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Abstract. This paper is devoted to the study of an inverse problem containing a
semilinear integrodifferential parabolic equation with an unknown memory kernel.
This equation is accompanied by a Robin boundary condition. The missing kernel
can be recovered from an additional global measurement in integral form. In this
contribution, an error analysis is performed for a time-discrete numerical scheme
based on Backward Euler’s Method. The theoretical results are supported by some
numerical experiments.
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1. Introduction

The aim of this paper is to derive error estimates for a time-discrete numerical
scheme that approximates the solution of an inverse semilinear parabolic integrodiffer-
ential problem. This problem contains a Robin boundary condition and an unknown
solely time-dependent memory kernel K (¢). More exactly, it is mathematically formu-
lated as

Ou(zx,t) — Au(z,t) + K(t)h(z,t) — (K * Au(x))(t) = f(u(zx,t)),
(z,t) € Qx (0,77,

(1.1)
a(u(z,t)) + Vu(e,t) - v = g(x, ), (z,t) e T x [0,T],

u(@,0) = uo(@), zeQ,
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Error Estimates for an Inverse Kernel Problem 117

with Q C R, d > 1, a Lipschitz domain with boundary T and [0, 7], T > 0, the time
frame. The data functions h, f, g, @ and wug are supposed to be known. The usual
convolution in time is denoted by the symbol x, i.e.

(K x Au(x))(t) = /0 K(t — s)Au(zx, s)ds.

The convolution kernel K (¢) and the function u(x, t) need to be reconstructed from the
extra given measurement

/ u(z,t) de = m(t), t e [0,7). (1.2)
Q

The identification of missing memory kernels in partial integrodifferential equations
is relatively new in inverse problems. The first papers on this topic concern abstract
parabolic and hyperbolic equations with memory [1-5]. These papers contain some
local existence and global uniqueness results applying the contraction mapping princi-
ple. Other papers dealing with this topic are [6-14]. For instance, in [14], Colombo
and Guidetti derived some local and global in time existence results for the recovery of
solely time-dependent memory kernels in semilinear integrodifferential models. More
specifically, they studied the evolution equation for materials with memory given by

t
Ooru = Au +/ K(t —s)Au(x,s)ds+ F(u), = €QyCR3 tel0,Tyl,
0

which corresponds with problem (1.1). More recent papers dealing with a similar
problem setting are [15] and [16], in which the authors have used the global measure-
ment (1.2) to reconstruct the kernel of a convolution of the form K * « in a semilinear
parabolic problem. Such types of integro-differential problems arise in the theory of
reactive contaminant transport, cf. [17].

In [18], the development of a numerical algorithm for problems of type (1.1)-(1.2)
has been provided under the condition that

min
t€[0,T)

/Qh(t)‘ > w>0.

However, only weak convergence of the numerical approximations to the kernel K has
been shown. The first goal of this paper is to slightly change the numerical scheme
from [18], such that higher stability results can be obtained. These stability results are
needed for the second goal, i.e., to perform an error analysis, from which the strong
convergence of the numerical approximations to the kernel K follows. The last goal
of this paper is to support the theoretical results with some numerical experiments.
The acquired a priori estimates for the error estimates are complicated and deliver a
possible solution approach for solving other integrodifferential problems.

The outline of this paper is as follows. First, the numerical scheme of [18] and some
corresponding a priori estimates are adapted in Section 2. In the same section, also the
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convergence of the approximations towards the unique weak solution is proved. Next,
in Section 3, some higher stability results are derived, assuming sufficiently regular
data. This section also deals with the error analysis. Further, two numerical experi-
ments are conducted in Section 4. Finally, a conclusion is stated in Section 5.

Remark 1.1. The values C, ¢ and C. are considered to be generic and positive con-
stants (independent of the discretization parameter), where ¢ is arbitrarily small and
C. arbitrarily large, i.e. C. = C (%) The same notation for different constants is used,
but the meaning should be clear from the context.

2. Numerical scheme

In this section, we firstly repeat how the authors from [18] have built up a numerical
scheme for problem (1.1). Secondly, we describe why and how this numerical scheme
needs to be changed to be able to prove higher stability results. Finally, we repeat some
lemmas and theorems that are proved in [18] and that stay valid after the adaption of
the scheme.

In [18], it has been shown that the variational formulation of problem (1.1)-(1.2)
can be formulated as: find (K, u) € L*(0,T) x L*((0,T), H'(Q)), with d,u € L*((0,T),
(H'(2))"), such that for almost all ¢ € (0,7] and for all ¢ in the test space H'((), it
holds that

(Opu, ) + (Vu, V) + K (h, ) + (K * Vu, V)
=(f(u),9) + (9 — a(u),)p + (K * (9 — a(u)), ¥)r (P)

and such that the global measurement (1.2) is satisfied. Putting ¢ = 1 in (P), it is clear
that

m’+K/Qh:/Qf<u>+/F<g—a<u>>+/rm<g—a<u>>. (MP)

The well-posedness of (P) and (MP) has been studied in [18] by using Rothe’s method,
cf. [19]: a time-discrete scheme based on Backward Euler’s method has been designed
and the convergence of the approximations towards the unique weak solution has been
proved under appropriate conditions on the data. Accordingly, an equidistant time-
partitioning of the time frame [0,7] into n € N intervals has been considered. The
time step has been denoted by 7 = 7'/n < 1 and the discrete time points by ¢; = i7,
1 =1,...,n. The notations
Zi — Zi—1

zi~ z(t;), 0<i<n, and 0z = —, 1<i<n,
T

have been introduced for any function 2. In [18], the convolution term K * Au(x)(t;)
has been approximated by >, _; K Au,_;7, which led to the following linearized Back-
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Error Estimates for an Inverse Kernel Problem 119

ward Euler scheme:

(dui, ) — (Aug, o) + Ki (hi, @) — <Z KAy, @)
k=1

= (fi*laso) , pE HI(Q)’ (21)

in which f;_1 := f(u;—1). Next, the following decoupled system for approximating the
unknowns (Kj;,u;), 1 < ¢ < n, has been proposed

(us, @) + (Vui, Vo) + K (hi, ) + <Z Ky Vui g, V@)
k=1

= (fi-1,9) + (9i — ai—1,90)p + (Z Ki(gi—k — i), s0> ; (2.2)
k=1

T

i
m; + Ki (hi, 1) = (fi—1, 1) + (95 — @i—1, 1) + (Z Ki(gik — cip)T, 1> ,(2.3)
k=1 r
with «; := a(u;). At every time step t;, 1 < ¢ < n, first (2.3) has been solved for K;
and next (2.2) for u;. However, (2.2) is not equivalent with (2.1), which is needed to
obtain higher stability results of the approximations leading to error estimates of order
T.
In this article, we solve the previous issue using the approximations

i—1
K * Au(x)(t;) = Z KipAu;_gm, Vu;-v =g —ao; 1,
k=0

leading to the following linearized Backward Euler scheme

i—1
(ui, ©) — (Aui, @) + Ki (hi, ) — <Z K Aui—gT, 90>
k=0

=(fi-1.9), @€ H(Q) (DPi1)

and the equivalent decoupled system

i1
(6ui, @) + (Vui, Vo) = =K (hi, @) — <Z KpVui g, V@) +(9i — i1, 9)p
k=0
i1
+ (fl'fla 90) + (Z Kk‘(gz—k - a’i—k—l)Ta @) ) (oS Hl (Q)) (DPIZ)
k=0 r
i1
m; + Ki (hi, 1) = (fi-1,1) + (gi — €i—1, D)p + <Z Kip(gi-k — Ciep—1)T, 1) . (DMPI)
k=0 r
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Eq. (DPi2) is also conveniently written as B(u;, ¢) = F;(¢), with

B(ui, @) = %(Umﬁ) + (14 Ko7)Vu;, Vo)

and

i—1
E(@) = (fi*l) QO) + (gl — OG—1, SO)F - KZ (hl) QO) - <Z Kkvui—kTa v@)
k=1

—1
1
+ <kzo Ki(gi—k — 0ti—jp—1)T, 90> + ;(uz‘q, ®).

r

The resulting numerical algorithm is as follows:

Algorithm 2.1. Numerical scheme in pseudo code.
Input: 7 > 0, n € N and functions f, g, h, o, m, m’ and ug
Output: kernel K and solution « at discrete time steps
Step 1. 7 < T'/n;
Step2. 0« [0:7:T;
Step 3. K « zeros(n + 1);
Step 4. u[0] < uo;

Step 5. K[0] « (hOLU ((for 1) — miy + (g0 — a0, Dr);

Step 6. For i = 1 ton do

i—1
Klil = ﬁ % <(fi1’ 1)+ (9 — ai—1,1)r + (Z Ki(gi—x — qtimp—1)T, 1) - mﬁ) ;
v k=0 r

uli] < solveEP(B(u;, ¢) = Fi(¢)).

Remark 2.1. Note that
(i) in step 5, we need (hg, 1) # 0.
(i) from step 5 and the assumptions on the data, it follows that Ky < C.
(iii) in step 6, (h;, 1) # 0 is necessary.

Using the Lax-Milgram lemma, we can prove the existence and uniqueness of a solution
(K;,u;) € R x H(Q) obeying (DMPi) and (DPi2), see the following lemma. The proof
is similar as the proof of [18, Proposition 3.1]. Therefore, we omit it.
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Lemma 2.1. Let f and o be bounded. Moreover, assume that ug € L*(Q), g € C ([0, T], L?
(I)), h € C ([0,T), L2(Q)),

min / h(t)‘ >w>0, mec (01]).
te[0,7] | Jq
Then constants C' > 0 and 1y > 0 exist such that for any 7 < 1o and eachi € {1,...,n} a

unique couple (K;, u;) € R x H'(Q) exists, solving (DMPi) and (DPi2).

Remark 2.2. If in practice m ¢ C*(]0,T]), then a smooth approximation of m in [0, T
is considered.

In the following lemma, the a priori estimates from [18] are collected, combined
with Remark 2.1. They stay valid for the scheme (DPi2)-(DMPi). The proofs follow the
same line as the proofs in [18].

Lemma 2.2. Let the assumptions of Lemma 2.1 be satisfied. Then positive constants C'
and Ty exist such that, for any T < 7, it holds that

() max |K;| <C,
0<i<n n n

17 . 2 . 2 PR . 2

@) max uil® + Y _IVeill® 7+ 3 llui —wia P < G,
n =1 =1
1=1

Now, the discrete solutions are prolonged in time in two ways: piecewise linear and
piecewise constant. The piecewise linear in time functions . are defined as

uo t e [—T,O]

uy [, T] — L*(Q) : t — .
wi—1 + (t—ti—1)0u; t € (timi,ts], 1<i<mn,

and the piecewise constant in time functions u, as

uy te€ [—7‘,0]

Uy [—7,T] = L*(Q) 1 t ‘
u; t€ (tz‘_l,tz‘], 1< <n.

Similarly, the step functions K, h,, §,, m, and m/, are introduced. Using these so-
called Rothe’s functions, we rewrite (DPi2) and (DMPi) on the whole time frame as

(atuT (t)7 ()0) + (Vaﬂ' (t)7 V(,O)
[t~
= F‘r(t)(ﬁ'r(t)a 50) - (Z F‘r(tk)VET(t - tk)Tv VSD) + (f(ﬂ'r (t - 7_))7 90)

k=0

k=0

14)-
+ (G- (t) — a(@(t — 7)), o)r + (Z Ko (th) [0, (t — tr) — (@ (t = tig))] 7, @) (DP)
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and

t) —a(@-(t 7)), r

+ [ S E ) 3.t - t) — @t —t)) 1| (DMP)

k=0 r
with [t], =¢—1fort € (t;-1,t;]. The convergence of (DP) to (P) and of (DMP) to
(MP), as well as the existence of a unique weak solution to (P)-(MP), can be shown
in a similar way as for the discrete scheme in [18]. The results are summarized in the
following theorem (i)-(i7). Only the main differences with the proof in [18, Theorem
2] are mentioned. The proof of Theorem 2.1(ii7) can be found in [18, Proposition 2.2].

Theorem 2.1 (Existence, uniqueness and convergence). Let the assumptions of Lemma
2.2 be fulfilled. Moreover, assume that ug € H'(Q) and that f and « are Lipschitz
continuous. Then

(D) a couple (K,u) € L*(0,T) x [C ([0,T],L? () NL*((0,T),H'(Q))] with du €
L2 ((0,7), (HY())") exists such that K, — K in L*(0,T), u; — u in L*((0,T),
L*(Q)), u, — win L* ((0,7), L*(Q)) and u, — w in L* ((0,T), L*(T")) as 7 — 0,

(i) the couple (K, u) from (i) is a unique solution to (P)-(MP),

(iii) a positive constant C' > 0 exists such that maxcpo ) | K (t)| < C.

Proof. (ii) Integrating (DP) in time over (0, 7), n € (0,T], we get two different terms
as compared to the scheme in [18]:

[t]-
n _
T = / ZKT(tk)VHT(t_tk)Tv v‘P )
0 \kr=0
n [l
L= [ SRt 5 - 1)~ almrle )l e
0 \k=0

We need to prove that: Vo € H'(Q),

T - /0 N(K s Vult). V), Ty /0 " (K (g(t) — a(t)), @)r.
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as n — oo. First, we note that

lt]- ¢

Ro (b )Tt — 1) = Ko+ Tn(£) + KoTin (8)7 — / Ro(s)Tn(t — 9), 2.4)
k=0 Tt
[t]+ o o t
>Rt (t — )7 = K +3,(0) + Kog, ()7 — [ L Felog =), 25)
k=0 T|t|+
1,

K, (ty) (T, (t — tpp1))T = Ky % () (t) + Koa(u,(t — 7))7
k=0

b i
- / Ko (s, (t — 5)) + / Ko(s) [a(@n(t— 5 — 7)) — a@a(t — ). (2.6)
T|t]r 0
From the Green Theorem, it follows that, V¢ € C°°(9),

1t)- 1t)-
Ui _ n —
R A D3y SSCAEAENN Iy A D wy S ATES R R
0 \k=0 O \k=0 r
=: T171 + TLQ.

Equality (2.4) and standard techniques based on the triangle and Cauchy inequalities
and on the results of Lemma 2.2(7) and (7i) then lead to

n
Ty + / (K + u(t)Ago)‘
0

<

[ @ mw.a0) - [, a)

/77 < K. (s)u,(t — s), Acp)
0 T|t] -

I/ (Ko (s) — K(3)) (et~ 5), Aw\

+0\//Ot|K<s>|2/0" \// [Tt — 5) — u(t — 5)|* + Cr.

This converges to 0 as n — oo, which follows from the results of Theorem 2.1(:) and
of Lemma 2.2(ii). Using the same techniques, combined with the trace inequality, we
arrive at

+

+ / ! (Kot (1), Ap)

0

<

— 0

n
T2 —/ (K *u(t), Vo -v)r
0

as n — oco. From this, the Green Theorem and the density of C*°(Q) in H'(), it then
follows that

U
T1—>/ (K * Vu(t),Ve), VYee H(Q), asn— oo.
0
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Next, some simple calculations based on identity (2.5), combined with the same stan-
dard techniques as before, the regularity of g and the results of Theorem 2.1(i) and

Lemma 2.2(7) and (i) give
n \_tJT o n
[ Fetwte-me |~ [ @ g0 >0
o \ioo Lo
Vi € HY(Q), as n — oo. Finally, identity (2.6) leads to

/ ZK t)o (U (t — )0 | — /077 (K * a(u(t)), ¢)p

r

X ( / H R (s)(m (¢ - SW>F

) (£), ) — /0 " (K alu)(8), 9

tJT .
( / R (5) [adtis(t — 5 — 7)) — @ (t - 5))] ,so)

+

N

/ ! (Koa(@(t - 1)m 0)r

T

k=1

Using the same techniques again and applying the Lipschitz continuity and bounded-
ness of a, we then obtain

A+ Ay <

mea ' \// K (s) |\// [t — 5) — uft — 5)|I?

— K(s)) (a(@-(t = 5)), 9)p|,

0 0
U] t 9
A <C / / (s — 1) — T ()12,
0 0

which all converge to 0 if n — oco. Collecting all previous results gives

T - /0 " (K (g() — o(8), @)r.

Vo € HY(Q), as n — oo.
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Finally, integrating (DMP) in time over (0,7), n € (0, 7], we get one different term
in comparison with the scheme in [18]:

n WT_
Ty = /O S R () [7(E — t) — a@ (t — tip))] 71|

k=0 r

n
of which the convergence to / (K % (g(t) — a(t)), 1) can be proved in exactly the

same manner as the convergence of T5. O

A drawback of the latter theorem is that the convergence of K, to K is only proven
in weak sense. However, a consequence of the error estimates proved in the remainder
of this paper is the strong convergence of K, to K in L?(0,T).

3. Error analysis

The next step is to derive some higher stability results for the approximations. These
are needed to obtain a convergence rate of O(7) in the error analysis. They are stated in
Lemmas 3.1-3.3. In the proof of Lemma 3.1, it is needed that Au; € L2(Q), 1 <i < n.
From (DPil) follows that

1 i—1

This equality must be understood in the sense of duality, as a functional on H'((Q).
However, if f; 1, hi, 6u; and Auy, ..., Au;_1 are elements of L2((2), it follows that also
Au; € L?(Q) and

i—1
1
—Au; = —— | fi_1 — K;hi — 6u; KpAu;_ in L2(Q). 3.1
U 1—|—K07'<f1 u—l—l;kukﬂ') in L*(Q) (3.1

Hence, using the assumptions that |f| < C and h € C ([0,T], L*(2)) and applying the
result of Lemma 2.2(ii), a bootstrap argument gives that Au; € L?(Q),i=1,--- ,n.

Lemma 3.1. Let the assumptions of Theorem 2.1 be fulfilled. Moreover, assume that
g € C*([0,T], L*(T)). Then positive constants C and 7y exist such that, ¥ 7 < 7o,

n n
@ D |Aw]*7 + mas [ Vuy|* + 3 Vi = Vui [P <
i=1 SO i=1

(i) D |oui]* 7 < C.
=1
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Proof. (i) We set ¢ = —Auw;7 in (DPil) and sum it up for i = 1,...,j, keeping
1 < j < n. We obtain

J J
Z ou;, —Auy) T+ZHAUZH T
=1

1=

J J J i—1
Z (hi, Au;) T Z fic1, Aug) T — Z (Z KipAu;_ T, Aui> T. (3.2)
=1 =1

i=1 \k=0

—_

For the terms in the right-hand side (RHS) of (3.2), we need to construct an upper
bound. Using the Cauchy and Young inequalities and Lemma 2.2(i), we derive that

i /i-1 j i
Z <Z KipAu;_y, Aui> Z (Z K . AugT, Aui> T

i=1 \k=0 i=1 \k=1
] (3

<Y
=1k

HAUKHW + 82 | A 7.
Moreover, the triangle, Cauchy and Young inequalities, the regularity of f and 4 and
Lemma 2.2(¢) lead to

J

J
Z hz,Auz Z fz 1aAuz
i=1

i=1

J
<Cote ) ||Aulfr

i=1

On the first term in the LHS of (3.2), we apply the Green theorem and Abel’s lemma —
see [20] — which states that

J
22 i(a; —a;—1) = aj —a0+z i — Qi 12, Va; € R. (3.3)

i=1

We successively deduce that

(Oui, —Au;) T

]~

1

.
I

Mb.

J
(Vou;, Vu) T Z (0ui, Vu; -v)p 7 (3.4
1 =1

J
(HVuJH — | Vuol® +ZHWZ V1| ) = (dui,gi — iy T
1=1

=1

.
I

l\.')lr—l

In what comes next, we focus on the last term in the RHS of (3.4). First, note that
for any real sequences {z;};°, and {w;};°, the following summation by parts identity
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takes place
J J
Zzi (wi — wi_l) = ZjW; — 2pWo — Z (ZZ — Zz‘_l) Wi;—1- (35)
i=1 =1
Moreover, the inequality below holds true, see [21],

HzHF 5HVZH +C: |z H Vz e H (Q), 0 <e < ep. (3.6)

Using the Cauchy, triangle, Young and trace inequalities, the Mean Value Theorem
(MVT), the regularity of up and g and Lemma 2.2(ii), we then get

(3.5)

J
Z 5“1791

C( g1 + e I+ llgollE + lluollFr ) + Z 16g:17 7 + Z [ s T>

i=1 i=1

J
(gjvuj) gOaUO Z 5927“’2 1
=1

(3.6) 9 9 9
< O+ CJuj|? + e | Vy||* < Co + ¢ ||V |

Furthermore, it is easy to see that

M~
g
b
2
=
_|_
M~
&
P
=
|
2
=

J
> (Oui 0 1)p T =
i=1

=T, + T5.

i=1 i=1
The Cauchy inequality, the Lipschitz continuity of o and Lemma 2.2(i7) then give us
J
Tol <C Y llui — wia [
36 2 _ 2
<O ui —wial* + € | Vui — V||
i=1 i=1

J
<C€ +¢€ Z ||VUZ — vui,1H2 .
i=1

Next, using the Lipschitz constant of «,, which we denote by L, we can rewrite 77 as

J j
I = Z (us = wi—1, Lau; + ai)p — Z (u; — wi—1, Lats)p . (3.7)
=1 i=1
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We construct an upper bound for the second term in the RHS of (3.7) using the triangle
and trace inequalities, the regularity of uy and Lemma 2.2(iz). We obtain that

L j
= lglIE = Nlwollf + > i — wia I
2
i=1
(3'6) 2 2 2 d 2 g 2
< Cellyyl? + [ Vuyl* + C luoll Fa gy + C= Y llui = wina | + & Vs — V|

i=1 i=1

J
<C.+¢ <||vuj||2 +) Vi - Vui1\|2> .

i=1

(3.3)

J
Z (ui — wi—1, Lau;)p
i—1

Now, we introduce the following notation for any function 5 : R — R

Pp(z) == /OZ B(s)ds, VzeR.

If B is a monotonically increasing function, then ®z is convex and it can be easily
verified that

B(z1)(22 — 21) < Pp(22) — Pp(21) < B(22)(22 — 21) (3.8)
for any 21, 2o € R. If 3 is Lipschitz continuous with Lipschitz coefficient Lg and 5(0) =
0, then

5*(2) Lg2”
<O < ) .
oL, 5(2) < =5 (3.9)

see, e.g [22,23]. It is easy to see that 0(s) := L,s + «(s) is Lipschitz continuous and
monotone, which follows from

0< Ly +d(s) = ?(8) < 2L, =: Ly.
s

Therefore, we obtain for the first term in the RHS of (3.7) that

J
> (ui = wis1, Lot + o4)p

1=1
o d
“’Q; / (Bo(us) — Do(ur_1)) = / (Bo(117) — By(up))

Using lemma 2.2(i7), the trace inequality and the regularity of v, we then get

(3.9)
< Lo (Il 2 + lluoll?)

/ (Po(uj) — Po(uo))
I

(3.6) 2 2 2 2
< Celug I + e [IVuyl|” + Clluollzn ) < Ce + e[ Vuy||™
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Putting everything together and using the regularity of u,, we arrive at

j j
1 1
¢Z1 A ||* 7+ 5 IV uj]® + 3 221 IVu; — Vi |?

J i J J
< Ce (1 + D HAukH272> +e <Z 12w |* 7+ [V |+ D 1V — Vuz‘—1H2> :
i=1 k=1 i=1 i=1

Since ¢ can be chosen arbitrarily small, we obtain

i i
o 1AwP 7+ [Vl + D (1Vus — Vg ||
=1 =1

J i
<C (1 +)° ( HAukH2T> T> .
=1 \k=1

Finally, taking 7 smaller than or equal to a suitable fixed 7y > 0 and applying the
discrete Gronwall lemma, we get

J J
DI Auil* 7+ [V + Y I Vui = Vuga||* < C,
i=1 i=1

which is valid for all 1 < j < n. From this, we conclude the proof.
(74) From (3.1), we derive that

i—1
duj = (1+ Ko)Au; — Kihi + fi1 + > KpAu;_g7  in L*(9).
k=1

Therefore, taking into account the regularity of the data and the stability results from
Lemma 2.2(7) and Lemma 3.1(¢) and fixing 7 sufficiently small, we immediately obtain

that
n n n 1—1
S loulPr < C+CY NAwlPr+C D Y Kk |Au]? < C.
i=1 i=1 i=1 k=1
This completes the proof of the lemma. O
For the next two lemmas, we set
8tu(0) = Aug — Koho + f(uo) (3.10)

in the space where the RHS is defined. Further, we define

dug := Ou(0) and wu_j :=ug — dupT. (3.11D)
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From (3.10) and (3.11), it is easy to see that
ug € H*(Q), |Ko| < C, ho € L*(Q) and f Lipschitz continuous
= dug € L2(Q) and u_; € L2(Q)
and
ug € H3(Q), |Ko| < C, hg € H(Q) and f Lipschitz continuous
= dug € H'(Q)and u_; € H'(Q). (3.12)

For the proof of Lemma 3.2, we also need the discrete measured problem at ¢ = 0.
First, multiplying (3.10) by ¢ € H'(1Q), integrating the result over the domain €2 and
applying the Green theorem give the discrete variational problem at ¢ = 0, i.e.

(duo, @) + (Vug, Vo) + Ko (ho, ) = (f(uo), ) + (90 — @0, @) - (DPO)

Next, setting ¢ = 1 and using the measurement (1.2) yield the discrete measured
problem at ¢t = 0:

mg + Ko (ho,1) = (fo, 1) + (90 — @0, 1)p (DMPO)

Lemma 3.2. Let the assumptions of Lemma 3.1 be fulfilled. Moreover, assume that ug €
H3(Q), h € C* ([0, T], L*(2)), ho € H'(Q) and m € C%([0,T]). Then positive constants

C' and 7y exist such that, V7 < 19, ¥V j € {1,--- ,n},
J J
Y SKiPr<C (1 +) vau%) .
i=1 i=1
Proof. First, we subtract (DMPO) from (DMPi) for i = 1 and divide the result by 7.
We obtain
0K, (hl, 1) = (591, 1)F + Ky (91 — Qp, 1)F — Ky (5h1, 1) — (5m'1 (3.13)

Using the triangle and Cauchy inequalities, the MVT, the assumptions on the data and
Lemma 2.2 (i), we then immediately derive from (3.13) that

0K [ |(h1, 1) < C,
from which
0K < C. (3.14)
Next, we apply the J-operator to (DMPi) for ¢ > 2 and use the rule

0 (aibi) = da;b; + a;—10b;,
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which is valid for any real sequences {a;};-, and {b;};°. This gives us

0K; (hz‘, 1) = (5fz‘_1, 1) + (591‘, 1)F — (504i_1, 1)F — K4 ((5hz, 1) — 5m;
+ > Kk (6gi-k — 60 k1, V)p 7+ Kio1 (91 — a0, 1)p

The same techniques as before, combined with the Lipschitz continuity of f and « and
with the trace inequality, then lead to

i—2 i—2
’5[(1’2 < C <1 + Héui_1H2 + HVéul_1H2 + Z H(Sui,k,lHQ T+ Z HVéui,k,ﬂF 7'> .
k=0 k=0
Summing this up for i = 2,. .., j, keeping 2 < j < n, combining the result with (3.14)
and multiplying it by 7, we get

J J J
S KPr <o (1 + > ouil* 7+ > I Vou|* 7
i=1 i=1 =1

i i -1
N znauknw+zz\|vaukuw>.
1=2 k=1 1=2 k=1

From this, together with the result of Lemma 3.1(i7), we conclude the proof. O

Lemma 3.3. Let the assumptions of Lemma 3.2 be fulfilled. Moreover, assume that
h € C'([0,T],L*(2)) N C ([0,T], H'(Q)). Then positive constants C and T exist such
that, vV T <70,

O > [Vouilr + max | A £ 18w - Au | <

1=1 i=1
n
(i) Y |6K[*r < C
i=1
(iii)) max |[ou;|| < C
1<i<n

Proof. (i) We set ¢ = —Adu,;7 in (DPil) and sum it up for i« = 1,...,J, keeping
1 <7< n. Weget

'Mk*

J
(Sus, Adus) T+ Y (Aug, Adu;) 7
1 i=1

7

||
'M“'

i—1 J
(ZKkAuZ KT A5UZ>T+ZK (hi, Adui) = > (fi1, Adu;) 7
=1

=1 \k=0 =1

S.. (3.15)

e

[
e

B
Il
—
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If we now apply the Green theorem on the first term in the LHS of (3.15), we obtain
J J J
- Z (Ous, Adu;) T = Z |V ou;||* T — Z (0ui, 0g; — dati—1)p T.
=1 =1 i=1

A simple calculation, based on the Cauchy and Young inequalities, on (3.6), on the
result from Lemma 3.1(iz), on the MVT and on the regularity of g, then gives us

J
Z o, 591

Moreover, the same techniques, combined with the Lipschitz continuity of «, the regu-
larity of the data and (3.12), lead to

j
Z dui, davi—1) (ZH(SuZHFT—i—ZH(Sal 1HFT>
(ZHV&%H 7+ [[Voue| T> +C- (ZHMZH T+ [ ouo| T>

=1

J
<Ceted [[Vou|?r.

i=1

<C.+e¢ Z |V oug|* .

i=1

For the second term on the LHS of (3.15) we easily get

J J
; (Au;, Adug) 72 % <||Auj\|2 —[|Auo)* + ) [ Au; — Aui1\|27> :

i=1

Now, note that

i—1 i—1
(Z KiAu;_ k7> =4 (Z K;_ kAum‘) = 0K pAugt + KoAu;.

k=0 k=1 k=1

Using this, together with summation rule (3.5), we get

j—1 i fie1
<Z K Auj_yT, Auj> — Z <Z OK;_ 1 Aupt + KoAu,, Aui1> T

k=0 i=1 \k=1

|S1| =

The Cauchy and Young inequalities, Lemma 2.2(7) and Lemma 3.1(¢) allow us to deduce
that

J
<O [ Au]P 7+ e [ A2 < Ce e Ay
k=1

j—1
<Z K Auj_yT, Auj>

k=0
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In a similar way, using also the result of Lemma 3.2 and the regularity of uy, we derive

that
J i—1
Z <Z 5Ki,kAukT, A’U,Z‘_1> T
i=1 \k=1
1 1
i /i1 2 /i1 2
< (Z |6Ki_k|27> (Z ||Auk||27> 1 Aui |7
i=1 \k=1 k=1
i i J
<e SR> 72+ C Y [[Au; |7
i=1 k=1 i=1
j i J
<Co+e <1+Z\|V5uk||27'>T<C€+6Z||V5ui\|27'.
i=1 k=1 i=1

Furthermore, using the Cauchy inequality, the regularity of ug, Lemma 2.2(i) and
Lemma 3.1(z), we find out that

J
Z (K()Aul', Auifl) T
i=1

J J
<C (Z [INARED HAuHH?T) <C.
i=1 =1

Thus, S; can be bounded above as

i
511 < ellAwl|* + & Y [IVéus|* 7+ C.
i=1

To find an upper bound for Sy, we first apply the Green theorem. Next, we use the
triangle and Cauchy inequalities, Lemma 2.2(), the Young and trace inequalities, the
Lipschitz continuity of «, the MVT, the regularity of the data, (3.12) and the result of
Lemma 3.1(zi). We observe that

J J
|SQ| = '— ZKZ (Vhi, Véul) T+ Z Ki (hi, 5gl- — 504@-,1)FT
=1 i=1

J J
<O IKH IV 98wl 7+ C S 1Kl Wil oy (18ille + 18wl )7
i=1 i=1

J

(3.6) J
< C. (1 +)° \|5ui1||27'> +ed |IVou?r
=1 i=1

J
<Cote) |[Vou?r.
=1
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Finally, the triangle, Cauchy and Young inequalities, even as the MVT, the boundedness
and Lipschitz continuity of f and the results of Lemma 3.1 imply that

J
3.5
1S5l 0 (£, Auy) = (fo, Do) = 3 (A, ) 7
i=1

J
<C. (1 +> \|Auz-||2f+2 ||6u@-u27> + e[| Ay

=1 i=1
< Cete | Au).

Collecting all partial results and using the regularity of ug yield

ZHWqu T+5 (HAU’JH +ZHAuz Aui] T)

=1

<Ce +e (Z IV6wi||* 7 + HAUJ'H2> :

i=1

Now, fixing ¢ sufficiently small, we conclude the proof.

(1) This is a direct consequence of Lemmas 3.2 and 3.3(3).

(7i1) Following more or less the same lines as the proof of Lemma 3.1(7i) and using the
result of lemma 3.3(i), we immediately obtain

i—1
l6uill < O+ C | Aus]| + D |Ky| [Aui ] 7 <
k=1
This completes the proof of the lemma. O

Some simple calculations, combined with the result of Lemma 3.3(iii), give

[@r(t = 7) = ur ()] + [[ur(t) — ur (0|
<G| r < Cr, Ve (0,T). (3.16)

Note that this inequality is also valid for ¢ = 0 if dug € L?(2). Analogously, it holds that
IV, (t — 1) — Vu,(t)| + || Var(t) — Vur ()] < ||0:Vu-(t)|| T, vVt e (0,T].
Based on the result of Lemma 3.3(7), this yields
T
/ (HVﬂT(t —7) =V, ()| + |Va,(t) - VuT(t)H2> < C72 (3.17)
0

From the trace theorem then follows that

T
| (e =) =5 0l + 1750 - w0)1F) < o7 (3.18)
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After these preliminary remarks, the error analysis can be performed. First, the follow-
ing notations are introduced:

€y = Ur — U, e = K, — K.

Analogously, eg, e; and e are defined. The following frequently used estimates for
the convolution term are needed, see [18, Proposition 2.1]:

Lemma 3.4. Set I = (0,7), n > 0. Suppose x € L*(I) and v € L?(I,L?*(2)), then it
holds that

@ Jrxv]* <& o],

Y
@ [Cleeolt< [T e
0 0 0

Before the derivation of the error estimates, a bound on ez in L?(0,T) is proved in the
following Lemma.

Lemma 3.5. Let the conditions of Lemma 3.3 be fulfilled. Then positive constants C' and
Tp exist such that, ¥V 7 < 19, V 1 € [0,T] and for every ¢ > 0,

no__
/ & - K['<C. (T +/ s — > +g/ Vs — Va2
0

Proof. First, we subtract (MP) from (DMP) and we use (2.5) en (2.6) to get
exe (hr, 1) = (f(@-(t — 7)) = fu(t),1) = (a(@r(t — 7)) — a(u(t)), 1)p
—eW—i—(eg,l)F—i—(eK*gT, ) + (K xeg, 1)1,
— (ex * (@), 1) — (K * ((@r) — (), Dy

([
(

T

| R latante = s =) - agante - ), 1)
T /TMTF ()7t — 5) —am(t—s))],l)F
+ (Ko (9,(t) —a(u(t—71)))7,1)p — K (eﬁ, 1) ) (3.19)

Next, we estimate all terms in the RHS of (3.19) from above. Clearly,

r| + ‘K (eﬁ’ 1)‘ < O,

le—

by the Cauchy inequality, the MVT, Theorem 2.1(iii) and the regularity of m, g and h.
Moreover, using the triangle and Cauchy inequalities, the Lipschitz continuity of f and
« and (3.16), we obtain

| (£t = 7)) = Fu(®). 1) = (al@r(t = 7)) = a(u(t)), Dy
<O+ lew®)] + 1t = 7) = w(®)l ).
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Now, applying the triangle and Cauchy inequalities, the regularity of g and the bound-
edness of «, we immediately derive that

(e~ (e a@) e <€ [ e

Furthermore, The Cauchy inequality, Theorem 2.1(4i7), the MVT and the regularity of
g allow us to deduce that

t
|(K e, 1) | < C/O |K(t —s)||leg(s)||pds < C.

Next, applying the Cauchy inequality, Theorem 2.1(44¢) and the Lipschitz continuity of
« once more, we may write that

(K * (a(ur) — a(u)), D]

t t
<c /0 K (t — 8)| [0 (s) — u(s)[pds < C /0 & — ullp.

Moreover, Lemma 2.2(7), the regularity of ¢ and the boundedness of « immediately
give that

</H K+ (5) [g:(t = s) — a(u-(t = 9))], 1) + (Ko (9, (t) — a(ur(t = 7)) 7, p
T|t|+ r

<CT.

Finally, he Cauchy inequality, Lemma 2.2(i), the Lipschitz continuity of o and (3.18)
lead to

Tt
‘ </0 R +(5) [0 (t — s — 7)) — o, (t — 5))]. 1)

<C t K. (t—s 2 t (s —7) —u-(s)]
< \//”MT! (¢~ 5) \//”MT (5 — 7) — e ()2
<CT.

Gathering all estimates, we obtain

T

<

~rltl-

| Ralt=s)lam(s - ) - alai (). 1)
t r

‘eK(ET,lﬂ<C’(T+HeuH+||ﬂ7(t—7)—u(t)\|r+/0 ||ﬂ7—u||r+/0 \6K|>,
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The Grénwall lemma now yields

t
e < C ( el + (= 7) = w0l + [ e - u||p)

w0 ([ leal+ [ - - utile).

Squaring this result, integrating it in time and using (3.6), (3.16) and (3.17), we easily

deduce that
n n n
[ lexl? <. <+/ ||euu2>+e/ IVeul?.
0 0 0

Finally, the following theorem contains the error estimates. O

Theorem 3.1. Let the conditions of Lemma 3.5 be fulfilled. Then positive constants C' and
To exist such that, V 7 < 1,

T T
[ R =K+ [ 190 = TP+ e o) = uta|? < O
0 0 n€l0,T]

Proof. First, we subtract (P) from (DP). Next, we put ¢ = ¢, and we integrate the
result over (0,7), n € [0,7]. After some rearrangements in the terms and using (2.5),

(2.6) and
[t]~ o o t
S RtV (t — ty)r = By 5 Vi, + KoVt (t)7 — / Ko () VL (t — 5),
k=0 Tt

we obtain

7 7 ) 7 7 _
/ (Oreu, ) +/ Vel +/ (V (Ur —ur),Vey) +/ ex (hr,ey)
0 0 0

0

n n n
+/ K(eﬁ, eu) +/ (FT * V (U, fuT),Veu) +/ (FT *Veu,Veu)

0 0 0

7 n 7 o
4 / (ex # Vi, Veu) + / (KoVi, (t)7, Veu) — / < / KT(S)VET(t—s),Veu>
0 0 0 rt],

n

[t - ) e+ [Cemedn = [t -m) - atu) e
+ [ gnet [ Weegeny— [lerrata.e,

n

n
- / (K * (a(m,) — o), en)yp + / (Ko (@, (t) — o, (t — 7)) 7 e0);
0 0

n Tt
,/ </ K. (s)[a(@ (t —s—1)) a(ﬂr(tS))],eu>
0 0 r

_ A" (/ K. (s)[g,(t —s) — a(t,(t —s))] ,eu> =: ZTk. (3.20)

[t)-
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For the first term in the LHS of (3.20), we immediately find that

n 1
| @enen) = 3 leatml?.
0

In what’s next, we estimate the absolute value of the other terms in the LHS of (3.20),
with exception of the second one, and every term in the RHS of (3.20) from above. The
Cauchy inequality, the regularity of h, the Young inequality and the result of Lemma

3.5 give us
T T 2 ! 2 ! 2
/ eg (hr,eq)| < C: <T —|—/ llewl| > —|—€/ [Veul” .
0 0 0

Moreover, the Cauchy and Young inequalities, Theorem 2.1(iii), the MVT and the reg-
ularity of h and ¢ lead to

n
[ xenea|smi<e ([ @l + [+ [+ [ lel)
(3.6)
<o [Me?) e [ 19edr.
0 0

Furthermore, we have

[ @ ). ve)

no__
‘/ (B ¥V (@ — ur), Veu)| < /HK V(@ — ur)| +5/ Veu|?

<c/ 7, / IV (@ — u,)| +5/ Veul® < C.r2 —I—e/ Ve,

and
< / IR, * Veu|| +5/ Ve

<c/ / K, (t— ) | Veu(s)] dsdt—l—e/ 1Veu|?

<. / / IVell? + ¢ / IVeul?,
0 0 0

where we combined the Cauchy and Young inequalities with (3.17) in the first estimate,
with Lemma 3.4(i7), Lemma 2.2(7) and (3.17) in the second estimate and with Lemma
3.4(i) and Lemma 2.2(¢) in the last estimate. Taking into account the results from

2 K 2
<Cor —I—e/ Ve,
0

no__
‘/ (K *Veu,Veu
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Lemma 3.4(7i) and Lemma 3.5 and the regularity of the solution, we deduce in a similar
way that

n
/ (e? * Vu, Veu)
0

n n n
<C. [Mlexl” ["19ul + ["1vedl?
0 0 0
2 K 2 " 2
<. (+ +/ leal +g/ IVeul?.
0 0

For the last two terms in the LHS of (3.20), we deduce from the Cauchy inequality,
Lemma 2.2(7), Lemma 3.1(¢) and the Young inequality that

/On (KoVu,(t)r,Vey,) — /077 (/FLJTFT(S)VﬂT(t - 5),Veu>‘

n
<Cr? 4 e / IVeu|?.
0

Further, it is easy to see that

2 K 2
|T1|<c(r + [Nl )
0

K — 2 K 2
|T3|<c( [t = )~ + | HeuHr)

2 K 2 K 2

<C. (T +/ el >+5/ IVeull?,
0 0

for which we used standard techniques, together with the Lipschitz continuity of f and
(3.16) in the first estimate and together with the Lipschitz continuity of «, the triangle
inequality, (3.18) and (3.6) in the second estimate. Moreover, from the Cauchy and
Young inequalities, Lemma 3.4(i7), the regularity of ¢ and Lemma 3.5, we successively

deduce that
n g n )
i< ([l + [ 1)
(3.6) n e n "
<o [lemeglive [1ver+c. [l
0 0 0
n 9 n _ 9 n 9 n 9
< [Merl* [Mlglt e [N19ea+c. [Med
0 0 0 0
2 K 2 K 2
<co (v [lel®)+e [MIved?.
0 0
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Likewise, using also Theorem 2.1(iii), the boundedness and Lipschitz continuity of «,
the MVT, the triangle inequality, (3.16) and (3.17), we find that

n n
<c (+/O ||eu||2)+e/0 Ve

For the estimation of Ty and Tjp, we use the Cauchy and triangle inequalities, the
regularity of g, the boundedness of «, Lemma 2.2(:), the Young inequality and (3.6) to
obtain

7
>
k=5

n n
Ty + Tho| < C. (+/ ||eu||2)+e/ Ve
0 0

Finally,

n rt 9 n rt 9
T < C / / (s —7) — T ()2 4 C / / leall?
0 Jt—7|t]- 0 Jt—7|t]+-

2 T2 K 2
SCAT+ [ el ) +e [ [[Veul”,
0 0

which follows from the Cauchy inequality, Lemma 2.2(7), the Young inequality, (3.18)
and (3.6). Collecting all estimates, we arrive at

n 1 n nort n
Jrivet s ghedt <cc (24 [Mledr+ [* [ 1va?) +e [Nive.
0 0 0 0 0

Fixing ¢ small enough and using the Gronwall lemma, we eventually obtain that
! 2 2 2
|1l + el < e
0
which is valid for every n € [0,7]. This, combined with Lemma 3.5, concludes the

proof. O

The following corollary follows from Lemma 2.2, Lemma 3.3(ii) and the Arzela-
Ascoli theorem [24, Theorem 1.5.3].

Corollary 3.1. Let the assumptions of Theorem 3.1 be fulfilled. Then K, — K in
L?(0,T). Moreover, K, — K in C([0,T]) with 9;K € L*(0,T) and there exists a positive
constant C' such that

T
/ |K,(t) — K(t)]* dt < Cr2,
0
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4. Numerical experiment

The aim of the following simulations is to demonstrate the established error es-
timate in Corollary 3.1. For the implementaion, the finite element library DOLFIN
[25,26] from the FEniCS project [27] is used.

In every experiment, the domain €2 equals the unit interval. The number of time
discretization intervals is chosen to be n = 27,5 = 3,...,8, such that the time step 7
for the equidistant time partitioning equals 2777,5 = 3,...,8 respectively. At every
discrete time step, the resulting elliptic problems (see step 6 in the algorithm) are
solved numerically by the finite element method (FEM) using first order (P1-FEM)
Lagrange polynomials for the space discretization. For this space discretization, a fixed
uniform mesh of 50 intervals is used. The L?-error between the numerical and exact
kernel is approximated by the Simpson’s rule for the several values of the timestep 7:

Exe(r) = / K (1) — K(0)? dt

zé . [(Ki1 CK(ti1))? + 4 (% K (%))2 +(Ki— K(ti))Q] .

4.1. Experiment 1
For the first experiment, we prescribe the exact solution as
u(z,t) = (1+t+1%) (cos (mz) + 1), (4.1a)
Kit)=1+t+t*  x€l0,1], tel0,2]. (4.1b)

The functions A, f and « are given by respectively h(x,t) = 2z + 2t + 1, f(s) = s+ 5
and a(s) = s — 2. In Figure 1(a) the exact kernel K is compared with the numerical

~

Kernel K(t)
w S (5] o
|
~

N
T

[N
|

=

=)

0.5 1 15 2

o

-7 -6 -5 -4 -3 -2

log, T

exact solution 2

T= —a—
T=2° —~— T=2

-3
-5

(a) The exact solution (4.1b) is approximated bet-  (b) The error Ex(7) decreases with decreasing
ter as 7 becomes smaller time step

Figure 1: Kernel reconstruction in Experiment 1.
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solution for 7 = 272,273 and 7 = 27 . It can be seen that the approximations become
better as the time step 7 decreases. We draw the same conclusion from Figure 1(b),
where log, Fx is plotted as a function of log, 7. The linear regression line through the
data points is given by log, Ex = 2.0234 log, 7 + 2.9896. This is in accordance with the
predicted convergence rate in Corollary 3.1.

4.2. Experiment 2

In the second experiment, the unknown kernel is sinusoidal, i.e.

u(z,t) = (1+t+ t2) (cos(mx)+1), (4.2a)
K(t) =sin(2rt), z€[0,1], telo,1]. (4.2b)

The functions h, f and « are given by respectively h(z,t) = 2x+2t+1, f(s) = s—5 and
a(s) = s+2. In Figures 2(a)-2(b) the results of the numerical experiment are depicted.
They can be interpreted analogously as in the first experiment. The linear regression
line through the data points in Figure 2(b) is given by log, Ex = 2.12901log, 7 —1.1151,
which also supports the theoretically obtained convergence rate in Corollary 3.1.

Kernel K(t)
< o
o n -

o
13

N
T

. = = =5 =5 = =3
20 —es—
Zs ‘ log, T

exact solutiog

T=2" —V

T
T

(a) The exact solution (4.2b) is approximated bet-  (b) The error Ex(7) decreases with decreasing
ter as 7 becomes smaller time step

Figure 2: Kernel reconstruction in Experiment 2.

5. Conclusion

The semilinear parabolic problem (1.1) of second order with an unknown solely
time-dependent convolution kernel K has been considered. The numerical scheme
from [18] for reconstructing the unknown convolution kernel from the additional in-
tegral measurement (1.2) has been adapted such that higher stability results are valid.
Using these estimates, it has been proved that, under appropriate conditions of the
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data, the convergence of the numerical approximations K, and K, to K is of first
order in time:

157 () = K ()20, + 1K (8) = Kt 120,7) = O(7).

This means that strong convergence of the approximations to the kernel K has been
obtained, whereas in [18] this convergence had only been proved in weak sense. Two
numerical experiments have supported the theoretically obtained result. Finally, it is
worth pointing out that the techniques used in this article might be applicable to other
problems in other settings.
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