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ABSTRACT

In this thesis, the pantograph equation in quantum calculus is investigated. The
pantograph equation is a famous delay differential equation that has been known since 1971.
Till the present day, the continuous and the discrete cases of the pantograph equation are
well studied. This thesis deals with different pantograph equations in quantum calculus. An
explicit solution representation and the exponential behavior of solutions of a pantograph
equation are proved. Furthermore, several pantograph equations regarding asymptotic
stability are considered. In fact, conditions for the asymptotic stability of the zero solution
are derived and subsequently illustrated by examples. Moreover, an explicit solution in

terms of the exponential function for a special pantograph equation is obtained.
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1. INTRODUCTION

In the 1960s, the British Railways wanted to make the electric locomotive faster.
An important construct was the pantograph, which collects current from an overhead wire.
Therefore, J. R. Ockendon and A. B. Tayler studied the motion of the pantograph head on
an electric locomotive in [16]. In the solution procedure of this problem, they came across

a special delay differential equation of the form

x'(t) = ax(t) + bx(At), >0,

where a, b are real constants and 0 < 4 < 1 for 4 € R. When the article was published in
1971, this kind of delay differential equation was called pantograph equation.

In the following years, the pantograph equation became a prime example for a
delay differential equation. The continuous and discrete cases of the pantograph equation
have been well studied over the last several decades. The continuous and discrete cases
denote different examples of time scales T that are arbitrary nonempty closed subsets of
real numbers. The general theory of calculus on time scales is described, e.g., in [3,4]. In
the continuous case, which means the time scale of the real numbers T = R, the pantograph
equation is presented as a differential equation. This is studied, e.g., in [7, 10,11, 14]. In
the discrete case, which means the time scale of the integers T = Z, here especially the
nonnegative integers T = Ny, the pantograph equation is presented as a difference equation,
which is studied, e.g., in [11, 12, 15]. The present study focuses on the pantograph equation
in the quantum case, which is the time scale T = ¢" for ¢ > 1. The general theory of

calculus on the time scale T = ¢'" is also called quantum calculus.



This thesis is structured as follows. Section 2 describes the origin of the pantograph
equation. For this purpose, the work of [16] is summarized. Section 3 introduces some
basics of stability theory for differential and difference equations. In Section 4, results of
the pantograph equation in the continuous case are discussed. Section 5 deals with findings
of the pantograph equation in the discrete case. Section 6 presents a short introduction to
quantum calculus. In Section 7, the pantograph equation in quantum calculus is studied.
First, an explicit solution representation and the exponential behavior of the solution of
a pantograph equation are proved. Second, asymptotic stability conditions of the zero
solution for different pantograph equations are derived. Third, an explicit solution for a
special pantograph equation is obtained. Section 8 concludes the thesis work with a brief

summary and an outlook on further research about this topic.



2. ORIGIN OF THE PANTOGRAPH EQUATION

This section wishes to motivate the consideration of the pantograph equation. For
this purpose, the origin of the pantograph equation is described and summarized, which is,
in fact, the paper [16] from J. R. Ockendon and A. B. Tayler.

The British Railways wanted to develop a new type of electric locomotive in the
1960s. The goal was to make the trains faster. An important component for the new high
speed electric locomotive was the pantograph. The purpose of the pantograph is to collect

current from an overhead wire, which is necessary for the locomotive to be able to move;

see Figure 2.1.
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(a) Pantograph [20] (b) Current collection system [18]

Figure 2.1. Pantograph and overhead wire system.

To make sure that the electric locomotive can move smoothly with high speed, it is
necessary that there are no interruptions in the current collection system. Therefore, the
pantograph should stay in contact with the overhead wire for the whole time, particularly
when the pantograph passes the supports of the overhead wire, which is a critical passage.

With this motivation and other questions about the pantograph, J. R. Ockendon and A. B.



Tayler studied the problem to determine the motion of a pantograph head on an electric
locomotive in [16]. To this end, the goal is to build up a mathematical model of the current
collection system and find the solution of the motion of the pantograph head.

In the following, the mathematical model is based on the description in [1,9, 16].
The mathematical model of this system includes modeling the motion of the wire connected
with the dynamics of the supports and modeling the dynamics of the pantograph. In Section
2.5, the results are based on the description in [16]. In the process to find the solution, the
authors come across a delay differential equation, and from that moment, this kind of delay
differential equation is known as the pantograph equation, which is still a research topic of

interest.

2.1. MATHEMATICAL MODEL

In the following, the system where the pantograph is collecting current from the
overhead wire is modeled to determine the motion of the pantograph head. First, the
overhead trolley wire is modeled. Second, the model of the pantograph is considered.
Lastly, a simplified formulation of the whole problem is derived. In this discussion, it is
assumed that the electric locomotive moves with constant speed U and passes the supports

of the overhead trolley wire as in Figure 2.2.

Figure 2.2. The movement of the electric locomotive [9].

2.2. MODEL OF THE OVERHEAD TROLLEY WIRE

The model of the overhead trolley wire is shown in Figure 2.3. The overhead wire
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Figure 2.3. Model of the overhead trolley wire [16].

is rigidly attached to the supports, which are modeled as equally spaced stiff springs with
spring constant S at distance L. The wire is stretched under constant tension 7. The contact
force in the vertical direction between the pantograph, which is the rhombus in Figure 2.3,
and the overhead wire is P(¢). Moreover, the contact force P(¢) acts in the vertical direction
upwards, which means it is positive when the head of the pantograph and the wire are in
contact. Since it is assumed that the train moves with constant speed U, the pantograph and
the contact force do so as well.

The motion of the head of the pantograph is determined by the function Y (x,7),
which is the vertical displacement of the wire at position x and time ¢. It is assumed that
the overhead wire behaves as a thin beam under tension and the displacement is small and
only in the vertical direction. For this reason, we can use the Euler—Bernoulli beam theory

with the famous Euler—Bernoulli equation, namely

where p is the linear density (mass per unit length), E1 is the flexural rigidity of the wire,
and ¢ is the external force. Under consideration that the wire is under constant tension 7',

the equation




follows; see [17]. If the flexural rigidity of the wire was neglected, the equation would
become the inhomogeneous wave equation. The external forces consist of, first, the grav-
itational force pg. Second, the contact force P(z) acts at the point x = Ur where the
pantograph head passes the supports. Third, the spring force terms at the supports result
from the springs with spring constant S. Since this equation is in terms of the vertical force
per unit length of the wire, the point force is modeled by the Dirac delta function so that
the contact force term P(7)6(x — Ut) and the spring force term S 3> Yd(x — nL) are
connected with the Dirac delta function:
pa;—tf + E184Y Ta2_Y = P()6(x - Ut) — pg — S Z Y6(x —nL).

ax*t " ox2

n=—oo

In consideration of damping in the wire with damping coefficient 77, the damping term n%

appears. Therefore, the vertical motion Y (x, 7) of the wire is described by the equation

2y oty 0%y oY S
p(_+g)+Elﬁ_TW+nE+S Z Y5(x—nL)=P(t)5(x—Ut) (21)

n=—oo

2.3. MODEL OF THE PANTOGRAPH
The model of the pantograph is displayed in Figure 2.4 Although the geometry of

lP(r)

my

:J‘ul ky

my

e,

| o

Figure 2.4. Model of the pantograph [16].



the pantograph is complex, the pantograph can be simply modeled as a mass-spring-damper
system, where m is the mass of the pantograph head and m; is the mass of the pantograph
frame. These masses (m; and m;) are connected with each other by a spring with spring
constant k; and a velocity damper with damping coefficient y;. A velocity damper with
damping coeflicient uy connects my to the train roof. It is assumed here that the vertical
motion of the train roof can be neglected. The constant force G represents stiff springs
attached between the train roof and the pantograph frame (m;). The contact force P(¢),
which results from the contact between the overhead wire and the pantograph head, acts
downwards on the pantograph head. The vertical displacement from m; is defined by y(¢),
the vertical displacement from m; is z(z).

To figure out the equation for the motion of the pantograph head, a free-body diagram
around m is considered. The following forces are included: the spring force k;(y — z) that
keeps the pantograph in contact with the wire, the damping force u (% - %), the dynamic
force (mass X acceleration) m %, the gravitational force m;g, and the contact force P(t).
Using this free-body diagram and Newton’s first law of motion, y and z satisfy the equation
d?y (a’y dz

m1ﬁ+ﬂl E—E)+k1(y—z)+P(t)+m1g:O. (2.2)

Similarly, the equation for the motion of the pantograph frame m, can be derived as

d’z dz dy dz
mzﬁ + ,UzE +myg = Go + Uy (Z I + ki1(y — 2) + P(2). (2.3)

Equation (2.3) can be transformed by using (2.2) so that the system of second-order differ-

ential equations follows:

d’y dy dz
— ———|+kiy-2)+P+ =0 2.4
122 T (dt dt) 1y -2 mg (2.4)
—2 + —dzz + + +P=G (2.5)
m m m m = . .
Var 2dr H dt 18 28 0



2.4. SIMPLIFIED FORMULATION OF THE PROBLEM

To complete the model, the condition that the pantograph and the wire are in contact
is considered; that is Y (Ut, t) = y(t) with P(¢) > 0 and the initial conditions at ¢ = 0, which
are not further described.

In the following, a few simplifications are done because small parameters are in-
volved after nondimensionalizing the problem. The values of the parameter are given from
the British Railways in [16]. Subtracting the static displacement Y(x) from Y(x,¢) and
nondimensionalizing the involved variables, the equations below for the static displacement
Y and the dynamic displacement Y, which is measured relative to the static position of the
wire, follow from (2.1):

EI d%, d*Y, pglL?

L2T dx*  dx2 * Td 0 (2.6)

pU?0%Y EI 3*Y %Y nLUaY LS
+ - +
T 012 LT ox* 0x2 T 0t

Z Yo(x —n) = P(t)d(x —1).  (2.7)
n=—oo
Now, only the interval —1 < x < 1 is considered. The flexural rigidity can be

d*Y,

e anda41s

0(10_6), which is small compared to the other terms. Therefore, from (2.6) follows a

second-order differential equation, and the solution is

2 -6 d4YS‘
Yo =4(x" = |x[) + ¥, + O (10 - (2.8)
dx
where Y, = —8T'/LS is the displacement of a support in equilibrium.

For (2.7), in addition to the flexural rigidity term, the damping of the wire can
be neglected because the parameter connected to 2X is also small compared to the other
parameters. Moreover, assuming x # 0, the spring force term £5 Y5(x —n)is 0 on

T Zin=—co

the interval —1 < x < 1. Furthermore, with ¢ = (T'/pU 2)7 , (2.7) leads to an inhomogeneous



wave equation

oY oY
— — —— =PO)(x-1)+0 10—, 103 =—]. 2.9
2or gy DD ( o ar) (2.9)

With the nondimensionalization of the variables from (2.4) and (2.5) and several

parameters with similar size listed in [16], the pantograph equation becomes

dz d’z d’y
P=Py-b——-¢e|— +a— 2.10
0" g(dtz “an (210)
dy dz 5 d?y
y—z=-¢ a2P+b2$—bza) —aiaze a2’ (2.11)
where £ = 0(1072) and all the other coefficients are almost of similar size O(1).
The contact condition with nondimensional variables is
Y(t,1) = y(r) - Ys(2). (2.12)
It is assumed that Y is continuous, particularly at x = 0. At the point x = 0, the term % is

equal to the spring force term with the Dirac delta function, so that ‘% has a jump with this

magnitude at x = 0. Therefore, the boundary condition at the support x = 0 is

x=0+
Ke [6_Y] =Y, (2.13)
Ox x=0—

where K = —Y;,/8¢. Moreover, it is assumed that the pantograph motion is continuous and

dy dz

cannot reach an infinite acceleration, so that y, z and the velocities 5 T

have no jumps.

Particularly at # = 0, the conditions
d 0+ d 0+
[y]gtz[z]8t=[ y] :[ Z] =0 (2.14)

follow.
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Equations (2.8) to (2.14) with the initial conditions, which are not elaborated in

further detail, complete the model.

2.5. SOLUTION PROCEDURE

After completing the formulation of the problem, the goal is to find a solution for
the vertical displacement of the pantograph and the contact force. In the following, the
solution techniques are roughly described; more details can be found in [16].

This problem is a singular perturbation problem. Therefore, the first step is to
consider the solution for £ = 0; this solution is called the outer solution. The state is
reached as soon as the pantograph passed one support. That means this is a valid solution
for the case that the pantograph is not near a support. If near a support, it is not a uniformly
valid first approximation. The vertical displacement of the pantograph in each span, the area
between two supports, is independent of the vertical displacement in other spans. For that
reason, the general solution in this case is a periodic solution, and it is enough to consider
only the solution in one span, e.g., 0 < x < 1. The solution has different forms in different
areas of the x, ¢ plane. These regions are bounded by the train path x = ¢, the so-called
characteristic x = ct, where c is the wavespeed (the motion can not travel faster than the
wavespeed), and the reflexions between the next support at x = 1, the previous support at
x = 0 and the train path x = ¢. These regions are shown in Figure 2.5.

The physical interpretation for this case is that the rigidity of the overhead wire and
the elasticity of the supports are neglected and the pantograph dynamics is simplified. That
is okay for this case, but these effects have to be considered when the pantograph is near a
support.

The second step is to find the solution for the motion of the pantograph near a
support. Therefore, it is considered £ # 0. This solution is called the inner solution. For
convenience, J. R. Ockendon and A. B. Tayler considered the inner solution in two parts;

see [16]. The process of finding the solution leads to a problem of solving a system of four
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Figure 2.5. The bounded regions of the x, plane where the forms of the solutions are
different [16].

linear differential equations including one term with a stretched argument, which is a kind
of delay differential equation. At this point the so-called pantograph equation was born,
which is known as

y'(t) = ay(t) + by(At),

where a, b are real constants and 0 < 4 < 1 for 4 € R. In the following years, more
versions and modifications of the pantograph equation were created and researched. After
this discovery, much research concerning the pantograph equation has been completed.
Back to the process of finding the solution, using the matching condition, the
perturbation solution is obtained, which describes the motion of the pantograph head.
This solution can be used for pantograph problems where the physical parameters are
not significantly different from the parameters listed in [16]. Under this restriction, the
perturbation solution can be applied for many practical situations connected with the motion

of the pantograph, and the effects when the parameters are slightly changed can be observed.
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3. STABILITY THEORY

In this section, some basic concepts and ideas about stability of differential and
difference equations are introduced. The goal of stability theory is to understand the
behavior of the solution of differential or difference equations under small variations of the

initial conditions without computing the solution.

3.1. STABILITY THEORY OF DIFFERENTIAL EQUATIONS

First, we consider differential equations. The following is based on [8]. A scalar

autonomous differential equation is considered, which is given by the differential equation

x'(t) = f (x(1)), 3.1

where f is a given real-valued function f : R — R, x — f(x) and x a real-valued
differentiable function x : I — R, ¢t — x(¢) with I an open interval of R. Equation (3.1)
is called autonomous because f does not depend on ¢. Moreover, the differential equation

(3.1) together with the initial condition at the initial time #,

x(l‘()) = X, (3.2)

is called an initial value problem.
The function x is a solution of the initial value problem if x’(t) = f (x(¢)) for all
t € I and x(tp) = xo. There is no loss of generality if it is assumed that ¢y = 0; see [8]. The

first important point to think about is the existence and uniqueness of solutions.
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Theorem 3.1.1. (i) If f : R — Ris continuous, then, for any xo € R, there is an interval

(ii)

(possible infinite) 1., = (ax,, Bx,) containing to = 0 and a solution x of the initial
value problem

X'(@) = f(x(0),  x(0) = xo,

defined for all t € I,. Also, if ay, is finite, then

lim [x(#)] = +o0

t—)axo

or, if By, is finite, then

lim |x(¢)] = +oo.
*0

If, in addition, the function f is continuously differentiable, meaning f is differentiable
and its first derivative is continuous, then the solution x is unique on I, and x is

continuous in (t, xy) together with its derivative, meaning x is also continuously

differentiable.

An important role in stability theory is played by the so-called equilibrium points.

Definition 3.1.2. A point X € R is called an equilibrium point (also critical point, steady

state solution, etc.) of x'(t) = f(x(¢)) if f(x) = 0.

Now, the concept of stability of an equilibrium point is considered. As stated in [8],

roughly speaking, we can say that an equilibrium point is stable if all solutions starting near

the equilibrium point X stay near X. Moreover, if nearby solutions tend to X as ¢t — oo, then

X is called asymptotically stable. The definitions for stable, unstable, and asymptotically

stable equilibrium points are given below.

Definition 3.1.3. (i) An equilibrium point X of (3.1) is said to be stable if, for any given

g > 0, there exists 6 (g) > 0, such that, for every xo, for which |xo — X| < 6, the

solution x of (3.1) through xy at 0 satisfies the inequality |x(t) — x| < g forall t > 0.
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(ii) An equilibrium point X of (3.1) is said to be unstable if it is not stable.

(iii) An equilibrium point X of (3.1) is said to be asymptotically stable if it is stable and, in
addition to that, there is an r > 0 such that the solution x of (3.1) through x¢ satisfies

|x(t) — x| = 0 ast — +oo whenever |xg — X| <r.

3.2. STABILITY THEORY OF DIFFERENCE EQUATIONS

After considering differential equations, we look at difference equations. The fol-
lowing introduction into stability theory of difference equations is based on [6].

The following system of linear difference equations is given:

Xn+l = Axn, x(”O) = X0, (33)

where x,, € R¥ and A is a k X k nonsingular matrix. Equation (3.3) is called autonomous
because A does not depend on n, similar to the continuous case. The first question that

comes up about the difference equation (3.3) is the existence and uniqueness of solutions.

Theorem 3.2.1. For each xy € R¥ and ny € Ny, there exists a unique solution x, of

difference equation (3.3) with x(ngy) = xo.

Simultaneous to the stability theory of differential equations, we define equilibrium

points for difference equations.

Definition 3.2.2. A point ¥ € R* is called an equilibrium point of difference equation (3.3)

if A% = *.

It is often assumed that X is the origin 0, called the zero solution. In the following

definition, stable, unstable, and asymptotically stable equilibrium points are defined.

Definition 3.2.3. An equilibrium point x of difference equation (3.3) is said to be
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(i) stable if, given € > 0 and ng > 0, there exists 6 = (g, ng), such that |xo — x| < o

implies |x,, — X| < € for all n > ny.
(ii) unstable if it is not stable.
(iii) attracting if there exists u = u(ng), such that |xo — x| < p implies lim,,_, x,, = X.
(iv) asymptotically stable if it is stable and attracting.
For the linear autonomous system like (3.3), there exist the following stability results.
Theorem 3.2.4. The following statements hold:

(i) The zero solution of (3.3) is stable if and only if p(A) < 1, where p(A) is the spectral
radius of matrix A, and the eigenvalues of unit modulus are semisimple; that is, the

corresponding Jordan block is diagonal.
(ii) The zero solution of (3.3) is asymptotically stable if and only if p(A) < 1.

If it is said that the zero solution of difference equation (3.3) is asymptotically stable
that means that all solutions of (3.3) converge to 0.

Consider the linear scalar difference equation of kth order

Xn+k + A1 Xnsk-1 + Q2Xprk—2 + -+ + agxy, =0, (3.4)

where a;, i = 1,2, ..., k are real numbers. For this case, there exists a famous criterion to

see if the zero solution is asymptotically stable, that is, the Schur—Cohn criterion; see [6].

Theorem 3.2.5 (Schur—Cohn criterion). The zeros of the characteristic polynomial

P(v) = vErap" T v apy + ag

of the difference equation (3.4) lie inside the unit disk if and only if the following conditions

hold:
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(i) P(1) >0,
(ii) (=1)*P(-1) >0,

(iii) the (k — 1) X (k — 1) matrices

1 0 0 0 0 ax
ap 1 T ap ap—i
Mg = +
ax-3 . 1 O 0 ag . as
ai—2 ax-3z -+ ap 1 ap ag-1 -+ 4z @

are positive innerwise; that is, the determinants of all its inners are positive.

Using the Schur—Cohn criterion (Theorem 3.2.5), necessary and sufficient conditions

for asymptotic stability of the zero solution of difference equation (3.4) may be derived.
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4. THE PANTOGRAPH EQUATION - CONTINUOUS CASE

The pantograph equation has been well studied in the continuous case over the
last several decades. In this section, an overview of important results is given regarding
the pantograph equation as a differential equation. The goal is to consider some results
regarding asymptotic stability and asymptotic behavior of the pantograph equation.

The pantograph equation that is considered in the continuous case is

x'(t) = ax(t) + bx(At), >0, 4.1)

where a, b are real or in some cases even complex constants and 0 < A < 1 for 4 € R.
The differential equation (4.1) together with the initial condition (4.2) is an initial value
problem:

x(0) = 1. 4.2)

The first important thing when considering an initial value problem is to make sure that it
is well posed. For this purpose, the following results about the existence and uniqueness of

solutions of the pantograph equation are given below; see [14].

Theorem 4.0.1. If0 < A < 1, then, given any 6 > 0, the problem defined by (4.1) and (4.2),
where a is a possibly complex constant, b is a real constant, has one and only one solution

in [0, 6], and this solution is in fact a solution for all t and is an integral function of t.

The proof is done in [14] with Picard’s method of successive approximations. In
fact, the theorem can be extended to complex constants a and b, which is proved in [10].
Hence, the initial value problem is also well posed for complex constants a and b. In
addition to that, it is shown in [14] that the initial value problem given by (4.1) and (4.2) is

not well posed if 4 > 1.
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Theorem 4.0.2. Assume A > 1, a is a possibly complex constant, and b is a real constant.
There is no solution of (4.1) and (4.2) that is analytic in a neighborhood of x = 0. However,
there are an infinite number of solutions, even of infinitely differentiable solutions, of (4.1)

and (4.2).

After considering the existence and uniqueness of solutions of (4.1) and (4.2), we
study the asymptotic stability of solutions of the pantograph equation. Some results can
be found in [11] for complex constants @ and b. The first result is a rough estimation of
the domain for asymptotic stability. It is proved in [11] with classical techniques of direct

upper bounds.

Lemma4.0.3. The solution of the pantograph equation (4.1) and (4.2) tends to 0 ifRe(a) < 0
and |b| < —Re(a).

Furthermore, there is also a result in [11] for the general stability domain, which is

more precise.

Theorem 4.0.4. The zero solution of (4.1) and (4.2) is asymptotically stable if Re(a) < 0

and |b| < |al|.

The asymptotic behavior of perturbations solutions of the pantograph equation is
studied in [7], which means we consider a specific kind of pantograph equation with the
assumption that A is very close to 1. To do so, we let 4 = 1 — &, where &€ > 0 is a very small

real number. The following pantograph equation is considered:

x'(t) = ax(t) + bx (1 —&)t), t>0, (4.3)

x(0) = 1. (4.4)
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During the proof of the following theorem about the asymptotic behavior of solutions of
(4.3) and (4.4), there are some asymptotic expansions and approximations done; see [7].
For this reason, the behavior when ¢t = O(1/¢) is considered by putting t = 7/¢. In the
derivation, it is found that there exists a real solution for all 7 > 0 as long as a > 0 or

a+b>0.

Theorem 4.0.5. Let ¢ be a real constant. The asymptotic behavior of the solution of (4.3)

and (4.4) as T — oo is:
(i) b>0anda > 0, then x ~ cexp(at/e).

(ii)) b > 0and a = 0, then x ~ cexp (—(IOgT)Z),

2e

(iii) b > 0and a < 0, then x ~ ct~(1/e)log(=a/b),
(iv) b <0and a+ b > 0, then x ~ cexp(at/e).
(v) a>0>a+b, then x ~ cexp(at/e).

The following example confirms the result from Theorem 4.0.5, which is said to be

the favorite example of Leslie Fox, one of the authors in [7].

Example 4.0.6. It is considered that a = 0.95, b = -1, and A = 1 — & = 0.99, so that we

get the initial value problem
x'(t) = 0.95x(¢t) — x(0.991), >0, 4.5)

x(0) = 1. (4.6)

The results of the numerical simulation in [7] are shown in Figure 4.1.



20

yx10°
yA
|-O! 101
05, St
]
S 20 80 %85 /100~ izo\iz0

Figure 4.1. The simulation results of (4.5) and (4.6) in [7].

Example 4.0.6 shows that it is dangerous to stop the simulation too early because
it seems that the solution tends to 0 as t — oo, but in fact, it grows exponentially after a
certain point ¢*, which can be really large. The behavior for large ¢ is exponential as stated

by the analytical result in Theorem 4.0.5.
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5. THE PANTOGRAPH EQUATION - DISCRETE CASE

In this section, we consider discretizations of the pantograph equation (4.1). The
discrete case was a topic of interest in the last 20 years and is well studied. Important results
regarding asymptotic behavior and asymptotic stability are considered.

In the following, the results of [15] are shown. The initial value problem given by

(4.1) and (4.2) is considered with the assumptions

laj+b<0 and 0<A<]1, (5.1)

where A is very close to 1. In the previous section, we considered in Theorem 4.0.5 the
case with the assumption a > 0 > a + b and the result that the asymptotic behavior of
the solution is x ~ cexp(at/e), which confirmed the result in Example 4.0.6. With the

assumption (5.1), we are in this case. In fact,

a>0>a+b
with a>0=|a|=a

with a+b<0= |a|+b<0.

For this reason, it is expected to get similar results for the discretization as for the specific
pantograph equation (4.3). The discretization is done with the forward Euler method, which
is one of the basic but also most famous numerical methods to discretize a differential

equation:

x'(t) = ax(t) + bx(Ar)
Xn+1l — Xn

h = axy + bx|
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= Xp1 = (1 +ah)x, + bhx|,), n € Ny, (5.2)

where h > 0 is the stepsize, | x| is the integer floor function, xy = 1, and x,, is the numerical
approximation of x(An). Hence, we get a difference equation with constant coefficients but
of variable order because of the floor function. Indeed, the order of the difference equation

(5.2) is increasing. For certain intervals the order is fixed. As stated in [15], for

m+A—-—1 m+ A
ne ,
1-4 1-2

), m € Ny

(5.2) is given by
Xne1 = (1 + ah)x, + bhx,_,, n €Ny (5.3)

and is of constant order m + 1. More explanation about the increasing order is given in

Example 5.0.2. The characteristic polynomial of (5.3) is
P,(v) = v"™ — (1 + ah)v™ — bh.

If all the zeros of the corresponding characteristic polynomial are inside the open unit disk,
then the characteristic polynomial is of Schur type. Moreover, the solution x,, tends to 0 as
n — oo for any initial values xg, xy, . . ., x;, if and only if the characteristic polynomial is of
Schur type.

It is shown in [15] that there is a critical value m* for the order of the difference
equation. Up to this order, the solution tends to O but while the order is increasing and

reaches the critical order m*, the solution blows up. The following result is proved in [15].
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Proposition 5.0.1. Assume |a| + b < 0 and h < 1/(|a| + |b|). Then, there exists a critical
value m* = m*(h) € Ny for the order of the difference equation (5.3) such that P,,(v) is of

Schur type if and only if m < m*. Furthermore,

. 2 212
min {(b2 777> arctan =)' %} ’ a> 0.
lim Am*(h) =3 = =
h—0 () 20]° a=0,
P2 g)l2
m (Tl' + arctan % 5 a < 0.

Therefore, to see the correct asymptotic behavior of the solution, we cannot stop the
simulation too early. Because if it stops too early, we could conclude that the solution tends
to 0 as t — oo, which is wrong.

After this discovery was made, further research was done in [12] about this phe-
nomenon that the solution tends to 0 but after reaching a certain point, the solution blows
up. The result in [12] improves the result in [15] and shows a more general approach. In
the following, the approach of [12] is described. The discretization is done through the

backward Euler method:

x'(t) = ax(t) + bx(Ar)

Xn+1 — Xn

h = aXpe1 + DX ane1)]

— (1 — ah)xn+1 —Xn — bth/l(n+1)J =0
1 N —bh 0
Xn X =Y,
(1 — ah) (1 — Clh) [A(n+1)]

— g - n € Ny (5.4)

with the integer floor function | x|, the stepsize & > 0, xo = 1, and x, as the numerical
approximation of x(hn). Due to [A(n + 1)], the order of the difference equation (5.4)
increases as n increases. An interval is considered, where the difference equation is of fixed

order. For

. mEN(),

m+A—-—1 m+ A4
ne ,
1-4 1-4
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(5.4) is given by
Xpel — @Xp + BXy—yy =0 (5.5)
with
1 —bh
= = ) 5.6
“=0ay PTazan (5.6)

Thus, the order of the difference equation (5.5) is m + 1 for the interval above.

Example 5.0.2. This example is given to illustrate that the order of the difference equation

(5.4) increases. Consider A = 0.99. Then, for m = 0 and
ne(-1,99],

(5.4) is given by
1 +bh
Xppl — ———=Xp =
1T 0= ah)

and is of order m + 1 = 1. Form = 1 and
n € (99,199],

(5.4) is given by
1 —bh

n+l — n + n— =0
T A e T A —ak) !

and is of order m + 1 = 2. All in all, if n is increasing, the order of the difference equation

is also increasing.

In [12], the Schur—Cohn criterion is used to find out the critical order m* of the
difference equation where it changes from the conditions for asymptotic stability holds to
the conditions does not hold any more. The Schur—Cohn criterion (see Theorem 3.2.5) is

especially formulated in [12] for the difference equation (5.5).
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Theorem 5.0.3. The zeros of the characteristic polynomial

Pm(V) — vm+1 —ay" + :8

of the difference equation (5.5) with a and 8 from (5.6) lie inside the unit disk if and only if
the following conditions hold:

(i) Pu(1) >0,

(ii) (=1)"*'Ppu(=1) > 0,

(iii) the m X m matrices

1 0 0 0 0 B
-a 1 B 0
M;=]0 +
1 0 0 B
0 --- 0 -a 1 B 0 o o 0

are positive innerwise.

With condition (i) and (ii) of Theorem 5.0.3, some conditions of the stepsize are
derived. Summarizing these conditions, only one condition remains, which is & < 2/(a +
|b|), and makes sure the condition (i) and (ii) from Theorem 5.0.3 are satisfied. With
condition (iii) from Theorem 5.0.3, it is found the critical order m* of the difference
equation up to that the condition holds and the solution tends to O but it is not valid anymore

for m > m™ and this tendency disappears. All in all, the following theorem is proved in [12].
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Theorem 5.0.4. Let |a| +b <0, h < m, and let the values a and 8 be given by (5.6).

Then, all roots of the characteristic polynomial in Theorem 5.0.3 lie inside the unit disk if

and only if

LZJ’ Z ¢ N09

m<m =

Z— 1, Z € No,

where
Vé4a? - (1 +a2 - 2)? (V42— (1 +a? - 22
z = 2arctan [ — arcsin .
1-p2-a?-2apB 2a
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6. QUANTUM CALCULUS

Before we start to consider several pantograph equations in quantum calculus in
the next section, we want to give a short introduction to quantum calculus, which is based
on [13]. The quantum case, which means the set T = ¢ for ¢ > 1, is in addition to the
continuous and discrete cases an important and famous example of a time scale (an arbitrary
nonempty closed subset of real numbers). The general theory of calculus on time scales
can be found, e.g., in [3,4].

From now on, the following set is considered.

Definition 6.0.1. Let g > 1 be a real number and

T:qN‘):{q”:neNo}:{1,q,q2,...}.

The g-derivative is defined as follows.

Definition 6.0.2. The g-derivative of a function f : ¢"° — R at t is given by

_ fan - 1@

G- 1y forall teqg".

/0]
Note that
lim fA@0) = £,
q—)
if f: R — Ris differentiable.

Theorem 6.0.3. Assume that f,g : ¢"° — R. The derivative of the product of f and g at t

is then given by the product rule in quantum calculus, which is

(fe)" () = fA(0)g(t) + fgt)g™ ().
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There exist multiple ways for the expression of the g-exponential function; see [13].

Here, we consider the definition of the g-exponential function in [4].
Definition 6.0.4. Let a € R. The g-exponential function e,(t) is defined by

log,,(1)-1

eq(t) = 1_[ (1 +a(q - l)qi) forall teqg".

i=0
The integral in quantum calculus is defined in the following way; see [4].

Definition 6.0.5. Let m,n € No withm < nand f : ¢"° — R. The g-integral is defined as

/ " fon=ta-0 S s (o).
k=m
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7. THE PANTOGRAPH EQUATION - QUANTUM CASE

In this section, we discuss the pantograph equation in quantum calculus. There are
multiple ways to display the differential pantograph equation (4.1) in quantum calculus. The
main goal is to do research on these pantograph equations in quantum calculus regarding

asymptotic stability and asymptotic behavior of their solutions.

7.1. ASYMPTOTIC BEHAVIOR OF SOLUTIONS OF THE PANTOGRAPH EQUA-
TION IN QUANTUM CALCULUS

In this section, we consider the pantograph equation in quantum calculus in the form
x(7) = ax(r) + bx (qLN) , tE€ qNO, N eN (7.1)

with the initial function
x(1) = f@), teQ:={qg N, g . .. q "1}, (7.2)

where a and b are real numbers. The delay term x(Az) in the differential equation (4.1) is
represented in the probably most intuitive way in quantum calculus, in fact x (qLN), where
N € N. Thus, 4, which is a real number between 0 and 1, is presented by qLN in quantum
calculus, so that the delay term qLN e g"ouQfort € ¢g''. Therefore, a floor function is not
needed in (7.1). With the definition of the g-derivative (see Definition 6.0.2), we derive a

difference equation from the g-difference equation (7.1):

x2(1) = ax(r) + bx (qLN)

x(q1) — x(1)

t
-1 = ax(t) + bx (q_N)
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— x(gt) = (1 + alq — D)) x(t) + b(g — Dix (qLN) .

If we putt, := ¢" and t,,,1 := t,q = ¢"q = ¢"*', then

K(tner) = (1+ alg — 1)) 1(6) + b = i (’—N) |
q

It also holds that qtiN = % q" N =t,_n. Thus,

ES)

X(tnr1) = (1 + alq — Dty) x(ty) + b(q — Dtpx (ty-n) -

Define x;, := x(t,), xp+1 := x(ty+1), and x,,_y := x(¢,—n). Hence,

Xne1 = (1 +alg = )t,) x, + b(g — Dty x,-n.

Therefore, (7.1) reduces to the difference equation of order N + 1 and variable coefficients

Xptl = @nXy + PpXp-n, N1 € Np, (7.3)

where

ap = I+ a(q - l)tn’ ﬁn = b(‘] - 1)tn’ (74')

and the values from the initial function (7.2)

XNy XN+l - > X—1, X0 (7.5)

complete the initial value problem.
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7.1.1. An Explicit Solution Representation in Matrix Form. In this section, we

are interested in an explicit solution form of g-difference equation (7.1) and the initial

function (7.2). With (7.3), (7.4), and the initial values (7.5), the solution can be calculated

recursively.

It turns out that an explicit solution in matrix form can be obtained using the results

in [2]. In the following, the case N = 1 for (7.3) is considered, i.e.,
Xn+l = QnXp + BpXn-1,
where «, and S, from (7.4) and with (7.5) the initial values
X_1, X0.

Theorem 7.1.1. The solution of (7.6) and (7.7) can be represented as

X2n-1 X_1
= Ay 1A2-3 ... A , neN,

where
4, = B y

Ani1Pn Brrl + Aps1y

Proof. The proof follows by using [2, Theorem 4.1].

(7.6)

(7.7)

O

Example 7.1.2. To verify the solution representation in Theorem 7.1.1, we first calculate

X1, X2, X3, X4 With the recursive relation (7.6) and second with the explicit solution represen-

tation in matrix form in Theorem 7.1.1:

X1 = a1xo + Brx_1,

Xy = apx) + ﬂzX() = az(alxo + /31x_1) + ,32)60 = [a2a1 + ﬂz] Xo + a’z,le_l,
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x3 = a3x2 + Baxi = ea{ [aray + Bl X0 + @afix-1} + B3{arxo + Prxoi}
= {a3 (@2a1 + Bo) + Bz }xo + {321 + B3P} x-1,

Xy = agxs + faxz = auf (a3 (a1 + B2) + Bren | xo + [asanfy + Bsf] xr [+
,34{ [@2a1 + B2] x0 + 0/2,31)6—1} = {04 [a3 (2a1 + B2) + B3] + Ba [aaar + o] }XO
+{aulasasy + Byl + Baanf [ x-1.

With Theorem 7.1.1, the values x1, x>, x3, x4 are calculated as

X1 A X_1 B ay X_1 Bix_1 + ai1xo

= 1 = = 5
X2 X0 xpfr Pr+aai |\ xo @mPix-1 + [B2 + ma1] xo
X3 X- B3 3 Bi aj X_1

= A3A1 = =
X4 X0 asf3 Pa+asaz)\aafi Bo+azar |\ xo

a3 B + B3P a3 (ma) + B2) + Bzay X1

@ [z 1 + B3B1] + Baani s a3 (e + Bo) + B3] + Ba [z + B2] |\ xo

We see that the solution expressions are the same.

7.1.2. The Exponential Behavior of Solutions. It is not only possible to observe
that the solution of (7.1), (7.2) has, under certain conditions on the constants a and b, a
turn around point; that is, the solution decreases and tends to O but after reaching the turn
around point, the solution blows up. Moreover, it is also possible to prove that the solution
of the pantograph equation (7.1) in quantum calculus behaves like a g-exponential function
as t — oo. To show this behavior, we follow the idea and work in [5].

Consider the g-difference equation

xA(1) = ax(1), (7.8)



33

which has no delay term. The solution ¢, of (7.8) satisfying e,(1) = 1 is given by the

g-exponential function (see Definition 6.0.4)

logq(t)—l

eq(t) = 1—[ (1 +a(q — l)qi) , teqgh. (7.9)

i=0

Theorem 7.1.3. Let be given the g-difference equation
t
x2(1) = ax(t) + bx (—N) teqg™ NeN,
q

where a and b are nonzero constants, and the initial function (7.2). Then, there exists a

constant C such that for any solution x of (7.1), we have

X0 _ .

1m =
1—00 ea(t)

Proof. Assume that x is a solution of (7.1). Then, we define

x(1)

, for teqg. 7.10
eaty = (710

y(t) =

With the product rule in quantum calculus (see Theorem 6.0.3), i.e.,

(f&)* (1) = FA(Dg() + f(gg™ (1)

and using (7.10), x(¢) becomes

xA(1) = €3 (1)y(1) + ea(gn)y (1) = aea(1)y(t) + ea(qr)y (1)

e, ()2 + eu(ay (0 = ax(0) + enlan)y )
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Hence, the g-difference equation
A t
x2(t) = ax(t) + bx —
q
can be transformed to

xA(t) = ax(t) + bx (qLN)
= ax(t) + eq(qt)y*(t) = ax(t) + bx (LN)
q
Ay _ b LI D R
= 0= (qN) g (qN)

— A(r)—bea("_N) L (7.11)
YU N\ e '

Define  := ¢**" and S¢ := sup{|y(txg?)|,p =0, 1, ..., k} for k € Ny. Consider (7.11)

Tk
e )

Agpy — Ik
Yt = bea(qtk)y( )

. Y(tee1) = y(tx) e“ (_kN)

(g — Dig ea(qfk)

= Y(tk+1) = y(tx) + (g — Dixh

o lz)

a(tk+l)

Using the definition of Si, we get

Ik
ea )

ea(tk+1)

ly(tke1)] < Sk |1+ (g — g |b
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Now, consider the exponential term and use the expression in (7.9) to obtain

e
()| | eatd) |
ea(tie)|  |ea(ght1*N)

B 0 (1 +a(g - q')
k+N (1+a(g - 1)q')

0( —"(N“)) as k — oo. 712
—[ |1 + a(q - 1)qk+1’| 1 (7.12)

Sine N + 1 > 1 because N € N, we get

[y(te+1)] < Sk (1 +0 (Cl_rk))) as k — oo,

where r > 0 is a suitable constant. Thus,
Sk1 < Sk (1 +0 (q_rk))) as k — oo.

Therefore, the sequence (Sy) is bounded as k — oo and so |y(¢)| < M for a suitable positive
real number M and ¢ € g™

Now, we finally prove the statement of Theorem 7.1.3 by showing that y has a (finite)
limit. Let £ > O and let 7, ¢, € qN", qN < t; < t,. Consider (7.11) and integrate both sides

St NEN

A _
=y

In €a
= / A(”A"/ (qr) )
In L
— (1)~ ¥(1) = / - (t) )At
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With the observations above,

e ()
[¥(ta) = y(8)| < M [b] At
i

Using (7.12), we can estimate the integral and observe its convergence as t, — oco. For #;, 1,

large enough

Therefore, |y(z,) — y(t;)| < € and y is convergent to a finite limit C, which completes the

proof. []

Example 7.1.4. Consider the pantograph equation
A t
x2(t) =3x(t) +0.5x | —
q

with the initial values

X-1 = 1, X()Zl.

With Theorem 7.1.3, the asymptotic behavior of the solution is exponential. Using the
programming language MatLaB and let g = 1.01, the solution of the pantograph equation
together with the g-exponential function is illustrated in Figure 7.1. It seems that the
solution of the pantograph equation behaves exponential, which supports the result from
Theorem 7.1.3. The x-axis is in terms of n instead of q" because the result is better visible

in this way.
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Figure 7.1. The exponential behavior of solutions of the pantograph equation (7.1) with
N=1,a=3,b=0.5and g = 1.01.

7.2. STABILITY ANALYSIS OF DIFFERENT PANTOGRAPH EQUATIONS IN
QUANTUM CALCULUS

This section discusses a different type of the pantograph equation in quantum cal-
culus. The goal in this section is to find some conditions for the asymptotic stability of the
zero solution for this kind of pantograph equation. Three variants of this kind of pantograph
equation are considered, they are only different in the delay term.

7.2.1. The Pantograph Equation of the Form x*(¢) = x(t) + %x (qLN) The
coeflicients a and b in the pantograph equation (4.1) are constants. To get also constant
coeflicients for the difference equation that is derived from the corresponding g-difference
equation, we consider a pantograph equation in quantum calculus with variable coefficients.
For this purpose, we consider the pantograph equation

) = L) + 2 (LN) teg™ NeN (7.13)
t r \gq

with the same initial function as in (7.2)

x(t) = f(t), teQ.
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With the g-derivative (see Definition 6.0.2), a corresponding difference equation is derived

as

A1) = %x(t) + l;x (qLN)

x(qt) —x(t) a b t
o ()

t
— x(gf) = (1 +alq - 1)) x(1) + b(g — 1)x (q_N) ,
If we put 7, := ¢" and tp41 := 1,9 = q"q = q””, then
ty
X(ths1) = (1 +alg — 1)) x(t,) + b(g — 1)x (q_N) i

It also follows that q’—?v =4 = g"N =, y. Hence

)

x(tn1) = (1 +alg = 1)) x(t,) + b(g = Dx (ta-n) -

Define x,, := x(t,), Xp+1 := x(t441), and x,,_n := x(t,_n). Then,

Xn+l = (1 + a(q - 1)) Xp + b((] - 1)xn—N-

Therefore, (7.13) reduces to the difference equation of order N + 1 and constant coeflicients

Xntl = @Xp + Bxp—n, 1 € Ny, (7.14)

where
a=1+alg-1), B=0blg-1). (7.15)
The given values x_y, X_N+1, - . ., X—1, Xp from the initial function in (7.2) complete the

initial value problem.
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Because the difference equation (7.14) has constant coefficients and order N + 1, the
Schur—Cohn criterion (see Theorem 3.2.5) can be applied to look for asymptotic stability
conditions. For completeness, we state the following theorem, that is, the Schur—Cohn

criterion applied to the difference equation (7.14) with (7.15).

Theorem 7.2.1. The zeros of the characteristic polynomial
Py)=vNl—avN — B (7.16)
with

a=1+alg-1), B=0bg-1)

of the difference equation (7.14) lie inside the unit disk if and only if the following conditions

hold:
(i) Py(1) >0,
(i) (DN*1Py(-1) > 0,

(iii) the N X N matrices

1 0 0 0 0 -p
-a 1 -5 0
My =10 +

0 --- 0 —-a 1 -8 0 - -~ 0

are positive innerwise.

First, the case N = 1 is considered. From now on, assume that |a| + b < 0. The

difference equation (7.14) becomes

Xn+l = @Xp + BXy-1, 1 €N
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with @ and S in (7.15). From Condition (i) of Theorem 7.2.1, we obtain

Pi(1)> 0
— l-a-$>0

= I-(I+alg-1)=-blg—1)>0
— —(a+b)(g-1)>0

— a+b<0, since g—1>0.
This is satisfied by the assumption |a| + b < 0. Condition (ii) of Theorem 7.2.1 leads to

(=1)?Pi(-1) >0
= l+a->0
I+(1+a(g-1)—-blg—1)>0
-2

q—1>—b, since a—-b>0 from |a|+b<0,

N
= 2+4+(a-b)(g-1)>0
—

which is always true because the right-hand side is negative. Condition (iii) of Theorem

7.2.1 implies

det (M{) =det(1£(-B)=1£B>0

= 1+8>0 and 1-5>0.
From the first inequality 1 + 8 > 0, we get

1+8>0

= 1+b(g—1)>0

-1
:)q—1<7, since b<0 from |a|+b<0
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1
— q<1—z.

Since b < 0, the right-hand side is always greater than 1. The second inequality 1 — 8 > 0

leads to

1->0
= 1-blg-1)>0

1
= qg-1> 7 since b<0 from |a|+b<DO.
This condition is always true because b < 0. All in all, we only need the condition g < 1— %
to obtain the asymptotic stability of the zero solution for N = 1.
Theorem 7.2.2. Let |a| + b < 0 and «, B be given by (7.15). Then, the zeros of the

characteristic polynomial (7.16) for N = 1 lie inside the unit disk if and only if

1
l——.

Proof. The proof is given as derivation right before this theorem by using Theorem 7.2.1.

]

Example 7.2.3. Let N = 1, a = 0.1, and b = —0.5. Thus, consider the pantograph equation

) = 2y - 224 (5)
t t \gq

with the initial values

X-1 = 1, X0 = 1.

With Theorem 7.2.2, the zero solution is asymptotically stable if and only if

1
<l--=3.
9 b
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First, we consider g = 2.9 meaning that, by Theorem 7.2.2, the zero solution is asymptoti-
cally stable. Using the programming language MATLAB (see appendix, Listing 9.1), we get
Figure 7.2, which supports our result in Theorem 7.2.2. The x-axis is in terms of n instead

of q"* because the result is better visible in this way.

0 50 100 150 200

Figure 7.2. The solution of the pantograph equation (7.13) with N = 1, a = 0.1, b = 0.5,
and g = 2.9.

Now, we consider q = 3.1. Therefore, the zero solution is not asymptotically stable
anymore with Theorem 7.2.2. This is also illustrated in Figure 7.3 using MATLAB (see

appendix, Listing 9.1). The solution is oscillating with an increasing amplitude as n is

increasing.
a b t
The pantograph equation z*(t) = ?'L{t) + 57 (q\)
200 ; | : e
*
100 * ok ¥ |
0 e ﬁﬁﬁ**#**** £% * |
c B e owe X ¥y
B3 * % o - * . ** x
-100 - * o
* ok ok ox
-200 - . -
-300 : ! ! i
¢ 50 100 150 200

Figure 7.3. The solution of the pantograph equation (7.13) with N = 1,a = 0.1, b = -0.5,
and g = 3.1.
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Lastly, we consider g = 3. That is exactly the critical value of q for which, with
Theorem 7.2.2, the statement changes from the zero solution is asymptotically stable to
the zero solution is not asymptotically stable. Hence, the zero solution could be stable or
unstable for g = 3. It seems that the zero solution is stable, which is illustrated in Figure

7.4 using MarLAB (see appendix, Listing 9.1).

1 L L L 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
n

Figure 7.4. The solution of the pantograph equation (7.13) with N = 1,a = 0.1, b = -0.5,
and g = 3.

Second, consider the case N = 2. Furthermore, it is still assumed that |a| + b < 0.

The difference equation (7.14) becomes

Xnsl = @Xp + Bxp_0, n €Ny

with @ and B in (7.15). Condition (i) of Theorem 7.2.1 is the same as in the previous case

for N =1, 1i.e.,

P2(1)>0
= l-a->0

= a+b<0,
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which is satisfied by the assumption |a| + b < 0. Condition (i) of Theorem 7.2.1 implies

(=1°Py(=1)> 0

— l+a+8>0

— 1+(+alg-1))+blg-1)>0
2+ (a+b)g—1)>0

=

— qg—-1<—— since a+b<0 from
a+b

-

<]l-—-.
1 a+b

la| + b < 0

Since a + b < 0, the right-hand side is always greater than 1. Condition (iii) of Theorem

7.2.1 leads to

L -B
det (M5') = det >0
—-a-f 1

= 1-Ba@+p)>0

and

1 B
det (M5 ) = det >0

-a+p 1

= 1+ B(a@-p)>0.
The first inequality 1 — B(a + 8) > 0 becomes

1-Ba@+pB)>0
— 1—b(q—l)(1+a(q—1)+b(q—1))

= 1-b(g—1)—(ab+b*)(g-1)*>0.

>0
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If we put z = g — 1, then a quadratic equation is given on the left-hand side. Set the left-hand
side equal to 0, find the roots of this equation, and therefore find the critical value g* up to

which the inequality holds, i.e.,

l-bz—(ab+bH)* =0

b+ \/b(5b + 4a)

—2b(a + b)

fr— Zl’z =

Since ¢ > 1implies g—1 > Oand forg — 1, we have z — Oand thus 1-bz—(ab+b*)z*> — 1.
That means the quadratic equation is positive for g close to 1, and since the quadratic map is
continuous, the smallest root greater than 0 is the critical value g* up to which the condition
holds. Moreover, —(ab + b*) = —b(a + b) < 0 because |a| + b < 0. For this reason,
the quadratic equation is a parabola that opens downwards. This implies that one root is
smaller than O and one root is greater than 0. For our purpose, only the root greater than O

is relevant. Therefore, we consider only the inequality

b — \[b(5b + 4a) "

—2b(a + b)

q <

From the second inequality 1 + B(a@ — 8) > 0, we obtain

1+ Ba@-p8)>0
— 1+b(q—l)(1+a(q—1)—b(q—1))>0

= 1+b(g—1)+(ab—-b*)(g-1)>0.

If we put z = g —1, then a quadratic equation on the left-hand side is given. Set the left-hand
side equal to 0 again, find the roots of this equation, and thus find the critical value ¢* up to

which the inequality holds, i.e.,

1+bz+(ab-b)Z> =0



46

—b + \/b(5b - 4a)

2b(a — b)

> Zl’z =

With the same explanation as before because the leading coeflicient is negative, that is
b(a — b) < 0, only the root greater than O is relevant. Therefore, we consider only the

inequality

—b — \/b(5b — 4a) o

2b(a — b)

g <
Now, we can state the theorem about the asymptotic stability of the zero solution for N = 2.

Theorem 7.2.4. Let |a| + b < 0 and «, B be given by (7.15). Then, the zeros of the

characteristic polynomial (7.16) for N = 2 lie inside the unit disk if and only if

b — [b(5b + 4a) l—b—\/b(Sb—4a)+1}

2
L
g < min { a+b  —2ba+b) T 2b(a—b)

Proof. The proofis given as derivation right before the theorem by using Theorem 7.2.1. [

Example 7.2.5. Let N = 2, a = 0.45, and b = —0.5. We consider

0.45 0.5 ( t )
72

A1) = Tx(t) - —x

with the initial values

X2 = 1, X1 = 1, X0 = 1.

Theorem 7.2.4 says that the zero solution for this equation above is asymptotically stable if
and only if
g < min {41, 22.8322, 2.0171} = 2.0171.

Let us consider g = 2.01. With Theorem 7.2.4, the zero solution is asymptotically stable,

which is illustrated in Figure 7.5 using MATLAB (see appendix, Listing 9.1).
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a b t
The pantograph equation 2> (t) = ?’L(t) + e (—)
t t\ ¢

T T T

N

| | l
1000 1200 1400 1600

Figure 7.5. The solution of the pantograph equation (7.13) with N = 2, a = 0.45, b = —-0.5,
and g = 2.01.

If we consider q = 2.02, which is a little bit greater than 2.0171, the zero solution
is, by Theorem 7.2.2, not asymptotically stable anymore. This is also supported in Figure

7.6 using MATLAB (see appendix, Listing 9.1). The solution is oscillating with an increasing

amplitude as n is increasing.

_5 1 | 1 | 1 |
0 200 400 600 800 1000
n

1
1200 1400 1600

Figure 7.6. The solution of the pantograph equation (7.13) with N = 2, a = 0.45, b = —0.5,
and g = 2.02.

Third, consider the case N = 3. It is still assumed that |a| + b < 0. The difference

equation (7.14) becomes

Xpel = Xy + Bx,-3, n €Ny
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with @ and S in (7.15). Condition (i) of Theorem 7.2.1 is the same as in the two previous

cases for N = 1,2, namely

P3(1)>0
= l-a->0

= a+b<0.

This is satisfied by the assumption |a| + b < 0. From Condition (i7) of Theorem 7.2.1, we

get

(-D)*P3(-1) >0

— l+a-8>0

— 1+(I+a(g-1)-blg-1)>0
— 2+(a-b)g-1)>0

= g-1> , since a—-b>0 from |a|+b<O.

Since the right-hand side is negative, this condition is always satisfied. Condition (iii) of

Theorem 7.2.1, which says that all determinants of the matrix inners have to be positive,

implies

1 0 -
det (M) =det|—a 1-8 0 [>0
-8 -« 1

= 1-p-a’B-p(1-B)>0
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and

10 B
det (M5) =det|—¢ 1+ 0|>0
B —a 1

= 1+8+a’B8+B*(1-)>0.
In addition to that, the determinant of the matrix inners leads to the inequalities

det(1 ) >0

= 1+p4>0 and 1->0.

The last two inequalities are the same as in the case N = 1. Thus, the inequality 1 + 8 > 0

becomes

1+8>0

1
= g<1--.
9 b

Since b < 0, the right-hand side is always greater than 1. From the other inequality 1-8 > 0,

we get

1-5>0

= qg-1>—,
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which is always true because b < 0. All in all, we get the condition ¢ < 1 — % from the
determinant of the matrix inners. Moreover, the first inequality 1 — 8 —a?8—-8*(1-) > 0

leads to

1-B-a?B-B*(1-p)>0

= 1-2b(q—1)- Qab+b*)(g-1)*+ B —ba*)(g- 1) > 0.

If we put z = g — 1, then it is given a cubic equation on the left-hand side. Set the left-hand
side equal to O, find the roots of this equation with Vieta’s substitution, and thus find the

critical value ¢* up to which the inequality holds, namely
1 —2bz — 2ab + b*)Z* + (b° - ba®)Z® = 0.

Define the coefficients as ¢ := b> — ba?, ¢, := —2ab — b?, ¢3 := —2b, ¢4 := 1. Then, we

follow the idea of Vieta’s substitution, which can be found in [19]. Dividing the equation

&)

by c¢; and substituting z = y , we get the so-called depressed cubic equation

" 3
Y +py+q=0,
where
3cic3 — c%
P= 3cf ’
2c§ - 9cicac3 + 27CfC4
7= 27cf’

Then, make the substitution y = w — %, which is known as Vieta’s substitution, i.e.,

3 P3

w +q—27w3 =0.




Multiplying this equation by w?, it follows that

3
6 3_ P

+ -—==0
w’ + gw 77

— ( ralo)-E 0

Solve this quadratic equation now for w? to obtain

Choose one of the roots, here

and get

3| —q + g% + 5P’

2

w1 =

Then, the three roots can be expressed with & = —% + %\/gz , so that

Vi =W1—L, y2=§W1—L, y3 = E2wp — P ,
3w 3Ew 362w,

and therefore

(%] (] ()
2 =V1 -5 2=Y2— 5 B3=y3— —.
3C1, 3C1’ 3C1

Finally, we get the three inequalities

g<z+1l, g<zn+l, g<zz+1

51
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but not every inequality is relevant. Only the inequalities where the roots are real numbers
and the right-hand side is greater than 1 are relevant. Therefore, we consider only the

inequalities

qg<zi+1, where zz€eR and z+1>1 for i=123

and define

n:=min{z;+1:z€R and z+1>1 for i=1,273}. (7.17)

Since ¢ > 1 implies ¢ — 1 > 0 and for ¢ — 1, we have z — 0 and hence 1 — 2b(¢ — 1) —
(2ab + b*)(g — 1)*> + (b — ba*)(q — 1)> — 1. That means the cubic equation is positive
for g close to 1, and since the cubic map is continuous, the smallest real root greater
than O is the critical value ¢g* up to which the condition holds. From the second equation

1 +B+a%B8+ B*(1-p) >0, we obtain

1+B8+a?B+p*(1-B)>0

= 1+2b(q—1)+ Qab-b*)(g -1+ (@*b-bY)(g-1)>0.

If we put Z = g — 1, then a cubic equation on the left-hand side is given. Set the left-hand
side equal to 0, find the roots of this equation with Vieta’s substitution, and thus find the

critical value ¢ up to which the inequality holds, namely

1 +2b7 + (2ab — b*)7* + (a*b - b*)7> = 0.
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Define the coefficients as d := a’b — b, d» := 2ab — b*, dy := 2b, dy := 1. Then, we

follow again the idea of Vieta’s substitution and do the same procedure as above. Dividing

the equation by d; and substituting 7 = y — 3‘1721, we get the depressed cubic equation

Y +py+3=0,
where
_ 3did; - d3
p - 3d12 s
_ 2d; —9ddpds +27d}d4
1" 2743

As a next step, make the substitution y = w — % to obtain

Multiplying this equation by w? leads to

53
w6+q~w3—p—:0

27

2 53
- (w3) +c](w3)—p—:O.
Solve the quadratic equation now for w? to get

=T P

3
W1,2 - 2

Choose one of the roots, here

2

W]:



and get

| =G+ G+ 255

2

w1 =

Then, the three roots can be expressed with & = —% + %\/gz , o that

y1=W1—L, y2=§W1—L, y3 = E2wp — b ,
3wy 3w, 382w,
and therefore
. b o d

We get the three inequalities

g<21+1, g<+1l, g<iz+1

54

but only the inequalities where the roots are real numbers and the right-hand side is greater

than 1 are relevant. Therefore, we consider only the inequalities

qg<Zi+1, where Z;e€eR and Z+1>1 for i=1,23

and define

?:=min{Z;+1:Z€R and Z+1>1 for i=1,273}.

(7.18)

Since g > 1 implies ¢ — 1 > 0 and for ¢ — 1, we have Z — 0 and hence 1 + 2b(g — 1) +

(2ab - b*)(g — 1)* + (a*b — b*)(g — 1)* — 1. That means the cubic equation is positive for

q close to 1, and since it is continuous, the smallest real root greater than O is the critical

value g* up to which the condition holds.

Finally, we can formulate the theorem about the asymptotic stability of the zero

solution for N = 3.
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Theorem 7.2.6. Let |a| + b < 0 and «a, B be given by (7.15). Then, the zeros of the

characteristic polynomial (7.16) for N = 3 lie inside the unit disk if and only if

1
<min{l - —,n,9
q mm{ bn }

with n from (7.17) and 9 from (7.18).
Proof. The proofis given as derivation right before the theorem by using Theorem 7.2.1. [

Example 7.2.7. Let N = 3, a = 0.95, and b = —1. We consider the pantograph equation

with the initial values
X_3 = 1, X2 = 1, X-1= 1, X0 = 1.

Theorem 7.2.4 says that the zero solution for this equation is asymptotically stable if and

only if

1
g < min {1 - 77,19} = min {2, 12.1525, 1.3371} = 1.3371.

First, consider g = 1.33. With Theorem 7.2.6, the zero solution is asymptotically stable,
which is supported in Figure 7.7 using MATLAB (see appendix, Listing 9.1).

Second, consider q = 1.34, which is a little bit greater than 1.3371. The zero
solution is not asymptotically stable anymore with Theorem 7.2.6, which is also illustrated
in Figure 7.8 using MarLaB (see appendix, Listing 9.1). The solution is oscillating with an

increasing amplitude as n is increasing.
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Figure 7.7. The solution of the pantograph equation (7.13) with N = 3, a = 0.95, b = -1,
and g = 1.33.
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Figure 7.8. The solution of the pantograph equation (7.13) with N = 3,a =0.95, b = -1,
and g = 1.34.

7.2.2. The Pantograph Equation of the Form x*(¢) = x(t) + %x (lq%Jq).
In the previous section, the delay term, in particular, the delay parameter 0 < A4 < 1
for the continuous case is presented as 1/¢" in the quantum case, which makes sure that
t/g" € g uQ fort € g, In this case, the delay term 7/¢" is somehow “smooth”
compared to the discrete case, where the delay term is presented by the floor function. Now,
we want to generalize the delay term and thus consider the delay parameter 1/g* with A > 0

for A € R. But for this delay parameter, it does not have to be true that t/¢* € ¢*' U Q for
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t € ¢"°. Hence, we define the floor function in quantum calculus as
ls],:=sup{req™:t<s} for seR. (7.19)
We consider the g-difference equation

() = xi) + 2x ({iﬂ| ) reg™ 10, (7.20)
t ! q° 14

With the definition of the g-derivative (see Definition 6.0.2), a corresponding difference

equation is derived as
b t
By = Lx(t) + 2x ({—ﬂ| )
t t q° 14

x(gt) —x(t) a b t
= g 0 (H)

t
= x(gt) = (1 +alg = 1) (1) + blg - 1)x (b| ) |
q
If we put t,, := ¢" and t,41 = t,q = q"q = ¢"*', then

X(tn1) = (L + alg = 1)) x(1) + b(q — 1)x ({%| ) -
q

x ({%Jg) =x (Lq”‘ﬁjq) =x (qL”‘“), where | n — A] is the normal integer floor function

(LxJ =max{meZ:m< x}forxe R). Thus,

X(t1) = (1+ alg = 1) x(0) + blg = Dx (¢"™)

Define x, := x(ty), Xn+1 = X(t,+1) and with gLt = 1,_,|, we get x (t,-1)) = X|n-a) =
Xp—a) because n € N and 4 > O for 4 € R, where [x] is the integer ceiling function

([x] =min{meZ:m> x} forx € R). If we put N := [4], then x,_47 = x,—y and we
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end up for the pantograph equation (7.20) in the same case as for (7.13)

Xntl = @Xp + Bxp—n, 1 € Ny, (7.21)
where
N=[A], a=1+a(g-1), B=blg-1). (7.22)
The initial values x_y, X_n+1, - - ., X_1, Xo complete the initial value problem.

Example 7.2.8. We consider

0.1 1 !
xA() = ——x(0) - x ({FL)

with the initial values
X_3 = 1, X2 = 1, X-1= 1, X0 = 1

because

1=2.1 = N=[1]=3.

Apply the asymptotic stability conditions from the previous case for (7.13) with N = 3. With

Theorem 7.2.6, the zero solution is asymptotically stable if and only if
1
g < min {1 ~ n, 19} =min {2, 2.1924, 1.4634} = 1.4634.

For g = 1.05, the solution is given in Figure 7.9 using MATLAB (see appendix, Listing 9.1).
For q = 1.5, the zero solution is not asymptotically stable anymore with Theorem

7.2.6, which is illustrated in Figure 7.10 using MATLAB (see appendix, Listing 9.1).
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Figure 7.9. The solution of the pantograph equation (7.20) with A = 2.1,a = -0.1, b = -1,
and g = 1.05.

)

Figure 7.10. The solution of the pantograph equation (7.20) with 4 = 2.1, a = —0.1,
b=-1,and g = 1.5.

7.2.3. The Pantograph Equation of the Form x*(¢) = 2x(¢) + 2x (LA¢],). In

Section 7.2.2, we discussed the delay term L]%J . To make it even more general and similar
q

to the continuous case, the delay term L/ltjq with 0 < 4 < 1 for 1 € R is considered,

where | x|, is again the floor function in quantum calculus from (7.19). We consider the

g-difference equation with the most general delay term of the form

b
A1) = %m) + 2 (Lmq), teq™ 0<a<l. (7.23)
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Using the definition of the g-derivative (see Definition 6.0.2), a corresponding difference

equation is derived as

xA(1) = ?x(t) + l;?x (I_/ltjq)

= x(g) = (1 + alg - 1)) x(0) + blg - D (L],

If we put t,, := ¢" and t,,41 := t,q = ¢"q = ¢"*, then

X(ta1) = (1 +alg = 1) x(t2) + blg = Dx (141, ) (7.24)

Consider x (L/ltnj q) or in particular |A7,], = [1¢"],. First, we want to know for which

condition A¢" is still greater than or equal to the next smaller number of ¢” in ¢"°, which
is g™ 1

9" > 4"

== Ag >1

= q > !

— log(q) > log (/1_1)

—log (1) _

= 1> =
log (¢)

- lqu(/l)

The right-hand side is positive because 0 < A4 < 1 and thus —log(4) > 0. Note that
Ag" < q" is always true. Thus, in this case, x (L/ltnjq) = X,—1. In the following, we see
why it is better to use the logarithmic function for the inequality above. Now, we look for

which condition A¢" is still greater than or equal to the second next smaller number of g"
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in ¢*', which is g%

F >

and

/lqn <qn—1
Ag < 1
q</l_1

log (¢) < log (rl)
~log (1) _
 Tog(e)

I

—log,(1).

Hence, x (L/Uan) = Xn2 if 2 2 —log,(1) > 1. Now, consider the general case ¢" " <

A" < ¢Vl for N <n, N e N:

A" > ¢
— ¢V > 1
== qN > 17!
— e(o) e )

“loe W _ jog ()

— N > =
log (¢)
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and

lqn < qn—N+1

— ¢V ' <1
- qN_1 <!
— log (qN_l) < log (/l_l)

—log (1) _

= N-1< ——~=
log (q)

—log,(4).

Therefore, x (l_/ltnjq) = xp-N if N > =log,(1) > N-1orN = [—logq(/l)].

All in all, (7.24) becomes

Xp+l = @Xp + Bx,—n, 1 € Ny, (7.25)

where
N =[-log,(1)]. a=1+a(g-1)., B=blg-1). (7.26)
The initial values x_y, x_y+1, - - ., X—1, Xo complete the initial value problem. Moreover, we

end up again for the pantograph equation (7.23) in the same case as for (7.13). Thus, we can
apply the results from Section 7.2.1 to determine if the zero solution is asymptotically stable
or not. But in this case, N depends also on ¢, which means if we change ¢, it is possible that
the order of the difference equation (7.25) changes and therefore we have to consider the
conditions for the new order of the difference equation to determine the asymptotic stability

of the zero solution.

Example 7.2.9. We consider the pantograph equation

A7) = ?x(t) - ;x (L0.9t Jq)
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with the initial values

because

1=09, g¢g=11 = N=[-log,(1)]=[1.1055] =2.

Apply the asymptotic stability conditions from the previous case for (7.13) with N = 2.

Theorem 7.2.4 says that the zero solution for this pantograph equation is asymptotically

stable if and only if
g < min{21, 11.9161, 1.5086} = 1.5086.

Since q = 1.1, the zero solution is asymptotically stable, which is supported in Figure 7.11

using MATLAB (see appendix, Listing 9.1).

i
The pantograph equation = (t) = %.’L‘(t) + E)L ([/\tjq)
1 T T T T T T T T

0 50 100 150 200 250 300 350 400 450 500
n

Figure 7.11. The solution of the pantograph equation (7.23) witha = 0.9, b= -1,1=0.9,
g = 1.1, and thus N = 2.

Now, consider g = 2.1. Since we change q, it is also possible that the order of the

difference equation changes:

1=09, g=21 = N=[-log,(1)]=10.1420] = 1.
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With the results from Section 7.2.1, particularly from Theorem 7.2.2, the zero solution is

asymptotically stable if and only if

1
<l—--==2.
9 b

Therefore, the zero solution is not asymptotically stable, which is illustrated in Figure 7.12

using MAatLAB (see appendix, Listing 9.1).

t
12 The pantograph equation z (t) = E.’L‘(t} vz ([)\tj )
9 X 10 t t 4
T T T T T T
| :
*
**
0 w*»f%%‘%** -
=< i g **_
-1 "
%
2+ %
_3 1 1 | 1 1 | |
0 100 200 300 400 500 600

Figure 7.12. The solution of the pantograph equation (7.23) witha = 0.9, b = -1, 1 = 0.9,
qg=2.1,and thus N = 1.

7.3. AN EXPLICIT SOLUTION FOR A SPECIAL PANTOGRAPH EQUATION IN
QUANTUM CALCULUS

In Section 7.1 and 7.2, we considered the asymptotic behavior of solutions and de-
rived asymptotic stability conditions of the zero solution for different pantograph equations.
With these results, we know something about the solution without computing the solution.
Since it is often not easy or even not possible to find an explicit analytic solution, we can
use the results from Section 7.1 and 7.2 to discuss the behavior of solutions. But sometimes

it is possible to find a nice explicit solution, which is even better.
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In this section, we consider a special kind of pantograph equation in quantum
calculus, where the coefficient of the delay term is modified. For this pantograph equation,
we obtain an explicit solution.

For the following consideration, we use the g-exponential function from Definition

6.0.4. Fort = ¢" and A € R, we get

—_

eat) = eal”) = | | (1+ g = ") (7.27)
0

S

>~
I

Assuming x(z) = e,(t) and using (7.27), we obtain

x(gt) = x(t) _ x(¢"*") - x(¢")

A = =
S e T P VT
_ e (1 + 2 -~ 1)g*) — = (1 + Ag - Dg")
(g — Dq"
_ L+ (g = Dg" - DTz (1 + g - Dg")
(g — Dq"
/1(51 - 1)g" = k
gD L 0(1+ﬂ(q—1)q )
n—1
=[] (1 + (g - l)qk) = Ax(). (7.28)
k=0

We claim that for a special kind of pantograph equation in quantum calculus we know an

explicit solution representation in terms of the exponential function.
Theorem 7.3.1. Let N € N. For the pantograph equation
l t
x2(1) = ax(t) + b l_[ (1 + (a + b)(q - 1)—) X (—) , t=4", (7.29)
- g/ g
]_

the solution is given by

x(t) = eqsn(1).



66

Proof. Plug x(t) = eq4+p(t) with t = ¢g" into (7.29) and use (7.27) together with the property
(7.28). Then,
t

N
xAt) = ax(t) + b ]_[ (1 +(a+b)(q - 1)5) X (q_zv)

J=1

n—-1 n—(N+1)
— x%(1) = ax(t) + b ( [ (1+@+bra- 1)qf)) ( (1+ @+ b)q- l)qk))
j=n—N k=0
n—1

= (a+bx(t) = ax()+b] | (1 +(a+b)g- l)qk)
k=0

= (a+ b)x(t) = ax(t) + bx(t),
which completes the proof. ]
For the case N = 1, we obtain the following result from Theorem 7.3.1.

Corollary 7.3.2. For the pantograph equation

X0 = ax(t)+ b |1+ (@ + b)(g - 1)5) x (5) —
q q

the solution is given by

x(t) = eqn(1).

All in all, for the special pantograph equation (7.29) it is possible to find a nice
explicit solution, which is the g-exponential function. But also for pantograph equations,
where it is not easy or even not possible to find an explicit analytic solution, we obtained
some results about the asymptotic behavior and the asymptotic stability of solutions in this

section.
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8. CONCLUSION

The pantograph equation is a well-studied equation in the continuous and discrete
cases. Some important results about the pantograph equation in these cases regarding
asymptotic behavior and asymptotic stability are presented in Section 4 and 5. After
considering what is already done in the continuous and discrete cases, we investigated the
pantograph equation in quantum calculus in Section 7.

A topic of interest was how to present the coeflicients of the pantograph equation
in quantum calculus. Using constant coefficients for the g-difference equation, we derived
a difference equation with fixed order but variable coeflicients. In this case, we found an
explicit solution representation in matrix form and, moreover, we proved the exponential
behavior of solutions for this pantograph equation in Section 7.1.

Another possibility is to use variable coefficients for the pantograph equation in
quantum calculus. For this case, we also discussed an additional interesting question
regarding the pantograph equation in quantum calculus: How does the delay term look
like in quantum calculus? For this purpose, we considered different pantograph equations
with different delay terms and derived asymptotic stability conditions of the zero solution
for special cases in Section 7.2. The general idea through this discovery was to derive
a difference equation from the the g-difference equation that gave us an equivalent initial
value problem. Using the Schur—Cohn criterion for the difference equation, conditions for
the asymptotic stability of the zero solution of the g-difference equation were derived.

It is always our purpose to find an explicit solution for an equation. To this end,
we considered in Section 7.3 a pantograph equation in quantum calculus with a modified
variable coefficient of the delay term. Moreover, we found an explicit solution for this

pantograph equation, which is the g-exponential function.
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Further research should be done to generalize the results about the pantograph
equation to the time scales theory. Combining the continuous, the discrete, and the quantum
cases is an challenging task for the future. In addition to that, generalizing the results in
Section 7.2 about the asymptotic stability of the zero solution of pantograph equations in
quantum calculus is also an research topic for the future. In particular, to generalize the
results for an arbitrary N and for more general variable coefficients is an interesting research

topic for the future.
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APPENDIX

MATLAB CODE TO COMPUTE THE SOLUTION OF THE PANTOGRAPH

EQUATION

The following code is written in the programming language MatLAB. The purpose

of this code is to compute the solution of pantograph equations in quantum calculus, which

is used to plot the solutions and to illustrate the analytical results.

Listing 9.1. Solution of the pantograph equation in quantum calculus.

Jopantograph equation in quantum calculus

clear

all; close all; clc;

9o Example 1

a = 0.1;

b = -0.5;

q=2.9; %2.9 %3.1
N = 1;

iter 220;

%l Example 2

Y% a =
% b

% q
% N

0.45;

-0.5;

2.02; $2.01 %?2.02
2;
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19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

%o
% iter = 1600;

96lc Example 3

% a = 0.95;

% b = —1;

b q = 1.33; %1.33 %1.34
% N = 3;

Yo

% iter = 1200;
Yo
96lc Example 4

% a = —-0.1;

% b = —1;

% q = 1.05; %1.05 %1.5
% N = 3; %lambda =2.1
Yo

% iter = 230;

96lc Example 5
Jo a = 0.9;

% b -1;

% q = 1.1; %lambda =0.9

% 9N depends on q and lambda,
% N = 2;

% iter = 500;

here we get N=2

70
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45

46

47

48

49

50

51

52

53

54

55

56

57

59

60

61

62

63

64

71

% q = 2.1; %lambda=0.9

% 9N depends on q and lambda, here we change q and therefore
the order of the difference equation also changes N=1

% N = 1;

% iter = 600;

%l Conditions on q for asymptotic stability of the zero

solution

%conditions for N=1

crit_value_q_N1 = (—-1/(b))+1;

%conditions for N=2

crit_value_q_N2_cond_ii = (-2/(a+b))+1;

crit_value_q_N2_cond_iii_1l (b+sqrt (bx(5kb+4%a)))/(—2xb*x(a+
b))+1;
crit_value_q_N2_cond_iii_2 = (b-sqrt(b*(5xb+4xa)))/(—2xbx(a+

b))+1;

crit_value_q_N2_cond_iii_3 (=b+sqrt(bk(5kxb—4xa)))/(2xbx(a—

b)) +1;

crit_value_q_N2_cond_iii_4 (-=b—sqrt(b%(5%b—4xa)))/(2xbx(a—

b))+1;
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=)

6

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

85

86

87

88

89

72

%conditions for N=3

crit_value_q_N3 = (—-1/(b))+1;

first_coef N3 1 = b”"3-a2xb;

second_coef_N3_1 = —2xaxb-b"2;

third_coef N3 _1 = -2%b;

fourth _coef N3 1 = 1;

r_ N3_1 = roots ([ first_coef_N3_1 second_coef_N3_1

third_coef_N3_1 fourth_coef_N3_11]);

crit_value_q_N3_1_1 = r_N3_1(1)+1;
crit_value_q_N3_1_2 = r_N3_1(2)+1;
crit_value_q_N3_1_3 = r_N3_1(3)+1;

first_coef N3 _2 = —-b"3+a”2%b;

second_coef_N3_2 = 2:xaxb-b"2;

third _coef_ N3 2 = 2xb;

fourth coef N3 2 = 1;

r_N3_2 = roots ([ first_coef_N3_2 second_coef_N3_2

third_coef_N3_2 fourth_coef _N3_21]);

crit_value_q_N3_2_1 = r_N3_2(1)+1;
crit_value_q_N3_2_2 = r_N3_2(2)+1;
crit_value_q_N3_2_3 = r_N3_2(3)+1;

98l soltuion of the pantograph equation
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98

99

100
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X = zeros(iter ,1);

t = zeros(iter ,1);

%inital values
for k=1:N+1
t(k)

1/g M (N+1-k) ;

x (k) 1;

end

Y%recursive solution calculation

for k=N+1:iter —1

x(k+1) = (1+ax(q-1))*x(k) + bx(q—-1)*x(k-N);
t(k+1) = gxt(k);

end

figure (1)

plot(—=N:iter -N—-1,x, ")

title (’The pantograph equation $$x~{\Delta} (t)= \frac{a}{t}
x(t) + \frac{b}{t}x \left (\frac{t}{q"N}\right)$$"’,”’
interpreter’,’ latex’,  FontSize’ ,24)

xlabel('n’, FontSize  ,28)

ylabel ('x_n’,  FontSize’  ,28)

figure (2)

plot(t,x, =)
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ns title (’The pantograph equation $$x~{\Delta} (t)= \frac{a}{t}
x(t) + \frac{b}{t}x \left (\frac{t}{q"N}\right)$$’,”’
interpreter’,’ latex’,  FontSize’ ,24)

us xlabel(’g”n’, FontSize  ,28)

e ylabel(’x_n’, FontSize  ,28)
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