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Abstract

In order to solve fractional variational problems, there exist two theorems of nec-
essary conditions: an Euler-Lagrange equation which involves Caputo and Riemann-
Liouville fractional derivatives, and other Euler-Lagrange equation that involves only
Caputo derivatives. In this article, we make a comparison solving a particular frac-
tional variational problem with both methods to obtain some conclusions about which
method gives the optimal solution.

Keywords Fractional Derivatives and Integrals; Fractional Ordinary Differential Equa-
tions; Variational Problems.

Mathematics Subject Classification 26A33; 34A08; 58E25.

1 Introduction

The fractional variational calculus is a recent field, started in 1997, where classical variational
problems are considered, but in the presence of fractional derivatives or integrals [1I, [6, [30].

In the last years numerous works have been developed tending to extend the theory of
the variational calculus in order to be able to be applied to problems of fractional variational
calculus. This is fundamentally due, on the one hand, to an important development of the
fractional calculus both from the mathematical point of view and its applications in other
areas (electricity, magnetism, mechanics, dynamics of fluids, medicine, ete, [4, 12] 20} 2T, 23],
25]), which has led to great growth in its study in recent decades. On the other hand, the
fractional differential equations establish models far superior to those that use differential
equations with integer derivatives because they incorporate into the model issues of memory
[19] or later effects that are neglected in the models with classical derivative.

There are several definitions of fractional derivatives [I7, [25]. The most commonly used
are the Riemann-Liouville fractional derivative and the Caputo fractional derivative. It is im-
portant to remark that while the Riemann-Liouville fractional derivatives [32] are historically
the most studied approach to fractional calculus, the Caputo [I5] [16] approach to fractional
derivatives is the most popular among physicists and scientists, because the differential equa-
tions defined in terms of Caputo derivatives require regular initial and boundary conditions.
Furthermore, differential equations with Riemann-Liouville derivatives require nonstandard



fractional initial and boundary conditions that lead, in general, to singular solutions, thus
limiting their application in physics and science [22], 23].

In order to solve fractional variational problems, there exist two theorems of optimality
conditions: an Euler-Lagrange equation which involves Caputo and Riemann-Liouville frac-
tional derivatives [2, [3, 14, [5, 6, @, 13, 28, 29, B30, 31], and other Euler-Lagrange equation that
involves only Caputo derivatives [7, [10, 1) [14], 24 26].

In the present work we will make a comparison between the solutions of the two Euler-
Lagrange equations.

The paper is organized as follows: some basic definitions of fractional derivatives and
fractional variational problems are shown in section two. Section three presents a particular
fractional variational problem, solutions of it using both methods and the comparison between
them. We end this paper with our conclusions.

2 Mathematical tools

2.1 Introduction to fractional calculus

In this section, we present some definitions and properties of the Caputo and Riemann-
Liouville fractional calculus. For more details on the subject and applications, we refer the
reader to [17, [32], 33].

Definition 1. The Mittag Leffler function with parameters o, 3, is defined by

Fes?) = 5o 1) M

for all z € C.
Definition 2. The Gamma function, T : (0,00) — R, is defined by

I(z) = /O e les ds, (@)

Definition 3. The Riemann-Liowville fractional integral operator of order o € Ry is defined
in L'[a,b] by
1 x
oLy [f](z) = m/@ (z—8)* 1 f(s)ds. (3)

Definition 4. If f € L'[a,b], the left and right Riemann-Liowville fractional derivatives of
order o € RS are defined, respectively, by

SDE) = e [ (= )
and

RO = st [ s
with n = [«].



Definition 5. If L ¢ L'a,b], the left and right Caputo fractional derivatives of order

dx™

a € Ry are defined, respectively, by

S De[f)(x) = ﬁ /I(DE - 8)”1a%f(s)ds
and . (—1) b L

» Dy [f](x)_m/ (s — ) @f(s)ds,
with n = [«a].

Now some different properties of the Riemann-Liouville and Caputo derivatives will be
seen.

Remark 1. (Relation between the Riemann-Liouville and the Caputo fractional derivatives)
Considering 0 < o < 1 and assuming that f is such that ELD2[f], EED¢[f], YD2[f] and
CDe(f] exist, then

CDRIf() = DR ~ 2 (o -0
and
CDpIf@) = i) ~ L o)

If f(a) =0 then
o D3 [f](x) = F*D2[f]()
and if f(b) =0 then
cDY[f)(x) = DR f)(=).
Remark 2. An important difference between Riemann-Liouville derivatives and Caputo
derivatives is that, being K an arbitrary constant,

DK =0, UDYK =0,
however
RLDaK:—(x_a)—oz RLDaK:L(b_ZE)—a
@ 'l —a) ’ v b r'il-a) ’
BLpe(g —a)*~! =0, RLDe(h — x)*t = 0.

In this sense, the Caputo fractional derivatives are similar to the classical derivatives.

Theorem 1. (Integration by parts. See [25])
Let 0 < a < 1. Let f € C*([a,b]) and g € L*([a,b]). Then,

[ a@enzs@ s = [ f@) M Dpgte do+ [ g(0) @) |

and

/ 9(2) C D8 f(x) dr = / F(@) B D2 g() de — [ WI2"g() f (0)] |1 -
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Moreover, if f(a) = f(b) =0, we have that

/@wﬁmﬂmm:/fw?mwwm

and

/ab () YDy f(2) daz—/ f(x) Bl Dog(z) da.

2.2 Fractional variational problems

Consider the following problem of the fractional calculus of variations which consists in finding
a function y € ¢F that optimizes (minimizes or maximizes) the functional

b
I0) = [ Ly, D) o 4)
with a Lagrangian L € C([a, b] x R?) and
°F ={y:[a,b] = R:y e C[a,b]), D% e C([a,b])},

subject to the boundary conditions: y(a) =y, y(b) = ys.

Now Euler-Lagrange equations for this problem will be stated. In the first one appears
both Caputo and Riemann-Liouville derivatives (Theorem , meanwhile the second one only
depends on Caputo derivatives (Theorem .

The proof of the following theorem is in [30].

Theorem 2. If y is a local optimizer to the above problem, then y satisfies the next Euler-

Lagrange equation:

ot P agng, O ®

Remark 3. Fquation (@ is said to involve Caputo and Riemann-Liouville derivatives. This
15 a consequence of the Lagrange method to optimize functionals: the application of integration
by parts (Theorem for Caputo derivatives in the Gateaux derivative of the functional relates
Caputo with Riemann-Liouville derivatives.

Remark 4. Equation @ s only a necessary condition to existence of the solution. We are
now interested in finding sufficient conditions. Typically, some conditions of convexity over
the Lagrangian are needed.

Definition 6. We say that f(z,y,u) is convex in S C R® if f, and f, exist and are contin-
uous, and the condition

f(x7y+y17u +U1) - f(x,y,u) > fy(xayau)yl + fu<x7yau>ula

holds for every (x,y,u), (x,y + y1,u+uy) € S.
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The following theorem is valid only for the solution of the Euler-Lagrange equation in-
volving Riemann-Liouville and Caputo derivatives (5)). Its proof can be seen at [6].

Theorem 3. Suppose that the function L(z,y,u) is convex in [a, b]x R%. Then each solution y
of the fractional Euler—Lagrange equation (@ minimizes , when restricted to the boundary
conditions y(a) = y, and y(b) = yp.

Following [26], in the below theorem, we will see an Euler-Lagrange fractional differential
equation only depending on Caputo derivatives.

Theorem 4. Let y be an optimizer of with L € C?([a,b] x R?) subject to boundary
conditions y(a) = y,, y(b) = y, then y satisfies the fractional Euler-Lagrange differential

equation
oL . oL
— Dy—— =0. 6
gy 9Dy ®)

Remark 5. We can see that the equation (@ depends only on the Caputo derivatives. It is
worth noting the importance that L € C? ([a,b] x R?), without this the result would not be
valid. As we remarked before, the advantage of this new formulation is that Caputo deriva-
tives are more appropriate for modeling problems than the Riemann-Liouville derivatives and
makes the calculations easter to solve because, in some cases, its behavior is similar to the
behavior of classical derivatives.

From now on, when we work with the Fuler-Lagrange equation that uses derivatives of
Caputo and Riemann-Liouville (@, we will abbreviate it with C-RL and when we use the
Fuler-Lagrange equation that uses only derivatives of Caputo (@, we will abbreviate it with

C-C.

Remark 6. Unlike the equation (@, at the moment, there are not sufficient conditions for
the equation (@ which only involves Caputo derivatives.

Now we present an example that we are going to solve using these two different methods,
in order to make comparisons.

3 Example

The scope of this section is to present two different candidates to be a solution for a particular
problem that arise from solving the two Euler-Lagrange equations presented in the previous
section.

First, we are going to solve the classical case, where only appears an integer derivative,
and then we are going to deal with the fractional case.

3.1 Classical case

The classical problem consist in finding a function y € ,FE’ that optimizes (minimizes or
maximizes) the functional



1= [ (W) - 21900) ar.

y(0) =0, y(1) =0,

where B = {y:[a,b] = R:y € C([a,b])}.
To solve this (refer to [34]), we consider the Lagrangian

L(z,y,y) = ()" — 24y. (7)
Its Euler-Lagrange equation is
oL o (oL _,
oy oz \oy )
that is,
y'(z) = —12.

Solving this equation and taking into account that y(0) = y(1) = 0, we obtain the solution

y(z) = —62* + 6. (8)

3.2 Fractional case

The fractional problem consist in finding a function y € ¢E that optimizes (minimizes or
maximizes) the functional

J(y) = /01 ((gDif [yl (2))° — 24y(:v)> da,

y(0) =0, y(1) =0,
where YE = {y : [a,b] = R :y € C'([a,b]), Dy € C(la,b])}.

To solve this we consider the Lagrangian
L(z,y, § D3 [y]) = § D5 [y]° — 24. (9)
Like we said before, we are going to solve it using two methods, one with the C-RL
Euler-Lagrange and the other one with the C-C Euler-Lagrange equation ().
3.2.1 Resolution by C-RL equation
Applying the equation , we obtain

oL oL

Ay " \o§De [y)

“24+ 5DE (2 D2 ) =0
RLDe (§Ds[y]) = 12.



By definition,

BDE (1= 0] = g (L)

and the property . [ 1]
T D? (1_1‘)&7 :07

which we have seen on remark [2| considering 8 = o we can conclude

12
6Dy (v) = m(l —x)*+or (1 —2)*! (10)
where ¢; € R.
Taking into account the following equalities
n—1
['(n—«a)
(0" [J(e—4) = ,
pal ['(—a)
n—1
I'n—a+1)
(=D)" | J(e=1-j) = ,
o I'(—a+1)
we can write )
e (=)™ [T (=)
R
n=0 n:
> I'(n—a)z”
n=0 —Q n
o (=TI 1 a—1-—
e EV IS 1)
n=0 n'
x I'n—a+1)a"
_ Z )
m=o I'(—a+1) n!
replacing this in ,
= T(n—a)z” Fn—a+1)
C na
D it
o Dz [yl (%) 1+anzzo ['(—a) n! Zo —a+1) n!
Considering § D [27] = %xﬁ_a and the linearity of the Caputo derivative, we
obtain
(2) 12 N i Fn+1)I'(n—a)l'(14+a)x
T) = o —
Y T1+a)? = T(I(-a)l(l+n+a) nl
x T HI'(n — (1
i 0 W& Tt h—atDri+a)e
F(l —|— a) =0 TOrl—-a)l(l+n+a) n!
where ¢y € R.



Using the definition of the Hypergeometric function of parameters a, b, ¢ [18]:

~ D(a+n)0(b+n)T(c) 2"
Fifaben) =3 T(aT®)(c+n) nl’ (1)

n=0

we can rewrite the solution as

12 o
y(x) = —F(l - a)Qx oF1(1, —a, 1 + a, )+
&1
— 2% (1,1 —a,1 )
+F(1+a)l’ 2 1(, a, +Oé,l')+(32

Taking into account that y(0) = y(1) = 0, we obtain

12
(1 + «)?
6 z®

— (1,1 —a,1 .

yro(r) = o (1, —a, 1+ a,x)—

(12)

Remark 7. This solution is valid only for o > 0.5 since otherwise the solution tends to
infinity and does not satisfy the terminal condition.

Finally, since L(z,y,u) = u®> — 24y is a convex function, indeed

Lie,y+ynutu)— L(t,y,u) = (ut w)? = 24(y — ) — u’ + 24y =
= u? + 2uuy + ud — 24y — 24y, — u® + 24y =
= u? + 2uu; — 24y,
> —24y; + 2uuy = O L(x,y,u,v)y1 + O3L(x,y,u,v)uy,

it is verified for every (z,y,u), (z,y + y1,u + uy) € [0,1] x R? applying the theorem
yrr, Minimizes the problem for 0.5 < o < 1.

Remark 8. We can notice that Theorem[3 only works for functions y that satisfy the C-RL
Fuler-Lagrange equation, but furthermore they must satisfy the boundary conditions. In the
case of not satisfying the boundary conditions (as in the case of 0 < a < 0.5), the theorem
does not work.

Remark 9. We can observed that the solution (@ tends to (@ when « tends to 1. This
means that when o = 1, we recover the solution of the classical problem.
3.2.2 Resolution by C-C equation
As the Lagrangian (9) L € C?([0,1] x R?), we can apply the Theorem [4f Then using the
equation @7 we obtain

oL oL

dy " \9§Dg [y]

~214 €D (2D ) =0

cDY (§Dg[y]) =12
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By definition,

[ _ F(l—i_ﬂ) — -
[0 -0)) = ey )

and the property in remark [2| that, unlike the Riemann-Liouville derivative,
g D ? [dl] =0,
for every d; € R, considering 5 = a we can conclude
12
I'(l+«)

Note that in this step this equation is different from , and that is why we are going
to obtain two different solutions.
Now we can write

6§ D2 lyl(z) = (1 =)+ dy. (13)

2 i VI ),

I'(1+a) ) & v
Taking into account the following equality
n—1
I'(n—a)
(=D" ] f(a=3)= 7
e
we obtain
12 12 &KI(n—a)a”
12 = it
N ) % T(—a) nl

Replacing this in (13)),
12 x I'(n—a)z"

¢ D = — +d;.
Considering § D [l’ﬁ] = %Jcﬁ_“ and the linearity of the Caputo derivative, we
obtain
I'(n—a) T(14n) z"te
dyx® +d
ylr) = 1+an220 (—a) T1+n+a) n! ThE d
where dy € R.

Using the definition of the Hypergeometric function of parameters a, b, ¢, we can
rewrite the solution as

12

mxa 2F1(1, —-a,1+a, ZC) + diz® + ds.

y(z) =

Taking into account that y(0) = y(1) = 0, we obtain

12 6
m$ oFi(l, —a, 1+ o, w) — ———— o (14)

yolz) = (14 «a)?



Remark 10. Unlike yrr in (@, yo is valid for every 0 < a < 1. However, we can not
ensure that it is a minimum of the problem because there are no sufficient conditions theorem
for the C-C' Euler-Lagrange equation.

Remark 11. We can observe that the solution tends to (@ when o tends to 1. This
means that both solutions of each Fuler-Lagrange equations, yrr, and yc tend to the solution
of the classical Euler-Lagrange equation when o = 1.

3.3 Comparison between methods

In this section we are going to show some graphics in order to compare the solutions obtained
from the different methods.

Figure (1| presents the convergence of both solutions ygy, in the left and yo (14)) in
the right, when we take limit as a approaches one. We can see that both converge to the
classical solution y .

8 % 8 «
T~ — a=1
= \--\. ---a=0.95
6| /‘,,/ -\K 61 a=0.9
i \ ---0=07
—--a=0.55
/ \
= 3 emm—e | =
= 4/ =
/ i N f [ ———
/ | R
24 e v 2 ,.'/ o ARG
/,/ ) /,,—"'_ —[To- N ,,//// B N S N
12 | S 7 | Q
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
X X

Figure 1: Convergence of ygr, and yo solutions

Remark 12. This figure shows us the difference between the shapes of the solutions obtained
from the different methods. We can clearly see how the shapes of the solutions yc are more
similar to the classical solution in contrast to the shapes of the solutions ygy .

Figure [2| presents a comparison between both solutions ygy, and yo , for different
values of a.

Remark 13. In this figure we can see how the difference between the shapes of both solutions
becomes more remarkable when o approaches 0.5, where the solutions yry diverge as we saw
in Remark[7.

Figure |3| presents the solution y¢ for a = 0.4.
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a=0.95 a=0.8
--- CC --- cC
—CRL C-RL
1.5 ¢ ol D
/// \\\ 2 1
S 1 /// \\\ S ///
) r \ -~ ’
// \\ //
/ N 1 7
4 \ /
0.5 ¢ \\ //
\ /
W a
\ "
\ I
0.2 0.4 0.6 0.8 1 0.2
X
54 8 4
a=0.7 a=0.55
--- CC --- CcC
4 |—CRL ——C-RL
6 4
3 1
= = 4
= e e =
// AN 2 ///
1+// v K
/ \ //
i N /
0.2 0.4 0.6 0.8 1 0.2
X X

Figure 3: Solution C-C for ao = 0.4

Remark 14. While the C-RL FEuler-Lagrage equation does not provide us solutions for the
cases 0 < a < 0.5, the C-C' equation does.
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Table [1| presents the values obtained in each case. To calculate the integrand we approx-
imate the Caputo fractional derivatives of both yo and ygy. For this we use a method of
Ly type that can be seen in [8, 27]. This method consists of making a regular partition of
the interval [0,1] as 0 =g < 7 < ... < 2, = 1, of size h > 0 sufficiently small, and then
approximating the Caputo derivative as follows:

|_|

m—

SD% [y brn—k—1 (Y (1) — y(21)),
k=0

where

h—@
TT(2-a) [

Then, to calculate the integrals, we use the Riemann sums approximation.

b k+1)7 — ke,

o C-RL C-C

1 -12.1752 -12.1752
0.95 -16.4431 -14.3133
0.9 -17.3685 -16.7006
0.8 -36.6555 -22.2567
0.7 -60.2608 -28.9016
0.55 -127.9983 -40.9804
0.4 | the solution does not exist | -55.5863

Table 1: Values obtained with C-RL and C-C

Remark 15. In Table |1 we can see that as we get closer to a = 0.5, the difference between
the values is very large, being the minimum the solution of the C-RL equation, while for
values 0 < o < 0.5 obviously we only have the solution of the C-C' equation, since it is the
only one that verifies the border conditions.

4 Conclusions

In this article, two theorems of necessary conditions to solve fractional variational problems
were studied: an Fuler-Lagrange equation which involves Caputo and Riemann-Liouville
fractional derivatives (C-RL), and other Euler-Lagrange equation that involves only Caputo
derivatives (C-C). A particular example was presented in order to make a comparison between
both conditions.

We were able to get several conclusions. The first thing is that we were able to verify that
for 0.5 < a < 1, the minimum was obtained from the solution of the C-RL Euler-Lagrange
equation, as suggested by the Theorem [3 Now, for 0 < oo < 0.5, the C-RL Euler-Lagrange
equation did not provide us with a solution, while C-C equation did. However, we wonder,
can we ensure that the solution of the C-C equation (y¢) is the optimal solution for the
problem at least for these values of a? The answer to this question is NO. Although in [26] it
was shown that the solution y¢ is a critical solution of the problem, and we also saw that its

12



shape is graphically more similar to the shape of the classical solution, we cannot ensure that
yc is an optimal solution or even for the cases in which 0 < a < 0.5. If there was a Theorem
of Sufficient Conditions for the C-C equations, our example would not verify it, because if
it did, this Theorem would be in contradiction with the Theorem of Sufficient Conditions
for the C-RL equations (Theorem . This means that the convexity conditions over the
Lagrangian does not reach to obtain sufficient conditions for the C-C equations. Then, if
there were other conditions and such a Theorem existed, in order not to contradict Theorem
B, it should depends on the value of «.

In other hand, we can observe that when o = 1, yo was the classical solution and it was
the minimum of the problem, but when « decreased, when 0.5 < o < 1, these solutions were
not minimums, because the ygy solutions were. There is a discontinuity in the yo solution
when « goes to 1. Then, why yo would be the minimum solutions when 0 < o < 0.57 If they
were minimums, it would exist another discontinuity of these solutions with respect to a.

In conclusion, while working with C-C equations make the work easier when it comes to
calculations, many times we have to be careful with the implementation of this method since
C-RL Euler-Lagrange equations are the ones that truly provide us with the optimal solution.
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