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Abstract

In this paper, the delayed finance model of enterprise operation is improved. The
stability is investigated, and a Hopf bifurcation is demonstrated. Applying the normal
form theory and the center manifold argument, some concrete expressions to judge
the properties of the bifurcating periodic solutions are given. Computer simulations
are performed to prove the correctness of theoretical analysis. Finally, a simple
conclusion is included.
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1 Introduction

In recent years, investigation on economic dynamical behaviors has become more promi-
nent in mainstream economics in the course of enterprise running. In order to under-
stand the highly complex dynamics of real financial and economic systems, researchers
have set up several nonlinear continuous economics models to describe economics phe-
nomena of enterprise operation, for example, Chian et al. [1, 2] proposed the forced van
der Pol model, the IS-LM model was analyzed in [3-5], Lorenz [6] studied the Kaldorian
model and Goodwin’s accelerate model was discussed by Lorenz and Nusse [7]. In 2001,
Ma and Chen [8, 9] reported a dynamical model of financial system which is composed
of four sub-blocks: production, money, stock and labor force. By setting proper dimen-
sions and choosing appropriate coordinates, the authors set up the following simplified

three-dimensional financial model:

w1(2) = uz(t) + (u2(t) — a)us (2),
i () =1 - buy(t) — ui (t), (L1)
u3(t) = —u1 (2) — cus(t),

where the three state variables u;(¢), u,(¢) and u3(¢) are the interest rate, the investment
demand and the price index, respectively. a > 0 is the saving amount, b > 0 is the cost per
investment, and ¢ > 0 is the elasticity of demand of commercial markets. Ma and Chen [8,
9] investigated all the possible dynamical phenomena (including balance, stable period,
fractal, Hopf bifurcation, the relationship between parameters and Hopf bifurcation and
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chaos etc.) of system (1.1) under different parameter combinations. In 2009, by adding
delayed feedback to the second equation of system (1.1), Gao and Ma [10] derived the

following delayed financial model:

w1 (t) = uz(t) + (u2(t) — a)ua (t),
() =1 = bus(t) — u (t) + i [ua(8) — us (£ - )], (1.2)
iu3(t) = —uy (t) — cus(t),

where « is a real number and ¢ is time delay. They have shown that the Hopf bifurcation
of system (1.2) occurs when the time delay varies.
By adding delayed feedback to the three equations of system (1.1), Chen [11] obtained

the modified version of system (1.1) which takes the form

w1 (2) = uz(t) + (u2(£) — @)ur (€) + ka [ur (£) — ua (£ - 1)1,
() =1 = bus(t) — u(t) + ko [ua () — un (£ - 62)1, (1.3)
u3(t) = —u1(t) — cus(t) + k3w (t) — ur (£ — k3)],

where «; (i = 1,2,3) are the feedback strengths and ¢; (i = 1,2,3) are the time delays. By
choosing the time delays as varying parameters, Chen [11] controlled the chaotic phe-
nomena of the unperturbed system witha=3,b=0.1and c=1.

Son and Park [12] further considered the dynamical behaviors of system (1.3). By local
stability analysis, Son and Park [12] theoretically proved the occurrences of a Hopf bifur-
cation. Moreover, through numerical bifurcation analysis, they obtained the supercritical
and subcritical Hopf bifurcation curves which support the theoretical predictions. Mean-
while, the folds limit cycle and Neimark-Sacker bifurcation curves were detected. Also the
double Hopf bifurcation and the generalized and Hopf bifurcation codimension-2 bifur-
cation points were found.

Recently, Chen [13] generalized system (1.1) to the fractional order case of the form

E = 143(8) + (ua8) — @)iar (0),
Lo =1 buy(t) - ud (0), (1.4)
Lo =~y (b) - cus(t).

Chen [13] found that system (1.4) displayed many interesting dynamical behaviors such
as fixed points, periodic motions and chaos. Meanwhile, it was shown that chaos existed
in fractional-order financial systems with orders less than three and period doubling and
intermittency routes to chaos in the fractional-order financial system were found.

As is known to us, the time delays actually occur in the process of economic operation
of enterprise. In fact, the investment demand is affected by interest and the price and has
a certain time lag. Stimulated by this viewpoint and based on the former work [8-13], in

this paper, we will make a discussion on the following delayed finance system:

w1 (2) = uz(t) + [ua(t — ) — alui(2),
(t) =1—-buy(t—¢)— uf(t), 1.5)
us(t) = —u1(t) — cus(t),
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where the three state variables u;(t), u(¢) and u3(¢) are the interest rate, the investment
demand and the price index, respectively. a > 0 is the saving amount, b > 0 is the cost per
investment, and ¢ > 0 is the elasticity of demand of commercial markets, ¢ is time delay.

In this paper, we study the stability, the local Hopf bifurcation for system (1.5). Although
there are a great variety of works dealing with a Hopf bifurcation for delayed differential
equations [14—24], up to now, to the best of our knowledge, few authors have considered
the bifurcation behaviors of finance systems. The main contributions of this article in-
clude the three aspects: (i) some new sufficient conditions which guarantee the stability
and the existence of a Hopf bifurcation of delayed finance system are established; (ii) the
explicit formulas for determining the properties of the bifurcating periodic solutions are
obtained; (iii) to the best of our knowledge, it is the first time to focus on the time delay
effect on interest rate, the investment demand and the price index for a finance system,
and the obtained results have an important guiding role to the economic operation and
also complement numerous previous works.

The remainder of the paper is organized as follows. In Section 2, we investigate the
stability of the equilibrium and the existence of local Hopf bifurcations. In Section 3, the
direction and stability of the local Hopf bifurcation are established. In Section 4, numerical
simulations are carried out to illustrate the validity of the main predictions. Some main

conclusions are drawn in Section 5.

2 Stability of equilibrium and local Hopf bifurcations
One can check that if
(Hl) c=b—-abc>0
holds, then Eq. (1.5) has three equilibria E;(0, %, 0), Ex(uf,uy, —ul) and Es(—uf,us, u3),
where

. c—b-abc . l+ac . 1 [c—b—abc
uj = ———, uy = , uy=— ——.
c c c c

In the following, we only focus on the existence of a local Hopf bifurcation at the equilib-

rium Ey (45, u}, —u3) of system (1.5).
Let 141 (2) = u1(£) — x*, 2 (t) = us(t) — ul, us(t) = us(t) + u} and still denote 1 (t), u2(¢) and
us(t) by ui(¢), ua(t) and us(t), respectively, then (1.5) takes the form

w1 (£) = (s — a)ur (£) + uz(t) + ufua(t — ) + m(ua(t - <),
Us(t) = —2ufuy (t) — bus(t — ¢) — u%(t), (2.1)
u3(t) = —u1(t) — cus(t).

The linearization of Eq. (2.1) at (0,0, 0) is given by

w1 (2) = (uy — @) (t) + us(t) + ufus(t — ),
() = —2ufus (t) — bus(t - ¢), (2.2)
u3(t) = —u1 (£) — cus(t).

The characteristic equation corresponding to the linearized equation (2.2) is given by

A—(us—a) -ufe?s -1
det 2u} A+bes 0 |=0.
1 0 Atc
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That is,
W ba2+ ha+1+ (mzkz + A+ mo)e‘}‘g =0, (2.3)
where [y = 2c(ui‘)2, h=1-cuy—a),ly=c+a-u;, my=>b+abc— bcu;, m =bc+ab -

buy +2(u})?, my = b.

For ¢ =0, (2.3) becomes
A3 4 (b + mo)A + (L + my)A + lo + mg = 0. (2.4)

In view of Routh-Hurwitz criteria, we know that all roots of (2.4) have a negative real part
if the following condition

H2) (4 + m1)(ly + my) > Iy + mg, lg + mg >0
is fulfilled.

For @ > 0, iw is a root of (2.3) if and only if
~iw® — Lo +ihw + 1l + (~-mw?® + imw + mg)(cosw s —isinw¢) = 0.
Then we have

(mg —myw?)coswc + mw sinw ¢ = lw? — g, (2.5)
(mg —myw?)sinw¢c —mwcoswe =-w? + Lo,

which is equivalent to

(o — m2w2)2 +(mw)? = (ho? - 10)2 + (-3 + llw)z,
namely,

@+ ([ —2h —m3)w* + (I = 2loly — m} + 2momy)w® + Il — m = 0. (2.6)
Let z = w?, then (2.6) becomes

Z+p +paz+p3 =0, (2.7)

where py = =20, —m3, py = 12 = 2Lyl — m? + 2momy, p3 = 12 — m3.

Denote
h(z) = 2% + p12* + paz + p3. (2.8)

LetK = (%)2 + (§)3, where r = py — %p%, q= %pf - %plpz + p3. There are three cases for the
solutions of Eq. (2.7).
(i) IfK >0, Eq. (2.7) has a real root and a pair of conjugate complex roots. The real
root is positive and is given by

1
N % B
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(i) IfK =0, Eq. (2.7) has three real roots, of Wthh two are equal. In particular, if p; > 0,
there exists only one positive root, v; = 2.¥-% — & if p; <0, there exists only one

positive root, v; =2 ¥4 — & for ¥-1 > —£L and there exist three positive roots

for L <1/——<—— V= 2\/> ]}2:])3__3_%_%.

(iii) If K <0, there are three distinct real roots, v; = 2 ";‘ cos ‘é’ &,

v=2,/|p|cos'/’+2” B vg=2 cos‘/’+4—”——wherecos =——42 .
2 (3 3) (3 3) w 2/(\}3'1)3

Furthermore, if p; > 0, there exists only one positive root. Otherwise, if p; < 0, there

may exist either one or three positive real roots. If there is only one positive real
root, it is equal to max(vy, vy, v3).

Obviously, the number of positive real roots of Eq. (2.7) depends on the sign of r;. If
p1 > 0, Eq. (2.7) has only one positive real root. Otherwise, there may exist three positive
roots. Without loss of generality, we assume that (2.7) has three positive roots, defined by
21, 22, 23, respectively. Then Eq. (2.6) has three positive roots

U)_IZ\/Z—I: w2=\/5, w3=\/5-
By (2.5), we have

Wllwz(w2 -hL)- (12w2 - lo)(m2w2 — my)
COSWG =

(mo - myw?)? + (myw)?

Thus, if we denote

0 _ L oo M@ = 1) — (o — )y ® —mo) |, 2.9)
Sk = (o} (mo — myw?)? + (o )? I ’

where k =1,2,3;j=0,1,..., then +iwy are a pair of purely imaginary roots of Eq. (2.4)
with g,i’). Define

min {¢”}. (2.10)

so _gko _ke{123}

In view of [25], we have the following result.

Lemma 2.1 If (H1) and (H2) hold, then all roots of (2.3) have a negative real part when
s € [0, o), and (2.3) admits a pair of purely imaginary roots Ty when ¢ = g,&’) (k=1,2,3;
j=0,1,2,...).

Assume that A(¢) = a(c) + iw(g) is a root of (2.3) near ¢ = g,g), and a(g,Y)) =0, and
ar(g,&’)) = wy. In view of (2.3), one has

[dk ]‘1 _ (3A2 42D + h)ers 2my) + my

S
— -2 211
dc . (2.11)

= +
A2 + i + mg) Ao A2 + myh + mg)
Noting that
2 o 2 . 3
[A(mzk + A+ mo)]g=g,f’) =mwy + L(mzwk mowk),

[2m1) + ml]gfg(,') =my + imy g
=Sk
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and
[(32% + 22 + ll)ekg]gzglgv = [(h - 3w¢) cos wkglij) 2L,y sin wkg,ij)]
[212wk cos wkgk - (11 35?1(2) sin wks'/ij)]r

it follows from (2.5) that

[d(ReA(g))]_l CRe { (322 + 2L + )e*s }
Py

dc =¥ B A2 + i + mg)

2mah + m
R { 2 1 }
s=s)

Ao A2 + A + myg)

- %{_mlwkz[(ll - 3afl?) cos wks‘;ij) - 2wy sin wkglij)]

+ (mowy — myw) [2Ly ¢ cos wkgk +(h - 3w})sin wkg,g)]

+ m%wkz + 2mzwk(mowk - mzwf)}

1 . .
= X{(ll - 3wk2)wk[(—m0 - mzw,f) sin wkg,il) — M, COS wkg,?)]

+2bhw}[(mo — mywy) cos zzrkg,?) + my @y sin wkg,y)]

+ m%wkz + 2m2wk(mowk - mzw,f)}
= %[(3@5 + (203 — 4L + 2m3) !
+ (lf —2lply + m% + 2momz)wk2)]

1

X(3wk6 + 2;’1zzr,§L + rzarkz) = X[zk(3z,% +2nzr + rg)] = Zth’(zk),
where A = (im@?)? + (mowy — myw})? > 0. Thus we have

-1
anf A [ ARED ity o
gecl ;

dg dc¢ gzg,i’)

Since A, zx > 0, we can conclude that the sign of [M]?g@ can be judged by that of
=Sk

1 (zx). The analysis above leads to the following result.

Theorem 2.1 Assume that z; = w,% and W (zx) # 0, where h(z) is defined by (2.9). Then

d(Re
[ ( Z (g))] 70
T S=Sk
and the sign of | d(R“ dReA())) 0 is consistent with that of h' (z).
2k

In the sequel, we give the following assumption:

(H3) H'(zx) #0.
According to the above analysis and the results of Kuang [26] and Hale [27], we have the
following.

Page 6 of 16
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Theorem 2.2 Assume that (H1) and (H2) hold, then the equilibrium E;(uf,us, —u}) of
system (1.5) is asymptotically stable for T € [0, ). Under conditions (H1)-(H3), system (1.5)
undergoes a Hopf bifurcation around the equilibrium E,(uj,u},—u3) when ¢ = g,ij k=
1,2,3;7=0,1,2,....

3 Direction and stability of the Hopf bifurcation
In this section, we consider the direction and stability of the Hopf bifurcation of (1.5) by
using normal form and center manifold theory [28].

Let u1(t) = ur(tt), ty(t) = us(tt), u3(t) = uz(ct) and ¢ = g,Y) + [, where g,Y) is defined by
(2.9) and p € R, drop the bar for the simplification of notations, then system (2.1) can be

written as a functional differential equation in C = C([-1,0]), R?)) as
M(t) = L/J. (ut) + F(Mr Mt), (31)

where u(t) = (u1(), u(t), us(t))T € C and u,(0) = u(t +6) = (1 (£ +0), ua(t +6), u3(t +6))T €
C,and L, :C— R, F:R x C— R are given by

, wi—a 0 1Y\ [¢10)
Lip=(s)+n) | 205 0 o || 00
-1 0 ) \¢s00

, 0 u 0\ [u(-1)
+(V+m) o b o] (-1 (3.2)
0 0 0 ¢3(-1)

and

' ¢1(0)p2(-1)
faud)=(sV+n)| -¢20) |, (33)
0

respectively, where ¢(0) = (¢1(0), $2(0), $3(9))T € C.

By the representation theorem, there is a matrix function with bounded variation com-

ponents 1(6, u), 6 € [-1,0] such that

0
Lug = /_1 dn(6, W)pO) forg e C. (3.4)

In fact, we can choose

uy—a 0 1
@) = (s +u) | —2u; 0 0 |8(0)

-1 0 —c
0 uf O
- (g,?) + /L) 0 -b 0]8(6+1), (3.5)

0 0 O
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where § is the Dirac delta function. For ¢ € C([-1, 0], R?), define

A {% =050 (3.6)
wp = .
f,ol d’?(s: :u/)d)(s)r 6=0
and
Ré = 0, -1<6<0, (3.7)
- f(/'l') ¢)1 6 =0. '
Then (3.1) is equivalent to
vy = A()us + R()uy, (3.8)

where u,(0) = u(t + 6), 8 € [-1,0]. For ¥ € C([0,1], (R?)*), define

* _%’ s€ (0>1],
A*Y(s) = 0"
L5 dn @ 0)y(-t), s=0.

For ¢ € C([-1,0],R%) and v € C([0,1], (R?)*), define the bilinear form

0 p6
w01 =F090) - [ [ 97E-0dno)0e) as

where 7(0) = n(6,0), the A = A(0) and A* are adjoint operators. By a simple computation,
we can obtain

. () . ()
q0) = (L, B)Te sk ?,  q¥(s) = D(1,a*, B*)e kK,

where
, N "
i —uy+a+1 1 R 74 B 1
Ad=—- ; = — " o = — = -
uie ksk iy +c)’ iwy + ¢’ b’ c—iwick
1
D=

_ ; . (O
1+aa* + BB +ac (bp* — up)e™ sk

Furthermore, (g*(s),q(0)) = 1 and (g*(s),q(6)) = 0. Next, we use the same notations as
those in Hassard et al. [28], and we first compute the coordinates to describe the center
manifold Cy at i = 0. Let u; be the solution of Eq. (3.1) when u = 0. Define

2(t) = (q"u),  WI(t0)=u,0) - 2Re{z(t)q(0)} (3.9)
on the center manifold Co, and we have

W (t,0) = W (2(t),2(2),6), (3.10)
where

2 2
zZ z
W (2(2),2(2),0) = W(z,2) = Wao— + Wnzz+ Wor— + -+, (3.11)
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and z and z are local coordinates for center manifold Cy in the direction of g* and g*.
Noting that W is also real if i, is real, we consider only real solutions. For solutions u; € Cy
of (3.1),

£(t) = itz + 7 (0)f (0, W(2,2,6) + 2Re{zq(0)}) < imi sz + 3" (0)fo.

That is,
) .
z(t) = iorsy 'z + g(2,2),

where
z? z? 2’z

g(z,2) =&0 + 8122 T F e

Then we can obtain the expression of go0, g11, go2 and g»;. See Appendix. Then we get

[ 2
c1(0) = —7(gaogn — 2lgu ? - ¥25) + &1,
1 2wk§]((,) (gz 411 g1 3 5
= _ Rela(O)}
K2 = e 512)

Br=2Re((0),
T, = MmOl E;ME'Y))}

TkSi

Theorem 3.1 If 1y > 0 (uy < 0), then the periodic solution is supercritical (subcritical); if
B2 <0 (B2 > 0), then the bifurcating periodic solutions are orbitally asymptotically stable
with asymptotical phase (unstable); if T, > 0 (T, < 0), then the periods of the bifurcating
periodic solutions increase (decrease).

4 Numerical examples
Let us consider the following system:

w1 (t) = uz(t) + [uz(t — ¢) — 0.6]uy (1),
i(t) =1-0.2uy(t—¢) - u%(t), (4.1)
u3(t) = —ui(t) — 6us(t),

which has an equilibrium E,(0.9201,0.7667,—-0.1534) and satisfies the conditions indi-
cated in Theorem 2.2. The equilibrium E,(0.9201,0.7667,-0.1534) is asymptotically sta-
ble for ¢ = 0. Using the software Matlab, we derive @y ~ 0.8960, ¢y ~ 2.6, A'(cp) ~
0.9281 —7.1128i. Thus by algorithm (3.12) derived in Section 3, we have ¢;(0) ~ —0.7053 -
6.0952i, s ~ 0.7599, B ~ -1.4106, T, ~ 8.2331. Furthermore, it follows that u, > 0
and B, < 0. Thus the equilibrium E;(0.9201,0.7667,-0.1534) is stable when ¢ < ¢p.
Figure 1 shows that the equilibrium E;(0.9201,0.7667,—0.1534) is asymptotically stable
when ¢ = 2.2 < ¢y & 2.6. When ¢ passes through the critical value ¢y, the equilibrium
E5(0.9201,0.7667,-0.1534) loses its stability and a Hopf bifurcation occurs. In view of
1o >0 and B, < 0, we know that the direction of the Hopf bifurcation is ¢ > ¢, and these
bifurcating periodic solutions from E;(0.9201,0.7667,—0.1534) at ¢, are stable. Figure 2
suggests that a Hopf bifurcation occurs from the equilibrium E,(0.9201,0.7667,—-0.1534)
when ¢ =0.11 > ¢o = 0.1.
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e —

u,®

Figure 1 Dynamics of (4.1) with ¢ =0.09 < gp ~ 0.1 and the initial value (0.5,0.5,0.1).

5 Conclusions

Recently, there has been an increasing activity and interest in the study of Hopf bifurca-
tions of the delayed differential equations. Most of them focused on the study of predator-
prey models and neural network systems [14, 15, 17, 19-28]. However, to the best of our
knowledge, there are few results on the properties of Hopf bifurcations for a finance model
of enterprise operation. In this paper, we have investigated the qualitative behaviors of a
delayed finance model of enterprise operation. The study shows that if under some condi-
tions, finance model (1.5) is asymptotically stable, when the delay ¢ increases and crosses
a threshold value ¢, the equilibrium loses its stability and the delayed finance system en-
ters into a Hopf bifurcation. Thus the time delay has important effect on the stability of a
finance model of enterprise operation. We also give the concrete expressions to judge the
properties of the bifurcating periodic solutions. Simulation results show that theoretical
analysis of this paper is correct. The obtained results are useful in applications of finance

control in enterprise operation. In the real process of economic operation of enterprise,

Page 10 of 16
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-1
U -0 ¢ U0 ° u

Figure 1 Continued.

we can choose some suitable parameters and the delay of investment demand to keep the

investment demand, the interest and the price a balance.

Appendix

We give the computational process of g9, gi1, go2 and go.

- i u1(0)uz (-1)
2z2) = 7*(0)o(z,2) =70 (0,ur) =t D(L,&*, B) | —u2(0)
0
_ s . 0] - (i . )
= D¢ (ae™ sk —&*)2* + Ds [2Refae™ sk | —2a*]2z

i ; (] _ = 1 . (0]
+ Dg,E’) (&e’wkgk - o't*)z2 + DT/E]) I:Wl(lz)(—l) + 3 WZ%)(—I) + aWﬁ)(O)e_‘wkgk

1 g
+o DO)ae™ sk —a*(2W(0) + WéQ(O))}ZE +hot.
Then

820 = ZDg,Y) (aeiwkgg) -a’),
=~ () i) 0) — %
gu =2Dg)’[Re{ae™ sk } —a*],

— ()
€02 = 2D (@e™rsk —a*),
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Figure 2 Dynamics of (4.1) with ¢ =0.11 > o ~ 0.1 and the initial value (0.5,0.5,0.1).

1 )
g1 =2Dg [Wg><_1) + S WD) +a W )
1 0
+ 5 Wag O™ - a" (2wy'(0) + WZ%)(O))}'
We need to seek W;0(0), Wi{(0), W (-1), Wi (1) (i = 1,2) in gx1. By (3.8) and (3.9), we
have

., {AW 2RAZOFaO) LS00, ar A1)
AW -2Re{g*(0)fq(0)} +f 0=0
where

2 52
H(z,,6) =H20(6)% +H11(9)z2+H02(8)% A A2)
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)

u,(t) o f u,(t)

Figure 2 Continued.

Comparing the coefficients, we obtain

(A- 2i§1£j)wk) Wao = —H20(0),

AW1(0) = —Hp1(9).
We know that for 6 € [-1,0),

H(z,2,0) = -3 (0)f0q(0) - 4*(0)/oq(0) = —g(2,2)4(0) - &(2,2)(0).
By (A.5) and (A.2), one has

Hy(0) = —g209(0) — 8029(0),
Hy(0) = —guq(9) — gugq(6).

From (A.3), (A.6) and the definition of A, we get
Wao(0) = 2imc, Wao (0) + £204(6) +8027(6).

: ()
Noting that g(#) = (0)e"*Sk ?, we have

] ) ig () )
Wao (0) _ ngO(j) q(o)elwkgk 0 + 1402 5 q(O)e_lwkgk 0 + G1621wkgk 9’
DSy 3wigy

(A.3)
(A.4)

(A5)

(A.8)



Lu and Li Advances in Difference Equations (2017) 2017:173 Page 14 of 16

where G; = (G?) , ng), Gf’) YT € R3 is a constant vector. In view of (A.4), (A.7) and the defi-

nition of A, we get

Wi (0) = guq(®) + gng(®), (A.10)
] () g ()
Wa(0) = -5 q(0)e ™5t 4 —Eg(0)e Y 4 (A1)
(23T Dk Sy

where H, = (HS),Hf),Hf))T € R? is a constant vector. Now we shall compute Hj, H, in
(A.9), (A.11), respectively. It follows from the definition of A and (A.6), (A.7) that

0 -
/ d1(6) Wio (60) = 2ie s Wio (0) = Hio (0) (A12)
1
and
0
/ dn(6)Wan(6) = ~Hiy (0), (A13)
a1

where n(0) = 1(0,6). From (A3), we have

aeiwkg,@
Hyo(0) = —g209(0) 3020 + 25 | -1 |, (A.14)
0
. ()
[ Refae™ k)
Hy(0) = —guq(0) - 3u(0)7(0) + 25 -1 . (A.15)
0
Considering that

; O g
(iwkg(’)l— / e'7kk ‘)dn(G))q(O):O,
-1
() O e
(—iwkgk I- f e ITKSE 9d;7(9)>51(0) =0
-1

and substituting (A.9) and (A.14) into (A.12), we have

0 , ey
Gy 2im o _ 5 0
iwyie, 1 e k%dn(0) |Er=2g; -1
-1
0
That is,
2 « % —Ziwkg(j) G(l) i ()
ioy—uy+a -uje k -1 1 o' Tkk
. () 2)
2uf ity + be 2 PkSk 0 Gg =2 -1

1 0 2iwy+c ) \ GP 0
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It follows that

Oy 2 On 3 O
qn_Oun o _On e On

where
; )
©1 = (2w — uj + a) (2iwy + be k5K ) (2iwy + c)

. Y] 2. DY)
+ 2iwy + be XPksk 4 2(141‘) (2imy + c)e 27ksk

. (0 . [ ; 0
O = 2(2iwk + be Tk )(2iwk + c)ae 2PkSk — (it + c)ui‘e’zlwkgk ,

. . X o [
O = —2(21a7k —uy+ a)(Zka +¢) — dufa iy + c)e HkSk ~ 2,
; 0 ; 0 ; )
O3 = 2ufe 27Kk — 2(2iwk + be 2i@ksk )ae’wkgk .

Similarly, by (A.10), (A.15) and (A.13), we have

; (]
Re{ae'™*%k }

O -
( / dn(e))Ez =2g) -1
-1

0
That is,
. g
u-2"-a uf 0 Hé) —Re{ae’wkSI(f)}
—2u;  -b 0 || HY | =2 1
-1 0 -/ \HY 0
It follows that

; (0]
@ _ 2bcRe{ae™*k } + 2cuy
~ beus — abe - 2c(uf)?

)
@ 4dcuiRe{oe'™ Sk} - 2cul + 2ac
2 - beus — abe — 2c(uf)? ’

)]
oY - 2bRe{oe' Pk } — 2cuy
> beul —abc —2c(uf)?
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