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Abstract

There are discrete phenomena which happen only on discrete time or hold discrete space structures such as economy series,
population dynamics et al.. Then there is a tool needed for these discrete issues or applications. Time scale is one of the useful
tools to solve some discrete problems. In this paper, time scale is used to establish discrete Pfaff-Birkhoff principle and achieve
discrete Birkhoff equations, discrete Noether identity and discrete conserved quantity for the discrete Birkhoffian system. Firstly,
Birkhoff equations, Noether identity and Noether theorem with nabla derivatives on time scales are investigated by using the
isochronous variational principle. Secondly, some special cases, especially the discrete Birkhoffian system are discussed. Thirdly,
another method, i.e., the duality principle is introduced for the Birkhoffian system on time scales. And finally, an example is
given to illustrate the results and methods. (©2017 All rights reserved.
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1. Introduction

In 1973, Turrittin in [68], pointed out: “On becoming familiar with difference equations, I was in
hopes that the theory of difference equations could be brought completely abreast with that for ordinary
differential equations.” Much earlier than Turrittin, Bell in 1937 in [20], once mentioned: ”A major task of
mathematics today is to harmonize the continuous and the discrete, to include them in one comprehensive
mathematics, and to eliminate obscurity from both.” Under this kind of background, Hilger introduced
the definition of time scale in his PhD thesis in 1988, see [41]. A time scale is an arbitrary nonempty
closed subset of real numbers. From the definition, the continuous analysis can be gotten when the time
scale is the set of real numbers, and the discrete analysis can be gotten when the time scale is the set of
integers. However, since there are many other time scales than just the sets of real numbers and integers,
one can get much more results. Therefore, unification and extension are two main features of time scales.
Time scale calculus mainly refers to two kinds of calculus: time scale delta calculus and time scale nabla
calculus, both of them have received a lot of attention and some results on time scales have been obtained,
we refer the readers, for instance, to [5, 6, 8, 10, 15-17, 25, 26, 30, 34, 42, 52-54]. In addition, the theory
of time scales has also been applied to practical problems such as the optimal control problems, see
[17, 43, 78], and some problems on physics and economics, see [4, 8, 27].
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It is worth mentioning that some basic properties such as Laplace transform and existence of solutions
of difference equations on time scales have been systemically discussed [3, 28]. In order to consider
the memory effects, References [1, 9, 11] studied the fractional difference on time scales, which gives a
useful tool for discrete fractional modelling. Some properties of fractional difference have been studied
[1, 2,9, 31, 39, 40, 44], such as Laplace transform [44], existence and stability [31], initial value problems
[9], boundary value problems [39, 40] and so on. Recently, fractional differences which become more
and more popular have been used to study the diffusion over random media of discrete structures [73],
discrete fractional chaos [45, 69-71, 74, 75], discrete fractional control [59, 60] and so forth.

Noether theory was introduced by Noether in 1918 during the process of getting the solutions of
differential equations in [61]. Noether symmetry means the invariance of Hamilton action under the
infinitesimal transformations of the time and the coordinates. Actually, it is hard to obtain analytical
solutions for dynamic equations of motion for constrained mechanical systems. However, we can get
conserved quantities, which can help reduce the degrees of freedom of the equations of motion, through
the Noether symmetry. Conserved quantities for constrained mechanical systems can not only simplify
the dynamical problems, but also reveal the internal physical regularity to some extent. Hence, it is of
great significance to study. Up to now many results about Noether theory have been obtained, such as
Noether theory based on fractional models, see [7, 35, 80, 81]; Noether theory with time delay, see [46, 77];
Noether theory for nonlinear dynamical systems, see [36, 82]; as well as Noether theory for fractional
systems of variable order, see [62, 76]. Recently, Noether theory was extended to time scales, see for
instance, [18, 29, 50, 51, 55, 63, 79, 83].

However, most of the results about Noether theory on time scales just referred to Lagrangian system
and Hamiltonian system. There is another more general mechanical system, i.e., Birkhoffian system.

Birkhoffian mechanics, whose quintessence is the Birkhoff equations and Pfaff-Birkhoff principle is
a generalization of Hamiltonian mechanics, we refer to [24, 64]. Hamilton canonical equations keep the
same forms under canonical transformations, and become the Birkhoff equations under non-canonical
transformations. Therefore, Hamilton canonical equations are special cases of Birkhoff equations. Hamil-
ton principle is also a special case of the Pfaff-Birkhoff principle. Hence, the theory of Birkhoffian me-
chanics can be applied to Hamiltonian mechanics, Lagrangian mechanics and Newtonian mechanics, as
well as general holonomic and nonholonomic mechanics, see [57]. Besides, Birkhoffian mechanics is also
applicable to statistical mechanics, quantum mechanics, biological physics, hadron physics, atomic and
molecular physics and engineering, and other fields, see [64]. Galiullan in 1989 said that Birkhoffian
mechanics is an important developmental direction of modern analytical mechanics in [37]. And in 1996,
the theoretical framework of Birkhoffian mechanics was established by Mei et al. in [57]. Since then,
scholars continue to study Birkhoffian mechanics deeply, we refer the readers for instance to [32, 33, 47—
49, 56, 58, 65-67, 76, 77, 80, 81].

Hence, in this paper, we intend to study Noether theory for Birkhoffian systems on time scales with
nabla derivatives. Two methods are used: the isochronous variational principle and the duality princi-
ple. In Section 2, some necessary definitions and properties about time scale calculus and the duality
approach are reviewed. In Section 3, the isochronous variational principle is used to study Noether the-
ory for Birkhoffian systems on time scales with nabla derivatives, where Pfaffian variational problem on
time scales with nabla derivatives is presented for the first time, the Birkhoff equations and the Noether
theorem on time scales with nabla derivatives are derived, and some special cases, especially the discrete
Birkhoffian system, of the main results are also discussed. The duality principle is used in Section 4, in
which Noether equations, Noether identity and conserved quantity for Birkhoffian systems on time scales
with nabla derivatives are achieved again. Finally, an example is given to illustrate the results in Section
5.

2. Preliminaries

We assume that the reader is familiar with the time scale calculus in [33]. Here we mainly review
some necessary results about duality from [30].
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If T is an arbitrary time scale, we denote T* = {s € R| —s € T} as the dual time scale of T, and the
corresponding dual objects of T* are &, p, {1 and V.

Definition 2.1. Given a function f : T — R defined on a time scale T, we define the dual function
f*: T* - R by f*(s) = f(—s) for all s € T*.

Proposition 2.2. Let f: T - R, a,b €T, a < b, then

(1) (T*)* = (T*) and (T«)* = (T*)*;
2) (la,bl)* = [=b,—al and ([a,b]*)* = [~b, —al« C T*
(3) 6(s) =—p(—s) =—p*(s) and p(s) = —o(—s) = —0*(s) forall s € T*;
(4) ((s) =v*(s) and 9(s) = p*(s) forall s € T*;
(5) f e Cyq (resp. f € Cq) & f* € Cq (resp. f* € Cpyg), f € C1 (resp.f € C1 )& f* e C1 (resp. f* € C1 );
(6) if f is delta (resp. nabla) differentiable at tg € T* (resp. to € T), then f* is nabla (resp delta) dlﬁ‘erentzable
at —tg € (T*) (resp. —to € (T*)*), and

2 (tg) = —(F)V (—to)  (resp. ¥ (tg) = —()2 (—to)),
2 (tg) = —((F*)V)*(to)  (resp. ¥ (to) = —((f)%)*(10)),
(F2)* (—to) = —(F)V (—to)  (resp. (FV)*(—to) = —(F*)> (—t0));

~

7) [P At=[Z2(s)Vs, [LF(1)VE = [_2f(s)As.

Lemma 2.3 ([54]). Let g € Cig, g : [a,b] = R, if

holds for all m € Clld withn(a) =n(b) =0, then
g(t)=c, telably,

for some ¢ € R.

3. Main results obtained by the isochronous variational principle

In this section, we intend to study Birkhoff equations, Noether identity and Noether theorem for
Birkhoffian systems on time scales with nabla derivatives.

3.1. Birkhoff equations with nabla derivatives

We consider the following problem
d
S(ai(+)) :J (R (s, af(s)) . a]-v(s) B(s, af £(s))]Vs — min, (3.1)

for all a;i(-) € CllCl with ai(c) = A, ai(d) = Bi, where af(s) = (ajop)(s), ajv(s) is the nabla derivatives,
B:RxR™ 5 R,B¢ CllCl is called Birkhoffian, R;j : R x R - R, R; € Clld are called Birkhoff functions,
1,j=1,2,---,2n. We denote the partial derivatives of R; and B with respect to their first variable by dgR;
and 09B, and denote the partial derivatives of R;, B with respect to their 1 + 1 — th variable by 0,R;, 9B,
1=1,2,---,2n.
The isochronous variational principle
5S =0, (3.2)



C.J. Song, Y. Zhang, J. Nonlinear Sci. Appl., 10 (2017), 2268-2282 2271

with the exchange relationships
(5ay)V =8ay, (8a;)? =38af, (3.3)

and the boundary value conditions
5ai|s:c = 5a1|5:d = 0,

is called Pfaff-Birkhoff principle on time scales with nabla derivatives, where formula (3.3) can be proved
as (8a;)2 = 6(1?, (0ai)® = daf in [29].
Expanding formula (3.2), we obtain

rd
8S=| [8Ri(s,al)- a]-v +Rj(s,af)- 6a]-v —8B(s, af)]Vs
JcC
rd
= | [OiRj(s,al)dal - ajv +Rj(s,af) - 6a)~v —01B(s,a?)8allVs
Jc

rd S S

= {[—J (ale(T/a?(T))'ajv(T))VT+Rl+J 31B(t, al(1))V1l(8a)V}Vs

JC C C

=0.

Hence, from Lemma 2.3, we get
ORj(s,af) - af —d1B(s,af) —RY =0. (3.4)
Equations (3.4) are called Birkhoff equations on time scales with nabla derivatives.
3.2. Noether theorem with nabla derivatives
Firstly, we consider the infinitesimal transformations without transforming the time.

Definition 3.1. Under the following transformations
§=s, di(s) =ai(s)+e&ils,a;) +o(e), (3.5)

where ¢ is an infinitesimal parameter, &;, i = 1,2,---,2n are called the infinitesimal generators of the
transformations, formula (3.1) is said to be invariant if and only if

Sd Sa
J [R; (s, aip)a]-v —B(s,al)]Vs = J [R; (s, df)djv —B(s,al)]Vs,
Sc Sc

holds for any [s¢,sal C [c, d].

Definition 3.2. A quantity I(s, aj, aip , aiV ) (resp. I(s,ai, af, aiA)) is said to be a conserved quantity of the
Birkhoffian system with nabla derivatives (resp. the Birkhoffian system with delta derivatives) if and only

if %I(s, ai, af , aiv ) =0 (resp. AASI(S, ai, af, aiA) = 0) holds along the equations of motion for the system.

Theorem 3.3. Under the transformations (3.5), if formula (3.1) is invariant, then
A1R;(s, af)&l ay + Rj(s, af)&y — d1B(s, af)E =0, (3.6)

where £ (s, a5) = &i(p(s), a;(p(s))), &Y (s, q5) = = &ils, qj).

Proof. From Definition 3.1, we get

R;(s, af)ajv —B(s,al) =Rj(s,al + sEf)(a)-V + eci)-v) —B(s,af +e&?). (3.7)

Differentiating both sides of formula (3.7) with respect to ¢ and letting ¢ = 0, we can get the intended
result. O
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Theorem 3.4. If formula (3.1) is invariant under Definition 3.1, then
I(s,a,a?,aY) = Rj(s,a?)&;(s, ai),

is a conserved quantity for the Birkhoffian system (3.4).

Proof. From (3.4) and formula (3.6), we have

v v
=-ls,ai,a0,a)) = o= [Rj(s, af)&;(s, ai)] = Ry&Y +RYED

Vs Vs
= Rj& + [01Ri(s, af) - aY —diB(s, af)IEY = 0.
O
Secondly, we consider the general infinitesimal transformations:
§=P(s,aj,e) =s+e&(s,a5) +ole), di(3) = Qils, aj,€) = ails) +e&ils, aj) +o(e), (3.8)

where ¢ is an infinitesimal parameter, & : [c, d] x R?™ — R and &; : [c, d] x RZ™ — R are the infinitesimal
generators, and both of them are nabla differential functions.

LetU={aila;:[c,d]l - R,a; € Cd} C Cld, suppose that the map s € [c,d] — «(s) :=P(s,aj,¢) € Ris
an increasing C1 4 function and its image is a new time scale, whose backward jump operator and nabla
operator are p and V, respectively. And we can easily get

poax=oop.
Definition 3.5. Under the transformations (3.8), formula (3.1) is said to be invariant if and only if

| Ry 00107 Bis, af1vs = | “Ry(s, @0 19)6 7 (5) - B(s, @ ()T,

Sc Sc
holds for any [sc, sq] C [c, d].
Theorem 3.6. Under the infinitesimal transformations (3.8), formula (3.1) is invariant if and only if
(90R; - @ —doB)&o + (3:R; - af —d;B)EY +Rj&Y —BEY =0. (3.9)

Proof. Since

«(sq) - ~ .
— | R 65 ¥ ((5) (5,60 ())195
_ | d[R](oc(s),(dlopooc)(s)) 55V («(s)) — B(«(s), (di o poa)(s))]aV (s)Vs
sS4 o v
| [R](oc(s),(dioaop)(s))(ala;"()s)(s) B(x(s), (d@; 0 a0 p)(s))]ac¥ () Vs
f‘scd Qv
= | R(P,Q) 5% —B(P,QYNIPY Vs,
holds for any [sc, sq] C [c, d], we have
QV
Rj(s,af)a) —B(s,af i(P, Q7)) 55 —B(P, QQUIPY. (3.10)

Then differentiating both sides of formula (3.10) with respect to ¢ and letting ¢ = 0, we can get the
intended result. [
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Formula (3.9) is called Noether identity for Birkhoffian systems on time scales with nabla derivatives.

Theorem 3.7. If formula (3.1) is invariant under Definition 3.5, then

I(s, aj/a)'plajv) = Ri(s, a7)&i(s, aj) + [v(s)(QoR; - ay’ —9B) — Bl&y,

is a conserved quantity for the Birkhoffian system on time scales with nabla derivatives.

Proof. The idea of this proof is to transform the invariance of formula (3.1) under Definition 3.5 to the
invariance of formula (3.1) under Definition 3.1, and then make use of Theorem 3.4.
We denote

Sai()) = | 'Ry(s,a)ay ~Bls,af)Vs = [ Gls,af,a¥) Vs
] N 5
5(6(-), ai(+)) _J [R;(8° +v(s)0Y, af)eiv—B(Sp +v(s)0Y,a?)eVVs
- rd G(s,0°, a0, aY)Vs.
When 0(s) = s, we have
Sa Sd a.v
J [Rj(s,af)ajv—B(s,aip)]Vs:J [Rj(e"+V(s)9v,af)eiv—B(ep—i—v(s)ev,af)]est.
That is, .
S(ai(-)) = S(6(-), ai(-)
Hence, when 0(s) = s, we have
5(0(), ai(+) = S(ai() = Jsd[Rj(s, af)ay —B(s,af)|Vs
roc(sa) B . B B
=1 )[Rj(g, 7:°(8))q;" ((s)) — B(5, 1P (8))]Vs
= d[R](OC(S),(dlopooc)(S))3?(06(8))—B(oc(S),(dloﬁooc)(S))]ocV(SJVs
rSa o \Y4
= [Rytats) (o wop)(s) D Blats), (@ o o p) (51107 (5)Vs
— [ Ryt +vi9)a” (@10 02 () DEET Blo v(s)a”, (a1 0 )P (5)Ja¥ Vs
= NSdG(S,cx J(dioa)?, oY, (dyoa)Y)Vs = S(a(), (di 0 )(-)).

For 6(s) = s, we have
(eefs), (@ioa)(s)) = (P(s, aj,¢€), Qils, aj, €)) = (P(6(s), aj, ), Qi(6(s), aj, €)).

That is, S is invariant on U = {(0, a;)|0(s) = s, a; € U} under the following transformations

(e/ Crl) = (P(e/ aj, 8)/ Qi(e/ aj, 8))/
in the sense of Definition 3.1. Therefore, when 6(s) = s, we get from Theorem 3.4 that

0G(s,0°,a”,0V,aY) 9G(s,0°,a?,0V,aY)
1 &0+ L L E,J-, (3.11)
00V 6a).v

[=
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where S 0 6% a¥)
0G(s,0°,a,0VY, a;
aa;V Lo =Ry(0° +v(s)0Y,al) = Rj(s,al), (3.12)
0G(s,0°,a?,0V,aY
(S aglv al ) — V(S)aOR)(ep +V(S)9v, af) X ajv

—v(s)20B(6° +v(s)0Y, a?) - 8Y — B(6° +v(s)0Y, a?) (3.13)
= v(s)[0oR; (s, al) - ajv —00B(s, af)] —B(s,al).

The intended result can be obtained by substituting formula (3.12) and formula (3.13) into formula (3.11).

O

3.3. Special cases

In this section, we discuss some special cases such as the continuous Birkhoffian system, the dis-
crete Birkhoffian system, the Hamiltonian system on time scales with nabla derivatives, as well as the
Lagrangian system on time scales with nabla derivatives.

Corollary 3.8. If T = R, we have

p(s)=s, v(s)=0, fY(s)="(s)
In this case, (3.4) reduces to the classical Birkhoff equations
OR; B OR; B 0B(s, aj) B oRi(s, a;)

(aai 3, )a; da, 7 =0. (3.14)
Formula (3.9) gives the classical Noether identity for the Birkhoffian system (3.14)
OR; 0B OR; . 0B ———
(673 — afs)ao + (Tma] - aiai)él +Rj& —BE& = 0.

And Theorem 3.7 gives the classical conserved quantity for the Birkhoffian system (3.14)
I =Ri(s, a;)&i(s,a5) —B&y = const. .
The results in Corollary 3.8 coincide with the results in [37].

Corollary 3.9. Consider the following transformations:

P : .
P _ qi/ l:1/2/”'/11 . pi/ 1:]-/2/"'/1’1 _
% _{ Pim, i=ntlnt2-,2n 0 NTL0 i=ntln+2..,om 2R G

where qm denotes the generalized coordinate, pm denotes the generalized momentum, m = 1,2,---,2n, H is the
Hamiltonian. From formula (3.15), we can get the following Hamilton action with nabla derivatives

d
SH :J (Pman —H)Vs, m=1,2,---,n.

C

Then (3.4) reduces to the Hamilton canonical equations on time scales with nabla derivatives

v _ aH(S/ qun/pm) v _ aH(SI qg‘l/pm)
qy = — 5 ", py = e
0px 0qx

Formula (3.9) gives the Noether identity for the Hamiltonian system (3.16)

s X = 112/"' sz (316)

OH(s, qb, Pm) oH
v LLAALEY S b —HEY =0.
pm(t—vm ds EvO aq?n ‘(-vm E/O
And Theorem 3.7 gives the conserved quantity for the Hamiltonian system (3.16)

oH
I =pmé&m — [V(S)ETS + H]&g = const. .
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Corollary 3.10. Consider

OL(s, g™, qm)

where L is the Lagrangian. Then Euler-Lagrange equations, Noether identity and conserved quantity for Lagrangian
systems on time scales with nabla derivatives can be achieved as follows

'V OL(s, 9%, dw)  OL(s, 9, qwm)

Vs oqy oq% ’
AL(s, g, qY) oL ) B v OL o.v
&+ o+ —<& +LE ——<=aqv & =0,
0s aqg X aq)Y X 0 aq)Y x S0
dL(s, g%, )

oL oL
Ex +[L— < qm +V(s)-]& = const. .

I =
- g%, ds

oqy

The results in Corollary 3.10 coincide with the results in [30, 55].

In the remainder of this section, we consider the discrete Birkhoffian system in detail. In this section,
we restrict ourselves to the time scale T = {c,c+1,---,d}, where c,d € T . And we assume that T has
enough points to ensure the following calculations. It is obvious that [c, d]x = [o(c), d]. Since T = Z, we
have

p(s)=s—1, v(s)=1, fY(s)="F(s)—fP(s) = Vnf(s).

Then formula (3.1) gives the following discrete Pfaff action

d
Sp= > [Rj(s,af)Vna; —B(s,al)l.
=c+1

S
The isochronous variational principle
8Sp =0,
with the exchange relationships

Vn(éai) = 6(vnai)/ 6(1{) = (5ai)p/

and boundary value conditions
5ai|s:c = 6ai|s:d = 0/

is called discrete Pfaff-Birkhoff principle.
Using the discrete Pfaff-Birkhoff principle, we can derive
OR; 0B
aT%.vnaj—vnRi—ango, sef{c+2,c+3,---,d. (3.17)
Equations (3.17) are the discrete Birkhoff equations.
Formula (3.9) gives the discrete Noether identity for the discrete Birkhoffian system
oR; 0B OR; 0B

(5= Vnaj — afs)ao + (55 Vna — @

3 da? )EP +Rj - Vn&j —B- Vi =0.

And Theorem 3.7 gives the discrete conserved quantity for the discrete Birkhoffian system

OR; 0B
I(s, aj, a]P,Vnaj) = Ri(s, a]f))E,i(s, aj) + [(afs’ Vnaj — a) — BJ&g = const. .
Remark 3.11. It follows from the results of the discrete Birkhoffian system that time scale is an important

tool to study the discrete problems.
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4. Main results obtained by the duality principle

In this section, we use the duality principle to get the Birkhoff equations, the Noether identity and the
conserved quantity for the Birkhoffian system on time scales with nabla derivatives.

4.1. Results with delta derivatives
Some results for the Birkhoffian system on time scales with delta derivatives are reviewed, see [66].
We consider the following problem

b
S(ai(+) = J [R;(t, af (1)) - af* (1) — B(t, af (t))]At — min, 4.1)

a

under the given boundary conditions ai(a) = o, ai(b) = B, where a{(t) = (aj o 0)(t), a).A(t) = %a]— (1),

teT, ai(-) € C} , the Birkhoff’s functions R; : R x R?" — R, and the Birkhoffian B : R x R?™ — R are all
C%d functions, i,j =1,2,---,2n.

Theorem 4.1. If problem (4.1) has a minimizer aio(-), then we have the following Birkhoff equations on time scales
forall t € [a,b]*:

R; (t, afy(t) - a* () — B(t, af(t) — RO (4, af(t) =0, i, 1=1,2,--,2n. (4.2)

Equations (4.2) are the Birkhoff equations on time scales with delta derivatives.

Theorem 4.2. If formula (4.1) is invariant under the transformations
t=Y(t,ai,¢) =t+edlt ai) +ole), a(t) =2t aie) =a;(t) +eg(t, ai) +ole), (4.3)
then we have

[BoR; (t, af (1)) - a™ (t) — pB(t, af (£))] - Colt, a; (1)) + Ry (t, af ())& (¢, ai(t))

+[01R) (¢, af (1)) - af* (t) — 01B(t, af (1))] - €T (t, a5 (1)) — B(t, af (£) & (¢, as(t)) = 0.

(4.4)

Formula (4.4) is the Noether identity for the Birkhoffian system on time scales with delta derivatives.

Theorem 4.3. If formula (4.1) is invariant under the transformations (4.3), then

I=Rj(t, af (1)) - G(t, ai(t)) —{n(t)[@oR;(t, af (1)) - ajA(t) —0oB(t, af (1) + B(t, af (1))} Co(t, ai(t))

= const. .

Theorem 4.3 is the Noether theorem for the Birkhoffian system on time scales with delta derivatives.

4.2. Results with nabla derivatives
In this section, we consider the problem (3.1) using the duality principle.

Definition 4.4. Given the Birkhoff’s functions R; : T x R?™ — R and the Birkhoffian B : T x R*™ — R,
we define the dual R;“ :T* x R?™ — R and B* : T* x R*™ — R by R}k(x,yi) = —Rj(—x,yi) and B*(x,yi) =
B(—X/Ui)/ i/ J = 1/2/ e ,2Tl.

Remark 4.5. 1t is easy to check that
doR;S (%, yi) = 90R;(—x, i),
1R} (x, yi) = —01Rj(—x, Y1),
00B™ (x,yi) = —00B(—x,yi),

and
alB*(X/Ui) = alB(_X/Ui)/ i/ j/ l: 1/2/ ttt /zn‘
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Proposition 4.6. Given the Birkhoff's functions R; : T x R*™ — R and the Birkhoffian B : T x R*™ — R, then
forall a; € Clld([c, d]), we have

—C

d A N
J [R; (s, a(s)) - aY (s) — B(s, a?(s ))JVs—Jd[R;(t,(a;*)f’(t))-(a*)%)—B*(t,(af)"(t))mt.

Proof. From Proposition 2.2 and Definition 4.4, we have

RE(t, (a])® (1) (a)) 2 (1) — B*(t, (a}) (1) = —R; (¢, % (—p(—1))) - af (—t) — B*(t, af (—p(—1)))

=Rj(—t,af(—1)) - ¢ (—t) — B(—t, af(—1)).

Hence, we can get the intended result using Proposition 2.2. O

Theorem 4.7. If problem (3.1) has a minimizer Qio, then we have the following Birkhoff equations on time scales
forall s € [c,d]«:

01R; (s, afy(s)) - af (s) — duB(s, afy(s)) —RY (s,afy(s) =0, ©j,1=1,2,---,2n.
Proof. Since @jg is a minimizer of problem (3.1), then it follows from Proposition 4.6 that a}, is a minimizer
for the following variational problem
e X A X
S*(g4) :J [Ri(t, g7 (1) - ()2 (1) —B*(t, g7 ()AL, gi(—c) =A;, gi(—d) =By,

—d

where g; € Cl. Therefore, we can apply Theorem 4.1 to get the Birkhoff equations for all t € [—d, —c]*
as follows: A ) A ) A
R} (t, (afp) % (1)) - (@) 2 (1) — duB* (t, (@) ° (1)) — (R (¢, (af)° (1) = 0, (4.5)

The following work is to rewrite formula (4.5).
Since . .
R} (t, (afp)? (1) = —Rj(—t, afy(—t)), B*(t,(ajp)°(t)) = B(—t,afy(—t)), (4.6)

from Proposition 2.2 and Remark 4.5, we can obtain

AR} (t, (aly)? (1)) = —diRj(—t, afy(—t)), AuB*(t,(afp)°(t)) = aB(—t, afy(—t),

(RO, (@) (1) =RY (—t, afy(—t),  (a))2 (1) = —a (). it
Substituting formula (4.7) into formula (4.5), we have
O1R;(—t, afy(—t)) - Y (—t) — 3 B(—t, afy(—t)) — RY (—t, afy(—t)) = 0.
Since t € [—d, —c]*, let s = —t € [c, d]«, we can get
OR; (s, afy(s)) - a3’ (s) —01B(s, afy(s)) —RY (s, afy(s)) = 0.
O
Theorem 4.8. If formula (3.1) is invariant under the infinitesimal transformations (3.8), then we have
[QoR; (s, afy(s)) - @ (s) — doB(s, afy(s))] - Eols, @io(s)) + [OiRj (s, afy(s)) - a (s) — 1B(s, aff(s))] (48)
x &7 (s, @io(s)) + Ry(s, afy(s)) - &7 (s, Giols)) — B(s, afy(s)) - &’ (s, Gio(s)) = 0,

forall's € [c,d]«.
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Proof. If S is invariant under the infinitesimal transformations (3.8) on U, then S* is invariant on U =
{gilgi:[—d,—c] = R, g; € C}d} under the infinitesimal transformations

t=t—e&i(t gi) +ole), gj(t) =gj(t) +e&f(t, gi) +ole),

where &;(x,y) = &(—x,y), 6;‘ (x,y) = &;(—x,y). Hence, from Theorem 4.2, for all t € [—d, —c]*, we get

PR} (¢, (afp) (1)) - (@) (1) — doB*(t, (@) ()] - &5 (¢, @y (1))
+ iR} (t, (afp)° (1)) - ( o) 2 (1) — 0B* (t, (@) (1) - (£])° (t, a5 (1) (4.9)
+ RS (1, (@) (1) (&) (¢ afp(t)) — B (1, (afp) (¢ :
From Proposition 2.2 and Remark 4.5, we get
Q0Rj (1, (a59)° (1)) = BoRj (—, A (1)), AoB™(t, () (1)) = —2oB(—t, afy(~1)),
(£ (t, alp(t) = EP (—t, aw(—1)), (B2 (L al(t) = —&7 (—t, aio(—1)), (4.10)
E5(t, () = Eo(—t, dw(—1)),  (6)2 (4, al(t) = =& (—t dxn(—t)):
Using formulae (4.6), (4.7) and (4.10), we can rewrite formula (4.9), and get the intended result. O
Formula (4.8) is the Noether identity for the Birkhoffian system on time scales with nabla derivatives.

Theorem 4.9. If formula (3.1) is invariant under the infinitesimal transformations (3.8), then we obtain the follow-
ing conserved quantity for the Birkhoffian system on time scales with nabla derivatives for all s € [c, d]«

I=Rj(s, afy(s)) - &(s, Giols)) + {v(s)[oRj(s, afy(s)) - o) (s) (4.11)
) :

—09B(s, affy(s))] — B(s, afy(s))}- &ols, dio(s)) = co HS’E
Proof. From Theorem 4.3, for all t € [—d, —c]*, we can conclude that
I =R} (t, (afp) (1) - & (t, @l(t) — {A(oRE(L, (@) ® (1) - (a))2 (1)
—Q0B*(t, (afp) (1)) + B*(t, (afp) ° (1))} - [=&5 (1, ay(t))],
is a constant. It follows from formulae (4.6), (4.7), (4.10) and Proposition 2.2 that formula (4.11) holds. O

Theorem 4.9 is the Noether theorem for the Birkhoffian system on time scales with nabla derivatives.

Remark 4.10. Both methods produce the same results of Noether equations, Noether identity and con-
served quantity for Birkhoffian system on time scales with nabla derivatives.

5. An example

Try to find the conserved quantities for the following Birkhoffian system
B=(ay)?’+2t-ab, Ri=a), Ry=0.
From Theorem 4.8, we can get the following Noether identity
—2a8 - &+ (aY —2af —2t) - Ef +af - & —[(a§)* +2t-ab]- & =0.

By calculation, we have
=1 & =2t, & =0.
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If we consider this system on the time scale T = {3™|n € IN [ J{0}}, we have

1 2
pH) =t V() =t—p(t) =3
From Theorem 4.9, we get the conserved quantity
4
I= —gt- a) — (a§)? = const. .

If we consider this system on the time scale T = hZ ={hk|k € Z}, h > 0, we have
p(t)=t—h, v(t)=t—p(t)=h.
In this case, we get the conserved quantity
[=-2h-ab —(ab)? = const. .
And if we consider this system on the time scale T = IR, we have
p(t)=t, ~v(t)=0.
In this case, we get the conserved quantity
I[=—t-ay,—(ay)? = const. . (5.1)

Formula (5.1) can be found in [58].

6. Conclusion

Birkhoff equations, Noether identity and Noether theorem on time scales with nabla derivatives for
the Birkhoffian system are obtained in this paper, where Theorem 3.3-3.7, Theorem 4.7—-4.9, and Corollary
3.9 are new works. Corollary 3.8 and Corollary 3.10 coincide with the original results.

The main results are achieved through two methods: the isochronous variational principle and the
duality principle. It is obtained that only when the dual results have been achieved, can the duality
principle be used, though it is elegant. Therefore, the isochronous variational principle is more general.

On the basis of those results obtained in this paper, perhaps further research such as perturbation
to Noether symmetry and adiabatic invariants on time scales for constrained mechanical systems can be
studied. Apart from Noether symmetry method, Lie symmetry method and Mei symmetry method are
also important modern integral methods. It is hoped that they can also be used to study the constrained
mechanical systems on time scales.

In addition, fractional calculus has been applied to various fields of science and engineering, such as
quantum mechanics, chaotic mechanics, anomalous diffusion, plasma physics and so on. Fractional me-
chanics can describe both conservative and non-conservative systems. Recently, fractional Euler-Lagrange
equations [14], fractional Hamilton equations [12], Hamiltonian structure of fractional first order La-
grangian [38], constant of motion in fractional multi time Hamiltonian and the dual action for fractional
mechanics [13], etc. have been obtained. Besides, the research on fractional calculus on time scales [19, 21—
23] has also just started. Therefore, studying fractional mechanical systems on time scales will be a good
topic in future.

What is more, lattice fractional diffusion equations obtained through fractional differences [72, 73]
have also been studied to some extent. Hence, the discrete fractional variational problem on lattices on
time scales is also an aspect to study in future.
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