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Abstract
In this paper, planar linear discrete systems with constant coefficients and two delays

x(k + 1) = Ax(k) + Bx(k — m) + Cx(k — n)

are considered where k € Z§ ={0,1,...,00}, x: Z§ — R?, m>n >0 are fixed
integers and A = (ay), B= (by) and C = (¢y) are constant 2 x 2 matrices. It is assumed
that the considered system is one with weak delays. The characteristic equations of
such systems are identical with those for the same systems but without delayed
terms. In this case, after several steps, the space of solutions with a given starting
dimension 2(m + 1) is pasted into a space with a dimension less than the starting one.
In a sense, this situation is analogous to one known in the theory of linear differential
systems with constant coefficients and weak delays when the initially infinite
dimensional space of solutions on the initial interval turns (after several steps) into a
finite dimensional set of solutions. For every possible case, explicit general solutions
are constructed and, finally, results on the dimensionality of the space of solutions are
obtained.

AMS Subject Classification: 39A06; 39A12

Keywords: discrete equation; weak delays; spectrum; explicit solution; dimension of
the solutions space

Introduction

Preliminary notions and properties

We use the following notation: for integers s, g, s < ¢, we define Z{ := {s,s +1,..., g}, where
s = —00 or g = oo are admitted, too. Throughout this paper, using notation Z{, we always

assume s < ¢q. In this paper, we deal with the discrete planar systems
x(k +1) = Ax(k) + Bx(k — m) + Cx(k — n), 1)

where m > 1 > 0 are fixed integers, k € Zg°, A = (a;) and B = (b;), C = (c;) are constant
2 x 2 matrices, and x: Z%, — R2. Throughout the paper, we assume that

B#0O, C+#0, (2)
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where 0O isa 2 x 2 zero matrix. Together with equation (1), we consider the initial (Cauchy)
problem

x(k) = (k), 3)

where k = —-m,-m +1,...,0 with ¢: Z?m — R2. The existence and uniqueness of the solu-
tion of initial problem (1), (3) on Z%, is obvious. We recall that the solution x: 7>, — R>
of (1), (3) is defined as an infinite sequence

{x(—m) =p(-m),x(-m+1) = p(-m+1),...,%(0) = 9(0),x(1), x(2),...,x(k),.. }

such that, for any k € Zg°, equality (1) holds.

The space of all initial data (3) with ¢: Z°, — R? is obviously 2(m + 1)-dimensional.
Below, we describe the fact that among systems (1), there are such systems that their space
of solutions, being initially 2(m + 1)-dimensional, on a reduced interval turns into a space
having a dimension less than 2(m + 1).

Systems with weak delays

We consider system (1) and look for a solution having the form x(k) = €1, where k € 7%,
A = const with A # 0 and & = (£,&)7 is a nonzero constant vector. The usual procedure
leads to the characteristic equation

D:=det(A+1""B+17"C-1I) =0, (4)

where [ is the unit 2 x 2 matrix. Together with (1), we consider a system with the terms
containing delays omitted

x(k +1) = Ax(k) 5)
and the characteristic equation
det(4 - AI) = 0. (6)

Definition1 System (1) is called a system with weak delays if characteristic equations (4),
(6) corresponding to systems (1) and (5) are equal, i.e., if for every A € C \ {0},

D =det(A+17"B+17"C — AI) = det(A — AI). 7)
We consider a linear transformation
x(k) = Sy(k) (8)
with a nonsingular 2 x 2 matrix S. Then the discrete system for y is
Yk +1) = Asy(k) + Bsylk — m) + Csy(k — n) ©)

with As = STAS, Bs = S7'BS, Cs = S71CS. We show that a system’s property of being
one with weak delays is preserved by every nonsingular linear transformation.
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Lemma 1 Ifsystem (1) is a system with weak delays, then its arbitrary linear nonsingular

transformation (8) again leads to a system with weak delays (9).

Proof 1t is easy to show that
det(As + A7"Bs + A"Cs — M) = det(As — Al

holds since
det(As +A"Bs + A7"Cs — M) = det(STAS + 17"ST'BS + 17"S7ICS - AS7'IS)
=det[ ST (A+A"B+A7"C - A)S]
=det(A +17"B+17"C - Al),
det(As — Al) = det(STAS - AS'IS)
=det[SH(A - AD)S]
=det(A - \I)
and the equality
det(A + A7"B+ A7"C — Al) = det(A — AI)

is assumed.

Necessary and sufficient conditions determining the weak delays

In the below theorem, we give conditions, in terms of determinants, indicating whether a

system is one with weak delays.

Theorem 1 System (1) is a system with weak delays if and only if the following seven con-

ditions hold simultaneously:

b +by=0,
c+¢=0,
bun by
= 0,
by by
i1 12
= 0’
€ €22
an  ain bu b
+ =0,
by by dy a4
an  an 1 C12
+ =0,
Cu €22 axn ax
bu b nu C2
+ =0.
¢ Ca| |bu b

(10)

(11)

12)

(13)

(14)

(15)

(16)
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Proof We start with computing determinant (4). We get

D an + bu)»im +epA "t = A ap + bu)»im + A"
ann + bz])fm +Cc A" ajy + bzz)»im +Cp A=A

Expand the determinant on the right-hand side along the first column:

D an apg + b A" + cpp A" m b apg + b A7 + cpp A"

a2y + by AT + cpa AT — A Doy gy + gl 4+ copp AT — A

-1 ay + b A" + el
0 do+bpA™ +cpl™—A ‘

e mn aiy + b A" + cpp A"
o1 App + b AT AT — A

Expanding each of the determinants along the second column, we will have

a a a b a c a 0
D= 1 12 L 1 12 e 11 12 Y 11
ax  a asn by ax  C2 ay -1
b a b b b c b 0
e 1 12 _m |01 12 4 11 12 .y 11
by axn by by by by -1
c a c b c c c 0
e 11 12 L 11 12 e 1 12 Y 1
C1  axp ¢ by 1 € e -1
-1 a -1 b -1 ¢ -1 0
+ A 12 - 20 4 Y .
0 1755} 0 b22 0 Coo 0 -1

After simplification, we get

an—X an

D= - A._m+l(b11 +byy) — )\_’Hl(cll +C)

o

dy  dp—A

+k‘m|:

bll blZ

dy  ad

an a4 an  an 1 C12

b21 b22

|

€1 C2 ax ax

4 b by 1 C2 4 2m bu by ez 1 C12 )
€1 C2 by by by by €1 €22
Now we see that for (7) to hold, i.e.,
-A
D =det(A +A"B + 37"C — Al) = det(A - Al) = | e
ay  dxp—A

conditions (10)-(16) are both necessary and sufficient. a
Lemma 2 Conditions (10)-(16) are equivalent to

trB=detB=0, 17)

det(A + B) =det A, (18)
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trC=detC=0, (19)
det(A + C) = det A, (20)
det(B+ C) = 0. (21)

Proof We show that assumptions (10)-(16) imply (17)-(21). It is obvious that condition
(17) is equivalent to (10), (12) and condition (19) is equivalent to (11), (13). Now we con-
sider

an+by  ap+bp

det(A + B) =

as + by ax + by

Expanding the determinant on the right-hand side along the first column and then ex-
panding each of the determinants along the second column, we have

an  ap+ b by ap+bp

det(A + B) =
as ax + by by ax + by
_ 5V 75V + an by + bn an bu by
ax az ayn by by ay by by
= [due to (12) and (14)] =detA. (22)

Similarly, using (13) and (15), we get (20), i.e., det(A + C) = det A. Now we consider

bu+cy bi+cn

det(B+C) =

21+ C1 byp+ca

Expanding the determinant on the right-hand side along the first column and then ex-
panding each of the determinants along the second column, we have

by bi+cp cn b+

det(B+ C) =
21 byt C1 byt
_ by b + bu ¢ b i1 C12
by by by cx can by €1 C2
= [due to (12), (13) and (16)] = 0. (23)

Now we prove that assumptions (17) and (21) imply (10) and (16). Due to equivalence
(10)-(13) with (17) and (19), it remains to be shown that (18), (20) and (21) imply (14)-
(16).

If (18) holds, then, from computations (22), we see that

bll b12
+
b21 b22

an  bn by an -0
- ’

an byl |bn ax

i.e., because of (17), we get (14). Similarly, formula (15) can be proved with the aid of (20)
and by (19).

Page 5 of 29
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Finally, we show that (21) implies (16). From (23), using (17) and (19), we get

by ¢ cn b

det(B+C) = =0,

21 €22 1 by

i.e., (16) holds. O

Problem under consideration

The aim of this paper is to show that after several steps, the dimension of the space of all
solutions, being initially equal to the dimension 2(m + 1) of the space of initial data (3)
generated by discrete functions ¢, is reduced to a dimension less than the initial one on
an interval of the form Z2° with an s > 0. In other words, we will show that the 2(m + 1)-
dimensional space of all solutions of (1) is reduced to a less-dimensional space of solu-
tions on Z°. This problem is solved directly by explicitly computing the corresponding
solutions of the Cauchy problems with each of the arising cases being considered. The un-
derlying idea for such investigation is simple. If (1) is a system with weak delays, then the
corresponding characteristic equation has only two eigenvalues instead of 2(m + 1) eigen-
values in the case of systems with non-weak delays. This explains why the dimension of
the space of solutions becomes less than the initial one. The final results (Theorems 7-10)
provide the dimension of the space of solutions. Our results generalize the results in [1]
where system (1) with C = © is analyzed.

Auxiliary formula
For the reader’s convenience, we recall one explicit formula (see, e.g., [2]) for the solutions
of linear scalar discrete non-delayed equations used in this paper. We consider the first-

order linear discrete nonhomogeneous equation
w(k +1) = aw(k) + g(k), w(ko) =wo, ke€Zy

with a € Cand g: Z7 — C. Then it is easy to verify that

k-1
w(k) = a"Fowy + Zal‘_l_’g(r), ke Z,fjﬂ‘ (24)
r=ko
Throughout the paper, we adopt the customary notation for the sum: Y__, . F(i) = 0,
where ¢ is an integer, s is a positive integer and ‘F” denotes the function considered inde-
pendently of whether it is defined for indicated arguments or not.
Note that formula (24) is many times used in recent literature to analyze asymptotic
properties of solutions of various classes of difference equations, including nonlinear
equations. We refer, e.g., to [3—9] and to relevant references therein.

Results

If (7) holds, then equations (4) and (6) have only two (and the same) roots simultaneously.
In order to prove the properties of the family of solutions of (1) formulated in the Intro-
duction, we will discuss each combination of roots, i.e., the cases of two real and distinct
roots, a pair of complex conjugate roots and, finally, a double real root.
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Jordan forms of matrix A and corresponding solutions of problem (1), (3)
It is known that for every matrix A, there exists a nonsingular matrix S transforming it to
the corresponding Jordan matrix form A. This means that

A =S71AS,

where A has the following possible forms depending on the roots of characteristic equa-

tion (6), i.e., on the roots of
A2 = (an + an)A + (anax — apax) = 0. (25)

If (25) has two real distinct roots A1, A,, then

(a0
A_(O /\2), (26)

if the roots are complex conjugate, i.e., 112 = p & iq with g # 0, then

A= ( fq Z) (27)

and, finally, in the case of one double real root A1, = A, we have either

A0

A= (0 /\) (28)
A1

A= (0 A). (29)

The transformation y(k) = S~1x(k) transforms (1) into the system

or

y(k+1) = Ay(k) + By(k —=m) + C'y(k —n), ke 7y (30)

with B = S7'BS, B" = (b;), C'=§71CS,C = (c;), i,j = 1,2. Together with (30), we consider
the initial problem

y(k) = ¢ (K), (31)

keZ®, with ¢ : Z°, — R?, where ¢'(k) = S'¢(k) is the initial function corresponding
to the initial function ¢ in (3).

Below, we consider all four possible cases (26)-(29) separately.

We define

®1(k):= (0,01(K)",  ®o(k):= (¢3(k),0)", keZl,. (32)

Assuming that (1) is a system with weak delays, by Lemma 1, system (30) is one with weak
delays again.
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The case (26) of two real distinct roots
In this case, we have AX = diag(k’f,k’z‘). The necessary and sufficient conditions (10)-(16)
for (30) turn into

b -0,
by +by, =0 (33)
Cy + €y =0, (34)
[
A byybyy = byyby =0, (35)
21 O
bR = anen —apen =0, (36)
Co1 Cn
Mo 0] by B . .
T T TR a0k, + by, =0, (37)
b21 bzz A2
M0 cy G
*1 Sl 2 2 e, + Aac, = 0, (38)
22 1
Cy1 €y 0 Xy
bu buf Jen cnl (39)
€y Cx2 by by,

Since A1 # A2, equations (33), (37) yield b, = b,, = 0 and equations (34), (38) yield ¢;; =
¢y, = 0. Then, from (35), we get b;,b,, = 0 so that either b,, = 0 or b, = 0, and from (36),
we get ¢;,C,; = 0, which means that either c,, = 0 or ¢}, = 0. In view of assumptions B # ©
and C # ©, we conclude that only the following cases (I), (II) are possible:

@ bL = b;z = b;1 =0, biz 70,
€ =€y =y =0, ¢ 70,
(1) bil = b;2 = biz =0, b;1 70,
(u=Cp=cp =0, ¢y #0.
Theorem 2 Let (1) be a system with weak delays and let (25) admit two real distinct roots

M, Ao If the conditions (1) hold, then the solution of initial problem (1), (3) is x(k) = Sy(k),
k € Z%,,, where y(k) has the form

o'(k) ifkeZ®,

AR (0) + by Yo AT Dy (r — m)
+ €l Yo M@y (r - )
ifk ez,

AKQ™(0) + byy Yycg M Do (r — )

y(k) - * n k=1-r k-1 k=1-ry r-n (40)
+ C12[2r=0 Ay O, (r — n) + ©,(0) Zr:m—l M
ifkeZyy,
ARQ'(0) + by, [ AT Dy (r — ) + D9(0) YKL L kAo
[ M Do (r — 1) + ©(0) Y50, AN AL
ifk € Zsy.s-
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If the conditions of case (I1) are true, then the solution of initial problem (1), (3) is x(k) =
Sy(k), k € Z%,,, where y(k) has the form
o' (k) ifkeZ®,,
AKQ'(0) + by K0 3k 0 (r - m)
+Cy YT D (- m)
ifk e 7,
A*Q(0) + by K0 2T @y (r - m)

yk) = Iy kel k-1 k-1 (41)
+ oD o dy T P1(r—n) + @1(0) 3T, AT AT ]
ifk ez,
AKQ'(0) + by [ AT Dy (7 — ) + D1(0) YKL L Ar k1]
+ 30 M7 R = ) + @1(0) 0, RS
ik e L5,s.
Proof If the conditions (I) are true, then the transformed system (30) takes the form
y1(k +1) = kyy1(k) + byyys(k — m) + cpys(k - n), (42)
Yok +1) = Aoya(k), ke ZY (43)
and if the conditions (II) hold, then (30) takes the form
Yk +1) = My (k), (44)
Yok + 1) = Aoya(k) + b;yl(k —m) + czlyl(k -n), keZg. (45)

We investigate only initial problem (42), (43), (31) since initial problem (44), (45), (31) can

be examined in a similar way. From (43), (31), we get

. . 0
k) = @, (k) ifkeZ?,, (46)

A0,(0) ifk ez
Then (42) becomes

(k) + by (k—m) + ey, (k—n)  ifk e Z2,
Y1k +1) = 3 21 (k) + byy@y(k — m) + ¢, 570 (0)  ifkeZ™ ), (47)
My (k) + b1, A5 (0) + ¢, A0 (0)  ifk e Z2°,.

First, we solve this equation for k € Z{. This means that we consider the problem

Yk +1) = A (k) + brygps(k—m) + ey, (k—n), ke Zi,
71(0) = ¢;(0).

Page 9 of 29
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With the aid of formula (24), we get

k-1

y1(k) = 2501(0) + Y M by (r = m) + cly(r = m)], ke Z (48)
r=0

m

m 1> i.e., we consider the problem (with initial data

Now we solve equation (47) for k € Z
deduced from (48))

Yk +1) = a1 (k) + byypy (k — m) + ¢, M "03(0), keZ”

n+l’

Y +1) = Ao (0) + Y0 M [bly@y (r — m) + ¢y, (r — m)].

Applying formula (24) yields (for k € Z}

n+2

(k) = 2Dy (4 1)

k-1
+ ) AT By (r = m) + €25 " 0,(0)]

r=n+l

n
= x [x;““soi (0) + D 247 [bry) (r = m) + 1,03 (r = n>]}

r=0
k-1
+ > M by (r = m) + i hs "0, (0)]
r=n+1

= 2$01(0) + Y AT [Bryy(r = m) + ey (r — 1)

r=0
k-1
+ Z A’f’l_’[b;(p;(r —-m) + C;ZAQ_”(p;(O)]. (49)
r=n+1

Now we solve equation (47) for k € Z{;,;, i.e., we consider the problem (with initial data
deduced from (49))

Yk +1) = a1 (k) + 9, (0) by A5 + 257", ke Z®

m+1?

y1(m +1) = A" 01 (0) + 307 o A [by gy (r = m) + ¢1p05 (r = m)]
+ 2 M b1 (r = m) + 15, (0)].

2$+2)

Applying formula (24) yields (for k € Z

y1(k) = 2" Yy (m +1)
k-1
+ > TRy (0)[bipah ™ + cppah ]
r=m+1

n

= pkom1 |:A;““+1g0;(0) + Zqu" [b;2<p;(r —m) + €5 (r — n)]
r=0

3 A Bl —m) c;x;—"«p;«»]]

r=n+l
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+ Z Ak Iy O) 12 +012A’ ”]

r=m+l

n
= 201(0) + > M [blygy (r = m) + ¢y (r = 1)]
r=0

m
+ Z A’f’l_’[b;(p;(r —-m) + cizkg_”(p;(O)]

r=n+1
k-1
+92(0) Y M [bipAh " + cppah ™. (50)
r=m+l1

Summing up all particular cases (48), (49), (50), we have

o (k) ifkeZ®,,
M1(0) + by Zk l)tk gy (r—m)
+cuzk lkk =70 (r — n)
if k e 71,
)‘/1(‘/7;( )+ b0 okkilirq’;(’"_ m) + Zr n+l )‘k oy (r —m)]
(k) = + e[ Yo M 0 (r = 1) + 95(0) Zr it MTTTAS (51)
if k e 2}

n+2?

M@10) + by X My (r—m) + 30 Ty (r - m)
+9,(0) Zr et MRS 4 e [ AT 0y (r - )
+ @y (O Ak SKEL kel o)
ifkeZs,,

Now, taking into account (32), formula (40) is a consequence of (46) and (51). Formula
(41) can be proved in a similar way.

Finally, we note that both formulas (40), (41) remain valid for b;, = b, = 0, ¢}, = ¢y, = 0
as well. In this case, the transformed system (1) reduces to a system without delays. This

possibility is excluded by conditions (2). O

The case (27) of two complex conjugate roots
The necessary and sufficient conditions (10)-(16) for (30) to take the forms (33)-(36), (39)

and
p 4|, by b
by byl —1; ; p(by +b32) + by = by) = 0 (52)
and
p q| leyg o .. ..
. 2 = p(oy + o) +g(egy —c3) = 0. (53)
€y Cp| |79 P
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The system of conditions (33), (35) and (52) gives by, = by, (by;)* = —(b,)* and admits
only one possibility, namely,

b;l = b;2 = biz = b;1 =0.

For the system of conditions (34), (36) and (53), we have ¢, = ¢y, (¢};)* = —(c;,)? and we

get only one possibility as well, namely,
€1 = Cyp = €1y = €5y = 0.

Consequently, B = ®, B=0 and C" = 0, C = ©. Initial problem (1), (3) reduces to a prob-
lem without delay

x(k +1) = Ax(k),
x(k) =g(k), keZ®,

and, obviously,

o(k) iftkez®,,

o (54)
Afp(0) ifkeZr.

x(k) =

From this discussion, the next theorem follows.
Theorem 3 There exists no system (1) with weak delays if A has the form (27).

Finally, we note that assumptions (2) alone exclude this case.

The case (28) of double real root
We have AX = diag(AX, A%). For (30), the necessary and sufficient conditions (10)-(16) are
reduced to (33)-(36), (39) and

A 0| |by b ..
b b (;1 ;2 =A(byy +by,) =0 (55)
21 22
and
A0 ey ..
. e =A(c;; +Cyy) =0. 56
o ol o a (11 + €20) (56)

From (33), (35) and (55), we get b,b,, = —(by;)*. Then, from (34), (36) and (56), we have
€€y = —(cyy)*. From condition (39), we get
by1Coy = biaCyy + by — byyciy = 0. (57)
Multiplying (57) by bj,c;,, we have

® N2 % = \2

byyCybryciy — (bry) " Co1C1a + boycy iy — by (c13) byy = 0. (58)
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Substituting b,b,; = —(b};)?, ¢15¢y = —(cy;)? into (58) and using (33), (34), we obtain

~byenbryer + (biz)z(cil)z = byepbpe, + (b;1)2<ciz)2 =0. (59)
Equation (59) can be written as

(bizcil - Cizbil)z =0
and

biyciy = by (60)

Now we will analyze the two possible cases: b;,b,, = 0 and b},b,, #0.

For the case b,b,, = 0, we have from (33), (35) that b}, = b,, = 0 and b}, = 0 or by, = 0.
For by, = 0 and b, # 0, condition (37) gives ¢;, = 0. Then, from (34), (36), we get ¢}, =
5, =0and c,, #0.

Now we discuss the case b},b,, # 0. From conditions (33), (35), we have b,b,, = —(b;)?
and by, b,, # 0. This yields b;, # 0, by, # 0, and from (60), we have ¢;; # 0, ¢;, # 0. By
conditions (34), (36), we get c,, #0, ¢y, # 0.

From the assumptions B # ® and C # ®, we conclude that only the following cases (I),
(IT), (III) are possible:

@ bh = b;2 = b§1 =0, biz 70,
€ =Cp=Cy =0, ¢ 70,

(1) b;l = b;2 = biz =0, b;1 70,
1 =Cp=0=0, e 70,

(1) by,by, #0, C19Cy1 # 0.

The case by,by, =0, ¢15¢y = 0

Theorem 4 Let (1) be a system with weak delay, (25) admit a two-fold root A1 = A, by, by, =
0 and the matrix A have the form (28). Then the solution of initial problem (1), (3) is x(k) =
Sy(k), k € Z>2,, where in the case by, = 0, cy, =0, y(k) has the form

—m’

o'(k) ifkeZ®,
AKQ™(0) + by, 335 M o (r — m)

+Cpy erté M1 Dy (7 — 1)

ifk e 7,
AR (0) + by, YK Ak, (r -
y(k) = @ ( )+ 12 Zyzo 2o(r —m) (61)
+ 0 [0 AT Dy (r — ) + (k= 1= m)AF 11D, (0)]
ifke Z;”:zl,

ARQ(0) + by [Y 1o M1 Do (r — m) + (k — 1 — m)AF 17D, (0)]
+ 0 [ Y0 AT Dy (r — ) + (k= 1= m)A 11 D,(0)]
ifk e .y,

m+2°
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Ifbi, =0, ¢}, = 0 is true, then the solution of initial problem (1), (3) is x(k) = Sy(k), k € %,
where y(k) has the form

o'(k) ifkeZ®,,

AR (0) + by, Y0 A D (r — m)
+ ¢y XA D (r - )

ifk e 7+,

AR (0) + by, YK AT Dy (r — m)

y(k) = (62)
+ 0o [0 AT D (r = 1) + (k=1 — m)AR1 1 (0)]
ifke Ly,
AR (0) + by [Y 1 o M1y (r = m) + (k = 1 — m)AR1-" D4 (0)]
+ e [Y g AT Dy (r — ) + (k-1 - m)A 1791 (0)]
lfk € Zm+2
Proof Case (I) means that b}, # 0, ¢;, # 0. Then (30) turns into the system
yi(k +1) = a1 (k) + bryya(k —m) + cjya(k —n), ke ZY, (63)
ya(k +1) = Aya(k) (64)
and if by, # 0, c;; #0, (30) turns into the system
y1(k +1) = Ay (k), (65)
Yok + 1) = Aya (k) + b;lyl (k—m) + C;yl(k -n), keZy. (66)

System (63), (64) can be solved in much the same way as system (42), (43) if we put A; =
Az = A, and the discussion of system (65), (66) goes along the same lines as that of system

(44), (45) with A; = A, = A. Formulas (61) and (62) are consequences of (40), (41). |

The case by,by, #0, ;551 70
For k € Z°, , we define

. LT b, . b,;)? r
b, (k) := (bu[%(k)+ blzwz(k)], b“ [%(k) : wz(k)D (67)
11 12
. I b, . " )2 b}, T
@) (k) := (CH [¢1(/<)+b—12¢2(k)],—@[ k) + > ¢2(/<)]) . (68)
1 C12

Theorem 5 Let system (1) be one with weak delay, (25) admit two repeated roots A1 = A,
biyby # 0, ciycy # 0 and the matrix A have the form (28). Then the solution of initial
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problem (1), (3) is given by x(k) = Sy(k), k € Z%,,, where y(k) has the form

¢ (k) ifkeZ’,,
AR (0) + Y X0 AT (@) (r = m) + D (r— )] ifk € 2,
AR (0) + Y1 AT (r — m) + ©5(r — 1))
+ YKL R (r - m) + (k=1 — m)AR D (0)
yk)=1 ifkezm}, (69)
A’ (0) + Yo AT (r — m) + D (r — n)]
+ Z:n:nﬂ )\k—l—rq);(r - Wl)
+ (k=1 = m)A1 D (0) + (k — 1 — n)A*17®)(0)

ik e T3,

Proof In this case, all the entries of B', C” are nonzero, and from (33)-(36) and (55), (56),

N
—(byy)* /by, —by

oo & e
—(eyy)*/ery  —cy

Then system (30) reduces to

we get

yi(k +1) = Ay (k) + bilyl(k —m) + b;zyz(k —m) + cilyl(k —-n)+ cizyz(k - n), (70)
b;,)? . c)?

ol +1) = 2320) ~ 23, ) — bt — ) — 0, 1y
by, ‘12 (71)

—c;ya(k —n),

where k € Z. 1t is easy to see (multiplying (71) by b;,/b;; and summing both equations)
that

b b
yi(k +1) + b—}?;@(k +1)= A[yl(/<) + b—lzyz(k):|, keZg. (72)

1 1

Equation (72) is a homogeneous equation with respect to the unknown expression

71(K) + (bra /by )y2 (k).
Then, using (24), we obtain

b oK)+ 2oy ifkezo,
T

y1(k) + #yz(k) =

A (73)
by, g (0) + Z#ga;(O)] if k € Z°.
11
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With the aid of (73), we rewrite system (70), (71) as follows:

2y (K) + by [y (k — m) + Z‘qu);(k —m)]
B B b .
+cylp (k—n) + lfi(ﬁz(k— n)] ifk € Zj,
v orow b,
My1(k) + by [y (k — ) + #goz(k —m)]

nk+1)= (74)
+ e A1 (0) + —g02(0)] ifkez™

n+1?

?»y1(/<) + bu)‘k m[‘/’l(o) + _‘Pz(o)]

+éak%wﬁm+;¥%wﬂ ithez,

m+1?

Aya (k) —
—(C” [ (k m) + 12(,02(/( m)] itk e Z2,

Ay (k) — [<p1 (k- m) + <p2 »(k — m)]
yolk+1) = “ (75)
- a—lxk-n [0;(0) + 12 ¢2(0)] if k e Zm

n+1?

[(pl(k— )+—<p2(/< )]

Ao (k) - l’ﬂ k- *"[¢1<o>+—2¢;<0)1

- %“ "91(0) + R0 ke Z

m+1*

First, we solve this system for k € Z{; and consider the problems

yi(k +1) = Ay (k) + by [ (k — m) + 12 %(k— m)]
+ oyl (k—n) + b#igz);(k—n)], keZy,
71(0) = ¢,(0),

ya(k +1) = Ay (k) - [wl(k —m)+ ifp;(k —m)]

( 2

[wl(k M)+¥§02(k m)l, keZg,

52(0) = ¢,(0).
With the aid of formula (24), we get

k-1

1K) =250 (0) + Y "2 ( n [q)l(r m) + 32, (r = m)]
=0 1
+ cil [(pi(r —n)+ b_%(’" n):|), ke Z{’*l, (76)
1
L b b, .
y2(k) = A ,(0) - Zxk a ’(( h“) [gol(r— m) + (- m)}
12 1
) .
+ (Cu) [gol(r n) + b% @, (r - n)]) kezm, (77)
1 by,

Page 16 of 29
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Now we solve system (74), (75) for k € Z."
deduced from (76), (77))

" 1» i-e., we consider the problem (with initial data

yi(k +1) = A1 (k) + by, [ (k — m) + H#(p;(k —m)]
+ Mg (0) + hﬁwz(O)] itkezm,

yi(n+1) = 2" (0) + 3o Ay (byy [y (r = m) + 5 f 0, (r —m)]

F el (=) + R - ),

Yok +1) = Aya(k) —

- “xfwk—n[w 0) + T%(O)] ifk ez
‘12

[</>1 (k—m) + j @5 (k —m)]

n+1’?

ya(m+1) = A"y (0) = Y0 AT (SR b“ [y (r — m) + —f@i(r - m)]

(”11

[y (r — n)+—<ﬂ2(r n))).

Formula (24) yields (for k € Z™})

n+2

k-1
by,
yi(k) = Ay (4 1) + Z AR ’(bn |:gol(r— m) + b 20, (r - ):|

r=n+l 1

+epA ™" |:<p1(0) + b+£2<p2(0):|>
1

. Z by, .
= pf-n-1 |:A”+1g01(0) + Zkf_r <b11 |:g01(r —m) + b%z%(r— m)]

r=0 11
by, .
tep|e (r—mn)+ 5 @, (r—n)
11
k-1 bk
+ Z Pl r(b11|:(/’1(’" m) + —= o (pz(r m):|
r=n+l1

+epd " |:‘/’1(0) + b—?f/’z(o)})

Z)»k - ’( ul:gal r—m)+ Z—(pz(r m):|
1

+ CL |:(p*(r —n)+ biz <p;(r - n)])
by

k-1 .
I by, .
+ Z pRAr (bu [gol(r —m) + 1}2 @, (r— m):|

r=n+l 11
b, .
+Cl1 ‘P1(0) b = 9,0)| ) (78)
1
k—(n+1) - k=1-r (bil)z b
y2(k) = Ay +1) - Y (T[%(r m) + 2, (r - m)}
r=n+l bu hu

( 11)2 k- n[ b* ])
—A 5 0
s ,(0) + buwz( )
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_ 1 k-n-1 n+l * _ n-r (11)2 o b;Z o
=A A" 0,(0) ZA o, (r—m) + @, (r —m)

=0 12 b;l
Z )\’k 1- r((bll) [ ( _m)

-J@VPm—m+—wmva]
(4D r=n+l

} Vo o))

1

b . by, -
2 g,(0) - }jﬂlfCéf[lv—mwj%%v—mﬂ

1

* k-1 *
(en)? by BT .
4 U [%(V )+ 2, (r = H)D > o < 2| @) (r—m)
o by ol by,
b - (c 11) 1 )
— @, (r— ——A" 0 0 79
e @o(r )} c, ¢,(0) + bl —=29,(0) (79)
Now we solve equations (74), (75) for k € Z%;,,, i.e., we consider the problem (with initial
data deduced from (78), (79))

ko4 1) =3 (0) + Bt 191(0) + R g3 0)]

R by »
+ cukk‘”[wl(O) + ﬁ(pz(O)] ifkeZ,,

yim +1) = Ay (0) + 300 A (b [y (r = m) + jw;(r - m)]

+&w%—m+%@0—m>
b M Bl = ) + TR = )

+%Wﬂd@+ﬁ@@n
yalk +1) = Ay (k) - G- TR0 +7 <p2(0)]
- %AHW (0) + T%(O)] ifk e Z,,,
Palm+1) = 271 3(0) = Yo (St “ =l —m) + frpé(r—m)]

(Cu

(¢, (r —n) + wz(r -n)])

- Z, i A r(lut “ [wl(r—M) + ﬁwz(r—M)]
G

C“ k"”[w (0)+ %(0)])

Applying formula (24) yields (for k € ZZ;,,)

k-1 .
AR P
71(k) = 2 Dy m 4 1)+ Y k"‘l"<buk’ [901(0) + ??¢2(0)]
r=m+1 1

+ Cu)“r n|:‘91(0) + = ¢2(0):|)

n

* b*
= yk-m-1 |:Am+1g01(0) + Z}J” ’(bu [(pl(r— m) + b —2,(r - )]

r=0 11
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+ep [qo (r—mn)+ b—}f(pz(r - n)]) + Z AT <bu I:gal(r —m)
1 r=n+l

*

b, . R b, .
+ 712902(;" - m)] +ep A |:(p1(0) + bf{z<p2(0)]):|
1 1

k-1 ® *
+ Z M <b11)‘r_m |:‘/’1(O) + b—12<p2(0)i| +ep A" |:‘P1(0) + b—?‘/’z(o)})
1

r=m+l n

*

b,
Mo, 0)+Zkk - ’< u[col(r m) + goz(r—m)}

r=0
by - . by -
+ep|e (r—mn)+ b o, (r—m)| )+ Z A by | @, (r —m) + bTwz(r—m)
u r=n+l )
b12 - k=1-r * N r—m * bIZ *
+ep A" @ (0) + bT‘/’z(O) + Z A b A" @, (0) + bT‘/’z(O)
11 r=m+1 11
bi, .
+ A" 9(0) + b —=9,0)]) (80)
1
k-1 b2 b
P2(k) = K Dy 1) = Y7 A < oA ’”[w (0)+b—12¢;(0)]
r=m+1 12 11
2 by, -
NS ”[w (0) + #%(0)})
o by

= bl . by, -
LS [W%(O) N G PR o)
12 11

r=0

2 b, “ b))l .
+(cu) [(p (r—mn)+ b wz(r n):|> Z)»m_r<(blfz) [‘Pl(”_’”)

12 r=n+l

+ Zu *(r— )} + @A”” |:<p:(0) b* <p2(0):|)j|
1 C12

" )2 by, -
_Z)J‘“( bu)’ x’"[mm —<o2<0)] ) M-”[%(on%wz(m])
by, c by,

r=m+1 12 12

_ }\‘k * (0) _ Xn: }“k—l—r’ (b11)2 *( _ b12 o
=1, |l m) + b @y (r —m)
12 1

r=0

+ (c H) |:<p (r-mn)+ h—goz(r n)i|)

CIZ 1

“ b))l . by, .
B Z )”k_l_r<(bl*l) |:(p1(r—m) + b—?‘/’z(’"—m)]
12

r=n+1 1
- :

+@w[ (o>+”* (0 D ZA“’( A’-m[ [0)+ *wz(O)}
‘12 r=m+1 bu
NG "[go (0) + b—%(e)}). (81)
(4P by,
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Summing up all particular cases (76), (78) and (80), we have

y(k) =

o) ifkeZ®,,
Wkl (0) + YK A1 (b3 (1 (r — ) + %@(r—m)}

Falei(r=m it m)
if k € Zj*,

. g s b, s
W1 (0) + 0o M (byy [y (r = m) + ﬁ(pz(r—m)]

Fle (=) + SR - )
+ Zr n+l )‘k - rbll[(pl(r Wl) + —(P;(V—Wl)]
+ (k=1 = n)cy; A0 (0) + —402(0)]

if k € M),

2K01(0) + 0o AT (B (1 (r — ) + 2 12¢2(r m)]

+ el = m) + H2 45— m)

b M= ) + H2 5= )]
+ (k= 1= m)by A1) (0) + _(/’2(0)]

+ (k=1 = m)ecy, A" (0) + —¢2(0)1
ifk e 72,

and from cases (77), (79) and (81), we conclude

y2(k) =

Formula (69) is now a direct consequence of (82), (83) and (67), (68).

oy (k) ifkezl
Koy (0) - YAd petr (il [col(r—M)+—f<0§(r—M)]

(Cu

[y (r - n)+’m¢2<r )
if k e 71,

+

Wg(0) = 30 xk“( bl” o1 (r - m>+—fw;<r—m>1

(Cu

+ Bl (r—n) + <p2<r— )
S 23— m)]
—wk—1—nﬁ%;xbkq¢gm+j%¢;on

ifk e Zm)

n+2 7

. . by =
Wy (0) = Y ak1or (Gl H) [y(r = m) + 23 (r = m)]

2

W‘

(Cu)
¢

- Zr n+l A1 rk 11 [(01(}" Wl) + Q‘/’Z(r Wl)]

F D s ,,—zgoz(r )

-(k-1- Wl)ﬁ/\k’l’m [p;(0) + ﬁj%(o)]

— (k= 1-m) D 310101 (0) + B2 0)]
‘12 1

ifk ez,

(82)

(83)
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The case (29) of a double real root
If the matrix A has the form (29), the necessary and sufficient conditions (10)-(16) for (30)
are reduced to (33)-(36), (39) and

A1 by by
. R rbj; +b b, =0 84
b, b, 0 N ( 1 22) 21 (84)
and
A1 ey
. .|+ =M tC ¢y = 0. 85
&y Cp 0 A ( 11 22) 21 (85)

Then (33), (35) and (84) give by, = by, = by, = 0, and from (34), (36) and (85), we have

€y =Cyp =€y =0.

Theorem 6 Let (1) be a system with weak delay, (25) admit a double root A5 = A and the
matrix A have the form (29). Then by, = by, = by, = 0, ¢}, = Cyy = Cy; = 0 and the solution of
initial problem (1), (3) is x(k) = Sy(k), y(k) = (51(k), y2(k))T and

(k) ifkeZ’,,
A1 (0) + kak105(0) + byy 520 AR ) (1 — m)
+Cly YR AT (= 1) szeZ"+1
2%01(0) + ka1, (0) + b), Zk S AT (1 — m)
+C122r o)‘k g, (r—n)

(k) = , (86)
+(k=1=nm)c Ak 1700(0)  ifk e 2t

n+27
21 (0) + kK1, (0) + by Y7 o AT (r — m)
+ Ciz Zf:o )‘/1(714@0’ - n)
1= B 0) (1 m)ep i 0)

ifkeZy

m+2?

S (k ifkeZ? ,
yalig = {200 TR (87)
W3(0) ifk ez

Proof System (30) can be written as

yi(k + 1) = 21 (k) + y2(k) + byyya(k — m) + cppy2(k — n), (88)
yalk +1) =2y (k), keZT. (89)
Solving (89), we get

oy (k) ifkeZ®,,
nk) =170 (90)
1k (0) ifk e Z°.
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Then (88) turns into

My (k) + 2@y (0) + byys (k — m) + cpp0,(k—n)  ifk € Z,
Y1k +1) = 3 ay1(k) + A3 (0) + byy@y (k — m) + ¢ A5 ", (0)  ifk € Z7,, (91)
My (k) + 2K @3 (0) + by AR, (0) + ¢y A X3 (0)  ifk € Z2°,,.

Equation (91) can be solved in a way similar to that of equation (47) in the proof of Theo-
rem 2 using (24).

First, we solve equation (91) for k € Z;. This means that we consider the problem

Yk +1) = Ay (k) + A¥ @, (0) + by (k — m) + cyo05(k —m), k€ 71,
21(0) = ¢;(0).

With the aid of formula (24), we get

k-1

1K) = My (0) + > AW 03(0) + by (r = m) + 1,05 (r = )]
r=0

= %9, (0) + krk 1, (0)

k-1

+ Y Ty (r—m) + ey (r=m)], ke Zy (92)
r=0

Now we solve equation (91) for k € Z.,, i.e., we consider the problem (with initial data

deduced from (92))

yi(k +1) = a1 (k) + AX @3 (0) + byys (k — m) + 1" (0)  ifk € Z7 ),
y(m+1) = 29 (0) + (m + 1)A"5(0) + Y1 A" [b1o 0 (r — m) + €100, (r — 1)].

m+1
n+2

Applying formula (24) yields (for k € Z

k-1
(k) = Ak_"_ly;(n +1) + Z )Lk_l_’[k’go;(O) + b;w;(r —m) + c;2k"”<p;(0)]

r=n+l

= pfont |:A”+1<p;(0) + (1 + 1)1 9, (0) + Z N [brys (r = m) + crpp,(r — n)]j|

r=0
k-1
+ Z )»kflfr[)»rwﬁ(o) + b1y, (r—m) + ClZAr?n(pz(O)]
r=n+1

n
= 259, (0) + kAk1g,(0) + Z ARt [b1,05(r = m) + c1,0,(r — )]
r=0

k-1
+ ) B0y (r = m) + (k= 1= m)cip A (0). (93)

r=n+l
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Now we solve equation (91) for k € Z3;,;, i.e., we consider the problem (with initial data
deduced from (93))

Yk +1) = Ay (k) + A¥@,(0) + b, A0 (0) + ¢, AX "5 (0)  ifk € Z2°,,

yi(m +1) = 191 (0) + (m + DA 05(0) + Do A [bry@y (r — m) + ¢l (r — )]
+ Yo AT b @y (r = m) + (m = 1) A5 (0).

Applying formula (24) yields (for k € Z?

m+2

k-1
(k) = kk"”‘ly;(m +1) + Z Ak’l_’[k’goz(O) + biz)f—”‘go;(O) + ciz)»""w;(O)]

r=m+1

n
= pfem-l [A'"*lcpI(O) + (m + 1)1 0,(0) + Z N [byyy(r — m) + 505 (r — 1)
r=0

+ Z A by (r — m) + (m — n)c;2)»”’_"(p;(0)j|

r=n+l
k-1
# 2 HTING0) + Bk 0) + 6k 0)]

r=m+l

n
= 2%01(0) + kA3 (0) + > " KT by, (r — ) + 0 (r - )]
r=0

m
+ Z AMATh @y (r = m) + (k=1 = m)by, A1) (0)
r=n+1

+ (k=1 —=n)c, A 517", (0). (94)
Summing up all particular cases (92), (93), (94), we get

o(k) ifkeZ?,,

WK1 (0) + kAK 105 (0) + Y520 AR [, 5 (r — m) + €005 (r — )]
if k e 2,

2501 (0) + kK1, (0) + 7 AT (bl s (r — m) + ¢y 5 (r — 1)]
+ KL KB s (= m) + (k=1 = n)ci Ak 11005 (0)
if k e Zm+

n+27?
K01 (0) + kaK1,(0) + Y0 o AT (bl (r — m) + clya (r — 1)]
+ Yo ML) (r = m) + (k= 1= m)by, A7, (0)
+ (k=1 = n)c;,A 105 (0)

if k € 722,

y(k) =

Formulas (86) and (87) are consequences of (95), (90). O
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Example
The set of 2 x 2 matrices satisfying conditions (10)-(16) is sufficiently large. Consider, e.g.,
matrices A, B and C, satisfying conditions (10)-(16), defined as

1 1 V2 -3 (V2 a1
L i A S

and a planar linear discrete systems with weak delays
x(k +1) = Ax(k) + Bx(k — m) + Cx(k — n), (96)
where k € Z3° := {0,1,...,00}, x: Z3° — R?, m > n > 0 are fixed integers, i.e.,

x1(k +1) = x1(k) + x2(k) + % 2x1(k —m) — %xz(k— m) + /201 (k — 1) — x5 (k — 1),
xo(k+1) = —x1(k) + (%«/5 + 1)x2 (k) + 31 (k — m)
- % 2% (k — m) + 2x1(k — 1) — V2% (k — n).

Together with (96), we consider the initial problem
x(k) = o(k), (97)
where k = —-m,-m +1,...,0 with ¢: Z°,, — R%.

Characteristic equation (6) has two real distinct roots A; =1 + (+/2)/2 and A3 = v/2 + 1.
Then the Jordan form A of the matrix A

A 1+%2 0 '
0 1++/2
Then
S 2 -1
V2 V2
and the transformation
w1 -2
k) =S"x(k) = k
ORER ORI EU

transforms (96) into the system
y(k+1) = Ay(k) + By(k—m) + Cy(k—n), keZy (98)

with

Coetpe [T -2\ (3v2 2 \[(2 1\ [ 0o o
wesns-( B ) (G 5) (s 0)
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and

et (1 -2\ (v2 a\[(2 -1\ (o0 o
oo )G ()

Together with (98), we consider the initial problem

y(k) = ¢ (K),

keZ%, withg': Z°, — R?, where

_N2
@) =57 p(k) = (i i b) o)

is the initial function corresponding to the initial function ¢ in (97).
All the assumptions of Theorem 2, case (II), hold. Therefore by formula (41) we get that
the solution of initial problem (96), (97) is

x(k) = Sy(k) = ( v })

k € Z%,, where y(k) has the form

o'(k) ifkeZ?,,

(“zoff"l)w(m VALV + DT m)

-2k G2+ )T (r— ) if ke 71,
(22 0 Y (0) - 3VREIWE + D - m)

0

— «/_ Zr 0(\/5 + 1)k—1—rq>1(r _ Vl)

* @1(0) ZV n+1 1 +3 3 “/—)r " \/E + 1)k714]
ifk e Zm+1

n+2?
(1+20f; )00 = VAL (W2 + 1 by - m)
+¢1(O)Zrm+11+1frmﬁ+lk1r]
— V203 (W2 + DRIy (r — )
+ (Dl(o) Zr n+1(1 + %ﬁ)r—n(ﬁ + l)k_l_r]

ifkeZs

y(k) =

m+2?
D1 (k) := (0, ¢; (k)T and @, (k) := (¢, (k),0)T with k € Z° .

Dimension of the set of solutions

Since all the possible cases of planar system (1) with weak delay have been analyzed, we are
ready to formulate results concerning the dimension of the space of solutions of (1) assum-
ing that initial conditions (3) are variable. The below theorems remain valid if coefficients

b;; are replaced with coefficients ¢y, i,j = 1,2.
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Theorem 7 Let (1) be a system with weak delay and (25) have both roots different from
zero. Then the space of solutions, being initially 2(m + 1)-dimensional, becomes on Z3;,,
only
(1) (m + 2)-dimensional if equation (25) has
() two real distinct roots and (b,)? + (by;)? > 0;
(b) a double real root, b},b,, = 0 and (b},)* + (by)* > 0;
(c) a double real root and by,b,, #0.
(2) 2-dimensional if equation (25) has
(a) two real distinct roots and by, = by, = 0;
(b) a pair of complex conjugate roots;
(c) a double real root and by, = by, = 0.

Proof We will carefully go through all the theorems considered (Theorems 2-6) adding

(o]

the case of a pair of complex conjugate roots and our conclusion will hold at least on Z%;,,

(some of the statements hold on a larger interval).
(a) Analyzing the statement of Theorem 2 (the case (26) of two real distinct roots), we
obtain the following subcases:
(al) If by, = by, = by, =0, b}, #0, then the dimension of the space of solutions on Z%°,,
equals m + 2 since the last formula in (40) uses only m + 2 arbitrary parameters

01(0), @3 (—m), @y (—=m + 1),..., 05 (0).

(a2) If b}, = by, = b, =0, by, #0, then the dimension of the space of solutions on Z°,,
equals m + 2 since the last formula in (41) uses only m + 2 arbitrary parameters

w;(_m)r (01(—71’1 + 1), (RS ‘/)1(0)1 (0;(0)

(a3) If b, = by, = b}, = by, =0, then the dimension of the space of solutions on ZZ°,,

equals 2 since the last formula in (40) and in (41) uses only 2 arbitrary parameters
¢1(0), ¢5(0).

This means that all the cases considered are covered by conclusions (1)(a) and (2)(a) of
Theorem 7.

(b) In the case (27) of two complex conjugate roots, we have b, = b, = b, = b,; = 0 and
formula (54) uses only 2 arbitrary parameters

1(0),¢,(0)

for every k € Z{°. This is covered by case (2)(b) of Theorem 7.
(c) Analyzing the statement of Theorem 4 and Theorem 5 (the case (28) of a double real
root), we obtain the following subcases:

00
m+2

(cl) If by, =0, bj, #0, then the dimension of the space of solutions on Z?,, equals

m + 2 since the last formula in (61) uses only m + 2 arbitrary parameters

01(0), g3 (~=m), @y (—=m + 1),..., 05 (0).
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00
m+2

(c2) If by, =0, by, #0, then the dimension of the space of solutions on Z,, equals

m + 2 since the last formula in (62) uses only m + 2 arbitrary parameters

q);(_m)r QDI(—WI + 1)¢ (RN ¢£(O)r §0;(0)

o0

o o equals 2 since

(c3) If by, = by, = 0, then the dimension of the space of solutions on Z
the last formula in (61) and in (62) uses only 2 arbitrary parameters

1(0), ¢,(0).

00
m+2

(c4) If by,b,, # 0, then the dimension of the space of solutions on ZZ°,, equals m + 2

since the last formula in (69) uses only m + 2 arbitrary parameters
C(-m), C(=m +1),...,C(0),¢,(0),

where

%
*

C(k) := |:§0f(k) + bfﬁzwé(k)], kez®,.
bll

The parameter ¢,(0) cannot be seen as independent since it depends on the
independent parameters ¢, (0) and C(0).
All the cases considered are covered by conclusions (1)(b), (1)(c) and (2)(c) of Theorem 7.
(d) Analyzing the statement of Theorem 6 (the case (29) of a double real root), we obtain
the following subcases:
(d1) If by = by, = by, = 0, by, #0, then the dimension of the space of solutions on Z°,,

equals m + 2 since the last formula in (86) uses only m + 2 arbitrary parameters

@1(0), 05 (—=m), @y (~m +1),...,9,(0)

and the last formula in (87) provides no new information.

00
m+2

(d2) If by, = by, = by, = by, = 0, then the dimension of the space of solutions on Z
equals 2 since, as follows from (86), (87), there are only 2 arbitrary parameters

01(0), 95 (0).

Both cases are covered by conclusions (1)(b) and (2)(c) of Theorem 7.
Since there are no cases other than the above cases (a)-(d), the proof is finished. O

Theorem 7 can be formulated simply as follows.

Theorem 8 Let (1) be a system with weak delay and let (25) have both roots different from

o0

zero. Then the space of solutions, being initially 2(m + 1)-dimensional, is on Z3;,,

(1) (m + 2)-dimensional if (by,)* + (by)* > 0.
(2) 2-dimensional if by, = by, = 0.

only

We omit the proofs of the following two theorems since, again, they are much the same
as those of Theorems 2-6.
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Theorem 9 Let (1) be a system with weak delay and let (25) have a simple root A = 0. Then

the space of solutions, being initially 2(m + 1)-dimensional, is either (m + 1)-dimensional or

1-dimensional on 7

0
m+2°

Theorem 10 Let (1) be a system with weak delay and let (25) have a double root )\ = 0.
Then the space of solutions, being initially 2(m +1)-dimensional, turns into a 0-dimensional

space on 2.3°, namely, into the zero solution.

Concluding remarks

To our best knowledge, weak delay was first defined in [10] for systems of linear delayed

differential systems with constant coefficients and in [1] for planar linear discrete systems

with a single delay. The systems with weak delays analyzed in this paper can be simpli-

fied and their solutions can be found in explicit analytical forms. Consequently, analytical

forms of solutions can be used directly to solve several problems for systems with weak

delays, e.g., problems of asymptotical behavior of their solutions or some problems of con-

trol theory (using different methods, such problems have recently been investigated, e.g.,

in [11-20]). For an alternative approach to differential-difference equations using the vari-

ational iteration method, see, e.g., [21].

In the case of discrete systems of two equations investigated in this paper, to obtain

the corresponding eigenvalues, it is sufficient to solve only a second-order polynomial

equation rather than a polynomial equation of order 2.
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