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Abstract

The goal of this paper is to derive the fractional Green’s function for the first time in the distri-
butional space for the fractional-order integro-differential equation with constant coefficients.
Our new technique is based on Babenko’s approach, without using any integral transforms
such as the Laplace transform along with Mittag-Leffler function. The results obtained are
not only much simpler, but also more generalized than the classical ones as they deal with
distributions which are undefined in the ordinary sense in general. Furthermore, several inter-
esting applications to solving the fractional differential and integral equations, as well as in the
wave reaction-diffusion equation are provided, some of which cannot be achieved by integral
transforms or numerical analysis.
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1 Introduction

A Green’s function u(t, z), of a linear differential operator L = L(z) acting on functions (or distri-
butions) over a subset of R"™, at a point ¢, is any solution of

Lu(t,z) = 6(t — )
where () is the Dirac delta function. In particular, when ¢ = 0 we have
Lu(0,z) = 6(0 — x) = o(z).

Green’s function derived from Laplace transform is in the study of the following n-th order linear
differential equations on the interval I = [0, c0)

u™ (@) + ap-1u® V(@) + -+ agu(z) = g(@) (1)

with the initial conditions
u(k)(O) =0, for0<k<n-1.

Let £7! denote the Laplace inverse transform. Then the solution of equation (1) is given in [1] by

) = (1)) = [ " H(e - Og(0)dc,

where

1
H(z) = -1
(x)=L {s"+anls"—1+-~-+ao}(x)

Thbilisi Mathematical Journal 13(3) (2020), pp. 19-42.
Thilisi Centre for Mathematical Sciences.

Received by the editors: 10 September 2019.
Accepted for publication: 25 May 2020.



20 Chenkuan Li, Changpin Li

is the one-sided Green’s function satisfying the fundamental differential equation
u(ﬂ) (.'I;) + anflu(n_l)(x) + PN + aou(l‘> — 6(1/').

On the other hand, fractional calculus [2, 3, 4, 5, 6, 7, 8] that deals with operations of integration
and differentiation of non-integer order is a generalization of classical calculus. The notion of
fractional operators has been introduced almost simultaneously with the development of the classical
theories. Fractional modeling is to use fractional differential and integral equations to describe
numerous physical problems [9, 10] in the fields of chemistry, biology, electronics, noncommutative
quantum field theories [11], and quantum mechanics [12]. Integral transforms, such as Laplace,
Fourier, Hankel, and Mellin transforms, are vital tools of seeking solutions for linear and fractional
ordinary or partial differential equations, especially with constant coefficients, by solving algebraic
equations and inverse operations.

It is well known that Green’s function plays an important role in solving fractional differential
and integral equations which appear in mathematical and physical fields, particularly for the so
called wave reaction-diffusion equation and its special cases [13]. Using Laplace transform, the
Mittag-Leffler and Green’s functions, Gorenflo et al. [14] studied the fractional relaxation-oscillation

equation
(0%

—u+wu(t;a) =0, 0<a<?2,

o+ wtultia) <
where w is a positive constant with the dimensions 7~! as a frequency, and the field variable u(t; «)
is assumed to be a causal function of time, as well as the fractional diffusion-wave equation

0% 02
&Tﬁu_D@u’ r€eER, 0<p<I1,
where D denotes a positive constant with the dimensions L2727, and the field variable u(zx, t; )
is assumed to be a causal function of time with w(F,¢;8) = 0. Very recently, Fernandez et al.[15]
investigated several different models of fractional calculus, based on the Prabhakar fractional in-
tegral transform, involving generalized multi-parameters Mittag-Lefller functions. They derived a
new series expression for this transform, in terms of the classical Riemann-Lioville fractional in-
tegrals. Srivastava et al. [16] introduced and studied a fractional integral operator containing a
certain generalized multi-index Mittag-Leffler function in its kernel. The authors are particularly
interested in their Theorem 2 which states the fractional integral operator is bounded on L(a,b).
This property may be useful in seeking for solution of an integral equation involving such operators.
Ma studied Green’s function associated the higher-order fractional boundary value problem [17]

—Dgiu(z) = a(z) f(z,u(x)), 0<z<1,

u(0) =/ (0) = u"(0) = --- =u2(0) =0, D& u(z)|s=1 =0,
where v and « are two given constants satisfyingn — 1 <v <n withn >3, 0 < a <n—2, and
established the existence of positive solutions of the equation.

As far as we know, there are several existing methods of finding Green’s function in the classical
sense for the fractional differential equation. The common and popular approach is based on the
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inverse of Laplace transform, and Mittag-Leffler function along with its derivatives. To demon-
strate the ides in detail, we solve the following four-term fractional differential equation to avoid
complicated operations of an n-term equation

a5u® (2) + azu® (z) + aru (z) + agu(z) = 6(x) (2)

where 53 > 2 > (1, and the derivatives are sequential. Applying the Laplace transform to both
sides of the above equation, we arrive at

- 1
u(s) =
( ) a35ﬁ3 + a2552 + a1351 + ap
B 1 1
CL3563 4 a2552 ) alsﬁl + ag
a35ﬁ3 + ag.sﬁ?
a;ls_'g‘z 1

gBs—PB2 4 as/as - aqsPr—P2 Jas + a037ﬁ2/a3
SﬂB—ﬂz + a2/a3

io: 1 g P2 <a15ﬁ152/a3 4 aOSﬁQ/ag)m

sﬁS ﬂZ + a2/a3 SﬂS—ﬂ2 + a2/a3

m=0
> azls P2 aka™
_ Z 3 Z( ) 1 0 GkBL1—mps
0 553 62 +a /a3 erl

m=
R mIm\ (ag\F sFPimmBa—Be
B 2:30 ( 3) ,; (’f) (%> (sPs=P2 + ag/ag)™ !
Using the formula [4]
/00 e_”sx“m+ﬂ_1E;ng(iasc“)dm = 7m!3a—6
: ~ G apt

|1/a

where Re s > |a]'/¢, and term-by-term the Laplace inverse, we deduce that

P m m k
)" m a1 Bs(m+1)—B1k—1
P DA

k=0
agxﬂB_ﬂQ/ag)

(m)
XEg" 5, gyt pam—pik(—

where where E, (2) is the Mittag-Leffler function of two parameters given by

e il
Ea’ﬁ(-fr) —;m, (OZ>O7 /B>0)
and
gy A = (e ot
Ey3(x) = o Fa,p(x) = Zj'F(aj+am+ﬁ)’ m=01,2---. (4)
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Therefore,

1 o] ( 1)m a m m m a k
= = _ 20 ai Bs(m+1)—Brk—1
w@) GBmZ::O m! (ag,) I;)(k) (a()) *
as\’
s (G +m)! (=1) (2> 2 (Bs—P2)
as

X G 0 = 38— )

Jj=0

which is the solution of equation (2).

In 2014, Kim and O [18] provided an explicit Greens function for the fractional differential
equation (under Riemann-Liouville derivatives) in the classical sense, with continuous variable
coefficients and the initial conditions. Their approach is based on representation of solution of the
corresponding integral equation and the method of successive approximations (recursive technique).
Pak et al. [19] recently studied solutions of the following linear nonhomogeneous Caputo fractional
differential equation with continuous variable coefficients and g(x)

eDynu(x) + an—1(2)e Dy ul@) + -+ + ag(x) e Dytule) = g(x),

with all zero initial conditions
Diu(0t) =0, j=0,1,---,n9, no—1<p,<ng€Z".

Srivastava et al. [20, 21, 22] investigated various classes of the Mittag-Leffler type functions which
are associated with several families of generalized Riemann-Liouville and other related fractional
derivative operators, and presented solutions of many different classes of fractional differential
equations with constant or variable coefficients and some general Volterra-type differential equations
in the space of Lebesgue integrable functions. For example, the following general class of differential
equations of the Volterra-type involving the generalized fractional derivative operators [22]

(Dgtu)(x) + /0 (x—t)" tu(t)dt = g(z), 0<a<1;0<u<1; Re(v) >0

a
I'()
with the initial condition
(1620 (04) = ¢
has the solution in L(0, c0)
u(m) = Cma_ﬂ(a_1)_1Ea+u,a7u(a71)(_axa+u) + (Eé+l/7a,fa;0+g)(x)’
where ¢ is a constant and E},, , ..y is the Prabhaker fractional integral operator.

The aim of this paper is to imply Green’s function with a new and simpler method in distribution,
without using any integral transforms along with Mittag-Leffler functions. The obtained Green’s
function can further solve the fractional integro-differential equation

anuP) (2) + ap_1uP ) (2) + -+ a1uP () + agu'P) (z) = g(x)
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with singular generalized functions on the right-hand side which do not have Laplace transforms,
and it reduces to the classical Green’s function when g(z) has the well-defined Laplace transform.
Some applicable examples of solving fractional differential and integral equations, as well as in
the wave reaction-diffusion equation are presented by utilizing our derived results. We start with
fundamental concepts of distribution theory.

2 Fractional calculus of distribution

In order to study the fractional Green’s function in the generalized sense, we briefly introduce the
following basic concepts with several interesting examples of solving Abel’s integral equations in
distribution. Let D(R) be the Schwartz space (testing function space) [23] of infinitely differentiable
functions with compact support in R, and D’(R) the (dual) space of distributions defined on D(R).
A sequence @1, 92, -+ ,n, -+ goes to zero in D(R) if and only if these functions vanish outside
a certain fixed and bounded set, and converge to zero uniformly together with their derivatives of
any order. Clearly, D(R) is not empty since it contains the following function

0’2
_ ) e ®=? if|z|<a
T,a) = )
ple,a) { 0 otherwise

where a > 0. Evidently any locally integrable function f(z) on R is a (regular) distribution in
D'(R) as

(o) = [ I@pas

is well defined. Hence, f is linear and continuous on D(R). In particular, the unit step function
0(x) defined as

G(x):{ 1 ifz >0,

0 ifx<O.
is a member of D'(R). Furthermore, the functional §(xz — o) on D(R) given by

(0(z = z0), p(z)) = ¢(x0)

is linear and continuous on D(R), according to the topological structure of the Schwartz testing
function space.

Let f € D'(R). The distributional derivative f’ (or df /dz), is defined as

(fl7 ‘P) = _(f7 901)
for ¢ € D(R). Therefore,
(6 (x = 0), (@) = (=1)"(6(x — x0), o' (x)) = (=1)"" (o).
Let

12 | Vxoifx >0,
glz) =z{" = { 0 otherwise.
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As an example, we will find the distributional derivative of g (note that this function is not differ-
entiable at « = 0 in the classical sense). Indeed, using integration by parts we derive

o 1> _
(@) o) = ~(ota). ) == [ VESda =5 [ a7 Pty
which infers that

ngr1/2
/ —

g(@)=—"%5—.
Following Gel’fand and Shilov [23], we define

A Y a" ! (n—1)
@ pl@) = [ 2 fol) = pl0) = = Zgge 00 da

where —n — 1 < A < —n. This implies for n = 1 that
@ @) = [ o) - o).
Clearly, 21> € D'(R*) (the set of all distributions concentrated on R*, which is a subspace of

D'(R)).

Assume that f and g are distributions in D’(R™). Then the convolution f * g is well defined by
the equation [23]

((f x9)(x), (@) = (9(z), (f(y), p(z +y)))
for ¢ € D(R). This also implies that
frg=g+f and (fxg) =g *f=g=*f.
A1
+
I'(\)

It follows from [23, 24, 25] that &) = € D'(R") is an entire analytic function of A on the

complex plane, and

?(’)\) o =M (z), for n=0,1,2,... (5)

which plays an important role in solving fractional differential equations by using the distributional
convolutions. Let A\ and p be arbitrary numbers, then the following identity

Py x @) = Pryy (6)

is satisfied [26].

Let A be an arbitrary complex number and g(x) be a distribution in D’'(R*). We define the
primitive of order \ of g as the distributional convolution

(@) = gl2) * o = g(a) D). (7)
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Note that this is well defined since the distributions g and @, are in D'(R"). We shall write the

convolution
d>\
9-r= 739 = g(x) * B,

d)\
as the fractional derivative of the distribution g of order A if ReA > 0, and a9 is interpreted as
T

the fractional integral if ReA < 0.

As an application, we are going to solve the following integral equation, which cannot be done
in the classical sense, by the fractional derivatives of distributions.

Example 2.1 Let
g(x) =

Then the integral equation for m =0,1,2,---

1 if0<a<z<b,
0 otherwise.

u(x) = (—l)m (aj — a,)_7”_0-5 _ (x b)_T_m_O'5
In fact, we have
900 = R 55) ) M7 =T 0.3) @ )

This implies that

1 1

Tm 1 05) T-m-05*9)(@) = 5

— 05) (6(m+045) (:C _ a) _ 6.(m+045) (:17 _ b))

u(z) =

by noting that ®¢(z) = 6(z) and g(x) = 0(x — a) — 8(x — b).

Clearly,
Jm+0.5 gm+0.5 (x—a);™ %
(m+0.5) _ - — = — — =t
0 (x—a)= dpm 05 0(x —a) = dxm+o.5¢)1(x a) = I'(—m+0.5) "’
—m—0.5
(m40.5) gy _ @O
o (@=8 = T 05
which derive that 0.5 0.5
o —m—0.5 b —m—=U.
u(z) = (—1)" (x —a) (x—b)L

by
T'(m+ 0.5)T(—=m + 0.5) = (—1)"x
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based on the well known formula -

I'(x))I'1l—-=2) = .
(2)( ) sin z7

In this paper, we shall extend the techniques used by Babenko in his book [27], for solving
various types of fractional differential and integral equations in the classical sense, to distributions,
and obtain the fractional Green’s function for the first time in the distributional space D'(R™) for
the following fractional-order integro-differential equation with constant coefficients

antuP) (2) + ap_1uPr=0(2) + - - 4+ a1uP (2) + agu'®) (z) = g(z).

Our approach is much simpler than the classical one as it does not require any integral transforms
along with complicated properties of the Mittag-Leffler function. Furthermore, the Green’s function
derived is much more general since it deals with generalized functions such as non-locally integrable
function g(z) = 27", and goes back to the classical Green’s formula when g(z) has the well-
defined Laplace transform. We would also like to add that Babenko’s method itself is close to
the Laplace transform method in the ordinary sense, but it can be used in more cases [4] such as
solving integral or fractional differential equations with distributions whose Laplace transforms do
not exist, as indicated below.

To illustrate Babenko’s approach in detail, we consider the following Abel’s integral equation
of the second kind in the space D'(RT) for a # 0 and A > —0.5

z;"° = au(z) + /o (z — 1) u(r)dr.

We should point out at the beginning that this equation cannot be solved by the Laplace transform
since the distribution x;1'5 is not locally integrable. Clearly, it can be converted into

T(A+1)

1 1 . 1 x B T
it = w@ g [@- M =@ + 55 [t

= u(x)+ W@,\H xu)(x) = ((5+ F(Aa—i_l)@,\ﬂ) U

This implies that by Babenko’s approach (differential or integral operators act like ordinary vari-
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ables)

(A +1) -
u(z) = < + <I>)\+1> R

o) )\ + 1) F( 0. 5) —1.5
(2 )\+1> * ( 05)
- <Z(_1) (ijl)q’n(w)) «P_o.5

QI Q=

n=0

_sz )\+1)

Pn(a+1)-0.5

n(A+1)
Ty

71.5 2f F(A—i_]‘ 0.5 ()\+ )
a”” Z Z am DA+ 1)+ A+05)

1 _ 27 TA+1) T\ + 1)zt
Lo WELOD sy (IO DT
a a? a

1
We note that 7111'5 is a singular distribution, while the term
a

2V T(A+1) 5 o5 ~T(A + )2} A“)

23 P By, at0.5
a? + +, At a

is regular (locally integrable).

3 Three-term Green’s function in distribution
We start with the three-term fractional order differential equation in the distributional space D’'(R™)

au® (z) + bu' () + cu(z) = §(z), (8)

where a # 0, > «, and b, ¢ are not zero simultaneously. Using equation (6), equation (8) can be
converted into

b c 1
Zhs 4+ D T
(5+a ot 6>*U($) 7
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Using Babenko’s approach, we obtain

1 1
u(z) = - 5 p * Oy
a
5+ -By o+ -D
T ®pa T %
1 & c J
— 1\ ( = —
= o ( 1) ( (bﬂa+aq)5) *(I)Ig
7=0
1S, () (b)) cyii
_ ISy ) s (9)
22D Z<Z> (a> Pig-a) (=) * P(-ip * P
7=0 =0
1A 3\ (DY feNi
= - -1y - *) PQi(g—a)+(j—i .
() (5) () oo

we drive that
LS, i G =i+ 0)! (b feyi—i
W) = X NG (o) (@) Seanease

o GHR) (DN reng
(- 1)j+k k! 5! a (a) (I)k(,B—a)+j,6+,8

I
Q=
M2

_ li —b )i )M .
a (Z k'j' (k:+])5+5*ka
7=0 k=0
L (b)Y & 1) (j +k)!
- a) >0 (5) T e s

1 n (=b) o= =\ " (j +k)!
52 a Z a RIjL Ceki)pt—jo

- o 12( )wiy.a”i(;)kk!r<kﬁf;f)<!ﬂ—a>j>xiﬁ' ®)

k=0

Clearly, if b = 0 then the fractional differential equation for nonzero a and ¢

au® (z) + cu(z) = 6(x) (10)
has the solution
0o k kB
_ 1 s ¢ £
1 5.4
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where 8 > 0.
Moreover, if 8 < 0 then we have

a 1
20 gt 0)ru="9
(C g+0d)xu - (x)
from equation (10). By Babenko’s approach, we come to

1 1 1 o a\k
u(z) = Engkz:o(—l)k (*) D_ip
C

B 1 oo . (a k x;kﬂfl

= ot (%) T(—#B)

! 1SN, g gan ket g DA

- ;5(x)+51§(*1)+ (E) T(—(k + 1)B)
1 _g— _

= Eé(m)—%x+ﬁ lE,,g,,,@(—aerB/c)

which is the solution for equation (10).
On the other hand, if ¢ = 0 then the fractional differential equation for nonzero a and b

auP (z) + bu'Y(z) = 6(z), B>a (11)

has the solution

l 51 st ;b J mi_(ﬁ*a)
o't Z() (5= a)j + )

1 -1 -
El’ﬁ Epq, 5(=b2"%/a).

g

—
&

S~—"
I

This implies that the fractional and integral equation (mixed type) for g, a > 0

o (z) + F(”a) /Ox@ — e lu(r)dr = 8(z) (12)

where a and b are nonzero, has the solution in the space D'(R™)
L p-1 Bta
u(z) = pat Egia, p(=bz " /a).

We would like to mention that the above approach to finding the fractional Green’s function is
much easier than the existing classical method, which uses the inverse Laplace transform, as well as
complex properties of the Mittag-Leffler function with its derivatives [4]. Furthermore, we derive
the Green’s function in distribution first in the space D’(R™), which is an extension of the classical
Green’s function as it deals with generalized functions rather than only ordinary functions in the
normal sense. We also note that the Laplace transform works for equations (10), (11) and (12),
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but it fails if we replace the right-hand side function §(x) by a more singular distribution, such as
®_¢.75 (x). Clearly, our method is workable in this case.
For example, the fractional differential equation

auP () + bu(z) = ®_gr5(x), <2

has the solution

1 0 _b 7 1‘127&)4»1

2 \o) The—axy * 2
aj;)( a > L2 —a)+2) * @_o.75(2)

1 _
E$&25E27a,1.25(_bmi “/a).

=
8

N~—
[

We shall show that the double series in equation (9) is convergent in the next section, which
deals with the general Green’s function.

Theorem 3.1  Assume that b and ¢ are not zero simultaneously. Then the fractional differ-
ential and integral equation

au® (z) + bu' (2) + cu(z) = 6(z), (a #0),
where oo < 1 and « # 0, has the convergent solution

2y N —b\ 2T e\ F (j+k)! 9
“(x):;Z(J i Z(a) T @ o) T (13)

§=0 k=0

in the distributional space D'(R™T).

Proof. By equation (9), we have equation (13) for 8 = 2 and 0 # o < 1. We can directly
show that this double series is convergent. Note that

(J+k)! ‘_ FG+k+1) ‘<1

r'2k+2+ (2 - a)j) F2k+2+2—-a)j)| —

since 2 — a > 1.
Furthermore, both
()

~\a ) eay - (a) i
Z 7l z ", and Z X :I:%r
j=0 k=0

absolutely converge by the ratio test. Therefore,

ule) == i <_b> xfﬂa)j > <_>k HIT(2k (+J é ﬁﬁa)j o

=0 k=0

is convergent. This completes the proof of Theorem 3.1. (I
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From the proof of Theorem 3.1, we can see that if 5 — o > 1 and a > 0 then the fractional
differential equation
au® (z) + bul (z) + cu(x) = §(x)

has the convergent solution

=12 () 5 B3 it e

k=0

This result contains Caputo’s work of 8 =2 and 0 < a < 1 as a special case [28].

In particular, the fractional differential equation for 0 < a <1
u® () — ul (z) — u(x) = ztt

can only be solved in the distributional sense. Indeed,

715
xitt —Q\F ( 5 = —2/7D_g 5.
Hence the solution
(j +k)!
u(z) = *szz R ‘1’2(k+j>+1.5—ja(ff)
=0 k=0

oo

_ l (2 a)j (J+k)! 2%
2vTal® 3 5! Zk'F(2k+(2—a)j+1.5) T+

:O

is absolutely convergent by Theorem 3.1.

Using the formula
(2n)!
47n)

we can infer the solution for the differential equation

I'(n+0.5) = VT,

aD*u(z) + bDu(z) + cu(z) = x7'°,
where a, b and c are all nonzero constants, as

2 g5 (D) @k = (=) G Rk 4+ 1)y,
ulz) = —Zoy j;(a) J! ,; a R+ +20

In particular, we have the solution

© Jj+1 . T
u(a) z&52< ) o= VT By olba o)
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for the differential equation (a # 0)
aD?u(x) + bDu(z) = z7"7,

which is not doable in the classical sense.
By equation (9), we have the following theorem for 5 =2 and a = 1.5.

Theorem 3.2 The fractional differential equation
au® (z) 4+ butD (2) + cu(z) = §(x)
has the convergent solution in the space D'(RT)

*“ Z ( )j (;'5] i (_ac)k k!r(2§<:ji2k£ 0.5j)xik' (14)

k=0

Moreover, if 8 > 2 then the fractional differential equation
au® (z) + buD) (z) + cu(z) = 6(x)
has the convergent solution

ule :% 12( > (69:5) i(obc)kk!r(kﬂ +(]é++k()6!—1-5)j>xﬁﬁ'

k=0

This result contains Bagley and Torvik’s work of 8 = 2 and o = 1.5 as a special case [29], which is
in the classical sense.

4 General Green’s function

In order to obtain Green’s function for the n-term of fractional integro-differential equation with
constant coefficients (a,, # 0 and 3, > --- > By with 8, > 0)

anu(ﬂn)(m) + an,lu('gnﬂ)(m) Lt alu(ﬁl)(w) + aou(ﬂﬂ)(x) = 4(x), (15)
we need the multinomial theorem which states as
k
(@1 @2+t am) = > (k k k >$lf1x§2--~xﬁ%”
kitkat++km=k 1, 2, "7y vm

where the summation is taken over all sequences of nonnegative integer indices k; through k,, such

as the sum of all k; is k. The coefficients < K

) are known as multinomial coefficients,
k17 k;27 Tty km

and are defined by the formula

Pyl m
ki, ko, oo+, km/)  kilkal - k!
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k
counts the number of different ways
kl) k?? Ty km

to partition an n-element set into disjoint subsets of sizes k1, ko, -+ , kn,.

Combinatorially, the multinomial coefficient (

The substitution of x; = 1 for all ¢ into the multinomial theorem implies that
k k
k1+k2+Z-:+km:k (kl’ ko, oo km) "
The number of terms in the multinomial theorem is
(k: +m— 1>
m—1
which is equal to the number of monomials of degree k on the variables x1,- - , .

Using equation (6), equation (15) can be converted into

Ap—1 al (e7)) 1
6 2 Pg e —O0p — g _ * = —0g .
( + an /871 ﬂn—l + + an 571 Bl + an ﬁn /60) 'U/(x) an Bn
Using Babenko’s approach, we derive by the multinomial theorem that
1 1
ulz) = — i a a x Dy
In §4 LBy, g, ++—Dg, g +—bs g,
1 a a a F
k -1 1 0
= —> (-1 ( ——®p, g, + o+ —Pp,_p + (I)ﬂnﬁo> * Pg,,
Ganp =0 Qnp (293 Qnp
1 > k Ap—1 k1
= — -1 k n (bkl
Qp, ( ) Z (kla k27 Tty kn) ( Ay, > Bn=Bn-1
k=0 ki+kot-+k,=k

an—s\" a\" ap \ "
n— k n—1 kn
* ( . ) LA <a) Cg, s, * (a> D57 —po * 28
n n n

1 o= (—1)F k ki k kn
- 1ye > (khk%“_’kn>an11an22...a0

" k=0 kitkod--tk,=k
X Py (B =B 1)+k2(Bn—Bn—2)+++kn (Bn—Bo)+5n

Bn—1 oo k
oy (-1) k ko k En
- an Z ak Z [ U L

k=0 "  kitkot-tkn=k
xkl (Bn_anl)+k2(Bn_ﬂn72)+”'+kn(ﬂn_ﬁ0)
+

Tt (B — Bor) + k2B — Bu2) + -+ kn(Br — Bo) + Br)

Brn—1 o0 k k1 ko kn
_ Ty (71) Qp_1Qp_ oGy
B Z E Z 1ol oo k)
a a k1! ko! k!
mk=0 T kytkototke=k L2 n

k! .,L,il(Bn767L71)+k2(ﬂ1L7ﬁ7L72)+”'+kn(,3n7ﬁ0)

T2 (Bn — Bu1) + k2B — Brz) + - + Fn (B — Bo) + Bn)

(16)
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We would like to mention that one obtains Green’s function in the classical sense [4] for equation
(15) by complicated inverse operations of the Laplace transform as well as the Mittage-Leffler
functions, as

u(z) = aii(;:')k 2 (kg, k’3kkn>

" k=0 " kathkstethn=k

ki
XH;—LZQ (an—i ) zf‘rﬁn_ﬁn—l)k'{'ﬁn"rzj:z (Bn—l _ﬁn—j) kj_l

n

(k) _an_l ﬁn_ﬁn—l
XEBn_ﬂnflyBn"l‘Zy:Q(anl_anj)kj ( an x+ > ' (17)

Comparing the above classical Green’s function, our result is not only much easier to deduce but
also simpler in structure, without involving any Mittag-Leffler functions and their derivatives at
all. Furthermore, it can deal with distributions instead of only ordinary functions. Using equation
(4) we can see

(k) _On-1 8,8,
Eﬁn—an_l,ﬁn+zy2(5W,_1—5n_j)kj( an v

k1
(kv + k)! <_“n—1mﬁnan_1>

an

- Z F(kl(ﬁn - anl) + (ﬂn - ﬂnfl)k + Bn + Z;'L:Q(/anl - ﬁnfj)k]) '

k1=0

This implies that equations (16) and (17) are equivalent. Indeed, let ka + - - - ky, = [ for multi-index
k= (ki,ko,--- ,kpn). Then k = |k| = k1 + 1. We can change equation (16) into

00 ki k En
o) = LY Ry Gy
T a ak Eilks! - k!
k=0 " kitketthko=k "
k! mlﬁ(ﬂn*ﬁnfl)+k2(ﬁn*ﬁn72)+~-+kn(5n*50)+ﬁn*1
X i

F(k'l(ﬂn - ﬁn—l) + kQ(/Bn - Bn—2) + -+ kn(ﬁn - 60) + ﬂn)
1 (-1 & I (ky +D)ak ok, abr
= IZ( l[) Z(_l)kl Z ( 1 ) a’n la’ 2 a’O
=0

il p Vet )
ap = k1m0 Kotk btk =1 ant ™ k1l ko! k!
(Bn—PBn-1)+k2(Bn—PBn—2)++kn(Bn—Bo)+Ln—1

k1
Ty

F<k1(/8n - ﬁnfl) + k2<5n - Bn72> + -+ kn(ﬁn - BO) + Bn) )

X

Using the identity
kl(ﬂn - 61171) + k2(6n - Bn72) +- kn(ﬂn - ﬂO) + Bn
= Ek1(Bn = Ba-1) + (Bn = Ba-)l+ Bn+ > _(Bu1 — Bnj)k;

Jj=2

and changing [ into k, we complete the proof.
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Our main theorem is stated as follows.

35

Theorem 4.1 The solution u(z) given in equation (16) is continuous on the interval [0, c0)

if 8, > 1, and belongs to L(0,T) for all T > 0if 0 < 3, < 1.
Proof. Clearly,

lu(z)| ™ f: 1 Z a1 |* [an_o| - - - |ag|*n
k Thol - ko
lax| k=0 [an] k1+ko+-+kn=k frl o k!

K xil(Bn_[371,71)+k2([3n—ﬂn72)+'”+kn(ﬂn_ﬂo)

Tkt (B — Bor) + k2B — Bu2) + -+ kn(B — Bo) + )

kn

k
2 ao

a n

k1
Qp—1 Gp—2

a n

ﬁn_l s k!

Sls y z
|an|

kol ... |
k=0 k1 +kot-+kn=k kl. kQ‘ kn
xk}l(Bn7,37171)+k2(ﬁn7ﬁn72)+"'+kn(ﬁn*ﬁo)
+

F(kl(ﬁn - Bn—l) + k2(6n - 6n—2) + -+ kn(ﬂn - ﬁO) + ﬁn) .

X

For all x € [0,T] (where T is positive), we come to

k1 ko kn

ao

Qp

Ap—1 Qp—2

Qnp

k!

TBn—1 2

kol oo |
k=0 ky+ko+-+hkn=Fk kilkg! - k!
Tk1(Brn—Brn—1)+k2(Bn—PBn—2)++kn(Bn—Po)

% F(kl(ﬁn - anl) + kQ(IBn - Bn72) + -+ kn(ﬁn - BO) + Bn)

B Tfn*lE Ap—1 TBn—Bn-1 ag TBn—Po
] (Bn—Bn-1,Bn—B0); Bn an ) N an )
where
On=1| pBu—Bn- 0 | i —
E(ﬁn,_ﬁn—lv"'7ﬁn,_ﬁ0)vBn < a TB A 17”. ) ai Tﬂ ﬁ0>
n n

is the value at z; = QZ—“ Thn=Pn-r .. 2, = ao TB»=Bo of the multivariate Mittag-Leffler
function Eg, g, ... 8.—B0), 8, (21, -+ ,2n) given in [2]. This implies that the solution u(x) given

in equation (16) is absolutely and uniformly convergent on the interval [0, T]. Since T is arbitrary,
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u(x) is continuous on [0, 00). Assume 0 < 3, < 1. Then for all T > 0,

k1 ko kn

Gp—1 Ap—2

Qn

agp

k!

an

kilka! - k!

an

JRCCIZEE DD

k=0 ki+ko+-+kn=k
/T xﬂn_l"t‘kl (Bn_ﬂn—l)+k2(Bn_ﬁn—2)+"'+kn(ﬂn—ﬁﬂ)dx
X
0 r(kl(ﬂn - 5n—1) + kQ(Bn - 571—2) +-+ kn(ﬂn - BO) + Bn)

k1

k kn
2 ao

an

Un—1 Ap—2

Qn

k!

R an,
k=0 k1 +ka+-+kn=k
Tﬁn"rkl(Bn_ﬁnfl)+k2(Bn_ﬁn,72)+"'+kn(ﬁn_ﬁO)dx

“T01 (B — Bor) + k2B — Bu2) + -+ kn(Bn — Bo) + B + 1)

TBn B
E(8, 801, Br—Bo0), But1 ( T ﬁ“) )

jan]
which is a finite value. This completes the proof of Theorem 4.1. O

an-1 )

Tﬁn*ﬁn—l’ .

)

Qn

Using representation of the integral equation and successive approximations, Kim and O [18]
also obtained equation (16) under certain initial conditions in the classical sense, which does not
deal with the equation like

anu(ﬁn)(x) + anilu(ﬂnfl)(x) + o+ alu(Bl)(.T) + aou(ﬂo)(l') — xll.Q.

As an application, we can solve the following fractional differential equation
w49 (x) + u(3'5)(x) + u5) (x) + u(1'5)(x) + u(05) () = P_35(x)

by equation (16), but the classical result fails to do so since the Laplace transform of ®_3 5(z) does
not exist.

Indeed,
- k k
aw) = S0 () Pkt akas 5 @ oo
k=0 ki+kotks+ki=k 1, 2, N3, N4
1 2 3 4
i . Z a2kt Bha+aky
= (=1)"k! '

Vol oy T

k=0 bt bay F1tRolkal Ral (Ry 4 2k2 + 3k + 4ka)!

which is clearly convergent as
k!
’ (k‘1 + 2ko + 3k3 + 4k4)!

B

and
k1+2ko+3k3+4ks
Ty

k1! kolks! ky!
knthathstha=k L 23t
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has a finite number of terms with factorials as denominators.

We let §; ; be the Kronecker delta function defined as

5“:{ 1 lfl:j.,

0 otherwise.

Then the multinomial theorem can be restated as

k k k
k
k k1,.k km
(1}1—|—I2—|—"'+1‘m) = E E E 5k1+k2+~~+km,k<k ook z11x22...xm.
P & 0 1, N2, y 'vm

Hence, the solution of equation (15) can be written as

u(zr) = xzn Z e

" k! x+
F(kl(ﬁn - ﬂn—l) + k2(ﬁn - Bn—Z) + -+ kn(ﬁn - 60) + Bn)

k k k k1 ko kn
Z Z Z - . kan71an72"'a0"
—~ 1t+ka+-+kn, k1|k2' kn‘

ﬁn_2)+---+kn(6fﬁo)

/—\??'

ﬁn 1)+k2 (B

We would like to mention that if 0 > 5, > --- > Sg, then equation (15) is an integral equation
and has the solution

]Cl ko . kn

k
5]@ i ok Ap_10p_2" " Qg
E E E 1t+ke+-+kn, kllkg. kn'

k1=0 k=0 kn=0
k_' {L‘kl(ﬂn_ﬁn—l)“"kZ(/Bn_ﬂn72)+"‘+kn(6n_60)+6n_1
i o

Tkt (B — 1) + k2B — Bu2) + -+ kn(Br — Bo) + B)

1 < (
azai

k=0

; Bn—1
by noting that x/

distribution.

cannot be put in the front as it is not defined when £, = —1,—2,--- in

The above solution can further be written into two parts: u(xz) = a singular distribution + a
locally integrable function. We use the following example to illustrate this in detail.

Consider the integral equation
w00 () + w0 (2) + uH () = 6(x).

Then the solution is

00 Kl l‘jrl .54+k1+1.5k2
ww = St ; R 0
15 —1.54+k1+1.5k2
_ $+ ROy
- 05 +Z Z kllkz'r(k1+15k2_05)

ki1+ko=k
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Clearly,
B o)
5 .
(~0.5) (@)
is a singular distribution, while
i( Z k! 3311 5+k1+1.5ko
P w5y Falka! T(ky + 1.5k — 0.5)

0.5

is locally integrable as the function 2" is locally integrable.

To prove
u(x) = a singular distribution + a locally integrable function

in general. Choose the minimum k such that
II?;Ill{kl(Bn - ﬁnfl) + kZ(Bn - ﬁn72) + -+ kn(ﬁn - BO) + Bn - 1} > _17

and denote it as kg. Then,

1 ko—1 (_1)k k k k ak1 1ak2 9" algn

_ . n—1"n
@ = S G Y S e
(Brn—=Bn—2)++kn(Bn—Bo)+Bn—1

k! ]j—l(ﬁn Brn—1)+k2
F(kl(ﬁn - Bn—l) + k2(6n - 611—2) + -+ kn(ﬁn - ﬁO) + 6n)

1 oo k k1 ko k
- Z
=ko

)k k& n
Z Z Z Ser . ka’nfla’n72'”a0
1tke+-+kn, | .. |
ak P — kil ko! k!
k! xkl(ﬁn_ﬁn—l)“er(ﬁn Brn—2)+Fkn(Bn—PF0)+Bn—1
s

* F(kl(ﬂn - anl) + k2(ﬁn - 67172) + -+ kn(ﬁn - BO) + Bn) .

The first part is a distribution as the minimum power is less than or equal to —1, and the second
is locally integrable by following the proof of Theorem 4.1.

5 The applications in the wave reaction-diffusion equation

Let ®(x,t) be the concentration of a substance distributed in space (one dimensional space) and
o(z,t) be a nonlinear function, where ¢ is the time variable and z is the space variable. Figueiredo
Camargo et al. [13] introduced the so-called generalized wave reaction-diffusion equation given as

aD?®(x,t) + bDI®(x,t) = ¢ _ooD?P®(z,t) — 12 ®(x,t) + o(x, 1),

where t > 0and z € R, with 0 < o < 1,0 < # < 1, and a,b, ¢, and v? are real constants. We
are interested in a special case where ¢ = 0, ®(x,t) = ®(¢) and p(z,t) = ¢(t). Then the above
equation is converted into

aD?*®(t) + bDX®(t) = —12D(t) + p(t), (18)
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with v? = w?, where w is the frequency of the harmonic oscillator. From our equation (9), the
corresponding Green’s function, which is the solution of

aD?*®(t) + bDX®(t) = —w?®(t) + (t),

is

Dy S BY St (G
O(t) = — 271 — = £
(t) a T jZ()( a> 4! Z( a > KT (2ka + 2a + aj) +

k=0

This expression is clearer than one involving the Mittag-Leffler functions, given in [13] as
1 /=bY! w?
— aj+2a—1 (i+1) 2a
o(t) = a Z (a) ty B aj+20 (at+ > :
7=0
Furthermore, if ¢(t) = ¢, then the fractional differential equation
aD}*®(t) + bDy@(t) = —w?®(t) +t'°

has the solution

a— ltaj — —w? : |+ k 2(1
o) = tz 12( ) ;Z< a ) k'I‘(Qk(cj)z—N—?L—f—aj) e (2T 05)

k=0
o] k .
_ —Q\f Z Z —w? (.7 + k) t2ka+2a+ag 1. 5
a ) j! a E'T(2ka + 2+ aj) — 0.5

_,-15
=t

We should note that this solution is well defined distributionally, but not classically as (t)
is not locally integrable.

In addition, the following fractional differential equation associated with the driven harmonic
oscillator [30] is a particular case of equation (18) witha=1,b=0, 1/2 < a <1 and v? = w?®,

Di®(t) = —w? () + p(t).

Then the corresponding Green’s function is

oo 2ka
— a t ay2a
(t) =t Y (—? )km 27 Boq, 2 (—w? ).
=0
Clearly, the fractional differential equation
D}®(t) = —w?*d(t) + ;17

has the solution

[es} N t2ka+2a71.5 o e
(1) = 27 ) _(~w? )kP(QkZ +2a-035) —2y/mt3" 7 B 2005 (w0 13)
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where ti‘l_lb is locally integrable and 2« — 0.5 > 0.

Finally, the fractional relaxation equation is a particular case of equation (18) with a =0
bDED(t) = —w?d(t) + 6(2).
The Corresponding Green’s function is
1
(t) = gti—lEma(—wzt‘j_/b)

by equation (10). The solution for the fractional differential equation
bDY®(t) = —w?®(t) +t1°
can be obtained easily, which is not doable in the classical sense.

6 Conclusion

Applying Babenko’s approach, we have deduced a simpler Green’s function for the n-term fractional
differential (or integral) equation

anu®)(2) + ap_1uP ) (2) + - 4 a1uPV () + agu'®) (z) = g(z)

in the distributional space D'(R") for the first time, which is an extension of the classical result
as it deals with generalized functions. Several interesting examples of solving fractional differential
and integral equations, some which are not doable in the classical sense, were presented. Finally,
we demonstrated nice applications of our results in the wave reaction-diffusion equation.
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