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Properties of Layer Potentials of Thermoelastostatics
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We construct explicitly the fundamental matrix for the equations of statics of the
thermoelasticity theory and study the mapping properties of the corresponding single
and double layer potentials. We establish the jump relations for layer potentials and
investigate mapping properties of the boundary integral operators generated by the
layer potentials and their co-normal derivatives. We introduce a special class, Z(Q7) of
vectors bounded at infinity in the case of an unbounded domain € ~ and show that the
layer potentials belong to this class. On the basis of these results we derive a general
integral representation formula for solutions of the equations of thermostatics in unbounded
domains. These results play a crucial role in the proof of the corresponding existence theorems.
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Let Q1 € R? be a bounded domain and S = 9Q+ . For simplicity, we assume that
S is a C%“-smooth surface with 0 < o < 1. We set QT = QTUS and Q™ = R3\ QF.

The basic governing equations of the linear thermoelastostatics read as (for de-
tails see [1], [2], [5], [6]):

ckquajaqup(x) - /Bkjajﬁ(x) = 07 k= ]-) 2737 HAS Qia (1)
ApgOp0y () =0, z € QF, (2)

where cijpq = Cpgkj = Cjkpg are elastic constants, Ay, = Ay are heat conduction
coefficients, u = (uy,us,u3)' is the displacement vector, ¥ is the temperature
distribution function, 3,y = B4, are the material constant, describing the coupling
of mechanical and thermal fields, 9; = 0/0z;, 0 = V = (01, 02, 03). Throughout the
paper summation over repeated indexes is meant from one to three if not otherwise
stated.

In order to rewrite the above equations in matrix form, let us introduce the
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notation
U :(ula uz,us, ’19)—'— = (U, 19)—|—7
C(0) = [Ckp(a)} Crip(0) = Ckjpg0i0q;
A(D) = gDy,

3x3’

The system (1)-(2) can be then rewritten as

where

A(0) = [Aj ()] 0y = [gi(il [_5/]?(%)}3X1 ixd

Denote by T'(z) = [[y;(z)] .., the fundamental matrix of the operator A(0s),

4
A(0)l(x —y) = L1 0(x — y).

Here and in what follows I, stands for the k x k unit matrix.
The fundamental matrix I'(z) can be constructed explicitly and is written in the
form

D(x) = F, [A7(=i€)],

=Fe s

where F~1¢_,, is the inverse Fourier transform! and A~1(—i¢) is the matrix inverse

to A(—i€),

1, . 1 o, -
A 1(—25) = mfl( )(—Z§)~

Here A(9)(—i) is the matrix of co-factors of the matrix A(—if),

A(—i€) = [Cripg(—i85)(=i0)] 5,05 [ — Brj(—1€5)] 5,4
[0] 1x3 Apq(—1&5)(—i&,) Axd '
Note that det A(—i€) is a homogeneous polynomial of order 8 in variables &1, &, &3,

and, moreover, det A(—i€) # 0 for £ € R?\ {0}. It is also evident that the entries
of the matrix A(©)(—i€) are also homogeneous polynomials and at the origin and

LFor absolutely integrable functions f and g the direct and inverse Fourier transforms are defined as follows
Foelf(@)] = [gs f(@) e € de and F~leo[g(€)] = [gs 9(€) e7# 7€ d€ respectively.



Vol. 16, No. 1, 2012 45

at infinity they have the following asymptotic behaviour:

A9 (—ig) = 0(¢l®),  k.j=T3,
A =iy =o(eP), A (=i =0, =153
AL)(—ie) = 0(1¢[%).

In addition, we see that the Aﬁ)(—zf) for 5 = 1,3, are odd polynomials in £.
Consequently, the entries

AQ(—ig)
~ det A(—i€)’

K;(6) :

J=13,
are odd functions in & K;(—§) = —K;(§), j = 1,3. Therefore for the functions
K (&) the cancelation Tricomi condition

/ K;(§)dS=0, j=1,3. (4)
jgi=1

holds, whence it follows that the generalized inverse Fourier transforms of these
functions Kj(z) = fgjx [K;(¢)], understood in the Cauchy principal value sense,
satisfy the same type cancelation Tricomi condition (see [4, Ch. 2, Proposition

2.16])

/ Ri(x)dS =0, j=

|lz|=1

1,3. (5)

It is well known that the generalized Fourier transform (inverse Fourier transform)
of a homogeneous function of order —r < 0 is a homogenous function of order
—3 4 r provided 0 < |r| < 3 (see [4, Ch. 2, Proposition 2.13]).

Therefore the entries of the fundamental matrix I'(x) are homogeneous functions
in x and in a neighbourhood of the origin and infinity have the following asymptotic
behaviour

[Ohx?y O(’$|_1) 4><47

ie., the entries I'yj(x) for k,j = 1,3, or k = j = 4, are homogeneous function of
order —1, while the entries I'y4(x) for 1 < k < 3 are homogeneous functions of zero
order.

Moreover, form (4) and (5) it follows that

/ Tpa(2)dS =0, k=1,2.3

|z|=1
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Now, let us introduce the single and double layer potentials

V(h)(2) = Vs(h)(z) = / P —y) h(y)dS,, = €R*\S, (6)
S

W(h) (@) = W (h)(z) = / [Q(8y n())T T (= — )] "h(y) dS,, = <E\ S, (7)
S

where I'(z — y) = [T, (z — y)}4x4 is the fundamental matrix of the operator A(0,),
and

o [T(a,n)],xf [0]3%
Q0.m) = [ O A@n)

b
4x4

T(0,n) = [Tkp(aan)]:;x:% = [CkjpgnjOqlaxs; A0, 1) = Apgnq Op.

Note that for regular vector-functions U = (u,9)" € [C*QF)* and U* =
(u*,9*)T € [C?(2F)]* the following Green’s formulae hold

/A(&)U-U*dx: —/E(U, U*)dx + / {B(d,n)U}" - {U*}FdS,
O+

O+ O+
/{A(@)U-U* - U-A*(@)U*}dx = / {{B(a, n)UY" - {U*}F
O+ aQ+

—{UY Q.U fds,  (8)

where A*(9) is the operator adjoint to [AT(—0)],

) C(9)  [0]sx
A*0) = [AT(-0)] = [[@cj@j]lxg A(%;sz;’

B(0,n) is the boundary differential operator
7(9,n) [_ﬁk’n‘]3X1:|
B(0,n) = ’ I ,
om=[To ]
and
E(U,U") = cijpq Opugq 8kuj- — Brj ua Ojuy, + Apg Ogtis Opuy.

Here and in the sequel, the symbols {-}* denote the limits on 9QF from QF

respectively and the central dot stands for the scalar product of two vectors.
From Green’s identity (8) by standard arguments one can derive the follow-

ing general integral representation of solutions to the homogeneous equation
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A@)U(x) =0in Q7

WU @) - V(s e = { @ e T )

Next we introduce a special class of vector functions in an unbounded exterior
domain €2~ which plays a crucial role in the study of exterior boundary value
problems.

Definition 1: A vector function U = (u,9¥)" is said to belong to the class
Z(Q7) if it is continuous in a neighbourhood of infinity and satisfies the following
asymptotic conditions

u(z) =0(1), k=1,2,3, Iz) = O(|z|7Y), |z] — oo, (10)
, 1
Jim / w(w) dS(0, R) = 0, (11)
2(0,R)

where (0, R) is a sphere, centered at the origin and radius R.
Further we analyze properties of the above introduced layer potentials.

Theorem 2: The single and doubel layer potentials solve the homogeneous equa-
tion

AO)U(z) =0 in R*\S (12)

and belong to the class Z(27).

Proof: We start with the single layer potential and show that the vector-function
V(h)(z) solves equation (12) for x ¢ S:
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Similarly for the double layer potential we have:

[A@@)W (h)(2)], = Akj (0)[W (h) (2)];

To prove the second part of the theorem, let us use the asymptotic property of
the fundamental matrix I'(z — y). It can be shown that if y belongs to a compact
set, say S, and |z| is sufficiently large, then the following relation

To T = [ 10015 (001
[Q(ay’n(y))r (2 y)] _|: [O]lxgg ’ O(|x‘_2)3 4><4’

holds. Therefore

[W(h)(x)]k = {(’)(\:p{Z), z 4 as |z| — oo,

whence the inclusion W (h) € Z(Q27) follows immediately.

To prove the same type inclusion for the single layer potential we proceed as
follows. First, let us note that I'(z — y) = I'(z) + O(|z|™!) for y € S and |z
sufficiently large, and we have

[t =ty dsy—z/ iy () + O )|y (y)as
S

P15

p%.,;

1

p

M-

Pip() / h(1)dS, + O(jz| ™)
1 S

p

M-

e / by (4)dS, + Tea(2) / ha(y)dS, + O(ja| ™)
1 S S

—Du(a) / ha(y)ds + O(a| ™), k=T33,
S
Viz) = O(j| ).

S
Il
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‘Whence
, 1
B | W@ OR =
2(0,R)
1
= lim 47TR2 / e /h4 )dS + O(|R|~ )}dE(O,R)
¥(0,R)
_ 1
~ Jim 47TR2{ ha(2)dS(0, R) /h4 )dS + / O(|R|~1)dx(0, R)}
(0,R) $(0,R)
= lim / O(|R|™1)d%(0, R)
R—o0 47TR2
2(0,R)
= lim — / O(|R|7Y) dx(0,1) =0,
R—oo 4T
2(0,1)
which completes the proof. O

Next we show that the general integral representation formula of solutions to
the homogeneous equation A(9)U(x) = 0 , a counterpart of (9), holds also for
an exterior domain 2~ in the class of vector-functions, satisfying the asymptotic
properties (10)-(11). To this purpose, let us write the integral representation for-
mula for the bounded domain Q, := Q7 N B(0, R), where R is a sufficiently large

positive number, such that QF ¢ B(0,R) := {z € R® : |z| < R},

U(z) = -Ws({U}tg) + Vs({BU}g) + ®r(z), =€ Qp, (13)
0=-Ws({U}3) + Vs({BU}g) + ®r(z), z€Q"U[R*\B(O,R)]; (14)

here Vg and Wy are the single and double layer potentials defined by formulas (6)
and (7) respectively, while

Cp(z) = We, ({U}s,) (@) — Ve, ({BU}S, ) (2) (15)

with Vy, and Wy, being again the single and double layer potentials with the
integration surface Xz = 0 B(0, R).
From equality (15) it follows that

A)Dp(z) =0, 2 ¢&3p (16)

Moreover, from (13) and (14) we have

Cp(x) =U(x) + Ws({U}g) = Vs({BU}g), w€Qp,
dp(z) =Ws({Ulg) —Vs({BU}y), =2€Q"U[R*\B(0,R)].
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Which implies that for sufficiently large numbers R; < Ra,
Op () = Pp,(x) for |z| < Ry < Rs.
Therefore, for arbitrary x € R? the following limit exists

o _JU(@)+Ws({U}q) —Vs({BU}g), z€Q,
P = i, Pr() = {Ws({U}Si ! VSS&BU}SS(% v )e ar.

Consequently,
A0)®(z) =0, x€QTUQ".
On the other hand, from (17) we get

®(z) = lim Pr(z) = Pg,(x)

R—o00

(17)

(18)

for arbitrary = € R® with Ry > |z| and QF € B(0, Ry). From (15) and (16) then

we conclude
A(0)®(z) =0, xR
At the same time from (18) we have
d € Z(R?),

i.e., @y, k = 1,3, are bounded in R?, while ®4(z) = O(|z|~!) and

since U € Z(27) and Wg, Vg € Z(Q27) due to Theorem 2.
From relations (19)-(21) we deduce that

d(z) =0, VreR>
Indeed, from relations (19)-(20) by the Fourier transform we get

A(—i€)B(€) =0, €€R,

(19)

(20)

where (/I\D(ﬁ) is a generalized vector-function from the Schwartz space of tempered
distributions. Since the determinant det A(—i¢) is nonsingular for ¢ € R? \ {0},
it follows that the support of ®(§) is the origin £ = 0. Consequently, the vector

function ® is a linear combination of the Dirac distribution and its derivatives,

BE) = Y Cad(g),

ol <M
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where o = (a1, a2, a3) is a multi-index with || = a; + a9 + a3, M is a nonnegative
integer, while §(® stands for the a-th order derivative of §. Therefore the vector
function ®(z) is a polynomial in z,

O(x) = Z Cox®, xR

ol <M
Further, since ® € Z(R?) and the condition (21) holds, we finally conclude
d(z) =0, xz€R>.

Now, passing to the limit in (13) as R — oo, we get the general integral rep-
resentation formula of solutions to the equation A(Q)U = 0 in 2~ of the space
Z(Q7),

() +vigsuy) = { (@ et )

Here V and W are the single and double layer potentials defined by equalities (6)
and (7).

The mapping properties of the layer potentials are described by the following
assertions.

Theorem 3: Let S € CFL withk > 1 and 0 < B < a < 1. Then the following
operators are continuous

Vo CRP(S) - cHLA(QE), W OoRP(S) — CRPQF).

Proof: It is word for word of the proof of the corresponding theorems in [2], [3]. O

Theorem 4: Let S € C?® with 0 < B < a < 1, h € [COP(9)]*, and g €
[CYP(S)]*. Then the following relations hold for all points x € S:

{V(h)(@)}* = H(h)(2),
{B(02,n(2))V (h)(2)}* = [F27 L4 + K]h(), (23)
{W(h)(@)}* = [£27 T4 + N]h(2), (24)
{B(0z,n(2))W (9) ()} = {B(0, n(x))W(g) ()}~ =: Lg(x),

~—  —~

where H is a weakly singular integral operator, K and N are singular integral



52 Bulletin of TICMI

operators, while L is a singular integro-differential operator,

Hh(z) = [ (o~ phly)ds,
z) = / (B0, n(x))T(x — y)]h(1)dS,,
S

Nh(z) = / Q@ nW)TT (= — y)] Th(y)dS,,
S

Qf>z—zxes

L) = lim B0, n(x) / [Q(y, n(y)T (z — )] g(y)dS,.
S

Proof: The mapping and jump relations are proved by standard arguments (see
[1], [2], [3]). We present here a very simple proof of the so called Liapunov-Tauber
theorem (6).

Let U := W(g) with g € [CV(S)]*. Evidently U € [CY*(QF)]* N Z(Q7) and it
satisfies the homogeneous equation (3). Therefore we can write a general integral
representation formulas (9) and (22) for the vector-function U in Q*. By adding
these formulas termwise we get

U(z) = W([Uls)(z) = V([BUs)(x), x€Q"UQ, (25)

where [¥]g denotes the jump of a function ¥ across the surface S, [¥]g := {¥}+ —
{¥}~. Note that due to the relations (24) we have

Uls = W(g)ls ={W(g)}" —{W(9)} =g
Therefore from (25) it follows that
W(g)(z) = W(g)(x) - V(BW(g)ls)(z), x€QTUQ,

ie., V([BW(g)ls)(x) = 0 for z € QT UQ~. Let us set ® := [BW(g)]s. Then

evidently V(®)(xz) =0 for all z € QT U Q™ and in view of (23) we deduce
0={BV(®)}~ —{BV(2)} =@ = [BW(g)]ls = {BW(9)}" — {BW(g)}~, and
finally we get {BW (g)(z)}™ = {BW (g)(x)}~ for x € S which completes the prof.
O

Theorem 5: Let S € CFH1 with k> 1 and 0 < 3 < a < 1. Then the operators
H: CFB(S) — CFHLA (),
K:CkB(S) — CFP(9),
N CRP(8) — CFB(9),
L: CHLB(8) — CFP(9),

are continuous.
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Proof: It is word for word of the proof of the corresponding theorems in [2], [3]. O

Remark 1: More detailed analysis, based on the results in the references [2]
and [3], shows that H is a pseudodifferential operator of order —1, K and N are
pseudodifferential operator of order 0, while £ is a pseudodlﬁ'erentlal operator of

order 1. Moreover, the operators, considered in the Bessel potential spaces H 2(9),

+27 ', + K 2 [H, 2 (9)]* — [H,

+27 1+ N [HE(S)]4 — [HQ%(S)]“,

are Fredholm with zero index.
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