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In this paper, complex operational matrices of Euler functions and their
interesting properties are obtained to provide a novel method for solving linear complex
differential equations under mixed initial conditions. Convergence conditions of this method
are studied in depth, and numerical experiments show the efficiency of this method. In
addition, reasonable numerical results are obtained by selecting a small number of basis
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1. Introduction

The study of differential equations is a wide field
in pure and applied mathematics, physics, and engi-
neering. All these disciplines are concerned with the
properties of differential equations of various types.
Complex differential equations, such as those used to
solve real-life problems [1], may not necessarily be
directly solvable, i.e. do not have closed form solutions.
Instead, solutions can be approximated using numerical
methods. Many authors have investigated complex lin-
ear differential equations and achieved many valuable
results [2-8]. We assume that readers are familiar with
the fundamental results and the standard notations of
the Nevanlinnas theory of meromorphic functions and
the theory of complex linear differential equations [9].

The basic motivation of this work, by considering
the mentioned studies, is to develop a new numerical
method, called a matrix method, based on Euler
polynomials [10,11], and collocation points for the
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approximate solution of complex differential equation.
We will consider high-order linear complex differential
equations with variable coefficients:

m

Z x—l—zt

") (1 + it) = g(x + it),

m>1, a<zx<b, c<t<d, (1)

which is a generalized case of the complex differential
equations given in [12,13], with the following mixed
initial conditions:

Z Czk?] )\ka

where pr(z) and g¢(z) are analytic functions and c¢;;
and A, are real or complex constants. The aim of this
study is to obtain a solution to problems in Egs. (1)
and (2) as the truncated Euler series, defined by:

N
=2 rE
n=0

z=ax+it, a<x<b c<t<d, (3)

so that p,,n = 0,1,2,...,N are the unknown FEuler
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coefficients; N is chosen as any positive integer such
that N > m and E,(z),n =0,1,2,..., N are the Euler
polynomials of the first kind defined by the generating
function [14]:

xt N n
2 N B (4)

n!

The reader is referred to [15] for some advantages
of Euler functions, in approximating an arbitrary
unknown function, over some classical orthogonal poly-
nomials. This paper is outlined as follows. In the
next section, our own contribution, i.e. the new matrix
method, is presented. In Section 3, the main results
for convergence properties are proposed. We provide
four numerical examples to show the feasibility and
effectiveness of the proposed method in Section 4.
Finally, concluding remarks are given in Section 5.

2. Method description and problem
formulation

The Euler basis polynomials, E,(z), of degree n are
constructed from the following relation:

n

> (Z) Ep(2) + Bn(x) = 22", n=0,1,..,N. (5)

k=0

Fuler polynomials satisfy the well-known relation:

E(z)=nE,_1(x), n>1. (6)

With the aid of Eq. (3), we convert the solution y(z)
to matrix form:

y(z) = E(2)p, (7)

where E(z) = [Eo(z), E1(2), Ea(z), ..., En(z)] and p =
[P0s P15 P25 -, pNn]T.  Secondly, the relation between
E(z) and its first derivative, E'(z), is given by Eq. (6).
So, we have:

and, repeating the process:

E®(z) = E(z)MF,  k=0,1,2,.., (8)
where:

01 0 0

0 2 0
M = :

000 N

000 0

Note that MO is the unit matrix defined as:

1 0 0 0
01 0 0
M= |0 O 1 0
Lo 0
0 0 0 1

(N+1)x(N+1)

Consequently, from the matrix forms in Egs. (7) and
(8), we have:

y B () =E(z)MFp, k=0,1,2,... (9)
We recall that the Euler expansion is not based on
orthogonal functions, but it possesses the operational
matrices of differentiations (and also integration). We
are now ready to construct the fundamental matrix
equation corresponding to problem in Eq. (1). To
compute the unknown Euler coefficients, we use the
collocation points defined by:

zjj = xj +ilj,
so that:

b—a d—c
./L'j:a‘i‘iN Js j
71=0,1,2,...,N. (10)

Now, we put the collocation points into Eq. (9) and,
thus, we can write:

y*) (200)
y ™ (211)
Y® = | ¥y (22) | = BM*), (11)
y M (znn)
where:
E(Zoo)
E(le)
E= | E(222)
E(znn)

EO(ZOO) El(zOO) Ez(Zoo) s EN(ZOO)
E0(2’11) El(zll) Ez(zll) s EN(le)
—|Eo(z22)  Ei(#22) Ea(z92) En(#22) 7

: : : : (12)
o(znn) Er(znn) Eo(znw) ..o En(znn)
and:
Yy (2;5) = E(z;;)MFp, j=0,1,2,...,N. (13)

On the other hand, by substituting the collocation
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points (10) into Eq. (1), we have:

m

Zﬂk(zjj)y(k)(zjj) =9g(z5), 7=0,1,2,

k=0

Briefly, this system can be written in the matrix form:

Z M Y =

EM’

and, therefore, the fundamental matrix equation is:

{imw} p=G. (14

k=0
where:

,Mlc(Zoo) 0 e 0

0 /j,k(le) 0
Hk : : - : ’

pr(ZnN)

g(ZJ.VN)

Now, let us write briefly the fundamental matrix
equation (Eq. (14)), corresponding to Eq. (1) as:

Wp=I[G] or [W;G]. (15)

This system corresponds to a linear system of N + 1
algebraic equations in N41 unknown Euler coefficients,
such that:

W = f:,ukEM’“.
k=0

We can obtain the corresponding matrix form to
conditions (2) as follows. By means of Eq. (9), we have
the matrix equation:

m—1
> cxE(O)M*
1=0

briefly:

p:[)‘k]a k:()a]-a“'am_]-a

Urp=1[A] or [Ug;Ae] k=0,1,....,m—1, (16)

where:
Uy = [uro, k1, -

m—1
7UkN] = Z CikE(O)Mk
1=0

Consequently, to obtain the solution to Eq. (1) by

22 (2015) 2424-2431

replacing m rows of the matrix in Eq. (15) by the
row matrices in Eq. (16) such that rank W* =
rank[W*;G*] = N + 1, we have the new augmented
matrix:

W =[G*] or [W* G"]. (17)

The above system can be solved by using well-known
software such as Matlab. We use Matlab software
while we solve our examples in the section concerning
numerical examples. Thus, we can write:

p=(W) G
and, hence, elements pg,p;...,,pn of p are uniquely
determined.
3. Error analysis and convergence
In this section, we perform the error estimation for

Eq. (1).

Theorem 1 [16]. Function f(z) € L?[0,1] can be
expanded as a finite sum of the Euler series. Then,
coefficients f,, for all n = 0,1, ..., IV, can be calculated
as follows:

ﬁ fol f(N)(;p)dx, n=N

d.ib'-l—ZN n—1 2(n!)

k+2 (18)
k4+n+1

E” 2 O n+k 9
( k41 > k+2(0) f +k+1>

n=N-1,N-2,.,0.

Theorem 2 [16]. Function m(z,t) € L?[0,1] x
L?[0,1] can be expanded as a finite sum of two variable

truncated Euler series, Zr 02 —o My s Er(2)Eq(t),
and coefficients m, ,, for all r,s = 0,1,...N, can be
calculated from the following backward linear relation:

87‘+s
d dt
/ / (9$T5t5

N N 1s1)

=Yy )

Py (i—r+1)(j—s+1)

" ) BB a0, (9)
i—r)\j—s) 7"t J=st ’

Theorem 3 [17]. The following relationship:

.
P =2 g () P @B st

holds true between classical Euler polynomials and
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classical Bernoulli polynomials.  According to the
above theorem, function approximations in Egs. (18)
and (19) expressed by Euler polynomials, can convert
to corresponding approximate polynomial in terms of
Bernoulli polynomials.

Theorem 4 [18]. Let m(z,t) and f(z) be enough
smooth functions and my(z,t) and fx(z) be the ap-
proximated polynomials in terms of Euler polynomials,
respectively. Then, the error bounds would be obtained
as follows:

i) 1) = fy@lloo < CFEM) ™Y, 2
F = sup{||f) (@)]]oe,i = 0, 1,...}.

(ii) fm(z,t) = mu(z,6)]e < ON(2m) N
a positive constant.

€ 10,1}, where
, Where C is

In the following Theorem, we consider m = 1 and
cir. =1 1in Eqgs. (1) and (2) for clarity of presentation.
We note that a similar procedure can be applied for
the case of other values of m. Eq. (1), with the above-
mentioned assumptions, has the following form:

y'(2) = w(2)y(z) + g(2), (20)
where:
y(z) =w(z,t) +it(x,t), w(z)=0é(x,t)+il(x, 1),

9(2) = a(z,t) +iv(x,t). (21)

Also, the initial condition is y(0) = w(0,0) +i7(0,0) =

o+ .
Consider the following assumptions:

(H1) Qz,t) = [w(z,t),7(z, 0],

T(x,t) = [al(x, t),5(x, )],
Az, t) = [‘C(%ﬂ

T t
a(z,t) :/ / ay(x, t)dzdt + py, and
0o Jo

x t
T = [ [ e dade + o
0 0

(Hy) [|A(x,8)]|o <A< 1, where A
is a real constant.

(H3) [|€(,0) — 2n(2,0)]|
< i||Q(:v t) — Quy(x,t)||
=N ) N\4, 00y

where Q(z,t) and Qn(z,t) are approximated by
Qn(x,t) and Qn(z,0), respectively, by the aid of Euler
polynomials. It should be noted that the condition
(Hj3) is based upon Theorem 4.
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Theorem 5. Let the assumptions (H;) — (H3) be
satisfied. If [a,b] = [¢,d] = [0,1], and we use a
collocation scheme for providing the numerical solution

of Eq. (20), then:
lim Qy(z,t) = Q(z, ).
Proof. Since y(z) is an analytic function, then

Eq. (20) could be rewritten as follows:
(8(z,t) +i¢(, 1)) (w(z, 1)

i, 1)) + . t) + iv(x, 1), (22)

we () + ity (x,t) =

In other words:

we (1) — (6(x,t)w(x,t) —
= a(z,t)

e (@,t) = (8(x, )7 (2, t) + ((x, (. 1))
= ’7(‘%'7 t)
We differentiate the above equations with respect to

t, and then integrate with respect to x and ¢ in the
rectangular [0, z] x [0,¢]. Therefore, we have:

th(iﬁ,t) aat (6(x t) (th) - C(x,t)T(ZE,t»
ay(w, t)

Ta,t Z, t g(é
= ’71&(557 )

((z, )7 (2,1))

(23)

T(z,t) + ((z, w(z, b)) (24)

and:

fo fo Wet(z, t)dxdt — fo o at( (x, t)w(x,t)

—C(l‘,t) ( €T, ))dl’dt = fO fO Oét($7t)dl‘dt
IS fo Toe(z, t)dadt — [ [ at( (x,t)T(2,t)  (25)
+((z, w(z, b)) ddt = [ fo Y (, t)dzdt

By imposing the initial conditions, we have:

ot~ [ ’ (<6<x, Bl t) - C(a, (e, 1)

=a(z,t), (26)

and:

o) - / ’ (<6<x,t>7<x, 0 + (s ol 1)

—<6(xvo>r<x,o>+<<x,0>w<x,o>>)dx:w<x,g.7 |

Eq. (27) could be restated in the following matrix
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vector form:

Qz,t) = /Ox Az, 6)Q(z, t)dx

_ / A(z,0)Q(x,0)dz + (1) (28)

Now, we use an Euler collocation method for providing
the numerical solution of Eq. (28). Then, we have:

(2,1 = / Az, )y (2, O)d

— /x A(l’, O)QN(l’, O)dI + I‘(l’, t)
0

+Ryv41(x, 1), (29)

where Ry11(z,t) is the residual function that is zero
at the collocation nodes. By subtracting Eq. (29) from
Eq. (28) we have:

|20, - a0

—A(z,t)2n(x,t) + Az,0)2y(z,0))dx

o0

/Ox(A(mJ)Q(x,t) _ A(z,0)2(z,0)

_RN+1(x7 t) H

o0

< ‘/x(A(x,t)a(x,t)—A(x,t)QN(m))dx
0

o0

+ /w(A(aj, 0)Q(z,0)—A(z,0)2y(x,0))dx
0

o0

+ RN+1(T/715)H SZ/ (
oo 0

Q(x,t)—QN(:v,t)H

o)

+ Q(I,O)—QN(I,O)H )da:+HRN+1(x,t)H

(o]

gA(HQ(x,t)—QN(m)HOO (1 + ]1[))

+HRN+1(;E, t)H . (30)

o0

o0

Then, the error bound would be obtained as follows:

—— o] o

o 1—A(1+}V)

Since:

lim RN+1($7t)H =0,

we have:

n— oo

lim Q(x,t)—QN(:v,t)H =0.0

(o)

4. Numerical examples

In this section, we solve some complex differential
equations using the present approach.

Example 1 [12]. Consider the following linear com-
plex differential equation:
Yy (2) = 22" (2) — 2y(2) 4 2° — 2925 + 222
+19z 424, |2 <1,
y(0)= -1, y(0)=2 (32)
with the exact solution, y(z) = z* —522+ 22— 1. Using

the procedure given in Section 2 for N = 4, the Euler
coefficient matrix is obtained as:

p=[-2 -1 -2 2 1)L

Thereby, the approximate solution of the problem for
N = 4 becomes:

ys(2) = 2* =522 + 22— 1,

which is the exact solution.

Example 2 [9]. Let us consider the linear complex
differential equation of second-order:

V)= e, BISL
y(0) =1, y'(0)=1
which has the exact solution y(z) = e*. Table 1

and Figure 1 list the results obtained by the Euler
collocation method in terms of absolute errors at N =
3,5,8 and 11. It can be seen that the errors decrease
when integer N is increased.

Comparison of the error functions
T : : T : . :

10°

——
——
—

1072

1074

1076

Error

1078}
10-10]

10—12_

10714 ‘ ‘ ‘ ‘ . ‘ ‘ ‘ ‘
0.0 0.1 0.2 03 04 05 0.6 07 0.8 09 1.0

0.z denotes Oz + 20.x for x =0,1,...,10

Figure 1. Comparison of the absolute errors of
Example 2.
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Table 1. The errors obtained by present method for various values of N of Example 2.

23 ForN =3 ForN =5 ForN =8 ForN =11

0.0 4+ 0.0z 0 0 0

0.140.1z 1.0807e-04  2.0957e-06 1.0372e-09 1.4653e-13
0.240.2¢ 7.2337e-04  9.6427e-06  3.0491e-09 3.4944e-13
0.3+ 0.3z  1.9444e-03 1.7474e-05  4.6975e-09 5.5253e-13
0.4+404: 3.3821e-03  2.2075e-05  6.5798e-09 7.5858e-13
0.5+ 0.5z  4.1150e-03  2.7155e-05  8.3848e-09 9.7501e-13
0.6 4+ .060  2.6972e-03  3.8409e-05 1.0343e-08 1.1976e-12
0.74 0.7t 3.6562e-03  4.6562e-05 1.2535e-08 1.4378e-12
0.840.8: 1.6744e-02 1.2243e-05 1.3752e-08 1.7089¢-12
094090 4.0882e-02  2.5754e-04  5.4855e-08 9.0841e-13
1.0+ 1.0c  8.0438e-02 1.0071e-03  4.3604e-07 5.4736e-11

Table 2. Comparison of the absolute errors for various values of N of Example 3.

x; Sezar method [19] Present method
N =9 N=9 N =10 N =12

0.0 + 0.0z 0 0 0 0

0.1+0.1z 8.000e — 10 5.998¢ — 11 3.072e¢ —12 1.238¢ — 14
0.2+0.2¢ 7.810e — 09 1.604e — 10 7.684e —12 2.832¢ — 14
0.3+ 0.3z 2.376e — 08 2.50le =10 1.209e —11 6.148e — 14
0.4+ 0.4z 5.459e — 08 3.472e —10 1.66le —11 1.177e —13
0.5+ 0.52 1.077e — 07 4.411e —10 2.124e —11 2.023e — 13
0.6 4+ 0.67 1.852e — 07 5.45Te —10 2.597e —11 3.208e — 13
0.740.72 2.948e — 07 6.391e — 10 3.116e — 11 4.821e — 13
0.8+ 0.8z 4.405e — 07 8.026e — 10 3.51le —11 6.992e — 13
0.9+ 0.9z 6.264e — 07 7.669¢ —10 8.08le —11 1.016e — 12
1.0+ 1.0z 8.500e — 07 2.294e — 08 1.257e —09 3.73le —12

Table 3. Comparison of the absolute errors for various values of N of Example 4.

z; Taylor collocation method[20] Bessel method [21] Present method
N =5 N=9 N =5 N=9 N =5 N =9
0.0 4+ 0.0z 0 0 8.5541e-13  6.4992e-13 1.7000e-16  2.2765e-16
0.140.1z  2.7889e-03 1.5421e-05 8.5931e-05  2.3811e-08 5.7447e-07  2.0899e-11
0.240.2¢  3.1418e-03 1.2489e-04 2.8831e-04  6.8263e-08 2.6893e-06  5.5961e-11
0.6 +0.6¢  8.4872e-02 3.3937e-03 1.1734e-03  2.5256e-07 1.1016e-05  1.9648e-10
1.0+ 1.0 2.4519e-01 1.5811e-02 2.2240e-03  5.1293e-07 3.9616e-04  9.2889e-09

Example 3. We consider the linear complex differen-
tial equation with variable coeflicients to demonstrate
that Euler polynomials have the power to approximate
the solution to the desired accuracy. The equation we
consider is [19]:

{y”(z) = —z2y'(2) —zy(2) + €* +2z¢*, |z| <1
y(0)=1, ¥'(0)=1 (34)

with the exact solution, y(z) = e*. We compare the
absolute errors of the current method with the Sezar
method [19] in Table 2, which shows that the results
obtained by the present method are better than those
in [19].

Example 4. Our last example is the linear complex
differential equation of second-order [20]:

y'(z) = —zy'(2) — 2zy(2) + zcos(z) + 2zsin(z)
—sin(z), |z| <L

(35)

The exact solution of the problem is f(z) = sin(z). By
following the procedure of our method, we obtain the
approximate solutions of the problem for N = 5 and
9. The absolute errors of the present method, Taylor
collocation method [20] and Bessel method [21] are
compared in Table 3. We plot these numerical results
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o Error comparison between methods
10 T T T T T T
1074
1075 B
3 -8
S 107° X
&
10-100
—-12
10 Bessel method with N =5
—8— Bessel method with N =9
107147 —6— Present method with N = 5|4
—#— Present method with N =9
1016 . ! !

00 01 02 03 04 05 06 07 08 09 1.0
0.z denotes Oz + 0.z for ¢ = 0,1,2,6,10

Figure 2. Comparison of the absolute errors of

Example 4.

in Figure 2. It is also observed that the new method is
an effective method with high accuracy.

5. Conclusion

Complex differential equations have an important role
to play in physics and engineering. They are very
difficult to handle analytically, so, we always obtain
approximate solutions. In this study, a new method
for obtaining a numerical solution for linear complex
differential equations is discussed. The derivation of
this method is essentially based on Euler functions.
The error analysis and convergence of the method
are also introduced. Thus, the proposed method is
suggested as efficient. Comparison of the results ob-
tained by the present method and those other methods
shows that the present method is very convenient.
Moreover, this method can be extended to complex
integro-differential equations, but some modifications
are needed.
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