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Abstract. We derive Green’s formulas for the system of differential
equations of stationary oscillations in the theory of elastic mixtures, which
enable us to prove the uniqueness theorems for solutions of the boundary
value problems. The jump formulas for single and double-layer potentials
are derived. Using the theories of potentials and integral equations the
existence of solutions is proved.
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1. INTRODUCTION

Elastic composite materials with complex structures, as well as with
structures composed of substantially differing materials are widely applied
in the modern technological processes. Hemitropic elastic materials, mix-
tures produced from two or more elastic materials, etc., belong to the class
of such composite materials and structures. The study of practical problems
of mechanical properties of such materials naturally results in the necessity
to develop mathematical models, which would allow to get more precise
description of actual processes ongoing during the experiments. Mathemat-
ical modeling for such materials commenced as early as in the sixties of
the past century. The first mathematical model of an elastic mixture (solid
with solid), the so-called diffuse model, was developed by A. Green and
T. Steel in 1966. In this model, the interaction force between components
depends upon the difference of displacement vectors of components. In the
same year they have developed the single-temperature thermoelasticity the-
ory diffuse model of the elastic mixtures. Mathematical model of the linear
theory of thermoelasticity of two-temperature elastic mixtures for the com-
posites of granular, fibrous and layered structures was developed in 1984 by
L. Khoroshun and N. Soltanov. Normally, the study of processes ongoing
in the body is reduced, in the relevant mathematical model described by
the system of differential equations with partial derivatives, to the study of
boundary value problems (BVPs), mixed type BVPs and boundary-contact
problems, and also the fundamental matrix for solving the system of dif-
ferential equations playing a substantial role. For the diffuse and displace-
ment models of the two-component mixtures (single-temperature) thermoe-
lasticity theory, the issue of steadiness and correctness, identification of
the asymptotic behavior of problem solution, proving of the uniqueness
and existence theorems, solution of the BVPs for the domains bounded
by the specific surfaces, as absolutely and uniformly convergent series, are
studied by many scientists, among them: Alves, Munoz Rivera, Quin-
tanilla [2], Basheleishvili [3], Basheleishvili, Zazashvili [4], Burchuladze,
Svanadze [6], Gales [9], Giorgashvili, Skhvitaridze [13], [12], Giorgashvili,
Karseladze, Sadunishvili [11], Iesan [18], Nappa [29], Natroshvili, Jagh-
maidze, Svanadze [36], Svanadze [42], Quintanilla [41], Pompei [40], etc.

In this paper we derive Green’s formulas for the system of differential
equations of stationary oscillations in the theory of elastic mixtures, which
enable us to prove the uniqueness theorems for solutions of the boundary
value problems. Further, we establish mapping properties and jump for-
mulas for the single and double-layer potentials, and analyse the Fredholm
properties of the corresponding boundary operators. Using the potential
method and the theory of singular integral equations, the existence of solu-
tions to the basic boundary value problems is proved.
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We treat here only the classical setting of basic boundary value problems
for smooth domains, however applying the results obtained in the refer-
ences: Agranovich [1], Buchukuri, Chkadua, Duduchava, Natroshvili [5],
Duduchava, Natroshvili [8], Gao [10], Jentsch, Natroshvili [19-21], Jentsch,
Natroshvili, Wendland [22, 23], Kupradze, Gegelia, Basheleishvili, Burchu-
ladze [25], Mitrea, Mitrea, Pipher [28], Natroshvili [30-32], Natroshvili,
Giorgashvili, Stratis [33], Natroshvili, Giorgashvili, Zazashvili [34], Natro-
shvili, Kharibegashvili, Tediashvili [37], Natroshvili, Sadunishvili [38], Na-~
troshvili, Stratis [39], and using the same type approaches and reasonings,
one can analyze the generalized basic and mixed type boundary value prob-
lems, as well as crack type and interface problems in Sobolev—Slobodetskii
and Bessel potential spaces for smooth and Lipschitz domains.

2. BASIC DIFFERENTIAL EQUATIONS

The basic dynamical relationships for the two-component elastic mix-
tures, taking two-temperature thermal field into consideration, are math-
ematically described by the following system of partial differential equa-
tions [24]

a1 Au'(x,t) + by grad divu/(z, t) + cAu” (z, )+
+dgraddivu” (z,t) — s [ (z,t) — v’ (z,t)] -
—my grad ¥ (z,t) — o grad 9o (, ) + p1 F' (w,t) = p10fu (z, 1),
cA (x,t) + dgrad divu'(z,t) + as Au” (z,t)+
+b grad divu” (z, t) + s[u' (2, t) — u" (z,t)]—
—( grad 9y (o, t) — (o grad 9o(x,t) + poF'' (2,t) = pediu’ (x,1),
s AV (2, 1) 4 202 A05(x, t) — o[V (, t) — Vo (w, t)] -
—m div Ot/ (z, 1) — ¢ div O (2, 1) + G' (z,t) = ' 091 (2, 1),
s A1 (2, 1) 4 263 A02(, t) + o [V1(, 1) — Vo, t)] -
—no div O/ (z,t) — (o div Oy (z,t) + G" (2, t) = " 002 (2, 1),

(2.1)

where A is the three-dimensional Laplace operator, u’ = (u}, ub, u3) ", v’ =

(uf,uf,uf) T are partial displacement vectors, 11 and 5 are temperatures of
each component of the mixture, F' = (F}, Fy, F})", F" = (F{', Fy, F}) T are
the mass forces, G’, G" are the thermal sources located in the components,
aj, bj, ¢, d are the elasticity coefficients, s, n;, (;, »;j, 23, 3¢, 5", o, j = 1,2,
are the mechanical and thermal constants of the elastic mixture, p;, p2 are
the densities of mixture components, ¢ is a time variable, x = (z1, 22, z3) is
a point in the three-dimensional Cartesian space, T denotes transposition.

In the system (2.1), aj, bj, ¢, d, j = 1,2, are the constants given as
follows [15,17]

ay = p1 — As, b1=ﬂ1+)\5+)\1—%2a07
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— fi2 = Xs, bo = pa+ A5+ Ao+ 22
G2 = [2 — A5, 02 = U2+ As + 2+?0407

c= 3+ As, dZMB—A5+)\3—%a0, ag = A3 — g, p=p1+p2,

where A1, A2, ..., A5, 41, po, pu3 are elastic constants satisfying the condi-
tions

2
p1 >0, A5 <0, pips —p3 >0, >\1+§M1—%a0>07

2 2 2 2
(>\1+*M1 - &Oéo)(/\2+*u2 - &Oto) > <)\3+*#3* &040) :
3 P 3 p 3 p
From these inequalities it follows that

a1 >0, a1 +b >0,

2.2
dyi=aras— @ >0, dy o= (an +b)(ar +ba) — (e d)? >0, D)
In addition, from physical considerations it follows that
p1>0, po>0, a>0, >0, >0, >0,
(2.3)

5, >0, §=1,2,3, dy:= 31503 — 35 > 0.

If all the functions involved in the system (2.1) are harmonic time depen-
dent, i.e., v/(z,t) = v/ () exp(—iot), v (x,t) = u” (x) exp(—iot), $1(z,t) =
91 (z) exp(—iot), Ya(x,t) = Va(x)exp(—iot), F'(x,t) = F'(x)exp(—iot),
F'"(z,t) = F"(x)exp(—iot), G'(z,t) = G'(z)exp(—iot), G'(z,t) =
G" (z) exp(—iot), where o € R is oscillation frequency, i = v/—1, then from
the system (2.1) we obtain the following system of differential equations of
the theory of stationary oscillations of two-temperature elastic mixture:

a1 Av/(x) + by grad div e’ (z) + cAu” () + d grad div u” (z)—
—s[u/(z) —u"(z)] — m grad 9y (x) — no grad ¥a(z)+
+p10%u (x) = —p1 F'(2),
cAu (z) + dgrad div v/ (z) + agAu” (z) + be grad divu” (z)+
+[u' (z) — u(x)] — ¢ grad 91 (z) — (o grad P (@) +
T p20u"(2) = —pa (),
s AV (2) 4 202A02(2) — a[V1(2) — 92(2)] +iom dive (z)+
+ioC divu’ (z) + i0' V1 (z) = -G’ (),
s A1 () + 23A02(2) + a[V1(2) — 92(z)] + ione dive (z)+
+ioCa divu’(z) + ios"92(x) = =G (z);
here v, v, F’, F" are the complex vector-functions and 91, 92, G', G”,
are the complex scalar functions.
If 0 = 01 + i02 is a complex parameter and o9 # 0, then (2.4) is called

the system of differential equations of pseudooscillations, and if ¢ = 0, then
(2.4) is the system of differential equations of statics.
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Let us introduce the matrix differential operator of order 8 x 8, generated
by the left hand side expressions in system (2.4),

LM9,0) L®0,0) LOO,0) LO9,0)
L(0,0) = LEZ 0,0) LW@d,0) LD@,0) L®(,0) |
LO@,0) L19,0) LM(9,0) LIY(0,0)
L(ll)(a,g) ,(12) (5 o) L(15)(370) L(16)(a70_) s
where
LU0, 0) := (a1 A + ') I3 + 01Q(),
L®(0,0) = L®(8,0) = (cA + )Is + dQ(d),
LW(D,0) := (azA + o) I3 + bQ(),
LD (3,0) = VT, L6+ (@,0) = —(,;VT, j=1,2,
LO9,0) == iomV, L1V(0,0) := i0(,V,
L8, 0) := ionyV, LIP(9,0) = ic(,V
LU(9,0) = A + ar, LU0, 0) = 530 + az,
L(M)(a, o) = L(15)(3, o) = A +

here o = —s+ p102, ' = —s + p0? ay = —a +ioi, ay = —a +ioxH",
V = V(a) = [61,82,83}, 0= (81,62763), 8j = 6/8mj, j=1,2,3, I3 is the
3 x 3 unit matrix, Q(0) := [0k0}]3x3.

Applying these notation, the system (2.4) can be written as

L(0,0)U(z) = ®(x),
where U = (u/,u",91,02) 7, ® = (—p1 F', —p2 "', —G', —G") T
In what follows, we apply the following differential operators:

[2670) L67(0) [O3x1 [0
L") Le(@) [Osx1 [0

[0lixz  [0lixz A  eA
| Olixs  [Olixs  22A  3aA ] o
= o K@) L)
2670) L§"(0)

7

6x6

where
L(0) = a1 A + 5,Q(),
L2 (9) = LY(9) := clsA + dQ(0),
LY(8) := agIsA + b2Q(0).
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Further let us introduce the operators

TW(9,n) TP (9,n)
T(@,n) = [T(3) 0,n) TW (a,n)LXﬁ’ (2:6)
!
T0@.m) = [1)0m)] . 1=13,
where [15, 16]
T3 (0,m) = (i — As)0k; O + (1 + A5 ) O+
p
+ (/\1 - ?2 Oéo)nkaj,
ng)(aa n) = T;Ej) (0,n) 1= (3 + A5)0k;On + (13 — A5)n;0k+
p
+ ()\3 - ?1 Oéo)nkaj,
T (0,m) = (2 — As)k; O + (2 + As)n O+
P
+ ()\2 + ?1 Oéo)nkaj,
where 0,, = 0/0,, is the normal derivative, n = (ny,ns,n3);
'T(l)(& ?’l) T(Q) (6, ’fl) [0]3><1 [0}3><1
Tom = | 0@ 70O O D)
[0]1x3 [0lixz 210, 20,
L [0)ixs [Olixs 5020, 530014, 4
M (9,n) TP(O,n) —mn' —non’
P(a’ 71) = T(S) (67 n) T(4) (81 n) _ClnT _CZnT ,
[0]1x3 [0]1x3 310, 3020,
L [0)ixs [0]1x3 0, 730n 1g
[T (9,n) TP (0,n) —iomn' —ionen’
T®3) T4 —i T T
P*(a7 ﬂ) = (aa n) (aa n) ’LUCIn ZUC2n : (27)
[0]1x3 [0]1x3 510y, 520,
L [0lixs [0]1x3 #20n 2300 lgy g

where T®(d,n), | = 1,2,3,4, are given by (2.6), n| = (n1,n2,n3)".

3. GREEN’S FORMULAS

Let Q1 be a finite three-dimensional region bounded by the Lyapunov
surface 9Q; Q= :=R3\ QF.

Definition 3.1. A vector U = (u/,u”,91,92) " will be called regular in
a domain Q C R® if U € C*(Q) N C*(Q).
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Let
T NnNT ro o NT o NT
U:(u719) ? V:(’U719) ) U:(U,u) ) U:(U,U) )
T ! ! INT
9= (91,92) , ¥ =(],05)" .

It can be proved that for regular vectors v and v, the following Green’s
formula is valid [36]

/v Lo(d)udx = /[U(Z)]+ [T(0, n)u(z)]" ds — /E(u,v) dx, (3.1)
Q+ o9 Qt
where the differential operator T(9,n) is given by formula (2.6), n(z) is the
3
outward unit normal vector w.r.t. QF at the point z € 9Q, a-b =Y a;b;
j=1

is the scalar product of vectors a and b, and E(u,v) is a quatratic form
defined as follows:

E(u,v) = ()\1 _e ao) dive' dive + ()\2 + & Cv0> divo” div '+
0 0

+ ()\3 o ao) (divo' dive” + dive” diva')+

0
3 3
+19. 20 (0 4 ) Oyl + O )45 D Ol ) Oy + D)+
k,j=1 Pyt
. 3
" % 2 [(ajU;“Jra’“U;)(aj““ak“g)+(5jvg+3k”§'/)(aju;+8ku3) -
k,j=1
IR

(ijfc —ak’I}; —8jv§€’+8kv;-’)(8ju§€ —8ku;- —@-u%—i—@ku;-'). (32)
kj—1

Rewrite the vector L(0,0)U as

L(0,0)U = Lo(d)U + Ly(0,0)U, (3.3)
where
o' + seu” — VT — VT 0y
l "y 1o VT19 _ VT19
L@,o) = | X T AV =GV (3.4)
iom Vu' +ic(iVu" + ayd) + adsy
ionaVu' +ic(oVu” + ady + astdy x1
Note that

V-Lo(0)U = v- Lo(8)u+10, (31 AV1 4 365 A2) + 0% (300 A1 + 363 A05). (3.5)
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The following equality is valid [43]

/%Mj dz =
O+
:/[19;(z)an19j(z)}+ds—/(vW;.vTﬁj) dr, k,j=1,2.  (3.6)
o0 Q+

Using equalities (3.1) and (3.6), from (3.5) we have

/V'Lo(a)de:/[V(z)of(a,n)U(z)]ers—/E(U, V)dz, (3.7)

Q+ [219] Q+

where

EU,V) = E(u,v) + (V9 - V) +
+ 50 (VTO -V 0 + VT, VT +565(V 0 - V)
and E(u,v) is given by (3.2).

Multiplying both sides of equality (3.4) by vector V = (v,9’) " and taking
into consideration the equality

/v’.VTﬁj dx:/[ﬂj(z)(n(z)-v’(z))]+ds—/ﬂva’dz, ji=12, (3.8)

Q+ o0 Q+

we obtain

+
V250,00 do= [[(mortnv) 0o+ (Grovt ata) )] ds
Q+ oQ
+ / |:’Ul(a,ul + J{1/1‘//) +’U//(%u/ +a//u//)+
O+

+i0 (77119'1Vu’ + (VU 4+ oV + C2?9'2Vu")—|—
+ 19/1 (041191 + Oz’l92) + 195(0[’[91 + 042192)} dr. (39)

Combining equalities (3.7) and (3.9) we get

+
/ V. L(0,0)U du = / V) - P@.mU)] ds-
Q+ oN
/{E(U, V)=v" - (&'u' 4 seu”) =" - (e +0"u") —io) (m V' + G V' -
O+
—igV5(neVu' + (Vu") — 91 (ard1 + ads) — 95 (ady + 012192)} dr. (3.10)



10 L. Giorgashvili, G. Karseladze, G. Sadunishvili, and Sh. Zazashvili

With the help of equality (3.10), we derive

/ [v L(B,0)U — U - L*(B,J)V] de =

Q+

+
_ / V@) PEUE) - UE) - P @nVE)] ds, (3.11)
o0
where L*(9,0) = [L(-0, 0)]T and P*(0,n) is given by (2.7). The formulas
(3.10) and (3.11) are Green’s formulas.

Assume that a vector U= (u,d) " is e solution of equation L(9,)U = 0.

According to (3.3) we obtain

Lo(0)U + Ly(9,0)U = 0, (3.12)
where Lo(9) is given by formula (2.5) and L{,(9,0)U is defined by equal-
ity (3.4).

Let us multiply the first equation of (3.12) by the vector @', the second
one by the vector %’ and the complex conjugates of the third and fourth
equations, respectively, by the functions %191 and %192 and sum up. In
addition, taking into consideration equalities (3.1) and (3.8), we obtain

/ |:— E(u,ﬂ)—i—% (d3|VT191|2+|%2VT191 +%3VT’[92|2> —%\u/—u”|2+
30

O+

(%)
+p1a2\u’\2 —|—p202|u”|2 + g ‘191 _?92|2 _ (%l|191|2 +%//|192|2)] dz+

+ / {U(Z)T(a,n)u(z) — (M1 +n292)(n - @) = (G + C2O2)(n - ")~
o0
; +
— % <d3'l918n§1 + (%2'(91 + %3192)(%28n51 + %38n192)>} dS = 0 (313)
30
Here @ is the complex conjugate of v and
ds
a1+by

1
E(u,u)= | divu[*+ ——— [(a1+b1) div v+ (c+d) div u"|2—|—
a1+by

3 3
dy 1 )
+2Tl1 Z |6ju§é+8ku;f\2+ﬂ Z |f“1(aju;’+6k“})+ﬂ3(3ju%+8ku;’)‘ _
k;ﬁj:l k#jZl

3
s ,
-3 kzl |0jup, — Oy — Djuy, + ]| >0, (3.14)
J=

where dy = pype — p3 > 0. The sesquilinear form E(u,%) is obtained from
formula (3.2) by substituting the vectors v" and v" by the vectors @’ and u”,
respectively, and taking into consideration that A\; — %2 g =a; +by —2uq,
)\2"’%0[0 = ag + by — 2us, /\3—%06():04—6[—2#3.
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4. FORMULATION OF PROBLEMS. UNIQUENESS THEOREMS
Problem (I(®))* (Dirichlet’s problem). Find a regular vector U =
(u',u”,91,02) " satisfying the system of differential equations
L(0,0)U(z) = ®*(x), z € QF, (4.1)
and the boundary conditions

(U} = f(2), z€0%; (4.2)

Problem (II”))* (Neumann’s problem). Find a regular vector U =
(u',u",91,02) " satisfying (4.1) and the boundary conditions

{P(0,n)U(2)}* = F(z2), z€0Q; (4.3)
here ®* are eight-component given vectors in QF, respectively while
F=W @ O T p = (FMD F@ pG) p@O)T
O = (fl(j)’fQ(j)J?Ej))T, ) — (Fl(]')7F2(j)7F3(j)>T7 j=1,2

with f0), FU) j = 3,4, being scalar function are assumed to be given on
the boundary 9QF; n(z) is the outward unit normal vector w.r.t. QF at the
point z € 01.

In the case of the exterior problems for the domain Q~, a vector U(x) in a
neighbourhood of infinity has to satisfy some sufficient vanishing conditions
allowing one to write Green’s formula (3.13) for the domain Q™.

Theorem 4.1. If 0 = 01 + i02, where 01 € R, 02 > 0, then the homo-
geneous problems (I)T and (1) (&t =0, f =0, F = 0) have only
the trivial solution.

Proof. If in equation (3.13) we take into consideration the homogeneous
boundary conditions, we obtain

/ |:— E(u,ﬂ)—i—% (d3|VT191|2+|%2VT191 +%3VT’[92|2) —%\u’—u"|2+
30

O+

+ p102|u’\2+p202\u”|2—|—% |’L91 —192|2— (%l|1912+%//|192|2):| dr=0. (44)
Separating the imaginary part of the equation (4.4), we obtain

1
o1 / |: (d3|VT191|2 + |%2VT191 =+ %3VT192|2>+
3o
a+
+ 2p109|u/ |2 + 2paca|u”|? + ﬁ |91 — 192|2} dx=0. (4.5)
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Assuming that o1 # 0, from (4.5) we get v/(z) = 0, v (x) = 0, ¥1(z) =
Yo(z) = const, x € QF. Taking these data into account in (4.4), we obtain
91(x) = 92(z) =0, 2 € Q. If 03 = 0, then from (4.4) we have

1
/[E(u,u)—i— (d3|VT191|2+|%2VT191+%3VT192|2)+%|u’—u”|2+
X302

O+
+ p102 | 2+ pao2u P+ |q91—q92|2+(%'|01|2+%”M?)} dz=0.
02

From this equation we easily deduce v/(z) = 0, u”(z) = 0, ¥1(z) = 0,
Yo(z) =0, 2 € QF. O

5. INTEGRAL REPRESENTATION FORMULAS

The fundamental matrix of solutions of the homogeneous system of differ-
ential equations of pseudo-oscillations of the two-temperature elastic mix-
tures theory reads as ( [14,42]):

[(z,0) =
Uy(z,0)  Uolz,0) VI W(z,0) VIWUy(z,0)
_ 1 Us(z,0)  Wu(z,0) VT Us(x,0) VI Wig(z,0) (5.1)
Amdydyd3| VU 7(z,0) VUs(2,0)  Us(z,0) Uo(z,0) |
VUig(x,0) VUgo(x,0) Pr(z,0) Ug(x,0)
where dy, dy are given by (2.2) and d3 is given by (2.3),
Uy (z,0) = U1 (x,0)I5 + Q(0)Vg(z,0),
Uy(z,0) = Wy(x,0) I3 + Q(8)W1o(x,0),
@3(%,0) = \]:13(‘7;’ 0)13 + Q(a)\:[lll(xva)a
Uy(z,0) = Ua(w,0)I5 + Q(0)V12(z, 0),
2 elkjlz‘
\Ijl(xaa) _ijﬁl] “’E| 9 l_172a3a47
j=1
6 « eikjlm‘
_s(z,0) = ijﬁle’ [ =13,14,15, 16,
=3 (5.2)
6 " eikjlml
q’l+8(l’7o') = —ij’yljw, l= 172a3747
j=1

6 ik x|
. « €7
\I/lJrg(x,O'):Z E p‘jél‘jw’ l:576,712
=3
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k2 j = 1,2, and k:?, 7 = 3,4,5,6, are, respectively, the solutions of the
following equations
a(z) = d12* — (a10” + aza’ — 2cx)z + o/’ — %* =0,
A(z) = [d32® — (a1563 + aasr — 2050)2 + ajas — o] (a(z) + 2b(z))—
— ioz[(%gel(z) + s163(2) — 25262(2)) 2 + 2ae2(2) — aner(z)—
—anes(z)] — o (mle — m261)?2* =0,
where
b(2) := (da — d1)z — (b1a” + baa — 232d),
e1(2) = mdy (2) + C101(2), e3(2) =205 (2) + (205(2),
e2(2) =m0y (2) + C105(2) = 1207 (2) + (261 (2),
85(2) == m; e — (c+d)z] + (e + b))z — '], j=1,2,
(z) == (e — (c+ d)z] +mj[(az + b))z — "], j=1,2;
Bij =N (" —axk?), By; = Ba; = Nj(cki — »),
Biy = Ay —ark?), Bly, i= a} [iok3e]; +(az—ssk?) (@ +07K2)]

(5” z

\./'—‘n_n,.\

Biay = Bisy = —a; 112635, + (o — k) (0] + B312),
Brsj = aj[ickiet; + (a1 — sak})(a} + b3k7)],

Vij = agAj — [a”f(az +bg) + b;a”] H; — o o?(mla — m2C1)% k32—
—io[(a;¢E + a"el,) a2 — sah?) + (a5GE + o€l (en — m@%
—2(a}¢i6e + ae5;) (a — %gk?)} )

Voj =35 1= —cAj + [af(c+ d) + b H — 02 (mCa — 1261)° K +
+io [(@m@ + e} (o — se3k) + (ajm2le + xel;) (o — sa k) +
+(25¢e5; + (G2 + n261)a) (o — %2/€2)}
vij = a1} — [af(ay + b1) + b5’ | Hy + /0% (e — n2€1)*kF —
—ia[(a}"?ﬁ +ael;)(ag = smk?) + (ajn; + e3;)(an — ki) —

—2(ajmme + o'ej)) (@ — k)|,

55] =1 ;‘[w(g(ng—772{1)/{24—51](042 %3k ) (5%(0[—%2]@‘?)},
d; = ia; [— 10(q nlgg—ng(jl) —07;(a— %2k2)+(52j( %ﬂc?)},
5');]- = m |: — 7,0'772 771<2—7]2<1)]€ +51J( %3]??]2-)—5,2]- (Oé—%gk?)} 5

Jg; = ia; [10771(77142—772@)1“ =0y (a—sk )+5§j(041—%1k32')}7
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dg; = —i005;, 01p; = —i007;, O11; = —i00g;, 079; = —i0dg;.
2
ayi=dy [[ (k] = k), b} :=(da—di)ki —boa’ —bra” + 2scd,
J#q=1

6
Aj i=dads H (k7 —k2), H} :=dskj—(ons3+agsa —2a0)k; +ajas—a’;

J#q=3

5, = 2 2 =
== (c+ DR + Qa1 + bR — o], 1=1,2,

35 =G [ = (c+ d)kﬂ +m[(az + bQ)ka‘ —ad"], 1=1,2,

el; = Moy + oY, €5y =mdy; + G0y, €55 = mady; + (b,
6

pi= [] (&-k2)7"

Jj#q=1
Remark 5.1.  Using formulas (5.1) and (5.2), and the equalities
ki"p1 + k3" pa 4+ kgpg =0, m =0, 4,
ko1 + k3o + -+ KOs = 1,
we conclude that in a vicinity of the origin the functions ¥;(x,0), j =1,8,

and V;(x,0), j = 9,20, are, respectively, of order const + O(|z|™!) and
O(lz[~1).

Hereinafter, we shall always assume that k; # k,, j # p, Sk; > 0,
j =1,6. According to these requirements regarding to equalities (5.2), all
entries of I'(z, o) exponentially decay at infinity.

Let us introduce the generalized single and double-layer potentials, and
the Newton type volume potential

V) = [T -1.0)6()dS,. v B\ (53)

s
W(ee) = [P @1 @ =yl o) dS, s €BNS,  (54)

s

No+ (¥)(z) = /F(x —y,0)Y(y)dy, = €R3,

O*
where P*(9,n) is the boundary differential operator defined by (2.7), I'(-, o)
is the fundamental matrix given by (5.1), ¢ = (g1, -+ ,p8)" is a den-
sity vector-function defined on S, while a density vector-function ¢ =
(¢1,--- ,g) " is defined on QF, and we assume that in the case of Q~

the support of the density vector-function ¢ of the Newtonian potential is
a compact set.
Due to the equality
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8

> Lij (02, ) (PH@, T (@ =y, 0)] ), =

j=1

8
= > Lij(02,0) P (0,n)Tjg(x — y,0) =

J,q=1

8
= Z P;q(a,n)ij(aw,a)qu(x —y,0)=0, x#vy, k,p=1,8,
J,q=1
it can be easily checked that the potentials defined by (5.3) and (5.4) are
C>—smooth in R?\ S and solve the homogeneous equation L(9,0)U(x) =0
in R?\ S for an arbitrary L,-summable vector-function ¢. The Newtonian
potential solves the nonhomogeneous equation

L(0,0) N+ (¥) =9 in QF for ¢ € [COF(QF))5.

This relation holds true for an arbitrary 1 € [L,(Q%)]® with 1 < p < oc.
It is easy to show that I'(—z,0) is a fundamental matrix of the formally
adjoint operator L*(0, o), i.e.

L*(9,0)[T(=2,0)] | = Isd(x). (5.5)

With the help of Green’s formulas (3.11) and (5.5) by standard arguments
we can prove the following assertions (cf., e.g., [7,26,27] and [36, Ch. I,
Lemma 2.1; Ch. II, Lemma 8.2]).

Theorem 5.2. Let S = 9QF be CY*-smooth with 0 < k < 1, either
c=0o0rgc=o0+ios with oo > 0, and let U be a regular vector of the
class [C*(Q1)]8. Then there holds the integral representation formula

W({U}Y")(z) = V{PU}?)(z) + No+ (L(9,0)U) (z) =

~JU(x)  for xz € QF,
~]o for x € Q.

Proof. For the smooth case it easily follows from Green’s formula (3.11)
with the domain of integration QF \ B(z,¢’), where x € QT is treated as
a fixed parameter, B(z,e’) is a ball with the centre at the point = and
radius &’ > 0 and B(z,e’) C Q. One needs to take the j-th column of the
fundamental matrix I'*(y — x,0) for V(y), calculate the surface integrals
over the sphere X(z,¢’) := 0B(x,¢’) and pass to the limit as ¢’ — 0. O

Similar representation formula holds in the exterior domain 2~ if a vector
U and its derivatives possess some asymptotic properties at infinity. In
particular, the following assertion holds.

Theorem 5.3. Let S = 90~ be CYF -smooth with 0 < k < 1 and let
U be a regular vector of the class [C*(27)]® such that for any multi-index
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a = (a1,az,a3) with 0 < |a| = a1 + as + a3z < 2, the function 0°U; is
polynomially bounded at mﬁnity, i.e., for sufficiently large |x|

|0°U; ()| < Co|z™, j=T1,8, (5.6)
with some constants m and Cy > 0. Then there holds the integral represen-
tation formula

-W{U} ) (x) + V{PU} ) (z) + No- (L(9,0)U) (x) =

B {O for x € QT

U(z) for xeQ, (5.7)

with o = 01 + 1 02, where oo > 0.

Proof. The proof immediately follows from Theorem 5.2 and Remark 3.1
(cf. [14]). Indeed, one needs to write the integral representation formula
(5.2) for the bounded domain Q= N B(0, R), and then send R to +oo and
take into consideration that the surface integral over X(0, R) tends to zero
due to the conditions (5.6) and the exponential decay of the fundamental
matrix at infinity. O

Corollary 5.4. Let 0 = o1 + 10y with 01 € R and o9 > 0, and U
be a solution to the homogeneous equation L(0,0)U = 0 in QF satisfying
the condition (5.6) and U € [CY*(QF)]® for some 0 < k < 1. Then the
representation formula

U(x) = W([U]s)(z) = V([PUls)(z), «€QF,
holds, where [Ulg = {U}* —{U}~ and [PU]s = {PU}* — {PU}~
Proof. It Immediately follows from Theorems 5.2 and 5.3. O

Theorem 5.5. Assume that S =00 C™* m>1and 0 < k < 1. If
g € [COF (9)]8, h e [COF (9)]8, 0 < k' < k, then for each z € S,

V(9)(2)]* = V(g)(2) = Hy(2), (5.8)
[P0, )V (9)(2)]" = [F27 " Is + Kg(=), (5.9)
W (R)(2)F = [+£27 s + Nh(2), (5.10)
[PO,W(h) ()] = [P@nW(H)(2)] =Lh(z),  (5.11)
where
Hg(z) = | I'(z —y,0o dsy,
o(2) S/ (2 - 1,0)9()
£he)i= | Jim _ P(@.n(e) [ [P@,n)IT (@~ y.0)] h(w)dS,,
S
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Nh(z) = / [P*(9,n)I T (2 — y,(f)]Th(y) as,.
s

The prove of this theorem is analogous to that given in [25,35].

Theorem 5.6. Assume that S = 0Q € C™F, m>2, 0<k <k<1,
I<m-—1,0=01+1i09, 00>0. Ifge€ [C’O’kl(S)]s, h e [C’l’k/(S)]S, then

Vi [CPF ()] — [N (@),
W [CPF ()] — [CVM Q)
H: [CHF(9)]F — [CTTHF(9))P,
K [CHF ()] — [CMF(S))F,
N [CHF(8)]F — [CMF(9)]F,
L:[CYF(S)F — [CHF ()

Remark 5.7. Assume that 0 = o1 + o2, o2 > 0 and Sk; > 0. From
equation (5.7) it follows that if L(0,0)U(x) = 0, x € Q~, then U is ex-
ponentially decaying at infinity and therefore in the unbounded domain 2~
Green’s formula (3.13) holds true,:

/ { — E(u, ﬂ)+% (dg\VTﬁl 1>+ |%2VT191+%3VT192\2) — |’ —u" P+
3

i
+p10_2‘ul‘2 +P202|UH|2 + g ‘191 7,192|2 o (%/|'l91|2 +%//|192|2):| dr—

— / [ﬂ(z) . T((’), ’I’L)U(Z) - (7]1191 + 772192)(71 . U) — <<1’191 + Cg’lgz)(n . W)—
o0

(d31918n191+(%27~91+%3192)(%28n191+%38n192)):| ds=0, (5.12)

30
where the sesquilinear form E(u,u) is given by (3.14) and the operator
T(0,n) by formula (2.6).

Similarly to Theorem 4.1 in view of formula (5.12) the following theorem
takes place.

Theorem 5.8. If 0 = 01 + i02, where o1 € R, 09 > 0, then the homo-
geneous problems (I0)g and (II'))g (®=, f = 0, F = 0) have only the
trivial solution.

The following theorem is valid.

Theorem 5.9. Let S = 0Q € C™F with integer m > 2 and 0 < k < 1.
Then:

(a) The principal homogenous symbol matrices of the singular integral

operators F2 ' g + K and £27 I3 + N are non-degenerate, while
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the principal homogenous symbol matrices of the operators H and
L are positive definite;

(b) the operators H, F2 1 Ig+K, 227 Ig+N and L are elliptic pseudo-
differential operators (of order —1, 0, 0 and 1, respectively) with zero
index;

(c) the following equalities hold in appropriate function spaces:

NH=HK, LN =KL,

5.13
HL = *471[8 +N2, LH= *471[8 + K2 ( )

The proof of this theorem is word for word of the proof of its counterparts
in 31,33, 35, 36].

6. EXISTENCE OF CLASSICAL SOLUTIONS OF THE BOUNDARY VALUE
PROBLEMS

This section provides the study of problems stated in Section 4 using the
theory of potentials and theory of integral equations. We seek solutions of
the problems in the form of single or double-layer potentials allowing one to
reduce the BVPs to the correspond boundary integral equations. Simulta-
neously, the question of invertibility of the obtained integral operators will
be considered.

6.1. Investigation of Dirichlet’s problem by the double-layer po-
tential. We seek solutions of problems (1)) and (I(*))~ (see (4.1), ®* =
0, (4.2)) by means of the double-layer potential W (h)(z) (see (5.4)), where
h € C18(S) is the sought for vector-function. Taking into consideration the
boundary condition (4.2) and the jump formulas (5.10), for the density h
we obtain the following integral equations of second kind

BVP (I)*: [27'x+ N]h=f on S, (6.1)
BVP (1)~ : [~ 27' g+ N]h=f on S. (6.2)

In the left hand side of(6.1) and (6.2) we have singular integral operators of
normal type with the index equal to zero (see Theorem 5.9).

Theorem 6.1. If S € C%® and f € C*#,0 < 3 < a < 1, then the prob-
lem (I("))Jr has a unique solution representable by the double-layer potential
W (h), where h is determined from uniquely solvable integral equation (6.1).

Proof. Uniqueness follows from Theorem 4.1. Now, let us show that the
operator
27 g+ N CHP(S) — CHP(9) (6.3)
is invertible. Note that the operator —2~'Ig + A the arguments are verba-
tim. By virtue of Theorem 5.9,0operator (6.3) is Fredholm with zero index
and therefore for proving its invertibility it is sufficient to show that its
kernel ker(2~1Ig+N) is trivial, i.e. we have to show that the homogeneous
equation
[27'Is+N]h=0 on S (6.4)
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has only the trivial solution. Indeed, assume that h is a solution of (6.4)
and construct the double-layer potential W (h). In view of the inclusion h €
C*8(8), we have W (h) € CLP(QF). It easy to see that equation (6.4) corre-
sponds to Dirichlet’s interior homogeneous problem [W (h)(z)]" =0, z € S.
Since this problem has only the trivial solution, we conclude W (h)(x) = 0,
x € QF. Therefore we have [P(9,n)W(h)(2)]t = 0, z € S, and ac-
cording to the Lyapunov-Tauber theorem we deduce [P(9,n)W (h)(2)]* =
[P(O,n)W(h)(z)]” =0, z € S (see Theorem 5.6). This means that W (h)(z)
is a solution to the homogeneous problem (I1(°))~ which possesses only the
trivial solution. Thus W(h)(z) = 0, z € Q~ and by virtue of formula (5.10)
we conclude that [W(h)(2)]T — [W(h)(2)]” = h(z) =0, z € S, i.e. integral
equation (6.4) has only the trivial solution. Hence, the operator (6.3) is
invertible and therefore the equation (6.1) is unique solvable for arbitrary
vector-function f € C1%(S), which proves the theorem. O

The following theorem can be proved similarly.

Theorem 6.2. If S € C%® and f € C1P(S), 0 < B < a < 1, then the
problem (I("))* has a unique solution, which is representable by the double-
layer potential W (h), where h is determined from unique by solvable integral
equation (6.2).

6.2. Investigation of Neumann’s problem by single-layer potential.
Solutions to the problems (II)* and (TI7)~ (see (4.1), ®* = 0, (4.3))
are sought by single-layer potential V (g)(x), where g € C%8(S) (see (5.3)).
Taking into consideration the boundary conditions (4.3) and the jump for-
mulas (5.9) for the density g we obtain, the following integral equations of
second kind respectively

BVP (1) : [-27'[s+K]g=F on S, (6.5)
BVP (II)~: [27' s +K]g=F on S. (6.6)

The operators in the left hand side of(6.5) and (6.6) are singular integral
operators of normal type with the index equal to zero (see Theorem 5.9).

Theorem 6.3. If S € C* and F € C%P(S), 0 < B < a < 1, then
the problem (H(”))+ has a unique solution, which is representable by the
single-layer potential V (g)(x), where g is determined from uniquely solvable
integral equation (6.5).

Proof. Uniqueness follows from Theorem 4.1. Now, let us show that the
operator

27 g 4+ K : C%P(S) — C%F(S) (6.7)
is invertible. Note that the invertibility of the operator 27'Ig + K can

be performed by word for word arguments. By virtue of Theorem 5.9,
the operator (6.7) is Fredholm with zero index and therefore for proving its
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invertibility it is sufficient to show that its kernel ker(—2"1Ig+K) is trivial,
i.e. we have to show that the homogeneous equation

[-27'Is+K]g=0 on S (6.8)

has only the trivial solution. Indeed, assume that g is e solution of (6.8).
Construct the single-layer potential V(g). Since g € C%#(S), we have
V(g) € C*#(Q%). The equation (6.8) corresponds to Neumann’s interior
homogeneous problem [P(9,n)V(g)(2)]T = 0, z € S. Since this prob-
lem has only the trivial solution, we get V(g)(z) = 0, x € QF. Since
V(9)(2)]” = [V(g9)(z)]" = 0, z € S, we have that V(g)(x) is a solu-
tion of Dirichlet’s exterior homogeneous problem and hence V(g)(z) = 0,
x € Q7. On the other hand, by virtue of formula (5.9) we obtain that
[P(0=,n(2))V(9)(2)]~ = [P(0:,n(2))V(9)(2)]" = g(2) =0, z € S, ie. the
integral equation (6.8) has only the trivial solution. Consequently, the oper-
ator (6.7) is invertible and therefore equation (6.5) is solvable for arbitrary
vector-function F' € C%%(S), which proves the theorem. g

The following theorem can be proved similarly.

Theorem 6.4. If S € C* and F € C%P(S), 0 < B < a < 1, then
the problem (H(”))’ has a unique solution, which is representable by the
single-layer potential V(g), where g is determined from unique by solvable
integral equation (6.6).

6.3. Investigation of Dirichlet’s problem by single-layer potential.
We seek solutions of the problems (I(9))* and (I(®))~ (see (4.1), ®* = 0,
(4.2)) by means of the single-layer potential V(g)(z) (see (5.3)), where g €
CY%B(S) is the sought for vector-function. Taking into consideration the
boundary condition (4.2) and the jump formula (5.8), for the density g we
obtain the following integral equation of the first kind:

Hg=f on S. (6.9)
Theorem 6.5. If S € C*>® and f € CY8(S), 0 < B8 < a < 1, then

the problem (I("))ﬂE has a unique solution, which can be represented by the
single-layer potential V (g), where g is determined from uniquely solvable
integral equation (6.9).

Proof. Uniqueness follows from Theorems 4.1 and 5.9. Now, let us show
that the operator

H:CYP(S) — CH(S) (6.10)
is invertible. Applying the operator £ to both sides of the equation (6.9),
we obtain (see (5.13)) the singular integral equation

LHg=(—4""+K*)g=(—2""+K)(2 ' Is+K)g=Lf, (6.11)
where £f € C%P(S) and the operator
LH=(-2""g+K)(2 s +K): C¥*(S) — C**(S)
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is a singular operator of normal type with the index equal to zero.By the
same arguments applied in [33], it can be shown that the operator (6.11) is
invertible. Therefore we can write

g=0C2 'L+ K) (-2 g+ K)71Lf.

Let us show that (6.9) and (6.11) are equivalent integral equations. In-
deed, if g € C%A(S9) is a solution to the equation (6.9), then it will be a
solution to the equation (6.11) as well. Assume now that g is a solution to
the equation (6.11). Introduce notation

p:=(Hg— f) e CYP(S). (6.12)
Then equation (6.11) can be rewritten as
Lo=0 on S. (6.13)

Construct the double-layer potential W () with the density ¢ determined by
equation (6.12). Then it follows that W (y) solves Neumann’s homogeneous
problem [P(9.,n(2))W(p)(2)]T = 0, z € S, in view of equation (6.13).
Since this problem has only the trivial solution, we infer W(y)(z) = 0,
r € QF. According to (5.10) we have [W (o) (2)]* —[W(p)(2)]” = ¢(2) =0,
z € S, ie. g is a solution to equation (6.9). Hence operator (6.10) is
invertible. |

Corollary 6.6. Solution to problem (1(0))*

ing form:

1s presentable in the follow-

Uz)=V(H 'f)(z), zeQF,
where [U(2)]T = f(z), z € S.

This representation plays a crucial role in the study of mixed boundary
value problems, when on a part of the boundary 92 the Dirichlet condition
is given, while on the remainder part the Neumann condition is prescribed

6.4. Investigation of Neumann’s problem by double-layer poten-
tial. We seek a solution to problem (II¢?))* (see (4.1), ®* = 0, (4.3)) in
the form of double-layer potential W (h), where h € C*#(S) is the sought
vector (see (5.4)). Taking into consideration the boundary conditions (4.3)
and formula (5.11), for the density h we obtain the following integral equa-
tion of the “first kind”:

Lh=F on S. (6.14)

Theorem 6.7. If S € C* and F € C%P(S), 0 < 3 < a < 1, then the
problem (H(”))i has a unique solution, which is representable by double-
layer potential W (h), where h is determined from uniquely solvable integral
equation (6.14).

Proof. Uniqueness follows from Theorems 4.1 and 5.9. Now, let us show
that the operator
L:CH(8) — C%P(9) (6.15)
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is invertible. Apply the operator H to both sides of equation (6.14) to obtain
the singular integral equation

HLh = (-4 s + N?)h = (=27 s + N)(27 s + N)h = HF, (6.16)
where HF € C*#(S) and the operator
HL = (-2 g+ N)2 s + N) : CHP(S) — CHA(S) (6.17)

is a singular operator of normal type with zero index. Again, applying the
arguments as in [33] we can shown that (6.17) is invertible, and therefore
we can write
h= @ g+ N) (=27 g + N)"'HF.

Note that the operators (—27'Ig +A) and (27113 + N') commute.

Let us show that (6.14) and (6.16) are equivalent integral equations.
Indeed, if h € CYA(S) is e solution to equation (6.14), then it will be
solution to equation (6.16) as well. Introduce notation

Y= (Lh— F) € C%A(8). (6.18)
Then equation (6.16) can be rewritten as
Hip =0 on . (6.19)

Construct the single-layer potential V (¢) with the density v determined by
equation (6.18). Dirichlet’s problem [V (¢)(2)]* = 0, 2z € S, corresponds to
the equation (6.19). As this problem has only the trivial solution, we have
V() (x) = 0, x € QF, from which we obtain that 1(z) = 0, z € QF, i.e. his
a solution to equation (6.14) and hence the operator (6.15) is invertible. [

Corollary 6.8. The solution to the problem (II(”))i 18 represented in
the following form:

Ulz) = W(LT'F)(z), = €QF,
where F(z) = [P(0,,n(2))U(2)]*, z € S.
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