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Abstract: In this article, we first study the inverse source problem for parabolic with memory term. We show
that our problem is ill-posed in the sense of Hadamard. Then, we construct the convergence result when the
parameter tends to zero. We also investigate the regularized solution using the Fourier truncation method. The
error estimate between the regularized solution and the exact solution is obtained.
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1 Introduction

Let L be a positive constant. In this article, we consider the parabolic equation with memory as follows:

t

Up = Uy + aIuXX(X, s)ds + p(x), in Q, =(0,L) x (0, m),

0 a1
u(t,0) = u(t,m) =0, 0<t<lL,
u(0,x) =0, in0<x<m,

where 0 < a < i. The function p is a source term. If the function p is known, we can work out the function u
using the initial boundary value problem. However, in this article, our main problem is of determining the
source term p from the addition information, such as

u(L,x) =gx), 0<x<m. 1.2)

where g is the terminal data. Our mentioned problem is called inverse space-dependent source problem. It is
well-known that the inverse source problem is ill-posed in the sense of Hadamard. In practice, the terminal
condition g is unknown, and it is only available as a noisy data g, with a noise level &. When we use the noisy
data for our problems (1.1) and (1.2), we will obtain the corresponding source term that has a large deviation
from the source function corresponding to g. This shows that the inverse source problem is ill-posed, and they
are required approximately by regularization methods.

If a = 0, then problem (1.1) is called classical parabolic equation. If a # 0, then problem (1.1) have a

t
memory term afouxx(x, s)ds, which is called Volterra integrodifferential equations. Volterra integrodifferential

* Corresponding author: Le Dinh Long, Falculty of Maths, FPT University HCM, Saigon Hi-tech Park, Ho Chi Minh City, Vietnam,
e-mail: longld13@fe.edu.vn

Nam Bui Duc: Ho Chi Minh City University of Industry and Trade, Ho Chi Minh City, Vietnam, e-mail: nambd@huit.edu.vn
Nguyen Minh Hai: Department of Mathematical Economics, Banking University of Ho Chi Minh City, Ho Chi Minh City, Vietnam,
e-mail: hainm@hub.edu.vn

Luu Vu Cam Hoan: Faculty of Basic Science, Posts and Telecommunications Institute of Technology, Ho Chi Minh City, Vietnam,
e-mail: lvcamhoan@gmail.com

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.


https://doi.org/10.1515/dema-2023-0138
mailto:nambd@huit.edu.vn
mailto:hainm@hub.edu.vn
mailto:lvcamhoan@gmail.com
mailto:longld13@fe.edu.vn

2 —— Nam Bui Duc et al. DE GRUYTER

equations have been studied by many authors [1,2]. These equations have many applications in various fields
such as heat conduction in materials with memory, population dynamics, and nuclear reactors, [3]. Yamada [1]
considered Volterra diffusion equations with nonlinear terms. They investigated the stability properties of
solutions in LP norms. The local existence results of solutions to a system of partial functional differential
equations are also investigated. Gourley and Britton [2] studied the predator-prey system in the form of a
coupled system of reaction-diffusion equations. Tao and Gao [3] analyzed the null controllability properties for
heat equation with a memory term.

Let us now mention some previous works on the inverse source problem for classical parabolic equation.
Savateev [4] examined the existence and uniqueness of solutions to problems of determining the source
function in the heat equation. He found sufficient conditions to show the unique solvability of his problem.
In [5], Trong et al. have studied the inverse source problem for the heat equation

U = Uy + P(Op(x), 0<x<1 0<t<], .3)

where  is the given function. They regularized inverse source problem by using the Fourier truncation
method with some new techniques of Fourier transform with a Lebesgue measure. They obtained the error
of the exact solution and the regularized solution in logarithmic order. In [6], Yang and Fu have considered the
inverse problem of determining a spacewise-dependent heat source in a one-dimensional heat equation. In
order to provide a regularized solution, they give a simplified Tikhonov regularization method. They obtained
the Hélder-type stability estimate between the regularization solution and the exact solution. Recently, the
authors [7] provided quasi-boundary value methods for regularizing inverse source problems where the
source function depends only on the space variable x. In [8], the authors applied direct parallel-in-time
quasi-boundary value method to regularizing inverse space-dependent source problem. Some of the related
issues can be found in the following references [9-31]. They investigated the stability properties of solutions in
LP norms. Local existence results of solutions to a system of partial functional differential equations are also
investigated, see in [32-34].

To the best of our knowledge, there are not any results on the inverse source problem for heat equation
with memory term. Our current article may be the first study in this direction. Our contribution is described as
follows. The first contribution is to investigate the convergence of the source term when a — 0. The second
contribution is to regularize the inverse source problem. We apply the Fourier truncation method to provide
the regularized solution. We construct the error estimate between the regularized solution and the sought
solution under two various cases: the noise error in L? and the noise error in LP.

The article is organized as follows: in Section 2, we introduce preliminaries and the inverse source
problem; Section 3 provides the convergence result of the source term; in Section 4, we provide a Fourier
truncation method and investigate the error between the regularized solution and the exact solution.

2 Preliminaries and inverse source problem

2.1 Notations and assumptions

We begin this section by introducing some notations and assumptions that are needed for our analysis in the
next sections.

Definition 2.1. [19] (Hilbert scale space) Let Q = (0, 7). The Hilbert scale space H?, (p > 0) is defined by
— . 2,
HP(Q) = {f € [AQ) : mz=1Amp<f’ fm(X)>iz(9) < o, @1

is equipped with the norm defined by
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3] 2 )
i) = 2 28h o = &m0y En0) = \E sin(mx). @2)
m=1

2.2 The formula of source term for problem (1.1)

The solution to problem (1.1) can be represented in the form of an expansion in the orthogonal series as
follows:

u(t,x) = Y Un(én(x),  With un(y) = U, X), &n(¥)) ¥)- 23)
m=1

By considering that the series (2.3) converges and allows a term by term differentiation (the required number
of times), we construct a formal solution to the problem. We obtain the problems

t

%um(t) + MPup(t) + am? Ium(S)ds =Py tE(0,L),
0

Un(L) = g, um(0) = 0,

2.4)

where
200 = ) g&n(x) and p(x) = Y p&m(X).
m=1 m=1

Let us set the following function:

t

W) = jum(s)ds.
0
Then, we obtain wy,(t) = upn(t) and wy(0) = u,(0) = 0. From the main equation of equation (2.4), we find that
@ + 24 + am? = 2.5
P Wn(t) + m i Wi(t) + amwy(t) = p,. -

By using some simple calculation, we obtain that

p [-mzhs‘m]t p
() = An + e SR vy
Vf\/ m* - 4am? Vf\/ m* - 4am?
(2.6)
. P e P .
m _m?— I mh— 2 _m?— I mh— 2
Since wy,(0) = wy(0) = 0, we know that
Ap =By = 0.
Taking the first derivative of wy,, we obtain that
2, [ 4, 2 2[4, 2
pm [fm +VWZI —4am’ ]I [fm *Wrzl —4am’ ]t
Un(t) = W(t) = ———=e -e . 2.7
" " Jvm? - 4am?

Under the condition u,(L) = g, as in equation (2.4), we know that

2 4

o), (ot
Pm e[ 2 ]L - e[ 2 ]Ll (2.8)

Un(L) = ——
" Jm* - dam?
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This implies that

Jm* - dam?
Pm = > ) m 2.9)

B 2 —m2 o 2
e{ m*wg dam ]L_e{ m wg dam ]L

Thus, we derive that

0

4 _ 2
p) =Y m_- dam ﬁ]Lgmfm(x)- 2.10)

_ -m%+ v‘“rrfl—4azrrtZ -m?- v‘“m4—4a
m=1 2 2
e —e

2.3 Ill-posedness

In the following, we provide an example that shows that the function (2.10) does not depend continuously on
the given data g. For k € N*, we set

Ky = L
g5(x) \/Efk(x)- (2.11)

Combining equations (2.10) and (2.11), we obtain that

K(x) = Lk T
It is obvious to see that
— 1
18120y = T -0, k- +o, (2.13)
k
and
Jk* - dak? 1
||pk||Lz(Q) = il i ﬁ ’ (2.14)
LU )
It is easy to check that
Since two latter estimates, we find that
2V k* - 4ak?
S NN sy NN 216)

N[

Combining (2.13) and (2.16), we deduce that the inverse source problem is ill-posed in the sense of Hadamard.

3 Convergent of the source term
Theorem 3.1. Let us assume that g € H¥(Q). Let p, be the source term of the problem (1.1). Let p be the source
term of the following classical parabolic equation:

U = Uxx + p(X), in @, =(0,L) x (0, ),
u(t,0) = u(t,m) =0, 0<t<IL, 3.1
u(L, x) = g(x), u(0,x) =0, 0<x<m.

Then there exist two constants D, and D, that depend on a and L such that
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1Py = p“LZ(Q) < |Dy(a, L)|a ||g||L2(Q) +|Dy(a,L)|a ||g||[|-|2(g)- 3.2)

Proof. Since the source function p depends on a, we can denote it by p,. From the formula (2.10), we have

e I m4 — 2
P00 =Y m_- dam _’ Enbm(X). 3.3)
L

m=1 ‘—m2+\fr;4—4amz ]L -rrlz—\““m‘l—4amZ
- e

2

The source term of the problem (3.1) is given as follows:

* 2

p0) = Y — g £n(0). 3.4)

m=11— e 'L
Let us evaluate the difference
Jm* - dam? m?

B(m’ a) - -me - aam? -m2 i aam? - 1- -m’L
2 i 2 2 e
(4 - e

Using the triangle inequality, we obtain

B(m, a) < B1(m, a) + By(m, a). (3.5)
Here,
Jm# - dam? - m?
Bim, a) = ———— 2 i)
[fm +\m”-4am’ ]L [fm -y m”-4am’ }L
2 2
e -e
and
m? m?
By(m, a) = —_— — - l
e[—m2+\jnzl4—4amz]L _ e[—mz—\}rrzl4—4amZ]L 1- e—mL
It is easy to see that
2. 2
1 _ emTL < emTL
[—m2+v‘“m4—4am2]L [—mz—\““m‘l—z}amz]L - ‘\fm4—4amz]L {—\;m4—4am2}L - [v“m4—4am2]L ’ (36)
e : -e : el ? -el ? el ? -1
In addition, we obtain
[y
m2L y A3 ML
ez m®—\m*-4am e‘ 2 ’
i, 37 = e[ ’ L? ’ @.7)
Vm*-4am I {\“‘m —d4am ]L
el 2 ] -1 el ? -1
; R P .
Since m m* - 4am N 4a, we find that
=i 4am?®
e 2 F < o2,
Noting that vm* - 4am? 2 V1 - 4a for m = 1, we derive that
‘\‘“‘m‘lf;amz ’L 1 1
e _ < . (3.8)

\““m‘l—4nmZ —\““m4—4nmz - [-\*m ]L
e[ : ]L—l l—e[ : ’L 1-el *

From some above observations, we find that
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1 eZaL
< .
fm2+\““m4f4am2 fmzf\e“m4f4am2 - -J1-4a (39)
e )
Using equation (3.9), we obtain
eZaL eZaL
|B1(m, )] £ ————-(m? - Vm* - dam?) < ——— = Dy(a, L)a. (3.10)
1—e[Z]L 1—9[2]1‘
Here,
4eZaL
Dl(aa L) = =T
1- e[ 2 ]L
Let us now treat the term 8,(m, a). It is obvious to see that
mZ
|BZ(m’ a)| < 2, [, 3 2[4, 3
[—m +ym”—4am’ ]L [—m -\ m”-4am’ ]L )
e g -e g (1-e™mL
- [mi-aan® = mit-aan®
x [1-em - e‘ e ’L + e‘ e ’L (31D
20aL12 -m?+/m*-4am® -m?=/m*-4am®
< e m 1—e"”2L—e[ 2 }L+e[ : ]L
J1-4a
‘1 - e[ 2 ] ](1 -el
where we have used equation (3.9). We give the following bound:
1-emL- e‘imz*\ﬁy;‘lmmz yL + e‘imzj\ﬁf?wz ’L |
o (3.12)
—m2+ v‘“m4—4am2 —m2— Vm
1- e[ : ] + e - e{ 2 ]L

Using the inequality 1 - 7% < z for any z > 0, we find that

[*m2+ \““"14*411"1Z ] [*mz+ v“‘m474am2 ]
2 L 2 L
1-e =1-eé

- ym*- 4am2)L (3.13)
2

1 4amiL
< E < 2aL.

m? + m* - 4am?

Using the latter estimate, we continue to obtain

—m \m —4am —n12+v“‘m4—4am2
e mL - e‘ ]L‘ =emL |1 - e[ : ] < 4al. (3.14)
This implies that
{-MwW]L {-mz-\s‘m]
1-eml—gl 2 +el 2 < 4aL. (3.15)

It follows from equation (3.11) that
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4qle*Lm?
|Bo(m, a)| < — = Dy(a, L)am?.
-vJ1-4a
[1 - e[ 2 H(l -e
Here,
4LeZaL
Dz(aa L) = —
[-v‘l—4a ]L ~
1-el 2 Jja-e™)

Based on some previous evaluations, we obtain that

Jm* - dam? m?

1—m2+\““nzl4—4um2 ’L l—mz—\““nzt4—4um2 ’L 1- e—mzL
e —-e

< Dy(a, L)a + Dy(a, L)am?.

Using Parseval’s equality and in view of equations (3.3) and (3.1), we deduce that

vm* - dam? m? )

! - g
-mP+ mt-dam? I -m=m*-aam? L 1- e—mzL m
e : -e 2

||pa - p”LZ(Q) = Z

m=1

<|Dy(a, L)Pa?

> g,ﬁ] +|Dya, L) Y. m4g,i’
m=1

m=1
= |D(a, P 18112 g, + 1Daa, P 18112y

The latter estimate implies that the desired result (3.2).

4 Regularization by Fourier truncation method

Let us assume that g¢ be a measured data that satisfies
llg® = &l < &
Let us define Fourier truncation solution as follows:

m* - 4am?

grifm(x);

ms<M;

2

pEx) = Z 17'"2

m’L 1’”2’*’W’L
-e
where M, > 0 depends on €. We will choose it for later theorem.

Theorem 4.1. Let us assume that p € H5(Q) for s > 0. Let us choose M, > 0 such that

lim M2 = lim(M,)™ = 0.
-0

-0 €
Then, we obtain

ela _
o= Plle < T e+ M llPllay

Remark 4.1. Let us choose M, = ez for any 0 < 4 < 1. Then, the error ||p - p*||;2g) is of order

a-ws
max|et, g 2 |.

(3.16)

(317)

(3.18)

4.1

4.2)

4.3

(4.4)
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Proof. We set the following function:

m* - 4am?

0500 = Y

ms<M;

Using Parseval’s equality, we derive that

1 -m%++\m*-4am? yl’

] e[ WZN“W ’L Gnm(X).

2vm* - am?

ms<M;

2 —
llp? - QE”LZ(Q) - z {_m2+v“f

—am? T
7;1 am iy (fmzf Vm-am? )L
-e 2

It is clear to see that

Jm* - am?

gy, = &nl*

1 2oL
Jmt - am?e”

4

(—m2+v“m4famz)L

e 2 - e

(fmzf\““m fnmz) Vnit-am
2 L

(m2—m*-am?) e 2
= Jmt - amze™ A

Since

\m*-am’
2

2
we know that
(m*-
e
In addition, we derive that
v“‘m4£amzL
v‘“m‘l—amz B

ez L-1 1

From some above observations, we deduce that

Infan? . _
e_\mzamL 1_eL 2

vm* - am?
(—mz+ v“m4—am2 )

e 2 —-e

(—mz—v“‘m‘l—amz)L -

It follows from equation (4.6) that
o = 61120 =

Hence, we have immediately that

La

lp* - OEHLZ(Q) s Via

2

M=
1-elm

eLa eLa
2 2
—~m* - am? < —
Vi-a V1-a
1-el 1-el
La 2
)

MY IgE - g%

ms<M;

]Msz g - g”LZ(g) s

Next, estimate of the term [|p - 6°|| ;2. Indeed, we obtain the following bound:

o = 0Ny = 2 pp= 2 Mm%y < (MY ZlIpllfys oy

m<M;

Hence, we obtain the following bound:

ms<M;

o = €%l 2@y S (M) lIpll sy

eLJ
2

J1-a
1-el™

DE GRUYTER

4.5)

(4.6)

4.7

4.8)

4.9)

(4.10)

4.1

(4.12)

(4.13)
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By collecting equations (4.11) and (4.13), we derive that

lp = PEll 2y < NP = €%l 12y *+ 11P® = €%l 12q)

La

e: _
—————=MZe + (M) *l1olns @y
1-el™

IA

Theorem 4.2. Let us assume that g¢ is the noisy data for g that satisfies
g - 8l < €

fore>0and1<p<2 Letp €EHQ) for b= 0ands = 0. Then, we obtain

La

e
—H’we)b-“% + MLl 0y

1-elz

llp - pEII[Hb(g) 2 Gk

Here,

and M, is chosen such that
Lim(M;)b=*+2¢ = (M,)™ = 0.
-0

Remark 4.2. Let M, = er'er for any 0 < u < 1. Then, the error [|p = p®|ly»q, is of order

max

a-ws
ex, 8b*k+2].

(4.14)

(4.15)

(4.16)

417

Proof. Let us recall the function 6¢ that is defined in equation (4.5). Let us take a positive constant b. We need to

give the upper bound for the error
lp = Pl

(4.18)

It is obvious to obtain that Sobolev embedding LP(Q) = HX(Q) for (p, k), satisfying the constraints _71 <k<0

and p 2 - Hence, we can find a constant Cpx > 0, which depends on p and k such that

1-4k*
lg® = &lhik) < Goillg® — &llrr@) < €G-

Using Parseval’s equality, we have

2vmt - am?

£ — Q€ 2 - mzb & _ 2
”p ” H b(g) <Z (,m2+ \fm4fumZ)L (fmzme4fam2)L |gm gml
msMe e 2 -e 2
2
Imé — 2
= Y mo 2ym® - am m |g& — g |2
(—m2+\;“‘m4—am2) (—mz—v‘“m‘l—nmz) m m
m<M; e 2 L _ e 2 L
La 2
e2
2b—2k+44421 £ 2
< | 2 mPmkgr - g |2
1-el ms<M;

where we have used the fact that (4.10). This follows from equation (4.19) that

La

2
8—2 (M )2b—2k+4” £ _ “2
1 JTa € 8 ~ 8k

9% = 6113 by <
CRCO I PR

La
e2

_rNl-a

1-e*

2
<Gk

2
’ (Mg)zb—2k+482_

(419

(4.20)

(4.21)
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Hence, we deduce that

La
o
17_1 e ](Ms)b"‘*ze- (4.22)

—-e 2

llp® - es”[H”(Q) S Cp,k

Let us now to treat the term |[p — 6°|[;; o). Indeed, we obtain the following bound:

D = 05130, = m<ZM pL = m<ZM mEmSp < (M) B |pll gy 4.23)
Thus, we find that
10 = 6llyyscq) < L) I1pllyyevocy (4.24)

Combining equations (4.22) and (4.24), we obtain

10 = p¥llsiay < 1P = Ol + 110 = 6l

La
ez _ _
LE ](Ms)b k+28 + (Ms) s||p||[|-|5"”(g)-
z

1-e

(4.25)
< Cp,k

The proof is completed. O

5 Conclusion

In this work, we investigate model (1.1) with memory term. We show the exact solution and present an
example of the problem to prove the ill-posed of equation (2.10), and the regularized solution is built based
on the Fourier transform formula. We prove that solution (2.10) converges to solution (3.4) in Theorem 3.1.
Next, Theorems 4.1 and 4.2 investigate the convergence results between the exact solution and the regularized
solution with data belong to I*(Q) and LP(Q).
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