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1 Introduction

Fractional differential equations (FDEs) have become one of the cornerstones
in the modeling of various real-world systems in recent years. Fractional-order
models are extensively utilized in the study of physics [17], nanomaterials [9],
control problems in engineering [24], economics [14] and biomedicine [21].
Several typical recent examples of research involving fractional calculus are
reviewed below. A fractional calculus model of supercapacitor energy storage
is presented in [18]. Viscoelastic constitutive laws for arterial wall mechanics
are investigated via fractional-order models in [36]. Atomic chain dynamics
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are approximated using fractional differential equations in [32]. Dynamics of
the transition from laminar to turbulent fluid flow is described using fractional
models in [15].

A fractional-order model of anomalous cosmic ray diffusion with a finite
velocity of free particle motion is considered in [34]. An efficient fractional-
derivative based model for the prediction of multiaxial visco-hyperelastic be-
havior of elastomers is constructed in [8]. Fractional dynamical systems with
types of attractors that are distinct from attractors of integer-order systems
are considered in [10]. It is demonstrated in [20] that the dependence of the
firing rate of single rat neocortical pyramidal neuron is a fractional derivative
of slowly varying stimulus parameters.

Due to such wide possibilities fractional-order model application, a number
of methods for the construction of exact analytical solutions to FDEs have been
developed. In [35], the Carleman embedding technique is used to transform the
fractional logistic equation into an infinite-order set of linear equations from
which the exact solution to the fractional logistic equation is obtained. Agrawal
presents a scheme for the construction of analytical solutions for a class of FDEs
that contain both left- and right-fractional derivatives in [1]. The joint Laplace
and Fourier transform is employed to construct solutions to fractional partial
differential equations occurring in quantum mechanics in [29]. A class of explicit
particular solutions to the Cauchy-Euler fractional partial differential equation
is obtained in [19].

Analytical solutions to the fractional modified Telegraph and Rayleigh equa-
tions are constructed in terms of Mittag-Leffler, Hypergeometric, Hermite and
Fox’s H functions in [33]. The solution to a Hilfer-generalized Riemann-Liou-
ville fractional diffusion equation is obtained using variable separation, Laplace
transform and Sturm-Liouville analysis in [31]. A bivariate operational method
is used to construct solution to the two-term time-fractional Thornley problem
in [7]. Exact solutions to a class of fractional Hamiltonian equations are ana-
lyzed in [6]. An extension of Frobenius’ method is applied to linear fractional
differential equations with variable coefficients in [30].

A number of techniques use power series with fractional powers to con-
struct solutions to fractional differential equations. The viability of this ap-
proach is proven in [11] by generalizing some results from integer-power series
to fractional-power series using the Caputo fractional derivative. A new ap-
proach for the iterated construction of series solutions to fractional differential
equations is presented in [2] and expanded in [3].

An analytical technique based on power series is exploited in [5] to predict
and represent the multiplicity of solutions to nonlinear boundary value prob-
lems of fractional order. This approach is further generalized in [12] and [4] in
which the authors propose schemes for the construction of exact analytical so-
lutions to linear and nonlinear equations based on the generalized Taylor series
formula.

The main objective of this paper is to develop an operator-based approach
for the construction of closed-form solutions to fractional differential equations.
Some key concepts of such operator-based techniques are presented in [26]

for fractional derivative order @ = % A generalization of this technique for
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rational-valued fractional derivative order o = ™* is presented in this paper.

The presented technique is based on Caputo and Riemann-Liouville algebras
of fractional power series. Fractional differentiation and integration operators
are defined using the basis of these algebras. It is demonstrated that a one-to-
one correspondence exists between Caputo and Riemann-Liouville series.

To provide a more concise and clear presentation of these concepts, linear
fractional differential equations are considered. Using the properties of Caputo
and Riemann-Liouville algebras, explicit expressions of solutions to linear frac-
tional differential equations are obtained via linear recurring sequences. Fur-
thermore, it is shown that elements of Caputo and Riemann-Liouville algebras
can be represented by a finite sum of fractionally integrated integer-power se-
ries, which enables the transformation of fractional differential equations into
systems of ordinary differential equations (ODEs). The viability of our ap-
proach is demonstrated using the fractional damped harmonic oscillator — it
is shown that as the fractional derivative order approaches the standard inte-
ger value, the exact solution of the FDE converges to the exponential-function
exact solution of the respective ODE.

2 Main concepts and definitions

A generalization of algebras and operators given in [26] for fractional derivatives
of order o = %, n € N is presented in this section.

2.1 Power series and extensions

As in [26], functions in this paper are represented by power series:
+oo J
2
y(z) == Zajﬁ; a;j, z € C. (2.1)
§=0

If series (2.1) is convergent (in the Cauchy sense) in any ball |z| < €, classical
function extension techniques can be used to extend (2.1) to a wider domain
in the complex plane. Denoting y(z),z € R as a real-valued function that is
obtained by evaluating the extended power series on the real line allows to
consider (2.1) for arguments that are not necessarily in the convergence radius
|z] < e. In such cases, the extended function y(x) and the respective power
series are considered congruent.

If series (2.1) is divergent for z # 0, it is well-known that while such series
cannot be evaluated, they still contain important structural information [16].
Thus, divergent series can be solutions to fractional differential equations in
the structural sense.

2.2 Fractional power series

Solutions to fractional differential equations can be expressed via power series
that are summed over non-integer powers. In the remainder of this paper, we
let x > 0.

Math. Model. Anal., 23(4):665-685, 2018.



668 Z. Navickas et al.

DEFINITION 1. Let n € N. The fractional power series basis z(()")7z§"), N

defined as:

. 1 ,
2! )(x):: H/F(j: ); z>0; 7=0,1,....

I" denotes the Gamma function:

+oo
I (z):= /O " Lexp (=€) dé.

DEFINITION 2. The set of fractional power series with respect to parameter
n € N reads:

+o00
F, :{chzj(.n); ¢; €C, j:O,l,...}. (2.2)
j=0

2.3 Riemann-Liouville algebra

Consider the linear space over C defined in the set F,, with standard sum and

product by a scalar operations. Let z,in), zl(n); k,l =0,1,... be basis elements
of any fractional power series.

DEFINITION 3. The Riemann-Liouville type product operation %, in the set F,,

is defined as: (ki1
n) n) HRAWO)

where (g) is the generalized binomial coefficient:

a\ I'la+1) o
<5)F(ﬁ+1)p(a+ﬁ_1>» ,BeC.

Note that (2.3) is not the natural product that is obtained by multiplying basis
functions in a conventional way, since that would yield powers of x that are
lesser than negative unity.

Using relation (2.3), the product of any fl(n) = ;rog a; z](n),

fQ(") = Z;;OS bjzj(") € IF,, is defined as:

+oo J

1(”) *p, : ZZakbj ka ) %, zJ )k

§=0 k=0

:zo:: Zakb] k(””) A" eF,. (2.4)

The neutral element with respect to *,, is z(()n). Furthermore, *,, is distribu-
tive with respect to the conventional sum operation, thus the linear space I,
together with product #,, defines an algebra.
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DEFINITION 4. The commutative algebra F,, = (F,;+,%,|C) is called the
Riemann-Liouville algebra.

DEFINITION 5. Riemann-Liouville fractional differentiation and integration op-
erators are defined for elements of F,, in the classical sense [22,27]:

0 j=0;

D/ L ’ 1/m = o =01, ..
’ J(n)lv j:la27"'7 / G j

Note that Riemann-Liouville differentiation of a constant does not result in

zero, since DU/™1 = D(l/”)zfln_)1 = 27(171_)2 It is clear that /™ f 1/ f e |,

for any f € F,,.

2.4 Caputo algebra

Consider the truncated set of basis functions (2.2), starting at zifi)l =1

w =2 =01,

DEFINITION 6. Fractional power series constructed using the basis w(() ") w§"),

wé"), ... comprise the set of Caputo power series:

“+o0
“F, Z{chwj(-n); c; €C, ij,l,...}.
j=0

As in the previous subsection, the set of Caputo power series forms a linear
space over C with conventional sum and product by a scalar operations. Since
powers of z in the set €F,, are non-negative, the standard algebraic product
operation can be used to define products of basis functions:

kel
w{Mw™ = ( R )w,(jfl; E1=0,1,.... (2.5)

n
By (2.5), the product of any g1 ™ = J 2 ajw (-n), ggn) ;;08 bjwyl) € °F,

is defined as:

g =3 Z axbs k( ) w™ € °F, (26)

Jj=0 =
The neutral element with respect to (2.6) is w(()n) = 1. It is clear that standard
algebraic sum, product and product by a scalar operations define an algebra in

the set ©F,,.

DEFINITION 7. The algebra ¢ F,, := (°F,,; +, - |C) is called the Caputo algebra.

Math. Model. Anal., 23(4):665-685, 2018.
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DEerINITION 8. Caputo differentiation and integration operators are defined for
any g € “F,, via the following relations:

CDY/Mp() = {0, 7=0 CT/mytm) = ™ i =0,1,....

w;”i)17 j:1a27"'a ! A

Note that the Caputo differentiation of unity is equal to zero, since

CD(I/”)w(()") = 0. The set °F,, is closed with respect to operators D/
cy(i/n).

2.5 Relationship between Riemann-Liouville and Caputo algebras
and operators

2.5.1 Relationship between algebras with equal differentiation
order

It has already been noted that the set “F,, consists of a subset of basis functions
from the set F,,. Let 7 define the following mapping:

. (ij)) A (w§">> =" j=01,.... (2.7)

Then, 7 is a bijection between sets F,, and “TF,,. Note that:
T (z,(c") i, zl(n)) =7 (z,(cn)) T (zl(n)) = w,(cn)wl(n), (2.8)
71 (w,(cn)wl(n)) =71 (w,(cn)) s T (wl(n)) = zl(c") *n zl(n), (2.9)
for k,1 =0,1,.... Equations (2.8), (2.9) yield that:

T(fron f2) =7 (f)7(f2); 7 (g1g2) =7 (1) #u 7 (g2),

for any fi, fo € Fp, 91,92 € “F,. Thus the mapping (2.7) defines a bijection
between algebras F,, and ¢ F,,.

It can be observed that the mappings 7,7~
D/ 1(t/n),

I can be realized via operators

T = (I(l/”))n71 , 7-*1
F

n

_ (Du/n))"’l_

CF,,

The relationship between algebras F,, and ©F, is summarized in Figure 1.

Note that:
_ (I(l/m)”’l (D(l/n))”
CF,

Furthermore, if f, € F,, and g;, € “F,,,k = 1,...,m, then:

(1(1/11)>"_1 (f1 #n f2 %n - %n fon) = ﬁ <(I(1/n)fk>n_l) ’

k=1

CD(l/n) CI(l/n)

cF, ‘

CF,, = 1(1/n)

C]F7L
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T = (I(l/n))n—l :Fn C]Fn . (D(l/n))n_l _ 7'_1

pQ/m) |11/m) epa/a) |opa/m)

T = (I(l/n))n_l , ]Fn C]Fn . (D(l/n)>n—1 _ 7-_1

Figure 1. Schematic diagram of the bijective mappings between Caputo and
Riemann-Liouville algebras.

Note that the mapping 7 can be used to exchange Caputo differentiation
with Riemann-Liouville and vice-versa:

. ((Du/n))mg) _ (cDu/m)mﬁ -1 ((cDu/m)mf) _ (Du/n))m%

where f € °F;9=7"'(f) € F, and m =0, 1,....

2.5.2 Relationship between algebras with distinct differentiation
order

Let us consider the fractional derivative order parameter n factored into powers
of primes p1,...,pm:

m
k.
n= Hpj], m,k; € N.
i=1

The following relations hold true for Caputo fractional power series:

F,, C--- C CIF‘pk]. C °F,, (2.10)
J

however, in general, CIFPI U C]Fp% U---u CIpr;zm # CTF,,. Furthermore, CIij N
CF,, = “Fy,j # I. The set “F; contains basis elements with integer powers,
thus, the unit element w(()p i) = wép D = wén) = 1 is the same for any subset
CIFpé,l =1,...,k;. This leads to the fact that algebras formed from the sets

given in (2.10) are subalgebras of ©F,,:

CF,, C--C C}‘pkj C “F,.
J

In the case of Riemann-Liouville derivative, the relation analogous to (2.10)
holds true:
Fp, C---C Fp:j CF,.

Math. Model. Anal., 23(4):665-685, 2018.
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However, in this case the unit elements are distinct for each algebra formed
with the subsets Fp@ ,0=1,...,k;. Furthermore, the definition of the product
(2.4) depends on the order of the algebra. These observations yield that ‘Fpé
are not sub-algebras of F,,.

An example of the results of this subsection for n = 6 is given in Figure 2.
Note that €F,, ¢ Fy are subalgebras of CFs, but Fo, F5 are not subalgebras
of Fg, even though Fy,F3 C Fg. The bijection 7 maps Caputo and Riemann-
Liouville algebras of the same order to each other.

Figure 2. An example of the relationship between Caputo and Riemann-Liouville
algebras of orders n = 2,3,6. Caputo algebras € F, © F3 are subalgebras of € F.
Riemann-Liouville fractional power series sets satisfy Fa,F3 C Fg, but Riemann-Liouville
algebras Fa, F3 are not subalgebras of Fg due to the fact that the product operation *,,
depends on algebra order. e denotes the unit element of all considered Caputo algebras;
ez, e3, eq denote unit elements of Riemann-Liouville algebras that correspond to respective
fractional differentiation orders.

3 Linear fractional differential equations

Linear fractional differential equations with respect to Caputo differentiation
operators are analyzed in this section.

3.1 Mittag-Leffler functions

Mittag-Leffler functions, first introduced in [23], play a pivotal role in fractional
calculus.

DEFINITION 9. Let o, 8 € C and Re () > 0. Then, the Mittag-Leffler function
is defined as [28]:

+o0 j
B () = g PO <a§- 1 (3.1)

Special cases of (3.1) include exponent and hyperbolic functions.
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Note that setting a =1/n,8 =1t = x%, where n € N results in:

1 +OO
By (ah) = wl, (3.2)
=0

Thus, the Mittag-Leffler functions can be considered as the analogy of expo-
nential functions for fractional differential operators, since they are the sum
of all basis elements. Furthermore, the following relation holds true for any

peC:
5\ )
By (prt) = 3o,
§j=0
which leads to:

Let s =0,1,.... The following relation will be used to express solutions to
linear differential equations in the Caputo algebra:

+o00 +o0 .
a 1\ _ a5\, () _ 7' s, )
LBy () =Y () ul =Y Goa
3=0 j=s
+oo . ]
=s! Z (i) pj_sw§-n). (3.4)
§=0
Note that (i) =0 when j < s and j,s € NU{0}. Equation (3.4) yields:
—+o0 . s
AP O ( %) 3.5
;(s)pa YT e e\ (3.5)

3.2 Linear equations with constant coefficients

Consider the following differential equation with respect to y € TF:

m—1

m
(CD“/n)> y+bmf1(CD“/n)) y+ -+ b C DYy by = f, (3.6)

where f = Z;;OS fjwj(”) € °F is a known function; b, € C,k =0,...,m — 1
and n,m € N.

Note that equation (3.6) can be transformed into a Riemann-Liouville dif-
ferential equation using the previously described mapping 7~ !. Letting 7 =
771 (y) and applying the mapping 7! on both sides of (3.6) yields:

m m—1
(DY) Gt by (DY) G+ B DY G b = (f). (37)

Similarly, applying 7 to both sides of (3.7) results in (3.6). Thus it is sufficient
to consider Caputo differential equations (3.6).

Math. Model. Anal., 23(4):665-685, 2018.
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3.2.1 Homogeneous case

(n)

Consider the case f = 0. Let y = jzog cjw]-" , where ¢; € C are undetermined

coefficients. Note that:

k =
(CD(l/n)) y=> i)’ k=01,.... (3.8)

3=0
Inserting the expression of y into (3.6) and using (3.8) yields:

“+oo

Z (Cj+m + bm—lcj+m—1 +--+ b10j+1 -+ bOCj) 'u)j(.n) =0.
=0

Thus, the coefficients of the solution must satisfy:
Citm + bmflcj+m71 + -+ bICjJrl + bOCj = Oa ] = 07 ]-7 ce (39)

Equation (3.9) defines a linear recurrence relation, which can be solved by
considering roots of the following characteristic polynomial:

P(p) =p™ + byp_1p™ "4+ bip+ by = 0. (3.10)

Suppose (3.10) has roots pi,...,p with multiplicities l1,...,l;. Then, the
solution to (3.9) takes the following form [13,25]:

l

Ui .
J ] -
Cjzzzvks<s>pi ) .7:0)1;"') (311)

k=1 s=0

where ;s € C are constants that can be determined from a system of linear
equations which is obtained by selecting j = 0,...,1 — 1 in (3.11). Note that
0 := 1 and the product (?)p; " is considered to be zero if at least one of its
terms is equal to zero.

Inserting (3.11) into the expression of y and using (3.5) yields:

+oo l Ik . ) l Ly +o0 . )
v= 3 | e ()eh i = e ( ()t

i=0 \k=1s=0  \° k=1 s=0 = \8

l

:Z b Ches <;;E71”1 (pxi))

k=1 s=0

)

P=Pk

where Cs = %7]{18' The results of this subsection can be summarized with the
following Lemma.

Lemma 1. Let a linear homogeneous fractional differential equation with con-
stant coefficients with respect to the Caputo derivative be given:

m m—1
(CDW")) Y+ b1 (CDW")) g+ 40 C DMy 4 by = 0. (3.12)
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The general solution to (3.12) has the following form:

, (3.13)

where Cis € C are any constants.

It can be observed that the structure of solution (3.13) to (3.12) mirrors
that of ordinary linear differential equations with constant coefficients, where
exponential functions are replaced with Mittag-Leffler functions.

3.2.2 Expression of solution via exponential functions

Corollary 1. Let us consider the homogeneous linear fractional differential equa-
tion with constant coefficients (3.12). Suppose that the roots p1, ..., pn, of the
characteristic polynomial (3.10) are distinct. Then, the solution (3.13) can be
written in the following form:

n—1 m

y= Z ZC’kp (CI(l/n ) exp (prz) . (3.14)

s=0 k=1

Proof. Note that the exponential function exp (Az),A € C can be written
using basis functions w( ") ,7=0,1,..

exp (Az) Z MNw

It can be observed that selecting A = p™ yields:
s N2 ()
ot (C10) exp () = 3
j=0

Thus, (3.2) yields that:

E., (px%) Z o’ (CI 1/m) ) exp (p"x). (3.15)

If roots of the characteristic polynomial (3.10) are distinct, inserting (3.15) into
(3.13) yields (3.14), which finishes the proof. O

3.2.3 Equivalence between fractional differential equations and
systems of ODEs

It can be demonstrated that fractional differential equations can be reduced
to systems of ordinary differential equations. Let us consider a special case of
(3.12) where m = n:

n n—1
(“DY™) gt by (CDO) Tyt DYy by = 0. (3.16)

Math. Model. Anal., 23(4):665-685, 2018.
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Note that the solution y € “F,, can be written in the following form:

n—1

y=>_ (CI“/’”)I i, (3.17)

=0

where f; € “F; are series with integer powers of z. Inserting (3.17) into (3.16)
yields:

n—1n—1 . n—1 n .
S50 (1) S8 () (L)
j=11l=j Jj=1k=n—j

(3.18)

n—1

d
+£f0+]z::0bjfj:0~

Rearranging and simplifying (3.18) yields the following system of ordinary dif-
ferential equations:

n—Il—1

Z bjfj+1 + Z
j=n—

d
. bj<dxfj+l—n>0; l=0,1,...,n—1.
j=0 n—I1

Note that this simple example is not the limit of this technique — using (3.17)
any fractional differential equation can be converted into a system of ODEs.
The solution of this system is then used to obtain the general solution to (3.16).

3.2.4 Non-homogeneous case

Let f = E;”:Og fjwj(.”) # 0 in (3.6). Expanding on the results of the previous
subsection, the following statement can be formulated.

Remark 1. The general solution to (3.6) has the following structure:

y=9+y", (3.19)

where

is the solution to the associated homogeneous equation (obtained by setting
f=0in (3.6)) and

+oo
y* = quw§n)7 q; € C
§=0
is a particular solution to the nonhomogeneous linear equation (3.6).

Proof. Lety= JZOS cjw;n) € “F be the unknown solution to (3.19). Insert-

ing y into (3.6) and simplifying results in:
+oo

Z (Cj+m + bmflcj+m71 + -+ b1€j+1 + bon — f]) w;.n) =0.
=0
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Thus y is a solution to (3.6) if and only if the following recurrence relation
holds true:
Cj+m +bmflcj+mfl + "'+blcj+l +bOCj = fja j =0,1,.... (320)

Relation (3.20) defines a non-homogeneous linear recurrence relation with re-
spect to sequence ¢j,j = 0,1,.... It is well-known (see, for example, [13]) that
the general solution to (3.20) reads:

U .
ARYE ,
Cﬂ:zz%s(s)ﬂi Ttag, j=0,1,.. (3.21)

k=1 s5=0

The term g¢; is a particular solution to the recurrence (3.20) and the remaining
terms are the general solution to the associated non-homogeneous recurrence
relation (3.9).

Inserting (3.21) into y yields (3.19). O

Ezample 1. Consider the following non-homogeneous linear differential equa-
tion with constant coefficients:

(cD<1/n>>4 Y- (cDu/n))S y—5 (cD<1/n>>2 y— DAy Gy
= ag + aywl™ + agwl?, (3.22)
where ag,a1,as € C are any constants. By the results of Remark 1, the coeffi-
cients of the solution series obey the following linear recurrence:
Cjta = Cj43 = 5Cjy2 — ¢jp1 — 6cj = aj,  j=0,1,..., (3:23)

where a; = 0 for j = 3,4,.... The solution to homogeneous part of recurrence
(3.23) can be constructed by considering its characteristic polynomial (which
is also the characteristic polynomial for the associated homogeneous equation
of (3.22)):

P(p)=p"—p*—5p"—p—6=0. (3.24)

The roots of (3.24) are p1 2 = £i, p3 = —2, p1 = 3. By Remark 1, the solution
to the homogeneous part of (3.22) reads:

y:C’lE;,l (ll’%) +02E;,1 (—11‘%> +03E;71 (—2$%) +C4E;71 (3&8%) .
(3.25)
Next, a special solution y* to (3.22) must be constructed. This is equivalent

to finding a special solution ¢;,j = 0,1,... to recurrence (3.23). Using the
method of undetermined coeflicients, an initial guess for ¢; reads:

4 = 0 + 1, (i) 0L 4y (;) ¥ j=0,1,..., (3.26)
where vg,v1,v2 € C are undetermined constants. It is clear that ¢; = a; =0
for j =3,4,.... Letting ¢; = a; for j =0, 1,2 and using (3.23) results in:

—51/2 — V] — 61/0 = aop,
—Vy — 6V1 = aq, (327)

—61/2 = as3.

Math. Model. Anal., 23(4):665-685, 2018.
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Solving (3.27) and inserting into (3.26) yields the special solution to (3.22):

ag a1 29as 1 az
o S0 @ ~ (ay — — 2, 2
y 5 T36 " 216 T3 (@ " ba)ur— (3.28)

Thus, by Remark 1, the general solution to (3.22) is given by combining (3.25)
and (3.28):

y=CiEa, (ix%) +CoF <fix%) + (3B, (—Qx%> + 4By, (3x%)

apg a1 29as 1 (n)
—_— - _ 6 _
6 367 216 T3¢ @ fa)w

a2 n

3.2.5 Cauchy initial value problems

Corollary 2. Consider the following initial value problem on (3.6):

=op, 0,€C, k=0,1,....,m—1. (3.29)

=0

(cDu/n))’“y

By Remark 1, the solution to (3.6) depends on m undetermined constants Clg.
Evaluating the solution (3.19) at = 0 and using initial conditions (3.29) yields
a system of linear equations that can be used to compute the values of Cj,.
Since pi # pi, k # [, the linear system is consistent and has a unique solution.
Thus, the initial value problem (3.6), (3.29) has a unique solution.

Ezample 2. Consider the initial value problem on (3.23) with ag = 6, a1 = —7,
as = —6 and the following initial conditions:

k
(cD(1/n)) yl =0 k=0,1,2,3. (3.30)

T=

The general solution to (3.23), as constructed in Example 1, reads:
Y= C’lE%l (ix%) + C'QE;’1 (—ix%> + CgEi’l (—2;1&)
+CyEs (31:%) 24wl 4w, (3.31)
Note that (3.3) yields that for any p € C:
k 1
(CD(I/n)> Ei, (p$g>

Thus, applying initial conditions (3.30) to the general solution (3.31) yields:

=pf k=0,1,....

z=0

Cy+ Cy + Cs + Cy — 2 = 0,
iC) —iCh — 205 +3C, + 1 = o4,
—Cy 4+ Cy +4C5+9C, +1 = 0,

—iC) +iCy — 8C + 27C, = 3. (3.32)
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Solving system(3.32) yields the following constants:

11 17 31 17 117 57 119 1
Gi= (30050) 7 <300+300) o2t <50+300> 7550 300 T270
1+i  1-i i i1
= o D 02—503—1—1—5—1—200,

Coo (23 BN Tod 2 (1
37\ 750 7 25) % " 50 727 25 "0 \25 50/ 7

C L1 (ios + 2ioy — 3 — 2 4 09 + 207)
=—-=]0 iog —3 —2i .
4 150 50 o3 02 02 g1

3.3 Viability of the presented approach for linear FDEs with
variable coefficients

The fractional power series approach for construction of closed form analytical
solutions to fractional differential equations has been illustrated using linear
FDEs with constant coefficients. However, the presented technique is not lim-
ited to such equations — it can also be used to construct solutions to linear
FDEs with variable coefficients or nonlinear problems. It has already been
shown for the special case of fractional derivative order % in [26] that an ap-
proach based on fractional power series can be used to construct solutions to
nonlinear fractional differential equations.

Note that it is not always possible to construct closed form solutions to
such equations in terms of Mittag-Leffler or other standard functions, but the
computation of fractional power series coefficients can always be performed. As
an example, let us consider the following linear fractional differential equation
with variable coefficients:

CpU/my _ ry=v, neN, veR, (3.33)
y(0)=4; AeR (3.34)
Letting y = j o cjw(n and using previously described techniques yields:
“+o0
DMy =3¢, (3.35)
§=0

j—l)/ﬂ+1) J

+oo
1 n I'(j/n+1 n
C/Eyzf(n—l—l)wg)z(:)cjw 207 17 b/ ) wl™. (3.36)
Jj=
Inserting (3.35) and (3.36) into (3.33) results in:

= _ r(j/n+1) )
Cl_”+;<@“‘cﬂ1r((j—1>/n+1)>“’j =0

The above equation together with initial condition (3.34) yields the following
relations for coefficients c;:

I'(j/n+1)
r'(j—1/n+1)’

co=A, c1=V,..., Ciy1 =¢j—1 j=12,.... (3.37)
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The solution to recurrence relation (3.37) reads:

o (222 1)
(2524
1 r (252 +1)

{71 r (2j72l+1 n 1)

Co; A, j=1,2,..., (3.38)

C2j4+1 = v, j = 1,2,... (339)

It is clear that using coefficients (3.38), (3.39) the solution to (3.33) cannot
be expressed in closed form using standard functions. However, the presented
approach allowed to construct a series solution that can be used to approximate
the solution with arbitrary accuracy.

4 Computational experiments

4.1 Fractional damped harmonic oscillator

Consider the paradigmatic model of the damped harmonic oscillator:

d?z dz 9 9
@—%@Jr()\ +u)z—07 (4.1)
dz
0)=A4. = =B 4.2
W0=4 F|, =5 4.2)

where A\, i, A,B € R and X £ iy are the eigenvalues of (4.1). The general
solution to (4.1) reads:

!

z = Aexp (A\x) cos (ux) p (M — B) exp (Az) sin (ux) . (4.3)

Now consider the fractional version of (4.1), where the second derivative is
replaced with a fractional Caputo derivative of order m/n,m > n:

(CD(l/")>my—2)\(CD(l/")>ny+ ()\2+u2)y:0, (4.4)

d
where y € F,,. Note that the first order derivation operator e is undefined in
x
n
the algebra € F,,, thus it is replaced by the operator (CD(l/”)) . The effects
d n
of applying 1 or (CD(l/”)) on z € “F; are identical.
x

e The initial conditions (4.2) also define the initial value problem for the
fractional differential equation (4.4). Thus, initial conditions (4.2) are
rewritten as:

:0’

y(0) = A, (CD(l/"))ny -

N

x=0

where k=1,...,n—1,n+1,...,m.
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e The values of parameters A and p define the equilibrium points of both
(4.1) and (4.4). If A > 0, there exists an unstable node, while the cases
—1 <A< 0and A < —1 result in a stable spiral and node respectively.

By Lemma 1, the solution to (4.4) reads:

m
y=> CyE1, (ps),
k=1

where pi, k =1,...,m are the roots of the characteristic polynomial:
P = 22" + A2+ p? = 0.

Note that if m = 2n is selected, constants C can be chosen in such a way
to obtain solution (4.3). In the case A = —0.1,p = 1, if m is smaller than
2n, it can be observed that the resulting fractional damped harmonic oscillator
exhibits smaller amplitudes and the damping comes into effect more quickly
(see Figure 3 (a)). The opposite effect can be observed when the oscillator is
overdamped (for values of A = —1,u = 1): the solutions decay more rapidly
for values of ™ closer to 2 (see Figure 3 (b)).

Note that equation (4.4) can be transformed into a system of ODEs using
the procedure described in subsection 3.2.3. This is discussed in detail in
Appendix A.

Figure 3. The solutions to damped harmonic oscillator (solid black line) and fractional
damped harmonic oscillator (dashed, dotted and dash-dotted lines represent n = 20,10, 5
respectively) for A\ = —-0.1,u =1,A=1,B=0in (a) and A\=-1,p=1,A=1,B=01in
(b). The derivative order m is set to 2n — 1 in all cases. It can be seen that as ™ becomes
closer to 2, the solution of the fractional damped harmonic oscillator tends to the
non-fractional solution (4.3). Also, for values of % significantly smaller than 2, the
damping effect is more powerful in the case A = —0.1 (see (a)). However, if A = —1, the
opposite is true — the solutions decay more slowly when 7 differs most from 2 (see (b)).

5 Conclusions
An operator-based approach for the construction of closed-form solutions to

fractional differential equations is presented in this paper. The considered
technique is a generalization of the results presented in [26] for rational-valued

Math. Model. Anal., 23(4):665-685, 2018.
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fractional derivative order. Caputo and Riemann-Liouville fractional differen-
tiation and integration operators are defined for respective sets of fractional
power series.

In order to demonstrate the viability of the proposed technique, explicit
expressions of solutions to linear fractional differential equations are obtained
in terms of Mittag-Leffler or fractionally-integrated exponential functions. It
is also shown that the components of solutions to linear fractional differential
equations satisfy associated systems of linear ordinary differential equations.

Even though the operator-based approach is only illustrated using linear
fractional differential equations, its applicability to nonlinear problems has al-
ready been considered for fractional derivatives of order o = 3 in [26]. The
further development of this technique for nonlinear differential equations with
rational-valued derivative order is a definite objective of future research.
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Appendix A. Transformation of the fractional damped
harmonic oscillator equation into a system of ODEs

As shown in subsection 3.2.3, the fractional damped harmonic oscillator equa-
tion can be transformed into a system of ODEs. Letting m = 2n — 1 yields the
following equation and initial conditions:

(CDW“))%1 y—22 (D)t (34 2) y =0, (0.1)

y(0) = 4; (CD(””))ny =B, (CD“/")>ky

=0, (0.2)

z=0 z=0

where k =1,...,n—1,n+1,...,2n — 2. The solution to (0.1), (0.2) can be
written in the following form:

n—1 400 .
y=> (CI(l/n)>kfk; kaZag»k)% € °F,. (0.3)
k=0 j=0 .
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Inserting (0.3) into (0.1) results in:

T (opum\ T2, o N (epam)"t
> (D) fi 2A]§(D )k

k=0
+(A2+u2)§(cll/n)kfk_0 (0.4)
k=0
Note that
(“DOm) (1) o= (D) T 1zs 0
d
N (CD(I/H))mfk:%Q 1=0,1,.... (0.6)

n—1
Applying the operator (CD(I/")) to (0.4) and using (0.5),(0.6) on (0.3)
yields:

S (cpom) (St ) )

+ (CD“/”))"_1 (dﬁ"x‘l —2) % + (34 p2) fo> = 0.

Thus, the components fo, ..., frn—1 of solution (0.3) satisfy the following system
of ODEs:

d2fk71 dfk 2 2

- —2)\d—+()\ +,u)fk_0, k=1,....n—1 (0.7)
dfnfl dfO 2 2

Rt (A + o )fo. (0.8)

The initial conditions (0.2) are transformed as follows:

fo(0)=A; fe(0)=0; k=1,...,n—1,
| _p A
dz lz=0 ’ dx

The system (0.7), (0.8) can be solved to obtain the solution to (0.1).

=0
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