Inverse Problems

PAPER

. . Recent citations
An inverse source problem for distributed order -
- Applications of Distributed-Order

time-fractional diffusion equation -t oral Qoo Ao

Wei Ding et al

. . . . X - Application of the generalized multiscale
To cite this article: Chunlong Sun and Jijun Liu 2020 Inverse Problems 36 055008 finite element method in an inverse

random source problem
Shubin Fu and Zhidong Zhang

View the article online for updates and enhancements.

EEG/ECOG AMPLIFIERS g.@
S ELECTRODES

ELECTRICAL/CORTICAL gtec.at/shop
STIMULATORS

REAL-TIME PROCESSING SHOPNOW

This content was downloaded from IP address 121.248.60.159 on 01/03/2021 at 06:21


https://doi.org/10.1088/1361-6420/ab762c
http://dx.doi.org/10.3390/e23010110
http://dx.doi.org/10.3390/e23010110
http://dx.doi.org/10.1016/j.jcp.2020.110032
http://dx.doi.org/10.1016/j.jcp.2020.110032
http://dx.doi.org/10.1016/j.jcp.2020.110032
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuNS1qy3-qtq5GZZbLIUaBX5ancJrWmpK2JHV-_3H95a04_KxhRot1dR8gcACbl1qW9Wwyb7FiRiJ_V9VzhkABk-4xBpTWdfWO2kjfDAHKB0ZZ4P9e9brftLJhHAh4BUeHTfc9h2p9kQh4h4nhhdl64sHN1nROrErEDMKgenveH9hpqwWF0uuDXMgtw9GTTBecvKJpd_B1Yqcq42tWi9g_lTA9OsfjAzT1oxlgORlihV25Qv0YlepHj7ViqUuKkEohaFxydLNig0Oo2Thi3PEFEB6a0VxE&sig=Cg0ArKJSzE0dCHZWgwyJ&adurl=https://www.gtec.at/shop%3Futm_source%3DJournalNeuralEng%26utm_medium%3Dbanner

10P Publishing Inverse Problems
Inverse Problems 36 (2020) 055008 (30pp) https://doi.org/10.1088/1361-6420/ab762¢c

An inverse source problem for distributed
order time-fractional diffusion equation

Chunlong Sun and Jijun Liu’

School of Mathematics/S.T.Yau Center of Southeast University,
Southeast University, Nanjing 210096, People’s Republic of China

E-mail: jjliu@seu.edu.cn

Received 28 November 2019, revised 13 January 2020
Accepted for publication 13 February 2020

Published 9 April 2020
CrossMark

Abstract

We consider an inverse time-dependent source problem governed by a dis-
tributed time-fractional diffusion equation using interior measurement data.
Such a problem arises in some ultra-slow diffusion phenomena in many applied
areas. Based on the regularity result of the solution to the direct problem, we
establish the solvability of this inverse problem as well as the conditional sta-
bility in suitable function space with a weak norm. By a variational identity
connecting the unknown time-dependent source and the interior measurement
data, the conjugate gradient method is also introduced to construct the inversion
algorithm under the framework of regularizing scheme. We show the validity
of the proposed scheme by several numerical examples.

Keywords: diffusion process, distributed order time-fractional derivative,
uniqueness, conditional stability, numerics

(Some figures may appear in colour only in the online journal)

1. Introduction

It was found by physicists in recent decades that the ultraslow diffusion phenomena arise
in many applied areas such as polymer physics and particle’s motion in a quenched ran-
dom force field, where the mean square displacement (MSD) has a logarithmic growth [1-5].
Mathematically, such phenomena should be described by a diffusion equation with distributed
order time-fractional derivatives, instead of classical advection—diffusion or time-fractional
derivatives. The reason is that the MSD of the diffusive particles described by classical advec-
tion—diffusion equation behaves like O(f) as t — oo, and a typical behavior of MSD in the
framework of the time-fractional derivative model is O(t*) with o € (0, 1) as t — oo [6]. Thus,
to describe the ultraslow diffusion phenomena, a distributed-order time fractional derivative
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1
DWz(t) = DY) z(r) == /0 ()05 2(t) dov (1.1)

with some weight function pu(a) > 0 for o« € [0, 1] should be introduced in terms of the Caputo
fractional left derivative
")

1o} . 1
Oy 2(t) := Ta—a) ), (=1 dr, O0<a<l, (1.2)

where I'(+) is the Gamma function.

To describe ultraslow diffusion phenomena in a bounded domain €2 C R (d = 1,2,3) with
piecewise smooth boundary 02, we consider the following distributed time-fractional diffusion
system

DWu(x,t) — Lu = F(x,t),  (x,f) € Q x (0,T]:=Qr,
u(x, 1) =0, (x,1) € 90 x (0,T] =: 0, (1.3)
u(x, 0) = a(x), x €N

for internal source F(x,t), where Lo :=V - (0(x)Vo) is a known elliptic operator with
o(-) € C'(), 0|5 > 0.

The time-fractional derivatives which have been applied to describe some slow diffusion
phenomena, for example see [7-9], can be considered as the special case of the deriva-
tive in (1.3). Indeed, if we replace the smooth weight function p(«) in (1.3) by an impulse
function p(a) = d(ar — o) for known o € (0, 1), we can immediately deduce the so-called
time-fractional diffusion equation

Oplu(x,1) —Lu = F(x,1), (x,1) € Q. (1.4)

The direct problem for the governed equation (1.4) and the related inverse problems have drawn
extensive attentions of researchers during the recent years, see [10] for a tutorial review and
also [11-15] for several concrete inverse problems. Especially for the inverse source problems
aiming to the determination of the source F(x,?) in some special form in (1.4), we refer the
readers to [8, 9, 16—18] for the uniqueness and stability.

However, to our knowledge, for the diffusion system (1.3) with more general weight func-
tion such as pu(-) € C[0, 1], there are few literatures concerned with both the direct problems
and the related inverse problems. In fact, the well-posedness of the direct problem (1.3) depends
heavily on the properties of the weight function () as well as the sources F(x, 1), a(x), see
[6, 19-21] and the references therein.

For the inverse problems, the uniqueness for recovering p(«) from interior measurement
data based on the well-posedness for (1.3) have been considered in [19, 20, 22, 23]. The
essences of these problems is to detect the system properties represented by the weight function
(), i.e., to what extent of this system diffuses slowly.

However, in many engineering configurations, the ultraslow diffusion system is given or
known, people are often required to detect the unknown sources leading to the diffusion
phenomena governed by this system, from some measurable data of the physical field. In
this case, the source term F(x,f) in (1.3) is unknown. Motivated by the above situations,
we are interested in the identification of F(x,f) in special form (5(f)f(x) with unknown
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time-dependent ingredient 3(¢f) and known f(x) in (1.3), from the interior measurement
data

h(x, 1) :==u(x,1), (x,1) € Qy x[0,T], (1.5)

where y CC € is the observation domain. Although this inverse problem is linear, such an
inverse problem is novel and difficult due to the average effect of the distributed time-fractional
derivative including the slow diffusion effects for all a € (0, 1), i.e., the local information
(1.5) about 7 represents the average message of the slow diffusion described by 0/'u for each
a € (0,1). We will prove the uniqueness and stability of the inverse problem in suitable
functional spaces, with specified weight function p(c).

This paper is organized as follows. In section 2, we state some well-known equivalent
expressions of fractional derivatives, and analyze the property of the ordinary differential
equation with distributed fractional derivative. Then we establish the regularity of the solution
to direct diffusion system, which is crucial to the solvability of our inverse problem (1.3)—(1.5)
in a suitable function space in section 3. In section 4, we construct a variational identity specify-
ing the relation between the unknown time-dependent source and interior measurements. Based
on this identity, the uniqueness and conditional stability of the inverse problem are established.
Then a conjugate gradient method is utilized to solve the optimization version of the inverse
problem with several examples in section 5.

2. Preliminaries

For constructing the adjoint system in our inversion scheme, we need the right-hand side
Caputo fractional derivative given by

1 T Z/(s)

KR VT A e

ds, a€(0,1) (2.1)
and the corresponding right-hand side distributed-order fractional derivative

1
DY 2(1):= / @) _2(1) dav, 2.2)
0

Moreover, for a € (0, 1), the Riemann-Liouville fractional left (right) integral operators

1 L)

IR7(1) = ds, 0<t<T,

0+ 1) INE)) o (t— s)l—(y S
2.3)

Izt = LA ds, 0<r<T

A OO AN TR

and the Riemann-Liouville fractional left (right) derivatives
1 d (" z(s)

o) = —/ ds, 0<r<T,

O = i a), tose
2.4)

1 d [T zs)
— ds, 0<t<T,
T —aydi), s—n°"

oRZ(t) = —

as well as the Carputo derivatives have the relations

3
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05,2ty = U5 @), 92 = —(UF D)),
R, o d R,1—« R, o d R,1—« (25)
Qy'a) = S U5y DO, Ipa) = — (7D

for z € AC[0, T] [24, 25].

Denote by (-, -) the L2(2) inner product and ||-|| » the corresponding L norm. To repre-
sent the solution of the direct problem in terms of the eigenfunctions, introduce {\,, pu},—,
the Dirichlet eigensystem of —L satisfying 0 < A} < A\ < ... <\, = 00 as n — oo, while
{pn:n € N} € H*(Q) N H}(2) is L*-unified orthogonal eigenfunction set forming the basis of
L*(). Then the operator (—IL)” for v > 0 is defined by

(L)'= N (0, on)pn
n=1

with the domain D((—L)7):= {v € L*(Q): 307, A2 (v, ,)* < oo}, which is a Hilbert space
with the norm

o 1/2
H'U”D((—]L)”/) = (Z )‘Z(U,SOMZ) .
n=1
It is well-known that D((—1L)Y) C H*'(Q2) for -y > 0 and especially there hold
D(-L)°) = L*(Q), D(-L)"*) = Hy( ), D(—L)") = H* () N Hy().

Furthermore, we set D((—1IL)~7) = (D((—1L)")) for~y > 0. For 1 < p < oo and a Banach space
X, we say that f € LP(0, T; X) provided

1/p
(foT Hf(~,t)||§§dt) < oo, ifl<p< oo,

esssupy,7[| f(. Dx < oo, ifp=ooc.

I lzro.rx) 2= (2.6)

Similarly, for 0 < 7y < T, denote by C([#y, T]; X) the space with the norm || f|| (.71 =
maxy, 71|l £ (-, || x and define

CO,T1:X):= [ C(to, T X), C(10,00);X):= () €0, TL:X). (2.7

0<to<T >0

By W,‘((O, T];X) and W,z((O, T]; X) we denote the space of functions g € C'((0, T]; X) such
that ¢’ € L'(0, T;X) and g’ € L*(0, T; X), respectively.
To consider the property of operator D%, we introduce the function

1> e [l sin(ra)r® u(e) do
gu(t) = — / : g 1“ : dr (2.8)
mJo  (J, cos(ma)rtpu(a)da)? 4 (f, sin(ra)rep(a)da)?

and define a convolution operator /9”[z](7) := g,,() * z(t) in terms of g, (7).

4
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Lemma 2.1. For0 < p € L'(0, 1), u0, it follows that

(a) g.() € Llloc[O, 00) with the estimate 0 < g,(t) < Ct -9 for te€(0,T], where
C:=C(u,T) > 0is a constant independent of t and the constant { € (O, %) is determined
from

1-¢ 1—¢ 1
/ wa) da = 7/ w(a)da > 0. 2.9)
¢ 2 0

(b) The operator I'"” is the inverse of D" in the sense that

DWIWZ1(1) = z(t), I"DW[](t) = z(t) — 2(0)  for z € AC[O, T].
(2.10)

(¢) If u() also meets fll/z w(a)da > 0, then there exists C* € (1/2,3/4) determined by

*

3/2-¢* 1
/ ,u(oz)da:(*/ wa)da >0 (2.11)
¢ 1/2

such that 0 < g, () < cr - for t € (0,T], where C:=C(u,T) is a positive constant
independent of t, i.e., g,(-) € L0, 7).

Proof. The results (a) and (b) can be found in [21]. Let us prove conclusion (c). Consider
the function H(s): [1, 2] — R defined by

3/2—s 1
H(s) :z/ o) da — s/ w(a) dav.
s 1/2

Since H(1/2)H(3/4) < 0, there exists (* € (1/2,3/4) satisfying

*

3/2-¢* 1
/ wle)da = (*/ we)da =: "¢, > 0,
¢ 1/2

where 0 < ¢, < oois a constant due to f 11/2 (o) dae > 0and ;v € L'(0, 1). Now it follows from

3/2-¢*

! i i ey sin(r¢HP> ) 0<r <1,
/ r® sin(ra)pu(a) da > / r sin(ra)pu(a) da >
0 ¢

ey sin(ﬂ'C*)rC*, r>1

that
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1 [ et
@m<7/ 1 dr
mJo [y r® sin(ma)u(e) da

1 o)
< cper (/ e 32 dr—|—/ e ¢ dr) =1, + I,
0 1

where ¢, ¢« 1= (7("c, sin(w¢*))~! > 0 is a constant. For I}, we have for ¢, 7 > 0 that

1 1
* * 2 1,C*
Li(1) := e / e 2 dr < e / g = S (2.12)
0 0 2¢r -1

As for I(t), we have for r > 0 that

L(7) ::c/,,,g*/ e " dr < c,,,g*/ e ¢ dr = ¢, T(1 — ¢y )
! 0
2.13)

due to the Laplace transform £{r~<" }(r) = T'(1 — ¢*)© ~'. Noting ¢* € (1/2,3/4), by (2.12)
we can further obtain for ¢ € (0, 7] that

2¢,.c 2c, 08¢ 20, T ¢ .
L) < —1 — 23 < 2 1 0<r<T.
10 200—1 Q¢ — D¢ 20— 1
(2.14)
Combining (2.13) and (2.14), we immediately have
0<g<h+L<Coort™ 7, 0<1<T, (2.15)

2¢, 4T ¢ . .
where C o+ r:= max{“‘z‘c*_l,c,,@l“(l —C*)} >0 is a constant independent of t.

Noticing ¢* € (1/2,3/4), it is clear that 2(1 — ¢*) € (1/2,1). Thus, (2.15) implies that
gu(") € L*(0, T). The proof is complete. O

To represent the solution to (1.3), we define Q,(f) for n € NT by the following system

(2.16)

{wwmw&@m:are@m
0,(0)=1.

The unique existence of solution to (2.16) can be found in [20, 21]. Based on lemma 2.1, Q,,(¢)
has the following properties.

Lemma 2.2. For0 < p € C[0, 1] satisfying u#0, u(0) # 0, it follows that
(@) Qn(-) € C[0,00) N C®(0, 00) for any n € NT is completely monotone, which means

dm

—1y"
D"

Qn(0) 20 (2.17)

forallt >0andm=0,1,....



Inverse Problems 36 (2020) 055008 C Sun and J Liu

(b) 0 < Qu(1) < 1 fort € [0,T); 1 30,(-) € C[O, T) with the bound

d
os—ggmscaﬁ“Q t€ (0,71, (2.18)

where C > 0 is a constant and the constant ¢ € (0, 1/2) is determined by (2.9).
(¢) If u(e) also meets fll/z w(a)da > 0, then t'=¢ %Qn(') € C[0, T] with the bound

d *
0< = O <O, 1€ (0,T], (2.19)

where C > 0 is a constant and the constant (* € (1/2,3/4) is determined by (2.11).

Proof. The first conclusion can be proven based on the Laplace transform for (2.16), see (i)
and (iii) in theorem 2.3 in [6], corresponding to the case A = — )\, < O there.

Now we prove conclusions (b) and (c). By the regularity of Q, stated in conclusion (a), it
follows from lemma 2.1 that the ODE problem (2.16) is equivalent to the following integral
equation

On(n) + )\n/ gu(t = T)Qu(T)d7 = 1. (2.20)
0

Noticing Q,(-) = 0 by conclusion (a), we then have Q,(-) < 1 immediately from g, > 0.
Differentiating (2.20) with respect to ¢, we have

d ! d
_aQn(t) - AnA gu(t - T)EQn(T) dr = Angu(t)

Since — % 0,(+) = 0 from conclusion (a) and g,(-) > 0, the second term in the left hand side is
nonnegative, therefore we have

d
0< =50:(0 < Mugu(), €0, T],

which leads to (2.18) and (2.19) by conclusions (a) and (b) in lemma 2.1 respectively, with
the constant ¢ € (0, 1/2) determined by (2.9) and the constant * € (1/2,3/4) determined by
(2.11), respectively. The regularity ' ~¢<$0,(-) € C[0, T] can be found in [21]. The proof is
complete. (]

By similar arguments in [26], we give an inequality for right-hand side Caputo fractional
derivative.

Lemma 2.3. For any function v(t) absolutely continuous on [0, T, there holds

1
v(t)OF_v(t) > Ea(;,(uz), ac(,1). (2.21)
We also need the following standard result (lemma 2.7 in [24]).

Lemma24. Leta>0,p>1,qg> lLandl/p+1/q< 1+ a(p+# landq # linthe case
when 1/p+1/q =14 «). Foru € LP(0,T) and v € LI(0, T), there holds

7
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T T
/ u(OI§ () dt = / v(IF u(r) dt.
0 0
In the sequel, we always assume that the weight function satisfies

p e Cl0,1], 0< p#0, uO) #0, (2.22)

and we also use C > 0 to represent a constant which may depends on f,a, (2, T, u, but does
not depend on x, t. The values of C may be different in the sequel.
To show the regularity of the solution to the direct problem, we need the following result.

Lemma 2.5. For \, > 0 and Q,(t) with p(«) satisfying (2.22), denote

pi) = / ﬂ(T)iQ,,(t —7)dr, te(0,+00), (2.23)
0 dr

"d d
pi(t) = /o &B(I — T)EQn(T) dr, te€(0,00), (2.24)

and define p}(0) = 0, p5(0) = 0 for any n € N*. Then pj' € C[0,+00) for 3(-) € C[0, +00)
and p} € C[0, +o0) for B(-) € C'[0, 4+00).

Proof. Fort > 0,n € N* and 3 € C[0, +-00), by lemma 2.2 we have

! d
Ipi ()| = ’/0 ﬁ(T)EQn(t_ ) d7| < [|B]lscll = Qu(®)]1 — 0, t— 07T,
(2.25)

hence p} is continuous at t = 0. For 3 € C'[0, T], we can prove pi(t) is continuous at t = 0
analogously. The continuity of pj'(¢) and p5(z) for any ¢ > 0 follows from lemma 2.2.
The proof is complete. (]

3. Strong solution to direct problem

To establish the conditional stability for our inverse problem in next section, we need high
regularity of solution to (1.3), which is also essential to establish the integration formula by
parts of distributed order fractional derivatives. To this end, we consider the strong solution to
(1.3), which is defined as follows.

Definition 3.1. 'We call u(x, 1) a strong solution to initial-boundary value problem (1.3), if
e uc CQxI[0,THNW(O0,T];C(Q), D™ue CKQ x[0,T]);
e The initial condition is satisfied in the sense lim, o+ [|u(-, 1) — a|| o, = 0;
e The equation D"y — Lu = F holds in C(Q x [0, T]).

Theorem 3.2. Let F(x,t):=B(t) f(x) with B € C'[0,T). Then for a € D(-L)'*™") and
f € D{(—L)7) with v > %, the direct problem (1.3) admits a unique strong solution, which
is represented by
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o0 o0 1 1 d
u(x, 1) = (@ e Quen() + > WAL /0 B(T) - Oult = 7) A7, (x)
n=1

n=1

3.1
with the estimates
[ullc@xpory <€ (llallpe-ry + 1B8lconll £ llpewp-1y) » (3.2)
ID“ull c@xiory < € (lallpgwy+yy + 1B8llconll £ lpc-vym) - (3.3)

Moreover, iffll/2 w(ayda > 0, we also have u € Wtz((O, T1; C()).
Proof. By the separation of variables, we can obtain a formal solution for the direct problem

(1.3) as (3.1). We will show that (3.1) is the defined strong solution to (1.3).
(a) We firstly verify u € C(Q x [0, T]) and then give the estimate (3.2). Define

w5 0):=Y_ (a,0)0u(Dpn(x) = Y ui(x, 1), (34)
n=1

n=1
up(x t)'—i i(f )/tﬂ(T)dQ (t — 1) dTpu(x) = iu"(x n. (3.5
2\, L o An 380n 0 dT n (,0,1 - e 2\As L) .
We note %Qn() <0,0<Q, <1 fromlemma 2.2 and

H‘Pn“c@) < H‘PnHHZk(Q) < H(—L)kSOnHLZ(Q) < C)‘ﬁ’ n=12,... (3.6)

for k > 4. Forevery t € [0, T], x € €, we have for k > ¢ and 3 € C[0, T] that

|} (x, D] < (@, 00| nll0 < CAS|(a, n)| =: Ci (3.7)
and
" 1
136, 0] < [1Blloc|1 = QuOIIFs o)l = llonl
n (3.8)
< ClIBlscy (> n)] =2 Cl Bl it
implying that
: !
o0 ., o0 i, o0 1 o0 .,
> el < € ] < C(Z Am) (Z A2t g, %)2) (3.9)
n=1 n=1 n=1"" n=1
and
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(o @]

Dl | < cnﬁuocZ\
n=1
|
< cnm(z W)
n=1""

From )\, = O(n*?) for n € N*, we know o

. (3.10)
2

T

n=1

<C 4m Thus, by choos1ngm> which

n nd

00
nl)\z

also convergentin X [0, TTuniformly fora € D((—L)")and f € D=Ly " withy >
%. Noting uf,u € C(2 x [0,T]) for any n € N+ by lemmas 2.2 and 2.5, we have u €
C(Q x [0, T)). Furthermore, by (3.9) and (3.10) we immediately have the estimate

generates y:=m + k > 5, > is convergent and the series in (3.4) and (3.5) are

[ull c@xiom < C (lalloryy + 1Bl conlf pe-ry-1)) - (3.1D)
(b) We further prove Lu, Du € C(Q2 x [0, T]) and (3.3). By (3.1) we know

00 00 t d
Lu(x, 1) = —; M@, £2)0n(1) () — Z:jl (f+¢n) /0 BT) - Oult = 1) d7(x) a1

=u1(x, 1) + va(x, t).

Similarly, by lemma 2.2, \, = O(n*%) as well as (3.6), we can prove the series
in v(x,7) and vy(x,7) are uniformly convergent in € x [0 T] for every x €  and
t€10,7T),if a € D(—L)*") and f € D((—L)") with y > —. This immediately leads to
Lu € C(Q x [0, T]) due to lemma 2.5 that the each term in the series in v (x, 1) and v,(x, 1)
are continuous in Q x [0, T] for 8 € C[0, T]. Also, it is easy to obtain the estimate

HL“”C(QXLOTJ) (HQHD(( Lyy+1) + ||BHC[OT]||fHD(( JL)’)) (3.13)

Henceforth, by the Sobolev embedding D((—L)?) C C(Q) with ¥ >4 1, it follows by
(2.16), (3.13) and

DWu(x, 1) = Lu(x, 1) + (1) f (x)
that D"y € C(Q x [0, T]) and
[r2i uHC(Qx[OT]) C (llallpwy+1y + 1B8llconll fllperm) -

Obviously the equation D"y — Lu = F holds in C(Q x [0, T]) under the given condi-
tions.

(c) We next prove u € W!((0, T]; C (€2)). By the formal computation we have

P o0
5 Z (1)@, 91)p() (3.14)

and

10
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2 Z -(f onen B0 00

o) 1 . d q ) ~
_ nzz:l )Tn(f’ SOn)SOn(X)/O &ﬁ(f - T)EQn(T) dr =:11(x, 1) + L(x, ).

(3.15)

We note that each term in the series in (3.14) and (3.15) are continuous in Q x (9, T] due
to lemmas 2.2 and 2.5. Similar as before, we have for every 0 < ¢ < T and x € () that

Ou - -
‘_l(x D] < Z EQn(t) |(a, @n)‘”‘;@n”oo < C”a”D((,]L)v-&-l)t a O, (3.16)
n=1

- 1 d
(160 < 3 3105 @0l el \5@)5&@) < CIBO)I1f o109,
n=1""

(3.17)

and

- *© 1

|Iz(x,r>|<ZA|<f,son>||son||oo‘ 5<z—r> —0u(n)dr
n=1""
Hﬁ”cl[onz |(f e [l@nllocll = On(D)]

Hﬁ”cllonz |(f SOn)H|‘Pn||:>o = C”ﬁHCHO,T]”fHD((f]L)‘/*l)’

where (€ (0,1/2) is determined by (2.9). This implies the series rep-
resentations in (3.14) and (3.15) are uniformly convergent in Q x
[to,T] with any small 0<1?# <7 and the above differentiations make
sense in C(Q) for 0<t<T, if BeC0,T], aeD(-L)Y*") and
f € D((—L)") with v > d/2. Therefore, we have u € C'((0, T]; C(£2)) and estimate

du
|5

_<C (HaHD((fL)erl)f(lfo + 1Bl crio.mll f oy (1 + fﬂfO)) , (3.18)
@

which implies 9,u € L'(0, T; C(Q)).
If u(a) also meets fll/z w(a)da > 0, then we have the estimate (2.19) in lemma
2.2. Therefore, replacing ¢ € (0,1/2) in (3.16) and (3.17) by (" € (1/2,3/4), we
know O,u(x,-) € L*(0,T) for every x € Q and Ou € L*(0,T;C(RQ)), which implies
u € W2((0, T1; C(2)).
(d) We finally prove the uniqueness of the strong solution to problem (1.3). It is

enough to prove that the system (1.3) has only a trivial solution under the condition
F(x,1):=B() f(x) = 0, a = 0. Denote u,(t) = (u(-, 1), p,), we obtain

1
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DWu,(t) + Mun(t) =0, ¢ € (0,T],
1,(0) = 0.

Due to the existence and uniqueness of the ordinary distributed order fractional differential
equation [20], we obtain that u,(f) = 0 forany n € NT, which impliesu = 0in Q x [0, T].
The proof is complete. (]

By analogous arguments to the proof of theorem 3.2, we immediately have
Remark 3.3. Let F(x,7):=8(t)f(x) with 5 € C[0,T]. For f(x) and a(x) satisfying the

conditions in theorem 3.2, (3.1) admits a unique solution to problem (1.3) in the sense
that

ue CQx[0,T)), DWueC@ x[0,T]), lim u-.1) — all ¢ = 0.
1—0

(3.19)

and equation Dy — Lu = F holds in L?(£27). We also have the estimates (3.2) and (3.3).

4. Uniqueness and stability of inverse problem

Without loss of generality, we assume the null initial status, i.e., we consider the identification
of the time-dependent source 3(¢) in the system

DWu(x, ) — Lu = B f(x), (x,1) € Qp,
u(x, 1) = 0, (x,1) € 097, “4.1)
u(x,0) =0, x €9,

from the interior measurement given by (1.5).
We focus on the uniqueness and stability of this inverse problem.

4.1. Uniqueness of inverse problem

We will show the uniqueness of inverse problem based on the explicit expression of solu-
tion and its regularity D"u € C(Q x [0,T]). The similar arguments have been applied
for the inverse source problem in the case of u(a) = d(av — ) with given « € (0, 1) in
[7,9].

Theorem 4.1. Suppose 5 € C[0,T], f € D ((—]L)'V‘H) with ~ > % and f(xo) # O for the
observation point xy € . Then there exists a constant C:=C(2, T, f, x9, () > 0 such that

181 = Ballcro.r) < C|ID™ (ul B11(x0, -) — ulB21(x0, ) || co77- 4.2)

Proof. For given f € D((—L)") with v > %, denote U = u[B1] — u[f>], B=p - 5y €
C[0, T]. Then U(x, ) solves

12
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DWU—LU = B f(x),  (x,0) € Qp,
Ux,1) =0, (x,1) € 907, 4.3)
Ux,0) =0, x e Q.

By remark 3.3, we obtain

- ad r.d
DWU(x, 1) = B(1) f(x) + ; (f s n) /0 B3, Onlt = 7) drpn(x) (4.4)
in C(Q x [0, T]). Henceforth, we have
- s . d
DY U(xo, 1) = B f (o) + Y (f+pn) / B7, 0t =T dTpn(x0)  (4.5)
n=1 0
for ¢t € [0, T]. Setting

= d
PG, 0):=)_ (f pnlt' ™ £ 0u(Dpa(x0) (4.6)

n=1

with ¢ determined by (2.9), we have
DY U(xo, 1) = A1) f(x0) + / Byt — 1) P, t — ) dr (4.7)
0

in C[0,T]. By lemma 2.2 we know ' ~¢ £ 0,(-) € C[0, T] and |' ¢ £ Q,(1)| < CA, for each
n € N. Then it follows by the asymptotic A, = O(n*/?) and the regularity of , as shown in
(3.6) that

(o @]

2

n=1

< CZ [An(fs ‘Pn)‘H‘Pn(X)HC(ﬁ) < é”fHD((—]L)"H-l) (4.8)

d
(fsot'™¢ 3, @n(Den(x0)
C[0,7] n=1

for ¢ € [0, T uniformly. Therefore the series in (4.6) is uniformly convergent on [0, 77 for
f € D(=Ly*1) with v > %, which says P(xy, -) € C[0, T]. So we have

D™ U (xp, 1) _ 1
S (x0) Sf(xo0)

B(t) = / Br)(t — 1) 'P(xo, t — 7)dT, t€[0,T]
0

4.9)

from f(xp) # 0, which leads to

~ 1 t o
|B(t)‘ < m (HD(#)U(-XO’ t)||C[0,T] + HP('XO’ ')HC[O,T]/O (t - T)C 1‘/6(7—)‘ dT) s re [0’ T]

Applying the inequality of Gronwall type with weakly singular kernel (t —7)~! (e.g.
lemma 7.1.1 in [27] or theorem 1 in [28]), the above inequality leads to

13
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1B(0] < C)|| DY U(xo, t€0,T], (4.10)

n | ‘ clo,r1’

where the constant C(7) := (1 + ¢~'#) max {|f(xo)| ", [|P(x0, )| co.r } > 0.
The proof is complete. U

As a direct result of this estimate and the regularity u[3;] € C(Q x [0, T]), we have proven
the following uniqueness result for our inverse problem.

Theorem 4.2. For known spatial function f(x) satisfying the condition in theorem 4.1 and
Bi € C[0,T), it holds 31(t) = (,(¢) in C[0, T], if u[ 511(xo, -) = u[B21(xo, -) in C[O, T1].

Remark 4.3. The a priori requirement f(xo) # 0 is assumed for the observation location
for our uniqueness result. Such a restriction can be relaxed, by specifying the observation data
in a domain 2y CC (2 satisfying fQo Jf(x)dx # 0, rather than a fixed point xo € €2, due to the
following identity

D / Ux, ydx = B(f) / Fodx + / Br)(t — )¢ / P(x,t — 7)dxdr
Qo Qo 0 Qo
4.11)

in C[0, T] by (4.7) from which we can also show the uniqueness for the inverse problem. On
the other hand, we should also point out that, from the theoretical point of view, the condition
fQO f(x)dx # 0 leads to f(xo) # 0 for some xy € Qo immediately. However fQo f(x)dx # 0is
easy to be guaranteed by the average measurement in {2 satisfying suppf(x) CC .

4.2. Variational identity

To establish a variational identity which is necessary for establishing the stability for our
inverse problem, we firstly introduce the adjoint problem

SWo—Lo=Fx, 10, (x.0)eQxT),

olx, 1) =0, (x,1) € 0 x [0,T), (4.12)
1R p(x, T) = 0, xeq,
where the operator S;’fqﬁ = — BtI(T”,)’RgZ), and the distributed order right integral operator I(T",)’R
is defined by
1
LR p: = / IR ¢ day, (4.13)
0

where IITef_” defined by (2.3) denotes the (I — «)-th order Riemann-Liouville fractional right
integral operator.
Now we consider the weak solution to adjoint problem (4.12).

Definition 4.4. For F € L>(Q)r), we call ¢(x, ) a weak solution to (4.12), if

o ¢ € LX(0,T; HX(Q) N HY(Q), S{”¢ € LX)
e The final condition holds in the sense lim, ,;— I(T“_)’Rqﬁ(-, )
e The equation S¥”¢ — L¢ = F(x, 1) holds in the sense

e

>

14
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(8126 — Lo, m) = (FC,0,m), Vi € (), 1> 0.
Then we show the well-posedness of adjoint problem (4.12) in the sense of definition 4.4.

Theorem 4.5. Let F(x,t) € L*(Qr). Then there exists a unique weak solution to (4.12),
which meets the estimate

H¢||L2(0,T;H2(Q)) + ”S;‘#—)QSHLZ(QT) < 3HFHL2(QT)' 4.14)
Moreover iffll/2 pw(a)da > 0, we also have ¢ € C([0, T]; L2(€)).

Proof. The proof is under the same framework as that for theorem 4 in [21], which was
basically based on the formal representation of the solution in terms of the eigenvalue function
expansions for the existence of the solution and then the energy estimate for the regularity of
the solution. Here we only give the outline of the proof.

Firstly we extend F by odd reflection to the interval (0, 7) and set zero elsewhere. For the
standard smoothing kernel £.(7) with the supportin [—e¢, €], denote by * the convolution on real
line and set

lev (x, 1) ::§ﬁ(~)¥F(x, (D). (4.15)

‘We then construct

N

) =Y (a0, NeNT, (4.16)

n=1
which will be proven to generate the weak solution to (4.12) as N — oo in some way, where

@V(#) is determined by

(1) AN Neoy — Negy o .
Sr=¢n (1) + Xy (1) = Fy (1) = (Fx‘z( 0, ‘p")mm’ oD (4.17)
%61 = 0

with the operator I(T”_)’R defined in (4.13). To ensure the well-posedness of (4.17), we firstly

notice that, it was provenin lemma 11 in [21] that, for F € L*(Q7), there exists a unique solution
to

DY (@) + Ay () = FY(T =1, 1€ (0,T],
YN0y =0,

in AC[0, T]. Therefore ¢ (r) := ¥ (T — 1) € AC[0, T] meets

DWW N1y + AN @) = FN@), 1 €[0,T),
YN(T) =0.

On the other hand, for ¢\ (1) € AC[0, T1, it follows

15
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1 1
spdi= = [ p@att i da = [ pof i da
0 0
1 ~ ~
= / jU)df P da =: DY
0

due to YN (T) = 0. So there exists a unique solution ¢ (r) := ¢V (1) € AC[0, T] to (4.17).
Multiplying both sides of the equation in (4.17) by ¢ (1) € AC[0, T] and integrating for
t € (0,T), we have

/ (@) / SO0 8 ©) drda+ M6 2o, = (FY- ) oy 418)

Using (2.5) and lemma 2.3 for qi)f(t) € AC[0, T], we have

T T N
Nonae N oo v g, _ ¢ (T)
/0 ¢n (t)aT—¢n (t)dt 2 /() EaT—(¢n) dt - /0 2 d[ (F(l _ a) 7_ _ [)O‘ ) dt

I S N (G
_ZF(l—a)/() 7o dr=0.

So (4.18) leads to \,||¢)

I 2on < < ||FY|, (.1 Which also generates

|iseay

- ot
L2(0,T) L2(0,T) (4.19)

< >\”||¢ilv||L2(0,T) + HFnNHLZ(o,T) < 2||F711V||L2(0,T)

from the equation in (4.17). Based on these estimates on ¢, for ¢ constructed in (4.16),
similarly to the arguments in section 3.3 in [21], there exists a subsequence of {¢":n € N*},
denoted by {¢"i: j = 1,2,...}, weakly converging to ¢ € L*(0, T; H*(£2)) in L*(0, T; H*()),
and 1Y gNi — 19 ¢ in oH' (0, T; L2(2)) which means S¥” ¢Vi — S ¢ in L2(Qr). Therefore
the first two-point in the definition 4.4 is verified for ¢. On the other hand, it is easy to see that

N N

SPN —Lo" = ZFNa)son(x) Y FCD, 0000 = Y (FC.0) = Fy (0, 00)0(x)

n=1 n=1 n=1

and

2

N
=Y FCH = F 0,00

L2(Q) n=1

N
Y (FC.0 = Fy (0, 0)0n)

n=1

<Y FCD=FLGnapd” = [FGD = F) G,

n=1

which verify the third point of definition 4.4 by taking N — co. So we have the existence of
the weak solution.

16
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By the above convergence property, we also have

H¢||i2(O,T;H2(Q) < lim H¢ HL2(0T;H2(Q))

N~>oo
N;j
N.

— 1im S 22| < lim HFN’

Nﬁoczl || n 12(0,T) \Neocz L2(0,T)

70—

im S| ] 2
< lim H — lim ||F <|F
\Njﬂm; "o N N% 12Qp) <| HLZ(QT)

and ||S(T‘1)¢HL2(QT) < 2||F|| 2, analogously by (4.19). So we prove the estimate (4.14).
As for the higher regularity ¢ € C([0,T],L*(f2)) for the weight function satisfying

! (o) da > 0, the readers are referred to the proof of theorem 4 in [21].
12 M p
The proof is complete. U

In the sequel, we always assume

1
/ wa)da > 0, (4.20)
1/2

which is essential to ensure the regularity of solution u € Wtz((O, T1; C(Q)) to (4.1). Then we
can establish the integration relation between (4.1) and its adjoint system (4.12).

Lemma 4.6. Let u(x,f) be the strong solution to problem (4.1) for € C'[0,T],

f € D(—=L)") with v > % and ¢(x, 1) be the weak solution to problem (4.12) for F € L*(Q27).
Then u(x, t) and ¢(x, t) have the relation

T T
/ / DWu(x, 1) ¢(x, 1) dxdt = / / u(x, 1) S¥ (x, 1) dxdr. (4.21)
0 Q 0 Q

Proof. Noting the assumption (4.20) for p(«), by theorems 4.5 and 3.2, we know
Olwl(-, ) € LXO, T; HX(Q) N H},(Q)) and e CQx[0,T)N W2((0,TJ, C(Q)), which
implies @(x,-) € L*(0,T) and O,u(x, -) € L*(0, T), respectively. Thus, for every fixed x €
and all « € (0,1), lemma 2.4 is applicable for ¢(x,-) and O,u(x,-). Then, by applying
u(x,0) = 0, (2.4) and (2.5) as well as lemma 2.4, we have for any fixed x € (2 that

T T T
| @woai= [ 0w o= [ ou (1 00) ar
0 0 0
T
= u- (I Y)=) - / w0, (I "¢) dt (4.22)
0
T
=ulx,T)- Iﬁ_aqﬁ(x, T)— / u- o (I?f_“qﬁ) dr,
0

where we should understand I’Tef ““¢(x, T) in the sense lim, ;- I’Tef “Yo(x, 1).

17
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Multiplying both sides of (4.22) by u(«) and integrating for o € (0, 1) and x € €2 yield
1 T 1
/ (e / / (06w drdrdar = u(x, ) - / () B(x, T) da
0 0o Ja 0

1 T
- / u(a)/ /u -0, (I ¢) dxdtda (4.23)
0 0o Ja
T
= u(x, T) - ISR p(x, T) + / / u-S¥ ¢ dxdr.
0 Ja
Noting the definition of D%y and ¥ ¢(x, T) = 0 which should be understood in the sense
lim,_7 |14 (-, 1) 12« = 0, we immediately have (4.21). The proof is complete. O

Based on lemma 4.6, we can establish the following variational identity.

Theorem 4.7. For f € D((—1L)") with v > %and B: € C[0,T] fori = 1,2, ulBil(x. 1) and
Bi have the relation

T
/Q (B1 — B f (D)Y[w](x, 1) dedt = /0 /Q W] — ul Ba])(x, o, £y dadr,
T 0

(4.24)

where ¢[w](x, 1) is the weak solution to (4.12) with the specified source F € L*(Q)7) given by

P {w(x, n, ()€ Q x[0,7), 42%)

0, (x.1) e N\ x [0,7)
forw € L*(Q x (0, T)).

Proof. Let u[3;](x, ) be the strong solution to direct problem (4.1) corresponding to 3; for
i =1,2,then U:=u[B] — u[B,] satisfies

DWUx, 1) — LU = f(x)(Bi(1) — Ba(1)), (x,1) € Qr,
Ulx,1) =0, (x, 1) € 907, (4.26)
Ux,0)=0, x € Q.

Let ¢(x, 1) := ¢[w](x, ) be the weak solution to (4.12) with the source term given by (4.25).
Then, multiplying two sides of the equation in (4.26) by ¢(x, f) and integrating on {27, we
get

T T
| [ @0 -Lo)swnas = [ [ 6= sooswo. i
0 0

Using lemma 4.6 and Green formula, we know

18
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T T T
/ / (DWU — LU)¢ dxdr = / / U(SY ¢ — L) dxdr = / / U - w(x, 1) dxdt.
0o Ja 0o Ja 0 Jo,

The proof is complete. U

4.3. Lipschitz stability of inverse problem

Now we apply theorem 4.7 to establish the Lipschitz stability by some weak norm to our inverse
problem, as done in [16]. For f € D((—L)"*") with v > % and f#£0in £y, we define a bilinear
functional with respect to 5(¢) and w(x, ) in terms of f(x) by

B(B,w):= . B@) f(X)plw](x, 1) dxdz, (4.27)

where ¢[w](x, £) is a linear functional of w € L*(€ x (0, T)) defined by (4.12) with source term
given by (4.25). It is easy to see from theorem 4.5 that B(f, w) is well defined for 3 € C'[0, T]
and w € L2( x (0, T)). Define

1 B(3,
18115 := sup IBE. ) , (4.28)

||fHL2(Q) weWw HWHLZ(QOx(o,T))

where W :={w:w € L*(Q x (0, 7)), w#0}.

Lemma4.8. For e C'[0,T], |85 is a normof B and ||B||5 < C||B| 201

Proof. Firstly, it is easy to see that || f|| 5 is well-defined. In fact, it follows that

|B(5, w)| < C”BHLZ(O,T)||fHL2(Q)||¢[W]||L2(QT)

< C”ﬁHLZ(o,T) ||fHL2(Q) ”wHLZ(QOX(O,T)) (4.29)

|BB.w)|
e T2 com,
| Bl|5 is well-defined satisfying || 3|5 < C|| | 2¢0.1)- Now we prove that this quantity is also a
norm for 3 € C'[0, T]. It is enough to prove that || 3|z = 0 leads to 3 = 0.
In fact, if || 3|z = 0, we have

due to theorem 4.5, which says < C|| Bl 20,7 uniformly for allw € W. So

1B(B,w)]

Hf||L2(Q)HWHLZ(QOX(O,T))

<|IBlls=0, YweWw (4.30)

and B(B,w) =0 for w=0 due to ¢[w]|y,—0 =0 by theorem 4.5. Therefore we have
B(B,w) = 0 for any w € L*(£Y x (0, T)), which leads to

T
/ / ul Bl(x, Hw(x, ) dxdt = 0,  Vw € L*(Q x (0,T)) (4.31)

o Ja,
by variational identity (4.24), so u[3](x, ) = 0 in L?(Qy x (0, T)). By theorem 3.2 we see that

ulpB] € C( x [0, T]) under the given conditions for 5(¢) and f(x), so we have u[S](x,1) = 0
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in C(£2 x [0, T]). Finally by theorem 4.1, we have 5(f) = 0, i.e., || 3|/ is a norm of 3. The
proof is complete. (]

Now we can establish the conditional stability of Lipschitz type for the inverse problem by
the weighted norm || 3]|s.

Theorem 4.9. For the direct problem (4.1) with f € D((=L)"*1), v > % and f # 0 in Qy,
denote by u[3;](x, 1) the solution corresponding to B; € C'[0,T] for i = 1,2. Then it follows
that

181 — Balls < |ul 1] — ”[52”|L2(Qox(01))~ (4.32)

1
Hf||L2(Q)

Proof. By (4.24) and the definition (4.28), we have

B B )
181 — Balls = sup — BB = Sl

wew Hf||L2(Q) HWHLZ(Qox(O,T))

s Jo, lB1] — ulBaDw(x, 1) dxdt|

wew Hf”LZ(Q)HWHLZ(QOx(O,T))

(4.33)

The proof is complete from the Cauchy inequality. (|

Remark 4.10. In this theorem, for the unknown (3 restricted in C'[0, T, we only established
its Lipschitz continuous dependance by our introduced B-norm, which is even weaker than the
L*(0, T)-norm in terms of our lemma 4.8. Therefore, theorem 4.9 is essentially the conditional
stability for our inverse problem in the sense that we use the weak norm for a very smooth
function.

5. Inversion algorithm and implementations

In this section, we first introduce the conjugate gradient method (CGM) based on the the-
oretical results in above. Then we present the numerical inversions for three examples in
one-dimensional and two-dimensional cases to show the effectiveness of the proposed CG
algorithm.

5.1. The conjugate gradient method

For known f € D((—L)’) with ~ > %, (4.1) defines an observation operator
G: 3 € C'[0,T] — u[B] € C(Q x [0, T]) N W((0, T]; C(Q)), where u[] is a strong solution
to (4.1) for given 3(7). Then the inverse problem is to solve the operator equation

GBI, 1) = h(x,1), (x,1) € Qo x[0,T]. 5.1

By theorem 3.2, G is a well-defined linear bounded operator. For exact observation data, this
equation has a unique solution from theorem 4.2. For given noisy data /°(x, ¢) satisfying

Hh<s - hHL2(Qox(0,T)) <0, (5.2)

we consider the approximate solution of (5.1) by the minimizer of the cost functional
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1 ; n
Tsn(B) = 5 |GIB] — ho”iz(ﬂox(o,n) + EHﬁHi%OI) (5-3)

for specified n > 0.

Based on the regularity of direct problem shown in theorems 3.2 and 4.5, we will show
the differentiability of J;, (/) and compute its gradient for our inversion algorithm by the
variational identity in theorem 4.7.

Theorem 5.1. The functional Js,, is Fréchet differentiable. For given f(x) and any fixed
1 > 0, the Fréchet derivative of Js,, defined in (5.3) is

Tin(B)(1) = /Qf(X)QS[Mﬁ,a](x, ndx +nB(@), (54

where ¢ := ¢lwps1(x, 1) satisfies the adjoint problem (4.12) corresponding to the input

— g0
Flun = {ws,s(x, 0 :=G[Bl(x, 1) — K°(x,1),  (x,0) € Qo x [0,7), 5:5)

0, (x,0) € Q\Qo x [0,7).
Proof. For 3,3 + 63 € C'[0,T], it follows from (5.3) that
Tin(B +68) — Tin(B)
- /0 ' /Q (@A HXGLB + 8] ~ GLBD a4 /0 " 366dt + o108 ).
(5.6)

Let 51 = 8+ df, B> = [ and take the input for the adjoint problem (4.12) as (5.5). Since
B1, B2 € C'[0,T]and F € L*(Q7), the variational identity (4.24) is applicable for G[ 3], G[ 3]
and ¢[wg s](x, ). Then combining (4.24) with (5.6) yields that

T T
15 w66 = /0 | wnstrnG1p1 - Gl dr /O B 6pdi
0

T T
_ / /Q FO) 5B - dlwssl(e, 1y dudr + 1 / Bogd,  (57)
0 0

i.e., the Fréchet derivative of Js,, is (5.4). The proof is complete. (]

By the gradient J(;”,](ﬁ), we propose an iteration scheme applying the conjugate gradient
(CG) method for generating the minimizer of 75, approximately. We approximate 3(f) by the
following iterative process

Bk+1 =B +rde, k=0,1,... (5.8)

for suitably chosen step size r; > 0 and initial guess [y, where dj is the iterative direction
defined by
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—T5.4(Bo), if k =0,
dk _ j{?/,r](BO) 1 (59)
—T5.,(Bo) + sidi—1, if k>0
with
175,85 ,
Sk = T3, v = argmin Jy T rdy). 510
‘ 175, (Be-DII3 ¢ ) in (B K (5.10)

Since the operator G is linear, we have G[3y + ridi] = G[5i] + rGld]. Then there holds

1
Tsn(Be + ridy) = 5 [[|GLB] — |3 + r|GLa|13] + r (GLB] — K, Gldi])
+ 2 (183 + e + 2B ) (5.11)
To determine the step size ry, by W =0, it is easy to obtain

(GLB] — h’, Gldi]),, + n(Br. di)s

(5.12)
1GLd 13 + nlldil3

Iy = —

We summarize the CGM for reconstructing the unknown 3(¢) as follows:

Step 1: set k = 0, the initial guess [3y.

Step 2: compute dy(r) = —Jgﬂn(ﬂo) from (5.4).

Step 3: compute the step size ro > 0 from (5.12) and update 3,(¢) = Bo(1) + rody(2).
Step 4: for k = 1, ..., compute i, di(?) and r by (5.9), (5.10) and (5.12), respectively.
Step 5: update Bi+1(f) = Bi(t) + redi(t). If a stopping criterion is satisfied, output Sy (7)
and stop. Otherwise, set k + 1 = k and go to step 4.

5.2. The finite difference scheme to direct problem

Without the loss of generality, we consider the following one-dimensional problem

DWu(x, 1) = up(x, 1) + F(x, 1), (x,0) € (0,0) x (0,T],
u(0,) = u(l,1) =0, t€(0,T], (5.13)
u(x,0) = a(x), x €[0,1].

Firstly we discrete the space domain by x; = iAA(i =0, 1,..., M), and the time domain
by t, =nt(n=0,1,...,N), here Ah =1/M is the space mesh step and 7 = T/N is the
time mesh step. For the weight function u(a),a € [0,1], we discrete its variable by
ay = sAa(s =0, 1,...,25) with the mesh step size Ao = 1/(2S). By the composite trapezoid
formula we have for the distributed order fractional derivative that

28
DWuxi, ty1) = Y 10 uxi typ1) + O(Aad), (5.14)
s=0

where the coefficients r, := Aac,u(a,) with ¢y = cos = 1/2and ¢, = 1 for2 < s < 25 — 1.
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For the fractional derivative O o u(x, 1) with different order, we define

u(x,t) — u(x,0), a =0,

O u(x, 1) := F(l—a)/ 0 (XT)dT 0<a<l, (5.15)

E(x’t)a a=1

Then, by the well-known L' approximation we compute (5.15) for o, € [0, 1] that

a(()ﬁu(xia tn+1) )Z u(xta tn+1 k) - M(.X,, tn k)] o + 0(7_) (516)

F(Z -
where we defined

k+D'" =k O0<a<l,k=01,...,n,

N 1, a=0,k=0,1,...,n,

ep = (5.17)
1, a=1,k=0,
0, a=1,k=1,...,n

As for the integer-order derivative u,, in (1.1), we apply the central difference scheme given
as

(X1, tnp1) — 2u(x;, tyq1) + u(xi—1, iy 1)
Ah?

Ue (X, Tg1) = + O(AR?).  (5.18)

Denote by u! = u(x;,t,), F!=F(xt,), a;=a(x), ps=plag) and substituting
(5.14)—(5.18) into (1.1), and ignoring the remainder terms, we get

0

+1 +1 +1_ n 1k “ky . 1pntl
—puimy (L 2p)u = puily = uf =3 kT = + g FT
u; =a;, uy=uy =20

(5.19)
together with the initial and boundary value conditions, where the coefficients are defined by

1
R:= Zsorsr(za)’ D= a2

1 28 —as Qg
qr = EZPO rsr(Tz_a ser’s k=0,1,...,n

(5.20)

By (2.22) we know r; > Ofors = 0,1, ..., 2S and there exists at leastone s € {1,...,25 — 1}
such that vy, > 0 and R > 0.
Forn =1,2,...,N, we define the vectors

T T T
Un:(u’ilaug3~'~aunM71) ) (Fn7 na~'~3F[’|147]) s a:(al’a23~'~a aM*l)
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and the matrix B = (b;;)a—1)xm—1), With the elements for i, j = 1,...,M — 1 that

-p, j=itl,
0, else.

Then, with the help of the coefficients {z;:k = 1,...,n} defined by
21 Zzl—ql, Tk = qk—1 — 4k fOI'kZZ,...,I’l, (522)
we get the implicit finite difference scheme in matrix form

Fl
BU'=U"+—, UV'=a
R et (5.23)
BU"™ =, U" + U ' + -+ 2,U" + ¢, U° + =
for solving U" iteratively.

Proposition 5.2. The matrix B is strictly diagonally dominant, so the iterative scheme
(5.23) can be uniquely solved. For z; and q; given by (5.22) and (5.20), respectively, there
holdzy >0k =1,2,...,n), and

S ataq=1. (5.24)
k=1

Proof. By (5.20), (5.22) and the definition (5.17), we have

| 28 —as
— _ - _ Qs Qs
% =Gk~ = g ?:o Ts TG — oy lei — e’

—ag

25—-1
1 T as ooy, b i 1
:E E rsm[ek;l—ek‘]ﬁ‘ﬁrzﬂ' le1 — el

s=1
125—1 -
> ) o2k — (k= D' — (kD]
R;rr(z_as)[ (k=D = (k+ D)

Since 2k'=% — (k — 1)'"% — (k+ 1)~ > 0 holds for k = 1,...,n and all o, € (0, 1), we
immediately have z; > O fork = 1,2,...,n. Noting go = 1, (5.24) is clear. |

Proposition 5.3. [fthe coefficients ry > 0 fors = 0,1, ...,2S, and there exists at least one
se{l,...,28 — 1} such that ry > 0 and R > 0, then p > 0 and

M1
b > 1+ Z bijl, 1<i<M-1
=i

(5.25)

M-1
> by<0, 1<i<M-—1.
=L
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Based on propositions 5.2 and 5.3, we can prove the implicit scheme (5.23) along time
direction is unconditionally stable and convergent with analogous method to that used in [29]
for multi-term time fractional equation, i.e., the case of u(a) = Zle red(a — o), where
d(ar — ) is the Dirac function with oy € (0, 1).

5.3. Numerical inversions

Since the uniqueness of the inverse problem from input data at one fixed observation xy € €2
satisfying f(xo) # O is ensured by theorem 4.1, instead of using the noisy data 4°(-,¢) in
the domain Q satisfying (5.2), here we consider the numerical implementations using the
data at one fixed point xo € €. Such data can also reduce the computational costs of inver-
sion algorithm from practical points of view. In fact, from our numerical performances, the
reconstructions are indeed satisfactory.

Let (3 be the iterative source function at kth iteration step. We stop the iteration by using
the well-known Morozov’s discrepancy principle. In the sequel, we denote by Biue, So, fec
the exact source, initial guess and the reconstructed source function, respectively. To show the
accuracy of reconstruction, we define the relative error in L? norm by

Err
Hﬁtrue HZ

(5.26)

In our numerical implementations for the observation data with one fixed point xo € €,
similarly to the derivations in theorem 5.1, the gradient expression (5.4) still holds, but
Plwps](x, ) satisfies (4.12) corresponding to the input data

F(x, 1) = wys(x, 1) := 6(x — x0)(GLBl(xo, 1) = 1 (x0, 1)), (x,1) € Q x [0, 7).
(5.27)

In this case, (4.12) is an initial boundary value problem for ¢[wg s](x, f) with spatial impulse
source d(x — xp), which can be solved by approximating singular function 6(x — xy) with a
smooth function numerically, or expanding the solution in terms of the eigenfunctions and then
determining the expansion coefficients as done in [30]. In our computations, we take finite dif-
ference method to solve the direct problem and adjoint problem where d(x — x) is replaced
by a smooth function approximately at each iteration step. The noisy data are generated
by

h(x0, 1)) = GlBinel (X0, 1)) + & X GlBiruel(x0, 1) X (2rand (j) — 1) (5.28)

for observation instants ¢; € [0, T], where 0 > 0 is the noise level, and rand (j) € [0, 1] is the
random number. We divide the interval [0, 1] for « into 100 equidistant meshes, and test our
inversion algorithm for two cases:

Case 1: fixed observation point xy and different noise levels § > 0;

Case 2: fixed noise level § > 0 and different observation points xo.

We start with the one-dimensional case, with the space-time region [0, 1] x [0, 1] into
100 x 100 equidistant meshes.

Example 1. Let p(a) = I'(2 — «). Consider the following one-dimensional system
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Table 1. The reconstructions for (5.30).

0(xo = 0.5) 0.1% 1% 3% 5% 10%
Err 0.0066 0.0082 0.0185 0.0304 0.0608
x0(6 = 5%) 0.05 0.1 0.2 0.6 0.8
Err 0.0259 0.0211 0.0283 0.0302 0.0282

(a) Different noise levels (b) Diffierent observation points

12 12
= = [nitial guess = = [Initial guess : E
10 F Exact solution 10} Exact solution K
*  x,=05,0=1% —k— 0=5%, x,=0.05
8t —G—XO:O.S, 0=5% 7 St —9—5:5%,)(0:0.2 /
—p— xO:O.S, 6=10% / — > 0=5%, xO:O,S 7
6f ’ 6 ’
. / _ 4
g 4 ’ = 4 ’
/ /
2t Vs 2 Vs
’ ’
0K 0
N 4 (N 7
~ s [N 7’
-2 \\__’/ 2+ \\__”
-4 L 1 1 L 4 L L L '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t t
Figure 1. The reconstructions for example 1.
DWu(x, 1) = un(x, 1) + sin(m0)B(0),  (x,0) € (0,1) x (0, 1],
u(0,1) = 0,u(1,1) =0, t€(0,1], (5.29)
u(x,0) =0, x € (0,1),
which is a particular case of (4.1) with o(x) = 1 and
t—1 5
ﬁtrue(t) = m —+ 7t (530)

(5.29) has the exact solution u(x, r) = ¢ sin(mx). For this example, we take the initial guess
Bo(®) := Burue(t) — 301(1 — 1).

The quantitative descriptions for the reconstructions are shown in table 1. We also give the
reconstructions in figure 1(a) for case 1 and figure 1(b) for case 2, respectively.

Form table 1 and figure 1, it can be observed that the reconstructions are satisfactory for
exact solution both for case 1 and case 2. By table 1 and figure 1(a), we can see that the relative
error Err decreases as the noise level in the data decreases and the numerical results are quite
accurate up to 5% noise added in the exact data G[SBywe](xo, ), implying our proposed CGM
scheme is very stable against the measurement noise, which is consistent with the theoretical
estimate in theorem 4.1. On the other hand, it can be seen from table 1 and figure 1(b) that the
reconstructions by our proposed CGM scheme are not sensitive to the observation position xg.
In other words, our proposed algorithm is really robust against the choice of observation point.
Here we should mention that the initial choice 3y(f) has some influence on the accuracy of
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Table 2. The reconstructions for (5.32).

0(xo = 0.8) 1% 5% 10% 15%
Err 0.0166 0.0413 0.0803 0.0858
x0(0 = 5%) 0.02 0.1 0.4 0.95
Err 0.0366 0.0414 0.0418 0.0366

(a) Different noise levels (b) Different observation points

B

= = [Initial guess " | = == Initial guess

Exact solution

—¥— 0=5%, x,=0.02

Exact solution
£ 3 xO:O.S, 0=1%

—6—x,=08, 0=5% i T —— 6=5%, x ;=04
—p— x,=08, 5=10% o 6=5%, x,=0.95
2l . . 2 . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 2. The reconstructions for example 2.

our reconstruction at # = 7. Generally we need to choose an initial guess S¢(¢) such that Sy(f)
could provide exact information at r = 7. This is because we cannot update 3, (T) if n = 0 in
(5.4). Such fact has been verified in [16, 30].

Example 2. Let u(a) = I'(4 — ). Consider the one-dimensional system

Ofu(x, 1) = % (U(X)%) + sin(mx) B(1), (x,1) € (0,1) x (0, 1),

M(O,I)Zo,u(l,t)zo, te (0,1)’ (531)
u(x, 0) =0, x€ (0,1
with o(x) = 2 + cos(27x) and exact time-dependent source
Burue(t) = 2 sin(47t) + exp(?). (5.32)

For this example, the analytic expression of exact solution is unknown. We simulate the interior
measurement data by solving the direct problem using finite difference method.

We set the initial guess [Bo(f) = exp(#). The numerical reconstructions for case 1 and case 2
are shown in table 2 and figure 2. We can see that the numerical results are very accurate up to
5% nose added in the exact measurements. By figure 2(a) we can see that the reconstructions
on the corner become difficult as the noise level increases. On the other hand, it can be read-
ily observed from table 2 and figure 2(b) that the numerical result is satisfactory even if the
observation point is very close to the boundary, which reflects the robustness of the proposed
algorithm again.
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Table 3. The reconstructions for (5.35).

30 y0) = (0.3,07))  0.1% 1% 5% 10%
Err 0.0175 0.0182 00346 0.0607
(0, Y0)(9 = 5%) (o) Gooio) (53 (55)

Err 0.0356 0.0344 0.0344 0.0359

(a) Different noise levels (b) Diffierent observation points

= = [Initial value = = [nitial value
2+ Exact solution 2+ Exact solution | 4
—k— x,=0.3,y,=0.7, 6=1% —K— 0=5%, x =y, =0.1
1+ —e— x“=0.3, y0=0.7. 6=5% 1l —— 6=5%, xO:y0:0A3 |
—p— x,=0.3,y,=0.7, 0=10% —p— 0=5%, X(=Y,=08
0 . . . , I 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 3. The reconstructions for example 3.

Now we proceed to the two-dimensional case, where we divide the space-time region
Q x [0,7] =[0,1]%> x [0,1] into a 40% x 100 equidistant meshes. Similarly to the one-
dimensional cases, we will test the numerical performances of proposed CGM scheme for
case 1 and case 2. We notice that all the tested observation points in examples 1 and 2 satisfy
f(x0) # 0, which means that the observation point should locate in the inside of the spatial
source. However, such a restriction on the observation location is in general not realistic,
because for some inverse source problems such as the nuclear radiative sources, people cannot
have access to the source, the measurement can only be implemented at points away from the
source distribution. Thus, we will also consider the case of observation point that f(xp) = 0 in
the following example.

Example 3. Let u(a) = I'(3 — o). Consider two-dimensional diffusion system

DPu(x, y, 1) = e + uyy + fFYBO,  (y) € (0,121 € (0,1],
ulpo =0, t e (0,1], (5.33)
M(X, Vs O) = O’ (X, y) € (O, 1)2

with the space-dependent source function

2
o) {1, (x,y) € [1/4,3/41%, 534

0, (x,y)¢[1/4,3/4]
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and the time-dependent source
Birue(®) = 2 cos(3mt) + 3t + 2 (5.35)

to be recovered. The reconstructions from one observation point (xy,yo) and initial guess
Bo(t) = —t + 4 for case 1 and case 2 are shown in table 3 and figure 3.

It can be observed by the numerical results shown in table 3 and figure 3 that the reconstruc-
tions are in good agreement with the exact shape even for the two-dimensional case. By table 3
we can see that the relative errors for the cases of (xo, yo) = (1/10, 1/10), (4/5,4/5) satisfying
f(x0,v0) = 0 are Err = 0.0356, 0.0359, respectively, while the the errors are almost always
0.0344 for the cases of (xo, yo) = (3/10,3/10),(3/5,3/5) satisfying f(xo,y0) # 0. Since we
applied the same noisy data set for different observation points, the reconstructions from the
cases of f(xg,yo) = 0 are a little bit worse than the ones from the cases of f(xg,yo) # O,
which is consistent with the expected results (e.g., [31, 32] for the parabolic case). However,
we can also see that the improvement of reconstruction by choosing observation inside the
source is not excellent. Indeed, the reconstructions from the cases of f(xg,yo) = 0 are also
satisfactory.

Summarizing the numerical results obtained from examples 1-3, we have observed that our
proposed CGM scheme is very stable against the noise in measurements and robust against the
choice of observation points.
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