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We derive representations for solutions to initial-value problems for n-dimensional second-order differenti-
al equations with delays,
2 (t) = 242 (t — 7) — (A® + Bz (t — 27),

and
2’ (t) = (A+ B)2'(t — 7) — ABz(t — 27),

by means of special matrix delayed functions. Here A and B are commuting (n x n)-matrices and T > 0.
Moreover, a formula connecting delayed matrix exponential with delayed matrix sine and delayed matrix
cosine is derived. We also discuss common features of the two considered equations.

3HatideHo 306paxceH A PO36°A3KI6 3a0a4 I3 NOYAMKOBUMU YMOBAMU 045 OUpePeHUIAAbHUX PIBHAHb
0pYy2020 NOPAOKY POSMIDHOCIIE N, I3 3ANI3HEHHAMU

2" (t) = 24 (t — 7) — (A® + BH)a(t — 27)

2/(t) = (A+ B)a'(t — 7) — ABa(t - 27),

npU YbOMY BUKOPUCIAHO CReUiaabHi Mampudri pyHKuyii i3 3aniznenuan. Tym A i B — xomymamus-
HI mampuyi poamiprocmi n X n i T > 0. Takox ompumano opmyay, w0 36’A3ye eKCNOHEHYIAAbHY
MAMPUUIO 3 3ANIZHEHHAM 3 SIN- MA COS-MAMPUUAMU 13 3ani3HeHHAM. TaKoX*C pO32AAHYMO 3a2AAbHI 64a-
cmueocmi 000x po324a0Y8AHUX DIGHAHD.

1. Introduction. Recently, much attention was paid to a new formalization of the well-known
method of steps in the theory of linear differential equations with constant coefficients and a
single delay. Such a formulation was given in [1, 2] utilizing what is called a delayed matrix
exponential, which is a matrix polynomial on every interval. After papers [1, 2] were published,
this formalization was widely applied, e.g., in boundary-value problems, control problems and
stability problems, modification to discrete equations was performed, generalizations to the
case of several delays were developed, etc. (see [3—27]). Some of these results are collected in
the book [28].

We recall the definition of a delayed matrix exponential. Let (n x n)-matrices ©, I and A
be the zero matrix, the unit matrix, and a general constant matrix, respectively and 6 be the
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130 Z.SVOBODA

(n x 1)-zero vector. Let 7 > 0. A delayed matrix exponential e4?, ¢ € R, is defined as

[t/7]+1

eft _ z% A8 (t — (3 '_ 1)7—)8’ (1)

S

where | - | is the floor function. The delayed matrix exponential equals the unit matrix on [—7, 0]
and represents a fundamental matrix of a homogeneous linear system with a single delay,

z(t) = Az(t — 7). 2)
In [1], a representation of solution of the Cauchy initial problem (2), (3), where
x(t) = p(t), —7<t<0, 3)

and ¢: [-7,0] — R™ is continuously differentiable, is given in the integral form

0
£(t) = eMp(—r) + / eA=T5) g (5) ds. @)

—T

The advantage of the representation formula (4), as compared with the well-known rep-
resentation formulas (e.g. [29-32]), consists in that it uses explicitly the given fundamental
matrix (1) and, consequently, provides us with an explicit analytical formula for a solution of
problem (2), (3).

The purpose of the present paper is to give representations of solutions to two initial-value
problems. The first one is

2"(t) — 242/ (t —7) + (A2 + BHa(t —21) =0, t>T, (5)
2Dt = D), i=01, tel[-77], (6)

where the (n x n)-matrices A, B commute, i.e., AB = BA, the matrix B is regular, and function
&: [—7,7] — R™is assumed to be twice continuously differentiable.
The second one is the problem (6), (7) where

2"(t) - (A+B)2'(t—7)+ ABx(t—27) =0, t>T, (7)

with the matrices A and B commuting but regularity of B is not assumed.

The paper is organized as follows. A representation of the solution to the problem (5), (6) is
developed in Section 2 while the problem (6), (7) is considered in Section 3. The last Section 4 is
devoted to some relations between special matrix functions describing some common features
of the considered problems.

2. Representation of the solution to problem (5), (6). Consider a linear system,

Z(t)=Cz(t—1), t>0, (8)
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REPRESENTATION OF SOLUTIONS OF LINEAR DIFFERENTIAL SYSTEMS... 131

where C'is a (2n x 2n)-matrix defined by (n x n)-commuting matrices A and B as
A B
(2 %) ©)

and z is a (2n x 1)-vector. Let z = <§> where z, y are (n x 1)-vectors.

We show that, if the vector-valued function z: [—7,00) — R2" is a solution to system (8)
on the interval [0, c0), then the vector-valued function z: [-7,00) — R" is a solution to the
second-order system (5) on the interval [, c0). This follows from the following transformations.
The system (8) can be written as

2'(t) = Ax(t — 1) + By(t — 1),

(10)
y'(t) = —Ba(t — 1) + Ay(t — 1),
where t > 0 and
A2/ (t) — By'(t) = (A% + BH)a(t — 7). (11)
Differentiating (10) and using (11), we derive
2'(t) = A/ (t —7)+ By (t —7) = 2A2'(t —7) — A2’ (t = 7) + By (t — 1) =
= 241/ (t — 1) — (A® + B®)x(t — 27). (12)

Obviously, (12) is equivalent to (5). Comparing the domains of z and = we see that the above
statement holds. The connection between systems (8) and (5) is used to prove the following
result.

Theorem 1. Let AB = BA and the matrix B be invertible. Then the solution of the initial-
value problem (5), (6) can be expressed as

x(t) = (Re e(TAHB)t —Im e(TA+iB)tB_1A) E(—7) + (Im esAHB)t) B (0)+

+/O ((Re eg_A-‘riB)(t—T—s)) £ (s)+

+ (T el HENT=9) oL (s 4 7) — AE/(5)) ) ds (13)

wheret > T.

Proof. The strategy of the proof is the following. We will find a solution of a related initial-
value problem for the system (8) in a suitable form. Then separating components for the vector
x, we will get the representation (13).

First, we compute the powers C*, k € N. Let us represent the matrix C as

C = AQnIQn + BZnJQna
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132 Z.SVOBODA

where

A © I © © I B ©
Azn = (@ A)’ fon = (@ I)’ Jon = (—I @)’ Bon := (@ B)

are (2n x 2n)-matrices (note that the matrix J22n = Jop X Joy, can be viewed as a matrix analogue
to the complex unit since J2, = —Is,). Then

k

k —s ph—
C* = (Aanlon + BonJon)* =3 <S> S5 By " Sy " =
s=0

— IQnRe (A2n + iBQn)k + JQnIm (A2n + iB2n)k7

where i is the imaginary unit. This relation can easily be verified if we show that the general
terms on both sides are identical, i.e., if

k s 718 —s 7k—s k
(S) 2nI2nB§n ‘]égn = Iane<

k
) st o Bl et () 45, 5,00l

or
s k—s thk—s __ s ;k—snpk—s s ;k—s npk—s
onBay, “Jon - = Re A3,1" " ° By * + Jo,Im A5 1" By .

In each of the four possible cases, i.e., for

Jé“;s = Jy, and % =4,
Jé“n_s = I, and i**= -1,
JE=s = —Jp, and i*7° = i,

Jé“n_s = I, and i =1,

we get an equality. From the definition of the delayed matrix exponential (1), we deduce

[t/7]+1
o L= (=17
ooy ool
5=0
[t/7]+1
t—(s—=1)7)°
_ (IQnRe (A2n —|—ZBQn)S + JQnIm(AQn —|—ZBQn)S) ((88')7—) =
s=0 '
[t/7]+1
t—(s—1)7)°
_ Re (Agy + By LU
g S!
[t/7]+1
s E— (s = 1)7)°
+ g J2nIm<A2n+ZB2n) g -
B I T NI CE VN
- gt € e A+iB s!
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REPRESENTATION OF SOLUTIONS OF LINEAR DIFFERENTIAL SYSTEMS... 133

[t/7]+1 s
A+iB S) (t—(s=1)71)° _
+ z; J2n1m< o A—{—iB) -

Jrl+
A+iB)* C) (t—(s—17)°
Z ( (A+ iB)s> +

Lt/7)+1 .
(A+iB)* 0 (t—(s—1)r)*
t Z Jon Im ( S (A+7;B)S) I

[t/7]+1 .
A+iB)? S} t—(s—1)7)°
rey (4P ) fmteon)

0  (A+iB) g

s=0

. “g:“ O  (A+iB)y\ (t—(s—1)r)°
m (A +iB)* S I

(A+iB)t (A+iB)t
_ < Ree; Im ey > (14)

I eAHBE R ATiB)

Now consider the initial-value problem
z(t) = ¢*(t), -1 <t<0,

for system (8), related to system (5) where the function

* 90:7 2n
= ¥ T, 0 — R
o= (Z):leno

is continuously differentiable as specified below. Since z = <:yc> , we set pi(t) = £(t), t €

€ [-,0]. Next, we will specify ¢;. From (10), due to invertibility of the matrix B, we get
y(t —7) = B Y2/ (t) — Az(t — 7)), t >0,

or

y(t) = B7Y ' (t + 1) — Az(t)), t> —.

Consequently,
py(t) = BT (t+7) — AL(1), t € [-7,0].

Now we utilize the formula (4) where the matrix A is replaced with C, and ¢ with ¢*. Utilizing
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134 Z.SVOBODA

(14), we get

0
2(t) = Qg (—r) + / eCT=9) 54 () ds =

I T (e )+
—Im e TP Re AT ) ABTHE(0) — Ag(-7))

T

0 Re 67(_A+iB)(thfs) Im eﬂ(_AJriB)(thfs)
+ Im eg_A—i—iB)(t—T—S) Re e(TAHB)(t_T_S) X

£(s)
(o s - agi) )

The solution z(t) of the initial problem (5), (6) is obtained by separating the first n coordinates
from (15), i.e., the formula (13) holds.

Theorem 1 is proved.

3. Representation of the solution to problem (7), (6). In this section, we will derive a rep-
resentation of the solution to the problem (7), (6). Together with equation (7), we consider the
linear system (8) where C, in this case, is a (2n x 2n)-matrix defined by

A T
C = (@ B). (16)
It is easy to see that, for k € N,
Ck _ Ak ZAk—l—sz
i=0
) B*

For a simple formalization of the delayed exponential e¢?, we define a matrix function e(TA’B)t

as
[t/7] s s
(A,B)t _ (t—(s—1r7) s—ipi
ey = Z ol Z AT'B.
s=0 1=0
The following formula can be verified directly by utilizing the definitions of special matrix

functions,
At _(AB)t
egt = ( 67. €r Bt ) . (17)
S} er

Let us eliminate y(¢) from system (8) with the matrix C' given by (16). We get the system
' (t) =Ax(t — 1) +y(t —7), (18)

y'(t) =By(t — 1), (19)
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REPRESENTATION OF SOLUTIONS OF LINEAR DIFFERENTIAL SYSTEMS... 135

where ¢ > 0. Differentiating (18) and, subsequently, using both subsystems (18) and (19), we
derive the equation

2'(t) = At — 1)+ (t—7) = A2 (t — 7) + B(2'(t — 7) — Az(t — 27))

and, after some simplification, we get equation (7).
Theorem 2. Let AB = BA. Then the solution of Cauchy initial problem (7), (6) has the form

z(t) = ef'é(—r) + PE(0) — AL(—T))+
0
+ / (eAt==¢/(5) 4+ AP (¢ (5 4 7) - A'(s))) ds (20)

wheret > .
Proof. Using (18) and (19), we derive

t t

y(t) = y(—r) + / y(s)ds = y(—7) + / B(x'(s) — Au(s — 7)) ds =

-7 -7

= 2/(0) — Az(—7) + (21)

|
‘\r\ﬁ.
=
H\
w
~—
\
o
8
—~
V2
\
9
=
U
g

Consider the initial-value problem
z(t) = o*(t), —1 <t <0,

for system (8) with the matrix C given by (16), i.e., for the system (18), (19) where

*
R -
Py

is continuously differentiable as specified below. Since z = <§> , we set @i(t) = &(t), t €
€ [~7,0]. Next, we will specify ¢;. From (18), we obtain
yt —7) =2'(t) — Az(t — 1), t >0,

or
y(t) = 2'(t+71) — Az(t), t >
Consequently,

py(t) =t +7) - Ag(t), te[-70]
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136 Z.SVOBODA

and

0= (o049 act0) 2

Now we utilize formula (4) with the matrix A replaced by C' in the form (16) and with ¢ replaced
with ¢* given by (22). Utilizing (17), we get

0
2(t) = Sl (—r) + / (CT=9) 5 (5)ds =

T

et AP g()
- (@ B )(5’(0)—A5<—r>>+

0 Alt=T=5)  (AB)(t-r—s) e(s)
+/ ! TB(thfs) ( " / > ds.
€] er §"(s+1)— AE'(s)

—T

By separating the first n components, we get formula (20).

Theorem 2 is proved.

4. Concluding remarks. 4.1. Relation between special delayed matrix functions. In the paper
[19], other delayed matrix functions called the delayed matrix sine Sin, At and delayed matrix
cosine Cos; At, where A is an (n x n)-matrix, are defined on R as

[t/7]+1 9641
. t—(s=1r)**
TA — -1 8A28+1( 2
Sinr At g% (=1) 25+ 1) (23)
and
[t/7]+1 9
s 05— (s—=1)7)*°
Cosrdt = 3 (174" ( ((25)!> ) (24)

The delayed matrix sine and cosine are fundamental matrices of a homogeneous second-order
linear system with a single delay,

2"(t) = —A%z(t — 1), (25)

making it possible to simply express the solutions to initial-value problems. In [19], the solution
of the Cauchy initial-value problem (3), (25), assuming that the matrix A is regular, is given in
the form

z(t) = (Cos, At) p(—71) + A~ (Sin, At) ' (—7)+

0

s a7 [ (sincA -7 - ) ¢ (€)de. (26)

-7
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The equation (5) turns into (25) if we set A = O and then replace B with A and 7 with 7/2.
Therefore, analysing formulas (4) and (26), and the formula

[2t/7]+1 s i i
eCt _ Z o (t B (S — 1)7—/2> _ Re 671?5 Im e"rl?é (27)
2T 5! ~ \Ime)) Reel) ]

obtained from (14) with the above-mentioned modifications and with

C = (_GA g), (28)

we conclude that there exists a relation between the delayed matrix exponential and the delayed
sine and cosine matrices. The next theorem provides us with such a relation.
Theorem 3. The formula

¢ (Cos;A(t—7/2) Sin A(t—7)
efﬂ - < —Sin, A(t —7) Cos, At —7/ 2)> 2

holds for every t € R.

Proof. Let us compare the definitions (23) and (24) with the elements of the delayed matrix
exponential 69;2 expressed by (27) where C'is given by (28), i.e., with Re ei“/‘g and Im eif/‘g. Next
we will use the formula

m [(m—1)/2]
Im (Z(,LA)S> — Z (_1)uA2u+1
s=0 u=0

which holds for an arbitrary integer m. Let k be an integer and ¢t € [k, (k + 1)7). Then

{th/wu _1J _ {th/TJJ .

2 2
and
[2t/7]+1 s 1) .
Imeff}é =Im Z (iA)S(t ( 3!1) /2) _
s=0
2%k+1 .
= Im (Z (iA)S(t — (s ;1)7/2) ) _
s=0
k
_ w oury (t— (2u+1—1)7/2)%u+!
= ;(—1) A2utl Y _
b o (£ )
L T (30)
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138 Z.SVOBODA

Moreover, for ¢t € [k, (k + 1)7), the definition (23) yields

2s+1

k k
Sin, A t o 7_ Z A23+1 -7 (S — 1 25+1 — Z 5A25+1 t — ‘97—)

(2s 4+ 1)! (2s + 1)!

s=0
Comparing (30) and (31), we get
Sin;A(t —7) = Im ei‘%

for everyt € R.
Next, we use the formula

m lm/2]
Re <Z(iA)S) = ) (—1rA
s=0 u=0

Lett € [(2k — 1)7/2,(2k + 1)7/2). Then

wzt/TQHJJ .

and

2t/rj+1

1At
Re e’y =

Jt—(s—1)1/2)° ) _
= s!

( th/rm /2J = (s 1)7/2)5)

i)’ s!

k
—(s=1)1/2
= Re ’LA (t 88' T/)>

s=

_1\u 2u( (2u_1)7—/2)
UZ:O( 14 (2u)!

Moreover, for t € [(2k — 1)7/2, (2k + 1)7/2), the definition (24) yields

[(t=7/2)/7]+1 .
CospAlt =)=y, (-ppanlZTl2 - 8(;— 1)r)?
s=0 .

i t— (25— 1)7/2)%
_ ;)(_1)51425( ( (28)!) / )

(1)

(32)

(33)

(34)
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and, comparing (33) and (34), we get
Cos;A(t —7/2) = Re ei‘% (35)

for every t € R. Now it is easy to see that, by (27), (32), and (35), the formula (29) holds.
Theorem 3 is proved.
4.2. On classes of formally solvable equations. The problems (5), (6) and (6), (7), considered
in the paper, are special cases of a general problem,

() + Pa/(t—7) + Qu(t —271) =0, t>T,
(36)

2Dty = D@), i=0,1, tel[-77]

where P, () are constant (nxn)-matrices provided that there exists an (n xn)-matrix A satisfying
the equation

A% + PAexp(—7A) + Qexp(—27A) = O. (37)
We assume that a solution of (36) can be found in the form
x(t) = exp(At) (38)
where A is a suitable constant (n x n)-matrix. By substituting (38) into (36), we get
A% exp(2At) + PAexp(A(t — 7)) + Qexp(A(t — 27)) = ©

and further simplification yields equation (37). Let Y = exp(2A7) be a new unknown matrix.
Then, equation (37) can be written as

Y24+ PY +Q = 0. (39)

The matrices A and B of the system (5) (i.e., P = —2A and Q = A? 4 B?) generate complex
conjugate roots of (39),

Yis = A+iB,

and the matrices A and B of the system (7) (i.e., P = —A — B and Q = AB) generate real
roots of (39),

Yi=A, Y,=B.

The systems (5) and (7) are equivalent to system (8) with the matrix C defined by (9) or by
(16). Matrices on the right-hand sides of (9) and (16) can be viewed as “Jordan"forms of the
matrix C. From this point of view, the last case of the “Jordan"form of the block matrix C' is

C = (g g) . (40)
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140 Z.SVOBODA

This matrix defines a pair of independent subsystems. This case is trivial since it is not possible to
eliminate n variables to obtain a second-order system. The above analysis leads to a conclusion
that the classes of the equations considered formally cover all the possible cases of the roots
of the quadratic equation (39) and “Jordan"forms (9), (16) and (40). For the first two of these
three cases, we derived a representation of solutions of initial-value problems. Representations
of solutions of initial-value problems in the third case was derived, as was mentioned above,
in [1].
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