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Abstract. This paper is devoted to study of the nonlocal inverse boundary-value problem for a
second-order parabolic equation. The problem is considered in the rectangular domain. First, we
introduce a definition of a classical solution of the stated problem. Then, the initial problem is
reduced to an equivalent problem, for which using the method of contraction mappings principle
the theorem of the existence and uniqueness of solutions is proved. Moreover, using the equivalency,
we prove the existence and uniqueness of classical solution of the original problem.
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1. Introduction

Inverse problems for differential equations are called the problem of finding the un-
known coefficients of differential equations, right-hand side, boundary or initial conditions,
the border of domain. The unknown elements of the initial-boundary value problems
defined for some additional information about solving equations. Such information are
different kinds of overdetermination condition [3], [9], [14], [16]. Inverse problems for dif-
ferential equations of mathematical physics are now playing an important role in the field
of natural sciences and their applications [1], [6], [7],[8], [18]. Coeflicient inverse problems
are the problems in which, together with the solutions of differential equations is unknown
and is one (or more) of its coefficients. Many important applied problems relating to diffu-
sion processes, electromagnetic oscillations, elastic deformations, geophysics, seismology,
and computed tomography, scattering theory, acoustics, optics, theory of molecular oscil-
lations, radiolocation, gravity, and others, lead to the like inverse problems [2], [5], [11],
[4], [15],[13], [12], [17], [19]. In the submitted article the inverse boundary value problem
with nonlocal conditions for second order parabolic equation is studied.
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2. Problem Statement
Denote by Q7 the domain {(z,¢) : 0 <z < 1,0 <t < T} and consider the equation
c(t)ur(x,t) = tae(z,) + alt)u(z, t) +b(t)g(z,t) + f(z,1), (z,t) € Qr (1)
with nonlocal initial condition
u(z,0) 4+ ou(z,T) = p(zx) (0<x<1), (2)

Neumann boundary condition

ug(0,8) =0 (0<t<T), (3)
nonlocal integral condition
1
/u(m,t)dw =0 (0<t<T), (4)
0
and the additional conditions
uw(0,t) =hi(t) (0<t<T), (5)
u(lvt) = h2(t) (O <t< T)? (6)

where § > 0 is a fixed number, 0 < ¢(t), g(x,t), f(x,t), 0<p(t), hi(t) (i=1,2) are
given functions, u(z,t),a(t) and b(t) are unknown functions.

Definition 1. The triple {u(z,t),a(t),b(t)} is said to be a classical solution of problem
(1)-(6), if for the functions u(x,t),a(t) and b(t) satisfy the following conditions:

(i) The function u(x,t) and its derivatives uy(x,t), uy(x,t), uz,(x,t) are continuous in
the domain Qp;

(ii) the functions a(t) and b(t) are continuous on the interval [0, T];
(i1i) equation (1) and conditions (2)-(6) are satisfied in the usual sense.

To investigate the problem (1)-(6), first consider the following problem:
c)y'(t) = alt)y(t) (0<t<T), (7)

y(0) +0y(T) =0 (8)

where 6 > 0 is a given number ¢(t),a(t) € C[0,T] are given functions, and y = y(t)
is unknown function. Under the classic solution of problem (7),(8) we understand the
function y(t), continuous on the interval [0, 7] together with all its derivatives contained
in equation (7) satisfying both (7) and (8) in the classical sense.
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Lemma 1. Let 6 > 0,0 < ¢(t) € C[0,T], and a(t) € C[0,T]. Then the problem (7), (8)
has a unique trivial solution.

Proof. 1t’s obvious that the general solution of equation (7) has the form:

[ #Dar
y(t) =cer 7. (9)

Using (7) we obtain
T
[ e
e 1460 =0

By 0 > 0, from the latter relation we have ¢ = 0. Putting the value of ¢ = 0 in (9), we
get that the problem (7), (8) has only the trivial solution. The proof is complete.

Theorem 1. Suppose that

1
520, 0<ct)eC,T], f(ot)eC(Qn), /f 0 (0<t<T)
0

1
o(z,1) € C(Qr), /g(:r,t)dx —0 (0<t<T), hi(t)eC0,T], (i=1,2),
0

B(t) = ha(£)g(1,t) — ha(t)g(0,6) #0 (0 <t <T)

and the compatibility conditions

1
/ o(2)dz = 0, (10)
0
h1(0) + 6hi(T) = ¢(0), ha(0) + 6ha(T) = (1) (11)

hold. Then the problem of finding a classical solution of (1)-(6) is equivalent to the problem
of determining functions u(x,t) € C>1(Qr), a(t) € C[0,T], and b(t) € C[0,T), satisfying
equation (1), conditions (2) and (3), and the conditions

up(1,t) =0 (0<t<T), (12)
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Proof. Let {u(x,t),a(t),b(t)} be a classical solution of (1)-(6). Integrating both sides
of (1) with respect to x from 0 to 1 yields

1
c(t)% /u(x,t)dm = ug(1,t) — ug(0,1)
0

1 1 1
/ua:tda;+b /g d:z:—i—/fa:tdx 0<t<T). (15)
0 0 0

1 1
Under the assumptions [ f(z,t)dz =0, [g(z,t)dz=0 (0<t<T), by virtue of (3)
0

0
we conclude that (12) is satisfied.
Setting = 0, in (1) we obtain

c(t)ue(0,8) = g (0, 1) + a(t)u(0,t) + b(t)g(0,t) + £(0,t) (0<t<T).  (16)

Similarly, from the equation (1), we get

c(t)ur(1,t) = upe(1,t) + a(t)u(l,t) + b(t)g(1,t) + f(1,¢t) (0<t<T). (17)
Further, assuming h;(t) € C'[0,T] (i = 1,2) and differentiating (5) and (6), we have
u(0,t) = hi(t) (0<t<T), (18)
ur(1,t) = ho(t) (0<t<T) (19)
respectively.

From (16), by (5) and (18), we conclude that the relation (13) is fulfilled.
Analogously, from (17), by using the relations (6) and (19), we arrive at the satisfying
of (14).
Now, suppose that {u(zx,t),a(t),b(t)} is the solution of (1)-(3), (12)-(14). Then from
(

(15), by means of (3) and (12), we find
1 1
c(t)% / w(w, t)dz = a(?) / w(z, Oz (0 <t <T). (20)
0 0
By virtue of (2) and (10), it is not hard to see that
1 1 1
/u(dew—i—é/ (x,T)d —/ (x,0) 4+ ou(z,T)) dx —/cp(x)dx—(). (21)
0 0 0

Since, by Lemma 1, the problems (20) and (21) has only a trivial solution, it follows
that

1
/u(w,t)da: =0 (0<t<T),
0
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i.e. the condition (4) holds.

Moreover, from (13), (14), (16) and (17) we find
eft) S (u(0,1) — b (1) = a(B)(u(0, 1) ~ (1)) (0<t<T), (22)
c(t)%(u(l,t) — ha(t)) = a(t)(u(1,t) — ho(t)) (0<t<T). (23)

Using (2) and the compatibility conditions (11) we have

u(0,0) — h1(0) + 8(w(0, T) — h1(0)) = (u(0,0) + du(0,T)) — (h1(0) + hy(T))

= ¢(0) = (h1(0) + 6h(T)) = 0, (24)
u(1,0) — h1(0) + 3(u(1, T) — h1(0)) = (u(1,0) + du(1,T)) — (h2(0) + 6ha(T))
= ¢(1) = (h2(0) + 6ha(T)) = 0. (25)

From (22), (24), and (23),(25), by Lemma 1, we conclude that conditions (5) and (6)
are satisfied. The lemma is thus proved.

3. Solvability of inverse boundary-value problem

Since for A\ = km (k=0,1,...), the system {cos \px}°, form an orthogonal system
in L2(0,1). We'll seek the first component u(z,t) of classical solution u(z,t),a(t),b(t) of
the problem (1)-(3), (12)-(14) in the form

u(a,t) = up(t) cos ez (A = k), (26)
k=0
where
1
ug(t) = mk/u(x, t)cos \gzdx (k=0,1,2,...),
0
and

(1, k=0,
=2, k=1,2,....

Then applying the formal scheme of the Fourier method, from (1) and (2) we obtain

c(t)ug(t) = Fo(t;u,a,b) (0<t<T), (27)
c(t)ul(t) + Noug(t) = Fr(t;u,a,0) (k=1,2...;0<t<T), (28)
up(0) + dur(T) = ¢, (k=0,1,2...) (29)

where
Fi(t;u,a,b) = fr(t) + b(t)gr(t) + a(t)ur(t) (E=0,1,2...),
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gx(t) =my | g(x,t)cos \pxdr (k=0,1,2,...),

o =my | o(x)cos \prdr (k=0,1,2,...).

1
/
1
fk(t):mk/f(ac,t)cos)\kazdx (k=0,1,2,...),
0
1
/

Solving problem (27)-(29) we get

T t
ug(t) = (14 6)71 (goo - 50/ c(lt)Fo(t;u, a, b)dt) + O/ LFo(7';u, a,b)dr, (30)

e(7)
toA\2 T \2
eing)ds 5670fﬁ)ds [ 1 fftA(—i)ds
uk(t) - —T>\2<70k B T \2 C(T) Fk(TS u, a, b)e T dr
1+ (5874 ok 1+ 5eiof ZOR
t t 2
1 — | ks
+/C(T)Fk(r; u,a,ble ™ dr (k=1,2,...). (31)
0

After substituting expressions ug(t) (k=0,1,...) in (26), we have

c e(T)

T t
_ 1 1
u(z,t) = (14 6)71 (900 —(50/(t)Fg(t;u, a, b)dt) —f—O/Fo(T;u, a,b)dr

[ 2k g [
_ _ _k_ t 2
> e Ofc(s) ’ de Ofc(s) ) 1 —f%ds
+E Pk — — Fy(t;u,a,b)e 7 dr
Ak ke c(7)
k=1 = [ weyds — [ ads
1+9 14 de ©
t
1 p b I ;‘adsd A 32
b) ) b T x
+/C(7’) k(T;u,a,b)e T p COS \p (32)
0

Now, using (26), from (13) and (14) we find

a(t) = [A(®]H(c®)R (t) = £(0,8)g(1,t) — (c(t)ha(t) — f(1,1))9(0,1)

+ ) Nun(t)(g(1,t) — (—1)k9(0,t))} ; (33)
k=1
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b(t) = [h(6)] " {ha () (c(t)hy(£) — F(1,8)) = ha(t)(c(t)RL () — £(0, 1))
+ Z)‘kuk DFh(t) - h2(t))} : (34)

where

B(t) = b (D)g(1,2) — ha(t)g(0,1) £0 (0 <t <T). (33)
Putting the expression of (31) in (33) and (34) we obtain

a(t) = [h()]"H{(c(®R(t) = f0.£)g(1,1) — (c(t)hy(t) — £(1,2))g(0,1)

ft A2 ffid T t 42
C(S) c(s) S AL
2 (& de O 1 . _f@ds
+Z)‘k —f 2 ds% - T c(T)Fk(T7u’ a,ble ~ dr
1+de O o) 1+4+de 0 70
/ 1 —ftid
+ [ HhEwane T dr] (9(1,6) = (~1)"9(0.), (36)
0
b(t) = [R(t)] " {ha(t)(c(t)hy(t) — F(1,)) — ha(t)(c(t)hi(t) — f(0,1))
ftk%d f i T 2
[e'e} _0 c(s) $ 5 —J els) 1 _} A ds
+Z)\i ‘ o Pk c T Fy(t;u,a,b)e * O dr
k=1 c(’;)ds — c(’;) ds C(T)
1+de © 1+de o
X NEY
+/( (r;u,a,b)e + dT] ((=1)*hy(t) — ha(t)). (37)
0

Analogously [10], the following lemma was proved.

Lemma 2. Let {u(z,t),a(t),b(t)} be an arbitrary solution of (1)-(3), (12)-(14), then the

functions
1

ug(t) = mk/u(a:,t) cos \gzdr (k=0,1,2,...)
0
satisfy system (30) and (31) on the interval [0, T].

Remark 1. From Lemma 2 it follows that to prove the uniqueness of the solution of
problem (1)-(3),(12)-(14), it is suffices to prove the uniqueness of the solution of system
(32),(36) and (37).
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Now, consider the following space.
Denote by BS,T [10] the set of all functions of the form

u(a,t) = up(t)cos gz (A = k),
k=0

considered in domain Qr, where the functions ux(t) (k =0,1,2,...) are continuous on the
interval [0, 7] and satisfies the following condition

1
o] 2 2
o (®)llcgo.r) + (Z (¥ (Ol o) ) < hee

k=1

In the space BST the operations addition and multiplication by a scalar, we define in
the usual way, and the norm defined by the following formula

k=1

1
0o ) 2\ 2
(e ), = luo®) ooz + <Z (58 e )0 ) -
We denote by E3,, the Banach space B%T xC[0,T]xC0,T] of vector functions z(x,t) =
{u(zx,t),a(t),b(t)} with norm
(2. Dll g, = luCz. Ol g, + la® ooz + B® ooz

It is known that BS’T and Eigp are Banach spaces.
Now consider the operator

®(u,a,b) = {P1(u,a,b),Ps(u,a,b), P3(u,a,b)}

in the space E3., where
D (u,a,b) = u(x,t) = Zﬂk(t) cos \ez, ®o(u,a,b) =a(t), ®3(u,a,b)=b(t),
k=0

and the functions g(t), ax(t) (k = 1,2,..), a(t) and b(t) are equal to the right-hand
sides of (30),(31),(36) and (37) respectively.
Using simple transformations from (30),(31),(36) and (37) we obtain

. !
VT / fo(r)P dr

0

1
) 1
lao()llcpo,r < (L4 9) el +5Hc(t)

clo,1)

1
T 2
T la@®)lero.zy o) oo + VT IO oo / lgo(r) P dr
0
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T 3
1
+ Ol co [ T (O/fo(T)ZdT) + T la(®)ll oo,2) luo(®)ll oo,y
T 3
+ ﬁ||b(t)||c[o,T] (/ 90(7')2d7> ] ; (38)
0
(Z ()\k: [k (t ||c[0 T])2> <V5 (Z ()\2 90k|)2>
k=1 k=1
- )
+v/5(1 + 8) T(/Z A | (T )
C[OT] o k=1
+V5(1 + 6) ﬁ cor T la®)llcjom <; <)‘% ||Uk(t)||c[0,T])2>
- :
+2v2T(1 4 6) PO) cor ||b M eqor (O/kzl A lgn (T ) ; (39)
||5L(75)||0[07T] < ||[A( 1HC[O,T]
x{|(e( = [(0,)g(1,) = (c(t)ha(t) — f(1,£))9(0,6) | o017
(Z )‘k2> g0, )] + 191, O)lll o017y {(Z (Az\@sz)
k=1
- !
9) >\
+(1+9) @ o T(O/’; PR (T )

N[

> 2
TH ”C[OT (Z )‘kHUk ”C[OT) )

k=1

- :
3 Otlautryar) ) ” (40)
0 k=1

o < IR g

(1 +6) Hc(lt)

+(1+46)

Co,T)

1
o VT bt oy (

oo
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x<{ [P (&) (e(P() = F(1,8)) = ha () (@R (1) = FO) | comy

(ZA ) s (0)] + 1o (®) ooz Ki“iwk)Q)é

1
T 2
/Z X | fulT
C[OT] i=1 \{ k=1

° 2
ol T|| ”C[OT <§ )‘kHUk ”C[OT) )
Oa

+(1+46)

(

NI

4{1-+5)Hcé)

k=1
- :
H1 )|l VTl | [ Olamar)®) b @
@ llcp P
0
Suppose that the data for problem (1)-(3), and (12)-(14) satisfy the following conditions

A1) o(@) € C?[0,1], ¢"(x) € L(0,1), ¢'(0) =¢'(1) = 0;

)
A2) f(.’E,t), fx(xat)) fxx(ﬂf,t) S 02[07 ”7 fxxx(xat) € LQ(QT),
fr(ovt) = fm(lat) =0 ( <t< T)v

A3) g(xvt)v gx(a:,t), gx:c(x t) [O ”v g:c:r:a:(xvt) € LQ(QT)v
92(0,1) = g,(1,8) =0 (0 <t <T);

Ag) 6 >0, hi(t) € CH0,T) (i=1,2), h(t)=hi(t)g(1,t)—ha(t)g(0,t) #0 (0 <t <T).
Then from (33)-(35) we find that

iz, 1)l 3 . < Av(T) + Bu(T) la®ll oo Il Dll gz, + Da(T) oO)lcpozy (42)

6(t)logo;ry < As(T) + Ba(T) la(t)lego gy I, D)l g, + Do) [o®)lcgosry - (43)

[P0 7y < A5T) + Bo(T) ol cpoy e, D)l g, + D) 6oy (44

where

A(T) = (148)7) (z @l 0 + 20 H(lt) |f<x,t>||L2<QT>>

clo,1]

0 1f (Ol Ly0p) + \/5“90”,(5”)“@(0,1)

C[0,T]
1
+V5T ﬂ co wa$l‘(x’t)||L2(QT)’
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Bi(T)= (6(1+6) ' +1)T "0

clo,1]

Di(T) = (6(1+6)~ +ffH

||gxx:c (:L’, t) ||L2(QT) )
co,1]

= [ ooy

[t () = 70, )91, ) = (elt)h(t) = F(1, )90, )| cpory

(Z)\ ) Ilg(x1,t)| + |g(z2, )|||C[OT]

( ) ﬁ”fxxx(x’t)HLg(QT)

. [»w Mison + (0 +5)
C[0,T]

1

BT) = [t lucm@ )mgmnﬂg(m, Dllgo (14 5)T

£ ( Mo
Do(T) = [0 oo (Z (A;2)> (1, 6)l 1900, )l cpory
k=1
(1 =+ (5) L \/7 Hfzzx(x t)HLQ (Qr)
®) oo

$(T) = ()] oy Ll B (COBE(E) = F(1,1)) = Ba (Bt () = £(0,8) | o

1

(ZA > [[ha(t |+|h2()\”c[o,T}

el @l +20 40| ] Tl

clo,7]
By(T) = H 1HC’OT] (kz ) [|h1(t)] + |ha(t )’”C[O,T] (1+0)T ﬂ OT]
—1

T) = [[IMO) ooy (Z W)) 1A (8)] + 1h2(®)lllero.my

k=1

x(1+496)

C(t) \/T|’fx$$(x7t)||L2(QT)

C[0,T7]
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From the inequalities (42)-(44) we conclude that

e, Ollsg, +1aOllcpn + 56| o

< A(T) + B(T) lla(®)llojo,ry llula, )l g . + D) 6@l o7y » (45)

where

A(T) = A1(T) + Ax(T) + As(T), B(T)= Bi(T)+ Bo(T) + Bs(T),
D(T) = Di(T) + Do(T') + D3(T).
Theorem 2. Suppose that the conditions A1) — A4) and the inequality
[B(T)(A(T)+2)+ D(M)(A(T)+2) < 1 (46)

hold, then problem (1)-(3), (12)-(14) has a unique solution in the ball K = KR(HZHE% <
R < A(T) + 2) of the space E3..

Proof. In the space Eg}, we consider the equation
z=®z, (47)

where z = {u, a, b}, and components ®;(u,a,b) (i =1,2,3), of operator ®(u, a,b), defined
by the right side of equations (32), (36) and (37) respectively.

Consider the operator ®(u, a,b), in the ball K = Kg of the space E% Similarly, with
the aid of (45) we get that for any z1, z9, 23 € Kg the following inequalities hold

”‘DZHE; < A(T) + B(T) lla(®)ll 0,17 HU(Jf,t)HBgT + D(T) [|6() [l o7y

< A(T) + B(T)(A(T) +2)* + D(T)(A(T) + 2) < A(T) + 2, (48)
@21 — @25 gy < BIT)R (llan() = az(Dllgozy + e (28) =z, Dl g, )
+D(T) 1b1(t) = b2(®) g7 (49)

Then by (46), from (48) and (49) it is clear that the operator ® on the set K = Kp
satisfy the conditions of the contraction mapping principle. Therefore the operator ® has
a unique fixed point {z} = {u,a,b}, in the ball K = Kg, which is a solution of equation
(47); i.e. in the ball K = Kp is the unique solution of the systems (32), (36) and (37).
Then the function u(z,t), as an element of space B3 1, is continuous and has continuous
derivatives u,(x,t) and ugz,(x,t) in Q7. 7

From the equation (28) we obtain

D=

<Z (Ak Hu;c(t)HC[o,T]y) < +o0.

k=1
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Hence it follows that the function u(z,t) is continuous in Q7. Further, it is possible to
verify that equation (1), and conditions (2), (3), (12), (13), (14), are satisfied in the usual
sense. Consequently, {u(x,t),a(t),b(t)} is a solution of (1)-(3), (11)-(12), and due to the
Lemma 2, it is unique in the ball K = K. The theorem is thus proved.

From Theorem 2 and Theorem 1, it follows directly that the following assertion is
valid.

Theorem 3. Suppose that all assumptions of Theorem 2, and the compatibility conditions
(10) and (11) hold. If

1 1
/f(x,t)dx =0, /g(x,t)dx =0 (0<t<T),
0 0

then problem (1)-(6) has a unique classical solution in the ball K = Kg.
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