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Transition matrix and generalized matrix
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We give a closed form for the unique solution to the n X n regressive time varying linear dynamic system
of the form x2(r) = A()x(?), x(to) = xo, via use of a newly developed generalized form of the Peano-
Baker series. We develop a power series representation for the generalized time scale matrix exponential
when the matrix A(f) = A is a constant matrix. We also introduce a finite series representation of the
matrix exponential using the Laplace transform for time scales, as well as a theorem which allows us to
write the matrix exponential as a series of (n — 1) terms of scalar Cg3(T, R) functions multiplied by
powers of the system matrix A.
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1. Introduction

The fact that there exists a unique solution to the regressive linear dynamic system
() =AW, xto)=x, HET (L.

on arbitrary time scales T is well-known and this is proven in the excellent introductory text
by Bohner and Peterson [4]. However, in their work, there is no closed form given for the
solution of equation (1.1). Of course, the common forms are stated for the standard cases of a
constant matrix A(f) =A with T=R (i.e. x(t) = eA¢"xy) and with T=hZ, h >0,
(ie. x(t) = (I + hA) ~/hxg),

Adamec [1] has recently made an attempt to derive explicit formulae for the generalized
matrix exponential for equation (1.1) when A(f) = A is a constant matrix and the transition
matrix of (1.1) for time dependent A(z). The solution is derived by restricting a principal
fundamental matrix Y(¢, to) of an ordinary differential equation x’ = H(f)x, t € R. However,
the explicit forms of the matrix exponential and transition matrix are only valid if very strong
and conservative hypotheses are satisfied—i.e. for the matrix A(z) (resp. A) and the time scale
T, it must be that ||JA@)|i - | TIl < 1 (resp. ||Alj - lIT[| < 1), where the first norm is the spectral
norm and the second norm is defined to be || T|} := sup {u(t) : t € T}.
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In this paper, we introduce a more general solution to equation (1.1) that has virtually no
restrictions on the system matrix A(7) and the time scale of interest. Also, unlike [1] the
development remains in the time scales setting throughout the paper. There is no need for
carrying over to a corresponding ODE to obtain a principal fundamental matrix, and then
bringing that solution back to the time scale domain. In this work, a thorough development
with proof is given for a generalized time scales version of the Peano-Baker series, including
new generalizations of popular theorems from basic analysis to convergence of sequences
and series on intervals in a time scales setting.

We begin where [4] has left off. Section 2 states necessary definitions and theorems are
given for use in the derivation of the solution to (1.1). In section 3, we develop a closed form
of the transition matrix for the system in (1.1) on arbitrary time scales via a generalized
version of the Peano-Baker series. The formulation of the solution generalizes the classical
derivation using Picard iterates [9] for a first order linear differential equation to any time
scale. We demonstrate that this closed form of the solution is valid for equation (1.1). From
this closed form, section 4 shows that we also garner a generalized power series
representation for the matrix exponential on arbitrary time scales. Section 5 first shows,
through the use of the generalized Laplace transform [4], that one can obtain a finite series
representation of the matrix exponential through a partial fraction expansion of the Laplace
transformation of the exponential. Second, we give an existence result which yields an
explicit form of the matrix exponential as a finite sum of infinitely rd-continuous delta
differentiable functions multiplied by powers of the matrix A(¢#) from equation (1.1), when
A(#) = A is a constant matrix. To conclude, section 6 illustrates the generalized Peano-Baker
series in several nontrivial examples to emphasize the legitimacy and utility of this form.

Before beginning, we wish to highlight for the reader the two main themes of the theory of
time scales. The first is the unification of the previously disparate cases of continuous
differential equations on R and discrete difference equations on Z. The second, which is of
more mathematical and application-oriented interest, is the extension of continuous and
discrete analysis to (previously unexplored) arbitrary domains, such as [P, ;, the harmonic
numbers H, gZ(g > 0), or something as exotic as the Cantor set €. For a brief summary see
the Appendix; for a complete introduction, the reader is referred to [4,5,6].

2. General definitions

In this section, we give definitions for certain types of convergence. We also give
generalizations of two fundamental theorems from analysis.
Given an infinite series of vector valued functions

> _x() @D
i=0

with each x(¢) defined on [#y, ¢, ]7, convergence is defined in terms of the sequence of partial
sums

k
0 = D xi(0). 22)

i=0
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The series (2.1) converges pointwise to the function x(¢) if for each ¢ € [ty, 1],

lim llx(6) = skl = 0.

The series (2.1) converges uniformly to the function x(r) if, given & > 0, there exists an
integer N, > 0 such that for every t € [to, 117,

() — skl <€, k> N,.

We remark that there is an equivalent convergence relationship between the series in (2.1)
and the sequence of partial sums {s(#)},—,. The series (2.1) converges uniformly to x(f) on
[to, #1]7 if and only if the sequence of partial sums {si(f)};—, converges uniformly to x(r) on
(20, 11]7-

The following theorem is the generalized time scales version of the basic theorem in
analysis that states “the uniform limit of continuous functions is continuous.”

THEOREM 2.1  (The Uniform Limit of C,4 Functions is C,;). Suppose that equation (2.1) is
an infinite series of rd-continuous vector valued functions on [ty, 4]y that converges
uniformly to x(t) on [ty, t;]y. Then x(t) is rd-continuous for all t € [ty, t1]7.

Proof. We need to show that x(#) is continuous for all right dense points in [#y, #;]T and its
left-sided limits exists (finite) at all left dense points in [rg, £;]7.

Choose any ¢ € [f, t; ] that is right dense and define the sequence of partial sums s,(f) as
in (2.2). Given ¢ > 0, we know that there exists an N, > 0 such that, for any n > N and all
t € [to, 111, we have |[s,(9) — x()l| < (g/3). Also, since s,(t) € Ceqforalli = 0,1,... and all
t € [#9, 1]y, we know that there exists a 8 > 0 such that for all right dense ¢ € [z, #;]1 and
for all s € [t, #; ]y with 0 < |t — s| < 8, we have ||s;(?) — si(s)|| < &/3.

We now show that for all right dense ¢ € [t, t1]y, the limit x(f) of the partial sum is
continuous. Given € > 0, for any 5 € [fg, t;]7 with 0 < |t — 5| < §, and n > N, as above,

@) = X = x(®) = 52Ol + llsn(t) = sul + llsals) =2 <3 +5 +5=e.
Now choose any t € [1g, t; ]y that is left dense and define the sequence of partial sums s()
as in equation (2.2). We wish to show that the left hand limit of x(z), denoted x(¢ ™), exists
(finite). Thus, given &€ > 0, we prove that there exists a 8" > 0 such that for all s, 7€
(t — 8,07, we have |Ix(s) — x(D|| < . Observe, setting 6":8 and n > N, from above,
given s, 7 € (t — 8%, 1)1 C [to, 11T we have

e & &
lx(s) = x(DIF =< llx(s) — s + llsals) = sa (DIl + llsn() — x(D)I < 3t3t3=s O
‘We remark that term-by-term differentiation of a uniformly convergent series of functions

does not always give the derivative of the sum. Therefore, we state the next theorem to

establish criteria that make this possible.

THEOREM 2.2 Suppose that equation (2.1) is an infinite series of rd-continuously-
differentiable vector valued functions on t € [to, 111 (i.e. x;(t) € C:d([to, 41y, R)) for all
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t € [ty, )]y and all i € Ny) that converges uniformly to x(t) on [tg, t1]7. Then if the series
Z;i xiA(t) converges uniformly on [ty, 1,17, it converges to xA(t).

A detailed proof of Theorem 2.2 can be found in [4, Thm. 8.12].

We say that the infinite series (2.1) converges absolutely if the series of real functions
Zfiollxi(t)ll converges on the interval. We will also employ the Weierstrass M-Test in the
following section.

Lastly, we ask the reader to refer to the Appendix for the definitions of two types of
polynomials used throughout this paper, the generalized polynomial A,(f, 7) and the
generalized A-polynomial p}(z, 7).

An important fact that will be used in the sequel is that on an arbitrary time scale T, for all
k € Ny and 1 = t,, we have I (¢, 10) < (t — to)*/k!.

3. The solution to the linear dynamic system

3.1 Existence of a solution

We answer the question of existence of a solution to the regressive homogeneous first order
linear dynamic system

20 =AOx@), x(t))=xp, toET. 3.1

Given any initial time #q € T, initial state x(fo) = xo, and an arbitrary time T > 0, we
define a sequence of vectors {x;(f)};=, on the closed interval [ty, o + T]y. This sequence can
be thought of as a sequence of approximate solutions to equation (3.1).

We show now that the sequence converges absolutely and uniformly on [#g, + T1y.
Define the sequence {x;(t)};~, on [to, o + T]y as

x0(8) = xp
el

xi(®) = x + | A(si)xo(s1)Asy

JIp
1

x(0) =xo+ | A(s)xi(s1)As,

Jiy

xi(8) = xo + | AGs1)xi=1(s1)Asy. 32

Jip

We can write x(t) as a sum of terms involving nested integrals of the system matrix A(?),

t ! St
x(0) = %o +J A(s1)xoAs, +J A(n)J AGs2)xoAszAs, + - -

fo fo 4]

+ J' A(sl)f A(sy)-- -JSi_lA(si)onsi- . As,. (3.3)

Iy o )

To analyze the convergence of our sequence, we can write x(f) as a telescoping sum

i—1
x(0) = x00+ Y [Ga@® - x50, i=0,1,...

=0
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This sequence of partial sums of the infinite series of vector functions

=0

is exactly the sequence {x;(f)};2,. So we can now analyze the convergence properties of the
infinite series in (3.4), since they are equivalent to those of the sequence of vectors in (3.2).
We now apply a direct convergent argument to the series.

Since the matrix A(f) € Cq(T, R™") for all ¢+ € T, we see that on the compact interval
[%0, 20 + T1t, by [4, Thm. 1.65], ||A(9)|| is bounded. Thus we let

to+T
a= max_A®I and B=j lAGwollAs:.

t€[to,t0+ Ty fo

Now using the terms in the infinite series (3.4),

xo() + Y [x41(8) = x(0)] (3.4)

Ilx (1) — xo())lf = = J lA(s)xollAsy = B, t € [to,20 + Tly.

o

J A($)xpAsy

0]

Following this we have

J A(s1)x1(51) — A(s1)xo(s1)Asy

to

[lx2(8) — 1Ol =

slemmn@o—m@mmn

fo

t
= J aBAs, = aB(t — 1), tE [to, 50+ Ty.

fo

In general we have

i1 (1) — x: I = j A(s))xi(s1) — A(s1)xi—1(s1)As,

fo

= J IAGs)Ixi(s1) — xi—1(s1)I|Asy

o
al(t — to) :
SB—IT!—————, tE [to,to+Tly, i=0,1,... (3.5)
With these bounds, we apply the Weierstrass M-Test. In equation (3.4), the terms are
bounded for any ¢ € [ty, tp + Ty since

a'Ti
oIl = llxoll and  [lxi1 () — x| = BT’ i=0,1,...

So the series (3.4) is bounded by a convergent series of bounds
ool + 3 BEL = ol + e
=

So the infinite series (3.4) converges absolutely and uniformly on [#y, #o + 7]y, and since

‘ each term in the series is rd-continuous on the interval, by Theorem 2.1, the limit, which will

be denoted x(¢), is rd-continuous on the interval. Since the convergence properties of the

‘ series in (3.4) are equivalent to the sequence in (3.2), the sequence converges absolutely and
| uniformly on [tg,p + Tly.

O
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(From equation (3.3), letting { — oo, the limit of the sequence (3.2) can be written as the
infinite series

x(t) = xg + J A(sxoAs; + J A(sl)J lA(sz)onszAsl +.-

fo fo fo

+ J A(sl)rA(sz). . .r_IA(si)ons,'. Asi+ .. (3.6)

1] fo fo

The last step involves showing that this limit x(f) € Cl,, and that it satisfies the linear
dynamic system (3.1). Evaluating equation (3.6) at t=t;, we obtain x(fg) = xo. Delta
differentiating equation (3.6) term by term on the right hand side, yields

t ! Si—1

A(sz)...J A(sdxols;. . .Aso +...  (3.D)

fo

0+ Ax + A(I)J A(s2)xpAs + - - +A(t)J

o fo

The ith partial sum of equation (3.7) is the ith partial sum of the series A(f)x(f)—this
can be seen by comparing equation (3.6) to (3.7)—and uniform convergence of (3.7) on
[to,to + Ty follows. By Theorem 2.2, this term by term differentiation yields the delta
derivative of x(f) and that derivative is exactly A(f)x(f). We note that since solutions to
equation (3.1) are required to be C:d, we note that the terms in (3.7) are Cy. We know that by
Theorem 2.1, an infinite series of rd-continuous functions that converges uniformly to x ()
on [ty, 79 + Ty implies that xA(t) € C.. Thus, we have shown that (3.6) is a solution of
equation (3.1). We can use the same process for elements ¢t € [ty — T, to]y, with appropriate
uses of absolute value signs in certain inequalities.

Next we factor out the initial vector xg in the series (3.6) to obtain

x(t) = <1 + J A(s1)Asy +J A(sl)J IA(sz)AszAsl
! Lo (3.8)

51 Si—1

t
G J A(SI)J A(s2). . J A(s)Asi. . As 4+ .. .)xo.
Iy Iy 4]

We denote the n X n matrix series in the parentheses of (3.8) by ®4(¢, to)—the transition
matrix for the system (3.1). We can write our solution to equation (3.1) in terms of the
transition matrix as

x(1) = @4(t, 10) xo.

For any xg, the n X 1 vector series ®4(t, 1) in equation (3.6) converges absolutely and
uniformly atevery ¢t € [ty — T, ty + T}y, forany T > 0. It follows that the n X n matrix series
D ,4(, 1p) converges absolutely and uniformly on the same interval. To prove this fact, choose
Xo = v}, the jth column of /,,, to show the convergence properties of the jth column of @ 4(¢, 1,).
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We may also view this transition matrix as a function of two variables, written as ®4(t, 1),
defined by the generalized Peano-Baker series

St

! t
O, D=1+ J A(s)Asy + J A(sl)j A(s2)AsoAsy +---

T

t S1 Si—1
+ J A(S])J A(Sz). . J A(S,‘)AS,‘. . .AS1 + ... (39)

T T

3.2 Uniqueness of the solution

We now show that the there is only one solution to the linear dynamic system (3.1). The
strategy is to show that any two solutions of equation (3.1) are necessarily identical.

THEOREM 3.1 (Uniqueness of Solutions) Consider the regressive linear dynamic system
(3.1) with arbitrary, but fixed, initial conditions x(tg) = xo. If x(t), y(t) € Cid are solutions to
equation (3.1), then x() = y(t) forallt € T.

Proof. Define z(r) = x(¢f) — y(¢). Then z() satisfies
220 = AD(),  z(to) = 0. (3.10)

We now show that (3.10) implies z(¢) = 0 for all ¢ = 1,
Integrating both sides of (3.10) from ¢, to any ¢ = #; and taking norms of both sides we
have the inequality

lz)ll = j ANl As.
o

Applying the Gronwall’s inequality [4], this inequality yields [[z(®)I| = O for all z = #.
For ¢t = 1y, a similar development is used which concludes uniqueness of solutions for
allz € T. O

THEOREM 3.2  For any initial conditions x(ty) = xo, the regressive linear dynamic system
(3.1) has the unique solution

x(t) = D42, to)xo,

where x(1) € CL(T,R™™).
The transition matrix @4(t, ty) is given by the Peano-Baker series (3.9) that converges
absolutely and uniformly for t, to € [ — T, T), where T > 0 is arbitrary.

4. The constant matrix case

We now give a special case of when we can simplify the generalized Peano-Baker series into
the form of the matrix exponential e,(t, 7).
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THEOREM 4.1 Suppose that A(t) = A is a constant matrix. Then the transition matrix for
equation (3.1) is

D2, 10) = ealt, 1),

where, the matrix exponential is defined by the power series

ealt,to) = A'hi(t, o) @n
i=0 )

which converges absolutely and uniformly on [—T,Tly, for any T > 0.

Proof. Choose any T > 0 and set T*: = 2T. On any interval [—T, T]y, the matrix valued
function in the series (4.1) are bounded by
Ak - 1¢ = w)l* _ BAl‘T™

A Rz, to)ll = NARI - (2, 20)| < = , k€N,
k! k!

By the Weierstrass M-Test, since the bounding series of positive real numbers

i lAllT*
k!

i=0

converges, the series in (4.1) converges absolutely and uniformly on [ — T, 7], for any
T>0
O

Example 1 In this example, we give insight for the series definition of the matrix
exponential in (4.1). From equation (3.1) with A(f) = A, a constant matrix, we have the time
invariant linear dynamic initial value problem

X)) = Ax(t),  x(t0) = %o
Using equation (3.2) as an approximating sequence, the general term in the sequence is

t t 51 t S Si-~1
xi() = xp + J AxpAs; + J AJ AxpAsrAsy + -+ J AJ A.. J AxpAs;. . Asy
) o

Io f/ Iy 1, to Ip

— <I+AJ Asi 4+ AiJ JXI...JSi;IAsi...Asl)xo = (ZAihi(t, to))xo. 42)

t toJ 1o o i=0

The limit of this sequence is

t t 5 Si—1
x(t) = (1+AJ As1+-~~+AiJ J J Asi...As1+...)x0

fo 1o o

= (ho(t, t0) + Ahy(t,t0) + -+ + A'hi(t, 1) + .. Jxo = (ZAih,-(t, to)) xp.  (4.3)
i=0
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Delta differentiating equation (4.3) term by term, we obtain

t - t 82 Si—1
XA(I)= (O+A+AZJ A82+"‘+AiJ J J As,-...As2+...>xo

fo foJd 1o fo

t . LI} Si-2
=A<I+AJ AS1+"'+A1_1J J J xOAsi_l...As1+...)x0

4] foJ 1o o

=AU + A1) .. + A i () + .. )0 = A <2Aih,-(t, t0)> xo = Ax(?).
=0

We remark that when T = R, (4.3) becomes
i VAN - ) B
x@) = (ZOA hi(t, to)>xo = (ZO ;—l()) xo = A0 )y,
i=| =

Thus, from Theorem 4.1 and Example 1, we obtain an infinite series representation for the
time scale matrix exponential in (4.1).

5. Explicit representation of the matrix exponential

We now develop two explicit representations of the time scale matrix exponential. The first
form employs the generalized version of the Laplace transformation [4], while the second
shows that the exponential can be expressed as a finite sum of the powers of the matrix
constant A in equation (5.1). For the remainder of this section, we consider the regressive
matrix initial value problem

X4 = AX(r), X(to) =L (5.1)
Taking the Laplace transformation of both sides of equation (5.1) with 7y = 0, we obtain
LIXA®) = 2L{X®) — X(0) = LIAX (D)},
which yields
& = ALXO} =1
and thus
LIX@)} = (d — A"

Since we know the unique solution to equation (5.1) is X(f) = ea(t, 0), by the generalized
Laplace transform, we see that the Laplace transformation of e,(t, 0) is (z/ — AL Using the
formula

_adj(d — A)

_ -1
@-A" = det(d — A)’

we see that (zZ — A) ™' is an n X n matrix of strictly proper rational functions of z. This is true
because the det (z/ — A) is a degree n polynomial in z while the adj (z/ — A) is, at most, an
n — 1 degree polynomial in z.



1254 J. J. DaCunha

We can represent the determinant as follows. Letting Aj,. . .,A,, be the distinct eigenvalues
of A and sy,. ..,s,, be the respective multiplicities (with m =< n), we have

det(ed —A)= (2= A)"...(z— An)™.

Thus, the partial fraction expansion of each entry in (zI — A)~! yields

m Sk

1
(ZI _A)_l = Z 1 Rkjm, (52)

k=1 j=

where each Ry; is an n X n matrix of partial fraction expansion coefficients (i.e. each entry in
Ry; is the coefficient of 1/(z — A¢Y in the expansion of the corresponding entry in the matrix
(& = A)™"). We note that Ry; will be complex valued if the corresponding eigenvalue A, is
complex valued. Using a formula for partial fraction expansion coefficients, Ry; can be

written as
L A - 4]
= ——[(z — - .
(5% —J)! g ¢ —h

Ry;

Taking the inverse Laplace transform, utilizing the Laplace transform in the Appendix, we
obtain an explicit representation for the time scale matrix exponential

m Sk
eat,0)=Y > " Ryp}*,(1,0)er,(t, 0).

k=1 j=1
The following theorem, motivated by [7,10], shows that we can express the matrix
exponential as a finite sum of powers of the matrix A with infinitely rd-continuous delta

differentiable functions (i.e. Ci3(T, R)) as coefficients.

THEOREM 5.1 Consider the matrix linear dynamic IVP (5.1). Then there exist scalar
Ca(T, R) functions yo(t, to),. . . Vu-1(t, to) such that the unique solution has the representation

n—1
ealt, 10) = ) _ lt, to)A*.
k=0

Proof. The strategy we will use is to show that there exist scalar Ci(T,R) functions
'YO(t, tO)’- . "yn-l(t’ t()) such that

n—1 n—1 n—1
D %t 1A ="t 1A, N o, t)A* = 1. (5.3)
k=0 k=0 k=0

By the Cayley-Hamilton theorem, we have that A satisfies its characteristic polynomial. In
other words, we may write

A" = “Col - CIA — e = C,,_lA”_l,

where cq,. . .,c,.; are the coefficients in the characteristic polynomial of A. Now we may
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express (5.3) in terms of [, A,. .., A =1 as

n—1 n—2 n—1
DR A =D AR 0AT = ceva-r(t, 10)AF
k=0 k=0 k=0

n—1

= oY1 I + Y [Yem1(8,10) = i1t 10)IAY,  (5.4)
k=1

keeping the initial conditions the same.
We solve equation (5.4) by solving the coefficient dynamic equation power of A
separately. We obtain the time invariant linear dynamic matrix equation

Y3 (t, to) 0 ... 0 -—¢p Yo(t, to) Yo(to, fo) 1
Yo, to) 1 ... 0 —¢ Y1(t, 1) Y (to, o) 0
Ya_1(t, 1) 0 ... 1 —comi || Yaoi1(t,20) Ya—1(to, to) 0

Existence of a solution to this linear dynamic matrix equation proves existence of
infinitetly rd-continuous delta differentiable functions yy(t, #),...,¥.-1(2, fo) that satisfy

equation (5.4), thus satisfying equation (5.3). 0

We present the following simple example to illustrate Theorem 5.1.

Example 2. Consider the regressive linear matrix dynamic system

0 1

1 0o X, X@)=1

X%»=l

The characteristic polynomial is p(a) = o> + 1. Thus, as in Theorem 5.1, we see that
cg = 1 and ¢; = 0. The system we solve is

Yo(t, to) 0 —17 [yt t) Yo(to, to) 1
Yittt)| |1 0 |[n@w)] | nGw)| |o|
It is easy to verify that

Yo(t,t0) = cos1(t,t0) and (¢, ) = sin (¢, to).

Thus, we can write the solution X(f) = e4(¢, t) as the finite series

0 cos ((t, tp) ~sin (¢, tp) 0

1 cos 1(t, tp) 0 0 sin ((t, to)
ealt,to) = Y wlt, t0)A* = l ] [ ] ;
k=0

which is exactly the solution we expected.
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6. The transition matrix on specific time scales

We have shown in the first part of this paper how the generalized Peano-Baker series is the
unique solution to all first order regressive linear dynamic equations of the form (1.1), (3.1)
and (5.1) on arbitrary time scales. In this section, we have chosen some examples to illustrate
the Peano-Baker series as the unique solution to the linear dynamic system.

The following example is motivated by [8].

Example 3. Consider the regressive (on T = Z) time varying homogeneous discrete linear
dynamic system

AX(t) = AOX(1), X(0)=1, (6.1)
where,
— 1 2+(_ 1 !t
2
A(t) = 2+!2— 1 !‘ _ 1

We verify that the transition matrix for equation (6.1) is given by

1,

n tn Si—1
A(s))As; + - - +J A(sy). . J A(s)As;. . Asp +...,
0 0

Du(t,,0) =1+ J
0

where, t; = i € Z. By the composition property of the transition matrix, we have
Dp(tn, 0) = Paltn, tp-1). . . Pa(t1,0).
Thus, for any 1 = k < n, by the properties of time scales integration and the fact that
() = 11in Z, we have

A(Sl)J A(Sz)ASzAS[ +...

k-1

L 1

Qute, ti-1) =T+ J A(s)As) +J

b—1 k-1

k-1
=1+ p(te-1)A@G-1) + M(tk—l)A(tk—l)J A(s2)Asy + ...

te—1
=T+ plte-1DAe-1) =1+ A(te-1)-
It is clear that after the second term in the Peano-Baker series above, all terms become
zero. Thus, with the assumption that an empty product of matrices is the identity matrix,

=1

®utn, 0) = [ 0 + A,
i=0

which becomes

L[ G ()
DQ4(tn,0) = 5—

Yt (\/g)twl_._(__\/g)tnﬂ (ﬁ)'"-{-(—ﬁ)"’ (62)

In the following example, we show the calculation of the transition matrix via the Peano-
Baker series in equation (3.6) produces the solution to the linear dynamic system.
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Example 4. For the 2 X 2 matrix linear dynamic system

0 ¢

A —
X0 = [0 0

_ 1 0
X(@®), X()= [0 1] ,
the transition matrix via the Peano-Baker series is
1 0 + 10 M t [0 M s | O 52
+_[,0|:0 0 ASI+J,O|:0 0:|j'o|:0 0j|ASzAS1+....

01
It is easy to see that all terms of the Peano-Baker series are the zero matrix after the second
term. Hence,

Pt 1) = [

1 ‘r S|AS1
Du(t,10) = f0 .
A, 10) lo |

The complete solution can be used along with the solution to the homogeneous scalar
linear dynamic system

x8(t) = a(dx(®), x(to) = xo,

for t = ¢y, which is given by e,(t, 15)xo. The next example illustrates a divide and conquer
approach to finding the transition matrix which is motivated by [10].

Example 5. To find the solution to the linear dynamic system
at) 1

A —
0= [ 0 b

X1y
]x(t)a x(tO) =Xp = |: } ) (63)
2

we write the system out as a pair of scalar dynamic equations

B = a®x (O + x2),  x1(to) = x1,

%@ = bOx(),  x(to) = x2,.
It is straightforward that x,(f) = e,(t, #9)x,. The first scalar equation can be viewed as the
forced scalar dynamic equation
X)) = a(Oxi (D) + ep(t, to)xsy,  X1(t0) = X1,

We can verify the solution is

!

x1(t) = eq(t, to)x1, + j eq(t, o(s))ep(s, to)x, As.
o
Putting into matrix form, we obtain,

et [l ealt, ofsDen(s, t0)As
)= 0 ey(t, to) o

and immediately obtain ®4(¢, #;).
It can be verified that the solution obtained by implementing the Peano-Baker series, along
with our knowledge of the series representation of the generalized exponential function in
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equation (4.1), is in fact the series representation of the transition matrix ®,(¢, #,) for
equation (6.3).
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Appendix: A time scales primer

A.1 What are time scales?

A thorough introduction to dynamic equations on time scales is beyond the scope of this
appendix. In short, the theory springs from the 1988 doctoral dissertation of Stefan Hilger [6]
that resulted in his seminal paper [5] in 1990.These works aimed to unify and generalize
various mathematical concepts from the theories of discrete and continuous dynamical
systems. Afterwards, the body of knowledge concerning time scales advanced fairly quickly,
culminating in the excellent introductory text by Bohner and Peterson [4] and their more
recent advanced monograph [3]. The material in this Appendix is drawn mainly from [4].
A succinct survey on time scales can be found in [2].

A time scale T is any nonempty closed subset of the real numbers R. Thus time scales
can be any of the usual integer subsets (e.g. Z or N), the entire real line R, or any
combination of discrete points unioned with continuous intervals. The majority of research
on time scales so far has focused on expanding and generalizing the vast suite of tools
available to the differential and difference equation theorist. We now briefly outline the
portions of the time scales theory that are needed for this paper to be as self-contained as is
practically possible.

The forward jump operator of T, o(f): T— T, is given by o(f) = inf ey{s > t}.
The backward jump operator of T, p(r) : T — T, is given by p(t) = sup,er{s < t}. The
graininess function u(r): T—[0,00) is given by w(f) = o(r) —t. Here we adopt the
conventions inf@ =sup T (i.e. o(f) =¢ if T has a maximum element #), and sup@® =
infT (ie. p)=¢ if T has a minimum element 7). For notational purposes,
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the intersection of a real interval [a, b] with a time scale T is denoted by [a,b]N
T:= [a, b]1]'

A pointt € T is right-scattered if o(#) > ¢ and right dense if o(¢) = ¢. A point ¢ € T is left-
scattered if p(f) < t and left dense if p(f) = 1. If ¢ is both left-scattered and right-scattered, we
say tis isolated. If ¢ is both left-dense and right-dense, we say ¢ is dense. The set T* is defined
as follows: if T has a left-scattered maximum m, then T“ = T — {m}; otherwise, T* = T.
If f : T— R is a function, then the composition f{o(¢)) is often denoted by £(z).

For f: T— R and ¢ € T* define f2(¢) as the number (when it exists), with the property
that, for any £ > 0, there exists a neighborhood U of ¢ such that

IIF (o) — ()] = FADIo@) — 51| < elo(r) — s, Vs E U.

The function f* : T* — R is called the delta derivative or the Hilger derivative of fon T*.
We say fis delta differentiable on T* provided f2(z) exists for all z € T.

The following theorem establishes several important observations regarding delta
derivatives.

THEOREM A.1  Supposef : T— R andt € T".

(i) If fis delta differentiable at t, then f is continuous at t.
(i) If f is continuous at t and t is right-scattered, then f is delta differentiable at t and
[F20) = f(ott) = FO)/ o).
(iii) If t is right-dense, then f is delta differentiable at t if and only if lim ., [f(t) —
F()1/(t — 5) exists. In this case, f2(t) = lim ., f() — f(5)/t — .
(iv) If fis delta differentiable at t, then flo()) = () + u(t )fA(t).

Note that f* is precisely f’ from the usual calculus when T = R. On the other hand,
f A= Af=ft + 1) — f(t) (i.e. the forward difference operator) on the time scale T = Z.
These are but two very special (and rather simple) examples of time scales. Moreover, the
realms of differential equations and difference equations can now be viewed as but special,
particular cases of more general dynamic equations on time scales, i.e. equations involving
the delta derivative(s) of some unknown function.

A function f: T— R is rd-continuous if f is continuous at every right dense point
t €T, and its left hand limit exists at each left dense point t € T. The set of rd-
continuous functions f : T— R will be denoted by C,y = Cg(T) = Cy(T,R) A function
F:T—Ris called a (delta) antiderivative of f : T— R provided F %(r) = f{r) holds for
all t € T. The Cauchy integral or definite integral is given by fz f@)At = F(b) — F(a),
for all a,b € T, where F is any (delta) antiderivative of f. Suppose that sup T = oo. Then
the improper integral is defined to by f:f(t)At = lim p F' (t)IZ foralla € T. We
remark that the delta integral can be defined in terms of a Lebesgue type integral [3] or a
Riemann integral [4].

THEOREM A.2 (Existence of Antiderivatives).

(i) Every rd-continuous function has an antiderivative. If tg € T, then F(f) = f: Of(’T)AT,
t € T, is an antiderivative of f.
(i) If f € Crg and 1 € T, then [TOf(DAT = f(t)u().
(iii) Suppose a,b € T and f € C,,.
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(@) If T =R, then [’f(At = [*f(1)dt (the usual Riemann integral).
(b) If [a, b]y consists of only isolated points, then
Z;e[a,b)rf (D),
b
Jf(t)At = % a=b,
¢ _Zte[b,a)Tf(t),“'(t), a>b.

a<b,

The last result above reveals that in the continuous case, T = R, definite integrals are the
usual Riemann integrals from calculus. When T = Z, definite integrals correspond to definite
sums from the difference calculus; see [8].

A.2 The Hilger complex plane

For h > 0, define the Hilger complex numbers, the Hilger real axis, the Hilger alternating
axis, and the Hilger imaginary circle by

Ch:={zEC:z#—%}, Rh:={zER:z>—%},

1 1
il =i
respectively. For h =0, let Cy :=C, Ry := R, A := @ and [, := iR. See figure 1.

Let h > 0 and z € C,,. The Hilger real part of 7 is defined by Rey(2) := (|zh + 1| — 1)/,
and the Hilger imaginary part of z is defined by Imy(z) := (Arg(zh + 1))/h, where Arg(z)
denotes the principal argument of z (i.e., — m < Arg(z) = ). See figure 1.

For A > 0, define the strip Z;, ;= {z € C: —7w/h < Im(g) = w/h}, and for h =0, set
Zy := C. Then we can define the cylinder transformation &, : C, — Z, by

Ah:={z€R:z<—%}, I];,:={ZEC:

6= ;Log(1+2h), >0, .

where, Log is the principal logarithm function. When A =0, we define §yz) =z, for
all z € C. It then follows that the inverse cylinder transformation & 1.2, —C, is

given by
1
1 _ e
& (@= - (7.2)
—— Im()) Im(x)
g .

£Im, (2) \X/”A\‘\ N \ PalN 5“

/o | \ \ R

i RYVAY i

\ ~1/p ) Re,(2) ~1/p Re()) Re()\)

\‘ A /, —1

9=Im“(z) S e E“

Figure 1. Left: the Hilger complex plane. Right: the cylinder (7.1) and inverse cylinder (7.2) transformations map
the familiar stability region in the continuous case to the interior of the Hilger circle in the general time scale case.
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Since the graininess may not be constant for a given time scale, we will

interchangeably subscript various quantities (such as £ and ¢ ~') with p = u(f) instead
of A to reflect this.

A.3 Generalized exponential functions

The function p : T— R is regressive if 1 + u(f)p(r) # 0 for all + € T*, and this concept
motivates the definition of the following sets:

R={p:T=R:peCy(Mandl + wtp@) #0 V:eE T},
RY*={(pER:1+up@t) >0 foralls € T*).

The function p : T — R is uniformly regressive on T if there exists a positive constant &
such that 0 < 87" = [1 + u(p(®)l, t € T*. A matrix is regressive if and only if all of its
eigenvalues are in R. Equivalently, the matrix A(?) is regressive if and only if I + u(H)A is
invertible for all 1 € T*.

If p € R, then we define the generalized time scale exponential function by

The following theorem is a compilation of properties of e,(z, #5) (some of which are
counterintuitive) that we need in the main body of the paper.

!
ep(t,5) = exp (J E,L(T)(p('r))A‘r), foralls,r € T.
THEOREM A.3  The function e,(t, t,) has the following properties:

(i) If p € R, then ey(t, rey(r, s) = ey(t, s) forall r,s,t € T.
(ii) e, ) = (1 + pOp)ey(t, 5.
(iii) If p € R* then eyt to) >0 forallt €T.
(i) If I + u(Op(t) < 0 for somg t € T*, then e, (1, to)e (0 (2), o) < O.
) If T =R, then ey(t,s) = eJ’ 47 Moreover, if p is constant, then ep(t,s) = e”f'_s.
(Vi) If T =Z, then ep(t,s) = H',;i(l + p(1)). Moreover, if T = hZ, with h > 0 and p is
constant, then ey(t,s) = (1 + hp)@=o)/k

Ifp € Rand f: T — R is rd-continuous, then the dynamic equation

yA(t) = p(e)y(®) + f(t) (7.3)

is called regressive.

THEOREM A.4  (Variation of Constants) Let to € T and y(to) = yo € R. Then the regressive
IVP (1.3) has a unique solution y : T — R" given by

¥(©) = yoep(t, o) + J ep(t, o(M)f (DA,
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We say the n X 1-vector-valued system

YA = A@t)y(t) + f(2) (7.4)

is regressive provided A € R and f : T — R” is a rd-continuous vector-valued function.
Letty € T and assume that A € R is an n X n-matrix-valued function. The unique matrix-
valued solution to the IVP

YA = AOY(Q), Y(to) = I, (7.5)

where I, is the n X n-identity matrix, is called the transition matrix and it is denoted by
Pa(t, t0)-

In this paper, we denote the solution to equation (7.5) as @4(¢, #,) when A(¢) is time varying
and denote the solution as e4(t, t5) = P4t tp) (the matrix exponential, as in [4]) only when
A(t) = A is a constant matrix. Also, if A(¢) is a function on T and the time scale matrix
exponential function is a function on some other time scale S, then A(?) is constant with
respect to e4 (7, 5), forall 7,5 € S and t € T. The following lemma lists some properties of
the transition matrix.

THEOREM A.5 Suppose A,B € R are matrix-valued functions on T.

(i) Then the semigroup property ®,(t, VP (r, s) = P41, 5) is satisfied for all r,s,t € T.
(ii) ®alo(?),s) = (I + p(NAD)PA(L, 5).
(iii) If T = R and A is constant, then ®4(t,s) = ex(t,s) = eA0™9,
(iv) If T = hZ, with h > 0, and A is constant, then ®(t,5) = ea(t, s) = (I + hA) /",

We now present a theorem that guarantees a unique solution to the regressive n X 1-vector-
valued dynamic IVP (7.4).

THEOREM A.6 (Variation of Constants) Let to € T and y(ty) = yo € R". Then the
regressive IVP (7.4) has a unique solution 'y : T — R” given by

¥(6) = ®alt, 10)y0 + j ®4(t, (M) (AT, (7.6)

0
A.4 Linear systems and regressive matrices

The following theorem states generalized delta differentiation for matrix-valued functions on
arbitrary time scales. Detailed proofs of the following can be found in [4, Thm. 5.2, 5.3].

THEOREM A.7 Suppose that A and B are delta differentiable n X n matrix-valued functions.
Then

(i) A°(r) = A + AL @)
(i) A+B)>2 =A% +Bb;
(iii) (ozA)A =aA® if a is a constant,
(iv) AB)® = AB+A“B2 = ALB” + AB%,;
W) AHE =—@A)1A%AT = —AT'ALA%) T if AAT is invertible.
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We define the matrix-valued function A(¢) is regressive (with respect to T) provided
I + (DA is invertible for all t € T*. Equivalently, the matrix A is regressive (with respect
to T) if and only if each of its eigenvalues are regressive (with respect to T).

A.5 A new Laplace transformation

We start with the definition of the generalized polynomial, which is given by
2
ho(t, ) =1 and M(r,7) = J he—1(s, DAS,
T

for all ¢, 7 € T and k = 1,2,... The generalized polynomial has delta derivative
By, =0 and hi(t, ) = b (t, 7,

forallt, 7€ T and k=1,2,...
It can be verified that when T =R, the kth generalized polynomial
becomes Ai(t,7) = (t — DF /k!.When T =7, the kth generalized polynomial becomes

t—171
hk(t, ’T) = k .

We define the generalized A-polynomial by

t

A
—p7 (s, TAs,
1+ palk 17

p())‘(t, 7 =1 and pﬁ(t, T) = J

forallt,7r€ T and k=1,2,...
The generalized polynomial has delta derivative

pot,7=0 and pl(t,7) = pr_ @, D,

1
14+ (A

forallt,7€ T"and k=12,...
It can be verified that when T = R, the kth generalized A-polynomial becomes,

-

A —
pk(ta T)_ k'

When T = Z, the kth generalized A-polynomial becomes,

N t—T 1
Pt 7= K m

We say a function f : T — R is regulated provided its right- and left-sided limits exist at all
right- and left-dense points in T, respectively.

The Laplace transformation is given next. Assume that the function x : T — R is regulated.
The Laplace transformation of x is defined by

{e ]

L{x}(s) := J x(Ded(t, 0)At 1.7
0
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for s € D{x}, where D{x} consists of all complex numbers s for which the improper integral

exists.

THEOREM A.8 Assume that p}(t,0), k € Ny, are defined as above. Then

L{p(t,0)e(t,0)}(s) = G T

for those regressive s € C satisfying

lim {p}(r,0)ex(t, 0)ec,(t,0)} =0, forall 0=<i=<k.
11—
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