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Abstract

We treat the fractional order differential equation that contains the left
and right Riemann-Liouville fractional derivatives. Such equations arise as
the Euler-Lagrange equation in variational principles with fractional deriva-
tives. We reduce the problem to a Fredholm integral equation and construct
a solution in the space of continuous functions. Two competing approaches
in formulating differential equations of fractional order in Mechanics and
Physics are compared in a specific example. It is concluded that only the
physical interpretation of the problem can give a clue which approach should
be taken.
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1. Introduction

This paper concerns the problem of ”fractionalization” of differential
equations of Mechanics. Differential equations of fractional orders appear
in many branches of Physics and Mechanics. There are numerous solutions
of concrete problems, collected in the books [2], [1] and [3], for example. The
monograph [11] contains, among other results, many references to fractional
differential equations.
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In all mentioned works, differential equations of the form

Day:f(y,t), t€(07b)7 (1)

where oo € R™, are treated. Let m be an integer such that m — 1 < oo < m.
The left Reimann-Liouville fractional derivative of order «, which appears
in (1) is defined as

am 1 ¢ T
Do‘y(t)—dtm[r( —04)/0 T y)(aJ)rlde],m—1<a<m, (2)

m —T

where I' is Euler’s gamma function. Similarly, the right Riemann-Liouville
derivative of order « is defined as

dm b pa
Day(t) = (~1)" 2 {F S — ;ail_de] m-l<a<m.
3)

There are two different approaches in formulating differential equations
of fractional order in Mechanics and Physics. In the first “direct” approach,
the ordinary (integer order) derivative in a differential equation is replaced
by a fractional derivative. Such a procedure gives reasonable results in
many areas, for example, in the viscoelasticity. In the second approach,
one modifies Hamilton’s principle (least action principle) by replacing the
integer order derivative by a fractional one. Then, minimization of the
action integral leads to the differential equation of the system. This second
approach is considered to be, from the stand point of Physics, the more
sound one (see for example, [7]).

Note that in the second approach the resulting fractional differential
equation is not of the form (1) but in the form that we discuss next. Namely,
if the modification is made on the level of the variational principle, we
are faced with the following type of minimization problem with fractional
derivatives (see [4], [5], [6], [7] and [12]): find a minimum of the functional

b
Iw%=Alﬂth%ﬁm (4)

where

y(0) =y, y(b)=u1. (5)

In (4) and (5), y(¢) is a function having continuous left Riemann-Liouville
derivative D%y of order «, and F (t,y, D“y) is a function with continuous
first and second partial derivatives with respect to all its arguments. It
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is shown in [5], [6] and [7] that a necessary condition that y(t) gives an
extremum to (5) is that it satisfies the Euler-Lagrange equation
OF OF
—— |+ —=—=0. 6
: [31?“3/] Ty ©
In the special case treated in [7] (motion of a particle in a fractal medium)
the function F' has the form

F= 2D - U (y.0). (7)

where m and U are the “usual” mass, assumed to be constant, and the
potential energy of the particle. With (7), equation (6) becomes

m (Dgy 0o DY) (t) = ———.

In the special case when U = %yQ + yg + h, where A = const and g and h
are given functions, we obtain

(Do o D%) (t) = Ay (t) + g (). (8)

We shall analyze (8) for the case when 0 < o < 1. Our main result concerns
the existence of a solution y (¢, @) to (8) and its behavior in the limit when
a—1".

It is important to note that (4) is not the only type of functional used
in fractional order physics. In [8] and [9] convolution type functionals are
considered resulting in two Euler-Lagrange equations, called advanced and
retarded equations. Another type of functionals are used in [10]. Namely,
in [10] in the function F (¢,y, D%y) the derivative D%y is replaced with the
symmetric fractional differential operator Dy = %[Do‘y + Doy]. In this way,
one is not, ab initio, favoring left or right fractional derivatives.

As far as we are aware, equations of type (8), are solved only in [6] and
[7] in some very special cases. In the next section we construct a solution
to (8), reducing it to a Fredholm integral equation of the second kind with
singular kernel K (t,u). If 1/2 < a < 1, then K (t,u) € L2((0,b) x (0,b))
and it can be easily proved that (8) has a solution in L2 (0,b), cf. [14] (for
the theory of integral equations with singular kernels on Holder spaces one
can consult [11] and [16]). But we usually need a continuous solution to
(8). That was the reason that we restricted ourselves in this paper to the

problem of finding a solution in the space C (][0, b]) of continuous functions
on [0,].
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2. A solution to equation (8)

2.1. Preliminaries

First we list some properties of fractional integrals and derivatives. Let

I% and I, denote
o 1 bof(n)
1N = 7o /0 ot

P(O[ t—T)l «
1 [P
(I f)( ) ( ) / (T o t)lfadT

If0<a<1land feL'0,b), then I®f and I, exist almost everywhere in
(0,b). Also D¥I*f = f (cf. [11], Theorem 2.4).

It is also easily seen that DI, f = f. Let Qp be the operator (Qpf) (t) =
f (b—1t). For this operator we know that Qo I* =1, 0 Qp and D, o Qp =
Qp o D%. Now it is easily seen that D, o Iof = Dy o Qpo Qpo Inf =
QuroD¥oIoQpf =QpoQuf = f.

The following lemma can be easily proved:

LEMMA 1. Ifg € C([0,b]), then I%g, I,g and I*cl,g belong to C(]0,b]),
as well.

With the change of the variable 7 =t — u

1 / / t—u
00 =17 | ¢~ 1 | o
and ’ ’
(1)t +1) = (1°9)(0) = 5z [ Zrslole+ =) =gt =)
. S (t+h—)
g —u
+F(O‘)t/ e du, 0< <D,

Since g € C([0,b]), it is also uniformly continuous on [0, b]. For € > 0 there
exist 9; > 0 and d2 > 0 such that |g(t +h —u) — g(t —u)| < e, |h| < 61 and
|(t+ h)* —t*] < e, |h| < da.

Let 6 = min(d1, d2) and M = max |g(t)[, 0 < ¢ < b. Then

(1)t + h) = (I%g) ()] < (0% + M)e, |h| < 9.

This proves that I%g € C([0,d]).

MNa+1)
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To prove that I,g € C([0, b]) we use the operator Qy, (Qpf)(t) = f(b—t).
If ¢ is continuous, then (g is also continuous on [0,b]. With the property

of Qyp (cf. [11], p. 34),
Iog=1a0QyoQug=QpoI%0Qsg. (9)

This proves that I,g € C(]0, b]). It is now easily seen that [%ol,g € C([0,b]).

2.2. Integral equation which corresponds to equation (8)

LEMMA 2. If 0 < a < 1 and g € C([0,b]), then every solution f €
C([0,b]) to the integral equation
b

F(t) - )\/Ka(t,u)f(u)du = Ga(t), 0<t<b, (10)
0

is also a solution to equation

(Do o DCf)(t) = Af(t) +g(t), 0 <t <b, (11)

where

1 / U, T
Ka(tau) = Fg(a)/(tq_( T)l)adT;
0

(12)

(u—T)O‘_l, b>u>7t>0

q(u,7) :{0 0<u<Tt<¥b
Ga(t) = (I o Ing)(t) € C([0,0]) . (13)

P roof Letusgive to the expression

b
/ Kot ) (u)du
0

another form:

b X .
/ Ko(t,u) f(u)du = F%a) / F(u) / (tq_(u,;) _rdu
0 5 ,
t b
1 dr
" o) O/ (-t O/ F(u)g(u,7)du
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Consequently, equation (10) can be given in the form:
@) = AI% o Iaf)(t) = (I* o Iag)(t) - (15)

Suppose that we have a solution f € C([0,b]) to (10). This is also a solution
to (15). But we will show that it is a solution to (11), as well. For that it is
enough to prove the assertion that for h € C([0,b]) we have D, o D*(I o
I.h) = h.
We have seen that if h € L(0,b), then D®o I%h = h and Dy, 0 I,h = h.
Thus
DyoD%o (I%0 I h) =Dgo (Do 1% olyh=h.

By applying the operator D, o D% to (15) we obtain (11), which proves
Lemma 2. ]

2.3. Construction of a solution to (8)

THEOREM 3. Let 0 < a < 1 and let g € C([0,b]) and g # 0. If |\| <

2
r Ef;jl), then

(Do o DYf)(t) = Af(t) +g(t), 0 <t <b, (16)

has a solution belonging to C([0,b]). This solution f, is given by the Neu-
mann series:
fa(t) = Ga(t) + AKaGa(t) + N K3Ga(t) + ..., 0<t<b,  (17)

where
b

KoGalt) = / Kot 0)Go(u)du and K"Ga(t) = Ka(K"'Go)(t), n > 2
0

the function K (t,u) is given by (12) and G,(t) by (13). The series (17)
converges in C(]0, b]).

P roof. Let us construct the Neumann series using the sequence:

fl :Gcw fn :Kafn—b n = 27

which gives
n—1
fo =Y NEK}G,
j=0
(cf. (17)). Since g € C(]0,b]), by Lemma 1 the function G, given by
(13) belongs to C([0,b]), as well. Also by (15) K,G4 and K'G,, n > 2,
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belong to C(]0, b]). Consequently, the addends in the Neumann series (17)
are continuous functions. Now to prove that the series converges in C([0, b]),
we need a majorant for KJGq(t), n > 1. Let us find it:

t b

1K aGa(t)] =||(I° oIaGa)(t)H:FQta) H/(t — i)l_a (/(u(i“gl)_adu)dTH

0 T
1 / 1 / 1
<
. Hr?(a)/(t—T)l—a/(u—T)l—ad“dTH”Ga”
0 T
t
11 .
< - o « o «
Sl fo-rre-orelen
1 / 1
< = _ a 1 Lt 42a
< crra | [ = mrtarical < mm el
0
where || f|| = max |f( )| is the norm in C([0, b]). It follows that || K,Go ()] <
Gl ana 30 B < (7)1 Gall- Since | <1
T2(a 1 1) ol A IRabelll = AP ince Al rafery < 1

the series in (17) converges in C([0, b]). If we apply the operator K, to this
series, then K, can be applied on every addend of the series:
oo o

KoY NKJGo =) NPVKJMGy=f - Ga,

j=0 =0
or
n+1
IKIG. — IKIG = _
Knlggoz:)\KG lim Z)\KG lim_f, — Ga,
7=0 7j=1
in C([0,b]). Consequently the function given by the Neumann series (17) is
a solution to (16). n
Remarks:

1. Incase A =0, g € L'(0,b) and |g(b—t)| < Kt ¢ > 0,0 <t < b,
all the solutions to equation
(Do 0 D*f)(t) = g(t), 0 <t <D,
in L1(0,b) are of the form:

fa(t) = (I% 0 Iyg)(t) + CLIY(b — 7)* 1) (1) + Cot®™ 1, 0 <t < b.  (18)

This follows from the fact that D®f = 0 if and only if f(t) = Ct*~!. Also,
Do f = 0if and only if f(t) = C(b—t)*~! (cf. [15]).
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2. If in equation (16) g(¢) is of the form
g(t) = Cr(I*(b—7)*7H)(t) + Cat*
then a solution to this equation is

Falt) = —%Cl(la(b ~ ey — %cgta—l. (19)

3. In both cases (cf. (18) and (19)) the solution to (16) contains con-
stants C7 and Cy which can be determined so that the solution f,, satisfies
additional conditions of the form f, (0) = fo, fo (b) = fi. However, in the
general case, to satisfy these conditions we have to call for an appropriate
additional condition for g. We find such condition on g (t) by analyzing
boundary conditions f, (0) = fo(b) = 0. Let g (t) be given in the form

g(t) = h()+ep(t), where h (1) € C ((0,b]) and p (t) = (I* (b= 7)" ") (1),
with ¢ = const. and 1/2 < a < 1. By the results of Theorem 3, equation

(16), with g = h, has a solution f, (¢) given by (17). This solution satisfies

initial condition f, (0) = 0. If it also satisfies f, (b) = 0, then g (¢) can be
just h(t). Otherwise, for g (t) = h(t) —cp(t),c = %(bl;), equation (16) has
a solution which satisfies the prescribed boundary conditions (cf. Remarks,

1.).
2.4. Example

We treat an example that will show relation between two approaches of
fractional generalizations of equations of physics (see [7]). Thus, we consider
the problem of minimizing the following functional

I:/Ol{;[Daf]2+Af}dt (20)

with 1/2 < o < 1 and A € L' (0,1),|A(1 —t)] < at**,e > 0,a being a
given constant. Also we assume that

f(0)=f(1)=0. (21)
The Euler-Lagrange equation for the functional (20) reads
(Do o Df) () + A(t) =0. (22)

The boundary conditions corresponding to (22) are (21). Applying the
result in Remark 1. we have a family of solutions to (22)

fat) = — (I% 0 ILA) (1) + Cu (fa (1- t)“*l) () + Coto™l, 0<t<L.
(23)
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To satisfy the boundary condition (21); we have to take Co = 0. The second
constant Cy can be found from the condition f, (1) =0, i.e.,

) 1 t dr L Au)
tlirleQ(a)/o (t_T)l—a/T (U_T)l—adu

1 t dr
+ lim C / :
=1 T () Jo t—m)tra-nt

Both limits exist because of assumptions on A (¢) and a.

3. The limit of solution (17) when o — 1~

THEOREM 4. Let |\| < max 1@t o~ 0 Then:
a€le,1—¢]

1) The series (17) which defines a solution to (16) converges uniformly
on [0,b] X [g,1 — €] to a function f(t,a) € C([0,b] X [e,1 — €]). Let f(¢)
denote the function f (t) = linll_f (t,a). Then the function f € C([0,b]).

2) If in addition f € C2([0,b]), f©® € L' (0,b) and f? (t,a) — P (t),
o — 17, uniformly int € [, 1—n] for everyn > 0, f® (t,a) — f®) (), a —
17,t € (0,b), then f satisfies:
d*f

—ﬁ:)\f(t)—i-g(t), 0<t<b.

P roof. 1) In the proof of Theorem 3 we have only to change the con-

dition |A| < FQEEJI), by |A] < max FZE}CJJI). Consequently, f € C([0,b]).

a€le,1—¢]
2) If t € (0,b), then there is an n > 0 such that t € [n,b —n] = J,.
Consider D*h for an h € C?([0,b]) and h®) € L!(0,b) using twice the
partial integration we have:

—a 1—ap (1) by )l
(Dh) (1) = If(lh_(z)) +tr(2h_ OE;” +/0 ! (2_)a) h® (7) dr.

Whence, for t € [n,b—n] :

lim (D“R) (t) = A (0) + / e (r)dr = KW ().
0

a—1—

In the same way we have

o\« A Eatet (2) b — 11—«
(Dar) (t):(rbut)a)h(l) L tr)(zl;) (b)+/t (F(Qt)oz) W () dr
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and for t € [n,b—n) :

lim (Dah“)) (t) = —h@ (b) + / e (r)dr = —h (¢).

a—1— t
The last two limits are valid, uniformly in ¢,¢ € [n,b — 1]. By construction
(Do Df (t,0)) (t) = Af (t.0) +g (), 0<t<b.
For a t € (0,b) we can take

lim (Do o D7f (t,0)) (t) = lim f(t,a) +g(t).

a—1—
With the above results, the last limit gives
d2
—@f t)=Aft)+g(t). (24)

This proves Theorem 4. ]

4. Conclusion

We analyzed the differential equation (8)
(Do 0 D) (t) = Ay () + 9 (t) (25)

which follows from the minimization of (4) with F' given by (7) and U =
%yz + yg + h. This equation may be considered as fractional generalization
of (24) for 0 < a < 1. The direct way to write fractional generalization of
(24) is to consider

~D%y(t) =y () +9 (1), (26)
with 1 < < 2. For (26) the solution is known and it reads (see [3], p. 140)

2
Ys (t) = chtﬁ_kEﬁﬁ_;H_l (—/\tﬁ)
k=1

t
+ [ = By (A=) g @D
where 3 > 1,Cy, k = 1,2 are constants and E, g () = ZF(#Z[%)’O"B >0,
k=0

is a two-parameter Mittag-Leffler function. It is interesting to compare (27)
for 1 < 8 <2and (17), i.e.,
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Ya(t) = Y NEKLGa(t), (28)
j=0
for a = /2. We do this in the special case of (25) when A = 0,¢(t) =
C =const.,b=1and y(0) =0,y (1) = 0. From (23) (with A (t) = —C) we
obtain

) = Frr e [, =7 =0
¢ a—1 a—1
+C /0 (1—7)*"(t—7)" " dr, (29)
where
) = — Cfol (1—7)" (1_7')a_1 dr O (a—-1)

T(@)T(1+a)ff(1-n* Q-7 Tdr 2M2(a+1)’

The direct approach leads to the solution of Dyg = C,yg (0) = 0,y5 (1) =0
that reads
Ccth-1

yﬁ(t):—m(l—t), l1<pB<2. (30)

We believe that only physics of the problem can give a clue which ap-
proach should be taken.
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