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We calculate the gravitational waveform for spinning, precessing compact binary inspirals through
second post-Newtonian order in the amplitude. When spins are collinear with the orbital angular
momentum and the orbits are quasicircular, we further provide explicit expressions for the

gravitational-wave polarizations and the decomposition into spin-weighted spherical-harmonic modes.
Knowledge of the second post-Newtonian spin terms in the waveform could be used to improve the
physical content of analytical templates for data analysis of compact binary inspirals and for more
accurate comparisons with numerical-relativity simulations.
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L. INTRODUCTION

Coalescing compact binary systems are a key source
of gravitational radiation for ground-based gravitational-
wave detectors such as the advanced Laser Interferometer
Gravitational Wave Observatory (LIGO) [1], the advanced
Virgo [2], the GEO-HF [3], the Large Cryogenic
Gravitational Telescope (LCGT) (or KAGRA) [4], coming
into operation within the next few years, and future space-
based detectors [5,6]. For this class of gravitational-wave
sources, the signal detection and interpretation will be based
on the method of matched filtering [7,8], where the noisy
detector output is cross correlated with a bank of theoretical
templates. The accuracy requirement on the templates is
that they remain as much as possible phase coherent with
the signal over the hundreds to thousands of cycles of
inspiral that are within the detector’s sensitive bandwidth.

Constructing such accurate templates has motivated a
significant research effort during the past 30 years. In the
regime where the separation between the two bodies is
large, gravitational waveforms can be computed using the
post-Newtonian (PN) approximation method [9—11]. In the
post-Newtonian scheme, the results are written as an asymp-
totic expansion in powers of v,/c, with v, being the
magnitude of the orbital coordinate velocity v, of body A
at a given time. This approximation is physically relevant
forv,/c < 1,1i.e., in the so-called inspiraling regime where
the radiation reaction forces, of order ~(v,/c)’, are negli-
gible over an orbital period and act adiabatically on a
quasiconservative system. In the domain of validity of the
post-Newtonian scheme, the separation r ~ (Gm,/v?) ~
(c/v)?, with m=m,; + m, and v = |v| = |v, — v,|,
remains large with respect to the radii of both compact
objects ~Gmy/ ¢? or, in other words, the bodies can be
regarded effectively as point particles.

Post-Newtonian waveforms cease to be reliable near the
end of the inspiral and the coalescence phase, where
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numerical-relativity simulations should be used to predict
the gravitational-wave signal [12-14]. By combining the
information from post-Newtonian predictions and the
numerical-relativity simulations it is possible to accurately
and analytically describe the gravitational-wave signal
during the entire inspiral, plunge, merger and ringdown
process [15-23].

For nonspinning binaries, the post-Newtonian expansion
has been iterated to 3.5PN order beyond the leading
Newtonian order in the gravitational-wave phasing [24-26].
The gravitational-wave amplitude has been computed
through 3PN order [27-30] and the quadrupole mode
through 3.5PN order [31]. However, black hole binaries
could potentially have large spins [32], which may be
misaligned with the orbital angular momentum, in which
case the precession effects add significant complexity to
the emitted gravitational waves [33]. Ignoring the effects of
black hole spins could lead to a reduction in the signal-to-
noise ratio and decrease the detection efficiency [34,35]
although this should be overcome with phenomenological
and physical models [21,36-43]. To maximize the payoffs
for astrophysics will require extracting the source parame-
ters from the gravitational-wave signal using template
models computed from the most accurate physical predic-
tion available [44—-47]. Spin effects in the waveform are
currently known through much lower post-Newtonian
order than for nonspinning binaries. More specifically,
spin effects are known through 2.5PN order in the phase
[48-50], 1.5PN order in the polarizations for spin-orbit
effects [51,52], 2PN order for the spin;-spin, effects
[51,53] and partially 3PN order in the polarizations for
the tail-induced spin-orbit effects [54].

In this paper, we compute all spin effects in the
gravitational-wave strain tensor through 2PN order. This
requires knowledge of the influence of the spins on the
system’s orbital dynamics as well as on the radiative multi-
pole moments. At this PN order, nonlinear spin effects
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attributable to the spin-induced quadrupole moments of
the compact objects first appear. Using results from
Refs. [55-58], we derive the stress-energy tensor with
self-spin terms and compute the self-induced quadrupole
terms in the equations of motion and in the source multi-
pole moments at 2PN order. Our results are in agreement
with previous calculations [59-62].

The two main inputs entering our calculation of the
gravitational-wave strain tensor through 2PN order are
(i) the results of Refs. [50,51,59] for the influence of the
spins on the system’s orbital dynamics, which have also
been derived by effective field theory and canonical meth-
ods [56,63-68], and (ii) the spin effects in the system’s
radiative multipole moments [50]. Recently, the necessary
knowledge to compute the waveform at 2.5PN order was
obtained using the effective field theory approach [62,64].
Here we use (i) and (ii) in the multipolar wave generation
formalism [69-71] to obtain the waveform for spinning,
precessing binaries through 2PN order. To compute the
gravitational polarizations from this result, one must
specify an appropriate source frame and project the
strain tensor onto a polarization triad. For precessing sys-
tems, there are several frames that could be employed
[8,35,51,72-76]. For nonprecessing binaries with the spins
collinear to the orbital angular momentum, the most natu-
ral frame is the one used for nonspinning binaries.
Therefore, instead of choosing one frame, for simplicity,
we specialize to the nonprecessing case and quasicircular
orbits and provide the explicit expressions for the gravita-
tional polarizations. Lengthy calculations are performed
with the help of the scientific software MATHEMATICA®,
supplemented by the package xTensor [77] dedicated to
tensor calculus. Our generic, precessing result is available
in MATHEMATICA format upon request and can be used to
compute the polarizations for specific choices of frame. We
notice that the 2PN terms in the polarizations, for circular
orbits, linear in the spins were also computed in Ref. [78].
However, these results contain errors in the multipole
moments, which were corrected in Ref. [50].

For future work at the interface of analytical and
numerical relativity, we also explicitly compute the
decomposition of the strain tensor into spin-weighted
spherical-harmonic modes for nonprecessing spinning
binaries on circular orbits. The test-particle limit of these
results can also be directly compared with the black-hole
perturbation calculations of Refs. [79,80], and we verify
that the relevant terms agree.

The organization of the paper is as follows. In Sec. I,
we review the Lagrangian for compact objects with
self-induced spin effects [55-57,61], compute the stress-
energy tensor and derive the self-induced spin couplings in
the two-body acceleration and source multipole moments
[59-62]. In Sec. IIl we summarize the necessary informa-
tion about spin effects in the equations of motion and the
wave generation necessary for our calculation. In Sec. IV B
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we calculate the spin-orbit effects at 2PN order in the strain
tensor for generic precessing binaries. In Sec. IVC we
complete the knowledge of 2PN spin-spin terms by includ-
ing the spin self-induced quadrupole terms in addition to
the spin;-spin, terms obtained in Ref. [51]. In Sec. IVE
we specialize to quasicircular orbits and explicitly give
the polarization tensors for nonprecessing systems. Then,
in Sec. IVF we decompose the polarizations into spin-
weighted spherical-harmonic modes. Finally, Sec. V sum-
marizes our main findings.

We use lowercase Latin letters a, b, ..., i, J, ..., for indi-
ces of spatial tensors. Spatial indices are contracted with the
Euclidean metric, with up or down placement of the indices
having no meaning and repeated indices summed over. We
use angular brackets to denote the symmetric, trace-free
(STF) projection of tensors, e.g., T(; = STH[T;]=
Tij — %Bikak, where the round parentheses indicate the
symmetrization operation. Square parentheses indicate
antisymmetrized indices, e.g., T;j} = %(Tij — T};). The let-
ter L = iy ...i, signifies a multi-index composed of £ STF
indices. The transverse-traceless (TT) projection operator is
denoted T;[;(l;b = Ta(iTj)h - %-,Pij?ah’ where T’J = 6” -
N;N; is the projector orthogonal to the unit direction N =
X/R of aradiative coordinate system X* = (cT, X), where
the boldface denotes a spatial three-vector. As usual, g,,,
represents the space-time metric and g its determinant. The
quantity &, is the antisymmetric Levi-Civita symbol, with
€123 = 1,and €,,,,, stands for the Levi-Civita four-volume
form, with €y,3 = +.,/—g. Henceforth, we shall indicate
the spin;-spin, terms with S, S5, the spin?, spin3 terms with
S? and the total spin-spin terms with SS. Throughout the
paper, we retain only the terms relevant to our calculations
and omit all other terms, which either are already known or
appear at a higher post-Newtonian order than required for
our purposes.

II. MODELING SPINNING COMPACT OBJECTS
WITH SELF-INDUCED QUADRUPOLES

In this section we review the construction of a
Lagrangian for compact objects with self-induced quadru-
pole spin effects [55-57,61,81], compute the stress-energy
tensor and derive the self-induced spin couplings in the
two-body acceleration and source multipole moments. Our
findings are in agreement with previous results [59—62].

A. Lagrangian for compact objects
with self-induced spin effects

A Lagrangian for a system of spinning compact objects
with nondynamical' self-induced quadrupole moments can
be obtained by augmenting the Lagrangian for point

"We shall not include kinetic terms in the Lagrangian for the
quadrupole moment that can describe resonance effects in
neutron stars.
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particles with Liz describing the quadrupole-curvature
coupling for each body A. Since the action for body A
must admit a covariant representation, the corresponding
Lagrangian L/S: should be a function of the four-velocity
uly, the metric &uv» the Riemann tensor R"p ur and its
covariant derivatives, evaluated at the worldline point yﬁf s
and the spin variables entering via the antisymmetric spin
tensor S%”.

The spin tensor S%” contains six degrees of freedom. It is
well known that in order to reduce them to the three
physical degrees of freedom a spin supplementary condi-
tion (SSC) should be imposed [82]. This is equivalent to
performing a shift of the worldline y. In this paper we
specialize to the SSC S4”p4 = 0, which is equivalent to
S4"ud = 0 since p% =~ mycu’ through 2.5PN order. To
ensure the preservation of the SSC under the evolution, we
follow Ref. [57] and introduce the spin tensor S§” =
SE 4 2yl §¥ 4 The spin tensor S% automatically sat-
isfies the algebraic identity S4”u?t = 0, which provides
three constraints that can be used to reduce the spin degrees
of freedom from six to three.

From the above discussion and Refs. [56,83], we
assume that the Lagrangian of particle A is of the form
LS = LAWAPSXVSQP, where L, ,,,, is a polynomial
in the Riemann tensor and its derivatives, as well as the
4-velocity u’. As noticed in Ref. [84], any term propor-
tional to V_R, 5 evaluated at point ¥/ can be recast into a
redefinition of the gravitational field. As a result, the
Riemann tensor may be replaced for each of its occurrences
by the Weyl tensor C* puv» Which can be decomposed into a
combination of the gravitoelectric- and gravitomagnetic-
type STF tidal quadrupole moments G, = G,,(y§) =
— 2Ry pu§uly and H, = H,,(y3) = 2R, suguly
with R}, , 5 = 5 €,,,5R?? , 5. More generally, the multiple
space derivatives of C*,,, at point yy may be expressed in
terms of some STF tidal multipole moments Gﬁ].__ u, and
Hﬁl_._ u,» Of parity 1 and —1, respectively. However, those
higher-order moments will play no role in this paper.

Taking into account that the contraction of the velocity
vector u4 with both G4, and S%” vanishes, that the spin
and tidal multipole tensors are traceless, and that the
Lagrangian must obey parity and time-reversal symme-
tries, we obtain [55-57,83]

S Ka M QAv
LS = -S4 G, 8% sh.

2.1
2mAC2 ( )

Here, we have also assumed that the rotating body
is axially symmetric, and we have replaced S%” with
S4” since the difference between these spin variables
contributes to the equations of motion at O(S3), where

Sy = [ISESA] with S4 = €, 557 p¥ /(2mc).
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For a neutron star the numerical constant k4 in Eq. (2.1)
depends on the equation of state of the fluid [85]. For an
isolated black hole k, = 1[59,60], but for a black hole in a
compact binary k, can deviate from 1. However, these
deviations occur at PN orders that are much higher than the
ones considered here. We notice that the leading contribu-
tion k4 = 1 can be obtained by computing the acceleration
of body A from Eq. (2.1) in a compact binary for m, << m
and match it with the acceleration of a test particle in the
gravitational field of a Kerr black hole of mass m [83].

B. Effective stress-energy tensor
with self-induced quadrupoles

The piece of the stress-energy tensor encoding the
self-induced quadrupole dynamics of body A reads by
definition

7Y 2 o

quadA — \/?g 59,0 [dTALfS:[Yf((TA), Siﬁ(m)]y
nv

(2.2)

where L/S: is the Lagrangian (2.1). To determine the
action of the operator §/8g,,, which stands for the usual
“functional derivative” with respect to the field g,,, we
need to adopt a specific model for the spin. The rotational
state of the extended object A is usually represented by a
tetrad of orthonormal vectors e’y (7,) with @ € {0, 1, 2, 3}
along the worldline y% with affine parameter 7,. The
corresponding angular rotation tensor is then defined as

QL = na‘ﬂef{“&De/’;B/drA. We now make the reasonable

physical hypothesis that the rotation of the axially sym-
metric object takes place about the symmetry axis. The
moment of inertia /, along that direction is a 2PN-order
quantity ~G?m3 /c* for compactness parameters of order
1, whereas Q%" ~ V,/R,, R, being the radius of body A
and V, its typical internal velocity, is roughly equal to
c?/(Gm,). In the weak field limit where G goes formally to
zero, the spin must satisfy the relation §” = I, Q4" as in
special relativity [86]. In the presence of a nonnegligible
gravitational field, this relation is expected to be modified
by nonminimal coupled terms proportional to positive
powers of R, ,, 5 times positive powers of I, and S” [83]:

s - 1oz o(2)]
C

Here we use a hat to distinguish the generic spin
variable from the one related to our specific spin model.
The corrections I, X O(8,/c?) are not relevant for the
two-body dynamics in this paper because they correspond
to the 4.5PN order when taking into account the factor
O(1/c¢) contained in the spin variable.

Using the definition (2.3) for the spin variables, we
compute in a covariant manner the variation of the action

(2.3)
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= '[dTALiz(TA)
d*x 2
] «/_/d)\ALS ()

& (x* = yA()\A))
Jg
2.4)

when the metric varies by 6g,,,(x), and find the following
quadrupolar piece of the stress-energy tensor:

Ky [1) Ao B4
THY Z—[_(_3MMMVGA §Ao g4
quad,A mA62 2 AYAM Ap o
c? (u v) &L §op (w gv) gpA
RAApT ShoSs uy + GA/\SApS

+vp(1Acn§(Gﬁ<"uA)S“’ Gﬁ”ﬁg(“uj,)))]

—2V,V, [ ST sa ] (2.5)

where we have indicated with n}; the Dirac-type scalar
density (v4) = [dA,8*(c" — y%(A,)/y—g() and,
in the last term, we have adopted the convention that
symmetrization of indices applies after antisymmetriza-
tion. As derived in Ref. [81], the most general form of
the effective stress-energy tensor is

+o00
T:lgl,A(x'u) = Z VA,VAZ . V)H [leA o M(TA)’?:(X“)],

=0
(2.6)

where 7, is the proper time of the Ath worldline at event y’
with y% = x? and the coefficients 7 VA Ae (4) are the
“skeleton”” multipole moments. The latter are not arbitrary
but satisfy algebraic constraints imposed by the equation of
conservation V, T4? = 0. Let us check that we can indeed
recast the total stress-energy tensor, including the monop-
olar, dipolar and quadrupolar pieces, in the form of (2.6). If
we add Th" quad 0 the monopolar and dipolar contributions

[49,81,87-89]

Z[n:ﬁff‘uz)c + Ve SN, @)

mon +d1pole

and redefine the spin variable entering the quadrupolar
piece as

v & 2K
Sﬁ: = S}l&w -4 IAS/\[MGA)L, 2.8)
AC
we obtain the total stress-energy tensor in the form
1
THY = Z["A(PXLMZ)C + 3R1(4,L;Apjz)r)1p 2)
A
* v 2 .
+ V(i cull S8 — gvAvp(nAczjz(W)p)]’
(2.9a)
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where the four-rank tensor J4”*" takes the following

expression in our effective descnption:

3
J;‘\pw _ 2Ka S”[Aup]Sﬁ[’Luz].

5 Sa Uy (2.9b)
AC
Consistently with the approximation already made in the
spin model (2.3), we have neglected here the difference of
order I, X O(S,/c?) between the spins S4” and S4” in the
above formula. The net result is that Eq. (2.9a) matches
Eq. (2.6) for € = 0, 1, 2 as expected. Moreover, Eq. (2.9b)
agrees with Refs. [58,61].

Lastly, the conservation of the stress-energy tensor
(2.9a) is equivalent to the equation of motion for the
particle worldline, supplemented by the spin precession
equation [58]. They read

Dpl c?

P Rl = SR @10
DSHv 4c?

i = 2cpttu?] + 5 R, I, (2.10b)

Those equations are in full agreement with the equations of
evolution derived from the Dixon formalism truncated at
the quadrupolar order [90].

C. Self-induced quadrupole terms in the 2PN binary
dynamics and source multipole moments

Once the stress-energy tensor has been derived, the
post-Newtonian equations of motion and the source
multipole moments parametrizing the linearized gravita-
tional field outside the system can be computed by means
of the usual standard techniques [10]. At 2PN order, the
accelerations including the self-spin interactions were
obtained in Refs. [59,60], but the self-induced quadrupole
effects in the source multipole moments were never explic-
itly included in the standard version of the post-Newtonian
scheme, although recently they were calculated at 3PN
order using effective-field-theory techniques [91]. Here
we can use the results of the previous section, which
constitutes a natural extension of the standard post-
Newtonian approximation for spinning compact bodies
[49], and explicitly derive the self-induced quadrupole
couplings in the 2PN dynamics and source multipole
moments.

Henceforth, we define the spin vectors S’ by the relation
S}/c = g;S}, where S is the three-form induced on the
hypersurface ¢ = const by Sﬁ. Note that it is S’ /¢ that has
the dimension of a spin, while S’ has been rescaled in order
to have a nonzero Newtonian limit for compact objects.

In the post-Newtonian formalism for point particles in
the harmonic gauge, it is convenient to represent effec-
tively the source by the mass density o = (T% + T7)/c?,
the current density o; = T%/c, and the stress density
o;;=T". They are essentially the components of the
stress-energy tensor rescaled so as not to vanish in the
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formal limit ¢ — O for weakly stressed, standard matter. At
2PN order, the second term in the right-hand side of
Eq. (2.9a) does not contribute. From the last term, we
obtain the following self-spin contributions:

2
o¥ = 2 50,[8, 84871+ 12+ @(S ) (2.11a)
(9< ) (2.11b)
2
= (9<S ) 2.11c¢)

where 1 < 2 represents the counterpart of the pre-
ceding term with particles 1 and 2 exchanged, and
8 = 8(x — y)).

At 2PN order, the spin? part of the equations of motion
(2.10a) for, say, the first particle, reduce to

D(u}c)
dTl

. S?
I
= non-S$? terms — . akR,ojoSZkS1j + @(c—i)-

(2.12)

The only occurrence of self-spin interactions at 2PN order
on the left-hand side of the above equation comes from the
gradient of the time component of the metric, goo = —1 +
2V /c? + O(1/c*), where the Newton-like potential V sat-
isfies L1V = —47Go. Although V coincides with the
Newtonian potential U in the leading approximation, it
contains higher order corrections, including quadratic-in-
spin terms coming from the mass density (2.11a), which
are smaller than U by a factor O(1/c*). They read

27G . s
Vg = — L5 A 1[8, SS9+ 1 =2+ (9(—2)
m,c c
G
— Ok Lshigtip ot (o( ) 2.13)
2myc ry

with 9, = 9/dx' and r; = |x — y,|, the symbol A~! hold-
ing for the retarded integral operator. Other potentials
appear at the 1PN approximation or beyond, but their
sources cannot contain a self-induced quadrupole below
O(1/c*); thus they are negligible here. The self-induced
spin part of the acceleration a; of the first particle is
therefore given by

K1

(@) =~V zmSW”+@Q)

(2.14)

Replacement of the Christoffel symbols I'* uv and the
Riemann tensor by the leading order values

o) o)

(2.15)

0 _ _
I, = Riojo =
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with U = Gm,/ry + Gm,/r, + O(1/c?) yields the more
explicit result (posing 9;; = 9/dy}):

G 1 K> ; k
ﬁalijk;l:m_zsjzs2

(d’i)sz = —

MmyK SjSk] n @<i4)’
c
(2.16)

which agrees with Refs. [59,60] in the center-of-mass
frame, for S /c = &;;8* + O(1/c).

Self-induced quadrupolar deformations of the bodies
also produce 2PN-order terms in the source multipole
moments /; and J; . Those are defined as volume integrals
whose integrands are certain polynomials in the densities
o, o;and o;; as well as some gravitational potentials, such
as V, that parametrlze the metric. Now, since those poten-
tials are multiplied by prefactors of order O(1/c?) and
cannot contain themselves spin’ interactions below the
2PN order, monomials involving one potential or more
may be ignored for the calculation. The remaining sources
are linear in the ¢ variables. With the help of the general
formula (5.15) of Ref. [92], it is then immediate to get the
self-spin contribution to /; :

7 | s
i = [ u>as,+(o( ) 2.17)

Inserting expression (2.11a) for og and performing a
straightforward integration, we arrive at

. o 52
Iy - %NWJ%WW+12+4 )

2m,c
(2.18)

We can show similarly that J; is of order O(S%/c?). As a
result, at the accuracy level required for the 2PN wave-
form, the only terms quadratic in one of the spins that
originate from the source moments come from the quad-
rupole € = 2, for which we have
5 K . l

Iy = —ﬁsﬁ’s’ﬁ +1e2+ (9(0—6), (2.19)
whereas similar terms in (I;)¢=3 or (J;)e=> lie beyond
our approximation. The above correction to the mass
quadrupole agrees with that of Porto et al. [91] truncated
at 2PN order. It is formally of order O(1/c*) but, because
S, = O(1/c?), it is cast to the 3PN order in the waveform
expansion given below [see Eq. (4.1)] after the second time

derivative is applied. This result was already argued in
Ref. [93].

III. TWO-BODY DYNAMICS WITH SPIN
EFFECTS THROUGH 2PN ORDER

The equations of motion in harmonic coordinates for the
relative orbital separation x = rn in the center of mass
frame are [10]
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d’x' i i L, 1o i i
dt2 ANew T ?alPN + Easo + F[asls2 tag+ aspn )
(3.1a)
where
G
ANewt — — 7;"”, (3.1b)
r
G 3
apy = — m{[(l + 3v)v? —Evr —2(2~|—v)—]
r?

—2i(2 — V)v}, (3.1¢)

with m=m; +m,, v=mmy/m?>, n=x/r and
v =dx/dt. The 2PN acceleration given, e.g., in
Ref. [51] will not be needed for our calculation. The
spin-orbit terms are [51]

aso = %{6[(,1 X v) (28 + 83)]n — [v X (7S + 38%)]

+3iln X (38 + 62)]}, (3.1d)
where we denote with § = (m; — m,)/m and
S=85,+5, (3.2a)
3= m[& - ﬂ]. (3.2b)
my ny
The spin;-spin, interaction terms are [51]
3G
ass, = — 71(S; - 8) —5(n-S))(n-8,)]n
mvr
+ (n . Sl)S2 + (n . Sz)Sl} (333)

As originally computed in Ref. [59] [see Eq. (2.16) above],
an additional term due to the influence of the spin-induced
mass quadrupole moment on the motion arises at 2PN
order:

3G K
ag =~ 3 {n[; S? + qKzS%]
#2508, + ol - 5208, |
q
5
- n[ﬁ(n - 8$))2 + 5qry(n - 52)2]}. (3.3b)
q
Here, g = m,/m, is the mass ratio, and we recall that the

parameters «, characterize the mass quadrupole moments
of the bodies.

We find that the quadratic spin contribution to the
acceleration can be rewritten in a simpler way by introduc-
ing the spin variables
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1/4
Sy :1(:_;) (1 + V1= K1) 28,

my
1/4

+ 2 (5 - T ) s,

my \Kj

and S, , which is obtained by exchanging the labels 1 and 2
in the above equation.” Those variables generalize the
quantity S, of Ref. [60] in the case where the two bodies
are not black holes. In terms of these spin variables the
spin-spin part of the acceleration reads

(3.4)

3G
ass, T agp = _W["(SJ *So) +(n-S5)Sy
+(n-Sy)Sq — 5n(n - S§)(n-S5)]
3.5

The spin precession equations through 2PN order are
[51,94]

%— G;"f{[ 4w S)—28(v-3)]n
+[3m-8)+6n-2)Jv+ {28 + 6]}, (3.6a)
dZ Gm
P 2{[ 26(w-8)—2(1 —2v)(v-X)]n
+ [6(n -8+ (10— v)(n-X)]v
+ {88 + (1 — 23] (3.6b)

It is often convenient to use a different set of spin
variables S$; whose magnitude remains constant and that
obey precessmn equations of the form dSS/dt = 2, X
S%. The relationship between the spin variables appearlng
in the equations of motion above and the constant spin
variables is [50]

S.—= S+ G’””[zs + 53] = - $) + 5w Sl
(3.7a)
Gm
3.o=3+ F[(SS +(1 - 2v)3]
o )+ (1= D BT

IV. WAVEFORMS WITH SPIN
EFFECTS AT 2PN ORDER

A. General formalism

The gravitational radiation from the two-body system is
calculated from symmetric trace-free radiative multipole
moments I; and J; using the general formula from
Ref. [69] truncated at 2PN order

’In the formal limit where the induced quadrupole of at least
one body vanishes, so that e.g., k; — 0, we may define the

effective spins as S+ = \/ESI, Sy = \’;‘-Sl \/ESZ
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4T — 2_G /@ 4 ilm Ne 4 1 7@ nend The 1PN and 1.5PN spi_n terms are givep explicitly in
i ReAab 3¢ abe 122 abed Refs. [51,52]. The terms in the source multipole moments
1 1 . . that are a priori needed to compute the spin-orbit wave-
+ WI,(JI,)WN ‘NIN° + le(zh)cdefN *NIN°N/ form exactly at 2PN order are identified by considering
their schematic structure,
+ Nkey [iﬂz) + LN 29 e
cKa 3¢ bc 26’2 bed 15C3 bede

1 1 1 1
36 ‘]l(;c)dedeNeNf]}TEszr @41 I =1+ C—zlﬂ’N - FIEO + ?(I%PN +155),  (4.4a)
where N is the unit vector pointing from the center of — J, = jNewt + lJEO + %J 1PN 4 %J 1-5PNSO, (4.4b)

c c c

mass of the source to the observer’s location and R is the
distance between the source and the observer. Here,
the superscript (n) signifies the nth time derivative, and

the transverse-traceless projection operator is together with the scalings of Egs. (4.1) and (3.1a)

Specifically, the following pieces are required: (INe¥)©®

P, = PPy, — %rpij P (42)  using the 1.5PN motion and (/55,)® with a™*', (J52)?)
‘ with the 1PN motion and the spin evolution, (J1;?PNS0)@)
with P;; = &;; — N;N;. with aNet, (JNew)@) with the 1.5PN accurate motion, and
The gravitational radiation (4.1) can be rewritten in a (730 )@ with aN*V', For the SS part, we need (/%)
post-Newtonian expansion as with @53, as the time derivative of I35 does not contribute at
1 1 1 1 2PN order. When we write the waveform in terms of the

BTT = — (pNewt 4 — pIPN 4 ° pIPNSO 4 ' 1 15PNSO . . i . ..
ij c4< i T 2% TT T 2 TT o3 TT constant magnitude spin variables, there is an additional
1 | | contribéléioq to thl\i V%IPN spin piece of the wgveform cqminctg
+ ?h%}’% + o h%}’ﬁo + = h%}?ﬁs + .. ) from J3)) with a and the 1PN conversion factor in 3°.

The relevant spin contributions to the multipole moments
(4.3)  are [50]

; 3 3 16 G L 27 10 27 o
Jspm=£{—§rn<’21>}+13{(—_7V)r;’v<’21>+§5rifv<’Sf>+[<—— o )(v~2)+ﬁ5(v-5)i|rn<’vf>
c

i S\7 14 14"
+[<—%+%v)(ﬂ-2)—%5(n-S):Irv<ivf>+I:(%wL;—zv)GTm—l—(—%+£V)v2]rn<’§j>
+[<—§+%v)(ﬂ-2)—%5@-S)]Gmn<inj>+[—%GTm—%vz:Ié‘rn("Sﬁ}, (4.5a)

I =C—V3r2{—§5n<fnf(v X §)k —%(3 — 1w)nln/ (v X X)W +38n"vi (n X )0 +3(1 = 3v)n'v/(n X 2)’<>}, (4.5b)

Jff,i? = —;—Zr3{5n<injnk51> + (1 —=3v)nlinin* 30}, (4.5¢)

The nonspinning contributions to the multipole moments that we employed in our calculation are

Ij = mvr’nfinh, (4.6a)
Ljy = —mvr3éntininb, (4.6b)
Jij = —mvrzﬁsab<inj>n“vb. (4.6¢)

B. Spin-orbit effects

Using the multipole moments of Egs. (4.5) and (4.6) in Eq. (4.1) and substituting the equations of motion (3.1) and
(3.3b), we find the following 2PN spin-orbit piece:
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2
apnso _ 2GTmy PTT
ij TT 2R~ ijab

{n“nb[§(3 C130)P(n X 3 - N+ 30(1 — 4v)(n - N)in X v) - 3,

—(7=2)i(vX2) N—6(1—4v)(v-N)(n Xv) X, — %(3 —1B3v)*(nX3) N

_ 2Gm

?(1 —5v)(n X3,) N+ 5(?#2(;1 X 8.) N — %vz(n X 8.) N+ 60(n-N)inXwv)-S,

12N X v)- S, — 13 X S.) - N)] 4 ni(n X Sc)b6[35(n N2 — 14(v- N)i— T(n - N)vz:l

+n(n X N)b[§(3 1303, — %(3 C1B3p)R(n -3 + g(l — 302 N)(N- 3,

=501 = 30)iv NYN - 20 = 201 = 30)2(n - NN+ 20 = 222 (1= 30)(n - NV - %)

LG S 3) — (B + )iy 3, + 5<4G—m(n S) -2 R(n-8) — v - S.)
3r r 2 2

2Gm
r

2P NIV -80 =22 (- NN - S0 v NV -0 = 5o NN -0 + w5, |

+ né(n X Ec)b[5(3 C130)(n - N)P — (3 — 130)(n - N)v? — 23 — 14v)(v - N)i — ‘f—r’"u S - N)]

+ n%(n X v)’i{2(1 —4v)(N-32,) + 68(N - S.)] + (n X N)“Elg[i(l + Tv)i? + ?(1 —3v)(n - N)%i?

51 =30) - M- N)i+2(1=30)(w- NP + (11 = 250002 = (1 = 30)(n - NPv? = 2™ (11 + 20)
3 12 4 3r

- GTm(l —3v)(n -N)Z] +(n X 1\7)“5’36[‘}2 + 1LTS(n "NP#2 = 5(n - N)(v- N)i

+§(U-N)2 +%v2 —Z(n NP2 —GT’”(n : N)Z] (1 X 0)73E(1 — 4)[2(v- N) — 2(n - N)F]
+ navh[ss(—1 AN X v) -3, — 42— 90)in X 3,) - N + %(13 _SS)(wX )N
+ 5(—72(n N)(n X v)- S, —20i{n X S,)- N + 53—0(11 X 8,)- N)] +(n % v)aslga[—6(n N+ 13_4(1; : N)]
4 n9(v X S.)PS[—26/(n - N) + 12(w - N)] + n(v X zc)b[z(—7 +299)in - N) + %(10 430\ N)]
+ (v X Sc)bS%(n N+ v(n X Ec)b[—z(s 20w N) + ‘3-‘(1 P N)]
+ 0w X zc)bg(m —670)(n - N) + vi(n X Sc)”‘d[—26f(n N)+ g(v - N)]
+ vo(n X v)”[2(—1 FAN(N -3 — gﬁa(zv : Sc)] +ve(n X N)”[—(3 —23w)in -3y
—5(1 = 30)in - N)(N - ) +§(1 +80)(v-3,) +13_°(1 — 3w N)(N-3) + 6(13—0(v-N)(N-SC)
i - S,) — 5i(n - N)(N - S,) — %(v - sc))] 4 Sa(v N)bé[%i - %f(n NP+ 13—0(11 N)n- N)]
+ 30w X N)”[—%(l )i - g(l — 30)i(n - N)? +?(1 — 3w N)n - N)]

40v

+ (v X N)bl:—T(n 3+ 13—0(1 3 - N)(N -3 + 5(23—0(n S+ 13—0(,1 - N)(N- sc))]

4 uavb[@ - 4V)(n X 3) N+ gé(n X S,)- N] + (3, % N)“nb[g(l + )i + 14—5(1 ~31)i%(n - N)?
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+5(—1 +30)in - N)(w- N) + 2(1 ) (v N+ %(11 — 25002 + %(—1 + 30 - NP2

5. 15
4" 4

+ (;—T(—17 + 10v) + GTm(—l +3v)(n - N)Z] + (S, X N)“nbéj[—_if2 +—=2(m-N)?—5in-N)(v-N)

5 1, 3 2Gm G
+2(w NP+ -2 =20 (n- NP - =2 - 22 - N)?
3 4 4 r r
5

2

] + (2 X N)“vb[—%(l + v)i

+2(=1430)in - NP + 13—0(1 3 N)(w- N)] (8. X N)“vbﬁ[gi - %if(n NP+ ?(n -N)(v~N)]

+ (v X N)“n"[(—3 +23v)i(n - 3.) + 5(—1 +3v)i(n - N)(Z. - N) + %(5 +7v)(v-3,)

+ 23(1 (v N)(E, - N) + 6<—lli(n 80 = 5#(n - NS M)+ 50+ 80 + 13—0(1) - N)(S. - N))].

These contributions add linearly to the other known terms
in the waveform. Note that in Eq. (4.7) we have already
anticipated the transverse-traceless projection and simpli-
fied the expression (4.7) using 8y = Nit = Nip = 0 and
the interchange identity [51]

PIT,AYB X N)* = PIT BY(A X N)P,

(4.8)

for any vectors A and B.

C. Spin-spin effects

Spin-spin terms in the waveform at 2PN order are
entirely attributable to the equations of motion; they arise
when substituting 5 in the time derivatives of /Ns"'. The
second time derivative of the contribution ICSI,ZJ given in
Eq. (2.19) is at least of 3PN order (because of the fact
that spins are constant at leading approximation) and there-
fore vanishes for our calculation. We derive

6G%y
BPRS = =5 Phipdnn’[5(n - S3)(n - S;)
—(Sg - Sp)1—n*Sgt(n-Sy) — nSy(n - S5}
4.9

We notice that the spin-orbit contributions at 2PN order are
zero for an equal-mass, equal-spin black-hole binary. This
is a consequence of the multipoles (4.5) being zero for this
highly symmetric binary configuration.

The general results (4.7) and (4.9) are available as a
MATHEMATICA notebook upon request to be used to com-
pute the gravitational polarizations and spherical harmonic
modes for precessing binaries for any choice of the source
frame and the polarization triad [8,35,51,72-76]. Below,
we shall derive the polarizations and spin-weighted
spherical-harmonic modes for the case of nonprecessing
compact binaries on circular orbits.

! 4.7

D. Reduction to quasicircular orbits

We now specialize Egs. (4.7) and (4.9) to the case
of orbits that have a constant separation r in the absence
of radiation reaction and for which the precession time
scale is much longer than an orbital period. The details
of the derivation of the modified Kepler law relating
the orbit-averaged orbital angular frequency @ and the
orbit-averaged orbital separation are discussed in
Ref. [93]. The instantaneous accelerations (3.1) and (3.5)
are projected onto a triad consisting of the following unit
vectors: n = x/r, the vector € = Ly/|Ly| orthogonal to
the instantaneous orbital plane, where Ly = mvx X v
denotes the Newtonian orbital angular momentum, and
A = € X n. The orbital separation r and angular frequency
o are decomposed into their orbit averaged piece, indi-
cated by an overbar, and remaining fluctuating pieces, r =
7+ or and w = ® + dw. Projecting the equations of
motion along A yields the equality 2w7 + @r or, equiv-
alently [93],

4 ipye 364

_ = . Qt . Q-
dt 2mwrict dt(n So)(m - Sy ).

(4.10)

At the 2PN order, r and w can be replaced by the constants
7 and @, respectively, on the right-hand side. The expres-
sion for wr? follows from (i) dropping the time derivatives
in the above equation, and (ii) adding an integration con-
stant determined by averaging wr? over an orbit. Inserting
the result in the projection along n of the equations of
motion,

@.11)

PF— wir=(n-a),

and linearizing in &r, we find an explicit solution to the
differential equation given by
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= % = 5.3, 4[(71 Sg)A-Sy) +(A-S5)(m-Sy)], (4.12a)
_F=(n- a) Gm Gm 15(€-8,) +38(€-%,)
= r r [ —6- )7 <r702> mrc?
+ m((% ©85) +2(€-S)(€- Sy) = 5(n - S7)(n - Sa))]. (4.12b)

Inverting Eq. (4.12b) to write r as a function of w in Eq. (4.7) and inserting there the expression (4.12a) of 7, we obtain the

following spin-orbit terms in the waveform:

J2PNSO G*vmaw® PIT

0 =T Phistnnl[4(1 = 7)€ - 2)(A - N) = (13 = 59)(n X %) - N = 218(n X S,) - N]

+ AAP[4(7 — 24v)(€ - 2)A - N) +4(1 — 6v)(n X 2°) - N + 8(4(n X S°) - N + 52(€ - S)(A - N))]
+ AnP[4(13 — 559)(A X 3.) - N + 2(—63 + 2390)(n - N)(€ - 3.) + 8(100(A X S.) - N
—262(n - N)(€ - S)] + S 12(1 — 4v)(A - N) + X€P[12(—=1 + 4»)(N - 3.) + 8(1 — 62)(A - Z)(A - N)

+4(—16 + 67v)(n -

3)(n-N)+ 6(—28(N-S.) +8A-S)A-N)—128(n-S.)(n-N))]

+ n9P[2(=13 4 599)(A - 3)(m - N) + 4(—10 + 43»)(n - )(A - N) + 8(—42(A - S.)(n - N)

—72(n - S)A - N))] + S2€P288(A - N) + n(n X NY[—(1 + v)(n - 3,

+6(3(n-S,) —21(n -
+ 5(40(N - S.)(A - N) —
+21(—1 4+ 3v)(n -

) —21(1 = 3v)(n - N)(N - %)

N)(N - S))] + A%(n X N)P[2(7 + 23v)(A - 2.) + 40(1 — 3v)(N - 2 )(A - N)
2(A - 8S))]+ 2¢(n X N)P[—(21 +
N)*]+ S4(n X N)?8[—9 4+ 20(A - N)?> — 21(n - N)?] + S%(A X N)*408(A - N)(n - N)

17v) + 20(1 — 3v)(A - N)?

+ A9 X N)P[=80p(n - 3.) + 201 — 30)(n - N)(N - 3.) + 6(40(n - S.) + 20(N - S.)(n - N))]

+ 32¢A X N)P40(1 — 3v)(A
Here, we have used that

- N)(n - N)}.

(n X S) = —=A(-S,)+€(A-S,),

and similarly for X..

(4.13)

(4.14)

Finally, we derive the 2PN spin-spin terms for circular orbits. They read

2Gvw?

8 2 40
PN = S PTE fnt| <2(S7 - 87) + 5 (€SP 89) + Tl S 8;) |

+ Aa)\b[g(sg -S5)+ g(e LSO S5) — %O(n S - s(;)] — 20 AP [(n - ST)A - S3)

+(n-Sy)A-8)]—3(n- s;)n<asg”> —3(n - s(;)nwsgb)}.

E. Polarizations for nonprecessing,
spinning compact bodies

The two polarization states 4. and hy are obtained by
choosing a coordinate system and taking linear combina-
tions of the components of hl-TjT. Using an orthonormal triad
consisting of N and two polarization vectors P and Q, the
polarizations are

1, . . ,
hy = E(PIPJ - Q’Qf)thjT, (4.16a)

L= %(prf + QIPHATT, (4.16b)

Although different choices of P and Q give different polar-
izations, the particular linear combination of 4, and hy
corresponding to the physical strain measured in a detector

(4.15)

f
is independent of the convention used. For nonspinning
binaries, one usually chooses a coordinate system such that
the orbital plane lies in the x-y plane, and the direction of
gravitational-wave propagation N is in the x-z plane.

When the spins of the bodies are aligned or antialigned
with the orbital angular momentum, the system’s evolution
is qualitatively similar to the case of nonspinning bodies.
This case is characterized by the absence of precession of
the spins and orbital angular momentum, and thus the
orbital plane remains fixed in space. However, the effect
of the spins gives a contribution to the phase and a correc-
tion to the amplitude of the waveform, which we explicitly
provide in this subsection. We use the conventions that the
z axis coincides with € and the vectors n, A and N have the
following (x, y, z) components:
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€=1(0,0,1), N =
n = (sin®, — cos®, 0),

(sin®, 0, cosh), (4.17a)
= (cos®, sin®, 0), (4.17b)
where @ is the orbital phase defined such that at the initial

time, n points in the x direction. We use the following
polarization vectors:

PHYSICAL REVIEW D 87, 044009 (2013)

The vector P is the ascending node where the orbital
separation vector crosses the plane of the sky from below.
With these conventions, Egs. (4.16) with Egs. (4.13), spe-
cialized to the case that the only nonvanishing spin com-
ponents are (¢ - €) and (S - €), become

P=NXx¢ Q=NXP. (4.18)
|
2PN spi Glrmo? - 2 2
hAPNspin = R cos® sinf{38(€ - S.)(—33 + cos?d) + [(—93 + 167v) + 9(1 — 3v)cos?H](€ - X.)}
9G2 2
— :—me cos(3®) sinf{5(5 — cos?6)(€ - S.) + 3(1 — 3v)sin?0(€ - %)}
2 2
_2Gve cos(2P)(1 + cos?0)(€ - S;)(€ - Sy), (4.19)
PN soi G*vmw? . . . 5
hPNspIn = BYTY R sin® sin(20){68(€ - S.)(—33 + cos?6) + [(—171 + 289v) + 3(1 — 3v) cos(20)](€ - X.)}
2 2
_ %Qg# sin(3®) sin(20){5(€ - S.)(7 — 3cos?6) + 3(1 — 3v)sin?0(€ - X.)}
4 2
_AGOT G 0®) cosh(€ - SN - 57, (4.20)
Here, the convention for the 2PN spin pieces of the polar- . O
izations is analogous to that adopted for the PN expansion hew = _[ dQh(6, ¢) Y™ (6. &), (4.25)

of the waveform (4.3), with the expansion coefficients
related by Eqgs. (4.16) at each PN order.

F. Gravitational modes for nonprecessing,
spinning compact bodies

The gravitational wave modes are obtained by expand-
ing the complex polarization

h=hy —ihy, (4.21)
into spin-weighted s = —2 spherical harmonics as
+oo f
hO. ) =D > hyy Y6, ¢), (4.22)
=2m=—¢
where
¢ € ¢ ¢
— Y7o, ¢) = (=1) dsm(b’) o (4.23)

with

min(€+m,{—s) (_ l)k

di, )= z

k=max(0,m—s)
VI + m)€ — m)!I(€ + )€ — 5)!
k=—m+s)€+m—kI€—k—s)!
X (cos(8/2))*Tm=2k=s(sin(0/2))*k~m+s. (4.24)

The modes A, can be extracted by computing

where the integration is over the solid angle [dQ =
[T sin0d6 [3™ d¢p, and using the orthogonality property
[dQ _ (0, p) _ Ym0, p) = 5“8, where §
is the Kronecker symbol and the star denotes complex
conjugation. Using Egs. (4.19) and (4.20) in Eq. (4.25)
we find the following nonvanishing modes:

2G*mvw? (167

T - 5 e mPh,. (4.26)
hyy = —ﬁa(e - S.) + i(—79 +139p)(€ - X,), (4.27a)
hy = (652# (4.27b)
s = 24\1/1_15(6 - S.) + (1 —3)(€-3,), (4.27¢c)
hyy = — €-S,)—- \/7(1—311)((5 )

(4.27d)
by =%_a(e‘sc) + 6*/:/_(1 —3v)(€-3,), (4.27¢)
hyy = 89\/*/;5((5 S)+89\/\/1;4 (1-3v)(€-X). (427F)

We have explicitly checked that in the test-mass limit
v — 0, Egs. (4.27) reduce to the 2PN O(g) and O(g?)
terms given in Eqgs. (22) of Ref. [80] (see also Ref. [79]),
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after accounting for the factor of (—i)™ attributable to the
different conventions for the phase origin, as explained in
Ref. [52].

It is interesting to note from Eq. (4.27b) that in the
nonprecessing case, the dominant /,, mode contains only
terms that are quadratic in the spin at 2PN order. By
contrast, for precessing binaries, the 2PN spin-orbit terms
will give a nonvanishing contribution to the 22-mode.

V. CONCLUSIONS

We have extended the knowledge of the spin terms in the
gravitational-wave strain tensor to 2PN accuracy for pre-
cessing binaries. Our result includes the spin-orbit as well
as the spin;-spin, and spin%, spin% effects. The quadratic-
in-spin terms are entirely from the equations of motion,
whereas the 2PN spin-orbit terms come from both the
corrections to the orbital dynamics and the radiation field.

For a given choice of an orthonormal polarization
triad and a source frame, the gravitational-wave polariza-
tions can be obtained by projecting our result for the
gravitational-wave strain tensor given in Secs. IVB and
IV C orthogonal to the propagation direction. For precess-
ing binaries, there is no preferred unique choice of the
source frame [8,35,51,72-76], but in the case that the spins
are collinear with the orbital angular momentum, the
procedure to obtain the polarizations can be carried out
in a similar fashion as for nonspinning binaries. For the
nonprecessing case and circular orbits, we provided ready-
to-use expressions for the gravitational polarizations in
Sec. IVE, which could be directly employed in time-
domain post-Newtonian, phenomenological and effective-
one-body—based template models [19-23,51,52].

In view of the current interest in interfacing analyt-
ical and numerical relativity, we also provided the decom-
position of the waveform into spin-weighted spherical
harmonic modes for nonprecessing binaries and quasicircu-
lar orbits. We verified that the test-particle limit of our result
reduces to the expressions obtained from black-hole pertur-
bation theory [79,80]. We noted that for spins collinear
with the orbital angular momentum, the dominant 7/,
mode of the waveform contains only quadratic-in-spin effects
since the spin-orbit contributions vanish in this case, although
they are nonzero for generic, precessing configurations.
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APPENDIX: USEFUL IDENTITIES

According to the way the waveform is computed, the
result may take various forms, which are not immediately
seen to be equivalent. Their difference vanishes because
of some dimensional identities valid in three dimensions.
They all amount to expressing the fact that a tensor
with four antisymmetrized indices must vanish. We shall
present here two of such identities, which turned out to be
particularly useful for our checks, together with Egs. (5.2)
of Ref. [49].

Let Uy = U, for A €{1, 2, 3}, be three vectors of R>.
The first identity tells us that for any vector U, we must
have

U, X U)W, - U) — U)(U; - U)]
= Uii[(U X UN(U, - Us) — (U X U} (U, - Us)]
+ US(U X U)(U, - Uy) = (U X U)(U, - Uy)),
(A1)

To show this, we compute &', e"*e,, . USUSUL UY in two
different manners: (i) we group the first two epsilons, which
are next expanded in terms of the identity tensor &' ; using
the standard formula ,,,&"/* = 3! 8" 8 6"b]; (ii) we
group the last two epsilons and apply the contracted version
of the previous equation: £"/*¢g,, ,, = 267, 8kq]. One of the
remaining free indices, say k, is finally contracted with Uj,.
The second identity reads

SU[UIURUS — UN(U, - U3)* — U3(U; - Uy)? — U3(U, - U,)* +2(U, - Up)(U, - Us)(U; - Uy)]
+20{ UJ[U3(U - U)) = (U, - U,)(U, - Uy)] + 20 UD[U3(U, - U,) — (U, - Us)(Us - U)]
+ 2U(2iU§)[U%(U2 “Uz) — (U, - Uy)(U; - Uj)] + U’iU{[(Uz - Us)? — U3U3] + UéUé[(U1 - Us)? — UU3]

+ ULU(U, - U, — U3U3] = .

(A2)

It is proved by contracting the equality U E“ UsUSs i = 0 with U,,U,,Us, and expanding. As the trace of the left-hand side
of Eq. (A2) is identically zero, the nontrivial content of this identity consists of its STF part.
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