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Abstract The perturbation to conformal invariance and the numerical algorithm of Hamiltonian systems with
disturbed forces under variational discretization are studied in this paper. Based on the discrete difference
variational principles, the discrete Hamiltonian equations (variational integrators) for dynamical systems are
obtained in the undisturbed and the disturbed cases, respectively. The determining equations of perturbation
to conformal invariance are established for disturbed Hamiltonian systems. The exact invariants of Noether
type led by conformal invariance for an undisturbed Hamiltonian system are derived. For disturbed discrete
Hamiltonian systems, the condition of perturbation to conformal invariance leading to adiabatic invariants is
proposed. Two examples are considered: a simple harmonic oscillator and the Kepler problem. The dynamical
analysis is given by using the numerical results.

1 Introduction

Explicit analytical solutions of differential equations of dynamical systems are the exception rather than
the rule. If there are no exact invariants in the systems, one looks for adiabatic ones, like in [1-3]. For a
mechanical system, there exists an intimate relation between the integrability of the system and the variations
of its symmetries [4—7]. The adiabatic invariants can be found by perturbation to symmetry, and the study of
symmetrical perturbation and adiabatic invariants proposes an effective way to obtain analytical solutions of
disturbed systems. In recent years, some progress has been made in the study of symmetrical perturbation,
such as Noether symmetrical perturbation [8], Lie symmetrical perturbation [9,10], and Mei symmetrical
perturbation [11], and they all can lead to adiabatic invariants. Conformal invariance is a modern method
for finding conserved quantities for dynamical systems; it is built on the scale invariance, the translation
invariance, rotational invariance and a variety of interactions [12]. Considerable progress has been made on
the application of conformal invariance to mechanical systems in decades [13—15]. Perturbation to conformal
invariance can also propose an effective method to get adiabatic invariants of disturbed Lagrangian systems
[16]. The theoretical and numerical results show that perturbation to conformal invariance is a feasible way to
solve disturbed dynamical systems.

Variational discretization is a structure-preserving discretization method for discrete conversion of contin-
uous dynamical systems [17, 18]. The corresponding variational integrators approach the numerical integration
from a variational principle rather than a discretization of the corresponding ordinary differential equations. So
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the underlying geometric properties of motion are preserved based on variational discretization. This approach
is effective to analyze the stability and the optimal control of engineering devices [19,20], the stochastic sys-
tems [21,23], the dynamic behaviors of flexible multibody systems [23,24], and the systems with holonomic
[25] or nonholonomic constraints [26,27]. As a while, the variational discretization is the theoretically most
appealing method and, in addition, is numerically competitive.

Integrability of the continuous Hamiltonian systems is often identified with complete integrability, that is,
the existence of as many independent integrals of motion in involution as the dimension of the phase space.
By discretizing Hamilton’s variational principle, symmetries of the discrete Hamiltonian systems [28] and
the Hamiltonian systems with constraints [29,30] have been studied. However, the literature that is specially
related to the integrability of discrete disturbed Hamiltonian systems is very limited. In addition, the adiabatic
invariants of disturbed Hamiltonian systems have not been simulated by variational algorithm. To address
the lack of research on these aspects, this paper extends the perturbation of conformal invariance to discrete
Hamiltonian systems and gets the numerical integration and analytical solutions under the action of small dis-
turbance. After presenting the basic theory of undisturbed Hamiltonian systems, the variational discretization
of disturbed systems is constructed in Sect. 2; the corresponding structure-preserving algorithm is also intro-
duced in this Section. Section 3 derives the definitions of conformal invariance for undisturbed and disturbed
systems, respectively. Section 4 obtains exact invariants directly from the conformal invariance of undisturbed
Hamiltonian systems. For the disturbed ones, the adiabatic invariants are constructed based on symmetrical
transformations of initial systems. Two numerical examples are presented to demonstrate the application of
the proposed approach in Sect. 5.

2 Variational discretization of disturbed Hamiltonian systems

Historically Hamiltonian systems came from Lagrangian systems in classical mechanics. Consider a
Lagrangian system whose configuration is determined by n generalized coordinates ¢; (i = 1, ..., n). Intro-
ducing the generalized momentum p; (i = 1, .. ., n) and Hamiltonian function H = H (¢, ¢, p), the continuous
canonical Hamiltonian equations are

oH

= —, 1
qi p; (1)
. oH .
pi=——, i=1,...,n. 2)
9qi
Consider the disturbed Hamiltonian difference equations at some lattice points (¢, q;, pi). Suppose an n-
dimensional configuration manifold ¢ = {q1,...,q,}, p = {p1,-.., pn}.- By an application of the discrete

Legendre transform to the discrete Euler-Lagrangian equations, the discrete Hamiltonian equations can be
obtained from a variational principle [28],

qik+1 — qik 0Hp

D(qix) = = , 3
Yh i hi+1 Opi k+1
Dik+1 — Pik OHp i
D(pij) = = = =2 “
Fh hi+1 04k
0Hp 0Hp k1
hit1 — Hpy+hi-1———— — Hpi-1 =0, ®)
3tk 3tk,1

where hyi11 = txy1 — # and hy_y = # — t—1 are the time steps, and Hp x = H (f txy1, g, Pyo1) and
Hp k-1 = H (tx—1.t, qx_1, py) are the discrete Hamiltonian functions, D4, represents the left discrete
(finite-difference) differentiation operators. Equations (3)—(5) require the discrete equations of undisturbed
Hamiltonian systems.

In the following, the discrete disturbed Hamiltonian equations will be obtained from the variational dis-
cretization. The discrete Hamiltonian framework Hp y = H (t tiy1, gy, Pry1) s transformed from the
Lagrangian Lp x = L (t tk41, gy, Pr+1) based on discrete Legendre transformations. The discrete disturbed
forces are eW; g = eW (&, k41, qi» Pry1), Where ¢ < 1 is the perturbed parameter. The finite-difference
functional is obtained on the n-dimensional mesh w:

Hy = Z (Pik+1 (gik+1 —gik) — Hpihiy1), i=1,....n (6)
Q
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where the sum is taken over a finite or infinite domain Q C w. And the total variation of Hj, is

AHy = — Z eWi ahi+18qi 1k )
Q

where 8¢ i is the discrete virtual placement satisfying

_ Gik+1 — Gik

At )
hiy1

8qik = Agik

The total variation of the function Hj along a curve g; = ¢; (t), p; = ¥, (t) at some points (¢, q;, p;) will
affect only two terms of the sum (6),

Hy =+ pik (9ik — qik—1) — Hpk—thi—1 + piks1 (giks1 — gik) — Hpxhigr + - -, ©)
So Eq. (7) can be rewritten as

JdHj, JdHj, dH,),
AH, = —kAPi,k + —Agik +

— Aty = — Wi ahi+18qi k. 10
. . o Ok > eWiahis18gix 10)

Q
Substituting Egs. (8) and (9) into (10) gives

0Hp -1
ODi k

0Hp k
9ik — ik—1 — hi—1 Apik — | Pidk+1 = Pik + hit1 bar eWiahiy1 ) Agik
L,
dHp k-1
T + Hp k—1+(qik+1 — 61i,k)8Wi,d) At = 0. (1)

0Hp i
- (hk+1 — Hp i + hr—
otk

For the stationary value of the discrete Hamiltonian action, the systems of 2n + 1 equations can be derived:

gik+1 —gik _ OHpk

D(qix) = = , (12)
+h hiy1 Opi k+1
Dik+1 — Pik OHp i
D(pig) = o = +eWia, (13)
Fh hit1 0qi k
0Hp i 0Hp -1
hi+1 — Hpk +hi—1———— — Hpx—1 + D(qix)eWiahk+1 = 0. (14)
oty k1 Th

Note that the first 2n Eqgs. (12) and (13) are first-order difference equations, which correspond to the disturbed
Hamiltonian equations in the continuous limit. Equation (14) is of the second order; it defines the lattice on
which the disturbed Hamiltonian equations are discretized, which is the energy equation. In the continuous
limit, the lattice equation itself disappears. Equations (12)—(14) require the discrete equations of disturbed
Hamiltonian systems.

3 Conformal invariance of discrete Hamiltonian systems

3.1 The definition of conformal invariance of undisturbed systems

To consider the discrete Hamiltonian equations, we need three lattice points. The prolongation of the Lie group
operator to the neighboring points (#x—1, q;_1, Pr—1) and (fx+1, g1, Pry1) is as follows:

d 0 d 0 0 0
rX§ =&, — + &% + n% + &5 — &5 — + % —
prXy =80k . §i0,k 0k M50,k i £00,k—1 Py §i0.k—1 g 1 Mi0,k—1 Pirt
0
%-Ol + Ea - + r)a _— (15)
00k gy PO g i O gy

where §5, 1 = 850 k1 (k=15 @x—1-Pk—1)-5{0 k-1 = §i0 k-1 k=1 Q=1 Pi—1)- M0 g—1 = M0 f—1 k=1 Gk —1
o _ o — o o _ o
Pi—1)s ‘EOO,k-H = g(()x(),k_H(tk-i-l’ Q415 Pk+1)s SiO,k-ﬁ-l = Ei(),k+1(tk+1’ 9i41Prs1) and Niok+1 = ’7i0,k+](tk+lv
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qi+1,Pr1) are discrete infinitesimal integrators. For the undisturbed Hamiltonian systems, Eqgs. (3) and (4)
can be expressed as follows:

Gik+1—9i k dHp

F hiyt  Opik+
F;, ;= i = " =0. 16
id Fipd Pik+1— Dk dHp k (16)
’ hk+1 09i k

Definition 1 If there is a nonsingular matrix Hf 4 satisfying the following condition:

prX§(Fiq) =H. , (Fq), (17)

then this kind of invariance is called the conformal invariance of undisturbed Hamiltonian systems under
single-parameter infinitesimal transformations (15). Equation (17) is the determining equation of conformal
invariance of the undisturbed systems (3) and (4), where Hf 4 18 called conformal factor.

3.2 The definition of conformal invariance of disturbed systems

When the system is subjected to small disturbance forces e W; 4, where W; 4 = W; 4(t, q;.,py) and € is a small
parameter, the original conformal invariance will change accordingly. Assume the variation is a perturbation
based on symmetrical transformation of the initial system, then é(‘)’f L= égf Tk Q- Pi)s Slffk = ‘;‘lffk (tes G- Pi)>
and n?', = n?; (t, g, p) denote the new generators after being perturbed and can be expressed as

£ = 6o+ 680 + EEH + -, (18)
EY =G+ eER + S+ (19)
nik = Mo +enip + 82’7?2 e (20)

The prolongation of the Lie group operators for a discrete disturbed system can be written as

prX® =¢e"prx®, 1)
where
0 0 0 0 0
erfV[l = sgm,k% + éici{n,k a%’,k + n?m,k Bpi,k + égm,k—l Aty + %-lo;n k=145 8% 1 + nlm k=1%o 3171
ek o £ L d 2)
—_— . —_— 77 —_—,
Okt S teer T agi g T s

Expressions (12) and (13) become

~q gik+1—9gik _ 9Hpy
_ |:F,',d:| _ hi+1 0Pi k+1

=0. 23
Pik+1—Pk | 9Hpx e W, (23)
M1 0gik i.d

Definition 2 For the discrete disturbed Hamiltonian systems, if there exists a nonsingular matrix I:If 4 satis-
fying ’

prX®(Fiq) =H., (ﬁl,d) : (24)
then the Hamiltonian systems maintain the perturbation to conformal invariance under the expressions (18)—

(20). Equation (24) is called the determining equation of the perturbation to conformal invariance for disturbed
systems, and Hf’ 4 1s called the conformal factor of discrete disturbed systems.
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4 Adiabatic invariants of discrete disturbed Hamiltonian systems
4.1 Exact invariants led by conformal invariance of discrete Hamiltonian systems

Theorem 3 For the undisturbed Hamiltonian (3) and (4), if there is a gauge function G%’ 4= G%’ 4 (T Tt 1,
4> Pr+1) that makes the infinitesimal generators &y, ., &5 , and 03, , of conformal invariance of the systems
satisfy the following structural equation:

o o o o o
; D (qi k) + pi D (§; —prX®(H —Hpi D + D (G; =0, 25
1i0,k+1 o (di.k) + Pik+1 b (Eds) — P (Hp.x) Dk L (€00.4) ! (Go.4) (25)
then the undisturbed Hamiltonian systems possess discrete exact invariants

OHp k—1

, ) + Gy, ; = const. (26)
" .

Iy = U?o,kpi,k - E(()x(),k (HD,k—l + hr—1

The proof is identical to that in [28] and we will not reproduce it here. Equation (25) is called the discrete
version of generalized Noether-type identity for the systems. The discrete Eq. (20) is called the difference
version of Noether conservation laws associated continuous Hamiltonian systems.

4.2 Adiabatic invariants led by the conformal invariance of discrete disturbed Hamiltonian systems

The change slowly in parameters is the same as the role of small perturbations. For the disturbed Hamiltonian
systems, the following theorem gives the condition that the perturbation to conformal invariance under small
disturbance can lead to Noether adiabatic invariants.

According to the definition of adiabatic invariants in [31], the definition of discrete adiabatic invariants is
given as the following definition.

Definition 3 For the discrete Hamiltonian systems, if a physical quantity I7, = I7, (tk, tk+1, qg> Piy1> €)
satisfies

D (1) = 0(7). @7

where IT, = I, + elj, + - - + &°I,, then I7, is called a zth-order adiabatic invariant of the systems.

Based on Definition 3, the Noether theorem for discrete Hamiltonian systems subjected to perturbation
quantities is obtained below.
Theorem 4 For the discrete disturbed Hamiltonian systems, if a discrete gauge function G, ,
G;”m’ (s tev 1, G, Pryy) exists such that the infinitesimal transformation generators satisfy the discrete Noether
identity

Mo i1 D (@ik) + piks1 DEy ) — prXe (Hpx) — Hpx D (€ 1)
+h +h +h
+ Wia I:Eioém—l),k - _gl(Qi,k)ég(m_l),k} + Bl(G?’"’d) =0, (28)

then the following formula:

Z

dHp k-1
=" <Eiam,kpi ~ Som k (HD,kl + hle> + ?‘m,d) (29)

m=0

is the zth-order adiabatic invariant of Noether type of discrete disturbed Hamiltonian systems.
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Proof After being perturbed, the gauge function comes into

Gad—G10d+‘9G11d+5 G12d—|— (30)

Considering Egs. (18)—(20) and (30), and computing the discrete derivative of I;‘ , one obtains
Z
0Hp k-1
%)=l)2:5"kamk—&%k(Hnb4+hb4————-'+Gmd
+h atk
m=0
4
0Hp k-1
=y & {D (fflm kPik — Eom.k (HD,k—l + hk—l—>> = Nim k1 D Qi k) — Pik+1 D&y, i)

0 +h ’ ’ oty ’ +h +h ’
+PVX;(;[1 (HD,k) + HD,k Bl(ggmk) - Wi,d |:'§,'Oém1),k - Q(Qi’k)gg(ml)’k}}

Zz
0Hpx  hr—10Hp 1
— gm o H _ _ B _ 5 _ 8W .
E Eom.k (Bl( D.k—1) o1 e o1 id Bl(qz,k)

dHp k aHDk>
D + 22K W)+l D(qik) — .
é:,m k ( (pik) 041k i d) Mim k41 (Jrh(%,k) O it

—Wia (sioéml),k - Bl (‘Ii»k) fg(ml),k)} :

Making use of (12)—(14), after deduction, we have

Z

D (I%) = Z :EWI d <§m kK~ Ql (gik) ‘(;:(()xm,k) — Wia (‘fﬁml),k - El (9i.x) 53(m1),k>}

m=0

Z
+1
= Z e"" Wia (ﬁ%,k D (9i.k) &6 k) Z " Wia ( Eim—1)k — 32 (9i.k) E(()x(m—l),k)

m=0
= Wi ( itk — D (qik) fgz,k) —&"Wia (51'021)& — D (qi) 53(1),k> ;
+h +h
the perturbations W; 4 = 0 hold when z = 0, so
+1
D (1) = Wi (884 = D @) 8 ). a1

It shows that I%; is in direct proportion to z+1, so I7;; is the discrete analogue of zth-order adiabatic invariants
for discrete disturbed Hamiltonian systems. The theorem is proved. O

5 Numerical examples
5.1 Simple harmonic oscillator

Consider the Lagrangian L = (42 - qz) /2 of a simple harmonic oscillator with an additional force F(g) =
—egq. For ¢ « 1, the system is amenable to solution using the methods from the preV10us Section. The discrete
Hamiltonian based on the variational discretization is given by Hp x = (pk 1t 2)/2. Let the positive and
constant /& be the time step. The discrete undisturbed Hamiltonian Eq. (16) is computed to be

Fq qk+}17(/k _ Pk+1
EJE{‘”}z _ —0. (32)

k+1 k
Fl]jd P +h P + qk

The Lie group operators for the discrete system (32) with regard to the conformal invariance of the undisturbed
Hamiltonian equation are given by &y0 = 1, &0 = g« and n19 = pi. The Noether identities (25) read
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Fig. 1 Error in the energy for free harmonic oscillator for the variational method
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Fig. 2 Comparison about error in the energy between the variational method and the RK4

piﬂ - q,% + Din (Go,d) = 0. The exact invariant is loy = (p,% + q,gfl)/2 with the gauge function Go 4 =
— Pkdk-

The energy error of the harmonic oscillator is shown in Figs. 1 and 2. Figure 1 demonstrates numerical
energy conservation by the variational algorithm, and the energy error is to about 1078 after 10,000 iterations as
well. Figure 2 demonstrates that the variational method is more precise than those from the standard RK4 under
the initial conditions (g1, b1) = (0.01, 0.01). It is obvious that the variational method has the advantage of
energy conservation in the long-time simulation. The relative error is stable of the order 108 for the variational
algorithm. Compared with the time step # = 10~!, 10~8 accuracy is rather small. Therefore, the algorithm
based on the variational discretization shows a huge advantage in the quantitative problems, especially in the
long-term tracking numerical simulation.

Suppose the systems are disturbed by the small perturbation e W; = gy, then the disturbed Hamiltonian

Eq. (23) becomes
= Fy P — prey
Fia= ”l’7 T ;e =0.
Fiy =+ gk + eqr

The prolongation of the Lie group operators for the discrete system is

- 0
prX = (qk +eqr) — + (qk—1 + €qik—1) + (qk+1 + €qk+1) , (33)
gk 0qk—1 0qk+1
and the conformal factor is ny = (é ?) From Theorem 4, the adiabatic invariant is
ha= 1+ (p; +4ai_1) /2 (34)

with the gauge function G1 4 = —(1 + €) pxgk.
Figure 3 displays the adiabatic invariant (34) with different coefficients of ¢ under the same initial conditions
(g1, b1) = (0.01, 0.01). As we go forward in time, the perturbed parameter ¢ keeps on increasing leading to

almost the same accuracy. It can be seen more obviously from Fig. 3 which shows the relative changes of the
adiabatic invariant (34) for different .
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Fig. 3 Error of adiabatic invariant (34) for the variational method

5.2 Kepler (two body) problem

The celestial mechanics often involves the Kepler problem, for example, satellites circle the earth, and the
planets move around the sun or binary star systems. The discrete Lagrangian of the Kepler problem is

-1/2

1
Lpy = 3 ((Aql,k)2 + (AQ2,k)2> - K? (qlz,k + ‘122,k) (35)

The discrete canonical conjugate momenta and the difference discrete Hamiltonian can be introduced by the

discrete Legendre transformation

dLp i
0AGi k

Dik+1 = , Hpr=pirt1Agix —Lpk, (=1,2). (36)

So the discrete Hamiltonian of the Kepler problem yields
1

2 2 2(.2 2 \—1/2
Hpr =7 (Plisr + Prert) + K- (@i taze) - (37)
The discrete Hamiltonian equations on the uniform mesh read
i —qi oH
qik+1 qi.k _ D.k ’ (38)
h Pi k+1
i — pi oH
Pik+1 Pik _ D,k ' (39)
h 99i k
The conformal invariance of the undisturbed Hamiltonian Eq. (38) and (39) is
5(}0,1( =0, 5110,1( = =492k 5210,1( =1k, 77}0,1( = — D2k ﬂ%o,k = Plk> (40)
5(%0,/{ =1, 5120,/< = —q2k, 5220,/< =dq1,k> U%o,k = —P2k> 77%0,/( = Plk- 41)
From Theorem 3 and solutions (40) and (41), the exact invariants are
Iy = —q@2.kP1k + q1k P2k = const. (42)
I§ = —q2.kp1k + quk P2k — He—1 = const. (43)

with the same gauge function Gy 4 = 0.

This Hamiltonian being autonomous, it is an invariant of the system. For simulations, we select the initial
conditions to be 1 = 0.1, ¢1(0) =0, ¢2(0) = 1.2, p1(0) = —1, and p2(0) = —0.6. The comparison of phase
diagrams of undisturbed systems is demonstrated using the variational method and RK4 method in Fig. 4. It is
clearly shown that the calculating phase diagrams of the variational methods are overlapped closed curves, and
the numerical results are consistent with the known analytical results. The phase diagram of the RK4 method
is a closed loop with a certain width, which indicates that an obvious artificial dissipation phenomenon has
appeared during simulation and also reflects the disadvantages of non-variational algorithms.
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Fig. 4 Phase diagrams a RK4 method; b variational methods
Suppose the perturbed forces are eW; 4 = —eq1k, and eWs 4 = —egq2 k. The discrete equations of the
disturbed systems read
ik+1 —qik _ OHpx
qh + CIl, — 5 , (44)
h OPi k+1
i k+1 — Dik dHp i
Piiel = Pik 20Dk oy, (45)
h 9qi k

One can readily verify the invariance of the Hamiltonian functions and the perturbed forces, that is

q1k+1—41,
Ly
D2.k+1—42,
£ MU — po ket
| B . 3
prX =prX | priii—pi 2 2\ 2
F3 7 T a1x i t 4924 —&q1k
Fy _%
P2.k+1— D2k 2 2
g T qk (ql,k + qlk> — &q2k
S1k+1—81k
SRR — ke
E2k+1—52k
S — ke

ol

3 5
= - 2 -2 -
AL 4 gy |:<q12,k + ‘122,k> - 341, (qlz,k + q%,k) ] — 3&2,191,k92,k (%z,k + 6122,k) I

[Nl

3
2

5
— -2 -
BATRE 4 6 ) [(qlzk + 61%,;{) —3q3; (qlz,k + q%,k) ] — 381.kq1.k92.k (qlz’k + qik) —ebn

and we have
Fi 0O -1 0 O o
| ) _ |1 0 0 0 P
PrPXIEl=lo o o —1]]|F
Fy 0 0 1 0 Fy

with the solutions of

Ep=08, =+ @&, =0+ quun,=—0+8) prx.my=1+e) prr, (46)
=L =—(U+o)qné =0+ qun,=—0+8)prc.n,=0+8) pri. @7

The conformal factor reads

o O

(48)

co~o
coco |
—ocoo
Sl
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Fig. 5 Adiabatic invariant (50) with time ¢ for the variational method

From the Noether identities (28), one obtains
. D . + p; D . — &q; it + D & :0, l=1,2
Nik+1 +h (Ch,k) Pik+1 +h (‘i:l,k) q:,ks:,k +h ( l’d) ( )
The adiabatic invariant of (46) then reads
Iy = (1 +8) (—q2xp1k + q1.kP2.k) (49)

with the gauge function G!, d = 0. For solution (47), the adiabatic invariant of the system is computed to be
Ity = (48 (—q2ipik + qrapek — H—1) — € (aiy +a34) /2 (50)

with the gauge function G%d =—¢ (qlz,k + ‘122‘1() /2.

Figure 5 displays the adiabatic invariant with different coefficients of & under the same initial conditions
in as Fig. 4. Similarly as for the adiabatic invariant presented in Fig. 3, the absolute value of the adiabatic
invariant (50) is almost constant.

6 Conclusions

This paper proposed a procedure for obtaining discrete adiabatic invariants of disturbed Hamiltonian systems.
This procedure is based on the perturbations to conformal invariance method approach to derive the adiabatic
invariants of the systems. The exact invariants and the adiabatic invariants are, respectively, constructed by the
discrete Noether theorems. Numerical tests prove that adiabatic invariants of disturbed Hamiltonian systems
have indeed almost constant values. It is demonstrated that algorithms defining the variational discretization
preserve the structure properties of the disturbed Hamiltonian systems.

Acknowledgements This work is partly supported by National Natural Science Foundation of China (Grand Nos.11502071 and
11732005), the spatial research project and Qin Xin Talents Cultivation Program of Beijing Information Science and Technology
University.

Compliance with ethical standards

Conflict of interest The authors declare that there is no conflict of interests regarding the publication of this article.

References

1. Pritula, G.M., Petrenko, E.V., Usatenko, O.V.: Adiabatic dynamics of one-dimensional classical Hamiltonian dissipative
systems. Phys. Lett. A 382, 548-553 (2018)

2. Burgers, J.M.: Die adiabatischen Invarianten bedingt periodischer Systeme. Ann. Phys. 52, 195-202 (1917)

3. Nayfeh, A.H., Balachandran, B.: Modal interactions in dynamical and structural systems. Appl. Mech. Rev. 42, S175-S201
(1989)

4. Noether, A.E.: Invariante Variationsprobleme. Nachr. Akad. Wiss. Gott. Math.-Phys. K. 2, 235-257 (1918)

5. Lutzky, M.: Non-invariance symmetries and constants of the motion. Phys. Lett. A 72, 86—88 (1979)



Preservation of adiabatic invariants for disturbed Hamiltonian systems 793

10.
11.
12.
13.
14.
15.
16.

17.

28.
29.
30.
31.

. Mei, EX.: Form invariance of Lagrange system. J. Beijing Inst. Technol. 9, 120-124 (2000)
. Luo, S.K., Li, ZJ., Peng, W., Li, L.: A Lie symmetrical basic integral variable relation and a new conservation law for

generalized Hamiltonian systems. Acta Mech. 224, 71-84 (2013)

. Jiang, W.A., Liu, K., Zhao, G.L., Chen, M.: Noether symmetrical perturbation and adiabatic invariants for disturbed non-

material volumes. Acta Mech. 229, 4771-4778 (2018)

. Zhang, Y., Wang, X.P.: Lie symmetry perturbation and adiabatic invariants for dynamical system with non-standard

Lagrangians. Int. J. Nonlin. Mech. 105, 165-172 (2018)

Ali, M.N., Seadawy, A.R., Husnine, S.M.: Lie point symmetries exact solutions and conservation laws of perturbed Zakharov—
Kuznetsov equation with higher-order dispersion term. Mod. Phys. Lett. A 34, 1950027 (2019)

Luo, S.K., Yang, M.J., Zhang, X.T., Dai, Y.: Basic theory of fractional Mei symmetrical perturbation and its applications.
Acta Mech. 229, 1833-1848 (2018)

Galiullin, A.S., Gafarov, G.G., Malaishka, R.P., Khwan, A.M.: Analytical Dynamics of Helmholtz, Birkhoff and Nambu
Systems. UFN, Moscow (1997)

Cai, J.L.: Conformal invariance of Mei symmetry for the non-holonomic systems of non-Chetaev’s type. Nonlinear Dyn. 69,
487-493 (2012)

Karevski, D., Schiitz, G.M.: Conformal invariance in driven diffusive systems at high currents. Phys. Rev. Lett. 118, 030601
2017)

Wang, P.: Conformal invariance and conserved quantities of mechanical system with unilateral constraints. Commun. Non-
linear Sci. 59, 463-471 (2018)

Xia, L.L., Ge, X.S., Chen, L.Q.: Discrete symmetrical perturbation and the variational algorithm of disturbed Lagrangian
systems. Chin. Phys. B 28, 030201 (2019)

Wendlandt, J.M., Marsden, J.E.: Mechanical integrators derived from a discrete variational principle. Phys. D 106, 223-246
(1997)

. Marsden, J.E., West, M.: Discrete mechanics and variational integrators. Acta Numer. 10, 357-514 (2001)
. Colombo, L., Ferraro, S., Diego, D.M.D.: Geometric integrators for higher-order variational systems and their application

to optimal control. J. Nonlinear Sci. 26, 1615-1650 (2016)

. Jiménez, E.: Discrete variational optimal control. J. Nonlinear Sci. 23, 393-426 (2013)

. Bourabee, N., Owhadi, H.: Stochastic variational integrators. IMA J. Numer. Anal. 29, 421-443 (2008)

. Holm, D.D., Tyranowski, T.M.: Stochastic discrete Hamiltonian variational integrators. BIT 58, 1009—-1048 (2018)

. Bai, L., Ge, X.S.: Dynamic modeling of spacecraft solar panels deployment with Lie group variational integrator. TAML 8,

415-424 (2018)

. Ebrahimi, M., Butscher, A., Cheong, H., lorio, F.: Design optimization of dynamic flexible multibody systems using the

discrete adjoint variable method. Comput. Struct. 213, 82-99 (2019)

. Wenger, T., Ober-Blobaum, S., Leyendecker, S.: Construction and analysis of higher order variational integrators for dynam-

ical systems with holonomic constraints. Adv. Comput. Math. 43, 1163-1195 (2017)

. McLachlan, R., Perlmutter, M.: Integrators for nonholonomic mechanical systems. J. Nonlinear Sci. 16, 283-328 (2006)
. Chang, D.E., Perlmutter, M.: Feedback integrators for nonholonomic mechanical systems. J. Nonlinear Sci. 29, 1165-1204

(2019)

Dorodnitsyn, V., Kozlov, R.: Invariance and first integrals of continuous and discrete Hamiltonian equations. J. Eng. Math.
66, 253-270 (2010)

Fu, J.L., Fu, L.P,, Chen, B.Y., Sun, Y.: Lie symmetries and their inverse problems of nonholonomic Hamilton systems with
fractional derivatives. Phys. Lett. A 380, 15-21 (2016)

Xia, L.L., Chen, L.Q.: Mei symmetries and conserved quantities for non-conservative Hamiltonian difference systems with
irregular lattices. Nonlinear Dyn. 70, 1223-1230 (2012)

Baikov, V.A., Gazizov, R.K., Ibragimov, N.H.: Perturbation methods in group analysis. J. Math. Sci. 55, 1450-1490 (1991)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.



	Preservation of adiabatic invariants for disturbed Hamiltonian systems under variational discretization
	Abstract
	1 Introduction
	2 Variational discretization of disturbed Hamiltonian systems
	3 Conformal invariance of discrete Hamiltonian systems
	3.1 The definition of conformal invariance of undisturbed systems
	3.2 The definition of conformal invariance of disturbed systems

	4 Adiabatic invariants of discrete disturbed Hamiltonian systems
	4.1 Exact invariants led by conformal invariance of discrete Hamiltonian systems
	4.2 Adiabatic invariants led by the conformal invariance of discrete disturbed Hamiltonian systems

	5 Numerical examples
	5.1 Simple harmonic oscillator
	5.2 Kepler (two body) problem

	6 Conclusions
	Acknowledgements
	References




