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A NEW ANALYTICAL APPROACH FOR SOLVING EQUATIONS OF
ELASTO-HYDRODYNAMICS IN QUASICRYSTALS

VALERY YAKHNO

The dynamic equations for quasicrystals are written as time-dependent partial differential equations of
the second order relative to phonon and phason displacements. In these equations phonons describe the
dynamics of wave propagation and phasons describe diffusion process in quasicrystals. A new approach
for deriving a solution (phonon and phason displacements) of the initial value problem is proposed. In
this approach the Fourier transform with respect to 3D space variable of the given phonon, phason forces
and initial displacements are assumed to be vector functions with components which have finite supports
with respect to Fourier parameters for every fixed time variable. The equations for the Fourier images
of displacements are reduced to a vector integral equation of the Volterra-type depending on Fourier
parameters. The solution of the obtained vector integral equation is solved by successive approximations.
Finally, phonon and phason displacements are derived by matrix transformations and the inverse Fourier
transform to the solution of the vector integral equation.

1. Introduction

The icosahedral quasicrystal structure was discovered in Al-Mn alloys [Shechtman et al. 1984]. After
that quasicrystals (QCs) have become the focus of theoretical and experimental studies [Levine et al.
1985; Wang et al. 1987; De and Pelcovits 1987; Ding et al. 1993; Ovidko 1992; Edagawa and So 2007;
Fan and Fan 2008; Li et al. 2009]. The properties of quasicrystalline materials are surprising and could
be remarkably useful. Most of these properties combine effectively to give technologically interesting
applications which have been protected recently by several patents [van Blaaderen 2009; Dubois 2000].
For instance, the combination of such properties as high hardness, low friction and corrosive resistance
of quasicrystals gives almost ideal materials for motor-car engines. The application of QCs in motor-car
engines would be undoubtedly result in reduced air pollution and increased engine lifetimes. The same
set of associated properties (hardness, low friction, corrosive resistance) combined with biocompatibility
is also very promising for introducing QCs in surgical applications as parts used for bone repair and
prosthetic applications [van Blaaderen 2009; Dubois 2005]. The description of the dynamical processes
in quasicrystals essentially depends on processes which describe phonons and phasons. For example,
in [Gao and Zhao 2006; Rochal and Lorman 2002] both phonons and phasons describe the dynamics
of the wave propagation in quasicrystals. There is another opinion, given in [Levine et al. 1985; Li and
Fan 2016], that phonons describe the dynamics of wave propagation and phasons describe diffusion. The
computation of the Green’s function and the theoretical study of the existence and uniqueness of solutions
of dynamical differential equations, describing the dynamics of the wave propagation in quasicrystals
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with the general structure of anisotropy without diffusion, has been done in [Yakhno and Cerdik Yaslan
2011a; Yakhno and Cerdik Yaslan 2011b; Cerdik Yaslan 2013; Cerdik Yaslan 2019]. Several interesting
examples of solving problems for equations of elasto-hydrodynamics when phonon and phason displace-
ments do not depend on one space variable have been described in [Fan et al. 2009; Li and Fan 2016]: the
problem of a moving screw dislocation in an icosahedral quasicrystal was studied by a combination of the
perturbation method and variational method in [Fan et al. 2009]; a general solution of equations of elasto-
hydrodynamics in two-dimensional quasicrystals was derived in [Li 2011]; the dynamic crack problem
in three dimensional icosahedral quasicrystals was solved by finite difference method in [Fan 2013; Li
and Fan 2016]. We note that the derivation and computation of phonon and phason displacements by
solving initial value and initial boundary value problems for dynamic equations in QCs with the general
structure of anisotropy, when phonons describe the dynamics of wave propagation and phasons describe
diffusion, have not been developed so far.

In the present paper a new analytical approach for derivation of a solution (phonon and phason dis-
placements) of the initial value problem for differential equations of elasto-hydrodynamics in QCs with
the general structure of anisotropy is described. In this approach the Fourier transform with respect to 3D
space variable of the given phonon and phason forces and initial displacements are assumed to be vector
functions with components which have finite supports with respect to Fourier parameters for every fixed
time variable. The equations for the Fourier images of displacements are reduced to a vector integral
equation of the Volterra type depending on Fourier parameters. The solution of the obtained vector
integral equation is solved by successive approximations. Finally, phonon and phason displacements are
derived by matrix transformations and the inverse Fourier transform to the solution of the vector integral
equation.

2. Basic equations of elasto-hydrodynamics for quasicrystals

2A. Hook’s law. Let us consider a quasicrystal (QC) with three dimensional quasiperiodic structure.
Let x = (x1, x2, x3) € R3 be a space variable, ¢ € R be a time variable. According to the generalized
elasticity theory of 3D QCs [Ding et al. 1993; Hu et al. 2000], the equations of the deformation are

1 [ Oug ouy oWy
==l —+—. =— k,1=1,2,3, 2-1
Eu 2 ( ax; + Bxk> Pkl ax; @D

and the generalized Hooke’s law of three dimensional quasicrystals is given by

3 3

0ij = Z (Cijriers + Rijuww), Hij = Z (Ruijers + Kijriowr)- (2-2)
k=1 k=1

Here i, j = 1, 2, 3, u; and w; are components of phonon and phason displacements u = (u1, uz, u3),
w = (wj, wp, w3); o;; and H;; are phonon and phason stresses, &;;(x, ), w;;(x,t) are phonon and
phason strains, respectively.

Ciju represent the phonon elastic modules (phonon elastic properties of QC), K;ji; are the phason
elastic modules (phason elastic properties of CQ), R;j; are the phonon-phason coupling elastic modules
(phonon-phason coupling properties of QC). The following properties for the interchange of indices are
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satisfied (see, for example, [Hu et al. 2000]):
Cijkt = Cjirt = Cijik = Cuij,  Kijit = Kuij,  Rijki = Rjiki- (2-3)

We assume that these properties are satisfied. Moreover the positivity of the elastic strain energy density
implies that for any strains ¢;; and w;; that are not zero entirely, the following inequalities are satisfied
(see [Hu et al. 2000] and Appendix A):

3 3
Z Cijusijen > 0, Z Kijuwijwr > 0. 2-4)
Jili k=1 Jiloi k=1

2B. Dynamic equations of elasto-hydrodynamics for quasicrystals. According to the arguments of
Lubebskey et al. [1985] (see also [Fan et al. 2009; Fan 2013; Li and Fan 2016]) phason modes in
quasicrystals correspond to diffusion and for phonon modes Newton’s second law must be fulfilled.
Hence we have

9%u; (x 1) doij(x,1)
—_ i 7t’ 2_5
Z o, T (2-5)
ow;(x, 1t 0H;j(x,t .
KM= ﬁ—i—g,-(x,t), i=1,2,3, xe R t€R, (2-6)
ot - axj

Jj=1

where p > 0 is the mass density of QC; k = 1/Ty, is the diffusion coefficient, I'y, is the kinetic coefficient
of the phason field, describing the relaxation of the motion; f;(x, t) and g;(x, t),i =1, 2, 3 are compo-
nents of body forces f (phonon) and g (phason), respectively; u; and w; are components of phonon and
phason displacements u = (u1, uz, u3), w = (w, w2, w3); o;; and H;; are phonon and phason stresses,
which used in (2-1) and (2-2). Using (2-2), equations (2-5), (2-6) can be presented in the form

Bu(xt) Bu(xt) w(x)
Z Cijui a"a Z Riju o+ fix, 1), 2-7)
=1 Mo =
3
dw; (x, 1) 9%u (x, t) wk(x 1)
k= ) Rui— 3 Z Kiju————— + 8i(x, 1). (2-8)
=1 Mo =

Equations (2-7), (2-8) can be written as vector equations in the following form:

2 3 2 3 2
p8 u(x,t) _ Z Cﬂf) u(x,t) n Z lea w(x,t) +fx, ), (2-9)

pymt 0x;0x;

3 2 3 2
a ,t 0 ,t d ,t
LIS o, el )+2sz u(x,1)

1), 2-10
9x,0% +g(x, 1) (2-10)

jil=1
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where
| [Ciji+Cinj Ciju~+Cuzj Cijz+Cusj
le—z Coju+Corj Cojor+Conj Cajzi+Cosj | (2-11)
| C3j1+C31j C3jou+Capj Czj31+ Ca3;
| [Rijii+ Riuij Riju+Riuzj Rijai+ Rus;j
Rﬂ:E Rajii+ Ry1j Rajor+ Roj Rajzi+ Rysj | (2-12)

| R3j11+ R3nj Rzjor+ Ranj Rsjz+ Rysj,

| [Kiju+Kinj Kiju+Kiuzj Kijz+ Kusj

/Cﬂ:E Kyjuu+Koiij Kojou+ Koppj Kojai+ Kosj | (2-13)
| K3j1uu+ K3i1j Kzjou+ K3y Kzjz+ K33

RJTZ is the matrix transpose of R j;.

3. Initial value problem (IVP) for dynamic equations of elasto-hydrodynamics for quasicrystals

Let us consider the problem of finding vector functions u, w satisfying (2-9), (2-10) and the following
initial conditions:

u(x,0) =100, Sul, Ol =u'(), (3-1)
w(x, 0) = w'(x), (3-2)

where u°(x), u' (x), w°(x), f(x,t), g(x,t) are given vector functions with three components depending
of x and x, t, respectively; Cj;, R, RJT.I, KCj; are matrices given by (2-11)—(2-13).
We assume that C;ji, Rijki, Kijr, appearing in (2-11)—(2-13), satisfy (2-3) and (2-4).

Remark 3.1. Note that the initial data (3-1), (3-2), where
W(x)=0, u'(x)=0, w'(x)=0,

describe the fact that there are no vibrations and there are no sources of perturbations at the initial moment
of time. The initial data (3-1), (3-2) have a physical interpretation of the disturbance at the initial instant
of time. Moreover these initial data together with phonon and phason forces f(x, ) and g(x, t) are
equivalent to the external forces whose densities are described by (see, for example, [Vladimirov 1971,
pp- 172-174, 197-198])

F=u)8' () +u' @)8(t)+00) f(x, 1), G=w'@x)8()+01)g(x, 1),

where §(¢) is the Dirac delta function, &' (¢) is the derivative of §(¢), 0 (¢) is the Heaviside step function (the
discontinuous function whose values are zero for negative arguments and are equal to one for nonnegative
arguments).

3A. IVP in terms of the Fourier transform with respect to space variables. Let

Ffo, 0 =H 0, L0, f0,1), 80,0 =(E W, 1), 8, 1), W, 1),
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be the Fourier images of f(x, 1), g(x, t) with respect to x = (x1, x3, x3) € R3 ie.,

fj (v, t) = / [ / fiCx, 1)e™V dxy dxy dxs,

o0 o o0 .
gj(, t):/ / / gj(x,t)e™ " dxy dxy dxs,
—00 J —0O0 J —0O0

v=(v;,v,13) €R}, x-v=xv+xmtxzvy, iP=-1, j=1,2,3.

where

Let
i’ (v) = @ (v), W), 13), @' W) = @), @), a30),  Bw) = @), DY), BI1))
be the Fourier transform of u®(x, 1), u'(x, 1), w°(x, ¢) and functions
@), i), W), fjw, 1), g;(v.0) j=1,2,3

have finite supports with respect to v for every fixed ¢ > 0.
Problem (2-9), (2-10) can be written in terms of the Fourier transform images as follows

d*u(v, 1) . - =
VT +CWa,t) + Rw)w, t) = f(v,t), >0, (3-3)
Kdﬁ);:’ 2 +KW)w, 1) + RT(v)ft(v, t)y=g(,t), t>0, (3-4)
i(v,0) =a’(v), %a@, Dli—o=1a'(v), (3-5)
w(v, 0)=w’(). (3-6)
Here
3
Cv) = Z Cjiv;v, (3-7)
jil=1
3
Kw)= > Kjwjv, (3-8)
jil=1
3
RO =Y Rjvju. (3-9)

jil=1

Remark 3.2. We note that C(0) = K(0) = R(0) = 0. Taking into account the properties (2-3) and (2-4)
we find that C(v), K(v) are symmetric positive definite matrices for v # 0 (see Appendix B). Moreover
a solution of (3-3)—(3-6) for v =0 is given by the following formulas:

t

(0, t)=ﬁ0(0)+ftl(0)t+%/ (t—1)f0,7)dr, (O, z)=w0(0)+%/ g0, 1) dr.
0 0
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The construction of the solution of IVP (3-3)—(3-6) for v # 0 are described in the next subsections.
Since matrices C(v) and K(v) are real symmetric positive definite for v # 0 (see Appendix B) then
C(v) and K(v) are congruent to diagonal matrices of their eigenvalues. That is, there exists orthogonal
matrices 7 (v) and Z(v) such that

T WO TW) =Dw), Z1WKW)ZW) =EW), (3-10)

where 7~1(v), Z~1(v) are the inverse matrices to 7 (v), Z(v); D(v) = diag(d; (v), d>(v), d3(v)), E(V) =
diag(e; (v), e2(v), e3(v)) are diagonal matrices with real valued positive diagonal elements for v # 0.

3B. Reduction of problem (3-3)—(3-6) to the vector integral equation of the Volterra type. Let further
v=,v2,v3) € R and v = 0. Let us consider vector functions V (v, t), S(v, t) such that

u(v,t)=TW)V(,t), wh,t)=Z2Zw)SW,1). (3-11)

IVP (3-3)—(3-6) can be written in terms of V (v, 1), S(v, t) vector functions as follows:

2 ~
pT(v)% +CWTWVOW, ) +RMWZWSW, 1) = f(v, 1), t>0, (3-12)
KZ(v)ng;’ D +KMZWSW, ) +RTWMTWV (@, 1) =g, 1), t>0, (3-13)
TOW)V (v, 0) =a’), T(v)%V(v, Dlieo = ' (v), (3-14)
ZW)SW, 0) = w’(v). (3-15)

Multiplying equalities (3-12), (3-14) by 7-'(v) and (3-13), (3-15) by Z='(v) and using (3-10), (3-11)
we find

2
%—F%D(t))vw, )4+ MW)SO. 1) =h(v.1), >0, (3-16)
ng;’ ) + %S(v)S(v, HDHANWVWw,t)=p, 1), t>0, (3-17)
V(v,0) =V0), %V(v, Dli=o = V'(v), (3-18)

S, 0) =5, (3-19)
where matrices M (v), AV'(v), and vector functions h(v, 1), p(v, 1), VO(v), V! (v), S°(v) are defined by
K

M) = %T_I(U)R(V)T(v), NO) =Lz TR ) 2W), (3-20)

hi(v, 1) = %T*%v)f(v, N, B0 =12 WE, D, (3-21)

Vi) =7T'wma), vy =7Ttmalw), S°0)=7"'wvma’©w). (3-22)
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Equations (3-16), (3-17) with conditions (3-18), (3-19) are equivalent to the following system of integral
equations of the Volterra-type:

t
Vv, t)=h'(v, t)+/ (K'S)(v, 1, T)dt (3-23)
0

S, 1) = h*(v, t)—i—f (K*V)(v,t, 1) dT, (3-24)
0
where

h'(v,1) = cos(%Dl/z(U) r) Vo) + /pD 2 (v) sin(%Dl/z(v) t) Vi)

t
+ ﬁfo D2 () sin(%pl/%) (t— ‘L’))il(v, ) dr, (3-25)

B2, 1) = exp(—%é’(u) t)SO(v) +/0 exp(—%f(v) (t— t))ﬁ(v, 7) dx, (3-26)
(K'S)(v, 1, 1) = —/pD~ 2 (v) sin(ﬁDl/z(v) (t — r))M(v)S(v, 1), (3-27)
(K2V)(v,1,7) = — exp<—@ (r — r))N(v)V(v, o). (3-28)

The system of integral equations (3-23), (3-24) can be written in the form of one vector integral equation
as follows:

UW,t)=h(, t)+/ (KU)(v,t, 7)dT, (3-29)
0

where h(v, t) is the vector function with six components whose the first three components are components
of h' (v, t) and the last three components are components of h%(v, t) (k' (v, t) and h?(v, t) are defined
by (3-25), (3-26)); U(v,t) = (V (v, t), S(v, 1)) is the vector function with six components whose the first
three components are components of V (v, ¢) and the last three components are components of S(v, t);
K is the vector operator with 6 components defined by the following formula

(KU)(v,t,7) = (K'S)(v, 1, 7), (K*V) (v, 1, T)) (3-30)

for any vector function U (v, t) = (V(v, t), S(v, t)) with six components. Here the vector operators
(K'S)(v, t,7) and (K%V)(v, t, T) are determined by (3-27), (3-28).

3C. Properties of the kernel of the vector integral equation. The operator K, defined by (3-27), (3-28),
(3-30), satisfies the following properties.

Property 3.3. Let 7', w, Q2 be given positive constants (o < Q2);
AT, 0, ={0.1)]v=v1)eR, o< <Q 0<t=<T}

Vv, t) = (Vilv,t), Va(v, 1), Va(v, t)), S(v,t) = (S1(v, 1), S2(v, 1), S3(v, t)) be vector functions such
that V;(v, 1), S;(v,1), j = 1,2, 3 are continuous in the region A(T, Q); U(v,t) = (V(v,1), S(v, 1))
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be the vector function whose the first three components are components of V (v, t), and the last three
components are components of S(v, #). Then all components of the vector function

/ (KU)(v,t,7)dt
0

are continuous on A(7, w, 2) and the first three components of them are twice continuously differen-
tiable on A (T, w, 2) and the last three components are one time continuously differentiable on A(T, w, 2).

Property 3.4. Let T, w, Q be given positive constants; A(T, w, ), V(v,t) = (Vi(v, 1), Va(v, 1),
Va(v, 1)), S, 1) = (S1(v, 1), Sa(w, 1), S3(v, 1)), U(v,t) = (V(v,t), S(v, 1)) be the region and vector
functions defined in Property 3.3; (KIS)j (v, t, 1), (KZS).,'(V, t, 1), j =1,2,3 be components of vector
functions (K'S)(v, ¢, 7) and (K*V)(v, t, t) defined by (3-27), (3-28). Then for any (v, t) € A(T, w, 2)
and 0 < v <t the following inequalities are satisfied:

(K'S);(v.1,7)] < (t%) QYU D). (3-31)
I(K*V);(v,1,7)| < % QY U, D)2 (3-32)

Here the positive constants p and « are introduced in the beginning of Section 2B (after (2-5), (2-6));
the constant Y is defined by the equality

3
T =Y IRl (3-33)

Jil=1

where ||R |2 is the operator norm of the matrix R j; defined by (2-12),

U, Dlh=VIVe, D2+ 150, DI,
IV, D3 = Vi, ©) + Vi, ©) + Vi, 1),
IS, D)5 = Si(v, T) + S3 (v, T) + S35 (v, 7).
Proof. Let T (v), Z(v) be orthogonal matrices and D(v), £(v) be diagonal matrices with positive diagonal

elements for v # 0 defined by (3-10), and M (v), A (v) be matrices defined by (3-20). Then, applying
properties of the operator norm of matrix, we find the following inequalities:

“ VpD 72 (v) sin<%Dl/2(U) (t— r)) i <(t—r1), (3-34)
Jool-£20-0)], <1
M)z < %IIT_I(V)||2||R(V)||2||T(V)||2 = %IIR(v)IIz, (3-36)

1 1
INO)Il2 = ;IIZ_I(v)llzllRT(v)HzIIZ(v)||2 = ;IIRT(V)Ilz- (3-37)
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Using (3-9) we find

3
IRz < v Y IR jilla = v T, (3-38)
jil=1
3
IRT W)l < 1> Y IR 2= T, (3-39)
jil=1
where T is defined by (3-33). Using (3-27), (3-28) and (3-34)—(3-39) we find (3-31), (3-32). (I

3D. The solution of the vector integral equation (3-29) by successive approximations. Let T, w, 2 be
given positive constants (w < 2) and A(T, w, €2) be the region defined in Property 3.3. We assume that
vector functions #°(v), @' (v), w°(v), appearing in (3-5), (3-6) are continuous for |v| < 2 and vector
functions f(v, t), g(v, t), appearing in (3-3), (3-4) are continuous for |[v| < 2, 0 <t < T. Moreover
vector functions #°(v), @' (v), W°(v) f(v, t), g(v, t) are supposed to be zero for |v] > 2,0<¢r <T. It
follows from (3-21), (3-22) and (3-25), (3-26) that components of vector function hk(v, t) defined after
(3-29) are continuous on A(T, 2) and are equal to zero for any (v, t) satisfying v > Q,0 <t < T.
Moreover the first three components of k(v, t) are twice continuously differentiable with respect to ¢
and the last three components are one time continuously differentiable with respect to ¢ in the region
AT, w, 2).

To find a solution U (v, t) of (3-29) for 0 <t < T and a fixed v € R3,v # 0, we apply the successive
approximations

U, 0)=h,1), (3-40)

t
U<">(u,r):/ (KU VY, t,7)dt, n=1,2,3,... (3-41)
0

Remark 3.5. Equalities (3-40), (3-41) can be written in a component form as follows:
VO, 0 =H©.1), SO, 1) =H} (v.1),
V(v 1) = fot(KlS](.”_l)(v, n)dr, S (.1 = /OI(KZVJ.(n_l)(v, 7)) d,
n=1,2,3,...;j=1,2,3.
Here u™ (v, 1) is the vector function with the following six components:

viPw o, Vw0, VP own, SV, 1),
w0, S0y Hlwn), Hiwn, j=1,2,3

are components of vector functions k! (v, 1), h%(v, 1) defined by (3-23), (3-24).

Remark 3.6. Since all components of h(v, t) are equal to zero for |[v| > 2,0<t < T then U ™) (p, 1)=0
for [v| > 2,0 <t <T. Moreover U(v, t) =0 is a solution of (3-29) for |v| > Q2,0<t <T.
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The goal of this section is to show that for any j =1, 2, 3 the series

o0 o
Y vPwn, Y s,
n=0 n=0
converge uniformly on A(T, w, 2) to some continuous functions V;(v, 7), S;(v,7), j =1,2,3, and
then, if
Vv, )= Vi(v, 1), Va(v, 1), V3(v, 7)), S, 1) = (S1(v, 1), $2(v, 7), §3(v, 7))

are vector functions with found components then the vector function U (v, t) = (V (v, 1), S(v, 7)) is a
solution of (3-29).
Indeed, we find from (3-40), (3-41) and the properties of Section 3C that vector functions U™ (v, 1),

n=0,1,2,3,... have continuous components on A(7, w, 2) and
t t
V.0l = ‘ [ &'y o) < [0 e o (3-42)
0 0
t t
1S (v, 6)] = f K>V, 1) dt| < B / 1D, 0. (3-43)
0 0
n=1,2,3,...; j=1,2,3,
where B is the constant defined by
B =@y max(+, 1), (3-44)
k' p
Using (3-42), (3-43) we find the following inequality:
t
10D, 0l < VOIU ™" (v, )l < V6B / 102, 0)l2 dx, (3-45)
0

where
10D, Dlloe = max( max [V;"™" (v, 0, max |5/, 0]).

We have from (3-42), (3-43), (3-45):

. 6B !
0w, ol = YEEY G, (3-46)
n 6Bt)" G
VP, 1] = (‘/;n—)!)%, (3-47)
n 6Bt)" G
159, < (f(n—)!)%, (3-48)
n=1,2,3,...; j=123,
where
G=  max k.0l

w,)eA(T,w,2)
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Using (3-46)—(3-48) and the first theorem of Weierstrass [Apostol 1961, p. 425] we find that there are
continuous functions V; (v, t), S;(v, t) on the region A(T, £2) that the series

o] o0
Yvirwn, Y sl
n=0 n=0

converge uniformly and absolutely on A(T', w, 2) to V;(v,1), S;j(v, 1), j =1,2,3. Let
Vv, 7) = (Vi(v, 1), 2 (v, 7), V3(1v, 7)), S, 7) = (S1(v, 7), $2(v, 7), S3(v, 7)),

where V;(v, ) and S;(v, 1), j =1, 2,3 are sums of above mentioned series. We want to show now
that U (v, 1) = (V(v, 1), S(v, 7)) is a solution of (3-29). Let us consider the vector function U™ (v, 1) =
(V™ (v, 1), S (v, 7)) defined by (3-40), (3-41). Summing the right and left sides of (3-41) with respect
to n from 1 to N we have

ZU(”)(v 1) = Z/ (KU D), 1, 7)dr, (3-49)
n=1
where
N N N
ZU(H)(U, 1= (Z VO, 1), Z S™ (v, z)),
= n=1 =
N

ZV(")(I) t) = <Z v, 1), ZV“% 1), ZVW(U z))
N
S, 1), Zs“”(u 1), ZS(")(V t))

> s = (
Adding the vector function k(v, t) to both sides of (3-49) we find

Mz i

n=1 n=1

N N—-1

t
Y UD W, t)=h(v.1) +/ (K > U<"”)(v, t,7)dr. (3-50)
n=0 0 n=0

Letting N tend to infinity and using the second Weierstrass theorem [Apostol 1961, p. 426], we find
that the vector function U (v, t) = (V (v, t), S(v, t)) satisfies (3-29) for (v, t) € A(T, w, ). Since w is
an arbitrary positive number such that w < €2 then the vector function U (v, t) = (V (v, t), S(v, t)) has
continuous components for [v| < Q2 (v #£0), 0 <t < T and the vector function U (v, t) = (V (v, t), S(v, 1))
is a solution of (3-29) for v| <Q (v #0),0<t <T.

3E. Properties of the solution of the integral equation (3-29). Let T, w, Q2 be given positive constants
(w < ) and

AT, Q) ={(,1) [ v= (v, v, v3) € R, v £0, v] <Q, 0 <1 < T}).

The vector functions #°(v), @' (v), W°(v), f(v, t), g(v, 1), h(v, t) satisfy assumptions described in the
beginning of Section 3A.
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Property 3.7. Let K!, K?, K be operator defined by (3-27), (3-28), (3-30); u(v,t) = (V(v, ), S(v, 1))
be a solution of (3-29) whose components are continuous on A(7, €2). Then

AV, t) S, 1)  3*V(v, 1)
ar ar 912

are continuous on A(T, 2).
Proof. Under conditions of Property 3.7 the vector functions

dn'(v,t) R *(v,1)  9*h'(v, 1)

R, 1), KOt
(v7 )’ (v’ )? 8t 9 8t 9 8t2

are continuous on A(7, w, 2) and the vector functions V (v, t), S(v, t) satisfy equalities (3-23), (3-24).
Differentiating (3-23), (3-24) with respect to ¢ we find

V(1)  oh'(v,1)

(i _
/Ocos(ﬁD W)t r))M(v)S(v,r)dt,

ar ot
2 21,1
: ‘;g 0_3 hat(;’ D b M), z)+f JPD'2(v) sm<ﬁD1/2(v)(t ) M)SE, D dT,
2
05w, 1) _ .0 vy, z)+/ g, ( @(r—r))N(\;)V(w, ) dr.
ot ot K

Since the right sides of the obtained equations are continuous functions on A(7, w, 2) then the left sides
are also continuous on A(7T, w, 2). Therefore

aV(v,t)  9SWw,1)  3*V(v, 1)
or ar a2

are continuous on A(7, w, ). Since w is an arbitrary positive number such that w < Q then the vector
functions
AV, t)  3aS(w,t) V(v 1)
or or 02

are continuous on A(T, 2). U

Property 3.8. Let K', K2 K be operators defined by (3-27), (3-28), (3-30). Then the solution U (v, t) =
(V(v,t), S(v, 1)) of (3-29) is unique in the class of continuous function on A(T, €2).

Proof. Let U(v,t) = (V(v,t), S(v,t)) and U*(v,t) = (V*(v, t), S*(v, 1)) be two solutions of (3-29)
whose components are continuous on A(7T, 2). Setting V(v,t) =V (v, 1) —=V*(v, 1), S, 1) =S, t) —
S*(w, ), a(w,t) = (V(v, 1), S(v, t)) we find from (3-29)
t
Vv, 1) = / (K'S(v, 7)) dr, (3-51)
0

S, 1) =/ (K*V (v, 1)) dr. (3-52)
0
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Using Property 3.4 we obtain from (3-51), (3-52)
t
0.0l <68 [ . Dladr (3-53)
0
where B is the constant defined by (3-44). Applying Gronwall’s lemma to (3-53) we find ||&(v, 1)], =0
for (v, 1) € A(T, Q). Using the continuity of @ (v, t) we conclude that
aw, 1) = V(. 1), 8w, 0) = (V1) = Vv, 1), S(v, 1) = §*(v,1)) =0

for (v, t) € A(T, 2). This means that U (v, t) = U*(v, t) for (v, t) € A(T, 2). [l

Property 3.9. Let U(v,t) = (V(v, 1), S(v, t)) be a solution of (3-29) for (v, t) € A(T, 2). Then the
vector functions # (v, t), w(v, t), with components given by (3-11), are a unique solution of the initial
value problem (3-3)—(3-6) in the class of vector functions for which

(v, 1)  dw(,t)  9a(v,1)
or ar ot?

uv,t), w,t),

are continuous on A(T, 2).

Proof. Using Properties 3.7 and 3.8 we conclude that the solution of integral equations (3-23), (3-24) (or
the vector integral Equation (3-29)) is equivalent to the solution of the initial value problem (3-16)—(3-19).
Moreover the initial value problem (3-16)—(3-19) can be written in the form of (3-3)—(3-6). Therefore if
u(,t)=(V(,t), S(v, 1)) is a solution of (3-29) for (v, t) € A(T, ) then the vector functions u(v, 1),
w(v, t), with components given by (3-11), are a unique solution of the initial value problem (3-3)—(3-6)
in the class of vector functions whose components

aV(v,t) 9SS, 1)  3*V(v, 1)
or T a2

are continuous on A(T, 2). O

V,t), S,1),

3E. The solution of initial value problem (2-9), (2-10), (3-1), (3-2). Let T, 2 be given positive constants
and
D(Q) = {v = (v, v2,v3) € R | |v] = Q);

Cq(R?) be a class of continuous functions whose components belong to D(2); P Wq (R?) be the class
which is the inverse Fourier transform image of the class C o(R?);

Remark 3.10. PWq(R?) is called the Paley—Wiener class (see, for example, [Andersen 2004])

We assume further that conditions of Section 3A on vector functions #°(v), @' (v), W°(v), f (v, 1),
g (v, 1) are satisfied. Using Properties 3.7, 3.8 and Remark 3.5 we find that the solution @ (v, t), w(v, t)
of (3-3)—(3-6) has components which are continuous together with components of

du(v,t)  dw(v, 1)  d*a(v,t)
aor ar ar2
for (v,1) € A(T, 2) and equal to zero for |v| > €2, [0, T]. As a result of solving the vector integral
equation (3-29) and application of Property 3.9 we determine the Fourier images of the phonon and
phason displacements # (v, t), w(v, t) for (v, t) € A(T, ). The vector functions u(v, t), w(v, t) satisfy
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(3-3)-(3-6). To find unknown phonon and phason displacements u(x, ), w(x, t) satisfying (2-9), (2-10),
(3-1), (3-2) we need to derive the inverse Fourier transform of # (v, t) and w(v, #). Indeed, applying
the inverse Fourier transform to #(v, t) and w(v, t) we find vector functions u(x, t), w(x, t). Since the
components of

du(v,t)  dw(,t)  d%a(v, 1)

av.n, b, e s

are continuous for (v,t) € A(T, 2) and equal to zero for |v| > €, [0, T] then the components of
u(x,t) belong to the class C%([0, T]; PWq(R?)) and the components of w(x, ¢) belong to the class
CY([0, T]; PWq(R?)). Here C2([0, T]; PWq(R?)) is the class of all two time continuously differen-
tiable mappings of [0, T'] into PWq(R3)) and CI([0, T]; PWq(R?)) is the class of all one time contin-
uously differentiable mappings of [0, T'] into P W, (R?)). Equalities (3-3)—(3-6) can be written in terms
of u(x,t) and w(x, t) as equalities (2-9), (2-10), (3-1), (3-2). This means that we find vector functions
u(x,t) and w(x, ) in classes C>([0, T1; PWq(R?)) and C'([0, T1; P Wq(R?)) which are a solution of
(2-9), (2-10), (3-1), (3-2). These vector functions are phonon and phason displacements. We note that
the numerical implementation of the inverse Fourier transform can be done by the technique described
in [Yakhno and Cerdik Yaslan 2012, §3.5].

4. Example of solving equations of elasto-hydrodynamics in icosahedral quasicrystals

For illustration of the approach we consider the equations of elasto-hydrodynamics in 3D icosahedral
quasicrystals. We take the simple case when all functions appearing in equations depend on x3 and ¢
only. We note that for icosahedral quasicrystals phonon elastic constants (see, for example, [Ding et al.
1993; Hu et al. 2000]) are defined by

Cijkl = )\5,']'3](1 + M((Sik(sjl + 8il8jk)»

where §;; is the Kronecker delta (i.e., §;; = 1 fori = j and §;; =0 for i # j) A,  are given constants
such that © > 0, A +2u > 0. All nonzero phason, phonon-phason coupling elastic constants are given
by the following expressions [Ding et al. 1993; Hu et al. 2000]:
Kiin = K»n2 = Koz = K221 = Ky,
K131 = K3111 = K113 = K311 = K213 = K322 = K231 = K1223 = Ko,
K231 = K3120 = K2321 = K2123 = K232 = K3312 = K321 = K213 = — K>,
K333 = K1 + Ko,
K323 = K3131 = K3230 = K1313 = K1 — K33
Ri111 = Rz = Rii3z = Ri1i3 = Raz33 = Rasz3 = R3111 = R3131 = R,
Ri221 = R3232 = Ri311 = Ri331 = Ra121 = R,
Roz11 = Razo = Ra213 = Ra312 = Ra321 = R3122 = Ri223 = Ri2io = —R,
R3212 = R321 = Ri322 = Ri321 = R2123 = R2112 = —R,
R3333 = —2R.
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Here K|, K>, R are given constants such that K; > 0, K, > 0, K| — K, > 0.

Using this presentation of phonon, phason, and phono-phason coupling constants and the fact that
components of vector functions u = (11, up, u3) and w = (w;, wy, ws) depend on x3, t only, equations
of elasto-hydrodynamics (2-9), (2-10) can be written in the form

3%u(xs, 1) 9%u(x3, 1) %w(x3, 1)
= + f(x3,1), 4-1
o 33 o2 33 o2 f(x3,1) 4-1)
dw(x3, 1) 9%w(x3, 1) 9%u(x3, 1)
k——— =Ks3 ; + R33 s— +8(x3, 1), (4-2)
ot dx3 0x3
where
uw 0 0 00 O
Caz=|0pu O , Rsz=|00 0 |,
00 A+2u 00 —2R
Ki— K> 0 0
Ks3 = 0 K| — K> 0 s
0 0 K1+ K>,

Let us consider, for simplicity, the case f(x3, ) =0, g(x3, t) =0. The initial value problem for equations
(4-1), (4-2) consists of finding the vector functions u(x3, t) and w(x3, ¢) satisfying (4-1), (4-2) and initial
data

9
uj(x,0)=0, guj(x’t)|t:0:3j3 da(xa), 4-3)

w;i(x,00=0, j=1,2,3; (4-4)
where for a given positive constant €2 the function 6 (x3) of the variable x3 is defined by

in($2
amm=2%§%a¢m s20) = 2. (4-5)

Remark 4.1. We note that the Fourier transform of §q(x3) is the rectangular function g (v3) which is
equal to 1 for v3 € [—2, 2] and equal to zero for |v3| > Q (see formula (C-4) in Appendix C).

Equations (4-1)—(4-4) are written in terms of Fourier images with respect to the space variable x3 as
follows:

d*a(v3, 1) 3 .
d—l‘2 +C(wy)u(vs, t) + R(v3)w(vs, 1) =0, >0, (4-6)
dw(vs, t _ ~
K wf;; ) +’C(V3)W(U3, t) +R(V3)u(1)3, [) = O’ t > 0, (4_7)
~ d -
M](U, 0):0, Eu](]), t)|t:O:(S3JHQ(V3), (4'8)

(13, 0) =0, (4-9)
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where

C(v3) = diag(uv?, uv3, (A +2u)v3),
K(v3) = diag((K1 — K2)v3, (Ki — K2)v3, (K1 + K2)v3),

00 0
R(»)=|[00 0 ,
00 —2Rv32

Applying the reasonings of Section 3 we reduce equations (4-6)—(4-7) with data (4-8)—(4-9) to the
system of integral equations of the form (3-23), (3-24), where

V(vs, 1) = (Vi(vs, 1), Va(v3, 1), V3(v3, 1)), Sz, 1) = (S1(v3, 1), S2(v3, 1), $3(v3, 1)),
Vj(l)3,l‘)Eﬁj(V3,l), Sj(l)3,t)ElI)j(U3,t), j=12,3;

0 0
h'(vs, 1) = 0 , ho,n=10],
Mo (v3) sin(cp|vs|t)/(cplvs)) 0
0
(K'S)(v3,t,7) = 0 ) ,
2R|vs|sin(cp|v3|(t — 1)) S3(v3, T)/(pC)p)

0
(K*V)(v3,t,7) = 0 .
2R|vs | exp(—a?|vs|*(t — 7)) Va(v3, T) /K

Here

)»+2/1, K1+K2
Cp: , a=——-.:
1% K

It follows from the obtained integral equations that
Vs, 1) = ug(v3, 1) =0,  Sp(v3, 1) = wi(vs, 1) =0, k=12

and functions V3 (vs, t) = us(vs, 1), S3(v3, t) = w3 (vs, t) satisfy the following integral equations

2R|v 4
Va3, 1) = —— sin(e, |v3|0) M (vs) + —23 f sin(c, 3|t = 1) Ss(v3, YT, (4-10)
Cp|V3| PCp Jo
2R|V3|2 ! 2 2
Sy(v, 1) = exp(—a? [v3l2 (t — ) V3 (vs, 7) d. é-11)
0

As aresult, we find a solution V3(vs, 1), S3(vs3, t) of (4-10), (4-11) in the form

o x
Vaus, ) =Y V(3. 1),  Ss(vs.t) =Y Sy (vs3.1), (4-12)
n=0 n=0
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where

VO3, 1) = sin(c, [v3] Hg3), S, 1) =0

cplv3l

2R
VI (v, 1) = '”3|f sin(c, [vs] (t — 7)8Y Y (v, 1) d,
2R |v3)? _
S8 (w3, 1) = Vsl / exp(—a? [v3]> (t =tV D3, 1) de, n=1,2,3,....
0

Using the reasonings of Section 3 we prove the absolute and uniform convergence of series (4-12) and
that functions V3(vs, t), S3(vs3, t) and their partial derivatives

OVa(vz, 1) 3*Va(v3, 1) 9S3(v3, 1)
or otz 7 ot

are continuous on A3(7, Q) ={(v3, ) |[v3 € R, v3 #0, |v3| < 2,0 <t < T} and equal to zero for |v3| > €,
0 <t < T. Moreover we show that vector functions z#(v3, t) = (0, 0, V3(vs, t)), w(vs, t) = (0, 0, S3(v3, 1))
are the solution of (4-6)—(4-9). We note that the inverse Fourier transform with respect to vs of Vz(vs, 1),
S3(vs, t) exists and the obtained functions are differentiable. We denote these functions by u3(x3, 1),
w3 (x3, t). Similar to Section 3 we show that u(x3, 1) = (0, 0, u3(x3, t)), w(xz, t) = (0, 0, wz(x3, 1))
are the solution of the initial value problem of elasto-hydrodynamic equations (4-1)-(4-4). Moreover,
applying the inverse Fourier transform to (4-12) and using properties of the direct and inverse Fourier
transforms (see equalities (C-1)—(C-11) in Appendix C) we find

o0 o0
w33, ) =Y w3 1), wales )=y wi(x3.0), (4-13)
n=0 n=»
where
0 1 x3+cpt 0
ul (x3, 1) = 2—/ Sa)de,  wi(x3, 1) =0, (4-14)
CP X3—cCpt
t x3tep(t—1) §2 (n—1) T
u (3, 1) = — (/ %—2(5) dg) dr, (4-15)
CPIO x3—cp(t—1) 35
R t /oo R A I
W (3, 1) = — / exp( — (§ —x3) (f;‘ ) N “-16)
a7 Jo \J_oo 4a’(t — 1)

Hence the solution of the initial value problem (4-1)—(4-4) is found by formulas u (x3, t) = (0, 0, u3(x3, t)),
w(xs, t) = (0,0, w3(xs, 1)), where us(x3, t) and w3(x3, t) are defined by (4-13)—(4-16).

5. Conclusion

The new approach to solve the initial value problem for differential equations of elasto-hydrodynamics in
3D quasicrystals with the general structure of anisotropy is described in the paper. This approach consists
of derivation of phonon and phason displacements by solving the dynamic equations describing the wave
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propagation for phonon and diffusion process for phason in quasicrystals with the arbitrary anisotropy.
There are the following important steps in this approach. The equations of elasto-hydrodynamics in
quasicrystals are written in terms of the Fourier images with respect to 3D space variable. The solution
of the obtained initial value problem is reduced to the vector integral equation of the Volterra type
depending on 3D Fourier parameter. The vector integral equation is solved by successive approximations.
The phonon and phason displacements are found by matrix transformations and the application of the
inverse Fourier transform to the solution of the vector integral equation. To make all steps correctly we
need the following assumption. The Fourier transform with respect to 3D space variable of the given
phonon, phason forces as well as initial displacements have to be vector functions with components
which have finite supports with respect to Fourier parameters.

We note that if the image of the Fourier transform of a smooth function with respect to space variables
has the finite support {v = (v1, vz, v3) : |v| < 2} then we can apply the inverse Fourier transform to this
image and the obtained result is the smooth function which belongs to the Paley—Wiener space (see, for
example, [Andersen 2004]). Here 2 > 0 is a given constant. From a physical point of view we make
the following constraints on the mathematical model of elasto-hydrodynamics in QCs. We exclude high
space frequencies in oscillation which are described by phonon and phason displacements. This means
that we exclude some sources of oscillation in our consideration. For example, many mathematical
models use a point source ( in initial data or inhomogeneous terms of equations ) which is described by
the Dirac delta function. The Dirac delta function is not a classical function - it is a generalized function
(distribution). The Dirac delta function does not belong to the Paley—Wiener space. This means that
our approach can not be applied for equations of elasto-hydrodynamics in the case if the Dirac delta
function appears in initial data or inhomogeneous terms of equations. However the Dirac delta function
can be approximated by functions from Paley—Wiener space. For example, the Dirac delta function of
one variable §(x) can be approximated by

eeny = N 0 b0 = £,
TXq 4
where € > 0 is the sufficiently large parameter of approximation (regularization). Moreover the inverse
Fourier transform of the rectangular function I, (v), which is equal to 1 for |v| < € and equal to zero for
[v1]| > €, is the function & (x1). Therefore 5. (x;) belongs to the Paley—Wiener space. Using this remark
we can approximate the Dirac delta function of three space variables (if the Dirac delta function appears in
the description of the phonon, phason forces or initial displacements) by the function ¢ (x1)d¢ (x2) 8¢ (x3)
which is from the Paley—Wiener space and then apply our approach to find an approximate solution of the
original problem. In Section 4 the approach is illustrated on the example of solving equations of elasto-
hydrodynamics for 3D icosahedral quasicrystals in the case when components of phonon and phason
displacements depend on x3 and ¢ variables and one component of phonon initial data u' contains the func-
tion 8. (x3). Here the image of the Fourier transform of the solution of equations in 3D icosahedral qua-
sicrystals is found by successive approximations and then the application of the inverse Fourier transform
has been made analytically. Unfortunately the operation of the inverse Fourier transform can not be made
analytically for all quasicrystals with general structure of anisotropy and we need to apply it numerically.

At the end of conclusion we would like to say that the present paper is the first part of the study

which is related with the theoretical background of the second part of this study, where we plan to
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described the computational methods of the initial value problems solving for differential equations of
elasto-hydrodynamics of quasicrystals with the general structure of anisotropy.

Appendix A. Consequence of the positivity of elastic energy for Section 2A

With notation of the work [Hu et al. 2000] the elastic energy is written as follows (see [Hu et al. 2000,

Formula 4.17])
1 C R||¢
F=3le.ol [RT K] |:a):|

where [¢, w] is the vector row whose elements are phonon and phason strains ¢;;, w;;, respectively; [2]
is the vector column whose elements are phonon and phason strains &g, wy;; C = [Cjjx] is the matrix of
the phonon elastic modules, K = [K; 4] is the matrix of the phason elastic modules, R = [R;j/] is the
matrix of the phonon-phason coupling elastic modules, RT =[Ry; ;71 1s transpose to R.
Since the elastic energy F is positive (see [Hu et al. 2000, (5.40)]) then the symmetric matrix
C R]
|:R r K

is always positive definite. This means that

RIT
e, w] [gT K:| Z]>O

for any [&, w] # 0 and in particular for any [¢, 0] # 0 or any [0, w] # O the last inequality implies

[, 0] [C R] [8] =elCe >0,

RT K||0O
and
C R||O T

Therefore the positivity of energy implies the positive definiteness of matrices C and K and the last
inequalities can be written in the form of inequalities (2-4) of the present paper.

Appendix B. Positive definiteness of C(v) and C(v)
Let

T 2 2 2 2 2 2 .
a=|a|, o =(,0,a3), v=(,v2,v3), vi+v;i+vy#0, of+ta;+a3#0;
a3

matrices C(v) and KC(v) be defined by (3-7), (3-8), (2-11), (2-13). Using (2-3), (2-11), (2-13), (3-7), (3-8)
we find
3

3
a'Cwa= Y Ciulevlan), o' KWa= Y Kijulav;)ew).
jili k=1 jili k=1
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We note that &;; = a;v; (or w;; = ;) are not zero entirely. Therefore, using (2-4) we find that
a'Cv)a>0, ol KW)a>0

for v12 + vzz + v32 # 0 and alz + a% + a% # 0. This means the positive definiteness of matrices C(v) and
K () for v #0.

Appendix C. Formulas of the direct and inverse transforms of some functions used in Section 4

In this section we describe some formulas of the Fourier transform which we use in Section 4. Let F
and F~! be operators of the direct and inverse transforms defined by

+o00 +o00
. lp~ 1 ~ .
Flo(x3)(v3) = / ¢(x3) exp(ixzv3) dxz,  F'[@(v3)](x3) = o / @(x3) exp(—iv3x3) dv3
—0oQ0 —0oQ

for the given piecewise continuous functions ¢(x3), ¢(v3) for which the Fourier transform F[¢(x3)](v3)
and the inverse Fourier transform F~'[¢(v3)](x3) exist.

Letc, >0, ¢ > 0, Q2 > 0 be given constants; 6(¢) be the Heaviside step function (i.e., 6(¢) = 1 for
t>0,60() =0 fort < 0); 6g(x3) be the function defined by (4-5). Then the following formulas take
place:

1 |
I[EQ(CPI — |X3|):|(V3) = W sin(cp|v3t). (C-1)
Proof.
Jr[ : O(cpt —| |)](V) 1 /C”tex (ix3vs)d : sin(cp|vs|t) g
—0(cpt —|x3 3) = — ix3v3) dxs = cplvslt).
2c, p 2¢, —cpt P cplvsl P
-1 i L _ ]
[y sinCeotisln J ) = 5 =6t = b, (€2)
Proof. Applying the operator F to (C-1) we obtain (C-2). ]
_ sin(2x3)
F Mo3)](x3) = ———= = da(x3). (C-3)
TX3
1 [®
Proof. F Mol = 5 [ exp-ivas) dva = S 0
-Q
sin($2x3)
Fl ——— [(v3) =g (v3). (C-4)
TTX3
Proof. Applying the operator F to (C-3) we obtain (C-4). ]
The next formula and its verification can be found, for example, in [Vladimirov 1971]:
+o00
]:[f ()Y (x3 —S)dé](vz) = Flo(x3)1(v3) - FI¥ (x3)1(v3) (C-5)
—00

for any piecewise continuous functions ¢(x3) and ¥ (x3) for which the convolution

400
/ @)Y (x3 —§)d§

(o.¢]
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exists and absolutely integrable.
Applying the operator F~! to formula (C-5) we find

+00
F FloGa)(vs) - FIvr (x3)1(v3) ] (x3) = / p@E)Y(x3 —§)ds. (C-6)
The formula (C-6) for ¥ (x3) = (1/2m)0(cpt — |x3]) and ¢(x3) = do(x3) can be written in the form
1 too
f_l[ sin(c,|v3]t) - HQ(V3)](X3) =/ ——0(cpt — |§ —x3])00(§) d&
Cp|v3| —00 2CP
X3+cpt
=20 Sa(§) d§. (C-7)
Cp X3—Cpt
F M exp(—a? v3 (t — 7))](x3) = L CXP(—L> (C-8)
3 2a/7(t — 1) 4a2(t—1) )"
Proof.
-1 2.2 | 2.2 :
F lexp(=a™}(t = T)10x) = - / exp(—a?v3(r — 7)) exp(—ivsx3) dvs
+00
= — / exp(—a2 v32 (t — 1)) cos(v3x3) dvs
T Jo
__ <_L) 0
S 2an(t—1) exp 4a2(t —1) )’
The next formula and its proof can be found in [Vladimirov 1971]:
82
F g 0n)](x) = —L?). (C-9)
0x3
Using formulas (C-6), (C-8) and (C-9) for
V(x3) = N (—x—g)
R Vo= s e P P
we find
F exp(—a?v3(t — 3] (r3) = ————— f m exp(— ¢ —x)" )82‘”@) d. (C-10)
3 3 2a/7(t — 1) J_oo 4a(t — 1)) 0E? '
Using formulas (C-2), (C-6) and (C-9) for ¥ (x3) = (1/(2¢p))0(cpt — |x3|) we have
o 2 I Y A R ())
F [Cp|v3| sin(cp|v3|(7 T))V3(P(V3):|(x3) TR N T= d§. (C-11)
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