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1.1 Introduction

We consider the basic and mixed transmission problems for scalar second
order elliptic partial differential equations with variable coefficients and using
the localized parametrices reduce the problems to direct segregated boundary-
domain integral equations.

The transmission problems treated in the paper are well investigated in
the research literature by the variational methods, and the corresponding
uniqueness and existence results are well known (see, e.g., [HWO08], [LiMaT72]).

For the special cases, when the fundamental solution is available, the
Dirichlet and Neumann type boundary value problems were also investigated
by the classical potential method (see [Mir70], [HWO08] and the references
therein).

Our goal here is to show that the problems can be equivalently reduced to
some localized boundary-domain integral equations (LBDIEs) and the corre-
sponding localized boundary-domain integral operators (LBDIOs) are invert-
ible, which beside a pure mathematical interest may have also some applica-
tions in numerical analysis for construction of efficient numerical algorithms
(see, e.g., [Mik02], [MNO5], [SSA00], [ZZA98], [ZZA99] and the references
therein).

In our case, the localized parametrix is represented as the product of a Levi
function of the differential operator under consideration and an appropriately
chosen localizing function, e.g., a function supported on some neighbourhood
of singularity point of the Levi function. Although the kernels of the corre-
sponding localized potentials do not solve the original PDEs, the localized po-
tentials preserve almost all mapping properties of the usual non-localized ones
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(cf. [CMNO09-1, Mik06, CMN11, CMNO09-L]). However, some unusual proper-
ties of the localized potentials appear due to the localization of the kernel
functions which have no counterparts in classical potential theory and which
need special consideration and analysis.

By the direct approach based on Green’s representation formula, we reduce
the transmission Dirichlet and mixed type problems to the LBDIE system.
First we establish the equivalence between the original transmission problems
and the corresponding LBDIE systems, which proved to be a quite nontrivial
problem and plays a crucial role in our analysis. Afterwards we investigate
Fredholm properties of the LBDIOs and prove their invertibility in appropriate
function spaces. In this paper we present analysis for a wider classes of the
localizing functions than in [CMNQ9-L].

1.2 Reduction to localized boundary-domain integral
equations

1.2.1 Formulation of the interface problems

Let 2 and 7 be bounded open domains in R?, 2; C 2 and 25 := 2\ 2.
We assume that the interface surface S; = 021 and the exterior boundary
S, = 012 of the composite body 2 = 2, U 2, are sufficiently smooth, say
C*>-regular if not otherwise stated. Clearly, 025 = S; U S.. Throughout the
paper n(? = n(@(z) denotes the unit normal vector to 012, directed outward
the corresponding domain £2,. Clearly, n")(z) = —n(® () for x € ;.

By H"(2') = H5 (') and H"(S) = H3(S), r € R, we denote the Bessel
potential spaces on a domain {2’ and on a closed manifold S without bound-
ary. The subspace of H"(R?) of functions with compact support is denoted
by H,,.,(R?). Recall that H°(£2') = Ly(£2') is a space of square integrable
functions in 2. N

For a smooth sub-manifold M C S we denote by H"(M) the subspace of

H™(S), H'(M) :={g: g € H" (M), suppg C M}, while H" (M) denotes the
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spaces of restrictions on M of functions from H"(S), H"(M) :={r, f : f €
H"(S)}, where r,, is the restriction operator onto M.
Let us consider the differential operators in the domains (2,

Ag(2,0:) u(@) =) O, [ag(2) O ulx)], ¢=1,2,

k=1
where 0, = (01, 02,03), O = Oy, = 0/0x1, k=1,2,3, and
g € C®(R?), 0<c <aglz)<e <00, ¢g=1,2.

Further, for sufficiently smooth functions (from the space H?(£2,), say) we
introduce the co-normal derivative operator on 02, ¢ = 1,2, in the usual
trace sense:

3
TE(2,00) u(@) =Y ag(x) n(® (@) 1Z [0, u(2))], (1.1)
k=1

where x € 0f2, and the symbol fy;r and ~y,~ denote the trace operators on 92,
from the domain (2;‘ := {2, and its complement (2" := R3\ 2,, respectively.
We set

HY (025 Ag) ={ue H' (27) : Aque H(2f)}, q=1,2.

The classical co-normal derivative operators given by (1.1) can be continu-
ously extended to functions from the spaces H'° (Q;t; Ag) by the (generalized)
canonical co-normal derivative operators TqjE : HLO(Q;‘E;Aq) — H_%(ﬁﬂq)
(cf., for example, [Co88, Lemma 3.2], [McL00, Lemma 4.3]) defined as
<Tqiu, w>mq = j:/ [(Eqiw) Agu+ Ey(u, E;tw)] dx (1.2)

2q

for all w € H %(&Qq). Here Eqi are continuous linear extension operators,
o Hz (892,) — H'(2F) which are right inverse to the trace operators v,
while

Eq(u,v) == aq(x) Vyu - Vo, V= (01,02,05) ",

and the central dot denotes the scalar product in R®. The symbol (g1, 92)00,
n (1.2) denotes the duality brackets between the spaces H~2(8f2,) and
H?z(d82,), coinciding with fa(zq g1(x) g2(x)dS if g1,92 € L2(0£2,). Below for
these type dualities we will use sometimes the usual integral symbol when this
does not lead to confusion. We will also employ the shorter notations v, = fy;r,
T, =T;.

Now we formulate the following Dirichlet and mixed type transmission
problems:
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Find functions u; € HY(£2; A1) and uy € HYO0(§2y; As) satisfying the
differential equations

Ag(z,05)ug = fy inf2y, g=1,2, (1.3)
the transmission conditions on the interface

ViUl — Y2Uu2 = @Yo;  ON Si, (1~4)
Tiui + Tous = wOi on S

and one of the following conditions on the exterior boundary:
the Dirichlet boundary condition

YoUg = @Pge  ON Se, (1.6)

or the mixed type boundary conditions

’}/Q’UQ:(pézy) on SeD7 (17)
TQngwéIEM) on Se]\[7 (18)

where S.p and S.n are smooth disjoint sub-manifolds of S.: Se = Sep U Sen
and Sep N Seny = 9.

We will refer to these boundary transmission problems as (TD) and (TM)
problems, respectively.

For the data in the above formulated problems we assume

woi € H2(S;), oi € H2(S;), woe € H2(S.), 0. € H™2(S,),
o) € H(Sep), vt € H %(Sn), fy € HY(2,), ¢=1,2.

The equations (1.3) are understood in the distributional sense, the Dirichlet
type boundary and transmission conditions are understood in the usual trace
sense, while the Neumann type conditions for the co-normal derivatives are
understood in the sense of the canonical co-normal derivatives defined by
(1.2).

We recall that the normal vectors n") and n(®) in the definitions of the
co-normal derivatives Tiu and Thu on S; have opposite directions.

As we have mentioned in the introduction, all the above formulated trans-
mission problems are well investigated in the literature by the variational
methods and the corresponding uniqueness and existence results are well
known (see, e.g., [LiMa72]). Our goal here is to show that the problems can
be equivalently reduced to some LBDIEs and to investigate the Fredholm and
invertibility properties of the corresponding LBDIOs.

1.2.2 Properties of localized potentials

It is well known that the function
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1

P - -
w(@Y) = = o e ]

is a Levi function for the operator Aq(z, ;) (cf. [CMNO09-1]).
Now we introduce the localized parametriz (localized Levi function) for the
operator A,

Pq(z7y)EPqX(x7y) = X(CC—y)qu(.I,y), q:1,2,
where x is a localizing function (see Appendix A)
x(x) =x(lz]), x€Xf, k>3
One can easily check the following relation [CMN09-L],
Aq(xv 8I) Pq(.lf, y) = 5($ - y) + Rq(xay)7 q = 1a 27

where J(-) is the Dirac distribution and

e 0 [dag(@) x(z—y)
Rq(%y) = qu(x,y) T TIma,(y) ‘21 {  dy; { a‘;; |i—y\
=

Ox(xz— O (z—
tag(z) x((%jy) |xiy|]+aq(gj) x(g)wjy) o 1 }

The function R,(z,y) possesses a weak singularity of type O(|z — y|=2) as
x — y if x is smooth enough, e.g., if y € X2.
Let us introduce the localized volume potentials for y € R3,

mﬂwaéammmwa (1.9)

Ry f@)i= [ Role.w) fla) da,

q

and the surface potentials for y € R3\9,
VIO o(w) = = [ Pfe)a(@)as..
W g(0) == [ [7,(@.0.) Pofe.9)] o(o) S,

based on the localized parametrices P,. Here S € {S;, S, 0{2,}. Note that
for the layer potentials we will drop the subindex S when S = 0f2,, i.e.,

V@ .= Va(?;q, W@ = Wé‘gq. If the domain of integration in (1.9) is replaced
with the whole space £2, = R® | we employ the notation P, f = P, f.

Let us also define the corresponding boundary operators generated by the
direct values of the localized single and double layer potentials and their co-

normal derivatives for y € S
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VDy(y) = — /S P,(z.y) g(x) dS.., (1.10)
W g(y) = — /S [ T,y(2, 0)Pa(z ) ] g(x) dS, (1.11)
W @g(y) = — /S [Ty(s.8,) Pa(z.y)] (x) dS.., (112)
LEDg(y) =, TE(y, 0,) WDg(y). (1.13)

For the pseudodifferential operator (1.13), we employ also the notation L'(Sq) =
L@, Note that the kernel functions of the operators (1.11) and (1.12) are
at most weakly singular if the localizing function x € X? and the surface S
is C*# smooth with 8 > 0. Mapping properties of the operators (1.9)—(1.13)
are studied in [CMNO09-L].

Further on we assume that the following relation holds on the interface,

as(z) = »ay(z) forx € S;, = const > 0. (1.14)

Finally, we present some auxiliary propositions which play a crucial role
in our analysis and which can be proved by extending the arguments similar
to those applied in the proof of Lemmas 6.3 and 6.4 in [CMNO09-L] from the
case y € X}, to the case x € X},.

Lemma 1. Let x € X3, and condition (1.14) hold. Further let G, € H°(£2,),
g€ H2(S;), g2 € H2(S,), go € H2(S.) and

VI (g1) + WD (g2) + Pr(G1) =0 in 21,

VE (g1) =W (g2) + VP (ge) +Pa(G2) =0 in 5.
Then Gg =0 1n 2, ¢=1,2, g1 =0, g2 =0 on S;, and g. =0 on Se.
Lemma 2. Let x € X}, and condition (1.14) hold. Further let G, € H°({2,),
g1 € H2(S;), go € H3(S)), gep € H™3(Sen), gen € H?(Sen), and
VI (g1) + WD (g2) + Pr(G1) =0 in 02y,

Si

Vs?) (gl) - Wé?) (92) + Vs(f)(gED) + Wéf) (geN) + PQ(GQ) =0 in 2.

Then Gy =01 24, ¢q=1,2, g1 =0 and go =0 on S;, gep =0 and gey =0
on Se.
1.2.3 Basic LBDIE relations

Second Green’s identity holds for the operator A,(x, d,) and u,v € HY%(§2,; 4,),
see, e.g., [Co88, Lemma 3.2], [McL00, Lemma 4.3],

/[U Agu—uAgvldr= / [(vqv)Tqu — (vqu)Tyv]dS, q=1,2.
I 092,
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By the standard limiting procedure near the singular point of the parametrix
(see, e.g., [Mir70]), we obtain the following parametrix-based third Green’s
identity for arbitrary u = u, € H%(£2,; A,),

g + Ryuq — VO Tyug + W Dy u, = PyAgu, in 2, (1.15)

Recall that for layer potentials we drop the subindex S when S = 0£2,.
Taking in mind the properties of the localized potentials exposed in Appendix
B, for the trace and co-normal derivative of (1.15) we get

1
5’Yquq‘i"Yqunq_V(q)Tquq+W(Q)’Yq“q:'YqPqu“q on 08, (1.16)

1
3 g+ Ty Rytg—W' DT+ LDy u, =T, Py Agu, on 982, (1.17)

With the help of these relations one can construct various types of LBDIE
systems for the above formulated transmission BVPs.

1.3 LBDIES for the transmission Dirichlet problem

Let a pair (ug,us) € HY0(821; A1) x HY9(£25; As) be a solution to the trans-
mission Dirichlet problem (1.3)-(1.6), i.e., Problem (TD). Assume that the
problem right hand sides satisfy the imbeddings

woi € H2(S;), tbo; € H™2(S;), oo € H?(S.), f, € HO(2,).  (1.18)

Let us introduce the following combinations of the unknown functions
1 1
Y = 57, (Thuy — Touz), ;i = 57, (mur +2uz), e =715 Touz. (1.19)

Then evidently ¢; € H=2(S;), ¢; € H2(S;), the € H™2(S,).
Let us introduce the five-vector function (column matrix function)

U(TD) = (u17u27wi7¢i7w6>1— € H(TD)7 (120)
where

HTP) .= HYO(021; Ay) x HYO(02y; Ay) x H™2(S;) x H2(S;) x H™2(8,),
(1.21)
and consider formally the components of U(TP) as unrelated to each other
(i.e., segregated).

Further, let us employ the third Green identities (1.15) in {21 and {2,
difference of their traces (1.16) and sum of their co-normal derivatives (1.17)
on S;, and also the trace (1.16) on S.. Then after substituting transmission and
boundary conditions (1.4)-(1.6) and notations (1.19) we arrive at the following
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system of direct segregated LBDIEs for the components of the vector function
U(TD) = (u17 U2, 1/’1‘7 Pis ¢€)T7

ur + Raug = VO + W, = FTP) in o, (1.22)
up + Ratz + VO + W, — VO, = I in 12, (1.23)
NRiw —2Rauz — (VI + V) + (W = WD), + 72V D0,

= vlFl(TD) — 'yng(TD) —@o; on S;,  (1.24)
T1Riuy + ToRous — (Ws'i(l) - WS:(Z))%' + (E(Sli) + L‘g))% — TV P4p,

=T F"P) + o F™P) — g on i, (1.25)
YRtz +92V O+ WD -V = F{T —0g. on S, (1.26)

where

1 1
F™ =Py fi + §V5(i1)7/10z‘ - §Ws(i1)900iv

1 1
B =Pyfo+ §Vs(i2)7/’0i + iws(?)WOi — WP ..
If we introduce the notation

I L e

Lt R 0 —Tg, Vs(‘l) To, Ws(l) 0 -
0 I+7, Ry T, VS<_2> T, W;?) T, Vs(f)

re R —rgeRe =V —VE - W W@ g V@)
?“Si TlRl Tsi TQRQ —Wsli(l) + W;Z(Q) ‘C(sll) + AC(S%) _Tsi T2VS(3)
0 remRe e RV e W VP

e _

the LBDIEs system (1.22)-(1.26) can be rewritten as
KIDyIb) = prb), (1.27)

where U(TP) ¢ HTD) is the unknown vector, while F(ITP) ¢ F(TD) ig the
known vector generated by the right hand side functions in (1.22)-(1.26) and

F(TP) .= HYO(0y; Ay) x HYO(029: Ag) x H?(S;) x H2(S;) x H7(S,).
There holds the following equivalence theorem.

Theorem 1. Let conditions (1.18) hold and x € X3,.

() If a pair (u1,uz) € HYO(£21; A1) x HYO(£29; As) solves the Problem
(TD), then the five-vector UTP) € HTP) given by (1.20), where 15, p; and
e are defined by (1.19), solves LBDIEs system (1.22)-(1.26).
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(ii) Vice versa, if a five-vector UTP) e HTP) solves LBDIEs system
(1.22)-(1.26) and condition (1.14) holds, then (ui,us) € HYY(£2;A;) x
HY (0255 A3) solves Problem (TD) and relations (1.19) hold.

Proof. Claim (i) immediately follows from the deduction of (1.22)-(1.26).
Now, let a five-vector UTP) € H(TP) solve LBDIEs system (1.22)-(1.26).
Subtracting from equation (1.24) the trace v, of equation (1.22) and adding
the trace v of equation (1.23), we prove (1.4). Similarly, subtracting from
equation (1.25) the co-normal derivative T} of equation (1.22) and the co-
normal derivative Ty of equation (1.23), we prove (1.5). At last, subtracting
from equation (1.26) the trace v2 of equation (1.23), we prove (1.6). That is,
the transmission conditions on S; and the Dirichlet boundary condition on S,
are fulfilled.

It remains to show that u, solves the differential equations (1.3) and that
the conditions (1.19) hold true. Due to the embedding UTP) € H(TP) the
third Green identities (1.15) hold. Comparing these identities with the first two
equations of the LBDIEs system, (1.22) and (1.23), and taking into account
transmission conditions (1.4)-(1.5) and the Dirichlet boundary condition (1.6),
already satisfied, we arrive at the relations

1 1
V(.l)(§[T1U1 — Thuo] — ;) + Ws(j)(%' — =Imur + Y2us])

85 2
=Pi(f1 — Aruy) in (2,
Vs(?)(%[Tlul — Tous) — ;) — WS(Q) (i — %[”ﬂm + y2us])
+ Vs(f)(i/Je — Toug) = Pa(Azuz—f2) in (2.

Whence by Lemma 1 we conclude that conditions (1.19) are satisfied and
A1u1 - f]_ =0 in .Ql, A2U2 - f2 =0 in QQ.

This completes the proof. O

Due to this equivalence theorem we conclude that the LBDIE system
(1.22)-(1.26) with the special right hand side which belongs to the space F(T'P)
is uniquely solvable in the space H(TP) defined by (1.21). In particular, the
corresponding homogeneous LBDIEs system possesses only the trivial solu-
tion. By the way, one can easily check that the right hand side expressions
in LBDIEs system (1.22)-(1.26) vanish if f; = 0in 24, ¢ = 1,2, ¢p; = 0 and
;=0 on S;, and ¢p. = 0 on S,.

Our next aim is to establish the invertibility of the matrix operator gen-
erated by the left hand side expressions in the LBDIEs system (1.22)-(1.26)
both in already introduced and in wider function spaces.

Let us introduce the notations

X(TD) .= HY () x HY(2,) x H2(S;) x H2(S;) x H™2(S,),
YTD) .= HY () x HY(2,) x Hz(S;) x H™2(S;) x Hz(S,).
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Evidently H(TP) ¢ X(TP) and F(TP) ¢ y(T'D),
Due to Theorems 6 and 7 in Appendix B the following operators are
bounded if y € X3,
K(TD) . {(TD) _y p(TD) (1.28)
: X(ITD)  y(T'D), (1.29)

Theorem 2. Let x € X3, and condition (1.14) hold. Then the operators
(1.28) and (1.29) are invertible.

Proof. We can easily see that the upper triangular matrix operator

1 0 frﬂle(_l) o, Ws(l) 0 T
01 7, V® ro, W =, VI
]C(()TD) —1lo o _Vg) — Vg) Wg) — WS) rsi'yQVS(f) (1.30)
0 0 0 ,c<;i>+,c<sf> —ry, ToV
00 0 0 Ve

possesses the same mapping properties as the operator KTy ),

kTP xXTD) TP (1.31)
and by Lemma 4 in Appendix B the operator (1.31) is a compact perturbation
of the operator (1.29).

For ¢ = 1,2, the operators Vé‘” . H=2(S) — H?2(S) are strongly el-
liptic pseudodifferential operators of order —1 with strictly positive princi-
pal homogenous symbols [2a,(y) [¢'|]7! for ¢ € R?\ {0} and y € S, while
K(S‘Z) :H? (S) = H _%(S ) are strongly elliptic pseudodifferential operators of
order 1 with strictly negative principal homogenous symbols —3 a,(y) |¢| for
¢ € R?\ {0} and y € S. Therefore by standard arguments it can be shown
that the operators in the main diagonal in (1.30) are Fredholm of zero index
in the corresponding function spaces. Therefore the operator (1.29) is also
Fredholm with zero index.

It remains to show that the null space of the operator (1.29) is trivial. We
proceed as follows. Let U € X(TP) be a solution to the homogeneous system
KTP)U = 0. Then the first two equations of the system imply that U € H(TP)
due Theorems 6 and 7, and by the equivalence Theorem 1 we conclude U = 0.
Thus the kernel of the operator (1.29) is trivial and consequently (1.29) is
invertible.

To prove invertibility of operator (1.28), we remark that for any F(T'P) ¢
F(TP) a unique solution U € X(TP) of equation (1.27) is delivered by the
inverse to the operator (1.29). On the other hand, since F(T'P) € F(TP) | the
first two lines of the matrix operator K(TP) imply that in fact U € H(TP) and
the mapping F(TP) — H(TP) delivered by the inverse to the operator (1.29)
is continuous, i.e., this operator is inverse to operator (1.28). O
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1.4 The transmission mixed problem (TM)

Let us consider the mixed type transmission problem (1.3), (1.4), (1.5), (1.7),
(1.8), with the right hand sides

©oi EH%(Si), o € H3(S)),

(1.32)
oM e H3(Sep), M € H 3 (Sen), fy € HY(R2,), q=1,2.

Let us denote by &g, € H3 (Se) and ¥y, € H-3 (Se) some fixed extensions of

the boundary functions gp(()]y) and 1/)(()24) from S.p and S.n, respectively, onto
the whole surface S., preserving the space. Then Ts.p Do = go(()i/[), T Yoe =
(M) 4 4
Oe

Similar to (1.19) for the Problem (TD), let us introduce the following
combinations of the unknown boundary functions

Nl

1 . 1
b= 5(Tin = Tow) € HH(S), i = 5(nem +9ou) € HA(S). | 0

e = Toug — Wo. € H™2(S.p), Yo = Yotz — Do € HE(S,n).
Further, let us set

U(TM) ::(u17u27¢i780i7we7@6)—r S H(TM)J (134)
HTM) =HY0(021; Ay) x HY (0253 As) x H™3(S;) x H2(S;)
x H™%(Sep) x H2(Sen),
and we consider again the components of the vector U(T™) as formally unre-
lated.
Let us employ the third Green identities (1.15) in §2; and {2, difference
of their traces (1.16) and sum of their co-normal derivatives (1.17) on S;,
and also the trace (1.16) on S.p and the co-normal derivative (1.17) on Sen.
Then after substituting transmission conditions (1.4)-(1.5) and mixed bound-

ary conditions (1.7)-(1.8) we arrive at the following system of direct segregated
LBDIEs for the components of the vector U(TM)

ur + Ryuy — VO, + W = AT in 0, (1.35)
s+ Roua+V O+ WP~V + WP, = F™™ in 025, (1.36)
M R1ur — 2 Rouz — (VS) + VS))%‘ + (WS) - Wg))%‘

+92V =W P =1 FTM gy BT — g on 85, (1.37)
T1Riutr + ToRoug — (W/i(l) - Wsli@))ﬂ)i + (ﬁ(st) + ﬁ(sf))%‘

S.

LV + WP, =T F™M 4+ T F{™ —y; on 55, (1.38)
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Y2 Rouz +72V;7?)¢i+72ws(?)@i—Vg)we +W§f)%

= o Fy™) — g5 on Sep,  (1.39)

TQRQUQ +T2VS(L2)'(/% +T2 WS(?)(Pz _W;E(2)¢e +£(32F) 506
=T F{"™) _ o on Sy,  (1.40)

where
) _p e Ly, L
=Pt §Vsi Yoi — §W3i ®oi, (1.41)
1 1
By =Po fort SVt s Wit VW~ W P o (1.42)

As in the case of the problem (TD), we have here the following equivalence
theorem.

Theorem 3. Let x € X3, and conditions (1.32) hold. Further, let $o. €
Hz(S,.) and Wy, € H™%(S,) be some fized extensions of the boundary func-

tions goéﬁ/[) and wéIEV[) from Sep and Sen, respectively, onto the whole surface

Se.

(i) If a pair (ui,uz) € H-O(021; A1) x H 0 (0255 Ag) solves the transmission
mized problem (TM), then the siz-vector UTM) ¢ HITM) giyen by (1.34),
where ;, @i, Ye and @, are defined by (1.33), solves the LBDIEs system
(1.35)-(1.42).

(ii) Vice versa, if a siz-vector UTM) ¢ HITM) solves the LBDIEs sys-
tem (1.35)-(1.42) and condition (1.14) holds, then the pair (uy,us) solves the
Problem (TM) and the relations (1.33) hold.

Proof. The claim (i) immediately follows from the deduction of (1.35)-(1.42).

Now, let a six-vector U(T™) solve the LBDIEs system (1.35)-(1.42). Sub-
tracting from equation (1.37) the trace ;1 of equation (1.35) and adding the
trace o of equation (1.36), we prove (1.4). Similarly, subtracting from equa-
tion (1.38) the co-normal derivative T} of equation (1.35) and the co-normal
derivative Ty of equation (1.36), we prove (1.5). Subtracting from equation
(1.39) the trace 2 of equation (1.36), we prove (1.7). Similarly, subtracting
from equation (1.40) the co-normal derivative Ty of equation (1.36), we prove
(1.8). That is, the transmission conditions on S; and the mixed boundary
conditions on S, are fulfilled.

It remains to show that the equations (1.3) and the relations (1.33) hold
true. Due to the embedding U™™) € H(TM)  the third Green identities (1.15)
hold. Comparing these identities with the first two equations of the LBDIEs
system, (1.35) and (1.36), and taking into account transmission conditions
(1.4)-(1.5) and mixed boundary conditions (1.7)-(1.8), already satisfied, we
arrive at the relations



1 Localized BDIEs for Transmission Problems 13

1 1
Vs(,il) (§[T1U1 — Thug] — ’(ﬂl) + WS) ((pi — 5[’71u1 + ’YQ’LLQD
= Pl(fl — Al’u,]_) n 917

1
i~ 5[’)’1“1 + ’Y2U2D

+ Vs(f)(*TQUQ + e + Woe) + Ws(f) (You2 — @e — Poe)
= Pa(Aguz—f2) in (2.

1
Vs@)(ﬁ[Twl — Toup] — ;) — Ws(?) (¢

i

Whence by Lemma 2 we conclude that (1.3) and (1.33) are satisfied. 0
Denote by K(TM) = [IC,(C?M)]GXG the localized boundary-domain 6 x 6

matrix integral operator generated by the left hand side expression in (1.35)-
(1.40) and set

FTM) = Y0005 Ay) x HYO(025; Ap) x H2(S;) x H™2(S;)
X H?(Sep) x H 2 (Sey). (1.43)

Then the LBDIEs system (1.35)-(1.40) is written in matrix form as
I yIM) = FIM), (1.44)

where U(TM) is the unknown six-vector function (1.34), while F(T) ¢ F(TM)
is the known vector function compiled by the right hand side functions in
(1.35)-(1.40).

From Theorem 3 it follows that the LBDIEs system (1.35)-(1.40), i.e.,
equation (1.44), is uniquely solvable in the space H(TM) for the special right
hand side vector-function, which belongs to the space F(TM) defined by (1.43).
One can easily check that the right hand side expressions in LBDIEs system
(1.35)-(1.40) vanish if f; = 0 in £24, ¢ = 1,2, fi = 0 and ¢o; = 0 on 5;,
Do, =0 and ¥y, = 0 on S,.

Now we establish that actually the operator given by the left hand side of
equation (1.44) is continuously invertible as an operator both in the function
spaces already introduced and in wider function spaces. To this end let us
consider the operators

KTM)  gTM) _y g, (1.45)
cXITM) _y y(TM)) (1.46)

where

XTM) = HY () x H ($2,) x H 2 (S;) x H? (S;)x H™% (Sep) x H? (Sen) ,
YTM) = HY(02)) x H (£25) x HZ (S;) x H™ 2 (S;) x H? (Sep) x H™ 2 (Sen) .

As follows from the mapping properties of the potentials (see Theorems 6 and
7), operators (1.45) and (1.46) are bounded.



14 0.Chkadua, S.E. Mikhailov, and D. Natroshvili

Let us show that operator (1.46) is Fredholm with zero index and thus
(1.46) and consequently (1.45) are invertible.
Consider the upper triangular operator

(10 —r, VS<j> T, Ws<3> 0 0
01 TQz Vs(f) T-Qz Wéf) —7"02 VS(CZ) 7"92 Ws(‘f)
00 fngv;f) Wg)— Wéz) 1o, 2V —rg WP

/C(()TM) =
00 0 LO+LE —r, TVE v, LW
00 0 0 —rg, V& v, WP
100 0 0 0 re. LY ]

It is easy to see that, on the one hand, the operator
JCSPM) L x(TM) _y y (TM) (1.47)
is bounded, while due to Lemma 4,

Kc(TM) IC(()TM) Cx(TM) _y y(TM)

is a compact operator.
On the other hand, as it has been mentioned above, in the proof of Theo-
rem 2, the third and forth operators in the main diagonal

—V + V@] s HTE(S) = HE(S),
O+ £ H3(S;) - H3(S),

are Fredholm with zero index.

Moreover, applying the results of the theory of strongly elliptic pseudodif-
ferential equations on manifolds with boundary (see, e.g., [BCN09, Theorem
3.5], [CMNO09-1, Lemma 3.4]), we conclude that the last two operators on the
main diagonal,

re V® : H 3(S.p) — H2(S.p),

Sep ¥ Se
re LP : Hi(Sen) — H % (Sen),
are also Fredholm operators with zero index.

Therefore, (1.47) and consequently (1.46) is a Fredholm operator with zero
index. It remains to show that the null space of operator (1.46) is trivial. Let
U € X(TM) he a solution to the homogeneous equation K(TM)J = 0. Then due
to the first two lines of the matrix equation and mapping properties (1.52),
(1.53) and (1.54) we see that U € H(TM) and by the equivalence Theorem 3
we conclude U = 0 due to the uniqueness theorem for the problem (TM) in
the space H(TM). Thus the operator (1.46) is invertible.
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To prove the invertibility of operator (1.45), we note that for any F(T'M) ¢
F(TM) a unique solution U € X(TM) of equation (1.44) is delivered by the
inverse to the operator (1.46). On the other hand, since FTM) ¢ p(TM) the
first two lines of the matrix operator K(T™) imply that in fact U € H(TM) and
the mapping FTM) — H(TM) delivered by the inverse to the operator (1.46)
is continuous, i.e., this operator gives inverse to operator (1.45) as well.
Now we can summarize the results obtained above in the following theo-
rem.

Theorem 4. Let x € X3, and condition (1.14) hold. Then the operators
(1.45) and (1.46) are invertible.

1.5 Appendix A: Classes of localizing functions

Let us introduce the classes for localizing functions (cf. [CMNO09-L]).

Definition 1. (i) We say x € X* for integer k > 0 if x(x) = x(|z|), X €
W(0,00),  0X(0) € L1(0,00).
(ii) We say x € XF for k> 1 if x € X*, x(0) =1 and

1
oy (w) = ;X\g(w) >0 forae weR, (1.48)

where Xs(w) denotes the sine-transform of X: Xs(w) := [~ X (0) sin(ow) do.
(iii) We say x € XF, fork>1if x € XF andwys(w) <1 VweR.

Note that if ¥ € W*(0,00), k > 1, then ¥ is continuous due to the Sobolev
embedding theorem, and x(0) = x(0) is well defined by continuity of Y. Ev-
idently, we have the following imbeddings: X** c X*2, XM < XF2 and
XF c X*2 for ky > ky. Since the inequality in (1.48) is to be satisfied only
almost everywhere, the classes X¥, XF are wider than their corresponding
counterparts X*, Xt from [CMNO09-L].

Some examples of the functions x from these classes are presented in
[CMNO09-L].

The class XF is defined in terms of the sine-transform. The following
lemma implied by [CMNO09-L, Lemma 3.2] gives an easily verifiable sufficient
condition for non-negative non-increasing functions to belong to the class
XFo xk.

Lemma 3. If y € X¥, k> 1, x(0) =1, x(0) > 0 for all ¢ € (0,00), and X is
a non-increasing function on [0, +00), then x € XF.
1.6 Appendix B: Properties of localized potentials

Here we collect some assertions describing the properties of the localized po-
tentials following from [CMN09-1, CMNO09-L].
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Theorem 5. The following operators are continuous
P, H*(2,) = H*t?(2,), seR, yeX., (1.49)

1 1
P, H¥(2,) — H2(2,), —5<s<k-g, xe Xk k=1,2,3. (1.50)

2

Continuity of (1.49) is given by [CMN09-L, Theorem 5.4] while (1.50) can be
proved using [CMNO09-L, Lemma 5.9] and [CMN09-1, Theorem 3.8].

Theorem 6. The following operators are continuous

Ry : HY(2,) = HTY(2,), seR, yeX? (1.51)
1 1
Rq:Hs(Qq)%Ht(Qq), —§<S<k—§,
1
t<k—5, t<s+1, xeX’ k=23 (1.52)

Continuity of (1.51) is given by [CMNO09-L, Theorem 5.4] while (1.52) can be
proved using the continuity of operator (1.50) above along with relation (3.28)
and Lemma 5.3 from [CMNQ9-L].

Theorem 6 implies the following statement.

Lemma 4. The operators

Rq + H'(2,) — H'(12,), t<3/2, xe€X?

YRy : HY(2,) — H™2(002,), t<3/2, xeX?
TR, : H'(2,) = H2(8%2,), t<2, xeX?

are compact.

Theorem 7. The following localized operators are continuous

VO HT3(S) » HYO(2F 4,),  xeX?, (1.53)
W H3(S) —» HY (05 4,),  xeX?, (1.54)
V@ . H3(S) - H3(S), xeX!, (1.55)
W@ . H73(S) » H 5(S), xe X2, (1.56)
W@ H2(S) = H3(S), xe€ X2, (1.57)
LED . HE(S) 5 HT3(S) xe X°, (1.58)

where 2 1=y, 27 =R\ (2,.

Theorem 7 follows from [CMN09-L, Theorems 5.10, 5.14].
The following jump properties are given by [CMNO09-L, Theorem 5.13].
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Theorem 8. Let g € H™2(S) and h € H2(S). Then

YV g =y Vg =VDyg, xeX',

1
T;tVS(q)g::tingWS'(q)g, X € X2,

1
7§W§Q>h:¢§h+WgQ>h, x € X2,

TWOh - T, Wh =L Oh — L7 WDh =h

Oaq

3
@’ x € X°.
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