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Abstract—In this paper, for an integro-differential wave equation in a cylindrical domain it is
studied an inverse problem of searching the unknown kernel in the integral term. By the method of
separation of variables, the problem is reduced to determine the same kernel from ordinary differential
equations with respect to coefficients of Fourier-Bessel series of the solution of the direct problem.
Orthonormal Bessel functions of the first kind of zero order is used. An additional information
obtained in the form of Volterra integral equation of the second is used. It is proved the global unique
solvability of the inverse problem by the method of contraction mappings in the space of continuous
functions with weighted norms.
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1. INTRODUCTION

The theory and application of integro-differential equations with convolution integral play an impor-
tant role in the mathematical models of physical, biological, engineering systems and in other areas,
where it is necessary to take into account the prehistory of processes. Constitutive relations in the
linear- inhomogeneous diffusion and wave propagation processes with memory contain time- and
space-dependent memory kernel. Often in practice these kernels are unknown functions. Problems
of identification for memory kernels in parabolic and hyperbolic integro-differential equations have been
intensively studied since the end of the eighties of the last century [1-3].

Various formulations and methods of studying inverse problems for partial differential and integro-
differential equations can be founded in the works [4—12]. We note the works [13—21], which close
to considered problem in present work. In particular, in these works the one-dimensional problems of
finding a kernel in a hyperbolic integro-differential equation with a delta function [13—21]. In works [22—
24], the memory identification problems were solved for Maxwell and viscoelasticity integro-differential
equations. In [25, 26], for multidimensional inverse problems of finding the kernel in hyperbolic integro-
differential equations of the second order are proved a unique local solvability theorems in the class of
analytic functions. In the work [27], it is proved that a space- and time-dependent kernel occurring in
a hyperbolic integro-differential equation in three space dimensions can be uniquely reconstructed from
the restriction of the Dirichlet-to-Neumann operator of the equation.

Note that the interest on studying of integro-differential equations of the convolution type also
increased thanks to their discovered connection with fractional-order equations. In the works [28, 29], it
was noticed that if the kernel in the equations is taken as the Mittag-Leffler function type [30], then the
equations are equivalent to fractional differential equations.

In present paper, we study an inverse problem of determining kernel in the integral term for the
inhomogeneous integro-differential equations in a cylindrical domain. The method of separation of
variables is applied.
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2. STATEMENT OF PROBLEM AND PRELIMINARIES

Considerina cylinder G := {(z,5,t): 0 <r <1, 0<t<T}, r = /22 + 2, the integro-differen-
tial equation

t
utt—Au:/k(a)u(m,y,t—a)da—l—f{r,t) (1)
0
with initial
uli=o = ¢(r), uli=o =0, 0<a?+y><1 (2)
and boundary conditions
((z,9),Vu) =0 =0, wul=1 =0, 0<t<T, (3)

where A is the Laplace operator in variables x and y, ((x,y), Vu) is scalar product of vectors (z,y) and
Vu, f(r,t), ¢(r) are given sufficiently smooth functions.

The problem of finding the function u(x,y,t) from relations (1)—(3) with a known kernel k(t) will
be called a direct problem. The inverse problem is to determine the unknown kernel k(¢), t > 0 in the
equation (1), according to an additional condition

U(Zl?o,yo,t) :h(t)7 0<$g+y(2] <1, 0<t<T, (4)

where h(t) is given sufficiently smooth function.

Since the source function in equation (1) and the initial condition in (2) depend on the distance r,
then u(z,y,t) = u(r,t), i.e. we have an axisymmetric case. Then, the Laplace operator of the function
u(zx,y,t) in polar coordinate system will not depend on the angle and has the form
Pu  10u
or? * ror

Therefore, the problem (1)—(3) in this coordinate system can be written as follows

Au(z,y,t) =

t
Pu 10u  O%u
52 " ror " or2 = /k(a)u(r,t —a)da+ f(r,t), (rt)edq, (5)
0
U|t:0 = QD(T'), ut|t=0 = 07 0 S r S 17 (6)
lim(ru,) =0, wul,=1 =0, 0<t<T. (7)
r—0

Condition (4) takes the following form
u(ro,t) =h(t), ro=+/23+yd 0<ro<l, 0<t<T. (8)

Thus, the inverse problem (1)—(4) is reduced to the problem (5)—(8) of redefinition for the unknown
functions u(r,t), k(t) from equalities. We study the properties of Bessel function and find conditions for
the convergence of the Fourier—Bessel series. We recall that the linear Bessel differential equation (or
equation of cylindrical functions) with parameter A of index v > 0 with respect to the function z of the
real variable x has the form [31]

2
z"—l—lz’—l—<)\2—yz>z:0. 9)

x x
Solution of the equation (9), except for very particular values v, not expressed in terms of elementary
functions (in the final form) and leads to the so-called Bessel functions, which have large applications
in the natural sciences [31]. When, v is an integer number, then equation (9) has the following solution:
z(x) = C1J,(Ax) + C2Y, (A\x), where J, and Y,, are the Bessel functions of the first and second kind of
order v, respectively. Bessel functions of the second kind are not bounded near the point x = 0. So, for
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INVERSE PROBLEM FOR AN INTEGRO-DIFFERENTIAL 3273

a boundness of solution near zero it is necessary to be Cy = 0, i.e., solution (9) has the following form:
z(x) = CJ,(A\x).

Moreover, if the boundary condition z(1) = 0 is imposed, then the parameter A must satisfy the
condition: J,(\) = 0, i.e., the values of \ are zeros of the Bessel function J,, (), which has the following
asymptotic representation [31]:

Jy(a:):\/z sin(g;_WJrZ)JrT’u(x)

T 2 x/z’
where the function r,(z) is bounded as  — oo. Therefore, for any large k, the zeros of J, () are given
by the expression [31]: k7 + V; — -

We define the Fourier—Bessel expansion of the given function g(x) as follows: for any function g(x),
absolutely integrable on [0, 1], one can compose a Fourier series in the system J,, (Axz),k = 1,2,...

g(x) = Z crdy (M), (10)
k=1

1
where ¢, = JQHQ(M) Jxg(x)J,(A\gx)dx, k =1,2,... are Fourier—Bessel coefficients.
v 0

Let us give without proof the most important criteria for the convergence of the Fourier—Bessel series
to the desired function.
Theorem 1. ([31, p. 282]). If v > 0 and for all sufficiently large k there holds the estimate

|Ck| < 14e7
ALE

then series (10) converges absolutely and uniformly on [0,1], where € >0 and M >0 are
constants.

Theorem 2. ([31, pp. 289—291]). Let the function g(x) is defined and 2s times continuously
differentiable on the interval [0,1] (s > 1) and
L.g(0) =¢'(0) = ... = g®~D(0) =0,
2. ¢%) () is bounded (this derivative may not exist at some points),
3.91) =g 1) =..=¢g®21)=0.
Then, for the Fourier—Bessel coefficients of the function g(z), the inequality is true
M

25—(1/2
A=/

lek| < (M = const). (11)

According to the Fourier method, we present function u(r, t) in form
u(r,t) = R(r)T'(t). (12)
Substituting (12) into the equation
82u_ 18u_82u _0
o2 ror  0r? ’
we get
TV(HR(r) = | TR () + TR (r).

Hence, separating the variables to find the function ®(r), we obtain the problem

R’ (r) + i?ﬁ’(r) + A2R(r) =0, (13)

}i_r)% (rR'(r)) =0, R(r)ly=1 =0, (14)
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which is a self-adjoint problem, where A is an arbitrary real parameter. The solutions of equation (13)
are the following zero-order Bessel functions of the first kind Ry (r) = Jo(Agr), £ =1,2,3,... They also
are eigenfunctions. We find the eigenvalues, using the second boundary condition (14) (the validity
of the first boundary condition in (14) is obvious). Positive roots of the equation Jy(\x) = 0 look like
A = 4k —1)7.

3. INVESTIGATION OF DIRECT PROBLEM

When, we studied the direct problem, we assumed that the function k(¢) is also known. Let
C™"™(G) be the class of m times continuously differentiable with respect to r and n times continuously
differentiable in ¢ functions in the domain G.

Theorem 3. Assume that k(t) € C[0,T], f(r,t) € C*(G), ¢(r) € C*[0,1] and the equalities
o™0)=0, m=0,3, ¢™1)=0, m=0,2,

o f o f
orm arm
are satisfied. Then, there is a unique classical solution to direct problem (1)—(3).

Proof. We expand all functions in (5)—(7) in a Fourier—Bessel series with respect to eigenfunctions
Jo()\kT) ie.,

(0,t) =0, m=0,3, (1,t) =0, m=0,2, te[0,T]

0o 1
t) = Zun(t)Jo()\nr), Up /ru r,t)Jo(Anr)dr, (15)
n=1 0
rt) = if OJoOnr), Falt) = 2 /rf(r 1o ) (16)
— n o\A\n’"), n J12(>\n) / ) 0\"\n )
=D uhiur): o= O/ r(r) Jo () (17)

Substituting expansions (15)—(17) into equations (5), (6), we obtain the initial problems for ordinary
integro-differential equations

t
ul’ () + N uy () /k Jun(t — a)da+ fu(t), te€(0,7), (18)
0

Unli=0 = @Pn, Uhli=0=0, n=1,2 ... (19)

From relations (18) and (19) we arrive at the following integral equation

t o
un(t) = )\1 /sin An(t — ) / E(T)un (o — 7)dr do + F(t), (20)
"0 0

where
. t
E,(t) := pn cos \pt + \ /sin)\n(t —a)fp(a)da, n=1,2,...
"0

For every fixed n, the equation (20) is a Volterra integral equation of the second kind with respect
to u,. According to the general theory of integral equations, it has a unique solution. The solution
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can be founded, by the method of successive approximations. It is easy to see that u,(t) € C2[0, T, if
fa(t) € C[0,T] and k(t) € C[0,T]. Moreover, from (20) one can obtain estimate for w,, (¢):

1 t a
lun ()| = sin A\, (t — ) [ k(T)up(a — 7)d7 doe + Fo ()
]

t

/ sin Ay (f — ) /a k(7 )un (@ — 7)dr dar
0

0

<
=,

+EO] < IE @+ (=) (ol
0

Hence, by the Gronwall inequality and the relations \; < Ay < ..., we get the estimate

I|k||T2

|un<t>|s<|wn|+ ||fn||T>6”1, te[0.T], n=12..., @1)

h | = @), k|| = k(1) .
where || f|| trerfg);]lf()l |||l trer%%l (t)]

Calculating the derivative ., (¢) in (20), from the estimate (21) we easily obtain

1 Ik T2
1< (I o IRIT) (ot IS0 ) te0rl n=t20 (22)

Equation (18) and inequality (21) also imply the estimate

I|k||T2

()] < (A2 + [k|IT) <|wn|+ ||fn||T>62“ Clfall te0.T] n=1,2...  (23)

To prove the existence of a solution to the direct problem (5)—(7), we need to show that the series
(15) and the series obtained by differentiating with respect to ¢ and r twice converge uniformly in domain
G . To this end, we calculate uy, .., performing differentiation formally under the signs of sums. Using
properties of Bessel functions (see [31]) Jj(r) = —Ji(r), 2J1(r) = Jo(r) — Ja(r), from the first formula
in (15) we obtain

gy (7, 1) = Zu" )Jo(Ant), (24)

Upp (1, 1) Z)\2un nt) — Jo(Anr)) . (25)

Let the functions ¢(r) and f(r,t) in r satisfy conditions of Theorem 2 with some s > 1 and sp > 1
(we define the numbers s and sq later). Then, according to the estimate (11), for the Fourier—Bessel
coefficients of these functions are true the following estimates

My

M
‘SOH| S )\28 (1/2 ‘fn( )| )\280 (1/2)7 6 [07T]7

where M, M are positive constants.

Now we will evaluate the expressions at Bessel functions in the series (15), (24) and (25). From
(21)—(25) we have the following estimates

)

M MoT L
e v A

M MyT [IK|| T M,
" 2 0 0
|’I,Ln(t)| < ()\n + ||k||T) <>\7218_(1/2) + )\721804-(1/2)) e 221 4 )\?2180—(1/2) 5
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M2 MyT )2 Ik T2
2 n 0 n
Ay |un(t)] < ()\25_(1/2) + )\250+(1/2)> e 21 | (26)

[t follows from these estimates that if s = sop = 2, then, according to Theorem 1, the series in (15), (24)
and (25) converge uniformly. Thus, Theorem 3 is proved. O

4. INVESTIGATION OF INVERSE PROBLEM
In view of (15), the condition (8) takes the form

TO; Zun Sp = 7 (27)

where s,, := Jo(Apro). We will assume everywhere that xg, yo are such that Jo(A,ro) #0,n=1,2,---
Multiplying equation (20) by s,, and summing over n from 1 to oo, we get
¢

o0 [ee) 1
Up (t)S, = Sn sin A\, (t — «) | k(7)up(a — 7)d7 dov + S (
D=3, | / jirda+

n=1

Changing the order of integration on the right side of this equation and using condition (27), we obtain
t

h(t) = / Plk|(t — 7)k(r)dr + Fy(t), (28)
0
where

P[E]|(t) := /Z sn; up () sin A, (t — a)da,
0

n

n=1
Fo(t) = snFu(t) (29)
n=1

From (28) it follows that
h(0) = Fo(0) = snipn = (ro).
i=1

To obtain an integral equation with respect to the function k(t), we differentiate equation (28)
successively three times

B (t) = / P/[H(t = m)k()dr + FL(L), (30)
0

where

t o
= /Z Sptn (@) cos Ay (t — a)da,
0

n=1

t
Z spF) (1) Z S, [ Anon Sin Apt + /cos An(t — @) frn(@)da
0

In particular, from (30) it follows A'(0) = 0.
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Further, differentiating again, we get

B (t) = / PYk|(t = ) k(r)dr + FL(8), (31)
0
where

P"[k](t) = h(t) — /Z)\nsnun a—T)sin A, (t — a)da,
0

n=1

~ t
- Z Sn, [—A%gpn cos At + fn(t) — Ay /sin An(t — a)fn(a)da] )
n=1 0
From (30), it follows that

B'(0) =D s (fal0) = Nagn) -
n=1

Differentiating (31) and resolving the resulting equality with respect to k(t), we have

k() = h(l()) [h’”() R (1) - / P"/[k](t—T)k(T)dT], te0,T], (32)

0
where

t
F'(t an[ 3 onsin \ut + f1(t) — )\%/cos)\n(t—a)fn(a)da],
0

n=1

PYIEI() = W (1) — / Z st (@) €08 A (£ — a)da. (33)
/=

Now we will prove the lemma that will be used in further.

Lemma 1. Let ul(t), u2(t) be two solutions of integral equation (20) with kernels k'(t), k*(t),
respectively, but with the same data ¢, f,(t). Then, the following estimate holds

1 9 T2 1 [ L 1
0 -] < 5, (lenl+ y 1AIT) e e, (34)

Proof. By the condition of the lemma w} (), u2(t) are two solutions of equation (20) corresponding
to the functions k'(t), k?(t). Estimate the modulus of the difference of these functions:

n

< ; / sin Ay (t — a) / K (r)ul (o — 1) — K2(r)d (o — 7)] dr dos
0 0

1 ¢ ) . a Vet (o — 7) — w2 (o — Pl — 71 Ly — 12 (r - do
SAHO/\SlnAn(t >|O/Hk()||n( ) — w2 (a —7)| + |ud(a — )| [k (7) — K2(r)|] dr d

t «

< )\1”/‘sinkn(t—a)|/|ui(a—7')‘ ‘kl(T)—k2(7')‘d7'doz
0

0
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t

0

We estimate each term separately. To evaluate the first term, we use formula (21)

Aln/‘sinkn(t—a)‘/‘ui(a—ﬂ‘ ‘kl(r)—k2(7)|d7da
0

1K |72

172
<7 (|son|+ 1) e -

h Bl — k2| = EL(t) — E2(b)).
where || | tgl[%l (t) (t)]

To estimate the second term in (35), changing the order of integration, we have

t a
1
N /\sin)\n(t—a)\/‘kl(T)‘ ‘u,ll(a—v')—ui(a—T)‘dea
"0 0

LRI [ ) = o)
0

Substituting (36) and (37) into (34), we get

1 2 1 T2 12172 1 2 1 / 1
w0 =@l < Y (leal+ o IGIT) e S 0 =2+ I [ fubr) -
0

Now, applying the Gronwall lemma to this inequality, we obtain the estimate (34).

Theorem 4. Assume that h(t) € C3[0,T], f(r,t) € C*YG), o(r) € C%0,1], h(0)

1(0) = 0,

h// an fn )

and the equalities
o™ 0)=0, m=0,5 ¢™1)=0, m=0,4,

amf amf

orm orm

are satisfied. Then, there is a unique solution of the inverse problem (1)—(4).

(Ovt)zoa m:0737

1 . . a L ek (o — ) — w2 (o — )| dr de
+)\n/|sm)\n(t )‘O/‘k()H L ) — u( )| dr da.

(1,Lt) =0, m=0,2, tel0,T]

(37)

ui(T)‘ dT:| .

d

= SO(TO) 7& 07

(38)

(39)

Proof. Note that |s,| < 1. If conditions (38) and (39) are satisfied, then all series of the form
S [snl Malenl, 5= 0,1,2,3, 5200 [sn N[ fall, 5 = 0,1,2, S A2||£2]| included in formula (32) and

n=1
used to obtain it will converge, where || f}|| = n%guTc |f1(t)]. We represent equation (32) as an operator
equation
k = Ak, (40)
where A has the form
t
Ak = ko — 0) /P'" Vk(T)dT,
0
LOBACHEVSKII JOURNAL OF MATHEMATICS Vol.43 No. 11 2022
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ko(t) := |h( ) [ (t) — F§'(t)], P"[k](t — 7) defines from the formula (33)).

Denote by C, the Banach space of continuous functions generated by the family of weight norms

Iklly = max { i k()™ L o>

Obviously, for o = 0 this space coincides with the space of continuous functions with the usual norm.
We will denote this rule by ||%||, because in the inequality

e "MKl < [[kllo < IKII,
the norms ||k||, and ||k|| are equivalent for any fixed T € (0, 00). We choose the number o later. Let

Qo (Ko, |[kol]) == {k : ||k — kol|o < ||kol|} be a ball of radius ||ko|| centered at point kg of some weighted
space Qy (o > 0).

1 I —
|[kol| = |h(0)|\lh’”\| + I1(0) Z\snl (A lenl + 10l + X211 F)IT)
n=1
/ /
where || f,,|| = Hﬁgmg]\f ()]

It is easy to see that ||k||» < ||kol|o + ||kol] < 2||kol|. Let k(t) € Qo (Ko, ||kol]). Let us show that for
o > 0 the operator A transforms the ball Q. (ko, ||ko||) into itself, i.e. A € Q,(ko,||ko||). Recall that an
operator is said to be contractive on the set Q. (ko, ||kol||), if the following two conditions are satisfied:

1) ifg S Qa(ko, Hko”), then Ag S Qg(ko, Hko”),

2) if g%, g* are arbitrary elements of Q, (ko, ||kol|), then || Ag! — Ag?||» < pllg* — ¢?||o and 0 < p < 1.

Let us check the fulfillment of these conditions for A. For this, we have

Ak — ko o maX Ak kO ot = max P/// e—UTe—U(t—T)dT
[0,T]
te
T [Koll kol
/ 2
|h( [|h |+TZSn n<‘80n‘+)\%‘|fn‘|T>e 1 ] . . o

Choosing o as o > «ag, we obtain that A maps the ball Q, (ko, ||ko||) into itself Q. (ko, ||kol|)-
Now let’s check the fulfillment of the second condition. For this purpose, we get

|(AE" — Akz)lla—trenax |(Ag" — Ag*)e™ |

¢
P/// /-6‘1 p" /-6‘2 t— k‘2 —oT —o(t—r)d
max o [ [P (1)~ PYI)(t ~ 1)) e
0
t t oo
< max B (t—71)— / A s ul (o — 1) cos A t—ada]le
25 mon /| 2 ot = a)da [ (7)
0 0
t [ee]
[h’ (t—1) /Z)\i spu’ T) cos Ap(t — a)da] k2(T)e e ) dr
o n=1

/ _ 1 —ot1 —o(t—T)
= 8 o |/["” IEE - Fmlee

tOO
+/Z)\sn
0

n=1

cos A (t — ) [up (o — 7K (1) — u?(a — T)kQ(T)] ‘e_‘”e_"(t_ﬂdoz] dr. (41)
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Here, the first term is estimated as follows
ot —o(t— W||T [[k" = k2]
h/ kl k2 ot ,—o(t—T) dr < || ) 49
ielo.1] |h(0) |/ AGaalital (m)]e™e ] T=R0)] o (42)

To estimate the second term, we use the obvious inequality
\9k9s — ggz| < |9k — gil|as| + |9il]gs — g2

Then, we obtain

t t
zimaon | [ [55%
0 0

cos A (t — a)[u La—1)ki(r) —ul(a - T)k2(7')] ‘e_”Te_U(t_T)doz] dr

T2 ., [1k1(60) 1 16172 | |EL — K2||
< | T? o +1 n WIT ) e 2 . 4
< oy 2 i T ol KH@ I+ ol ) LI (43)
Substituting (42) and (43) into (41), we get
I(AR" = AR*)]|s = mas |(Ag" — Ag*)e™|
T S [1k1(0)]a0 1 T2 |k — 2|
< RI+TY As, [T2 kol|e +1} (gon + 7 |Ifn T> e 2

11 (0)] A7) nz::l [|%o| |on] Anl\ | -

a1
= Ml = R,
g

As follows from the obtained estimates, if the number ¢ is chosen from the condition o >
max (g, aq ), then the operator A is contracting on Q,(ko, ||ko||). Then, according to Banach principle
[32], the equation (40) has the unique solution in Q4 (ko, ||ko||) for any fixed T > 0. Since equation (40)
is equivalent to the inverse problem (1)—(4).
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