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Abstract. In this article we study two inverse problems of recovering a space-time-dependent
source component from the lateral boundary observation in a subdiffusion model. The mathemat-
ical model involves a Djrbashian—Caputo fractional derivative of order a € (0,1) in time, and a
second-order elliptic operator with time-dependent coefficients. We establish a well-posedness and
a conditional stability result for the inverse problems using a novel perturbation argument and
refined regularity estimates of the associated direct problem. Further, we present a numerical al-
gorithm for efficiently and accurately reconstructing the source component, and we provide several
two-dimensional numerical results showing the feasibility of the recovery.
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1. Introduction. This work is concerned with inverse source problems (ISPs) of
identifying a space-time-dependent component of the source in the subdiffusion model
in a cylindrical domain from the lateral Cauchy data on a part of the boundary. Let
d>2,Q=wx(—£{),wCR¥! be an open bounded domain with a C? boundary,
and fix T > 0 as the final time. For any x € Q, we write © = (2/,24), with 2’ € w and
xq € (—£,£). For m = 0,1, we consider the following initial boundary value problem
for the function w:

ofu+ At)u =F inQx(0,7T),
u(z,0) =0 1in Q,
(1.1) Oftu(z’ £,t) =0 onwx (0,T),
Op u(z’,—£,t) =0 onw x (0,7),
u(z,t) =0 on dw x (—£,£) x (0,T).

In the model (1.1), the order @ € (0,1) is fixed, and the notation dfu denotes the
so-called Djrbashian—Caputo fractional derivative of order « in time, which, for a €
(0,1), is defined by [26, p. 92

oeu(t) = ﬁ /0 (£ — $)=ou(s)ds,
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where T'(2) = [;°s* te*ds for R(z) > 0 denotes Euler’s Gamma function (the
notation R denotes taking the real part of a complex number z). When the order «
approaches 17, the fractional derivative J5*u recovers the usual first-order derivative
u’(t), and, accordingly, the model coincides with the standard diffusion equation. A(¥)

is a time-dependent second-order strongly elliptic operator, defined by

d
‘A(t)u(x) == Z 6z7 (aij(xat)amju) + Q(t)ua T € Q7
ij=1
where a = [a]¢,_, € C(Q x [0,T];R**?) is a symmetric matrix-valued function

and satisfies suitable regularity conditions given in Assumption 2.1 below, and ¢ €
CL([0,T]; L*>=(Q2)) is nonnegative.

The model (1.1) has received much attention in recent years, known by the name
“subdiffusion” or “time-fractional diffusion,” due to its extraordinary capability for
describing anomalously slow diffusion processes arising in a wide range of practical
applications in physics, engineering, and biology. At a microscopic level, it can be
derived from continuous-time random walk with a heavy-tailed waiting time distri-
bution (with a divergent mean) in the sense that the probability density function of
the walker appearing at time ¢ > 0 and spatial location = € R? satisfies a differential
equation of the form (1.1) (in the whole space R?). The model (1.1) has been suc-
cessfully employed in describing many practical applications, e.g., diffusion of charge
carriers in amorphous photoconductors, diffusion in fractal domains [35], ion trans-
port in column experiments [11], and subsurface flow [2]. We refer interested readers
to the comprehensive reviews [33, 32] for physical motivations of the mathematical
model and long lists of successful applications.

The ISPs of interest are to determine some information of the source F' from
the measurement on a subboundary w x {£} C 9 of the domain . Note that the
boundary measurement is insufficient to uniquely determine a general source F' (see,
e.g., [23, section 1.3.1]), and additional assumptions have to be imposed on the source
F in order to restore unique recovery. Often it is formulated as recovering either a
spatial or a temporal component of the source F'(z,t). In this work, the source F' is
assumed to be of the form

(1.2) F(x,t) = f(a',t)R(z,t).

Equation (1.2) can be interpreted as the condition that an unknown source f(z’,%)
depends only on the depth variable ' and ¢ in the case of d = 2, which corresponds
to a layer structure, and on the planar location (x1,x2) and ¢ but not on the depth
in the case of d = 3, which can be a good approximation if the domain 2 is very
thin in the direction of x3. Note that it arises also naturally in linearizing the inverse
potential problem, where the potential coefficient ¢ depends on only 2’ and ¢ [14].
We investigate the following two inverse problems: (i) ISPn is to recover f(2’,¢) from
the boundary observation u|.,x (¢} x(0,7) for m = 11in (1.1), and (ii) ISPd is to recover
f(',t) from the flux measurement Oy, ulyx{ryx(0,7) for m = 0 in (1.1) (ie., “n”
and “d” refer to the Neumann and Dirichlet boundary condition, respectively, on the
subboundary w x {¢} x (0,T) in the direct problem (1.1)).

This work is devoted to the theoretical analysis and numerical reconstruction
of ISPn and ISPd. In Theorem 3.4, we prove a well-posedness result for ISPn in
L?(0,T; L?(w)). This is achieved by combining the technique developed in [24], im-
proved regularity estimates, and a novel perturbation argument from [19]. Further, in
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Theorem 4.3, we establish a conditional stability result under an additional regularity
condition on f(z’,t) for ISPd. To the best of our knowledge, this is the first work
rigorously analyzing ISPs of recovering a space-time-dependent source component in
a subdiffusion model with time-dependent coefficients. The main technical challenges
in the study include the nonlocality of the time-fractional derivative Ofu and the
time-dependence of the operator A(t). The nonlocality essentially limits the solution
regularity pickup (see, e.g., [38] and [17, Chapter 6]), and thus sharp regularity esti-
mates for incompatible problem data are needed, which is especially delicate due to
limited smoothness of the domain 2. This is achieved in Proposition 4.1 by using
a refined regularity pickup from [9, Lemma 2.4], exploiting the cylindrical structure
of the domain Q. The time dependence of the elliptic operator A(t) precludes the
application of the standard separation of variable technique that has been predomi-
nant in existing studies. This challenge is overcome by a perturbation argument and
maximal LP regularity for time-fractional problems, which plays an important role in
the analysis of ISPd. In section 5, we derive the adjoint problem for computing the
gradient of a quadratic misfit functional and analyze the regularity of the adjoint vari-
able. Further, we describe the conjugate gradient algorithm for recovering f(z’,¢) and
provide extensive numerical experiments to illustrate the feasibility of the recovery.
The well-posedness and conditional stability results and the reconstruction algorithm
represent the main contributions of this work.

Last we situate this work in the existing literature. ISPs of recovering partial
information of the source F' in a subdiffusion model from the lateral or terminal data
represent an important class of applied inverse problems and have been extensively
studied in the past decade. Most of the works devoted to this problem have been
stated for sources F(z,t) = p(t)q(z) and can be divided into three groups: (i) inverse
t-source problem of recovering p(t) [38, 41, 8, 29], (ii) inverse z-source problem of
recovering ¢(x) [39, 43, 16, 36], and (iii) simultaneous inversion of spatial and temporal
components [23, 37, 29, 27]. Within group (i), for example, using the decay property
of the Mittag-LefHler function E, g(2), a two-sided stability result of recovering p(t)
was shown in [38] if the observation wu(xo,t) satisfies xo € supp(g). Within group
(ii), the unique recovery of the spatial component ¢(z) by interior observation was
proved in [16] using Duhamel’s principle and unique continuation principle, which
also gave an iterative reconstruction algorithm. All these works in groups (i) and
(ii) are concerned with recovering only either p(t) or g(x). The works in group (iii)
are close to the current work. The work [23] showed the simultaneous recovery of p
and ¢ under suitable assumptions. For a two-dimensional heat equation, Rundell and
Zhang [37] proved the unique recovery of both p and ¢ in a semidiscrete setting (i.e.,
the temporal component p(t) is piecewise constant) from sparse observation on the
boundary 9 x (0,T). Li and Zhang [29] extended the analysis to the time-fractional
model in two dimensions and established the uniqueness of recovering the unknown
spatial component g(z), the time mesh, and the fractional order a simultaneously from
sparse data on the boundary 9 x (0,T). We refer interested readers to the reviews
[22, 31] for further pointers to theoretical and numerical results. See also the work
of [27] for the unique recovery of a general source F' from the full knowledge of the
solution of problem (1.1), with A independent of ¢, on Q x (11,7, with 71 € (0,7).
Kian and Yamamoto [24] proved the first uniqueness and stability results for the
ISPs of recovering f(a',t) of the subdiffusion model in a cylindrical domain. (See
also Isakov [14] for relevant results for the standard parabolic problem in the half
space.) The analysis in [24] relies on some representation of solutions by means of
E. g(%) which are unavailable for elliptic operators with time-dependent coefficients.
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This work extends the results in [24] to the case of the time-dependent diffusion
coefficients, and further, by exploiting the maximal LP regularity, we substantially
relax the regularity requirement on f(z’,t) for conditional stability.

Inverse problems for subdiffusion with time-dependent coefficients have been
scarcely studied so far, due to a lack of mathematical tools, when compared with
the time-independent counterpart. The only work we are aware of on an ISP with a
time-dependent elliptic operator is [40], which showed the unique recovery of a spa-
tial component from terminal measurement using an energy argument, which seems
nontrivial to extend to the case f(z',t). See also the works [44] for recovering a time-
dependent factor in the diffusion coefficient a(t), where the special structure does
allow applying the established separation of variables technique. Thus, the theoret-
ical analysis for ISPs in the case of time-dependent coefficients remains challenging.
This work presents one promising approach to overcoming this challenge (i.e., pertur-
bation argument), and in particular it allows establishing the stable recovery.

The rest of the paper is organized as follows. In section 2, we state the assump-
tions and preliminary estimates. Then in sections 3 and 4 we prove the well-posedness
of ISPn and conditional stability of ISPd, respectively. In section 5, we describe a nu-
merical algorithm for recovering f(2’,t) for both ISPs and provide several numerical
experiments to showcase the feasibility of the recovery. Throughout, the notation ¢
denotes a generic constant which may change at each occurrence, but it is always in-
dependent of the unknown source f(z’,t) or the associated solution u. For a bivariate
function g(z,t) or g(a’,t), we often abbreviate it to g(t) as a vector-valued function
by suppressing the dependence on the spatial variable.

2. Preliminaries: Assumptions and basic estimates. Now we collect sev-
eral preliminary results. For m = 0,1, we define two realizations A(t) and A(t) in
L?(Q) of the elliptic operator A(t), with their domains given, respectively, by

D(A(t)) ={v € H}(Q) : A(t)v € L*(Q)},
D(;l(t)) ={ve H(Q): V]owx (—e,0) = 0, A(t)v € LQ(Q),8;'Zv|wd:g=0,8“11|wd:_g=0},

and let A, = A(t,) and A, = A(t,) for any t, € [0,7]. Note that we abuse the
notation A(t) for both m = 0 and m = 1, which will be clear from the context. For any
s >0, A5 and A% denote the fractional power of A, and A, via spectral decomposition,
and the associated graph norms by || - [|p(as) and [ - || p(4:), respectively. Let E.(t)

and E*(t) be the solution operators corresponding to the source F, associated with
the elliptic operators A, and A, respectively, defined by [21, section 3.1]

(2.1)
1 ~ 1 ~
E(t) = — 2"+ A7 dz and E.(t) = — 2+ A)7Nd
( ) 27Ti I“eyé € (’Z + ) Z an ( ) 27Ti 1"9,6 € (Z + ) Z,
with the contour T'p 5 C C (oriented with an increasing imaginary part) given by

Tos={2€C:|z| =6 argz| <O}U{z € C:2z=pet? p>5}.

Throughout, we fix 6 € (7, 7) so that 2* € Xqg for 2z € ¥g := {2z € C\{0} : |arg(z)| <
0}. Further, we employ the operator S, (t) (corresponding to the initial data) defined
by

. 1 -

S.(t) == 27 2 + A) " da.

2mi To s
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Then it is known that [21, equation (3.8)]

d -

(2.2) o) = —ALE,(t).

The next lemma summarizes the smoothing properties of E, (t), E,(t), and S,(t).
The notation || - || denotes the operator norm on L?(().

LEMMA 2.1 (see [21, Lemma 1]). For any 8 € [0,1], there hold for any t € (0,T]
e IATE (b <c and ¢ CTDATEL(1)]| 4t AZEL (1) | +7 | AZSL (1) <e.

Throughout, we make the following assumption on the diffusion coefficient matrix
a. The regularity a € C1([0, T]; C*(€; R¥*4)) N C([0, T]; C3(Q; R?*4)) is sufficient for
Lemma 2.3. (ii) is a structural condition to enable unique recovery. The notation -
and | - | denote the standard Euclidean inner product and norm, respectively, on R%.

Assumption 2.1. The coefficient ¢ € C*([0, T]; L>°(2)) N L>(0, T; W2>°(Q2)), and
the symmetric diffusion coefficient matrix a € C([0,T]; C*(€;R¥>4)) n C([0, T7;
C3(Q; R¥ %)) satisfies the following conditions:

(i) There exists A € (0,1) such that for any (z,t) € Q x [0,T],

NP < alz,t)g - € < ATHEP vEEeR™
(ii) aja(z’,£0,t) =0, 2" € w, and j =1,...,d — 1, and J,,a;;(t) = 0 for i,j =
1,...,d—1.

Note that the cylindrical domain Q = w x (—¢,¥) is only Lipschitz continuous.
Thus, some extra assumptions on the domain and the coefficient matrix a are needed
in order to guarantee high-order Sobolev regularity of the elliptic operator A(t) with
suitable boundary conditions. In the analysis, we need the following elliptic regularity

pickup: (i) and (ii) are sufficient for the analysis in sections 3 and 4, respectively. (i)
holds under the assumption that the domain w is convex and

(2.3) a;q =0, &cjadd:O, 3mdaij =0, 1j€ {1,...,d71}.

Indeed, if w is convex, then € is convex and the desired assertion follows from [10,
Theorems 3.2.1.2 and 3.2.1.3]. This can be verified using a separation of variables
argument [9, Lemma 2.4]. Besides the condition (2.3), if the domain w is of class C*4,

the separation of variable argument similar to [9, Lemma 2.4] implies Assumption H
in Definition 2.2(ii).

DEFINITION 2.2.
(i) A tuple (2, A(t)) is said to satisfy Assumption Hmn, m,n = 0,1, if for any
t €[0,T) and any f € L*(2), the boundary value problem
Alt)v=f inQ,
v=0 ondwx (—£1),
oftv(z' ) =0 onw,
opv(a',—0) =0 onw

admits a unique solution v € H?(Q) such that

vl 2y < e(A,m,n, Q)| fllr2q)-
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(i) A tuple (0, A(t)) is said to satisfy Assumption H if for all v € H™(1:5)(Q)
satisfying A(t)v € H*(Q), s € [0,2], there hold v € H?>T*(Q) and

[0l r2+s ) < e(As s, Q)([Av]| e ) + V]l 0)-

The following perturbation estimates are useful.

LEMMA 2.3. Under Assumptions 2.1(1) and HO0 / HO1 / H11, for any t,s € [0,T)
and § € [0,1], there hold

(24) AP — A@®) T A(S)llpae) < ot — sl AP 2y Vo € D(AD),
(25) 1A% = A A(s))llao < oft — sl|A%0] 2y Vo € D(AP).

Proof. For the operator A(t), the case 5 = 0 is contained in [19, Corollary 3.1].
To show the estimate for 8 =1, fix t,s € [0,T], v € D(A,). From Assumption HO0O,
we deduce D(A,) = HY(Q) N H2(Q) = D(A(t)) = D(A(s)), i.e., v € D(A(t)) and
v € D(A(s)). Moreover, applying again Assumption H00, we get

7
8

1A = AT A(s))oll 220y < ell(1 — A) T A()v] 20

< c|AM)(I = AT A())vl 2 (0) = A — Als)v]l 22 (0,
with ¢ > 0 a constant independent of ¢ and s. Combining this estimate with [19,
equation (2.6)] and Assumption H00, we obtain (2.4) for 8 = 1 and ¢ = 0. We can

extend this result to ¢ # 0, since for ¢ € C1([0,T]; L*(Q2)), the mean value theorem
implies

la(t)v = a(s)vll L2 () < 104l L (0,151 ) [t = slllv]l 2 () < et = s[[|ATv]| 120
The case 8 € (0, 1) follows by interpolation. The proof of estimate (2.5) is identical

under Assumption HO1 / H11. O

Below we need Bochner—Sobolev spaces W*P(0,T; X) for a UMD space X (see
[13] for the definition of UMD spaces, which include Sobolev spaces WP () with
1 < p<o0) Forany s > 0and 1 < p < oo, we denote by W#P(0,T; X) the
space of functions v : (0,7) — X, with the norm defined by complex interpolation.
Equivalently, the space is equipped with the quotient norm

ol o.7:3) = 10f [Flwes oy 2= inf [ F7HA+ €2 FRIE 1o i)

where the infimum is taken over all possible v that extend v from (0,7) to R, and
F denotes the Fourier transform (with F~! being its inverse). The following norm
equivalence result will be used extensively.

LEMMA 2.4. Let o € (0,1) and p € [1,00) with ap > 1. Ifv(0) = 0 and 9v €
L?(0,T; X), thenv € W*P(0,T; X) and

[vllwe.rorx) < cl0FvllLeo,r:x)-
Meanwhile, if v(0) =0, v e W*P(0,T; X), then 0fv € L*(0,T; X) and

197 vl Lr0.1:x) < cllvllwaro,r:x)-
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Proof. Let g = 0fv € LP(0,T;X). Then v(t) = ﬁfot(t — 8)%71g(s)ds. This
and Young’s convolution inequality imply (cf., e.g., [17, Theorem 2.2])
llvllze0,m;x) < cllglleo,r;x)-

Let g be the extension of g from L?(0,7T;X) to LP(R; X) by zero, i.e., g(t) = 0 for
t € (—00,0)U(T,00) and §(t) = g(t) for t € (0,T). Then let

B(t) = — / (t— )2 15(s) ds,

which satisfies

J() = ml_a)i [ (=) i(s)ds,

Then there holds [26, p. 90]
(i§)* Flo](€) = Flgl(©),

and v is an extension of v. Consequently, we have

[Dllwanx) = IF 7 + €% FRIEON Lo rix)
= |FE @A + ()*)FRIE)

with K (&) = (14 [£]2)% (1 + (i€)*) L. Note that

lim |K(§) =1,
£|—o0

Lr(R;X)>

lim+ [K(¢)]=1 and

1€]—0 |

so K (&) is uniformly bounded. Similarly,

d _ al¢f

is also bounded. Therefore, the vector-valued Mikhlin multiplier theorem (see, e.g.
[6] or [45, Proposition 3]) indicates that K (§) is a Fourier multiplier, and hence

T+ €75 (1+ )M +all+ €72 1+ (19)*) (1)~

[vllwero,rx) < [Pllwermx) < clFHL+ (G8))FRNE] Lo @:x)
< |Vl r@ixy + cllgllr@x) < cllglle@x) = cllglloro,1:x) = cllOfullLro,1:x)-

To prove the second assertion, let v € C*°([0,7]; X) with v(0) = 0, and we extend v
from (0,7T) to a function v € W*P(R; X) satisfying v(t) = 0 for all t < 0 and

(2.6) [Vllwer@x) < cllvllwero,r;x)-

Then it is direct that

L OPu(t) = F(la)jt/ (t — 5)"“F(s)ds = O%v(t) ¥t e (0,T)

—00

and

108 v e 0,7:x) = | =000 0l Lr(0,15x) < || =005 Ul e (s x)
= |F GO FR)E) e mx) = IF K281+ 1€17) 2 FB](€) | 2o mix)»
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with K5(€) = [€[*(1 + [¢[*)~%. Note that both [K5(¢)| and [€ £ Ko(€)| are uniformly
bounded, and hence it is a Fourier multiplier. Then we have
1080l o o,mx) < IFHA+1E1%) EFRIE) | Lo@x) < cllTllweanx)-

This together with (2.6) and the density of C*°([0,T]; X) in W*P(0,T; X) leads to
the second assertion. |

We need the following Gronwall’s inequality (see, e.g., [42], [12, Exercise 3, p. 190],
or [17, Theorem 4.2]).

LEMMA 2.5. Let c,r >0 and y,a € L*(0,T) be nonnegative functions satisfying

v <alt) +e [ (=9 yles e O.T)

Then there exists ¢ = ¢(r,T) > 0 such that

y(t) < alt) + C/o (t—s)"ta(s)ds, te(0,T).

3. Well-posedness for ISPn. This section is devoted to ISPn, i.e., recovering
the source component f(2’,t) in problem (1.1) with m = 1 from wl,x (¢} x(0,7)- The
direct problem is given by

ofu+ A(t)u in Q x (0,7,
u(z 0) in Q,
O u(’, :I:€t)—0 onw x (0,7),
u(z,t) =0 on dw x (—=£,¢) x (0,T).

(3.1)

Subdiffusion with time-dependent coefficients has recently been studied in [28, 19, 21],
where well-posedness and several regularity estimates have been established. Our
description largely follows the approach developed in [19, 21]. Throughout, for the
prefactor R(x,t) in the source F, we make the following assumption.

Assumption 3.1. The function R € L (Q2x (0, T)) satisfies 0,,R € L= (Q2x(0,T))
and that there exists cg > 0 such that |R(z', ¢,t)| > cg for any (2/,t) € w x (0,T).

Now we give several regularity estimates for the direct problem (3.1). First we
derive a representation of the solution u. The key step is to reformulate problem (3.1)
into

O%u(t) + Au(t) = F(t) + (A, — A(t)u(t) Wt e (0,T).
According to [19, 21], problem (3.1) has a unique solution v which satisfies

t t
- / Bu(t — s)F(s)ds + / Bu(t — s)(A. — A(s))u(s)ds.
0 0
By setting ¢t to t., we can use Lemma 2.3 to estimate the second integral, which

involves the crucial perturbation term.
The next result collects a priori estimates on the solution u to problem (3.1).

LEMMA 3.1. Let Assumption H11 hold. Then the solution u to problem (3.1)
satisfies

t
(3-2) [u(®)l (@) < C/o (t =) F(s)|p2(yds ¥t € (0,T)
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and also the following mazimal LP reqularity:

(33) N9 ullLeo,r;e2(0)) + Ul oo, rip(a.y) < CllFllLro,rirz) V1 <p <oo.
Proof. The estimate (3.2) can be found in [21, Theorem 2] (with k£ = 0), and (3.3)
in [19, Theorem 2.1]. O

Further, we denote by uy the solution of problem (3.1) to explicitly indicate its
dependence on f. First we show that the inverse problem is indeed ill-posed on the
space L2(0,T; L?(w)).

COROLLARY 3.2. Under Assumptions 2.1(i), H11, and 3.1, the map [ +—
uf|r2(0,1502(w)) 8 linear and compact on L?(0,T; L?(w)).

Proof. The linearity is obvious. The compactness is direct from Lemma 3.1. In
fact, by the maximal LP regularity in Lemmas 3.1 and 2.4 and Assumption 3.1, we
have

lurllwezo,rL2) + lurllezoraz @) < cllfllzo.r;02w)-
Thus, uy € W*2(0,T; L*(Q)) N L?(0,T; H*(2)). Meanwhile, by interpolation, the
space W*2(0,T; L*(Q)) N L2(0,T; H*(Q)) embeds compactly into L2(0,T; H(Q2)) [4,
Theorem 5.2], which, by the trace theorem, embeds continuously into L?(0,T; L?(w)).
Thus the map f +— ws|y,x{ryx(0,7) is compact on L2(0,T; L?*(w)). 0

Let w = 0y, uy. Then w satisfies
OFw + Alt)w = =05, A(t)us(t) + 0., F(t) in Q x (0,7,
(3.4) w(0) =0 in ,
w=0 ondQx(0,T).
By applying the perturbation argument and using the operator A(t), the solution w

to problem (3.4) can be represented by
(3.5)

w(t):/o E*(t—s)(—adi(s)uf(s)—|—8$dF(s))ds+/O E.(t—s)(A. — A(s))w(s)ds.

Noting the definition w = J,,us and the condition 0,,a;;(t) =0foré,j=1,...,d—1
from Assumption 2.1(ii), we deduce

d—1
(00 A1 = Oy Dy @aa(D)Ds ug) + Y [02, (O0405a(1)Dsyts) + Oy (Dugaa(t) D, uy)]

=1
— Oz, q(t)uy := Bi(t)w + Ba(t)uy,

where the (time-dependent) operators By (t) and Bsy(t) are given, respectively, by

d—1 d—1
By (t)w = Ory0aa(t) O, w + 2 0z, 0ja(t)0n,w + Y O, On,aja(t)w,
j=1 j=1
d
By(tyu =Y (03,a;a(t))ds,t — O q(t)u.
j=1

Note that Assumption 2.1(ii) allows eliminating the cross terms 0y, (0,04 (t)0x,u),
i,7 =1,...,d— 1, which plays a central role in the analysis below, and without this
the argument does not work.

The next result gives useful bounds on w := 0, uy.
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LEMMA 3.3. Let Assumptions 2.1, HOO, H11, and 3.1 be fulfilled. Then there
ezists a unique solution w € L?(0,T; H?(Q)) with A(t)w(t), 08w € L*(0,T; L*(2)) to
problem (3.4), and for any B € [1,2),

¢
—_Bya—
lw()ll gs @) < C/ (t— )" 27 f(9)llp2(wyds, te(0,T),
0

where the constant ¢ depends only on R, A, B, and T.

Proof. By estimate (3.3) with p = 2, we have —0,,, A(t)uy, d,,F € L*(0,T; L*(12)).
Then Lemma 3.1 shows that problem (3.4) has a unique solution w € L?(0,T; H?(f2))
with A(t)w(t),0fw € L?(0,T; L*()). Next, we prove the H?(£2) bound on w(t). We

define the operators K; : L2(0,T; H'(Q)) — L*(0,T; H'(Q)) and K> : L?(0,T; L*(w))
— L2(0,T; HY(Q)), respectively, by

t
Kiv(t) = / E.(t — s)Byv(s)ds,
0
t t
Kyf(t) = / E.(t — s)Bauys(s)ds + / E.(t — $)0.,R(s)f(s)ds.
0 0
By Lemma 2.1, we have
t. .
[0t s @) < C/ (te — )22 Byu(s) || 2oy ds
0
t
(3.6) < c/o (. — )1 D2y ()| g1y ds.
Similarly, by Lemma 2.1, under Assumption 3.1, we have
t. -
1Ko (el < c [ (6 =)D (5) s
tu
(37) b [ = 90D g9y

Meanwhile, under Assumption 3.1 and estimate (3.2), we deduce

t
||uf<t>HH1<m3c/0<t—s> 1 £(5) 2y ds.
Consequently,
ty 3
/0 (e — )09 g () | 111y ds
Ty s
<e / (b, — )0 Da-1 / (5 — €)F 1 F(6) | 12 (wydds
0 0
ty ty
—e / 17220 / (te — 5)01= D1 (5 — gy dsde
0 £

SCT%/O*G*—s) ) £(5)]| 2y ds
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This and estimate (3.7) imply

b _Byo—
(3-8) [ K2 f (t) | e o) < CT/ (te = )27 f£(5) ]| L2 () ds.
0

Next, by Lemmas 2.1 and 2.3, (2.4), and Assumption H00, we have

HA(Q)

H /Ot* E.(t, —s)(A — A(S))w(s)dsH

t 8
<o [T = AT = A7 AG) ()12 oy

ta

ts
< C/ (ts = 5)7 (b = 8)[w(s) || ooy ds = C/ l[w(s)l s (@) ds.
0 0

This estimate, (3.6), (3.8), and the solution representation (3.5) lead to

ta

tu
_Bya_
ot oy < / lo(3) 5y ds + ¢ / (. — )0~ DO £(5)] 20y ds.

This and Gronwall’s inequality in Lemma 2.5 imply the desired H?(Q2) bound. This
completes the proof. ]

Now we can state a well-posedness result for ISPn. Note that below we use the
notation L2(0,T; L?(w)) and L?(w x (0,T)) interchangeably since they are isomorphic
by the Fubini—Tonelli theorem.

THEOREM 3.4. Let Assumptions 2.1, HOO, H11, and 3.1 be fulfilled. Then for
any f € L*(w x (0,T)), the solution u of problem (3.1) satisfies u € H3(—{,¢; L?(w x
0,7))), 08u, A(t)u € H'(—€,0; L*(w x (0,T))). Thus, the map

(09w + (A(t) + aqq(t)02 )ul(2’, L, 1)
R(z',¢,t)

(3.9) bz t) — € L*(w x (0,7))

is well-defined, and, further, there exists a bounded linear operator H : L?(0,T; L?(w))
— L2(0,T; L?(w)) such that f solves

(3.10) h=f+Hf,
which is well-posed on L*(w x (0,T)). Finally, for every pair (h, f) € L*(wx (0,T)) x
L?(w x (0,T)) satisfying (3.10), the solution u of problem (3.1) satisfies (3.9).
Proof. By Lemmas 3.1 and 3.3, problem (1.1) has a solution uy € L%(0,T; H'(2)),

with A(t)uys,0fur € L*(0,T;L*(2)) and w = O,,ur € L*(0,T; H*(R)), 080y, uy,
A(t)dy,up € L*(0,T; L*(12)). Hence,

Td 'U/f(',l‘d, ) € Hg(—f7£; L2(W x (OvT))) n Hl(—ﬁ’ gv LQ(OaTy HQ(W)))a

xg > O us (-, xa,-) € HY (—£, 6 L*(w x (0,T))).
By the trace theorem, we can restrict d,,w = 82 uy, Ofuy, and A(t)uy to the
boundary x4 = ¢. Thus the governing equation in problem (3.1) implies that for
(2',t) € wx (0,7,

aqa ()0 w(a’ 0, t) = add(t)ﬁiduf(z’, £,t)
(1) = [0y + (AW + aaa(, gl (@ £.1) — R(! 0,0 f(a', 1)
= R((EI?;& t)[h(x/at) - f(xlvt)]v
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with the function h(z’,t) given by (3.9). Let the operator H : L?(w x (0,T)) —
L?*(w x (0,T)) be defined by

add(t)aﬁdu¢(a:’, L, t)

(Mo, 1) = e

where ug (2, 24, t) denotes the solution to problem (3.1) with F' = ¢R. Then it follows
from (3.11) that f is the solution to

h=f+Hf

Moreover, by Lemma 3.3, trace inequality, and the defining identity w = 0, ,us, we
deduce that for any 3 € (2,1)

1F )22y < M)z + IHF 2wy < IO L2@) + clldz,ur (6 )] 2 w)

t
< r@ 22wy + cllw®)[ 26 @) < 1O L2w) + c/o (t =)D F(8) 12w ds.

This and the standard Gronwall inequality in Lemma 2.5 yield

t
If@llz2 () < 1RO L2 () +0/0 (t = ) h(s) | p2 () ds,
which together with Young’s inequality directly implies

I £llz20,7:22(w)) < cllhllLz(o,m;02(w)-

This shows the well-posedness of (3.10) and the recovery of f from the data h. Last, fix
(ha, f) € L*(0,T; L*(w)) x L*(0,T; L*(w)) satisfying (3.10) with A = h; and consider
u € L*(0,T; H*()) solving problem (1.1) with F = hR. The preceding argument
shows that one can define h € L?(0,T; L?(w)) given by (3.9) and f solves (3.10). This
implies h; = f + Hf = h. Therefore, we have h = hy, and this completes the proof
of the theorem. 0

Remark 3.5. Theorem 3.4 actually gives a reconstruction algorithm for recovering
f for ISPn if the given data g'(a',t) = uyi(a’,¢,) is sufficiently accurate so that the
derivatives 05 g" and A(t)g" in (3.9) can be evaluated accurately. For noisy data ¢°,
one can proceed in two steps: first suitably mollify the data ¢° so that the mollified
data is smooth, and then apply the fixed point iteration.

4. Conditional stability for ISPd. In this section, we establish a conditional
stability result for ISPd, i.e., recovering f(2’,t) in problem (1.1) with m = 0 from the
lateral flux observation 0, dLu|wx{ ¢yx(0,1)- The direct problem is given by

ofu+ Alt)u = fR inQx(0,7T),
u=0 ondwx (—¢,£)x(0,T),
(4.1) u(-,¢,-) =0 onwx (0,T),
Opyu(-,—¢,-) =0 onwx (0,T),
w(0) =0 inw x (=¢,¢).
Note that the estimates in Lemma 3.1 remain valid for problem (4.1). The next

result gives an improved regularity result under extra regularity and compatibility
assumptions on the source F'. This result plays a central role in the stability analysis.
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PROPOSITION 4.1. Let Assumptions 2.1(i), HO1, and H be fulfilled, let v € (%, 1),
and let F € Whisat—2 (0,T; LQ(Q))ﬂLaUlﬂ) (0,T; H*'(Q)) and F(0) = 0. Then for
1
any B € (%,’y), problem (4.1) has a unique weak solution u € L=0-7 (0,T; H*28(Q))
W =T (0, T; H2P(Q)) with
[[ull + [Jull

1
LA (0,T;H2+268(Q)) W aT=77 (0,T;H25(Q))

< (1PN apts o HIF o),
W TFa(=23) (0,T5L2(92)) L= (0,T;H2(2))

Proof. By Sobolev embedding, F'€ L>(0, T’; L?(9)), and the existence and unique-
ness of a weak solution u € L(0,T; D(A,)) for all ¢ € (1,00) follows directly from
Lemma 3.1 with

(4.2) ell oo, 7:pa0) < M1 vrmdess 0 iy

It suffices to show the claimed regularity. Using the operator fl(t) and the perturba-
tion argument, since u(0) = 0, the solution u can be represented by

(4.3) /E t—sds+/ E.(s)(A, — A(t — s))u(t — s)ds.

Then applying A, to both sides of the identity and using the governing equation give

O u(t) = —Awut) + F(t) + (A. — A(t))u(t)

t AE,(s)F(t — s)ds — /t A E,(s)(A, — A(t — s))u(t — s)ds + F(t)
0 0

+ (A = A@)u(t).

Now by fixing ¢ at ¢, in the identity, applying the identity (2.2) and the integration
by parts formula to the first integral, and noting the condition F(-,0) = 0 and the
fact S.(0) = I [17, Lemma 6.3], we obtain

(44 =- /O S.(s)F/(t. — s)ds — /O ALB.(s)(A. — At = 9))u(t. — 5)ds.
Then it follows from Lemmas 2.1 and 2.3 that
Az < [ 1AZS. 0~ E )z
+/O |ATPE(te — s)||[|Ac(I — AT A(s))u(s) || 20 ds
< C/Ot* (te — )P F'(5)]| 2y ds + ¢ / (te =) 7P (te = 8) [ Auuls)|| L2 ds
/ (t.

Ts
<e / (e — )P | F ()] (s + ¢ &) Ayu(s) | ey ds.
0
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Note that =5« ¢ LP(0, ) for any p € (17 wa} C (1, [%a) by the choice 8 < v. Now

choosing r = ﬁ, p= va’ and g = m in the Young’s convolution inequality

(45) | f*glle-or) < I flleromllglraor)y Vp,gr >1withr ' +1=p~' 447",

we deduce

L] 0TI @) = c(IF(s)llLao,ri2() + 1 Asu() ]| Laco,riz2(0)))-

Further, it follows from the representation (4.3) and Lemmas 2.1 and 2.3 that
e
A2t lley < [ IAZE(SIFE = 9)lomyds
te ~ o
[T NAB NI - A7 A~ sute, - 9)uaeyds
0
t. t.
< c/ 1= (e, —8)||L2(Q)ds—|—c/ s sllults — )|l 2@ds
0 0
(1-) A
< €| F || b o szt ™ +C/ 1 ABu(s)]| 2 (.
0
This and Gronwall’s inequality directly imply lim,_ o+ ||Afu(t)“LZ(Q) = 0. Hence,

from Lemma 2.4 and Assumption HO1, we deduce u € W s (O,T;D(/le)) C

W sT (0,T; H?2(£2)). Thus, we conclude that for any fixed ¢ € (0, T, the solution
u satisfies

A(t)u(t) = F(t) — 7 u(t) inQ,

u(x’, Et) 0 onw,

O u(z’,—0,t) =0 on w,
( t)=0 ondw x (—£,£).

Note that for any ¢t € (O T}, there holds A(-)u ( ) u(-) e LT (0,T; H*8(Q)).

=F()-
Then by Assumption H, we obtain u € LT (0,7 H2 1‘”3) (€2)). This completes the
proof. 0

The conditional stability analysis employs the regularity estimates in Proposition
4.1. Let u be the solution to problem (4.1), and let v = 9, ,u. Then v satisfies

v+ Alt)v =H + f0,,R in Q x (0,77,
v=0 on dwx (=£,¢)x (0,T),
(4.6) v(+,4,+) = Oy u(-,¢,-) onwx (0,77,
v(-,—¢,-) =0 onwx (0,T),
v(0) =0 inwXx (=44,

with the function H given by

d
H(z' x4,t) = —0,, A(t)u = Z Oz, (0 i (£) O, 1) — Oy q(t)u.

i,5=1

Unlike problem (3.4) in section 3, problem (4.6) involves a nonzero Dirichlet
boundary condition, and thus requires a different analysis. We employ an extension
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approach to derive the requisite bound on v. For r > 1, the notation X, , denotes
the space W™ (0,T; L?(w)) N L"(0,T; H? (w)) with the norm

ollxa. = Nollweromezew) + 100, o 1wy

Assumption 4.1. w € C*, f € Wh e (0,T; L*(w)) N LT (0,T; H* (w)),
for some v € (2, 1), with f(0) = 0, ;R € L>®(Q2x (0,T)) and R € C([0,T]; W2>(Q)).
LEMMA 4.2. Let Assumptions 2.1, 3.1, HOO, HO1, and 4.1 be fulfilled, and let u

be the solution of problem (4.1). Then for any B € (%77), the solution v to problem
(4.6) satisfies

t
||8wdv('a€a t)||L2(w) < C||8wdu('7£a )| X 1 + C/O (t - S)a(l_B)_IHf('a 8)||L2(w)d8

@ al—7)

for any t € (0,T), where the constant ¢ depends on R, Q, T, a, B, 7, and A.

Proof. Let r = ﬁ Since f € Wb Tt (0,T; L*(w)) and 9, R € L*°(Q x
(0,7)), we deduce F' = fR € Wbt (0,T; L%(f2)). The assumptions f €

1

L™(0,T; H* (w)) and R € C([0,T]; W2°°(Q)) imply F = L=0-2(0,T; H*'()). Fur-
ther, f(-,0) = 0 in w indicates F'(-,0) = 0 in . Thus, F' = fR satisfies the conditions
in Proposition 4.1, and since w € C*, Assumption H holds. By Proposition 4.1,
u € W (0,T; H*#(Q)) N L™(0, T; H*+A)(Q)) for any B8 € (3,7), and by the trace
theorem, there hold

A7) (@) Oy u(a 0, t) € WO (0, T]; H*P =% (w)) N L7([0, T); H2 28 (w))

and 0,,u(-,—¢,0) = 0. Next we split the solution v to problem (4.6) into v = v + v,
with the functions v; and wvq, respectively, solving
ofvy + A(t)vy =0 in Q x (0,7),
vy =0 on dw x (—£,£) x (0,7,
v1(+,4,-) = Oy u(-,¢,-) on €wx(0,T),
v1(,—£4,t) =0 onw x (0,7T),
(%} (0) =0 in Q,
and
Ofvg + A(t)vg = H+ fO,,R in Qx(0,T),
va =0 on I x (0,7),
v2(0) =0 in Q.
Next we bound v; and vs. To bound vy, we first extend 9, u(-,¥,) from w x (0,7)
to Q x (0,T). Indeed, by the regularity estimate (4.7) and using the classical lifting
theorem for Sobolev spaces [30, Chapter 1, Theorem 9.4] and Assumption H00, we
deduce that there exists a function G € L"(0,T; H?(Q)) satisfying

(4.8) CALG(a,t) =0, (8) € Q,
Opu(x’ 0t), xq=1L (2't) €wx(0,T),

(4.9) G(2',xq,t) = 0, xg=—/(2',t) €wx(0,T),
0, t=0,(2,2q) €Ew x (—4,1).
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Clearly, G satisfies the following estimate:

1G]

L7(0,T;H2(R)) S CHamdu('7 €7 ) ||LT(O,T;H%(w)).

Moreover, by interpreting G as the solution to (4.8)—(4.9) in the transposition sense
(see, e.g., [30, Chapter 2, Theorem 6.3] or [5]), G € W*T(0,T; L?(Q)) satisfies

1GllwerriL2@) < cllOzyul £ ) llwero,r;22(w))-
Consequently, we have
(4.10) 1Gllwe.ro120) + IGllLro,1:m2(0) < [10z,u(- 4, )] x, -
Then we can decompose vy into v; = G + wy, with the function w; solving

8?11}1 + .A(t)w1 =F inQx (O,T),
w; =0 on dN x (0,7),
w1(0) =0 inwx (—£0),

with F} = —00G — A(t)G. Since 0, ,u(2’,¢,0) = 0 for 2’ € w, the uniqueness of the
solution of problem (4.8)—(4.9) implies G(-,0) = 0. Then direct computation with
Lemma 2.4 gives

IF1 | o o,7502 ) < 107 GllLro,1:22(0)) + MA@ G Lr0,7:22(92))
(4.11) < c(IGllwer (o129 + Gl Lr 0,502 () )-

Thus using the operator A(t) and the perturbation argument, we have
t t
wi(t) = / E.(t. — s)Fy(s)ds + / Eu(t. — s)(As — A(s))wr(s)ds.
0 0
By Lemmas 2.1 and 2.3,
te
| AR w1 (8 22 (@) < /0 1AL B (b = $)I[1F1 ()] 22 () ds
ta
b [ IAEL (= A2 — AT A () 120y
0
t. te
< 0/ (te = 5) DY Fi(s) ] L2y ds + C/ (t = 8) 7 (te = 5)[| AT w1 (5)] L2 () ds
0 0

< c[|F]

Ty
L7(0,T5L2(Q)) +C/ | AZ w1 (8)]| p2(e)ds.
0

It follows from this estimate and Gronwall’s inequality that wy € LOO(O,T;D(Af )
with
leHLm(o,T;D(Af)) < CT||F1HLT(O,T;L2(Q))~

Then by the triangle inequality, (4.11), and Assumption HO0O,

ol 0,7:pa2y) < tll o 0. 7:p0a2)) TGl 0.7:p(a2))

< c([|1F1llLro,mse2 (@) + 1Gll poe 0,75 026 (02)) ) -
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Meanwhile, the condition 8 € (2,~) and [4, Theorem 5.2] imply the following embed-
ding inequality:

Wl oo 0,7: 128 (02)) < cllwllwero,m522(0)) + lwllLr0,1352(02)))-

The last two estimates together give

o]l e (0,750 (42)) < c(1Gllwer .72 + 1GlL- 0132 (92 ) -
This and estimate (4.10) imply

(4.12) ||“1HLoo(o,T;D(A€)) < |0z, ul-, 40l

Moreover, by Assumption HOO and the trace inequality

||8ﬂidvl('a 67 ')||L°°(O,T;L2(w)) < CH'Ul HLOC(O,T;D(AE))a

we get

(4'13) ||8Idv1(.7£7 ')||L°°(O,T;L2(w)) < C||axdu(.7£7 ')HXQ,T'

Next we bound vy. Note that the solution vs(t) can be represented by
t t
va(t) = / E.(t—s)[H(s) + 0,,F(s)]ds + / E.(t — s)(As — A(s))v2(s)ds.
0 0
Thus, by Lemmas 2.1 and 2.3 and Assumption 3.1, we get
te
| A2va(t)] 20y < C/o (. — S)a(l_ﬁ)_l[||f(3)HL2(w) + [1H (s) ]| 22 (o ] ds
ta
(4.14) —|—c/ ||Afv2(s)||Lz(Q)ds.
0

In light of Assumption 2.1(ii) and the definition v = J,,u, we have

H(t) = —,, A(t)u

d—1 d
= 02y 0aa ()07, u+ 2 02,0ja(t)0n, 0z, + Y O, Or,054(1)0z,u
j=1 j=1

d—1
+ Z azdajd(t)axju - a:rdq(t)u
j=1

d—1 d
= Oy,04d(t)0y,v + 2 Z Oy 05q(t)0r,v + (Z &;jaldajd(t))v
=1 =1

d—1
+ Y 02,aa(t)0x,u — Ou,q(t)u,
j=1

from which it directly follows that

H (®)l|z20) < c(lv@®llmi@) + lu@®)llm @), t€ 0T
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By Lemma 3.1 with 8 = % (which holds also for problem (4.1)) and Assumption 3.1,
we have

t
la(®) s < / (t— )3 £(5) | 2w ds.

This and (4.12) lead to
¢ .
IH @) 22 SC/O (t—5)2 7 [[f(9)llL2@wyds + c(l|Owgul-, €, ) xa., + 2Ol 2),
which together with (4.14) yields
ta
1AZv2 (t2) 220 SC/O (tx = &)Y F(5) |2y ds + el Dugul-, £, )| x.r.,
t
+ c/ (t. — S)(liﬁ)ailnAf'Ug(S)||L2(Q)d5.
0

This estimate and Gronwall’s inequality in Lemma 2.5 then imply

t
[AZua(Ollaiey < ¢ [ (6= 90T, s + cldrgul- £ x,,
0

It follows from this estimate, Assumption H0O, and the trace inequality that

t
102402( €, )| 2wy < C/o (t = )" P F(5) | p2 oy ds + ellOul, £ ) x., -

Finally, combining this bound with estimate (4.13) yields the desired assertion. 0O
Now we can state a conditional stability result for ISPd.

THEOREM 4.3. Let Assumptions 2.1, 3.1, HOO, HO1, and 4.1 be fulfilled, and let
u be the solution of problem (4.1). Then there exists a constant ¢ depending on R, €,
T, a, v, p, and A such that

10246l 6, )] o

[ PR (LA CS R e o)

Proof. First projecting the governing equation in (4.1) onto the lateral boundary
w x {€} x (0,T) and then using the fact that, for all (z/,¢) € w x (0,T), we have
u(a’,£,t) = 0, we thus obtain, for any (z/,t) € w x (0,7,

d—1 d
F@ DR 0,t) = — [add(t)aidu +2) " aja(t)0r, 0p,u+ Y On, ajd(t)amdu} (2, 0,1).
j=1 j=1

This, Assumption 3.1, and the definition v = 9, ,u imply that for all ¢ € (0,7T), there
holds

”f(t)”L?(w) < C;glc(”awdv('vg’t)||L2(w) + Hawdu("€7 t)HHl(w))'

Under the condition v € (2, 1), the choice r = ﬁ [4, Theorem 5.2] implies

1001+ ) oo 075001 () S (1920, )l 0,322 100 ) et )
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The last two estimates and Lemma 4.2 imply

t
1f Ol L2y < ellzgul-, 4 )llx. . + C/O (t =)D f(8) | 2wy ds.

Then Gronwall’s inequality in Lemma 2.5 implies the desired assertion, completing
the proof of the theorem. 0

Remark 4.4. Theorem 4.3 shows the influence of the fractional order « on
the stability: the larger the order «, the stronger the temporal regularity
|0z,u(:, £, ) 1 on the data ulyx s} (0,7) the stability needs. This

”W“’ o= (0,T;L2(w))
agrees with the smoothing property of the solution operator, and shows also the bene-
ficial influence of anomalous diffusion. Theorem 4.3 improves the corresponding result
in [24, Theorem 1.4] (with 6 > 3):

£l 07302 (w)) < e([|0m,ul-, £:-) F 10zl & ) llwroe 0,315 ()

Lo0(0,T5H % (w))

This improvement is achieved by the maximal LP regularity and the suitable interpo-
lation inequality in fractional Sobolev spaces.

Remark 4.5. In the spirit of [24, Corollary 1.5], Theorem 4.3 allows one to prove
the stable recovery of a class of the zeroth-order coefficient ¢ from the flux data
Oz4u|wx {eyx(0,7)- This analysis requires the existence of a solution to problem (4.1)
in WLee(0,T; Wh(Q)) N L*°(0,T; W2>°(Q)). The latter can be achieved using the
argument of Proposition 4.1, and we leave the details to future investigation.

5. Numerical experiments and discussions. In this section, we present sev-
eral numerical experiments to illustrate the feasibility of recovering the space-time-
dependent f from lateral boundary observation.

5.1. Numerical algorithm. First we describe a numerical algorithm for recov-
ering f for ISPn (and the algorithm for ISPd is similar). We employ an iterative
regularization technique, which approximately minimizes

(5.1) J() = gllur = 91220 i)

where u; denotes the solution to the direct problem (3.1) with F' = fR. By Corollary
3.2, the map uy : L*(0,7; L*(w)) — L?(0,T; L?(w)) is linear and compact, and thus
standard regularization theory [7, 15] can be applied to justify the reconstruction
technique. In particular, when equipped with an appropriate stopping criterion, the
approximate minimizer obtained by gradient-type methods, e.g., gradient descent and
conjugate gradient (CG) methods, will converge to the exact source component f as
the noise level tends to zero, and further it will converge at a certain rate dependent
on the “regularity” of fT (in the sense of source condition or conditional stability
estimates), when equipped with a suitable stopping criterion.

To (approximately) minimize the functional J(f), we employ the CG method [3].
When applying the method, the main computational effort is to compute the gradient,
which can be done efficiently using the adjoint technique. Specifically, let v be the
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solution to the following adjoint problem:
Potv + At)v =0, (2/,24,t) € Q2 x (0,T),
I (2, T) =0 in Q,

(5.2) Op,v(2’ 0t

)
Oz,v(@’, L, 1)
(7)

where the notation ,I7.“v(t) and f0$v denotes the right-sided Riemann-Liouville
fractional integral and derivative of v, defined respectively by [26]

us on w x (0,7),
0 onwx(0,7),
0 on dw x (—£,0) x (0,T),

I3 o(t) = ﬁ/t (s —t)"“v(s)ds and
T
e (t) = —ml_a)i /t (5 — 1)=“u(s)ds.

Then we have the following representation of the gradient J'(f) of J(f).
PROPOSITION 5.1. The gradient J'(f) of the functional J(f) is given by

4
(5.3) J'(f) = /7[ Rv dzg,

where v is the solution to the adjoint problem (5.2).

Proof. The derivation follows a standard procedure. The directional derivative
J'(f)[h] of the functional J with respect to f in the direction h € L2(0,T; L*(w)) is
given by

J/(f)[h] = (up,up — gé)LQ(O,T;LQ(w))a
where uy, is the solution to problem (3.1) with & in place of f (or the source F' =
hR). Multiplying the equation for u; with a test function ¢(z,t) and then applying
integration by parts yields

(5.4) /0 ' /Q (¢ 0%up, + aVuy, - Vo)dadt = /O ! /Q Rhodadt.

Meanwhile, the weak formulation for the adjoint solution v is given by

T T
(5.5) /O /Q (¢F0%v + aVv - Vp)dadt = /0 / (uy — ¢°)pda’dt.

Then taking ¢ = v in (5.4) and ¢ = wy, in (5.5), appealing to the identity ([26, p. 76,
Lemma 2.7] or [17, Lemma 2.6])

T T
/ /v@f‘uhdmdt:/ /uhtaTvdxdt
o Ja 0

(in view of the zero initial/terminal conditions) and subtracting the two identities

gives
T
/ /thdxdt:/ / up — g°)updz’dt.

This and the definition of the derivative J'(f) show the desired assertion. d
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The next result gives the regularity of the adjoint variable v.
THEOREM 5.2. Let ¢° € L*(0,T;L*(w)), and let Assumption H11 be fulfilled.
3o

Then there exists a unique solution v € L*(0,T; H%_E(Q)) NW T =92(0,T; L*(Q)) for
any € > 0 to the adjoint problem (5.2).

Proof. For any fixed ¢t € [0,7], let N(¢t) be the Neumann map defined by ¢ =
N (t)y, with ¢ solving
At)p =0 in Q,
O, d(z',—0) =0 on w,
O, (2, 0) =1 on w,
¢(x) =0 on dw x (—£,Y).

(5.6)

It is known that ||[N(¢)v| . s_. < ||t)]| p2(y With a range R(N(t)) = D A%-%),
H2¢(Q) (w)

for any small € > 0 [1, Proposition 2.12]. Below we first analyze the case of time-
independent coefficients, and then the case of time-dependent coefficients. Let 1 =
up —g° € L0, T; L?(w)).

Case (i): A(t) = A. and N(t) = N.. Note that the solution v to problem (5.2)
can be represented by using the operators E(t) and N(t) [25, section 2.2]:

T ~
(5.7) v(t) = /t ALE. (s —t)N.p(s) ds.

Thus, by Lemma 2.1 and Young’s inequality, for any 6 € |0, %) and € € (0,2—260 — %),
there holds

T eris T A
10l 220 A2)) S/O | A zE*(t)Hdt(/o 1A

< cel[¥llz20,1;02(w)-

* lw

1
_€ 3
F N2 dt)

It follows from (5.2) that ~
fo2v + Au(v — Np) =0,

which implies f9%v € L2(0,T; D(A?~1)). Then by an argument similar to that in the
proof of Lemma 2.4, we deduce v € W*2(0,T; D(A?~1)) (see also [20, Theorem 2.1]).
Then by interpolation, we derive v € WSTG*E’Q(O, T; L?(Q)) for any € > 0 [4, Theorem
5.2]. Further, in view of the identity

T ~
I () = /t A Si(s —t)Nup(s) ds

and Young’s inequality, we deduce for any 6 € (1 — i, 1)
T ~ ~ ~
e 27 v() 22 (0) S/ 142708 (s = )| | ALNL(s) ]| 2 () ds
t

T
c/ (s — 1)~ (1= 10(8)]| L2y ds < c(/
t t
(T = )50 19| 120 1,12 () -

Therefore the terminal condition ;I3 *v(T) = 0 holds.

T 1
(s = 72070 ds)” Y1202

IN

IN
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Case (ii): time-dependent elliptic operator A(t). We rewrite the adjoint problem
(5.2) as

(5-8) fu(t) + Au(v = N)(t) = (A = A®D) (v = N9)(2),

with ;177 *v(T) = 0. Then the solution v(t) can be represented as

T o T o _ _
vt):/t A*E*(s—t)N(t)w(s)ds—i—/t A Bu(s— 1) (Au— A(3)) (0(s) — N(s)i(s)) ds.

By Lemmas 2.1 and 2.3, we deduce that for any 6 € [0,2) and € € (0,2 — 20 — 3),
T 0 1 €
o)l pasy < C/t (5 = 1) "OTIFD ()| L2y ds

(.10 vo [ I lognds +e [ 196leds

Then squaring both sides of (5.10) and integrating over [to,T] leads to

T
191 ¢ oo < ellomnn + | Iolagoiny
0
This together with Gronwall’s inequality implies that for any 6 € [0, %)

||”||L2(0,T;D(A9)) < cll¥lp2(0,7502(w)-

By (5.8), fo9v € L?(0,T; D(A%1)), and by Lemma 2.4, v € W*2(0,T; D(A%~1)).
Then by interpolation, we derive u € W ¢ 2(0,T; L?(2)) for any € > 0 [4, Theorem
5.2]. 0

Remark 5.3. Tt follows from Theorem 5.2 that for data ¢° € L?(0,T;L?*(w)),
the gradient J’(f) belongs to L2(0,T; H2¢(w)) NW & ~42(0, T; L(w)) for any small
€ > 0 if the factor R is smooth, and, further, ,J7.-*J'(f)(z',T) = 0 for 2’ € w and
J'(f)(@',t) =0 for (¢/,t) € Ow x (0,T). These conditions will impact the convergence
behavior of the CG method, dependent on the regularity of fT.

Now we can describe the conjugate gradient method [3] for minimizing J. The
complete procedure is listed in Algorithm 5.1. In the algorithm, steps 6-7 compute
the conjugate descent direction, and step 8 computes the optimal step size using the
sensitivity problem. In general, the algorithm converges within tens of iterations;
see the numerical experiments below. At each iteration, the algorithm involves three
forward solves (direct problem, adjoint problem, and sensitivity problem), which rep-
resent the main computational effort. For the stopping criterion at step 11, we employ
the discrepancy principle [34, 7, 15], i.e

(5.11) k* = argmin{k € N : [Juspr — 96||L2(0,T;L2(w)) < ¢d},

where ¢ > 1 and 6 = ||g" — 96||L2(0,T;L2(u)) is the noise level of the data ¢°.

Algorithm 5.1 can also be applied to ISPd by viewing the zero Dirichlet data on
w x {£} x (0,T) as the measurement, and then the measurement 9y ,u|,x {7} x(0,7) a8
the Neumann data on w x {¢} x (0,T) for problem (3.1). However, the discrepancy
principle (5.11) cannot be applied directly, due to a lack of the noise level for the
Dirichlet boundary data.
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Algorithm 5.1. Conjugate gradient method for minimizing the functional J in (5.1).

1: Initialize f9, and set k = 0.

2: for k=0,...,K do

3. Solve for u* from problem (3.1) with ' = f*R, and compute the residual
rk = uk|w><€><(0,T) - 95-

Solve for v¥ from problem (5.2) with r*.

Compute the gradient J'(f*) by (5.3).

Compute the conjugate coefficient v* by
0, k=0,

- HJ/(fk)H%?(O,T;LQ(W))

. k>1.
”J/(fkil)H%Q(O’T;Lz(w))

7. Compute the conjugate direction d* by d* = —J'(f*) +~y*kd+~1.
8:  Solve for ugs from problem (3.1) with F' = d*R.
9:  Compute the step size s* by

p o (uge, ™) 20,1020

el o mne )

10:  Update the source component f&+1 = fk 4 skgk.
11:  Check the stopping criterion.
12: end for

5.2. Numerical results and discussions. Now we present several examples
to illustrate the feasibility of recovering f. The domain €2 is taken to be the unit
square 2 = (f%, %)2, with w = (—%, %), q = 0, and the final time T' = 1. The direct
and adjoint problems are all discretized by the standard continuous piecewise linear
Galerkin method in space and backward Euler convolution quadrature in time; see
[19] for the error analysis for relevant direct problems and the review [18] for various
numerical schemes. The domain € is first divided into M? small squares each of width
1/M, and then further divided into triangles by connecting the upper right vertex with
the lower left vertex of each small square to obtain a uniform triangulation. For the
inversion step, we take M = 100 and N = 1000. The same spatial and temporal mesh
is used for approximating f. The factor R(z,t) is fixed at R = 1. The exact data
g' on the lateral boundary w x {¢} x (0,T) is obtained by solving the direct problem
(1.1) with the exact f! on a finer mesh. The noisy boundary data ¢° is generated
from the exact data ¢ by

g(s(‘r/at) = gT(zlat) + €||gT||L°°(w><(O,T))§(‘T/7t) V(I/7t) €wXx (OvT)7

where &(z’,t) follows the standard normal distribution, and e denotes the relative
noise level. In Algorithm 5.1, the maximum number of CG iterations is fixed at 50,
and the constant ¢ in (5.11) is taken to be ¢ = 1.01. Throughout, we measure the

accuracy of a reconstruction f by the L? error e(f) defined by

e(f) = I1f = fTle207:02())-

5.2.1. Numerical results for ISPn. First we illustrate the case of time-inde-
pendent coefficients.
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Ezample 5.1. a(z1,22) = 1+sin(rz)z2(1—22) and f1(zq,t) = (2 —2})t(T—t)e’.

The numerical results for Example 5.1 are presented in Table 1, where the numbers
in parentheses denote the stopping index determined by the discrepancy principle
(5.11). For noisy data ¢°, the method reaches convergence within ten iterations, and
thus it is fairly efficient. It is observed that as the relative noise level e increases
from zero to 5e-2, the error e(f) also increases, whereas the required number of CG
iterations decreases. For a fixed noise level €, the reconstruction error e tends to
decrease with the order «, and all the reconstructions are fairly accurate; see Figure 1
for typical reconstructions and the associated pointwise errors e = f — f1 (which
slightly abuses the notation e). These results clearly show the feasibility of recovering
f from the lateral boundary data, corroborating the theoretical results in [24].

TABLE 1
The reconstruction errors e for Example 5.1.

a\e 0 le-3 5e-3 le-2 be-2

0.25 8.6le-5 (50) 3.87c-4 (13) 7.36c-4 (10) 1.26e-3 (7)  2.33¢-3 (4)
0.50 4.27¢-5 (50) 3.91c-4 (10) 6.84e-4 (8) 1.29¢-3 (6) 2.19¢-3 (3)
0.75 8.6le-5 (50) 3.62e-4 (16) 5.93e-4 (11) 8.84e-4 (9) 1.71e-3 (4)

05 0

(a) exact (b) e=1e-2 (c) e=be-2
F1G. 1. Reconstructions and the pointwise errors for Example 5.1 with e = le-2 and € = 5e-2.

Now we give two examples with time-dependent coefficients. The notation xg
denotes the characteristic function of a set S.

Ezample 5.2. The diffusion coefficient a is given by a(z1, x2,t) = (1+sin(rx)x2(1—
22))(1 + sint), and consider two different source components:

(i) fT(z1,t) = sin(z1 + 3)mt(T — t)e'.

(ii) fH(z1,t) =sin(z1 4+ $)7t(T — t)e' x0,0.7(¢)-

In case (i), f is smooth in time, but it is discontinuous for case (ii). The results

for Example 5.2 are shown in Table 2. The results for case (i) are largely comparable
with that for Example 5.1, and all the observations remain valid; see also Figure 2.
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The behavior of ISPn is largely independent of the fractional order «, due to the good
regularity and compatibility of ff. In sharp contrast, the results for case (ii) exhibit
a different trend: for a fixed noise level €, the reconstruction error e increases with
the order «, and also it takes more CG iterations to reach the convergence (see also
Figure 3). This is attributed to the discontinuity in time of f7 and the regularity
of the adjoint v in problem (5.2): the temporal regularity of the adjoint v increases
steadily with «; cf. Theorem 5.2, which makes it increasingly harder to approximate
a discontinuous fT. This is clearly visible from the error plots in Figure 4, where the
errors around the discontinuity dominate. This is especially pronounced for o« = 0.50
and a = 0.75.

TABLE 2
The reconstruction errors e for Example 5.2.

Case | a\e 0 le-3 5e-3 le-2 5e-2
0.25 2.89e-5 (50) 2.98e-4 (13) 1.21e-3 (9)  1.97e-3 (8)  6.08¢-3 (5)
(i) | 0.50 2.93e-5 (50) 3.07e-4 (12) 1.18e-3 (9)  2.09¢-3 (8)  6.14e-3 (5)
075 3.49¢5 (50) 2.6le-d (13)  8.50e-4 (9)  1.44e-3 (8)  4.2de-3 (5)
0.25 3.69e-4 (50) 4.5le-d (13) 1.12e-3 (9) 1.84e-3 (8) 5.71e-3 (4)
(i) | 0.50 1.66e-3 (50) 1.68e-3 (13) 2.00e-3 (10) 2.61e-3 (9)  6.33¢-3 (5)
0.75 2.99¢-3 (50) 3.38¢-3 (25) 4.49e-3 (14)  5.3de-3 (11)  8.49¢-3 (6)

0.4
- 02
0
05 |
;
0 05
. 050 .

1 e : 1
0 "~ o5
X -05 0 t
(a) exact (b) e=1le-2 (c) e=be-2

F1a. 2. Reconstructions and the pointwise errors for Example 5.2(i) with ¢ = le-2 and € = 5e-2.

5.2.2. Numerical results for ISPd. Now we present two examples for ISPd,
with the setting similar to that of Example 5.2.

Ezample 5.3. The diffusion coefficient a is given by a(x1,z2,t) = (1 + sin(mw(x; +

)3 —22))(1 4 sint), and consider two different source components:

(i) fT(z1,t) = sin(z1 + 3)mt(T — t)e'.
(ii) fT(zy1,t) = sin(z + %)ﬂ't(T —t)eX0,0.7)(t).
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-[—e=0 —=0
- e=1e-2 - e=1e-2
- - e=5e-2]] - - e=5e-2
107 -
o e
107
0 10 20 30 40 50 40 50
k
(a) @ =0.25 (b) @« =0.75

Fic. 3. The convergence of the error for Example 5.2(ii), where the red dots indicate the
stopping index determined by the discrepancy principle (5.11). (Color available online.)

04
- 02
0
, 05 >
1 S ’ 1
o O 0s
« 050 .

05

x - t

(a) exact (b) «=0.25 (¢) «=10.50 (d) a=0.75
F1G. 4. Reconstructions and the pointwise errors for Example 5.2(ii) with € = le-2.

TABLE 3
The reconstruction errors e for Example 5.3.

Case | a\e 0 le-3 5e-3 le-2 5e-2
025 4.5le-3 (50) 4.52e-3 (42) 4.6le-3 (20) 4.84e-3 (18)  6.28e-3 (5)
(i) | 0.50 4.50e-3 (50) 4.5le-3 (41) 4.61e-3 (20) 4.86e-3 (18)  6.11e-3 (4)
0.75 4.47e-3 (50) 4.49e-3 (37) 4.56e-3 (18) 4.70e-3 (13)  5.84e-3 (6)
0.25 3.87e-3 (50) 3.88¢-3 (36) 3.97e-3 (20) 4.20e-3 (17)  5.47e-3 ( 4)
(i) | 0.50 3.99e-3 (50) 4.00e-3 (40) 4.10e-3 (22) 4.37e-3 (17)  5.95¢-3 ( 6)
0.75 4.35¢-3 (50) 4.36e-3 (50) 4.60e-3 (33) 4.97e-3 (24)  7.07e-3 (11)

Note that case (ii) does not satisfy the condition of Theorem 4.3. The numerical
results for Example 5.3 are shown in Table 3, where the stopping index is taken
so that the reconstruction error e is smallest (since the discrepancy principle (5.11)
does not apply directly). The observations from Examples 5.1 and 5.2 are still valid,
except the algorithm takes more iterations to reach convergence. This might be due
to the fact that the approximation of the exact flux data (for the direct problem) is
less accurate, which also limits the attainable accuracy of the reconstruction for data
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e 1
0 "~ —"o0s
« 050 .

(a) exact (b) e=1e-2 (c) e=be-2

F1G. 5. Reconstructions and the pointwise errors for Ezample 5.3(i) with € = le-2 and € = 5e-2.

ol

~ 05

M . . x O t x t

(a) exact (b) « =0.25 (¢) a=0.50 (d) a=0.75

0 o5 ~_— o0s —~—
05 0

F1G. 6. Reconstructions and the pointwise errors for Ezample 5.3(ii) with € = le-2.

with low noise level. The results for case (ii) show that for a fixed noise level ¢, the
error e increases with «, and also it takes more CG iterations to reach convergence,
due to the mismatch between the temporal regularity of f and the gradient J'(f).
This is also clear from the error plots in Figures 5 and 6, where the errors around the
discontinuity become increasingly dominating as « increases.

These numerical results indicate that indeed it is feasible to recover a space-time-
dependent source from the lateral boundary observation in a cylindrical domain for
both time-independent and time-dependent diffusion coefficients, and standard regu-
larization techniques, e.g., the conjugate gradient method (when equipped with the
discrepancy principle (5.11)), can deliver accurate reconstructions for both exact and
noisy data. This provides numerical evidence to the theoretical results in Theorems
3.4 and 4.3.
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