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Abstract

Recently, many projects of the second generation gravitational wave detectors including Ad-
vanced LIGO (USA), Advanced VIRGO (France and Italy), and KAGRA (Japan) and of the high-
precision astrometric observations such as Gaia (Europe) and JASMINE (Japan) are planned. By
these projects, it is expected to become possible to test general relativity through the strong grav-
itational field and N-body systems. For testing general relativity, it is important to investigate
the general relativistic effects on the dynamics of the bodies. As analytical equilibrium solu-
tions to the three-body problem in Newtonian gravity, Euler’s collinear solution and Lagrange’s
equilateral triangular one exist. We analytically study the post-Newtonian (PN) effects on these
solutions for general masses in circular motion in the framework of general relativity. First, we
show that a PN collinear configuration corresponding to Euler’s one remains an equilibrium so-
lution with the general relativistic corrections to the distances between the bodies in the first
post-Newtonian (1PN) approximation. Also, we prove the uniqueness of the PN collinear config-
uration for given system parameters. This means that the number of the collinear Lagrangian
points is not changed from the Newtonian case. Next, we show that an equilateral triangular so-
lution exists at the 1PN order in only two cases: (i) three finite masses are equal and (ii) one mass
is finite and the others are zero. We also consider a PN triangular solution for general masses
with the general relativistic corrections to the distances between the bodies. In addition, we in-
vestigate a linear stability of the PN triangular solution and derive the condition for stability at
the 1PN order. Furthermore, we estimate the magnitude of the PN corrections in the solutions
and show that the common angular velocity of the bodies is smaller than in the Newtonian case
for both the solutions. These results are useful not only to test general relativity through the
high-accurate astrometry observations but also to study gravitational waves emitted from the

general relativistic three-body systems.
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Notation

The speed of light ¢ and the Newtonian gravitational constant G are always written explicitly.
The solar mass is denoted by M.

Greek indices, such as a,f,--- or u,v,---, take the values 0,---,3, while spatial indices are
denoted by Latin letters, i,j,--- =1,2,3, unless otherwise stated. We give a number to particles

or bodies by Latin capital letters, such as A,B,C,--- or I,J,K,---. The flat space metric is
Nuv = diag(-1,1,1,1).

We also define

=0 x), x%=ct,

d*x = dx’d3x = cdtd®x,
_ dxt

U
u = —_—
dr’

where 7 is a proper time. And we employ the Einstein summation convention, such as

3

nuvx” = Z nuvxu = 770vx0 + 7711/-951 + 772vx2 + 773vx3- (1)
©=0

We denote order-of-magnitude estimations and approximate values by ~ and =, respectively,

for instance,
Mo ~10%° [kgl, Mo~ 1.988 x 10%° [kg].
Also, we express approximate equations by =, such as

ef~1+e, forle|<1.



Chapter 1

Introduction

1.1 Testing general relativity

One of the most promising tests of gravitational theory in the near future is a direct detection
of gravitational waves (GWs). There is an analogy between the generation of GWs and that of
electromagnetic waves. However, because of weakness of gravitation, GWs have not been directly
detected, while they were indirectly detected. Indeed, the observation of the orbital decay in the
binary pulsar PSR B1913+16 is in agreement with the theoretical prediction taking account
of the gravitational radiation reaction in general relativity [12, 81, 84, 56, 126]. Currently, to
detect GWs from general relativistic objects and the early universe, the second generation of
ground-based detectors are planned around the world: in the USA (Advanced LIGO [6]), in Italy
(Advanced VIRGO [13]), and in Japan (KAGRA [72]), for instance. In addition, there are plans
of the future space-borne detectors, such as DECIGO in Japan and eLISA in Europe [37, 45].
Within a few years, a new window to test gravitational theory will open with the first direct
detection of GWs by these detectors.

In order to extract astrophysical information from GWs, an accurate data analysis strategy
like matched filtering is required. For such a style of data analysis, we must make templates of
GW signals. Namely, it is very important to predict the gravitational waveforms, and hence, we
need to understand the dynamics of the GW sources. GWs are generated by dynamical astrophys-
ical events. When compact stars such as neutron stars (NSs) or black holes (BHs) are involved
in such events and they are sufficiently near to us, GWs are expected to be strong enough to
be detected. In particular, coalescing binaries of compact objects, such as a NS-NS binary, are

the most promising sources of GWs for the grand-based detectors. Indeed, statistical studies
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have predicted that the detection rate of GWs from these will be 40 events per year [1], and the
waveforms can be predicted with a high accuracy [17, 102, 126].

As another point of view of testing gravity, high-precision astrometry observations are useful.
Recently, space astrometry mission are planned around the world: the Gaia mission in Europe
[562] and the JASMINE mission in Japan [71], for instance. Gaia has been planned as a suc-
cessor to Hipparcos mission, and it will perform all-sky surveys in optical bands. On the other
hand, complementarily to Gaia, the JASMINE mission will survey the bulge of the Milky Way,
which cannot be reached by Gaia, in infrared bands. It is expected that there are supermassive
BHs in galactic centers and many-body systems are composed around there (e.g. Ref. [7]). Also,
JASMINE will observe specific objects, such as Cygnus X-1, a candidate of a BH. These mis-
sions are expected to derive reliable distances and tangential velocities of stars located within 10
kiloparsec (kpc) distant from us with the accuracy of 10 microarcseconds (pas).

If a star is part of a binary system or has a planetary system, it is important to derive in-
formation of their orbital motion. JASMINE will observe the same star every day, while Gaia
will observe it once a month. Hence, the time resolution of JASMINE is more better than that
of Gaia, and this is advantageous to derive information of dynamics of binaries. The key of orbit
determinations by analytical methods for binaries is finding the position of the common center of
mass. For the solar planets and comets, we can safely assume that the common center of mass is
the Sun, and then the orbit can be immediately determined. For visual binaries, formulations for
orbit determinations have been well developed since the nineteenth century [117, 15, 2, 36, 99].
In the twenty-first century, Asada and his collaborators found an analytical formula of orbit de-
terminations for astrometric binaries, where one object is unseen [10, 11, 8]. Yamada et al. [133]
improved a moment approach proposed by Iwama, Asada, and Yamada [63] for astrometric bi-
naries with a low signal-to-noise (SN) ratio. At present, numerical methods are also successfully
used [43, 93, 27].

In this way, from the two points of view as GW astronomy and high-precision astrometry,
highly precise observational data, which are helpful to test gravitational theories and to seek the
true theory of gravity, will be available. However, for three- (or more-) body systems, investigation
of the dynamics of the bodies has not been developed even in general relativity. Therefore, it is
very important to understand the dynamics of the bodies in various modified gravity as well as
in general relativity.
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1.2 Theoretical methods

The orbital evolution, the mergers, and the tidal disruption of close binaries are strongly affected
by the general relativistic effects. In such a regime, where it is difficult to understand the dynam-
ics by analytical methods, the numerical relativity is required. For binary BHs, the first stable
simulation was performed in 2005 [95]. The mergers of BH-NS binaries were also studied (e.g.
[108, 109, 107, 46, 42]). The first fully general relativistic simulation for BH-NS binary mergers
was performed by Shibata et al. [108], extending their earlier works for NS-NS binaries (e.g.
[106]). Other groups also performed simulations for BH-NS binary mergers, by extending earlier
works on NS-NS binaries and BH-BH binaries (e.g. [41, 22]). By the numerical simulations,
the effects of the equation of state of NS and spins of BH and NS on the orbital evolution and
gravitational waveforms were accurately predicted. However, the numerical relativity is still de-
veloping and the parameter space is quite large. For instance, binaries with large BH spin have
not been studied yet. And also, there is a few study taking account of the inclination of spin.
For this, analytical study is of importance to understand the dynamics of bodies and to predict
gravitational waveforms, complementarily to numerical methods.

As an analytical approach which is valid in strong gravitational fields, the BH perturbation
approach is used. In this approach, we consider a particle of mass u orbiting a BH of mass M
assuming u << M. Hence, this approach is valid in the case of binaries with the small mass ratio
@M. The BH perturbation approach takes full account of general relativistic effects of the back-
ground spacetime and arbitrary orbits of a body of small mass. Therefore, we could understand
how and when general relativistic effects become important by comparing with numerical simu-
lations. In addition, the BH perturbation approach is applicable to GW events of compact object
orbiting supermassive BHs in galactic centers. Actually, such a event is one of the main targets
of eLISA. Because of the applicability of the BH perturbation approach to general relativistic or-
bits, the location of the inner-most stable circular orbit (ISCO) is important. In the Schwarzschild
BH case, this is given by risco = 6GM/c?. Marginal stable circular orbits (MSCOs), such as the
ISCO, in any spherically symmetric and static spacetime is studied by Ono et al. [94].

In the BH perturbation approach, for the Schwarzschild BH, a single master equation for the
metric perturbations for the odd parity was derived by Regge and Wheeler in 1957 [97]. Thirteen
years later, Zerilli found the one for the even parity [134]. These equations (Regge-Wheeler-
Zerilli equations) reduce to the Klein-Gordon equations in the limit of the flat space-time. Master
equations for any spherical space-time in the Horndeski theory, which is the most general scalar-

tensor theory with second-order field equations, were derived by Kobayashi and his collaborators
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[74, 75]. However, such equations for the Kerr BH have not been found so far.

For the first time, a master equation for the curvature perturbations was derived by Bardeen
and Press [14] for the Schwarzschild BH, and by Teukolsky [116] for the Kerr BH. The master
equations (Teukolsky equations) do not reduce to the Klein-Gordon equations even in the flat-
spacetime limit. Chandrasekhar showed that the Teukolsky equations can be transformed to the
Regge-Wheeler-Zerilli equations in the Schwarzschild BH case [23]. Sasaki and Nakamura gen-
eralized this for the Kerr BH case [100, 101]. Solving the master equations, we can investigate a
particle motion in a strong gravitational field and GWs emitted during its orbital evolution (for a
particle in quasi circular motion around the Schwarzschild BH, see Ref. [114, 115], for instance).

Another analytical method is the post-Newtonian (PN) approach. For a system where orbital
separations between the bodies are sufficiently large compared with their expanses, we may
neglect the expanses and internal structure of the bodies, regarding them as point-like particles.
In such a case, the dynamics of the system can be analytically understood by the PN approach. At
the first post-Newtonian (1PN) order, the first general relativistic terms were derived by Lorentz
and Droste [80]. The 1PN corrections to the equations of motion, which can be applicable to
any compact objects (e.g. NS, BH, and naked singularity), were obtained for N-body systems
by Einstein, Infeld, and Hoffmann [44]. Ohta and his collaborators discussed a Hamiltonian for
N-body systems at the 2PN order [88, 90, 89]. At the 2.5PN order, Damour and Deruelle derived
equations of motion in the harmonic coordinates [32, 31, 28, 29]. The energy and the angular
momentum of systems to terms order of the 2PN are conservative. Non-conservative effects by
gravitational radiations appear at the 2.5PN order for the first time.

In the PN approximation, bodies are usually assumed to be point-like particles. The 2.5PN
equations of motion for binaries in the harmonic coordinates where the bodies have strong in-
ternal gravity were derived by Itoh, Futamase, and Asada [61, 62]. They showed by developing
earlier work by Futamase and Schutz [50, 51, 49] that the equations are in complete agreement
with the Damour-Deruelle equations [32, 31] for point-like particles. The equations of motion
to the order of 2.5PN [32, 31, 28, 29] have been used to investigate the radiation damping of
the binary pulsar [29, 30, 35]. For the 3PN equations of motion, several groups using different
methods, for instance, the Arnowitt-Deser-Misner (ADM) Hamiltonian canonical formalism of
general relativity [66, 67, 68], the PN iteration [18, 20, 19, 21], and the surface-integral method
[60, 59], reported equivalent results. The 3.5 PN terms in the equations of motion for binaries
were derived by Iyer and Will [64, 65]. The equations of motion for point-particle binaries in the
4PN approximation have been reported [48, 69, 70, 34].

The PN formalism can be extended to various metric theories as well as general relativity.
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The extension is known as the parameterized post-Newtonian (PPN) formalism and the parame-
ters are called the PPN parameters [126, 125, 84]. The PPN formalism was initiated by Nordvedt,
who studied the PN metric for point-like particles by extending the earlier work by Eddington,
Robertson and Schiff [87, 125]. Will generalized this for a perfect fluid [124]. The general unified
PPN formalism was derived by Will and Nordtvedt [127]. Alexander and Yunes showed that
a new PPN parameter appears in the Chern-Simons (CS) gravity [4, 3, 5]. The CS parameter
has been restricted by satellite experiments, such as Gravity Probe B and LAGEOS [4, 3, 112].
Okawara, Yamada, and Asada studied the constraint on the CS parameter from terrestrial ex-
periments using interference effects of matter waves [91, 92]. Also, Kikuchi et al. investigated

the relativistic Sagnac effects by the CS gravity [73].

1.3 Importance of the three-body problem

As mentioned above, binary systems have been enthusiastically studied by using both analytical
and numerical methods. In fact, general relativity has been tested with a very high accuracy in
the solar system and the binary pulsar PSR B1913+16, for instance. As a new test of general
relativity, it is interesting to take account of general relativistic three- (or many-) body interac-
tions. Actually, the PN terms associated with many-body interactions appear in the equations of
motion at the 1PN order. The terms cannot be considered in the relativistic two-body problem
nor the Newtonian many-body problem.

The three-body problem is not integrable by analytical methods even in Newtonian gravity. As
particular solutions, however, Euler and Lagrange found a collinear solution and an equilateral
triangular one, respectively [47, 77]. These are equilibrium solutions, where the centrifugal
force balances with the gravitational one for each body. The solutions to the restricted three-
body problem, where one of the three bodies is considered a (massless) test particle, are known
as the Lagrangian points L1, ---,L5 [36, 54]. The Solar and Heliospheric Observatory (SOHO)
launched by ESA/NASA and Planck launched by ESA are in operation at the Sun-Earth L;
and Lo, respectively. Lagrange’s equilateral triangular solution has also a practical importance
since L4 and L5 for the Sun-Jupiter system are stable points and indeed the Trojan asteroids
are located there. For the Sun-Earth system, asteroids were also found around L4 by recent
observations [26]. Numerical solutions, such as a figure-eight and Hénon’s criss-cross orbits, are
also found for three equal masses [85, 24, 55, 113].

Recently, the Lagrangian points have attracted renewed interests in relativistic astrophysics
[76, 82, 105, 103, 9, 119], where they have discussed PN corrections to the Lagrangian points
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[76, 82] and the gravitational radiation reaction on the particle at L4 and L5 analytically [9] and
by numerical methods [105, 103, 119]. It is currently important to reexamine the Lagrangian
points in the framework of general relativity. As a pioneering work [86], Nordtvedt has pointed
out that the locations of the triangular points are very sensitive to the ratio of the gravitational
mass to the inertial one though his analysis does not fully take account of the 1PN terms. Along
this course, it might be important as a gravity experiment to discuss the three-body coupling
terms in the PN force because some of the PN terms are proportional to a product of three masses
such as m1xmgxmg. In addition, it has been pointed out that three-body interactions might play
important roles in compact binary mergers in hierarchical triple systems [16, 83, 123, 118, 104].
Very recently, a first relativistic hierarchical triple system has been discovered by Ransom et al.
[96]. In addition, for such a relativistic hierarchical triple system, PN effects on the perihelion
shift of the outer third body were investigated by Yamada and Asada [131].

For three finite masses, in the 1PN approximation, the existence and uniqueness of a PN
collinear solution corresponding to Euler’s one have been shown by Yamada and Asada [129, 130].
Also, Ichita, Yamada and Asada have shown that an equilateral triangular solution is possible at
the 1PN order if and only if all the three masses are equal [57]. Generalizing this earlier work,
Yamada and Asada have found a PN triangular equilibrium solution for general masses with
1PN corrections to each side length [132]. This PN triangular configuration for general masses is
not always equilateral and it recovers the previous results [76, 82] for the restricted three-body
problem. For a figure-eight solution, Imai, Chiba, and Asada studied the PN effects on the orbit
and the gravitational waveform [58, 25].

In Newtonian gravity, Gascheau proved that Lagrange’s equilateral triangular configuration
for circular motion is stable in some cases of mass ratio [53]. Routh extended the result to a
general law of gravitation  1/7* [98]. For the restricted three-body systems, the stability of L4
(Ls) has been studied in the 1PN approximation [40, 110, 111]. These results imply that a triple

system with a triangular configuration may be a candidate of GW source.

1.4 The aims of this study

In this dissertation, following the Refs. [129, 130, 57, 132], we study PN equilibrium solutions
corresponding to Euler’s and Lagrange’s ones to the three-body problem in general relativity.
And also, the properties of the PN effects on these solutions are discussed by comparing with the
Newtonian cases.

This dissertation is organized as follows. In Chapter 2, we summarize the Newtonian two-
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body problem and Euler’s and Lagrange’s solutions to the Newtonian three-body problem. In
Chapter 3, we derive the 1PN equations of motion, called the Einstein-Infeld-Hoffmann equa-
tions of motion, for N-body systems. Chapter 4 is devoted to a derivation of the PN collinear
solution corresponding to Euler’s one. In Chapter 5, we consider the PN triangular solution,
which is the general relativistic version of Lagrange’s solution. We conclude in Chapter 6. In Ap-
pendix A, we show that the expression for the PN center of mass reduces to the Newtonian one in
the circular equilateral triangle even at the 1PN order. Appendix B is devoted to the PN correc-
tions to the common angular velocity of the collinear configuration. In Appendix C, we consider
the condition for stability of the PN triangular solution by eigenvalue analysis in a collaboration
with Tsuchiya and Asada. Appendix D is a preliminary note of gravitational radiation reactions

on Lagrange’s solution in a collaboration with Asada, Iseki, and Harada.

16



Chapter 2

Celestial Mechanics in Newtonian

Gravity

In this chapter, we discuss a system consisting of two bodies in Newtonian gravity and summarize
Euler’s and Lagrange’s solutions to the Newtonian three-body problem. For the Newtonian two-
body problem, the complete analytical solution of the equations of motion have been obtained.
This solution can be divided into the three trajectory cases, elliptic, parabolic, and hyperbolic
orbits. We concentrate on the elliptic case. For the three-body problem, we focus on circular
motion. The treatment of the problem in this chapter follows Refs. [36, 54, 79, 121].

2.1 The two-body problem in Newton gravity

2.1.1 The complete solution

First, let us consider how the problem can be simplified by separating the motion of the system
into the motion of the center of mass and that of the bodies relative to the center of mass.

We assume that the potential energy of two bodies interacting each other depends only on
the distance between the bodies, that is, on the magnitude of the difference between the position
vectors. The Newtonian gravitational potential satisfies the assumption. Then, the Lagrangian

of the system with the potential U(|r; — rsl) is expressed as

. 9 . 9
mir mor
L= 21+ 22—U(|r1—"2|), (2.1)
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where m; and r; are the mass and the position vector of the Ith body, respectively, and the dot
denotes the differentiation with respect to time ¢.

We express the relative position vector of the bodies as
r=ri—ro 2.2)

and choose the position of the center of mass as the origin of the coordinates:

miri+morg =0. (2.3)
Then, we obtain
ri= Lr, (2.4)
mi+mg
ro= —Lr. (2.5)
mi1+mo

Substituting these expressions into (2.1), we find

. 2
&= % —U), (2.6)
where r = |r| and
mi+me

is the reduced mass. The function (2.6) is formally identical with the Lagrangian of a single body
with mass y moving in the spherically symmetric gravitational field.

Next, we consider the motion of the body with the Lagrangian (2.6). The angular momentum
of the system relative to the center of the field is conserved. The angular momentum for the body

is expressed as
J=rxp, (2.8)

where p denotes the momentum of the body. Since the vector o is perpendicular to r, the fact
that oJ is constant shows that during the motion of the body, its position vector always remains

in the plane perpendicular to . Thus, the path of the body lies completely in the plane. Using
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polar coordinates (r, ) in the plane, the Lagrangian is expressed as

&= g(r'2 202 ~U(r). (2.9)
This function does not involve the coordinate ¢ explicitly. Then, the Euler-Lagrange equation for
¢ becomes
doY 0%
— = ===y (2.10)
dt 0¢p O
Thus, we can check the conservation law of angular momentum:
J = ur?g = constant. (2.11)

The complete solution to the problem of the motion of the body can be obtained by using the
conservation laws of the energy E and the angular momentum J without a direct use of the
equations of motion. Substituting the expression of ¢ of J from Eq. (2.11) into the expression of

the energy integral

0¥ 0.
E:f'—.'l‘('p—.—,,g, (2.12)
or (010)
we obtain
E-= g(rz +r2¢%) + Ur)
-2 J2
K +U(r). (2.13)
2 2ur?
Therefore,
4 vy - L (2.14)
r=— = — — ry—- ——— .
dt u u2r?
or

dr

t:[
2 J?
\/E[E—U(T‘)]—W

+ constant. (2.15)
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Furthermore, Eq. (2.11) can be rewritten as

J
d(p = —2dt
ur

Substituting the expression into Eq. (2.14), it can be integrated and we obtain

(J/r3)dr

(p=f 2
J
\/2,11[E—U(r)]— —

,

Equations (2.15) and (2.17) are the general solution to the problem.

+ constant.

2.1.2 The Kepler problem

(2.16)

(2.17)

Since the Newtonian gravity is an attractive force, the gravitational potential is expressed as

U=--,
;

(2.18)

where a = Gm1mg. The orbit equation can be obtained from the general formula (2.17). Substi-

tuting Eq. (2.18) and integrating, we obtain

Ha
J

2,2
/ pra
2uE + 72

We choose the origin of ¢ such that the constant is zero, and we put

J
r

1 + constant.

@ =cos

Then the orbit equation can be written as

P_ 1+ecose.
r

20

(2.19)

(2.20)

(2.21)

(2.22)



This is an equation of a conic section with one focus at the origin of the coordinates. p and e are
called the latus rectum and the eccentricity of the orbit, respectively. Equation (2.22) shows that
r becomes the pericenter when ¢ = 0 in our choice of the origin of ¢.

If the eccentricity e < 1 (i.e. E <0), then the orbit is an ellipse and the motion is finite and
called the Kepler motion. And if the eccentricity e = 0 where the energy is the minimum value,
the ellipse becomes a circle. Figure 2.1 shows an elliptic orbit. In this figure, a, and b, denote the
semi-major and semi-minor axes, respectively, and the blue disks are the focuses. The semi-major

and semi-minor axes are expressed as

a J
go=Lo= p =L - , (2.23)
1-e2  2IE] Vi-e  2HEl
respectively. And also, the pericenter distance r, and the apocenter distance r, are
p p
rpzl—_’_e:ae(l—e), razl—_e:ae(1+e), (224)

respectively. If E = 0, the motion is infinite. If E = 0, then the eccentricity e = 1 and the body
moves along a parabola. And, if £ > 0, then the eccentricity e > 1 and the orbit becomes a

hyperbola.

Figure 2.1: An elliptic orbit.
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2.1.3 The initial-value problem in elliptic motion

Let us study how the initial velocity are determined in the Kepler motion. The equations of

motion for two bodies in the Cartesian coordinates (x, y) are

d?x; Gmima(x1 —x2) d?y; Gmima(y1—y2)

__ , - , 2.25
TV T -0+ 51— 322P% VAR T [ — 20 + (1 — 92 PR (2.25)
mo d2x2 __ Gmgml(xg —xl) m2d2y2 _ szml(yz —y1) (2 26)
dt? [(xg —x1)2 + (y2 — y1)2132’ dt? [(xg —x1)% + (y2 — y1)21%2 '

Choosing the center of mass of the system as the origin of the coordinates, and putting the two

bodies on x axis at the initial time ¢ = 0, we obtain, from Eq. (2.3),
mix1+moxo =0. (2.27)

At the initial time, we put the two bodies at the pericenter, then we have

t=0,
x1=ae1(l—e)=rp1,
{y1=0, (2.28)
m1 m1
Xg=———X1=——Tp1,
my my
y2 =0,

where a.;1 denotes the semi-major axis of the first body. At a half period ¢t = Tk/2, where Tk is the
orbital period, since the bodies are at the apocenter, the coordinate values of the two bodies are

t’:k,
o :f(1+e)r
1 (l—e) pls
1Y, =0, (2.29)
o=y _midte
27 mel ma(l-e) P
¥5=0

Since the velocity of each body is perpendicular to x axis at the pericenter and the apocenter,

denoting the components of the velocity as v,; and v,j, respectively, the x components v,; are
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zero. Thus, from the law of conservation of the energy, we obtain

SMVy + oMoy —G———F——= —mlv'yl+—m2v;2—G(1 5 ) (2.30)
2 2 rp1+-TIpl 2 2 +er1+ﬂ r 1
Pl my I-e)' Pl my@-o)' P
From the law of conservation of angular momentum, we obtain
, (1+e) mq , mi(1+e) 2.31)
Uyl Tpl=U.q*|———r Uyo' |——Tp1| =Vyg | ————rp1]. .
y1°7pl yl (1—e) pl{, Uy2 ms prl y2 me (1—e) pl

Differentiating Eq. (2.3) with respect to time and substituting ¢ = 0, we obtain mv,1+mgav,2 = 0.

Therefore, we have

, (1-e) m1 ,  mi(l-e)

V,q=—————Uyl, Uy2 =——0Uy1, UV,9=— Uyl.
I (1 4e) 2 Y me 27 2T mo(l+e) ”

(2.32)

Substituting Eq. (2.32) into Eq. (2.30) and choosing the positive sign, v, can be expressed as

G 1+
vz 2 [Gmalte) (2.33)
mi1+mog I'pl

Figure 2.2 shows the elliptic orbits when the mass ratio is m1: mg =2 :3 and the eccentricity is

e =0.3. The red and the green disks denote m 1 and mq, respectively.
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Figure 2.2: Elliptic two-body orbits.
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2.2 Equations of motion for N-body systems

Since the Newton’s gravitational theory is a linear theory of gravity, the principle of superposition

holds. Therefore, the Lagrangian of a N-body system is

ZZ Gmamy, (2.34)

J 2rIJ

where r;j = |r; —ry| and the prime on the summation sign means that we should omit the term
with J =1.
The equations of motion of the Kth body is obtained from the Euler-Lagrange equation:

d 0. 0%
— = == (2.35)
dtorg Org
As a result, we obtain
d? G
Kooy B, (2.36)
dt A#K KA
where rxa =rg —ra. For the three-body system, this becomes
d? G G
mg r2K = m3KmI rgr— m;{mJ rgJ. (2.37)
dt TkI kg

2.3 Equilibrium solutions to the three-body problem

In general, the three-body problem cannot be solved even in Newtonian gravity, while particular
solutions are obtained [36]. As analytic solutions, Euler’s collinear and Lagrange’s equilateral tri-
angular solutions are known and they are the equilibrium solutions, where the centrifugal force
balances with the gravitational one for each body. For the restricted three-body problem, these
solutions are known as Lagrangian points (see Fig. 2.3). In this section, we briefly summarize

the derivations of these two solutions in circular motion.

2.3.1 Euler’s collinear solution

First, we consider a collinear configuration in which the bodies always line up and move around

the center of mass with the same constant angular velocity wn.
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Figure 2.3: Lagrangian points around massive two bo

60°
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v .
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y .
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dies. The two gray disks are massive two

bodies. L1, Lo, and L3 (blue disks) correspond to Euler’s collinear solution and L4 and L5 (red

disks) are Lagrange’s equilateral triangular solution.

It is convenient to use the corotating frame with the same angular velocity. We choose the

(x,y) plane as the orbital plane normal to the total angular momentum of the system in such a

corotating frame, where the three bodies are located al
each body is written as r; = (x7,0).

We treat the three bodies equivalently, then we can

ong the x coordinate. Then, the location of

put x3 < x9 < x1 without loss of generality.

Choosing the origin of the coordinates as the center of mass, we have x; > 0 and x3 < 0. The

equations of motion for the three bodies in Newtonian

gravity are

G G
riw?= 2 T8 (2.38)
T2 13
G G
row? = -2t T8, (2.39)
12 o3
G G
raw? = -~ -T2 (2.40)
13 To3

where r; = |ry|. Figure 2.4 shows a collinear configuration in the corotating frame. The filled

disks denote each body.

We define a distance ratio as z = ro3/ri9, which i
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Figure 2.4: A collinear configuration.

formulation, and then, we have ri13 =(1+ 2)ris.

First, we subtract Eq. (2.39) from Eq. (2.38) and Eq. (2.40) from Eq. (2.39). Such a subtraction
procedure will be useful also at the PN order because we can avoid using the expression of the
PN center of mass [84, 78, 124]. Next, we compute a ratio between them to delete wZN. As aresult,

we obtain a quintic equation
(mq1+ mg)z5 +(@B8mq+ 2m2)z4 +@Bmi+ m2)23 —(mg+ 3m3)z2 —(2mo+3mg)z—(mo+mg)=0 (2.41)

for the distance ratio z > 0. Such a quintic equation cannot be solved in algebraic manners as
shown by Galois (e.g. [122]).

However, we can know the number of positive roots of Eq. (2.41). Descartes’ rule of signs (e.g.
[122]) states that the number of positive roots of a polynomial equation either equals that of sign
changes in coefficients of the polynomial or is less than it by a multiple of two. According to this
rule, the quintic equation (2.41) has the only one positive root for given masses. Substituting
the positive root z into a difference between any two equations of motion, for instance between
Egs. (2.38) and (2.40), we obtain the corresponding angular velocity wy. It is known that Euler’s
solution is unstable (e.g. [36, 121]).
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2.3.2 Lagrange’s equilateral triangular solution

Next, Let us summarize Lagrange’s solution in Newtonian gravity. We choose the origin of the

coordinates such that
miri+morg+msrg=0. (2.42)
We consider an equilateral triangular configuration. Then, we put
rig=rog=rg1="¢. (2.43)

The Newtonian equations of motion for each body are

GM
i'[ = —77'[, (244)

where the dot means differentiation with respect to time ¢t and M =} ; mj is the total mass of the

system. Hence, each body can move around the center of mass with the same angular velocity

w\N given by

GM

ik (2.45)

w% =
The velocity of each body v;(= rj) is perpendicular to the position vector r; and its magnitude is
vy = |vg|l = wnry. (2.46)

From Eq. (2.42), the position vector of each body can be rewritten by the relative vector as

ry :ZVJT']J, (2.47)
J

where r;jy =r;—rgj and we denote the mass ratio as v = mj/M. Thus, the orbital radius of each

body is

ry :E\/v3+VJvK+v%{, (2.48)

where we have used the relation as ryj-rgr = —¢2/2 for I #J # K.

Figure 2.5 shows an equilateral triangular configuration. Let 97 denote the angle from r; to
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rg. Using the cosine formula, it is shown that

2.,.2_ 2 2
ri+ri—¢ 3val
cosio = #, sindqg = \/_L, (2.49)
27”17”2 27”17”2
2.,.2_ p2
ré+ri—-2¢ 3v102
costog = L, sindog = \/_L, (2.50)
27‘27‘3 27‘27‘3
2.,.2 2
ri+ri—+¢ 3vo 2
cosds1 = %, sindgy = \;_r—gzrl (2.51)

Figure 2.5: An equilateral triangular configuration.

Gascheau proved that Lagrange’s equilateral triangular configuration for circular motion is
stable [53], if
mimo+maoms+msgm1 1

0< <—. 2.52
(m1+m2+m3)2 27 ( )

Routh extended the result to a general law of gravitation  1/r*, and found the condition for
stability as [98]

3—Fk\?

1+k

mimgo+momsg+msmq

1
0< —
(m1+m2+m3)2 3

(2.53)
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Chapter 3
Post-Newtonian Equations of Motion

In the framework of general relativity, the comparison of the theory with Newtonian gravity and
with experiments becomes particularly simple when one takes the slow-motion, weak-field limit.
Such a limit called the PN approximation is sufficiently accurate to consider the solar system.
However, the PN approximation is not appropriate to discuss the system of compact objects such
as binary pulsar, where the slow-motion and the weak-field assumptions are not valid.

In this chapter, we study the 1PN equations of motion for bodies that have no extent. For
this, we denote the curved space-time metric by g,, and its determinant by g (so g <0). The
Christoffel symbol is

1
FZV = Egpa (gcm,v t8ov,u— guv,a) . (3.1)

The Riemann tensor, the Ricci tensor, and the Ricci scalar are

1
R/,wpa = 5 (g,ua,vp + 8vp,uoc — 8pp,ve — gva,up) +8ap (ngrﬁo - Fggrﬁp) ) (3.2)
ore.  or¢
_ _ _ a4 pa B p
va = g“ﬁRaHﬁv _Ra“av = ax—a - o + szraﬁ - Fuargﬁ, 3.3)
R =g"R,, =RY, (3.4)

respectively. The energy-momentum tensor 7"" is defined from the variation of the matter action

Sy under a change of the metric g, — guv + 68 v, according to

1
5Say = % f d*x =gT" 58 y. (3.5)
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The energy-momentum tensor of a perfect fluid is expressed as
T =(u+ p)utu” + pg"’, (3.6)

where p is the energy density of matter per the 4-volume element /—gd*x, then u/c? is the mass
density of matter, and p and u* are the pressure and the four-velocity of matter. The Einstein

equations read

8nG
GIJV = TTIJV, (3.7)
where G, is the Einstein tensor defined by
1
Gu*\/ ERIJV_EgﬂvR. (3.8)

This chapter is based on Refs. [38, 39, 78, 84, 124].

3.1 The spherically symmetric gravitational field

First, we study a spherically symmetric gravitational field. Such a gravitational field can be
produced by matter of any spherically symmetric distribution. For spherically symmetry, not
only the matter distribution but also the matter motion must be spherically symmetric. Namely,
the velocity at each point must be parallel to the radial direction. The spherically symmetric
field means that the line element ds at a time must be the same for all points located at the same
distance from the center. In other words, the metric tensor depends only on the time and the
distance.

Using spherical coordinates (7,0, ¢), the most general expression of the spherically symmetric

spacetime is
ds® = A(t,r)dt® + B(¢,r)dtdr + C(¢,r)dr? + D(t,r)(d6? + sin? 0d ¢?), (3.9)

where A,B,C, and D are functions of time ¢ and radius r. Here, because of the arbitrariness of the
choice of the reference frame in general relativity, we can perform a coordinate transformation
without breaking the spherically symmetry. Thus, we can choose new coordinates ¢ and r, for
which the coefficient B(¢,r) vanishes and the coefficient D(t,r) becomes simply r2. The latter

condition implies that the circumference of the circle of radius r is equal to 27r. Note that these
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conditions do not determine uniquely the choice of the time coordinate. We can perform again
any transformation ¢ = f(f), not containing r, where  is a new time coordinate.

It is convenient to write the quantities A(¢,r) and C(¢,r) in the form of exponential functions
as —c2e" and e’, respectively, where A and v are functions of ¢ and r. Thus, ds? can be expressed

as
ds? = —e"c?dt® + etdr? + r}(d6? + sin?0d ¢?). (3.10)

1

Denoting by x°,x!,x2, and x3 the coordinates ct,r,0, and ¢, respectively, the non-zero compo-

nents of the metric tensor are

goo=—¢", gu=e', gap=r> gs3=r’sin®0. (3.11)
Thus,
g¥=—e, gll=e? g2=r2 g%¥=r2sin20. (3.12)
From Eq. (3.1), we obtain the expressions as
. , .
o _V 0 _ o _ A
Foo—g’ rlO_E’ r11—§e %
! /1 /1/
1ﬂ(l)o = ~e' F%O =5 ril =g F%2 =—re !, F§3 = —rsin®fe %,
2 _r3 _1 2 3 _
[{g=T{3= = I'33=—sinfcosf, I55=coto, (3.13)

where the dot and the prime denote differentiation with respect to ¢t and r, respectively. All
other components, except for those which differ from the ones we have written by transposition
of the indices u and v, are zero.

From Eqgs. (3.3) and (3.4), the non-zero components of the Ricci tensor and the Ricci scalar

are

1 1 1 v/ 1., 1 . 1.

Rog=|=V"+v2 v A+ =" A2+ —vi-Z] 14

0=V LY TV Tt T e 3.14)
A

Ro1=;, (3.15)
1. 1. 1 1 1 A

Rip=|=A%=Svi+SA|eMV =V = V21 2y + & (3.16)
4 2 2 4 4 r
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1 1
Ros=|-Ar—=vr-1|e*+1, (3.17)
2 2
R33 =sin®0Rgs, (3.18)
_1-' 1'2 Tl - " 1/2 1// 2/ 2/ 2 -1 2
R— 5'\//1—5/1 -1 e V+ v +§'V —EVA +;'V—;/1 +r—2 e —r—Z. (319)

The Einstein equations (3.7) become

1 M) 181G
-1 _ 0
e E (820
A 8aG
—e o=l (3.21)
r Cc
/
(v 1 181G, ,
(Tl *22

_le—/l v”+V—I2+ vi-A vf,lr) +1e_v (/“_/1_2_&) _ 8nGT§ _8nG
5 ot 4

T3, 3.23
2 r 2 2 2 2 ct 73 (3.23)

The other components identically vanish. Using Eq. (3.6), the components of the energy-momentum
tensor are expressed by the energy density u of the matter, its pressure p, and the radial velocity
ul=dr/dr.

Equations (3.20) - (3.23) can be integrated exactly when we consider vacuum, that is, outside
of the masses producing the field. Setting the energy-momentum tensor equal to zero, we obtain

the equations

!
(v 1 B
¢ (7 TR 0. (824
A1 1
_/'{/ _
¢ (r_r2)+r2_0’ (8:25)
i=0, (3.26)

where the fourth equation (3.23) can be derived from the other three equations.
Equation (3.26) means that A does not depend on time. Furthermore, adding the equations
Eqgs. (3.24) and (3.25), we obtain

A+v=F(2), (3.27)

where f(¢) is a function only of time. This claims that A +v at a certain time is the same value

everywhere. However, it is still possible to transform the time coordinate. If we perform the
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transformation ¢ = F(¢') such that dF(¢')/d¢ = /P2 Eq. (3.27) becomes v + A = 0 without loss of
generality. From this, note that the spherically symmetric gravitational field in vacuum is static,
automatically.

Equation (3.25) can be rewritten as
1-rAd)e =1 & (re=1 (3.28)
It can be integrated and we obtain

r
e t=e"=1+-5, (3.29)
r

where 7, is a constant of integration. Requiring the Newton’s gravitational theory holds at large
distances where the field is weak, this constant is determined as

2Gm
rg=

, 3.30
2 ( )
where m is the total mass of the matter. This quantity r, has the dimensions of length and is
called the Schwarzschild radius. This metric at infinity becomes the Minkowski metric.

Thus, the line element is expressed as

ds?=-(1- rTg) cdi? +(1- rTg)_ldr2 +r2(d62 + sin?0d p?). (3.31)
This solution of the Einstein equations is called the Schwarzschild solution. This expression
completely determines the gravitational field in vacuum produced by any spherically symmetric
distribution of matter. Note that the Schwarzschild solution is valid as long as the motion of
matter has the spherical symmetry.

Finally, the approximate expression of ds? at large distances from the origin of the coordinate

1s

2G
ds? = ds - —2(cPd i +dr?), (3.32)
c°r
where
dsg=nvdxtdx’, (3.33)

and the second term is a small correction.
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3.2 The weak gravitational field by a single body

Let us consider the weak gravitational field produced by a spherically symmetric single body
with mass m at large distances r from the body, and determine the first terms of its expansion in
powers of rg/r.

At large distances, the gravitational field is weak. Then, we can choose the reference frame

at large distances where the metric is almost expressed by the Minkowski metric:
noo=-1, 10i=0, nir="0. (3.34)
Thus, we express g, as
Euw =My +hpv, (3.35)

where A, is a small correction determined by the gravitational field.
Operations of raising and lowering indices of small tensor 4, are preformed using the Minkowski

metric, e.g. h; =n"Phyp, etc. To terms of the first order,
8up8"" = yp+hyp)g® =8, + O(R?), (3.36)
where h = hﬁ Then, we obtain the contravariant components of the metric as
g" =M —h* + O(h?). (3.37)
And, the determinant of the metric is expressed, to terms of the first order, as
g =—(1+h)+0(h?. (3.38)

Note that the coordinates are not uniquely determined by the conditions that A, are small.
If these conditions are satisfied in a coordinate system, even after any gauge transformation
x'" = x# +&H with a small quantity ¢, the conditions are also satisfied. Under the transformation,
the metric, according to the tensor transformation, becomes
0x% 9xP

i 5 8B = 8 (x) + g (), (3.39)

gy =
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to terms of first order in ¢, where

08 uv(x) = =&y — Sy (3.40)
with ¢, =n,,¢". From Eqs. (3.39) and (3.40), we obtain

Py = hyy =&y = Ev (3.41)

Note that the covariant derivatives in Eq. (3.40) become the partial ones, since 7, are constants.

In the first approximation, to terms of order r./r, the small corrections to the Minkowski
metric are given by the corresponding terms in the expansion of the spherically symmetric
Schwarzschild metric. Expressing the Schwarzschild metric by the form of Eq. (3.31), the first
terms are given by Eq. (3.32). Using the Minkowski coordinates (ct,x,y,z), we obtain, to terms
of the first order,

rg ’”g ’”2 I'g "ir
hoo=—+0|—=5|[, hoi=0|=5|, hir=—"0ir+0[5|. (3.42)
r r r r r

3.3 The Einstein-Infeld-Hoffmann equations of motion

The loss of energy of a system in the form of radiation of GWs appears in the fifth order of
approximation in v/c, where v is a typical internal velocity, for the first time [17]. ! In this
chapter, we write formally ¢ = v/c, henceforth. Namely, the energy of the system is constant in
the fourth order in the absence of an electromagnetic field. 2 In this section, let us derive the
Lagrangian of a system of gravitating bodies to terms of second order in €, namely, the 1PN order.
And thus, we will find the equations of motion of the bodies in the next order of the Newtonian
one, Eq. (2.36). Here, we neglect the extents and internal structure of the bodies, regarding them

as point-like particle. 2

1See Appendix D.

2Since the loss of energy by dipole radiation appears in the third order in €, a system is conservative in general
to terms of the second order in existence of an electromagnetic field.

3See Ref. [61] for extended bodies, for instance.

35



We start with the expressions A, of the form Eq. (3.42) as the weak field at large distances:

hoo = rTg +0(e%), hoi = 0(?), (3.43)

hij = r—g5ij + 0(6‘4). (3.44)
r

In these expressions, we assumed that the field is produced by a single body. Consider the linear
order in A, then the field at large distances from the system of the bodies is given by a summation
of each field:

2
hoo = ——¢+ O(e*), ho; =0(e®), (3.45)

2 .
hij= _ypa{ +0(eh), (3.46)

where

Ppr=-Y (3.47)

7 lr—ripl
is the Newtonian gravitational potential, r; is the position vector to the Ith body. The line
element by the metric tensor of Egs. (3.45) and (3.46) is expressed as

2 2
ds?=- (1 + —2¢) c*dt® + (1— —2¢) (da®+dy® +d2z”) + O(e*). (3.48)
4 c

Note that the first order terms of ¢ appear not only in goo but also g;;. In the equations of motion
of time-like particles, the contributions from g;; are higher order than those from goo.

In order to obtain the required equations of motion, it is sufficient to know the spatial compo-
nents of the metric to terms of the second order in € as Eq. (3.46). On the other hand, the mixed
and the time components are needed to terms of the third order and the fourth order, respectively.

For the energy-momentum tensor of the bodies, we put, in Eq. (3.6), p =0 and

2
p=Y 25 _pp, (3.49)

where d11 = \/ —g,w(xz)dx/; dx;/cz, O0(r) is the delta function, and the summation extends over
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all the bodies of the system. Then, we obtain

™ = E o(r—ry). (3.50)
T V—-glxp) drr dt g
The covariant components become
dx’ dx¢
mj I I
T, = E ———guo(xgve(x)) =————06(r —ry). (3.51)
uv = —g(xI) pup\X1)8vo\X1 dT[ dt 1

Thus,

2
Too= Y~ (goolen)? 2 —6(r r)

7 v —8(xr)
2

=Y my 1+—</>1+—+O(e4) S(r—ryp), (3.52)
I

where vé = dxé/dt is the ordinary three-dimensional velocity and ¢; is the potential of the field
at the point r; of the Ith body. Note that for the last equality sign in Eq. (3.52) we have used the
fact obtained from Eq. (3.48)

dt

el t 2<p+ u,+0(e) (3.53)

For the components T; and T}, it is sufficient to know the leading order terms, and they are

expressed as

Toi =) mycvrb(r—ry), (3.54)

T
Tij =) mvrvro(r—ry). (3.55)

T

And also, we can obtain
2
T=g"T,=-Y mrc? 1+—¢>I —’2+0(e4) S(r—ry) (3.56)
]

to terms of the second order in e.

Next, let us calculate the Ricci tensor R, by using Egs. (3.2) and (3.3). R is needed to
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compute to terms of order €*, and it is

19 (0ht 1 0RY\ 1

1 .
Sy e ~Ahgo+ =hi/
cot|oxi  2¢ ot 00

- 6%hoo 1(6h00)2 10hoo [ OB}  OR
2 2 oxiox/ 4

: = L _ L1+ 0(D),
ox? 4 OxJ ox* Ox/

(3.57)

where A is the Laplace operator in the flat spacetime. Note that the leading terms of 2 and 4;;
are of the order of €2 and h¢; = O(e?).
In this calculation, we have not fixed the gauge. In other words, we can impose a gauge

condition

onl 1 0h!
oxi  2c ot

(3.58)

which fix one of the degrees of freedom of gauge. As a result, the components A(; drop out in Rq.

Substituting
Ji_2 4 2 4
by = —¢&; +O(€”), hoo=——¢p+O0() (3.59)
c c
into the remaining terms, we obtain
1 2 2
Roo=—=Ahoo+ —Ad - —(V(P)z + 0(65), (3.60)
2 ct ct

where V = (0/0x,0/0y,0/0z) is the three-dimensional gradient.
For the mixed components R;, it is sufficient to know the terms of the leading order, that is,
3. As a result, we obtain
277 277 277
1 0°h; 1 0°hy 1 0°h’,

1
-7 4

" 2c000)  20x70x] 5 Ahoi +0(€). 3.61
2¢ 0tdx! 20x'0x) 2c0toxt 2 0: (") ( )

01
Imposing the condition Eq. (3.58) and the relation Eq. (3.59), these become

1 1 62
ROi:——Ah0i+— (/) +

-+ 0(eh). 3.62
2 2¢3 dtoxt €9 ( )
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Using the expressions of Egs. (3.52) - (3.62), we can write the Einstein equations

_8nG 1

The time component of Eq. (3.63) becomes

—Ahgo + —<pA(p - —(v¢)2 SZG Y mic (1 + % o )5(;- r0+0E®).  (3.64)
1
Using the identity
4(VP)? = 2A(¢p%) — 4pA (3.65)
and the Poisson’s equation for the Newtonian potential
Ap=4nG) m6(r—ry), (3.66)
]
this equation can be rewritten as
—A(h00+ Z ) S”GZ (1+ ’1 ‘sz)a(r rp)+0(E), (3.67)
T
where we replace ¢; on the right-hand-side of Eq. (3.67) by
$p=-Gy L (3.68)

7 Irr—ryl

i.e. by the potential at the point r; produced by all the bodies except the Ith.

Taking into account the relation
1
A (—) = —416(r), (3.69)

the solution of Eq. (3.67) can be obtain as
20 2¢> mi} , 36 myv?
ot C4 Z 2

= _ +0(ed). 3.70
c2 lr— r1| ot T |r—ril € ( )

hoo=—
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The mixed components of Eq. (3.63) become

16nG 1 0
Ahg; = Zm wdr—rp)+— ataii +0(e*). (3.71)
The solution of this linear equation is
4G miyvuy; 1 #%f 4
hoi = —— +— +0 3.72
o e Tlr—ryl  c3otoxt €, 8.72)
where f is the solution of the auxiliary equation
Gmg
Af=¢=— . (3.73)
F=¢ ; lr —rl
Using the relation Ar = 2/r, we obtain
G
f=-=> mir-ril (3.74)
27
As a result, the mixed components are obtained as
ho; = ~5a3 Z [7011 +(vrnpng]+0(e?), (3.75)

where n; =(r—ry)/|r-rj|.

In order to calculate the required Lagrangian at the 1PN order, it is sufficient to use Egs.
(3.46), (3.70), and (3.75). The Lagrangian for the Ith body in a gravitational field produced by
the other bodies is

d . Uivj 1/2
f]z—mzcd—; =-mjc (1 h00—2h0i————hij%) +0(e). (3.76)
c

Expanding the square root and dropping the irrelevant constant —mjc?, we obtain, to terms of

the second order,

2 4 i
mrv; mju; o[ Poo vy 1 hoo koo 2 4
5 + 3oz +mye (—2 +h0i—c +202hu"1”1+_8 +—4 5 + O(e). 38.77)

I:

Note that all the A, are evaluated at the point r;.
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The total Lagrangian . of the system is constructed so that it leads to the correct values of
the forces f; acting on each body for a given motion of the others. Therefore, the force f; given
by differentiating .¢7 is also obtained by taking the partial derivatives 0. /0r:

041 02

_ _z 3.78
fl ar[ ar[ ( )

As a result, we obtain the total Lagrangian of the system as

,Gmim j mzvl 3Gmm jv? myv}
<= Z; orrg Z ZZ 2c2ryg +; 8c2
G G2
—ZZ mImJ[7(vl vy)+r-nr)(vy-npy)l- ZZ y! M, (3.79)
J K 2c°rijgrik

where ryj=|r;—rgjl, nyyg =(ry—rg)/rij, the dot denotes the inner product of the vectors in the
flat spacetime, and the prime on the summation sign means that we should omit the term with
J =1 or K =1. The first and second terms in Eq. (3.79) agree with the Lagrangian in Newtonian
gravity.

Finally, we calculate the equations of motion for the Kth body by substituting the total La-
grangian Eq. (3.79) into the Euler-Lagrange equations

¢ (02)_(02) -
dt \ovg org '
These become
dvg Gmgma Gmp Gmc FAK ‘TCA
mg— = Z AK— 35— 1—42 —Z 1- 5
dt A#K rAK B;ﬁKc 'BK (A c? rca 2rCA
VK |2 VA2 VA Uk 3 (va 2
() 2] a5 ) -5 (5 ma]
G 7 G?
- Z (va —vg) meAnAK-(3vA—4vK)+— Z Z rCA%. (3.81)
A#K AK A#K C#A C°TAKT o a

Equation (3.81) is known as the Einstein-Infeld-Hoffmann (EIH) equation of motion [84, 124] for
N-body systems at the 1PN order. In the Newtonian limit, Eq. (3.81) reduces to Eq. (2.36). For
the two-body problem, the dynamics of each body was obtained by Damour and Deruelle [33] in
the 1PN approximation.
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For the relative position rjx = rj — rx, we obtain the equations of motion

d? G G G :
122]1{ Y rax mA 14y & mp m¢ (l_rAKerA)
e Gk T rig B2k PreK  (7acPrea 2réa
UK VA VK 3(va 2
+(7) +2(= ) -4 7)‘5(7'"“) ]
G G .
~ Y rag mA 1-4y & mp Z ( "AerCA)
A%J g B77 C*TBI  (za €°TCA 2re
Vg2 vaA vg vyy 3 va 2
+(=7) +2(7) ~4(= 2 ) =5 [ nad)
Gm Gmy
- ) (va-vg) 2, 2A nak-(3va—4vg)+ ) (va-vy) 22 AT (Bvyg —4vy)
A#K Ak A+d "Ag
G2 mameg G2 mamg
Z Y TCA G5 1Y Y rea s mame, (3.82)
2, Gkéaa ctraxrd, 247ucTa crragrd,
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Chapter 4
A Post-Newtonian Collinear Solution

In this chapter, we discuss a PN collinear solution to the three-body problem in circular motion
by employing the EIH equations of motion.

As we saw in Chapter 2, the Newtonian collinear configuration is determined through a mas-
ter equation of fifth order in the distance ratio of the bodies. The quintic equation has only one
physical root corresponding to the equilibrium configuration for given system parameters (the
masses and the end-to-end length) [36, 54, 121].

In the framework of general relativity, this solution has been reexamined [129, 130]. In this
case, the master equation determining the PN collinear configuration becomes seventh order. In
the same way as the Newtonian case, the septic equation has always one physically acceptable
root and only one. We shall call this the uniqueness of the collinear solution. Especially, for
the restricted three-body problem, the uniqueness means that three equilibrium points of a test
particle exist even at the 1PN order. They are relativistic counterparts of the Lagrangian points
L1, Lo, and Ls.

The purposes of this chapter are to derive the PN collinear solution in the circular motion and
to prove the uniqueness of the configuration for given system parameters. This chapter is based
on [129, 130].

4.1 The septic equation

In this section, we derive the septic equation that gives the collinear configuration. In order
to take into account the dominant part of the general relativistic effects, we employ the ETH

equations of motion, namely, Eq. (3.81). In the case of a collinear configuration and the circular
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Figure 4.1: A collinear configuration.

motion, we should note that all the locations r; of the bodies are parallel or antiparallel to each

other and all the velocities v; of the bodies are always perpendicular to r;. Hence, we obtain
v =rjw, (4.1)

where vy = |vg|, r; = |rjl, and w is the common angular velocity. Figure 4.1 shows a collinear
configuration in the corotating frame. The filled disks denote each body.
We define r;j =r;—rj and ryj = |rrj|. Subtracting the EIH equation of motion for mg from

that for m 1, for instance, and defining a distance ratio as z = rog/ri9, i.e. r13 = (1+2)ri2, we obtain
7‘13(1)2 =FN+£FM+£FVw2, 4.2)

where we define a non-dimensional small parameter as

GM
=—— 4.3
€ c2¢ 4.3)

with the total mass M =} ;m and the characteristic length of the system ¢ = r13, The Newtonian
term F'\y and the PN corrections Fj; (dependent on the masses only) and F'y (velocity-dependent
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part divided by w?) are defined by

GM
Fx=—— [(v1+v3)2? +va(1+22) (1 +2)?], (4.4)
0222
GM
Fy = ~ 753 [va(4 —4v1 +v3)+va(12 —Tvy +3vs)z
z

+v9(12—v1 + 1/3)22 +(8—=T7Tvi—Tvg+8vivy+ 31/% + 31/%)23

+vo(12+ v — V3)Z4 +vo(12+3vyi— 7V3)25 +vo(4+vy— 4V3)26] y (4.5)

l
= m [—V%Vz —2vive(l+vi—v3)z

+(2—-2v1+v3+6vivy— 3\/3 + v? - 31/%1/3 - 3v1v§ + vg)z2

Fy

+2(1+ve)(1+vy+vy— v% +vivy— v§)23
+(2+vy—2vg— 31/% +6vivg+ v? - 31/%1/3 - 3v1v§ + vg)z4

—2vovs(l— vy +v3)2® —V2V§Z6], (4.6)

respectively, where vi = mj/M is the mass ratio. Note that we ignore the second (and higher)
order of PN contributions in this truncated calculation.
After straightforward but lengthy calculations, which are similar to the Newtonian case, we
obtain a septic equation
F(z)= i ApzF =0, 4.7)
k=0
where each coefficient A;, is defined by

A7 =¢[-4-2(vy —4v3)+2(v2 + 2v1v3 — 2v2) — 2v1v3(vy +v3)], (4.8)
Ag=1-v3+e¢ [—13 —(10v1—17v3) + 2(21/% +8vivsy — v%) + 2(1/? - 21/%1/3 - 31/11/% - vg)] , 4.9)
As=2+v1—2v3+e[-15—(18vy —5v3) + 4(5vivs +4v3) +6(vi —viva —v3)], (4.10)

Ay=1+2vi—v3+e[—6—2(5v1+2vs)—4(2v2 —vivs —4v2) + 2(3v3 +v2vs — 2v1vZ —3v3)], (4.11)
1 3 1 1 3 3

Ag=—(1-v1+2v3)+¢€|6+2(2v1+5vy)— 442 + Vivg — 2v2)+2(3v3 + 21/21/3 - v1v2 —3vd) ,
1 3 1 1 3 3

(4.12)
Ag=—(2-2v1+v3)+e[15—(5vy — 18v3) — 4(4v2 + 5vv3) + 6(V3 +vivy —v3)], (4.13)
Arp=—(1-v1)+e[18—(17v1—10v3) + 2(v2 — 8v1vs —2v3) + 2(v3 + 3v3vg + 2viva—v3)|,  (4.14)
Ag=e[4-2(4v1 —v3)+2(2v5 — 2v1vs —v3) + 2v1va(vy +v3)], (4.15)
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respectively.

Equation (4.7) has an antisymmetry for exchanging indices between v and v3, so that, we
obtain the equivalent equation by making a change z — 1/z. Taking into account the antisymme-
try of the locations of the bodies for exchanges between v; and v3, the antisymmetry of Eq. (4.7)
may validate the complicated form of each coefficient.

Since € <« 1, the PN corrections in each coefficient must be much smaller than the Newtonian
terms. Then, they cannot change the sign of each coefficient in Eqs. (4.9) - (4.14). Therefore, in
the same way as the Newtonian case, the signs of Egs. (4.9) - (4.11) are positive (Ag >0, A5 >0,
and A4 > 0) and those of Egs. (4.12) - (4.14) are negative (A3 <0, A2 <0, and A; <0).

Using a relation vi =1—vge —v3, Eq. (4.15) can be rewritten as
A() = 2£(V2 + V3)(2V2 + 2V3 + V2V3), (4.16)

which immediately leads to Ag > 0. In a similar manner, we have A7 <0. !

Thus, the number of sign changes of the coefficients in Eq. (4.7) is necessarily three. Descartes’
rule of signs indicates that the septic equation (4.7) has either one or three roots. In the case of
three roots, we can easily understand that one of them corresponds to Euler’s collinear solution.

What are the other two roots? We shall investigate them in next section.

4.2 The uniqueness of the post-Newtonian collinear solu-
tion

Figure 4.2 shows that Eq. (4.7) has three positive roots, where we put v{ = 1/7, vo = 5/7, vg =
1/7, and € = 107%. We denote the smallest, the moderate, and the largest roots as zg,zr,zL,
respectively.

Table 4.1 shows the numerical values of z and ¢w/c corresponding to Figure 4.2. The velocities
corresponding to zg and z7, are v = O(fw) = O(c), which do not satisfy a slow-motion condition for
the PN approximation. This can be understood by the following arguments.

Because of the antisymmetry of the septic equation (4.7) for transformation as z — 1/z asso-

ciated with exchanges between v; and vs, the two roots zg and z;, must be a pair.

I An alternative but powerful way to see this is using the anti-symmetry of the septic equation (4.7) for exchanges
between indices 1 and 3 as v; — v3 with z — 1/z. This exchange makes a change as Ag — —A7. Using Ay >0, we
have always A7 <O0.
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Figure 4.2: The septic polynomial. Top: the septic polynomial in Eq. (4.7). Bottom left: The
polynomial around the smallest positive root. Bottom right: The polynomial around the moderate
positive root

First, we consider a region where z < 1. In this region, Eq. (4.7) approximately becomes
A1z+Ap=0, (4.17)

where A( contains only the 1PN correction terms and A; has both the Newtonian terms Ay
and the 1PN correction terms Apyni. If the signs of Ag and Ay are different, then we have an
approximate form of a positive root in this region as

Ao

28 = _14_1\11 = 0(8) (4:18)
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Table 4.1: Values of z and ¢w/c for Figure 4.2. The velocities corresponding to zg and z;, are
v = O(¢w) = O(c), which do not satisfy a slow-motion condition for the PN approximation. This
can be understood by the following arguments.

zZs ZR 2L
z 3.635x10~% 1.000 2751
fwle  0.8723 0.02449 0.8723

Since € — 0 in the Newtonian limit, the smallest positive root zg can appear only in the PN
approximation.
Let us make an order-of-magnitude estimation using Eq. (4.2) for a velocity fwg, where wg is

the angular velocity corresponding to zg. From the expressions of Egs. (4.4), (4.5), and (4.6), we

obtain
GM GM
Fx=0 4223) :0(4282), (4.19)
GM GM
Fy=0 ﬂzg) =0 (z%?»)’ (4.20)
l ¢
ZS €

Since € < 1, we have ri3 = ¢ < ¢F'y, so that Fiy ~ Fyf ~ FVw?g >> r13w§ in Eq. (4.2). Nevertheless
the Newtonian angular velocity wy is O( VGM/¢3), all the three bodies have an angular velocity
wg = 0(c/¥), that is,

fws = 0(c). (4.22)

This means an extremely fast motion comparable to the speed of light. Such a fast motion is un-
acceptable in the PN approximation. Therefore, the smallest root zg is unphysical and discarded.

Next, we consider a region where z > 1. In this region, Eq. (4.7) approximately becomes
A7Z +A6 =0, (4.23)

where A7 contains only the 1PN correction terms and Ag has both the Newtonian terms Ang
and the 1PN correction terms Apng. If the signs of A7 and Ayng are different, then we have an
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approximate form of a positive root in this region as

Ay
Ane

of}) az

£

2L =

In the Newtonian limit as € — 0, this root disappears.
Let us make an order-of-magnitude estimation for a velocity fwy,, where wy, is the angular
velocity corresponding to zz,. From Eqs. (4.4), (4.5), and (4.6), we obtain

GMz2 GM
_ L|_
Fx= o( 72 ) = (4252)’ (4.25)
GMz3 GM
_ L_|_
FM_O( 72 5) —O(@), (4.26)
9 ¢
FV:O(ZZLE):O 8_2 . (427)

Then, ri3=¥¢ < eFy, sothat Fy ~Fy ~ FVw% > rlgwi in Eq. (4.2). This leads to wz, = O(c/¢) and
fwr, = O(c). (4.28)

This implies that the PN approximation breaks down by such an extremely fast motion compa-
rable to the speed of light. Therefore, the largest root zz, is unphysical and discarded.

We should remember the antisymmetry under the transformation as z — 1/z, hence, zg and
z1, correspond to each other as zg — 1/z7,. In this sense, it seems natural that the above argument
for discarding zj, is similar to that of zg.

As a result, two of the three positive roots are discarded being considered as unphysical ones.
Hence, we complete the proof of the uniqueness.

Substituting the physical root of Eq. (4.7) into Eq. (4.2), we obtain the angular velocity
w=owyN(1+dpN), (4.29)

where wy = (Fn/r13)Y2 is the Newtonian angular velocity and we denote the PN correction as

_ (Fy + FNFy

= 4.30
WPN Y ( )
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For the fixed masses m; and the end-to-end length ¢, we have always an inequality
w < WN, (4.31)

which means that the PN orbital period measured in the coordinate time is longer than the
Newtonian one. 2 If the masses and angular rate are fixed, the end-to-end length ¢ is shorter
than in the Newtonian case.

Figure 4.3 shows a numerical example, where we put m;:mg:mg=1:2:3, rig =1 and
£=0.01. 3 In this figure, we do not use the corotating frame (x,y) but an inertial one (%, ¥). The
disks denote the three bodies at t = 0, when m1, mo, and mg are located from right to left on the
horizontal axis. The triangles and circles denote the locations of each body at ¢t = Ty/2 and ¢ = T/2,
respectively, where T' and T'y are the orbital period and the Newtonian one. These are computed
by using our formulations, e.g. Eq. (4.29). On the other hand, for the trajectories of the bodies,
we directly solved numerically the EIH equations of motion until ¢ = T'x/2. Both methods provide
the same plot. This agreement may also validate our formulation. We assume x3 < x2 < x1
throughout this chapter. This figure suggests that as an alternative initial condition, we can
assume x1 < xg < x3, which is realized at ¢ = T/2 in this figure. This is a natural consequence
of the parity symmetry in our formulation. Numerical calculations for this figure show that the
PN corrections to the angular velocity in Eq. (4.29) is negative, that is w < wy as we already
mentioned above. It should be also noted that the location of each mass at ¢t = 7/2 is advanced
compared with that at ¢t = T/2.

Finally, we focus on the restricted three-body problem. The physical root zr can be expressed
as zg = zn(1 + x), where zy is the corresponding Newtonian root and y is the small correction of
the order of €. Substituting it into Eq. (4.7), we obtain the PN correction

Y1 ApNi2k,

= . (4.32)
> RANRZE,

X =
where ANz and Apyy, are the Newtonian and 1PN terms in Ay, respectively.

For the Sun-Jupiter system, the 1PN corrections to L1, L9, and L3 become +300-380+1 [m],
respectively, where the positive sign is chosen along the direction from the Sun to Jupiter. Such
corrections suggest a potential role of the general relativistic three- (or more) body dynamics in

high-precision astrometry in our solar system and perhaps also in GW astronomy. They are small

2See Appendix B.
3The order of magnitude of the 1PN effects is 0.01.
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Figure 4.3: The three-body orbits for the PN collinear solution. We put mi:mg:mg=1:2:3,
ri2 =1 and € = 0.01. We do not use the corotating frame (x, y) but an inertial one (%, y). The disks,
triangles, and circles denote the locations of each body at ¢ =0, ¢t = T'N/2, and ¢ = T/2, respectively.

but may be marginal within the limits of the current technology since the lunar laser ranging
experiment has successfully measured the increasing distance between the Earth and the Moon
=~ 3.8 cm/yr.
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Chapter 5
A Post-Newtonian Triangular Solution

In this chapter, we discuss, in circular motion, a PN triangular solution to the three-body problem
and its stability by employing the EIH equations of motion.

For the restricted three-body problem, a triangular equilibrium solution has been investi-
gated by Krefetz and Maindl, independently [76, 82]. Ichita, Yamada, and Asada have studied
the PN effects on Lagrange’s solution for general masses [57]. Soon after, Yamada and Asada
have found a PN triangular solution to the general three-body problem by adding the appropri-
ate general relativistic corrections to the configuration of the bodies [132]. This chapter is based
on [567, 132].

5.1 The post-Newtonian corrections

We take into account the dominant part of the general relativistic effect. Namely, we employ the
EIH equations of motion (3.81).

First, we consider an equilateral triangular configuration. However, in this case, it is shown
that a PN equilateral triangular solution does not exist except for two cases [57]: (i) three finite
masses are equal and (ii) one mass is finite and the other two are zero. This means that under
the assumption that the three bodies are located at the apexes of an equilateral triangle, three
bodies of general masses obeying the EIH equations of motion can not move along circular orbits.

What happens by adding 1PN corrections to the equilateral triangular configuration? By
appropriate 1PN corrections, if three bodies can circularly move without changing each relative
position during motion, the general relativistic version of Lagrange’s solution exists. Therefore,

we seek such appropriate corrections for the equilibrium solution corresponding to the Lagrange’s
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one at the 1PN order. For the equilateral triangular solution, since three bodies move always in

a plane, the number of the degrees of freedom in the PN corrections to the configuration is two.

5.1.1 An equilateral triangular configuration

We consider three bodies in circular motion with the same angular velocity w, so that each or-
bital radius r; is a constant. Because of the circular motion, the velocity v; of each body is
perpendicular to the location rj.

In general, the expression for the location of the center of mass in the PN approximation
differs from that in Newtonian gravity. However, fortunately, the expression for the center of
mass remains unchanged for the equilateral triangular configuration even at the 1PN order [57].
I Then, the PN location r; and orbital radius r; of each body are unchanged from the Newtonian
ones.

Let w; denote the angular velocity of the Ith body with PN corrections. After straightforward

calculations, the EIH equations of motion for m1 can be written as [57]

GM
—w%rl = —77‘1 +6EIH15, (5.1)

where M =) ;mj is the total mass and we define the small parameter

GM
E= W (52)
The PN term égy; is defined by
1 GM 1
OEIH1 = 6 72 {{16(1’3 +vovs + V%)[3 —(v1ve +vovs +v3v1)]
\/V§+V2V3+V§
+9VoV[2(vy + va) + V3 + 4vavy + Vil +3VBvavs(va —va)(5 - 3vm s, (5.3)

where n; = r;/r; and n; = vi/|v;|. The equations of motion for mgo and ms can be obtained by
the cyclic manipulations of the indices as 1 — 2 — 3 — 1. From these equations of motion, we
can see that an equilateral triangular solution for general masses does not exist in general, since
the vector terms perpendicular to the position vector terms remain on the right-hand side of the

equations of motion.

1See Appendix A.
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The PN equilibrium configurations can be realized if and only if the following conditions (a)
and (b) hold: (a) the coefficients of n; in the equations of motion for each body are zero and (b)
the angular velocity for each body is the same in order to keep the distance between the bodies
unchanged.

From Eq. (5.3) for m1, the coefficient of n 1 vanishes if either of v9 or v3 is zero or vo = v3.
In the same way for mo and mg, the condition (a) holds in only the three cases: (i) three finite
masses are equal, (ii) one mass is finite and the other two are zero, and (iii) two of the masses
are finite and equal, and the third one is zero.

In the case (i), the three bodies have the same PN corrections, so that the condition (b) holds.
In the case (ii), the body with finite mass rests and the other two test bodies has the equal
PN corrections, thus the condition (b) holds. However, in the case (iii), for instance, putting

v1i=v9 =1/2 and v3 =0, we have

|0r1H1| = [6R1H2| = %i—é‘l, (5.4)
|0EIHs| = (63+;1 \/§) G£Z2\4 (5.5)
Using the expression (2.48), the angular velocities of the bodies are
w1 = we :wN(l—Es), (5.6)
32
w3 :wN(1_21\/3§—2+118), (5.7

and thus the condition (b) does not hold.

As a result, the equilateral triangular solution realizes at the 1PN order in only two cases: (i)
three finite masses are equal and (ii) one mass is finite and the other two are zero.

Note that not only an equilateral triangle but also an isosceles triangle can be acceptable in
the case (ii). This is because that the three-body problem reduces to two problems of the test body

around massive one, which are the PN versions of the two-body problem discussed in Chapter 2 .

5.1.2 A post-Newtonian inequilateral triangular configuration

Next, we consider a PN inequilateral triangular configuration with general relativistic correc-

tions to each side length of an equilateral triangle, so that the distances between the bodies are
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parameterized as

rig=4(1+p1y), (5.8)

where p;s is dimensionless PN corrections, and pj; = prj. Figure 5.1 shows a PN triangular
configuration.

01+ pa1) (1 + p23)

ma

£(1+ p12)

Figure 5.1: The PN corrections to the distances between the bodies.

Here, if all the three corrections are equal, that is

P12 = P23 = P31 =P, (5.9)

then a PN configuration is still an equilateral triangle, though each side length is changed by a
scale transformation as ¢ — ¢(1+ p). Namely, one of the degrees of freedom in the PN corrections
corresponds to a scale transformation. However, such a scale transformation is equivalent to
changing the Newtonian angular velocity as wn — wn(1+ p)~%2, so that this causes quantitative

difference of the motion. 2 Therefore, this is unimportant to seek an equilibrium configuration.

2 By the scale transformation, the 1PN terms in the equations of motion also change, such as g€ — Ormie(1+
p)~% in Eq. (5.1). However, such changes give contributions of the second (or higher) order. Thus, it can be neglected
in our consideration.
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In order to eliminate this degree of freedom, we impose a constraint condition

rig+rog+rar

¢ 5.10
3 , (5.10)

which means that the arithmetical mean of the three distances between the bodies is not changed

by the PN corrections. Namely,
P12+ p23+p31=0. (5.11)

At the 1PN order, we can employ other two conditions, which are equivalent to the above con-
dition: ® (i) the geometric mean of the three distances between the bodies are not changed by the
PN corrections and (ii) the area of a triangle is not changed by the PN corrections. Furthermore,
alternative choices of conditions are possible. For instance, (a) the angular velocity of the bodies
is not changed from the Newtonian one or (b) ri2 is not changed from the Newtonian case. In
these choice, we can obtain inequilateral triangles being similar to each other.

The EIH equations of motion for m; are changed by the PN corrections as

9 Gmg Gms
—Wiri=—3—ra1+-——r31 +0RmHIE
21 31
GM 3GM ri
03 2 03 vi+vovy+ vl

x {[ve(v1 —vg — 1)p12 +v3(v1 —v3 — Dp31ln1 + V3vavs(p12 — p31)m i1}
+OEIHIE, (5.12)

where 6grm1 is expressed as Eq. (5.3). We should note that r; may be different from the New-
tonian case, because of the PN corrections. However, we can replace r; with the Newtonian
location because of the following reason. The two terms including r; in Eq. (5.12), that is, the

left hand side and the first term of the right-hand side can be expanded as

—w%rl = —w%er — wlz\IrPNl, (5.13)
GM  GM GM
—77”1—— 73 rN1— 73 T'PN1, (5.14)

where ry1 and rpyn; are the Newtonian location and the PN correction, respectively, and wy =

3See also Appendix in Ref. [132].
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VGM/¢3 is the Newtonian angular velocity. * The relation between Egs. (5.13) and (5.14) implies
that the PN corrections to r; cancel out in Eq. (5.12).

Also, n1 and n 1 have PN corrections. However, these corrections give contributions of the
second (or higher) order in Eq. (5.12), thus they are neglected in the 1PN approximation. Also
in 8g1m1, the PN corrections to »; and n, ; are the second order. We can obtain the equations of
motion for mo and mg by the cyclic manipulations as 1 -2 — 3 — 1.

The PN triangular configuration becomes an equilibrium solution in the circular motion if
and only if the following conditions (a) and (b) simultaneously hold: (a) the centrifugal force
balances with the gravitational force for each body and (b) the PN triangular configuration does
not change with time. The condition (a) is equivalent to (a’) that the coefficients of n; in the

EIH equation of motion for each body vanish:

1

P12 — P31 — g(Vz—Vs)(5—3V1)£= 0, (5.15)
1

P23 — P12 — g(Vs —v1)(5—-3v9)e =0, (5.16)
1

031~ P23 — g(V1—Vz)(5—31/3)£: 0. (5.17)

The condition (b) can be restated as: (b’) the angular velocities of the three bodies are the same

in order not to change the distances between the three bodies:

0 -w;=0, (5.18)
wf-w;=0. (5.19)
Equations (5.18) and (5.19) are rewritten as
3 1
_ﬁ[vﬂvl —ve—1)p12 +v3(vi—vs—1)ps1]
2v5+vavz+vy
3
- Eﬁ[VS(Vz —v3—1)pas +vi(vag—vi—1)p12l
V3 +v3vy+ Vi
9 1 9 5
—{E 5 2V2V3[2(V2+V3)+V2+4V2V3+V3]}8
Vo +Vv9Vg + V3
9 1
+ {1—6 3 5vavil2(vs +v1) +v3 +4vgvy +v§]}g =0, (5.20)
V3 +v3vy+ Vi

4See Eq. (2.45)
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—————[va(vi—va—1Dpig +vs(vi—v3 —1)psi]
vy +vovsy + V3

- [vilva—vi—Dps1 +va(vz —ve —1)pas]
Vi +vive + Vo

_ {%WV2V3[2(V2 +v3)+ v% +4vovg + v%]}g
{%%vlv2[2(v1+v2)+v%+4v1v2+v§]}8: 0, (5.21)
Vi +vivg + vy
respectively.

Since the number of degrees of freedom in the PN corrections (p12, p23, p31) is two, it seems
that the above five conditions of Egs. (5.15) - (5.19) can not be simultaneously satisfied by any
set of the PN corrections. However, the number of independent conditions turns out to be only
two. This can be shown as follows.

First, we can obtain Eq. (5.17) from Eqs. (5.15) and (5.16) by eliminating pj2. Next, the
left-hand sides of Egs. (5.20) and (5.21) vanish if and only if Egs. (5.15) and (5.16) are satisfied.

As a result, we obtain the PN corrections satisfying the above conditions as

1

P12 = ﬂ[(vz —v3)(5—-3v1)—(va —v1)(5—-3va)le, (5.22)
1

P23 = ﬂ[(VS —v1)(56—-3va)—(v1—v2)(5—-3v3)le, (5.23)
1

P31 = ﬂ[(h —v2)(5—3v3)—(va —v3)(5—3vi)le, (5.24)

which give a PN triangular equilibrium solution for general masses. As v3 — 0, these corrections
reduce to the previous results for the restricted three-body problem [76, 82].

Substituting Eqgs. (5.22) and (5.24) into Eq. (5.12), we obtain the common angular velocity of
the three bodies

w = wN(1+dpN), (5.25)
where we denote the PN correction as
WpPN = —E[29 —14(v1va + vovs + v3vy)le. (5.26)

Taking into account that vi +v9+v3 =1, we can show @py < 0, that is, w < wy for the fixed system

parameters ¢ and v;. In other words, the area of the PN triangular configuration is always
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smaller than in the Newtonian case if the masses and angular velocity of the three bodies are
fixed.

Table 5.1 shows the PN corrections to the distances between the bodies and the Lagrangian
point L4 (L5) in the solar system. Here we choose the bodies of m; and mgo as the Sun and
each planet, respectively, and then vs = 0. For the solar system, it is not natural to change
ri2 but location of the test body because the distance between the Sun and each planet has
been estimated. ® Therefore, we perform a scale transformation as ¢ — ¢(1 + p12). By the scale
transformation, the PN corrections to re3 and rs; are changed as p23 — p23 — p12 and ps; —
P31 — P12, and hence it is convenient to use Eqgs. (5.15) and (5.16) rather than Eqs. (5.22) - (5.24).
From Eq. (5.16), we can obtain the PN correction to the distance between each planet and the

Lagrangian point L4 (L5) as

(5.27)

l(p23—p12) = —— 5

5 2GM, (1 3Mp)
16 c¢2 ’

where Mp is the mass of planet. Equation (5.27) shows that the correction to the distance be-
tween each planet and the Lagrangian point L4 (L5) becomes approximately 5/16 of the Schwarzschild
radius of the Sun and the planetary contribution is much smaller. Thus, we obtain almost the
same values for this correction for Earth and Jupiter. The similar corrections are mentioned also

in the previous paper [82].

Table 5.1: The PN corrections to the Lagrangian point L4 (L) of the solar system.

Planet Sun-L4 (L5) [m] Planet-L4 (L5) [m]
Jupiter -0.353 -923
Earth -0.00111 -923

5The distance between the Sun and Jupiter, for instance, has been estimated from the orbital period of Jupiter.
Therefore, it may be more natural to fix the scale of the system by the orbital period of Jupiter. For this, see Ref.
[128].
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5.2 A linear stability of the post-Newtonian triangular so-

lution

Next, we study a stability of the PN triangular solution by taking account of linear perturbations
in the orbital plane. Because of three bodies, the number of degrees of freedom in the pertur-
bations is 2 x 3 = 6. However, two of the degrees of freedom correspond to perturbations in the
center of mass. It is convenient to use the corotating coordinates with the center of mass as the
origin even after adding perturbations. Hence, the number of the degrees of freedom in the per-
turbations decreases from six to four: one of them corresponds to a perturbation in the common
angular velocity, and the three other perturbations denote changes in the shape and size of the
PN triangle.

5.2.1 Equations of motion for perturbations

We consider four perturbations in the orbital plane. See Fig. 5.2 for a schematic figure of the four

perturbations.

012 = O12 + do

>

Reference direction

r31 =L (14 p31 + 0x31)

r12 = £ (14 p12 + dx12)

a3 = g +V3pas + 1bos
Figure 5.2: Four perturbations in the PN triangular configuration.
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First, we put the distances between the bodies as

rig =01 +prg+6x15), (5.28)

where y77(= yJ1) is a perturbation in the distance r;; and § is a bookkeeping parameter that
denotes order of smallness of the perturbations. By these perturbations, each angle ¢;; between
rxr and rjix (I #J # K) of the PN triangle is changed as

T
P17 =3 +V3prs+0wiy. (5.29)

The perturbations y;; and ;s relate to each other through the cosine formula. As a result, we

obtain the relation as

1

Y12 = N: [2x12 — X23 — X¥31 + 2p12X12 + (P23 + 4p31)x23 + (4p2s + p31)xs1] s (5.30)
1

Yoz = % [2x23 — x31 — x12 + 2023 X 23 + (031 +4p12) )31 + (4p31 + p12)¥12] (5.31)
1

Y31 = NE [2x31 — x12— X283 +2p31x31 + (P12 +4p23)x12 + (4p12 + p23)x2s] - (5.32)

Hence, the number of independent perturbations (y12, x23, ¥31, V12, W23, ¥31) is three.
The remaining one of the degrees of freedom corresponds to a change in the common angular

velocity of the bodies:
015 =015 +6014, (5.33)

where 075 and o7 denote the angle from a reference direction to r;; and a perturbation in it,

respectively. Oy is the unperturbed direction which satisfies the following equation

do®
I - wN(1+ dpN), (5.34)
dt
where @py is defined by Eq. (5.26), namely,
WPpN = ——[29 - 14(V1V2 +vovsg + V3V1)]E. (5.35)

16
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Differentiating the relations

023 =012 + 7 — @31, (5.36)

031 =012 — 7 + a3, (5.37)
we obtain

Dogs =D(o —vys31), (5.38)

Dos; =D(o +vy23), (5.39)

where D denotes a differential operator with respect to normalized time 7 = wnt and we have
denoted o012 simply as 0. Equations (5.38) and (5.39) show that the perturbations 019, 093, and
031 relate to each other. Thus, the number of degrees of freedom in (012,093,031) is one and it
corresponds to a change in the angular velocity. Note that the perturbation o changes not only
the common angular velocity but also the directions of the bodies. However, the constant part of
o can be always canceled out by the coordinates rotation. Therefore, its differential with respect
to time Do has the physical meaning and this is the perturbation in the common angular velocity.

Note that the perturbations have not only the Newtonian terms but also the 1PN ones. For

instance, the perturbation ¢ can be expanded as
O =0N +OPN, (5.40)

where on and opn(= O(€)) are the Newtonian term and the 1PN one, respectively. In the follow-
ing, we neglect the terms of second (and higher) order in 6. Namely, we calculate to the terms of
order € x 6 (i.e. the 1PN corrections to the linear perturbations).

Using a complex plane as the orbital one, we denote the relative position of the bodies as

rij—zrg =rige'?”. From Eq. (3.82), the EIH equation of motion for z12 becomes

d2212

—z = Fi2e™™. (5.41)

The left-hand side of this equation is

d2212
dt?

= €w12\1 [—{1 + 2(DPN + P12 +6(2D0’12 + X12 —D2)(12 + 2(DPND012 + 2p12D0’12

+2(;)PNX12)} + i6(2D}(12 +D20'12 + 26)PNDX12 + p12D20'12)] ei912. (5.42)
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F15 in the right-hand side of the equation of motion can be expanded as

F19=FN12 +€FpN12 + 0 FNper12 + E6FpNper12,

(5.43)

where FN12 and Fpnig are the unperturbed Newtonian and PN terms, respectively, and Fnper12

and Fpnper12 are the perturbed Newtonian and PN terms, respectively. These are

M

Fni2= vk

1M 2 2
FPle = ﬂﬁ(45v2 + 54V1V2 - 60V2 + 451/1 - 60V1 + 97),
1M 3V3M
Frper12 = 272 [3vs(x2s + x31) +2(2 — 3vs)y12] + lTﬁvs()(:ﬂ —X23),
1M
FeNper12 = 7675 [—2(54v§ +108v1v2 —86v3 + 108v3ve — 82v1 v + 16Tvg +54v3

—86v2 +167vy —29)y12 — v3(45v5 + 108v1ve + 8vg +90v] — 108v1 + 150)
x y23 — v3(90Vv3 + 108v1 vy — 108vg + 45v% + 8vy + 150)y31 + 8(V3 — v1v2

+ 21/% - V%Vz —4vivyg —Tvg + v? + 21/% —7v1)Do19 — 21/3(1/% +22v1vo +4vs
+ 41/% +2v1+8)Dogog — 21/3(41/3 +22v1vg +2vo + v% +4v1+8)Do3y
+8V3v3(vy —v2)(8—v3)Dy1o — 2 \/51/3(91/% —4vivy —4vy + 41/% +6v1

~16)D y23 +2 V3v3(4v3 — 4v1ve +6vy + 92 —4vy — 16)D y3

+ LTIE;% —12V3v3(v1 —va)(8 — va)x12 + V3v3(5Tv3 +36vive —24vy
+42v% —12v1 + 130)y23 — V3v3(42V3 + 36v1va — 12ve +57v3 — 24v4
+130)y31—8 V3vs(vi —va)(vi +va)Do1g + 2 \/§V3(V% —12vqvge +14vy
—4v2 +10v1 +8)Dog3 + 2 V3v3(4v3 + 12v1ve — 10vg — v2 — 14v1 — 8)Do3;
- 8(31/3 + 91/11/% - 61/% + 91/%1/2 —8v1ve —5Bvg + 31/? - 61/% -5v1)Dy12
—2v3(9v3 +30v1vy + 10vg + 12v2 — 18v1 — 16)D y23 — 2v3(12v5 + 30v1 vy

~18v2 +9v% +10v; — 16)D y31 |-

(5.44)

(5.45)

(5.46)

(5.47)

We can obtain the EIH equations of motion for ze3 and z3; by the cyclic manipulations as 1 —

2 — 3 — 1. Since the unperturbed terms in the equations give the PN triangular equilibrium
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solution, we focus on the perturbed terms. It is convenient to transform the variables as [98]

1
X23=75 (1-3p12)x31 +(1-3p31)x12 + V3(1— pa3)yas|, (5.48)

XE)(gl—)(lQ. (549)

As a result, we obtain the equation of motion for rqs. Its radial part is

9 3
(D% -3)y12—2Do - 18X~

+(36V3 +234v V2 — 146v3 + 261v2 vy — 488V v + 155vg + 63v3 — 155v2 + 137v;

1

_I_
“| 732

V323 {4 V3(v1 —vo)(7—9vs)vsD

1
- 585)} X12 - ﬂ(27v§ +135v1v5 —21v5 + 135vivg — 210V vg + 24vg + 27v5 — 2173
+24v1—-155)Do — 51/3{4 3(9vi1ve +10ve +9v] —6v1 —4)D — (216v5 + 288v1 vy
1
~154vy +171v2 —38vy + 420)}X + 3—2V3{4(18v§ +27v1ve —2vy +9v2 + 14v,

=0, (5.50)

—12)D + V3(51v2 + 114v v + 2vy + 87Tv2 — 120vy + 155)}1//23
and the tangential part is

+ €

1
= {4973+ 45v1v3 + 9v3 + 45v3v,

3v3 9
2D)(12 +D20' - vy X + ZVg’(//gg

~30v1ve — 18ve +9v3 + 9v2 — 18v; + 61)D + 3 V3v3(12v3 — 6v1 v + 14ve — 15v]

1
+4v1-5)|p1a - ﬂ{(mg +12vive — 18vy +3v2 — 18v1 + 10)D% — 3 V3(vy — vo)
1
x v3(9va+9v1 +4)D}o + 3—21/3{4(181/% +27v1ve +8vg +9v2 + 16v; — 12)D
1
+ V/B(36V3 +72v1vy — 54vy + 8173 — 90y +160) X + 3—2v3{4 V3(9v1vs +8vy

+9v2 —4)D — 9(21v2 + 14v1ve — 10vg + 13v2 — 8vy + 45)}1//23} =0. (5.51)

In the same way, we obtain the equation of motion for r3; and its radial and tangential parts
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are

and

+3VBva(51v + 114v1vy + 2vg + 87vE — 120v1 +155) fyrag

+ €

—%{4\/5

9 33
(D% -3)y12—2D0o + (D2 -3+ sz)X - (2D + \/_Vz) Wos

x (v3 = v1)(T—9vg)veD + (365 +234v1v2 — 146v2 + 261v5v3 — 488v v + 155v3
+63v3 —155v2 +137v; — 585)} X12— 2_14@7@ +185v1va —21v2 + 135v5v3 — 210v1v3
+24v3 +27v3 — 21v2 + 24v1 — 155)Do — 3%{4 V3va(9v2 +9v1vs +8vs —4vy —4)D
—(180v3 +270v1v; — 224v3 + 198v3vs + 8v1vs +419v3 + 108v5 — 54v7 +321v;

1
+165) X + %{4(27@ — 39v2 — 27v2v3 + 165v1vs — 5dvs + 36vZ — 102v1 + 191)D

=0

+&

3V3 1 3 2
1 —3—2{4(91/3 +45v1vy

9
2D y12+D%0 + (ZD— Vz)X+(D2—ZV2)1//23

+9V2 +45v3vs — 30vivs — 18v3 +9v3 + 9vF — 18v; + 61)D — 3 vV3va(12v3 — 6v1vs
1
+14vg— 15v2 + vy — 5)} Y12 — ﬂ{(3v§ +12v1vs — 18vg +3v% — 18v1 + 10)D?
1
—~3V3(vs—v1)(13 - 9v2)v2D}o + 5{4(91/3 - 191/% - 91/%1/3 +27vivg —2vg — 21/%
1
~10v1 —49)D + V/3(72V3 + 54v1vy — 12v3 + 36V} — T8vy +145)v | X - %{4(3@
+12v1v3 — 18v3 +3vZ — 18v; + 10)D% — 12 V3(9v2 + 9vyv3 + 12v3 — 4vy — 4)vaD

~27(21v2 + 14v1v3 — 10v3 + 13v2 — 8vy + 45)1/2}1//23] =0.

5.2.2 The condition for stability in the Newtonian limit

(5.52)

(5.53)

First, we study the condition for stability in Newtonian gravity. In the Newtonian limit € — 0,
by defining new variables X = DX, y12 = Dy12, 6 = Do, and 423 = D93, the equations of motion
(5.50) - (5.53) for the perturbations are rearranged as

DX = /nX,
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where X = (X, {12,06,%23,X, x12,0,%23) and

3 3v3
0 0O 0 2 3(1—Z(V2+V3)) 0 0 ;/_(VQ—V3)
9 3V3
2 —
0 0 0 Vo 3 0 s
33 9
0 -2 0 0 v 0 0 -3
My = 33 9 . 5.55
N=122 0 0 0 %(w—m) 00 Z(vatvy) (5.55)
1 0 00 0 0 0 0
0 1 00 0 0 0 0
0 0 10 0 0 0 0
0 0 01 0 0 0 0

The eigenvalue equation for the coefficient matrix .4 is

1+ vV1-27V 1-v1-27V
2222 + 1)(A2+#) (AZ+#) =0, (5.56)
or
1+V1-27V 1-vV1-27V
(T + 1)(T+ )(T-l— ) =0, (5.57)
2 2
where 7 = A2, A is the eigenvalue, and V = vivg + vavs + v3vi. ® The roots of Eq. (5.57) are
1+V1-27V 1-v1-27V
70=0, 711 =-1, ng—T, ng—T. (5.58)

For a positive real number a, we consider four cases:

(i) if 1/27 <V < 1/3, then 172 = —(1+iva)/2 and 73 = —(1 —iva)/2, so that the eigenvalues
are Ao+ =0, A1+ = +i, Aoy = +(p —iq), and A3y = +(p +iq), where p = vV V1+a—-1/2 and

q=V V1ita+1/2.

6Using the relation v3 = 1—v1 —vg, V can be rewritten as

) 2
Vi+tve——] .

V=
3

1 1 9 3
g Z(Vl—Vz) _Z

Therefore, the maximum value of V is 1/3 with v{ = ve = v3 =1/3.
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(i) If V = 1/27, then 19 = 13 = —1/2, so that the eigenvalues are 19+ =0, 114 = +1, and Ag4 =

Agy =iV 1/2.

(iii) If0<V < 1/27, then 72 = —(1+ y/a)/2< 0 and 73 = —(1 - y/a)/2 <0, so that the eigenvalues
are Ao+ =0, A1+ = i, Aos = +i\/(1+ Va)/2, and A3. = +i\/(1— Va)/2.

@iv) If V=0, then 79 = —1 and 73 =0, so that the eigenvalues are 1o+ = A3+ =0 and A1+ = A9y =
+i.

We consider the Jordan normal form of .4 as J = Q "' #nQ, where @ is the transition matrix.
Defining the new vector as Y = Q@ 1 X, Eq. (5.54) can be rewritten as

DY =JY. (5.59)
In the case (i), we obtain
1 0
-i 0 0
0 1
0 0
J= _ , (5.60)
p+qi 0
p—qi 0
O -p+qi 0
-p—qi
and
0 0 0 0 = = =* =
1 1
— — 0 0 X % % %
2 2
i -1 0 1 =* % % =
B 0 0 0 0 =% % =% =% 5.61)
@=l0 0 0 0 x s x | '
i 1 2
—— = 0 —= % % % %
2 2 3
1 1 1 0 *x *x % =
O 00 0 1111
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where we denote

vV V27V -1 VvV V27V +1

_ q= , 5.62
p 5 q 5 (5.62)
and * means a non-zero value. Thus, we have
Y = (C1e¥,Coe7,C3+ C4F,Cy, C5ePIVE Cge P9 (07 "P+aVE Cgel-P=aVE) (5.63)
where C; (i =1,2,---,8) is a integral constant. From X = QY , we obtain
X = C5Q55eP 1 + CeQs6eP ™1 + C7Q57¢ PV 1 CyQige P9 (5.64)
i s i ) o - -
X1z = —Eclelt + ECzelt —3Ca C5Qes5e” 1V + CeQepe” 1V + CrQgre PV
+CsQege P~ (5.65)
o= Cleiz + Cze_iz +(C3+Cy4b)+ C5Q75e(p+qi)f + C'(;Qme(p_qi)z + C7Q77e(_p+qi)f
+CsQrgel P, (5.66)
Wos = CSe(p+qi)f + Cee(p—qi)f + C7e(—p+qi)f n Cse(—p—qi)f, (5.67)

where Q;; (1 <i,j < 8) is the (i, /) comportment of §. Since all the perturbations increase with
time, the Lagrange’s solution is unstable when 1/27 <V < 1/3.

In the case (ii), we obtain

1 0
i 0 0
0 1
0 0
1
J= VoA , (5.68)
1
il
0 Y 1.
1
V2
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0 00 0 % 0 % 0
1 1
- -0 0 * * * *
2 2
i —i0 1 % % % %
o 00 o0 - !
—_— % ——— %
Q= V2 V2 : (5.69)
0 0 0 O * * * *
i 0 2
- = - * * * *
2 2 3
1 11 0 *
0O 00 O 1 1 1 1

where * means a non-zero value. Thus, we have
Y =(C1e",Cae™,C5 + Cuf,Ca, y5, 56,57, ¥52), (5.70)
where
y5=(C5+Cehe” V2, y5=Cee? V2, y1=(Cr+Cshe V2, yg=Cge V2 (5.71)
and C; (i =1,2,---,8) is a integral constant. From X = QY , we obtain

X = (Cs+ CeDQsse™ V2 + CeQse'’ V2 + (Cq + CeD)Qsre ¥ V2 4 CgQsge i/ V2, (5.72)

i . i a2 3 . .
X12 = —%Clelt + %Czelt — §C4 + (C5 + Cet)Q65elt/\/§+ CGQG(;elt/\/§

+(Cr+CsDQere V2 + CyQege V2, (5.73)

0= Cre +Cae ¥ +(Cs + Cyt) +(C5 + CDQuse™ V2 + CsQree'” V2
+(Cr+CsDQrre ™7 V2 + CyQrse V2, (5.74)
Wos :(CS+CGE)eiE/\/§+CGeii/\/§+(C7+CSE)e—iZ/\/§+CSe—iZ/\/§’ (5.75)

where Q;; (1 <i,j < 8) is the (i, /) comportment of §. Since all the perturbations increase with

time, the Lagrange’s solution is unstable if V = 1/27.
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In the case (iii), we have

1 0
i 0 0
0 1
00
J= ,
a O
-a 0
0 p 0
-B
and
0O 0 0 0 =x *x % =x
1 1 0 0
— — * * * *
2 2
i -1 0 1 = =% =*x =%
0O 0 0 0 =* * =*x =
Q= ,
0O 0 0 0 = =*x #* =
1 1 2
—— = 0 —= % x % %
2 2 3
1 1 1 0 =+ % =% =
0O 0 0 0 1111

where we denote

.14+ vV1=-27V =i 1-v1-27V
a=1\| —, =1/ —,
2 2

and * means a non-zero value. Thus, we obtain
Y = (C1e¥,Coe7,C3 + C4f,Cq, C5e®,Coe ™, Cref’, Cge™Ph),
where C; (i =1,2,---,8) is a integral constant. From X = QY , we have

X = C5Qs5¢™ + Ce@Qs6e % + C7Q57¢P + CsQsge ™,

i . i . 9 ~ . ) o
X12 = _§Clelt+§Czelt_§C4+05Q65€at+CGQ663 “ 4 CrQe7e” + CsQege ™",

70

(5.76)

(5.77)

(5.78)

(5.79)

(5.80)

(5.81)



o= Cleiz + Cge_iz +C3+Cyt+ C5Q75ea2 + C(;Q766_UCz + C7Q77eﬁi + CgQ7ge_ﬁt, (5.82)
Vo3 :C5eaZ+Cee_az+C7eﬁf+086_ﬁf, (5.83)

where @;; (1 <1,j < 8) is the (i,j) comportment of €. In this case, only o increases with time
by the term of C4t. However, this part can be canceled out by the coordinates rotation as z; —
zleiC4t and the perturbation in the common angular velocity ¢ does not increase with time.
Therefore, the Lagrange’s solution is stable in the case of 0 <V < 1/27.

Finally, for the case (iv), we assume v =1 and v9 = v3 = 0. Then, we obtain

i0
i 0 0
-1 0
— O
J= ! , (5.84)
01
0
0 0 1
1 1
B 0 3 0O 0 0 0 O
0 1 0 1 0O 0 0 O
2 2
0 i 0 1 0 0 0 1
i O i 00 1 0 O
- 0 5 0 0 -3 0 0
1 1 2
O —— 0 =0 0 0 ——
2 2 3
0 1 0 1 0 1 1
1 0O 1 0 1 0 1
Thus, we have
Y = (Cre¥,Coe,C3e 7, Cye ™, C5 + CsE, Cs, C7 + CsE, Cs), (5.86)
where C; (i =1,2,---,8) is a integral constant. From X = QY , we obtain
1 (7 1 S(F 2
X= éclel(’f m/2) ECge_l(t m/2) _ S0, (5.87)
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1. G- 1. G-
X12=§Czel(t ”/2)+§C4e i(¢ n/2)__CS’

g = Cgelt + Cye

-if

2
3

+CG+C7+CB+CBE,

Wos = Clei”t + C3e‘if +C5+C7+Cg+Crt.

(5.88)

(5.89)
(5.90)

Equation (5.90) means that the perturbation ys3 in the distance rgo3 increases with time, and the

Lagrange’s solution is unstable. If we assume vg =1 or v3 = 1, we have similar results as y3; or

X12 increases with time and the Lagrange’s solution is also unstable.

Therefore, the necessary and sufficient condition for the stability of Lagrange’s solution is

This is nothing but the Newtonian condition Eq. (2.52) for stability of Lagrange’s solution.

1
O<V<—.
27

5.2.3 The condition for stability at the 1PN order

(5.91)

Next, let us consider the condition for stability at the 1PN order. ” The EIH equations of motion
(5.50) - (5.53) for the perturbations are

M
Mo
M3y
My

where

Mo
Mss
Mso
My

Mis
Mss
Ms3
Mys

My
Msy
M3,
Myqy

1
My =(D?-3)- 3—25{4 VB(v1 —va)(T— 9vs)vsD +(36v3 +234v1v2 — 146v2

+261v2vy — 488v1 vy + 155vy +63v3 — 155v2 + 137vy — 585)},

1
My =-2D - ﬂe(27v§ +185v1va — 21v2 + 135vivy — 210V vg + 24vy + 27v3

—21v] +24v; - 155)D,

9 1
Mig=—-"vg— —81/3{4 V3(9v1va + 10va + 9v3 — 6vy —4)D — (216v5 + 288v1 Ve

4 32

~ 154v, + 17103 - 38vy +420)},

"See also Appendix C.
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(5.92)

(5.93)

(5.94)

(5.95)



3V3 1
My = —T‘/_V3 + 3—2£vS{4(18v§ +27v1ve —2va +9v3 + 14v; — 12)D + V3(51v3

+114v1vg +2v5 +8TvE —~ 120v; + 155, (5.96)

1
My =2D — ﬁ5{4(9@ +45v1VE +9vE +45vEvg — 30v1ve — 18vy + 9V + 9v2

~18v1 +61)D +3 V3v3(12v3 — 6v1vg + 14ve — 15v] +4v — 5)}, (5.97)
Moo = D? - ie{(Sv% +12v1ve — 18vg + 3v% —18v1 + 10)D%-3 \/g(vl —V9)V3

x (9vg +9v1 + 4)1)}, (5.98)
Mos = —%v;ﬁ + %gv;;{zx(ls«/g +27v1vg +8vy +9v2 + 16v, — 12)D + V3(36v2

+72v1v5 — 54vy + 8173 — 90v1 +160)}, (5.99)

9 1
Moy = Jvs + §€V3{4 V3(9v1vs +8vy +9vE — D — 9(21vE + 14vive — 10vy

+13v3 - 8v1 +45)}, (5.100)
1
M3y =(D?-3)- ﬁ5{4 V3(v3 —v1)(7T—9va)vaD +(36v3 + 234vvE — 146v3
+261v3vs —488v1vs + 155v3 +63v5 — 155v5 + 137v — 585)}, (5.101)

1
M3y =—-2D — ﬂg(zwg +185v1va — 21v2 + 135v5v3 — 210v1 v + 24v3 + 27v3

—21v2 + 24v; - 155)D, (5.102)
Ms3=D?-3+ sz - %e@ V3v2(9v2 +9v1vs + 8vs — dvy — 4)D — (180v3 + 270v, v

—224v3 +198v3v3 +8v1v3 +419v3 + 108v5 — 54vF +321vy + 165)}, (5.103)
M3y =— (21) .3 fW) + 9—165{4(27V§ —39v2 - 27v3v3 + 165v1v3 — 54vs + 36v7

~102v; +191)D +3 V3vo(51v2 + 114v vs + 2v3 + 87v2 — 120vy + 155)}, (5.104)

1
My =2D - 55{4(9"3 +45v1v3 +9v3 +45vivs — 30v1vs — 18vs + 9v3 + 9v2

~18v1 +61)D — 3 V3vy(12v2 — 6vyv3 + 14v3 — 15v] +4v — 5)}, (5.105)

73



1
My =D?— ﬂg{@,vg +12v1vs — 18vs + 3v2 — 18v1 + 10)D% - 3 V3(vs — vq)

x (13— 9V2)V2D}, (5.106)
3v3 1
Mys=2D - ‘/_vz + ﬁg{4(9v§ ~19v2 - 9viv3 + 27v1v3 — 2v3 — 2v3 — 10v; — 49)D
+ V/B(72VE + 54v1v5 — 12v3 + 36v3 — T8vy + 145)va}, (5.107)

9 1
My, =D?- 22" %5{4(3@ +12v1v3 — 18v3 +3v% — 18v1 + 10)D? - 12 V3(9v2 + 9vyv3

+12v3 —4vy —4)veD — 27(21v3 + 14v1v3 — 10v3 + 13v2 — 8v + 45)1/2}. (5.108)

In the same way as the Newtonian case, we obtain the secular equation at the 1PN order as

/12

1 27 1
28 +2{1— g5(77— 1OV)}/14 + {1 + ZV - Es(308+ 1265V + 162W—378V2)}/12

+E {V - i5(521V - T72W - 126V2)H =0, (5.109)
4 24

where W = vivovs. 8 If V =0 (so that W also vanishes), we can separate the three-body problem
into the problems of two test particles moving around the massive body, and it is not important.
Moreover, as we have already shown above, the Lagrange’s solution is unstable in the case of
V =0 in the Newtonian limit. Hence, we consider V > 0 in the following.

Neglecting the trivial root A = 0, we obtain a cubic equation of 7 = A2 as

B+ar?+pfr+y=0, (5.110)
where
1
a52{1—§8(77—10V)}, (5.111)
27 1 9
B= 1+ZV—1—68(308+1265V+162W—378V ), (5.112)

8 From the inequality of arithmetic and geometric means, we have

V1+V2+V3)3 1

W:V1V2V3S( 3 _27,

with equality if and only if vi = vg = v3 =1/3.
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27 1
=2 {V— €621V ~72W - 126V2)}. (5.113)

In the 1PN approximation, the PN corrections to the Newtonian roots must be small. Thus, we

can factorize Eq. (5.110) as
(t+1-ae)@?+b1+¢)=0, (5.114)

where a, b, and ¢ are constants and the 2PN terms are neglected. From Eqs. (5.110) and (5.114),

one can obtain

1
a=—(77V —14V?2 - 36W), (5.115)
8V
1
b=1- W(77V —6V2+36W)e, (5.116)
27 1 0
c= ZV - E(1305V —378V2 +162W)e. (5.117)

Since € < 1, we have —1+ae <0, b>0, and ¢ > 0. The roots of Eq. (5.114) are expressed as

b+ Vb2-4c . -b— Vb2-4c
— 3= —————.

5.118
5 5 ( )

T1=—-14+ag, 19=

In a similar manner to the Newtonian case, the PN triangular solution is stable, if and only if
T2 and 73 are negative real numbers and 72 # 73. Namely, it is necessary and sufficient for the
stability that

b2 —4c¢ > 0. (5.119)
The critical value is given by
b%—4c=0. (5.120)

Here, V in the PN terms of Eq. (5.120) with Eqgs. (5.116) and (5.117) can be replaced by the

Newtonian critical value as V = 1/27, because its 1PN corrections make 2PN (or higher-order)
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contributions and they can be neglected. Thus, Eq. (5.120) becomes

391 15
1—5—48—27(V+?W€) =0. (5121)

Therefore, the condition for stability of the PN triangular solution becomes

391 15
1-—e-27 (V+—W£) > 0. (5.122)
54 2
This is explicitly rewritten as
+ + 15 1 391
MMz T MM TMML 20 MMM (1— —g). (5.123)
(m1+m2+m3)2 2 (m1+m2+m3)3 27 54

Equation (5.123) recovers the Newtonian condition (2.52) in the limit € — 0. The PN correction in
the right-hand side of Eq. (5.123) is negative and the PN term of the triple product of masses in
the left-hand side of Eq. (5.123) is positive. Hence, the PN condition for stability is tighter than
the Newtonian one for any positive values of the parameter ¢.

Figure 5.3 shows the Newtonian stability regions given by Eq. (2.52) and the 1PN ones Eq.
(5.123) when £ = 0.01 (i.e. the order of magnitude of the PN effects is 0.01), for instance. For
values of the mass ratios within the colored areas, the triangular configuration for three finite
masses is stable. The stability regions at the 1PN order still exist, and they are more narrow
than in the Newtonian case.

Finally, we focus on the restricted three-body limit as vg — 0 (i.e. W — 0). In this case, the
stability condition Eq. (5.119) becomes

77-1311V + 378V 2

1-27V - 1 e>0. (5.124)

This is a quadratic inequality for V. Solving Eq. (5.124) for V, we obtain

<—|1-—-¢ (5.125)

mimy 1 ( 391 )
(mi1+mo)2 27 54 )’

where we used a relation 0 <V < 1/3 in the restricted three-body problem. Using a relation

v1+ve =1 and assuming vq > vo without loss of generality, we can rewrite Eq. (5.125) as

mo 17 v69
mi+mo 486

€, (5.126)
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Figure 5.3: The stability regions of the PN triangular solution. Left: All the stability regions.
Right: The regions around small v; and vo, where the third mass is dominant.

where the Newtonian value pg = (9 — v69)/18. This condition is in agreement with the previous
results [40, 110, 111].

Figure 5.4 shows a region of stability in the PN restricted three-body problem. For values
of vo and € within the colored area, the PN triangular configuration in the restricted three-body
case is stable. This figure corresponds to Fig. 1 in Ref. [40].

The stability regions still exist even at the 1PN order. The PN correction in the right-hand
side of Eq. (5.123), which is in agreement with that in the PN restricted three-body problem
[40, 110, 111], makes the condition more strict than the Newtonian case for any positive value of
the parameter e.

The PN term of the triple product of masses in the left-hand side of Eq. (5.123) does not
appear in the restricted case but in the general one. The instability is also enhanced by this
term, while this effect is smaller than the other PN one in the case of mass ratios for stable
configurations. If a system is mildly relativistic as € = 0.01, for instance, the maximum value
of W is O(10™%) when vy = v3 = 0.019 in a stability region. Namely, the contribution from W is
only comparable to the 2PN (or more higher) order. This implies that triple systems with the
PN triangular configuration for three finite masses are possible as well as restricted three-body

systems.
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Figure 5.4: The stability region for the restricted PN triangular solution.

The PN triangular configuration ought to emit gravitational waves [9, 119]. Such a system
might shrink by gravitational radiation reaction if its configuration is initially stable, and the

PN effects on the long-term stability should be incorporated. This is left as a future work. °

9See also Appendix D.
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Chapter 6
Conclusion

We examined the PN effects on equilibrium solutions to the three-body problem for general
masses in the framework of general relativity.

First, in the 1PN approximation, we show that a PN collinear configuration corresponding
to Euler’s one remains an equilibrium solution with the general relativistic corrections to the
distances between the bodies. Also, we proved the uniqueness of the collinear configuration for
given system parameters (the masses and the end-to-end length). It was shown that a master
equation determining the distance ratio among the three bodies, which has been obtained as a
septic polynomial, has at most three positive roots, which apparently provide three cases of the
distance ratio. It was found, however, that there exists one physically acceptable root and only
one. The remaining two positive roots are discarded in the sense that they do not satisfy the slow-
motion ansatz in the PN approximation. Since the slow-motion ansatz is a key in the above proof,
our way of discussion seems to work at the second (and higher) PN orders, where the slow motion
of bodies is assumed. If the configuration has the Newtonian limit, therefore, the uniqueness of
collinear configurations for a three-body system may be true even at higher orders. It is an open
question whether fully general relativistic systems admit a particular solution that can appear
only in a fast motion case and thus has no Newtonian limit. Also, investigating the stability of
the PN collinear solution might be of theoretical interest, though the collinear configuration is
unstable even in Newtonian gravity.

Next, we showed that an equilateral triangular solution exists at the 1PN order in only two
cases: (i) three finite masses are equal and (ii) one mass is finite and the others are zero. Gen-
eralizing this, we found a PN triangular equilibrium configuration for general masses with the

general relativistic corrections to the distances between the bodies. In addition, we studied the
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linear stability of the PN triangular configuration and derived the condition for stability at the
1PN order. The stability regions still exist even at the 1PN order. While the PN stability condi-
tion recovers the Newtonian one, the PN corrections to the condition always make the condition
more strict than in the Newtonian case. The PN term of the triple product of masses does not
appear in the restricted case but in the general one. The instability is also enhanced by this
term, while this effect is smaller than the other PN one in the case of mass ratios realizing sta-
ble configurations. If a system is mildly relativistic as € ~ 1072, the maximum value of W is
0(107%) corresponding to v = v3 = 0.019 in a stability region. Namely, the contribution from W
is only comparable to the 2PN (or more higher) order. This implies that triple systems with the
PN triangular configuration for three finite masses are possible as well as restricted three-body
systems.

For both these PN solutions, we estimated the magnitude of the PN corrections and we
showed that the angular velocity of the bodies are always smaller than in the Newtonian case.
These results are useful not only to test general relativity through the high-precision astrometric
observations but also to study GWs from the general relativistic three-body systems.

These PN equilibrium configurations ought to emit gravitational waves [9, 119]. It is inter-
esting also to include higher PN corrections, especially 2.5 PN effects in order to elucidate the
secular evolution of the orbits due to the gravitational radiation reaction at the 2.5 PN order. One
might see probably a shrinking collinear and triangular orbits as a consequence of a decrease in
the total energy and angular momentum, if such a radiation reaction effect is included. If such
configurations were shrunk by gravitational radiation reaction, the PN effects on the long-term
stability should be incorporated. This is left as a future work. Studying the higher order of PN ef-
fects and investigating GWs emitted from these solutions are important to test general relativity
by GW astronomy in the near future. In order to fully take account of general relativistic effects
in the strong field, it might be also interesting to discuss the three- (or more) body problem by

the BH perturbation approach as an analytical method.
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Appendix A

The PN Center of Mass

In the 1PN approximation, the position defined by [78, 125]

1 ((va)2 Gm
LmAra 1+—{(—A) - - B}
_A 2 e B#A C°T AB
re= 1((va)2 Gmp (A1)
Yma 1+—{(—) - ¥ = }
A 2 (\ec B#A C°TAB

moves with a uniform velocity. We call this, then, the PN center of mass of the system.

We consider an equilateral triangular configuration and put
rig =rg93=rs1 = /. (A2)

In Eq. (A.1), we can replace vy and r7; by the Newtonian values as vn; and ryz.7, respectively, be-

cause their 1PN corrections make 2PN contributions and they can be neglected. Using the New-
tonian relations in circular motion, vN7 = rN7ON, N1 =/ vg +vovg + vg, rne =4/ v% +vivg+ v%,
and rng = £/ v% +Vvivg + vg, we obtain the expression for the center of mass for the equilateral
triangle as

rg =viri+varg + vsrs. (A.3)

Therefore, the expression for the PN center of mass reduces to the Newtonian one in the circular

equilateral triangle even at the 1PN order.
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Appendix B

The PN Corrections to the Angular
Velocity of the Collinear Configuration

As we mentioned in Chapter 4, the PN corrections to the common angular velocity of the bodies
in the collinear configuration is always negative. This can be proved as follows.

From Eq. (4.29), the dimensionless PN correction is

- CFy + FNFy GMe 10 A
= = B.1
“PNETToFN ¢ Fnz2(1+2)? k;oakz ’ B

where

a1o=—(1-v1—-vs)*vj,

ag=—-(1-vy—v3)d+vy—2v3—4vivg+ 2v§ + 21/%1/3 - 2v1v§ - 4v§),
ag=—(1-vi—v3)(18+4vi—9vg+ 31/% —14vyvs + 21/3 - v:’f + 7\/%\/3 + 2\/1\/3 - 6\/2),
a7=—(1-v1—v3)(32+4v;—13vg+ 121/% —18vivg + 101/% - 41/? + 81/%1/3 + 41/11/% - 81/%),
ag=—(30-30vy —37vg +19vF — 12v1v3 + 27v3 — 223 + 18vivsy

+ 12v1v§ - 281/3 + 61/‘{ - 41/?1/3 - 151/%1/% + 6v1v§ + 11v§),
as=-2(12-13v; — 13v3 +11v5 — 10vyva + 11v2 — 115 + 17v2v3

+ 171/11/% - llvg + 41/% - 31/?1/3 - 14\/%\/% - 3\/1\/2 + 4v§),

ag=—(30-37vy —30vs +27v5 — 12v1v3 + 19v3 — 28v5 + 12v]vs

+ 18v1v§ - 221/3 + 111/% + 61/?1/3 - 151/%1/% - 4v1v§ + 6v§),
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ag=—-(1-v1—v3)(32—-13v; +4vg+ 101/% —18vivs + 12v§ - 81/?; + 41/%1/3 + 8v1v§ - 41/3),
ag=—(1-vy—v3)(18-9v; +4vs + 2\/% —14vivg + 3v§ - 6v§ + 21/%1/3 + 7v1v§ - vg),
a1=—(1-vi—v3)4—-2vi+vs+ 21/% —4vyvy — 41/? - 21/%1/3 + 21/11/%),

2.2
apg=—(1-vi—v3)™vi.

Using a relation vi +vo+v3 =1, we can prove aj <0 for all the values of £ =0,1,2,---,10, namely,

@pN < 0. Therefore, for the fixed masses m; and full length a, we have

o < ON. (B.2)
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Appendix C

The Stability of the PN Triangular
Solution by Eigenvalue Analysis

Let us derive the condition for stability of the PN triangular solution by eigenvalue analysis.
This chapter is based on Ref. [120].
The equations of motion for the perturbations, Eqgs. (5.50) - (5.53), can be rewritten as

9 33
(D% -3)y12—2Do - 7V - :{

+e(BE11DX +E192X +E13Dy12 +E1ax12 + E15D0 + E160 + E17D 23 + E18123) =0, (C.1)

3v3 9
2D}(12 +D2O' - TV3X + ZV31,U23

vV3Yas3

+€(E21DX +E22X+E23D)(12 +E24)(12 +F1D20' +E25D0' +E260 +E27D1//23
+E9s93) =0, (C.2)
3v3

9
(D% -3)y12—2Do + (D2 ~3+7vs

X - (2D+ V2) Va3

+e(E31DX +E39 X +E33Dy12 +E3sx12 + E35D0 + E360 + E37D o3 + E3gpa3) =0, (C.3)
3V3

9
2D7(12 +D20'+(2D— VQ)X+(D2—ZV2)’W23

+E(E41DX +E42X+E43D}(12 +E44)(12 +F2D20 +E45DO’+E460’ +F2D21//23
+E47Dyog + Eygwe3) =0, (C.4)
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where

1
Fi= —ﬂ(3v§ +12v1ve — 18va +3v] — 18vy + 10),
1
Fo= —ﬂ(:avg +12v1v3 — 18vg +3vZ — 18v; +10),
3
Eq{q= —%1/3(91/11/2 +10vo + 91/% —-6v1—4),

1
Eqo= §v3(216v§ +288v1vy — 154vy + 17172 — 38v1 +420),

3
Eq3= —?(Vl —vo)(7—-9v3)vs,
1 3 2 2 2 3 2
Equ= —3—2(361/2 +234v1v, — 146v5 +261v]ve —488v1vy + 165vy + 63v] — 165v]
+137v1 —585),
1 3 2 2 2 3 2
E5= —ﬂ(27v2 +135v1vy —21vy + 135vive — 210V ve + 24vg + 27v] — 21v] + 24v,

—155),
E16=0,

Eqi7= §V3(18V§ +27v1ve — 2vo + 9v2 + 14v; — 12),

Eig= 3—\/Z§V3(51v§ +114v1vg +2vg + 87vF — 120v; + 155),
Eo = %V3(18v§ +27v1ve +8va +9v3 + 16v; — 12),

Eg9 = 3—\/251/3(361/% +72v1vg —54vg +81v3 —90v; + 160),

1
Es3= _§<9vg +45v1v3 +9v5 +45vivg — 30v1ve — 18ve + 9v] + 9v2 — 18v1 +61),

3V3

Eoy=—
24 39

v3(12v3 — 6v1vg + 14ve — 15v] +4vy — 5),

3
Eg5= ?(w —vg)v3(9vy +9ve +4),
E9 =0,
— 3 2
Eo; = ?V3(9V1V2 + 8vg + 9V1 - 4),

9
Esg= —§V3(21V§ +14v1ve — 10vg + 13v2 — 8v; +45),
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(C.5)

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)
(C.12)

(C.13)
(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)
(C.20)

(C.21)

(C.22)



3
Esi = —?\/_1@(91/11/3 +8vs + 91/% —4vq1—4), (C.23)
1
Egp = 3—2(18ng +270v1v3 — 224v3 + 198viv3 +8v1v3 +419v3 + 108v3 — 54v2 + 321v;
+165), (C.24)
V3
E33 = —?(V3 —Vl)(7—9V2)V2, (C.25)
1 3 2 2 2 3 2
Esg = —3—2(361/3 +234v1vy — 146v5 +261v]v3 —488v vz + 165v3 + 63v] — 165v]
+187vy - 585), (C.26)

1
Ess = —ﬂ(zwg +185v1vE — 21v2 + 135viv3 — 210v1 v + 24v3 + 273 — 21v2 + 24v;

— 155), (C.27)

E3=0, (C.28)
1

Es;= ﬂ(27v§ —39v2 - 27v3v3 + 165v1v3 — 54vz +36v5 — 102vy +191), (C.29)

— \/§ 2 2

Esg= §V2(51V3 +114vqivg+2vg+ 87V1 —120v1 + 155), (C.30)
1

Egy= g(9v§ —19v; — 9v3vs +27vivs — 2v3 — 2v5 — 10vq — 49), (C.31)

— \/§ 2 2
Ey = 3—2V2(72V3 +54vivy —12vg + 36V1 —T78v1 +145), (C.32)
1 3 2 2 2 3 2

Ey= —§(9v3 +45v1vy +9v5 +45vivy —30viv3y — 18v3z + 9v] +9v] — 18v1 +61), (C.33)
3V3

Ey= 3‘;_vz(12v§ ~6v1v3 +14v3 — 15v% + 4v; —B), (C.34)
V3

Eys= ?(V3 —v1)va(13 —9vg), (C.35)

E4=0, (C.36)

3

E4r = %vz(gvg +9vivg +12vs —4v —4), (C.37)
9

Eu= 3—2vz(21v§ +14v1v3 — 10v3 + 13v — 8vy +45). (C.38)

Defining new variables X = DX, y12 = Dy12, 6 = Do, and 123 = D93, we obtain from Egs. (C.1)
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-(C4)

Dji12=-€eE11X —€E13}12+ (2 —€E15)0 — eE 1793

9 3v3
+(ZV3—€E12)X+(3—6E14)X12+( V3—€E18)1//23,

D6 =[-eE1X —(2+¢€E93)f12 — €E250 — eEa7tras

3v3 9
+( 1 V3—£E22)X—8E24X12—(ZV3+€E28)1//23 K1,

DX = —¢E51X —¢Es3)12 — €E550 + (2 - €E57)23

9 3v3
+ (3 - Z(V2 +V3)—€E52)X—8E54)(12 + ( (vo —V3)—£E58) Va3,

Dijrog = —(2x9 + eE¢1)X — (2xg — 2x1 + €Eg3) {12 — €E 650 — eEgriro3

3v3 9
+{T(K2V2 _K1V3)_5E62}X_5E64X12 + {Z(sz2 +K1V3)—8E68}W23,

1
1+¢eF;

where E5; =E3;—Eq; (i=1,---,8), Eg; = x2E4; —x1E2; (i =1,---,8), and ; =
O(?) (i = 1,2).
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Therefore, we have

DX = UX,
Es1 Ess Ess Es7 Ess Esy 0 Esg
Eiy1 Ei3 Ei5 Ei7 Eig Eiy 0 Egg
0 0 0 0 0 0O 0 O
E E E E E E 0 FE
=ty —| oL Fos Bos Eer Eez Eos 68
0 0 0 0 0 0O 0 O
0 0 0 0 0 0O 0 O
0 0 0 0 0 0O 0 O
0 0 0 0 0 0O 0 O
0 0 0 0 0
0 0 0 0 0
3v3
—8E21 —2—£E23 —EE25 —€E27 \/_
ixy| O 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 00 0
0 0 00 0
3v3
0 -2 00 \/_V3
3v3
—|-2+2x9 2(x9—-%x71) 0 O T\/_(VQ—V3—K2V2+K1V3)
0 0 00 0
0 0 00 0
0 0 00 0
0 0 00 0
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0

0

9
——v
yat

Z(V2 + V3 —KaVg —K1V3)

0

0
0
0
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where X = (X, yi2,0,%23,X, Y12,0,¥23) and we define the Newtonian matrix

3 3v3
0 0O 0 2 3(1—Z(V2+V3)) 0 0 \/_(VQ—V3)
9 3V3
2 —
0 0 0 Vo 3 0 s
33 9
0 -2 0 0 v 0 0 -3
My = 33 9 . C.45
=122 0 0 0 %(w—m) 00 Z(vatvy) (C45)
1 0 00 0 0 0 0
0 1 00 0 0 0 0
0 0 10 0 0 0 0
0 0 01 0 0 0 0

The eigenvalue equation for the coefficient matrix .4 is
AZ{MS + 2/14(8 —e(T7T-10V)) + 1—1612{4(4 +27V) +£(378V2% - 1265V — 162W — 308)}
+%{24V +e(126V2-521V + 72W)}} =0,  (C.46)
or
1(®+ A2 +Br+C) =0, (C.47)

where A is the eigenvalue, V = v1vg + vovs + vsvi, W = v1vavs, and 7 = 12. The coefficients in Eq.
(C.47) are defined by

1
A= Z(8 — e(77-10V)), (C.48)
1
B= 1—6(4(4 +27V) +e(378V2 - 1265V — 162W — 308)), (C.49)
= 3%(24V +e(126V2 =521V + 72W)). (C.50)

Since € < 1, we have A >0, B >0, and C > 0. Therefore, from Eq. (C.47), we obtain two eigenval-

ues as the multiple roots Ay = 0 and the six other eigenvalues 1; (i =1,---,6). We define a cubic
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function as
f@o) =3 +Ar2+Br+C. (C.51)

For Eq. (C.43), we consider the Jordan normal form of .4 as J = @ '.#4Q, where @ is the

transition matrix. Defining the new vector as Y = @ "1 X, Eq. (C.43) can be rewritten as

DY =JY, (C.52)
01
0 0 0
11 S1
J= A2 s2 , (C.53)
A3 s3
Ay s4
O A5 ss
Ae

where if 1; = 1;,1, thens; =1, else s; = 0.

For real numbers a and b, we consider the following three cases:
e if 7, =a >0, then 1; = + \/a, so that Y contains the terms proportional to e* vat,

e If 7, =a <0, then A; = +iva, so that Y contains the terms proportional to e*! Ve’

—a+ Va?+b? 2

that Y contains the terms proportional to e=P*i9)¢,

* If 7, =a+1ib, then 1; = £(p +1iq), WherepZE\/ and g = \/L, S0

The PN triangular solution is stable, if and only if 7; < O for all the values of i =1,2,---,6, so
that the perturbations X consists of the linear combination of e*!V%. This is because that the
perturbations diverge with time in the other cases.

In the Newtonian limit, f(7) = 0 has no multiple root. Since the PN corrections to the Newto-
nian roots are sufficiently small, we consider three roots with the PN corrections, where the roots

are different from each other. ! f(7) = 0 has three real negative roots, if and only if the following

LIf some of the three roots are equal to each other, that is, multiple roots, the perturbations X contain unstable
modes.
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three conditions (I), (II), and (III) hold. (I) C > 0. (IT) df(r)/dt = 0 has two negative roots. (III)
All the three roots to f(r) = 0 are different from each other.

The condition (I) becomes
24V +£(126V2 - 521V + 72W) > 0. (C.54)

The condition (II) holds, if and only if A2—3B >0 and —A+ VA2—-3B<0and —A— VA2-3B <0,
because the roots of d f(7)/dt =0 are

-A+ VA2-3B
T= . (C.55)
3
The condition (III) is equivalent to the condition as
1
D= E(—A2Bz+4B3 +4A3C -18ABC +27C?%) <0. (C.56)
D is the discriminant.
Here, if A2 - 3B <0, then
1 z2 (2 2
D= {C+ﬁ(2A2_9B)A} + (E V(AZ2-3B)3| =0. (C.57)

Therefore, if D < 0, then A2 -3B > 0. In addition, in this case, since A >0, B >0, and C > 0,
the conditions (I) and (IT) automatically hold. Hence, the condition (C.56) is the necessary and
sufficient condition for stability of the PN triangle.

It seems that the condition Eq. (C.56) is not equivalent to the condition Eq. (5.119). However,

this is not the case. In fact, for € < 1, we can show
D = h(b®-4c), (C.58)

where

_729V2 27

h=—e+ 3—2(—1289V2 +3878V3 + 144W — 162VW)e > 0. (C.59)

Therefore, the condition Eq. (C.56) and the condition Eq. (5.119) are equivalent to each other in
the 1PN approximation.
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Appendix D

A Preliminary Note of Gravitational
Radiation Reactions on Lagrange’s

Solution

D.1 The reaction force by gravitational radiation

The reduced quadrupole moment of the mass distribution is [84, 81]
J,.J 1 2
Ijk:ZGmJ x5 xj, —§5jer , (D.1)
J

J

where m, X5,

body.

In the Newtonian limit, we assume that all of the bodies move on circular orbits in the same

and r; are the mass, position, and distance from the center of mass of the Jth

plane. Using a complex plane as the orbital one, we denote the positions of the bodies as

zI:r[eiel, 01 = wt + ¢y, (D.2)

where @7 is the initial direction of the Ith body, and we assume that each body moves with the

common angular velocity w. We adopt the x and y axes to the real and imaginary ones, and
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hence, we have

= Z erJ cos 0J + constant, (D.3)
J
foy=Fy= ZGerJ cosBysinby, (D.4)
fyy= Z Ger?, sin® 6 + constant, (D.5)
J
I, = constant, (D.6)

and the other components vanish. Therefore, their fifth derivatives with respect to time are

d°f Go®
¥ (Ct’;’; = —16—Zer 2 sin(20,), (D.7)
d®fry . GoP d°yq

=16—- 20) = D.8
T ZerJcos( D= (D.8)
d5fyy Ga) d5Ixx

=16—- 20y) = ———. D.9
TR ZerJsm( D= (D.9)

The gravitational acceleration to a particle at point r by gravitational radiation is expressed

by [84, 81]

where we denote

Therefore,

a(I)GW
FOW - _ —— (D.10)
1d°F ik
GW _ J k
= ST X/ x (D.11)
2 d°F
FOW| — 2 "2k D.12
[ ]j TBd(ct) (D-12)
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and then we obtain

d°f,;, d°f
FOV k= — o D.13
[ ] d(ct)5 d(ct)5 ( )

This means that the bodies move in the (x,y) plane even if we take account of the radiation
reaction. We discuss the motion of the bodies in the orbital plane in the following.
Since the bodies moves on the circular orbit, we can denote the position as r = r(cos0,sin6).

Hence, the radiation reaction force at r becomes

sin(20;) —cos(205)| | cosf

—cos(205) —sin(20y)
sin(20 —205) —cos(20 —26,)
cos(20—2045) sin(20 —207)

32 Grw®
GW 2
FGW -2 - 2 gre

5 sin®

_32GM 2 cos0

-2 grz vy (D.14)

. b
sin®

where we denoted a dimensionless radius as 7y = %I for a constant ¢ of the dimension of length

and we defined the small parameter of the order of 2.5PN as

Y 5
e= (_a)) . (D.15)
c
. This can be also expressed as
_32GM
FOV = - EerJr 2 [sin(20 — 20,7) + i cos(20 — 20,)]e™. (D.16)

D.2 Applications to Lagrange’s solution

We apply the above formulations to Lagrange’s solution (see Subsection 2.3.2). The position of
each body is

zZr= rleigl, (D.17)

where r; and 6; are the radius and the angle from a reference direction, respectively. We denote

the relative position of the bodies is

ZIJ:Z]—ZJZY'[JBLGIJ, (D.18)
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where ry; and 07 are the distance between the bodies and the angle from the reference direction,
respectively.

We choose the center of mass as the origin of the coordinates:
V121 +Vvoz29 +V3z23 =0. (D.19)

In this case, the radiation reaction (D.16) to the Ith body becomes

32GM .
F?W =5z e > vr3[sin(2e1) +icos(2pr.r)]e™!
7
32GM ;
= -5 g erilAr+iBrle’™, (D.20)

where we have denoted @5 =07 — 60,5 = @7 — @  and omit bars over the letter r for simplicity. Ay

and By are defined as
Ar= Z er?, sin(2¢7g), Br= Z er?] cos(2¢r1.), (D.21)
J J

respectively. In Newtonian gravity, Lagrange’s configuration is an equilibrium one, so that r;
and @7 are the constants. Then, A; and By are also constants at the first order of €.

In order to consider only the effects of the dominant part of the radiation reaction, we add
the reaction force to the Newtonian gravity and neglect other PN terms. Then, the equation of
motion for the Ith body is

[(f:l —7‘19%)+ i(2f‘19[ +r191)] el — 2~ 1

32
1+ —R3(A;+iB)e

: i1 (D.22)

where R is each side length normalized by ¢.

In the Newtonian limit (i.e. € — 0), this equation admits an equilateral triangular solution:

. | GM
I‘I:rII\I: \/V3+VJVK+V%{, R :RN, 01 :wN: W (D.23)

We assume the solution to Eq. (D.22) as

ri=rf+rNe, R=RN+R™e, 07 =N+, (D.24)
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, and w®™N are the 2.5PN corrections and they are functions of time. We assume

where r?N, RPN

the bodies move with the same angular velocity

91 = 92 = 93 =w, (D.25)

namely,

wa = ng = ng =N, (D.26)

Also, we assume that the equilateral triangle is similarly deformed by the radiation reaction. For

this, it is necessary that

r?N rgN rlgN RPN (D.27)
= = = = X .
rlf rlz\I rgI RN

Therefore, the real and imaginary parts of the equation of motion (D.22) become
) N2 N PN _ 32  N2,pNy3
I—3w" )y —20" w =—?(w )(RT)Ag, (D.28)
32
250N + N = —g(wN)Q(RN)3B I (D.29)

respectively, where we neglected the higher order, and then the left-hand sides in Eqs. (D.28)
and (D.29) are constants.
We consider that the solutions to Egs. (D.28) and (D.29) are in agreement with the Newtonian

ones at initial time, namely, y(¢ =0) = wPN(t =0) = 0. As a result, we obtain the solutions as
PN _ 32 N3 N N 5\ ioNt o\ —ioNt
w = g(R )’ w [2A1 +3Bjw t—(Ar—2iBjy)e — (A7 +2iBjp)e ] , (D.30)
16 : :
r=-2 @Y [2A1 +4B1oNt— (A —2iBpe™t —(Af + 2iBI)e_“”Nt] . (D.31)

The solutions (D.30) and (D.31) diverge in the limit as ¢ — co. This means that the PN approx-
imation will not be valid after a long time. Therefore, it is necessary that w™™ and y expressed
as Eqs. (D.30) and (D.31) are of the order of unity, that is, ®N¢ ~ 1. Also, the assumptions Egs.
(D.26) and (D.27) are valid, in the case that

Ai1=Ay=A3 (D.32)
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and
B, =By =B3 (D.33)
hold simultaneously. The conditions Eqgs. (D.32) and (D.33) hold if and only if
mi=mgo=ms. (D.34)
In this case,
A1=A9=A3=B1=By=B3=0, (D.35)

so that no gravitational wave is emitted.

In the restricted three-body case (i.e. mg — 0), the orbits of the binary with the massive two
bodies are inspirals, while the equilateral triangle breaks down. Hence, by comparing with the
case of the circular binary system, we might check whether the above calculations are correct. In

this case, from Eq. (D.21), we obtain

A1=A3=0, (D.36)

where 1 = vivy. Then, Egs. (D.30) and (D.31) become

32

WP ==y [3th - 4sin(th)] , (D.38)
64

x=-%n [th - sin(th)] . (D.39)

Time variation of the angular velocity is

4
@ =0 Ne+0(?) = %(wN)Zn [1 -3 cos(wNe) | e + O(e2). (D.40)

Averaging this over one Newtonian orbital period TN = 27/0wN, we have

1 T

96
™ J, dta')PNs:g(wN)zne. (D.41)
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Therefore, the (averaged) change rate of the orbital period is given by

T 96G3M3
75 g +0(£?). (D.42)

This is in agreement with the case of the circular binary system [84, 81].
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