ractal and fractional N
L frectal and f opy
Article

Reconstruction of an Unknown Input Function in a Multi-Term
Time-Fractional Diffusion Model Governed by the
Fractional Laplacian

Eman Alruwaili »*, Mustapha Benoudi 2(7, Abdeldjalil Chattouh >* and Hamed Ould Sidi °

check for
updates

Academic Editor: Carlo Cattani

Received: 25 September 2025
Revised: 26 October 2025
Accepted: 30 October 2025
Published: 5 November 2025

Citation: Alruwaili, E.; Benoudi, M.;
Chattouh, A.; Sidi, H.O.
Reconstruction of an Unknown Input
Function in a Multi-Term

Time-Fractional Diffusion Model

Governed by the Fractional Laplacian.

Fractal Fract. 2025,9,713. https://
doi.org/10.3390/fractalfract9110713

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Mathematics, College of Science, Northern Border University, Arar 91431, Saudi Arabia
MACS Laboratory, Department of Mathematics, Moulay Ismail University, Meknes 50000, Morocco;
mustaphabenoudi@gmail.com

3 Department of Mathematics, Abbes Laghrour University of Khenchela, Khencheka 40004, Algeria
Laboratoire de Mathématiques et d'Intelligence Artificielle, Abbes Laghrour University of Khenchela,
Khencheka 40004, Algeria

Département des Méthodes Quantitatives et Informatiques, Institut Supérieur de Comptabilité et
d’Administration des Entreprises—ISCAE, Nouakchott 6093, Mauritania

*  Correspondence: Iman.Alrowili@nbu.edu.sa

Abstract

In the present work, We aim to study the inverse problem of recovering an unknown spatial
source term in a multi-term time-fractional diffusion equation involving the fractional
Laplacian. The forward problem is first analyzed in appropriate fractional Sobolev spaces,
establishing the existence, uniqueness, and regularity of solutions. Exploiting the spectral
representation of the solution and properties of multinomial Mittag-Leffler functions, we
prove uniqueness and derive a stability estimate for the spatial source term from final-
time observations. The inverse problem is then formulated as a Tikhonov regularized
optimization problem, for which existence, uniqueness, and strong convergence of the
regularized minimizer are rigorously established. On the computational side, we propose
an efficient reconstruction algorithm based on the conjugate gradient method, with tempo-
ral discretization via an L!-type scheme for Caputo derivatives and spatial discretization
using a Galerkin approach adapted to the nonlocal fractional Laplacian. Numerical experi-
ments confirm the accuracy and robustness of the proposed method in reconstructing the
unknown source term.

Keywords: multi-term fractional diffusion; inverse source problem; fractional Laplacian;
Tikhonov regularization; conjugate gradient method

1. Introduction

In mathematical modeling of physical phenomena, the objective of a direct problem is
to predict the future behavior of a system or the evolution of a process by knowing both its
present state (initial data, boundary conditions, coefficients describe physical properties,
etc.) and the physicochemical laws behind the model. Conversely, an inverse problem aims
to determine the present state of the system by identifying unknown physical parameters
from partial knowledge of the direct problem. Thus, one might define the inverse problem
as the problem of determining causes of a desired or observed effect (see [1,2]) for an
overview of this topic).

Over the past decade, inverse problems for models with fractional features have
attracted considerable attention, particularly those concerned with the identification of
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unknown source terms. The rapidly expanding literature on inverse problems for frac-
tional models has been driven by the dual motivation that arises from both theoretical
considerations and practical needs. The present work is concerned with the analysis of a
diffusion equation that involves multi-term fractional time derivatives in combination with
the fractional Laplacian, with particular emphasis on the associated inverse source problem.

Let ) C R™ be a bounded domain with sufficiently smooth boundary dQ), and let
T > 0 denote a fixed final time. In this work, we consider the following problem

f b;CDy ®(x, 1) = —(—A)*®(x, 1) + p(x)q(t), (x,t) € Ax (0,T),

j=1
D&, 1) =0, Q) x (0,T), @
P(x,0) = Doy(x), x e Q.
where 0 < a1 < .-+ < &, < 1 are the orders of the fractional derivatives, and bj > 0,
j=1,2,...,n. The left-sided Caputo fractional derivative Cij is defined
D} ®(x,t) = (1l . %)) /ot acpgsc's) (t—s)™%ds, 0<t<T, 2)

where I'(-) denotes the Gamma function. Furthermore, the fractional Laplacian operator of
order s € (0,1) is defined as follows:

D(xt) — Dy, 1)

(=A)®(x,t) = CpusP.V Rn |x — y[25tm

dy, 3)

where C;;, s is a normalization constant, given as follows:

| HsT(s+ %)

" miT(1—s)
and “P.V.” is the principal value of the integral, defined as follows:

D(x,t) — CD(y,t)dy _ lim D(x,t) — D(y, t)d

PV _
R |x —y[2tm =0/ {yeRm, [y—x|>e} ¥ —y[FHm

7

here, @y denotes the initial state of the system, while p(x) and g(t) are source terms
depending only on the spatial and temporal variables, respectively. We assume that &
and ¢(t) are known and sufficiently regular, in a sense to be specified later. The main
objective is to address the inverse problem of identifying the unknown space-dependent
source term p(x) from additional information on solution ® in the form of a final-time
observation, namely

Z(x) =®(x,T), x€Q, 4)

where Z € L?(Q)) is a given function, typically obtained through experimental measurements.

Classical Brownian diffusion is typically associated with a variance that increases
linearly in time and with a Gaussian law for the displacement distribution. In contrast,
numerous physical and biological processes display diffusion behaviors where the variance
evolves in a non-linear growth time of the variance and/or non-Gaussian profile of the
displacement law. Such behaviors are generally referred to as anomalous diffusion. This
phenomenon has been widely observed across complex systems, ranging from turbulent
flows [3] and plasma transport [4] to the dynamics of soft matter, such as the cytoplasm [5],
cell membranes, nuclei [6], and neurophysiological processes [7].
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To accurately describe these processes, several mathematical frameworks have been
developed, most of which generalize the standard diffusion equation by replacing local
derivatives in time and/or space with non-local operators, particularly those involving
fractional derivatives. In this way, the resulting models typically lead to evolution equations
governed by fractional differential operators, most notably of the form

CDRu(x, 1) + (—AYu(x,t) = f(x,8), (x,t) € Qx (0,T],

which is the single-term counterpart of (1) obtained by taking n = 1 and b; = 1. This
fractional diffusion model has been widely recognized as a valuable model for describing
dynamics governed by anomalous diffusion, where the fractional Laplacian (—A)® of order
0 < s < 1 characterizes non-local spatial interactions and Lévy-type jump processes [8],
while the fractional-time derivative “ D¥ reflects memory effects and subdiffusive particle
trapping [9].

Motivated by the effectiveness of fractional models in describing diverse physical
processes, research over the last twenty years has attracted considerable attention in the
areas of numerical approximation, algorithmic design, and rigorous analysis of subdiffusion
equations. More recently, this interest has expanded to include related topics such as
optimal control and inverse problems. With this in mind, the literature on inverse fractional
problems is vast. Here, we limit our discussion to a short survey of the works that are closely
connected to the present investigation. Some previous studies have used and developed
regularization methods to address the inverse problems of the source identification problem
for different kinds of fractional evolution systems [10-15]. Murio et al. [16] proposed
a regularization method to estimate unknown sources from discrete data. Nakagawa
et al. [17] demonstrated that such problems could be uniquely solved from partial space-
time measurements. In another context, Anderle et al. [18] applied inverse techniques to
trace pollution sources using the heat equation, while El Badia et al. [19] devised a method to
detect electrostatic dipoles in the brain. Other studies conducted by Tuan [20] demonstrated
that in order to uniquely recover the diffusion coefficient of a one-dimensional fractional
diffusion equation, it is essential to choose an appropriate initial distribution based solely
on finite boundary measurements. Furthermore, Jin et al. [21] investigated an inverse
problem aimed at reconstructing a spatially varying potential term in a one-dimensional
time-fractional diffusion equation using flux data.

More recent work by Bensalah et al. [22] tackled inverse source identification for
space-time fractional diffusion equations, aiming to reconstruct the spatial component
of the source using incomplete data. Similarly, Sidi et al. [14] addressed this problem
using final-time observations, applying a hybrid regularization strategy that combines
iterative nonstationary and classical Tikhonov techniques. Ali et al. [23] examined two
distinct inverse problems related to fractional diffusion: identifying a space-dependent
and a time-dependent source term. Their analysis leverages a biorthogonal system based
on Mittag—Leffler functions derived from the spectral properties of the fractional system
and its adjoint. They establish key results on existence, uniqueness, and stability for the
space-dependent case while proving existence and uniqueness for the time-dependent
case, along with various special scenarios. Recently, Li et al. [24] investigated an inverse
problem related to diffusion equations involving multiple fractional time derivatives. They
established the uniqueness of recovering the number of fractional derivative terms, their
corresponding orders, and the spatially dependent coefficients. Recent contributions to the
theory of inverse fractional differential equations include the development of regularization
techniques for inverse pseudo-parabolic models with perturbations [25] and uniqueness
results for diffusion equations with unknown source terms [26]. In particular, inverse
problems aimed at determining time-dependent parameters or source terms in integer-order
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parabolic systems have been the subject of extensive research. Several works have applied
a completely different approach using the Rothe method to tackle inverse identification
problems of time-dependent source terms (see e.g., [27]).

The introduction of the multi-term model (1) is primarily motivated by the need
for greater efficiency and higher accuracy in capturing anomalous diffusion for complex
systems with multiple relaxation mechanisms acting at different temporal scales. Each
fractional order « j corresponds to a distinct memory kernel, and the associated coefficient
bj quantifies its relative contribution. From a physical and engineering perspective, such
operators capture the superposition of heterogeneous dissipative processes, reflecting
the presence of multiple relaxation pathways in complex materials or layered media.
Consequently, multi-term time-fractional models offer a more accurate description of
multi-scale dynamics compared to its single-term counterparts. For instance, in [28], a
two-term fractional diffusion equation was suggested to represent solute transport, where
the inclusion of two distinct fractional orders allows one to distinguish between mobile
and immobile phases of the solute. Similarly, kinetic equations involving two fractional
derivatives of different orders emerge naturally in the study of subdiffusive dynamics
within velocity fields [29]. Moreover, such multi-term structures are also relevant in
modeling wave-like behaviors [30].

Existing work in the literature on inverse problems for single-term time-fractional
diffusion equations, whether involving the fractional Laplacian or not, has explored this
problem from multiple perspectives, ranging from uniqueness and stability analysis to
numerical. However, to the best knowledge of the authors, rigorous works devoted to
inverse identification problems for multi-terms space-time fractional problems are still
rather limited.

On this basis, and motivated by the lack of studies in this direction, the present
work is devoted to a systematic investigation of the inverse reconstruction problem for
the unknown source term p(x) in the boundary value problem (1) given a priori infor-
mation on the solution in the form of a final-time measurement (4). This study makes
two key contributions.

First, on the theoretical side, this work gives complete well-posedness by proving the
well-posedness of the forward problem in some suitable functional framework. Further-
more, we establish the uniqueness of the spatial source term by exploiting the spectral rep-
resentation of the solution together with the properties of the multi-nomial Mittag—Leffler
kernels, and we also derive a stability result for the inverse reconstruction. In addition,
the inverse problem is rigorously reformulated as a Tikhonov regularized minimization
problem for whic, we prove existence and uniqueness of the regularized minimizer and
show strong convergence of minimizer as the data perturbation vanishes. Secondly, for
numerical reconstruction, we design and implement an efficient reconstruction algorithm
based on the conjugate-gradient method for the Tikhonov functional. The forward and
adjoint problems are discretized with an L!-type finite difference scheme in time and a
Galerkin spatial discretization that accommodates the nonlocal bilinear form associated
with (—A)°.

The remainder of this paper is structured as follows. In Section 2, we present the
necessary preliminaries and establish the existence and uniqueness of a weak solution to
the direct problem. Section 3 addresses the inverse source problem: we prove its unique-
ness, derive a stability estimate, and reformulate it within the Tikhonov regularization
framework. In Section 4, we describe the conjugate gradient method for solving the reg-
ularized problem. Section 5 provides numerical results for five representative examples,
illustrating the performance of the proposed approach. This paper concludes with remarks
and perspectives in the final section.
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2. Preliminary

In this section, we give some necessary Definitions that will be used in the next part of
the paper.

Definition 1 ([26]). The Riemann—Liouville fractional integral of order w is defined as follows:

1 t
o« _ - -1
Y (t) = () '/0 (t—v)* ¥ (v)dv. ()
Definition 2 ([26]). Foralln —1 < a < n, the Caputo fractional derivative of order w is expressed
as follows:
1 t
Cryx _ m—ag(n) _ / _ \n—1—aw(n)
DY (t) =I5 ¥ (t) Tor—a) Jo (t—v) YU (v)dv. (6)

Definition 3 ([26]). Foranym —1 < B < m, the Riemann—Liouville fractional derivative of order
B is defined as follows:

d _m— amn ot 1
“DPY() = G = ot [0 Y aa o)

We introduce some basic notations and recall key definitions. Let L?(Q) denote the
usual Lebesgue space with inner product (-, -), and let H}(Q2), H!(Q2) denote the standard
Sobolev spaces. For s € (0,1), H°(0,T) denotes the fractional Sobolev space in time
(see [31]).

The fractional Sobolev space H(Q)) is defined by

H(Q) = {q> € W2(R™) : & = 0a.e. in R" \ Q}

1/2
@ ()
(@l = ( [, fo, o dxdy)

The Sobolev space W52(R™) can equivalently be defined via Fourier transform as

with norm

WRAR") = {@ € I2R™) : (1+]¢)/2F0(E) € LX(R™)},

where F denotes the Fourier transform.
On a bounded domain ), the fractional Sobolev space H*(Q) is

Q) = {0 € 2000 0l <o}, (0l = ( [, [ 1222 )

aQ ’x_y|m+25

with norm || - [| s () = (|- ||%2 +1 13 Q))1/2_

We also consider the subspace
H(Q) := {® e H*(R™) : supp® C O }.
The bilinear form associated with H*(Q) is

o (P(x) —@(y))(¥(x) —¥(y))
Bs(®,¥) := Cis //( MR\ (O CF) =y dx dy.
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Proposition 1 ([22]). Let ®,¥ : R™ — R be smooth. Then,

C

¥ -y dx = %BS(QD,‘I’)— [ ¥ dx,

where N denotes the nonlocal Neumann operator associated with (—A)*:

P(x) - P(y)

./\[SCD(X) = Cm/s o |x—y|m+25

dy, xeQ

The fractional integration by parts identity serves as a link between the two fractional
derivatives, Caputo and Riemann-Liouville. This relation not only highlights the deep
interconnection between these two central operators in fractional calculus but also clar-
ifies the circumstances under which one formulation can be transformed into the other.
In particular, the formula provides a rigorous framework for switching between initial
condition-friendly models (often associated with the Caputo derivative) and more analyti-
cally tractable formulations (arising from the Riemann-Liouville definition).

Such an equivalence is of great importance in both theory and applications: it ensures
consistency among different approaches, facilitates the derivation of weak formulations for
fractional differential equations, and underpins the development of numerical methods
that exploit either definition depending on stability and implementation needs. In this
sense, the integration by parts formula is not merely a technical tool but a structural result
that enriches the entire framework of fractional calculus.

Proposition 2 ([32]). Let a € (0, 1). Let ®q and P, be two absolutely integrable functions. Then,
we have

[ @att) Dt at = [ on(t) KDp@s)at + [@y(on - @a(e)] ]
0 0

=0

The multinomial Mittag—Leffler function is a generalization of the classical Mittag—
Leffler function to multiple variables, playing a central role in the analysis and solution of
multi-term fractional differential equations (see [33]). Let us consider

,)/GR/ 9:(91/92/'/97’!) GRH, z:(ZLZZ/"'/ZTZ) ERnr

Then, we define multinomial Mittag-Leffler function as follows:

1.
) n ]
I! j=1%]

Eg,, (z) := Z

Ll N ®)
=01 +-+I,=I 1"(,)/_‘_ Ze]l])
j=1

where the non-negative integers v € R and {lj}]r.’:l denote the multinomial coefficient.
For the case of n = 1, the multinomial Mittag—Leffler function reduces to the classical
two-parameter Mittag—Leffler function:

00 I
z
Ey,(z) =) ——=, VzeC.
022) = Lt 1)
For convenience in subsequent use, we introduce the following shorthand notation:

Ei’ffg(t) = Efgynr gy ) p (— A1ES, 151782, ) g0, )
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Next, the following lemmas provide some essential properties of Eg(z) (for detailed
proofs, the reader is referred to [34], pages 394-396).

Lemmal. Let ay > ap > -+ > ay > 0. Then,

4 { oy plm) ~1p(m)
S{mEN, () = TES (1), >0

Lemma2. Let B> 0and 1 > ay > - > ay > 0. Suppose that the angular condition

T
MT <u<wmm, p<larg(z)| <,

holds, and that there exists a constant K > 0 such that Re(zj) < —Kforallj=2,...,n. Then,
the following inequality holds:

C
’ < —
Ea,ﬁ(z)‘ — 1+|Z]‘,

where C > 0 is a positive constant depending only on p, K, a; (j =1,...,n) and B.

Definition 4. A function ® € C((0,T); H§(€2)) N C([0, T}; L?(QY)) is said to be a mild solution
of Equation (1) if ®(0) = &g such that

t) = i Sa; (t)Po(x) i/ t—r)* 1Ka (t—r)g(r)dr, (10)
=1 j=1
where
Say(t) = /0 " Mo (0)C(t10)d0, and K (1) = /O " 0M,, (0)S(19) db.

The My, (0) function is given by:

(noc] +1)

1 L 1 &
My, (0) = E()*”‘f*l‘I’,xj (9 “J’), = 2 yrlgTeie sin(nra;),
] n=1

for 0 € (0,00), and My, (+) is the Mainardi’s Wright-type function defined on (0, co) such that:
My (6) > 0 forall 6 € (0,00) and /O M, (6) d6 = 1.

Theorem 1 ([22]). Let 0 < a;,s <1,p € L%(Q) and q € L?(0, T) be given. Then, Problem (1)
admits a unique solution ® € L2(0, T; H*(Q) N H**7(Q)) such that €D,/ ® € L2(Q) x (0,T)).
Furthermore, there exists a constant C > 0 such that

o
| CDtjq)”Lz(Qx(O,T)) + ||®||L2(0,T;HS+7(Q)) < CHPHLZ(Q)f (11)
where 7y :== min{s,1/2 — e} with ¢ > 0 arbitrarily small.

Remark 1. The operator (—A)° has a complete set of eigenfunctions (¢,) associated with the
eigenvalues (Ay). Then, the mild solution of System (1) is given by
O(xt) = 12 (1= At ED) () pugu(x) + 2 R () prgn(x (12)

n=0

where

Ru(t) = [ 4(5)(t = o) (1 = o) 13)
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and the coefficients are defined as follows:

On= (P, ¢n),  Pn= (P, Pn)-

3. Stability Study and Regularization

This section is dedicated to addressing the second objective of this study, which
involves developing an efficient numerical approach for reconstructing the source term
p(x) in Problem (1), which is carried out using data from the final observations (4).

A commonly adopted method in the literature involves transforming the inverse ST
problem into a minimization problem, such as a least squares formulation. To implement
this approach, we consider an initial estimate p € L?(Q) and denote by ®[p] the solution
of the following problem:

Y. Dbl (x,£) = —(~AF[pl(x, 1) + pa(t), (1t) € Ax (0,T),

=1

] (14)
@[p](g,t) =0 (&,1) € 9O x (0,T),
[p](x,0) =0, x e Q.

Assume that the final measured data Z(x) = ®(x, T) is known. The inverse problem to
solve is then to determine p € L2(Q) such that the corresponding potential ®[h](x, T)
closely approximates the final measured data Z within the domain Q.

By utilizing the available final-time data Z, an estimation of the true space-dependent
function p can be achieved. However, in real-world applications, the collected data Z
is typically imprecise due to the presence of measurement noise. To account for this
uncertainty, we define Z¢ as the observed data at the final time, which is assumed to fulfill
the following condition:

1Z(x) = Z5(¥) [ 12(00) < & (15)

where ¢ > 0 is the amplitude of noise in the data.
Let us define the forward operator A : L2(Q)) — L2(Q) by

where @[p](-, T) denotes the solution of (1) at the final time T corresponding to a spatial
source p(x). In this notation, the inverse problem can be equivalently formulated as the
operator equation

Find : p € L2(Q), satisfying A(p) = Z,

It is worth noting that the linear operator A is self-adjoint compact. Therefore, the inverse
problem under consideration is ill-posed in the sense of Hadamard, since equations with
compact operators are ill-posed (for more details, we refer the readers to [35]). In particular,
the compactness of A implies that small perturbations or noise in data Z can produce large
deviations in the reconstructed source p, and the solution does not depend continuously
on the data. To address this instability, a regularized solution must be considered.

In this work, we use the least squares approach in conjunction with Tikhonov reg-
ularization to tackle this numerical instability problem in the following ways: Reduce

the functional
Find p* € L?(Q) such that
(IP) i . (16)
QU(P ) = min QU(P)/

peL?(Q)



Fractal Fract. 2025, 9,713

90f23

with
Q,(p) = 5 [ (@[pl(x )~ 2+ L [ )

where 7 is the Tikhonov regularization parameter. Under this consideration, a regularized
solution for the inverse problem is obtained as the minimizer of the variational problem (16).
For the minimizer of the problem (16) we have the following result.

Theorem 2. For any > 0, the optimization problem (16) has a unique reqularized solution.

Proof. It is obvious that Q,(p) > 0 for any p € L2(Q)); therefore, it has the greatest lower
bound p*. The definition of infimum affirms the existence of minimizing sequence (p*)ien
from L2(Q)) such that

. B 1
pelLr;{Q) Qy(p) < Qy(p") < pEILI}{Q) Qp)+5 kel (17)

From the structure of Qy, it follows that (pk )ken is uniformly bounded; that is,
1P 2y <C. VkEN.

As a result, there exists an element p* € L2(Q) and a subsequence of (p*)en, still denoted
by the same symbol, such that

pkf = p* in L2(Q) ask — 0.
The semi-continuity of L and the weak convergence of p* — p* in L2(Q) and

®[pF(,T) = ®[p*](,T) in L2(Q)) as k — oo,

give us
2
*1( g2 < limi k(. _ 7€
190571, T) = 2y < limint @041, T) = 24
and 2
*(2 LUK k
17" 20 < timine ],

Thus,

0y(p") < limint|@lp](, ) ~ 2|, +yptimint] ]

n(P) = i ’ L2(Q) koo L2(Q)

Consequently, the existence of the minimizer for Problem (16) is obtained from (17) by
letting k — co, namely,

Qy(p*) < ligglf QW(Pk) = peiLI;fQ) Qy(p) < Qy(p*),

and the uniqueness of p* is guaranteed by the convexity of Q,. [

The primary goal of this paragraph is to examine the uniqueness of the solution to our
inverse problem. Specifically, we demonstrate that the space-dependent source p* can be
uniquely identified using the final time measurement ®(x, T).
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Theorem 3. Let g € C(0, T) be a non-zero non-negative function. We consider &, with ¢ = 1,2
to be the solutions of the following system:

i D @[pl(x,t) = — (=AY @[pl(x£) + pe(x)g(t), (x,t) € Qx (0,T),

j=1
(18)
@[p](¢,t) =0 (&,1) € 9Q2 x (0,T),
Py[p](x,0) =0, x € Q.
where pj € L*(QY) such that
D1(x, T) = Dy(x,T) on Q. (19)
Then, we have
pi =p;in L2(Q). (20)
Proof. For ®1(x,t) and ®,(x, t), the representation becomes:
1 [pi](x,1) = pi (x z / 1Y Ky (t = P)a(r) dr,
and
. 1
2[p3) x 9% [0 Ky e e
]:
From Equation (19), it follows that:
1 = [ -1
Y [ =Ky (= na(r) dr = pi ) Y [ (0= 157 K (6= r)qr) dr
j=1
This gives:
n t .
(P ()= p3() Y [ (t= 1) Ky (=) dr, =,
j=1

The family of functions {(t)" 71K,xj(t)}t20 is not equal to zero on L2(0,T). Then, we
conclude that

pi —p> =0. (21)
L]

The second part of this section addresses the issue of stability. We analyze how the
minimization problem IP responds to small perturbations in the observation data. To start,
let {Z; }1>1 be a sequence such that

{ZEs1 — ZF, in L*(Q) as k — oo, (22)
and we denote by {p¥} the sequence of minimizers for the following problems:

per?;?ka( P, Qulp) =110 T) = Zl o) +1lplT )y k=12...  (23)

Theorem 4. The sequence {p*}i=1 converges strongly in L*(Q) to p*, i.e

||p —p ||L2 ) =0 ask— oo, (24)
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with p* being the unique solution of the minimization problem (IP).

Proof. Lemma 3.1 (see [22]) ensures that a sequence {pk }kzl exists, and for any k > 1, we
have:

Q(p") < Q(p), Vpel*(Q).

Thus, {p*}1>1 is uniformly bounded. Accordingly to Proposition 3.2 (see [22]), there exists
a subsequence of {p*};~1, still indicated by {p*}, such that:

pf = p* in L2(Q) as k — .

The following can be obtained by applying the same method as in the proof of Theorem 3.5
(see [22]):

O[p"(x, T) = ®[p*](x, T) in L*(Q)) as k — co.
Using condition (22), one can obtain:
[Pt — 78 — @[p*] —Z° in [2(Q) as k — .
Therefore, we have the following result:
[@1P¥] - 2222y, < liminf ([ @[p"] — Z§ 2y )- (25)

Employing Proposition 3.4 (see [22]), we get

2

o(p") = |@lp* - 27|,

a) +1llp* 1) < Qp),  Vp € LA(Q). (26)

This suggests that the unique solution p* found in the preceding Theorem coincides with p*.

We use contradiction to demonstrate the strong convergence of {p*};>1. Assuming
that is true, we know that {||pk||Lz(Q)}k21 does not converge to ||p*[| 2 (q)- Since pr— p*
in L2 (Q), based on the weak lower semi-continuity of the norm, we have

1P* 20y < li;ninf 1Pl 12y < limsup "]l 12(q0)s (27)
e k—o0
and there exists a subsequence {p*};>1 such that

lim sup ||pk||L2(Q) = klim ||PkHL2(Q)-
k—o0 e

Making use of the minimizing sequence’s characterization {p*};~; and Equation (26), one
may obtain the following:

191') = 2210+ 1P o) = Hmint (19007) = ZElx ) + 119 )

k—o0

.. k 2 . k12
= hlgglf<ll<1>h? | = Zill72(q) + nlimsup [|p IILz(Q)>-
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Based on Inequality (27), one can deduce

|@[p*] = Z°E2 ) = lim inf | @[p"] — Z{ 172 q) + 1 ((ﬁmsup 1Pl 2(0)? = 1P Hizm)>

k—o0

s k1 _ €2
> iminf | S[p"] = Zi[l72 )

which is in contradiction with Relation (25). O

The Fréchet differentiability of the functional p — Q(p) is analyzed, as it plays a
key role in developing the method for determining the minimizer of the optimization
problem (16). It is worth mentioning that the associated optimality system, which consists
of the state, adjoint, and gradient equations, can be derived using the Lagrangian approach
(see, e.g., [36,37]) by considering the following Lagrangian functional:

L(®,,p) = %/Q ®(x, T) — Z¢(x)[Pdx+

Dipax+ [ [ et Sb,SDf@+ (~ay® —pg(t) ) drat. @9
2 0 Ja "V jzl] t

First, we derive the adjoint system corresponding to (1) from (28) by taking the varia-
tion of the Lagrangian functional with respect to the state variable ® and applying the
fractional integration-by-parts formula in time, which results in a backward fractional
parabolic equation.

n

D REDI (x,8) = = (=B (x,t), (x,t) € Q x (0,T],
e
J=0, (x,t) €9 x (0,T), (29)

n

lim YL (x ) = [@[p](x, T) — Z°(x)], x € Q.
— =1

In the following Theorem, we establish the Fréchet differentiability of Q and derive an
explicit expression for its gradient.

Theorem 5. The objective function Q to be minimized is Fréchet differentiable, and its gradient is

Vo) = ([ a1+ np(), 30)
where ][p) is the solution to Adjoint Problem (29).
Proof. Taking a small variation 6p € L(Q) of p, we have
Q(p+p) = Q(p) = [®[p + SH](x, T) = Z°() 2y — I1@[p)(x, T) = Z°()lIF2(0r)
+1llp +8pl2() — 1Pl + 0 (9Pl
=2 [ (@lp)(x, T) = Z*())@lop] (x, ) d

+ 27 /Q popdx +o(||5p\|Lz(Q)).

(31)
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where ®[dp] is the solution to the following problem:

Y CDY@lop] + (~AF@lsp] = 6p(x)g(t) inQx [0T),
j=0
®[5p] =0 in 90 x [0, ], (32)
P[p](x,0) =0 in Q.
The variational formulation of Equations (29) and (32) gives the following:
T ey T T
/O /Q]Z% D! CD[(Sp]tpdxdt—l—/O BL(D[5p), ¥) dt _/O /Q(sp(x)q(t)lp(x, £ dx dt, -
v € 12((0,T); H3 Q).
Similarly,
[ [ % Sy yiplpaxdr+ [ Blp) gyat= [ [(@lpl(xt) 25 (x)(x, Tl
0 Jo 5 tJLP 0 ® Pl 0 PI\X, , ’ (34)

vy € L2((0, T); H5(Q2)).

By taking ¢ = J[p] in Equation (33) and integrating by parts with respect to f, we obtain
the following:

/OT i ]é RLDY D [5p]][p] dx dt + / By(@[dp], J[p]) dt = / | opa(Ip] (. 1) dx at 35)

By integrating by parts with respect to t and replacing ¢ = ®[dp] in Equation (34), we get

/ / 2 RLDY [[p]®[0p] dax dt + / B(J[p], ®[6p]) dt = /Q [(D[p](x,£) — Z8(x))D[5p] (x, T))dx. (36)
Hence,
T
[ l@lple 1) = 2 O)0lopl(x, Dldx = [ [ op(x)a(t(xpydxar.  G7)
Therefore,
Q(p+dp) — / /(5;9 xt)dxdtJr/Qp(x)zSp(x)dx
+o(n6p||L20T) (38)

_/ / (%, 1) dxdt+77/ op(x) dx +0(l1opll2(cy )-

As aresult, the functional Q is Fréchet differentiable, and its gradient can be expressed
in the following form:

VO(p) = </0Tq(t)][;7](x,t>dt+np(x>>- (39)
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4. Numerical Approach: Conjugate Gradient Method (CGM)

This section is dedicated to the numerical reconstruction strategy designed to solve the
underlying minimization problem. The method relies on deriving the associated optimality
conditions, which naturally lead to the use of the conjugate gradient method (CGM) in
Algorithm 1 as an efficient iterative solver.

In practice, the minimization of Q is carried out by means of CGM. The algorithm
generates a sequence {p*} that progressively approaches the true minimizer. Specifically,
starting from an initial guess p, each iteration combines gradient information with previ-
ously computed search directions, thereby accelerating convergence compared to a simple
steepest descent scheme. At the k-th step, given the current approximation p*, the next
iterate is computed according to the standard CGM update rules, which balance descent
efficiency and numerical stability.

To minimize Q, we apply the conjugate gradient method (CGM). The procedure is
as follows: suppose at the k-th iteration, we have the current approximation p*. The next
iterate is then obtained through the following iterative scheme:

=P Brdy
with
i -Vo(p) ifk =0,
k =
—VO(P") + updi—1  ifk >0,
where
k\112
o V0N,
k — 7
NI
and

— ; k
Br = argmin Q(p" + pd).
The functional Q(p) is given as follows:
— 1 _ 7€ 2 n / 2
Q(p) =5 [ (@pI(xT) =z dx+ T [ p2(x)ax
Replacing p with p* + Bdy, we get:
Q(p* + i) = 2/ [P + B (x, T) — ()) dx+17/ Pk + By) dx.

Differentiating both terms with respect to 5, we obtain:

dQ

- (@110 7) = 250 @' M) dx +y [ prddx+ By [ dFx.

Setting L;% = 0 to find the optimal step size i, we solve for

Pr=~ (40)
‘ n/()d%dx
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Therefore, we have the following CGM:

Algorithm 1 Conjugate Gradient Method.

1: Set k = 0, initiate po.
2: Compute the residual g = VQ(p”) and set the direction dy = 7.
3: Evaluate the step size

(@11 ) = 2 @/ ) o) dx + [

- _ 41
po 1 Jo 45 dx “
4: Update the iterate
pt =1+ Bodo.
k=1,2,...
5. Compute the residual and direction:
ne=-Vop"),  dx=rc+mdi,
where
HrkH%Z(Q)
We= 1"z -
||rk—1 ||L2(Q)
6: Evaluate the step size
(@166 T) = 220 @' [P dx +y [ pidd
B = —20 0 ) (42)

1 Jo di dx

7. Update the iterate
P =1+ Bry.

5. Numerical Experiment

In this section, we present numerical results for a set of representative examples to
demonstrate the effectiveness of the Algorithm 1. Without loss of generality, the study is
restricted to the one-dimensional case, while the extension to multidimensional settings
remains an open direction for future numerical investigations. The convergence and
stability of the method are also examined to assess its robustness and reliability in solving
the inverse problem.

5.1. Numerical Resolution of the Direct Problem

Without the loss of generality, we consider the following one-dimensional problem. In
doing so, we assume () = (x1, xr), and the final time is fixed at T = 1.

Let M € N be a fixed positive integer, and define a uniform temporal partition of the
time frame [0, T| by setting t; = it fori = 0,1,--- , M, where T := I denotes the time step
size. The Caputo fractional derivative in Equation (2) is then approximated at t = t; using
the classical L!-finite difference scheme:

1

% - i1/ _ 1 111 i1
DY/®(x, t;,1) ~ DAD (x)_wlgow,ﬂ(cpl (x) — @ (x))
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where ®(x) is an approximation of ®(x, t;). The coefficients wlx/ satisfy forall1 < j < m)
that ng =1land w;-xj = (i+1)'7% — "% with i > 1. By performing some rearrangements
of terms, one may obtain

1

Dy (x) = [(2—a;)t"
j

— d% (cpl“( )+ Hi'j(x)>.

where d% = (I'(2 — «;)7%)~!, and H'/ is given explicitly by the following formula:
ij & i ST R % 50
HY(x) == (w;! = 1)@ (x) + Y (w,” —w,” )@ (x) + w;"®"(x). (43)
=1
Let us replace Cij ®(x, t;) by its approximation €D} &' (x). Therefore, we obtain
n - ) )
Y DY + (—APD =4p, i>1 (44)
j=1

Substituting (43) into the above equation yields the following:

Zd"‘](bl AYPD =g'p— Zd”‘ iH Y (x), i>1. (45)
j=1

Now, we pass to the space discretization and define for N € N, a fixed positive integer,
a uniform spatial discretization of the domain ) = (x1, xg) by defining the grid points

x; = xp, +ih for 0 <i < N, where the mesh size is given by 1 := 25"k, Let V), be the space
of continuous piecewise linear functions over Q). Let ¢, (x) denote the interior nodal basis
function associated with the node x,, for1 < n < N.

Now, we consider the Galerkin-L! discretization of the problem (1) as follows: Find
®;, € V;,(0 <i < N) satisfying for all ¢ € V,,

Zda} (P}, ¥u) + Bs (@}, vn) = q' (p, ) — Zd“/ (H=Y,y,), i>1
=1 j= (46)

((I) /lljh) = ((Do, llJ)

It is well known that any function i), € V}, is uniquely defined by its value at the grid-mesh
(xn)o<n<n; therefore, we obtain

N

2 xn (Pn

In this way, if ®/, denotes the approximation of ®(x,, t;), then one may rewrite (46) by
choosing as a function test ¢, = @i for 1 < m < N —1, as follows

(A+B)U =C1, 47)
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where:

m
A= [a1<npen—1, Gug=Y_ 4% (@u, 1),
=

B = [bn,k]lgn,ngflr bn,k = BS<(PH' (Pk)r (48)

. m . . .
C = [euiiznien—1, Gy = Y dY(H ", 90) +4'(p. ),

j=1
U' = (@, P, , y_y)".

The entries of the matrix A can be efficiently computed by exploiting the properties of the
basis functions @;. Regarding the matrix B, it is a full matrix whose elements depends
only on 1, k,s, and h and can determined explicitly without numerical integration (see [38]).
Concerning the elements of the matrix C;, they can be efficiently evaluated using the
following formula:

i—1

. o . " o - "

111,k = ((w1] -1, + Z(wl/ - wzil)q); + wl.]<1>91> (P, @1)-
=1

It is noteworthy that, at each iteration, solving the adjoint problem is required, which
involves a backward time-fractional derivative. In a similar manner, one can determine the
discrete backward-in-time Caputo fractional derivative as follows:

%o (ty) = r(zl_a) '/T(s ) (s) ds

tn

1 N jk 1—a, 11
- — t)1 %0 (s) d
(2 —a) ]-:;H /(H)k(s n) T s) ds

1 N (Z)]' +0j2—20j 1 ) /jk 1—a
~N_— s—t ds
T(2—a) jz;ﬂ K2 (j—1)k( 2
_ 1 i (ZJ]' + Vj—2 — 27]]'1) {(S — tn)zf'x } Tk
F(Z - ‘X) j=n+1 k2 2-u (j—Dk

N /ot 20
:m 5 (v]+vj—k22 20’_1>{(jk—tn)z_“—((j—l)k—tn)z—“}

j=n+1
k=« N ‘ B ‘ B
= FEmaEw o, O e 2 [

Letusset/ = j—mnsoj = [+ n Now, we plug this into the expression and obtain

the following:
ko N—n
T0(tn) = T2—a)2—a) g; (Ot4n + Vpn—2—20p11)

% [627“ _ (€ _ 1)2701

5.2. Numerical Inversions

The noisy data are obtained by introducing a random perturbation to the exact data,
that is,
Z*=Z+¢e-Zx (2-rand(size(Z)) — 1), (49)
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and the corresponding noise level is evaluated as follows:
e=1Z° = Z||;2(qr)-
To examine the accuracy of the numerical solution, we compute the approximate L2-error,
Elzc = ||PJr - Pk”LZ(Q)/
and Rk, the residual error at the k-th iteration,
RE = [ @[p"]( T) = Zll 2y

where p¥ and p' are, respectively, the reconstructed source term at k iteration and the exact
source term.

One of the widely used methods in this context is Morozov’s discrepancy principle,
which consists of selecting the iteration index k such that the following inequality holds:

Rk <Te< Rk_l,

here, T > 1is a constant that serves as a tolerance factor in the stopping criterion, and it is
typically set to T = 1.01, following the recommendation in [39]. In the case of a zero noise
level (i.e., when &€ = 0), our iterative process is terminated after k = 100 iterations.

Example 1. In this first synthetic example, we reconstruct a source term given as follows:
p(x) =sin(mx) +1,

In this example, the exact solution is not known in closed form. Consequently, the final
measurement data is obtained by solving the forward problem numerically via the method de-
scribed previously.

Our first numerical test aims to evaluate the performance of the proposed algorithm under
varying fractional order. The order « and s used in this test, along with the obtained reconstruction
errors, are reported in Table 1, where the values of the relative error Ey across different choices of
fractional order «, s and noise level € are evaluated. Furthermore, the profile of recovered source term
for different fractional order are plotted in Figure 1.

Table 1. Relative error E; (k) for various noise levels €, fractional time orders a, and spatial orders s.

« = (0.1,0.4,0.7) o« = (0.4,0.6,0.9)
s=04 s=10.8 s=04 s =028
€ =0.00 0.00842 0.00942 0.00958 0.01151
e = 0.001 0.00966 0.01066 0.01114 0.01307
€ = 0.005 0.01506 0.01606 0.01727 0.01920

e =0.01 0.02191 0.02291 0.02594 0.02787
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=+= Reconstructed =+= Reconstructed

source term p(z)
source term p(z)
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a variable x variable

(a) « = (0.1,04,0.7) and s = 0.8. (b) « = (0.3,0.6,0.9) and s = 0.8.

Figure 1. Exactand reconstructed source terms for Example 1 with zero noise level € = 0 for different
fractional orders.

Based on the results presented in (1), it can be observed that the numerical reconstructions
closely approximate the exact solution for all tested combinations of («,s). This indicates that
inversion method is robust with respect to changes in the fractional order. This observation is
consistent with theoretical results in the literature, where the fractional order mainly affects the
forward operator but has limited impact on the stability of the inverse problem.

Figure 2a illustrates the convergence behavior of the proposed iterative algorithm, while
Figure 2b presents the decay of the residual Ry, for various noise levels € € 0,0.001,0.005,0.01 and
fixed order « = (0.1,0.4,0.7) and s = 0.8.

As expected, increasing the noise level € results in a monotonic growth in the reconstruction er-
ror Ey, as demonstrated in Figure 2. Nevertheless, the numerical results remain reasonably accurate.

10 T 10 T T
——¢e=10.00 y = 0.001
€= .00} y = 0.005
€= 0005 y=0.01
== €=0.001
10° € =0.005
—+—e=10.01
-1
= 10 F
g ; *’kyﬁ 107 "\
o \ A g
3 A =
= b 8
g 5
— X o2k
% % ‘ 1o i RN
R0 \Mﬂ—x—n—x—x—x—x—n—k**** 3 B
s = ST PESSR
10°F
. ,
1o ‘ ‘ ‘ ‘ 0 A S
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 100
k iteration k iteration
(a) Evolution of the relative error E; (k) (b) Evolution of the residuals Ry

Figure 2. Convergence behavior with « = (0.1,0.4,0.7) and s = 0.8 for various noise levels €.

Example 2.
4x+5 if —1<x< -3

—4x+1, if -3 <x<0
p(x) =< 4x+1, if0<x§%
—4x+5, ifi<x<1

0, otherwise
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Since an analytical solution to the problem is not available, as in the previous example, we com-
pute a numerical approximation of the final measurement data Z(x) by solving the direct problem.
As in the previous example, we begin by investigating the effect of fractional order a and s on
the reconstruction quality. To this end, the source term p(x) is recovered for several combinations of
these parameters. The numerical results are reported in Table 2. As observed earlier, the values of «
and s do not exhibit a significant influence on the accuracy of the method. The slight discrepancies in
the results are mainly attributed to the discretization errors of solving direct and adjoint problems.

Table 2. Relative error E; (k) for various noise levels €, fractional time orders a, and spatial orders s.

« = (0.1,0.4,0.7) « = (0.4,0.6,0.9)
s=04 s =028 s=04 s=0.8
0.0152 0.0170 0.0189 0.0210

Figures 3 and 4 provide a clear illustration of the convergence behavior and robustness of
the proposed conjugate gradient method (CGM) in the case of a non-smooth source term. The

reconstruction results remain stable and exhibit satisfactory accuracy for noise levels up to e = 0.01,
as evidenced by the evolution of the relative error Ey and the residuals Ry. Specifically, Figure 4a

shows that Ey. decreases steadily during the early iterations and stabilizes afterward, while Figure 4b

demonstrates the controlled decay of Ry for increasing noise levels.
3
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(a) Zero noise level

(b) Noise levels € = 0.001, 0.005, and 0.01
Figure 3. Exact and reconstructed source term for Example 2 with fixed parameters « = (0.1,0.4,0.7)
and s = 0.8.
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Figure 4. Convergence behavior with « = (0.1,0.4,0.7) and s = 0.8 for various noise levels €.
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It is worth noting that, as in the first example, the fractional orders « and the parameter s
appear to have a negligible impact on the reconstruction accuracy. However, the effect of noise is more
pronounced in this nonsmooth setting. When the noise level exceeds € = 0.001, the reconstructed
solution starts to exhibit artificial oscillations, particularly around the points of singularity, which
affects the fidelity of the reconstruction. This behavior is typical in inverse problems with low
regularity, where noise amplification is more severe due to the limited smoothing effect of the
forward operator.

Ovwerall, the results confirm that the proposed method maintains good stability under moderate
noise while highlighting the need for appropriate reqularization strategies when dealing with higher
noise levels and nonsmooth sources.

6. Conclusions

In this paper, we have studied an inverse problem for a multi-term time-fractional
diffusion equation involving the fractional Laplacian. Specifically, the goal was to recover
an unknown spatial source term from final-time observations. The well-posedness of the
forward problem relies on the representation of the solution in terms of the multinomial
Mittag—Leffler function Ei’f%(t) The uniqueness of the inverse problem follows from
the asymptotic decay properties of these functions, which guarantee that the spectral
coefficients p;, are uniquely determined by the final-time data. A significant theoretical
insight is that the presence of multiple fractional time derivatives, although it complicates
the analysis, does not compromise the uniqueness property of the inverse problem.

To handle the ill-posedness of the the studied inverse problem, we reformulated it
as a Tikhonov regularized optimization problem. By using the adjoint method, a first-
order optimality condition has been derived, leading to a coupled system of the forward
problem, a backward adjoint problem, and a gradient equation. Based on this condition, the
unknown source term has been characterized as the solution of the regularized variational
problem. An efficient and accurate iterative reconstruction procedure has been developed
and implemented to solve the regularized variational problem, that is, the conjugate
gradient method (CGM), where the requisite gradient is computed efficiently via the
adjoint formulation. The efficiency, accuracy, and robustness of the proposed numerical
procedure have been justified by several numerical simulations for both smooth and non-
smooth sources. It is noticeable that the parameters «; and s have no significant influence
on the overall reconstruction accuracy. However, for smaller values of the fractional orders
«;, the results become slightly less accurate, which can be attributed to the stronger memory
effect inherent in fractional diffusion processes.

While the present study establishes several noteworthy theoretical and numerical
results, certain aspects merit further investigation to achieve a more comprehensive under-
standing of the proposed framework. From an analytical standpoint, it remains essential
to rigorously examine the convergence properties of the numerical scheme and to clarify
its dependence on the regularization parameter and on the choice of the initial guess.
From the computational perspective, extending the current algorithm to multi-dimensional
configurations constitutes a natural and challenging continuation of this work. In addition,
tailoring the proposed approach to more intricate settings, such as nonlinear models and
coupled systems of fractional partial differential equations, appears to be a promising and
stimulating direction for future research.
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