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Abstract. The aim of this paper is to solve a class of auto-convolution Volterra integral equations by
the well-known differential transform method. The analytic property of solution and convergence of the
method under some assumptions are discussed and some illustrative examples are given to clarify the
theoretical results, accuracy and performance of the proposed method.
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1 Introduction

The Differential Transform Method (DTM) is a semi-analytical numerical method used in numerical
analysis for solving differential, integral, and integro-differential equations. It was first introduced by
Zhou to solve linear and nonlinear initial value problems in electric circuits [27]. Since then, it has
been developed by many authors for addressing various types of ordinary, partial, integral, and integro-
differential equations. For example, it was extended in [3, 4] for solving systems of differential and
differential-algebraic equations. Its applications have been further expanded to address various types
of partial differential equations and one-dimensional Volterra integral and integro-differential equations
in [2,6,10] and [1, 15]. The DTM has also been generalized to solve single-order and multi-order frac-
tional differential equations, systems of conformable fractional differential equations, and conformable
fractional partial differential equations in various studies [7-9, 16].

For solving a system of non-linear Volterra integro-differential equations with variable coefficients
and two-dimensional integral equations it is investigated in [22-24]. A modification of this method is
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suggested for solving delay differential, integro-differential equations, and partial differential equations
in [5, 14,20]. Application of this method for stiff differential equations may be found in [19]. It is also
extended for some applied problems [12,17,18,21,25].

The subject of this article is to investigate the application of the DTM to a class of generalized auto-
convolution Volterra integral equations (AVIEs), i.e.

u(t) = g(t) +/OtK(t,s)u(t—s)u(s) ds, 1 €1:=[0,T], )

where T > 0 is a real number, K and g are given smooth functions, and u represents the unknown function
for which we aim to determine its power series.

Application of Eq. (1) is, e.g., in the identification of memory kernels in the theory of viscoelasticity
or in the computation of certain special functions [26]. The existence and uniqueness of solution for this
kind of equations may be found in [26]. Equations of the form (1) have been solved by the piecewise
polynomial collocation method in [26] and by the barycentric rational quadrature method in [13]. More
details about these equations and other solution methods may be found in literature.

The next sections of this paper are organized as follows. In Section 2, we recall DTM and its im-
portant properties. In Section 3, we present sufficient conditions for the existence and uniqueness of an
analytic solution for Eq. (1) around the point # = 0. Formulation of the DTM on Eq. (1) will be described
in the last part of Section 3. In Section 4, some illustrative examples are given to clarify the accuracy and
convergence of the method. Finally, in Section 5, we provide a brief conclusion.

2 Preliminaries

In this section, we present the preliminary results concerning the DTM that will be used throughout the
paper. Throughout this paper, the differential transform of any function is denoted by the corresponding
capital letter of the function’s name.

Definition 1. Let the function f : 1 — R be differentiable of any order on the open interval 1 C R. Then
for any positive integer n the differential transform of f at the point to € 1 is defined by

1 [d"f(r)
n— 5 2
n! |: d[l’l :| t=ty ( )
and the inverse transform is defined by
f(6)=Y F(t—1)" 3)

From (2) and (3), we obtain

=% o | %] o @

=n! | di"
which is the Taylor series of f(t) around the point t.

We summarize the main properties of the differential transform in Proposition 1.
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Proposition 1 ([15]). Let F,, G,, U, and V, denote the differential transforms of the functions f, g, u
and v around the point ty € I, respectively. Then

a. If f(t) = cu(t) £ dv(t) for some arbitrary constants ¢ and d, then
E,=cU,+dV,.
n
b. If f(t) = u(t)v(t), then F,, = Z UV,—k.
k=0

c. Iff(t)=(t— to)k, then F,, = 8, , where 8, denotes the Kronecker delta function.

k\ k—n
f =0,1,...,k
d. Iff(t)zlk,thenFn:{(n)O ;o =01,k
0, n>k.
e. Iff(t) = Sin(Ct+d>, then Fn = %Sin(CtO‘i‘d—f- %)
f If f(t) =cos(ct+d), then F,, = fl—';cos(cto+d+ .

g Iff(t) = e, then F, = %’;ecto'

h Iff(t):/tt (s)ds, then F,, = n’l, n>1, Fp=0.
0
i. Iff(t):g(t)/tu(s)ds, thenFn:’f%, n>1, Fp=0
fo i— n—k
i IFF@) /g 5)ds, thenFn—’thkU:lkl,nzl, Fy=0.
k=0
Theorem 1 ([21]). If h(t) = [; f(to+1—s)g(s)ds, then
Ho=0, Hn:n_IWFan_k_l, n>1. (5)

We recall the following definition which will be used in the next section.

Definition 2. [//] Assume that f(t) Z an(t —19)" and g(t Z bu(t —1t9)" be two power series with
n=0
positive radius of convergence and assume that b, > 0 for all n. We say that g(x) is a majorant of f(x) if

forall n > 0 we have |a,| < by,.

Remark 1. From the definition above, we can conclude that, if R and R, are convergence radius of f(x)
and g(x) respectively, then Ry < R.
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3 Main results

In this section, first we recall Lemma 1 and Theorems 2 and 3 below from [26], then in Theorem 4, we
show under appropriate assumptions, the integral equation (1) has a unique continuous solution.

Lemma 1 ([26]). Assume that g € C(I) and K € C(D) in which D := {(¢,s): 0 <s <7 <T}. Then, (1)
has a unique local solution u € C[0, 6], where

1 - _
G=mind — = T4 G:= O, K = K(t,s)|.
min{ g T 6 = manle()l, K = max K ()

This local solution can be extended to cover the interval [0, 7], so we have the following theorem.

Theorem 2 ([26]). Let in the AVIE (1) we have g € C(I), K € C(D). Then (1) has a unique solution
ueC(I).

The next theorem discusses the regularity property of the solution of (1).

Theorem 3 ([26]). Assume that in the Eq. (1) we have g € C"(I) and K € C"™(D) for some m > 1. Then,
the solution u of (1) possess the regularity u € C"(I).

In this part, we will prove that under appropriate conditions, the solution of (1) is analytic at t = 0
with a convergence interval that includes [0, €].

Theorem 4. Suppose that the given functions g and K are analytic at + = O with their convergence
intervals and domains contained in I and D, respectively. Then, the solution of the AVIE (1) is also
analytic at r = 0, with its convergence interval containing [0, €], where € will be specified during the
proof.

Proof. Since g and K are analytic at ¢ = 0, then we have
g(t> = ZGiti7 K(t7s) = Z Kp’ctpso. (6)
i=0 p76:0

We now assume that on the interval [0, ], the series u(t) = Y5, Ust* is convergent, then from Eq. (1)
we get
Uo = Go,
Uy =Gy + ) K, cUU;B(j+ 1,0 +i+1), k>1,
p+o+itj+l=k

where B denotes the beta function. Assume the equation
~ t >
90 =30+ [ Kle.s)y0=s)y()ds,

in which () and K(z,s) are majorant functions of g(¢) and K(z,s), respectively. Following the same
approach as previously mentioned for u(z), we can determine that y(¢) is a majorant of u(z), this means
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that y(t) = Yoo Yit* with ¥; > |Ui|. We demonstrate that the latter series converges on [0, €]. To achieve
this, let Nj(t) := Y4_, Yat¥. It is evident that the sequence {N;(t)} is increasing, and since

+/KtSNl(f—s)Nl( dS_Zle + Z Z Kp oYY;B(j+ 1,0 +i+ 1) PHititl

p,0=0i,j=0
=N (1) + Z Gt
k=142
* L Kp oY;Y;B(j+ 1,0 +i+ 1)OtPHt+L

P+O+itj+1>I42

where Y, Gut* and Y 5414 j 115142 Kp oYiY;B(j+ 1,6 +i+ 1)t®+P++i+! are non-negative, we con-
clude the following inequality:

Nii(t) < +/KtSNl(f—S)Nz()d

Let us define D) := malxg(t) and D, := D? (m)ax K(t,s). Then, for & := min{T, 2 ip, ) we derive
te t,s)eD

No(t) =Yy < D; <2Dj. We get by induction

Nia(0) < g0)+ [ RGNl —sNi(s)ds

< Dy + max {K(t,s)N;(t — s)Ny(s) }

s€[0,¢]
< Dy +4D? max {K(t,s)}¢
(t.s)eD
<D, +4Dy¢
<2D;.

This implies that the sequence {N;(¢)} is uniformly bounded, and thus, the series Y5, Y;* is uniformly
convergent on [0, €]. Consequently, we conclude that the series };” Uyt* is also convergent, at least on
[0, €]. O

Let us assume that the functions g and K are analytic at ¢t = 0 with convergence interval and domain
included in [0, 7] and D, respectively. Then Eq. (1) has a unique analytic (at 7 = 0) solution u, which can
be expressed as

=Y U )
n=0
To find an approximation to u(r), we can apply the DTM to construct a recurrence relation for the
unknown coefficients U,, where n = 0,1,2,.... To achieve this, we expand the functions k(z,s) and g()
as follows:

K(t,5) =Y ka(s)t",  g(t) =) Gut", (8)
n=0
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where

_ 1 [d"K(z,s) 1 [d"g()
knls) := n‘{ ot ]1_0’ Gni= n![ arm |,

Then, using the expansions (7) and (8) in Eq. (1) and setting

/ Jou ()t — s)u(s) ds,
it becomes
Y Uu" =Y Gut"+ Y t"h (1)
n=0 n=0 n=0

Comparing now coefficients of " on both sides of (10), implies

n
Up=Gn+ Y Hy jj, n=0,12,...,
j=0

where H,, ; stands for the differential transform of £,(t).
On the other hand, if we set z,(s) = k(s)u(s), then

o) = /0 "l = $)20(s) ds,

and it follows from Theorem 1 that

0, j=0
Hy,j=<nG—1-1)! ,
" Z (J%')Ulzn.,j—l—la j> 1
1=0 J:

We also apply Proposition 1, part (b)., to the function z,(s) = k,(s)u(s), to get

J
Zuj=Y AnUjy, j=0,1,2,....
r=0

Combining the relations (11), (13) and (14), yields the recurrence relation

G07 n:(),
Un = Lt NG —1— n,

GnJFZ IZ Z ]

for the coefficients {U, } .

n—jrUj—1—r—1U;, n=1.2,...

®

(10)

(11

(12)

(13)

(14)

(15)
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4 Examples

To illustrate the structure of the recurrence relation (15) and the accuracy of the method, we present
the following examples. A comparison of our results with those provided in [13,26] demonstrates the
effectiveness of our method. All computations are performed using Maple software.

Example 1 ([13,26]). As the first example, we consider the AVIE
t
u(t) = Bre " + B2e ¥ (2sint —t —t cost) —/ cos(t — s)u(t —s)u(s)ds, t€[0,1], (16)
0

where the exact solution is u(t) = Bre™"

We set B =y =1 as in [20], then we have
rt

u(t) = e '(2sint —tcost) —cost/ coss - u(t —s)u(s)ds
0

t
- sint/ sins - u(t — s)u(s)ds. (17)
0
By using Proposition 1, the recurrence relation (15) is written in the form of

Up=0
SOE e
Un=2Y%—0 k!((nl—)k)! Sin <( zk)ﬂ
(—1)k 5 cos ((n—k—l)n>

T M(n—k—1

_szlz Z » lk‘!fl nl /:))u' Cos <(n;k)7r) Cos (%) UUk—1—r-1
DY D M N ”k'yf',f ;i)): Sln<(n 2k>7r>51n(m)UlUk I—r—1

n=12,...

Then as an example, for n = 10 we obtain the approximate solution as

1, 1, 1 1 1 1 1 1
2 3 7 8 9 10

t)=t—t —1 t ft - — t - t
uio(t) T e 0" T soa0" 030! eass0’

which is exactly the truncated Taylor expansion of degree 8.

Example 2 ([26]). Consider the equation
1. 1 /1
u(t) = Esmt—i— 5/ u(t—s)u(s)ds, r€][0,1], (18)
0

where the exact solution is u(¢) = Ji(¢), in which J; () denotes the Bessel function of order one that is
defined by
( 1)kt2k

70 =1 ¥ s (1
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Figure 1: Plot of absolute error for Example 1.
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Figure 2: Plot of absolute error for Example 2.

The recurrence relation (15) for this equation is obtained as follows

7k' k—l
U, = ,s1n7” Z (n= )!

Up=0.

——UUy k1, n=1.2,...,

As an example, the approximate solution for n = 10 is then given by

(1) Lo lpy Lty Lo, 1 p
u =—t—— —
10 2" 716" T3sa" T 18432’ T 1474560

which coincides with partial sum of the series (19).

Example 3 ([26]). Consider the equation

12 !
u(t) = 50te % + ﬂt%_sm 7/ u(t—s)u(s)ds, te][0,1], (20)

0

with the exact solution u(t) = 50te ™"
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Figure 3: Plot of absolute error for Example 3.

By Theorem 1 and the recurrence relation (15), we have

(— 50)" k 1250 d

Z5k3

————UU; 1,

50)" k

_5025“

"Zl k!(n — k 1)
forn=1,2,..., with Uy = 0. For n = 6, we obtain the approximate solution as
3125000 4 39062500 5 390625000 ¢
1+ r— t°,
3 3 3
which exactly coincides with the truncated Taylor expansion of the solution.

ug (1) = 50t — 250012 + 625001° —

Example 4. Consider the equation
1 t
u(r) = sint + 1%(t cost — sin) + 1 / su(t — syu(s)ds, 1€[0,2], 1)
0

with the exact solution u(r) = sin(¢). The approximate solution for n = 10 is obtained as follows:

s, 1s 1, 1,
t)=t— *l‘ —_— t 1.
tmo(t) =1 ="+ 1557 = 5040" + 362880

The plot of absolute error is shown in Fig. 4

5 Conclusion

In this article, we discussed the application of the Differential Transform Method for a class of non-
standard Volterra integral equations. We demonstrated that, under suitable conditions, the solutions of
these types of equations are analytic at the origin (¢ = 0). Subsequently, we derived a recurrence relation
to obtain the Taylor expansion of the exact solution around the origin. Our findings contribute to the
development of effective methods for solving non-standard Volterra integral equations, which can be
applied in various fields of science and engineering.
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Figure 4: Plot of absolute error for Example 4.
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