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1. Introduction

The field of fractional integrals and derivatives is vast, and its importance is increasing
daily due to its numerous applications. Different definitions have been proposed, leading
to several approaches to the subject. It is worth noting that all existing types of fractional
integro-differentiation operators are discussed in the book by S. Samko, A. A. Kilbas, and
O. Marichev [1], along with the applications of fractional calculus to different equations,
including the first-order integral equation, the Euler-Poisson-Darboux-type equations,
and differential equations of fractional order. It is worth examining the findings presented
in [2,3], where several extensions are proposed.

In this research study, we only use the Euler and Caputo definitions for fractional
derivatives, without delving into the complex framework surrounding it. Our goal is
to demonstrate that we can find solutions to certain types of initial value problems for
fractional differential equations by making judicious use of power series expansions with
rational exponents. It is worth noting that the powers used in these expansions exhibit a
natural symmetry, as they are integer multiples of a given number «, where 0 < a < 1.

It should be noted that the method being discussed in this context, which is essentially
the indeterminate coefficient method, may not be suitable for solving every problem of
this nature. However, this technique is worth exploring in greater depth, as it can often be
adapted to the equation being studied, thereby avoiding the need for the more complex
techniques outlined in the cited bibliography [4-12].

It is worth noting that the same approach can be applied to the solution of more
general equations as well as to the evaluation of the approximation errors, as shown by
G. Groza and M. Jianu [13]. Please note that in our case we are finding exact solutions, and
as such the aforesaid step is unnecessary.

In the final section of this paper, we utilize the same methodology to obtain an
approximate solution to the fractional-order logistic equation. A similar approach can

Symmetry 2023, 15, 1842. https:/ /doi.org/10.3390/sym15101842

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym15101842
https://doi.org/10.3390/sym15101842
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-7899-3087
https://doi.org/10.3390/sym15101842
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15101842?type=check_update&version=1

Symmetry 2023, 15, 1842 20f 13

be found in the articles of M. Ortigueira et al. [14-16], which were recently shared with
us by the author after our article in MDPI Symmetry [17] was published. We encourage
interested readers to refer to these articles for further information.

2. Fractional Derivative of Powers

The definition of the fractional derivative of a power function dates back to Euler, and
falls within the definition of fractional derivatives introduced by Caputo as a special case:

Fn+1) .y
fnri-w ' o = (1)

D/t" =0, (n<][v]),

Dyt =

where 1 and v are rational numbers and [v] denotes the integral part of v. If c is a constant,
then Dyc = 0.
As is known from theory, the Caputo derivative is defined in the following way [18]:

(n)
Dy, f(t) = r(nl_ V) ./ul/L (th)ET)n+1 dr, (n>1[v]),

and reduces to (1) whena = 0 and f(t) = #".
Particular Cases
As an example, when v = 1/2 and # is an integer, we find that
! 1
pyepm— ey (n>1), ?)
f T'(n+3) ( )

and more generally, forv = (2k +1)/2 with (k=1,2,...),

| n!
p¥em — ™ =32 psam M n-5/2
t [(n—1/2) t T(n—3/2)
DN-12pm _ ™ p-N+1/2
! IT(n—N+3/2) ’
where
2n — 1)!!
r(1/2) =vn, r(:«vz):?, oo, T(n+1/2) = ( ”zn ) VT

The first few examples of fractional derivatives of powers are shown in the Appendix A
at the end of this article.

3. Expansion in Fractional Powers

We define the expansion of an analytic function f(f) in terms of fractional powers as
per the following expression:

_ a 1/2 a2 372 5/2 . an n—1/2 _
f(t) =aog+ (3/2)t +r(5/2)t +r(7/2)t + +7I’(n+1/2)t +...
®3)
ag + Z " 1/2.

n+1/2

This is a formal expansion, and series convergence aspects are not considered here, as
only a finite number of terms is considered in the following.
The meaning of the expansion coefficients is as follows.
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Of course, we have ap = f(0); as it is possible to exchange the Caputo fractional
derivative D!/2 with the series symbol (see [18]), we find

a a2
DI = ety DI e + gy DV 2oy

that is,

@ T(3/2), a T(5/2)
D}/Zf(t)\(t:O)—r(;/z) (1) r(52/2) r(2)

Himo) + 0+ = a1,

D2 £(6) ~ 0 — s 1) 1m0~

p¥2( %2 32 88 52 On 12 )y
t (1"(5/2) +1"(7/2) + +F(n+1/2) * lu=0)

a, T(5/2) a3 T(7/2) as T(7/2) -
(F(Siz) I'(1) 1"(7:;2) r'(2) t+r(73}2) ) t2+...)|(t_0)_a2,

and, for the general N-th coefficient,

N-1
(N-1/2) an n—1/2
—an — I L— —g) = 4an -
D, <f(f) ao 1;_1 T(n+1/2) t >|(t0) aN

Remark 1. Similar expansions could be obtained assumingv =1/3,1/4,...

Subsequent Derivatives of Order 1/2

Considering the expansion in (3), we find

a a a
D}/Zf(t):a1+a2t+2—?t2+3—‘§t3+--~+%1t”+..., 4)
D. f(1) = DY2DV2 ¢4y = %2 41/2 a3 1372 A4 572
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Tmti/2) 0 T
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DD f(t) = D}? f(t) = ay+as b o7 ook T2 ©)
D2 f(t) = D2DY2 f(t) = =2 /24 04 __pB/24 05 52

@)
An+42 n+1/2
2y o
Tt 1/2) +

Other half-integer-order derivatives can be easily derived by noting that at each step
it is sufficient to increase the index of the coefficients a,, by one unit and leave the powers
of the variable t unchanged.

In the following, we apply the method of indeterminate coefficients to solve initial
value problems of fractional differential equations.
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4. Examples
4.1. Example 1

Let us first consider the problem of finding a particular solution for the following
inhomogeneous fractional equation [10]:

D}2Z(t) +Z(t) = + P /2 .
Z(0)=0.
Set
2() = f;o als, o
then, DY/2(" /nt) = ——— ¢~}
[(n+3)

Recalling that the Caputo differentiation under the series symbol holds for analytic
functions, and considering that the fractional derivative of the first constant term vanishes,
we can conclude that

e — g Y=y 2 _pe

=1 L(n+3) o M I'(5/2)

that is
o 1 172 4 g 1 B2 4 gy 5244
I'(3/2) r/2) [(7/2)
a0+a1t+azﬁ+a3£+-~:t2+ t3/2,
2! 3! r(5/2)
Comparing the two members, we find
ag=a1=0, ap=2, ag=a4=as=---=0,

meaning that the solution is found to be Z(t) = t?, as has been verified using a more
complex approach in [4].

Remark 2. In this case it is sufficient to consider a classical Taylor expansion for the solution, as
considering powers of type t"/? leads to the same result through more time-consuming calculations.
In the following, the specific type of fractional expansion is selected in such a way that negative
powers of the variable t never appear. The condition for which this holds is reported in Section 5.

4.2. Example 2
Consider the linear initial value problem [10]

5 15 &
Z'(t)+ DA Z(t) + Z(t) = S35/ — /4

Z(0) =0.

Set

Z() = Y ay "4, (1)

n>4
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then,

Z(0) =Y qantt, (12)
n>4

D47 (t) Z” DI/ g/ — Z” FG+Y -1/
n>4 >4 (4 +3)

When comparing with the second term, we notice that the only non-zero coefficients
ay are those withn = 6 and n = 10 in (11) and with n = 10 and n = 14 in (12). Additionally,
looking at the coefficient with n = 10 and recalling that I'(7/2) = 15,/7t/8, we find

T(5/2+1) 15 7
D1/4 t5/2 — t9/4 t9/4 .
£ 10 10 T 13/4) 110 g T(13/4)

Upon combining the equations above, we can conclude that

7 15 /m
2 g 32 L L 52 (9/4 13/2 5/2 _
5 410 + 5 %14 + a0 5 8 T(13/4) + 4 + a10
_Spn N 15 Vr o /4
8 T(13/4)

from which the following conditions are derived:
ag=a14 =0, ap=1.
Therefore, the solution is provided by
Z(t) =152,

4.3. Example 3
Consider the fractional oscillation equation of a rigid plate immersed in a Newtonian
fluid [8,10]:

1 3 24

DIZM)+Z() =t — - ——— PV v (0<v<),
f 2 T(4—v) r-v) (13)
Z(0) =0.
Because the exact solution Z(t) = t* — % t3 is independent of the choice of v, we let
v = 1/4 such that
1 3 24
DVAZ(1) 4+ 7(F) = 4 — 23 _ f11/4 £15/4
2B+ Z() 2" Tras/e T Traoat
Z(0)=0,
Set
o
=Y a,t"*, (14)
n>4
then,
D4 7(t) Z DI/ g/ — o T+ gy
ay Y ay T T .
n>4 n>4 Z Z)
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By inspecting the second member of (12), we can conclude that the only non-zero
coefficients are those with n = 16 and n = 12. Then,

I'(5) 24
D1/4a1 t4 a16 = a16 t(15/4) ,
ng T(4+3/4) T(19/4)
and
T'(4) 6
D1/4LI ain =dq ¢(11/4)
t n; I'(3+3/4) r'(15/4)

Upon substituting into (12), we find

_ £(15/4) 6 (11/4) 4 3
t t =
116 T(19/4) ta1 s T(15/4) tat” + a2
p_1p 3 a2 s

2" T(15/4) r(19/4)

thus, that it must be the case that

1
a2 =3 a6 =1.

#4 £,

Therefore, the solution is found to be Z(t) = ]

5. A More General Fractional Differential Problem

In this section, we consider a set of more general fractional differential equations that
can be solved using the technique of indeterminate coefficients.
To this end, consider the following fractional differential problem:

w1 D' Z(t) + aaDP2Z () + - - + amD{" Z(t) + Z(t) = TL(t) +

r(l +k1/v) ky/v—v . r<1 +km/1/) K /v—vm 15
Prasmm—m T TP kv — v ! ' (1
7(0) =0,

where 0 <y, =1/np<1,(k=1,2,...,m), v isthe LCM of ny,ny,...,ny, and T1(t)
is a given polynomial of degree r.
We can write the solution Z(#) as a combination with indeterminate coefficients of

the form
o
=Y gtV =apt o ay g VY a g Y a Y L (16)
n>v
Then,
DVigk/v — r(l +k1/U) a/v—vy
f F(1+k1/V—U1) ! !
(17)
D;’mtkm/v — F(l + km/]/) tkm/V_Vm ,

T(1+kn/v—1vm)

and upon substitution into (15) we find a system of linear algebraic equations with a
solution that provides the indeterminate coefficients.
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6. Higher-Order Fractional Equations

In this section, we use the complete expansion of a function f(t) in terms of integer
and half-integer powers of ¢ to solve higher-order fractional equations even with non-
homogeneous initial conditions.

Set

(e )
fty=ag+a 2 +at+ast??+ a2 +ast>2 4 =ag+ Y a, "2, (18)
n=1

Depending on the order of the considered fractional differential equation and the
assigned initial conditions, the expansion (18) can be adapted to solve initial value problems
involving higher-order fractional equations, as can be seen in the following examples
borrowed from the literature.

6.1. Example 4

Consider the following inhomogeneous Bagley—Torvik fractional differential equation
(see [6], Ex. 5.1):

D2y(t) + D} 2y(t) +y(t) = 1+t,
y(0)=1, y'(0) =1.

Because the second-derivative term is present in the considered equation, weseta; = a3 = 0
in the expansion (18). Noting that a9 = y(0) = 1, we have

(19)

y(t) =1+ apt+ag? +ast>? +ag P +a;t72 ..., (20)
and

/ 5 3 2, 7 51

Y'(t) =ay+2a4t+ S ast2 + 306t + S ar 77+

By enforcing the second initial condition, we obtain a; = 1.

12,5 T(5/2)
t + = a5 F(Z)

D}?y(t) = D%y (1) = 204 7 755 >

t+...,

15 35
v () :2a4+Za5t1/2+6a6t+za7t3/2+... .

Upon substituting into (19) and considering the powers of t up to order 1 such that all
the large-index coefficients vanish, we find

12 5 T(5/2)
el 2% T

15
2a4+za5t1/2+6a6t+2a4 414+t =1+¢.
It follows that a4 = a5 = 0, as no fractional-power terms are present in the second
member; furthermore, 646 + 1 = 1 and consequently as = 0. Therefore, the solution is
found to be y(t) = 1+ t, as reported in [6].

6.2. Example 5

Consider the following inhomogeneous fractional differential equation (see [11],
Ex.5.2):

16
D2y(t) + DY 2y(t) +y(t) = B + 6t + —— +°/2
ty(t) + Dy y(t) +y(t) 5/ 2
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Because the second-derivative term is present in the considered equation, we set
a1 = a3 = 0 in the expansion (18). Noting that 4y = y(0) = 1, we have

y(t) =agt? +ast>? fagt +ayt’/? fagtt +agt?’? + ..., (22)

and
/ 5 3/2 2,7 5/2 3,9 7/2
y(t):2ﬂ4t+§ﬂ5t +3a6t +§a7t +4agt +§a9t 4+

The second initial condition is obviously satisfied.

I(7/2) 6

r(9/2)
r3) LT T72)

3
T(4) A

/2 + as /% + a7

Dtl/zy(t) =ay (5/2)

15 35 63
y'(t) =2a4+ " as /2 + 6agt + T ay 32 + 12ag 1> + T ag 2% 4 ...

As the second member of Equation (21) contains only powers of orders not greater
than 3, it is sufficient to restrict our attention to the same powers in the expression of
y(t), Dtl/ 2y(t),y" (t) while setting all the coefficients a,, with n > 9 equal to zero. Then,
substituting into (21), we find

1
204+ ZS ast'/? + 6agt + 34—5 a7 t3/2 + 12ag 1 + 64—3 ag /2 +

1(7/2)
Ir'(3)

r(9/2)
I'(4)

ay $3/2 + as #2 + ag #5/2 +ay #3 +

r(5/2) I(7/2)

16
ag2ast?? fagtt =26t + —— 172,
4 5 6 NG
Inspecting the second member, we can conclude that only the powers of t with order
1, 5/2, and 3 have to be retained. As a consequence, we set ay = a5 = ay = ag = 0.
Furthermore, it must be the case that ag = 1 and

6 63 16
7+a97:

I(7/2) 4 5y’

which implies that

o — i 16 B 6 _ i 16 _ 6-8 | 0
T 63|51 I(7/2)]  63|5y/m 15Vm|
confirming the initial assumption. Therefore, the solution is found to be y = 3, as reported

in [11].
6.3. Example 6
Consider the following inhomogeneous fractional differential equation (see [12], Ex. 5.1):
DPy(t) + D2y (1) + (1) = 1*,
y(0) =y'(0) =0, y"(0) = 2.

Taking into account that a third-derivative term is present in the considered equa-
tion, by enforcing the first two initial conditions we set ap = a7 = a, = a3 = 0 in the
expansion (18) such that

(23)

y(t) = agt? +ast>? +agt® +ayt’’? fagtt +agt?’? 4 fapt®24at’ +..., (24)
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V) =ajtt + a2+ a2+ + 2040512 + 204062 + 20407 112 + L,

and

7
v (t) :2a4t+ga5t3/2+3a6t2+§a7t5/2+4a8t3+§a9t7/2+...,

15 35 143
y”(f) :2a4+za5t1/2—|—6a6t+zu7t3/2+~-—|—Ta13t9/2+42a14t5+... ,

1287

105
y"'(t) =6ﬂ6+?a7t1/2+24a8t+~-+—a13t7/2+210a14t4—|—~~+,

where we have adopted the Caputo definition and made use of the identities D; t!/2 = 0
(because 1/2 < 1) and DtS/ 22 — 0 (because 2 < 5/2). Then,

D?/zy(f) = dg F(4) t1/2+a F(9/2) t+a F(S) +....

32, r(15/2) 4
~ % T(3/2) 7T) 8T(/2) L Tt '

I'(5)
By substitution into (23), we find the condition

I(15/2)
I'(5)
However, similarly to the expansion (24), it must be the case that a, = 0 for n > 5;

therefore, in the last equation, we must enforce a3 = a14 = 0 as well as a4 = 1 to ensure
that the exact solution of the problem (23) is found to be y = 2.

az+ a3 +210a, = 1.

7. The Fractional-Order Logistic Equation

We consider the fractional-order logistic initial value problem [19]

A=

DEP(t) = r P(t) [1 -
P(0) = po.

The expansion in fractional powers, as introduced in the preceding sections, is adopted
to derive the following result.

p(t)} , (0<a<1), -

Theorem 1. Setting
s tzxn
P(t) = —, 26
( ) r;)an r(lxn + 1) ( )

the solution of the fractional-order logistic initial value problem in (25) is evaluated by computing
the ay, coefficients through the following recursion:

a0 = Po

1 ¢ apa, yT(na+1) (27)
Elg T(a(n—k)+1)T(ak+1) |

any1 =7 |Gn —

Proof. From Equation (26), we find

fn=1)a o e

D{P(t) = nZ:lan m = ngoﬂ;u-l m ’
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tt’l(x

P(t)- - ;;ﬂk”nkr @K+ DI(ak+ 1)

N \

By substitution into (25), we find
& tl’l o
a _—
EO " T +1)

tntX

00 pan 1 & 2
27[2“ "Tlan+1) EZZ g in— T —k) + )T (ak+1)

n=0 n=0k=0

no
7

n=0

ad an 1 d ak ai’l k
=7 - -
L [T(na +1) K l;) Fa(n—k)+1)T(ak+1)
and the recursion (25) for the a, coefficients follows. [

7.1. Numerical Examples
7.1.1. Example 7

Assuming that « = 0.75; r = 0.2; K = 5.0; pg = 0.5, and using the recursion in (27), we
find the graph reported in Figure 1, where a comparison with the approximation obtained
in [20] using the predictor-corrector method is shown.

0.70
0.65-

0.60-

P(t)
-

0.55-

050

Figure 1. Graph of the solution of (25) using the recursion in (27) (dashed line) as compared to the
solution obtained using the predictor—corrector method in [20].

7.1.2. Example 8

Assuming that « = 0.25; 7 = 0.2; K = 1.0; pp = 0.25 and using the recursion in
(27), we find the graph depicted in Figure 2, where a comparison with the approximation
obtained in [20] using the predictor—corrector method is shown.
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0.31
0.30f
0.29%
0.28}
0.27} ”
0.263 f

0.25¢

Figure 2. Graph of the solution of (25) using the recursion in (27) (dashed line) as compared to the
solution obtained using the predictor—corrector method in [20].

7.1.3. Example 9

Assuming that « = 0.9; r = 0.9; K = 1.0; pp = 0.9 and using the recursion in (27), we
find the graph depicted in Figure 3, where a comparison with the approximation obtained
in [20] using the predictor=-corrector method is shown.

0.98

0.96

P(t)

0.94
i 1 ==-FPW

0.92

0.90

Figure 3. Graph of the solution of (25) using the recursion in (27) (dashed line) as compared to the
solution obtained using the predictor-=corrector method in [20].

8. Conclusions

We have presented an elementary method to solve non-homogeneous fractional differ-
ential problems. The method is based on the series expansion of the solution in fractional
powers with indeterminate coefficients. Using the classical Euler formula for fractional
derivatives, which is part of the broader fractional differential operator theory introduced
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by Caputo, it is easy to construct the solution of initial value problems without resorting to
more sophisticated theories.

An approximation of the solution for the fractional-order logistic equation has been
provided, along with numerical verifications carried out using the Mathematica® computer
algebra program.

We believe that this method could be extended to boundary value problems, though
we have not yet verified such applications. However, we have considered the solution of
more general initial problems in a recent article; see [17].

Author Contributions: Conceptualization, D.C., PN. and P.E.R.; Methodology, D.C., PN. and P.E.R.
All authors contributed equally to this work. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A
Dyt n=0 n=1 n=2 n=3 n=4
v=0 1 t £ £ t
1 134 2 4714 6 H11/4 04 £15/4
v=0.25 JeT(3 7\ 1 15 19
triy) @ ) r®) @)
1 24t 8P2 16852 1284R

B I N = N N
i

2 454 6194 04 (13/4
Do) @ @

v=0.75

v=1 0 1 2¢ 342 47
1 2 34 6 17M 04 {1174
v=1.25 0
Jery) @) ) ®)
15 0 1 4+t 872 64 52
v=1. — r—
\/; \/; \/; \/; 5+
75 0 1 2 \/; 6 54 04 {914
y=1. P
PTG ) T3 )
v=2 0 0 2 6t 12

Figure A1. Table of fractional derivatives.
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