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1. Introduction

In recent years, fractional calculus has become an important tool in mathematical mod-
eling and has attracted the attention of researchers in various fields of science and engineer-
ing [1,2]. Research into the fractional diffusion equation has become a hot spot, attracting the
interests of many researchers in fields such as elastic material mechanics, hydrology, random
walking, biomedical, physics, medicine, and social sciences [3-8].

The direct problems for the time-fractional diffusion equation have been studied for
many years, for example, the maximum principle, uniqueness results, existence results,
numerical solutions, and analytic solutions [9-17]. In addition, various inverse problems
of fractional diffusion equations have been researched extensively, such as inverse source
problems [18,19], backward problems [20,21], the Cauchy problem [22,23], the inversion
for parameter, or fractional order [24-29].

Let Q) be a bounded domain in R, (d =1,2,3) with the sufficiently smooth boundary
0Q). We consider an unknown source issue for the fractional diffusion equation with the
Riemann-Liouville derivative

du(x, t) =9} “Au(x,t) + F(x,t), (x,t)€Qx(0,T),
u(x,t) =0, x€a, te€(0,T), @D
u(x, T) = g(x), x€Q,

where T > 0 is a given time. The symbol 8}*"‘ is the Riemann-Liouville derivative of the
order of 1 —a € (0,1) defined in [30]

O u(x, t) = 1”(11x);t /Ot(t —8)* lu(x,s)ds, t>0, (2)

where I'(-) is the Gamma function. The operator A is a symmetric uniformly elliptic
operator defined on D(A) := H?(Q)) N H}(Q) in [31]
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Au(x,t) = é aax, (]é ai]-(x)aaxju(x,t)> +b(x)u(x,t), xe€Q. (3)
Moreover, the coefficients in (3) satisfy
ajj =aji, 1<ij<d, 4)
d d
L ,«:Zfl’z < ijgla,«j(xméj, xeQ, ZeR!, >, %)
aij €CHQ), beC(Q), b(x)<0, xeq. (6)

The purpose of our article is to determine the source term F(x, t) from the measured
data u(x,t) = g(x). The measurement is always noise-contaminated; thus, we have the
measurement data g’ € L?(Q) satisfying

I18° — gl <4, @)

where the constant § denotes the noise level, and || - || denotes the L2-norm.
For & = 1, the problem (1) is an inverse source problem of the classical diffusion
equation
oru(x,t) = Au(x,t) + F(x,t), (x,t) € Qx(0,T),
u(x,t) =0, x€d, t€(0,T], 8)
u(x,T) = g(x), x € Q.

Obviously, Problem (8) has been researched extensively, see [32-37] for details. Re-
cently, the source term identifications of fractional diffusion equations have been studied
in different ways. If F(x,t) = f(x), Zhang and Xu [18] proved the unique result of the
source term identification problem using Laplace transform and analytic continuation.
In [38-40], the authors studied inverse source problems of time-fractional diffusion equa-
tion using different methods, such as the Tikhonov regularization method, the simplified
Tikhonov regularization method, the modified quasi-boundary value method, and the
quasi-reversibility method. In [41], the authors recovered a space-dependent source term of
a time-fractional diffusion equation using an iterative regularization method. In [42], the au-
thors considered an inverse space-dependent source problem for a time-fractional diffusion
equation via a new fractional Tikhonov regularization method. If F(x, t) = f(t), Zhang and
Wei [43] studied an inverse time-dependent source problem for the time-fractional diffusion
equation by a truncation method. Yang and his group [44-46] considered the inverse time-
dependent source problem for a fractional diffusion equation via several methods, such
as the mollification regularization method, the quasi-reversibility regularization method,
and the Fourier regularization method. If F(x,t) = f(x)h(t), Nguyen et al. [47] applied
the Tikhonov method to solve the inverse source problem of a time-fractional diffusion
equation. In [48], the authors used the integral equation method and the standard Tikhonov
regularization method to identify a time-dependent source term for a time-fractional diffu-
sion equation. In [49,50], the authors investigated a source term identification problem in a
time-fractional diffusion equation by using the Landweber iterative regularization method.
In [51], the authors solved the inverse space-dependent source term in a time-fractional
diffusion equation by using generalized and revised generalized Tikhonov regularization
methods. In [52], the authors identified the source function in the time-fractional diffusion
equation with non-local in-time conditions by using the modified fractional Landweber
method.

Inverse source problems have applications in geophysical prospecting and pollutant
detection [53,54]. As far as we know, there are few articles on inverse source problems of
the fractional diffusion equation with the Riemann-Liouville derivative; see [55,56]. In this
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article, we use a new fractional Tikhonov regularization method to solve the inverse source
problem (1).

The fractional Tikhonov regularization method was firstly proposed in [57]. Compared
with the Tikhonov regularization method, the fractional Tikhonov regularization method
has a better numerical effect. It was also used to solve some ill-posed problems, such
as the inverse source problem of the time-fractional diffusion equation [42], the inverse
time-fractional diffusion problem in a two-dimensional space[58], the initial value problem
for a time-fractional diffusion equation [59], the backward problem for the space fractional
diffusion equation [60], and the Cauchy problem of the Helmholtz equation [61].

The outline of this manuscript is as follows. In Section 2, we provide some prelimi-
naries. The ill-posedness and conditional stability results are given in Section 3. In Section
4, we propose a fractional Tikhonov regularization method and obtain the convergence
results based on a priori and a posteriori choice rules. The conclusion is given in Section 5.

2. Preliminaries

Throughout this article, we use the following definitions and lemmas.

Definition 1. Let Ay, e, be the eigenvalues and corresponding eigenvectors of the operator A in ().
The family of eigenvalues {Ap};’le satisfy 0 < Ay <Ay <+ <Ay < ---, where Ay — 00 as
p — oo
Aep(x) = =Apep(x), x€Q, ©)
ep(x) =0, x € 0Q).

Definition 2. Let (-, -) be an inner product in L>(Q)). The notation || - ||x stands for the norm in
the Banach space. For any k > 0, we define the space

HQ) = {u € L*(Q)

¥ () < 4o (10)
p=1

equipped with the norm

1
oo 2
Il = (2 A3 e)) an
p=1
Definition 3 ([30]). The Mittag—Leffler function E, () is
=] Zk
Enp(z) =Y ————, z€C, (12)
wp(2) k:zo T(ak + B)
where & > 0 and B € R are arbitrary constants.
Lemma 1 ([30]). Fora > 0and § € R, one has
E,p(z) = zE (z)—i—L zeC (13)
w,p — “La,a+p 1"(/3)’ .
Lemma 2 ([31]). Let A > 0, « > 0, then we have
dm
dTmEa,l(—/\ta) = —AM"Ey vemy1 (—AEY), >0, (14)
d o o
*(tEa,Z(_/\t )) = Etx,l(_)‘t )/ t>0. (15)

dt
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Lemma 3 ([30]). Let 0 < « < 1and A,a > 0, then we have

DB (-A1) = M Eg(<AR), fort >0, (16)
d, ., _
(t VEpa (=A%) = ¥ 2Ey 0 1(—AtY),  fort >0, (17)
/Oo e S Ey 1 (—at*)dt = ﬁ for R(s) > as, (18)
0 &, S(X+ﬂ/

Lemma 4 ([30]). Let 0 < ag < ay < 1. Then there exists positive constants My, M, M3,
depending only on ag, aq, such that for all « € [xg, 1],

M; M, M3
< < < <
T <Eyi(z) < T Eyp(x) < 12 forallz <0,a € R. (19)
Lemma 5 ([55]). Let 0 < « < 1and Ay > 0. Then
— T +
Ap 70 Ap
where )
MiTA + . MpyT %
Qﬂ( (AlfMl) 1 + )\ Ta/ QDC (Mz) - 1—u« ’ (21)
Mjand M, are positive constants.
3. Ill-Posedness and Conditional Stability
First, we introduce the mild solution of the following problem:
du(x, t) = 9} “Au(x,t) + F(x,t), (x,t)€Qx(0,T),
t) =0 0, te (0T
u(x,t) =0, x€dQ, te(0,T], 22)
u(x,0) =0, xeQ,
u(x, T) = g(x), x € Q.

Here, F(x,t) = o(t) f(x).
Throughout this work, we assume that there exists a positive constant E, such that

£l < E, (23)
for a positive real number, k. Here,
0<oy<o(t)<ocy, VEe]0,T]. (24)
Now, according to the reference [56], we know

& (3)e@)e®
IO = LT (T = myo(o)dr

(25)

From [62], we know that EDé 1(—x) is a completely monotonic decreasing function for

x > 0. Furthermore, — oo with respect to A,. So the small error in
fo En1(—Ap( T 7))o (T)dT

the measured data g’ (x) will be amplified by the factor

1
jo w1 (—Ap(T—1)*)o(T)dT
the magnifying factor of the problem.

. Thus, we

1
fo w1 (=Ap(T—=1)%)o(T)dT

We define

call
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o0 T
Kf = X | [ BT = 0fotede| (70 ep(0)ep () = [ Kx,f(@0E = g(0), xeQ o
p=1
Here,
0 T
6,8) = 35 (| Bt ({7 = 0900 ey (e ).
p=1 1
Obviously, according to reference [55], we know that the operator K is a self-adjoint
compact operator and an injective. By Kirsch [63], we conclude that the problem (22) is
ill-posed.
The following theorem gives conditional stability for the inverse source problem.
Theorem 1. ([55]) Let E > 0 and k > 0, suppose || f|| yr () < E holds, then
I£1l < DHERT|Kf|F5, @7)
where
D(K) ( . ) 28)
- \oQu (A, My) )
Remark 1. Essentially, Theorem 1 provides the following condition stability estimate
o k_
1fr = fall < DI A = fall f o 1K1 = Kfo || 5T
4. Fractional Tikhonov Regularization Method and Convergence Estimates
In this section, we prove the convergence estimates for the fractional Tikhonov regu-
larization method under a priori and a posteriori choice rules, respectively.
The fractional Tikhonov regularized solution (with exact data) is given by
= (Jo Baa(—Ap(T = 0))or(m)drr! 1
fo(x) = T 5 (g(x),ep(x))ep(x), 5 <7v<1, (29
p=1 W+ ( [y Ex1(—=Ap(T —1)%)0o(T)dT)?r
and the fractional Tikhonov regularized solution (with noisy data) is given by
© ([ Ex1(=Ap(T —1)%)o(7)d7)?7! 1
fon) = 3 o By 8 (0),ep(0)ep(x), 5 <<, (30)

ot @+ (Jfy Eaa(—Ap(T = 1)%)o(T)dT)2r

where w > 0 is a regularization parameter, v is called the fractional parameter.
Case 1. When ¢ = %, it is the quasi-boundary value method [55].
Case 2. When « = 1, it is the classical Tikhonov regularization method [56].
Before proving the main results, several useful and important lemmas are given.

Lemma 6. For % < v <1, we can obtain

b2771 1

T() = - S e, (1)

2y-1

_ -0

2 >0.

where c1(7y)
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Proof. For § < ¢ < 1, then lim, ,o T(b) = limy_,o, T(b) = 0. Thus, there exists a b* =
1
[(2y — 1)w]?> > 0, which is a global maximizer, such that T'(b*) = 0. So we have
T(b) < T(H) =er(n)w 7, (32
]
where ¢1(7) = % >0. O

Lemma 7. For constants w > 0,a > 0,b > Ay > 0, we have

B cz(ak, v, \M)w, k> 27,

G( _ﬂ < CZ(arkr"}/)wﬁf 0<k<2’)’,
wb?Y + a2y —

kK

k2 and C3(a/ k/ Y, /\1) =

where co(a, k, ) = ﬁ(h —0'

1
az"Y/\}lﬁZW '
Proof. If 0 < k < 27, we know that lim;,_,q G(b) = lim;,_,, G(b) = 0. We have

0< sup G(b) < G(b). (33)
be(0,4-c0)

1

Let G'(by) = 0, we have by = a(ZZ};k)ZW > 0, then we obtain

k

—k(2y—k\1—75=
wa (=) k
G(b) < G(by) = g‘ = ca(a, k,y)w?. (34)
k
If k > 27, then we have
wb?1=k 1 1
G(b) < = aZ’ka*ZWw < aZW)\’l‘*mw = c3(a,k, v, AM)w. (35)

O

Lemma 8. For constants w > 0,a > 0,b > Ay > 0, then we have

—Je— k+1
N <{C4(a,k,7)w2+7, 0<k<2y-1,

T Wb £ a2 = cs(a, kv, \M)w, k>2y—1,

k+1

K
where cq(a,k,v) = M;W(Z’Y_k_ 1)172%1(k+ 1) 2r and cs(a, k, v, A1) =

1

k+1-27
a2 Ay
Proof. The proof is similar to Lemma 7, so we omit it. O

4.1. A Priori Convergence Estimate

Theorem 2. Assume that conditions (7) and (23) hold. Let f(x) be the exact solution of problem
(22), and f?,(x) be the fractional Tikhonov reqularized solution of problem (22).
(a) If 0 < k < 27, and if we choose

5\ K

+1
== , 36
o= (%) 30
then we can obtain the following convergence estimates

1£5,(x) — £(x)]| < (c1 + c2)SFTERHT, (37)
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(b) If k > 2+, and if we choose

s\ 7
v+

then we can obtain the following convergence estimates
5 21
£ (x) = f()] < (e1 + c3)8 7T EZHT, (39)
where c1, ¢, andcs are defined in Lemma 6 and Lemma 7.

Proof. According to the triangle inequality, we have

£ () = FOI < N1f8 () = fo ()]l + Il feo (%) = f (). (40)

Now, using (7) and Lemma 6, we estimate the first term

0l p(T—7 dt)?r-1
20— ful@l] = Ewaﬁ) Aﬂﬁif;h;ﬂ (£ (x) — 82, p(x)ep (3)
o Ul B T—r))ﬁﬂﬂ”l
- p w+ fo —Ap(T — 1)%)o(T)dT)?
< cbw 41)

For the second term, using the Parseval identity and (23), we obtain

1feo () = F(2) 12

& o Eaa(Ap(T = 1)) (m)dr)?r! B 1 2 5

= <“’ + (Jg Eap(=Ap(T =1)0)o(1)d1)?r [ Ega(=Ap(T - T)“)O’(T)d’[) (g(x).ep(x))]
- 2

— —w )

N ,,;1 ( (@ + (fT Bt (—Ap(T — 1)) (T)dT)27) [T Egy (—Ay (T — T)”‘)(T(T)dr) [(g(x), ep(x))]

w?[(g(x), ep(x)) 2
1w+ (fy Eaa(=Ap(T = 1)*)o(1)dT)272] [ Byt (—Ap(T — 7))o (T)dT|2
WA, ZA3 ((x), ep(x))]?
1w+ fo an( AP(T—T)“)U(T)dT)2"Y]2|fOTE,X,l(—Ap(T—T)“)U(T)dr\z

[
Mz

ki

Il
T M8

=] 2k 2
< sup|M(p)|22 A5 1(8(x), ep(x))]
P P 1 |f0 al (T*T)"‘)O’(T)d’r‘z
Here,
k
M(p) = WAy
+ (Jif B (—Ap(T = 1)%)(t)dT)2Y
wA k
S (43)
(o0 fo a1 (=Ap(T = 1)%)dT)27
cu)t%,7 k

T WA+ (0pQx (A1, My))2
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IKf& (x) — 8°

()l =

Using Lemma 7, we have

K
M < C2w27, 0<k<2')’, 44
(p) < { 3w, k > 27. 44)

Combining (42) and (44), we have

&
) — ()l < ow?E, 0<k<2y, 45
o) = £ >||_{ b ks 4s)

Therefore, combining (40), (41) and (45), we have

k
_1 2y
1£5(x) = F(2)]| < crdw 2 4 2@iE 0 <k <2y, (46)
c3wE, k> 2y.

If we choose the regularization parameter by (36) and (38), we can have the following
convergence estimates

(c1 4+ )0kt 2 Ek+1 0<k<2y,

(47)
(c1+ C3)52711 E27+1 k > 27.

1f6 () = ()] < {

O

4.2. A Posteriori Convergence Estimate

In this subsection, we give the convergence estimate based on the a posteriori choice
rule. According to Morozov’s discrepancy principle [63], we choose the regularization
parameter w as the solution of the following equation:

§° U EaCAT = 00U (30 ey 3) - g

p=1w+ fo i —AP(T—T)“)(T(T)dT)z"Y

where T > 1 is a constant.

= 19, (48)

Lemma9. Let

8 (fy Eaa(=Ap(T = 0)*)o(x)dr)>

)

p= 1w+ fo acl /\P(T_ )“)O'(T)d—f)z'y

o(w) = (8°(x), ep(x))ep(x) — g°(x)

7

then the following results hold:
(a) p(w) is a continuous function;
(b) limg, 0 p(w) = 0;
(0) limey s 4eo p(w) = [|°;
(d) p(w) is a strictly increasing function over (0, +00).

The proof is obvious, and we omit it here.

Remark 2. According to Lemma 9, we know that there exists a unique solution for (48) if 0 <
6 <||g]l

Lemma 10. If w is the solution of (48), we can obtain the following inequality

ot < CDTEL 0k <2y, (49)
(D757, kz2y-1,

where ¢4, c5 are defined in Lemma 8.
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Proof. From (48), there holds

_ I8 w 5
T = p;l ot (fOT Ea1(=Ap(T — 1)) (1)dr)2Y (8°(x), ep(x))ep(x)
¥ d I(x) — g(x),ep(x))ey(x
: ;wﬂffﬁa,u—w T S
+00 w
5 T B (T~ o S )
w w
S L TR g o E Ve 60
So, we have
i<y “
O e T B (g (T eotmyaeyer OGN 6D
Using condition (23), we have
+00 w
p;l w it (foT Eu1(—Ap(T = 0)%)o (T)dT)27 (8(x), ep(x))ep(x)
< f @ [y Eat(=Ap(T = T)%)o()dr- A% AK(g(x),ep(x))ep(x)
N p= 1w+ fO 1x1 )\p(T— ) ) ( dT 27f0 :xl )\p( ) )O'(T)
_ {+°° [WIO Exp(=Ap(T —1)%)0(T)dT - /\k} { As(g ( ), ep(x))ep(x) r}%
p=1 Lw + fo w1 (=Ap(T = 1)%)o(T)dT)>Y fo w1 (=Ap(T = 1)%)o(T)dT
o woiQf (My)A, (+°° A (8(x), ep(x))? )%
T (A My \ S ([ g (<Ap(T = 7))o ()d)?
< { C4qw%l\|f||Hk(Q), 0<k<2y-1,
| sqwllfllpry kz2v—1,
< { C4qcu%lE, 0<k<2y-—1, (52)
o csqwE, k>2y—1,

where g = 01Q;f (M3). Therefore, combining (50)—(52), we have

1

cq E
w7% S (T ql)krl(§)1k+lr 0<k< 2’)’—1,
(2@ (5, k>2y-1

O

Theorem 3. Suppose the conditions (7) and (23) hold, and take the solution of (48) as the reqular-
ization parameter, then

(a) If 0 < k < 2 — 1, the following error estimate holds

1£20) = O < (ea (L) BT 4+ ) o ER. 53)

(D) If k > 27y — 1, the following error estimate holds

5 cs5q L 1
I1£80x) = @)l € 1 (25675 B 4 oo ER, (54



Mathematics 2022, 10, 3213 10 of 13

T+1 )ﬁ

where c1 is defined in Lemma 6, c4, c5 are defined in Lemma 8, cg = (m
0 1,4V11

Proof. Due to the triangle inequality, we have

1£6() = FO < N1f8 () = fo ()]l + Il fuo (%) = F (). (55)

Now, using (41) and Lemma 10, we estimate the first term

%)klléﬁEk}rﬁ 0<k<2y-—1,
I; 2y-1 (56)

5o c1(
| fo(x) = fw(x)|| < { q) 75 & EZ’Y k>2y -1

In the following, we estimate the second term from Theorem 1. We know

Ifio (%) = ()]l < DIROERT|[K(fu(x) — F(x))[[FT = DR)ERT||K fuo(x) — Kf (x)[| FT. (57)

Here, E is an upper bound of || f,, — fHHk(Q)
Now, we estimate

|Kfu(x) —Kf(x)| = o T Er (A (T — o )r(e)de (8(x),ep(x))ep(x)
= B T T e T omaae $) 8 Cher@er
+ Em+ T e T e (8°(x), ep(x))ep (x)
< (t+1)d. (58)
Moreover, we know
0 w z AZ"I( (x), ep(x))?
_ 2 _
”fw(x) f(x)”Hk Q p;l (a)—i-(foTEa,l(—Ap(T—T) ) dT 27> |f0 T T) ) (T)dT|2
o /\2"\( (x), ep(x))|?
k (59)

pzl | E1(=Ap(T — 7)%)o(T)d[2 = Il <

From (57), we know || fo, — f| HE(Q) < E. Here, we can use E instead of E. Combining
(55)-(59), the following convergence estlmates hold

1 k1
10 - fl) < { @EDTLHedRTET, 0 <k <2y -1,
! T ca(8L)5 5 5 BB 4 TERT, k> 2y -1,

—(—_T+l
where ¢ = (UOQE(/\l,Ml))kH' O

5. Conclusions

In this article, a fractional Tikhonov regularization method for the inverse source
problem of the fractional diffusion equation with the Riemann-Liouville derivative is given,
and we overcome its ill-posedness and prove the conditional stability result. Furthermore,
the convergence estimates were obtained under a priori and a posteriori regularization
parameter choice rules. In future work, we will focus on solving such an inverse source
problem by using other regularization methods.
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