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Abstract— We consider formally self-adjoint elliptic systems of partial differential equations
generating formally positive operators and having the polynomial property. Sufficient conditions
that ensure the existence of Rayleigh surface waves in the Neumann problem on a half-space with
periodic boundary are found. We give examples of specific problems of mathematical physics in
which our sufficient conditions are simplified or turn into a criterion and study problems in the
theory of plates and piezoelectrics that are not covered by general results. The latter problem
requires a major modification of the approach.

DOT: 10.1134/S0012266122050044

1. STATEMENT OF THE PROBLEM

Let Q be a domain in the half-space R = {z = (y,2) : y € R"!, z € Ry = (0,+00)}, d > 2,
invariant with respect to integer shifts along the axes y; =z, 7 =1,...,d -1, and infinite in the
direction of the axis z = xy4; i.e.,

Q={zeR’: (y+a,2) €Q} for any multiindices o= (as,...,aq 1) € 2", (1)

where Z = {0,4+1,+2,...} and {z e R?: 2 > R} C Q, R > 0.

The boundary T is assumed to be (d — 1)-dimensional and Lipschitz. Let us introduce the semi-
infinite prism Il = {z € Q : |y;] < 1/2, j =1,...,d — 1} with section w = (—1/2,1/2)%! (a unit
cube in R4"1) and curvilinear, not necessarily connected base w = {x € ' : y € w}. Consider the
boundary value problem

L(V)u(z) = lu(z), =zell, (2)
B(x,V)u(x) =0, z€ w, (3)

with the quasiperiodicity conditions

6;nuk(x)|z]:1/2 = ewja;nuk(x)‘l’j:*l/% x‘fj:il/Q € 1L,

: (4)
j=1,...d=1, k=1,....K, m=0,...,2, —1.

Let us explain our notation. First of all, V = (01, ...,0,-1)", 9; = /0x;, and the matrix differential
operator

L(V) = M(—V) AM(V) (5)

is formally self-adjoint. Here * stands for transposition, the bar means complex conjugation,
and M(V) is a matrix of homogeneous differential operators with constant (complex) coefficients
whose entries have the orders ord M,,;, = t, € N = {1 2,3,...},where k=1,..., K, n=1,..., N,
K,N € N, and N > K. The matrix M(V) itself is algebralcally complete [1 Ch. 3]; ie., ‘there

T

exists a number pm € Ng = NU {0} such that for any row p = (p1,...,Px) whose components Px
are homogeneous polynomials of degrees ordp, = tr + p, p > pa, there exists a polynomial
row q = (qi, - - .,qy) such that

p(§) =a(OM(E) forall ¢eR™ (6)
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This condition ensures the Korn inequality [1, Sec. 3.7.4]

I <

O < Cem (M 2@ 9|) .
for u:(ul,...,uk)Tth(~) H"(2) x ---thK(E),

where the Lebesgue space L?(Z) with the natural inner product (-, - )= and the Sobolev space H'(Z)
of order | € N equipped with the standard norm occur and = € R? is an arbitrary domain
with (d — 1)-dimensional Lipschitz boundary = and compact closure = = Z U 9=. Of course,
the Korn constant Cz o in (7) is independent of the vector function v € H*(Z). One has the

Green’s formula
(Lu,v)z = a(u,v; E) + (Nu, Dv)sz, (8)

where v = (vy,...,vx)" € HYE), u € H****(=2), and t, = max{t,,...,tx}. Moreover, D(z,V) is
a Dirichlet system on 02, ord D, < t;, — 1 (see |2, Ch. 2, Sec. 2|), and the T' x K matrix N (z, V)
is the operator of Neumann boundary conditions (3) with T'=t; 4+ ... 4 tx. Assume that A and B
are Hermitian positive definite numerical matrices of size N x N and K x K, respectively; then the
sesquilinear form

a(u,v;2) = (AM(V)u, M(V)v)_ 9)
is Hermitian and positive, and the variational statement of problem (2)—(4) with the spectral pa-
rameter \ and the Floquet parameter 6 = (0y,...,04_,) € [—m,7)% !,

a(u,v; 1) = A(Bu,v)  for all v € H(II), (10)

is realized on the space H}(II) of vector functions u € H*(II) satisfying the stable (p =0, ... ,t; — 1)
quasiperiodicity conditions (4) (we use the terminology in the monograph [2, Ch. 2]),

HE(IT) = {u € HH(IT) : O up ()]s, —1y0 = €% 0™ u(2)]s,— 1y for |y,—s1)o € O,

(11)
j=1,...d—1, k=1,... K, sz,...,tk—l}.

The Neumann boundary conditions (3) and the intrinsic (p = ty, ..., 2t; — 1) quasiperiodicity con-

ditions (3) for a smooth solution in Hj***(II) can be reconstructed from the integral identity (10)
using the Green’s formula (8) (see, e.g., [2, Ch. 2; 3, Ch. 2|).

2. RAYLEIGH WAVES

Assume that problem (9) has a nontrivial solution u € H*(IT) for some A € R, and § € [—7,7)%" L.

In the usual manner (see, e.g., the monographs [4, 5]|), we define the vector function
Q S d u(x) = ei(el[ylH"'Jred‘l[yd‘l])u(yl — [yl]v ey Yag—1 — [yd—l]a Z), (12)

where [b] is the integer part of a number b € R. One can readily verify that, owing to the quasiperi-
odicity conditions incorporated in definition (11), the vector function (12) lies in the space H{ (II).
Moreover, it will be verified in Sec. 4 that u is a function infinitely differentiable in the domain 2
and exponentially decaying as z — 4o00. Thus, under the additional assumption of smoothness of
the surface I, this vector function satisfies the differential problem

L(V)u(z) = Au(z), z€Q,

B(z, V)u(z) = 0, zeT, (13)

and is localized near the boundary; i.e., it possesses all properties of classical Rayleigh waves.
Such peculiar “surface waves” in deformable media were first discovered by Lord Rayleigh [6]
and then, in other versions, by Lamb |7] and Stoneley [8]. The associated physical phenomena have
found various applications in seismology and seismic exploration, in methods of nondestructive
testing of surface damage and joint strength, and in many other applied disciplines. Therefore, the
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RAYLEIGH WAVES FOR ELLIPTIC SYSTEMS 633

number of published studies in this direction, carried out at various levels of rigor, is huge—let us
mention several monographs [9-11] and papers [12-20] as well as the survey article [21].

Most of the results, especially for vector problems, for example, in the theory of elasticity, are
obtained using analytical methods in the case of straight boundaries and computational methods
in the case of oscillating ones. Further, as in [16-18, 20|, variational methods of spectral analysis
suitable for arbitrary periodic boundaries and a wide class of systems of differential equations are
applied. At the same time, when proving the existence of a wave (12) exponentially decaying
as z — 400, the methods used do not provide any accurate information about its structure; i.e., the
study of the spectral characteristics of the Rayleigh waves found is outside the scope of the present
paper.

In the next two sections, we study problem (2)—(4) for A = 0. For this problem, we establish
Theorems 1 and 2, allowing one to draw conclusions about the continuous spectrum of problem (10).
In Sec. 5 (Theorem 5), sufficient conditions are proved for the discrete spectrum to be nonempty in
the case of § # 0 (for § = 0 it is certainly empty). In Sec. 6, the result obtained is applied to scalar
and vector problems on acoustic and elastic media, and in Sec. 7, two mechanical problems are
considered that are not covered by Theorem 5 and require modification of the approach; moreover,
for the piezoelectric problem considered (Sec. 7, 5°) the result and the method of its derivation
essentially differ, for example, from the problem of elasticity theory (Sec. 6, 2°).

3. POLYNOMIAL PROPERTY AND THE SPECTRUM

On the Sobolev space HE(II), we introduce the equivalent norm

ulllo = (a(u, u; ) + (Bu,u)n) . (14)

The desired estimate .
[|us Hy(AD)|| < colllull]o (15)

is ensured by an application of the Korn inequality (7) in the truncated prism II(R) ={z €Il : z < R}

and the cubes Qrym = (R+m,R+m+1) x (—1/2,1/2), m € Ny. Summing these inequalities, we
arrive at the relation

[ us HE(ID)||” < maX{CH(R)ﬂM,CQoyM}(HM(V)U; L2 + [|u LQ(H)Hz)

and finally take into account the positive definiteness of the matrices A and B in formulas (9)
and (14). The inequality opposite to (15) is obvious.

We denote the Hilbert space (11) equipped with the inner product
(u,v)o = a(u,v;II) + (Bu,v)n (16)

by He, and in this space, we introduce a positive, symmetric, continuous, and hence self-adjoint
operator Ty using the formula

(Tou,v)g = (Bu,v)n for all w,v € H,. (17)

Its norm does not exceed one. Owing to definitions (14) and (16), (17), the variational problem (10)
turns out to be equivalent to the abstract equation

Tou = Tu in the space Hy

with the new spectral parameter
T=(1+X"" (18)

Based on the spectrum Y4 C [0, 1] of the operator Ty, we determine the spectrum of problem (10)
(or (2)—(4) in the case of a smooth boundary I'),

Og = {)\ : (1 + )\)_1 S 29} C E = [O,+OO) (19)

Moreover, the relationship (18) between the spectral parameters conveys all the qualities (discrete-
ness, continuity, etc.) of components of the spectrum 7y to the components of the spectrum oy.
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Let us study the spectrum (19) using information about problem (10) obtained on the basis
of the theory of elliptic boundary value problems in domains with cylindrical outlets to infin-
ity [22, Ch. 5; 23, Sec. 3] and the polynomial property [23-25] of the sesquilinear form (19),

a(u,i;2) =0, uve HY(E) & wuePlk. (20)

Here P is a finite-dimensional subspace of vector polynomials. It follows from the algebraic com-
pleteness of the matrix M(V) that we have the equality [23, Proposition 1.6]

P = {p: (p1s-- i)t M(V)p(z) =0, :UE]Rd}. (21)

We point out that the linear space (21) can also contain polynomials p = (pi,...,px)" for
which ord py > ¢, (see Sec. 6, 2°).

The statement (21) provides much useful information about problem (10), including the following
assertion |23, Theorems 1.9, 3.4, and 5.1, whose verification is explained in the next section.

Theorem 1. For § € [—m,m)?*\ {0}, the problem
a(u,v;I1) = f(v) for all v € HS(I) (22)
with a continuous (anti)linear functional f € HE(IT)* has a unique solution u € HE(IT), and one
has the estimate
[Jus Hy (ID)|| < co| f5 H (ID)"

where the factor cy is independent of f but increases unboundedly as 8 — 0 € R4~1,

9

Now let us derive some original information about the spectrum (19), which we represent as the

disjoint union of the essential spectrum of and the discrete spectrum of.

Corollary 1.

1. For 0 € [—m, 7)1\ {0}, the continuous spectrum of§ coincides with the essential spectrum o
and acquires a positive cutoff point )\I), so that the discrete spectrum o can only appear on
the interval (0, \}).

2. For 6 = 0, the spectrum oy = of = o occupies the entire closed positive half-line R, , and
therefore, of = @.

Proof. Since the second term on the left-hand side in the integral identity
a(u,v; ) — AN(Bu,v) = f(v) forall v e H(II) (23)

generates a continuous perturbation vanishing as A — 0 of the operator of problem (22), the unique

solvability property in Theorem 1 is conveyed to problem (23) for A € [0, A\¥) and some A} > 0.
According to the general results [26, 27| (see also [22, Ch. 1, Sec. 2 and Remark 3.1.5]), problem (10)

does not have eigenvalues of infinite multiplicity; i.e., oj = 0§, and moreover, o is the ray [)\I), +00),
i.e., a simply connected set, where, of course, )\Z > )\f > 0.
Regarding the second statement, which means that /\(T) = 0, see Theorem 3.

4. EXPONENTIAL AND POLYNOMIAL SOLUTIONS;
SOLVABILITY OF THE PROBLEM FOR 6 =0

Let the support of the functional f on the right-hand side in the integral identity (23) be com-

pact, and let supp f C II(R). Then the solution v € HE(II) is infinitely differentiable on the

set II \ II(R + §) for each § > 0. Indeed, smoothness inside the prism {x € II : z > R} is ensured
by the local estimates (see the monograph [2, Sec. 3] and the papers [28, 29]) for solutions of elliptic
systems.? Choose an index j € {1,...,d— 1}, to be definite, = 1, and consider the vector function

u(z) for z; € (—1/2,1/2)
(e, F1,a') for o F1€(-1/2,1/2),

(z) =

! The ellipticity of the operator £(V) follows from the polynomial property (20); see [23, Ch. 5, Sec. 1].
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RAYLEIGH WAVES FOR ELLIPTIC SYSTEMS 635

where 2/ = (z9,...,24-1) € (=1/2,1/2)%% and z, > R. By virtue of the quasiperiodicity con-
ditions incorporated in the definition of the space (11), the vector function u lies in the
space HE (I1;(R)); i.e., the above-mentioned local estimates show that it is smooth inside the
extended prism Ilg(R) = (—=3/2,3/2) x (—=1/2,1/2)%2 x (R, +0), and hence in II(R), up to the
faces {£1/2} x (—1/2,1/2)%2 x (R, +00). Exhausting the rest of the indices j one by one, we arrive
at the desired assertion about smoothness.

Let us give some information from the theory of elliptic boundary value problems in cylindrical
domains [22, Ch. 5; 23, Sec. 3; 27]. With problem (2)—(4) in the infinite cylinder w x R we associate
the operator pencil

R3S pe Ay(p) = L(Vy, 1) — AB: Hi Y (w) — HY ¥ (w), (24)

where | > t, and H}(w) is the Sobolev space of functions satisfying the quasiperiodicity conditions
on the opposite faces of the unit cube w,

a;-nUk(y) |yj:1/2 = ¢ 8;nUk(y) ’yj:—1/27

(25)
Yyetrp €0w, j=1,....d=1, k=1,....K, m=0,...,1—1.
By virtue of the ellipticity of the operator £(V), the spectrum of the pencil (24) consists of normal
eigenvalues (without finite accumulation points) located in the union of the strip {u€C : |[Re u| <S5}
and the double sector {u € C : |Rep| < Bi|Imul|}, where Y and ) are positive numbers
(see [26; 30, Ch. 1; 22, Ch. 1]). To each eigenvalue p there corresponds a canonical system of
Jordan chains

{Up’q:pzl,...,%g, q:O,...,%g—l}, (26)

which consists of the eigenvectors (¢ = 0) and associated vectors (¢ > 0) satisfying the equations

KIS W EDI PN
wWoore—-3 4

Jj=1

(WUPT7 p=1,...,%, q=0,...,5¢ — 1 (27)

Here 59 is the geometric multiplicity and s, ..., 22, are the particular algebraic multiplicities of
the eigenvalue p; sf + ...+ s, is the total multiplicity, and Eqgs. (27) with ¢ = s} have no

solutions (the chains are nonextendable). Based on (26), we construct exponential solutions of
problem (2)—(4) in the cylinder w x R,

q

J .
Uri(y,z) = e Z %Up’q_J(y), p=1,...,%% q=0,...,x%—1. (28)
j=0 "

Let us study exponential solutions for various values of the Floquet parameter 6 € [—m,m)? 1.

We start from the case of § = 0 and note that among the polynomials in the linear space (20), only
the ones independent of the variables ¥, ..., ys_1 satisfy the “pure” periodicity conditions on the
opposite faces of the prism IT into which conditions (25) turn for § = 0.

Lemma 1. In the linear space

P° = {p € P : the polynomial p depends only on the variable z}, (29)

one can introduce the basis
k,q 21
p’(z):eka, k=1,...,.K, q=0,...,t, —1, (30)
where e, = (01 k.- .,0k1)" is the unit coordinate vector in the space R® and 0;x s the Kronecker
delta.
Proof. Note the following important property: d.p € P for any vector polynomial p € P in
view of the invariance of the form (9) under shifts along the z-axis. Owing to the structure of the
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matrix differential operator M (V) (see Sec. 1), the linear span of the polynomials (30) is contained
in P°. Assume that in the linear space (29) there exists a polynomial

zh 2K

T
P(z)=(ai—,...,ax— ) , a=(ay...,ax)" €CK, |a]=1. (31)
tq! ty!

Obviously, M(e40,) = M(eq)Z(0,) for Z({) = diag {¢",...,{'*}; i.e.,
0=M(V)P(z) = M(ey)a.
Condition (6) applied to the polynomial (31) gives a vector polynomial q such that

@l ag€l) = q(M(E) forall € € R (32)

Set & = ... = &1 = 0 in relation (32) and multiply the result by Z(&;)"'a on the right. As
a result, we arrive at a contradiction, which proves the lemma,

& |‘1|2 = Q(edfd)M(edﬁd)Z(fd)_la = q(eaa) M(ez)a = 0.

The following assertion is a more specific form of Proposition 1 in [25] (see also the sur-
vey |23, Proposition 3.2]).

Theorem 2. There exists a vy > 0 such that the pencil (24) with parameters = 0 € R4!
and A = 0 has only one eigenvalue p = 0 with total algebraic multiplicity 2T = 2(t; + ... +tx) in
the strip {p € C : |Reu| < q0}. Associated with this eigenvalue is a canonical system of Jordan
chains

{e,0,...,0, U™ .. U1 k=1...K, (33)
where the first t;, elements are specified explicitly and the remaining ones are the solutions of
Eqs. (27) for 0 =0, A =0, and ¢ = ty,...,2t, — 1.

The first t; elements of the Jordan chain (33) provide, according to formula (28), the elements of
the basis (30) in the linear space (29). Since the Neumann boundary condition operator (3) taken
from Green’s formula (8) can be represented as N(x,V) = N#(z, V)M(V) with an appropriate
matrix differential operator N#(z, V), according to relation (21) one has the equality

Nz, V)p*i(z) =0, zcw, k=1,....,.K, q=0,...,t, —1.

Thus, the polynomials (30) satisfy the entire problem (2)—(4) for # = 0, and this explains the next
assertion, proved in [23, item 3, Sec. 5] and [25, Sec. 5].

Theorem 3. If for some v € (0,70) the functional
Hy(I) 5 v = f7(v) = f(e"*v) (34)

turnes out to be continuous, then problem (22) with @ = 0 has a solution uw € HE(II) if and only if
the T orthogonality conditions
f(p) =0 for each peP°

are satisfied. Moreover, this solution is unique and satisfies the inclusion e'*u € HE(II) and the

estimate
He'yzu; HS(H)H < CVHJWS Hg(11)*

Here the number vy > 0 is taken from Theorem 2, and the factor c., is independent of the func-
tional (34) but grows indefinitely as v — +0.

Let us restate the result for the inhomogeneous Neumann problem

LV)u(z) = f(x), zell,

Nz, Vu(z) = g(z), =€ w, (35)
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in the case of periodic (6 = 0) smooth right-hand sides f, g and end . For an exponentially decaying
vector function f, problem (35) with the periodicity conditions (4) and # = 0 has a periodic smooth
solution u € HE(II) if and only if the orthogonality conditions

(f,p)u + (9, Dp)w =0 for each pe P,

following from the Green’s formula with trial vector functions v € P° hold. At the same time,
as the last explanation in the statement of Theorem 3 shows, the passage to the limit v — +0
is impossible, and indeed the operator of problem (35), (4), 6 = 0, in the space HE(II) loses its
Fredholm property, because the linear space P° contains at least all constant vectors from which it
is easy to construct a singular Weyl sequence [31, Ch. 9, Sec. 1] for the operator 7, at the point 7 = 1,
and hence X§ = [0, 1] and 0§ = [0, +00) according to relation (18) between the spectral parameters
7 and A.

Theorem 1 equips the operator 7, with other properties if § # 0—it becomes an isomorphism;
this agrees with the following assertion following from Proposition 3.2 (1) in [23], since problem (22)
with the quasiperiodicity conditions remains self-adjoint, but none of the polynomials in the linear
space (21) satisfies the above conditions for 6 # 0.

Theorem 4. For § € [—m,m)4 '\ {0}, there exists a positive number v(0) such that the
strip {u € C: |Reu| < v(0)} is free from the spectrum of the pencil u — AY(un). Here y(0) — +0
as 0 — 0 € RI71,

Corollary 2. For 0 € [—m, 7)1\ {0} and || < v(0), where the number v(0) > 0 is taken from
Theorem 4, the solution u € HE(IT) of problem (22) with right-hand side f obeying condition (34)
satisfies the inclusion €’*u € HE(II) and the estimate

|72 u; Hy(I)|| < ¢, || £7; He (TD)*

The proof can be derived from Theorem 4 using the general results in the paper [27] (see
also [22, Chs. 3 and 5] and [23, Sec. 3|); however, for small v it can be obtained by ele-
mentary means. For the trial vector function in the integral identity (22) we take the product
v = ey € C(INE N HE(TT). Since its support is compact, we can make the change of the un-
known u — u? = e7?u. As a result, the integral identity acquires the form

(AM(V = veq)u”, M(V + veq)v”) | = f(v7). (36)

By closure, formula (36) holds for v7 € H(II), and its left-hand side generates a small (of
norm O(|y|)) perturbation of the operator of problem (22); hence for sufficiently small |y| the
modified problem remains uniquely solvable, as desired. It remains to note that the simplified
approach does not allow bringing the weight index v closer to the critical value ~y(0).

Since the operator of the embedding H, C L*(IT)¥X is noncompact, the same property holds for
the operator Ty given by formula (18). Therefore, by Theorem 9.2.1 in [31], the essential spectrum X§
cannot consist of the single point 7 = 0. Thus, there exist points 7 € (0,1) and A =7"1—-1>0
for which the operator 75 — 7 and the operator Op : H§(II) — H(IT)* of problem (23) lose their
Fredholm property. Let A = )\g be the smallest of such points; it is positive for 6 £ 0 by Theorem 1.
According to the theory of boundary value problems in cylindrical domains [22, Chs. 3 and 5; 27|,
the pencil (24) with the threshold parameter A = /\Z has an eigenvalue p = ¢¢ on the imaginary
axis; to the eigenvalue there corresponds an exponential solution

w(y, z) = e““W(y) (37)

of problem (2)—(4) in the cylinder w x R, where W is the corresponding eigenvector satisfying the
quasiperiodicity conditions (25). There can be several such eigenvalues—they arise because the
eigenvalues of the pencil () move from the half-planes {y € C : £Imu > 0} to the imaginary

axis as A — A} — 0. At least one of them remains on the imaginary axis for A > A}, since
otherwise the continuous spectrum would lose connectedness (see [22, Ch. 1, Sec. 2] and the proof
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of Corollary 1 in [26]). According to [32|, the latter is possible only if the eigenvector W has
an associated vector W' found from Eq. (27) for ¢ = 1, which takes the form

(AM(V,, iQ)W', M(V,,iQ)V) = A(BW', V),
= —(AM'(V,, i)W, M(V,iQ)V) | — (AM(V,, iQ)W, M'(V,iQ)V) |

for each vector V' € Hf(w). Here M'(V,, i) is the derivative of the matrix M(V,, ) with respect
to the last argument. Omne of the solvability conditions for Eq. (38) is obtained by substitut-
ing V =W into its right-hand side,

Re (AM'(V,, i)W, M(V,iQ)W) = 0. (39)
In what follows, we deal with the wave (37) for which relation (39) holds.

(38)

5. NONEMPTINESS OF THE DISCRETE SPECTRUM

By the maximin principle [31, Theorem 10.2.2|, the lower bound —3j, of the spectrum of the
operator —7y (with the minus sign but lower semibounded) is calculated by the formula

—¥y = inf M' (40)
—  weHSI\{0} (u,u)g
Taking into account definitions (14), (16), (17) and relation (18) between the spectral parameters,
we conclude that
1 . —(Bu,u)n ) a(u, u; 11)
— = in & 0y = inf —. 41
1409  wert)\{0} a(u,u;II) + (Bu, u)n £ ueHE(M\{0} (Bu,u)n (41)

Here oy is the lower bound of the spectrum of problem (10), which (bound) falls into the in-

terval (0, )\g) and hence into the discrete spectrum of if and only if there exists a trial vector
function ¢ € HE(II) satisfying the inequality

a(ip, 93 10) = Ny (Bip, ) < 0. (42)
Let us use the trick in the paper [33]. For 6 # 0, we set
Py, 2) = T TW (y) + Veu (@), (43)

where £ > 0 is a small parameter, {i¢, W} is an eigenpair of the pencil (24) for A = )\Z that has given
rise to the wave (37) and satisfies condition (39), and v is a vector function in the space C2°(w x R)¥
with small support around some point 2" € . We have

oo

(88067%08)1_[ _ (B(e(ié—s)zW+ \/gw)’e(ic—a)zw_i_ ﬁw)n(}%) + /(BW, W)we—2az dz
R (44)

1
= Q*EG_QER(BWa W)y + (Bw, w)n(r) + 2v/e Re (Bw, ¥)n(r) + O(e).

We proceed in a similar way with the first term in (42),

a(¢®, % 1) = (AM(V) ("W + Vep), M(V)(e" "W + Vey))

+ /(‘AM (Vy, i —e)W,M(V,,i — €)W)w672” dz
L (45)
— —efzsR(AM(Vy,iC)W, M(V,, Z'g)W)w

2¢e
+ e 2R Re (AM/(V, i)W, M(V,,iQ)W)_

+ (AM(V)w, M(V)w) . .. + 2/ Re (AM(V)w, M(V)Y), .. + O(e).

(R) I(R)
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Let us substitute the expressions (45) and (44) into the left-hand side of relation (42) with the trial
vector function (43) and note that the terms of the order of ™! cancel out owing to the equality

(AM(V,, iQ)W, M(V,,iQ)W) = M(BW, W), (46)

which can be derived by integration by parts from the equation Ql;)\g’ (¢¢)W = 0 multiplied in the
sense of the inner product on L*(w)¥ by the eigenvector W. Yet another simplification comes from
Eq. (39). As a result, we write relation (42) in the form

I%(w) + 2/eRe I (w, ) < —Ce (47)

with some factor C' > 0 and the ingredients
(48)

The size R has been chosen so that {z € Il : z > R} = w x (R, +00), and the number (48) does not
change as R grows by virtue of formula (46). Moreover, in view of the smallness of the support of
the vector function ¢ and the Green’s formula (8), one has the equality

Ip(w, ) = (Nw, D). (49)

Let us summarize the calculations made in what is the main assertion of this paper.

Theorem 5. Let the wave (37) constructed based on an eigenpair {i¢, W} of the pencil (24) with
parameters A = N and 6 € [—m, )41\ {0} satisfy relation (39). Then the discrete spectrum off of
problem (10) (or (2)—(4) in differential setting) is necessarily nonempty in the following two cases:

1. The number (49) is negative.

2. The equality I%(w) = 0 holds, and the vector function x +— N (z, V)w(z) does not degenerate
at least at one point of the end w of the half-strip 11.

Proof. Assertion 1 is beyond doubt—it suffices to take ¢ small, thus satisfying inequality (47).
In assertion 2, owing to the general properties of the Dirichlet system (see [2, Ch. 2, Sec. 2|), we
select a point z° € w for which b := N (2% V)w(z?) € CT \ {0} and a trial vector function v such
that "D (2%, V)1 (2%) < 0. As a result, the real part of I(w, 1)) becomes negative for small € > 0,
which means that inequality (47) holds; i.e., as in the first case, according to the minimum prin-
ciple (40) and (41), we conclude that gy < A} and 0y € of. This is exactly what needed to be
verified.

Theorem 5 provides sufficient conditions for the nonemptiness of the discrete spectrum of prob-
lem (2)—(4) in the prism II for # # 0 and the existence of the Rayleigh waves (12) in the half-space €2
with periodic boundary I" (see formulas (1)). In what follows, we present specific problems in which
these sufficient conditions prove useful.

6. EXAMPLES

1°. Second-order scalar operator. Let us reproduce the result in [33] in a slightly more general
setting. Let K =1, N =d > 2, M(V) = V, and B = 1. Using an affine transformation, we
reduce the operator (11) to the form —VTAV, where A° is a diagonal matrix diag{a{,..., a3}
with af > 0. The simple inequality

1/2 ) 1/2
/ %/(t) dt > 62 / V()| dt (50)
—1/2 —-1/2
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for all V € H(—1/2,1/2), V(1/2) = €V (=1/2), and |6] < 7 and the formula
w(y, Z) = ei91y1 X oo X eied—lyd—l

for the wave (37) show that, first, A = a96? + ...+ a3_,0%_, and second, the number (48) is zero,

because Vuw A°Vw — M|wl> = 0. Finally, N(z,V) = n(z)"A°V, where n is the unit outward
normal vector on the end w. Further, N(z, V)w(z) = 0 almost everywhere on w if @ is a finite
union? of the straight end w x {ho} and (two-sided) segments of hyperplanes w, x {h,}, where
0<hy<hy <...<hgand @, & ©. In addition, inequality (50) convinces us that of = @ for all
0 € [—m, )%t for the end geometry.

2°. Spatial problem of elasticity theory. Let K =d =3, N =6, B =13, and

O 0 27129, 27129, 0 0
MV)'=[0 o, 27729, 0 27729, 0 |- (51)
0 0 0 2-1/29, 27129, @

Problem (13) describes the propagation of waves in a homogeneous anisotropic elastic space with
periodic boundary and with a (real) symmetric and positive definite stiffness matrix .A. The corre-
sponding quadratic form (13) is twice the elastic energy of the deformable body = and degenerates
on the space of rigid displacements,

P = {d(x)b:be R} (52)
with the linear matrix function
1 0 =272, 2712z, 0 0
diz)=10 1 272 0 —2-12g, 0 |- (53)
00 0 272 2712, 1

The factors 2712 are convenient in the matrix notation of the constitutive relations in the theory
of elasticity [34, Ch. 4; 35, Ch 3; 36, Ch. 2[; in particular, one has the equalities M (V)M (z)T =T
and d(V)Td(z)|,—o = Ts, where T, is the m x m identity matrix. The fact that the section w
is a unit square and not a rectangle is not restrictive, since in the theory of elasticity the ma-
trix implementation of the operators of the system of differential equations (5) and the boundary

conditions

N(z, Vw(x) := M(n(z))" AM(V)w(x) (54)
can be preserved under an affine transformation of coordinates by introducing nonphysical columns
of displacements and stresses (see, e.g., the paper [37]).

As was already mentioned in Sec. 1, similar 3D and 2D (see Example 3°) problems are in demand
in practical engineering and therefore have been studied to a large extent (see [9-21] and many other
publications). We present only a few corollaries of Theorem 5 that may be of interest.

Let us introduce the scalar function®

By(w;y) = M(Vy, i)W () AM(V,,iQ)W (y) = N|W ()|, (55)

constructed based on wave (37) satisfying condition (39). If this function vanishes on the square
w = (=1/2,1/2) 5 y = (y1,y2), then the number (48) is zero and by Theorem 5 the surface
Rayleigh waves (12) exist in the case where the normal stress vector (54) is distinct from zero at
some point z° € w. Of course, the shape of the end w can always be chosen so that condition (54)

21n this case, the boundary OII is not Lipschitz; however, the prism II itself is representable as a union of Lipschitz
domains, and this property is sufficient for all reasoning below.

3 Our constructions are also suitable for the general elliptic systems considered. Complex conjugation is not needed
in problems of elasticity theory.
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for normal stresses is satisfied, because the six-dimensional stress vector AM(V)w(x) cannot com-
pletely degenerate everywhere in II.

Now let +®4(w;y*) > 0 for some points y* € w; since the function (55) has zero mean over the
square w, it follows that both sets

wi = {y cEw: xPy(w;y) > 0}

are nonempty. Now it is easy to construct a prism II for which the condition I%(w) < 0 in Theorem 5
is satisfied. This occurs, for example, if

D= (LoUYy)\ Yy, IIh=wxRy, (56)
Ty =wiN{z:yecw+z>0},

because the difference of integrals

Ip(w) = /%(w;y) dw—/%(w;y) d

is negative if at least one of the sets (56) is nonempty. If, however, T;t = @ and II =1l is a half-

cylinder with straight end, then = R?! x R, is a half-space and the corresponding displacement
field (12) is a classical Rayleigh wave (see [38]).

3°. Isotropic half-strip. Let K =d =2, N =3, B=1,, and

o) 0 X4+2u X 0
M(V) = 0 9 |, A= A A+2u 0]
2-1/2p, 27129, 0 0 m

where A > 0 and g > 0 are the Lamé constants of a homogeneous isotropic elastic body
ITc(-1/2,1/2) x R. (Scaling reduces the half-strip width to unity.) In this case, § € [—m, )

is a scalar, and straightforward calculations (see, e.g., [39]) show that A, = 6%u, ¢ = 0,
and W (y) = (0,e")T in the wave (37). Consequently,

Py(w;y) =0 and AM(V)w(y) = (0,0, u)Ti0e,
M (n(x))TAM(V)w(y) = n(z)pife™”.

Thus, conditions 2 in Theorem 5 are completely satisfied; i.e., there exists a Rayleigh wave for any
Floquet parameter 0 € [—m,m) \ {0} and any profile of the periodic boundary I" of the isotropic
deformable half-plane €.

7. PROBLEMS WITH SINGULAR MATRIX B OR ALTERNATING MATRIX A
4°. Kirchhoff plate. Let d =2, K =3, N = 6, and

Mw)T = (M) Oy , (57)
Oiy 27202 0,0, 21202

where MM (V) is the 3 x 2 matrix of differential operators in the list (37) and O, is the zero p X ¢
matrix. The two-dimensional problem (13) serves as an asymptotic model of vibrations of a thin 3D
plate (see [36, Ch. 7], [39-43|, and many other papers). Moreover, v'(z) = (uy(z), uy(z))" and uz(x)
are the thickness-averaged longitudinal displacement vector and plate deflection, respectively. At
the considered low frequencies, the kinetic energy of longitudinal vibrations in the adopted model
is negligibly small, and hence B is the singular diagonal matrix diag{0,0,1}. Note that in the
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mid-frequency range, on the contrary, transverse vibrations are damped, and the plane problem of
the theory of elasticity in Example 3° (and Example 2°) in Sec. 6 acts as a two-dimensional model
of longitudinal plate vibrations. The form (9) with the operator matrix (57) degenerates on the
space of rigid displacements (52) with the following linear matrix function:

1 0 —27Y2%, 0 0 0
dx)=10 1 2722, 0o 0 0]- (58)
0 0 0 —X1 X2 1

The differences between the matrices (58) and (53) are due to the fact that in the Kirchhoff theory
the total displacement vector in a thin 3D plate is reconstructed using the formula

T
(U1(1717332) — 2301u3(T1, T2), uz(T1, T2) — $382U3($1,$2)7U3($1,$2)) .

Substituting the columns of the matrix (58) into the last expression, we obtain the columns of the
matrix (53).

It is well known (see, e.g., [36, Ch. 4, Sec. 2|) that in the case of homogeneous and even layered
plates, their midplanes can be fixed in such a way that the matrix A becomes block diagonal,

.A — A: ©3><3

©3><3 Ai
and problem (13) splits into a static (A = 0) plane problem of the theory of elasticity and a spectral
equation of the fourth order, in particular, the Sophie Germain biharmonic equation [44, Sec. 30|
for an isotropic plate; then, of course, Theorem 5 applies. At the same time, for a plate made of
a composite material, the matrix A can be completely dense; i.e. all equations in system (2) are

intertwined.

For a singular matrix B, formulas (14) and (16) do not define a norm on the space HE(II),

but for a nonzero Floquet parameter, the Hilbert space (11) can still be equipped with the inner
product (14).

Lemma 2. If § € [-7,0) U (0,7), then for the norm on HE(II) one can take the expression
a(u,u; ITDY? or (a(u, u; I1) + ||lus; L2(11)||?)Y/2, where a is the quadratic form (9) with the matriz (57)
of differential operators of the first and second orders.

Proof. Only the trivial rigid displacement in the linear space (52) with matrix (58) satisfies the
quasiperiodicity conditions in formula (11) on the sides of the half-strip II, and hence the Lebesgue
norms ||u; L2(TI(R))|| and ||u; L*(Qgr1m)||, respectively, can be removed from the right-hand sides

of Korn’s inequalities on the sets II(R) and Qg.m, m € Ny (see the remark on relation (15)). Thus,
we have the estimate ‘

The proof of the lemma is complete.
5°. Piezoelectric problem. Let d =3, K =4, N =9, B = diag{1,1,1,0}, and

v_ [(MMV)T Osys [ AMM - gME
M(V) —( O, or )’ A= M) (59)

u;H;(H)H < emamal(u, u; )2,

Here MM(V)T is the matrix (51), AM and AFF are (real) symmetric and positive definite matrices,
and AME = (ABM)T is a (6 x 3) matrix without any special properties but necessarily nonzero. In
addition, uM = (u1, ug, u3)" is the displacement vector, and u, is the electric potential. Problem (13)
describes time-harmonic oscillations of a piezoelectric medium in which free transformation of elastic
energy into electromagnetic energy and vice versa is possible, which explains the minus sign of the
lower right 3 x 3 block in the matrix 4. In the mid- and low-frequency ranges of the spectrum, where
the mechanical vibrations are realized, electromagnetic oscillations should be neglected. Therefore,
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the spectral parameter \ disappears from the bottom line of the system of differential equations (2);
ie., By = 0. A detailed explanation of the physical statement of the piezoelectric problem can be
found in [45, 46] and other monographs. In particular, the form (2) is associated not with the total
energy of the medium but with its electric enthalpy [47].

The matrix A in (59) is not positive, and since the case of AME = Qg3 is uninteresting owing
to the disappearance of the discussed piezoelectric effect, it is impossible to achieve the property
of formal positivity of the operator (5) by any substitutions. Therefore, the techniques used in this
paper are not suitable for the formally self-adjoint problem (2)—(4) with the matrices (59). However,
following [48]|, we make the change of the unknown wuy +— uf = iuy and thus give the matrix in the
differential operator (5) the form

AMM @GXB —q ©6><6 AME (60)
©3><6 -AEE »AEM ©3><3
with two symmetric 9 x 9 matrices. According to the definitions and conclusions in the paper [25],

the form (9) with the numerical matrix (60) and the differential operator M(V) from the list (59)
retains the polynomial property (20) in which the linear space of polynomials has the form

P ={(d)p",bs)" 9" e b, e C},

where the matrix (53) of rigid mechanical displacements occurs together with a constant electric
potential. Thus, the matrix (5) of second-order differential operators is elliptic, and hence Theorem 1
and Corollary 1, which come from the analysis of the corresponding formally self-adjoint Neumann
boundary value problem (2)—(4) in a semi-infinite prism, remain valid. At the same time, we are still
unable to define the self-adjoint operator 7y by formula (17) and have to complicate its construction
by means of a trick [48]. In what follows, we deal with the slightly simpler case of € [—m, 7)?\ {0},
in which the auxiliary problems in IT become uniquely solvable. Namely, let JuM := uy € H}(II)
be a solution of the problem

(AEEVU4, VU4)H = (AEMMM(V)UM, V’U4)H (6]_)

for all potentials v, € Hy, (1),
found based on the displacement vector u™ € Hj(II)®. Here H}(II) is a scalar Sobolev space
with one quasi-periodicity condition on opposite faces of the prism II. As has been verified in the
papers [48, 49] and is easy to check by straightforward calculations, the variational statement of the
piezoelectric problem (2)-(4) with the original matrices (59) is equivalent to integral identity
=AM, M)

(AMMM (V)M MM(V)M) |+ (AYET VUM, MM (V7)oM)
for all o™ € Hy(I1)?,

II

(62)

and the sesquilinear Hermitian form

(WM M) = (AMMMM(V)uM, MM(V)M) |+ (AYET VM, MY (V)0 + (M oM
incorporating the left-hand side of identity (62), turns out to be positive definite and can be taken
for the inner product on the Hilbert space HY = Hj(II)>. Furthermore, now it is possible to
introduce an operator T with the desired properties,

(TMuM oMy = (uM M) for all displacement vectors  uM, o™ € Hj (IT)?,

and the new spectral parameter (18).

Everything is ready to apply the minimum principle, as in Sec. 5, to derive sufficient conditions
for the discrete spectrum of the operator 7,' to be nonempty and hence also for the existence of
isolated eigenvalues of the original piezoelectric problem; however, the integro-differential operator
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of problem (62) has ceased to be local, which significantly affects the result of the subsequent
calculations.

Since the pencil (24) and its spectrum retain the properties indicated in Sec. 4, there exists
a wave (37) with nonzero mechanical component w™ = (w;,wsy, ws)" and some electrical compo-
nent wy. The latter satisfies system (2) and the quasiperiodicity conditions (4), but leaves a dis-
crepancy in the Neumann boundary condition (3) at the end w,

9(x) = =M (n()) AM(V)u ()
with the fourth (lower, electrical) component
ga(x) = —n(z) "AEMM (V) (2) + n(2) " ATV, (@), (63)

which we counterbalance by using the solution w, € Hj (IT) of the following static (without a spectral
parameter) problem similar to (61):

(.AEEVW4, V’U4)H = (947?}4)‘&7 for all Vg € H‘;(H) (64)

The existence of a solution exponentially decaying at infinity is ensured by Theorem 1 for a nonzero
Floquet parameter. (If § = 0, then one has to use Theorem 3; this complicates the subsequent
analysis; cf. the papers [48, 49].)

We apply the minimum principle (40) to the operator T and, after transformations similar
to (41), conclude that

_ M, M M a UM,j’LLM , UM,j’LLM ,H
-} = inf —<7;,Mu ’:Au Jo & o) = in (« ) 3 ) )
— awMemins\{oy  (uM,uM)y ——  uMeHL(I)3\{0} [[uM; L2(10) |

Here, just as in Sec. 5, it is required to find a trial vector function M € H}(I1)® for which one has
the following inequality similar to (42):

a((M, TM), (M, T 1) — A} || L2()||” < 0. (65)

Since the electrical component Ju¥ € H}(II) is determined from the mechanical compo-

nent uM € H}(I1)* as a solution of problem (61), the construction of (43) needs to be modified.
Let us show how to derive a sufficient condition comparable with the first assertion in Theorem 5.

Set " "
0 (y,2) = EJE?(Z)U) (Y, 2), (66)
where
() =1 for z< R, E5(2)=e "R for 2>R, 0.65(2) = —ce B Xp(2), (67)

and Xpg is the Heaviside function with a jump at the point z = R. We point out that the use
of a continuous piecewise smooth decaying factor £, is possible because the derivative 0,€5 is
a bounded piecewise smooth function and t; = t, = t3 = 1; i.e., the inclusion pMe € H}(IT)3 holds.
We represent the electrical component ¢ = J @Y€ as

?i(y, 2) = Er(2)waly, 2) — waly, 2) + e€(2)wi(y, 2), (68)

where w = (wM,w,) is the threshold wave (37) and w, € Hj(II) and w)} are solutions of prob-
lems (64) and

(AFEV W), Vo) — (AP X es X pw)y, Voy )i + e(AFEVW), e3 X pua )
= (AEEegXRUJ4, V'U4)n - (AEEVUM, e3XRU4)H - (AEMM(93)XRWM7 v7)4)1-[ (69)
+ (AMM(V)wM, e3Xpvy),, forall vy € Hy(IT) N C (D).

DIFFERENTIAL EQUATIONS Vol. 58 No.5 2022



RAYLEIGH WAVES FOR ELLIPTIC SYSTEMS 645

Lemma 3. Problem (69) has a solution

wi(y, 2) = e Wily) + ,(y, 2), (70)
where W, € H)(w) and e’*w, € HY(IT) for anyl € N and vy € (0,7(0)).

Proof. Since the functions occurring first in the inner products on the right-hand side in

the integral identity (69) are essentially the products €’“*F(y), one must take into account the
asymptotic constructions in [27] (see also [22, Ch. 3, Sec. 3]) and solve the scalar equation

(Vi€ = &) ATE (Vi = YW = - (Vi€ — &) ATE(T ¢~ JWaly)
— (Vi€ = &) TAMMM(V ¢ — )WM(y)), y € w,

with the quasiperiodicity conditions (25), m = 0,1. We point out that the amplitude part
W = ((WMYT W,)T of the wave (37) satisfies the equality (the transformed bottom line of sys-
tem (2))

(Vy,iQ) AV, iQ)Way) = (V,,iQ)TAMMM(V,, i) WM(y),  y € w,

and therefore, the right-hand side of Eq. (70) is uniformly bounded as ¢ — +0. By Theorem 4,
problem (70), (25) is uniquely solvable. In addition, the functional left unaccounted for on the
right-hand side of a problem of the form (69) for the remainder w, has acquired a compact support,
which means that Corollary 2 completes the verification of the lemma, and the ingredients of the
representation (69) remain bounded as ¢ — +0.

The verification of the fact that the expression (68) indeed solves problem (61) with right-hand
side constructed based on the product (66) is carried out on the basis of the integral identities (64)
and (69) with suitable trial functions.

Let us repeat calculations (44) and (45) to arrive at the relations

I

M= L2(m)|* = / / e RN ()| dy dz + [|u; L2(TI(R))

(71)
= Lz + o 2
and
a (&M, 05), (M, ¢5); 1)
_ / e 2 (AMY i)W, MV, i)W + < 2Re (AM(es)W, M(V,,,i)W) ) d=
+ (AM(V)w, M(V)w) ;= (AT VW, V) (72)

+2Re <(AEEVw4, Vwy)n — (A™MMY(V)w", Vw4)n> +O(e)

T(R)

- Q%(AM(VWZ'C)W, M(V, iQ)W)_ + (AM(V)w, M(V)w)
— (AFEVwy, VW) + 2 Re (g4, Wa)w + O(e).

While the transformation (71) is quite simple (it has led to an equality owing to the choice (67) of
the exponential weight function £5(z)), the transformation (72) is rather confusing owing to addi-
tional terms in the definition of the transformation (68), so let us give an explanation. The factors ¢
and &5,(2) in the last term in (68), as well as the representation (70), which essentially means that the
solution w) of problem (69) is bounded, show that the contribution of the expression e£5w) is O(e)
and can be neglected. The integral containing the matrix —M(e;) = 0.M(V,,i( — ¢) has disap-
peared owing to the customary convention (39). According to Corollary 2, the solution w, of prob-
lem (64) with a compactly supported functional on the right-hand side decays at infinity at a fixed
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(independent of €) rate O(e~7%), v > 0, and hence in the inner products (A*MM(V)ELuwM, Vw,)n
and alike, the substitution £3(z) + 1 also generates an admissible error O(e). In addition, the last
transition in the calculation (72) uses definition (63), and with v, = w, equality (64) shows that the
expression under Re equals (A¥¥Vw,, Vw,)p. Finally, the substitution of the expressions (72) and
(71) into inequality (65) with the trial vector function (66), (68) taking into account equalities (46)
and (64) leads to the relation

1% (w) < Ce,

where C > 0 is some constant and

() = (AM(V)w, MV — M 22 (H(R))H2 b AEVw,, Vwa . (73)

1(
Now the arguments accompanying the verification of Theorem 5 lead to the following assertion.

Theorem 6. If, for § = (6,,605) and |0;| € (0, 7], the expression (73) calculated for the piezoelec-
tric wave (37), which satisfies problem (2)—(4) with the threshold parameter X = X} > 0, is negative
and satisfies relation (39), then the discrete spectrum of of problem (2)—(4) with the matrices (59)
15 nonempty.

Compared to the number (48) found for the problem of elasticity theory (Sec. 6, 2°), the num-
ber (73) contains the additional positive term

(AEEVW4, VW4)H (74)

that has appeared as a result of compensation for the inhomogeneity (63) in the boundary condition
(3) when forming the operator JwM. This observation is consistent with the physical nature of
the piezoelectric problem: apart from the elastic energy (AMMMM(V)uwM MM(V)wM)n(g), the
body II(R) stores the electromagnetic energy (ASEVw, Vw,)mr). At first glance, it seems that
the inequality I%(w) < 0 is a more difficult goal to achieve than the inequality I%(w) < 0 in a
“purely elastic” situation; in particular, manipulations with sets (56) are useless precisely because
of the term (74). At the same time, it is impossible to compare I%(w) and I%(w), if only because
the cutoff points of the continuous spectrum in the piezoelectric and elastic problems are in no way
related. Finally, again owing to the nonlocal operator 7, it was impossible to apply the trick in [33]
and obtain an analog of item 2 in Theorem 5 for problem (2)—(4) with the matrices (59).
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