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ABSTRACT: Building upon recent progress in applying on-shell amplitude techniques to
classical observables in general relativity, we propose a closed-form formula for the con-
servative Hamiltonian of a spinning binary system at the 1st post-Minkowskian (1PM)
order. It is applicable for general compact spinning bodies with arbitrary spin multipole
moments. The formula is linear in gravitational constant by definition, but exact to all
orders in momentum and spin expansions. At each spin order, our formula implies that
the spin-dependence and momentum dependence factorize almost completely. We expand
our formula in momentum and compare the terms with 1PM parts of the post-Newtonian
computations in the literature. Up to canonical transformations, our results agree perfectly
with all previous ones. We also compare our formula for black hole to that derived from
a spinning test-body near a Kerr black hole via the effective one-body mapping, and find
perfect agreement.
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1 Introduction

The on-shell approach, characterized as exploiting kinematic constraints combined with
unitarity and symmetry principles to bootstrap physical observables, has often uncovered
unexpected structures hidden in conventional formalism. Indeed this has been one of the
highlights in the study of scattering amplitudes for the past decade. On the other hand, as
it was demonstrated long ago, (electromagnetic and) gravitational two-body potentials can
be extracted from singular limits of scattering amplitudes [1-6], naturally one would expect
that the hidden structures found in scattering amplitudes will leave its fingerprint [7, §].
Indeed structures such as the double copy [9] and color-kinematic duality [10], has already
found its foothold in simplifying the computation of classical potentials [11-14]. See [15]
for the most up to date results and review.

Concurrently, massive spinor-helicity formalism introduced by one of the authors [16],
has exposed the hidden simplicity of the multipole moments of spinning black holes, where
the infinite number of Wilson coefficients (set to unity for Kerr black holes) can be cap-
tured by a single on-shell three-point matrix element [17-19]. This simplicity has led to



a streamlined computation of spin effects in the scattering angle [20], linear and angular
impulse [21] of rotating black holes, as well as new insights into the origin of shift relations
between rotating and Schwarzschild black hole solutions [22].

For systems with a well defined separation of scales (the size of the object, the orbital
radius and the wavelength of radiation), the dynamics of the compact objects coupled to
gravity can be approximated by a worldline action [23]. For compact spinning objects,
the worldline theory attains extra spin fields [24], which introduce an infinite number of
multipole moments each with its own Wilson coefficient [25, 26]. In [18], on-shell three-
point amplitude was derived for such worldline actions with general Wilson coefficients.
This provides the residue of the single graviton exchange between two spinning bodies in
the limit which the transfer momentum ¢ is small, ¢> — 0, which yields the long range
dynamics at leading order in G. Importantly, special care was required to account for the
extra spin effects due to the fact that the little group space of distinct particles are related
by Lorentz boosts. This Thomas precession factor, termed “Hilbert space matching” in [18],
was computed at the leading Post Newtonian (PN) order, leading to the spin-dependent
part of the conservative Hamiltonian to all order in spins, but leading order in PN for each
spin degree. The validity of the result was confirmed by matching to the all order in spin
result for rotating black holes when the Wilson coefficients are set to unity [27].

In this paper, we find the exact form of the Thomas precession factor, given as:

E
U(a) = exp |:_i <mb > s(q’ua,ubaaa)] y Ta = 1_{_7(1’ E=FE,+Ep. (1‘1)
rol mq

where a, b label the two bodies, u, their proper velocities and a,; their spin vectors nor-
malized by their respective masses. Equipped with this precession factor, the general form
of the two body potential at the 1st post-Minkowskian order (1PM) can be expressed as:

(general) __ATGmZmi [ &G 0|1 280 (@) 7 (b)
VIPM - EaEb (27T)36q 2‘9;16 Wa(STa)Wb(STb) ‘o s (12)

where W, ; are the generating functions for the Wilson coefficients for the compact spin-
ning bodies, and 7,3 are some Lorentz scalars proportional to the spin length vectors agp.
The precise definitions will be given in section 2. When all the Wilson coefficients are set
to 1, the general potential specializes to the black hole potential as:

Gm2m? E(p x dp) PXdg, PXay|”
yBH) _ Gy 0250 |7 4 o — e _ 1.3
1PM 2E,F 821 + mempsinh @ mgr, myry (1.3)

where cosh 6 = u, - uy, dy = d, + ap, and p'is the center of mass momentum.

By expanding the potential (1.2) in |p]2, including the precession factors U U®) | we
obtain the Hamiltonian to arbitrary orders in PN expansion. As a consistency check, for
results that are already in the literature, we have verified that ours match nontrivially
through appropriate canonical transformations, which we summarize in table 1. We leave
the comparison at the NLO cubic-in-spin terms (marked by a star in table 1) for a future
work, as the result in [28] at its current form requires more than a canonical transformation
to be compared with ours.



LO | NLO | NNLO | N3LO
St [26] | [26] [31] ?
SaSy | [26] | [29] | [29] -
Se | [26] ] [26] | [32] -
S8 [30] | [28]* - —~
st B0 | - = =

Table 1. References we used to compare our results to 1PM parts of PN computations.

While equivalent up to canonical transformations, our results demonstrate further
hidden simplicity. First, the on-shell approach naturally lands us on the so-called “isotropic
gauge”, where all (7 - p) terms are missing (7 being the unit vector in the radial direction
of the two objects), echoing that in [15]. Furthermore, we find that the spin dependent
terms factorizes almost completely from the |p]? dependence. In other words, a term in the
potential that is degree m,n in spin-vectors S, and S, respectively, can be schematically
written as (for example with m + n even)

Gmgmy N _
Vspsy = (7-7n+n+l> [Flnn) (@ Gy, )] X,y (%) (1.4)

where the function F{,, , is independent of |p]2. Said in another way, in our representation
S-p terms are absent. Indeed such terms are ubiquitous in the results that have been listed
in the literature so far, yet we explicitly show that through a canonical transformation the
former are in complete agreement with our result.

In addition to reproducing known PN results (and producing new ones), which is
perturbative both in spin and momentum, we perform a check valid to all orders in spin.
In [27], Vines used the effective one-body (EOB) mapping [33-35] to read off the 1PM
potential between two Kerr black holes from the exact Kerr solution. Using well known
EOB dictionary at the 1PM level, we will show that the potential of Vines is equivalent to
ours shown in (1.3).

This paper is organized as follows. In section 2, we review the tree-level amplitude for
general compact spinning bodies and how to dress it with the Thomas precession factor to
derive the complete 1PM potential exact in spin and momentum. In section 3, we expand
the exact formula in spin, up to quartic order in spin while keeping exact dependence on
momentum. In section 4, to compare with PN computations in the literature, we further
expand the results of section 3 in momentum. We identify the explicit form of canonical
transformations to match our results to the ones in the literature. The references we used
for comparison are summarized in table 1. In section 5, specializing to Kerr black holes, we
perform a check that is valid to all order in spin. We compare the exact potential (1.3) for
black holes to the one obtained by Vines [27] through an EOB mapping and find perfect
agreement. We conclude with some discussions in section 6.
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Figure 1. The graviton exchange diagram between source a and b that yields the leading 1/¢?
singularity, which is responsible for the classical potential.

2 Complete 1PM potential from amplitude

The 1PM classical potential can be extracted from the singular limit of a single graviton
exchange between two compact spinning objects, i.e. the 2 — 2 elastic scattering amplitude
shown in figure 1. The kinematic set up in the center of mass frame is given by

b1 = (Ea7ﬁ+§/2)7 b3 = (Eba _ﬁ_§/2)> b2 = (Eavﬁ_q/Q)a b4 = (Eba _ﬁ+§/2)a (21)

where the exchanged momentum ¢* = (p; — p2)* = (0,q) is space-like. For the classical
limit, we expand in small |¢|, and since in Lorentzian signature this translate to the zero
momentum limit, we will analytically continuing to complex (or split signature) momenta.
In this case we can have |¢| — 0 correspond to null momenta, ¢> = 0. The advantage of
such analytic continuation is that with ¢? = 0, the amplitude factorizes into the product
of two three-point amplitudes. This approach was introduced by Guevara [36] and named
the holomorphic classical limit (HCL). The leading order potential is extracted as

M4(87 q2)

2.2
AE,F, (2:2)

Vi(p,q) ~
q%2—0

We write ~ here because for spinning objects, the particles are irreps in distinct little group
space which are related via Lorentz boosts. These boosts will introduce additional spin-
dependent factors which needs to be accounted for. The associated matching procedure
was introduced in [18], termed Hilbert space matching, and computed to leading PN order
for each spin operator of given degree. This factor is the well known Thomas precession, for
which we derive its exact form in this section, thus deriving the complete 1PM potential.

2.1 The kinematics

We begin with the kinematic setup for the single graviton exchange in the HCL limit. In
terms of four-vectors, we have

PL=DPa+aq/2, P2=pa—q/2, P3=Dpb—q/2, pa=0pp+9q/2, (2.3)

which in the COM frame reduces to eq. (2.1). Asymptotically, the spinning particles are
free, and characterized by their momenta and (Pauli-Lubanski) spin vectors. Rescaling



them by the masses give the proper velocity and “spin-length” vectors:

1 1

Up = Pu> Q= —Spu- (2.4)

We denote the Lorentz invariant amplitude by M and the non-relativistic one by M. The
two are related by

1
M =
AE,F,

M. (2.5)

We adopt (with slight modification) the kinematic variables of by Bern et al. [14]:

m = mg+my, v = mgmy/m?,
Ea,b:\/ﬁg"i_mz,ba E=FE,+ Ep, €:EaEb/E2a ’Y:E/m7 (26)
a:pa.pb = uq - up = cosh@.

Mg My

The 1st and the 3rd lines are Lorentz invariant, whereas the 2nd line is specific to the COM
frame. In the non-relativistic (NR) limit ¢ — 1 and # — 0. The analytically continued
HCL kinematics is characterized in a Lorentz invariant way as

@ =pi-q=p-q=0. (2.7)
This implies, for example,
i€ pe D Py ¢ a” = maemy(sinh 0)(q - a), (2.8)

which can be derived by squaring both sides and identifying the determinant of the Gram
matrix for the L.h.s.. The sign ambiguity in the above can also be seen from the definition
of 0 in eq. (2.6), where it is invariant under 6 <+ —6. As we will see later on, our potential
will be an even function of 6, and thus the ambiguity is irrelevant.

2.2 1PM amplitude

The tree-level graviton exchange between two massive scalars is given as

2,2
mamy

q2

2,2
M:—awmmﬁﬂmﬁ—nz—umm

cosh(20) . (2.9)

The spinning analogue was computed by on-shell methods for Kerr black holes in [17, 20, 21]
and then generalized to general compact spinning bodies in [18]. In our conventions, the
result of [18] can be written as

nﬂ

2
W%ﬁkmm%;?>EZ£%m%mwm. (2.10)
s==+1

The difference for the two choices will be purely imaginary, and is relevant when considering electro-
magnetic interactions associated with dyons [38] and gravitational dynamics in Taub-NUT space-time [39].



We call it the bare amplitude to emphasize that it is missing a factor to be discussed later
in this section. The (quantum) amplitude is a matrix element between asymptotic states,
each of which is labelled by momentum and spin. Quantum spins take discrete values, but
we are only interested in the classical limit where spin becomes effectively continuous. To
take the classical limit including spin, one has to strip off systematically the polarization
tensors of asymptotic states, as explained in [17, 20, 21, 37]. We do not intend to repeat
the discussion of the classical limit here, except to note that the spin-dependent factors
missing from (2.10) are rooted in the polarization tensors.

We should also stress that (2.10) is only the leading piece of the amplitude in the
¢*> — 0 limit, i.e. the “leading singularity” of the exchange diagram, which will be sufficient
to determine the 1PM potential.

The variables 7, in (2.10) are defined by

T ig(% Ug, Ub, aa,b)
b= A
@ sinh 6 ’

where the spin-length vectors aZb = Séf »/Map are regarded as classical variables, even

e(a,b,¢,d) = epppsat't’c?d (2.11)

though they originate from quantum operators during the computation of the amplitude.
With eq. (2.11), we see that eq. (2.10) is an even function of § as advertised.

Despite its appearance, 7, is not singular in the NR limit § — 0, since the invariant
“area” spanned by the two velocity vectors, u, and wuy, is precisely sinh 6. In other words,
the anti-symmetric tensor,

Wy = ﬁewpguf{uz, (2.12)
reflects only the orientation of the 2-plane spanned by the two velocities.

The functions W, encode the gravitational couplings. As discussed in [18], the infinite
spin-dependent worldline operators that linearly couples to the Riemann tensor can be
incorporated into a three-point amplitude of two spin-s particles and one massless graviton,
with the understanding that s is to be taken to infinity, i.e. the classical spin limit. The
three-point amplitude takes the form,

2 % o AN
> kma®l q
Mipo = —5—e3 |3 =t (—nm > ] e, (2.13)
n=0

where ¢ represents the polarization tensors for the spin-s particles, with integer spin, and
n = +1 for positive helicity graviton and n = —1 for negative helicity graviton. The z
factor is a scalar function that carries the helicity weight of the massless graviton. Its
explicit form will not be important here and can be found in [16].

The general compact spinning body is characterized [26] by the Wilson coefficients
Con = Crgen (n > 1) and Copq1 = Cggen+r (n > 1). It is convenient to include Cp =1 = Cy
and define the generating function:

Wi(r)=>Y_ Cnon. (2.14)

n!
n=0

For a Kerr black hole, C,, = 1 for all n such that W(r) =e".



It is sometimes useful to separate the even and odd parts of the generating functions,
Wy = [W(r) £ W(—7)], so that we can write

2
Mbpare = 167TG < 22 > Z 6289W (STa)Wb(STb)
s==%1
2

= —167TG

[Cosh(29) (Wag Wy +Wo Wy )+ sinh(20) (W Wy +Wo Wy )] .
(2.15)

q2

As noticed by [17, 20, 21], when both spinning bodies are Kerr black holes, the amplitude
takes a particularly simple form:

2,2
. cosh (26 + zg(qu““ba“)> , (2.16)

MED — _(1676) "

sinh 6

where aff = af + ab is the total spin-length vector. To extract the classical potential, the

above result needs to be dressed by additional factors coming from definition of polarization
tensors. Such factors have been referred to as Hilbert space matching in [18].

2.3 Thomas-Wigner rotation

The amplitude by definition is a matrix element between distinct (little group) Hilbert
spaces, one for each asymptotic state. The momentum for each asymptotic state serves as
the reference to which the little group is defined. Since two asymptotic momenta for the
same particle can be related via Lorentz boosts, the amplitude contains non-trivial rotation
factors simply from the action of mapping between the distinct Hilbert space. To see this
effect, let’s setup a canonical little group frame for our two body problem. We begin with
the reference momenta pg identified as the center of mass momenta, i.e.

Mg /p

Po,a/b = =(P1+p3) (2.17)

(p1+p3)

where pg ./, are appropriately normalized for particle a,b respectively. This allows us to
set up reference polarization vectors, which form the basis of the little group space. Let’s
focus on particle a, b follows accordingly. Since pg is at rest, the polarization vector takes
the form

€ (po) = 3V (2.18)

Now the polarization vector for generic momentum p can be obtained by applying the
boost that transforms pg to p, i.e. G(p;po)* », and

p=G([;po)po, €"(p) = G(p;po)e(po)- (2.19)

Using this, we can relate the polarization vectors between in- and out-momenta,

€(Pout) = G(Pout; P0) G (Pin; o)~ €(pin) = G (Pout; P0)G(Po; Pin )€ (Pin) - (2.20)



As a consequence even the simple contraction of two polarization vectors €, - €in, contains
non-trivial spin factors:

€ (Pout) €4 (Pin) = €™ (Pin) [G (Pout; Po) G(Po; Pin)€(Pin)], » (2.21)

where the operator sandwiched between the two polarization vectors now acts on the basis
vectors of the same little group space, i.e. €(pin). Now the operator contains both boosts
and rotations, and we are only interested in the latter part. Since the rotation leaves the
momenta p;, unchanged, it can be identified with

G(pin;pout)G(pout;pD)G(pO;pin) . (222)

This is Thomas-Wigner rotation factor of Hilbert space matching [18], for which we now
derive its rotation angle.

Thomas-Wigner rotation. Let u, v, w be 4-velocity vectors; each one is time-like, unit-

normalized and future-pointing. Any two of them can be connected by a minimal boost:
u” = G(u,v)* 0" . (2.23)

It is minimal in the sense that it acts non-trivially only on the 2-plane spanned by u and

v. This minimality fixes G uniquely, and the explicit form is given by

(u+v)"(u+v),

b, =0, — 2utv,, . 2.24
G, v) RO gty (2.24)
The inversion of G exchanges the roles of u and v:

G(u,v)™! = G(v,u). (2.25)

Now consider a closed loop of three minimal boosts, G(u,v)G (v, w)G(w,w). Since it takes
u back to itself, the result should be a rotation on the 3-plane orthogonal to u. In a suitably
chosen basis, the rotation would be represented by

1 0 0 0
0 cosa —sina 0

G G G r, = 2.26
(Gl 0)G (o, w) Gl )]y = [ 0 050 5 (226)
0 0 0 1
A manifestly Lorentz-invariant way to characterize the angle « is
tr[G(u, v)G (v, w)G(w,u)] =2+ 2cos . (2.27)

Taking the trace explicitly using (2.24), we reproduce a well-known formula for the angle:

A4+u-v+v w+w-u)?

2+2 =2 . 2.28
+acosa I+u-v)(14+v-w)(l+w-u) (2.28)
We find it useful to rewrite (2.28) as
_ VP, 02
1 —cosa = (Eppot Vi) (2.29)

1+u-v)1+v-w)(l+w-u)
The (—) sign on the r.h.s. reflects the fact that the vector ¢, (u,v,w) = € peu’v W is
space-like when u, v, w are time-like. Eq. (2.29) clearly shows that the angle a vanishes
when u, v, w are linearly dependent.



Scattering kinematics in the COM frame. Let us now specialize to the kinematics
of the two body scattering (2.3). To compute the rotation angle « for particle a, we identify
the velocity vectors to be

Pin b1 Pout b2 Pa + Db
U=—=—, v= =—, W= " 2.30
Mg mg Mg mgq E, + By ( )
We may insert (2.3) and (2.30) into (2.29). For the denominator, we have
E,
l+u-v=2, l4+uv-w=1+—=14v-w. (2.31)
mgq
For the numerator, we note that
u(P1,p2,Pa + b) = €u(Pa + 4/2,pa — 4/2,Pa + Pb) = €u(Pa; Pv: @) - (2.32)
Combining all the ingredients, we obtain
_ 2
2(1 — cosa) = 4sin(a/2)? = €1 (Pa, P, @) (2.33)

m2E?(mg + Eg)?

Let f(x) be the inverse function of 2sin(z/2). Clearly, f(x?) = (f(x) — z)/ is an analytic
function of 22 with f(0) = 0. Under the presumption of the HCL kinematics, since

(24 (Pas by @))% o< [D207 — (0 - 1)?] ¢° = 0, (2.34)

we may set f(22) ~ 0 and hence f(z) ~ x in what follows.

So far, we have worked out the magnitude of the angle o only. We should also find
the orientation of the rotation plane. To put the incoming and out-going states on a
nearly equal footing, we work in the COM frame. Then, the three 4-vectors ug,, wp, ¢
together determine the rotation axis through the e-tensor. For a spinor in 3d, the rotation
is represented by

U(dih, ) = et2o(md) = Fialimd) (2.35)

We conclude that the rotation factor is

. mp E
Ur(:t)ation = exp |:Z <’I”aE) 5((]7 Ugq,, Up, aa):| , e =1+ mi(; . (2.36)

We have fixed the sign in the exponent of (2.36) by matching against our earlier work on
the leading PN, all order in spin, computation [17, 18].

2.4 Complete 1PM potential

Equipped with the rotation factors Ur(gt)ation and Ur(gt)ation, we simply dress the bare ampli-
tude in eq. (2.16) for black holes as
B ATGmamy o (9 4 1€ 00) ) o) (2.37)
dressed ¢> E.E, sinh 6 ’ ‘



where we suppress the subscript on U. The expression combines the amplitude eq. (2.16)
with additional rotation factors U@ U®) originating from how polarization tensors are
defined. Setting ¢ = (0,4) and taking the Fourier transform with €77, we obtain the
potential. Since an exponentiated gradient generates a finite translation, we can explicitly
write the potential as

E(p x dp) P Xda  PXap

T4 (2.38)

mempsinh @ mgr, myTry

For general compact spinning bodies with non-minimal Wilson coefficients, we dress the
general form of the amplitude (2.10) with the rotation factors to reach the master formula:

u@u® . (2.39)

E,E, 2m) 2

enera, 4G amp 7 g 1
Vg - T [ 2T g [ S W, om) Wism)
s==*1

We can still perform the Fourier transform, but the result is not as simple as (2.38).

In the next section, we expand our master formula in (2.39) up to quartic order in spin
and obtain an explicit and exact expression in p at each spin order. As confirmed already
in [17, 18], the leading order terms in the p expansion are free from ambiguities and are
easily shown to agree with well established results in the literature. In section 4, as further
checks, we expand our expressions to higher orders in p’and compare with NLO and NNLO
PN results available in the literature.

3 1PM potential at each spin order

In this section, we present an explicit form of the 1PM for potential at each fixed order of
spin. The exact result and the LO term will be presented here, while matching at NLO
and beyond will be the focus of the next section. To demonstrate the almost complete fac-
torization of the spin-dependence and the momentum dependence, we organize the results
using the following notations. In writing down the spin(a)™-spin(b)” term Vgmgn of the
potential eq. (2.39), we write

Gmgm o 5
Vamsp = <Tm+n+f) [Fn,n) (@as @y )| X () (7%) (m+n even),
o (3.1)
. meaemyg I N )
ngﬂsg = <rm+”+1> [p : F(m,n)(aaa ab,n)} X(m,n) (P°) (m+n odd).
Explicitly, the spin-dependent factors, F{,, ) and ﬁ(mm), are defined by
m—+n = m(= n 1
Figny = ™" (@ - V)™ (@ - V)" { )
Tm—l—n 1
—— (o X V)(da - V)" NG, - V)" (T> (m odd), (3.2)
Fn) =1 )
(@ x V) (@q - V)™ (@ - V)" () (n odd).
mp r

~10 -



By construction, F{,,,) and F'(Wn) are homogeneous polynomials of d, and a of degree
m and n, respectively. We pulled out an overall factor of masses so as to make X, )
dimensionless. When we expand the potential in 7, we will use the notation

k
Xy = Xlpomy T Xy -+ X000 4+ (3.3)

(m,n)

where X %\ITZZI;L()) is proportional to (p%)F.

Regardless of the order of expansion in spin or momentum, there are two notable
differences between our result and those in the literature. First, ours results doesn’t carry
any (n - p) term. (Here nn = 7/r is the unit directional vector between the two bodies.) In
other words, the so-called “isotropic gauge” is forced upon us by the amplitude approach;
see [15] for a related comment. Second, ours results doesn’t carry any (@ - p) term either,
except through a very specific (§- F) structure in (3.1). This is to be contrasted with a

typical PN computation which often produces a linear combination,

g f1(P%) + (da - D)* f2(5°) | (3-4)

with no obvious correlation between the two functions f; and fo.
A minor technical remark. To reduce clutter in equations, we introduce a few more
short-hand notations such as sy = sinh 0, ¢y = cosh 6, co9 = cosh(26).

3.1 Linear in spin

Since the Wilson coefficients Cy = C] = 1 are universal, at linear order in spin the potential
is universal and we may simply work with the black holes. First, from My, BH in eq. (2.16)
the spin-linear term is

5((], Uq, Up, CL(])
sinh 6

) = cosh(260) + iw sinh 20 + O(a?)

sinh 0 (3.5)
~ cosh(260) + 2i(cosh 0)e(q, ug, up, ap) -

cosh <29 +1

Using the identity,

E
MeMyp

S e LAGEL L (3.6)

we find the contribution from My, to the spin-linear potential can be written as:

_ 2mgmpE oL G
Voo = = 2320 cosh) 5 (0 < 9] (£) .1

Now from the rotation factor U@, we find

2,2
mgmy 1

oL G
otation = BBy mor. cosh(20) [p'- (d, x V)] (7")

2
_ Mmgmy - g
= BB cosh(20) [p'- (d, x V)] <r> .

Vi

- 11 -



Collecting all the terms we obtain

_ mampE mpC0 \ (- o G
Vsiso = — E.E, (209 ~ B > D (g X V)] (r) , (3.9)
or, equivalently,
G\ mgmpE My \ o .
Vsiso = <r2> BB, <209 ~ B [P (g x 1)]. (3.10)

In the notation of (3.1), we have

— R . mekE myCag
Fg = X = —— | 2¢y — . 3.11
(o) = 0o X7, Xao = 5o < 9= o > (3.11)
This is the exact linear in spin potential at 1PM.

LO. The leading order term in j? can be extracted and given by:
G\ .. R 4dmg + 3m
Vsigo = (ﬂ) [7- (Gq % 7)] <2b> : (3.12)

3.2 Quadratic in spin

Spin-spin couplings. This term also only utilizes Cy = C7; = 1 only and thus are
universal as well. From the bare amplitude My e

G\ m2m? L
(Vbare)sésg = —C20 (7“3> 75 [aa s ap — 3(aa . n)(ab ' n)] . (313)

Adding up the other two contributions, we obtain

Gmgmy

Vsist = ( 3 >F<171>X(1,1)» Fray = —da - @ — 3(d@q - 2) (@ - )],

D Mgy, _28509 my | Ma mambsgcw
(1.1) E.E, 2 E Tq Y E2r,ry,

(3.14)

Spin-squared. For the spin-squared piece, one has Cy contribution from Myye, as well
as (' from My, times linear expansion of U and the quadratic in spin expansion of U.
The latter two are once again universal. Adding up all three contributions, we obtain

Gmgmy ) A

Vzsp = ( -3 )F@,O)X(z,ow Flog) = — [dg — 3(da - 7)°] ,
3.15

¥ _ mgmi C’(a)c _ 4mbsgcg mgsgcw ( )

@0 " op.E | 2 " Er, E22
LO. To the leading order we have:
Gmgm L. N
V;i%g =— (7“Sb> [dy - @y — 3(dg - 1) (ap - 1)]

(3.16)

1 ) {Gmgmp\ o
-2 (425 )
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3.3 Cubic in spin

Continuing with the same method, we obtain the formulae for the cubic-in-spin terms. For
the spin(a)? term, we have

Gm R
Vsaso = ( b> 7 Fi3,0)]X3,0)

]
ﬁ(3,0) = 3(diq x 1) [@; — 5(dq - 0)°] , (3.17)
_ mekE EC(a)c _ MpCag mg sinh? 6 cosh 6 B mg’ sinh? 6 cosh(20)
GO T BB (37 772 28R, E%r2 6E3r3

For the mixed spin(a)2-spin(b)® term, we have

Gmb L o=
Vszsr = <r4> [0 FonlXen,

Fony =3{(@ x n) [@2 — 5(@a - 7)*] — 2(dq - 7)(Ga x @)}

2 2 3.18
Xo1 = gLaE [C’éa) coshf — % < L Céa)m“> (3.18)
at=b Ta Th
mysgce (M N 2ma\  mamisgca
E2Ta Ta Ty 2E37’grb

LO. To the leading order, we find
G — — A — — A a 3 a
VSL;}%S = <r4> P (dq x 1) [az — 5(dy - n)2] <C’§ )(ma +my) — ZCé )mb> ,

Vts = <G> P {{(@ x ) [dq = 5(da - 7)°] = 2(da - 7)(@a < @) } (3.19)

rd

X (ZCéa)(i%ma + 4my) — ;)mb> ,

in perfect agreement with the corresponding terms in eq. (3.10) of [30].

3.4 Quartic in spin

We continue to quartic in spin. This is an interesting threshold for black holes from an on-
shell perspective, since fundamental massive particles are only known up to spin-2. It can
be shown that beyond spin-2, isolated spinning particle no-longer exists and must either
be a bound state or part of an infinite tower of massive states [16, 40]. As a consequence,
the gravitational Compton amplitude is no longer unique beyond spin-2. However, this
ambiguity only arrises at 2PM.

The spin(a)-quartic term is

Gmgmy
Vsisg = <T5 > Fla0X 0
Fl4,0) =3 {3, —30a; (@a-7)>+35(d@s-7)"} | (3.20)

2.2 4.4 2 2.2

mamb (a) (a) mb 59 mb 59 8mb5969 (a) TTLb 80

X =— c\9 60 - C .
40 = T 94E. B, [029< 4 100 rgE2+rgE4> roE < 5 T >]

~13 -



The cubic-linear term is

Gmgmy
Vaas = <T5> FenXey,
F(g’l):3{3&’3(6(165,)—15(&'(1-&’;))(# ) —15 CY ﬁ ab n)+35( ﬁ) (Hb-ﬁ)},

_ memy (a) | 3mpss [ (a) Ma M mamb Sg (3.21)
X6 = 555, [029{03 o2 <C2 > 71y B }
2s5¢CH

(a) Ma (@Mb | MySy (3ma My
E{c L300 +2E2( +)H

The quadratic-quadratic term is the first place where non-trivial Wilson coefficients from

both spinning bodies contribute together.

Gmgm
VSESQ = < 7‘5 b> F(272)X(2,2) )

Flog) = 3{@gdy + 2(@u - @)* — 5ag (@ - 1)* — 53 (d, - 1)
—20(dy - @p)(dq - 1) (@ - 1) + 35(dq - 1) (@ - 7)?}

2.2 2.2 2
My (@) , MpSp ®) ., MaSe dmgmpsg
Xed = yg,p, [629{<C2 * r2E2> <C2 * §E2> T B }
a

_dsgeo e 4 P mamysg (ma My
E T rarpyE? \ 13 Tq '

2

(3.22)

LO. To leading order, we find

G
Vsisg =~ Zr;n b {38 — 3062 (i - 1) + 35(d, - 1)*)
Gmgm e L N
Vss sp = —T:SbC’éa) {3&2(% - ay) — 15(8y - @) (da - 1)?
152 (@ - 1) (@ - ) + 35(G0 - 1)@ )} (323)
3G
VS%S? = —% {42 + 2 CLa ab) — 5@3(6{, . ﬁ)Q - 56752,(6@ ﬁ)Q

—20(dq - @) (dq - 1) (@ - 1) + 35(dq - 1) (@ - 7)*}

which is in perfect agreement to eq. (4.4) of [30].

4 Reproducing 1PM part of PN expansion

In the previous section, we derived the potential at each spin order that is exact in p. It
is almost trivial to expand the expressions in powers of 52. Each term in the p? expansion
can be compared with the 1PM part of the PN computation available in the literature. In
this section, we make the comparison explicitly for all spin and momentum orders where
the data are available.

The precise form of the subleading terms in p? depend on the choice of the phase
space coordinates (7, 7). This “coordinate gauge” ambiguity originates from the general

— 14 —



covariance of general relativity. Any two different gauge choices are related to each other by
a canonical transformation. We denote by g the generator of the canonical transformation,

AH =€¢{H, g}, (4.1)

where € is an infinitesimal parameter. In the PN expansion, both G and 1/m can be treated
as if they were infinitesimal, so we will use a variant of (4.1) without explicitly mentioning
the infinitesimal parameter €.

At NLO in the PN expansion, the only relevant term in H on the right-hand side
of (4.1) is the Newtonian term Hy. Since we are comparing terms at 1PM only, only the
kinetic term of Hy contribute.

L, 1) ﬁQ,QNLO} +O(G?). (4.2)

2ma 2mb

(AHNLO)IPM — {HN,gNLO} — {<

The transformation receives two contributions at NNLO.

(AHNNO)1pag = {Hy, ¢ O} + {Hipn, ¢V} + O(G?),

HlPN__< ! : >ﬁ4+O(G)- (43)

+

{m3 | ’{m3
8m,  8m;

All canonical transformations to be performed below are based on the elementary Poisson
algebra: {z',p;} = &';. The following formula will be used multiple times:

(5(2) oo iear]

1 k+1
= () (- ) A (0 x @)™ ((k+ L+ m) (- p) — 65°) .

r

4.1 Linear in spin (up to NNNLO)

As explained earlier, our notation for the 1PM and arbitrary PN expansion is

G
Vsiso = ( :;b> [7- (Ga x 7)) (X(Ll%) + XN+ XNNO + XN + - ) ,

NLO and its canonical transformations. Expanding our formula (3.10), we find

(1,0) = 8m(2lmg

(4.5)

This NLO spin-orbit coupling was computed in the ADM framework in [41, 42], in the
EFT framework in [29], and in an amplitude-based approach in [43]. The last reference
employs the isotropic gauge and the result looks identical to ours. It also explains how to
use a canonical transformation to check agreement with [41, 42].

Consider a family of Hamiltonians:

G\ f- (7 x ) )
HyGO = <r2) T sm. [h1p® + ha(R - P)?] (46)

bty = hip s+ hyg + by ¢, (C = mp/ma).

~15 —



In this notation, our result (4.5) amounts to
hi=—-5(+8+18¢"', hy=0. (4.7)

Not all parameters are physically meaningful, because some combinations can be altered
by canonical transformations of the type shown in (4.2). Taking hints from [43], we take
the following ansatz for the generator of the transformation:

G
QsNéo = ﬁ (r) [ (P X dg)](n-P), g1 =91,4C+ g0+ gl,—C_l . (4.8)

The factor 1/(1 + ¢~1) in the generator is inserted to cancel the similar factor in (4.2).
Recalling the formula (4.4) and setting k = ¢ = m = 1, we can express the changes
Ahg in terms of gg:

Ahy = —g1, Ahy=3g;. (4.9)

Several papers report the NLO spin-orbit potential. For example, eq. (6.22) of [26],
after being simplified in the COM frame, gives

hi=—5C+8CY, he=24+30¢"". (4.10)
Taking the difference, Ahy, = h9ld — A2V between (4.7) and (4.10), we find
Ahy = —-8—10C"Y, Ahy=24+30¢"1 . (4.11)

This is compatible with (4.9) if we set g1 = 8 + 10(~!. Thus we have shown that (4.5) is
equivalent to the corresponding term in [26].

NNLO its canonical transformations.

(o) —

¥ NNLO —15m} — 15m2mi — 12m,m3 + Tmj}\ _,
1 2 (4.12)
16mimy

The same term in the Hamiltonian formulation was computed in the ADM framework
in [44, 45] and in the EFT framework in [31].
Once again, consider the following ansatz for the Hamiltonian:

G\ - (5 x @) . .
NNLO __ a 4 9 2 4
HSO = <7“2> W [h3p + h4p (n . m + h5(n : ]7) } . (413)

In this notation, our result (4.12) correspond to
hy =T7¢%—12¢ —15—15¢"2, hy=hs=0. (4.14)
Eq. (4.11) of [31], sharing the same convention as [26], is translated to our notation as

hy=TC%—4¢—24—20C —12¢72, hys=-8—3+8C"', hs=60+60¢C""'—15("2.
(4.15)
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The difference between the two results is then

Ahs =80 —9—20C+3C"2, Ahy=-3(8C+3-8C"1), Ahs=15(4+4¢C"1—-¢?).

(4.16)
Our ansatz for the NNLO generating function is
1 G\ [n-(px dg)] . .
NNLO a 2 3
— . 3(7 - . 4.17
950 16(1+¢71) <T) MMy [QZP (7-7) +g5(7 - 7) ] ( )

Using (4.3) and (4.4), we can easily relate the coefficients,

Ah3=(C -1+ Ng1 — g2, Ahy=3[-((—1+C¢ g1 +92—g3], Ahs=>5g3.
(4.18)

The value of g; was already fixed at the NLO order. The difference (4.16) matches the
relation (4.18) if we set

g2 =1+ HAL+7CTY), g3 =3d+4¢ =P, (4.19)

NNNLO. To the best of our knowledge, the NNNLO spin-orbit coupling has not been
computed yet. We simply present the result.

VIO _ <84m2 + 50mim? + 84m2mi + 80m,m} — 45m§> . (4.20)

1oy = 128m&m}
4.2 Quadratic in spin (up to NNLO)

Expanding the exact results (3.14) and (3.15) in p?, we obtain sub-leading corrections.
We write down our results explicitly up to NNLO and compare them with previous PN
computations.

The NLO spin-spin Hamiltonian was computed in the ADM framework in [46, 47]
and in the EFT framework in [29, 48]. The equivalence between the two approaches was
established in [29]. The NLO spin-squared coupling was computed in [25, 26, 49-51]. The
NNLO spin-squred couplings were computed in [32, 52]. The equivalence among different
approaches were established in later references.

NLO. The NLO spin-spin term in our framework is

NLO _ (ng + 9memp + 2m%> 2

= (4.21)
1) 4m(2lmg

It can be compared with eq. (6.32) of [26]. Even after reducing to the COM frame, the
result of [26] appears to carry many non-vanishing coefficients. It is not clear how many of
them are gauge invariant. According to our result, only two of them are invariant once we
take into account the exchange symmetry, m, <> my.

The NLO spin-squared term in our framework is

X3 = L (4.22)

NLO Céa) (6m?2 + 16mgmy, + 6m3) — (8mg + Tmy)my 7
8m2mj; '

It can be compared with eq. (6.45) of [26].

17 -



Canonical transformation for NLO spin(a)-spin(b). For the spin(a)-spin(b) inter-
action term, we parametrize the Hamiltonian by

1 /G o o A o N2/o o
39 =1 (§) [ ) + na @ - (e 0) + ol -

4
+ ha(§ - 2)2(@q - 2) (@ - 1) + hs (- o) (5~ @) (4.23)
30 A7 ) @ 1)+ o) )

and generators of transformation,

Mg G AN, e aN/o anso s
ggaLS? = —m (73) [gl(p 1) (@ - dp) + g2(p'- 1) (dq - 1) (dp - 1)
. (4.24)
F3n(7) (@ )+ s @)@}
Our result (4.21) amounts to
h1=2C+9+2("", ha=-3h1, h3=hy=hs=he=0. (4.25)
In eq. (6.10) of [29], the h parameters are
hi=6(+16+6("1, hy=—6(—21—6C"", hg=—21C—12—12¢"}, (4.26)
hy = —30, hs = —6C — 14— 61, heg=12¢ +54424¢71, '
and hg = hg| ¢—1/¢- Taking the difference Ahy = REFT — h™P, we find
Ahy =4C+T+4CY, Ahy =6, Ahgy = —21¢ — 12 —12¢71, (427
Ahy = —30, Ahs = —6¢ —14 —6¢Y, Ahg =12¢ + 54 +24¢71, '
The canonical transformation at NLO relates Ahy to g as
Ahy = —g1, Ahy=—go, Ahg =3g1, (4.28)

Ahy =592, Ahs=—(g93+373)/2, Ahg=3g3—2¢g>.

The differences (4.27) match the relations (4.28) precisely if we set

g1 = _(4—C + 7+4<_1)7 g2 = _67 g3 = 4C + 14 + 8C_1, g3 = gg|<*>1/< . (429)

Canonical transformation for NLO spin(a)-squared. For the spin(a)-squared term,
we consider a family of Hamiltonians:

1/G
HNLO _— _ - () hipPa2 4 hop?(dy - 1)? + ha(P - n)%a2
52 s 3 ) 2P (Ao 1)+ ha(p- 1) (4.30)

+ha(p- 1) (@ - 7)? + hs (5 @a) + he(F- A) (P~ Ga)(da - 1))
and generators of transformation,

B0 =~ (52) 07 08 4 a5 2) @ ol )G )] - (431)
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Our result (4.22) amounts to (Chere = C’éa))
hi= (6 +16+6()C — (TC+8), hy=-3h1, hs=hs=hs=hs=0. (4.32)

This is to be compared with eq. (6.45) of [26]. Reducing it to the COM frame, we obtain
a somewhat simplified formula in our notation,

hi=(10¢C+184+6¢"1C—(10¢4+12), hy= —(18¢+42+18¢"1C+21¢+24,
hs =—(12(+6)C'+9¢(+12, hy=-30C, (4.33)
hs =—(4¢+4)C+10¢+12, he = (12¢+24)C'—(30¢+36) .
Taking the difference, Ahy, = hEFT — A7 we find
Ahy = (4C+2)C — (3¢ +4), Ahy =6C',
Ahz =—(12¢+6)C +9¢ + 12, Ahy =—-30C, (4.34)
Ahs = —(4C+4)C +10¢ + 12, Ahg = (12¢ +24)C — (30¢ + 36) .
Performing the canonical transformation, we relate Ahy to gg:
Ahy = —g1, Ahy=—g2,
Ahg = 391 y Ah4 = 5g2 y (4.35)
Ahs = —g3, Ahg =393 —2g>.
The differences (4.34) match the relations (4.35) precisely, if we set
g1=—(4C+2)C+3C+4), go=-6C, g3=(4¢+4)C—(10¢+12). (4.36)
NNLO. The NNLO spin-spin term is

NNLO _ (—Gmi — 15m3m3 + 4m2m? — 15mgmj — Gm?f) s (4.37)

@y = 16m§m§7l

The NNLO spin-squared term is

(2,00 — 4

NNLO _ i (=5mi + 18m2m3 — 5my}) — 3(TmZ + dmgmy, — 2mP)m? \ _,
X AL (4.38)
16mam;

These are to be compared with egs. (3.3)—(3.4) of [32].

Canonical transformation for NNLO spin(a)-spin(b). We parametrize the spin(a)-
spin(b) term of the Hamiltonian at the NNLO order as

HYNLO — b <G) [(ﬁ-p)‘* [h7(@q - @) + hs(R - @) (R - G@p)]

 16memy \ 13

5 (7P (ol @0) (5 ) + Bo(i - ) (7 )]

+ (- )2 [o(F- @) (7 @) + h11p2da - @ + haof? (R - da)(R- @) (439)
1, N, o o

+ 5(” - 9) [hasp® (A - Ga) (- @) + hasp® (R @) (5 da)]

BB (B @) (7 @) + 5 (s (@ @) + hag (- @) (- )] |
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The NNLO generator is parametrized as

1 G
NNLO _ _ o L3 I S o Ne =
B8O = e (1) [0 9 o @) + st a2 )
+ (- P)* g6(7+ Ga) (- @) + o (7 - @) (- a)] (4.40)
+ () (g2 @) (7 @) + 95 (7 @) (- ba) + 907
+ 7P lgro(i - @) (- @) + gro(i - @) (5 )] |
Our result (4.37) amounts to
h7 = hs = hg = hg = h1g = h11 = h12 = h13 = h13 = h14 = 0, (4.41)
his = 6¢% +15¢ — 4+ 15¢" 4+ 6¢72,  hig = —3h1s. '
Eq. (6.12) of [29], translated to our notation, yields
hy =0, hs=210, hg=—60(5+2(""), hg=holc 1,
ho=12(C+5+¢"), hi=-3(16¢> +19¢ + 14 +19¢"" +16¢ ),
hi2 =90, fiz =6 (16¢* +19¢ +6 +19¢7 +6¢72),  hiz = hisle e (4.42)
hig = —2(11¢% +15¢ +4 + 15¢7 ¢ +11¢72), '
his = 22¢% +34¢C + 10 + 34¢ 1 +22¢ 72,
hig = —3 (6¢* +15¢ + 8+ 15¢"" +6¢7?) .
The changes in the h parameters are related by (4.3) to the g parameters as
Ah7 = =594, Ahg = —Tgs,
Ahg = 2(gs — 5gs), Ahg =2(g5 — 556), Ahio = g6 + g6 — 397,
Ahi1 =6(C—1+C¢ ") g1 +3(92—g9),
Ah1g =10 (¢ =14+ ¢Y) g2 + (395 — 59s),
12 (¢ ¢™") g2+ (395 — 5gs) (4.43)

Ahyz =2(2g6 + g8 — 3g10) — 2 (¢ — 1+ (1) (292 — 373) ,

Ahys = 2(26 + gs — 3G10) — 2 (C — L+ C1) (292 — 393),
Ahiy=gr+gio+gio— ((—1+¢1) (95 +33),
Ahis=g9—2(C—1+¢ Mg, Ahig=gs—2(C—1+C") g

The difference Ah = hFFT — h3MP between (4.42) and (4.41) is accounted for if we choose
the g parameters as

g2=0, g5=-30, g6=122+¢"), g6 =12(C+2),
gr=—4, gs=-12(C+2+¢"), go=8C+13(+12+ 13" +8(?, (4.44)
g10=—(BC +13¢+4+ ¢ +207%), gGio=—(2C +(+4+13¢ +8(7?).
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Canonical transformation for NNLO spin(a)-squared. We parametrize the NNLO
spin(a)? sector Hamiltonian as

Hg'"0 = W <TG3> [(A )" [he@; + hs(i - @a)?]
+ (1 §)* [ho (7 @) (7 )]
+ (- P)? [ho (P @a)? + h11P2@s + h12P” (2 - Gq)?] (4.45)
+ (- 9) [hasp® (7 - Go) (7~ )]
+ hap® (B @a)® + P [R5l + hag(R - Gq)?] ] :

The NNLO generator is parametrized as
1 G . . o
A = gy () (077 [0 +anti-
+(7-P)* [96(7 - @) (P~ @a)) (4.46)
+(7 - p) [97(17' C_ia)2 + gBﬁQ(ﬁ : C_ia)2 + 99]72@3]

7 [g10(7 - @) (- )] |
The changes in the h parameters are related by (4.3) to the g parameters as

Ah7 = —5g4, Ahg=—Tgs, Ahg=2g5—5gs, Ahio=gs— 397,
Ahir=3(C~1+¢")g1+3(91—9g9), Ahiz=5(C~1+¢"") g2+ 395 — 5gs,

Ahyg = 2g6 + 295 — 3910 — (C — 1+ C71) (292 — 393) (4.47)
Ahiy=gr+gi0— ((—1+¢ ") gs, Ahis=go— ((—1+¢ ") g,

Ahig=gs— ((—14¢7") go.

Our result (4.38) amounts to

h7 = hg = hg = hip = h11 = h12 = h13 = h14 = 0,

4.48
his = C (5¢* — 18 +5¢ %) + (=6¢* + 12¢ +21),  hyg = —3h1s. (1.48)

This can be compared with eq. (3.4) of [32] which adopts the same coordinate gauge as [26]:

hy =15 ((+444¢") +15C(34+4¢), hs = 105C,
hyg = —30C(4 4+ 2¢) — 30(C 4+ 6 + 6¢ 1),
hio = 6(—2¢* —4¢ + 6 +10¢™1) + 6C(¢* + 6¢ + 6),
hip = 6C(2¢2 +6¢ +5+2¢71) +3(5¢%2 — 6¢ — 33 — 24¢7Y),
hiz = 30C(2¢ + 54+ 2¢1) + 15(C +8+8¢1), (4.49)
hiz = —6C(3¢% +18¢ 4+ 26 + 8¢ 1) — 3(7¢? — 27¢ — 50 — 12¢™ 1),
hig = 4C(C? +7¢C+84+2¢7 1) + (11¢% — 15¢ — 42 — 12¢7Y),
his = C(C? —24¢ — 37 —4¢ 1 4+ 5¢72) + (—11¢2 + 15¢ + 42 +12¢7 1),
hig = —3C(5¢% +4¢ —5+4¢ 4+ 5¢72) — 3(—6¢2 +13¢ +29 + 8¢ ).
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The difference Ah = hFFT — p2mP between (4.49) and (4.48) is accounted for if we choose
the g parameters as

ga=-3(34+40)C-34¢ ' +4+¢), g5=-15C,

g6 = 6(2¢ +3)C +2(3¢C + 18 +18¢1),

g7 =—20(C* +4¢+3) —2(=2¢* -5 +4¢7Y)

gs = —3(6¢+114+6¢")C —3(¢C+8+8(),

go=—(8C2+ 220 +21 + 6 HC +2(—C%+2¢ + 10+ 8¢,
g10=2(1+ (¢ +2)(5¢ +3)C + (14 ) (=3¢ — 24¢ - 16).

(4.50)

4.3 Cubic in spin (up to NLO)

Cubic in spin. The mixed cubic term is given by

X(lng()) _3 C’éa)ma(—5mg + 8mgmyp + 18m3) —3 (4m2 + 21mgmy, + 6m2)my, #. (451)
’ 16m2m;

The self-cubic term is the first term to host the “magnetic” Wilson coefficient Cis:

o 2405 mg(ma + my) — 3CSY (6m2 + 16mamy, + 5m2) + (12mq + 1lmp)my \
X30) = 2,2 P
16mgmj

(4.52)

These are to be compared with the 1PM parts of the recent PN computation given in [28].
But, since the result of [28] in its current form carry time derivatives of momenta, which
are not visible in our framework, a direct comparison requires more than a canonical
transformation. We leave the comparison for a future work.

5 Effective one-body mapping

Newtonian mechanics with translation symmetry exhibits a complete decoupling of the
center-of-mass coordinates from the relative coordinates. Such a decoupling is obscure in
GR. In perturbative approaches to GR, the EOB mapping offers a way to map a binary
system to a test-body in the background of a massive “center”.

The EOB mapping was originally introduced in a PN context [33], and a PM version
was introduced more recently in [34, 35]. For a Kerr black hole black hole background,
Vines [27] carried out the PM-EOB mapping to the 1PM order and to all orders in spin.

In this section, we show that our 1PM Hamiltonian restricted to Kerr black holes agree
perfectly with Vines’ result to the 1PM order in the EOB mapping. We do not provide a
proper review of the EOB theory and refer the readers to the original papers.

Spin-less test body. The Schwartzschild metric in the isotropic coordinate is

2 -2 4
ds® = (1 — GM) (1 + GM> dt? — (1 + G2M> di* . (5.1)

2r 2r T
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To the 1PM order, it is fine to approximate the metric by
2GM 2GM
ds® ~ (1 — ) dt* — (1 + > dz? . (5.2)
r r
The Lagrangian of a test-body moving in this background is (subscript t for ‘test body’)

b= (1 20 (2600 (1) 53)

The corresponding Hamiltonian is

= (1290 (4 (12500 ). 50

Truncating to the 1PM order, we find an expression exact in p2:

(Ht)lpMZM[W—C;?{\J(272,Y_1>] ;=1 + P P (5.5)

This should not be compared directly with the 1PM two-body Hamiltonian (subscript

r for ‘real’):

Gmgmy [ mgmy 9
H =FE,+ Ep — 207 —1), .
+ Ey . <EaEb> (20 ) (5.6)

where we recall

: E Ey + p?
Ea/b: /m2b+ﬁ2’ U:pa Dy _ La b+ D . (5.7)
a/ MMy MMy,

One way to motivate the correct EOB mapping is to match the deflection angle x of
a scattering process. As explained in [34], the EOB mapping requires that

Xreal(Ereala J) = Xtest (Etesta J) s (58)

where J is the angular momentum, and the map between F,¢, and Eliegt can be non-trivial.

Quasi-Newtonian approach. Recent papers [53-55] suggest a way to understand the
EOB mapping before computing the deflection angle. The key idea is to invert the energy-
momentum relation of any PM-like theory,

E=H(p,r) = colp +§:() (5.9)

to find an expression of the form

p —poo+z< > Wi (Poo) » (5.10)
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where the gauge-invariant asymptotic momentum, p, is defined implicitly by
E = H(poo,r = 00). (5.11)

If two systems yield the same quasi-Newtonian functions w,(p) to all orders, it is guaranteed
that the two systems agree on the deflection angle. To the linear order in G, it is easy to
do the inversion and verify the ‘quasi-Newtonian duality’.

In the two-body picture,

Ex = /mg +p3, + 1/ mj +
G
:\/mg+p2+\/mg—|—p2—|—(r> cl(p) (5.12)

— VT G+ (G + (S ) + 06,

Expanding the square-roots and demanding that the O(G) terms cancel out, we find

2E,F,
E

w1 (Poc) = c1(poo) - (5.13)

In the effective one-body picture,

G\ .
By = /12 +p% = /m2 +p? + <T> c1(p)

. (5.14)
— Vi @+ () ae) + 06,
It follows that
W1(Pos) = —(2E4)C1(poc) - (5.15)
Reading off ¢; from (5.6) and & from (5.5), we find
22 _ 27% -1
wy =200 (952 1) @y = 2B Mp S = oMt (242 — 1), (5.16)
Assuming the OPM EOB dictionary,
M =mg +my, M:M, o=, (5.17)
Mg + My
we find
wy
—=—=TI. 5.18
o M (5.18)

This ratio can be absorbed by rescaling the position and momenta variables as follows:
Py =Tp: (Fe=T"17. (5.19)

This scaling is consistent with the invariance of the angular momentum assumed in (5.8).
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Vines’ spinning EOB. Vines [27] considered a spinning test-body in the Kerr black
hole background and arrived at

-1
. (5.20)

&_ _G7M 2 _ 1)2
=7- 5 2 sV -

K s=+1

R+Px<ab+at at)

po\VPo1 A+l

where (R, P) translate to (7, p)test i our notation, and (ay, at) are spin-length vectors to

be explained shortly. According to the EOB dictionary we have mentioned, including the
rescaling (5.19), this test-body Hamiltonian corresponds to the 1PM two-body potential
of the form

Vo (G> TG S 2
r 2EaEb —_t1

-1

(5.21)

1 FQ_.X ay + ay ayt
7+ — S —
I b sinh 6 coshf +1

The relation between (a, at) and (dq, dp) in this paper was already discussed in [27]:

1 N ay 1 6a CTb
_ 1 _ 1 . 5.22
@+ @ = pdo, p(coshd +1) 12 <Ea+ma + Eb—}—mb) (5:22)

Substituting these into (5.21), we finally obtain

Voo (G> LR
r QEGEb —11

E(p x d DX @, DX ap|
py g B0 0)  PXda PXa

mempsinh @  mgr, myTp

It agrees perfectly with our 1PM potential for Kerr black holes shown in (2.38).

6 Conclusion and outlook

In this paper we derived the exact 1PM gravitational potential to all orders in spin for
a binary of general compact spinning bodies. Building on previous work [18], we derived
the exact Thomas-Wigner rotation factor, which allows us to construct the exact 1PM
potential. Through highly non-trivial canonical transformations, match to existing PN
results were made as well as the effective one-body mapping for Kerr black holes. Our
result exhibits almost complete factorization between the spin- and velocity-dependent
terms, which is absent in the previous approaches due to ubiquitous S - p terms. From our
on-shell point of view, this is simply a reflection of classical dynamics being encoded in the
factorization limit of the elastic scattering, which must factorize from unitarity. Since the
general three-point amplitude is expressed as a multipole of S'- ¢, coupled with the form of
the Thomas-Wigner rotation factor, this immediately leads to the absence of S - p terms.
Thus the on-shell approach naturally exposes hidden simplicity for the classical potential.

We expect the same simplicity to persist at 2PM since the exact Thomas-Wigner
rotation factor is independent of S - p, and the gravitational Compton amplitude does
not generate such terms when inserted into the discontinuity associated with the non-
analyticity for one-loop amplitudes [18]. Proper subtraction for the iteration terms as well
as improved understanding of higher-spin Compton amplitude is necessary for reaching a
concrete statement.
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An interesting observation is that if one were ignorant of the Thomas-Wigner rotation
factor, and directly extracting the potential from M, the result will match with previ-
ous EFT computations sans terms that have time derivatives, such as S, 0. In the EFT
approach, these terms are removed via redefinition of variables. This last step then sim-
ply matches to our Thomas-Wigner rotation factor. An appropriate understanding of the
physics behind this phenomenon is obviously desirable.

Some recent papers [53-55] (see also [21, 56]) advocate approaches that extract gauge
invariant observables, such as the deflection angle and the periastron advance, directly from
scattering amplitudes without taking the PM or PN Hamiltonian as an intermediate step.
It would be interesting to incorporate binary of general compact spinning bodies in these
approaches.
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