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Abstract. In this paper, we investigate the unique solvability of a regular solution and
the smoothness of a generalized solution of a semi-nonlocal boundary value problem for
a fourth-order mixed-type equation of the second kind in Sobolev spaces. Theorems of
uniqueness are proved by the energy integral method, and the existence and smoothness of
the solution are proved by the methods of ”e-regularization”, a priori estimates, modified
Galerkin methods, and the Fourier method.
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1. Introduction

The first nonlocal boundary value problems for second-order mixed-type equa-
tions were initially studied using classical methods in the works [1-3]. Subse-
quently, the methods presented in their studies were further developed using
functional approaches in the works [4-10]. Local and nonlocal boundary value
problems for fourth-order partial differential equations were studied in the work
[11-16]. Boundary value problems with local conditions for high-order mixed-type
equations in various spaces were studied in the works [17-22]. However, there has
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been insufficient study of forward problems with nonlocal boundary conditions
for high-order mixed-type equations [24].

In this paper, using the results of [17-19] and applying the modified Galerkin
method, the ”e-regularization” method, and the method of a priori estimates,
we study the unique solvability and smoothness of a generalized solution to a
semi-nonlocal boundary value problem for a fourth-order mixed-type equation of
second kind in Sobolev spaces.

2. Problem statement

Consider fourth-order mixed-type equations of second kind in domain @) =
(0,1) x (0,T) ={(z,t);0 <z <1; 0<t<T < +oo}:

Lu = Pu+ Mu= f(x,t), (1)

here Pu = Z?:o Ki(z,t)Diu;  Mu = Qugzzzs — bgpt — Cligy;
Ky(z,t) = Ky(t), K4(0) = K4(0) = 0, Dju = 2% (i =0,1,2,3,4), D)u = u.
Let the following conditions be satisfied for the coefficients of equation (1):

K4(t) € C3(0,T) N C[0,T]; K;i(z,t) € C*(Q)NC(Q);a,b,c — consts > 0
for all x € [0,1].

Equation (1) is a mixed-type equation of the second kind since no restrictions
are imposed on the sign of function Ky(t) with respect to variable ¢ inside segment
[0,T] [17, 18, 25].

Semi-nonlocal boundary value problem: find solution u(z,t) to equation
(1) from the Sobolev space Wi (Q), satisfying the following boundary conditions:

VYDf uly—g = Df uly_r; p=0,1,2 (2)
u’x:O = u’m:l - O; (3)
uxa:’x:() = uxa:’le =0, (4)

where v is the value different from zero, which will be specified below.

In what follows, we need the following definitions and auxiliary propositions.
Let € (er, ez); (e = cos(€,t), e, = cos(€,x)) be the unit vector of the inner
normal to boundary 0@Q). When obtaining various a priori estimates, we often use
the Cauchy inequality with o [26], that is,

Yu, 9 >0, Yo >0, 2ud < ou?+ o 102
Let us denote the class of smooth functions from space Wi (Q), satisfying

conditions (2)-(4) by Cf.
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Definition 1. We call function u(x,t) a regular solution to problem (1), (2)-(4),
if u € Cp, satisfies equation (1) almost everywhere in domain Q.

Theorem 1. Let the above conditions for the coefficients of equation (1) be satis-
fied, coefficient Ky (x,t) > 0 is sufficiently large, and let the following inequalities
be satisfied for the coefficients of equation (1); —(2K3 — 3Ky + 3AK4) > d3 > 0,
2K1 — Kot + AKa > 83 > 0, AKg — Kot > 61 > 0 for any (z,t) € Q, where
A=2ZInly| >0, |y >1, forallz € [0,1].

Then for any f(x,t) € Lo(Q). If there exists a regular solution u(x,t) to
problem (1), (2)-(4) from the Sobolev space W(Q), then it is unique and the
following estimate is true for it:

2 2
lullz ) < cllfllg-

Proof. We will prove the uniqueness of the solution to problem (1), (2)-
(4) using the method of energy integrals. Let there exist a regular generalized
solution to problem (1), (2)-(4) u(x,t) from the Sobolev space W 3(Q). Consider
the following identity:

2 / Lue M, dedt = 2 / fe My dedt. (5)
Q Q

By virtue of the conditions of Theorem 1 and boundary conditions (2)-(4), by
integrating identity (5) by parts, and applying the Cauchy inequalities with o
[24], from identity (5), it is easy to obtain the following inequality:

2 / e Luwy dedt > / M (205 — 3Ky + BAK L) A Aaud, + Ay Acu+
Q Q

(2K — Koy + AK) uf + (Ko — Kop) u? pdwdt — 20 Jug||§ — AN Ko™ Juq 3~

— / e_)‘t{2K4utttut—2 (K4 — AKy) uttut—K4u§t+2K3uttut+2K2uf—Kouz—au?m—
2Q

+bu§t + cui }et ds — / e_’\t{Qauwmut — 20Upp Uty — 20Ut — 2cuwut}ex ds, (6)
a9Q

where K = maz { | K22 ), ngugl(Q)I} .
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The conditions of Theorem 1 ensure the nonnegativity of the integral over
domain @ and zero boundary integrals. From inequality (6), we obtain:

2 /Lue)‘tutdwdt Z/e)‘t{égu?t+Aauix+Abu§t+52u?+)\cu§+51u2}dazdt—
Q Q

=20 [Jugellg — 4N T K [lue[§ - (7)

Let o be a sufficiently small positive number. We choose constant values of
83 and d3 in inequality (7) such that d3 — 20 > dg3 > 0, dy — 4N "LK > §g2 > 0,
now denoting by § = min{dos, Aa, \b, Ac, dp2,01}, we obtain the first a priori
estimate from (7) for solving problem (1)-(4):

lullfiz i) < e llF117,q) -

In what follows, we denote different positive constants by c¢;.

Now we will prove the uniqueness of the regular solution to problem (1)-
(4). We will prove the theorem by contradiction. Let problem (1)-(4) have two
different solutions u(z,t), ug(z,t). Then the new function J(z,t) = wui(x,t) —
ug(x,t) satisfies the homogeneous equation (1) with conditions (2)-(4) and the
first estimate ||9]|5 < 0 is valid for it. From this follows the uniqueness of the
regular solution to problem (1)-(4).

Now we will prove the solvability of the regular solution to problem (1)-(4).

3. Fifth-order equation with a small parameter (auxiliary
problem)

The solvability of problem (1)-(4) will be proven by the ”e-regularization”
method, in combination with the modified Galerkin method and the method of
a priori estimates; in domain @ = (0,1) x (0,7) we will consider a family of
fifth-order equations with a small parameter:

Loue = _EﬁA;tug + Lu: = f(x,t) (8)

with semi-nonlocal boundary conditions:
vD{ uel,_y = D} ucl,_p; ¢=0,1,2,3,4, 9)
Ue|yeg = Ue|yey =0, (10)

usxm’x:[) = uszx|x:1 =0, (11)
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where ¢ is a small positive number, Diw = gq;q”, q = 1,2,3,4,5; Dozw = w,
A%y = (g—:z + 8‘9—;2)2u (8t4 + 26962(%2 + 8964) is a biharmonic operator.

Below we will use fifth-order equations with a small parameter (8) as the
7e-regularizing” equation for the mixed-type fourth-order equation of the second
kind (1) [4, 5, 6, 17, 25].

By V(Q), we will denote the class of functions such that u.(z,t) € Wi (Q),

aA;t“E € Ly(Q), satisty the corresponding boundary conditions (9)-(11).

Definition 2. We call function u.(x,t) a regular solution to problem (8), (9)-
(11), if ue € V(Q) satisfies equation (8) almost everywhere in domain Q.

Theorem 2. Let all the conditions of Theorem 1 be satisfied, and let the following
conditions be satisfied for the coefficients of equation (8); coefficient K3 (x,t) > 0
is sufficiently large and —(2K3 + (25 — 3) K4 + 3AKy) > 83 >0, j =0,1,2.

Then, for any function f(z,t) € WH(Q), such that vf(z,0) = f(z,T), there
exists a unique regular solution u.(x,t) to problem (8), (9)-(11) from space V(Q)
and the following estimates are valid for it:

I). 5( ||“€ttt”(2) + ”usttmng + ||u€t:rx”(2)> + Hung <calf H(2);
2 2
). e || g A% + lluclly < c2 || 17
Proof. The inequality I) is proven in the same way as the first estimate of

Theorem 1, from which the uniqueness of a regular solution to problem (8), (9)-
(11) follows [17-19].

Now we present the proof of the first a priori estimate. Let ¢;(z,t) € Wi (Q)
be the eigenfunctions of the following problem:

e, ¢
—A?¢; = < 8475] + i ]> = 1jéj, (12)
‘D;fd)j‘t:() = Df¢j’t:T I p = 07 17 27 37 (13)
¢jxx|m 0o ¢j$$|x 1= =0. (15)

From the general theory [17-19] of linear self-adjoint elliptic operators, it is known
that all eigenfunctions of problem (12)-(15) belong to Wi (Q) and form a com-
plete orthonormal system in L2(Q). Now, using these sequences of functions, we
construct a solution to the auxiliary problem:

_ At Bw]' _
P(.%’:GXI)(**)W—QZ)]y (16)
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’Y'wj(%o) :wj(va)? (17)

where v — const # 0, and |v| > 1. Obviously, problem (16), (17) is uniquely
solvable and its solution has the following form:

t T
P71¢j =w; = /exp <%)¢jd7 + 71_1 /exp (%)gbjdt.
0 0

Functions wj(z,t) € WJ(Q) are linearly independent. Indeed, if Zj\/: | Cjwj =
0 for some set of sequences of functions wy,wo, ...,wy, then, acting on this sum
by operator P, we have Zf;l cjPwj = Zf;l cj¢; = 0, and from this, it follows
that for all j = 1, N, coefficients are c; = 0. Note that the following conditions
of functions w;(z,t) € W3(Q), follow from the construction of function ¢;(x,t):

v Df wilig = Di wilips 4 =0,1,2,3,4, (18)

w]"I:O = wj\le = 0, (19)

wjm;’x:[) = (.szz‘le = 0. (20)

Now we seek an approximate solution to problem (8)-(11) in the form
w(z, t) = u(z,t) = Zﬁvzl cjwj(z,t), where coeflicients c;for anyj from 1 to

N are determined as a solution to the linear algebraic system:

At At
Z/Lsuév exp ( — 7) ¢jdxdt = Q/f exp < — ?> ¢jdxdt. (21)
Q Q

Let us prove the unique solvability of algebraic system (21). Multiplying each
equation from (21) by ¢; and summing over j from 1 to N, considering prob-
lem (16), (17) and boundary conditions (18)-(20), and algebraic system (21), we
obtain the following identity:

2/L5w exp(—At) widzdt = Q/f exp(—At) widzdt, (22)
Q Q

from which, by virtue of the conditions of Theorem 2 and by integrating identity
(22) by parts, we obtain estimate I) for an approximate solution to problem
(8)-(11), i.e.

o (all ol + ) + 2 < 70 (29)
113



From this follows the solvability of algebraic system (21) [26]. Estimate (23)
allows (by virtue of Theorem 1 on weak compactness [26, 28]) to pass to the limit
as N — oo and conclude that some subsequence { Ne (g, t)} converges weakly,
by virtue of the uniqueness of the solution to the problem (Theorem 1), to the
sought-for solution wu.(z,t) of problem (8)-(11) in space V(Q), possessing the
properties specified in Theorem 2. For u.(z,t), by virtue of (23), the following
inequality is valid:

e (el + Nueteally + lusctasl3 ) + el < 11l £ 1 (24)

Now passing to the limit as N — oo in (21), we obtain the unique regular
generalized solution to problem (8)-(11) from space V(Q).

Let us prove the second a priori estimate II). Using problem (12)-(17), from
identity (21), we obtain:

2

At
M /L w exp ( — 7) AQij dxdt = 2/ exp — —) AQij dxdt.
J H;
D

D

(25)

Multiplying equation (25) by —2 u?cj, summing over j from 1 to NV and con-
sidering conditions (18)-(20), from (25) we obtain the following identity:

2(ng,e*“Pw)O - 2(f, e*“Pw)O, (26)

— 6A2 9%

ON*w D
ot ot

where Pw =

A A2
Aw + BAQ%Aw — Wy + 5Wt,

(wtttt + 2Wigr + wxa:a:m)

Integrating (26) by parts, considering the conditions of Theorem 2 and bound-
ary conditions (18), (20), we obtain the following inequality:

2

0 A%w
- /e_M{ — (2K5 + K¢ + 3\ Kq)wiy, — (2K3 — Ky +
0

ot

c2|f|%st

+3/\K4)w§t:m — (2K3 4+ Kq + 3\ K4)wtttz + )\awmm + )\bwmtt + )\awxmt}da:dt—i—
2 2 2 2 2 2 2
+pllwllz — Nio([[weellg + l[witaa g + lweeallg) — Noo (|Wazzally + [[Wetze o + 1wtz lg) —

—c(c7H )\ K) ||wH§ + /e_’\'tB(u(s),Ki(s))ds, i=

0Q

)

Y 47 (27)
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where p, N;(i = 1,2) are positive numbers depending on the norm of function
Kifw.1): i = 0.8, in space C*(@), K = masx { |Ki(®ll ooy [1K:le. D) onggy )
o, c(o71) are the coefficients of the Cauchy inequality [26], B(u(s), K;(s)) are
functions depending on the traces of functions u(x, t), K;(z,t) on the boundary of
domain (). Let us denote g = min {53, Aa, \b, Ac, 09, 51}, by N = max {Nl, NQ}.
Considering the condition of Theorem 2, boundary conditions (18)-(20), and
72 = e, we obtain that in (27) the boundary integrals will vanish. Now choosing
o so that 8o — No > a9 >0, p—c(oc 1, N\ K) > pg > 0, from inequality (27),
we obtain the second estimate:

—

2

8A2 N
| s e (R AR <@l e

o

The constant on the right-hand side of inequality (28) does not depend on N,
therefore, the second estimate for the approximate solution to problem (8), (9)-
(11) follows from (28). Estimate (24) together with estimate (28) allow us to
pass to the limit as N — oo and conclude that some subsequence {uévk (:U,t)}
converges weakly (due to the uniqueness of the solution to problem (8)-(11)) in
V(Q) with the derivatives of the fourth and fifth orders to the sought for solution
of problem (8), (9)-(11), which has the properties specified in Theorem 2 [26, 28].
Therefore, for u.(x,t) by virtue of (28), the following inequality is true:

0 Azus

"ot

2
2 2 2 2
el < e (IFIG+11£0 1) < 2l £15-
0

This implies the existence of a regular generalized solution u.(x,t) to problem
(8)-(11) from space V(Q). Thus, Theorem 2 is proven.

4. Existence of a regular solution to problem (1), (2)-(4)

Let us proceed to the proof of the solvability of problem (1), (2)-(4).

Theorem 3. Let all the conditions of Theorem 2 be satisfied. Then a solution
to problem (1)-(4) from Wi (Q) ewists and is unique.

Proof. The uniqueness of a solution to problem (1)-(4) in space Wi (Q) is
proven in Theorem 1. Now we prove the existence of a solution to problem (1)-
(4) in space Wi (Q). To do this, we consider equation (8) and boundary conditions
(9)-(11) for e > 0 in domain Q. Since all the conditions of Theorem 2 are satisfied,
there exists a unique regular solution to problem (8), (9)-(11) for € > 0 from V(Q)

and the first and second estimates are valid for it. It follows that from the set
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of functions {u.(x,t)}, e > 0, we can extract a weakly convergent subsequence

of functions in V(Q), such that {u.,(x,t)} — u(x,t) as ¢; — 0. We will show

that the limit function u(z,t) satisfies equation Lu = f (equation (1)) almost

everywhere in domain . Indeed, since subsequence {uc,(z,t)} weakly converges
2

in W3 (Q), subsequence {\/afmgisg(m} is uniformly bounded in L2(Q), and

operator L is linear, we obtain:

0 A%y,
ot

Lu— f = Lu— Lu,, + ¢ =L(u—ug)+e
From equality (29), passing to the limit as ; — 0, we obtain a unique solution
to problem (1)-(4) [25]. Thus, Theorem 3 is proven.

5. Smoothness of the generalized solution to problem (1), (2)-(4)

Now we proceed to the study of the smoothness of the generalized solution
to problem (1), (2)-(4) in Sobolev spaces W4 (Q), when 0 < m is a finite
integer. Below, for simplicity, we assume that the coefficients of equation (1) are
sufficiently differentiable functions in the closed domain Q.

Theorem 4. Let all the conditions of Theorem & be satisfied, in addition, let
p=01,23,...mand ¢ = 0,1,2,3,....m; —2 (K3 +mKy) + (2j — 3)Ky +
3ANKy > 6 >0, j =0,1,2 for all (z,t) € Q, D' Ky|,_y = D' Ky|,_p,
D? K; |t:0 = Dg K; |t:T’ (1=0,1,2,3).

Then for any function f(z,t) € Wi(Q), such that vD} f|,_y = D} fl,_p for
all x € [0,1], there exists a unique solution to problem (1)-(4) in Sobolev spaces
W;"“‘(Q), where 0 < m is a finite integer.

Proof. Considering the conditions of Theorem 2, Theorem 3 for ¢ > 0 and
nonlocal boundary conditions at t =0, ¢ =T, from the equality

] oy - T (e -
(7% B ) 15 = (e gt e L) 15 = (3 f00) 5

we obtain

7Dt5u5|t=0 = Dfug‘t:T.

It follows that function . (x,t) = u. ¢(x,t) belongs to class V(D) and satisfies
the following equation:

3
T:9: = LV + KygOepsr = fr — Z KitD%UE = F..
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From Theorem 3, it follows that the family of functions { .} is uniformly bounded
in space La(D), ie. [|FLlls <1 || £1I7

Then, from the conditions of Theorem 3, it is easy to obtain that the coef-
ficients of operator T; (¢ > 0) satisfy the conditions of Theorem 4, hence, based
on estimates I), II), and Theorem 3 for function {J.(z,t)}, we obtain similar
estimates:

& (Wl + 19t + [192tea ) + 1913 < x| £112,

£ QM&E

ot

Functions { u.} satisfy the parabolic equation with conditions (2), (3):

2 2
+10elly <eall £l

4

0 .

Hugzugt—ugmzf+€aA2u5— g K; Djue — M ug + Uet — Uggy = Pe
i=0

and ®. € W}(Q); by virtue of what was proven above, the family of functions
{®.} is uniformly bounded in space W} (Q), i.e.

@eli2 < eo (171241 fu 12) < el 12 < ea 712 (30)

Hence, based on a priori estimates for parabolic equations [25, 26] and in-
equality (30), we obtain
2 2
[ue ll5 < call s

Repeating similar reasoning, the following inequality is also proven:

HUEH727H—2 S Cm+2 ||f”3n7 m = 152537

6. Conclusion

In this paper, we investigated the unique solvability and smoothness of solu-
tions to a semi-nonlocal boundary value problem for a fourth-order mixed-type
equation of the second kind in Sobolev spaces. The theorems of uniqueness were
proved using the energy integral method, demonstrating the robustness of this
approach for mixed-type equations. The existence and smoothness of solutions
were established through the combined use of e-regularization methods, a priori
estimates, modified Galerkin methods, and the Fourier method. These results ex-
tend the theory of mixed-type equations and provide a deeper understanding of
the regularity properties of solutions in Sobolev spaces. The proposed techniques
and results can be further applied to other types of boundary value problems in

mathematical physics.
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