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Abstract

The identification of the population density of a logistic equation backwards in time associated with nonlocal dif-
fusion and nonlinear reaction, motivated by biology and ecology fields, is investigated. The diffusion depends on
an integral average of the population density whilst the reaction term is a global or local Lipschitz function of the
population density. After discussing the ill-posedness of the problem, we apply the quasi-reversibility method to
construct stable approximation problems. It is shown that the regularized solutions stemming from such method not
only depend continuously on the final data, but also strongly converge to the exact solution in L?-norm. New error
estimates together with stability results are obtained. Furthermore, numerical examples are provided to illustrate the
theoretical results.

Keywords and phrases: Inverse problem; Nonlocal diffusion; Nonlinear reaction; Ill-posed problem; Population
density; Quasi-reversibility method.
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1. Introduction
We consider the following nonlinear parabolic equation for the population density u:
uy =Dy w) () Au+R(x,t,u), (x,1)€Qx(0,T), (1)

where T > 0, Q is an open, bounded and connected domain in R", n > 1 with a smooth boundary 09, R is the
reaction term and 9P is the diffusion which depends on a linear functional £y(u), as given in equation (2) below.

Many physical processes can be described by such a time-dependent parabolic equation with nonlocal diffusion
and nonlinear reaction, see e.g. [10, 11, 37] and the references therein. These can be from the study of unsteady
heat transfer phenomena in a solid, where we desire to know information of the thermal conductivity, or starting from
the model of diffusion and reaction of active chemical species in predicting concrete corrosion. From biology and
ecology perspectives that we consider in this paper, u represents the population density of an individual species at
time ¢ and the point x where the species stays. Also, studying a nonlocal term which is density dependent in diffusion
D, ie.

D(fo(u)(t))=D(Lf(X)u(x,l)dX), Co (u) (1) :=Lf(X)u(x,l)dx, 2)
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tuan @tdt.edu.vn), Vo Van Au (vvau8190hg @ gmail.com), Vo Anh Khoa (vakhoa.hcmus @ gmail.com)



where f is a given weight function, has a direct correlation to the development of population dynamics, and it is
obviously meaningful if the density-related reaction R (often representing birth/death, immigration/emigration) is
also present.

For simplicity, we consider homogeneous Neumann boundary conditions

%(x, HN=0, (x1)eidQxOT), 3)

where v is the outward unit normal to the boundary €2, which physically mean that the boundary of the biological
specimen is insulated. Homogeneous Dirichlet boundary conditions can also be considered instead of (3).

Inverse diffusion problems have been of continuous interest to researchers in a wide range of disciplines, and
in the context of identifying parameters broadly popular, see e.g. [2, 13, 18] and references therein. However, our
inverse problem considered here has a different formulation. In fact, we are interested in the question that if we do
know the density of a certain biological species at a finite time 7 > 0, namely,

ulx,T)=g(x), xeQ, 4)

then we have to determine the density at preceding times down to the initial time ¢ = 0. Notice that the backward heat
problem (1)-(4) is not well-posed in the sense that the solution does not depend continuously on data (4), i.e., from
the small noise made in measurement data, the corresponding solution may generate itself large and undesired errors,
and standard computational procedures are not stable.

If the diffusion coefficient is constant or time-dependent, [27], then equations (1)-(4) form the classical backward
heat conduction problem (BHCP) which has been thoroughly investigated in many studies, see e.g. [1, 15, 16, 19, 20,
21, 31, 32, 36] to mention only a few. Further, even if the diffusion coefficient is density dependent, [2, 8, 13, 18], it
is still not related to our study which considers the non-local diffusion expression (2).

Up-to-date, we believe we are the first to treat the general problem in this context: find a real unknown function
u(x,t) for (x,¢) € Q x (0, T) solution to the problem (P) given by equation (1) with the diffusion coefficient given
by equation (2) and endowed with the conditions (3) and (4). Motivated by the aforementioned reasons, we shall
employ a regularization method to find a stable approximate solution to this backwards in time determination of the
population density. In particular, we are herein interested in the quasi-reversibility (QR) method.

Referring to the QR method, the work was commenced by Lattés and Lions [24] where this approach was first
proposed to deal with the Cauchy problem for elliptic equations. The idea of the method is to construct a well-posed
fourth-order problem that depends on a small regularization parameter, from the original ill-posed second-order
problem. A dual-based QR method to solve the Cauchy problem in the presence of noisy data has been investigated
in [6], whilst numerical finite element method has been implemented in [3, 9]. Various convergence rates for the QR-
method have been established, e.g. Holder-type rate with the aid of Carleman estimates in [23], and of logarithmic-
type in C!! and Lipschitz domains in [4] and [5], respectively.

While many papers try to deal with ill-posed problems by performing regularization at the discretization level, in
this paper we regularize the problem directly by the QR method. Furthermore, formal (computationally symbolic)
iterative methods such as Picard’s iteration, the decomposition method or the homotopy method, [12, 17, 25], which
avoid discretization, are easy to use and in many cases enable to obtain an accurate solution within a few iterations.
We will describe such an iterative procedure in Section 3.

The purpose of this paper is three-fold. First, we review in Section 2 basic facts about abstract settings working for
our results, the forward problem, and understand the ill-posedness caused by the instability in the backward problem
throughout a simple example. Second, the main results are achieved in Section 3 where we give the unique solvability,
error and stability estimates. In particular, we investigate first the inverse problem without reaction, i.e. R = 0, in
Subsection 3.1, by the classical QR approach. Theorems 4 and 5 show the unique solvability of the backward heat
problem (27) and its regularized counterpart (33), whilst Theorem 7 gives the error and stability estimates (44) and
(47), respectively. Next we investigate the inverse problem with reaction in Subsection 3.3 by the modified QR
approach. The regularized problem presented in (56) for the global Lipschitz reaction case, is shown to be uniquely
solvable in Lemmas 11 and 12, whilst theorem 13, which contains the main results of the paper, gives the error and
stability estimates. Furthermore, in the same spirit, Subsection 3.3.3 considers the case of local Lipschitz reaction,
where the cut-off projection is applied and the obtained estimates are presented in Theorem 15. Third, we give in
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Section 4 numerical examples to corroborate our theoretical results. Finally, Section 5 presents the conclusions of
this research.

2. Preliminaries

2.1. Abstract settings

We begin this subsection by introducing some notations and assumptions that are needed for our analysis in the
next sections. Let us first define

¢

V::{gbeHl(Q):a—V:OonaQ},

0

the closed subspace of H L(Q), and call H' (Q) the dual space of H 1'(©Q). With a Banach space X we denote by
L?(0,T;X),C([0,T];X)and C' (0, T; X) the Banach spaces of real functions u : (0, T) — X measurable, such that

T 1/p
lulleo,rx) = (f llu ¢, DI dl) <o, l<p<oo,
0

lleell = (0,7,x) = ess sup |lu (-, Dlly < oo, p=o0,
0<t<T

and

lellco,r1.x) = sup llu G, Dllx < oo, lullcro.r:x) = ulleqorx) + udlleo,rx) < oo
0<t<T

Moreover, throughout this paper, we denote the L*-norm by ||-||, and the inner product on L*(Q) by (-, ).
We now make the following assumptions:
(A1) The measurable function D > 0 is such that the mapping & — D (¢) is continuous for € € R;
(A) There exist positive constants 7; and 77, such that

m<DE <m, VEER;
(A3) There exists a positive constant L such that

D) -D@ <L —&f, YéL&LeR,;

(Ag) f € L* (Q);
(As) g € L? (Q) represents the exact data, whilst g€ € L* (Q) represents the measured data with noise level € > 0
such that

s -] <.

Remark 1. The assumptions (A3z) and (A4) imply that for any u;, u, € L=, T; L%(Q)) we have
1D (6o (u1) (1) — D (o (u2) ) < LI fllllug ¢,0) —ua ¢, 0l 1€[0,T], %)

where we have used the Holder inequality and the definition (2).

An important point to be made is that, see [14, Section 6.5], the eigenvalues of the operator —A on the open,
bounded and connected domain Q ¢ R" with a smooth boundary, subject to standard homogeneous boundary condi-
tions (here we specify the zero Neumann conditions (3)) have the property that there exists an orthonormal basis of
L? (Q), denoted by {¢P}peN’ satisfying

$p €VNCT(Q), —Agp(x) = ppp(x), x€Q, 0=2 <A < <....and lim 1, = o, (6)

p—)OO
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where {/lp}peN is the discrete spectrum of the operator.

We also introduce the abstract Gevrey class of functions of order y > 0 and index o > 0, see e.g., [7], defined by
the spectrum of the Laplacian (a terminology previously used in the book [30]), as

() <o}

Go’,y = {V € L2 (Q) . Z /1};620_/1[7
p=0

which is a Hilbert space equipped with the inner product
vi,mg,, = <(—A)” 267V By (—Ay e \/Ev2>’ Yvi, v € Goy

and the corresponding norm

p=0

- 2
Wlls,, = | > e [(v.6,)| < oo,

In what follows, we denote by (P) the main inverse problem given by equations (1)-(4). We mention that its full
analysis will be given in Subsection 3.3 and the main results concerning error and stability estimates will be stated
and proved in Theorems 13 and 15. But before that, in the next subsection the forward problem is discussed.

2.2. The forward problem

Let us take for the time being R = 0 and consider the forward problem given by the homogeneous Neumann
boundary condition (3), the partial differential equation

uy = Dby (u) (1) Au, (x,1) € Qx(0,T), (7)
and the initial condition

u(x,0) = up(x), xeQ. ®)

Theorem 2. Suppose that (A1)-(A4) hold. Then, for uy € L% (Q) there exists a unique weak solution
ue ?(0,T;V)n C([0,T1; L* (Q)), 9)
satisfying (7) in the weak sense, i.e.
% @@, 1),v)y==D ) () (Vu(,0),Vvy, VveV,re(0,7), (10)

and (8).

Theorem 3. Theorem 2 follows from the fact that the solution to the aforementioned forward problem can be repre-
sented as

o !
u(x,t) = Zexp (—/lpf(; D (o (w) (s))ds) uop®p (X), (11)

p=0

where ug, = <u0, ¢p>.



Proof. Letting v = ¢, in (10) in combination with plugging the solution u under the Fourier-mode

[ee)

(e = (160, ¢p(0) ¢y (¥), (12)

p=0

we then obtain

{(ut (5, 1), $p(0) + D (Lo ) () Ay (1 (x,1), $p(0) =0, 1€ (0, T), 03

(1(x,00,6, (1)) = ugp.
Multiplying both sides of the first equation of (13) by the function exp (/lp fot D (Lo (m) (s)) ds) and noticing that

< ( f D (o () (s)) ds) = D) (1),
1\Jo

then integrating the obtained result with respect to ¢, and combining with the second equation in (13), it is straight-
forward to obtain that

exp (ﬂp fo D (Lo () (5)) ds) (1,00, 6y (0) = uop,

which, via (12), leads to (11). It is also clear, by direct calculus, that u given by (11) satisfies (8) and (10).
Using the notation

b
(b (D (Lo ) (), 4,) := exp (a,, f D (Lo () () ds) (14)
then, equation (11) can be written as
(0= Eon (DUl w)(s),~1p) topdp (1), (15)
p=0

From this, the boundedness of E( (Z) (o () (s)), —/lp) (derived from (6) and (A;)) and assumption (A3) imply the
well-posedness of (11) and hence of the forward problem, as follows.
Step 1. Define an operator 7 mapping from C ([O, T1;L? (Q)) into itself by

T @0 = Y Eon (D) (). -2,) topdy (x).

p=0

We prove by induction that for wi,w; € C ([O, T]:L? (Q)) and n € N*

177 000 1) = 17 ) )P < (TL2 AP o) % w1 = wallg 1o 7112000 - (16)

First, for n = 1 one easily has, by Parseval’s relation, Holder’s inequality and (5), that

> 2
170 60 = T 02) IR = ) [ (Dl 01 (), =) = Eqop (D (lo w2 (1), =, )| 18,
p=0
< TL2 AP ol £ w1 = wallg 0 7112000 -

Thus, (16) holds for n = 1. Now, supposing that this holds up to n = k, we then shall prove that it also holds for
n=k+ 1. Indeed,

!
175 i) 6y = T ) )| < TL2 AR ol fo 175 o) C, ) = T (w2) G, 9| dis

t k
211 EIR 12 2 200212 1ol 2\E S
< TL2 1P lluolP w1 = wallg 71,20 fo (TL2 1P o) s

k+1
k
= (TL2 AP o) o5y I = w2l o e
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By the induction principle, we obtain (16). Since

. n t"
lim \/(TL2||f|I2||u0|I2) — =0,
n—o0 n.

there exists a number ny € N* such that the expression under the limit is subunitary. This yields that 7" is a
contraction mapping from C ([0, T];L? (Q)) onto itself. Then, by the Banach fixed point theorem, there exists a

unique solution in C ([0, T]:L? (Q)) to the equation 7" (w) = w. In addition, one has 7" (I (w)) = I (I")(w) =
I (w). Combining this with the uniqueness of the fixed point of 7™, the equation J (w) = w admits a unique solution
in C ([0, 71; L ().

Step 2. In this step we show that the solution u obtained at Step 1, also belongs to L? (0, T; V). First note that
from (15),

laC, DI = > A (ucx, 0.6, = D ApEn (D (G @) (s),-24,) w5, Ve € [0,T].
p=0 p=0

Then, from this, (A;) and (14) we obtain

T T
[Z[Fa— f (-, 1)1t = f " ApEn (D (G () (), =24, ) 3
e 0 0 “Z

p=0
N 2 1 <o 1 2
<) > Apid, exp(=22, 1 )dt = a0 D, (1= exp(=22,Tm) < Syl < e
p=0 p=0
which implies that u € L? (0, T; V) indeed. The proof is completed. U

2.3. lll-posedness of the backward problem

Whilst in the previous subsection the forward problem was shown to be well-posed, in this subsection we in-
vestigate the ill-posedness of the backward problem. For time being, we postpone to the next section the proof the
existence and uniqueness of solution in C ([O, T]:L? (Q)) NL2(0,T;V), and investigate the solution’s dependence on
data. Similarly to the derivation of (15), one easily deduces the representation of solution to the backward problem
(3), (4) and (7) as

(0= Eqr (D) (), 1) gp6p (1), (17)

p=0
where g, := <g, ¢p>.

While the term E(q (Z) (€o () (), —/lp) in the forward problem solution (15) can be definitely bounded by a
constant, for the term E ) (Z) (€o (u) (s)),/lp) in our backward problem solution (17), we have the following in-
equality:
|2

2
2l oen-p@la| B[ D) -DeElds

2
E¢r) (D), 4,) = Eqry (D (&), 4,)| < max , , (18)
[ ) ( ) Eqn) (D), -24,) E¢r) (D (&),-24,)
for any uy, up € C ([O, T]:L? (Q)) N L% (0, T;V), where we have denoted
T
& = lo(u;)(s) = Lf(x)ui()c, s)dx, Eqr) (D (fz’),/lp) = exp (/lpf @(fi)ds), i=1,2,
t
and we have used the elementary inequality:
|e* - ¢’ < max{la - ble“.la— ble’}, Va,b 2 0. (19)

6



Combining this with (A3) and using Holder’s inequality, yield
2 ) 2
|Ecry (D€, 4) - Eary (D &), )| < exp (2, (T - 1) 23

T
f [D (&) - D (&)]ds
t

T
< exp (24, (T 0) BT -1 [ 1D@)-D@Fds.  (20)

In order to illustrate the ill-posedness of the backward problem through an example, let g € G, for o > 7T,y = 2
(this condition is essentially needed to prove the existence and uniqueness of solution) and an explicitly defined
function g€ € L? (Q) given by

1
85 () =g (V) + u (1),

where € = €(n) = % (for some positive integer n) represents the possible measurement noise which obviously
satisfies (As). Then, the corresponding solution to the backward problem (3), (4) and (7) with such a noisy final data
can be represented as

_ Eur) (Dl (u)(5)), A)

u (x,1) = - b (0) + D By (D (6o (1) (9)), ) 8pbp (1), @1

p=0
where we have used the orthonormal property of the eigenfunctions {¢,},en. It yields from (17) and (21), by the
triangle inequality, that

Eq.1) (D (o (uf) (5) , 4,)

[u .ty = u )| = H 7 ¢n (X)H
=D [Ewr) (D (o (1) (5)) . 4p) = Ery (D (o () (), )| gpp ()] (22)
p=0

The next step is to estimate the second norm on the right-hand side of (22) (here it is denoted by 7). Using (5), (20)
and Parseval’s relation, we have

) T
T2 <L2|fIPT [Z A, exp (2124,7) gi]f e ¢5) = w9 ds
p=0 !

20 A2 112 2
< TL2 AP Iglig,, (T =0 uf = o 1.209) - (23)
or,
J1 < TLIANglG,., 1 = ull oo r1020) - (24)
Combining (22), (24) and (A;), we obtain
c c enl(T_l)/ln
.y = u .0l + TLUANglls,, [l = 2l g0 711200y 2 — (25)

Now, since we assume that the functions #* and u belong to the space C ([0, T]:L? (Q)), from (25) we obtain that

|| E H en](T_t)An
u-—u > te[0,T].
C([0,T;L*(Q ’ ’
(OTEZO) = 4, (1+ TLIfl gl , )
Therefore, we conclude that for any ¢ € [0,T)
enl(T_t)/ln

lim [|u€ — uf| > lim = co. (26)
e =2 2, (1+ TLIA gl

So, (26) shows that that even if the noise level € = 1/4,, goes to zero, as n — oo, the instability always happens
backwards in time. Hence, the need for a regularization method has been ascertained.
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3. Quasi-reversibility (QR) based iterative approximation

In recent years, considerable attention has been given to accommodate the QR method, originally introduced
in the book of Latteés and Lions [24], as a regularization approach for obtaining stable numerical solutions of ill-
posed boundary value problems for partial differential equations. The main idea of such method is to basically add a
perturbed term into the main equation or in the input conditions such that its new solution is stable and convergent to
the exact solution, as the perturbation becomes decreasingly small, [3, 23]. In the present paper, we apply this general
idea of the QR method for solving problem (P) given by equations (1)-(4).

Included below, we first try to apply the QR method to the problem without reaction term, i.e. R = 0in (1). Then,
global and local Lipschitz nonlinearity reactions will be studied using a modified QR approach.

3.1. The inverse problem without reaction
In this subsection, we take R = 0 in (1) and consider the backward heat problem given by

up =Dl ) () Au,  (x,1) € A% (0,T),
B (60 =0, (x,1) € 9% (0,T), 27)
ulx,T)=g(x), x € Q.
As mentioned before in subsection 2.3, it is now worth proving the existence and uniqueness of solution to the
problem (27), as given by the following theorem.
Theorem 4. Assume (A1)-(As) hold and let g € G, for o > n,T,7y = 2. Then the integral equation (17) has a
unique solution in C ([0, T], LQ(Q)) N L2 (0, T; V), which is also the unique solution of the problem (27).
Proof. The proof is divided into three steps. First, we prove, by the contraction principle, that equation (17) has a
unique solution in C ([0, T];LQ(Q)). Second, we prove that this solution also belongs to L2(0,T:;V). Thirdly, we

prove that the problem (27) is equivalent to the integral equation (17).
Step 1. Forw e C ([O, T]:L? (Q)), we define an operator G mapping from C ([0, T]:L? (Q)) into itself by

G (5,0 1= > Eqr) (Dl W) (), ) gphp (1) (28)
p=0
We prove by induction that for wi,w, € C ([O, T]:L? (Q)) and n € N*

n (T —t)"
6" 61 ) = 6" ) 0 < (TL2 AP gl ) ( n!’) C(OTH@)

w1 — wol| (29)

First, for n = 1 one easily has, by Parseval’s relation, that
> 2
16 001) (1) = G () DI = 3 [Eqry (D (o i) (), ) = Eqry (D (o w2) (), 4, )| &2
p=0

In a similar manner to that used to get (23), we obtain
16 (w1) (1) = G (w) (0 < TL2 AP NgIIE,, (T = 01wt = walle 71,120 -

Thus, (29) holds for n = 1. Now, supposing that (29) holds up to n = k, we then shall prove that it also holds for
n = k+ 1. Indeed, it is straightforward to estimate (29) at that level, by following the derivation of (23) using (19), to
obtain

T
IG5 wi) (-, 1) — G (Wz)(-J)”zSTLZIIfIIZIIgIIéM f 6% 0w (., 9) = G5 (w2 -, )| s

k(T = )

T
< TL2 1P N8l w1 = wallg 0 7y.12c00) f (TL2 AP gl ) = —ds
£ ’ [ ? .
k+1
_ 2 2 2 k+1 (T - t) 2
= (TP N8I, ) =g 11 = "2l o)

8



By the induction principle, we obtain (29) or, in another form by taking the square root

(T -n"
!

16" w1) (. 0) = G" (w2) (-, 1)|| < \/ (TL21A1P el )’ w1 = wallegro.rz2e) - (30)

Since

_ s (T ="
lim \/(TL AP N8, ) ——— =0,

there exists a number ny € N* such that

2neznae Yo T=0"
\/(TL A1l ||g||@,(w) E—— <1,

which from (30) it yields that G™ is a contraction mapping from C ([0, T]:;L? (Q)) onto itself. Then, by the Banach

fixed point theorem, there exists a unique solution in C ([O, T]:L? (Q)) to the equation G" (w) = w. In addition, one
has G" (G (w)) = G(G") (w) = G (w). Combining this with the uniqueness of the fixed point of G, the equation
G (w) = w admits a unique solution in C ([O, T];L? (Q)).

Step 2. In this step we show that the solution u obtained at Step 1, also belongs to L% (0, 7'; V). First note that
from (17),

Gl = > 4 (ue0.8,) = > ApEry (DG () (). 22,) g2, Vi € [0.T1.

p=0 p=0

From the assumption on g, we have that >, =0 /lf, 202y g2 g, < co. Then using the above, (A;) and o > 1, T, we obtain

22 0.7, = f (-, DI dr = f Za Ery (D (G (u) (s)),24,) g2dt

[ee)

T
2 202 2 204, 2
f E Ap expCmAp(T - 0)gpdt < T E A e‘Tl’g n E e g, < o0,

p=0 p=0 p=0

which implies that u € L% (0, T; V) indeed.

Step3. IfueC ([O, T]:L? (Q)) N L% (0, T; V) satisfies (17), then by direct calculus we obtain that u is a solution
of (27). Thus, it remains to prove that if u satisfies (27), it must be a solution of (17). Indeed, the proof can be
established by using the representation of solution to the forward problem. Observe that from (11), one can find a
relationship between u, and g,. Letting = T in (11) and taking the action with ¢, we obtain

gp = (u(x. 7)., (%)) = Eq) (D (6o ) (s)), =) uo,

or,

uop = Eo.r) (D (Lo ) (5)) . 4,) gp- (31)
Combining (11) and (31), we conclude that « is a solution of (17). The proof of the theorem is completed. O

So far, from Theorem 4 we have proved the existence and uniqueness of solution to the problem (27) and, from
subsection 2.3, the discontinuous dependence of such a solution on the data. It is now essential to develop a reg-
ularization approach in order to obtain a stable solution. In fact, we will construct an approximation problem to
(27), denoted by (P), which will be used to establish our regularized solution (denoted by u€), whose existence and
uniqueness carry out as in Theorem 4. Obviously, here we take the noisy measured final data g€ into account.

By an analogue of (14), let us denote, for @ > 0,

D (b (u) (5)) A ) 32)

b
E{, 4 (D o ) (9)), ) ZeXP( f 1+ aD (6o (u) (s))/lpds ’

9



and let us consider the regularized problem (P;) given by

us = Do (u®) () Au + aD (6o (u) (1) Au;,  (x,1) € Qx(0,T),
W (x,1) =0, (x,1) € Q% (0,T), (33)

v

u® (x,T) = g% (%), xeQ,

where @ = a(e€) plays the role of a regularization parameter. Next we prove that this problem has a unique solution,
as follows.

Theorem 5. Assume (A1)-(As) hold. Then the integral equation
ue (x,1) = Z E2 1 (D (o (1) (). ) 850, (). (34)

where gp <g ¢p>, has a unique solution in C ([0 T]:L? (Q)) N L2 (0 T:L? (Q)) which is also the unique solution
of the problem (33).

Proof. As in the proof of Theorem 4 we have three steps.
Step 1. Let us define the mapping G, : C ([0, T];L? (Q)) -C ([O, T]:L? (Q)) by

G (W) (x,1) = ZE(, (Dl W) (), ,) g5¢p (x),  Ywe C(10,T];L*(Q)). (35)
p=0

For wi,w, € C ([O, T]:L? (Q)) and n € N*, we proceed using induction to prove that

T2 2 eZeZT/a”T_tn
IF11~ llgell ) ( ') i — walP (36)

2.2
ma

62 v (1) = G wa) )| < (

C([0,T];L2()
As in the proof of Theorem 4, though the technicalities are slightly different, we first estimate the difference

T» = |EZ’T) (Do w1) (), ) = EZ 1) (D (Lo w2) (), ﬂp)|2 : (37

by the following:

2

fT( Dl w) (N, Do (wa) () 4y ) s
¢t \1+aDlwp)(s)A, 1T+aD(lywr)(s) A4,

xmax{( o) (DO @),4,), (Egr) (Dt (), )}

f’( Dbw) (N, Do (wa)(s) 4y )ds
¢ \1+aDlow) (), 1+aDlyw2)(s)A,

J2 <

2

< 0l ; (38)

where we have used the elementary inequality (19) and that

El 7 (Dl w) (), 4,) < e, vw e C(10,T1: L7 (), (39)

noticing that % < ﬁ for i = 1,2. Moreover, if 73 denotes the integral on the last right-hand side of (38),

it is due to (Aj) that

Ty < (T —1) fT [D (Lo (w1) (5)) = D (Lo (w2) (5)] 4, B
) t (1 +aD (Lo (wr) (5) ap) (1 +aD (£ (w2) (5)) )
T — T
= _2a2t f 1D (Lo (1) (5)) = D (Lo (w2) (s)* ds, (40)
1 t

10



where we have applied the Holder inequality and that 1 + D (£p (W) (s)) 4, > 1
Combining (35), (37), (38), (40) coupled with (5), and thanks to Parseval’s relation, we obtain

(o)

TLZ 2 2(T D/
1Ge W1) (1) = G (42) C, DI < ”f r [ZI 5l ] f wi G, 5) = w2 (, ) ds

TL2IIf||2 llg€||> 2T -0/
mae?

(T = 1) lwi = wall? (41)

c([0,T1;L2(Q)

This shows that (36) holds for n = 1.

As in the proof of Theorem 4, one easily passes through the inductive step to obtain (36) by induction principle.
Following from such an argument in combination with the Banach fixed-point theorem, we conclude the existence
and uniqueness of solution u€ € C ([O, T]:L? (Q)) to the equation G, (w) =

Step 2. In this step, we prove that the solution obtained in Step 1 is also in L2 (O, T; L2(Q)). This follows, using
(39), from

Wl 07200y = f Z Ef 7 (D (b (0) (), 24,) ()%t < Te?/* )" (g5) = Te?™||gf|? < oo.
p=0

Step 3. It suffices to prove that if u¢ € C ([0, T]:L? (Q)) N L2 (0, T, LZ(Q)) satisfies (33), then it is a solution of
(34). In fact, by taking the action of the first equation of (33) with ¢, and using (6), we obtain
D (o () () A,
aD (Lo (u) (1) Ap

(uf (e.0). 9y ) + 5 (uf (x,1), ¢ (1)) = 0. (42)

Multiplying both sides of (42) by the function E(o 5 (D (o (u) (s)), /lp), integrating the obtained result with respect
to s from ¢ to 7', and using that u€ can be represented by the Fourier series as

uE (6= ) (U (61,8, (0) 6 (),
p=0

we obtain the representation (34). The proof of the theorem is completed. U

Remark 6. It is clear from the boundedness of E(“t ) (Z) (Lo (w) (), /lp) by (39) that for each regularization parameter

@, dependent on the noise level ¢, the solution u® € C ([0, T];L? (Q)) NnL? (O, T; Lz(Q)) of (34) depends continuously
on the measured final data g€ € L% (Q). This, in combination with the existence and uniqueness results in Theorem
5, implies that the problem (P;) given by (33) is well-posed. It is also remarkable that even though we have been
proving Theorem 5 in a way that is similar to Theorem 4, the emphasis is essentially put on the regularity of the final
data. In fact, g€ here belongs to L? (Q) only, whereas g needs to be in a class of Gevrey spaces, which is a closed
subset of L2 (Q). In addition, if g€ is also in G, for o > 72T,y = 2, then u€ € C ([0, T]:L? (Q)) NL2(0,7T;V) and
also, there is another way to estimate (38), (40) and (41), namely,

2
Ty < 2T

>

fT( Dlw)Np D) ()4, )ds
¢ \1+aDlw) (), 1+aD(ly(wa)(s)A,

T
T <=8 [ D)) - Dl i) ()P s,
t

which imply

T
G 01 (1) = G W) (0P < TL2 AP [lgl, f wi ¢ 8) = w2 (- )| ds. (43)

The advantage of (43) will be seen later on.
11



At this stage, we consider the convergence analysis. To ensure this, let us note that we must also impose the
regularity of u in the space L™ (0, T;H* (Q)). We then have the convergence result given by the following theorem.

Theorem 7. Suppose that (A1)-(As) hold and let u€ be the solution of (Py) given by (33). Assume that g € G, for
o > T,y = 2 holds. If the solution u of the problem (27) belongs to C' (O, T; L2(Q)) nL» (O, T;H* (Q)), then we
have the following error estimate:

3
€ o0y = w0 < \/ [e“ DI + (T = 1722 [l o . Hm))] exp( T(T - LI llgl3, ) te[0,7].
(44)
By choosing « := a (€) > 0 such that

lime™?e = lima = 0, (45)

e—0 e—0
this implies that ||[u® (-,t) —u (-, 1)|| = 0 as € — 0, for every t € [0, T]. Moreover, if the regularization parameter « is
explicitly given by

T
o= for some w € (0,1), (46)

ln(sll_w)’

which satisfies (45), then from (44) we obtain the stability estimate

ATAT —1)? 3
€ ¢y = u 0| < J 3 [ezw T ||u||im(0,T;H4(Q))] exp(5T<T - L2 IfIP ||g||é,w), te[0,T]. (47)

In’ (t7)

Proof. Let us first define w® (x, ) = u® (x, 1) — u (x, t) which, based on (17) and (34), it can be expressed as

wE(x,0) = ZEUT) (Dt ) (1), ) (25, — ) p 0
+Z[E(,T) (D (b () (). ) = E2 1) (D (lo ) (). 4,)| g8 ()

Z ¢ 0 (Dl ) (). ) = Eqry (D (6o () (5)). )| gptp ()

=j4+js +Js. (48)

It is now immediate to observe that using the inequality (39) together with Parseval’s relation and (As), give us the
following inequality:

(Z)(fo(uf)(s)) A, | |gp gp| <(/,Z(T t)/a”g g” <€2(T Dl 2 (49)

(o8]
2
T allI” =

p=0

Estimating 5 is totally similar to (43) with the aid of Parseval’s relation, and we thus obtain

T
T5IP < TL2 AP gl f lu€ .9 = uC, 9| . (50)

From (17) we obtain that
Z i (O < el ey 7 € 10T, (51)
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where uf, ®) = Eu1) (D (Lo () (s)), 2/1[,) g%. Then using (A;) and (51), as in (18), the term J¢ can be estimated as
follows:
2

f T( D (bo (u)(5)) A
o \1+aD () ()4,

(9]
2
NAEDY
p=0

00 T Dz ’ 2
=Y a2 ( [ () ds) 20 < AT = 0202 1l g 1 s (52)
p=0 !

- D (b () (5)) ap) ds| Eq.r) (D (to ) (5),24,)g;

1 +aD (b (u) () A,

Combining (48)-(50) and (52), we obtain (using that (a + b + ¢)* < 3(a® + b* + ¢?)),

T
2 _ 2
e ol < 32T/ 4 35T = 170 Nl ey + 3TL I g, j; [we ¢, 9| ds.
Finally, using Gronwall’s inequality, we conclude that

2 _
[we ol <3 [e“ Ve 4y (T - 1y°a’ ||u||§m(0,T;H4(Q>)] exp (37 (T = DL 117 el )
and taking the square root we obtain (44). This completes the proof of the theorem. U

Remark 8. Theorem 7 points out that our unique and stable solution of the problem (P;) (given by equation (33)) is
strongly convergent to the exact solution of the problem (27) in the L>-norm. Furthermore, the error estimate (47) is
a combination of the orders of € and —m for some w € (0, 1), or we can say it is O (—1/ In(e)).

3.2. A computational tool
Our current objective is to solve the fixed point equation

us (x,1) = Go (u) (x,0), (53)

where, for each a > 0, the operator G, defined by (35) has a unique fix point in C ([0, T]:L? (Q)), according to the
proof of Theorem 5 (Step 1). We then seek the solution of (53) in the formal series form

uE (1) = Ut (1), (54)
m=0

€

where the components u;
m]

are obtained from the following recurrence scheme, [12],

{u[gmﬂ] (x, 1) = Ga ( 7:0 qu]) (x,1) — Ga (ZT:_Ol qu]) (x,5), m=1,2,.. (55)

uey (6 1) = G () (1), iy, (x,1) = 0.

3.3. The inverse problem with reaction

In this subsection, we consider the fully nonlinear case for the problem (P) (given by equations (1)-(4)) with the
density-dependent reaction term R(x, ¢, u) included. This is more challenging since the regularization methods via
the nonlinear spectral theory based on Fourier series are somewhat difficult to compute in this case. The impediment
lies not only in the fact that we have to define an additional functional space reasonably covering our analysis, but
also other technicalities, where our existence and uniqueness results can be derived by fixed-point arguments, are
required.

For 8 := B (e) > 0 by the modified QR method, let us consider the problem (P;) given by

us + D (b (u®) (1) A°u¢ = R(x,t,u), (x,)eQx(0,7),
A (v 1) =0, (x,1) € 0Q X (0,T), (56)

v

ut (x,T) = g° (%), x €L,
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where

up(t) 1= (uC-,1).4,). Afu:ZAgf)u,,(z)(p,,(x), uS(0) = (uC.0).8,). AU :=Z/l§f)u;(t)¢p(x), (57)
p=0

p=0
and
¢ 1 -
A = o (B+e ). (58)
Note that from (57) and (58), we have
In(L
AU ¢, 0| < ﬁ |Juf ¢ 0| - (59)

mT

At this stage, a brief comment between the problems (P;) and (P;) is appropriate. Of course, the main idea
of the QR method is to approximate an unbounded operator, say A, by a bounded (regularized) one, A€. Note that
the problem (P;) with R = 0 does not reduce to problem (P;) for the following reasons. In the previous problem
(Py) without reaction, we have applied the classical QR method, as in (33), to obtain the convergence rates given in
Theorem 7 under the higher smoothness of the exact solution in L* (O, T; H4(Q)). However, if we apply this classical
QR method to the problem (1)-(4) with reaction, we were not able to estimate the error between the exact and the
regularized solutions. Therefore, we employ a modified QR-type approach, [33, 34], as in (56), for which we are able
to prove the error estimates given in Theorems 13 and 15 below.

3.3.1. Global Lipschitz reaction
In combination with (A1)-(As), we make an additional Lipschitz assumption on the reaction term as follows:
(Ag) Re L* (Q x (0,T) x R) and there exists a positive constant K such that

IR(x,t,&1) — R, t,E) <K€ - &, Y(x,1)eQx(0,T), Vé&,6 R,
Notice that from (Ag), we can deduce that
IR G, t,w1) = R, £, w)ll < Klwy () =wa (0l Ywi,wy € C([0,T15 L2 (), (60)
which leads to
IRC,t,w) = R0 < Klw,0ll,  ¥Yw e C([0,T1; L*(Q)).
Thus, we have
IR Gt W < (K w0l + IR G, 0D < (K2 + 1) (Iw (DI + IR 1, 0)I). (61)

Given a constant 8 € (0, 1) (which will be assumed from now on) and a function w € C ([O, T]:L? (Q)), we denote
the scaling with 8 as follows:

_ L
Wil ® = B~F IWllcqoaza) > Wllses = sup Ivllso @) (62)

It is obvious to see that [[w (-, 0)|| < [wllg () < [Wllg,e for 7 € [0, T].
Before tackling the main results, we give the following lemmas.

Lemma 9. Suppose that (A1)-(As) hold. Then, for 0 <t < T, < T, the self-mapping H on C ([0, T]:L? (Q)) defined
by

Hw) (6,0 1= > Er (Dl ) (), 45)) g5, (1), ¥w e C([0,T15 L2 (), (63)
p=0
can be estimated by
IH W)llgo 1) < BT ||¢°]| (64)

and for all wy,wy € C ([O, T]:L? (Q)), we have
14



L(T. = In(3)lAIl1lgel

IH (w1) = H (w2)llg o (1) < T

Wi = wallg co - (65)

Proof. From (14), (58) and Parseval’s relation one observes that

IH W) 0P = D By (D (Lo ) (). 225) [g5]°

p=0
3 ( 2, (1) T t))i| [ = g
<exp|—1In[=|m (T, - g = g
mT \B = P

It follows, from the definition of the norm [|-[|g, that (64) holds.
To prove (65), let us first estimate the difference

I

2

T = [Earo (Dl 001 (50, ) = Eqry (D (lo 02 (1), 45 (66)

As in (18), we have

(e
J7 £ |/lp

2 T,
(T =1 f 1D (Lo (w1) () — D (Lo (w2) ()] ds
X max {E(I,T*) (D (to (wy) (5)), 2,1576)) Eqr) (Z) (Lo (W) (5)).. 2/1575))} .

Using (A3), (5) and (58) we obtain

5 T.
(T, — D exp (245 m, (T. = ) L2 |11 f w1 G, ) = wa C, )P ds

t
L2 (T, = 02 1n? () AP s
< 5 BT
mT?

(e
J7 < |/1p

2
||W1 - W2||C([0,T];L2(Q)) s (67)

where in the last inequality we have used that the function In*(8)8>*-T)/T is decreasing, as a function of 8 € (0, 1). It
implies from (66), (67) together with Parseval’s relation that

L2 (7 = 0210 () AP 8NP

lwy — wall? (68)
T2

c([0,T1;L2(Q)

I 00 (0 = H o) ol = g5 <

p=0

Taking (68) over the scaling ||-[|g,0 and using that [[wllgo (7%) < [[Wl|g, one deduces (65). This completes the proof.

O
Lemma 10. Suppose that (A1)-(Ag) hold. Then, for 0 <t < T, < T, the self-mapping H on C([0, T1; L*(Q)) defined
by
oo T.
H(w) (x,0) = ) [ f E.5) (D (lo W) (1)), 47 R, (w) (5) ds] ¢p(x), YweC(0,TLLAQ)  (69)
p=0 11!
is bounded by

|H W)l @) < (T =) (K + D (IWllgo + IR Og.c0) (70)

and for all wi,w, € C ([O, T]:L? (Q)), we have
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Lin(3)7

I 1) = H w250 () < V2(T. = (K + D lIw1 = wallgeo

A (Iwillg.eo + IR O)llgoo) + 1| (71)

In (69), we have used the notation R, (w) (s) := <R(-, S, W), ¢>p>, whilst in (70), the notation R(0) := R(, -, 0).

Proof. In the same way as in the proof of Lemma 9, by Parseval’s relation and Holder’s inequality in combination
with (A;) and (58), one has

2

(9]

[# ool =

p=0

T* > T* 2(t—s
< (T, -1) f exp(miTln(}})nz(s—z));lﬂp(wxs)Fdss(T*—n f BTIRC s wilPds. (72)

T
f Eis) (D (6o ) (1), 1)) R, () (5) ds
t

Combining this with (61) we obtain (70). . .
Let us now show (71). Consider the difference D (x, 1) := H (w1) (x, 1) — H (w3) (x, 1), as follows:

[ T.
D= [ f |E (D (G 1) (@), 45) = Eqeo) (D (Lo (w2) (1)), A5 )| Ry (w1) () ds] ¢p (x)
p=0 L1

+ Z [ f E5) (D (b w2) (1), 47) | R, (w1) () = R, (w2) (5)] ds] $p (%)

Then, we get

2

D, DIF < 22
p=

f [E) (D (lo 1) (1)), A7) = Eqe (D (b0 (w2) (1)), A5)| R, (w1) (s) s

2
Ew (D (o (w2) (), AF) [Ry (w1) (5) = Ry, (w2) (5)] ds

= ||J'g||2 + ||3'9||2 : (73)

To estimate Jg, we use (5), (19) and (61) together with (A;), similarly as (67) was derived:

© T, 2
||js||2sz<n—t)z f E5) (D (6o w1) (1), 45)) = Eqi (D (6o (w2) (1)), 4)|” IRp(w1)(5)dls
AT, - 1)L?
(ng—T?l 2(ﬂ)Hf‘H ||W1 WZ”c([Q Tl LZ(Q))f (S t) ﬂ ”R( S, Wl)” dS
2T, — L2
< (nZ—T? 2( ﬂ)llfll (K2 + BT Iwr = wal 10 710200, f (s = 1 (Iw1ll3.0(5) + IR o(5)) .
2

Taking the scaling (62) we obtain

2T, — H*L?
||3f8||§,0<r)s(3f”2 (ﬂ)llfll (K2 + DEF w1 = wal, (1w 1B + IROIZ,.). 4)
2

Next, the term 9 can be estimated in the same way as (72) was derived. Thereby, we have

—wa (-, 8)|I* ds,

T.
I Foll? < 2(T. —r)Kzf
t
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where we have also used (60). It thus follows that

ITol30 (1) < 2(T. = 0> K> [lwi = wallj - (75)
Hence, combining (73)-(75) we obtain

2(K2+1D)LHT-0* In?(L) o
IDIl5o (1) < S g 2 (w1113 o + IR ONZ o) Iwr = wall2 oo + 2(T. = 1 K2 lIwy = wall3 -
2

which leads to

| Gw1) = H wo)| o

Lin(%)B87 (T, —1)
< V2(T. =D (K + D llwi = wallg o («)F ||f||(||wl||ﬁ,oo+||R(0)||ﬁ,oo)+1
3mT
Lin(3)7

< V2(T = ) (K + D llwi = wallg.e0

A (w11l 00 + IR (O)llg.00) + 1] :

by the elementary inequality

\/a2(c2 +d)+b2<avet+d*+b<a(c+d)+b, VYa,b,c,d>0.
This shows that (71) holds, and the proof of Lemma 10 is completed. U

In Lemma 10, notice that (69) can be rewritten as

] T.
ﬂ(w)(x,n:Z[E@,m (Do w) (s)), ) f Eis.r.) (D (low) (1), -A5)) R, <w)<s>ds] gp(x).  (76)
p=0 !

Then, combining the operators H given by (63) (with measured final data ¢ and regularization element /lgf) taken
into account) and H given by (76) leads us to the following lemma.

Lemma 11. Suppose that (A1)-(A¢) hold. Then the problem (P;) given by (56) has a solution u® € C! (O, T, Lz(Q)).

Proof. Our proof is based on the ideas given in [34]. We divide the proof into three parts.

Part (a). The nonlinear integral equation

u€ (x, 1) = Hw) (x, 1) — H (w) (x, 1)
o0 T
:ZEW D (Lo () (s)), /1(6))[ - f Egs.r) (D (6o () (1), =25 ) R, (uf)(s)ds] ¢y (X), (77)

t
admits a unique solution in C ([0, T]:;L? (Q)), which is also a solution of the problem (P;) given by (56).

Proof of part (a). We prove first the second statement of part (a), namely, if u€ satisfies (77), then it is also a solution
to the problem (56). Indeed, if we differentiate (77) with respect to ¢, and use (57), and (77) again, it is straightforward
to see that

uf (1) = = Y A9D (Lo () (1) Eqry (D (G () (5)), 45)

p=0

T (o0
x |85 - f Er) (D (b (u) (1), -25) R, (uf)(s)ds] Bp (0 + > Ry () (1) ()

t p:0

= —D (€, (uf) (D)) Z AU (1) ¢ (x) + R (x,1,u) = =D (Lo (u€) (1)) AU + R (x, 1, u°).
p=0
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Furthermore, u€ (x, T) = g€ (x) is also valid and g—ﬁ(x, 1) = 0 for (x,1) € Q2 x (0, T) since ¢, € V. This completes the
proof of the second statement of parta (a).
For g€ € L*(Q), set

M = \/(||gf||2 +2TQ?)exp (21n (}3) + (K2 + l)T) >0, with Q:= sup [|R(-,1 0, (78)
t€[0,T]

and letting » > 8~ M, we define

(L In (}3) A ((1+ T + T IR O)llg.) + leT)] ,

T(K+ 1) (r+ IR Ollgco) 1 [2\/§max{K,1}
r—p'M T m

h= (79)

T
N b
where [x] denotes the integer part of the real number x.

Let g € L*(Q) for j = 0,(N — 1), be such that g€l < M, and define

t;=T—jh, j=0,N,
W, = {v € C (It L) v(x 1)) = 50, Yx € Q. sup o (1) < r}, j=0.(N-1).
i1 <t<tj
Ziw) (x,1) := Hiw)(x, 1) = Hw)(x, 1), 1€ [tp,t]l, j=0,(N-1),
where we have u§ed the notation Z ;(w)(x, 1) for Z(w)(x, 1) restricted to the time subinterval [#;,1,1;] (and similarly
Hi(w)(x, 1) and H j(w)(x, 1)).

We investigate a local self-mapping defined on a family of closed subsets in C ([0, T1;1? (Q)) and proceed piece-
wisely backwards in time from the final layer [T — h = 11,190 = T] with g§ = g° backwards. Thus, let us fix a generic

J =0,(N — 1) and show that the operator Z; is a contraction on the space W; C C ([t s Ll LZ(Q)).
Combining (64) and (70) (for T, = t;), for w € W; we have

|iz,~(w)||ﬁ,0<r)sxs"% g+ (17 = 1) (K + D) (Iwllg.c0 + IR O)ll5.0)
<B'MARK+DT+IRONge)s 1€ (11,151

From (79), one deduces that

b < r —ﬁ_l M
T KA D(r+IROge)

which implies that [[Z;(w)|j;, @) < r. And it is obvious from (63) and (69) that Z (W) (x.T) = H;(w) (x,T) ~
7-_{j w)(x,T) = Z;":O g;pqﬁp(x) -0= g; (x). As a consequence, we have Z; (W]) cW;.
By triangle’s inequality coupled with (65) and (71), after some rearrangements one has that for any wy, wp € W,

1Z5 1) = Z; w250 @ < [H; 1) = Hj w25 o @) + [H; 1) = H; (w5, @)

L(T - 0In(4)I1£1|[z5
< _
< T 1= w2llg o
Lin(L)7
+ V2(K+ 1)(T -1 %||f||(||wl||ﬁ,oo+||R<0)||ﬁ,oo)+1 w1 = wallg co

h 1
< 7 [Lln([—g)llf||(r+ V2(K+ DT (r + IR O)lleo)) + V2(K + 1);72T]||W1 —Wallg o
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where we have used that, since || Zj(w)llgo(f) < r and Zj(x,t;) = g;(x), we have ﬁ‘%ngjn < r. Afterwards, we have

also used thatﬂ% <l,as e (0,1).
Observe (79) once again to see that

1, 2V2max(K. 1) [Lln(l

h mT B
Lin(3)IA1(r + V2K + DT (r + IR O)lp.0))

>

mT

)Ilfll ((1+Tyr + T IR O)le0) + leT]

+ \/§(K+1),

where we have used the simple inequality 2 max {K, 1} > K + 1.

So, from the above it is evident to claim that there exists ¢ € [0, 1) such that HZ iw)-Z; (W2)H'80 (1 <

clwy = w2||,&oo which implies that Z; is a contraction mapping on W; C C ([tj+ 1 tj];Lz(Q)). Thus, the existence
and uniqueness arguments are obtained by the Banach fixed-point theorem. It can be observed that if the regulariza-
tion parameter 3 goes to zero, then i becomes smaller and smaller, whereas the space W; expands increasingly in

size. Therefore, our construction is reasonable.

Once the solution has been obtained uniquely over the layer (7,1, ;], provided that is possible to obtain an upper
bound for the norm of u¢, we can proceed the same way to the next layer [¢;,2,;,1] and so on, backwards in time up

to the initial time ¢ = 0. In the next part, we establish such an upper bound.
Part (b). Upper bound of the norm of solution u® of problem (56).
Proof of part (b). Let 0 < 7 < T and assume that u€ € C! (T, T; Lz(Q)) satisfies

Ut + D (Lo (u) () AU = R(x, t,ue), (x,0)€Qx(T,T),
9 (x,1) =0, (x,)) €0Q X (1,T),
u¢ (x,T) = g (x), xeQ,

One has
Qup, u) + (D (Co (u) (0) AU, u) = (R (x, t,uc) , u).
Using the Lipschitz property (Ag), we have
(R (x,1,u),u) | < IR Gt u) || G0l < % (IR . t,u) = RC,1,00[| + IR (.2, 0) I]* + %nuf(-,z)n2
< % (KNGl + IR G, 0) (1] + %nuf(-,mﬁ < (1<2 + %) GO + IR, 2, 0) 17

Using (A;) and (80)-(82) we obtain

1 1d
- [(K2 + 5) €, DI + IRC, 1, 0)||2] < mnuf(-,z)u2 + 1ol (AuS, ucY .

Integrating this inequality from ¢ to 7 we obtain
’ 2 1 € 2 r 2 1 € 2 1 € 2 r € € €
- K” + 3 (-, $)l|“ds — IRC, 5,0)[I°ds < Ellu G, DI - Ellu G Dll" +m2 | (Au®, uty|ds.
t t t
So, we obtain

T T
U, )I* < llg€I* + 2 f IRC, 5, O)I*ds + 2 f
t t

1
ol (Au€, uy | + (K2 + 5) [luc (-, s)llz] ds

In (1 r
'nﬁ—ﬁ) + (K2 + %ﬂ f e, s)Pds,

<|Ig6I* + 2T Q% + 2
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where, from (57) and (58), we have used that

In(4i
|{(AuS, u€y| < M||uf<-,r>||2. (83)
mT

Finally, Gronwall’s inequality and (78) give

)P < [IIg€IP + 2T Q%] exp (2 In (/13) +(2K* + 1)T) = M2,
or,
lluC, D)l < M. (84)
Part (c). The existence of a solution u¢ € C' (O, T; L2(Q)) of problem (56).

Proof of part (c). This part connects parts (a) and (b). We shall prove by induction that problem (56) has a solution
on [t;,T] for j = 0,1,..,N. In fact, for j = 0, we set gg = g°. From part (a), we know that there is a unique
ug € Woc C ([tl, TI; L2(Q)) such that Zo(ug) = ug and we can verify that uj satisfies the problem (56) on [#, 1o = T].
From the Lipschitz property (A;) of R, triangle inequality and (83), we obtain

dus In5)
o

mT
This implies that u, € C! (t1 ,T; LZ(Q)). Now, we assume that the problem (56) has a solution u€ € C! ([tk, T); L2(Q)),
for 0 < k < N -1 with u(-,T) = g°(-). We shall prove that we can extend this solution to the interval [t;41,T]. In
fact, from part (b), we have that (84) holds for 7 < ¢ < T. Set g¢ = u®(x, ). From part (a), there is a unique

< 1D (¢o (uf) () Aufll + IRC, £, uf)ll < o

1 1
llugll + Kllugll + [I1RC-, 2, 0)]] < (T In ([—3) + K) r+ Q.

u, € W cC ([tk+1 AR LZ(Q)) such that Zk(u,i) = u; and we can verify that i satisfies the problem (56) on [#+1, %]

with u,i(-, t) = u(-, t). And we also obtain that ”Z eC! (tk+ 1, 1 LQ(Q)). So, we can extend u€ to [#;+1, T] by putting
u¢(-, 1) = ug (-, 1) for t € [fx41, f]. By induction, we complete the proof of part (c).
Finally, parts (a)-(c) when grouped together conclude the proof of Lemma 11. U

Lemma 12. Suppose that (A1)-(A¢) hold. Then, the solution of the problem (P;) given by (56) is unique in
C'(0.7: L% (Q)).

Proof. Lemma 11 has proved the existence of a solution u€ € C! (0, T,L? (Q)) of problem (P;). To prove uniqueness,

let € and v¢ be two solutions to the problem (P;) in C ! (0, T:L? (Q)), where u€ satisfies (77). Then, if we define
de (x,1) = 17D (uf (x, 1) — v¢ (x, 1)) for some q > 0, from (56) we obtain that

d; = qeq(t_T) (€ —v) + 21 (us —v5)

=qd + 10D [R(x,t,u¢) = R(x,1,v) = D (Lo (uf) (1)) AUt + D (€o (v) (2)) AVE].
Thus, one has

df + D (Lo (V) () AdS — gd® = &1 (R (x, 1,u) = R (x,1,v°)) — 2" [D (Lo (u) () — D (€0 (V%) ()] AU
(85)

Taking the action of (85) with d gives

1d
Sl Gl = alla ol = TR, = RC, 1) )
_edt=T) (D (€ () (1)) — D (6o (v) (1)) AuE (-, 1), d€ (-, 1)) — D (Lo (v) (D)) (A°dE (-, 1), dE (-, D).
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Integrating in time yields
€ 2 € 2 ’ € € _JE € ’ € 2
@€ D" = [la Gol +2 [ Dl () () (A, 9),d C,9)yds =2q | |[dC,s)|] ds +Tio + T, (86)
t t
where 19 and 1, are defined by
T
T = 2f ATDUR(, 5,u6) = R (-, 5,),d (-, 5)) ds,
t
T
I =-2 f 1D (Lo (1) (9)) = D (Lo (V) () AU (-, ), d° (-, 9)) dis.
t
First, let us estimate ¢, as follows:

T T
T 10l < 2f DR, s,u) = R (-, 5,09)|| || G, 9)|| ds < 2Kf lld€ ¢, 9| ds, (87)
t t

where Holder’s inequality, the Lipschitz property (60) of reaction term and the definition of d° have been applied.
Second, using (5) and (59), 11 can be estimated by

T
Tl <2 f 1D (G (uF) () = D (Lo (v) ()] [[Aus ¢, 9)|| < -, )| ds
t

T 2LIn(3)IIAl p7
$2L||f||f ld ¢, 9)| ||A€u€(-,s)||ds§%f lld€ ¢, )| [Ju ¢, 9)|| ds. (88)
t t

Now let us estimate |[u€ (-, s)||l. It follows from (61), (77), Parseval’s relation, and technicalities such as (72) and
(a +b)* < 2(a* + b?), that

| ¢ 0| <2Z (2(T ( ))| I +2(T—t)f (2(5 (;))imp(uf)(s)fds

p=0

2(r 7 Hg ” +2T +1 f Bz(r D) “u C s)” + IR sO)IIZ)ds

2(t-T)

<287

(”ge“ + T2( +1)|IR (0)||C([0 T Lm))) +2T (K + 1) [ ﬁ’%’ e S)H2 ds,
which implies that
T
B |u | <28 (”g I +72 (K + 1)||7z(0)||c([0 - LZ(Q)))+2T (K> + l)f; BT |uc 9| ds.
Applying Gronwall’s inequality to this yields

B ||uc (-, ;)||2 <2872 (”ng2 + 72 (K* +1) IR (0)||C([0 - LZ(Q)))exp (27 (1 - (K* + 1)).

Therefore, for all ¢ € [0, T] we have

lu€ ¢, 0l < V287 (||g]| + T (K + DIR Ollero r1:22)) exp (T* (K + 1)) (89)
Combining (88) and (89), we obtain
2V2L1n (4 )||f|| )
s =7 (eIl + T K + DIR Oleqo.razey) exp (T2 (K2 + 1)) f e . 9| ds. ©0)
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From (86), (87) and (90), we can now obtain that

T T
||df(-,T)||2—||df(-,z)||2+2f D (Lo (v9) (5)) (AdE (-,s),df(-,s»dszz(q—q)f la€ ¢, 9| ds, 1)

_ 2NV2LI(EIALy f e 2 (2 . .
where g := K + 772—T'3 (llg |+ 7T (K+1)J|R (O)IIC([O’T];Lz(Q))) exp (T (K + 1)) is a positive constant. We

observe that
) ) ) ) 1 1 )
(A (1), d° (1)) = <Z A0 (1) 9y, Y (0 ¢p> =) 4l o < — 1n(—) les ol ©2)
p=0 p=0 p=0 n B
where we have used 0 < !9 < —L_In (1) for 8 € (0,1 — e741). Combining (92) with (Aj) into (91) we obtain
p mT B

1 (1\\ (T
o I <l ol =2(a - () [l coff s

So our objective is well-accomplished. Indeed, by choosing ¢ > g + % In (é) it becomes clear by the fact that for all

t € [0, T] we have ||d€ (-, t)|| < ||d€ (-, T)|| = 0 which leads to the uniqueness of the solution in C! (O, T:L? (Q)). This
completes the proof of the lemma. O

Let us summarise what we have obtained in Lemmas 9-12 prior to investigating the convergence rate. Lemmas 11
and 12 showed that the approximate problem (P,) given by (56) admits a unique solution u€ € C! (O, T;L? (Q)). Like
the results obtained in the case without reaction in subsection 3.1, the regularized solution, based on the nonlinear
spectral theory, which can be represented by the integral equation (77), is unique as well. Therefore, we can set up
a similar computational procedure as that of subsection 3.2 once again. Another important point which should be
mentioned here is that from Lemmas 9 and 10 one easily observes the stability of the regularized solution, and hence
the well-posedness of the regularized problem (P;) given by (56).

Theorem 13. Assume (A1)-(Ag) hold, and suppose that the solution u of the problem (P) given by equations (1)-(4)
belongs to C ([O, T] ;Gcm/) foro zmT,y =2, and u; € C ([O, Tl; Lz(Q)). Then the L*-error estimate between u€ in
(77), solution to problem (P,) given by (56), and the exact solution u is given by

[uf (.0) —uC,0)|| < P BT exp (T — 1)), t€(0,T, (93)

where

(1+ D) Nl
[0.71:Goy) 1 L
P:= 2e2 4 it d u=K+—-+ . > 0.
Jﬂ € /l%Tz and U 2 " AT LAl ”u”C([O,T],Gm)

By choosing B := B(¢) € (0, 1) such that

lime_o+ B(€) = 0,
(94)

lime_, o+ = finite,

_€
Ble)
this implies that ||u¢(-, 1) — u(-,1)|| = 0, as € — 0, for every t € (0, T]. Moreover, for € > 0 small enough there exists
t€ € (0, T) such that lim._,g+ t€ = 0 and

lu€C, 1) — u(-, 0)|| < (Pexp(uT) + B)

T
> 95)
In(3)
where B = supeio 7 llu: (-, Dll-
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Proof. Let us define d€ (x, 1) := 4D (4 (x, 1) — u(x, 1)) for some q > 0. Observing the problems (P) and (P,) given
by equations (1)-(4) and (56), respectively, as in the proof of Lemma 12, one deduces that

€ = e (uf = u) + 1D (uf - uy)
= qd® + D[R (x, 1,u€) — R (x, 1, u) — D (Lo (u€) (1) AU + D (Lo (u) (1) Aul,
ofr,
ds + D (6o (u) (0) A = gd° = ™[R (x,1,u) = R(x,1,1) = (D (6o (u) (1)) = D (Lo (u) (1)) Au

=D (Lo (u) (1)) (A°u — Au)]. (96)

Taking the action of (96) with d€¢ gives
1d
2 dt
—e1=D (D (£ (u) () — D (Lo (u) (1)) <Au (1), dc (., ,)> — DD (€0 (u) (1)) <A€u G, 0)—Au(-,1),de (., t)>
=D (o (u) (1)) (Ad° (1), d° ()

8 .o = qlld c.of* = TR u) = RCotou) (1)

Integrating in time yields

T T

|ld€ ¢, D|* - ||de ¢ o +2 f D (b (u) () (A (-, 5).d° (- 5)) ds = 2q f ld€ ¢, )| ds + Ti2 + Tis + T,
t t

97)

where
T
T2 [ D RC ) =R 5.0, 9 s
T
Tz =2 f &1 (D (b (u) (5)) = D (o () () {Au (- 5) . d (- 9)) ds,
t

T
T4 =2 f D (b (u) () (Au (-, 5) = Au, 5),d° (-, 5)) ds.

Next, we derive upper bounds for the absolute values of 7;, i = 12, 13, 14. First, notice that we obtain here the
same result as in (87) for J1,, namely,

T
T2l < 2K f 1 -, 5)|*ds. (98)
t
Also, as in (88), we obtain
T 2 2L T s 2
sl <2LIAN | |ld€ sl HAuc, s)llds < Tt Vllcqore, ) @€ . 9" ds (99)
t t

where we have recalled the spectral representation (6) and the elementary inequality a < €%, VYa > 0, (in the form
ePT e > T A, > T A for p > 1) to yield

0 0 /1262772T/1,7 |up (Z)|2 1
Au(x,0)=— ) Apup () dp(x), [Au(, 0|l < L < llee (-, D, -
pz=(:) e =0 A T? AT Go

For 14, applying Holder’s inequality and using (A,) coupled with the basic inequality In(1 + a) < a,Va > 0 and the
argument which reads

c B > © B 1 b eTI2T/lp
(A€ = A u(x,1) = I;)(Ap + )iy (6 (1) = 7 [;m(m)up 1) ¢ (x),
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we obtain by Parseval’s relation that

T 2 T 2
Tral <15 f (AT = ), 9| ds + f € ¢, ) ds

Sn%j; szz (e — +,8)|MP(S)| ds+f ||d€( s)|| ds

2

T T
P~ 2 1 2 2T, 2 2 f 7€ 2
(s +4%T2 ;:1 2T |y, (5)| }ds+ [ @€ ¢, 9)||" ds

(1 + 3B T
= /127’12B (T =Dl o116, * f la<c. o as. (100)
1 t

where we have also used that

UZTA 772T/17
n2 (L) = In2 (ﬂe—l-l-l) < In? (ﬂen2T/lp + 1) Sﬂ262n2T/lp

e—nzT/lp + :8 eanT/lp

and note that |ug(s)|* < ||u|| for s € [0, T]. Combining (97)-(100) gives

C(10,71:Gey)

lld€ ¢, )| - ||de (-,z)||2+2f D (b (u) () (A (-, 5),d (-, 5)) ds

2L + A3)B?
[2q 2K = 7 o e,y ~ ] f ld€ ¢, )| ds ‘T(T Do,y - (10D

By using (Az) and (92) we also have
’ € € Je J€ 1 1 ! Jje 2
fl D (b (u) () (Ad° (-, 5),d (-, 5))ds < 7111(5)[[ @€ ¢, || - (102)

By choosing g = %ln (é) > 0 and noticing that ||a76 ¢y T)H = ||g€ — gll < € by (As), we introduce (102) into (101) to
get

e ¢ 2 2 ( 2)ﬁ2
@€ .ol <€ —ﬂ (T -

(2K + ||f|| lue ”C([O T1:Gry) T l)f de s)” ds.

2
t) ”u”C([O,T];Gg—’ )

Using Gronwall’s inequality we obtain

- (1 + 2382
ld° ¢, 0| < Jeu —75 o1, P T = 1),
1

which can be rewritten, by the expression of ¢, as (93).
In order to show (95), remark that due to the continuity of «,, for € > 0 small enough we have

G 1) = 1, O) < Nl 1) = w0l + lluC-, 1) = u-, O)l| < PBT exp(uT) + tlurllcqo iz ¢ €10.71,  (103)

where use has been made of (93).
Now, for every € > 0 small, let us take ¢ be the unique solution in (0, T) of the equation t = BT, where obviously
B = B(e). This implies that ]"(’ ) = ln(ﬂ) and using the inequality In(r) > —1 - for all 7 > 0, we obtain that

T

=<

B

Clearly, since lim._g+ 8(¢) = 0 this implies that lim._,+ ¢ = 0, and taking ¢ = ¢ in (103) we obtain (95). Finally,
remark that the estimate (95) also gives the stability at t = 0, as from it we have that lim¢_,o+ [|u(:, 2€) — u(-, 0)|| = 0.
The proof of Theorem 13 is completed. O
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3.3.2. A computational tool

Let us remind that in subsection 3.1.1, a computational tool was developed to approximate the solution of (53),
of the inverse problem without reaction. As an extension, we here enter the integral equation (53) in such a manner
that it stems from (77). To do so, we consider u€ (x, 1) = u(x,t) + #(x, t), where # (x, t) and i (x, t) are, respectively,
the solutions to the following integral equations:

a(x, 1) = G1 (@) (x,1) = Y Eqr) (D (b @) (5)), 45) 856 (1),
p=0

(o0

T
i(x, 1) = Gy (@) (x,1) 1= = ) ( f Eq. (D (Lo () (1)), ) Ry, (@) () ds) $p (). (104)

p=0

Consequently, two corresponding iterative schemes can be unified by the following system:

i) (5,0) = G (X 1) (6 1) = G (215 g p) (1),

i) (6.0 = G (2 gy ) (1) = G (20 dapp) (1), m=1,2, .
i (x, 1) = G (o)) (x, 1), dipyy (x, 1) = Ga (figoy) (x, 1),

upo) (x, 1) = dijoy (x,1) = 0.

(105)

Then, the series 3>, (@g;) + i) (x, 1) yields the unique solution u€ of (77).

3.3.3. Local Lipschitz reaction
Much of the analysis of subsection 3.2.1 can be extended to the case when the reaction term R(-, -, u) is only a
local Lipschitz function instead of a global one, using the techniques recently developed by the authors in [35].
Keeping (A1)-(As), we replace the global Lipschitz assumption (Ag) by the local Lipschitz one:
(A7) ReL*®(Qx(0,T)xR)and for each M > 0, there exists K(M) € (0, o) such that

IR(x,1,&1) = R(x, 1,6 < K(M)IE — &, Y(x, 1) € Qx(0,T), V1,6 € [-M, M].
In general, we can take

K(M) := sup {‘R(X’ LE)ZRILE)] e ax o, T1&1,é € [-M, M), & # 52} < +oo,

& -6

be continuous increasing function with limy,_,o+ K(M) = 0 and limp;—,.c K(M) = oo.
Now, we outline our ideas of constructing a regularization method for the problem (P) given by equations (1)-(4).
For any M > 0, we approximate R by Ry, defined by

R(x7taM)9 u > M’
Ru(x,t,u) = SR(x, 1, u), -M <u<M, (106)
R(x,t,—-M), u<-M.

From (A7) and (106) we immediately obtain the following lemma.

Lemma 14. For R € L* (Q x (0, T) x R), we have
Ru(x,2,61) = Ru(x, 1,6l < K(M)IE) — &l V(x, 1) € QX (0,T), ¥&,6 € R.

For each € > 0, we consider a sequence M€ — +oo as € — 0" and let u€ be the solution of the following problem
(P3):
ug + D (bo (u) (1) AU = Rye (x,1,u),  (x,1) € QA% (0,T),
W (x,1) =0, (x,1) € Q% (0,T), (107)

v

ut (x,T) = g% (%), xeQ.
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Theorem 15. Assume (A1)-(As) and (A7) hold, and suppose that the solution u of the problem (P) given by equations
(1)-(4) belongs to C([0,T1;Gy) N L= (10, T LAQ)) for o 2 mT, v = 2, and u, € C([0,T];L3(Q)). Then,
for B = B(e) € (0,1) such that lim¢_,o+ B(€) = O, assuming that we can choose a sequence M€ > 0 such that
lime_,o+ M€ = oo and satisfying

€ 1 m l
K(M*) < T In (ln (,8))’ for some m > 0, (108)

the L>-norm of the error between the solution u€ of the problem (P3) given by (107), and the exact solution u is
estimated by

([ (. 0) = u -, 0)|| < Pexp(@(T — )BT n™ ([13) te[0,T], (109)

where i := 5 + = I flllulle (o, 16, )-
If B := B(e) € (0,1) satisfies (94) then (109) implies that ||u€ (-,t) —u(-,0)|| — 0, as € — 0%, for allt € (0,T).
Moreover, for € > 0 small enough there exists t€ € (0, T) such that lim¢_,o+ t© = 0 and

1 T
lu€ G, 1) — u(-,0)]| < (P exp(aT) In™ (—) + B) —_— (110)
B In (é)
Remark that if m € (0, 1/2) the right-hand side of (110) tends to zero, as € — 0*.
Proof. As in the proof of Theorem 13, using (108) we obtain that
[ .0 = u ., D]| < P exp(U(T — )BT exp (K(M) (T - 1)
t t 1
<P exp(i(T — )BT exp (K(M)T) < P exp(il(T — 1))B7 In" (5) t€[0,T]. (111)

This proves the estimate (109). In deriving (111), all the arguments made in the proof of Theorem 13 remain valid
for R replaced by Rye. Since lime_,o+ M© = +oo, for a sufficiently small € > 0, there is an M€ > 0 such that
M€ > ||ul| Lo([0.THIAQ)- Then, for this M€ we have Ry<(x, t, u) = R(x,t,u) and we can use the Lipschitz property of
Ry globally, as given by Lemma 14.

The estimate (110) is established the same way as (95) and using (108). Finally, remark that this also gives the
stability at r = 0, as from (110) for m € (0, 1/2) we have that lim¢_,g+ ||u(-, ) — u(-, 0)|| = 0. The proof of theorem is
completed. U

4. Numerical results and discussion

In this section, we give applications of the proposed QR iterative scheme in computing solutions of model prob-
lems. Our two examples are over the region (x,¢) € Q x (0, T) = (0, ) X (0, 1), where the exact solutions u,.(x, t) are
explicitly available and are compared with the regularized solutions in order to assess their accuracy and stability.

An orthonormal eigenbasis in L?(0, 7) satisfying (6) is ¢p(x) = \/g cos (px) and 4, = %, p €N, is the corre-
sponding eigenvalue.

The final exact observation (4) is measured by a noisy function g€ (x) as

rand
g0 =Agr), xeQ=0m), Ac:=1+ %”(E) (112)
g
with maximum error € and rand (¢) is as a random number between [—1, 1].

At_the discreﬂation level, a uniform grid of mesh-points (x,?,) is used, where x; = kAx and t, = nAt for

k=0K,n=0Nand Ax = & _ s At = L _ % We shall seek the unknowns u} := u(xg,1,) at which the

K N
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regularized solution is computed.
To numerically illustrate our theoretical results in [*-norm, we use the following discrete norm of the £2-error,
approximated using the trapezoidal rule as,

K-1 1
i = teaCors )+ 5 |1 = 0@, 10 + i = e, fn)lz]}

Ety) = ||MZ = Uex (-, tn)”ﬁ(o’ﬂ) = JAX[
k=1

n=0,N. (113)

We also define the rate of convergence between two amounts of noise €; > € as

Rate(e; > e:t,) = ln(ZEZ;:Z)/In(Z—;), n=0,N. (114)

Example 1. (A generalized KiSS model).

Our first example is a generalized critical patch model for plankton concentration where the population is assumed
to inhabit a finite region with a lethal exterior, named KiSS which is an acronym for Kierstead and Slobodkin [22]
and Skellam [28] for their independent pioneering studies. The model predicts the size of nutrient patches needed to
sustain phytoplankton blooms for which an exponentially growing population disperses intrinsically within and out
of a patch into lethal habitat. Here its generalization takes the form

uy =D () @) uyy +cu+F (x,1), (x,)eQx(0,T), (115)

where ¥ is an external source, the intrinsic growth rate of the population is ¢ and the diffusion coefficient D is given
by

Z)(fo(u)(t)):a)+fu(x,t)dx, f=1, D¢ =w+é, (116)
Q

where w is a given positive constant. Comparing equations (115) and (1) one can identify the reaction term as
R(x,t,u) = cu + F (x,t) which is a global Lipschitz function in u.

What we shall compute is u€, approximation of the population density u from data (112) that has been corrupted
by noise. For implementation, we take w = 3, ¢ = 1, g(x) = e~ cos x (here T = 1 and Q = (0, r)) and external source
F (x,1) = ¢ " cos x. The exact solution is then given by u,, (x,1) = e”' cos x.

Observe that from (105), with p = 1 in (104), the approximate solution u[em] (x, 1) can be step by step found, as
follows:

Upy(x, 1) = |Acexp (/l(f)cu (T -1)— T) (exp (/l(f)w (T -1 - T) —exp (—t)) cOS X

/l(f)cu -1
= U (t)cos x, (117)

u[fz] (x,1) = —c

1
(AE - ()—] (T = exp(APw (T -1)-T)
A w—1

+;2 (exp (/lfw (T -1 - T) — exp (—t)) cos x = —U, (¢) cos x, (118)
(17w - 1)
D~
32
Uty (6,0 = ¢ [Ae - A(le)al) - 1] @ 5 2 exp (17w (T 1) - T)
e o L e
1 1

= Uj3 (t) cos x. (119)
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Figure 1: The exact solution u,,(x,f) = e 'cos(x) and the regularized solution S(x,#) at r+ = 1/2, for various amounts of noise € €
{0.001,0.01, 0.1}, for Example 1.

Now we simply stop at m = 3 and consider numerical results when € goes smaller and smaller. The series obtained
by (117)-(119) is

S, t)=U; () - U (®) + Us (1)) cos x. (120)
We take the regularization parameter 8(€) = € in (93), for which we expect the order of error estimate to be
O(e’/T). From (58), we obtain /l(f) = _nzLT In (ﬂ + e"72”1) = —% In (e + e‘3) forT =1,8() =€, n =w=3and

A1 = 1. We also take K = N =30 in (113).

The numerical results for the solution (120) for various amounts of noise € € {0.001,0.01, 0.1} are compared with
the exact solution u.,(x, ) = e~' cos(x) at a selected time ¢t = 7/2 = 1/2 in Figure 1. From this figure it can be seen
that the numerical results are accurate and stable for € € {0.001, 0.01}, but for the larger amount of noise € = 0.1 they
seem to deteriorate and start deviating significantly from the exact solution u,,(x, 1/2) = e 12 cos(x).

Table 1 shows the £2-error (113) at various times z € {1/3, 1/2,2/3}, for various amounts of noise € € {0.001,0.01, 0.1}.
The numerical rates of convergence (defined in (114)) for two consecutive amounts of noise 0.01 > 0.001 and
0.1 > 0.01 are also included. From Table 1 the following conclusions can be drawn:
(i) &(t,) decreases as n increases, i.e. the error increases as ¢ decreases from ¢t = T to t = 0. Also, as expected, E(r)
decreases as the amount of noise € decreases;
(ii) the rate/speed of convergence for u(x,2/3) is very good for the relatively low amount of noise € = 0.001 and it
does decrease as t decreases from r = 2/3 to t = 1/2 and then to r = 1/3, as predicted by the theoretical results.
However, for the medium amount of noise € = 0.01, the rate changes its monotonic behaviour with respect to ¢, by
increasing as ¢ decreases.

Example 2. (Fisher’s model).
The second example is the classical reaction-diffusion model of ecological import which is modelled by the logistic
population growth plus Brownian random dispersal, [28],

Uy = Dityy + rlu(l - %) +FD, (x,1)eQx(0,T), (121)

where r; > 0 is the population intrinsic rate of growth and C > 0 is the carrying capacity. Fisher’s model has been
used to make predictions of range expansion using microscale data on individual movement for a variety of animals,
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Table 1: The error (113) and the rate (114) at various times 7 € {1/3,1/2,2/3}, for various amounts of noise € € {0.001,0.01, 0.1}, for Example
1.

€ &(1/3) | Rate | &1/2) | Rate | &2/3) | Rate

0.001 | 0.1132 | 0.11 | 0.0208 | 0.79 | 0.0027 | 1.46
0.01 | 0.1487 | 0.66 | 0.1314 | 0.54 | 0.0799 | 0.51
0.1 | 0685 | — | 04662 | — | 02617 | —

working well with cabbage butterflies, muskrats, grey squirrels and neolithic farmers.

Here we implement the model with constant diffusion © = Dy = 1/8, the growth rate r; = 1/4 and the capacity
C = 2. We take g(x) = T cos(4x) (here Q = (0.7)) and the external source F(x,1) = (& cos(dx) + % + 1) cos(4x).
Then the exact solution is given by u,,(x, ) = £ cos(4x).

In (121), the nonlinearity R(x,t,u) = ru (1 - —)+7-~ (x, 1) represents a locally Lipschitz reaction with the Lipschitz

constant K(M) = rq (1 + ) Then (108) implies (taking B(€) = € and m = 0.49 € (0, 1/2)) that we can choose

1 1
me=S (— In (1n0-49 (—)) - 1), (122)
2 r1 T €
as the truncation level in (106).

We compute the regularized solution up to p = 10 and only retain u[fll(x, t). As in the previous example, from
(105) and (112), the form of the obtained series can be presented as

S(x, 1) = (Uq(t) + Ua(t)) cos(dx) + (Uz(t) — Ua(t)) cos(8x), (123)
where
Ui(t) = A TP T4

) 1 7
Us(t) = —ePoT=04 (rlAET(T — 1)+ ——= (—(Do/lﬁf)T )+ D W)]
(Do )? \4

1 7
NG (Z@MEP D+ Doy )
(Do)
r1A2T2 _ (6) ©
Us(t) = (:) 5 (eDo(T DA _ 2D0(T-0 )’
20Dy - 249
U4(t) = —(E) [eDO(T_t)’I(SE) ((Do/lge)T - ])2 + ]) _ (.Z)()/léf)l 1] ]
16(@0/18 )3

From (58), we obtain /lff) = —TDLT In (ﬂ + e"“”“) =-2In (e + e‘l/z) and /lgf) = —TDLT In (ﬂ + e"72”3) =-2In (e + e‘z)
forT =1/4,B(e) =€,m =Dy =1/8, 14 = 16 and A3 = 64. We also take K = 60 and N = 30 in (113).

The numerical solution (123) for various amounts of noise € € {0.001,0.01,0.1} are compared in Figure 2 with
the exact solution u,, = tcos(4x) at a selected time ¢+ = 37/4 = 3/16. From this figure it can be seen that the
numerical approximations become more accurate as € decreases. Graphically, there is excellent agreement between
the numerical and exact solutions for € € {0.001,0.01} and moreover, we report that the errors (113) are decreasing
from 0.0535 for € = 0.1 to 0.0052 for € = 0.01 and then to 0.0005 for € = 0.001. From these errors one can also
easily calculate the rates (114) to be Rate(0.01 > 0.001;3/16) = 1.02 and Rate(0.1 > 0.01;3/16) = 1.00. We also
report that for the small amount of noise € = 0.001 we obtain that the errors (113) are 0.0005 = £&(3/16) < &E(1/8) =
0.0037 < &(1/16) = 0.0101, showing that, as expected, the errors increase with decreasing the time ¢ from the final
time t = T = 1/4, i.e. the problem looses its stability as we proceed backwards in time.
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Figure 2: Exact solution u,,(x, t) = ¢ cos(4x) and the regularized solutions S(x, r) at t = 3/16, for various amounts of noise € € {0.001,0.01, 0.1},
for Example 2.

Other significant models which are not illustrated in this section but which can be investigated using the analysis
of this paper include catalist models describing chemical reactions in cells, [29], with
Dly(u) () =w+ f exp (—|—£;|) u(x,dx, Rx,t,u)=F (x,t) —u(u—0.5)(u-1),
Q

and many other models of molecural interactions with power-law reaction rates, [26].

5. Conclusions

The ill-posed backward continuation in time for the nonlinear parabolic equation (1) with nonlocal diffusion (2)
giving the population density of a species has been investigated. The governing partial differential equation (1) also
incorporates a source term R(x, , ) which models a global or local Lipschitz reaction.

The quasi-reversibility regularized solutions that has been proposed has been shown to depend continuously on
the measured final data (4) and to strongly converge in the L>-norm to the exact solution, if it exists. Throughout the
paper, novel and new error estimates together with stability results have been obtained.

Furthermore, a computational tool for symbolic based solution has been developed, followed by the Picard-type
iteration. It is worth noting that this algorithm is led by the fixed-point argument which applies for proving the ex-
istence and uniqueness of the approximate solutions. In cases where the complexity of the truncated series such as
(120) or (123) increases beyong purpose, standard numerical discretisation methods would be preferable. Numerical
results presented and discussed for a couple of physical models illustrate the convergence and stability of the regular-
ized solution for the backward parabolic problem with nonlocal diffusion and nonlinear reaction term.
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