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Abstract. In this paper we study some initial-boundary value problem for partial differential
equation of fourth order subject the nonclassical boundary conditions. We show the existence,
uniqueness and stability of the classical solution of this problem.
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1. Introduction

Let T' € R be the positive constant and Dy = {(z,t) €R? : 0 <2 < 1,0<t < T}.
We consider the following initial-boundary value problem for partial differential equa-
tion
(p (‘T)uw,x<xvt))x,x - (Q(x)um(‘r?t))x + r(x)utt(:z:,t) = f(a;,t), (xvt) € Dr, (1)

subject the non-local conditions
u(z,0) + diu(z, T) = p(x), w(z,0)+ dou(z,T) =1(z), 0 <z <1, (2)

and non-classical boundary conditions

w(0,8) = (t), 0 << T, (3)

e (0,1) = pa(t), 0< t < T, (4)

P (Dua(Lt) +ua(L,8) = ps(t), 0< ¢ < T, (5)

(p (@)t )alyey — a(D) s (L,8) = r(Du(L,t) = pu(t), 0t <T,  (6)
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where §;, i = 1, 2, are nonnegative constants, p € C?([0, 1]; (0, + o0)), ¢ € C*([0, 1]; (0, + 00)),
r € C([0,1]; (0, +00)), pi € C1([0, TI;R), i =1, 2, 3, 4, 9,9 € C*([0,1;R), f € C*!(Dr)
is a given function and u(x,t) is the desired function. Moreover, the following conditions

hold:

#1(0) + 811 (T) = ¢(0), 11(0) + 024y (T) = 1(0),
p12(0) + d1p2(T) = ©"(0), p(0) + d2415(T") = ¥"(0),
p3(0) + d13(T) = p ()" (1) + (1), p5(0) + dap3(T) = p ()" (1) +4'(1),

14(0) + 81p4(T) = (p ()" () |a=1 — (1)’ (1) — (f(1,0) + 01 f(1,T)) +
(0 (@)¢" ()" = (a(@)¢' (2)) [a=1 ,

)" () |e=1 = q(L)Y'(1) + (fe(1,0) + 62 f:(1,T)) +
(p (2)y" ()" — (g(x)¢' (2)) =1 -

Problem (1)-(6) describes the small bending vibrations of a non-homogeneous rod, the
left end of which is elastically fixed, and at the right end the mass is concentrated (see,
for example, [6, 9]).

For studying the classical solution of boundary value problems and initial-boundary
value problems for partial differential equations one of the main methods is the Fourier
method. The justification of this method is traditionally based on the uniform convergence
of the series representing the formal solution of the problem and the series obtained by its
term-by-term differentiation the required number of times (see, for example, [3-7, 9, 10,
12-14]). Uniform convergence of the series representing the formal solution of the problem
and obtained from it by term-by-term differentiation is proved using the basic properties
of the corresponding spectral problems.

In this work, using the Fourier method, we prove the existence of a classical solution
to problem (1)-(6), and also prove the uniqueness and stability of this solution.

113(0) + G2y (T) = (p (z
+(

—_— o~

2. Uniqueness of the solution of the initial-boundary value problem

(1)-(6)

In this section, we prove the uniqueness of the classical solution to the initial-boundary
value problem (1)-(6).
Let
C**(Dr) = {u(z,t) : u(z,t) € C*(Dr), Ugzaz(w,t) € C(Dr)} .

The classical solution of problem (1)-(6) is called the function u(x,t) € C*2(D7)
satisfying equation (1) in D7, conditions (2) in [0, 1] and conditions (3)-(6) in [0, 7] in the
usual sense (see, e.g., [9, 10]).

Theorem 1. Suppose that 62 + 63 < 1. Then problem (1)-(6) cannot have more than
one classical solution, i.e. if this problem has a classical solution u(x,t), then it is unique.
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Proof. Suppose that there are two classical solutions uq(z,t) and wuz(z,t) of problem
(1)-(6) and let
’U(]},t) = ul(xat) - u2($7t)7 (.%’,t) € D7T

Obviously, the function v(z,t), satisfies the following homogeneous equation
(p(x)vmz(xa t)):m - (Q(x)vm(x7 t)):v + r(x)vtt(xa t) = 07 ($, t) € DTa (7)

and conditions

o(2,0) + §10(x, T) = 0, v(2,0) + Savy(2,T) =0, 0 < 2 < 1, (8)
0(0,¢) =0, 0<t<T, (9)

02 (0,8) =0, 0 <t < T, (10)

p(Dtge(1,1) + ug(1,8) =0, 0 <t < T, (11)
(P(2) 02 (2, 1))z Jom1 — q(L)va(1,8) — r(Dvg(1,£) =0, 0 < t < T. (12)

Multiplying (7) by the function 2v;(x,t) and integrating the resulting equality in the
range from 0 to 1, we obtain

1 1
2{ T) Ve (2, 1)) gevr (2, t)dz — 2 [ (q(z)vy(x, 1)) i (2, t)dx +

1 0 (13)
2 [ r(z)vu(x, t)ve(z, t)dz = 0.
0

Note that

&.‘g‘

1 1
2/ x)vg(z, t)ve(z, t)d / x)vi(z, t)dr, 0 <t <T. (14)
0 0

Using the formula for the integration by parts and taking into account conditions (9)-(12)
we get the following relations

1
2({ )0z (2, 1)) pave(x, t)de = 2(p(x) Vg (2, 1))z =1 ve(1,8)—

1

2(p (2) vy (2, )z | =0 v¢(0, 1) 2{ ) Vg (2, 1)) p 0 (2, t)da =
1

2(p (2)vgg (2, )z la=1 ve(1,8) — 2{ (p (2)vge (2, 1)) 20 (2, t)da =

2(p (m)vm(:n )z lz=1 ve(1,t) — 2p (D vge (1, ) vee(z, 1) + 2p (0)v42(0, ) v (0, 8)+
2fp ) Vg (T, ) Vg (x, 8)dx = 2(p () Vg (2, 1) ) |w=1 v (1, 8)—

1
2p (1)vzz (1, t) v (x, 1) + %fp (x,t)dz,0 <t <T.
0
(15)
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20fl (q(x)vg(x,t))pve(z, t)dx = 2q(1) vy (1, t)ve(1,t) — 2g(0)v, (0, t)ve (0, ) — "
1 16
-2 gl‘ Q(‘/E)v:r:(x’ t)vtx($’ t)dx = QQ(l)Ux(lv t)vt(lv t) - % f)r Q(x)vg('% t)d1:7

Then by (14)-(16) it follows from (13) that

1 1 1
%bfp(a:)v%x(:c,t)dx—i—%fq xtdq:+dt0fr v}z, t)dx —
QQ(l)Uacx(l,t)Uta:<1,t) + 2((p( )Uxm(l' t)) ( )%(CE t)) |$ 1 ’Ut(l t) 07

1 1 1
4 bfp(x)v@(:c,t)dx%— %fq v:(z,t)dr + & {r(m) 2(x,t)dz+
20, (1, t) v (1,8) + 2r(1)vtt(1 Ho(1,t) =0, 0 <t <T.

which implies that

4 <0f1 (p (@)v2, (2, 1) + q(x)v2(z,t) + r(z)v} (2, t)) da+v2(1,t) + r(l)vf(l,t)) =0.

(17)
Let
1
= [ (p(z)vZ,(z,t) + q(x)v2(z,t) + r(z)vi(z,t)) do+ (18)
0
B0,0) + (iR 8), 0< < T.
then it follows from (17) that
2'(t)=0, t€[0,T],
and consequently,
z(t)=C, t €[0,T] (19)

where C' is some positive constant.
By (8) we get

2(0) = (61 + 03)2(T)

1
bfq@:)(vz(x, 0) = (0 + 8o T))do + [ (2)( 0.0) = (57 + B0, )it

0f1r<x><v5<x, 0) (82 + B2)l(e. T))dit

FO@1,0) — (5 + W21 T)) +2(1,0) — (5 + B02(1,T) =
5 [ r(a)ube. T — 7 J ale)ido T — 63 [ p(a)o2o, 7))o

()&, T) — 32(LT) = C(1 - (87 + 63) < 0
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whence, by relations 62 + 2 < 1 and C > 0, implies that C = 0. Then in view of (19), by
(18), we obtain

1

/ (p (z)v2,(z,t) + q(z)v2(z,t) + T(a:)vf(x,t)) dx +v2(1,t) + r(1)v?(1,t) = 0.

0

Therefore, it follows from last relation that

v(x,t) =0, ve(x,t) =0, vge(x,t) =0,

and consequently,
Ut(mat) = B, (xvt) € Dr,

where B is some constant.
In view of (8) we have

v(x,0) + 01v(z,T) = B(1+01) =
which, by d; > 0, we get B =0, i.e.,
v(z,t) =0 in Dr.

The proof of this theorem is complete.

3. Stability of the solution of the initial-boundary value problem (1)-(6)

In this section we prove the stability of the classical solution of the initial-boundary
value problem (1)-(6).

Theorem 2. Let 51 = 02 = 0, u; =0, i = 1, 2, 3, 4, and let the function u(x,t) €
C*%(Dr) solves problem (1)-(6). Then for this function the following inequality holds

(p (@) (. 1) + g(@)uf (2,0) + r(@)uf (@, 1) do + w3 (1,6) + r(Duf(1,1) <
< enT { j( (£)(2) + g@)[¢' @) + p (@)[¢" (@)]?) da + [ (D]P+ (20)

T1
D+ [ [z, t)dtdz 3 .
00

o .

Proof. Multiplying both parts of (1) by the function 2u;(z,t) and integrating the
resulting equality by x in the range from 0 to 1, we obtain
1
(p (x)urx(l') t))xacut(x7 t)dl‘ -2 f (Q(i)ux ('737 t))xut('xa t)dl‘—i—
1 - (21)
2 [ r(z)ug(z, t)u(z, t)de =2 [ f(z, t)u(z, t)de
0 0

2

Ct—r
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It is obvious that
1 1 1
2/f x, t)ug(z, t)de < /f%:c,t)dx—l—/u?(x,t)da:. (22)
0 0 0
y (17) and (22) we get

1
: <Of (p (2)uiy (2, 1) + q(z)ul(z,t) + r(z)ui(z,1)) do +ui(1,1) +7"(1)U?(17t)> <

f?(x,t)dx + fluf(x,t)d:n <
0 (23)

1
Off (z,t)dz + f ( ()u2, (z,t) + q(z)ui(z,t) + r(z)ui(z,t)) do <

1
[ 72 )+ Of (p (0)u2, (,1) + q(2)u (2, ) + r(2)ud(z, 1)) da, t € [0, ),

where 79 = min r(z).
z€[0,1]

In view of (18), by (23) we obtain

1
J(t) < /fQ(x,t)dx +ro2(t), t € [0, T,
0

or

d

1
pr (z(t)e ") < erot/f2(x,t)d$, te[0,7].
0

It follows from last relation that

T 1
2(t) < el {Z(O) + f2(a:,t)da:dt} , t€[0,T7]. (24)
[l

By initial conditions (2) we have the following relation

1
2(0) = gﬂ (P (2)uZ,(2,0) + q(@)ui(z, 0) + r(z)uf(z,0)) dv + u3(1,0) +
1

(p(2)¢"(2) + q(x) ™ () + r(2)9*(x)) dz + (1) + (25)

)
N—
Il

O —r

T1
)+ [ [ fA(z, t)dtda
00

Using (25) from (24) we obtain (20). The proof of this theorem is complete.
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Corollary 1. Let q(z) > 0 for x € [0,1] and let the conditions of Theorem 2 be
satisfied. Then the following inequality holds:

1

ju(e, ) < M {f (p(2)"(2) + q(2)9" () + r(2)P?(2)) dz + (1) +

0

T 1
r(?(1) + [ [ f2(z,t)dtdz 3, (x,t) € Dr,
00

1
2

1
— eroT _dz_
where M = €™ <0f i )
Remark 1. If the function ¢ takes zero values, then we have the following inequality:

1

g, 8)[2 < D { [ (p ) (@) +a(@)e(@) + () (@) de + (1) +

rU2(1) + ;f Oflfz(x,t)dtdx} ,

4. The existence of a classical solution to problem (1)-(6)

Suppose that f = 0 in Dy and pu; = 0 in [0,7] for i = 1, 2, 3, 4. In order to solve
problem (1)-(6) we apply the method of separation of variables. We will sought for a non-
trivial particular solution of equation (1) that satisfies the boundary conditions (3)-(6) in
the following form

u(z,t) = y(x)d(t), = €0,1], t € [0,T]. (26)
Taking (26) into account from (1) we obtain
(p (2)y"())"9(t) — (q(2)y' ()" D(t) + r(z)y(z)9" () = 0 (27)
which implies that
(p(2)y" ()" — (q(x)y'(x))" _ _9"() _
(@)y() =T M AEC 28)
Then the functions y(z) and 9(t) will satisfy the following ordinary differential equations
(P (2)y"(2))" = (g(2)y' ()" = Mr(2)y(x), 0 <z <1, (29)
and
V() +N(t) =0, 0<t<T, (30)
respectively.

By (26) and (28) it follows from (3)-(6) (with the use of conditions p; = 0 in [0, T'] for
i=1,2,3,4) that

y(0) =0, ¥"(0) =0, p(1)y"(1) +¥'(1) =0, Ty(1) + Ar(1)y(1) =0,
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where
Ty=@wy") —ay.
Thus, problem (1), (3)-(6) is reduced by the change of variables (26) to the spectral
problem
(p(2)y" ()" = (a(2)y ()" = Ar(z)y(z), 0 <z <1, (31)
y(0) =y"(0) =y'(1) +p ()y"(1) = 0, (32)
Ty(1) + Ar(1)y(1) = 0. (33)

A more general form of the spectral problem (31)-(33) was considered in [8] (see also [1]),
where the oscillatory properties of eigenfunctions and the basis properties of subsystems
of eigenfunctions in the space L, (0,1), 1 < p < oo, were considered.

Remark 2. By [8, Lemma 2.2 and Theorem 2.2] the eigenvalues of problem (31)-
(33) are real and simple and form an infinitely increasing sequence {\;}72 ;. Moreover,
multiplying both parts of (31) by y and integrating the resulting relation in the range
from 0 to 1 (using integration by parts) and taking the boundary conditions (32), (33)
into account we obtain

1 1

/ {p(2)y"™ (@) + q(x)y*(2) } da + (11) y*(1) = A /T(x)yZ(w)dx +r(L)y*(1)

0 b 0
whence, by the first condition in (32), implies that the eigenvalues of problem (31)-(33)
are positive, i.e., Ay > 0 for any k € N.

Remark 3. It follows from [8, formulas (3.3) and (3.4)] that

{*/Yk—(l“_vl)ﬂjLO(;), (34)

_ (k=) 7z

— e ¥ _|_

— COS

e (k=) 7z
yi(x) = sin —

(k—1) mx
v

(k—=1) 7 (xz—1)
(—Dfe 7 40 (),
where relation (35) holds uniformly for z € [0,1] and

1
= (3) o

Remark 4. Let s be an arbitrary fixed natural number. Then, by [8, Theorem 5.1],
the system {yx}72; ;s of eigenfunctions of problem (31)-(33) forms a basis in the space
L,((0,1);7), 1 < p < oo, which is an unconditional basis in L((0,1);7). Moreover, it
follows from the proof of [8, formula (4.3)] that each element vy, of the system {vg}72 .,
conjugate to the system {yk}z‘;l jzs 18 defined as follows:

o) =57 {un— 200} (36)
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where
1
/ 2)dz + r(1)y2(1) > 0.
0

Remark 5. In view of [8, Lemma 4.1 and relations (4.11)] we have the following
relation

1
ve(z) = yr(z) + O <k> . (37)
) 1 1
llykll3,, =1+ 0 A and yx(1) = O e (38)
where || - ||2,, is the norm in Ls((0,1);7).

Let H = L2((0,1);7) @ C be the Hilbert space with inner product

1
(@0 = (.} {onh = [ (@@ da+ (1) ms, (39)
0
We define the linear operator £ : D(L£) C H — H as follows:
- _iL o
i = £} = { s (Tol)) = To() |

where

D(L) = {{y (), m} : y € W(0,1), W) (Ty()) € L2(0,1),
y(0) =y"(0) =9'(0) + p(1)y"(1) =0, m =r(1)y(1)}
which is everywhere in H (see [1]). Then problem (31)-(33) is equivalent to the spectral

problem
Ly =Xy, § € D(L), (40)

i.e., the eigenvalues \g, k € N, of problems (31)-(33) and (39) coincide (counting multi-
plicities), and there exists a one-to-one correspondence between the their eigenfunctions,

ye(z) < {ye(z), mit, my = r(Dyk(1).

Since r is positive on [0, 1], the operator L is a self-adjoint discrete lower-semibounded
in H and hence the system of eigenvectors {g}72, of this operator forms an orthogonal
basis in H (see [1]).

For any k,n € N, k # n, we have

(ka @n) =0,

and consequently,

r(x)yr(z)yn(x)dx + r(1)yr(1)y, (1) = 0 for any k, € N, k # n. (41)

o
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Note that yx(1) # 0 for any k& € N. Indeed, if yx(1) = 0 for some k € N, then it
follows from (33) that T'yx(1) = 0. Moreover, due to the third condition in (32) we have
y'(1)y”(1) < 0. Then by the second part of Lemma 2.1 of [2] we get y/(0)y”(0) < 0 in
contradiction the second condition in (32).

Let ko be the arbitrary fixed positive integer. Then by (41) we have

1
/r(l‘)yk(l‘)yko (x)dx 4+ r(1)yr(1)yk, (1) = 0 for any k € N, k # ko,
0

which implies that

1
r(1)yx(1 yk / )Yk, (x)dx =0 for any k € N, k # ko, (42)
0
0

Thus, by (42), M\, k& € N, k # ko, are eigenvalues and yi, k € N, k # ko, are
corresponding eigenfunctions of the following spectral problem

(P (2)y"(2))" = (q(2)y'(x))" = Ar(z)y(z), 0 <z <1,

1
r(1)y(1) yko(l z)f )Yy (x)dz = 0.

Note that, unlike problem (31)-(33), problem (43) does not contain a spectral parameter
in the boundary conditions.

By first relation of (38), without loss of generality, we can assume that the functions yy,
k € N, are normalized in Ly((0,1);r). Then, by Remark 4.3, the system {yx(2)}72; 4,
forms a Riesz basis in the space L((0,1);7). In this case the system {vg(z)}32; jsp,

where
wlo) =0 {— 20 )},

is conjugate to the system {yx(2)}32; jx,- Hence for any function g € Ly((0,1);7) we
have

o0

9= geur(x), (44)

k=1,k+ko

where




On a Initial-Boundary Value Problem for Fourth-Order

Let the following conditions hold:

9(x), ¢'(x), ¢"(x), Tg(x) € C[0,1], g(0) =0, g"(0) =0, ¢'(1) + p(1)g"(1) = 0,

1
J(g) = o / r(@)g(2)yro ()dz = 0 and ()<Tg< 2)) € Ly(0,1).
0

For any g € D(L) we have
(LQIWE) = )\k(gk7§)7 ke N?

whence, by (39), we get

1
M / r(a 2)dz + Nr(Dye (g (1) = M3 = (L 3 =
0

1
(31 L7) =/yk )de — yp(1)Tg(1), k € N.

Thus, for any g € D(L) we obtain

1 1
Ak/r(fv)yk(ﬂf)g(%)dﬂﬂ = = Aer(Dyr(1)g(1) — ye(1)Tg(1) + /yk(fv)(Tg(ﬂc))/d% keN.
0 0

whence implies that

1
r(2)yky (2)g(x)dr = — Ager(Dyr(1)g(1) — yk(1)Tg(1)+
yko 0/

1

/T(x)ykzo (z)(Tg(x)) dx, k € N.

0

yk(1)
yko(l)

It follows from two last relations that

1

1
e [ o) {no) = 20 o) b+ O = 20) L [ ey (a)gta)d =
0 0

1
= A1)+ [ {unto) = 24 0 () )
0
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and consequently,

1
[ @) {no) = 2 g o) o =
0

—(Ak = Ak Juk(1) 4 7(1)g(1) + Yo (1)

1
yr(1) ,
0/ {yk(x) - v (1) yko(ﬂc)} (Tg) (x)dx

Since J(g) = 0 we have the following relation

Ojr(x)g( Yok d:z:)\lko/l da.

Lemma 1. Let the conditions g € C3[0,1], g € Wy(0,1), g(0) = ¢"(0) = ¢'(1) +
p(1)g"(1) =0 and J(g) = 0 be satisfied. Then the following relation holds:

1
/T(ﬂf)yko (x)g(x)dx 3 +
0

9 = Ay G

where
1

k1 = /r(x)G(x)vk(a:)dx, G(r)=——=,z€[0,1].

0

Corollary 2. Let the conditions of Lemma 4.1 be satisfied. Then one has the relation

S NMete S ogs /T
k=1, ktko A TS
Lemma 2. Let g1 = (Tg)' and the following conditions hold: p € C*[0,1], ¢ € C?[0,1],
geC™0,1], g€ Wz( 1), 9(0 =g"(0) =g (1) +p(1)g"(1) = 0, J(g) = 0 and g1(0) =

g(0) =g1(1) +p(L)g{(1) =0, J(g ) =0. Then we have the following relation:

gk = )‘]; 29/6,27 ke N) k 3& k07

where

1
Jrk2 = /T(x)g1(a?)vk(x)da:.
0
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Corollary 3. Let the conditions of Lemma 4.2 hold. Then one has the relation

Mg S g2 < [Ty,
[ P i SO

We will seek the solution to problem (1)-(6) in the form

[e.9]

ety = S wt)ya), (46)

k=1, k+ko

where

1
ug(t) = /r(x)u(w,t)vk(x)dx,
0

We apply the method of separation of variables to determine the desired functions
ug(t), k € N, k # ko. Then from (1) we obtain

3

yk0($)> s ke N, k 75 k().

u%(t) + )\kuk(t) =0, keN, k#ky te [O,T], (47)

u(0) + 0rur(T) = @k, up(0) + daup(T) = ¢y, k €N, k # ko, (48)

where
1

1

o= [ raelaone)iz, v = [ r@i@ue)de. kN k£ k
0 0

Solving problem (47), (48) by using Remark 4.1 we get

up(t) = [0k (cos pit + 02 cos pr(T — t))+ L (sin ppt — 61 sin p (T —t)) |,
or(T) Pk

where
Pk =V 0k(T) =1+ (01 + 02) cos pT + 6102.

The following theorem is the main result of this paper.
Theorem 3. Let the following conditions hold:

(i) 1+ 0102 > 01 + 02,
(i) p; =0,1=1, 2,3, 4, pe C*[0,1]; (0, +00)), g € C*([0,1]; [0, + 00)),

(iii) ¢ € C7([0,1];R), ¢ € WH(0,1), ¢(0) = ¢"(0) = ¢'(1) + p (1)¢"(1) = 0, J(0) =0
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and 6(0) = 6"(0) = ¢'(1) +p (1)6"(1) = 0, J(6) = 0, where & = L (T,

(iv) ¥ € C°([0, 1 R), ¥ € W5(0,1), ¢"(0) = ¢'(1) + p (1)¥"(1) = 0.
Then the function

> 1
U([L‘,t) = Z (T) [g@k(COS pkt+62 COSPk(T_ t))+
k=1, itk ZF
Yk (sin pyt — Oy sin pg(T — ¢
P 1sinpp(T — 1)) | yr(z)

is a classical solution of problem (1)-(6).
The proof of this theorem is similar to the proof of the justification of the Fourier
method in [10, § 23.5] (see also [9]) with the use of Lemmas 1, 2 and Corollaries 2, 3.
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