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Higher-order spin effects in the dynamics of compact binaries. I. Equations of motion
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We derive the equations of motion of spinning compact binaries including the spin-orbit (SO) coupling
terms one post-Newtonian (PN) order beyond the leading-order effect. For black holes maximally
spinning this corresponds to 2.5PN order. Our result for the equations of motion essentially confirms
the previous result by Tagoshi, Ohashi, and Owen. We also compute the spin-orbit effects up to 2.5PN
order in the conserved (Noetherian) integrals of motion, namely, the energy, the total angular momentum,
the linear momentum, and the center-of-mass integral. We obtain the spin precession equations at 1PN
order beyond the leading term, as well. Those results will be used in a future paper to derive the time
evolution of the binary orbital phase, providing more accurate templates for LIGO-Virgo-LISA—type

interferometric detectors.
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I. INTRODUCTION

The laser interferometer gravitational-wave (GW) de-
tectors LIGO (Laser Interferometer Gravitational Wave
Observatory), Virgo, GEO 600, and TAMA300 are cur-
rently searching for GWs emitted by inspiralling compact
binaries composed of neutron stars and/or black holes.
Analyzing the data using matched filtering technique re-
quires a high-precision modeling of the inspiral waveform
[1-9]. The post-Newtonian (PN) approximation to general
relativity has been applied to build accurate theoretical
templates up to the 3.5PN precision level' for nonspinning
compact bodies [10—12]. Post-Newtonian templates are
currently used in analyzing the data with ground-based
detectors and in the future they will be used to detect
GWs emitted by supermassive black-hole binaries with
the space-based detector LISA.

Astrophysical observations suggest that black holes can
have non-negligible spins, e.g., due to spin up driven by
accretion from a companion during some earlier phase of
the binary evolution. For a few black holes surrounded by
matter, observations indicate a significant intrinsic angular
momentum (see, e.g., Refs. [13—15] for stellar black holes
and Refs. [16,17] for supermassive black holes). The spin
may even be close to its maximal value [18]. Very little is
known however about the black-hole spin magnitudes in
binary systems [19].

To successfully detect GWs emitted by spinning, pre-
cessing binaries and to estimate the binary parameters, spin
effects should be included in the templates. For maximally
spinning compact bodies the spin-orbit coupling (linear in
the spins) appears dominantly at the 1.5PN order, while the

! As usual nPN refers to terms of order (v/c)?", where v is the
internal velocity and c is the speed of light. In this paper we
explicitly display all powers of ¢ and of Newton’s constant G.
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spin-spin one (which is quadratic) appears at 2PN order.
The spin effect on the free motion of a test particle was first
obtained in the form of a coupling to curvature by
Papapetrou et al. [20-22]. Seminal works by Barker and
O’Connell [23,24] yielded both the leading-order spin-
orbit and spin-spin contributions in the PN equations of
motion. More recently, using an effective field theory
approach [25], leading spin-orbit and spin-spin couplings
in the two-body Hamiltonian were rederived [26] and
predictions for spin-spin couplings at 3PN order in the
spin potential were obtained [27]. Based on the works
[23,24], Kidder, Will, and Wiseman [28,29] (see also
Refs. [30,31]) computed the corresponding coupling terms
in the radiation field, enabling thereby the derivation of the
orbital phase evolution, the latter being the crucial quantity
that determines the templates. Currently, only the leading-
order spin effects, i.e., the spin-orbit and spin-spin cou-
plings, have been implemented in the templates for spin-
ning, precessing black-hole binaries [8,32—-35].

More recently, Tagoshi, Ohashi, and Owen [36,37]
started the computation of the 1PN corrections to the
leading spin-orbit coupling. Those corrections, linear in
the spins, appear at 2.5PN order. However, their work has
never been completed: the very important conserved inte-
grals associated to the equations of motion at 2.5PN order
and the mass quadrupole moment at the 2.5PN order were
not computed.

The aim of the present paper together with its compan-
ion [38] is to complete the work of Refs. [36,37] and get the
orbital phase evolution at 2.5PN order. In this paper we
derive the equations of motion, confirming the main result
of Ref. [37] (but correcting several important misprints)
and compute the entire set of conserved Noetherian inte-
grals of the motion associated with the Poincaré invariance,
notably the energy and the total angular momentum. In
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Ref. [38] (henceforth paper II), we evaluate the multipole
moments and the radiation field so as to deduce the orbital
phase evolution.

The spin of a rotating body is of the order S"™¢ ~
mavg,,, where m and a denote the mass and typical size
of the body, respectively, and where v, represents the
velocity of the body’s surface. Here, by “true,” we mean
that the spin we are referring to is not rescaled [as in
Eq. (1.1) below]. In this paper we shall consider bodies

which are both compact, a ~ (i—’zn, and maximally rotating,

Ugpin ~ ¢. For such objects the magnitude of the spin is
roughly Stve ~ GT’"Z The previous estimate shows that the
spin goes as one power of 1/c, i.e., from the PN point of
view, it is formally of order 0.5PN. Again, such a counting
is appropriate for maximally rotating compact objects. It is
then also customary to introduce a dimensionless spin
parameter, generally denoted by y, defined by S"™° =
GT’”Z X- In our computation the use of such parameter y is
not very convenient because it forces us to introduce some
unwanted powers of the mass in front of the spins. On the
other hand, it is useful to keep track of the correct PN order
by counting all the powers of 1/c. Accordingly we shall
“artificially”” make explicit the factor 1/c in front of the
spin by posing $"™¢ = S/c, where S will be considered to
be of “Newtonian’’ order. Hence, we shall denote the spin
variable by

S = cS™e = Gm?y. (1.1)

Such a notation displays explicitly all powers of 1/¢ for
maximally rotating compact objects. Notably, the spin-
orbit (SO) effect always carries a factor 1/¢? in front, so
that it is regarded as being of order 1.5PN, while the spin-
spin (SS) effect appears at order 2PN in our terminology,
and the 1PN correction to the spin-orbit is 2.5PN order.
This PN counting for spin effects corresponds to the stan-
dard practice when defining the templates of LIGO/Virgo
and LISA detectors (see Refs. [7,8]).

For slowly rotating compact objects (vgin < ¢), the

. . . szvs in
spin is formally of higher order, namely S""¢ ~ —a

1/c?, hence the spin-orbit and spin-spin couplings are
pushed at the 2PN and 3PN levels, respectively. The 1PN
correction to the spin-orbit manifests itself at the same
level as the spin-spin coupling, namely, 3PN. Of course
all the computations in this paper and paper II [38] are still
valid in the case of slow rotation, but in this case the spin
terms are expected to be numerically smaller, and compa-
rable to higher-order PN contributions.

This paper is organized as follows. In Sec. II we describe
the stress-energy tensor of spinning point particles and
review some relevant features of the spin formalism before
defining our spin variables. In Sec. III we recall some
general expressions of the PN metric and equations of
motion, which are valid for arbitrary extended matter
configurations. The PN metric is parametrized by certain
elementary potentials computed in Sec. IV. Our final re-
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sults for the spin-orbit terms in the equations of motion at
the 2.5PN order are presented in Sec. V in a general frame.
They are also specialized to the center-of-mass frame and
reduced to circular orbits. The precessional equations for
the spins including the 1PN relative correction are derived
in Sec. VI. Finally, in Sec. VII, we obtain the spin-orbit
contributions to the conserved integrals associated with our
2.5PN dynamics. The two Appendices are devoted to some
tests of our results.

II. STRESS-ENERGY TENSOR FOR SPINNING
POINT PARTICLES

Our calculations are based on the standard model of
point-particles with spins [20-24,39-46]. In the Dixon
formulation [42], the stress-energy tensor,

THY = THY + THY,
M S

@2.1)

is the sum of the ““monopolar’” (M) piece, which is a linear
combination of monopole sources, i.e. made of Dirac delta
functions, plus the “dipolar” or spin (S) piece, made of
gradients of Dirac delta functions. The four-dimensional
formulation of the monopolar part reads as

(X — Ya)

8¢
Tl“’ = szf dTAp(M V)—g,
\V A

where 8® is the four-dimensional Dirac function. The
worldline of particle A (A = 1,2), denoted yﬁf , s parame-
trized by the particle’s proper time 7,. The four-velocity is
given by cuA = dy'{ /dr,, and normalized to g’ ,ulyu} =
—1, where g4, = g,,(v4) denotes the metric at the parti-
cle’s location (the determinant of the metric at point A
being denoted by g,). The four-vector p’ is the particle’s
linear momentum satisfying Egs. (2.4) and (2.5) below. The
dipolar or spin part of the stress-energy tensor, which
vanishes in the absence of spins, is”

(2.2)

)(x — Ya)

+o00 6(4
TrY = —c\N'V [/ dr.SPH e JA)
s 2V | S

where V, is the covariant derivative associated with the
metric g, at the field point x, and the antisymmetric
tensor S%"” represents the spin angular momentum for
particle A.

The momentumlike quantity p’ is a timelike solution of
the equation

DL
dTA

} 2.3)

= cuf V" = c*(phiu} — piuly). (2.4)
The equation of motion of the particle with spin, equivalent

to the covariant conservation law of the total stress-energy

Recall that with our convention the spin variable has the
dimension of a true spin times c; the stress-energy tensor has the
dimension of an energy density.
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tensor, namely V,T#”
equation [20-22]

= 0, is given by the Papapetrou

Dp¥ 1
pA = __SzpquﬁvAp'

2.5
dTA 2 ( )

The Riemann tensor is evaluated at the particle’s position
A, RQLMP = R* , (y4). The equation of motion (2.5) can
also be derived directly from the action principle of Bailey
and Israel [43].

It is well known that a choice must be made for a
supplementary spin condition in order to fix unphysical
degrees of freedom associated with some arbitrariness in
the definition of S#”. This arbitrariness can be interpreted,
in the case of extended bodies, as a freedom in the choice
for the location of the center-of-mass worldline of the
body, with respect to which the angular momentum is
defined (see e.g. [29] for discussion). In this paper we
adopt the covariant supplementary spin condition

vAp

SMV A

W Do , (2.6)

which allows the natural definition of the spin four-vector
S4, in such a way that

ghvpo pP Slg.,
VT84 nmyc

Sk =— 2.7
where £#7P? is the four-dimensional antisymmetric Levi-
Civita symbol such that %> = 1. For the spin vector S%,
itself, we choose a four-vector which is purely spatial in the
particle’s instantaneous rest frame, where uﬁf =(1,0),
hence the components of §% are (0,S*) in that frame.
Therefore, in any flrame,3

(2.8)

uA—O

As a consequence of the supplementary spin condition
(2.6), we easily verify that d(S%"S%,)/d7, = 0; hence, the
spin scalar is conserved along the trajectories: S’ VSf“, =
const. Furthermore, we can check, using (2.6) and also the
Papapetrou law of motion (2.5), that the mass defined by

m3ic? = —pl p4 is indeed constant along the trajectories:
my = const. Finally, the relation linking the four-

momentum p’; and the four-velocity u/ is readily deduced
from the contraction of (2.4) with the four-momentum,
which results in

1 A
PX(P“)A + mAczuﬁ: = 2_SMVS u O-Rﬁa'/\p’

2.9)
where (pu), = pitu¥. Contracting further this relation
with the four-velocity one deduces the expression of

>The alternative choice 5% p % = 0 is equivalent to Sj,u}y =0
modulo cubic terms in the spms 0O(S?) (see below) Wthh are
neglected in the present paper. Such choices are also adopted in
Refs. [28,29,36,37].
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(pu), and inserting it back into (2.9) yields the desired
relation between p and u/.

Let us from now on focus our attention on spin-orbit
interactions, which are linear in the spins, and therefore
neglect all quadratic and higher corrections in the spins,
say O(S?). Drastic simplifications of the formalism occur
in the linear case. Since the right-hand-side (RHS) of
Eq. (2.9) is quadratic in the spins, we find that the four-
momentum is linked to the four-velocity by the simple
proportionality relation

it = myculy + O(S?). (2.10)
Hence, Eq. (2.6) becomes
S ult = O(S?). 2.11)

On the other hand, the equation of evolution for the spin,
also sometimes referred to as the precessional equation,
follows immediately from the relationship (2.4) together
with the law (2.10) as DS%” /d7, = O(S?), or equivalently

DS,
dTA

= O(5?). (2.12)
This is simply the equation of parallel transport, which
means that the spin vector S% remains constant in a freely
falling frame, as could have been expected beforehand. Of
course, Eq. (2.12) preserves the norm of the spin vector,
S4.8% = const.

When performing PN expansions it is necessary to use
three-dimensional —like expressions (instead of four-
dimensional) for the stress-energy tensor. The field point
is accordingly denoted by x = (ct, x), and similarly the
source points are denoted y, = (ct,y4). The particle tra-
jectories are considered as functions of the coordinate time
t=x%/c, say yA(t) and we introduce the ordinary (coor-
dinate) velocity v, W(t) = dyl ' /dt, also a function of coor-
dinate time. Using Eq. (2.10) we can write the monopolar
part (2.2) of the stress-energy tensor as

T = TR + O(S?), (2.13)
M NS

where ¢T*" is just the standard piece appropriate to point
masses without spins, which reads, in three-dimensional

form,
Uﬁ vy O(x — y4)

T,u,v_
ZmA\/ ngUA /CZ V84

We have referred to this part of the stress-energy tensor as
the “nonspin” contribution (NS) in spite of its implicit
dependence on the spins through the metric tensor. Here
8 =060 is the three-dimensional Dirac function.
Similarly, the spin part of the stress-energy tensor,
Eq. (2.3), can be rewritten as

1 S(x — ya)
THY = — v |:SP<#UV) i|’
S C; P A A \/__gA

(2.14)

(2.15)
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where the spin tensor S%”(7) is now considered to be a
function of coordinate time, like for the ordinary velocity
v/ (r). The covariant derivative V, acts on x, which ap-
pears in the argument of the delta-function as shown in
(2.15), and on time ¢ through the time dependence of the
positions yf (1), velocities v (¢), and spins S4”(¢). It is easy
to further obtain the more explicit expression

VT = ‘*2{3 (S5 vy 8(x = y,)]

+ SPUTPAYeS(x — ya)b, (2.16)

where I'4. = T'% ,(v4) denotes the Christoffel symbol eval-
uated at the source point A, and where one should notice
that the square root of the determinant ,/=g in the left-
hand side (LHS) is to be evaluated at the field point (z, x),
contrarily to the factor 1/,/=g, in the RHS of Eq. (2.15)
which is to be computed at the source point y, = (ct, y4).
The explicit form (2.16) of the spin stress-energy tensor is
used in all our practical calculations.

In terms of three-dimensional variables the spin tensor
reads [after taking into account the spin condition (2.8),
namely S§ = —S%vi/c]

. 1 v
S0 = — uf ek A g4, (2.17a)
—84 ¢
- 1 - kvl
S = - m=ufe[ s+ st @)
V784 ¢

where &¥ is the ordinary Levi-Civita symbol such that
e!23 = 1. Here, we have

i
A_ 0| A A Vs
Uy = “A[goo + gm?}

1

A ngvAvA/c

In principle we could adopt as the basic spin variable the
covariant vector (or covector) Sf‘. However, we shall in-
stead use systematically the contravariant components of
the vector S, which are obtained by raising the index on
S4 by means of the spatial metric y¥, which denotes the
inverse of the covariant spatial metric evaluated at point A,
v, = g4 (ie. such that yi{y¢; = 8%). Hence, we define
(and systematically use in all our computations)
Siy = yikSle=s5t = 'yUS’

(2.18a)

with 4 = (2.18b)

(2.19)

Beware of the fact that the latter definition of the contra-
variant spin variable S’ differs from the possible alterna-
tive choice g¥'S4. The spin vector S as defined by (2.19)
agrees with the choice already made in Refs. [36,37].

III. POST-NEWTONIAN METRIC AND
EQUATIONS OF MOTION

The starting point is the general formulation, i.e. valid
for any matter stress-energy tensor 7#” with spatially
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compact support, of the PN metric and equations of motion
at 2.5PN order, as worked out in Ref. [47]. In harmonic (or
De Donder) coordinates, the 2.5PN metric is expressed in
terms of certain ‘“‘elementary’ potentials as

2 2 8o V3

1
+o(L),
&)
48, I
g =~ Vi SR+ (9<7>
2 2 4. 1
¢ = 5,,-(1 SV ?vz> oWy (9(5) (3.1¢)

(3.1a)

(3.1b)

These potentials, V, V,, ..., are defined by some retarded
integrals of appropriate PN iterated sources. To define
them it is convenient to introduce the matter source den-
sities

TOO + Tkk
o= (3.22)
&
TOi
o=, (3.2b)
C

(with T = §,;T"). Then, with (I ! denoting the usual flat
space-time retarded operator, we have for the Newtonian-
like potential V,

V =0 {—47Go}

d3 li
=6 [ 2 _ox,i—Ix—x|/c).  (33a)
Ix — x|

The higher-order PN potentials read
V; = O {~47Ga}}, (3.3b)
W,‘j = Dﬁl{_47TG(0'” - 6ij0-kk) - B,VGIV}, (33C)
= O{~47G(Vo, — V,0) = 20,Vd,;V, — 39,V V},
(3.3d)

X = Og{—47GVoy; +2V,9,0,;V + VIV + 3(9,V)?

—20;V;0,V; + W,jafjv} (3.3e)

All these potentials are subject, up to the required PN

order, to the differential identities

“Thus, 9,(,/=gg"”) = 0, where g*” is the inverse of the usual
covariant metric g,,,, and g = det(g,,).
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Irl ..
a,{v + ?[E W + 2v2}}
(9(%) (3.4a)
C

2 .
+a,{V,- + SR+ vv,.]} -

v, oy o] = o(L) Ga
which are consequences of the harmonic-coordinate con-
ditions; see Ref. [47].

In this paper we shall specialize the latter PN metric to
systems of particles with spin. In this case, as we have
reviewed in Sec. II, the stress tensor is the sum of the
nonspin piece given by (2.14) and of the spin part (2.15),
thus T#” = ((T#” + (T*”. Henceforth we often do not
indicate the neglected O(S?) terms. Hence, the source
densities (3.2) will be of the form o, = T,y + 5T 4ps
and all the potentials will thus admit similar decomposi-
tions, say

V=V AtV .., (3.5a)
Wi,=W;+W; . (3.5b)
Ns” S

The equations of motion of spinning particles are obtained
from the covariant conservation of the total stress-energy
tensor,

0=V, T* = V,,zI’SW + V,,g"/“’ + O(S?). (3.6)
To get the acceleration of the Ath particle, we insert into the
conservation law (3.6) the expressions (2.14) and (2.15) of
the stress tensor, integrate over a small volume surrounding
the particle A (excluding the other particles B), and use the
properties of the Dirac delta function. More precisely, in
order to handle the delta function, we systematically apply
the rules appropriate to Hadamard’s partie finie regulari-
zation and given by Eq. (4.6) below. As a result we obtain
the equations of motion of the particle A and find useful to
write them in the form

A
dPu —
dt
where both the “‘linear momentum density”’ Pﬁ and ““force
density” F ﬁ (per unit mass) involve a nonspin piece (NS)
and the spin part (S),

3.7)

Ph =P+ Pl (3.82)
d F4=FA+ FA 3.8b
an BooNs®* o s# (3.8b)

The nonspin parts correspond to the geodesic equations
and read

vY A
ph= _ YnSwr (3.9)
1/—gp(,vAvA/C
1 vivi(0,8,
FA _ 1 viviOugi)a (3.10)

5 .
ns” N gpgvAvA/c
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Their complete expressions in terms of the elementary
potentials (3.3) were given in Ref. [47]. We shall need
them for a spatial index (i = i) and for completeness we
report here the result [see Egs. (8.3) in [47]]

A i
P = vy

NS

1 o1 .
+ | —4V; +3Voi + —v?
C 2 A

1 . 9 ; A
+ —4|:—8Ri + V20l + AWl — 4V,
c 2 '
7o, - T

+§VU vt =207V, — 4V +§v’v

1
+0(—=)

(@

1 3
FA—(aV)A [ V8V+2v28\/ 4v8V}

A

(3.11a)

A

1 A A 9
— 2
+ C4 [481X + 8V]81Vj 8v/8iRj + E‘U VB,V

) - . 7 1
+ 2U'1Uk8ink - 2U2U'laiVj + §v48iV + 7V26,-V

2

—4v/V;0,V — 4v/V6,-V/}A + @(;—6) (3.11b)
These expressions are still valid in the present situation, but
we have to remember that the elementary potentials therein
do involve contributions from the spins, e.g. V =V +
¢V. Therefore it is crucial to compute the spin parts of the
potentials and to insert them into the nonspin (geodesic-
like) contributions to the equations of motion, Egs. (3.11).

Now the purely spin parts, (P4 and gF%, will produce a
deviation from the geodesic motion which is induced by
the effect of spins. We have found that they admit the
following expressions,

1 14
mACP :U“ 27%( SOV)"_*(angAV)ASp
1 v OUA 1 y U
— 58S 2 g TpeSy 4 (3.12a)
mACFSM (6 pup8ra)aSh Vi — (augm)AFZ?rSM a-
(3.12b)

To compute them is relatively straightforward because all
the metric coefficients and Christoffel symbols therein take
their standard nonspin expressions (since we are looking
for an effect linear in the spins), and these have already
been computed in Ref. [47].

As a check of our calculations, we have also used an
alternative formulation of the equations of motion, which
is directly obtained from the Papapetrou equations of
motion (2.5) and reads, at linearized order in the spins,

Du 1

= S SYURE,, + O
A

myc (3.13)

We lower the free index w so as to use the convenient
relation Dus, /d7y = du'y /d7y — Suu}(9,8,2). The re-
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sulting equation takes the same form as Eq. (3.7),

A
dP, _ a4
dr #
but with some distinct linear momentum and force den-
sities P and F4. It is clear that the nonspin parts,
corresponding to geodesic motion, can be taken to be

exactly the same as in our previous formulation, namely,
Egs. (3.11). However, the spin parts are different; they are

(3.14)

given in terms of the Riemann tensor Rﬁ ror = Ruror(va)
as follows:
mycPf =0, (3.152)
S
RA MTTSVpO'T
mycFy =—= vigl,vySs,  (3.15b)

2,/g" gnevivg
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where S7 is the covariant spin covector appearing in (2.19).
The difference with Egs. (5.1-5.3) in Tagoshi et al. [37] is
due to the fact that these authors work on the contravariant
version of the Papapetrou equation. The advantage of the
formulation (3.15) over the previous one (3.12) is of course
that it is manifestly covariant. This advantage is however
relatively minor in practical PN calculations, since the
manifest covariance of the equations is anyway broken
from the start. It remains that the two formulations are
very useful, and their joint use provides a very good check
of the calculations.

The quantity (3.15) can be computed from the 2.5PN

metric, by inserting it into the curvature tensor Rﬁ Lo DUL

we may also express them directly by means of the ele-
mentary potentials (3.3). Let us give here the complete
result at the required PN order,

1 . 1 1
mAC%'? = z{suk(a]atv + vlﬂle)Sk + 28jk16i1(Vv/ - Vj)Sk}A + ;{Sljk[(ajatv + UZGJ']V)<S]€V + Eszk - (SU)Uk>

+ (GtzV + Ula[atV)UjSk + 261V(6[VkSJ + SkBJVl + UjSkalV) + 8JV(61V - UlalV)Sk:| + 81k1[2(28]V61V,

- ZVJE)IIV + ZB,VE)ZV] + VBIZV] - ZUJE)IVE)IV + UjVailV + 'UijalmVi - vjv’”Bile + vjala,Vi

- vlaia,Vj + Umailem - Umalle'j - ala,WU - 28,11§1)S" + v2(—8,~le + Ujal']V)Sk + 2(SU)Ukaile]}

IV. COMPUTATION OF THE SPIN PARTS OF
ELEMENTARY POTENTIALS

We shall compute all the spin parts of the elementary
potentials listed in Egs. (3.3), which are needed for inser-
tion into the “nonspin” parts of the momentum and force
densities as defined by Eq. (3.11). Here we do not compute
the nonspin parts of the potentials since they are known
from Ref. [47].

Let us start by deriving a few lowest-order results. First,
it is immediate to see that the nonspin parts of the matter
source densities o, o;, and o;;, Egs. (3.2), start at
Newtonian order, and that their spin parts start at 0.5PN
order ~1/c in the cases of the vectorial o5 and tensorial
densities a'lsj, and only at 1.5PN order ~1/c? in the case of
the scalar density ¢S. Here we are using our counting for
the PN order of spins [see Eq. (1.1)], which is physically
appropriate to maximally rotating compact objects. With
lowest-order precision the expressions of the source den-
sities for two spinning particles read

2 o 1
0= —ZeviS190, 12+ 0<_5>’ (4.1a)
S c c
1 . 1
7 = _z_csiij{ak‘Sl +1le2+ @(§>’ (4.1b)
1 . 1
Tij = ——eueu]Sia 8 +1 -2+ @<?>' (@.1c)
c C

.
(3.16)

Ll"he symbol 1 < 2 means adding the same terms but
corresponding to the other particle. The Dirac delta func-
tion is denoted by 8, = 8(x —y;), and 9;8; means the
spatial gradient of 6, with respect to the field point x. The
lowest-order potentials are then straightforward to obtain
from the fact that A(1/r;) = —475, (where r; = |x —
yil), and we get
2G

y 1 1
V= _—38ijkvllsjlak<_) tle2+ (9(—5>, (4.2)
S c r ¢

G ; 1 1
¥i = —Zal]kSJl()k(r—l) + 1 And 2 + @(;),
1

3 G G 1
Vg’u = - ?skl(ivjl Sll‘81<r—l> + ;5ij8klmvll{sll am<r—]>

(4.2b)

+1e2+ (9(13) (4.2¢)
c

Wy = msk,,nvfslla,n(l) +1e2+ @(2) 4.2d)
S c | c
At the dominant level, only some compact-support terms
(proportional to the source densities o3,,) contribute to the
potentials—notably the noncompact-support term
~dVaV in the spin part of the potential W,;, Eq. (3.3¢),
turns out to be negligible.

To find all the spin terms in the equations of motion up to
2.5PN order, we see from Eq. (3.11) that we need V to
2.5PN order and V; at 1.5PN order [i.e. 1PN beyond what is

e
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given by (4.2b)], together with W, s R;, and X at order
0.5PN. As we see, the potential W, ; 18 already given by
Eq. (4.2c) with the right precision. Our first problem is to
obtain the compact-support Newtonian potential V to the
2.5PN order. Definition (3.3a) shows that the mass density
o, source of V, admits at an arbitrary high PN order the
structure

1 1 .
= (@, + fx)6; +——9 6,) + —09,;(v'o
o= (ji /SM) 1 NeTd t(7§1 1) Ner t(’él 1)

+1e2 (4.3)

The factors fi,, sfi,, sV, and gv), are functions of the
spins and the velocities v, and functionals of the metric
components or, equivalently at 2.5PN, of the elementary
potentials (3.3). Note that though g, (x, 1), by contrast to
S4” (1), depends on the field point, this is not the case of the
momentlike quantities entering the square brackets of
Eq. (2.15). Each of them, being multiplied by the Dirac
distributions 8, is indeed evaluated at point x = y,, after
the Hadamard procedure described below. Thus, it depends
on time only (via the point-mass positions y4 and velocities
v4). The index S indicates an additional linear dependence
in the spin components, but of course, the full spin depen-
dence is more complicated due to the implicit occurrence
of %" in the potentials themselves. Notably, the effective
mass fi; whose expression in terms of V, V,, W,;, and v?
can be found in Ref. [47] contains a net contribution due to
the spin at the 2.5PN order and given by

; A 1
(f1)s = ml<_ 2;’ + <[4V - 21;[4,-])1 + (9<E>’
4.4

where the value at the particle’s location is meant in the
sense of Eq. (4.6a). The expressions of the other moments
will not be provided here. It is in fact sufficient for our
purpose to observe that, as shown by Eq. (4.4), we have
(Ay)s + gty = O(1/c%), and that gv, is at least of order
O(1/c") whereas gv} is of order O(1/c%).

As the spin contribution in o, say o, is already of order
1.5PN ~ 1/c3, see Eq. (4.1a), we need to expand the
retardations in V only at relative 1PN order, hence

3¢/
V=6 [T (o, ) -C [x(Lox )
S |x — x| c at S
G 92 1
+ F ]dBX/lx - X“(W U'(X/’ [))S + @(C—5> (45)

We then substitute the value of o following from Eq. (4.3).
The integrals are evaluated with the help of the formulas
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f PxFNSx — y,) = (F),, (4.6a)

fd3x’F(x’)8§5(x’ -y = —(9,F),, (4.6b)

where the values at point y; are denoted by parentheses as
for (F),. These formulas extend the usual formulas of
distribution theory, which are valid for a smooth function
F with compact support, to singular functions with a finite
number of singular points and deprived of essential singu-
larities (see Ref. [48] for full explanations about this gen-
eralization). The formulas (4.6) are part of Hadamard’s
self-field regularization which is systematically employed
in the present approach and the one of [49,50].” In the end
we are led to

Vix ) = L La + (A)s(0)]
S r S

~oo( )
S —gx' n)lx = x|/ )1
+ %3%(;"135"1) - %”ﬁ(a’l)sairl
t+1e2+ (9(%). 4.7
c
The final result for V is obtained by replacing the moments
and the determinant of the metric at the 2.5PN level by
their explicit values derived from the lowest-order approxi-
mation of the potentials. The computation of V; is similar
to that of ¢V, though slightly simpler since the counterpart
of i for o; does not depend implicitly on the spin at the
1.5PN order.
Next we explain how to compute the noncompact (NC)
support terms, and we take the example of the particular
NC term in the potential R; given by

RNO = A-1[-20,V,V,] + (9(%) (4.8)
S S C

In the source of this term we have to insert the Newtonian

approximation of the potential V, which is simply V =
Gril" + Gr—’:’z + O(c?), together with the leading-order spin
term ¢V, given previously in Eq. (4.2b). The source being
known, we are then able to integrate (using the same

techniques as in Ref. [47]) and we get

SHadamard’s regularization is known to yield some ambiguous
coefficients in the equations of motion and the radiation field of
nonspinning point particles at 3PN order. When using dimen-
sional regularization these ambiguities are seen to be associated
with the appearance of poles « 1/& (or “canceled” poles) in the
dimension of space d = 3 + & [12]. The PN order considered in
the present paper is merely 1PN, since we are computing the
1PN correction to the leading spin-orbit effect. At this order
there are no poles; therefore dimensional and Hadamard’s reg-
ularizations are equivalent.
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2 2
A(NC)ZGml ok 1 _Gm2 ko
§i . €iuS) 31<—r% — EximS1%19n8

1
+1e=2+ (9(—3>, 4.9)
c
in which
g=In(ry +r, +rpp) (4.10a)
satisfies
1
Ag=—. (4.10b)
rir

The crucial fact which enables the latter integration in
closed analytic form is the existence of the function g (first
introduced by Fock [51]). This function and its general-
izations are extremely useful in the computation of the
spinless equations of motion at 2PN and 3PN orders
[47,50].

Finally, all the necessary spin parts of the potentials are
computed by PN iteration, ready for insertion into the
nonspin contribution of the equations of motion as given
by Egs. (3.11). For all the potentials we are in agreement
with the results reported by Tagoshi er al. [37] in their
Appendix.®

V. THE 2.5PN EQUATIONS OF MOTION WITH
SPIN-ORBIT EFFECTS

A. Equations in a general frame

In addition to the spin parts of the potentials computed in
Sec. IV and inserted into Egs. (3.11), we add the required
spin corrections to the geodesic motion as given by either
the formulation of Eqgs. (3.12) or that of (3.15) and (3.16).
The latter corrections are computed by inserting into them
the nonspin parts of the potentials taken from [47]. We find
that the two formulations [respectively given by (3.12) and
(3.15) and (3.16)] are equivalent and agree on the result.
Finally the 2.5PN equations of motion with spin-orbit
effects are obtained in the form

dv 1 1 1
—dl = Ax + 5 AN T 5 A spn T 7 [Apn + Agpy]
t c c’S c SS

1 1
+ —<[Ayspn + Agspn] + (9<—6>~ (5.1
c S c

SWe have, however, noticed the following misprints in
Ref. [37]: in Eq. (Alh) for ¢R;, the third term in the first
parentheses of the first line should be +m,/(rjzs%); in
Eq. (Ali) for ¢X, the first term in the parentheses following
(n1,v,) in the third line must be read —m,/(r,s%).
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Here the Newtonian acceleration is Ay, = — (’;2"2 n',, and
12

we denote by AL, Alpy, Abpy, and A}y the standard
nonspin contributions (in harmonic coordinates) which
are well known, see Eqgs. (8.4) in [47] and earlier works
reviewed in [52]. In particular, Aé.SPN represents the stan-
dard radiation reaction damping term. (For simplicity we
henceforth suppress the subscript NS on nonspin-type
contributions.)

The leading-order spin effect is the 1.5PN spin-orbit
term. For this term we recover the standard expression,
known from Refs. [23,24] and given in [28,29] in the
center-of-mass frame, and in [37] in a general frame. In
the following we shall sometimes use some formulas relat-
ing the “mixed products’ of three vectors in three dimen-
sions,

(Ul’ Uz, U3)U = (UU])UZ X U3 + (UUz)U3 X U1

+ (UU3)U1 X U2 (523.)
= (U, Uy, U3)U; + (U, U, U3)U,
+ (Uy, Uy, U)Us, (5.2b)

valid for any vectors U, U;, U,, U (in 3 dimensions). Here
the vectorial product of ordinary Euclidean vectors is in-
dicated with the X symbol, for instance (U; X U,)' =
sika{ UX; parentheses denote the usual Euclidean scalar
product, (UU,) = U'U} = U - Uy; and the mixed product,
or determinant between three vectors, is denoted
(Uy, Uy, Us) = Uy - (U, X Us) = ;UL UL UL This
yields

G S1, 1y,
?I‘SPN _ rg"z {[6( 1 M, Vi)

So, iy, U
6( 2, 112 12)i| 0
12

my my

n12 X S1
+ 3(njpvy) ——— + 6(npvp,)
ny mp

Vi2 X Sl . 4V12 X Sz}

ngp X S2

-3

(5.3a)
ny my

We use, whenever convenient, the notation vy, = v; — v,
for the relative velocity.

The next-order spin correction is the spin-spin (SS) at
2PN order. We do not give this term since we are concerned
here with spin-orbit effects which are linear in the spins.
The SS term is quadratic in the spins, O(S?), and can be
found in Refs. [23,24] and e.g. in Eq. (5.9) of [37]. Now the
1PN correction to the spin-orbit effect, which is the aim of
this paper and the work [37], reads
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(51,’112» Ul2)

PHYSICAL REVIEW D 74, 104033 (2006)

Gm (vS))  (v,5,)
Ayspn = —5— 2 {nlz[_anlz, vy, vz)( e ) -
S iy m m;

(S5, n12, V1)
- M<15("12U2)2 + 6(v,v,) +
my
(S, nip, v2) 3 (S1, v1, vy)
m ny

+ 6(npv))

S 5 > S ) ]
4( 2 VU Uz)} +V2[6(n12v1)( 1 12, U12) + 6(ny,v;
my

myp

Gm, (”1252) (v255)

+4

49 Gml

G
T4 90 mz)} + vl[—3
2 2 m

G G
<15(n12v2)2 + 6(‘!)121}2) + 26 ml + 18 m2>

ny 2 2

(Sl:nIZr Ul)

((npvy) + (n12v,))

— 6(np,vy) (S, npp, vy) + (82, 11y, v2)

—4

(12(n1,v1) — 6(n1,v,))

nmy )

(83, ny2, V1) w15)

)M}—nnxvl[%nu“lz) -
1

} —npp X V2[6("12U12)
T2 my

n, XS

4+ M 1
my

n, XS

4 M2 2
my

Gm
- 162("12U12):|
2

my

X S 23 G
TRMERAL [6(n12v2) + 4(vpvy) + = o
m2 2

2

Surprisingly, we find that our expression has substantial
differences with the result given in Eq. (5.10) of [37].
However, since we recovered in the last section exactly
the same potentials as given in the Appendix of [37], and
since as we shall see below we find perfect agreement with
the equations of motion computed in [37] in the case of the
center-of-mass frame, we believe that the latter differences
can only be due to some trivial misprints (and most proba-
bly to some mixup of MATHEMATICA files) in the last stage
of the work [37].7

In Appendix A we shall prove that the equations of
motion stay invariant under global Poincaré transforma-
tions. Such a verification is quite important to test the
correctness of the equations (it played an important role
during the computation of the 3PN nonspin terms in
[49,50]). Furthermore, we show in Appendix B that the
test-mass limit of the equations of motion is identical with
the geodesic equations around a Kerr black hole (for
simplicity we restrict ourself to circular orbits). Both ver-
ifications have already been made in Ref. [37] but we
present some alternative ways to do the checks.

"For completeness we indicate here all the misprints in
Eq. (5.10) of [37]: in order to recover the correct acceleration,
the last term before the closmg curly brackets on the fifth line of
Eq. (5.10), —12&/*nivkvh(v,S,)/m,, must be replaced by
-6 nivkvi[(v, S, )/ml + (v,8,)/m,]; the term before the last
one in the seventh line has to be read —6n/v4(nv,)(v,S,)/m;
instead of —6n/v&(nv,)(v,S,)/m;; and the very last term
+7v]v(v,S,)/m, must be modified as +v|vi[3(v,S,)/m, +
4(“252)/ my].

[_ 7(”121112)(”12112)2 + 3(npv)(vpvy) — 14

[—15("121)12)("121)2)2 = 6(npv))(vipvs) + 12(n1pv)) (Vo) + p

+ 12

myp
Gmy (n1,S,) L voX Y 3(UISI) n 4(U252)
1 XV m .

2 my
ml sz
——(n1pv1) —9—+ (”127112)}
2

2

Gm 35 39
1( 3 — (npvy) + — ("12”2))

12

X S 15 G
+ V121[_3(71121)1)(”121&) + —(n,zvz)z +—(14m; +9m,) + 3(1’12“2)}
my Tz

(5.3b)

G’l’Isz
2

B. Equations in the center-of-mass frame

Let us now present the result in the center-of-mass (CM)
frame, defined by the nullity of the center-of-mass vector,
equal to the conserved integral associated with the boost
invariance of the equations of motion, which will be
checked in Appendix A. We shall derive the center-of-
mass integral at the 2.5PN order in the next section; how-
ever, for the present computation we need it only at the
1.5PN order. When working in the CM frame, we find it
convenient to introduce the same spin variables as chosen
by Kidder [29] (except that we denote by 3, what he calls
A), namely

S=S§,+8S,
x5
my  ny

Mass parameters are denoted by m = m; + m,, ém =
my, —m,, and v = m;m,/m?> (such that 0 < v =< 1/4).
At the leading order in the spins we have the following
relation between the positions y; and y, in the CM frame
and the relative position x =y; — Yy, and velocity v =
dx/dt = v, — v, = v, (see e.g. Ref. [37]):

(5.4a)
(5.4b)

Gm

m  2c¢ m r

mo, v om( ,
=|—-—+t——I|v
Y2 |: m  2c? m(

y1=[@+ia—m<v2 )}H — VX3, (552

Gm
r

)} +—v><2 (5.5b)

104033-9



FAYE, BLANCHET, AND BUONANNO

In addition to the spin-orbit effect at order 1.5PN ~ 1/¢3
(last term in these relations), we have included the well-
known 1PN ~ 1/¢? nonspin term. This term is obviously
needed here because, during the reduction of the equations
of motion to the CM frame at order 2.5PN in the spins, we
shall need to take into account the 1PN nonspin term
coupled to the lowest-order 1.5PN spin term; such coupling
evidently produces some 2.5PN spin terms. In the CM

frame the equation of the relative motion reads
|

BS]SPN_rg{ [IZ(S n, v)+6—(2 n, v)}+9(nv)n><S+3—(nv)n><2 TvXS— 3—VXE}

PHYSICAL REVIEW D 74, 104033 (2006)
1 1 1
+ 5 Bipn + 5 Bisen + 3 [Bopn + Bopn]
c A3s c Ss

1 1
+ ;[Bz.SPN + 1532.5PN] + O(E)’ (5.6)

where we recognize all the various terms similarly to
Eq. (5.1). We find that the spin-orbit term and the 1PN
correction to the spin-orbit are given, in terms of the spin
variables (5.4), by

(5.7a)

Gm 29

By, spn = %{n[(S n, v)<—30v(nv)2 + 2402 — 7(38 + 251/)) + 7(2 n, v)<— 15v(nv)? + 12vv2 — T<18 + 71}))}

+ (nv)V[(S, n,v)(—9+9v)+ 5_m(2 nv)(—3+ 61/)} +n X V[(nv)(vS)(—3 +3v) — SGTmV(nS)

6m(4—v(n2) + 3(nv)(v2)>} + (nv)n X S[ —Ev(nv)2 +21pv?— G—m(25 + 151/)}
m 2 r

Gm

17

+—(nv)n X 2[—151/(111/)2 + 12vv? ——(9 +7Vﬂ +vX S[?v(nv)2 +G—m(21 +9v) — 141/1)2}
m r r

+ S—mv X 2[91/(;11})2 —Tvv? + %<9 + 21/)}}
m r 2

We find perfect agreement with Egs. (5.18) and (5.20) of
Tagoshi er al. [37].

C. Reduction to quasicircular orbits

Finally, we present the case where the orbit is nearly
circular, i.e. whose radius is constant apart from small
perturbations induced by the spins (as usual we neglect
the gravitational radiation damping at 2.5PN order).
Following Ref. [29], we introduce an orthonormal triad
{n, A, €} defined by n = x/r as before, € = Ly/|Lyl,
where Ly = px X v denotes the Newtonian angular mo-
mentum, and A = € X n. The orbital frequency w is de-
fined for general, not necessarily circular orbits,
v =in + rwA, where 7 = (nv). The components of the
acceleration a = dv/dt along the basis {n, A, €} are then
given by

n-a=ry#—ro? (5.82)
Aa=ro+ 2w, (5.8b)
de
€-a=—rolA -—) 5.8¢c
(2 %) (5.80)
8Note that the spin variables adopted in [37] are defined by
X; = I(S‘ +- ) and x, = 5(’% - %) and differ from our own.
We have" ! ?

S =m? (1-2v) +5_m and
Xs Xa
m

om
2=m2|:_7)<€ Xaj|

(5.7b)

[

We project out the spins on this orthonormal basis, defining
S =S,n+ SA + S¢€ and similarly for 3. Next we im-
pose the restriction to circular orbits which means # = 0 =
i and v> = r’w? (neglecting radiation reaction damping
terms). In this way we find that the equations of motion
(5.6) with (5.7) are of the type

& o+ agl + (9(16>.

dt c
There is no component of the acceleration along A.
Comparing with Egs. (5.8) in the case of circular orbits,
we see that w is indeed the orbital frequency, while a, =
—rw(A - d€/dt) is proportional to the variation of € in the
direction of the velocity v = rwA. We find that w? is of the
form

2_Gm{

(5.9

1 1 1
w* =—-11+ =5Lpn + =5 {1sen T[4 + {opnld
r c s c Ss

1 1
+ 6552.5PN} + (9(;)’

where {ipy and {opy denote the standard nonspin contri-

(5.10)

butions,” and where/ 5
Gm\3/2 1
J1spN = = ——| =58, — 3—m2( , (5.11a)
S r Gm m

c _(Gmys2 1 [(39 23\
e (r) Gm2[<2 2 )‘

21 11 \ém
+=———=v|—2, 5.11b
(2 2 ”) m 2‘5} (.116)
“They are %wen by {ipy = “2(=3 + v) and {Hpy = (€)% X

(6 + 4 v + »?) in harmonic coordinates.
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with, e.g. S¢ = (S€) = S - €. On the other hand, we get
! + 1 41 + o] (5.12)
=— —a —= — .
ag o3 gl.SPN A SPN TS (S:V2.5PN <c6>’

with spin-orbit coefficients

Gm\3/2 1 )
i spn = (—m) — [75” +32M En} (5.13a)
S r mr m

Gm\s/2 1 63, 1\
a == —_— [ —_—— —
g 25N ( r ) mr2|:< 2 2) "
27 8
—T—mzn} (5.13b)

We see that the resulting motion cannot be exactly
circular for general orientations of the spins. Let us show
however that the time-averaged acceleration coincides
with the acceleration of a particle that rotates uniformly
about the origin. In a first step, we must make explicit the
time dependence of the dynamical variables x, S, and X.
As the motion is uniformly circular in the absence of spin,
the position x decomposed along a fixed orthonormal basis
{e,, e,, €} reads

X ([) = eerOS(a)Nst) + € Sin((l)Nst), (514)

with wyg being the orbital frequency when the spins are
turned off.

The spin variables are computed by means of the pre-
cession equations, which decouple in the case of a pure
spin-orbit interaction. The spin 1, for instance, obeys an
equation whose right-hand side is polynomial in Gm/r =
v2, (nS;), and (vS,). For dimensional reasons, it must then
have the form (for circular orbits, up to say the 2PN order)

ds Gm\k_ (1, v
& 3 (essns s
k=12

1
+ 0| —<),
(&)
and similarly for dS,/dt. The functions of m;/m, m,/m
denoted by a(skl’") and a(skl’")
results of the next section (see also paper II). They allow

us to define dimensionless coefficients like a(S”l) =

> =12(Gm/ r)ka(skl’"). The key point is that the latter coef-
ficients are constant, which suggests to solve the above
differential equations in the moving basis {n, A, €}. Indeed,
the time derivative of a spin component in this basis, say
S} = (nS,), is given by a relation of the type

asl _

(5.15)

may be obtained from the

(nS$,) + (1S;) (5.16)
with i = X/r = wysA. This results, after eliminating S,
by means of Eq. (5.15), in a linear differential equation
with constant coefficients for S}. Proceeding in the same
way for the other components of the first spin, we arrive at
the following system:

PHYSICAL REVIEW D 74, 104033 (2006)

dXs,
dt

where Mg, is a 3 X3 constant matrix and Xg =
(S), S1, S1). The relations € -dS,/dt={€-dS,/dt =0
(since € is constant because we neglect the SS terms) imply
that (0,0, 1) is an eigenvector associated with the eigen-
value Ay = 0. There remain two eigenvalues, say A, and
A7 ’; but since the trace of Mg, vanishes because (nv) = 0,
we have A{ = —A{". In the end, we notice that the spins
are almost constant at Newtonian order in the basis
{e}, e,, €}, which means that they precess about € with
angular velocity —wyg in the moving frame. Therefore,
Ay is purely imaginary and reduces to *iwyg at
Newtonian order. At higher order we shall have Aj =
*+i(wns — Q) where Q,; = O(1/c?) represents the pre-
cession frequency. The components S} and S} solving
Eq. (5.17) are then linear combinations of cos[(—wyg +
Q,)¢] and sin[(—wyg + Q,)1].'° As for the component S!,
it is constant neglecting terms quadratic in the spins.

We complete our proof by time averaging the term a, in
the acceleration (5.9). We first observe that the conserva-
tive part of the dynamics involves three different angular
frequencies (wyg, 2, and (2,), so that it cannot be peri-
odic in general. Therefore, it is not appropriate to average
the particle motion on the orbital period. Instead, the time
average will be achieved on infinite time. Defining

= MS] : XSI’ (517)

b= tim ~ [T ansi) (5.18)
nh T—]Hr]oo ? ﬁ n ’ ’
we find (S}) = 0. We next notice that the orbital frequency
w is actually constant (neglecting SS terms), for it depends
on the spin through Sé and § % only, which are constant. The
average of a is a linear combination of (S,,) = ((nS)) = 0
and (2,) = {(n2)) = 0; hence it does not contribute:
(ag) = 0.

VI. THE 2PN SPIN-ORBIT EQUATIONS OF
PRECESSION

In this section we give the equations of evolution of the
spins, or precession equations, at relative 2PN order, i.e.
one PN order beyond the dominant term. The precession
equations are quite simple to derive from the equation of
parallel transport (2.12), which we recall is valid at the
linear order in the spins [neglecting O(S?)], but at any PN
order in that term which is linear in the spins. The PN
corrections are easily computed from the nonspin part of
the metric and Christoffel symbols computed in Ref. [47].
The precession equations in a general frame take the form

This can also be deduced immediately from introducing a
different spin variable S§ with constant magnitude (described in
Sec. VII of paper II) and obeying dS$/dt = £, X S{; noticing
that the components of S in the basis {n, A, €} are linear
combinations of those of S;, with constant coefficients.
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1 1 1 1
- :—2TPN +_3Tl,5PN +_4T2PN + O<_5>, (61)
S c” SS c™s c

together with the equation with 1 < 2. At the lowest order
we find

TIPN = r—[s 1(n1av12) — 2np5(v15S))
12

PHYSICAL REVIEW D 74, 104033 (2006)

The above equation is already known [29,37]. See e.g.
Eq. (4.3) in [37] and the paragraph afterward comment-
ing about the difference with formulations based on an
alternative definition for the spin, like that of Ref. [29].
The spin-spin (SS) term is also known but is out of the
scope of the present paper (and the parallel trans-
port equation we employ); it can be found elsewhere, see
Egs. (2)—(3) of [8]. Then we find that the next-order spin-

(Vi = 2v)(maS)) (6'21 orbit term is
Gm 3 Gm Gm
T2PN = rTZ{ 1[(”121’2)(1/12”2) - —(n12U2)2(n12U12) + p S (nypvy) — p 2 (”12“12)} + nlz[(v1251)(3(’1121’2)2
12 2 2

+ 2(vipv0)) + —( 16(n128)(n1pv12) + 3(v1S)) — 7(v,5))) + 2(n1,S, )

-~ (”121/12)}
V1|:2 (n1281)(n1202)* + (V128))(n12v7) — (1125, ) (6m1 mz)i| + V2|:(”1251)(2(U12U2) + 3(n1pv2)%)

+ 2(n1pv)((v18) + (v,5))) — 5("1251)r—12(m1 - mz)“- (6.3)

For completeness and for the benefit of users of these formulas in the data analysis of detectors, we present also the
precession equations in the CM frame, using our specific spin variables defined by (5.4). These are

ds 1 1 1 1
7 ?USWN + ;UssuPN + ?Ussz + (9<§> (6.4a)
d> 1 1 1 1
pr C_VSIPN += 3 5 Vssispny T =7 o 7 Vsopn (9(§> (6.4b)
where all the spin-orbit coefficients are given by
Gmy om
Ugipy = 7{ |: 4(vS) — 2—(v2):| + V|:3(l’lS) + —(nE)} + (nv)[ZS + —2}, (6.52)
Ugopn = va{ [(vS)( 2v% +3(nv)? — 6v(nv)? + 7G—m— 8v Gm) - 14—(nS)(nv) +— vE)V( 3(nv)? — )
+ 6—mG—m(n2)(nv)<2 — 2)} + v|: (nS)(Zv2 —4pv? —3(nv)* + If(nv)2 + 4G_m - 61/T> + (vS)(nv)(2 —67)
+—(n2)< *VUZ +3v(nv)? — Gm Z Gm> 3—(v2)(nv) } + S(nv)[v2 —2v? —%(nv)2 +3v(nv)?
—G—m+21/@} +—2(nv)|:—vv2+ v(nv)?——+ V@:H, (6.5b)
r r r r
and

104033-12



HIGHER-ORDER SPIN EFFECTS IN THE DYNAMICS ...

Voien = (i’”{ [(vE)( 24 4v) - z—(US)} 4 v[(nE)(l )+ i’”(m)} T (nv)[z(l o)+ %’”s”

3—+8VG—’"

Voopn = Gm{ |:(UE) < 202 + 6v(nv)? +

om Gm

Gm

- 4G7m> + — —(nS)(nv)(Z — 2)} + v[(nE)( v? + 207

+ (vX)(nv)v(—1 + 6v) — 3—(vS)(nv)v + —(nS)(— EVU + 3v(nv)? —

PHYSICAL REVIEW D 74, 104033 (2006)

(6.6a)

)+ 7(n2)(nv)(2 =S 207} 4 2 sy 30w

2v2(nv)2 @+2 Gm , 8v 26m
2 r 2 r r
Gm T Gm
Jr_L,rr
r 2 r )}

G G G 3 G G
+ 2(nv)|:21/2v2 - 312 (nv)? — _m +ap 92 m} + —mS(nv)[—vv2 + Zv(nv)? — oy V—mi”
r r m 2 r r
(6.6b)
[
To these expressions one may add the SS terms in the  result,
standard way [see Eqs. (2)—(3) of [8]].
Gm
Epspn = —5—(Spnpv) + 12, (7.22)
S r,

VIIL. SPIN EFFECTS IN THE CONSERVED
INTEGRALS OF THE MOTION

Having obtained in Sec. V the equations of motion, the
important task is now to deduce from them the complete
set of conserved integrals of the motion associated with the
global Poincaré invariance of these equations (which has
been checked in Ref. [37] and Appendix A below). In
principle, the conserved integrals of the motion, which
generalize the usual notions of energy, angular and linear
momenta, and center-of-mass position, should be best
derived from a Lagrangian. In the present paper, however,
we did not attempt to derive a complete Lagrangian for the
particles with spins (see [43] for a discussion on how to
formulate Lagrangians with spins); rather, we have ob-
tained the integrals of the motion by ““guess work,” starting
from their most general admissible form, and then impos-
ing the conservation laws when the equations of motion are
satisfied.!’ Here we simply state the results.

The PN expansion of the conserved integral of the
energy, namely E such that dE/dt = 0, reads as

1 1 1
E=Ex+ 5Eipy T 5Eispn + 3 [Ewpn + E opn]
c s c ss

1 1
+ < Epsen + @(—6>, (7.1)
c S C

where the nonspin pieces, Ey, E|pn, and E,py, are known
and can be found e.g. in Ref. [54]. For instance, we have

Ex = ymv} +1imyv3 — % For the lowest-order

spin-orbit effect we find, in agreement with the standard

"TAs usual we neglect the radiation reaction effect at 2.5PN
order. Indeed we know that such an effect does not depend on the
spins. The contribution of the spins in the radiation reaction
force comes in at 1.5PN order beyond the dominant effect, which
means at the 4PN level, and has been computed in Ref. [53].
Radiation reaction effects will be included into the present
formalism when we obtain the contributions of the spins in the
GW flux [38].

where we employ a special notation for the totally anti-
symmetric ‘“mixed product” between three vectors, as
given in (5.2). For the spin-orbit contribution at 2.5PN
order we find

Gm,
E;spny = —|:(Sl’ no, Ul)( U1 - 3U2 + 3(njpvy)
S r12
G G
X (n1,vy) + *(”121}2)2 i m2>
2 2 2

+ (81, nyp, U2)<2U% — (v1vp) + 203 = 3(nypv)?

Gm2>

= 3(njpvy)(npv,y) —3 + (n12, vy, V)

X (0,8, + 2(v251))} e (7.2b)

Notice that several equivalent forms can be given to this
result. For instance if wished one could introduce the
mixed product (S}, vy, v,) in place of a (n,, vy, vy) in
the last term of (7.2b), making use of linear combinations
such as  (npv))(Sy, vy, v2) = (n1p, vy, V) (v S)) +
(81, n12, V)V = (Sy, nyp, v1)(vyv,) [a consequence of
Eq. (5.2)]. As before we do not give the SS contribution
at 2PN order (see [29] for instance).

We give here the corresponding result for the conserved
center-of-mass energy in the CM frame:

1 1

1
_ 2
E=mvc {eN + 2emwN + S&1seN + 4[€2PN + essz]

1
+ 5 G2 + @<E>}

where ey = 102

SV — G—m (see [55] for the other nonspin
contributions). The SO coupling terms in the CM frame

are found to be

(7.3)
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€LspN (7.4a)

_ g{(s, )+ (S v) 5—'"}

25PN = %{(S, n, U)[ —(1 + )’ — = 1/(nv)2 + G_;n}

+(E,n,v)[ (1= 50)02 + - (2+ )_}%m}

(7.4b)

Let us next deal with the conserved total angular mo-
mentum J, i.e. dJ/dt = 0, sum of orbital and spin contri-
butions, which we write as

1 1
J=L+-S5 +-S,, (7.5)
c c
where L is the orbital angular momentum, and where S,
and S, are the contravariant spin vectors defined following
the specific choice made in Eq. (2.19) [recall also their

peculiar dimension which follows from (1.1)]. The angular
momentum L admits the PN expansion

1 1 1
L =Ly + 5 Lipy + 5 Lispn + —[Lopn + Lopx]
c s c Ss

+ l5Lz.5PN + (9<i6>, (7.6)
s c

where all the nonspin pieces are given by Eq. (4.4) of [54].
For instance, Ly = m;y; X v; + myy, X v,. Now, in or-
der to express in the best way the spin-orbit contributions
in L, we find that they must be written in the following
way:

|

PHYSICAL REVIEW D 74, 104033 (2006)

ISJI.SPN =y X 51 +y, X gz + IS<1.5PNr (7.7a)

ISJZ,SPN =y X %1 ty, X %2 + IS(Z.SPN) (7.7b)

in which we have introduced some convenient notions of
the “individual linear momenta™ of the particles, say ¢p,
and ¢p, at 1.5PN order, and ¢q, and ¢q, at 2.5PN order.
The extra terms in the RHS, (K, spy and K, 5py, incor-
porate all that remains, the point being that they depend on
the positions of the particles only through their relative
separation, i.e. rj, = |y; —y,| and nj, = (y; — y2)/rp.
The only dependence of the conserved angular momentum
on the individual positions y,; and y, is the one which is
given explicitly by the first terms of Eqs. (7.7).'* The
results we find for these momenta are

Gm
p = 21112 XS, (7.8a)
S 12
Gm 5 3
q, = 2{n12><S |:_§U%+4(U1U2)_2U%+§(7Z|2U2)2
S 12
2G
+r—(ml + mz)i| + 31, XS (npv)
12

+np Xvi(vS)) +nypp X V12[3(n1251)((”121}1)

+ (npv)) + (U1251)}}, (7.8b)

together with the equations with 1 < 2. The last terms in
the RHS of Eqgs. (7.7) are explicitly given by

Gm 1
Ksispn = 72[2(’11251)“12 - Sl] + EU%SI — (W Svy + 1 <2 (7.92)
12
3 Gm 1 3 1 Gm 3Gm
Ks spn = S1[§ vl + 2 (“U% + 3(v1pva) + 3(nppv)? — 4(npvy)(npvy) + = (”12U2) +o L+ 2)}
r12 2 2 r12 2 rlz
Gm,n Gm Gm
+ ﬁ[(nusl)(&’%z + (vyv,) = 3(npvy)* — L — 2) + (VS)(=3(npvy) + (nuvz))}
T2 T2 T2
Gm2V2
+ V]|:__(U1S )5 + (3(’1125 )(npvs) — 2(vy S, )):| p [—3(n28))(n1pv7) + 3(vySy)
12
+4(v,S)]+ 12 (7.9b)

The 1.5PN term in the conserved angular momentum, Eq. (7.7a), agrees with the result of Kidder [29].13
Let us add a comment on the meaning of the conservation of the total angular momentum J at 2.5PN order [Eq. (7.5) with
(7.6)]. When differentiating J with respect to time, we generate several spin contributions at 2.5PN order: (i) The “main”

?However, let us stress that the definition of some individual momenta for the particles is merely introduced here as a convenient
notation. In order to define in a meaningful way the notions of individual linear momenta of the particles with spins, we would need a
Lagrangian, which as said before we did not compute, and the linear momenta would simply be the conjugate momenta of the ordinary
positions.

SReference [29] uses different definitions for the spin variables, which are related to ours by

Gm
(S1)kidder = (1 + rz)Sl _TCQ(UISI)VP
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one is coming from the differentiation of the Newtonian
term Ly, and is due to the replacement of the acceleration
by the equations of motion (5.1) with (5.3b); (ii) there is the
one coming from the differentiation of the 1PN part L ;py,
since the replacement of the accelerations at order 1.5PN
[Eg. (5.3a)] therein does also produce some terms at 2.5PN
order; (iii) when differentiating the lowest-order spin-orbit
term (L py, the derivative of the spins gives other 2.5PN
terms via the precessional equations; (iv) when differenti-
ating the spin vectors themselves, S; and S,, one must
make use of the precessional equations with their full 2PN

accuracy14 which are given by Egs. (6.1), (6.2), and (6.3).
|

o =2 22023 4+ (2= M6 4 [397 () + C2 (63) 2 x4 [~ (w8) — (03) 22 ]y,
S 2 m 2 r I r m m
Gm ém 1 N\ G2m2
£2.5PN = _7?1/(2,)@ V)X X V+ 2[(—54-5) >
3.7 \Gm N Gm
+ -+ = —_— 2+ -1 — - — 2+
SKZ 2V> r () < ! 2) r

- 31/%(”)2@2) + (—1 - 5%)2—?()61})(1}2)}% + x|:—3

9v Gm
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Only when account is taken of all these replacements (i)—
(iv) of accelerations and spin precession, does one find that
J is conserved, dJ/dt = 0, up to 2.5PN order (neglecting
the 2.5PN nonspin radiation reaction damping).

The orbital angular momentum in the CM frame reads

1 1 1
L= V{EN + 5 Cipn + 5 €sen + — [€opn T Copn]
c s c ss

1 1
+ §£2.5PN + (9<c—6>}’

where €5 = mx X v; the nonspin contributions can be
found in Refs. [54-56]. We have

(7.10)

(7.11a)

v\ ,Gm 3 5 Gm om
+ (2 - —+ (s —Sv vt + 3v—(xv)? |—
< 2)1} r <8 4V>U 3v r (xv) } m

- 21/)1;4} + x[(l + K)i—Tvz(xE) + ( - K) G (x2)

2 2 2)
G2*m?

r4

7_1/
2 2

(xS) + < )%UZ()CS)

I Cm P xS) + (=2 — 3V)Gr—3m(xv)(vS):| + {—4%’" b(u3) + (— % + 2V>v2(v2) - 4DGT’”(U2)

2 M
5_VGm
2

Finally, let us give the conserved integrals of the linear
momentum P and center-of-mass position G, which are
related to each other by dG/dr = P. Recall that the exis-
tence of the center-of-mass integral G is a consequence of
the boost invariance of the equations of motion
(cf. Appendix A). Both P and G admit a PN expansion
exactly like those of E and L. Quite naturally, we find that
the spin-orbit contributions in P are simply given by the
sum of the “individual’ linear momenta for each particles
that we found convenient to introduce in order to express
the angular momentum in Eqgs. (7.7). Thus,

Pisen =p1 t Po, (7.12a)
S S S

Pospn =q + qo, (7.12b)
S S S

where the explicit expressions (7.8) hold. For G, we obtain
rather simple expressions:

(S;]'SPN =v X S] + v, X Sz, (7133)
1 Gm y

G2.5PN:§V1 X Sjvi — 2{_—1(51,1112,1}1)

S T2 T2

_2V1><Sl+3VZXS1+(n12xV1+n12xV2)

X (nlel)} +1eo2 (7.13b)

"“This is the only place where one needs the precessional
equations with 2PN accuracy.

2 T )| o, VK—% ¥ 37”>v2(us) =70 wS) + (60 - 3)%@3)@@}

(7.11b)

{

The derivation of the complete set of integrals of the
motion gives us further confidence in the physical sound-
ness of the equations of motion derived in this paper. Those
results, together with the analyses performed in
Appendices A and B, complete the resolution of the prob-
lem of linear spin-orbit effects in the binary’s equations of
motion at 2.5PN order.

APPENDIX A: LORENTZ INVARIANCE OF THE
EQUATIONS OF MOTION

Because of the global Poincaré invariance of the
Einstein equations (with bounded sources), and the mani-
fest covariance of the De Donder harmonicity condition, it
is not possible to physically distinguish between two
harmonic-coordinate grids differing by a mere Lorentz
transformation. As a result, the equations of motion must
be of the same form in two such grids. In other words, up to
an arbitrary PN order n, the link between the boosted
acceleration a/(yc, v, ac) and the boosted positions
Yz (¥e, Vo), velocities, Vi (ye, ve), and spins S|(ye, Ve, S¢)
must be given by the original equations of motion [i.e.
Eq. (5.1) at the 2.5PN level] with the original variables
being replaced by their primed counterparts. Note that the
Euclidean metric and the totally antisymmetric tensors
remain unchanged under Lorentz transformations.
Schematically, we may write aj = A(yj, V5, S, 6,/, €jx)
for B =1, 2. The resulting relation between unboosted
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quantities,

= A(y3(Ye, vo), V(Y Vo), SE(Ye Vo, So),
1
Sij eije) + @< n+,> (AD)

aj(yo Ve ac)

defines a function A’ as a; = A'(y¢, Ve, S, 8;j, &%) +
O(1/c"*1). Equivalence with the equations of motion in
the unboosted frame, a; = A(yg, Vg, Sp, 8;j ;%) +
O(1/c"*1), means precisely that

A=A (A2)
up to negligible PN corrections. This property constitutes
the so-called explicit Lorentz boost invariance of the equa-
tions of motion. It happens to be a very powerful check for
the coefficients entering the functions A of Eq. (5.1), and,
in particular, its contribution A, spy [see Eq. (5.3b)].

In order to verify the validity of Eq. (A2), we need to
determine the function A’ explicitly, which requires one to
know how yg, Vg, a;, and Sg transform under a Lorentz
boost. Let us start with considering an arbitrary space-time
event P with coordinates x* in the current working frame
(/F). Its coordinates in a boosted frame (F’) of relative
velocity V are related to the original ones by x'* =
A#,(V)x”, where the Lorentz matrix A#,(V) is given by

A0 (V) =, (A3a)
; Vi
Alo(V) = Aoi(V) = _V?y (A3b)
2 i
i — si y- V'
AT(V) 5J.+7+1 o (A3c¢)

with vy being the Lorentz factor 1/4/1 — V?/c?. Anevent Q
with coordinates y'* in ((F') is simultaneous to P in the

new frame if and only if y = x'°. There exist two such
events located on the two worldlines of the binary com-
panions. Their coordinates in (F’) are denoted by y}** =
(ct,y}) and y}* = (ct,y,), respectively. The mapping
' — 'y} defines a function y/(#), and similarly for the
second body. The events having coordinates (ct’,y}(r'))
and (c?, y4(¢')) in (F’) do not generally appear as simul-
taneous in (JF). They may be referred to in components as
(cty,y;(21)) and (cty, y,(2,)) in that frame, the functions
y,(¢) and y,(¢) being the original trajectories. By construc-
tion, we have

V) = A#, (V)i (). (Ad)
Let us express in the end the RHS in terms of the coor-
dinate time z. A derivation of the general formula linking
y;(¢') to y;(¢) in the PN scheme can be found in [57]. This
relation reads, see Egs. (3.20) in [57],

PHYSICAL REVIEW D 74, 104033 (2006)

L(w))

y+1
+ Z( Ly 79 1[(V )" <V1 _ﬁv)} (A5)

The velocity and acceleration follow from the partial deri-
vation with respect to ¢ together with the formula 9; =
vd, + yV'o;:

1-dove Sl )

=1

M) =00~ V[t

(Ab6a)

w3

(A6b)

a) = iz{al
Y

The spin components in the new frame cannot be ob-
tained directly from the linear Lorentz transformation law.
This is because the definition of S; and S, involves the
inverse of the 3-metric y;; induced by g,,, on a slice t =
const. Now, v;; implicitly depends on the choice of the
coordinate time and is generally singular because of the
particle’s self-gravitation. To avoid complications rising
from this second issue, we shall first focus on the case of
test particles on a fixed background.

In the frame (F’), the spin components of the first test
body read

Sy = ¥ ()SI(e") (AT)
with 71”()," ) = y'U(y}, t'). Whereas the transformation law
of y{ is more difficult, that of (y;;); = (g;;); results
straightforwardly from the transformation of the space-
time metric:

(gih () = AF (VA" (V)(8 )1 (1),

with A #(V) = A#,(—V) denoting the inverse transfor-
mation. Therefore, computing y}”(#) amounts to express-
ing the latter quantity as a function of (gj;);. This is

(A8)

achieved by means of the relation det(y},),(y"V), =
(Comy’)!', valid for any matrix (y/ )1 between its determi-
nant det(y},);, its comatrix (Comy’){ and its inverse. For

3-dimensional matrices, the determinant may be written in
an Euclidean covariant form as

det(y};); = ¢e*e™ (g1 (& (&)1 (A9)
Similarly, we have for the comatrix
(Comy'){ = —3e™eim (g}, ) (g],)1- (A10)

The inverse spatial metrics y'lij is then given by the ratio of
the RHS of Egs. (A9) and (A10), where the primed metric
relates to (g,,); after Eq. (A8).
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We finally look at the determination of the covariant spin
components S/'. As S }L is a Lorentzian vector, they are at
once seen to be equal to

St = Ai“(V)S}L(t,), (A11)
and, by virtue of the supplementary condition (2.8), S}, =
—Shvi /e.

At this stage, we have expressed S/ in terms of quanti-
ties evaluated at time #;, which has led us to a relation of
the form S; = 8;(#;). It remains to rewrite S;(¢;) as a
function of ¢. For the present purpose, we restrict ourselves
to a perturbative approach, and resort to the convenient
formula

fy =+ 3 a4

(Vr 1)"} (A12)

generalizing in a straightforward way Eq. (3.16) of
Ref. [57] to any smooth function f (see also Appendix A
of [57]). In the end, this yields the following identity for the
spin “vector” S| = (S’i) defined in the frame (F/):

S| =8+ Z _l)n a" l[d‘g‘ (Vr))" } (A13)
where
Si— 38,;((3)T — (@)D +6(8i)1(8x)1 — 6(Z1i)1 (8
! (gpp):]; _3(gpq)2(grr)1 +2(gpq)1(gqr)l(grp)l

n y n
|:S (gjm)l )1 < vy +WV >i|,
(Al4a)
(&)1 =(gij)1 +2
2y? VkV(’ 2y Vlvak
+— o (gj)k)l Y11 —— (g
4 i kysl
v+ Vivivky
RSOt (A14b)

These expressions are valid at any order in the boost
velocity V. After specializing the above equation truncated
at the PN level to the metric (3.1), we arrive at

SI =8, + :;(-(U]SI) + ;(VSI)> + (9(2) (A15)

Note that all powers of V consistent with the 1PN approxi-
mation beyond the leading spin-orbit term have been in-
cluded. In principle, Eq. (Al4a) holds only for test
particles. Nonetheless, it turns out not to depend on any
regularized field. It is thus legitimate to extend it to the
conditions of the present problem.

With the previous transformation laws in hand, we are in
position to check the Lorentz invariance as explained
before. After a lengthy calculation, we arrive at the ex-
pected identity A(yp, Vg, Sg, 8, £:5) — A'(¥g, Vs, Sp,

0ij» Sijk) =0
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APPENDIX B: TEST-MASS LIMIT OF THE
EQUATIONS OF MOTION

In the limit where one of the objects, say the number 1, is
nearly at rest while its companion has a very small mass for
a finite ratio S,/m,, we must recover the dynamics of a
spinning test particle in the background of a Kerr black
hole of mass m; and spin S| = m;a; (in this Appendix we
pose G = ¢ = 1). To allow direct comparison with the PN
equations of motion for m, — 0 at S,/m, = const, we
shall work with the Kerr metric in harmonic coordinates.
The link between the Boyer-Lindquist grid (indicated by
the label BL henceforth) and some spatial harmonic coor-
dinates can be obtained from Eqgs. (41) and (43) of

Ref. [58]:
x' + ix? = (rg, — my + ia,) sinfg;.
X expi[g{) PR S s } (Bla)
ry —r_ rgy, — -
x3 = (rBL - ml)COSBBL, (Blb)

with 7+ =m; *,/m} —af and i* = —1. Since V#V , 15, =
0, we may also choose ¢t = g1 . The exact expression of the
metric in the new grid is rather complicated, but we shall
not need it beyond the linear order in the spin. Neglecting

the quadratic terms @(S%), the line element reduces to

r—m dmya r+m
ds? = — g~ T Gn2gardg + L ar?
r+ m r+ m r—my
2
mia; r +m
-2 L T sin20drde
T r — ny

+ (r + my)*(d6* + sin’0dp?) + O(S?), (B2)
which coincides with the one deriving from the metric (3.1)
at the dominant order, hence the harmonic coordinates
defined by Eqs. (B1) and r = tg;, are the same as those
of the PN formalism.

At this level, we may derive the equations of motion of a
test particle with spin per unit mass S,/m, orbiting in the
gravitational field (B2). For simplicity, we assume the
trajectory to be circular and lie in the equatorial plane 8 =
/2; the vector @, points to the direction of the spin black
hole, so that S; = S7 = m;a,; the spherical coordinate
basis is denoted by (d,, @y, 9,,). The circularity conditions
state, in particular, that r remains constant in time. The
spatial components of the four-velocity are then

dr
r'=_=0, B3
u dr (B3a)
de
u=--=0, B3b
dr ( )
d¢ do
¢ =7 — 077
T T (B3c)

After taking these relations into account, the explicit form
of the evolution equations (3.14) becomes
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The harmonic gravitational field only depends on r and 6,
both of which do not change with time. It is itself inde-
pendent of . Thus, Egs. (B4a) and (B4d) imply that x° and
w = d¢/dt are constant, whereas (B4c) yields S2 = 0;
(B4b) shows that S2 = const and fixes the value of w.
We draw the time variation of the spin S, from the pre-
cession Eq. (2.12) specialized to the Kerr background (B2):

ds? 0 1 do¢ m;
L= 82+ ——852 B5
dr u[r—i—ml dt "% P2 —m} 0} (BSa)
s
=0, B5b

dr ( )

ds? d¢

d—:s = —(r - ml)ES%MO (BSC)
Noticing that dS?/dr = 0, it is immediate to see from
(B5a) together with the condition S3u’ = —SZu? that

Sé = 0. The remaining equations are identically satisfied.

PHYSICAL REVIEW D 74, 104033 (2006)

(B4a)
2 m (. d(, 3 S
e G Gl ) |
2
SE o, (B4o)
(B4d)

{
As a result, the spin of the small object is aligned (or
antialigned) with the spin of the black hole, meaning that

r

S

539: (B6)
up to possible quadratic contributions. In the test particle
limit, the spin vectors are related to S and X as S; = S +
O(m,) and S,/m, = (S + X)/m + O(m,). Insertion of

these values in Eq. (B4b) leads to the solution
) ﬂ 1 B ,)/3/2
Pl 4y} m2(1+ )2

4&%&+2ﬂ+@ﬁ¢

[5S, + 33,

(B7)

with y = m/r = m;/r + O(m,). By expanding the latter
equality at the 2.5PN order, we recover the generalized
Kepler relation given by (5.10) and (5.11) for v — 0.

(1]
(2]
(31

C. Cutler et al., Phys. Rev. Lett. 70, 2984 (1993).

C. Cutler and E. Flanagan, Phys. Rev. D 49, 2658 (1994).
H. Tagoshi and T. Nakamura, Phys. Rev. D 49, 4016
(1994).

H. Tagoshi and M. Sasaki, Prog. Theor. Phys. 92, 745
(1994).

T. Damour, B. Iyer, and B. Sathyaprakash, Phys. Rev. D
57, 885 (1998).

L. Blanchet, Living Rev. Relativity 9, 4 (2006).

A. Buonanno, Y. Chen, and M. Vallisneri, Phys. Rev. D 67,
024016 (2003); 74, 029903(E) (20006).

A. Buonanno, Y. Chen, and M. Vallisneri, Phys. Rev. D 67,
104025 (2003); 74, 029904(E) (20006).

K. Arun, B. Iyer, B. Sathyaprakash, and P. Sundararajan,
Phys. Rev. D 71, 084008 (2005); 72, 069903(E) (2005).

L. Blanchet, G. Faye, B.R. Iyer, and B. Joguet, Phys. Rev.
D 65, 061501(R) (2002); 71, 129902(E) (2005).

K. Arun, L. Blanchet, B.R. Iyer, and M.S. Qusailah,
Classical Quantum Gravity 21, 3771 (2004); 22,
3115(E) (2005).

L. Blanchet, T. Damour, G. Esposito-Farese, and B.R.
Iyer, Phys. Rev. Lett. 93, 091101 (2004).

M. A. Abramowicz and W. Kluzniak, Astron. Astrophys.

(5]

(6]
(71

(8]

[10]

(11]

(12]

[13]

374, L19 (2001).

T. E. Strohmayer, Astrophys. J. 552, L49 (2001).

M. Gierlinski and C. Done, Mon. Not. R. Astron. Soc. 347,
885 (2004).

A.C. Fabian and G. Miniutti, “Kerr Spacetime: Rotating
Black Holes in General Relativity,” edited by D.L.
Wiltshire, M. Visser, and S.M. Scott (Cambridge
University Press, Cambridge, England, to be published).
Y. Levin and A. M. Beloborodov, Astrophys. J. 590, L33
(2003).

Y. Tanaka et al., Nature (London) 375, 659 (1995).

R. O’Shaughnessy, J. Kaplan, V. Kalogera, and K.
Belczynski, Astrophys. J. 632, 1035 (2005).

A. Papapetrou, Proc. Phys. Soc. 64, 57 (1951).

A. Papapetrou, Proc. R. Soc. London 209, 248 (1951).
E. Corinaldesi and A. Papapetrou, Proc. R. Soc. London
209, 259 (1951).

B. Barker and R. O’Connell, Phys. Rev. D 12, 329 (1975).
B. Barker and R. O’Connell, Gen. Relativ. Gravit. 11, 149
(1979).

W.D. Goldberger and I.Z. Rothstein, Phys. Rev. D 73,
104029 (2006).

R. Porto, Phys. Rev. D 73, 104031 (2006).

[14]
[15]

[16]

(17]

(18]
[19]

(20]
(21]
[22]

(23]
[24]

[25]

[26]

104033-18



HIGHER-ORDER SPIN EFFECTS IN THE DYNAMICS ...

(27]
(28]

[29]
(30]
(31]
(32]
(33]

(34]

R. Porto and I. Z. Rothstein, gr-qc/0604099.

L. Kidder, C. Will, and A. Wiseman, Phys. Rev. D 47,
R4183 (1993).

L. Kidder, Phys. Rev. D 52, 821 (1995).

L. Gergely, Phys. Rev. D 61, 024035 (1999).

B. Mikéczi, M. Vastith, and L. Gergely, Phys. Rev. D 71,
124043 (2005).

T. Apostolatos, C. Cutler, G. Sussman, and K. Thorne,
Phys. Rev. D 49, 6274 (1994).

Y. Pan, A. Buonanno, Y. Chen, and M. Vallisneri, Phys.
Rev. D 69, 104017 (2004); 74, 029905(E) (2006).

A. Buonanno, Y. Chen, Y. Pan, and M. Vallisneri, Phys.
Rev. D 70, 104003 (2004); 74, 029902(E) (20006).

A. Buonanno, Y. Chen, Y. Pan, H. Tagoshi, and M.
Vallisneri, Phys. Rev. D 72, 084027 (2005).

B. Owen, H. Tagoshi, and A. Ohashi, Phys. Rev. D 57,
6168 (1998).

H. Tagoshi, A. Ohashi, and B. Owen, Phys. Rev. D 63,
044006 (2001).

L. Blanchet, A. Buonanno, and G. Faye, following Article,
Phys. Rev. D 74, 104034 (2006).

W. Tulczyjew, Bull. Acad. Pol. Sci. §, 279 (1957).

W. Tulczyjew, Acta Phys. Pol. 18, 37 (1959).

A. Trautman, Gen. Relativ. Gravit. 34, 721 (2002), re-
printed from lectures delivered in 1958.

W. Dixon, in Isolated Systems in General Relativity, edited
by J. Ehlers (North-Holland, Amsterdam, 1979), p. 156.
I. Bailey and W. Israel, Ann. Phys. 130, 188 (1980).

[44]
[45]

[46]
[47]
(48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]

(58]

104033-19

PHYSICAL REVIEW D 74, 104033 (2006)

T. Damour, C.R. Acad. Sci. Paris 294, 1355 (1982).

Y. Mino, M. Shibata, and T. Tanaka, Phys. Rev. D 53, 622
(1996).

T. Tanaka, Y. Mino, M. Sasaki, and M. Shibata, Phys. Rev.
D 54, 3762 (1996).

L. Blanchet, G. Faye, and B. Ponsot, Phys. Rev. D 58,
124002 (1998).

L. Blanchet and G. Faye, J. Math. Phys. (N.Y.) 41, 7675
(2000).

L. Blanchet and G. Faye, Phys. Lett. A 271, 58 (2000).
L. Blanchet and G. Faye, Phys. Rev. D 63, 062005 (2001).
V. Fock, Theory of Space, Time and Gravitation
(Pergamon, London, 1959).

T. Damour, in Gravitational Radiation, edited by N.
Deruelle and T. Piran (North-Holland Company,
Amsterdam, 1983), pp. 59-144.

C. Will, Phys. Rev. D 71, 084027 (2005).

V. de Andrade, L. Blanchet, and G. Faye, Classical
Quantum Gravity 18, 753 (2001).

L. Blanchet and B. R. Iyer, Classical Quantum Gravity 20,
755 (2003).

T. Damour and N. Deruelle, C.R. Acad. Sci. Paris 293, 877
(1981).

L. Blanchet and G. Faye, J. Math. Phys. (N.Y.) 42, 4391
(2001).

G.B. Cook and M.A. Scheel, Phys. Rev. D 56, 4775
(1997).



