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We describe a systematic framework for finding the conservative potential of compact binary systems
with spin based on scattering amplitudes of particles of arbitrary spin and effective field theory. An
arbitrary-spin formalism is generally required in the classical limit. By matching the tree and one-loop
amplitudes of four spinning particles with those of a suitably chosen effective field theory, we obtain the

spin,-spin, terms of a two-body effective Hamiltonian through O(G?) and valid to all orders in velocity.
Solving Hamilton’s equations yields the impulse and spin changes of the individual bodies. We write them
in a surprisingly compact form as appropriate derivatives of the eikonal phase obtained from the amplitude.
It seems likely this structure persists to higher orders. We also point out various double-copy relations for

general spin.
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I. INTRODUCTION

A. Overview

The landmark detection of gravitational waves by the
LIGO and Virgo Collaborations [I1] has opened a new
window into the universe. The promise of major
new discoveries calls for an invigorated effort to develop
new theoretical tools for predictions of gravitational-wave
signals matching the precision of current and future
observations. Current predictions for gravitational-wave
signals are based on a variety of complementary theoretical
approaches. This includes the effective one-body (EOB)
formalism [2], numerical relativity [3], and self-force
formalisms [4]. In the inspiral phase, we have the tradi-
tional post-Newtonian (PN) approximation using methods
in classical gravity [5,6] and the nonrelativistic general
relativity (NRGR) formalism [7,8] based on effective
field theory (EFT), as well as the post-Minkowskian
(PM) expansion [9-17]. The various approaches provide
important nontrivial confirmation and information in over-
lap regions of the PN, PM, and self-force expansions
[15,18,19]. For recent reviews see Refs. [20,21].
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In recent years the post-Minkowskian approach, which
is a relativistic weak-field expansion in Newton’s
constant, has risen in prominence because, at fixed order
in Newton’s constant, it naturally yields the exact velocity
dependence of observable quantities. These properties
mirror those of scattering amplitudes, which are funda-
mental building blocks of observables in quantum field
theory. Combining techniques in scattering amplitudes and
EFT, effective Hamiltonians have been derived in
Refs. [12,22,23] that straightforwardly determine classical
dynamics of bound orbits via their equations of motion.
The usefulness of this framework has recently been
demonstrated through the construction of the conservative
two-body Hamiltonian at the third order in Newton’s
constant expansion [14,15]. Such Hamiltonians can be
imported into the EOB framework [10,16] used for
gravitational-wave template construction. An important
feature of results obtained along these lines is that they
have a much simpler analytic structure than those obtained
in other approaches, on the one hand, because the velocity
expansion is resummed and, on the other, because scatter-
ing amplitudes naturally eliminate certain gauge-redundant
structures that would generically appear.

Amplitude-based methods leverage powerful techniques
that have been developed over the years for computing
quantum scattering amplitudes in gauge and gravity the-
ories (for reviews see e.g., Refs. [24,25]). The basic
philosophy is to focus on gauge-invariant quantities that
can be recursively computed from simpler building blocks:
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on-shell recursion relations [26] allow us to build more
complex tree-level amplitudes directly from lower-point
ones, and the modern unitarity method [27-31] then
assembles tree amplitudes into integral representations of
loop amplitudes. Because there is a close link between
classical physics and quantum scattering amplitudes (see
e.g., [10-15,22,23,32-40]), advanced methods for finding
the latter can also be applied to solving certain nontrivial
classical gravitational problems. The Kawai-Lewellen-Tye
(KLT) [41] and Bern-Carrasco-Johansson (BCJ) [25,42,43]
double-copy relations give gravitational scattering ampli-
tudes directly in terms of much simpler gauge-theory ones,
enabling explicit (super)gravity calculations at remarkably
high orders of perturbation theory [44,45]. Massless and
massive helicity methods [46,47] have proven to be
especially effective for calculating four-dimensional ampli-
tudes. These tools have already demonstrated their utility
for calculations of interest in gravitational-wave physics.

In this paper we focus on spin-dependent classical
interactions of binary systems, in the post-Minkowskian
expansion. As highlighted by the recent detection of black
hole spin during inspiral phase [48], such effects are of
considerable importance in light of astrophysical evidence
that black holes can have a variety of intrinsic angular
momenta, including close to maximally allowed values
[49]. The presence of spin can lead to qualitative changes
in the dynamics of a binary system, such as the orbital-
plane precession when the spins are not aligned with the
orbital angular momentum (see e.g., Ref. [50]). Such an
effect would lead, in particular, to a modulation of the
amplitude, frequency, and phase of the observed gravita-
tional wave signal.

Inclusion of spin effects in the post-Newtonian expan-
sion has a long history in a variety of frameworks [51-57].
The effect of spin in the context of the PN approximation
has also been considered using elementary-particle scatter-
ing amplitudes [23,34]. Reference [23] further extracts PN
potentials via EFT techniques and provides an early
indication of the correspondence between minimal cou-
pling and Kerr black holes. The analogous problem in the
post-Minkowskian framework, where all orders in velocity
are kept, has been comparatively less explored. For the
problem of two Kerr black holes scattering, Ref. [58]
derived a solution at linear order in Newton’s constant with
the full spin dependence using traditional methods and
derived a corresponding two-body Hamiltonian. This was
later shown to be equivalent to minimal amplitudes in
massive spinor helicity formalism [59-62], and these
amplitudes at order G were used to derive a two-body
effective Hamiltonian [63]. Physical observables with spins
can also be extracted directly from scattering amplitudes
[38], as demonstrated at order G in [61]. At order G2, a
complete all-orders-in-velocity spin-orbit Hamiltonian is
known [64]. Beyond linear order in spin, only partial results
are available to all orders in velocity [37,59-62,65-67].
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FIG. 1. The previously known results in PN and PM expansions

of the (bilinear in spin) spin;-spin, interactions in the two-body
potential are outlined in horizontal (green) and vertical (blue)
directions, respectively. The new results in this paper at O(G?)
and all orders in velocity correspond to the shaded (red) region.
Each horizontal row corresponds to the same order in G, or
the PM expansion. The velocity expansion is indicated by v".
Each vertical column corresponds to the same PN order for the
spin;-spin, interaction, where the leading order (LO), next-to-
leading order (NLO), next-to-next leading order (NNLO), and the
static part at G* are known up to quadratic in spins.

The table in Fig. 1 shows the status of the spin;-spin,
interactions analyzed in some detail in this paper at O(G?),
indicating the previously known terms in both the velocity
and the G expansions as well the new results.

B. Summary of paper

In this paper, we aim to answer several important
questions in the amplitude-based approach. First, conven-
tional field theory considers elementary spins [23,34,66].
The results are a priori not necessarily the same as those
obtained with continuous classical spins. Using massive-
spinor-helicity formalism, the universality of spin-
dependent effects was shown at linear in G order and
partially at order G? [59—62,67]. Bootstrapping results for
Kerr black holes from the massive-spinor-helicity method,
however, is known to have ambiguities beyond quartic
order in spins at G* [37,59,60,62], as new spin-multipole
moments are allowed. It would be desirable to have a
complementary formulation, with arbitrary spins, that can
generate amplitudes from first principles. Second, for
applications to LIGO and VIRGO, it is crucial to extract
quantities of interest for the bound-state problem in a
format that can be straightforwardly compared with pre-
viously known results. In the post-Minkowskian scenario
without spins, there are several methods for doing so
available [10,12,14,15,39]. In the presence of spins, how-
ever, the known results from EFT or scattering angles are
limited either to leading order in G or to special configu-
rations of spins [23,38,59,61,63]. The goal of this paper is
to build a systematic framework bridging the gaps between
quantum scattering amplitudes, classical gravity, and bound
orbits for spinning objects. A key part is to identify a new
direct link between the scattering amplitudes including spin
and physical observables, via the eikonal phase [68,69].

A central component of our paper is an amplitude-based
formalism for incorporating spinning effects for binary
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systems in a post-Minkowskian framework, i.e., fixed order
in G and all orders in velocity. Our results are new in
several directions. First we construct a field theory with
arbitrary-spin particles, smoothly interpolating from
elementary particles to classical spinning particles. Next,
we formulate an EFT for spinning particles. The amplitudes
from this arbitrary-spin field theory are translated, through
EFT matching, into an effective potential which can be
used to study bound-state problems. Conversely, the
formalism can also turn any classical Hamiltonians into
gauge-invariant scattering amplitudes, allowing for a
straightforward comparison of the gauge-invariant content
of two Hamiltonians. The usefulness of our setup is
demonstrated through a new result for spin-dependent
effects: we obtain a two-body Hamiltonian that describes
the interactions linear in the spin of each body, referred to
as “spin;-spin,” or “bilinear in spin,” through order G* and
to all orders in velocity. Finally, as discussed in more detail
in Ref. [70], we use this Hamiltonian to calculate physical
observables—the momentum and spin transfer—via the
classical equations of motion, and organize them into an
eikonal-based formula, providing a direct link between
scattering amplitudes and classical observables. All results
presented here are for generic spin orientation. We now
summarize each section in turn.

In Sec. II, we begin with a basic introduction to classical
spins, including the formulation of an arbitrary-spin field
theory following the path of Refs. [71,72]. The arbitrary-
spin formalism constructed here is a natural framework for
capturing higher powers of spin interaction; this may be
contrasted with the more familiar spin-1/2 or spin-1 cases
that could be used to extract low-order spin interactions
[23,34,66]. Nonminimal interactions at linear order in G are
characterized in Sec. III and are similar to those in the
world-line formulation [52] of spinning particles given in
Ref. [57]. At linear order in G, the Lagrangian may be
interpreted as the covariantization of the most general
parity-even gravitational form factor. Our stress tensor
reproduces the all-orders-in-spin stress tensor at order G
of Ref. [58]. For the stress tensor, or equivalently the on-
shell two-matter—one-graviton vertex, we also present new
double-copy relations to all orders in the spin for arbitrary
nonminimal coupling, expressing the complete set of
gravitational interactions in terms of gauge-theory ones.
Double-copy properties in the context of gravitational
waves have been discussed recently in Refs. [14,15,60,73].

In Secs. IV and V, we compute various tree-level and
one-loop amplitudes with higher-spin particles. At the
relatively low order considered in this paper, we will not
need the full arsenal of amplitude techniques that become
important at higher orders. We therefore use polarization
tensors to incorporate the spin degrees of freedom. and
make only modest use of the double copy [25,41,42] to
write compact expressions for amplitudes. We first obtain
the two-to-two scattering of higher-spin particles at tree

level, truncated to bilinear order in spins. Then we calculate
the tree-level gravitational Compton amplitude, and find
simple KLT-like relations. In Sec. V, we use the Compton
amplitude to extract the required contribution to the four-
point one-loop amplitude of two distinct spinning particles.
We then reduce the integrand to a basis of scalar integrals
using the massive extension [74] of Forde’s formalism [31].
This formalism clarifies the connection of basis integral
coefficients and integrands and efficiently extracts the
needed contribution in the classical limit.

In Sec. VI, we construct an EFT for spinning objects,
following the path of Ref. [12] in the spinless case and
Ref. [23] in the spin case under the PN framework. This
EFT allows us to map scattering amplitudes to effective
Hamiltonians, which can then be straightforwardly applied
to bound-orbit problems. We classify spin interactions
explicitly to bilinear-in-spin order. The on-shell matching
scheme reduces the number of independent operators. We
show how to compute scattering amplitudes in this EFT.
We also point out the crucial role of the SO(3) algebra of
classical spins in order to obtain results for generic spin
orientation. Combining with the one-loop amplitudes
obtained in Sec. V, we derive the bilinear in spin
Hamiltonian through order G and to all orders in velocity.

In Sec. VII, we obtain the momentum and spin change in
the scattering regime starting from our derived classical
Hamiltonian. The three-dimensional nature of the scattering
process makes the construction of the perturbative solution
of the equations of motion somewhat more involved than for
the case of spinless particles. An alternative approach is to
directly obtain observables from the amplitudes [13,38],
bypassing the Hamiltonian and EFT matching. A very
interesting question is whether there exist, in general, simple
and direct relations between physical quantities and suitably
defined finite parts of amplitudes scattering amplitudes
analogous to the one for the spinless or aligned spin case
[10,15,39,59]. The ability to do this for spin [38] suggests
that this might be more generally possible. We indeed find
such a relation for generic spin, generalizing the eikonal
formula [68,69] to the case with spin, obtaining not only the
impulse, but also the spin kick from appropriate derivatives
of the eikonal phase. This striking result suggests that it
should be possible to develop much more streamlined
formalisms for extracting physical observables from scat-
tering amplitudes at higher orders. We leave the details to a
forthcoming paper [70].

In order to ensure the reliability of our results, we
perform a number of nontrivial checks for the O(G?)
contributions to the interactions bilinear in spin. This
includes comparison with the post-Newtonian NLO spin-
orbit results of Refs. [23,54], the NNLO results of Ref. [55]
in the overlapping region to O(G?), and to all orders in
velocity for the scattering angles with spins aligned to
orbital angular momentum [59,65], whose spin-orbit part is
in agreement with Ref. [64]. The latter comparison in the
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spin-orbit case is especially powerful because it verifies the
complete coefficient of the spin-orbit operator. In the test
body limit, we also reproduce a simplified isotropic gauge
version' of the test-body Hamiltonian given in Appendix D
of Ref. [75] valid to quadratic order in spin and all order
in Newton’s constant and velocity. At the amplitude level
and with a suitable interpretation of the covariant spin
vector, we also recover the spin-1/2 results of Ref. [66].
Although we work with an arbitrary spin, this is expected
because, as we argue on general grounds in Sec. I, for the
terms linear in the spin of each particle, spin-1/2 is
sufficient as long as no special properties of the Pauli
matrices are used [23,34,62,66].

In this paper we use mostly negative metric, and the four-
dimensional Levi-Civita symbol is normalized as ¢°!?* = 1.
Unless otherwise specified, the boldface symbols denote
spatial three vectors. All four momenta are outgoing.
Additional notation can be found in Secs. VE and VIE,
where we summarize the results in amplitudes and in EFT.

I1. BASICS FOR SPINNING PARTICLES

In this section we describe the classical limit of processes
involving spinning particles (which we identify with
spinning compact astrophysical objects) and review basic
facts on spin that we use in later sections. We will see that
the spin must be of the same classical order as the orbital
angular momentum, and therefore, from a Lagrangian
perspective, the classical spinning particles should be
represented by higher-spin fields. To describe them we
follow Sec. 31 of Ref. [71] and Ref. [72]. This approach
has the advantage of giving a simple relation between the
classical spin vector and Lorentz generators in the
Lagrangian, making it straightforward to construct a robust
formalism. We will formulate and use a Lagrangian that
captures the gauge-invariant completion of the most general
parity-even spin-dependent linear response of a massive
particle to a gravitational field. We will show that the
trilinear interaction of this Lagrangian is the double copy
of similarly general trilinear interactions of higher-spin
fields with gluons, thus extending observations of
Refs. [41-43,76]. Last but not least, we will see that, for
suitably chosen couplings, the gravitational stress tensor
derived from our Lagrangian reproduces (in the classical
limit) that of the Kerr black hole, derived in [58].
Consequently, the scattering amplitude of two Kerr black
holes discussed in that reference is also correctly reproduced.

A. The classical limit

Our goal is to extract the classical potential between two
massive spinning bodies from their scattering amplitude. To
define the classical limit of an amplitude, we follow the

'We thank Justin Vines for providing this form of the
Hamiltonian.

same path used in Refs. [12,14,15]. Classical physics
applies whenever the minimal interparticle separation |b|
is much larger than the de Broglie wavelength 4 of each
particle. This macroscopic length scale |b| can be chosen as
the impact parameter in a scattering process, or the orbital
size of a bound binary system. For incoming particles of
momentum p, we must then have

1
b > 1 =—,

p|

where we use natural, 72 = 1, units. This implies that for
any such two-body classical system, the magnitude of
orbital angular momentum L = |L| must be large,

(2.1)

L~|pxb|>1. (2.2)
The same must hold for all other charges, such as electric
charge or spin, that may be carried by classical particles.
Indeed, the difference between the classical spin and orbital
angular momentum is only in the interpretation of the
macroscopic length scale: from internal radius to the impact
parameter, and rotating to translational velocities. Thus, in
the classical limit, we need the magnitude of the spin,
S; = |Si|, and of the orbital angular momentum, L = |L|, to
be commensurate,

Si~S,~L. (2.3)
The net effect is therefore that classically spinning particles
should be described from a field theory point of view by a
large-spin limit of higher-spin fields. As we will explain
shortly, the details of the calculations imply that at fixed
order in Newton’s constant and in the number of spin
vectors, a finite but sufficiently large spin is sufficient to
capture all the relevant contributions.

Since the impact parameter is of order of the inverse
momentum transfer in a scattering process, |b| ~ 1/|q/|, the
classical limit implies the hierarchy

my,my, p| ~Lig| ~ Silg| > |q|. (2.4)
The quantum contributions enter at higher orders in a large
L expansion or, equivalently, higher orders in a small |g|
expansion. This gives us the scaling

O(1/L)~0(1/S;)~0O(lq]) ~O(q) (classical expansion).
(2.5)

We omit the proper mass scale factors for simplicity.
The italic letter denotes four-momentum components.
Unless otherwise noted, the classical expansion in this
paper includes simultaneously the scaling of spins, orbital
angular momentum, and q. For example, monomials in
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q - S; or their covariant version g - S; are of O(1) in the
classical limit.

A second expansion parameter is the ratio between spin
and orbital angular momentum, which is suppressed by the
internal size over impact parameter or orbital radius if we
ignore the difference in rotating velocities. Therefore the
expansion in spin-induced multipole moments is

O(Si/L) ~ O(S;/1b]) ~ O(Silq]) ~ O(S:q)

(spin expansion). (2.6)
For examples, the monomials in ¢ - S; are classically O(1)
but are order by order in spin expansion. Indeed, terms
linear in the spin correspond to a dipole moment, those
quadratic in spin, (g - S;)?, represent a quadrupole moment,
etc. While the multipole moments are not necessarily small
when taking velocities into account, the fact that we keep
the spin vector arbitrary provides a way to classify
interactions between two particles in terms of interactions
between their respective multipole moments.”

The traditional PN expansion parameter relies on veloc-
ity v ~ |p|/m;. For bound orbits the virial theorem relates
the scale of both G and spin expansion parameters to the
Velocity.3 The virial theorem, however, does not hold for
unbound orbits, and therefore the velocity expansion is
independent from the others in scattering events. From an
amplitudes’ perspective it is also more natural to keep a
fully relativistic velocity dependence. Thus, we will not
expand in velocity except to compare with results from the
PN literature.

With this in mind, we have the following structure of
classical conservative Hamiltonian expanded in the (num-
ber of) spin vectors of each particle,

1
H = H<0)(r2,p2) + h,(»])(rz,pz)pL'Si

1
+ hf.}z.’l)(rz, pz)FrSir'Sj +e (2.7)

where we only keep terms up to quadratic order in spins,
i.e., up to quadrupole moments. Here r and p are center-of-
mass distance and momentum and the indices run over i,

j=1,2 r=|rl, p=Ip|. HO@?, p?) is the spinless

*In general, multipole moments are symmetric and traceless
combinations of spin vectors. At tree level the trace part leads to
contact interactions, which are not of interest to us. At loop-level,
however, trace terms no longer drop out and more care is needed
to relate symmetric products of spin vectors to multipole moment
operators. Since in later sections we will be concerned at most
with spin;-spin,—or dipole-dipole—interactions, we will not
need the complete identification of spin-induced multipole mo-
ments.

‘In PN counting, spins are suppressed relative to the angular
momentum by S; ~ Lov% with @ = 1 to 4 depending on rotating
speeds. See Ref. [21] for more details.

Hamiltonian with the usual PM expansion in G/r. At lowest

order, ignoring velocity and spin dependence, the potential is

(a)

simply the Newtonian one. The A, ’ coefficient of each spin-

induced moment has the same structure as H© (2, p?).
Using O(1/r) ~ O(|q|) under the Fourier transform, we can
see that each spin structure is of the same classical order
O(1) as the spinless potential, but carries a higher order in
spins, or is equivalently suppressed by the additional powers
of 1/r. More details will be discussed in Secs. VI and VIL
Such Hamiltonians are a basic input into models—such as
the EOB framework [2]—for building gravitational-wave
templates. In this paper, we evaluate the O(G?) contributions
to the conservative two-body potential to all orders in the
velocity and to bilinear order in the two spins.

B. The spin vector and tensor

We now describe the basic field theory formalism that we
use to incorporate spin interactions into an amplitude-based
approach. In the post-Newtonian framework, the classical
spin-orbit and spin-spin interaction Hamiltonian of spin-
ning particles is well-studied in the literature [23,34,62].
A simplifying aspect is that through O(G?), spin-1/2 and
spin-1 fields turn out to be sufficient to recover post-
Newtonian results obtained via general-relativistic methods
[51,54,55]. Not surprisingly, at higher orders in spin,
calculations using such low-spin fields are insufficient
because the dimension of these representations implies
that higher powers of Lorentz generator matrices can be
expressed in terms of lower powers. For example, the
square of a Pauli matrix describing spin-1/2 is the identity
matrix, which is of course not generally true. Thus, to
capture all multispin interactions we need a formalism
that describes arbitrarily high spins. Such a formalism
would also provide an a priori explanation of the validity
of the low-spin observations as well as give the minimal
value of the spin that is necessary to capture some
given spin-induced multipole moment.* Descriptions of
higher-spin particles date back to Fierz and Pauli [79].
Our amplitude-based approach to higher spin is closely
related to the world-line approaches of Refs. [52,57]. The
formalism makes the connection between Lorentz gener-
ators in the amplitudes and final spin vectors relatively
transparent. Alternative approaches based on the massive-
spinor-helicity formalism of Ref. [47] are found in
Refs. [37,59,60,62,65,67].

In quantum field theory, massive particles of integer
spin s are described by symmetric traceless rank-s tensor
fields [80],

*As known for some time in the particle physics phenom-
enology literature, spin-1/2 is sufficient to capture the dipole
moment and spin-1 the quadrupole. See e.g., Ref. [77] and also
Ref. [78] for a counting of form factors of an arbitrary-spin
particle.
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¢ ay--ap-ajag ¢ ay--aj--a;--dg
s - Ws ’

Nagap s 2% = 0,
(2.8)

Additional transversality constraints are necessary [80] to
select the part corresponding to fixed spin s. The corre-
sponding physical states are described by polarization
tensors that are symmetric traceless and transverse in all
indices,

The Hermitian Lorentz generators in this representation are

(48 1) = st 5 -7

(M) 91ds) = =(M) g5)e(s) (2.10)
where the indices c(s) and d(s) stand for the symmetrized
sets of vector indices {cy, ..., c,} and {d,, ..., d,}, respec-
tively, and they are raised and lowered with the appropriate
symmetric product of the Minkowski metric. The gener-
ators M“ satisfy the usual Lorentz algebra,

[Malaz’M‘th] — ~(l,[a3a1Ma4a2 + ,,laza3Ma1a4

— ;711401Ma3112 — ,10204M111a3)_ (21 1)

As we will explain shortly, apart from describing the
scattering of massive spin-s fields, our interest is to develop
a formalism that avoids use of any of the special properties
of fixed-spin representations of the Lorentz group. Thus, it
suffices for our purpose to not demand that they be
transverse and instead treat the fields (2.8) as uncon-
strained. It is then convenient to follow Refs. [71,72]
and map them to a two-component spinor indices in the
usual way,

s{}li:":{ii- _ ¢sa1~~-as (O'al)(al B ... (Gas)ax)ﬂS)' (2'12)
This parametrization trivializes the tracelessness condition
(2.8), which translates into symmetrization in the two-
component spinor indices of the same handedness. Half-
integer spin can also be described along these lines [71,72],
as pairs of such fields with different numbers of left-handed
and right-handed indices. While we do not discuss them in
any detail (and in the classical limit they should give the
same result as the integer-spin fields), we will also describe
integer-spin fields as pairs of fields (2.12):

U Spo

=5 By,
e

ay

by (2.13)

For integer- and half-integer-spin particles we have

1
Uu=1uv=s, u—s+2, v=ys 5 (2.14)
respectively.5 For half-integer spins £ and y are different
objects; one may impose a Majorana-type condition which
identifies one with the conjugate of the other. In the
remaining part of this paper we use only integer spin,
since that is sufficient for describing large spin.

When taking the classical limit of quantum-mechanical
expectation values, it is necessary to choose states that
minimize the standard deviation of observables being
considered.® For a spin system in the rest frame, the relevant
states are the so-called ““spin coherent states” [81]. Their

defining property is that

(nln) =1, (n|S]n) =S =S

n, -0,

8 (2.15)

where § is the rest-frame spin operator, related to the rotation
generator M ;; in the usual way, St = 1€ M i, and n is the
unit vector along the classical spin. The state |n) localizes the
spin along the unit vector 7 as much as it is allowed by
quantum mechanics.

We define the covariant spin vector and spin tensor of a
particle by boosting their rest-frame three-dimensional
counterparts S and S”, which are related in the standard
way

S
ST =5 €Sy (2.16)

The boost from the particle’s rest frame gives

p-S p-S
H =
S(p.S) (m,S+mw+m¢>

| 1,
S(p.8)" = =S(p.8)" = —8"p; =

Jﬁghlczwkﬁs__ﬁgiﬂk
m(m + E) m m4+Em|

iin P1
€tln rl Sm
m

S(p,S)i = §ii —2
(2.17)

where Roman letters from the middle of the alphabet
indicate spatial indices. We raise and lower the indices
of the three-dimensional (3D) rest-frame spin vector with
the Euclidean 3D metric, so S¥ = S, (which should not be
confused with the spatial part of $*). These expressions can
be summarized in a covariant format:

One may have more general representations, in which u and v
differ by some finite amount, u = s;, v = sp, and s = s; + $p.

®For example, for the harmonic oscillator, classical physics is
recovered if one chooses it to be in a coherent state.
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1
SP(p) = —E@lﬂyﬁpy&s(l?),

1
S*(p) =— %eaﬂy‘spﬂsw(}’), (2.18)

where the four-dimensional Levi-Civita symbol is normal-
ized as €°'>3 = 1. We will later denote the covariant spin
vector of particle a as S, = S(p,,S,). Our definition of the
covariant spin vector implies that it obeys the so-called
covariant spin supplementary condition,

WS(p. S =

Boosting the relations (2.15) to an arbitrary frame will
not change the scalar product of coherent states and will
yield the covariant spin vector on the right-hand side of the
second equation. Boosting the ket and the bra states to
momenta differing by some momentum transfer ¢ is less
trivial. It is lengthy but straightforward to show that [see
also Appendix E of Ref. [60] for some details on the

(2.19)

derivation of &(s, py) - &(s, p2)]
e(s, p1) - €(s, p2)
s gk
1— rfkp1p2 O SZqZ > +O ,
( Sl o)) + 0la)
)Mabg(s P2)

= S(pl,S)" e(s. py) - &(s. p2) + O(q°),
(s, pl)%{M“b, MeYe(s, p)

= S(p1.8)S(p1.8) £(s. p2) + 0(g7"),

(2.20)

e(s, p1) -

where (s, p;) and (s, p,) are the incoming and outgoing
polarization tensors of a particle in a convention where both
momenta are taken to be outgoing, so that the momentum
transfer is ¢ = —p; — p,. We denote the spin label by s to
emphasize that, in general, it can be a quantum property
of the particle and to distinguish it from the rest-frame
classical spin vector S. The rest-frame spin is assumed to be
large in the classical limit, with ¢ -S/m ~ O(1) as dis-
cussed in Sec. IT A, and the number of left-handed and
right-handed indices in Eq. (2.13), # and v, are commen-
surate, i.e., u — v < u, v. The terms in the parentheses of
the first line are classical, and we only exhibit them to linear
order in spin. The rest of O(¢®) denote classical expansion,
where we show only the leading term. Recall that classical
expansion count both ¢ and spins. The momentum of the
spin tensor can be chosen to be any combination of p; and
P, since all such combinations differ by terms proportional
to the momentum transfer ¢. In tree amplitudes the
momentum dependence of vertices makes all these con-
tributions subleading in the classical limit. We will revisit
the subleading terms in the second of Eq. (2.20) in our

discussion of the effective field theory and the comparison
of its amplitudes with those of the higher-spin Lagrangian
we discuss next. As we will see, they do not affect
observables. Another subtlety is that, as indicated in the
final formula in Eq. (2.20), only the symmetric product of
Lorentz generators is interpreted directly as products of
spin tensors. As will be discussed in Sec. III, this is
sufficient for obtaining the classical limit of a product of
two Lorentz generators after accounting for the standard
commutation relation (2.11).

C. Higher-spin Lagrangians

Theories of massive higher-spin fields have a long
history. A free action was constructed in Ref. [80].
Spin-s fields are described by rank-s symmetric tensors.
Fields transforming in the (s+ 1,5+ 1) representatlon
of the SO(3,1) ~ SU(2) x SU(2) Lorentz group’ contain
many representations of the rotation group. To eliminate all
but the spin-s representation [i.e., the (2s + 1)-dimensional
representation of the SO(3) rotation group], the tensor field
is usually constrained to be transverse. Implementing this
in a Lorentz-invariant Lagrangian can be done [80] with the
aid of s rank-k auxiliary fields, with kK =0,...,5 — 1.
Preservation of tree-level unitarity when coupling this free
action with gravity turns out to require introduction
of dimension-four terms involving both the higher-spin
fields and the Riemann curvature tensor [82,83]. Aspects of
an interacting Lagrangian constructed along these lines
for all spin-induced multipole moments were discussed
in Ref. [62].

While we use a Lagrangian to organize the interactions
of higher-spin fields with gravity, we take a different
approach than earlier ones, which is tailored to our needs
for constructing classical limits of amplitudes with explicit
dependence on the spin vector. It may be interpreted as a
relativistic effective theory that captures all spin-induced
multipole moments and thus all linear responses of spin-
ning objects to gravity. This approach provides a minimal
completion of any desired three-particle interactions
which is invariant under the nonlinear diffeomorphism
transformations and offers a convenient way to align our
derivations with earlier ones. Here we will use this
approach to understand aspects of low-point interactions
of higher-spin fields and gravitons in the classical limit and
derive the effective interaction potential of two higher-spin
fields due to the exchange of gravitons through O(G?).

For our purpose it is not important that the matter fields
transform in an irreducible representation of the rotation
group. It is, however, important that all irreducible com-
ponents be treated uniformly. To this end we take our
fields to be traceless rank-s tensors in their spinor

"We denote representations of the Lorentz group by (dyr,dg),
where the two entries are the dimensions of the two SU(2)
representations.
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formulation (2.12) and not require that they be transverse.
The validity of this approach can be verified a posteriori
through the independence of the result on the number of
components of the tensor field. One may intuitively expect
that this will be the case as the number of components of
matter fields can arise only from loops containing them and
such graphs do not contribute in the classical limit. As we
will see, this framework provides a minimal value for the
spin needed to capture the complete spin dependence of an
L-loop four-point amplitude in the classical limit. Such
lower bonds are similar in spirit with the observation
[23,34,62] that calculations at fixed and low spins can
be used to reproduce the part of the spin-dependent
Hamiltonian that is available in the literature and was
originally derived though general-relativistic techniques.

We describe the gravitational field in the vielbein rather
than the metric formulation because it exposes the tangent-
space Lorentz generators, making it easier to identify the
(classical) spin vector. Since we are not interested in matter
contact interactions of higher-spin fields (because they do
not contribute to the long-range potential), we will focus on
a single higher-spin field, ¢;.

Our higher-spin Lagrangian has two parts:

L= ‘Cmin + ‘Cnonmim S = /d4x\/ —gﬁ. (221)

The minimal Lagrangian, i.e., the Lagrangian with the
minimal number of derivatives, including the terms needed
to preserve tree-level unitarity [82-84], is®

1 1
‘Cmin = _R(es 60) + Eg””V(a))”gb‘V(w)pqﬁx - Emzd)sqﬁs

H
+ §R(€, w)efgh(ﬁsMefMgh¢s +eee (222)

where H is an adjustable parameter, we take the higher-spin
field ¢, to be real, and the ellipses stand for terms that
vanish on shell. The M% are the Hermitian Lorentz
generators in the (s + 1,s + 1) representation (2.12) and
(2.13). The covariant derivative is

1
V(w),¢; =0, + EwﬂefM"fgbs, (2.23)
where o is the spin connection. To shorten the expression
we do not display the many tangent-space indices of ¢;.
They are understood as contracted via matrix multiplica-
tion. The spinor notation we use for the higher-spin field
emphasizes that they are assumed to carry only tangent-
space indices; similarly, the curvature tensor and the
Lorentz generators also carry tangent-space indices. We

¥The sign of the H term follows from the one in [82-84] by
changing the signature of the metric to mostly minus and
converting to Hermitian Lorentz generators.

postpone describing nonminimal higher-spin Lagrangians
to the next section.

The last term displayed in Eq. (2.22) is a gravitational
quadrupole interaction; its coefficient may be set to H = 1
by requiring that amplitudes have an improved high-energy
behavior, delaying violations of partial-wave unitarity
[83,84]. String theory predicts a different value for this
coefficient [84]. This may be interpreted as being due to the
other higher-spin fields of string theory further contributing
to the unitarity constraint. Here we keep H as a free
parameter. This term does not affect any interaction linear
in the particle’s spin, but it is important at higher order in
spin and, as we will see in Sec. III B, plays an important
role in giving a field-theory description of the stress tensor
of the Kerr black hole [58]. The value of H found by
matching to a Kerr black hole reproduces the one required
by improved partial-wave unitarity.

At tree level there is no physical difference between the
scattering of higher-spin fields described by the Lagrangian
(2.22) and by one that enforces transversality of the higher-
spin polarization vectors. This is because four-point tree-
level scattering amplitudes of higher-spin fields contain no
Feynman graphs with propagators for these fields.

Let us now examine the relation between calculations
carried out with low-spin fields and with arbitrary-spin
fields, beyond tree level and for the case where each vertex
contains no more than one Lorentz generator. The
Lagrangians for massive vectors and massive spin-2 fields
without curvature couplings are both of the form of
Eq. (2.22). Theories of such low-spin fields will yield
the same amplitudes as the Lagrangian (2.22) as long as
special relations obeyed by symmetric products of gen-
erators of four-dimensional Lorentz group in representa-
tions (2,2) and (3,3) are not used. These relations stem from
the fact that, for a spin-s representation of SU(2), with
generators Jg,

2s
(B-T)E2H =3 "a, (2 k s)(E- J,)" (2.24)
n=1

for some coefficients a,(E, k,s). Here E is an arbitrary
three-component vector; differentiating Eq. (2.24) k times
with respect to 2 yields the decomposition of a symmetric
product of k generators of SO(3) into a linear combinations
of symmetric products of at most s generators. If each
matter-graviton vertex of a Feynman diagram of an L-loop
four-point matter amplitude contains at most one Lorentz
generator, it is easy to see that each matter line of this
diagram contains a (symmetric) product of at most L + 1
generators, multiplied from the left and the right with
polarization tensors. For (2.24) not to operate if the fields
are in a chiral representation of the Lorentz group [i.e., they
transform under only one of the two SU(2) factors], it is
therefore necessary that they be in a representation of
dimension dim > L + 2.

065014-8



SPINNING BLACK HOLE BINARY DYNAMICS, SCATTERING ...

PHYS. REV. D 104, 065014 (2021)

This counting suggests that one-loop calculations carried
out with fields with the Lorentz representations (3,1) or/and
(1,3) should be sufficient within our formalism because
they yield products of at most two Lorentz generators (in
e.g., box or triangle graphs) for a matter line. At two loops,
where we may get products of three Lorentz generators,
Lorentz representations of the type (4,1) or/and (1,4) are
needed. We interpret these bounds as being sufficient to
capture the complete spin dependence within our formal-
ism. Similarly, on a case-by-case basis it may be possible to
evade them and use e.g., spin-1 fields in our formalism and
capture the complete spin dependence at one-loop. One
may reach this conclusion by e.g., constructing a relation
analogous to (2.24) for the SO(3, 1) generators in the (2,2)
representation and demanding that the decomposition be
manifestly covariant.

We stress that the counting above refers specifically to
our formalism and does not necessarily apply to actions that
e.g., use properties of special representations of SO(3, 1).
The actual bound might even be lowered after the classical
limit is applied. In general, perhaps the most straightfor-
ward approach to using low values of spin is to use a
formulation of the low-spin Lagrangians that does not
implicitly employ relations between Lorentz generators
that use their four-dimensional nature. Moreover, such

|

relations should not be used at any step in the calculation
of amplitudes.

Trilinear couplings containing more than one Lorentz
generator, such as the H-dependent term in (2.22) and the
higher-derivative terms discussed below change the count-
ing argument above and suggest a need for larger repre-
sentations at lower-loop orders.

D. Expansion of the minimal Lagrangian

The spin connection w is an auxiliary field, which can be
eliminated via its equation of motion, as usually done in
supergravity theories. This expresses @ in terms of the
vielbein and matter fields. Once replaced in the original
Lagrangian, the matter-field dependence yields only matter
contact terms and is thus irrelevant for long-range inter-
actions of matter fields. The remainder matter-independent
solution of the @ equation of motion is equivalent to the
solution to the vielbein postulate, V,(w)e,” = 0. We will
denote it by w(e).

Following standard methods we define the graviton field
as the fluctuation of the metric around the Minkowski
background. Local Lorentz symmetry can be used to
choose the fluctuations of the vielbein to be symmetric,

h,, = hg,. We take

G = Ny + s up

1 1
e, =0y + Ehﬂa - §h h 4+ O(h?),
1 1 1
@(€)yep = =Orchpj = 7 W 1cDuhp + 5 11D,y = 5 WOl + O(7), (2.25)
where the antisymmetrization includes division by the number of terms and we take 7, to be in the mostly minus
convention. One may make different choices for the metric fluctuations to e.g., make the expansion of the vielbein simpler;
while this has no effect on scattering amplitudes, it makes gravitational vertices depart from their standard form. With the

choice above, the expansion of the Riemann tensor to second order in fluctuations is

1
R(e, (€))ergn = =2000)ghn\y) + (W'1o8y + 1 1), D1ghuy = 5 O1e 11,011y + Ol 130l

= O W 4O sy + 20igheje Oiahay ™ + O(R). (2.26)
Following the usual procedure we can extract Feynman vertices. Consider the three-point vertex in Fig. 2. The
contribution from the three vertex from the minimal Lagrangian (2.22) is then

Y HY s v s 1 v s i v)p s
Vi@ 1 p2) = PP S =S (1 pa ) =3 a,(p2 = p) (M)

H ,
o (M) ), (227)

where the legs carrying momenta p; and p, are spin-s fields with sets of tangent-space Lorentz indices b(s) and a(s),
respectively, and the symmetrization of the two graviton indices has unit strength (i.e., it includes division by the number of
terms). A useful property of the vertex, following from diffeomorphism invariance of the action, is the on-shell analog of
stress tensor conservation. That is, when its external legs are placed on shell, the three-point vertex is transverse with respect
to the graviton momentum,
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q, (uw)

p1,b(s) g p2,a(s)

FIG. 2. The three vertex labels. All momenta are outgoing.

qﬂvmma(s)b(S)(q’ P> Pz) = Oa

4 Vinats)" (@ P1. p2) = 0. (2.28)
This does not require any special properties, such as
transversality, for the higher-spin polarization tensors.
This is consistent with our setup, in which higher-spin
fields are not required to be transverse. As for low-spin
particles, this property guarantees the gauge-choice inde-
pendence of the tree-level four-point matter amplitude.

III. NONMINIMAL INTERACTIONS

The general form of the stress tensor of an arbitrary-spin
particle in a parity-invariant theory is described in Ref. [72]
|

N (= 1)"CEszn
Enon—mm - Z (27’1) m

_ - ( )" Cpgn
2n 1
l(2n—|—1) +

v(w)on o

Vo), -

n=

where, as in Eq. (2.22), the indices on ¢, are implicit. The
operators included here are in one-to-one correspondence to
the nonminimal couplings in the world-line spinning-particle
action of Ref. [57]. As in the minimal Lagrangian, here all
indices are flat, and we assume that the fields are real.
We note that, through cubic order in fields, the matrix
elements of the quadrupole term in (2.22) are indistin-
guishable from the matrix elements of the n = 1 term on
the first line of Eq. (3.2). Thus, when combining the
minimal and nonminimal Lagrangians and their contribu-
tions to vertices, we will drop the H term in favor of Cpg.
One can include further terms, with two or more
Riemann tensors. At O(G) in a scattering process, they
necessarily imply emission of gravitational radiation. At
higher orders in Newton’s constant they contribute also to
the conservative part of the two-particle spin-dependent
Hamiltonian. Some of them can be identified as bilinears in

-l V3 non-min,E

i N
lv';non min,B Emzq/)<p2 - p1>(ﬂsym[Ml/)ﬂ’q ' SO(pl)’B(q ' SO(pl))} + O(q p: - m » P M )

V(@) Ry appV (@), SV

1
.v<w)f3 €ab(c \fl dfz

= V' pySym[(q - So(p1)): (4~ So(p1)),

in terms of four independent form factors. When used as
vertices in a scattering amplitude, two of them contribute
only contact terms. In this section we describe a non-
minimal part £, min, corresponding to the remaining two
form factors of the Lagrangian (2.22).

A. Nonminimal higher-spin Lagrangians
and cubic vertices

To construct manifestly covariant spin-dependent
Lagrangian interactions it is convenient to define an off-
shell manifestly covariant analog of the Pauli-Lubanski
vector:

S4 = 2_—l ebedM N ().

3.1
. (3.1)
It carries an explicit tangent-space vector index and two
implicit labels for the spin representation which we will
choose to be (s + 1, s + 1). Then, all the terms linear in the
graviton and bilinear in higher-spin fields are

.. szn)V(a))bng

- SV (),

V(w) ¢SVt (3.2)

I

the single-graviton operators included in Eq. (3.2). We will
not attempt to classify here all such operators to all orders
in spin.

To find the nonminimal vertices we expand (3.2) around
Minkowski space. Following the same reasoning as in
Sec. I D, we may take the spin connection to be given by
the solution to the vielbein postulate. This implies that the
expansion of the Riemann tensor is given by Eq. (2.26).
Since all nonminimal terms contain a Riemann tensor, none
of the other vielbein or spin connections in Eq. (3.2)
contribute to the three-point vertex. It is convenient to
consider separately the contribution of the terms depending
on the Riemann tensor and its dual:

_iv3ﬁgn—mm - lV3non min,E lV3ﬁgn»min,B' (33)
Each of them is given by
|
E(q-So(p1))] + O(g, p} —m?),
(3.4)
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where Sy(p)* is the Fourier transform of the linearization
of the operator S* in Eq. (3.1) (i.e., the part that is
independent of the metric fluctuations),

1
Sol(p) =5, p,M (33)

In the second Eq. (3.4) we neglected terms containing
M L because such terms vanish in the classical limit up to
contributions subleading in g. The operators E(X) and
B(X) are defined as

~ - 1 CEs2n 2n—2

PO =2 Gyt e X

A ad 1 Clen+1 2n—1

BX) = Z; G 30
and the operator Sym|- - -] symmetrizes with unit strength in

all of its arguments. Last, if an argument is the nth power of
an operator, then it is interpreted as n distinct entries.

B. The higher-spin and the Kerr black hole stress tensor

To construct the on-shell stress tensor we contract the
three-point vertex with polarization tensors for the higher-
spin fields, use the mass-shell conditions and transversality
of the graviton polarization tensor,

6]2 — 0’ v

q'e(q),, = q°¢(q),, =0,

and evaluate

S(S, pZ)(ng/min + Vgilon—min)g(sv pl)

THY :i
m e(s, p2) - &(s, p1)

(3.8)

Following our original setup, we do not assume that the
higher-spin polarization tensors are transverse. The division
by &(s, ps) - €(s, p;) can be understood as a choice of
position-space coordinate conjugate to the graviton
momentum. With this normalization this coordinate is
covariant and thus includes a certain shift proportional to
the rest-frame spin [72].

To see this it is useful to recall that, as it was understood
long ago by Foldy and Wouthuysen [85] in the context of
the free Dirac theory, the operator x,, whose expectation
value is the position of a particle is, in fact, a particular
combination of the canonical position operator x and the
spin operator. For a particle with momentum p and rest-
frame spin S it is

pxS

_7m(E(p) T (3.9)

Xeoy =X

A similar relation was shown in Ref. [58] to be a
consequence of switching between the covariant and
canonical spin supplementary conditions. Using the all-
orders-in-spin generalization of Egs. (2.20),

' [ ewmpipsSt
e(s.p1)els.p2) =exp | <1 SHIPE] L 0(g), (310

which may be proven directly, by writing the polarization

tensors as boosts of rest-frame coherent states, as in Sec. II,
it is straightforward to see that

/ d2qe—ir~q8(s’ p2) ( V/3lf/min + ng/non— min)g(s’ P1 )

— / aque—irc(“,.q g(s, pZ)(V/';.Dmin + Vl;,non—min)g(s’ pl) )
&(s. pa) - €(s. p1)

(3.11)

This choice facilitates comparisons with Ref. [58], which
uses the covariant coordinate and covariant spin tensor in the
derivation of the Kerr black hole stress tensor. To express our
results in terms of the rest-frame spin, it is necessary to
restore the spin dependence contained in the product of
polarization tensors; we will do so in later sections.

The classical limit of Eq. (3.8) can be taken by using a
generalization of Eq. (2.20) to the symmetric product of an
arbitrary number of Lorentz generators. By boosting from
the rest frame, where such products can be computed using
the properties of the coherent states and the explicit forms
of Lorentz generators, it is not difficult to find that

e(s, p2)Sym[M!*1, ..., MI*Je(s, p)

= S(p1.S)1 - S(py, S)tne(s, py) - €(s, py)
+ O(g-0). (3.12)

This relation can be used to evaluate the expectation value
of a generic product of Lorentz generators. Indeed, using
the Lorentz algebra one can rewrite an arbitrary monomial
in Lorentz generators as a sum of completely symmetric
products or generators, with coefficients given by the
structure constants of the algebra. For example,

1 1
MM pHrr — 5 {Mﬂll/l , M}lzl/z} + 5 [Mﬂll’l , Mﬂzyz]

1 i
= —{MH" , MH2v2 — (pH3k pHak2
51 b5
—+ nﬂzﬂ_%MllllM - ;/]MM] MH3H2 — ,1#2#4Mﬂ|ﬂ3)_
(3.13)
Then, the expectation value of each factor can be evaluated

using Eq. (3.12). Each time Lorentz algebra is used, the
number of generators decreases by one; the expectation
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value of the resulting monomials is subleading compared to
that of the symmetric product of the original number of
generators. Such subleading terms will be crucial at one-
loop in Sec. V to obtain the correct classical terms. By the
same reasoning, this will be true at higher loops as well.

At tree level, however, the maximal number of gener-
ators already gives a classical contribution, so all com-
paratively subleading terms can be ignored. Upon using
Eq. (3.12), all Lorentz generators M** become spin tensors.
Moreover, using the contraction of Eq. (2.18) with the
momentum transfer g,

1
Eeﬂypaq"pTS(pl)p" = —mq,S(p))* =—mq - S(p).
(3.14)

ignoring terms subleading in the small-g expansion and
defining Ce = 1 and Cyg = 1, the stress tensor becomes

" (p1.g _plplzCEszn <q S( pl))z”

l (/’4 © CBszn+l q . S(pl) 2n
-t S /)E .
m 1P (P1) (2n+1)! < m

n= 1

(3.15)

As expected, it has a form consistent with the general stress
tensor that contributes to long-range interactions [72].

Equation (3.14) also implies that, as stated previously,
the coefficient Cg2 is equivalent to the quadrupole H term
in Eq. (2.22). Indeed, using the relation between the
covariant spin vector and tensor it is not difficult to
show that

1
S(p1 ) S(p1)*°q,q9, = —Wp’fpﬁ(q -S(p1))*+ ...

1
+m2p§ P (q-S(p))*+--,

(3.16)

where the ellipses stand for terms that vanish when the
free indices are contracted with an on-shell graviton
polarization tensor. Thus, as noted earlier, we are justified
to ignore the quadrupole term in Eq. (2.22) when the
nonminimal interaction Lagrangian (3.2) is included.
Comparing Eq. (2.27) with the n =1 term in the first
Eq. (3.4) in the classical limit and using (3.16), it is easy to
see that the coefficient H is related to Cpg as

H = Cgy. (3.17)
Thus, the value of H for the Kerr black hole can be found by
comparing Eq. (3.15) to the stress tensor of the Kerr black
hole constructed in Ref. [58].

To carry out this comparison we first organize the result
of Ref. [58] in our notation. It is found there by casting the
linearized Kerr metric in the form of an operator acting on a
free-particle Green’s function:

1
h — 4G7)22B0nderT;w -

dee Donder __ — 1 1

pouv - 2’7;4(1’71//3 + E’]uaﬂﬂﬂ - mnﬂv”aﬂ‘ (318)

Here Pﬂiﬁ"“der is the tensor structure of the graviton
propagator in de Donder gauge and r is the flat-space

four-dimensional coordinate distance, r> = NuX'x". The
stress-tensor operator 7 is given by [cf. Eq. (32a) of
Ref. [58]]

(3.19)

T = m exp(a * 8)</‘pu”)u”,

a' = € oP"S,  (ax ), = ¢ (3.20)

1

and u is the four-velocity of the black hole, u* = p*/m.
Identities such as

(ax 0, (ax*d) Tp——(a-a)zéﬁu—:
(axd), " = S(py, 0

r

(3.21)

may be used to reorganize the exponential factor.
To compare with our trilinear vertex we need to Fourier

transform 7% to momentum space, which is easily done via
the substitution 9, — ig,. It leads to

" = m exp(ia q)" uu

=m(cos axq+isinaxq)¥,uu

(a* )(ﬂ

=m (cosh(a gl + 1¢sinh(a . q)) u’up
a-q

= m cosh(a - q)u'u* — #sinh(a -q)q"S(p), " u¥).
a-q
(3.22)

It is not difficult to see, using Eq. (3.14), that the building
block of this expression, a - ¢, is the same as the building
block of Eq. (3.15):

q-S(p)_

1
a-q= Weﬂypdqﬂpy*g(p)pg == (323)

Further using the relation between momentum and velocity,
Egs. (3.22) and (3.15) become identical if we choose
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Cpen =1, Cpgn = 1. (3.24)
Equation (3.17) then implies that the H parameter of the
Kerr black hole is

H=1. (3.25)
As mentioned earlier, this value is the one required [83,84]
for amplitudes of higher-spin fields to have an improved
high-energy behavior delaying violations of partial-wave
unitarity.

The relation between the Kerr stress tensor [58] and the
one following from the Lagrangian (2.22) and (3.2) implies
that the tree-level scattering amplitude of two higher-spin
fields—and consequently the 1PM effective Hamiltonian—
will also reproduce the scattering amplitude of two Kerr
black holes found in Ref. [58]. In subsequent sections we
will be interested in Hamiltonian terms that contain at most
one spin vector for each of the two particles, so we will focus
on the minimal Lagrangian (2.22) and ignore the higher-
derivative terms in the nonminimal Lagrangian (3.2).

C. The double-copy properties
of general three-point vertex

For computations beyond leading order in Newton’s
constant it can be quite useful to exploit the double-
copy structure of gravitational theories. This property
played a useful role in the computation of the two-body
Hamiltonians for spinless particles at O(G*) [14,15].
|

C"rlﬂol/o € .
22nm4n Hiv1p10)

1 1 &
ﬁIZFﬂyF ’MD_EZ
n=0

.. €
H2nV2nP2n02n

1 . C
2 M 016 02102 R 121
+ 5m EO 22n,,:l4n Cuvipor 'euznvznﬂz,,aan(”' .. DK )(psgSym[M“ L MP ]D(ul DY )(p
n—=

DWoDHI ... DRl gy Sym[MPie1 .. Mﬂznrfzn]D(vODv] <DV
5y :

The double-copy properties of amplitudes of massive
spin-1/2 and spin-1 massive particles have been studied
in some detail in [76], using the massive-spinor-helicity
formalism. Here we make a few observations on the
properties of the trilinear vertex for graviton-coupled
arbitrary spin particles and in Sec. IV we derive a
double-copy formula for the tree-level gravitational
Compton amplitude of the minimal Lagrangian. This
tree-level amplitude, together with the three- and four-
point amplitudes of higher-spin particles, is the building
block of the one-loop amplitude we construct in Sec. V.
As we now show, for generic values of the parameters
Cgen and Cygn, the complete on-shell trilinear graviton-
higher-spin vertex,
V'LSW = ng/min + Vﬂy

3,non- min’

(3.26)

can be expressed as the double-copy of trilinear vertices
coupling higher-spin fields with vector fields. The double
copy is usually formulated in terms of non-Abelian vector
fields; for three-point interactions, the non-Abelian struc-
ture is not essential, so one may equally well describe
(3.26) as the double copy of trilinear vertices coupling
higher-spin fields with a Maxwell field. Extension of the
double-copy property for four- and higher-point amplitudes
is an interesting open question.

To see explicitly these properties, consider the general
trilinear vector-higher-spin vertex’ arising from the
Lagrangian,

9

Sy

i~ E
+ 5222,1—,;4,1€mm . 'euznvznﬂzman(m . .Dﬂzn)(pngym[MﬂoyoFﬂol/o, MPer . MPnoun] D . .Dm)(psy. (3.27)
n=0

Here we assume that the real higher-spin field ¢, is in a
real nonadjoint representation of some gauge group G, D” is
the corresponding covariant derivative, and F,, =
Fj., T is its field strength. Equation (3.27) may be given
in a (slightly) more compact form in terms of an operator
obtained from S defined in Eq. (3.1) by replacing the
gravitational covariant derivative with a gauge-covariant

derivative. Both Lorentz and gauge group indices are

°As in their coupling to gravity, here too higher-spin fields are
not required to be transverse.

[

contracted via matrix multiplication. The scalar coefficients
C, and E, are arbitrary except for Cy = —1 defining
the quadratic term of the higher-spin field; all quadratic
terms with more than two derivatives cancel out upon
integration by parts. Last, Lorentz generators M are in
the (s,+1,s,+ 1) representation; for the purpose of
this action one may think of them only as the Clebsch-
Gordan coefficients for projection (s, + 1,5, + 1)x
(sg+1s,+1) = (3.1) @ (1,3).

The color-stripped three-point vertex can easily be read
from the action:
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[Se]

_ivg‘oa(sg)b(sg) = é (py — p1 )" Z Gl bt (A .MﬂZnVZn)a(Sy)b(sﬁ)
n=0
_ Z EI:;ID] ..... ”2””2”Sym[M"0”°q,,0, Mmv Myz,,yz,,]a(sy)b(sg). (328)
n=0
Here p; and p, are the momenta of the tensor fields with Lorentz indices b(s,) and a(s,), respectively, and ¢ = —p; — p; is

the gluon momentum. The tensors C, and £, are symmetric under the interchange of pairs of (u;z;) indices and read:

A C
H1V1se-HonVon n D101V o v

Cﬂ — 22nm4n €/] 1H1 lqﬂ| pl(y] e e/)Zn 2nM2n znqu,,plorz,,’

Eﬂlbl """ Hanb2n = En €pl”]ﬂ]l’l q p PN €p21162nﬂ2n1/2nq p (3 29)
n 220 yén pi1l1o pon 102, :

In deriving them we ignored terms proportional to the free equations of motion and terms that contain more powers of the
gluon momentum than the ones shown. In the contraction of the Levi-Civita symbols, Lorentz generators, and momenta we
may recognize the repeated appearance of the operator S, defined in Eq. (3.5). Up to numerical coefficients, the tensors C,
and E, are proportional, so their product also is totally symmetric in all (y;z;) pairs of indices.

To construct the double copy of two such vertices, one with s, = s; and the other with s, = sg, we need the projection of
the product (s, + 1,5, + 1) X (sg + 1,5 + 1) onto (s + 1, s + 1) with s = s; + sg. Using the fact that the double-copy
vertex is contracted with a polarization tensor in the (s + 1, s 4+ 1) representation, the relevant projection (denoted by the
vertical bar and realized e.g., by contracting all two-component spinor indices with identical commuting spinors) is

(M .. .Mﬂnyn)u(SL)b(SL) ® (Mot .. .Mpmam)a( )b(SR)| =C(n,m, sy, sg)(MF¥ - .. Mtavn MP1o ...Mpmam)a(s)b(S)’ (3.30)

SR

where
sy sg! (s—n—m)!
C 9 9 b == . 3.31
(m.m, 51 5%) (sp —n)! (sg —m)! s! (3:31)
Evaluating
—ie(s, p2) Vinee(s. p1) = [—ie(sp. pa) VAT e(sp. p1)l[—ie(sg. p2) ViR €(sk. P1)]. (3.32)

in the classical limit by using the relation between polarization tensors (s, p) = &(s., p) ® (s, p)|, using the identity
(3.16), and ignoring terms that vanish for on-shell gravitons, we find

. Vﬂ()IJ() _ 1o Vo 00 C C C q.go 2m+2n
ie(s, p2) 3,DC€(S,P1) Py Py (n,m, s, sg)C,Crée(s, ps) . e(s, p1)

n,m=0

B © qSO 2n+2m—+2
- 3 ClmmsyswEEpets. ) (22 et )

n,m=0

—i Y C,E,&(s, py)Sym [(C(n, m, sy, sg)pi" Mg,

n,m=0

B qSO 2m—+2n
 Clmnses) M) (2 e ). (333

If s; # sg, the expression above contains an antisymmetric part which is identified with a coupling with the Neveu-Schwarz
B field. It is not difficult to see that the symmetric part has the same tensor structure as the graviton-higher-spin vertex in
Eq. (3.15); moreover, any choice of coefficients Cp. and Cyg. can be reproduced by adjusting the coefficients C,, and E,,.

As a special case of this general relation, we show that the double copy of two minimal couplings of a higher-spin field
with a vector yields the gravitational minimal coupling (2.27), including the quadrupole contribution. The former may be
found by truncating (3.28) to terms with at most one Lorentz generator (i.e., setting to zero all C, and E,):
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=iV PO (G 1 p2) = 1PISL) = (M), PO,
(3.34)

Constructing the double-copy vertex (3.32) and projecting
onto the (s + 1,5 + 1) representation gives
= iV hcars)" (@, P1. P2)

(s) _ ! H(Mve b(s)
(s) s; + Sk (quPpl( )a(s)
+ SLqppll/<MM))a(s)b(S))

1 S1.SR
{2 Mulepglviey — b(s) .
+ D) ( S(S — 1)>qua( )a(s) (3 35)

b
= -pipis,

For s = s; + sz =1 as well as for s;, =0 or sz =0 the
quadrupole term is not generated. As in the general case, for
sy # sg the on-shell double-copy three-point vertex V fy
contains an antisymmetric part, representing the coupling
of the Neveu-Schwarz B field with the higher-spin tensor.
The term linear in Lorentz generators in the symmetric part
of V3’gbc is universal, independent on s; and sg; this is a
reflection of the universality of gravity. It is easy to see that
the symmetric part of Eq. (3.35) is the on-shell value of the
graviton-higher-spin vertex (2.27) derived from the mini-
mal Lagrangian (2.22), with a gravitational quadrupole
coefficient given by

SLSR

szs(s—l)'

(3.36)

This value is the same as the one found in string theory
[84]. Equation (3.36) implies that, in the classical limit,
where all spins are large, H < 1/2. For low values of the
spins, H can reach unity.

IV. TREE AMPLITUDES

One of our goals is to obtain new results for the terms
bilinear in spin in the two-body Hamiltonian, through
O(G?), and to all orders in velocity. The key input that
we need is the one-loop two-to-two scattering amplitudes
for spinning particles. In turn, the generalized unitarity
method [27-31] for constructing loop amplitudes relies on
suitable tree-amplitude building blocks. In this section,
we describe the ones that will be required in subsequent
sections to obtain the desired gravitationally induced
interactions of spinning particles. To construct these tree
amplitudes we use the arbitrary-spin formalism set up in
Sec. II. Here we are interested only in terms linear in the
spin of each particle, so the minimal Lagrangian in
Eq. (2.22) with H=0 1is sufficient; the nonminimal
interactions discussed in Sec. III are all quadratic or of
higher order in spin and will be useful for future studies.

First, we obtain the tree-level amplitude with four
external particles of arbitrary spin. The sole contributing
diagram is shown in Fig. 3. It gives us the necessary
information to determine the O(G) two-body Hamiltonian.
Then, we proceed to obtain the tree-level amplitude which
will be used in Sec. V to construct the one-loop amplitude
that encodes the spin-orbit and spin-spin interactions at
O(G?). As noted in Refs. [11,12,17,22] and reviewed in
Sec. IT A, only a limited number of terms in the one-loop
amplitude contribute to the long-range classical potential.
They are captured by the unitarity cuts that separate the
two matter lines, as illustrated at one-loop in Fig. 4.
Thus, to build the relevant parts of the one-loop amplitude,
we only need the tree amplitudes contributing to these
cuts, i.e., the gravitational analog of the tree-level
Compton amplitude, whose diagrams are shown Fig. 5.
In this section, we will present these tree amplitudes,
constructed using our arbitrary-spin formalism. We also
comment on some of their important properties, including
generalized on-shell Ward identities and double-copy
properties.

1 4

FIG. 3. The tree-level Feynman diagram containing the O(G)
spin interactions. Because we are interested only in long range
interactions contact terms where the graviton propagator cancels
can be ignored.

at
D

FIG. 4. The two-particle cut needed for extracting classical
dynamics. The blobs represent on-shell tree amplitudes and the
exposed lines indicate that the propagators are replaced with on-
shell conditions.

3 4
4 § g 3 § g 3 %:: 4 ig
1 2 1 2 1 2 1 2
() (b) (© (d)
FIG. 5. The tree-level Feynman diagram for gravitational

Compton scattering. For integer-spin electrodynamics diagram
(d) is absent. Here the internal lines represent Feynman
propagators.
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A. Tree-level two-to-two scattering of spinning particles

Consider the two-to-two tree-level scattering amplitude
encoded in the diagram in Fig. 3 and obtained by sewing
together two three-point vertices (2.27) with H = 0. We can
drop any term that cancels the graviton propagator, since
we are only interested in long range interactions. This
effectively places the graviton on-shell with the result that
each vertex is automatically transverse and thus their
contribution to the amplitude is independent of the gauge
choice. We may therefore use the relatively simple de
Donder gauge propagator,

i (1 1 1
P/(;:llx)[imder(q) - ? (E nyanuﬁ + Enyar]ﬂﬂ - D—2 ﬂ”"’laﬂ) ,

(4.1)

since any longitudinal terms in the graviton physical-state
projector are automatically set to zero by the two vertices.

Using the vertex (2.27) and the propagator (4.1) it is then
straightforward to obtain the desired tree-level amplitude
from the diagram in Fig. 3:

IMUE(150,22, 3% 49) = g, OIVIE P (g, py, P4)€1b(s)Pﬁzlg}onder(Q)%c(s)Vﬁnc(s)d(s)(—61, P2, P3)e2ars),  (4.2)

where €; = ¢(s;, p;) and we can drop any terms that cancel the graviton propagator. Starting with the tree-level vertex given
in Eq. (2.27) and defining

M;i(a,b) = e(p;)M"e(p;)a,b,, M;i(e!, a) = eM"e;a,, (4.3)

where e# is a unit vector signifying that the x index is uncontracted, from Eq. (4.2) we obtain

167iGm3m3 2i j
IMUIE(171,2%, 3% 4%) = —w {(2‘72 — ey - e48y - 63+ ad Mi4(p2, q)er - €3 —%M14(P17Q)82 ‘€3
q mymy my
2ic i
- €1 - esMa3(p1,q) +—5 €1 - eaMa3(p2, q)
mpmy mz
1 c
+—5— (M14(P2, @) M23(p1, q) = M14(p1. @)M23(p2. q)) — M (e, q)Mps(e”, q)n,w},
min; mym;
(4.4)
where we use the dimensionless kinematic variable,
=nh (4.5)
mymy

In the classical limit, the products of polarization tensors and Lorentz generators (4.3) are related to the spin tensors of the
two particles through Egs. (2.20); thus, the tree amplitude can be expressed solely in terms of them as well as the products
¢; - €;. Further using Eq. (2.18) and the covariant spin supplementary condition (2.19), the amplitude becomes

16ﬂiGmlm2

IMIEE(101,2%2, 3%, 4%) = ) €] - €483 83{’711”12(202 = 1) =20(iS>(p1, q) = iS1(p2,q))

q
1
~ (S )S:(0100) + S\ St ) |+ Ol 5D (46)
where, in close analogy with Eq. (4.3), we defined
Si(a,b) = aﬂbUS”I/(pi)’ Si(e#,b) = b,S"(p;). (4.7)

The parametrization of the classical amplitude in terms of the spin tensor emphasizes its close relation to its complete
quantum origin. As we will see in Sec. V, this persists at loop-level and we will organize the amplitude in a similar form,
which will have a structure close to that of the unitarity cuts.
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Using Eq. (2.18), and the identities for products of Levi-Civita tensors, we can express the result in terms of the spin
vector. During this transformation, terms with more than two powers of the momentum transfer g appearing in the bilinears
in spin tensor as well as terms canceling the graviton propagator are discarded. We find

16ﬂiGm1m2

three(lsl’252’ 382’451> = —
q

+ (20% - 1)q-51q'52} +0(q.5%).

It is straightforward to further write the amplitude in terms
of the rest-frame spin vectors of the two particles; we will
do this in Sec. V E and will be an important input in the
construction of the EFT in Sec. VL.

B. Tree-level gravitational Compton amplitude

To obtain the tree-level gravitational Compton amplitude
needed to construct the one-loop four-point matter ampli-
tude, we follow the same basic procedure. It is obtained by
straightforwardly evaluating the four Feynman diagrams in
Fig. 5, with two external arbitrary-spin particles and two
gravitons. We need to include the contribution of the four-
point vertex arising from the Lagrangian (2.22) and shown
in Fig. 5(c) as it contributes, together with other contact
terms from collapsing internal propagators, to the classical
part of the loop amplitudes we construct from this tree
amplitude.

Once we have obtained the Compton amplitude we put it
in a factorized form inspired by the KLT relations [41],
which express gravitational amplitudes in terms of gauge-
theory ones. First we note that the case of spinless external
matter has a simple factorization into a product of ampli-
tudes in scalar electrodynamics,

iM(19,20, 3% 4h)
GP1 “P3P1 Pa [A(10’20’3A’4A)}2’
P3 - DPa

= —4ni

(4.9)

where A(1°,20,34 44) is the scalar electrodynamics
Compton amplitude, the O superscript indicated that the
matter leg is spinless, and the /& and A superscripts indicate
the leg is a graviton and photon, respectively. The factors of
i are due to our choices for normalizing the amplitudes.
Similarly, the arbitrary-spin amplitude also factorizes into
electrodynamics amplitudes,

iM(15,25,3h 4h)

— _4pigPL P3P P4
D3 P4

A(10,20,34 44)A(15, 25, 34, 44),
(4.10)

where the second amplitude A(1%,25,34,44) is an electro-
dynamics Compton amplitude for an arbitrary-spin particle

S S
5 £ - £48) - 63{m1m2(202 — 1) = 2ice"" p\,p2,4, (ﬂ + ﬁ)

ny my

(4.8)

as indicated by the superscript s. In Eq. (4.10) the graviton
polarization tensor is identified in terms of a product of two
photon polarizations,

e'2(p3) = €' (p3)e” (p3). (4.11)
While inspired by KLT factorization, Eq. (4.10) differs
somewhat from the usual field theory KLT relation in two
ways: it holds for arbitrary-spin massive particles, and the
factorization involves Abelian rather than non-Abelian
gauge-theory amplitudes.

The scalar electrodynamics amplitude A(1°,2°,34,44)
is derived from the standard Lagrangian,

1 - -
Locopm = =7 FFy + DipD'¢ = m*gp,  (4.12)
where F,, is the usual Maxwell field strength and D* the
corresponding covariant derivative. Similarly, the arbitrary-
spin electromagnetic Compton amplitude in Eq. (4.10)
arises from the Lagrangian with a gyromagnetic ratio,
g=2,

1 - _
'CS,EM - _ZF”DF/U/ + D;¢SD”¢S - m2¢s¢s

+ e(g - 1)Fﬂua7xMﬂy¢sv (413)
where M is a Lorentz generator. We suppress the Lorentz
indices of the higher-spin fields, as in Eq. (2.22). Because
we are coupling to a U(1) gauge field we take the higher-
spin field ¢, to be complex here and (4.13) is the complex
version of the two-derivative truncation of the Lagrangian
(3.27) used in Sec. III C to show that the minimal higher-
spin-graviton vertex has a double-copy structure.'” As
discussed there, the H (quadrupole) term is not generated
if one of the two spins vanishes, which is consistent with
the left-hand side of Eq. (4.10) arising from the Lagrangian
(2.22) with H= 0.

To present the explicit form of the amplitudes we strip
them of their external polarization vectors and tensors,

10Equation (4.13) is also a rewriting of Eq. (3.27) for an SO(2)
gauge group and higher-spin matter fields in its vector repre-
sentation.
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A(15,25, 34 4%) = £,(p3)es(pa)es(pr) - AP (15,25, 34, 44) - £.(p,), (4.14)

where as usual we suppress the higher-spin indices for legs 1 and 2. The dot products refer to the contraction of these
indices. For spinless matter fields we have

A(1°0,20,34,44) = ¢,(p3)ep(pa) A% (10,20, 34, 44). (4.15)

The explicit polarization-stripped amplitude is

b V4 a a
AW (15,25, 34 44) = A@ (10,2034 44)] — Zi{ (L - L) D3, iM7 + (L - L) DasiM®
P1Ps D2 D4 P1-P3 DP2°D3
1 1
- p3yp45< M MP? +M/’5M"7> } (4.16)
P1- P4 P D3

where we have suppressed the indices of the higher-spin fields, M is a Lorentz generator and 1 is the identity matrix of the
(s; + 1,5, + 1) representation with s = 51 + 55, g = 2, and we have dropped the electromagnetic coupling constant e. The
scalar part is

b oa a b a P a b
Aaﬂ(10,20,3A,4A):2i<p‘p2 1 PP +”3p3+p4”4+naﬁ>. (4.17)
P1°Ps P1°P3 P3 " P4

From Eq. (4.10) the arbitrary-spin polarization-stripped gravitational Compton amplitude [derived from the Lagrangian
(2.22) with H=0] is

M0 (1525 30 4h) = —4giG L PIPLT P4 pyi5 (10 20 34 Ay At (15,25 34 44, (4.18)
P3 " P4

Similarly, the case of spinless matter can be written as

1°P3P1° P4

i,/\/l7172*5152(1°,20,3”,4h) = —4m'Gp AMI(10,20,3A,4A)A7252(10,20,3A,4A). (4.19)
D3 D4

In practice, the spinless limit follows simply by setting the Lorentz generators M to zero, and the scalar products of massive-
particle polarization tensors &(s, p) to be unity.

The KLT-inspired form of the gravitational amplitudes inherits useful properties directly from the photon amplitudes.
Specifically, the spin-0 and spin-s electromagnetic Compton amplitudes are automatically transverse on each photon leg,
without the need contracting the other legs with polarization tensors. From Eqgs. (4.16) and (4.17) it is straightforward to
verify that, for any s including s = 0,

P, AO(19,29,34 44) =0, p,AT(19,29,34,44) = 0, (4.20)

using only the antisymmetry of the Lorentz matrices and the on-shell conditions for all external momenta. The net effect is
that, when sewing photon lines of amplitudes with this property, physical-state projectors are not required. Note that the
terms depending on p; and p, in Eq. (4.17), which vanish when contracted with physical gluon polarization vectors, are
crucial to ensure this property.

The gravity amplitudes stripped of polarization tensors automatically inherit similar Ward identities via the KLT-like
relation (4.10). Together with Eq. (4.20), this implies that

P3y M;']yz.&léz(ls 28 3h 4_h) —
1 9 b 9

pSYZMJ’1}’2~,5152(15’ 28, 3h’4h) =0,
p4§]M}’1}’2~5152(15725’3h’4h) = 0.

07
0, Pas, M17201%2 (15 28 3k 4h) — (4.21)
Polarization-stripped gravitational amplitudes constructed through standard methods will not automatically satisfy these
identities. Typically, on-shell Ward identities hold only after transversality is imposed on all other legs by contracting them
with physical state polarization. The differences between such generic forms of polarization-stripped amplitudes and those
obeying the generalized on-shell Ward identities (4.21) are terms that vanish upon contraction with the physical polarization
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tensors. An advantage of using amplitudes obeying the
generalized form of Ward identities is that the graviton
physical state projectors used to sew tree amplitudes into
loops reduces to the simple de Donder gauge one (4.1),
without requiring ghosts. This in turn simplifies D-dimen-
sional cut constructions of loop amplitudes, recently
exploited in Refs. [14,15,17].

1. Connection to field theory KLT relations

Although the original form of the relations was given for
all string theory states, including the massive arbitrary-spin
ones, the field theory KLT relations are usually formulated
in terms of massless states of spin s < 2 on the gravitational
side. The amplitudes appearing in the two factors are those
of non-Abelian Yang-Mills theories (perhaps coupled to
additional matter). Here, Eq. (4.10) holds for a single
massive particle of arbitrary spin and involves Abelian
amplitude factors. Thus, while there is a strong similarity
between the double-copy relation (4.10) and the celebrated
KLT relations [41], they are not identical. It is therefore
worth commenting on the precise connection.

To understand this, we will construct the gravitational
Compton amplitude for massive scalars, by dimensionally
reducing the standard massless D-dimensional KLT rela-
tions to four dimensions. This will yield the amplitude
in a form that will allow us to connect its factors to the
amplitudes of massive scalar electrodynamics that
enter Eq. (4.9).

The D-dimensional four-graviton tree-level amplitude in
KLT form is [41]

iM(1h, 2, 3k 4l
= —167iGp, - ps,AYM(19,29, 39 49) AYM(19, 39,29, 49),
(4.22)

where the YM label indicates that these are color-ordered
[24] amplitudes of Yang-Mills theory. The superscript g
indicates that the leg is a gluon, while the superscript &
indicates that it is a graviton. Using the four-point BCJ
amplitude relation [42,86] between partial amplitudes,

AYM(19,29, 39, 49) = MAYM(N, 39,29, 49),

4.23)
P3 - P4 (

allows us to rewrite the four-graviton amplitude as
iM(1", 2k 30 4h)
— —167iG PP PayavM (19 39 29 49)2. (4.24)
P3 - D4

The components of the vector fields in the extra (D — 4)
dimensions appear as scalars in four dimensions. Moreover,
the components of the momentum in the extra dimensions
acts as a mass for the four-dimensional particles. Thus, in

both gauge theory amplitudes, we will choose gluons 3 and
4 to be vectors in four dimensions, with no momenta in the
extra dimensions and particles 1 and 2 to be scalars—i.e.,
vectors pointing in the extra dimensions. We will also
assume that they have momentum components in the extra
dimensions, so they are massive from a four-dimensional
standpoint. [See, for example, Egs. (3.3) and (3.4) of
Ref. [15] for more details.] Thus, the KLT relation for
two massive scalars and a two-graviton amplitude is

iM(10,20, 3k 4h)

_ —16m'Gp1 *P3P1 - P4 [AYM<10,3g’20’4g)]2_
P3 P4

(4.25)

This is now of a similar form as Eq. (4.9) except that it
is in terms of non-Abelian gauge-theory amplitudes instead
of electrodynamics. This difference is inconsequential
because the color-ordered diagrams that contribute to the
particular color ordering in Eq. (4.25) and collected in
Fig. 6 do not contain a three-gluon interaction. They are
therefore the same as Maxwell amplitudes, after accounting
for different normalizations and signs from reordering the
diagrams. With standard normalization of color generators
used to define the color-order gauge-theory amplitudes in
the KLT relation, one must divide by a factor of V2 for
each factor of the electric charge and account for color
ordering signs,

I
AYM(10,39,20,49) = —ZAPM(10,2°,34,44), (4.26)

where the legs on the left-hand side are ordered and on the
right-hand side are unordered. Thus, we obtain

iM(10,20, 34 4h)

= —4giG P PIPL P pem (10 20 34 42 (4.27)
P3 - P4

in agreement with Eq. (4.10).

The same discussion extends straightforwardly to the
tree-level scattering amplitude of two spin-1 particles and
two gravitons, offering a simple proof of Eq. (4.10) for
s = 1. We note that, as verified by explicitly computing

4 4 4

S5 SENNRPE S
. & :

(a) (b) (©)

FIG. 6. The color ordered tree-level Yang-Mills Compton
Feynman diagrams, with ordering 1, 3, 2, 4, where legs 1 and
2 are bosonic particles of spin s.
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both the gravitational and the electromagnetic Compton
amplitudes arising, respectively, from the Lagrangians in
Eqgs. (2.22) and (4.13), the factorization (4.10) requires
that the electromagnetic amplitudes include a magnetic
moment coupling, as indicated in Eq. (4.13). This mirrors
the situation for the three-point vertex discussed in
Sec. III C, where such a coupling was necessary to generate
the complete higher-spin-graviton three-point vertex. It is
an interesting problem to explore such relations in general,
especially at arbitrary orders of the spin and in the presence
of higher-dimension operators as in Eq. (3.27). They should
become important at higher orders, where they will help
simplify calculations and expose new structures.

V. ONE-LOOP AMPLITUDES

Using the generalized unitarity method [27], we now
construct the parts of the one-loop amplitude needed to
extract the classical interaction potential between spinning
particles. As reviewed at length in Ref. [15], not all
generalized cuts contain useful information about the
classical limit of the amplitude. (See also Refs. [11,12,
17,22].) Since we are interested only in long-range inter-
actions, four-point matter contact interactions can be
dropped; this implies that whenever graviton propagators
that connect the two matter lines are canceled by numerator
factors they can be set to zero. In the generalized unitarity
language this implies that the contributing terms must have
two cut graviton legs separating the two matter lines, as
illustrated in Fig. 4. Moreover, the fact that we are
scattering classical particles requires that each loop must
contain at least one matter line; thus, the cuts that contribute
to the classical limit of the amplitude must contain at least
one cut matter line per loop. This implies an integrand
containing the contributions that we are interested in can be
obtained from the quadruple and triple cuts in Figs. 7 and 8.
As we describe below, the quadruple-cut contributions
correspond to iteration contributions. The triple cuts con-
tain the classical pieces we wish to obtain.

After an integrand is constructed from the unitarity
constraints, we apply standard integral reduction methods
to express it as a linear combination of scalar integrals.
Using these methods any one-loop amplitude can be
organized into a linear combination of scalar box, triangle,
bubble, and tadpole integrals [87]. We immediately drop
any bubble and tadpole integrals that result from the

2 3 3 2
5 6 5 6
1 4 1 4
(a) (b)
FIG. 7. The quadruple cut from which the coefficients of the

two box integrals in Fig. 9 are extracted. All four external lines
are placed on shell.

DO

3 5 3
5 6 5 6
1 4 1 4
(@) (b)

FIG. 8. The triple cuts from which the coefficient of the triangle
integrals are extracted. In each case the three exposed lines are
placed on shell.

2 3 3 2 2 3 2 3
1 4 1 4 17 N4 1 5 E4
(@) (b) (© ()
FIG. 9. (a), (b) The one-loop scalar box integrals that contribute

to iterations, and (c), (d) the triangle integrals that contribute to
O(G?) terms in the potential.

reduction because they are not relevant in the classical limit,
leaving only the box and triangle integrals in Fig. 9. Not only
do bubble and tadpoles not have the required unitarity cuts,
but a direct inspection of the explicit values of the integrals
[88] reveals that their dependence on the transferred
momentum ¢ is inconsistent with classical dependence
while the rational prefactor cannot compensate.

Thus, the classically relevant part of the four-point
amplitude is a linear combination of box, /g and /g, and
triangle, /, and I+, integrals, shown in Figs. 9(a) and 9(b),
and Figs. 9(c) and 9(d), respectively:

iMP = dply + dgls + calp + cyly.  (5.1)
The coefficients dg, d, ca, and ¢y are rational functions of
external momenta, polarization tensors, and Lorentz gen-
erators. In the classical limit the latter can be converted to
spin tensors and vectors through an appropriate choice
of polarization tensors, using the relations in Sec. II B. The
evaluation of scalar integrals in the classical limit is
straightforward [11,12,17,33]. In any case, since the one-
loop Feynman integrals are known [88], we can also simply
extract the classical limit directly from these.

One issue that we encounter is that because the box
integrals have a stronger-than-classical behavior, sublead-
ing terms in the relation between polarization and spin
tensors are required for a consistent construction of the
classical limit and extraction of the classical interaction
potential. Whenever this issue arises we postpone intro-
ducing the classical spin tensors until Sec. VL. It turns out
that simply by matching the infrared divergences between
the amplitudes of the full theory and those of the effective
field theory for spinning particles, we find that the physics
is insensitive to these subtleties at this order in G.
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Well-developed methods for extracting the coefficient
of the basics scalar integrals exist for extracting them
[30,31] directly from generalized unitarity cuts [27,29].
We use the method due to Forde [31], as extended to
massive particles in Ref. [74]. In this method the coef-
ficient of scalar box integrals are computed from quad-
ruple cuts, i.e., cuts in which four internal propagators are
replaced with on-shell conditions, as illustrated in Fig. 7.
The coefficients of triangle integrals are then extracted
from the triple cuts, as illustrated in Fig. 8, in which three
internal propagators are replaced with on-shell conditions.
While there are alternative ways to carry out the integral
reduction to the basis of scalar integrals, this method
naturally maintains an organized structure for the coef-
ficients of the integrals even for high-rank numerator
tensors of the type that are encountered in multispin
interactions of higher-spin fields described in Secs. III A
and III B.

A. Sewing tree amplitudes

The triple and quadruple cuts, shown in Fig. 8 and Fig. 7,
respectively, that are necessary for constructing the coef-
ficients of the scalar integrals in Eq. (5.1) can all be
obtained from a regular 7-channel two-particle cut, shown
in Fig. 4. Given that the required gravitational Compton
amplitudes are relatively simple, this two-particle cut is a
convenient starting point for obtaining the quadruple and
triple cuts. To do so one simply replaces additional
propagators with on-shell conditions.

We carry out the calculation in D dimensions. Although
it is generally more efficient to use four-dimensional tree
amplitudes in the unitarity cuts, D-dimensional cuts make it
straightforward to implement dimensional regularization
and thus identify all infrared singularities. This is particu-
larly useful at higher loops, as one needs to ensure that no
terms are missed due to subtleties or incomplete handling
of dimensional regularization [15]. At one-loop it is not
difficult to show that the difference between four- and
D-dimensional methods for construction of the integrand
amounts to certain rational terms in the amplitude [28] that
do not have the correct scaling at small transferred
momentum to contribute to the classical limit. In particular,

they do not have the characteristic 1/1/—g* behavior that
arises from triangle integrals [11,33].
The two-particle cut corresponding to Fig. 4 is given by

C2 = Z&'(ks)£1y2€(—k6)§l§2M7]},25152 (451 s 14 s Sh, —6h)
yva

/ S/
]62

"y 14} . )
X (—ks) ' 2e(ke) ;) My 55 (2%2,3%, =5, 6"),

(5.2)
where the two tree amplitudes correspond to the two

blobs in that figure and the sum runs over the physical
polarization of the cut gravitons. They may be expressed

naturally in terms of the sum P*(k) over the physical
polarizations of a vector field, as

1 1 1
S(k)i{yé'(—k)li/j — _7);4(17311/)’ + _rPumPﬂ/} _ fP;waa/}’
; 2 2 D-2
(5.3)
where
kY + r'kH
Prek) = = (5.4)

and r* is an arbitrary null reference vector which should
drop out of physical expressions.

The appearance of terms dependent on this reference
vector in intermediate expressions complicates the evalu-
ation of the generalized unitarity cut, especially at higher
loops. Even at one-loop it is best to eliminate them as early
as possible. Because our tree-level amplitudes satisfy, by
construction, the on-shell generalized Ward identities
(4.21), these terms automatically drop out from the physi-
cal-state projectors because in every such term the graviton
momentum contracts with a manifestly transverse ampli-
tude. Thus the completeness relation (5.3) reduces to the
numerator of the graviton propagator in de Donder gauge,

1 1
MY p\NaB D e uf e uf v pop
% e(k)i e(=k)2 —277” n +271 n* D_2’7” n
= I(;Z(ll)/);mder‘ (55)

A key difference between our construction and the usual de
Donder gauge Feynman diagram approach is that here,
despite the appearance of the same projector, only physical
states propagate so ghosts are not necessary to remove
unphysical degrees of freedom. Combining everything, the
two-graviton cut in Eq. (5.2) becomes

_ 51 181 §h _ghypl72ri7s p01628,8,
G = M71725152 (4 5T -6 )PdeDonderPchonder

h gh
X My 55,(22,3%, =5, 6"),

(5.6)
where the superscripts s; and s, indicate the spin of the
massive particles and the superscript / indicates that the
legs are gravitons. The sewing of tree amplitudes with
the de Donder projector (5.5) substantially simplifies the
evaluation of generalized cuts at both one and higher loops.
The on-shell conditions for the external and cut legs,

=0, RB=(ks+qP=0 (57
alter the naive scaling in the limit of small momentum
transfer, defined as g = p, + p3. We use the momentum
assignment in Fig. 8. Indeed, they imply that
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ks-q=—q*/2.
(5.8)

Prq=¢*/2,  pi-q=-¢*/2,

This improved scaling further simplifies the generalized
cuts in the classical limit and, consequently, also the box
and triangle coefficients in Eq. (5.1).

B. Quadruple and triple cuts

The two-graviton cut (5.6), obtained by sewing two tree-
level gravitational Compton amplitudes, leads to a rational
function of momentum invariants and polarization tensors,
whose numerator depends explicitly on loop momenta. We
use the entirely algebraic formalism of Refs. [31,74], which
extracts the coefficients of box and triangle scalar integrals
from quadruple and triple cuts, respectively, shown in
Figs. 7 and 8. They in turn are straightforwardly obtained
by imposing two and one additional cut conditions on the
two-particle cut (5.6), where the input tree amplitudes for
capturing the terms bilinear in spin are given in Eq. (4.4).

1. Quadruple cuts
The quadruple cut corresponding to Fig. 7(a), which
determines the coefficient dy in Eq. (5.1), is obtained from
Eqg. (5.6) by cutting the two matter lines carrying momenta
p1 + ks and p, — ks. It is therefore defined as

Cfta) = (=2ip; - ks)(2ip, - ks)C, (5.9)

|p1-k5—>0,pz~k5—>0'
Because the scalar box integral is more singular in the
classical limit than the expected classical terms, it is
necessary that the classical limit be taken carefully, by
keeping subleading terms in the relation between Lorentz
|

C‘(‘a),SO

647[2G2m1m2

generators and spin tensors. Their details are correlated
to the choice of effective field theory that we use to
construct the effective interaction Hamiltonian. We there-
fore temporarily postpone the classical limit and list here
the spin-independent terms linear and quadratic in Lorentz
generators.

To shorten the expressions we anticipate that each
Lorentz generator yields a factor of the spin tensor and
therefore has a leading |g|™! scaling in the classical limit.
The same expectation allows us to use the covariant spin
supplementary condition in the form M (p,,e") =
My;(p,, e*) = 0. This clearly holds to leading order in
the classical limit [cf. Eq. (2.20)]; we also verify that the
needed subleading terms do not spoil this relation. Last but
not least, we also take the loop momentum to scale as
k% ~ g* at small |g|. We will verify all these expectations in
Sec. V C and emphasize that they are not a necessary step in
the construction of the (classical limit of the) amplitude.
At one-loop it is simple enough to confirm any assumption,
by direct computation.

Thus, the part of the quadruple cut independent of
Lorentz generators is

Cia).S,:O

A —4mdm3(26% — 1)%¢, - g4, - £5.
6471’2G2m1m2 1 2( ) 3

(5.10)

The momentum dependence reproduces that of the classical
limit of the quadruple cuts of the one-loop four-point
scattering amplitude of scalar fields [10-12,17,36].

The part of the quadruple cut that is linear in Lorentz
generators is

= =8imim36(20> — 1)M 4(p2, q)€> - €3 + 8imim36(20> — 1)Ma3(p1, q)e; - &4

+ 2i(4m%m%a(20‘2 -1)+ mlm%(40'2 —1))M4(ks, q)es - &3

+ 2i(4mimio(20* — 1) + mim,(46* — 1)) Mys(ks. q)e, - &4,

(5.11)

where the notation M;;(a, b) is defined in Eq. (4.3). These terms will yield the spin-orbit terms in the coefficients of scalar

box integrals.

Finally, the part of the quadruple cut that is quadratic in Lorentz generators with each matter line carrying at least one of

them is

Cilsz
6477:2 G2m1 my

= —8m1m2(202 + 1)M 4 (ks, p2)Mops(ks, py) + 4’"1’"2@‘72 — )M 4(p2. 9)Mo3(p1. q)

+ (8m30 + dmymy(26” + 1)) M 14(ks, )Mo (ks, p1)

— (8mic + 4mymy (26> + 1)) M4 (ks, p2) M3 (ks, q)

—4mym,(26° + 1)M4(pa, q)Ma3(ks, py) — 4mymy (26> + 1)M 4 (ks, p2)Mo3(p1. )
+4mymy (36> = 1)M4(pa, ¢)Ma3(ks, g) — 4mymy (36> — 1)M 14(ks, ¢)Ma3(p1. )
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+4mim3o(26% — 1)M 4(e*, q)Ma3(e*, q)n,, + 8mim3o(26% — 1)M 4 (ks, e*) M3 (ks, €*)n,,

+ 4q°m myo* My (ks, e )Mo (py. €)1, — 4g°m myc® M4 (pa, € )Mos(ks, €)1,

+2¢°mymyc* My (e, Q)Mo (P, € )il — 2q°mymao Moy (ps. e )Mos (€%, q)i,

+4mimy6(26° — )M 4(e*, ) Ma3(ks, )y, + 4mim30(26> = 1)M 4(ks, e*)Ma3 (€, @)1l (5.12)

where M;;(e,,a) is defined in Eq. (4.3). The complete quadruple cut corresponding to Fig. 7(b) and determining the
coefficient dy in Eq. (5.1) is

Cib) _ Cib),51=o + Cib),so + Cftb)sSISZ' (5.13)

The quadruple cut C‘(tb) corresponding to Fig. 7(b) and determining the coefficient dg in Eq. (5.1) is obtained by
interchanging the external momenta p, and p5 in Eq. (5.13).

2. Triple cuts

The triple cuts, which will be used to determine the coefficients c and cy in Eq. (5.1), are shown in Fig. 8. They may be
obtained by sewing together one Compton and two three-point gravitational amplitudes or by imposing an additional cut
condition on one of the matter propagators in the two-particle cut (5.6). We follow this second approach:

a . b .
CY =2ip, ksCalppor C3) = =2ipy - ksCal 4o (5.14)

They are related by the relabeling (m1, my, p1, pa, P3, P4, ks) <> (my, my, pa, p1, s, P3, —ks), so we need to evaluate only
one of them. Each of the two cuts may be further separated into two parts related by the interchanges p; < p, and
D> <> p3, respectively. They correspond to the symmetry of the triangle integrals /, and /y. In the following we will not
make explicit this separation.

Since the coefficients ¢, and ¢y which will be determined from Cga) and Cgb) multiply integrals whose leading small-g
scaling is classical, I o ~ |g|~! ~ Iy, it suffices to evaluate the triple cuts only to leading order in the classical limit. That is,
we are free to use the leading order part of the relations (2.20) between Lorentz generators, polarization, and spin tensors.

For the spin-independent part of Cga) we find

C:()’a),S[:O B i
647°G*  ¢°Py(P; + ¢°)
+ 16m3m,yPy6q* (P35 + Pyg® + m3(1 — 26%)q?) + 2m$(P5 + 2P3q* + 2m3 P, (1 — 46%)g* + 2m3(1 — 26?)%¢*
+ Pig*(m3(2 - 80%) + ¢°)) }. (5.15)

€1 - €48 - 83{—4’”%1%‘12(13% + quz + m%(l - 6‘72)q2) + P3514 - 8m1m2P%6q4

where P, = —2p, - k5. The presence of the two factors in the denominator, related by p, <> ps, exposes the presence

mentioned above of two distinct terms related by this transformation.

Expressing the result in terms of the covariant spin vector through Eq. (2.18), the terms in Cga) that are linear in the

covariant spin are

Cga),so 281 - e48) 0 83
647°G>  q*P,(P> + ¢%)

+ 2mym; Pyo(Py — 2m3) + m3P3) — Pyg*(4mymic(m3 (2 — 46%) + 3P,)

—=2m3Py(m3(1 — 106?) + 2P,) — 8mym, P36 + P3) + m}P3 (3P, — 8mm,0)))

+ 85 (ks, q)((g*(m (m3(1 = 46%) + Py) + 4mymic(m3(1 = 26°) + 2P,)

+ m3P,y(2m3(66% — 1) — 3P,) — 6mym  P3c + P3)

+ m3Pyq*(m3(m3(2 — 86%) 4+ 3P,) + 12mym  Pyo — 4P3) + 2miP3))

+ (q*(Py = 2mymy0) (q* (2m3 (=2m56° + m5 + P3) + 4mym  Poc — P3) +2miP3))(S1(pa, q) = S2(p15 9))}

(5.16)

{S1(ks. q)(=(q" (m}(m3(80° — 40) — 4m,Pr0) + mi(—8m3Py0” + m3(40> — 1) + P3)
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where

Last, the terms in the triple cut which are linear in both §; and S, are

(a),51S, .
C; i €] -€48) - &3

641°G2  4q°Py(Py + ¢°)

{_m%PgSI (eﬂ’ eU)SZ(ea’ eﬁ)’/]ﬂa’/lﬂyq4

— 16miP3S,(ks, p2)S>(p1. 9)g* + 2mi(8omymy — 3P,) P38, (q. €*)S5(q. ¢ )1, q°
— 4miP3S|(pa, €)S,(ks, € )n,,q* + 8miP5(Py — 20mymy)S, (ks, €)Sy(q, €)1, q°
— 166mim,y P38, (q, €")Sy(ks, € )1,,q> = 16miP3S (ks, p2)Sy(ks, 4)q*

— 4mi(8omymy — 5P,)P,S\(p2, q)S2(ks, ¢)q* + 16mi P35S, (ks, q)Sa(ks, p1)g?

- 16’"%13%51@2’ Q)Sz(ks,m)qz - 8’71%13%51(% e")Sy(py, e”)n,qu

+ 2P, ((320mym} — 8(3P, — T6*m3)m? — 426m, Pym; + 8P3)q?

(
+ Sm%(40m1m2 —3P,)P,)S(ks, q)S,(ks. q)
(

+4m, (80’"2((1 - 202)'”% + Pz)m% + 2P2((602 - 2)’”% + P2)ml - 30’"2’%)‘12

Si(a’ b) = aubysﬂy(pi)- (517)
+ 4(q*(8(26°m3 + m3 — Py)m3 — 126myPym; + 3P3) — 8m3P3)S,(ks, p2)S,(ks, p1)q>
+ 2P, ((4(3P, — 40*m3)mi + 126myPymy — 3P3)q* + 8miP3)S, (ks. e*)Sy(py. € )n,q*
—2P,((((8 — 646%)m3 + 20P,)m7 + 526m, Pymy — 11P3)g* + 16miP3)S,(ks. q)S>(p1.q)
(5.18)

+ 8omim,P3)S (ks, e*)S, (ks, e”)ﬂqu}.

(a)

The complete triple cut C5” in the classical limit is

C§a> _ Cga>,s,~:0 i Cga),SO + Cga%SlSZ. (5.19)

The triple cut Cgb), corresponding to Fig. 8(b) and deter-

mining the coefficient ¢y in Eq. (5.1), is obtained by
applying the transformation (my,m,,py,ps,p3,Pa ks) =
(ma,my, py, p1,Pas P3.—ks) to Eq. (5.19).

C. Extracting integral coefficients

Armed with the expressions for the quadruple and triple
cuts, we proceed to extract the coefficients of the scalar box
and triangle integrals in Eq. (5.1). The construction [31,74]
begins with solving the triple and quadruple cut conditions.
They determine the loop momentum in terms of one free
parameter while the latter, which may be obtained from the
former for a special value of that parameter, gives a discrete
set of solutions. For a suitable parametrization of the loop
momentum, the coefficient of triangle integrals is then
obtained as the term in the evaluation of the triple cut on the
solution of the cut condition that is independent of the free
parameter. The coefficient of the box integrals is given by
the sum over the solutions of the quadruple cut conditions
of the evaluation of the quadruple cuts on these solutions.

We will begin by solving the triple cut conditions in the
appropriate parametrization [31,74]. From here we will

|
extract the loop momentum that solves the quadruple cuts
and subsequently use them to extract the integral coeffi-
cients. Finally, we reconstruct the classical limit of the one-
loop four-point amplitude of arbitrary-spin particles.

1. The triple cuts and the coefficients
of scalar triangle integrals

Let us consider the triple cut in Fig. 8(a), whose
expression is found in Egs. (5.15)—(5.18). The on-shell
conditions for the cut legs are

kg = 0, 2q . k5 — q2 = 0, P k5 = 0, (520)
where, as before, g = p, 4+ p3. Their solution is para-
metrized as [31,74]

4 aat
ks(T)* = xq" + ypy + Tay* t= (5.21)
where x, y, and « are free parameters to be determined by
(5.20), T parametrizes the component of the loop momen-
tum that is not fixed by the three cut conditions, and the
vectors a;* and a,* are given by [74]
at = <Qb|¢7ﬂ|Pb]’

at = (Ple|Q].  (5.22)

The null momenta P* and Q” are chosen to be
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2 2

m
P = pi Q”‘Eq’”rq?l?’f; (5.23)

the parameter y is determined by requiring that P> and Q"

are null,
1
r=5 <q2 /@ - 4m?)>-

Three of these parameters are fixed by imposing the three
on-shell conditions in Eq. (5.20),

(5.24)

2m3 7’
X = -5, = -5,
q* —4m7 Y q* —4m?
2.2
m
a= 19 (5.25)

2(‘12 - 4’"%)“1 ay

The construction of solutions to the on-shell conditions
corresponding to the triple cut in Fig. 8(b) is similar and
may be obtained from that corresponding to Fig. 8(a)
through

m; — my, y = -y, y——r. (5.26)

Evaluating the triple cut (5.15)—(5.18) on these solutions
yields rational functions of the remaining free parameter 7.
The singularities of these functions have different physical
interpretations. As discussed before, Egs. (5.15)—(5.18)
contain propagator singularities that correspond to the
contributions of the box scalar integrals in Eq. (5.1) to
|

cp = =32n2G*mie; - g4, - 83{6]’”%1’”%(562 -1)+

2
(0= 1)

- qzﬂuﬂsl (eﬂ’ eu)S2 (6(17 e/})) + Zq

+

2

my; + m,o
+ 228, (e", py)Sa(e%, q) —
my m

The coefficient ¢y, of the integral Iy, can be obtained from
cp through the map

(my,my, py, p2,S1.5,.9.0)
— (my, my, py, p1, 52, 51,4, 0). (5.30)

2. The quadruple cuts and the coefficients
of scalar box integrals

The coefficients of scalar box integrals are given by the
average over the values of the quadruple cut on the

2m;m,(56% - 3)o

the triple cut. They are reflected by singularities at values of
T solving the equations
ks(T) *Pr = 0 or ks(T) P33 = 0. (527)
Each of them is a quadratic equation for 7" and thus has two
solutions; it is not difficult to see that, away from special
momentum configurations, 7 takes some finite values.
From the discussion above it is clear that the (sum over
the) corresponding residues are closely related to the box
integral coefficients, which may indeed be extracted this
way: the solutions of the first (5.27) equation lead to dp
while those of the second (5.27) equation lead to dj.

It has been shown in [31,74] that the coefficient of the
triangle integral is given by the 7T-independent part of the
average of the evaluation of the triple cut (5.15)—(5.18) on
the two solutions of the triple-cut on-shell conditions,
Egs. (5.21), (5.22), (5.25), and (5.24). The relevant terms
come therefore from the T-independent parts of the loop
momentum ks(7) as well as from terms containing the
product @as. This product is given by

alya2y — 2(Qb/4pbu 4 QbuPbﬂ _l,lnyb . Pb) _ 2i€’waﬁQbanﬂ,
(5.28)

which can be expressed in them of the full external
momenta using Eq. (5.23).

Following this procedure, the triple cut Cga), correspond-
ing to Fig. 8(a), yields the coefficient of the triangle integral

I, in Eq. (5.1):

my + m,o

sieposiea) | H+ o,

o (3iSy(p1.q) —4iS1(p2. q))

{3(502 - 1)S1(p2.9)S2(p1. ) + (56* - 3)0’7,4(1 [mlm2(Sl(eH’ q)S2(e”, q)

1 (2651(3”7192)52(6("190

(5.29)

|
solutions of the quadruple cut conditions [27,31,74]. As
discussed in the previous subsection, these solutions may
be obtained from those of the triple cuts, Egs. (5.21), (5.22),
(5.25), and (5.24), by further demanding that the additional
propagator of the desired box diagram is on shell. We may,
alternatively, start with a parametrization of the loop
momentum which is slightly more convenient for this

purpose,

ks = aph + pph +vq" + on*, (5.31)
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where a, 3, v, and § are free, complex parameters and # is a
null reference vector, whose precise value should not affect
the final answer. By choosing # to be orthogonal to p; and
P2, we find the two solutions for the loop momentum

2 H 4 " 2
e L g _NaPi +Nypy + NG g
2q-1n N 2q -
(5.32)

n,

where

2

Ny = =2my(my + myo)q°, Ny =2my(m; + myo)q?,

(5.33)

N, = 4mim3(c* - 1), N =N, +(Ny—N,)/2.

(5.34)

While it is possible to keep # arbitrary (up to its
properties stated above) and have it drop out of the final
expressions for dp, it is more convenient to use an explicit
form that manifests its properties. We choose it to be
|

= (pile*1py]. P =pi+mip,.

c+Vor -1
ph=ps+mi¥p, (=——-—-=—m. (5.35)
myniy

The two values of { are determined by demanding that p?
and p are null. Both are necessary for determining the
coefficient of the box integral. To express the dependence
on 7 in terms of p; and p, it is useful to multiply and divide
the n-dependent terms in Eq. (5.32) by ¢ - 7,

H - 7t
ro_q9nmr (5.36)
q-n q-nqg-n
and use the identity
W =2(p " 2" + ™ = py” e pa’)
- 2i€yvaﬂp1bap2bﬁ' (537)

Using this procedure on the quadruple cut Egs. (5.13),
we find that the coefficient dp of the box integral Iy is
given by

dg = 64G>m myn*{4mim3(26% — 1)%e; - €48, - €3 + 8imim3o(206°> — 1)(e; - esM3(p1, q)

— Mis(p2. q)er - €3) + 4mimy(26% — 1)M14(p2. q)Mo3(p1. q)
+4mim3o(26% — 1)n,,M4(e*, )Moz (€, q) — 2q*mim36(26% — 1)1, 1,,M 4(e", €” )Moz (e, e°)

2612’711 my
|

2
q-n

+

o
2
m
L am

c-—1

where M;;(a, b) and their counterparts with free indices are
defined in Egs. (4.3). As in the case of the quadruple cut,
we kept intact the dependence on Lorentz generators and
polarization tensors, anticipating that comparison with the
effective field theory will require a careful choice of the
subleading in the classical limit.

The coefficient dj of the second crossed-box integral /g
is obtained from dp above by interchanging p, and ps.

D. The one-loop amplitude in the classical limit

We can now reconstruct the classical part of the four-
point amplitude (5.1). As we will see in detail in the next

(40" = 26> = 1)m; + 6(40> — 3)my)n,Mia(e!, pr)Mas(e”, Q)} +0(q%).

(40* — 267 — 1)n,, M 4(e", pr)Ma3(e”, py)

2 (40* =207 = Dy + 0(40” = 3 Mia(e!, @) Mas e, 1)

(5.38)

|
section and used in earlier literature [11,12,22,23,
33,36,37], the new physical information in this amplitude
arises from triangle integrals. It is therefore convenient to
collect their contribution in M, v defined as

iM% = dyly + dgly + cpalp 4+ cyly  (5.39)

=dglg + dgly + M v. (5.40)

The two triangle integrals are related by interchanging
the masses m; and m, and are well-known; in an expansion
around the classical limit they are [11,12,17,33]
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i 1

— +’

/ :/ d*l 1 _
7 ) P (P +ie)((I+qP +ie)((I+p )P —mi+ie)  32my /g

i 1

o / &'l 1
) @R (P +ie)((L+ q) + ie) (1= pa)? = m3 + ie)

4+ (5.41)

S 32my /=g

Thus, together with their coefficients (5.29), their contribution to the amplitude is

272%iG*mym,
V-4

(56> - 3)o
o> -1
(my +my)

(0> = 1)mym,

iMpyw =

+

2
v a q
— @*n,pS1 (", e) S, (e, ef)) + —

£ - €48y 63{3m1m2(m1 +my)(56% = 1)
((Bmy +4m,)iS>(p1, q) — (3my + 4m,)iS1(p2. q))
{3(502 = 1)S1(p2. 9)S2(p1. q) + (56% = 3)on,, |:m1m2(S1<eﬂv q)S>(e%, q)

(2051 psite )

my + myo my + myo
MR e pilea) = sy e s o)) |+ o (542
1
Using identities of the Levi-Civita tensor, this can be expressed in terms of the covariant spin vector:
2%iG*mym
My =TI ey e {Gmyms(m )5 - 1)
—-q
2i(56> = 3)o So4 Sis
%eﬂvﬂﬁplﬂpzyqp <(3m1 +4m,) miz + (Bmy +4my) mL1>
2(my + my)(206* — 216 + 3
+ (m 2)552_1 )(Q‘SﬂI‘Sz—C]le'Sz)
8q*c>(my +m,)(56* —4)p, - Sapr- S
+ q ( 1 2)( 5 )f] 2p2 1 + O(qzslz) (543)
mymy(0* — 1)

The terms containing both §; and S, are now expressed as
scalar products; this property will be useful in Sec. VI for
systematically organizing the interactions of spinning
particles. The box integrals Iy and I3 expanded in the
classical limit are also well-known [11,17,32]; we do not
list explicitly their contribution to the complete amplitude
(5.40) because, on the one hand, it will turn out to be
physically unimportant and, on the other, it can easily be
reconstructed given the dy integral coefficient in Eq. (5.38).
Later in this section we compare Eq. (5.40) with existing
results in the literature [34,60,66].

The complete classical amplitude (5.40) agrees with the
spin-1/2 amplitude constructed in [66] after changing the
orientation of external momenta in the latter to match ours
and upon making the replacements

gire;—> 1, e M"Wey=5"(p,), e M"e3=S5"(p,).

(5.44)

The former can be understood as a choice of normalization
of the amplitude, and the latter two are consistent with the
leading term in our second Eq. (2.20) and are a conse-
quence of the effective spinors used in [66].

References [34,60] present the amplitude as different
expansions around the zero-momentum limit: in the former
it is an expansion in the spatial momenta of external
particles while in the latter it is an expansion in (¢ — 1).
Accounting for the nonrelativistic normalization of [34] it is
not difficult to see that the small momentum expansion of
our expression for M,y recovers the terms listed in
Eq. (94) of that reference and the expansion in (¢ — 1) of
M v recovers the terms listed in Egs. (7.11), (7.13), and
(7.18) of Ref. [60].

E. Tree and one-loop summary

To facilitate the extraction of the two-body effective
Hamiltonian in the next section, we now summarize the
one-loop and tree-level four-higher-spin amplitudes
obtained in this section and Sec. IV, respectively. For this
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purpose we normalize the amplitudes nonrelativistically, by
dividing by a factor of 4E E,, and manifest the dependence
on the rest-frame spin that arises from the presence of
Lorentz generators in vertices. We do the latter in two steps:
we will first expose the rest-frame spins coming from the
dependence on the covariant spin vectors in the amplitude,
but not that coming from the product of polarization
tensors. The coefficients of the various spin-dependent
monomials in the resulting expressions are decorated with a
subscript “cov,” which emphasizes their covariant origin.
We subsequently extract the remaining spin dependence in
the product of polarization tensors. The reason for this
stepwise treatment is that the coefficients of the various
spin-dependent monomials in the final expressions are
simple linear combinations of the “covariant” coefficients,
with additional energy- and mass-dependent factors arising
from Egs. (2.20) and (3.10).

To further facilitate comparison with EFT calculations in
the next section, we specialize the expressions of the
amplitudes and their associated particle spins to the
center-of-mass frame, defined as (recall that all momenta
are outgoing)

P2 =—(E», —p),

q2
g =(0.q9). P =

pP1 = —(EhP)’

(5.45)

Equation (2.17) then gives the relation between the
covariant spin vectors and the corresponding rest-frame
ones:

p-S: p-Si
S =—.8+—"—p],
1 (ml : (E1+m1)m1p)

PSS, p-S
Sh= |- .S, + )
: < my : (Ey + mz)m2p>

(5.46)

The two covariant spin-dependent factors in the tree-
level amplitude Eq. (4.8) are g - §; and p,p>,9,S;,- Using
Egs. (5.46), it is straightforward to find that

. gp-S
2m;(E; +m;)’
e’ p1uP24,Sic = E(p X q) - S;,

q-Si=q-S;

(5.47)

where E = E| + E, is the total energy of the incoming
particles and we neglected terms that are of a higher-order
in g, which appear because of the fourth relation in (5.45).
While such terms are important at loop-level, they can be
safely ignored at tree level because they cancel the graviton
propagator and thus cannot contribute to the long-range
potential.

With these preliminaries, the tree-level (4.8) with a
nonrelativistic normalization can be written as

M= _4nG { ) = (1)
=€y €8 6|y, 1) a, pxq)-S;
AE\E, g ane 1 J_Zl 1P xq)-S;

+ ag{vl,iq -S1q- 52] . (5.48)

The cov subscript decorating the coefficients reflects the
fact that they originate from terms with covariant depend-
ence on the spin vector; the second subscript “1” reflects
that they are tree-level coefficients. The first superscript in
the a coefficients represents the number of spin vectors
multiplying this coefficient while the second superscript
denotes the spin-dependent monomials with the given
number of spins. For monomials linear in spin we identify
it with the spin label. While here we encounter a single two-
spin monomial, we chose to nevertheless index it in
anticipation of the fact that more monomials will appear
in the one-loop amplitude. The explicit expressions for the
coefficients can easily be read off from the amplitude (4.8);
accounting for the nonrelativistic normalization, they are

2,2 i 20E
a0 =" (-2, i) =5
' &y ’ &y” m;
(2.1 v 2
[ :__(1_20 )v (549)
1 572
where we used the variables
E
m:ml—l—m2, E:E]+E2, }’:E,
mimy E\E,
= , = . 5.50
y=R el (5.50)

It is interesting to note that a second two-spin monomial

appears, ¢S - S, with coefficient equal to aﬁvz)l =— fwl)l

Because of the factor of g2, however, it cannot contribute to
a long-range interaction at tree level, so it is dropped. This
structure will appear again at one loop, where the factor of
g* no longer implies that this monomial can be dropped.
The one-loop amplitude is given in Egs. (5.40), (5.38),
and (5.43); it contains two additional covariant spin-
dependent monomials, p, - S; and p; - S5, apart from those
already appearing at tree level. They can easily be
expressed in terms of the rest-frame spin vectors,

E E
pz'Slz——P‘Sl, pl-Szz-l——p'Sz, (551)
m ny

1

using Eq. (5.46). Together with Eqs. (5.47) they can be
used to write the one-loop amplitude as
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/\/l1 loop 27r2G2
4E Ez lq|

€4 8183 52|: 1(:0v2+lzacov2 ) S +acovzq Slq SZ+acov2qzsl 52+a((:0v2qp Slp SZ

j=1

For the terms on the first two lines we used the same labeling scheme for the coefficients as at tree level. The two subscripts
indicate that the coefficients originate from covariant dependence on the spin vectors and that they appear at one-loop,
respectively. The new superscripts compared to those already appearing for tree-level coefficients indicate that they multiply
bilinears in spin which are labeled as 2 and 3, continuing the list of monomials bilinears in spin started at tree level. They are

3 2.3
aiglz Sd n; (56% - 1),
’ 4%y
(a1 _ v o(56% =3) (4m) + 3my) (12) _ v 0(56> =3) (3my + 4my)
Aeoyp = > 5 E, Aoy = 5 5 E,
’ 4éy= o7 —1 my ’ 4&y= o —1 my
200* — 2162 + 3 2006° — 1562 =6 3
o2l = =gl = M (D2 ey Y (B0 D —hot ) (5.53)
' 4y o°—1 4y (c—1p

We point out here the appearance, as in the tree-level amplitude, of the monomial ¢*S - S, with coefficient ag)vz )2 = £ivl)2

It would be interesting to understand whether this equality persists to higher orders in perturbation theory. The box integral
coefficients,

dy dg

9’ a - b
4By, B4y,

ap = (5.54)

where y; = E;/m; is the usual Lorentz factor of particle i. The corresponding box and cross-box integrals, Iy and [, are
given in Ref. [89] and were evaluated in the classical limit in Ref. [12]. In Sec. VI we follow the same integration scheme
where the integrals are

daP-'¢ 1

2r)P=LE2(¢ + q)* (€% + 2p¢)’
Iy = 0. (5.55)

)

The box integral has a stronger-than-classical scaling in the classical limit. Thus, in taking the classical limit of the box
coefficient dp, first subleading terms should also be kept. As we will discuss in the next section, they have no physical
effects, and we will choose them such that the EFT we construct there corresponds to the complete theory used to
compute the amplitudes summarized here. For this reason we did not express the box (and cross-box) coefficients in
terms of the rest-frame spin vectors; the leading terms are, however, easy to obtain by replacing Eqs. (5.47) and (5.51)
in Eq. (5.38).

It is not difficult to see that, upon expanding the products of polarization tensors in Egs. (5.48) and (5.52) using
Egs. (2.20), no further spin-dependent spin-bilinear monomials are generated. The coefficients of each spin-dependent
monomial is slightly modified because of the additional spin dependence coming from ¢, - €, €3 - €,: each one becomes a
linear combination of a,,. This mixing is the same at every order in G. Thus, the tree-level and one-loop amplitudes fully
expanded to second order in spin are

Miee 47rG[ 0 1) .
=——la; +i a’(pxq)S+a q-S19-S 5.56)
4E\E, ¢* | ! ,:21 1 1 1992 (
lelloop 271'2G2 2 () o) ) - | |
4E|E, lq| Z (pxq)-S;j+ay"q-Sq: S2+a2 q-S; - Sz+az qp-Sp-S,| —iaglg —iaglg,

(5.57)
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with the a? given by

) _ 0

az = acov,i’
(1.1 (1,1 1 (0)
a; ) = acov,z' - m2(71 n 1) ooy is
1
12 12 1 0
az(' ) = ao(:ov,z - m%(}/g + 1) aiol/,i’
a(-z’l) _ a(z’l). _ PZ a(l,l) _ P2 a(l.Z). p2 a(,()) )
1 cov,1 m%(yz + 1) cov,t m%(}/l + 1) cov,1 m%m%(yl + 1)(y2 + 1) cov,1?
2 2
(22) _ (22) p (1,1) 14 (1,2) p (0)
a" =a . a. . — a... .
1 cov,1 m%(},z + 1) cov,t m%(yl + 1) cov,1 m%m%(yl + ])(7/2 + 1) Ccov,1
1 1 1
a =al - — 4t - 12 © (5.58)

m3(yy +1)

with i = 1, 2. We are not decorating them with a cov index
because they are no longer associated with a definite
combination of covariant spin vectors. We note that, while
the expansion of &4 - &, &5 - &, generates the structures g>S -
S, and ¢°p - Sip - S, in the tree-level amplitude, they can be
ignored, as done before, because they do not correspond to
long-range interaction terms. The a,,; with i =1, 2 are
given in Egs. (5.49) and (5.53), respectively, and aﬁf)l =0.
In the following section we will use these expressions to
fix the effective interaction Hamiltonian of two spinning
bodies with arbitrarily oriented spins, through O(S,S,).

VI. EFFECTIVE FIELD THEORY AND DERIVED
HAMILTONIAN

Having found scattering amplitudes of general relativity
coupled with higher-spin fields of the type described in
Sec. I, we will now describe their translation to a two-body
spin-dependent conservative Hamiltonian with complete
velocity dependence. We will extract it from the two-to-two
interaction of an effective field theory of the positive-
energy modes of higher-spin fields, thus generalizing the
construction of Ref. [12] to include spin degrees of free-
dom. The matching procedure with spins was discussed at
O(G) [23,63], and also at O(G?) for spin-orbit potential
expanded in velocity [23]. Here we will establish a general
spinning formalism for higher orders in G and all order in
velocity; it has the distinct advantage of being relatively
straightforward, while simultaneously producing results
that allow physical observables to be obtained through
standard Hamiltonian mechanics methods.

A. Spin formalism

Unlike the Lorentz-invariant setup of earlier sections, we
will parametrize the spin degrees of freedom in terms of the
rest-frame spin of the two fields, &, and &,. Since the rest
frames of the two particles are not necessarily identical

—————ag o t+ Aoy is
mi(yy+1) " mim3(y + (2 +1)

|
(i.e., the two particles need not be simultaneously at rest),
there are two copies of the little-group generators, each
acting on only one of the two fields; thus, the two fields &
and & carry little-group indices,'' which we suppress
throughout. We will denote the two copies of the little-
group generators by S 1 and S’z, respectively, and their
components by S’a with a = 1, 2. Apart from generating
the SO(3),

86, 81) = i6,,cSL, (6.1)
they also are, as in nonrelativistic quantum mechanics, the
spin operators of the two particles.

We take the action of the effective field theory for the
fields &, and &, to be

S — A S E(—k) (ia, - W) &, (k)

a=1,2

- A LSEGRVE ES)E RE(R). (62)

where we wrote the interaction term in the center-of-mass

frame and [, = [ é’;%

(spin) indices are suppressed. While the field &(k) describes
a particle with momentum £, its spin is always defined with
respect to its own rest frame, such that the algebra in
Eq. (6.1) is satisfied. This is analogous to the treatment of
spinning particles in quantum mechanics, where commu-
tation relations of spin operators are the same whether the
particle is at rest or not [90]. The hat on the potential
V(k'.k,S,) indicates that it is a momentum space quantity;
it is a function of the incoming momentum k, momentum

As mentioned, all little-group

""This is to be contrasted with the full theory, where the higher-
spin fields carry SU(2), x SU(2)g spinor indices; cf. e.g.,
Eqgs. (2.12) and (2.13).
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transfer ¢ = k — k/, as well as spin operators S 1 and Sz of
the two particles.

To connect these operators with the classical rest-frame
spin vectors, which is necessary in the matching of the EFT
amplitudes with those of the complete theory, we take the
asymptotic states of &; and &, to be spin coherent states in
Eq. (2.15). Similarly, the classical two-body Hamiltonian is
given by the expectation value on classical on-shell states,
which satisfy p* = (p — q)?,

H(g.p) = \/p> +m} + \Jp> + m3

+ (mmy|[V(p —q.p.8,)Inimy),  (6.3)
where we only keep the classical part based on the counting
in Egs. (2.4) and (2.5). The spin-independent part, obtained
by formally setting S, = 0, clearly reproduces the two-
body spinless Hamiltonian. Here the momentum transfer ¢
is the conjugate of the separation r between the two
particles. Therefore the position-space classical potential
follows from taking the Fourier transform with respect to g,

V(rp.S,) = / 1y |V (p — 4.9, 8)lmams): (6.4)
q

the expectation value effectively replaces the symmetric
product of spin operators Sa with their classical expectation
values S, via Eq. (2.15).

The ansatz for the interaction V(k’ k, S'a), which is
subsequently fixed by matching the EFT amplitudes with
those of the full theory in the classical limit, is constructed
such that, on the one hand, it contains only long-range
interactions between the fields &; and &, and, on the other, it
requires that none of the terms vanishes in the classical
limit. As discussed in Refs. [12,15], this fixes the depend-
ence on the momentum transfer at O(G") to be |g|"~* while
the dependence on the incoming momentum is arbitrary.
The classical scaling, described in Eqgs. (2.4) and (2.5),
is the main tool for including the spin dependence. It
implies that, at each O(G"|q|"~?), we may include any
number of spin operators as long as each of them is
accompanied by one factor of the momentum transfer, i.e.,

V(k/,k,§a> D dj]mj”l+”2'i] """ i”l+"2 (p)q]l - an1+112
ai Alny Alny + aiy o G"
<SSpSEsr S (6
q

The coefficients @/1"/m+n-itim+n (p) can be further
expanded in independent tensor structures, which are
constrained both by the desired/expected symmetries
(such as parity) and by the classical limit. The former
implies that in a parity-invariant theory an even n; + n,
requires a parity-invariant coefficient and an odd n; + n,

requires a parity-odd coefficient (i.e., one containing a
Levi-Civita tensor).

The ansatz for the coefficients @/t Jm=+nit--in+n (p) is
also constrained by the classical limit and the desired long-
range nature of interactions. Momentum conservation
implies that p - ¢ = g*>/2. Therefore, if such a contraction
occurs, the corresponding term becomes subleading in the
classical limit and therefore needs not be included.
Similarly, if @'"J/menit-inin (p) contains a term that
leads to a contraction of two of the momentum transfer
factors, then that term needs not be included at O(G)
(because it is a contact interaction) but must be included at
all higher orders. Each independent tensor structure has a
scalar coefficient, which depends only on the square of the
center-of-mass momentum; as in [12,15], we take it to
be p? = (kK* +k7)/2.

It is not difficult to see that at O(G) and in a parity-
invariant theory, the only types of operators with an even
and an odd number of spin operators of each particle are
(g-5,)* and L,- S:(g-8,;), where a is an even integer and

L,=i(kxgq) (6.6)
is the momentum space version of the orbital angular
momentum. The complete set of operators that can appear
in the interaction potential is the tensor product of the above
sets of single-particle spin operators. All other combina-
tions, which are proportional to g2 and therefore ignored at
this order, must be included at O(G"=?); the construction of
operators proceeds as described above.

Using the construction outlined above, we will next set
up in detail the EFT to quadratic order in spin operators and
through O(G?) and determine the free coefficients of the
interaction potential by matching its amplitudes with those
of the full theory, summarized in Sec. V E.

B. Potential bilinear in spin

Following the framework described above, we now build
the most general classical potential up to quadratic order in
spins. The classical counting in Eq. (2.5) implies that, in
momentum space, the possible building blocks are

A

linear in spin: L, - S,

quadratic in spin: q-S,-q-S'j, ng,--S'j, ¢’k -S;k-S
q-kk-8,q-S;, q-kqg-Sk-8§,

(6.7)

where the subscripts i, j = 1, 2 are the particle labels, the
prefactors are chosen such that each operator is O(1) under
the classical counting, and L,, defined in (6.6), is the
momentum-space version of the orbital angular momen-
tum. Parity requires that an operator with an odd number of
spins must contain a factor of Lq. Note that the vectors g, k,
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and L,

operator L, - S iLg S ; can be written in terms of the above
building blocks.
If the momenta of the two particles, k and k', are on shell,

then k-q — ¢2/2; consequently, the operators q-kk-S;q-S j

span a complete basis in three dimensions. The

and q-kq-Sk-S ; are subleading in the classical limit. This
observation is similar to the removal of the products k - ¢
in favor of ¢*> in the case of spinless particles [12].
We can see that it is even more advantageous in the
presence of spin operators, because even the number of
independent interactions is reduced. This choice is analo-
gous to gauge choices in more standard derivations of two-
body Hamiltonians from general relativity; as we will see
shortly, it corresponds to the so-called isotropic gauge.
Thus, a minimal basis of spin-dependent interactions in
the on-shell scheme, up to quadratic order in spin and linear
in the spin of each particle, consists of the six operators:

09 =1, o"W=r,§, O'I=L, 8§,
0@l = q- Sl‘] : Sz, 0@ = 11231 'Sz’
03 = ¢’k - Sk - S,. (6.8)

Their expectation values in the spin coherent states, as in
Eq. (6.3), are in one-to-one correspondence with the
various spin-dependent monomials in the tree-level and
one-loop amplitude in the full theory to this order in spin
(see Sec. V E). We labeled them following the same scheme
as there. The ansatz for the EFT potential operator

V(k'.k.S;) to quadratic order in spin operators is
-y

where A runs over the superscripts of the operators in

Eq. (6.8) and VA(k',k) are free momentum-dependent
coefficients that can be expanded as

V(K k.8, (6.9)

272G2
lq|

VAK )— dA(PZ) dy(p*) + O(G?).

(6.10)

The coefficients d? are closely related to the d coefficients
in Eq. (6.5) and may be interpreted as the scalars multi-
plying the independent tensor structures in the latter. As
mentioned in Sec. VI A and following Ref. [12], we choose
the off-shell continuation p? = (k* + k'?)/2. While this is
not important at tree level, it becomes essential for higher-
order amplitudes.

It is not difficult to see that, as discussed in Sec. VI A, in
the O(G) potential any operator O which contains a factor
of ¢* can be ignored. Indeed, the ¢ is such an operator it
cancels the g~2 in the first term in (6.10) and thus leads to a

contact term upon Fourier transform to position space.
Such are 0?2 and 0%, so we may therefore choose

d™? = 4> =o. (6.11)
Starting at O(G?), however, the ¢° in these operators does
not cancel the nonanalytic ¢ dependence, and therefore
yields relevant long-distance effects and, in general, should
not be ignored.

The position-space classical potential follows straight-
forwardly from the Fourier transform of ¢ as in Eq. (6.4).
(Here we strip off the coherent states.) To carry out the
Fourier transform it is necessary to identify the complete
dependence on ¢. This amounts to expressing all k and k’ in
terms p and ¢; the latter may be ignored in the classical
limit. This gives rise to the position-space potential

V(r.p.8 ZVA r,p)O (6.12)
The six independent position-space operators are
oo =1  o0b :lL-Sl, 012 :iL-Sz,
r’ r’
| 1. A
ol = —r-8r-8,, 02 = —8,-8,,
r r
| A
023 = =P Sp-S,. (6.13)

where L = r x p is the orbital angular momentum and the
prefactors are expanded in G,

G
Vi) = et %) + ( -

The earlier choice to trade the products k - ¢ for g* using
momentum conservation translates in position space to
the absence of the product p - r from the expression of the
Hamiltonian. Thus, it corresponds to the so-called iso-
tropic gauge.

The relation between the coefficients of the momentum
space and position space identity operator is trivial,
© _ 40

c; .. However, some of the spin operators O*

include nontrivial (tensorlike) ¢ dependence. Thus, the
Fourier transform of V (k' ,k,S',-) in Egs. (6.9) and (6.10)
leads, in general, to nontrivial linear relations between the
d”* in Eq. (6.10) and the ¢* coefficients in Eq. (6.14). They
are summarized in Table I. We note that, while at O(G) the
momentum space potential depends only on O, s
Fourier transform depends on both O and O22); they
enter only in the combination 302" — 022 which may
be identified as (proportional to) the quadrupole of the
system of two particles which is not inherited from the
quadrupole of either one.

> 2(p?) + O(G?).  (6.14)
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TABLE I. Summary of momentum- and real-space operators for spin interactions and relations between their coefficients, through
bilinear order in spins. The first column lists operator labels, A. The operators in momentum space and in position space, O and 04, are
given in columns two and three, respectively. In the last column we give the relations between the coefficients of momentum-space
operators d4 and position-space counterpart ¢ at O(G) and O(G?). The momentum-space and position-space potentials are defined in

Egs. (6.10) and (6.14).

Label A Mom. space operator Real space operator O(G) O(G?)

0) I ) I ) C(l") _ d<10) Céo) _ d(20)

(1,1) L, .§1 ,%L . §1 (114,1> d(ll,l) gl,n _ —2d§“)
(1,2) Ljf .SZA ,Lzl: . SZA (1.2) _d(11-2> c(zl 2) _ ngll)
(2,1) qsquZ %r.Slr.Sz 22,1) _3d(12]> C(21> Sdézl)
2.2) 7815, £81-8, P = a® ) = 243 — 24
2.3) g’k -Sik-S, ,%k 81k -8, 6(12,3) =0 c§2’3> = —2d§2‘3)

C. EFT four-point scattering amplitude

To guarantee that the EFT described above corresponds
to the full theory setup and used in earlier sections and free
coefficients of the EFT Lagrangian, we compare its tree-
level and one-loop four-point scattering amplitude with the
tree-level and one-loop amplitudes that are summarized in
Sec. V E. To this end, in this section we evaluate the EFT

|

—k
(E', k) .
— VK2 +m? +ie’

k

two-to-two scattering amplitude. Before proceeding in the
next section to determine its free coefficients, we use the
state-of-the-art spin;-spin, Hamiltonians [6,54] to verify
that the EFT amplitude reproduces the suitable expansion
of the full theory amplitudes.

Given the simple structure of the EFT Lagrangian,
it is straightforward to derive the Feynman rules. The
propagator and vertices are

—k

= V(K kS, (6.15)

k,

where [ in the numerator of the propagator is an identity operator. As emphasized above, the vertices should be viewed as
operators whose ordering is important. As in the spinless case, off-shell continuation of the potential needs to be defined in

order to have consistent amplitude. We use p? = (k?
off-shell definitions for the operators.

+k'?)/2 in the coefficients d,(A)

(p?), and also choose Eq. (6.8) as the

To illustrate the calculation, consider the amplitude up to O(G?). The two relevant Feynman diagrams are given in
Fig. 10. It is not difficult to see that the Feynman rules give the following expression for the two-to-two scattering amplitude

stripped of external-state spinors:

V(p' . k)V (k.p)

= —‘A/(p/’
Vp'

//27[ E1+w—

R (Es -
k)V (k.p)

-k +m3)

(6.16)

. _/
(pp) kE]+E2

VK +m? -

\/k2+m2

The second line is obtained by carrying out the @ integral, using the standard ie prescription.

Unlike the case of spinless particles, the potential V
entering each vertex is an operator, and therefore the order

of V(p'.k) and V(k,p) in the numerator is essential. As

typically done in quantum mechanics and quantum field
theory, they are ordered from left to right, beginning with
the vertex adjacent to the final state, followed by the one
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p E’), —p E2 - W, —k Eo
(Ev.p)  (BEup (E
FIG. 10. The EFT scattering amplitude is given by the sum of
bubble diagrams. We use the center-of-mass frame for external
kinematics. The loop momentum k =p +1[ where I is the

momentum transfer flowing downward in the leftmost vertex
of the second diagram.

1, D E1+wk Elp

adjacent to the initial state. In terms of the one-loop
Feynman graph in Fig. 10, vertices are read against the
arrows denoting the momentum (and charge) flow. Each
vertex brings spin operators of the same particle. In close
similarity with the full theory, to consistently take the
classical limit it is necessary to decompose such products in
irreducible representations of the rotation grouplz; this is
done by repeated use of the SO(3) algebra in Eq. (6.1). For
example, a product of two spin operators is organized as

A

S/ l 1 P A
S;S{; :E{S SJ}+ [S;,Sl] ,{S S{l}+%€ljk859
(6.17)

this is similar with Eq. (3.13) in the full theory, written there
for the generators of the Lorentz group. Although the
commutator may appear to be subleading in classical
counting, it can still yield relevant contributions when it
appears in a loop diagram.

The propagator in Eq. (6.16) simplifies when expanded
around the classical limit [12],

1
E1+E2—\/k2—|—m%—\/k2—|—m%
2EE  1-3¢
=T 2 T (6.18)

where E = E| + E,, ¢ = E|E,/(E, + E,)?, and the ellip-
sis stands for higher order in classical counting which are
irrelevant for O(G?). As indicated in Fig. 10, k =p +1,
where p is the center-of-mass external momentum and / is
the momentum transfer in the leftmost vertex of the send
diagram. We can see that the first term is O(|I|7!) ~
O(|q|™") using k = p +1 and expanding in I. Therefore,
as stated above, the commutator term in Eq. (6.17) can be
relevant for the classical limit of the EFT amplitude when it
interferes with the propagator. We will judiciously keep
such contributions when evaluating the second term
in Eq. (6.16).

“In the full theory, products of Lorentz generators were
decomposed in irreducible representations of the Lorentz group.

The final two-to-two scattering amplitude MFFT in EFT

is obtained by contracting M with suitable external-
state states. As discussed in Secs. VI A and II, the relevant
ones for the classical limit are the spin coherent states
defined in Eq. (2.15). Thus,

MEFT = () | MET (6.19)

|n1’n2>'

Since these states are momentum independent, the net
effect of the expectation value is to simply turn the spin
operator S ; into classical expectation values S;; moreover,
this expectation value does not lead to any terms that are
subleading in the classical limit.

At O(G), the EFT amplitude follows simply from
evaluating the tree-level diagram in Fig. 10, which corre-
sponds to the first term in Eq. (6.16); it is directly given by
the O(G) potential. Keeping only the terms up to bilinear
order in spin that contribute to long-range interactions, the
amplitude is

1.1 12
ML =—|a —|—a(1 >Lq-S1—|—a(1 )

4drnG |: (0)
qz

L,-S,

+d*Vg-8q- sz] . (6.20)

The a4 coefficients'” are directly given by the coefficients
in the momentum-space potential (6.10),

= —d4, (6.21)

As discussed in Sec. II, a simple rule for tracking relevance
in the classical limit, is that each power of spin comes with
a single power of ¢ relative to the spinless case; terms with
higher powers are irrelevant. If the required powers of ¢
appear as ¢° at this order, we can drop the contributions
because they cancel the 1/g> pole and will not yield long-
distance contributions to the potential.

The EFT amplitude at O(G?) order receives contribu-
tions from both terms in Eq. (6.16) and can be written as

YThese EFT amplitude coefficients are formally distinct from
the full theory coefficients. However, for the EFT to correspond
to the full theory, the scattering amplitudes of the two theories
must be the same. Enforcing this condition, referred to as “EFT
matching” which we will do in Sec. VID, leads to amplitudes’
coefficients being equal, so we use the same notation for both of
them.
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272 G?

MERy == [+ L8 L 8,
—I-agz’nq-Slq-Sz +a§2*2)q2sl .S,
+ag?p-Sip- Sz}

dP-¢ 2LE
4 G 2 iCl' 9
+ (476) a /(zn)D—le(f+q)2(f2+zp.f)

(6.22)

where we have expanded in ¢ and kept only terms that are
relevant in the classical limit. The first two lines are of order
1/]q|, including the scaling of the spin vectors; this is the
expected order of the classical potential at O(G?). The
integral in the last term originates from the one-loop
diagram in Fig. 10; since the two vertices are identical
and given by the O(G) potential, we refer to this term as an
“iteration.” It is not difficult to see that the integral is of
order 1/g* Thus, for the amplitude to be accurate to
O(1/|q|), an extra power of ¢ beyond the leading con-
tribution must be kept in the coefficient a;,,. While this part
of the amplitude does not contain information beyond the
one in the tree-level potential, it is nevertheless very
important. Similar to the spinless EFT, the iteration part
of the EFT one-loop amplitude is IR divergent. Since the
EFT is constructed to match the low-energy part of the
|

0 0 1 0)\2
& = =d + ——A[(d")7],

desired complete theory, the IR divergences in EFT should
be the same as in the full theory one-loop amplitude.14 In
doing so the first subleading terms in the a;,, coefficients
are crucial and the required match can be enforced by
appropriately choosing the subleading terms in the relation
between the Lorentz generators and the spin tensor in the
full theory. We emphasize that the only effect of such a
choice is to guarantee the match of IR divergences and has
no consequence on the finite part of the amplitude and on
the O(G?) potential.

To write compact expressions for the coefficients of the
2PM EFT amplitude in terms of those of the momentum
space Hamiltonian it is convenient to define the functions

AolX] = [(1 = 38) + 22 2],

2 2
AX] = |(1=3&) + 2;15 + 252E28} X,
B il EE* 1,
— -3 2E2 3 2 2
A3[X]__Z(1—3§)+p—2+§§E6]X, (6.23)

where 9 = 0/9p?. Then, the EFT amplitude coefficients in
Eq. (6.22) are

2E

1i 1i 1 0) (L

ay" = ~dj >+25—EA1[d<1)d(1 .

@1 2.1) 1 ©0) 21, . P 02, , SE . an (12)\ 4(2.1)

a, = —d, +2¢TEA3[d1 d; ]+2§7EA2[d1 d ]+§(d1 +dy7)d,

(2.2) 22 1 ©0) 21, P (1) 412y, SE 1) | (1.2)\ ,2.1)

a, " = —d, _2§—EA2[dl d ]_é_—_EAZ[dl d ]+?(d1 +dy7)dy,

23 23) , €E  (0) ,2.1 1 L 2, EE 12)\ 421

a¥ = —dS >+17[d§ d )]+§—EA2[d( d )}—?(dﬁ o d"Pyay, (6.24)

Recalling that the first superscript of the Hamiltonian
coefficients represents the number of spin operators in
the corresponding operator, it is easy to infer that the
combination (dgl’l) +d(11,2))d(12,1) arises from three-spin
terms in the numerator of the amplitude (6.16). Such terms
nevertheless contribute to the two-spin terms in the am-
plitude through the commutator identity Eq. (6.17).

We note that the spin-dependent sector of the amplitude
contains 1/p? threshold singularities through the functions
Ay ,3(d}d¥]. This singularity is physical because it appears

'4Higher—100p iteration terms have a similar interpretation.

|
in the amplitude. These terms arise from the reduction to
scalar integrals of various tensor integrals in the one-loop
diagram in Fig. 10. This is intimately connected to the spin
dependence and, as pointed out in Sec. V, has a counterpart
in the amplitude calculation in the full theory. The residue
of this singularity is completely fixed by O(G) terms in the
Hamiltonian, so the singular terms should be the same in
the EFT and in the full theory. The 2PM Hamiltonian
obtained by demanding that the two amplitudes are
identical turns out to be local in p.

Last, the iteration coefficient ;.. in Eq. (6.22) is fixed by
the O(G) terms in the Hamiltonian:
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aier = (d\Y +dVd"L, -8, +dVd" L, - S, +dVd Vg - S1q- S,

0) 4(2.1)
L/ an a2, di'd

This expression is through O(|g|), where we count
S; ~1/|q|. In particular, the subleading terms appearing
when mapping L, - S1L, - S, to the basis in Eq. (6.7) are
important.

The EFT formalism described in Sec. VI A and illus-
trated here for the spin bilinears also allows us to compute
scattering amplitudes starting from canonical Hamiltonians
in the general relativity literature. The gauge invariance of
scattering amplitudes provides a straightforward test of the
(in)equivalence of different-looking Hamiltonians that
avoids the explicit construction of canonical transforma-
tions. Given some Hamiltonian constructed from the outset
in terms of the classical spin, the calculation of amplitudes
follows the same steps as above. We first promote the
classical spins in the potential to operators S, — S,. Since
the classical Hamiltonian has, by construction, classical
scaling, this operation does not introduce an ordering
ambiguity; any such ordering, arising through Eq. (6.17),
is subleading. The amplitudes then follow from the
Feynman rules in Eq. (6.15) and the expression
Eq. (6.16) for the tree-level and one-loop Feynman dia-

grams. As in our calculation, the ordering of the vertices is
|

>[Lq -SiL, -S> —p*q-S1q9-S,).

3mi +8mymy +3m3 ,  Smi—

(6.25)

relevant once inserted in the one-loop (and higher-loop)
diagrams. While our construction exploits on-shell con-
ditions to eliminate p - r/ |r| and only keeps operators (6.13)
in our position-space potential (6.12), typical GR-derived
Hamiltonians depend on p - r/|r| as well as other operators
such asp - S - Sz. It is essential that they all be kept in the
off-shell vertex and that on-shell conditions are enforced
only for the external states of the amplitude.

Using this approach, we can evaluate the EFT amplitude
for the available post-Newtonian Hamiltonian with spin-
orbit and spin;-spin, interactions. In the same gauge as the
potential for spinless bodies in Eq. (8.41) of Ref. [6], the
spin-dependent next-to-leading order Hamiltonian may be
found in Egs. (7.26)—(7.29) in Ref. [54], and the next-to-
next-leading order one in Egs. (138) and (139) of
Ref. [55]." This counting translates to expansions up to
O(Gv*) and O(G*v?) at the first and second orders in an
expansion in Newton’s constant, respectively. See Fig. 1 for
the comparison of spin;-spin, potential.

The tree-level EFT amplitude following from these
Hamiltonians, through O(p*), has the same structure as
Eq. (6.20); the coefficients are

18m?m3 + 5m?
1M 2pt 4.

0
a§>:m1m2+ -
11

—
8mym;

(1,1) o 4m1 + 3m2
% 2m * 8mim,

2m? + 9m m, + 2m3 6mt + 15m3my — 4m?>m? + 15m,m3 + 6m?
LM 11 2p2 _ O ) 115 111, 2p4 4.

18m3 + 8mym;, — Sm%pz _ 15m} + 15mim3 + 12mym; — 7m3p4 + .-

5,3
16mym;

2,2
dmim;

where the ellipses stand for O(v"=°) and agll)

- 6.26
16m{m; (6.26)

is obtained by exchanging (m,y;) and (m,,y,) in a\"V. 1t is not difficult to

see that these expressions reproduce the coefficients of the full theory amplitude in Egs. (5.49) and (5.58), through O(v*).
The available Hamiltonians determine the O(G?) amplitude only through O(v?). The structure of the amplitude is the
same as Eq. (6.22). The coefficients of the various spin-dependent monomials to the relevant order in velocity are

3(my + my)(3m? 4+ 10m m, +3m3)
4mym,

(1) mym3(4my +3my)  20m3 +53mimy +41mym3 + 9m3

2 2(my +my)p? 4my (my +m;) +

@y mim3 (Tm2 4+ 15mymy +7Tm3)  3(3m{ +39m3my +T4m3m3 + 39m m3 + 3m3)

a =
g 2(my + my)p? 2(my +my) 16mim3(m; +m;)

ago) =3mymy(m, +m,) +

p2+...,

3(30mt +71mimy +43m3m3 —mym3 —4m3)

2
_|_ s
16mim; (my +my) P

p2+...’

See Ref. [56] for the equivalence of the spin Hamiltonian derived using NRGR.
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(2.2) (2.1)

a,” =-ay ",
40 mim3 19m? +40mymy + 19m3  3(3m} + 45m3m, + 86mim3 + 45m;m3 + 3mj
? (my + my)p* 4(my + my)p? 16mim3(m; + m,)

The ellipses stand for O(v"2*) and aél"z) is obtained by
interchanging m; and m, in al!

associated with a§2’3) isp - S N 32, which carries O(p?), its

coefficient is determined only though O(1°). We also note
the coefficients of the spin-dependent monomials exhibit
1/p? singularities; similar to the full theory amplitude and
to the calculation of the EFT amplitude from the potential
(6.9), they originate from the tensor reduction of EFT one-
loop integrals and their residues are controlled by O(G)
Hamiltonian terms. The agreement outlined here serves as a
highly nontrivial test of the spin EFT formalism formulated
in this section and of the higher-spin field theory con-
struction used in earlier sections.

. Note that the operator

D. Conservative spin Hamiltonian from matching

With the amplitudes of the EFT and of the full theory in
hand, we turn to constructing the Hamiltonian. It is fixed by
demanding that the two amplitudes are the same,

tree
EFT _ M4

1loop
— MEFT — M4
IPM 4E1E2

M = .
PM T AEE,

(6.28)

The EFT amplitude is parametrized in Egs. (6.20) and
(6.22), with coefficients given in Eqgs. (6.21) and (6.24)
while the full theory amplitude may be found, in the same
parametrization, in Egs. (5.49), (5.53), and (5.58). The
equality of amplitudes (6.28) implies that coefficients of
identical spin-dependent monomials—both denoted by
a/—are also identical. From here we extract the coeffi-
cients d? of the momentum-space potential.

Carrying this out at O(G) we find that d{ are given by

2.2

4" =2 (1-20?),

&y

d(l'i) _ v 20E 1 (0)

I T T2 T 2 1

57 m; mi (yi + 1)

(2,1) - 14 ) < 1 1 ) 20’p2
di7/ =—(1-20°)+ +

! 572< ) mi(yy+1) my(y,+1)) EE

2
P v, (6.29)

mim3(y; +1)(r2+1)

and d<12’2) = d<12’3) = 0 because they do not mediate long-
range interactions. The variables used here are defined in
Eq. (5.50) and below Eq. (5.54). The position-space
potential follows immediately via Table I:

ool (6.27)

Cgo) _ d(10)’ Cgl,i) _ _dgu)’

= 0. (6.30)

0(12’1> _ —3d(12'1)7

(22) d(2,1) 2.3)

G =4 Cg
At O(G), the amplitude and potential are directly related, so

the potential retains the structure in Eq. (5.58). The relation

between ¢\>") and 0(12’2) implies that, at this order, the spin-

bilinear part of the position-space potential depends only on
the two-particle quadrupole 3r - S;r-S, — °S; - S,.

The coefficients (6.30) determine the O(G) Hamiltonian
to leading order in the classical limit. As discussed earlier in
this section, we may consider keeping subleading terms in
this Hamiltonian, as they may yield leading-order classical
terms in the O(G?) amplitude and thus modify the classical
Hamiltonian at that order. Fortunately, the on-shell con-
ditions force the correction to be either suppressed by two
powers of ¢ compared to the classical terms or proportional
to the operators ¢°p - S’iq .S - The latter structure cancels
one graviton pole, leading to a contact term which gives a
vanishing contribution in the one-loop EFT amplitude.
The former may yield at most contributions to the EFT
amplitude that are suppressed by one power of q. We
conclude therefore that the coefficients (6.30) are sufficient
to generate the correct EFT amplitudes through O(G?).

As a nontrivial consistency check, which verifies that the
EFT we constructed corresponds to the full theory used in
earlier sections, we can compare the iteration coefficient,
aiyer In Eq. (6.25), and the classical limit of the ap of the
energy-integrated box integral. They are both determined
by O(G) data and multiply the same IR-divergent three-
dimensional integral, which is O(|q|™"). We find

dy
4E\E,

= (47G)*4¢E%ae + O(Ig

), (6.31)

which is indeed required for the equality of the EFT and full
theory amplitudes, Eq. (6.28), at O(g~2). The match of the
IR divergent part can be extended to subleading order in
two equivalent ways. On the one hand, we can extend the
O(G) EFT Hamiltonian by subleading [O(|q|)] terms
which are adjusted for such that the equality above holds
to O(|q|). They are related to the fact that the relation (2.20)
needed to express dg in terms of the classical spin vector
hold only to leading order in the classical limit. Conversely,
we can include next-to-leading order terms in Eq. (2.20),
and we verified that such terms extend the equality (6.31) to
O(|q|). The details of this subleading correction are not
important; their only effect is to restore the equality of the
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IR-divergent part of the EFT and full-theory one-loop amplitudes without altering the classical EFT Hamiltonian
through O(G?).

The coefficients ¢4 of the O(G?) Hamiltonian are found from Eq. (6.28) with the EFT amplitude coefficients in
Eq. (6.24) and full theory coefficients in Eqgs. (5.53) and (5.58). The spin-independent term and spin-orbit interaction
coefficients d? are

) =5 |7 (1=506%) - - o 7
& 14 vé 23¢
0 __vE [ (Got=3) 2(20* — 1) o 4(66* — 1)E
dz = 4_57/2}711 |:_ o2 —1 (4m1 + 3m2) + ﬁ(z"E(yl 2 4 722) +77 1(1 _ 262)m2) n T
1 (0)

-———d 6.32
mi(y + 1) (6.32)

The variables used here are defined in Eq. (5.50) and below Eq. (5.54), and dgl’z) is obtained by interchanging (m,,y,) and

(my,y,) in dgl’l). The expressions for the coefficients d§2’1>, d<22'2>, d§2’3) of the spin-bilinear operators are more complicated

so we provide them in the Mathematica ancillary file coefficients.m.
The coefficient functions of the position-space potential are readily obtained through the relations in Table I:

=gl A =d PV = 8dPY PP =243 243, P =243 (6.33)

We can verify that the probe limit of our all-orders-in-velocity Hamiltonian reproduces the results of Ref. [75], where the
Hamiltonian was constructed in this limit up to quadratic order in spins. (See also Refs. [65,91].) Taking m,, |p| < m,, so
we have a spinning probe particle 1 in a Kerr background by particle 2 and mapping those results into isotropic gauge,'® the
probe-limit real-space potential up to bilinear order in spin is

V(p.r.S;) = (sz 2ri+1) _Gm3 i +7ri+2n +2)> L-S <2G—6G2m2> L%

my }’1(71+1)_ my 2ri(y + 1) r r
2y, — 1) 1 —40y* — 28y + 1492 + 6 6)r-S;r-S
L gln )_5(3%51,.52_,251,SzHszz( 7 731+ 71+ 671 +6)r Lk
71 r 2ri(r1 +1) r
G, WM+ 1311 =571 =211 =2)81 -8, om (n=1) p-Sp-S, 634
-+ my 23 1 ) + —22 12 ) . ( )
rilrn +1) r mi 2y (y1 + 1) r

Only the leading contribution in small m, /m, is kept for each type of spin-dependent monomial. Mapping the expression
above to the form in Eq. (6.12) and Eq. (6.14) yields the coefficient ¢/!. We can see that the O(G) position-space potential
contains only the combination 3r - S,r - S, —r?S,; - S,, in agreement with our result [cf. the discussion below Eq. (6.30)].
Equation (6.34) is in complete agreement with the probe limit of our potential.

We note that the combination 3r - S;r - S, —r2S, - S,, as a symmetric traceless tensor in r, can be interpreted as the
quadrupole of the two-particle system which is not induced by the quadrupole of the individual constituents, and thus it is
entirely due to their interaction. It may therefore be natural to organize the spin dependence in terms of this operator, even at
higher orders in G. At O(G") it can also be identified as the traceless-symmetric structure in the momentum space
Hamiltonian, |g|"3(3¢q-S,q-S, — ¢S, - S,); while the second term drops out of the O(G) Hamiltonian (because it
represents a contact interaction), the Fourier transform of the remainder, including the additional g-dependent factors, is the
operator on the second line of Eq. (6.34).

E. Summary of EFT formulas
Here we collect the formulas that define the EFT constructed in this section and its coefficient functions determined by

matching its amplitudes with those of the full theory.

"®We thank Justin Vines for sharing this result.
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Our real-space Hamiltonian is

H= H<0)(}"2, p2) +H(Li>(r29p2)L'Si +H(2’1)(}’2, pz)r'slr'S2+H(2’2)(r2’ p2)S1 'S2+H(2’3)(r29p2)p'slp'S2+ Tt
(6.35)

where the ellipsis stands for terms quadratic in the spin of each particle as well as for terms of higher orders in spin. This
Hamiltonian corresponds to the one in Egs. (6.12) and (6.13). As usual, the coefficients in Eq. (6.35) can be expanded in
Newton’s constant G, as in Eq. (6.14):

G G\?
HOW. ) =\ ik + S0+ (9) ) + 02,

; 11G . G\? (1i
H(l,)(r27p2):_2 765 )(p2)+ <7> C; >(p2)+(’)(G3)],

) )+ o)

Q

r
1
H(z’l)(rz,pz) = _C(lz,l)<p2) + (_

r

~
~

1[G G\?2
H(Z.Z)(rz’pZ) =5 _c§2,2)(p2) + (_> 622.2)(172) —|—(’)(G3) ,
re|r r
1[G G\? |
H(2’3)(r2,p2) =5 _6(12,3)@2) + (_) 622,3)@2) +0(G3) . (6.36)
re|r r
The first coefficient function, H(O)(rz, p?), is the Hamiltonian that describes the gravitational interaction of spinless
particles; the remaining ones give systematically spin-dependent interactions. The coefficients ¢/ are the same as
in Eq. (6.14).
From Egs. (6.29) and (6.30) we have the explicit values of the O(G) position-space Hamiltonian coefficients:
2,2
=" (1-26%),
&y
i v 20E 1
Cgl,) i — Cgo>’
& mp  mi(yi+1)
3v 3 3 20p® 3p?
652,1):__2(1_20.2)_ < + ) P ) Ld CEO),
&r mi(yi+1) my(ra+1)) EE  mims(y; + 1)(r2+ 1)
22 1 (21
= hep,
A =o. (6.37)

Similarly, the O(G?) terms are obtained from Egs. (6.32) and (6.33). The spin-independent and spin-orbit ones are given by

2.3 3 4 1=2 2 2 1— 1=2 2\2
01 =20 P 1 sy Aol 220 20200227
&r 14 ré 2y°&
ay _ VE (56 = 3)o 2(26% - 1) o B
T T em, {‘ 2 dm o 3ms) = e (0B +12?) iy (1 20%)mo)
4v(606° — 1)E 2 0

&2 } mi(y; + 1)

(1.2) (L1
) -2 |m1<—>mz,yl<—>y2-

(6.38)

The remaining lengthier coefficients ng,l)’ céz’z), and c§2'3) are found in the Supplemental Material [92]. The variables used

here are defined in Eq. (5.50) and below Eq. (5.54):
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- E _E1 o E, _E1E2 P11 P2
y=— YT =—>» V2o =— 5_ 2 — s
m my m, E mym,
mym
E=E +E, m=m+m, v=—>s", (6.39)
m

where E| and E, are the energies of the two particles.
The EFT amplitude coefficients can be obtained from the real-space Hamiltonian coefficients from Table I and
Egs. (6.21) and (6.24). At O(G) we have

ap ==C a =<4 5 1 =6
a2 = %ngl) _—c) a2 — a2 — 0, (6.40)
while at O(G?) we have
o) == + Al

9 =L Lo
a2 = %ng.l) _@%EAB[CEO)C?J)] +21;_2EA2 (L1) (12) +§_§(C(11,1) 4+ c{1) D)
agz,z) _ %cgz.l) +%C§2.2) +6§LEA2[C(10)C§2,1)] _Ig_;Az[cgl,l)c(ll,z)] +§_§(C§1,1) + 031,2))0(12.1)’
a§2,3) _ %622,3) _%[Cgmcgz,l)] +§%A2[c§1'l)c(l’2>] _%(651,1) n 0(11,2))652.1), (6.41)

where

Ao[X] = [(1 = 3&) +282E?9]X,

focus here on scattering observables, to point out a simple
connection to the eikonal phase. Unlike the spinless case
where the motion occurs in a plane and therefore there is

- 222 only a single scattering angle, the spinning case has several

AX] = [(1=-38) +—5—+ 2§2E28} X, interesting observables. Since the orbital angular momen-
L 4 tum is no longer conserved, the scattering process is three-

(1 2E? 1 dimensional, and thus there are two deflection angles
L s b o ’ :

AylX] = 4(1 3¢) + p? + 25 E 8} X, Moreover, since the spins are not separately conserved,
:3 2B 3 they also change in a scattering process. As for the spinless

As[X] = |5 (1 =38 + 2+ & Eza} X. (6.42) case, these scattering observables are useful stepping stones
4 p 2 for the construction of effective one-body Hamiltonians

The explicit values of the amplitude coefficients a?

summarized in Sec. VE are much simpler than the
corresponding ¢/ Hamiltonian coefficients. This is not
surprising given that Hamiltonians are gauge dependent,
while amplitudes are gauge independent. It would be
interesting to see if there exists a formulation of the
EFT which leads to a Hamiltonian which exhibits the
simplicity of the scattering amplitude.

VII. PHYSICAL OBSERVABLES

The two-body Hamiltonian constructed in the previous
section allows us to compute observables of scattering
processes and of bound motion of spinning bodies. We will

[2,93,94] which can be used to evaluate bound-state
dynamics. In this case, the dynamics is similarly rich with
three-dimensional motion and multiple angles, leading to
nontrivial modulation of gravitational wave signals which
may be used to determine the properties of the binary
constituents.

A. Classical mechanics of particles with spin

Consider the general problem of an arbitrary
Hamiltonian describing the interaction of two particles
with rest-frame spin three-vectors S; and S, in their center-
of-mass frame, H = H(r,p,S;,S,). In our case we will
truncate to a fixed number of spin vectors, namely bilinear
in spin. This is consistent, since terms in the solutions to the
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equations of motion with a certain number of spin vectors
do not receive contributions from terms in the Hamiltonian
with a larger number of spin vectors. While, as usual, r and
p are canonically conjugate to each other, the spin variables
do not have a natural canonical conjugate. To derive the
equations of motion we use the fact that they must generate
SO(3), so

{SL,8)} = S,k Sk, a,b=1,2, (7.1)
where {A, B} is the Poisson bracket of A and B. One way to
understand this relation is by recalling that in the complete
theory the spin vector is given by the expectation value of
the Lorentz generator. Applying Ehrenfest’s theorem to the
Lorentz algebra leads to Eq. (7.1). A similar strategy for
deriving the equations of motion for the spin variables is
found in, for example, Refs. [21,93].

The equations of motion are then

. OH . OH .
r= = §,=-S

_o7 —12
. P o a=ha

OH
o X 25 (7.2)
where in the spin equation of motion no summation is
implied on the right-hand side. One can use spherical polar
coordinates, but for the purpose of finding the impulse Ap
we find it convenient to use Cartesian coordinates. One
may either solve the equations of motion for coordinates
and momenta and spins as a function of time or one may
choose the z coordinate as an effective time parameter.
There are two conservation laws that aid the construc-
tion of classical solutions. These fix the energy and the
total angular momentum in terms of their asymptotic
values:

E=H(r.p.S8.5;) = \/p%o+m%+\/p§°+m%,

I=rxp+8;+8 =L+ S1int+ S, (7.3)
where p,, = p.e, is the incoming momentum at
infinity,'” as indicated in Fig. 11. We take the orbital
angular momentum at infinity to be

Ly, =bxp, = bpye,, (7.4)
where b = —be, and b is the impact parameter. Note that
under the conservative dynamics, the spins cannot
exchange energy with the remainder of the system
because under the equations of motion,

OH

2 .
—d|Sa‘ = 2Sa ° Sa - _2Sa * (Sa X _> = 07 (75)

dt s,

"The notation P 18 sometimes defined differently, as in
Ref. [95].

z

N |
N
N
N g b

DPoutgoing

I
I
I
|
f

7
I

- |

- |
P
T L7 10)

FIG. 11. A representation of a scattering process in the presence
of spin. The center of mass is placed at the origin; p, is the
incoming momentum, p,ygoing 1S the outgoing momentum, and
IPoutgoing| = [P |- Its direction has been translated to pass through
the origin to facilitate the depiction of the two scattering angles 6

and ¢.

where, as in the spin equation of motion (7.2), the index
a =1, 2 is not summed.

We solve the equations of motion perturbatively in
Newton’s constant; i.e., we search for a solution for
coordinates, momenta, and spins of the form

r(1) =ro(t) + Gry(t) + G°ry(1) + - - -,
p(1) = po(t) + Gpi (1) + Gpy (1) + - - -,

Sa(t) = Sa,O(t) + GSa.l(t) =+ sta.Z(t) 4 (76)

Replacing them in the equations of motion (7.2) leads to
iterative relations between the time derivative of the nth
term in the expansions above and all the lower-order terms.
The O(G®) terms describe the motion of a free spinning
particle in flat space, i.e., a straight line fixed by the initial
momentum, the impact parameter, and the initial spin. The
first-order differential equations for the higher-order terms
can be integrated; the relevant boundary conditions are that
Ty>1, Pus1, and S, 51 vanish at t = —oo. The contribution
of each order in G to an observable O, such as the impulse
and spin kick, is then

AO, = /°° at®0n_ 0, (1= +0) =0, (1=—c0),  (17)

w dt

with the complete result being their sum weighted with the
appropriate powers of G.

The incoming and outgoing trajectories approach
straight lines at r = 4-oo, respectively, which are along
the incoming and outgoing momenta. Thus, the polar and
azimuthal scattering angles can be read off in terms of their
components or, alternatively, in terms of the incoming
momentum and the impulse. Starting with an initial
momentum along some generic direction defined by the
angles 6, and ¢y,
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pmcommg P sin 90 COsS (,1’706 + P sin 90 sin ¢06’

+ Po cosbpe, (7.8)

and then the outgoing momentum, expressed in terms of the
scattering angles € and ¢, is

= Pincoming T AP

= Po sin(By + 6) cos(¢py + P)e,
+ Peo sin(6y + ) sin(¢py + P)e,
+ pocos(Oy + De.

)4 outgoing

(7.9)

The scattering angles can then easily be extracted in terms
of the components of the impulse Ap and the incoming
momentum. It is worth noting that, if e.g., 6, = 7 and
¢o =0, then the azimuthal angle evaluated at finite
Newton’s constant exhibits a discontinuity in the limit
G — 0. Indeed, for such a value of 6,, the incoming
momentum has vanishing components along e, and e,.
The components of the outgoing momentum in these
directions are both O(G), leading to tan ¢ = O(1). This
discontinuity is unphysical and may easily be remedied
by slightly changing the initial conditions such that the
incoming momentum is not parallel to a coordinate axis.

B. Impulse, spin kick, and the eikonal phase

As we will describe in some detail in Ref. [70], by
solving Hamilton’s equations we find a remarkably simple
hidden structure, tying the solution to the gauge-invariant
amplitudes. In the case of spinless particles there is a
direct link between the physical observables and
gauge-invariant quantities extracted from scattering ampli-
tudes [10,15,39,40]. Indeed, Refs. [13,38] provide a gen-
eral formalism for systematically extracting physical

|

GEE

)(I—W|:—Clgo>lnb2— i)'b"'al (bzle_ SQJ_—4
7G2EE [a) 1

X2 = Ip’ |:|%|_(a<22 S SZ+a2 p Slp

where we define

(7.13)

'8At higher orders in G the b in the eikonal formula could
differ from the geometric impact parameter [69], but we can set
aside this distinction through O(G?).

a (2.1
)W—GT(I’XSJ‘IH'%

observables from amplitudes and their unitarity cuts. For
spinning particles such a relation has been found at lowest
order in G found in Ref. [38] and further applied in
Ref. [61]. Here we show that such relations appear to be
general by rewriting the solution for the impulse and spin
kick at O(G?) in terms of appropriate derivatives acting on
the eikonal phase [68], showing that the notion of the
eikonal phase naturally generalizes to the case of spin.

As for the spinless case, we define the eikonal phase
X =x1+x>+--- by Fourier transforms of appropriate
parts of amplitudes. The O(G) contribution to the eikonal
phase, in particular, is just the Fourier transform of the tree
amplitude to impact parameter space,18

d2 26

o )2 2€ —iqletree(q)’

X1 = 4m1m2\/a——/ (7.10)

and the O(G?) contributions to the eikonal phase is given
simply by the triangle contributions to the one-loop
amplitudes,

_ 1 d’q —igh A ALY
o= | G M), 0
where M2V (q) is given in Eq. (5.43). Since the goal is to
compare with results obtained from Hamilton’s equations,
in the formulas above we must use the amplitudes
expressed in terms of the canonical rest-frame spins. The
tree-level amplitude in this form is given in Eq. (5.56) while
the triangle part of the one-loop amplitude, M**V(q), is
given by the first two lines of Eq. (5.57). The coefficient of
each spin-dependent structure is given in Egs. (5.58),
(5.49), and (5.53). Carrying out the Fourier transforms
gives the following remarkably compact expressions:

Si1-b8, b
o))

(L9 S\, -bS,, -b>]

<|b|35 82 =3

(7.12)

|

Note that the p here, following from the notation in our
amplitudes, is the incoming momentum p. in Fig. 11,
which should not be confused with the intermediate p in
Sec. VIIA. In Eq. (7.12), we can also use the model-
independent expressions of a? given in terms of the ¢/
coefficients appearing in the potential via Egs. (6.40) and
(6.41). Remarkably the simple gauge-invariant functions in
Eq. (7.12) encode the physical information for classical
scattering processes through O(G?), including spinless,
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spin-orbit, and spin,-spin, interactions in a form valid to all
orders in velocity.

To extract the impulse and spin kick from the eikonal
phase, consider the kinematic configuration shown in
Fig. 11 where

(O7O7p00)’ b:(_baovo)a

p

L=L,, = p.(0,0,0). (7.14)
As mentioned before, p here represents the incoming
momentum p.,. By evaluating the eikonal phase on this
kinematics and comparing to the solution of the equations
of motion, we find that impulse in the x —y plane is [70]

Mpu = ~{PLx} =5 - (P12} = Daslr (PL))

1
+§{PJ_’DSL()(J()}7 (7.15)
and the spin kick for all three components is
1
AS; = —{Si.x} - E{Z {Six}t}t = Ds(r. {Six})
1
+§{Si:DSL()(’)()}’ (7.16)

where both relations are valid up to O(G?) and

{PL.f}=-Vif,
{Si.f}= €i-ika—f5k (a notsummed)
“ os, ¢ :
ek OF 99
D = _ ijk Ck __d
s.(f9) a;; Sk 55T 0L
1 of 0dg S Of
= ———=8, - p—p'—=S,-Vpg|.
P2azl,z<aszabf PP g "9>

(7.17)

where f and g depend on S, p, and b. In the brackets p
should be taken as inert. To use the first form of Dg;, we
replace b with L via

1

b=—pxL, 7.18
s (7.18)

consistent with p - b = 0. After evaluating the derivatives,
we substitute in the values at t = —oo given in Eq. (7.14) to
obtain the impulse and spin kick.

While Eq. (7.15) does not directly give the impulse in the
z direction, this quantity follows from energy conservation,

1
Ap, = __(Ap>2’

5 (7.19)

which can be iteratively solved as a series in G. From the
structure of the brackets and Dyg; in Eq. (7.17), the value S2
is preserved, as required from the equation of motion (7.5).

The expressions for the impulse and spin kick in
Egs. (7.15) and (7.16) then match the derived results from
the equations of motion, as we have explicitly verified.
Together with Egs. (7.9) and (7.8), they relate the scattering
angles and the eikonal phase; in the limit of vanishing spin
this relation reproduces the standard one [68], implying the
proportionality of the sine of half of the scattering angle
and the derivative of the eikonal phase with respect to the
absolute value of the impact parameter. An ancillary
Mathematica text file [92] contains the explicit values of
impulse and spin kick for the initial conditions in Eq. (7.14).

The expressions in Egs. (7.15) and (7.16) strongly
suggest an all orders generalization. For example, one
matches the above expressions to the order that they are
valid, by

AO = e *P[O, e'*P), (7.20)

where the commutator is related to the brackets in
Eq. (7.17) by [f, 9] = i{f, g} and

xDg=xg+iDs.(x.9), (7.21)
for any function ¢ that appears to the right of D.
Equation (7.20) is interpreted as being multiplied from
the right by a function independent of the orbital angular
momentum; alternatively, one may simply define Dg; to
vanish when it is the rightmost operator in that expression.
We defer a detailed discussion of the derivation of these
results and their implications to Ref. [70].

VIII. CONCLUSIONS

In this paper we presented a systematic method for
constructing the conservative classical Hamiltonian
describing the gravitational interaction of two massive
spinning bodies. Such Hamiltonians provide crucial input
toward obtaining precision gravitational-wave predictions
from binary systems that include Kerr black holes or
neutron stars. Our formalism extends the arbitrary-spin
approach of Refs. [71,72] and incorporates the world-line
interactions of Refs. [52,57] into a field-theory framework
from which scattering amplitudes can be calculated. The
tree-level and one-loop amplitudes we find using this
formalism determine the classical two-spinning-body
Hamiltonian by EFT matching along the lines of Ref. [12].

We constructed the tree-level amplitude to all orders in
spin and velocity and show that it reproduces the O(G)
results of Ref. [58] for the Kerr black hole and extend it to
general objects, such as neutron stars with generic spin-
induced multipole moments. To demonstrate the utility of
our approach, we obtained new nontrivial results for the
spin,-spin, Hamiltonian at O(G?) valid to all orders in
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velocity. The bilinear-in-spin part of the one-loop ampli-
tude containing the complete velocity dependence agrees
with the spin-1/2 calculation in Ref. [66]. This is in line
with expectations [23,34,62] that this is sufficient at one-
loop to capture such spin bilinears. We gave an argument
for the lower bound on the value of the spin which is
sufficient in our formalism to capture the complete spin
dependence of an amplitude at a given loop order.

To extract the two-spinning-body Hamiltonian to all
orders in velocity we extended the EFT approach of
Ref. [12] to include spin degrees of freedom. In doing
so we encountered a subtlety: for the one-loop infrared
divergences of the EFT and of the full theory to be the same,
it was necessary to have a specific treatment of the terms in
the relation between Lorentz generators and spin tensors
that are subleading in the classical limit. This procedure
guarantees that the constructed EFT corresponds to the
relativistic theory we started with. Because of the stronger-
than-classical scaling of parts of the loop-level amplitudes,
we expect that the matching of infrared divergences must
be revisited at every loop order and increasingly more
subleading terms be included. Further study is needed to
determine whether this procedure is sufficient to fix the
subleading terms to all orders in Newton’s constant. It may
instead be possible to construct a more involved EFT that
makes the matching of infrared divergences more straight-
forward or even avoids it altogether. It would be important
to explore both of these strategies toward the obviously
interesting problem of systematically constructing the spin-
dependent two-body Hamiltonian at O(G?) and beyond.

By suitably choosing the initial conditions, the
Hamiltonian derived here can be used to describe any
dynamical problem, including the important bound-state
cases. For constructing precision gravitational-wave tem-
plates that incorporate the new spin information, it is
necessary to import these results into models, such as
the effective one body approach [2,16].

In this paper we summarized the results of solving the
equations of motion for our bilinear-in-spin Hamiltonian in
a scattering process and defer a more detailed discussion to
Ref. [70]. We obtained the impulse and spin kick in a
scattering process. Their construction is substantially more
intricate than for the spinless case because orbital angular
momentum is not conserved and, consequently, the scatter-
ing trajectory is no longer planar. Despite this additional
complexity, the results for the impulse and spin kick
obtained from the solution to the equations of motion
are neatly encoded in the eikonal phase [68,69], obtained
by Fourier transforming relevant parts of the amplitude. It is
rather striking that the eikonal phase determines the
scattering observables, including the spin kick. This points
to a much greater hidden simplicity than visible in the
Hamiltonian and equations of motion. Based on our results
it does seem that a general simple formalism should exist
that translates the eikonal phase into generic physical

observables. The formalism of Refs. [13,38], which directly
expresses physical observables in terms of scattering
amplitudes and their unitarity cuts should provide impor-
tant guidance for further developments along these lines.

We validated our results for the spin-dependent two-
body Hamiltonian and the associated observables through
several nontrivial checks. Our primary test is that, after
expanding in velocity, our result agrees with the state-of-
the-art calculations of spin-orbit and spin;-spin, potentials
in the post-Newtonian framework [54,55] in the overlapped
region. Truncating our Hamiltonian to spin-orbit inter-
actions, we also reproduce the all-orders-in-velocity scat-
tering angle obtained in Ref. [59], whose spin-orbit part is
in agreement with Ref. [64], for the configuration where the
spins of the two bodies are aligned with the orbital angular
momentum. An additional nontrivial test is in the test-mass
limit, in which we reproduce the all-orders-in-velocity
results of Refs. [75]. (See also Refs. [65,91].)

While the Lagrangian for higher-spin fields we con-
structed here is not directly suitable for quantum loop
calculations with internal higher-spin fields, it is sufficient
for tree-level calculations, which in turn are sufficient for
constructing all unitarity cuts required in the classical limit.
A very interesting direction that can usefully impact the
complexity of constructing higher order spin-dependent
Hamiltonians is to systematically expand our understand-
ing of the double copy including spin. The double copy
expresses gravitational amplitudes in terms of simpler
gauge-theory ones. Here we pointed out some tantalizing
double-copy relations. This includes double-copy proper-
ties of the two-matter—one-graviton tree-level vertices,
corresponding to the energy-momentum tensor for arbitrary
spin [58]. In addition, we presented a KLT-like factoriza-
tion for the tree-level gravitational Compton amplitude.

An obvious problem is to extend the results obtained
here to high powers of spin at O(G?) and beyond. As we
have argued, amplitudes of low-spin particles are in general
insufficient for this purpose because of special relations
between Lorentz generators in fixed representations. We set
up our arbitrary-spin formalism precisely to avoid these
limitations. The higher-spin Lagrangian we used captures
the covariantization of the parity-even spin-induced gravi-
tational linear response functions and thus includes all
parity-even multipole moments. As the number of spin
operators increases, nonlinear response functions,
described by operators with two or more gravitons, also
need to be included. Here we avoided them by focusing on
terms that, while bilinear in spins, are at most linear in the
spin of each particle. An important problem is the complete
classification of all such operators (each containing as
many Riemann tensors as the desired number of gravitons)
and the evaluation of their contribution to the effective
Hamiltonian of massive spinning bodies. For black holes, it
may be possible to fix coefficients through purely theo-
retical considerations as done for the energy-momentum
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tensor [58]. For neutron stars or other astrophysical objects,
the coefficients carry information about its internal struc-
ture and properties, and should be treated as phenomeno-
logical parameters, to be determined by observation. The
first contribution of such an operator to the two-body
Hamiltonian depends on the number of gravitons it con-
tains. For example, the two-graviton operators first con-
tribute at O(G?) to conservative processes and at O(G*/?)
to processes with outgoing gravitational radiation.

It would also be of crucial importance to see what further
progress can be made in developing an eikonal formalism
that includes arbitrary spin contributions at any order and to
understand in detail the extent of the direct links between
finite parts of scattering amplitudes and physical quantities.
It would also be important to see whether appropriate
analytic continuations can relate observables of the unbound
and bound motion, as for the spin-aligned case [39].

In summary, we expect the amplitude-based effective-
field-theory approach advocated here to lead to further
progress on the spin dependence of gravitational inter-
actions. Our linkage of scattering observables to the eikonal
phase demonstrates a surprising hidden simplicity which

suggests that better methods for constructing physical
observables may exist. This will be further discussed
in Ref. [70].
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