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THERMO-ELASTIC AND THERMO-PIEZO-ELASTIC INTERACTION CRACK
TYPE BOUNDARY-TRANSMISSION PROBLEMS WITH REGARD TO THE
MICROROTATION

OTAR CHKADUA2 AND ANNA DANELIA?2

Abstract. The paper studies three-dimensional interaction crack type boundary-transmission prob-
lems of pseudo-oscillations between thermo-elastic and thermo-piezo-elastic bodies taking micro-
rotations into account. The model under consideration is based on the Green-Naghdi theory of
thermo-piezo-electricity without energy dissipation. This theory permits the thermal waves to prop-
agate only with a finite speed. The system of partial differential equations of pseudo-oscillations is
obtained from the corresponding dynamical model by the Laplace transform. Using the potential
theory and the method of boundary pseudodifferential equations, we prove the existence, uniqueness
and regularity of solutions.

1. INTRODUCTION

In the present paper, we consider a boundary-transmission problem for a composed elastic struc-
ture consisting of two contacting bodies occupying two three-dimensional adjacent regions Q1) and
Q) with a common contacting interface, being a proper part of the boundaries 92 and 90?3 (see
Figure 1). We analyze the case in which contacting elastic bodies are subject to different mathe-
matical models. In particular, we consider Green—Naghdi’s model of thermo-piezo-electricity without
energy dissipation in Q) and the model of isotropic homogeneous couple-stress thermo-elasticity in
Q). Theoretical study of such problems attracts great attention due to the widespread application
of modern sensing and actuating devices based on the ability to transform mechanical, electric and
thermal energies from one form to another. Therefore the mathematical models that take into ac-
count coupling effects between thermo-mechanical and electric fields in elastic composites became very
popular over the last decades (see, e.g., [1,26,27,30] and references therein).

A remarkable feature of the Green—Naghdi model is a finite speed of heat propagation in contrast to
an infinite speed of heat transfer occurring in the classical heat equation theory. Complete historical
and bibliographical notes in this direction can be found in [19], where the dynamical equations of
the thermo-piezo-electricity without energy dissipation are derived on the basis of the Green—Naghdi
theory established in [15,16] and obtained by Eringen in [12,13].

We investigate a general boundary-transmission problem for the above described two-component
elastic structure with the appropriate boundary and transmission conditions which cover the conditions
arising in the case of interfacial cracks. In each region we consider the corresponding system of partial
differential equations of pseudo-oscillations containing a complex parameter 7. These systems are
obtained from the corresponding dynamical models by the Laplace transform.

Using the potential method and the theory of pseudodifferential equations on manifolds with a
boundary, we study the interface crack boundary-transmission problems and prove the uniqueness
and existence of solutions in appropriate function spaces. Further, we analyze regularity of solu-
tions and characterize singularities of the corresponding thermo-mechanical and electric fields near
the exceptional curves (crack edges, lines, where the different type boundary conditions collide, and
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interface edges). In the upcoming papers, we are doing to apply the obtained results to the study of
asymptotic properties of solutions of the corresponding dynamical problems.

Note that in [8] we have investigated the mixed type boundary value problems of the theory of
thermo-piezo-electricity without energy dissipation with interior cracks.

The present investigation can be considered as a continuation of papers [4,7,10,11,22] and [24], but
it turned out to be more difficult as far as it refers to the interaction between different dimensional
physical fields (for the 9-dimensional field in Q") and 7-dimensional field in Q(®) see the problem
setting in Subsection 2.4).

The paper is organized as follows. In Section 2, we describe the geometrical structure of the elastic
composite body consisting of two interacting components, write down the governing pseudo-oscillation
equations of Green—Naghdi’s model of thermo-piezo-electricity without energy dissipation (PTEME
model) and homogeneous isotropic couple-stress thermo-elasticity (CSTE model), formulate the in-
terface crack type boundary-transmission problem and prove the uniqueness theorem in appropriate
function spaces. In Section 3, we reduce equivalently the boundary-transmission problem to the
system of boundary pseudo-differential equations, investigate the mapping properties of the corre-
sponding pseudodifferential operator and prove the invertibility of the pseudodifferential operator in
appropriate Bessel potential and Besov spaces. Further, we prove the theorem on the existence and
some regularity results of solutions to the original interface crack boundary-transmission problem.

In Appendix, for the reader’s convenience, we collected some auxiliary results used in the main text
of the paper.

2. FORMULATION OF THE INTERFACE CRACK BOUNDARY-TRANSMISSION PROBLEM

2.1. Geometrical configuration of the composite. Let Q) and Q® be the bounded disjoint
domains of the three-dimensional Euclidean space R? with boundaries Q1) and 903, respectively.
Moreover, let 9Q(1) and 902 have a nonempty, simply connected intersection T' := 9QM1) N 9P of
positive measure. From now on, I' will be referred to as an interface. Throughout the paper, n = n(!)
and v = n® stand for the outward unit normal vectors to 9Q(!) and to 903 respectively. Clearly,
n(x) = —v(x) for x € T
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F1Gure 1. Composed body.

Further, let T = Eiﬁ, where I'¢ is an open, simply connected proper part of I'. Moreover,
I'rNTc=gand OI'NT'¢c = @.
We set S](\:,)) = 00N\ T and SM := 9QM \ T. Further, we denote by Sg) some open, nonempty,

proper sub-manifold of S and put S](\}) =8 \Sg). Thus, we have the following dissections of the
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boundary surfaces (see Figure 1):
000 =TruTousP usl 0@ =T uTcusP.
In the sequel, for simplicity, we assume that 903, QM) 851(\2), o', dl'¢, 851(31), 85’](\}) are

C>°-smooth and 90 N 5’1(31) =9

The superscript (-) T denotes transposition operation.

Throughout the paper, the summation over the repeated indices is meant from 1 to 3, unless
otherwise stated.

2.2. CSTE model. Suppose the domain €2, is filled with a homogeneous isotropic thermo-elastic
material. The corresponding system of differential equations of pseudo-oscillations with respect to the
sought vector function U obtained from the dynamical equations of the linear model of thermo-
elasticity with microrotation has the following form (see [20]):

(1 + )0;0u + (A + u@)9,0;ul® — por?u® + 3 Pe; 10,0

— 8700 = —pofP, i=1,2,3, (2.1)
7(2)3jaj¢(2) + (« (2) 5(2))8'3@(»2) _7_21(52)(251(2) +%(2)€ijkaju§€2)
— 229D = _px® =123, (2.2)
K2 9;0;0? — 72aP9® — 75 9,u? = —Tio p2Q?, (2.3)
where 7 = o + iw is a complex parameter, U2 = (u(lz),ugz), §2)7 i ,¢2 ,¢(2 IONT ) =

is the vector of microrotation,

(u(l) (1) (1))T is the displacement vector, ¢(?)

Uy "y U

= (07,657, 087)"
9@ is the temperature and ( fz),f2(2),f§2)) is the external body force per unit mass, Q® is the

external rate of supply of heat per unit mass, Xi(Q) is the external body couple per unit mass, Ty is
the initial reference temperature. We employ the notation 0 = 9, = (01,02, 03), 0; = 0/0z;.

The coefficients A2, u, 22 o2 B2 ~4(2) are the elastic constants, ﬁ(()z), a@, k@ are the
thermal constants and Ié2) is the coefficient of inertia, ¢;; is the Levi-Civita symbol (see [20]).

Due to the positiveness of internal energy, the coefficients of system (2.1)—(2.3) must satisfy the
following conditions:

2P >0, P42 >0, 2242, 430 >0,
> 183, B ++® 4323 >0, (24)
a® >0 k>0, py>0 I1¥>0 2

where p is the mass density of Q(?)
Denote by

AP (8,,7) = [AY (B, 777
the matrix differential operator generated by the left-hand side expressions in (2.1)—(2.3),
Ag‘)(‘a’ 7) = 0 (1@ + )30 + AP + 4)0,0; — 72285, Al g+3(3 7) = —Pei0,,
AP @,7) = —7pP0;, A 5.223](5 ) = —xPey0,

A 15(0,7) = m<2>azaz+<a<2>+6<2>>aiajf<2%<2>+72152’>5ij, AR, (0.7)=

A%)(ﬁ, 7) = 789, A%)‘Jr?)(a’ 7)=0, A2(8,7)=kP90 —2a?, i,j=1,2,3.
The system of equations (2.1)—(2.3) can be written in the matrix form

A® (9, 1\ UP = F?),
where
U(Q) (u?) ng) (2) 1 ¢(2) 9 2))
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F = 7(pzfl(Q),pzf(Q),pzf(Q),sz(2)7p2X(2) p2X§7, P2Q(2 )

and A®(9,,7) is the 7-dimensional matrix differential operator correspondmg to system (2.1)-(2.3).

The stress differential operator of thermo-elasticity is defined as follows:

T =T (0, v,7) = [T (00, v, )75,
where
7;;2)((9, v, 7) = X005 + 1 Pv;0; + 65 (1 4 )0, 7;]+3(8, v, 7) = —Pejpny,
T 0, vr) = =78 v, T ,0,1,7) =0,
T8 450,0,7) = P10, + BPv;0; + 8y Pvidr, T 2(0,0,7) = V5 c1inind,
7’7(].2) (0,v,7) =0, 7'7(3-)+3(8, v, T) = —ng)sljkul(‘)k,
T20,v,7) = kP, i,j=1,2,3.

By A9 (—i¢) with ¢ € R® we denote the principal homogeneous symbol matrix of the operator
AP (9, 1),

A4(2.0) (—i€) = A2, 0)(5) _ [Aff 0)(5)]3X3
[0 (P 4+ £@)|€]2 + AP 4+ 1u@)gi€1)3%3 [0]3x3 [0]351
=— [0]1x3 [0:;7@1€12 + (@@ + B@) & ]3x3
[0]1x3 [0]3x3 K@l X7

Inequalities (2.4) imply that the matrix A9 (¢) is positive definite, i.e., there is a positive constant
C depending only on the material parameters such that

(AR ¢) = (= ABO(=ig)¢ - ¢) > Cl¢)*[¢]? for all € € R* and for all ¢ € C.

Here and in what follows, the central dot denotes the scalar product in the space of complex-valued
vectors C™ and the overline denotes complex conjugation.

2.3. PTEME model. The domain ; is filled with a thermo-electro-elastic material. The corre-
sponding system of differential equations of pseudo-oscillations with respect to the sought vector
function U has the following form (see [19]):

(1D + 3Ma,0,u) + (A + u(l))aiajug- — prult 4 %(1)Eijkaj¢§€1)

+AM oW — 780 0,00) = —p1gM, i =1,2,3, (2.5)
7(1)3j6jq/)(-1) 1 (a M 4 5(1))5,a¢(1) _ 721(51)@(_1) + %(l)fijk:aju,(:)
— 2 WM = —p x| i=1,2,3, (2.6)
(a”9;0; — €5)pD = j§V 20 = AP 00,00 + vV 9;0,00
+ eV ANl = —p PO, (2.7)
210,050 +xD9,0,40 + {9,000 = —g), (28)
k19;0;00 — 72aM9® — 7899,u() — rel oM 4 1N 9,9,
— N 8;0,41) = —Tio mQW, (2.9)

where U1 = (ugl),ugl),ugl),(bgl),qbél),¢§1),<p(1),¢(1),19(1))—r, uM) = (u(l) ugl),uél)) is the displace-
ment vector, ¢(t) = ((j)gl), 51)’ gl))T is the vector of microrotation, ¢(*) is the microstretch, ¢! is

the electric field potential, 91 is the temperature and (g§1)7g§1), gél)) is the external body force per
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unit mass, Q(!) is the external rate of supply of heat per unit mass, Xi(l) is the external body couple
per unit mass, F(!) is the microstretch body force, (1) is the density of free charge.
Denote by

AW (@,,7) = [A}}) (0. 7loxo

the matrix differential operator generated by the left-hand side expressions in (2.5)—(2.9),

AD(0,7) = 05 (D + )30y + AV + 100,80, — 72p1855, AL 5(0,7) = —WVeiuay,

AP @,7) =20, AY 0, 1) =0, AY@,7) =780, AL (0,7) = —%<1>eijlal,

Ags +3(0,7) = 55700+ (oM + 1) 9,0, — (2%(1) + 7'21(1))5ij> A2+3 J+6(0,7) =

A @, 1) =AMy, AN 0,7 =0, AQ@0,7) =aYa0 - €V + 25,
A @, 7) = 2P, AY @, 7) =9 + e,
Ag') (9,7) =0, Aély)‘+3(a 7) =0, Az(317) (0,7) = Aél)c’)zc’)z, Aé?(a,T) =x1y,8,
A @.7) =vPa, AR 0.7) = —7500;, G 50.7) =0,
A @, 7) =vVa0 — eV, AR 0,7) = —sVaa,  AY0,7) = kD8 — %W, i j=1,2,3.
The system of equations (2.5)—(2.9) can be written in the matrix form
A(l)(aw,T)U(l) =FM,

where

U(l) = (U§1)>U51)7 a §1)7¢21)7¢ ¢(1)aw(1)719(1))T7
1 T
FO = (29, 0295, 0295 02X (2, p2 X5V, 2 XV, 02 PO, g, TOPZQ(D)

and AM(9,,7) is the 9-dimensional matrix differential operator corresponding to system (2.5)(2.9).
The stress differential operator of thermo-electro-elasticity is defined as follows:

TO = TW(@,,1,7) = [T (90, v, 7)]oxo,
where

7'.(,1)(8 n,7) = X009, + 1Mo + 6,5 (u + 5V )0y, 7']+3(8,n,7') = —5Weyjpny,

K

T @,n7) =20, T @01 =0, T (0.n,7) = 780, TS, (0,n,7) =0,
T 5450,n,7) = aWnd; + BUn,0; + 57 Vmidr, T 7(0,m,7) = bV erinmudy,

7'7J+3(8,n,7') = —bél)sljknl&c, 7'7(71)(8,n,7') = a(l)nkalw '7'7(81)(87 n,T) = —)\gl)nkak,
’7'79)(8,n,7') = V§1)nk8k, 7;8.1)(8,n77-) =0, 7;3]4_3(8,7177') = —)\:(Ll)aljkm(“)k,
7§(71)(8,n,7') = A;l)nkak, 7;(81)(8,n77') = xWMnoy, 7;3(;)(8,71,7') = 1/§ )10,
75(1'1)(8’”’7) =0, 75(%3(3 n,T) = —Vz(l)&jkmak, 75(71)(8,7177) = 1/1 nkak,
7;(;)(6‘, n,T) = 71/3 nkﬁk, ’75?(3,71,7) =Y, i,j=1,2,3.

T+3 g(0,n,7) = /\gl)eliknlﬁk, T(j%’g(a, n,T) = Vél)eliknlak, T7(j1)(8,n,7') =0,

The coefficients A1), (1), 30 AL g o) g1 1 A1 @ a0 AWM 0 e (D50 ),
I/:gl), b(l), x() are constitutive constants, and I(g ) is the coefficient of inertia, ]é ) is the mlcrostretch
inertia, e;;1 is the Levi-Civita symbol (see [8]).

Due to the positiveness of internal energy, the coefficients of the system (2.5)—(2.9) must satisfy

the following conditions:

21 >0, 5 4 2uW >0, M 42, 300 > 0,
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&6" 5V + 2™ 4 33 > 3(ASV)?,
D > 180 aPED = @2 50, BM 441 4300 > 0,
x‘” >0, a® >0, k>0, ol >0, al’(¢™ =0y > 20{")?,
(4D = BDYaWED — (1, 0)2] 4 DD — 24D, <1>) — kM) > 0,
p1>0, 18>0 ;>0 gY>
where p; is the mass density.

2.4. Formulation of the interface crack boundary-transmission problem. By W, Hj and
B, ,withr >0,s €R, 1 <p < oo, 1< ¢q< oo, we denote the Sobolev—Slobodetskii, Bessel potentlal
and Besov function spaces, respectively, (see, e.g., [29]). Recall that Hy = W3 = Bj,, Hi = B3 ,,
W} =B}, and Hf = W}, for any r > 0, for any s € R, for any positive and non-integer ¢, and for
any non-negative mteger k

Let Mg be a smooth surface without boundary. For a proper sub-manifold M C M, we denote
by ﬁ; (M) and E;}q(/\/l) the following subspaces of Hj(My) and B, (M), respectively,

H3(M) ={g: g€ H;(My), supp g C M},
B; (M) ={g: g€ Bj,(My), supp g C M},

while H;(M) and B, (M) stand for the spaces of restrictions on M of functions from H;(M,) and
B, (M), respectively,

Hy(M) ={rf: f€H(Mo)}, By (M)={r,f: f€B;,(Mo)},
where r,, is the restriction operator onto M.
Now, we formulate the interface crack boundary-transmission problem: Find vector functions

U = (u®, oM, g0 O 9T = (Y uf)T o ® -,
U@ = (u(2 ¢ 9T = (W, W) @ o,

belonging, respectively, to the spaces [W} (QUN]? and W, (QON]™ with 1 < p < 0o and satisfying
(i) the systems of partial differential equations:

AV (9, VUMD =0 in QW) (2.10)
AP (9, 7V UP =0 in QP (2.11)

(ii) the boundary conditions:
{T(l)(aw,nn') U(l)}+ =QW on SJ(\}), ( )
{T(Q)(ﬁx,u, T) U(2)}+ =Q®? on SJ(\?), (2.13)
(UMY = f0 o ), (2.14)
(i} = fz on Tp, (2.15)
{(u{"} = fs on Ip, (2.16)

(iii) the transmission conditions on T'r :

{ 1)}+—{u(2)} —f onTy, j=1,6 (2.17)

{u 1)}+ uPV = fy on T, (2.18)
{[T (Ozym, T) U(l)] } + { 7'(2) am,l/,T)U(Q)] } =F;, onTp, j
{[T (890,71,7' U(l)]g} + { T(Q) (O, v, T)U(Q)]7} =F;, on I'p, (2.20)

I
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(iv) the interfacial crack conditions on T'c:

{T(”(am,n,f) U(l)}+ — @(1) on I'c, (2.21)
{T®(8,,v,7) U(2)}Jr =Q® on I, (2.22)
where n = —v on T,
QU = (@Y. € [B, 7 (59",
QW =@".....a")T € B (To)]”
Q@ = (QP.....@") e [Br (5],
QP = (@P,....0") " e [Bri (o), (223)
FO =Y BT € (B (S9)]°,
F=(fi i fo) € [B;;%(FT)]gv
F=(F,....F) e [BppTr)]"

Note that, in addition, the functions F}, Q;l), @gl), @52) and Qéz) have to satisfy some evident
compatibility conditions (see Subsection 3.1, inclusions (3.22), (3.23)).
We have the following uniqueness theorem for p = 2.

Theorem 2.1. Let Q) and Q) be the Lipschitz domains and either T = o +iw with ¢ > 0, or T = 0.
Then the interface crack boundary transmission problem (2.10)—(2.23) has at most one solution pair

(UM UR)Y in the space [W3(QW)]? x [WH(Q@))7, provided mes Sg) > 0.
Proof. Proof of the theorem is quite similar to that of Theorem 1.1 in [5]. O

Later we will prove the uniqueness theorem for p # 2. To prove the existence of solutions to
the above formulated interface crack boundary-transmission problem, we use the potential method
and the theory of pseudodifferential equations. To this end, we introduce the following single layer
potentials:

VO (V) (z) = / T (@ — y,7) D () dy S,

o)

VO (1) () = / I (z — y,7) b (y) dy S,
00(2)

where TV (2, 7) and T® (2, 7) are the fundamental matrices of the differential operators A (9,,7)
and A®)(9,,7), respectively, h(1) = (hgl),...,hél))—r and h(® = (th),...,hgz))T are the density
vector functions. The explicit expressions of the fundamental matrices T™™(z,7) and T®(z,7) and
their properties can be found in [6] and [7].

We introduce also the following boundary integral operators generated by the single layer potentials

HOD)) = [ 1Oy hD )5 2 coal, (2.24)
oN)

KD(hW)(2) = / T, n(2), )TV (2 —y, 7) MV (y) d, S, =z € INDY, (2.25)
o0 1)

HO (h®)(z) = / T~y ) B () d,S, =€ 00, (2.26)

o0 (2)
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K@ (h?)(2) = / T (02, n(2), )T (z =y, ) P (y) dy S, = € 9. (2.27)
oN(2)

Note that ’H(Tl) and 7—[(72) are pseudodifferential operators of order —1, while IC(TI) and IC;Q) are pseu-
dodifferential operators of order 0, i.e., singular integral operators (for details see Appendix).
Now, we formulate several auxiliary lemmas proved in [7].

Lemma 2.2. Let Rer =0 >0 and 1 < p < co. An arbitrary solution vector U?) € [W;(Q(z)) |7 to

the homogeneous equation A(z)((‘?, T) UR =0 in Q3 can be uniquely represented by the single layer
potential

v = y@ ([pg)}—lx(z)) in Q@
where )
P@ = 27 L+ KO, @ = {TOU@ 1+ ¢ [B, F(09?)], (2.28)
and K2 is defined by (2.27).

For the mapping properties and invertibility of the operator PT(Q) in appropriate function spaces
see Theorem 4.4.

Lemma 2.3. Let Ret =0 >0 and
PM = 271 g 4+ £ 4 gHW), (2.29)

where K and 7—[9) are defined by (2.25) and (2.24), respectively, and 8 is a smooth real-valued scalar
function on S, not vanishing identically and satisfying the conditions

B =0, supp 8 C 5%, (2.30)
Then the operators
PO [H(00D)]” = [He(00D)]°,
PO . [B;(09M)]° = [B;,(09M)]°
are invertible for all 1 < p < 00, 1 < ¢ < 00, and for all s € R.
As a consequence, we have the following

Lemma 2.4. Let Rer = 0 > 0 and 1 < p < oo. An arbitrary solution UM ¢ [W;(Q(l))]g to

the homogeneous equation A(l)((‘?z,T)U(l) =0 in QO can be uniquely represented by the single layer
potential

uD = v ([PO] 7 y) in W),
where 1
x = {THUOY 4+ UM} € [B, ; (00W)]°.
3. THE EXISTENCE AND REGULARITY RESULTS

3.1. Reduction to boundary equations. Let us return to problem (2.10)—(2.23) and derive the
equivalent boundary integral formulation. Keeping in mind (2.23), let

o) . Q(l) on S](\}), @ . Cg@) on S](\?),
Q(l) on FC7 Q(2) on FC7 (3 1)

GO e [H(sPuTre)]’,  a®e[H (5P ure)],

and
_1 9
aV =G, ....aiHT € [Byg (00M)]7,

_1 7
G =(G5,...,a8HT € [Byz (00?)]
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be some fixed extensions of the vector functions G(Y) and G®), respectively, onto Q) and 903
preserving the space. It is evident that arbitrary extensions of the same vector functions can then be
represented as

GV =G v+ ™, @@ =gl +n®),

where
b= W) € [Brg(59)]
rW =, )T e [E;E(FT)]g, (3.3)
h® = 2, .. 7hf))T6[§;§(FT)]7

are arbitrary vector functions.
We look for a solution pair (UM, U)) of the mixed boundary-transmission problem (2.10)-(2.23)
in the form of single layer potentials

UW =@V, u§HT = v (PO GV + ¢+ D)) in W), (3.4)
U@ = @W®,.. T = v PO][GP + 1)) i Q®, (3.5)

where PT(l) and PT(Q) are given by (2.29) and (2.28), and A(!), h(?) and ¢ are the unknown vector
functions satisfying inclusions (3.3).
Keeping in mind (2.30), we see that the homogeneous differential equations (2.10), (2.11), the
boundary conditions (2.12), (2.13) and the crack conditions (2.21), (2.22) are satisfied automatically.
The remaining boundary and transmission conditions (2.17)—(2.20) lead to the system of pseudo-
differential equations for the unknown vector functions ¢, h") and h(?

o (VPO (G + 9+ h0) ] = 1O on s, (3.6)
rep [HOO PO (G + 9+ 0] = f; on Tr, j=17,8, (3.7)
rep [HO [POIHGEY 40+ O] — v [HP [PE)HEE + W) = £ on Tz,

j=1,86, (3.8)
I, [7'[9) [PT(l)]—l (Gél) + 1+ h(l))]g —_ [7_[52) [PT(2)]—1(G(()2) + h(2))]7 = fo on I'p, (3.9)
re (GO 4w+ D) 4 [GF 4+ 2P =F on Tp, j=T5, (3.10)
Tr,. [Ggl) +¢+ h(l)]g—i—rrT [G(()Q) +h®); =F; on I'yp. (3.11)
After some rearrangement we get the system of pseudodifferential equations
(1

o [HD [PO]L (p+ h D) ] = FO on S (3.12)

rep [HO PO (9 +0D) ] = fj on Tp, j=7.8, (3.13)

rep [HO [POT (0 4+ )] =7 [HP [POTH(AP)] = f; on Tr, j=T6, (3.14)

ro [HY PO (g + B = [HP [PA]7H(hP)]. = fo on T'r, (3.15)

re b+ AP =F; on Tp, j=T1.6, (3.16)

TFThél)—&—rrThg =F; on Ty, (3.17)

where
1 1 1-1
= - T [HO P16V, € Byy? (S5)), k=T.6. (3.18)
F D PG e BL P (), j=17,8 3.19
f]' fj TFT[H O]je PvP(T)v.] » O ( )
~ _ 1—1 . I
fi= i+, [HP [POIGE) = [HO PO GV € By " (D), j=T.6,  (3.20)
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= 1 (2 —1 A0 -3

foi=fot 1o, [HP PO GP], v [HO PO GEV], € By (), (3.21)
= 1 2 == . T=

Fj=Fj—r, Gy —r. G er. B, i (r), j=176, (3.22)
}~7'7 =Fr—r. G&,) —Tr, GE)27) S E;E (T'r). (3.23)

Inclusions (3.22), (3.23) are the compatibility conditions for the mixed boundary-transmission problem
under consideration. Therefore, in what follows, we assume that F}; are extended from I'r onto the
- ._1 _
manifold 902 U9QM \ T'r by zero, i.e., Fj € By (I'r), j =1,7.
Let us introduce the Steklov—Poincaré type matrix pseudodifferential operators

AW =D [PO]7L AD = 1@ (P) 7

and ~ -
Ay o (AP 0 0 (AP,
. e e 00 .
B2 ._ (A‘(rz))61 (ASQ))% 0 0 (Ag))w
! 0 0 0 00 0
0 0 0 0 0 0
_(ASQ))H (A(TQ))73 00 (A(TQ))W- 9x9

Taking into account equations (3.16) and (3.17), we can rewrite equations (3.13), (3.14), (3.15) in a
matrix form and, consequently, the whole system (3.12)—(3.17) can be rewritten as follows:

r o AY @+ h0) = F on SY, (3.24)
e, AD @+ 2 W)+, BB =G on T, (3.25)
e, WY e B =Fj on Tr, j=T.6, (3.26)
Tr h(gl) + 7 th) =F; on I'p, (3.27)
where

FO = (Y. BT € [Brpt (s3] (3.28)
Gi= (G 0)" € [Bpa? (T, (3.29)
= [+ [HOIPOTF], =15, (3.30)

Gr =fr, 3 =fs G =fo +r, [HP[PO ]! F.,
Fi=(F,....F)" € [By ()], (3.31)

It is easy to see that the simultaneous equations (3.12)—(3.17) and (3.24)—(3.27), where the right-hand

sides are defined by equalities (3.18)—(3.23) and (3.28)—(3.31), are equivalent in the following sense:
- o1 1

if the triplet (1, hV), h®) € [H=3 (S x [By£ (T1)]? X [Bp (T1)]7 solves system (3.24)~(3.27),

then (¢, h(1), h(?)) solves system (3.12)-(3.17), and vice versa.

3.2. The existence theorems and regularity of solutions. Here, we show that the system of

pseudodifferential equations (3.24)—(3.27) is uniquely solvable in appropriate function spaces. To this
end, let us introduce the notation

(1) (1)
T'Sg) T ng) T ng) [O}QX'?
Neo= | v AY o (AP +BP) 1 [0]oxr ,
. [0]7x9 ey d7x9 g o7 2525
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I7xg :=

OO OO OO O
[N eNeNeNeolN -
SO OO~ OO
OO O OO O
[N e o Ne NN}
O OO OO OO
O OO OO oo
OO O OO OO
_— O oo o oo

L d7x9
Further, let

&:=(p, WD, KT Y= (f, 5 F)T,
9

X; = [ B, (5511 x [ By, (0r)]” = [ By, ('n) ],

Yy = B3SO ) < (B35 ()] < [ By, ()],

5= [Bya(SEN]” % [B;,(0r)]” x [ By, (0r) ],
Y, = (B su) ] < [ Byt (0r)]” x [ By, ()]

Note that
X3 =X3 2, Y;=Y3, VsekR
System (3.24)—(3.27) can be rewritten as follows:
N, D =Y, (3.32)
where ® € X7 is the sought for vector function and YV € Y is the given vector function.
Due to Theorems 4.3 and 4.4, the operator N, has the following mapping properties:
N, X, =Y,
N, X;’q —Y?

p,q’

(3.33)

forall s e R, 1 < p < o0, 1 < ¢q < oo. As it will become clear later, the operator (3.33) is not
invertible for all s € R. The interval a < s < b of invertibility depends on p and on some parameters
~" and 7" (see (3.40)—(3.42)), which are determined by the eigenvalues of special matrices constructed
by means of the principal homogeneous symbol matrices of the operators AQ) and .A(Tl) + 5’9). Note
that the numbers 7/ and 4" determine also Holder’s smoothness exponents for the solutions to the

original mixed boundary-transmission problem in the neighbourhood of the exceptional curves 8Sg),
OI'c and OT.
We start with the following

Theorem 3.1. Let the conditions
1 1 1
l<p<oo, 1<£g<o0, ,_1+7//<s+§<,+7/ (3.34)
p p

be satisfied with v and " given by (3.42). Then the operators (3.33) are invertible.

Proof. We prove the theorem in several steps. First, we show that (3.33) are Fredholm operates with
a zero index and afterwards we establish that the corresponding null-spaces are trivial.
Step 1. Let us note that the operators
~ 9 s 1)y 19
rn A (B, 0] (BN Sp)]

(1) T
Sp

re AD B (SO ] = BN (Tr)]°

T

(3.35)

are compact, since Sg) and ['p are disjoint, S(Dl) NT7 = @. Further, we establish that the operators
=% a(1)y 19 2 ()79

r AL s [Hy 2 (SH)] = [1HE (Sp)]7

D (3.36)

rep [AD + B2 ¢ [H,

Tr

1
2

)]’ = [HE ()]’
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are strongly elliptic Fredholm pseudodifferential operators of order —1 with a zero index. We note
that the principal homogeneous symbol matrices of these operators are strongly elliptic.

Using Green’s formula and Korn’s inequality, for an arbitrary solution vector U™ € [H3(Q2M)]° to
the homogeneous equation

V@, VUM =0 in QW)
by the standard arguments, we derive (see, e.g., [6,7])

Re ([UW]*, [TWU®]+ >m(1 > ||UD 2 Fers (o —c | UW H[HO(Q<1))]9, (3.37)

where (-,-) . denotes the duality pairing between the spaces [H% (89(1))] and [H_% (89(1))]9.
Substitute here U} = VT(l)([PT(l)]_1C) with ¢ € [Hz_%((“)ﬂ(l))}g. Due to the equality
¢ =PI UMY
and the boundedness of the operators involved, we have

2 < fUMH2
102, g STV 4

with some positive constant c*. By the properties of single layer potentials, we have
M+ _ ) p]~L mgon+ _ (_ L M) [pm7~?
U} =HD PO {TOUMY = (= Sl + kW) [PY] ¢
By the trace theorem, from (3.37), we deduce
Re (HW[PW]71¢, (— 27 I + KD + HW) [PD]T¢)

2
20(1) >l ¢ ” (69(1))]

_‘_Hﬁ’H(l)[P(l 1(” — ||V(1 P(l

—1
H2 (8Qm)H)]o ¢) ||[H§(Q<“)]9'

Thus we have

Re ([P Q) 0y 2 HCH2

o0 (o0
+| BHWIPI] CH (12 (9o 2 I v [P(l) H (HY ()]
In particular, in view of Theorem 4.1, for arbitrary ¢ € [H, (S ) )]?, we have
10 By < ICI 5 o
and, consequently,
Ro(r,y HOIPDIMC O 2 6ICIE g = ICI (3.38)

From (3.38), it follows that

AL = MO s [ - [ s)]°
is a strongly elliptic pseudodifferential Fredholm operator with index zero (see [18,21]).

Then the same is true for the operator (3.36), since the principal homogeneous symbol matrix of
the operator B! is nonnegative (see [23]). Therefore, the operator (3.33) is Fredholm with index zero
for s = —1/2, p =2 and ¢ = 2 due to the compactness of operators (3.35).

Step 2. With the help of the uniqueness Theorem 2.1, due to the representation formulas (3.4) and
(3.5) with Gél) =0and G((]Q) = 0, we can easily show that the operator (3.33) is injective for s = —1/2,
p =2 and ¢ = 2. Since its index is zero, we conclude that it is surjective. Thus the operator (3.33) is
invertible for s = —1/2, p =2 and ¢ = 2.
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Step 3. To complete the proof, for the general case, we proceed as follows. The following blockwise
lower triangular matrix pseudodifferential operator

(1)
ng) T ng) [0]oxo ng) [0]ox7

Nio) = TFT [0]9><9 TFT [“45'1) +B7('2)} TFT [0]9X7

TFT [0]7><9 T’FT I7><9 TFT I7 25x25

is a compact perturbation of the operator A;. Let us analyze the properties of the diagonal entries

s s 9
AW B (SO = [BiEHSH)]Y,

Le)
re, [AD +BA ] 2 [ By, (Cr)]° = By (Tr) ]
Let
&1(z,&,&) = 6(AM;2,6,%)

be the principal homogeneous symbol matrix of the operator AW and let A;I)(Jc) (j = 1,9) be the
eigenvalues of the matrix

Dy (2) = [61(2,0,+1)] " & (2,0,—1), z€dST.

Similarly, let
Ga(7,£1,&) = S(AW + BP) 2,61, &)

be the principal homogeneous symbol matrix of the operator AN + B and let A§2)(x) (j =1,9) be
the eigenvalues of the corresponding matrix

Dy(z) = [Sa(z,0,+1)] " Sy(2,0,—1), z €Ty (3.39)

Note that the curve 'y is the union of the curves, where the interface intersects the exterior boundary
OT', and the crack edge 0T'¢, OI'r = O’ U 0T ¢.
Further, we set

1 1
vy = inf — arg A;l)(m), vy = sup 5 I8 )\;1)(1')7 (3.40)
x€asy) 19 4T veasV 1<i<0 °T
: 1 2) 1 )
L = inf — arg \P(z MEES su — arg X\ (z). 3.41
Vo= ik oo arg AT (@), N R (z) (3.41)

Note that / and 7/ (i = 1, 2) depend on the material parameters in general and does not depend on

the geometry of the curves 65’531), OT'r. Since some of the eigenvalues equal to 1, we have 7, € (—%, 0],
v/ €0,1)i=12(cf. [8,9]).
Let’s introduce the notation

v i=min{y}, 5}, 7" =max{y, 15}, (3.42)
then 1 1
*§<’Y/SOS’)/N< 5 (343)

From Theorem 4.5, we conclude that if the parameters 1,72 € R, 1 < p < 00, 1 < g¢ < 00, satisfy the

conditions
1 Lol < 1 < 1 1 Lol < 1 < 1,
- r Z oz - r Z oz
D +7 1+2 p""Yh p + 72 2+2 2’)’2»

then the operators

r o AL LS = [Hp P sE) ),

or 1 9 1 1 9
ngJA(Tl) : [Bp,lq(SI(D))} - [Bp7q+1(51(3))] ’

rey [AD +BO] < [H2(0r)] = [HPE(T) ],
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=~ 9 r 9
reg (AP + B2 (B (Pn) | — [ B ()]
are the Fredholm operators with zero index.
Therefore, if conditions (3.34) are satisfied, then the above operators are Fredholm ones with a zero
index. Consequently, operators (3.33) are Fredholm with zero index and invertible due to the results
obtained in Step 2 (see [2]) . O

Now we formulate the basic existence and uniqueness results for the interface crack boundary-
transmission problem under consideration.
Theorem 3.2. Let inclusions (2.23) and compatibility conditions (3.22), (3.23) hold and let
4 cp< 4
32y P STy
with 4" and 7" be defined in (3.42). Then the interface crack boundary-transmission problem (2.10)—
(2.22) has a unique solution

(3.44)

UM, U@y e [WhW)]” x [WhQ®))]T,
which can be represented by the formulas
UW =vO (PO G + 4+ hD]) in QO (3.45)
U =V ([P2] 7 (G +h]) in 0, (3.4

where the densities 1, hY) and h? are to be determined from system (3.6)~(3.11) (or from system
(3.24)(3.27)), while G(()l) and G(()Q) are some fized extensions of the vector functions GV and G,
respectively, onto INM) and 92| preserving the space (see (3.1) and (3.2)).

Moreover, the vector functions Gél) +1 +hD and G(()Q) + h? are defined uniquely by the above
systems and are independent of the extension operators.

Proof. From Theorems 4.1, 4.2 and 3.1 with p satisfying (3.44) and s = —1/p it follows immediately
that the pair (UM, U®?)) € [WZ}(Q(I))]9 X [WI}(Q@))]7 given by (3.45), (3.46) represents a solution to
the interface crack boundary-transmission problem (2.10)—(2.22). Next, we show the uniqueness of
solutions.

Due to inequalities (3.43), we have

—9e ( 4 4 )
P=2= 3oy 122y )
Therefore the unique solvability for p = 2 is a consequence of Theorem 2.1.

To show the uniqueness result for all other values of p from the interval (3.44), we proceed as
follows. Let a pair

UM, U) e (W @M)]” x [Wy(@®)]"
with p satisfying (3.44), be a solution to the homogeneous interface crack boundary-transmission
problem. Then it is evident that

O e (B @oM)]’, (U@} e [By,F00®)]',
(TOUO Y € [Byp @0, {TOU@Y ¢ [B7(002)].

By Lemmas 2.2 and 2.3, the vectors U and UM in Q) and QM) respectively, are representable in
the form

U® = y@([PO] T h®) 0@, p@ = [Ty
UW = VO(PO] ) i 0O, = {[TOUOY 4 g Iy,

Moreover, due to the homogeneous boundary and transmission conditions, we have

WO e [Byp(Tr)]") x=hD ¢ € B (SV)])°, a0 e [By (Tr)]°, v e [Byg (s9)]°.
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By the same arguments as above, we arrive at the homogeneous system

1
N, ® =0 with @ := (¢, kY, k)T e X, 7.

Due to Theorem 3.1, ® = 0 and we conclude that U =0 in Q3 and UM =0 in QM.

The last assertion of the theorem is trivial and is an easy consequence of the fact that if the single
layer potentials (3.45)and (3.46) vanish identically in Q) and Q(), then the corresponding densities
vanish, as well. O

The following regularity result is true.

Theorem 3.3. Let the inclusions (2.23) and the compatibility conditions (3.22), (3.23) hold and let
forl<r<oo,1<q< o0,
1 1

1 1
=2y g 3tV Ss<itgt (3.47)

3-27 “P%

with " and v defined in (3.42).

Further, let UV € [Wpl(Q(l))]9 and U ¢ W, (QCNH]7 be a unique solution pair to the interface
crack boundary-transmission problem (2.10)—(2.22). Then the following items hold:

(i) if

Q) e BN Sy, QF e BN S, KY€ BLUSY)), fue B, (Tr). FyeBM(Ir),

QY e B\ (Te), QY € B'(Te), k=19, j=T7T,
and the compatibility conditions

= 1 2 s .

Fj=Fj—r, G —r. G er, B N(Tr), j=186

ﬁ7 = F7 — Trp G(()%)) —Tr, G(()27) € Trp Eﬁ,zl(FT)v
are satisfied, then
1 sl
U ¢ [H:“‘T(Q(I))P7 U@ ¢ [H;,“‘T(Q(Z))]?;
(i)
1 — 2 S — 2 £ 1 S S—
l(c) EB;ql(SJ(\}))? Q; ) EB;,ql(SJ(V))’ flgl) EBr,q(S(D))v fk eBr,q(FT)’ FJ EBr,ql(FT)7
Q% e B: Y (Te), Qe B M (Te), k=19, j=17T,
and the compatibility conditions
-~ 1 2 s— :
Fj = Fj — TFT G(()j) — TI‘TG(()j) S TFTBr,ql(FT)? J =
ﬁ’r = F; — Tr, G(%) —Tr, Gg%) S T E:;l(FT),

1,6,

are satisfied, then
s+1L 9 s+1 7
v e [Br,qr(Q(l))] ., U@ ¢ [Br,qT(Q(Q))] :
(iii) if @ > 0 is not an integer and

Ve B LY, QP e BLL(Y), Y ecsy), foec (),
Fye B L(r), QY e BLL(Te), Q) e BEL(c), k=19, j=17,
and the compatibility conditions
~ 2 Da— T @
Fj = Fj T G((]é) - TFTG((]j) € TFTBoo,olo(rT% J=16,

ﬁ7 = F7 — Trp GE)%)) —Tr, GE)27) € rp ano_,olo(FT)v

are satisfied, then

v ¢ m [C’O‘/(Q(l))}g’ U®? ¢ ﬂ [CQI(W)}77

a’'<K a’'< kK

where £ = min{a, v’ + 3} > 0.
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Proof. Tt is word for word repeats the proof of Theorem 5.22 in [6]. g

4. APPENDIX

4.1. Properties of potentials and boundary operators. Here, we collect some theorems describ-
ing the mapping properties of potentials and the corresponding boundary integral (pseudodifferential)
operators. The proof of these theorems can be found in references [6-8,17].

Theorem 4.1. Let 1 < p < oo, 1 < qg< oo, se€R. Then the single layer potentials can be extended
to the following continuous opemtors

V@ [B: (00 S [Bs @), v (B 000)] = [H T W),

V@ . [H300)] [T @) v (3 00M)] - [y ).

Theorem 4.2. Let 1 <p < oo, 1 <qg<oo,seR, h® e [H_§(89(2))] , R e [H_%(ﬁQ(l))]g.
Then

{V(2 (h 2))}+ (VAR =H® (h®) on 003,
T, v, 1)V (R? FolFoln + K@ 7 () on 903
{ :
{V(l)(h(1)>}+ {V(l) h(l) }_ fH(Tl) (h(l)) on aQ(l)7
{7(1)(3771’7) )(h(l )} [ + 2717, +IC71)] (h(l)) on 9QW,
where Iy, stands for the k X k unit matriz.

The operators 7—[(71)7 7-[32), ICQ) and ICQ) possess the following mapping and the Fredholm properties.

Theorem 4.3. Let 1 < p < oo, 1< q< o0, seR. The operators
HE (1 00) - [H;“(aﬂ@ N HY s [ e0)] - [ eaM)],
HO ¢ [B,(00)] - [Bsrtee®)],  HD ¢ [Bs (00W)]° — [BitH0aM),
K@ [H;09)]" = [HE(02@)]", KO [Hy09M)] = [HE(00M)]°,
K@ . [B;(09)]" = [Bs,(00@)], KO . [Bg,(09M)]° — B (021)]°.
are continuous.
Theorem 4.4. Let 1 <p<oo,1<qg<oo,seR and T=0+1w. The operators
HD : [H(092)] %[HSH(BQ(Z))] , 1O [H(00D)]) = [H T (000)°,
D [Bs, (09 =Bt (09@)], HO - [Bs (000 =B (00W)]°

are invertible if o > 0, or 7 = 0.
The operators

+27 L+ K@ [HS(aQ@))}7 [H;(00™)]",

+271 [ + K@ (B (09)]" = [Bs,(00)],
271 Iy + K [HS(@QU)]Q — [H( aQ<1> )]’
27 L+ K0 [HY00MW) ] = [HY(00M) ]

are invertible if o > 0.
The operators

_o-1 Iy +]C7(_1) . [HS(aQ(1))]9 N [Hs(aQ(l))]97
=27 oy KD B, 000)]° 5 [ B, 000))°

are Fredholm ones with the index equals to zero for any T € C.
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4.2. Fredholm properties of pseudodifferential operators on manifolds with boundary.
Let M be a compact, n-dimensional, smooth, nonselfintersecting manifold with the smooth boundary
OM # @ and let A(z, D) be a strongly elliptic N x N matrix pseudodifferential operator of order
v € R on M. Denote by &(A;z,£) the principal homogeneous symbol matrix of the operator A(z, D)
in some local coordinate system (x € M, £ € R™\ {0}).

Let A\i(z), ..., An(z) be the eigenvalues of the matrix

[S(A;2,0,...,0,+1)] ' [6(A;2,0,...,0,-1)], = €M,
and introduce the notation
§j(z) =Re[(2mi) 'InX;(z)], j=1,...,N.

Here, In({ denotes the branch of the logarithmic function, analytic in the complex plane cut along
(—o0, 0]. Note that the numbers ¢;(z) do not depend on the choice of the local coordinate system
and the strong inequality —1/2 < §;(z) < 1/2 holds for all z € M, j = 1, N, due to the strong
ellipticity of A. In a particular case, where G(A;x, &) is a positive definite matrix for every x € M
and & € R\ {0}, we have 1 (x) = - -+ = dn(x) = 0, since the eigenvalues A1 (z),..., Ay (z) are positive
for all x € M.

The Fredholm properties of strongly elliptic pseudo-differential operators on manifolds with a
boundary are characterized by the following theorem (see [2,3,14,28]).

Theorem 4.5. Let s e R, 1 <p < 00, 1 < g < o0, and let A(xz, D) be a pseudodifferential operator
of order v € R with the strongly elliptic symbol S(A; x,£), that is, there is a positive constant co such
that
Re&(A;z,8)n - 0= colnf?
forx € M, € € R™ with |¢| =1, and n € CN.
Then the operators
TS N s—v N
A : [Hy(M)]" — [Hy (M)
NS N S—v N
A [Bp,q(M)] - [Bp’q (M)]
are Fredholm and have the trivial index Ind A = 0 if

(4.1)

1 v 1

-—1 0 <s— =< - inf d;(x). 4.2

p LT s i(@) <s—5 PR i(x) (4.2)
1<G<N 1SN

Moreover, the null-spaces and indices of the operators (4.1) coincide for all values of the parameter
q € [1,+0o0], provided p and s satisfy inequality (4.2).
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