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In this work we analyze the similarities and differences between the equations of motion for the center of
mass and intrinsic angular momentum for isolated sources of gravitational radiation obtained by two
different formulations. One approach is based on the asymptotic formulation of the general relativity,
whereas the other relies on post-Newtonian methods. Several conclusions are obtained which could be

useful for further developments in both approaches.
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I. INTRODUCTION

The recent detections of gravitational waves made by
LIGO [1-4] have increased the interest in the study of
binary systems and in the detection and characterization of
the gravitational radiation emitted by these compact
sources. In these observatories, the initial stage of the data
analysis begins with the filtering of the measured signal. To
improve the signal-to-noise ratio of the detector, the data
output is compared with a bank of templates that represent
the best theoretical predictions for the expected signals. The
theoretical models that are used to construct these templates
are based on post-Newtonian (PN) methods which link the
dynamical variables of the system to the emitted gravitational
radiation in the nonrelativistic stage of the coalescence.

For these compact sources, it is very important to define
the notion of center of mass and spin since the energy and
momentum carried away by the gravitational wave induce a
recoil to the center of mass of the coalesced binary. Likewise,
the spin of the resulting black hole or neutron star depends
on the emitted gravitational wave. Although care must be
taken to define these notions, in the PN approximation one
starts with a Newtonian definition, since it is assumed that
when the compact objects are far away the gravitational
radiation is negligible and the system is well described by
Newtonian orbiting particles. As the sources get closer, one
redefines these variables using the available Hamiltonian for
the required approximation. However, in the very energetic
regime a general relativity definition should be given.
Otherwise, one is at risk of obtaining erroneous results
for the final recoil speed or final spin of the resulting black
hole or neutron star. The problem lies in the impossibility of
defining locally these variables since the gravitational
radiation gives a vanishing contribution to the stress-energy

2470-0010/2018,/98(6)/064005(9)

064005-1

tensor, though it carries away energy, momentum, and
angular momentum.

On the other hand, using the notion of asymptotic
flatness together with the inclusion of a three-dimensional
null boundary, called null infinity, one defines global
variables for the isolated system like the Bondi mass
M, linear momentum Pg [5], and the mass dipole-angular
momentum 2-form M,,. These global variables are con-
structed from suitable integrals at null infinity of the
available radiative fields. This “Gaussian” approach yields
physically meaningful flux laws for the above-mentioned
variables. This fact has been acknowledged in the PN
approach and the flux laws derived for asymptotically flat
spacetimes are used in the PN formalism [6]. Moreover, the
relationship between the local variables describing the
motion of the sources and the Bondi mass, linear and
angular momentum is computed at every stage of the
approximation procedure [6]. Nevertheless, it is not an easy
task in the PN approach to define the center of mass
worldline and relate its motion to the available global
quantities defined at null infinity. Many authors define the
center of mass velocity as V! = Py /M z. However, in doing
so, one could be neglecting the contribution of the
gravitational radiation to the Bondi momentum. [The
analogous definition of total linear momentum for interact-
ing charged particles explicitly contains the kinematical
particle as well as the Maxwell field contribution; see
Eq. (33.6) in Ref. [7] ]. This in turn could give an erroneous
result when computing the recoil velocity in a given
coalescence problem. One should also mention that without
an adequate definition of center of mass it is impossible to
define the intrinsic angular momentum of the system.

In a recent work, a definition of center of mass and
intrinsic angular momentum for isolated sources of
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gravitational radiation based on global quantities defined at
null infinity was given and their time evolutions were
derived [8]. A key issue in the formulation is the use of a
special set of Newman-Unti congruences that foliate null
infinity as one-parameter families of cuts. Each foliation is
associated with a worldline in a fiducial Minkowski space
called observation space. It was shown that for one such
foliation the associated mass dipole moment vanishes.
Thus, the special worldline with vanishing mass dipole
moment is called the center of mass. Moreover, the angular
momentum of this foliation is called intrinsic angular
momentum. This formulation yields by construction a
regular worldline, and the evolution equations for the
center of mass and spin are derived from the available
Bondi evolution equations for the radiative fields at null
infinity. The whole construction is global and regular since
by assumption all the radiative fields are regular at null
infinity. A nontrivial task in this formulation is to relate
these global variables with the motion of sources in the
spacetime and it is part of ongoing research. In this regard,
a comparison between similar variables that are used in the
PN and our approach should be of great help to obtain a
robust approximation scheme in both formulations.

It is then the purpose of this work to compare the
evolution equations for the center of mass and intrinsic
angular momentum in both formalisms. The first result is
promising: both formulations yield identical results if one
only keeps the quadrupole mode of the radiative field (as
we will see in the derived equations). This is somehow
surprising since the PN approach is based on the motion of
the sources and the asymptotic formulation is based on the
behavior of the radiative fields at null infinity. Using this
result as a guideline we then compute the nontrivial
deviation in both formulations. To do so, we extend our
earlier work since the original derivation only kept quadru-
pole terms. We find that adding an octupolar contribution
yields the first nontrivial difference between the formal-
isms. The slow motion approximation is also assumed in
our approach since the center of mass does not acquire
relativistic velocities as a result of the gravitational radiation
emission. It is also necessary to compare our derivations
with the PN results. As a result of this approximation, spin-
velocity terms will be neglected.

The paper is organized as follows. In Sec. II we give a
summary of our previous results and some mathematical
tools needed for our constructions. In particular, we
introduce the dipole mass moment and total angular
momentum vector for an isolated source coming from
the linkage integral. In Sec. III we derive the main results,
obtaining the relationships between these global variables
together with their time evolution. In Sec. IV we compare
our evolution equations with those coming from the post-
Newtonian formalism. Finally, we conclude this work with
some remarks and conclusions about the PN approach and
our asymptotic formulation.

II. A BRIEF SUMMARY OF ASYMPTOPIA

In this section, we briefly review some results derived
within the framework of asymptotically flat spacetimes that
will be useful for this work.

The notion of an asymptotically flat spacetime [9], the
Newman-Penrose formalism [10], and the notion of mass
dipole/angular momentum introduced by the Winicour-
Tamburino linkage [11] play a central role in our con-
struction. A thorough review of these formalisms can be
found in Refs. [9,12,13].

We first introduce two sets of coordinates labeled by
(up,rg,.¢,¢) and (u,r,£,{) to denote the Bondi and
Newman-Unti (NU) coordinates, respectively. In both sets,
(up.,u) represents the Bondi and the Newman-Unti time.
These coordinates label foliations of cuts of Z, the null
boundary of the null infinity, and are used to identify the
null surfaces that intersect null infinity at the corresponding
cuts. One then introduces affine parameters rz and r along
the null geodesics of the null surfaces now labeled as
ug = const. and u = const. Finally, { = ¢'® cot(6/2) is the
complex stereographic coordinate labeling the null geo-
desics of each null surface. Associated with these coor-
dinates one also has available the null tetrads,

(1%, n®, m*, m*), (1)
(l*a7 n*a’ m*a’ ,,h*a) (2)

Here the * symbols denote the associated vectors with the
NU system. The NU foliations determined by the condition
u = const. are related to those of Bondi through the
transformations,

Up = Z(l/t, Ca E)’ (3)
rg=2'r, (4)

where Z is a real function, and Z' denotes the 0,Z.
Moreover, these equations allow us to establish a relation
between the sets of vectors. These vectors, or tetrad of
vectors, form a base of the spacetime, and the trans-
formation law between these bases is given by the follow-
ing equations:

1 L L LL

lj;:? la—gﬁia—gma—ana s (5)
ni =2Z'n,, (6)
L
mZ:ma ng, (7)
I'p
.- L
mg =mg——"ng,, (8)
I'p
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where
L(”Bﬁ é,’ z) = GZ(M, gv 5) (9)

Note that d and 9 are two differential operators defined on
the unit sphere, while the operators & and & that we will
introduce later will be defined in the NU frame [8]. The
way in which this function is chosen is one of the main
inputs of this work. We demand that Z satisfy the
regularized null cone (RNC) cut equation [8],

0°Z = 86°(Z.¢,8) +8%6°(2.2.0). (10)

A straightforward way to get this equation is to solve the
linearized geodesic deviation equation for the future light
cone from a point. It represents the Huygens part of the
intersection of the future light cone from a given point of
the spacetime with null infinity. In previous works [8,14]
we have discussed in detail the RNC cut equation and we
have shown how to obtain a NU foliation from the null cone
cuts of null infinity. Extra details about the RNC cuts are
given in [15]. One should also mention that the RNC cut
equation coincides with the linearized Mason equation [16]
obtained following a completely different approach.

Other useful variables are 12 complex quantities called
“spin coefficients” and five complex scalars named “Weyl
scalars”. These complex scalars are built from the Ricci
rotation coefficients and from the contraction of the null
vectors with the Weyl tensor, respectively. However, the
most important scalars in our approach are introduced
below:

Vi i
o~ ¥ , 11
Y I’% 81 r4 ( )
0 *0
o c
o ~—, o~ . 12
2 2 (12)

Here the Weyl scalar 1//?* is constructed from the NU tetrad
(2) and ! from the tetrad (1). The variables ¢** and o° are,
respectively, called the asymptotic NU and Bondi shears.
These quantities are related by the following equations
[8,17]:

= [y} =3LyS +3L%8 - Lyg).  (13)

(o2
Z/

= o) —3°Z. (14)

For any stationary spacetimes, at a linearized level, the
real and imaginary parts of y capture the notion of the
2-form that defines the dipole mass and angular momen-
tum. Thus, for any asymptotically flat spacetimes, a natural
generalization of the dipole mass moment angular

momentum tensor arises from the Winicour-Tamburino
linkage [11] for a given # = const null foliation, which can
be either NU or Bondi. To obtain these components, it is
quite convenient to define a complex vector D* + %J * (see
Refs. [8,18] for extra details) as

it = 2p) - 26%0%6" - 0% (c™6™)]!

D*i + —
¢ 12V2G VA

(15)
Now, in a Bondi system the last equation takes the form,

P

=———[2y¥ = 26°95° - 8(c%5°)]". (16
= s (@) (16)

It is possible to relate Eqs. (15) and (16) just using the
transformation law introduced before [see Eqgs. (13)
and (14)] to obtain the following equation:

) ) 32 )
D* = D' + Re[dZ(¥ - 8%5°) + F)', (17
S ReOZ(Y ) + £ (17)
Jio =i Im[dZ(¥ - 35°) + F)',  (18)
= _— O s
6\/2G

where the rhs of the above equations depends on the Bondi
time up and the D*', J™* of u. Also, the complex function F
is given by

1 _ -
F = ~3(c°08°Z + 6°205° ~ 3 Z0°Z)
1 _ -
~ £ (6°0°Z + 3°200° - §°28°2). (19)

Finally, we introduce the notion of Bondi mass and linear
momentum. These equations are usually written as [9]

_ . 2V2G

9 + 8%6° + 6°6%)|,_y = — 2 M, (20)
_ - 6G _,

[l//g + 6260 + GOO'O]Lpzl = —?P . (21)

The superscript i denotes the three-vector associated with a
tensorial spin-s decomposition as we see in the next section.

III. EQUATIONS OF MOTION FOR THE CENTER
OF MASS AND ANGULAR MOMENTUM

A. Approximations and assumptions

We have previously defined the notion of mass dipole
moment and angular momentum associated with a NU or
Bondi congruence. In particular, Eqs. (17)-(18) give a
relation between these variables. Introducing a tensorial

spin-s spherical harmonics decomposition (Yg, YY;, Y3,
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etc.) [19] and keeping up to quadrupole and octupole terms,
we can expand the relevant scalars as

o = O'ij(uB)Y%ij(é', 5) + Gijk(MB)Y%ijk(él’ E)a (22)

) =y (up)Y1(C.0) + Y (up)Yh(£.0)
+ WOUk( )Y:lfl]k’ (23)
_2V2G . 6G y z
w = =220 by O byt (0.2) + W)Y, 2.0
+ "P”k(MB)Ygijk((:’ E) (24)

The complex tensor ¢/ (¢'/X) represents the radiative
quadrupole (octupole) contribution of the gravitational
wave. The real and imaginary parts of ¢/ (¢'/%) are,
respectively, called the “electric” and “magnetic” parts.

Since the mass dipole moment should vanish at the
center of mass position, the condition D* = 0 gives the
position of the center of mass in a Bondi coordinate system
by evaluating the rhs of Eq. (17). Similarly, the angular
momentum at the center of mass position J* = S’ is, by
definition, the spin or intrinsic angular momentum of the
system. Finally, Eq. (18) gives a relation between the spin
and the total angular momentum which will be obtained
explicitly in the following subsection.

B. The center of mass and spin

The center of mass worldline X’(u) is obtained from (17)
by demanding that the lhs vanish on the u = const cut when
ug = Z,(u,, &) is inserted in the rhs of the equation.

Furthermore, since by assumption X'(u), o(u), and

;{k( ) are small, also we introduce the first order solution

of the RNC cut (10) as follows:

Z, =u+éu, (25)

ik
l] (M)Y3ljk’

(26)

Y9
12 R( ) 2!/ 60

and making a Taylor expansion of Egs. (17) and (18) up to
first order in du we get

2

. C .
0=D'+ Re[(0Y — 8°5°)6u]!
s/l )ou
2
+ Re[(¥ — 0269)d6u + F)' 27
s g RelY —Faeu+ I (27)

and

3

. . C .
S'=J+ Im[(0¥ — 8°56°)5u]’
arg ™l Jou
6‘3 ’
+ Im[(¥ — 8°6°)06u + F|', 28
g MY~ T+ FY. (28

where F is given by (19).
Now, using the definition of u, ¥, 5°, and considering
only linear terms in Su and Su’, we obtain

MX' =D + o' Pl (29)

8
5 ﬂc
Also from Eq. (27) we can get the relation between the spin
and the total angular momentum as follows:

137¢3
168v2G

Ji= S+ eRXTPk 4 (offelf =6 el).  (30)

C. Dynamical evolution

The time evolution of D’ and J' can be obtained taking
one time derivative of Eq. (16) together with the equation
for y'/‘l) [8]. Furthermore, the dynamical of the Bondi mass
and momentum P can be computed from the Bianchi
identity for 9. These equations are given by

2

i i 3 ¢ -ijk _jk ijk - jk
B =P sl ol — o)
3 ¢? ik ko _ijk ~jk
;\/-G[(Gl o) —oj 61, (31)
si c? il il
Ji= SG((’;%ZGI —l—dkl(T]) ijk
+3%( klmo_/lm klmo'glm)eijk’ (32)
c
M= - IOG(GRGR +‘71 ‘71)
3 o
el 1 6tal). (33)
o 2c? V2 ki | ki
P 156“ et o (o + ot
aﬂ’" e (34)

These above equations are used to derive the equation of
motion for the center of mass.

Starting from (29) and taking one time derivative, it is
possible to obtain the relation between the center of mass
velocity and the scalars at null infinity. Considering up to
quadratic terms, this equation reads
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.. ) 8 3c2 ik Gk
MK = PGP 4 ok = o)
3¢? Cijk _jk o -jk _ijk
+7\/§G(O—[ o] —610/"). (35)

Finally, taking one more time derivative of (35) and
considering up quadratic terms, one obtains the equation
of motion for the center of mass,

M
5 \/Ec

20 il .
6/ <kl ljk
T 156 7RTE

\/76 (OJ]( ijk

MXi — 54X

jilm - kI
OJ e tjk

I 3¢c2
+ ¢k ¢
191) 7V2G

3¢T ik ko ijk.jk
o o). 36)

(o -

o)

Following the same steps for the angular momentum, we
can write

137¢3
168v2G

. . 137C ik ki
Sl:Jl / JRUN.

168\/—G( or')
¢’ Kl =il Kl ik
SG(GRUI —1—6,0’) ij
L%
7G
1376’3 ik ki
+—— ("
168\/§G( 108 ) =

(o] o)

-jlm <jlmy i
;celmgje + G/[dmo.; )eljk

137¢3

/kl ik
U )

IV. A COMPARISON WITH THE
POST-NEWTONIAN FORMALISM

In this section we compare our evolution equations with
those coming from the post-Newtonian formalism. The
asymptotic formulation has exact equations of motion for
the total Bondi mass, linear, and angular momentum of the
isolated system. Furthermore, there is a well-defined
procedure to first obtain the center of mass vector and
spin and then derive their equations of motion. Although
we have used a slow motion approximation and kept up to
octupole contributions in a spherical harmonic decompo-
sition, our procedure can in principle be implemented for
any order of approximation and for arbitrary spherical
harmonic contributions. Since the main goal of this work is
to compare our results with those coming from the Post
Newtonian formalism, it is worth mentioning that in the
Post Newtonian approach one does not have available an
exact formula for the center of mass or intrinsic angular
momentum. Rather, one defines those variables up to the
level of approximation considered and computes its

evolution using radiative formulae at null infinity. Thus,
it is not an easy task to match orders of approximation in
these apparently dissimilar approaches to the emission of
gravitational waves.

Nevertheless it is very useful to try to see whether or not
they yield equivalent equations of motion for a compact
source emitting gravitational radiation. A matching of the
formulas could give a robust check for the formulations and
the discrepancies should be useful to detect possible
sources of errors in the formalisms.

We compare below the evolution equations for the total
mass, momentum, and angular momentum of a compact
source of gravitational radiation. In both formalisms, a dot
derivative means derivation with respect to the retarded time.

The PN formalism also uses the Bondi radiative energy,
linear, and angular momentum loss available for asymp-
totically flat space times [20,21],

. G y 16G y
Eon = —— yWiiyMij — —V Dijy(1)ij
AP 45¢7

G

o Wik gk~ G ymurymi(3g)
C

84¢°

G .
— o ukU(l)klv(l)jl
63¢7 4507°¢

Ggeiij(l)klm V(l)jlm (39)

1 32
Vklv( )jl
45

. 11
UklmU(l)]lm .
+c 728

Vklmv( )]lm) , (40)
where in the above equations the quadrupole and octupole
terms have been included.

Since both formalisms use the same equation for these
global variables, making the following identification of
quadrupole and octupole terms,

ij \[G

ol - Ui (41)
o — 4‘[G (42)
o'l* - —9—(54 Uik (43)
of - 6—25 Viik, (44)

one obtains identical expressions for the mass and linear
momentum loss formulas. This is not surprising since, as
we said before, both approaches use the same Bondi flux
equations. However, as we will see below, this does not
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imply that the acceleration or the time evolution of the
center of mass are identical in both approaches.

It is worth noting that in the PN formalism most, if not
all, of the results are obtained in the center of mass frame.
In order to compare the acceleration of the center of mass in
both approaches we have to find the appropriate Bondi
frame such that at a given initial time u the system was not
radiating, and

X)=0,  Xj=Vi=0, (45)

and therefore
P =0; (46)
i.e., the initial Bondi momentum vanishes in our setup.

Keeping up to quadratic terms in the radiative shear, we get
directly from (35)

] i 3¢? ijk _jk ijk - jk
MVi=Ppi + keIt — Gk
7\/§G( R YR R R)
$ 3 Gl o), @)
7V2G
from which we obtain
Vi = Vin -+ ok = o)
TMV2G
§37 (ol — o), (4%)
TMA2G

In the above equation we have used the recoil velocity of
the center of mass that is defined in the PN formalism as
Pi/Mp. As one can see, the two velocities differ by
octupole (and higher) terms.

Integrating again yields a relation between the center of
mass positions in both formalisms,

; ; 3¢? T ik ko ijk -jk
X _XPN+W/ (G ok = o )
3 [Tk gk ik ik
+m/_ (UIJ U} —61] 0; )dt. (49)

Regarding the evolution of the intrinsic angular momen-
tum, the PN approach gives a flux law for the angular
momentum in the center of mass frame,

132

. i, 12 ; i
S — kG 2 kWil 1 2= ykiy ()i
N <c5 5 o
11 . 11 .
+ 7@ ykim U(l)/lm =+ 72_8 ykim V(l)jlm> . (50)

This is highly surprising since it has exactly the same rhs as
in Eq. (32). It is worth making a few comments regarding

the above equation. First, Eq. (32) is derived using a
specific definition of angular momentum based on link-
ages. There are many formulas for angular momentum in
general relativity, and all of them coincide if only quadru-
pole terms are taken into account. Only the linkage
formulation yields the rhs of Eq. (32). It deserves further
analysis to understand why the PN formalism yields the
same ths as in the linkage formula for the angular
momentum loss. The second point is more subtle and
deserves a closer look. It is tacitly assumed in the PN
approach that the center of mass frame corresponds to a
particular Bondi cut at null infinity. However, it has been
shown that the intersection of the future null cone from a
point in the space time with null infinity is not a Bondi cut.
Thus, the lhs of the above equation should not be called the
time derivative of the intrinsic angular momentum. This
issue can be seen more clearly in Eq. (30). When gravi-
tational radiation reaches null infinity, even if we set
X' = 0, the Bondi angular momentum is not equal to the
intrinsic angular momentum since the cuts are different.

Thus, there is a discrepancy between the angular
momentum flux formulas given by

137¢3

163V3G (o) o) —alol).  (51)

SF = Skx +
Directly from (51) it follows that

137¢3

ASH = ASpy + ————
N 168v2G

(oo~ o). (52

Note that both formulations coincide up to quadrupole
terms. Note also that while in the PN approach ASky does
not mix different types of radiation terms, our equations
contain mixed products of electric and magnetic compo-
nents of the Bondi shear.

V. SUMMARY AND CONCLUSIONS

The purpose of this paper was to compare two for-
mulations of the equations of motion for the center of mass
position and intrinsic angular momentum for isolated
systems emitting gravitational radiation.

The PN approximation relies on the definition of a point
particle in Newtonian mechanics and its generalization to
nontrivial spacetimes. The gravitational radiation is com-
puted in a given Bondi coordinate system. Matching
conditions between the near zone and radiation zone allows
us to relate the source mass and current moments to the
radiation fields.

The asymptotic formulation, on the other hand, uses
asymptotic flatness in general relativity to define global
variables such as the momentum vector or the mass dipole/
angular momentum 2-form of an isolated system. Some
special congruences of cuts at null infinity are then
associated with worldliness on a fiducial Minkowski.

064005-6



SPIN AND CENTER OF MASS COMPARISON BETWEEN ...

PHYS. REV. D 98, 064005 (2018)

The center of mass worldline is then defined as the special
congruence where the mass dipole term vanishes.

Since the definitions of center of mass and intrinsic
angular momentum in both formulations are different, one
does not expect to have similar equations of motion.
However, before or after gravitational radiation is emitted,
they should be able to yield the same measurable quantities
of a given astrophysical system. For example, in binary
coalescence, both formulations should give the same
position, velocity, and spin of the final compact object
assuming identical initial conditions. Since the two for-
mulations rely on completely different geometrical setups,
it was an open question as to whether or not they should
give identical measurable quantities and it provided moti-
vation to find an answer.

We have shown that the evolution equations for the
global variables obtained in both formulations have some
similarities. In fact, both formulations yield identical results
if one only keeps the quadrupole mode of the radiative
field. The difference arises when including octupole and
higher terms in the spherical harmonic decomposition of
the radiative field. We conclude that using the same
radiative quadrupole and octupole terms, as can be obtained
by a detector, the equations of motion are different.

It was thus important to check if these differences were
significant for a typical astrophysical scenario, and more
importantly, if these differences predicted different final
measurable quantities.

Using the available formulas for their equations of motion,
we performed a simple check using a Newtonian model of
two coalescing particles (given in the Appendix) to see
whether or not the extra terms between the two equations
produced nontrivial differences.

Regarding the time evolution of the intrinsic angular
momentum, we found that they differ by a nonvanishing
term, even if we time average over a period of the gravita-
tional wave, and this difference is of the same order of
magnitude as that of the remaining terms in Eq. (37).
Furthermore, it is not easy to see where these terms should
be coming from in the PN approximation as far as the mixing
between quadrupole and octupole terms is concerned.

The equations of motion for the center of mass also exhibit
a difference between the two approaches. However, this
difference might be zero or negligible for binary coalescence.
If one computes this difference in Newtonian mechanics for
two point particles separated by a distance r in the adiabatic
approximation and takes a time average over a period, this
difference vanishes. This follows from the formulas given
in the Appendix, where the quadrupole and octupole con-
tributions used in the PN formalism to describe black hole
coalescence in circular orbits are explicitly obtained. Thus,
we should not have a difference between the two formalisms
when averaging over a period of the gravitational wave.
We conclude that both formulations yield similar results for
the center of mass motion when considering black hole
coalescence.

On the other hand, gravitational waves emitted by
supernovae come from a completely different physical
scenario and could give different time evolutions. It is
certainly worthwhile to work out this model in the two
approaches.

APPENDIX: COMPACT BINARY SYSTEM

In this Appendix we derive the quadrupole and octupole
moments for two spinning objects with masses m; and m,
in a circular orbit in the x — y plane, at distances r; and r,
(respectively) from their common center of mass. The
motion of the objects is considered in the Newtonian
approximation.

The mass parameters are given as m = mj + m,,
Oom = m; — m, and the symmetric mass ratio is given by
n=mymy/m>.

We define X = ¥, — 7, to be the relative vector between
the particles. Its separation is then given by r; = |X|.

The motion of the two objects in the center of mass frame
can be reformulated as the motion of a particle of reduced
mass u, under the action of an external force that depends
on the distance r, = r; + r,. If this particle describes a
circular motion of radius r,, its acceleration is Q’r,.
Newton’s second law is written

G
o2y, =212 (A1)
rS
and then the angular frequency of the orbit is
G 1/2
Q= <—’3"> . (A2)
rS
In terms of Q we can write
M
7| = —=r(cos Qt, sin Qr) (A3)
M
M
¥y = —— ry(cos Qt, sin Q1). (A4)
M
The position and relative velocity are
X =7 — 7y = rg(cos Qt, sin Q) (A5)
X =7 = r,Q(—sin Qt, cos Q). (A6)

From [22,21], we have the following expressions for the
quadrupole and octupole moments:
1Y = pmxtin (A7)

13 = —npomxti) (A8)
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. . 5
JY = —nome™ixiayt = Oy i) (A9)
m
Jiik — ]1(1 _ 3”)m€ub<ixjk>avb
= (1=3n)Lix", (A10)

In the main text of this work, a comparison is made using
the mass parameters of the collision of two black holes,
recently detected by LIGO [1]. In this binary system the
mass parameters are

M, =36 Mg, (A1)
M, =29 M, (A12)
My =62 Mg (A13)
MM,
n=—p ~16 (A14)
sm=17Ms. (A15)

With these mass parameters, the quadrupole and octupole
radiative moments are

14 ~ 1040 M, [x X/ — 551136 } (A16)

. 1 . .
I'*~-112M [x’xka - §x2(6jkx’ + Spx! + éijxk)]

(Al7)
ij 1 abi \.ja,b abj i a,b
Jym =—112 Mg 5(6 X/ x40 + eI x'x ")

1
- —5ij€k“bxavak} (A18)

3
| S .
JIK ~ —48880 M, [3 (Lix/x* + Lix*x! 4+ L*xix/)

— 15 (B LY + 5 LT + 5y L))

2
N

s (A19)

x4(8;xF + S x + 6ikx-f)] )

Explicitly the nonzero radiative moments remain

2
MOrs

% = —1040 (A20)

2

M
Iy = 1040295 [1 4 3cos(2Qr)]  (A21)
vy MO r?
B = [1-3cos(2Q)]  (A22)
Iy = Iy = 1040 Mgr?[sinQrcos Q1] (A23)
P 1
=1 12 2 S cosQr [— 5 T cos 291} (A24)
Ny =1y =1y
M 3
—_112 1%’"3 SinQe[3 + 5cos2Qr]  (A25)
LY =By =1
’;
=-112 Oo *cosQt[3—5sin2Q1]  (A26)
B = I = I
M 3
—112 grs cos Q1 (A27)
P 1
= 112 2 S sin Qr [5 + sin ZQI} (A28)
| , Mor
PE =1 =12 =11225inQr  (A29)
JE = J = (A30)
S Mord
PE=JY =112 grs QsinQr  (A31)
T = S =
4
— 48880 ;’r“ QsinQreosQr  (A32)
Jyx _ szy Jzyx
4
— —48880 grs QsinQrcosQr.  (A33)

Using the above formulas and inserting the relevant
terms in the center of mass equation of motion, one then
concludes that for this binary system both formulations
yield similar results when taking an average value over a
period.
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