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Abstract We provide the Hamiltonian version of the
approximate Noether theorem developed for the per-
turbed ordinary differential equations (ODEs) (Govin-
der et al. in Phys Lett 240(3):127-131, 1998) for the
approximate Hamiltonian systems. We follow the pro-
cedure adopted by Dorodnitsyn and Kozlov (J Eng
Math 66(1-3):253-270, 2010) for the Hamiltonian sys-
tems of unperturbed ODEs. The approximate Legen-
dre transformation connects the approximate Hamil-
tonian and approximate Lagrangian. The approxi-
mate Noether symmetries determining equation for the
approximate Hamiltonian systems is defined explic-
itly. We provide a formula to establish an approximate
first integral associated with an approximate Noether
symmetry of the approximate Hamiltonian systems.
We analyzed several physical models to elaborate the
approach developed here.
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1 Introduction

The non-trivial exact Lie symmetries do not exist for
many differential equations arising in engineering, epi-
demics, economic growth theory and in several other
fields. These type of differential equations are stud-
ied by the perturbation methods. Baikov et al. [3-5]
provided the approximate version of Lie’s theorems.
The approximate version of Noether’s theorem [6] was
developed by Govinder et al. [1]. Feroze and Kara [7]
analyzed a special group of second-order perturbed
ODE:s in approximate invariant and Lagrangian per-
spective. Naeem and Mahomed [8,9] developed the
partial Lagrangian approach [10, 11] for the perturbed
ODEs. Naz et al. [12] presented a review of different
techniques to compute first integrals/conservation laws
for unperturbed differential equations. Dorodnitsyn et
al. [13, 14] developed new techniques to construct first
integrals for the ordinary difference equations that do
not have a variational formulation. In [15], new con-
servation laws were obtained directly from the equa-
tions of motion without invoking the Hamiltonians and
Lagrangians.

A separate strand of literature studied the approx-
imate Hamiltonian systems. The numerical analysis
of the nearly integrable Hamiltonian systems [16]
leads the foundations for the analytical studies of the
approximate first integrals. Different perturbation tech-
niques have been developed to establish the approxi-
mate first integrals, e.g., direct method [16], Birkhoff-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-019-04893-y&domain=pdf
http://orcid.org/0000-0001-6232-4957

2226

R. Naz, I. Naeem

Gustavson normal form method [17] and other methods
as described in [18]. Recently, Naz and Naeem [19]
developed the approximate partial Noether approach
to construct approximate first integrals for the approx-
imate partial Hamiltonian systems.

Unal [20] studied the approximate generalized sym-
metries, normal forms and approximate first integrals
for the approximate Hamiltonian systems. The first step
is to compute the exact Noether symmetry vector fields
of the unperturbed part of an approximate Hamilto-
nian system and then combine it with the approxi-
mate symmetry vector field to obtain the approximate
Noether symmetry of the approximate Hamiltonian
system. Then, the total derivative of approximate first
integral d/ is the interior product of the approximate
Noether symmetry and the simplectic form. Finally,
on integration of d/ one can get the approximate first
integral I.

We provide the Hamiltonian version of the approx-
imate Noether theorem developed earlier for the per-
turbed ODEs [1] for the approximate Hamiltonian sys-
tems. We follow the procedure adopted by Dorodnit-
syn and Kozlov [2] for the Hamiltonian systems of
unperturbed ODEs. The approximate Hamiltonian is
associated with the approximate Lagrangian by uti-
lizing the approximate Legendre transformation [21].
The approximate Noether symmetries determining
equation for the approximate Hamiltonian system are
defined explicitly. We provide a formula to establish an
approximate first integral associated with an approxi-
mate Noether symmetry of the approximate Hamilto-
nian system. The approach developed here is applica-
ble to a wide variety of approximate Hamiltonian sys-
tems including Economic growth theory, epidemics,
physics, engineering and mechanics.

The detailed lay out of paper is as follows: In Sect. 2,
the overview of approximate Noether’s approach [1,7]
is presented. The Hamiltonian version of approximate
Noether theorem for the approximate Hamiltonian sys-
tems is provided in Sect. 3. We have explicitly pro-
vided the formulas for the approximate Noether sym-
metry determining equation and for the approximate
first integrals of the approximate Hamiltonian systems.
We analyzed several physical models to elaborate this
approachin Sect. 4. We provide the concluding remarks
in Sect. 5.
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2 Approximate Noether’s approach

First, we provide an overview of the approximate
Noether approach for n-dependent variables case (see,
e.g., Govinder et al. [1], Feroze and Kara [7]). Follow-
ing definitions and Theorems are adopted from litera-
ture see, e.g., [1,7-9]

Let us consider the functional

n . .
f L(t9 q/7 qj;é)dta J= 1,2,...,”, (1)
fo

where € is a small parameter, ¢ is the independent vari-
able, c]j are n dependent variables, c}j are all first-
order derivatives, and L(t, g/, ¢/; €) is a first-order
approximate Lagrangian. Note that the derlvatlves of
g’ with respect to 7 are given as ¢/ = ql Di(q7),
§l = q2 = D,z(qf) and so on.

The total derivative operator D; with respect to ¢ is
defined as

D; 9 + 0 + 0 + . j=1,2
= a a7 ° =1,2,---n
o T4’ 9q7 ¢/ g7 /
(2)
and the Euler—Lagrange operator % is given by
Dy)* j=12,...,n.
(W aqj §< 2o} n

3)

Functional (1) reaches its extremal values when vari-

ables ¢/ () satisfy following n approximate Euler—
Lagrange equations:

SL 9L ( oL

_ 2 s __
@>—0(e ), j=1,2,....n
“4)

where L(t,q’,¢’; €). Feroze and Kara [7] utilized
the Lagrangian function of form L(t,q/,§/;€) =
Lo(t,q7,¢7) +eLi(t, g7, ¢7).

Note that the system of n equations (4) is the sys-
tem of second-order perturbed ODEs involving a small
parameter €.

sq7 ~ dq

Definition 1 (see, e.g., [8,9]) A differential function

I(t,q7.¢7s€) = Io(t.q7.¢7) + el (t,q7. ¢7) is an
approximate first integral of system (4) if
Di(ly+€lh) = O(e), ()

holds for every solution of system (4).
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Theorem 1 (see, e.g., [7]) Suppose L(t,q',¢7; €) =

Lo(t,q7,¢7) + eLi(t,q’,¢7) is a first-order

Lagrangian corresponding to second-order ODEs (4).

If the functional [ Ldt is invariant under the one-

parameter group of transformations with approximate

Lie symmetry generator X = Xo + € X1, where Xo =

b0+ my gy and X1 = €1k + ] up 10 gauge

B = By + €Bj, then

1

Xg'Lo + LoDy (50) = Di(Bo),

X{"Lo + X Li+LoDi(EN+L1 Dy (50) = Di(By),
(6)

where &y, €. 10, n1. Bo, depend on t and g/ only.

Remark 1 Tt is important to mention here that Govin-
der et al. [1] provided approximate Noether symmetry
determining equation (6) in following form:
aL ;AL
(60 + Efl)g + (np + 6771)@
j N oL
x| Dy (ny) +€Di(ny) — g Di(60) + €D, (§1) @
+ (Dt(éo) + 6D1(51)>L

= D;(Bo) + €D;(B)) + O(€?). (7

Equation (7) can be re-written as

X0+ extL + LD, (& + et1)
= D,(By + €B}) + O(e?), (®)

where
x = x{" 4 ex}!

_ 9 j K
= (50‘1‘651)5 + (ny +€771)@

. . y 9
+ [Dt(ﬂ(j) + 577{) —q’ D (5 + 651)@} ,
j=12,...,n. 9)

Feroze and Kara [7] utilized the Lagrangian function
of form L(t, ¢/, ¢’; €) = Lo(t,q7,4’) + €L1(t, ¢/,
¢7) in (8) and then separated the resulting equation by
the powers of €, up to order ¢, to arrive at the approxi-
mate Noether symmetry determining equation (6). We
will utilize approximate Noether symmetry determin-
ing equation (8) to establish results for the approximate
Hamiltonian system.

Theorem 2 (see, e.g., [1,7]) Corresponding to each
approximate symmetry X = Xo + € X1 that fulfills the
criterion provided in Theorem 1, there exists an approx-
imate first integral I = Iy + €Iy given by

Io+ely = (o +€&)(Lo+€Ly)
. . ) S
+ [n{ +eni —é’(%‘o+6§1)]@(Lo+eL1)
—(Bo + €B)) + 0(€). (10)

3 Hamiltonian version of approximate Noether
theorem for the approximate Hamiltonian
systems

Let time and phase-space variables be ¢ and (¢/, p/),
respectively. The variational operators 8 /8¢’ and 8 /8p/
are defined as (see, e.g., [2,22])

) 0 b
=——-D—, (11)
8q/ aq’ aq’

and

— = ——-D— (12)
op/ ap/ ap/

LAY RV (13)
Tt T TP T

and

p' =D, ¢/ = D(g)). (14)

Definition 2 (Approximate Legendre transformation)
The approximate Lagrangian L(t, ', ¢'; €)=Lo(t, ¢/,
¢’y + €Li(t,q’, ¢7) and the corresponding approxi-
mate Hamiltonian H (z, ¢/, p/; €) = Hy(t,q’, p/) +
€Hi(t,q’, p/) are related by the Legendre transforma-
tion (see, e.g., [19,21])
Ho+eHi = p’¢) — Lo — €Ly, (15)
where p/ = %(L(H-eLl) and g/ = %(Ho—i-eHl).
Relation (15) is an approximate version of Legendre
transformation.
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Remark 2 Tt is important to mention here that p/ are
sometimes defined as the momenta in physics and
mechanics. In Economic growth theory, p/ are the
costate variables and interpreted as the shadow prices.
In other fields of applied mathematics, the variables p/
can be interpreted in different ways.

Proposition 1 Let L(t,q',¢';€) = Lo(t,q’,¢7) +
eLi(t,q’,4’) be an approximate Lagrangian and
H(t,q', p/;€) = Ho(t,q7, p/) + €Hy (1,47, p') be
the corresponding approximate Hamiltonian which
are connected by the approximate Legendre transfor-
mation (15). If approximate Lagrangian L satisfies
Euler—Lagrange equations (4) then the corresponding
approximate Hamiltonian function H satisfies follow-
ing system

L oH
g’ = api + 0(e?),

S 0H
Pl= gt 0@ i =1 (16)

and this is the first-order approximate Hamiltonian sys-
tem.

Proof We employ the variational operator §/5p; on
approximate Legendre transformation (15) which gives

H ., 4L (17
spi 4 spi’
as 5_1 = 0 and this yields the first equation of (16). We

employ the variational operator §/8g/ to (15) and we
obtain

§H ., é L (18)
Equation (18) reduces to the second equation of (16)
as —- = O(€?). This completes the proof. O

The canonical Hamiltonian equations for the unper-
turbed case studied in Dorodnitsyn and Kozlov [2] can
be deduced by setting € = 0 in system (16).

3.1 Hamiltonian version of approximate Noether
theorem

The approximate operators in the space of variables
t, g/ and p/ are of the form X = X( + € X where

@ Springer

d
Xo+eX) = (350 +€§1>§

j 0
+n0+nlaJ

0
<§o + € ) op 7 (19)
and &, &1, ;({, ;{, r/é, r/{ depend on ¢, qj and pj.

Definition 3 The approximate operator in (19) is an
approximate point symmetry generator of the approx-
imate Hamiltonian system (16) if (see, e.g., [22])

(i + €nl) — ¢7 (B + 1)
—(X0+6X1)< i )(Ho—i-eHl)— 0(e?),
(7 + ety — pl o + €bp) (20)
+(Xo+exl>< 2 )(H0+6H1)—0(6)
i=1,...,n
holds on system (16).

The point symmetry generator determining equation
for the unperturbed case Dorodnitsyn and Kozlov [2]
can be deduced by setting € = 0 in system (20).

The first prolongation of the generator X is

d d
J_— J_—
T 5 T 5

[1] _
X _g el
0
+ (D@’ —54")+§5j/]8—j

q

+[D( —&p)) + éﬁ’]a—j
where £(1,¢7, p/) = &o(t.q7, p/) + eka(t.q7. p)),
gitg?) pl) = gl p) + et (t.q7. p)),
n/ (t,q7, p)) =yt q7, p!) +eni(t.q7, p’).

The divergence invariance of approximate Hamilto-
nian action is established in the following proposition:

Proposition 2 The approximate point symmetry gen-
erator X = Xo + €X1 of the approximate Hamil-
tonian system (16) is an approximate Noether sym-
metry corresponding to an approximate Hamiltonian
H(t,q’, p’;€), if there exists a function B(t, q’, p’;
€) = Bol(t, qf' pl) + €B(t,q’, p’) such that

(Co + 54‘1 )
—(Xo +€X1)(H0 + €Hy)

— (Ho +eHy)D(éo + €&1)
= D(By + €B1) + 0(¢?) 1)

- (Ho+ €M) + p! D} + en))
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holds on system (16). The function B(t,q’, p/;€) =
Bo(t,q’, p/)+eB(t, g/, p/)isanapproximate gauge
function.

Proof The approximate Noether symmetry determin-
ing equation (8) with the aid of approximate Legendre
transformation (15) yields

(Xo + €XIp/¢’ — Hy — eH]
+1p/¢’ — Ho — e H11D (& + €&1)
= D(By + €Bj) + O(e?). (22)

On expanding Eq. (22), we have

P/ ID(, + enl) — 47 D(& + e€1)] + (c({ + e@{)cﬂ

— (Xo + €X1)(Ho + € Hy) + pig? D(£o + €&1)
— (Hy + €H))D(&) + €&1)
= D(Bo + €Bj) + O(¢?). (23)

With the aid of first equation from (16), Eq. (23) sim-
plifies to

. .9 . . .
(& +ec))g 5 (Ho+ eHi) + p/ Dy + en))

—(Xo+ €X1)(Ho + €H))
— (Ho + €H1)D(& + €&1)
= D(By + €B)) + 0(€?). (24)

This completes the proof. O

The unperturbed part of the divergence invariance of
approximate Hamiltonian action (21) yields the invari-
ance of Hamiltonian action for the unperturbed case
(2].

The question arises how the approximate Noether
symmetry determining procedure proposed here for the
approximate Hamiltonian system is different from the
one given in Unal [20].

Remark 3 The procedure adopted by Unal [20] is to
compute the exact Noether symmetry vector fields of
the unperturbed part of an approximate Hamiltonian
system and then combine it with the approximate sym-
metry vector field to obtain the approximate Noether
symmetry of the approximate Hamiltonian system. We
have provided approximate Noether symmetry deter-
mining equation (21) for the approximate Hamiltonian
system which is analogue to the formula established by

Emmy Noether [6]. The approximate Legendre trans-
formation connects the approximate Hamiltonian func-
tion to the approximate Lagrangian function. It is uti-
lized to establish approximate Noether symmetry deter-
mining equation (21) for the approximate Hamiltonian
system. Dorodnitsyn and Kozlov [2] adopted this pro-
cedure to provide Noether symmetry determining equa-
tion for the unperturbed Hamiltonian systems.

Next, we provide a formula to construct the approx-
imate first integrals for system (16) which is analogous
to one provided in literature [2,19].

Proposition 3 Corresponding to each approximate
point symmetry generator X = Xo-+€X of the approx-
imate Hamiltonian system (16) that fulfills the criterion
provided in Proposition 2, there exists an approximate
first integral I = Iy + €1y given by
Io+ €Iy = p’ (ny +eny) — (5o + €§1)(Ho + € Hy)
—(Bo +€B1) + 0(e?). (25)
Proof The formula for first integral (10) with the help
of approximate Legendre transformation (15) and p/ =
a;L._,.(LO + €Ly) yields
Io+ el = (o + €&1)(p! ¢/ — Ho — € Hy)

. . L 8 o
+[né+en{—qf<so+esl>1@<p1qf—Ho_eHl)

— (Bo +€B1) + O(€?), (26)
which after some simplifications provides formulas
(25). This completes the proof. O

The unperturbed part of the approximate first inte-
gral formula (25) yields the first integrals for the unper-
turbed case [2].

Remark 4 Unal [20] computed the total derivative of
approximate first integral d/ which is the interior prod-
uct of the approximate Noether symmetry and the sim-
plectic form. Finally, on integration of d/ one can
get the approximate first integral /. We have provided
approximate first integral determining equation (26) for
the approximate Hamiltonian system which is analogue
to the formula established by Emmy Noether [6]. The
approximate Legendre transformation is employed to
establish approximate first integral formula (26) associ-
ated with each approximate Noether symmetry for the
approximate Hamiltonian systems. Dorodnitsyn and
Kozlov [2] adopted this procedure to provide first inte-
gral associated with each Noether symmetry for the
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unperturbed Hamiltonian systems. The Noether sym-
metry determining equation and first integrals for the
unperturbed case [2] can be deduced by setting € = 0
in Egs. (21) and (25).

Remark 5 Itis worthy to mention here that for the sake
of simplicity we have used expansions with respect to
small parameter € up to the first degree only. How-
ever, the theory developed in this section is valid for the
higher powers of € as well. One can utilize the approx-
imate Lagrangian, approximate Hamiltonian, approx-
imate point symmetry generator, gauge function and
first integral involving the small parameter € up to the
degree k > 1 as follows:

L(t,q',¢'5€) = Lo(t,q7,¢7) + eL1(t,q7, ¢7)
oL, g7, ¢, 27)

H(t,q', p'se) = Hy(t, ¢/, p/) + eHi(t, ¢’ p’)
+"'+Eka(t9q]a p])7 (28)

X =Xo+eX1+ -+ Xy, (29)

E(t,q7, p)) = Eo(t, q7, p)) + €1 (t, ¢, p))
+o- kg, gl pl), (30)

g, phy =l ), pl)+ et .47, ph)
+o el gl g7, pl), 3D

n(t,q’, ply =nit, ¢’ p)) +eni(t.q’, p))
+- el gl ph), (32)

B(t,q’, p’;€) = Bo(t,q’, p)) + €B1(t, q', p’)
+--+ € Bet, 7, p?), (33)

I=1Iy+el +-+ . (34)

4 Applications

In this section, we provide applications of theory pre-
sented in previous section. It is important to mention
here that the approach developed here is applicable to
a wide variety of problems from physics, engineer-
ing, mechanics, economics growth theory and many
other fields of applied mathematics. First, we study
the perturbed orbit equation governing one body prob-
lem [1,5] to re-derive previously established results

@ Springer

to ensure that formulas derive here are correct. Sec-
ond, we analyze a linear non-autonomous second-order
ODE [7] for the approximated first integrals; this is a
linear time-dependent model. Next, we show how the
approach developed here can be utilized to establish
approximate first integrals for more variables case. We
have also shown that how to solve physical problems
involving arbitrary functions and to determine the func-
tional forms of these arbitrary functions such that the
approximate Noether symmetry algebra in phase space
is extended. The approximate Hamiltonian system dis-
cussed by Campoamor-Stursberg [23] is analyzed to
look at this perspective.

4.1 The perturbed orbit equation governing one body
problem

The perturbed orbit equation governing one body prob-
lem is given by (see, e.g., [1,5])

4+q=¢€F(q). (35)

It is worthy to mention here that for the perturbed orbit
equation (35) in order to admit approximate symme-
tries, Baikov et al. [5] computed four non-equivalent
forms of F, in addition to F being arbitrary. We con-
sider following special case of (35)

G+q—eAg®> =0. (36)

Equation (36) is the perturbed version of harmonic
oscillator equation. Dorodnitsyn and Kozlov [2] inves-
tigated the unperturbed harmonic oscillator for the dis-
crete case.

The approximate Lagrangian for Eq. (36) is

1 3

1
L=3q"— 34"+ Al 37)

2 3

The approximate Hamiltonian by utilizing approximate
Legendre transformation (15) is

H=pq-L (38)
which yields

@
3 b

2 2
p q
H=2 1+7 _cA
2 2 ¢ (39)
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where p = 2—3. The approximate Hamiltonian system
associated with approximate Hamiltonian given in Eq.
39) is

q=rp,
p=—q+eAg’ (40)

Note that the approximate Hamiltonian (39) and
approximate Hamiltonian system (40) reduce to the
canonical Hamiltonian and Hamiltonian system for the
unperturbed case [2] if we set € = 0. The approximate
Noether symmetries determining equation (21) with the
help of approximate Hamiltonian (39) and approximate
Hamiltonian system (40) results in

p(aor + pBor + €1y + €pPiyr)
+ (g + pBog + €ary +€pPiy)
— (@0 + pPo + €1 + epp1)(g — €Ag?)
2 2 3
P q q
— 2 42 Al
(50t+€$1z)< T —eal )
= Bo; + €B1; + p(Bog + €B1y), (41)

where £(1) = &o(1) + €§1(1), n(t, p.q) = ao(t, q) +
Pho(t, @) +e(ar(t, 9)+ppi(t. q)), B(t, q) = Bo(7, q)
+€B1(t, q). We separate Eq. (41) with respect to €% and
e! to obtain approximate Noether symmetries deter-
mining equations for the zeroth-order and first-order
approximations. After some simplifications, the zeroth-
order approximation yields following systems of equa-
tions:

Zeroth-order approximation:

P’ o, =0,
) 1
P~ Por +og — 5&01 =0,
P —2qBo + aor = Bog,
q
P’ —q (o0 + T60,) = Bor. “2)
After some simplifications, the first-order approxi-

mation yields following systems of equations:
First-order approximation:

P By =0,

1
PP B g — Eélz =0,

p: 2B0Aq> —2qB1 + a1, = By,
2
q A
P’ AgPay — qen — S8t gCZSfOz = Bi;.
(43)

The solution of systems of equations (42) and (43)
for the zeroth- and first-order approximations yields
following approximate Noether symmetries and the
gauge terms in phase space:

0
x'=—, Bl'=o,
ot
) ) 0 ]
X“ =4eAsin(t)— + [3cost + 2€ Ag cost]—,
at aq
B? = — 3gsint — eAq2 sint,

a d
X3 = —4eAcost— + [3sint + 2€Aq sint]—,
dt dq
B = 3qcost + €Aqg® cost,
d

X4 = €—, B* =0,
ot

0 0
in(2¢t) — 2t)— |,
e(sm( )8t+qcos( )8q>
B> = —eq?sin(21),
0 ad
2t)— — g sin(2t) — |,
E(COS( )Bt q sin( )8q>

BS = — 66]2 cos(2t),

%%,
I

><O\
I

a
X' = ecosta—, B = —eq sin(t),
q

8 _ o i 8 _
X _esmta , B® = e€qgcost,
q

9 2
X?=p—, B = —¢*>+ ZeAq®,
daq 3
3
x10 = (3 cos(t) +2Ae(g cos(t) — p Sin(l))> 37’
q
B'0 = —3¢sin(r) + Aeg” sin(1),

)
x' = (3 sin(r) + 2Ae(g sin(t) + pcos(t))> 5
q
B'l = 3q cos(t) — Aeq2 cos(t),
)

X2 —epl, B2 = _¢g?,
dq

ad
xB = e( —2qcos(2t) + p sin(2t)>3—,

q
B3 = eq2 sin(2t),

ad
X" = e( — 2gsin(2t) — pcos(2t)>a—,

q

B4 = — eq2 cos(2t),
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d d
XY =2a(t)— t)—,
a()8t+pa()aq
a 2 2 3
B* = —¢q —i—egAq a(r),

d d
B _
XP =€ (2,3(t)8t + pﬁ(z‘)aq) ,

BP = —eB(n)q>. (44)

In [1], the Noether symmetries X1, Xz, e, X8
were derived by utilizing the calculus of variation tech-
niques and Lagrangian formulation. This shows that
approach developed here is correct. We have obtained
some additional Noether symmetries X°, X'0, ...,
X4 X% XP which are the Hamiltonian symmetries,
but in Lagrangian picture these will be the general-
ized symmetries. Note that X® and X# yield infi-
nite many Hamiltonian symmetries. The approximate
Noether symmetries x! x? x3 Xx°, Xlo, x!
and X% of the approximate Hamiltonian system (40)
are stable.

Next, we compare our results with those of the
unperturbed harmonic oscillator investigated by Dorod-
nitsyn and Kozlov [2]. Setting € = 0 in (44) yields fol-
lowing Hamiltonian symmetries and gauge terms sat-
isfying the invariance condition:

0
x'=— B'=0,
ot
0 0
X2 =x'0=3cost— —3sint—,

dg ap
Br = B0 = —3¢g sint,

3 yll _ o i i
X =X _3smta —i—3costa ,

q )%
B3 = Bl = 3q cost,
9 9
X =p——q—. B =-¢",
dq ap

o __ a a _ A i
X" = 2a(t)5 + pa(t)g (qa(t) + pa(r) )ap’

B = —q*a(1), (45)

where the coefﬁcientai term is computed with aid of
¢ = D(n) — gD(&). The Hamiltonian symmetries and
gauge terms satisfying invariance condition given in
Eq. (45) are exactly same as derived by Dorodnitsyn
and Kozlov [2] except X¢.

Next, we utilize formula (25), to establish the
approximate first integral / = Iy + €l; correspond-

@ Springer

ing each approximate Noether symmetry (44) in phase
space. The approximate first integrals are

2 2
p q €, 3 2
I] = — — — —Aqg- 0 )
) + > 73 q” + O(€”)
12:3pcosz+3qsint
+e<2qu cost — AQ2p*> + 4% sint) + 0(e?),
I3 =3psint — 3q cost

+e<2qu sint + AQ2p? + ¢?) cos t) + 0(€?),
1
I = Se(p* +47) + 0, (46)

p2 q2
P = e(pq cos(2t) — > sin(2t) + 5 sin(21)>
+0(e?),
p2 q2
1% = e( = pqsin(2r) — = cos20) + = cos(Zt))
+0(e?),

e(p cost + ¢ sint) + 0(e?),

~
N
Il

13 = e(psint —qcost) + 0(62),

9= 0= 2 [ p

JAE L S L A 1)

14 =1 = 0(e?).

In [1], the approximate first integrals 7', ..., I® were
derived by utilizing the calculus of variation tech-
niques and Lagrangian formulation. This guarantees
that formulas proposed here are correct. The approx-
imate Noether symmetries X%, X’ of the approxi-
mate Hamiltonian system (40) yield the trivial approx-
imate first integrals which vanish on the solution of
the approximate Hamiltonian system (40). The approx-
imate Noether symmetries X! and X° yield same
approximate first integral of the approximate Hamil-
tonian system (40). Similarly, the approximate first
integrals 1'0 = 12, [V =3 2 =% 1B =
I3, I = I° and thus eight independent approxi-
mate firstintegrals 7!, . .., I® exist for the approximate
Hamiltonian system (40). The stable approximate first
integrals correspond to stable approximate symmetries
and vice versa [20].

Next, we compare our results with those of the
unperturbed harmonic oscillator investigated by Dorod-
nitsyn and Kozlov [2]. Setting € = 0 in (46) yields
following three first integrals:
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2 2 2 2 3 2 2
p q p q r p q
1]:19:— —, H="— Z t— — ), 53
2 T3 2+2+6< 3)(2 2) (>3)
?=1"9%= 3pcost 4+ 3¢gsint,
13 = 1" =3psins — 3q cost, 47 ~ and

which are exactly same as derived by Dorodnitsyn and
Kozlov [2].

4.2 A linear non-autonomous second-order ODE

Consider a linear non-autonomous second-order ODE
(see, e.g., [7])

j—e(l—1g+q=0. (48)

Feroze and Kara [7] discussed the symmetries of the
linear non-autonomous second-order ODE (48) that
leave the invariant functional including a Lagrangian
using the symmetry conservation laws theorem. The
approximate Lagrangian for a linear non-autonomous
second-order ODE given as in (48) is

[ (ﬁ _ ‘?_2) <(-5) (49)

2 2

The approximate Hamiltonian by utilizing approxi-
mate Legendre transformation (15) is

(50)

and the corresponding approximate Hamiltonian sys-
tem is given by

q= peé(t_g)

b= _qe*(f*g)_ (51)

3 3
Taylor series of ¢(~5) and e<“~'3) up to order ¢
is given by

3 3
5) 24 +e€ <t - %) + 0(€?),

3 3
e‘f("T) =1—¢ <z - %) + 0(e). (52)

The approximate Hamiltonian (50) and approximate
Hamiltonian system (51), with the aid of (52), can be
re-written as

3
ﬁ:—q[l—e(t—%)] (54)

The approximate Noether symmetries determining
equation (21) with the aid of approximate Hamiltonian
(53) and approximate Hamiltonian system (54) gives
rise to

t3
P [nm +eni + p(nog + €nig) (1 +e <t — 5))]

- %(50 +esN(p? —gh (1 — 1Y)

3
—(no +€n)g [1 —€ (r - %)]

3
- |:§0t + €§1r + (bog +€819)p <1 te (f - %)]

g B\ (P2
et (-5)(5-%)]
3
= Bo, + €B1; + p(Bog + €Big) [1 +€ <t - §>i| ,
(55
where §o = §o(t. ¢). &1 = &1(1, ), mo = no(t. q), m
=m(t, q), Bo = Bo(t, q), By = Bi(t, q).

Separating (55), after expansion, with respect to
€ and €! to obtain approximate Noether symmetries
determining equations for the zeroth-order and first-
order approximations. After some simplifications and
separation with respect to different powers of p, the

zeroth-order approximation yields following systems
of equations:

Zeroth-order approximation:
P’ &, =0,
1

2. —
pTnog — EEO:‘ =0,
P —qno; = Bog,

q

P’ =g (n0+260,) = Boy- (56)

After some simplifications and separation with respect
to different powers of p, the first-order approximation
yields following systems of equations:
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First-order approximation:

P’ &1, =0,

5 3 t

pri\t=5 ) ogtmg =5~ ¢ §o;
& 1

— (=2 =S8, =0,

3 72
P — <l - ?) Bog +m; — jélq = By,

0. 4 2 r
P 7(1—1)Eo—qm+q(t—§>no

2 3 2
q t q
+?(f—§)§0z—7§11=31z- (57)

The solution of systems of equations (56) and (57)
yields the following approximate Noether symmetries
and the gauge terms for the approximate Hamiltonian
system (54):

X1—<1—|—51)3—E R B S
- 2') 9 21 2) 8 0 T 210

X? 2 + LA 2% + L cos2s 9
= | COS € — — — | Sin — COS —
2 4 2 Jat

€ ad
+ [— sin 2t + —q cos Zt] —,
1 2!] aq
-2
B? = —q2 cos2t + € [?(—% + 13)q2 cos t

1
- q2 sint cost + §(4t3 - 12t)q2i| ,

X3 = |sin2r +¢ 5sin2t+1(1—2z2)cos2t 9
N 2 4 ot
€ . 0
+ [q cos2t + —q s1n2t] —,
2 aq
PE
B3=—q2sin2t+e|:—7+qzcos2t

2, 34 o
—gq (=3t +1t’)sintcost |,

x4 r+ ! 9t — 213) cost + . t 9
= | COS €\ — — ~) COoS — Sin -,
12 4 g

=
S
I

—gsint
447 _ 2 _ 4953 _ :
+e(4(3 ) cost — L 9t)smt)],
5 | o Ty a2
X° = |sint +¢€ 12(9 3t7)cost
1 9
+E(9r — 2% sin ;)} 3

9 1
B = gcost+¢€ [% (t3 - Et) cost — thqsinti|,
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d ad
X6 = Ssin2i— + Sqeos2—, B = —%qzsi“%

2 ar 2 g
X’ = €c0§2t8+6 ein2t8 B7—€ 2 cos 2t
B RS TR X e PR S it
0
x8=e—, B¥=0,
ot
9 d 9 :
X7 =e€cost—, B” = —egsint,
dq
10 : 0 10
X :esmta—,B = €qcost. (58)
q

Next, we utilize formula (25), to establish the approx-
imate first integrals I = Iy + €I} associated with the
approximate Noether symmetries (58) for the approx-
imate Hamiltonian system (54). The approximate first
integrals are

€q
4

3
- %(2+er>[p2 +q* +e(r - %)(pz — qz)]
+0(e?),

€
1> = p<—qsin2t+ jqcos2t)

I' = (3[) —2pi? +2tq>

1 1 t
- E[coszt +e<z(2z2 —1)sin2t + 5cosztﬂ

3

X[pz +4* +6<t - %)(pz - qz)} + 0(e?),

I’ = q(pcosZt—i—qsinZt)

2
+% [((_ZIJF 5[3)(] +p> sin 21 —qcole]

1
— E[Sin2t + Z((l - 2t2) cos 2t + 2t sin ZI)]

3
X [p2+q2+6(1

t
- 5)@2 - q%] +0(),
4 _ b3 1y
I" = pcost + pe 12( 2t +9t)cost+4t sin ¢
+gsint
1(3 ) t 1 (21> —9n)g sint
el q cos > g sin

+0(e?),
P = psint

1 1
+ pe(ﬁ(—h3 +9t)sint + 5(9 —3t%) Cost)

— t— 71 (2l3 — t)(] t— *1 tzq int
q Cos € 9 Ccos Nt

+ 0(e?),
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€

2

1% = [pq cos 2t +q2 sin 2t

1 3
-3 sin2t<p2 +q? et — %)(p2 - q2)>]
+0(e?),

7_5 . 2
I =3 pq sin2t — g~ cos 2t

1 3
+ 3 cos2t<p2 +q*+ e<t - §>(p2 - q2)>:|

+0(e),

€ 3
1% =— 3 |:p2 +q° +6<t - §>(p2 —qz)] + 0(eh),

I° = e[pcost —i—qsint] + 0(62),

1'° =e|:psint—qcost:|+0(62). (59)

The approximate Noether approach in phase space pro-
vided five stable and five unstable first integrals. The
stable approximate first integrals correspond to stable
approximate symmetries and vice versa [20].

4.3 Classification problem

The physical systems arising in applications naturally
contain small parameters or some arbitrary functions.
We illustrate the advantages of this newly developed
approach for the approximate Hamiltonian systems
involving arbitrary functions. The equation of motion
for the perturbed Lagrangian L = q1Gg> — aqaq, Sy

E% is (see, e.g., Campoamor-Stursberg [23])
1

. 3ar F(r) rF'(r)
Gi=—5 —26—5 —€—5—,
qi qi qi
. a  F()
qz = — —3 6—3, (60)
91 q1
where r = Z—f. Campoamor-Stursberg [23] reported

that the perturbed system (60) yields two stable approx-
imate first integrals for arbitrary F(r) and admits
one additional approximate first integral when F(r)
is constant. Campoamor-Stursberg [23] studied the
perturbed system (60) in approximate Lagrangian
perspective. We will analyze the perturbed system
(60) in approximate Hamiltonian perspective. The

approximate Hamiltonian by utilizing approximate
Legendre transformation (15) is

ar F(r)
H=P1P2+—2—6—2, 61)
q1 q1

and the associated approximate Hamiltonian system is
given as follows:

41 = p2,
42 = p1,
. o F'(r)
Pr=——+e—",
9 9
. 3ar F(r) rF'(r)
pP1 = —3—26—3 —6—3 . (62)
q1 91 q1

We utilize this newly developed approach to find
the functional forms of arbitrary function F(r) for
which the associated approximate Hamiltonian system
(61) becomes super-integrable. We assume £ (¢, q1, ¢2),

n'(t.q1. 42, p1). (1. q1. 42, p2) and G(t.q1. q2) in
the following form:

E(t,q1,q92) =60(t, q1, q2) + €&1(t, q1, q2),
n'(t, g1, g2, p1) = ao(t, g1, 2) + Po(t, g1, q2) p1
+€<Ol](t, qlqu) +ﬂ1(t’ q1, QZ)p1>v

n(t, q1, g2, p2)
= Ao(t,q1,92) + Bo(t, q1,q2) p2

+€<A1(t,6h,612) + Bl(hé]l,cn)l?z),

G, q1,q92) = Go(t,q1,92) +€G1(t, q1, q2).

The approximate Noether symmetries determining
equation (21) with the aid of approximate Hamiltonian
(61) and approximate Hamiltonian system (62) yields
following systems for €” and e:

60
,30q1 - 50(12 = 09 ﬂ()qz = 0, BOql = Oa
Bog, — &oq1 =0,

Bo; +@og, =0, Bo, + Aoy, =0,
og, t+ Aog, —&or =0,

q2 q2
L2 0B, — Gogy =0,
at  aq " ”

ag; + 6aBo

o q2
Aos — 2By— — a—580q; — Gog, =0,
1 1
q2 o q2
30[00[—4 — A()—3 - Ol—3%_0[ - GOt = 0. (63)
q1 q1 q1
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€:
ﬂ]ql _Elqz = 07 ﬂ]qz = Oa qul == Oa
Big, =819, =0
B, +a1g, =0, By + Ay, =0,
alql +A1q2 _Ell =07
2 q2
1 — 2Bo F(F)+ F(r) + 6aB1—
511 t] 9
F(r)éo
—a—=81y, —zqz_quz =0,
qi 1
By
A =25 B 4222 F ()
‘1] ‘I1
F(r)éo
—3§1q1 —qu -Gy =0,
i 1
2 A
—ao(—3F(r) n q-jﬁ(;»)) +300Z 4 2D
q; q, q; qi
Ala F(r) aq
- T3 é:()t 3 Elt Glt =0. (64)
q1 f]]

We arrive at different forms of F(r) in search of solu-
tion of system of equations (63) and (64). The solution
of systems of equations (63) and (64) yields different
forms of F(r). We provide as follows the details of
approximate Noether symmetries, the gauge terms and
approximate first integrals in phase space for these dif-
ferent forms of F(r):

Case 1 F(r) is arbitrary.

For arbitrary F(r), we obtain the following approxi-
mate Noether symmetries and the gauge terms in phase
space:

3
xX'=— G'=o,

ot
X2 — 0 n 1 0 n 1 0
—511(]28 2‘11191a 2‘]2P28q
G2 =a g%—e—F()
ql q1

9 9 9
X3 =2— —, G’=0,
at+q18 —i-6128q2

X64 = 12 3+t a +1 9 , G* =
- 81‘ qla qza 2 —CI1CI2,
5 0 5
X =e—, G° =0,
ot
X6 0 n 0 n 0
=€
6116]28 2611P18q 26]21728(]2
G6—eozq—2
611
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9 3 9
X = (2L 41— + -2, GT =0,
(at+q%q'+@a@)

9 b 9
X8 =e(P— +1q— +12—). G* =equqn.

ot g1 R
a €
xX° = €pr—, G’ = —(;l,
g2 i
ad ta
X0 =etpr—qny— G¥=e—,
q2 qi
2 2
t d t
0o (C2 i) onaE (),
2 9g2 2\ g
(65)

For arbitrary F(r), four stable and seven unstable
approximate Noether symmetries exist in phase space.

The first integrals of approximate Hamiltonian sys-
tem (62) for arbitrary F(r) are as follows:

I'=pipr+al - €Jl+0()
1 ‘11
,» 1 ‘12
I* = =(p1q1 — p2g2)* — 202 +26—F(r)
2 ql q1
+0(e?),
q2 F(r)
13=p1q1+pzqz—2t<p1pz+a—3—e 5 )
q1 q1
+0(?)
I* = t(prq1 + p2g2)
a2 F(r)
—12(P1P2+a—3— —) q1q2 + 0(€?)
q7 6]1

P =e¢(pip +a%) + 0(e?),

1

1 q2
1°= 6(-(171611 — p2g2)” — 2a—22> + 0(e?)
2 q;
92
1= 6(171611+p2q2 - 2t(p1pz+aq—3)>+0(62),
I* = 6<f17141 +tpaga — 2 (p1p2 +0t ) q1qz>
+ 0(e?),

qi
2 2
t°p2 0 1 at”
2 aqgx 2 ql

+0(?). (66)
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For arbitrary F(r), four stable and seven unsta-
ble approximate first integrals exist in phase space.
Campoamor-Stursberg [23] reported existence of only
two stable approximate first integrals /' and 7. The
two additional stable approximate first integrals /3 and
I* arise by utilizing this newly developed approach.

Case 2 F(r) = b;.

For F(r) = b', we have following three additional sta-
ble approximate Noether symmetry and approximate
first integral in phase space:

X12:p2i Glzzﬁ
9g2 q;

1" = (p% - %) +0(e), (67)
1

13 d _la
X7 =@p—q)7—, Gi3=—,
9g> qi

13 _ N ] 2
I = <P2(IP2 q1) q2> + O(e7), (68)
1

2ps d 1 {af?
X14=<——f611>—, Gu=~— —4qt],
2 g2 2\ ¢? :

+0(€). (69)

Campoamor-Stursberg [23] reported existence of only
one stable approximate first integrals /2. For this case,
the two additional stable approximate first integrals
I'3 and I'* arise by utilizing this newly developed
approach.

Case 3 F(r) = byr.

For F(r) = byr, we have following three additional
stable approximate Noether symmetries and approxi-
mate first integrals in phase space:

o bz
X2 =pr—, Gpn=— -,
d 97 93
o b
1" = (p% - =+ e—ﬁ) +0(eD), (70)
q7 q1

X7 =({p2 —CI1)8—, Giz=——€—,
q2 q1 q7
ta thy
"= (Pz(tpz —q1) — —2) +e— + 0(),
q1 97
(71)
2
t a
X14 — (ﬂ — tq1> _
2 )
1 fat> 2by
Gu=35|—75 491 —€55:
2 (6112 247
2 2
t“p 1 (at 5
(5222 )
2 1
2 2\ ¢
2
t°b
te—a + 0(ED). (72)
2q;

Case 4 F(r) = byr?.
When F(r) = b3r?, there are no additional approxi-
mate Noether symmetries and approximate first inte-
grals in phase space.

Case 5 F(r) = bar>.

For F(r) = bsr®, we have following three additional
stable approximate Noether symmetries and approxi-
mate first integrals in phase space:

9 € 9 o 3byg?
X2 = py— — —byp—, G12:_2_6__42,
072 2« 9q1 qi 2 q
o eb 2 3
1" =p2— — + 74 (—ﬂ +3q—i) + 0(e),
q1 o q;
(73)
0 €by 0
XB =@pr—q)— + —(q2 — p1t)—,
g2 2« 9q1
2
13 to 3 tb4¢]2
G = —2 - 65_47
q1 q;
5 ta
I =patpr —q1) — —
q;
th 2 2 1
+e(—4( oy q—i) + —P1b442>
2 o q, 2a
+0(e?), (74)
2
t“p2 0 6b4t 1 0
( 5 q1> i e (42 = 51 )aq1
Gl 1 [at? 3t b4q§ €byq;
==\ —q )
2\ gt 4 qf 4o
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b 2 2 t
+6<—4 _ﬂ+34_i + -—pibag2
4 o q; 2

b 2
- 4—0’2) + 0(ed). (75)
4o
We have provided new forms of F(r) = bpr and
F(r) = byr? for which additional stable approximate
Noether symmetries and approximate first integrals

exist.

5 Conclusions

The approximate Noether theorem proposed for the
perturbed ODEs [1] was generalized in phase space
for approximate Hamiltonian systems. We followed the
procedure adopted by Dorodnitsyn and Kozlov [2] for
the Hamiltonian systems of unperturbed ODEs. The
approximate Legendre transformation connecting the
approximate Hamiltonian and approximate Lagrangian
was provided. The approximate Noether symmetries
determining equation for the approximate Hamiltonian
system was defined explicitly. We provided a formula to
establish an approximate first integral associated with
an approximate Noether symmetry of the approximate
Hamiltonian system.

First, we analyzed the perturbed orbit equation gov-
erning one body problem to re-derive previously estab-
lished results. The approximate Noether approach pro-
vided three stable and five unstable first integrals. In
[1], the same approximate first integrals were derived
by utilizing the calculus of variation techniques and
Lagrangian formulation. We also compared our results
with the unperturbed case studied by Dorodnitsyn and
Kozlov [2]. This guarantees that formulas proposed
here are correct. Next, we analyzed a linear non-
autonomous second-order ODE [7] for the approximate
first integrals. The approximate Noether approach pro-
vided five stable and five unstable first integrals.

This approach is applicable for the physical sys-
tems arising in applications containing small param-
eters or some arbitrary functions. We illustrated the
advantages of this newly developed approach to deter-
mine the functional forms of an approximate Hamilto-
nian system involving arbitrary function. Campoamor-
Stursberg [23] studied the perturbed system of ODEs
in Lagrangian perspective, and we have investigated
the same system in approximate Hamiltonian perspec-
tive. For arbitrary F (r), four stable and seven unstable

@ Springer

approximate first integrals were derived in phase space.
Campoamor-Stursberg [23] reported existence of only
two stable approximate first integrals for the case when
F(r) is arbitrary. The two additional stable approx-
imate first integrals are determined here by utilizing
this newly developed approach. Campoamor-Stursberg
[23] reported existence of only one stable approxi-
mate first integrals for the case when F(r) is con-
stant, whereas we have provided three stable approx-
imate first integrals for this case. We have also deter-
mined two additional functional forms F(r) = bor
and F(r) = byr? for which additional stable approx-
imate Noether symmetries and approximate first inte-
grals exist.

The approximate Noether approach [1] is applica-
ble only for the calculus of variation problems. The
approach developed here is applicable for the optimal
control problems as well as calculus of variation prob-
lems, and this aspect of approach developed here will
be considered in a future work.
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