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Abstract The Noether symmetries and conserved quantities of the Birkhoffian systems in terms of fractional
derivatives of variable order are studied. Firstly, the Pfaff-Birkhoff—d’ Alembert principle within fractional
derivatives of variable order is obtained, and corresponding variable order fractional Birkhoff’s equations are
deduced. Secondly, the invariance of the fractional Pfaff action of variable order is studied under the one-
parameter group of infinitesimal transformations, and the definition of the variable order fractional conserved
quantity is given. Finally, the Noether’s theorem for the fractional Birkhoffian system of variable order is
established. At the end of this paper, an example is given to illustrate the application of the results.

1 Introduction

In recent years, the problems of application of the variable order fractional models have become a frontier
subject in the research of fractional calculus [1]. The versions of the fractional derivative of variable order
and the fractional integral of variable order were first presented by Samko and Ross in 1993 [2]. Afterward,
according to the results that Samko and Ross gave, Lorenzo et al. [3] studied some important properties
of the variable order fractional operators. Coimbra [4] utilized the variable order model for examining the
dynamical behaviors of a mechanical system with frictional force of variable order. Then, Diaz and Coimbra
[5] used the variable order differential equation to reveal some dynamical control behaviors of the nonlinear
oscillator. Sun et al. [6] introduced a class of variable order fractional models, which can vary with space, time,
viscosity, and other independent variables. Today, the advantages of the variable order fractional models have
been recognized by many scholars. And the fractional models of variable order have many wide application
contexts in mathematics, mechanics, nonlinear viscoelastic oscillators, and other dynamical systems [3—14].

Symmetries and conserved quantities not only exhibit the important mathematical properties but also are
useful to understand some inherent physical properties of dynamical systems [15]. The definitions of the
fractional conserved quantity and the fractional Noether’s theorem were proposed by Frederico and Torres
[16]. Besides, according to the definition of the classical conserved quantity, Atanackovi¢ [17] gave another
form of the fractional conserved quantity and the corresponding fractional Noether’s theorem for a fractional
Lagrangian system. Later, the study of the fractional Noether’s theorem has been extended to fractional Hamil-
tonian systems [18-20], nonconservative fractional Lagrangian systems with time delay [21], and fractional
Birkhoffian systems [22-24].
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However, the study of the fractional Noether’s theorem of variable order has only just begun. The fractional
Noether’s theorem of variable order for a Lagrangian system under the special one-parameter group of infin-
itesimal transformations was established by Torres and his coworkers [25]. As it is well known, Birkhoffian
mechanics is a natural generalization of Lagrangian mechanical systems and Hamiltonian mechanical systems
[26,27]. Birkhoffian mechanical systems have been an important direction in modern analytical mechanics
[28]. Moreover, the basic theory of Birkhoffian mechanics not only can be applied to holonomic, nonholo-
nomic, and other constrained mechanical systems [29] but also has a significant point in hadronic physics
[27].

Meanwhile, the theory of symmetries and conserved quantities is a valuable aspect for the investigation
of Birkhoffian mechanics, see [30]. In recent decades, a series of research results on Noether symmetries and
conserved quantities for Birkhoffian systems have been obtained [29-33].

In this paper, we will investigate the Noether symmetries and conserved quantities for the Birkhoffian system
in terms of Caputo fractional derivatives of variable order. The model of the Caputo fractional derivatives is
usually applicable to natural science and engineering. The initial conditions with integer order cannot be used
in the Riemann—Liouville fractional model, but can be adequate for the Caputo fractional model. Thus, we
believe that the model of Caputo fractional derivatives will provide a convenient mathematical method for the
study of Birkhoffian mechanics.

This paper is organized as follows: in Sect. 2, the definitions and some properties of the Caputo fractional
derivatives of variable order and Riemann—Liouville fractional derivatives of variable order are given. In Sect. 3,
the fractional Pfaff-Birkhoff—d’ Alembert principle of variable order and the fractional Birkhoff’s equations of
variable order are established. In Sect. 4, the inherent relationship between the fractional Noether symmetries
of variable order and the fractional conserved quantities of variable order is studied. In Sect. 5, an example is
proposed to explain the results.

2 Definitions and properties of fractional derivatives of variable order

In this section, we will briefly introduce the definitions of the Caputo fractional derivatives of variable order and
the Riemann—Liouville fractional integrals and derivatives of variable order, and the corresponding formula
of variable order fractional integration by parts is given. For detailed proofs and discussions, see [25].

The left Caputo fractional derivative of variable order is defined as

C nal,) _
n Dt f(t)_/,l I(l—a,1))

! d

t—1) " —f(r)dr. ()
dr

and the right Caputo fractional derivative of variable order is defined as

Crat) oo [° 1 a4
Do f(t)_/, Fd—a@ * " (dr)f(’)df‘ @)

where I" (-) denotes the Euler Gamma function and f (¢) is an absolutely continuous function in the interval
[t1, 2], 1.e., f () € AC [11, t2]. @ (-, -) is the variable order of the fractional derivative such that 0 < « (-, -) < 1.
In this paper, we leta (f,7) =a (t — 1), (7,t) =a(r —1),t,T € [11, 2]

Remark 1 If @ (-, ) = a,a € (0, 1), then Egs. (1) and (2) become [34]

c 1 ! d
n DI f () = m/t (t—1)" Ef(f) dr, 3)

1 2 d
C na —a
D )= ——— t — - dr. 4
R0 F(l_a)/[ (t—1) ( dr)f(r) z @)
Remark 2 If o (-, -) = 1, then these derivatives can be defined as [34]
plrn="2rw )
et dt ’

d
(DLf ()=~ f ). (©)
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The left Riemann-Liouville fractional integral of variable order is defined as
WA IOE / L et p o, (M
n D, 1)
and the right Riemann-Liouville fractional integral of variable order is defined as
157 () = / C L e p e ®)
. T(a(n) ’

where f () is a Lebesgue integrable function in the interval [#1, #2].
The left Riemann—Liouville fractional derivative of variable order is defined as

d ! 1
DI f ()= — 1 f () = / — (1 —1)D dr, 9
(DI @0 = 2 T0=3 | Faaam O o ©)
and the right Riemann-Liouville fractional derivative of variable order is defined as
d [ 1
D )f(t)—— ,1}2 o, )f(t)——— — (-0 f(7)dr, (10)

), TA—a( 1)
where 1, "*C7 £ (1) € AC[11, ), 1, ") f (1) € AC [11, ).

Next we give the formula of variable order fractional integration by parts used in the following sections
(25],

/ gD Fwdr = (£ @ g m)] " ronigmar, (1)
1

where g (¢) is a continuous function in the interval [#1, 2], tléfa("')g (t) € AC [11, 1.

3 Fractional Birkhoff’s equations of variable order

Assume that B (z, a") is a Birkhoffian, R, (t,a"), (v, u = 1,2, ..., 2n) are the Birkhoff’s functions, a* is
the Birkhoff variable. The fractional Pfaffian action of variable order is

5]
Ala” )] =/ {RU,CID"‘( JaV — B}dt. (12)
1
The fractional Pfaff-Birkhoff principle of variable order is
n
SA[a" ()] = 3/ {RWCID“( av — B}dt =0, (13)
1
with the terminal conditions
§av|,_, =8a"|_, =0, (v=12....2n) (14)
and the commutative relation
8Dy av = CDfIsav. (15)
Actually, since
(SC 01( ) v CDU‘( )= U(t) 01( ) U([) CDa( )[Cl (t)—a (t)] CDO‘( )Sa (16)

Now the fractional Birkhoff’s equations of variable order can be derived from the variable order fractional
Pfaff—Birkhoff principle. According to the identity (13), we have

R 9B
8A=/ [[(a oDyt U>_a Mj|8a“ (R ¢ D) “)}dt—O (17)
11 a
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Using the formulae (11), the commutative relation (15) and the terminal conditions (14), the formula (17)

gives
2 (T(dR . IB -
SA =/ [[(aa:gu;’“’ )av) — o +IDZ(’)RM:| 8a“]dl =0. (18)
1

Due to the arbitrariness of the integral interval [¢1, t,], the identity (18) can be written as follows:

oR . 9B .
(aa:ng(’)a“—&l—ﬂﬁ-,Dg(’)Ru) sak = 0. (19)

The formula (19) is the fractional Pfaff-Birkhoff—d’ Alembert principle of variable order, and noting the
independence of a”, we have

oR . 0B .
G D e — o DECVR =0, (u=1.2....2m). (20)
The formulae (20) are the fractional Birkhoff’s equations of variable order.

If @ (-, -) = a, « is a fractional constant order, then the formulae (20) become

8RUC o U

dB o
aa_"tl ! —BLZ—M-F,DQRM:O, (/L=1,2,...,2n). (21)

The formulae (21) are the fractional Birkhoff’s equations within Caputo derivatives [23].
If @ (-, ) = 1, then by using the formulae (5) and (6), Eq. (20) can be written as

R, d , 9B d
—aqV— — — —R, =0, =1,2,...,2n), 22
dar dt’ " dar  dr M (u n) (22)
1.€.,
dR, OR dB  OR
S B — — R =0, (u=1,2,...,2n). (23)
dak dav? dak at

The formulae (23) are the classical Birkhoff’s equations [29].

4 Noether’s theorem for the fractional Birkhoffian system of variable order

Let us introduce the infinitesimal transformations of the one-parameter finite transformation group, i.e.,
f=t+At, a"(f)=a()+Ad", (u=12,...,2n) (24)
and their expansion formulae
T=t+¢§ (t,a"), a"*(i)=a" @) +e&, (t,a"), (w.v=12,....2n), (25)

where ¢ is the infinitesimal parameter, &y, &, are the generating functions or generators of the infinitesimal
transformations.

Definition 1 For the fractional Birkhoffian system of variable order, the variable order fractional Pfaffian
action (12) is invariant under the infinitesimal transformations of the one-parameter group (24), if and only if

7 _
/ [R, (@) DI e~ B, &“)}dt_z/

T Th

b
[R (@) D0 — B (1a) far 26)

for every subinterval [T, T2] C [, t2].
According to Definition 1, the infinitesimal transformations of the one-parameter group (24) can be called
the invariable symmetric transformations under the meaning of the Noether theory [15].
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Theorem 1 For the fractional Birkhoffian system of variable order (20), if the variable order fractional Pfaffian
action (12) is invariant under the infinitesimal transformations of one-parameter group (24), then the following
condition

. oR 0B oR
C petg v C e U C nals)
sy (S~ (g )
)= d .
+R, [2 DY“IE, + (55 Dyt )a“) & (1, a (r))}
RU —a(t,fy) v v
(t — )~ GV (1) o (11, a¥ (1)) =0 (27)

T T(—ath)

holds.
Proof The difference of the fractional Pfaff action (12) before and after the transformation is

7 _
/_ [Ro(7.a") SDEa" — B (7, a“)]df—/
T

1 T

L} _
= [ [®Gan Epia — b )] (1 n %m) d

T
- / (R0 (1.a") $DECab — B (1.a) ]
T

1

n
[Ro (r.a") §DFVa — B (1, a”) Jar

T T
=/ [R (F.a") ED¥av — B (f. Zz“)]dt—/ [Ro (r.a") § D70 = B (1, a) Jar
T
pc C a(, ) v n d
[Rv (1 a") §DFa” ~ B (1)) A dr
JOR a( ) B oRy - a(,) 0B C el
[( v 351_# Aa“ =+ 71‘1 Dt aU — E At + RUAt]D[ Clu dt
n d
/ [RU t a“ a( Ja¥ — B (t, a“)] (aAt) dr =0, (28)

where

5 = (= ! 1 - @5 d_
= )av(t):/ar(l—a(r‘,f))(t_f)a”d @ e

t
1
— 4+ Af—T—A —a(t+At,T+AT)

/tIF(l—a(t+At,t+A7:))(+ T-AD

d v d
- Aa’) 1+ —AT)d
th+dAr(a + a)( +d7,' I) ‘

' | adra-—ae oy +ardra-ee
_/zl F(—a(,1) (T (1 —at,1)))?

d d
x|t =)D Ar— (=)D + Ar— (1 — )T D
dr dr

RN d( + Aa?) 1+ Lar)a

X — — AT — AT

dr dta “ dr ‘
1

d
DO‘( ) U+CDa( )5 +At CD‘Y(H‘) v o_ t—t —a(t,fy) v 1) At
a a ahPr e —F(l—a(t,tl))( 1) a (n) An
(29)
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and

At = e&, Aa” =e&y, (30)
8a¥ = Aa" —a" At = ¢ (£, — a"&) = c&,. 31)

Because of the pre-conditions of Theorem 1 and noting Definition 1, we have
AA =0. (32)

Here, the variation A A of the action A is the principal linear part for ¢ in the difference (28), that is, the
part which is accurate to first-order infinitesimal. Using the formulae (28)—(31), we obtain

b OR, 0B
— C pat.) o ()
AA_/T g{(RutlDt a’ — B )50-1-(3 leDz av_aa—u)&

1
oR 0B YE d .
+ ( 5 n D et = 5) 0+ Ry [,?Df‘”su + (aﬁDf‘“a“) o (10" (r))}

R, B .
TTd—ac.n) (t — 1)~ @Y (1) & (11, a” (t1))} dr. (33)

From (32) and (33), we obtain the formula (27); thus, the theorem is proved.
Next we give the definition of variable order fractional conserved quantity for the fractional Birkhoffian
system with variable order derivatives.

Definition 2 The function / (t, a*, ED;X('“)a“, i Df‘("')a“) is said to be a variable order fractional conserved
quantity, if

d .
o (ra® D ak,  DFVar) =0, (w=1.2,....20) (34)

1
hold, along all the solution curves of the variable order fractional Birkhoff’s equations of motion (20).

Theorem 2 For the fractional Birkhoffian system of variable order (20), if the infinitesimal transformations
of one-parameter group (24) are the invariable symmetric transformations under Definition 1, then the system
exists with variable order fractional conserved quantity as follows

t
I:(RUgDa( ) ”—B)Eo-i-/ ( Ut1Da( VE, — EysD tz G Rv)ds
131

d 1
_ (e — —a(s,t) ;v v _
/n RUF =Gy (s — 1) Vav (1), (t1,a" (11)) ds = const. (35)

Proof Since the infinitesimal transformations of the one-parameter group (24) are the invariable symmetric
transformations under Definition 1, by using Theorem 1, we have

. : IR N IR
0= (RUED?(*)a“—B)sw(—aa,if.Df‘“a”— )su ( oD “——)so
- d -
+R, [lef‘( E, + (ESD;’“ ’ )a“) & (1,a (z))]
Ry

- F(IT(LH)) (t — 1) "2 GV (1)) £ (tl,au (ll))

. . oR oR
= (RS DIa¥ — B) o + [(a . at”) Sy ”} &
de 9B ., 0B 9B
e (Lo w) e (Mo ) ()

oam

0B oR oR .
_aa_ugll'_[(a : M)CDC‘( 2) Ui|$ +(a :gD;Y(v)aU)%-M
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d ! Cna(.)g d gy o) d (2 )
n - [/{1 (RUI1 D¢ %'v) ds] @ |:/tl (svsth Rv) ds] + dr [/{1 (%‘usth Rv) ds:|
_d [/ [ —— YA ) ds]

dr [/ UF(I —a(s, ) o

d . ! YR
= L [(roS D 0"~ B) +/ (RS DICIE, — &0 DR ds
14|

t
_ s _ —a(s,ty) sv v
/thUF(l—ot(s,ll)) (s =)™ A" @) g, (. a (”))ds}

IR N dB N .
+ (8a:,C1Df‘(’)a”—M—M+th(‘)RM) E,. (36)

Substituting the formulae (20) into the identity (36), we have
d . ! 3z - ..
G l(REDr = B) &+ [ (REDEE ~ B D R) ds
1

! 1
_ (e — —a(s,t) ;v v _
/n RUF d—aG.1) (s —1) a’ (n)é&, (t.a” (1)) dS} =0. (37)

Using Definition 2 and the formula (37), we can verify the identity (35) is the variable order fractional
conserved quantity. Therefore, the theorem is proved.

Theorem 2 is called the Noether’s theorem of the fractional Birkhoffian system with variable order deriva-
tives. The Noether’s theorem shows that we will obtain the corresponding variable order fractional conserved
quantities if we can find the invariable symmetric transformations of the fractional Birkhoffian system with
variable order derivatives.

Specifically, if @ (-, -) = 1, then for the formulae (5), (6) and noting that I (0) = oo [34], the identity (35)
gives
13

(Rvgu + éuRv) ds = (Rya” — B) &, + Ry, = const. (38)

I:(Ruc'z“—B)$0+/

1

Substituting the formula (31) into the identity (38), we have
I = R,§, — B, = const. (39)

The identity (39) is the conserved quantity of the classical Birkhoffian system [29].

5 Example

Now let us study the Hénon—Heiles problem. The Hénon—Heiles problem is a typical example of a nonintegrable
Hamiltonian system, which can result in Chaotic solutions [35-37]. Besides, the Hénon—Heiles differential
equations of motion have nonlinear character, which has become a hot subject in the research of modern
nonlinear science [29].

The Birkhoff functions and Birkhoffian of the Hénon—Heiles problem can be expressed in the following
form [29]:

Ri=Ry=0, R3= —al, Ry = —az, (40)
il 2
B=3|(@) + (@) + (@) + (@) +2a* @) - (aﬂ . (41)

Using the formulae (40) and (41), the fractional Pfaff action of variable order (12) gives

%) 1
A= / —altClDf‘("')a3 - aztchf‘("')cf‘ ~3
1

[(@') + @) + @) + (@) + 20 @) =2 W] ] dr. “2)
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According to the formulae (40)—(42) and the formula (12), the identity (20) gives
—CDO[("') 3 —al —24%' =0, —CDa("')aA' —a’ + (612)2 - (611)2 =0,
—a® —,Dyat =0, —a* -, DEa? =o0. 43)

The formulae (43) can be called the fractional Birkhoff’s equations of variable order for the Hénon—Heiles
problem.

Next we study the fractional Noether symmetry and conserved quantity of variable order for the Hénon—
Heiles problem. For Egs. (40) and (41), identity (27) gives

[~a'S i a — a2 Dy at %[(al)2+(a2)2+(a3)2+(a4)2 +24* (a")? —%(az)SHéo
+(-50ia —a' —2a%a) &1 + (= Df Vet —a? + (@) - (a')) &2
o) g d o
(@) &+ (~ah) &+ (a!) (DF VR + (=) 3 (070 -4,
a(-,-) s d o
+(_a2)tcht(,)§4+(_a2)E(tlD ) 4) &
()

T —al(t))

(%)

T(—al,t))

(t — 1) @3 (1) & (11, a¥ (1))

(t =) (1) & (11, a” (1) = 0. (44)
Suppose the infinitesimal generators of the system have the following form:

fo=co. &= fu(a’), (w,v=12,34), (45)

where cg is an arbitrary constant. Substituting the generators (45) into the identity (44) and noting that éM =
&, — a"&o, we have

(=608 —a' —2a%a") i+ (=501t —a? + () — (@')) £y
o . d
+ () fat (=) fiok () D1 (o= o) + (=) g (S0 ) -
(@) D (fa o) + () S (S0 o
(=a')
CT(l—a(.n)

()

T TA-—atn)

(t — 1)~ @3 (1) ¢

(t — 1) a* (1) o = 0. (46)

According to Eq. (43), the identity (46) holds for arbitrary functions fj (aV), f2 (aV), and substituting Eq. (43)
into the identity (46), we have

(—a3) B+ (—a4) fa+ (—al) ICID;"('v) (fs—a CO) + (—al) di (t1 D;x( ) 3) ¢

+ (—a ),l Da( ) (f4 — c'z4co) + (— 2) jt ( D;x( )a4) co
(=a')

"T(—a(t))
(~a?)

T(—a(t))

(t — 1)~ @3 (11) o

(t — 1) a* (1) ¢o = 0. (47)
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Since
d (cDa(-,-)au) _ i/t 1 (t — 7)~@D iau de
dr \n77 dt J, T —a(t, 1) dr
"d 1 d
[t ) )
n At \T(I—a(t—1))
[ 1
+ —( _L,)—Ol(t 7) ( )
I F'd—a@—r1)) -
— _/t 4 (—1 — )= ”) (—av> dr
n dt \I'l —a(t —1)) dr
i 1 —a(t—1)
T .
_ Cpoly) v —a(t.7) 4
=D - 48
GDa +[F(1_a(m))< 0) (48)
where o (£, 7) = a (t — 1), %a (t—1) = —%a (t—1),t,T € [t1, 2], substituting the formula (48) into
the identity (47), we have
(=a®) f3 + (=a*) fa+ (=a") DI f3 + (=a?) D fu = 0. (49)
The identity (49) has a solution, i.e.,
3=/fa=0. (50)
Thus, we find a solution of the identity (44), which is
go=co. &1=/1(a")., &=/fa(a"), & =0, &=0, (51)

where f1 (aV), f> (aV) are arbitrary functions, cg is an arbitrary constant. The generator (51) corresponds to
a fractional Noether symmetry of the system we discussed. And for simplicity, we take

=1 & =1, &=1 &=0, &=0. (52)
According to Theorem 2, the generator (52) can lead to a conserved quantity as follows:
. . 1
I = |_algD,“< Y0t =S pe et~ (@) 4 (@) 4 @)+ (@) 2 (@)

t
_g(a2)3“+/ (alng(~,-)~3 i Doe( D! 1+acha( Vgt g Da( ) 2)d
n

! 1
1 o —a(tn) 53
+/zl [( @) L —a(s,n) G=m e (tl)}dt

! 1
2 —a(t,f)) -4 —
+ —a”) ———— (s —t a” (t1) |dt = const. 53
/tl[< e 6 ] 53
If o (-, -) = 1, then for the formulae (5), (6) and noting I" (0) = oo [34], the identity (53) becomes
1 2
/- [—ala'3 kit~ [(a1)2 @)+ @)+ (@) 42 () -2 (a2)3“
! d d d d
+/t| (al aéﬁ + d3aa1 + azaéﬁ + c'z4£a2)ds = const, (54)
1.€.,
1 2
I = ) |:(al)2 + (a2)2 + (a3)2 + (a4)2 +24? (a1)2 -3 (a2)3:| = const. (55)

The identity (55) is a conserved quantity for the Hénon—Heiles problem of classical Birkhoffian system [29].
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6 Conclusions

Variable order fractional calculus is a generalization of the fractional calculus. Variable order fractional integrals
and derivatives have become a significant model alongside the fractional calculus and standard calculus.
Meanwhile, some fractional differential equations of motion of variable order have been achieved. In this
paper, we demonstrated the variable order fractional Birkhoff’s equations and studied the Noether symmetry
and conserved quantity. By using the fractional Noether’s theorem of variable order we obtained in this paper,
one can find a corresponding conserved quantity through Noether symmetry of the fractional Birkhoffian
system with variable order. Besides, the Noether theorems for the classical Birkhoffian system (see [29]) and
the fractional Birkhoffian system (see [23,24]) are the special case of this paper. Therefore, the methods and
results in the paper are expected to be a contribution in the field. We expect that the theory presented in this
paper can be further extended to constrained mechanical systems, optimal control systems, and other kinds of
systems.
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