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Abstract

We consider the methods for guaranteed computations of solutions for nonlinear parabolic
initial-boundary value problems. First, in order to make the basic principle clear, we briefly in-
troduce the numerical verification methods of solutions for elliptic problems which we have devel-
oped up to now. Next, under some fundamental procedures of verification for parabolic problems
based on the fixed point theorem with Newton’s method, we describe a summary of our methods
including additional new technique which could yield some improvements. The main contents of
the paper consist of the guaranteed a posteriori estimates for the linearized inverse operators of
parabolic type. In order to confirm the effectiveness of our methods, we give some numerical ex-
amples for the guaranteed bounds of iverse operators as well as give some prototype results for
numerical verification of solutions of nonlinear parabolic problems. Moreover, we will mention an
extention of the present technique to the verification of time-periodic solutions.

Keywords: Numerical Verification Methods, Elliptic boundary value problem, Parabolic initial-
boundary value problem, Fixed point theorem, Newton’s method

1 Introduction

Since, we will mainly concern the arguments related to the Newton-type verifiaction methods, our
main task consists of the way how to estimate the norm of a linearized inverse operator for the original
nonlinear problem. Therefore, in this paper, we focus on the constructive a priori estimates of solution
for linear parabolic problems, which we sometimes call ’a posteriori estimates’ of the inverse operator.

In[15, 17], solving parabolic problems with guaranteed error bounds were considered based on the
sequential iteration method with Schauder’s fixed point theorem. In these cases, due to the verification
principle, concerned operator is implicitly supposed to be retractive in a neighborhood of the solution.
As well known, e.g.[31], for a linear parabolic operator Zu = u; — vAu+ (b- V)u+ cu, the theoretical
norm estimates of the inverse operator ., ! is generally exponentially dependent on the time interval.
Therefore, it should be not efficient to use such a norm for the actual implementation of our verification
procedures based on the Newton method. In [12, 13], some verification procedures are presented
by using the theoretical estimates similar to that in [31], but the verification cost seems to be high
provided that the corresponding elliptic part, .i.e., —vAu+ (b- V)u + cu, is not coercive. On the other
hand, in the results by [1, 32] on the numerical verifications of time-periodic solutions in one space
dimension, they use the spectral method with explicit eigenvalues and corresponding eigen-functions
for the linear part of concerned nonlinear equation. Their methods are fairly different from the present
approach based on the finite element methods.

In the present paper, after some consideration of the theoretical estimates, we will introduce two
kinds of a posteriori techniques. One of them, proposed in [23], uses a constructive error estimates for
spatial semidiscrete approximation by the finite element method to the simple heat equation as well as
the inverse operator estimates for a linear ordinary differential system obtained by the semidiscretiza-
tion. Another method uses a full-discrete numerical scheme which is based on an interpolation in time



by using the fundamental solution for spatial discretization. In this technique, the constructive a priori
error estimates for a full discretization of solutions to the heat equation play an essential role, which is
considered as the same situation in the elliptic case([19, 22, 29] etc.). In both techniques, combining
these estimates with an argument using the discretized inverse operator and the condition of contrac-
tion in the Newton-type formulation, the a posterlon estimates of the norm for the infinite-dimensional
operators are presented.

In order to clarify the basic and essential concepts of our numerical verification techniques, first
we give a brief summary of our method for the elliptic boundary value problems in Section 2. Next,
in Section 3, after describing a verification principle for parabolic problems using Newton-type for-
mulation, according to our results [8, 23, 24], we introduce three kinds of method for the estimation
of inverse operator .%,~! and compare them by some numerical examples. Also we show some ex-
amples of the verification for solutions of a prototype nonlinear problem. Additionally, we mention a
possible refinement on the estimation for the inverse operators. In Section 4, we will consider a basic
formulation of the numerical enclosing time-periodic solutions for parabolic problems with known
and unknown periods. We summarize the paper in Section 5.

2 Elliptic problems

In this section, we briefly describe the basic principles for the numerical verification of solutions to
the following elliptic problems, see {14, 16, 18, 19] etc. for details,

{ —Au = f(x,u,Vu), x€Q,

u = 0, x€09Q, M

where Q is a bounded domain in R (1<d<3), f is a nonlinear map. We use the homogeneous
Sobolev space H(} (Q)(= H&) for the solution of (1). Also some appropriate assumptions are imposed
on the map f. In order to treat the problem as the finite procedure on computer, we use a finite
dimensional subspace §;, of H(} dependent on a parameter 4. Usually, S, means a finite element
subspace on Q with mesh size / with nodal functions {¢;}1<;<n-

Denoting the inner product on L?(Q) by (-,-), we define the Hé -projection: P,¢ € Sy, for ¢ € H{, by

(Vo —V(P,9),Vv) =0, Vv, €S ()

If A¢ € L*(Q), then the following a priori error estimates plays an essential role to bridge between
the infinite and finite dimensional, i.e., continuous and discrete, problems.

1= P)b gy < C)140]1,2- | ¥e)

Here, I stands for the identity on H} and C(k) means a positive constant which can be numerically
determined such that C(h) — 0 as & — 0. For example it can be taken as C(h) = h/m and h/(2nr) for
bilinear and biquadratic element, respectively, for the rectangular mesh on the square domain [6), and

C(h) = 0.493h for the linear and uniform triangular mesh of the convex polygonal domain [5]. Even
for the nonconvex domain, we can also numerically give such a constant, e.g., [30, 9, 10, 28].

For each y € L2(Q), we denote a solution ¢ € Hé of the Poisson equation : —A¢ = y with
homogeneous boundary condition by ¢ = (—A)~y. Then, under some appropriate conditions on f,
€] islrewritten as the fixed point equation of the form u = F(«) with a compact map F = (—-A)~1f
on H;.

The following decomposion of the fixed point equation gives an essential principle which enables us
to treat the problem by finite computational procedures.

Pyu = PF(u), ' |
{J—&m — U-RJF). @
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Here, the first and second parts can be considered as the equations in Sy, and in the orthogonal com-
plement S;- of H}, respectively.

Sequential iterative method A set U C H& which possibly includes a solution of (4) is called a
candidate set of solutions. Usually, for the sets U, C S, and U; C S,f, the candidate set U is taken as
U =U,®U, . Then, a verification condition based on Schauder’s fixed point theorem is given by

{PhF(U) c U, )

(I-B)F(U) c U..

The set Uy, is taken to be a set of linear combinations of basis functions in S, with interval coefficients,
while U, aball in S,J; with radius o0 > 0. ~

Note that, it can be easily seen that P,F(U) is directly computed or enclosed for given Uy and U,
by solving a linear system of equations with interval right-hand side using some interval arithmetic
approaches. On the other hand, (I — P,)F(U) can be evaluated as a positive real number by the use of
constructive a priori error estimates (3) of the form

(T = Po)F (U)| |y SC(h)zggllf(u)lle- (6)

Thus, the former condition in (5) is validated as the inclusion relations of corresponding coefficient
intervals, and the latter part can be confirmed by comparing two nonnegative real numbers which
correspond to the radii of balls. In order to find the candidate set U in the actual computations, some
iterative methods are effectively utilized([14]). '

Finite dimensional Newton’s method Note that the verifiaction condition (5) is not applicable
except that the concerned operator F is retractive around the fixed point. Therefore, in order to
overcome this difficulty, we need some Newton-type method for (4). Thus, we define the nonlinear
operator N; with an approximate solution #j, by

Ny(u) := Pyu — [Py — PoA’ (@h)];, " (Pou — PyF (1)),

where A’ (@) = (—A)~' f'(#) and’ means the Fréchet derivative of f at iiy. Here, [P, — PyA' (ith));
denotes the inverse on Sj, of the restriction operator (P, — P,A’(it))]s,. The existence of such a finite
dimensional inverse operator can be validated by the usual invertibility of the corresponding matrix.
And we set

T(u) = Nyp(u)+(—P)F(u).

Then T is considered as the Newton-type operator for the former part of (4) but the simple iterative
operator for the latter part. It can be seen that u = T (u) is equivalent to # = F'(u), and the verification
condition is presented similar as before.

Infinite dimensional Newton’s mtheod By applying the verification principle to the linearized
equation for the original problem (1), we can also realize an infinite dimensional Newton-type mtheod.
We now assume that the linearlized equation at &, is written as

{ Lu:=—-Au+b-Vut+cu=y, in Q, o

u=0, on dQ.



Here, we assume that b € W;*(Q)?, c € L~(Q), y € L*(Q). Also define the matrices G = (G; ;) and
D= (D;;)by:

Gi,j = (V¢}7V¢l)+(b'v¢17¢l)+(c¢j7¢l)v
Di,j = (V(Pj,V(P,‘), for 1<i,j<n.
Let define p := ]IDnglD% ||z, which implies the Euclidean norm of the matrix. Then p corre-
sponds to an approximate operator norm for .# ! in Hé sense. Setting the constants as Cyiyp 1=
. 1/2 ‘ ~ -
||d1vb“Lm(Q), Cb = (2?=1 ”blllim(ﬂ)) s Cc = ”C”Loo(g), and let C] = CpCdivb +Cb, C2 =

CoCe, Gy:=G, +C,Ce, Cy:=C, +C(h)Cc, where C,, is a Poincaré constant on Q. Then, we have
the following invertibility condition for .£ in (7).

Theorem 2.1 ([19)). If
| k=C(h)(pC3(CL+C)C(h) +Cy) <1, ®)
then the operator £ in (7) is invertible. Here, C(h) is the same constant in (3).

By using this result we derive a verificaion condition for the solution of the problem (1) to apply
the infinite dimensional Newton-type method. -
On the other kind of verification methods for elliptic problems, refer [3, 25, 26, 28] and so on.

3 Parabolic initial-boundary value problems

We consider the following parabolic initial-boundary value problems:

du

3 VAu = f(x,t,u,Vu) in QxJ, (9a)
u(x,t) =0 N on dQ x J, (9b)
u(x,0)=0 in Q, (9¢)

where x € Q C R? : a bounded convex domain, t € J := (0, T) C R : a bounded interval for a fixed
T, and v € R: a positive constant. We assume that f is a continuous map from L?(J; H}(Q)) into
L?(J;L?(Q)), and, for each bounded subset U in L2(J ;HL(Q)), the image of U by f is also bounded
in L2(J; L2(Q)). ,

In order for the verified computation of solutions for (9), in [15, 17], some sequential iterative
methods similar to that in the previous section are used. And not yet considered for the finite dimen-
sional Newton-type method, as in the second paragraph of the section 2, up to now. From the fact that
the invertibility of the linearlized operator for parabolic equation is always valid, some other Newton
type method is studied in [12, 13]. However, the numerical examples in those works are prototype

problems and it is not clear whether they can be applied to more realistic problems. In the present

section, we describe three kinds of method, one a priori and two a posteriori, to compare the efficiency
by showing some numerical data.
We now define the space by

u

VI(5LA(Q)) = {u € L*(1;L4(Q)) ; >

€ L*(J;L3(Q)), u(+,0) =0in L2(Q)}

with inner product (u, v)v1 (12@) = (%%, %%)Lz (J'L2(Q)): By using an appropriate approximate

solution uf « 71(J;L2(Q)) NL2(J; HL (Q) N H?(Q)) and setting u = w+ uf, the original problem (9)
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can be rewritten in the following residual form

Lw = g(w) inQxJ, ) (10a)
w(x,t) =0 on dQ x J, (10b)
- w(x,0)=0 in Q, (10¢)

where % = g; — VA — f'(uf). Here, f'(uf) stands for a Fréchet derivative of f at uf. And g(w) =

k
Flxt,w+uk, Viw+uk)) - %‘t‘l + vAuk — f'(uf)w.

In order to consider the existence of a solution w of (10), for any @ > 0, we define the candidate set
by

Wy = {we L}(J;H (Q)); Wl 2y < o} (11)
If we find a constant C g, -1 satisfying
-1
”Z ”f(Lz(J;Lz(Q)),Lz(.I;Hé (Q))) < C_gl—l ’ (12)
then, we hav¢

”-Z_lg(wa)”yu;ﬁ(}(n)) < Cg;—l S:ula l|g(W)|‘L2(J;L2(Q))'

Therefore, using the compact imbedding from V1 (J; L?(Q)) N L2(J; Hy (Q) NH?(Q)) into L(J; H} (Q)),
by the Schauder fixed point theorem we obtain the following existential condition of a solution w € Wy
to (10),

Cyt sup leWl 2220 < - ' (13)

This clearly implies a Newton-type verification condition of solutions for the original problem (9).
Note that usually .% is written of the form

3 . .
Lw= Ew—vAw+(b-V)w+cw, (14)

where b and ¢ are L™ functions on Q x J. Hence we now consider the linear problems:
Lw=gq in QxJ, (15a)
w(x,t) =0 on dQ x J, . (15b)
w(x,0) =0 in Q, (15¢)

where the right-hand side g of (15a) means a given function in x and ¢. Thus, it is important and
essential for our purpose to find a constant C o, -1 satisfying the following a priori estimates of solution
wto (15) -

Wlega@y < Cg-tldlegra)y

which also implies that (12) holds for this constant C %1
In the below, we consider the methods to give such a constant.
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3.1 A priori estimates

It is not so difficult to determine the constant C -1 by some theoretical consideration(e.g. [31]),
t
which we call *a priori estimates’. However, in general, C -, obtained by existing a priori methods
: t

is exponentially dependent on the time interval J unless that the elliptic part of the operator .%; is
coercive [11]. For example, in case of b = 0, the following a priori estimate is easily derived [31],

- C
57 1“,5,”(L2(J'L2(Q)) poi@y) < <PBT)=, (16)

where Cp, is a Poincaré constant on Q and B anonnegative parameter defined as 8 = max{supq, ;(—c),0}.
Therefore, if the function ¢ takes negative value, then the rlght-hand side of (16) becomes very large
and it leads to an over-estimation of the inverse operator ,2” . In [13], a weighted norm on the
time-dependent Sobolev space is used, but the influence of the exponential dependency on T still
remains.

3.2 A posteriori estimates I

Let Sy(Q) =S, bea finite element subspace for the spatial direction with the following approx1mat10n
- properties as in the previous section.
Assumption 1. There exists a constant C(k) such that

=Pty < COAulizy e BY@)N {u e @),
= Prullpz) < CR)u—Prullpgyqy» Yu € Hy(Q),

where P, is the H}-projection defined in Section 2.
As well known, this property is valid for many standard finite element subspaces.
Now, we define the several functional spaces :

. . . d '
V = VI(JL2(Q) NLA(J; HY(Q)) with (u,)y = (%, ?)LZU sy Y Vo)
VI(J) := {u € H' (J); u(0) = 0} with (u Vvigy = @,V
Alsolet V1(J;54(Q)) = {un(x,t) = Za,- ()¢i(x) |a; €VI(J), 1 <i<n},andletP} :V - VI(J;S;,(Q))
, par _ , ,
be a semidiscrete projection defined by, denoting u(-,) = u(t) € H}(Q),

(% (u(t) —P,Yu(t)),vh> + v (V(u(r) —P,Yu(t)),Vvh)Lz'(g)d =0, Vv, €S8(Q), ae. tecJ. (17)
2(Q) e

For a solution w of (15), setting w) := (I — P,Y )w, the semidiscrete projection (17) leads to the fol-
lowing system of ODEs:

(g-tP,:’w, vh)LZ(gj +v(VE/w, Vvh)Lz(Q)d + ((b- V)P{w +cP/w, Vh)LZ(Q)
= (P,?(—(b -VIwy —cewy +g) ’vh)LZ(Q)

d
= <L¢E+Q¢) a=LyP,

where P means the semidiscrete L2-projection from L2 (J;L*(€)) into V1 (7;84(R)), and n-dimensional
two vectors o and 3 are defined by . )

szga,-a)«p,-(x) and  P)(~(b-V)wL —cw, +¢) =§ﬁf<f)¢f<x>
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respectively. Here, Ly, 0y are n X n matrices such that
L¢ij = (¢ja ¢i)L2(Q)y

Qp;; = v(Vej, V¢i)L2(Q) +((5-V)9), 9i)12(q) + (¥ 1) 12(c2)-

Next, we define the positive constant M‘;O which corresponds to the norm of the semidiscrete
inverse operator such that

12

1
r2(, d /10
Dy’ (L¢d—t+Q¢> L, <M},

LLAI)m LI

where, Dy is an n x n matrix defined as Dy, = (Voj, V¢,~)L2(Q).
Now, by some arguments on the error estimates of semidiscrete projection P,Y with use of Assumption
1, we have the following theorem.

Theorem 3.1 ([23]). If
0 < Ky :=2C(h)C2(1+C1M°) < v,

~ then,
10 10
14" pur@)rom@) S VM, +2C(h) +2C(R)CiMy (18)
£ (2L @) 2 OH Q) = - ’
where Cy:=Cy+Cpllc|li=(s1=(@)) C2 :=Cp+4C(h)||c|l == Cb = l1/bF + - - + B3|l = si2= () -

" In order to get an upper bound of Mql,o, we need a priori bounds of a solution for the linear ODEs.

Let $¥(J) ¢ V(J) be a finite element subspace on J with mesh size k. Then n-dimensional V!-
projection P} : V1(J)* — S¥(J)" is defined for each u € V!(J)" by

(u, Vk)Vl(J)n = (Pklu, Vk)Vx(J)n, VVk S Sk(J)'_l.

We also assume that
Assumption 2.  There exists a constant Cy(k) s.t.

lu—Plullyigy < CEIW 2gn weVI)y nHAI),
lu—Pullzgpe < CJ(k)“U—PkIUHVI(J)n Yuevig)y

We denote the basis of S¥(J)" by {yi}i=1,..m. Let My! be a positive constant such that
- o]
where, Ly, Dy, Gy are m X m matrices such that
Lv/,-,- = (yj, ‘I’i)L2(J)"a D'Vij = (‘Pj', V’;J')LZ(J)n,

Gyyj = (Lo Wjs Y2y + (Qo¥j» V)12

Noting that Ly is symmetric and positive definite, let A; > 0 be the minimum eigenvalue of Ly. Then,
by using the arguments in [7] with approximation property in Assumption 2, we have the following
estimates corresponding to the semidiscrete inverse operator.



Theorem 3.2, If
0 < Ky 1= Cy(k)[|Qp ll=(yen (1 + My | Qg llL=syen) < Ay

then it holds that ’

M? < M} +Cy (k)

(14 M| Qyl=ryen)
v

T/2 1/2
e 105 12112l

. T/2 A1 y1/2 T/2p-T/2 1120 T/
where M3 = |ILy/*G 1Dy |12, Gyij = (LDl Wiy + (L QD5 T, W2y
and || - HZ means the matrzx 2-norm, i.e., spectral norm.

Note that MS,I means an approximate norm of the inverse operator .%, !

3.3 A posteriori estimates I1

We now introduce an alternative approach to the method in the previous subsection.

Constructive a priori error estimates for the heat equation In this paragraph, according to the
arguments in [24], we give the constructive a priori error estimates for a full discrete numerical so-
lution of the heat equation, which plays an esseential role in this subsection. This numerical scheme
consisits of a Galerkin finite element method with interpolation in time using fundamental solutions

for ODESs by spatial discretization. The present estimates is a basis for the verlﬁed computation of the

inverse for the linearlized parabolic operators.
Let S,(Q) C H}(Q) be a piecewise linear finite element subspace for spatial direction with dim S, =
n. Also let S¥(J) C Vl(J) be a piecewise linear finite element subspace for time direction with

dimS* =m.
We define the mterpolauon I VI{I;Sh(Q) = Sk, s,,(Q)) = Sy(Q) @ S¥(J) by

ulty) = (), i=1,---,m.
Then we define the full-discrete projection Py : V — Sk(J;S,(Q)) by
Phu:=I*(P u). . 19

For a given f € L?(J;L*(Q)) consider the following equaiion with homogeneous initial and boundary
conditions:

Su—vAu=f. | (20)
For a solution « € V of (20), P u(x,t) € V' (J;S,(R)) can be represented, by using a vector-valued
function @i, € V(J)", as ‘
Py u(x,1) = i (1) @ (x).
Here, ®(x) = (¢1,--+,¢,). The above equality is equivalent to

d . ,
L¢El_l'h+VD¢ﬁh=f in J, ‘ (21a)
i (0) =0, . (21b)

where Ly, Dy are n X n matrices same as in the previous subsection and n-dimensional vector f = (f;)
is defined by f; = (f, P)r2q) -

119



120

Noting that; by using the fundamental matrix for the ODE system, the solution of (21) can be
rewitten as

up(t) = /Ot exp(vLaqu, (s— t))L‘;lf(s) ds, (22)
which implies |
(Pku)(x,t;) = (/Otj exp(vL;lD.,)(s—tj))L;lf.(s) ds) Dd(x), xeQ1<j<m. (23)

Remark 3.3. Let Q be a rectangular domain, and take S,(Q2) as a Q1 finite element space, namely,
piecewize bi-linear element which is constituted by the tensor product of one dimensional P1 ele-
ment. If we use the uniform mesh, then L51D¢ is a symmetric positive definite matrix(see [24]).

Therefore, the diagonalization of L51D¢ is easily obtained in this case. In other cases, it is also
diagonlizable([24]). Therefore, the computation of the exponential matrix functions in (23) is not so
difficult.

In what follows, for simplicity, we sometimes denote the symbols L2(J; H} (Q)) and L2(J;L*(Q))
by L2H(§ and L2L2, respectively, and so on, which will cause no confusion.
Now let u be a solution of (20). Then observe that

= Plullapy <l B ull oy + 1P = Bz @4)
By existing a priori estimates for the semidisctre approximation([15]), we have

2C(h)
\%

||u_PIY“”L2H& < Iz (25)

where C(h) is the same constant in the subsection 3.2.
By the use of well-known inverse inequality for S, there exists a positive constant Cip, (k) satisfying

HV(P,,V u— Pu) < Cin(h) ”P,,V u— Py (26)

1212 212’

Note that, usually, Cipy () =~ O(h™1).

On the other hand, taking notice that the V1-projection defined in the previous subsection coincides
with the interpolation /* on J, by using Assumption 2 and a priori estimates for the solution of (20),
we have

“p,,vu_p;:u

1212 S CJ(k) ”f”L2L2 . (27)

Therefore,

HP,Yu —Pfu

e Cinv(R)Cs (k) | 1l 212 - (28)

Thus by (24),(25),(28), we obtain the following constructive error estimates for the full-discrete ap-
proximation to the solution of (20)

flu— P;’f““LZHg < Ci(hk) 1 fll 22 (29)
2C
where Cy(h,k) := —9 + Cinv(R)Cy (k).
If we take k = k2, then (29) means an O(h) estimate.



We also derive an L2—estimate as below. Namely, first, by using the existing L2-estimates for
semidiscrete approximation ([23]), we have

$C(h)?
= _‘(/“)— ”f||L2L2 5 Vu € V. (30)

On the other hand, we have by Assumption 2

HP,Yu—P,’fu

1212 S HPh u”vl JL2(Q)) ’ | ‘ ) (31)

which implies, by using the estimates ||P,Y qul (@) <\ ll2p2s

P¥u— Bt , < Il Ier)
Thus, setting
Co(h,k) := &vh)z +Cy(k),
we have , .
e — P 212 < Co(hyk) | Fll2g2 - (33)

If k = h?, then (33) gives the O(h?) estimates.

Estimation of the inverse operator In the present paragraph, we give an outline of the arguments
in [8]. Combining the results obtained in the previous paragraph with an argument for the discretized
inverse operator and a contraction property of the Newton-type formulation, we derive an a posteriori
estimate for the operator .21, -

First, we set A; 1= g—t — VA and & = —A,_l(b -V)— A", where v,b,c are same as before,

and A, ! stands for the solution operator of the heat equation with homogeneous initial and boundary
conditions. Next, we rewrite (15) as the following fixed point form

—aa—:v—vAw+(b~V)w+cw=q

— w=A"(g—(b-V)w—cw). (34)
Furthermore, we deéompose it into the following two parts similar to the elliptic case in Section 2.

Piw=PF (A7 g+ W), (352)
(F —B)w = (F PO (A7 g+ ow). (35b)

Here, .# means the identity map on L?(J; H} (Q)).
Note that (35a) can be rewritten as:

Plw— kot Plw = PH(87 g+ o/ (5 — Fi)w).
Let define My ,, by
- -1 ,
M,y = ”[j—fd]hk |’g(B(J;Hg(n)),L2(J;H(}(Q)))’

which can be computed by the matrix norm estimation corresponding to the finite dimensional oper-
ator [# — &} on S = §;,(Q) ® S¥(J). Here, [.# — &];;! means the invese of Pf(S — .;zi)|S§ on Sk.
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For detailed computational procedures of My y,, see [8].
Then, on the estimates for the finité¢ dimensional part, we have

“P;’fW“BHg <My y|lPE(A g+ (S "Pilf)w)ﬂﬁyga

which yields the estimates

[Phw] sy S Blbliose WLl + ol Wi 22 + Galallz 36)

- 0

where we have set w) = (& ~ Pf)w and €3 := M, (%1 + Ciny (h)CJ(k)).
On the other hand, for the infinite dimensional part, by the arguments using the a priori error estimates
(29) and (33), we obtain the following inequality

w12y < C(K)Es [Biw]| ., +CL bR Bl e 1912 +Co,K) gl
0

LG (1) Co(h,k) ||c|| =g (@ HP:W

oo oo 37
1 '—C()(h,k) ”C||L°°L°° L2H6 + Ilb“L L ”wJ.”I}H(} + “qllL2L2)7 ( )

where %3 = C}, same constant as in Theorem 3.1.
Combining this estimates with (36), we get a system of two dimensional inequality with respect to
(| PEw]| 2 gy and W [| 2y - Thus by solving it we obtain the following theorem.

Theorem 3.4. Define the constant Ky by

. NBll=p= (1 +€2%3)C1 (B, k) + 62%3C0 (B, k) ||| 1= -

. (38)
W 1 —Co(h,k) ||c|| pmp oo

Ko

If 0<Ky,y <1, then

1 cfz-l—(l +cg2%03)cl (h,k)

-1
52 IIz’(LZ(J:L2(9)),L2(J;H5(9))) “1—xpy 1-Co(mk)|[cl =pm (39)

3.4 Numerical Comparisons

We show some numerical results by three kinds of methods, namely, a priori estimates (16), a poste-
riori estimates I (18) and II (39). Also other comparison results are presented in [8].

We considered the norm estimates for an inverse operator of the following .%; with Q = (0, 1) and
J = (0,T), i.e., one space dimensional case,

% = 53; —vA—2uf, | 40)
which implies that b = 0 and ¢ = —2u}, in (14). Here, the function uf € V1(J;L2(Q)) NL*(J;H} (Q) N
H?(Q)) is chosen as an approximation of the function u(x,t) = 0.5t sin(zx) by using a piecewise-
cubic and piecewise-linear interpolations in space and time, respectively. And the constant v is set as
v = 0.1 (Example 1) and v = 1.0 (Example 2).

In the application of the a posteriori estimates, we used the finite-dimensional spaces Sj(Q) and
S(J), spanned by piecewise linear functions with uniform mesh size  and k, respectively. Then, it
is seen that the constants in previous subsections could be taken as C(h) = h/m, Ciny(h) = v/12/h,
Ci(k)=k/m,and C, = 1/m.
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For the a posteriori estimates I, i.e., (18), the finite element meshes were taken as h = é k= 7001 0T

for Example 1. On the other hand, in the a posteriori estimates II, i.e., (39), we chose meshes h =1/8
and h = 1/16, with k = k2.

Figures 1 and 2 show the estimated norms H..Sf for Example 1 and 2,

. :
P (PEL2@) L2 UH ()

plotted out on log-linear coordinates.
In case of v = 1, i.e., Example 2, due to the stiffness of the corresponding ODE:s in the estimation

process, we were not successful in computmg the inverse operator by a posteriori estimates I, except

that T was very small.
From the above computational results, we could conclude:

e A posteriori methods give more accurate value than existing a priori estimate. Partlcularly, there
is a possibility to remove the exponential dependency on time, even if the correspondmg elliptic
problem is not coercive.

e As far as the test problems are concerned, the a posteriori estimates IT (39) seems to give finer
bounds and to be more efficient in computational cost than the a posteriori estimates I (18) in
many cases.

3.5 Verification of solutions for nonlinear parabolic problrems

In the present subsection, as an application of the a posteriori estimates II, i.e., the inequality (39),
we describe on the verified computations of solutions for nonlinear parabolic equations with some
numerical examples. In order to show more clearly the detailed verification procedures, we consider
the following prototype problem:

E—vAu—u2+f, in QxJ, (41a)
u(x,t) =0, on dQ x J, (41b)
u(x,0) =0, in Q. (41c)

In the below, Q and J are the same as in the previous subsection. And the function f is chosen so -

that the problem (41) has the exact solution u(x,¢) = 0.5¢sin(7x), and the constant v as v = 0.1 and
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v = 1.0 which are corresponding to Example 1(v = 0.1) and Example 2(v = 1), respectively, in 3.4.
Also uf is taken as the same interpolation for u as before.
First, we consider the following residual equation:

Lw= %;v— — VAw — Zubv =g(w), inQxJ, . (42a)
w(x,t) =0, . on dQ x J, (42b)
w(x,0) =0, in Q, ~ (42¢)

where

gw) =wr+e(xt), e(xt):=w)+f- (-—Tk—vA )

Note that if the approximate solution uﬁ well approximates the exact solution of (41), then w = 0,
€ ~ 0, and g(w) ~ 0. Thus, as described in the beginning of Section 3, we have the following fixed-
point equation of the compact map F on L?(J; H} (Q)):

w=%"lg(w)=:F(w). 43)

In the actual application of the verification principle, we need the norm estimates in the space
V1(J;L?). Therefore, for any positive constants o and B, we define the candidate set Wy g as

Wap = {w €V Iwliagy < o Iwlyuz < B}, )

which is a bit of dlfferent from the set defined in (11). Taking notice of the continuity of the map F in
the space L?(J; H} (Q)), by Schauder’s fixed-point theorem, if W, a,p satisfies

F(Wop) CWap, (45)

then a fixed point of (43) exists in the set Wy, g, where W, g stands for the closure of the set Wy, g in
L*(J;Hy (Q)).

Now, setting Cy2;2 12 H1 1= “i”, by some simple calculations using the Sobolev

1

“.Z’(L2L2,L2H(}) ’
embedding theorem and the Poincaré inequality, it is easily seen that the following inequalities hold
for any w € Wy 5:

“F(W)HI}H& SCL2L2,L21-1& (aﬁ\/%‘l‘ “€||L2L2> )

k
],y +1) (@BE +ellas ).

From these inequalities, we have the following sufficient condition for (45):

Corraony (B F+ ez ) <
2 T
=Cpprriony ||, 1) (@B/5 + el ) <B.

Solving the above simultaneous algebraic inequalities in & and 8, we have the error bounds of the
form ||u—uf||,, <o and ||u—uk||,1,» < B. We show the verification results for the solutions of

(42) in Table L. In ‘the table, "Residual’= ||€|| ;2,2 and C -1 =Cpap2 g1

From this table, it is seen that the error bounds i mcrease in proportlon to the residual norms. Thls
property should be expected in our verification conditions. Namely, the validated accuracy of the
present method is essentially dependent on the residual norm of the approximate solutions.

2
POz < ( 2Cs,

u




Table 1: u(x,t) = 0.5¢ sin(nx), h=1/8, k=h"

| v | T Residual C 1 a B J

0.1 1025 0.0001 4.4030 0.0006 0.0002
050 0.0004 4.7701 0.0020 0.0010
1.00  0.0012 59881 0.0071 0.0060
1.50 0.0021 8.4710° 0.0255 0.0446
1.0 ] 025 0.0014 0.6450 0.0009 0.0016
0.50 0.0041 0.6595 0.0027 0.0050
1.00 0.0116 0.6932 0.0081 '0.0170
2.00 0.0327 0.7752 0.0268 0.0764
250 0.0457 0.8240 0.0431 0.1542

‘3.6 A possible refinement of inverse norm estimates

In this subsection, we consider some refinement on the inverse norm estimates in Theorem 3.4. Note
that if we take the mesh size such as k = h, then the constant C (h,k) in (38) implies C; (h,k) = O(1)
by the definition (29). Hence in case that b # 0, the numerator in the right-hand side of (38) might be
not so small even if we use fine mesh, i.e., 4 is sufficiently small. Therefore, in-such a case it should
be difficult to attain the condition Ky y < 1 in Theorem 3.4. On the other hand, as shown in (33), the
L? error estimates of the projection Pf still remains O(h?) + O(k) independent of the relation between
h and k.

In the below, we consider a method to obtain the invertibility condition which is always attained
for sufficiently small 4 and k even if k = h.

Now we consider again the linear parabolic equation: A,u = f — (b-V)u — cu which is correspond-
ing equation to (34) and the following decomposed form as in (35a), (35b).

[ Pfu= PO f + ), (472)
(I —B)u= (I —PO) (A f +u). (47b)

From (47a), using the definition of the operator &7, we have
Pfu =P,',‘(42¢(P,fu+uL)+Af1f).
By the definition of the operator [.¥ — o] ! , this implies
Phu=5 — ), P (duy + A7 f). (48)
Now we set as
M = ” [ - d ];kl ‘|$(L2(J;L2(n)),L2(J;L2(Q))) ’ (49)
which can be estimated by the following matrix norm

2000 _ |7 T/24—1 7-T/2
M° ”H%,w%,w%,w Hz
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Thus we have by (48)
0 -1
b e <00 (lhetic |+ i 1] ) 0
We now estimate the first term in the right-hand side of (50).
First, we set ¥ := &/u |, then noting that A,y = —b-Vu, —cu, we have
T T
| vy +v (v b = [ (b Vs —cuy y)ar
T
= [ WV w) - cyar
< lur | (CplV -] +63) [V, (51)

Here, and in what follows, we suppress the space dependency in the symbols for the L2-norm, namely,
|| ||;212 is denoted as || - ]|, and also for a function ¢ € L™ (2 x J), we simply denote |¢| = |[|9||.=xs)-
From (51), taking notice of the initial condition in the integration of the first term of left-hand side,
we obtain

1YYl < o (ColV -5l +85) |
=K|uLll, (52)

where K := %(CPW bl +63).
We also have the following lemma.

Lemma 3.5. For a solution u of Aju = f — (b-V)u— cu, it holds that
) i) - C
IVall < = llull + <A1 : (53)
Indeed, we have by the assumption

T T
/0 {(ue,u) +v(Vu,Vu) + (b-Vu+cu,u) }dt = /0 (f,u)dt.
Therefore, taking account of the initial condition, it is easy to obtain the following inequality
v||Vull < (1] + Cple))l|ul| + CplI£1],

which proves the lemma.
Next, by using the estimates (33), (29) and the definition of y, we have

|kw]| < vl +Cot ) A v
< G VYl +Colh,k) | ~b-Vuey —cu |
<G|V +Colh, )% | Vu |
< G, [V +Colh KYGC (. ) v
= G, [V +Colh YGCi (1K) | b Vu—cu+ f]] (54)

Here, Co(h,k) and C;(h,k) are same constants in 3.3.
Furthermore, by using Lemma 3.5, we get

b+ V= cu £1) < b1Vl + bl ) + 1]
< 1B1CE el + 21511+ bl + 11

< (12 4 el Phull + 1612 + el 1+ (612 + D171
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Therefore, from (52) and (54), we have

[t < ol + Cotn kB k(161 2 + ekl -+ (51 + kel 1+ 012 FOIA.

(55)
We now set
CO(h, k) := Co(h, k) &Cy (h,k)(lb(? +le)),
c@ (h,k) = Co(h,k)&Cy (h,k)(|b|-cv£ +1).
Then, we have
|Phatus|| < COGmRIB+ (R + OBl +COEmBIAY GO

We also have the following estimate by Lemma 5.3 in [24]

], 6 s

LL2_

< Col(2 + G (WKl

1
L2H}

Hence by (50) and (56) imply the following estimate as the finite dimensional part

|| < MOACO B 1BE + (G + €O ks 1+ (G2 + Cann () R0) + CO (R £11
= O11|Pful| +(Q1 + On2) [luL|| + (@2 + Ow3) I, (57)

where we have defined the constants O1; = Oy := M*CO)(h,k), 013 := MO*OC® (h,k) and Q; :=
MOC,K, Q5 := M®OC,(2 + Ciny (R)C; (K)).

On the other hand, by considering the L2L? norm of (47b), from Theorem 3.2 in [8] and Lemma 3.5,
we have

s llag2 < Colh, k) |1~ (b- V)u—cu+ £l 2pa
< Co(h k) (1] Vil + Iel ] + I £1)
< Go(h k) (|b|( i+ 21071+ lel e + nfn)

< Colhy ) ((”"%H o)l + (2 "+1>||fn>)

< Ou Bl + Oz ] + 0111, (58)

where we have defined the constants 0,1 = Oy, := Cy(h, k)(M +|cl|) and 023 := Co (A, k)( oIS 4 1).
Thus from (57) and (58), we get the following simultaneous inequality,

1-011 —Q1-0n2 ”Pku“ 0> + 013 o
( ) 1—-0y ) ( “uL” . On 1l (59)

Now, observe that

1-0u -01-0n,
det =1-011 — 02— 0101;.
e( _0y  1-0gy ) 11— 02— 0102
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Therefore, defining
Ko =011 +(1+01)0n, (60)

if1— Kg y > 0, then the above determinant is positive and the inequality (59) can be solved, which

yields the following L2-based inverse norm estimates.

Theorem 3.6. Let O;j, Q; and Kg,w be constants defined above. If Kg,w < 1, then the following

estimates hold.
|| PEu| 1 1-0n Q1+0u Q2+013>
< . 61
() ==y Con™ Son) (%o )1 o

This estimates will give the desired result. Namely, since the constants O11 and Oy — 0 when
h — 0 even if we take k = h, it holds that 1 — Kg,w > 0 for sufficiently small #. Therefore, we can
effectively compute the L norm of the inverse operator, while it might occur that Theorem 3.4 does
not work in the case of b # 0. In that sense, we could say this result should be an essential improvement
of the estimates in Theorem 3.4. Thus it is also expected that Theorem 3.6 presents a more efficient
verification techniques for nonlinear problems.

4 Periodic problems

4.1 The problem with known period

As discussed above, in order to implement the infinite dimensional Newton-type method, it is essential
to estimate the norm for the linearlized inverse opeartor. Therefore, we consider the following linear
parabolic problem with time-periodic condition:

ou_

3 VAu+ (b-V)u+cu= f(x,t), in QxJ, (62a)
u(x,t) =0, on dQxJ, (62b)
u(x,0) = u(x,T), in Q, (62¢)

Therefore, it will be essential and important to get a constructive error estimates for a full-discrete ap-
proximation to the time-periodic solution of the following simple problem with any f € L?(J; L*(Q))

Su—vAu=f, in QxJ, (63a)
u(x,t) =0, on dQxJ, (63b)
u(x,0) =u(x,T), in Q. (63c)

Note that the existence and uniqueness of a weak solution for the above problem is well known,
e.g., [31]. Let Sy(Q) C H}(Q) be the same finite element subspace in the section 3.3. Also let
SkJ) c V1(J) := {u € VI(J) | u(0) = u(T)} be a piecewise linear finite element subspace for time
direction.

Then a full-discrete approximation Pf : V — §¥(J;5,(Q)) of a solution u of the problem (63) can be
defined same as in (19):

Phu:=I*(P/u).
Namely, we consider the following ODEs with constant coefficients which is from the semidiscrete
approximation of (63)

d ~
L¢ Zi—;iih + VD¢l_ih =f in J, (64a)

iy (0) = i@y (T). (64b)



Here, Ly, Dy € R and f € R" are same as defined in (21). Then by using the fundamental matrix:
O(t) = exp( —vLaqu,t) for the operator Ly % + vDy with setting b(t) = L;l f(), we have

{ iy (t) = O(t)in(0) +/OIG)(I — 5)B(s) ds in J, (65a)
iy (0) = idp(T). (65b)

* Assuming that (/ — ©(T)) is nonsingular, by considering the periodic condition, we have by (65)
T . ‘ t .
@y(t) = ©(r) (I— O(T))"! / O(T — 5)b(s) ds + / O(t — 5)b(s) ds. (66)
0 0 :

Therefore,

Plu(x,t) = (@(t,-)(z_@(T))—l /0 "o - s)b(s) ds+ /0 7 0t 5)b(s) ds) ®(x).

We can also derive the L2(J; H} (Q)) and L?(J; L?*(R2)) error estimates for Pfu as before to formu-
late the verification condition of nonlinear periodic problems.

4.2 The problem with unknown period

We consider a basic formulation of the verification of time-periodic solutions for parabolic problems
with unknown period. Denote the nonlinear parabolic problem with unknown period T by

{ U — vAu

f(x,t,u) in Qx(0,7),
u(x,0) i |

u(x,T) in Q. 67

I

Here, we try to find a solution such that u(-,t) € H}(Q) for any ¢ € (0,T). Then, using the transfor-

t
mation s := T and setting #(s) := u(T's) we have for J = (0,1)

%ﬁs~vA12 = f(x,Ts,d(s)) in QxJ,

a(x,0) = a(x,1) in Q, - (68)

T = T—vHVﬁHLz(Q)+/Ol(f(x,Ts,ﬁ(s)),ﬁ(s))gds.

Here, the third equation is followed by multiplying both side of the first equation by # and integrating
on Q := Q x J taking account of the periodic condition in (68).
In order to formulate a Newton-type method, rewrite the above as follows:

find 32 HY(J;L2)NL2(J  HY) N {a(-,0) = 4(-,1)}, °T >0 satisfying

fig— TVAG—T f(x,Ts,i(s)) = 0 in Q, ,
‘ (69

VIVl ~ [ (707500, a5)ads = O

By differentiating (69), we have the following linearized problem. Namely, for each ¢ € L*(J;L?)

and r € R!

find Fve HY (LN L2(J BN {v(-,0) =v(-,1)}, 71> 0 satisfying
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¢ in Q,
(g1, V)o+(go,v)g+61 = r

Vs —KoAv+b-Vv+cv+et
(70)

Here, Ky, d are constants, and b,c,e,go,g1 are scalar or vector functions in (x,s) € Q which are de-
termined by an approximate solution of (69). Also (:,-)g denotes the L? inner product on Q. The
constructive a priori estimates for the solution (v, 7) of (70) will be possible by combining the argu-
ments in the previous subsection for known period with the tecniques presented in [4]. Therefore, we
can give a norm estimation for the linearized operator defined by the left-hand side of (70).

Thus, it will be possible to derive a Newton-type verification condition for the solution i and the
unknown period 7, in which the constructive error estimates for the projection P,{‘ in the previous
subsection will also play an essential role.

5 Conclusion

We considered some enclosure methods for solutions of parabolic initial-boundary value problems.
Our method is based on the finite element approximation and the constructive error estimates for the
simple heat equation. Particularly, the author believes that the full discrete method in the section 3.3
using the fundamental matrix obtained by spatial approximation should be sufficiently practical and
useful from the viewpoint of computational efficiency. It implies that the verification principle for
elliptic problems could also be used to enclose the solutions of evolutional equations. Moreover, we
emphasize that our method has an advantage by the use of finite element method, because it enables us
to-apply the method to problems with arbitrary polygonal or polyhedral spatial domains. Therefore,
it has more wider application fields than the methods based on the spectral method as in [1, 2, 32].
However, it is still in a germinal stage and it will be necessary to apply the technique to more realistic
parabolic problems including the periodic solutions in the section 4 and to comfirm the efficiency of
the verified computation. '
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