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In this paper, we examined the Hamilton-Jacobi formulation for discrete Lagrangian systems containing second-
order fractional derivatives. The fractional Euler-Lagrange equations for the calculus of variations problem for
these systems are analyzed. The Hamilton’s equations of motion for these systems are derived. The equiv-
alence between the fractional Lagrangian and the fractional Hamiltonian formalism are achieved. We have

examined one example to illustrate the formalism.
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1. INTRODUCTION

The study of fractional calculus has become a novel area
in various branches of science, applied mathematics, phys-
ical systems and engineering,'® starting from the early
development by Riewe” !° of the generalized Hamiltonian
formulation, then this formalism has found a wide range
of applications."® Riewe has studied non-conservative
Lagrangian and Hamiltonian mechanics within fractional
calculus.” '° He has used the fractional calculus to obtain
a formalism which can be applied for both conserva-
tive and non-conservative systems. One can obtain the
Lagrangian and the Hamiltonian equations of motion for
the non-conservative systems. Besides, the generaliza-
tion of Lagrangian and Hamiltonian fractional mechanics
with fractional derivatives were extended and discussed in
details.!"-"7

The formalism for investigating the fractional varia-
tional problem of Lagrange represents an important part of
fractional calculus and it was discussed by Agrawal,'’-1?
and this formalism can be extended to Lagrangians sys-
tems with higher derivatives. Theories associated with
higher-order Lagrangians systems have been discussed by
Ostrogradski. In the Ostrogradski’s formalism, the Euler’s
and Hamilton’s equations of motion were derived and
then, his formalism was extended to singular systems.'3-2*
Recently, the fractional Hamiltonian analysis for higher-
order derivatives systems were investigated for nonsin-
gular systems and the generalization of Ostrogradski’s
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formulation was discussed within framework of fractional
calculus.?

This paper is organized as follows: In Section 2, the
basic definitions of fractional derivatives are reviewed
briefly. In Section 3, the fractional variational prob-
lem with second-order Lagrangians are investigated and
the Euler-Lagrange equations are derived. In Section 4,
the fractional Hamiltonian formalism for second-order
Lagrangian system is investigated. In Section 5, one illus-
trative example is examined. The work closes with some
concluding remarks in Section 6.

2. BASIC DEFINITIONS

In this section, we briefly review some fundamen-
tal definitions of the fractional derivative in Agrawal
works.'"1? The left Riemann-Liouville fractional deriva-
tive is defined as

cry=— (LN [ (= yre
D= () [e=rtr@an )

and the right Riemann-Liouville fractional derivative has
the form

A
D50 =t (-5) [a-0imar @)

Where « represents the order of derivative such that
n—1<a<n If o is an integer, these derivatives are
defined as follows

i (LY
aD,f(;) (%) 7o N

,Dﬁf(t)=<—a> f(0), a=1,2,...
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The RL fractional derivatives have the general properties
can be written as

D7 DTf(0) = D f (1) (4a)

under the assumptions that f(7) is continuous and
p>q=>0.For p>0andt>a, we get

DI DTS (0) =1 (1) (4b)

the general formula of semi-group property is written as’

DI DI (1) = DiP £ (1) (4c)

Let f and g are two continuous functions on [a, b]. Then,
for all ¢ € [a, b], the following property holds: For

m>0, f (DI f(1))g(t)di= / F()(Dyg()di (4d)

3. THE FRACTIONAL VARIATIONAL
PROBLEM WITH SECOND-ORDER
LAGRANGIANS

The Lagrangian of the fractional calculus of variational
problem has the form

L(q,,D%q, ,D}q, ,D*q,,D;’q, 1) (5)

All functions ¢(t) have continuous LRLFD of order « and
RRLFD of order 3 for a <t < b, and satisfy the boundary
conditions

q(b)=gq,, ,Diq(a)=,D}q,,
thCI(b) :thCIb

(a) =4,
q(a)=gq ©

Let us examine the extrema of the functional
Slq. .D!q. D} q]

= [ L. .Dq. Dig. D¥q. Dig.)dr (7)

Where 0 < @, B <1 and «, B € R", the simplest variational
problem can be obtained when « and S of our problem
are equal unity.

Let us define a family of functions for the necessary
conditions for the extremum of the action (7) in the form
read as

q(1) = q" (1) + en(z) (8)

where ¢*(t) is satisfying the extremum of the action (7)
and it is defined as real function. € € R is a constant,
and the function 7 defined in [a, b] satisfy the boundary
conditions

n(a) =n(b) =0 (9a)
n(a) =n(b) =0 (9b)
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We shall define the set of linear operators as follows

«Drq(t) = ,Diq" (1) +€,Din(1) (10a)
Dyq(t) = ,Dyq" (1) + €Dy m(1) (10b)
D7q(t) = D7 q" (1) + €,D7n(1) (10c)
D q(t)= D q" () + €D n(r)  (10d)

Substituting Eqgs. (8) and (10) into Eq. (7), one can find
for each n(t)

b
Slel = [ L(t,qx+en, ,Diqs+e D,

thCI*"’ € thn’ aDzMCI*+ € aD,M”'I
+,DP g%+ € ,DiPn) dr (11)

is a function of € only. One can note that the action S(€)
is extremum at €= 0.

Now, differentiate Eq. (11) with respect to €; we can
obtain the variation of the action S{q, ,D%q, ,Df q] at q(t)

along (1)

dS_/h oL, L L
de o Lag" 9, prg T G pE

+ L peo + oL s }dr (12)
ANt —5 n
9, D" g pFg"t

Now, we shall examine the extremum condition for the
action S[€] to have an extremum is that dS/d € must be

Z€ro.

/b8L+ L pap o 0L
" aq”fl aD;xqa tn alth bn

a

dL 2

+ aD“TH——DBn} di=0 (13
9,D2q" " " 9. pPg" " (13)

Using the formula for fractional integration by parts for

the second integral in Eq. (13), one can write?

D¢ dt—/hD“ oL
a zn - at b aan‘q

b QL
= ndt  (l4a)
a aaD;lq

provided that dL/d,D¥q or m is zero at t =a and t = b.
By using Eq. (9a), this condition is satisfied, and it follow
that Eq. (14a) is valid. Similarly, the third, fourth and fifth
integrals in Eq. (13) can be written as

b 9L b JL
/ —B,Dfndt=/ an< 3 )ndt (14b)
a azDhq a azDhq

/ "L e / " pre( L N\par (140
= C
" ) D[zaqa t n " t~b aaDzaq n

Ml ) ndt:/ aDZﬁ<—)ndz (14d)
‘/‘; atDlzyﬁq[ ’ a l aszq
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Substituting Eq. (14) into Eq. (13), we get

/b OL  pa OL g 0L
. aq t baan‘q a ta[D}/’;

L L
+,D¥ et DP——ndt=0 (15)
9,D7*q 3,D’q

t

Since 7 is arbitrary, it follows that

aL + Do JdL Y. JdL
aq t haan‘q a lathq
JdL JdL
+,D* D =0 (16)

+a
b 9,D*q " 9,D’q

Equation (16) is the formulation of Euler-Lagrange equa-
tion for the fractional calculus of variations problem with
second-order derivatives.

4. FRACTIONAL HAMILTONIAN FORMALISM

The fractional Lagrangian for discrete systems can be
defined as follow:

a a 2,
L(q? aDz q, 1D5q7 aD12 q, chBq’ t) (17)

The corresponding Euler-Lagrange equation for the frac-
tional calculus of variational problem are obtained from
extremization the action

Slg. .D%q, D} q]

2,
= /L(q, .D%q, .D}q. .D*q, D) g, t)dt  (18)

and has the form

L pa 0L g 0L
aq t haan‘q a lathq
oL s 0L
+aDtB 28
d,D,"q

2
+D} Dirg
a t

=0  (19)

The fractional canonical momenta are written as>*

JL JL
pe= o= ) G
adD;xq adD[aq
JL JL
Pp=—> —,DE(—M), (20b)
d,Dy,q d,D,"q
JL
T, = , (20c)
a,D}*q
JL
d,D,"q

The fractional Hamiltonian can be written as

H = p,,Diq+pg,Dyq+m,,D¥q+ms D g—L (21)
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The total differential of this Hamiltonian is given by

dH = p,d,D?q+dp,,Dfq+ ped,Dyq+dps,Diq
+7,d,D}*q+ ,D}"qdm, + med,D;’ g
aL
d,
d.Diq

a

Dfq

oL
+,D}P qdmy — adq -

L o L1 poe
———d,Dyq— “
a,qu e aaDrzaq !
aL L
————d,D)fq——di (22)
a,D,"q at

Substituting the values of the momenta from Eq. (20) and
the value of dL/dq from Eq. (19) in Eq. (22), we get

dH = dp,,Dfq+ dps,D}q+ ,D}*qdm, + ,D,’ gdm,
- aD;xﬂ-ozdaD;xq - thWBdIqu + [ZDf(pa
+,D8m,) + D (pg + ,Df mg) + Dy,
JL
D> dg— —dt 23
+a t Wﬁ] q ot ( )
The Hamiltonian function is defined as

H=(q, D¢, D}q: P Pp> Toor T 1) (24)
Thus, the total differential of this function gives

dH aHd + H d.DP
= —-—dq Ly q
9,Dyq

DYq+

F
+——dmy+ — dt (25)

Comparing Egs. (23) and (25), we get the following
Hamilton’s equations of motion and they can be written as

oH JL oH o oH B
., T T oo _:aqu7 _:chq’
at at ap, dpg
JH o JH B
:_aDt T B :_IDbWB’
d,Diq a,D}q

8_H: DXg 8_H D
om, 17 dm
dH

% = [IDf(poz+aDta7Ta)+aD:x(pﬁ+1Df7TB)

+ Dy, + D] (26)

It is interesting to notice that there are equivalence between
the fractional Lagrangian Eq. (16) and the fractional
Hamiltonian formalism Eq. (26). In other words, one can
obtain the same results for the equations of motion using
the two formalisms.
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5. EXAMPLE
As a first example let us start with the following second-
order regular (discrete) Lagrangian:?!?
L., .
L=3("=q) 27)

The corresponding fractional Lagrangian
/ 1 a 1 a
L'= E(aD,Z q) — E(aDz ) (28)

The corresponding Euler-Lagrange equation corresponding
to Eq. (28) becomes

—.Dy,Dfq+,D;*,D}"q =0 (29)
For a — 1, this equation leads to the classical solution
q=A+Bt+Ccost+ Dsint (30)

The fractional canonical momenta are written as

Po=—uDq—,D}%q, pg=0,
’ ’ g 31)
Ty = aDzzaq’ 775 = O
The fractional Hamiltonian reads as
(03 1 1 a
H :paaDr q+ E(ﬂ-a)2+§(aDz q)2 (32)

One can obtain the same result of Eq. (29) using
Hamilton’s equations of motion Eq. (26)

H _ H _ 6o
apa_a + 4> apﬁ_t »d =Y,

JH
= _aD;xﬂ-azpa_‘_aD;xq’
9,Di'q
JH
a,D}q

oH oH
— =_D*g=m —:,Diﬁqzo

= _lDfWﬁ = O,

JH
% ZIDE(pa +aD;¥7Ta)+1D[%a7Ta =0

=—D}.Dq+ D" D" (33)

It observed that the fractional Lagrangian Eq. (29) is in
exact agreement with the fractional Hamiltonian formula-
tion Eq. (33).

Also, we conclude that the classical solutions are
obtained if a and B are both equal unity in Eq. (33) and
they have the same results of Eq. (30).

6. CONCLUSION

Following to Agrawal works, we have considered
the generalized mechanics to obtain the fractional
Hamiltonian formulation for second-order fractional dis-
crete Lagrangian systems using the calculus of variations.
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The fractional Euler-Lagrange equations for these sys-
tems were derived. We have constructed the fractional
Hamiltonian for these systems. The Hamiltonian equations
of motion for these systems were obtained in a similar
manner to the usual mechanics. It was proven that there
were equivalence between the Lagrangian containing frac-
tional derivatives and the fractional Hamiltonian formal-
ism. One illustrative example was discussed.
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