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Abstract: The paper is devoted to solutions of the third order pseudo-elliptic type equations.
An energy estimates for solutions of the equations considering transformation’s character of the body
form were established by using of an analog of the Saint-Venant principle. In consequence of this
estimate, the uniqueness theorems were obtained for solutions of the first boundary value problem
for third order equations in unlimited domains. The energy estimates are illustrated on two examples.
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1. Introduction

In the 19th century, A.J.C. Barré de Saint-Venant studied the planar theory of elasticity.
His principle is expressed as a prior estimate for a solution of a biharmonic equation satisfying
homogeneous boundary conditions of the first boundary value problem in the part of the domain
boundary (c.f., [1,2]). Many recent recent results are inspired by Saint-Venant principle (c.f., [3-5] and
many others).

The energetic estimates were received first in [6,7]. These estimates do not take into account
character of transformation of the body form at moving off from those part of the bound where exterior
forces are applied. In the paper [8], a proof of the Saint-Venant principle in the planar theory of elasticity
was obtained by different way. The energetic estimate was gained in the connection considered character
of transformation of the body form. The uniqueness theorem for the first boundary value problem of
the planar theory of elasticity in unlimited domains and also Pharagmen-Lindelof type theorems were
obtained as a corollary of the energetic estimate. The proofs of the Pharagmen-Lindelof type theorems
were done for equations of the theory of elasticity in [9] and for elliptic equations of higher order in the
papers [2,6,7,10-14]. The Saint-Venant principle for a cylindrical body was studied in [15].

Boundary value problems have applications in fluid dynamics, astrophysics, hydrodynamic,
hydromagnetic stability, astronomy, beam and long wave theory, induction motors, engineering,
and applied physics. Boundary value problems of higher order is studied in papers [16,17].
An overview of some results on the class of functions with subharmonic behaviour and their invariance
properties under conformal and quasiconformal mappings is presented in [18].

An analog of the Saint-Venant principle, uniqueness theorems in unlimited domains,
and Pharagmen-Lindelof type theorems in the theory of elasticity were derived for the system
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of equations in the case of space with boundary conditions of the first boundary value problem
(c.f., [19,20]). Similar results were obtained for the mixed problems in [21].
We shall note else work [12,22], which by means of principle Saint-Venant’s is studied asymptotic
characteristic of the solutions of the third order equations of the composite type and dynamic systems.
Boundary value problems have applications in fluid dynamics, astrophysics, hydrodynamic,
hydromagnetic stability, astronomy, beam and long wave theory, induction motors, engineering,
and applied physics.

2. Notations and Formulation of the Problem
Consider in the unlimited domain Q the equation

Lolu + Lyu + Mu = f(x,y,t) (1)

where
Iu = u +a*(X)uy, +ao(x)u, Liu= b (x)txx; + ' (x)ux,,

Lou = up — aij(x)uxixj + ai(x)uxi + ap(x)u,
Mu = P (x)uy,y, + cP (x)uy, + co(x)u.

We suppose here and later on that the summation is carried out by repeating indexes,
all coefficients in (1) and their derivatives are bounded and measurable in any finite subdomain
of the domain Q. Furthermore, we suppose that boundary of Q is smooth or piecewise-smooth.
We assume that the operators L,, M are uniformly elliptic, i.e.,

al =a, Ao|Ef? <algig < MR, forall (x,yt) € QUAQ, forall ¢eR™TMH

T =c,  polé? < a5 < m|E?, forall (x,y,t) € QUIQ, forall ¢eR™ML (2

LetG=D x Qandv(x) = (Vays e v e s Vs Vyi,eeey vym,vt) is a vector of the inner normal of Q in the
point (x,y,t).
We break up the bound of Q. Denote
o0 = {(x,y,t) €3G x (0,T) : a*v = 0},

o1 = {(x,y,t) €3G x (0,T) : ", > 0},
o = {(x,y,t) €3G x (0,T) : a*v < 0},

Consider in Q the boundary value problem
Lolu+ Liu+ Mu = f(x,y,t),

u|aQ = O, ockuxk|gz =0. (3)

Define the operator d:
du = (b7 + a"aﬁ{k — apa’ + aij)uxixj + (V' + woa' — a'ak, + a'ag — a})uy, + (ag, — woag)u =
dijuxl.xj + diuxi + du.
Assume that the condition
Al =dl', yolg)* <dIEE < mlE?, forall (x,y,t) € QUOQ, forall &eR™M™T (4

holds.



Axioms 2020, 9, 80 30f8

Let
Qr=0Qn{(x,y,t):0<y; <7}, 9Gr=0GN{y:0<y; <71},

0or = {(x.y.t) € 3G x (0,T) : aky = 0},
o1 = {(x,y,t) € 3G; x (0,T) : a*vj. > 0},
o = {(x,y,t) € 3G x (0,T) : aFvy < 0}.

For some h > 0, define

Oope =1y, t) € oot p((x,y,t),000) > R}, ‘75’,7 = 02,0\ O,z

Let E(Q-) be a set of functions v € C2 (Q,) such that v = 0in G x (0, T) and a*vy, = 0 on
0ot Yo, U (TQT for some h > 0.
We denote as H(Q-) the Hilbert space obtained by closing E(Q-) with respect to the norm

2
lullfg.) = {/ (dlljuxiuxj + uy, iy, +u%+u2) dxdydt — /uckvkuijuxiuxjds} ,

Qr 02,r

where 1
dllj = —~dla

i 1y . .. 1 .
_ ] qt [ A— 1)
7 : zat—l—(xa +d a’,

2X0
dl =d, poleP <dleg < B, forall (x,y,t) € QUAIQ, forall §eRMMH
Now consider bilinear form
a(u,v) = / [akaifuxivxjxk + aifuxivxjt + (zxkag]. — ociak) Uy, Ux;+
Qr
dijuxivxj + (di — dif]) uvy, + (ai +a+ zxi) Uy vt + Py, vy, + (c” - cﬁg) uvy, +
uvr + (o + ap) uvy + (cﬁi1 —co— C;qu +d+ d;’. + dzij) uv dx dy dt.
Definition 1. If u(x,y,t) € H(Q<) for any T < 400 and
a(u,v) = /fvdxdydt (5)
Qr

for an arbitrary function v € E(Q<), v|ls, = 0 where Sz = QN {(x,y,t) : y1 = T}, then the function
u(x,y, t) is said to be a generalized solution of the problem (1),(3) in the domain Q.

3. Energy Inequalities

Theorem 1. (Analog of the Saint-Venant principle)
ij i . = 1 4ij 1 i 1 1
Let =1 < al +a'+ag < 0,0 = dy— Ed,{].x]. + 3dy, — syl + 3ch, — <o
0, forall (x,y,t)€ QUIQ.
If u(x,y, t)is generalized solution of the problem (1), (3) and f(x,y,t) = 0at y; < T, then for any .
such that 0 < Ty < 1y, takes place

IN

0y <

/E(u)dxdydtgfb_l(rl,rz) / E(u)dx dy dt (6)
er QTZ

where E(u) = d"ux,ux, + cPluy,uy, + u? — 0u?.
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Here ® (7, 12) is a solution of the problem

P =—u(t)®, H<t<7D,

@)

CD(Tz, Tz) = 1,

u(T) is an arbitrary continuous function such that
-1

0 < p(r) < inf /E(v)dxdy’ dt /P(v)dxdy’ | Y, ®)

St St

]/, = (y21y3/ .. -r]/m);
1 1

P(v) = —c”lvvyp + > (c1 — cy;’) 02, )

N is the set of continuously differentiable functions in the neighborhood of St which are equal to zero in
S:N (G x (0,T)).

Proof. Assumein (5) v = u,, (¥ (y1) — 1) where ¥(y1) = ®(1, ) if 0 < i1 <1, ¥(1y1) = @(y1, ) if
T <y1<mand¥(y1) =1lif 1 <y;.

um € E(Qr),  lum — ulgo,) =0, u€ H(Q).

Then
a(u — 4+, un (¥ —1)) =0 in Qx,.
Therefore
a(um/ Um (T - 1)) =0y in QTZ (10)
where 6, = —a(u — tty, uy (¥ —1)).

It is obvious that §,;, — 0 at m — +4-o0. Integrating by parts (10), we have

/E(um)(‘I’—l)dxdydtg /P(um)‘i"dxdydt+5m.

Ory Ory
Hence
/E(um)(‘I’— Vdxdydt < / P(ity) ¥ dy dt + 6. (11)
QTZ QTz\QT]

The estimation (6) follows from (8) and (11) at m — +o0. O

Now we will estimate (1) in case when S; can be included to the (n + m)-dimensional
parallelepiped which smallest edge is equal to A(T). Suppose that

1
mix { <2c1 — C;Z) ,0} = ’y(T), Héijxcpl = ,B(T)

Applying the Friedreich and Cauchy-Bunyakovsky inequalities, we have from (9)

Lo 0\ 200 40/
< +| [ 5 (1 =) vPdxdy/ dt| <

St

/c”lvvypdx dy’ dt

T

/P(v)dx dy' dt
St
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1 1
2 2
B(7) L/ v2dx dy' dt] L/ vﬁpdx dy' dt] +7(T)/vzdx dy' dt <

T T ST

(B(TM(T) + 7<TM2(T)> /E(v)dxdy’ dt.
St

Y0 270
Therefore we can set
2 2 -
u(1) = 70 (RBTA(T) + A2 (7)) -
1 1g : —
If (c - 2qu> < 0in Sy, then y(7) = 0. Consequently
Y0
M0 = Feoae)

Example 1.

<

1. Letasy, > 1 > O, the domain Q lies inside the rotation body |y'| < —(y1 +1), i.e, Aly1) <

M(y1 +1), M > 0. We have from (15)

2

__me(va) _
V(yl)*mr c(y1) B(y1)

Suppose that c(x1) = ¢ = const > 0.

In this case, from the inequality (6) we have

te
/E(u)dxdydt <o Y7,n) / E(u)dxdydt < <:111> /E(u)dxdydt.
2

Q Tl Q 13 153

2. Consider an example of Q for which

k-1] 1!
Ayp) < e [(yl +1) } ,k = const > 0.

It is clear that if k > 1, the domain Q is narrowing at x; — +o0. If k = 1, then A(x1) < 7tc and this case
includes domains lying in the band with the width rtc. If 0 < k < 1, then Q can be extended respectively
at x; — —+oo. For this kind of domains, we can assume

wi) < g+
Then the estimate (6) is valid for considered domains if
& (1, 12) = 2exp [—(Tz +1f 4 (1 + 1)k] :

As a corollary of the Saint-Venant principle, we have the uniqueness theorem for the problem (1),
(3) in unlimited domain Q for classes of functions increasing in infinity depending from A(7).
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Theorem 2. Let f(x,y,t) = 0in Q and conditions of theorem 1 hold. If u(x,y, t) is a generalized solution of
the problem (1), (3) in Q and for a sequence Ty, — +00 at m — +00 and some 1, = const > 0,

/ E(u)dx dydt < ()P (7, Tn) (13)
QTm

where €(Ty) — 0at T, — 400, then u = 0in Q.

Proof. We have from (6) considering (13)

/ E(u)dxdydt < ® (r., T) / E(u)dxdydt < e(tm) — 0

% QTZ

at T, — +oo. Hence u = 0in Q).
Further for any fixed r; > r., we have
Tm

.Tfm}‘(s)ds J u(s)ds ?;t(s)ds
O(r, Tm) = €™ =en e = c®(ry, Tn)

Therefore

/ E(u)dxdydt < ® 1(r, ) / E(u)dxdydt < & 1(ry, T)e(Tn) ®(re, Tn) =
Qel QTm

cle(ty) = 0 as T, — +oo.

Hence, u = 0 in Q,. Since r; was chosen arbitrary, u = 0in Q. [

4. Conclusions

In the present paper, the analogy of the Saint-Venant principle is established for the generalized
solution of the third order pseudoelliptical type equation. Furthermore, uniqueness theorems are
obtained for solutions of the first boundary value problem in classes of functions increasing in infinity
depending on the geometric characteristics of the domain Q = D x Q x (0,T), were D C R} = {y:
y1 > 0}, Qis bounded domain. Boundary value problems for the third order pseudoelliptical type
equations in bounded domains were considered in [13].

The main goal of our research on these problems consists of the following parts:

(1) Establish energy estimates (analogous to the Saint-Venant’s principle) that allow us to determine
the widest class of uniqueness of solutions to the problem depending on the geometric
characteristics of the domain.

(2) Construction of the solution of the problem under study on an unbounded domain in classes of
functions growing at infinity.

(3) Establish estimates for solutions of the problem and its derivatives at infinitely remote
boundary points.

The first part of our research on these problems is given in this paper. The remaining two parts
will be studied in the future, which will be performed on the basis of this paper. Therefore, the results
of this article are necessary and relevant for further qualitative research to solve third-order equations
in the vicinity of irregular boundary points.
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