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Numerical simulation of an electro-thermal model for superconducting
nanowire single-photon detectors *

Wan Tang®, Jianguo Huang®® 2 and Hao Li¢
%Department of Mathematics, and MOE-LSC, Shanghai Jiao Tong University, Shanghai 200240, China
PDivision of Computational Science, E-Institute of Shanghai Universities, Shanghai 200235, China
“State Key Laboratory of Functional Materials for Information, SIMIT, CAS, Shanghai 200050, China,

Abstract

The electro-thermal model for Superconducting Nanowire Single-Photon Detectors
is a nonlinear free boundary problem involving the temperature and the current, which
are coupled together by a nonlinear parabolic interface equation and a second order
ordinary differential equation. In this paper, we propose a novel method to numeri-
cally solve the preceding electro-thermal model. A series of numerical experiments are
provided to demonstrate the effectiveness of the method proposed.

Keywords. Electro-thermal model, free boundary problem, finite difference method,
shooting method

1 Introduction

In recent years, superconducting nanowires single photon detection (SNSPD) has emerged
as a new and promising single photon detection technology and has received wide attention
in the field of applied superconductivity (cf. [1,8]). The corresponding device structures
nanometer zigzag line on the ultra-thin superconducting material, and uses the highly sen-
sitive response of superconducting nanowire to realize single-photon detection. As shown in
Figure 1 (see [1]), the key step of SNSPD is to discover the variation of the photon-induced
hotspot.

In 2007, some researchers in MIT (cf. [15]) proposed a relevant electro-thermal mecha-
nism to account for the variation of the photon-induced hotspot in SNSPD, after a small
resistive hotspot forms along the nanowire. In this model, the SNSPD is approximated as a
one-dimensional structure, the thermal response is modeled by a one-dimensional nonlinear
parabolic interface equation involving the current flowing through the nanowire, and the
electrical response is modeled by a second order ordinary differential equation. The two
equations are coupled together to form a free boundary problem (cf. [3]).

To be more precise, let L denote the length of the superconducting nanowire under
discussion, d the wire thickness, and W the width of nanowire. The domain occupying
the nanowire is simply written as Q = (—L/2, L/2). Due to the symmetry of the physical
process, it suffices for us to discuss the variation of physical quantities in the half part
2 = (0,L/2). This domain is further split into two regions, Qpnorm(t) = (0,1(t)) and
Qguper(t) = (I(t), L/2), corresponding to the normal/resistive and superconducting states,
respectively. The interface x = [(t) is used to separate the two states at time t. Let T'(x,t)
represent the temperature of the material in the point x at time ¢. Then, as given in [15],
T'(z,t) is determined by the parabolic interface equation

9T a oC,T

J*p + gz — (T = Teu) = ==, 0<z<I(t),t>0, (1.1)
2T aC,T
Fas — %(T ~Ta) =5, U <e<L/2t>0, (1.2)

'The work of this author was partly supported by NSFC (Grant no. 11171219) and E-Institutes of
Shanghai Municipal Education Commission (E03004).
2Corresponding author. E-mail address: jghuang@sjtu.edu. cn.
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==

Figure 1: The variation of the photon-induced hotspot in SNSPD. (a) Bias direct current
close to (but less than) its critical current, and set the nanowire temperature well below
its superconducting critical temperature. (b) Form a small resistive hotspot. (c) The
hotspot region forces the supercurrent to flow around the periphery of the hotspot, since
the hotspot itself is not large enough to span the width of the nanowire. (d) Form a resistive
barrier across the width of the nanowire, results in an easily measurable voltage pulse. (e)
Resistive region is increased, the bias current is shunted by the external circuit. (f) The
NbN nanowire becomes fully superconducting again.

with the initial condition
T(z,0) =Ty, 0<z<L/2.

Observe that T'(x,t) is symmetric about = 0 with respect to x, and L is taken large enough
such that the temperature at @ = L/2 almost coincides with the substrate temperature.
Then we impose the following boundary conditions:

OT (x, 1)

=0, T(L/2,t)=T, t> 0. 1.3
81’ =0 ) ( /7) subs > ( )

Moreover, at the interface point x = [(t) we impose the standard interface conditions:

OT (z,t) oT (z,t)

T(@ )i =T(@ s, fn—p | = ks =], t>0, (1.4)
as well as a phase transition condition
(T) = 1.(0) x (1 — (T/Tc)*)*. (1.5)

Here, J = # is the current density through the nanowire, p is the electrical resistivity, «,
and ks are the thermal conductivity coefficients, « is the thermal boundary conductance
between the film and the substrate, Ty, is the substrate temperature (since the nanowire
is thin enough), C), and Cj are the heat capacity (per unit volume) of the superconducting
film, I.(0) is the initial critical current, and 7, is the critical temperature. We mention that
the transition condition is an empirical relation (see [15, p. 582]), which was obtained from
an excellent fit with experimental measurements. Using this expression, one can determine

12 Wan Tang et al 11-23
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a segment to be resistive when I > I.(7T"), where T' = T'(x) is the temperature of a nanowire
at the position . The remaining part of the nanowire then belongs to the superconducting
state.

On the other hand, using Kirchhoff’s first law, we can find as in [3] that the current
I(t) through the nanowire satisfies an ordinary differential equation

dI(t I
10RO+ L0 = 2 [ (s = 19)ds + (as = 1) 20, t>0. (1)
dt Cut Jo
with the initial condition
1(0) = Ip.
Differentiating (1.6) once with respect to ¢ gives
d*Li I d(I(t)R(t)) dI(t)
Z = Tpigs — 1 1.
Cor (= + S+ 2o ) = Doias — (1), >0, (1.7)

where Cj; is the capacitor, an inductor L and a resistor R(t) represent respectively the
kinetic inductance of the superconducting nanowire and the time-dependent hotspot resis-
tance, the time-dependent hotspot resistance respectively is given as R(t) = Qp@ = Zp%,
Z is the impedance of the transmission line connecting the probe to RF amplifiers (cf. [9]),
Ipias 1s the bias current of the SNSPD.

It is easy to see that the above electro-thermal model is a nonlinear free boundary
problem with the interface x = I(t) to be determined. Observe that the quantity J appearing

in (1.1) satisfies that J = %,

R(t) = Qpé%. Hence, the temperature T'(x,t) and the current I(t) are coupled together by
the equations (1.1)-(1.2) and (1.7). Therefore, it is very challenging to devise an efficient
method for numerically approximating the solution of this model. As far as we know,
there is no work discussing numerical solution for the previous model systematically in the
literature. The goal of this paper is intended to design some efficient algorithms for such a
problem.

Before designing our algorithm, let us review some typical methods for numerically
solving free boundary problems. First of all, front-tracking methods which use an explicit
representation of the interface has always been a common way of solving moving boundary
problems. Juric and Tryggvason presented in [5] a front-tracking method which use a fixed
grid in space and explicit tracking of the liquid-solid interface, the method performs well in
approximating the exact solution. The moving grid method can also be used to solve free
boundary problems, which focuses on increasing the order of accuracy in discretization. For
example, Javierr (cf. [4]) located the interface in the rth node and the grid should be adapted
at each time step. Compared to the level set method, the accuracy of first-order convergence
in the interface position was slightly higher. The level set method (cf. [2,6]) is also a widely
used method for moving boundary problems. The main idea behind the method is that the
interface position is represented by the zero level set, and it captures the interface position
implicitly. Compared to the moving grid method, the level set has a main advantage that
a fixed grid can be used, which avoids the mesh generation at every time step. Phase-field
methods (cf. [4,7]) have become increasingly popular for phase transition models over the
past decade. These methods are based on phase field models, a free boundary arising from
a phase field transition is assumed to have finite thickness, which differ from the classical
model of a sharp interface. Phase-field methods present an advantage over front-tracking
methods, because Phase-field methods only have an approximate representation of the
front location. The main difference between the level set and phase-field methods is that

and the quantity R(t) appearing in (1.6) satisfies that
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the level set method can capture the front on a fixed grid, in order to apply discretizations
that depend on the exact interface location. In contrast, in the phase-field model, the front
is not being explicitly tracked, and thus near the front the discretization of the diffusion
field is less accurate.

However, although there have developed many numerical methods for free boundary
problems, it seems very difficult to simulate the above electro-thermal model effectively with
these methods. Concretely speaking, since the moving grid method requires to introduce a
transformation mapping to map a fictitious domain into the physical domain to form space
grid points, it will lead to essential difficulty in discretization of the thermal equation, which
is a nonlinear parabolic interface equation; for the level set method, it is inconvenient to
establish a level set equation coupled with the original equations governing the variation of
the temperature and current; for the phase-field method, it is very difficult to construct a
relevant phase-field functional which involves very deep physical interpretation of the model.
Hence, we develop a new approach to solve the electro-thermal model under discussion.

The main novelty of our method proposed here is that we determine the interface
x = [(t) at time ¢ by means of the idea of the shooting method (cf. [11]) combined with
the phase transition condition (1.5). We notice that the shooting method is often used in
solving nonlinear two-point boundary value problems (cf. [11]). Our algorithm can be briefly
described as follows. We use the finite difference method with fixed mesh to discretize the
thermal equations (1.1)-(1.2) and the current equation (1.7). Assume the temperature T
and the current [ are available at time ¢t = ¢,,. We then select a grid position [ as the guess
of the interface position x = l(t,41) at ¢ = t,4+1. Next, we compute the critical current
I(T) at t = t,41 in view of (1.5) at all grid points. If there exists a grid point = = [
such that the numerical current 1,41 is greater than the critical current at the left point
of x = l~1, and less at the right side point, then we update the guess interface position [ as
Zl. Repeat the above computation process until it converges. We present some numerical
examples to show the computational performance of our method.

The rest of this paper is organized as follows. In section 2, we describe the Crank-
Nicholson finite difference method and implicit-explicit scheme for the discretization of the
thermal equation, and the trapezoidal rule for the discretization of the current equation.
The algorithm for determination of the interface positions is given in section 3. A series of
numerical results are given in section 4. In the final section, we present a short conclusion
about our investigation in this paper.

2 Discretization of the governing equations

In order to numerically solve the electro-thermal model, we first partition the space
region [0, L/2] into N intervals with equal width Az, to get the spatial nodes 0 = xp <
x] < -+ < xy = L/2 with z; = iAz, and then construct the time nodes ¢, = n7t with
7 > 0 as the time stepsize, n = 0,1,---. We denote by 7T;" the approximate solution of
the temperature 7" at a grid point (z;,t,) and denote by I, the approximate solution of
the current I at a grid point ¢,. In this section, we will design effective finite difference
methods for solving 77" and I,,, respectively.
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2.1 Discretization of the thermal equation
2.1.1 The Crank-Nicholson method

Because the physical parameters rely on the temperature T itself, the thermal equations
(1.1)-(1.2) are highly nonlinear. Hence, we use linearized schemes to carry out discretiza-
tion, in order to avoid heavy cost in solving a nonlinear system of algebraic equations.

Let z =1 = lg“ = xj be the approximate interface position at the time ¢ = t,41 =
(n+ 1)7. For a spatial point x = z; = iAz in (0,1), we view the physical parameters to be
constant in the time interval [¢,, t,+1], equal to the ones corresponding to the temperature
at t = t,,. Then we use the standard Crank-Nicholson finite difference method to discretize
the equation (1.1) (cf. [12]), to get the following difference equation:

( S Mf + K (T7") % l(Tﬁl — 27+ 1 + o et T
wd 2 prmt Ty Ax? Az? (2.1)
1 . :
1 Tn+ +Tn T-n+ . T:Ln

= ST x (ST = T) = M(TP) %~

T

where M(T) := Cp(T) + TC/,(T) so that 8%§T = M(T)%—T;.
Similarly, for x = x; = iAz in (I, L/2) we can derive the following difference equation
from (1.2):

1 1 1
ks(TT) X 1<T[Ll =21+ T, + T =20 + T
s ¢ 2 ALL‘Q AIQ (2 2)
1 4T Tt - '
_ ga(Tin) % (% _ sub) — H(T") % %,

where H(T) := Cs(T) + TCL(T) so that B%—f = H(T)%—{

Next, let us deal with discretization of the boundary conditions. The homogeneous
Neumann boundary condition is imposed at the left boundary point x = zg. To ensure
second order accuracy of approximation, we use the ghost point method (cf. [12]). We
introduce a ghost point z_; = —Axz outside the solution region [0, L/2] and let 7™, denote
the approximate solution of 7" at the grid point (x_1, t,,) fictitiously. Then using the central
difference scheme we have from (1.3) that

Tm —Tm
— =0. 2.3
2Ax (2.3)

On the other hand, we assume the difference scheme (2.1) holds at x = z( to get

+1 +1 +1
1 I+ 1 2p+ i (TD) 177 =27 + 17 n T =215 + 1
Wd 2 0 2 AZ’Q ACCQ (2 4)
1 T T o '
—a(m) x (P T ) = M(TR) x 0
T

From (2.3) we know 77, = 17" and Tffl = Tf“, and plugging them into (2.4) we obtain

1 I+ In>2 1/ —2Tp +2Tp 2Tyt + 21+
i ) e <5 )
1 o 4+ T o — T '
— —a(Tg) x (FUTE T = H(TR) < L
5
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The Dirichlet condition is imposed at the right boundary point x = L/2, so we directly
have
Ty = Tou. (2.6)
To discretize the interface condition (1.4) at the interface point x = z;, we use a
backward (resp. forward) scheme to approximate % from the left (resp. right) at
x = x;. So we have from (1.4) that

Li—Tia _  Tin =15
" Az oAz
The combination of the difference equations (2.1), (2.2), (2.5)-(2.7) can uniquely deter-
mine the grid function {Tf“}i]\;l. Obviously the scheme is implicit, and can be expressed

in matrix notation as a linear system with a tridiagonal coefficient matrix. So we can obtain
(TN  in an efficient way.

K (2.7)

2.1.2 The Implicit-Explicit (IMEX) method

In order to derive an efficient implicit-explicit scheme for solving the thermal model
given before, we first make a reformulation for the equations (1.1) and (1.2). As a matter
of fact, from some direct and routine manipulation, the two equations can be rewritten as
follows.

J2p o*T  F(T) F(T) or
n T T — Tsu = a0 2.
ay T e Yy Y 2
0’T  E(T) E(T) oT
a2t By EDy O (2.9)
where Gp(T) = ”Mng)) G4(T) = ';Ig)) F(T) = —]“W(TT)), E(T) = —?I((?).

Next, we choose a positive constant G, large enough, such that Gy is no less than G, (T")
and G4(T') at least. The constant can be obtained by some additional calculation in terms
of the explicit form of the underlying function. In our numerical experiments developed in
section 4, G is taken such that

Go = TSU?%?ETC{G”(T),GS(T)}. (2.10)

Therefore, the above equations can be reformulated further as

o*T  J?p 0*°T  F(T) F(T) or
0*T 0*°T  E(T) E(T) or

Hence, borrowing the same ideas to treat the variable coefficients as for the Crank-
Nicholson method and using the technique that we discretize the partial derives of T" with
constant coefficients via implicit schemes and the other terms via explicit schemes (cf. [10]),
we obtain from (2.11) that, at © = x; = iAz, = € (0,]) and ¢t = t,41 = (n + 1)7, the
difference equation for (1.1) reads

o Tt -t Ty 1 (L L +I")2
0 A? M) " \wd 2 P
TP, =210 + 17, F(TP) T e
+[GalT}') = Go] x ——— 5+ — 2 x (I = To) = ——. (2.13)
6
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Similarly, we have for x = z; = iAz, x € (I, L/2), the difference equation for (1.2) reads

Tt gt pndd "M, =200+ T
Glo x ~=h iy L 4 (GU(T)) — Gyl x
€T x
E(T™ Tt
+ (dl ) X (T — Tyup) = % (2.14)

Following the same ideas for construction of the Crank-Nicholson method mentioned
above, we can derive the difference equations corresponding to the boundary conditions
and the interface condition.

Compared to the Crank-Nicholson method, the present implicit-explicit (IMEX) scheme
has an advantage. That is, if the generic constant G is chosen feasibly, we only require to
solve a linear system with the same coefficient matrix at different time nodes ¢ = ¢,,. This
will reduce the computational cost greatly, in particular, in high-dimensional case.

2.2 Discretization of the current equation

The current equation (1.7) is a second order ordinary differential equation, we rewrite
it as a system of first-order equations and then carry out discretization. To this end,
let K(t) = % fg([bms — 1(s))ds + IpiasZo. Hence, by some direct manipulation, (1.7) is
equivalent to

K/(t) _ Ibiasc_btl(t)’ (215)
Lil'(t) = K(t) — (R(t) + Zo)I (%), (2.16)
where ) ()
R(t) =2p— = 2p——.

S wd
The corresponding initial conditions are given by

1(0) = Iy,  K(0) = IpjasZo.
Integrating both sides of the equation (2.15) in the domain [t,,¢,+1] implies

tnt1 tn41 L. — I(t
K'(t)dt = / Thias —1(t)
tn tn Cbt

and using the trapezoid method for numerical integration to the right side term we further

dt,

have

T
Kn+1 - Kn + 2C (2Ibias - In - In+1)7 (217)
bt

Similarly, integrating both sides of the equation (2.16) in the domain [t,, t,+1], we have

tn1 tnt1
[ nrwa= [ a0 - (ro) + 2o 10)a
tn tn
which, in conjunction with the trapezoid method, implies

T T T T T T
<Lk + §Rn+1 + §ZO> In+1 = (Lk - §Rn - 520)171 + §Kn + §Kn+1- (2'18)

where R,, = Ry (t).
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Making use of (2.17) and (2.18) immediately gives

2

alpi1 = bl + 7Ky + —— Dpias, (2.19)
20
where
Lot 4 TRy + 220, b=Li-— — TR,z
a= — — = - ——R,— =
k 4Cbt 2 n+1 2 07 k 4Cbt 2 mn 2 07

ln ln+1

R,=2p—, R =2p——.

We remark that in the real applications, the interface positions [, and l,y1 at t = t,
and ¢ = t,41 should be replaced by their approximate values [ and lg“, respectively.
Therefore, it is clear that we can get the current 1,11 whenever the unknowns at the time
t = t,, and the interface position z = lg“ are available.

Observing that for the superconducting nanowire single-photon detector described in
Figure 1, while the current drops below critical current and the resistive region subsides,
the wire becomes fully superconducting again, the bias current through the wire returns to
the original value. Thus, the time-dependent hotspot resistance R, (t) = 0, and the current
equation (1.7) becomes

d?I(t dI(t
dtg ) + a1 dSt ) + ax(t) = as, (2.20)

_Z _ 1 — Iias
Wherfe al_fi’@._M’a?_m’ ' . '
Since the equation (2.20) is a constant second order inhomogeneous linear equation, we
can easily derive its closed form of the solution:
a
I(t) = et + coet + =2 (2.21)
a2
If the initial conditions are given by I(f) = a4 and I’(f) = as, then we know by a direct
manipulation that the undetermined coefficients in (2.21) are

A = —ay + +/a? — 4das P Va2 — 4das
2 )

= 5 ,

a, a
agAg —as — 2o ag\ —as — BN\

_ cop = a2
()\2 — )\1)6)‘1t 2 ()\1 — )\2)6)‘2t

Therefore, if the nanowire returns to superconducting state again, we are able to get

the current from the expression (2.21) explicitly, instead of the numerical solution. This
will increase the computational efficiency greatly.

Ccl =

3 Determination of the interface position

Similar to the standard numerical method for solving evolutionary equations, we will
conduct numerical simulation for the electro-thermal model along the time direction. That
means, once the numerical results at ¢ = ¢,, are obtained, we will try to get the numerical
results at ¢ = ¢,41. From our discussion given in the above section, we easily know the key
difficulty is to derive the interface position at this instant.

Our key points to overcome the above obstacle are as follows. First of all, we make
the partition of the region [0, L/2] fine enough, i.e. Az is taken small enough, so that we
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All variable values
are known at?,

|
l‘

Select a position of
interface /"

|

‘ Compute current 1(Z,,,)

temperature 7(x.z,,,)
critical current Z(x.,,,)

!

Determine new polsmon of
interface /" —
f satisfy termlnatlon ruIe ?

Y

Get the new position of interface
and the temperature

Figure 2: The flow chart of the iterative algorithm to form the interface position at different
time nodes.

can assume that the interface positions always lie in the spatial grid points, approximately
with desired accuracy. Next, we will use the shooting method to determine the interface
position at ¢ = t,41, in view of the idea of the shooting method (cf. [11]) combined with
the phase transition condition (1.5). To be more precise, we choose x = [ = I" as the
initial guess of the interface position at ¢t = ¢,11. Then, by means of the finite difference
methods in section 2, we can derive the approximate temperature values T[‘H at all grid
points as well as the approximate current I,,4+1, and compute the critical current I.(7)
at t = t,41 in view of (1.5) at all grid points. If the initial guess x = = [ satisfies that the
numerical current I, is greater than the critical current at the left point of z = [, and
less at the right side point, then we take l"Jrl = [. Otherwise, we try to find a grid = = L
such that the numerical current /11 is greater than the critical current at the left point of
z =1, and less at the right side point. And then replace the guess interface position [ by
l,. Repeat the above computation process until it converges, and choose the final result [
as l"+1 In all the calculations presented in the following section, the termination rule is
taken as |I; — 1| < tol, with tol =1 x 107,
For preciseness, the above algorithm is shown in a flow chart, described in Figure 2.

4 Numerical results

In this section, we give some numerical experiments to illustrate the performance and
accuracy of our method introduced in sections 2 and 3, from which we can observe the
evolution of interface positions, namely the growth of the normal region along the wire,
the change in current through the wire, the change of resistance along the wire after a
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Figure 3: The current variation in the electro-thermal model.(a) The calculated current
through the wire vs. time. (b) The calculated current and critical current at = 100nm
vs time.

small resistive hotspot is formed. Here the photon-induced resistive barrier forms at ¢t = 0.
Most of the physical parameters are taken from the monograph [13] about the theory of
superconductivity, and the other ones are taken from the related literature. In particular,
since the hotspot only forms and exists for several nanoseconds (cf. [1]), we choose in our
numerical simulation the terminal time to be t.,q = 10ns. Then we choose the stepsize in ¢
to be 7 = 1ps, where 1ps = 10 3ns. If 7 is taken a little larger, say 7 = 5ps, our algorithms
will not converge.

In the normal/resistive state, the electrical resistivity p = 2.4 x 1075Qm. According
to the Wiedemann-Franz law, the ratio of the electronic contribution of the thermal con-
ductivity &, to the electrical conductivity p of a metal, is proportional to the temperature
T (kn = £%, where £ = 2.45 x 1078WQ/K? is the Lorenz number). The heat capac-
ity (per unit volume) of the superconducting film C,, includes electron specific Cp, and
phonon specific heat Cp,, where C., is proportional to the temperature T (Ce, = T,
where v = 240), and C,, is proportional to T° such that Cp, = 9.873 (cf. [8]). The thermal
boundary conductivity a between NbN and sapphire we used is obtained from [15], and we
only considered its cubic dependence on temperature (o = BT?, where B = 800).

In the region of superconducting state, p is taken to be zero naturally. We express the
thermal conductivity as kg = ,CPT—;C (cf. [14]), where T, = 10K is the critical temperature.

The heat capacity Cs also include two parts, the electron specific was calculated such
5T

that Cuy = Ae™ 7" with A = 1.93 x 10° (cf. [13]), and the phonon specific heat is state
independent such that Cp, = 9.8T 3. The thermal boundary conductivity is given as o =
BT3.

Some more data used in all the computations are given as follows. The length of
superconducting nanowire L = 2000nm, the wire thickness d = 4nm, the width of nanowire
W = 100nm, the substrate temperature Ty, = 2K, the initial critical current I.(0) =
201.A, the capacitor Cyp = 20 x 107°F, the kinetic inductance of the superconducting
nanowire L = 807.7nH, the impedance of the transmission line connecting the probe to
RF amplifiers Zy = 5012, the current of the SNSPD [;,s = 16.589u A, the initial interface
position [y = 15nm, the initial temperature Ty = 5K where the wire is normal and Ty =
Ty = 2K where the wire is superconducting.

For the Crank-Nicholson method and the IMEX method, we take N = 1000, so the
space step is Ax = L/2N = 1nm. The time step is 7 = 1ps, as introduced at the beginning
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Figure 4: The resistance variation in the electro-thermal model. (a) The calculated total
normal state resistance vs. time, and the inset shows in greater detail the change of the
resistance. (b) The interface position vs. time, and the inset shows in greater detail the
change of the position.
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Figure 5: The temperature variation in the electro-thermal model. (a) The calculated
temperature (shown using colors) at different positions along the wire and in time. (b) The
calculated temperature history at x = 100nm.

of this section. Furthermore, for the IMEX method, we choose the parameter G in view
of the formulation (2.10) to get Go = 2 % 1075.

We first use the Crank-Nicholson method for solving the thermal equations, combined
with the numerical method for solving the current equation and the algorithm in section 3
to search for interface positions, to implement numerical simulation.

It is shown in Figure 3(a) the calculated current through the SNSPD. We find the curve
first forms a sharp decline within a short time period. Afterwards, the nanowire under
consideration switches to superconducting state, and the calculated current increases at an
exponential rate. It is shown in Figure 3(b) the calculated current and the critical current
at x = 100nm vs. time.

It is shown in Figure 4(a) the calculated total normal state resistance along the wire.
It appears that the resistance increases gradually and then decreases to 0 sharply, and
the inset shows in greater detail the change of the resistance. It is shown in Figure 4(b)
the evolution of the interface position in the electro-thermal model. The initial interface
position is taken as [y = 15nm. The interface point moves forward to about the position
x = 463nm at t = 170ps, where the resistance increases to a maximum value. Then the
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Figure 6: Some numerical comparison between the Crank-Nicholson finite difference method
and the IMEX method. (a) The calculated current through the wire vs. time. (b) The
calculated temperature history at x = 100nm.

interface point returns gradually to the central position with x = 0, and the nanowire
becomes superconducting state.

It is shown in Figure 5(a) the calculated temperature (shown using colors) at different
positions along the wire and in time, the temperature at each segment show the segment
under consideration switches into the normal state or remains superconducting. And it is
shown in Figure 5(b) the calculated temperature history at = 100nm. At that position,
the initial temperature is T' = 5K where the wire is normal, then it increases to a maximum
value of about 10.7K, after that the temperature gradually returns to 2K and the position
lies in superconducting state.

All the numerical results given above coincide with the physical phenomenon observed
by experiments (cf. [15]).

We also compare the numerical results with the thermal equations numerically solved
by the Crank-Nicholson method and the IMEX method, respectively. We observe from the
numerical data in Figure 6 that the two methods which perform in the similar manners,
can produce very similar numerical results.

5 Conclusions

In this paper, we propose two algorithms for numerically solving the electro-thermal
model for Superconducting Nanowire Single-Photon Detectors. Such a model is governed
by a nonlinear free boundary problem involving the temperature and the current, which are
coupled together by a nonlinear parabolic interface equation and a second order ordinary
differential equation (see the equations (1.1)-(1.2) and (1.7) for details). In our numerical
experiments, for a fixed spatial size Ax, only if the stepsize in time 7 is taken small enough,
our numerical methods are convergent. Therefore, we only develop in this paper some
initial but interesting results for the coupled system of equations (1.1)-(1.2) and (1.7). Due
to the complexity of the model, it is very challenging to establish mathematical theory for
this model and discuss convergence analysis of the methods proposed in this paper.
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1 Introduction and main results

Throughout this paper, we assume that f(z) is a meromorphic function in the whole
complex plane, and use standard notations, such as m(r, f), T'(r, f), N(r, f), in the
Nevanlinna theory (see e.g. [3,7,8,17]). And we also use o(f) and o2(f) to denote
respectively the order and the hyper order of f(z). Moreover, we say that a meromorphic
function g(z) is small with respect to f(z), if T'(r,g) = S(r, f), where S(r, f) means any
real quantity satisfying S(r, f) = o(T'(r, f)) as r — oo outside of a possible exceptional
set of finite logarithmic measure.

Recently, with some establishments of difference analogues of the classic Nevanlinna
theory (two typical and most important ones can be seen in [2,4-6]), there has been a
renewed interest in the properties of complex difference expressions and meromorphic
solutions of complex difference equations (see e.g. [10-12,18]). Further, Yang-Laine
gave analogies between nonlinear difference and differential equations in [15] . From
then on, some results concerning nonlinear differential-difference equations were found
(see e.g. [13]).

In what follows, we use the defintion of the differential-difference polynomial in
[15,19]. A differential-difference polynomial is a polynomial in f(z), its shifts, its
derivatives and derivatives of its shifts, that is, an expression of the form

Pz, f) =) _an(2)f(2) 00 f'(z)00 - f0)(2) o

Ael

Sz )Mo f (24 )t [Pz e
fz+a) o f (24 ) fP (2 4 )

*Corresponding author.
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=2 e LG+ ar, (11)

Ael i=0 j=0
where [ is a finite set of multi-indices A = (X0, =+, Aoy A10y s Alky =5 ALOs ** 5 ALk),
and co(= 0), ¢, -+, ¢ are distinct complex constants. And we assume that the mero-

morphic coefficients ay(z), A € I of P(z, f) are of growth S(r, f). We denote the degree

Ik
and the weight of the monomial ] [ fY(z + ¢;)* of P(z, f) respectively by
i=0 j=0

k

:ZZ)‘M and  w(\) :ZZ]+1

i=0 j=0 i=0 j=0
Then we denote the degree and the weight of P(z, f) respectively by
d(P) =max{d(\)} and w(P)=max{w(A)}.

In the following, we assume d(P) > 1.
We recall the following result due to Wang-Li [13] by rewriting the original differential-
difference polynomial in [13] as the one of the form (1.1).

Theorem A. Suppose that a nonlinear differential-difference equation is

f"(2) + Pz, f) = p(2), (1.2)

where n € N, p(z) is a polynomial, and P(z, f) is a differential-difference polynomial of
the form (1.1) with polynomial coefficients. If

(s+1)d(P) = > _d(N) (1.3)

Ael

where s is the number of components of I, then the equation (1.2) has no transcendental
entire solutions of finite order.

Remark 1.1 Obviously, (1.3) results in

(s+ 1)d(P) = > d()\) > (s + 1)d(P) — sd(P) = d(P) > 1.

el

Then, our first main purpose is to improve Theorem A. On the one hand, we improve
the restrict on n by introducing an important lemma of our own. On the other hand,
we also consider the non-existence of meromorphic solutions of the equation (1.2). Our
result is as follows.

Theorem 1.1 Consider the nonlinear differential-difference equation

[M(z)+ Pz, f) =c(z), neN, (1.4)

where P(z, f) is a differential-difference polynomial of the form (1.1) with meromorphic
coefficients ay(2), A € I, and ¢(z) is a meromorphic functions.

(i) If n > d(P), then the equation (1.4) has no admissible transcendental entire
solutions with hyper order less than 1.

(ii) If n > w(P), then the equation (1.4) has no admissible transcendental mero-
morphic solutions with hyper order less than 1.
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Remark 1.2 Here, a meromorphic or entire solution f(z) of the equation (1.4)
is called admissible, if ay(z),A € I and ¢(z) are small with respect to f(z), that is,
T(r,ay) = S(r,f),\€ I and T(r,c) = S(r, f).

Wang-Li also investigated another kind of nonlinear differential-difference equation
in [13] as follows.

Theorem B For two integers n > 3, k£ > 0 and a nonlinear differential-difference
equation

fM(z) + q(z)f(k)(z +t) = ae™ + de” ", (1.5)

where ¢(z) is a polynomial and ¢,a,b,d are complex numbers such that |a| + |d| # 0,
bt # 0.

(i) Let n = 3. If ¢(z) is nonconstant, then the equation (1.5) does not admit entire
solutions of finite order. If ¢ = ¢(z) is constant, then the equation (1.5) admits three
distinct transcendental entire solutions of finite order, provided that

31

bt =3mm (m #0, if g#£0), ¢ =(-1)""(=

3k97ad,
b

when £ is even, or

bt — 37” +3mr (g £0), ¢ —i(—1)" (?;f)%zmd

when k is odd, for an integer m.

(ii) Let n > 3. If ad # 0, then the equation (1.5) does not admit entire solutions of
finite order. If ad = 0, then the equation (1.5) admits n distinct transcentental entire
solutions of finite order, provided that ¢ = ¢(z) = 0.

Moreover, they proposed a question in [13]: for the differential-difference equation
of the form ‘ '

f"(2) + L(z, f) = ae®™ +de™™, n >3,

where L(z, f) is some linear differential-difference polynomial of f(z) with polynomial
coefficients, what can we say considering Theorem B.

Then, our second main purpose is to give the following results, which answer the
above question to some extent.

Theorem 1.2 Consider the nonlinear differential-difference equation

Ik
z)—irZZASt (2)f (2 + ¢,) = ae™ +de™™, neN,n>3, (1.6)

s=0 t=0

where co(— 0), ¢1,---,¢ are distinct complex constants, Ag.(z),s = Lt =

0,1,
0,1,---,k are polynomlals and a, b, d € C such that b # 0 and la| + |d| # 0.
(i) Let n=3.1If

Ik .
ad£0 and 35 Au(2) (e‘b?(%) _e%(%b)t) £0,

l k 1 k . .
ZZAst e Zb) =0=d, or ZZAS’t<Z)e_EbCS(TZb>t =0=a,

s=0 t=0 s=0 t=0
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or

l k l k
ZZAMZJ;S@ EZZAM N ;b)t— —3didp, d} =a,d}=d,
t=

then the equation (1.6) has three transcendental entire solutions of finite order.
(ii) Let n > 3. If ad # 0, or

l k

ad =0 and ZZA” e Zb) Z0,

5s=0 t=
then the equation (1.6) has no transcendental entire solutions of finite order. If

l k

ad =0 and ZZA” e 2b) 0,

s=0 t=0

then the equation (1.6) has n transcendental entire solutions of finite order.

In particular, we obtain more concrete results for a special linear difference polyno-
mial L(z, f) as follows.

Theorem 1.3 Consider the nonlinear difference equation
f(2) + q(2) A" f(2) = ae™ +de™, n,m € N,n >3, (1.7)

where ¢(z) is a polynomial, a,b,d € C such that b # 0 and |a| + |d| # 0.

(i) Let n = 3. If ad # 0 and ¢(z) is a nonconstant, then the equation (1.7) has
no transcendental entire solutions of finite order. If ad # 0 and ¢(z) is a constant g,
then the equatlon (1.7) has three transcendental entire solutions of the form f(z) =

dies 5 + dye™ 5 ,d3 = a,d3 = d, provided that

27ad

25

6
bc:6k7r+37r+ﬂ(kGZ,s€{0,1,~-,m—1}) and ¢ = (-1)""———.
m (e“m +1)3m

If ad = 0, then the equatlon (1.7) has three transcendental entire solutions of the form

f(2) =die's + dye 5", d3 = a,d3 = d, provided that ¢(z) = 0 or be = 6k, k € Z.
(ii) Let n > 3. If ad # 0 then the equation (1.7) has no transcendental entire
solutions of finite order. If ad = 0, then the equation (1.7) has n transcendental entire

solutions of the form f(z) = die'% + dye™n" ,d? = a,dy = d, provided that ¢(z) =0 or
bc = 2knm, k € Z.

Remark 1.3 Here, the forward difference A™ f(z) for m € N and ¢ € C\{0} is
defined in the standard way [14, p. 52| by

Af(z) = f(z+e)=f(2), A" f(2) = DA™ f(2)) = A" f(z4+e) =A™ f(2), m > 2.

And it is shown as in [2] that

A" f(z) =Y Co(=)" (4 je),  f(z+me) =) CLAf(2),
§=0 5=0
where CJ /5 =0,1,---,m are the binomial coefficients.
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2 Lemmas

Lemma 2.1. ( [19]) Let f(z) be a transcendental meromorphic function of o (f) <
1, and P(z, f) be a differential-difference polynomial of the form (1.1), then we have

m(r, P(z, [)) < d(P)ym(r, f) + 5(r, f).
Furthermore, if f(z) also satisfies N(r, f) = S(r, f), then we have
T(r, P(z, [)) < d(P)T(r, f) + S(r, f).

Lemma 2.2. ( [6]) Let 7" : [0,400) — [0,+00) be a non-decreasing continuous
function and let s € (0,400). If the hyper order of T is strictly less than one, i.e.

1im%:g< 1, and § € (0,1 — ¢), then
T(r)

7o

T(r+s)=1T(r)+ o ),

where r runs to infinity outside of a set of finite logarithmic measure.
It is shown in [3, p.66] and [1, Lemma 1] that the inequality

(L +o()T(r —ef, /) < T(r, f(z+¢)) < (1 +o()T(r + |c|, )

holds for ¢ # 0 and r — oo. And from its proof, the above relation is also true for
counting function. By combining Lemma 2.2 and these inequalities, we immediately
deduce the following lemma.

Lemma 2.3. Let f(z) be a nonconstant meromorphic function of oo(f) < 1, and
¢ be a nonzero complex constant. Then we have

T(r,f(z+c)=T(r, f)+ S f),
1 1
f(z—+c) T7?)+S(T,f)-

Laine-Yang [9] gave a difference analogue of Clunie lemma as follows.

N(r, f(z+¢)) = N(r, f) +5(r, f), N(r, ) = N(

Lemma 2.4. ( [9]) Let f(z) be a transcendental finite order meromorphic solution

Uz, [)P(z f) = Q(z, /),
where U(z, f), P(z, f), Q(z, f) are difference polynomials in f(z) with small meromor-

phic coefficients, deg, U = n and deg; @ < n. Moreover, we assume that U(z, f)
contains just one term of maximal total degree. Then

m(r, P(Zaf)) = S(ﬁ f)

of

Remark 2.1. Yang-Laine [15] also pointed out that Lemma 2.4 is also true if
P(z,f), Q(z, f) are differential-difference polynomials in f(z). Further, by a careful
inspection of the proof of Lemma 2.4, we see that the same conclusion holds for the
differential-difference case, if the coefficients b,(2) of P(z, f), Q(z, f) satisfy m(r,b,) =
S(r, f) instead of T'(r,b,) = S(r, f).

Lemma 2.5. ( [16]) Suppose that ¢ is a nonzero complex constant, a(z) is a
nonconstant meromorphic function. Then the differential equation

F2(2) + (ef"™(2))? = alz)
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has no transcendental meromorphic solutions satisfying 7'(r, o) = S(r, f).

3 Proofs of Theorems 1.1-1.3

Proof of Theorem 1.1. (i) Let f(z) be an admissible transcendental entire solution
of (1.4) with o3(f) < 1. By Lemma 2.1, we see that

m(r, P(z, f)) < d(P)m(r, f) + S(r, f). (3.1)
By (1.4) and (3.1), we obtain that

nT(r, f) =T(r, P(z f)) + S(r, f) =m(r, P(z, f)) + S(r, f) < d(P)T(r, f) + 5(7”,(,7;)-2)
Since n > d(P), (3.2) is a contradiction. Thus, (1.4) has no admissible transcendental
entire solutions with hyper order less than 1.

(ii) Let f(z) be an admissible transcendental meromorphic solution of (1.4) with
oo(f) < 1. We consider each pole of P(z, f). Since each pole of P(z, f) in |z| < r
comes from the poles of f(z+¢;),i =0,---,l and a)(z), A € [ in |z| < r, and each pole
of f(z + ¢;) with multiplicity p; is a pole of P(z, f) with multiplicity at most

k
pidio+ (it DA+ +(pitk) ik < pi(Aio+2Nia+- -+ (k+1)Aix) = pi Z(j+1))\i,j>
=0

we have by Lemma 2.3 that

i4-
Mw is-

N(r,P(z,f)) < max{

el

G+ DN f(z+¢))}+S(r, f)

l

= max(3_ > G+ VAN )} + (. f)
- maxw()\)N( £+ 80 f) = w(P)N(r, f)+ S, f).  (3.3)

A€l

Clearly, (3.1) holds by Lemma 2.1 again. By (1.4), (3.1) and (3.3), we obtain that
nT(r, f) = T(r, P(z, f)) + 5(r, f) = m(r, P(z, f)) + N(r, P(z, [)) + 5(r, f)
< d(Pym(r, f) + w(P)N(r, f) + S(r, f) Sw(P)T(r, f) + S(r, f).  (3.4)

Since n > w(P), (3.4) is a contradiction. Thus, (1.4) has no admissible transcendental
meromorphic solutions with hyper order less than 1.0]

Proof of Theorem 1.3. Suppose that f(z) is a transcentental entire solution of
finite order of (1.7). Differentiating (1.7), we have

m m

nf N2 (2) 4 d(2) > CL(=D)" 7 f(z+ jo) +q(2) > ChL(=1)" 7 f'(z + jo)

Jj=0 J=0

= ib(ae™ — de™™?). (3.5)
By combining (1.7) and (3.5), we have

(nf" H(2)f ZC” )" f(z+0) +4(2) Y Ch(=1)"" ]f(Z+JC)>2
7=0
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m

(1) + (=) Y Ch(-1)" (= 4 ) = tad?,
consequently,
P2 (2)(V 2 (2) + 0P 2 (2) = Q(z, f), (3.6)

where Q(z, f) is a differential-difference polynomial of f(z) with the total degree at
most n + 1.
If 0 f2(2) + n?f?(z) = 0, we differentiate it and obtain that

n?f"(z) + B*f(z) =0, (3.7)

which implies the solution must be

ibz —ibz

f(z) =dien +dee ™, (3.8)

where d; and dy are arbitrary complex constants. If b?f2(z) + n?f"(z) # 0, we may
apply Lemma 2.4 and Remark 2.1 to (3.6) and obtain that

T(r,0*f2 4+ n2f?) = m(r, B2 f2 +n2f?) = S(r, f).

Thus, by Lemma 2.5, we see that b%f?(z) + n?f"?(z) must be a constant M. Differenti-
ating 0% f?(z) +n*f”(z) = M, we obtain (3.7) and (3.8) again.
Substituting (3.8) into (1.7) and denoting w = w(z) = e'= , we obtain that

diw?™ + Crdi ' dow® 2 + CRdy P dyw® ™ 4 -+ + Oy 2didy w4+ Oy~ dady ™ w® + d

—ijbc

wow" = aw® +d. (3.9)

+dig(2) Y Co(=1)" e W w ™ dyg(2) Y O (—1)" e
j=0

7=0
(i) Let n = 3, then (3.9) reduces into

agw® + agw* + asw? + ag = 0,

where
§
ag = d3 — a,

ijbc

(—1)mIe ™5 = 3d3dy + dig(2)(eF — 1),

NIE
2

ay = Sd%dg + dlq(Z)

<
Il
o

—ijbe

(—1)™ =3 = 3dyd2 + dag(2)(e

—ibc

3 — 1)”‘7

NIE
2

as = 3dyd3 + daq(2)

J

Il
o

aozdg—d.
\

Since w(z) is transcendental, we have
a6:a4:a2:a0:0.

If ad # 0, then d} = a # 0, d3 = d # 0. Tt follows from a4 = ay = 0 that

—ibc

7 1)™ =0, (3.10)

3didy + q(z)(eigfc —1)™ = 3dids + q(2)(e
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—ibc

If ¢(z) is a nonconstant, then (3.10) results in e’s — 1 = e 3~ — 1 = 0, which implies
a contradiction that d; = dy = 0. Thus, (1.7) has no transcendental entire solutions of

finite order for this case. If ¢(z) is a constant ¢, then (3.10) results in (e —1)m =
(e — 1)™. Denoting v = €5, we have (v — 1)™ = (1 —1)™, consequently,

v—1=ug(-—-1), s=0,---,m—1,
v
where u, = em = ¢e% e =em,s =0,---,m—1. Ifs =0 (that is, ug = 1), then
2ibe

vi =e’3 =1, that is, be = 3km, where k € Z. Substituting it into (3.10), we deduce
that

3dids + q((-1)F —1)™ = 0.
Then k is odd, and ¢* = (—1)"*121%  Thus, (1.7) has three distinct transcendental

8m
entire solutions of finite order for this case. If s € {1,---,m — 1} (that is, us, = £°),
then v = 1 or —¢*, that is, bc = 6kw or bc = 6km + 37 + 657“, where k € Z. Substituting

be = 6km into (3.10), we deduce that d;dy = 0, which is a contradiction. Substituting
be = 6k + 3w + % into (3.10), we deduce that

3d1d2 + q<—88 — 1)m =0.

Then ¢ = (—1)7”“%. Thus, (1.7) has three distinct transcendental entire
“mo 41)3m

solutions of finite order for this case.

If a # 0and d = 0, then d} = a # 0 and dy = 0. If ¢(z) = 0, then (1.7) has
three distinct transcendental entire solutions of finite order for this case. If ¢(z) # 0, it
follows from a4y = as = 0 that eF —l=e5 —1= 0, that is, bc = 6k7, where k € Z.
Substituting bc = 6k7 into (1.7), we see that (1.7) has three distinct transcendental
entire solutions of finite order for this case.

If a=0and d # 0, then d; = 0 and d3 = d # 0. We can deduce similar results as
the above.

(ii) Let n > 3 (which implies 2n —2 > n + 1 and 2 < n — 1), then we deduce from
(3.9) that

agnw2” -+ agn,ngnd + -+ a2w2 + ag = 0, (311)

where

Since w(z) is transcendental, we have
Aop = Qgp—g = -+ =az = ag = 0,

If ad # 0, then df = a # 0, d} = d # 0. It follows from as, 2 = ay = 0 that
didy = 0, which is a contradiction. Thus, (1.7) has no transcendental entire solutions
of finite order for this case.
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If a# 0and d =0, then df = a # 0 and dy = 0. If n is even, then n + 1 is odd.
Hence, the coefficient of w™™! in (3.11) is

ibc

api1 = di1q(2) Z Cﬂ;l(—l)m’je”fc =dyq(z)(en —1)™.
§=0

Since a4, = 0, we have ¢(z) =0 or e'n — 1 = 0 (that is, bc = 2knm, where k € Z). If
n is odd, then n + 1 is even. Hence, the coefficient of w™™! in (3.11) is

igbe ibc

¥ = dig() (e 1)

ne1 = Co® di® dy® +dig(2) Y Ci(=1)" e

Hence, we deduce the same result as the above, that is, ¢(z) = 0 or bc = 2knm, where
k € Z. Thus, (1.7) has n distinct transcendental entire solutions of finite order for this
case.

Ifa=0and d#0, then d; =0 and dj = d # 0. We can deduce similar results as
the above.l]

Proof of Theorem 1.2. The proof of Theorem 1.2 is similar as the one of Theorem
1.3.01

4 Examples

Example 4.1. In the following, we give examples to show the sharpness of Theorem
1.1.
Consider the nonlinear differential-difference equation

F2(2)+ Pz, f) =1+ 4(z — 7)?, (4.1)

where

Py(2 ) = o f2(2) 4 P2 (emm) A=) 2 () f (2 T)+ (2= /T) 42 cos(2y/T2) (7).

422

Clearly, n = 2 = d(P), and f;(z) = sin 2? is an admissible transcendental entire solution
of (4.1). This shows our assumption “n > d(P)” in Theorem 1.1(i) is sharp.
Consider the nonlinear differential-difference equation

Fi2) + Pa(z f) = 1+ 2, (4.2)

where

T

Po(z, f) = 2f'(z) = [Pz 4 7) = 2f () f (2 + 5)-
Clearly, n = 4 = w(P), and fa(z) = tan z is an admissible transcendental meromorphic
solution of (4.2). This shows our assumption “n > w(P)” in Theorem 1.1(ii) is sharp.

Example 4.2. In the following, we give examples to illustrate the existence of

entire solutions of finite order of (1.7) under the assumptions in Theorem 1.3.

Denote ¢ = —% + ‘/732', which is a cubit root of unity, and consider the nonlinear

difference equation ‘ '
3(2) + qA™ f(2) = m3e® — 7=, (4.3)
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Ifm=2¢q= %71’, b= %W, ¢ = 2, then (4.3) has three solutions as follows.

Ifm=4,q= —%7?, b= —-3m, c= %, then (4.3) has three solutions as follows.

fl (Z) — ,ﬁe—iwz _ eiﬁZ’
f2(z) — 7T€€_i7rz _ 8262'7&7
f3(2) = me2e™™F — gei™,

Consider the nonlinear difference equation
f(2) + q(2)A™f(2) =ie ™, n,m & N,n>3, (4.4)

where p(z) is a polynomial. If ¢(z) = 0 or ¢ = —22™ | € Z, then (4.4) has n solutions

as follows. .

fj(z):djein’ j:O,l,""n_l,

where d7 =i, j=0,1,---,n—1.
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Abstract. We find the asymptotic approximations of the stable and unstable manifolds of the sad-
dle equilibrium solutions and the saddle period-two solutions of the following difference equation
Tni1 = cx2_1 + dz, + 1, where the parameters ¢ and d are positive numbers and initial conditions
z_1 and xo are arbitrary nonnegative numbers. These manifolds determine completely global dy-
namics of this equation.
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1 Introduction
In this paper we consider the difference equation
Tpy1 = cwi_l +dx, + 1, (1)

where the parameters ¢ and d are positive numbers and initial conditions x_1 and xo are arbitrary
nonnegative numbers. Set

Up = Tpn—1 and v, = x, for n =0,1,... (2)
and write Eq.(1) in the equivalent form:

Un+1 = Un (3)

Unt1 = cui + dv, + 1.

Let T be the corresponding map defined by:

U v
T (U) - (cu2 +dv+ 1) ) (4)
It is easy to see that

2
2 fu) AR cu” +dv+1
r (U)_T<T(v))_(d(cu2+dv+1)+cv2+l)' (5)
The local dynamics of the map T was derived in [1] where it was shown that the following
holds:

Theorem 1 If
d<1land (d—1)2>—4c>0

!Corresponding author, e-mail: mkulenovic@mail.uri. edu
Partially supported by FMON Grant No. 05-39-3632-1/14

35 J. Bektesevic et al 35-51



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

then Eq.(1) has the equilibrium points T1 and T2 where

C1-d—-y/(d-1)2—-4c _  1-d++/(d-1)2—4c
- 2c ’ - 2c

€2

z1
and the following holds:
i) T1 is locally asymptotically stable if

1) T1 a non-hyperbolic point if

1) T2 is a repeller if
< (1—3d)(d+1).
4
) T2 is a saddle point if
1-— 1 —1)2
(-sd@+y , @-1

v) T2 a non-hyperbolic point if

(1—3d)(d+1) (d71)2.

Theorem 2 If
(1-3d)(d+1)
< S —
4
then Eq.(1) has the minimal period-two solution

P_{d+1\/14cd(3d+2) d+1+\/14cd(3d+2)}
o 2c ’ 2c

which is a saddle point.
The global dynamics of Eq.(1) is delicate and is described by the following theorem [1].

Theorem 3 Consider Eq.(1). Then the following holds:

(i) If c < w then Eq.(1) has two equilibrium solutions 0 < T— < T4, where xz— is lo-
cally asymptotically stable, T+ is a repeller and the minimal period-two solution ..., ¢, W, ...,
® < VU is a saddle point. All non-equilibrium solutions {xn} converge to x_, or to the period-
two solution or are asymptotic to co. More precisely, there exist four continuous curves
W?(P1),W?(P2) (stable manifolds of P1(®,V) and Po(V,®)), W*(P1), W"(P2), (unstable
manifolds of Py and Py) where W*(Py), W*(Ps) are passing through the point Ey(Z+,Z+),
and are graphs of decreasing functions. The curves W*(P1), W"(P2) are the graphs of in-
creasing functions and are starting at E_(T_,%_). FEvery solution {x,} which starts below
W?#(P1) UW?(P,) in North-east ordering converges to E_(Z—,Z—) and every solution {x,}
which starts above W*(P1) UW?*(P2) in North-east ordering satisfies lim x,, = oo.

(i) If ¢ = w then Eq.(1) has two equilibrium solutions 0 < T_ < Ty, where x_ is
locally asymptotically stable and T4 is the non-hyperbolic equilibrium solution. There exist
the continuous decreasing curve W°(EL) passing through the point B4 = (T4+,T4), such
that every solution {x,} which starts below W?°(E,) in North-east ordering converges to
E_(z_,z_) and every solution {z,} which starts above W*(EL) in North-east ordering
satisfies lim x,, = oco.

(i) If w <c< % then Eq.(1) has two equilibrium solutions 0 < T_ < T4 and no
minimal period-two solutions. If T+ is a saddle equilibrium solution, then there exist two
continuous curves W*(E;) and W¥(E,), both passing through the point Ey = (T4,T4),
such that W*(E) is a graph of decreasing function and W*(E) is a graph of an increasing
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function. The first quadrant of initial condition Q1 = {(z—1,z0) : x—1 > 0,20 > 0} is is the
union of three disjoint basins of attraction, namely

Q1 = B(E-) UB(E+) UB(Ex),
where E_ and E denote the points (x_,x_) and (0o, 00) respectively, and B(E}) = W?°(Ey),
B(E*) :{(a?,y)|(x,y) =ne ($E+7yE+) fOT‘ some ($E+vyE+) € WS(E+)}7

B(EOO) = {(m,y)|($E+,yE+) jne (xay) fOT’ some (‘rE+7yE+) € WS(E+)}
In addition, for every (x_1,x0) € Q1 \ W*(E+) every solution is asymptotic to W*(E4).

(w) If ¢ = % then Eq.(1) has one non-hyperbolic equilibrium solution T and there exists
an invariant continuous curve W*(E), where E(Z,%), which is the graph of a decreasing
function, such that every solution {xn} of Fq.(1) for which (x_1,z0) € W*(E) is attracted
to E as well as every solution {xn} of Eq.(1) for which (x_1,%0) Sne W*(E).

Every solution {x,} of Eq.(1) for which there exists (zw,yw) € W?*(E) such that (zw,yw) =Sne
(x=1,%0), (x=1,70) & W*(E) satisfies limz, = oco.

(v) If ¢ > % then Eq.(1) neither has an equilibrium solution nor the minimal period-two
solution and every solution {xn} of Eq.(1) satisfies lim,— oo n = 00.

As one may see from Theorem 3 the boundaries of the basins of attraction of all attractors of
Eq.(1) are the stable manifolds of either equilibrium points or of the period-two solution. In
addition, by using the results from [9] one can see that the solutions which are asymptotic to
the locally asymptotically stable equilibrium solutions are approaching the unstable manifolds of
the neighboring saddle equilibrium points or period-two point. The monotonicity and smoothness
of stable and unstable manifolds for the map 7' given with (4) is guaranteed by Theorems 4,
5, 6 of [9]. See [4, 7, 9, 12, 13] for related results about the stable manifolds for competitive
maps. Our main goal here is to get the local asymptotic estimates for these manifolds for both
equilibrium solutions and the period-two solutions. We will bring the considered map to the normal
form around the equilibrium solutions and the period-two solutions and then use the method of
undetermined coefficients to find the local approximations of the considered manifolds. Since the
map T is cooperative, it is guaranteed that both stable and unstable manifolds are as smooth as the
functions of the considered map and that are monotonic such that the stable manifold is decreasing
and unstable manifold is increasing, see [2, 9]. See [4, 10, 14] for similar local approximations of
stable and unstable manifolds. See [3, 5, 6, 11, 14] for basic results on stable ad unstable manifolds
for general maps.

2 Preliminaries

In this section we present some basic results for the cooperative maps which describe the existence
and the properties of their invariant manifolds.
A first order system of difference equations

Tn+1 = f(xn,yn)
, =0,1,2,..., s €S, 6
{ Ynt1 = G(Tn,Yn) " (20, 90) ©)

where S C R? is nonempty, (f,g) : S = S, f, g are continuous functions is cooperative if f(x,y)
and g(z,y) are non-decreasing in x and y. Strongly cooperative systems of difference equations or
strongly cooperative maps are those for which the functions f and g are coordinate-wise strictly
monotone.

If v = (u,v) € R? we denote with Q,(v), £ € {1,2,3,4}, the four quadrants in R? relative to v,
ie., Q1(v)={(z,y) €R? 1z >u, y > v}, Q2(v) = {(2,9) €R? : x <w, y > v}, and so on. Define
the South-East partial order <. on R? by (z,y) =se (s,t) if and only if z < s and y > t. Similarly,
we define the North-East partial order <,. on R? by (x,y) Zne (s,t) ifand only if z < s and y < ¢.
For A C R? and x € R?, define the distance from x to A as dist(x,.A) := inf {||x — y|| : y € A}. By
int A we denote the interior of a set A.

It is easy to show that a map F is cooperative if it is non-decreasing with respect to the
North-East partial order, that is if the following holds:
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()= () =) 2 (55) ;

The following five results were proved by Kulenovié¢ and Merino [8, 9] for competitive systems
in the plane, when one of the eigenvalues of the linearized system at an equilibrium (hyperbolic or
non-hyperbolic) is by absolute value smaller than 1 while the other has an arbitrary value. We give
the analogue versions for cooperative maps.

A region R C R? is rectangular if it is the cartesian product of two intervals in R.

Theorem 4 Let T be a cooperative map on o rectangular region R C R2. Let X € R be a fized
point of T such that A := R Nint (Q2(X) U Q4(X)) is nonempty (i.e., X is not the NE or SW vertex
of R), and T is strongly cooperative on A. Suppose that the following statements are true.

a. The map T has a C* extension to a neighborhood of X.

b. The Jacobian matriz of T at T has real eigenvalues X, p such that 0 < [\| < u, where |A| < 1,
and the eigenspace E™ associated with X\ is not a coordinate axis.

Then there exists a curve C C R through X that is invariant and a subset of the basin of
attraction of X, such that C is tangential to the eigenspace E* at X, and C is the graph of a strictly
decreasing continuous function of the first coordinate on an interval. Any endpoints of C in the
interior of R are either fixed points or minimal period-two points. In the latter case, the set of
endpoints of C is a minimal period-two orbit of T .

Corollary 1 If T has no fixed point nor periodic points of minimal period two in A, then the
endpoints of C belong to OR.

For maps that are strongly cooperative near the fixed point, hypothesis (b). of Theorem 4
reduces just to |A\| < 1. This follows from a change of variables [13] that allows the Perron-Frobenius
Theorem to be applied to give that at any point, the Jacobian matrix of a strongly cooperative
map has two real and distinct eigenvalues, the larger one in absolute value being positive, and that
corresponding eigenvectors may be chosen to point in the direction of the second and first quadrant,
respectively. Also, one can show that in such a case no associated eigenvector is aligned with a
coordinate axis.

Theorem 5 Under the hypotheses of Theorem 4, suppose there exists a neighborhood U of X in R?
such that T is of class C* on U U A for some k > 1, and that the Jacobian of T at each x € A is
invertible. Then the curve C in the conclusion of Theorem 4 is of class C*.

The following result gives a description of the global stable and unstable manifolds of a saddle
point of a cooperative map. The result is the modification of Theorem 5 from [7]. See also [§].

Theorem 6 In addition to the hypotheses of Theorem 4, suppose that p > 1 and that the eigenspace
E* associated with p is not a coordinate azis. If the curve C of Theorem 4 has endpoints in OR,
then C is the global stable manifold W*(X) of X, and the global unstable manifold W*(X) is a curve
in R that is tangential to E* at X and such that it is the graph of a strictly increasing function of
the first coordinate on an interval. Any endpoints of W*(X) in R are fized points of T'.

Theorem 7 Assume the hypotheses of Theorem 4, and let C be the curve whose existence is guar-
anteed by Theorem 4. If the endpoints of C belong to OR, then C separates R into two connected
components, namely

W_:={xeR\C:3y € C withx Xpey} and Wi:={xe€R\C:3Jy € Cwithy <nex}, (8)
such that the following statements are true.

(i) W— is invariant, and dist(T"(x), Q1(X)) — 0 as n — oo for every x € W_.

(i) Wy is invariant, and dist(T"(x), Q3(X)) — 0 as n — oo for every x € Wy.
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If, in addition, X is an interior point of R and T is C? and strongly cooperative in a neighborhood
of X, then T has no periodic points in the boundary of Q2(X)U Q4(X) except for X, and the following
statements are true.

(ii1) For every x € W_ there exists no € N such that T"(x) € int Q1 (X) for n > no.
(iv) For every x € Wy there exists ng € N such that T"(x) € int Q3(X) for n > no.

Remark 1 The map T defined with (4) is strongly cooperative in the first quadrant of initial
conditions. Theorems 4, 5 and 6 show that the stable and unstable manifolds of cooperative maps,
which satisfies certain conditions, are simple monotonic curves which are as smooth as the functions
of the map. Thus the assumed forms of these manifolds are justified. As is well-known the stable
and unstable manifolds of general maps can have complicated structure consisting of many branches
or being strange attractors, see [3, 5, 10, 14] for some examples of polynomial maps such as Henon
with unstable manifold being a starnge attractor. Finally, see [13] for examples of competitive and
so cooperative maps in the plane with chaotic attractors.

3 Invariant manifolds and Normal Forms

() = (5 ) G+ Giein) g

91(0,0) =0, ¢2(0,0) =0, Dg1(0,0)=0 and Dg2(0,0) = 0.

Let

where

Suppose that |p1] < 1 and |p2| > 1. Then, there are two unique invariant manifolds WW* and
W* tangents to (1,0) and (0,1) at (0,0), which are graphs of the maps

@p:E1 — Eyand ¢ : By — Eo,
such that
¢(0) = ¥(0) = 0 and ¢'(0) = ¥'(0) = 0.
See [4, 5, 10, 14]. Letting n, = ¢(&,) yields
M1 = P(Ent1) = @(1&n + 91(&ns 0(€n)))- (10)
On the other hand by (9)

Mnt1 = p2p(€n) + 92(6ns 0(&n))- (11)

Equating equations (10) and (11) yields
P(p1&n + 91(&n, 9(6n))) = p29(En) + g2(&ns 2 (&n))- (12)

Similarly, letting &, = ¥ (1, ) yields
Ent1 =Y (Mnt1) = Y(p2mn + g2((0n), 1)) (13)

By using (9) we obtain

Ent1 = (1) + 91(4 (1), 1n)- (14)

Equating equations (13) and (14) yields
P(p2mn + g2(Y (1), 1)) = 1 (M) + 91(Y (M), 1n)- (15)

Thus the functional equations (12) and (15), define the local stable manifold
W ={(&n) €R®:n=p(O)},
and the local unstable manifold
W = {(&,1) R : € =4 (n)}.

Without loss generality, we can assume that solutions of the functional equations (12) and (15)
take the forms

¥(n) = azn® + ar’ + O(In|*)
and

() = €’ + i€” + O(l¢[),

where «;, 8,7 = 1,2 are undetermined coefficients.
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3.1 Normal form of the map T at z,
Put y, = zn, — T2. Then Eq(1) becomes
Ynt1 = ¢ (T2 + yn-1)> +d (T2 + yn) — T2 + 1. (16)

Set
Un = Yn—1 and v, =y, forn =0,1,... 17)

and write Eq(16) in the equivalent form:

Unt1 = Un (18)
Vi1 = (T2 +un)’+d (T2 +vn) — To+ 1.

Let F' be the function defined by:

F(z):(6(52+U)2+d(v§cz+v)f:62+1)‘ (19)

Then F has the fixed point (0,0) and maps (—Z2,00)? into (—Z2,00)%. The Jacobian matrix of F
is given by

Jacr (u,v) = ( gc(u(:u T2) cli )

At (0,0), Jacr(u,v) has the form

0 1
Jo = JacF(070) = ( 26532 d ) . (20)
The eigenvalues of (20) are p1,2 where
= % (d— \/ 8¢To —|—d2) and po = % (d—!— V/ 8¢cZ2 —|—d2> ,

and the corresponding eigenvectors are given by
d+ 8tz + &2 \ d—Bczz+d& \
mn=-——"25-—"1 and vy = | ————,1 )
4cTo 4cTo

respectively.
Then we have that

r(0)= (o ) ()G &

fl (ua U) =0
g1(u,v) = Zo (cZa +d — 1) + cu® + 1.
Then, the system (16) is equivalent to

wnir) _ (0 LY (wa) (i)
(i) = (o ) G+ Gaizne). @
Un Mn
2cTgy \/W—d

2 T — 2 T -
b ( _db/d2 48wy d—/d248cmy > and Pl — JP 485 2v/d21scea

4cZo 4cZo
1 1 2cTo d++/d2+8cZo
Vd2+8czs 2y/d2+8czs

where

Let

where

Then system (22) is equivalent to

Gen) = (8 ) G ertom (- () >
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where A )
h <u> = (ghzﬁ 5)) '
o (5) = (L) =rom (r-(2)

By straightforward calculation we obtain that
f (u, ) T1(u,v) (\/80962 +d? — d)
u,v) = ,
! 16¢z2+/8cT2 + d?
T1(u,v) (\/80@ +d? + d)
16¢73+/8cZs + d2 ’

Let

gl(uv ’U) =

where

Ti(u,v) = 8¢°%; + d (v — v*) V/8czz + d? + deza (2(d — 1)Z5 + 272 + (u — v)?) +d* (v +0%) .

3.2 Stable and unstable manifolds corresponding to 7,
Assume that d < 1 and (d — 1)? — 4¢ > 0. Then Eq.(1) has the equilibrium point Z> where

_1l—d+/(d—1)2—4c
- 2c

X2

which is a saddle point if
1-3d)(d+1 d—1)?
( i( )<c<( 1 ) .

Let us assume that the local stable manifold is the graph of the map ¢1 of the form
P1(6) = 1€ + F1E° + O(IEl"), a1, €R.

Now we compute the constants a; and 1. The function ¢ must satisfy the stable manifold equation

©1 (le + f1 (€, sol(f))) = p2¢1(§) + g1 (€, ¢1(€)) 5
This leads to the following polynomial equation
1)152 +p2£3 + +p18§18 =0

where the coefficients p1 and p2, obtain by using Mathematica are in appendix A. Substituting Zs
into (42) and (43) and solving system p; = 0 and p» = 0, we obtain the values

—8¢?

T (c,d) + Tae,d)y/4y/(d— 1)2 — dc+ d2 — 4d + 4

a1 =

and daic(de+ (d+1)(3d — 1))

By =
C Tyed) + Tale /4y ([d 12 —de+d —ad +4

where
Ti(e,d) =v/(d —1)2 — 4c (d° — 4c (13d* — 4d + 8))
—dc (7d* — 12d* + 17d* — 12d + 8) + (d — 1)d°® + 64¢7,
Ta(c,d) =/(d — 1)2 — 4c (4e(5d + 2) — d°) + 4c (5d° — 4d® + 3d + 2) + (1 — d)d°,
Ts(c,d) =v/(d — 1)2 — 4c (—4c (5d° — 12d + 16) — 15d* + 27d° — 13d* — 32d + 24)
+64c” — 4c (d* — 6d° + 7d* — 32d + 28) — 3d° + 16d° — 42d" + 40d” + 19d° — 56d + 24,
Yae,d) =+/(d — 1)2 — 4c (4c(3d — 2) + 9d° + d* — 3d + 6) + 3d° — 10d"* + 8d” + 4d*> — 9d + 6
+4c (d* — 4d®> +5d — 6) .
(24)
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Since
M = onén + Préy,

©)-r(c)

Un = Tn—1 — T2 and vy, = Ty, — T2

and

we can approximate locally the local stable manifold W;,.(Z2, T2) as the graph of the map @1 (u)
such that S(u, $1(u)) = 0 where

2
S(u,0) =a (v — Z2) (\/803?2 +d? — d) _ 2cT (u — T2)
T 2/8cis + 2 V8cis + &2
3
+B (v — &2) (VBeZz + d? — d) 2T (u — Zo2) (25)
! 21/8cxs + d? V8¢ + d?
 2cE2 (u—T2)  (v—1T2) (VBcZz + d? + d)
vV 80.’?2 + d2 2\/ 8Ci’2 —+ d2

and which satisfies B
4cZa

Bt & +d

Let us assume that the local unstable manifold is the graph of the map ¢ that has the form

Yi(n) = azn’ + Ban’® + O(nl*), a1, B1 €R.

$1(Z2) = Z2 and @) (T2) =

Now we compute the constants cg and (2. The function v; must satisfy the unstable manifold
equation

Gr(pen + G (1(n),m) = pbr(n) + (W1 (n),m),
This leads to the following polynomial equation
an’ +agen’ -+ qsn =0

where the coefficients ¢1 and ¢2 are in appendix A.
Substituting Z2 into (44) and (45) and solving system g1 = 0 and g2 = 0, we obtain the values

—8¢?
Qo =
Ti(c,d) + Ta(c,d)\/4y/(d— 1)? —de+d? —4d +4
and
OéQFs(C, d)
B2 =
Ta(c,d) + Tale,d)y/4y/(d— 1D? —de+ & —4d +4
where

i(c,d) =64c® + /(d — 1)2 — 4c (d° — 4c (13d* — 4d + 8))
— 4e (7d* — 12d° +17d* — 12d + 8) + (d — 1)d°,
Ta(c,d) =v/(d—1)2 — 4c (d° — 4e(5d + 2)) — 4c (5d° — 4d° + 3d +2) + (d — 1)d’,
I's(c,d) =256¢” + /(d — 1)2 — 4c ((d2 —8d+8)" (d* — 2d +3) — 32¢ (3d* — 8d + 10))
— dc (9d* — 72d° + 2084 — 304d + 176) — (d* — 8d + 8)° (d° — 3d> + 54— 3),  (26)
Tu(c,d) =dv/(d — 1)2 — 4c (—48c + d* — 14d* + 61d” — 88d + 40)
—d (4c (7d* — 36d + 32) + (d® — 13d° + 48d — 40) (d — 1)?),
Pa(c,d) =\/4y/({d— 12 — Ao+ d2 — dd +4 (72c(d —2)® —8ey/(d—1)% — 4c)
—4e (d® = 10d + 8) \/(d — 1)2 — 4dc + 2¢ (32c + 3d® — 22d° + 36d — 16) .
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Since
€n = aomy + Bany,

65
Tn Un

Up = Tn_1 — T2 and v, = Tp — T2

and

we can approximate locally the local unstable manifold W;.(Z2, Z2) as the graph of the map V1 (u)
such that U (1 (v),v) = 0 where

2
Ulu,v) == 2cT2 (u — T2) + (v —T2) (\/m+ d)
g, (2B | (0= 50) (VBT T @ +d) ’ @)
\ VB + & 20/8czs + &2
L 282 (u—73) (v — Z2) (V8cZz + d* — d)
V8cky + d? 2v/8czs + &2

and which satisfies B
4cZa

P1(Z2) = T and P (T2) = et _d

Thus we proved the following result

Theorem 8 Consider Eq.(1) subject to the condition (I_LW <ec< %. Then the local
stable and unstable manifolds are given with the asymptotic expansions (25) and (27) respectively.

3.3 Some numerical examples

In this section we provide some numerical examples and we compare visually the asymptotic ap-
proximations of stable and unstable manifolds, obtained by using Mathematica, with the boundaries
of the basins of attraction obtained by using the software package Dynamica 3 [6].

For ¢ = 0.06 and d = 0.3 we have that

Si(u,v) = — 0.00002059312° + z*(0.0000492004y + 0.0322121)
+ 2 (—0.0000391827y° — 0.0513067y + 0.411741)
+ 0.0000104016%° + 0.0204302y° + 0.672096y — 10.9718
and for ¢ = 0.075 and d = 0.42

Sa(u,v) =y(0.0227887 — 0.000731949z) + 0.000814449(x — 62.2685)zy
— 0.000302082(z — 105.844)x(x + 12.4415)

+ 0.000219269y> + 0.642493y — 6.35325.

Figures 1 and 2 show the graph of the functions S;(u,v) = 0 and Sz(u,v) = 0 with the basins
of attraction created with Dynamica 3. Figure 3 shows the graph of the functions S1(u,v) = 0 and
Sa(u,v) = 0 for different values of the parameters ¢ and d.

For ¢ = 0.06 and d = 0.3 we have that

Ui (u,v) =(0.000113205x — 0.00441057)3/2 -+ 0.000108186(x — 77.922)zy
+ 0.0000344633(x — 183.477)x(x + 66.5943)
+ 0.0000394854y° + 0.559375y 4 0.00870931
and for ¢ = 0.075 and d = 0.42

Us (u,v) =(0.000446197z — 0.010175)y? + 0.000309085(x — 45.6077)zy
+0.000071369(z — 111.063)z(z + 42.6512)

+0.00021471y° 4 0.511958y — 0.265003
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Figure 1: The graph of the function S (u,v) = 0 (red curve) for ¢ = 0.06 and d = 0.3
with the basins of attraction generated by Dynamica 3.

sET T T T of

Figure 2: The graph of the function Sy(u,v) = 0 (red curve) for ¢ = 0.075 and
d = 0.42 with the basins of attraction generated by Dynamica 3.

3.4 Normal form of the map 7? at the period-two solution
The period-two solution of (1) is given as

_ d+1-D _ d+1+4+D
hG=——and 3 = ——,
2c 2c

D =+/1—4c—2d— 3d?.

First we transform the period two solution (@1,o1) of (1) to the origin by the translation

where

t=u—u and 0 =v — U1

under which the corresponding map (5) becomes

(:) a (D =1 (Zigi) - (Z) - ((0112 — Di fffaﬁ%@i%ﬁ?+d2(a+@)> :

N N (28)
Then F has the fixed point at (0,0). The Jacobian matrix of F' is given by
Jaoa(d,5) = d—D+2ci+1 d
YR =\ @24 (—D+2ci+1)d d®+d+D+2+1 )"
At (0,0), Jacg (@, v) has the form
o [ d-D+1 d
JO—J“CF(O’O)—<d2+(1—D)d d2+d+D+1)' (29)

The eigenvalues of (29) are

n :%(d(d+2)+2—0) and z/z:%(d(d+2)+2+0),

10
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Figure 3: a) The graph of the functions Si(u,v) = 0 (red curve) and Uj(u,v) = 0
(blue curve) for ¢ = 0.06 and d = 0.3. b) The graph of the functions Sy(u,v) = 0
(red curve) and Us(u,v) = 0 (blue curve) for ¢ = 0.075 and d = 0.42.

where

C = +\/—16¢ + (d — 2)d(d(d + 6) + 4) + 4.

The eigenvectors corresponding to the eigenvalues v1 2 are given by

Vi = Zid 1 ! andv = Ll !
'Y\ Ty 12D’ 2T \Ccraz 12D’ ’

respectively.
Then we have that
a - (a\ d—D+1 d a fa(@, D)
(ﬂ) - F (v) - ( d+(1-D)d d+d+D+1 > (v) + <gg(ﬂ,f}) ’ (30)
where
fo(@,0) = ci®,  ga(@t, ) = e(di’® + 0%)
Let
(5)=7()
v n
where
_2d _2d ) (+20)*-c?  2_ciap
_ d2—C+2D d2+C+2D -1 _ iCd 2C
P = < 1 1 ) and P Cz—(d2+2D)2 d2+C+2D
icd 2C

Then (30) leads to the corresponding normal form

G)= (5 2)G) e m(m(5)) @
m (1) = (B
o (1) = (Gu) =rom (- (1))

By straightforward calculation we obtain that

where

Let

f2(u,v) = cYa(u,v) ((d2 + ZD)2 - CZ) ,

g2 (u,v) = —cYa(u,v) ((d2 + 2D)2 - 02) ,

where

11
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2
3 w v )
Ta(u,v) = ! 2d u + v 2 Ad <7C+d2+2D+c+d2+2D) + (u+v)
ST —C+d*+2D  C+d>+2D C+d2+2D

3.5 Stable and unstable manifolds corresponding to the saddle period-
two solution

If c < (I_LW then Eq.(1) has minimal period-two solution {Pi(@1,?1), P2(¥1,%1)} which is a
saddle point.

In view of the fact that the T2 is cooperative map if T is cooperative map, we can assume that
the stable manifold W}, at the period-two solution (0,0), which corresponding to (@1,71), is the
graph of the map

p2(8) = as€® + B3€%, as,Bs €R.

Now we compute the constants az and 3. The function @2 must satisfy the stable manifold equation

P2 (1€ + 91 (&, 2(£))) = paw2(8) + g2 (€ 92(£)) ,
This leads to the following polynomial equation
P&+ P8’ 4+ s’ =0
where
p1= ias(—c +d(d+2)+2)° + %as(—C —d(d+2)—2)
cd((@+2D)*=C*)  c((@+2D)*=C?) 2 ((d+2D)° - C?)
C(-C+d>+2D)*  20(=C+d*+2D) C(~C + d? +2D)°

. (32)

and

b2 = éﬁg (—C® +3C2(d(d +2) +2) — C(3d(d + 2)(d(d +2) + 4) + 16)
dagc(—d(d +2) — 4) ((d + 2)d* + 4(d — 1)dD + 4D?)
2C (=C + d? + 2D)
dase (C* — C*(d(3d +4) + 4D) + C (3d* + 8d”® + 8d*(D + 1) + 4dD + 4D(D + 2)))
+ 2C (—C + & 1 2D) '

+d(d +2)(d(d +2) +2)(d(d +2) +4)) +

(33)

By solving system p; = 0 and p2 = 0, we obtain the values

_ 2¢(C+d?+2D) (d*(4D — 2C) 4 2d(C — 2D) + (C — 2D)* 4 d* 4 2d°)

BT O 20(d(d +2) +3) +d(d+2)(d(d+2) +2) (—C + & + 2D)?
and
B o 053‘13’1(07 d)
5T Tdy(e,d)
where

®1(c,d) = 4c (—C® + C*(d(3d + 4) + 4D) — C (3d* + 8d° + 8d°(D + 1) + 4dD + 4D(D + 2))
+(d(d+2) +4) ((d+2)d® +4(d — 1)dD +4D?)), (34)

®y(c,d) = 4C (—=C° + 3C*(d(d + 2) + 2) — C(3d(d + 2)(d(d + 2) + 4) + 16)
+d(d+2)(d(d + 2) + 2)(d(d + 2) +4)) (-C +d*> +2D) . (35)

Let us assume that the unstable manifold at the period two solution (0, 0), which corresponding
to (@1,71), is the graph of the map

Ya(n) = cun’ + Ban’,  as,Bs € R

12
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Now we compute the constants a4 and S4. The function 12 must satisfy the stable manifold equation

Pa(pan + G2 (1h2(n), 0)) = patba(n) + fa(v2(n),n),

This leads to the following polynomial equation
an’ +@n’ 4+ qasn'® =0
where
= iA(C +dd+2)+2)° + %A(C —d(d+2) - 2)

ed (@ +2D)° —?)  c((@+2D)*~C?)  20d® ((d*+2D)° - C?)
T C(Ctra+2D? | 20(C+&E+2D) | C(C+d+2D)

(36)

and

G = éB (C* +3C%(d(d + 2) + 2) + C(3d(d + 2)(d(d + 2) + 4) + 16)

asc(d(d +2) +4) ((d+2)d® + 4(d — 1)dD + 4D?)
2C (C +d2 +2D)
Ac (C® 4 C*(d(3d +4) +4D) + C (3d" + 8d® + 8d*(D + 1) + 4dD + 4D(D + 2)))
+ 2C (C + & + 2D) :

+d(d +2)(d(d + 2) + 2)(d(d + 2) + 4)) +

(37)

By solving system ¢; = 0 and g2 = 0, we obtain the values

2¢ (—C + d* +2D) (2d*(C + 2D) — 2d(C + 2D) + (C + 2D)? + d* + 2d®)

“=Tc (C2? 4+ 2C(d(d +2) + 3) + d(d + 2)(d(d + 2) + 2)) (C + d? + 2D)?
and N
ﬁ _ 014‘191(6, d)
YT (e d)
where

®1(c,d) = 4c (—C° — C*(d(3d + 4) + 4D)
—C (3d* +8d* +8d*(D + 1) + 4dD + 4D(D +2)) + (—d(d +2) — 4)
((d+2)d® + 4(d — 1)dD +4D%)), (38)

Pa(c,d) = C (C* 4+ 3C*(d(d + 2) + 2)
+C(3d(d + 2)(d(d + 2) + 4) + 16) + d(d + 2)(d(d + 2) + 2)(d(d + 2) + 4)) (C +d° +2D) . (39)
As in the case of the saddle point equilibrium, one can show that we can approximate locally

local stable manifold W, (%1, v1) and local unstable manifold Wi, (i1, 1) as the graph of the maps
P2(u) and 92 (u) such that S(u;p,(uw)) =0 and U(p2(v),v) = 0 hold, where

2

4Cd 2C

S(u,v) == as

. ((u—ﬂl)((d2+2D)2—C2) (v—T)1)(—C+d2+2D)>

3

(u—11) ((d2 +2D)" - 02) (v— 1) (~C + d* + 2D)
+ 6 icd 2C

(u—ﬂl)(CQ—(d2+2D)2) (v-5)(C+d*+2D)
a 4Cd a 2C » (40)

13
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_ (u*ﬁl)(CQ*(f*?D)Q) (v — 1) (C +d* +2D) :
U(u,v) := ay 1Ca + 50

(U—ﬁl)(CQ—(d2+2D)2) (v—11) (C +d* +2D)
+ B 4Cd + 2C
(u—11) ((d2+2D)2*C2) (v— 1) (~C + d* + 2D)
10d + 2C

(41)
Thus we proved the following result

Theorem 9 Consider Eq.(1) subject to the condition ¢ < %. Then the local stable and

local unstable manifolds of the unique period-two solution are given with the asymptotic expansions
(40) and (41) respectively.

3.6 Some numerical examples
For ¢ = 0.09 and d = 0.23 we have that
51 (u, v) =0.147835(0.207875(v — 7.64414) — 0.422497(u — 6.02253))*

— 0.418625(0.207875(v — 7.64414) — 0.422497(u — 6.02253))?
— 0.422497(u — 6.02253) — 0.792125(v — 7.64414)

and

Ui (u,v) = — 0.00042726(0.422497(u — 6.02253) + 0.792125(v — 7.64414))°

+ 0.00729364(0.422497(u — 6.02253) + 0.792125(v — 7.64414))?
+0.422497(u — 6.02253) — 0.207875(v — 7.64414).

Figure 4: The graphs of the functions Sj(u,v) = 0 (red curve) and U;(u,v) = 0
(green curve) for ¢ = 0.09 and d = 0.23 with the basins of attraction generated by
Dynamica 3.
For ¢ = 0.03 and d = 0.22 we have that

Sa(u,v) =0.0912789(0.0236741 (v — 29.3826) — 0.125096(u — 11.2841))*

— 0.458495(0.0236741 (v — 29.3826) — 0.125096 (v — 11.2841))?
— 0.125096(u — 11.2841) — 0.976326(v — 29.3826)

and

U (u, v) =3.7 x 1075(0.125096 (u — 11.2841) + 0.976326(v — 29.3826))>

+0.000212577(0.125096 (v — 11.2841) + 0.976326(v — 29.3826))>
+0.125096(u — 11.2841) — 0.0236741 (v — 29.3826)

14
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Figure 5: The graphs of the functions Sy(u,v) = 0 (red curve) and Us(u,v) = 0
(green curve) for ¢ = 0.03 and d = 0.22 with the basins of attraction generated by
Dynamica 3.

Figures 4 and 5 show the graph of the functions So (u,v) =0 and Uz(u, v) = 0 with the basins
of attraction created with Dynamica 3. for different values of the parameters c and d.
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A Values of coefficients p;, p2, ¢1 and ¢

p1 = — 12¢B175d° — 12281 Z5d° + 12¢4175d° — dconTad® — 12¢8175d° — d° — 168¢%B1z5d*
— 4ean Tad* — 1683 B175d° + 156¢° B1zad® — 6421 zad® — 168¢°B1zad® — 14cTod®
— 600381 Z5d* + 24¢2 B1T5d? — 647 anTod® — 24¢ B1Tad? — 588 B1Z5d + 600¢° B1zad
— 256c%an Zsd — 600¢° B1Z5d — 12¢° B1T5d + 24¢° BrE5d — 48¢°T5d — 1262 Brz5d — 256¢° a1 T
+ V2 + 8¢ (204¢" 175 — 216¢° Br@5 + 120¢°d> 5175 + 216¢°dB1 75 + 144¢° 75 + 12¢2d" B 75
+216¢% 8175 + 12062 d® 8175 + 1262 B175 — 108c2d> 5175 — 24c2dBrTs — 162 an To
+ 482 d%on 75 — 16¢%dan s + 12¢d® 8175 — 12¢d* B175 — 24¢° Bazs + 1207 d2 B 5 + 247 dBr 7o
—16¢°%3 + ded* a1 73 — ded® a1 @3 + 16¢° a1 T3 + 12¢d* B175 + 1262175 — 10ed’ T2 — d*) |
(42)
p2 = — P1Z2d® + 300 f125d° + 6con frzad" — 18c/1zad" — 60n fr1E5d" + 207 Tad" + 601 f1Z2d”
— B1Zad* 4+ 3% an fiTad® + 12con fr1zad® + 205 d° + 2caizad® — 6¢B1zad® + 6car frzad”
+3a1f1zad® + and® + 301 Brd® — 2037T2d® — 601 B1Tad® + 36c7an BrTad® — 10262 B zad?
— 36con B1Zad? 4 16caiTad? — 10cB172d? + 36can B1Tad? — dcarTad® — 6¢B1Tad?
+18c% a1 B15d — 36c%an B Tad + 1622 Tod — 48C2,81Q_2§d + 3602041&3?36[ + 18ca1 1 75d
— 16ca3Tad — 36¢a1 B1Zad + 16caiZad + 8can Tad + 18car f1Zad — 176¢° B1Ty — 166241 T5
— 327175 — 482175 + V&2 + 8ca (B172d” — 3anf173d" — 6ear fuEad® + 14chrsd’
+ 601 f135d° — 201 T2d® — 601 f1Z2d® — BrT2d® — 3 an fr1Tsd® — 2a7d® — 2caizad?
+ 6cB1Tad® — 6car f17ad? — 3a1f1Tad? + ard® — 301 Bid® + 203 T2d? + 6a1 B T2d”
— 1202alﬂlzz’cgd + 5402515:361 + 120a1ﬁ1£gd — SCafi’gd — 14051£§d — 1200&15153%6[
+ 6¢B1T2d — 663041513?3 + 120204151:?2l - 80204%:%% - 1202a1ﬁ1£g - 66&15153 + SCa%i’g

+1200[161i’§ — 800@5@2 + 8ca1 T2 — 60041513_32)
(43)

q1 =12B2cT5d” 4 12827 T5d® — 12B2¢T5d® + dancTad® + 12B2c72d° — d° + 216827 T5d® — dascTad’
+ 216826 25d" — 204827 T5d" + 800 Tad* + 21682 Z5d" — 18czad® + 117662 25 d°
— 24827 T5d® — 48aa?Thd® + 24827 T5d® + 116482¢ 75d® — 108082 T5d> + 528azcTad?
+ 1176823 T5d* + 12822 T5d* — 1602 Tod? — 24822 T5d? + 1602’ T5d* + 12822 T3 d?
— 96¢°Z5d> 4 172832 T5d — 1926263 T5d — 12802 Tyd + 19262¢° T3 d + 163282 74
— 172882¢* TS + 115202 T5 + 1728B2¢ T + 9682675 — 128a2c® Ty — 19282¢°T5 + 128ai2c> 75
+ 96B2c"75 — 128¢°75 + \/d? + 8cia (12B2¢z5d° + 122 T5d° — 12P2¢z3d” + danczid’
+ 12B2¢T3d® + d° + 168822 T5d* + dancTad® 4+ 168822 Tod> — 156822 %5d> + 64as’zsd®
+ 16832 T5d” + 14cT2d® + 60082 T5d> — 24B2c*Tad® + 640’ Td® + 242 T3 d?
+ 58882¢*T5d — 600823 T5d + 256a2c®Tad + 60082¢3T5d + 12822 T5d — 24822 Tad

+12B2¢*T5d + 48¢° F5d + 25602¢°73)
(44)
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q2 :ﬁgi‘gdG - 3a252§c§d5 - 60agﬁgzigd4 + 18052:%%(14 + 6a2ﬁ2f§d4 — 2a§§:2d4 — 6a252i2d4
+ BaZad® — 3% BaTad® — 12canBaZad® — 203d® — 2caizad® + 6¢B27ad® — 6caaBaad’
— 3a2foT3d” — and® — 302 f2d” + 205F2d” + 602 B2Tad® — 36¢° o faTad” + 1026°BoT5d”
+ 360@252:?2032 — 160a§i§d2 + 100525§d2 - 360042523?§d2 + 4ca2:?2d2 + Gcﬁzigdz
— 18c% a2 B2Tad + 36¢% 2 BaTad — 16¢° a2 Tad + 48¢2 BaZad — 36¢% aa B2Tad — 18caiz B2Zod
+ 16ca3z3d 4 36cazfaTsd — 16ca3Zad — 8casTad — 18casfoFad + 176¢° BoTs + 16¢° BoT3
+ 3273 + 48¢ B + /A2 + 8¢Tz (B2T2d® — B2 Ba@3d" — 6canfaTid’ + 14cfatid’
+ 6agﬁgi§d3 - 2a§a"32d3 — 6042ﬁ25:2d3 — ﬂgi’gd3 — 302a262i%d2 — 2a§d2 - QCaging
+ 6¢B2Tad? — 6caaBaTad® — 32 BaTad? + and® — 32 B2d® + 203T2d” + 62 BaTad?
— 12 Boad + 54¢% BoTd + 12ca foyd — Scasyd — 14¢faTad — 12cas foT3d
+ 6¢B2T2d — 603a2ﬁ2§cg + 1202a2ﬂ2a_c§ — 8c2a§a_cg — 1202(1252:?;’ — 60042523"0% + 8004%%%

+120a252§c§ — 86@%@2 + 8caaTs — 60&252@2)
(45)

17
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Abstract

We investigate the existence of solutions for a coupled system of fractional differential equations
with integral and ordinary-fractional flux boundary conditions. The existence results are derived via
Schauder’s fixed point theorem and Leray-Schauder’s alternative, while the uniqueness of solutions
is established by applying Banach’s contraction principle. Several new results appear as a special
case of the present work with appropriate choice of the parameters involved in the problem at hand.

Key words and phrases: Fractional differential systems; nonlocal boundary conditions; integral
boundary conditions; fixed point theorem.
AMS (MOS) Subject Classifications: 34A08, 34B15.

1 Introduction
In this paper, we study a coupled system of Caputo type fractional differential equations:

cD¥x(t) = f(t,z(t),y(t)), t€0,1], 1<a<2
{ ‘DPy(t) = h(t,z(t),y(t), t€0,1], 1<B<2

supplemented with integral and ordinary-fractional flux boundary conditions:

z(0) +z(1) = a/o x(s)ds, 2'(0)=0b°DVz(1), 0<~v<1,
(2)

1
y(0) +y(1) = al/0 y(s)ds, y'(0) =0y °D°y(1), 0< <1,

where D% ¢ D? denote the Caputo fractional derivatives of orders o and 3 respectively, f,h : [0,1] x
R x R — R are given continuous functions and a, b, a1, b; are real constants.

Fractional differential equations arise in the mathematical modeling of systems and processes occur-
ring in many engineering and scientific disciplines such as biophysics, blood flow phenomena, control
theory, aerodynamics, electrodynamics of complex medium, polymer rheology, signal and image pro-
cessing to name a few [1]-[4]. The popularity of fractional order operators owes to their ability to
describe the hereditary properties of various materials and processes. With this distinguished capabil-
ity, fractional order models have become more realistic and practical than the corresponding classical
integer order models. For some recent development on the topic, see [5]-[15] and the references therein.
The investigation of coupled systems of fractional order differential equations is also very significant as
such systems appear in a variety of problems of applied nature, especially in biosciences. For details
and examples, the reader is referred to the papers [16]-[23] and the references cited therein.
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The paper is organized as follows. In Section 2, we recall some basic definitions of fractional calculus
and present some auxiliary lemmas. The main results are presented in Section 3. We give two existence
results relying on Leray-Schauder’s alternative and Schauder’s fixed point theorem, while the uniqueness
result is established by means of Banach’s contraction mapping principle. It is worthwhile to note that
our results are not only new in the present configuration but also correspond to some new special results
for different values of the parameters involved in the given problem.

2 Preliminaries
Before presenting an auxiliary lemma, we recall some basic definitions of fractional calculus [1, 2].

Definition 2.1 For (n—1)—times absolutely continuous function g : [0,00) — R, the Caputo derivative
of fractional order q is defined as

1 t
“Dig(t) = ) / (t—s)"" g™ (s)ds, n—1<g<nmn=g+1,
0

I(n—q
where [q] denotes the integer part of the real number q.

Definition 2.2 The Riemann-Liouville fractional integral of order q is defined as

e L [T g(s)
00 = 155, gt 1>0

provided the integral exists.
Lemma 2.3 (see [1], [2]) (i) Ifa>0,8>0,8>a,f € L(0,1) then
IIPf(t) = I°TPf (1), DIf(t) = f(t), DOI7f(t) = 177 f(t).

(i5) <Dt 1 = r(i(i)a)tk_a_l’ A>[a] and DM =0, X< o]

To define the solution for the problem (1)-(2), we use the following lemma.

Lemma 2.4 Leta # 2 and I'(2—3) # b. For ¢ € C(|0,1],R), the integral solution of the linear problem

‘D(t) =o(t), te]0,1], 1<qg<2,

1 3)
z(0) +z(1) = a/o z(s)ds, 2'(0)=0b°D7z(1), 0<y<1,

is given by

I T (C ) VR N R P
d= [ e+ Q(F(Q—W)—b)/o a7 2

1 L1 —s)et a L(1—-s)”
2—a /0 I'a) 9(s)ds + 2—a /0 I+ 1)¢(s)d8'

Proof. As argued in [2], the general solution of the fractional differential equation in (3) can be
written as

(4)

t — S)a—l

x(t>=co+clt+/0 ( o

where cg,c; € R are arbitrary constants.
Using the boundary condition z’(0) = b “D7z(1) in (5), we find that

br(2 = ) / (1 s)2=h-1
r@-5)-bJy Tla-p)

¢(s)ds, (5)

C1 =

o(s)ds.
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In view of the condition z(0) + =a fo 5) yields

L1 =)ot 5 (g—u)* 1 acy
2¢o + 1 —|—/O %(ﬁ)(s)ds = a/o /0 (F&)Mu)du + - + aco,

which, on inserting the value of ¢; and using the composition law of Riemann-Liouville integration,

gives
1 bI(2-p) /1 (1-s) "t
co = —= ¢(s)ds
B R R )
1 [f(1—s)!
2—a/ a—|—1 )dS_Q—a/ () ¢(s)ds.
Substituting the values of ¢y, ¢ in (5) yields (4). This completes the proof. a

3 Main Results

Let us introduce the space X; = {u;(t)|u;(t) € C([0,1])} endowed with the norm |lu;| = sup{|u;(t)|,t €
[0,1]}, @ = 1,2. Obviously (X, | - ||) is a Banach space. In consequence, the product space (X; x
X, ||(u1,u2)]]) is also a Banach space with norm ||(u1,u2)|| = |Ju1 ]| + |Juz]|-

In view of Lemma 2.4, we define an operator T : X1 x X5 — X1 X X5 by

Ty (u,v)(t)
T(u,v)(t) = ( To(u,v)(t) ) ’

where
Ty(u,v)(t) = /0 (t}(so);_f(s,u(s),v(s))ds + (Q(t(_ UF() )) /0 (1;(;):7)_ f(s,u(s),v(s))ds
+2ia/0 < F{Z; f(s,u(s),v(s))ds — 2ia/0 lg‘l(a—s)la)f(s u(s),v(s))ds,
and
t(t— 5)B-1 (2t — _ 1] _g)p—o-1
D)) = [ s v + s DS [ O s () o) s
1 L1 —s)Pt a F(1-s)f
" al /0 () h(s,u(s),v(s))ds — 5 ar /0 TGT 1) h(s,u(s),v(s))ds.
For the sake of convenience, let us set
__1+12—d bIT'(2 — ) |al (©)
YT Roal(e+1) 22 —7)—bl(a—v+1)  [2—al(a+2)’
42— a) b1|T(2 — 6) |ay|
M= =t B +1) T AT =0) - TG —3+1) " 2—al(B12) @

We need the following known theorems in the sequel.

Lemma 3.1 (Schauder’s fixed point theorem) [24]. Let U be a closed, convex and nonempty subset of
a Banach space X. Let P : U — U be a continuous mapping such that P(U) is a relatively compact
subset of X. Then P has at least one fixed point in U.

Lemma 3.2 (Leray-Schauder alternative) ([24] p. 4.) Let F : E — E be a completely continuous
operator (i.e., a map that restricted to any bounded set in E is compact). Let

E(F)={x € E:x=M\F(z) for some0 <\ <1}
Then either the set E(F) is unbounded, or F has at least one fized point.
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3.1 Existence results

Here we study the existence of solutions for the system (1)-(2) by means of Schauder’s fixed point
theorem and Leray-Schauder alternative.

Theorem 3.3 Assume that there exist positive constants c;,d;,e; € (0,00), i = 1,2 such that the
following condition holds:

(H1) [f(t,z,y)] < e[ + daly|” +e1, and
‘h(t,:}'},y” < C2|x‘P2 +d2‘y|02 + ez, 0< Pi, 0 < 17 1= 132

Then the system (1)-(2) has at least one solution on [0, 1].
Proof. Define a ball in Banach space X; x X5 as Bg = {(u,v) : (u,v) € X1 x Xa, ||(w,v)|| < R}, where
R > max{(6M;c;) ™7 , (6M;d;) ™7 ,6Mes, }, i = 1,2. (8)

Obviously Bp is a closed, bounded and convex subset of the Banach space X; x X5. In the first step,
we show that T': B — Bpg. For (u,v) € Br. For that we have

T < [ Sl e, ool

()
b2t = DIP2—7) [T (L—s)> "
e e el M S NCRIORTCIE
1 1(178)(171 S 178 S, u(s),vls S
+|2_a|/0 Ty <><>ld+|2_|/ F(s,u(s), v(s))|d

1 [BIT(2 — )
Ma+1) 2I02-—%) —bT(la—y+1)

IN

(ClRPI + leal + 61){

1 |a|
TR drar) T Rp—al(at2) }

which implies that

R R R R
1Ty (u,v)|| < Mi(c1 R +diR 4+ e1) < —+ =+ — = —.
6 6 6 2
Similarly, we can obtain
R R R R
||T2(U,U)|| < MQ(Cng2 + doR? —|—62) < E + E + E = 5

Clearly
1T (w, 0)|| = ([T (u, 0) || + [ T2 (u, v)[| < R,

and in consequence we get T : B — Bp.

Observe that continuity of f,h implies that T is continuous. Next, we shall show that for every
bounded subset Br of X; X X5 the family F(Bg) is equicontinuous. Since f, g are continuous, we can
assume that |f(t,u(t),v(t)] < N1 and |h(t, u(t),v(t)] < Ny for any u,v € Br and t € [0, 1].

Now let 0 < t; < ty < 1. Then we have

T4 (u, v)(t2) — T1(u,v)(t1)]

‘chw/ (b2 = )" F (s, uls), 0(s)ds - r<1a>/ (11— (s u(s)o(s))ds
+2|b£1|“1522 ’y,ytg_bltﬂ/ (1—s)*7~ |f(5,u(5)7v(s))|d5
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Ny (" a—1 a—1 Ny [ a—1
f | =9 = s+ /t (t2 — 5)°~1ds
2N1|b|F(2 ’7 ‘tg —t1|/ ].—S a== 1d8
20(2—~) — b
N a o 2N1‘blr(2 — )|t2 - tl‘
< (5 —t .
- I(a +1)< 1)+2|F(277)76|F(a—’y+1)

Analogously, we can have

N, 2N [b|T(2 — 6)ts — t]

|T2(uav)(t2) - TZ(uvv)( )| > F(ﬁ—‘r )(ta ttlx) + 2|F(2 — 5) — b|F(ﬁ — 5+ 1)'

So
1T (u,v)(t2) — Ti(u,v)(t)|| — 0, [[Ta(u,v)(t2) — Ta(u,v)(t1)|| — 0, ast; — ta.

Therefore it follows that the operator T': B — Bpg is equicontinuous and uniformly bounded. Hence,
by Arzeld-Ascoli theorem, T' is completely continuous operator. Thus all the conditions of Theorem 3.1
are satisfied, which in turn, implies that the problem (1) has at least one solution. This completes the
proof. O

Remark 3.4 For p;,0; > 1 (i = 1,2) in the condition (Hy), the conclusion of Theorem 5.6 remains
true with a modified value of R given by (8).

Theorem 3.5 Assume that:

(Hy) There exist real constants k;, A; >0 (i =1,2) and ko > 0, Ao > 0 such that Vz; € R, i = 1,2, we
have
|f(t,.1‘1,$2)‘ <ko+ k1‘$1| + k2|1‘2|, ‘h(t,xl,l‘gﬂ < )Xo+ /\1|CC1| + /\2|CC2|.

Then the system (1)-(2) has at least one solution, provided
Miky + Mo <1 and Miks + Mydo < 1,
where My and My are given by (6) and (7) respectively.

Proof. First we show that the operator T : X; x Xo — X7 X X5 is completely continuous. By continuity
of functions f and h, the operator T is continuous.
Let Q C X; x X5 be bounded. Then there exist positive constants L; and Lo such that

[f (@t u(t),v(t)] < Ly, |t u(t),v(t)] < L2, V(u,v) € Q.
Then for any (u,v) € €, we have

bt —s) !

Ty (u o)1) < / s, w(s) s

b2t — T2 —~) [*(1-s) 7t
" 2IF 2—7) -0 /o T(a—~)

1 (1—s)*" 1 (1—s)“
oo / (s, u(s) ()l + 521 / 1G5 u(s) () ds

I()
< I n b2 =) N N lal
= F(a+ 1) 20(2—7)—bT(a—vy+1) |2—a|F(a+1) 2 —a|l(a+2)

£ (s, u(s), v(s))lds

which implies that

L, L~ )
+1) " 2T2—) —bT(a—~ +1)

1T o)l < Ll{m
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1 |al
— LM,
TR dratrn " |2—a|F(a—|—2)} 1

Similarly, we can get

1 01|02 — 9)
[T2(u,v)]| < LQ{ L(B+1) + 2I(2—=0) =bi(B—-d+1)
1 |aa _
HEETCES u—mWW+%}_LMb'

Thus, it follows from the above inequalities that the operator T is uniformly bounded.

Next, we show that T is equicontinuous. Let t1,t5 € [0,1] with ¢; < 5. Then we have

Th (u(tz), v(te)) — Ta(u(ts), v(t1))|

1 b2 1 t1
< Lql—— _ a—1 = _ a—1
< 1 o) /0 (ta —8)* ds I‘(a) /0 (t1 —8)* ds
2[bT(2 — |t2 —t4] —s)er~1
L
e ) — | / ds
é i /tl [(t2 . S)afl _ (tl _ S)Ot*l}ds + L /t2 (t2 _ s)aflds
F(Oé) 0 F(O{) t1
2b|L1T(2 — |t2—t1|/ 1—5(’ v 1d8
2IT(2—v) =)
Ly o o 2]31\17|F(2 - )|t2 — t1]
— (t¥ -t )
F(a+1)(2 1)+2|F(2—'y)—b|f‘(o¢—7+1)

Analogously, we can obtain

_ L
I(a+1)

2Lo|by [T(2 — 8)|ts — t1]
T2 —0)—biT(B—3+1)°

T2 (u(tz), v(t2)) — Ta(u(tr), v(t1))] < (t5 — 1) +
Therefore, the operator T'(u,v) is equicontinuous, and thus the operator T'(u,v) is completely continu-
ous.

Finally, it will be verified that the set & = {(u,v) € X1 x Xo|(u,v) = \T'(u,v),0 < A < 1} is
bounded. Let (u,v) € £, then (u,v) = AT (u,v). For any ¢ € [0, 1], we have

u(t) = ATy (u,v)(t), v(t) = ATa(u,v)(t).

Then
142 —d bIT(2 =) |a
ut)] < { 2—al(a+1) 2T@=v) —bila—7+1) | 2=al(a+2) }(ko e llull + E2lvll),
and
142 - ai b2 — 6) lal
p(t)l < { 2 al(at+1) 202 -08) _LT@B _6+1) 2-al(B+2) }(AO Al + Azl

Hence we have
ull < Mi(ko + kallull + kaf[v]]), [[v]l < Ma(Ao + Af|ull + Az|[v]]),
which imply that

ull + |lv]| = (Miko + MaXo) + (Miky + MaAq)||ull + (Mikg + MaAg)||v]|.
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Consequently, Miko 4+ Mo
1K0 270

My

[[(w, )|} <
for any ¢ € [0, 1], where
My = min{l — (M1ky + Ma)y), 1 — (Myks + Ma)Xo)}, ki, A >0 (i =1,2).
This shows that £ is bounded. Thus, by Lemma 3.2, the operator T" has at least one fixed point. Hence

the problem (1)-(2) has at least one solution. This completes the proof. O

3.2 Uniqueness of solutions

In this subsection, we prove the uniqueness of solutions for the system (1)-(2) via Banach’s contraction
mapping principle.

Theorem 3.6 Assume that

(H3) f,h:[0,1] x R? — R are continuous functions and there exist constants m;,n; (i = 1,2) such that
for allt € 10,1] and u;,v; € R, =1,2,

|f(t, ur,u2) — f(t,v1,v2)] < malur — v1] + malug — vo|

and
|h(t,’U,1,'U/2) — h(t,’l)l,'l)g)| S n1|u1 — ’L)1| +77,2"U/2 — 'UQ|.

Then the system (1)-(2) has a unique solution if My(my + mg) + Ma(n1 + n2) < 1, where My and Mo
are given by (6) and (7) respectively.

Proof. Let us fix sup,c(o,1) f(£,0,0) = (1 < o0 and sup;¢(g 1 h(t,0,0) = (2 < oo such that

C1My + (2 Mo

> ‘
- 1- M1(77’L1 +m2) — M2(n1 +n2)

As a first step, we show that TB, C B,, where B, = {(u,v) € X xY : ||(u,v)|| < r}. For (u,v) € B,,
we have

¢ (t—s)>t
T o)) < smH{AP|ﬂaMQw@mw

tefo,1 ()
b2t — T2 —7) [*(1—s)* T
+ mr@—yy_m A o o). o(s)ds

wral

(1-5)
= @u()(»u»+p_w/) +Uf@u@v®m%}
( 8)a : — S S S
smn{l (1 (s, u(s), o(5)) — £(5,0,0)] + |£(5,0,0))d

= tef0,1 (Oé)
|bIT(2 — 1_3 -
e —q) _b| (o — ) (lf(s,u(S)vv(S))—f(s70,0)|+|f(s,0,0)\)ds
+p_d/) (s us)5)) = £(5.0,0)| + 1£(5,0.0)))ds

(1-13s)
2—a| / f(s,u(s),v(s)) — f(s,0,0)] + f(570a0)|)d5}

{ . [INCRE)
Ma+1) 22—-7) -l (a—y+1)
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1 |a|
TR aTle+D)  2—al(at2)

= Mi[(m1+m2)r+ G

}(WIUII +mallv]| + C1)

Hence
171 (u, 0) ()| < Mi[(ma +ma)r + G-

In the same way, we can obtain that
(T2 (u, v) (@) || < Ma[(n1 + n2)r + 2.

Consequently, it follows that || T'(u,v)(t)]] < r.
Now for (ug, v2), (u1,v1) € X1 X Xo, and for any ¢ € [0, 1], we get

|T1 (uz,v2)(t) — T (u1,v1) ()]

= /Ot (t_p(soé)?_lU(&w(S)a v2(s)) — f(s,u(s),v1(s))|ds
_ _ 1] _ gja—-1
+|b(22|;(21_)|5)(2_b|7)/0 (11_‘(&)_7) |f(s,u2(s),v2(5)) — f(s,u1(s),v1(s))|ds
+|2ia|/ (1_S)Q_llf(87u2<s>’v2(s))_f(Saul(3)7U1(S))|d8
1—5
|2—a|/ T(a+1) |f(s,ua(s),v2(s)) — f(s,u1(s),v1(s))|ds
< { " |b|F(2* )
- (Tle+1) 202 =7) - bl(a -7y +1)
1 |al

TR=alla+1) " Z—dl(a+2) }(m1||“2 ~ull +melis = o)

= Mi(milluz — wi| + mallvz — vi)
< Mi(ma +me)([luz — wr [l + [lve — 1)),
and consequently we obtain
1T (uz, v2)(t) — Ti(ur, v1)|| < Mi(ma + ma)([luz — ]| + [lvz — vi]]).
Similarly, we can get
T2 (u2, v2) (t) — To(ur, v1)|| < Ma(na + n2)([luz — ur]l + [lvz — va ).
Clearly it follows from (9) and (10) that

[T (uz, v2)(t) = T'(ur,v1)#)|| < [Mi(m1 +ma) + Ma(n1 + n2)](luz — wa || + [lvz — v1]]).

(10)

Since My(my + mso) + Ms(ny + ny) < 1, therefore T is a contraction operator. So, by Banach’s fixed
point theorem, the operator T has a unique fixed point, which is the unique solution of problem (1)-(2).

This completes the proof.
Example 3.7 Consider the following problem

°D3/24(t) = 4(ti2)21f|(x)()| +1+3—2sm y(t), te[0,1],
“D3y(t) = ——sin(2ra(t) + —LDL__ 1o,

32m 161+ ]y 2

1
z(0) + (1) :4/0 z(s)ds, 2'(0) = % °DY2x(1),

1
y0) +y(1) = 5 [ 9)ds, y0) =3 DV y(0).

O

(11)
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Here « =3/2, 8=5/3, y=1/2, §=1/3, a=4, a; =1/5, b=1/2, by = 3. Using the given data, it
is found that M7 =~ 5.6166715, My ~ 1.6038591,

1 1
|f(t,u,uz) — f(t,v1,09)] < T6|u1 — ug| + T6|Ul — v,

1
‘h(t7u17u2) - h(t,’l)l,’l)Q)| S TG

and Mj(mq + ma) + Ma(n1 + na) =~ 0.9025662 < 1. As all the conditions of Theorem 3.6 are satisfied,
therefore its conclusion applies to the problem (11).

1
luy — ug| + E|’U1 — va,

3.3 Special cases

We obtain some special cases of the results obtained in this paper by fixing the parameters involved in
the problem (1)-(2) which are listed below.

o Ifb=0; = O then our results correspond to the boundary conditions: x(0) =a fo s)ds, 2'(0) =
0; y(0) + =a fo s)ds, y'(0) = 0.

e We can get the results for the boundary data: z(0)+x(1) = 0, 2’(0) = 0; y(0)+y(1) =0, y'(0) =0
by fixing a = 0,a7 = 0,b=0,b; = 0.

e In case we choose a = 0,a; = 0,b # 0,b; # 0, we get the results for the boundary conditions:
2(0) + (1) = 0, 2'(0) = b <DVa(1); y(0) +y(1) = 0, ¢/(0) = by *DPy(1), 0<7,0< 1.

e By taking v = § = 1 with b # 1 # by, our results reduce to the ones for a glven system of
fractional differential equations with boundary conditions: x(0) + =a fo s)ds, x'(0) =

ba’ (1);9(0) +y(1) = a1 f; y(s)ds, 3/ (0) = by/(1).

We emphasize that all the results obtained for different values of the parameters are new.

Acknowledgment. The project was funded by the Deanship of Scientific Research (DSR), King
Abdulaziz University, under grant no. 41-130-35-HiCi. The authors, therefore, acknowledge with
thanks DSR technical and financial support.

References

[1] 1. Podlubny, Fractional Differential Equations, Academic Press, San Diego, 1999.

[2] A.A. Kilbas, HM. Srivastava, J.J. Trujillo, Theory and Applications of Fractional Differential
Equations, North-Holland Mathematics Studies, 204, Elsevier Science B.V., Amsterdam, 2006.

[3] V. Lakshmikantham, S. Leela, J. Vasundhara Devi, Theory of Fractional Dynamic Systems, Cam-
bridge Academic Publishers, Cambridge, 2009.

[4] J. Sabatier, O.P. Agrawal, J.A.T. Machado (Eds.), Advances in Fractional Calculus: Theoretical
Developments and Applications in Physics and Engineering, Springer, Dordrecht, 2007.

[5] B. Ahmad, J.J. Nieto, Riemann-Liouville fractional integro-differential equations with fractional
nonlocal integral boundary conditions, Bound. Value Probl. 2011, 2011:36, 9 pp.

[6] Z.B. Bai, W. Sun, Existence and multiplicity of positive solutions for singular fractional boundary
value problems, Comput. Math. Appl. 63, (2012) 1369-1381.

[7] Y. Su, Z. Feng, Existence theory for an arbitrary order fractional differential equation with devi-
ating argument, Acta Appl. Math. 118 (2012), 81-105.

60 Bashir Ahmad et al 52-61



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

8]

[9]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

B. AHMAD, S. K. NTOUYAS AND A. ALSAEDI

B..Ahmad, S.K. Ntouyas, A boundary value problem of fractional differential equations with anti-
periodic type integral boundary conditions, J. Comput. Anal. Appl. 15 (2013), 1372-1380.

J. Tariboon, T. Sitthiwirattham, S. K. Ntouyas, Existence results for fractional differential inclu-
sions with multi-point and fractional integral boundary conditions, J. Comput. Anal. Appl. 17
(2014), 343-360.

B. Ahmad, S.K. Ntouyas, A. Alsaedi, Hybrid Boundary value problems of ¢-difference equations
and inclusions, J. Comput. Appl. Anal. 19 (2015), 984-993.

B. Ahmad, S.K. Ntouyas, A. Alsaedi, A study of nonlinear fractional differential equations of
arbitrary order with Riemann-Liouville type multistrip boundary conditions, Math. Probl. Eng.
(2013), Art. ID 320415, 9 pp.

X. Liu, M. Jia, W. Ge, Multiple solutions of a p-Laplacian model involving a fractional derivative,
Adv. Differ. Equ. 2013, 2013:126.

B. Ahmad, S.K. Ntouyas, On higher-order sequential fractional differential inclusions with nonlocal
three-point boundary conditions, Abstr. Appl. Anal. 2014, Art. ID 659405, 10 pp.

G. Wang, S. Liu, L. Zhang, Eigenvalue problem for nonlinear fractional differential equations with
integral boundary conditions, Abstr. Appl. Anal. 2014, Art. ID 916260, 6 pp.

L. Zhang, B. Ahmad, G. Wang, Successive iterations for positive extremal solutions of nonlinear
fractional differential equations on a half line, Bull. Aust. Math. Soc. 91 (2015), 116-128.

X. Su, Boundary value problem for a coupled system of nonlinear fractional differential equations,
Appl. Math. Lett. 22 (2009), 64-69.

B. Ahmad, J. J. Nieto, Existence results for a coupled system of nonlinear fractional differential
equations with three-point boundary conditions, Comput. Math. Appl. 58 (2009), 1838-1843.

J. Wang, H. Xiang, Z. Liu, Positive solution to nonzero boundary values problem for a coupled
system of nonlinear fractional differential equations, Int. J. Differ. Equ. Volume 2010 (2010),
Article ID 186928, 12 pages.

S.K. Ntouyas and M. Obaid, A coupled system of fractional differential equations with nonlocal
integral boundary conditions, Adv. Differ. Equ 2012, 2012:130.

J. Sun, Y. Liu, G. Liu, Existence of solutions for fractional differential systems with antiperiodic
boundary conditions, Comput. Math. Appl. 64 (2012), 1557-1566.

M. Faieghi, S. Kuntanapreeda, H. Delavari, D. Baleanu, LMI-based stabilization of a class of
fractional-order chaotic systems, Nonlinear Dynam. 72 (2013), 301-309.

J. Lin, Robust resilient controllers synthesis for uncertain fractional-order large-scale interconnected
system, J. Franklin Inst. 351 (2014), 1630-1643.

B. Ahmad, S.K. Ntouyas, A fully Hadamard type integral boundary value problem of a coupled
system of fractional differential equations, Fract. Calc. Appl. Anal. 17 (2014), 348-360.

A. Granas, J. Dugundji, Fized Point Theory, Springer-Verlag, New York, 2005.

61 Bashir Ahmad et al 52-61



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

Solutions of the nonlinear evolution equation via
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Abstract In this article, we investigate the combined KdV-MKdV equation to
obtain new exact traveling wave solutions via the generalized Riccati equa-
tion mapping together with the(G’/G)-expansion method. In this method,
G' (0) = h+f G (p)+9G? (0) is used with constant coefficients, as the auxiliary
equation and called the generalized Riccati equation. By using this method,
we obtain twenty seven exact traveling wave solutions including solitons and
periodic solutions and solutions are expressed in the hyperbolic, the trigono-
metric and the rational functions. It is found that one of our solutions is in
good agreement for a special case with the published results which validates our
other results.

Keywords: The generalized Riccati equation, (G'/G)-expansion method, Exp-
function method, traveling wave solutions, nonlinear evolution equations.
Mathematics Subject Classification: 35K99, 35P99, 35P05.

PACS: 02.30.Jr,05.45.Yv,02.30.1k.

1. Introduction

The enormous analysis of exact solutions of the nonlinear partial differential
equations (PDEs) is one of the important and amazing research fields in all areas

in science and engineering, such as, plasma physics, fluid mechanics, chemical

*syedtauseefs@hotmail.com,qazimahmood@yahoo.com,hasibun06tasuf@gmail.com,farahain@usm.my

62 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

physics, optical fibers, solid state physics, chemistry, biology, plasma physics
and many others [1-41]. In recent years, many researchers used various meth-
ods to different nonlinear partial differential equations for constructing traveling
wave solutions, for instance, the Backlund transformation [1], the inverse scat-
tereing [2,3], the Jacobi elliptic function expansion [4,5], the tanh function [6,7],
the variational iteration [8], the Hirota’s bilinear transformation [9], the direct
algebraic [10], the Cole-Hopf transformation [11], the Exp-function [12-18] and
others [19-25].

Recently, Wang et al. [26] presented a method, called the (G’/G)-expansion
method. By using this method, they constructed exact traveling wave solutions
for the nonlinear evolution equations (NLEEs). In this method, the second order
linear ordinary differential equation with constant coefficients G” (6) +\G’ (6) +
1G (0) = 0 is used, as an auxiliary equation. Afterwards, many researchers ap-
plied the (G’/G)-expansion method to obtain exact traveling wave solutions for
the NLEEs. For example, Ozis and Aslan [27] investigated the Kawahara type
equations using symbolic computation via this method. In Ref. [28] Gepreel em-
ployed this method and found exact solutions for nonlinear PDEs with variable
coefficients in mathematical physics whilst Zayed and Al-Joudi [29] studied non-
linear partial differential equations by applying the same method to construct
solutions. Naher et al. [30] investigated the Caudrey-Dodd-Gibbon equation by
using the useful (G’/G)-expansion method and obtained abundant exact trav-
eling wave solutions. Feng et al. [31] applied the method to the Kolmogorov-
Petrovskii-Piskunov equation for constructing traveling wave solutions. In Ref.
[32], Zhao et al. concerned about this method to obtain exact solutions for
the variant Boussinesq equations while Nofel et al. [33] implemented the same
method to the higher order KAV equation to get exact traveling wave solutions
and so on.

Zhu [34] introduced the generalized Riccati equation mapping to solve the (241)-
dimensional Boiti-Leon-Pempinelle equation. In this generalized Riccati equa-

tion mapping, he employed G’ (8) = h + f G (p) + g G? () with constants co-
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efficients, as the auxiliary equation. In Ref. [35], Li et al. used the Riccati
equation expansion method to solve the higher dimensional NLEEs. Bekir and
Cevikel [36] investigated nonlinear coupled equation in mathematical physics
by applying the tanh-coth method combined with the Riccati equation. Guo
et al. [37] studied the diffusion-reaction and the mKdV equation with vari-
able coefficient via the extended Riccati equation mapping method whilst Li
and Dai [38] implemented the generalized Riccati equation mapping with the
(G'/G)-expansion method to construct traveling wave solutions for the higher
dimensional Jimbo-Miwa equation. In Ref. [39,40] Salas used the projective
Riccati equation method to obtain some exact solutions for the Caudrey-Dodd-
Gibbon equation and the generalized Sawada-Kotera equations respectively.
Many researchers utilized different methods for investigating the combined KdV-
MKdV equation to construct exact traveling wave solutions, such as, Liu et al.
[41] studied the equation by applying the (G’/G)-expansion method to obtain
traveling wave solutions. In the (G’/G)-expansion method, they used the second
order linear ordinary differential equation (LODE) with constant coefficients, as
an auxiliary equation. To the best of our knowledge, the combined KdV-MKdV
equation is not examined by applying the generalized Riccati equation mapping
together with the (G'/G)-expansion method.

In this article, we construct twenty seven exact traveling wave solutions in-
cluding solitons, periodic, and rational solutions of the combined KdV-MKdV
equation involving parameters via the generalized Riccati equation mapping
together with the (G'/G)-expansion method and Exp-function method.

2. The generalized Riccati equation mapping together with the(G'/G)-
expansion method

Suppose the general nonlinear partial differential equation:

H(”a”t,”zavmtavtt;vzr;-'-):07 (1)

where v = v (z,t) is an unknown function, H is a polynomial in v = v (z, ¢)and
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the subscripts indicate the partial derivatives.
The most important steps of the generalized Riccati equation mapping together
with the (G’/G)-expansion method [26,34] are as follows:

Step 1. Consider the traveling wave variable:
v(z,t)=r(), 60=x-—Bt, (2)

where Bis the wave speed. Now using Eq. (2), Eq. (1) is converted into an

ordinary differential equation for r () :
F(r,r',r" o .) =0, (3)

where the superscripts stand for the ordinary derivatives with respect to 6.
Step 2. Eq. (3) integrates term by term one or more times according to
possibility, yields constant(s) of integration. The integral constant(s) may be
zero for simplicity.

Step 3. Suppose that the traveling wave solution of Eq. (3) can be expressed
in the form [26,34]:

n el J
o)=Y o (%) (@
i=0
where e; (=0, 1, 2,..., n)and e, # 0, with G = G () is the solution of the

generalized Riccati equation:
G'=h+fG+gG? (5)

where f, g, h are arbitrary constants and g # 0.

Step 4. To decide the positive integer n, consider the homogeneous balance
between the nonlinear terms and the highest order derivatives appearing in Eq.
Step 5. Substitute Eq. (4) along with Eq. (5) into the Eq. (3), then collect

all the coefficients with the same order, the left hand side of Eq. (3) converts

65 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

into polynomials in G* () and G =% (), (k=0,1,2,...). Then equating each
coeficient of the polynomials to zero, yield a set of algebraic equations for
fi =0,1,2,..,n), f,g,h and B.

Step 6. Solve the system of algebraic equations which are found in Step 5 with
the aid of algebraic software Maple and we obtain values for f; (7 =0, 1,2,...,n)
and B. Then, substitute obtained values in Eq. (4) along with Eq. (5) with the
value of n, we obtain exact solutions of Eq. (1).

In the following, we have twenty seven solutions including four different families
of Eq. (5).

Family 1: When f2 —4gh > 0 and f g # 0 or gh # 0, the solutions of Eq. (5)

are:

G1=<f+mtanh<Vf ot 9))

G = <f+\/mcoth< IS 5 49h9>>,
Gg,:;—gl(f-l-\/f2 4gh (tanh( —4gh ):i:zsech(ﬂf2 4gh 0)))
G4:;—g1(f+\/ h(coth( ):I:csch(\/ — 4gh 9)))
G5=;gl<2f+\/f2 4gh (tanh( — dgh 9>+coth<”fz4_49h 9)));

) VXZ 1Y) (f2—4gh) — X\/f2— igh cosh(«/f2—4gh9)
Go== -1+ ,
vl i Xsinh(m9>+}/
. 1 e VY2 = X2)(f2 —4gh) + X\/f2 —4gh sinh(\/f2—4gh9)
Y X cosh (ma) +Y ’

where X and Y are two non-zero real constants and satisfies Y2 — X2 > 0.

2 h cosh (V'fz;lgh 9)
v/ 2 — 4ghsinh <J249h 9) — fcosh (”f2249h 9)

Gs =
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—2 h sinh (”f22_4(]h 9)
G9 = )
fsinh (”49h 9) —+/f%? —4gh cosh ( v 74gh 9)
2 h cosh (\/f2 - 4gh9)
Gio = ;
v v/ f? — 4ghsinh («/ —4gh 0) f cosh (\/f2 4gh 9) + i/ 2 —4gh
2 h sinh (\/fQ - 4gh9)
G = ;
"o —f sinh (\/ — 4gh 9) +/f? — 4gh cosh (\/f2 4gh 9) + —4gh
4 hsinh ( Yoo _4q 9) cosh ( Mo _4qh 9)
G2 =

—2f sinh (W@) cosh (”10244% 9) + 2/ f2 — 4gh cosh® (”]02449}1 9) — f?—4gh

Family 2: When f2 —4gh < 0 and fg # 0 or gh # 0, the solutions of Eq. (5)

Gi3 = % (—f—i— 4gh — f? tan ('49h_f29>>7

are:

2
G14<f+\/4gh 12 cot(' gf; I )),

Gis = % (= £+ Vagh =77 (tan (Vagh = [20)  sec (v/igh = [29))).
Gro = o (1 +V/agh— 72 (cot (vagh — 120) + esc (\igh — 126) ) ).

29
Gir = % ( 2f + \/4gh — f2 <ta (W 9) — cot <V49Z_F 9))) ,
. 1 f_|_ —Y?2)(4gh — f?) — X+/4gh — f? cos (\/4gh — 12 9)
18_2 Xsin(\/élgh—fQ@)—ﬁ-Y ’
Y Y2 (4gh — ) + X+/4gh — f2 cos <\/4gh — 72 9)
Y Xsin(,/4gh—f29)+y ’
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where X and Y are two non-zero real constants and satisfies X2 — Y2 > 0.

—2 hcos <V492hf2 0>
G20 - - m )
VAgh — f2sin (V‘*gz‘f 9> + f cos <492‘f 9>
2 hsin (\/49;’” 9)
Go1 =

— fsin (‘ 4g§_f2 9) + +/4gh — f2cos (V 4gg_f2 9)

—~2h cos (v/igh — [70)

G - I
T JIgh— % sin (\/4911 — 2 9) + fcos (\/4gh — 2 9) + \/agh — 26
2 hsin <\/4gh — f2 9)
Gas = )
? 7 fen («/4gh - f29) + /Agh — JZ cos (\/4gh 2 9) + \/dgh — f?
4 hsin (V494h_fz 0> cos (W 0)
Goy =

—2f sin (W 9) cos ( e 4gh ) + 2/4gh — f? cos? ( Yoo 4gh 2 9) - \/Zlgh—f27

Family 3: when h =0 and fg # 0, the solution Eq. (5) becomes:

> g (by + cosh (f8) — sinh (f6))
G — f(cosh (f6) + sinh (f9))
26 —

g (b1 + cosh (f6) + sinh (f0)) ’
where by is an arbitrary constant.

Family 4: when g # 0 and h = f = 0, the solution of Eq. (5) becomes:

-1

Gor = ————,
27 99+U1

where w7 is an arbitrary constant.
2.1. Exp-function Method
Consider the general nonlinear partial differential equation of the type (1)

Using the transformation (2) in equation (1) we have equation of the type (3).
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According to the Exp-function method, developed by He and Wu [12-18],we
assume that the wave solutions can be expressed in the following form
ZZ:_C anexp(nn)

U(U) = q
= p bmexp(mn)

(6)

where p, q,c and d are positive integers which are to be further determined,a,,
and b, are unknown constants. We can rewrite equation (6) in the following

equivalent form

w () = acexp(en) + ... + a_gexp (—dn)
bpexp (pn) + ... + b_gexp (—qn)

(7)

To determine the value of ¢ andp, we balance the linear term of highest order
of equation (3) with the highest order nonlinear term. Similarly, to determine
the value of dandg, we balance the linear term of lowest order of equation (3)
with lowest order non linear term.

3. Solution procedure

By using Exp-function method and the generalized Riccati equation mapping
together with the(G’/G)-expansion method, we construct new exact traveling
wave solutions for the combined KdV-MKdV equation (Gardner equation) in
this section.

3.1 The combined KdV-MKdV equation (Gardner equation)

We consider the combined KdV-MKdV equation with parameters followed by
Liu et al. [41]:

U+ puty +quluy — SUgpe =0, (8)

where p, s are free parameters and ¢q # 0.

Now, we use the transformation Eq. (2) into the Eq. (8), which yields:

— Br' 4+ prr’ + g — s =0, (9)

69 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

Eq. (9) is integrable, therefore, integrating with respect 6 once yields:

where Kis an integral constant which is to be determined later.
Taking the homogeneous balance between r”and 7% in Eq. (10), we obtain
n=1.

Therefore, the solution of Eq. (10) is of the form:
r(0) =e1 (G'/G) + ey, €1 #0. (11)
Using Eq. (5), Eq. (11) can be re-written as:
r(@)=e (f+hG ' +gG) +eo, (12)

where f, g and hare free parameters.

By substituting Eq. (12) into Eq. (10), collecting all coefficients of G* and
G~ % (k=0,1,2,...) and setting them equal to zero, we obtain a set of algebraic
equations for eg, ey, f,g,h, K and B (algebraic equations are not shown, for
simplicity). Solving the system of algebraic equations with the help of algebraic

software Maple, we obtain

6s
Fp,/ 22 —6sf 2 2
eqp= —L1 "~ =+ @’B:Wl—+ww7
+2¢,/%2 a a

K — —48psqgh (iﬁ) +6psqf2 (j: \/%E) —p? (i \/%) +28852quh

24¢2 (+,/%)

)

where p, s are free parameters and g # 0.
Family 1: The soliton and soliton-like solutions of Eq. (6) (when f? —4gh > 0
and fg#0or gh#0) are:

A2 sec h? (% 9)
2 (f + A tanh (% 0))

T =e€1 + eo,
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Ss_6sf

where A = f2—4gh,A2:f2—49h760:%?el:i g and

_ _ 25qf27p2+163qgh
==z (—4q t.

— AZ%csch? (% 9)
el A
2(f+ A coth (£6))

T9 =

B A? (sech? (A 9) F i tanh (Af) sech (AF))
- f4/f2—4gh (tanh (A 0) £ isech (A 6)

— A? (esch? (A 6) £ coth (Af) csch (A6))
f+ A (coth(Af) + csch (A0

T3 + eo,
)

rqg = €1

)
v — A2(sech2 (%9)—csch2 (%9))
0

U8 +4A (tanh (20) + coth (2 0))

~X ( F2X — sinh (A ) f2Y — 4ghX + 4ghY sinh (A 0) — A2\ /(X2 + V?) cosh (A 9))
(X sinh (A6) +Y) (szinh(A@) H Y - AVXZ1Y2) + XA cosh(Ae))

Te = €1

X ( F2Y cosh (A ) f2Y — dghY cosh (A 6) — A2\/— (X2 — V?)sinh (A6) + f2X — 4ghX)

T = €1

(X cosh (Af) +Y) (fX cosh (AB) + fY + A/~ (XZ_Y2) + XA sinh(A 9))

where X and Y are two non-zero real constants and satisfies Y2 — X2 > 0.

—A?2
= + s
"8 T Y cosh (56) (A sinh (30) — feosh (26))
A2
Tg = € + € J
’ "9 sinh (%9) (—fsinh (%9) + A cosh (%9)) 0
—A? + i f?sinh (A 0) — idghsinh (A 6)
710 = €1 : - + €,
A sinh (A 6) — fcosh (A0) +iA cosh (A0)
A2 2cosh (A 0) — 4gh cosh (A0
S + f?cosh (A 0) — 4gh cosh (A 0) .

(—fsinh (A6) + A cosh (A6) + A)sinh (A6)

A2
! 4sinh (20) cosh (20 (—2f sinh (2-0) cosh (260 + 22 cosh? (260) — A)

T = +60a

Family 2: The periodic form solutions of Eq. (8) (when f? — 4gh < 0 and
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fg # 0 or gh #0) are:

Q2

2 cos (%9) (—f cos (%9) + Qsin (%9))

13 = €1 + eo,

2 2 Fry/ G —6sf 6s
where Q = \/— f2+4gh, Q% =4gh — f? ey = er =,/ and

i2q\/§ ’

_ .. _ (2sqf>—p°+16sqgh
0=x ( 1 t.

02
2 (—1 + cos? (%9)) (f +Qcot (%9))

14 = €1 + eo,

Q2 (1 +sin (20))

15 = s (Q0) (— f cos (20) + Qsin (20) + Q) + eo,
e 02 sin (Q0) Y
107 " eos (Q6) fsin (Q0) + Qcos? (Q0) — fsin (Q0) —Q
_Q2
rir =€1 =+ eo,

4 cos? (%0) (=1 + cos? (%9)) (—2f + Q (tan (%9) — cot (%9)))

X.N;
rig = €1 Xy +eo,
(=X2 + X2 cos? (20) — 2XY sin (20) — Y?) (—f + W — XQcos (Q20)
(13)
where
Ny = —4ghX — 4ghY sin (Q0) + f2X + f2Y sin (Q0) +
4gh+/(X?2 — Y?2) cos (20) — /(X2 — Y2) cos (026)
X(—4ghX—4ghY sin(Q0)+ 2 X+ f2Y sin(Q0)—4ghy/(X2-Y2) cos(99)+f2,/(x2—y2)cos(Qe))
Ti9 = €1
(= X24 X2 cos? (Q20)—2XY sin(Q0)—Y?) (7f7 %mn cos(90)>
€0,

where X and Y are two non-zero real constants and satisfies X2 — Y2 > 0.

—02sec (%9) (Q sin (%0) + f cos (%0))

"0 = S (agh — dghcos? (26) — f2 + 272 cos? (20)  2/Qsin (20) cos (20)) "
—Q% (—fsin (£6) + Qcos (£0)) N
ror =€ e
2 "9sin (%9) (=2 +2f2 cos? (%9) + 2fQsin (%9) cos (%0) — 4gh cos? (%0)) 0
ey sec (Q0) (—Q% — 4ghsin (Q0) + f%sin (Q0)) (Qsin (Q6) + f cos (Q0) + Q) N
T22 = €0,

Ny
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where

Ny = 4gh — 2ghcos? (Q0) — f2 + f2cos? (Q0) + Qf sin (Q6) cos (Q6) +

4ghsin (Q0) — f?sin (Q6) + fQcos (20)

—02 (—fsin (Q0) + Qcos (20) + Q)
' 2sin (Q0) (—2gh cos (Q0) + f2 cos (Q) + fQsin (Q0) — 2gh)

o3 = € =+ eo,

_?2 €1 csc (%9) sec (%9) (—2f sin (% ) cos ( 6) + 2Q cos (49) — Q)
N3

q24 = +eo,

where

Q Q Q Q
N3 = —8f%cos? [ =6 | +8f2cos* [ =0 ) +8Qf cos® [ =0 | sin | =0 | —
4 4 4 4
4fQsin (ZG) oS (ZG) — 16gh cos* (ZG) + 16gh cos? (Z@) -0?

Family 3: The soliton and soliton-like solutions of Eq. (6) (when h = 0
and f g # 0) are:
f (cosh (f0) — sinh (f0))

"= A b1 + cosh (f6) — sinh (f0) + eo,

. o
" by + cosh (f6) + sinh (f6)

T2 = + eo,

where b; is an arbitrary constant, eg = = +,/5% and 0 =
T — <2sqf2—jf+165qgh) t.

q
Family 4: The rational function solution (when g # 0 and h = f = 0) is:

—e€1g

ST e

where w4 is an arbitrary constant , e; = + and 0=x— (Wﬂ) t.
3.2 The combined KdV-MKdV equation (Gardner equation) using

Exp-function method
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We consider the combined KdV-MKdV equation (8) with parameters followed
by Liu et al. [41]:

Now, we use the transformation Eq. (2) into the Eq. (8), which yields (9).
Using Exp-function Method we have following solution sets satisfy the given
combined KdV-MKdV equation (8)

15t Solution set:

p“+4Bq+— 25q) (P+ +4Bq+4sq) 4Bq+p 725q)

_ _ 1@ _ _ _ 1%
B=Bb= 4 b1 (p?2+4Bq+4sq)’ vbo = bo, b1 = b1,a1 = 8 qb1(p?+4Bq+4sq)
_ _l p+Vp 2+4Bq+4~q
bo (48 2B < )) 1 [ P/ P2 +4Bg+4sq
an = jay =~ (/AR
/P2 +4Bq+4sq 4

We therefore, obtained the following generalized solitary solution

1 +\/m

1 b3 (p+\/p?+4Ba+4sq) (4Ba+p?~2sq) . bg(4s 2B— p<p Z q>>
T8 e

8 b1 (p°+4Bq+4sq) T

+v/p?+4Bg+4
1 (W) ben
q
Un) = NG

45, (p2 +4Bq+4§q) T+bo+bien

2 bo (4s—2B— % p+\/p’-’+4Bq+4sq
b 2 (p+\/p? +4Batasq) (4Ba+p* —250) B ( s— p(
qb1(p?>+4Bq+4sq) /P2 +4Bg+4sq

(p+ p2+4Bq+4sq> byele—BY

0 \

N

q

U(z,t) =

(p2+4Bq+—2sq)
by

(p2+4Bq+4sq) = (7B +bo+bie(= B0

1
4
2nd Solution set:

v/ p? +4Bq+4sq) (4Bq+p —Qéq)

(P*+4Bg+—2sq)

2 b +

o _1 bO _ . _ l ( P
B = B7b— T~ 4 by (p2 +4Bq+4sq) b() - b07b1 - blvaf—l — 78

bo <4§ QB_,p<p+\/p +4Bq+45q>> 3
—p+ +4Bq+4

g = — a1_1<W>b1

qb1 (p2+4Bg+4sq)

\/p2 +4Bq+4sq q

We therefore, obtained the following generalized solitary solution

1 +vp 2+4B +4s
b%(*er p2+4Bq+4sq)(4Bq+p2—2sq) . bo(4s 2B- p(” 1 q))
e~ —

b1 (p?+4Bq+4sq) /P2 +4Bg+4sq

—p4++/p2+4Bg+4
(p pq q Sq)ble"

1 (p?+4Bq+-2sq)b3 ,_, n
1 67 +4Bqtdsq) © | T Do+ bie

ool

N|—
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1 +v/p? +4B +4s
(p+\/ 2+4Bq+4sq)(4Bq+p —zsq) (e—B) bo <4s 2B— p<” £ 4 ">)

1
8 qb1(p*+4Bq+4sq) \/p2+4Bq+4sq
—p+y/p2+4Bq+4s _
—%< p pq q q)ble(” Bt)

U(z,t) =

1 (p2+4Bq+—2sq)bZ
4 b1 (p2+4Bg+4sq)

e—(z—DBt) +bo + ble(m—Bt)

4. Results and discussion

It is significance mentioning that our solution ga7is coincided with ug 4 (z,t) in
example 1 of section 4 of Liu et al. [41] for s = 1,¢g = 1,p = 2 and u; =
0. Moreover, it is showing that our solution g¢sris coincided with wug 4 (z,t)
in example 2 of section 4 of Liu et al. [41] for s = —1,¢ = 1,p = 2 and
w1 = 0. In addition, we construct many new exact traveling wave solutions for
the combined KdV-MKdV equation in this work, which have not been found in
the previous literature. Furthermore, the graphical demonstrations of some of
them are depicted in the following subsection in figures below.

4.1 Graphical representations of the solutions

The graphical depictions of the solutions are shown in the figures with the help

of Maple:

Fig. 1: Periodic solutions for Fig. 2: Periodic solutions for
f=5,g=4,h=3,p=3,822,q=5 f=9,g=87h=0,p:8,s=6,q:7,b1 =38
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Fig. 3: Periodic solutions for Fig. 4: Periodic solutions for
f:5,9:47h:3,p:2,5:5,(]:9 f:3vg:4vh:03p: 175:3761:4,3)1 =4
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Fig. 5: Periodic solutions for Fig. 6: Periodic solutions for
f:3,g:47h:0,p:2,8:5,q:7,b1 =38 f=59=7h=0,p=5s=5¢="7b =2
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Fig. 7: Periodic solutions for
f:2vg:47h:07p:175:37q: 1ab1 =2

L)
pkerssn)
*'ﬁ"}?f,f;};# ﬁ l,'.'l'
/ Jﬁ%@ﬂ*ﬂ %9 .

N

Fig. 9: Periodic solutions for
f=79=15h=0,p=3,s=4,q=5,bp =4

5. Conclusions

Fig. 8: Periodic solutions for
f:579:47h:Oap:375:47q:33b1 =2

Fig. 10: Periodic solutions for
f=0,9=11,h=0,p=3,5=5,¢=9,bp =2

In this article, we apply the Exp-function method and generalized Riccati equa-
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tion mapping together with the(G’/G)-expansion method to solve the combined
KdV-MKdV equation. In (G'/G)-expansion method, the generalized Riccati
equation G’ () = h+ f G () + g G? () is used with constant coefficients, as the
auxiliary equation, instead of the second order linear ordinary differential equa-
tion with constant coefficients. By applying these methods, we obtain abundant
exact traveling wave solutions including solitons and periodic solutions and solu-
tions are expressed in terms of the hyperbolic, the trigonometric and the rational
functions. The correctness of the obtained solutions is verified to compare with
the published results. We hope that these useful and powerful methods can be
effectively used to solve many nonlinear evolution equations which are arising
in technical arena.

References

[1] C. Rogers and W. F. Shadwick, “Backlund transformations,” Aca. Press,
New York, 1982.

[2] M. J. Ablowitz and P. A. Clarkson, “Solitons, nonlinear evolution equations
and inverse scattering transform,” Cambridge Univ. Press, Cambridge, 1991.
[3] J. Zhang, D. Zhang and D. Chen, “Exact solutions to a mixed Toda lat-
tice hierarchy through the inverse scattering transform,” Journal of Physics A:
Mathematical and Theoritical, doi: 10.1088/1751-8113/44/11/115201, 2011.

[4] S. Liu, Z. Fu, S. Liu and Q. Zhao, “Jacobi elliptic function expansion method
and periodic wave solutions of nonlinear wave equations,” Physics Letters A,
vol. 289, pp. 69-74, 2001.

[5] Z. I. A. Al-Muhiameed and E. A. B. Abdel-Salam, “ Generalized Jacobi
elliptic function solution to a class of nonlinear Schrodinger —type equations,”
Mathematical Problems in Engineering, vol. 2011, Article ID 575679, 11 pages,
doi:10.1155/2010/575679, 2011.

[6] W. Malfliet, “Solitary wave solutions of nonlinear wave equations,” Am. J.
Phys. vol. 60, pp. 650654, 1992.

[7] A. M. Wazwaz, “The tanh-coth method for solitons and kink solutions for

nonlinear parabolic equations,” Applied Mathematics and Computation, vol.

78 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

188, pp. 1467-1475, 2007.
[8] C. A. Gomez and A. H. Salas, “Exact solutions for the generalized BBM

”

equation with variable coefficients,” Mathematical Problems in Engineering,
vol. 2010, Article ID 498249, 10 pages, doi:10.1155/2010/498249, 2010.

[9] R. Hirota, “Exact solution of the KdV equation for multiple collisions of
solutions,” Physics Review Letters vol. 27 pp. 1192-1194, 1971.

[10] A. A. Soliman and H. A. Abdo, “New exact Solutions of nonlinear variants
of the RLW, the PHI-four and Boussinesq equations based on modified extended
direct algebraic method,” International Journal of Nonlinear Science, vol. 7, no.
3, pp. 274-282, 2009.

[11] A. H. Salas, and C. A. Gomez, “Application of the Cole-Hopf transformation
for finding exact solutions to several forms of the seventh-order KdV equation,”
Mathematical Problems in Engineering, vol. 2010, Article ID 194329, 14 pages,
doi: 10.1155/2010,/194329, 2010.

[12] J. H. He and X. H. Wu, “Exp-function method for nonlinear wave equa-
tions,” Chaos Solitons and Fractals vol. 30, pp. 700-708, 2006.

[13] H. Naher, F. Abdullah and M. A. Akbar, “New travelling wave solutions
of the higher dimensional nonlinear partial differential equation by the Exp-
function method,” Journal of Applied Mathematics (Article ID: 575387, in
press), 2011.

[14] S. T. Mohyud-din, M. A. Noor and K. I. Noor, “Exp-function method for
traveling wave solutions of modified Zakharov-Kuznetsov equation,” Journal of
King Saud University, vol. 22, pp. 213-216, 2010.

[15] H. Naher, F. Abdullah and M. A. Akbar, “The exp-function method for
new exact solutions of the nonlinear partial differential equations,” International
Journal of the Physical Sciences, vol. 6, no. 29, pp. 6706-6716, 2011.

[16] A. Yildirim and Z. Pinar, “Application of the exp-function method for
solving nonlinear reaction-diffusion equations arising in mathematical biology,”
Computers & Mathematics with Applications, vol. 60, pp. 1873-1880, 2010.

[17] I. Aslan, “ Application of the exp-function method to nonlinear lattice differ-

79 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

ential equations for multi-wave and rational solutions,” Mathematical Methods
in the Applied Sciences, Doi: 10.1002/mma.1476, 2011.

[18] A. Bekir and A. Boz, “Exact solutions for nonlinear evolution equations
using Exp-function method,” Phys Letters A, 372, pp. 1619-1625, 2008.

[19] A. M. Wazwaz, “A new (2+1)-dimensional Korteweg-de-Vries equation and
its extension to a new (3+1)-dimensional Kadomtsev-Petviashvili equation,”
Physica Scripta, doi:10.1088,/0031-8949/84,/03/035010, 2011.

[20] B. I. Yun, “An iteration method generating analytical solutions for Blasius
problem, Journal of Applied Mathematics, vol. 2011, Article ID 925649, 8 pages,
doi: 10.1155/2011/925649, 2011.

[21] S. Zhang, J. Ba, Y. Sun and L. Dong, L, “Analytic solutions of a (2+1)-
dimensional variable-coefficient Broer-Kaup system,” Mathematical Methods in
the Applied Sciences, Doi: 10.1002/mma.1343, 2010.

[22] F. Salah, Z. A. Aziz and D. L. C. Ching, “New exact solutions for MHD tran-
sient rotating flow of a second-grade fluid in a porous medium,” Journal of Ap-
plied Mathematics, vol. 2011, Article ID 823034, 8 pages, doi: 10.1155/2011/823034,
2011.

[23] A. S. Deakin and M. Davison, “Analytic solution for a vasicek interest rate
convertible bond model,” Journal of Applied Mathematics, vol. 2010, Article
ID 263451, 5 pages, doi: 10.1155/2010/263451, 2010.

[24] M. Massabo, R. Cianci and O. Paladino, “An analytical solution of the
advection dispersion equation in a bounded domain and its application to lab-
oratory experiments,” Journal of Applied Mathematics, vol. 2011, Article ID
493014, 14 pages, doi: 10.1155/2011/493014, 2011.

[25] M. A. Abou, “The extended F-expansion method and its applications for a
class of nonlinear evolution equation,” Chaos, Solitons and Fractals, 31, 95-104,
2007.

[26] M. Wang, X. Li and J. Zhang, “The (G’/G)-expansion method and travel-
ling wave solutions of nonlinear evolution equations in mathematical physics,”

Physics Letters A, vol. 372, pp. 417-423, 2008.

80 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

[27] T. Ozis and I. Aslan, “Application of the (G'/G)-expansion method to
Kawahara type equations using symbolic computation,” Applied Mathematics
and Computation, vol. 216, pp. 2360-2365, 2010.

[28] K. A. Gepreel, “Exact solutions for nonlinear PDEs with the variable coeffi-
cients in mathematical physics,” Journal of Information and Computing Science,
vol. 6, no. 1, pp. 003-014, 2011.

[29] E. M. E. Zayed, and S. Al-Joudi, “Applications of an Extended (G'/G)-
Expansion Method to Find Exact Solutions of Nonlinear PDEs in Mathematical
Physics,” Mathematical Problems in Engineering, vol. 2010, Article ID 768573,
19 pages, doi:10.1155/2010/768573, 2010.

[30] H. Naher, F. Abdullah and M. A. Akbar, “The (G’/G)-expansion method
for abundant traveling wave solutions of Caudrey-Dodd-Gibbon equation,” Math-
ematical Problems in Engineering, vol.2011, Article ID: 218216 11 pages, doi:10.1155/2011/218216
(in press), 2011.

[31] J. Feng, W. Li and Q. Wan, “Using (G’/G)-expansion method to seek
traveling wave solution of Kolmogorov-Petrovskii-Piskunov equation,” Applied
Mathematics and Computation, vol. 217, pp. 5860-5865, 2011.

[32] Y. M. Zhao, Y. J. Yang and W. Li, “Application of the improved (G'/G)-
expansion method for the Variant Boussinesq equations,” Applied Mathematical
Sciences, vol. 5, no. 58, pp. 2855-2861, 2011.

[33] T. A. Nofel, M. Sayed, Y. S. Hamad and S. K. Elagan, “The improved
(G'/G)-expansion method for solving the fifth-order KdV equation,” Ann. Fuzzy
Math. Info. x x 1-xx, 2011.

[34] S. Zhu, “The generalizing Riccati equation mapping method in non-linear
evolution equation: application to (2+1)-dimensional Boiti-Leon-Pempinelle
equation,” Chaos, Solitons and Fractals, vol. 37, pp. 1335-1342, 2008.

[35] B. Li, Y. Chen, H. Xuan and H. Zhang, “Generalized Riccati equation
expansion method and its application to the (3+1)-dimensional Jumbo-Miwa
equation,” Applied Mathematics and Computation, 152, pp. 581-595, 2004.
[36] A. Bekir, A. C. Cevikel, “The tanh-coth method combined with the Ric-

81 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

cati equation for solving nonlinear coupled equation in mathematical physics,”
Journal of King Saud University - Science, 23, 127-132, 2011.

[37] S. Guo, L. Mei, Y. Zhou and C. Li, “The extended Riccati equation mapping
method for variable-coefficient diffusion-reaction and mKdV equation,” Applied
Mathematics and Computation, vol. 217, pp. 6264-6272, 2011.

[38] Z. Li and Z. Dai, “Abundant new exact solutions for the (341)-dimensional
Jimbo-Miwa equation,” Journal of Mathematical Analysis and Applications,
vol. 361, pp. 587-590, 2010.

[39] A. Salas, “Some exact solutions for the Caudrey-Dodd-Gibbon equation,”
arXiv:0805.2969v2 [math-ph] 21 May 2008.

[40] A. Salas, “Some solutions for a type of generalized Sawada-kotera equation,”
Applied Mathematics and Computation, 196, 812-817, 2008.

[41] X. Liu, L. Tian and Y. Wu, “Application of (G’/G)-expansion method to
two nonlinear evolution equations,” Applied Mathematics and Computation,

vol. 217, pp.1376-1384, 2010.

82 Hassan et al 62-82



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

STABILITY OF A LATTICE PRESERVING FUNCTIONAL EQUATION ON
RIESZ SPACE: FIXED POINT ALTERNATIVE

EHSAN MOVAHEDNIA, SEYED MOHAMMAD SADEGH MODARRES MOSADEGH, CHOONKIL PARK,
AND DONG YUN SHIN*

ABSTRACT. The aim of this paper is to investigate Hyers-Ulam stability of the following lattice
preserving functional equation on Riesz space with fixed point method:
| F(rz v ny) — 7F(x) VnF)ll < ¢(tz Vny, 72 A ny),

where X is a Banach lattice and ¢ : X X X — X is a mapping such that

a T vy

p(z,y) < (tn) 2 (*: 7)
T n

for all 7,7 > 1 and « € [0, %)

1. INTRODUCTION

In 1940 Ulam [1] proposed the famous Ulam stability problem: When is it true that a function
which satisfies some functional equation approximately must be close to one satisfying the equation
exactly?. If the answer is affirmative, we would say that the equation is stable. In 1941, Hyers [2]
solved this stability problem for additive mappings subject to the Hyers condition on approximately
additive mappings. The result of Hyers was generalized by Rassias [3] for linear mapping by
considering an unbounded Cauchy difference.

In 1996, Isac and Rassias [4] were the first authors to provide applications of stability theory
of functional equations for the proof of new fixed point theorems with applications. Some authors
have considered the Hyers-Ulam stability of quadratic functional equations in random normed
spaces [5, 6, 7, 8, 9, 10, 11, 12, 13]. By the fixed point method, the stability problems of several
functional equations have been extensively investigated by a number of authors (see [14, 15]). We
generalize the Agbeko’s theorem [16] and prove it by fixed point method.

A non-empty set M with a relation ”<” is said to be an order set whenever the following
conditions are satisfied:

1. x < x for every x € M;

2. x <y and y < x implies that = = y;

3.z <y and y < z implies that = < z.

If, in addition, for two elements z,y € M either z < y or y < x, then M is called a totally
ordered set. Let A be a subset of an ordered set M. =z € M is called an upper bound of A if
y < forall y € A. z € M is called a lower bound of A if y > z for all y € A. Moreover, if there
is an upper bound of A, then A is said to be bounded from above. If there is an lower bound of
A, then A is said to be bounded from below. If A is bounded from above and from below, then
we will briefly say that A is order bounded.

An order set (M, <) is called a lattice if any two elements x,y € M have a least upper bound
denoted by = V y = sup(z,y) and a greatest lower bound denoted by x A y = inf(z, y).

A real vector space E which is also an order set is called an order vector space if the order and the
vector space structure are compatible in the following sense:

1. if x,y € F such that x <y then z 4+ 2 <y + 2 for all z € E}

2010 Mathematics Subject Classification. 47TH10, 46B42, 39B82.

Key words and phrases. Hyers-Ulam stability; Riesz space; fixed point theory.
*The corresponding author.
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2. if x,y € E such that x <y then az < ay for all a > 0.
(E, <) is called a Riesz space if (F, <) is a lattice and order vector space.
A norm p on Riesz space E, is called a lattice norm if p(z) < p(y) whenever |z| < |y|. In the latter
case (E, ||.||) is called a normed Riesz space.
(E,|.]]) is called a Banach lattice if (E, ||.||) is a Banach space, F is Riesz space and |z| < |y
implies that [|z| < ||y| for all z,y € E.

Example 1.1. Suppose that X is a compact Hausdorff space. We denote by C(K) the Banach
space of all real-valued continuous functions on X. Let “<” be a point-wise order on C(K), and
f<gifandonlyif f(t) < g(t) forallt € K. It is easy to show that (C(K), <) is a Banach lattice.

Let E be a Riesz space, and let the positive cone ET of E consist of all € F such that = > 0.
For every xz € E let

T =2Vv0 27 =-2V0 |z|=2V -1
Let E be a Riesz space. For all z,y,z € E and a € R, the following assertions hold:
l.z+y=aVy+zAy, —(zVy)=—-cAy.
22z+(@yVva)=(@+y)Ve+z), z+yYAz)=(@+y) A(z+2).
Bl =at a7, Jz+yl < x|+ ]yl
4. x <y is equivalent to z7 < yT and y~ <z~
5. (xVy)Ahz=(@Ay)VyAz), (xAy)Vz=(xVy) A(yV2)

A Riesz space E is called Archimedean if z < 0 holds whenever the set {nz : n € N} is
bounded from above.

Theorem 1.1. Let E be a normed Riesz space. The following assertions hold:
1. the lattice operations is continuous;
2. the positive cone EY is closed;
3. limy, o0 T, = sup{z, : n € N'}.
Definition 1.1. Let X, Y be Banach lattices. A mapping T : X — Y is called positive if T(XT) =
{T(Jz]) :z € X} C YT.
Definition 1.2. Let X, Y be Banach lattices and let T : X — Y be a positive mapping. We define
Py) lattice homomorphism:

T (x| Vv lyl) = T(]) v T(yl);
Py) semi-homogeneity: for all z € X and all « € R
T(alz|) = oT(|x]);
P3) continuity from below on the positive cone: for all increasing sequences T, C X
nlgrolo T(x,) = T(nhﬁrr;o Zp)-

Observe that every lattice homomorphism T : X — ) is necessarily a positive operator. Indeed,

if z € ET then
T(z)=T(xV0)=T(z)VT0)=T(z)" >0

holds in Y. Also it is important to note that the range of a lattice homomorphism is a Riesz
subspace.

Theorem 1.2. For an operator T : X — Y between two Riesz spaces, the following statements are
equivalent:

1. T is a lattice homomorphism;

2. T(ax%) =T(x)" for allz € X;

3. T(xAy) =T(x) NT(y);

4. ifxNy=0in X, then T(z) ANT(y) =0 holds in Y;

5. T(|a)) = T ()]
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Definition 1.3. Let X be a set. A function d: X x X — [0,00] is called a generalized metric on
X if d satisfies the following conditions:

(a) d(z,y) = 0 if and only if x =y for all x,y € X;

(b) d(z,y) = d(y,x) for all x,y € X;

() d(w,2) < d(z,y) +d(y, =) for all 2,y,= € X.

Note that the only substantial difference of the generalized metric from the metric is that the
range of generalized metric includes the infinity.
Theorem 1.3. Let (X,d) be a complete generalized metric space and J : X — X be a strictly
contractive mapping with Lipschitz constant L < 1. Then, for all x € X, either

d(J"z, T r) = oo

for all nonnegative integers n or there exists a positive integer ng such that
a) d(J"z, J"tx) < oo for all n > ng;
) the sequence {J™x} converges to a fized point y* of J;
) y* is the unique fized point of J in the set Y = {y € X : d(J™x,y) < co};
d) d(y,y*) < 127 d(y, Ty) for ally € Y.

2. MAIN RESULTS

Using the fixed point method, we prove the Hyers-Ulam stability of lattice homomorphisms in
Banach lattices.

Theorem 2.1. Let X,) be Banach lattices. Consider a positive operator F : X — Y such that
[F(rzVny) — 7F(2) VoF )l < e(rz V gy, 7z Any), (2.1)

Y\ = =
TN

for all z,y € X, 7,n > 1 and for which there is a real number o € |0, %) Then there is a unique
positive operator T : X — Y satisfying the properties Py, P> and the inequality

(e

where p : X x X — X is a mapping such that

N3

e(x,y) < (1)

T

1T () = F(z)]| <

T—T¢
forallz e X.
Proof. Putting 7 =n and z = y in (2.1), we get

[F(rz) — TF(2)]| < (T2, 7Y).
Then
1

—F(rz) — F(x)

< %gp(m,ﬂb)g To‘*lgp(:r,m). (2.2)
-

Consider the set
A={glg: X —Yg(0)=0}
and introduce the generalized metric on A
d(g,h) = inf {c € RT,[|g(z) — h(z)| < c p(z,z) for all z € X'},

where as usual, inf ) = co. It is easy to show that (A, d) is complete generalized metric space.
Now we define the operator J : A — A by

Jo() = Lg(r)

for all x € X. Given g,h € A, let ¢ € [0,00] be an arbitrary constant with d(g, h) < ¢, that is,
lg(z) = h(2)|| < c p(z, ).
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So we have

| g(@) ~ Th)| = 1 llg(ra) — h(ra)l < - e plra, 7o)
< 2ol =" ¢ plr,a)

for all € X, that is, d(Jg, Jh) < 7! ¢. Thus we have

d(Jg, Jh) < 1" td(g, h)
for all g,h € A. So J is a strictly contractive mapping with constant 7*~! < 1 on A, For all
g.h € Aand a € [0, 3). By (2.2), we have

d(JF,F) < o7 < 0.

By Theorem 1.3, there exists a mapping 7" : X — ) satisfying the following:
1. T is a fixed point of J, i.e.,
T(rz) =71T(x)
for all x € X. Also the mapping T is a unique fixed point of J in the set
M={geA:d(g,h <0)}.

This implies that P, holds.
2. d(J"F,T) — 0 as n — oo. This implies the equality
1
lim —F(2"z) =T(z)

n—oo T

for all x € X.
3.d(FT) < ﬁd(F, JF), which implies the inequality

Ta—l T

T(x)— F < =

IT() ~ Fla)l < 1oy = T
which implies that the inequality (2.1) holds.

Now we show that T satisfies P;. Putting 7 =7 = 7" in (2.1), we get

|E(r™(xVy)) —7"F(z) VT"F(y)| < 72”0‘4,0(:0 Vy,zAy). (2.3)

Replacing x,y by 7"z and 7"y in (2.3), respectively, we get
||F(7'2" (xVy)—1"F(t"x) V" F(t"y) || < (e Vo, T AT Y)
T4na(

pxVy,xAy).
Then

7-2n

1 1 1 _
AP V) = DY R )| < (P ey g an).

Since a € [0, 1), when n — oo, we have
IT(xVy) =T () vT(y)l <0.
and so
T(zVy)=T(z)VT(y)

for all z,y € X. Note that the lattice operation is continuous. O
Theorem 2.2. Let X,) be Banach lattices and let a continuous function p : [0,00) — [0,00) be
given. Consider a positive T : X — Y for which there are real numbers v € (0,00) and 0 < r < 1
such that

T(|=[) v Bp(B)T(y])
p(a) vV p(B)

[ alel v ) - 2 | < vttt + i) (24)
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for all z,y € X and o, € R™. Then there exist a unique positive mapping F : X — Y which
satisfies the properties Py, Py and the inequality

2v
2 —2r

[E(l]) = T(|z])] <
forallz e X.

Proof. Putting « = =2 and z =y in (2.4), we get
~ 2p2)T(|=]) Vv 2p(2)T(|=|)

T2|x|V 2|z <2v||z|"
[retetv 2 v <2
for all z € X and r € [0,1). Thus
IT2fx]) = 2T (|=)| < 2v[l]"
and so
1 .
|57elel = 72| < el 2.5)

for all z € X and a € [0,1). Consider the set
A={S:5: Xx=>Y, S(0) =0}
and introduce the generalized metric on A
d(S,H) = inf{c € RT,||S(z) — H(z)|| < c||z||", Vz € X},
where, as usual, inf@ = co. It is know that (A,d) is complete. Now we define the mapping
J: A — Aby
TS al) = 35(2le)
for all x € X. First we assert that J is strictly contractive with constant 2"~! on A. Given
S, H € A, let ¢ € [0,00] be an arbitrary constant with d(S, H) < ¢, that is,
1S(Jzl) = H(|z)]] < |-
So we have

1 1 U
178() = JH(z)|| = 115@2lal) = H2lz)]| < Sell22]]” = 2" c||z]]

for all z € X, that is, d(JS,JH) < 2"~ lc. Thus we have
d(JS,JH) < 2" d(S, H)
for all S, H € A and so J is strictly contractive with constant 27! < 1 on A. For all S,H € A
and r € [0, 1]. By (2.5) we have
d(JF,F) <v < oo
By Theorem 1.3, there exists a mapping F' : X — Y satisfying the following;:
1. F is a fixed point J i. e.
F(2lz]) = 2F(|z|)
for all x € X. Also the mapping F' is a unique fixed point of J in the set
M={SeA:d(S,H) < oo}.
2. d(J"T,F) — 0 as n — oo. This implies the equality
1
lim —T(2"z) = F(x) (2.6)

n—oo 27
for all x € X. )
3.d(T,F) < ﬁd(T’ JT), which implies the inequality
v 2v

F -T < = .
IF(2l) = T(al)| < =2 = 5o
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This implies that the inequality (2.2) holds.
Now, we show that F' is a lattice homomorphism. Putting o = 8 = 2" in (2.4),

1T (2" (J] v |yl)) = 2"(T(|=]) vV T(ly)IF < vl + lyl")- (2.7)
Replacing x and y by 2* and 2™y in (2.7), respectively, we obtain
1T (4" (|| V [y])) = 2" (T (2"[=]) v T2 [y )] < 2" v(llz]" + [ly]")
and so

4n n
As n — 0o, we have

L @l v ig) — @) vT<2"y|>>H < 20Dyl + ],

‘ 1

1E (v Jy]) = F(l2]) v F(jyD] < 0.
and so
E(lz[ v ]yl) = F(|z]) v F(ly[)

for all z,y € X. Next we show that T'(«|z|) = oT'(|z|) for all z € X and all real numbers « € [0, 00).
Letting & = 8,y = 0 and replacing a by 2"« in (2.4), we get F'(0) = 0 and so F satisfies P;. So
T(0) =0 with (2.6) and

172" alz|) = 2"aT (x| < viz]" (2.8)
for all z € X and all real numbers « € [0, 00). Replacing = by 2"z in (2.8),

T4 alz]) = 2"aT 2" |2))|| < v 2" [lz]"

and so

T(4" 2"
H ( 4:4-’17') — ( 27(1|-'L'|))H <v 2n(r—2) HxHr
for all x € X. As n — oo, we obtain
[F(alz] — aF(z])] <0
and so
F(alz| = aF (|z]).
for all z € X and « € [0, 00). O

Corollary 2.1. Let X,) be Banach lattices. Consider a positive operator T : X — Y for which
there are real numbers v € (0,00) and 0 < r < 1 such that

1T (alz[ v Blyl) — oT(lz]) V BT (lyDIl < v(llzlI” + [lyl")
for all z,y € X and o, 3 € R*. Then there exists a unique positive mapping F : X — ) which
satisfies the properties Py, Py and the inequality

2v
2—2r°

1E(lz)) = T(l=z))]| <
forallz e X.

Corollary 2.2. Let X,) be Banach lattices. Consider a positive operator T : X — Y for which
there are real numbers v € (0,00) and 0 < r < 1 such that

‘ a?T(|z]) v BT (Jy]

aVp
for all z,y € X and o, € R*. Then there exists a unique positive mapping F : X — ) which
satisfies the properties Py, Py and the inequality

T(alz|V Blyl) —

)H < w(jlall” + Iyl

2v
2 —2r

I1E(jz]) = T(jzDl <

forallz e X.
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UNIQUENESS THEOREM OF MEROMORPHIC
FUNCTIONS AND THEIR k-TH DERIVATIVES SHARING
SET

JUNFENG XU AND FENG LU

ABSTRACT. In this paper, due to the theories of normal family and com-
plex differential equation, we consider a uniqueness problem of meromor-
phic functions share set S = {a, b} with their k-th derivatives.

1. INTRODUCTION AND MAIN RESULTS

Let F be a family of meromorphic functions defined in D. F is said to be
normal in D, in the sense of Montel, if for any sequence f, € F, there exists
a subsequence f,; , such that f,; converges spherically locally uniformly in
D, to a meromorphic function or oo (see, [18]).

Let f and g be two meromorphic functions in a domain D, and let a be
a complex number. If g(z) = a whenever f(z) = a, we write f(z) = a =
g(z) = a. If f(2) =a = g(2) = aand g(z) = a = f(z2) = a, we write
f(2) = a < g(z) = a and say that f and g share the value a IM (ignoring
multiplicity). If f — a and g — a have the same zeros with the same multi-
plicities, we write f(z) = a = g(z) = a and say that f and g share the value
a CM (counting multiplicity). Let S be a set of complex numbers. Provide
that f(z) € S if and only if g(z) € S in a domain D, then we say f and
g share the set S in D. It is assumed that the reader is familiar with the
standard symbols and fundamental results of Nevanlinna theory, as found
in [4, 21].

In the theory of normal family, it is meaningful to find sufficient condi-
tions for normality(see. [1, 7, 8, 9, 10, 11, 15, 17, 20]). Recently, Y. Li [7]
obtained a normal family of holomorphic functions share set with their k-th
derivatives as follows.
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Key words and phrases. Share set, Nevanlinna theory, uniqueness, normal family, dif-
ferential equation.
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Theorem A. Let F be a family of holomorphic functions in a domain D,
let k(> 2) be a positive integer, and let a, b be two distinct finite complex
numbers. If for each f € F, all the zeros of f are of multiplicity at least k,
and f and f' share the set S = {a,b}, then F is normal in D.

Remark 1. In fact, for the case ab # 0, the conclusion of Theorem A still
holds if the condition f and f(*) share the set S = {a,b } CM is replaced by

f(z)eS= M) es.

See Section 3.

In the uniqueness theory, an important subtopic that a meromorphic func-
tion and it’s derivative share some values or functions or set is well investi-
gated. Due to Theorem A, Y. Li [7] obtained a uniqueness theorem of entire
functions.

Theorem B. Let k(> 2) be a positive integer, and let a, b be two distinct
finite complex numbers, and let f be a non-constant entire function. If all
the zeros of f are of multiplicity at least k, and f and f*) share the set
S ={a,b} CM, then
(1). f(2) = CeP?, where C # 0 and D are two constants with D* = +1,
(2). f=—f® +a+b.

In [7], Y. Li also gave an example to show that the case (2) can not omit-
ted.

Example 1. Let f(z) = cos? 2. Then f and f” share set {0, 3} CM and
all zeros of f are of multiplicity at least 2. Obviously, f = —f" + %

After considering Theorem B and Example 1, we naturally ask the fol-
lowing questions.

Question 1. What happens if f is a meromorphic function?

Question 2. Note that £ = 2 in Example 1. Naturally, we ask whether
Case (2) occurs for k # 2 or not?

Question 3. What’s the specific form of f in Case (2)?

In the work, we focus on the above questions. Basing on the idea of Y.
Li in [7] and due to the theories of normal family and complex differential
equation, we further study the uniqueness problem of meromorphic functions
of finitely many poles sharing a set CM with their derivatives.

Theorem 1.1. Let k(> 2) be a positive integer, and let a, b be two distinct
finite complex numbers, and let f be a non-constant meromorphic function
with finitely many poles. If all the zeros of f are of multiplicity at least k,
and f and f*) share the set S = {a,b} CM, then one of the following cases
must occur:
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(1). f(z) = CeP?, where C # 0 and D are two constants with D* = 1,
and f = f0);
2). f(z) = CeP?, where C # 0 and D are two constants with D* = —1,
=—f® and S = {a,—a};

(3). f(z) = A1e” + Age % + a + b, where A and Ay are two nonzero
constants with (a +b)2 = 441 Ay, f = —f" +a+b, and k must be 2.

Remark 2. For the special case that A1 = Ay = i, a=0and b= %,
then Case (3) becomes Example 1.

Remark 3. We answer the Questions 2 and find out the case (2) occurs
only for k = 2 in Theorem B. We also answer the Question 3 and give the
form of f. We partial answer the Question 1.

In 2008, we considered the case of k = 1 and obtained a normal criteria
theorem and a uniqueness theorem|[10].

Theorem C. Let F be a family of functions holomorphic in a domain, let
a and b be two distinct finite complex numbers with a +b # 0. If for all
feF, fand f share S ={a, b} CM, then F is normal in D.

Theorem D. Let a and b be two distinct complexr numbers with a + b # 0,
and let f(z) be a nonconstant entire function. If f and f' share the set
{a, b} CM, then one and only one of the following conclusions holds: (i)
f=Ae® or (ii) f = Ae™* + a+ b, where A is a nonzero constant.

By the same way to Theorem 1.1, we can obtain the following.

Theorem 1.2. Let a and b be two distinct complex numbers with a+b # 0,
and let f(z) be a nonconstant meromorphic function with finite poles. If
f and f' share the set {a, b} CM, then one and only one of the following
conclusions holds: (i) f = Ae* or (ii) f = Ae”* 4+ a + b, where A is a
nonzero constant.

2. SOME LEMMAS

Lemma 2.1. [15] Let F be a family of functions holomorphic on a domain
D, all of whose zeros have multiplicity at least k , and suppose that there
exists A > 1 such that | f*)(2)| < A whenever f(z) = 0. Then if F is not
normal at zg € D, for each 0 < a < k, there exist,

(a) a number 0 < r < 1;

(b) points z, — zo;

(c) functions f, € ¢, and

(d) positive number p, — oo such that p,* fr(zn + pn&) = gn(&) — g(&)
locally uniformly, where g is a nonconstant entire function on C' with order
at most 1, all of whose zeros have multiplicity at least k, such that g*(¢) <
g*(0) = kA + 1.

92 JUNFENG XU et al 90-100



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

4 J.F. XU AND F. LU

Here, as usual, /

~ 1+]g()?
18 the spherical derivative.

Lemma 2.2. [3, 13] Let f be an entire (resp. meromorphic) function, and
let M be a positive number. If f(z) < M for any z € C, then f is of order
at most 1 (resp. 2).

It is well known that it is very important of the Wiman-Valiron theory[5,
6] to investigate the property of the entire solutions of differential equations.
In 1999, Zong-Xuan Chen[2] has extented the Wiman-Valiron theory from
entire functions to meromorphic functions with infinitely many poles. Here
we show the following form given by Jun Wang and Wei-Ran Lii[19].

Lemma 2.3. Let f(z) = % be a meromorphic function with p(f) = p,
where g,d are entire functions satisfying one of the following conditions:
(i) g being transcendental and d being polynomial;

(7i) g,d all being transcendental and A(d) = p(d) = B < p(g) = p.

Then there exists one sequence {ry}(rp — 00) such that

fM(z) _ v(ry,g)
— "14+o0(1)), neN
o) = (D o)
holds for enough large 1y, as |z| = r, and |g(2)| = M(rk, g), where v(rg, g)
denotes the central index of g.

Lemma 2.4. [14] Let f be an entire function of order at most 1 and k be a
positive integer, then

f(k)

m(r,——) =o(log r), asr — co.

f

Lemma 2.5. [21] Let f be a nonconstant meromorphic function, and a;
(j=1,---q) be g (> 3) distinct constant (one of them may be cc), then

(4= 2T 1) < 3Nl =)+ S(r. ),
=1 !

where
!

> f_aj)+0(1).

Combining Lemmas 2.4 and 2.5, we have the following special case of the
Nevanlinna’s second fundamental theorem.

() =l 2 i,y
j=1

Lemma 2.6. Let f be a nonconstant entire function of order at most 1, and
aj (j=1,---q) be q (> 3) distinct constants (one of them may be o), then

1
= aj) + o(log 7).
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3. PROOF OF THEOREM 1.1
Firstly, we will prove that the meromorphic (resp. entire) function f is

of order at most 2 (resp. 1).

Suppose that the spherical derivative of f is bounded. Then by Lemma
2.2, we have meromorphic (resp. entire) function f is of order at most 2
(resp. 1). Now, we assume that the spherical derivative of f is unbounded.
Then there exist a sequence {w,} such that w, — oo, ff(w,) — +oco as
n — oo.

Define D = {z:|z| < 1} and

Fo(z) = flwp, + 2).

Since f only has finitely many poles, we can assume that all F,(z) are an-
alytic in D. Furthermore, F}(0) = f#(wy,) — 0o as n — oco. It follows from
Marty’s criterion that (F,), is not normal at z = 0.

Obviously, for each n, F,, has zeros with multiplicities at least k, F}, and

F}L’“) share S CM. Thus, from Theorem A, we derive that (F},), is normal
at z = 0, a contradiction.

Thus, we prove that the meromorphic (resp. entire) function f is of order
at most 2 (resp. 1).

Since f and f*) share S CM and f has finitely many poles, we have

(PO —a)(f® ) @
3.1) T-a-5 P

where P, @) are two polynomials. Rewrite (3.1) as follows.
(k)

(L2 8

)L —=%)

where log h is the principle branch of Log h.

sl

(3.2) Q =log P

-
(7
(1

<2 [=le
sl

If f(z) = % is a transcendental meromorphic function, where g(z) is a

transcendental entire function and d(z) is a polynomial. Then by Lemma
2.3, we get

fW=) e g) o
(3.3) ) = ( ~ ) (1 +0(1)),

holds for enough large r as |z| = r and |g(z)| = M (rk, g). Note that f is
transcendental, we have %\ .. — 0 and ?| .. — 0 asr — oco. It follows from
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the fact g is of finite order that logv(r, g) = O(logr). Then, we deduce that

(£ _ay [P _ by
Q)| = [tog P — = ., = O(logr),
1-901-15)
for enough large ri as |z| = r and |g(2)| = M (rg, g). It implies that @ is a
constant.
If f(2) is a rational function, then by (3.1) we know that ) must be a
constant.

Without loss of generality, we rewrite (3.1) as

L (fW—a)(s® —0)

P (f-a)(f-0)

Next, we will prove that P is also a constant. On the contrary, suppose that
P is not a constant. We know any zero of P comes from the pole of f, so
d=deg P > 2k.

From the above equation, we get

G
(7
(1

1=P

In a similar way as the above, we get

v(r, _ -
1= 1P (PR 4 o(0)] = ol ) 2 2] = w0,
T
possibly outside a finite logarithmic measure set E, where |g(z,)| = M(r, g)
and |z| = rg. Since d = deg P > 2k, it implies that v(r,g) is bound, a
contradiction. Hence, P is also a constant.
Thus, we prove that

L UW —a)(f® —)

(f —a)(f = b)

where A is a nonzero constant. From the above equation, we see that f is
an entire function, so the order of f is at most 1.

. " G2 _ (a=b)?
SetF:f—%bandG:f(k)—%b. ThenW:A. Set hy =
G — VAF and hs = G + VAF, then we have
AV
hihs = (“4“(1—,4).

We consider two cases.

Case 1. A # 1.
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Obviously, A1, ho has no zeros and poles. Then we set hy(z) = AjeP* and
ha(z) = Ase™P? where Ay, As, B are constants. Furthermore, we have

_ath, 1

F®(z) = “T“’ + %(AleBz + Age B,
B
/ [
& =57z

The above part is based on the idea in [7]. Now, we consider two subcases
again.

(—A1eP* + Aye™B7),

(—AleBz — AQ(E*B'Z).

Case 1.1. A1 A5 #0.

It follows from the form of f that f has infinitely many zeros. Noting
that the zeros of f has multiplicities at least k, we have f®) (s =0,---k—2)
has multiple zeros. Clearly, f’ just has simple zeros. Then, k —2 < 0, so k
must equal to 2. By differentiating f’ one time, we have

B2
//Z: _AeBz_’_AefBz'
/ () 2\/2( 1 2 )
Comparing it to the above form of f*), we have
a+b 1 B -B B2 B —-B
+ —(A1e"% 4+ Age™ 7%) = —=(—A1e"7 + Age™ 7%),
5 Tl 2e” %) 2\/2( 1 2e” %)

which means that either A; or As is zero, a contradiction.
Case 1.2. 4145 =0.

Without loss of generality, we assume that Ao = 0. Then we have
a+b 1 B
z) = —— — —=A1e”.
fo) =257 - =

From the form of f, it is easy to see that if f has zeros, then f just has
simple zeros. It contradicts with the fact f has zeros of multiplicities at
least k. So, f has no zeros and a + b = 0. Thus, we can set

f(z) = Ce?,

where C, D are two constants. By differentiating f k-times, we have
f®)(2) = CD*eP?. From f and f*) share S CM, we have D¥ = +1.

If DF =1, then f = f®), and f and f®) share a, b CM.
If D¥ = —1, then f = —f®), and b = —a.

Case 2. A=1.
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Then it is easy to see that f = f® or f®) 4 f =qa+b.

Suppose that f = f(*). Noting that f equals to f*), so they share 0 CM.
Moreover, from the fact that all the zeros of f has multiplicities at least k,
we derive f has no zeros. Then, by the same way in Case 1.2, we get the
same results.

Finally, by the similar way in [12], we will discuss the case of f*) + f =
a+b.
Solving the differential equation, we have

k—1
(3.4) f(z) = Z Cjexp™* +a + b,

§=0
where \; = exp 5 and C; are constants. Since f is a non-constant, then
there exist C; € {Cy, C1, -+, Cr_1} such that C; # 0. Denote the non-zero
constants in {C;} by Cj,, 0 < jp, <k—land m=0, 1, ---, s, s<k—1.
Thus, rewrite (3.4) as

S
(3.5) f(z)= Z Cj,, exp™im? +-a + b.

m=0

Differentiating (3.5) t-times yields
3.6 D) =30 A exphm® (t=1,2 -, k—1).
JmJm
m=0

Suppose that f has finitely many zeros, then we can set f(z) = Pj(z)e’?,
where P is a polynomial. By differentiating it k£ times, we have

FO () = NP+ NP+ H(PL, P, - P
where H(P{', P/", -, Pl(k)) is the linear combination of P{’, P{", --- | Pl(k)
Substituting the above forms of f and f*) into f + f*) = a + b, we derive
that
Pl + )\k:P:[ _|_ )\k'—IP{ + H(Pl”, Pl’”? SN Pl(k)) = O’

which implies that \* = —1 and P/ = 0. Thus, P; is a constant and f has
no zeros. By the same way in Subcase 1.2, we derive the desired results.

Thus, in what follows, we assume that f has infinitely many zeros, say
2y = el where 0 < 6, < 2r. Without loss of generality, we may assume

that 6,, — 6y and r,, — oo as n — oco. Substituting z, into (3.5) and (3.6),
we have

(3.7) flzn) =Y Cj,, exphim™ = —(a +b)
m=0
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and

(3.8)  fW(z) =) Cj (N, exphim®™ =0, (t=1,2 -, k—1).

m=0

We consider two cases again.

Subcase 2.1. s =%k — 1.

From (3.7) and (3.8), we have

a+b & & Cjk exp’io ™

0 Cjo)‘jo le )‘j1 o Cjk—l)\jkfl exP/\jlzn

0 Cio(Ni)* ™ CrN)Ph o sy (NPT \expin—n

We know
Cjo Cj Cjk—l
Cjo >‘j0 le )‘jl o Cjk—l)\jk—l
det .
CioNio)* ™ CiN)F ™t o Gy (V)
Jk—1

Ajo Ajy A
:CjOC]' "'C]'k_ldet .
OV A O LR VAN L
=C3Ch - Coy [ Cup =)
0<g<p<k-—1
It’s is a Vandermonde determinant.
Noting that A;, # Aj, (0 < ¢ <p <k — 1), we obtain that the system of

linear equations of exp?io®n, exphit?n, ... exp)‘jkflzn has a unique solution.
A routine calculation leads to the solution that
(3.9) exphr = Dy, (0<p<k—1).

where D, is a constant and is of independent with z,.

If a4+ b =0, we see that D, = 0, a contradiction. Then, we assume that
a+b#0.

Thus, as n — oo, by (3.9) we can deduce that
2gpm +
k

Otherwise, we have cos(6y + 2]”%”) > 0 or cos(fy + %%) <0.

(3.10) cos(fy + )=0,0<p<k-—1).

If cos(6p + 2Jp++ﬂ) > 0, then we can assume (for n large enough) cos(6,, +
23”%“) > §, here ¢ is a small positive number. Thus, as n — oo, by (3.9)
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we have _
2]p7r+7r

Dy = exp O+ D) o,

a contradiction.

If cos(0p + Qh’++ﬂ) < 0, then we can assume (for n large enough) cos(6,, +
2Jp++w) < =0, here 4 is a small positive number. Thus, as n — oo, by (3.9)
we have

Tn cos(0n+2j1’++ﬂ)

|D,| = exp — 0,

a contradiction.
Observing that 0 < j,, j, < k — 1, by (3.10), we deduce

20pm+ 1T 2§+ T

Let j, = 0 and j, = k — 1. Substitute them into (3.11), we have
20k — 1) = k,

that is k = 2. Thus, £ must be 2.

Now we discuss the equation f + f = a + b. From the above discussion,
we can obtain A\g = ¢, Ay = —i. Then, we have

f(2) = A1e” + Age ™ +a+b.
Noting that f has zeros of multiplicity at leat 2, Then
(a+b)? = 44, As.
Then, we finish the proof of this subcase.

Subcase 2.2. s < k — 1.

Then, by (3.8), we can choose t = 1, 2, ---, s+ 1. Then they form a
system of linearly equation of exp*o®, exp™1?n, ... exp™s**. By solving
it, we have
(3.12) expir®n = (),

a contradiction.

Hence, we complete the proof of this theorem.

4. PROOF OF THEOREM 1.2

If Theorem A is replaced by Theorem C, by the same way to the proof of
Theorem 1.1, we can also obtain the

LU —a )
(f —a)(f=b)"
where A is a nonzero constant. From the above equation, we see that f is
an entire function. Hence we can get the conclusion by Theorem D.
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Compact adaptive aggregation multigrid method
for Markov chains

Ying Chen; Ting-Zhu Huang! Chun Wen

School of Mathematical Sciences,
University of Electronic Science and Technology of China,
Chengdu, Sichuan, 611731, P.R. China

Abstract

A new adaptive aggregation-based multigrid scheme is presented for the calcu-
lation of the stationary probability vector of an irreducible Markov chain. By ex-
ploiting the experimental observation that components of vectors converge nonuni-
formly, we develop a new algorithm to speed up the on-the-fly adaptive multigrid
method proposed by Treiter and Yavney [On-the-fly adaptive smoothed aggregation
multigrid for Markov chains, SIAM J. Sci. Comput., 33(2011): 2927-2949]. In our al-
gorithm, the converged components are collected and compacted into one aggregate
on the finest level, which is able to cut down the cost of coarsen operators construc-
tion and the total amount of work. In addition, we present a technique to delete the
possible weak-links introduced in the process of aggregation. Several types of test
cases are calculated, and experiment results show that the new adaptive method can
improve the on-the-fly algorithm in terms of total execution time.

Key words: Adaptive aggregation multigrid; on-the-fly adaptive method; Markov
chains; converged components

1 Introduction

This paper is concerned with a new adaptive multigrid method for the numerical calcula-
tion of the stationary probability vector of irreducible, large and sparse Markov matrices.
Let B € R™" be a sparse column-stochastic matrix, which means 17B = 17, where 1 is
the column vector of all ones, and 0 < b;; < 1Vi, j. We seek a vector x € R" that satisfies

Bx=x,||x|, =1,x > 0Vi. (1.1)

“E-mail: chenying36@gmail.com
fCorresponding author. E-mail: tingzhuhuang @ 126.com
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Matrix B represents the transition matrix of a Markov chain and x is a stationary prob-
ability vector of this Markov chain. If B is irreducible, that is, there exists a path from
each vertex i to each vertex j in its directed graph, then according to the Perron-Frobenius
theorem for nonnegative matrices [1], the equation (1.1) has a unique solution x, with
x; > OVi. This problem (1.1) is equivalent to the singular linear system

Ax=0,||x|[; = 1,x; > OVi. (1.2)

where A := I — B, by 17B = 17, we have 17A = 0,which means the vector we seek, x, is
the only left null-vector of the matrix A.

Algebraic multigrid method (AMG) was developed and applied widely due to its
efficiency for solving large problems arising from partial differential equations and M-
matrices. Compared with geometric multigrid methods, AMG constructs the multigrid
hierarchy only using the information of the given matrix, which extends the application
of multigrid methods. However, it leads to the inefliciency and the lack of robustness,
because the operators of these multigrid methods are constructed based on the unsatisfied
assumptions made on the near null spaces of the matrices. To overcome this disadvantage,
several adaptive algebraic multigrid methods were developed in [4, 26, 5]. The basic idea
of these adaptive approaches was of improving multigrid methods by updating interpola-
tion and coarsen operators to fit the slow-to-converge components of the vector. The idea
was further developed in adaptive AMG [23] and adaptive SA [24, 25], where slow-to-
converge components were exposed through multiscale development instead of relaxation
on finest-level.

The Markov chains solver which was outlined in [13] was actually another form of
adaptive AMG, because they share the same concept of updating operator to get more
accurate approximation of the near null space of A. With the same idea, a multilevel
adaptive aggregation [7] was suggested with aggregates updated in each step of the it-
eration. Based on this algorithm, a collection of Markov chains solvers were proposed
recently: adaptive aggregation multigrid for Markov chains (AGG) [7], smoothed aggre-
gation multigrid (SA) [6], AMG for Markov chains (MCAMG) [8]. Several accelerated
methods were developed in [18, 10]. While all these adaptive approaches improved the
algorithms robustness and accuracy by adapting coarsen operators in every cycle, they
also suffered from considerable computation time for calculating the coarsen matrix [27].
The on-the-fly adaptive multigrid hierarchy for Markov chains which was developed in
[19] significantly cut the cost of constructing the coarse-level operators. Here, the classi-
cal solution cycles are preferred over the adaptive cycles, under the assumption that the
former is comparatively cheaper but it needs the operators provided by the latter.

The algorithm presented in this paper is inspired by the following experimental ob-
servation: when applying aggregation multigrid V-cycle to obtain approximation of sta-
tionary probability vector, the elements of the stationary probability vector do not con-
verge uniformly. Based on this observation, we propose a compressed on-the-fly adaptive
scheme to save the cost on constructing coarsen operators. The main idea is to compact
the converged components into a single aggregate and rescale the coarsen operators . Also

2
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we develop a new technique that deletes weak-links introduced by the above procedure.
As the improvement of the on-the-fly adaptive aggregation method, the new algorithm
adopts the same adaptive hierarchy as on-the-fly method does. It differs, however, in that
the on-the-fly method uses operators supplied by SET cycles without any amendment,
whereas in new algorithm, the coarsen operators are rescaled to smaller size to fit the not-
converged-yet components. It is shown numerically that the new algorithm can reduce
the total execution time of the on-the-fly adaptive multigrid method. New algorithm can
also be applied to various adaptive multigrid Markov solvers. In this paper we apply it to
the aggregation-based algebraic multigrid solver (AGG), with unsmoothed interpolation
and prolongation operators.

In the next section, we give a brief description of multilevel aggregation multigrid
method for Markov problems. Then we recall the on-the-fly adaptive framework in Sec-
tion 3, which the new algorithm is based on. In Section 4, we outline the experimental
observation as the stage for the introduction of new algorithm, and we compare the pro-
posed algorithm with compatible relaxation method as well. Numerical tests are presented
in Section 5.

2 Classical aggregation multigrid for Markov chains

In this section, we briefly recall the aggregation-based multigrid methods for Markov
chains from [13, 7, 6]. The interpolation operators of aggregation multigrid are often
smoothed to overcome the instinct difficulties produced by aggregation [6, 14]. In our
work, we stay with the unsmoothed coarsen operators.

First, we define the multiplicative error e; by x = diag(x;)e;, where X; is the current
approximate at ith iterate. Thus we have

Adiag(xi)ei =0. (21)

It is necessary to assume that all components of x; are nonzero. At convergence, X; = X
and the fine-level error e¢; = 1, where 1 is the column vector with all ones.

Note that the aggregation technique used in this paper is the same as that used in [7],
which is based on strength of connection in the scaled matrix A= Adiag(x;), the benefit
of using the scaled matrix A instead of original matrix A is that the former gives more
appropriate notion of weak and strong links than the latter, more details are in [7]. We
consider node i is strongly connected to node j if

—(~l,'j > Hrrklax{—&,-k}. (22)

£
where 6 € [0, 1] is a strength threshold parameter, we choose 6 = 0.8. Aggregates based
on the strength of connection are then constructed by the following procedure: choose
point i with the largest value in current proximation X; from the unassigned points as the
seed point of a new aggregate, then add all unassigned points j satisfies (4) to the new
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aggregates. Repeat this procedure until all points are assigned to aggregates. Assuming
that the n fine-level points are aggregated into m groups, then the aggregation matrix
Q € R™™ are formed, where ¢;; = 1 indicates that fine-level point i belongs to aggregate
Jj and g;; = 0 the opposite[6]. Then the coarse version of (3) is given by

0" Adiag(x;)Qe, = 0, (2.3)

where e, is the coarse-level approximation of the fine-level error e;, with e; = Qe,.
The restriction and prolongation operators, R and P are defined as follows:

R = Q", P = diag(x;))Q. (2.4)

Then (5) can be rewrited as
RAPe. = 0. (2.5)

Same as the definition of fine-level multiplicative error Xx;, the coarse-level error X, is given
by
X. = diag(Rx;)e.. (2.6)

Notice that P71 = Rx;,thus (3) can be rewrited as
RAPdiag(P"1)"'x, = 0. 2.7)

Then the coarse-level error equation (5) is equivalent to coarse-level probability equation
A.x. = 0, with coarsen matrix A, defined by

A, = RAPdiag(P"1)™". (2.8)

When the coarsen solution x,. is obtained, the next iterate, X, can be calculated according
to the coarse-level correction

Xis1 = Pe. = Pdiag(P"1)"'x.. (2.9)

In this paper we use weighted Jacobi method for all relaxation procedure, at each coarser
level we perform v, pre-relaxation and v, post-relaxations. One iteration of weighted
Jacobi relaxation applied to problem Ax = b is given by

X «— X + wD™(b - Ax). (2.10)

where D is the diagonal part of A, its relaxation parameter w = 0.7. On coarsest level we
perform direct solver described in [8]. The procedure above is described in Algorithm 1,
which is originally presented in [13]. The multilevel aggregation method is obtained by
recursively applying Algorithm 1 to step 5.
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Algorithm 1: Two-level aggregation for Markov chains x « AGG(A,x,u,v,V2)

Input:Initial vector: x € R", operator: A € R™", cycle index: p,
number of pre-relaxations: v, number of post-relaxations: v,.
Output: New approximation to the solution of Ax = 0.
Algorithm:
if not at coarsest level
1. X « Relax(A,x,0) v, times
2. Build Q based on A and x
3. SetR « Q7, P « diag(x;)Q
4. Set X, < Rx, and repeat u > 1 times:
X. «— AGG(RAPdiag(PT1)™", X, 1, vi, v2)
5. Coarse-grid correction: X < Pdiag(PT1)"'x,
6. X « Relax(A,x,0) v, times
else
7. Direct solve of Ax = 0
end

3 On-the-fly aggregation multigrid for Markov chains

In this section, we briefly describe the on-the-fly multigrid method developed recently in
[19]. The main idea of this method is reducing the cost of expensive SET cycle such as
Algorithm 1, which updating the whole multigrid hierarchy of operators in every cycle,
by using classical algebraic multigrid cycles (Algorithm 2) instead, as the two algorithms
are actually equivalent. In the approach, SET cycle provide classical cycle with improved
operators, while classical cycle use them without adaptation and then offer SET cycle with
better approximation of vector. It is obvious that the classical cycle with frozen operators
are much more cheaper than the SET cycle, the advantage of this scheme is, by combin-
ing the two algorithms neatly, it speeds up the multigrid methods without sacrificing the
convergence rate.

Classical algebraic multigrid method for linear systems are generally based on the
following basic idea. Given the linear system

Ax = b, (3.1)

where A € R™" is a positive definite matrix. Traditional one-level iterative method for
calculating x, such as Power method or weighted Jocobi relaxation, converge very slowly
due to only a relatively small number of components in the error, known as algebraically
smooth, that approximately satisfy Ae = 0. To eliminate the algebraic smoothed errors,
classical multigrid methods solve this problem on a coarse level with smaller size, referred
to as coarse-grid correction process. It is noted that on the coarse grid, the smooth error
appears to be relatively higher in frequency, which means relaxations are more effective
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on coarser grid [3]. Algorithm 2 gives a typical two-level classical multigid cycle [5], a
multilevel V-cycle is obtained by recursively applying the algorithm in step 4.

Algorithm 2: Two-level additive cycle

Input:Initial vector: x € R", Right-hand-side vector: b € R",

operator: A € R™" P € R™ R € R"*" A. € R,

Output: New approximation to the solution of AX = b.

Algorithm:

1. Apply pre-relaxations: X < Relax(A,x,b)

2. Define the residual: r «— b — Ax

3. Restrict the residual: r. < Rr

4. Define e, as the solution of the coarse-grid problem: A.e. = r.

5. Prolong e. and apply coarse-grid correction: X < X + Pe,

6. Apply post-relaxations: X < Relax(A,x,b)

The difference between Algorithm 1 and Algorithm 2 is that, on the coarse-grid, the
correction scheme of two-level additive cycle approximates the error e rather than the ex-
act solution x. Moreover, the classical algorithm requires the whole hierarchy of coarsen
operators in advance, while the setup schemes calculate them in every cycle. In spite of
that, Algorithm 2 can be written as the form of Algorithm 1 equivalently. For the problem
(2) in which b = 0, the residual r in step 2 and r, in step 3 of algorithm 2 are given as
r = —Ax and r. = —RAX, the coarse-grid problem then is given by

A.e, = RAPe, = —RAX, 3.2)

then we obtain
RA(Pe. +x) = 0. (3.3)

Since the approximation X is in the range of P, there exists a vector X, satisfies x = Px,.
Then the equation above can be rewritten as RAP(e. + x.) = 0. Note that the x. we
mentioned above is not necessary the same as X, in Step 5 in Algorithm 1. We define
Z. = e. + X, thus A.z. = 0, which is equivalent to the coarse-grid problem in SET cycle
of Algorithm 1.

In the on-the-fly approach, an initial SET cycle is performed, followed by a SOL
cycle which freezes the operators the SET cycle provided. If the convergence speed of
SOL cycle is acceptable, another SOL cycle is performed. Conversely, a SET cycle is
performed to yield more accurate operators. This procedure is described as follows.

Procedure: try-SOL-else-SET(y)

1. Try a solution cycle: y = V,(X)

2. If g(y) > q(x) do x « V,(X) and return

3. If q(y) > yq(x) then x =y, else X < V,(y)

In above procedure, V,, represents a SOL cycle (Algorithm 2), V,, represents a SET
cycle (Algorithm 1) and y € [0, 1] is the scalar threshold for acceptable convergence speed
of the SOL cycles. We use
| Ax I

Ixll

g(x) = (3.4)

6
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which means the convergence factor is measured by the /; residual norm. The criteria
q(y) > q(x) indicates that the SOL cycle increases the error and should be abandoned.
The criteria g(y) > yq(x) indicates that if the convergence factor of SOL cycle is better
than the scalar threshold, then accept it, otherwise, perform a SET cycle instead. The
on-the-fly adaptive algorithm is described as in Algorithm 3.
Algorithm 3: On-the-fly adaptive multigrid method
Input:nitial tolerance: &,, convergence parameter: vy, operator: A € R™",
initial guess X,.
Output: New approximation to the solution of Ax = 0.
Algorithm:
1. Initial Setup:
Apply a few relaxations to smooth X
Do an initial Setup cycle: X < V,(Xp)
if || AXg ||, < &,, goto Step 4
2. Improve Solution Cycle:
while || AX, ||, > &, do try-SOL-else-SET(y)
3. Finalize Setup cycle:
X — Viu(X)
4. Solution:
Apply X «— V,/(X) until convergence

4 Compact adaptive aggregation multigrid

In this section, we show how compacting the converged points into an aggregate, coupled
with deleting the weak-links between them, can lead to better performance of on-the-fly
method for Markov chains.

4.1 Experimental observation

We define a point has already converged as in [15]:
D — ) < T, (4.1)

where x; denotes the ith element of the vector, xgv) denotes ith element at vth iterate, and
7, 1s the convergence parameter. In [15], it is noted that the convergence patterns of the
stationary probability vector of web matrix in the power method have a nonuniform dis-
tribution. Additional theoretical analysis in [17] has confirmed this conclusion recently.
During the application of AGG on Markov problems, we have seen the similar conver-
gence behavior that some points converge quickly while some others need more iterations
before convergence. It is shown in Figure 1 that the number of the converged points
increased gradually as iteration number increased.

To exploit this observation, the method outlined in [15] is that the converged com-
ponents won’t be recomputed so that computation cost can be reduced. The basic idea

7
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(a) Tandem queueing network with n=1600 (b) Uniform 2D lattice with n=4096

Fig. 1: (a) Tandem queueing network with n=1600, (b) Uniform 2D lattice with n=4096,
where x-axis represents iterations and y-axis represents the proportion of the points that
satisfy the equation (4.1).

developed there has three steps: splitting the vector into converged and not-yet-converged
components, setting the submatrix Ay € R"™" which corresponds to the not-yet-converged
components as target matrix, and then applying the power method until convergence with-
out recomputing converged components. More details can be seen in [15]. However, as
Ay is not a n X n matrix, many algorithms including AMG can not be applied to this
method. For this reason, with the similar principle but different procedures, we propose a
new algorithm in this paper.

4.2 Compact adaptive aggregation multigrid

The main idea of our algorithm is reducing the computational cost by reducing the size
of the coarse levels as well as the time spent on the coarse matrix construction. The new
algorithm follows the same framework as the on-the-fly adaptive multigrid method does.

Consider that we have executed a setup cycle, then an approximation x and the aggre-
gation matrix Q are constructed in this cycle. Perform the try-SOL-else-SET procedure
until the number of converged points meets m > {n, where m is the number of the con-
verged points, n is the size of the problem, £ € (0, 1) is the threshold parameter. The
reason why we set this standard will be addressed in the following paragraphs. Let C as
set of the converged points whose elements are positive integers between 1 and n, and N
as set of the points have not converged yet.

Partitioning the finest-level matrix as

" ANN ANC
A= . 4.2
(ACN Acc) (4-2)
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Similarly, the current approximation x and its multiplicative error, & are reordered as

s _ [XN
X = (XC) , (4.3)
~ _ [€N
e—(%), (4.4)

respectively. To reduce the time cost of coarse matrix construction, on-the-fly method
proposed that the SOL cycle use the aggregation matrix Q which is offered by SET cycle
without any modification [19]. Whereas in our method, we modify the aggregation matrix
Q before we perform a SOL cycle. As to modifications, we keep the non-converged points
in their aggregates and collect the converged points into a new aggregate. Then a further
standard solution cycle is performed with amended operators and smaller scales.
The motivation is that we try to speed up the multigrid solvers by cutting down the
cost on coarsen operators construction as well as reducing the size of coarse operators.
Now we show how to construct the new aggregation matrix Q by modifying the ag-
gregation matrix Q from the setup cycle. We first delete the rows of Q which belongs to
C, then check for those columns with all zero elements and delete them, finally, construct
Q as given in Algorithm 3, where the length of 1 equals to that of C. The procedure is
simple and inexpensive:
Procedure: Construct compact aggregation matrix Q
1. Delete Q(i,:), i € C
2. Delete QC:, ) if Q(:, ) =0
3.0 « (% (1)) where 1 is the column vector of all ones, with length equals that of C
Now we constructed coarse operators based on aggregation matrix Q. As the same
definition in the classical AMG, the restriction and prolongation operators, R and P, are
given by

A A

R=0", (4.5)
P= diag(ﬁc)Q, (4.6)
respectively. The coarse-level operator A, is given by

A

A. = RAP. (4.7)
Thus we obtain the complete hierarchy of multigrid operators the SOL cycle required,

then we perform a standard SOL cycle as the final step to finish the new solution cycle, as
described in Algorithm 4.
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Algorithm 4: Compact Solution Cycle(C-SOL)
Input:Approximate vector: x € R", operator: A € R™", the converged points set C.
aggregation matrix Q € R"*"
Output: New approximation to the solution of Ax = 0.
Initial setup:
¢ [Avy Anc) o . [Xn
1. Set A « (ACN Acc)’ X « (XC) A
2. Construct compactive aggregation matrix Q based on Q and C.
3. Set R = Q7, P = diag(%c)0, Set A, = RAP
Apply solution cycle:
4. Do a standard solution cycle described in Algorithm 2

In new method we prefer C-SOL cycle over SOL cycle if the former’s error reduction
is acceptable. The underlying assumption is that C-SOL cycles are considerably cheaper
with satisfied convergence rate. However, if the ratio of m above n is too small or too big,
this assumption will be ruined.

On the one hand, for most of test cases, when we put a small number (m < 0.1n)
of the converged points into an aggregate, the C-SOL cycle is more expensive than the
SOL cycle. This is because the cost on SET process in Algorithm 4 cannot be balanced
out by the time saved by cutting scales of coarse-levels. On the other hand, if a large
number of the converged points are compacted into an aggregate, it may lead to quite
inaccurate operators in coarse-levels. Numerical experiments confirm that the resulting
algorithm performs worse than the original on-the-fly method or leads to divergence for
most problems. For the above reasons, we introduce the restriction for the number of
converged points m: if m < {n we perform the procedure try-SOL-else-SET(y), elsewhere
we perform try-CSOL-else-SET(y) instead.

Similar with on-the-fly method, the goal of our method is to fall off the time cost on
reaching the accuracy || AXg ||; < &,. Whereas the most distinguished difference of the
new algorithm from on-the-fly adaptive multigrid is in Step 2. At Step 2 in new algorithm
we initially perform the procedure try-SOL-else-SET until the number of the converged
points meets the compactive condition m > {n. With the converged points set C supplied
by the process above and the aggregation matrix Q provided by SET cycle, we construct
the C-SOL cycle, then we repeat the procedure try-CSOL-else-SET with the until the
residual norm of the approximation reduced to &,. It is noted that in C-SOL cycle we
frozen the coarsen operators as well as the converged points. The algorithm is described
in Algorithm 5.

10
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Algorithm 5: Compactive On-the-fly adaptive multigrid method
Input:Initial tolerance: &,, convergence criterion: T,,convergence factor: vy,
size control parameter: [, operator: A € R initial guess X,
Output: New approximation to the solution of Ax = 0.
Algorithm:
1. Initial Setup:
Apply a few relaxations to smooth X
Do an initial Setup cycle: X < V,(Xp)
if || Axg ||, < &, goto Step 5
2. Improve Solution Cycle:
[N, C] « Detect-converged-points( x(D xO, 7))
While || Ax, ||, > &, do
While m < (ndo
try-SOL-else-SET(y)
[N, C] « Detect-converged-points(x**!, x"), r,,)
end
try-CSOL-else-SOL(y)
end
4. Finalize Setup cycle:
X Vi (X)
5. Solution:
Apply X < V,/(X) until convergence
As mentioned above, compacting the converged points into an aggregate may lead to
a single aggregate with a large number of points that are not strongly connected to each
other. As is shown in [6], the aggregate of points that are weakly connected may result in
very poor convergence of the multilevel method. The reason is that if the link between two
points is weak compared to the other links in the same aggregate, the differences in the
error of these two points can neither be eliminated efficiently by relaxation, nor smoothed
out by coarse-level correction. Thus, although we have made the restriction for the size
of the aggregate, it may still induce unsatisfied convergence.
Our next work is trying to define and delete the weak links in the aggregation of
converged points to avoid the poor convergency.

4.3 Compactive on-the-fly method with correction

We illustrate with a simple example. In C-SOL cycles, the converged points are com-
pacted into a single aggregation. Figure 2 is an example of such an aggregation. Links
between the converged points and not-converged-yet points are not presented in this fig-
ure. We assume that the converged points set as C=[4,5,9,10,14,17,18,38].

To capture the weak links in this aggregate, we need to determine what is meant by
weak links. In the classical AMG, the strong connection is defined by formula (2.2),
which indicates that if the size of the transition probability from i to j timed with the

11
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Figure 2: Single aggregate of converged points with fine-level transitions. The converged points
are indicated by numbers in cycles, and the transitions are indicated by arrows with strength
based on the scaled matrix Accdiag(xc). Connections between the converged points and those
have not converged yet are not presented in this figure.

probability of residing in i is comparative large, then it is a strong link. Rather than the
connection strength between two points, our attention is turned to the overall connec-
tion strength between a point and the rest points in the same aggregate, which is used to
measure the importance of a point in its aggregate.

We define the connection strength of point i based on scaled matrix Accdiag(xc) with
elements a; by

Si=— > @+ a). (4.8)

This definition has an simple intuitive interpretation that the overall connection strength
of a point is measured not only by the probability from other points to it but also by the
probability from it to others. If a point’s overall connection strength is comparative small,
it cannot contribute efficiently to the elimination of errors but may lead to poor conver-
gence. In the view of the above, we define a point is weakly connected to the others
if

S; <48, 4.9)
where S; is the mean value of all S; (i € C), and § is a fixed threshold parameter, whose
function is as the same as 6 in (2.2). Choosing 6 > 1 may set down all points as ’not
important” points especially when the number of points strong connected to the others
is large. Meanwhile, it should not be taken much smaller than 1 because this may leave
weak-links staying in the aggregate. The numerical results indicate that choosing ¢ < 1
but close to 1 results in the best convergence properties for the new method. In generally
we take 6 = 0.8.

It is easy to calculate and conclude that the points 14,17,18,38 in figure 1 are weakly
connected to the other points in the aggregate, thus we have the new C = [4,5,9, 10] to
replace the original C.

12
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5 Numerical results and discussion

In this section, we demonstrate the performance of the new algorithm for several test prob-
lems. The algorithm is applied to the two-level classical aggregation multigrid method,
without smoothing operators. We compare the results of original on-the-fly adaptive ag-
gregation multigrid algorithms (OTF) and the compactive on-the-fly adaptive aggregation
multigrid algorithms (C-OTF). We start with an initial guess of unit vector with its ele-
ments all equal to 1/n, in which n is the length of the vector. All setup cycles employ
(4,1) cycles, with four prerelaxations and one postrelaxation on each level, while all com-
pactive solution cycles and original solution cycles use (2,1) cycles. We use the stopping

criteria | Ax, I
. ) X
stop if v > maxit or ”—v”l < 1| AXg ||;. (5.1)
Xy |1

proposed in [9],where maxit is the upper limit of the number of iterations the algorithm
will be allowed to perform, v is the current vth iteration. Here we use maxit = 200
and T = 107%. We also say the problem has reached global convergence if this criterion
has met. Several threshold value 7, are tested in the experiments. Through extensive
simulations, we found that 7, = 10~ achieved the best performance among any others
for most of test cases. For OTF algorithm we use scalar threshold y = 0.8 and &, = 107,
while for C-OTF algorithm we use y = 0.8 and various choices of g, are presented in the
following table. As to the AGG part in algorithms we use the aggregation strategy based
on scaled matrix proposed in [7], with the strength threshold parameter 6 = 0.25.

In the following tables, we show the operator complexity Cpp and the work units WU
which is defined as the cost of a single V,(2, 1) [19]. WU is calculated as follows: for
each problem and its size, averaging the execution time of a V,(2, 1) by calculating the
mean value of last five solution cycles in step 4 in Algorithm 3, the work units are the total
execution time of the algorithm divided by this time. The motivation is that the execution
time of the algorithm is susceptible to MATLAB’s compilation time. Vi, V., Vs are
the number of SET cycles, SOL cycles and C-SOL cycles, respectively. The experiments
were performed using MATLAB R2010a with an Intel core i3 CPU with 4 GB of RAM
memory.

5.1 Uniform chain

The first three test problems are generated by graphs with weighted edges[6, 20]. Their
transition probabilities are determined by weights of the edge: if node i transforms to j
with p weights and then its probability p; is obtained by p divided by the sum of the
weights of all outgoing edges from node i. Our first test problem is the 1D uniform chain,
generated by linear graphs in which each of two connected points has one outgoing edge
with weight 1. The stencil of the matrix of uniform chain is given by

HUniformChain = (% 0 %) . (5.2)
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Table 5.1 shows the results for the uniform chain problem using OTF-AGG algorithm
(Algorithm 3) and C-OTF-AGG algorithm (Algorithm 5). When we set 7, = 10~ the new
algorithm achieves the much better performance compared with 7, = 10~ and 7, = 1072,

Various choices of weak-links parameter ¢ are tested and it does not make too much
difference when 6 < 0.9. We set 6 = 0.8 and the size control parameter { = 0.45 for
this test case. The experiments show that the SET cycle is significantly more expensive
than the SOL cycle, while the C-SOL cycle is cheaper than SOL when the number of
converged points meets m > 0.1n. Comparing the C-OTF and the corrected C-OTF under
the same parameters, we observe a decrease in work units and the number of cycles. The
results also indicate that a sufficiently small &, enhance the opportunities of executing
C-SOL cycles, as is shown in the table 5.1, so that reduce the total execution time.

Table 5.1. Uniform chain results. #4,, is the average timing of a single V,;(2, 1) solution cycle, g4
is the threshold parameter for performing the on-the-fly procedure at step 3 in algorithm 5, 7, is
the threshold parameter to explore the converged points in equation (12), Cop is the operator
complexity, Vier, Vsor, Vesor are the number of SET cycles, SOL cycles and C-SOL cycles,
respectively. WU is the work units defined as the cost of a single V,,;(2, 1) solution cycle. Iter is
the number of overall iterations.

n ‘ 5ol ‘ Algorlthm (Ea,Tp) ‘ Vset, Vsola Vcsol ‘ COP ‘ WU ‘ Iter
OTF (107, -) 2,18.0 150 81 | 20
_ -5 3
961 | 0.05s C-OTF (107,10™) 2,16,4 1221 80 |>20

C-OTF(-cor) (1075,1073) 2,153 127 ] 80 | 20
C-OTF(-cor) (1075,1073) 2,126 1.05] 73 | 20
OTF (104, - ) 2,18,0 150 | 45 | 20
C-OTE(10°%,107) 215,16 | 0.77 | 42 | >21
C-OTF(-cor) (107%,1073) 2,9.10 0.79 | 36 | 21
C-OTF(-cor) (10-,1073) 2.3.16 035 30 | 21

4096 | 2.67s

OTF (1074, -) 2,18,0 1.54 | 54 20
C-OTF (1078,107%) 2,18,11, 0.82 | 56 | >20
13225 1 339.25s C-OTF(-cor) (1073,107°) 2,99 0.82 | 44 20

C-OTF(-cor) (10719,107%) 24,15 043 | 37 21

5.2 Uniform chain with two weak links

The next test problem is a chain with uniform weights, except for two weak links with
weight € in the middle of the chain [6]. The stencil matrix is given by

_ (1 1 e 1
HTwoWeakLinks—(§ = 0 = 5)- (5.3)
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where € = 1073 same as in [6]. As the same as the first case, we set the weak-links
parameter 6 = 0.8 and the size control parameter { = 0.45 here. The experiments show
that the convergence criterion parameter 7, = 1072 is the best choice for this case. Results
in Table 5.2 show again that the corrected C-OTF method is competitive compared with
OTF and C-OTF without corrections.

5.3 Uniform 2D lattice

The next test problem is a 2D lattice with uniform weights [6, 20]. The stencil matrix is
given by

1

1

HUniformZD:Z[l 0 1]. (5.4)
1

We set the weak-links parameter 6 = 0.8 and the size control parameter { = 0.45 for this
test case. Table 5.3 shows numerical results for this problem.

For the small scale n = 4096 of this case, the choice of 7, = 1072 performs better than
7, = 107 because the components of the prototype vector converge comparative slowly.
In the larger case n = 13225, when we set 7, = 107, the new algorithm fails to reduce the
work units of OTF, largely due to the poor convergency of C-SOL cycles. To be specific,
if the convergence rate of C-SOL cycle is unacceptable, we perform a SOL cycle instead.
This procedure costs more time than a single SOL cycle and thus results in the worse
performance than that of OTF.

Table 5.2. Uniform chain with two weak links results.

n ‘ Lsol ‘ Algorithm (8aan) ‘ Vseta Vsol > Vcsol ‘ COP ‘ WU ‘ Iter
OTF (1074, -) 2,18,0 1.50 | 79 20
C-OTF (1075,107%) 2,17,2 1.40 | 80 21
962 | 0.05 e
C-OTE(-cor) (10-3,107) 2,172 141 80 | 21
C-OTF(-cor) (107°,107%) 2,135 1.26 | 78 21
OTF (1074, -) 2,20,0 1.50 | 47 22
_ -8 —4
4096 | 2.63s C-OTF(107°,107%) 2,15,11 091 | 42 | >22

C-OTE(-cor) (1078,107%) 2.8,11 071 | 36 | 21
C-OTE(-cor) (1071073 | 2,14,17 | 031 | 29 | 21
OTF (1077, - ) 2,19.0 154 ] 53 | 21
C-OTF (107%,107%) 21912, [ 0.77 | 43 |>21
C-OTF(-cor) (1075,107%) 2,9,10, 0.79 | 35 | 21
C-OTF(-cor) (107 ,107%) 23,16 035] 26 | 21

13224 | 426.50
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Table 5.3. Uniform 2D lattice results.

n Lol Algorithm (£4,75) | Vier, Vsots Vesot | Cop | WU | cycles
OTF (1074, -) 2,31,0 1.63] 97 33
961 0.055 C-OTF (107°,107?) 2,325 135] 98 | >33
' C-OTF(-cor) (107,1072) 2,29.8 130 94 | >33
C-OTF(-cor) (107°,1072) 2,31,12 1.15] 98 | >33
OTF (1074, -) 2,33,0 1.66 | 61 35
C-OTF(107%,107%) 2,41,15 099 60 | >35
4096 | 2.48s C-OTF(-cor) (107%,107%) 2,28,24 0.82] 51 | >35
C-OTF(-cor) (107°,1072) 2,22,16 1.06 | 53 | >35
OTF (1074, -) 2,24,0 1.70 | 44 26
C-OTF (107%,107%) 2,37,23 0.96 | 49 | >26
132251 522.11s C-OTF(-cor) (107%,107%) 2,36,21 0.97 | 48 | >26
C-OTF(-cor) (10719,107%) 2,37,25 092 48 | >26
Table 5.4. Tandem queueing network results.
n fsol Algorithm (£4,7,) | Vier, Voot Vesot | Cop | WU | Tter
OTF (1074, -) 2,23,0 1.57] 97 | 25
961 0.04 C-OTF (1073,107%) 2,22,0 1.57 ] 99 | 24
' C-OTF(-cor) (107,107%) 2,22,0 1.57 ] 99 | 24
C-OTF(-cor) (107°,107%) 2,222 1421 97 | 26
OTF (1074, -) 2,23.0 1.60] 52 | 25
C-OTF(107%,107%) 2,15,5 120 50 | >25
4096 | 2.40s C-OTF(-cor) (107°,107%) 2,21,1 1.59] 51 | 24
C-OTF(-cor) (107%,107%) 2,155 1.22] 50 | >25
OTF (1074, -) 2,23,0 1.66 | 49 | 25
C-OTF (1078,107%) 2,25,3, 130 47 | >25
132251 570.38s C-OTF(-cor) (107%,107%) 2,253 1.30 | 44 | >25
C-OTF(-cor) (10710,107%) 2,26,6 1.10 | 36 | >25
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5.4 Tandem queueing network

The next test problem is a tandem queueing network appeared in [2, 6, 9, 20], which has
two finite single-server queues placed in tandem. Customers arrive in Poisson distribution
with rate y, and two server stations’ service time distribution is Poisson with rates y; and
U, respectively. The stencil matrix of tandem queueing work is given by

1 Hi
HTandemQueue T M 0 B (55)
where we use u = 10,u; = 11,u, = 10 as in [2, 6, 9, 20]. Table 5.4 shows numerical
results for this problem.

In this case we set the weak-links parameter 6 = 0.8, the size control parameter { =
0.45 and convergence parameter 7, = 1072 . We also try using more strict convergency
parameter 7, = 107*. Results show that the algorithm fails to expose the converged points
and the number of C-SOL cycle is equal to 0. Similar with the previous problems, several
choices of g, are tested. Experiments show that with a sufficiently small £,, new algorithm
improves the performance of OTF in terms of the total execution time, but suffers from
an unsatisfied convergence rate, which increases the number of iterations. For the reason
that the operators of C-SOL cycles are less accurate than that of SOL cycles, they have
a probability to lead to poor convergence rate. To achieve the same accuracy &,, more
C-SOL cycles are needed. Whereas, the total execution time is reduced because C-SOL
cycles are comparative cheaper than SOL cycles.

Table 5.5. Random walk on unstructured planar graph results.

n ‘ Lol ‘ Algorithm (8a’Tp) ‘ Vset’ Vsol’ Vcsol COP ‘ WU ‘ Iter
OTF (1074, -) 2,27,0 1.20 | 182 | 29
961 5 C-OTF (107°,107) 2,293 1.07 | 186 | > 29

C-OTF(-cor) (107°,107%) 2,29,3 1.12 | 186 | > 29
C-OTF(-cor) (1075,107%) 2,40,2 095 | 183 | >29

OTF (107, -) 2,290 1211162 | 31
C-OTF(1075,107) 2,326 0.99 | 162 | > 31
4096 1 0-238 == ATE o (105,10 2,186 0.99 | 157 | > 31
C-OTF(-cor) (10°%,1073) 2,186 0.94 | 158 | > 31
OTF (107, -) 2,280 121 122 ] 30

- =6 103
13225 | 6,165 | COTE (10,107 2,29.8, | 0.98 | 130 | > 30

C-OTF(-cor) (107°,107%) 2,30,5 0.94 | 120 | > 30
C-OTF(-cor) (107,107%) 2,41,20 0.57 | 116 | > 30
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5.5 Random walk on unstructured planar graph

The next test problem is random walks on graphs, which have significant applications in
many fields, one of the well-known examples is Google’s pagerank algorithm. Here we
consider an unstructured planar graph, which is generated by choosing n random points
in the unit square, and triangulating them by Delaunay triangulation. The transition prob-
ability from point i to point j is given by the reciprocal of the number of egdes incident
on point i.

In this test case, when m < 0.6n, a single C-SOL cycle costs more time than SOL
cycle does, thus we use the size control parameter = 0.6 here. We set the weak-links
parameter § = 0.8. Experiments show that convergence parameter 7, = 1073 is the best
choice among any others. The performance of corrected C-OTF method is moderate.
However, the work units, which indicates the total execution time, is still smaller than
that of OTF and C-OTF without corrections. Table 5.5 shows numerical results for this
problem.

6 Conclusions

This paper proposes a compact on-the-fly adaptive aggregation multigrid method for
Markov chain problems. As is known, adaptive multigrid methods suffer from the com-
mon defect that considerable computation cost is spent on coarsen operators construction.
The reason is that they update the entire multigrid hierarchy of operators in every cycles.
We consider distributing the converged points into an aggregate and reducing the scale of
the coarsen operators to decrease this cost. Meanwhile, a simple technique is proposed to
delete the possible weak-links introduced by the procedure above. According to numeri-
cal results, for most of test cases, the corrected algorithm leads to better performance than
on-the-fly adaptive aggregation multigrid algorithm in terms of total execution time. New
algorithm can also be applied to various adaptive multigrid Markov solvers. One future
work may be to study how to improve the convergence rate of compacted solution cycles.
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Abstract. In this paper, generalized Wick-type stochastic Kadomtsev-Petviashvili equations
are investigated. Abundant white noise functional solutions for Wick-type generalized stochastic
Kadomtsev-Petviashvili equations are obtained. By using white noise analysis, Hermite transform,
modified Riccati equation and modified tanh-coth method many exact travelling wave solutions are
given. Detailed computations and implemented examples for the investigated model are explicitly
provided .

Keywords: White noise; Stochastic ; Wick product; Kadomtsev-Petviashvili equations.
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1 Introduction

In this paper we investigate the generalized variable coefficient Kadomtsev-Petviashvili (KP) equa-
tion:

0 ou u d%u 9
Ut + %(Qb(t)u% + w(t)ﬁ) + H(t)é)_yQ - 07 (l‘,y,t) €R” x R-ﬁ- (1'1)

where u is a stochastic process on R%2 xRy and ¢(t),%(t) and 6(t) are bounded measurable or
integrable functions on R, . Equation (1.1) plays a significant role in many scientific applications
such as solid state physics, nonlinear optics, chemical kinetics, etc. The KP equations[1-2] are
universal models(normal forms) for the propagation of long, dispersive, weakly nonlinear waves
that travel predominantly in the z direction, with weak transverse effects. The notion of well-
posed-ness will be the usual one in the context of nonlinear dispersive equations, that is, it includes
existence, uniqueness, persistence property, and continuous dependence upon the data. Recently,
many researchers pay more attention to study of random waves, which are important subjects of
stochastic partial differential equation (SPDE). Wadati [3] first answered the interesting question,
How does external noise affect the motion of solitons? and studied the diffusion of soliton of the
KdV equation under Gaussian noise, which satisfies a diffusion equation in transformed coordinates.
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Wadati and Akutsu also studied the behaviors of solitons under the Gaussian white noise of the
stochastic KdV equations with and without damping [4]. Wadati [3] first answered the interesting
question, “How does external noise affect the motion of solitons?” and studied the diffusion of soliton
of the KdV equation under Gaussian noise, which satisfies a diffusion equation in transformed
coordinates. The stochastic PDEs was discussed by many authors, e.g., de Bouard and Debussche
[6, 7], Debussche and Printems [8, 9], Printems [17] and Ghany and Hyder [13]. On the basis of white
noise functional analysis [5], Ghany et al. [10-16] studied more intensely the white noise functional
solutions for some nonlinear stochastic PDEs. This paper is mainly concerned to investigate the
white noise functional solutions for the generalized Wick-type stochastic Kadomstev-Petviashvili
(KP) equation:

U+ ®(t)oUpoUp + U(t) o U 0 Upy + Y(t) 0 Upgwe + O(t) 0 Uyy = 0. (1.2)

where “o” is the Wick product on the Kondratiev distribution space (S)_1 and ®(t), ¥(¢) and O(t)
are (S)_j-valued functions [5]. It is well known that the solitons are stable against mutual collisions
and behave like particles. In this sense, it is very important to study the nonlinear equations
in random environment. However, variable coefficients nonlinear equations, as well as constant
coeflicients equations, cannot describe the realistic physical phenomena exactly. The rest of this
paper is organized as follows: In Section 2, we recall the definition and some properties of white
noise analysis. In Section 3, we apply some method to explore exact travelling wave solutions for
Eq.(1.1). In Section 4, we use the Hermite transform and [5,Theorem 4.1.1] to obtain white noise
functional solutions for Eq.(1.2). In Section 5, we give illustrative examples for the investigated
model. The last section is devoted to summary and discussion.

2 Preliminaries

Suppose that S(R?) and S'(RY) are the Hida test function space and the Hida distribution
space on RY | respectively. Let h,(z) be Hermite polynomials and put

(o= T ha(V22)/((n— DIm)2, n>1. (2.1)

then, the collection {(,}n>1 constitutes an orthogonal basis for La(R) .
Let a = (a1,a9,...,aq) denote d-dimensional multi-indices with aq,ag,...,aq € N. The
family of tensor products

Ca = C(al,ag,...,ad) = Cal ® Cozz ®.Q Cozd (2'2)

forms an orthogonal basis for Ly(R%) .

Suppose that o) = (agz), ag), ey ag)) is the i-th multi-index number in some fixed ordering
of all d-dimensional multi-indices a . We can, and will, assume that this ordering has the property
that

i<j=al+al’+. +a¥ <o 4ol + 4oV (2.3)

i.e., the {a(J)};’il occurs in an increasing order. Now
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Define
Mi #= Cod) ® G0 @ - ® G, 12 1. (2.4)

We need to consider multi-indices of arbitrary length. For simplification of notation, we regard
multi-indices as elements of the space (N). of all sequences a = (a1, s, ...,aq) Wwith elements
a; € Ny and with compact support, i.e., with only finitely many «; # 0. We write J = (NON)C ,
for a € J,

Define

H,(w) = Hhai(< W, >), W= (w1, ws,...,wq) € S'(RY) (2.5)
i=1

For a fixed n € N and for all k¥ € N, suppose the space (S)} consists of those f(w) =
Yo CaHa(w) € @_ La(pn) with ¢, € R™ such that

£ =D cala)?(@N)** < oo (2.6)
[e%
where, 2 = |c,|? = Zzzl(c&k)y if ¢, = (cg),cg),...,cgn)) € R™ and p is the white noise

measure on (S'(R), B(S'(R))) , a! =][;Z, ax! and (2N)* =][;(25)% for a € J.

The space (S)"; consists of all formal expansions F(w) = > boHq(w) with b, € R™ such
that ||f||—1,—¢q = Y., b2(2N)79% < oo for some ¢ € N. The family of seminorms || f||; 4,k € N
gives rise to a topology on (S)} , and we can regard (S)™; as the dual of (S)} by the action

<F f>= Z(ba, Co)a! (2.7)

67

where (by,cq) is the inner product in R™ .
The Wick product foF of two elements f =3 aaHa, F =) 3bsHg € (5); with aq,bs €
R™ | is defined by
foF = Z(aaa b,@)Ha—i-B (2.8)
a7ﬂ

The spaces (S)7,(S)",,S(RY) and S’(R?) are closed under Wick products.
For FF=3"_ boHy € (S)"; , with by, € R™, the Hermite transformation of F', is defined by

HF(z) = F(z) = Y baz* € CV (2.9)

where 2z = (21,22,...) € CV (the set of all sequences of complex numbers) and 2% = 20" 252...2%n

if o€ J, where 2 =1.
For F,G € (S)", we have

FoG(2) = F(2).G(2) (2.10)
for all z such that F(z) and G(z) exist. The product on the right-hand side of the above formula

is the complex bilinear product between two elements of CV defined by (21,23, ...,2}1).(22, 22, ..., 22)

no1.2 “r Zn
2 k=1 %% - _
Let X =Y aoH, , then the vector c¢g = X(0) € RY is called the generalized expectation
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of X which denoted by E(X) . Suppose that g:U — CM is an analytic function, where U is
a neighborhood of E(X) . Assume that the Taylor series of g around E(X) have coefficients in
RM _ Then the Wick version ¢°(X) =H !(goX) € (S)M, . In other words, if g has the power series
expansion ¢(z) = Y aq(z — E(X))*, with a, € RM | then ¢°(2) = . an(z — BE(X))*® € (9)M,.

3 Exact travelling wave solutions

In this section, we will give exact solutions of Eq.(1.1). Taking the Hermite transform of Eq.(1.2),
we get:

Ui(t,x,y,z) + @(t).Uyp(t, x,y, 2).Ug(t, z,y, 2) + V(t).U(t, z,y, 2).Upz(t, 2,9, 2)

(). Ungaa(t, 2, Y, 2) + O(t).Uyy(t, 2,9, 2) =0 (3.1)

where z = (21,22,...) € ON isa parameter. To look for the travelling wave solution of Eq.(3.1),we
make the transformations u(t,z,y,z) := U(t,z,y,2) = ¢(&(t,z,y,2)) with

¢
E(tyx,y,2) = k1x++k2y+s/ l(r,2)dT + ¢
0

where ki, ko, s,c are arbitrary constants which satisfy kjkas # 0, 1(7,z) is a non zero functions
of indicated variables to be determined. So, Eq.(3.1) can be changing into the form:

slu'(t, z, 2) + K2/ (t, x, 2)u/ (t, z, 2) + k2Wu(t, z, 2)u” (t, z, 2)+

Edou" (t, x, 2) + k30u" (t,z,2) = 0 (3.2)

The solution can be proposed by the tanh method as a finite power series in Y in the form:

M
u(p¢) = S(Y) =Y apY*, (3.3)
k=0

limiting them to solitary and shock wave profiles. However, the extended tanh method admits the
use of the finite expansion

M M
u(pd) = SY) =D apY* +> by ", (3.4)
k=0 k=1

where M is a positive integer, in most cases, that will be determined. Expansion (3.4) reduces to
the standard tanh method [4-6], where Y (£) satisfies the Riccati equation
Y' =co+ 1Y +cY?, (3.5)

and cp,c1,c2 are constant to be prescribed later. By virtue of (3.3) and (3.4) with observation
of the linear independence of Y"(n = —6,—5,...,6) and using Mathematica Eqn.(3.2) implies the
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following nonlinear algebraic system of equations:

slarp + kiPay + k3Qasp + ki [@(aio + 201 101,—1 + 201200, -2 + 209 3001,—3)
+\Il(a0a2,o +aron, 1 + aga 9 + brag 1 + bgagyg)] =0,
slarg + kiWagy + k3Oas 1 + k3 [®(2a1,001,1 + 201,101 ,2 + 20,2001 3)
+¥(apaz,1 + ara0 + azan, 1 + biag s + baaa3)] = 0,
sl 1 + k{Way 1 + k3Oas 1 + k3 [®(2a1 001,—1 + 2001 1001, —2 + 2001 2001,—3)
+W¥(apa,—1 + aran g2 + asaz 3 + biagg + baag1)] = 0,
slag g + kil\I’Oé472 + k%@agg + k3 [@(a%’l + 200 g1 2 + 201,101 3)
+¥(aoas,2 + a1Q2,1 + a2aso + biass + baasga)] =0,
slag 9+ k“f\Iloz47,2 + k%@ag’fg + k%[@(a%,_l +2a1 00,2 + 209 1001, —3)
+W(apon,—2 + aran —3 + agaz —4 + biag 1 + baaag)] = 0,
Sla173 + ki‘\I’a4,3 + k%@agg + k% [@(20&170041,3 + 20&1,1051,2)
+¥(apaz,s + a1ag2 + azag 1 + biag4)] =0,
slag 3+ k“f\Iloz47,3 + k%@ag’fg + k%[@(2a1’0a17,3 +2a1,_100,-2)
+W(apa,—3 + ajan, 4 + biag o + bz _1)] =0,
kil\I/Oé4,4 + k%@a274 + k%[@(2a1,1a173 + a%yz) + \I/(aoagA +ajag 3 + a2042,2)] =0,
k‘%\I/Oé4,74 + k%@a2,74 + k%[@@al,,lal,,g + Oéi_Q) + \I/((ZoOé2,74 +brog 3+ b2a27,2)] =0,
EiWay s + 2k3aq 2a1 3 + k¥ (ara04 + asas 3) = 0,
ki‘\IJCM,—B + 2]6%0417_20117_3 + k%(b1a27_4 + by, —3) =0,
kil\I/Oé4,6 + k%@ai?, + k%\IJGQOQA =0,

(k1 Way, ¢+ k%@ai_g) + k3Wbyan 4 = 0,

(3.6)
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where

a0 = aicop — bica, 11 = aicr + 2azcy, @12 = ajca + 2azc1,  a1,3 = 2azcs,

aj g = —(bico + 2bac1), ai—1 = —(bici +2baca), @20 = ai1c0 — 1,102,
a1,-3 = —2bacy, o1 = aq1c1 + 201200, Qo2 = ay1C2 + 20 21 + 3aq 300,
a3 = 2a12¢ + 31 3¢1, Qo4 =3a13c2, 21 =—(0a1,_1¢1+ 201, _2¢2),
a2 2 = —(a1,_1c0 + 2011, _2¢1 + 301, 3¢2), @23 = —(2a1,_2co+ 31, _3c1),
Qg 4 = —3Q1,-3C0, Q30 = Q21C) — Q2 _1C2, Q31 = Q21C] + 2Q22Cp,

Qg2 = ao1¢0 + 2ag2c1 + 3ag3ce, Q33 = 2ag2ce + 3ag3cy + 4ag 4o,

a3 4 = 3an3cy +4agact, o35 =4asaca, a3 1= —(az_1c1 + 209 _2¢2),
az g = —(a,—1c0 + 202 —2c1 + a2, _3¢2), a3 _4 = —(302,_3¢0 + 4az _4c1),
a3 3 = —(200,_2co + 3az,_3c1 + 4o _4c2), a3_5 = —(4daz _4c),

Q40 = (31C0 — 3,—1C2, (41 = &31C1 + 2043,2607 Q46 = 5043,502,
g2 = ag1ce +2a32c1 + 3a33¢0, Qu3 = 203202 + 33 3c1 + 4ag 400,
g4 = 3ag3c2 + 4aggc1 + O350,  Qup5 = 4agac + dag 5o,

ay 1 = —(ag_1c1 + 203 _2¢2), a4,_3=—(203_2¢c0 + a3 _3c1 + 4az _4c2),
ay,_9 = —(a3,—1c0 + 203 _2c1 + 3043,—302), Q4,6 = —dQa3,_5Cp,
ay 4 = —(3a3,_3c0 + 4z _4c1 + bag _5¢2), 045 = —(dag _4co + Saz _5c2).

At the rest of this section we will discuss and solve our problem for some particular cases for the
Riccati equation as follows:

A. 60201:1,62:0 .
For this choice of the constants, the Riccati equation has the solution:

Y1(§) = exp(§) — 1 (3.7)

By the aid of Mathematica, the above system of equations (3.6) can be solved for the following cases:

Case 1: o

ar =az =0,a;; =0 forall i,j>0; ag= 5z={sl —k{¥ —k30}; b1 = 12kP5F ; bo = —12k7 5.
1

According to (3.2),(3.6) and (3.7), Eq.(3.1) has the solution

1 ~ ~ . 36k2U 12k20
u(t,z,y,2) = —{sl — kiU — K20} + /L~ (ex — 1)t (e -1)2 3.8
1t 2,y, 2) kf\y{ 1 20} 5(1)(17(5) ) q)(p(i) ) (3.8)
where,

t~

5:k1x+k2y—11.4k‘f/ (T, 2)dr (3.9)
0
6
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Case 2: - )
25+30 2 20 . _ROR2 _9L2
az = by =0; ag = 25k7 13127 25k (ké) 5 b1 50k] =——= (IH_N ; 2k Y 3.7
According to (3.2),(3.6) and (3.7), Eq.(3.1) has the solution
$ + 30 k2,0  2k2T 502
ug(t, x,y,z) = 25k2 — —25k% — (2)2Z — = exp(§) — 1) — exp(§) — 3.10)
2( z) = '3 93 i (k2)\11 <I>+\I/( (&) —-1) '1>+2\If( ( )X
where,
E1102(7, 2) — 1202 128 (7, 2)¥(r, 2) ~
E=kix + koy + kf‘/ = (7, 2) = (, z~) + (T’Nz) (r,2) U(r,z)dr (3.11)
o (®(r,2) +U(7,2))(R(7, 2) + 3¥(7,2))
B. Cho — —Cy = 0.5761 =0
For this choice of the constants, the Riccati equation has the solution:
Y2(€) = tanh(§) £ isech(§) (3.12)
or
Y3(€) = coth(€) & csch(§) (3.13)

By the aid of Mathematica, the above system of equations (3.6) can be solved for the following case:

Case 3:
az=b1=by=0; ao= 125k — (2)°S — 7.5kf ;= 0oe — 3.75k{ = oe s ap = —15kF = e
According to (3.2),(3.6) and (3.7), Eq.(3.1) has the solution
ks 2 © ® v
ui(t, z,y, 2) = 1.25k3 — (2)?= — 7.5k} ———— — 3.75k7 ————
ko o 20 + 3V 20 + 3V
, U 2 :
15k ﬁy}_l(é.)’ 1= 3,4 (314)
2¢ + 3V
where,
§ = kiz + koy. (3.15)

C. 62:460:1,6120
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For this choice of the constants, the Riccati equation has the solution:

Y4(€) = 0.5tan(2€) (3.16)
or

Y5(€) = 0.5cot(2€) (3.17)

By the aid of Mathematica, the above system of equations (3.6) can be solved for the following case:

Case 4:
ay =ay =by = 0; ag=—16k} — () @ : —1201@%4%6@ .
According to (3.2),(3.6) and (3.7), Eq. ( ) has the solution

ko ,© v ~ )
wi(t,z,y,2) = —16k% — (—=)?= — 120k ———=Y."2(§), i=5,6. 3.18
(t,z,y,2) 1 (kl) 3 1'% 1 60 18 (3.18)
where,
§ = kiz + koy. (3.19)

At the end of this section we should remark that, there exists infinitely number of solutions for
Eqn.(1.1) these solution coming from solving the system (3.6) with regarding the Riccati equation
(3.5). The above mentioned cases are just to clarify how far my technique is applicable.

4 White noise functional solutions

The main aim of the rest of this paper is to obtain white noise functional solutions of Egs.(1.2).
As pointed out from Xie [16], we will use Theorem 2.1 of for d =2 . The properties of hyperbolic
functions yield that there exists a bounded open set S C Ry x R2,m > 0 and n > 0 such
that w(z,y,t,2), uz(x,y,t,2) are uniformally bounded for all (¢,z,y,2) € S xK,,(n) , continuous
with respect to (¢,z,y) € S for all z € K,,,(n) and analytic with respect to z € K,,(n) for all
(t,x,y) € S . Using Theorem 2.1 of Xie [16], there exists a stochastic process U(¢,x,y) such that
the Hermite transformation of U(t,z,y) is u(t,z,y,z) for all S x K,,(n), and U(t,z,y) is the
solution of (1.2). This implies that U(¢,x,y) is the inverse Hermite transformation of u(t,z,y,z) .
Hence, for ®(t)¥(t)O(t) # 0 the white noise functional solutions of Egs.(1.2) can be written as
follows:

36k2W(t)

4 2
{sl — k1 () — k3©(1)} + 5@ (t)(exp®(Z1(t, z,y)) — 1)

Ul (tv z, y) =

1
k20 (t)

- 12K20(t)
D(t)(exp®(E1(t, 2z, y)) — 1)°2 (4.1)
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where,

and,

t
By = kiz + koy — 11.41#/ (r)dr
0

Ua(t.,) = 25K ) o) — 258 — (2P i) = 2K g Y (Balto )
— 50]@%%}/1_0(52 (t7 z, y))

where,

and,

where

or

Ui(tvxay) = _16k% - (

where,

or

Yf(Eg(t,ﬂ?,y)) = ea:pQ(Ez(t,m,y)) -1

= b g [P1I02(r) — 129%(r) + 12(1)W(7) |\
B ke, O(t) ®(t) ()
Ui(t,x,y) = 1.25k7 — (5)2@ — 7.5kfm - 3-75kfm

W(t) . .
— 15k ——2 V. % (E =3,4.
12(I)(t) —|—3\I/(t) z—l( 3(&?,3/)), ¢ ;

Y (Es(,y)) = tanh®(Zs(z, y)) = isech®(Zs(x, ))

Yy (Es(z,y)) = coth®(E3(z,y)) £ csch®(Z3(z, y))

v(t)

k202000 _ 100
PO TR0+ 6w )Y A @)

k1>2\11(t)

i=5,6.

Yy (Es(z,y)) = 0.5tan®(223(z, v))

Y5 (Es(z,y)) = 0.5c0t°(2E3(x, y))

(4.4)

(4.5)
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and,

E3(x,y) = kix + kay (4.7)

5 Discussions

Our first interest in present work being in implementing the extended tanh-coth method, Hermite
transform and white noise analysis to stress its power in handling nonlinear equations so that one
can apply it to models of various types of nonlinearity. The next interest is in the determination of
exact travelling wave solutions for modified KP equations. Also, we have presented Riccati equation
expansion method and applied it to the modified KP equations. As a result, some new exact trav-
elling wave solutions of the modified KP equation are obtained because of more special solutions of
Eq.(2.1). The method which we have proposed in this letter is standard, direct and computerized
method, which allow us to do complicated and tedious algebraic calculation. It is shown that the
algorithm can be also applied to other NLPDEs in mathematical physics such as KdV-Burgers,
Modified KdV-Burgers, Zhiber-Shabat equations (specially: Liouville equation, Sinh-Gordon equa-
tion, Dodd-Bullough-Mikhailov equation, Dodd-Bullough-Mikhailov equation and Tzitzeica-Dodd-
Bullough equation) and Benjamin-Bona-Mahony equations. Also, we remark that, since the Riccati
equation has other solution if select other values of c¢y,c; and ¢y, there are many other exact so-
lutions of variable coefficient and wick-type stochastic modified KP equation.
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Abstract.We investigate the bifurcations and the global asymptotic stability of the following two difference equation

BrnTn—1 +YTn-1

. 204+ z.1>0, A+B>0
Az2 + Brpzn_1 roTE-1

Tn+1

2
axs + BrnTn—1 + YTn—1
Tpn41 = n BnAZQ TEn s $0>07 A>0
n

where all parameters and initial conditions are positive.
Keywords. asymptotic stability, attractivity, bifurcation, difference equation, global, local stability, period two;
AMS 2000 Mathematics Subject Classification: 39A10, 39A28, 39A30.

1 Introduction and Preliminaries

We investigate global behavior of the equations:

BTnTn—1 +YTn—1

. n=0,1,... 1
Az2 + BrpTn—1 ™)

T+l =
az? + BrnTn_1 +YTn_1
)
Az2
where the parameters «, 3,7, A, B and the initial conditions x_1,z are positive numbers. Equations (1), (2)) are the
special cases of equations

Tnt+1 = :0717"' (2)

2
ax; + BranTn—1 +YTn—1
T = , n=20,1,2,... 3
"7 422 ¥ Brawn_1 + Ctn1 ®)

and
ACE% + Bxprn_1 + Cx%71 +Dxyp + Exp_1 + F

az? + bxnTn_1+cz2_| +dan +exn_1+ f
Some special cases of equation (4) have been considered in the series of papers [3, 4, 12, 13, 20, 22]. Some special second
order quadratic fractional difference equations have appeared in analysis of competitive and anti-competitive systems
of linear fractional difference equations in the plane, see [5, 8, 7, 9, 18, 19]. Local stability analysis of the equilibrium
solutions of equation (3) was performed in [11].

Describing the global dynamics of equation (4) is a formidable task as this equation contains as a special cases many
equations with complicated dynamics, such as the linear fractional difference equation

Dzp + Exp_1 + F
dan +exn_1+f

Tn+l = , n=0,1,2,.... (4)

Tnt1 = n=012,.. (5)
The special cases considered so far shows that all kind of dynamics are possible including conservative and non-conservative
chaos, Naimark-Sacker bifurcation, period-doubling bifurcation, exchange of stability bifurcation, etc. In this paper we
use the theory of monotone maps developed in [16, 17] to describe precisely the basins of attraction of all attractors of this
equation as well as bifurcations. Equations (1) and (2) exhibit essentially one period doubling bifurcation with different
outcomes. Equation (1) allows the coexistence of the unique minimal period-two solution, which is a saddle point and the
equilibrium but only the equilibrium solution and the degenerate period-two solution (0, c0) and (oo, 0) have substantial
basins of attraction. In one region of parameters, Equation (2) also allows the coexistence of the unique minimal period-
two solution, which is locally asymptotically stable and the equilibrium, but the period-two solution attracts all solutions
outside the global stable manifold of the equilibrium. In the complementary region of parameters every solution is either
attracted to the equilibrium or to the degenerate period-two solution (1,00) and (oo, 1).

1Partially supported by FMON Grant No. 05-39-3632-1/14
2Corresponding author, e-mail: mkulenovic@mail.uri.edu
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Our results will be based on the following theorem for a general second order difference equation
Tn+1 :f(x’ruxn—l)v n:071727'"7 (6)
see [2].

Theorem 1 Let I be a set of real numbers and f: I x I — I be a function which is non-increasing in the first variable
and non-decreasing in the second variable. Then, for ever solution {zn}n. _; of the equation

n=
Tn+1 :f(xn7xn—1)7 z—1,z0 €1, n=0,1,2,... (7)

the subsequences {xan}r_y and {z2n_1}n—, of even and odd terms of the solution do exactly one of the following:

(i) Eventually they are both monotonically increasing.
(it) Eventually they are both monotonically decreasing.
(iii) One of them is monotonically increasing and the other is monotonically decreasing.

The consequence of Theorem 1 is that every bounded solution of (7) converges to either equilibrium or period-two
solution or to the point on the boundary, and most important question becomes determining the basins of attraction of
these solutions as well as the unbounded solutions. The answer to this question follows from an application of theory of
monotone maps in the plane which will be presented for the sake of completeness.

We now give some basic notions about monotone maps in the plane.

Consider a partial ordering < on R2. Two points x,y € R? are said to be related if x < y or < y. Also, a
strict inequality between points may be defined as ¢ < y if < y and = # y. A stronger inequality may be defined as
x = (z1,22) Ky = (y1,92) if z <y with x1 # y1 and x2 # ya.

A map T on a nonempty set R C R? is a continuous function T': R — R. The map T is monotone if z < y implies
T(z) X T(y) for all z,y € R, and it is strongly monotone on R if z < y implies that T(z) < T'(y) for all z,y € R. The
map is strictly monotone on R if z < y implies that T'(z) < T'(y) for all z,y € R. Clearly, being related is invariant under
iteration of a strongly monotone map.

Throughout this paper we shall use the North-FEast ordering (NE) for which the positive cone is the first quadrant,
i.e. this partial ordering is defined by (21,y1) =ne (z2,y2) if z1 < z2 and y; < y2 and the South-East (SE) ordering
defined as (z1,y1) <se (z2,y2) if z1 < 22 and y1 > ya.

A map T on a nonempty set R C R? which is monotone with respect to the North-East ordering is called cooperative
and a map monotone with respect to the South-East ordering is called competitive.

If T is differentiable map on a nonempty set R, a sufficient condition for T' to be strongly monotone with respect to
the SE ordering is that the Jacobian matrix at all points z has the sign configuration

+_

- 4+ ’ (8)

sign (J (x)) =

provided that R is open and convex.

For « € R2, define Q(z) for £ = 1,...,4 to be the usual four quadrants based at # and numbered in a counterclockwise
direction, for example, Q1(z) = {y € R? : =1 < y1, =2 < y2}. Basin of attraction of a fixed point (Z,%) of a map T,
denoted as B((Z,y)), is defined as the set of all initial points (xo,yo) for which the sequence of iterates T™((xo0,yo0))
converges to (Z, 7). Similarly, we define a basin of attraction of a periodic point of period p. The next five results, from
[17, 16], are useful for determining basins of attraction of fixed points of competitive maps. Related results have been
obtained by H. L. Smith in [21, 22].

Theorem 2 Let T be a competitive map on a rectangular region R C R2. Let X € R be a fized point of T such that
A =R Nint (Q1(X) UQs3(X)) is nonempty (i.e., X is not the NW or SE vertex of R), and T is strongly competitive on
A. Suppose that the following statements are true.

a. The map T has a C' extension to a neighborhood of X.

b. The Jacobian Jr(X) of T at X has real eigenvalues \, p such that 0 < |A| < u, where |A\| < 1, and the eigenspace
E> associated with X is not a coordinate azis.

Then there exists a curve C C R through X that is invariant and a subset of the basin of attraction of X, such that
C is tangential to the eigenspace E* at X, and C is the graph of a strictly increasing continuous function of the first
coordinate on an interval. Any endpoints of C in the interior of R are either fized points or minimal period-two points.
In the latter case, the set of endpoints of C is a minimal period-two orbit of T.

We shall see in Theorem 4 that the situation where the endpoints of C are boundary points of R is of interest. The
following result gives a sufficient condition for this case.

Theorem 3 For the curve C of Theorem 2 to have endpoints in OR, it is sufficient that at least one of the following
conditions is satisfied.

i. The map T has no fized points nor periodic points of minimal period two in A.

1. The map T has no fized points in A, det Jp(X) > 0, and T(x) =X has no solutions z € A.

4. The map T has no points of minimal period-two in A, det Jp(X) < 0, and T(x) =X has no solutions x € A.
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For maps that are strongly competitive near the fixed point, hypothesis b. of Theorem 2 reduces just to |A| < 1. This
follows from a change of variables [22] that allows the Perron-Frobenius Theorem to be applied. Also, one can show that
in such case no associated eigenvector is aligned with a coordinate axis. The next result is useful for determining basins
of attraction of fixed points of competitive maps.

Theorem 4 Assume the hypotheses of Theorem 2, and let C be the curve whose existence is guaranteed by Theorem 2.
If the endpoints of C belong to OR, then C separates R into two connected components, namely

W_ i={x € R\C:3y € C withx ;e y} and Wi :={x e R\C:3yeC withy Isc x}, 9)
such that the following statements are true.

(i) W s invariant, and dist(T"(z), Q2(X)) — 0 as n — oo for every x € W_.

(it) Wy is invariant, and dist(T"(z), Q4(X)) — 0 as n — oo for every © € Wy.

(B) If, in addition to the hypotheses of part (A), X is an interior point of R and T is C? and strongly competitive
in a neighborhood of X, then T has no periodic points in the boundary of Q1(X) U Q3(X) except for X, and the following
statements are true.

(iit) For every x € W_ there exists ng € N such that T™(z) € int Q2(X) for n > ng.

(w) For every x € W4 there exists ng € N such that T"(z) € int Q4(X) for n > ng.

If T is a map on a set R and if X is a fixed point of T, the stable set W*(X) of X is the set {x € R : T"(z) — X} and
unstable set W*(X) of X is the set

{ z € R : there exists {mn}gz_m CRs.t. T(xn) =Tnt1, xo =x, and lim z, =X }
n— —oo

When T is non-invertible, the set YW?*(X) may not be connected and made up of infinitely many curves, or W*(X) may not
be a manifold. The following result gives a description of the stable and unstable sets of a saddle point of a competitive
map. If the map is a diffeomorphism on R, the sets W#(X) and W"(X) are the stable and unstable manifolds of z.

Theorem 5 In addition to the hypotheses of part (B) of Theorem 4, suppose that u > 1 and that the eigenspace EH
associated with p s not a coordinate axis. If the curve C of Theorem 2 has endpoints in OR, then C is the stable set
W3 (X) of X, and the unstable set W™(X) of T is a curve in R that is tangential to E* at X and such that it is the graph
of a strictly decreasing function of the first coordinate on an interval. Any endpoints of W*(X) in R are fized points of
T.

Remark 1 We say that f(u,v) is strongly decreasing in the first argument and strongly increasing in the second argument
if it is differentiable and has first partial derivative D1 f negative and first partial derivative Da f positive in a considered
set. The connection between the theory of monotone maps and the asymptotic behavior of equation (7) follows from the
fact that if f is strongly decreasing in the first argument and strongly increasing in the second argument, then the second
iterate of a map associated to equation (7) is a strictly competitive map on I X I, see [17].

Set £p—1 = un and xn = vn in Eq.(7) to obtain the equivalent system

Un+1 = Un

Un41 = f(Umun)
Let T'(u,v) = (v, f(v,u)). The second iterate T2 is given by

T2(u,v) = (F(v,u), £(f(0,0),0))

and it is strictly competitive on I x I, see [17].

, n=0,1,....

Remark 2 The characteristic equation of Eq.(7) at an equilibrium point (Z, Z):
)\Z_le(ivj))‘_DQf(jvi) :07 (10)

has two real roots A, u which satisfy A < 0 < p, and |A| < p, whenever f is strictly decreasing in first and increasing in
second variable. Thus the applicability of Theorems 2-5 depends on the nonexistence of minimal period-two solution.

There are several global attractivity results for Eq. (7). Some of these results give the sufficient conditions for all
solutions to approach a unique equilibrium and they were used efficiently in [14].
The next result is from [6]. See also [1].

Theorem 6 Consider Eq. (7) where f : I x I — I is a continuous function and f is decreasing in the first argument
and increasing in the second argument. Assume that T is a unique equilibrium point which is locally asymptotically stable
and assume that (¢,v) and (Y, ¢) are minimal period-two solutions which are saddle points such that

(0, 1) Zse (&, T) Rse (¥, 9) -
Then, the basin of attraction B ((Z,Z)) of (Z,T) is the region between the global stable sets W* ((¢, %)) and W* ((¢, ¢)) .
More precisely
B((,7) ={(z,9) : Fyu, v : yu <y <wi, (w,31) € W (0, 9)) , (2, yu) € W (¥,0))} -
The basins of attraction B ((¢, %)) = W? ((p,¢)) and B ((¢,¢)) = W* (¢, ¢)) are ezactly the global stable sets of (p, )

and (¥, ¢).
If (x—1,20) € Wt (¥, 9)) or (x—1,z0) € W_ ((p,v)), then T™ ((x—1,x0)) converges to the other equilibrium point
or to the other minimal period-two solutions or to the boundary of the region I X I.
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. e
2 Equation z,,1 = A2+ Bz, 1

In this section we present the global dynamics of Eq. (11).

2.1 Local stability analysis

By substitution z,, = %yn, this equation is reduced to the equation

YnYn—1 + %ynfl 0.1
Yn+1 = ——F x5  —, n=0,1,...
¥2 + Bynyn_1

Thus we consider the following equation

TnTn—1 + YTn—1

, n=0,1,... 11
m%“ranrnfl " ( )

Tn+1 =

Equation (11) has the unique positive equilibrium z given by

14++/1+4~(1+B)

2(1+B)

SH

The partial derivatives associated to the Eq(11) at equilibrium z are

f/ _ —a2?y—2vazy—Byy? _ —2(142(1+B)(2+B)y+y/1+4(14+B)~) f/ _ z+y _ 1

@ (z2+Bay)? z (14B)(1++/1+4(1+B)~)2 ’
Characteristic equation associated to the Eq.(11) at equilibrium is

A2 4 204204B)24B)0yy/1440+B)y) L
(14+B) (1++/1+4(1+ B)7)? 1+ B

By applying the linearized stability Theorem [14, 15] we obtain the following result.

Theorem 7 The unique positive equilibrium point x = %W of equation (11) is:
1) locally asymptotically stable when B > 4~ + 1;
1) a saddle point when B < 4+ 1;
#4) a nonhyperbolic point (with eigenvalues \1 = —1 and Ao = ﬁ) when B =4y + 1.
Lemma 1 If
B>1+4y

then Eq.(11) possesses a unique minimal period-two solution {P (¢, ), Q (v, )} where

¢_1 \/mandw:%er

9 2vB—1 2v/B-1 °

The minimal period-two solution {P (¢,¥),Q (1, d)} is a saddle point.

Proof. Periodic solution ¢, 1, ¢, 1, ... is the positive solution of the following system

(B-1y—v=0
12

where ¢ + ¢ = z and ¢1p) = y. We have that solution of system (12) is
2

T andy = 2
Since B_1_4

22 — 4y = SoTy >0
B—-1

if and only if B > 1 4 4+, we have a unique minimal period-two solution {P (¢,%),Q (¢, ¢)} where

9 2VB—1

I N : = v o I N : = v o
¢=5 " ovp V=54 N

Set
Up = Tp—1 and vy, = Tn, forn =0,1,...
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and write equation (11) in the equivalent form

Un+1 = Un
UnUn + YU
= Unn TOUR o1,

Un+1
v2 + Bunvn ’

Let T be the function on (0,00) X (0,00) defined by

By a straightforward calculation we find that

e () =)

where ) )
g, v) = uv + yu hu v):v(Bu—i-v)(v v+ u(v + v+ Bvy))
’ v2 + Buv’ ’ u(v 4+ ) (Bv3 + u(v + B2v2 + 7))
We have
J 2( ¢ ) :( ACR DI ACRD) )
=\ v hu(d)  hy(,9) )7
where
’ _ vty
9y - (Bu+'u)2 ’
’ _ _u(v2+B’yu+2'yv)
gv - v2(3u+v)2 bl
B o= 3(Bw'v +2uyv? (v+y+B?v?)+u? (v 4v(24+Bv(24B%v)) v+ (14+2Bv)y? ))
w uZ(v+7) (Bv3+u(v+B2v2+7))?
B _ v(B*u3v3y2+ B3u2 vty (v+49)+ B(v+27) (v8y+4u? vy (v+y) +u (v+7)?)
v u? (v+7)(Bodtu(v+B2v?47))?
LB um(vﬂ<v+v>(v+3w)+v4(2v+w>>+uv(v+v)(u(v+~/)<2v+3~/)+v 7(3v+57)))
uZ(v+7) (Bv3+u(v+BZv2+7))?2
Set

After some lengthy calculation one can see that
1+6y+B(=3-6v+BR2+v) . o gl

S= T B uBLB-_) S B_DBLB-_DY

We have that

|S| > 14+ D] ifandonlyif B >1+4y.
By applying the linearized stability Theorem we obtain that a unique prime period-two solution {P (¢,v),Q (¢, $)} of
Eq.(11) is a saddle point if and only if B >1+4y . m

2.2 Global results and basins of attraction

In this section we present global dynamics results for equation (11).

Theorem 8 If B > 4y + 1 then equation (11) has a unique equilibrium point E(Z,T) which is locally asymptotically
stable and there exists the minimal period-two solution {P(¢,v), Q(v, $)}, where

I RV = e o VvB—1-4y

¢=5 " /BT ‘”““b—** 2B 1
which is a saddle point.

Furthermore, the global stable manifold of the periodic solution {P,Q} is given by W*({P,Q}) = W*(P) UW?*(Q)
where W#(P) and W*(Q) are continuous increasing curves, that divide the first quadrant into two connected components,
namely

= {z € R\ W?(P) : Jy € W¥(P) with y Zse x}, Wy = {x € R\ W?*(P) : 3y € W*(P) with x <se y},
and

Wi = {z € R\WH(Q) : 3y € WH(Q) with y <se }, Wy = {z € R\ W*(Q) : Iy € W*(Q) with = <se y}

respectively such that the following statements are true.

1) If (uo,vo) € W3(P) then the subsequence of even-indezed terms {(u2n,van)} is attracted to P and the subsequence
of odd-indexed terms {(u2n+1,v2n+1)} is attracted to Q.

1) If (uo,v0) € WH5(Q) then the subsequence of even-indexed terms {(uan,van)} s attracted to Q and the subsequence
of odd-indexed terms {(u2n+1,v2n+1)} is attracted to P.

136 Kalabusic et al 132-143



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

September 1, 2015 6

1) If (uo,vo0) € Wy (the region above W*(P)) then the subsequence of even-indexed terms {(uzn,v2n)} tends to
(0,00) and the subsequence of odd-indexed terms {(u2n+1,v2n+1)} tends to (co,0).

w) If (uo,vo) € Wy (the region below W*(Q)) then the subsequence of even-indewed terms {(u2n,v2,)} tends to
(00,0) and the subsequence of odd-indezed terms {(uan+1,v2n+1)} tends to (0,00).

v) If (uo,v0) € Wf" N Wy (the region between W?*(P) and W*(Q)) then the sequence {(un,vn)} is attracted to
E(z,7).

Proof. From Theorem 7 Eq.(11) has a unique equilibrium point E(Z,Z), which is locally asymptotically stable. Theorem
1 implies that the periodic solution {P,Q} is a saddle point. The map T?(u,v) = T(T(u,v)) is competitive on R =
R2\ {(0,0)} and strongly competitive on int(R). It follows from the Perron-Frobenius Theorem and a change of variables
that at each point the Jacobian matrix of a strongly competitive map has two real and distinct eigenvalues, the larger
one in absolute value being positive and that corresponding eigenvectors may be chosen to point in the direction of the
second and first quadrant, respectively, see [16, 17]. Also, as is well known [16, 17] if the map is strongly competitive then
no eigenvector is aligned with a coordinate axis.

i) By Theorem 4 we have that if (ug,vo) € W#*(P) then (uan,van) = T2"(ug,v0) — P as n — oo, which implies that
(u2n+1,v2n+1) = T(T?™(uo,v0)) = T(P) = Q as n — oo, which implies the statement i).

ii) The proof of the statement ii) is similar to the proof of the statement i) and will be ommitted.
iii) A straightforward calculation shows that (¢, 9) <se (ZT,T) =<se (¥, ¢). Since Eq.(11) has no the other equilibrium
point or the other minimal-period two solution from Theorem 6 we have if (x_1,x0) € Wy , then
(ugn,’in) = TQ”((uo,vo)) — (0, OO) and (u2n+1,v2n+1) = T2"+1((u0,v0)) — (O()7 0).
and hence if (z_1,20) € Wy, then

lim x2y, = 0o and lim x2p41 = 0.
n— oo n— oo

iv) If (x_1,20) € W5, then
(u2n,v20) = T?"((u0,v0)) — (00,0) and (uzn+1,v2n41) = T2 ((u0, v0)) — (0, 00).
and hence if (z_1,z0) € Wy, then

lim z2, =0 and lim x2p,41 = co.
n— oo n—oo

v) If (z_1,20) € Wir N Wy, then
lim @, = TV HYUHE)

n— 00 2(1+B)
]

Theorem 9 If B < 4y + 1 then equation (11) has a unique equilibrium point E(T,T) which is a saddle point.
The global stable manifold W*(E) which is a continuous increasing curve divides the first quadrant such that the
following holds:
1) Every initial point (ug,vo) in W?(E) is attracted to E.
i) If (uo,v0) € WT(E) (the region below W*(E)) then the subsequence of even-indezed terms {(uzn,v2n)} tends to
(00,0) and the subsequence of odd-indezed terms {(uzan+1,v2n+1)} tends to (0,00).

13) If (uo,vo) € W™ (E) (the region above W*(E)) then the subsequence of even-indexed terms {(uzn,v2n)} tends to
(0, 00) and the subsequence of odd-indexed terms {(u2n+1,v2n+1)} tends to (c0,0).

Proof. From Theorem 7 equation (11) has a unique equilibrium point E(Z, ), which is a saddle point. The map T has

no fixed points or periodic points of minimal period-two in A = R N int(Q1(z) U Q3(z)). It is immediate to see that

detJr(E) < 0 and T(z) = 7 only for x = 7. Since the map T is anti-competitive, see [10] and T? is strongly competitive

we have that all conditions of Theorem 10 in [10] are satisfied from which the proof follows. ®

Theorem 10 If B = 4vy+1 then Eq.(11) has a unique equilibrium point E(Z,T) = (%, %) which is a nonhyperbolic point.
There exists a continuous increasing curve Cg which is a subset of the basin of attraction of E and it divides the

first quadrant such that the following holds:

i) Every initial point (ug,vo) in Cg is attracted to E.

1) If (uo,vo) € W (E) (the region above Cp) then the subsequence of even-indezed terms {(uan,v2n)} tends to (0, c0)
and the subsequence of odd-indexed terms {(u2n+1,v2n+1)} tends to (co,0).

iii) If (uo,vo) € WT(E) (the region below Cg) then the subsequence of even-indexzed terms {(uzn, van)} tends to (co,0)
and the subsequence of odd-indexed terms {(ugn+1,v2n+1)} tends to (0,00).
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Proof. From Theorem 7 equation (11) has a unique equilibrium point E(Z,Z) = (%, %), which is nonhyperbolic. All
conditions of Theorem 4 are satisfied, which yields the existence of a continuous increasing curve Cg which is a subset of

the basin of attraction of E and for every x € W™ (E) there exists ng € N such that 77 (z) € intQ2(z) for n > ny and
for every x € W (E) there exists ng € N such that 7" () € intQ4(z) for n > no.

Set
Ut = 1— Ay + Dt 4+ /(0 — 4y +1)1)2 + 4y
5 )
It is easy to see that (¢,U(¢)) <se E if t < T and E =g (¢,U(t)) if ¢ > ZT. One can show that
2v(t
T U() = (1, e+ ) .
t(—t + 12 4 2y 4+ 42y 4+ 872 + t/dy + (=1 + t + 4t7)?)

Now we have that
T2(t,U(t)) Zse (LU(Y)) if t <T
and
(t,U(t)) =se T2(t,U (1)) if t > 7.
By monotonicity if ¢ < T we obtain that T2"(¢,U(t)) — (0,00) as n — oo and if ¢ > T then we have that T2" (¢, U(t)) —
(00, 0) as n — oo.

If (u/,v’) € intQa(x) then there exists t; such that (u/,v’) <se (t1,U(t1)) <se E. By monotonicity of the map
T? we obtain that T2"(u’,v’') <se T?™(t1,U(t1)) =se E which implies that T2™(u’,v') — (0,00) and T?"*1(u/,v") —
T(0,00) = (00,0) as n — oo which proves the statement ii).

If (u’,v"") € intQ4(x) then there exists ta such that E <se (t2, U(t2)) <se (v’,v”). By monotonicity of the map T2
we obtain that E <se T?"(t2,U(t2)) <se T?"(u”,v") which implies that T2"(u",v"") — (00,0) and T2+ (v v") —
T (00,0) = (0,00) as n — oo which proves the statement iii). This completes the proof of Theorem. m

Remark 3 Theorems 8, 9 and 10 show new type of period doubling bifurcation. When B < 4+ + 1 all solutions outside
the global stable manifold are asymptotic to (0, 00) or to (0o, 0), and when B > 4 + 1 all solutions are either asymptotic
to (0,00) or to (co,0) or to the minimal period-two solution {P, @} or a unique equilibrium E. In the second case each
attractor has a substantial basin of attraction.

Figure 1: Visual illustration of Theorems 8, 9 and 10 . Figures are generated by Dynamica 3, [15].

2
oaxs +BTnTy_1+YTn_1
Ax?

3 Equation x,,, =

In this section we present the global dynamics and bifurcation analysis of Equation (13).

3.1 Local stability analysis
This equation is reduced to the equation

-’L‘% + BTntn—1 + YTn-1

2
T

Tpt1 = ,n=0,1,.. (13)

Equation (13) has the unique positive equilibrium Z given by

148+ (14+8)%+4y
e

Tr =
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The partial derivatives associated to equation (13) at equilibrium z are

fL= zeubvy| _ 2(4v+B(+8+v/(148)2+47)) §= Boia] 2(27+8(1+8++v/(1+8)%+47))
x x z y .

A+8+y/(1+B)2+47)2 @ T 4/ (4B +47)2

8

Characteristic equation associated to the Eq.(13) at equilibrium is

A2 4 24 +BA4B+VA+E)2+ay) y 220 +B0++V (A1) _
(1+A+/(145)2 +47)2 (14841 (14+8)2 +47)2 '

By applying the linearized stability Theorem we obtain the following result.

Lb /OB o oonigtion (13) is

Theorem 11 The unique positive equilibrium point x =
i) locally asymptotically stable when 4~ + 28 + 52 < 3;
ii) a saddle point when 4y + 26 + B2 > 3;

1) a nonhyperbolic point (with eigenvalues \1 = —1 and Ao = %) when 4y + 28 + B2 = 3.

Lemma 2 Equation (18) has the minimal period-two solution {P (¢,v¢),Q (¢, ¢)} where
b= By =YV 3426482 +dy = —Y+By+vV/—3+26+62+4~

2(=14+8+7) 2(=1+6+7)

if and only if

B <1 and =—

3-28-p°
f<’}/<1fﬁ.

The minimal period-two solution {P (¢,v),Q (¢, d)} is locally asymptotically stable.

Proof. Period-two solution is a positive solution of the following systems

r—y—7=0
{ 22 —xy+(B—1)y =0. (14)

where ¢ + ¢ = z and ¢1p) = y. We have that only one solution of system (14) is

B0y -
B+~y-1 B4~r—1

Since ) )
o2 gy LEBEBEF )
(B+v-1)?
if and only if
3—28-p2
— <
1 ol
and z,y > 0 if and only if 8 < 1 and v < 1 — 8, we have that ¢ and 1 are solution of the equation
p_ By, - _,
B+y—1  B+y-1
if and only if
3-28-p62
B<1and#<’y<lfﬁ.

The second iterate of the map T is

P()-()

where ) .
v? + Buv + Yu vt (1 toB+y)+ u<2+vi)2(vﬁ+7) + = (Uvﬁjw >
g(u,v) = ———————, h(u,v) = 3 .
w2 (02 + Buv + yu)
We have
Jog ( ¢ ) _ ( CACKONACKD )
=\ v hi(,9)  hy(¢,%)
where
g, = L,
g’:) = - u(’Ui‘Si’Q’” ’
W= _ 03 (WB+7) (wwB® +uBy+v> (8+27))
u (v2+ﬂuv+'yu)‘5 ’
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B = v2(uus%y+3u? B2 tut (B47)+3uv® B(B ) tun® (2uB® v (uf+57)))
v (v2+Buvtyu)? ’
Set
S =gu(¢:¥) + 1y (¢,¢) and D =g, (¢, V), (6, 9) — g0, (6 V) (¢, )

After some lengthy calculation one can see that

S = AHB(=6+B+%)—+B(T+B)v+67*  p _ (Z14m(=14+6+7)
- ’YQ ’ - ,Yz .
Applying the linearized stability Theorem we obtain that a unique prime period-two solution {P (¢, ¢), Q (¢, ¢) } of Eq(13)
is locally asymptotically stable when

3-28-p2
5<1and#<’y<l—ﬁ.

3.2 Global results and basins of attraction

In this section we present global dynamics results for Eq.(13).

Theorem 12 If 4y 428+ 82 < 3 then Eq. (18) has a unique equilibrium point E(T,T) which is globally asymptotically
stable.

Proof. From Theorem 11 equation (13) has a unique equilibrium point E(Z,Z), which is locally asymptotically stable.

Every solution of equation (13) is bounded from above and from below by positive constants. If 4y + 23 + 32 < 3 then

B+~ <1 and we have

LB% + BrnTn_1 +YTn_1
x5

Tptl = >1

and
Ty Ly
Tpny1 = 1+ Bon—1 + % <14 Bzn—1+7n—1 =1+ (B+7)Tn-1.

In n

1+ @B+ + B +7)z2n—4a] < ..
L+ B+ + B+ + ...+ (B+7) o,

1 n
m'f’(ﬁ'ﬁ"y) xo,

1+ @B+ + B+7)z2on—s] < ..
I+ B+ + B+ 4.+ B+7 21

Z2n

INIA

T2n—1

ININ A

N

1
—+ B+ "1
1—a-8 B+7) 1
Thus z, < ﬁ + e, for some € > 0 and n > N and so every solution is bounded. Equation (13) has no

other equilibrium points or period two points and using Theorem 1 we have that equilibrium point E(%Z,Z) is globally
asymptotically stable. m

Theorem 13 If 4y + 28+ 82 > 3 and B+ < 1 then equation (13) has a unique equilibrium point E(T,T) which is a
saddle point and the minimal period-two solution {P(¢,v), Q(1, ¢)} which is locally asymptotically stable, where
6= —v+Bv—7V —3+2B8+5% +4vy = —y By —3+28+8% 4y

2(— 16+ (—14B+7)

The global stable manifold W#(E) which is a continuous increasing curve, divides the first quadrant such that the following
holds:
1) Ewvery initial point (ug,vo) in W*(E) is attracted to E.
ii) If (uo,v0) € WH(E) (the region below W*(E)) then the subsequence of even-indezed terms {(uan,van)} is attracted
to Q and the subsequence of odd-indezed terms {(uan+1,v2n+1)} s attracted to P.

13) If (uog,vo) € W™ (E) (the region above W3 (E)) then the subsequence of even-indexed terms {(uan, van)} is attracted
to P and the subsequence of odd-indezed terms {(uzn+1,v2n+1)} 18 attracted to Q.

Proof. From Theorem 11 equation (13) has a unique equilibrium point E(Z, ), which is a saddle point. The map T has
no fixed points or periodic points of minimal period-two in A = R Nint(Q1(x) U Q3(x)). A straightforward calculation

shows that detJr(F) < 0 and T(z) = T only for = Z. Since the map T is anti-competitive and T? is strongly competitive
we have that all conditions of Theorem 10 in [10] are satisfied from which the proof follows. m

Theorem 14 If4y+28+ 62 > 3 and B+~ > 1 then Eq. (18) has a unique equilibrium point E(Z,T ) which is a saddle
point.

The global stable manifold W*(E), which is a continuous increasing curve divides the first quadrant such that the
following holds:
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1) Every initial point (ug,vo) in W*(E) is attracted to E.

ii) If (uo,v0) € WT(E) (the region below W#(E)) then the subsequence of even-indexed terms {(uan,van)} tends to
(00, 1) and the subsequence of odd-indexed terms {(u2n+1,v2n+1)} tends to (1,00).

1) If (uo,vo) € W™ (E) (the region above W*(E)) then the subsequence of even-indexed terms {(uzn,v2n)} tends to
(1,00) and the subsequence of odd-indexed terms {(u2n+1,v2n+1)} tends to (oo, 1).

Proof. The proof is similar to the proof of the previous theorem using the fact that every solution of equation (13) is
bounded from below by 1. m

Figure 2: Visual illustration of Theorems 12, 13, 14 and 15 . Figures are generated by Dynamica 3,
[15].

Theorem 15 If 4y + 28 + 82 = 3 then Eq. (13) has a unique equilibrium point E(T,Z ) which is a nonhyperbolic point
and a global attractor.

Proof. From Theorem 11 Eq.(13) has a unique equilibrium point E(Z, ), which is non-hyperbolic. All conditions of
Theorem 4 are satisfied, which yields the existence a continuous increasing curve Cg which is a subset of the basin of

attraction of E and for every € W™ (E) (the region above Cg) there exists ng € N such that T"(z) € intQ2(z) for

n > ng and for every x € W (E) (the region below Cg) there exists ng € N such that T™(x) € intQ4(zx) for n > ng.
Set

_ BB+ B-28- ) -1

ve) 20t — 1)
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It is easy to see that (¢,U(¢)) <se E if t <T and E =g (¢,U(t)) if ¢ > ZT. One can show that

tB+(3+(—244t—pB)B) (34+(—2+4t—B)B)s
(tB + s)* (8% + T—1 + i1
8t4(—3 4+ t(3+ (2 + 4t — B)B) + B(2 + B + 25))2 '

,U() = [t

where

s =Vt =26) + (B - 1)(B +3).
Now we have that
T2(t,U(t)) <se (L, U®R)) if t > T
and
tU®) Zee T2(t,U(t)) if t <T

since

(6604 (802 4 LECHCILH=PI0) | GBI o\ S a o
8t1(—3+t(3+(—2+4t—B)B)+B8(2+5+25))? B 2(t-1)

if and only if ¢ > Z. By monotonicity if ¢ < Z then we obtain that T2"(¢,U(t)) — E as n — co and if t > Z then we have
that T2"(t,U(t)) — E as n — oo.

If (u/,v’) € intQ2(z) then there exists ¢1 such that (t1,U(t1)) <se (u/,v") <se E. By monotonicity of the map T2
we obtain that T27(t1,U(t1)) <se T?™(u’,v’) <se E which implies that 72" (v/,v’) — E and T?**1(u’,v') — T(E) = E,
as n — oo which proves the statement ii).

If (u",v") € intQa(z) then there exists ta such that E <se (u',v”) =se (t2,U(t2)). By monotonicity of the map
T? we obtain that E <se T?"(u”,v") <se T?"(t2,U(t2)) which implies that T2"(u”,v") — E and T?*t1(u",0v") —
T(FE) = FE as n — oo which proves the statement iii), which completes the proof of the Theorem. m

>0,

Remark 4 Theorems 12, 13, 14 and 15 show another type of period doubling bifurcation. When 4y + 28 + 82 < 3 all
solutions are asymptotic to the unique equilibrium E. When 4y + 28+ 32 > 3 and 8+ < 1 all solutions which starts off
the global stable manifold of the unique equilibrium E are asymptotic to the unique minimal period-two solution {P, Q}.
Finally, when 4y 4+ 28 + 2 > 3 and 4+ v > 1 all solutions which starts off the global stable manifold of the unique
equilibrium E are asymptotic to (1,00) or to (oo, 1).
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Abstract

In the paper, the authors introduce a new concept geometrically mean convex function
on co-ordinates and establish some new integral inequalities of Hermite-Hadamard type for
geometrically mean convex functions of two variables on the co-ordinates.
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1 Introduction

The following definitions are well known in the literature.

Definition 1.1 ([3, 4]). A function f : A = [a,b] x [¢,d] C R? — R is said to be convex on the
co-ordinates on A with a < b and ¢ < d if the partial mappings

f’y: [a7b] - R, f’y(u):f(u7y) and fy : [C’d} - R, fx(v):f(xﬁv)
are convex for all = € (a,b) and y € (¢, d).

Definition 1.2 ([3, 4]). A function f : A = [a,b] X [¢,d] — R is said to be convex on the co-ordinates
on A with a < b and ¢ < d if

fz+ 1=z, y+ (1= Nw) <tAf(z,y) +t(1 =N f(z,w)+ (1= (z,y)+ (1 =) (1 =N f(z,w)
holds for all ¢, A € [0,1], (z,y), (z,w) € A.

Definition 1.3 ([1]). A function f : A = [a,b] X [¢,d] € R? — R, is called co-ordinated log-convex
on A with a < b and ¢ < d for all t, A € [0,1] and (z,y), (z,w) € A, if

Fltw+ (L= 0z 2y + (1= ) < [, p)) A (@ w) OV ()]0 w)] 0900,
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In recent years, the following integral inequalities of Hermite-Hadamard type for the above

kinds of convex functions were published.

Theorem 1.1 ([3, Theorem 2.2] and [4, Theorem 2.2]). Let f : A = [a,b] X [¢,d] = R be convex

on the co-ordinates on A with a < b and ¢ < d. Then
a+b c+d 1 1 b c+d 1 4 la+b
< Z
3 Al Lo ot [ e
//fxydxdy
—a)(d—c¢)
[b_a</fxcdx—|—/fa:ddx>+(/faydy+/fbydy)]

[f(a,c) + f(b,c)+ f(a,d) + f(b,d)].

IN

|
Wl ] e A

<
Theorem 1.2 ([7, Theorem 2.3]). Let f : A =[a,b] x [¢,d] = R be a partial differentiable function
on A. If ’;l‘ is convexr on the co-ordinates on A, then

;[f<a,c;d) +f(b c+d) 4f<a—|—b C—gd>+f(a;b,c>+f(a;b,d)]

1
b a1+ ) + 50,0+ 10.0] + Gt [ [ eazay - a
5\’ 9% f(a,c) 32f(a,d) 0*f(b,c)|  |9*f(b,d)
<<72) (b—a)(d—c){ drdy drdy ‘ drdy + dzdy ‘}’

A:bia/ab{é[f(x C)+4f< —;d>+f(x d)]}dx
¥ dic/j{é[ﬂa 0+ ar (S50 10| fan

Theorem 1.3 ([6, Theorem 2]). Let f : A = [a,b] X [¢,d] = R be a partial differentiable function

2
on A. If ’(’?zgy‘ is convexr on the co-ordinates on A, then

1 d b a+b c+d
(ba)(dc)/c/aﬂx,y)dxdyw( th et )—A
8% f(b,d)

< (b_a)(d_c)[ dxgy6)|+| dacdy |+| da:dy |+| oxdy |]

4

where

1 b c+d 1 d fa+b
_ba/af<x’ ) )d +df f( 92 ?y>dy
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Theorem 1.4 ([1, Corollary 3.1]). Suppose that f : A = [a,b] X [¢,d] = Ry is log-convex on the
co-ordinates on A. Then

lf<a+b c+d> //lnfmyda?dy
2 b—a d—c)

lnf(a c)+1nfb ¢)+1n f(a,d) + In f(b, d)
4

In the papers [2, 5, 8, 9, 10, 11], there are also some new results on this topic.

2 A definition and lemmas

In this section, we introduce the notion “geometrically mean convex function” and establish an
integral identity.

Definition 2.1. A function f : A = [a,b] X [¢,d] € R — R, is said to be geometrically mean
convex on the co-ordinates on A with a < b and ¢ < d, if

F (a2 Pt < [PV, w) VA, 10N (5, o) [0+ 0008
holds for all ¢, A € [0,1] and (z,y), (z,w) € A.
In order to prove our main results, we need the following integral identity.

Lemma 2.1. Let f: A =[a,b] X [¢c,d] CR3 — R have partial derivatives of the second order with

a<bandc<d. If a%y € L1(A), where L1(A) denotes the set of all Lebesgue integrable functions
on A, then

S(f) &

4 {f(a,c)-l—f(b,c)+f(a,d)—|—f(b,d)
(Inb—Ina)(Ind —Inc) 4

1 f(z,y
-4+ (Inb—1Ina)(Ind — lnc// dxdy]

/ / tha'b' ~ferd' Aaaa f(atblft,cAdH)dtdA

2

—/ / tAatbl—tcl—Adk%f(atbl—t,cHdA)dtdA
0
1

Ll
1 1 8

+/ / txalftbtclﬂd*a?ayf(alftbt,cHdA)dtdA,

thar ot dt Aaaa f(a' =t rd ) dtd A
zdy

where

A:M/: [f(i’c)+f(f£d)]d“2<mdl_mc) /cd [f(c;,y)Jrf(Zy) ay.
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Proof. Let x = a'b'~* and y = ¢*d'~ for 0 < t, A < 1. Using integration by parts, we have
! 0?
/ / thatbt "t A dt Aa 5 f(a'v' M ) dtd A
1 ! 0 1oty
— A Adl—k t— tbl—t )\dl—/\ _/ - tbl—t /\dl—k dtldx
1na—lnb/0 ¢ { 8yf(a ' ) 8yf(a ¢ )
1 ! 0
U Acrd' ™ Aa fla,crd' =) dx - / / Acrd™ A (tbl—ﬂcAdl—A)dtdA}
0

"~ Ina—Inb
1
= (Inb—Ina)(Ind —Inc) {f(a,c) /0 f(a,c/\dl /\)d)\

1 141
_ tpl—t tpl—t A g1—A
/Of(ab ,c)dt+/0 /0 f(a' "t M )dtdA}
1 b flx, e
- (Inb—Ina)(Ind — Inc) {f(a,c)— lnb—lna/

1 * f(a,y) L f.y)
_lnd—lnc/c Y dy+(lnb Ina)(Ind — lnc// Hda dy]

Similarly, we have

1
02
1t1>\)\ tpl—t 1—X g\
//t/\ab P gy (@0 ) ded

1 1 f(x,d
= - : d
"~ (Inb—Ina)(Ind — lnc) [f(a,d) lnb—lna/a x

f(a 1 /d/b [(@.y)
~Ind— lnc/ dy—’_(lnbflna)(lndflnc) e Jo Ty drdy),

2
//tAal—tbtc*dl—Aﬁf(al—tbt,c*dH)dtdA
oy

B 1 flz,c
" (Inb—Ina)(Ind —Inc) [f(b’c)_lnblna/a x

L [y 1 Ty
7lnd—1nc/c Y dy+(1nb—1na)(lnd—lnc)/c/a xy dxdy}

and

1
/ / tha' bt AdAaa8 fa' ="t T AdN) ded A

B /fxd
B (lnb—lna )J(Ind —1Inc) " Inb—1Ina
fby) 4 //f
~ Ind-— lnc/ (hlb Ina) lnd Inc) dzdy).

Lemma 2.1 is proved.
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Lemma 2.2. Let u,v > 0. Then

) L(u,v) u7 wt o,
F(u,v)é/ tuto! "t dt = 1111”_1““ (2.1)
0 —u, u ="v,
2
where L(u,v) is logarithmic mean defined by
1 v—u
L(U,v)é/ u'vtdt =< Inv—Inu’ ut
0 u, u="v
Proof. The proof is straightforward. O

3 Some integral inequalities of Hermite-Hadamard type

In this section, we prove some new inequalities of Hermite—Hadamard type for geometrically mean
convex functions.

Theorem 3.1. Let f : A = [a,b] x [c,d] € R2 — R be a partial differentiable function on A
with a < b, ¢ < d and amay e Li(A). If 81%’ is geometrically mean convex functions on the
co-ordinates on A for g > 1, then
1-1 1
S| < [F(a.b)Fe.d)] ™ [F(Mj(a. a), My(b, ) F (N (e. Nq<d )]
1-1 1
+ [Fla,b)F(d,c)] [F(Mq (b, b)) F (Ny(d, d), Ny(c, c))] /"
1-1/q 1/q (31)
+ [F(b,a)F(c,d)] [F(Mgy(b,b), My(a,a))F(Ny(c,c), Ny(d,d))]
+ [F(b,a)F(d, )] ”q[F(Mq My(a,a))F (Ny(d, d), Ny(c, )]/,
where F(u,v) is defined by (2.1),
e[| F o) || 92 (ud) [ vy — o [| 82, 0) |92 £ (b, 0) [|
My(',u) =u { dxdy ‘ dxdy } o Nylhv) = [ Oxdy ‘ dxdy ] (32)

forr >0.

2 q
Proof. Since ‘6;97;;‘ is geometrically mean convex on coordinates A, using Lemma 2.1 and by

Holder’s integral inequality, we have

1 rl
1S(f)] < / / tha'b' " M
0 Jo

1 1 2
+/ / tha'b! et AN —afayf(atbl_t,cl_AdA) dtdA

1 1 2
+/ / tha'~"btrd N afayf(al—tbf,ckdl—k) dtdA

1 1 82
+/ / tha' o AN f (a0, AN [ dtd A
0 Jo

f(a'v' " rd ) [dtd A

Oxdy

Oxdy
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q[t+A]/4

1-1/q 9
/ / tha bl t)\dl /\dtd)\ / / t)\atbl t )\dl A 8 f(a,C)
0xdy

02 f(a,d) qt+(1-N)]/4 82f( ¢) al(1—t)+A]/4 82f(b d) q[(1—t)+(1-X)]/4
g ‘axay Dy Dy
a2f(a c) q[t+(1-X)]/4

1-1/q
/ / thatb "t AN dtd A / / thatb! "t AN
Oxdy

f( d) qt+X]/4 a2f( C) q[(1=t)+(1-N)]/4 a2f(b d) q[(1-t)+A]/4 11/q
Z S\ ZJA\DT) t
% 0zdy 0zdy 0zdy d dA_
an(a C) q[(1-t)+A]/4

1 1 1-1/q 1,1
+</ / tAa“btcAd“dtdA> U / tha' "ot d
0o Jo o Jo 8x8y

(92f(a d) q[(1=t)+(1=N)]/4 32f(b ¢) qt+A]/4 82f(b d) a[t+(1—N)]/4 11/q
D200 A — dtdA

1,1 1-1/q 1,1
+(/ / tAal‘tbtcl"\dAdtdA> U / tha'"tptet AN
0 0

82f(a d) q[(A-t)+A]/4 éiiig;;),qu+{l_A”/4 ijfél@) qlt+A]/4
dxdy 00y dxdy

1/q
dtdA}

8 f(a, c) [A0—D+HA-NI/4
Oxdy

1/q
dtdA} .

(3.3)

Also by Lemma 2.2, we have
1 1
/ / tha'b' tAd A dtd A = F(a,b)F(c, d) (3.4)

and

aft+A]/4 at+(1-N1)]/4

91 (a,0)
Jdxdy

2*f(b,d) |
dzxdy

0*f(a,d)
0xdy

a[(1=t)+(1-N)])/4

dtd A

//t/\tbl t)\dl)\

f(b ) q[(1-t)+A]/4
0xdy

//t/\ (a, )] M, (b, B)] " [N, (¢, )M [N, (d, )] > d ¢ d A
F(Mgy(a,a), My(b,b))F(Ny(c,c), Ny(d,d)).

By simple computation,
1 1 1 1
/ / tha'b' "t Adr dtd X = F(a,b)F(d, c), / / thar " rd A dtd N = F(b,a)F(c, d),

1 1
/ / tha* =t dr dtd X = F(b,a)F(d,c),
0

jfljf atpl—tel-Agh 02 f(a e)|? qt+(1-N)]/4 folﬂl@) qlt+A]/4 foﬁ@fﬁ,qul_ﬂ+{l_kn/4
’ 0xdy Oy 0x0y
6
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a2f(b d) q[(1—t)+A]/4
x Ta’y dtdX = F(M,(a,a), My(b,b)) F (Ny(d,d), Ny(c,c)),
[ [ paeras| ELa T P oy TERTEEA 2400, T
f(b d) q[t+(1—X)]/4
D20y dtd = F(Mq(b,0), My(a,a)) F(N(c, ), No(d, d))
and
[ [ s AL O 10 ey
o Jo 0x0y 0x0y 0x0y
8% f (b, d) |1/
X T@;y dtd ) = F(Mq(b,b),Mq(a,a))F(Nq(d,d),Nq(c, c)) (3.5)

Substituting equalities (3.4) to (3.5) into the inequality (3.3) and rearranging yield the inequal-
ity (3.1). Theorem 3.1 is proved. O

Corollary 3.1.1. Under the conditions of Theorem 3.1, when g = 1, we have
1S(N) < F(Mi(a,a), My (b, b)) F(Ni(c, ¢), Ni(d,d)) + F(Mi(a,a), My (b, b)) F(Ni(d, d), Ni(c, c))
+ F(M;(b,b), Mi(a,a))F(Ni(c,c), Ni(d,d)) + F (Mi(b,b), My (a,a)) F(N1(d,d), Ni(c, c)),
where F'(u,v) is defined by (2.1), and My(u",u) and Ng(v",v) are defined by (3.2).

Theorem 3.2. Let f : A = [a,b] x [¢c,d] C RZ — R be a partial differentiable function on A

q
with a < b, ¢ < d and % € Li(A). If ‘% is geometrically mean convex functions on the
co-ordinates on A for ¢ > 1 and ¢ > r > 0, then

1S(f)] < F(a(q—r)/(q—l) b(q—r)/(q—l))F(c(q—r)/(q—l)7d(q—r)/(q—l))]l—l/q

F(M,(a",a), My(b", >) (N ("), Ny(d", )]V

+ [F(al9~ ’“>/<q D pla=n/(a=D) pgla—r)/(a=1)  o(a= )/(qﬂ))]l—l/q

X

F(M,(a",a), My(b",b)) F (Ny(d", d), Ny(c", ¢))] "/

+

F(ba=m/a=1) gla=n/a=D)p(pla=m)/(a=1)  gla- )/(q_1))]1fl/q

(
(
‘A T 1
F(M,(b" ), My (a”,a)) F(Ny (¢ ), Ny(d", )]
F(b(q r)/(q D, gla=n)/(a=Dyp(gla=—)/(a=1) (q—r)/(q—l))]l_l/q

X

+

[
[
[
[
[
[
[

x [F(M, My(a”, @) F(Ny(d", d), Ny(c", )] ",
where F'(u,v) is defined by (2.1), and My(u",u) and Ny(v",v) are defined by (3.2).
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Proof. From Lemma 2.1, we have

|<//t)\ab1t)\d1)\

f(atbl_t,c’\dl_’\) dtdA

0z0y

/ / tha'b! e A 5 a f(atbl_t,cl_Ad’\) dtdA
22‘” (3.6)
A 1—tbt )\dl—A 1—tbt )\dl—)\ dtd )
/ / a c 8x3yf(a ,C )
e 97 T—tpt 1= A
tha e TN | —— T e TN [ dtd A
—|—/ / a c 8x3yf(a ,C )
Using Holder’s integral inequality, r afy ! on A and
Lemma 2.2, it is easy to observe that
L ieaea] 92 tpl—t A g1—X
tAa’b et d T | — bh N d ) | dEd A
/0 /0 a c 8x8yf(a ,C )
1 1 1-1/q
< (/ / t)\(atbl—tc/\dl—)\)(q—T)/(q—l)dtd/\)
0o Jo
A]/4 1-)))/4
. /1 /1 gt (=t) A gr(1—3) 82 f(a,c) qlt+A]/ ?f(a,d) qlt+(1=N)]/ .
o Jo 0x0y OxOy (3.7)
2 q[(1=t)+A]/4) 92 q[(1-t)+(1-N)])/4 1/q
L |2210.0 0% (b, )" o
0zdy dxdy
= [F(ale=/ (=1 pla=n)/(a=D) p(cla=n)/(a=1) gla=r)/(a=1)] 1-1/q
T T r T 1/
x [F(My(a",a), My(b", b)) F(Ny(c", ), No(d",d))] .
Similarly, we can show that
/1 /lt)\atbltcl’\d’\ if(atbl’t AN [ded A
0 0 896@3/ ’
< [F(a(qfr)/(qfl) b(qfr)/(qfl))F(d(qfr)/(qfl)’C(qfr)/(qfl))]l’l/q
‘s T 1/
F(My(a",a), My (07 0)) F (N, (" d), Ny(e" )]/,
2
/ / tha' oA d A aaa f(a' =t rd ) [dtd A
— [F(plen)/ (a1 gla=n)/(a 1))F(c(q—r)/(q—1)7d(q—T')/(q—l))]l_l/q
a T T 1/
X [F(My(b",b), My(a”, a)) F(Ny(c", ¢), No(d",d)) ] ",
and . )
0
/ / tha' Tt A Wf(al_tbt7cl_’\d/\) dtd A
o Jo oy
< [F(pla=/@) (e /=D p(gla=/ @) gla=n)/(a=1)y]1=1/a (3.8)

X [F(Mq(bT,b)vMq(ar’a))F(Nq(dr’d),Nq(CT’C))}l/q'
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Using the inequalities (3.7) to (3.8) in the inequality (3.6), we conclude the required inequality.
The proof is completed. O

Corollary 3.2.1. Under the conditions of Theorem 3.2,

1. when r =0, we deduce

1S(f)| < F(aq/(qfl) bq/(qfl))F(ctI/(qfl) dq/(qfl))]l’l/q

x [F(Mq(1,0), My(1,5)) F (N, 1d)]"
+ [F(aq/(q 1) bq/(q 1))F(d‘1/(q 1) ca/(q 1) ]1 1/a
x [F(My(1,0), My(1,0)) F (N, (1,d), Ny(1,))]
+ [F(bq/m 1) aq/(q DYF(ct/ =D dq/(q 1) ]1 a
X [F(M,(1,6), M,(1, @) F (N, (1,¢), Ny(1.d >>]“"
T [F(bq/(‘? 1) aq/(q D)F(de/ (=D Cq/(q DN
x [F(M,(1,b), My(1,a)) F(Ny(1,d), N, (1,c))]1/q

2. when r = q, we have

1-1/q
SO (3) {IPOMa 0. 3,0, 0) P (V00 Nyt )]

[7( M, (b9, b)) F(N,y(d?, d), Ny(c?, )]/
B M, (a%,a)) F(Ny(c?, ¢), Ny(d?, d))] "/
[F( My(a?, ) F(Ny(d?, ), Ny(e?, )]/},

where F'(u,v) is defined by (2.1), and My(u",u) and Ng(v",v) are defined by (3.2).
Proof. This follows from letting 7 = 0 and r = ¢ respectively in Theorem 3.2. O

Theorem 3.3. Let f: A = [a,b] X [¢,d] CR2 — Ry be integrable on A with a < b, c < d. If f is
geometrically mean conver on A, then

I ()1 (5 (2.9) £ (2, 5]
(\/> f) (Inb—Ina)(Ind —Inc) // dzdy

Ty

1/4

< [f(a,0)f(a,d)f(b,c)f(b,d)]

Proof. Taking x = a'b'~* and y = A"~ for 0 < t,A < 1 and using the geometrically mean
convexity of f, we have

(\/7 \/7 / / bl t 1/2[ lftbt]l/Q, [C)\dlf)\]l/2[clf)\d)\]l/2) dtd )\
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1 1 1/4
S / / f(atblft, C)\dlf)\)f(atblft’ Cl*)\d)\)f(alftbaC)\dlfk)f(alftbt’ Cl*)\d)\)i| / dtd )
0

cd

! )5 1) (2, 20)]
" (Inb—Ina)(Ind — lnc// dzdy

Ty
and
1 pt
/ / atb' =t A A)f(atblft,leAd)\)f(alftbt’C)\dlf)\)f(alftbt’clf)\d)\)]1/4 dtd
0o Jo
- 1 /1 t+)\ (a,d)]t+(1_’\) [f(b7 C)](l—t)+)\[f(b7 d)](l—t)+(1—/\)
o Jo
x [f(a, )]t“[f(a»C)]“(l V1B, d)) T TIFALf (b, ) TOHOY
x [ (b, N, DTV [f(a, )] T f(a, d)) TOFEY
L0, N[ f(a, )] I f (0, ¢)) IO
/ / (a,¢) fa,d) f(b,e) f(b,d)] " dtd A = [f(a,¢)f(a,d) f(b,¢) F (b, d)] /.
The proof of Theorem 3.3 is complete. O

Theorem 3.4. Let f: A = [a,b] x [¢,d] CR2 — Ry be integrable on A with a < b, c < d. If f is
geometrically mean conver on A, then

1 b f(a,y)
(lnb—lna)(lndflnc)/c /a xy dzdy
< L([f(a,c) f(a,d)]'*, [f(b,c) £ (b, d)]"*) L([f (a, c) £ (b, c)]'/*, [f (a,d) £ (b, d)]/*),

where L(u,v) is the logarithmic mean.

Proof. Putting x = a'b'~?

of f, we obtain

flz,y) // tpl—t A1)
(Inb—1na) lnd lnc// d dy = @b, cnd )dtd)\

<[/ {[f(a,c)}tH[f(md)]H(l_A)[f(b’C)](l_t)“[f(b,d)](l‘“*(l‘”}wdtd/\
0 0
=1L

([f(a,c) f(a, )], [f (b, e) £ (b, )V ) L([f (a, €) £ (b, )]/, [f (a,d) £ (b, d)]/*).
The proof of Theorem 3.4 is complete. O

and y = c*d' = for 0 < t, A < 1, from the geometrically mean convexity

Theorem 3.5. Let f: A = [a,b] x [c,d] CR3 — Ry be integrable on A with a < b, ¢ <d. If f is
co-ordinated geometrically mean convex on A, then

1 d b
(hlb—lna,)(lnd_]nc)/c /a flz,y)daedy
< L(alf(a,c) f(a, d)]"/4 BLF(b, ) £ (b, d)] /Y L(c[f(as €) £(b, )/, dIf (a, d) £ (b, d)] /),

where L(u,v) is the logarithmic mean.
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Proof. Similar to the proof of Theorem 3.4, by the geometrically mean convexity of f, we drive

1 d b 1 1 - - - B
(lnb—lna)(lnd—lnc)/ / f(l“al/)dxdyZ/ / alb' AT (0t AN ded A
c Ja o Jo

< / | / WD (7, )P o, OV [0, 0) O 16, 009 g
0 JO

= L(alf(a,c)f(a,d)]** b[f(b,c) (b, d)]"/*) L(c[f(a,c) f(b,c)]"/*, d[f(a,d) £ (b, d)]"/*).

The proof of Theorem 3.5 is complete. O
We proceed similarly as in the proof of Theorem 3.3 to Theorem 3.5, we can get

Theorem 3.6. Let f, g: A =[a,b] x [c,d] CRE — Ry be integrable on A witha <b, c <d. If f
and g are co-ordinated geometrically mean convex on /A, then

1
f(Vab,Ved)g(Vab,Ved) < (nb—Ina)(Ind—1Inc)

x/d/b [£@.p)g(@.p)f (e 5 g (e, ) F(2y)g (L,9) F (2, 5)g (22, <]
c Ja Ty
< [f(a,c)g(a,c) f(a, d)g(a, d) £ (b, )g(b, ) £ (b, d)g (b, d)]

Theorem 3.7. Under the conditions of Theorem 3.6, we have

: T f (i y)g(a,y)
(lnb—lna)(lnd—lnc)/C /a wady

< L([f(a, c)g(a, c) f(a,d)g(a, d)]"/*, [f(b,c)g(b, c) f(b,d)g(b,d)]"/*)
x L([f(a,c)g(a,c) f (b, c)g(b, e)]'/*, [f(a,d)g(a, d) f (b, d)g(b,d)]"/*)

dxdy

1/4

and

1 d b
(lnb—lna)(lndflnc)/c /a flx,y)g(z,y)dady

< L(a[f(a,c)g(a,c) f(a,d)g(a, d)]/*,b[f (b, c)g(b, c) f (b, d)g(b, d)]*/*)
x L(c[f(a,c)g(a,c) f (b, c)g(b, c)]/*, d[f (a,d)g(a, d) £ (b, d)g(b,d)]'/*).
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ABSTRACT. In this paper, we consider the generalized Hyers-Ulam stability

for the following quadratic functional equation.
flaz +by) + f(az — by) + Gy (x,y) = 2a*f(z) + 26° f(y)

Here G is a functional operator of f. We consider some sufficient conditions
on Gy which can be applied easily for the generalized Hyers-Ulam stability,

and illustrate some new functional equations by using them.

1. INTRODUCTION

In 1940, Ulam proposed the following stability problem (See [17]):

“Let GG be a group and G5 a metric group with the metric d. Given a constant
6 > 0, does there exist a constant ¢ > 0 such that if a mapping f : G; —
G4 satisfies d(f(zy), f(x)f(y)) < c for all z,y € G, then there exists a unique
homomorphism h : G; — G2 with d(f(x), h(z)) < for all x € G177

*Corresponding author.
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In 1941, Hyers [7] answered this problem under the assumption that the groups are
Banach spaces. Aoki [1] and Rassias [13] generalized the result of Hyers. Th. M.
Rassias [13] solved the generalized Hyers-Ulam stability of the functional inequality

1f(z+y) — f(2) = FWIl < ellll” + lyll”)

for some € > 0 and p with p < 1 and for all z,y € X, where f: X — Y is a
function between Banach spaces. The paper of Rassias [13] has provided a lot of
influence in the development of what we call the generalized Hyers-Ulam stability
or Hyers-Ulam-Rassias stability of functional equations. A generalization of the
Rassias’ theorem was obtained by Gavruta [5] by replacing the unbounded Cauchy
difference by a general control function in the spirit of Rassias’ approach.

The functional equation

(1.1) fle+y) + fl@e—y) =2f(z) +2f(y)

is called @ quadratic functional equation and a solution of a quadratic functional
equation is called quadratic. A generalized Hyers-Ulam stability problem for the
quadratic functional equation was proved by Skof [16] for mappings f: X — Y,
where X is a normed space and Y is a Banach space. Cholewa [2] noticed that
the theorem of Skof is still true if the relevant domain X is replaced by an Abelian
group. Czerwik [3] proved the generalized Hyers-Ulam stability for the quadratic
functional equation and Park [12] proved the generalized Hyers-Ulam stability of
the quadratic functional eqution in Banach modules over a C*-algebra.

Rassias [14] investigated the following Euler-Lagrange functional equation

flaz +by) + f(br — ay) = 2(a® + b*)[f(x) + f(y)]

and Gordji and Khodaei [6] investigated other Euler-Lagrange functional equations

» flaw+by) + flaw—by) = " 0y
1.2
D) o y) 4 (20% — ab— 1)1 (@) + (2 — ) ()

for fixed integers a,b with b # a, —a, —3a and

(1.3) flaz 4 by) + flax — by) = 2a®f(x) + 2b% f(y)
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for fixed integers a, b with a? # b% and ab # 0.
In this paper, we are interested in what kind of terms can be added to the

quadratic functional equation

flaz +by) + flax — by) = 2a* f () + 2 f (1)

while the generalized Hyers-Ulam stability still holds for the new functional equa-
tion.

We denote the added term by Gj(z,y) which can be regarded as a functional
operator depending on the variables x, y, and function f. Then the new functional

equation can be written as

flaz +by) + flax —by) + Gy(z,y) = 2a° f(x) + 2b° f (y)

for some rational numbers a, b with ab # 0 and a® # b%. The precise definition of G
is given in section 2. In fact, the functional operator G¢(x,y) was introduced and
considered in the case of the additive functional equations with somewhat different
point of view by the authors([11]).

The new observation in this article makes possible to prove many previous prob-
lems on quadratic functional equations more easily and provides methods to con-
struct new ones. So we can have a larger class of functional equations related with
quadratic functions for the generalized Hyers-Ulam stability. We illustrate some
new functional equations in section 3 in order to see how our observation works for

the generalized Hyers-Ulam stability.

2. QUADRATIC FUNCTIONAL EQUATIONS WITH GENERAL TERMS
Let X be a real normed linear space and Y a real Banach space. For given [ € N
and any 7 € {1,2,-- -, 1}, let 0; : X x X — X be a binary operation such that
g (TSL‘, Ty) =To; (LU, y)

for all z,y € X and all r € R. It is clear that ¢;(0,0) = 0.
Also let F: Y! — Y be a linear, continuous function. For a map f: X — Y,

define

Gylz,y) = F(f(or1(z,y)), flo2(z,)), - - -, fou(,9))).
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Here, G is a functional operator on the function space {f|f : X — Y'}. In this
paper, for an appropriate function ¢ : X? — [0,00), we consider the functional

inequalty

2.1)  |f(ax +by) + flax —by) + Gy(z,y) — 2a* f(x) — 26° f (y)|| < ¢(x,y)

for fixed non-zero rational numbers a, b with a? # b?, where the functional operator

Gy satisfies

(2.2) Gy(x,0) = A[f(ax) —a®f(x)]
for some A(\ # —2). Here, = means that G¢(x,0) = A[f(az) — a®f(z)] holds for
allze X andall f: X — Y.

In fact, as we shall see in Theorem 2.2, for a function f with f(0) = 0 satisfying
the equation

(2.3) flaz + by) + fax — by) + Gy (x,y) = 2a* f(x) + 2b* f(y),

[ is quadratic if and only if G¢(x,0) = A[f(az) — a®f(x)] and G¢(z,y) = G¢(y,z).
So the condition (2.2) is reasonable for the stability problem of (2.1). From now
on, we assume that the functional operator G satisfies the condition (2.2) unless

otherwise stated. We deonte

Hy(z,y) = f(x +y) + flx —y) = 2f () = 2f(y).
The following lemma is proved in the authors’ previous paper [10].
Lemma 2.1. [10] Consider the following functional equation.
(2.4) flaz + by) + fax — by) + cH(x,y) = 2a* f(x) + 2% f(y)

for fized non-zero rational numbers a,b with a®> # b*> and a real number c. Then if

f: X —Y satisfies (2.4) and f(0) =0, f is quadratic.

By using Lemma 2.1, we can examine the properties of a solution function of the

equation (2.3).

Theorem 2.2. Suppose the equation (2.3) holds. Then the following coditions are
equivalent :
(1) f is quadratic.
(2) Gy(z,y) = Gyy,x) for all z,y € X, and f(0) =0
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(3) There are non-zero rational numbers m,n,§ such that a®>m? # b*n? and
(2.5) Gy(mz,ny) = Hs(z,y), f(mz)=m>f(z), f(nz) =n>f(x)

forallz,y e X.

Proof. We prove the theorem by showing (1) = (2) = (3) = (1)

(1) = (2) Since f is quadratic, f(0) = 0 and Gs(z,y) = 0 for all 2,y € X. So
Gy(z,y) satisfies (2) with A =0 in (2.2).

(2) = (3) Putting y = 0 in (2.3) and by (2.2), we have

(2.6) 2+ N)[f(az) = a®f(2)] =0

for all z € X and since f(0) = 0, Gy¢(x,0) = 2 (a*f(z) — f(ax)) = 0. From the
condition Gy(z,0) = G;(0,z), we have

F(bx) + f(=bx) = 20° f(x)

for all z € X and so we have

(2.7) V() = B f(~a)

for all x € X. Since b # 0, by (2.7), f is even and hence f(bz) = b%f(x) for all
x € X. Thus (2.3) becomes

Hy(ax,by) + Gy (z,y) =0,
and from the condition Gy(z,y) = G¢(y,x) we have
(2.8) Gyla,y) = —Hy(ay, bx)
for all z,y € X. Replacing = and y by ax and by respectively in (2.8), we have
Gylaz,by) = —H(aby, abx)
= —a’b*H;(y,z)

= —a2b2Hf (z,v)
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for all z,y € X. The last equality comes from the fact that f is even. Note that

a* # b*. So we have (3) with m = a, n =10, § = —a?b%.
(3) = (1) By (2.3) and (3),

0Hf(x,y) — G y(maz,ny)
= §H(z,y) + f(amz + bny) + flamz — bny) — 24> f(mzx) — 2b* f(ny)
= 6H(x,y) + f(amz + bny) + f(amz — bny) — 2a®m? f(z) — 2b°n* f(y)
—0
for all z,y € X. Since a®m? # bv*n?, by Lemma 2.1, f is quadratic. O

Now we prove the following stability theorem.
Theorem 2.3. Let ¢ : X? — [0,00) be a function such that
(2.9) Z a”?"¢(a™z,a™y) < oo
n=0

forallz,y € X. Assume that G¢(z,y) satisfies one of the conditions in Thorem 2.2
when the equation (2.3) holds, and let f: X — Y be a mapping such that

(2.10)  |[f(az +by) + flax — by) + Gy(z,y) — 2a* () — 20° f(y)|| < d(x,y)

for all x,y € X. Then there exists a unique quadratic mapping Q : X — Y such

that
(2.11) 106) = 1(@) = O £ iy 0™ ota"z,0)
forallz e X.

Proof. By the standard argument, we may assume that f(0) = 0.
Setting y = 0 in (2.10), we have

If(az) + 27 G ¢(x,0) — a®f(z)|| <27 ¢(x,0)

for all x € X and by (2.2), we have
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a
A+ 2]

(2.12) If (@) = a™f(az)|| < ~2¢(x,0)

for all z € X. Replacing x by a™z in (2.12) and dividing (2.12) by a*", we have

1
Ha—an(a”x) — a—2(n+1)f(an+1q;)|| < ma—2(n+1)¢(anx, 0)

for all z € X and all non-negative integer n. For m,n € NU {0} with 0 <m < n,

la=>" (™) — a=>" f(a")|
o.13) = a7 (™) — a2 (" 0" ))|
1

<
~IA+2]

n—1
Z a_2(k+1)¢(akx, 0)
k=m

for all z € X. By (2.13), {a=?"f(a"x)} is a Cauchy sequence in Y and since Y is

a Banach space, there exists a mapping @) : X — Y such that

Q(z) = lim a?"f(a"x)

n——o0

for all z € X and

1 = —2(n n
1Q(z) = f(z)]| < niol nzzoa 2 g(a”z, 0)

for all z € X. Replacing z and y by a™x and a™y respectively in (2.10) and dividing
(2.10) by a®*, we have

la™2" f(a" (az + by)) + =" f(a" (az = by)) + a~*"G s(a"z,a"y)
_9. a2 A a_Q"f(a”x) —9. b2 -CL_an(a"y>|| < a—2n¢(anx’any)

for all z,y € X and letting n — oo in the above inequality, we have

Q(az + by) + Q(azx — by)

+ lim a ?"Gj(a"x,a"y) — 2a*°Q(z) — 26°Q(y) =0

n—o0

(2.14)

for all x,y € X. Since F' is continuous, we have
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lim a ?"Gy(a"x,a"y)

= lim F(a™"f(a"01(,y)), a™*"f(a"02(2,y)), -+, a*" f(a"0u(2,y)))
= F(Q(o1(z,y)), Qoa(z,y)), -, Qoi(x,y)))
= Gq(z,y)

for all z,y € X. Hence by (2.14), we have

(215)  Qaz +by) + Qlaz — by) + Gole.y) = 20°Q(x) + 26°Q(y)

for all z,y € X. Since @ satisfies (2.3), @ is quadratic by Theorem 2.2.
Now, we show the uniqueness of ). Suppose that @)y is a quadratic mapping

with (2.11). Then we have

1Q@) ~ Qo(@)]
= a”*"|Q(a"x) — Qo(a*a)]
<o 3 a2 g(ana,0)

n==k

for all x € X. Hence, letting kK — oo in the above inequality, we have

Q(x) = Qo(x)
for all z € X. O

Theorem 2.4. Assume that Gy satisfies all of the conditions in Theorem 2.3. Let
¢ : X% — [0,00) be a function such that

Z a®"p(a~ Ty) < oo
forallxz,y € X. Let f : X — Y be a mapping such that
1f(az +by) + f(ax = by) + Gy (z,y) — 2a* f(x) = 26> f(y)|| < d(=,y)

for all x,y € X. Then there exists a unique quadratic mapping @ : X — Y such
that

Q) — f(x) = f(0) S

i 2(n+1 ,O)
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forallx € X.

As examples of ¢(z,y) in Theorem 2.3 and Theorem 2.4, we can take ¢(z,y) =
e(||lz||Ply|IP + |z]|?” + ||ly||?P) which is appeared in [11]. Then we can formulate the

following corollary

Corollary 2.5. Assume that all of the conditions in Theorem 2.3 are satisfied.
Let p be a real number with p # 1. Let f: X — Y be a mapping such that

I f(az + by) + f(ax — by) — 2a° f(x) — 26° f(y) + Gy (z,y)||
< e(lzlPllyll? + |=]1* + [|=]|*?)

for fized non-zero rational numbers a,b with a®> # b, a fized positive real number e,

and all x,y € X. Then there exists a unique quadratic mapping Q : X — Y such

that
ez
- - <
Q) ~ 1) = 1O £ gt =y
(p<1and la|>1, or p>1 and |a| <1)
and
e
— f(z) = f0)] <
Q@) - 1) - O < P
(p>1and la] >1, or p<1 and |a| <1)
forallx € X.

3. APPLICATIONS

In this section we illustrate how the theorems in section 2 work well for the
generalized Hyers-Ulam stability of various quadratic functional equations. By
applying the results in this article, we can construct many concrete members in our
calss of functional equations easily.

First, we consider the following functional equation related with Theorem 2.3.

flaz +by) + flax —by) + f(z +y) + f(z —y)

+fly—2) = f(=2) = f(=y) = 2(a® + 1) f(z) +2(6* + 1) f(y)

(3.1)

for fixed non-zero rational numbers a, b with a? # b2.
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Using Theorem 2.3, we can prove the stability for (3.1).

Theorem 3.1. Let ¢ : X? — [0,00) be a function with (2.9) and f: X — Y a
mapping such that

| f(ax +by) + flaz —by) + f(z +y) + f(x —y) + fly — z)

— f(=2) = f(=y) = 2(a® + 1) f(z) = 206> + 1) f ()| < d(2, ).

(3.2)

for fized non-zero rational numbers a,b with a®> # b%, and all x,yy € X. Then there

exists a unique quadratic mapping Q : X — Y such that Q satisfies (3.1) and

o0

(3.3) Q) ~ () = FO)] < 5 3 ™" p(a"r, 0)

n=0

forallx € X.

Proof. n this case, Gy(x,y) = f(z +y) + f(x —y) + fly —2) — f(=2) = f(=y) -
2f(x) —2f(y). So G¢(x,0) = 0. Hence Gy and f satisfies all the conditions in
Theorem 2.3. and the functional inequality (3.2) can be rewritten as the functional

inequality

1f(az + by) + f(ax = by) + Gy(z,y) — 2a* f(x) = 26 f(y)|| < b(,y).
By Theorem 2.3, we get the result. O

When the equation (2.3) holds, Gy(z,y) can be represented as different forms.
In some cases, these forms together help us to analyze a solution. Especially the
following case happens often in some interesting equations. We will give an example

later.

Lemma 3.2. Suppose when the equation (2.3) with a® # b* holds, Gy(z,y) can be

represented as both of the followings.

(3.4) Gr(0,y) = k[f(y) — f(=v)]

(3.5) Gy(x,by) = ki1 Hy(x,y)
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for all z,y € X and a fized positive real number k with k # b2, and a fized real
number ki.

Then G satisfies the condition (8) in Theorem 2.2.
Proof. Suppose that (2.3) holds. Then we have
Gr(0,y) = G(0,—y) = 20?[f(y) — f(~)]
for all y € X. Also by (3.4), we have
G1(0,9) — G50, ~y) = 2K[f (5) — F(~)]

Since k # b%, f is even and so f(bxr) = b2f(z). By (3.5) and a? # b*, we get the
result with m =1, n = b, and ky = 0. O

Note that Lemma 3.2 is still valid if we does not impose the condition (2.2) on

Gy. By Lemma 3.2 and Theorem 2.3, we can formulate the following proposition.

Proposition 3.3. Let ¢ be a function in Theorem 2.2 and suppose that G¢(x,y)
satisfies the condition in Lemma 3.2 when the equation (2.3) holds. Then there

exists a unique quadratic mapping QQ : X — Y such that

1Q(z) = f(z) = F(0)]| <

1 & ot
E a” =" He(a"x,0)
A+2] =

forallx € X.

Now, we consider the following functional equation related with Proposition 3.3.

flaz 4+ by) + flax —by) — f(bx +y) — f(bx —y) + 2f(bx)

=2af(z) +2(0* — 1) f(y)

(3.6)

for fixed non-zero rational numbers a, b with a? # b? and a? # b*.

Theorem 3.4. Let ¢ : X? — [0,00) be a function such that

Za_2"¢((a"x,a”y) < 00

n=0

forallx,y € X. Let f: X — Y be a mapping such that
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1f(ax +by) + f(ax — by) — f(bx +y) — f(bx —y)
+2f(bx) = 2a*f(2) = 200° = D W) < &z, y).

Then there exists a unique quadratic mapping Q : X — Y such that Q satisfies
(3.6) and

Q) ~ () ~ FO)] < 3 3 ™" p(a™r, 0)

n=0
forallx € X.

Proof. 1t is enough to show with the condition f(0) = 0. In this case, G¢(z,y) =
—flbx +y) — f(bx —y) + 2f(bx) + 2f(y). First we can check Gf(x,0) = 0 as a
functional operator. Now suppose that f satisfies (3.6). Then G;(0,y) = f(y) —
f(—y) for all y € X and hence f(by) = b*f(y). So Gy(z,by) = —b*H(x,y). Since

all the conditions in Proposition 3.3 are satisfied, we have the result. (]
Similar to Proposition 3.3, we have the following proposition :

Proposition 3.5. Suppose that f(0) =0 and Gs(z,y) satisfies

(3-8) Gylax,y) = kaHy(z,y)

for all x,y € X and a fized real number ko when the equation (2.3) holds. Let
¢ be a function in Theorem 2.3. Then there exists a unique quadratic mapping

Q: X — Y such that

1Q(z) = f(z) = F(0)]| < |/\+2‘ Z 2 g0, 0)

forallx € X.

Finally, we consider the following functional equation related with Proposition
3.5.
(39  2f(2x+y)+ f(2r—y)+ f(z - 2y) = 13f(z) + 6/ (y) + f(—v)

for all z,y € X.
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Theorem 3.6. Let ¢ : X? — [0,00) be a function such that

o0
Z a”*"¢(a"x,a™y) < 0o

n=0

forallz,y e X. Let f: X — Y be a mapping such that

12f (22 +y) + f(22 —y) + f(z — 2y) — 13f(x) — 6f(y) — (—v)l

< ¢(z,y)

(3.10)

for all x,y € X. Then there exists a unique quadratic mapping Q : X — Y such
that Q satisfies (3.6) and

o0

Q) ~ f(x) = FO)] < 5 3~ a " (e, 0)

n=0

forallx € X.

Proof. In this case Gy(x,y) = f(2x +y) + f(z — 2y) — 5f(z) — 4f(y) — f(—y), so
Gyf(x,0) = f(2z) — 4f(z) under the condition f(0) = 0. Now suppose f satisfies
(3.9). Since G;(0,y) = 3[f(—y) — f(y)] for all y € X, by the argument in Lemma

3.2, f is even. Aso, the functional equation (3.9) implies
(3.11) f@x+y)+ f2x —y) + Ge(x,y) = 8f(x) + 2f(y),

where Gy(z,y) = 5 f(z +2y) + 5f(x — 2y) — §f(z) — 5f(v) — 5 (~v).
Since f is even, we have G¢(2z,y) = %Hf(x,y) for all z,y € X. By (3.10), we

have
1f(2z +y) + f(22 —y) + Gya,y) — 8f(x) — 2f(y)||
(3.12) 1
for all x,y € X and so by Proposition 3.5, we have the result. ([l
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A FIXED POINT APPROACH TO THE STABILITY OF EULER-LAGRANGE
SEXTIC (a,b)-FUNCTIONAL EQUATIONS IN ARCHIMEDEAN AND
NON-ARCHIMEDEAN BANACH SPACES

MOHAMMAD BAGHER GHAEMI, MEHDI CHOUBIN, REZA SAADATI, CHOONKIL PARK AND DONG YUN
SHIN

ABSTRACT. In this paper, we present a fixed point method to prove the Hyers-Ulam stability of the
system of Euler-Lagrange quadratic-quartic functional equations
flazy +baa,y) + f(bes + aza,y) + abf (21 — 72,)
= (a® + b)) [f(z1,y) + f(x2,9)] + dabf (PF2,y),
f(x ays +byz) + f(x, by + ayz) + Fab(a — b)*f(z,y1 — y2)
= (a® = *)?[f(z,y1) + f(x,y2)] + 8abf (z, L5¥2)

for all numbers a and b with a +b ¢ {0,£1}, ab+ 2 # 2(a + b)? and ab(a — b)? + 4 # 4(a + b)*
in Archimedean and non-Archimedean Banach spaces and we show that the approximation in non-

(0.1)

Archimedean Banach spaces is better than the approximation in (Archimedean) Banach spaces.

1. Introduction

The stability problem of functional equations started with the following question concerning sta-
bility of group homomorphisms proposed by Ulam [69] during a talk before a Mathematical Col-
loquium at the University of Wisconsin. In 1941, Hyers [32] gave a first affirmative answer to
the question of Ulam for Banach spaces. Hyers’ Theorem was generalized by Aoki [3] for additive
mappings and by Rassias [61] for linear mappings by considering an unbounded Cauchy differ-
ence, respectively. In 1994, a generalization of the Rassias theorem was obtained by Géavruta [28]
by replacing the unbounded Cauchy difference by a general control function in the spirit of Ras-
sias’ approach. For more details about the results concerning such problems, the reader refer to
(2, 5, 8, 11, 14, 15, 24, 27, 29, 33, 34, 35, 36, 40, 41, 42, 44], [52]-[67] and [71, 72, 73].

The functional equation

flaty)+ flz—y) =2f(x) +2f(y) (1.1)
is related to a symmetric bi-additive mapping [1, 43]. It is natural that this equation is called a
quadratic functional equation. In particular, every solution of the quadratic equation (1.1) is called
a quadratic mapping. The Hyers-Ulam stability problem for the quadratic functional equation was
solved by Skof [68]. In [14], Czerwik proved the Hyers-Ulam stability of the equation (1.1). Eshaghi
Gordji and Khodaei [25] obtained the general solution and the Hyers-Ulam stability of the following
quadratic functional equation: for all a,b € Z\{0} with a # £1,+b,

flaz + by) + flax — by) = 2a>f(z) + 26> f (y). (1.2)

2010 Mathematics Subject Classification. 39B82, 46510, 47H10.

Key words and phrases. Hyers-Ulam stability, Euler-Lagrange functional equation, fixed point, non-Archimedean
space.
Corresponding author: Dong Yun Shin.

170 GHAEMI et al 170-181



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

M. B. GHAEMI, M. CHOUBIN, R. SADATI, C. PARK, D. SHIN

Jun and Kim [38] introduced the following cubic functional equation:

fRr+y)+ f(2x —y) =2f(z +y) +2f(z —y) + 12f(z) (1.3)

and they established the general solution and the Hyers-Ulam stability for the functional equation
(1.3). Jun et al. [39] investigated the solution and the Hyers-Ulam stability for the cubic functional
equation
flaz +by) + f(ax —by) = ab®(f(z +y) + f(z — y)) + 2a(a® = b*) f (@), (1.4)
where a,b € Z\{0} with a # £1,+b. For other cubic functional equations, see [50].
Lee et. al. [48] considered the following functional equation:

fRr+y)+ f(2z —y) =4f(x +y) +4f(x —y) +24f(x) - 6f(y) (1.5)

In fact, they proved that a mapping f between two real vector spaces X and Y is a solution of the
equation (1.5) if and only if there exists a unique symmetric bi-quadratic mapping Bs : X x X — Y
such that f(z) = Ba(z,x) for all z € X. The bi-quadratic mapping B is given by

Bo(a,y) = 15(f(x +9) + flw — ) — 2f(x) — 2f())

Obviously, the function f(z) = cz* satisfies the functional equation (1.5), which is called the
quartic functional equation. For other quartic functional equations, see [13].

Ebadian et al. [16] proved the Hyers-Ulam stability of the following systems of the additive-quartic
functional equation:

flz1 +x2,y) = f(z1,9) + f(22,9),
f(x,2y1 +y2) + f(2,2y1 — 12) (1.6)
=4f(x,y1 +y2) +4f(x,y1 —y2) +24f(x,y1) — 6f(x,y2)

and the quadratic-cubic functional equation:

f(@,2y1 +y2) + f(2, 291 — y2)
=2f(z,y1 +y2) + 2f (2,41 — y2) + 12f(z, 1), (L.7)
f@, g +y2) + @,y —y2) = 2f(z,91) + 2f (2, y2).
For more details about the results concerning mixed type functional equations, the readers refer

to [18, 20, 21] and [23].

Recently, Ghaemi et. al. [30] and Cho et. al. [10] investigated the the stability of the following
systems of the quadratic-cubic functional equation:

f(aJIl + b$27y) + f(CLZEl - bx27y) = 2(12f($17y) + 2b2f($2,y)7
f(z,ay1 + bya) + f(z,ay1 — bya) (1.8)
= ab?(f(x, 1 +vy2) + f(z, 01 — y2)) + 2a(a® — b2) f(z, 1)

and the additive-quadratic-cubic functional equation:

flaxy + bxo,y, 2) + faxy — bxe,y, 2) = 2af(x1,y, 2),
f(x,ayr +byz, 2) + f(z,ay1 — byz, 2) = 20° f (z,y1, 2) + 20° f (92, 2),
f(z,y,az1 + bze) + f(z,y,az — bza)
= ab?(f(z,y, 21 + 22) + fl2, 9,21 — 22)) + 2a(a® — b2) f(x,y, 21)
171 GHAEMI et al 170-181
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in PN-spaces and PM-spaces, where a,b € Z\{0} with a # +1,+b. The function f : R x R — R
given by f(x,y) = cz?y® is a solution of the system (1.8). In particular, letting y = z, we get a
quintic function g : R — R in one variable given by g(z) := f(x,z) = ca®.

In this paper, we present a fixed point method to prove the Hyers-Ulam stability of the following

system of the Euler-Lagrange quadratic-quartic (a, b)-functional equation:

flaxy + bxa,y) + f(bx1 + axa,y) + abf(x1 — z2,y)
= (a® + 0*)[f(21,y) + fla2,y)] + 4abf (572, y),
f(z,ayr + bya) + f(z,byr + aya) + Sab(a — b)2 f(z, y1 — y2)
= (a® = 0*)?[f(x,y1) + f(@,y2)] + Babf (z, 15*2)
for all numbers a and b with a + b ¢ {0, +1}, ab+ 2 # 2(a + b)? and ab(a — b)? +4 # 4(a + b)* in
Archimedean and non-Archimedean Banach spaces. For details about the results concerning such
problems in non-Archimedean normed spaces, the reader refer to [9, 12, 17, 20, 26, 37, 46, 47, 55, 72].

It is easy to see that the function f : R x R — R defined by f(x,y) = cx®y* is a solution of the

system (1.10). In particular, letting = = y, we get a sextic function h : R — R in one variable given
by h(z) := f(z,x) = cab.

The proof of the following propositions is evident.

(1.10)

Proposition 1.1. Let X and Y be real linear spaces. If a mapping f : X x X — Y satisfies the
system (1.10), then f(\x, py) = N2p*f(x,y) for all x,y € X and rational numbers \, ju.

In this paper, we investigate the Hyers-Ulam stability of a sextic mapping from linear spaces into
Archimedean and non-Archimedean Banach spaces. Hensel [31] has introduced a normed space which
does not have the Archimedean property. During the last three decades theory of non-Archimedean
spaces has gained the interest of physicists for their research in particular in problems coming from
quantum physics, p—adic strings and superstrings [45]. Although many results in the classical normed
space theory have a non—Archimedean counterpart, their proofs are different and require a rather
new kind of intuition [4, 22, 51, 54, 70]. One may note that |n| < 1 in each valuation field, every
triangle is isosceles and there may be no unit vector in a non-Archimedean normed space; cf. [51].
These facts show that the non-Archimedean framework is of special interest.

Definition 1.2. Let K be a field. A valuation mapping on K is a function |- | : K — R such that
for any a,b € K we have
(i) |a| > 0 and equality holds if and only if a = 0,
(ii) |abl = [al|b],
(iii) |a+b| < |a| + |b].

A field endowed with a valuation mapping will be called a valued field. If the condition (éii) in
the definition of a valuation mapping is replaced with

(iii)" a + b| < max{|al, |b[}
then the valuation |-| is said to be non-Archimedean. The condition (i)’ is called the strict triangle
inequality. By (i), we have |1| = | —1| = 1. Thus, by induction, it follows from (ii7)" that |n| < 1 for
each integer n. We always assume in addition that |-| is non trivial, i.e., that there is an ag € K such
that |ag| & {0,1}.The most important examples of non-Archimedean spaces are p-adic numbers.
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Example 1.3. Let p be a prime number. For any non-zero rational number a = p”"“* such that m
and n are coprime to the prime number p, define the p-adic absolute value |a|, = p~". Then |- | is
a non-Archimedean norm on Q. The completion of Q with respect to |- | is denoted by Q, and is
called the p-adic number field.

Definition 1.4. Let X be a linear space over a scalar field K with a non-Archimedean non-trivial
valuation | - |. A function || - || : X — R is a non-Archimedean norm (valuation) if it satisfies the
following conditions:
(NA1) ||z|| = 0 if and only if z = 0;
(NA2) ||rz|| = |r|||z|| for all r € K and x € X;
(N A3) the strong triangle inequality (ultrametric); namely,

o +yll <max{|[z], lyll}  (2,y € X).

Then (X, || - ) is called a non-Archimedean normed space.

Definition 1.5. (7) Let {z,,} be a sequence in a non-Archimedean normed space X. Then the
sequence {x,} is called Cauchy if for a given € > 0 there is a positive integer N such that

|xn — xm|| < e

for all n,m > N.

(ii) Let {x,} be a sequence in a non-Archimedean normed space X. Then the sequence {z,} is
called convergent if for a given € > 0 there are a positive integer N and an z € X such that

|on — 2| <e

for all n > N. Then we call x € X a limit of the sequence {z,}, and denote by lim,, o T, =
x.

(131) If every Cauchy sequence in X converges, then the non-Archimedean normed space X is
called a non-Archimedean Banach space.

In 2003, Radu [60] proposed a new method for obtaining the existence of exact solutions and error

estimations, based on the fixed point alternative (see also [6, 7]). Our aim is based on the following
fixed point approach:
Let (X,d) be a generalized metric space. An operator T : X — X satisfies a Lipschitz condition
with Lipschitz constant L if there exists a constant L > 0 such that d(Tz,Ty) < Ld(x,y) for all
x,y € X. If the Lipschitz constant L is less than 1, then the operator T is called a strictly contractive
operator. Note that the distinction between the generalized metric and the usual metric is that the
range of the former is permitted to include the infinity. We recall the following theorem by Margolis
and Diaz.

Theorem 1.6. ([49, 60]) Suppose that we are given a complete generalized metric space (§2,d) and
a strictly contractive mapping T : Q — € with Lipschitz constant L. Then for each given x € Q,
either

d(T™z, T™z) = 00 for all m >0,
or there exists a natural number mqg such that

o d(T™z, T z) < o0 for all m > my;

173 GHAEMI et al 170-181



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 21, NO.1, 2016, COPYRIGHT 2016 EUDOXUS PRESS, LLC

STABILITY OF EULER-LAGRANGE SEXTIC FUNCTIONAL EQUATIONS

e the sequence {T™x} is convergent to a fized point y* of T;
e y* is the unique fized point of T in A={y € Q:d(T™x,y) < co};
o d(y,y*) < 1pd(y, Ty) for all y € A.

2. Sextic functional inequalities in non-Archimedean Banach spaces

Throughout this section, we will assume that X is a non-Archimedean Banach space. In this
section, we establish the conditional stability of sextic functional equations in non—Archimedean
Banach spaces.

Theorem 2.1. Let s € {—1,1} be fized. Let E be a real or complex linear space and let X be a
non—Archimedean Banach space. Suppose f : ExE — X satisfies the condition f(x,0) = f(0,y) =0
and inequalities of the form

| f(azy + bxa,y) + f(br1 + ax2,y) + abf(x1 — z2,Y)
1+ X2

—(a2+b2)[f(x1,y)+f(a:2,y)} _4abf( 2 7y)|| < ¢($1,$2,y), (21)
| f(x,ay1 + by2) + f(x, by + ay2) + %ab(a —b)2f (2,91 — y2)
—(a® = B)2[f (2, 1) + fla,p2)] — 8abf(z, L) < wiwmm),  (22)

2
where ¢, : E x E X E — [0,00) is given functions such that

¢((a+b)*z1, (a+b)°w2, (a+0)%y) < |a+b/*Lo(x1,22,y),

s s s s (23)
7/)((@ =+ b) z, (CL =+ b) Y1, (CL + b) 3/2) < |CL + b|6 L¢(CL‘, Y1, yQ)a
and have the properties
li_)m (a+ b)_Gsn qﬁ((a +0)"x1, (a + b)™xa, (a + b)sny) =0,
e (2.4)
Tim |(a+0)7" 9 ((a+0)™"x, (a+b)"y1, (a +b)"y2) =0,

for all x,x1,22,y,y1,y2 € E and a constant 0 < L < 1. Then there exists a unique sextic mapping
T:E x E— X satisfying the system (1.10) and

TG, y) — F )] < 72 0(ry), (25)

where
O(x,y) = ’;‘max{}(a+b)3S+1|¢((a+b)521$,((1+b)821x’ (a—l—b)%y>,

s+1

Faa+ )2y (a+h) T y) |

[(a+b)7%73| ((a +b)
for all x,y € F.
Proof. We denote A := a + b. Putting 1 = zo = z in (2.1), we get

I$(Aa.s) - A2f(.0)] < |3 | ol .0) (2.6

for all z,y € E. Putting y; = yo = y and replacing = by Az in (2.2), we get

I (o, dy) — 4142 < |3 0CAo3.) (2.1
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for all ,y € E. Thus by (2.6) and (2.7) we have

1f(Az, Ay) — A% f(z,y)|| < ';‘ max {|A?| ¢(z,2,y), ¥(Az,y,9)}

for all z,y € E. By last inequality we get

145 (A, 49) = o) < || max (|42 ot |4~ wtan )} 29
x 1 T T
107 (5 §) ~ sl < g mas {4l (20 ) w (= 5 ) e9
for all z,y € E. Therefore
|72 4%) = st | < 0620 (210

for all z,y € E. We now consider the set
S={h:ExE—X, h(z,0)=~h(0,z)=0 for all z € E}
and introduce the generalized metric on S as follows:
d(h,k) = inf {a eRY : ||h(x,y) — k(z,y)|| < a®(z,y), Vo,y € E}

where, as usual, inf ) = +o00. The proof of the fact that (S,d) is a complete generalized metric
space, can be found in [6]. Now we consider the mapping J : § — S defined by

Jh(z,y) == A= h(A%z, A%y)
forall h € S and z,y € E. Let f,g € S such that d(f,g) < e. Then
19z, y) = T f(,y)|| = [A~% (A%, A%) — A% f(A%z, A%y)|
— A5 lg( A%z, A%y) — F(A%x, A%)]
< A5 |ed (A%, A%)
< Le®(z,y),

that is, if d(f,g) < e, then we have d(J f, Jg) < Le. This means that

d(Jf,Jg) < Ld(f,9)

for all f,g € S, that is, J is a strictly contractive self-mapping on S with the Lipschitz constant L.
It follows from (2.10) that

for all x,y € F which implies that d(J f, f) < 1. Due to Theorem 1.6, there exists a unique mapping
T :E x E — X such that T is a fixed point of J, i.e., T(A%z, A%y) = AST(z,y) for all x,y € E.
Also, d(J™f,T) — 0 as m — oo, which implies the equality

lim A0 (A, Ay) = T(z,y)

m—r0o0
for all z,y € F.
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It follows from (2.1), (2.2) and (2.4) that

IT(az1 + bxa,y) + T(bxy + axa,y) + abT(x1 — x2,y) — (a2 + bz)[T(xl, y) + T(z2,y)]
T+ X2

— 4abT( Yl =

o J(A™(axy +bag), A™y) | f(A™ (b + axa), A™y) ) f(A™ (21 — 29), A™y)
nlggo H Abns + Abns +ab Abns

f Ansthnsy +f Anst’Ansy f ALy + 19/2 ’Ansy)
_ (a2 +b2) ( )AGnS( ) — 4ab ( { AGnS/ } H _
[ ATOS|| F(A" () + br), A™y) + F(A™ (bay + as), A™y) + abf (A™ (1 — 23), A™y)
— (a® +0%)[f (A" w1, A™y) + f(A™ 22, A™y)] — dabf (A" {2y + 22/2}, A™y)|
< ILm |A76ns’¢(Ansx1,Ansx2’Ansy) — 0’

(2.11)

lim
n—oo

for all x1,x0,y € E, and
T (z, ayr + by2) + T'(x, byr + ayz) + %ab(a —0)*T(z,y1 — y2) — (a® = b*)*[T(, 1) + T(x, y2)]
— RabT(x, #)H —

f(A™z, A% (ays +bya)) | f(A™2, A (byr + ays))

lim ||
n_ﬁo féﬁns p ( )) Abns (212)
ns g, A" (Y1 —
+ 5abla—b)” o =
AnSy ATS AnSy ATS AT ATS 9
_ (CL2 _ b2)2 f( Z, 9124:”5( Z, 3/2) - 8ab(a + b)2 f( Z, Aﬁ{nysl —+ y2/ }) ||

< lim |A%S (A" z, A"y, Ayp) = 0,
n—oo

for all z,y1,y2 € E. It follows from (2.11)) and (2.12) that T satisfies (1.10), that is, T" is sextic.
According to the fixed point alternative, since T' is the unique fixed point of J in the set Q = {g €
S:d(f,g9) < oo}, T is the unique mapping such that

for all z,y € E. Using the fixed point alternative, we obtain that
1
T < —— <——9
for all x,y € E, which implies the inequality (2.5). O

Corollary 2.2. Let s € {—1,1} be fizred. Let E be a normed space and let F' be a is a non-
Archimedean Banach space. Suppose f : E x E — F is a mapping with f(x,0) = f(0,y) = 0 and
there exist constants 0, ¥ > 0 and non-negative real number p such that ps < 6s and

[f(azy + bxa,y) + f(br1 + axa,y) + abf(x1 — x2,y)

(@ 4 ) (r,y) + Fla )]~ dabf (TR )< Bl + ol + )

1
| f (2, ayr + by2) + f(z,byr + ayz) + iab(a —b)*f(z,y1 — y2)

—(@® ~ B PUf 1) + S w2)] — 8abf e, LTI < 0P + P+ lal?),
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for all z,x1,x2,y,y1,y2 € E, where norms of the left-hand side of last inequalities is the non—

Archimedean norm on F. Then there exists a unique sextic mapping T : E x E — F such that
02|z + llyll*) 19(H|a+b\$|\p+2Hyllp)}

2s|a + b|? — 2s|a + bP~*" 2s|a + b|0 — 2s|a 4+ b|P

I1f(z,y) — T(z,y)| < max{

forall x,y € E.
Proof. Defining

o1, x2,y) = O([[z P + [lz2]” + ylP), (@, y1,92) = Il + [lya I + lly=”),
and applying Theorem 2.1, we get the desired result. O

3. Sextic functional inequalities in (Archimedean) Banach spaces

Throughout this section, we will assume that X is a (Archimedean) Banach space. In this section,
we establish the conditional stability of sextic functional equations.

Theorem 3.1. Let s € {—1,1} be fized. Let E be a real or complex linear space and let X be a
(Archimedean) Banach space. Suppose f : E x E — X satisfies the condition f(x,0) = f(0,y) =0
and inequalities of (2.1) and (2.2), where ¢, : Ex Ex E — [0,00) are given functions which satisfy
(2.3) and have the properties (2.4) for all x,x1,z2,y,y1,y2 € E and a constant 0 < L < 1. Then

there exists a unique sextic mapping T : E X E — X satisfying the system (1.10) and
1 -
1T (2, y) = fla ol < T—F 2@, y), (3.1)

where

O(z,y) = ‘;’{}(a+b)38“{(1)((a+b)s21x,(a+b)s21x,(a—i—b)szly)

+](a+5) 7| ((a+0)

s+

2z, (a+b)7 y, (a+ b)%y) }

for all x,y € E.

Proof. We denote A :=a +b. Putting 1 = o = z in (2.1), we get
I (Aa.y) - 42f(z.0)] < |3 ol .0) (32
for all x,y € E. Putting y; = yo = y and replacing = by Az in (2.2), we get
I, dy) = 4142 < |3 0CAo,3.) (33
for all z,y € E. Thus by (3.2) and (3.3) we have

;’ (|44 ¢(w, 2, 9) + v(Az,y,9)}

for all z,y € E. By last inequality we get

475t 49) = Fe)l <[5 {1472 oo + |47 wlhnp)} . B

s (38) - sz [ (e (5.5 D) e 5 ). o
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for all x,y € E. Therefore

|- %0 4%0) = sl | < o)

for all z,y € E.
The rest of the proof is similar to the proof of Theorem 2.1. O

Corollary 3.2. Let s € {—1,1} be fized. Let E be a normed space and let F' be a (Archimedean)
Banach space. Suppose f : E x E — F is a mapping with f(x,0) = f(0,y) = 0 and there exist
constants 0, 9 > 0 and non-negative real number p such that ps < 6s and

|f(azy + bxa,y) + f(br1 + ax2,y) + abf(x1 — z2,Y)

@+ P)f(@1,9) + [, p)] — 4abf (T2 < 0P+ el + ),

1
If(z, ay1 + by2) + f(z,byr + ay2) + §ab(a — )2 f (2,91 — y2)

—(a® = B P1f (@ 1) + £ )] — 8abf (e, LI < 0l + [P + lel?),

for all x,x1,x2,y,y1,y2 € E. Then there exists a unique sextic mapping T : E X E — F such that
02| + [ly[1*) O(llla + blz([” + 2[ly[I”)
Hf(.%',y)—T(.%',y)” < 2 p—4 6 P’
2s|la + b|* — 2s|a + b 2sla + b|6 — 2s|a + b|
forall x,y € E.

Proof. Defining

P, x2,y) = Oz [P + [P + yllP), (@, y1,92) = Il + [yl + lly2”),
and applying Theorem 3.1, we get the desired result. O

Remark 3.3. Comparison of (2.5) and (3.1) shows that the approximation in non-Archimedean
Banach spaces is better than the approximation in (Archimedean) Banach spaces.
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Abstract

In this paper, we study the global stability of a mathematical model that describes the virus
dynamics under the effect of antibody immune response. The model is a modification of some of the
existing virus dynamics models by considering the latently infected cells and nonlinear incidence
rate for virus infections. We show that the global dynamics of the model is completely determined
by two threshold values Ry, the corresponding reproductive number of viral infection and R;, the
corresponding reproductive number of antibody immune response, respectively. Using Lyapunov
method, we have proven that, if Ry < 1, then the uninfected steady state is globally asymptotically
stable (GAS), if Ry <1 < Ry, then the infected steady state without antibody immune response
is GAS, and if R; > 1, then the infected steady state with antibody immune response is GAS.
Keywords: Virus infection; Global stability; Immune response; Lyapunov function; nonlinear

infection rate.

1 Introduction

Recently, mathematical modeling and analysis of viral infections such as hepatitis C virus (HCV)
[1]-[3], hepatitis B virus (HBV) [4]-[5], human immunodeficiency virus (HIV) [6]-[15] human T cell
leukemia (HTLV) [16] have attracted the interest several researchers. In 1996, Nowak and Bangham
[7] has proposed the basic viral infection model which contains three compartments, the uninfected
target cells, infected cells and free virus particles. This model does not take into consideration the
latently infected cells which is due to the delay between the moment of infection and the moment
when the infected cell becomes active to produce infectious viruses. Latently infected cells have been

incorporated into the basic viral infection model in several papers (see e.g. [18], [19] and [20]). The
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basic viral infection model which takes into account the latently infected cells is given by [20]:

T = p—dx —nzv, (1)
w = nzv — (e + b)w, (2)
§ = bw — ay, 3)
0 =ky — cv, (4)

where x, w, y and v representing the populations of the uninfected target cells, latently infected
cells, actively infected cells and free virus particles, respectively. Parameters p and k represent,
respectively, the rate at which new uninfected cells are generated from the source within the body,
and the generation rate constant of free viruses produced from the actively infected cells. Parameters
d, e, a and c are the natural death rate constants of the uninfected cells, latently infected cells, actively
infected cells and free virus particles, respectively. Parameter 7 is the infection rate constant. Eq. (2)
describes the population dynamics of the latently infected cells and show that they are converted to
actively infected cells with rate constant b. All the parameters given in model (1)-(4) are positive.
We observe that in model (1)-(4), the immune response has been neglected. To provide more
accurate modelling for the viral infection, the effect of immune response has to be considered. The
antibody immune response which is based on the antibodies that are produced by the B cells plays
an important role in controlling the disease [17]. In the literature, several mathematical models have
been formulated to consider the antibody immune response into the viral infection models (see e.g.,
[21]-[24]). However, in [21]-[24], it was assumed that all the infected cells are active which is an
unrealistic assumption. The aim of this paper is to propose a viral infection model with antibody
immune response taking into consideration both latently and actively infected cells and investigate its
basic and global properties. The incidence rate is given by nonlinear function which is more general
than the bilinear incidence rate given in model (1)-(4). Using Lyapunov functions, we prove that
the global dynamics of the model is determined by two threshold parameters, the basic reproductive
number of viral infection Ry and the the basic reproductive number of antibody immune response R;.
If Ry < 1, then the infection-free steady state is globally asymptotically stable (GAS), if R; <1 < Ry,
then the chronic-infection steady state without antibody immune response is GAS, and if Ry > 1,

then the chronic-infection steady state with antibody immune response is GAS.
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2 The mathematical model

In this section, we propose a viral infection model with latently infected cells and antibody immune
response. The incidence rate is given by a nonlinear infection rate.

nx"v

&= p—de — e ST ()
0= (1= ) s s — (e D (6)
= 5(5" +7Z£T)Lz}0 ) +bw —ay, @)
b= ky — cv — ruz, ®)
5= quz — pz, 9)

where, z is the population of the antibody immune cells. Here §, # and n are positive constants. The
fractions (1 — &) and & with 0 < & < 1 are the probabilities that upon infection, an uninfected cell
will become either latently infected or actively infected. Parameters r, g and p are the removal rate
constant of the virus due to the antibodies, the proliferation rate constant of antibody immune cells

and the natural death rate constant of the antibody immune cells, respectively.

2.1 Positive invariance

We note that, model (5)-(9) is biologically acceptable in the sense that no population goes negative. It
is straightforward to check the positive invariance of the non-negative orthant R2, by model (5)-(9).
In the following, we show the boundednes of the solution of model (5)-(9).

Proposition 1. There exist positive numbers L;,i = 1,2,3 such that the compact set 0 =
{(m,w,y,v,z) IS R;O 0< 2w,y < L[1,0<0v < Ly,0< 2 < Lg}

is positively invariant.

Proof. Let X;(t) = x(t) + w(t) + y(¢), then
Xi=p—dz—ew—ay<p—sXi,

where s1 = min{d, a,e}. Hence X;(t) < Ly, if X;(0) < L1, where Ly = P Since z(t) >0, w(t) >0
S1
and y(t) > 0, then 0 < x(t), w(t), y(t) < L1 if 0 < 2(0) + w(0) + y(0) < Ly. On the other hand, let

Xa(t) = v(t) + §z(t), then
ngk:y—cv—wzgkLl—sQ <’U+TZ> = kL1 — 59X,
g g

kL
where sy = min{c, u}. Hence Xs(t) < Lo, if X2(0) < Lo, where Ly = “=L Since v(t) > 0 and
52

z(t) 2 0, then 0 < v(t) < Lp and 0 < 2(t) < L3 if 0 < v(0) + £2(0) < Lg, where Ly = %.
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2.2 Steady states

In this subsection, we calculate the steady states of model (5)-(9) and derive two thresholds parameters.

The steady states of model (5)-(9) satisfy the following equations:

n

P G +Zg:l)l()0 o) Y 10)

(1= &) Gy — €+ Do =0, ()
o +Zf;1()9 T T w=0 (12)

ky — cv — vz = 0, (13)

(gv — )z =0. (14)

Equation (14) has two possible solutions, z = 0 or v = p/g. If z = 0, then from Eqgs. (11) and (12)

we obtain w and y as:

_(1=9) nz"v _ (e&+0b) nz"v
UETT a0+ YT aleth) (0" a0+ 0) (15)

Substituting Eq. (15) into Eq. (13), we obtain

k(e£ + b) nz"v
ale+b) (6" +2m)(0 + v)

—cv=0. (16)

Equation (16) has two possibilities, v = 0 or v # 0. If v = 0, then w = y = 0 and = = 4§ which leads
to the uninfected steady state Eg = (w0,0,0,0,0), where zo = 4. If v # 0, then from Egs. (10) and
(16) we obtain

_ k(e€+b) nx"v _ k(e&+b)(p — dx)

~acle+b) (6" +zm)(0+v) ac(e + b) (17)
B ac(e +b)
D 8

From Eq. (18) into Eq. Eq. (16) we get

ac(e+b) U) n

k(e +0b) " (“"0 T dk(cE+b) v

7 —cv=0.
ale +0) sn 4 (930 _ dakc((:g—ﬁ)v) (0 +v)
Let us define a function ¥y as
ac(e+b) n
N\T0 — Fi(e v
Uy (v) = kel +0) < D) ) Y =0

WeHD) ot (o — ity “)n (@ +2)

zodk(e€+b)

It is clear that, ¥1(0) = 0, and when v =7 = ac(e+D)

> 0, then ¥y (v) = —cv < 0. Since ¥;(v) is

continuous for all v > 0, then we have

qu,1(0):C<k<e£+b> neh _1)

acl(e+b) 6™ + xy
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Therefore, if ¥}(0) > 0 i.e.
k(e£+b) nxzg
acl(e + b) 0" + xy
then there exist a v1 € (0,7) such that W;(v1) = 0. From Eq. (13) we obtain y; = fv1 > 0 and from

> 1,

Eq. (10) we define a function W9 as:

nz"vy
LG =p—dx— =0
2(2) = p—dx (6™ + ") (0 + v1)
We have W5(0) = p > 0 and Uy(zp) = —M% < 0. Since f(x) = ﬁ”ﬂ is a strictly increasing

function of z, for all n,é > 0, then Wy is a strictly decreasing function of x, and there exist a

(1=¢ __ naiu
e+b (0"+x7)(0+v1)

unique z1 € (0,z9) such that Wo(x1) = 0. It follows that, w; =

(e€+b) Nt vy
a(e+b) (0™ +x7)(04v1)

> 0 and y; =

> 0. It means that, an infected steady state without antibody immune response

k(e€+b) nry
ach(e+b) 6"+

Eq(x1,w1,y1,0v1,0) exists when > 1. Then we can define the basic reproductive number

of viral infection as:
k(e +b) nzy
acf(e + b) 6™+l

The parameter Ry determines whether a chronic-infection can be established.

The other possibility of Eq. (14) is v = £ Inserting v2 in Eq. (10) and defining a function W3
g

as:
N va
Us(z) = p— do — =0
3(@) =p—du (0" + 2m)(0 + v2)

Note that, W3 is a strictly decreasing function of x. Clearly, ¥3(0) = p > 0 and U3(zg) =

—% < 0. Thus, there exists a unique x2 € (0,z0) such that U3(x2) = 0. It follows
from Eqgs. (11)-(13) that,
N N R ) B 1>
b 0 a0+ u) P aletb) (5 T a5)(0+ 02)
P LICR) ey B
r lac(e +b) (6" + z5)(0 + v2)

k(e€+b) ny

Thus w2, Y2 > 07 and if ac(e+b) (5"+933)(9+'U2

y > 1, then 2z > 0. Now we define the basic reproductive

number of antibody immune response:
_ k(e€+ 1) nTy
ac(e +b) (0" + z5)(0 + v2)’

1=
which determines whether a persistent antibody immune response can be established. Hence, 29 can

be rewritten as zp = $(R; — 1). It follows that, there exists an infected steady state with antibody

immune response Fo(x2, wa, Y2, v2, 22) when Ry > 1. Since 1 < 9 and vy > 0, then

R — k(e& +b) nxy - k(e +b) mzg R
' ac(e+b) (6" + z2)(0 +v2) ~ ach(e+b)o" +af 0

From above we have the following result.

Lemma 1 (i) if Ry < 1, then there exists only one positive steady state E,
(ii) if Ry <1 < Ry, then there exist two positive steady states Ey and E7, and

(iii) if Ry > 1, then there exist three positive steady states Ey, Fy and Es.
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3 Main results

In this section, we investigate the global stability of steady states Ey, F1 and Fo employing the direct
Lyapunov method and LaSalle’s invariance principle.

3.1 Global stability of the uninfected steady state Ej

Theorem 1. If Ry < 1, then Ej is globally asymptotically stable (GAS).

Proof. Define a Lyapunov functional Wy as follows:

oo+ an) T w0 T ee ! T e+ 0)" T hglec 1 0)

Wozm—xg—/xow +s™) b e+b a(e +b) ar(e+b)
zo

Calculating dto along the trajectories of (5)-(9) as:

% - (1 - W) (p_ = +Zi7;1<}9+v)> - e£b+b <(1 AR +Zﬁ7§fe+v> - (6+b)w>
4 :;;bb (g(én +Z§€e R ay> + m (ky — cv — rvz) + m (gvz — p2)
(1= BELE) (1o L)y e e, _ale ),
~o(1-Eam) ()t ieer G oy ) e
= (1) (- 2) e (Rorta 1) - e

(1= B ) (1= )+ iy (gt = 1) - e
- Zﬁiéiii%—”v—aZiiZf)sz%i—ZZ‘éééiiiz- 19

We have (2" — () (o — ) < 0 for all z,n > 0. Thus if Ry <1 then M <0 for all z,v,z > 0. Thus,
the solutions of system (5)-(9) limited to M, the largest invariant subset of {M = 0} [25]. Clearly,
it follows from Eq. (19) that % = 0 if and only if z(t) = xo, v(t) = 0 and 2(t) = 0. The set M is
invariant and for any element belongs to M satisfies v(¢f) = 0 and 2(¢) = 0, then 0(¢) = 0. We can
see from Eq. (8) that, 0 = o(¢) = ky(t), and thus y(¢) = 0. Moreover, from Eq. (7) we get w(t) = 0.
Hence, % = 0 if and only if z(t) = xo, w(t) = 0, y(t) = 0, v(t) = 0 and 2(¢) = 0. From LaSalle’s

invariance principle, Fy is GAS.

3.2 Global stability of the infected steady state without antibody immune re-

sponse F;

Theorem 2. If R; <1 < Ry, then F; is GAS.
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Proof. We construct the following Lyapunov functional

T

g [ b w
Wi=z—x /Sn(5”+x?)d8+€f+bwlﬂ

w1
e+b Yy a(e +b) v ar(e+b)
“reemnt (3) + feernn (5) * e

The time derivative of W; along the trajectories of (5)-(9) is given by
% - (1 B ﬁg: TL i;;) (p (L +Zi7)lq(J9 + v)>
* eflik b (1 B %) <<1 —9) (om +Zi?;7(]0 +v) (e+ b)w)
i ee£++bb <1 ) Z?) (5 (6" +%1()9 oy T ay)

a(e +b) v ar(e + b)
m (1—;1) (ky—cv—rvz)-l-m(gvz—,uz)_

Applying p = dx1 + M% and collecting terms of Eq. (20) we get

dw, P (0" + ™) nxiv
T < T on +x7f)> (de1 = dv) + o @+ o)
S Ly
(0™ + 27)(0 + v1) (0" + )
(1=9 nx"v wr | ble+ b)w ~ (e+ )¢ nz"v Y1
e£+b (0" +aM)@+v)w | e€+b  e+b " +a)(0+0v)y
(e +b)byw n e+b S acle+b)  ale+b)yv | acle+D)
E+b y | e€+b T k(eE+0) (eE+b) v | k(e€E+D)
ar(e +b) arp(e+b)

k(€ +0) Y kgle€ +b)

Using the equilibrium conditions for Fjy:

zZ.

niv (e€+b) niv
( 5) (5’!}, 1,717,)(9 Ul) (6 )w17 y]. a(e b) (571, 1’711)(9 Ul)’ CU]. y17

we obtain

Wi <1_:E71‘(5"—|—33")> <1_ x>+( vy [U(@—I—Uﬁ v}

dt (6" + z7) 1 5+ 20 (0 +v1) [vi(0+v) vy
N (b(l—f) N (e+b)§> nar (1_ x’f(é”—kaz”))
e +b e+0b ) (0" +27)(0 +v1) (6" + )
b(1—¢) nao (0" + x7) (0 + v1)vwy
e+ b (004 a) (0 +v) (6" + ™) (0 4 v)vw
b(1—¢) nxiu _ (e+b)¢ nxivy (6™ + z7) (0 4 v1)vin
e+b (" +a7)0+wvi) e+b (0" +a7)(0+v1) 276" +2)(0 +v)vry
M- e g (b(l —8) (e b)f) nav,
e +0b (6" +27)(0 4 v1) ywr e +b e+0b ) (6" + )0+ v)
(M9, he) i
e +b e€+b ) (6" +a7)(0+ v1) y1v
bI-¢) _(ethe\  natu arletd) [ p
* < T > @ + 200+ o) | ket +b) (”l - g> &
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Collecting terms we get

aw, do" (" — zf) (x — x1) nzt(v — vy)? ar(e+b) W
a  aen+ar) (0 +an) @+ 0)@+v)? | k(e€ +b) (”1 N g> :
b(1—¢) Ny (0" +a")  a™(d" +a)(@+v)vwr  prw oy O+
(e€ +b) (6" + x7)(0 + v1) [ an(0n +2) 26" +a2) (0 +o)vw  ywr  yv 0+@1]
(e+b) nrivy [4 (0" +2")  2"(0" +aP)(@ +v)oyn  yur 9+v}
(eg +b) (0" + 27)(0 + v1) xn(on + :L‘l) zP(0m +2m) (0 +v)vy v O+

(21)

Clearly, the first two terms of Eq. (21) are less than or equal zero. Because the geometrical mean is
less than or equal to the arithmetical mean, then the last two terms of Eq. (21) are less than or equal

zero. Now we show that if Ry <1 then v; < % = v9. This can be achieved if we show that
sgn (xa —x1) = sgn (v —ve) = sgn (R — 1).

We have

(xy —at) (xa —x1) >0, foralln>0 (22)

Suppose that, sgn (ro — 21) = sgn (v2 — v1). Using the conditions of the steady states Fy and Es we

have
nTHV2 nx v
—dxa) — (p—dx1) = —
(p = dzs) = (p = dz1) " +23) (0 +va) (6" +2)(0 +v1)
NTH V2 nTH U1 nNTH U1 B nxiv1

T a0t @t a0 to) (0t @) (07 )0+ o)
__mi  Oe—w) v < " (zy — a1) )
6" + 2l (0 +v2)(@+v1)  O+v1 \ (6™ + 2h) (0" + z7)

and from inequalities (22) we get:
sgn (x1 — x9) = sgn (v — 1),

which leads to contradiction. Thus, sgn (x2 — x1) = sgn (v1 — v2) . Using the steady state conditions

k(e&+b z i
for F; we have ag(e—&-b; (6"-5—;7;1)1(9—1-@1) =1, then
Ry 1 Fle€+D) { nzy B nay }

acle +b) [ (6" +25)(0+v2) (6" +27)(0 + v1)

_ k(e€ +b) { nry B nry
acle +b) | (0" +a5)(0 +v2) (6™ 4 25)(0 + v1)

N Ny B nrt ]
(0" +28)(@+v1) (0" +27)(0+ 1)

k(€ +b) { (v — va) no"(a — )
acle+b) [(0" +a5) (0 + 00)(@+v2) T (07 +aB)(0" +21)(8 + 01)

From inequality (22) we get:
sgn (Ry — 1) = sgn (v1 — v2).
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It follows that, if Ry < 1 then vy < £ = vy, Therefore, if Ry <1 then % <0 for all z,w,y,v,z > 0,
where the equality occurs at the steady state Fj. LaSalle’s invariance principle implies the global

stability of Ej.

3.3 Global stability of the infected steady state with antibody immune response
Es

Theorem 3. If R; > 1, then F5 is GAS.

Proof. We construct the following Lyapunov functional

xm”(&”—i—s”) b w

Wo=a—a9— | 20 T5 )y H(Y

2= /s”(5”+az§) T <w2>
T2

e+b Y a(e+b) v ar(e+b) z
st () e () * et (5):

We calculate the time derivative of Wy along the trajectories of (5)-(9) as:
dWy xy (0" + z™) nz"v
2r2 (o 2\® T —dr —
dt < an(on+a28) ) \" T T G a0+ o)
b wa nx™v
1-2) (- —(e+b
tar w)<( Do ©F >“’>

e+b Yo nx"v
“ieer (%) (s e oo )

a(e +0b) U2 ar(e +b) 29
RETO) (1 2 (hy — v — anero (o2 —uz). P
D) ( v ) (hy —cv—rvz) + o e by ( P ) (gvz = pz) (23)
Applying p = dzo + % and collecting terms of Eq. (23) we get
dWs xh (0" + a™) nxyv
A R e AN _
dt < e+ ap) ) 4 ) e
nxvg (1 _z(0" + :B”)) (=9 nz"v wy | ble+ b)w
T a0+ ) (6" + z1) e€+b (" +a)@+v)w | ef+b
_ (e+d)¢ nx"v Y2 (e+b)by2w+e+ba _ac(e-i—b)v_a(e—l-b)&
Etb (0" a0 +v)y  e€tb y et b T kleE+ b)) (e€+b) v
ac(e + b) ar(e+b) arp(e +b) ar(e+b) arp(e +b)
WD Hee T 0™ hgeer )’ wee "t Tgleer )

Using the steady state conditions for Fa

nTyv2

NTHV2
=9 O 1 45)(0+ )

(0" 4+ x5)(0 + v2)

= (6 + b)wQa 5

+ bwa = aya, kys = cva + 1v222, p = guo,
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we get
aws = dy (1 _ 332(5—1—x)> (1 _ x) + Nxa V2 [U(e +v2) B U}
dt (0" + %) T2 (0" +28)(0 +v2) |v2(0+v) w2

N (b(l —£) N (e + b)§> nxhvy <1 _xp(0" + m”))
e€+b e£+b ) (6" +ah)(0 + va) (0" + xh)

Cb1-8)  mabus an("+aB)(0+ va)ows
e +0b (0" +a85)(0 + va2) 25 (0" + 2™) (6 + v)vaw
N b(1—¢) nxyve ~ (e+b)¢ nTHve (6™ + ) (0 4 v2)vys

e +b (0" +a5)(@+va) e£+b (0" +xh)(0+ v2) 25 (0™ + 2™)(0 + v)vay
b1 -9 T2 L <b(1 —§) , (et b)€> Ty U2
e +b (0" + 25)(0 + v2) ywo e +0b e +b ) (0" +25)(0+ v2)
B (b(l —§) N (e + b)£> nxhvy yo2 <b(1 - ) N (e + b)£> nTHve
e +b e§+0b ) (0" +25)(0 + v2) yov e +b e+0b ) (6" +25)(0 4 v2)

do™(z™ — %) (x — x2) nz3(v — vg)?
R ACGEY D) (0" + 2B) (0 +v) (0 + v2)?
b(1—¢) nxYve zy (6" +a") 2" (6" +25)(0 +vo)vwe  yw  yva  O+w
e€ +b) (6™ + x3)(0 + v2) [ ) xp(on +am) (0 v)vow  ywa  ypv O+ v2]

z")
+ x2) (0" +2m)(0 4+ v)vay Yo O+ v

( z"(
(e+b)¢ nTivy [ xg (0" +
( m(om

(0" 4+ 25)(0 + v2)vya  yva 0+ v }
PRI '

(24)

Thus, if R > 1 then xo,ws,ys,v2 and zo > 0. Clearly, d?ﬁ < 0 and d?f = 0 if and only if

z(t) = zo2,w(t) = wy and v(t) = va. From Eq. (8), if v(t) = ve and y(t) = ya, then o(t) = 0 and
0 = kya — cvg —rvaz(t), which yields z(¢) = z2 and hence Z‘f equal to zero at Fs. LaSalle’s invariance

principle implies global stability of Fs.

4 Conclusion

In this paper, we have proposed and analyzed a virus dynamics model with antibody immune re-
sponse. The model is a five dimensional that describe the interaction between the uninfected target
cells, latently infected cells, actively infected cells, free virus particles and antibody immune cells. The
incidence rate has been represented by nonlinear function. We have derived two threshold parameters,
the basic reproductive number of viral infection Ry and the basic reproductive number of antibody
immune response R; which completely determined the basic and global properties of the virus dy-
namics model. Using Lyapunov method and applying LaSalle’s invariance principle we have proven
that, if Ry < 1, then the uninfected steady state is GAS, if Ry < 1 < Ry, then the infected steady
state without antibody immune response is GAS, and if Ry > 1, then the infected steady state with

antibody immune response is GAS.
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On the symmetric properties for the generalized twisted
(h, ¢)-tangent numbers and polynomials associated with
p-adic integral on Z,

C. S. Ryoo

Department of Mathematics, Hannam University, Daejeon 306-791, Korea

Abstract : In this paper, we study the symmetry for the generalized twisted (h, ¢)-tangent numbers
7™ and polynomials 7"
n,X4,¢ poly 7,X:4,€

generalized twisted polynomials TT(Lh; q C(x) using the symmetric properties for the p-adic invariant

(). We obtain some interesting identities of the power sums and the

integral on Z,.

Key words : Symmetric properties, power sums, the tangent numbers and polynomials, the gen-

eralized twisted (h, ¢)-tangent numbers and polynomials, p-adic integral on Z,.

2000 Mathematics Subject Classification : 11B68, 11540, 11S80.
1. Introduction

Recently, many mathematicians have studies different kinds of the Euler, Bernoulli, Genocchi,
Tangent numbers and polynomials(see [1-10]). These numbers and polynomials play important roles
in many different areas of mathematics such as number theory, combinatorics, special function and
analysis. The purpose of this paper is to obtain some interesting identities of the power sums and
generalized twisted (h,q)-tangent polynomials Tflhi o.c(@) using the symmetric properties for the
p-adic invariant integral on Z,.

Throughout this paper, we always make use of the following notations: N denotes the set of
natural numbers and Z; = NU {0} , C denotes the set of complex numbers, Z, denotes the ring
of p-adic rational integers, @, denotes the field of p-adic rational numbers, and C, denotes the
completion of algebraic closure of Q,. Let v, be the normalized exponential valuation of C, with
Iplp, = p~»®) = p=1 When one talks of g-extension, ¢ is considered in many ways such as an
indeterminate, a complex number ¢ € C, or p-adic number g € C,. If ¢ € C one normally assume
that |¢| < 1. If ¢ € C,, we normally assume that |¢ — 1|, < piplj so that ¢ = exp(zlogq) for
|lz], < 1.

Let UD(Z,) be the space of uniformly differentiable function on Z,. For g € UD(Z,) the

fermionic p-adic invariant g-integral on Z, is defined by Kim as follows:

o1 A ,
FalD) = [ 1) = Jim i 30 S0 seo 12,31
Note that
i 1-y(0) = Ta(0) = | a(w)dpa(o). (1.1)
If we take g,(z) = g(x +n) in (1.1), then we see that
Falo) = (F1"La(g) +2. 3 (-1 (1) (1.2
1=0
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Let a fixed positive integer d with (p,d) =1, set

X = Xg =1m(2/dp"Z), X1 =1L,
N
x = | a+dpz,

0<a<dp
(a,p)=1

a+dpNZ,={rc X |x=a (moddp™)},

where a € Z satisfies the condition 0 < a < dp™
It is easy to see that

1) = [ o)inrte) = [ g (a). (13)
X Z,
We assume that h € Z. Let T}, = Un>1C,y = limy_o Cpn, where Cpv = {C|pr = 1} is the cyclic
group of order pV. For ¢ € T,, we denote by ¢¢ : Z, — C,, the locally constant function x — ¢*.
First, we introduce the tangent numbers and tangent polynomials. In [5], we investigated the
zeros of the tangent polynomials T}, (z). The tangent numbers T, are defined by the generating

function:

Ft) = ZT (It < g), of. [5]

e2t+1

where we use the technique method notation by replacing 7" by T,,(n > 0) symbolically. We consider
the tangent polynomials T, (x) as follows:

F(x,t) = (e% — 1) ZTH f' (1.4)

Note that T,,(z) = Y j_o (3)Tka™". In the special case x = 0, we define T},(0) = T5,.

In [8], we introduced the generalized twisted (h, ¢)-tangent numbers Tr(L i @

Tfliz,q,c(z) attached to x. Let x be Dirichlet’s character with conductor d € N with d = 1(mod 2).

The generalized twisted (h, ¢)-tangent numbers Tflh; 0.C attached to x are defined by the generating

¢ and polynomials

function:

2500 x(a)(=1)°¢ g e Z ™ T . (15)

Cdghde2dt 1 n,X:0:C 7

We consider the generalized twisted (h, ¢)-tangent polynomials Tfl,)z,q,w(x) attached to y as follows:

<2zaox< ><1>a<“qh“ezat>6x ST @ (16)

Cdghde2dt 4 1 X456
n=0

Let g(y) = X(y)¢<(y)qhye(2y+””)t. By (1.3), we derive

I, (x(y)qéc(y)qhye(z’”*"’”)t) = /X X ()¢ (y)g" e T dp_ (y)
<2za o x(a)(~1)"¢ g e )

Cdghde2dt 1 (1.7)
) "
- HZ:OTn%q,C(x)E'

By using Taylor series of e(?¥+#)t in the above equation (1.7), we obtain

2 ([ xocmaey+oranm) & - E)Téf‘;q,@(mz.
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t’rb
By comparing coefficients of — in the above equation, we have the Witt formula for the generalized

twisted (h, q)- tangent polynofnials attached to x as follows:

Theorem 1. For positive integers n, ( € T, and h € Z, we have

T8 ele) = [ X)) 2y +2)"des (). (18)

If we take x = 0 in Theorem 1, we also have the following corollary.

Corollary 2. For positive integers n, ¢ € T}, and h € Z, we have

Ty e = /Xx(y)¢<;( )a" (2y)" dpi—1(y). (1.9)

By (1.8) and (1.9), we have the following theorem.

Theorem 3. For positive integers n, ( € T),, and h € Z, we have

n
(h) _ (h) -1
Tn,x,q,c(x) - Z (1>T,X,q,4x :

=0

2. Symmetry for the generalized twisted (h, ¢)-tangent polynomials

In this section, we assume that ¢ € C, and ¢ € T,. By using the symmetric properties for
the p-adic invariant integral on Z,, we obtain some interesting identities of the power sums and the

generalized twisted polynomials Tfl ; q.c(@). If nis odd from (1.2), we obtain

I1(gn) +1-1(g Z (see [1], [2], [3], [3])- (2.1)

k=0

It will be more convenient to write (2.1) as the equivalent integral form

/Zg(sc+n)d,u_1(x)+/ g(x)dp_1(z) = Z (2.2)

P k=0

Substituting g(x) = x(2)(*¢"*e?** into the above, we obtain

><\

X(x_|_n)<z+nqh(m’+n)e(2z+2n)td'u_1(1,)_|_/ X($)Cth162mtd,u_1($)
X

_ (2.3)
Z C] hj 23t
§=0
For k € Z,, let us define the power sums 7; q.c(n) as follows:
h n
Tinac(m) = (=10 2" (24)
1=0
After some elementary calculations, we have
o e 2 2 o X -1 aCaqhaGQat
/ x(@)¢ q"*e’ tdp -y (z) = Z Ocd( h)d(62dt)+ 1 ’
X (2.5)

) o X -1 aCaqhaQQat
/ X($>Cm+nqh(ﬂc+n)e(2:c+2n)td'u71( ) Cn hn 2nt Z Ocd(h2i(62dt)+1 .
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By using (2.5), we have

/X($>Cx+71dqh(x+nd)e(2x+2nd)td'u71(x)+/ X(x)(thxe2xtdu,1(l’)
X X

d—1 aaha2a
— (1 + Cnd hnde2ndt) 22(1:0 X(a)(il) C qh 62 t
o 4 (dghde2dt 41 :

From the above, we get

/XX(x)cm+n,dqh(z+nd)e(2z+2nd))tdu_l(x)+/ X(SU)CthmemdM—l(I)

X
_ 2 [y x(@)¢" g e dpy () (2.6)
fX Cndzqhndxe2ndtmdluil (l’) N

By substituting Taylor series of €?** into (2.3), we obtain

oo

( [ @t D a4 s () + [ (@6t hz<2:c>mdu_1<x>) "
o \Jx b

m!
m=
o) nd—1 ' - pm
= 2 (XM @)™ |
m=0 7=0

. . . . .
By comparing coeflicients — in the above equation, we obtain
m!

(g Z( ) (2nd)™* /X X (@) (22 dpy () + / X(@)CT " (22) " dpi s ()

X
nd—1

=2 Z 7)¢T g™ (25)™

By using (2.4) we have

(g hndz( ) ondym— /X (@) (22) () + /X A(@)C ¢ (22) ™ du s ()

=27 (nd—1).

2X645€

By using (2.6) and (2.7), we arrive at the following theorem:

(2.7)

Theorem 4. Let n be odd positive integer. Then we obtain

2f X(l')quhweﬁatdufl(l') m
fX)éndwqhndweQndta:du71(x) = Z <2T X4 C(nd — 1))

m'
m=0

Let w; and ws be odd positive integers. Then we set
S(wl, U)Q) =

I [ x(@1)x(wa)¢(wrmtwars) ghlwimtuware) (Runeyt2waratwrwam)iqy, ) (py)dp_y (2s) (2.8)
f Cwlwzdzqhwlwngelewgdmtdu71(x) :

By Theorem 4 and (2.8), after elementary calculations, we obtain

S(U)l,'wz < / Cwla:l hwi Ty (2w1a:1+w1w2:p)tdﬂl(1,1)>

XX Zo szx,z hw2126212w2tdu 1( )
Cwﬂugda: hwlwgda:elewgdtmdM 1( )

1 & h g
(2 Z qu“’l ¢we (waz)w ) < Z Tmiqu <w2 (w1d — 1)ws )

m!
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By using Cauchy product in the above, we have

tm

m
S(wy,ws) Z Z ( ) J(X)q“’l cur (Wam)wy T( Vg cwz (Wid = Dwy" ™7 | —. (2.10)

m!
=0

From the symmetry of S(wq,ws) in wy and ws, we also see that

1 X
S(wl,wg) — (2 / X(l,z)cwgacgqhw2x26(2w212+w1w2x)td'u1(1,2))
X
y (2 fX X(xl)cwlfclqhwlz1€2z1w1td'u_1(x1)>

fX Cwlwgquhwlwgdr62w1w2dtazd'u_1 (CC)

L~ h h) mt™
(3 2 o1t 5 ) (232 T g o= iy ).

m!
m=0

Thus we have

oo m

h h) _i)
S(wi,ws) Z Z( ) j(X)’qu Cw?(wlx)wg’f( g c (wod — 1)wi" ™7 — (2.11)

m:
=0

m

t
By comparing coefficients — in the both sides of (2.10) and (2.11), we arrive at the following
m!

theorem:

Theorem 5. Let w; and wy be odd positive integers. Then we obtain

" (m
Z (j ) TJ( x)q“”2 ¢w2 (wlx)’T )J X>q¥1,¢v1 (wod —1)

j=0

- m ] m— h h
<] )wl ]TJ( X) qw1,¢wl (wzx)Trijj,x,qw2,(w2 (’LUld — 1),
0

Jj=
where T, ,5 )2 g.c(%) and T X 4.c (k) denote the generalized twisted (%, g)-tangent polynomials and the
alternating sums of powers of consecutive (h, ¢)-integers, respectively.

By Theorem 3, we have the following corollary.

Corollary 6. Let w; and wy be odd positive integers. Then we obtain

m J i
Z Z ( > < >w1 kw21’j ka(D )2 qv2, w2 T( )] X,q¥1, w1 (w2d - 1)

=0 k=0

mJ .
m J i m— h h
= Z Z (]) (k) ’LU{IUQ g j leg X) qw1,Cw1 T( ,)j7x’qw2,<w2 (’LU]d — 1)

7=0 k=0

<.

Now we will derive another interesting identities for the generalized twisted (h, q)-tangent polyno-
mials using the symmetric property of S(wq,ws).
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S(wwa) — <2 /X X(ml)CwULlqhwlzle(leaLl—kwlng)tdu1(.%,1))

(2 Jx x(@2)¢ram2ghwarze2rawatqy 4 (z5) )
X

fX Cwlw2quhw1w2d162w1w2thdu_1 (.f)

1
_ <ew1wzzt/ X(xl)cwlzlqhwlml€2m1w1td,uf—1(xl))
X

2
wldfl
< |2 Z (—1)F ()¢ W2T go2hd g2iwat (2.12)
7=0
wad 1 . . . <2I1+w2$+2]w )(wlt)
= 30 NG [ (e wr )" g )
3=0 X
oo wid—1 .
. . . . h 2]w2 tm
Dol oINS o (s - P
n=0 \ j=0
By using the symmetry property in (2.12), we also have
1
S(wl,wg) _ <2ew1wzmt/XX(xz)ngwzqhwzwzeszwztdu1($2))
2fX X(:L,l)CwlxlqhwlmleQxlwltdu_l(xl)
X fX Cwl1u2drcqhwlwgdremulwgdtmdu_1(x)
—_ <;ew1wgzt/ X(IQ)ngzgqhw2x2€2x2w2tdu_1(xz))
X
wzdfl
« |2 Z (—1)Ix(§) ¢ gorhi g2iwnt (2.13)
7=0
wad 1 . . . (212+w1 z+ 2Jun ) (wat)
= > (DI Ignt / X(w2)¢ 222 ws dp—y (1)
3=0 X
e’} wo—1 .
o , , 2jw tr
=50 [ 0 0T o e (w2 g ) B
n=0 \ j=0 o w2 n:

n

4
By comparing coefficients — in the both sides of (2.12) and (2.13), we have the following theorem.
n!

Theorem 7. Let w; and wsy be odd positive integers. Then we obtain

wld—l 1
i (o fwag wahg () 2jws
Z (=X g2 T qor o (ng-i- wq )w?
(2.14)

’Ll)gd—l 2]w
i . i irm(h 1
= (_1)JX(])CU)1]quhJTr(L,i,qwz,ng (wlx + Wy ) wy.
=0

<

If we take x = 0 in Theorem 7, we also derive the interesting identity for the generalized twisted

(h, @)-tangent numbers as follows:

wldfl 2]’[1}
S )
> DXL o o ( )w?

’u}gd—l 2]w
= 3 (CDIXGCIGITE) oy ( ) wj.
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