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Using a recent, novel Hamiltonian formulation of the gravitational interaction of spinning binaries,
we extend the Effective One Body (EOB) description of the dynamics of two spinning black holes to
next-to-leading order (NLO) in the spin-orbit interaction. The spin-dependent EOB Hamiltonian is
constructed from four main ingredients: (i) a transformation between the “effective” Hamiltonian
and the “real” one, (ii) a generalized effective Hamilton-Jacobi equation involving higher powers of
the momenta, (iii) a Kerr-type effective metric (with Padé-resummed coefficients) which depends
on the choice of some basic “effective spin vector” Seg, and which is deformed by comparable-mass
effects, and (iv) an additional effective spin-orbit interaction term involving another spin vector o.
As a first application of the new, NLO spin-dependent EOB Hamiltonian, we compute the binding
energy of circular orbits (for parallel spins) as a function of the orbital frequency, and of the spin
parameters. We also study the characteristics of the last stable circular orbit: binding energy, orbital
frequency, and the corresponding dimensionless spin parameter arso = cJiso/(G(Hrso/c?)?). We
find that the inclusion of NLO spin-orbit terms has a significant “moderating” effect on the dynam-
ical characteristics of the circular orbits for large and parallel spins.

PACS numbers: 04.25.-g, 04.25.Nx

I. INTRODUCTION

Coalescing black hole binaries are among the most promising sources for the currently operating ground-based
network of interferometric detectors of gravitational waves. It is plausible that the first detections concern binary
systems made of spinning black holes, because (as emphasized in [1]) the spin-orbit interaction can increase the
binding energy of the last stable orbit, and thereby lead to larger gravitational wave emission. This makes it urgent to
have template waveforms accurately describing the gravitational wave emission of spinning binary black holes. These
waveforms will be functions of at least eight intrinsic real parameters: the two masses m1, mo and the two spin vectors
S1, S2. Due to the multi-dimensionality of the parameter space, it seems impossible for state-of-the-art numerical
simulations to densely sample this parameter space. This gives a clear motivation for developing analytical methods
for computing the needed, densely spaced, bank of accurate template waveforms.

Among existing analytical methods for computing the motion and radiation of binary black hole systems, the most
complete, and the most promising one, is the Effective One Body (EOB) approach |1, 2,13, 4]. This method was the
first to provide estimates of the complete waveform (covering inspiral, plunge, merger, and ring-down) of a coalescing
black hole binary, both for non-spinning systems [3], and for spinning ones [5]. Several recent works [6, (1, I8, 19, [10]
have shown that there was an excellent agreement! between the EOB waveforms (for non-spinning systems) and the
results of recent numerical simulations (see [11] for references and a review of the recent breakthroughs in numerical
relativity). In addition, the EOB method predicted, before the availability of reliable numerical relativity (NR) results,
a value for the final spin parameter g, of a coalescing black hole binary [3, 5] which agrees within ~ 10% with the
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I For instance, Ref. [J] finds a maximal dephasing of 4-0.005 gravitational wave cycles between EOB and numerical relativity waveforms
describing 12 gravitational wave cycles corresponding to the end of the inspiral, the plunge, the merger and the beginning of the ringdown
of an equal-mass coalescing binary black hole.
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results of recent numerical simulations (see [11] for a review and references). Recently, it has been shown that the
introduction of some refinements in the EOB approach, led to an EOB/NR agreement for dn, at the 2% level [12].

In a previous paper [1] the EOB method (originally developed for non-spinning systems) has been generalized to
the case of spinning black holes. It was shown there that one could map the third post-Newtonian (3PN) orbital
dynamics, together with the leading order (LO) spin-orbit and spin-spin dynamical effects of a binary system onto an
“effective test particle” moving in a Kerr-type metric. In the present paper, we extend and refine the EOB description
of spinning binaries by using a recently derived |13] Hamiltonian description of the spin-orbit interaction valid at the
next to leading order (NLO) in the PN expansion. (The NLO spin-orbit effects in the harmonic-gauge equations of
motion were first obtained in [14, [15].) Let us recall that LO spin-orbit effects are proportional to G/c?, while NLO
ones contain two sorts of contributions: oc G/c* and < G%/c*. Regarding the spin-spin coupling terms, we shall use
here only the LO results which are made of two different contributions: the LO S;Ss terms [16] (which have been
recently extended to NLO in [17]), and the LO S? and S2 terms. The latter are specific to Kerr black holes, being
related to the quadrupole gravitational moment of a rotating black hole.? It was shown in [1] that the complete LO
spin-spin terms (the sum of S1Ss, S%, and S3 terms) admitted a remarkable rewriting involving a particular linear
combination Sy, defined below, of the two spin vectors. This fact, together with the more complicated structure of
spin-orbit terms at the NLO, will lead us below to define a particular, improved EOB description of spinning binaries.

The present paper consists of two parts: In the first part (Sections 2 and 3) we shall develop the formalism needed
to finally define (in Section 4) our improved EOB description of spinning binaries. In the second part (Section 5), we
shall consider one of the simplest “applications” of our EOB Hamiltonian: a discussion of the energetics of circular,
equatorial orbits for systems with parallel spins. In this section, we shall make contact with previous related analytical
investigations, notably [15], and prepare the ground for making contact with numerical data.

A few words about our notation: We use the letters a,b = 1,2 as particle labels. Then, mg, X, = (%), Pa = (Pai),
and S, = (S4i) denote, respectively, the mass, the position vector, the linear momentum vector, and the spin vector
of the ath body; for a # b we also define rqp, = X4 — Xp, Tab = |Tab|, Nab = Tab/Tab, | - | stands here for the Euclidean
length of a 3-vector.

II. PN-EXPANDED HAMILTONIAN

Our starting point is the PN-expanded (or “Taylor-expanded”) two-body Hamiltonian H which can be decomposed
as the sum of: (i) an orbital part H,, (ii) a spin-orbit part Hg, (linear in the spins), and (iii) a spin-spin term Hgg
(quadratic in the spins),

H(Xaa Pa; Sa) = Ho(xavpa) + HSO(Xaa Pa; Sa)
+Hss(xaapaasa)- (21)

The orbital Hamiltonian H, includes the rest-mass contribution and is explicitly known (in ADM-like coordinates)
up to the 3PN order [18, [19]. Tts structure is

Ho(xau pa) = Zmac2 + HON(Xaapa)

1 1
+ 2 Hoipn(Xa, Pa) + o Hoopn(Xa, Pa)

1 1
+ 0_6 HogpN(Xa, pa) + O (C_8> . (22)
The spin-orbit Hamiltonian Hg, can be written as

Hso(xaapausa) = Zﬂa(xbupb) -Sa, (23)

Here, the quantity €2, is the sum of a LO contribution (o< 1/¢?) and a NLO one (o< 1/¢%),
Qa (30, P1) = 25 (x5, p) + 257 (x5, Po)- (2.4)

2 Note in passing that, if one wishes to describe the dynamics of, say, neutron-star binaries with the EOB formalism, one should add
“correcting” S% and Sg terms.
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The 3-vectors Q5O and QYO were explicitly computed in Ref. [13]. They are given, for the particle label a = 1, by

G 3m
LO __ 2
Q7 = 22, <—2m1 niz X p1 — 2nyg X p2), (2.5a)

G2 11 m2 15
- £ (e o)
12

n G _ 5mapi  3(p1-p2) i 3p3  3(miz-pi)(mz-p2)  3(niz-p2)? nis X
ciri, 8m3 4m? 4mimeo 4m? 2mima 12 %P1
. 3 . . 3 . 2 .
+ ((Pl p2) n (n12 - p1)(ni2 P2)>n12 X P2 + ( (n12 2Pl) _ (n12 Pz))pl % p2>' (2.5b)
mims mims 4m3 mims

The expressions for Q5© and QYO can be obtained from the above formulas by exchanging the particle labels 1 and 2.

Let us now focus our attention on the dynamics of the relative motion of the two-body system in the center-of-mass
frame, which is defined by the requirement p; + p2 = 0. It will be convenient in the following to work with suitably

rescaled variables. We rescale the phase-space variables R = x; — x3 and P = p; = —p2 of the relative motion as
follows
R - P
I‘E—EM, pE—E&:—&, (2.6)
GM GM I I 1

where M = mq +ms and p = myma/M. Note that this change of variables corresponds to rescaling the action by
a factor 1/(GMyu). Tt is also convenient to rescale the original time variable T and any part of the Hamiltonian
according to

T R HNR

2.7)

where HN® = H — Mc? denotes the “non relativistic” version of the Hamiltonian, i.e. the Hamiltonian without the
rest-mass contribution. It has the structure HNR = %pQ — % + 0O (C%)
It will be convenient in the following to work with the following two basic combinations of the spin vectors:

S=S;+So=mica; +mocay, (2.8a)
S* = @Sl + mSg = macaj +micas, (2.8b)
mq mao

where we have introduced (as is usually done in the general relativistic literature) the Kerr parameters® of the
individual black holes, a; = S1/(mic) and ag = S2/(m2c). Note that, in the “spinning test mass limit” where, say,
mo — 0 and Se — 0, while keeping as = Sa/(mac) fixed, we have a “background mass” M ~ mq, a “background
spin” Spekgd = Mcapckegd ~ S1 = micay, a “test mass” p ~ mg, and a “test spin” Siest = S2 = Macaz ™ [1CAest
[with aest = Stest/(1c)]. Then, in this limit the combination S ~ S; = mica; ~ Mcapckgd = Sbekgd Measures
the background spin, while the other combination, S* ~ mjcas ~ Mcasest = M Stest/ 1t measures the (specific) test
Spin agest = Stest/ (). The quantities S and S* are the two simplest symmetric (under the permutation 1 « 2)
combinations of the two spin vectors which have these properties.

In view of the rescaling of the action by a factor 1/(GMp), corresponding to the rescaled phase-space variables
above, it will be natural to work with correspondingly rescaled spin variables?

SX

SR :
GMp

(2.9)

3 Note that we use here the usual definition where the Kerr parameter a = S/(Mc) has the dimension of length. We denote the associated
dimensionless rotational parameter with an overhat: & = ac?/(GM) = ¢ S/(GM?).
4 We recall that (orbital and spin) angular momenta have the same dimension as the action.



for any label X (X =1,2,%,---).
Making use of the definitions (Z6)-(23) one easily gets from Eqs. (Z3)-(235) the center-of-mass spin-orbit Hamil-
tonian (divided by p) expressed in terms of the rescaled variables:

' a Q Hs 9 ,S,S*
Hso(rupusas*) = %

1 TS0 Q Q*
:C_Q Lo(r,p,S,S)
1 7SO Q Qx* 1
+EHNLO(1‘7P7378)+O =) (2.10)

where (here n =r/|r|)®

to(r,p,S,8%) =

S| =

{2(S,n,p)+g(8*,n,p)}, (2.11a)

E&dnnéﬁﬂ—ﬁ%{‘@+QWQQMM‘W5+m0wﬂmm}

r2

n i{(l—:ypZ + gu(n-p)Q) (S,n,p)

S((-2+ )+ dowmepp) <s*,n,p>}, (211b)

with v = pu/M ranging from 0 (test-body limit) to 1/4 (equal-mass case).
Note that the structure of the rescaled spin-orbit Hamiltonian is

Hoo(r.p.8,87) = — 5 (947 (S.m.p) + 957 (S, m.p) ). (2.12)

This corresponds to an unrescaled spin-orbit Hamiltonian of the form

G L
2R3
where R = GMr is the unrescaled relative distance (in ADM coordinates), L = R x P = GMur X p the relative
orbital angular momentum, and where we have introduced two dimensionless coefficients which might be called the

“gyro-gravitomagnetic ratios”, because they parametrize the coupling between the spin vectors and the “apparent”
gravitomagnetic field

H, = : (g@DMS n g?PMS*), (2.13)

GM RxP

VIVER X TR

seen in the rest-frame of a moving particle (see, e.g., Refs. |20, 21] for a discussion of the expression of the “grav-
itomagnetic field” in the rest-frame of a moving body). The explicit expressions of these two gyro-gravitomagnetic
ratios are

1/19 3 1
ADM _ e R )2 :
gs _2+c2(8yp —|—2u(n p) (6+2u)r>, (2.14a)
3 1 5 3 1
ADM _ 2 2
Gg —§+C—2((—§+2u)p +Zu(n-p) —(5+2V);). (2.14b)

5 We introduce the following notation for the Euclidean mixed product of 3-vectors: (V1,Va,V3) = V1 - (Va2 x V3) = EijkaVQj V3k.



bREN14

In the following we shall introduce two related “effective” “gyro-gravitomagnetic ratios”, that enter the effective
EOB Hamiltonian (in effective coordinates). The label “ADM” on the gyro-gravitomagnetic ratios ([2I4)) is a reminder
of the fact that the NLO value of these ratios depend on the precise definition of the radial distance R (which is
coordinate dependent). Let us, however, briefly discuss the origin of the (coordinate-independent) LO values of these
ratios, namely

950 =2, g5 = g =2- % (2.15)
Here the basic ratio 2 which enters both g5 and g5© comes from the leading interaction, predicted by the Kerr
metric, between the orbital angular momentum of a test particle and the background spin. See Eq. ({17) below. As
for the —% “correction” in the coupling of the “test mass” spin combination S* it can be seen (e.g. from Eq. (3.6b)
of [22]) to come from the famous  factor in the Thomas precession (which is a universal, special relativistic effect,
separate from the effects which are specific to the gravitational interaction, see Egs. (3.2) and (3.3) in [22]).
To complete this Section, let us recall the remarkable form [found in Ref. [1], see Eq. (2.54) there] of the leading-
order spin-spin Hamiltonian Hys (including S%?, S3 as well as 155 terms). The unrescaled form of the spin-spin
Hamiltonian reads

vG ;i 1
while its rescaled version reads
. _ Hy(R,S
Hy(r,So) = Hy (R, So)
I
102 icia 1 1023(m-Sp)? — S
=5 @S =g E T 2.17)

The remarkable fact about this result is that it is entirely expressible in terms of the specific combination of spins
So = GM uSy defined as:

Sy=S+8" = (1+Z—j)sl+(1+@)32. (2.18)

ma

We shall come back below to the remarkable properties of the combination Sy, which will play a central role in our
EOB construction.

IIT. EFFECTIVE HAMILTONIAN AND “EFFECTIVE GYRO-GRAVITOMAGNETIC” RATIOS

We have obtained in the previous Section the expression of the full center-of-mass-frame Hamiltonian (2]), in PN-
expanded form. In order to transform this Hamiltonian into a format which can be resummed in a manner compatible
with previous work on the EOB formalism, we need to perform two operations on the Hamiltonian ([2I)). First, we
need to transform the phase-space coordinates (X, Pa,Ss) by a canonical transformation compatible with the one
used in previous EOB work. Second, we need to compute the effective Hamiltonian corresponding to the (canonically
transformed) real Hamiltonian (2.1]).

We start by performing the purely orbital canonical transformation which was found to be needed in Refs. [2, 4] to
go from the ADM coordinates (used in the PN-expanded dynamics) to the coordinates used in the EOB dynamics.
This orbital canonical transformation is (implicitly) given by

i iy 0Go(z,p") , o BGO(:v,p’)'

=X

op, ‘ oxt

Here the orbital generating function G(q,p’) has been derived to 2PN accuracy in [2], and to 3PN accuracy in |4]. In
the present paper, as we are only concerned with the additional spin-orbit terms, treated to 1PN fractional accuracy,
it is enough to work with the 1PN-accurate generating function G,(z,p’). In terms of the rescaled variables, the
rescaled 1PN-accurate orbital generating function reads

= Go(r,p
Go(r,p) G(T;L)



:é(r-p)(—%l/ﬁ—i—(l—i—%u)%). (32)

This transformation changes the phase-space variables from (r,p,S,S*) to (r’,p’,S,S*). At the linear order in the
transformation (which will be enough for our purpose), the effect of the transformation on any of the phase-space
variable, say y, is ¥’ = y+ {y, Go}, where {-, -} denotes the Poisson bracket. As G, is independent of time, it leaves the
Hamiltonian numerically invariant: H'(y’) = H(y). This means that it changes the functional form of the Hamiltonian
according to H'(y') = H(y' — {y,Go}) = H(y') — {H, G,}. Note the appearance of the opposite sign in front of the
Poisson bracket, with respect to the effect of the generating function on the phase-space variables.

As G, is of order 1/c?, its explicit effect on the two separate terms, H{% and Hyjq, in the PN expansion of the
spin-orbit Hamiltonian is given by:

H/So(rlvp/agag*) :HE%(rlvplvsvs*)v (333“)

Hll\rbfo(r o S S* )= NLO(rIaplagag*)
—{H:o, Go}(r', ', S, 8%). (3.3b)

It will be convenient in the following to further transform the phase-space variables by performing a secondary, purely
spin-dependent canonical transformation, affecting only the NLO spin-orbit terms. The associated new generating
function, Gs(r, p,S,S*) (assumed to be proportional to the spins and of order 1/¢*) will change the variables (y') =
(r',p’,S,8*) into (y") = (r",p”,S”,S"*) according to the general rule® y" =y’ 4+ {3/, Gs}. For the same reason as
above, the (first-order) effect of G5 on the functional form of the Hamiltonian will involve a Poisson bracket with the
opposite sign: H"(y") = H(y") — {H, Gs}.

We shall consider a generating function whose unrescaled form reads

G
G(R.P.S,S") = —— L R-P)RxP). (a(u) S + b(v) s*), (3.4)
R
while its rescaled form reads
= I Gs(R,P,S,S*)
Gy(r,p,S,S" )= —F——"—~
( ) GMp

1 (- - _
= C—4y( rp) (a(u)(S,n,p) —i—b(u)(S’*,n,p)). (3.5)
Here a(v) and b(v) are two arbitrary, v-dependent dimensionless coefficients.” Similarly to the result above, the
explicit effect of this new canonical transformation on the two separate terms, H{{S and H{o, in the PN expansion
of the spin-orbit Hamiltonian reads:

H/IsO( I/7 p/l, SI/, SII*) HIsO( I/7 p/l, SI/, SII*)7 (363)
H{\?ioo( I/7 p/I, SI/, SII*) — H{\]bfo( ,p SI/ S/I*)
- {HoNu és}(rnu p”7 Slla S/I*)u (36b)

where HoN is the Newtonian orbital Hamiltonian. In the following, we shall, for simplicity of notation, omit the
double primes on the new phase-space variables (and on the corresponding Hamiltonian).

The second operation we need to do is to connect the “real” Hamiltonian H to the “effective” one Heg, which is more
closely linked to the description of the EOB quasi-geodesic dynamics. The relation between the two Hamiltonians is
quite simple |2, 4]:

Heg  H? —m3ct — mict

_ 3.7
2 2mimact ’ (3.7)

6 Note that while G did not affect the spin variables, the spin-dependent generating function Gs will now affect them.
7 The coefficients a(v) and b(v) can be thought of as being two “gauge” parameters, related to the arbitrariness in choosing a spin-
supplementary condition, and in defining a local frame to measure the spin vectors.



where we recall that the real Hamiltonian H contains the rest-mass contribution Mc? = (m; + ma)c?. Let us also
note that Eq. 87 is equivalent to
H HNR 1 HNR 2
C PG IC e (38)
ue ue 2 pcc

where HNE denotes the “non relativistic” part of the total Hamiltonian H, i.e., HN? = H — M¢c?, or more explicitly

H. H. H.
NR olPN 02PN 03PN
H = (HON + c2 + ct + e )
Hiy NLO
+( > + o ) (3.9)

By expanding (in powers of 1/c? and in powers of the spins) the exact effective Hamiltonian (3.7, one easily finds
that the “spin-orbit part” of the effective Hamiltonian Hegs (i.e. the part which is linear-in-spin) differs from the
corresponding part Hy, in the “real” Hamiltonian by a factor ~ 1 +vHNR/c? ~ 1 + vHx/c?, so that we get, for the
explicit PN expansion of H,
HS 1 . 1/ A
St - o+ _4( s0 4 uﬂoNﬂi%). (3.10)
I c c
Combining this result with the effect of the two generating functions discussed above (and omitting, as we already
said, the double primes on the new phase-space variables (r”,p”,S”,S"*)), we get the transformed spin-orbit part of
the effective Hamiltonian in the form
Hg v ffQ f G
f:w(nxp%(ggS—l—g%*S ). (3.11)
which corresponds to the following unrescaled form (with L = R x P):

S0 G L eff eff g*

Here the two “effective gyro-gravitomagnetic” ratios ggﬂ and ggff differ from the “ADM?” ones introduced above by
three effects: (i) a factor ~ 1+ vHNR /2 ~ 1+ vHon /¢ due to the transformation from H to Heg, (ii) the effect of
the orbital generating function G, going from ADM to EOB coordinates, and (iii) the effect of the spin-dependent
generating function Gg, which involves the gauge parameters a(v) and b(v). Their explicit expressions are then found
to read

g =2+ c%((gy + a(l/))p2 — (gu + 3a(u)) (n-p)? - %(u + a(u))), (3.13a)
gow = g + ci2<( - g + %V + b(u))p2 - (%V + 3b(u)) (n-p)? — %(% + ZV + b(u))) (3.13b)

The choice of the two “gauge” parameters a(v) and b(v) is arbitrary, and physical results should not depend on
them.® This would be the case if we were dealing with the exact Hamiltonian. However, as we work only with an
approximation to the exact Hamiltonian, there will remain some (weak) dependence of our results on the choice of
a(v) and b(v). We can use this dependence to try to simplify, and/or to render more accurate, the spin-orbit effects
implied by the above expressions. In particular, we shall focus in this paper on a special simplifying choice of these
gauge parameters: namely, the values

alv)=—=v, bv)==—-v, (3.14)

which suppress the dependence of the effective gyro-gravitomagnetic ratios on p?. With this particular choice, the
explicit expressions of these ratios become

8 Note in particular that the gyro-gravitomagnetic ratios do not depend on a(v) and b(r) when considering circular orbits, i.e. when
p?=1/r and (n-p)=0.
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eff _ n 2
9s _2+C_2(_§V( p) _§V;>7 (315a)
3 1 15 9 9 311
eff _ < . 2
Is= =75 02< (8 4”)(“ p) (8 4”)r>' (8-15D)

IV. SPIN-DEPENDENT EFFECTIVE-ONE-BODY HAMILTONIAN

Up to now we only considered PN-expanded results. In this Section, we shall generalize the approach of [1] in
incorporating, in a resummed way, the spin-dependent effects within the EOB approach. Let us first recall that the
approach of [1] consists in combining three different ingredients:

e a generalized Hamilton-Jacobi equation involving higher powers of the momenta (as is necessary at the 3PN
accuracy [4]);

e a v-deformed Kerr-type metric g;lf? , which depends on the choice of some basic “effective spin vector” Sig;

e the possible consideration of an additional spin-orbit interaction term AHg,(r, p, So, o) in the effective Hamil-
tonian, whose aim is to complete the spin-dependent interaction incorporated in the definition of the Hamilton-
Jacobi equation based on a certain choice of “effective spin vector” S’g.

At the LO in spin-orbit and spin-spin interactions, Ref. [1] showed that one had the choice between two possibilities:

(i) use as effective spin vector the combination S+ %S* which correctly describes the LO spin-orbit effects, but only
approximately describes the LO spin-spin effects;” or

(ii) use as effective spin vector the combination

sozs+s*:(1+2—j)sl+(1+%)s% (4.1)

which correctly describes the full LO spin-spin interaction (see (2.I1) above), and complete the description of the LO
spin-orbit effects by adding a term AHg(r, p, So, o) involving a suitably defined spin combination o. (At LO, Ref.
[1] defined o© = —18*))

Intuitively speaking, the second possibility consists in considering that the “effective particle” is endowed not only
with a mass p, but also with a “spin” proportional to o, so that it interacts with the “effective background spacetime”
both via a geodesic-type interaction (described by the generalized Hamilton-Jacobi equation), and via an additional
spin-dependent interaction proportional to its spin « o.

At the present, NLO approximation, where it is crucial to accurately describe the spin-orbit interaction, as well as,
by consistency, the LO spin-spin ones, we have chosen to follow the second possibility, which offers more flexibility,
and which looks natural in view of the remarkably simple LO result (ZI7) for the spin-spin interaction (see, however,
the suggestion at the end of the concluding Section 6).

Therefore we shall successively introduce the ingredients needed to define

e the Hamilton-Jacobi equation (describing the basic “geodesic-type” part of the effective Hamiltonian);

e the effective, v-deformed Kerr-type metric ggf_f ;

e the “effective spin vector” Si; entering the previous Kerr-type metric;

e the additional spin-orbit interaction AHyg,(r, p, So, o) involving a new, specific NLO spin combination o

The modified Hamilton-Jacobi equation [4] is of the form

982 PPy + Qu(P) = —p2c?, (4.2)

9 One can then correct for the missing terms by adding an explicit supplementary term in the Hamiltonian, quadratic in the spins.



where Q4(F;) is a quartic-in-momenta term (which only depends on the space momentum components P;). For
circular orbits Q4(F;) will be zero (see |1, 4]), so that we will not need its explicit expression in the present paper.

The role of the Hamilton-Jacobi equation above is to allow one to compute the main part (modulo the additional
spin-orbit interaction added later) of the effective Hamiltonian H, é‘gfai“ = Feg = —Pyc by solving ([£.2) with respect to
Py. The result can be written as

HE™ = Eop = B'Pic+ acy/u2c + 79 PP + Qu(P), (4.3)

where we have introduced the auxiliary notation

00\—1/2 i goigf i i goﬁfgoé

— — — P 1

a=(—giH) 2, 6’:9%, Y=gk — cgooe : (4.4)
eff eff

The next crucial ingredient consists in defining the (spin-dependent) effective metric entering the Hamilton-Jacobi
equation, and thereby the effective Hamiltonian ([@3]). We shall follow here Ref. [1] in employing an effective co-metric
of the form (here P; = cFp)

o 1
SR PoPs = e (Sn PR+ P
P2
.92 _t
+ sin29(P¢+asm 0 p )
1 9 o P 2
D) ((R +a )?+aP¢) ), (4.5)
where the functions A; and Ag are defined as
2 a’
A«(R) = R?P" [A(R) + ﬁ}, (4.62)
Ar(R) = Ay(R)DY(R), (4.6b)

and where the Kerr-like parameter a is defined as a = Seg/(Mc), where Seg denotes the modulus of the “effective
spin vector” Siy entering the definition of the Kerr-like metric above. We shall come back below to the choice of this
vector Sig (which is one of the ingredients in the definition of a spin-dependent EOB formalism). In Eq. (£6a) P
denotes the operation of taking the (n,m)-Padé approximant,'® and the PN expansions of the metric coefficients A
and D~ equal (here & = GM/(Rc?))

4 41
A(G) =1 — 20+ 2vi® + (% - ﬁﬁ)ya‘*, (4.7a)
D7 H(a) = 1+ 6va® + 2(26 — 3v)va’. (4.7b)

For pedagogical clarity, we have given above the expression of the effective EOB metric in a Boyer-Lindquist-type
coordinate system aligned with the instantaneous direction of the (time-dependent) effective spin vector S’éﬂ. This
expression will suffice in the present paper where we will only consider situations where the spin vectors are aligned
with the orbital angular momentum, so that they are fixed in space. As emphasized in [1], when applying the EOB
formalism to more general situations (non aligned spins) one must rewrite the effective co-metric components in a
“fixed” Cartesian-like coordinate system. This is done by introducing

%
Seff
SCH' ’

p =V R?+ a?cos?0, (4.8)

z'/R, s'= cosf =n's",

S
Il

10" Let us recall that the (n, m)-Padé approximant of a function co +cru+cou? +- - -+ cppmu™t™ is equal to Ny, (u)/Dm (u), where Ny, (u)
and Dy, (u) are polynomials in u of degrees n and m, respectively.
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and rewriting the co-metric components as

00 (R? + a?)? — a?A;(R)sin® 0

et = — p2 At(R) ) (49&)
i a(R? 4+ a® — Ay(R i
Jeir = — ( 2 At(R)t( ) (s xR), (4.9b)
g = %(AR(R)ninj + R%*(6% — ninj))
a? - ;
— m(s X R)Z(S X R)J (49C)
Making use of Egs. ([49) one computes
A(R)
_ , 4.10
“ p\/(R2 +a?)? — a2A(R) sin? 0 (4.10a)
- a(R? 4+ a® — Ay(R)) ;
i R), 4.10b
b (R2 4 a?)? — a2A;(R) sin 0 (sxR) ( )
- - 37
W =g+ B2 (4.100)

Replacing the latter expressions in the general form of the effective energy (£3)) yields the most general form of the
main part of the effective Hamiltonian H%M" (x, P, S,).

The definition of H%"(x,P,S,) crucially depends on the choice of effective Kerr-type spin vector. In order to
automatically incorporate, in a correct manner, the LO spin-spin terms, we shall use here

Mcazseﬁzsozs+s*=(1+@)sl+(1+@)sg. (4.11)
mq mo

Note that, besides its usefulness in treating spin-spin effects, this definition has several nice features. For example, if
we introduce the Kerr parameters of the individual black holes, a; = S1/(Mc¢), ag = So/(Mc), the Kerr parameter
ag = So/(Mc) (where we naturally take mg = M = m; 4+ msz) associated to the spin combination (41 is simply

ap = aj + as. (412)

Let us also note that the corresponding dimensionless spin parameters (with, again, mg = M = mq + ma)

A cS; .
4= Fg I= 0,1,2, (4.13)
satisty
ap = X141 + Xoas, (4.14)

where X7 = my/M and Xy = mo/M are the two dimensionless mass ratios (with X7 + X3 = 1 and X1 X5 = v).
This last result shows that, in a-space, the “point” ag is on the straight-line segment joining the two “points” a; and
as. The individual Kerr bounds tell us that each point a; and as is contained within the unit Euclidean sphere. By
convexity of the unit ball, we conclude that the “effective” dimensionles spin parameter ay will also automatically
satisfy the Kerr bound |ag| < 1. This is a nice consistency feature of the definition of the associated Kerr-type metric.

It remains to define the additional “test-spin” vector o, and the associated additional effective spin-orbit interaction
term. Following the logic of [1] (and generalizing the LO results given in Eqs. (2.56)—(2.58) there), these quantities
are defined by

L o L o
= _¢g3¢'S+ —ge.ST — S,
T =595 +2gs ft

1 :
(95" —2)S + 5 (957 - 2)s7, (4.15)

N~

and
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R? + a2 — Ay(R) (P,o,R)

AHg(x,P,So,0) = )
(P80 0) = o2 A () 0y M

(4.16)

where ag = Sp/(Mc) and cos 0y = n'S§/|So|. The justification for these definitions is that the “main” Hamilton-Jacobi
part of the effective Hamiltonian contains, as spin-orbit (i.e. linear-in-spin) part, the following term

H;gain eff — CPZ' (61)

linear-in-spin

:cP( R2+a(%_At(R)
“\(R? 4 a2)? — a2A:(R) sin® 6,

(ag x R)i)

linear-in-spin

2GM ;
- Fpi(ao x R)" + (NNLO corrections)
c
_oGL S NNLO i 4
= 20—2ﬁ -So+ ( corrections), (4.17)

where the factor 2GM comes from the second term in the PN expansion of Ay (R) = R? — 2GMR/c* +
2v(GM)3/(R %) + (quadratic-in-spin terms). Note that the absence of ¢ correction in the effective metric function
A(R) means that the leading term oc 2GM in the spin-orbit part of H™a" is valid both to LO and to NLO, i.e., up
to “next to next to leading order” (NNLO).

When comparing this result to the NLO result (812), we see that the “main” part of the effective Hamiltonian
contains a spin-orbit piece which is equivalent to having effective gyro-gravitomagnetic ratios equal to g3ain off — 9
and ggl?i“ ff — 9 instead of the correct values derived above. One then easily checks that the definition above of o
and of the associated supplementary spin-orbit interaction AHy,(x, P, So, o) has the effect of including the full result
for the NLO spin-orbit interaction. It is also to be noted that the additional spin-orbit interaction AHg, goes to zero
proportionally to v in the test mass limit ms — 0 because, on the one hand, g&f — 2 is proportional to v (if a(v) is),
and, on the other hand, though gg‘cf — 2 does not tend to zero with v, the second spin combination S* does tend to
zero proportionally to v [see Egs. (B2) below].

Summarizing: we propose to define a total effective spin-dependent Hamiltonian of the form

Heg(x,P,S1,S:) = H%"(x,P,So) + AHy, (x, P, S, o), (4.18)

where H21(x, P, Sp) is given by the right-hand side of Eq. (Z3]) computed for the effective spin variable equal to Sg
[defined in Eq. (@I)] and where AHg(x,P,So,0) is the additional spin-orbit interaction term defined above [with
ag = So/(Mc)).

Finally, the real EOB-improved Hamiltonian (by contrast to the “effective” one) is defined by solving Eq. (371) with
respect t0 Hyeal = HVR + Mc?:

H.
Hreal :MC2\/1+2V( ;f _1)7 (419)
e

where Heg is given in Eq. (AI8).

V. DYNAMICS OF CIRCULAR ORBITS

In this Section we shall apply the construction of the NLO spin-dependent EOB Hamiltonian to the study of the
dynamics of circular orbits of binary black hole systems.

Besides the dimensionless spin parameters a; and as already introduced above, it is convenient to introduce the
dimensionless spin variables corresponding to the basic spin combinations S and S*, namely

cS s cS*
e TG

a

(5.1)

Let us note in passing the various links between the dimensionless spin parameters that one can define [including
ap = ¢So/(GM?) already introduced above],

a= X%él + X222?12, a* = va; + vas, (52&)
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ap=a+a" = Xa; + Xoa,. (5.2b)

Here as above we use the mass ratios X; = my/M, Xa = ma/M such that X; + Xo = 1 and X1 X3 = v. Let
us note that for equal-mass binaries (m; = mo, X; = X5 = %), with arbitrary (possibly unequal) spins, one has
a=a*= %(él +ap) = %éo. Note also that, in the test-mass limit, say my > mso so that X; — 1 and X5 — 0, one

has
a=ay =a, a" =0. (5.3)

In the general case where the spin vectors are not aligned with the (rescaled) orbital angular momentum vector!?
2

£=rnxp, (5.4)

there exist no circular orbits. However, there exist (at least to a good approximation) some “spherical orbits”, i.e.
orbits that keep a constant value of the modulus of the radius vector r, though they do not stay within one fixed
plane. As discussed in [1] one can analytically study these spherical orbits within the EOB approach, and discuss, in
particular, the characteristics of the last stable spherical orbit.

For simplicity, we shall restrict ourselves here to the situation where both individual spins are parallel (or antiparal-
lel) to the orbital angular momentum vector £. In that case, we can consistently set everywhere the radial momentum
to zero, p, =n-p = 0, and express the (real) EOB Hamiltonian as a function of 7, £ = p,, (using p? = ¢%/r?, where
¢ = |£|), and of the two scalars @, a* measuring the projections of our basic spin combinations on the direction of the
orbital angular momentum £. They are such that

a-L=al, a*-L=a"l. (5.5)

The scalars @ and a* can be either positive or negative, depending on whether, say, a is parallel or antiparallel to £.
The sequence of circular (equatorial) orbits is then determined by the constraint

aHreal(ru Zu du d*)
or

Then, the angular velocity along each circular orbit is given by

= 0. (5.6)

1 OHyeal(r, £, a,a*)

& GMpu ot

(5.7)

As mentioned above, we have chosen the special values a(v) = —2v, b(v) =

simplify the expression of the Hamiltonian. ;

In Figs. 1-4 we explore several aspects of the dynamics of circular orbits, using as basic diagnostic the relation
between the energy and the angular velocity along the sequence of circular orbits (“binding energy curve”). More
precisely, we plot the dimensionless “non relativistic” energy

%V of the two gauge parameters, to

oojut

Hrcal
= -1 5.8
=M T (5:8)
as a function of the dimensionless angular velocity:
~  GM
Q= 3 Q. (5.9)

For simplicity, we shall restrict most of our studies to symmetric binary systems, i.e. systems with m; = mo and
a1 = az. For such systems the dimensionless effective spin parameter is Gg = @1 = as. The information contained in
these figures deals with the following aspects of the description of the dynamics:

e As a warm up, and a reminder, Fig. 1 considers the case of non-spinning binaries (i.e. ao = 0). This figure
contrasts the behaviour of the successive PN versions of the EOB dynamics, with that of the successive PN
versions of the non-resummed, “Taylor-expanded” Hamiltonian. The numbers 1,2,3 refer to 1PN, 2PN, and

L Tn the following, we switch again to the use of scaled variables: r = R/(GM), £ = L/(GMu), and p = P/p.
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FIG. 1: Binding energy curves for circular orbits of symmetric non-spinning binaries (mi = m2 and &; = &2 = 0): dimensionless
“non relativistic” energy e versus dimensionless angular frequency 1. The notation E(n, x) means computation of the energy
using the EOB-improved real Hamiltonian ([@I9) with the nPN-accurate metric function A;(R); the function A¢(R) was
computed by means of Eq. ({6al) using the (1,n) Padé approximant at the nPN order. Here n = 1,2, 3,4, where n = 4 refers
to the “4PN” case where a term +asv4® is added to the function A(@). For the curves labelled by T(n, *) the computation was
done with the direct PN-expanded (ADM-coordinates) orbital Hamiltonian (2.2)) with the terms up to the nPN order included.

3PN, while the letter “E” refers to “EOB” and the letter “T” refers to “Taylor”. For instance, E(3, %) refers

to the e(Q) binding energy curve computed with the 3PN-accurate EOB Hamiltonian. [The star in E(3, )
replaces the label we shall use below to distinguish LO versus NLO treatment of spin-orbit effects. In the
present non-spinning case we are insensitive to this distinction.] To be precise, the notation E(n, ) refers to
a computation of the circular orbits using the Go — 0 limit'? of the EOB-improved real Hamiltonian (Z19)
with the nPN-accurate metric function A;(R); where A;(R) was computed by means of Eq. (6h) using the
following Padé approximants: (1,1) at the 1PN order, (1,2) at the 2PN order, and (1,3) at the 3PN order. As
for the Taylor-based approximants to the binding energy curve, T(n, ), they were computed by using as basic
Hamiltonian (to define the dynamics) the nPN-accurate Taylor-expanded Hamiltonian, in ADM coordinates,
([Z2), without doing any later PN re-expansion.'?

It is interesting to note that the successive PN-approximated EOB binding energy curves are stacked in a
monotonically decreasing fashion, when increasing the PN accuracy, and all admit a minimum at some value of
the orbital frequency. This minimum corresponds to the last stable circular orbit (see below). The monotonic
stacking of the EOB energy curves therefore implies that a higher PN accuracy predicts circular orbits which
are more bound, and can reach higher orbital frequencies. Let us note in this respect that recent comparisons
between EOB and numerical relativity data have found the need to add a positive 4PN additional term +asva°
in the basic EOB radial potential A(%) of Eq. (£7a) above, with as somewhere between +10 and +80 |7, 8, (9, 10].
Though we do not know yet what is the “real” value of the 4PN coefficient a5 we have included in Fig. 1 two
illustrative'® values of this “4PN” orbital parameter, namely as = +25 and a5 = +60. Note that the effect of
such positive values of a5 is to push the last few circular orbits towards more bound, higher orbital frequency
orbits. This effect will compound itself with the effects of spin explored below, and should be kept in mind when
looking at our other plots.

By contrast with the “tame” and monotonic behaviour of successive EOB approximants, we see on Fig. 1 that

12 Note that the Go — 0 limit of the Padé resummation of some dg-dependent metric coefficient is not necessarily the same as the Padé
approximant one might normally consider in the non-spinning case.

13 As is well-known there are always many non-equivalent ways of defining any “nPN” result, depending of where, and how, in the
calculation one is replacing a function by a PN-expanded polynomial. For instance, one could PN re-expand the function giving the
energy e in terms of the orbital frequency Q, or the function giving e in terms of the orbital angular momentum L (see Ref. [4] for
the computation of several such functions in the non-spinning case). However, we are ultimately interested (for gravitational-wave
purposes) in defining a complete dynamics for coalescing spinning binaries. Therefore, we focus here on the results predicted by
Hamiltonian functions H(z,p,--).

14 These two values of the 4PN parameter a5 were found in Refs. [7,[9] to be representative of the values of a5 that improve the agreement
between EOB waveforms and numerical relativity ones.
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FIG. 2: Binding energy curves for circular orbits of symmetric parallely spinning binaries (m1 = m2 and &1 = &2 < r X p):
dimensionless energy e versus dimensionless angular frequency Q along circular orbits for various values of the dimensionless
effective spin parameter o = ¢So/(GM?) = a1 = G2 within the effective-one-body approach. The label E(3,1) means that
we use the EOB Hamiltonian with 3PN-accurate orbital effects and NLO spin-orbit coupling, i.e. Eq. (£15]) was used with the
NLO gyro-gravitomagnetic ratios g&f and g%, Eqgs. (3I3).

the successive Taylor-Hamiltonian approximants T(n, x) have a more erratic behaviour. Note in particular, that
the 3PN-accurate energy curve does not admit any minimum as the orbital frequency increases (in other words,
there is no “last” stable circular orbit). In view of this bad behaviour of the 3PN-accurate orbital Taylor-
Hamiltonian, we shall not consider anymore in the following figures the predictions coming from such Taylor
Hamiltonians.'®

e In Fig. 2 we study the effect of changing the amount of spin on the black holes of our binary system. We use
here our new, NLO spin-orbit EOB Hamiltonian, as indicated by the notation E(3,1), where the first label, 3,
refers to the 3PN accuracy, and the second label, 1, to the 1PN fractional accuracy of the spin-orbit terms (i.e.,
the NLO accuracy). Note that the EOB binding energy curves are stacked in a monotonically decreasing way
as the dimensionless effective spin dg increases from o = —1 (maximal spins antiparallel to the orbital angular
momentum) to dp = +1 (maximal spins parallel to the orbital angular momentum). Note also that this curve
confirms the finding of [1] that parallel spins lead to the possibility of closer and more bound circular orbits.

e Fig. 3 contrasts the effect of using the NLO spin-orbit interaction instead of the LO one in the EOB Hamiltonian.
We use the full 3PN accuracy, and include the LO spin-spin interaction. E(3,0) denotes a result obtained with the
3PN-accurate EOB Hamiltonian using the LO (or 0PN-accurate) spin-orbit terms, while E(3,1) uses the 3PN-
accurate EOB Hamiltonian with NLO (1PN-accurate) spin-orbit terms. Each panel in the Figure corresponds
to a specific value of the dimensionless effective spin ag. To guide the eye we use in all our figures a solid line
to denote our “best” description, i.e. the 3PN-NLO EOB E(3,1). Note that the addition of the NLO effects
in the spin-orbit interaction has the clear effect of moderating the influence of the spins (especially for positive
spins). While the binding energy curves using the LO spin-orbit effects tend to abruptly dive down towards
very negative energies when the spins are large and positive,'® the corresponding NLO curves have a much more
moderate behaviour.

Among the binding energy curves shown above, all the EOB ones (at least when the effective spin is not too

large and positive), and some of the Taylor ones, admit a minimum for a certain value of the orbital frequency Q.
This minimum corresponds to an inflection point in the corresponding (EOB or Taylor) Hamiltonian considered as a

15 Tndeed, in the physically most important case of parallel (rather than anti-parallel) spins, the spin-orbit coupling will be repulsive (like
the effect of a positive as), and will tend to reinforce the “bad” behaviour of the 3PN orbital Taylor Hamiltonian (i.e. the absence of
any last stable orbit).

16 As discussed in Section 3C of Ref. |1], this is due to the then repulsive character of the spin-orbit (and spin-spin) interaction.
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FIG. 3: Energy e versus angular frequency Q along circular orbits for various values of the parameter o, as predicted by the
EOB Hamiltonian. We have assumed m1 = ma2, a1 = a2, and 0y = w/2. As before E(n, s) refers to an EOB Hamiltonian, with
nPN accuracy in the orbital terms, and an accuracy in the spin-orbit coupling equal to the LO one if s = 0, and the NLO one
if s = 1. In all cases, we include the full LO spin-spin coupling.

function of r. In other words, the minimum is the solution of the two equations'”
aI?[lreal 62Hreal
—— =0, ———=0. 5.10
or ’ or? ( )

17 Note in passing that, in the EOB case, the two Eqs. (510) are equivalent to the two similar equations involving the effective Hamiltonian:
OHog/Or = 0, 02 Hog /Or% = 0.
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TABLE I: LSO parameters for symmetric binary systems (with mi1 = meo and a1 = G2 = o) for the 3PN-NLO EOB
Hamiltonian E(3,1).

d() e Q

—1.00 —0.01039 0.04473

—0.75 —0.01143 0.05139

—0.50 —0.01270 0.05989

—0.25 —0.01437 0.07143
0.00 —0.01670 0.08822
0.25 —0.02026 0.11521
0.50 —0.02660 0.16444
0.75 —0.03701 0.23249
1.00 —0.03826 0.22210

The solutions of these two simultaneous equations correspond to what we shall call here the Last Stable (circular) Orbit
(LSO).'® Several methods have been considered in the literature |4, 23] for using PN-expanded results to estimate
the characteristics of the LSO. One of these methods consists in considering the minima in the Taylor expansion of
the function e(£2). These minima (called “Innermost Circular Orbit” (ICO) in Refs. |15, [23], where they were used to
estimate the LSO of spinning binaries) differ from the minima in the Taylor energy curves considered in Fig. 1 above,
which were based on using a Taylor-expanded Hamiltonian. The advantage of consistently working (as we do here)
within a Hamiltonian formalism is that we are guaranteed that the minima in the corresponding energy curves, when
they exist, do correspond to a Last Stable orbit (and an associated inflection point) for some well-defined underlying
dynamics. By contrast the dynamical meaning (if any) of a minimum of the Taylor-expanded function eT»1°r(Q) is
unclear. Anyway, as we saw above that the 3PN-accurate Taylor-expanded orbital Hamiltonian does not admit any
Last Stable Orbit, we have not plotted in Fig. 4 the Taylor-based predictions for spinning binaries because they do
not seem to lead to reasonable results.

Concerning the dynamical meaning of the LSO, let us recall that it had been analytically predicted in [3] (and con-
firmed in recent numerical simulations |11]) that the transition between inspiral and plunge is smooth and progressive,
so that the passage through the LSO is blurred. In spite of the inherent “fuzziness” in the definition of the LSO, it
is still interesting to delineate its dynamical characteristics because they strongly influence some of the gross features
of the GW signal emitted by coalescing binaries (such as the total emitted energy, and the frequency of maximal
emission).

Let us comment on the results of our study of the characteristics of LSO’s:

e In Fig. 4 we plot the LSO binding energy, predicted by the EOB approach, as a function of the dimensionless
effective spin parameter ao. We contrast LO spin-orbit versus NLO spin-orbit (1 versus 0). We use 3PN
accuracy (for the orbital effects) in all cases, and always include the LO spin-spin interaction. The upper panel
shows that the use of LO spin-orbit interactions leads to dramatically negative LSO binding energies when
the spins become moderately large. [The middle panel is a close-up of the upper one, and focuses on spins
ap < 40.2.] We find that the 3PN-LO EOB Hamiltonian E(3,0) admits an LSO only up to spins as large as:
ap < +0.9. However, as first found in [1], spin effects become dramatically (and suspiciously) large already
when ag > +0.5. By contrast, as we found above, the inclusion of NLO spin-orbit interactions has the effect
of moderating the dynamical influence of high (positive) spins. The bottom panel focusses on our “best bet”
3PN-NLO Hamiltonian E(3,1).

As mentioned above, Ref. |15] has considered, instead of the Taylor-Hamiltonian LSO, the minimum of the
Taylor-expanded function e™1°1(Q) (or “ICO”). For the two cases dg = —1, 0 (corresponding to their x; = —1,0),
they found, in the 3PN-NLO case, energy minima equal to ¢ = Eico/m = —0.0116, —0.0193 for corresponding
orbital frequencies Q = mwico = 0.059,0.129. These numerical values should be compared with the numerical
values we quote in Table I below. On the other hand, for the large and parallel spin case g = +1 Ref. [15] found
that the Taylor-expanded function eTaylor(Q) has no minimum. Finally, note that the qualitative shape of the
curve giving the (EOB) LSO energy as a function of the spin parameters dg is similar both to the corresponding

18 As we recalled above, spinning binaries admit, in general, only spherical orbits, rather than circular ones. Reference [1] studied the
binding energies of the Last Stable Spherical Orbits (LSSO). Here, however, we restrict ourselves to the parallel spin, where it makes
sense to study circular, equatorial orbits.
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FIG. 4: Binding energy of the Last Stable (circular) Orbit (LSO) predicted by the EOB approach. We study the effect of
including NLO spin-orbit terms by contrasting the LO and NLO predictions. We plot the dimensionless energy erso of the
LSO versus ao. We have assumed m1 = ma, a1 = a2, and 0y = 7/2. For E(3,0) a LSO exists up to ao < +0.9.

curve for a spinless test-particle in a Kerr background (see, e.g., Fig. 7 below), and to the curve giving the LSO
energy of a spinning test particle in a Kerr background, as a function of the test spin (see Fig. 4 in Ref. |24]).

To complement the information displayed in Figs. 1-4, we give in Table I the numerical values of the main LSO
characteristics (binding energy and orbital frequency) for our “best bet” Hamiltonian, namely the 3PN-NLO EOB
one E(3,1).

In Figs. 5 and 6 we study the effective-spin-dependence of another LSO-related physical quantity of relevance for
the dynamics of coalescing binaries: the total (orbital plus spin) angular momentum of the binary when it reaches
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FIG. 5: The dimensionless total angular momentum Kerr parameter a&so, Eq. (513), at the LSO, versus do. We have assumed
my = ma, a1 = az, and Oy = w/2. The parameter &Ijso is computed from Eq. (EDBJ) with 3LSO = ZLSO +a1+as = éLSO + 2ag.
We compare the various EOB predictions obtained either by improving the accuracy of spin-orbit terms [E(3, 1) versus E(3,0)],
or by improving the accuracy of orbital terms [E(4,1) versus E(3,1)]. We use two representative values of the 4PN parameter
as = +25 and as = 4+60. For comparison, we also include a fit to recent numerical estimates of the final Kerr parameter of the
black hole resulting from the coalescence of the two constituent black holes.

the LSO [i.e., at the end of the (approximately) adiabatic inspiral, just before the plunge],
J=L+S;+8S,. (5.11)

In terms of rescaled dimensionless variables, this becomes

§= J=tb+ m—al—i-%ég, (5.12)

where £ = c£. Actually, the most relevant quantity is the dimensionless Kerr parameter associated to the total LSO
mass-energy and the total LSO angular momentum, i.e., the value at the LSO of the ratio

. cJ -y J
GY(I{rcal/Cz)2 (I{mal/(]\4cz))2 7

(5.13)

ajy =

where j is the modulus of j

e In Fig. 5 we contrast the dependence of d%so on the dimensionless effective spin parameter ag for several EOB
models: the two 3PN-accurate ones [E(3, 0) using LO-accurate spin-orbit, and E(3, 1) using NLO-accurate spin-
orbit], and two illustrative [7, 9] “4PN-accurate” NLO-spin-orbit models E(4,1) (using either as = +25 or
as = +60, as in Fig. 1). [Here, we are still considering fully symmetric systems with m; = mo and a1 = ag,
so that Go = a1 = G2.] Again we see the moderating influence of NLO corrections. The EOB-LO curve E(3,0)
exhibits a sudden drop down (pointed out in [1]) before rising up again (and disappearing at do = +0.9 when
the LSO ceases to exist). By contrast, the NLO curve E(3,1) exhibits a much more regular dependence on ao,
which is roughly linear over the entire range of values —1 < Gy < 1. The two illustrative E(4, 1) curves exhibit
a “mixed” behaviour where a “drop” similar to the one featuring in the LO curve is still present, though it is
moderated by NLO spin-orbit effects. This sensitivity to the inclusion of a 4PN contribution in A(%) is due to a
delicate interplay between the modified shape of the basic spin-independent “radial potential” A(#,as) and the
use of a (1,4) Padé resummation of the “effective spin-dependent radial potential” A;(R), Eq. ([@6al). Indeed,
the additional contributions proportional to a5 and a? are both repulsive , and tend to compound their effect,
which is to push the LSO toward closer, more bound orbits [1].

We have also indicated in Fig. 5 the final (i.e., after coalescence) dimensionless Kerr parameter of (symmetric)
spinning binaries, as obtained in recent numerical simulations |26, 127, 128, 129]. For simplicity, we have shown the
simple analytic fit proposed in |28]. The fact that the 3PN-NLO-accurate EOB LSO Kerr parameter [E(3,1)]
is systematically above the final Kerr parameter is in good agreement with the fact that, after reaching the
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FIG. 6: The dimensionless total angular momentum Kerr parameter a5°° at the E(3,1) LSO versus as for various values of the
parameter a;. Here we consider spin-dissymmetric systems with a1 # a2 (but still m1 = mg and 6o = 7/2). The parameter
d%so is computed from Eq. (5I3]) with 3LSO = {150 + a1 + as2.
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FIG. 7: Comparison of the test-mass limit m2 ~ u — 0 (with fixed az; so that Sz /m2 — 0) for two Hamiltonians. We consider
the specific “non relativistic” binding energy érso = erLso/v = (Frso — Mcz)/(,ucz) at the LSO versus ag. The solid curve is
the result of taking the test-mass limit of the EOB Hamiltonian, while the short-dashed curve is the result for a test particle
moving in the Kerr spacetime.

LSO, the system will still loose a significant amount of angular momentum'® during the plunge and the merger-
plus-ringdown. In the case of non-spinning binaries, it has been shown that, by using the EOB formalism up
to the end of the process [i.e., by taking into account the losses of J and E during plunge, as well as during
merger-plus-ringdown], there was a good agreement (better than ~ 2%) between EOB and numerical relativity
for the final spin parameter [12]. We hope that the same type of agreement will hold also in the case of spinning
binaries considered here.

e In Fig. 6 we plot the LSO dimensionless Kerr parameter of Eq. (513) for spin-dissymmetric systems, namely
a1 # as (but with m; = ms), computed with the 3PN-NLO EOB Hamiltonian model E(3,1). This plot
illustrates that the LSO spin parameter is a smooth (and essentially linear) function of the two individual spins.

e Finally, we compare in Fig. 7 the spinless test particle limit [i.e., ma — 0, together with ay = S3/(mac) — 0, as
appropriate to black holes for which & < 1] for two Hamiltonians: the 3PN-NLO EOB one E(3, 1), and the exact

19 We use here the fact (found in numerical calculations, and implied by the analytical EOB approach), that, fractionally speaking, the
angular momentum loss after the LSO is significantly higher than the corresponding energy loss.
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one, as known from the geodesic action of a spinless test particle in the Kerr metric. For non-spinning systems
the EOB Hamiltonian is constructed so as to reduce to the exact Schwarzschild-derived one in the test-particle
limit. However, for spinning systems, we have chosen in Eq. ([@.6al) to define the crucial metric coefficient A;(R)
by Padé-resumming the sum of A(R;v)+a?/R?. This Padé-resummation is indeed useful for generally ensuring,
for comparable mass systems, that A;(R) have a simple zero at some “effective horizon” ry. However, in the
test-mass limit v — 0, while the Taylor-approximant to A(R;v) + a?/R? would coincide with the exact Kerr
answer, the Padé-resummed version of A(R;v) + a?/R? differs from it. We see, however, on Fig. 7 that the
resulting difference has a very small effect on the LSO energy per unit () mass, except when the dimensionless
effective spin ag is very close to +1. On the other hand, as we saw above when discussing Fig. 5, the issue of
the Padé resummation of A;(R) becomes more subtle when one considers the comparable-mass case, together
with the inclusion of a repulsive 4PN parameter as.

VI. CONCLUSIONS

The main conclusions of this work are:

e We have prepared the ground for an accurate Effective One Body (EOB) description of the dynamics of binary
systems made of spinning black holes by incorporating the recent computation of the next-to-leading order
(NLO) spin-orbit interaction Hamiltonian [13] (see also Refs. [14, [15]) into a previously developed extension of
the EOB approach to spinning bodies [1].

e We found that the inclusion of NLO spin-coupling terms has the quite significant result of moderating the effect
of the LO spin-coupling, which would, by itself (as found in Ref. [1]), predict that the Last Stable (circular)
Orbit (LSO) of parallely-fast-spinning black holes can reach very large binding energies of the order of 30%
of the total rest-mass energy Mc?. By contrast, the inclusion of NLO spin-orbit terms predicts that the LSO
of parallely-fast-spinning systems, though significantly more bound than that of non-spinning holes, can only
reach binding energies of the order of 4% of the total rest-mass energy Mc? (see Fig. 4 above). This reduction
in the influence of the spin-orbit coupling is due to the fact that the (effective) “gyro-gravitomagnetic ratios”
are reduced by NLO effects from their LO values g=© = 2, 50 = % to the values (here considered along circular

orbits)
: 5
g?rccﬁ —92_ guz,
irce 3 9 3
g%*c ff = 5 — (g + ZV)(E, (61)

where 2 ~ GM/(Rc?) ~ (GMQ/c*)?/3. This reduction then reduces the repulsive effect of the spin-orbit
coupling which is responsible for allowing the binary system to orbit on very close, and very bound, orbits (see
discussion in Section 3C of Ref. [1]).

e We studied the dependence of the dimensionless Kerr parameter of the binary system, a; = c¢J/(G(Hyeal/c?)?),
computed at the LSO, on the spins of the constituent black holes. Again the moderating effect of including
NLO spin-orbit terms is very significant (compare the solid and the dashed?° lines in Fig. 5). Thanks to this
moderating effect the LSO Kerr parameter deSO is found to have a monotonic, and roughly linear, dependence
on the spin parameters of the individual black holes (see solid line in Fig. 5 and the various curves in Fig. 6).
We also studied the effect of including the type of 4PN parameter a5 found useful in recent work [7, |8, (9, [10]

for improving the agreement between EOB waveforms and numerical ones.

e We leave to future work the analog of what was initiated for spinning systems in Ref. |5], and recently completed
for the case of non-spinning black holes in Ref. [12], i.e., a full dynamical study, within the EOB approach, of the
Kerr parameter of the final black hole resulting from the merger of spinning black holes which takes into account
the angular momentum losses that occur after the LSO, during the plunge, the merger, and the ringdown. Let
us also note that Ref. [30] has recently proposed an approximate analytical approach (which is similar in spirit

20 Compare also with Fig. 2 of Ref. [1] where the relevant LO result is the curve labelled “DJS” which reaches a maximum around
a= %do ~ 0.31, in agreement with the (local) maximum in the dashed line of our Fig. 5 reached around éag ~ 0.36.
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to the approximation used in Refs. [1, 13, [5] and above, namely that of considering the Kerr parameter of an
effective test particle at, or after, the LSO) towards estimating the final spin of a binary black hole coalescence.
The resulting prediction is, however, only in coarse agreement ~ 10% with numerical results. Note in this
respect that, as displayed in Fig. 5, the “zeroth order” EOB result [corresponding to using the Kerr parameter
for E(3,1) at the LSO, without taking into account the later losses of angular momentum] is already in ~ 20%
agreement with the fit to the numerical data |28]. The fact (displayed on Fig. 5) that the E(3,1) EOB LSO Kerr
parameter is systematically above the final (after coalescence) Kerr parameter determined by recent numerical
simulations |26, 127, 128, [29] is in qualitative agreement with the fact that the system will loose a significant
amount of angular momentum during the plunge and the merger-plus-ringdown. Note, however, the sensitivity
of a%5° to a “4PN deformation” of the EOB Hamiltonian by the parameter as. As said above, this sensitivity
is due to the fact that the radial function A;(R)/R? combines the additional repulsive effects of both a positive
4PN contribution +asv(GM/(c2R))° and a positive spin-dependent contribution +a2/R2. We leave to future
work an exploration of this issue, which might need the use of a different Padé resummation than the (1,4) one

used in (£Gal).

It remains to be seen whether the EOB/Numerical Relativity comparison for the final Kerr parameter of spinning
systems will be as good as it was found to be for the non-spinning case [12], i.e., at the 2% level. If this is the
case, it will establish the physical relevance of the improved EOB Hamiltonian constructed in the present paper.

e Let us finally note that there is some flexibility in the improved spin-dependent EOB Hamiltonian proposed
above (besides the flexibility in the choice of the Padé resummation mentioned above). On the one hand, the
choice [B.I4)) for the gauge parameters a(r) and b(r) might be replaced by other choices. On the other hand,
the choice ([T for the effective spin vector might also be replaced by other ones. In particular, it might be
interesting to consider the alternative definition

1
Mcanew = Seff new = iggﬂneWSO

1
5ggff“eW(s +8%). (6.2)

This definition coincides with the one used above at LO in spin-orbit effects (because g&fmeV = 2 + O(v/c?)),
and allows one to use a simplified supplementary spin-orbit contribution, built with

1 .
nev = (gg — gf)s”, (6.3)

7 2

instead of (AIH]). It might be interesting to explore which of these possible definitions exhibits the best agreement
with current numerical results.
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