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A stable difference scheme for the solution of a source identification
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In the present paper, we construct a first order of accuracy difference scheme for the approximate solution of
the inverse problem for telegraph-parabolic equations with an unknown spacewise dependent source term.
The unique solvability of constructed difference scheme and the stability estimates {for its selution were
obtained. The proofs are based on the spectral representation of the self-adjoint positive definite operator
in a Hilbert space.
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Introduction

Differential equations with unknown source terms are widely used in the mathematical modelling
of real-life phenomena in many different fields of science and have been broadly investigated over the
years (see, e.g., [1]-]9] and the references therein).

The problems for differential equations containing a time- and/or space-dependent parameter
(source term) are called source identification problems. These types of problems are inverse and their
solutions cannot be determined uniquely from imposed initial and/or boundary conditions. To achieve
a well-posedness of a source identification problem, one needs to provide some additional condition(s).
Source identification problems for mixed/type differential equations have been receiving a great deal of
attention recently (see, e.g., [10]-]19] for hyperbolic-parabolic, [20]-[22] for elliptic-hyperbolic, and [23]
for parabolic-elliptic source identification problems).

Numerous local and nonlocal boundary value problems for telegraph-parabolic equations with un-
known source termsican.be reduced to the following abstract problem for the differential equation with
a spacewise dependent parameter p

W (t) + au (t) + Au(t) = p+ f(t), 0 <t <1,
u(t)+ Au(t) =p+g(t), -1 <t <0,

u(0+) = u(0—), ' (0+) = v/ (0—),
u(=1)=¢, u(\) =19, -1 <A <1

(1)

in a Hilbert space H with a self-adjoint positive definite operator A satisfying A > 61, where § > %2
and o > 0. The last condition in (1) is considered in order to compensate the uncertainty in the
problem due to unknown term p.
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The unique solvability of problem (1) in the space C(H) of the continuous H-valued functions u(t)
defined on [—1, 1], equipped with the norm
fulew = mas, )l
was established in [24], and the following theorem on the continuous dependence of the solution on the
given data was proven.

Theorem 1 (|24]). Assume that ¢, ¢ € D(A). Let f(t) and g(t) be continuously differentiable
functions on [0, 1] and [—1, 0], respectively. Then, for the solution {u(t), p} of problem (1) in C(H) x H
the following stability inequalities

lelloun + 147 pll < M2 Il + Nl + max 170+ _maxsllg@i].

"t "(t "(t A
s [[u” (O] + max floa (Ol + max [l (0)1 a1 + [ Aullcgn + 9]

< M) [ Al + 1Al + g 17Ol + 17O+ _mae g ()7 19(0)

hold, where M (4, ) does not depend on ¢, 1, f(t) and g(t).

In general, the differential equations with unknown parameters are mot solvable analytically and
therefore one needs to use numerical methods to approximate their solutions. The main goal of this
study is to construct and investigate a first order of accuracy stable difference scheme for the approx-
imate solution of abstract problem (1). We prove the uniquesolvability of the constructed difference
scheme and obtain the stability estimates for its solution. The analysis is based on the operator approach
and the proofs of the stability estimates are_based on the spectral representation of the self-adjoint
positive definite operator in a Hilbert space.

1 First order of accuracy stable difference scheme

Let 7 = 1/N be sufficiently small positive number satisfying A > —1 + 7. Let us define the grid
points t = kr, —N < k < N. Hor the approximate solution of problem (1), we construct the first
order of accuracy stable difference scheme

M SR L - Aupyy =p+ fr, TSRS N -1
ML f Auy =p+gr, —N+1<k<0, (2)
= p—Aup+ g0, u-N=¢, w=1,

where = |7, fi = f(tx), 1 <k <N —1and g = g(tg), -N+1 <k <0.
We first present’ some lemmas, which we will need in the remaining part of this paper. Here and
everywhere else; we denote

aT a2 1/2 -1 - aT ag 1/2 -1

Q=(I+74)".
Lemma 1 (|25]). The following estimates hold

and

IRlg—r <1,  |Rlg—u <1, |R'Rlgsn <1, |[R'R|,_, <1 (3)
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Lemma 2 (|25]). The following estimates hold

1
m S 1 > 1 4
1Q st € s <1 m 211, (4)
1
|AYV2Q™ | o < m> 1.

2/mt’
Lemma 3. If =14+ 7 < A< 7,then —N +1 < /¢ <0, and the following estimate holds

H(I_QN+z>1H < My(5,N).

(6)
H—H
Proof. The proof of estimate (6) is based on estimate (4).

Lemma 4. The following estimates hold for m > 1

Pl a 042 —1/2 Rm—l a Oé2 —1/2
| 5 (I—%<A—4I> + = I+2Z,<A——I>

4
A o? e p—1pm—1 —1 pm=1
+2i<A—4I> (R~ R - RRSY)
Proof. Since

QY < 1. (7)
H—H

@ ot a? /2] pm-1
I—TA+z{21—<1+2>A}<A—4I> 5
o' art o2 \ V| pmt
+ I—TA—@{QI—(1+2)A}(A—4I> —,
using (3) and theifollowing estimates
a at a? \ V2
f— ) —_— J— — —_— —_— N
I TA:I:Z{2I <1+2)A}(A 41) ]Q <1, (8)
H—H

we obtain (7).

The proof of estimates (8) is based on the spectral representation of the self-adjoint
positive definite operator A in a Hilbert space H [25].

Lemma 5. If 7 < X <1, then 1 < /¢ < N and the following estimate holds
R-1 a o2 —1/2 R-1 a o2 —-1/2
I - I——(A—-—1I I+—(A—-—1I
'|< 2 ( 24 ( 4 ) + 2 + 24 ( )
«

-1
+ QN> < My(6, N, ). (9)

H—H

SIS
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Proof. The proof of estimate (9) is based on estimate (7).

We now present the main theorem for the solution of the first order of accuracy difference scheme (2).

Theorem 2. The difference scheme (2) has a unique solution and the following stability estimate
holds

e[l + {47

< M*(5,\ ] 10
< M0, o |llella + 1ol + | max [\fsllat  max  llglls], (10)

where M*(6, \, ) is independent of ¢, ¥, 7, fi and gi.

Proof. Let us denote
up =v, + A7 lp, —N<k<N. (11)

Then, the difference scheme (2) results in the following auxiliary difference scheme

SRS M o Avg = fr, 1< SN,

T

Vg —Vk—1
T

+ Avp =gk, —N+1<k<0, (12)
U = —Avg + go, ve=v-N+ ¢ .

First, we obtain the formulas for solution of schemei(12). For the given vy the following difference
scheme

T

{ vk+1—2v2k+vk—1 +avk+;—vk —i—Aka — flm 1< k < N — 17
V1 —vYy __
HE = —Avg + 9o

has a solution

Rk-1 a a2 \ml/2 Rk-1 a Q2 \ Y2
-2 (a-%r I+ 2(a-%g
2 ( 2¢<A 4) T +2z’< 4) v
Dk

k O(2 -1/2 ‘ ~ ‘
. (A = 41> RFI — R’H) fiT, 1<k<N. (13)
=1

Furthermore,for the given v_p, the following difference scheme

U 701 | Ay = gpy, ~N+1<k<0
T
has a solution
k
o= Q1 S QF It SN 1<k <0, (14)
j=—N+1

In particular, putting £ = 0 in (14), we get

0
vo = QNv_N + Z QI g,r.

j=—N+1
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Then, by putting this expression for vy in (13), we obtain

k—1 2\ —1/2 Pk—1 2\ —1/2
L N P o
2 21 4 2 21 4

Cea(r ) (r- ) (Qwvﬁ 5 legﬂ)

j=—N-+1

+(R- R)_l (RF — ") 790~ 1§k: (A— 0‘21> o (R = B9) fyr, 1<HEN
2i 4 R

. s N1/2
Using R — R = —2ir (A . %I) RR, we have

o2 —1/2 Rk-1 o o2 —1/2
A— — I+—(A— —
4 ) + 2 + 24 ( 4 I)

A a? _1/2~1k1 1 pk—1 N : i+1
+2i< —41> (R—R——R—R—) QVoiy + > QITlgr

j=—N+1
1 ao? 2 p—1pk—1 —1 pk-L1
—22<A—4I (R R _R:R >go
1 k ()[2 -1/2
_ _ k—j o pk—J) f. <<
P> (A . I> (R R )f]T, 1<k<N. (15)

If -1+ 7<X<7,then —N + 1 <#£< 0, and therefore from (12) and (14) it follows

y4
ve =0y B 2o =Q o+ D QMg
j=—N+1

so that

¢
v_N = (I - QN”> B Y@ girre-v|. (16)

j=—N+1

If 7 <A<, then 1 < ¢ < N, and therefore from (12) and (15) it follows

R-1 a o2 -1/2 R-1 a o2 -1/2
vg_v_N—Hp—tp—[ 5 <I—%<A—4I> + 5 I+%<A—4I)

0
QVo_n+ Y QT

j=—N+1

1 a® \ 7 p-1pl—1  p—1p0-1 1 ¢ o? \ b—j  pl—j
—2i<A—4I> (R RV RIR )go—%Z(A—I> (R i R J)fjf,
iz
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so that

X {Rz_l (I - (A - 421)_1/2> + Rz_l <I+ = (A - Ofl)_l/2>
+2éi <A_ Oj]) -1/2 (R_1RZ—1 _R—1Re—1>} i Qi gir
j=—N+1
_ % <A _ Of[) e (R—lRE—l R‘lRﬁ‘l) %
_2% ¢ <A_ ij>1/2 (Rg—j _Rﬁ—j) fir+o—] - (17)
j=1

Thus, for the solution of auxiliary difference scheme (12), we hawve formulas (14) and (15), with v_xy
being found by formula (16) if —1 + 7 < XA < 7 and formula (17), if 7 < XA < 1. Now, taking into
account that u_x = ¢, we have A~'p = ¢ —v_y. Then, tising(11); we obtain the solution of difference
scheme (2).

Now, let us obtain the estimate (10). Using (16) and estimates (4) and (6), we obtain

wll < My (6, [ } 1
ol < M50 lelly Wbl + e el (18)

Next, using (17) and the estimates (3); (4), (5), and (9), we obtain

< .
ol < Ma(Ode) el g + 105+ _max [ fell +_ max el | (19)

Then, using (14) and the @stimates(4), (18), and (19), we get

<|lv_
oy Lo+ ma el

<
<M (0.0 )|l + [0l + | max il + max gl | (20)

for k= —N=1,..7,0. Using (15) and the estimates (3), (4), (5), (7), (18), and (19), we obtain

<|lv_ My (9, ( )
ol < lfo-nllpy + Ma(@,0) (| max (il +  maxc gl

<
<Ms(6.00) [ llpll + 6l + | _mae (1l + max

il | (21)
for k=1,...,N. Since A~'p = p — v_y, using (18), (19), and the triangle inequality, we have
A7 Dl <llellg + llv-nll

< .
<Ma(8, 2 ) [l + [0l + _max il +_ max el | (22)
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Finally, using (11), (20), (21), and (22), we prove the estimate

luller <|| A7 p| + llokll

<
<M (8 A ) [l + [0l + _max [l +_ max gl (23)

for k = —N,..., N. Estimate (10) follows from (22) and (23).
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