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An initial value problem for the functional differential equation

Y'(1) = Ay(t) + By(q) + Cy'(gt) +1(r), t>1,>0,
where A, B, C are complex matrices, g€ (0, 1), and f is a vector of continuous functions, is
considered in this paper. Its solution is represented in terms of the fundamental solution via the
variation-of-constants formula. For some special cases, the fundamental solutions are
formulated as piecewise Dirichlet series. The variation-of-constants formula is used to analysis

the asymptotic behaviour of the solutions of some scalar equations, including one with variable
coefficients related to coherent states of the g-oscillator algebra in quantum mechanics.

1 Introduction

This paper is concerned with the initial value problem of the nonhomogeneous functional
differential equation

Y () = Ay()+ By(q)+ Cy'(qt) +1(1), t>1,, (1.1)
yi(t) = (1), telqty ty), (1.2)

where A4, B, C are d x d complex matrices, ¢€(0, 1), 7, > 0, fe C[z,, o), and ¢ € C'[gt,, t,].
A (vector-valued) function y is defined as a solution of (1.1, 1.2) if ye C[t,, c0) such that
it coincides with ¢ in the interval [¢1,, 7,] and y(¢) — ¢~ Cy(g?) € C'(¢,, 0) obeys the equation

[Y()—q7' Cy(gn)] = Ay(D) + By(q)) + (1), 1> 1, (1.3)

This definition is in line with the one for functional differential equations with constant
delays given in Hale and Verduyn Lunel [32]. It can be shown by the method-of-steps that
the solution of (1.1, 1.2) exists and is unique. In general, the solution is not differentiable
at t=q "t, for neZ", unless ¢ satisfies the consistency condition

¢'(1,) = Ap(ty) + Bop(qty) + CP'(gt,) + (7).

Functional differential equations with proportional delays are usually referred to as
pantograph equations or generalized pantograph equations. The name pantograph
originated from the work of Ockendon & Tayler [1] on the collection of current by the
pantograph head of an electric locomotive, where the mathematical model was reduced to
a system (of four equations) of the form
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Y (x) = Ay(Ax)+ By(x), x>0 (1.4)

with 4 and B being constant matrices and A€ (0, 1) is a parameter. Equations of a similar
form appear in many applications such as astrophysics [2], nonlinear dynamical systems [3],
probability theory on algebraic structures [4], spectral problem of the Schroédinger
equations [5] and quantum mechanics [6]. In particular, the nonhomogeneous scalar
cquation Y(X) = ay(Ax) + by () +fx), x> x, >0, (1.5)
where a and b are constants, A€(0,1), fe C[x,, o), was derived by Fox et al. [7] as the
mathematical model for a problem in electric locomotion.

The homogeneous case of (1.5) has been studied in great detail by De Bruijn [8], Kato
[9] and Kato & McLeod [10]. Various expansions or representations of its solution have
been obtained in Fox et al. [7], Frederickson [11], Hahn [12] and Vogl [13]. Some special
cases of the nonhomogeneous equation (1.5) have been investigated by Lim [14], whereas
Carr & Dyson [16, 17] have treated some special cases of the pantograph equation (1.4).

The generalized pantograph equations

y(1) = Ay()+ By(gn + Cy'(q1), 1=0, (1.6)
where 4, B and C are d x d complex constant matrices and g€ (0, 1) has been treated in
Iserles [17] and Liu [18]. Linear equations with more than one proportional delay are
discussed in Derfel [19,20], Derfel & Iserles [21], Derfel & Vogl [22], Frederickson [11],
Hahn [12], Iserles & Liu [23-25], Kuang & Feldstein [26] and Liu [18]. Equations with
variable coefficients are treated in Derfel & Vogl [22], Morris et al. [27] and Feldstein & Liu
[28]. Some nonlinear equations are studied by Iserles [29] and Liu [30], for instance, the
functional-Riccati equation

V(O +q*y (gD +y*()—q*y*(qt) = p, 1R
with ¢ and p being real parameters, which was introduced in Shabat [5] as a simple
reduction of the so-called dressing chain of Schrodinger operators.

The subject matter of this paper is the initial value problem (1.1,1.2). We are mainly
interested in the asymptotic behaviour of the solution. Since (1.1) is different from (1.4) and
(1.6) in the sense that its solution is in general not smooth, many established techniques for
analysing equations such as (1.4) and (1.6) do not apply to (1.1). The basic idea of this
paper is to formulate the variation-of-constants formula for the solution of (1.1, 1.2) using
the fundamental solution. In some cases, the fundamental solution can be represented by
a piecewise Dirichlet series, and subsequently optimal asymptotic bounds can be obtained.
To demonstrate the usefulness of the variation-of-constants formula, we investigate in the
last section the asymptotic behaviour of the solutions of two scalar equations; one of them
has variable coefficients and is related to the coherent states of the g-oscillator algebra in
quantum mechanics.

2. The fundamental solution

The fundamental solution of (1.1) is the unique solution of the initial value problem

y' () = Ay() + By(q) + Cy'(q1), t =1, 2.1
0, gt,<t<t,,
yoy=1 ’ 22)
I, (=1,
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where 7 is the d x d identity matrix. The fundamental solution is denoted throughout this
paper by G(,t,). It should be noted that G(¢,t,) = e*“ ™, te[t,, ¢ *t,], is smooth even
though G(1,1,) ¢ C'[qt,, t,]-

To see the asymptotic behaviour of the fundamental solution G(z, ¢,) as ¢ tends to infinity,
it is desirable to have an explicit representation of the fundamental solution G(,1,).
Motivated by the Dirichlet series expansion in Iserles [17], we seek a piecewise-Dirichlet
series expansion of the form

n k
Gt,t) = X I D, et 4 relgmt,qg " ), n=0,1,..., (2.3)
k=0 /=0
where D, ,, / =0,1,....k, k =0,1,...,, are d x d matrices to be determined. Since
G(t,t,) = ', telt,q ' t,],

it is true that
Dy, =1

Applying the method-of-steps to the initial value problem (2.1, 2.2) yields
AD, ,—D, ,A=0, (2.4)
AD, ,—q¢"'D,,A=—BD, ,,—¢" " 'CD,_,,A, £/=0,1,...k—1, (2.5
whereas the continuity of G(1,¢,) at t = ¢ "¢, gives the recurrence relation
k-1
Dy = _EO Dy, (2.6)

where k =1,2,....

Theorem 1 If A is nonsingular and it commutes with B and C then the fundamental solution
has the representation

n k
G(t,t) = X X (=1

k=0 /=0

FLAYB+ g C\ (! C+¢q7A'B
j=1 —q j=1 I—¢q

xel A relg i, g ). n=0,1,.... (2.7)

Proof It can be shown that the coefficients of 7 4@t~ on the right-hand side of (2.7)
satisfy (2.4) and (2.5). To verify (2.6), the continuity condition, we need only to prove that

; "YATB+q IO\ (L C+q AT B
> —lk%II . )(H : ):Q keN. 23
/:o( ) j=1 1—¢ -1 1—¢ (28)
Let
k k—{ l _qlc—L—jx 1 X—ql_j
Px:Z(H : )(H )
) o\ =4 P
It suffices to show that
P(X) = 0, (29)

since the left-hand side of (2.8) is (— A7 B)* P(— AB™* C™') if B and C are nonsingular (the
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case where B or C'is singular can be dealt with by a continuation argument). To prove (2.9),
we note that

k ) 2 k k=1 1
[a-o] P =z -1r(1s )(11a, ). @.10)
j=1 1=0 j=1 j=1
where
a,=(q""=Dx+q"—¢", b,=1-¢"+(¢"—¢"")x.
The right-hand side of (2.10) is equal to the (k+1) x (k+ 1) determinant

1 a 0 —~ 0 0
1 b, a - 0 0
1 0 b, " : :
Dol a0
1 0 0 b, a,
1 0 0 - 0 b

Adding the third, fourth and all the rest of the columns of the preceding determinant to the
second one yields a determinant whose first and second columns are linearly dependent,
since

ay=a,+b, = =a,_, +b,_,=b,.

Hence, P(x) =0. [

An alternative proof of the identity (2.9) based on hypergeometric functions are
suggested by a referee of this paper, and it goes as follows. Using the two identities (cf. [31])

[]_C] U Q)Z(_ 1)l gri-u-vi2

1 (9,
(z; 9 ( q)l —RlHI-1)1/2
k1= 1. | — 2
(& i @\ z) !

we get

1 Flk 1
P(x) = (CIQ—Q)kEO [7] (/x5 q), (x5 @)y x

_ 9 & @t (/X g1
(45 D 20(q: @), ("7 / x5 q),

_ 9 [q’il/X; }
(9" 'LgF/x; "

We can now use the ¢g-Chu-Vandermonde identity [31, p. 236] to obtain

. 1-k.
P(X) — (xa q)}c (lq_k > Q)k x—k; = 07
(@: @ (g7 x5 @)y
since (¢7™; q), =0 form < k—1.
The condition that 4 commutes with B and C in Theorem 1 is restrictive. However,
without it, the fundamental solution cannot be represented by a piecewise Dirichlet series
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of the form (2.3) when 4 is nonsingular. To prove this, we note that when kK = 1 and k = 2,
equations (2.4), (2.5) and (2.6) are

AD,,—D A =0,

AD, ,—qD, A = —(B+CA),

D,,+D,,=0,

AD, ,—D,,A =0,

AD,,—qD,, A= —(BD,,+CD, , A),

AD, ,—q¢*D, A =—(BD, 4+ CD, , A),

D, +D,,+D,,=0.
After some tedious calculation it can be concluded that the above system of equations of

the unknown matrices D, ,, D, ,, D, ,, D, , and D, , is solvable if and only if 4 commutes
with B and C.

3 The variation-of-constants formula

Denoting the solution of the initial value problem (1.1, 1.2) by y(¢; ¢,, ¢, ), the linearity of
the initial value problem implies that

y(5 10, 9, 1) = y(15 1, 6, 0) +¥(2; £,, 0, ).
The variation-of-constants formula reads

y(t; t, 0. 1) = y(t; 1, b, 0)+Jt G(t,s)f(s)ds, =1, (3.1

to

where

t

V(3 1, $,0) = G(t, 1,) (§(1,) — g Chlqty)) + ¢ f " G(t,q7' 5) By(s)ds

at,,

['0
—qlf [dG(1,g )] Ch(s), t=1t, (3.2)
aty
The last integral in the preceding formula is of Riemann—Stieltjes type with s as the integral
variable.

The validity of (3.1) and (3.2) are not difficult to verify directly, though care should be
taken that the solution satisfies (1.3) instead of (1.1). We note in passing that those two
formulas are similar to the classical formulas (7.12) and (7.13) in Hale & Verduyn Lunel
[32] for a system of functional differential equations of neutral type with a constant delay.

Since (3.2) can be written as

Y(15 1, $,0) = G (1, 1) (B(1) — ¢~ Cilﬁ(qlo))Jrq‘lj0 G(t,q7" 5) Bp(s)ds

at,
t‘)
—q* J G,(t,q ') CP(s)ds, t=q't, (3.3)
aty

where G, is the derivative of G(z,s) with respect to the second variable s, one can obtain
information about the asymptotic behaviour of the solution of (1.1, 1.2) through (3.1) and
(3.3) by estimating the fundamental solution.
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In the sequel, we use || - | to denote the matrix normal induced by a vector norm, likewise
denoted by | - ||, which is arbitrary unless otherwise stated. Note that this assumption is
independent of the norm, since all norms in a finite dimensional space are equivalent. For
the matrix A, a[A4] denotes its maximal real part of the eigenvalues (the spectral abscissa)
and «[A] the maximal geometric multiplicity of those eigenvalues with the maximal real part
afA].

Theorem 2 Assume that A is nonsingular, A commutes with B and C, and B, C % 0. Then the
Sfundamental solution G(t,5), t, < s < t, has the following asymptotic estimates (as t -0 and
T=1/s—>00):

1. If o[A] > O then || G(¢,s)| = O(r*D~tex4ky;
2. If a[A] = 0 then

(@) when ||C|| < g7 ||A7" B,
O IATBIMRGHLAIY) 4oL s s
G, 8)| =1 OF 4 1nT), |4 B| = g\,
O, |42 B| < g,
(b) when ||C|| = g"|| 47" B,
O mieimedat - Cl > 1,
1G(t, )] =1 O In7)?), Icl =1,
O, Icl <1,
() when ||C| > ¢g"Y |4 B,
O ICImesaT) O s 1,
1G(1,9)| = { O 1n7), Icl =1,
O, Icl<1;
3. If o[A] < 0 then | G(1,s)| = O(r™14 " Blmay,

The above theorem can be proved by using the fact that
[e*]| = O(r14 e ) as t—>oc0.

For instance, when «[4] < 0, we have

n k
IG@ o) <47 B|"E X |47 B|™

(n—lic[—/ 1 + qn—lc—l—j HAB—I C |)

k=0 /=0 j=1 1—¢
' |ABC = ¢, -k

X (H |1_|qj+q) et @ =ty telg"ty,qg " ), n=0,1,....
i-1

The double summation on the right-hand side of the preceding inequality can be bounded

uniformly. Hence,
|G(t,5)]| = O™+

as 7 =1/s—>0o0.
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Remark 1 Theorem 2 still holds when B or C vanishes, except that |47 B|| or ||C| should

be replaced by an arbitrarily small positive constant.

Remark 2 Theorem 2 still holds when we replace G(¢,s) by G,(¢,s), the derivative of
G(t,s) with respect to the second variable s.

Remark 3 The asymptotic bounds given in Theorem 2 are optimal in the sense that they
are consistent with those obtained by Kato [9], Kato & McLeod [10] and Carr & Dyson [33]
for the scalar equation

V' (x) = ay(Ax) +by(x), x=x,>0,
where a, b are complex constants, A€(0, 1).

If 4 does not commute with B or C it is still possible to give some (probably not optimal)
asymptotic bounds for the fundamental solution. For instance, the following lemma of Liu
[30] can be used to obtain an asymptotic bound when «[A4] < 0.

Lemma 3 Consider the equation

[y() = Co(D y(gD] = — A, () y() + B\(1) y(q1) +£(1), 1= 1,>0, (3.4)

where A,, B,, C, are matrices of continuous functions and f is a vector of continuous functions,
all defined on [t,, c0). Suppose that the matrices A,, B, and C, have the asymptotic expansions

At)=A, By(t)—B, Cy(t)—-C ast—o0,
and that there exists a constant o. such that
PO < g™ A > g7 A [BHATCl < g (A, +¢* ' A,),
and (t+ 1) £(¢) e Ly(¢,, o0),

where A, and A, are the smallest eigenvalues of (A+ A™)/2 and (C™ B+ B C)/2, respectively.
If y(0)eC([gty, 0)) such that y(t)— C(t)y(qt)eCYqt,, o0) and (3.4) is satisfied, then
y(t) = O(t*) as t—oo.

4 The asymptotic behaviour

In this section, we use the variation-of-constants formula (3.1) to investigate the asymptotic
behaviour of the solution y(¢; ¢,, ¢, f) of the initial value problem (1.1, 1.2). It follows from
(3.1) and (3.3) that

Iy(: 20, 6. 6)[ < M max [ g(s)]| max (|G, )]l + |G,z 9)I])

selqty,tyl se[to,qﬂto]
t
T f 16T ds. 121 (@1)
tO

where M is a positive constant that depends on 4, B, C and ¢ only. When 4 is nonsingular
and commutes with B and C, Theorem 2 provides us with a very good estimate of G(¢, s).
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Subsequently, we can easily formulate the corresponding result for the solution of (1.1,

1.2) via the inequality (4.1).

For simplicity, we consider the nonhomogeneous scalar equation

Y1) = ay(t) + by(qt) + f(0),

t=1t,>0,

4.2)

where a and b are nonzero complex constants, g€ (0, 1), fe C(¢,, c0). In the sequel, we write

y=—Inl[b/dl/Inq

and use the two notations

1, >0,

0, .
a+={‘(’)"’ ZZO: sign(@) =1 0, a=0,
-1, a<O,

for a constant «. Equation (4.2) has been discussed by Lim [14]. To make a comparison we
list the results of Lim in the following two theorems:

Theorem A Let a < 0. Assume that ' exists f(t) = O() and f'(t) = O("Y) as t—o0
for some real constant . Then every solution of (4.2) has the asymptotic bound
(Q(Imax\'%/f} In [)l—sign(\y—ﬂb) as t—>oo.

Theorem B Let a > 0. Assume that f(t) = O(¢%) as t o0 for some real constant 3. Then every
solution of (4.2) is O(e®*™) as t 0.

Using the estimate of G(¢, s) and G,(, s) (see Theorem 2, Remarks 1 and 2), we can obtain
from (4.1) the following result:

Theorem 4 Assume that f(t) = O(t") as t tends to oo for some real constant f. Then every
solution of (4.2) has the asymptotic bound

(Q(tmax{y,/fﬂ; (hl t)lfsign(\y—/ifl\))’ Re a< O,
@(Zmax(y+,ﬁ+1‘, (11’1 l‘)l—sign(|y+—/f—1\))7 RC a= 0’
O(ere™), Rea >0

as t—o0.

In the case Rea < 0, we can obtain a better result under a stronger assumption.

Theorem 5 Assume that f(t) = O(") and f'(f) = O(t" ) as t tends to o for some real constant

p. Then every solution of (4.2) has the asymptotic bound

@(Zmax(%ﬁ% (ln t)l—sign(\r/f\))’

Rea <0,

@([max{h.ﬁ% (]n 1)2—sign(h/—1>+—/f|)—sign(ly—max{(V—1)+v/f:\>)’ Rea=0

as t—o0.
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The preceding theorem does not follow directly from the estimates of G(z,s) and
G,(t,s). Instead, we apply Theorem 4 to the equation
X'(t) = ax()+gbx(q)+ 1 (1), t=q't,>0
to derive the estimate
O(a=tv=LA (In £)L-sienty=A=10) Rea <0,
yl(l) - (Q(tmax«vfln,/fl (ln t)lfsigndyfl)r/ﬂ))’ Rea=0

as t—>oo0. The desired asymptotic bounds can be obtained by applying Lemma 11 and
Lemma 12 of Liu [19] to the g-difference equation

HO~2rta) = O -A0), 131,

where )’ is treated as given.

It is evident that Theorems 4 and 5 either improved or generalized the result of Lim [14].
We remark that the technique used in [14] does not apply to the case Rea < 0. Moreover,
our result can be easily generalized to include the neutral equation

V() = ay()+by(q)+cy'(q)+ A1), t=1,>0,

with a, b, ¢ being complex constants, a + 0, and ¢ (0, 1).
Next, we consider the scalar equation

V(1) = —u() y() +by(qr), 1€R, (4.3)

where b is a nonzero complex constant, ge(0, 1), and u is a solution of the functional-
Riccati equation
u @)+ q*u'(gn+ur () —q*u*(gn) = p, 1R, (4.4)

with p being a positive constant. Equation (4.3) arises in the study of coherent states of the
g-oscillator (¢g-Heisenberg of g-Weyl) algebra in quantum mechanics [6]. We assume in the
sequel that u is a regular solution of (4.3) in the sense that

1/2
um=iG%?>+WU% W() = O as 1>+ oo,

We refer to the paper of Liu [30] for a comprehensive discussion of the existence of regular
solutions and many other issues on equation (4.4). The following result was proposed in
Spiridonov [6] based on an informal perturbation argument.

Theorem 6 Let y(1)e C(R) be a solution of (4.3). Then

W) =0r) ast—>too,

where oo = — 53 In (1 —¢*|b]*/ 1.
Proof The application of Lemma 3 to (4.3) yields

y(0) = 0¥ as t—-o0.
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By writing (4.3) in the form of (4.1) with

_ n\"* _
a=~({2)" 0 =a-uo

we derive from Theorem 4 that
y(t) = O(**) as t—o0.

The simple change of the unknown function u(f) - u(— ) gives us the same result for the
case where r—>—r. [
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