-

P
brought to you by, CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

International Journal of Solids and Structures 51 (2014) 2990-3001

Contents lists available at ScienceDirect = LY
SOLIDS AND
. . STRUCTURES
International Journal of Solids and Structures - —

journal homepage: www.elsevier.com/locate/ijsolstr

Dynamic response of a growing inclusion in a discrete system

M.J. Nieves **, LS. Jones %, A.B. Movchan”

@ CrossMark

2School of Engineering, Liverpool John Moores University, James Parsons Building, Byrom Street, Liverpool L3 3AF, UK
b Department of Mathematical Sciences, University of Liverpool, Peach Street, Liverpool L69 3BX, UK

ARTICLE INFO ABSTRACT

Article history:

Received 7 August 2013

Received in revised form 13 March 2014
Available online 20 April 2014

Keywords:

Semi-infinite line defects
Infinite square-cell lattice
Wiener-Hopf technique
Dispersion

Localisation

The propagation of a semi-infinite line defect, contained in an infinite square-cell lattice is considered.
The defect is composed of particles lighter than those in the ambient lattice and it is assumed this defect
propagates with constant speed. Dispersion properties of the lattice are related to waves generated by the
propagating defect. In order to determine these properties, the Wiener-Hopf technique is applied.
Additional features, related to localisation along the defect are also identified. Analysis of the dispersion
relations for this lattice, from the kernel function inside the Wiener-Hopf equation, is carried out. The
solution of the Wiener-Hopf equation is presented for the case when an external load is applied
corresponding to an energy flux at infinity.
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1. Introduction

Large deformations occurring in composite materials can lead
to regions of plastic flow, where the formation of line inclusions
can occur (Ozturk et al., 1991). When waves propagate through a
composite, defects within the composite can lead to localised
defect modes i.e. large deformations around the defects
(Movchan et al., 2007). Such large deformations can also drive
the growth of a defect or an inclusion through a composite. In this
article, the model for a growing line inclusion within a discrete lat-
tice, having particles which are lighter than those in the ambient
lattice, is considered. The model provides information of dispersion
properties of the lattice, and at particular frequencies, waves trav-
elling through the lattice may propagate only along the inclusion
or the ambient lattice. The former situation may enhance the
growth of the inclusion through the lattice and therefore it is
important to determine the frequencies which generate such
vibrating modes.

Lattice models describing defects propagating through discrete
structures have been the subject of many articles. In Slepyan
(2001a), the scalar problem of a dynamic crack moving with con-
stant speed through a homogeneous square-cell lattice is studied.
The dynamic crack can be considered as a sequential removal of
neighbouring bonds, along a row in the lattice, caused by feeding
waves which supply energy to the crack front bond (Slepyan,
2002). When this bond breaks, energy is released in the form of
dissipative waves which carry energy away from the front. The
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problem of a fault moving through an elastic triangular lattice
was studied in Slepyan (2001c). For both the square and triangular
lattices, the wave dispersion properties for the lattice can be
deduced in explicit form.

Apart from the introduction of the dynamic crack, additional
inhomogeneities which also affect the dispersion properties in a
lattice or a continuum can be considered. An overview of several
models that reveal the dispersive nature of waves in continua
and periodic structures was presented in Movchan et al. (2012),
which also includes comparisons of the filtering effects of a
bi-atomic chain and a high-contrast periodic continuum. The
problem of a structured interface contained in a continuum was
also solved and the reflection and transmission due to the interface
were analysed. In Mishuris et al. (2009a), a square-cell lattice
containing a propagating crack, and composed of rows of particles
having contrasting mass, was analysed. The influence of this
additional inhomogeneity on the energy dissipation due to crack
propagation was also considered.

An inhomogeneous triangular lattice, composed of bonds with
contrasting stiffness in the principal lattice directions, can be found
in Nieves et al. (2013). This is based on a similar model of that
developed in Slepyan (2001c).

In all the above linear models, interaction between the particles
of the lattice is assumed to occur between the nearest neighbours
and the bonds connecting particles are assumed to be massless.
From these models, other useful properties of the fault, such as
the energy release rate may also be obtained.

In some of these models (Colquitt et al., 2012; Mishuris et al.,
2009b), a fracture criterion has been used to obtain information
about real time progression of the crack. In particular, this can
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reveal information about the formation and coalescence of voids
ahead of the crack front bond. An inhomogeneous square-cell lat-
tice containing a propagating fault, subjected to a remote sinusoi-
dal load was considered in Mishuris et al. (2009b). When a fracture
criterion is imposed on the crack path bonds, the problem becomes
non-linear. Numerical simulations have been used to calculate
average crack speeds and a good comparison has been found with
estimates from dispersion diagrams. Similar calculations for an
inhomogeneous triangular lattice have been carried out in
Colquitt et al. (2012). Extensions of this analysis have been used
to predict the propagation of an edge crack in a structured
thermo-elastic solid, where the crack propagation is driven by
rapid change in boundary temperature near the interface the crack
emanates from and the elastic waves generated by shocks induced
by the rapid temperature change (Carta et al., 2013).

It is also possible to find continuum models where the influence
of the material’s microstructure may be studied. The theory of cou-
ple-stress elasticity introduced in Koiter (1964), is designed to take
into account characteristic lengths associated with bending and
torsion within a material, and this allows the microstructural prop-
erties of a material to be studied. In Mishuris et al. (2012), this
model was used to study a Mode IIl semi-infinite crack propagating
at constant speed through a continuum that has a microstructure.
The Wiener-Hopf technique was also applied to solve this problem
and illustrations showing the effect of the material’s bending and
torsion characteristic lengths on the crack’s propagation were pre-
sented. The method was also extended to the case of a Mode III
crack propagating through an elastic material having a high rota-
tional inertia introduced through its microstructure in Morini
et al. (2013). There, the influence of the micro-rotational inertia
on the energy dissipation due to crack propagation was also ana-
lysed, as this dissipation can affect displacements in the vicinity
of the crack tip. It was shown that this rotational inertia may
enhance or diminish the energy dissipation associated with the
propagating crack, in comparison to its energy dissipation in the
model of classical elasticity.

The influence of the microstructure can also be determined
from models of discrete structures which have the same effective
properties as the corresponding homogenised medium. As an
example, the effect of the microstructure on the crack-tip behav-
iour for an edge crack contained in a slab, which is subjected to a
sinusoidal temperature load, was also investigated in Colquitt
et al. (2012). For this quasi-static thermoelastic problem, it was
shown that the “effective stress intensity factor” for the edge crack
in the triangular lattice was lower than that in the homogenised
lattice. This indicates that the introduction of microstructure in a
solid may lessen the possibility of crack propagation.

For the high-frequency regime of the applied load, a theory of
asymptotic homogenisation has been developed in Craster et al.
(2010). A continuum model is constructed from the standing wave
modes for the lattice problem, and the solution of this continuum
problem provides information about the microstructure.

The propagation of an inclusion within a lattice has also been
considered in Slepyan (2001b). Here, instead of the removal of sub-
sequent bonds in a row, giving rise to a crack, these bonds undergo
a transition in phase, i.e. a jump in stiffness, when the elongation of
the bonds reaches a critical point. Another way to interpret the
propagation of an inclusion within the lattice is to assume that
the inclusion is composed of particles of different mass to those
in the ambient lattice. This is discussed in the present paper. The
required dispersion properties are obtained from Colquitt et al.
(2013), where eigenfrequencies and eigenmodes, corresponding
to localised defect modes, for a finite line defect contained in a
square lattice were computed. For a long line defect, these eigen-
frequencies have been shown to lie in the range of frequencies pre-
dicted by the model for the infinite line defect (Osharovich and

Ayzenberg-Stepanenko, 2012). An illustrative example given in
Colquitt et al. (2013), shows a computation for the eigenfrequen-
cies for a line defect containing 20 particles having contrasting
mass compared to the ambient lattice. On Fig. 1, these frequencies
are shown by dashed horizontal lines. The solid curve in this figure,
depicts the dispersion curve of the infinite line defect model of
Osharovich and Ayzenberg-Stepanenko (2012), and it is possible
to see from this figure that this model can be used to predict the
complete range of the frequencies for a long finite line defect.
The same dispersion relation is also encountered in the work pre-
sented here. It is also noted that the density of the eigenfrequen-
cies for the finite line defect shown in Fig. 1, increases as we
approach the frequencies of the standing wave modes for the
infinite line defect, where the homogenised model for this defect
is applicable.

The diffraction of waves due to a semi-infinite line of rigid small
inclusions within a continuum, called a grating, has been studied in
Hills and Karp (1965). This problem has been solved using the Wie-
ner-Hopf technique (Noble, 1958; Hochstadt, 1989) and this solu-
tion has used to describe resonance modes for the grating as well
as the dispersive nature of this line defect (Hills, 1965; Hills and
Karp, 1965).

For finite length rigid line inclusions contained in an elastic
material, the complete solution has been obtained for this problem
in the case of when the ambient matrix is a bimaterial and the rigid
line inclusion is located along the interface of the two materials
Ballarini, 1990. Here the strength of the singularities found in the
solution near the tips of the inclusion have been determined and
compared with those in the problem of when there is a crack along
the interface in the bimaterial. A similar analysis has been given in
Dal Corso et al. (2008) and Bigoni et al. (2008), where the model for
a prestressed elastic material containing a rigid line inclusion
under Mode I and II loading has been considered. The influence
of the inclusion on the fracture patterns in this problem was also
studied and the analytical results were shown to give a good agree-
ment with those obtained in experiments.

A semi-infinite line defect is considered here which propagates
through a square-cell lattice. The structure of this article is as fol-
lows. In Section 2, the problem of the propagating semi-infinite
fault, composed of particles with reduced mass compared to the
ambient infinite square lattice, is analysed. The description of this
problem and the main notations are given in Section 2.1. In
Section 2.2, the dynamic equations are introduced for the

Fig. 1. Example computation from Colquitt et al. (2013 ), showing the comparison of
the eigenfrequencies () computed for a line defect composed of 20 particles with
different mass compared to that of the particles in the ambient lattice (indicated by
horizontal dashed lines) and the curve given for the infinite line defect in the lattice
(Osharovich and Ayzenberg-Stepanenko, 2012). Both are shown as functions of the
normalised wavenumber /7. Here the ratio of the mass of the particles in the line
defect to the mass of the particles in the ambient lattice is 0.25.
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propagating semi-infinite defect inside the lattice, and the proce-
dure for solving this problem is given, including the reduction of
this problem to a Wiener-Hopf equation posed on the line of the
defect. From the roots and poles of the kernel function in this equa-
tion, dispersion relations for the defect moving with constant
speed are then determined in Section 2.3. For a given speed of
the propagating defect, a description of the roots and poles of the
kernel function is outlined in Section 2.4, and this information is
used to study the Wiener-Hopf equation and derive its solution
in Section 3. In Section 4, for a particular load, the solution of the
Wiener-Hopf equation is derived and the local displacements of
the defect are compared with the asymptotics of the displacement
that gives the behaviour of the solution in the vicinity of the defect
in the corresponding homogenised problem. The Fourier transform
of the discontinuous inertia term and a proof that the index of the
kernel function is zero are given in Appendices A and B, respec-
tively. In Appendix C, the general solution for the Wiener-Hopf
equation of Section 2 is also presented.

2. Dynamic semi-infinite chain inside the lattice
2.1. Main notations and description of the problem

The problem of a semi-infinite line defect, composed of particles
of mass m, propagating through a square-cell lattice, composed of
particles of mass M, is now discussed. It is assumed that m < M.
This defect is located along n =0, k < —1 (see Fig. 2), and it is
assumed that the bonds connecting the particles within the lattice
have stiffness p.

The semi-infinite line defect propagates with constant speed v
through the lattice. As it does so, this represents a succession of
phase transitions as the mass of the particles along n = 0 change
value. The time interval between successive phase transitions is
a/v (where a is the bond length which is normalised to 1).

The variable n = x — vt, where x = ka, is used to define a moving
coordinate system, with centre # = 0, n = 0 (see Slepyan, 2002).

It is assumed that displacements within the lattice are functions
of 7, i.e. the displacement u,, of the particle with position (k,n)
within the lattice, is assumed to have the form

Ugen (€) = Un(1)- (2.1)

About the line n =0, the displacements satisfy the symmetry
condition

un(n) =u_n(n), forn>=0. (2.2)

0000000000004

Fig. 2. A square cell lattice containing a semi-infinite chain of particles having mass
m along n =0, and the ambient lattice is composed of particles with mass M
(m < M). All links are assumed to have stiffness u.

The function u,(#) can be split according to

un(17) = u, (17) +u, (1), (23)
with

Uy (1) = H(m)ua (), (1= H(m))ua(n),

with H being the Heaviside function. The left and right-sided Fou-
rier transforms are also used

U (6) = / u (meidn, 1m ¢ >0,
0

@ = [ m

These transforms lead to the definitions

Uy . () =

and u,(n) =

u, (nedn, Im é<O0.

lim uf*(¢),

Im¢—0

and then the continuous Fourier transform of the displacement u,
un(”)eiin dn,

can be written using the additive split:

ub =uf +uf . (2.4)

2.2. The model for a propagating semi-infinite line defect in a square
lattice

Here, the model describing the propagation of a semi-infinite
line defect is presented. The problem will be shown to reduce to
a Wiener-Hopf equation along n = 0.

2.2.1. Dynamic equations of motion
Due to symmetry (2.2) only the upper lattice half plane is con-
sidered. The equations of motion (n > 1) have the form

dz K.n
dllg (t) = ,u(ukﬂ‘n(t) + uk—1.n(t) + uk.n+1 (t) + uk,n—] (t) - 4uk,n(t))
(2.5)
and for n =0, if k < vt,
dZ
m— PO (£) = (1 0(8) + t1.0(8) + i (6) + 11 (£) — At (1)) + Gy ().
(2.6)
whereas if k > vt
dzuk.o
el (8) = p(Uier1,0(E) + Upe—1,0(E) + e (€) + Uge—1 () — AUk (t)) + i (8).
(2.7)
Here, g, is the load applied on the particle with position (k,0).
Next, (2.1) along with the assumption that the load g, (t) = q(n),
allows for transformation of Egs. (2.5)-(2.7), to
2 dzun
Mv iy () = {(Uun(M+1) +un (1 = 1) + Uns1 () + Un-1(17) — 4un(17))
(2.8)
forn>0,and forn=0
dZU()
VA1) g (1) = Mt + 1)+ o — 1) + s (1) + 14 (1)
— 4uo(n)) +q(n), (2.9)

where
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M, forn > 0,

2.10
m, forn < 0. (2.10)

)~ {

2.2.2. Solution for the problem inside the lattice forn > 0

The problem (2.8) and (2.9) is now solved using an approach
similar to that presented in Slepyan (2002).

Taking the Fourier transform (outlined in Section 2.1) with
respect to 7, yields

0=, +1, —24(&0+icoul, (n>1) 211)
and
(0 +icv.)ub  + RO +icw,) uf
F
= ~2(2 — cos(é&)uf + 2uf +%, (2.12)

where g=m/M, v, =+/M/uv. The symmetry conditions (2.2)
about n = 0 and the result

2 F
{vzmz(n)duo(m} = M(0 +icv)’uf, +mO+icv)uf ,  (2.13)

dn?
which occurs due to regularisation, have also been used in the der-
ivation of (2.12), (see Appendix A and Chapter 2 of Slepyan, 2002).
Here, 0 + i¢ indicates the limit lim,_,o(¢ +i¢), where0 < e < 1lisa
regularisation parameter, and in (2.11)

az?

Qu(®,2) =1 +25in2(%/2)+7. (2.14)
The solution, for n > 0, is sought in the form
uﬁ = },"uf, (n=1), (2.15)

where it is required that |Z] < 1. After substitution into (2.11), Z can

be determined as a solution of
P —20,(6,0+i¢v,)1+1=0. (2.16)

Due to the presence of the regularisation parameter in (2.16), the
solution can be sought in the form

J=0(8,0+icw,) — r()»*)\/Ql(é, 0+icw.)? 1, (2.17)

where

Jo = Qu(E,0+iev,) — /O (6,0+ien. 1 and

1 if |z <1
r(z):{i1 i

if |z > 1.
In Section 2.3, when determining the dispersion relations, the reg-
ularisation parameter is set to zero and the following form for 4 will
be useful

Q1 (&,i¢w,) —sign(Q (&,1E0.))y/ Q1 (&,icw.)? =1 for |Qy(icw,)| > 1,

A=< +1 for Qq(¢,i¢v,) =41,

Q1 (&,iE0.) £1y/1 - Oy (&,i,)? for | (¢,i¢v,)|< 1.
(2.18)

Next, (2.11) with (2.16) gives the relation uf = iuf. Thus (2.12)
gives

(0+iv.)ug, + O +icv.)

=20 - (2—cos(g’))]ug+qﬁF. (2.19)

The alternative to the regularisation outlined in Appendix A, is
the use of interface conditions between the defect and the particle
adjacent to the defect tip along n = 0:

dLlo _ duo
Mgy (70 =M (+0).

muo(—0) = Mug(+40), n

(2.20)
In other words the suggested regularisation implies the conserva-
tion of momentum at the node (1 = 0,n = 0). Later, it will be shown
that for a load corresponding to an energy flux from infinity, the
solution to the problem considered here can be constructed and
the above conditions will be satisfied.

2.2.3. The Wiener-Hopf equation
Making the additive split (2.4) for uf in (2.19) provides the Wie-
ner-Hopf equation

pq*
C2u(2— Q&0+ icv.))’ (221)

where the kernel function L(¢,0 + i¢v,) is given by

2—=Q(¢,0+iw.)
A= Q&0 +icw,)

L, 0+icvug, + puy_ =

L(¢0+iév,) =8 (2.22)
Note that the above function contains the coefficient . This ensures
that lim;_.. L = 1, which is a necessary condition for the factorisa-
tion of this function in Section 3.

2.3. Dispersion relations for the semi-infinite chain inside the lattice

The zeros and poles of L will now be deduced. They provide
information about the dispersion properties for the lattice contain-
ing a dynamic semi-infinite chain of particles having a contrast in
mass from the ambient lattice. These zeros and poles are found by
replacing 0 + i¢v, by iw, and obtaining the expressions for the nor-
malised angular frequency w. = \/M/pw for which the numerator
and denominator are zero.

Once the zeros and poles of the function L, corresponding to
wavenumbers, are identified. the effect of introducing the small
regularisation parameter ¢ >0 into L will be studied. As in
Slepyan (2002), after incorporating the regularisation parameter
into L the roots and poles of this function, for a given speed, are
then located in the complex plane. The dispersion diagrams will
then be used to determine their location following the regularisa-
tion (Section 2.4). This information will then be used in Section 3
and Appendix C to solve the Wiener-Hopf equation (2.21).

2.3.1. The zeros of L(¢,im..)
Here, by formally setting ¢ = 0 and w, = ¢v,, the equation

)= Oy (&, im,) =0, (2.23)

must be solved for w.. Since it is required that |Z| < 1, then the case
|94 (¢,im.)| > 1 (2] < 1) does not provide any solution to the above
equation. Therefore, it remains to consider the case || = 1. Using
(2.18), this occurs when |Q; (&,iw.)| =1 or |Q;(¢,im,)| < 1. In both
situations, referring to (2.16) and (2.18), a solution of (2.23) is also
a solution of the equation Q(¢,iw.) = &1. It then follows that the
roots of L(¢,im,) are

(&) =2[sin(¢/2)], (Qi(&iw.)=1), (2.24)
and
@@ (&) =2¢/1 +5sin*(¢/2), (@& im,) = —1). (2.25)
2.3.2. The poles of L(¢,im..)

For the poles of L(¢,iw. ), the solutions of the equation
A—Q¢iw,) =0 (2.26)

are considered. In Colquitt et al. (2013), an infinite line defect
contained in a square cell lattice was analysed and (2.26) is also
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encountered in that problem. There it was shown, that for
B <1, (m< M), (2.26) has the solution

f (&)= \/—ﬁ (227 5 [1 +25i0% (/2) 41/ 1+ 4(B— 1) sin® (/2)(1 +sin’(£/2) |.

(2.27)

The dispersion curves (2.24), (2.25) and (2.27) are given in Figs. 3
and 4, as a function of the dimensionless quantity ¢a/m with
a=1, in the cases $=0.1,0.17,0.29289 and 0.7. In both figures,
the dispersion relation for the semi-infinite chain (2.24) is repre-
sented by the dashed curve, whereas the dispersion curves for
ambient lattice are shown as black curves (@ (¢) < @ (¢) for all
£ € R). In each dispersion diagram, the rays w, = ¢v, are also
included for », = 0.25,0.4,0.7, for the purpose of illustration when
considering the solution of the Wiener-Hopf equation (2.21) below.

2.4. Description of poles and zeros of L for a given speed
Using the information in Section 2.3, the roots and poles of L for

a given speed are now analysed. In particular, the intersection of
the line w, = &v, with the dispersion curves will be studied. Each

-—— - —

0 1 2 3 4 5 6 7 8
&n

(b)

Fig. 3. The dispersion curves (2.24), (2.25) and (2.27) are plotted as functions of the
dimensionless quantity ¢a/m with a =1, for (a) $=0.1 and (b) = 0.17. The rays
w, = ¢, are also shown for the normalised speeds v, = 0.25, 0.4 and 0.7.

intersection of this line with a dispersion curve indicates a wave
generated in the lattice with the frequency and wavenumber cor-
responding to that intersection point. These waves are supported
by either the ambient lattice (in the case of an intersection with
the curves given by (2.24) or (2.25)) or the propagating line inclu-
sion (see (2.27)).

For 0 < ». <1 (0 < v < /u/M), the zeros and poles of L are
now discussed in detail. In particular, the position of these roots
and poles in the complex plane after the regularisation parameter
¢ is introduced, is also analysed. To do this, it is necessary to intro-
duce the group velocity v, for waves propagating in the lattice,
which is defined by v, = dw./d¢, and compare this quantity with
the defect speed (see Slepyan, 2002, Chapter 2). In the following,
the case when v, # v, is considered.

If v, < 1, the function L has one, three or more pairs of simple
zeros, associated with the intersections of the ray w, = ¢v, with
oM (&) of (2.24), at ¢ #0,&=+rV £r), ... +r5) . For v, =04,
this root pattern for &/m >0 is indicated on Fig. 3(a). Here,
the number z decreases as v, increases, and z=0 for
v, > vV ~ 0.2172. The point ¢ = rf)” = 0 is a removable singularity
of L.

T T T
o~ - -
4.5 SN 7 “\ 2N R
’ Y ’ ) ¥4 )
¢ \ ’ [\ ’
4+ ' \ 4 v \J R
7 . / ! '
p \ ’ ) ’ [}
35F ' \ 4 v
’ \ ’ \ \
' \ ’ \ Y .
3k 4 \ 4 I' Y
-, ./ '
b ~ N [N
# 2.5 B
3
2
1.5 B
1k 4
0.5F B
0 . . .
0 1 2 3 4 5 6
&/n
(a)
T T T
| ’-\ ’—N ’5\ B
3 4 * ’ \\ /. Y
/ 4 \ ’ \
\ ’ \ ’ \
’ \ ’ ’ \
’ \ ’ [y ’ \
25 1 \ ’ \ ’ Vo
ll \ 1’ ‘\ /I ‘\
/ \ J \ ’ X
b ‘v \~f, -~
2
%
3
1.5F B
1 - .
0.5 B
O Il Il Il
0 1 2 3 4 5 6
&/n

(b)

Fig. 4. The dispersion curves (2.24), (2.25) and (2.27) are plotted as functions of the
dimensionless quantity ¢a/m with a =1, for (a) g =0.29289 and (b) g =0.7. The
rays w, = ¢v, are also shown for the normalised speeds v, = 0.25, 0.4 and 0.7.
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The function L also has one, three or more pairs of simple zeros,
associated with the intersections of the ray w. = v, with @@ (¢) of

(2.25), at ¢ = ir(f),ir(zz),...,ir(fjﬂ(see Fig. 3(a)). Here, y is non-

monotonic for increasing »,, and y = 0 for v, > v ~ 0.3158. Also
note that ri),, < ri?.

The function L has one, three, or more pairs of simple poles,
which correspond to the intersections of the ray w. = ¢v, and with
the pole (&) of (2.27). This occurs at ¢ = £hy, £h,, ..., £hyy 1,
with p being non-monotonic for v, increasing (see Fig. 3(a)). Note
that r$}),, < hy. If Mis fixed and m is allowed to vary, the value of p
is also non-monotonic for different .

For the above mentioned roots and poles of L, for a given speed
v., the following conditions also hold at the corresponding inter-
section points of the ray w, = ¢v, with the dispersion curves:

1. vy <o, at

e=r) . ow=1,...z+1,
¢=r¥ . a=1,...,y+1, and
6:’121’—17 1717 7p+1’

2. vy >0, at
é:r(zlv\)n w=1,...,2
S d
=Ty, a=1...,Yy, an
E=hy, i=1,...,p.

At the intersection points where v, > v,, when the small regu-
larisation parameter ¢ > 0 is introduced, these points are then
located in the lower half of the complex plane (see Slepyan, 2002).
On the other hand, if v, > v, after regularisation, the corresponding
points will be located in the upper half of the complex plane.

3. The analysis of the Wiener-Hopf equation

In this section, the solution for the Wiener-Hopf equation (2.21)
is derived in two steps. Section 3.1 contains properties of the ker-
nel function L and its Cauchy-type factorisation. In Section 3.2,
using the information regarding roots and poles of L and a partic-
ular choice of the load g that admits an energy flux at infinity,
the solution of the Wiener-Hopf equation (2.21) is derived. For
the general solution to the Wiener-Hopf equation see Appendix C.

3.1. Properties of the function L(¢,0 + i¢v,) and its factorisation

The kernel function L(&,0 + i¢v,) satisfies
Re(L(¢,0 +i¢w,)) = Re(L(-¢,0 - i¢w.)),

Im(L(¢, 0 +i¢w.)) = —Im(L(-¢,0 — iw.))
and so
Arg(L(¢,0 +i¢w.)) = —Arg(L(-¢,0 — i¢w.)),

where here Arg is the continuous argument of a complex number.
That is, if a complex valued function f : R — C defines a contour
7€) ={ze€C: z=f(t), t € (—o0, ]}, then the continuous argument
of the function fis

dz
Arg(f()) = Im { / } .
Jizeney 2
Additional properties of the kernel function L(¢,0 +i¢v,) include:

lim L(¢,0+i¢v,) =1,

lel—o0

Iin(}L(570+i§Z/*) =B (3.1)

E—

The index of L is defined by
Ind(L(&,0+1¢v.))

— g I ATE(LE 0+ i60.) ~ lim ArgLc.0-+icv)| (32
and Ind(L(¢,0 +i¢w,)) = 0. This is proved in Appendix B.

The function L satisfies the conditions which are necessary for it
to be split as a product using the Cauchy-type integral:

L=L.L, L.(&0+iw.)
B 1 > InL(s,0 +isv,) .

where ‘~’ (‘+') denotes the function analytic in the lower (upper)
half of the complex plane. Then (2.21) is written as

Puo, _ pa-
L_ 2uL_ (A —Qy(&,0+icw,))’
From (2.22), the Wiener-Hopf equation (2.21) also takes the form:

pub _
Loy, + Do e
L 2uL-(1-p)(0+icw,)

L+“S,+ +

(3.4)

(3.5)

3.2. Additive split of the right-hand side of (3.4)

The function q is chosen in such a way that it allows for the
additive split of the right-hand side of (3.4) into + and — functions.
This is carried out by assuming energy is supplied to the mass at
n=0, n =0, by a feeding wave at infinity. This approach, applied
in Slepyan (2001a, 2002), results in the appearance of the regular-
ised Dirac delta function in the right-hand side of (3.4), which
allows for a straight-forward additive split. In what follows, the
additive split is carried out for the point ¢ = 0, for the general case
when all singular points of the right-hand side of (3.4) are consid-
ered, see Appendix C.

According to Chapter 2 of Slepyan (2002), the function uy(#) can
be obtained from a sum of residues which correspond to the singu-
lar points of the integral kernel of the inverse Fourier transform of
uf .. For this reason, behaviour of the term

1
L (A—Qu(¢,0+ic0.))’

in the right-hand side of (3.4) near the point ¢ = 0 is now consid-
ered. As mentioned in Section 2.4, the function L has a removable
singularity at ¢ = 0, and so L_ is also bounded in the vicinity of this
point. However, ¢ =0 is a zero of the expression (2.26), which
results in singular behaviour in the right-hand side of (3.4).

Let the load g have the form

q(n) = Ay 2¢ exp(en)H(-n), (3.7)
so that ¢f =0, and

P
T (e+1i9)

Here ¢ > 0 is treated as a regularisation parameter and the overall
force applied along the defect is independent of €. Formally, the reg-
ularisation parameter can be considered as complex and its non-
zero imaginary part would lead to oscillatory behaviour of the load
g. In the current paper, we assume ¢ is real and positive and hence g
decays exponential as # — —oo with no oscillation.

Note that lim,_ o g = 0. The root ¢ = 0 of the denominator in
(3.6) (when & = 0) is a point where v, < vg for v, < 1 (see Figs. 3
and 4). Therefore, this point is located in the lower half of the

(3.6)
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complex plane when the regularisation parameter ¢ > 0 is intro-
duced. Since

_pa-pe?
21 -2

then this together with (3.7) in (3.5), leads to

L(¢, 0 +iév.) ~ B ¢+0(&), for&—0,

puf . 2¢
F Po- _ I
Lo, +—- D()gllrp0 CFSRICER) 21D (&)
1 1
:D°{0+15+0—ig} (3:8)
where
(1) p1/2 o .
Do—— B0 BT exp (l / w“), (3.9)
4u./1 - v? T Jo s

Here, the result

Ung Li(¢,04i¢w,) = "% exp (i%/ ‘ wd5>
o 0

(3.10)

has been used (which follows from (3.1) and (3.3)).

Unlike the problem for a propagating crack within the lat-
tice, here the kernel L(¢,0+ i¢v,) is bounded for small wave-
numbers tending to zero. In the problem for the crack, the
kernel L exhibits singular behaviour which is O(¢™'). Conse-
quently this leads to the square root singular behaviour of the
functions L. (see Slepyan, 2001a,c). It is possible to find other
examples of problems of the current type where bounded
behaviour of L in the vicinity of the zero wavenumber as in
(3.10) is observed, for instance, Slepyan and Ayzenberg-
Stepanenko (2004) includes the propagation of an inclusion that
consists of bonds with contrasting stiffness from the ambient
square or triangular lattice.

From (3.8) it then follows

g Do 1 Dol 1
0+TT 0-1& O " p 0+iE

In terms of the moving coordinate system, the function u(#) can be
defined through

(3.11)

Up = Uy + Ug, (3.12)
where the terms ug are given by
L1 O Foyaic
U = E/ WG de,  Im(y) > 0, (3.13)
L / Cub(OeIde, Im(n) <0, (3.14)
27 Jo

where Im(#) in both cases is treated as a small regularisation
parameter and the function uf is given by the sum of the functions
in (3.11) (see Slepyan, 2002).

4. Physical applicability of the model and concluding remarks

For the load of the form (3.7), the displacements at the defect
tip and at infinity are compared.

According to Slepyan (2002, Chapter 2), the formulae relating
these expressions to displacements at the defect tip and far away
from the tip along the defect are

tio(~0) = lim pug_(~ip),  tio(~o0) = lim pug_(~ip).

Along with (3.10) and (3.11), these limits lead to

Up(—o0) = Do exp (—l /Ow Arg(L(s, 0 +is2.)) ds>

g2 b s
Do
and uo(—0) = 5 (4.1)

Also, the relations

o(+0) = lim pug_, (ip)

and

Qo 0y _ lim plpuf. (ip) — to(-+0)]

d’/l - pmrco p 0.+ p o(+ )

du . .

iy (0 = lim pluo(=0) — pug_(—ip)]

are valid, and they lead to the formulae
- dll() - duo -

Uo(+0) = Do, W(_O) = W(+O) =0.

Recalling g = m/M, together with the preceding limits and (4.1), it
can be shown that conditions (2.20) will be satisfied.

Therefore, according to (4.1) the ratio of the tip displacement to
the displacement along the defect in the far-field is

Up(=0) B2 exp (1 /% Arg(L(s,0 +isv.)) ds).
0

Ug(—o0) n s

This quantity is plotted for 0 < », < 1 in Fig. 5, for the parameters
p=0.1,0.175,0.25,0.5, and 0.75. For low speeds, uo(—0)/uo(—o0)
behaves non-monotonically and gives a non-smooth behaviour for
v, tending to 0 (see Fig. 5). For these low values of speed, there occur
many intersections of the ray w = ¢v, with the dispersion curves in
Figs. 3 and 4, causing the function Arg L to oscillate rapidly and gen-
erate this non-smooth behaviour. Those values of v,, which produce
the non-monotonic behaviour, can be linked to the region of insta-
bility of the model which has been studied through the notion of
energy dissipation of cracks and inclusions propagating through lat-
tices (Slepyan, 2002; Slepyan and Ayzenberg-Stepanenko, 2004).
Note that, as the value of the mass contrast parameter decreases,
the range of speeds for which we have this non-monotonic behav-
iour increases. In the study of the energy dissipation, due to a crack
growing through lattices (Slepyan, 2002), speed regimes giving rise
to non-monotonic behaviour of the energy indicate that, at those
speeds, the models do not describe the physical situation of the
defect moving through the lattice accurately.

The ratio uy(—0)/ug(—o0), also appears to tend to a finite value
for v, — 0 (the case of a stationary defect). Indeed, since formally
setting v, =0, it follows from (2.14) that Q4(¢,0+i¢v*)[, o~
Q;(¢,0+1i¢v7)|, o (which are approximately equal due to the
presence of the small regularisation parameter), and then L ~ 1
so Arg L ~ 0. In this case uy(—0)/ug(—oc) ~ /2.

For larger values of v,, after the ratio uy(—0)/ug(—oc0) attains its
minimum value in the region 0 < v, <1, a smooth monotonic
increase can be observed as the ratio tends to a finite value for
v, — 1. A similar feature was also observed in the analysis of the
energy release rate of a crack within a lattice. This occurs for large
crack speeds and in this region the model describes the
propagation of a crack through the lattice (Slepyan, 2002). It can
also be concluded that the larger the value of g (i.e. the closer
the lattice approaches the case of a homogeneous lattice), the
smaller the effect of the mass contrast parameter on the
ratio uo(—0)/ug(—o0), as expected. Here, a simple calculation
shows that for g — 1, from (2.22), L — 1. Therefore, when
B — 1,ue(—0)/up(—o00) — 1 for 0 < v, < 1. This trend can be seen
in Fig. 5, for increasing p.

Note that uo(—0)/ug(—oc0) is always greater than 1, for all
0 < ». < 1 and for each value of g, which implies the displacement
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Fig. 5. The ratio uo(—0)/uo(—oc) plotted as a function of the normalised defect
speed v,, for f=0.1,0.175,0.25,0.5, and 0.75.

associated with the defect tip is always greater than the displace-
ment along this defect at infinity. In Slepyan (2002), energy dissi-
pation due to a crack propagating through a lattice structure was
considered, where, when a bond is broken along the line of the
crack in the lattice, energy is released in the form of dissipative
waves which carry energy from the crack tip into the lattice. In
the present paper, instead of a propagating crack in the lattice,
the situation when there is a propagating inclusion is considered.
Hence, when the particle of mass m at 1 = 0, n = 0 undergoes a
phase transition, energy is released not only into the ambient lat-
tice as part of this dissipation, but also energy will be channelled
along the inclusion, acting as a waveguide. Localised modes within
this inclusion are generated for frequencies outside the ambient
lattice stop band defined by w? > 8. This is depicted in Figs. 3
and 4 (the dashed line is the dispersion curve for the inclusion).
From this, in order for these localised modes to be generated, it
is seen that the inclusion is needed to propagate at higher speeds.
Hence, this explains the behaviour of the defect tip displacement in
comparison to the displacements at infinity along this inclusion for
higher speeds.

Here, the solution for the problem of the propagating line
defect inside a square lattice has been presented for a particular
choice of the load gq. An advantage of the model is that it allows
for the dispersive nature of the lattice to be studied as dispersion
relations can be obtained explicitly. The influence of the speed of
the defect and its effect on the wave dispersion can also be con-
sidered. This is one of the most valuable features of lattice models
in general and examples of other problems where these features
are discussed include Slepyan (2001a) and Slepyan and
Ayzenberg-Stepanenko (2004). An important aspect of the prob-
lem presented here, is that the lattice allows for localisation of
waves along the defect, due to the defect having smaller density
than the ambient lattice.

Models for propagating defects within lattices considered in, for
instance Slepyan (2001a,c), also allow for the prediction of ranges
of defect speeds for which the models make physical sense. In
Slepyan (2001a,c), this was carried out through the analysis of
the energy characteristics of the propagating defects. This can usu-
ally be predicted by observing smooth monotonic behaviour in the
solution for a range of defect speeds. Here, there is also such
behaviour, and the influence of the mass contrast parameter on
this range of speeds can be determined.
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Appendix A. The regularisation (2.13)

Consider the inertia term

which appears in (2.9) for the equation of motion along n = 0.
Applying the Fourier transform of this term gives

dug e
1 S(n)e'“‘“)”dn”

duy o
i(¢+io qdn+/ m dnzo (”)el(é* )ﬂdn:| }7

(A1)

d*u
7 [ o G ey
2
{llm {/ Md uO
a—0
dzu
llm / M—=2(

where the definition of 9t in (2.10) and the split (2.3) have been
used. Also it is assumed in these integrals ¢ is positive, in accor-
dance with Section 2.1, so that the integrals converge.
Owing to integration by parts
~ d*ug dug e
1( E+io)n 0 i(S+ia)n
[ e onan = |G oetcion]

+(7G+icf)2/ ug ()e'“Hiondy,
Job

Lf'+io)’1d;/] +

(oo [ug (1) i)™

Next, using the fact that the support of u* is {n:n >
reduces to

0}, this

md2u+ i(é+io . * i(E4i0)
[, G ey = (—ovie? [ ugieindy. (A2)
Similarly, it can be shown
b2, b
—‘2,;’2" (me'“dn = (0 +i¢)? / g (1)e's . (A3)

Combining (A.2) and (A.3) with (A.1) and allowing ¢ to tend to zero,
yields

7> / sm(n)‘zT( )ei¥ldn = M(0 +icv)*uf , +m(0 +icv)’uf_,
which is (2.13).

Appendix B. Evaluation of the index of L

In this section, it is shown that
Ind(L(¢,0 4+ i¢v.)) = 0.

First, from the definition (3.2) of the index of L, if the function L can
be written as a product

N
L(&,0+i¢v.) = [Li(& 0 +icv.),

j=1

(B.1)
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then

Ind(L(¢,0 +i¢w,)) = zN:lnd(Lj(é, 0+i¢v.))

j=1

(B.2)

and in order to prove the index of L is zero, the same property needs
to proved for the sum in the right-hand side of (B.2).

B.1. Auxiliary functions

Let

Gal&,0+i0.) = \/4sin®(6/2) +a(0 + icv.)’,

M.J. Nieves et al./International Journal of Solids and Structures 51 (2014) 2990-3001

~7 < arg[(64(¢,0 +i¢v.))*] < T,

—m < arg[(t,(¢,0 +i¢v.))’ < 1
and so

_n/z < arg[aﬂ(£70 + iéy*)] < T[/27

)2 < anglt(6.0 + ic0.)] < 72, (5:5)
with
Re(04(¢,0+1év,)) >0, Re(t4(¢,0+iév.)) > 0. (B.7)

Here arg denotes the principle argument, where for ze C, - <
arg(z) < .

. - 3 (B3) Also note that (2.14) and (B.4) give
(6,0 +i60.) = /(0a(&,0 + i€0.) + 4. . . . .
sign[lm(o,(&,0 +i¢w,))] = sign[lm(74(&,0 + iév,))]. (B.8)
Th ith (2.14) and (2.17), the followi lati hold . .
en with (2.14) and (2.17), the following relations ho Then (B.7), (B.8) and (B.5) imply that / satisfies || < 1.
(04(,0 +10,))° +2 = 2Q4(¢,0 +i¢v,),
) 5 ) (B.4) B.2. Alternate representation for L
(Ta(&,0+1¢0,))" =2(Qq(¢,0+ 180,) + 1),
. . Combining (B.4) and (B.5) and (2.22), an alternative representa-
£ i _ TG0 +icw.) — 01(¢,0+icw.) tion for L has the form
A& 0+icw,) = . - . (B.5)
T1(&,0+iv,) + 01(¢,0+iév,) .
LE04i _ ,C(&,0+icw,) B.9
From (2.14) and (B.4) (0w =Fp corien) (9
15 8
6
10}
4
5t ~
> 32
& “5’
o o B w 0
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Fig. 6. Plot of the real part against the imaginary part of the functions (a) C(¢, & +i¢w,), (b) Dy(¢, &+ iév.), of (B.10), and (c) L(¢, e +i¢w.) in

¢ € [-4n,4n), =06, v, =045 and ¢ =0.5.

(B.9). The plots are given for
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with

C(&,0+icv,) =01(&,0+1w.) +T1(& 0+ i0,),

s (04(E,0+180,))°  (T4(5,0+i¢w,))? (B.10)

Dy(&,0 ) = g - = .
y(&0+icw.) 01(6,0+icv.) | m(&0+iév,)

B.3. Index of the function C(¢,0 + i¢wv.)

Owing to (B.6)-(B.8),
—m/2 <arg[C(¢,0+i¢w,)] <m/2, foréeR, (B.11)
IC(£,0 +i&w.)| > 0, (B.12)
implying
Ind(C(¢,0 + i¢w,)) = 0. (B.13)

B.4. Index of the function Dy(&,0+ iév,)

Since0 < <1,

arglop(¢, 0 +iéw,)] < argloq (¢, 0 +i¢w,)] for & > 0.
Therefore,
B [04(6,0 +i¢2.)
/2 < arg GOSN <0, foré=0
and so
- [(04(2,0 +i¢0.)) .
T/2 < arg HE01ien) <m/2, foré>0.

Similar reasoning allows for this inequality to be extended to the
case ¢ € R, and also leads to the inequality

sy 2
—m/2 < arg {%} <m/2, foréeR.

Thus for0< <1

—m/2 < arg [Dy(¢,0+iéw.)] < m/2, foréeR (B.14)

and due to (B.7)

IDy(&,0 +i¢w,)| > 0. (B.15)

These facts give rise to

Ind(Dy(¢,0 +i¢w,)) = 0.

B.5. Index of the function L(¢,0 +i¢v.)

Finally, this along with (B.1), (B.2) and (B.13) yields
Ind(L(¢,0+i¢v.)) =0.

As an example, the plot of the functions C(¢ 0+ icv.),
Dg(¢,0 +i¢w.), L(¢,0+i¢w,) are given in Fig. 6. In particular, for
the chosen parameter values, Fig. 6(a) and (b) satisfy the
conditions (B.11) and (B.12); and (B.14) and (B.15) are satisfied,
respectively. Also the plot Fig. 6(c) shows the path L traces in the
complex plane for ¢ € [-4m,4mn]. It can be seen that this contour
in the complex plane does not contain or pass through the origin,
which is predicted by (B.16).

(B.16)

Appendix C. An extended class of right-hand sides in the
Wiener-Hopf equation (3.4)

In this section, the general procedure for solving the Wiener-
Hopf equation (3.4) is described. By linear superposition, it will
be shown below that (3.4) can be written in the form

pug,_ B 1 1
F 0 _ -
Litlg 777 U (AO {0 TiET0- if}

z+1
+y {A&ﬁ
w=1

1 1
— + S
0+i(e—rhy ) 0—i(E—r )}

w—1 w—1

+ A

1 1
0+icar® 2 0 iea ]}
+l(g‘I’rZw—l) 71(é+r2W7])

1 1
. o
0-+i(¢—ry,) 0-ife- ré%;])}

1 1
- + -
0+i(e+ry ) 0—1(5+r§i%)”

p

+ Z{Cﬁ” [0 n i(g “h) TO- i(f1 - hzo]

i=1

e {0+i(<}+h2,-)+o_i(§+h2i)]}>’ €1

where the numbers p, z, and y depend on the normalised speed v,
and Ay = —uDo/B (see (3.9)). Note that the required split for the
right-hand side into ‘+' and ‘—’ functions is achieved in the above
equation.

In order to factorise the right-hand side of (3.4), the singular
points must be identified. Non-trivial solutions of (3.4), correspond
to the poles of (3.6), which according to the Section 2.4, occur for

the wavenumbers ¢ = r;uq,r%[], hy for w=1,...,z+1,q=
1,...,y+1andi=1,...,p. Note that the wavenumbers & = hy;_;

for i=1,...,p+ 1, are removable singularities of the right-hand
side of (3.4), since they appear as roots of

J— Q2,0 +i¢v.) =0, (€2)

when ¢ = 0 and on the dispersion diagram v, > v, at these points,
implying that these are poles of L_ located in the upper half of
the complex plane.

In addition to the singular points of (3.6), it is important to
mention that while the point ¢ =r) =0 is a removable singu-
larity of the function L, it is a singular point of (3.6), since it
is root of (C.2) when ¢=0. This case was already treated in
Section 3.

Asymptotes of (3.6) near singular points and choices for the exter-
nal load q: As mentioned in Section 3.2, the function uy(t) will be
represented as a sum of residues which correspond to the singular
points of the integral kernel of the inverse Fourier transform of uf . .
For this reason, behaviour of the right-hand side of (3.4) near sin-
gular points of (3.6) is now considered, and appropriate choices of
the function q(#) will also be given.

(i) In the vicinity of the singularity of 1/L_ at ¢ = r{!)_, the func-
tion in (3.6) has the asymptotic representation

(1)
1 C2w—1

e : C3
LO-9(&0+18)  fo L je—rh (€3

Now consider the external load
q = AL V28 exp (—{e+irs,_ }n ) HO).

with A))_, being the intensity of the load, so that
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F 1) V2e

q =A o —
e —i(E— i)

This, along with (C.3) in (3.4) gives

put
L+u51++ Lo.
— :BAZW 1 2w 1 llm \/2_8
2 e ) e i - )
_ _ﬁA(Zlm)/ ‘Ztc<21w 1 7'56(5 )

In connection with the limit above, see Slepyan (2002, Chapter 2).
The additive split can now be achieved through the Dirac delta
function, so that

L+UF +ﬁusﬁ — ﬂAZw 1 2w 1 1 + 1
0 0+i(c—rl) ) 0-

L 2u

(ii) A similar additive split can also be made when considering
the wavenumbers ¢ = rzq » q=1,....,y+1, where now in the

vicinity of ¢ = rzq) 1

1 @

~ 2q-1
L,(;L—Q/;(é,0+iéy*)) 0+l(£7r(2? ])

and the external load

q =A% V2eexp (—{8 +irg) }n)H(n)
should be considered.
(iii) For ¢ in the vicinity of the singularities hy;, i=1,...,p,

1 N Gy
Lo(A—Q4(¢,0+i¢w,)) 0—i(¢—hy)

and if the q is chosen as

q = 2&By; exp({& — ihyi})H(—n)

with

F_ 28321

e+1(¢—hy)’
then the Wiener-Hopf equation (3.4) takes the form
Bug_ PB2iCyi . 2¢e

Louf — = 2% lim . .

o+ 200 o0 (€ =16 — o)) (e +1(6 — )

__PBBaGyi 78(¢ — ha)
u
BBaiCa; 1 1

20 01—y  0—i(E -y

Note that for the wavenumbers ¢ = —r3,) ,, -5 |, and —hy; a
similar split of the right-hand side of (3.4) can be made to that
described in (i)—(iii) above.

Consulting parts (i)-(iii) above and by applying an argument of
linear superposition with Eq. (3.4), Eq. (C.1) is derived.

C.1. The solution of the Wiener—-Hopf equation

The solution of (C.1) is then

i(e—rh )|

F po[E AL AL
o =7 \ 2 e 0 0 (e . D
Hes O_l(é Tow1) 0—1(E+T1y, )
y+1{ BE;)
2 +
_r2q 1) l(f-i-rzq B
¢ Ao
o +5 c4
+i:1 {0 é hy)  0—i(E+hy)[ 0-i¢ (C4)
< ) )
up_ = _L < Aw s AL
H w=1 - r2w—]) (é + r2w 1)
y+1 B(*)
+ + - q
qz—l:{ - r(zq) D 0+iE+TS )
p o) A
i . C5
+Z 0+i f hz,) 0TI Ry [ Tt (C5)

Then for the solution ug (), the inverse Fourier transform should be
applied in accordance with (3.12)-(3.14).
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