PHYSICAL REVIEW D 104, 044055 (2021)

Extended phase-space symplectic-like integrators for coherent
post-Newtonian Euler-Lagrange equations

Guifan Pan,1 Xin Wu,1’2’3’* and Enwei Liangl’3
ISchool of Physical Science and Technology, Guangxi University, Nanning 530004, China
2School of Mathematics, Physics and Statistics & Center of Application and Research of Computational
Physics, Shanghai University of Engineering Science, Shanghai 201620, China
3Guangxi Key Laboratory for Relativistic Astrophysics, Guangxi University, Nanning 530004, China

® (Received 4 April 2021; revised 14 June 2021; accepted 28 July 2021; published 20 August 2021)

Coherent or exact equations of motion for a conservative post-Newtonian Lagrangian formalism are the
Euler-Lagrange equations without any terms truncated. They naturally conserve energy and/or angular
momentum. Doubling the phase-space variables of position and momenta in the coherent equations, we
establish extended phase-space symplectic-like integrators with the midpoint permutations. The velocities
should be solved iteratively from the algebraic equations of the momenta defined by the Lagrangian during
the course of numerical integration. It is shown numerically that a fourth-order extended phase-space
symplectic-like method exhibits a good long-term stable error behavior in energy and/or angular
momentum, as a fourth-order implicit symplectic method with a symmetric composition of three
second-order implicit midpoint rules and a fourth-order Gauss-Runge-Kutta implicit symplectic scheme
does. For a given time step and integration time, the former method is superior to the latter integrators in
computational efficiency. The extended phase-space method is used to study the effects of the parameters
and initial conditions on the orbital dynamics of the coherent Euler-Lagrange equations for a post-
Newtonian circular restricted three-body problem. It is also applied to trace the effects of the initial spin
angles, initial separation, and initial orbital eccentricity on the dynamics of the coherent post-Newtonian

Euler-Lagrange equations of spinning compact binaries.
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I. INTRODUCTION

Gravitational waves and black holes are two fundamental
predictions of Einstein’s theory of general relativity. The
predictions were recently confirmed by a series of detec-
tions of gravitational waves, such as GW150914 [1] and
GW190521 [2,3]. Chaos is a possible terrible obstacle to
the method of matched filtering, which requires a gravi-
tational wave signal to be drawn out of the noise into
excellent agreement with a theoretical template of the
gravitational wave [4]. Thus, chaos in systems of spinning
compact binaries has been the focus of several authors
[4-14]. The chaotic behavior in these references was
mainly considered in conservative binary systems.
However, chaos may be irrelevant in dissipative binary
black hole systems due to fast dissipation [15]. In brief, the
general relativistic systems of spinning compact binaries
have rich nonlinear phenomena, and their chaotic behavior
is an interesting topic, irrespective of whether the onset of
chaos affects the detection of gravitational waves emitted
from compact binaries.
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Higher-order post-Newtonian (PN) approximations are
well applicable to the description of relativistic two-body
dynamics of binary black hole mergers and to accurate
predictions of the gravitational waveforms from the binary
mergers. There are two different PN approximation meth-
ods. One method is the Arnowitt-Deser-Misner (ADM)-
Hamiltonian formalism of general relativity used for
describing the motion of two compact bodies in the
ADM coordinates [16-18]. The other method is the
equations of motion in harmonic coordinates and their
corresponding Lagrangian formalism [19-23]. The physi-
cal equivalence of the ADM-Hamiltonian formalism and
the harmonic-coordinates Lagrangian formalism at same
PN order was shown by several authors [23-25]. However,
the authors of [26] claimed that the two PN formalisms are
not exactly equivalent in the orbital dynamical behavior. In
general, the higher-order PN terms are truncated when one
of the two formalisms is transformed into the other one
through the Legendre transformation. These truncated
terms are regarded as the difference between the two PN
approximation formalisms [26]. This difference is negli-
gible for a weak gravitational field like the Solar System,
but may exert an important influence on the dynamics of
the two formalisms for a strong gravitational field of
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compact objects. In some cases, the two formalisms in the
same coordinate system under the same coordinate gauge
have different orbital dynamical features. The authors of
[27,28] showed the integrability and nonchaoticity of the
conservative 2PN ADM-Hamiltonian dynamics of compact
binaries with leading order spin-orbit interaction when the
binaries are spinning. However, chaos exists in the PN
Lagrangian systems of compact binaries having two
arbitrary spins with spin-orbit interactions [14]. In addition,
the 1PN Lagrangian and Hamiltonian dynamics for a
circular restricted three-body problem of compact objects
may be different from qualitative and quantitative perspec-
tives [26].

There are two paths for deriving the equations of motion
(i.e., the Euler-Lagrange equations) from a conservative PN
Lagrangian formalism. One path gives the equations of
motion remaining at the same PN order of the Lagrangian
by truncating the higher-order PN terms in the Euler-
Lagrange equations. In fact, the equations of motion are
approximately derived and are called approximate PN
Lagrangian equations of motion. The other path is the
differential equations of positions and generalized
momenta, where velocities are solved from the algebraic
equations of the generalized momenta via an iterative
method. Such equations of motion are coherent (or exact)
PN Lagrangian equations of motion [29,30]. In general, the
approximate Lagrangian equations approximately conserve
the integrals of motion (e.g., energy) in the PN Lagrangian
formalism, but the exact ones always strictly conserve the
integrals of motion from a theoretical point of view.
Dubeibe et al. [31] investigated the conservation of the
Jacobi integral in a PN circular restricted three-body
problem and found that the approximate Euler-Lagrange
equations do not conserve the Jacobi integral for the
distance a of the two primaries and the speed of light c,
satisfying the conditions a = ¢ = 1, but do conserve well
for the case of @ = 1 and ¢ = 10*. The authors of [29,30]
pointed out that the approximate Lagrangian equations and
the exact ones have no typical differences for a weak field
(such as the Solar System) with a = 1 and ¢ = 10* but do
have typical differences for a strong field with a = ¢ = 1.
They numerically showed that the exact Euler-Lagrange
equations always conserve well the Jacobi integral regard-
less of the choice of a and c. The Hamiltonian formalism
can also strictly conserve the integrals of motion from the
theory. Dubeibe et al. [31] numerically confirmed that the
conservation of the Jacobi integral in the Hamiltonian is
independent of the choice of @ and c¢. In a word, the
approximate Euler-Lagrange equations, exact FEuler-
Lagrange equations, and Hamiltonian equations at the
same PN orders have explicit differences for a strong field,
whereas they have negligible differences for a weak field
[26,29,30,32]. The approximate Euler-Lagrange equations
for a given PN Lagrangian formalism of compact objects
are a set of wrong equations of motion and poorly conserve

the constants of motion. Instead, the exact Euler-Lagrange
equations should be used.

When the binaries are without spin, the conservative
Lagrangian formalism with the exact Euler-Lagrange
equations and the conservative Hamiltonian formalism
up to any PN order have four integrals of motion, including
the total energy and the total angular momenta. Hence, all
orbits in the two formalisms are integrable and regular. The
presence of chaos in [4,5,7-14,26] arises due to the spins of
the binary destroying the integrability of PN systems of
compact binaries. The canonical, conjugate spin variables
of Wu and Xie [33] play an important role in determining
the integrability or nonintegrability of Hamiltonian systems
of spinning compact binaries. Several examples for apply-
ing the canonical, conjugate spin variables to determine the
integrability or nonintegrability are given here. When only
one of the binary objects spins, any conservative PN
Hamiltonian with eight dimensions is always integrable
and nonchaotic, regardless of PN orders and spin effects
due to the total energy and the total angular momenta as
four constants of motion. A conservative PN Lagrangian
approach of compact binaries with one body spinning can
be formally equivalent to an integrable PN Hamiltonian;
therefore, it is not chaotic. As an important result of [32], no
chaos occurs in any conservative PN Lagrangian and
Hamiltonian approaches when only one body of compa-
rable mass binaries spins. This result is powerful in that it
clarifies the doubt on the presence or absence of chaos in
conservative PN Lagrangian and Hamiltonian approaches
of compact binaries with one body spinning in [14,27,28].
In addition, conservative PN Hamiltonian systems of
compact binaries having two arbitrary spins with spin-
orbit interactions were given parametric solutions in
[27,28]. The parametric solutions show that the systems
are integrable. In fact, the canonical, conjugate spin
variables of [33] can explain well this integrability because
the systems hold five integrals of motion consisting of the
total energy, the total angular momenta, and the magnitude
of the Newtonian-like angular momenta in the ten-
dimensional phase space. The PN Lagrangian systems of
compact binaries having two arbitrary spins with spin-orbit
interactions lead to the 3PN spin-spin couplings in the
equivalent Hamiltonian formalisms (note, the PN order of
the Hamiltonians is unlike that of the Lagrangians).
The spin-spin couplings do not conserve the magnitude
of the Newtonian-like angular momenta; therefore, the
Hamiltonian formalisms (i.e., Lagrangian systems with the
exact Euler-Lagrange equations) are nonintegrable and
probably chaotic [26]. That is to say, the canonical,
conjugate spin variables of [33] also explain why the
spin-orbit interactions can produce chaos in the
Lagrangians but cannot in the Hamiltonians.

Usually, a long enough time integration is necessary to
detect the chaotical behavior. Such a numerical integration
scheme should have high precision, good stability, and
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small expense of computational time. Low order geometric
integrators [34] can provide reliable results and take less
computational cost in the case of long-term integration, and
therefore, they are naturally chosen. When dealing with
Hamiltonian systems, the most appropriate geometric inte-
grators are symplectic schemes, which preserve the sym-
plectic nature of Hamiltonian dynamics and have no secular
drift in energy errors. Due to inseparable variables, com-
pletely implicit symplectic methods, such as the implicit
midpoint method [35] and the Gauss-Legendre Runge-Kutta
implicit symplectic methods [36] or Gauss-Runge-Kutta
(GRK) implicit symplectic methods [34,37-39], are mainly
used in relativistic spacetimes or PN systems. There are also
explicit and implicit combined symplectic methods [40—43].
More recently, explicit symplectic integrators were success-
fully designed for the dynamics of charged particles
around the Schwarzschild, Reissner-Nordstrom, Reissner-
Nordstrom-(anti—)de Sitter, and Kerr black holes, and these
black holes were surrounded with external magnetic fields
[44—47]. However, these explicit symplectic integrators are
applied with difficulty to the PN systems of spinning
compact binaries. A notable point is that the computational
cost is generally less for explicit symplectic integrators than
for implicit ones. When the phase space of an inseparable
Hamiltonian system is extended, standard explicit symplec-
tic leapfrog splitting methods are still available [48].
However, the extended phase-space leapfrogs are not sym-
plectic due to phase space mixing and projection. In spite of
this, the extended phase space leapfrogs have symmetries
and then show good long-term stability and error behavior. In
this sense, the algorithms are called symplectic-like schemes.
Optimal choices of mixing maps were considered in
Refs. [49,50]. The extended phase space symplectic-like
schemes with optimal mixing maps were applied to PN
systems of spinning compact binaries and other inseparable
Hamiltonian problems [51-54].

The main aim of the present paper is to discuss a possible
application of extended phase space symplectic-like inte-
grators to the coherent PN Euler-Lagrange equations
[29,30]. For this purpose, we construct symplectic-like
integrators for the exact PN Euler-Lagrange equations in an
extended phase space of a PN Lagrangian formalism in
Sec. II. Then, one of the extended phase space symplectic-
like integrators is applied to the exact PN Euler-Lagrange
equations of a PN circular restricted three-body problem
[55], and the dynamics of the problem is explored in
Sec. III. It is further applied to the exact PN Euler-Lagrange
equations of spinning compact binaries [56], and the
dynamics of spinning compact binaries is investigated in
Sec. IV. Finally, the main results are concluded in Sec. V.

II. EXTENDED PHASE-SPACE SYMPLECTIC-
LIKE INTEGRATORS

Coherent Euler-Lagrange equations of motion for a PN
Lagrangian system are introduced. Then, symplectic-like

integrators in extended phase space of the coherent equa-
tions are constructed.

A. Coherent PN Euler-Lagrange equations

Suppose L(r, v) is a Lagrangian formulation of PN order
Jj, where r and v denote position and velocity vectors,
respectively. Based on this Lagrangian, a generalized
momentum vector is defined as

p:%:P(r,v). (1)

It is easy to exactly express p in terms of r and v. Inversely,
it may not be easy to write an exact expression of v in terms
of r and p. In classical mechanics, in general, v can be
described exactly. However, the exact description of v often
becomes difficult in general relativity or relativistic PN
approximations because p is a nonlinear function of v in
most cases. There are two paths for the description of v.
Path 1 is based on the PN approximations and obtains

v=V(rp) + O(C—lz>j+l, (2)

where c is the speed of light. Path 2 is iteratively solving a
modified version of the algebraic equation (1),

v=Q(r.v.p). (3)

Here, the Newton or Seidel iteration method is adopted.
The PN Lagrangian corresponds to the energy,

E(r,v) =v-p—L(r,v). (4)

If the velocity from the PN approximation in Eq. (2) is
substituted into Eq. (4), then there is a Hamiltonian of PN
order j,

H(r,p)=v-p—L(r,v). (5)

Equation (5) is a standard Hamiltonian, which is a function
of the coordinates and momenta. The Hamiltonians men-
tioned in the Introduction are also similar to such a standard
Hamiltonian. Because the PN terms higher than the jth
order are truncated in Eq. (2), H is not exactly but is
approximately equal to E,

H(r,p) = E(r,v) + (’)(é)jﬂ. (6)

When the velocity obtained from an iterative solution of
Eq. (3) is substituted into Eq. (4), there is still a jth order
PN Hamiltonian,

H(r,v,p)=v-p—L(r,v), (7)

044055-3



GUIFAN PAN, XIN WU, and ENWEI LIANG

PHYS. REV. D 104, 044055 (2021)

where v is an implicit function of r and p. Equation (7) is a
formal Hamiltonian, which is a function of the coordinates,
momenta, and velocities. Note that Egs. (4), (5), and (7) are
the Legendre transformation.

Clearly, the difference between Egs. (5) and (7) is that v
is expressed in terms of p in Eq. (5), but it is not in Eq. (7).
In fact, Eq. (7) is equivalent to Eq. (4) in the expressional
form. Thus, H, H, and E satisfy the relations,

1\ J+!
weeemio(l)
That is, H = E~ H.

The canonical equations for the Hamiltonian H in Eq. (5)
are written as follows:

. OH

1’—% )
p:—%—’:. (10)

They exactly conserve the Hamiltonian H rather than the
energy E or the Hamiltonian H. The Hamiltonian H
corresponds to the canonical equations,

Ip
OH
= —gzp(r,"). (12)
Equation (12) is the Euler-Lagrange equation.

Equations (3), (11), and (12) were called the coherent or
exact PN Lagrangian (or Euler-Lagrange) equations of
motion in [29,30]. Naturally, the coherent equations have
the consistency of an energy E or Hamiltonian . If p in
Eq. (1) is substituted into Eq. (12), the acceleration to the
order j reads

v=a(r,v)+P(rv) + O(é)jﬂ, (13)

where the acceleration a(r, v) is due to the contribution of the
derivative of momenta with respect to time, dp/dt, and
remains at the order j. None of the variables H, H, and E can
be conserved exactly by Eq. (13) with Eq. (11). In fact, no one
knows what energy is conserved exactly by Eqs. (11) and
(13). Equations (11) and (13) are called the approximate
Euler-Lagrange equations, although the angular momentum
can not be maintained by the approximate equations.

The above demonstrations clearly show that the three
sets of motion equations, Egs. (9) and (10), Egs. (3), (11),
and (12), and Egs. (11) and (13), have some differences,
although they are accurate to the PN order j. They also
exhibit slight differences in the conservation of the integrals

of motion. In particular, the coherent Egs. (3), (11), and
(12) and the approximate Eqgs. (11) and (13) are different in
computations. v is constant, and r and p are integration
variables during a step integration of the coherent equa-
tions. Once the solutions of r and p are obtained after this
step, v is given by solving the iterative equation (3).
However, v with r is directly integrated in the approximate
equations.

B. Construction of symplectic-like integrators in
extended phase space

Extending the phase space of a Hamiltonian, Pihajoki
[48] proposed explicit symplectic-like integrators for an
extended phase-space Hamiltonian. Following this idea, we
consider an extension to the phase space of coherent PN
Lagrangian equations, i.e., the Hamiltonian in Eq. (7). This
extension is implemented by a new Hamiltonian,

[(r,r*,v,v,p,p*)
= Ha(r, v, p") + Hp(r", v, p), (14)

where H, and Hp are two sub-Hamiltonians,
Hy=p* v = Ly(r,v), (15)
Hp=p-v—Lp(r,v). (16)

Here, v* is a function of r and p*, and v is a function of r*
and p. They are still solved by the iterative equations,

OL,(x, v*

) vy (19
8£ I’*,V k

:% V= QB(r ,V,P)- (18)

F 4 18 an operator for iteratively solving Eq. (17), and Fp is
another operator for iteratively solving Eq. (18). In fact, the
two independent sub-Hamiltonians are the same as the
original Hamiltonian H in the expressional forms. The two
sub-Hamiltonians always satisfy the relation H, = Hj for
any time if their initial conditions are the same.

‘H, and Hp are independently solvable. eé’u is an

operator for solving H,, and e;l'(,; is another operator for

solving Hp, where h represents a step size. The solutions
from the (n — 1)th step to nth step are written as

N (r*) <r*+h-v*> (19)
e, = y
T 1Y n p+h% n—1
r r+h-v
eh;()—< ) (20)
T p* n p*_'—h% n—1

These operators symmetrically compose a second-order
integration algorithm,
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Ay(h) = (Faoesi))o(Fpoel, )o(Faoeh?).  (21)

This construction is an explicit second-order symplectic
leapfrog integrator if 7, and Fp are absent. The second-
order scheme can be used to yield a fourth-order method of
Yoshida [57],

Ay(h) = Ay(a h)oAy(azh)oAs(ayh), (22)

where a; = 1/(2—2'/3) and a, = 1-2a,. Algorithms A,
and A, are symplectic for the extended phase-space
Hamiltonian I'. In these constructions, r*, p, r, and p*
have explicit solutions, whereas v and v* must be solved
iteratively.

A notable problem is that H, and Hp have same
solutions for same initial conditions when they are inde-
pendently solved, but have different solutions in these
algorithmic constructions because their solutions are
coupled. To avoid this problem as much as possible,
Pihajoki [48] introduced mixing maps (e.g., permutations
of coordinates and/or momenta) as a feedback between the
two solutions. A projection map on the projection of a
vector in extended phase space back to the original phase
space is also necessary. Liu et al. [52] showed that sequent
permutations of coordinates and momenta are a good
choice of the mixing maps. Luo et al. [53] found that
midpoint permutations between coordinates and those
between momenta are the best choice of the mixing maps.
The midpoint permutation map is described by

(23)

S © W= D=
[—) [T I[N ST

D= = D [—}
D= = D [—)

When this map is included after the algorithms A, and A,
we have new constructions. For example, A4 becomes

EMA4(h) = MoA,(h). (24)

The new method EM4 is still accurate to the order of h*.
The permutation map M is not symplectic, and then
the EM4 is no longer symplectic. Even if M is symplectic,
EM4 is not for any choice of projection maps. However,
EM4 is time symmetric, and therefore, it may preserve the
original Hamiltonian without any secular growth in the
error, as a symplectic scheme can. We check the numerical
performance of EM4 using two PN problems.

III. PN CIRCULAR RESTRICTED THREE-BODY
PROBLEM

A PN Lagrangian formulation of the circular restricted
three-body problem is introduced in Sec. III A The phase-

space structures of orbits in the approximate Euler-
Lagrange equations and in the coherent ones are described
in Sec. III Then, energy errors for four algorithms acting on
the exact FEuler-Lagrange equations are compared.
Section III C relates the dependence of chaos on the initial
value x and the parameters in the coherent Euler-Lagrange
equations by the use of the technique of fast Lyapunov
indicators (FLIs).

A. Dynamical models

Let us consider a PN planar circular restricted three-body
problem. Two primary bodies have a separation a and
masses M; and M,. Their total massis M = M| + M,. The
ratios of the two bodies’ masses to the total mass are u; =
M;/M (i =1, 2). The two primary bodies have circular
motions. The angular speeds of the circular motions with
respect to the barycenter of the two bodies are wy =

VGM/a®> (G being the gravitational constant) in the
Newton gravity and o in the relativistic gravity. The third
body has a negligible mass m. Its position and velocity
(x,y, vy, vy) in a rotating frame evolve with time according
to the dimensionless PN Lagrangian [55-58],

£:£0+£1/C2+£2/C2, (25)

where the Newtonian Lagrangian system L, and two PN
Lagrangian system £; and £, are

1
Lo=EL1 220 (12 4240, + R2}).  (26)
dy d, 2
Ll = WyWw (A + szo), (27)
aﬁzzl(U2+2Aa)+R20)2)2—Mlﬂ2 i+i
8 d, d,
_l &4_& 2+§ ﬂ+l2 -(U2+2AO)+R2O)2)
2\d, d, 2\d, d,
3 5 mx; mwx3\ T . HiX1 | foX)
+2w <d1 + 4 2a)(y—|—a)x) d + 4
| pixi (x—=x1) | poxy(x—xz)
_Ewy(x_wy)' |: d? d%
1 . HiXy | HaXp

Here, o, = (up —3)/(2a), o = op(1 +w,/c?), d\ =
Vx=x)?+yhdy=+/(x—x)* +y>,  R= x>+
U? =>4+, A=yx—xy, x| = —pp, and x, = p;. At
the 1PN order, the square of angular frequency is
w* = 03(1 +2w;/c*). The geometric unit G =1 is
adopted. The above dimensionless operations are imple-
mented via a series of scale transformations [49]: £ —
mL/a, t—tM/wy, a— Ma, x - Max, x; - Max,,
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X, & Max,, and y - May. In this sense, X = awyx
and y = awgy.

The coherent equations (3), (11), and (12) for £ in
Eq. (25) can be easily written in detail. The iteration
equation (3) in the present problem is written as

2
”x—<Px-f1<x’y,vmvy>>/[”iz+ 3 (ﬂ+ﬂ—2>]’

2ac? " ac*\d,  d,

(29)

U 3 [
vy_(p}'_fZ(x’yavavy))/[l+w+$<d—l+d—2 ,

(30)

where f| and f, are two known functions. The coherent
equations conserve the Jacobi constant,

C; = -2F, (31)

where E is given by Eq. (4). On the other hand, the
approximate PN Lagrangian equations of motion were
given in [48-51] by

X = v,,

).] = Uy,

. [ . pi(x =x1)  pa(x —x5)
vy = |20, +x = pE — &

+ 2wy (v, + x)/c* + P(x.y, v, vy)/ (ac?),

. Hi | H2
R R

+201(y - v,)/ + Qx.y, v wy)/(ac?),  (32)

where P(x,y, v,,v,) and Q(x,y, v,,v,) are obtained from
L,. Note that 1/(c?a) is the 1PN effect. Here, the speed of
light ¢ is not necessarily set to the geometric unit 1,
although G is Dubeibe et al. [31] found that the case of
a=1 and ¢ = 10* corresponds to the main relativistic
effects with an order of 107 in the Solar System. If
a = ¢ =1, the main relativistic effects ~1 are relatively
poor PN approximations. In this case, the approximate
Euler-Lagrange equations fail to conserve the Jacobi
integral, as was reported by Dubeibe et al. Of course, ¢ =
1 is often used in strong gravitational fields of compact
objects. To make the PN approximations valid, one should
give c¢ a larger value for a = 1 or a a larger value for ¢ = 1
[59,60]. In fact, ¢ has different values in different unit
systems [61]. Thus, we take ¢ as a free parameter in the
following numerical simulations in Secs. III B and III C so
that the PN approximations 1/(c?a) remain valid.

B. Numerical evaluations

An eighth- and ninth-order Runge-Kutta-Fehlberg inte-
grator [RKF89] with adaptive step sizes is used to provide
high-precision reference solutions for evaluating the
numerical performance of low order methods, such as
EM4. With the aid of this integrator, the solutions of the
exact Euler-Lagrange equations (11), (12), (29), and (30)
and the approximate Euler-Lagrange equations (32) can be
obtained. In this way, the phase-space structures of four
orbits in the two sets of equations are described on the
Poincaré section y = 0 with v, > 0 in Fig. 1. Here, the
initial conditions are y = v, = 0, and the parameters are
#o =0.001, py =1—p,, and C; =3.07. As is above-
mentioned, ¢ is used as a free parameter. When the
parameters @ and c¢ and the starting value of x are
considered, the initial value of vy > 0 1is solved
from Eq. (31).

The two sets of equations have almost the same
Kolmogorov-Arnold-Moser (KAM) torus for the starting
value x = 0.35 with the parameters ¢ = 100 and @ = 1 in
Fig. 1(a). This KAM torus indicates the regularity of the
integrated orbit. Although the two sets of equations yield
regular KAM tori for the starting value x = 0.28 with
parameters @ = 10 and ¢ = 100 in Fig. 1(b), the two tori
are typically different. For the initial value x = 0.4895 with
parameters ¢ = 100 and a =1 in Fig. 1(c), the exact
equations and the approximate ones produce approximately
same chaotic solutions with many points filled with areas.
For the initial value x = 0.687 with ¢ = 100 and a = 2 in
Fig. 1(d), chaos occurs in the approximate equations,
whereas it does not in the exact equations. Figures 1(b)
and 1(d) show that the approximate equations and the exact
ones have distinct phase-space structures, i.e., distinct
solutions. This supports the results of [29,30] again.
Which of the approximate Euler-Lagrange equations and
the exact ones can give correct solutions to the Lagrangian
(25)? The exact Euler-Lagrange equations can, without
question. Thus, they are used as a test model in the
following numerical simulations.

RKF89 can significantly improve the accuracy, as can be
verified by a comparison with lower-order integrators like
EM4. However, the improved accuracy requires that
RKF89 be more computationally demanding than these
lower-order integrators for long-term integrations. If the
lower-order integrators can provide reliable results, they
should be employed to study the trajectories and to detect
the chaotical behavior. In view of this point, three fourth-
order integrators are compared with EM4. They are an
implicit symplectic method (IM4) consisting of three
second-order implicit midpoint rules [35], a Runge-Kutta
integrator (RK4), and a Gauss-Runge-Kutta (GRK) implicit
symplectic method [34,37-39]. The four methods EM4,
IM4, GRK, and RK4 can yield the same phase-space
structures to the four orbits as shown in Fig. 1 for short
integration times. When the integrations are long enough,
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restricted three-body problem. ap represents the approximate Euler-Lagrange equations, and ex stands for the exact Euler-Lagrange
equations. The parameters are y, = 0.001, u; = 1 — u,, C; = 3.07, and ¢ = 100, and the initial conditions are y = v, = 0. The other
initial conditions and parameters are (a) a = 1 and x = 0.35, (b) a =10 and x =0.28, (c) a =1 and x = 0.4895, (d) a =2 and
x = 0.687. The approximate equations and the exact ones yield the same regular torus in panel (a) and the same chaotic solutions in
panel (c). They have different regular tori in panel (b). In panel (d), the approximate equations correspond to chaos, whereas the exact

equations exhibit the regularity.

the three methods EM4, IM4, and GRK still have the same
phase-space structures as those of Fig. 1, but RK4 does not.

When the step size is chosen as i = 0.01, Figs. 2(a)
and 2(b) plot relative energy errors of the regular orbit in
Fig. 1(a) and the chaotic orbitin Fig. 1(c). The relative energy
errors are calculated by AE = |(E, — Ey)/Ey|, where Ej is
the energy in Eq. (4) at time 0, and E, stands for the energy
calculated at integration time ¢. The errors remain bounded
for the three geometric integrators EM4, IM4, and GRK,
whereas grow with time for RK4. They are about an order of
1072 to 107 for EM4, IM4, and GRK, and 10~!2 to 10> for
RK4. The methods with the errors from small to large are
GRK, EM4, IM4, and RK4. The calculations in the chaotic
case [Fig. 2(b)] appear to be more accurate than in the regular
ones [Fig. 2(a)]. An explanation to this result is given here.
Based on the theory of numerical calculations, the truncation
error in energy is approximately estimated by (h/T)* for a
kth-order symplectic method, and in solutions, it is estimated
by (h/T)**1, where T is an orbital period. The period for the
ordered orbit in Fig. 2(a) is T = 5.11. Although the orbit is
chaotic in Fig. 2(b), it has an approximate average period
T ~7.91. For a given time step, the energy accuracies get
higher with an increase of the orbital periods. Thus, it is
reasonable that the energy accuracies for the regular case in
Fig. 2(a) are poorer than those for the chaotic case in Fig. 2(b).

However, the solutions’ accuracies should be better for the
former case than those for the latter case, because the solutions
in the chaotic case exhibit exponentially a more sensitive
dependence on the initial conditions. When a smaller step size
h = 0.001 is used in Figs. 2(c) and 2(d), the energies have
higher accuracies and are accurate to orders of 10~13-10!!
for the three geometric integrators. To ensure such higher
enough accuracies, we adopt the smaller step size 7 = 0.001
in the PN circular restricted three-body problem.

It is worth noticing the differences in computations
among the three geometric methods EM4, IM4, and
GRK. The position r and velocity v must be solved in
terms of the iteration method in IM4 and GRK, but only the
solutions of v need iterations in EM4. This seems to show
that the computational cost for EM4 is less than for IM4 or
GRK. To check the result, we plot the computational
efficiencies in Fig. 3. The test orbit is that of Fig. 1(a).
A series of step sizes & = 1073, 1073 x 1.2, 1073 x 1.22,
1073 x 1.23, - - - are considered. When one of the time steps
is given, the maximum relative energy errors for the three
schemes during the integration time ¢ = 10° are drawn in
Fig. 3(a). GRK exhibits the best accuracy. EM4 and IM4
are almost the same in the accuracies. Each of the
maximum errors corresponding to CPU time is shown in
Fig. 3(b). When the three methods use different time steps
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FIG. 2. Relative energy errors for four algorithms solving the exact Euler-Lagrange equations. (a) The orbit is the regular orbit of
Fig. 1(a). (b) The orbit is the chaotic orbit of Fig. 1(c). The step size is 4 = 0.01 in panels (a) and (b). Panels (c) and (d) that adopt a
smaller step size & = 0.001 correspond to panels (a) and (b), respectively.

and provide the same accuracy, EM4 or GRK takes less
CPU time than IM4. EM4 and GRK take almost the same
CPU times. Given CPU time, the accuracy of EM4 is 2 or 3
orders of magnitude better than that of IM4 and is
approximately the same as that of GRK. Obviously, the
efficiency of EM4 is superior to that of IM4. In other words,
EM4 needs less computational cost than IM4 and GRK
when the time step and integration time are fixed.

ol & EMm4 A
A IM4 (@)
~ 2| A GRK A
A
3 4 2" a
= VA
< A AN
E 6r AT A
—= a4
on A
o -8f A
2 /A'A ;
10+ A A 4
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12 L L L
10° 102 10"
step size

FIG. 3.

C. Dependence of chaos on the initial conditions and
parameters

Considering the reliable computational accuracy and
high efficiency for given time step and integration time,
we use EM4 to study the orbital dynamical behavior of
orbits in the exact equations. Apart from the technique of
Poincaré sections, Lyapunov exponents [62] and fast
Lyapunov indicators (FLIs) [63-65] are often used to

° (b) a
= 7 o
A
= A AN
= A A%
< A A
E a® &
> A8 A8
_ED 8r / A ﬁ&
AR
“A0F A L
A
-12 : :
10° 10° 10’
cpu time

Efficiency plots for the three methods EM4, GRK, and IM4. The initial condition and parameters are ¢ = 100, a = 1, and

x = 0.28. The maximum relative energy error for each time step and algorithm is obtained after the integration time ¢ = 10°. The
dependence of the relative energy error on the step size in (a) shows that EM4 and IM4 have almost the same accuracies for a given step
size. The dependence of the relative energy error on CPU time (unit: second) in (b) indicates that EM4 takes less computational cost than
IM4 and is almost the same computational cost as GRK for a given accuracy.
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FIG. 4. Fast Lyapunov indicators (FLIs) of two orbits. The
parameters are ¢ = 100, a = 1, and ¢; = 3.07.

distinguish between the regularity and chaoticity of
bounded orbits. The FLI is defined as

d(t
FLI:k)gIOQ,

d(0)

where d(t) and d(0) are the distances between two nearby
trajectories at times ¢t and 0, respectively. The initial
separation d(0) = 107 is a sufficient choice. The FLI
with two nearby trajectories proposed in Ref. [63] originated
from a modified version of the FLI with two tangent vectors
given in Refs. [64,65] and is also from a modified version of
the Lyapunov exponents with two nearby trajectories [62].
For the convenience of an analytical discussion, the original
FLI [denoted by § = In(d(¢)/d(0))] is adopted. If § = &',
then d(¢) = d(0)e’. This indicates that the distance d(¢)
grows exponentially with time . This characteristic is just the
description of the largest Lyapunov exponent, which shows
the chaoticity of a bounded orbit. If 6= klnz, then
d(t) = d(0)¢*. This indicates that the distance d(t) grows
in a power law of time . It is the characteristic of a regular

(33)

OE T e=100,a=1 () ]

10% ¢ ‘ E

FLI

10" £ 3

10° Lo L 1 L L 1 L L
01 02 03 04 05 06 07 08

X

FIG. 5.

bounded orbit. For § = kIn z, two particular cases are worth
noting. Case I: when k = 1, § = Int naturally corresponds
to regular orbits. Case 2: 6 behaves like 6 = k In t for weak
chaotic orbits for a transient time before the exponential
growth takes over, as was shown by Lukes-Gerakopoulos
et al. [66]. An exponential increase of the distance is much
larger than a polynomial increase of the distance. Such
typically different ratios of growth of FLIs with time are used
to detect chaos from order.

The FLIs of two orbits with initial values x = 0.4 and
x = 0.28 are shown in Fig. 4. The parameters and other
initial conditions (except the initial value v,) are those of
Fig. 1(a). The initial value x = 0.4 corresponds to the
regularity, and the initial value x = 0.28 indicates the
chaoticity. It is found that 7.5 is a threshold value of
FLIs between the regular and chaotic cases when the
integration time reaches 7= 10*. The FLIs larger than
7.5 indicate the presence of chaos, whereas the FLIs are no
more than the threshold mean of the presence of order. The
technique of FLIs is convenient to trace a transition from
order to chaos with a parameter or an initial condition
varying. Figure 5 draws the dependence of FLIs on the
initial values x. The initial values x corresponding to order
and chaos are shown clearly. Two larger regular intervals
for the onset of order are 0.346 < x < 0.485 and 0.667 <
x <0.805. There are four larger chaotic intervals:
0.254 <x <£0.295, 0.3125<x<0.3455, 0463 <x<
0.56185, and 0.5545 < x < 0.6335. A number of smaller
regular or chaotic intervals are also present. Taking the FLIs
neighboring x = 0.666 as examples, we focus on the
transition between order and chaos. FLI = 5.3 for x =
0.665 and FLI=15.2 for x = 0.667 correspond to the
regular case, but FLI = 21.1 for x = 0.666 corresponds
to the chaotic case. The regularity and chaoticity for the
three initial values of x are shown through the Poincaré
sections in Fig. 5(b).

Figure 6(a) describes the dependence of FLIs on the
parameter a and the initial value x. Given ¢ = 10*, a runs
from 1 to 10 with an interval of 0.1, and x ranges from 0.1
to 0.9 with an interval of 0.01. The other parameters and

()

015 Fx=0.665

x=0.666
010 _

o

005
Qf 000
-0.05
010+

-0.15

(a) Dependence of FLIs on the initial values x. (b) Poincaré sections for ordered orbits with x = 0.665 corresponding to

FLI = 5.3 and x = 0.667 (FLI = 5.2), and a chaotic orbit with x = 0.666 (FLI = 21.1).
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(a) Dependence of FLIs on the parameter ¢ and initial value x. ¢ = 10* is fixed. Red: chaos, Black: unstable, other: order.

(b) Poincaré sections for the regular case of x = 0.815 and ¢ = 1 with FLI = 5.59 and the chaotic case of x = 0.815 and @ = 1.1 with
FLI = 46.88 in panel (a). (c) Dependence of FLIs on the parameter ¢ and initial value x. @ = 1 is fixed. (d) Poincaré sections for the
regular case of x = 0.632 and ¢ = 190.5 with FLI = 5.91 and the chaotic case of x = 0.632 and ¢ = 208.9 with FLI = 12.48 in

panel (c).

initial conditions (except the initial value v,) are still those
of Fig. 1(a). A great two-dimensional space of a and x
corresponds to the regularity of bounded orbits. There are
larger unstable regions colored black. Many smaller areas
for the chaoticity of bounded orbits exist. Chaos mainly
occurs in the neighborhood of x = 0.1 or a = 1. Of course,
chaos also easily appears in the boundary regions between
the ordered and unstable regions. For example, the orbit is
ordered for a = 1 and x = 0.815 with FLI = 5.59, while

100x100
g

02 03 04 05 06 07 08 09
X

FIG. 7.
constants C;.

chaotic fora = 1.1 and x = 0.815 with FLI = 46.88, as can
be seen from the Poincaré sections in Fig. 6(b). In Fig. 6(c)
with a = 1, ¢ ranges from 100 to 10000, and x runs from 0.1
to 0.9. There are many larger two-dimensional spaces of ¢
and x for the onset of order and chaos. Thinner more unstable
regions can be met in the neighborhood of x = 0.1 or
x = 0.9. Figure 6(d) shows that the regularity exists for x =
0.632 and ¢ = 190.5 with FLI = 5.91, while the chaoticity
occurs for x = 0.632 and ¢ = 208.9 with FLI = 12.48.

0.4 c=10", a=1,x=0.52875 () ]

0.3 C=3.0875 ]
C=3.125 )

0215 P .

2
0.1} & R
F 00t e :
& B
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041 .

(a) Dependence of FLIs on the parameter C; and initial value x. (b) Poincaré sections for two orbits with different Jacobi
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Whena = 1 and ¢ = 10* are given in Fig. 7(a), the Jacobi
constant C; runs from 2 to 8 with an interval of 0.06, and the
initial position x is also considered from 0.1 to 0.9. The other
parameters and initial positions are those of Fig. 1(a). The
values of C; and x are more for the regular case than for
the chaotic case, whereas less than for the unstable case.
Figure 7(b) displays that the orbit is ordered for C; = 3.125
and x = 0.52875 with FLI = 4.89, while chaotic for C; =
3.0875 and x = 0.52875 with FLI = 111.06.

Two points are illustrated here. The dynamical results
obtained from EM4 in Figs. 4-7 are consistent with those
given by RKF89. In addition, the technique of FLIs can
sensitively distinguish between the regular and chaotic two
cases. It is effective to trace the transition from order to
chaos with a variation of one or two initial conditions and
parameters in Figs. 5-7.

IV. SPINNING COMPACT BINARIES

A PN Lagrangian system of two spinning black holes is
introduced simply in Sec. IVA 4. When the spins are
expressed in a set of canonical coordinates, the symplectic-
like integrator EM4 is applied to the exact Euler-Lagrange
equations, and its performance is evaluated in Sec. IV B.
The orbital dynamics of order and chaos in the exact Euler-
Lagrange equations are investigated in Sec. IV C.

A. Dynamical equations

Let us consider two black holes with masses M and M,.
They have the total mass M = M + M, the reduced mass
u=MM,/M, and v = u/M. Body 2 relative to body 1
has a position r and velocity v. We take r = |r|, n =r/r,
and 7 = n - v. The two bodies evolve according to the PN
Lagrangian in the ADM coordinates [56,67],

[,(I', V,SI,SZ) = ﬁo +[’S (34)
Lo is an orbital part with the following expression:
1 1
Lo=Ly+ gﬁuw + ?EQPN’ (35)

where the Newtonian term Ly and the 1PN and 2PN
contributions L py and L,py are

I V2
Ly=—4+—, 36
N r+2 (36)
ooV w1
IPN=8 8 22
1 /vit 3v:  wv?
(), 37
+ (2 2 2> (37)

r _Lﬁ_E+l3v2V6
N6 16 16

1 /3% vitv? 51222
_( s 2 4

3 22 32'2 22
(i+ Vi +2Vz_wz+%)

+F<Z+I>‘ (38)

The two bodies spin according to the spin effects,

1 1
Ls= ;ﬁl.SSO + ?Ezss’ (39)

where the 1.5PN spin-orbit coupling £ 550 and the 2PN
spin-spin effect L,g¢ [26] are

14
Liss0 = ﬁV' [r x (7181 +725,)]. (40)
v |3 2 2
Loss = 5,3 F(So ‘1) =S¢ |. (41)

Note that y;, =24 3/(28), v, =2+3p/2, and S, =
(1+1/8)S1+ (1 +p)S,, where the mass ratio is
p = M,/M,. Equations (34)—(41) are dimensionless
through a series of scale transformations: r — GMr,
t— GMt, S; —» GuMS; (i =1, 2), and £ — uL. G uses
a geometric unit G = 1.

The Hamiltonian (7) for the PN Lagrangian (34) reads

H(r.v.8,.8;) =v-p—-L(r.v.§..8,).  (42)

where the momentum p is still defined in Eq. (1) by

0
p :aﬁ(r, v,S5.,S,). (43)

As is aforementioned, v in Eq. (43) can be expressed as a
function of r, p, Sy, and S,. In general, the higher-order
terms are truncated if v is expressed in terms of p. However,
v in Eq. (42) has no such operation and still remains. This
shows that Eq. (42) is only a formal Hamiltonian but is not
a standard Hamiltonian. That is to say, the formal
Hamiltonian, as a function of r, v, p, Sy, and S,, comes
directly from the Legendre transformation of the
Lagrangian and has no terms truncated. Thus, it is exactly
equivalent to this Lagrangian. The PN Lagrangian (34) has
four integrals of motion, which involve the energy integral,

E=H(r.v.S,.S,), (44)
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and the total angular momenta,
JZFXP+SI+SQ. (45)

Because no terms are truncated when the formal
Hamiltonian is obtained from the Lagrangian, the energy
is an exact integral in the Lagrangian.

Apart from the four integrals, the two spin lengths §; =
xiM?/(uM)(0 < y; < 1) also remain constant. Using the
constant spin lengths, Wu and Xie [33] introduced the
canonical spin coordinates (6;,¢;) as follows:

picos o,
pisind; |, (46)
Si

Si:

where p; are expressed as

Pi =1/ Szz - 512- (47)

Now, the Hamiltonian can be expressed in terms of ten
independent phase space variables, consisting of 5 degrees
of freedom (i.e., generalized coordinates) (r,8;,0,) and
five conjugate momenta (p,&;,&,). These independent
variables evolve by satisfying the Hamiltonian canonical
equations of motion,

. OH

r,-—a—p—v, (48)
R (49)
b=t (50)
LB

r and p are a pair of canonical variables. So are #; and ¢&;.
After the solutions (r,0,60,,p,&, &) are solved from
Egs. (48)-(51), v is calculated iteratively in terms of
Eq. (43). Equations (48)—(51) with Eq. (43) are strictly
derived from the Lagrangian (34) and exactly conserve the
energy (44). In this case, the four algorithms EM4, IM4,
GRK, and RK4 are available for the exact Euler-Lagrange
equations (48)—(51). The solutions are not given analyti-
cally because the existence of the four integrals, including
the total energy and the total momenta in the ten-dimen-
sional phase space, determines the nonintegrability of the
formal PN Hamiltonian (or Lagrangian) formulation.
Another consideration is that the total accelerations to
the 2PN order can be derived from the Euler-Lagrange
equations of the Lagrangian (34) and are written as

dv_ 0L ‘apy  a1s50  py
A ot : e 32
dt Or + c? + cl + c* * (52)

The PN accelerations, such as a, py in the right-hand side of
Eq. (52), originated from the derivative of momenta (43)
with respect to time (i.e., dp/dt) in the Euler-Lagrange
equations. Because the PN terms higher than the 2PN terms
are dropped in the total accelerations, Eq. (52) with
Eqgs. (48), (49), and (51) is the approximate equations of
the Lagrangian (34). Of course, such approximate equa-
tions do not exactly conserve the energy (44).

It is worth pointing out that the differences in the PN
contributions (including the spin effects) between the two
sets of equations are apparent. To show the differences, we
rewrite Eqs. (43) and (5) of the exact equations as

V—ai
- Or

+f50(r, V’S17S2vslas2>’ (53)

+ £1pn(r, V. V) + Fopy (r, v, V)

where fpy, f2py, and fg, are functions associated to the
PN accelerations. This equation is an implicit equation with
respect to the acceleration v. When v = —r/r? (ie., the
Newtonian acceleration) and §; = S, = 0 in the right-hand
side of Eq. (53), the approximate equations (52) are
obtained. However, these approximations are not given
to the exact equations. If v takes the 1PN orbital contri-
bution, 1.5PN spin-orbit term, 2PN orbital term, and 2PN
spin-spin coupling in the function f;py, then f;py includes
the 2PN orbital contribution, 2.5PN spin-orbit term, 3PN
orbital term, and 3.5PN spin-orbit coupling. In this case,
f,py contains the 3PN orbital contribution, 3PN spin-spin
effect, 4PN orbital term, and 4PN spin-spin coupling. If S1
and Sz in the function fg, are Eqgs. (49) and (51), then fg,
has 3PN spin-spin coupling and 3.5PN spin-orbit inter-
action. Thus, besides the terms in the approximate equa-
tions (52), many other terms such as the 2.5PN spin-orbit
coupling and the 3PN spin-spin contribution are included in
the exact equations (53). The 2.5PN spin-orbit and 3PN
spin-spin contributions are implicitly hidden in the exact
equations but are absent in the approximate equations.

B. Numerical tests

Same as G, the speed of light ¢ also takes the geometric
unit ¢ = 1. The parameters are given by y; =y, = 1 and
p = 4. The initial conditions are chosen as x = 70, y = 0,
z=0, p,=p,=0,and p, = \/(1 — e)/x with an initial
eccentricity e = 0.16. The initial canonical spin variables
are given by 0, =6, =x/2, £ =0.1, and &, = 0.95.
When RKF89 is used, the approximate Euler-Lagrange
equations and the exact ones have different three-dimen-
sional orbits after an integration time in Fig. 8. As is
mentioned above, the exact Euler-Lagrange equations
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FIG. 8. Three-dimensional orbits, described by RKF89 solving
the approximate Euler-Lagrange equations and the exact ones of
spinning compact binaries.

should be chosen as the equations of motion for the
Lagrangian (34).

Now, RKF89 is replaced with one of the four algorithms
EM4, IM4, GRK, and RK4. The step size h = 1 is fixed.
Figure 9 plots the relative energy errors AE, relative total
angular momentum errors AJ, and relative position errors
AR for the four integrators. Here, AE = |(E, — Ey)/Ey|
and AJ = |J, = Jol/|Jo|, where J, is the total angular
momenta (45) at time 0, and J, denotes the total angular
momenta calculated at integration time f. The positions
calculated by these methods at time ¢ are rz for EM4, r; for
IM4, r; for GRK, and rp for RK4. The higher-precision
method RKF89 is used to provide reference solutions, such
as the position ry. In this way, the relative position errors
between RKF89 and EM4 can be computed by AR =
|rp —rg|/|rp|. The position errors between RKF89 and

one of IM4, GRK, and RK4 are also calculated in this
similar way. The three geometric methods EM4, IM4, and
GRK give no secular growth to the errors in the total energy
and the total angular momenta. In other words, they conserve
the total energy and the total angular momenta. They have no
dramatic differences but only minor one in the accuracies,
and their accuracies are almost approximate to the machine’s
precision. In the energy accuracies, GRK is slightly better
than EM4 or IM4; EM4 and IM4 are approximately the same.
In the angular momentum accuracies, EM4 and GRK are
basically the same and are slightly superior to IM4. However,
RK4 does not conserve the total energy and the total angular
momenta and exhibits the poorest accuracies. The three
methods EM4, IM4, and GRK are almost the same in the
relative position errors as the integration lasts. The position
errors for EM4, IM4, and GRK are several orders of
magnitude smaller than those for RK4.

The numerical tests show that the three geometric
integrators exhibit good long-term performance in the
conservation of energy and angular momentum, but RK4
exhibits poor long-term performance. For given time step
and integration time, EM4 is superior to IM4 and GRK in
computational efficiency.

C. Orbital dynamics

EM4 combined with the technique of FLIs is employed
to explore the orbital dynamical behavior. The initial
conditions are the same as those in Fig. 9, except for the
initial eccentricity e = 0.66 and the initial spin angles 8, and
0,. The initial spin angles ; = 5.4349 and 6, = 2.042 with
FLI = 2.56 yield a regular solution in Fig. 10. However, the
initial spin angles #; = 4.7123 and 8, = 2.4504 with FLI =
10.48 exhibit a chaotic solution. The FLIs larger than 7.5
indicate the chaoticity, whereas the FLIs no more than 7.5
indicate the regularity when the integration time reaches
t = 10°. The performance of this integrator in the conserva-
tion of energy and angular momenta is independent of the
regularity or chaoticity of orbits.

Using the FLIs, we can classify the two-dimensional
space of the initial spin angles according to the different

—IM4 - - -RK4
—EM4
——GRK

log,(AE)
. log (A))

(©)
N 4 v AP
.‘ \',W"mw'!m ]
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FIG. 9. Relative errors in the energy (a), angular momentum (b), and position (c) for the four algorithms acting on the coherent PN

Euler-Lagrange equations. The initial conditions are x =70, p,

&, = 0.95. The parameters are f =4 and y; = y, = 1.

= /(I—e)/x with e =0.16, 0, = 0, = z/2, & = 0.1, and
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0,-4.7123,0,~2.4504

0,=5.4349,0 =2.042

log, ()

FIG. 10. FLIs of two orbits in the exact equations. The initial
conditions are the same as those in Fig. 9, but the initial
eccentricity e = 0.66 and initial spin angles 6; and 6, are
different. For the initial spin angles 6; = 5.4349 and 0, =
2.042 with FLI = 2.56, the dynamics is regular. However, the
dynamics is chaotic for the initial spin angles #; = 4.7123 and
0, = 2.4504 with FLI = 10.48.

orbital dynamical features in Fig. 11(a). Our method is
described here. The initial conditions and parameters are
the same as those in Fig. 10. The initial spin angles 8, and
0, range from O to 2z with an interval of 0.01 x z. The FLI
for each pair of 8, and 0, is obtained after the integration
time = 10°. Based on the FLIs, the initial spin angles 6,
and 6, can be divided into three regions: the regular region
of bounded orbits, the chaotic region of bounded orbits, and
an unstable region. A number of initial spin angles
correspond to the regularity, and many initial spin angles
colored red indicate the presence of chaos. There are a lot of
initial spin angles colored black leading to the instability.
No rule on the transition from order to chaos can be given
as the initial spin angles are varied. Figure 11(b) relates to
the dependence of FLIs on the initial eccentricities e and
initial separations x with a mass ratio f = 3. The other

FIG. 11.
initial separations x. Red: chaos, Black: unstable, Blue: order.

initial conditions and parameters are the same as those of
Fig. 9. There are two main regions. The largest region
colored blue corresponds to order. The larger region
colored black shows that none of the orbits are stable
below the horizon line x = 21.8. Only a small number of
values of x and e on the boundary between order and
instability indicate the onset of chaos. For instance, the
orbit with e =0.75 and x =65 having FLI =123 is
chaotic. The result concluded in Fig. 11(b) is that the
orbits become unstable as the initial eccentricities increase
or the initial separations decrease, whereas they become
stable and regular as the initial separations increase.

Some explanations to the above results are given here.
The exact Euler-Lagrange equations are conservative,
integrable, and nonchaotic when the two bodies do not
spin. However, when the two bodies are spinning, the spin
contributions lead to the nonintegrability and probable
chaoticity of the exact equations. The spin effects play
an important role in the onset of chaos. As is claimed
above, the 1.5PN spin-orbit and 2PN spin-spin contribu-
tions are explicitly included in the exact equations, and the
2.5PN spin-orbit and 3PN spin-spin contributions are
implicitly hidden. The 2.5PN spin-orbit and 3PN spin-spin
contributions hidden in the exact equations would easily
induce the instability or chaoticity of the solutions for the
exact equations. Larger initial eccentricities and smaller
initial separations x cause an increase of the spin effects,
and therefore, chaos or instability is easily induced.

V. CONCLUSION

A PN Lagrangian formalism can be exactly equivalent to
the same order PN formal Hamiltonian (7), which is a
function of the positions, momenta, and velocities. Because
the velocities as implicit functions of the positions and
momenta are solved iteratively from the algebraic equations
of the momenta defined by the Lagrangian, such a formal
Hamiltonian is still a function of the positions and

100x100

(b) FLI

180
150
120
90
60

30 Lo

(a) Dynamical structures by using the FLIs to scan the initial spin angles 8, and 6,. (b) To scan the initial eccentricities e and
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momenta. The Lagrangian formalism is not exactly equiv-
alent to the same order PN standard Hamiltonian (5), which
is a function of the position and momenta. The canonical
equations for the formal PN Hamiltonian (7) must strictly
conserve the Hamiltonian quantity, i.e., energy. They are
the coherent or exact PN Euler-Lagrange equations of
motion.

Doubling the phase-space variables, including the posi-
tions and momenta in the formal Hamiltonian, we introduce
a new Hamiltonian in extended phase space. This new
Hamiltonian consists of two parts: one of which is equal to
the original formal Hamiltonian, depending on the original
positions and the new momenta with the new velocities,
and another of which is equal to the original Hamiltonian,
depending on the original momenta and the new positions
with the original velocities. The solutions of the
Hamiltonian’s canonical equations for the two parts of
the new Hamiltonian are used to design the standard
second-order symplectic leapfrog methods and the
fourth-order symplectic schemes. When these algorithms
are combined with the midpoint permutations, the extended
phase-space symplectic-like integrators become easily
available for the coherent PN Euler-Lagrange equations.
In the course of numerical integrations, the old and new
velocities must be solved iteratively.

Numerical tests show that a fourth-order extended phase-
space symplectic-like method exhibits a good long-term
stabilizing error behavior in energy and/or angular momen-
tum, just as a fourth-order implicit symplectic method and a
Gauss-Runge-Kutta scheme. The former method takes less
computational cost than the latter integrators for a given

time step and integration time. This good numerical
performance of the extended phase-space method is inde-
pendent of the regularity or chaoticity of orbits. Because of
such a good performance, the extended phase-space sym-
plectic-like method with the technique of FLIs is applicable
to studying the effects of the parameters and initial
conditions on the orbital dynamics of the coherent
Euler-Lagrange equations for a post-Newtonian circular
restricted three-body problem. The parameters and initial
conditions corresponding to order, chaos, and instability are
found. They are also applied to trace the effects of the initial
spin angles, initial separations, and initial orbital eccen-
tricities on the dynamics of the coherent post-Newtonian
Euler-Lagrange equations of spinning compact binaries. As
aresult, the initial spin angles, initial separations, and initial
orbital eccentricities for the presence of order, chaos, and
instability are obtained. Larger initial eccentricities and
smaller initial separations easily induce the occurrence of
chaos or instability.
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