug introduced in Section 3 is not symmetric, but we
can show it is symmetric for the Q1 finite element space on a rectangular domain 2
with uniform mesh.

First we consider the one-dimensional case. If the basis consists of so called ‘hat
functions’ with uniform mesh size h, then it is readily seen that matrices Ly and Dy
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can be represented as the following tri-diagonal form:
Dy = — o . Al

THEOREM A.l. For the matrices in (A.1), L;1D¢ is symmetric positive definite.
Proof. Note that, from the symmetricity of L, and Dy, the following equivalence
relation holds:

T
L;'Dy = (L;'Dy) = L Dy = DyL;" = DyLy = LE DY,

Therefore, it suffices to show the symmetricity of DyLg4. By using the representation
(A.1), some simple calculations yield the explicit form

7T -2 -1
-2 6 -2 -1
) -1 -2 6 -2 -1
DyLy = — . . . .
S A S
-1 -2 6 =2
-1 -2 7

Thus the symmetricity of the above matrix is clear. The positive definiteness was
already given by the proposition in Section 3. O

For the two-dimensional case, the basis of the Q1 finite element space is consti-
tuted by the tensor product of the one-dimensional case. Therefore, the corresponding
matrices can be represented as

Ly =1Ly, ®Ly,, D¢=Dy, @Lgy, + Ly, ® Dg,,

where ® is the Kronecker product, and ¢, and ¢, correspond to the bases for x and
y directions, respectively. Then observe that

L3'Dy = (L5} @ L)) (Do, © Ly, + Ly, © Dy,)
= (L;;Dlm) ® I¢y +1y, ® (L;;D¢y) ,

where I, and I, are the identity matrices. The matrices L;jD% and L;;D%
are symmetric positive definite by Theorem A.1. Therefore, by the fact that the
Kronecker product of the symmetric positive definite matrix and the identity matrix
is also symmetric positive definite, L;1D¢ has this same property.

For the three-dimensional case, we obtain the same conclusion using similar ar-
guments.
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