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hyper-Bessel operator is used instead of the time derivative. First, we investigate the
existence of our source term; the conditional stability for the inverse source problem
is also investigated. Then, we show that the backward problem is ill-posed; the
fractional Landweber method and the fractional Tikhonov method are used to deal
with this inverse problem, and the regularized solution is also obtained. We present
convergence rates for the regularized solution to the exact solution by using an a
priori regularization parameter choice rule and an a posteriori parameter choice rule.
Finally, we present a numerical example to illustrate the proposed method.

Keywords: Source term; Time-fractional diffusion equation; lll-posed problem;
Hyper-Bessel operator

1 Introduction
Fractional calculus has a long history in the mathematical theory and has attracted much
attention in various fields of the applied science [3, 4, 13, 23]. Fractional differential
equations have an important position in the mathematical modeling of different physi-
cal systems [1, 10, 21], in engineering [6, 18], [7], and finance [24], in physics, chemistry,
medicine, and they describe anomalous diffusion [12, 16, 20].

In this paper, we restore the space source term problem for a generalization of the time-
fractional diffusion equation with variable coefficients. The time-fractional diffusion is
discussed in this paper as follows:

C(tl’ﬁ‘%)“u(x, t)— Bu(x,t) = F(x, 1), (x,£)e 22 x(0,T),
u(x,t) =0, (x,£) €982 x (0,T), (1)
u(x,0) = g(x), X € £2,

where £ is bounded with sufficient smooth boundary 852 in R? (d € N), T > 0 is a fixed

value, 0 < B < 1, and C(tl‘B%)a stands for a regularized Caputo-like counterpart hyper-
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Bessel operator of order 0 < o < 1. From [10], we have the following formula:

(12 ) v - (-8 2) gy - YO
(tl a) YO\ 5 ) YO e ra sy @)

where I'(x) is a gamma function, and the hyper-Bessel operator (tl’B%)“ was introduced
by Dimovski in [8]. Since (2), we see that the study of (1) comes from the definition of
hyper-Bessel operator. Some papers [10, 11] used the hyper-Bessel operator to describe
heat diffusion for fractional Brownian motion. Some more details on them can be found
in [2, 25, 30].

The results for equation (1) were investigated by some recent works [2, 29]. The authors
[2] considered two direct and inverse source problems of a fractional diffusion equation
with regularized Caputo-like counterpart hyper-Bessel operator. They established the ex-
istence and uniqueness of solutions to the problem and gave the explicit eigenfunction
expansions. In [29], the author investigated the exact solution of the inhomogeneous lin-
ear equation and the semilinear equation using fixed point theorems. In practice, some
initial data, boundary data, diffusion coefficients, or source terms may not be given. By
adding some given data, we can recover them, this is the inverse problem (or backward
problem) of the time-fractional diffusion. To the best of our knowledge, the source identi-
fication problem for the fractional diffusion equation with hyper-Bessel operator has also
been studied very little.

Our purpose in this paper is to find an inversion source problem for (1). Assume that the
source term F(x, t) of problem (1) is a forward problem, which can be split into F (x) Q(¢),
where Q(¢) is known in advance. Hence, we want to identify the space source term ¥ (x)

by using the value of the final time T as follows:
ulx, T) = #H(x), xe€52. (3)

In fact, the measurements are noised, the observation data J are obtained by inexact data
using some measurements; and so, they are approximated data by #¢ and

| 7~ J€||£2(Q) =8 (4)

where € > 0 is a bound on the measurement error. A small error of the given observation
J can result in that the solution may have a large error. Hence, we have to propose some
regularization method in order to recover stable approximations for the unknown space
source function.

In this paper, we apply the fractional Landweber method and fractional Tikhonov
method to restore the unknown space source function . Both methods were studied
by Klann and Ramlau [15] when they considered a linear ill-posed problem. Since the a
priori bound of the exact solution cannot be known exactly in practice, we need to give
a posteriori choice of the regularization parameter. Study for choosing the regularization
parameter by the a priori rule is easier than that by a posteriori rule.

The paper is organized as follows. In Sect. 2, we recall some preliminary results. The ex-
act solution, the ill-posedness of the inverse problem, and the conditional stability are also
discussed in Sect. 2. In Sects. 3 and 4, we present the fractional Landweber regularization
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method and the fractional Tikhonov regularization method. The convergence estimate
under an a priori assumption for the exact solution and the a posteriori regularization
parameter choice rule are considered in there. In the last section, we present a numerical
example to illustrate the proposed method.

2 Identifying the space source term problem
2.1 Preliminary results
In this section, we recall some useful results.
Let us consider the operator B on the domain D(-8) := H(£2) N H*(£2), and assume
that —8B has eigenvalues a, with corresponding eigenfunction w, € D(-8).
Note

O<ay<ay<az<---<ap=<--

and a, — oo as p — o0o. The most popular example of 8 is the negative Laplacian operator
—A on L%(£2), we have

Bwy(x) = —a,w,(x), forxe £,

Wwp(x) =0, for x € 92.

From [5], it easy to see that a, > Cp% for C is a constant, p € N, and d is the dimensional
number of the spatial variable.

Now, let us define fractional powers of 8 and the Hilbert scale spaces. For all k > 0, we
denote by (-8) the following operator:

Y ak v wyhwy, ik #0,

By = 5)
21321(‘/1 Wp)wpy ifk=0,
and
repean) - {v € L@): Y| < oo}' (6)
p=1

The space D((-B)F) is a Banach space with the following norm:

1
00 2
%l D gy = (Zaﬁk“x, wp)f) , xeD((-B)).
p=1

It is easy to see that [|v]|p(_g) = ||(—$)kV||Lz(_Q). Its domain D((-8)¥) is a Hilbert space
endowed with the dual inner product (-,-)_x taking between D((-8)7*) and D((-B)F).

This generates the norm

1
2

o0
_2k 2
IVlp(-g)* = (Z%Z | (v, W) _ick| ) .
p=1
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Definition 2.1 ([21]) The generalized Mittag-Leffler function is defined as follows:
©-3 2 C for o> 0,
Eop(2) = —, zeC(fora>0,feR.
P T +B)

Note E, 3(2) is an entire function in z € C. For convenience, let us set Eq(2) := Eq,1(2z) and
E(z) := Ey0(2).

Lemma 2.1 (see [21]) Let 0 < o< 2, and B € R be arbitrary. Let us suppose that i is such
that %* < ju < min{rwr, wo}. Then there exists a constant M = M(o., B, 1) > 0 such that

M
Eop(-2) < ——; p < |arg(e)| <.
1+ |z|

Lemma 2.2 (see [21, 26]) Let o € (0,1), then Eq(—z) > 0 for any z > 0. Moreover, there exist
three positive constants M, g M, g, Mlop such that

M~ M* M
W Eu(-2)< =, E(2) < P )
1+z l1+z 1+z

If o € [0, 03] for any 0 < 0y < 04 < 1, the constants can be chosen, which depends only
O, Ol1.

Lemma 2.3 (see [21]) Letc >0 and 0 < o< 1. Then
(a) %Ea(—ct“) = —ct* LE(-ct¥), t > 0;
(b) Z(t*E(-ct) = t*2Eqq1(~ct®), £ > 0;
(c) OFEq(—ct™) = —cEq(-ct*), t>0;
(d) 0*(t*'E(-ct*)) = —ct*E(~ct¥), t > 0.

Lemma 2.4 ([17,27]) ForO<k <1,q>0, andm € N, we obtain
1-k)"k?T<qg¥m+1) 9 <gm™<
Lemma 2.5 (see [28]) For some positive constants r, |, ¢, d, we obtain

uc*" - Mz, 0<r<2,

et +d = | apu,  r>2,

and

uct=" - Msu'?, 0<r<l,

l.lCz +d M4,].L, r=> 1,

where My = M(r,d) >0, My = My(r,d) >0, M3 = M5(r,d) >0, My = My(r,d) > 0 are inde-
pendent of c.
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2.2 Solution for a fractional diffusion equation with regularized Caputo-like
counterpart of a hyper-Bessel differential operator

Using the Fourier series expansion and the properties of Mittag-Leffler, the exact solution

of problem (1) is given by the following form (see [2, 29]):

u(x,t) = Z[E“ (—%t“ﬁ) g

p=1

e [ -2 - #)) 5004w ®

where g, = (g, W), F,(1) = Q(1)(F,wp) stands for its Fourier coefficient.
Let ¢t = T in, and we obtain

a
H, = Eq (—B—‘; T“E‘)gp

T
R %z, /0 (19 —TB)(“E(—%(TB _ TB)“) Q) (), ©)
where #, = (#,w,) withpe N, p> 1.

Lemma2.6 Let Q:[0,T] — R bea positive continuous function such that inficpo, 1) | Q(¢)| =
Qo. Assume that || Q|lco = sup,c(o,71 | Q(E)|, then we get

1 1 T o-1 ap o
ToM= g [(1-) E(——(Tﬁ—tﬁ) )Q(T)d(rﬁ)
ap Ba 0 Ba
1 —
< M5 Qlle
ap

forallp e N.
Proof First, by Lemma (2.2), we obtain

1

- /0 e IB)(HE(—%(TB _TB)“) o) d()

1 T (TB_TB)oc—l
= ﬁa”Q” a,B/(; 1+ﬁ—§(Tﬁ—TB)°L ( )

1
< —Mll Ll
ap

where M 5 := Mz(é, %) by applying Lemma 2.5 for r = % and d = %.

Otherwise, we also get

T
o [ -)E (—“—”(TB —r“)“) 0@ d() = Qo M,
0 B

e o

where M = (1 —Ea(—g—ﬁTuB))- -
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2.3 lll-posedness and stability estimates
For any H € L£2(£2), let K : £L2(2) — L%(£2) be the following operator:

(KH)G0) = /Q WG M) dl

= i 1 /T(TB -TB)“‘Hs(-“—”(TB -rﬁ)“) Q1) d(tP) (M, wp) ),
= B Jo pe e

where the kernel (-, -) is
1 T o-1 a o
w(x, §) := 5 Z /0 (7P - 7P) E(—B—i(TB - >Q(r)d(rﬁ)wp(§)wp(x).
p=1

Since (8), our problem is of finding ¥ which can be transformed into
KF =0, (10)

where

O(x):= Z Opwy(x), with ©,:= H, —Ey <—B—Taﬁ)gp
p=1

Hence, we obtain

O

o fo (T8 —1B)eE(— 22 (T8 — 18)") Q(1) d(1) -
p*Jo p*

33}7:

It is easy to see that K : £2(£2) — L%($2) is a compact operator, then problem (10) is ill-
posed. To give the ill-posedness problem, we propose an illustrative example. Assume that
g =0, we choose the final data Hi(x) = ”:}1), then the corresponding source terms

e} J{l
i Z ¥ e o (T8 — )L E(— g2 (TP — 1)) Q(1) d(xP)

wp(x)

wi(x)

T [T (TP - EC (19— P Q@) dh)

N

.y v
By Lemma (2.6), we get |7 (9ll @) = g

, hence lim;_, | F (x)||£2(9 — 00. But

B l c2(2) = \/—Tp, or limy_, o || F* (x)||£z y = 0. Some of the above observations imply that
our problem (1) satisfying (3) is ill-posed in the sense of Hadamard.
Next, we get conditional stability in the following theorem.

Theorem 2.1 Let Q:[0,T] — R for all t € [0, T]. Assume that ‘P is a positive constant
and

|F lps)y«) <P forsomei >0. (12)
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Then we obtain
K T 1
151 c2(0) < (QuM) FT O] 551, P,
Proof By Holder’s inequality and (11), we obtain

oo @2

:Z L

S (G fo (T8 —tB)w1E(— g (TP — 18)%) Q(1) d(1P))?

00 ;(KT e8] @2 ﬁ
o] [z ” [
p=1

5 (g fy (T8 — 8oL E(— 22 (TP — 18)%) O(x) d(1B))2c+D)

Applying Lemma 2.6 and (11), we get

o0 @2 00 2K?‘2

Z 1 T a - SZ “211 p2 :

1 (o Jo (TP =) 1E(= g6 (TP — )*) Q1) d(7P))20+D) — 3 Qg M2
Hence,

' P 1
17 1l c2@) < (QuM) T O 5L, PF.
We finish the proof. O

3 Fractional Landweber regularization method and convergence rate
From Sect. 2, we know that problem (1) satisfying (3) is ill-posed. Therefore, we need a
regularization method. Now, we propose a fractional Landweber regularization method
to solve the ill-posed problem (1) satisfying (3). The convergence rates for the regularized
solution under two parameter choice rules are also considered.

From [14], LF = © is equivalent to

F=({-cK'K)F +cK*® foranyc>0, (13)

where 0 < ¢ < ||K||~? and K* is the adjoint operator of K.
Applying the fractional Landweber method given by [15], we propose the following reg-
ularized solution with exact data #¢:

?m,e(x)
o [1= (1= el i1 (TP - )L E(- % (TP - P)%) Q) d(eP) ]

i 6, W) Wy.
= TP Pmomdd)

If the observation data # is noised by #¢, then we have

Frio(x)

3 [1- (1=l fy (TP =) E(- g (TP - 1)) Q1) d(tP)]2)")°

: L T (TP Py TEC 2 (TP — ) Q) () W

oo

p
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here ®@¢ .= J¢¢ — Zﬁl(Ea,l(—g—ﬁT“B)gp)wp(x), 0e (%, 1] is the fractional order, and m > 0
is the iterative step and is a regularization parameter. Here, we note that when 0 = 1, the

fractional Landweber method becomes a standard Landweber regularization.

Lemma 3.1 Leta,>0,0¢ (%, 1],m> 0 and

2

0<c[B—1a/OT(T“—TB)“‘lf(—%(TB—rﬁ)“>g(r)d(rﬁ)] <1,

we get
[1- (L= clgh [T (TP = ) B 25 (19 - 1)) Q0 d(xP) P
Su
w0 g (TP P (TP - ) QM d(rh)
< c2m?. (14)

Proof We define ¥ (y) := y2[1 — (1 — y*)™?°, where y? := C[B% fOT(T[3 - 173)0“1E(—f-;—{f((TB -
Q1) d(tP)]2. It is easy to see that the function ¥ (y) is continuous in [0, +00) when
y€(0,1) and

[1- (1= clgh fy (TP — ) B3 (TP — )% Q(x) d(xP)})")°
o o (T8 —18)e-1E(— g2 (T8 — 1)) Q(1) d(1h)

=iy (y).

For 6 € (%, 1] and y € (0,1) , applying Lemma 3.3 of [15], we get ¥/ (y) < m. That infers that
inequality (14) is correct. a

3.1 A priori parameter choice rule and convergence estimate
Let us choose m := m(¢) such that || Fo(-) = F ()l z2p) — 0 as € — 0. Using an a priori
regularization parameter choice rule, we propose the convergence rate for the fractional

Landweber regularized solution ¥4 to ¥ .

Theorem 3.1 Let Q:[0,T] — R forall 0 < t < T and # € L*(2). Assume that (4) and
bound condition (12) hold.

If we choose

L(%)K%J, O<k <2,

IGHREES

then we get

(c+ (CQ%MZ)_%(%)g)PﬁSK%, O<k<2,

€ () _ .
| o) Jf’()Hﬁ(Q)S (c+ —L )P3el k=2,
0

here |m] represents the largest integer not larger than m.
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Proof From the triangle inequality, we obtain
”f(‘me,e(‘) - fﬁ(')“ £2(82) = ||37m€,e(') - “Fmﬂ(‘)”ﬁ(m + ”}‘mﬁ(') - JT(’)H L£2(2) (15)

First, we give an estimate for the first term || F (-) — Fn0(-)ll z2(2)- Applying Lemma 3.1,
we get

”?Iie() - Tm,G()H £2(82)
(1 (1~ el J (TP~ ) B (TP~ P)%) Q1) ()2
< Z -

(g ST (TP ) E(— % (TP 1)) Q1) d(19)?

p=1
x |@f - @p|2)
[1- (1= clgh fy (TP~ ) E(- 35 (TP — )% Q(x) d(xP)])")°
< sup s a
ap>0 g0 Jo (TP =)o 1E(—g5 (TP —1P)*) Q(v) d(1P)

() € ()
x ” 0" -0 ||£2(.Q)
11
<cZm2e.
Hence,
11
||‘7Tm£,6(.)_‘?'m,e()H£2(Q) Sczng. (16)
On the other hand, we estimate the second term

”Tm,e(') - }‘()“ £2(82)
© 1= [1- (= clg fy (TP - )" E(- g5 (TP - 1)) Q1) d(xP)]2)]°
o o (T8 —18)e-1E(— 5 (TP — 1)) Q(1) d(th)

p=1

X (O, wy)w,

L£2(2)
We note that 0 € (%, 1], Lemma 2.6, then

||-7:rn,9(') - ‘?()“ £2(2)

oo

2\ m
Z(l—c[aiQoM] ) (F, wp)wp
v

p=1

o0 2\ 2m %
(S o]V ettt

p=1

=<

£2(%2)

Apply Lemma 2.4

©

| #ao) - jL‘(')HLZ(Q) = (CQgMZ)_% <g> zm‘gp.
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Thus

Choose the regularization parameter m by

(B)&T], 0<k<2,

(B)3 ),

K >2,

then we have

(Ve+ (CQ%MZ)_%(g)%)PK%lsKKT, O<k <2,

2

Fe ()= F( <
7200 =7 Ol = (Ve+ g Pled

K> 2.
This ends the proof. d

3.2 A posteriori parameter choice rule and convergence estimate
Now, we consider an a posteriori regularization choice rule called Morozov’s discrepancy
principle [9], we choose the regularization parameter m such that
lrog & o € )€

|KFro-© ”52(9) <Ve<|KFLo-© ”1:2(9)’ (17)
where ||@F| r2(o) > O¢ , ¥, which makes (17) hold at the first iterator time, is a constant
independent of € .

Choose ¥ > 1, and the bound for m is given and depends on € and P.

Lemma 3.2 [fm satisfies (17), we can get the following inequality:

M 5l Qlloo |, 2
1 2
oz ()R (B)RT, 0<ie <,
m< 0 ML (18)
1 M9l p e=1

2CQ%M2 v-1 €’

Proof From (17), we have

Ve=|KFy - 0" H/ﬂ(!))

S oo or)asae]) T

=
p=1
- 1) O,wp (19)
£2(R2)
By ® € (35,1] and 0<c[gy Jr(r® - )L E(- g (TP - 1)%) Q(1) d(tP)]? < 1, we get
ve = ”K?r:—l,e -0° ”52(9) = ” O’ -0 ||£2(Q) +7, (20)

Page 10 of 23
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where
w3 (e [ - (e )owar )

x (O, w,)w,

£2(2)

In view of Lemma 2.6 and (11), we obtain

o] 1 2\ m-1
I< Z(l—c[—QWVl]) (O, wy)w,
p=1 % £2(2)
00 1 2\ 2m-2 , 3
< Z(l—c[—QoM} ) a;ZK 2"|(@ wp)|
p=1 %
1
ad 1 222 M 5 11215, 2
f(Z(l—c[—QoMD %aﬁ“mwﬁlz) .
p=1 dp aP

By Lemma 2.4, this implies that

" 1M+B”Q”oo
7 <sup QOM T"JTHD( B)™)
»

ap>0

M 11 Qo NG .
o )(+1 <K+ ) m_Tlp'

T (M2 \ 2

From the above results we have

Kk+1
K+1 z K+l
(9 - 1)€<M+B||Q||oo<m) m 2z P, (21)
This yields
Qlloo
K+l ( B” I ) ('P)K+1 O<k <1,

2092./\/12
K+ 0%13”9”00 P
202 M? o-1 &’

Kk > 1. O

Theorem 3.2 Werecall thatm in Lemma 3.2 and bound condition (12) hold. Then we have

|76 = F O 22
||Quoc «
149 \PT_ 1, c%<265;;42> (epl 2 priedt, 0<i<l,
= PrTesT ’ (Fe]]
QOM (C K+1 Ot,B OC'PE)%, KZL

ZCQ%MZ 0-1

Proof From the triangle inequality, we obtain

|| 9( ) ?' )H £2(82 ” 9( ) ?m 9( )H[)(Q ”?m,e() - ?()‘}52(9) (22)
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In view of (16) and Lemma 3.2, we deduce that

“‘?'mg,e() - ‘?'m,e(')H[}(Q) < C%m%e

HQIIoo e
2 (882 ( MaplOloey ey pelrestt, 0<w <1,
= el aﬁugnoo (23)
(c Pe ) k> 1.

ZCQ%MZ 9-1

Now we give the bound for the second term. Same as above, we have

“?m,e(') - ?()H £2(2)
© 1= [1- (1l fif (T~ )" E(- 52 (TP — 1)) Q) () )P

,;1 b Jof (T — 1)0-LE(— 8 (TP — 1)) Q(1) (1)

x @pWy

£2(2)

Applying Holder’s inequality, we have

”frrn,e(') - 37()” £2(2)

© 1 [ (1 el fy (TP~ ) E(— (TP 1)) Q1) d(9) 1))

>

pe o o (T8 —18)e—1E(— g2 (TP — 1)) Q(1) d(1h)
X OpWy " ,
£2(2)
where
[} a 2\ m0
7-1%1 |:1—<1—c|: | (Tﬁ_rﬁ)“E(__g(Tﬁ_ B)“)Q(’c)d(t )D}
p=1 0 B

X Fpwy

£2(2)

From 6 € (3,1] and 0 < c[Biu fOT(Tl3 - rﬁ)a‘lE(—g—ﬁ(TB - Y90(1)d(th)]? < 1, we deduce
that

oo
Z FpWp

p=1

L K
K+1 1 o1 Ll
J < < SuP<—p> 1F 157 gy

52(9) ap>0

Hence, we obtain

||fm,9(') - ‘?'()H £2(2)

K

<sup(— : )"
a0\ [y (TP = t8)o-1E(— g5 (TP - 1)) Q(1) d(<P)
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X ’PK1+1< Z @ eF, wp
p=1 EZ(Q)
> (1-[i-(1
p=1

[ o go-er)oose]) T

In view of (17), we have

1+0\FT .
|70~ 7Ol = (g ) PPre

K
) Kk+1

Hence, we get

[7260) = F O 22

P 1 1Qllco, 1 1 &
1+9 mPL ' CE(ZcQKg}v(Z) ( GB —— ) PETeRnT, 0<k <1,
< kI gk+1 4
=\oM ' .l u,ﬁugum 1
(CZCQ%MzTPS)Z, k>1
This ends the proof. O

4 Fractional Tikhonov regularization method and convergence rate

Now, we propose another method to solve the ill-posed problem (1) satisfying (3), that is, a

fractional Tikhonov regularization method. Besides, the convergence analysis between the

exact solution ¥ and the fractional Tikhonov regularized solution #°4 are also considered.
From [15], the fractional Tikhonov regularization solution is given by

(e fy (TP = )" E(— 5 (TP - t)%) Q() d(xP))201

‘Tn,e(x): 2 :W>W .
; (g Jo (TP —)eE(= S5(TP — ) ) Q) d(®)2 +nle "
If the observation data J¢ are noised by #¢, then we have
Fio()
< (g Jy (TP =B (TP - ) Q@ d(P)?
= Z O, wp|wp,

5 [ Jo (TP =) E(— g (TP - )) Q(1) d(tF))? + )

where the regularization parameter n > 0, and 0 € (%, 1] is the fractional order. We note
that when 0 = 1, the fractional Tikhonov method becomes a standard Tikhonov regular-

ization.

Lemma 4.1 Let0 e (%, 1], n > 0, we get

(Boc fo (TR —Bye-1E(— “”(T[3 ™) Q(1) d(1P))20-1 1
o0 (e JiT (TP~ ) B3 (TP — ) Q) A2 + ]?

NI

<Cgn 2.
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Proof We define ¥ (y) := y~%( e 2%, where

y2+1’1

R e N T B p
y.—ﬁa/O(T *) s( (r r)>Q(r)d(r).

By proving similarly Lemma 3.1 in [15], we get
() <y () =n"'Cy. 0

4.1 A priori parameter choice rule and convergence estimate
Let us choose a regularization parameter n, which depends on € so that if ¢ — 0, then we
get [|Fio(-) = F ()l £2(e) tends to 0. The convergence rate for the regularized solution F 7y

to the exact solution F can be got under an a priori regularization parameter choice rule.

Theorem 4.1 Let # € L*(2) and Q:[0,T] — R for all 0 < t < T. Assume that assump-
tion (4) and a priori bound condition (12) hold.

If we choose

L(%)%J, O<k <2,

(B)E], k=2,

which is the regularization parameter, then we get

1«

1

(Cg + My, M?)Pteest, 0<k <2,
2
3

EORRAC 1 ,
(CZ + Nk, M2)P3e3,

) <
| o o

here | n| represents the largest integer not larger than n.
Proof From the triangle inequality, we obtain

”?n%e(‘) - }v(')”ym) = ” }Vrf,e(') - ?nve(')”ﬁ((z) + ” Fno() - J'r‘(')”ﬁ(m' (24)
First, we obtain

”?na,e(') = Fno() ”[:2(.(2)

1
2

< i (g Jo (TP = t)% L E (5% (TP - t)*) Q(1) d(tP))220-D (65 - 0w,

T\ 1 Jy (T8 1)e-1E(= g5 (T8 ~ 18)) Q(1) d(x))? + n] ’
(3= Jo (TP =) B2 (TP - P)H) Q@ dth) 1

< sup P 70 P 9H@ _@”LZ(Q)

a0 [(ge Jy (TP — ) LE(~ % (TP — 9)%) Q(1)d(tP))? + n]

S

1
<Cgn e, (25)
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Moreover, from (11) we obtain

|| }Vn,e(') - 37() ”1:2(9)
(L (Gl (TP - Q@) e
Z( (g fo (T~ 19)w-1E(~ 55 (T8 — 1)) (1) d(19))? +n]e>

p=1

1
2

2
x [(F,wp)| ) .
Using the inequality ¢; — ¢ < (c1 — ), for 0 < ¢y < ¢1, 0 < ¢ <1, we deduce that

1 Fao() = F Ol c2(2

1

3 n® 2 - O\
) <Z([(B%foT(TB—TB)“IE(—S—ﬁ(TB_TBW)Q(W(TB))Zm]e) i ’W””) '

p=1

Applying Lemma 2.6, we get

“?n,e(') - }v(')”LZ(Q)

C a;Kne )2 2K
- (Z([(B% Jo (TP =) E(= g (TP - 1)) Q(v) d(1F))* + n]® ”"’

p=1

X |(?’Wp)i2)

n 0
2-k
=suwpla,™ | =55 | JIF D2
ap>0(p I:Q%M2+a1%n:|) (=&

From a priori bound on the final data || ¥ |p(-g)-«) < P for any « >0, 0 € (%, 1] and
Lemma 2.5, we have

—K n
[ Fao() = FO 20 = :;3(01’2’ W)P

Nk, M>n2P, 0<k <2,

(26)
No(e, MPnP,  k >2.
Substituting the above inequality into (24) and applying (25), we get

NG, MDn3P, 0<k<2,

1 1
Frol) = F () o) < Con2e+
e HLZ(Q) 6 No(e, M*)nP,  k>2.

Choose the regularization parameter n by
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then we have

1 K
(Cg +Nill, M)PrTedt, 0<k <2,

[EANOEFAC] = 1
£ (CZ + Na(k, M2))P3¢3, K> 2.

The proof is completed. d

4.2 A posteriori parameter choice rule and convergence estimate
Now, based on Morozov’s discrepancy principle [9], we consider the choice of an a poste-

riori regularization. Let us choose the regularization parameter n such that
€ € _
|KFrp—© ”,CZ(.Q) =& (27)

where ||©@®| z2() > %€ > 0 . Choose y > 1, and the bound for n is given and depends on ¢
and P.

Lemma 4.2 [f n satisfies (27), we can get the following inequality:

M N3 (e, M2
1 (%)%(%)%, O<k<l1, (28)
—_ << —_—
=\ v Nalie,M?
n M%, k> 1.

Proof From (27), we have

xe=[KFrp—O° ”cz(m

(e fo (TP =P EC (T - ) Q@ )
Z( (g Jy (TP~ e E(- g (T8 — ) Q(0) ()2 + n]e)

p=1

X <@£, wp)wp

£2(2)

2

p=1

0
n
[(B% Sl (T8 — P)o-LE(— 5 (TP — 18)) Q(0) d(tP))? + n]

<|e*- 8“52(9) +

X (O, wp) W),

L£2(82)
o [ n(g fy (TP — )01 E(- (TP - 1)) Q(1) d(xP))

' ; (g Jo (TP 1)@ 1E(~ (TP — B)*) QD) d(1P))? + n

=g+ A (29)

0
] (F,wp)wp

£2(2)
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In view of Lemma 2.6 and 0 € (%, 1], it implies that

i[ 1M+B||Qnoo] _
— s Wy) W
poi Lz, QM) +n S PP

)3 nay M 41l Qlloo }
o,B » )
5( [W} a, }<3~',wp>\) :

p=1

A =

By bound condition (12) and Lemma 2.5, we obtain

A; < sup

ap>0

nﬂ1 KM*ﬁIIQlloo .
— 55— |IF lp(8)~)

PM

M5 QllsoN3(k, M2 E P, 0<k <1,
Mgl QllacNalic, M2nP, ke = 1.

Combining the above equations, we deduce that

M5 QllsoN3(k, M E P, 0<k <1,

(x-De=
M 3l QllooNalkc, M*nP, k> 1.
This yields
M, 511 Qlloo N3 (6, M?)
1 (%)L‘(E)%, O<k<l,
— < o
n = | Mgl QlaNat M?) 1
T k=1 0

Theorem 4.2 We recall that n in Lemma 4.2 and bound condition (12) hold. Then we have

”}vn%e(') -F() ||L2(Q)

K 1 Q OCN KM2
(x+l)mp1 e CGZ(E’”HX—g)L1 ATedT, O<k<l,
E k+I gx+1 4 1 2
1 QllooNa(kc,M?)
QoM Cez( Mg gl \IX 14 )% % % K> 1.
Proof From the triangle inequality, we obtain
” 9( ) ?d( )”cZ(Q = “ e( ) n,e(')||£2(9) + ||?n,9(') - ?-()”L',Z(.Q) (30)

First, the estimate for || F7o(-) = Fn0()ll 22(e) is given. By (25), we get

1
||‘(}7n8,6() - }Vn,e(') ||£2(_Q) < CBZII %S. (31)

Substituting (28) into the above equation, we get

1 M 1Qleo N3 (e, M?) «
Cg(%yﬁpkhgm , O<k<l,
. < —_—
[#360) = FaoO)ll oy = 4 5 M1 Qe Nale M) 11 ) 32
Ce('T)zngz, Kk>1
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In the next step, we prove the bound for the second term. Similar to the above equation,
we have

||~77n,6(') - 37()”52(9)
© n®(gr fy (TP ) E(- g5 (TP - )" Q1) d(xP))

Z 1 T @P

Jo (TP —B)o-1E(- B‘*(TB ™)*)Q(1) d(tP))? + n]®

£2(2)

p=1 L\p&
Applying Holder’s inequality, we have
||$n,9(') - ?d()”cZ(Q)
. i n®(gk [y (79 ) E(- 3 (1P ~ ) Q@ d(P) |7
= A P
S (g J (TP =)o E(= 2 (TP - ) ) Q@ d(P) 40 | 1oy
where
x . e
2 : 7
,;1 (g Jo (TP — Yo E(- 35 (TP — 1)) Q) d()? +n | 1o,
By bound condition (12), we get
1
e 9] 2(k+1) . 1
Ay < (Zaﬂaﬁﬂmz) < sup(a,) 1P,
p=1 ap>0
Hence, we deduce that
”‘?n,e(') - ‘7:()H£2(9)
1 T o—-1 a o _KK? 1
< sup(apB / (TB—TB) E(—B—Z(Tﬁ—tﬁ) )Q(T)d(rﬁ)> Pt
ap>0 0

y (uws—@nm
Z 1 T a @;
V4

= (g Jo (TP = ) E(=5& (TP — #)) Q(1) d(tP))? + n]°

K

r2sy
L2(Q))

+

In view of (4), (17), and Lemma (2.6), we have that

NG .
70800~ Ol oy = (57 ) PRren.

From the above, we can conclude that

”?f,e(-)—?(')ﬂwm
« 1 M L1 Qoo N3k, M?)
(X+1)m,PL i cg(¥)% L1 A1, O<k <l
< kI gk+1 4
- MY 11 QllooNa(k,M?)
QoM GBS D ipled, ez,

This ends the proof. d



Luc et al. Advances in Difference Equations (2020) 2020:261

5 Numerical example
In this section, we present a numerical example to illustrate the proposed method.

Step 1: Set up some essentials for example. Let o, 8 € (0,1), T = 1 be a fixed value, 2 =
[0,7] and B = —A on L£*(0,7). Then we have the eigenvalues a, = p>, p = 1,2,..., and the
corresponding eigenfunction w,(x) = \/g sin(px).

To perform the calculation in this example, we use the Matlab software, we use the code
made by JC Medina [19] to compute the integral via Simpson’s rule in the interval [a, b],
and the Mittag-Leffler function by Igor Podlubny [22].

Next, we choose the exact data function g, ¥, and Q as follows:

_ By
g0 = Zsint,  FW=Zsinen, 0= DT (33)
b4 ¥4 E( (IBut) )

Step 2: Partitioning of axes: Let Ny, N; be given positive integers, a uniform Cartesian

grid is given by
w(i-1 j—1
X; = (i ), t/:]—, wherei=1,2,...,Ny+1l,andj=1,2,...,N; + 1.
Ny N;

Step 3: Model of noise: From (9) and (33), the value of the final time is given by

2 1 1
FH(x) = \/;[Ea (—@) sin(x) + @ sin(Sx)]. (34)
Then we consider the noise model satisfying (see an example in Fig. 1)
HE=H + srandn(ﬂ(-)), (35)

where the noise level ¢ — 0" and the function randn(-) generates arrays of random num-

bers whose elements are normally distributed.

The value of H and H* for e = 0.1

Figure 1 The function # and #€¢ forx € [0, ], o =B =0.5,and e =0.1

Page 19 of 23
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Step 4: The regularization results:
Case 1: Applying the fractional Landweber regularization method, we have the following

solution with the observation data #¢%:

.~1 S(X)

NO) [1- (1~ el f3 (1~ ) E(- 5 (1 - ) Q@) d(xP))")°

) pzl g Jo (1= )0 1E(— g (1 - 1)) Q(v) d(P) Wl
here @ := J - Z (B, (- Bé)gp)wp(x) and OF := H* - ZN@)(EM( 30)8,)Wp(x), 0 €

(%, 1] is the fractional order, m > 0 is the iterative step, and N(p) is a truncation param-
eter of Fourier series.
Case 2: Applying the fractional Tikhonov regularization method, we have the following

solution with the observation data J¢*:
?nz,ée(x)
NO (3 fy (1= E(- g2 (1 - 1)) Q1) d(1)) 2!

23

05 (G Jy (1 =) E(— 55 (1 - ) Q(1) d(tP))? + n]®

® ,w,,)wp,

where the regularization parameter n >0, and 6 € (%, 1] is the fractional order.
The absolute error estimation Error between the exact source function and the regular-

ized source function in two cases is as follows:

Nx+1 le N2
Error; (o, B) = \/Z [ Faip (i) = F () , (36)

Ny +1

Nx+1 2,€ A N2
Error? (o, B) = \/Z [ Fap () = F ()l . (37)

Ny +1

The results of this section are presented in Table 1, Figs. 2, 3, and 4. In Table 1, we present
the error estimation between the exact and regularized source functions. We also show
the graph of the source functions for oo = B = 0.9 and € € {0.1,0.01,0.001}, respectively.
From the error table and the figures above, we can see that the smaller the €, the better the
computed approximation. In particular, the regularized source function approaches exact

source function as € tends to zero.

Table 1 The error estimation between the exact and regularized source functions for x € [0, 7]

Error (x|3 Ny =40, N(p)=10,m=n=5,¢=0.1,6=03

€ 0.1 0.01 0.001
Error) (0.1,0.1) 4.622039876238438 0.813894458788424 0.034641254935990
Error? 2(0.1,0.1) 6.865541133036323 1.307095435681400 0.080884577605506
Error] m(0.5,0.5) 3.612281616966185 0.661448882414577 0.036340894224658
Error (O 5,0.5) 5.675784647354515 1.121826494146178 0.079463345903329
Error;,(0.9,0.9) 4.499633069709045 0.994936684930523 0.043721289744985
Error? 2(0.9,09) 4.446871112063462 1.090617580396543 0.013012608028477
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(a) F(x,t) for

(x,1), €= 0.1

(b) Ff(x,t) for (x,t) € (0,7) x (0,1)

Figure 2 The source functions F(x,t) = & (x) Q(t),
(0 e0m) x(01),e=01,a=p=09
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(x,t) € (0,7) x (0,1)
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(c) F5(x,t) for (x,t) € (0,m) x (0,1)

FEx,0) = 5 (0Q(1), and F5(x, 1) = F75 ()0Q(1) for

-
.z,;:,;;;;,/\xax&x\

Fi(x.1), € =001

(a) Ff(x,t) for (x,t) € (0,7) x (0,1)

Figure 3 The source functions Ff(x,t) = .'I-'nl'g(x)Q(
€=001,0=P=09
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(b) F5(x,t) for (x,t) € (0,m) x (0,1)

t)and F5(x,t) = .‘Fég'(x)Q(t) for (x,t) € (0,7r) x (0,1),

6 Conclusion

The paper considers the regularization problem for the time-fractional diffusion equation

with the hyper-Bessel operator. Firstly, through an example, we proved that the backward
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(a) Ff(x,t) for (x,t) € (0,7) x (0,1) (b) F5(x,t) for (x,t) € (0,m) x (0,1)

Figure 4 The source functions F7(x,t) = \?’nlg(x)Q(r) and F5(x, 1) = Ii’lf'ee(x)Q(t) for (x,t) € (0,7r) % (0,1),
€=0001,a=Pf=09

problem is not well posed (in the sense of Hadamard). Secondly, by the fractional Landwe-
ber and Tikhonov methods, we showed the results of the convergence rates for the reg-
ularized solution to the exact solution by using a priori and a posteriori regularization
parameter choice rules.
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