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Abstract. An inverse problem of determining a time dependent source term along
with diffusion/temperature concentration from a non-local over-specified condition
for a space-time fractional diffusion equation is considered. The space-time fractional
diffusion equation involve Caputo fractional derivative in space and Hilfer fractional
derivatives in time of different orders between 0 and 1. Under certain conditions
on the given data we proved that the inverse problem is locally well-posed in the
sense of Hadamard. Our method of proof based on eigenfunction expansion for which
the eigenfunctions (which are Mittag-Leffler functions) of fractional order spectral
problem and its adjoint problem are considered. Several properties of multinomial
Mittag-Lefler functions are proved.

Keywords: inverse problem, fractional derivative, Bi-orthogonal system of functions, multi-
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AMS Subject Classification: 26A33; 35R30; 35P10; 44A10; 33E12.

1 Introduction

In this article, we are concerned with the inverse problem of recovering the set
of functions {u(x,t),a(t)} for the following multi-term space-time fractional
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diffusion equation

Dgoou(z, t) +Z pi DG iu(z, )="Dy, u

u(z, t)+a(t)f(x,t), (x,t)ell, (1.1)

subject to the boundary conditions
w(0,¢) =0=wu(1,t), te(0,T), (1.2)
alongside non-homogenous initial conditions

}%J“ﬁ =Bz, t) = yp(x), i=0,1,.,m, meN, xe(0,1), (13)
where D&f stands for the Hilfer fractional derivatives in time variable of

orders o, 0 < o, < ... <1 < g < landtype0<p; <1, D0+ » Tepresents
Caputo fractional derlvatlve in space variable of order 1 < v < 2, IT := (0,1) x

(1- a’)(l Bi) are the

(0,T), i, @ = 1,2,...,m are positive real constants and JO
Riemann-Liouville fractlonal integrals of orders (1 — «;)(1 — ﬁl)
We need some additional data for unique solvability of the inverse problem,

usually termed as over-determination condition and is given by

/1 (e, t)dz = B(t), te0,T]. (1.4)
0

The function E(t) following consistency relation satisfies
1
/ ib(@)dz = J§ SV PIE©0), i=0,1,.,m, meN.
0

The structure of the source term arise in microwave heating process, in which
the external energy is supplied to a target at a controlled level represented by
a(t) and f(x,t) is the local conversion rate of the microwave energy.

The solution of the inverse problem {u(z,t),a(t)} is said to be regular if

a € C(0,T)), t,@o(lfao)Jrﬁi(l*ai)*lu(x t) € C(II),
Bo(1=a0)+Bi(1—a;)+1 (ng bo ZMD& fl) x,t) € C(II),
Ol B0 D] (0,0 € O

We will present the existence, uniqueness and stability results for the solution
of the inverse source problem.

Let us mention the importance of considering integrals and derivatives of
arbitrary order which have been introduced in the mathematical modeling of
many processes like anomalous diffusion [25], Continuous Time Random Walks
(CTRW) (see [35] and references therein), predict earthquake [27], stochastic
process [12], etc. In addition, in the case of heat conduction, the non-local
generalization of Fourier’s law and Fick’s law in the case of diffusion leads
to time-fractional Partial Differential Equations (PDEs) [28]. Time-fractional
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PDEs are used to describe the physical phenomena that have the effect on
memory and space-fractional PDEs deal with particle long-range interactions.
A part from describing anomalous diffusion there are many applications of time
or space or space-time PDEs, just to name a few in biology [11,13], finance [22],
physics [10], viscoelasticity processes [23], forecasting of extreme events such as
earthquake [8]. The order of fractional derivatives in some physical processes
play a significant role and it doesn’t remain the same, the fractional derivatives
with variable order, the distributed order fractional derivatives are considered.
In case of diffsion/transport, the order of fractional derivative used to explain
the sub-diffusion processes. We used multi-term Hilfer fractional derivatives
(as 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 of and type of fractional
derivatives. For more detail about the applications of multi-term fractional
PDEs, see [20, 24, 32] and references therein.

We provide a short survey of inverse problems for Fractional Differential
Equations (FDEs). Inverse problems are considered in [6, 16, 34] to recover a
space-dependent source term for Time Fractional Diffusion Equation (TFDE).
Inverse problems of identifying a time-dependent source term for time-fractional
telegraph equation are considered in [19], for time-fractional wave equation
is considered in [33], and in [26], TFDEs are considered. For a fourth or-
der parabolic equation with nonlocal boundary condition, two inverse source
problems are considered by Sara and Malik [7]. An inverse problem involv-
ing generalized fractional derivative in diffusion and wave equations for time
and space dependent source terms are discussed in [15]. In [4], for a Space-
Time Fractional Diffusion Equation (STFDE) inverse problem of determining
a temporal component in the source term from the total energy of the system is
considered and the recovery of a space dependent source term from final data is
discussed in [3]. Inverse problems of identifying the space and time dependent
source terms for a STFDE are considered in [5]. Recovering order of fractional
derivatives from multi-term TFDE with constant coefficients from boundary
measurements is discussed in [18]. Inverse problem of simultaneously recover-
ing the coefficient of diffusion and the source term for a multi-term TFDE is
considered in [30]. Let us mention that in [1], an inverse problem of determining
a space dependent source term for an equation involving only fractional deriva-
tives in time and Bessel operator was discussed. Here we have n terms of Hilfer
fractional derivative and we used Laplace transform technique for the solution
of multi-term fractional order ordinary differential equation (see Section 1).

In Section 2, we presented preliminaries related to the Fractional Calculus
(FC). In Section 3, we discussed the multinomial Mittag-Leffler function and
related to its estimates. A bi-orthogonal system of functions from spectral
problem and its adjoint problem are presented in Section 4. Our main results
are discussed about the existence, uniqueness and stability of the inverse source
problem in Section 5, some particular examples are also presented in the same
section and in the last section we concluded our paper.

Math. Model. Anal., 26(3):411-431, 2021.
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2 Preliminaries and spectral problem

In this section, we shall present some basic definitions from FC, properties and
lemmas related to multinomial Mittag-Leffler function.

DEFINITION 1. [29], [14] Let f € L}, ([a,b]), —00 < a < z < b < 0o be a locally
integrable real-valued function. The left and right sided Riemann-Liouville
fractional integral of order £ > 0 are defined as

JE () = % / (e D) dr

b
JEf(2) = %/ (r— 25 f(r) dr

respectively.

DEFINITION 2. [10] Let 0 < £ < 1,0 <n < 1,f € L'([a,b]),—0 < a < z <

b < oo and Jé};f)(l*n) f € AC(Ja,b]). The Hilfer fractional derivative of order
¢ and type n is defined as

d
€, (1-¢) (1- 5)(1 )
DELF(2) = (2029 ZI 000 F) 2.
The Hilfer fractional derivative interpolates both the Riemann-Liouville and
the Caputo fractional derivative.

e For n = 0, the Hilfer fractional derivative becomes the Riemann-Liouville
fractional derivative, i.e.,

DY f(2) = —J1 Df(z)="D5, L f(2).

at,z at,z at,z

e For n = 1, the Hilfer fractional derivative becomes the Caputo fractional
derivative, i.e.,

d
Dgl o f(2) = Jap s o f(2) = "D§, . f(2).

Notice that for 8; = 1, ¢ = 0,1,2,...,m,m € N the initial conditions (1.3)
reduces to one condition, i.e., u(z,0) = ¢(z), z € (0,1).

Let 1 < ¢ < 2 and f € AC?%([a,b]). The left-sided Caputo derivative of
order £ is defined as

d? 1 i "
CDE = 2_57 = 7/ — _5
(1+,Zf(z) Ja+7’ dzz f(Z) F(2 _ é—) u (Z T) f (T) dT7
where for n € N, we have

n—1

AC™ ([a,b]) = {f b R : %f(a:) e AC([a,b})} .
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Lemma 1. [4] Assume that 0 < £ < 1, hy € AC([a,b]) and hy € LP([a,b]),
1 <p < 0. Then, the following formulae of integration by parts hold

b b z=b
| @REDS, hae)dz [ ha() "D (e)ds+ ()T ha()|

b b z=b
/ hi(2)*E Dy ha(z)dz= / ha(2) °D§, hi(2)dz — hy(2)J, " Sha(2)

Lemma 2. [29] Let g; be a sequence of functions defined on (a,b] for each
1 € N, such that

(1) Da+ .9i(2) exists Vi € N, z € (a, b,

(2) both series Zgl ) and Z oy 1.gi(2) are uniformly convergent on the
=1
interval [a + e, b] for any € > 0

Then,
DngZgi ZDG+ZgZ ), 0<é<n<l,a<z<b.
Lemma 3. [4] For hi(z),h2(z) € C'([a,b]), the following relation holds
i((hl * hg)(Z)):hl(Z)hg(a)-F(hl * ihg)(z)zhg(z)hl(a)—F(hg * ihl)(z)
dz dz dz

3 Multinomial Mittag-Leffler functions

DEFINITION 3. [21] For &;,n >0, 2z; € C,i = 1,2,...,m, m € N, the multino-
mial Mittag-Leffler function is defined as

- e, 2h
Ee, 65, ) m (215 22, 0 = E S (il ey ) ——
r(n+>o6d)
-

k!

where (k’;ll,...,lm) = m

Remark 1. Notice that the multinomial Mittag-Leffler function can be repre-
sented as

B, ..., §m)n(zl7z27~~-7 Zm)

izz zh% 0

e k=11 — 1y — ...
Zf li—lo—...~lm—1 él 25771” 1
n+&k—li—ly— ... —lm1) + &2li + oo+ Enlim—1)

Math. Model. Anal., 26(3):411-431, 2021.
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Remark 2. The parameter of multinomial Mittag-Leffler function commutes,
ie.,

E(Elﬁz _____ gm)n(zl,z%..., ) = E(ém ,,,,,, 52751)’77(2’7”47...,22,21). (31)

Remark 3. For z; # 0 and 2z = 23 = ... = 2z, = 0, m € N the multinomial
Mittag-Lefler function takes the following form

For convenience, we use the following notation
Eer o) (Ti01, 0y O) 1= T”flE(gl752,_“7&”),”(—01751, ey =0T, (3.2)
where g; >0, i =1,2,....m

Lemma 4. For &, n,7,0; >0, i=1,2,....,m, m € N the Laplace transform of
the multinomial Mittag-Leffler function is given by

s & s
L{E ¢y o) (Ti 01, ooy Om)} = ————, if D 0us™
1+ 20157& i=1
i=1
Proof. In view of notation (3.2) and Remark 1, we have
8(517527 €m)s 17(7' 01,02, ... am)
im—2
(—1)FK!
= TT] ! B . .
I;)z;)z;) i Z Z]'ZQ — 11 — 12 — ... — Zm—l)!
(o.lel)k‘,—Ll—tg—...—Zm71(0-27-52)11._.(0-mT§m>i7n—1
(77+§1( 77:1*212* *im 1)+€2i1+.-.+§mim—1)7

im ; 1 i
B D3 DI il e ) e W LA
k—011=042—=0 i 120 21'7,2 (k—ll—lg—...—imfl)!
7—7]—1+51 (E—i1—i2—...—im—1)+&201+... 4+ E&mim—1

IF(n+&(k—i1—i2— .. —im—1) + &201 + oo + Emlm—1)

Taking Laplace transform, we obtain

£{5(§1752 ,,,,, gm)n(T'UhJQ,...,Um)}

7 2 _ . . .
_ — Vel (o )~z m e mime1 (gg)) 1 (g, )it
ZZZ Z iligl (B —d1 — iy — . —dpp_1)!
k=0i1=043=0 ip_1=0 gl ( L= m-1)
1
X __ . , . .
gntéi(k—i1—ia—...—im—1)+&201+... +&mim—1

(3.3)
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Now, consider

Im—2

(— 1) (o158~ 8 4 0572 4 . Homs 5’" Z Z Z

i1=042=0  im$p_1=0
(0-15_51)]@_7:1_7;2_~--_7;m71(0-25_52)11...(O-ms_gm,)im—l
11lio!.. (k — 9] — 1y — ... — im—l)!

i —1Dkg!
Sy e et e e

k—i1—t9— ... —tm_1)!
’Ll 0120 ’L,nl 1 2 ml)

)

(O.l)kt—ll —12—4..—17”71 (0—2)% ...(O'm)im’71
g€1(k—i1—iz—...—im_1)+&2i1+. . HEmim—1

From (3.3), we obtain

£{g(£lu§2a“wgm)an(7-; 01, --~,UM)} = s_n/(l + Zais_gi)'
=1
O

Remark 4. For 01 # 0 and 02 = 03 = ... = 0, = 0, m € N the Laplace
transform of the multinomial Mittag-Leffler function reduces to

L{Ec, n(mi01)} = s 71/(s* +01), ows™ < L.

Lemma 5. For 0 <n <1 and 0 < &, < ... < & <1 be given. Assume that
ar/2 < p < &m, p < larg(zm)| < 7 and z; > 0,1 = 1,2,...,m. Then, there
exists a constant depending only on u,&;,1 = 1,2, ...,m such that

B¢y b1 —Ea,60) i (Zms oo 22, 21)| < C1/(1+ |2m)).

Proof. From (3.1) and due to Lemma 3.2 of [17] required result can be proved.
O

Lemma 6. For &, 7,0, > 0, i =1,2,....m, m € N, the multinomial Mittag-
Leffier type function has the following form
d
E (55151-"-1(7—; 01,025 -+ Um)) = 55»51 (T; 01,02 ..+, Um)7
where € = (§1,61 — &2, 61 — §m)-

Proof. Considering the notation (3.2), taking term by term differentiation and
by arranging the terms, we get the required result. 0O

Lemma 7. For g € C'([a,b]) and &,0; > 0, fori=1,2,....m, we have

Cs
|9(7) * E¢.e, (T501,02, ..., Om)| < ?1||9||01([0,T])7

“ 7

where “x7 represents the Laplace convolution and

lgllcrqo, 1)) = sup. |g( )|+ sup |g'(t)].
te[0,T t€[0,T

Math. Model. Anal., 26(3):411-431, 2021.
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Proof. From Lemma 6, we have

d
|g(7_) * 85,51 (T;017027 ---70m)| = ‘g(T) * 555,51-0-1(7—;0—17027 ---70m) . (34)

By using Lemma 3, we have the following relation

d
9(7) % TEes1(T5 01,02, o) =|Cer1(73 01,02, 7 )g (0

d
+ Eeer+1(T501,02, .00, 0m) * 59(7)‘.

By virtue of Lemma 5, we obtain

d C C, (Y d
o(7)  4-Eeer1(7i01,0 o) < o1+ 0 [ g(n)]r
T o1 o1 Jo ldr
C
< 0*11(1 +T)lgllcrio,r- (3.5)

Hence, due to (3.4) and (3.5), we have

IN

Cs
lg(T) * ey (501,02, ...,0m)| oT”QH(ﬂ[O,T]-

0

Remark 5. For 01 # 0,09 = 03 = ... = 0, = 0, m € N the above Lemma
reduces to the following result proved in [3]

_ Cy
g(7) % T T By g, (—o178)| < ?1||9||cl([o,T])~

Lemma 8. For &,p,n,7,0 >0, i =1,2,....m m € N, we have the following
relation

Tp * 5(617527“-75171)777(7_; 017 0—2’ Tt Jm) = F(p + 1)

x 5(51,52,...,5m),n+p+1(T; 01,02, ., 0m).

Proof. By taking the Laplace transform on the both sides, we obtained the
result. O

Remark 6. For 01 # 0,00 = 03 = ... = 0, = 0, m € N the above Lemma
reduces the well known result

0% Eey y(T501) = I'(p + 1)Ee it pt1(T501).
Proposition 1. The following identities hold for Mittag-Leffler type function:
o & 5(m501) =72 /I(3) — 01&¢, 346, (T501),

® (61 61-6)3-6 (T3 01,02) + 028(¢, 61 -65) 346126, (T3 01, 02)
=778 /13 = &) — 01€(e, 6, -£2) 346162 (T3 01, 02).
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Proof. Using the series expansion of &, 3(7;01) and &, 3¢, (7;01), we have

—oy 78k = (—opr)k
51,3< 1) EZO F(&k +3) {1,3—1-51( 1) kZ:O F(§1k+§1+3)

The first identity can be obtained from the above expression. Similarly, we can
prove the second identity. 0O

4 Bi-orthogonal system

In this section, the spectral analysis corresponding to system (1.1)—(1.2) pre-
sented. We will construct the solution of the inverse source problem by using
the Fourier’s method, frequently known as separation of variables.
The spectral problem corresponding to (1.1)—(1.2) is
cD’Y

O+,:c

X(z) = AX(z),  X(0)=0=X(1). (4.1)

The spectral problem was considered in [2] and the eigenfunctions of the spec-
tral problem are

{Xn(@)}sy = {277 By 5 (a2 10,

corresponding to the eigenvalues \,, which are the zeros of the function E, - (\,)
with Im(A,) > 0.

The set {X,(z)}22, of eigenfunctions is complete but not orthogonal [2].
Due to fractional operator the spectral problem is non-self-adjoint. For the
adjoint problem of the spectral problem (4.1), we have

("D5, XY O) =(B X0 0).

Due to Lemma 4.1 of [9], integration by parts, taking ¥ (0) = 0 = Y (1) and
then using Lemma 1, the adjoint problem of the spectral problem (4.1) is

DI ,Y(x)=AY(z), Y(0)=0=Y(1).

For more details (see [5] page 7).
The adjoint problem has eigenfunctions Y, (z) corresponding to the same
eigenvalues as that of spectral problem while eigenfunctions are

Ya(2) oz ={(1 - ﬂf)vflE'm ()‘n(l - x)v) net-

The sets {X,,(2)}52, and {Y,(x)}22; form a bi-orthogonal system of functions

(2].
Now, we are going to describe some properties of the eigenvalues of the
spectral problem.

Lemma 9. [2] The eigenvalues A, that are the zeros of the function E. (X)
with Im(A,) > 0, satisfy the following relations

Math. Model. Anal., 26(3):411-431, 2021.
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o | \i| < [Agt1], for k> 1.

< 1 and |A,| ~

e For n large enough and arg(\,) > &, we have |ernt
on), l<vy<2

Lemma 10. [5] For any h € C*([0,1]) such that h(0) = 0 = h(1), we have the
following relation

Gy

h, <
T Al-a)(2-a

) <h’(0) +/01 B (x)(1 — x)2adx> ,

where Cy is a constant and h, = (h(.),Yn(.)).

5 The main results

In this section, we will discuss the main results of this research article. Firstly,
we are going to present the following theorem that states the conditions under
which inverse problem has a classical solution.

Theorem 1. Let the following conditions hold:
(1) ;¢ € C%([0,1]) be such that ;¢(0) =0 = ;¢(1) fori=0,1,...,m.
(2) f(.,t) € C?([0,1]) be such that f(0,t) = 0= f(1,¢).

Furthermore,
1 —1
([ seoa) <
0

for some positive constant M,

(3) E € AC(]0,T)) and satisfies the following consistency conditions
1
) 1 (1—ai)(1-Bi) -
/0 ,gb(x)da:—}gr(l)‘]o%t E(t), 1=0,1,...,m.

Then, the inverse problem (1.1)-(1.4), is locally well-posed in time.

Proof. Our proof consists of three steps, construction of the series solution by
eigenfunction expansion method, unique existence of the solution and stability
of the solution.

Construction of the solution: The solution of the inverse problem (1.1)-
(1.4) can be written by using Fourier’s method

o0

u(z,t) = Tn(t)Xn(2),

n=1

where T,,(t) satisfy the following fractional differential equation

D To(t) + ) wiDy Tu(t) = MaTu(t) + alt) fu(0)

i=1
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and fo(t) = (f( 1), Yal)).

By using the Laplace transform and the initial conditions (1.3), we get

o(ao—1) mo Bilai—1)
£{Tn<t)}: O(bnsﬁ 1 4 Zi:l zﬁnlhs 1 N ﬁ{(ﬁrgt)fn(t)} 7

m
DN e T D DN IR
i=1 i=1 =1

where o¢n = (0¢(.), Ya(.)) and idn = (i:¢(.), Ya(.)), for i = 1,2,...,m are the
coefficients of series expansion of ;¢(x).

By virtue of Lemma 4, we have

Tn (t) :0¢nga7ao+ﬂo—aoﬁo (t; )\na M1y 2y ey Mm)
m

+ Z i(bnﬂiga,aoJrﬁi*aiﬁi (t; Ars 15 [42 +-n ,um)
i=1

a(t)fﬂ(t) * 5117010 (tv ATM M1y f2, -y )u’m)v

where « is defined as a = (g, @g — aq, ..., Xg — Q).

Hence, the solution u(x,t) takes the form

= Z {O¢n5a,ag+ﬁo—aoﬁo (ta )\na M1, f2, ...y Mm)

m

+ Z i¢n/1“iga,ao+ﬁi*aiﬂi (t; An, M1y 2y ey Nm)
=1

a(t) fr(t) * Eaap (6 Ay 11, p12, s ,um)}xw_lEﬂm()\n:ﬂ), (5.1)

where a(t) is still to be determined.

By using over-determination condition (1.4), we get

1 m
/ (ng:’f"u x,t) + Z uiDgi’fiu(x, t)) dx = (Dgi’fo + Z ,ulDS‘J:’f’) (t).
0

=1

From (1.1), we obtain

1
/ (CD& Lu(z,t) +a(t) f(z, )) dx = Dy B(t) + ZMZDS%Z )
0

Math. Model. Anal., 26(3):411-431, 2021.
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which leads to
-1

1
a(t):{ f(m,t)dx] {DSE?"E +Zuz GO E()
0

oo
- { Z )\n (O(bnga,ao-l-ﬂo—aoﬁo (t; )\n? /’l’17 Iu27 ey :um)

m
+ Z i¢nui€a7ao+ﬂi—0¢iﬁi (t7 Aﬂm M1, 2y -y NTI’J)

D L L e A 8.
0 ,—

(Eml()\n) - 1)} (5.2)

Setting

oo
= Z )\n{Oﬁbnga,ao-l—ﬁo—aoBo (t; /\n7 M1y B2, .. 7/’Lm)
n=1

+ Z i¢nﬂiga7ao+6i—ai5i (t; /\n7 By 2 -ees Nm)} (E'Y’l(An) - 1) (53)

i=1
ZA fn t 7_040 lEaao(t T; /\nvlf('hﬂ'%--~7Mm)<E'y,1(An)_1)-
(5.4)

Thus, (5.2) can be written as

-1

1
([ o) (s -
0

_ /O "k, T)u(T)dT). (5.5)

Define the mapping B : C([0,T]) — C([0,T]) by
B(a(t)) == a(t), (5.6)

where a(t) is given by (5.5).

First, we will show that for a € C([0,T)), i.e., the mapping B(a(t)) is well-
defined then the mapping will be proved to be a contraction. Lemma 5 and
Equation (5.3) yield the following relation

{010 +B:(1=a)+1| (1) Z {|0¢n #9: (1=ai) 1
+ Zﬂi|i¢n|tﬂ°(l_ao)+l}- (5.7)

i=1
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The uniform convergence of the series involved in (5.7) is ensured by us-
ing Lemmas 9-10 and continuity of ;¢(x). Hence, by Weierstrass M-test,
tPo(1—c0)+Bi(1=ai)+1 (1) represents a continuous function.

Next, we will show that K(¢,7) represents a continuous function. Using
Lemma 5 and Equation (5.4), we have the following inequality

(t —7)|K(t,7)| ZIM"f" (5.8)

By using Lemma 9, continuity of f(x,t) and by Weierstrass M-test for the
uniform convergence of the series involved in (5.8), we can deduce that (¢ —
T)K (t, ) represents a continuous function. Furthermore, we can have My > 0
such that

t
/ |K(t,7)|dT < TMs.
0

Hence, the mapping defined by (5.6) is well-defined.
Now, we will show that the mapping B(a(t)) := a(t) is a contraction. Con-
sider

a0 - B = ([ 1 f(m)dx)l (/ Kt lalr) — b(r)ldr ).

By assumptions of Theorem 1, we obtain

max [B(a(t)) ~ BO()| < MdLT ma [a(r) - b(r)|

B(a) — B(b)|lc(o,r)) < MiMaT|la — bllco,))

for T < W, where M; and Ms are positive constants independent of n.
Which shows that the mapping is a contraction. Hence, by Banach fixed point
theorem unique existence of a(t) is ensured.

Next, we will prove the regularity of the solution u(x,t) given by (5.1), that

is t50(1*a0)+/3i(1*0¢i)+1u($ t) tho(1—ao)+Bi(1—ai)+1 °Dy. u(z,t) and

) s U)s iy )
tho(1—ao)+8i(1—ai)+1 (Dgi’fou(x,t) +>0 ,uiDg‘:/flu( ,t)) represent continu-
ous functions.

Since, a € C([0,T]) and for some M > 0, we have ||al/¢(jo,7)) < M. From
Equation (5.1) and due to Lemmas 5, 7, we obtain

o0

tﬂo(l ao)+Bi(1—ay +1"LL .’E t Z {C10¢ |tﬁ i(1—ay)+1

+ Z C iy [P0 0L 4 C2M||fnC([O»T1)}' (5.9)
i=1

Consequently, continuity of ;¢(z), a(t), by virtue of Lemmas 9 and 10, Weier-
strass M-test and inequality (5.9), the uniform convergence of series involved
in tPo(l=a0)+B:i(1—ai)+1 4 (2 #) is obtained. For the uniform convergence of
tho(t=ao)tfi(lmai) ¥l e P u(z,t) , we consider

Math. Model. Anal., 26(3):411-431, 2021.
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D05, WTaOXn(@) = Y AaTu(H)Xa (),
n=1 n=1
= Z )‘n{gboga,ao%*ﬁo*aoﬁo (t; >\n7 M1y 2y - 7Mm)
n=1

+ Z z(bn,uzga,ao«kﬂlfalﬁl (t7 )\’I’H /'1/17 /’L2? s 7/’Lm)
i=1

a(t)fn(t) * 5017040 (t7 )‘Tla K1 2, -y :u‘m)}x"/71E'Yv’)’(An‘T’y)'

By using Lemmas 5 and 7, we have the following inequality

= Z - |Cilogt? 0002

tﬁo(l—ao)‘f‘/@i(l—ai)-ﬁ-l
|Anl

Z Dy, . Tn(t)Xn(z)

n=1

+ Zcmz‘h(i)nﬂﬁ(’(l_ao)ﬂ + CQM”fn”C([O,T])]
i—1

RPN 1- i (1—avi)+1 yoo
This implies P01 —a0)+Ai(1—ai)+ Yo ”Dng -
uous function. Hence, by using Lemma 2, %01~ a")*Bi(l*ai)HCD&“zu(x,t) is
uniformly convergent. Similarly, the uniform convergence of

tho(l—ao)+Bi(1—ai)+1 (Da"’ﬂo +>0 MzDS‘i”fi) u(z,t) can be obtained.

Uniqueness of the Solution: Let {u(x,t),a1(¢)} and {v(x,t),az(t)} be the
two regular solution sets of the inverse problem (1.1)-(1.3) and define @(z,t) =
u(z,t) — v(z,t), a(t) = ai(t) — az(t). Then, the function u(x,t) satisfy the
following equation

T, (t) X, (x) represents a contin-

Dy a(x,t) +ZM Dy (e, t) =Dy, yi(x,t), (v.t) €Il
=1

with the boundary conditions

and the initial conditions

lim J PG (e 1) =0, i=0,1,....,m, meN, x€[0,1. (5.10)

i—0 "~ O+

Consider the function

Tn(t):/o w(x, )Y, (x)de.

Applying the multi-term Hilfer fractional derivatives, we have

m 1
DGO T () + Z pi DG T (1) (ngfo +>° MZDS‘:’%) /0 iz, )Y, (z)da.

i=1
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By virtue of (1.1), we have the following fractional differential equation
DGy Ta(t) + Z DS T (t) = MTo(t) + @(t) fu(t),

The solution of the above equation is

~ —an)(1— ~
Tn(t) :Jé}r7t o)t ﬂO)Tn(O)ga,Oto-‘rﬂo—aoBo (t;)\naulalf['?v 7/”‘1’7’7,)
+ Z J(g-li—jtai)(l_ﬁi)fn(O)ui€a7a0+5i—aiﬁi (ta AYM K1y K2, - /LM)

a’(t)fn(t) * ga,ozo (t; Anvﬂlvu% num)

By applying the initial conditions (5.10), uniqueness of a(t) and completeness
of Y, (x), we obtain
T,(t)=0, VYneNuU{0}
and u(z,t) = v(x,t), respectively.
Stability of the Solution: Let {u(z,t),a(t)} and {a(z,t),a(t)} be two
solution sets of the inverse problem (1.1)—(1.4), corresponding to the data
{i¢(x), E(t)} and {;¢(x), E(t)}, respectively. Using (5.5), we have

ot a0 = [ f(x,t)dw>_l { (Do B) - Do B

+ i i (DG W) = DS E®) + (F(0-F ) + (V-V(©) |, (5.11)

where [ (t) and F (t) are given by (5.3), corresponding to data {;¢(x), E(t)}
and {;¢(z), E(t)}, respectively, V(t) and V(t) are

()= 32 Mal) ol 0 ot o) (Far ) = 1), (512

:Z n0 (1) fr(t) * Ea,an (5 Ans i1, pia-- ,um)(Eal(A)—1> (5.13)

For the Equation (5.3) and due to Lemma 5, we obtain

_ o C
t,Bo(l ao)+8:(1 a1)+1‘F(t) )l _Z 1|{t,31(1 a)+1|0¢n_0¢n|

|An
+ Z Mitﬁo(l_a0)+1 |1¢n - zén‘ }
i=1
By using Cauchy-Bunyakovsky-Schwarz inequality, we obtain

tho(ma0)+Bill=c 1 m Pl oo oy <Z

n=1

+ Z uitﬂo(l_ao)H i — zﬂ;“C?([O,lD }

i=1

- :
{tﬁi<1m>+1|o¢ = o®lle2(po1)

[An]
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Similarly, from the Equations (5.12) and (5.13), we obtain

A0 Cy N
IV = Ve < Z o] la — allcqo,m)»
Where A1 = ||f||C(H)
Under the assumption || 2 Dg* 47 =% E(t) | c(o,1y) < A2l Ellc(po,ry), where

As is constant, we can have (see [31])
HDOHﬂLE ‘Dg:[taLEHC([O,T]) §A3||E_E||C([0,T])7 7::0717"'7ma mEN7

for some constant As, and from (5.11), we obtain

— A1C1Cy . =
(1 -y T) la —allcqory < Ml{A2||E = Ellcgo.m)
n—=1 n

m ~ © 2 o _
+ Y nids|E - Ellcqory) Z e (tﬁ"(l 2t 06 — 00|l o2 (j0,17)

i=1 n=1

+ Z ,ul-tﬁo(l_ao)Jrl i — i¢~5||02([0,1])) }

i=1

Hence, we obtain

_ S ACiCr\ -
oo < ¥ (1= 3 2) {4018~ Bllcgomy

— Al
+ZMiA2||E— EHC([OT Z (tﬂi(l_ai)ﬂuo(ﬁ_0‘5”02([0711)
i=1 n=1
£ 30 mt 06— Bloaon) .
i=1

which shows the stability of time dependent term a(t). Similarly, stability of
u(z,t) can be proved. 0O

Remark 7. For 8; = 1,i = 0,1,2,...,m, m € N, the solution u(z,t) has the
following form

oo
Z{¢n al t /\ny,uly,u27~ - Hm +Z¢n,uz 00— a+1(t )\n7,u17

=1

2, tim) + 08 (8) * Eavsg (8 A i1, 12, i) 27 By (™).

Remark 8. The inverse problem proved to be locally well-posed in Theorem 1,
the result about global existence of the source term can be obtained by applying
other fixed point arguments. The T is required to be small in proving existence
of the solution of inverse problem, better estimates of multinomial Mittag-
Leffler functions is one way for having global solution in time.
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Ezample 1. In Equation (1.1), we take only one fractional derivative, that is,

=0, i=1,2....m, fle,t) = (% - Altao)ﬁ*le(Alxao), in (1.3)

the initial condition is taken to be zero and over-specified condition is

/01 u(z, t)de = 3 (Eml()\l) - 1).

Indeed, using (5.1) the solution of the system is given by

u(z, ) ={ ) f1(0) + Eugua (6:00) }a7 7 By (™),
where
fi(t) =(P()/T(4 = ag) = Aut).
By using Lemma 8 and Proposition 1, we obtain
u(z,t) = t*27 1 E, ,(\2?).

The expression for a(t) given by (5.5) takes the form

- ( /01 f(x,t)dx)l (Do) - / Kt a(r)ir)

where
! NG oo
I nde _<I’(4—ao) it ) (Ew(/\l) - 1),
R e R CHTCH R VAR

K(t,7) = (r@f(_% - Aﬁao)gao,%(t =70 (Bya() = 1),

In this case, we can find expression for a(t) given by

a(t) =37,

Ezample 2. In Equation (1.1), we take two fractional derivatives, that is, pu; =
r4 4

0, :=2,3,....,m, ( ) (4(04706“;1) + 11 F((4 20;1))#10 aq )\1t6¥0>

27 E, o (Az0), in (1.3) the initial condition is taken to be zero and over-

specified condition is

/O u(z, t)dz = 3 (Eml()\l) - 1).
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The solution in this case involve multinomial Mittag-Leffler function and is
given by

U(l‘7 t) _{a’(t)fl (t) * g(ao,ao—al),ag (t, >\1a ,ul)}'r’Y1E’y,’y(>\1$’y)a

where

S :<r<f T R e L WO)'

Due to Lemma 8 and Proposition 1, we get

u(x,t) = 3271 E, L (\2?).

The expression for a(t) given by (5.5) takes the form

1 —1
- </Of(x,t)dx) (Dggf“E( )+ DY B (t)— /K (t,7) >

where

= (G o g g ) (B 1),

ag, F(4 _al) —ap—a
DOifoE(t) T Tl —a— ozl)ts C (Eﬂ”l()\l) a 1)7
I'd — « %y
DU E(t) = F(i_mll))t3 ? (E%I()‘l) - 1)» F(t)=0,

I'(4—ai) I'(4—a1)

K(t.7) = A @o—a1 _ ) rao
(t,7) 1(F(4—a0—a1)+ﬂlf(4—2a1)7— ”)

X 50607010 (t - T )‘h :L"l)(E’%l()‘l) - 1)'

In this case, we can find expression for a(t) given by a(t) = t3- %01,

6 Conclusions

An inverse problem of determining a time dependent source term and diffu-
sion concentration for a space-time fractional differential equation (STFDE),
with multi-term Hilfer fractional derivatives in time of orders oy, 0 < «;, <

. < a1 <ag <1and type 0 < B; <1 and Caputo fractional derivative in
space variable of order 0 < v < 2 with homogeneous boundary condition is
investigated. A bi-orthogonal system of functions consisting of Mittag-Leffler
functions is obtained from the spectral problem and its adjoint problem. The
multi-term fractional order ordinary differential equations obtained by eigen-
function expansion method are solved by Laplace transformation method. A
series representation involving multinomial Mittag-Leffler functions is obtained
for u(x,t) where as local existence and uniqueness of the source term has been
proved by applying Banach fixed point theorem. The series solution u(z,t)
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is proved to be classical solution, in order to do so, we have developed some
estimates for multinomial Mittag-Leffler function. The solution of the inverse
problem is proved to be locally well-posed. Let us mention that several other
inverse problems for STFDE considered here yet to be considered for example,
an important class of inverse problems is to determine the order of fractional
derivatives, which explains the anomalies in the diffusion process specially the
sub diffusion process. Let us mention that numerical investigation for the multi-
nomial Mittag-Leffler function is the topic which has not been considered in
the literature and hence the regularization techniques for the inverse problems
for multi-term differential equations is also very rare in literature. Another in-
teresting set of problems is related to the development of convergent numerical
algorithms for solving direct and inverse problems related to STFDE.

Acknowledgements

The authors would like to express their gratitude to the reviewers for insightful
comments which ultimately improve the quality of the paper.

References

[1] R.P. Agarwal, E. Karimov, M. Mamchuev and M. Ruzhansky. On boundary-value
problems for a partial differential equation with Caputo and Bessel operators.
In:Recent Applications of Harmonic Analysis to Function Spaces, Differential
Equations, and Data Science: Novel Methods in Harmonic Analysis, Volume 2.
Springer International Publishing, 2017.

[2] T.S. Aleroev, M. Kirane and Y.F. Tang. The boundary-value problem for
a differential operator of fractional order. J. Math. Sci., 194:499-512, 2013.
https://doi.org/10.1007/s10958-013-1543-y.

[3] M. Ali, S. Aziz and S.A. Malik. Inverse source problem for a space-time
fractional diffusion equation. Fract. Calc. Appl. Anal., 21:844-863, 2018.
https://doi.org/10.1515/fca-2018-0045.

[4] M. Ali, S. Aziz and S.A. Malik. Inverse source problem for a space-
time fractional diffusion equation: Application of fractional Sturm-Liouville
operator. Mathematical Methods for applied Sciences, 41:2733-2744, 2018.
https://doi.org/10.1002/mma.4776.

[6] M. Ali, S. Aziz and S.A. Malik. Inverse source problems for a space-time frac-
tional diffusion equation. Inverse Problems in Science and Engineering, 122:1—
22, 2019. https://doi.org/10.1080/17415977.2019.1597079.

[6] M. Ali and S.A. Malik. An inverse problem for a family of time fractional diffusion
equations. Inverse Problems in Science and Engineering, 25:1299-1322, 2017.
https://doi.org/10.1080/17415977.2016.1255738.

[7] S. Aziz and S.A. Malik. Identification of an unknown source term for a time
fractional fourth-order parabolic equation. FElectronic Journal of Differential
FEquations, 293:1-28, 2016.

[8] M. Caputo, J.M. Carcione and M.A.B. Botelho. Modeling extreme-event precur-
sors with the fractional diffusion equation. Fract. Calc. Appl. Anal., 18:208-222,
2015. https://doi.org/10.1515/fca-2015-0014.

Math. Model. Anal., 26(3):411-431, 2021.


https://doi.org/10.1007/s10958-013-1543-y
https://doi.org/10.1515/fca-2018-0045
https://doi.org/10.1002/mma.4776
https://doi.org/10.1080/17415977.2019.1597079
https://doi.org/10.1080/17415977.2016.1255738
https://doi.org/10.1515/fca-2015-0014

430

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

18]

(19]

[20]

21]

22]

23]

24]

S. A. Malik, A. Ilyas and A. Samreen

M.M. Dzhrbashyan and A.B. Nersesyan. Expansions in certain bi-orthogonal sys-
tems and boundary-value problems for differential equations of fractional order.
Tr. Mosk. Mat. Obs., 10:89-179, 1961.

R. Hilfer. Applications of Fractional Calculus in Physics. World Scientific, 2000.
https://doi.org/10.1142/3779.

F. Hofling and T. Franosch. Anomalous transport in the crowded world of bio-
logical cells. Rep. Prog. Phys., 76:046602, 2013. https://doi.org/10.1088/0034-
4885/76/4/046602.

D.B. Hughes. Random Walks and Random Environments, Volume I: Random
Walks. Oxford University Press, 1995.

C. Ionescu, A. Lopes, D. Copot, J.A.T. Machado and J.H.T. Bates.
The role of fractional calculus in modelling biological phenomena: A
review. Commun. Nonlinear Sci. Numer. Simulat., 51:141-159, 2017.
https://doi.org/10.1016/j.cnsns.2017.04.001.

A.A. Kilbas, H.M. Srivastava and J.J. Trujillo. Theory and applications of frac-
tional differential equations. Elsevier Science Limimited, 204, 2006.

N. Kinash and J. Janno. An inverse problem for a generalized fractional deriva-
tive with an application in reconstruction of time- and space-dependent sources
in fractional diffusion and wave equations. Mathematics, 7(12):1138, 2019.
https://doi.org/10.3390/math7121138.

M. Kirane, S.A. Malik and M.A. Al-Gwaiz. An inverse source prob-
lem for a two dimensional time fractional diffusion equation with nonlo-
cal boundary conditions. Math. Meth. Appl. Sci., 36:1056-1069, 2013.
https://doi.org/10.1002/mma.2661.

Z. Li, Y. Liu and M. Yamamoto. Initial-boundary value problems for
multi-term time-fractional diffusion equations with positive constant co-
efficients. Applied Mathematics and Composition, 257:381-397, 2015.
https://doi.org/10.1016/j.amc.2014.11.073.

Z. Li and M. Yamamoto. Uniqueness for inverse problems of determining or-
ders of multi-term time- fractional derivatives of diffusion equation. Applicable
Analysis, 94:570-579, 2015. https://doi.org/10.1080/00036811.2014.926335.

H. Lopushanska and V. Rapita. Inverse coefficient problem for the semi-linear
fractional telegraph equation. FElectronic Journal of Differential Equations,
153:1-13, 2015.

Y. Luchko. Initial-boundary-value problems for the generalized multi-term
time-fractional diffusion equation. J. Math. Anal. Appl., 374:538-548, 2011.
https://doi.org/10.1016/j.jmaa.2010.08.048.

Y. Luchko and R. Gorenflo. An operational method for solving fractional dif-
ferential equations with the Caputo derivatives. Acta Mathematica Vietnamica,
24:207-233, 1999.

J.A.T. Machado and A.M. Lopes. Relative fractional dynamics of stock markets.
Nonlinear Dyn., 86:1613-1619, 2016. https://doi.org/10.1007/s11071-016-2980-
1.

F. Mainardi. Fractional calculus and waves in linear viscoelaticity. Imperial
College Press, 2010. https://doi.org/10.1142/p614.

A K. Mani and M.D. Narayanan. Analytical and numerical solution of an n-term
fractional nonlinear dynamic oscillator. Nonlinear Dynamics, 1000:999-1012,
2020. https://doi.org/10.1007/s11071-020-05539-0.


https://doi.org/10.1142/3779
https://doi.org/10.1088/0034-4885/76/4/046602
https://doi.org/10.1088/0034-4885/76/4/046602
https://doi.org/10.1016/j.cnsns.2017.04.001
https://doi.org/10.3390/math7121138
https://doi.org/10.1002/mma.2661
https://doi.org/10.1016/j.amc.2014.11.073
https://doi.org/10.1080/00036811.2014.926335
https://doi.org/10.1016/j.jmaa.2010.08.048
https://doi.org/10.1007/s11071-016-2980-1
https://doi.org/10.1007/s11071-016-2980-1
https://doi.org/10.1142/p614
https://doi.org/10.1007/s11071-020-05539-0

Simultaneous Determination of a Source Term 431

[25] R. Metzler, J.H. Jeon, A.G. Cherstvy and E. Barkai. Anomalous diffusion models
and their properties: non-stationarity, non-ergodicity, and ageing at the cente-
nary of single particle tracking. Physical Chemistry Chemical Physics, 16:24128—
24164, 2014. https://doi.org/10.1039/C4CP03465A.

[26] A. Mohebbi and M. Abbasi. A fourth-order compact difference scheme for the
parabolic inverse problem with an overspecification at a point. Inverse Probl.
Sci. Eng., 28:457-478, 2015. https://doi.org/10.1080/17415977.2014.922075.

[27] M. Di Paola. Complex Fractional Moments and Their Use in Earthquake Engi-
neering: in Encyclopedia of Earthquake Engineering. Springer Berlin Heidelberg,

2014.
[28] Y. Povstenko. Linear fractional diffusion-wave equation for scien-
tists and engineers.  Springer Internatinal Publishing Switzerland, 2015.

https://doi.org/10.1007/978-3-319-17954-4.

[29] G.S.Samko, A.A. Kilbas and D.I. Marichev. Fractional Integrals and Derivatives:
Theory and applications. Gordon and Breach Science Publishers, 1993.

[30] H. Sun, Y. Zhang, D. Baleanu, W. Chen and Y. Chen. A new col-
lection of real world applications of fractional calculus in science and
engineering. Commun Nonlinear Sci Numer Simul, 64:213-231, 2018.
https://doi.org/10.1016/j.cnsns.2018.04.019.

[31] Z. Tomovski, R. Hilfer and H.M. Srivastava. Fractional and operational cal-
culus with generalized fractional derivative operators and MittagLeffler type
functions.  Integral Transforms and Special Functions, 21:797-814, 2010.
https://doi.org/10.1080/10652461003675737.

[32] P.J. Torvik and R.L. Bagley. On the appearance of the fractional derivative in
the behavior of real materials. Journal of Applied Mechanics, 51:294-298, 1984.
https://doi.org/10.1115/1.3167615.

[33] K. Siskovéd and M. Slodicka. Recognition of a time-dependent source in a
time-fractional wave equation. Applied Numerical Mathematics, 121:1-17, 2017.
https://doi.org/10.1016/j.apnum.2017.06.005.

[34] T. Wei, L. Sun and Y. Li. Uniqueness for an inverse space-dependent source term
in a multi-dimensional time-fractional diffusion equation. Applied Mathematics
Letters, 61:108-113, 2016. https://doi.org/10.1016/j.aml1.2016.05.004.

[35] G.H. Weiss. Aspects and Applications of the Random Walk. North-Holland,
Amsterdam, 1994.

Math. Model. Anal., 26(3):411-431, 2021.


https://doi.org/10.1039/C4CP03465A
https://doi.org/10.1080/17415977.2014.922075
https://doi.org/10.1007/978-3-319-17954-4
https://doi.org/10.1016/j.cnsns.2018.04.019
https://doi.org/10.1080/10652461003675737
https://doi.org/10.1115/1.3167615
https://doi.org/10.1016/j.apnum.2017.06.005
https://doi.org/10.1016/j.aml.2016.05.004

	Introduction
	Preliminaries and spectral problem
	Multinomial Mittag-Leffler functions
	Bi-orthogonal system
	The main results
	Conclusions
	References

