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This article is devoted to the study of source identification problems for reverse parabolic partial differential
equations with nonlocal boundary conditions. The principal aim of the work is to construct and analyze
stable difference schemes that can be effectively employed for obtaining approximate solutions of such
inverse problems. In particular, attention is focused on the Rothe difference scheme, and stability estimates
for the corresponding discrete solutions are rigorously derived. These estimates guarantee the reliability and
convergence of the proposed numerical method. A stability theorem for the solution of the difference scheme
related to the source identification problem is proved. To establish the well-posedness of the underlying
differential problem, the operator-theoretic approach is employed, ensuring a solid analytical foundation
for the numerical method. Furthermore, the investigation is extended to an abstract setting for difference
schemes, which is then applied to the numerical solution of reverse parabolic equations under boundary
conditions of the first kind. This unified framework emphasizes both the theoretical justification and the
computational effectiveness of the proposed approach. Finally, the efficiency of the developed method is
demonstrated through a numerical illustration with a test example.
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Introduction

In recent decades, the importance of SIPs in the mathematical modeling of real-world processes
has grown significantly (see [1,2]). Comprehensive reviews, detailed references, and classifications of
recent studies devoted to SIPs for parabolic PDEs can be found in [3-5]. The solvability of various
inverse problems for parabolic equations was investigated in [6-8], while the well-posedness of SIPs
for hyperbolic—parabolic equations was analyzed in [9]. The work [10] focused on the identification of
a space-dependent source term in the heat equation. A numerical algorithm for solving certain SIPs
for parabolic equations backward in time was proposed in [11]. The authors of [12] examined the
backward-in-time problem for a semilinear system of parabolic equations, whereas [13| developed a
regularization technique for the spherically symmetric backward heat conduction problem. Moreover,
a numerical approach for the backward heat conduction problem was introduced in [14]. In addition,
several stable difference schemes for various direct nonlocal problems associated with reverse parabolic
equations have been developed by different researchers (see, for instance, [15,16] and the references
therein).
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We denote by H, a Hilbert space and by A : H — H, a SAPDO such that A > ¢TI for a real number
6 > 0, and I identity operator. Let i, ur, kK =1,..., s be given real numbers so that

i+ o4 sl <1, 0<m<m<. . <y<l1 (1)
hold.
We study SIP to search for a pair (v, p) that satisfies reverse parabolic equation
dv
E(t)—Av(t)zp%—g(t), 0<t<1 (2)

and the following initial condition
v(0) = ¢ (3)
with a nonlocal condition
S
v(1) = D () + @ (4)
k=1

for a given smooth function g : [0, 1] — H and elements ¢, ¢ € H.

The well-posedness of the SIP (2)—(4) was established in the paper [17]. The aim of the current
study is a stable DS for approximate solution of the SIP (2)—(4), under the assumption (1). Namely,
we study the Rothe DS for approximate solution of this SIP and establish stability estimates for its
solutions. Subsequently, this approach is employed to obtain stability estimates for the approximate
solution of the SIP for a parabolic PDE. A numerical illustration of the test example is carried out.

1  Rothe DS

Denote by [0,1], = {tx = kr,k = 0,1,--- N, N7 = 1}, the set of uniform grid points for any
natural number V.

Let C([0,1],,H) denote a linear space of grid functions 9™ = {5} taking values in the space
H, and let C-(H) = C([0,1],,H), C*(H) = C*([0,1],H) be the corresponding Banach space of grid
functions equipped with the appropriate norms

197 = max [0l [97llczan = 197, + _max _ ()= 94, = Bull

where « € (0, 1) is a given number.
Let us denote by R = (I + 7 A)~! the resolvent of A. Then (see [18]) the estimates

IR*|lgmsn < (1 +67)7", |7R¥|lasn < k71, E>1 (5)

are valid. Let us [; = [2], py =2 —[;,i=1,..,s.

Lemma 1. The operator

s s
ST:I—<1— Z,uz> R.N— Z/LZ‘RNili
=1 i =1

has an inverse T, = S;! and it is bounded such that:

I Tr lasn< M. (6)
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Proof. Since operator (I — RN ) and its inverse are bounded, operator S; can be rewritten in the
form

Sr = (1—Rr"Y) <1+ i i (T—rM)™ (RN —RN”>> = (1-rY)Q;.

Hence, to complete the proof it is sufficient to prove that the operator Q, is invertible and Q! is
bounded. Spectral resolution of a SAPD operator (see [19]) and the assumption (1) give us

Q! |lusn< sup : ! < ———— <M.
H T ||H—>H d<A<o0 ‘1+ > uz‘(1* (147) _N)—l((l NN (147 )\)—(N—li))‘ 1— Zl‘ﬂﬂ
i =1 i =
Therefore, the proof of Lemma 1 is complete. O
1.1 Stable DS
Now, we the consider the Rothe DS
TN Ok — Op—1) + AVp—1 = gk + 0, g = g(tx), 1 <k <N,
(7)

UN— Y i 9, =@, 9=,
i =1

of approximate solution of the problem (2)-(3).
We now derive the solution of problem (7). One can see that a unique solution of the difference
problem

70k — Vg_1) + A1 =gk +p, 1 <k <N,
Yy is given
exists and the formula

N
ve=R""Foy+7 Y R F(ptyg), 0<k<N-1 (8)
j=k+1

holds. Applying formula (8) and the corresponding conditions, we get

N N
RV + ) Ripr=¢—) Ry
j=1 j=1
and
- N1, g N i—l; g N il
I— 3 wRY V) ONn — 30 i i BT = Zlm i1 R TIgGT .
i =1 i =1 1=
Since
Y Rir=a"'(1-rY), Y ®Rhr=at @-rYH),
j=1 Jj=li+1
we have that
N .
RY9y + (I-RV)A'p=¢ > Rlgr 9)
j=1
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and

S S S
1. 1. _ N s 7.
(I— > RN ”) Oy = X (=R = 2 B BT e (10)
1 = =

The determinant operator A for the system of equations (9) and (10) is defined by
A=-rY 3 (-8 — (1-RY) (I N
=1

S S
— RV S TRV St (1 8 )RV - 8 e,
i =1

i= 1 i =1 i=1

Using Lemma 1, we get

In =TS [¢— > Rigm | (1-RY)

s N s
Y D Rhgir te (IZMz’RN_li) (11)
=1

i=1 j=l+1

and

A‘lpzTT{<i§81mZ§Vzi+1Rj‘“gﬂ +90>R (cb PO 1Rjg]) < Z_luRN l>} (12)
(

Therefore, DS (7) is uniquely solvable and defined by the formulas (8), (11) and (12).

Theorem 1. For the solution ({ﬁk}kzl ,p) of problem (7) in C;(H) x H, the following stability
estimates

I lla< M5 (186l + | &9 e+~ | {geHo lose ) (13)

1061 Tewe < Ms (10l + Dol + 1oy llem) (14)

hold, where the value of My does not depend on 7, «, ¢, ¢, and {gk}fcvzl .
Proof. From (12) it follows that

p="T {Aso — ARNg — 7 0L ARV (g — gi) —(T—RY - 2w (I R"))gn

-7 Zs i (Zé-’;l AR (g — gN))} :

=1

Applying to the right side of the last formula the Cauchy—Shwarz and triangle inequalities and
estimates (5), (6), one can obtain estimate (13):

Iplle <Il T [la—n (HAwHHJrHARNHH%HWHHJrZ AR |y gy — gnllg T

)) loxl: )

<M (l6lls+ 1| A s +a= | {r}ly oo ) -

S
(1 IRV gt 3 (0 [
—
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Using relation (8), the triangle inequality and the estimates (5), (6), we show that

196l < [ By N0l + 7350 | RET ]y Nl

(R ) 1Tl { ol + IRV g 0l 7 35550 Bl
pal e R g } < M5 (N9lly + Il A I+ | o by s )

for any index k. From that, the estimate (14) follows.

2 The boundary value problem and its approximation

Let Q = (0,))" CR", S =00,Q=QUS and (1) holds. Assume that ¢ € La(Q), ¢ € W3(Q2) and
g € C*(L2(R)), a, are smooth functions such that Vz € Q,a,(x) > ap > 0, r =1,...,n, 0 is a given
positive real number.

Let us consider in [0,1] x €, SIP for a multi-dimensional reverse parabolic PDE with the
Dirichlet-type boundary condition

i, ) + é(ai(x)ﬁri(:v,t))xi o0, t) = gla,t) + plx), 0<t<1, x= (21, - an) €D,

9, 0) = ¢(x), I, 1) = kz_szlumx,vk) +p(z), weq,

Iz,t) =0, 0<t<1, z€S.
(15)
The well-posedness of the SIP (15) was established in the paper [17].
Now, we will discretize SIP (15) in two steps. Let us take h. M, = [, r = 1,---  n. In the first step,
we define the grid spaces Qp = {r =xp = (hamy, -  hpmy); m= (mq, -+ ,my),my =0,---, M.},
Qp = ﬁh nQ, S, = ﬁh NS and the difference operator A} by

a9 (2) = = 3 (ar(@)l, (a;))wr + 00" (x)

r=1

whose domain consists of all grid functions ¥"(x) satisfying the homogeneous boundary conditions
9'(x) =0 for all € Sj.

By using A7, we arrive at some infinite system of ordinary differential equations. Then, in the
second step of discretization, we obtain the first-order of ADS

b () — Py (2)) — AFOP_ () = [ty ) +p"(2), th =7k, 1<k<N, z€ Qn,
; ~ (16)
I (x) = oM(z), 9% (z) = 421;12. 192(:1:) + (@), e, L=[%],i=1.s.

Let Lgj, = Lg(ﬁh) and W3, = Wg(ﬁh) be spaces of the grid functions ¥"(x) = {9(hymq,--- , hymy)}
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defined on Qh, equipped with the norms

1/2
190, = (S, 19 @201 n) [ = (10",

2

(e, Zre 1 |0,

1/2 n
Petn) o (Zhen, Sre 1 [0 @)a 75, m,

1/2

Zhy - hn) ‘

Denote by C;(Lap) = C([0,1]7,Lap), the Banach space of Lop-valued grid functions 97 = {79k}]1v
with norm

197 Mle. (10) = A, 9k lLa, -

Let C*(Lgp) = C¥([0, 1]+, Lap) and C¥(Lap) = C2(]0, 1]+, Lap) be respectively the Hélder space and
the weighted Hoélder space with the norms defined by (1) for H = Lyy,.

Theorem 2. Assume that 7 and |h| = \/h? +---+ h2 are sufficiently small positive numbers,
oM € Loy, " € D(AD), {gﬁ}iv € C%(Lap). Then, for the solutions of DS (16), the following stability
estimates hold:

c;-f(Lgh)) ’

L I (P v P 123 O

where M; is independent of 7, ¢"(x), ¢"(x), and g,if(a;), k=1,---,N —-1.

The proof of Theorem 2 is based on estimates (13), (14)

191y < 25 (NPl + 85, + 0 [k

the theorem on the coercivity inequality
for the solution of the elliptic difference problem in Loj, ([20]) and the triangle inequality.

3 Numerical algorithm and example

In [0, 7] x [0, 1], we consider a test example to search for a pair of functions (p(z)
of reverse parabolic equation so that

v(z,t)) for SIP

vi(,t) + (14 32)% vee (2, 1) + 6 (1 + 32) va (2, 1) — v(2,t) = p(x) + gl t), O <z <m, 0<t<1,

v(z,0) = ¢(x), v(z,1) = k§1 pr vz, sk) +o(z), 0<xz<m,

v(0,t) =0, v(1,t) =0, 0 <t <1.

: (670.9 + 671.5 4 672.1)) C(x)

(17)
Here ((z) = sin(x), ¢(z) = ((z), p1 = po M3 3,51 = 03, 55 = 05, s3 = 0.7,
g(z,t) = ((—4 —(1+ 3m)2> C(x) +6(1+3x) cos(m)) e p(x)=(1- L
The exact solution is ((z), e 3!¢(z)).

We use the algorithm to solve (17). It contains three steps. In the first step we search for solution

90
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of an auxiliary direct problem without source

wi(x, 1) + (1 + 32)° wen (2, 1) + 6 (1 + 37) wy (2, 1) — w(,t)

= (14 32)% due (2, 1) + 6 (1 4 32) ¢pu(, ) + g(a,t), 0<t <1, 0<z <,

3 (18)
w(z, 1) — Zzl po(e,sk) = ¢(x), 0<z<m,

w(0,t) =0, w(l,t) =0, 0 <t < 1.

Later, in the second step, we find a source function using the formula
p(z) = (14 32)% wee(2,0) + 6 (1 + 32) w,(z,0) — w(t, 0).

Finally, in the third step we put in the right side of the reverse parabolic PDE and solve it to get the
solution v(z,t),
Applying (16), we have the following DS

(77t (W —wpy) + (U4 320) B2 (W — 202 +wp])
+6 (1 + 32,) (2h) 7 (Wit —wp ) — Wl = (14 32,)°h 2 (" — 297 + ¢ )
46 (14 3zy,) (2R) 7 (ot — ¢V )+ gty =kT, 1 <k <N, z,=nh,1 <n <M-1,
Wl — g (wy Fw, +w) =¢", 0 < n <M,

w) =0, wM =0,0 <k <N

(19)
for approximate solution (18). The approximate value of p at grid points x,, is calculated using the
formula

pr=(1+3x,) b2 (wh™ — 2w +wi™' )+ 6(1+3z,) (2h) " (wp™ —wi ) — Wi,
n=1,... M —1.

DS (19) can be rewritten in the matrix form

Anwn+1+ann +Cn wn—l:-lenv n:]-a"'vM_]-a wo = 0) WM = 0. (20)
Here, wy, = [w" - w]\(,]] , = [ wy" el ]t, =1 0" - 9]\’,"‘]75 are
(N +1) x 1 column vectors, A, Bn, C,, are ( +1)?2 square matrlces I is the (N +1)? identity matrix,
0o ... 0 ... 0 0
A 0
n — enl )
0
[0 0 0 —z 0 0 1]
d b, 0 0 0 0 O
0 d by 0 0 0 O
Bn - ’
0 0 O 0 d b, 0
00 0 0 0 bn |
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an = (1+32,)* =24 6(1+3x,) (20)7", by =—1—1—2(1+3z,)* h2
en=(01+3x,)* h"2—6(1+3x,)(20)", d=—1

T
0f =tn, n=1,--- M —1,

b= g(tnen) + (14 32,)° h2 (" — 20" +¢m)
+6 (14 3zy) (2h) 7 ("t —¢" ' ) k=1, -~ ,N,n=1,--- , M —1.
We use the modified Gauss elimination method to solve (20).
Numerical results are carried out using MATLAB. The numerical solutions of DS are evaluated for

distinct values of (N, M). wF represents the numerical value of v(t,x) at (t,2) = (tg,2,) and p, is the
numerical value of p(z) at = x,,. The errors in the numerical solutions are computed by

2

M—1
Ev = maxo<p<n ( S v(an, tr) — 1/,?]2 h> ,
n=1
Mot N
Eoar = (S ten) =P )
n=1

In Table 1 we give the error between the exact solution and the numerical solution of the difference
scheme for distinct values of N and M. The table demonstrates that doubling the grid resolution
results in approximately a twofold reduction in error.

Table 1

Error analysis

DS|N=M 20 40 80
Ev 1.308 x 1072 | 6.723 x 1075 | 3.447 x 10~°
Ep 1432 x 1072 | 7.012 x 107 | 3.465 x 107>
Conclusion

In this work we consider SIPs for reverse parabolic PDEs with initial and nonlocal boundary
conditions. The main goal is to develop and analyze stable difference schemes, particularly the Rothe
scheme, for accurate numerical solutions. Stability estimates are rigorously proved, ensuring reliability
and convergence. The well-posedness of the problem is established, providing a strong analytical
basis. The study also extends to an abstract setting of difference schemes and applies the results to
reverse parabolic equations with first-kind boundary conditions. Numerical experiments confirm the
effectiveness of the proposed method.

In future work, we plan to construct and analyze high-order accurate and stable difference schemes
for the approximate solution of such SIPs.
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