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We propose efficient numerical methods for nonseparable non-canonical Hamiltonian systems which are explicit,
K-symplectic in the extended phase space with long time energy conservation properties. They are based on extending
the original phase space to several copies of the phase space and imposing a mechanical restraint on the copies of the
phase space. Explicit K-symplectic methods are constructed for two non-canonical Hamiltonian systems. Numerical tests
show that the proposed methods exhibit good numerical performance in preserving the phase orbit and the energy of the
system over long time, whereas higher order Runge—Kutta methods do not preserve these properties. Numerical tests also
show that the K-symplectic methods exhibit better efficiency than that of the same order implicit symplectic, explicit and
implicit symplectic methods for the original nonseparable non-canonical systems. On the other hand, the fourth order K-
symplectic method is more efficient than the fourth order Yoshida’s method, the optimized partitioned Runge—Kutta and
Runge—Kutta—Nystrom explicit K-symplectic methods for the extended phase space Hamiltonians, but less efficient than
the the optimized partitioned Runge—Kutta and Runge—Kutta—Nystrom extended phase space symplectic-like methods with
the midpoint permutation.
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1. Introduction

Many mechanical systems can be expressed as non-
canonical Hamiltonian systems, such as the Lotka—Volterra
model,!'l the nonlinear Schrodinger equation,>!  the
charged particle system,®’] the guiding center system, 8-10]
the Maxwell-Vlasov equations!'"'? and the ideal MHD
formualtion.'3] These models appear in many applications
of areas. The Lotka—Volterra model!!! is the simplest model
of predator—prey interactions and it describes the growth of
animal species. It was first established in mathematical biol-
ogy, then it had been derived independently in the fields of
epidemics, combustion theory and economics, and other dis-
ciplines. The nonlinear Schrodinger equation!”™ is a very
important completely integrable model in soliton theory. It
appears in many physical areas, such as nonlinear optics,
plasma physics, and bimolecular dynamics. The motion of
charged particles!®”! in external electromagnetic fields is the
most fundamental equation in plasma physics research. It
contains the fast gyromotion and the slow gyrocenter mo-
tion. If we average out the fast gyromotion from the charged
particle motion, the motion of the gyrocenter is obtained.
The non-canonical Hamiltonian systems are generalizations
of the canonical Hamiltonian systems.!!-14-18] They have non-
canonical symplectic structures which are preserved by the
K-symplectic methods. K-symplectic methods exhibit advan-
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tageous energy preservation properties just like the symplec-
tic methods[®!°-231 for Hamiltonian systems. Therefore, K-
symplectic methods are preferred methods for long time simu-
lations of non-canonical Hamiltonian systems. One approach
to constructing K-symplectic methods for a non-canonical
system is to transform the system to a canonical one by a coor-
dinate transformtion!"'#! and use the symplectic method. The
other approach is the generating function method, '>2*! but it
is also inevitable to seek for one coordinate transformation. To
avoid the difficulty of finding the coordinate transformation,
we prefer to use the splitting method for the non-canonical
Hamiltonian systems.

Symplectic methods exhibit superior long-term behavior
compared with standard integrators such as explicit Runge—
Kutta methods. The long-term behaviors include the slower
error growth and the approximate preservation of invariants,
such as the energy and the angular momentum, without secu-
lar drift. Symplectic methods can be classified as the explicit
ones and the implicit ones. If the Hamiltonian can be separated
into several integrable parts, then explicit symplectic meth-
ods can be constructed by composing the analytical solutions
of the sub-Hamiltonians. The typical examples of explicit
symplectic methods are the second-order leapfrog method, ?!
the fourth-order Forest-Ruth method,!2) and the Yoshida’s

fourth-order method.!?*! For nonseparable Hamiltonian sys-
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tems, implicit symplectic methods are always available. Im-
plicit symplectic methods have completely implicit symplec-
tic methods including the implicit midpoint rule,?”-?8! the im-
plicit Gauss—Legendre Runge—Kutta symplectic method, 2391
and the explicit and implicit mixed symplectic methods.31-34]
The implicit methods are numerically more expensive than the
explicit methods because one of the iteration methods is re-
quired to solve the equations. On the other hand, the implicit
methods perform better in solving stiff equations than that of
the explicit ones. !

Recently, a fourth order non-canonical explicit and im-
plicit symplectic integrator for post-Newtonian (PN) Hamilto-
nian of spinning compact binaries was constructed by split-
ting the Hamiltonian to orbital and spin contributions and
the integrator exhibited excellent long-term performance. 3!l
Using the canonical spin variables suggested in Ref. [36],
some canonical symplectic methods for PN Hamiltonian of

spinning compact binaries were obtained. 3?34

By split-
ting the Hamiltonian into separable and nonseparable parts,

Zhong et al. developed the fourth-order explicit and im-

5.321 The explicit leapfrog

plicit mixed symplectic integrator
method was used to calculate the separable Hamiltonians
while the implicit midpoint rule was used to solve the nonsep-
arable Hamiltonians.3?! Mei et al. discussed the numerical
performances of the Forest—Ruth symplectic method and the
Yoshida symplectic method by several examples including the
PN Hamiltonian formulation of non-spin compact binaries. 3!
For the 10-dimensional PN canonical conservative Hamilto-
nian system, Mei et al. explored the influences of the spin ef-
fects of black hole pairs on the dynamics and showed that the
chaos occurs when the spin—spin effects of the two spinning
bodies were included by combining the numerical tests. 34l
In fact, when the dissipative force F is set to zero, the non-
canonical post-Newtonian Hamiltonian of spinning compact

binaries takes the form

. J0H
X=5p 0
. J0H
P=-3x @
. oH
Sa = T,Sa X Sa, (3)

where X are positions, P are momenta, S, (¢ = 1,2) are spins

and x denotes the usual vector cross product. As we know

that 22 x S, = S’aa—H where S, is an anti-symmetric matrix,
S, S,

then the system (1)—(3) becomes a non-canonical Hamiltonian

system or a Poisson system with the expression

Z:P(Z)VH(Z)7 Z:(XaPaShSZ)a (4)

where P(Z) is an anti-symmetric matrix and satisfies the Ja-
cobi identity which is defined below in Eq. (10). Poisson sys-
tems are generalized non-canonical Hamiltonian systems. The

matrix P(Z) in Poisson systems can be singular. When the
matrix P(Z) is nonsingular, the Poisson system becomes the
non-canonical Hamiltonian system.

A class of explicit symplectic integrators based on op-
erator splitting and composing have been developed re-
cently for nonseparable systems, such as the charged par-
ticles around Schwarzschild black holes,2>37-391 Reissner—
Nordstrom black holes,**#?! and Kerr black holes.[*~! By
splitting the Hamiltonian of Schwarzschild spacetime geom-
etry into four integrable parts whose analytical solutions can
be expressed as explicit functions, second order and fourth or-
der explicit symplectic integrators were constructed.>! The
same technique was also used to construct explicit symplectic
integrators for charged particles moving around a Reissner—
Nordstrom black hole with an external magnetic field“?) and
Reissner—Nordstrom—(anti)-de Sitter black hole with an exter-
nal magnetic field.[*!) Second order and fourth order explicit
symplectic integrators were proposed for the Kerr spacetime
geometry by using a time transformation function to obtain
a transformed Hamiltonian where the operator splitting and
composing can be directly used.!* Following the work of Wu
et al.,* explicit symplectic integrators were applied to study
chaos of charged particles around the magnetized Kerr black
hole.!*3] How the small changes of parameters effect the dy-
namics of charged particles around the Kerr black holes im-
mersed in an external magnetic field were also investigated. [*4]
Furthermore, by using the technique of the time-transformed
explicit symplectic integrators for the Kerr-type spacetimes in-
troduced in Ref. [45], Zhang efr al. proposed explicit sym-
plectic integrators for the deformed Schwarzschild black hole
immersed in an external magnetic field and the obtained inte-
grators exhibited good long-term performance for both regular

1381 All the explicit symplectic inte-

orbits and chaotic orbits.
grators constructed above are applied to the canonical Hamil-

tonian system
Z=J'VH(Z), (5)

where the symplectic matrix J is defined in Eq. (11). If
the Hamiltonian H can be separated into two parts H(Z) =
H\(Z)+ Hy(Z) with Z = (P,Q) € R*", we can define two
differential operators

" JH; 0d oH, 0
D ) (A ®)
ij,(api 20, 90; ag)
& 0H, 9 OHy 9
#=Y (530 oom) O

If the two sub-Hamiltonians have analytical solutions which
can be expressed as explicit functions, then the composing in-
tegrator exphBexphat/ (Zy) is a first order explicit symplec-
tic integrator. Higher order explicit symplectic integrators can
be constructed by composing exphZ and exph.e/. This op-
erator splitting and composing technique can also be applied
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to the non-canonical Hamiltonian system (4) with nonsingu-
lar P(Z), but the differential operators are defined in a dif-
ferent way. Assuming that we split the Hamiltonian H into
H(Z) = H|(Z) + Hy(Z), the two differential operators 2,
and 2, acting on a function F are defined as follows:

9iF =VF'P(Z)VH;, i=1,72. (®)

With the above two operators, if the two sub-Hamiltonians
have explicit analytical solutions, then we know that the
integrator exphZ,exph?,(Zy) is a first order explicit K-
symplectic integrator. Higher order explicit K-symplectic inte-
grators can also be constructed by using composing technique.

The splitting method is widely used to construct explicit
symplectic methods for separable Hamiltonian systems!!#647]
and explicit K-symplectic methods for non-canonical Hamil-
tonian systems.[®*34%1 Blanes and Moan used the splitting
method to construct an efficient fourth order symplectic
method for non-autonomous Hamiltonian systems.*®! He et
al. used the splitting method®! to construct the explicit K-
sympletic methods for the non-canonical charged particle sys-
tem. Zhu et al. constructed the explicit K-symplectic methods
for both the bright solitons motion and the dark solitons mo-
tion of the nonlinear Schrédinger equation.*#4%! The explicit
symplectic methods and K-symplectic methods had been con-
structed for separable systems while the work is much less for
the nonseparable systems. For several subclasses of nonsep-
arable Hamiltonian systems, Pihajoki constructed the explicit
extended phase space symplectic-like methods based on the
idea of extending the phase space by making two copies of it
and using the splitting method.®°! These methods have good
long-term performance in preserving the energy but are not
symplectic both in the original phase space and the extended
phase space because they are combined with coordinate mix-
ing transformations. Inspired by the Pihajoki’s work, several
researchers developed the phase space mixing maps.>'?! Liu
et al. compared several mixing maps and showed that the
leapfrog method with the sequent permutations of coordinates
and momenta can provide the most accurate results and the
best long-term stable error behaviour.’!l A fourth order ex-
tended phase space explicit symplectic-like method with the
sequent permutations of coordinates and momenta were pro-
posed to solve four-dimensional metric of relativistic core-
shell models with nonseparable Hamiltonian and the dynamics
of chaos of the system was investigated.[>3! Then, the mid-
point permutation map was proposed and proved to have bet-
ter performance. Luo et al. developed the midpoint permu-
tation map for the fourth-order Yoshida’s method and showed
that the midpoint permutation is more powerful in restrain-
ing the original phase space and the copying ones than that
of the sequent permutations of coordinates and momenta. [%%]
Li et al. developed three fourth order explicit symplectic-like

integrators by combining the extended phase space with the
midpoint permutation and the sequent permutations of coordi-
nates and momenta and got the same conclusion as Luo et al.
that the midpoint permutation has the best performance. >
The Yoshida’s fourth order extended phase space symplectic-
like method with the midpoint permutation was applied to
the problem of neutral particles around a Schwarzschild black
hole and the dynamics of generic orbits by using this numer-
ical method was surveyed.!>! Pan et al. also applied the
Yoshida’s fourth order extended phase space symplectic-like
method with the midpoint permutation to solve the coherent
post-Newtonian Euler-Lagrange equations and showed that
the method behaves well in energy and/or angular momentum
conservation over long time.’® To overcome the short-term
simulation problem of the Pihajoki’s work, Tao imposed a me-
chanical restraint with a control parameter £2 on the two copies
of the phase space and successfully realized the long-term
simulation.[”] The recent literature pointed out that there is
no universal method that can find the best choice of the control
parameter in the Tao’s methods.[2%! On the other hand, it was
shown that the fourth order symplectic Yoshida’s method and
Suziki-like method which are constructed based on the Tao’s
idea were inferior to the fourth order nonsymplectic symmetric
Forest-Ruth-like method with the midpoint permutation. [>]
The Tao’s methods were also shown not superior to the ex-
tended phase space symplectic-like methods with the mid-
point permutation proposed by Luo et al.’?! at the same order
in accuracy.!*”! Recently, semi-explicit symplectic integrators
for nonseparable Hamiltonian systems, which are symplec-
tic in both the original phase space and the extended phase
space, were proposed.>®3°1 These methods have good long-
term performance in preserving the invariants and exhibit the
same and even better efficiency than that of the Tao’s method.
All the articles mentioned above construct symplectic meth-
ods or symplectic-like methods for nonseparable Hamiltonian
systems. Different from them, we concentrate on the nonsep-
arable non-canonical Hamiltonian systems. Our work is based
on the pioneer work of Pihajoki and Tao, we construct the ex-
plicit K-symplectic methods for nonseparable non-canonical
Hamiltonian systems by using the splitting method. As the
non-canonical systems are more complicate than the canonical
systems, in some cases the two copies of the phase space are
not enough to construct explicit K-symplectic methods, thus
we need to make more copies.

Nonseparable

systems are important gradients of

non-canonical Hamiltonian systems.  The guiding cen-
ter system,!®1%' the reduced magnetohydrodynamics
equations,'® and the Ablowitz—Ladik model of the nonlin-
ear Schrodinger equation under periodic condition!!! are all
nonseparable non-canonical Hamiltonian systems. Thus, it

is critical to construct K-symplectic methods with long-term
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conservation property for nonseparable non-canonical sys-
tems. The idea is to extend the phase space and make several
copies of the phase space and to impose an artificial restraint
for the several copies of the phase space. The extended phase
space Hamiltonian consists of several copies of the original
Hamiltonian and another Hamiltonian H, with control param-
eter 2 that are used to control the copies of the variables.
The constructed method is explicit and K-symplectic in the
extended phase space. We extend the non-canonical systems
in two ways according to their structures and analyze in which
situation that the explicit K-symplectic methods can be con-
structed. Then we propose a second-order and a fourth-order
explicit methods which are K-symplectic in the extend phase
space but not K-symplectic in the original phase space. In or-
der to characterize the distance between the new Hamiltonian
H which is exactly preserved by a p-th order K-symplectic
method and the extended phase space Hamiltonian H, we
provide an error analysis on the Hamiltonian. The error anal-
ysis shows that the A provides an approximation to H. To
show the superiority of the K-symplectic methods in struc-
ture preservation and efficiency, we compare them with higher

61621 the implicit sym-

order explicit Runge—Kutta methods,|
plectic methods, the explicit and implicit symplectic methods
for the original nonseparable noncanonical Hamiltonians, sev-
eral other fourth order explicit K-symplectic methods for the
extended phase space Hamiltonians, and several fourth or-
der extended phase space K-symplectic-like methods with the
midpoint permutation.

The paper is organized as follows. Section 2 is focus
on constructing K-symplectic methods for the nonseparable
systems with special structure and analyzing the situation in
which the explicit K-symplectic methods can be constructed.
In Section 3, the nonseparable systems are general systems
and we make several copies of the phase space in order to con-
struct explicit K-symplectic methods. Section 4 provides an
error analysis from the view of Hamiltonian. In Section 5,
all the numerical methods are listed and the numerical results
in two nonseparable systems are provided. Finally, we give a
short conclusion in Section 6.

2. Explicit K-symplectic methods for nonsepara-
ble systems with special structure

Consider the non-canonical Hamiltonian system

Z=K Y2Z)VH(Z), z=(P,Q)" eR™, )

where the dot - represents the derivative with respect to time
t and the function H is the Hamiltonian. The matrix K =
(Iij)2nx2n is anti-symmetric, i.e., [;; = —Ij. It is nonsingular,
i.e., det K(Z) # 0. Meanwhile, it satisfies the Jacobi identity

alab 8lbc 81&1 _
dze  0za 0dz

0, 1<a,b,c<2n. (10)

If we replace the matrix K ~!'(Z) with the constant matrix
J~! where

o, I
J= nooTn) 11
(% &) av

then the non-canonical Hamiltonian system (9) becomes a
canonical Hamiltonian system Z = J 'VH(Z). According
to the Darboux’s theorem,!"!#] there exists a coordinate trans-
formation y = {(Z) that transforms the non-canonical Hamil-
tonian system (9) to a canonical Hamiltonian system. We as-
sume that y = §(Z) exists, then the system (9) can be rewrit-
ten as
9E(2)7 po1, 1 [96(2)1 T 5

':7K_Z{7}VH , 12

=% K @557 vAw). a2
where H(Z) = Ho (™' (y) = H(y). If the transformation sat-
isfies

2l (Z 0C(Z)1T
SRS o
or

dC(Z)1T _rdl(Z

) % =K s
then the system (9) becomes a canonical Hamiltonian system
y=J"'VH(y).

The non-canonical Hamiltonian system (9) has the gen-
eral symplectic structure which is defined by the following 2-
form

W= Y [;(Z)dzAdz;. (15)

1<i,j<2n
The above 2-form!'# is closed, i.e., dW = 0. The general sym-
plectic structure is also called K-symplectic structure which is
related to the matrix K (Z). The exact phase flow (exact solu-
tion) ¢;(Z) of the non-canonical Hamiltonian system is usu-
ally difficult to solve. However, we can use numerical methods
that exactly preserve the K-symplectic structure of the non-
canonical system. This kind of numerical methods is called
K-symplectic methods. It is well known that the exact flow
¢, (Z) is one of the K-symplectic methods. On the other hand,
the Hamiltonian is exactly preserved by the exact phase flow

o (Z),ie.,

dH(p:(Z)) _ dH(¢:(Z)) dei(Z)
dr 2¢:(2) dr
= (VH(9.(2))) K~ (.(2))VH(/(2))
=0, (16)

the last equality holds because K ~! is an anti-symmetric ma-
trix. Thus H(¢,(Z)) =H(po(Z)) = H(Zyp). Now we give the
definition of the K-symplectic methods.
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Definition 1 Given a numerical method G; : Z — Z , if
its Jacobian satisfies

{aC;réZ)}TK(GT(Z))[¥} =K(Z), 17

we call it as a K-symplectic method.!!

It is a difficult task to construct the K-symplectic methods
for the general non-canonical Hamiltonian systems.!!! How-
ever, we can construct the K-symplectic methods for the sep-
arable non-canonical Hamiltonian systems by using the split-
ting method in some cases. The problem is whether we can use
the splitting method to construct the K-symplectic methods for
the nonseparable non-canonical Hamiltonian systems.

Here the form of the matrix K ~! is assumed as

Kfl(Z): < Ton _KIZ(P7Q)>7 (18)
K,(P,Q) O,
|
D Oy _KIZ(pa Q) Oy
q|_ | Khpa) O, O,
b 0, (0 0O,
] O, O,

The original initial value problem is

where O, is the n X n zero matrix. We approximate the flow of
the non-canonical Hamiltonian system with an arbitrary non-
separable H(P,Q). The Hamiltonian is called separable if
H(P,Q) = H|(P) + Hy(Q).'" If the Hamiltonian does not
satisfy the above form, it is called nonseparable.

We aim at constructing higher order explicit K-symplectic
methods of the system (9) with nonseparable H by considering

an augmented Hamiltonian7!

H(p,q,z,y) := Hy+ Hp + QH, (19

in an extended phase space which is two copies of the origi-
nal phase space. Here Hy := H(p,y) and Hp := H(x,q) cor-
respond to the two copies of the original Hamiltonian with
mixed-up momentum and position variables, Hc :=| p—x |3
/2+ || @—vy |3 /2 is an imposed restraint, and € is a constant
that controls the binding of the two copies.>’! Then the new

system is
O, dpH(p,q,x,y)
O, aql_{(pqumay) - KVH. (20)
—Klz(ﬂﬁ,y) amH(paqawvy)
0, dyH(p,q,x,y)

P:7K12(P,Q)8QH(P,Q), P(O):P07 (21)
Q=K)(P,Q)JpH(P.Q),  Q(0)=Qu,
and the extended system is
p = *Kl2(p7Q)aqH(mv q) - Kl2(pa q)Q(q - y)a p(O) = P(0)7
0=K\(p.9)0pH(p,y) ~KL(p.9)R2(p—2).  q(0)=Q0), @)
& =—Kip(z,y)yH(p,y) - Knn(z,y)2(y—q), x(0)=P(0),
Y =K (x,y)d:H(z,q) + K (z.y)Q2x-p), y(0)=Q(0)
\
It should be noted that if p(f) = x(¢) in the extended sys-  subsystem II
tem (22), then the extended system is just the two copies of p=—Ki(p,q)94H(z,q),
the original system, thus we have the same exact solution Gg=0, 4
p(t) = 2(1) = P(t), q(t) = y(t) = Q(1) if the same initial & =0, 24
values are imposed on p, z, P and q, ¥, Q. y=K)(z,y)0H(z,q),
Denote the time-7 flow of H4 and Hp by ¢IEIA and ¢ITIB. subsystem III
H can be separated into two parts Hl =|| p— ||3 /2 and p=0
2 oy 112 : : S
H:=| g ~Y lI5 /2 We dencl)te the exact solution o.f the 2sub i=KL(p,qQp—=), 25)
system with Hamiltonian H; by (]);2 Hl and that with Hi by =0,
C
!TzHZ' Then we have the following four subsystems: Y= Krz(ma y)Q(x —p),
C
subsystem | and subsystem IV
pzovT p:_KIZ(paq)‘Q(q_y)a
q:KIZ(p7q)aPH(pay)7 23 q:07 26
CE:—KQ(-’B,y)&yH(p,y), ( ) :B:_Klz(may)g(y_q)a ( )
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The problem is that under which situation, the four subsystems
can be solved explicitly and the explicit K-symplectic methods
can be constructed. For the above problem, we have the fol-
lowing theorem.
Theorem 1 In the following situation, the above four
subsystems (23), (24), (25), and (26) can be solved explicitly.
If the elements

K, = diag(g1(p1,91),82(p2,92);- - -8 (Pns )

there exist continuous functions F;(p;,q;) and G;(p;,q;) such
dF(pigi) _ _ 1 dGi(pigi) _ _ 1

that dpi  — &i(piai) and dgi  — &ilpiai)’

can be solved in closed forms from the two functions F;(p;,q;)

and G;(p;,q;) foreachi=1,2,...,n.[4
Proof For the proof we refer to the details in Ref. [49].

and p; and ¢;

If all the four subsystems (23)—(26) can be solved explic-
itly, K-symplectic methods can be constructed by composing
the analytical solutions of all the subsystems. To prove this, we
simplify the case with just two subsystems. Assume that the
Hamiltonian H of the non-canonical Hamiltonian system (9)
can be split into two parts, i.e., H = H4 + Hp, then the sys-
tem (9) can be separated into two subsystems

Z =K Y(Z)VzH,, 27)

and

Z =K (Z)VzHp. (28)
Theorem 2 If we denote the exact solutions (exact flows)
of the two subsystems by q),TIA and ¢g , then the method
07, © 07, is a first order K-symplectic method.
Proof To prove the method ¢,§A o ¢le is a K-symplectic
method, we need to prove that it satisfies the Eq. (17) in Defi-
nition 1. Thus we need to prove

005 odf (Z)1T
(220 902N e g7, 005, (2)
205 ot (Z
x [%”A()} - K(2). (29)

Denote Z = 07, (Z), then the above Eq. (29) is equivalent to

(240252 Ktoin )

X[a(pgz( )gg} K(Z). (30)
The above Eq. (30) is equivalent to

2] (2 D) k05,2

{a%( Hé} : 31

As ¢1le is the exact solution of the subsystem (28), thus it is
a K-symplectic method, therefore, it satisfies the Eq. (17) in
Definition 1, i.e.,

I9f, (2T o o 905 (Z)
o] Kn,(2) | —hs | =K (2). 3
As aresult, the Eq. (31) is equivalent to
VAN . 10Z
2 k) -xn

AsZ = 7, (Z), it represents the exact solution of the subsys-
tem (27), thus it is also a K-symplectic method, furthermore,
we know that the Eq. (33) always holds. As a result, we prove
that ¢, o ¢y is a first order K-symplectic method. The proof
is completed.

Remark 1 According to the proof of Theorem 2, if q)fIA
and ¢I§B are two K-symplectic methods, then the composition
method d)lg o ¢1?1 is also a K-symplectic method.

It ¢HA , ¢HB’ oL and ¢ r? can be written in close forms
where 7 represents the time step51ze then similar to the proof
HL © ¢HB
¢15A is a first order explicit K-symplectic method. Denote this
method by &;, then

in Theorem 2, we can prove the method (])}2 2 © o 5
C

¢T = ¢5Héo¢gHéo¢ISBo¢lgA' (34)

The method @} represents the adjoint method of &; which is

(p:: = ¢ISA O¢IEBO¢;2HéO¢;2H%' (35)

The method @; is also a first order K-symplectic method. Ac-
cording to Remark 1, the composition method

y2 = ®;p0 Dy

r/2 1/2 T/2

5 o ¢ 7/2

1:/2 T/2

°0y, -, (36)

HL © ‘PQ HE o d) HL ° ‘P
which is a second order explicit K-symplectic method. %3]
Higher order explicit K-symplectic methods can be con-
structed by composing the first order K-symplectic method.

Remark 2 For arbitrary two dimensional nonseparable
non-canonical Hamiltonian system, the four subsystems can
be solved exactly. Thus the K-symplectic methods can be con-
structed in the extended phase space by composing the exact
solution of the four subsystems.

For high dimensional non-separable systems, if the ma-
trix K ! has the special structure as Eq. (18) and satisfies
the requirements in the above Theorem 1, then we only need
to make two copies of the phase space to construct explicit
K-symplectic methods. If the matrix does not have the spe-
cial structure, we will show another way to construct explicit
K-symplectic methods in the next section.
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3. Explicit K-symplectic methods for general
nonseparable systems

Let d = 2n, we consider the d dimensional non-
canonical Hamiltonian system (9) with nonseparable Hamil-
tonian H(P) = H(p1,p2,-..,pa4). The skew-symmetric ma-
trix K~!(Z) has no special structure. Denote by K~ ! =
(kij)axa- We extend the d dimensional phase space to d? di-

mensional phase space. Denote by Py = (p11,p12,---,P1d)>

Py = (p21,p2,..-,p2a);- - Pa = (par, Paz; - - -, Paa)-
We first consider the augmented Hamiltonian with mix-
up variables as follows:

M=

H(Py,...,P;) = Y H(Pat1-i1,Pd+2—i2:--»
i
Pd,i>Pli+1s--+>Pd—id) +2Hc. (37)
Denote by
Hi = H(pa1,P12,P23,---,Pd—1,d), (38)
Iﬂ Iggl(fﬂ)
P, K '(P)

It can be verified that if the conditions Pj(r) = P,(t) =--- =
P,(r) hold, the above system (43) is the d copies of the orig-
=P(t) == Py(t) =
P(t) if the same initial condition is imposed on P and each P,,
1<i<d.

The next step is to explicitly solve each subsystem with

inal system (9), thus we have P(r)

the Hamiltonian H; for 1 <i < d. Here we present the subsys-

tem with Hy = H(pa1, P12, 235+ - Pd—1.d)
pr=kia(P)SE, i=134,...4,
P2 =0,
Pzizki,s(Pz)gpi i=1,2,4,....d,
P23 =0, (44)
pa1 =0, ;
pd,i:ki,l(Pd)Wl?l, i=2,3,....d.

It can be seen that pio, p23,..., pq1 are all constants as their
derivatives are zero. As the Hamiltonian H; is just a func-
tion of constants pi2, p23, - .., pai, therefore its partial deriva-

tives are all constants. Thus, whether the d subsystems can be

0 ki2(p1,p2)

—ki2(p1,p2) 0
K-'(P)=| —kis(pi,p3)  —ka(p2,ps)
~kia(p1,pa)  —kaa(p2,pa)

71(Pd) an

Hy = H(pa—1,1,Pd2:P13--->Pd—2,d)> (39)
Hy_y =H(p21,p32,---Pdd—1:P1d), (40)
Hy;=H(pi1,p2,.--,Pd—1,d-1,Pdd), (41)

then H = H) + Hy+---+Hy; + QH, for any 1 <i<d, H;
takes one variable from P;, 1 < j < d. The function H, is a
constraint with

- ||P1 Pili 511 P— P/ [
_|_
=), Z
L || Py — P P, —Py|3
d-2 d— d
j=d—1
Then the new system is
opH(P,P,,...,Py)
op,H(P,,Ps,...,Py) _
) =KVH. (43)

I:I(P17P27"'5Pd)

solved explicitly depends on k;;, i,j =1,...,d.
For the constraint function QH., we separate it into

QH, = YL, QH; with Hyy; = yd_, 2’

Hyyi =

Z 7‘721 P”) 5 ey H(d*l)d%»i = 7(17‘1 1"12 Pd:) N l: 1,2 7d
Here we only present the subsystem with Hamiltonian QH
p11 =0,
pii=ki(P1)Q(p11—pa+pu—ps+-+piu—pa),
i=2,3,....d,
21 =0,
P . (45)
P2 =kit(P2)Q2(pa1 —p11), i=2,3,....d,
pa1 =0,
Pa,i = kitl(Pa)Q2(pa1 — p11), i=2,3,....,d.

We can find that py1, p21, ..., pa1 are all constants.
Theorem 3 In the following situation, the above d? sub-
systems can be solved explicitly.

If the form of the matrix K !
P: (p13p27"‘7pd) iS

is under the variable

ki3(p1,p3) kia(p1,pa)
k23(p2,p3) kaa(p2,pa)
0 - kaa(p3,pa) | (46)
—k3a(p3,pa) - 0
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where K~ '(P) = (kij(pi,p;))axa and there exist continu-

ous functions F;(p;, p;) and G;;(p;, p;) such that %ﬁ{vm -
1 dGij(pipj) _ 1 ' '
K (piry) TR e and p; and p; can be solved

in closed forms from the functions Fj;(p;,p;) and G;;(pi,p;)
forany 1 <i,j<d,i#j.

Proof For the proof we refer to the details in Ref. [64].

Remark 3 By extending the d dimensional phase space
to the d* dimensional phase space, whether the subsystems
can be solved exactly depends totally on the elements of the
skew-symmetric matrix K '

If all the d* subsystems can be solved explicitly, then the
first order explicit K-symplectic method can be constructed by
composing all the exact solutions. The higher order explicit
K-symplectic methods can be constructed by composing the
first order K-symplectic method. More specifically, denote the
exact solution of each subsystem by (])f,,_, i=1,2,...,d% and
denote 7 by the time stepsize, then the first order K-symplectic
method @; is

¢‘L' = ¢Zld2 O(P;Iziz—] O"'O¢1520¢15|' (47)
Its adjoint method ®; is
¢;:¢Islo¢§20"'o¢§d2_lO¢Isd2' (48)

Meanwhile, we can compose @; to obtain a higher order K-
symplectic method

‘I’TECIJ%TO@EXTO...ocIDEZTodbalfodbElr, (49)

with the coefficients o = By+1-;, 1 < i <s. Here @} is the
adjoint method of ;.

In many real problems, the high dimensional problem
can be decoupled into several lower dimensional problems,
thus one can solve the lower dimensional problems. For ex-
ample, the equation for the distribution function f of the
Vlasov—Maxwell equations can be rewritten as a 6n dimen-
sional Hamiltonian system by expressing f as a sum of Dirac
masses%>! and the 6n dimensional system can be decoupled
into n charged particle systems of 6 dimension.

4. Error analysis

The K-symplectic methods can preserve the K-symplectic
structure of the non-canonical Hamiltonian system. Another
property of the K-symplectic methods is that they can nearly
preserve the Hamiltonian without secular drift over long time.
The Hamiltonian of the non-canonical Hamiltonian system
is also called the energy of the system. Different from the
energy-conserving methods which can exactly preserve the
energy, [°-7% the K-symplectic methods only possess near en-
ergy conservation property. The near energy conservation
property of the K-symplectic methods can be seen from the

following theorem. The theory of backward error analysis
is the main approach to investigating the long-term behavior
of the K-symplectic methods. The main idea of backward
error analysis is to view the numerical solution obtained by
one numerical method as the exact solution of a new sys-
tem with a new vector field that is an approximation of the
original vector field. More specifically, we assume that a nu-
merical method G;(Z) proceeds a series of numerical solu-
tion Z;, i = 1,2,...,m, where Z; is the value at the i-th time
step. Given a differential equation Z = f(Z) and the numer-
ical method G;(Z), the idea of backward error analysis is to
search for a modified equation

Z=f(2)+1hH(2)+PH(2) +- -,

such that Z, = Z(nt) where Z(nt) is the exact solution of
the modified Eq. (50) at time nt.
Theorem 4 Assume that the numerical method G;(Z)

ZeR™, (50)

applied to the differential equation Z = f(Z) is of order p,
ie.,

Gi(Z) = 9(Z) + 1711 5,11(Z2) +O(z?),  (51)

where ¢;(Z) represents the exact solution of the system Z =
f(Z), and the term 715, 1 (Z) is the leading term of the lo-
cal truncation error, then the modified equation of the method
G:(Z) satisfies

Z=f(2)+ 7 fr1(2)+ T frin(2) + -,
Z(0) = Zo, (52)

with fp11(Z) = Sp+1 (Z)'[H

Proof For the proof, please see the proof of Theorem 1.2
of Chapter IX in Ref. [1].

If the differential equation is a non-canonical Hamilto-
nian system and the method is a K-symplectic method, then
we have the following theorem.

Theorem 5 If the numerical method G;(Z) of order p
applied to the non-canonical Hamiltonian system (9) is K-
symplectic, then its modified equation is also a non-canonical
Hamiltonian system with the new Hamiltonian A. To be spe-
cific, for every initial value Zj € R2", there exists a neigh-
borhood U and smooth functions H; : U = R, j=p+1,p+
2,... such that the modified equation of the method G;(Z)
satisfies!!]

Z = K Y (2)(VH(Z)+1"VH,,(Z)
+ " Hy 0 (Z)+--), ZeU, (53)

the new Hamiltonian A = H + t"H,1 + " Hyp + -+ is
also called the formal energy of G(Z).

Proof For the proof, please see the proof of Theorem 3.5
of Chapter IX in Ref. [1].

According to Theorem 5, we know that the difference of
the Hamiltonian H at two adjoint two steps is

A A

H(Zpi1) —H(Zy) = 0(Zpi) — B(Z,) +O(hP).  (54)
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As the values Z, and Z,; calculated by the K-symplectic
method G;(Z) are the exact solutions of the modified Eq. (53),
together with the fact that the Hamiltonian is exactly preserved
by the exact solution, then we know that H(Z, 1) = H(Z,).
Therefore, we obtain that H(Z,+1) — H(Z,) = O(hP).

The near energy conservation property of the K-
But for the K-

symplectic method of the non-canonical Hamiltonian sys-

symplectic methods is explained above.

tem (20) or (43) with a control parameter 2 whose value might
be big, we should further explore the relationship between the
difference of the two Hamiltonians A — H and the parameter
Q. So, we want to quantify the magnitude of the leading term
H), 1 in the formal energy H for the p-th order K-symplectic
method of the extended phase space Hamiltonian. Take the
first order K-symplectic method &, = !T) 12 o (])!Tm 1 o ¢ZIB o q)I?IA
in Section 2 as an example, then according to Theorem 5, the
formal energy of &; is H = H + hH, + h*Hs + ---. Denote
the Lie derivatives of the subsystems with KVH,, KVH;,
K'.QVH&, and K’.QVH% by Dy, , Dy, DHc" and DHé, respec-

tively, then we have!!]

@; = exp(tDg, ) exp(TDpy) exp(TDHé) exp(TDH%)Id. (55)
By using the BCH formula, we can get

&, = exp(eD)ly, (56)
where
D = DHA +DH3 +DHé +DH§
1 1
+ T(g [Dry, Digl + 5 [Dry . Dy

1 1
[Drg: D] + 5 [Dry Dyl + 5 [Drg, Dy

+§[DHé,DHé]) S Hy T - (57)

The Lie bracket is defined by

_|_

e

[D1,Ds] = DDy —DsD;. (58)

According to the Lemma 3.1 in the Ref. [1], if Dy, and Dy,
are Lie derivatives of KVH, and KVHjp, respectively, then
(D, , Dy is the Lie bracket of K'V{Hp, Hs} where {Hp,Hx}
is a Poisson bracket defined by VHJ] K'VH,. Thus, we can
know that the second term H, in the modified equation is

1 1
H, = E{HB,HA} + E.Q{Hé,HA}
1 1
+ EQ{HclvHB} + EQ{HéHA}
1 1
+§Q{H§7HB}+§QZ{H2%H&}~ (59)

Therefore, we know that H5 is the sum of some Poisson brack-
ets containing two Hamiltonians. Then we can obtain that if

the K-symplectic method is of order p, the second term H),
in the modified Eq. (53) is the sum of some terms of p nested
Poisson brackets containing p + 1 Hamiltonians.

For the first order method &;, we assume that p,q,x,y
and H, are bounded, and the Hamiltonian A of the modified
equation is conserved by the K-symplectic methods, thus Q H,.
is bounded. As a result, we know that || p —z ||= O(1/VQ)
and || ¢ —y ||= O(1/v/Q). Thus, we obtain that

VHL=0(1/VQ), VH:=0(1/VQ). (60)

Therefore, we know that H, of the first order K-symplectic
method @, is of magnitude €, i.e., the difference between
H and the formal energy H of the first order K-symplectic
method @, is

H—-H=0(tQ). (61)
In a similar way, we can prove that the difference between
H and the formal energy H of the p-th order K-symplectic
method is

H—H=0("QP+)/2) (62)

because the p nested Poisson brackets contains the p + 1
Hamiltonians, and the total number of .QHCl or .QH% that ap-
peared in the Poisson brackets is at most p+ 1. According to
the above analysis, we know that the formal energy H of the
p-th order K-symplectic method provides an approximation to

the extended phase space Hamiltonian H. Thus the time step-
+1

size constraint is T < Q2 % . The energy error analysis of the
K-symplectic method for the general nonseparable system in
Section 3 is similar.

The above error analysis is a rough error estimate, the true
error bound may be even smaller. But the error bound provides
a constraint on the time stepsize.

5. Numerical experiments
5.1. Numerical methods

To demonstrate the superiority in the structure preserva-
tion and efficiency of the K-symplectic methods, we com-
pare them with higher order Runge—Kutta methods, the im-
plicit symplectic methods, the explicit and implicit symplectic
methods for the original nonseparable noncanonical Hamilto-
nians, several other fourth order explicit K-symplectic meth-
ods for the extended phase space Hamiltonians, and several
fourth order extended phase space K-symplectic-like methods
with the midpoint permutation. Denote @, by the first order
K-symplectic method composed by the exact solution of all
subsystems which is defined in Eqs. (34) and (47).

2ndKSYM: the second order K-symplectic method for
the extended non-canonical Hamiltonian system, which is the
composition of @ and its adjoint method is @[3

P = ;0P (63)
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4thKSYM: the fourth order K-symplectic method for the
extended non-canonical Hamiltonian system, which is com-

posed by! 7!l

‘P;‘E¢asrod>§sro...od5i§ﬂoCPOMOCDE]T. (64)

The values of the parameters y, 1, . . ., 0s, B5 are given as fol-
lows:
14—+/19 1464519
Bl_aS_Wv al—ﬁs—Tv (65)
By — o4 — —23-20+/19
2 — 4 = 270 )
—24+10v/19 1
a2—ﬁ4—Ta B3—063—§- (66)

According to Remark 1, we can prove that both the 2nd-
KSYM method and the 4thKSYM method are K-symplectic
methods. It should be noticed that both the 2ndKSYM method
and the 4thKSYM method are not applied to the original non-
canonical Hamiltonian system, thus they are not K-symplectic
in the original system.

3rdRK: the third-order explicit Runge—Kutta method
(Heun method).!”? It can be applied to both the extended non-
canonical Hamiltonian system and the original non-canonical
Hamiltonian system.

5thRK: the explicit Runge—Kutta method with effective
order 5 (Butcher method).[®>7?] It can be applied to both the
extended non-canonical Hamiltonian system and the original
non-canonical Hamiltonian system.

2ndMIDP: the second-order implicit midpoint rule!?’-?8]
for the original non-canonical Hamiltonian system (9). This
method is symmetric and symplectic for the Hamiltonian sys-
tems.

2ndSV: the second-order Stomer—Verlet method!!! for the
original non-canonical Hamiltonian system (9). This method
is semi-implicit and symmetric. It is also symplectic for the
Hamiltonian systems. We denote it by SVT2.

4thBPRK: the optimized fourth-order partitioned Runge—
Kutta method for the extended non-canonical Hamiltonian
system proposed in Refs. [39,73]. The method is composed
by

I'= ®yro®p 0.0y 0Py 0D . (67)

The values of the parameters y, 1, . . ., O, B¢ are given as fol-
lows:

B1 = a = 0.079203696431196,

oy = e = 0.130311410182166, (68)
B> = o5 = 0.222861495867608,
0 = Bs = —0.366713268047426, (69)

B3 = oy = 0.324648188689706,

oz = B4 = 0.109688477876750. (70)

4thBRKN: the optimized fourth-order Runge—Kutta—
Nystrom method for the extended non-canonical Hamiltonian
system proposed in Refs. [39,73]. The method is composed by

OF = Pz D 0...0Dy oDy 0P . (71)

The values of the parameters o, B, . . ., Q, B are given as fol-
lows:

Bi = o = 0.082984406417405,

o = B = 0.16231455076687, (72)
B> = a5 = 0.23399525073150,

o = Bs = 0.37087741497958, (73)
Bs = oy = —0.40993371990193,

o3 = B4 = 0.059762097006575. (74)

4thYOS: the fourth-order Yoshida’s K-symplectic meth-
ods for the extended non-canonical Hamiltonian system. ]
The method is composed by

;=W oW oW, (75)

3T
where },1 = },3 = ﬁ,ﬂq =1 —211.
4thBPRK-MP: the optimized fourth-order partitioned
Runge—Kutta K-symplectic-like method with the midpoint

permutation. 2! The midpoint permutation is
M:p—i_Tm—)p:w, ﬁTy—)q:y, (76)

for the extended system (20) with two copies. Meanwhile, for
the extended system (43) with d copies, the midpoint permu-

tation is
1n+tpa+--+pa
M. PP p b = pi1=p2a=--=pa, (17)
Rtpo+--+pn
prth p P = pr2=pn=--=psn, (18)
Pid + P2+ + Pad
— P1d = P2 ="""=Pda- (719)

d
The 4thBPRK-MP method is the fourth-order partitioned
Runge—Kutta method FT4 combined with the midpoint permu-
tation

ML =M®ILF (80)

It should be noticed that for the method 4thBPRK-MP, the
midpoint permutation is chosen to control the copies of the
variables, thus € is no longer needed, therefore £2 = 0 in the
method I+,
4thBRKN-MP:
Kutta—Nystrom K-symplectic-like method with the midpoint
permutation.[?! The 4thBRKN-MP method is the fourth-
order Runge—Kutta—Nystrom method @ combined with the

the optimized fourth-order Runge—

midpoint permutation

MO} =M20;. (81)
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It should be noticed that for the method 4thBRKN-MP, the
midpoint permutation is chosen to control the copies of the
variables, thus 2 = 0 in the method @f .

4thYOS-MP: the fourth-order Yoshida’s symplectic-like
method with the midpoint permutation.®?! The method is the
fourth-order Yoshida’s method Y combined with the midpoint
permutation

MY =M@Y (82)

It should be noticed that for the method 4thYOS-MP, Q =0
in the method Y%.

4thGAUSS: the fourth order implicit Gauss—Legendre
Runge—Kutta symplectic method!!->*3% for the original non-
canonical Hamiltonian system (9). It is symmetric and sym-
plectic for the Hamiltonian systems.

4thSVCOMP: the fourth order method composed by
the second-order Stomer—Verlet method for the original non-
canonical Hamiltonian system (9). The method is composed
by

SV = SV3, oSV LoSVZ ., (83)

where )~1 = },3 21/3 Jq =1- 211
symplectic for the Hamlltoman systems.

We note here the 2ndMIDP, the 2ndSV, the 4thGAUSS,
and the 4thSVCOMP are applied to the original non-canonical
Hamiltonian system. As they are implicit or semi-implicit
methods, the Newton iteration method is used to solve them.
The tolerance error for both second order methods is 1 x 10712
while the tolerance error for both fourth order methods is
1x 10715,

It is symmetric and

5.2. The first numerical demonstration for Ablowitz—
Ladik model

The Ablowitz—Ladik model is one of the space discretiza-
tion of the nonlinear Schrodinger equation!!:7#761 with the
form of

5 (W1 —
+ Wi * (Wit +Wiq) =0, (84)

1
iW+ — % 2Wi 4+ Wi—1)

where the dot represents the derivative with respect to the time
t and h is the space stepsize. Under the periodic condition
Wiy = Wi (h = 7) it is an integral system. It is well known
that the integral system possesses an infinite number of con-
served quantities. Nonlinear Schrodinger equation also pos-
sesses an infinite number of invariants, such as the charge, the
momentum, the energy and so on. We list two of them as fol-
lows:

~+oo

Di= [ WP, (85)
T dw  _dw

Dz—/;w {WE—Wa}d)C, (86)

where W represents the conjugate of W. After using the central
difference formula, the above invariants can be approximated

as
N —_
Fi=hY) W W, (87)
i=1
N —_ J—
=Y WWi — Wi W)). (88)

i=1

We denote FI1 and FR1 as the imaginary and the real part of
Fi, respectively. The notations for the invariant F, are similar.

By separating the variable W, into real and imaginary
parts, Wy = uy + ivg, then we obtain a non-canonical Hamil-
tonian system with!!!

) 0O -D OuH (u,v)
v] \D o0 dpH (u,v)

K '(u,v)VH(u,v), (89)

where u = (uy,...,un), v = (v1,...,v,), D =diag(dy, da, ...,

dy) is a diagonal matrix with the elements

di(u,v) =1+h*u +v?), k=1,2...,N, (90)

and the Hamiltonian is

1

H(u,v) = 3,

(witti—1 +vivi—1)

™M=

=

1

u"—‘ﬂ

N
Z (141 (u? +v?)). 1)

It should be noticed that the pair of variables (u;,v;) is not a
pair of canonical variables. We can easily prove that the ma-
trix K !
nonsingular, and satisfies the Jacobi-identity, therefore this

(u,v) appeared in the system (89) is anti-symmetric,

matrix is a KK matrix. As a result, the system (89) is a non-
canonical Hamiltonian system. It can also be seen that the
matrix K ! satisfies the requirements in Theorem 1. Thus,
we extend the phase space and make the two copies of (u,v).

We take N = 4 and denote the two copies of (u,v) by

P = (plapZa"'aPS) and Q = (417‘]%---
sider the augmented Hamiltonian

,qs). Thus we con-

H:=H +H+QH,, 92)

where
Hy:=H(p1,---,P4,95,---,q8); 93)
Hy:=H(q1,.--,94,P5;---,D8); %94)
H, = | P 2Q Hz 28*’ (Pi—zqi)z. (95)

i=1

Then the augmented Hamiltonian is seyarated into 10 subsys-
tems, with Hy, H,, and Hj, = (Piai) ,j=1,2,...,8. Here
we only present the exact solution of the first subsystem with

the Hamiltonian H;
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Pi = Pio,
pj=
qj =
qi = qi0,

1+HREP2
;tan

h

h

9qj140

W/ 1+ h2q§+4,0 +arctan (

o,/ 2.2
<thm 1 +h pj74’0+arctan (
| {1+h2q2
740 tan ( —th-2

i=1,2,34,
) - /=5,6,7,8
m))? .] P B R |
) i=1,2,3,4,

\/ 140247, 40
i=5,6,7,8,

(96)

where 5 is the space stepsize and pjo, gjo are the initial values of p;, g;. As the Hamiltonian H; is the function of constants
Di0»qi+4,0, i = 1,2,3,4, therefore their partial derivatives with respect to its arguments are all constants. The others subsystems
can also be solved explicitly, therefore the explicit K-symplectic methods can be constructed by composing the exact solution of

all the subsystems.
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Fig. 1. The energy evolutions of the 2ndKSYM method, the 3rdRK method, the 4thKSYM method, and the 5thRK method. Subfigures (a) and
(b) display the relative energy error of the augmented Hamiltonian H for the four methods with Q = 20 and the time stepsize T = 0.001. In
the first two subfigures the energy error is represented by |H — Hy|/|Ho|. Subfigures (c) and (d) display the relative energy error of the original

Hamiltonian H with = 20 and 7 = 0.001. In the last two subfigures the energy error is represented by |H — Ho|/|Hp|.
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Fig. 2. The difference between the two copies for the four variables u;, u3, vi, and v3. Subfigures (a) and (b) display the differences between the
two copies for the variables u; and u3 obtained by the 2ndKSYM method. Subfigures (c) and (d) display the differences between the two copies
for the variables v; and v3 obtained by the 4thKSYM method. Here the time stepsize is T = 0.001 and £ = 20, the final time is 7 = 1000.
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The initial condition is uj9 = 0.2, upo = 0.4, wuzg =
0.3, uso = 0.5, vip = 0.3, va0 = 0.2, v30 = 0.3, vs0 = 0.2.
The two copies of the variable (u,v) have the same initial
condition. The energy evolutions of the augmented Hamilto-
nian A obtained by the 2ndKSYM, 4thKSYM, 3rdRK, and
5thRK methods are displayed in Fig. 1. The energy errors
of the K-symplectic methods oscillate with small amplitudes
while the energy errors of the Runge—Kutta methods increase
without bound as can be seen from Fig. 1. The explicit K-
symplectic methods have shown their significant advantages
in energy conservation over long-term simulation compared
with the higher order Runge—Kutta methods. The energy er-
rors of the original Hamiltonian H(pj,..., pg) in the first copy

5

(a) —2ndKSYM

err(FI1) (10°7)

800

600

400 1000
t

0 200

—2ndKSYM

err(FI2) (10-9)

600 800
t

400 1000

0 200

of variables obtained by the two explicit K-symplectic meth-
ods are also shown in Fig. 1. As can be seen from Fig. 1 that
the energy errors can be bounded at very small intervals. This
shows that the explicit K-symplectic methods can also pre-
serve the original Hamiltonian over long time. The two copies
of the variable (u,v) are also compared. We show the differ-
ences between the two copies of u, uz, vy, v3 in Fig. 2. The
errors in the two copies of uy, uz, vy, v3 obtained by the two
explicit K-symplectic methods are all bounded by small num-
bers. We display the evolutions of the invariants FI1 and FI2
obtained by the 2ndKSYM method and the 4thKSYM method
in Fig. 3. As can be seen from Fig. 3 that the imaginary part of
the invariants F; and F, are both bounded well over long time.
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Fig. 3. The errors of the invariant FI1 and FI2 obtain by the 2ndKSYM and 4thKSYM methods. The initial value is the two copies of
(0.2,0.4,0.3,0.5,0.3,0.2,0.3,0.2), the time stepsize T = 0.001, 2 = 20. The error means the difference between the value at each time step

and the value at the initial step.
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Fig. 4. Dependence of the maximal relative energy error on the parameter 2 for the 2ndKSYM method and the 4thBRKN method solving orbits 1,
2, and 3. In subfigure (a), the initial values for orbit 1, 2, and 3 are two copies of (0.3,0.5,0.1,0.6,0.2,0.3,0.5,0.1), (0.8,0.5,0.6,0.3,0.1,0.4,0.2,0.7),
and (0.9,0.5,0.6,0.3,0.2,0.4,0.2,0.7). In subfigure (b), the initial values for orbit 1, 2 and 3 are two copies of (0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8),
(0.2,0.2,0.3.0.4,0.6,0.7,0.8,0.9), and (0.6,0.7,0.8,0.9,0.1,0.2,0.3,0.4). Obviously, in subfigure (a) 2 = 32 is an appropriate choice while in subfigure

(b) 2 = 4 is an appropriate choice.
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As the control parameter €2 is dependent on the algo-
rithms and the initial conditions. We plot the dependence
of the maximal relative energy error on the parameter 2 for
both the 2ndKSYM method and the 4thBRKN method when
solving three orbits in Fig. 4. The three orbits correspond to
three different initial conditions. It is shown in Fig. 4(a) that
Q =32 is an appropriate choice for the 2ndKSYM method.

Thus, one of the initial condition in Fig. 4(a) and the cho-
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sen  are used to compare the computational efficiency of
the 2ndKSYM method, the 2ndMIDP method, and the 2ndSV
method. The results are shown in Fig. 5(b). It is also shown in
Fig. 4(b) that 2 = 4 is an appropriate choice for the 4thBRKN
method. One of the initial condition in Fig. 4(b) and the chosen
Q are used to compare the computational efficiency of all the
fourth-order methods and the results are shown in Figs. 5(c)
and 5(d).
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Fig. 5. The log-log plot for the computational efficiency for each method over the interval [0,7]. In subfigure (a), the time stepsize 7 for the
2ndKSYM and 3rdRK method is 7= 0.001/2,i =0, 1,2, 3, the 7 for the 4hKSYM and 5thRK method is T =0.008/2",i =0, 1,2,3, the initia}
value is (0.2,0.4,0.3,0.5,0.3,0.2,0.3,0.2), 2 = 20 and T = 100. In subfigure (b), the time stepsize 7 for the three methods is T = 0.001/2',

i=0,1,..

.,4, the initial value is (0.3,0.5,0.1,0.6,0.2,0.3,0.5,0.1), Q =32 and 7 = 100. In subfigures (c) and (d), the time stepsize 7 for these

methods is T = 0.008/2/, i = 0,1,2,3, the initial value is (0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8), 2 = 4 and T = 100.

Figure 5 shows the computational efficiency of all the
methods listed in the Subsection 5.1. Figure 5(a) displays the
computational efficiency of the 2ndKSYM, the 4thKSYM, the
3rdRK, and the 5thRK method. It is shown that under the
time stepsize T = 0.001, the energy error of the 2ndKSYM
method is about six orders of magnitude smaller than that of
the 3rdRK method. Under all the stepsizes, the energy errors
of the 2ndKSYM method are much smaller than those of the
3rdRK method. The CPU time of the 2ndKSYM method is
a bit bigger than that of the 3rdRK method applied to the ex-
tended non-canonical Hamiltonian system. The energy errors
of the 3rdRK method applied to the original system and the
extended system are nearly the same, while the CPU time of
the 3rdRK method applied to the original system is less. It can
also be seen that the energy errors of the 4thKSYM method
are also much smaller than those of the 5thRK method un-
der all the stepsizes. The reason why the energy error of
the 2ndKSYM method at the top point is less than that of

the 4thKSYM method at the top point is that the time step-
size for the 2ndKSYM method is much less. And the reason
why we choose larger stepsizes for the 4thKSYM method is to
clearly show the order of the method. Figure 5(a) shows that
the K-symplectic methods exhibit much better energy behav-
ior than the higher order Runge—Kutta methods. Figure 5(b)
shows the computational efficiency for the three second order
methods. One method is said to be more efficient than the
other method if it takes less CPU time to obtain the same or-
der magnitude of error. As is shown in Fig. 5(b) that to obtain
the same energy error, like 1076, the CPU time of the 2nd-
KSYM method is much less than those of the 2ndMIDP and
the 2ndSV methods. This shows that the 2ndKSYM method
is more efficient than the 2ndMIDP method and the 2ndSV
method. The computational efficiency of all the fourth-order
methods are displayed in Figs. 5(c) and 5(d). As can be seen
from Fig. 5(c) that although the energy error of the 4thKSYM
method is larger than that of the 4thBPRK method at the same
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stepsize, but to obtain the same order magnitude of energy er-
ror, the CPU time of the 4thKSYM method is less than that of
the 4thBPRK method. This shows that the 4thKSYM method
is more efficient than the 4thBPRK method. The energy er-
ror of the 4thKSYM method is nearly the same as that of
the 4thBRKN method, but its CPU time is less than that of
the 4thBRKN method. This also exhibits that the 4thKSYM
method is more efficient than the 4thBPRK method. When
we compare the 4thKSYM method with the 4thBPRK-MP
method and the 4thBRKN-MP method, the CPU time of the
4thKSYM method is larger than those of the two methods,
but the energy error of the 4thKSYM method is slightly small.
The reason why the 4thKSYM method takes more CPU time is
that the number of subsystems is two times of the 4thBPRK—
MP and the 4thBRKN-MP methods. Displayed in Fig. 5(d)
is the comparison between the 4thKSYM method and the oth-
ers fourth order methods. As can be seen from Fig. 5(d) that
the 4thKSYM method can not only obtain less energy error,
but also take less CPU time than the 4thGAUSS, the 4thYOS,
the 4thYOS-MP, and 4thSVCOMP methods. This shows that
the 4thKSYM method exhibits much better efficiency than the
others four methods.

1.0 1.0
(a) (b)

5 05 s 05
s ks

= 0 = 0
:

H_05 M 0.5

—~1.0 —-1.0
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Fig. 6. The error of variables u; and v, between solution in the origi-
nal phase space and that in the extended phase space. The initial value
is (0.2,0.4,0.3,0.5,0.3,0.2,0.3,0.2) and © = 20. Subfigure (a) displays
the error between the original u; and the first copy of u;, subfigure (b)
displays the error between the original v, and the second copy of v,.

We also plot the errors between the solution in the origi-
nal phase space and that in the extended phase space in Fig. 6.
The initial value of the extended system is the two copies of
the original ones. The both solutions are calculated by using
the ode45 function in Matlab. The relative tolerance and the
absolute tolerance are set to be 1072 and 10~!2, respectively.
As can be seen from Fig. 6 that there is no difference between
the solution in the original phase space and that in the extended
phase space for the Ablowitz—Ladik model.

5.3. The second numerical demonstration for gyrocenter
system

Gyrocenter system (8101

plays a fundamental role in
plasma physics research. Many neoclassical phenomena in
tokamak experiments, such as the bootstrap current, are under-

lied by gyrocenter dynamics. As is mentioned above, the gy-

rocenter motion is obtained by averaging out the fast gyromo-
tion from the charged particle dynamics. It is a non-canonical
Hamiltonian system

Z=K Y(Z)VH(Z), Z=(xyzu), 97

with the Hamiltonian H = 1u* 4+ p|B(X)| + ¢(X) and

1
apbz —azby +axb;
0 —b3 by axn
by 0 —by —ap
X by by 0 ap | 98)
—ay3 a;3 —app 0

K'(2) =

Given a vector potential A(X) = (f,g,h)", the magnetic field

is B(X) =V x A(X), b(X) = (b1,bs,b3) " = 155 and the

elements in K ~!(Z) are

ob b
alzgxﬂ,+u(a;ayl>7 99
by b
a13:hx—fz+u<ax3—az‘>, (100)
dby b
ar :hy—gz+u(8—y3—a—;). (101)

We set the magnetic field to B(X ) = (0,0,sec?(xy)). The
scalar potential is chosen as (X ) = 1072/x2 +y2 +72. As
the Hamiltonian is not separable, and the matrix K —1 does
not have the special structure as (18), thus we make four
copies of the phase space (x,y,z,u). Denote the four copies
of (x,y,z,u) by P = (p1,p2,p3.P4), Q = (41.92,93,94), R=
(r1,7r2,73,74), and W = (wy,wy,w3,ws). The exact solution
to the first subsystem with Hamiltonian H; can be solved ex-

plicitly
Pi = Pio, i:1a374’
_ 1 JH,
p2 = - arctan (mplof‘f'tan(PlOPZO))v
g1 = é arctan ( — %q10t+tan(c]1omo)>7
qi =qio, 1=2,3,4, (102)
ri =T, i=1,2,3,
B oH
T4 =740 — 50l
Wi = Wi, i:1a2747
w3 = wsg + gTIilot?

where pio, gio, Tio, Wio represent the initial values of p;, g;, r;,
w; fori = 1,2,3,4. As the Hamiltonian H; is the function of
the constants pi, g2, 13, ws, therefore the partial derivative of
H, with respect to each argument is also a constant. The oth-
ers subsystems can also be solved explicitly, thus the explicit
K-symplectic methods can be constructed.

The initial condition is xy = 0.003, yo = 0.002, zo = 0.004
and ug = 0.005. The four copies of the original variables x, y,
z, u have the same initial condition. The orbits in p; — p, plane
obtained by the 2ndKSYM method and the 3rdRK method are
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displayed in Fig. 7. The orbit obtained by the second order K-
symplectic method is a closed circle while the orbit obtained
by the third order Runge—Kutta method spirals outwards and
loses accuracy as can be seen from Fig. 7. The relative en-
ergy errors of the augmented Hamiltonian A obtained by the
four methods are also shown in Fig. 7. The energy errors of
the K-symplectic methods can be bounded at small intervals
along time while those of the higher order Runge—Kutta meth-
ods increase linearly along time. The K-symplectic methods
have shown their superiorities in preserving the orbit and the
energy over long-term simulation compared with the higher
order Runge—Kutta methods. The evolutions of the original H
for the two K-symplectic methods are shown in Fig. 8. The
energy errors of the two methods oscillate at vey small ampli-
tudes as can be seen from Fig. 8. The explicit K-symplectic
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Energy error (1079)
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—-—3rdRK
2
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methods have the property of preserving the original Hamilto-
nian over long time. The differences between the four copies
in the original variables x, y, z, u are displayed in Fig. 9 and
they are all bounded by very small numbers. Displayed in
Fig. 10 is the orbits projected on (x,y) plane obtained by the
two K-symplectic methods under different magnitudes of elec-
tric field E = —V . The phase orbits are all closed ellipses. It
can be seen that the orbit obtained by the 4thKSYM method
under the @(X) = 10°y/x2 4+y2 +22 is a bit more accurate
than obtained by the 2ndKSYM method. As can be seen from
Fig. 10 that the value of y changes rapidly when the electric
field turns large. The periods of the orbits are 13.1, 3.4, 1.8,
1.5, and 1.3 when the coefficients in the ¢ (X ) are 1073, 1072,
10!, 1071/2, and 10°, respectively. This shows that the larger
electric field accelerates the motion of the guiding center.
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Fig. 7. The phase orbit and the energy error obtained by the 2ndKSYM method, the 3rdRK method, the 4thKSYM method, and the 5thRK
method. Subfigures (a) and (b) display the orbit projected to p; — p> plane obtained by the 2ndKSYM method and the 3rdRK method with
stepsize T=0.01, =20 over the time interval [0, 10000]. Subfigures (c) and (d) display the relative energy error of the augmented Hamiltonian
H for the four methods with Q = 20. In subfigure (c), the stepsize T = 0.01/4 while in subfigure (d) T = 0.01. The energy error is represented

by |[A — Hol/|Ho|.
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Fig. 8. The relative energy error of the original Hamiltonian H(py, p2, p3, pa) obtained by the 2ndKSYM method and the 4thKSYM method.
The relative energy error is represented by (H — Hy)/Hy. The stepsize is chosen as T = 0.01 and the parameter is 2 = 20.
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Fig. 9. The difference between the four copies for the four variables. Subfigures (a) and (b) display the differences between the several copies
for the variable x and y obtained by the 2ndKSYM method. Subfigures (c) and (d) display the differences between the several copies for z and
u obtained by the 4thKSYM method. Here the stepsize is T = 0.01 and Q = 20, the final time is 7 = 1000.
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Fig. 10. The phase orbit obtained by the 2ndKSYM and the

4thKSYM methods under different electric field. The initial condition
is (0.003,0.002,0.004,0.005), 2 = 20 and T = 100. The coefficient in
the @(X) varies from 103 to 10°. Subfigure (a) is the result obtained
by the 2ndKSYM method while subfigure (b) is the result obtained by
the 4thKSYM method.

Figure 11 shows the dependence of the maximal relative
energy error on the parameter Q2 for the 2ndKSYM method
and the 4thBPRK method when solving three orbits. The
three orbits correspond to three different initial conditions.
It is shown in Fig. 11(a) that the energy error is nearly the
same no matter how big the Q is, thus we choose Q2 = 18.
One of the initial condition in Fig. 11(a) and the chosen 2
are used to compare the computational efficiency of the 2nd-
KSYM method, the 2ndMIDP method, and the 2ndSV method
and the results are shown in Fig. 12(b). As can be seen from
Fig. 11(b) that £2 = 6 is an appropriate choice for the 4thBPRK
method. One of the initial condition in Fig. 11(b) and the
chosen Q are used to compare the computational efficiency
of all the fourth-order methods and the results are shown in
Figs. 12(c) and 12(d).

Figure 12 shows the computational efficiency of all the
numerical methods. Figure 12(a) displays the computational

efficiency of the 2ndKSYM, the 4thKSYM, the 3rdRK, and
the 5thRK method. It is shown that to obtain the same or-
der magnitude of energy error, the CPU time of the 2nd-
KSYM method is less than that of the 3rdRK method applied
to the extended phase space Hamiltonian. Thus the 2ndKSYM
method is more efficient than the 3rdRK method applied to
the extended phase space Hamiltonian. It can also be seen
from Fig. 12(a) that the 4thKSYM method is more efficient
than the 5thRK method applied to the extended phase space
Hamiltonian. The K-symplectic methods are less efficient than
the higher-order Runge—Kutta methods applied to the origi-
nal non-canonical Hamiltonian system. Figure 12(b) shows
the computational efficiency for the three second order meth-
ods. As shown in Fig. 12(b) that the energy error of the 2nd-
MIDP method is less than that of the 2ndKSYM method at
each time stepsize. But to obtain the same order magnitude of
error, like 10719, the CPU time of the 2ndKSYM method is
less than that of 2ndMIDP method. This exhibits that the 2nd-
KSYM method is more efficient than the 2ndMIDP method.
As shown in Fig. 12(b) that the 2ndKSYM method is more ef-
ficient than the 2ndSV method. The computational efficiency
of all the fourth order methods are displayed in Figs. 12(c)
and 12(d). It can be seen from Fig. 12(c) that the 4thKSYM
method is more efficient than the 4thBPRK method and the
4thBRKN method. It is also shown in Fig. 12(c) that both
the energy error and the CPU time of the 4thBPRK-MP and
the 4thBRKN-MP methods are less than those of 4thKSYM
methods. The reason why the 4thKSYM method takes more
CPU time is that more subsystems are required to be calcu-
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lated. Thus, the 4thBPRK-MP method and the 4thBRKN-MP
method are more efficient than the 4thKSYM method. Dis-
played in Fig. 12(d) is the comparison between the 4thKSYM
method and the others fourth order methods. As can be seen
from Fig. 12(d) that the 4thKSYM method is more efficient
than the 4thGAUSS method and the 4thYOS method. Fur-
thermore, the energy error of the 4thKSYM method is much
less than that of the 4thYOS method under the same stepsize.
On the other hand, although at the same stepsize, the energy
error of the 4thKSYM method is about two orders of mag-
nitude smaller than that of the 4thYOS—-MP method, but the
CPU time of the 4thKSYM method is nearly four times of
the 4thYOS—-MP method. This is because the 4thYOS-MP

-8.5
~ —8.6} (a)
T
=
—8.7t°
< -o- Orbit 1
% —— Orbit 2
g —8.8 — Orbit 3
& -89
Ak A kAR kR A
—9.0 ' .
0 10 20 30
0

40

method calculates less subsystems and only need triple com-
position of ¥2. Figure 12(d) also shows that the 4hKSYM
method exhibits much better efficiency than the 4thSVCOMP
method.

We also plot the errors between the solution in the origi-
nal phase space and that in the extended phase space in Fig. 13.
The initial value of extended system is the four copies of the
original ones. The both solutions are calculated by using the
ode45 function in Matlab. The relative tolerance and the ab-
solute tolerance are set to be 107!2 and 10~'2, respectively.
Figure 13 shows that the errors in two variables between the
solution in the original phase space and that in the extended
phase space are bounded by the machine precision.
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Fig. 11. Dependence of the maximal relative error on the parameter 2 for the 2ndKSYM method and the 4thBPRK method solving or-
bits 1, 2, and 3. In subfigure (a), the initial values for orbit 1, 2, and 3 are four copies of (0.03,0.05,0.05,0.06), (0.05,0.06,0.05,0.08),

and (0.07,0.03,0.02,0.04).

In subfigure (b), the initial values for orbit 1, 2, and 3 are four copies of (0.0005,0.0006,0.0005,0.0007),

(0.0005,0.0007,0.0005,0.0007), and (0.0006,0.0007,0.0005,0.0008). Obviously, in subfigure (b) £2 = 6 is an appropriate choice.

1076 T
—*—2ndKSYM
—e—-3rdRK
. 10-8 | (a) ——3rdRK (orgin) |
— —=—4thKSYM
E o 25— 5thRK
= 10-19 ¢ ——5thRK (orgin) }
<
% 10712} 1
:
1014 1
1016 X :
10! 100 10! 10?
CPU
10-10
—#—4thKSYM
(c)
—-o-4thBPRK
1011 ——4thBRKN
] ——4thBPRK-MP
o v, > 4thBRKN-MP
E 10-12 ¢ N -=-Refer 2 E
<
\></ 10713 L
5]
g
1014}
10-15 s h
10—t 100 10!
CPU

10-8 T
(b) —-2ndKSYM
—--2ndMIDP
~ 1079 ——2ndSV
E -4- Refer 1
~
T
4 10—10 L
1
]
E 10-11 L
10—12 " s
101 100
CPU
10-8
(d) —*—4thKSYM
—e—4thYOS
——4thYOS-MP
~ 1010} —4—-4thGAUSS 1
T 4thSVCOMP
E -=-Refer 2
< 10-12¢ 1
% .
E 1014 s\\\ E
e
10-16 .
10—t 109 10!
CPU

Fig. 12. The log-log plot for the computational efficiency for each method over the interval [0,7]. In subfigure (a), the time stepsize T for the four
methods is T = 0.002/2i, i=0,1,2,3, the initial value is (0.003,0.002,0.004,0.005), Q2 = 20, and T = 2000. In subfigure (b), the time stepsize T for
the three methods is T = 0.001/2i, i=0,1,...,4, the initial value is (0.07,0.03,0.02,0.04), 2 = 18, and T = 100. In subfigures (c) and (d), the time
stepsize T for these methods is T = 0.002/2i, i=0,1,2,3, the initial value is (0.0005,0.0006,0.0005,0.0007), 2 = 6, and T = 100.
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Fig. 13. The error of variables x and z between solution in the original
phase space and that in the extended phase space. The initial value is
(0.003,0.002,0.004,0.005) and = 20. Subfigure (a) displays the error
between the original x and the first copy of x, subfigure (b) displays the
error between the original z and the second copy of z.

6. Conclusion

We propose explicit K-symplectic methods for non-
canonical Hamiltonian systems with nonseparable Hamilto-
nian. The idea is to extend the original phase space to sev-
eral copies of the phase space and to impose a mechanical re-
straint on the copies of the phase space. Explicit K-symplectic
methods have been constructed for two non-separable non-
canonical Hamiltonian systems and are compared with higher
order explicit Runge—Kutta methods. The numerical results
show that the K-symplectic methods have superiority in phase
orbit tracking and energy conservation over long-term simu-
lation compared with the higher order Runge—Kutta methods.
The differences between the several copies of the variables are
also bounded by the K-symplectic methods. The numerical
results also show that the 2ndKSYM method is more efficient
than the 3rdRK applied to the extended systems, the 2ndMIDP
method and the 2ndSV method applied to the original systems.
Meanwhile, the 4thKSYM method is more efficient than the
5thRK applied to the extended systems, the 4thBPRK and the
4thBRKN methods for the extended systems and the 4thYOS,
the 4thGAUSS, and the 4thSVCOMP methods for the original
systems. The energy error of the 4thKSYM method is much
less than those of the 4thYOS and the 4thYOS-MP methods
under the same time stepsize. The numerical results also show
that the 4thKSYM method is less inferior to the 4thBPRK—
MP and 4thBRKN-MP in efficiency because less subsystems
are required be calculated in the latter two methods, but their
energy errors are nearly in the same magnitude. Thus, the
2ndKSYM method and the 4thKSYM method are suitable for
long-time simulations of nonseparable noncanonical Hamilto-

nian systems.
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