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Abstract. In this article we transform a large class of parabolic inverse problems into
a nonclassical parabolic equation whose coefficients consist of trace type functionals of
the solution and its derivatives subject to some initial and boundary conditions. For this
nonclassical problem, we study finite element methods and present an immediate analysis
for global superconvergence for these problems, on basis of which we obtain a posteriori
error estimators.
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1. INTRODUCTION

In the present work we study the numerical solutions of some inverse problems,
i.e., the determination of some unknown function p(t) in a parabolic equation. The
classical example is that one needs to find the temperature distribution w(z,t) as
well as the thermal coefficient a(t) which simultaneously satisfy

(1.1) ur = a(t)uge, 0<ax <1, 0<t<T,
(1.2) u(z, 0) = uo(x), 0<z<1,
(1.3) w(0,t) = f1(t),  0<t<T,
(1.4) u(l,t) = fot),  0<t<T,

*This research was supported in part by the Shahid Beheshti University, the National
Basic Research Program of China (2007CB814906), the National Natural Science Foun-
dation of China (10471103 and 10771158), Social Science Foundation of the Ministry of
Education of China (Numerical methods for convertible bonds, 06JA630047), Tianjin
Natural Science Foundation (07JCYBJC14300).
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and the over-specification
(1.5) a(t)uz(0,t) = g(t), 0<t<T.

The well-posedness of the problem is studied in [9]. Moreover, in [8] the numerical
solution by the finite difference method is also discussed. However, we investigate the
problem (1.1)—(1.5) from a rather different point of view. If we solve equation (1.5)
for a(t) and substitute it into the equation (1.1), then the equation (1.1) becomes

g9(t)
u5(0,1)

Uy = Ug

which is nonclassical since a functional of the derivative of the solution with respect
to the variable x is involved in the equation. This example motivates us to consider
the following general nonclassical problem:

(1.6) ur = a(@, b, u, Uy, Uy (20, t) ) Uszy + b(2, t, Uy s, Uz (To, T))
(1.7) u(z,0) =uo(z), 0<x<1,
(18) w(0,0) = fi(t), 0<E<T,
(1.9) u(l,t) = fa(t), 0<t<T,

where zy € [0, 1] is a fixed point.

The problem (1.6)—(1.9) represents a large class of parabolic inverse problems in
which an unknown function p(t) as well as the solution itself are to be determined.
As another example of the motivation of our study, let us consider the problem of
finding (u(z,t),a(t)) such that

(1.10) Ut = Ugy + a(B)uz, 0<z<1, 0<t<T,

subject to the initial-boundary conditions (1.2)—(1.4) and an additional condition

1
/ u(z,t)de =g(t), 0<t<T.
0

If one differentiates with respect to the variable ¢ in the above equation and uses the
resulting equation, then one obtains
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provided that fi(t) # fa(t). Consequently, the above inverse problem is of the form
of our problem (1.6)—(1.9) with the specific equation

g'(t) - [ua:(]-vt) - um(ovt)] u
fa(t) = fa(t) -

When an unknown function a(t) appears as the coefficient of a lower order term in a

Ut = Ugy +

parabolic equation, it is not difficult to see that one is able to transform the problem
into our nonclassical form under reasonable conditions. The reader can find many
more such examples in [5] and [2].

Recently, the study of parabolic inverse problems has received much attention. For
example, finite element methods and finite difference methods have been investigated
in [10], [11], and [19], respectively. Here and throughout this paper “parabolic inverse
problem” means that an unknown coefficient that is assumed to be a function of
only the time variable and the solution of a parabolic equation subject to suitable
initial-boundary conditions is to be determined. For the existence and uniqueness of
solutions of such problems, the reader can refer to [1], [7], [15], [4], [16], [17], [8], [9],
(3], [18], [14] etc.

However, the theory of numerical solution of these problems is far from satisfac-
tory. For the nonclassical problem (1.6)—(1.9), the paper [5] established the global
solvability as well as the continuous dependence of the solution upon the data. In
the present paper we continue the work of [5], [6] and investigate the numerical
calculation for the solution of our problem. We will introduce a new function and
transform the problem into a variational form. The classical Galerkin procedure is
then applied to our problem, and the global superconvergence of finite element meth-
ods is derived in this article. In addition, as a by-product of the superconvergence,

a posteriori error estimates are obtained.

2. SUPERCLOSE ESTIMATES

For the sake of simplicity, we assume that fi(t) = f2(t) = 0 and zp = 0 in
problem (1.6)—(1.9). We shall use the following notation throughout the paper.
Set I = (0,1). For u,v € L?(I) we define
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and
lulr = [lull 11y = l|luallo-

Evidently, H}(I) is a Banach space with the H}(I)-norm. To transform the prob-
lem (1.6)—(1.9) into a variational form, we introduce a new function

v(z,t) = ug(z,t), (z,t) € Qr,

where u(x,t) is the solution of problem (1.6)-(1.9) and Q = I x [0,T]. Then
v(z,t) € H(I) and

ule,t) = / Col)dy, (0,0) € Oy

Furthermore, using (1.6) we see that v(x,t) satisfies

x

(2.1) (/ v(y,t) dy> =avy, +b in Qr,
0 t

and

(2.2) w(0,t) = ue(1,6) =0, 0<t<T.

Let w € HA(I) be arbitrary. We multiply the equation (2.1) by w, () and integrate
it over (0,1) with respect to x. Integrating by parts the term on the left-hand side
of the equation (2.1) and using the boundary condition (2.2), we obtain

(2.3) (v, w) + {avy + b,wy) =0, t € (0,77,
(2.4) (v,w) = (ug,w), t=0,
where

(2.5) a= a(m,t, /OI v(y,t) dy,v(x,t),v((),t)), (z,t) € Qp,
(2.6) b= b(x,t, /OI v(y,t) dy,v(x,t),v((),t)), (z,t) € Q.

It is easy to see that if v(z,¢) is a variational solution of (2.3)—(2.6) and sufficiently
smooth, then u(z,t) = [ v(y,t)dy is a solution of the problem (1.6)—(1.9). Hence
if one can obtain an approximate solution for the variational problem (2.3)-(2.6),
one also has an approximate solution for the original problem (1.6)—(1.9). There-
fore, we shall concentrate on the approximation of the solution of the variational
problem (2.3)—(2.6) in the rest of this paper.
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For convenience, the following conditions are assumed in the sequel:

(H1) The functions a(z,t,u,p,q) and b(z,t,u,p,q) are twice differentiable with re-

spect to all their arguments.
(H2) (i) a(z,t,u,p,q) > ao > 0;

(ii) |Vupqga(-- )| + [Vupgb(.. )| < Ag for (z,t,u,p,q) € Qp x R3, where

Vupqga = (9a/0u,da/dp,da/dq).

Next, we will approximate the problem (2.3)—(2.4) by the finite element method.

To this purpose, we let T): 0 < 29 < z1 < ... < xn < 1 be a division of the interval

[0,1], and e; := [, %i41] (1 =0,1,..., N — 1) represents the (i + 1)st element.

Furthermore, let V}, C fI& (I) consist of piecewise linear polynomials with respect
to the partition Tj. Thus, the semi-discrete finite element scheme of (2.3)—(2.4) is

defined as follows: Find U(z,t) € V4, such that

(2.7) (U, WY+ (AU, + B,W,) =0, te(0,T], W eV,
(2.8) U(z,0) = ipug(z),

where i, is the piecewise linear interpolation operator, and

(2.9) A= <xt /0 Uy, 1) dy, Ul 1), U(O,t>), (2.1) € T

(2.10) B = b<x,t,/0x Ul(y,t)dy,U(x,t), U(O,t)), (z,t) € Qp.

From (2.3) and (2.7) we can derive the following error equation:

(2.11) (ve = U, W) + (av, — AU, +b— B, W,) =0, W€V,
First of all, from [12] we recall the following lemma.

Lemma 2.1. For any W € V}, we have
[{A(v = in0)z, Wa)| < CR?||v]|2| W11,

where A is given by (2.9).
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Theorem 2.2. Under the conditions (H1) and (H2) we have the supercloseness
estimate

||U - ihU||0 + ||U - ihUHLQ(O,T;Hl(I)) S Ch2

Proof. Let
O(x,t) = U(x,t) — ipv(z,t).

Then from (2.11) we find for any W € Vj, that

<9tv W> + <A9z + B; Wz>
= ((a — A)vy + b, W) + (vy — ipve, W) + (A(v — ipv) s, W)

or

(2.12) (0, W) + (A0, W)
= <(a - A)Ua: + b— B; WI> + <vt - ih’l}t, W> + <A(U - ihv)xa Wz>
—[+II, WeV,.

From Lemma 2.1 we obtain

(2.13) TT) = (v — ipve, W) + (A — i30), W)
< CR2([[vell2 + [[oll2) W 1.

Since

(a—A)v, +b—B
_ [a(m,t,/otv(y,t) dy,v(x,t),v(o,t))

—a<x,t, /OtU(y,t) dy,U(x,t),U(o,t)ﬂvx
+ b<x, t, /Ot v(y, t) dy, v(z,t),v(0, t))
~b(n [ UG U60.00.0)

=0 Z+cZ(0,t)+dy /O’C Z(y,t)dy,
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where

J _
e = _/01 aq(ﬂ%t,a(T)ﬁ(T)ﬁ(T)MT_ vg + /1 bo(x,t,a(r), B(7),~(7)) d,
J

dy =

we have

1] =[{(a = A)vy +b— B, Wa)|

‘<b +1Z(0,t) +d1/ Z(y,t)dy,Wm>
0

‘ bi(v — in) +cl<v—zhv><0,t>+d1/ <v—z‘hv><y,t>dvax>‘
0

+ ‘<b19+c19(0,t) +d1/ 0y, 1) dy,Wx>‘,
0

which, together with Lemma 2.1, leads to

(2.14) || < Ch|lv]la |W|1+‘<b19+019(0,t)+d1/ O(y,t)dy,Wm>
0
< CR*|[oll2lW i + C([16]l0 + [6(0, 1)) W 1.

Thus, from (2.12), (2.13) and (2.14) we have
(215) (01, W) + (A, W) < CR?([Jue]l2 + [|vll2) W1 + C([16]]o + [6(0, ) )| W11

It follows from taking W = 6 in (2.15) and applying the inequality (see Cannon and
Yin [6])
100, )] < elfly + Cl10llo

and the e-inequality that

5 dtHHHo (A0, 02) < Ch*([vel2 + [[vll2) +€l0fF + CIOII5,
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or by condition (H2),
d e 2 4 2 2
g 10llo + 1617 < CR (luellz + [lvll2)” + Clléllo.

Since ||6(0)||o = 0, we obtain by integrating the above inequality from 0 to ¢ that

t
0

t t
1613 + / 6 dr < Oh* / (loell3 + lo]3) dr + © / 16112 dr,

which, together with the Gronwall lemma, implies

t t
10113 + / 62 dr < O / (foel3 + 1o]3) dr.

This completes the proof of the theorem. O

Remark 2.3. From Theorem 2.2 we know that ||U —inv|| z2(0,7;57 (1)) converges
at a rate of O(h?), which is referred to as the finite element solution being superclose
to the nodal interpolant.

3. GLOBAL SUPERCONVERGENCE ESTIMATES

By means of the interpolation postprocessing technique [12], on the basis of The-
orem 2.2 we can obtain the following global superconvergence estimate.

Theorem 3.1. Assume that v € H3(I). Then we have under the conditions of
Theorem 2.2 that

1I3,U — vl 20,011 (1)) < Ch?,
where IQQ,L is a piecewise polynomial interpolation operator of degree at most 2 asso-
ciated with the mesh Ty, of mesh size 2h, from which T}, is assumed to be gained

by subdividing each element of Ty, into two equal elements so that the number of
elements M for T}, is an even number.

As a by-product of Theorem 3.1 we can immediately obtain the following re-
sult [12].
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Theorem 3.2. Under the assumptions of Theorem 3.1 we have

v = Ull 20,01 (1) = WU = 13,U || 120,750 (1)) + O(h?).

In addition, if there exist positive constants Cy and € € (0, 1) such that

v = Ullz2o.rm (1)) = Coh®™¢,

then

lim ||U - UHL2(0,T;H1(1))

=1.
h—0 HIQQhU = Ullr20,1;m0 (1))
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