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Abstract. This paper is concerned with the inverse problem of recovering the time
dependent source term in a time fractional diffusion equation, in the case of non-
local boundary condition and integral overdetermination condition. The boundary
conditions of this problem are regular but not strongly regular. The existence and
uniqueness of the solution are established by applying generalized Fourier method
based on the expansion in terms of root functions of a spectral problem, weakly sin-
gular Volterra integral equation and fractional type Gronwall’s inequality. Moreover,
we show its continuous dependence on the data.
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1 Introduction

Differential equations involving fractional time derivatives of order less than
1, namely time fractional diffusion equation (TFDe) have become an essential
tool in modeling slow diffusion (subdiffusion) processes in chemistry, physics,
viscoelasticity, biology, nuclear power engineering [7,26,27]. The problems with
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by other publishers.
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TFDe should be more difficult since some standard methods cannot be applied
for a non-classical derivative. The difficulty comes from the definition of the
fractional-order derivatives, which is essentially an integral with the kernel of
weak singularity.

It is important to emphasize that the first theoretical results for the inverse
problem of determining the coefficients in TFDe are obtained in [10, 20, 22,
33,39]. Inverse source problems for TFDe have been intensively investigated
by many researchers under various initial, boundary and overdetermination
conditions. The inverse problem of finding of a space-dependent source term
from final temperature distribution was considered in [4,6,14,15,21,22, 30, 37]
and recovering a space-dependent source term from total energy measurement
has been discussed in [8,24,25]. For a TFDe inverse problem of identifica-
tion a time-dependent source term from temperature measurement at the se-
lected point in the spatial domain was considered in [5,19] and determining
a time-dependent source term from integral type overdetermination condition
was studied in [2,3,16,18]. The initial and boundary data identification from
final measurements in the initial boundary value problem for time-fractional
heat equation was studied in [1,21] and [9], respectively.

In studying inverse source problem for TFDe there are several approaches
in the literature, one of which is the generalized Fourier method. The pa-
pers [1,2,3,4,18,22,30] consider the inverse source problems in point of view
of spectral analysis that the temperature distribution is expanded in terms of
root functions (the system of eigenfunction and associated function) of a spec-
tral problem with the boundary conditions which are used in related problem.
If the boundary conditions includes some nonlocal characters then the classi-
cal self-adjoint eigenfunction expansion results can not be applied in auxiliary
spectral problem and it neeeds additional eigenfunction expansion investiga-
tion [28]. Non-self-adjoint operators appear e.g. in the modeling of processes
with dissipation [17,36]. In many cases a nonlocal condition is more realistic in
handling physical problems than the classical local conditions, which motivates
the investigation of nonlocal boundary-value problems.

In this paper, we are concerned with an inverse source problem of recovering
a time-dependent source term a(t) and wu(z,t) for the following TFDe,

D§, (u(x,t) — u(z,0)) = Uge + a(t) f(z,1), (x,t) € 2, (1.1)
supplemented with the initial condition
u(z,0) = p(x), 0<a <1, (1.2)
and the nonlocal family of boundary conditions
w(0,t) = u(l,t), augy(0,t) =wu,(1,t),0<t<T, (1.3)
where 0 < ¢ <1, 2p = {(z,t): 0< 2 <1,0<t<T}, f(z,t),o(x) are given
functions and « is real constant.

The direct problem is to determine the solution u(zx,t) that satisfies (1.1)—
(1.3), when the function a(t) is known. The structure of the source term
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a(t) f(x,t) in (1.1) appears in microwave heating process, in which a(t) is pro-
portional to power of external energy source and f(z,t) is local conversion rate
of microwave energy. The external energy is supplied to a target at a controlled
level by the microwave generating equipment. Inverse source problem for such
a model gives an idea of how total energy content might be externally con-
trolled. However, we are interested in finding the pair of solution {a(t), u(x,t)}
from (1.1)—(1.3) with integral overdetermination condition

/1 w(z, )z = B(t), 0<t <T, (1.4)
0

where F(t) are given functions. The integral condition (1.5) arises naturally
and can be used as supplementary information in the identification of the source
term. Such type of condition can describe several physical phenomena in con-
text of chemical engineering, thermoelasticity, heat conduction and diffusion
process, fluid flow in porous media [18].

Compared with the inverse source problem for TFDe with local boundary
conditions, many less results are available for the nonlocal problems.

The paper [22] investigated first an inverse problem of finding the temper-
ature distribution and the space dependent heat source from final data. The
obtained results were extended to the two-dimensional problem in [23]. For the
case a = 0 in (1.3), the authors in [2] determined a source term independent
of the space variable and solution for TFDe from integral type extra condition.
The well-posedness of the inverse problem in more general case was proved
by using eigenfunction expansion of a non-self adjoint spectral problem along
the generalized Fourier method in [18]. For a two parameter TFDe, the au-
thors in [15] constructed the series representations of the solution and space
dependent source term by utilizing solvability of a 2 x 2 linear system with a
coefficient matrix involving Mittag-Leffler functions. Recovering time depen-
dent coefficient of a generalized TFDe from energy measurement and space
dependent source term from final data was performed in [13] and [14], respec-
tively. In all the previous works cited above, the problems considered involve
the special case of (1.3): a« =01in [2] and o =1 in [13,14,15,22,23]. The gen-
eral case o # 0 for boundary condition and weakly singular Volterra integral
equation approach for unique determination of solely time dependent source
term is considered for the first time in our work.

The rest of the manuscript is organized as follows: in Section 2, we present
the mathematical formulation of auxiliary spectral problem and construction
of the bi-orthogonal system. In Section 3, existence and uniqueness of the
solution of the inverse time-dependent source problem is proved by generalized
Fourier method and Volterra type integral equation with the kernel may have
a diagonal singularity. Moreover, the continuous dependence upon the data of
the solution of the inverse problem is also shown by utilizing the fractional type
Gronwall’s inequality in this section. Finally, in Section 4, we recall some basic
definitions and facts on fractional calculus and present some necessary lemmas
needed for further investigations.
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2 Auxiliary spectral problem and construction of the
bi-orthogonal system

The spectral problem for the initial boundary value problem (1.1)—(1.3) is given
by
X'x)+AX(z)=0, 0<z <1,
X(0)=X(1), aX'(0)=X'(1).

If a # —1, then the boundary conditions in (2.1) are regular but not strength-
ened regular [28]. In this case the problem (2.1) has double eigenvalues A, =
(27n)? (except for the first A\g = 0). The set of eigenfunctions and eigenvalues
of the problem (2.1) are the following:

(2.1)

Xo(z) =0, \g = 0; Xo,_1(x) = 4cos(2mnz), \p = (27n)%, n>1.  (2.2)

It is well-known that the main difficulty in applying the Fourier method is its
basisness, i.e., the expansion in terms of eigenfunctions of the auxiliary spectral
problem. The set of eigenfunctions {X,,(x)} (n = 0,1,3,5,...) of the spectral
problem (2.1) is not complete in the space L3(0,1). The set of eigenfunctions
with the associated eigenfunctions is supplemented to make the set complete
on L2(0,1). We use the equation

=X () = My Xon(2) + VA Xon-1(2), 0 <2 <1,
Xon(0) = Xon(1),  aXy,(0) = Xa,(1),

to avoid the problem of the choice of associated functions for their construction.

Then, associated functions are: Xo,(z) = 2 (1 — (1 — a)z)sin(2wna),
n = 1,2,.... This set of functions {Xo(x), Xon_1(x), Xan(z)} form a Riesz
basis in L3(0,1). The system {Yy(x), Yon—1(2), Yan(x)} (n = 1,2,...), which is
bi-orthogonal to the system {Xo(x), Xop—1(z), Xon(2)} (n = 0,1,2,...) has
the form

Yo(z) = 250 g,

Yon—1(z) = Wx cos(2mnz), (2.3)
Yon(z) = 2952 sin(2mna).

In the rest of the paper, we will consider the following class of functions to
investigate well-posedness of the inverse source problem (1.1)—(1.4): %[0, 1] :=

{¢(x) € C*0,1]; %(0) = ¥(1), ayp' (0) = %' (1), ¥" (0) = ¥" (1)}

Lemma 1. ( [32]) If p(x) € *0,1], f(z,t) € &*[0,1],Vt € [0,T], then we
have:

A2 (0, Yan) = (9", Yan), N2(f,Yon) = (f*,Yan), n>1,

> VA e € il s Y |V, Yan)
n=1 n=1

< e ”50”04[0,1] )

where ¢1 and cy are some positive constants.

Math. Model. Anal., 29(2):238-253, 2024.



242 M.1. Ismailov and M. Cicek
3 Well-posedness of the inverse problem

A solution of the inverse problem (1.1)—(1.4), which we called the classical
solution, is a set of functions {a(t),u(x,t)} satisfying a(t) € C[0,T], u(.,t) €
C?([0,1],R) and D¢, (u(x,.) — u(z,0)) € C[(0,T],R].

The choice of the term Dg, (u(z,t) — u(x,0)) instead of the usual term
D{_ u(z,t) is not only to avoid the singularity at zero, but also to include
certain initial conditions [31].

In this part, we will examine the existence, uniqueness and stability of the
solution of the inverse initial-boundary value problem for the TFDe (1.1) with
time-dependent source term. For the proof, we will need to use the eigenfunc-
tions expansion method, some properties of the Volterra integral equation with
weak singular kernel and fractional type Gronwall inequality.

Theorem 1. (Existence and uniqueness) Suppose that the following conditions
hold:
(A1) ¢(x) € 2U[0,1];
(A2) (t) € C[0,T\C'[0,T]; D§, (E(t) — E(0)) € C[0, T;
= Jy pla)da
(4s) f(%t) € C(Qr); f(z,t) € 2U0,1], Vt € o, T] f(0,t) = f(1,1),

afs(0,t) = fo(1,1), fzz(0,t) = frz(1,1) fo x, t)dx # 0¥t € [0,T).
Then, there exists a unique classical solutzon of the inverse problem (1.1)-
(1.4) in Q.

Proof. For arbitrary a(t) € C[0,T], by applying standard procedure of the
generalized Fourier method the solution u(x,t) of problem (1.1)—(1.3) can be
expanded to series form as follows:

u(z,t) = vo(t) Xo(x) + Z[Uln(t)Xgnfl(fE) + vop (t) Xon (2)], (3.1)

where the functions vg(t), vin(t), van(t), n = 1,2,... are to be determined.
Let {fo(t), fin(t), fon(t)} and {wo, ©1n,v2n} be the coefficients of the series
expansion of f(x,t) and p(x), respectively, i.e.,

/ F(@,O)Yo(2)dz, fin(t) / F(,8)Yan_1 (2)dz,
fan(®) / F(,t) Yan () da, 4,00*/0 () Yo () dz,
Pin = / (@) Yan 1 (2)dz, pon = / () Yo (2)dar

By virtue of the bi-orthogonal system (2.2)—(2.3) and using (1.1), we can easily
see that vg(t), v1,(t), van(t), n = 1,2, ... satisfy the following linear fractional
differential equations, respectively,

Dg (vo(t) = v0(0)) = a(t) fo(t), vo(0) = (3.2)
Dg+(v2n(t) - UQn(O)) + >\nv2n( ) a(t)f2n( ) v2n(0) = V2n, (33)
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DY (010 (£) =010 (0) F A 015 (8) 3V A v2n () =a(t) fin (1), 010 (0) = v1p, (3.4)

where ), are eigenvalues of (2.1). By taking the fractional integral I, of (3.2),
we get the solution vg(t) of (3.2) as

vo(t) = 9o + ﬁ / (t — 7)1 La(r) fo(r)dr

According to (4.1), it can easily be seen that the solution ve,(t), n = 1,2, ...

of (3.3) is
Von () = paneq(t, An) + / eq.q(t — T, A\p)a(T) fon (T)drT, (3.5)
0

where e,(t, A) := E,(—=At9) and eq 4(t, \) := t97 E, ,(—\t?).
According to (4.1), (3.5), the solution vy, (t),n=1,2, ... of (3.4) is given by

vln(t) = L)Olneq<t7 )‘n) + H(t) * eq,q(t7 )‘n)v

where '+’ is the convolution integral,

H(t) = =V Aulaneq(t, An) +7(E) fan (t) * €q,q(t An)] + alt) fin (D).

The formulas (3.1) and (1.4) yield a following Volterra integral equation of
the first kind with respect to a(t) :

/KtT Ndr + F(t) = B(b), (3.6)

where

F(t):Z{goo—%qu)/ot(t—T) a(r) dT}JFZ[ Paneq(t, An)| -

Further, the Equation (3.6) yields the following Volterra integral equation
of the second kind by taking fractional derivative D{ 4

/ DIK(t,7)a(r)dr + a(t) lim I3~ K(t.7) + Di, (F(t) ~ F(0))
— DEL(B() — ). (37)

By using the properties (ii¢) in Proposition 1, it is easy to show that
DE, (F(t) — F(0) = 2a(t) fo(t) + 3 [m/An%eq(t, An)} . (3.8)
n=1

DIK(t,T) i [mﬁ eqqlt ) fon(T )] (3.9)

n=1
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and

a(t) lim IT'K(t,7)+ D, (F(t) — F(0))

T—t—0
—a t)/o Fz,t)da + i [2\/2%%(15, An)] (3.10)

According to (3.7)—(3.10), we obtain the Volterra integral equation of the
second kind with respect to a(t) in the form

—|—/O Q(t,m)a(r)dr (3.11)

with the free term P and kernel @

DY, (E()=EO)- 3 [2VRupanea(t )] DuK(tr)
Po= fol f(z,t)dz Q= fo ,1) da

According to the Lemmas 2 and 3 we estimate the kernel of (3.11) in the
following form:

1
Q)| = |D2K<t,r>|/] [ sl < 5 (3.12)
0 (t—1)
where
261 e 17Dl
C= , v=1—gq.
r(@) min | f; S0

Because the kernel Q(¢,7) belongs to the class S¥ with 0 < v < 1, Volterra
integral equation (3.11) is weakly singular. Then, it has a unique solution
a € C[0,T] according by Lemmas 5 and 6.

First, let us show that the solution of inverse problem (1.1)—(1.4) is unique.
To prove the uniqueness of the solution, we suppose that {a(t),u(z,t)} and
{r(t),v(x,t)} are two solution sets of inverse problem (1.1)—(1.4). According
to form of solutions (3.1) and (3.11), we have

ult) — ol 1) = 3 (1 [t = oot - rinlar ) Xote)

—\I'(q)
+Z(/ €q,q(t An) fan(7)[a(T )—T(T)]dT) Xon
+Z( —7(t)) fan(t) * €q,q(t, An)]
n=1
+ (a(t) = 7(D) f1n (V) * €t An) ) Xon1 (@), (3.13)
a(t) —r(t) = Q(t,7) [a(r) — r(7)] dr. (3.14)

0
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Now, we denote R(t) = |a(t) — r(t)|, thus (3.12) and (3.14) imply the inequality

€

RO < 7

/0 (¢ — 1) R(r)dr.

. 1 .
where € = 2cltg&§] £l capo 1]/tér[101% ‘fo f(x,t)da:‘. In view of the Lemma

7 we have R(t) < 0 that yields a(t) = r(¢). Consequently, we have u = v after
inserting a = r in (3.13).

So far, we have proved the uniqueness of the solution of the inverse prob-
lem. Because the solution u(z,t) is formally given by the series form (3.1), we
need to show that the series corresponding to wu(z,t), uy(z,t), uz.(z,t) and
D§, (u(z,.) — u(z,0)) represent continuous functions. Under the assumptions
(A1)-(A3) and Lemma 1, for all (z,t) € 27, the series corresponding to u(x,t)
is bounded above by the series

4
ool + N|fo|+§j [Amn poeen]
(4) L@ @) ()
+ E + NF NEWD| 3.15
- 1)\% |:901n \//\7S0 )\ \/7 2n \/)\7" 1n :| ( )

where

/1 Man,l (x)dx
0

max |r(t)] =N Fl(i) = max

t€[0,T] A elo,T) oxt ’
1 94
(i) 0'f(z,1) Yo (2)d
on = te[&% /0 “om on (2)dz |,
190 1 9i
() _ 0 f(l‘,t) dx (1) / 0 f(.%,t) d
Sﬁln*tg%&% /0 R 902n—1(x) )y Pon™= tIeI%(?J?Z(“] 0 ozt ¥2n (gj) €T,

n=12..(=0,1,234).

The majorizing series (3.15) is convergent by using Lemma 1, Schwarz in-
equality and p-series test. This implies that by the Weierstrass M-test, the
series (3.1) is uniformly convergent in the rectangle 27 and therefore, the so-
lution u(x,t) is continuous in the rectangle {2r.

The majorizing series for xz-partial derivative is

>V [Amn SV G A

@, 1 1 1
Pin + Pan t
VAn AV An VAn
The majorizing series (3.16) is convergent by employing Lemma 1, Schwarz
inequality and p-series test. Hence, by the Weierstrass M-test, the series ob-
tained for z-partial derivatives of (3.1) is uniformly convergent in the rectangle
£27. Therefore, their sum wu,(z,t) is continuous in 2. Similarly, we can show

NED 4 — NFW |, (3.16)
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that the series corresponding to zz-partial derivatives of (3.1) is uniformly
convergent and u,, (x,t) represents continuous function.

Now, it remains to show that g-fractional derivative of the series w(z,t) —
u(z,0) represents continuous function on 2. We will show that for any € > 0
and t € [¢, T, the following series is generated according to Lemma 4

Dg 4 (vo(t) = v0(0)) Xo()

+ Z[Dg+(”1n(t) — v1n(0)) X2n—1(z) + Dg+(v2n(t) — 025,(0)) X2n ()],

n=1

corresponding to g-fractional derivative of the function u(z,t) — u(z,0) is uni-
formly convergent. Now, we can see that Equations (3.2)—(3.4) yield

Dq +(vo(t) —v0(0)) = r(t) fo(t),
(U2n(t) —v2,(0)) = =Anv25(t) + 7(t) f2n(t )
(t) = v10(0)) = = Apvin(?) \/71)271 (t) fin(1).

0+ (V1n

We have the following estimates

1D (van(t) = van ()] <lipanlnca(e An) + 2N 55 Féi%

DL, (01(t) = v10(0))] <2[02n] V/Aneq(e, An) + 2N Fy

/\ )\2
+ le1nl Aneq(e, An) + (VA + DN 35 F(4)

and we obtain a majorant series as follows

Z|<P2n|/\ TTEDE 12| pg| /e T +2N)\2 Fy,)

n=1

AVL
2N Fl) 4 ol Ane” T 4 (VA + DN

F(4).
)\2

1
VAR A2
Consequently, D, (u(z,t) — u(x,0)) is uniformly convergent in the rectangle
Qr. 0O

Remark 1. 1t is important to note the phenomenon that the smoothness of
coefficient of (1.1) does not imply smoothness of the solution u in the closed
domain. Tt is discussed in more detail in [38] that %u(w, t) blows up as t — 0™
which forces, for example, the overdetermination data FE(t) to belong to the
class (As).

The following result on continuously dependence on the data of solution of
the inverse problem (1.1)—(1.4) holds.
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Theorem 2. (Lipschitz stability) Let S be the class of triples in the form of
{f, ¢, E}, which satisfies the assumptions (A1)—(As) of Theorem 1 and

1
0 < Np < mi t)d o SN
<No = min ‘/0 fQx t)dz) s ([ fllgaogzy < N,

||80||c4[0,1] <Ny, ||Ech[o,T] < N3

for some positive constants N;,i =0,1,2,3.
Then, the solution pair {a(t),u(x,t)} of the inverse problem (1.1)—(1.4)
depends continuously upon the data in 3.

Proof. Let F = {f,o,E} and f = {f, &,E} € < be two sets of data. Let

us denote [ | = fllcaoary + lellcion + 1Bl o where [Ellq, 0.z =

n%gxx ]D (E(t) — E(O))‘ Let (a,u) and (a,u) be the solutions of the inverse
te

problem (1.1)—(1.4) corresponding to the data F and F, respectively.
According to (3.8) we have

+/0 Q(t,T)a(r)dr, alt) :P(t)Jr/O Q(t,m)a(r)dr. (3.17)

Let us estimate the difference a — @. From (3.17) we obtain

olt)=()=P(1)-P(t)+ ] [Q(t.1)-G(t:m)] r(rhdr+ [ Qe 7) far) -t
’ ’ (3.18)

Qt,7) — Qlt, ) = (/Olf(z,t)dm/olf(:c,t)dx)_l

<[ /0 e, )da(DIK (1, 7)— DI (7)) + DI (1. 7) ( /0 o t)do— /0 i, )]

Let

~ T 2N161
[ -7
c(o,r)  qI'(q) )

€ =: HP— C10(Tm) llalle o,z -

Then, denoting R(t) =: |a(t) — a(t)|, according to (3.18) we have the inequality

R(t) < e + % /0 (t —7)7 ' R(7)dr,

where €5 = NNl—gl Then, a weakly singular Gronwall’s inequality, see Lemma 7,
implies that
R(t) < €1Eq(62tq), te [O,T]

Finally, using (3.11) and (3.18), we obtain

c40 !ZT)>

(3.19)

~ ~ T1 2N161
il < (|[P-P) 7 7]
lla=allc(o,m) < €3 <H +llalleqomy 7y oI (q) f=f

o
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where €3 = E,(e2T'?). By virtue of the expression for P(t) — P(t), one can
estimate that

—PH <M |71 M |- B
H ooy =M coo@m T Mzl = Blloson s Cy(o.1)’
(3.20)
caNa+ 5L N.
where My = 220000y, — C?v]¥17 My = #‘:q)%—é

0
By using the inequality (3.20), from (3.19) we get

la —allc o,y <Ma (Hf - ﬂ

= B =
Cq(0,T])

where My = max(esMa, e3M3, e3M1 + €3 [|7l| (0,79 qg—&)myv—lgcl). This shows
that a(t) depends continuously upon the input data. From (3.13), a similar
estimate is also obtained for the difference u — u as

0T + llo = @lleapo,

[lu— a||c(rTT) < M;

F—Fl.

This completes the proof of Theorem 2. O

4 Conclusions

The paper considers an inverse source problem of identification of the time-
dependent source term from the energy measurement for TFDe with a general
form of nonlocal boundary conditions which is regular but not strongly regular.
The well-posedness of the inverse problem is proved by means of Fourier expan-
sion method, some properties of Volterra integral equation with weak singular
kernel and fractional type Gronwall’s inequality. In all the previous works cited
in introduction, the problems studied involve the special case of (1.3): a =0
in [2] and o = 1 in [13,14,15,22,23]. The general case a # 0 for boundary
condition and weakly singular Volterra integral equation approach for unique
determination of solely time dependent source term is considered for the first
time in this work. This approach can be extended by considering different type
of fractional derivative, boundary and overdetermination conditions, which are
the line of future investigations. Another future line of investigation is to ex-
tend the fractional derivative to multi-dimensional and nonlinear evolutional
equations, see [30] and references therein. The paper [30] demonstrates the im-
portance of addressing the given inverse problem for establishing the existence
of a solution to the nonstationary Navier—Stokes equations with a prescribed
flow rate within an infinite cylinder.
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Appendix

Notes on fractional calculus

In this part, we recall some basic definitions and facts on fractional calculus
in [11,31,34,35] and present some necessary lemmas for further investigations.
Consider the following initial value problem, existence and uniqueness result
for such problem is given in [11], for a linear fractional differential equation
with order 0 < ¢ < 1,

{ Di. [u(t) — u(0)] + Au(t) = h(t), t>0, (4.1)
u(0) = uy,

where D{, refers to the the Riemann-Liouville fractional derivative of order ¢
(0 < g < 1) in the time variable defined by

q B 1 d [* u(T)
D) = =gyt ) @

Math. Model. Anal., 29(2):238-253, 2024.
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By using the Laplace transform, the solution of IVP (2.1) is given as

u(t) = ugEq1(—At7) + /0 (t — 7)1 E (=t — T))h(T)drT,

k k
where Eq 5(z) = > 00, g 0, >0, Eq1(z) = Eq(2) = 2o ThTD)
q > 0 are two parameter and one parameter Mittag-Leffler function, respec-
tively. Let us introduce the functions

eq(t,\) = Ey(=t7),  eqq(t,\) i=tT E, (—\t7),

where A € R;. Then, the following statements for the Mittag-Leffler type
functions e, (¢, A) and e, (¢, A) hold.

Proposition 1. ( [81])

i) For0 < g <1, A € Ry the function e,(t, \) is a monotonically decreasing
function.

i) The function eq(t,\) has the estimates eq(t,\) ~ e
and e4(t, \) ~ m fort>>1.

mn

A _4q
T'(q+1)

fort <1

Di i (eq,q(t, N) = —Aegq(t, M),

Di (eq(t,N) —eq(0, X)) = —Xeg(t, ), Ié;q(eq,q(t, A)) = eq(t, N),
where Ig+ is the fractional integral of order v > 0 for an integrable function f,
which is defined by I, f(t) = ﬁ fg (t —s)"" f(s)ds.

Taking into also account the monotonically decreasing character of Eg 4(—At9)
( [35]), where A € R, the following statement holds true.

Lemma 2. For 0 < ¢ < 1, Mittag-Leffler type function E, ,(—At?) satisfies
0< Egq(=At7) <1/I'(q), te€[0,00), A=0.

Now, we give the following lemma which is necessary for further development.

Lemma 3. For 0 < ¢ <1, A € R}, we have

/ (t = 7)Y By g (=t — 7))dr = %(1 By (At — to)?).

to
Proof. By applying change of variable z = ¢ — 7 in the above integral and
using & B, (—t9) = —yt971E, o(—7t7), [34] , we have

t—to

t
/t (t— 7)1 By g —r(t — 7)0)dr = / AUE, o (—20)dz
1 [t g 1
=-= S B, (—y20)dz = = (1 — E (—(t — to)).
S E R = 0= Byl - t0))
O

We will also need to recall the following result.
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Lemma 4. ( [34], Lemma 15.2) Let f; be a sequence of functions defined on
the interval (a,b]. Suppose the following conditions holds:

(i) the fractional derivative D§, fi(t), for a given q > 0, exists for all
i e Nt € (a,b];

(ii) both series Z fi(t) and Z D{ . fi(t) are uniformly convergent on the
i=1

interval [a + €, b] for any € > 0.

Then, the function defined by the series > fi(t) is q differentiable and
i=1

satisfies D, ij:lfz( ) = Z Dg, fi(t).

Weakly singular Volterra integral equation

In this part, we present some basic results on Volterra type integral equation
with the kernel may have a diagonal singularity. For details see [12,29].
Consider the Volterra integral equation

/Qm mdr+ f(t), 0<t < 1. (4.2)

Denote A = {(t,7) : 0 < 7 < ¢t < 1} and introduce the class S”of kernels
Q(t,7) that are defined and continuous on A and satisfy for (¢,7) € A the
inequality

Q(t,T)| <c(t—7)"", v>0, c=const > 0.
The kernel Q(t,7) € SY is weakly singular if v < 1. The weak singularity of
the kernel implies that the corresponding integral operator is compact in the
space C[0,T]. More precisely, the following statement holds true.

Lemma 5. ( [29]) Let Q(t, T) e s and v < 1. Then, the Volterra integral
operator B defined by (Br)( fo 7)dT maps C[0,T] into itself and
B:C[0,T] — C[0,T] is compact

The proof of Lemma 5 is standard a detailed argument can be found in [29].
A consequence of Lemma 5 is the following result.

Lemma 6. ( [29]) Let f € C[0,1] and Q(t,7) € S” with v < 1. Then, Equa-
tion (4.2) has a unique solution u € C|0, 1].

We will also need to recall the results on weakly singular version of the Gron-
wall’s inequality.

Lemma 7. ( [12], page 537) Let T,e,M € Ry and 0 < g < 1. Moreover,
assume that § : [0,T] — R is a continuous function satisfying the inequality

l6()] <e+ %/0 (t—7)""|6(T)|dr, withv =1—g¢q

for allt € [0,T]. Then, |§(t)| < eEy(Mt?) fort e [0,T].

Math. Model. Anal., 29(2):238-253, 2024.
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