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Abstract

In this thesis, we treat inverse problems of finding some time dependent coefficients in
parabolic equations involving a time fractional derivative and over-determination conditions. We
are concerned by the well-posedness of these problems, meaning the existence, uniqueness and
continuous dependence on the data of the solution.

We start with the determination of the source coefficient in a generalized time fractional diffusion
equation, in the case of non-local boundary conditions and an integral constraint by using the
Fourier method with a bi-orthogonal system.

Then, we study two inverse coefficient problems for the Caputo time-fractional reaction-diffusion
equation, the proof of the obtained results is based on the iteration method and Gronwall’s
Lemma.

At the end, we consider a direct Caputo time-fractional parabolic initial-boundary value problem.
The results of existence, uniqueness and stability are obtained for a weak solution in view of
fixed point theory followed by an application to an inverse source coefficient problem with an
output data measured at a fixed space point.

Key words : Parabolic equation ; fractional derivative ; inverse problem; iteration method ;
Fourier method ; bi-orthogonal system ; Gronwall’s Lemma ; fixed point theory.

AMS Subject Classification : 35K10; 26A33; 35R30; 42A16; 47H10.



Résumeé

Dans cette these, nous traitons quelques problemes inverses de détermination de coefficients
dépendant du temps dans des équations paraboliques impliquant une dérivée partielle d’'ordre
fractionnaire en temps a partir de donnée supplémentaire. Nous nous intéressons a le caractere
bien-posés, c’est-a-dire de I’existence, 1’unicité et de la solution dépendance continue aux don-
nées.

Nous commencgons par déterminer un coefficient du terme source d’une équation de diffusion
fractionnaire en temps généralisé€e, dans le cas de conditions aux limites non locales et d’une
contrainte intégrale, en utilisant la méthode de Fourier avec un systeme bi-orthogonal.

Ensuite, nous étudions deux problemes inverses d’identification de coefficients pour une équation
de réaction-diffusion fractionnaire en temps au sens de Caputo. La preuve des résultats obtenus
est basée sur la méthode d’itération et le Lemme de Gronwall.

En dernier lieu, nous considérons un probléme parabolique fractionnaire en temps au sens de
Caputo direct a valeurs initiale et aux bords. Les résultats sont obtenus pour une solution faible
via la théorie du point fixe et sont suivis d’une application a un probleme inverse de détermination
du terme source a partir d’'une donnée de sortie mesurée en un point fixe de I’espace.

Mots clés : Equation parabolique ; dérivée fractionnaire ; probleme inverse ; méthode d’ité-

ration ; méthode de Fourier; systeme bi-orthogonal ; Lemme de Gronwall; théorie du point
fixe.
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Notations

Sets
N  Set of natural numbers.
R Set of real numbers.
R"™  Space of n-dimensional real vectors.

C  Set of complex numbers.
Q  Open bounded subset of R”".
I Compact interval of R.

Functions, Spaces of Functions

I'(.) Gamma function.

B(.) Beta function.

Eqp(.)  Mittag-Leffler function.

Cc(I) Space of continuous functions on /.

Cc=(I) Space of infinitely differentiable functions on /.

c'(I) Space of n time continuous functions on /.

AC(I) Space of absolutely continuous functions on 1.

LP(Q)  Space of Lebesgue integrable functions on Q.

L*(Q) Space of functions u that are essentially bounded on Q.

WkP(Q)  Sobolev space on Q.
H'(Q)  Sobolev space W?(Q).
H™"(Q) Dual space of Hj(Q).

Mathematical operators

R(.) Real part of the complex number.

3(.) Imaginary part of the complex number.

1% The Riemann-Liouville fractional integral operator of order «.
am The partial derivation operator.

D" The weak m'” derivative.

RLpa The Riemann-Liouville fractional derivative of order o¢ > 0.
D% The Caputo fractional derivative of order o > 0.

DB The Hilfer fractional derivative of order o > 0 and type f3.

n! Factorial(n), n € N: The product of all the integers from 1 to n.

(;)12(q) Usual inner product in L*(Q).
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General Introduction

Q‘}i v/, hen we manipulate the notion of derivative, we quickly realize that we can apply the
@W2¥d  concept of derivative to the derivative function itself, and by the same to introduce the
second derivative, then the successive derivatives said of integer order. The integration is an
inverse operator to the right of the derivation, can optionally be considered as a derivative of
order “minus one”. So, one can also wonder if this notion can be generalized to fractional or
even non-integer orders. The first note about this idea of differentiation for non-integer numbers,

dates back to 30 September 1695, with a famous correspondence between Leibniz and L"Hopital.
n

In a letter, L"Hopital asked Leibniz about the possibility of the order n € N, in the notation J

xn
for the n-th derivative of the function f, to be a non-integer, n = %

The first serious attempt to give a logical definition for the fractional derivative is due to
Liouville, who published nine documents in this subject between 1832 and 1837. Independently,
Riemann proposed an approach which proved essentially that of Liouville, and it is since she
wears the no. “Riemann-Liouville approach”. Later, other approaches appeared such as that
of Grunwald-Leitnikov, Weyl, Caputo, Hilfer, Hadamard and Caputo-Hadamard. At that time
there were almost no practical applications of this theory, and it is for this reason that it was
considered an abstract containing only useless mathematical manipulations. The transition from
pure mathematical formulations to applications began to emerge from the 1990s, when fractional
differential equations appeared in several fields such as physics, engineering, biology, mechanics,
electrochemistry, biomedicine,...,etc.

A simple example of fractional derivatives of the function f(¢) = 12, is plotted for different
values of the fractional order in Figure 1.

Figure 1: Fractional derivatives % f(t), of a quadratic function, f(t) = 1% (blue, solid line) with
the order m which has values 0.25 (magenta, dotted line), 0.50 (black, dashed line), 0.75 (green,
dash-dot line), and 1 (red, thicker solid line)
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The different values of the fractional order of the function f are obtained by using the
following expression

"o _ Y(3) 2-m

drm  y3-m) '
where m is a real number, for more see Example 1.2.

Actually, when modeling some real physical phenomena, fractional derivatives can provide
more accurate results than integer order derivatives [60]. The advantages of fractional derivatives
are that they have a greater degree of flexibility in the model and provide an excellent instrument
for the description of the reality. This is because of the fact that the realistic modeling of a
physical phenomenon with memory and hereditary properties does not depend only on the instant
time, but also on the history of the previous time, i.e., calculating time fractional derivative at
some time requires all the previous processes [49]. Fractional derivatives are involved in the
viscoelastic modeling of the behavior of gums and rubbers, more generally in the shaping of
memory materials, thanks to the associated integral in its definition. For example, in [5, 7], the
authors introduced the fractional derivation to model damping in equations of motion where
materials used as insulators or dampers are viscoelastic. The benefit of this introduction is the
reduction of the number of model parameters. Effectively, for modeling the stress-strain behavior
of a solid, Bagley and Torvik [6] introduced a four-parameter model instead of ten

(1+bD{)o(t) = (Go+ G1D{)e(r),

where o and € denote stress and strain respectively and b, Go, G1, & are the model parameters.

In view of mathematical interests and applications, the partial differential equations in
particular of the time fractional parabolic type, have attracted many researchers in exclusive
discipline of applied science and engineering, as shown in [22, 45, 62] and references therein.

Now let’s talk about the inverse problems that in fact constantly impact our daily lives.

According to Keller [37], two problems are said to be the inverse of one another if the formulation
of one of them involves the other. This definition contains a part of arbitrariness and confers a
symmetric role to both problems under consideration. A more operational definition is that an
inverse problem consists determining the causes of a phenomenon according to the observation
of its effects. Thus, this problem is the opposite of the so-called direct problem, consisting of the
deduction of the effects, the causes being known.
In mathematics, a linear inverse problem can take the form of an equation Ku = f, Where u
represents the values of the parameters of the phenomenon, f represents the measurements
carried out and K is a linear operator called an input-output mapping. K can be a nonlinear
operator, hence the class of nonlinear inverse problems which are generally hard to study.

The mathematical theory of inverse problems sometimes referred as identiability problems
was essentially ignored until the middle of the twentieth century. The scientists have focused on
direct problems, that is, the construction of the model itself rather than the inverse process that
often leads to existence, uniqueness and stability difficulties. At the beginning of the twentieth
century, the idea of direct problems dominated mathematical physics. Indeed, the French
mathematician Hadamard believed that an important physical problem must be well posed, that
is to say that the problem must always have a unique solution which depends continuously on
the data. This idea persisted into the middle of the twentieth century. However, the advent of
quantum mechanics and many problems in areas of classical physics such as heat conduction
and geophysics slowly convinced mathematicians and scientists that direct problems were not
the only scientific problems and that the mathematical theory of inverse problems began to be
developed by mathematicians in Soviet Union led by Tikhonov.

4
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We can see that inverse problems may cause difficulties. In fact, it is reasonable: “the same
causes produce the same effects”. However, it is easy to imagine that ” the same effects may
come from different causes”. This idea contains the main difficulty of the study of inverse
problems, they can have several solutions, and it is necessary to have additional information to
discriminate between them.

The resolution of the inverse problem generally passes through an initial step called the direct
problem. Then, the resolution can be done by numerical simulation or analytically.

Among the areas in which the inverse problems arise an important role we can mention:

* The medical imaging (ultrasound, scanners, X-rays, ...);

* The hydrogeology (identification of hydraulic permeabilities);
* Chemistry (determination of reaction constants);

* The radar (determining the shape of an obstacle);

* The quantum mechanics (determination of potential);

* The image processing (restoration of blurred images).

The main objective of this research work is studied some inverse problems of determination
a different type of unknown coefficients in fractional parabolic equations, by using different
methods and tools. The present thesis is arranged as follows:

In Chapter 1, we collect necessary tools of functional analysis and Fourier analysis, then we
introduce elementary definitions and basic properties relating to fractional analysis and inverse
problems that are used throughout this manuscript.

In Chapter 2, an inverse source coefficient problem for a Hilfer time fractional diffusion
equation is considered. The existence, uniqueness and continuous dependence on the data of the
solution are obtained by using Fourier’s method with a bi-orthogonal system of functions.

In Chapter 3, we obtain same results for two inverse problems concerning the semi-linear
time-fractional parabolic equation by using the Fourier method, iteration method and Gronwall’s
Lemma.

In Chapter 4, we study the existence, uniqueness and stability of weak solution for the
time-fractional parabolic direct problem in view of fixed point theory. In addition, an inverse
problem with a output measured data in a fixed point space is treated as an application.




Preliminaries

In this chapter, we introduce the mathematical tools necessary for a good understanding of
the thesis. We first give reminders of functional analysis and Fourier analysis, then we introduce
elementary definitions and basic properties relating to fractional analysis and inverse problems.

1.1 Functional Analysis

First of all, we recall the concepts and fundamental results of the theory of functional analysis
that are of a particular interest in what follows.

1.1.1 Functional Spaces

Let I := [a,Db] be a compact interval of R, we consider Q an open bounded subset of R”,
where n is a positive integer. We denote by dQ the boundary of Q and Q = QU JQ the
closure of Q. A typical point in R” is denoted by x = (x1,x2,...,x,). The n-tuple of non-
negative integers (including zero) m = (my,ma,..,m,), is called a multi-index. The number
|m| = my +my + ...+ my, is called the length of the multi-index m.

For 1 <k < n, we denote the classical derivative operator with respect to the k-th variable by

8k = 8/8xk and
|m|
= amam g — O

o' Oy, ..o
is the m'" partial derivation operator.

In the following, we present some functional spaces, for more details see [38, 40, 58].

Spaces of Continuous Functions

Definition 1.1. Let C(I) be the set of all real-valued continuous functions in I, equipped with the
norm

Ifllcy = max (1)

Analogously, C"(1) is the Banach space of functions f : I — R, where f is n time continuously
differentiable on I such that

Iflleny =Y, ||f(k)Hc(1) =) max|fO ()], neN.
k=0 k=0 '€

6



CHAPTER 1. PRELIMINARIES

Also, we set
(= ()c'{)
n=0

:{}:I—HR;fEC"(I), Vn € N},

the space of infinitely differentiable functions defined on / with values in R.

Spaces of Absolutely Continuous Functions

Definition 1.2. A function f : I = [a,b] — R is said absolutely continuous on I, if for all
€ > 0, there exists 6 > 0 such that for all n > 1 and finite partitions [a;,b;|?_, C |a,b), then

n

Z |bi — ai| < 6 implies that Z |f(bi) — fla)| < e.
i=1

i=1
We denote AC(I) the spaces of absolutely continuous functions on /, equipped with the norm
I fllacay = £ (@) +1F N ry-

It is known that AC(I) coincides with the space of primitives of Lebesgue summable functions,
(see [40], p. 338)

f(t) e AC(I) < f(1) = C—l—/at(p(s)ds, o e L(I). (1.1)

Therefore, an absolutely continuous function f(z) has a summable derivative f/(¢) = ¢(t) almost
everywhere on /. Thus (1.1) yeilds

¢(s) = f'(s) and c = f(a).

Definition 1.3. For n € N*, we denote by AC"(I) the space of real-valued functions f(t) which
have continuous derivatives up to order n— 1 on I such that f"=1) € AC (I), ie.

AC'() ={f:I—R: f" D eac}.
This space is characterized by the following assertion:

Lemma 1.1. A function f € AC"(I), n € N*, if and only if it is represented in the form

t n=1 (k) (4
ft)= (n—ll)'/a (t—s)”_lf(”)(s)ds—l—];fk—!()(t—a)k.

Spaces of Weighted Continuous Functions

Definition 1.4. Let y € C with 0 < R(y) < 1, we introduce the weighted space Cy(I) of functions
f given on (a,b), such that the function (t —a)?f € C(I), endowed with the norm

£ lleyy = 1t =a)" fllcq)-
For n € N, we denote by C}(1) the Banach space of functions f(t) which are continuously

differentiable on  up to order n — 1 and have the derivative f(")(r) of order n on (a,b] such that
i e Cy(I), equipped with the norm

n—1
1 flepny = k;) 1F S Nlewy + 1" Ne, -

In particular case, for n =0, Cg(l ) =Cy(I).




1.1. FUNCTIONAL ANALYSIS

Spaces of Lebesgue’s Integrable Functions

Definition 1.5. Let p € R with 1 < p < oo, we denote LP(Q) the space of Lebesgue’s integrable
functions such that:

LP(Q) = {u: Q — R,umeasurable and ||u||1»(q) < =}

1/p
lllorey = ( / Iu(x)|”dx) |

For p = oo, we have the following definition:

with

Definition 1.6. We denote L= (Q), the space of all essentially bounded functions on Q.
L7(Q) = {u: Q — R,u measurable ; ||ul|j=(q) < on Q}
with essential supremum

[l 1=(@) = ess sup [u(x)]
x€Q
=inf{M > 0: |u(x)| <M a.e. on Q}.
Note that, if u € L*(Q) then we have |u(x)| < ||u[|;=(q) almost everywhere on Q.

The following theorem summarizes some properties of the L spaces:

Theorem 1.1. Let 1 < p < oo, Then

1. The space LF(Q) endowed with the norm ||.||1»(q) is a Banach space.

1 1
2. Holder’s inequality: Let 1 < q < oo with —+— =1, u € LP(Q) and v € L1(Q). Then,
P 9
uv e LY(Q) and

/| X)|dx < (/| |de)l/p (/ v(x) |qu)l/q.

1 1
3. For 1 < p,q < oo with — 4~ = 1, the dual (L (Q))' of LP(Q) is the space L1(Q).
P 4q

In particular, if p = g = 2, we have a simple consequence of the last theorem:

Corollary 1.1. The space L*(Q) is a Hilbert space with the inner product

(1,9 2() = /Q uxv(x)dx, Vu,v e I2(Q).

Moreover, the following Cauchy-Schwarz inequality holds:

[ vl < gy ey, Vv € Q).

1/2
el = ( [ luar)

8

where,




CHAPTER 1. PRELIMINARIES

Now, we introduce the space of locally integrable functions that will be used in order to
introduce the weak derivatives of real valued functions defined on Q.

Definition 1.7. A function u : Q — R is said to be locally integrable, noted u € Lllo (), if for
every compact subset B of Q, then u € L' (B), i.e.

/ u(x)|dox < oo.
B
Next, we recall the following Gronwall’s Lemma:

Lemma 1.2. Let u(t) and v(t) be non-negative continuous functions on an interval [0,T]. Also,
let the function @(t) be a positive, continuous, and monotonically non-decreasing on [0,T] and
satisfies the inequality

u (1) gw(r)+/0’v(s)u(s)ds,
then

t
u(t) < o(r)exp (/ v(s)ds) , fort €[0,T].
0
The following result is singular kernels of Gronwall’s inequality:

Lemma 1.3. [64] Let u: [0,T] — R be a real function, v be a non-negative locally integrable
function on [0,T]. If there are constants @ > 0 and 3 € (0, 1) such that:

u(t) < v(t)+a)/0[ %ds, r€[0,7),

then

u(t) < v(t) + Kgo /t v(s)

) (t——s)ﬁ s, t€l0,T],

Jfor some positive constant Kg.

Sequence Spaces

The most important sequence spaces in functional analysis are ¢” spaces, consisting of p-power
summable sequences, with the p-norm. These are special cases of L” spaces for the counting
measure on the set of natural numbers.

Definition 1.8. Let p € [1, 0|, we define the p-norm of a sequence {p;}icn in R as

1/p
B (Z !m\”) L ifp <o

HPHZP(R) = ieN
suplpi|  ifp=-co
ieN
and we set
gp(R) = {p = (p07p17p27 ) : HPHEP(R) <eo,piERIE N}




1.1. FUNCTIONAL ANALYSIS

Some properties of ¢” spaces are summarized below:
Proposition 1.1. Let 1 < p < co. Then

1. The space tP(R) equipped with their respective norms is a Banach space.

I 1
2. Hélder’s inequality: Let 1 < g <oowith —4+ — =1, p € {P(R) and v € t4(R). Then,
P q

p.v €' (R) and
1/p 1/q
Y lpivi| < <Z |Pi|p> <Z |Ui|q> -

ieN ieN ieN
3. For 1 < p < g < oo, we have the stict inclusion
P(R) C t4(R).

Moreover, the canonical injection associated with this inclusion is continuous for the
respective norms (P (R) and ¢4(R), and more precisely, we have

[ollear) < [lPller(r), VP € LI(R).

Sobolev Spaces

The Sobolev space is a vector space of functions that have weak derivatives. The weak derivative
is an extension of the classical derivative, i.e., if the classical derivative exists, then the two
derivatives coincide. Let us start with the definition of the support of a function:

Definition 1.9. Given a function u: Q — R, its support is defined to be
supp u = {x € Q: u(x) # 0}.

In other words, the support of u is the smallest closed set of R such that « is null outside.
We have the following useful result ([10], p.153):

Lemma 14. Letuc L} (Q). If

loc
/Qu(x)(p(x)dx =0, Voe(Cy(Q)

then u =0a.e. on Q.

Later on, we will need the following space of infinitely differentiable functions with compact

support:

Definition 1.10. Letu € L} (Q). If there exists a function v € L} _(Q) such that:

loc loc
/ u(x)9" @ (x)dx = (—1)" / V) p()dx, Vo € C(Q) (1.2)
Q Q

then, v is called the weak m™" derivative of u.

10



CHAPTER 1. PRELIMINARIES

From the definition of the weak derivative and by integration by parts, we see that if u is
k-times continuously differentiable on €, then, for each m with |m| < k, the classical partial
derivative 9™u is also the m" weak derivative of u.

Lemma 1.5. A weak m'"-derivative of u, if it exists, is uniquely defined up to a set of measure
zero.

Proof. Assume thatv,7 € L} (Q) two weak derivatives of u satisfy

| u@dmo)ax = (=1 [ vwo@dx= (1" [ (s,

for all ¢ € C5(Q). This implies that

for all ¢ € C5 (). From Lemma 1.4, we deduce that v(x) —¥(x) = 0 a.e., which is the uniqueness
of the weak derivative. ]

Notation. For simplicity, if u and v satisfy (1.2) for some positive integer |m|, we write

v := D"u, the weak m'” derivative of u.

Definition 1.11. For k € N and 1 < p < oo. The Sobolev space W*P(Q) consists of functions
u € LP(Q) such that for every multi-index m with |m| < k, the weak derivatives D™u exist and
are in LP(Q). Thus

WhP(Q) = {u e LP(Q) : D"uc LF(Q), V|m|<k}.

If u € WEP(Q), we define its norm as:

1/p
Y 1D 175 if 1< p<oo;
[ullwerq) = Im|<k
max ID"ull=) i p=eco.

A semi-norm over the space W*?(Q) is

1/p
Y ID"ull, g if 1<p<oo
lulwir ) = =k
max ID"ullp=) i p=ece.

Notation. When p = 2, we usually write
wh2(Q) =HNQ), k=0,1,...

Theorem 1.2. Let k € N and 1 < p < oo, the Sobolev spaces (Wk’p (), ]]. ||Wk.p(Q)> are Banach
spaces.

11



1.1. FUNCTIONAL ANALYSIS

Next, we have the following result:

Theorem 1.3. Let p € [0,0]. Then
WP (a,b) < Cla,b).

The previous theorem shows that every element u € W' (a,b) can be identified with an
element, still denoted by u, in the space C[a,b]. Moreover, there is a positive constant ¢ such that

lullclap) < cllullwrr(ap):

Definition 1.12. We denote by Wg’p(Q), the closure of Cg(Q) in WEP(Q), i.e.

=V (@)
WeP(Q) =C(Q) .

Thus, u € W5P(Q) if and only if there exists a sequence (uy)nen € Cg(Q) such that:
[un — ”HW’@P(Q) — 0.

We interpret W(f ?(Q) as comprising the function u € W*?(Q) such that:

D"u=0 ondQforall |m| <k—1.

It can be shown that the semi-norm .|y« () is a norm on W(f 7(Q) and there exists a constant
¢ > 0 such that:

k,
’u‘wk,p(g) < HuHWk.p(Q) < C‘M|Wk7p(Q), VueW, ’p(.Q.).

Notation. It is customary to write

1.1.2 Fixed Point Theorems

Fixed point theorems concern the maps F of a set X into itself admiting at least one fixed point;
a point x for which F(x) = x, under certain conditions on F. The fixed point theory is one of the
most powerful and fruitful tools in the study of ordinary or partial differential equations. First,
we define what we mean by a Lipschitz mapping.

Definition 1.13. Let (X, ||.||) be a complete normed space. A map F : X — X is called a Lipschitz
mapping on X, if there exists a positive constant L such that:

[F(x) =FO) < Lllx=yll, VxyeX.

The smallest L for which the above inequality holds is the Lipschitz constant of F. If L> 1, F is
said to be non-expansive and if L < 1, F is called a contraction mapping.

12
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Next, let us recall the well-known Banach and Schauder fixed point theorems, for more see
[57].

Theorem 1.4 (Banach’s theorem). Let F' be a contraction mapping on a complete normed space
X. Then, F has a unique fixed point X € X.

Theorem 1.5 (Schauder’s theorem). Let B be a nonempty, convex and compact subset of a
normed space B. Then, every completely continuous mapping F : B — B has at least one fixed
point in B.

Finally, we recall the Arzela-Ascoli theorems to characterize the relatively compact parts of
the space of continuous functions from a compact space to any space.

Theorem 1.6. Let XY be a Banach spaces such that X is a compact space. A subset M of
C(X,Y) is relatively compact if and only if:

1. M is equicontinuous.
2. For all x € X, the subset M = {F (x),F € M} is relatively compact in Y.

Theorem 1.7. Let Q be a bounded subset of R". A subset M in C(Q) is relatively compact if
and only if M is bounded and equicontinuous.

1.1.3 Laplace Transform

The Laplace transform is a mathematical tool that is used in solving differential equations by
converting them from one form to another form that is easy to solve. Regularly, it is effective in
solving ordinary or partial linear differential equations.

Definition 1.14. The Laplace transform of a function f of the real variable s € RT = (0, ) is
defined by

F(O) = (Z16)0) = [ e f9)ds. 1eC. (13)
f(s) is called the original of F (t).

The Laplace transform of a function f exists if the integral (1.3) is convergent, for that the
original must be of exponential order ¢, which means that there are two positive constants M
and L such that

|f(s)] < Me®*, fors> L.

In this case, the Laplace transform (1.3) exists for R(¢) > o.
We can reconstruct the original f from its Laplace transform F by using the inverse Laplace
transform

£(5) = (L F(0)(5) = — /:Hwe”F(t)dt, c=R(1) > 0.

13



1.2. FOURIER ANALYSIS

Property 1.1. Some properties of the Laplace transform are listed below:

1. The Laplace transform is a linear operator, that is for functions f(s),g(s) and any constant
k, we have

(LS (s) +e(s)})(1) = k(LS () (1) + (Le(5))(0)-

2. If F(t) and G(t) are the Laplace transforms of f(s) and g(s) respectively, then
(Z{(f*g)(s))(t) = F(1)G(7).

3. The Laplace transform of the n-order derivative of the function f is

n—1
(Lf(s)) (1) =" (L f () (1) = Y £ 1(0).
k=0

1.2 Fourier Analysis

One of the basic concepts of Fourier analysis is the study of the possibility of representing
or approximating periodic functions by trigonometric series. This is a very helpful strategy,
specially in solving PDEs because it is always easier to deal with trigonometric functions than
general ones.

1.2.1 Trigonometric Fourier Series

The starting point here is the following definition of the Fourier series:

Definition 1.15. We call the Fourier series associated with an L-periodic function f, the corre-
sponding trigonometric series
ao

- 2
5 + ) aycos(nwx)+bysin(nwx), = Tﬂ?? VneN,xeR (1.4)
=1

n—
2 (L 2 (L

with a, = 7 / f(x)cos(nwx)dx and b, = 7 / f(x)sin(nwx)dx.
0 0

Theorem 1.8 (Weierstrass M-test). Suppose that {f,} is a sequences of real-or complex-valued

functions defined on a set S. The series Z fn(x) is absolutely and uniformly convergent on a set
n=0
S, if there exists a numerical sequence M,, > 0,Vn € N such that:

|fu(x)] < M,,Vx € S and Z M, < oo.
n=0

Due to the above theorem, we have the following proposition:

Proposition 1.2. If the numerical series Z an and Z b, are absolutely convergent, then the
n=1 n=1
Fourier series (1.4) is normally convergent on R, therefore absolutely and uniformly convergent

on R.

14



CHAPTER 1. PRELIMINARIES

Remark 1.1. According to Euler’s relations

nwx _ ,—inwx

2i

eznwx + e—l}’l(DX

2 Y

e

cos(nwx) = sin(nwx) =

The series (1.4) becomes

Z Cn(f)eina)x = ¢ + Z (Cneinwx+c_ne—inwx) 7 Vn € N,

nez n>1

with ) )
aop a, — ib, a, +ib,
g C—I’l = .

2

This expression is called the complex form of a Fourier series, where c,(f) is the Fourier
coefficients of f as defined below:

Definition 1.16. Let f : R — C be a L—periodic and piecewise continuous function. We call
Fourier coefficients of f the complex numbers

L .
cn(f) = %/0 fx)e " dx, o= 2%,71 €. (1.5)

Lemma 1.6 (Riemann-Lebesgue). Let ¢, (f), n € Z, the Fourier coefficients relating to f. Then,
if f € L'(0,L) we have

(P < 1l 0yon €, and lim ea(f) =0,

For all function f € L (0,L), we can associate a Fourier series of f, but we can’t ensure its
convergence. For this, we have the following results about its convergence:

Proposition 1.3. If f € L2[0,L], then f € L'[0,L] and || f|| 11101 < |1 fllz2p0,0)- In addition,
Y lenAP < £ 17210,
nez

The second assertion is known in the literature as Bessel’s inequality, which means that
for any function f € L2[0,L), its associated Fourier series converges to f in L?[0,L], it’s called
quadrature convergence in the sense that:

lim [|f =Y ca()e" | 210 = O

n—too nel

Theorem 1.9. Let f : R — C be L-periodic such that it is continuous and ' is a piecewise
continuous on R. Then

1. The Fourier series of | converges absolutely and uniformly to f.

2. The Fourier series of f' is obtained by deriving term by term from the Fourier series of f
and the Fourier coefficients satisfy

Z en(f)] < oo

nez

15



1.2. FOURIER ANALYSIS

In fact, the smoother the function involved, the faster the corresponding coefficients tend to
0.

Proposition 1.4. If f € C*[0, L] such that f*) € L2[0,L], then the Fourier coefficients of %),

for k > 1 satisfy
. k
()= (27 e,

In addition, the serie Z n*|c,(f)* converges and lim |n*c,(f)| = 0.
nez nribeo

Remark 1.2. It is clear that: |c,(f)e"®| < |ca(f)| and by using the Weierstrass Theorem
1.8, we deduce that the Fourier series is absolutely and uniformly convergent if the series of
coefficients is convergent.

1.2.2 Spectral Problem

A spectral problem linked to an operator A is the search for real or complex values A and
corresponding functions X satisfying LX = —AX; X #0.

Sturm-Liouville Problem

Complete orthogonal sets of functions in L? space arise naturally as solutions of certain second-
order linear differential equations under appropriate boundary conditions, commonly referred as
Sturm-Liouville boundary-value problems.

Definition 1.17. [3] The differential equation on a finite interval [a,b] with homogeneous mixed
boundary conditions, that is,

LX = —% {p(x)%] X(x)+g(x)X(x) =A0(x)X(x), x€ [a,b] (1.6)
a1 X(a)+ X' (a) =0, |oq|+]|ay]>0 (1.7)
PIX (D) +BX'(b) =0, [Bi| +1p1] >0 (1.8)

where o; and B; are real constants for i = 1,2, p(x) and ¥ (x) are positive continuous functions
on [a,b), is called as regular Sturm-Liouville problem.

The aim is to find all values A for which problem (1.6)-(1.8) has nontrivial solution X (x).
When values of A exist, they are called eigenvalues of the problem and the solutions associated
with each A are called eigenfunctions. It is implicitly assumed that X (x) and its derivative are
continuous on [a,b], which also means that these are bounded functions.

Remark 1.3. It can be shown that a regular Sturm-Liouville operator
L: L?([a,b]) N C*([a,b]) — L*([a,b])

defined in (1.6) is self-adjoint [41], i.e., for all X, Y satisfying the boundary conditions (1.7)-(1.8),
we have
(XLY) 121 = (LXLY ) 12(jap)-

16
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It is interesting to note some basic properties of the eigenvalues of Sturm-Liouville problems,
see [3, 41]:

Property 1.2. For a regular Sturm-Liouville problem (1.6)-(1.8), we have:

1. The set of eigenvalues is real, countably infinite, and is a monotonically increasing
sequence

M<M<h<.<A <A <..
with lim A, = oo,
n—oo

2. Each eigenvalue A, corresponds a unique eigenfunction X,,(x) (up to a constant multiple)
with exactly (n— 1) zeros in (a,b), called the nth fundamental solution.

3. Let X1 and X3 be eigenfunctions of a regular Sturm-Liouville operator corresponding to
distinct eigenvalues Ay, A, respectively. Then X| and X, are orthogonal with respect to the
weight function ¥(x), that is

b
(X1,X2) = / X ()X (x)0 (x)dx, x € [a,b].

Let Ey(a,b) denote the space of piecewise continuous functions on [a, b] with inner product
(.,.), where ¥(x) is the weight function from (1.6).

Proposition 1.5. A regular Sturm-Liouville problem admits an orthonormal sequence of real-
valued eigenfunctions in Ey(a,b).

The eigenfunctions of a Sturm-Liouville problem can be used to describe piecewise contin-
uous functions, which is very useful for solving time-dependent PDE for which separation of
variables yields a Sturm-Liouville problem.

Proposition 1.6. The orthonormal set {X,};_, of eigenfunctions of a regular Sturm-Liouville
problem is a basis for Ey(a,b), that is Ey(a,b) is complete.

The expansion of a function f € Ey(a,b) in the orthonormal basis of eigenfunctions, given
by

% b
f=Y aXe a=Xuflo= [ X9,
n=0 a

is called an eigenfunction expansion of f.
The eigenfunction expansion has these essential properties:

Proposition 1.7. Let {X,}"_, be an orthonormal set of eigenfunctions of a regular Sturm-
Liouville problem.

1. If f is continuous and piecewise differentiable on [a,Db| and satisfies the boundary con-
ditions of the Sturm-Liouville problem, then the eigenfunction expansion of f converges
uniformly to f on |a,b].

2. If f is piecewise differentiable on [a,D|, then for x € (a,b) the eigenfunction expansion of
f converges to [f(xT) + f(x7)]/2, where f(x™) and f(xT) are the left- and right-hand
limits of f at x.

17



1.2. FOURIER ANALYSIS

A Special Case of Spectral Problem

The spectral problem involving equation (1.6) with p(x) = ¥(x) = 1 and g(x) = 0 is given as:
X"(x) = -AX(x), x€(0,1) (1.9)
equipped with the boundary conditions
X'(0)=Xx'(1); X(1)=0. (1.10)

The first boundary condition here is non-local, since it describes the desired solution values
X (x) at several points in the interval. This a non-locality in the boundary condition leads to the
violation of the self-adjointness of problem (1.9)-(1.10).

The eigenvalues of problem (1.9)-(1.10) are equal to A4; = (27k)?,k =0,1,2,..., and the eigen-
functions corresponding to A; are given by:

Xo(x) =1—xfork=0, X;=sin(2mkx) fork> 1.

The set of functions {Xp, Xy;k > 1} does not form a complete system, because the eigenfunctions
Xk, k > 1 are not orthogonal to Xy, as we can see

1 1
1— in(2wkx)dx = ——— # 0.
/O (1 =) sin(2mka)dy = —__ #

Therefore, it can not be a basis of L?(0, 1) space. We complete the set of eigenfunctions by the
so-called associated functions, which are the solutions of the following problem

{ X'(x) = —4X (x) = Xk(x), x€(0,1) (1.11)

£/(0) = X'(1);X(1) = 0.

If k =0, problem (1.11) has no solutions. For £ > 1, the problem (1.11) has the eigenfunctions

£ (x) = ’; — - cos(2k).

The system S| = {Xo, Xy, Xi,k > 1} is complete in L2(0, 1), and any function from this space can
be approximated (with an arbitrary accuracy in the metric of L?(0, 1)) by a linear combination of
functions from this system. However, looking that

1

- 1 1 .
(K, Xi) 1201y = m/o (x — 1) cos(2mkx) sin(2mwkx)dx = RELYSTER

mains that the constructed system is not orthogonal to each other, the completeness of such a
system in the space L?(0, 1) does not ensure its basis property in this space, i.e., the possibility
of uniquely expanding any function from L?(0, 1) into a series in functions of this system that
converges in the metric of L2(0,1).

To remedy this, we use a corrective method to construct another complete set which forms
with the set S a bi-orthogonal system for the space L?(0, 1).

18
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For this, we have to consider the following conjugate or adjoint problem of spectral problem
(1.9)-(1.10):

{ Y"(x) = =AY (x), €(0,1) (1.12)

Y(0)=Y(1); Y'(0)=0.

Indeed, an elementary integration by parts shows that
1 1
/ Y (0)X" (x)dx = X (0)Y"(0) +X"(0) [¥ (1) — ¥ (0)] + / X ()Y (x)dx,
0 0

the right side of this relation vanishes if ¥'(0) =0 and Y (1) =Y (0).
By solving the adjoint problem (1.12), we obtain the eigenvalues A = A;* which coincide with
A and the corresponding eigenfunctions for this problem are

Yo=1fork=0, Y;,=-cos(2mkx), fork > 1.

We encounter the same problem of incompleteness of the set of eigenfunctions. The completion
of the set passes through the following boundary-value problem:

Y'(x) = XY (x) = Yi(x), x€(0,1) (1.13)

Y(0)=Y(1); Y'(0)=0, '
whose solutions are given by

P(x) = - sin(2mkx), k> 1

4mk

and for k = 0, problem (1.13) has no solutions. The set S’2 = {YO,Yk,Yk,k > 1} is a complete,
non-orthogonal system of the space L?(0, 1). The two sets S} and S}, construct bi-orthogonal pair
of functions for the space L?(0, 1). Taking into consideration that

1

(X0,Y0) 20,1y = 1/2 and (X, Vi) 2(0.1) = — (Xi: Yi) 2(0.1) = — 167k’

we renumber and normalize the eigenfunctions of S} and S} to get

Sl = {Xo(x) = 2(1 —x), XZk_l(x) = 4(1 —x) COS(\/ ),kx), sz(x) = 4sin(\/ ),kx), k > 1};
Sz = {Yo(x) = 1, YZkfl(X) = COS(\/ lkx), sz(x) ZXSil’l< )ka), k > 1};

respectively, where A, = (27k)?, k> 1.

Lemma 1.7. [47] The systems S\ and S» form a bi-orthogonal system of functions in L* (0,1),
i.e., for all non-negative integers i and j, we have
1
(X,,Y}) = /O Xi(x)Y;(x)dx = &,
where 6; j is the Kronecker delta.

Proof. The proof is carried out directly by computing the corresponding value of integrals, we
find that

1 - .
<X,-,Y,->:/O Xi(x)Yj(x)dx:{ ‘1) 17__&; |
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Lemma 1.8. [47] The systems Sy and S, are complete in L*(0,1).

Proof. Let f € L*(0,1) orthogonal with the system of functions Sy, so f(x) can be represented
as

flx)=Ap+ iAkCOS( AiX),
k=1

which converges in L?(0, 1). Further, f(x) is orthogonal with Sy, mains that:

0= /f cos(\/l_kx)dx
:AO/O 4(1—x)cos(\/),_kx)dx—i—;Ak/ol4(l—x)cos( Aex) cos(v/Aex)dx

= A, k=1,2,..

it follows that Ay = 0,k = 1,2,..., then f(x) =0 on [0, 1]. Thus, the system S; is complete in
L?(0,1). In the same manner, we prove the completeness of the system S,. [l

Lemma 1.9. [47] The systems Sy and S, form a Riez basis in L*(0,1).

Proof. Recall that, A sequence of vectors (x,),cn in a Hilbert space H is called a Riesz sequence,
if there exist constants 0 < A < B < oo such that

A Z |an|2 <] Z anan2 <B Z |an’2>
n=0 n=0 n=0

for all sequence of scalars (a,),cy in I2(R). A Riesz sequence is called Riesz basis if additionally
span{x, : n € N} = H, i.e., that is linearly independent in the space H.

According to the results of the book [23], from Lemma 1.8, it is sufficient to establish the
completeness of the systems S and S, and by using the Bessel inequality in Proposition 1.3, we
get that the following series on S and S,:

<2/0 Y > i"-<4/01(1_x)f(x)cos( lkx)dX>2+<4/01f(x)Sin( )ka)>2];
(/Olf(x)dx>2+§, </ £(2)cos(y/Anx) dx) < [ i lkx)>2]7

respectively, are convergent for any f € L>(0,1). [
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1.3 Fractional Analysis

Before introducing the basic facts on fractional operators, we define some special functions
which play a crucial role in the theory of fractional calculus, one can find more details on the
books [38, 49].

1.3.1 Basic Functions

Gamma Function

The Gamma function is a natural extension of the factorial from integers to real (or complex)
numbers.

Definition 1.18. For z € C, the Gamma function is defined as:

[(z) = /ooe_’tz_ldt, R(z) > 0.
0

This integral is convergent for all complex number z € C with R(z) > 0.
Property 1.3. We notice several properties of Gamma function:

1. The Gamma function satisfies the following recurrence formula:

I(z+1)=2(z), zeC. (1.14)

2. The Gamma function generalizes the factorial

['(n+1)=n!, neN".

3. The Gamma function can be represented by the limit

n'n®

I'(z) :,}LH;Z(ZJF 1)..z+n)’

where we initially suppose R(z) > 0.

Remark 1.4. The assertion (1.14), can be easily proved by integration by parts

F(z+1):/0 e tdt = [—ettz]i_ngz/O e ' dr = 21(2).

Beta Function

The Beta function is a special type of function which is also known as Euler’s integral of the
first kind. It is an important function in calculus and analysis due to its close connection to the
Gamma function.

Definition 1.19. For z,w € C, the Beta function is defined as:

B(z,w) :/Oltzl(l —ldr, R(z) > 0, (w) > 0.
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The Beta function is connected with the Gamma function by the following relation:

B(z,w) = =———=, R(z) > 0,R(w) > 0. (1.15)

Mittag-Leffler Function

The Mittag-Leffler function is a generalization of the exponential function. It plays a key role in
the treatment of problems related to integral and differential equations of fractional order. We
begin with the more general class of Mittag-Leffler function definition, for more see [24, 49, 51].

Definition 1.20. The three-parametric Mittag-Leffler (or Prabhakar) function is defined by the
series expansion

p ._ (P)n2" ,
Ea’ﬁ(z)._’;)r(awﬁ)n!, z,a,B,p €C, withR(a) >0,R(B) >0,p0 >0, (1.16)

where (p),, is the Pochhammer symbol defined by:

(Po=1, (Pla=pp+1)..(p+n—-1)= %, neN,p #0.

For p = 1, we recover the two-parametric Mittag-Leffler function
Zl’l

Ea’ﬁ(z) = Z m;

n>0

R(a) > 0,R(B) >0, withz e C. (1.17)

For p = B = 1, we recover the classical Mittag-Leffler function
7 :
E =) ——; R(a) >0, withzeC. 1.18

Corollary 1.2. The following properties hold on (0,T] for0 < a < <1,A € R":

1. E g B (—At%) is an entire function and thus bounded on any finite interval

2. Eq p(—At%) is a bounded positive monotonic decreasing function, and satisfies the follow-
ing differentiation formulas forn € Nand A € C:

d n
(_) En(A2") = AEy(A2");
dz
i n [Zﬁ_lE (;LG) :ZB—n—lE (/lz”)
dZ nvﬁ n,B—n :

The following lemmas are well known properties of Mittag-Leffler function and can be found
in Podlubny’s book [49].

Lemma 1.10. Let B € R be arbitrary and W satisfy that mo /2 < g < min (7, an). Then there
exists a constant C depending on a, 3 and U such that }Eaﬁ (z)| < %‘Z‘, u<larg(z)| < m.

22



CHAPTER 1. PRELIMINARIES

Lemma 1.11. For a,,p >0, A € C, the Laplace transform of Mittag-Leffler function is

tOCp—ﬁ

2[PED (02 (1) = o

R(r) >0, |Ar %<1,
Lemma 1.12. [24] Let v,u,y,0,p > 0, we have

t
/0 (t =) "Ly (A(t—s)")s° ED o (AsH)ds = "L ELP (AM). (1119

1.3.2 Riemann-Liouville Fractional Integral

The Riemann-Liouville fractional integral is a simple generalization of Cauchy’s well known
representation of an n-fold integral as a convolution integral of a function f : [a,b] — R

I'f(t) :/atdtl /atldtz.../a["lf(tn)dtn
— (n—ll)! /al(t—s)"_]f(s)ds, t>a,neN,

where I/ f(¢) is the n-fold integral operator (Cauchy’s formula).
By substituting the integer n with a real positive order ¢ and by replacing the factorial function
by the Gamma function, we will have the following definition:

Definition 1.21. The left sided Riemann-Liouville fractional integral of order o0 > 0 of a function
f € L'(|a,b)), is defined by:
1

1% f(t) = W/oz(t — )% f(s)ds, V€ (a,b]

where I'(.) denotes the Gamma function.

Example 1.1. We consider the function f defined by
f@O)=(—aP, t>a, PBeR.

We have

1 t
1% (t — ﬁ:—/ t—s)* (s — ﬁd
a*( Cl) F(Ot) g ( S) (S Cl) S,

we use the change of variable s = a+ (t — a) Vv, we obtain

(t —a)*+P

mo-af =150

1
/ (1—=v)* WPay,
0

by using the Definition 1.19 and the relation (1.15), we get

—a)%th
= M(t_a)wﬁ
Cla+p+1) ’
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The term by term fractional integration of the series (1.17) gives the following lemma:

Lemma 1.13. For o, B > 0, we have
I [(f —a)P T E, g (A1 -a)")| (1) = (2= @) P Ey pra(A(z—a)").

The following lemmas provide some basic properties of the fractional integral operator 1% .
The proofs can be found in [38].

Lemma 1.14. .

1. The semi-group property of the fractional integration operator of function f € L'(a,b) is
given by

28 ) =17  f(), R(a@) > 0,%(B) > 0.
2. For R(a) >0, I, maps C(a,b) into C([a,b]).

3. Let R(a) > 0and 0 <R(y) < 1. Then I is bounded from Cy(a,b) into Cy(a,b).

Lemma 1.15. let & > 0,n = [a] + 1 and f € L'(0,b), then the Laplace transform of the Riemann-
Liouwville fractional integral is formulated as:

L5 f)(s) = s Zf](s).

1.3.3 Fractional Derivatives

Many mathematicians have contributed to the development of the theory of non-integer order
derivative and different definitions of this operator have emerged. In this section, we will present
the most familiar definitions of fractional derivative, limiting our scope to the Riemann-Liouville,
Caputo and the Hilfer versions.

Riemann-Liouville Fractional Derivative

Definition 1.22. The Riemann-Liouville fractional derivative of order & of a function
f € L'(|a,b)) is defined by

D, 1(0)i= (&) (510

1 d"

oy [ s, e (@

where n = [a| + 1 and [¢] denotes the integer part of Q.

Example 1.2. Let o > 0, > —1, we have

RLpY, (1 —a)P = (%)n (ISI“U—“)B>7
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from the result of Example 1.1, we obtain

_a T(B+1) o
Rﬁ%#">B_Eﬁ[rm—a+ﬁ+4ja_aw+ ]

L(B+1 da" o
" Tn —(oc+[3)+ 1) dm {(t )’ }
_ T(B+1) T(B+n—a+l)
" T(n—a+p+1) T(B—a+1)
_ _TB+D e
C(B—o+1) ’

where we used the following formula

(t—a)f~@

(i)”(t—a)m — m(m= 1) (m—n+1)(t —a)"™"

dt
I'(m+1)

= " (1.20)

Remark 1.5. Ifwe let B = 0 in the previous example, we see that the Riemann-Liouville fractional
derivative of a constant is not 0. In fact

(t—a)@

RL o
D% 1= :
@1 -a)

Lemma 1.16. Let z >a (a € R"), a,B and A € C, we have
wpe [(1-af B, 5 (1 —a)")] () = G- By a(Ale—a)).

The following Lemmas can be found in [38]:

Lemma 1.17. Let R(a) > 0,n = [R(a)] + 1 and I * f the Riemann-Liowville fractional integral
of order n — a of a function f.

1. If f € LP(a,b) with 1 < p < oo, we have
(““DEIES) (1) = 1(0).
2. If fe€ L' (a,b) and I'"* f € AC"[a, D], then
n In o }(n*j) (a*)

(OCRL f Z a—]—l—l) (t_a)aijv

j=1

hold almost everywhere on |a,b.
Remark 1.6. In particular case, when 0 < o¢ < 1 we have

L%f(a")

T(a) (t—a)®* .

(I25Dg ) (1) = f (1) —
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1.3. FRACTIONAL ANALYSIS

Lemma 1.18. If f € L'(0,b), then the Laplace transform of the fractional derivative of Riemann-
Liouville is given by:

LIDE f1(5) = Lfl(s)~ X [(i)j (1 <r>)] (1.21)
j=0 dt ’ t:O7
wheren—1 < o < n.

At the end, we give a result concerning the commutativity between the infinite sum and the
fractional derivation which can be found in Samko et all’s book [54].

Theorem 1.10. Let (fi(t))i>0 be a sequence of functions defined on (0,T]. Suppose the following
conditions are fulfilled:

(i) Fora given ot > 0, the o-derivatives *ED§, fi(1),i >0, t € (0,T] exist.

(ii) ¥, fi(t) and 72, RLD“ ', fi(t) are uniformly convergent series on the interval [€,T] for
any € > 0.

Then, the function defined by the series Y ;- | fi(t) is a-differentiable and satisfies
*D§. Y fir) = Y. "DE. fi(r).
i=1 i=1

Caputo Fractional Derivative

Definition 1.23. For a function f € AC"([a, b)), the Caputo fractional derivative of order o of f
is defined by

dl’l
CDZ‘+f( ) IZ+ * (ﬁf(t))

1

“Th-a) [a=sye s, e @b

Example 1.3. Let a > 0 such thatn—1 < a < n with B > n— 1. We have from (1.20)

d" _ T(B+1) .
W(t—a)ﬁ—m(t—a)ﬁ .

Then

from the result of Example 1.1, we get

DY (t—a)f = -2~ _(r—a)P
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Remark 1.7. In particular, if B = 0, then
D 1=0.
Lemma 1.19. Let R(ct) > 0,n = [R(a)]+ 1 and f € L*(a,b) or f € C(a,b)
1. If R(a) e Nor a € R then
(D12 1) () = f(0).
2. If R(a) e Nand S(a) #0, then

(£025) -0 1
Remark 1.8. Clearly, we see that if 0 < a < 1 and f € AC(a,b) or f € C(a,b), then

(1% 1) (1) = £(1) — f (@)

Some of interesting Lemmas are given below:

—a)’.

Lemma 1.20. The Mittag-Leffer function Eq(At%) is invariant with respect to the left Caputo
fractional derivative, that is

DY Eq(At*) = AEq(At%), for a > 0,1 €R.

Lemma 1.21. If f € C|0,D)], then the Laplace transform of the Caputo fractional derivative is
given by

n—1
Z[°DE, f1(s) = s*Z[f](s) = Y s* 7 fU)(0"), (1.22)
j=0

wheren—1 < o < n.

The relation between the fractional derivative of Caputo and that of Riemann-Liouville on
the interval [a, D] is described by the following theorem:

Theorem 1.11. Let R(at) > 0,n = [R(a)] + 1. If f has n— 1 derivatives in point a and **D%. f

exists, then
)k o

D% f(r) =Rt D%, 2 % (a), (1.23)

I'k—o+ 1)
almost everywhere on [a,b].

Remark 1.9. Iff(k) (a)=0fork=0,1,2,...,n— 1, then the fractional derivative of Riemann-
Liouville and Caputo coincide, i.e. :

Dy f(x) ="DF. f (x).
Theorem 1.12. Let & € (0,1), f € L'[0,T], ¢ € R. Then the solution of the problem

{CDO+u(t)+7Lu(t) =f(t), t>0
u(0) =c

is given in AC [0, T'] and satisfies

u(t) = cEq(—At%) + /Ot(t — )" Eq q(—A(t —5)%) f(s)ds.
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Hilfer Fractional Derivative

More recently, in 2000, Hilfer introduced a new form of fractional derivative operator, known
as the generalized Riemann—Liouville fractional derivative or the Hilfer fractional derivative of
order @ and a type 3, which interpolates the both Riemann-Liouville as well as Caputo sense.
For more details about this operator, see [25, 27].

Definition 1.24. The Hilfer fractional derivative of order o and parameter B for an integrable
function f : [a,b] — R is defined by

(n—a) d" n—
DEP oy =1 ST p ),

wheren—1<a<n, 0<fB<I1.

Remark 1.10. When B =0, the Hilfer fractional derivative corresponds to the Riemann—Liouville
fractional derivative

.0 d" (n-a)
Da+ f(t) = Wltﬁ f(t)
while, for B = 1, the Hilfer fractional derivative corresponds to the Caputo fractional derivative
di’l
DE () =1 25 ).

Example 1.4. Let a, 3,y > 0. In light of Definition 1.24, we have

aBo, Ny Bln—a)d" [L(0-B)n—a), _ \y
L A (1—a)?].

We observe from the result of Example 1.1 that

(1-B)n—a) vy _ Lly+1) _a)(1-B)n—a)
L (¢ )Y_r((1—/3)(n—a)+y+1)(t ) "

and from (1.20) we get

d_n (1=-B)(n—a),,  y| _ L(y+1) d_n  N(1-B)(n—a)+y
am (t—a) TT((-B)n—a)+y+1)drm (t=a)
I(y+1) (t — a)(1-Bo-0)+1=n

TT((1=B)n—a)+y—n+1)
Then, the Example 1.1 yields that

o, _ (y+1) Bn—a) B)(n—ct)yn
Dyl —a )y_r((l—ﬁ)(n—a)+y—n+1)l"+ (=)
= Tl oy
Iy—a+1)

Remark 1.11. Ifwe let Y = 0 in the previous example, we see that the Hilfer fractional derivative
of a constant is not 0. In fact
(t—a)®

o.p
D/ 1= ri—a)
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Lemma 1.22. Let0<a<1,0< B <1,a,v,u € R" and A € C, we have
D ﬁ [(t—a)*~ "Ey (At —a)")] = —a)* " Ey g(A(t—a)Y), t>a

We have the following relationship between the Hilfer and Riemann-Lioville fractional
derivatives (see [33]):

Theorem 1.13. Let v € (0,1),8 € [0,1],y = a+B(1 —a) and f € L'((a,b),R"). Then the
left-sided Hilfer derivative of order & and a type B of f can be expressed equivalently as:

@B 2\ (1 o @,
(%4 5) ()) = D2 (f(~)—W(t—a)y 1><r>, re@bl.  (1.24)

The difference between fractional derivatives of different types becomes apparent from their
Laplace transformations. It is found in [25, 59] that:

.,sf[(p‘;f f) (x)] (5) = s%L[£ ()] (5) = PU- [P0 p(04) - for << 1. (1.25)

The solution of the linear Cauchy-type problem with constant coefficient involving the Hilfer
fractional derivative on a bounded interval can be obtained by using the method of successive
approximations or the operational method, see [14, 27].

Lemma 1.23. The solution of the following the Hilfer fractional differential equation of order
0 < a < 1 and type 0 < B < 1 with initial condition

DXPy(t)  =2Ay(t)+f(1), t€(0,T,A€R
I'~70") =b, y=a+B(l—a),bcR

fort'=Yf € C[0,T] is given by
0) = 17 B+ [ =) Bl —5)) £ (5)ds,

with t'=7y € C[0,T].

Due to relation (1.24) and the linearity of fractional differential operators, we can extend
Theorem 1.10 to the following lemma:

Lemma 1.24. Let (f;(t));~q be a sequence of functions defined on (0,T] for each i € N. Suppose
the following conditions are fulfilled:

(i) the fractional derivative Dgffi(t),i > 0 exists forall i € N,t € (0,T];

(ii) both series ;> | fi(t) and Y52 lDa P fi(t) are uniformly convergent series on the interval
[€,T] for any € > 0.
Then,
Dy’ Z ZD filt), 0<a<B<l, 0<t<T.

~.
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1.4 Inverse Problems

1.4.1 Problem Classification

Assume that we have a mathematical model of a physical, biological or other process. We
presume that this model describes the system behind the process, its operating conditions and
explains the principal quantities of the model as follows:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.1: An input-output process

Any mathematical model of a given process can be divided into three different types of
parameters. We can then have three types of problems:

(A) The direct problem: Given the input and system parameters, determine the output of the
model.

( B) The reconstruction problem: Given the system parameters and output, find out which input
led to this output.

(C) The identification problem: Given the input and output, determine the system parameters
which are in agreement with the input-output relationship.

Now, let’s use mathematical terminology to describe the input, output and parameters:

X : space of input quantities;
Y : space of output quantities;
[P : space of system parameters;
A(p) : an operator from X into Y associated to p € P.

In these terms, we formulate the above problems (A), (B) and (C) in the following way:
(A) Givenx € Xand p € P, find y := A(p)x.
(B) Giveny € Y and p € P, find x € X such that A(p)x = y.
(C) Givenx € Xandy €Y, find p € P such that A(p)x = y.
We call a problem of type (A) a direct (or forward) problem since it is oriented towards a cause-

effect sequence. However, problems of type (B) and (C) are referred to be inverse problems,
because they involve determining the unidentified causes of well-known consequences.
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1.4.2 Well-posed and IlI-posed Problems

Jacques Hadamard has proposed a definition of well-posed problems that assembles the condi-
tions for their robust resolution.

Definition 1.25. Let (X, ||.||x), (Y,||-||y) are two normed spaces, f € Y and u € X is a solution
of the abstract problem

K(u) = f, (1.26)
where, K is an operator from X to Y. We say that problem (1.26) is well posed if and only if:
(i) forall f €Y, there exists a solution u of (1.26),
(ii) this solution is unique in X,
(iii) the solution u depends continuously on the data f for the norms of Y and X, i.e.
Ve >0,36 > 0,|fi— folly <6 = |lug —ua||x <€,
where K (uy) = f1,K(u2) = f>.
Remark 1.12. We observe that:
1. The well-posed character qualifies in fact the triplet (K;X;Y).
2. Obviously:

e The condition (i) requires K to be surjective: K(X) =Y.

e The condition (ii) means that K is injective, so that the set of the two conditions (i)
and (ii) induce that K is invertible.

o The last condition is the continuity of the inverse operator of K for the norms of X
and?.

3. A problem which does not satisfy the three Hadamard conditions is said to be an ill-posed

problem.

1.4.3 Mathematical Model of Inverse Problems in Heat Transfer
We consider a rectangular iron bar that we heat at one of its ends.
output or observation:

thermal system —— temperature at a certain
point

solicitation: volumic
source or surface flux

The diffusion of heat inside in a homogeneous bar is modeled by a boundary problem for a
heat equation. To calculate the temperature distribution in an inhomogeneous material occupying
an open connected domain Q C R?, firstly the conservation of energy takes the form

pel din(q) = flxr3) in€, (1.27)
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where T is the temperature, p is the density of the fluid, c is the specific heat, 7 represents a heat
flux and f is a volume source. Then, Fourier’s law connects density to the temperature gradient

7 = K, grad T,

where K; is the thermal conductivity (which may be a tensor, and depends on the position).
Substituting 7 into (1.27) , we obtain the heat equation, in a heterogeneous medium

pc%—f —div(K; grad T) = f(x,y,z) in Q. (1.28)

This equation must be complemented by boundary conditions on the boundary of the domain Q
and an initial condition.

The direct problem involves to determination the temperature distribution 7" from the physical
coefficients and the source term f.

Several inverse problems can be established:

* given a measurement of the temperature at an instant 7y > 0, determine the initial tempera-
ture.

* given a (partial) temperature measurement, determine certain coefficients in the equation.
* given a (partial) temperature measurement, determine the source term f.

Then, we will give two examples, the first deals with an ill posed inverse problem and the second
with a well posed inverse problem.

Example 1.5. The inverse problem consists in determining the unknown initial condition
u(x,0) = @(x) such that the temperature field u(x,t) satisfies

du(x,t) du(x,t)

=0, 0<x<m0<t<T
ot d02x 129
u(x,T) —y(x), 0<t<T (1.29)
u(0,t) = u(m,t) =0

where y € L2(O, TT) is a given function.

We will see that the inverse problem (1.29) is ill posed.
Formal solution. First, we seek a solution with separated variable u(x,7) = T(¢)X (x). This
enable us to split into two differential equations, one is a Sturm-Liouville problem

" - _
this yields the following eignvalues and eignfunctions:
An = n? and X,,(x) = sin(nx); n>1. (1.31)
The second step is to solve the equation T (¢) = —n?T;,(t);n > 1, we obtain that
To(t) = Cpe ™", n>1. (1.32)
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Thus, the general form of the solution is given by:
(oo} (oo} B 2
u(x,t) = Z T,() X, (x) = Z Cpe "X, (x).
n=1 n=1
Moreover, to recover the initial condition we have from the additional condition
u(x,T) =Y To(T)Xu(x) = ¥(x),
n=1

we deduce that 7,,(T') is the Fourier coefficient of y/(x)

2

T
T(T) = ¥ = (V. Xa)2(0m) = — /0 w(x)sin(no)dx, n> 1

in view of (1.32) we get C, = T’ V,. Then, we can explain the solution u(x,7) of problem
(1.29) in the form

u(x7t) = Z e(Tit)nz Wan(x)'
n=1

Let u(x,0) = ¢(x) be the initial temperature, then we deduce
= 2
P(x) = Z e’ WX (%)
n=1

Existence and uniqueness of the solution. According to the theory of semi-groups, in
particular the Hille-Yosida theorem, the problem (1.29) being linear, admits a unique solu-
tion in L2(0,T;H}(0,7)) NC([0,T];L*(0,7)) if ¢ is in L?(0,7) and it has the series form

u(x,t) =Y Tu(t)Xn(x).

n=1
Instability of the solution. We consider the problem (1.29) with the noisy data y;(x) =
W (x) + 1 Xi(x)

2 1
T (y+ %XkaXn>L2(0,7t)Xn(x)

I
s

O (x)

3
I
—_

n2 1
! <‘l/aXn>L2(0,7r) + <%kaXn>L2(0,7r) X (x)

I
s

3
I
—_

2 1 702
e <1V»Xn>L2(O,7t)Xn(x) + %eTk Xi(x),

I
s

3
I
—_

clear that ||y — Wi |[1=(0,.z) = % — 0, when k — +oo and || @ — @[ 1=(0,2) = %e”‘z — oo, when

k — 4oo. Then, we deduce that the solution of problem (1.29) is not stable. Hence the problem
(1.29) is ill-posed.

Remark 1.13. When the derivative with respect to the time variable of fractional type, the
inverse problem will be also ill-posed.
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Example 1.6. We are concerned with the fractional inverse problem of determining the source
term a(t) such that the distribution u(x,t) satisfies the following problem
( C 0% 82

Tu(x,t) — %u(x,t) =a(t)c(x):=f(x,1), 0<x<mO0<t<T
u(x,0) =¢(x), 0<t<T (1.33)
u(0,1) =u(m,t) =
\foﬂu(x,t)dx =E(t), 0<t<T
Caa

where o is stands for the Caputo fractional derivative of order O < o < 1 in the time variable.
The functions @,c and E satisfying the following assumptions:
(A1) c € C?0,7]; ¢(0) = c(xr) = 0 and for positive constant My such that [ c(x)dx > 1‘%0

(A2) @ € C*[0,7];9(0) = @(m) = 0.
(A3) E € AC|0,T] and [ @(x)dx = E(0).

(A4) MoK2Z> < 1, where K, is definded in (1.38).

Theorem 1.14. Let (A})- (A4) be satisfied. Then the inverse problem (1.33) of determining a(t)
is well posed.

Proof. Existence of the solution. It is possible to use the variable separation method, the first
step is done for f(x,¢) = 0, we obtain the same Sturm-Liouville problem (1.30), thus the same
eignvalues and eignfunctions (1.31). For the second step, we decompose the initial condition
and source term according to the basis (X, (x)),>1 of L?(0,7) in the Fourier series

2 [T 2 [T
= E/ o(x)sin(nx)dx, ¢, = —/ c(x) sin(nx)dx, n>1
0 0

respectively. Then, substituting the general form of the solution u(x,7) =Y T, (¢)X,(x) in the
FPDE and initial condition of problem (1.33) and we integrate over (0, ), we get the following
fractional Cauchy problem, for n > 1

Cha
7Tn(t)+7L,,Tn(t) =a(t)ep, 0<a<1,0<t<T (1.34)
From Theorem 1.12, we find
t
Tu(t) = QuEq 1 (—Ant%) —|—cn/ (t — ) Eg o (—An(t — 5)%)a(s)ds. (1.35)
0

Consequently
Z ) sin(nx)

For determining the source term a(z), applying CDS‘+ to the last condition of problem (1.33) we
obtain
T Caa
D “E(t)= | ——u(x,t)dx
o OJt

_ /0 {azag x)] dx

= uy(m,t) —uy(0,1) +a(t /Oﬂc
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Then, we deduce that
CDngE(t) +ux(0,1) — ux(7,1)

a(t) = foﬂc(x)dx , (1.36)
where
”x(07t> = Z = Z
n=1 n=1
uy(m,t) = Z Z )cos(nm).
n=1 n=1
In view of (1.35), the equation (1.36) can be written as:
a(t) = Ho(r) + Hi (1)
t
Ly f”COS (n7) / (t—5)% Eg.a(— At — 5)%)a(s)ds, (1.37)
n=1 0o°¢
where
CD% E(t)
_ 0*
Ho(t) = JoFe(x)dx

Hi(t) = i%‘w%@,l(—zﬂﬂ).

From the assumption (A;), (A3) and the fact |[Eq 1 (—A4,¢%)| < 1, we have
1Hollcjo,r) < MollE || acpo,7)-

Using (A;) with integration by parts, we get

2

T

oul = 2
‘Pn—%

" ot () Sn0Y) |94
/O(p”(x) 5 dx‘: 5

n n

/0 i ¢ (x) sin(nx)dx

The Chauchy-Schwartz and Bessel’s inequalities give that

K]_znm z' (2—2)1/2(;%2)1/2@,

nln

which indicates that

1H1 ||,z < Mo Y n|@n| = MoK

n=1
Then, from (A1)-(A4) and the fact |Eq o(—A,t%)| < 1 we get

My . T
lallcpo,r < — 74 (IE||aco,r) + K1), with M0K27 <1

where

& - 12 , 1/2
C
K=Y nles| = Y 1 < (Z _2) (ZW) < oo (1.38)
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This means that a(z) is bounded in C[0, T].
Now, we define an operator B : C([0,T]) — C([0,T]) as

Ba(t) = 2 g*E(I)EJf(g’;i_ wlmt)

and we show that the mapping B is a contraction. Indeed, combining (A1)-(A3) and
|Eq,a(—Ant%)| < 1, we infer that

o

- - T
1B(a) = B(b)llcpo.r) < MoKz~ lla —blco.ry.

Thus, the mapping B is a contraction for MoKz%x < 1. This ensures the uniqueness of
a € C([0,T]), by using the Banach fixed point theorem.
Stability of the solution. We consider the problem (1.33) with the noisy data

E(t)=E(t)+ % we have

CDEE(r) +ux(0.1) —ux(m1) Dyt
ar(t) =

JoFe(x)dx k o c(x)dx’
From Example 1.3, we get
CD8‘+E(t)—|—ux(O,t) — uy(m,t) r(2)-«
ax(t) = T + T :
Jo c(x)dx kI'(2— ) [y c(x)dx
Then
r2)! -«
la(t) —a(1)] = 7

MOF(Z) 1—a
< 2002 pl-a 0 wh
=2 —a) whet

k — +oo. Then, we deduce that the problem (1.33) is well-posed. [

Clear that |[E — Ex| = 7 — 0, when k — -0 and |la — ak”c[o_T]
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An Inverse Problem for the Hilfer Time
Fractional Diffusion Equation

2.1 Introduction

The fractional diffusion equations, which are obtained from the classical diffusion equations
in mathematical physics by replacing the first order of time derivative by fractional derivative
of order o satisfying O < o < 1, have been developed to describe anomalous diffusion process.
The diffusion equation with Riemann-Liouville fractional derivative coincides with classical
diffusion equation from both sides when & — 1~ and when or — 17, while in the case of the
derivative of Caputo, there is no coincidence with the classical case except for the left-side limit
when o — 17, see [44]. The Hilfer fractional derivative has the important physical properties of
both Riemann-Liouville and Caputo fractional derivatives which could be used as a better model
to explain anomalies by tuning the order and type of fractional derivatives. In [26], the Hilfer
fractional derivative is used to explain the relaxation spectra that occur in the formation of glass,
other applications can be found in [25, 27].

In the recent years, inverse problems for time fractional diffusion equations have been
considered by many authors, see [4, 30, 53, 56, 61, 63, 65]. Let us mention that in [39], the
authors considered the inverse problem of determination the temperature distribution and a
source term, which is independent of the time variable for the fractional heat equation

%ﬁJ(u(x,t) —u(x,0)) —up = f(x), (x,0) €Qr:=1x(0,T)
u(x,0) =), uxT)=y(x), xel
uy(0,0) = ue(1,7), u(l,r)=0, t€][0,T]

where I = [0,1],T > 0, 3% , stands for the Riemann-Liouville fractional derivative of order

0 < a< 1, ¢o(x) and y(x) are the initial and final temperatures respectively. The choice of
the term %jiJ(u(x,t) — u(x,0)) rather then the usual term J% ,u(x,t) is not to avoid only the
singularity at zero but also to impose meaningful initial condition. The authors propose a method
for determining the solution and source term of the fractional heat equation, this method is based
on selecting a bi-orthogonal basis of L?(0, 1) space corresponding to a nonself-adjoint boundary
value problem.

In [21], Furati and al. generalize the above inverse problem in the following form:

8(?;3214()6,1‘) —up=f(x), (x,1)€Qr, O<a<y<l
Iy Ju(x,0) = g(x), u(x,T)=h(x), xe[0,1]
ue(0,8) = ux(1,1), u(l,r)=0, t€][0,T]

where, Q7 :=[0,1] x (0,T), 8(?;’7; represents the Hilfer fractional derivative of order o and type

B, IS; 2/ stands the Riemann-Liouville integral of order 1 — 7, g and & are the initial and final

37



2.2. STATEMENT OF THE PROBLEM

conditions, respectively and assumed to be in L?(0, 1).

As in [39], the authors used two sets of Riesz basis, which form a bi-orthogonal system for
the space L?(0, 1) in order to prove the existence and uniqueness for the solution of the inverse
problem. They utilize the asymptotic behavior of the generalized Mittag—Leffler function to
obtain an existence result under some smoothness requirements of the initial and final conditions.
In [2], the authors considered the inverse problem of heat equation involving a fractional
derivative in time, with initial and non-local boundary conditions:

9t ,(ulx,1) = u(x,0)) — pure = F(x,1) = a(t) f(x,1), (x,1) € (0,1) x (0,T],
u(x,0)=o(x), xe€l0,1]
uy(0,0) = uy(1,1), u(l,r)=0, t€][0,T]

where, p is a positive constant, 86’@ ; stands for the Riemann-Liouville fractional derivative of
order 0 < o < 1 in the time variable. The inverse problem consists of determining a source term
a(t) and the temperature distribution u(x,) such that the following integral condition:

/O Cu(endx = E(), 1€ [0.T]

holds, which is necessary in order to ensure the unique solvability of the inverse problem. The
authors proved the existence and uniqueness of the solution by using the Fourier method and
bi-orthogonal system, and its continuous dependence on the data is also presented.

Motivated by the above works, we study in this chapter an inverse problem of finding the
time-dependent coefficient of a generalized time fractional diffusion equation, in the case of
non-local boundary and integral over-determination conditions, that is a generalization of the
inverse problem considered in [2] and presented in [18].

2.2 Statement of the Problem

We address an inverse source coefficient problem for the following generalized time fractional
heat equation

%P u(x,t) = ue(x,0) +a(t)F (x,1), (x.t) € Dy 2.1)

0tz

with the initial integral condition
Iy Tu(x,0) = 0(x), y=a+B(l-a), 0<x<lI 2.2)
and the non-local boundary conditions
ue(0,1) =ux(1,7);  u(l,t)=0, 0<t<T (2.3)

where, Dy ={0<x < 1,0<t < T}, 8001’6 stands the Hilfer time fractional derivative of order

O<a<landtype0<pB <1, Ié; 2/ is the left sided Riemann-Liouville fractional integral of

order 1 —y > 0, @(x) and F(x,¢) are given functions on [0, 1] and D7 respectively. The non-local
boundary conditions (2.3) are commonly referred to as the boundary conditions describing
the relationship between the desired solution values on multiple points, which can be more
useful than the standard classical boundary conditions for describing some applications of heat
conduction or thermo-elasticity, see [11, 12].
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The direct problem is the determination of a function u(x,7) which satisfies the initial and
boundary conditions, whenever a(t) is given function. However, the inverse problem consists
of determining a source term a(t) and the temperature distribution u(x,7), from the initial
temperature ¢@(x) and boundary conditions (2.3). This problem is not uniquely solvable, to
ensure unique solvability we impose an additional constraint for the integral of the solution with
respect to the space variable, namely

/0 ey —E(@). 1€ 0.T] 2.4)

where E () is a given function which is the total amount of heat in space.

We intend to solve the direct problem (2.1)-(2.3) by using the Fourier method, frequently

known as separation of variables method. The spectral problem for the corresponding homoge-
neous equation of the problem (2.1)-(2.3) is the boundary-value problem (1.9)-(1.10).
We recall that this boundary-value problem is non-self-adjoint and the set of eigenfunctions of
the spectral problem (1.9)-(1.10) is not complete in the space L?(0, 1). we supplement the set of
eigenfunctions with the associated eigenfunctions making the set complete on L>(0,1). Another
complete set of eigenfunctions and associated eigenfunctions of the adjoint problem (1.12) is
obtained in previous chapter 1.2.2 to construct bi-orthogonal system of functions.

A regular solution of the inverse problem is a pair of functions {u(x,7);a(t)} such that

' YueC(Dr), 17798 uec(Dr)andacco,T],

which satisfy equations (2.1)-(2.4). Our approach for the solvability of the inverse problem is
based on the expansion of the solution u(x,?) by using the following bi-orthogonal system of
functions:

S1={Xo(x) =2(1 —x), Xop_1(x) =4(1 —x)cos(v/Ax), Xox(x)=4sin(v/Ax); k>1}

S ={Yo(x) =1, Yoy_i(x)=cos(v/Ax), Yor(x)=uxsin(v/Ax); k>1},
where A, = (27k)?.

2.3 The Main Result

Now, we turn to the main result of this chapter, namely the well-posedness in the sense of
Hadamard of the inverse source coefficient problem (2.1)-(2.4), we show the existence, unique-
ness and continuous dependence upon the data of the solution of this problem.

First, let us assume the following assumptions on the data of problem (2.1)-(2.4) hold:

(A1) @ €C*0,1] such that ¢(1) =0,¢'(0) = ¢/(1),¢"(1) = 0,93 (0) = ) (1).

(Ay) The function t!=YF(x,.) € C[0,T] for x € [0,1] and for ¢ € [0,T], F(.,t) € C*[0, 1] satisfies
the following conditions:

(1) F<1at):O7 FX(O,Z)IFX(LI), Fxx(l):()a Fxxx<0at):Fxxx(17t);

(2) there exists a positive constant M such that ¢!~ fol F(x,t)dx| > MF for each t €
[0,T].
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(43) 1'"7E € C[0,T], ' "DIPE € C[0,T] with [} ¢(x)dx =1}, "E(0).
From the properties of Mittag-Leffler function, there exists a positive constant M such that
M = max(Ma.y; Ma,a+y: Mo 203 Ma,a) (2.5)
where,
Moy := max |Eqy(~Mt%)], Maqry:= max |Eg ary (=Mt %)];

0<t<T 0<t<T

Mooai= maX [EZ sq(~Melt=5)")], Muqi= max [Eqa(~(t—s)")]

Lemma 2.1. If (A1) and (A,) are satisfied, then for some positive constants C,G, we have

Y Vaden| <Cliollcap; (2.6)
k>1
Y VAl (0] < GIIF (1) [l e,y (2.7)
k>1

where, Qa1 = (@, Yak—1)12(0,1) and Fax—1(t) = (F (1), Yak—1)12(0,1)-

Proof. Since ¢ € C*[0, 1], by integration by parts we have
1
P2—1 = (@ Yar—1)12(0,1) = / @(x) cos(/ Ax)dx

7LZ / 0 (x) cos(v/Ax)dx

) ﬁ"z(:) 1
<€0 Yok-1)12(0.1 5
)‘2 (0,1) — AkZ

| 1/2 1/2
4
)3) <I§I|‘P2(k)—1|2)

Y VAl @] = (lgl O

k>1

which yields, by the Holder inequality

and from the Bessel inequality, we get

Y VAl er1] < CloW 200 < Cll@lleso .

k>1
Similarly, for F(.,¢) € C*[0,1] we find (2.7). O

Remark 2.1. In the same way, we can deduce the uniform convergence of the series:

) and ¥ (v/2)" (VA4)" | Fa1(2)], for n =2,3

k>1 k>1 >1 k>l
where, @y = <(P7Y2k>L2(071) and sz(l) = <F(t)>Y2k>L2(071)-
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Next, our main result is stated in the following theorem:

Theorem 2.1. Let (A1)-(A3) be satisfied. Then, the inverse problem (2.1)-(2.4) is well-posed.

2.4 Proof of the Result

For the proof of the main result, i.e., Theorem 2.1 we will use properties of the bi-orthogonal
system of functions S; and S;. Our proof consists of 4 sections.

2.4.1 Formal Solution and Source Coefficient Term

By applying the standard procedure of the Fourier method, we obtain the following representation
of the solution of direct problem (2.1)-(2.3) for arbitrary a € C[0,T]:

u(x,1) = uo(t)Xo(x) + Y war—1 (1) Xor—1(x) + Y uze(t)Xok (%), (2.8)

k>1 k>1
where the first coefficient |
uo(t) :/ u(x,t)Yo(x)dx = E(1) (2.9)
0
is known and for k > 1

1

o1 (1) = /O ) Yy (D), () = /0 u(x, 1) Yop (x)dx

have to be determined. Let { @y, @21, P2x } be the coefficients of the series expansion of ¢(x) in
the basis S7 which satisfy:

O(x) = @oXo(x) + Y. @1 Xok—1(x) + ) Xk (), (2.10)
k=1 k=1

where

= /01 O(x)Yo(x)dx, @1 = /01 @ (xX)Yop—1(x)dx, @y = /01 @ (x)Vax (x)dx.

Then, replacing u(x,) in the equation (2.1) by the representation (2.8), we find

DX uo(1)Xo(x) + Y. DL une 1 (1) X1 (x) + Y DEP g () Xon ()
k>1 k>1
= ug(1)Xg (x) + Y uak—1 (1) Xgp_y (¥) + Y, uan (1) X33 (%) +a(1)F (x,1), (2.11)
k>1 k>1

where

Xé’(x) = 0, lelk 1 2\/ lkXZk lkX2k_1 (x), Xé’k(x) = —lkXQk(x).

Also, substituting (2.8) and (2.10) in the initial condition (2.2), we obtain

Iy "uo(0)Xo(x) + Y 17 M zi 1 (0)Xou—1 () + Y Iy Vi (0) X (x)
i1 =
= @oXo(x) + Y Q-1 Xoe—1(x) + Y PueXoi (%) (2.12)
i1 (=1
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Multiplying the equations (2.11) and (2.12) by Yy(x), integrating the both on (0, 1) and from the
Lemma 1.7, we get the following system:

DiFPuolt) = alo)Folt), 01
I()+ MO(O) Po;
where
1
Folt) = /O F(x,1)Yo(x)dx. (2.14)

Alike, we obtain the following system of coupled fractional differential equations:

Dgiﬁuzkfl(f) + Ayuo—1 (1) = a(t)Fax—1 (1), (2.15)

1=y . )

Iys "uap—1(0) = @15

O+Bu2k( 1)+ Mo (1) — 2/ M1 (1) = a(t) Fax (1), (2.16)

y :

I Tuz(0) = s
where
1

P 1() / F(x I)YZk 1( )d 2.17)
sz / F x Z‘ YZk (218)

In view of Lemma 1.23, the solutions of problems (2.15) and (2.16) satisfy the following integral
equations:

up—1(t) = tyilEa,y(_lkta)(PZkfl
[ =) Bl =) )as) 1 (5)ds (2.19)
and
uni(t) = 1" Egy(— 2t ®)

2V / (1= )% B et —5) Vg1 (5)ds
+ / T Eg a4t —5)*)als)Fax (s)ds, (220)
respectively. By using (2.19), we note the first integral in (2.20) as follows:
J= /Ot(t—s)a_lEma(—?Lk(t—s)a)MZk_l(s)ds
=@ [ 19" B~ Aalt =) s
=9 Bl =9 | [ 6= 0% Bl Aals — 1 ®a(e) s (21 s
= gt [ 1=9)% B Al =) 7 Ea(—has)ds

+ / )y (T U;(t—swlEa,a(—zk(t—s)%(s—r)alEa,a(—xk(s—fc)a)ds]dr.
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Then, taking into account Lemma 1.12, we transform J as follows:
J=on /l(t—s)a Eara(— At — )% Equy(—Mgs®)dis
+/ T) o1 ( {/[(f )% Eq.a(=M(t —$)*) (s = 1)* " Eq.a(—M(s — 7)%)ds| dt
= O 1t TVED o (— A% + / S22 o (— At — )V a(s) Py (s)ds. (2.21)

Substituting (2.21) into (2.20), we get the following form:

g (1) = 17 Eqy(— Mt ®) g+ 24/ 1tV IE2 oty (=Mt ®) Py (2.22)
oI / $Y2UVEZ o (— et — 5)®)a(s) Pag_1 (s)dis
+ / 1 Ega(— At — $)%)a(s) Fax (s)ds.

In view of the goal to determine the function a(z), using (2.13) and (2.9) to find that

p%P a,B
oy DiPw)  pfPE@
R O 229

2.4.2 Existence of a Regular Solution
First, from (2.23), (A;) and (A3) we have

: #='DPE®)
f)= ——yr—"
“ H=7Fy(r)

which is a quotient of continuous functions. Hence
1 1 -Y a7ﬁ
lallcpo,r < M_FHt D" Elclo,r] < o, (2.24)

and we deduce that a € C[0,T].
Then, we will show that the series corresponding to ! ~7u(x,t), !~V (x,¢) and tl_YDg;ﬁ u(x,t)
are uniformly convergent in [0, 1] x [€, T'], for any € > 0. Before we proceed further, (2.9) implies
that
1=y 1=y
M Tuo(0)] < I TEllcoy. i€ 0.7 @25

Next, from (2.19) and the result of Example 1.1, we obtain

! uy 1 (1)) <

t
MMaalallcn [ (=9 T (5)lds

t
< Moyl @y—1|+1" " "M||al|co.r It~ Fax—1llcpo.ny /0 (t—s5)*"s""ds
Do)l ()T

1—-y
Ty :
T(a+7) lallcpo,mll 2k—1llcro,]

< M|Qy—1|+
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Taking the sum of the last inequality and by Bessel’s inequality, we find

- I'(a)L(y)T*
AT Y g (6)] < M| llesroy + L DTE

M||a o . . (2.26)
= Cla+7) lallcpo.ml leqo.ycto.)

The same for (2.22), we find after summation

fl_yz usk ()] < May Y @] +26 Mo g4y Y VA @]

k>1 >1 k>1

t
" 2;1—7Ma,2a\|a||c[o7T] /0 (t — )20 Lgr=1gl=y Z V Ak |Far—1(s)|ds
k=1

t
lcor [ =577 Y Fas)]ds,

k>1

+t17 My o

Then, from Bessel’s inequality and Lemma 2.1 we obtain

1Y Z |2 (t)| < Mayll@llc2p0.11 +2taMa,a+7C||(P||c4[0,1]
k>1

t
+2t1‘7Ma,2a||a||c[o,T}/0 (t =) TGF () oo iy ds

+ 1My o

t
—1 71 1-
allcor [ (6= TF(8) s ds:
Therefore, using estimation (2.5) we get

Y ug(r)| < (1 +2CT*)M||@l| 401
k=1
!

+ 2 M allo Gl Flego oo [, (6= 96 =9) 5 ds

t
+t1YMHa”C[O,T]Ht1yFHc([()7T];C4[O71])/O (t_s)ailsjklds'

Thus, according to Example 1.1 we find

fl_yk;l k()] < Lol|@llcspo,1) +LFHC‘HC[0,T}Htl_yFHc([oﬂ;czl[m])7 (2.27)
e y TMD(@TY) o
Lo =M(1+2CT"), Lr = Tla+7) 2GT* +1]. (2.28)
Since, the series expression (2.8) of the solution u(x,#) gives
()| < 26 Mug(6) | +46 T Y Jus 1 (0)[ 448 Y Jus (1)), (2.29)
k=1 k=1

we conclude by (2.25),(2.26) and (2.27) that the series t' ~u(x,t) is uniformly convergent on
[0,1] x [¢,T] for any € > 0. Similarly, we can obtain the uniform convergence of t' =i, (x,1).
From (2.9),(2.15) and (2.16), we get the following inequalities:

1D Puo(t)] < |11 TDFP E o
tl_legiﬁUZkfl(t)’ <" Muge 1 (01 + lallcio,m e~ Farll cpo, s

A YDEP U ()] < 1 Al (1) + 2071 A luza 1 (0)] + allcpo 1 Pt liego -
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Due to Lemma 2.1 and Remark 2.1, we deduce the uniform convergence of the series

Y Al ( 7Y Mfugi—y (1) and 7YY Alun(2)),
k>1 k>1 k>1
the Weierstrass M-test Theorem 1.8 will ensure the uniform convergence of the series

- 72D upk—1(¢) and 1~ 7’2:D+ uy(t), on [g,T], for each € > 0.
k>1 k>1

B

In view of (2.29) and Lemma 1.24, the series corresponding to ' =YD o+ u(x,t) is uniformly
convergent.
Now, we show that u(x,7) satisfies the initial condition, recall that we have for r =0

1
Iy Tu(x,0) = tl_l)r(§1+10+ Tu(x,1).

Keeping in mind (2.9) and (A3), it follows that
Iy "uo(0) = 1,7 "E(0) = g.
By applying I 7 to the formula (2.19) we get
Iy a1 () = 1y T [ By (— 200 ®)] @
| [0 B2l P (50

=y [y
<Iy [ By (=2t ®)]

- - _
+Moallallciomlt' ™ Fa—tllcjomT (o) IS [¢771] .

From the semi-group property in the Lemma 1.14, then using Lemma 1.13 and Example 1.1, we
obtain for y= o+ (1 — &)

- 1y [,y-
Iy Tus 1 (8) < Byt 7 [0 Eay (=Mt ®)] Qo

HC[O,T]HZI_YFZk—I ||c[o7T]F(Oc)Ié+_B(1_O‘) (7]

Tyl

passing the limit when ¢ — 0", we get

hmIJr uy—1(t) = 10+yu2k 1(0) = @21
t—0t

The same, from (2.22) we have |
I, "ux(0) = @y

Therefore, we deduce that

10+2/ (x, 0)— e "up(0 +Z ol i 1(0)Xop_1 (x +Z ol T121.(0) Xop (%)
=1 k=1
= eoXo(x) + Y, on 1 Xk 1(x) + Y ouXox (%)
=1 =1
= ¢(x).
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2.4.3 Uniqueness of the Solution

We suppose that {u;(x,),a;(t)} and {up(x,1),as(t)} are two solution sets of inverse problem
(2.1)-(2.4). Let a(x,t) = u(x,t) —uz(x,t) and a(t) = a;(t) — ax(t), then i(x,t) satisfies the
following problem:

aoo_‘f 1(x,1) = i (x,1) +a()F (x,1), 0<x<1,0<t<T (2.30)
o+r i(x,0)0=0, y=a+p(l-0a) 0<x<1 (2.31)
iy (0,7) =i, (1,7); a(l,7) =0, 0<t<T (2.32)

and the integral over-determination data
1
/ i(x,t)dx =0, t€1[0,T]. (2.33)
0

Using the basis S|, we can write

i1(x,1) = i (t)Xo(x) + Y, itag—1 (1) Xor—1(x) + Y it (£) Xok (%),
i1 i1

where the coefficient

i
fio(1) = / (x,1) Yo (x)dx = 0 (2.34)
0
is obtained from (2.33) and for k > 1

1
i1 (1) = /0 i(x,1)Yox—1(x)dx, (2.35)

i
i (t) = /0 (x, 1) Vo (). (2.36)

Taking the fractional derivative Dg;ﬁ under the integral sign of equation (2.34) and (2.14) into

account, then by using (2.30) and integration by parts, we get

DYPio(r) = a(t) (1) (2.37)

Hence, from (2.37) and (2.34) we obtain

a.p
_ ()+ ”0( ) .
a(t) = —Fo( ) =0. (2.38)

Taking the fractional derivative Dg;ﬁ under the integral sign of equation (2.35) and (2.17) into

account, then from (2.30),(2.31) and integration by parts, we get

D8‘+”3 tog—1(t) + Atigge—1 (t) = a(t) Fox—1(t), (2.39)

the associated initial condition is
1_

Iy itnr-1(0) = 0. (2.40)
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In view of Lemma 1.23, the solution of the problem (2.39)-(2.40) is

i1 (1) = /0 (1= )% B ol (— At — 5)%)a(s) Fou_1 (5)ds,

then, from (2.38) we deduce that iip;_1(¢) = 0.
In the same manner from (2.36), we obtain the equation

Dgiﬁﬂzk(f) + Akltor (t) — 2/ Mgt (1) = a(t) Fo(t) (2.41)
with the associated initial condition
Io: "1 (0) = 0, (2.42)

according to Lemma 1.23 with ip;_;(f) = 0 and (2.38), we get iip;(r) = 0. Therefore, we
conclude the uniqueness of the solution of the inverse problem.

2.4.4 Continuous Dependence of the Solution Upon the Data

Let {u(x,7),a(t)} and {i(x,7),a(t)} be two solutions of inverse problem (2.1)-(2.4), corre-
sponding to two sets of the data ®(¢) = {@(x),F(x,t),E(¢)} and ®(t) = {P(x),F(x,2),E(t)}
respectively. Denote

121 = l@llcto) + e Ell + 11" " Flle(o,r1000.17)-

where
_ _ =y,
¢ 7E[|, = max(i'VE |l cgo.7y: I TDETEllego 17)- (2.43)

First, in view of (2.9) and (2.43) we have

Y ug (1) — o (t)| < [|t'Y(E - E) lcpo,]
< |ltNE—-E)|.. (2.44)

Next, we have from (2.19) for k > 1
' g (1) = o1 (1) < Moy @ai—1 — Pt

t
+ 1" "My qlla— allcpo,r) /0 (t—s)* " s Y Py (s) |ds

t _
+ 17" "M o !d”C[O,T]/O (t =)%Y LY By () — Fo (5)|dls.

Using estimation (2.5) and Example 1.1, we get

g (1) — g1 ()| < M|@or—1 — Pox—1]

(a)(y)T* _ -

———————Mj|a—a t TR
Tla+7) lla—allcio.rllt" " Fat—1llcio,r)

Na)(nT* - _

—— Mla t VN Fr 1 —Fop )
T(c+7) lallcpo,r It (Fak—1 — Fae—1)llcjo,7]

By Bessel’s inequality, there exist positive constants f3;,i = 1,2 such that
7Y i1 (6) = i1 (0] < M@ = @l cepo )+ Billa—allcio.r (245)

k>1
+ﬁ2||f1_y(F _F>||C([O,T];C4[O,l])7
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where

C(e)L ()T

(o) (y)T*
-y . —
T(a+7) M|t F”C([O,T];C“[O,l])’ o=

Br= [a+7y)

M|allcpo, - (2.46)
Then, by similar previous computations, we find from (2.22) after summation

VY o (1) — (1) < Moy Y 192k — @ocl + 20" M vy Y v/ Al @21 — @it

k>1 k>1 k>1
+ 20" My sllall o7 / (t—5)2* LTI Y A | P (5) — P (s) | ds
k>1
+2tl_yMa72a||a—d||C[07T / (I—S 206 Loy= 1 1 ?’Z \/)Vk|F2k 1 |dS
k>1

t —_

+t1_ ]/0 (t_s)a—ls}’—lsl—?’z |F2k(s)—F2k(S)|dS
k>1

+1t

JAGEDERNRS NIMEIIN

k>1

According to (2.5), Lemma 2.1 and Bessel’s inequality

! TY ugi(r) — it (1) < (14 2CT )M @ — @l capo
=1

+2t"" "M al|cpo 1y /Ot(l — )2 ¢TI VGY P (s) = F(,9)l oo ds
+21"""M||a—al|cjo7y /Ot@ —s)2 IS TTG| F (. 5) | capo s
+1' "M ||al|cjor) /Ot(t_S)a_lsy_lsl_YHF(-aS)—F(~7S)||c4[0,1}ds
+t'7"M||a - al|co 7y /(:(f =) TS E () | cago, s

From Example 1.1, we find

IYZWZk ) — ik(t)] < Lol|@ — @l caj0,1) + B3lla —allcpo, ) (2.47)
>l

+ﬁ4Htl_y(F_F)Hc([o,ﬂ;cét[o,u)a
where
By =Lrlt'™ "Fleoricion): Pa=Lrlalcor (2.48)

and Ly, LF are defined in (2.28).
Thus, in view of the series expression (2.8) we get

tl_y|u(x,t) — ﬁ(x,l)| < 2t1_y|u0(t) — ﬁo(l‘)| —|—4l‘1_y Z |I/t2k_] (l‘) — UDk—1 (l)|

=
+4T Y Jusk (1) — ok (1)
=1
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Then, from (2.44), (2.45) and (2.47) we deduce for some positive constants p;,i = 1,2,3

(1) —aen)] <200 (E —E)| +4p1 9 — llcsjo,1) +4p2lla—allcor)
+4p3||t]_y<F_F)||C([07T];C4[071])7
where
p1=M+Ly; p2=P1+PBs; p3=Pr+Pus
with B;,i = 1 : 4 are defined in (2.46) and (2.48).
Consequently, we get

£ (= @)l (0,77 x[0,17) < Tol|® — D@ +4p2lla—allcjo.7), (2.49)
where ITy = max(2,4p,4p3). On the other hand, from (2.23) we have
piPEMW)  DEPEG)
Jo Flx,0)dx [y F(x,t)dx
DXP(E—E)0) 3 Fx,t)dx  DIPE) J) 1F (x,1) — F(x,1)]dx
Jo F(x,0)dx [y F(x,t)dx Jo F(x,0)dx [y F(x,1)dx

using assumption (A;) — 2, we get

i} 1 Y - —YF
]a(t)—a(l)|§W ¢! yDgf(E—E)HC[O,T]HII YFHC([O,T];C“[O,I])
F

+ ”tl_yD(O)?rBEHC[O,T]Htl_y(F_F)HC([O,T];C‘l[O,l])] .

Then, from (2.43) we obtain for some positive constants p;,i = 4,5

la—alo.ry < pallt™™Y(E ~ E) e +psll"(F = F o o)

where . 1
— 1—v5 . o 1— (Lﬁ _
pi= 3t Flleoricion): Ps =3l "Por Elleor:
Therefore, we find
la—allcjor) <Th[[@—@|, I =max(ps,ps). (2.50)

Substituting (2.50) into (2.49), we get
1177 (=) | (o.17 % (0.1]) < Ta|| @ — D,
for positive constant ITy = max(ITy,4p,IT;). Hence, ||t' =Y (u — i) lc(o,71%[0,17) — 0 and

lla —al|cjo,r) — O, when ||® — ®]| — 0. This induces the continuous dependence of the solution
upon the data.

2.5 Examples

In this section, we present two examples to illustrate the obtained result.
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Example 1
Consider problem (2.1)-(2.4) withO < a+7y < u < 1 and
@(x) =sin(2mx), F(x,t) =2""11—x), E(t)=t""1=uy(r).

Then, we have

‘POZ/Ol(p(x)YO(x)dx:/ x=1
I

1
sin(27x)dx = {_ﬂ cos(27rx)} . =0

1

0

1 2 x=1
Folt) = / Fx,1)Yo(x)dx — / 271 (1 = x)dx = 247! {x—x—] _ !
0 0 2 x=0

In view of Theorem 1.7, we can find easily for k > 1

1 1
Or—1 :/ (p(x)sz_l(x)dx:/ sin(27x) cos(2mwkx)dx = 0,
0 0
1

1
Fy 1 = /0 Fl,1) Yo (x)dx = 27! /0 (1 —x) cos(2mkx)dx = 0,

1 1
Fy = / F(x,1)Yar(x)dx = 2t71/ (1 —x)xsin(2wkx)dx =0
0

0

and

1 1

Ot = / () Yoy (x)dx — / sin(27x)xsin(27kx)dx,

0 0

fork=1
1 1
0 = / sin(27x)xsin(27wx)dx = 7
0

fork>2

1 1
O = / O (x)Yoi(x)dx = / sin(27x)xsin(2wkx)dx.
0 0
Using the following trigonometric formula:
1
sin(A)sin(B) = 5 [cos(A —B) —cos(A+B)],
we obtain
1 /1 1 /1
O = 5/ xcos((1 —k)2mx)dx — E/ xcos((1+k)2mx)dx,
0 0
by integration by parts, we get @y, = 0.
From the result of Example 1.4, we have
- T pa-
DaﬁE ¢ :Daﬁt” I _ 7 o l.
o+ ( ) 0+ F(u o a)
Using (2.19) and (2.22), we obtain
rk—1(t) = 0,un(t) = 1" " Eqy(— Mt ") o, k=1,2,....
Hence, according to (2.8) and (2.23), we obtain the solution of this inverse problem
_ _ ) I'(u) e
1) =2t (1 = x) + 17 Eg (= M2 ®) sin(27x), a(t) = ————H =41}
o) = 208710 =) 407 B 2 sin2mn). ) = o e

In addition, Theorem 2.1 implies that this inverse problem is well-posed.
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Example 2
Consider problem (2.1)-(2.4) withO < x+y < u < 1, and

i
Q(x)=0, F(x)=t""*1(1-x), E(r)= 2 Equ(t”) = uo(t).

It is easy to show that
(P():(sz,IZ(sz:O, k:1727

and from Lemma 1.7, we get
|
Fo(f)zif“ U Py (t)=Fy(t) =0 k=12,....

In the light of Lemma 1.22, we have

h—a—1
DPE) =0 |5 Ea,u<“>}: )

By using (2.19) and (2.22), we obtain
uy—1(t) =up(t) =0, k=1,2,....
Hence, from (2.8) and (2.23), the solution is this pair of functions
{u(x,0) = (1 =x)* " Equ(1%),a(t) = Equ-a(t®)} -

Moreover, in view of Theorem 2.1 we deduce that this inverse problem is well-posed.
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An lteration Method for Some Inverse
Problems for a Time-fractional
Reaction-diffusion Equation

3.1 Introduction

A modified version of the classical reaction-diffusion equation, called fractional reaction-
diffusion equation, is used to describe anomalous diffusion process called sub-diffusion by
introducing a new parameter, the fractional index & € (0, 1) into the equation.

In many practical situations, various parameters are unknown such as diffusion coefficient,
source or reaction term in reaction-diffusion or fractional reaction-diffusion problems according
to the data, see [34, 35, 36, 43]. We were inspired by the paper [35], where Kanca and Baglan
considered the inverse problem of finding a pair of functions (u,r) satisfying the following
reaction-diffusion problem:

ur(x,1) = sty — p(t)u(x, 1) +r(t) f(x,t,u(x,r)), (x,t) €D
u(x,0) =o(x), xe€l0,1]
u(0,0) =u(l,t), u(l,t)=0, re€l0,T]

1
/ u(x,dx=E(1), 0<i<T
0

where
D:={0<x<1,0<t<T}.

The existence and uniqueness of the solution of the above inverse problem is proved by using the
iteration method and Fourier analysis. Also, the continuous dependence upon the data of the
inverse problem is obtained.

This chapter is devoted to two inverse problems concerning the time-fractional reaction-
diffusion equations. We will study the existence, uniqueness and continuous dependence upon
the data for these problems with some restrictions on the order of derivation & or the domain of
existence, by using the Fourier analysis, the iteration method and Gronwall’s Lemma. Some of
the results we are going to see have been the subject of our paper [19].

3.2 Statement of the Problem
We are concerned with the semi-linear time-fractional reaction-diffusion equation
Coft u(x,t) = uee(x,t) — a(t)u(x,t) +c(t)F (x,t,u(x,1)), (x,t) € Dy 3.1

with the initial condition
u(x,0)=9(x),  x€l0,1] (3.2)
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where Dy = (0,1) x (0,T], 9%  is stands for the Caputo fractional partial derivative of order

0t,r
0 < a < 1 in the time variable, (p( ) and F(x,t,u(x,t)) are given functions.

Mathematically, the semi-linear reaction-diffusion equation (3.1) is a parabolic partial differ-
ential equation where u = u(x,t) represents the concentration of one substance, uy,(x,?) is a dif-
fusion term and a(t)u(x,t) + c(t)F (x,t,u(x,t)) represents the reaction term where F (x,#,u(x,t))
is the nonlinear source term and a(z) can be regarded as a control parameter.

We focus here our attention on two inverse problems which correspond to recovery of
source or control coefficient for the semi-linear reaction-diffusion equation (3.1) with various
measurements, as follows:

Problem P1. Given a(¢) and find a couple of functions {u(x,?),c(r)} satisfying equation (3.1)
and initial condition (3.2), under the non-local boundary conditions

w(0,0) =u(1,0); ue(1,1) =0,  t€[0,T] (3.3)

and the integral over-determination data
1
/ wule)dx=E(),  1€[0,T). (3.4)
0
Problem P2. Take ¢(z) = 1, then the equation (3.1) takes the form

¢ ot (6, 1) = e (x,1) —a(t)u(x,t) + F(x,t,u(x,t), (x,t) € Dr (3.5)

and we have to find a pair of functions {u(x,7),a(t)} satisfying (3.5)-(3.2), under the non-local
boundary conditions

ur(0,¢) = uy(1,1); u(1,1) =0, t€[0,T] (3.6)
and the integral over-determination data
1
/ ur,Ndx=H(t),  1€[0,T). 3.7)
0

Note that, the additional over-determination conditions (3.4) or (3.7) are needed for the unique
solvability of our inverse problems. This kind of integral condition can be weighted as in (3.4) or
unweighted as in (3.7) which is the total amount of substance in space.

First, let us define the following spaces:
Cc'0(Dr) = {u(.,t) e C'[0,1], t€[0,T] and u(x,.) €C[0,T],x € [0,1]};
C2% (Dy) = {u<.,z) €C*(0,1), €(0,7] and °DE. u(x..) € C(0,T],x € (0,1)}.

Note that, from the properties of Mittag-leffler type functions, we have for each 7 € [0,T], k > 1
with A; = (27k)? :

Eq1(—4t%) <Nai, Ega(—t%) <Na, MEqa(—M4t%) <Ny. (3.8)

For a better optimization, from the decrease of the Mittag-leffler type functions (see [46, 50, 55]),
we deduce that
max{Ng1,Ng} < 1. (3.9
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From the third property in Proposition 1.1 we have:
4

1/2
1 b3 1 T
<Z|J’k|2> §Z|)’k|7 Zk_zzz’ kg,]kj:%- (3.10)

k>1 k>1 k>1

The starting point is to explain two techniques noted [Tec K] and [Tec G], that we will use
further:

[Tec K]: For a given function W,,(x), adding and subtracting [; fol (t —5)* 1 F(x,s5,0)W,(x)dxds
to the first member of the following inequality, we obtain

VO R (x, 5, u(x, 8) )W, (x)dxds

S/O(t—S)a 1
+/Ot(z 1/0'F(xs0) W (x)dx

Using the Cauchy-Schwartz inequality, we find

// )*F (x,5,u(x,5)) Wy (x)dxds
: (/()t<t_s)2a_2ds> - (/Ot </01[F(X,s7u(x,s)) —F(x,s,O)]Wn(x)dx>2ds> 1/2
! (/ot(t _S)Za_zds) - ( /0 t ( /0 1 F(x,s,O)Wn(x)dx)zds> .

s 5 N\ 1/2
<Lg (/o (/0 [F(x,s,u(x,s))—F(x,s,O)]Wn(x)dx) ds)
(/ (/ Fxs,00W )dx) ds> 1/2,

TOC—I/Z 1
Lo = ——— for a having to satisfy - < o < 1. 3.11
[Tec G]: For the following form of inequality on [0, 7’| with continuous functions v(¢), Py (¢) and
positive constant P2

/Ol[F(x,s,u(x,s)) — F(x,5,0)]W,(x)dx|ds

ds.

where

1/2

v(t) <P (t)+P (/Of(v(s))zds> ,

we take the square with the fact that (a(t) +b(t))? < 2a*(t) +2b(t), we have

t

(v(1))? < 2P (1) +2P2 / (v(s))%ds. 3.12)

0
Applying the Gronwall’s Lemma 1.2 on (3.12), we get

(v(1))? < 2P} (t)exp (2P21)
therefore, we obtain

v(t) < V2P (t)exp (P5t).
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3.3 Determination of an Unknown Source Coefficient Prob-
lem

In this section, we will give the results about existence, uniqueness of the solution and the
continuous dependence upon the data of the inverse problem (P1).

We observe that the operator A in the spectral problem associated to (3.1) and (3.3)

AX = =X
X(0 ) ( ) X'(1)=0
with the eigenvalues A, = (2kx)?; k > 0, is non-self-adjoint. Then, analogously to section 1.2.2

in special case of spectral problem, we construct two sets of functions to form a bi-orthogonal
normalized system for the space L*(0, 1) in the following form:

D = {¢o (%), P14 (%), 2k () FiZy, ¥={w0o (), ¥1x(x), ¥2x(¥)}iy, (3.13)

where

do(x) =2,  ¢1x(x) =4cos(v/x), Orx(x) = 4(1 —x)sin(y/Aex), (3.14)
Wo=x, Wix(x) =xcos(v/A4x), g =sin(y/Ax). (3.15)

The system (3.13) forms a Riez basis in LZ(O, 1). As a consequence, we can expand the solution
in terms of the functions of bi-orthogonal system (3.13). For more details, see [28, 29].

Now, let us define the classical solution of the inverse problem (P1), as follows:

Definition 3.1. The pair {u(x,t),c(t)} € [C>*(Dr)NC"2(Dr)] x C[0, T] which satisfies (3.1)-
(3.4) is called classical solution of the inverse problem (P1).

Next, let us give the following assumptions on the data of problem (P1):

(A1) a €Cl0,T]is positive and M, := [|al|cpo,7-

(A2) @ € C*0,1] such that ¢(0) = ¢(1),¢'(1) =0,¢"(0) = ¢” (1), (1) =0.

(A3) Let the function F(x,z,u) be continuous with respect to all its arguments on Dy x R and
satisfying the following conditions:

(1) F(.,t,u) € C*0,1),t € [0,T],F (x,t,u)|x—0 = F (x,t,u)|,=1,
Fx(xat7u)|x:1 =0, Fxx(xat;u)|x:0 = Fxx(x7tau)|x:1a Fxxx(xatau>|x:l =0;

(2) there exists a non-negative function b(x,) such that for each u,ii € R and each
(x,t) € Dr

n n

ﬁF(X,t,M) — 8)(”

F(x,t,i)| < b(x,t)lu—i|, n=0,1,2

. o) .
with b € L2(Dy), Jnax 16 )l 20,1y < oo

n

)
3) Mp =max{| 5= F (., 0)ll2(p,yin =0,1,2};
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(4) there exists a positive constant F, such that | fol xF (x,t,u(x,t))dx| > F,, for each
t € [0,7] and uniformly to u € R.

(Ay) E € AC(]0,T]) and E(0) = [, x¢(x)dx.
Below, we use will the following notations:

B=|bll2pyy,  Br= max [[b(..0)]l20,1). (3.16)

3.3.1 Existence and Uniqueness of the Solution

First, for arbitrary ¢ € C[0,T], we intend to apply the Fourier’s method to construct the formal
solution of the direct problem (3.1)-(3.3). The series expansion of the solution u(x,¢) in the basis
(3.14) in L*(0, 1) has the following representation:

I/t(x,l‘) = uo(t)¢o(x) + Z u17k(t)¢1 7k(x) + Z I/t27k(l‘)¢27k(x), (3.17)

k>1 k>1

where the coefficients

(1) = /0 (e Vo (dx,  nk(r) = /0 e Yk (W) dx, k> =1,

are to be determined. The coefficients of the series expansion of F(x,#,u(x,t)) and ¢(x) in the
basis (3.15) for kK > 1 are given by

Fo(t,u) :/O

and

1 1
F(x,t,u(x,t))yo(x)dx, F,i(t,u) :/ F(x,t,u(x,t)) W, k(x)dx, n=1,2
0

)= [ oW o) = [ pviitdr, n=12

respectively. By properties of the bi-orthogonal system (3.13), we obtain from (3.1) the following
Cauchy problems, for k > 1:

D, uo(t) = —a(t)uo(r) +c(t)Fo(t,u), (3.18)
uo(0) = @o; |

DS s i (1) = =M (1) — a(t)up () + c(t) P (t, ), (3.19)
u25(0) = Q24 |

Dy k(1) = — Ay 1 (1) — (470 )ua 1 (£) — a(t)uy 1 (t) + c(t)Fy i (8, 1), (3.20)
u1k(0) = @1 . |

Thus, by applying the integral operator /g to the fractional differential equation of the Cauchy
problem (3.18), the solution is obtained as:

uo(t) = @o+ ﬁ /Ot (t — )% —a(s)uo(s)ds + c(s)Fo(s,u)]ds.
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From Theorem 1.12, the solutions of the Cauchy problems (3.19) and (3.20) satisfy:
u (1) = @2 Eo,1 (— M%)
t
[ =) oo 2elt = 5)") [=a(s)uz(s) + <(5)Posls,)lds:

ul’k(t) =0, kE(x 1(—7Lkl‘a) — (471']() /Ot<l‘ —S)a_lEaja(—lk(l‘ —S)O‘)uz,k(s)ds

[ 09" Bt =) [a(s)an 1(5) + (5Pl )
for k > 1, respectively. Note that from the additional condition (3.4), we get
uop(t) = E(t). (3.21)
Then, from (3.18) and (3.21) we obtain
CD* E(t)+a(t)E(t
o(r) = 25 (1) +a(WE() (322)

Jo XF (x,t,u(x,1))dx

Definition 3.2. We denote 2 the set of continuous functions on [0,T]

{u(t)} = {uo(t),ur 1 (2),u2 1 (1), k= 1,2,..}

satisfying
2|ug(t |—|—4Z g g (2)] + |uo i (2 )|) < oo, foreacht € [0,T].
k>1

It can be shown that (4, ||.|| ) is a Banach space with the norm

> 4 3.23
ull 2 = omax_ |M0 ) +4Y <0rga<XT|u1k( )|+ max [up( )\) (3.23)

k=1 0<t<T

Lemma 3.1. If (A;) is satisfied, then for some positive constant C*, we have

9ol + ), ( &) <Collesyo (3.24)
k>1

Proof. First, by the Cauchy-Schwartz inequality we get

< (f wia) 1/2 (/) totorar)

1 1
< %H‘PHLZ[OJ] < ﬁ”‘PHCZ[o,l]-

1 1/2
ol = [ otops

The integration by parts of ¢, ; two times and assumption (A, ) give

1 ) -1
¢27k_/0 @(x)sin(27mk)dx = (2kr)? /qv )sin(27k)dx = (an)z%,k'

Using the Cauchy-Schwartz and the Bessel inequalities, we obtain

| | 1/2 1/2
Q2] < ( —) ( |‘P§:k‘2>
k; 4x2 k§1 k4 k;

<Cill9"ll 20,1y < Cill@llc2j0,1)-
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Similarly, for @; x, we have

_ " /"
Pk =~ 2 Pk T (k) P20

| | 1/2 1/2 | | 1/2 1/2
< = ol ]+ = 95>
& T (,; k4) (,;1 Lk 473 k; k8 k;l 2k

< (C1+C) lollc2po,1-

Then

Hence

1 .
ool + Y (192r| + [ @2r—1]) < (% +2C, +C2) @201 < CHll @l e po,1-
=1

The first main result can be stated as follows:

Theorem 3.1. Let (A1)-(A4) be satisfied. Then, the inverse problem (P1) has a unique classical

solution {u(x,t),c(t)} for1/2 <o <1 and a small T .
Remark 3.1. We mean by a small T, a time limited by condition (3.31).

Proof. Our proof will be carried out in the six steps:
Step 1: Let us define an iteration for the Fourier coefficient of (3.17) as follows:

V0 =E@); (3.25)
uSh (1) = () — /0 (t —5)% " Eqa(~Ailt —)%)a(s)udy ™ (s)ds (3.26)
+// V¥ 1E(x?(x(—lk(t—s)O‘)c(N)(s)F()c,s,M(N)(x,s))sin(271:lwc)a’xa’s;

t
WD (r) = ug?,z<> (@) [ (15" B ~2alt=5) )y (s)ds (3.27)

- /Ot(t — )" Eg (At — s)a)a(s)ug{\;:rl) (s)ds

t rl
+ / / (t — )% Eg.a(—a(t — %)™ ()F (x,5,u™ (x, 5))xcos (2wkx) dxds;
0 J0
for N > 0and k > 1 with

uy (1) = @o,  USh(t) = QraEat (%), u)(t) = 1 aEa (—Iu®). (3.28)

)

Again, we define an iteration for (3.22) as:

M () = “DS.E(t)+a(r)E(r)

= — , for N > 0.
Jo xF (x,2,u™) (x,1))dx
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Step 2: Next, we will show that the iterations u™)(¢) and ¢(V) () are in Z and C[0, T] respectively.

In view of (A1), (A3) —4 and (A4), we get easily that

E + E
HC(N)HC[O,T]S I HAC[OI] H;HC[O,T]H ||C[07T] < oo,

which implies that ¢(¥) e C[0,T] for all N > 0 and we denote
Me = max{ <) e 5N > 0}

Now, using (3.23) and (3.28), then in view of (3.9) and (3.24) we find

2 4
Il =2 max " ()] + Z(m' ’*Ji‘ﬁfT’”w()')

k) < ACT[ @l cajo,1) < oo
k>1

we conclude that u(9) € 4.
It’s clear that, from (3.25) we have for N > 0

max [uy " (0)] < ||Ellcio )

ubh) (1) = ul (1) /0 (0= 5) " Eg o~ gt — $)%)a(s)us' (s)ds

+ / / ) Eq (A (t — )%)e® (5)F (x, 5,u® (x, 5)) sin(2mkx)dxds,
which yields
(1) *
|y 1 ()] < lallcpo,r) max |M2k( )|

0<t<T

+ Neclle® oz /0 /0 (1 — )% F (x,5,u®) (x, 5)) sin(27kx) dxds.

Applying [Tec K] (see p. 54) to the last equation and from (3.9), we obtain

(04

A+ Jalley w1l 1)

s} ()] <

; | ) 1/2
+Lallcllcjo.r) ( /0 ( /O [P (x,5,u® (x,5)) —F<x,s,o>]sin<2nkx>dx) ds)

; 1 2 1/2
+L0‘HC(O)HC[0,T} (/0 (/0 F(x,s,0) sin(27th)dx> ds) .

(3.29)
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Integrating by parts the two last terms twice with respect to x, then taking the maximum and
the sum of both sides of the inequality, we get

max |”2k( <= |q)2k|
/§’10<t<T 1§1 ‘1’471'2

X (/OT (/Ol[Fxx(x,s,u(O)(x,s))_Fxx<x,s’0>]Sin(zﬂkx)dx)zds> 1/2

1/2

T 1 2
\P47[2 kg,l 2 (/0 (/0 Fy(x,5,0) sin(27rkx)dx) ds> ,

Zkz

k>1

where
M, T®
Loy =MLg, ¥= (1 — ‘:x ) , (3.30)
« 1
with < 1 and from (3.11)§<a< 1. (3.31)

By Holder’s inequality, we obtain

| 1/2
L)

()] < 1 Ler
ZOI;%XT’”M(I)’ =y |(P2 | +‘I‘47E2 &

> g
+ — Fxx x,s,0) sin(2mwkx)dx ds :

Keeping in mind, the third fact of (3.10), we deduce

1 1 172 1
— — =— <1,
472 (k; k4> 124/10

with the Bessel inequality, we get

max |u2 I’
kgl 0<t<T k>1

(/ / (2,5, u 0 (x, ) _Fxx(x’s’o)]zdxds>]/2
L\P (/0 /0 |Fxx(x,sv())|2dxds>1/2'

Then, the Lipschitz condition and (A3) — 2, lead to

cT
L e 43 (0) @2|<p2k|+ 180120 1115+ P, 0) 20
1
<y, [BHu s+ M| . (3.32)
k>1
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Next, we take N = 0 in (3.27) to get

)0 =) — () [ (=9 B el =) )(5)ds

[ Ea 29 a5y
+// Eq, a(— lk(t—s)a)c(O)(s)F(x,s,u(o)(x,s))xcos(27rkx)dxds,

In the same way and by applying [Tec K] (see p. 54) to the last equation, we find

(1) N, T“ (1)
<
1k ()’ |91.4INat + = ok OrggXT\uz.,k(ﬂl

NoT®
(04

X (/Ol (/()I[F(x,s,u(o) (x,5)) —F(x,s,O)]cos(27rkx)dx)2ds>
+L0¢HC(O)HC[O,T]N05 (/Ot (/OlF(x,s,O) cos(27rkx)dx)2ds> 1/2.

We integrate by parts the two last terms with respect to x, taking the maximum and the sum of
both sides of the last inequality, by Holder’s inequality and (3.9), we get

| 1/2
z;)

k>1

] u

_|_

lallco,r (max |M17k(f)| +LgNe || lcpo,7)

1/2

< =
Y. max Ju ) (1)] < Z Q1] + (

k>1 k>1

o\ 1/2 1/2
(X (mandion) )+ (5
= \oi<r 2.4 2\ A K2

5 N\ 1/2
(5,00 (x,5)) — Fe(x,5,0)] sin(27rkx)dx> a’s>

2
1 5 N\ 1/2
+ —2 / (/ (x,s,0) sm(27rkx)dx> ds
2 i1k 0 k>1
N, T%
where, Lyp=—2—. (3.33)

By the first and second facts of (3.10), we conclude that

N 1/2

k>1 k>1

respectively.
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Using this with estimation (3.32), Bessel’s inequality, Lipschitz condition and (A3) — 3, we

get
(1) 1 Ly r
< —
,glorgziXT‘ul’k( )| < v & <‘¢17k|+ 7 |(p27k>
+lp<1p"‘)”“ |+ MF (3.34)

Finally, in view of the norm (3.23) and the estimations (3.29), (3.32), (3.34) with Lemma 3.1, we

get
4 LA,T
16Vl 2 <20 Elicor+5 X |10l + ( 1+ = ) (024
‘PkZI Y
Ler L)LT 0
gt (241 4 o [B (0) M}
+‘P(\P+ 14| + MF
< 2||Ellego.r) + Doll@lsfo y +De [Blu® s+ M| < o
where
c* Ly 1 Ler (Lyr
Do=4— (1+20) p,=4=cl (ZAL 4 5]
0 ‘P( Ty ) =ty \w

As aresult ull) € %. In the same way, by induction and the norm (3.23) we obtain for all N > 1

141l < 21ElIcio.r) +Doll@llcsio,1) +De {BHM(N*UHC@ +MF] : (3.35)

Since, by induction uN =) (r) is bounded, then u") (¢) is in 28 and then we denote
M, = max{[[u™| 5, N>0}.

It is easy to prove (3.35) and later all the induction cases by using the recurrence method.
Step 3: Now, we prove that the iterations «™)(¢) and ¢(V) (r) converge in Z and C|0, T respec-

tively, as N — oo. First, we have for each N > 0

€NV (1) = ™(1)| = [CDXE(1) +a(t)E (1))
T [F e, u™ (1) —F<x,z,u<N+1>(x,t))] dx

X .
Jo xF (x,8,u™+1) (x, 1) )dx [y xF (x,2,u™) (x,1))dx

Using (A3) — 4 and applying the Cauchy-Schwartz inequality, we get

Cpo
D (1) — () (1)) < I“DY. E (1) +a(r)E(t)]
Fy
1/2

X (/lezdx) . (/01 [F(x,t,u(N)(x,t)) —F(x,t,u(NH)(x,t))rdx)
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Then, from the Lipschitz condition and (A4), we find

1 1/2
|C(N+1)(t) _ C(N)(t)| <& (/ bz(x,t)|u(N) (x,1) — u(N+1)(x,t)|2dx) :
0

where
|E acio,r) +MallEllcpo,r)

&=
F2\/3

Hence

HC(N“) —c® “C[O,T] < goréltang [6(.1) HL2(0,1) ””(NH) —u™) |-

We turn now to estimate [|u™*1) — u™)|| 4 for N = 0, first we have
1 0
(1) =y (1) = |E (1) — ol
thus

(1) (0) *
o‘;%’”o () —uy ()] < |Ellcio.r) +C M@l cpo,1)-

Then, applying the same estimations used in step 2 on
1 0 ! - 1
b0 =uf0) = = [(1=9)"" Eua(=Ault =) alo)ull)(5)ds

+/Ot/o]<r_s>a-1Ea7a<—xk<t_s>°‘>c<0><s>F<x7s,u<°><x,s>>sin<27rkx>dxdsv

taking the maximum and the sum, we obtain
(1) (0) re (1)
t)— | <M,— 2 ¢
;;102%)%'”2”‘( ) (Ol < Moy kZIOIgtEgT'uZ”‘( )

o+ Ler [Ibll 2000 140115 + e, 0) |20y
o

T
< Ma?Mu +Lc,T [BMu +MF] .

In the same manner, we estimate
I 0 ! _ 1
)0 = ul)(0) = ~(470) [ (=9 Eual—Aule =) ) (s)ds

_ /0 (1= 9) Eqa(— Al — 5)%)a(s)u)(s)ds

t rl
+ / / (t — )% Eqa(—A(t — 5)%)cO (s)F (x,5,u' (x, 5))x cos(2mkx)dxds,
0 JO
then, the sum gives

(1) (0) (1)
1) — | <L t
%02¥T|u17k( ) —up ()] < LT%(EI%XTWL,(( )|

T¢ (1) 0
+Ma7]§10r£1ta<xT |u1’k(t)! +LC7T |:HbHL2(DT)”u( )H%—{_ HFX('a "0>HL2(DT)

M, T*
<|\Lar+

) M, +LC,T [BMM —|—MF] .

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)
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Thus, we use (3.39), (3.40) and (3.42) to see that

) =5 < 2(Ellego 1+ C 1@ csjo.))

o

M,T
+4 (L“ +2-2 ) M, +8L.T (BM,+ MF)
=
Next, to estimate ||uN*1) —u(V)|| 5 for N = 1, Firstly we have

WM @) —ulM ) =0, N> 1. (3.43)

Then, we consider

B0 -0 = |

0
+ 0’/01(t — ) 1 Eq a(—M(t —5)%)

X [c(l)(s)F(x,s,u(l)(x,s)) — () F(x,5,u (x,5)) sin(27rkx)} dxds.

t

(t—5)% Eq o (— A (t — 5)%)a(s) [ug%,g (s) - ug1,3<s>] ds

Applying the same techniques used previously, adding and subtracting (1 (s)F (x, s, u(® (x,s))
and [c(l) (s) —c© (s)] F(x,s,0) under the integral with respect with x and integrating F twice
with respect to x, we obtain

t
W) (1) — ) (1)) < Ng / (r— )% a(s) ]ug%;(s) —ul)(s) ‘ ds

sin(27mkx)

(2k7)*

+ Ny /Ot(t—s)al M (s) —c(0>(S)‘ |/01 [Fxx(xasau(o)(x’s)) _F”(x’s’o)} Sl?z(lfz)k;)

0
t 1
4Ny / (=5 |0 s) ‘ / [Pt 5, (5,8)) = Fr(,5,60(x,5)) | dx| ds
0 0

dxds

(27k.
25,0 s1n T x)dx
(2kr)*

ds.

t
+Na/(t—s)a 1
0

From (3.9) and the Cauchy-Schwartz inequality, we have

2) (1) r* (1)

t)— <M,— t
|”2,k( ) uzk( )| p OIE&XT‘%A ) — uz,k( )

t . 1/2
+Ler (/0 (/01 [Fxx(x,s,u(l)(x,s)) —Fxx(x,s,u(o) (x,s))} %d}c)iﬁ)

t
+La( €D () = O ()P
0

X (/01 [Fxx(x,s,u(o) (x,5)) —Fxx(x,s,O)} de)zds>

1/2

(2k)?

+Lg (/Ot \c(l)(s) —c(O)(s)|2 (/OlFxx(x,s,O)%dx)zds> 1/2.
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Taking the sum of both sides, then by using Holder’s and Bessel’s inequalities, the Lipschitz
condition and the estimation (3.36), we get

(2) (1) L.t t rl 2 1/2
Yl (1) —us ()] < =5 (/ / b (x,s) [ul) (x,5)) — ul® (x,s) dxds)
=1 ’ ¥ \Jo Jo
I ol ) | , 2
S e (/ / b2 (x,s) [ul!) (x,5) —u® (x,5) dx/ P (x,5) |u® (x,5) dxds)
0 .Jo 0

1/2

4
t rl 2 1

L_“éa (/ / b*(x,s) ’u(l) (x,5) —ul® (x,s)‘ dx/ (Fxx(x,s,O))zdxds)
0Jo 0

Thus,
@) 1) L 1) O g
W2 (6) —ul')(0)| < H, /O /0 B2 (x,5) D (x,8) —u@ (x, ) Pdxds |, (3.44)
k>1
where
1
He = g Ler +Lad (MB+Mr)]. (3.45)

Again, using arguments similar to those used previously, applying the Cauchy-Schwartz inequal-
ity, then taking the sum and using the Lipschitz condition, we obtain

Ny 1 2 (1)
0 =) < g [ =% T L) —udl)slas
L (7 1 sin(27mkx) . 1* 2
+—&>T,§1 (/0 I b<x,s>|u<1><x,s>—u<°><x,s>|z—nkdx} “

1/2
La /t (1) (0) 2 |:/1 (0) Sil’l(ZTCkX) :|2
+— c(s)—cV (s b(x,s)u"’ (x,s)|———=dx| ds
q,k;((g (5) =) | [ b e ) T
ylay /t| Olk / Fi(x,5,0) TR 4 ’ "
v & s c x,5,0 Yk x| ds .
Concerning the first term, by means of Holder’s inequality, (3.10) and (3.44), we find
Ne | 1/2 1/2
o [ (X0 W) )P | ds
Y Jo ];kz lgl 2.k 2.k
1/2

t s rl
< &HC/ (t—s)%! (/ / % (x,r) [u™M (x, r) — u® (x, r)|2dxdr) ds
Y 0 0 Jo

N, t ol /2 4
< WHC (/ / bz(x,s)]u(l)(x,s)—u(o)(x,s)lzdxds) /(t—s)a_lds
0

o 1/2
< N;T (/ / b*(x,5)|u') (x,5) — ul®(x, s)\zdxds>
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Then, from (3.36), the Holder and Bessel inequalities, we get

Y 1) — ) 0)

k>1

N, T* Let @@La (1)
St S+ S (101, IO+ IO,

Thus

L;LT P 1/2
S{Y’jtl}Hc(/ i b2<x,s>|u“><x,s>—u<°><x,s>|2dxds) . (346)
0 JO

where Ly 7 and H, are defined by (3.33) and (3.45) respectively.
Finally, we use (3.43), (3.44) and (3.46) to see that

r ol 1/2
W @) —uD(1)| <K (/ / B2 (x, )|tV (x,5) — u®(x, s)|2dxds) , (3.47)
0 J0

where
Ly r

K:4HC{ W

+ 2} . (3.48)
Consequently, from (3.16) we have
14 — a5 < KBIVT||ul) — || .
Applying the same estimation techniques used to get (3.47), we obtain for N =2
t ol
0 =20 <K ([ [ 80 5s) a9 P
0 Jo

Combining (3.17) with Definition 3.2, we infer that

(1) —u? (1)

1/2
<K (//bzxs|u ()|2dxds)
s 1/2
<K’ ( [ / Py [ b2<x,r>|u<1><x,r>—u<°><x,r>|2dxdrds)
0 J0
1/2
§K2<Oglta<XTHb( Hml) ([ ffaas) "0 -0,

< K?B?
\/—

Thus, for a general value of N > 1, we get by induction

1/2

HM(NH) —M(N)H% gKNB]f'—Ji’. (3.49)
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It is clear that ||u®™+D) —u()||, — 0 when N — oo and in view of (3.38) we deduce that,

Hc(N“) B C(N)Hc[o r] — 0 when N — oo. From this, we conclude that <u<N+1)(I)>N o and
’ >

(C(N +1) (t)>N>0 are Cauchy’s type sequences and converge in % and C[0, T'|, respectively. Fol-

lowing this, these sequences are uniformly convergent to elements of % and C [0, T respectively.

Step 4: Let us show that u™+1(¢) and ¢ *+1)(r) converge to u(t) and c(t) respectively. We start
with the following term:

le(2) — N (1)| = DS E(t) + a(t)E(r))|
e [F Gt ) (x,0)) — F (e 1)] i
Jo XF (x,8,u(x,1))dx [y xF (x,t,u®™+D (x,2))dx |

Using (A3) — 4, the Cauchy-Schwartz inequality and the Lipschitz condition, we obtain

1/2
lc(t) — NV ()| < & (/1 b2 (x,1)|u(x,t) — M<N+1)(x,;)|2dx) , (3.50)
0

where & is defined by (3.37). As already seen, we obtain after some estimations

(1) — VD ]<K(// (5,%)|u(s) — ut ()lzdxds)l/2

1/2
<K max [|b(.,1) ;20,1 (/ lu(s) —utN lzdx)

0<t<T
1/2
< KB ( / \u(s)—uUV)(s)yzds) , (3.51)
0
where K is defined by (3.48), thus
t
u(t) =™V (O <2(KB)? [ luls) —ulH) (5)ds
0
t
+2(KB) ) / D (5) — u™) (5) 2.
0
By Gronwall’s inequality and (3.49), we get

ju(t) —u™ V(@) < Z(KBI)Z/[ W™D () —ul (s)Pdsexp (2 (KBl)2t>

KZNJZC/ZBZN
< 2(KBI)2—/ sNdsexp (KBI) ) :
which yields that
T
—uWNED < RN pNH L T ( KB ZT)
u—u B> €X s
H | e )
tends to O when N — oo. Consequently, from (3.50) we find
HC_C(N+1)||C[O,T} < EBflu—uNY| 4, (3.52)

tends to O when N — oo.
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Step 5: For the uniqueness result, we assume that the problem (P1) has two pairs of solutions
{u(x,1),c(t)},{a(x,t),é(¢)}. From (3.22) and by the same way that led us to get (3.52), we find

e —élicio,r) < EBi||lu—il| %, (3.53)

where By, & are defined by (3.16) and (3.37) respectively. On other side, remark that, the
difference (u(x,t) — i(x,t)) is just the difference between the coefficients of their respective
series defined by (3.17) noted (u(z) —i(z)). Therefore, the approximation techniques used
previously to get (3.51) lead to

ju(r) —a(r)| < KB (/0[ Ju(s) — ﬂ(S)IzdS> 1/2,

where By, K are defined by (3.16) and (3.48) respectively. Thus, we apply Gronwall’s inequality
to

ju(r) —a(r)|* < (KBl)z/Ot u(s) —a(s)|ds,

and we get |u —ii| = 0 for each ¢ € [0, T]. This implies the uniqueness of u(¢) and from (3.53)
we deduce the uniqueness of c(t).

Step 6: Let us show that the obtained solution is classical. The fact that u(t) is in % means that
series (3.17) is convergent in C([0, T],L?(0,1)). Under (A1)-(A3), series (3.17) and series of its
x-partial derivatives Y s~ dx. are uniformly convergent in C(Dr). Therefore, the series of its
xx-partial derivatives } ;- dx. is uniformly convergent in (0, 1) x [&,T], for any € > 0.

The other hand, it is easy to show that the series of the time-fractional partial derivatives
Zk>1 ¥ % ;~ 1s uniformly convergent on [€,T] for any € > 0 by using Theorem 1.8 and the
previous procedure for (3.18), (3.19) and (3.20) to prove the convergence of

2CD0+u() +4 Z ( 0+u1 k —|— D0+u2 k(l‘))

By virtue of relation (1.23) and linearity of fractional differential operators, we can extend
Theorem 1.10 to the Caputo fractional derivative case. Then, the a-partial derivative Ca“

of the series (3.17) is uniformly convergent for ¢ € [¢,T], for any € > 0 and x € (0, 1). Thus
u € C>*(Dr)NCYO(Dr) for arbitrary ¢ € C[0,T], for a small T which must satisfy (3.31). The
proof is complete. O

3.3.2 Continuous Dependence of the Solution Upon the Data

In this section, we establish a stability estimate of the solution {u(x,#),c(¢)} with respect to the
additional data E (7). In reality the inverse problem is well posed if we have stability with respect
to all the data of the problem. A stability result can be obtained with respect to the initial data ¢,
the control parameter () and additional data E(¢). But we limit ourselves here to the additional
data which directly influences the inverse problem, assuming that the direct problem is stable.

Theorem 3.2. Under assumptions (A1)-(As), the solution {u(x,t),c(t)} of the inverse problem
(P1) depends continuously upon the data of E(t) for a small T.

Proof. Let {u(x,t),c(t)} and {#(x,1),¢(t)} be two solutions of the inverse problem (P1), corre-
sponding to two sets of the data E(¢) and E(¢) respectively, we denote

|E|acpo,r) = ME-
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First, we have

() — e(0)] = ClDO‘E(t)+a(t)E(t) CDYE(t)+a(t)E(t) <Ii+h,
Jo XF (x,t,u(x,t))dx fo xF (x,t,i(x,t))dx
where
g = CDYE(t) B CDYE(t)
fol xF (x,t,u(x,t))dx fol xF (x,t,i(x,t))dx
h=a()| £ 20
Jo xF(x,s,u(x,t))dx fo xF (x,s,i(x,t))dx

From (A3) — 4 we get

CDYE(r) / 1

0

1
XF(x,1,8(x,1))dx — CDYE (1) / XF (5,1, u(x, 1))dx

1
J < =
1_F2 0

m

< L|CDO‘E(t)|/1x\F(x tyi(x,t)) — F(x,t,u(x,t))|dx
— Fn% O P ) P Y

1
+Fin%|CD“(E(t)—E(I))| | P Gt utron))

Adding and subtracting x|F (x,7,0)| under the last integral and by using the Cauchy-Schwartz
inequality, we find

My 1/2 )
Jlﬁﬁ(/ 2dx> (/ |F(x,t,d(x,t)) — F(x,t,u(x,1))| dx)

+i2|CDO‘<E(;)—E(;))|(/ 2dx) (/ F(xt,u(x, 1) (x,z,O)de)]/z

)] (/lezdx> (/0 |F(x,t,0)|2dx) 1/2,

and the Lipschitz condition gives

1/2

A
S
R
=
|
&

1/2

(/()1b2(x,t)|u(x,t) _ﬂ(X,t)|2dx>

—=— (MB1 +M) || E — El|acfo,1)

7 < Me
1_\/_F2
\/_2

where M = [max |1F(.,2,0)[[12(0,1)- In the same way, we obtain for J

< MQ% (/01 B2 (x, 1) |u, ) — ﬁ(x,t)|2dx) "

f —— (MBy + M)||E — Ell s
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Then, we get
1 1/2 B
) -c()] < 6 (| Plsoluten ~atxnas) -+ mlE-Elacon,

1
where & is defined by (3.37) and n; = 5 ——(14+M,)(M,B,+M).

\/§
Therefore, we find
le —¢llco,r) < EBillu— il + M| E — Ellacio,r): (3.54)
in addition, we have
1 —_
e (t) —c‘(t)]2 < 2632/ bz(x,t)\u(x,t) — ﬁ(x,t)|2dx+2n12\|E _E”/Zxc[o T]- (3.55)
0 ki

To achieve our goal, we need to estimate each coefficient of the series u(x,7) — ii(x,t), by the
similar techniques used in the previous section, we obtain the following estimations

kgl uzlt) = Bie)] < LVT < /Ot /Olbz(va>lu(x,s) —ii(x,s) \deds> v
+% </Ot |c(t) —C_‘(l)|2/01b2(x,s) ‘g(x,s”zdde) 12

Ly t 5 1 ) 1/2
+—< [l =eP [ (Bl 0) dxds)
¥ \ o 0
and from (3.55), we obtain

by (/ / B2 (x,5) u(x,5)) — i (x, 5) |2a’xds)1/2

Z’L‘Zk —Mzk
t rl 1/2 PR 1/2
+\/§@@L“ ( / / bz(x,s)lu(x,s))—a(x,s)y2dxds) ( / / bz(x,s)|12(x,s)|2dxds>
v 0 Jo 0 Jo
V2mL _ t rl ) 1/2
+ 2 ~ Bl (| [ 2200 o) dvas

1/2 1/2
\/_(E’La <// (x,8)|u(x,s)) —i(x,s) 2dxals) // |Frx(x,5,0)] dxds>
2

\/— 1/
2n.L aHE_EHAC[O,T] <// |Fr(x,5,0)] dxds) ,

which indicates that

Z|u2k —itp (¢ |<§1(//b2xs|uxs) (xs)|2dxds)1/2

=1
+ &I E — Ellacio.1) (3.56)

where

1
51:@

L
&= ?a\/im (MzB+ MF).

[LC,T ¥ Lo(MaB+ MF)\/E(g’} ,
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Also, we have

N t
Y Jug g (2) — ity 1 (1)] < ?/ )Y Jup () — it g (s)|ds

k>1 k>1

+LLT (/t/lbz(x,sﬂu(x,s) —i(x,s) |2a’xds>1/2
</\ —&(0)| /b2xs 1 (x,5)] dxds)l/z
(/\ / Fe(x,5,0)) dxds)l/z,

L
‘P
L
‘P

using (3.55) and (3.56) to find

2 () =i )’§(1+_)€1(//b2xs (x,5)) — u(x,s)\zabcds)l/2

k>1

14+ — E—E
+ (1455 ) &l - Elcior,
where L 7 is defined by (3.33). Then, by the fact that

luo(1) — it ()| < |E = Ellcpo,7);

we deduce

t 1/2 _
()~ a0) < s ' uts) ~a(6) )+ malE - Elln

where

n2:4(2+—)51, n3:2[2<2+ 7 )&H}

Applying the [Tec G] (see p. 54) to the last inequality, we get
lu— a2 < V213 exp((12B1)*T)||E — Ellcio.7)-

and from (3.54), we have

le=zllcor < (€B1v2nsexp(naB1)*T)+m ) |IE = Ellaco 7

Then ||u—ii|| z — 0 and ||c —C||cjo,r] — O, when || E — E|| sc[o,7 — 0. This induces the continuous
dependence of u(x,7) and ¢(¢z) on E(t) for T satisfying (3.31). O

Remark 3.2. By similar method, we can obtain the continuous dependence of the solution

{u(x,t),c(t)} upon the data {¢(x),a(t),E(t)}.
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3.4 Determination of an Unknown Control Coefficient Prob-
lem

The main purpose of this section is to establish existence, uniqueness and stability results of the
inverse problem (P2).

First of all, we define the mean of classical solution of inverse problem (P2).

Definition 3.3. The pair {u(x,t),a(t)} is said to be a classical solution of inverse problem
(P2) if {u(x,1),a(t)} € [C>* (D7) NCO (Dr)] x C[0,T] and a(t) is positive on [0,T) such that
equation (3.5) and conditions (3.2),(3.6)-(3.7) are satisfied.

The spectral problem for the corresponding homogeneous equation of the problem (3.5)-(3.6)
is boundary-value problem (1.9)-(1.10). As stated earlier in Section 1.2.2, the following system
of functions:

= {XO(X) = 2(1 —x), sz_l(x) = 4(1 —)C) COS( /lkx), XZk(x) = 4sin( /lkx); k Z 1};

So={Yo(x) =1, Yo 1(x)=cos(\/Ax), Ya(x)=uxsin(~/Awx), k>1}

with A, = (27k)?, form a bi-orthogonal normalized system for the space L>(0, 1).

Throughout this section, we assume that the following conditions on the data of problem
(P2) hold:

(H1) @ € C*[0,1] such that (1) = 0,'(0) = ¢'(1),9"(1) = 0,0 (0) = ©)(1).
(H) F(x,t,u) is continuous on D7 x R and satisfies the following conditions:

(1) F(.,t,u) € C*0,1],fort € [0,T], F(x,t,u)| =1 =
Fx(xat7u)‘x:0:Fx(xat7u)|x:1:0; Fxx( X, t,u )’x— —07
Fxxx<x7t;u) ’x:0 = Fxxx(x7t>u>|x:1;

(2) there exists a non-negative function 4 € L?>(Dy) such that for each u,ii € R

n n

WF(x,t,u) —WF(x,t,ﬁ) < h(x,t)|ju—i|, n=0,1,2

with By = 3y and My = gma. [(.0) 301, < ==

al’l
(3) Mp = max{HﬁF(.,.,O)HLz(DT);n =0,1,2}, M = Joax 1F(.,2,0)[I120,1) < &
(4) Jo F(x,t,u(x,t))dx >0 forz € [0,T].

(H3) H € AC[0,T],  min H (1) = Hpn >0, “DY.H(t) <0fort € [0,T] and
SRS

H(0) = fo @(x)dx
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3.4.1 Existence and Uniqueness of the Solution

For arbitrary a € C[0,T], the Fourier series argument shows that the solution of the direct
problem (3.2), (3.5)-(3.6) can be written in the following form:

u(x,t) = uo(1)Xo(x) + Y, o1 (6)Xon—1 (x) + Y, g (1) Xog (%), (3.57)
k=1 k=1

where the first coefficient |
(1) = / u(x,1)Yo(x)dx = H (1) (3.58)
0
is obtained from (3.7) and for k > 1

1

“2k—1(t):/Olu(xal)YZk—l(x)dxa Mzk(f)Z/O u(x,t)Yo(x)dx

have to be determined. These coefficients satisfy the following Cauchy problems on [0, '] with
k>1:

D&, uo(t) = —a(t)uo(t) + Fo(t,u), (3.59)
uo(0) = ¢o;

DY g1 (1) = — Mgy 1 () — a(t)uzg—1 (1) + Fo—1 (1, 1), (3.60)
u2k—1(0) = P21 |
DS uzy(t) = = Aatange(t) + 2/ M1 (1) — a(t)uie (t) + Fai (1, ), (3.61)
qu(O) = Qo |

respectively, where
1 1
Fult,u) = / Flxt,u(x,0)Ydx, o= / o(x)Ydx, fork>0
0 0
are the coefficients of the series expansion of F(x,¢,u(x,t)) and @(x) in the basis (S3).

Applying the integral operator I’ to the fractional differential equation of the Cauchy problem
(3.59) and from Remark 1.8, we get

! ; /O (1= )% a(s)uo(s) — Fols, )] ds. (3.62)

uo(t) :(Po—r(—a

According to Theorem 1.12, the solutions of problems (3.60)-(3.61) satisfy

upk—1(1) = Qrk—1Eq1 (—At®) (3.63)
— /0 (t =) Ega(—M(t —5)%) [a(s)uox_1 () — Fox_1(s,u)] ds;
qu(t) = (ngEa,l(—lkla) (3.64)

—|—2\/7L_k/0t(t—s)a_]Ema(—lk(l—s)a)MZk_l(s)ds
- /Ot(t - s)“*lEOC’a(—?Lk(t —5)%) [a(s)ux(s) — For(s,u)]ds;

for k > 1, respectively.
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Now, applying CD(‘;‘+ to the additional condition (3.7) we obtain

1
CDSQH(],‘) :/0 ¢ (;]i’tu(x,t)dx

1
:/0 [ (x,0) — a(t)u(x,t) + F(x,t,u(x,t))] dx
1
— e (1,8) — e (0,1) — a(t)H () + /0 Flx,t,u(x,1))dx,

which yields
Jo F(x,tu(x,t))dx — DS H(t)
- H(r)

a(t) (3.65)

Definition 3.4. We denote N the set of continuous functions on [0,T|
{u(t)} = {uo(t),uzp—1 (1), u(t); k=>1}
satisfying
2luo(1)]+4 Y, (Juak—1(6)| + |uai(2) ) < oo fort € [0,7].
k>1

It can be shown that (.4, ||.]| 4) is a Banach space with

=2 4 _ .
il =2,max o) +4 . mas honcs 0]+ s, ) )

Lemma 3.2. If (H,) is satisfied, then the series Z |P2r—1, Z |@or| are uniformly convergent.
k>1 k>1
Moreover for some positive constant C, we have

9ol + Y (I@21]+ @) < Cll@ll o -
k>1

Proof. First, we have by Cauchy’s inequality

ol = [ oiax

< ol z270,1-

By integration by parts four times, we get for k > 1

_ [ _ L
O = A @ (x) cos(2kmx)dx = O 1

(2km)*
(053 :/l(p(x)xsin(2k7tx)dx= ;(p(‘l)—kL(PM)
“Jo km)* T k)’ T

Taking the sum and using Holder’s inequality, we obtain

X 1/2 1/2
Z‘%k”S(Z(ZM)S) <Z"P§2)1‘2> < Cillo o,y

k>1 k>1 >1
1 (4) 4 @) = 1 (4)
Q| < O |+ 0, 1 <Gl 20.1]-
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Thus, we conclude the uniform convergence of the above series. Moreover

9ol + X 01|+ Y 102ed < 1012011+ (€1 +C2) 10l 20,1

k>1 k>1
< Cll@llcs0,11-
O

Remark 3.3. Similarly, from (H))-(H,) we deduce the uniform convergence of the following
series:

Y Aloails Y Akl o (2, )|

k=1 k=1
and

Z(\/Tk) |21, Y ( VA Fok_1 (8, u)| forn=1,2,3.

k=1 k>1
Theorem 3.3. Let (H,)-(H3) be satisfied. Then the inverse problem (P2) has a unique classical
solution {u(x,t),a(t)} on [0,T] foralarge T and 1/2 < o < 1.

Proof. To establish the proof of the above theorem, we proceed in six steps:
Step 1: We define an iteration for the Fourier coefficient of (3.57) for N > 0, as follows:

u (1) = H(r):; (3.66)
t
N0y =i (1) - /O (t — ) Eg.a(— At —)*)a®™ ()X (5)ds (3.67)
—|—/ / T Eg o (=Mt — )9V F (x,5,u™ (x,5)) cos(v/Aex)dxds:
(1) = u e +2¢7Tk/ 1 Eg a(~ At — 5)®)ul D (5)ds (3.68)
t
~ [ =9 Eaal- Ako—s>0‘>a<N><s>u§Z“><s>ds
—|—/ / Eqa(— At — $)VF (x,5,u™) (x, 5))xsin(y/Aex)dxds;
with
up (1) = go, sy (1) = Qo1 Eat (~Mar®), 1) (1) = @oEat (—Mar®). (3.69)
Then, we define an iteration for (3.65) on [0, T] for N > 0, as follows:
a™ (1) = L D% H(t +/ (x,2,u™ (x,1))dx (3.70)
H(t) b

Step 2: Let us show that the iterations ™) (r) and a™)(r) are in .#" and C[0, T] respectively. It
is clear that, by Definition 3.4, the estimation of Mittag-Leffer type function in (3.8) and
Lemma 3.2, we get

9] < go| +Noa ¥ (| @os—1| + 92| )-
k>1

Then, from (3.9) we find

1 < ool + Y (I@ai1 |+ [ @2i]) < Cll@llcapo 1)
k>1

thus u(® € 1.
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We take N = 0 in (3.70), to get

a(o)(t)z—{ DY H(t —1—/ F(x,t,u0(x, t))dx} > 0.

1 1
Let us add and subtract m / F(x,t,0)dx to the last equation and we use the Lipschitz
0

condition to obtain

CoEHD)| | 1
@O0 < —g TR

/01 [F(x,t,u(o)(x,t)) —F(x,t,O)} dx

1 1
+ —/ F(x,1,0)dx

<|CD h t 1| d ! lF t,0)d
> / X (X, )’ x+m/0 (X, ) ) X.

From Cauchy’s inequahty, (Ha) and (Hg), we find

a® () < Hy [I°DEH leto 1)+ 1A 1) 2o,y 16 Ly + 1P (1,0) 1201 -
then, we obtain
lalleo.r) < Hor (I1H laco + Mallu®y +M) .

Since ul®) € .4, we deduce that a(*) € C[0,T].
Now, from (3.66) we get easily

=i for V2 0. 371
OfgiXTWO ()|—|| lcio,r),  forN > (3.71)

Next, we consider ugc)q (t) and ”Sc) (t) are given by (3.67) and (3.68) for N = 0 respectively,
using (3.8) and a(¥) € C[0, T], we obtain

t
(1)) < Nt @311+ Nalla o) [ (=) i) (9)] s

/ / )9 (x,5,ul0 (x,5)) cos (2mmkx)dxds | ,

from Cauchy-Schwartz’s inequality and (3.9), we find

t 1/2
001 b1y (o) ([ 1l 0ps)
// Y F (x, 5, (x, 5)) cos(27mkx)dxds | .

Applying [Tec K] (see p. 54) to the last integral, then integrating twice by parts the integrals
depending on F with respect to x on [0, 1], we get

+ Ng

' 12
1 O] < 1021 |+ 10 cpo.r1La (/o |M§§<)_1(t)|2d8>

1/2
Lo T 0) cos(2mkx) . \*
+4TC2 (/0 (A [Fxx<.x,s,l/l (x’s))_FXX(xasaO)]k—dx dS

1/2
L T/l cos(2mkx)  \*
+ ﬁ </0 (/0 Fxx(x,s,O)de) ds ,
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where Ly is given by (3.11). Applying [Tec G] (see p. 54) and after that taking the maximum,
we get

<2 < )2 L2T>
Orgele]qu 1<)’—\/_CXP la*1Ej0,m L

T 1 2
0) B cos(2mkx)
X | | P 1|+477:2 (/0 (/0 [Frox(x,5,u” (x,5)) Fxx(X,S,O)]—kz dx ) ds

1/2
Ly rol cos(2mkx)  \*
+ _4752 (/O (/0 FXX(X,S,O) k2 dx | ds

Taking the sum of both sides of the last inequality, we find

1/2

Lq

Zorgi’}%k 1()|<A( )ZI(pzk_1|+A<a(o))m

k>1 k>1

Y (foT ([ Futrsa ) - Futrs0) C°S<2”’“>"’“>2ds> 1/2
—|—A< ) v Z 2 (/OT (/OlFxx(x,s,O) cos(27rkx)dx)2ds> 1/2,

k>1

where

A <a<°>) = V2exp (Ha(o) Hg[aﬂLgT) . (3.72)

Then, Holder’s inequality gives

1/2
ZOIEE(T’M% @) <A< )Z"PZkfl“i‘A( )4%2 (g« )

k>1 k>1

<1§1/ (/ s, 3,5) _Fxx(x’5=0)]Cos(anx)dX>2dS) .
1/2
+A (a(o)) 41.4_7?2 (Z i) (;/ (/ o (X, 0)c0s(27rkx)dx)2ds) / |

k>1

Using the third fact of (3.10), then from Bessel’s inequality and the Lipschitz condition, we have

<A< )
ZolgiXT‘uzk 1 t)] Z|‘P2k 1

k>1 k>1

O L (T2 s
+A (a ) 12V10 (/0 /0 h* (x, 1) |u'™ | dxds)
L (A 1/2
0) o 2
+A (a ) 1210 (/0 /0 (Fex(x,5,0)dx) ds) :

and by (H,) —2 — 3, we get

(3.73)

X g 014 () | o+ 25 [ 500

k>1 k>1
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In the same way, according to (3.8) and ¢(?) € C [0,T], we have

(D) [ < Ny (1) /’ _ et
|”2k (t)|_Nal|(P2k|+nkorg%XTWzk_](t” 0<t 5)*ds

(0) ! a—1| (1)
+Nalla o) [ 1=9)% " |uly)(5)| ds

|
+No / / (t— )% 'F(x,5,u'® (x,s))xsin(27kx)dxds
0 JO

Applying Cauchy-Schwartz’s inequality and [Tec K] (see p. 54), after that integrating by parts
the integrals depending on F with respect to x on [0, 1], we find

kot 0<:<T

+§—Z </0t (/()I[Fx(x,s,u(o)(x,s)) —Fx(x,s,O)]%knkx)dx>2ds)

1/2
Lo [ [/ ! cos(2mkx) | \?
+ o (/0 (/0 Fy(x,s,0) z dx | ds

Applying [Tec G] (see p. 54) to the last inequality and from (3.9), we get

W NpT® W) 0 Cay e, )
|y (1)| < Not | @] + max iy (t)|+NaLalla™||cpo,r) /O\uzk (s)["ds

1/2

N, T*1 (1)
— t
or korgtangWZk_l( )

| ] 5 12
2 ([ ([ rn-ricom=00)'a)

1/2
Ly ol cos(2mkx)  \*
+g (/0 (/O FX('xvsu()) k dx dS

Taking the maximum and the sum of both sides of the last inequality, by Holder’s inequality, we
get

W ) < V2exp (a0 1 LAT) | 102l +

Z max |u$€)(t)! <A (a(o)) Z | Pax]

k=1 0=t=T k1

NL T . 1/2 N 1/2
sa(a0) I (y L (max 48, 0]
( > an k;kz ,E’l o<e<r k-1
I | 1/2
+A(a —a< —)
( >27r kg'lkz
T/ rl 2
X Z/ </ [Fx(x,s,u(o)(x,s))—Fx(x,s,O)]Cos(Zﬂkx)dx) ds
k>1 0 0

1/2 1/2
o) La 1 T 1 2
+A (a ) o ké:l 2 /;/0 </0 Fy(x,s,0) cos(27rkx)dx) ds )
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where A (a(o)) is defined by (3.72). From (3.10) and Bessel’s inequality, we get

L
Zorgngruzk o) <A( ") Lloul+a (a”) 72 T max g, )

k>1 k>1

2o

+A<a< >) fu Fe(--0)|l2(py)s

[0

+A

XSM

5 1/2
(x,5)) — Fx(x,s,O)‘ dxds>

where L) =

. The Lipschitz condition, (H,) — 3 and estimation (3.73) give

ZOT&XT|M2,(()|<A< >Z|(p2k|+(A< )) Z|(p2k N (3.74)

k>1 k>1 k>1

L 1
A (d9) L [A 20 _A+_} Byl
< > * ( >24\/15 26 [h”
According the estimates (3.71),(3.73), (3.74) and the fact that

O, +MF} .

||u(1)]\/:2 max |u0 |+4Z (max ]uzk ()] + max |u2k (¢ )|>7

0<t<T o1 0<t< 0<t<T
we get
ey <20 lego 1)+ @1 (@)@ s + 02(a”) [Ballu® Ly + M)
where
A? (aw))L,L
0y _ (0)
Q1(a’)=41A <a ) + e ,

1 +A(a(o))LﬂL+ 1
124/10 24+/15 2/6

0,(a") = 4A <a<°>> Lo

As aresult u!) € 4. In the same way, by induction we get for general value of N > 1
6™y < 21 Hllcpo 1y + @1 (@Dl @llcsio + Q2 (@™ [Byllu™ DLy + M.

Since, by induction u™~1 € .4 and a¥~") € C[0,T], then u™) € 4. Also, a™ (t) > 0 on
[0, T] for general value of N, we have

la™ lleto 1) < Hor (I1H laco )+ Mallu® |y +M) .

Finally, since u™) € .4, we deduce that a™) € C[0, T].

Step 3: We will study the convergence of the bounded iterations (u(N +1) (t)) Vo0 and (a(N ) (t))N>O
in .4 and C|0, T| respectively. Let us denote - -
Lo = max{[[a™||cpo ;N > 0}; L, = max{|[u™||_ysN > 0}. (3.75)
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First, from (3.70), we have for N > 0
1

1 1
a(N+1)(t)—a(N)(t):_[/ Pt D e [P (st )|
0 0

H(1)
by using the Lipschitz condition and (H3), we find
1
@) (O] < By [ e )~ 1)
0
Then, Cauchy’s inequality gives
™) —a™lcio 71 < Hyy My Ju™ D —u ™|y

(N+1) _ ()

Next, to estimate ||u ||y for N = 0, we start with the first term

uiV(0) = ul (1) = H(1) — g,

then

— <||H
or?,iXTWO (1) = uy ) < 1Hlcor) + 19l o)

Then, applying the same estimation used in Step 2 on
1 0 ! - 1
10 =) (0= = [[(1=9)" Eua(~Ault =) sy (9)ds

t 1
+ / / (1 = )% Eq (= Ag(t — )V F (x,5,u% (x, 5)) cos(2mtkx) dxdls,
0 JO

we obtain
(0) re Lo (0)
max |u, ) —u <—L u + By, ||u +MFr| .
;0<1<T| 2%h— 1() 2%k— 1( )| || ||JV 12 /—10 h” ||</V F

In the same manner for
u D (1) — 1l (0 2\/7Tk/ (t — )% Eqa(— At — ) (s)ds
S AGT Ea,a<—zk<r—s>°‘>a<°><s>u§}3<s>ds
+ / / 1 Eg a2t — $)%)F (x,5,u® (x, 5))xsin(2mkx)dxds,

we get

V]

¥ s )0 - 0] < | 2 + B+

k>1

2\/_
Consequently, from (3.78),(3.79) and (3.80) we find

2L,T* L
D _ 0  <ag 2 4= )L
[t —u™ [y <2 Hlcjo,r) + 2@l cso,17 + a +\/5 !

La ) [BhHu W% +MF} = %p.

+4 (L_O‘
122/10 246

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)
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For N = 1, to estimate ||u(®) —u(V)||_;-, we start with the fact

g )~ g (0] =0, N1 G381)

Then, to estimate the following expression

G0 =0 = = [ =9 Eaal =240 =95 [, () =y 0)] s
— [ 9% Eaal =24l =)y () [ 6) ¥ )] s
n / / )% Eg o~ Aalt = 5)%) [F (x5, (x,8)) = F (x,5,u) (x,5)) | cos(2mkx)dxds,
we use (3.8), (3.75), Cauchy’s inequality and estimate (3.76), we get

©) (1) f 2\
sy 1 (1) —up” ()] < NaLoLo (/0 ds>

t 1 2
1 (1) 40
+Naolga<XT‘u2k1 ‘H Ly (/0 (/0 h(x,s)|u'” (x,s) —u (x,s)|dx) ds)
, ] ) 1/2
+NgLo (/ (/ [F(x,s,u(l)(x,s))—F(x,s,u(o)(x,s))] cos(27rkx)dx> ds) :
0 0

Applying [Tec G] (see p. 54) and from (3.9), we obtain

W) ()=l | (s)

1/2

(2) 1
|uge_y (£) — qu {(1)] < V2exp ((LaL ) T) o@;ixr‘uz" 1 ‘H Lq (3.82)

1/2

X (/Ol (/Olh(x,s)|u(])(x,s) —u(0>(x,s)|dx>2ds) +V2exp ((LaLa)2T> Lo

X </Ot (/01 {F(X,S,u(l)()@ $)) = Fl,s,u®(x, S)>] Cos(anx)dX)zdS> :

Taking the sum of both sides of the obtained inequality, we integrate twice by parts the terms
depending on F with respect to x, by Holder’s inequality, we get

Z |”g<)—1( —u2k (@] < V2exp ((LocL > Z OrgeixT

k>1 >1

L 5 N\ 172
X H 1L (/ (/ h(x,s)|u) (x,s) — u® (x,s)\dx) a’s)
0 0

L) :

k>1

”gk) 1@‘

+v/2exp <(LaLa)2T) 4% (

1/2

X (,; /Ot (/01 [Fxx(x,s,u(l)(x,s)) — Fee(, 5,9 (x, s))] cos(27rkx)dx>2ds> ,
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from Bessel’s inequality and the Lipschitz condition, we find

) 1) L O a2 )
)y (1) —uy (1)] < 4 o o he(x,s)|ut ™ (x,s) —ut™ (x,5)|“dxds (3.83)

>1
with

JA =V 2exp ((LaLa)2T> <LMLaHm1 + 12%) : (3.84)

In the same way, using previous approximation techniques for

53 (6) — 5 (1)
=2/ [ (90" Bl —ale =) [ (9) — )1 5)] s
— [ =9 Eaal =24l =99 5) [ (5) — 5] as
— =9 Eaal=Ault =)} ) [ (5) - 5| as
+/ M Eqa(—M(t—9)%)

></ [F(x s,uD)(x,5)) = F(x,5,u® (x,5)) | xsin(2kmx)dxds,
0

from (3.8), Cauchy’s inequality and estimation (3.76), we get
2 1
sy (1) =y (1)

t _ 1 )
<N [ =9 ) (9 =i ()]s

t 1/2
Nl [ 15)6) ) ) Pas )
+NgH, 'L, max \u(l)(t)\ /t /] h(x,8)|u) (x,8) — u® (x,s5)|dx 2ds
ot dm aOSIST 2k 0 0 9 9 )

. | ) 1/2
4 NoLe (/ (/ [Fx(x,s,um(x, $)) — Fe(x,5,u® (x, s))] de) ds) .
0 \Jo 2mk
Applying [Tec G] (see p. 54) and using (3.9), we get
7 (6) a0

4 1
< V2exp (Lala'T) Ny [ (1=9)* " — ) (5) = uly (5)lds (3.85)

2 ~1 (1)
+v/2exp ((LaLa) T) H, Lq onax, |y (1))

X </0t </01h(x,s)|u(l)(x,s) —u(o)(x,s)|dx)2ds>

+v2exp ((LaLa)z T) Ly
. 1/2
X (/0 (/01 [Fx(x,s,u(l)(x,s)) —Fx(x,s,u(o)(x,s))} de)zds) :
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Taking estimation (3.82) into consideration, we get concerning the following term

¥ o (5) -l (9] < Vaesp ((LaLeT) Hy'La

=1k
t/ gl 2 1/2
(1) ( [ ([ o)~ ds)

+\/_exp< LoLy, 2T)La2—

k>1

X </0t (/01 [F(x,s,u(l)(x,s)) —F(x,s,u(o) (x,s))} Cos(Zﬂkx)dx)zds> 1/2,

then, the Holder and Bessel inequalities give that

1/2
T o) - (9 < VEewp (Lol T) Hy ' (;%)

k=1
() N2 1/2

' <1§1 (02%XT)M2"_'O)D ) (/0/0 hz(x,s)|u(1)(x,s)—u(o)(x,s)|2dxds)

| 1/2

Z k2

1
+v2exp ((LOCL‘,)2 T) Lo— <k>1

() [reosat e —tosaeo] avas)

At last, from the Lipschitz condition we deduce

an| o1 (S )_”g}{ ()] < \/%exp <(L06La)2T>La [H,,:ILWLI}

1
X — max
=1 kTt 0<t<T

1/2

k>1
t rl 1/2
X(// hz(x,s)|u(1)(x,s)—u(o)(x,s)|2dxds) ,
0 J0
which yields
t 2 -
/o )% 1/; s 2k i ( ”ék 1(s)lds < \/geXP ((LaLa)2T>LOt [Hy 'L+ 1]
t ol 12 .
X (/ / hz(x,s)\u(l)(x,s)—u(o)(x,s)|2dxds> /(t—s)alds. (3.86)
0 Jo 0

Taking the sum of both sides of the inequality (3.85), according to (3.86), Holder’s inequality,
Bessel’s inequality and the Lipschitz condition, we obtain

(2) “ e o 0y )2 V2
Z |u2k ( ) u2k ( >| < % o Jo h (X,S)|M ()C,S) u (X,S)| dxds ’ (387)

k=1
with

2T“
av6

+v2exp ((LMLQ)2 T) Ly (HmlLu n 2%/6) .

S = (exp ((LaLa)z T))ZL(XN,I (Hy 'L+ 1) (3.88)
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Thus, from formula (3.81), (3.83) and (3.87) we deduce

¢l 1/2
u® () —uD (1) | < o7 (/ / B2 (x,8)|utV) (x,5) — ul® (x,s)|2dxds) , (3.89)
0 J0

where 57 = 4[4 + 6], 7 and 4 are defined by (3.84) and (3.88) respectively.
As a result
[u® —uD| < ABy[Ju) — @y

Applying the same estimation, we obtain for N = 2

u® (1) — 4@ |<,%”(//h2xs|u ()|2dxds)l/2
2ds>1/2
< ([ >||Lz<m) (f [ >|2drds)l/2

1/2
<’%2Mh (/ / drdS) —%th\/_

Similarly, for a general value of N, we get

u® (s) —uV(s)

0<t<T

t
< o gua [0l ([

1D M) < ey L (3.90)

\/_

It is easy to see that xNV+1) —> (V) when N — o0 and from (3.77) we deduce that aM+1) — V)
when N — oo. Therefore (u™))y=q and (a™))y=q converge in .4 and C[0, T], respectively.

Step 4: Let us show that there exist # and a in .4#” and C|0, T| respectively, such that

lim ™V (@) = u(r),  lim a™ V(1) = a(r).
N—oo N—oo

Similarly to the previous step, we obtain
t rl 1/2
o)~ V0] < (1009 l) — ) ,9)Patnas
0Jo
t 1/2
<aomy ([ 1) - Pas)
0

which implies that
t
ju(e) —u™V (1) P < 2(%”Mh)2/ ju(s) —u™* D (5)Pds
0
5 t
L2(My) / N (5) — 4™ (5) 2.
0
Then, by Gronwall’s inequality and (3.90), we find
t
Ju (1) = ™D (1) [P < 2(A M) exp(2(H M) 1) / W™D (s) = u™(s) Pds
0

%M ZNﬁZ t
—( ) O/SNdS.
0

< 2(A M) exp(2(A M)’ 1)
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Finally, we conclude that

AMNTIT
u™ V||, <V2exp((H#M (A M) :
lu— Ny < V2exp((AMy)’T)Fo D

when N — oo, we obtain ™ *1(¢) — u(t). Additionally, we can find
la—a™ o,y < Hy ' Myllu—u™ s,

then, we deduce that a™) (r) — a(r) when N — oo. As a consequence, u € .4 and a € C[0,T].

Step 5 We are going to show that the obtained solution is classical. The series expression
(3.57) of the solution u(x,t) gives

u(e,)] < 2uig()] +4 Y g (0] +4 Y. e 0)

k>1 k>1
From Lemma 3.2 and Remark 3.3, we conclude by (3.63),(3.64) and (3.58) that the majorizing
sums of the series (3.57) and its x-partial derivative } ;- dx are absolutely convergent. Then,
they are uniformly convergent and their sums are continuous in D7. In addition, the series of
xx-partial derivative } ;- dx, of (3.57) is uniformly convergent in (0,1) x [¢,T], for any € > 0.
In addition, from the expressions of fractional derivative (3.59)-(3.60) and (3.61), we get the
following inequalities:

|CD0+“0( )| < lallco,mluo ()] + 1 Fo (- u) [l cpo,r3
D, a1 (1)] < Aluae—1 (1) + llall clo.r) | [w2k—1 (0| 4 | For—1 (- ) [l cpo.
DS sk (1)] < Aok (1) ] + 28/ Al 1 (£) | + |l cpo.7) [k (£) | + | Fok () | o 7

due to Lemma 3.2 and Remark 3.3, we deduce the uniform convergence of the series

Y A1, Y VA1 (0], Y Au ()

k>1 k>1 k>1

Then, from the Weirstrass M-test Theorem 1.8, we show that the series Z CD8‘+ up—1(t) and
k=1

Y CDS‘+ upy(t) are convergent, also from (3.58) we observe that, CD0+ up(t) is bounded. By

virtue of relation (1.23) and linearity of fractional differential operators we can extend

Theorem 1.10 to the Caputo fractional derivative case. Then, the a-partial derivative Coo

0+, t O
the series (3.57) and the series } ;> C80+7, are uniformly convergent in (0, 1) x [g,T], for any

€ > 0. Thus, u € C*>%(D7)NC"0(Dr) for arbitrary positive a € C[0,T].

Step 6: Finally, we prove the uniqueness of these solutions. We assume that problem (P2) has
two solution pairs {u(t),a;(t)},{v(t),az(¢)}. Asin view, from (3.65) we get

lar — azl|cpo.r) < Hyy ' Millu—vl|_y. (3.91)

Next, as done previously, we have

() —v (1) | < HM, (/0’ u(s) —v(s)\%zs) "

Applying [Tec G] (see p. 54) , we get |u(t) —v(t)| <0;¢ € [0,T] and consequently u (1) = v (t)
on [0, T]. Furthermore, from (3.91) we deduce that a; (1) = a, (¢) ,¢ € [0, T]. O
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3.4.2 Continuous Dependence of the Solution Upon the Data

The following result for continuous dependence upon the data of the solution of the inverse
problem (P2) holds.

Theorem 3.4. Under assumption (H,)-(Ha), the solution {u(x,t),a(t)} of the inverse problem
(P2) depends continuously upon the data of {@(x),H(t)}.

Proof. Let {u(x,t),a(t)}, {a(x,t),a(t)} be two solutions of the inverse problem (P2), corre-
sponding two sets of the data {¢(x),H (z)} and {((x), H(t)} respectively. First, we have

‘D% H(s) CD%H(s)
— o+ o0t
— = — 3.92
a(s) —a(s)| < ECR (392
Flosu(s)  Flosals)|
H(s)
Cpo 7
. . D0+H(S) . .
Adding and subtracting T to the first term of the right sided of (3.92), we get
s
cD(‘i&FI(S) - “DS.H(s)| |°DE (H(s)—H(s))] D% As) ‘ 1 ‘
H(s) H(s) |H (s)] - H(s)
DY (H(s)—H(s . |H(s)—H
_ [Dg.(AG) (>”+FD&H@n'() (5)
|H (s)] |[H (s)H (s)|
1 - I - -
< H—mHH—HHAC[O,T] + I_Tr%l”HHAC[O,T]HH_HHC[O,T]a
LF( 1 1 1
Next, adding and subtracting / de and ( — = ) / F(x,s,0)dx to the
H (s) H(s) H(s)/ Jo

second term of the right sided of (3.92), we get

H(s) H(s)
SH%)/HF@sou» F (x5, (x,5))|dx
4WHL 2 /|Fxsuxs> F(x,5,0)[dx
i~y s o
< 5 ) e atos) =t | s = ] [ s
+’H1S H_’/ IF(x,5,0)|dx.
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From Cauchy’s inequality, we obtain

/1 F(x,s,u(x,s)) _F(x,s_,ﬁ(x,s))’dx
0 H(s) H(s)
! 1 X,8)|u(x,s) —u(x,s xM 12xsxl/zﬁ
< i ) s ) —ateslax+ B EOL [T )]l
A (s)—H(s)| ([ 12
+W(/O |F(x,s,0)|2dx)

1 -
< Hy [ hxs) ) = x,s) v+ Hy 2 H = H o ) ML+

where, Lz = ||i|| s
Thus, we deduce that there exist a positive constant y; such that

B 1
a(s) = ()| < pallH = Alacior + Hy' [ h(x9) u(es) —ars)ldy (3.93)

then
lla—allcio.r) < mallH = H|lacpo.r) + Hyy Mpllu—il|_y . (3.94)

Now, to estimate u(x,t) — i(x,t) we start with
|uo(t) — o (t)| < I|E — El|cjo,17-

For later, use (3.8) to arrive
t
|upk—1 (t) —iipk—1(t)| < Nt |@ox—1 — Pox—1] +Na/0 (t =) Ya(s) — a(s)||uz—1(s)|ds
t
N, / (t = 5)% 1 a(s) [unp_1 (5) — diog_1 (5)|ds

0
+ No Ot /Ol(t — )%V [F(x,5,u(x,5)) — F(x,s,(x,s))] cos(2mkx)dxds

Then, by (3.93) and the same estimation techniques used previously in Step 3, there exist positive
constants T;,i = 1,2,3 such that

Z upk—1(t) —iig—1(t)| < 1 Z |21 — Pou—1] + T2l |H — Hl|acio,7]
k>1 k>1

+7 (/Ot/olhz(x,s)\u(x,s) —ﬁ(x,s)]zdxds) 1/2.

Repeating the same arguments to get

Y k(1) — it ()| < T4 Y, [ @2k — Pare| + 75| H — H | aco, 7
k=1 k=1

r ol 1/2
+2 Y @t — Pui|+ 7 ( /0 /0 1 (x,5) u(x, ) —a<x,s>|2dxds)

k>1

where, 7, > 0,i =4,..,7. Thus, we get for some positive constants o;,i = 1,2,3

u(t) —a(t)| < o1ll¢ — @llco,) + 021 H — Hllacpo,r) (3.95)

+ oM, ( /O lu(s) ﬁ(s)]zdxds) "
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Applying [Tec G] (see p. 54) to (3.95), we get
u(t) =7 (1)] < V2exp (3MET) 0119 = Bl cso + 02 1H — Hllacioy| -
It follows that for some positive constants v;,i = 1,...,4 and a large T, we get
lu—dlly < Vil = Bllcspo, 1) + Vol H — Hllacpo, 1

and by (3.94), we obtain

la—allco,r) < V3ll@ — @llcajo,1) + VallH — Hlacpo,7)-
This implies that when || — @[[c1po.1) < € and ||H — H|lacpo,r] < €. then

|u—illy < vigr +v2€ and |[a—adl|cp,r) < V3€1 + Va&a.

This induces the continuous dependence of {u(x,7),a(t)} on the data of {@(x),H(r)}. O

3.5 Examples

Now, we present two examples to illustrate the obtained results for problem (P1) and (P2),
respectively.

Example 1
Consider problem (P1) with
@(x) =cos(2mx) +1, F(x,t,u) = (1—x)[sin(2mx)e""“+1], a(t) =exp(2t)
and
E(t) = Eq(—2mt%).
It is easy to see that (A])-(A,) are satisfied with

n n

‘wF(x,t,l/l) _WF()C?LM)

<eu—i|, n=0,1,2

and

1
/ xF (x,t,u)dx >0, Vxe(0,1).
0
Also, we have
1
/ x@(x)dx=1=E(0).
0

It follows, all conditions of Theorem 3.1 are satisfied. Then, this inverse problem has a unique
classical solution {u(x,t),c(¢)} on [0,T] for a € (1/2,1). In addition, from Theorem 3.2 the
solution of this inverse {u(x,?),c(¢)} depends continuously upon the data of {E(¢)}.
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Example 2
Consider problem (P2) with

@(x) = —27sin(2nx) + (1 —x), F(x,t,u) = (1 —x)[cos(2mx)e* " + 4]

and |
H(t) = EEa(—Zmo‘).

Clearly that (H;)-(H,) are satisfied with

WF(x,t,u)—ﬁF(x,t,ﬁ) <& u—i|, n=0,1,2
x X

‘an n

and X
Fo(t,u):/ F(x,t,u)dx >0, Vxe (0,1).
0

Moreover, From Lemma 1.20 we have
CDYH(t) = —mEq(—2mt%) <0, Vre0,T)]
and
1 1
/ o(x)dx= = =H(0).
0 2

Therefore, all conditions of Theorem 3.3 are satisfied. Thus, this inverse problem has a unique
classical solution {u(x,),a(t)} on [0,T] for o € (1/2,1). In addition, Theorem 3.4 implies that
the continuous dependence of {u(x,t),a(¢)} upon the data of {@(x),H(t)}.
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Weak Solution for a Time-fractional
Reaction-diffusion Model with
Application to an Inverse Problem

4.1 Introduction

It is well-known that the considerable interest in the study of fractional reaction-diffusion
equation, has been motivated by applications in different fields of science and engineer. It is worth
mentioning that significant development has been made in the study mathematical properties of
the solution to the fractional partial differential equation. In [1], Kirane et al studied the time-
fractional reaction-diffusion equation and obtained the globally bounded solutions with suitable
assumptions on initial data. In [69], the authors established the existence and uniqueness of a
weak solution of time-fractional reaction-diffusion model with density-dependent diffusion and
non-local boundary condition by using the Faedo-Galerkin method and compactness arguments.
Moreover, in [13] the authors obtained the existence of the solution of anti-periodic nonlinear
fractional boundary value problem by using Schauder’s and Banach’s fixed point theorems. Also,
in [52] the authors proved the existence and uniqueness of weak solution of super-diffusion
equation in the Banach space C([0,7]; H} (Q)) by using fixed point theorem.

Recently, there has been a growing interest in inverse problems with fractional derivatives.
Usually, in these works a fractional time derivative is considered and determination of source
term under some additional condition(s) is the inverse problem, see [31, 32, 48, 67].

In [16], A. Demir and al. consider the following initial boundary value problem:

C&éﬁJu(x,t) = (k(X)ux(x,0))x+r(t)F(x,2), 0<a<1,(xt)€Qr
u(x,0)=gx), O0<x<l
u(0,0) =yo(t), w(l,t)=wy1(r), 0<t<T

where Qr = {(x,1) € R*: 0 <x < 1,0 < < T} and “9% ,u(x,t) is the Caputo fractional
derivative of order 0 < o < 1 in the time variable. The main gdal of their studies is to investigate
the distinguishability of the unknown source function r(z) via input-output mappings in a one
dimensional time fractional inhomogeneous parabolic equation from the output data at specified
given data. By defining the input-output mappings ®[.] : Z — C'[0,T] and ¥[.] : Z — C[0,T],
where & represents the set of admissible source functions, the inverse problem is reduced to the
problem of their invertibility.

Inspired by the works mentioned above, in this chapter, we aim at studying the existence,
uniqueness and stability of weak solution for the time-fractional reaction-diffusion problem in
view of fixed point theory. In addition, an inverse problem with a measured output data g(¢) in a
fixed point space is studied. Note that main results of this chapter is presented in the paper [17].
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4.2 Statement of the Problem
In this chapter, we mainly consider the time-fractional reaction-diffusion equation as follows:
C8g+7tu(x,t) =d(t)Au(x,t) + B(t)F(u(x,t)), (x,1) € Qr 4.1

subject to Dirichlet boundary conditions

u(x,1) =0, x€dQ, te€]0,T] 4.2)

and the initial data
u(x,0)=0¢(x), xeQ (4.3)
where Qr = Q x (0,7], Q C R",n > 1 is bounded and JQ is its smooth boundary, Caoﬂgt

denotes the Caputo time fractional derivative of order @ € (0, 1), d (¢) is the diffusion coefficient,
B(t)F (u) is the reaction term and ¢ (x) is the initial given data.

We will consider two cases, F(u) = Mu and F (u) =M, M € (0,0), we discuss the existence,
uniqueness and stability of weak solution of direct problem (4.1)-(4.3) in a Banach space
C([0,T); H} (Q)) by using the fixed point theorems.

Next, we consider the inverse problem of determining the unknown time dependent reaction
term (z) from the output data at specified given data, by defining the input-output mapping
®[.]: #Z — L[0,T] and Z the set of admissible source coefficients. These formulations reduce
the inverse problem of finding B(¢) to the problem of invertibility of ®. This leads us to
investigating the distinguishability of the source function via the above input-output mappings.

Definition 4.1. We say that the mapping ®|.] : Z — L=[0,T| has the distinguishability property
if P[B1] # P[B] implies P (1) # Pa(1).

This, in particular, means the injectivity of the inverse mapping ®~!.

4.3 Weak Solution via Fixed Point Theory

The first goal of this study is to reformulate the equation (4.1) from which the weak solutions
will be derived.

According to Remark 1.8, we can reduce the problem (4.1)-(4.3) to an equivalent integral
equation by applying the fractional integral operator /7, as follows:

u(x,t) = @(x)+ ﬁ/ot(t — )% W (u(x,s))ds in Qr, 44
u(x,t) =0, in 09Q,
where
W(u) =d(s)Au+ B(s)F (u). 4.5)

The functional integral equations describe many physical phenomena in various areas of
natural science, mathematical physics, mechanics, and population dynamics [9, 15]. The theory
of integral equations have been a source of very interesting problems within the realm of
functional analysis, topology and fixed point theory (see, [8, 42]). It serves as a useful tool in
turn for other branches of mathematics, for example, for differential equations, see [66].
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Now, we introduce the operator ¥ as follows:

_ R Y AP ,

(u(x.) = 00+ g /0 (t — )% "W (ulx,s))ds in Qr,
Yu(x,t) =0, x€dQ, rel0,7T],

where W (u) is defined by (4.5).

Definition 4.2. When u € C([0,T],H} (Q)) satisfies

((u(t) =Fu(t)),v) 20 =0, Vt€[0,T],ve H}(Q), ie.

/Qu(x,t)v(x)dx:/Q {(P(x)%—ﬁ/ol(t—s)“IW(u(x,s))ds v(x)dx, (4.6)

where (.,.)12(q) is the scalar product in L?(Q) spaces and W (u) is defined in (4.5), we call u is
a weak solution of the time fractional diffusion equation (4.1)-(4.3).

In the case F(u) = M, we have the following existence result, which is assured by using
Schauder’s theorem:

Theorem 4.1. Let o € (0,1), we assume that d, B and ¢ satisfy the following:
(A1) d € L([0,T],R"),B € L[0,T] and ¢ € H}(Q).
Then, if the positive constant C satisfies

)= T

T(a+1) <1, 4.7)

the time-fractional reaction-diffusion problem (4.1)-(4.3) has at least one solution

u € L*(0,T; Hg (Q)) NC([0,T],L*(Q)) such that 9§, ,u € L*(0,T;L*(LQ)).

Proof. First, we define the subspace of the standard Banach space C([0,T]; H} (Q))
B(@r) = L3(0,T; HY (@) N C([0,T): LA(@))

and _
Br={u€B(Qr):||ulls, <R},

a closed convex nonempty subset of C ([0,T]; Hj ()) equipped with the induced norm

e = lelleorinyan) = 398 IeC-0) e

where we choose R sufficiently big to have

Aﬂ%”ﬁh@&ﬂTa>(1_HdManTa)_l

R (10l + o Dot 1)

where Cy = (dex)l/z.
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Next, we prove that the operator ¥ makes Bp into itself and is completely continuous. For any

v € H}(Q) satisfying ||v Hi@) < 1, using integration by parts and Cauchy-Schwarz inequality,
we get

[(W (1)), v) 2 |—|< () Au() + B (6)F (u(t)),v) 12 (o)
< d(@)[{Au(t),v) 2 )| + [BOIM,v) 2]
< d(1)|(Vu(t), VV>L2 o)l FIBOIM,v) 120 (4.8)
< ||| z=po.r Ve (1) [ 2@ VY 2 ()
+MGCo||Bllz=pp,7) IVl 2

By using the real order Sobolev imbedding theorem, we get that |[v[|;2q) <[]V 1 (o) for each
v € H}(Q). Then, we obtain

(W (u(t)),v)200)| < Hd||L°°[o,T]H”(f)||H5(Q)||V||H(;(Q)
+MCol[Bll=po.11 VIl )

From the fact that H~' (Q) = (H}(Q))’, we get Wu € H~' (). Hence

[Wu(t) g1 = sup  [(Fu(t),v)2q)

V4 o<1

:

_ oo
< sw {0+ gy | 9 )i
Mg <! [(0el £ ‘ .
: "
< sup ||¢HL2(Q)+F()HdHL°"OT sup [u (1) [ 51 (o)

<1 te|0,T
HV”H(%(Q)— L [0,7]

a

T
+ 2 MColBl-om) e

TOt
INa+1)

[04

<9 lz2(0) + (1]l =(0,7) lual| Bz +MColIBll (0.7

<19llr2@) + [l =(0,r1R +MCo|| Bl =p0,77] <R,

INa+1)
consequently, Wu € Bg. After that, we are going to prove that WBy, is equicontinuous set. For all
t1,12 € [0,T] such that t, > #, for u € Bg and every v € Hj (Q) such that HV||1-11 <1, we have

[Wu(ty) = Pult)|| g1 = sup  [(Yu(ro) = FYu(t1),v) 20
”VHH(%(Q)§1

[ 9% -9 W), s

< sup =
¥l <1 T ()

+/t2(f2 —S>a*1|<W(M(S)),v>L2(Q)|dS

|| z=[0,7] MC0H5||L°°[0.,T] o . a
< (Pl + g 50 ) (15 1420,

which tends to 0, when #; tends to 7,, this implies the equicontinuity of V.
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4.3. WEAK SOLUTION VIA FIXED POINT THEORY

The Arzela-Ascoli Theorem 1.7 shows that W is completely continuous from its uniformly
boundedness and its equicontinuity. Finally, combining this result with Schauder’s theorem, we
conclude the existence result of a solution in B (QT). The proof is complete. [

Remark 4.1. In this case, we can prove uniqueness of the solution by using the standard
procedure for the uniqueness result, i.e., let uy(x,t) and uy(x,t) are two weak solutions of
problem (4.1)-(4.3) in the sense of Definition 4.2. Then from the representation (4.6) of the weak
solution, we have

/Q (1 (x,1) — o (5, 1) (x)dx = 0, Vi € [0,T],v € HL(Q),

which implies that uy (x,t) = up(x,t).
Now, let us prove the stability result:

Theorem 4.2. The solution of the problem (4.1)-(4.3) depends continuously on the initial data ¢,
the diffusion coefficient d and the reaction coefficient 3.

Proof. Let u; and up be weak solutions of problem (4.1)-(4.3) corresponding to initial conditions
@1 and ¢, diffusion coefficient d and d», reaction coefficients ; and 3, respectively. Then, we
have

sup [lur(1) —ua2(t)|lg-1@) = sup  sup  [(ur(r) —u2(t),v)12()]

t€[0,T] 1€[0,T] \|v||H6<Q)§l
< sup [((91—92),v)12(0)]
HV”H(l)(Q)Sl

T T

+MCo|| By —/32||L°°[0,T}ar—m) + ldi —d2||L°°[o,T}ar—m)||M1 8@,

TOC

+ HdZHL‘”[O,T]WHul — 2|l p@y
o

<|¢1 — P2l 2 (0) + M ||dy — da||p=p0,1]

INa+1)
T*MC,
+ m”ﬁl = Ballz=j0,7) + Cllmy _”2HB(§T)7
where M| = ||u; ”B(ﬁT) and C is defined in (4.7). Hence,

1 T*M,
|1 —MZHB(QT) < TC||¢1 — P20+ (=0 T(at1) |d1 — dz||=p0,7)

TMCo||B1 — B2l z=[o,7]
(1-C)C(a+1)

which implies the stability result. ]
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CHAPTER 4. WEAK SOLUTION FOR A TIME-FRACTIONAL REACTION-DIFFUSION
MODEL WITH APPLICATION TO AN INVERSE PROBLEM

When F (1) = Mu, we have the following theorem, which is based on the Banach contraction
principle:

Theorem 4.3. Assume that B, d and ¢ satisfy (A1). Then, if the positive constant

M = (||d|z=10,7) +MIIBll=p0,77)
satisfies
TO(
%F(a +1)
the problem (4.1)-(4.3) admits a unique solution u € L* (0,T;H} (€)) NC([0,T],L*(Q)) such

that ©og', ,u € L*((0,T],L*(Q)).

<1, 4.9)

Proof. First, we have to check that the operator ¥ makes B (57) into itself. In view of (4.8)
with F (u) = Mu, we have

(W (u(1)),v) 20| < [l =10,7) + M Bl =j0,77] [l () HH(}(Q)HVHH(}(Q)- (4.10)

Then, we have

[Wu (@) g1y =  sup [(Yult),v)2q)

HVHH(%(Q)SI
swp |19 20|+ = /t(t YW (u(5)),0) 20 |d
= yVII2(Q — S u(s)),v)r2(o s|,
S @1 a) Jo @

using estimation (4.10) , we get

lll=jo.7) + MBI o.ry) T
sup 190 (1) -1y < 1030y + LT 1) lull -

r€[0,T] INa+1)

Thus, ¥ is bounded and maps B (Qr) into itself. Then, we will show that \P' is a contraction. For
any uy,u, € B(Qr) and v € H} (Q) satisfying HVHH(} (@) < 1 we have

[(W (w1 () =W (u2(2)),v)12(q)]
= [{d(O)[A (ur (1) = uz(£))] + B (@) [F (1 (1)) — F (u2(2))],v) 12 (0|
< Il z=po, 7y IV (1 (8) — w2 ()] 12 IV |22 )
+M|| Bl =jo,ryllur (1) —u2 () [| 200 IV 12(02)
< [lldll =10, +MIBll=(0,17] |1 (£) — w2 (7) ||H(}(Q)HVHH5(Q)~
Consequently, we have

sup Wy (1) =W (1) [|g-1(R) = sup sup [{(Wuy (1) = Wua (1), v)12(q)|

t€[0,T] 1€[0,T] ”"Hﬂg <1
1 1
< sup F—/(f—s)a_l sup  ((W(u1(s)) —W(uz2(s)),v)12q)|ds
refo,r (@) Jo ¥l <1
T(X
< (|d|lz=(0,7) +MHﬁ||L°°[O,T])m”u1 —”2H3(§T)
TOC

< els@);
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4.4. APPLICATION TO AN INVERSE PROBLEM

knowing that condition (4.9) is satisfied. From the Banach theorem, we deduce that ¥ is a
contraction map_ping, thus the fractional reaction-diffusion problem (4.1)-(4.3) has a unique
solution u € B (QT) . This completes the proof. [

Now, we prove the stability of the solution.

Theorem 4.4. The unique solution of the problem (4.1)-(4.3) depends continuously upon the
initial condition ¢.

Proof. Let uy, uy be two solutions of problem (4.1)-(4.3) corresponding to initial conditions ¢,
and ¢, respectively, we have

sup [lur(t) —ua(1)[[g-1@)= sup  sup  [{u1(r) —u2(t),v)2(q)]
t€[0,T] t€[0,T] ||v|\H& (Q)gl

< sup (91— 02),v) 120
||VHH(;(Q)S1
o

T
+ (] =p0,71 + M| Bl z=[0, 1] ol (a )|| 1_”2”3(§T)

< sup 91— ol Ve + e — g,

<
”VHH(%(Q)—I

Hence

ler = wallp e,y < =7 1191 = ®2ll 2

which implies the stability. [

4.4 Application to an Inverse Problem

First, we consider problem (4.1)-(4.3) with F (1) = M, d (t) = d a positive constant and the initial
data ¢ (x) = 0. The inverse problem consist in determining f3 (¢), by an additional measured
data in a fixed space point xg € Q

u(xop,t) =g(t), te€l0,T]. 4.11)
We just prove a stability estimation of the unknown reaction coefficient 3 (z).

Theorem 4.5. Let g and DY . g in L”[0,T]. Then, there exist two constants &;,& > 0 such that:

Sillgllz=po,r) < IBll=po,r) < 52||CD0+8||L°°[0,T]~ 4.12)
Proof. In view of (4.4) with F(u) = M, we get

T(x
el ey < N9l + Hd||L°°[07T]||””B(§T)m
TOC
MC, 0T =<
+MCo||B|L [O,T]F(a+l>»
taking into consideration that ¢ (x) = 0, and d(¢) = d, from (4.11) we obtain
T*MC
lgll=j0,r] < H”HB(ﬁr) < (=) T (a+ 1) 1Bl z=[0,1]-
dT*
here Cy = ———.
where C,; RCES)
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MODEL WITH APPLICATION TO AN INVERSE PROBLEM

Then, ) )
(1-C)T(a+1
1Blz=(0,r1 = TaMC, gl z=[0,77- (4.13)

On the other hand, we resolve problem (4.1)-(4.3) with d (t) = d a positive constant, F (u) = M

and the initial data ¢ (x) = 0 by Fourier method. We can obtain the solution as an eigenfunctions

expansion form Z T,,(t)X,(x), where the eigenfunctions satisfy the following spectral problem:
n>1

_AX, = A.X, 0
{ n=/nin, X€ (4.14)

X,=0, ondQ.

For second claim, replacing Z T,,(t)X,(x) in equation (4.1), multiplying by an eigenfunction
n>1
and integrating over €, we get the following Cauchy problem:

DY T,(t) +dMTy(t) = MB(t), t€[0,T
7,(0) =0,
From Theorem 1.12, the solution of the above problem is
1
T(0) =M [ (¢ =9 Eq.a(~dalt ~5)*)B(s)ds. (4.16)
0
Finally, the unique solution of problem (4.1)-(4.3) satisfies consequently
> t
u(et) =Y / M(t — )% B(5) Eq(—dn(t — 5)%)d5Xo (). 4.17)
n=17/0
Using the supplementary data, we get
8(1) = u(xo,1)
> t
-y / M(t — )% B(5) Ea.a(—dAn(t — 5)*)dsXy (xo).
n=170
Hence, in view of equation (4.1) we get
BIM < | (1))
> t
+Md Z ln/o 1B(s)| (t— s)a_lea(—d)Ln(t —5)%)ds | X, (x0)]. (4.18)
n=1
We use The Lemma 1.10 to get
dA,(t —s5)*C
dMEq o(—dAy(t —s5)%) < — <E 4.19
and the fact that ) |X,(xo)| is convergent to denote
n=1
G(t—s)=dY M(t—5)*"Eqa(—ddy(t—5)%)|Xu(x0)| - (4.20)

n=1
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4.4. APPLICATION TO AN INVERSE PROBLEM

Then, we obtain

%))
o) < 28800 001G —syas
C
< [5.80)] O&g( ‘+EZ|X (xo |/ B(s)| (1 —5)* ' ds. @21

Consequently, applying the Gronwall Lemma 1.3, we obtain

c
ey < L2E20)
- M
o ¢ CDoc g(s) B
Kt X Watoo)] [ 2800 e,
n=1 0 M
and thus,

1

1Bl z=p0,7) < 1+Ki_oE Z | X, (x0) ’— ||CDO+8||L°°0T (4.22)
n=1

Between (4.13) and (4.22) we obtain (4.12). This completes the proof. ]

Now, we reduce the inverse problem (4.1)-(4.3)-(4.11) of determining the unknown coef-
ficient B(¢) to the problem of invertibility of the input-output mapping ®[.] : #Z — L=[0,T]
corresponding to the output data g(r) = u(xo,) given by

Z / BsIM(t = 5)* Eqyoe(—dAn(t — 5)*)dsXn (x0), (4.23)

where Z represents the set of admissible source functions defined by

—{BeL0,T): &llgl=p) < 1Blli=07 < &IDE llmpor } -
It is shown that the distinguishability of the input-output mapping holds.

Theorem 4.6. Let g and DY '8 € L”[0,T] hold. Then, the mapping ®|B] defined by (4.23) is
distinguishable on Z, i.e., for any B1,B, € %,

O[B1] # @[Ba] = Bi(t) # Ba(t);  fort €[0,T].

Proof. We use the contra-posed reasoning i.e. :

VBi,Bo€Z Bi(t)=Pa(t) for t€[0,T] = P[B)] = P[B].

From the uniqueness of the solution of the direct problem (4.1)-(4.3), we find B;(t) = Ba(¢)
implies that u(x,7) = up(x,t) with ¢ (x) = 0. Then, B;(s)M = Bo(s)M and we get easily
g1(t) = g2(z), which leads us to ®[B;] = P[B]. O
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Conclusion

In this work, our main scientific contributions focused on the existence, uniqueness and
continuous dependence on the data of the solution for various classes of inverse parabolic
problems involving two types of fractional derivatives (Hilfer and Caputo). The results are based
on Fourier’s method, a bi-orthogonal system, the iteration method, Gronwall’s Lemma and the
technique of fixed point. In most case, it is difficult, or infeasible to find the appropriate spaces
of the analytical solutions and suitable conditions to ensure the well posed character of the
problems. Note that in Chapter 3, the order of fractional derivative is not what we supposed to be
0 < a < 1, in fact we got a limited order o € (1/2,1), this can be improved in the future. Also
the results are obtained for small 7 for problem (P1) and we get an improvement for a large T
for problem (P2).

For the perspective, it would be interesting to extend the obtained results by considering the
time-space semi-linear parabolic equation with fractional Laplacian operator. Other methods can
be tried such as Galerkin’s or numerical methods.
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