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INVERSE PROBLEM FOR A TWO-DIMENSIONAL WAVE EQUATION
WITH A FRACTIONAL RIEMANN-LIOUVILLE TIME DERIVATIVE

D. K. DURDIEV"?, T. R. SUYAROV"?* AND H. H. TURDIEV"?, §

ABSTRACT. In this paper, we consider direct and inverse problems for a two-dimensional
fractional wave equation with the Riemann-Liouville time fractional derivative. The
direct problem is the initial-boundary problem for this equation with nonlocal boundary
conditions. In inverse problem it is required to find time variable coefficient at the lower
term of equation. Using the method of separation of variables, a classical solution of
direct problem was found in the form of a bi orthogonal series in terms of eigenfunctions
and associated functions. A nonlocal integral condition is used as the overdetermination
condition with respect to the direct problem solution. Using the Fourier method, direct
problem is reduced to equivalent integral equations. Then, using the estimates for Mittag-
Leffler function and the generalized singular Gronwall inequality, we obtain an a priori
estimate of the solution through an unknown coefficient, which we will need to study the
inverse problem. The inverse problem is reduced to a Volterra integral equation of the
second kind. Based on the unique solvability of this equation in the class of continuous
functions, theorems on the unique solvability of direct and inverse problems are proven.
Stability estimate is also obtained.

Keywords: wave equation, Riemann-Liouville fractional integral, inverse problem, spec-
tral method, stability, Banach fixed point theorem.
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1. INTRODUCTION

In the recent years, fractional calculus has played a very important role in various
fields such as mechanics, electricity, chemistry, biology, economics, notably control the-
ory, and signal and image processing. Major directions include anomalous diffusion, vi-
bration and control, continuous time random walk, fractional Brownian motion, power
law, fractional derivative and fractals, computational fractional derivative equations, non-
local phenomena, biomedical engineering, fractional transforms, singularities analysis and
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integral represen-tations for fractional differential systems, special functions related to
fractional calculus, heat conduction, acoustic dissipation, geophysics, relaxation, creep,
viscoelasticity, rheology, fluid dynamics, and groundwater problems [1, 2, 3, 4, 5].

The identification of the right hand side and the order of time fractional derivative
equation in applied fractional modeling plays an important role. In the papers [6, 7,
8|, inverse problems for determining these unknowns in a subdiffusion equation with an
arbitrary second order elliptic differential operator are considered. It is proved that the
additional information about the solution at a fixed time instant at a monitoring location,
as the observation data, identified uniquely the order of the fractional derivative.

Inverse problems for classical integro-differential equations of wave propa-gation have
been widely studied.

Nonlinear inverse coefficient problems with various types of overdetermination condi-
tions are often found in the literature (eg, [9, 10, 11, 12, 13, 14, 15, 16] and references
therein). In the works [17, 18, 19, 20, 21, 22], inverse problems of determining unknown
coefficients in the Cauchy problem for a fractional wave-diffusion equation were studied.
Local existence and global uniqueness are proved, and conditional stability estimates are
obtained.

In this paper, we study the local existence and global uniqueness of the inverse problem
of determining the non-stationary coefficient in a two-dimensional fractional-time wave
equation with initial, non local boundary and integral redefinition conditions.

In the domain Q :=D x (0,7], D := {(z,y) : 0 < z,y < 1,} consider the time-fractional
wave equation

(Dgsu) (z,y,t) — Au+ q(t)u(z,y,t) = f(z,y,t), (z,y,t) €, (1)

with initial and boundary conditions

2—a
I(g—‘rt )’LL(I’, Y, t)|t:0 = ¥1 (.’B, y)a
0 2—«
= (1870) @,9.0)],2g = w2lay). (2.y) €[0,1] x [0,1], (2)
w(©0,9,t) = u(l,y, ), us(1,y,) = 0, (y,¢) € [0,1] x [0, 77, (3)
u(z,0,t) = u(x,1,t) =0, (x,t) € [0,1] x [0,T]. 4)
Here the Riemann-Liouville fractional differential operator D, , of the order 1 < a < 2

is defined as follows [[1], pp. 69-72,[23], pp. 62-65]

a 0? —a
D0+,tu('7 wt) = 2 (I(()i,t )u> (55 10),

1L [ u(x,y,7)
Tl t) = o5 | rmtihdr € 0.0,

is the Riemann-Liouville fractional integral of the function w(z,y,t) with respect to t [1,
pp. 69-72], I'(-) is the Euler’s Gamma function, A is the Laplace operator.
Everywhere in this paper, functions f(x,y,t), p1(x,y), ¢2(x,y) are known functions.
We pose the inverse problem as follows: find the function ¢(¢) € C[0,T] in (1), if the
solution of the initial-boundary problem (1)-(4) satisfies condition:

/1 /1 w(x,y)u(z,y, t)dedy = h(t),0 <t <T. (5)
o Jo

where w(z,y), h(t) are known functions.
Assume that throughout this article, given functions 1, s, f, w and h satisfy the fol-
lowing conditions:
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AL {102} € C3([0,1) x [0,1)), { ol " } € Lo((0.1] x [0, 1)) 0(0,) = (L) =0,
%(0,33 = gox(l,y) = 0, Soxx(oay) = @oc:c(l’y) =0, go(x,O) = 30(‘7:7 1) = 0, (py(l‘,O) =

. ) ( ,
[0,1]) f(0,y,t) = f(L1,y,t) = 0, f2(0,y,8) = fa(1,y, y
0, f(z,0,t) = f(x,1,t) =0, fy(z,0,t) = fy(z,1,t) =0, fyy(x,0,t) = fyy(x,1,t) =0
AB) w(xvy) € 02([0’ 1] X [(07 1]3;10(0’?/) = Oawx( 7y) = wx(lvy) = 0, wxx(o’y) =

A4) (D, 4h) (t) € C[0,T71,|h(t)] > ho > 0,hg is a given number:

1 1
| [ oot gdsdy = (1578) o
0 JO

1 el
0 _
/ / w(z,y)p2(z,y)drdy = En (Iéi’ta)h) () t=0+-
o Jo

In section 2, we will provide some necessary preliminary informations.

2. PRELIMINARIES

In this section, we present some useful definitions and results of fractional calculus.
The two parameter function E, g(z) is defined by the following series:

oo Zk

N e
where «, 3,z € C with R(a) > 0, R(a)—denotes the real part of the complex number a.
The Mittag-Lefller function has been studied by many authors who have proposed and
studied various generalizations and applications.
Proposition 2.1. Let 0 < a < 2 and 8 € R be arbitrary. We suppose that & is such that
ma/2 < k < min{m, ma}. Then there exists a constant C' = C(«, 5, k) > 0 such that

E <
| 0476(2)| —= 1+|Z|7

For the proof, we refer to [[4].pp. 40-45], for example. We consider the weighted spaces
of continuous functions [[1].pp. 4-5, 162-163].

Cyla,b] :={g: (a,b] > R: (t—a)" g(t) € Cla,b], 0 <~y <1,},

k < larg(z)| < .

() = {g<t> L D§y () € G0 1<a<, }

2, _ . 2 .
C’y (Q) - {u(x,y,t) : 'LL(‘, 7t) eC (07 1)7 le [OaT]
and
Dg, yu(z,y,-) € C(0,T); z,y € [0,1], 1 <a <2, },
CYla,b] = Cya, b],

with the norms

n—1
I flle, = It =a) FOlles  fllor =D 1P e + 17 e, -

k=0
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Lemma 2.1. [[24],pp.188]. Suppose b > 0, a > 0 and a(t) nonnegative function locally
integrable on 0 < t < T (some T < +00) and suppose u(t) is nonnegative and locally
integrable on 0 < t < T with

u(t) < a(t) + b/(t —5)* tu(s)ds
0

u(t) < a(t) + bl'(« / ) B o (bT()(t — 5)*) a(s)ds.
0

then

Lemma 2.2. [[24],pp.189]. Supposeb >0, >0, v >0, o+~ > 1 and a(t) nonnegative
function locally integrable on 0 < t < T and suppose tY~1u(t) is nonnegative and locally
integrable on 0 <t <T with

u(t) < a(t)+ b/(t —5)* L7 y(s)ds,
0

then 1
u(t) < a(t)Eqp ((br(a))m t) 7
where
= i eptmatr=) g Gmtl Fm(a+v—1)+7)
; " em Pmla+y—=1)+a+7)

3. INVESTIGATION OF THE SPECTRAL PROBLEM

Consider the following equation

o 0*u  9*u
(D0+,tu) (.’E,y,t) = @ + 873127 (az,y,t) e Q. (6)
We will look for particular solutions to the problem (6), (3) - (4) in the form
u(z,y,t) = Z(x,y)v(t). (7)

Substituting this expression into equation (6) and boundary conditions (3), (4) and
separating the variables, we obtain the problem for finding the eigenfunctions

0*Z)0x* + 0*°Z)oy* + uZ =0, 0 < x,y < 1, (8)
0Z(1,

Z(x,0)=Z(z,1)=0,0<=x,y <1, (10)
here p is the split parameter. Note that problem (8)-(9) is not self-adjoint in the sense of
the scalar product (¢,&) = fo fo &(z,y)dzdy. Tt is easy to verify that the problem
associated with it will be

O*W/0x* 4+ *W/0y* + pW = 0,0 < z,y < 1, (11)
ow(0,y) _ OW(l,y)

W(0,y)=0 = 12

0.9)=0, &0 Y, (12)

Wi(z,0)=W(z,1)=0, 0<z,y < 1. (13)
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Let’s solve problem (8)-(10). To do this, we represent its solution in the form
Z(x,y) = X ()Y (y). (14)

Substituting this expression into equation (8) and boundary conditions (9),(10), we arrive
at the problems

X'x)+ XX (z) =0, 0<xz<1, X(0)=X(1), X'(1)=0, (15)

Y'() +Y(y) =0, 0<y<1, Y(0)=Y(1)=0, (16)

where v = — .

The solution to problem (16), as is known, has the form v, = (7k)?2, Yj,(y) = v2sin(y/%y)
k =1,2,.... Here and below, the constants for eigenfunctions and associated functions
are chosen from the normalization conditions.

The eigenvalues and the corresponding eigenfunctions of problem (15) were found in
[25];

Xo=2, Xpn(z)=4cos(2rmz), An=(2mm)%>, m=12,....

Therefore, according to representation (7), the eigenvalues and eigenfunctions of problem
(8)-(9) have the form pmp = Am + % = (27m)2 + (7k)2, Zik(7,y) = X (2)Ya(y), m =
0,1,2,..., k=1,2,.... Note that the collection of eigenfunctions Z,,x(x,y) is incomplete
in the space L([0,1] x [0,1]), therefore, by analogy with [26], we complete the set of
eigenfunctions with the associated functions Z,i(x,y),m =0,1,2,...,k =1,2,..., which
are the solution to the problem

82ka/8$2 + 822mk/6y2 + /Lmemk = memka 0< T,y < 1a

Zmk(2,0) = Zpp(x,1) =0, 0<x<1, (17)

where p,, # 0 is some constant. For m = 0, k = 1,2..., this problem has no solution.
Setting pm, = —2v/Am, for m, k=1,2,..., we get

Zmk = 4V2(1 — x) sin(2rma) sin(wky).

Let us redesignate the system of eigenfunctions and associated functions of problem
(8)-(10) as follows:

ZOk:(xa y) - X(](I')Yk(y), Zmelk(xy y) - X2m—1($)yk(y)a Zka(xv y) - ka (18)
The eigenfunctions and associated functions of the adjoint problem (8) have the form

WOk(xy y) = $Yk(y), Wka(xa y) = sin(Qme)Yk(y),

Wom-1k(z,y) = zcos(2mmz)Yi(y), m,k=1,2,.... (19)

Note that the sequences of functions (18), (19) form a biorthonormal relationship:
(Zmk, Wip) = 1 for m =1, k = p, otherwise (Zx, Wip,) = 0.
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4. ESTIMATE FOR SOLVING THE DIRECT PROBLEM.

According to (7), particular solutions to problem (8)-(10) have the form

u(z,y,t ZZkayUOk t)+

o (o ]
+ 3 (Zom 1k (@, ) v2m—14(8) + Zami (2, y)v2mi (1)) - (20)

k=1m=1
The coefficients vog(t), vam—1k(t), vam—1k(t) are to be found by making use of the or-
thogonality of the eigenfunctions. Namely, we multiply (1) by the eigenfunctions of (19)
and integrate over (0,1). Recall that the scalar product in La([0,1] x [0, 1]) is defined by

- | 1 / ' fa g, y)ddy.

Let us note the expansion coefficients of f(z,y,t) and ¢(z,y) in the eigenfunctions of
(19) for respectively by

(f(mvyvt)7W0k(xay>) = fOk(t)a
(f(z,y,1), Wam—1k(2,9)) = fam—1k(t),
(f(xvyvt)7W2mk(xay)) - f2mk(t)a

xvy)a WOk(xay)) = P0Ok,i>

xvy)a WQm—lk‘(way)) = Pom—1k,i> 1= ]-7 2. (21)
T,y

)

(i
(i
(90( ) )a Wka (SL‘, y)) = ©2mk,i>

We obtain in view of (1) and with (u(x,y,t), Wor(x,y)) = vor(t), and first component
of (21), we may write

(Dg, svor) () + vivor + q(t)vor(t) = for(t), (22)
féi}a)v%(t)‘t:o = Pok,1, & <Ié2+fta)00k> (t)‘t:O = Qok,2-

Also, the linear fractional differential equations satisfied by (u(x,y,t), Wonk(z,y)) =
Vokm(t), m, k > 1; are

(Dgé—hthmk) (t) + :u?nkUka:(t) + Q( )Uka (t) = mek(t)a
72 _ d (f(2-a) _ (23)
0+4,t Uka(t) =0 = ¥2mk,1, dt 0+,t Vomk (t) 0 = Pomk,2-
For vo,—1k(t) = (u(z,y,t), Wopm—1k(x,y)) ;m, k > 1, in view of (1) we have
(Dg 1v2m—1) () + pipgv2m—1k + 2)\mUka + q(t)vam-1k(t) = fom-1k(t),
112 t 13 _ (24)
0t Vom—1k(t) mg  F2m-1k1s dt it vem—1k ) (£) g PEm—1k2:

We solve problems (22)-(24).
Based [[27], pp. 61-114], we have that the initial problem (22) is equivalent in the space
C210,T] to the Volterra integral equation of the second kind

vok(t) = t* 2 Eq a1 (—72tY) o1 + 1% Eaa (—77t%) @ok2+
¢
+/ (t— T)O‘flEa,a (—’y,%(t - T)a) for(T)dT—
0

— /0 (t— T)O‘flEoﬁa (—’y,%(t — T)O‘) q(T)vok(7)dT. (25)

We prove the following assertions for vox(t) :
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Lemma 4.1. We have the estimates

t7 |vor| < (tWO‘_ZMl lok.1| + 7T My [por.2| +

[ forll e, o,y t* Blev, 1 — ) M3 1
2 AR] -1 .
EES) )Eaﬂ(<uq||cm,ﬂt> P L)

| (g evor) ] < I forlloy oz + (i + llallep.r) <t7+a_2M1 lpok,1| +

HfOkH(,ym T] t*B(a, 1 — ) M3 1
> VY aty—1
Mo+ 1) >Ecm ((HQHC[D,T]t ) ot t) 7

+ My [ por.2| +

where 1 >~y > 2 — a.

Proof. The solution of (22) is bounded in Cﬁ’B[O, T) in view of Al), A2).
Multiplying the last equation (22) by ¢7, we get

7 Jvor| < TOT2My |por 1| + T My |por 2

+
| forl t*B(a, 1 — ) M3 ot
Voo MDD [y ot e, (29
MNa+1) () 0
where B(a,1 — 7) is Euler’s beta function. Next, according to Lemma 2.2, we get
| forll e jo,m £ Bler, 1 — ) Ms y
I'a+1)
1
% Fasy ((lallct?) 577 ) = Wo(t),t € 0,7). (27)

We get the second part of the lemma 4.1, from the equation in problem (22) and the
first estimate of lemma 4.1:

7 [(Dy vor) ()] < | forll e jo.m + (v + llallcpo.n) ({Hale | ook.1| +

t7 |vor| < <t7+a2M1 lok.1| + 7T My |pog.2| +

[ forller o,y 2 Bla, 1 — ) M3 a1
et e E, ( t7) T t> :
+ 2 [wok,2| + Tlat1) ) oy | (lallep,rt?)
From the last two inequalities we immediately obtain the estimates of lemma 4.1 for
any t € [0,T]. Lemma 4.1 proven. O

In view of [[27], pp. 61-114], we have that the initial problems (23), (24) are equivalent
in the space C5[0,T] to the Volterra integral equations of the second kind

U2mk(t) = ta72Ea,oc—1 (_:Ufnkta) Pomk,1 + tailEoz,a (_/J?nkta) Poamk,2 7+
¢
‘|‘/ (t - T)Q_lEa,a (_M?nk(t - T)a) f2mk(7-)d7-_
0
¢
- / (t = 1) Baa (—42(t — 7)) q(7) 020k ()T, (28)
0
Vom—1k(t) = t* 2Eq a1 (—125t%) pam—1k1 + 1 ' Eaa (—p2t") pom—1k2+
¢
Jr/ (t = 1) Eaa (=it = 7)) fom—1x(7)d7—
0

t
—2)\m/ (t— T)O‘_lEOW (—u?nk(t - 7')0‘) Vomk (T)dT—
0
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- /0 (t = 7)% Fo g (— 2t = 7)) q(7)02m—11(7 )l (20)

Estimating the integral equation (25), analogous, we get estimates for equations (28),
(29).

t7 |vamp| < (twra_QMl | 2mpe1| + 7T My |pomp.2| +

||f2mkHC.Y[O,T] t*Bla, 1 -
Fa+1)

) M3 1
)Eow ((HQIIC[O,T]W)“*7*1 t) =: Wy, (t),t € [0,T),

7 Jvam—1k] < (two‘_QMl |Pom—1k1| + 7T M

+2\m

Uomi(0)t*B(a, 1 =) fom—1klle o,y 1" Blo, 1 — ) Ms y
Fla+1) INa+1)
1
X Eq ((HQHC[O,T]{Y) aty=1 t) =: Uyp_1x(t),t € 0,77, (30)

and

£ |(D§ wvami) B)] < | fomk oo,y + (12 + Nallopo.ry) <”+"“2)M1 (Pompn| +

fomk t“B(a,1 —v)Ms
+ Y My | 0o | + | Z2millos o ( ) )X

I'a+1)
1 _
XEa,’Y ((HQHC[O,T]tW) aty—1 t) = \Il2mk(t)7t € [O,T],

7| (DE4 sv2m—1x) ()] < | fam—1kllc, o.77 + 2Mm [u2mkl e, 0.7y +

+ (i + ldllcpo.) (ﬂ*a—?Ml

+ My 0o 1k2] +

N [ fam-1klle, o,y Bla, 1 — ) M3 Lo Womk(t)t*B(a, 1 —7)
I'(a+1) " T(a+1)
1
%Fasy ((lallopnt”) ™7 t) .t € 0,T), (31)

where 1 > v > 2 — a.
From the last two inequalities we obtain the estimates of lemma 4.1 for any ¢ € [0, 7.
Formally, from (20) by term-by-term differentiation we compose the series

(Dgl—&-,tu) (z,y,t) = 2\/52 (D8+,tU0k) (t) sin (vry) +
k=1

+4\/§Z Z (DG sv2m—1k) (t) cos (Am) sin (yry) +

k=1m=1

+4V2(1 — z Z Z Dg. Wamk) (£) sin (Apz) sin (vxy) (32)

k=1m=1

Uge (T, Yy, 1) = —4\62 Z /\fnvgm_lk(t) cos (Apx) sin (YY) —

k=1m=1

—8\/§ Z Z )\mv2mk’ (t) COs ()\ml‘) sin ('ka) -

k=1m=1
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o oo
—4v2(1 — 2) Z Z A2 Vg (1) sin (M) sin (34y) »
k=1m=1
oo
Uy (T, y,1) = —2V/2 Z Yavor(t) sin (py) —
k=1
[e.e] o0
—4V2) D ivam-1k(t) cos (Am) sin (yey) —
k=1m=1

—4V2(1 — ) Z Z Y209k (1) sin (Anz) sin (yxy) -

k=1m=1

2091

(34)

Let us prove the uniform convergence of series (20), (32)-(34) in the domain Q. This

series for any (x,y,t) € Q is majorized as follows

22% +4WZZ%m (T +4ﬁ§j§j%mkm

k=1m=1 k=1m=1

233 (Ilforleo.ry + (02 + lallcpomy) Tor(T)) +
k=1

+4\/§Z Z (”me—lkHCW[O,T} + 220 Wi (T) + (i + llallcro.17) qj?m—lk(T)) +

k=1m=1

+4\/§Z Z <Hf2mkHCW[O,T] + (12r + llallepom) ‘I’zmk(T)> ,

k=1m=1

4v2 i fj A2 Wom_1x(T) + 4V2 i f} (A2, + 22m) Cami(T),

k=1m=1 k=1m=1

2V2Y R U(T) +4v2) Y iWonm k(1) +4V2Y Y i Wom(T)
k=1

= k=1m=1 k=1m=1
where Q == {(z,t): 0< 2,y < 1,0 <t < T}.

Lemma 4.2. If conditions A1), A2) are satisfied, then the equalities

(0,4) (2,2) (2,2)
Pok,i = Ok’i ¥2 11@':M¢2 k-:%m’”izlg
N 'Yk 9 m—1k,1 k <)\2n + 2)\m)7 meK,1 )\%1 k )<
(0,4) (2,2) (2,2)
t t "
fou(t) = o ( ),fgm () = 2f27;_—1k()7f2mk(t) _ ZTng( )7

(0,4) (2,2) (2,2) (2,2)

(35)

(0,4) (2,2) . .
here Coki > Pom—1k,is gozm]” , fo s Jom—1k> Jomp — expansion coefficients of the functions

o(z,y), f(x,y,t) in a Fourier series with the following estimates:

0,4
Z “Pék,z‘) < // (‘Pyyyy,i(fl«"ay))4 drdy,0 < z,y <1,
k>1 D

22 |4
Z ‘902m—1k,¢

m,k>1

Z (pg%n%f %

m,k>1

S // (Sﬁmyy,i(%y)yl diEdy,O S T,y S ]-7
D

// Prryy,i (35 y)) dxdy,O <z,y< 1
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Z fO / (fyyyy(, v, )) dzxdy,0 <t <T,

k>1
S |82 <[] Gt o)t dzago < e <,
mk>1 D
2,2)]4 4
Z ‘mek < (fxzyy(x7y7t)) dzdy,0 <t <T. (36)
mk>1 D

If the functions @(x,y), f(x,y,t) satisfy the conditions of lemma 4.2, then, due to repre-
sentations (35) and (36), series (20), (32)-(34) converge uniformly in the rectangle 2, so
the function u(z,y,t) satisfies relations (1)-(4).

Using the above results, we obtain the following assertion.

Theorem 4.1. Let q(t) € C[0,T], A1), A2) hold, then there exists a unique solution to
the direct problem (1)—(4) u(x,y,t) € C2%(1).

xy,t
5. CONTINUOUS DEPENDENCE ON THE DATA

We use the topological product of Banach spaces K = C$[0, T|x C$[0, T]x C$0, T with
its norm to prove the existence and uniqueness of a solution in this form (vok(t), vomk(t),
vom—1k(t)) € K. Define an operator A on K formula

A (vor (1), vami (t), vam—1x(t)) = (Porvok (), PamkvV2mi (L), Pom—1£V2m—1k(t))

where the operators Pog, Pamk, Pom—1x are defined on C$[0,T] by the right-hand side of
(25),(28) and (29), respectively. In view of (27), (30), (31) A: K — K.
Prove that A is a constraint on K. So for each

((vox (1), vam—1k(t), v2mk (£)) 5 (Dok(t), Dam—1k(t), V2mi(t))) € K
we have
lA (vok, V2mks Vam—1k) — A (Dok, D2mk, V2m—1k) || & <

< max{ [ Porvor — PorTokllcajo,77 »

| PomkV2mk — szkﬁzmk”cg[o,ﬂ N Pom—1kV2m—1k — P2m71k7~)2m71kHCg[0,T} }
First, we easily get

lgllco,mt”

= F(Oé)/o (t = 7)*"Hoor(7) — Tow(7)| dr <

[ Porvor (t) — Portor ()]l ce <

lallconTB(a,1—7) ok — ol
> F(a) 0k 0k (jﬁoj}-

For Py, we have for every t € [0, T

2mkV2mk 2mkV2mk Cﬁf[O,T] > F(Oé) Vamk Vamk C$[0,T}

where m, k > 1.
Similarly, for each t € [0, T
2Ant*B(a, 1 — )
I'a+1)

| Parm—1kV2m—1k(t) — P2m—1k272m—1k(t)Hcg[o,T] <
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_ lallciomt” [* _ .
X |[vamk — V2mkll . o,y + 1“([04)}/ (t = 7) ! [vam—1k(T) = Dam—1k(7)| dT <
0

2AnT*B(a, 1 —7)

ST Tarn ek Bmklegpn T
lgllcjo,m T B, 1 —7) .
P(a) H’Umelk - UQm—lk”Cg[O,T]
which gives for m, k > 1.
As a result
VOk > V2mk»> V2m—1k) — A (Voks V2mks Vom—1k) || g <
[ A( ) — Al Mg <
lallconT*B(a, 1 —7) ~
< max o) lvor = Pokll e fo.77
lallco,m T B, 1 —7) 3
T(a) [vame — U2mk”C§YX[O,T] )
22T B(o, 1 — ) .
= Tla+1) [v2mk — D2mk |l cafo ) +
lallconT"Bla, 1 —7) s <
F(O&) ||U2m—1k - U?m—1k||C,¢Y¥[O7T] =~
< max lqllcpmT*B(a,1—5) 2\, TO‘B (a,1—
- I'(«) (a+1)

X || (Vo> V2mk, Vam—1k) — (UOkaU2mkaU2m 1k:)||ca
If

lallconTBla,1—=7) 20, T*B(a, 1 —7)
ax <1
INGY! IMNa+1)
then, A is a contraction on K and has a unique fixed point which is the coefficients v (%),

Vomk(t), Vam—1k(t) of the solution (20). Then, there exists a unique solution of (1)-(4) for
arbitrary ¢(¢) in C10, 7.

6. STUDY OF THE INVERSE PROBLEM (1)-(5).

Multiply (1) by w(z,y) and integrate in x,y from 0 to 1. As a result we have

/ / x y DO+ tu) (.%' Y, ) Au+ q(t)u(xa y7t)} dxdy =

_ /0 /O w(z,y) f(@, y, t)dady. (37)

The future after simple transformations, taking into account A3), we get
1,1 1,1
(D) )+ )~ [ [ dwutepntidady = [ [ o) o t)dady,
which gives

)= ([ [ o o taaay — (0,0) ) +

1 1 1
+h(t)/ / (ZZO’“ . y)vok (t +Z Z Zom—1k(2, y)Vam—1k(t) +
0 0

k=1 k=1m=1
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T Z Z Zka(xﬁy)U%nk(t)) dxdy.

k=1m=1
The functions u;,k(t) depend on ¢(t), i.e., uni(t;q). After a simple transformation, we
obtain the following integral equation for determining ¢(¢) :

q(t) = qo(t) + hgt) (Z wokvok(t; q) +
k=1

D wamikvam-1k(E0) + DD Womkvamk(t; Q)> ; (38)

k=1m=1 k=1m=1

-5 (/ / wla,y) @y, Ddady — (D 1) “>) ’

11 11
Wo, =/ / AwZoy(z, y)drdy, wom—1k 2/ / AwZom—11(x,y)dzdy,
o Jo o Jo

where

1 1
Womk = / / szka(xvy)dxdyv
0 0

VOk, V2m—1ks V2mk are determined by the right-hand sides of (25), (28), (29), respectively.
Let us introduce the operator F', which defines it by the right side of (38):

Flg|(t) = qo(t) + h(lt) (; worvok (t; q) +
+ Z Z Wom—1kV2m—1k(t; q) + Z Z WomkV2mk (t; Q)> . (39)

k=1m=1 k=1m=1
Then equation (39) can be written in a more convenient form as
Flal(t) = q(t). (40)
Let
qoo :— X |qo(t) (/ / wf(t)dedy — (D0+th) (t )> .
el clo.1]

We fix a number p > 0 and cons1der the ball

B (g0, p) := {q(t) € C[0,TT; [lg — qoll < p}-
Theorem 6.1. Let A1)-Aj) be satisfied. Then there exists a number T* € (0,T) such
that there exists a unique solution q(t) € C'[0,T*] of the inverse problem (1)-(5).

Proof. First we prove that for sufficiently small 7" > 0 the operator F' maps the ball
B (qo, p) and implies that F[q](t) € B(qo,p). Indeed, for any continuous function ¢(t),
the function F[¢](t) calculated by formula (40) will be continuous. At the same time,
estimating the norm of differences, we find that

ho

wo - _
[F[q)(t) — ao(®)]| < -~ Z (TWQ My |poka| + T My por o] +
k=1

||f0k||07[0,T] T*B(a,1 -
I'a+1)

v)M; 1
VB (o) == 7) +
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Z Z (Two‘ My [pom—1k1| + T Mo [pom—1h 2| +

Oklml

Hfzm—lkch[o,T] T*B(a, 1 — ) Ms
[(a+1)
Yok (T)TB(a, 1 —7) g
F(a 1) Eoqy ((HQHC[O,T}T ) i T) +

Z Z <T7+a 2M1 |<p2mk 1| + Tt 1M2 ’SDka: 2’ +

+

+2

0 k=1m=1
||f2mk||c 0,T TB(a, 1 —v) M3 1
e )as ((ldlconT) = 7).

Here we have used the estimate for vog, Vo, —1k, Vomk given in (25), (28), (29). In view of
the above lemmas, the last series is a convergent series. Note that the function occurring
on the right-hand side of this inequality is monotone increases with 7', and the fact that the
function ¢(t) belongs to the ball B (qo, p) implies the inequality |g|| < ||qo|| + p. Therefore,
we only strengthen the inequality if we replace ||¢|| in this inequality with the expression
llg|| + p. Performing these replacements, we obtain the estimate

wo _ _
1 F[g](t) — qo @) < o Z (Twa My |ok,1| + T My |por.o| +
k=1

1 forll e jo,m T Blev,

7)M”)Eoc,v ((Clgoll + p) Ty 7555 T) +

MNa+1)
ho Z 2 (Twa My pom—1ka] + T My [0om—1k2| +
k=1m=1
n ||f2m—1k:”cﬂ/[07T] TB(a, 1 —~)Ms;
I'(a+1)
Yok (T)T*B(a,1 — 1
s, 2ok F)<a +(1) e (((quu £p)T)TTT) 4
0 k=1m=1
||f2mk||CW[O7T} TaB(OZ, ]_ —_ ’7

)Ms Y= .
[(a+1) >E047’Y (((HQOH +p) T7) et T) =: 51(7).

Let T3 be the positive root of the equation. Therefore, if we denote by T7 the positive root
of the equation (for T"), then ||F[q](t) — qo(t)|| < p for T < Ti; those Fq|(t) € B(qo,p). O

Now we take any functions ¢(t),q(t) € B(qo,p) and estimate the distance between
their images Fq](t) and F[g|(t) in the space C[0,7]. The function vpi(t) = Vmi(t)
corresponding to ¢(t) satisfies integral equations (25), (28) and (29) for ¢miri = @Gmk.i,
and fmk = fmk'

Compiling the difference F[q](t) — F'[g](t) using equations (22)-(24) and then estimating
its norm, we obtain

wollglleo,m T

IFll(e) =PIzl < =% 5o

o
Z <T7+a_2M1 lpok.1| + TV My |pok o] +
=1
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| forllc [0,T7] T*B(a,1—~)Ms _ 1
et D Easy ((lallconT) ¥ T) +
[e.e] o0
+> ) (T7+a_2M1 | P2m 1k |+ T7F My o 12| +
k=1m=1

I HmeflkHCﬂ,[O,T] TaB(a, 1- 7)M3
Ia+1)

\I’2mk(T)TaB(047 1— 7) Yy ﬁ

D o0
+ Z Z <T7+a_2M1 lp2mp1| + T My | pomp 2| +
k=1m=1
| famkll o [0,7] T*B(a, 1 —v)Ms LT ~
. Tat1) )Eow ((HQHC[O,T]TV) aty-T ) lg —qlloo,r- (41)

The functions ¢(t) and ¢(t) belong to the ball B (qgo,p), so for each of these functions, we
have the inequality ||q|| < |/qo|| + p- Note that the function on the right side of inequality
(41) with the multiplier ||¢|| —||¢|| monotonically increases with ||q|| ,||¢|| and T'. Therefore,

replacing ||¢|| and ||¢|| in inequality (41) with ||g|| + p will only strengthen the inequality.
This, we have

wo|qllcio,m T

Ilal(e) = Flal(0)] < =5 5

+

oo
> <TW+Q2M1 leok,1

k=1
[ forll ey fo,r T Blev, 1 — ) M3 y
I'a+1)

+T7 My | por.2| +

k=1m=1
”me_lkHCW[O,T} TaB(Oé, 1-— ’7)M3
INa+1)

1 o0 (o]
*Bay <(Hq”0[07T]T7) w T) > (TW+Q2M1 | 02m—1k,1] +

+T7H My |pam—1k.2| +

Yok (T)T*B(a, 1 — )

1
+2)\m F(O{ + 1) >Ea,'y ((Hq”C[O,T]TW) aty—1 T) +

o0 o0
+ Z Z <T7+a_2M1 |Pomk,1] + T7H* My |pome,2] +
k=1 m=1

[ fomll oy jo,r) T Ble, 1 — ) M3 |
S )Eas (o) 7 T) g = Tlcton

Therefore, if T» is a positive root of the equation (for 7))

wollq|cjo,m T

o
Z <T7+°‘_2M1 lpok.1| + TV My | ook 2

_|_
fol'() k=1
HfOk:HCV[Q T) TO‘B((% 1-— r}/)Ms 1
7 Y\ afy—1
I(a+1) )Ecm (((HqOIIer)T yat IT)Jr

oo (0.9}
+> Y <T7+O‘_2M1 | o2m—1k,1] + TV My o 12| +
k=1m=1



D. K. DURDIEV et al.: INVERSE PROBLEM FOR A TWO-DIMENSIONAL ... 2097

N [ fom—1kllejo,r T Bla, 1 — ) M3
Fa+1)

\Ij2mk’(T)TaB(a7 1-— 7) L
2)\ E ( T'V a+vy—1 T)
+2Am, Mo+ 1) oy (((lgoll +p) T7) ot +
oo [o.¢]
+ Z Z (T7+O‘_2M1 |pami1| + TV My |@omp| +
k=1m=1
[ fomkllc 0,0 T Bla, 1 — ) M3 L
’ E ( T mT) —1,
. ) (ol + ) )7

then for T' € (0,T5) the operator F' shortens the distance between the elements ¢(t), (t) €
B (qo, p). Therefore, if we choose T* < min (T1,T5), then the operator F' is a contraction
in the ball B (q, p). However, in accordance with the Banach theorem [[28], p. 87-97], the
operator F has a unique fixed point in the ball B (qo, p), i.e., there is a unique solution to
Eq. (40). Theorem 6.1 is proven.

Let T'— be a positive fixed number. Consider the set D, of given functions (1, 2, h, f)
for which all conditions from A1)-A4) are satisfied and

maX{HSO1Hc4[0,1] Nleallgapo, » 1bllcepo,r, ||f||c;1(Q)} < o

Denote by G, the set of functions ¢(t) that for some 7' > 0 satisfy the following

condition |[|q[|cjo,r] < p1, 1 > 0.

Theorem 6.2. Let (p1,92,h, f) € Dy,, (cﬁl,gég,fz,f) € D,, and q,q € G,, Then the

following estimate holds for the solution of the inverse problem (1)-(4) sustainability:

lg —dllcpr <7 [ o1 = Gllcago 1y + lv2 — @2llcagpay + 1 — B”C;’[O,T] +[If - Jg”cgl(ﬁ)
where the constant p depends only on ug, p1, T, o, 5 and I'(a), B(a, 1 — 7).

Proof. To prove this theorem, using (38), we write out the equations for ¢(¢) and compose
the difference ¢ = q(t)—G(t). Then after evaluating this expression and using the estimates
vn(t), 0p(t), we obtain the following estimates

G <
lg = dllep,m < Jax

1,1 oo O >
—|—/0 /0 Aw(% Zok(z, y)vor(t) + Z Z Zam—1k(, y)Vam—1x(t)+

k=1m=1

+ i i Zomk(, y)v2mk(t)) dxdy) -

k=1m=1

1 1 0 [’ <IlNe"]
fz(lt) /0 /0 AW(; Zow(, y)vor(t) + Z Z Zom—1k (T, Y)V2m—1x(t)+

k=1m=1

1 1
hg—t</0 A w(x,y)f(x,y,t)dxdy - (D8+,th) (t)+

<

+ Z Z Zka (;Ua y)@ka (t)> dl’dy

k=1m=1
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Fl,y,t) = fz,,1) = flz,y,0)(h(t) — h(1))] dwdy+

A(t) ((Da';,th) () = (D8sh) () + (Diech) D) - ﬁ(t»‘}+

0<t<T{ hi / / 2\f t) (vok(t) — Bor(t)) — Dok (t) (A(t) — E(t))} drdy+

AV [R(1) (Vo 15(E) = Bam-14(8)) = Bam-14(B) (R(1) = B(1))] +

+4v/2 [h(t) (V2mk(t) — Vami(t)) — Damik(t) (h(t) — ﬁ(t))} ‘} <
<70 ( lor = Gillso + Iz = Galloue + 17 = Fles@ + || (Dieeh) = (Doeih)|| +

_ t
+[|h — h”C;"[O,T]) + 71 /0 (t —7)* Ma(r) — @(7)llcpmdr, t € 0,7, (42)

where rg,r; depends only on pg, p1,7,« and T'(«), B(a, 1 — . From (41), using lemma
2.1, we obtain the estimate

lg — @l < 7o (H@l = @1lleao) + oz = 2lloay + I1f = Fllesay+

= ﬁnc;v[o,ﬂ)Ea,l (MT(a)t*) ¢ € [0, (43)

where Q = D x [0,T].
Estimate (41) follows from this inequality if we set r = roEqy 1 (ril'(a)t?). O

From theorem 6.2 also implies the following statement about the uniqueness of the
solution of the inverse problem as a whole.

Theorem 6.3. Let the functions p1,p2, h, f and @1, P2, h, f have the same meaning
in theorem 6.2 and conditions A1)-AJ). Moreover, if o1 = ¢1,p2 = @2, h = h, f= f for
t €10,T), then q(t) = q(t),t € [0, T].

7. CONCLUSION

In this paper, we study the solvability of a nonlinear inverse problem for a two-
dimensional wave equation with a fractional Riemann-Liouville time derivative with initial
non-local boundary and integral redefinition conditions. The problem is replaced by the
equivalent of the integral equation in the form of Volterra.The local existence and global
uniqueness of the solution to the stability of the direct problem is proved. Non-local
boundary conditions, the fractional Riemann-Liouville derivative, and the control coeffi-
cient complicated our task. Existence conditions, uniqueness and continuous dependence
on the data of the problem were established using the Fourier method with some biorthog-
onal system, the Riemann-Liouville fractional derivative associated with it, containing the
initial data, and the Banach fixed point theorem for the product of Banach spaces.
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