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ABSTRACT: We study the (ambi-)twistor model for spinning particles interacting via electro-
magnetic field, as a toy model for studying classical dynamics of gravitating bodies including
effects of both spins to all orders. We compute the momentum kick and spin kick up to
one-loop order and show precisely how they are encoded in the classical eikonal. The all-
orders-in-spin effects are encoded as a dynamical implementation of the Newman-Janis shift,
and we find that the expansion in both spins can be resummed to simple expressions in special
kinematic configurations, at least up to one-loop order. We confirm that the classical eikonal
can be understood as the generator of canonical transformations that map the in-states of a
scattering process to the out-states. We also remark that cut contributions for converting
worldline propagators from time-symmetric to retarded amount to the iterated action of
the leading eikonal at one-loop order.

KEYWORDS: Black Holes, Classical Theories of Gravity, Effective Field Theories

ARX1v EPRINT: 2405.17056

OPEN AccEss, © The Authors.

Article funded by SCOAP? https://doi.org/10.1007/JHEP08(2024)080


https://orcid.org/0000-0002-5474-123X
https://orcid.org/0000-0002-3057-7906
https://orcid.org/0000-0002-6295-8287
mailto:joonhwi@caltech.edu
mailto:jung-wook.kim@aei.mpg.de
mailto:sangmin@snu.ac.kr
https://doi.org/10.48550/arXiv.2405.17056
https://doi.org/10.1007/JHEP08(2024)080

Contents

1 Introduction 1
2 Massive twistor in electromagnetic field 4
2.1 Free theory 4
2.2 Interacting theory 10
3 Scattering observables 14
3.1 Classical eikonal as scattering generator 14
3.2 Momentum kick and spin kick from EOM 19
4 Twistor WQFT 25
4.1 Worldline Feynman rules 25
4.2 Photon propagator 33
5 Compton amplitude 38
5.1 Computation 39
5.2 Comparison 40
6 Conservative dynamics from WQFT 44
6.1 1PL observables and eikonal 45
6.2 2PL eikonal 47
7 Discussion 52
A Conventions 53
B List of integrals 55
B.1 Master one-loop integral 55
B.2 Fourier transform integral 58
C 2PL computations 59
C.1 Longitudinal part of the momentum kick 59
C.2 Transverse part of the spin kick 63
D Regularisation for the product of time-symmetric Green’s functions 65

1 Introduction

Chandrasekhar has remarked that “(t)he black holes of nature are the most perfect macroscopic
objects there are in the universe: [...] they are the simplest objects as well” [1] Can
we idealise these simplest objects of the universe and make them even simpler? Since
electromagnetic interactions are simpler than gravitational interactions, let us phrase this



question more concretely in the context of electromagnetism. What would be the description
of the simplest charged, massive, spinning (macroscopic) objects moving on a background
electromagnetic field?

One class of charged spinning (macroscopic) objects that can be called “simplest” is
known in the literature as root-Kerr particles [2], which possess spin-induced multipole
moments of Kerr-Newman black holes [3, 4]. They can be called simplest in the sense that
they correspond to the classical spin limit of “minimal coupling” defined by the high-energy
limit [5], and that all multipole moments are generated by the Newman-Janis shift [6], where
the position of the particle sourcing the gravitational/electromagnetic field is complexified
and shifted in the imaginary spin direction. In its original formulation, the Newman-Janis
shift only applies to stationary solutions of the Einstein(-Maxwell) equations, therefore the
answer to the question posed in the previous paragraph would only be complete when the
Newman-Janis shift is generalised to dynamical worldlines of spinning bodies.

In this work, improving upon the ideas of ref. [7], we argue that the twistorial description
of relativistic spherical tops [8] qualifies as a complete answer. The authors showed in ref. [§]
that the spherical top model [9] for a relativistic spinning particle is equivalent to a massive
twistor model (similar but not identical to ref. [10]) in the absence of interactions. The
attempt to couple the twistor model to a background field was initiated in ref. [11]. A complete
description of the twistor model minimally coupled to electromagnetic field is given here.

We use the model to compute scattering observables, such as the momentum kick and
the spin kick, at low orders in perturbation theory while maintaining exact spin-dependence.
Following the nomenclature of ref. [12], we call the perturbation theory “post-Lorentzian”

n

(PL) expansion, where n-PL order terms are suppressed by (q1¢2)" where ¢1, g2 are the
electric charges of two interacting particles. When organised diagrammatically through
Feynman-like diagrams, n-PL order terms involve (n — 1)-loop momentum integrals, although
the diagrams themselves have no loops. This is a toy model for studying the gravitational
case, where the dynamics is organised in the post-Minkowskian (PM) expansion while keeping
the exact spin-dependence.

We stress that exact spin-dependence is not only of theoretical interest, but is also of
phenomenological interest. The previous sentence may sound odd to a person familiar with
post-Newtonian (PN) calculations: in the PN expansion spin effects are formally counted
as 1PN, since the corrections take the form of a/r, and for compact objects such as black
holes the spin length scales as the horizon scale a ~ Gm. For computing the gravitational
waveforms—which are the quantities directly relevant for observations—the 4.5PN corrections
seem to be good enough, at least for non-spinning quasi-circular equal mass binaries; the
4.5PN contributions add less-than-a-radian correction to the ~ 103~5 cumulative gravitational
wave cycles in the detector frequency bands [13]. The spin effect corrections to the conservative
dynamics has already been computed to 5PN order [14-20]. Why would we need all-orders-
in-spin effects if they are going to be smaller than what is already known, which already
seems to be sufficient for observations?!

!Caution: the PN expansion is known to converge best for equal-mass quasi-circular orbits, and convergence
of the best-case scenario does not guarantee convergence in other regions of the parameter space. For example,
even 5PN may not be enough to reduce systematic errors below the level of statistical errors [21].



One reason all-orders-in-spin results can be of interest is because in practical applica-
tions the perturbative results need to be resummed for a better accuracy [22-27].2 The
resummations reorganise the perturbative expansion by leveraging the knowledge of sin-
gularity structures that the non-perturbative answer is expected to possess. Therefore,
all-orders-in-spin calculations may reveal singularity structures we can take advantage of
in the resummations, which were not visible at the lowest spin orders. This can be used,
for example, in improving effective-one-body based waveform models which are known to
perform worse for extremal black hole spins [29, 30], where spin effects are resummed as
geodesic motion on a deformed Kerr geometry [31]. Understanding the mechanism behind
the effectiveness of the resummation will be useful in motivating alternative resummation
schemes for spin effects, which may yield better accuracy.

From the viewpoint of resummations, an all-orders-in-spin result that is as rigid as
possible and as simple as possible while keeping essential features of the dynamics will be
the most useful, since we are interested in the singularity structures of all-orders-in-spin
dynamics; any additional structures or free parameters may obscure the singularity structures
that we wish to dig up from all-orders-in-spin results. This motivation brings us back to the
question raised in the beginning of this manuscript; what is the simplest spinning object that
interacts with the background Maxwell field? The motivation also limits the inputs of the
theory to all-orders-in-spin multipole moment information encoded by the Newman-Janis
shift. The expectation is that while the dynamics of the spinning particle may deviate from
that of physical black holes from O(q?), the singularity structures of the all-orders-in-spin
dynamics are still captured by the twistor worldline model.

The twistor worldline model predicts surprisingly simple singularity structures in special
kinematic configurations, which we expect to be shared by scattering dynamics of physical
black holes. For example, the 2PL aligned-spin eikonal (6.29) resums to the simple expression
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where the impact parameter b ~ (x4 — ) is defined by the covariant spin supplementary

+(1+2), (11)

conditions (SSC), a* = af + ab is the sum of the spin-length vectors, and ( is the ratio
parameter defined by af = (a*. To the best of authors’ knowledge, this is the first observation
of spin effect resummation in binary dynamics at the next-to-leading order (NLO) in the
coupling constant expansion, where the model is free of unphysical behaviour and the spins
of both constituents are included to all orders.?

In addition to the construction of the interacting twistor model, and application of
the model to compute observables to the 2PL order, another key result of this work is the
clarification of the classical eikonal’s role. In the Hamiltonian formulation of binary dynamics,
the classical eikonal is defined as a suitable classical limit of the quantum eikonal phase that

20ne may also recall that the revival of interest in the PM expansion was partly kindled by the search for
alternative resummation schemes of the gravitational two-body dynamics [28].

3The known spin-resummed NLO scattering angles reported in the literature [32, 33] are based on the
Compton amplitudes that develop unphysical behaviour from cubic (electromagnetism) or quintic (gravity)
order in spin. The spin-resummed results reported by ref. [34] should be considered as leading order effects in
the R3 coupling expansion.
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Figure 1. Equivalence between the spherical top model and the massive twistor model.

acts as the generator of canonical transformations, mapping the incoming scattering states to
the outgoing states. The scattering states are defined in the phase space of free particles,
and the eikonal encodes the interactions such that it produces all scattering observables
through canonical transformations.

The manuscript is organised as follows. In section 2 we review the massive twistor
model and couple it to background electromagnetic fields. In section 3 we compute scattering
observables using equations of motion. We set up WQFT formulation of the model in section 4,
and use it to compute Compton amplitudes in section 5 and the classical eikonal in section 6.
We conclude our studies and propose future directions in section 7.

Note added. While this work was being completed, ref. [35] appeared. Their proposal for
how to extract classical observables from the radial action overlaps with our discussion on
the classical eikonal as the scattering generator in section 3.1.

2 Massive twistor in electromagnetic field

2.1 Free theory

In ref. [8], we proposed a massive twistor model and showed its equivalence to the Hanson-
Regge spherical top model at the free theory level. A general discussion of how to couple
the twistor model to background fields was given in ref. [11]. Here, we give a brief review of
these two main references and clarify some aspects of the twistor model before specialising
to the minimal coupling to a background electromagnetic field.

A widely used model for describing relativistic spinning particles is the Hanson-Regge
spherical top [9], which uses the variables (p,,, Z", AFy, SW) to describe a spinning body; the
momentum p,,, the position ##, the body-fixed tetrad AF 4 (A =0,1,2,3) describing the
orientation of the body, and the spin tensor S’W. The tilde notation emphasises the fact that
under the “spin-gauge” redundancy [36], the variables (Z, A, S) have some gauge dependency
while p is gauge-invariant. It was shown in ref. [8] that the gauge orbit is R3 and the “origin” of
the orbit corresponds to the covariant gauge conditions: p*S,,A"q =0 =p,A*, (a =1,2,3).



The twistor variables describe the same dynamics with less gauge redundancy. Their
global symmetry groups are the superconformal SU(2,2) (to be broken by the mass-shell
condition) and the massive little-group SU(2) . The gauge redundancy on the twistor side
is U(L): (A p) — e pw), (\p) — e P\ a), 0 cR.

The equivalence of the two models is clearly articulated in terms of the gauge-invariant
coordinates on both sides. The twistor model unifies the variables (p,,A*,) using the
hermitian bi-linear products of (Ay’, A14):
5“da)\a(15\J)d
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in a similar vein to massive spinor-helicity variables [5, 37]. An advantage of the Hamiltonian
formulation is that nothing stops us from unifying momenta p, and “generalised positions”
A*,. The remaining variables (z#,.S),) are unified and mapped to a set of gauge-invariant
complex variables p®/(A~1);* and their complex conjugates. This is in contrast to the
supersymmetric worldline description [38-40] where the spin tensor S, is realised as a
bi-linear in Grassmann variables (¥4, ¥ 4) and the tetrad A*, is not visible.

A prominent feature of the twistor model is that there is no spin-gauge redundancy in
the first place, so that no discussion of the spin supplementary condition (SSC) is ever needed.
The only constraint yet to be imposed is the mass-shell condition p? + m? = 0, which is
common to the spherical top model and the twistor model. Figure 1 summarises the mapping
between the two models before imposing the mass-shell constraint.

2.1.1 Constraints revisited

Our conventions for spinors and twistors are slightly different from those of ref. [8]; see
appendix A for details. Let us mention a few key relations. The fundamental Poisson brackets

of the spherical top model include

{z",p,} =0 = {xd‘a,pﬁé} = —25%(5%. (2.2)
The fundamental Poisson brackets of the twistor model are

{mr* As"}y = 0567 . {u X5} = 6507 . (2:3)
The incidence relations relating the two models read

g1 U T
uil = 528", = S E, (2.4)

where the complexified position variable z defined by the incidence relation is mapped to
the spherical top variables through

1
H=axt iyt Yy = Ws“”papyspg ) (2.5)

The imaginary part y* of the complexified position variable z* is related to the spin-length
vector a* = s*/m widely used in the literature by y* = —a*. The extra sign is to respect
the standard relation of non-relativistic spins: {s?,s7} = €i/¥sk,



In our current conventions, the free action of ref. [8] reads

_ 1 _
Stree = / [)\aldﬂja + Aradp®’ + 3 (R‘(A —m)+ k(A — m)) da} ,

(2.6)
1 - - 1 S
A = det(\) = —§eaﬂeIJ)\aI)\gJ, A =det(\) = ieljeaﬁ)\jd)\JB .
The Lagrange multipliers (k, k) enforce the conditions,
A=m=A, (2.7)

which in turn imply the mass-shell condition —p? = AA = m?. After a suitable gauge-fixing
of (k, &), the “Hamiltonian” Re(x)(A + A)/2 generates the worldline time-evolution for all
dynamical variables which matches the expectation from the spherical top model.

Despite its success, it turns out that the free action in (2.6) is not suitable for the
transition to the interacting theory, and we propose an alternative action:

Stree = / P\afﬁla + Map — k00 — “lﬁbl} do , (2.8)
where
1, 5 x 1 5 2 ) S
Po = §(m —AA) = 5(19 +m%), ¢1= 27(&@# —aN) =p-y. (2.9)

For later purposes, we also propose the gauge-fixing conditions,

0

- W i _
X' = =5 (Arap™ + " Ae'), x' =5 log(A/A). (2.10)

1
2
We recognise ¢g as the mass-shell constraint in twistor variables, and ¢; as the generator
of the U(1) gauge orbit. Aside from how to implement the mass-shell constraint, the main
difference between the two proposals is that (2.8) contains the U(1) gauge generator while (2.6)
contains a U(1) gauge-fixing condition in the form

(A—A). (2.11)

To understand why the old proposal (2.6) is problematic and why it still yielded the free
equations of motion correctly, let us revisit the general theory of constrained Hamiltonian
dynamics, building upon appendix A of ref. [8]. The system consists of Hamiltonian H,
symplectic form w, abelian gauge generators ¢4 and gauge fixing functions y. The minimal
requirements are

{64, H} =0, {oa,08} =0 C4p:={x" 65}, det(C)#0. (2.12)

In general, the gauge-fixed action is written as

S:/dt (piqi—H—ﬁAqu—RAxA) . (2.13)



AR A) enforce the constraints ¢4 = 0 = x?. The variation of

The Lagrange multipliers (x
S with respect to the dynamical variables (p;, ¢') gives the equations of motion. The time
evolution of a generic function f(p;,¢') is computed from the Poisson bracket

d _of ,  Of. A A
—_— = - g ;= ’H . 214
i = og! +apip {f.H+r"¢a+rax"} (2.14)

For consistency, the equations of motion should not induce change of ¢4 and x4 in time:

dpa _ o _ dx’
e dt
The vanishing of d¢4/dt and the minimal requirements (2.12) imply k4 = 0. Hence, we do

(2.15)

not see directly &4 in the final form of the equations of motion. The vanishing of dx/dt
implies k4 = —(C~NAg{x", H}. We can either choose some x4 to fix k4, or prescribe
some k4 to fix xy* implicitly.

If some of the x4 multipliers can be set to zero without violating the requirements (2.12),
the corresponding ¢ 4 will not directly contribute to the equations of motion and it may look
permissible to exchange the roles of ¢4 and x“. That is precisely what happened to the
free twistor model. But, as soon as we add interaction terms in the action, the distinction
between the gauge generators ¢4 and the gauge fixing conditions x4 becomes evident. By the
very definition of gauge redundancy, the interaction terms are required to Poisson-commute
with all ¢4 in a sense to be specified below. On the contrary, there is no reason for the
interaction terms to commute with x*.

To conclude, in view of the general theory of constrained Hamiltonian system where the
gauge generators and gauge-fixing conditions play different roles, we need a new proposal
for the free action (2.8) to incorporate interaction terms.

2.1.2 Regge trajectory

Due to rotational kinetic energy, the mass of a spinning top is in general not a constant, but
rather a function of the spin-magnitude W? = (y - p)? — y?p?. The derivative m’ = dm/d(W?)
is colloquially called the “Regge trajectory”. For a free spinning particle, the angular velocity
is (2m’) times the spin, so (2m’)~! is the relativistic rotational inertia [8].

In most applications, where we do not keep track of the angular velocity and focus on the
(x,y, p) variables, the Regge trajectory does not affect the dynamics. Specifically, the equations
of motion for (z,y,p) are independent of m/. In the rest of this section, we will see, from a
few different but related angles, how the Regge trajectory m’ decouples from the dynamics of
(z,y,p). From the next subsection on, we will set m’ = 0 to simplify computations.

2.1.3 Dirac bracket and effective phase space

To describe the physical phase space of the free twistor theory, it is convenient to construct
the Dirac bracket. The ingredients are the unconstrained Poisson bracket (2.3), the gauge
generators (2.9), and the gauge-fixing functions (2.10).
Let us first consider the case of vanishing Regge trajectory (m’ = 0). Using
AA 0
) , (2.16)

A A _
CB_{X 7¢B}_<0 1



we construct the Dirac bracket in the standard way,

(.9} = {F,9} = (€5 ({10437 9} — {9, 043X", 1) - (2.17)

The non-vanishing brackets among the twistor variables are
1
{ir* Ag”} = 6367 — QAﬁj(/\_l)Io‘,

&l Y & Ly 3-1ya
(n 17/\JB}*:(55-5§—§/\JB(/\ el

1 (2.18)
R A [ N Ve T O T
{HdI’MBJ}* _ _% {Ndl(j\fl)[‘?] . MBJ(XA)M} ‘

We can certainly use these to compute the Dirac brackets among the U(1)-invariant composite
variables (z#, y*, p*). But, since we are interested only in the dynamics of (z#, y*, p*) variables
in the bulk of this paper, we can take a shortcut.

We can regard the 16-dimensional unconstrained phase space as a fibre bundle with
the base coordinates (z,y,p) and the fibre SU(2)xU(1). The original Poisson bracket (2.3)

projected onto the (z,y,p) base space can be written as
Y :n,wiA o Yty —nly-p) 9 9
oxt  Op p? oxkt  Oyv

e 0 0 0 0

B 2%5 s ( Moy T )

(2.19)

oyt Oy” @Aﬁxl’

The transition from the Poisson bracket to the Dirac bracket can be done within this
effective description. Since (x,y,p) are all U(1) gauge invariant, we can simply disregard
the pair (¢1,x') and take into consideration

1
b0 = 5(1)2 +m?), x'=-z-p. (2.20)

The resulting Dirac bracket on the (z,y,p) base space is

P\ 0 o  y'p'-n"(y-p) 0 9
= [ — 2 -
b b (77 p? ) azr " By p? oz " By
ey, p] (8/\ o ., 9 .0 )_x[“p”] o . 0
2p? oyt Oy’ Ozt OxV p? Ozt Oxv

(2.21)

It agrees perfectly with the full Dirac bracket (2.18) evaluated over (x,y,p).
Let us summarise the content of the effective description. The phase space is effectively
nine dimensional: twelve coordinates (x*,y*, p!) with three constraints,

pP?+m?>=0, p-y=0, p-z=0. (2.22)
By construction, the Dirac brackets of the constraints automatically vanish:

{f7p2+m2}*207 {f,p-y}*zo, {f,p'$}*:0. (2'23)



Incidentally, the Dirac bracket is consistent with fixing the magnitude of spin:

{f,9*} =0. (2.24)

So, the phase space is eight dimensional in a sense, although the conservation of y? is of a
dynamical origin and shouldn’t be put on an equal footing as the true constraints.

In later sections, we will study scattering processes of the twistor particles, where the
interaction is (asymptotically) turned off at the infinite past and future. It makes sense to use
the (effective) free phase space for each particle to describe the asymptotic scattering states.

For completeness, we also compute the Dirac bracket when the Regge trajectory is
non-trivial (m’ # 0). Remarkably, the C-matrix (2.16) is not altered by m’ at all. It remains
to compute the (m’)-dependent terms from {f, ¢o}{x’, g} in (2.17).

In terms of the twistor variables, the function x° is given by

0

O =—zp = (W A+ N ) (2.25)

DN | =

It follows that

1 . 1 .
{Xoa )\Oél} = +*)\al 9 {Xoa ,UOJ} = _iual )

- T 1 (2.26)
(X" Ara} = +§/\Id (X% "} = _iljla-
The W tensor is defined as [§]
Wiy = —i (Md(zxj)a - )\a(IﬂJ)a) - (2.27)
It is normalized such that
w2 = %WKLWLK = (y-p)* —y’p. (2.28)
The (m’)-dependent terms from {f,¢o} come from
{f,m(W?)?/2} = mm/{f, W?}. (2.29)
It is useful to note that
Dol W2 = —ida KW (T W2 = iKWl |
M, W2 = +iW S Mg, {® W2 = +iW " k. (250
The full Dirac bracket consists of two parts,
{f,9ye={f. 030 +{f.9}%, (2.31)



where {X,Y}? is the result for m’ = 0 stated in (2.18) and {X, Y}, denotes the (m’) terms.
Using (2.26) and (2.30), it is straightforward to show that the (m’) terms are

Iy Jv _ ﬂ K oy T K J
{)\Oz 7)‘,3 }* - 2m {—1_ WK )\ﬁ )\a ()\,B WK ):| 5
Iy v _ im/
{AQ,AJB}*_%[H WieT) AJ5+A }
. /
I BJy o K _ 5}(
- (2.32)
NS Y, = o [ NS Wi ig? + 2T (W k) }
. . Z'm/
{MaI’MﬂJ}; _wm [ aKWK MBJ +Ma[( ,BKWK )} ,
2m
al - im’ & G =
(W Py, = e [ Kwichp,” — I(WJK/JK’B)] :

and their complex conjugates. They agree perfectly with Dirac brackets computed in ref. [§]
despite the differences in the choice of constraints.

Comparing (2.32) with (2.18), it may appear that the non-vanishing Regge trajectory
complicates the Dirac bracket significantly. Fortunately, when we focus on the effective
(z,y,p) phase space, the complication disappears completely and the Dirac bracket (2.21)
remains valid. In essence, the reason is that the (m’)-terms in (2.32) all involve infinitesimal
shifts along the SU(2) little-group, but the (x,y,p) variables are little-group scalars.

2.2 Interacting theory

In this subsection, we explain how to couple the twistor particle to a background electro-
magnetic field minimally using the Newman-Janis shift.

2.2.1 Symplectic perturbation theory

Given a Hamiltonian system defined by (2.12) and (2.13), we may consider two types of
deformations. A familiar way is to deform the Hamiltonian,

H=H°+qH, (2.33)

where ¢ is a continuous perturbation parameter. We demand that the gauge generators are
independent of the deformation. The requirement (2.12) implies that

{¢a,H°} =0={¢a, H'}. (2.34)

Then all the statements around (2.15) remain valid for any value of q.
An alternative way to deform the theory, which we adopt for our twistor model, is to
keep the Hamiltonian fixed and deform the symplectic form [11]:

w=w’+quw. (2.35)

This is equivalent to keeping the Hamiltonian fixed and deforming the Poisson brackets
used in equations of motion (EOM). For a non-spinning particle, a key feature of the

,10,



symplectic perturbation viewpoint is that w’ = F = dA is manifestly invariant under the
gauge transformation of the Maxwell field and that we do not need to distinguish the two
notions of momenta (canonical vs kinetic). This feature will generalise straightforwardly
to our twistor model.

Again, we demand that the gauge generators are independent of q. We should make
sure that the requirements {¢a,H} = 0 = {¢4, #p} hold with the deformed symplectic
form. Perturbatively,

{f7g} = {f>g}o - Q{f7 Cm}ow;nn{cnv g}o + O(qg) ’ (236)

where (" is an arbitrary coordinate system on the phase space and {e, e}, is the Poisson
bracket defined by w®.
For a random choice of w’, the perturbation term has no reason to vanish:

—q{¢a, (" bowrn{C", EB}0 # 0. (2.37)

But, if we change coordinates (at least locally), (™ — (2, w®) where z* are gauge-invariant
while w® are gauge-dependent, and take w’ = %ngdzi A dzI with no dw® components, it is
immediately clear that {¢pa, H} = 0 = {¢a,¢p} hold ezactly.

Coming back to our twistor model, recall that the new free action (2.8) carries two
gauge generators ¢p, ¢1 in (2.9). Since the Poisson bracket is antisymmetric, the only issue
is whether {¢o,®1} = 0 continues to hold in the interacting theory. But, as long as «’
consists only of U(1)-gauge invariant coordinates such as p, and z# = 2* +iy*, {¢o, 1} =0
would follow trivially.

A common feature of a relativistic particle theory, shared by the spherical top model, is
that the mass-shell constraint ¢g = (p? + m?)/2 also generates the worldline time-evolution.
Ignoring other gauge generators temporarily, the equation of motion of the free theory is

daf

_ 0
o= RS nlo. (239

There are two equivalent ways to express the equation of motion of the interacting theory.
One is based on the infinite series [11],

w7 = (0°) ! - gw®) e (@) P (w?) M (@) T (@) T
iOan_{ﬁCbO} —q{f,z Z}owm{zj,qbo} +¢{f, = Z}oww{z] k}owkl{z doto + -
(2.39)

The other is more compact,

w—l _ (WO)—l _q(w ) 1w/w 1

2.40
iﬁ = {f ¢D} - Q{fa Z}sz]{z 7¢0} ( )

but less explicit in that the last term involves the Poisson bracket of the interacting theory.
Of course, (2.40) can be iterated to reproduce (2.39).
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2.2.2 Minimal coupling via Newman-Janis shift

The unification of (z#,S,,) into the complex coordinates (z,z) defined by (2.4) and (2.5)
opens up an avenue for implementing the Newman-Janis shift [6] into the dynamics. It led one
of the authors to the concept of “spinspacetime” [41] which unifies spacetime and spin at the
fundamental level, which has refined Newman'’s early idea [42]. Our twistor model is a new
member of existing attempts to incorporate the Newman-Janis shift into the dynamics [7, 43].

In the twistor model, the root-Kerr particle is defined by the minimal extension via
Newman-Janis (NJ) shift from Minkowski spacetime to spinspacetime [11, 41]. To introduce
the minimal extension, we begin with the usual coupling of a charged scalar particle to the

Maxwell field and split it into two pieces,*

S = q [ Au@yda =g [ A7 @)dst + g [ A @)t (2.41)

where ¢ is the charge and the convention fixed by A4, = (—¢, ff) The superscripts (%)
denote the self-dual and anti-self-dual parts in the sense that, under the hodge dual * on

the field-strengths,
FEf =dA*, «F* =4iF*, (2.42)

The minimal NJ shift correlates (anti-)self-duality and holomorphy of the complexified
spacetime as [7]

Sint = / At (2)d2" + q / Ay (z)az = -1 / Azt - / AT (2)dz0 . (2.43)
In the parlance of the symplectic perturbation theory,

W= (W) + W) = gF;,,(z)dzu Adz” + %F;,,(z)dzu AdZ (2.44)
Compared to the non-spinning case where w’ = %F w(x)dxt A dx¥, the Newman-Janis shift
introduces a complicated non-linear deformation depending on the y* coordinate. But, the
invariance under the Maxwell gauge transformation is still manifest.

As usual, the coupling (2.43) plays a dual role; it enters the equation of motion of the
charged particle, and it acts as a source term in the Maxwell’s equations. We focus on the
former aspect in this and the next section, leaving the latter aspect to later sections.

2.2.3 Equations of motion

Adding up the free part (2.8) and the interaction part (2.43), the full action of the root-Kerr
particle becomes

_ . 0 -_— .
S = / l)\alﬂla + Arap®t — %(mz — AA) — &'Wo + qA:(z),é“ +qA, ()" | do.  (2.45)

“For related (but not equivalent) massive twistor models and their electromagnetic couplings, see refs. [44, 45]
and references therein.

— 12 —



The variation of the action with the vanishing Regge trajectory (m’ = 0) gives

. KOAA k! o
5525)\&1— ,u[a—F 5 ()\ l)Ia‘l'?Z.,UI ‘|
Vo | gar o FIAD sinar KD

1

. = K - _
+ 5,LLOJ l—)qd — 2*@,)\[@ + o

1
: K
_Aal + .AQI]
21

4§t [qFJ/(z)z’”} +0z! [qFJu(E)EV}

. WOAA Kl . _— - (2.46)
=X’ | + (A 1)Ia+gﬂla‘i‘qF;ﬁ/(Z)ZUUgﬁ'MﬁJ()‘ DA 1)151
— [ & I{OAA & /‘il & _ N—1I\B8I /N —1\&
+ 0 [+ == (WY = o 4 B ()2 0 (DT (ATHY

—5u | Ara 4 —=Ara + qFL(2)2V ot ()\_l)la]

— 8 [Nt — i)\al +qF,, (z)é”a“d()\_l)‘“] .

In the last step, we used the incidence relations to express d(z, z) in terms of o(u, A, fi, ).
To specify the equations of motion completely, we have to fix the Lagrange multipliers x%.

A convenient choice to be used throughout this paper is

W=—, k'=0. (2.47)

fif® = —5()\*1)10‘ —aFp, ()" ol (A (A,
& _ My 1\al — ()it o BN (x—1yad
A== (A7) qF,,(2)z Tt (AT (AT, (2.48)
Ao = —qF ) (2)2 b (A1,
I _ — =\ v y—1\al
Aoz - qF,Lw(Z) O-Za()‘ )

The equations for the U(1) gauge invariant variables (p, z, Z) are, in the vector notation,
Bu = aF,(2)2" + qF,, (2)2"
. pt 2iq . RPN
# = T [W'p” + Py + iy ppo F N (2)27, (2.49)
-, Pt 2ig . A
2V = o2 [yHp” + pHy” — ZEWpoyppa] F,,JS\(Z)Z )
where we applied the constraints y - p = 0, AA = m? after deriving the equations. We may
turn on the Regge trajectory (m’ # 0) and repeat deriving the equations. Not surprisingly,
the twistor equations receive new terms proportional to (m'), but (2.49) remains unchanged.
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The appearance of time-derivatives on the r.h.s. of (2.49) may look peculiar. But, it is
a generic feature of the symplectic perturbation theory explained earlier. It is easy to see
how (2.49) fits with the general structure of (2.40):

{f,AA} = {f,AA}e — q{f, 2"} FA{zY AAY — q{f, 2"} {2), AA}. (2.50)

Finally, turning on the Regge trajectory (m’ # 0) modifies (2.48) slightly, but leaves (2.49)
unchanged. In what follows, we take (2.49) as the fundamental EOM for the twistor particle
and use it to compute physical observables.

Unless the background takes very special values, it would be impossible to solve the EOM
exactly. We approach the problem as a perturbative expansion in q. The EOM truncated
up to the 2PL order is given by

o
P L G S S
m m
4g? (o ot — 2¢° " + - -t 3
+ =L (T FTy) + Syt [(0FTFy) + (0P Fry)] + 06,
. q _ v Aq . . v
P = (T Yy =i [(F ) (FO" = (0F ) ()] 7+ 0(d),
P = %(W +FO)Rp" +0(g%).
Here the scalar product of vectors and tensors are defined as, for example,
(PFTFy) = pu(F) 0 (F7) py” (pFy) = pu(F)"0y” (2.52)

3 Scattering observables

We compute the scattering observables (velocity kick and spin kick) of the massive spinning
bodies in the conservative sector up to the 2PL order; 2PL is the lowest order where our
model may disagree with other models implementing the (dynamical) Newman-Janis shift.
Before we compute the observables of our twistor model, we present a general description of
the scattering observables that is valid in any (Hamiltonian) worldline model.

3.1 Classical eikonal as scattering generator

The eikonal phase has proved useful in quantum and classical scattering in field theory, gravity
and string theory; see ref. [46] for a comprehensive review.® In the context of amplitudes-
based methods for classical gravitational scattering, several variants of the eikonal phase
are available in the literature such as the HEFT phase [48], the radial action [49], and the
exponential representation [50, 51] just to mention a few.

Here, we introduce the notion of “classical eikonal” which is a particular classical avatar
of the eikonal phase. Simply put, the classical eikonal is the generator of the canonical
transformation between the initial states and the final states of the scattering problem. It is
motivated by the classical limit of an S-matrix, but in can be defined purely within classical
mechanics. The definition is valid in any worldline model in Hamiltonian formulation. The
relevant phase space is that of free particles, just as the scattering states of a quantum
scattering process are defined on the free Hilbert space.

5See ref. [47] for a comparison of different approaches to spinning observables beyond the leading order.
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Scattering generator. We first recall the KMOC [52] method of extracting a classical
observable from a quantum theory:

A0 = Jim [([8105]4) ~ (w[O]y)] (3.)
We can trade the unitary operator S for a hermitian operator ¥ as [50, 51]
S = eiX/h, (3.2)
Forgetting about the state |¢)) and working in the Heisenberg picture, we have

0’ = §108 = e K/MOH/"

NN FR o 33
- Zh X7 2(ZFL)2 X) X7 .
Following Dirac’s correspondence,
N P
we deduce that the classical limit of (3.3) should give
1

The classical quantity y, which we call “scattering generator”, is to be understood as a
function on the phase space of a Hamiltonian system. The scattering generator defines a
canonical transformation that maps a free phase space at past infinity to another free phase
space at future infinity. For a constrained Hamiltonian system with gauge generators and
gauge-fixing conditions, xy must be gauge-invariant. If we also demand that O is gauge-
invariant, the difference between the Dirac bracket and the Poisson bracket shown in (2.17)
vanishes, so we may work with the Poisson bracket (2.19).

We used the classical limit of quantum mechanics to motivate the existence of x. But,
it is certainly possible to argue for its existence purely within classical mechanics. The
Hamiltonian time evolution generates infinitesimal canonical transformation at each moment
in time. Integrating the time evolution from past infinity to future infinity would result in a
finite canonical transformation. Provided that the general relation between a Lie group and
its Lie algebra holds for the (infinite dimensional) group of all canonical transformations on
the free phase space, any finite canonical transformation could be written in a “conjugation”
form as in (3.5).

The master formula (3.5) can compute any scattering observable. Perturbatively, with

X=X+ X2 FXxE o (3.6)
it produces systematically all n-PL impulse formulas
A0 = {x), 0},
A2)0 = {x(2),0} + %{Xu), {xa), O}},
A3)0 = {x(3),0} + %{X(zp {x@),O}} + %{Xu), {x(2),0}}

1
+ E{X(l)’ {xa) {xq),0}}}-

(3.7)
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An important feature of the master formula (3.5) is that, once all the constraints of
the system are taken into account by a suitable Dirac bracket, the preservation of the
constraints is guaranteed to all order in perturbation theory. For the twistor model, recall
from section 2.1.3 that the Dirac bracket satisfies

When f is gauge invariant, the Dirac bracket can be replaced by the Poisson bracket. Setting
J =X=Xu *+ X@ * -, since each x(,) scale differently with the coupling constant, we
deduce that at each n,

P X2 =0, ¥ {xXwm)»¥} =0, v -{x@m)P}+pP {Xn)y}=0. (3.9)

From a perturbative point of view, the iteration terms in (3.7) are essential for consistency.
For example, at 2PL, the iteration term in (3.7) ensures the mass-shell condition:

2p - Ay = 2pu{x(2), P} + puixay, {xa), P"'}}
= {x()> pudx)> "1} — Ixys P Hx ) P} = —(A)p)?,

where we used (3.9) and the Leibniz rule for the Poisson brackets. In view of (3.9) and (3.10),
when we compute the 2PL observables later in this section, we will call {x(),0} and

(3.10)

%{X(l), {x(1),0}} “transverse” and “longitudinal” (or “iteration”), respectively.

3.1.1 Non-spinning example

Arguing for the existence of x is one thing, giving an algorithm to compute x is another. It
seems plausible that the “WQFT eikonal” xwqrt [53] coincides with our classical eikonal x.
We will verify this expectation up to 2PL by explicit computations. Proving the equivalence
to all orders in perturbation theory is an open question, which requires incorporation of
bremsstrahlung effects.

Before we compute the scattering generator and observables of the twistor model, to
illustrate the ideas in a simpler setting, we review the binary dynamics of non-spinning
particles in electromagnetism following ref. [52], which shows how to separate the transverse
term {x(2), p} from the longitudinal term %{X(l)v {x@),p}}- The solution of the EOM involves
retarded Green functions on the worldline. When the solution is split into the time-symmetric
part and the time-anti-symmetric part, the former gives the transverse term while the latter
gives the iteration term.

The 1PL momentum kick is well known:

' eik~b
Ayt = —qraxy /k (1K) 001 - W)3(wa - ). (3.11)
where the velocity vectors are defined as v# := p#/m, and the relative boost is defined
as v := —(v1 - v2). The impact parameter b* is the projection of the relative position

zhy = 2} — 2 onto the plane transverse to vy and vs.

The 1PL momentum kick (3.11) satisfies (3.7) rather trivially as

LX) ik
A(l)plf =n" Taz‘f = {X(l)aplf}a X1) = —q1927 b 2 (3.12)
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where the integral over the transverse plane is defined as

/k — / k501 - k)5(vs - ). (3.13)

As we proceed to the 2PL, it is useful to recall that the computation can be organized
according to the mass ratio:

1 1 1 1
A(2)pl1L = m—lKﬁl + %Kig, A(Q)p‘g = m—lKétl + m72K52 . (314)

The vectors K L’;’b are integrals independent of the masses. The conservation of (py + ph)
requires that

The exchange symmetry between the two particles relate the integrals by
Ky < Kby, Kiy< Kby, (3.16)

So, it suffices to compute K{';. To do so, we may work in the probe limit (mg — 00) [54]. In
the rest of this section, we will work in the probe limit until further notice.
The 2PL EOM of a spinless particle in the probe limit is given by

. q v q
’Ué) = EF“V'I(I) + EI'?&)&AF“Z,’UE/O) y (317)
where F' means F(g). Using the Bianchi identity, we may rewrite it as
WY q
(2) = (8 F)\I/) ( ) (0) —|— —_— (mFMV':U,(II)> . (318)

The total derivative on the r.h.s. does not contribute to the momentum kick, so that

A(z)plf = Q/dO'(alLF)\V)IE?l)’U(VO)

2 0o o o’
=L / do (0" Fa, vl l / do’ / dU”F)‘pUE)O)] :
m J—-co —00 —00

(3.19)

Performing Fourier transform of (F),, F ) by (e’ e*®) respectively, and switching to
= k + ¢, we obtain
(Q1Q2 igb 2 L-(qg—1)
Apypi = / ¢ /62 308 L+ o oy (3.20)

The i0" prescription comes from the retarded Green function on the worldline. To separate
the time-symmetric parts from the time-anti-symmetric parts, as explained in ref. [52], we
apply the exchange ¢ <> g — ¢ to get

¢ (qg—1)
A u _ QIQQ / qu/ -y |: 2_ - M7
2)P1 o £2 ’Lq ¥4 ) Y (Ul Al — i0+)2

(3.21)
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The next step is to take the average of (3.20) and (3.21) and write the result as

(3.22)

Apypy = Apypy ‘ o T APt

iter

The time-symmetric part carries an integrand proportional to ¢* so that

tr 27711 /qJ_ g£2 ) +’Y (’01'6)2 . ( )

It yields the 2PL eikonal via A g)p/ ‘tr = {X(2),P{'}- Omitting the i0" prescription that is no

Ag)py

longer needed, and restoring the symmetry between the two particles, we obtain

It agrees perfectly with the WQFT eikonal [55]. The time-anti-symmetric part of (3.22) is

Aol Q1QQ / piab / (vg - E . [ 4 _ ¥4s
L Jo. k202 (v1 - £+i0T)2  (vg - —i0T)2 (3.25)
__(me)® wb/ w20 gy (o, - ¢ |
2m1 /qJ_ sz2 ( )
where k£ = ¢ — ¢ and we used the identity,
_ -3 — =-8(x). 3.26
x+1i0T  x —i0T (z) (z +i0+)2  (z —i0+)2 () (3.26)
We may compare it with the iteration term. From (3.12) and (3.11), we find
1 eik~b - €i€~b
z = — 2
2{X(1)7 {X » P1 }} (Q1q2) Y kL 2 )Y ~/ZL /2 ) (3 7)

In computing the bracket in (3.27), we note that

(501 - )5(vs - )eE1=22) % Z (0 - k)5 (v - R)eikme) (P2 EPY g o)

myms2
So, the only non-vanishing contributions come from
{eF@1=22) 5y . 0)(vg- )} and  {8(vy - k)d(vo - k), et (T1772)) (3.29)
Collecting the contributions, we obtain (in the probe limit)
1 k-¢
§{X Ax) Pt =5 can / k+£)bk2£2 (k,0)e+,
5 (v - 05wy - ) (3.30)
F(k,0) = 8(v1 - k)8(vg - k) N2 (ko ).
my
Using the identities,
0z +y)d(y) =d(x)d(y), d(z+y)d'(y) =0d(x)d (y) — & (x)d(y), (3.31)
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we can simplify (3.30) a bit further and obtain

1 Q1q2 / 7,qb/ /
- , , = —E&? 1-0)8(vgy - 0), 3.32
5 Ly Ixay, piut} o . 2z tn )3(v2 - £) (3.32)
in perfect agreement with (3.25).

In the paragraphs above, we manipulated the integrands of the Fourier integrals to
separate the iteration term. In the non-spinning case, it is easy to perform the Fourier
integral and compute the brackets in position space. We write the impact parameter as

(w12 - v1) — (T12 - v2) 4

(12 - v2) — (212 - UI)U{L i vh (3.33)

_ M
bu—l'lz‘i‘ 72_1 72_1

where 'y, = o} — 24. The 1PL non-spinning eikonal is, after the Fourier integral,

1 b2
—+1 — .34
€+og<bg>1, (3.34)

where € is the dimensional regularisation parameter D = 4 — 2¢ and b3 is a scheme-dependent

_ q1927
X0 A1

constant. The precise values of € and by are irrelevant. The relevant brackets are

H M H o
2 .1 _ = Pk 2y mop2 (%2 "0 . TN TV '
{b 77} 07 { 7p1} b {b 7b } b (72 o 1)m1 (72 _ 1)m2 ) (3 35)

where = denotes equivalence up to mass-shell constraint p? + mf = 0. Thus,

2
a2y ] {log v*, {log b%, pi'}}

py | 92y
{xay {xa),»'}} Ve

_ | ey ] {b2 {527p1}}—2[ 1427 1 {62 b}

Am\/72 =102 472 — 12
- 2

Qgy 1 yuh —vy i — o
212 — 1 VD2 (¥ =Dmi (v*=1)me

9 oF Aot —
— pyl® o [ Y2 1 1 2 '
2] ((72 S A CERS VI

(3.36)

This term generates the longitudinal impulse needed to preserve the mass-shell condition,

pia{xay {xa), P = —{x), o1’} (3.37)
3.2 Momentum kick and spin kick from EOM

In the scattering problem of two spinning particles, the momentum kick and the spin kick
are the main scattering observables. In this subsection, we compute them up to the 2PL
order by solving the EOM perturbatively. The perturbation computes the deviation from
the free (straight line, constant spin) trajectory for each particle,

(o) = (a:’(LO) + iyég) + UELO)U) + 92#(0),

3.38
(o) = m(vﬁ]) + ovH (o)) . (3.38)
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Without loss of generality, and taking constraints into consideration, we demand that the
constant parameters satisfy

vy - Vo) = —1, (z©) +iY©)) v =0. (3.39)
The perturbative solution is arranged in the PL order as

Ozt =2 2
o R (3.40)
VRSV T T

where X, is proportional to ¢". To avoid clutter, we will often omit the subscript X g
from background values.

3.2.1 1PL

At 1PL, the equations of motion are reduced to

. q _ ,
1) = E(F(J(S) + Flo)) w0y » (3.41)
. 29q 5

) = vy o, o) i) (3.42)

It is understood that F(jg) here are evaluated along the background worldline (3.38).
In computing the impulse of particle 1 to the 1PL order, we may treat particle 2 as a
stationary source. The field-strength measured at the position of particle 1 is given by

F:;(Zl (Ul)) — 2(12—2 /k 5(1}2 . k) (k‘ A Uz);wk; Zeuu[k?,UQ] eik-(zl(Ul)—Zg(O)) ’

Fio(zi(01)) = iZ / d(v2 - k) GEAE ) 7 L RCEA RO )
122 2 k k2

(3.43)

where the worldline time-dependence from 24 (c2) = (2§ + iy} + vho2) has been integrated
out to leave §(vg - k) behind. The wedge and the epsilon notations mean

(@A b))y = aub, —bya, ,

3.44
€uwla,b] = €upea’b”,  €ula,b, ] = €upea’b’c?,  €la,b, c,d] = € peal'b’cPd’ . ( )
Contracting F] }f/ with v} and integrating (3.41) over o1, we obtain the velocity kick,
7192 ivkt + e[k, v1,v2] kb
Aot — — / ik (b-+iy)
(mY1 o2my Ji, k2 €
q1G2 ivk! — ek, v1,v2] ik o—iy)
2y /Iu 2 e (3.45)
ik-b
= _@/ [(ik") cosh(k - y)y — €[k, v1, va] sinh(k - y)] ¢ 5 -
m1 Jk, k
The argument of the exponential is decomposed as
A — 2y = (2) —ah) +i(y) +yh) =2ty iy, (3.46)
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and zf, is projected onto the impact parameter vector b* by (vy - k)3(v2 - k). Note how the
spin sum (v} + y4) arises from the difference between complex spinspacetime coordinates.

Similarly, we can compute the spin kick and find

eik-b

k2

At = B [ (i(k nva)u cosh(k ) = e[k, va, ] sin(k - )]
L

(3.47)

It is easy to verify orthogonality and conservation of magnitudes of velocity/spin at 1PL:

Ayr-v1) = (Ayr - v1) + (y1 - Avr) =0,
A(v?) =2(Avy -v1) =0, (3.48)
A(y?) =2(Ay1 -y1) =0.

The 1PL observables can be compared with predictions of QED in the classical limit.
We use the results of ref. [56] as the reference. When truncated to linear order in y, (3.45)
and (3.47) are found to be consistent with (4.45) and (4.46) of ref. [56], under the conditions
C; =1, D; =0, and the covariant spin supplementary condition. Note that the spin tensor
kick AS* reported by ref. [56] receives contributions from both (3.45) and (3.47).

The 1PL observables can be reproduced by the classical eikonal as [57]

, 0
Aaypy = {xa).Pi} =n" 5 X1
) ! 5 5 (3.49)
Ayt = py | v v '
WY = {xa), v} oo {Ul Y g + € [Ul,yl]ayJ X(1)
An explicit form of the 1PL eikonal is
_sinh(k - ethb
X(1) = 0192 /kl {Cosh(k Y)Y — Zk(_yy)e[k,vl,vmy]] R (3.50)
To reproduce (3.45) and (3.47) from (3.50) via (3.49), we need the identity,
ktelk
krelk, v, vz, y] ~ —el'[k, v, v9]. (3.51)

k-y

The approximate equality (=) means that we may impose the transversality condition
k-v; =0 = k- vy and ignore ultra-local (oc k2/k?) terms inside the integral. With this
understanding, the identity above can be derived from the 4d Schouten identity,

alelb, c,d, e] + ble[c,d, e, a] + cte[d, e, a, b]

(3.52)
+d"ele, a, b, c] + etela,b,c,d] = 0.

In what follows, we will not distinguish the approximate equality from the strict equality.
Inside the integrands of the Fourier integrals, we will take the liberty to set

=0, (=0, k-vg=0="(-vy, (k+£)-v;=0. (3.53)
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3.2.2 2PL

The 2PL equations directly relevant for the impulse computation are

. q — 1% q — 14

¥y = —(Fo) + Fig))"wviiy + —(F(T) + Fp))"voly)

. q — v q — 14

Uy = - (Foy + Fio)) vy + —(F(i) + Fip)) vy (3.54)
2

- z’% (WFy)(FH), = (0FTy) (F)" G

2PL velocity kick. As we saw in the non-spinning case, it is sufficient to work in the probe
limit (my/mg — 0), and we can use the Bianchi identity and discard a total derivative to get

APt = q/da(f’“Ffu)Zﬁ)”fo) +q/dff(a“l%)??l)”(”o)- (3.55)
Next, using (3.42), we can turn (z(;), z()) into integrals,
AP = Ay p! + Apyp",

2 00 o o’
A(?v)pu = 2 / dO’aM(F'i' + F_))\V’U(VO) l/ do'// do"/(F-i- + F_)Apvf)o)

N . (3.56)
Apyp' = q/ do 3“F+)(>/ do’(F7) o)

2Zq/ do’(?F / do’ F+ f)

We divided the computation into two parts. The “y-part” (A(gy)p“) is linear in g7 aside from
the y-dependence in the exponential factors. The “v-part” (A(Qv)p“) is independent of y;
aside from the exponential factors. While we replace Ué) by Z(1) or E(l), we also encounter
terms proportional to (F*1)*,(F~)"\ — (F~)*,(F1)", but they vanish identically. Let us
analyse the two parts one by one.

For the y-part, after using the field-strengths (3.43) and integrating over the worldline,
we obtain

o (Q1Q2) / qu/ U2 5)(15“)
Begpl =2 [ 2wy o) (DB Cy +shES,) (3.57)

where we set ¢ = k + £ as before and introduce shorthand notations,

chB = cosh[(k — ¢) - y], shH =sinh[(k —¢) 3],

(3.58)
chH = cosh[(k + ¢) - y], shH =sinh[(k+ /) - y].
The functions Cy, S, are
Cy = —€lk, l,y1,v1] + 2(v2 - k,?,v1,v9],
y = —€lk, £,y1,v1] 4 2(v2 - y1)e] 1, V9] (3.50)

Sy =i(L-v1)[(k = £) - ya] + 2iy(v2 - y1) (k- ).
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We divide the v-part further into the same helicity contribution (A(,sp*) and the
opposite helicity contribution (A(zvo)p“). The opposite helicity part is

0)(ilH)
Apgph = (9192)° / qu/ 8(va - h8 Cy, + shB Sy,
(2v0)P1 0L £2k2 ik - v + 0+) ( *s ) ’

(3.60)
Coo = — (V - 2) (b 0+ (k-v)(£-v1),  Se = ivelk,v1,v0].
The same helicity part is quite simple:
0)(ilH) 1
Ayt = (9192)° / qu/ O(vs - (—> k- £)ch . 3.61
(20s)P1 0L CE2(ik - v +0T)2 | 2 (k- £)e (361)

In the non-spinning limit (y — 0), it cancels against the +3(k - £) term of Cy, in (3.60),
in agreement with (3.20).

2PL eikonal. As in the non-spinning example, we can extract the 2PL eikonal from the 2PL
momentum kick. The key idea [52] is to apply the exchange ¢ <+ k = ¢ — £ to the integrand,

A" / qu/wﬂ Tk, 0) / qu/zq“ i T (k). (3.62)
qL qL

Since g - vy = k-v; + £ -v1; = 0, the exchange flips the 0™ prescription for the worldline
Green function. Taking the average of the two expressions and taking the term proportional
to ¢ in the integrand, we separate the transverse part of the momentum kick, from which
we read off the 2PL eikonal equipped with the time-symmetric 0T,

L oan [ v 0
== eqb/(zq“)j(gak) = {x@. P}t =" ary X
L o

AP, =3
(3.63)

1
= x@ =3 zqb/j“
qL
The remaining ¢# terms in the integrand should be matched against the iteration term,

_ % [ /Z(W) (T (k. 0) — T(,K)] = %{xu), D i (3.64)

A(Q)P’f

iter

We have computed A(Q)p? from the EOM. It is straightforward to split it into A(g)p‘f

and A(z)p/f’.t , and then read off x(z) from A(Q)pff‘t . The final result for x(y) is
rer r

X(2) = X(@2)1 + X(2)27

(q192) lab vz - {)
X1 =~ /cu ¢ /]<:2£2)[V1+y1]7

2m1
V) = [—(’y — 0D+ () (e vl)] cosh(k — £) - y] 5.5
- %(k: 0 cosh[(k + £) - y] + i €[k, €, v1, va] sinh[( — &) - 3],

Vi =—i(l-v1) [—€lk, b, y1,v1] + 2(v2 - y1)elk, £, v1, va]] cosh[(k — £) - y]
+ (£ v1) [(€-v)[(k =€) - ya] +27(v2 - y1)(k - €)] sinh[(k — £) - y] .
The other half of the answer, x(2)2, can be obtained from x(2); by the exchange of particle

labels (1 <+ 2). Verifying the iteration relation (3.64) is also straightforward, but involves
a lengthy computation; see appendix C for details.
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2PL spin kick. To complete the 2PL story, let us compute the 2PL spin kick from the
EOM and confirm that it can be reproduced by the 2PL eikonal we obtained earlier. We
begin with a copy of the 2PL EOM for spin from (3.54),

. _ b, 4 - v
Yoy = (F(O) + Fio) "y + E(F(B + Fq) vy
Ag? . N (3.66)
g 22— —\H v
s |OF ) (ED = WF ) (P ] ol
Using the 1PL EOM, we turn the terms on the r.h.s. to integrals,
Ay = Baay” +Aeny" + Beogy” + Aeay”

72
Apgy" = 7/ o(F* 4+ F~ u/ do'(F* + F_)VAZ/E\O) ;

2 o
Qb)y 72/ daa,\ F++F ) Vyzlo) [/

do’ /_ N do” (F + F)Apvfo)] ,
22 (3.67)
QC)y = / dJaA F+ l/y / ClO’ pyéjo)

2zq v
/ dodx(F~ )"yl /_ do' (F*) pyfy, »
= +\u + - v
By = =ity [~ do [P (FHYs = WF ) (F)] sl
Both (b) and (c) terms come from the second term on the r.h.s. of (3.66).
Again, it suffices to work in the probe limit; we keep using the Fourier integral (3.43)

of the field-strength produced by a fixed source. After worldline time integrals, we reach
an expression of the form

0)
Ayl = (‘hqz / qu/ Olvz " 3.68
@% =" [ k202(ik - v 4 0F)2 A (3:68)

The numerator N'* can be computed separately for each term in (3.67). For (a) and (b)

terms, we also distinguish the same/opposite helicity contributions.

(ZQO) == (ChEl Caa + ShEl Sao)u ) N(l;as) - (ChBﬂ Cas + ShEB Sas)u 3

Niopoy = (chB Cho + shB o), Ny = (chH Cps + shl Sp)" (3.69)
-/\/’(léc) = (ChEl C.+shH Sc)u ; N%d (ChE’ Cyq + shH Sd)
It is straightforward to evaluate all C, S functions in (3.69). The intermediate steps involve

many terms, but after some cancellations, the final results are often quite simple. For
instance, the same helicity sector gives

Clio+ Ol = =5 (k- O [ (L) = (- )]
. (3.70)
S{js + Sg; = _i(k . K)e“[vl,yl,ﬁ] .
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After collecting and simplifying the terms, using the symmetrisation of the i0% prescription,
we extract the transverse part of the spin kick and check whether the result agrees with

1 , 0 Y 0
X'} = e v1Yy + € [Ulayl]@ X(n) - (3.71)

oxy
Again, the procedure is straightforward, and we confirm the agreement, but the calculations
tend to be lengthy. We give some details in appendix C.2.

4 Twistor WQFT

Worldline Quantum Field Theory (WQFT) [53] is a means of organising classical equations
of motion in a diagrammatic way that resembles Feynman diagrams of particle physics. The
simplest WQFT model action consists of two parts; the bulk part which describes field degrees
of freedom (DOFs) on the background spacetime, and one-dimensional sigma model that
takes the background spacetime as the target space, where the latter is interpreted as the
worldline action of a point particle moving on the background spacetime. The DOFs are
decomposed into the background value (which satisfies the classical equations of motion)
and fluctuations from the background value, and diagrammatic techniques developed for
perturbative QFT calculations are applied to the field fluctuations. The background value
for the background spacetime is usually taken to be the flat Minkowski spacetime, and the
background value for the worldline is usually taken to be the straight trajectory of a free
particle; z# (o) = b* + v o + dz#(0). The fluctuation DOFs are evaluated as a perturbative
series of the coupling constant, which in the gravitational case is taken to be the Newton’s
constant G.

4.1 Worldline Feynman rules

When we apply the WQFT method to our twistor model, one novelty is that the twistor
variables (A, \, i, i) are the fundamental variables, and the target space of the worldline is
the twistor space indirectly related to the background spacetime by the incidence relations.
It is natural to express the propagators and vertex factors in terms of the twistor variables.
But, it is often convenient to use the vector variables (z, Z) in intermediate steps. We will
use the incidence relations to switch between the twistor variables (“twistor picture”) and
the vector variables (“spacetime picture”) whenever necessary.

Classical limit. When £ is restored, the fundamental variables have the dimensions
Na'l = sl = [MY2], (1] = [37%) = [MY2L), [A,) = [MY2LV2] (4.1)

and the coupling becomes dimensionful: [g] = [M*/2L'/2]. The action also becomes i.S — iS/Hh,
therefore the interaction vertices are weighted by h~! while the propagators (both (\ji) type
and (up) type) are weighted by i. We have no other 7 scaling if we only use frequency w
and wavenumber four-vector £* in momentum space, which is allowed because there is no
“mass” in any of the fluctuation fields. Therefore, at a given ¢ order (which determines the
number of vertices coupling to the photon field), the classical contribution is determined
from the diagrams with the least number of propagators that makes the diagram connected,
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which is equivalent to the statement that tree diagrams determine the classical physics.
The tree diagrams, however, generally have momentum integrals similar to loop integrals
of quantum field theory.

4.1.1 Background-fluctuation expansion

In the non-spinning WQFT, the expansion around a straight line trajectory is done by
a# (o) = by +v'o + ozt (o), vi=-1, by-v=0. (4.2)
After the NJ-shift, the expansion is generalised as
(o) = b + iyl +vto+ 8z (o), yo-v=0. (4.3)

We should rephrase the background-fluctuation expansion in terms of twistor variables.
As we explained in section 2.1.2, we may assume a flat Regge trajectory m’ = 0. The resulting
equations of motion for the free action (2.8) are

0Stree dh.t k!

=0=— .
o do + 27
08 Tee A & 1o
free — = s % Ma
Wy do 2i (4.4)
0 Shree dir®  KOAA ko '
= O = )\ a _— @
el io T At
6 Shree dp®  KOAA < . KD 4
€ —0= Ahel 2 al
Shia ot AT g

Just like in the previous section, we fix the Lagrange multipliers as x° = 1/m and ! = 0.
We introduce the background values £, and ;4 satisfying the conditions

det(¢) = det(£) =m, 0o 01 = —muge (4.5)

where v* is the normalised velocity vector introduced in (4.3). The following relations
satisfied by inverse matrices are useful in calculations.

a aB 17y .
ey’ i "l (YY) = —— . (4.6)
det(¢) det(¢) ’ m
The twistor variables are expanded as
Aol = LT+ N1 (0),
)

5\1@ — Zloz + 5\1@(0’ )

(e =

:U’OJ N céz[ _ 71)d10_ + Mdl(a) 7 (47)
Eil)ja(f + ﬁja(O') .

The background-fluctuation expansion for z# and z* can be determined from the incidence
relations (A.12),

29 o 12 (TN — (M (% 4 629%(0) = 28 + v 4 629%(0)

. e - . ) , , 4.8
20 = +2(0 )Y —m(EHM (%0 + 620%(0) = 25 + 020 + 62°%(0) . .
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The relation between the fluctuation fields are determined from the incidence relations.
2 (0) = (26 + 190 ) A (0) + 629 (0) o’ + 62%(0)Na (o),
271°(0) = Aral0) (F + 090 ) + 11a02°(0) + Ara(0)02°% (o).
We use the positive frequency expansion,

z) = /k s(k)e™, f(o) = / flw)e 7, (4.10)

which relates the frequency space coefficients to annihilation modes and incoming momenta.

(4.9)

The frequency space expression for the incidence relation turns out to be more useful

. K3 . I .
629 (w) = [Zual - zgﬁABI + ivaﬁa;f} - / 629 (W Ag! (w — w')] (= H*,

. (4.11)

18 ﬂa Y. —Ba
3 —/w/ /\m(w—w’)éz (w')} ,

52da(w) _ (E—l)df lQlaI _)‘IBZO +i—— o

where we have suppressed the w dependence whenever it is obvious.
The free action in terms of the fluctuation fields becomes
det(A) +det(N) + m(L=) A (07 N g4

5 do

Sfree = / [Aaldﬁla + E\Iddﬂdl +
(4.12)
do+ -

pg—1\&lYy . -1\ « I 3\ 3
L detA)(F) )qa;r(é iAo det(X) det();)iet()\)

where the ellipsis denotes constant and total derivative terms irrelevant for Feynman rules.
The first line determines the 2pt functions, while the second line generates cubic and
quartic vertices.

4.1.2 Twistor propagators

The quadratic part of the free action in frequency space can be written as

Sy = / 5+ w) (Ao () A1) Arale) 1 ()

—Leo Beu —iwd{dy W) (N 0 As? (w)
+iwdt 68 0 0o 0 iy (w) (4.13)
| mEherety,p o +Ee e —iwghad | | X |
0 0 tiwd] ol 0 )

where we used the delta support to convert w’ — —w. Inverting the quadratic action leads
to the twistor propagators in the straight line background:

! Z € 6 B
AL = = EU50 ), (@ @) =+ L ).
I ; 5 7 : : i elJ ob
Rra )i (@) a—%(w'w), W ) = L g ), (414)
im al B
g o = o O 4 ),
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An 0" prescription is needed to determine the causality flow of the 2pt functions; e.g.
for w — w + 0" causality flows from W’ to w. Otherwise stated, we use time-symmetric
i0" prescription in the calculations, which is the prescription relevant for computing the
eikonal [40]. We also remark that all position type 2pt functions (i.e. (uu), (i), and (ui))
should be understood as

imodet(g) 6[]60"8

(i (@) (@) =+ = =58+ w),
W ) = O L ), (4.15)
)i ) = 2O T 5 4,

when we remove the gauge-fixing condition x° = % and background value determinant

conditions det(¢) = det(¢) = m. This will become relevant in discussions of causality cuts
applied to the twistor model [58].

Let us introduce a graphical notation for the propagators (4.14). Without the mass-shell
constraint, the worldline propagator would be simply

Z!
5B,
- A (4.16)

w

Z;B

which includes (A1) and (Au) propagators. The mass-shell constraint introduces additional
propagators. We denote the (uu), (pi) propagators as

Mdl . ﬂ[a
B i eld et B ierge*P
T2 w2 N +2 w?

B

e Ty,

(4.17)

The black dots in the middle remind us of the fact that these propagators originate from the
(AX) and (A)) vertices in the Lagrangian.’ Finally, we denote the (ufi) propagator by

:U'dl

_ _im ) (4.18)

fis”?

The black square in the middle is to show that this propagator comes from the m(£=1)(¢/~1)
vertex in the Lagrangian.

5This is a valid interpretation of the 2pt functions; we may only regard (4.16) as the fundamental 2pt
functions and understand the position type 2pt functions, (4.17) and (4.18), as insertions of 2pt vertices
between products of fundamental 2pt functions. See appendix D for regularisation of the divergences related
to the symmetric 507 prescription of the 2pt functions.
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4.1.3 Vector 2-point functions

Turning to the “spacetime picture” where we organize diagrams in terms of 0z, 6z, the
following 2pt functions will play a crucial role.

. ] 2jeiB B
(62°(w')62"P (w)) = _Wg(w/ +w),
& 5 2ietB b
(62° (w627 (w)) = —WS(WI +w),
. ; 2 vtaybs v‘j‘ﬁzﬂa vdBEBa (4.19)
sGo(, [/ BB _ _“ 0 0 /
(029(w") 27" (w)) - [( 2 + " + - (W' +w)

3 5 1 1
— jy3ByPe <, + ) S (W +w)|,
woow

where §'(z) = %5(90) is the delta derivative. Note that terms proportional to w=2 in (4.19) are
contributions from the 2pt functions given in (4.15). We have neglected the loop contribution
to the (6zdz) 2pt function,

4 aa, BB 1
—%S(ww-w)/

o ZBB w Ty
<5 ( )5 ( )> > m w1 wl(w - Wl)

— 0, (4.20)

based on two reasons. First, i counting from dimensional analysis requires an extra h factor
for this loop contribution compared to tree contributions given in (4.19). Second, the loop
integral evaluates to zero if we assume invariance under shifts of the integration variable:”

/ww’(wl—w’):i)/w B/—w/l_w} : (4.21)

The delta derivative contribution can be simplified by

1 1N, _6[5(w’—|—w)] 8{5(w’+w)}
<w’+w>5(w tw) = Ow w’ ow’ w
_ i |:_5(w’_|_w):| i i |:5(w/+W):| (422>
Ow w ow’ w
1
= ﬁg(w/ + w) 5
leading to
» ; 2 _i(vdo‘vm — UdﬁvBO‘) Ué‘ﬁ(ZBa — zBa)
Qo (, ) BB -~ 0 0 /
(027 ()02 (w)) = —— 2 ” §(w' +w)
i 5 s (4.23)
o [jeaBeas  LaB(she _ pa
- zewg + 2 (zow % )] §(w +w),

"Although widely used in dimensional regularisation, this is not a trivial assumption; for example, ABJ
anomalies evaluate to zero under this assumption for (divergent) loop integrals.
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so that the delta derivative contribution vanishes. We have used v? = —1 to simplify the
second line; v®@pfP — pdByba — _y2edBeaB — (BB Note that the term proportional to
w~! implies propagation of spin degrees of freedom y* o 2z — Z*.

In the vector notation, the éz and 6z 2pt functions take the following form,

yo / v _ Z.’I/]‘U’V /
(02M(wW)o2" (w)) = mw25(w +w),
_ — v
(02" (w)0z" (W) = ——58(w +w), (4.24)
; Nz LoV Mo v TN
(07 ()02 )y = - |15 2O I O) | 514 ).

It is useful to present the 2-point functions pictorially. To distinguish them from the twistor
propagators (4.16)—(4.18), we denote dz#, §z* by squares:

52k e 5zm
= (52162"), = (§267"), = (62162").  (4.25)
52 5z 5z

Finally, separating the position x and the spin-length y, we get

(52t )ia @) = | T — ey | 5l +w),
() () =~ N o, (e + ), (4.26)
(50 ()oy" (@) = —— (Vg + ") 8(e! +w) = —(Fy" ()02 (@)

mw
4.1.4 Higher order correlators

For computations at 2PL or higher orders, we will need to evaluate the higher order correlators.
We write the 2pt correlators as

(622 ()5:7 (W) = —=——8(u +w),
4 _ 24P e
(620(w")6277 (w)) = —W5(w/ +w), (4.27)
: : 2 [ eeBeoB 2v‘wy6a
soa(, / BB _ = _ 0 /
(029 (wW")02"" (w)) - ( 2 " J(w' +w).

The connected part of the higher point correlators can be computed using the recursive
substitutions

§29%(w) — /

w

, 5de3(w/) X [—Aﬁl(w — w’)(ﬁfl)za} ,
5759(u) — /i/[—(é;l)dlxlg(uJ——u/)} x 559

(4.28)
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the 2pt correlators

7§

—(CH ! (W)IE (W) = ——L5(W +w),
o ) 20857
~(N ()82 (W) = (W +w),

additional vertices from the free action

Shees = / dor [detN) () A e+ (7)Ao det ()]

i

2
R p—— / do [det(N\)det(A / det(\) [/ det (V) [w]5 (o + ) |
m
where

eaﬁeu 7 Ny Jr

det(Ww) = =5 [ Aol —w)hs @),

B B 1T B < .
det(Nle] = 5= [ Aol = u)h ().

and determinant insertions to the 2pt correlators

466‘6 P

<<5zda(wo)5265(w1)det(5\)[w2]>> = §(wo + w1 +w2),

mwowi
4B eaB

<<5§da(wo)5265(w1)det()\)[w2]>> = §(wo + w1 + w2) .

mwowi

For example, the following 3pt correlator can be computed as

=— /w/ ) ((Z—l)dﬁm(w')det()\)[W] + (E—l)laAaI(w/)det(S\)[wD 5 +w),

(4.29)

(4.30)

(4.31)

(4.32)

(02 w0)0= ™ w)d=7 ) = = [ (sl — )67 (@) (9552 (w)827 (w2)

(D77 [ (06 (01 = )07 (wn) (627 (0)5 T (2)

<w19w2,6<—>'y 5<—>’Y)
% /w (—')525 (wp))
X <5265(w1)5zw(w2)det(>\)[ T,

where the first three lines come from the expansion (4.28) and the last line comes from the

insertion (4.32). The result partially simplifies to

4ipeP

. ; ) B oy By, o
(6559 (w) 278 (w1027 (wp) ) = — —o <€ 7 L2

m

> 5((.00 +wy + WQ)
wWowiw?2 w12

+ ((.U1 Hw27/8H77BH;Y)
iy B

————8(wo + w1 +w2),
mewowiw9
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where the frequency exchange is only present for manifest symmetry. In vectorial notation
the last term coming from determinant insertion cancels and simplifies to

_ 4
(62 (w0)d2" ()62 wa)) = ——5—— |y (1" + 20"0*) + v ("5 + o)
m2wiws (4.34)
+ie! [v, yolo + i€t o, yg]v”} J(wo + w1 +w2) .
A similar calculation for the conjugate 3pt correlator yields
: : - 4iv® [ PieaB 21)50‘3/“"6
§zhe 5758 527 — 0 |5
{02 (w0)dz"F (w1)5277 (w2))) 2 <w0w1w2 + oo (wo + w1 + we)
+(w0<—>w1,aeﬁ,d9ﬁ') (4.35)
4iv ¥V eBeaB
S+ wi +wa),
mewowWiwg
which, in the vectorial notation, simplifies to
S v A 41 (o V W, v A,V w, v
(07 (w082 ()02 (wn)) = —5—— [y (1" + 20"0") + 0N (Vg + o)
oW1 (4.36)

—ieM v, yolv¥ — ieM v, yo]v“} J(wo + w1 +w2) .
The following correlator may be of interest,

L[y + o)
m?2 Wiwo

(0y" (wo)dy” (w1)dy™ (w2)) = — + (CYC-)] 0(wo +wi +w2), (437
where (cyc.) denotes cyclic permutation.

Note that 6z and 0z variables do not obey Wick factorisation, e.g. ((02)(02)(0z)) # 0.
However, purely holomorphic/anti-holomorphic correlators such as ((§z)(dz) - --(dz)) do obey
Wick factorisation, since 0z(0Z) is at most linear in u(z) and the correlators reduce to the
correlators of the form (up---p) or (ujp---p).

4.1.5 Photon coupling vertex rules

We begin with the spacetime picture where the vertex rules take a simple form that are
easy to compare with other worldline models. Inserting the mode expansion of fluctuations
into the interaction (2.43), we get®

q/k’{w} A (k) (0)et 0 37 71 ( sz> (k) - 62(w:) (4.38)

n=0 =1
+4q . A:(k)(_in)ézH(wO)eik-zo E_:OES ((k; v) Z ) U - 02(w;)

+ (A (k) = AL (), 2 — 2, 02(wi) — 05(w)) -

This expression is exact in zp, Zg. To obtain a result at a fixed order in the background
spin-length yo, we may simply set z{f = bjj + iyl and z{j = b}y — iyl and expand in yo.

8Empty sum is zero and empty product is unity, i.e. Z?:l # =0 and H?:l # =1
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To compute Compton amplitudes or the 2PL eikonal, we only need terms up to linear
order in fluctuations,

Sint, = Q/ Aj(k)v“eik'zoé'(k - )
k

+ igq : AF (k) [k, — woh] 62" (w)e™ *05](k - v) — w] (4.39)

+ [Af (k) = A (k) 2 — 7, 02(wi) — 63(wy)] -

Aside from the leading term proportional to A* - v, we can write the Feynman rules in
terms of gauge-invariant field-strengths F'*, since the vertex rules with at least one dz# (o)
fluctuation field? can be read out from the variational derivative

6Sint

3021 (0)] = qF} [20 +vo + 62(0))] (v” + CW(UD) , (4.40)

do

which only depends on the field-strength F*. The same argument trivially generalises to the
anti-holomorphic sector. As a demonstration, we write the interaction terms up to quadratic
order in worldline perturbations as

Sint = q/(Aﬁ 0)eF 25 (k- v) + q/ (020 - By - 0)e*05[(k - v) — w]
k

k,w

4+ {621+ Ff - 0)(ik - 620) + (1 2)] +ilwr —wa) (021 - 62) }

4 i or oo (4.41)
x e*2058[(k - v) — wi — wy

+ (A (k) = A (k) Ff (k) = Fio (k) 6 — 2, 02(ws) = 05(w:)) -

The expansion (4.41) is more useful than the expansion (4.38) since photon propagators
can be chosen to be free of Dirac string singularities. See section 4.2 for more discussions
on the photon propagator.

4.2 Photon propagator

A worldline model of a charged particle provides a localised source for the electromagnetic
field. Away from the sources, the photon propagates freely and the photon propagator is
independent of the worldline model. However, since the NJ shift forces us to separate the
self-dual and anti-self-dual parts of the photon field, we find it useful to recall some facts
regarding how to split the propagator according to self-duality, which translates to the helicity
of the photon at the quantum level.

In our twistor model, the photon field couples to the particle worldline via the NJ
shift (2.43) which we copy here:

Sint = g / A (2)ds" + g / A (3)dz" (4.42)

This coupling may look unfamiliar to the readers. To gain some intuition, let us expand it to
the quadratic order in y. The zeroth order term reproduces the standard minimal coupling

9We argue using the time domain Feynman rules because the proof is simpler.
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for a non-spinning particle. The linear order term is
S =4 / [fluy“ + y“(aufi,,)x‘”] do . (4.43)

The appearance of 3 is a notable feature of the root-Kerr coupling. To linear order, we can
remove it by integration by parts. Up to a total derivative, we find

SI(I}t) = q/ {F,uuyul"”} dO- = g/[eyypay'ujijpa] dU . (444)
Starting from the quadratic order, it is impossible to remove all y factors. Up to a total
derivative, we find

S = g/ [5"y" Fuw — (OuFup)yty" i’ do . (4.45)

int

We can continue this expansion and express all S () (n > 1) as Lorentz invariant products of

int
yt, gk, ot F, and €400, With no reference to A,jf at all. With this form of the action, the
usual propagator for the photon field will suffice for all perturbative computations.

The beauty of the NJ shift (4.42) is that we can perform computations exactly in y
without ever expanding in powers of y. A small price to pay is that we should use less
familiar propagators written in terms of Aff.

Our discussion is inspired by Zwanziger’s (electromagnetic-duality covariant) two-potential
formalism [59] (see also refs. [60-63]). But, we will not directly follow Zwanziger’s formalism
in that we never use two potentials or consider sources with net magnetic charges. We
are interested in the long-distance interaction between two spatially localised sources. The

interaction is captured by the integral,
he = [ @A) AT (0). (4.4

We are doing classical physics, but we can use the propagator (Green’s function) in a
QFT notation, where (A,A,) is the 2-point function, which we take to be time-ordered
for concreteness.

Let us temporarily ignore the net (electric or magnetic) charges and focus on the dipole
or higher multipole moments. For a magnetic dipole, it is well known that a long-distance
observer cannot distinguish an Amperian dipole (electric current loop) from a Gilbertian
dipole (two opposing magnetic monopole charges). A similar story holds for an electric
dipole and all higher electric/magnetic multipole moments. So, as far as the long-distance
interaction is concerned, we can describe the same source using either an electric current
or a magnetic current.

To switch between the two pictures, we recall that Maxwell’s equations with both electric
and magnetic sources read

d'F=J, d'"'F)=J", d'F:=(0"F,)dz". (4.47)
Electric-magnetic duality states that this set of equations is invariant under

EMD : F — x'F, (J,JY) — (J5=J). (4.48)
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It is natural to use the complex combinations of F' and *~'F that are eigenstates of *,
FE o= %(F i F), U= %(J +ilt) = dFE=Jt (4.49)
For a given multipole, in the electric picture, we solve
dF=J, di="'F)=0, (4.50)
while in the magnetic picture, we solve
dF=0, dx1F)=J". (4.51)

The two pictures are related such that F' away from the source is exactly the same. In
other words, for a “point-like” source, the difference between the two pictures is ultra-local
(delta function supported).

Depending on which picture we choose for each of the two sources, the integral (4.46)
can take different forms,

m:/hmmm /ﬁ ) A% ()T (1)
:/Jl(m)(A(x /J* N A™(2)A(y)) J2(y) ,

where we suppressed the vector indices to avoid clutter. If we call (AA) “electric-electric

(4.52)

b

propagator, we may call (A*A*) “magnetic-magnetic”, (AA*) “electric-magnetic”; etc. In the
QFT approach to the propagators, which we will review shortly, we split the mode expansion

according to the photon’s helicity such that!'®

A=AT+A", A*=—j(AT - A7). (4.53)
Since (ATAT) =0 = (A~A7), it follows that
(AA) = (ATA7) + (A A1) = (A% A%,

(AA*) = +i [<A+A*> _ <A*A+>} _ (A A (4.54)

So far, our discussion has been general. Now let us focus on the multipole moments of
a root-Kerr particle. As we saw in (4.44) and (4.45), we find electric moments at O(y?¥)
and magnetic moments at O(y?**1). This splitting is expected to be a generic feature
of any parity-preserving spinning charged particle. The NJ shift (4.42) suggests a hybrid
approach which uses the electric picture for the electric multipoles and the magnetic picture
of the magnetic multipoles. We denote the currents by J. and J*, where e and o stand
for even and odd, respectively.

Contributions from different multipole moments simply add up to give

112—/J1e VA(Y)) J2.e(y +/J 1,0(2) (A% () A*(y)) J*2,0(y)
+/LA@M@ O 20() + [ T 0@ A (@) AW) o (0).

10The notation of this section is related to those in appendix A as A = —A*. The minus sign originates
from x 1F = —x F.

(4.55)
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Rewriting it in terms of (A*AT), we find

I = [ a4 @A @V ae () + [ B @A @A @) o, (456)
where, for each source,
Jy=J.FiJ%. (4.57)
Comparing this with (4.49), we note a slightly non-trivial “metric” in the complex basis,
Jy=2JT. (4.58)

Applying it to the root-Kerr particle, we have

1

S @) = (7)) = 5a [ (005" (@ — o))

(4.59)
%(h)“(fv) = (J ) (z) = ;q/é“(a)d‘*(:v — z(0))do .

To summarize, we took a long route to explain how the NJ shift (4.42) can be understood
in conventional descriptions of multipole moments, only to motivate a less familiar method;
the most efficient way to compute the interaction between two root-Kerr particles is to use
the “helicity propagators” (A*AT).

4.2.1 Helicity propagator

Let us present the result first and review the derivation. In terms of self-dual and anti-
self-dual fields, the propagators are [64]

i komyy — (k- n)nu + t€ua konp
e e e LT
AL (k) = AL (k) = [Ag (R, ALS(k) =4, (k) =0,

where n, is an auxiliary reference vector, which we call a “Dirac string”. The spinor notation
offers a more compact expression. Pictorially, we denote the propagator as

+ — At gy — Tapkss i
AMWAM = Aligsk) = = (4.61)
For later purposes, we also note that

—q 2k ,n
+- —+ (1) — ¢ (2]
AL (k) + A (k) = 20 (qu - kn) )

—iewaﬁk“nﬁ
(k2 —i0t)(k-n) "

(4.62)

At A (1) —
iA (k) —iA, (k) =

The chiral photon field Aljf frequently appears in the form of the field strength tensor
F jﬁy = 0,AF — 0,,Aff. We consider the combinations

(Fo () AT (=k))v 0 (k- v), (Fp (k)Fy, (—k)).
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These 2pt functions can be expressed without the auxiliary reference vector n,,, since they

can be constructed from the non-chiral photon propagator (4.62) using the (anti-)self-dual

projectors

85000 — 0860 7 e, P
4

(PE)ol = , P, =(PE)lFs = (P* F)u. (4.63)

resulting in
(Fan () AT (=R)) 0?8 (k - v) = (PF)a0 (Fag (k) Aa(—F)))v*8(k - v)
kv, —vuky F ieﬂmgkavﬁ (4.64)

- 2(k2 — i0+) 3k - v),

and
% a

- o(p—\Y9
(Fit () Fo5(=k)) = (PF)po (PT) 15 (Fag (k) Fys(—k))
_ ZUnpakiks = nvakuks — nuskyka + nupkukal
2(k2 — i0™) (4.65)
— (ku€vapr = kueuapy) K + (ka€sun — kpeaun) &
Ak —i0") !

+

where we have dropped the ultra-local (non-pole-possessing) terms. These 2pt functions can
also be derived from mode expansions of chiral photon fields.

We remark that all scattering observables and the classical eikonal (except for the 1PL
eikonal) can be computed from the 2pt functions (4.64) and (4.65), therefore the dependence
on the “Dirac string” of (4.60) is only superficial.

4.2.2 Mode expansion for the propagator

We can obtain the helicity propagator (4.60) through an off-shell extension of the on-shell
mode expansion in QFT. We define the polarisation vectors as (k¥ > 0,n° > 0)

eE(+k0, k) = ef(k),  eX(—k%k) = —cE(-k),

w
4.66
R L S L (4.66)
V2(kn) V2[kn]
such that [ef(k)]* = eT(—k). The mode expansion of the chiral photon fields A (z) are
In J 1

1

Ty = [
AM (:E) o i 2k0

k,¥)

_

[Ei(E)aE’ie—ikot-i-ikf_{_ [E,T(E)] (ax Te+z‘k0t—ik-f]

_ / e (k) [aﬂ e~ HOHRE _ (o )Te—&-ikot—ilgf} ’ (4.67)
©oKk0 YR ET
where k% = |k| and [Aff (z)]f = Af(x). The creation-annihilation operators satisfy
{aé,m (a;z/,h/)*] = 2k°8F) (k — K)opp, hW =+. (4.68)
The usual photon field and the dual photon field are given as (see appendix A)
Au(x) = A (x) + A, (2), (4.69)

Ay(z) = iA;Lr (z) —iA, (z).
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The time-ordered 2pt functions are

(A (2)AE(0) =0, W
+(2V A= (0)) — et (B)[eh (R)]*O(t)eIFIHk-E o (o= (F)|*e5 (F)O(—t)etilFli=ik-&
(Af(2)A; (0) = /k “ ke

@(t)e—¢|/2\t+u€.f+ @(_t)eﬂw%]t—u%f

:/E 2‘E| X [—5:(]45)5;(@}
/ W—‘g;(k)]eik'x
k

wo k2 —i0t
j 2%kny — (k1) + i€ ask®n®|
= | —Z¢o+ [ () = ( 2(2%)* pap ]em (4.71)
where we used the identity
dw et dw et
2 — 2 1 B2 -0+ J 2m (|R| — a0+ — w)(|k] — 0" + w) )

i
2|k

The computation can be repeated for 2pt functions of field strength tensors, which can

[0t FIt + (—t)et1H]

be used to justify the propagators (4.64) and (4.65). For example, (4.64) can be computed
from the substitution
ikl ) ol )
in the second line of (4.71) before using the identity (4.72), where k* = (|k|, k) satisfies the
on-shell condition k? = 0. Using the delta constraint, we can recast the numerator as

ik [Kloy [m) o k)

&) (k)ey (k) = 2ilkye(k)ey (k)] 3(k - v) = 8k -v),

o

5k -v) = —i[kbﬂayv\kﬁ(k )

= —% (k:#vl, — kyvy, — ieum,gko‘zﬁ) i(k-v),

which leads to the 2pt function (4.64) after off-shell continuation k% # 0 using (4.72).
With the modified definitions for the mode operators (k° > 0)
Qhep = G, , O s = —aT_h, k' = (K, k), (4.73)

we can rewrite the mode expansion (4.67) as
A () = /k 5(K?) et (k) aj e O /k A (k) ik (4.74)

which is the off-shell continued form used to obtain Feynman rules.

5 Compton amplitude

In this section, we compute the classical Compton amplitudes for a root-Kerr particle, and
compare them with similar results in the literature. We find perfect agreement to the linear
order in spin (at g = 2), whereas we find model-dependent discrepancy starting from the
quadratic order in spin.
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S

(a) same helicity. (b) opposite helicity.

Figure 2. Diagrams for Compton amplitudes.

3-point coupling. The shift (4.42) induces the 3-point coupling of an incoming positive
helicity photon,

iAg ~iq(et -v)e FYe* 5 (k- v), (5.1)

where k* is photon momentum. This agrees with the black hole 3-point coupling in the
literature. For example, appendix B. of [65] gives the minimal coupling as

M* = Mg,s:o x exp|—nko(k - a)], (5.2)

where 1 = %1 is the helicity sign of the incoming massless quanta of momentum k*, a* is the
spin-length vector (y* = —a*), and kg = ngp is the metric convention parameter.

5.1 Computation

The Compton amplitudes will first be computed using the Feynman rules derived from the
interaction term expansion (4.38) to parallel the WQFT computations in the literature [55, 66],
which will be reorganised into a form that connects more naturally to the Feynman rules
of the alternative expansion (4.41).

5.1.1 Same helicity

The diagram in figure 2(a) gives the same helicity amplitude. We need to compute the
following 2-point function of linear A*-fluctuation coupling terms (4.39), where we substitute
the A:[ fields by the polarisation vectors of the external photons.

AT = <V+(53, k3) x V+(64,k'4)> ,

. (5.3)
V(e k) = _q/k:w e (k) [koF'k, — wél] 62" (w)er 05 [k(k - v) — w].
Using the (§zdz) 2-point function (4.24) and contracting the tensor indices, we get
: 4% ks
PATT = —thatha) 205 (kg 4 ky) - 0] (5.4)
m
(ks - ka)(eg - v)(ef -v) | (ed ~ka)(ef ~v) = (ef -v)(ef "hs) 4
X 5 + —(e3 -€5) ¢ -
(]{74 . U) (k4 . 'U)

This is a simple shift of the non-spinning sector results [66] by an exponential spin factor.
The sign difference compared to (3.26) of the same reference comes from metric conventions.
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We may also write the amplitude in a gauge-invariant form as

iq® (v F5 - Fy -v)

m (ky - v)?

ATt = e/ Fstha) 205 (g + ky) - ], (5.5)
where F’ jcy = i(kyel — k:l,eljf) is the on-shell field strengths of the external photons and (v - F -
Fy-o)=uv, " o )t %5+ 1s ashorthand notation for a concatenation of tensor contractions.
The expression (5.5) can be obtained directly from the Feynman rules corresponding to the

alternative interaction term expansion (4.41).

5.1.2 Opposite helicity

The opposite helicity Compton amplitude comes from the diagram in figure 2(b). We may
simplify the relevant expression in (4.24) as

_ 2 | " e A0y yos
8z2M (W62 (w)) ~ — + —2 | 5 (W +w). 5.6
(529 (/)32 () mlw I | 50 + ) (56)
We discarded terms proportional to v* using the fact that the vertex rules at linear order in
perturbations satisfy the “Ward identity” and vanish under the substitution dz#* — v¥.

Z‘Q/kw AF (k) [ko"'k, — wol] 62 (w)em 8 [k(k - v) — w]

. (5.7)

= —iKq o Ar (k) (k- v) {5{,‘ - k:v] 62" (w)eF 5 [k(k - v) — w].

Introducing the notation a*” = e“”o‘ﬂvayog, the resulting Compton amplitude becomes

A = "sje“ks-zoﬂw-fﬂ)s[(kg + ka) - ]
" {(ks ~ka)(e3 - v)(ex - v) n (e3 ~ka)(eq -v) — (5 - v)(eg - ks)
(kg - v)2 (ka - v) (5.8)
_ (5?{ e5) + 2i(ks - a- ]‘2424(533) v)(ey - v) _ 21'(6; a-eyq)(ky-v)

+2i(ef - a-ka)(ey +v) = 2i(ks - a-ep)(ef v)}

Similar to (5.5), the amplitude can be written in a gauge-invariant form as

. 9 + - + -
- W (v-Fy - Fy -v) (v-Fy -a-Fy -v) i(ks-20+ka-Z0) .
iA] T = - { (s - 0)2 +2i o) e 3[(ks + ka) - v], (5.9)

which is more natural when the alternative interaction term expansion (4.41) is used for
the Feynman rules.

5.2 Comparison

We compare our classical Compton amplitudes with existing results in the literature, setting
g = 2. The linear-in-spin amplitude should agree, since it is the universal part captured by
the Thomas-Bargmann-Michel-Telegdi (TBMT) equation. We may find model-dependent
discrepancies starting from the quadratic order.
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The deviation at quadratic order in spin is an analogue of possible R? type couplings
at O(S%) in the gravitational case [67]. Such curvature-squared type couplings (R? or
F?) have an interpretation as contributions from induced multipole moments, requiring
dimensionful coefficients for their correct normalisation; [M L*] for gravity and [M~*L?] for
electromagnetism at the leading order. We can introduce such operators without introducing
any additional length scale in the case of spinning objects, since the spin-length vector a*
provides the necessary length scale, the spin order being O(S*) for gravity and O(S?) for
electromagnetism for the leading order curvature-squared operators.

5.2.1 Comparison with SUSY WQFT calculations

To compare the two results (5.4) and (5.8) with those of ref. [66], we use the explicit
polarisation vectors

3lould)  — _ [Blow4) [4]6,[3)
et = 30w , Eq, = BLL D ef = L 5.10
TRy T Ve T VA 10
and the complex conjugation conditions

(Aa)" = sgn(”)Aa - (5.11)
We use sgn(k9)sgn(k}) = —1 because one of the massless photons has to be ingoing and the

other has to be outgoing. In the rest frame of v* = (1, 0) where w = kY is the energy of
the photon, k* = k& + kf is the transfer momentum, and

(kg -v) = —(k3 - v) = w, |(34) 2 = (34)[34] = k? = 4w?sin?(0/2) = |[34]|?,

5.12
[3Jo]4)[2 = —[3lol4]0]3) = 4(v - ka)? — K = 4*(1 — sin®(8/2)) = [[4]0]3) ], (12

where 0 is the scattering angle and we localised onto (ks + k4)-v = 0 for the second expression.
The same helicity amplitude becomes

;2
iAfT = %e_k'yo sin?(0/2) (5.13)

which is simple to evaluate because the (34)~2 factors out in the calculations, which we
substitute by |(34)|72. For the opposite helicity amplitude, we get

P02 2 2 . 2
AT — g (ka—k3)-yo 1 k (7’L i U) 216[k‘3? k47 v, yO] (n ’ U) o o )
1A = ¢ —oR? 5.2 + - 2i(k-a-n)(n-v)p,

(5.14)

where n# = [3|6#|4) vector carries the helicity weights. Note that this form is manifestly
shift-symmetric; the expression is invariant under the shift of the spin vector by

SH — SH 4+ kMK,

where £ is an arbitrary parameter. The shift symmetry is one of the conjectures for tensor
structures of spinning black holes [67, 68].
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2
[4|U|3)|2 to compensate the helicity weights, and use the

Now we multiply the factor T3

identity for f* = —a"¥k,,
Blf14[v[3) = (k- a-n)[4]v]3)
=2((k3 - f)(ka-v) — (ks - ka)(f - v) + (ka - [)(ks - v) —ie[ks, f, ks, v])
= —4w(k3 Q- k4) + 2’i6[f, kg, ](24, ’U]
= —dwelks, ka, v, yo] — ik* (ks — k1) - yo

(5.15)

to obtain

- 2
ZAIi = ge(k4—k3)'y0 {—COSQ(Q/Q) o (k‘g . k4) 1o i Ze[k37k;47117y0]}
m w

— Zgj {_ cos(0/2) + (cos®(0/2) — 1) (ks — ka) - yo + iw + O(yg)} '
(5.16)

Setting g = 2, the results in (3.27) of ref. [66] for h = 1 become!!

T ’an? [— c0s2(0/2) + sin(6/2) kol (k1 — ks) - a] — 5(—,{1)6[@, k4,a,v]} . (5.17a)

;2
AT =L sin2(0/2) [1 — kol(kr + ka) - d]] | (5.17b)
m
where a# = S*/m, and we have restored the convention parameters ko and r;; ref. [66]
uses kg = noo = +1 and kK1 = €g123 = —1. The expressions match perfectly when we set
K = k& and yf = —a*.

5.2.2 Comparison with amplitude calculations

For the spin squared coupling, we compare our result with the minimal coupling amplitude
constructed from BCFW recursion [65]

[3[p1]4)?

+_
Ao (s — m?2)(u — m?

(5.18)

KkP[3|0¥]4)S
) P [‘Z coBln ) ]

where we have restored the metric convention parameter xg. Matching the overall normal-
isation'? we write the amplitude as

-
1A =

_ig® (n-v)? {f[’%*k‘h"’”’“]] , (5.19)

— ————5exp |1
m 4(ky - v)? P (n-v)
where we set p|' = mvH and take the classical limit for the Mandelstam invariants as

s —m? = —(u—m?) + O(h?) = 2m(ky - v) + O(R?). (5.20)

A factor of 2 has been removed from the results of ref. [66]; the factor is due to overcounting s-channel
and u-channel diagrams.

2As remarked in ref. [66], there is a mass factor difference between QFT amplitude results and WQFT
amplitude results, which can be interpreted as the ratio of §(k - v) to §(2k - p).
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The exponent can be simplified to

ielks + ka,n, v, a)

(n-v)

[(k3 — ka) - v](n - a)
(n-v)

= (ks — k) - a — (5.21)

using the identity
(O,,u,a.uo,)\a.o)aa _ (Uua.AUUa,u)aa
—4

and Schouten identities. It leads to the form of the amplitude used in HPET/HEFT [68-70]
and BHPT [71, 72] approaches,

~6uu)\a —

i (5.22)

iq®> (n-v)? -v)(n-a
i(Af 7 )aEFT = —ime(krk“)'a exp [%] (5.23)

after localising onto 8[(ks + k4) - v], where the amplitude is regular up to order O(a?). We
compare it to the classical Compton amplitude of our twistor model,

A @e(k?’_k‘l)'a ~(n- v)? ie[ks, ka, v, a)(n - v)? _ielks + ka,n, v, a](n - v)
4 m 4(k4 . ’U)2 2(163 . k‘4)(]€4 . ?}) 2(k3 . k’4)
_ _@ (n-v)? olks—ka)a ) 2(ky - v)? |:i6[]€3, kg, v,a]  ie[ks + k4,n,v,a]]
m 4(kyg - v)? (ks - ky) (ky - v) (n-v)
where we used y; = —a*. We can use the identities (k = k3 + k4)

(v-n)elk, ka,v,a] = (v - k)e[n, kg, v,a] + (v - kq)elk,n, v, al
+ (v-v)elk, kg, nya) + (v - a)elk, kyg, v, n] (5.24)

= (kg - v)elk,n,v,a] — €lks, ka,n,a],
and
ie[kg, ]{?4, n, a] = (k‘3 . k:4)(n . a) s (5.25)

to write the twistor Compton amplitude as

i®> (n-v)? -v)(n-a
Z‘(AI—)tWistor — _iwe(ksk@-a {1 + 2(k4(n)(v))} ) (5.26)

The difference between (5.23) and (5.26) is a non-pole-possessing term,'?

2 2
iAAT = =L eha=k)a(y . g)2 4 O(a?). (5.27)
m

This term can be reverse-engineered to find a O(a?) worldline contact term that generates
this contribution. From the definition of the polarisation vector (5.10) we relate the n*
vectors to the polarisation vectors as

nin? = —4(ks - ky)eg e " (5.28)

13 Adding (5.27) (without O(a®) corrections) to (5.26) results in the HPET amplitude (3.9) of ref. [68] with
all free parameters cg.") set to zero. JWK would like to thank Kays Haddad for pointing this out.
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To ensure the Ward identity, we use the substitution rule
n*n’ — —4 [(k‘g kg)edter” — (eF - ka)kbeg” — (k3 - e )ea kY 4 (e - sg)kgkﬂ (5.29)
with symmetrisation if necessary. We may also write this substitution as
nuny — P FY (ks)Fy, (k) , Fio (k) = ikyey, (k) — ikye;; (k) (5.30)

where Fjﬁ,(kz) is the momentum space mode coefficient of the field strength 2-form F* = dA*.
We can now attribute the difference (5.27) to the worldline contact term

iSeont = 1/4qu [y CFH(z)  F(2) - y} do + O(y?) . (5.31)

As we observed in section 2.2.2, the combination (y- F*© - F~ -y) is an inevitable consequence
of the zig-zag symplectic perturbation theory. Our twistor model differs from other models
which do not carry (y - FT - F~ - y) terms.

The Compton amplitude (5.26) can also be compared to predictions of higher-spin gauge
symmetry [73]. In the notations of ref. [73], the non-scalar part of (5.26) can be written as
e”(1 — w), which differs from the result (6.61) of ref. [73] reproduced below

Lsinhz  w? — 22
_l’_

e” cosh z — we p 5 E(z,y,z), (5.32)
where
x=—(ks—ks) a,y=—(ks+kyq)-a, z = —|alvy - (kg — k3),
n-a)lv- (ks —k
MU HORS)
and

z sinh z

eV —e*coshz + (x —y)e
—+ = -y

(z—y)? =22

E(z,y,z) =

While this amplitude is quite different from the twistor worldline prediction (5.26), the
amplitude shares the same e* factor conjectured to be responsible for the singularity structure
of the aligned-spin one-loop eikonal (6.29).

6 Conservative dynamics from WQFT

In this section, we revisit the scattering observables of the binary system from the WQFT
perspective. We computed the 1PL and 2PL observables in section 3 by solving the equations
of motion and extracted the classical eikonal along the way. One advantage of the WQFT
approach is that it allows us to compute the eikonal before computing observables. Using two
approaches to compute the same eikonal serves as a consistency check. Besides, we specialise
to the aligned spin configurations and evaluate the Fourier integrals explicitly to obtain the
position space expressions for the classical eikonal up to the 2PL order.
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6.1 1PL observables and eikonal

Since the complex coordinate z# = z* + iy* includes the position and the spin (recall
the sign a* = —y*), we can compute the velocity kick Av* and the spin kick Ay both
from the expectation values (024 (w))) and {(6z}'(w))). For particle 1, the expectation value

(62 (w)) is given by

@#wmz—m@/

| R @ WOER (k)AL (K)ot iv =
+ <52f(w)5211’(w/)> <Fl;\(k,)A;t(k,/)>eik-21+ik’-zz} (61)
x 05 8[(k - v1) — wJ5(K - va)

where 212, Z12 in the exponents are understood as background values. This expression is
free of Dirac string singularity when we use the propagator (4.64).
The velocity kick and the spin kick can be computed from the expectation values as

yn 2 .
Ay = Re lim #z1(7) _ pe / d 521 =Re / w)e T

T—00 d'/'
— : 2 o
= ReolJlE%( w?)oz] (w), (6.2)
ll/ .
A(l)yf =Im TILH;O (SZ{L(T) = Im/T d(sle(T) = Im/‘rw(—iw)éz#(w)e_wﬁ
=Im }}iﬂ)(_iw)dzﬁw . (6.3)

This may be viewed as the worldline version of the LSZ reduction formula [74]; we can expect
that the equivalent of the S-matrix equivalence theorem [75, 76] will also hold for worldline
observables in WQFT. After some algebra, we can write the velocity kick as

ikt — el .
Ay = _ e / it ‘ 2[ 01, 0] eV emO5 (K - v1)5(k - vg)
2m1 k k (6 4)
qqz [ vk + €'k, v1,vo] o=y gikeb '
— U5 (k - v1)d(k - vg) .
o [ 5k - 1)8 () )
Similarly, we can write the spin kick as
Ayl = L e / i(vg - y1) R —i(k - y1)vy *U12 ek, v1,v2,y1] — ve!' [k, v1, 4]
2m1 k k
« eik-(b—iy)g(k 1)k - v2) 65)
L D / i(vg - y1)kH — (k- y1)vy + v e[k, v1, v, y1] + vet [k, v1, 1] '
2m1 k ]{72
x e*OrWE (L 0)8(k - va) .
Both A(l)vlu and A(l)y’f agree with the results of section 3 as expected.
6.1.1 1PL eikonal
The eikonal is evaluated as the sum over the diagrams in figure 3:
ix() = _qqu/k ’Uillvlé |:6’ik'(21*52)A’1’17 (k) + ez‘k~(2rz2)A;:r(k;)] , (6.6)
1
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Figure 3. Diagrams contributing to the 1PL eikonal.

where A7 (k) and A (k) are the helicity propagators (4.60). We write the integrand as

vi'vl [e_k'yA:l,_(k:) + e+k'yA;,j'(k)}

inh(k -
= cosh(k - y)of'vy [Ad (k) + AnS (B)] + Wywug(m) [0 (k) —iA (k)] -
(6.7)
Using (4.62), we can simplify the (cosh) term slightly and write
cosh(k - y)vi'vy [A:{V_(k) + A;j(k)} = cosh(k - y)(v1 - Ug)% . (6.8)

We remind the readers that we are treating terms proportional to (vy - k), (v2 - k) or k? as
zero. The (sinh) term is more interesting.

vy k) [0 () — i) (k)]

=y ol (iky) [ (k) — AL ()] — v s (k) [i8% (R) —iA5 ()] (6.9)
= y)‘v’fvé’e,\uaﬁ(ika) {A;V_ (k) + Agj(k)} = ielk, vy, va, y]% .

The term added to the second line vanishes due to d(v; - k); its purpose is to anti-symmetrise

in A, p indices. The equality between the second line and the third line follows from (4.62)
and the 4d Schouten identity (3.52). In the end, we obtain

_sinh(k - y) et b

=— h(k - - k —_—. 1
X(1) q1492 /kJ_ |:COS ( y)’y i k-y 6[ 72}172}273/] L2 (6 0)

in agreement with (3.50). It is free of the Dirac string ambiguity as expected.
Next, we perform the Fourier integral explicitly and obtain

agpy |1 (O + iy )?
= 2L |- 4 Rellog— %+
X = AT—1 o T e<0g B2

ebovvaya] (b2+yi+2\/b2yi - (b‘yJ_)Z)]
_ og ’
29\ /023 — (b~ yL)? B2 +y3 —2,/0%3 — (b-yu)?

where D = 4 — 2¢, b2 is the dimensional regularisation parameter absorbing all regularisation
artefacts (factors of m and 7, etc.), and

oy () by

— 46 —



S s

Figure 4. Diagrams contributing to the 2PL eikonal, up to the exchange of the two particles and the
overall flip of holomorphy /helicity.

is the projection of y* onto the impact parameter space defined by b-v; =b-wve = 0. In the
aligned spin configuration, v/ = y* and (b-y) = 0, the eikonal simplifies even further,

q1927Y 1 b — y2 6[5; U1, U2, y] (b’ + ’y‘)
X(1,aligned) = — ——= |— + log - ; (6.12)
(Laligned) =y /071 | e b2 Y161y b — [y

where |b] = Vb2 and |y| = \/y2. Note that the aligned spin eikonal develops a logarithmic
singularity at b? = y?; the eikonal “knows” that classical spin is a finite-size effect and the
point particle approximation breaks down when the two bodies are too close to each other.

6.2 2PL eikonal

The diagrams relevant for the 2PL eikonal are shown in figure 4.

Building up the eikonal integrand. The integrand can be constructed by replacing the
field strength tensors Fijfw of the Compton amplitudes (5.5) and (5.9) by the linearised source
contribution from the other particle using the propagator (4.64),

(k A\ ’1)2)#,/ — 2'6#1,[]{7;, Ug]

o X iqoe R P28 (ks - vg)

i 2k
(e 7 09) -+ i€, 00] (6.13)
( 2 Y% :
1 : Wzk;#y DB X igaeT 225 (ky - vg)
7

attaching symmetry factors, integrating over photon momenta fkg’ ko Summing over helicity
configurations, and summing over worldline permutation 1 < 2.

iX(2) = 2/ [I++ + 21 + I——} +(1+2), (6.14)
3,R4

)

where we used the fact that IT— = I—+.

Same helicity integrand. The integrand turns out to be quite simple

pot = (0192)° k) sz 8 K + o1 K)8(vp - Ks)8(va - Ka) Ks - Ka

8my (v1 - k3)(v1 - ka) k3ki

(6.15)

At the level of the integrand, it is clear that I™+ + I~ agrees with the cosh[(k + ¢) - y] term
in (3.65) upon the identification (k3, k4)here <> (K, €)there-

— 47 —



We can use Passarino-Veltman reduction to rewrite the integrand as

(1)1 . k3)('l)1 . ]{74)]{%]{}2 N 2

ks - ky 1 [ (ks + kq)? k3 + k3 ]

- ('Ul . ]{73)<’U1 . /{?4)/€§]€Z B (7)1 . k3)('l)1 . k4)k§ki (616)

! e 2
T2 (v ke)?K3(k —k3)?  (v1 - ks)?R3

where we used the symmetry between k3 and k4, and then used the condition §[(k3 + k1) - v1].
We also set k* = k§ + kf. We are left with evaluation of the integral (in D = 4 — 2¢
dimensions for regularisation)

. i(k3+k4)-z
It (k,v) = / hy - kac

eo ks (01 Fig) (01 - k4)k§k§5[<k3 + ky) - v1]0[(k3 + ka) - v2]6(k3 - v2)

(6.17)

__1/ ek/ K 2 ks w)
2 Jk, ks | (v1 - k3)?k3(k —k3)?  (vy - k3)?k3 s

Then we separate the integral argument into k3| and k3, such that k3 - vo = 0. The dk3)
integral is trivial due to (ks - v2), and we get

D-1 k2 2
/d FaL [(Ull-ksﬂ%;ﬂ(k—kuy (Uu-ku)%gj ’ (6.18)
where vl'| = v}' + (v1 - v2)vh = v}’ — 404 is the projection of v}’ onto the orthogonal space
such that vy, - v9 = 0. The projection for k* is not needed due to §(k - v2) constraint.
The remaining integrals evaluate to zero when using the master integral (B.2), which is
consistent with vanishing same helicity sector contributions for the triangle coefficient in
amplitude calculations [32, 77, 78].

Opposite helicity integrand. Evaluating the relevant diagrams, and factoring out the
common denominator as

e — (D) s 0(v1 ks + v1 - ka)(vs - k3)8(v2 - ha)
8my k3k3 (v - k3)(v1 - ka) (6.19)
X 6(k4ik3).(yl+y2)N[k3a k;47 V1, V2, yl] 3

we find that the numerator, organized in powers of ~, is given as

N = 2’72 (i(m . k4)€[k3, k4, v1, yl] + (kg . k‘4)) (6.20)
+ 2y (E[kg, ka, v1,v2] — 2i(k3 - ka) (01 - k) (v2 - 1) — (01 - k) €[(k3 + k), v1, 02, yl])
— (ks - ka) +2(v1 - ka)? [L+ (y1 - ks) — (y1 - k)] + 2i(vy - k) (v2 - y1)elks, kg, v1,09]

It is straightforward to show that it agrees with the opposite helicity integrand in (3.65).
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To evaluate the Fourier integrals, it is convenient to reorganise the numerator as
N =7 [k = k3 — kF] + 2i92(v1 - ka)elks, K, v1, 1]
+ 2irye[ks, k, v1,v2] + 2v(va - y1)(v1 - ka) {kQ — k2 - k‘ﬂ
+ 2iy(v1 - k3)(v1 - ka)elk, v1,v2,1] (6.21)
- % (K2 — k3 = k3] — 2(v1 - ka)(vr - ha) [L+ (g1 - bs) — (91 - Ka)]
+ 2i(vy - ka)(va - y1)elks, k, v, va] .

Inspecting the master integral (B.2) we find that k% and k7 of the numerator will evaluate
to zero (A = 0 or A2 = 0 condition) and can be thrown away. We organise the integrand as

? k(b “2ksY N [kg, k — ks, v1, vg, y1]8(vs - ks)
It = (@192)° k(0= § (1 - KV (0o - k) E 3 3) U1, U2, Y1104z - K3)
8y e (v - k)d(v2 - k) kg(k — k3)2(vy - k3)? (6.22)

v =yl + b,

where we use k3 as the loop momentum. Performing the dkz| = dk§ integral we get

/ deg e 2k3y NV 5(112 . k3) / dD_lkgL 6_2k3'leL

— ) @mP TR (k — ks)2(vi1 - ks)?

(2m)P k3 (k — k3)2(vy - k3)2 (6.23)

where y/ = yi' + v4 + v4 (y1 - v2) and the effective numerator is

N, = {72 - 1/2} k? = 2y(va - y1)k* (11 - k3)

ivelk,vi,v2, Y1)

1
P-1

(v11 - k3)?

+4(v1y - k3)? qyl - k(k}{;yl) + v2(y1 '712)] ' ks)

o velk
— 2@'{72 ([GM[k,vhyl] + Uu’ye,[yz’ 1:1,11)2,1/1]

|

+ U2“6['U2, k7 U1, yl])

+ (vg - y1)6u[/€,v17v2]}(vu - k3) kb
+ 2iveu [k, v1, vl kf (6.24)

The remaining integral can be evaluated using the list of integrals in appendix B.1. We
present the results in the supplementary file loopdata.dat.m. Including the overall e**¥
factor from (6.22), the integral is consistent with the QED amplitude coefficients provided
by ref. [56] to bilinear order in spins, under the conditions C; = 1, D; = 0, and covariant
SSC. We also present the full eikonal as a formal power series in the supplementary file
eikonaldata.dat.m. While the expressions by themselves do not provide any insight, they
greatly simplify in the aligned spin configuration, which we present next.

6.2.1 Aligned spin

Let us simplify the expression by going to the aligned spin configuration. For aligned spin we
have the conditions y{" o y5 and y - v1 2 = 0. We introduce the ratio parameter ¢ defined
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by y)' = Cy*; it follows that y4 = (1 — ¢)y* and ¢/ = y*. This reduces the expression to
a single infinite sum and we get

/d4k3 6_2k3'yN5(1)2 ]{23)
)

/d?’ku e 2R3 YL N
(2m)* k3 (k — k3) k3 2

(27)3 k3 (k — k3)%(v1L - k3)?
_ e—k.yl 00 k l<272 1 ) M (6.25)
1

A(k2)z oo 0 72 (k- y)mt
+< (4m+1) 2m-1 00 )E[kvvl,vz,y]> Im(k'-y)] 7

7 -1 (v* -1 (k-y)m

where I,,(z) is the modified Bessel function of the first kind. The impact parameter space
integral can be organised as

2 4 +— ik-b
X+7 = / I+7 = (q1q2) / d k; 5(2}1 . k:)5(vg . k)z-ie
k3,ka (

32mq 2m)4 V2
(@) d*kp T~k t) (6.26)
C32mivA2— 1/ (2m)? \/% .
0 _k2y2)m
_ ( 2 29" -1 Ly (k- y)
T K 7= g) -yt
Y(@4m+1) —2m -1 (¢ — 2)elk, v1,v2,9] \ Im(k - y)

+ ( e —2mC + 7= ) (k:-y)ml . (6.27)

where the factor ie[k,v1,vs,y] can be traded for the derivative operator e“[vl,vg,y]%.

t14

Imposing the additional constraint™ y - b = 0 simplifies the expression further and yields,

- (q192)? 1 2 Y2 (1= ¢)+¢ 2
X = 64my /A2 — 1 (w(bz —2)32 [b + 221 Yy

(€—2)v o 1
+7T(72 — 1)6“[v1,v2,y]8bum> , (6.28)

which has a singularity structure (b% — y?)=3/2 = (b2 — (a1 + a2)?)~%/? that was not visible in

the original perturbative spin expansion. The full aligned-spin 2PL eikonal is

B (q142)? (52 EC 2)7) €lb, v1,v2,y] + Mﬁ)
X(2,aligned) = 327Tm1\/77_1 (bQ — )3/2

where symmetrisation is implemented by {m1 — ma, v}’ <> vh, b — —b*, ¢ = 1 —(}.

+(1+2), (6.29)

We remark that the singularity is still present in the spinless probe limit ( — 0, and since
spin-dependence of the eikonal integrand (6.22) enters only through the exponential factors
etk ve=2k3y in this limit, the singularity structure (b — 32)~3/2 seems to be a consequence
of the “Newman-Janis shift” of the integrand, which shifts the displacement between the
two worldlines by an imaginary spin sum vector +iy* = Fi(a} + ab). Note that similar

14This additional constraint conforms to the usage of “aligned spin” in the literature, where the orbital
angular momentum is also aligned with the spin direction.

,50,



singularity structures at 2PM aligned-spin scattering were reported in the gravitational
case; the spinning-spinless eikonal has the form (b — a?)=3/2 [69],'° and Kerr-(spinning)
probe eikonal has the form a’; (b? — ag)*B’/ 2=k where ap is the spin parameter of the Kerr
background and a, is the probe spin (k < 2) [79]'® which can be viewed as an artifact of
expanding the singularity (b* — (ap + ap)2)_3/ 2. If the “Newman-Janis shift” of the integrand
persists at higher loop orders, we can conjecture that the singularity structure of the spinless
probe scattering (b? — a%)_‘g”/ 2 from n-loop contributions reported by ref. [79] generalises
to the singularity structure (b* — (ap + a,)?)~"/2. As remarked when comparing twistor
worldline Compton amplitudes with that of higher spin gauge symmetry [73], it would also
be interesting to check whether same singularity structures appear in the eikonal when the
Compton amplitude has exponential dependence on spin, a feature that is also shared by
the Compton amplitude construction in ref. [80].

We also consider axial scattering y* oc b*, which is independent of the sign of y-b because
the Fourier integrand (6.27) contains only even powers of k-y. The ie[k, vy, ve, y] contribution
drops out due to the condition y* o b*, and the Fourier transform (6.26) evaluates to

Y = (q1q2)* Vb2 [’72((—1)—(]{< y2>_72(f—2)—(C—1)E< yzﬂ

T 32m2my (72 — 1)3/2 b2 2 b2 + o2 2
(6.30)

where K (x) and E(x) are the complete elliptic integrals of the first and second kind. The
full result is

X(2,axial) = b2

+(142), (6.31)

167m2my (y2 — 1)3/2 b2 b2 b2 +y?

(q142)? VI lﬂc— D=Cp (_y> -2 - (-1, (_y)]

which, unlike the aligned-spin case (6.29), develops a logarithmic singularity at b = 0 and
another singularity at the unphysical impact parameter b> = —y2. The results (6.29) and (6.31)
can be reproduced from the full eikonal given in the supplementary file eikonaldata.dat.m
by taking the corresponding configurations and resumming the series expansion in y?/b%.

Before ending this section, we remark that the LSZ-like formulae (6.2) and (6.3) can
also be applied to 2PL scattering observables, where retarded worldline propagators are used
instead [81]. The 2PL observables can be separated into the eikonal part (the same diagrams
with symmetric worldline i0™ prescription) and the causality cut part (the contributions from
changing the worldline 0% prescription), where the eikonal part computes {X(2), O} and the
causality cut part computes %{X(l)» {X@1),O}}. This computation serves as a consistency
check of the calculations in section 3.2.2. The separation of the observables into the eikonal
part and the causality cut part can be shown to be a more general phenomenon that holds
in Hamiltonian worldline models [58].

15JWK would like to thank Kays Haddad for bringing this reference to attention.
16Ref. [79] reports the scattering angle which scales as ak(b® — af)~>/27% ~ 9y[ak (b? — a?)~*/27F].
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7 Discussion

The (ambi-)twistor model for electromagnetically interacting spinning particles was studied
in this manuscript, which has the advantage that it is one of the simplest descriptions
of charged spinning particles where spin effects can be tracked to arbitrarily high orders.
Using (dynamical) Newman-Janis shift as the only input for generating all-orders-in-spin
interactions, it was found that the spin effects can be resummed to simple expressions in
special kinematic configurations; in the aligned-spin case (6.29) and in the axial scattering
case (6.31). Also, the model was used to confirm the interpretation, up to the 2PL order, of
the classical eikonal as the generator of canonical transformations that map the incoming
scattering states to outgoing scattering states.

Despite the disparities between electromagnetic and gravitational interactions, the similar-
ities between the singularity structures of the spin-resummed electromagnetic eikonal (6.29),
X@) x (b* = (a1 + a)?)~3/2, and the probe limit Kerr scattering reported by ref. [79],
0(2) ~ OpX(2) X [ (b? — a?)~3/?], provides further evidence that using the total spin length
vector ! = af + af as the spin parameter of the effective Kerr metric—an ansatz motivated
by leading order PN Hamiltonian results [82]—in the effective-one-body approach [31] is
the preferable choice for resumming spin effects.!” On the other hand, one-loop results only
correspond to leading order effects in the mass-ratio expansion [54], therefore the singularity
structures resembling that of the background-probe calculation [79] could be a coincidence of
the leading order mass-ratio expansion. Whether novel singularity structures arise at NLO
in mass-ratio expansion will only be answered by pushing the computations to two-loops
and higher orders, and may point us to new directions in resumming spin effects. Of course,
studying the gravitationally interacting case is also necessary to confirm that such singularity
structures are also present in gravitating binary black holes.

When viewing the classical eikonal as the generator of canonical transformations, it
would be interesting to understand what it means to analytically continue the scattering
generator to bound dynamics. The boundary-to-bound map for the radial action [84, 85]
suggests that the continuation is a finite time-evolution generator that advances the system
by one radial period, e.g. the periastron passing is sent to the next periastron passing. If this
interpretation is correct, then we may argue that separability of the Hamilton-Jacobi equations
is not necessary for the existence of the bound orbit counterpart of the classical eikonal,
although its determination by analytic methods may only be possible when Hamilton-Jacobi
equations are separable [35, 86].

Apart from the obvious future direction—massive twistor worldline in gravitational
fields—there are several other directions that would be interesting to expand upon. One
future research direction would be to explore whether recent attempts to resum analytic
results for gravitational scattering of spinning black holes [26, 27] can be improved using
the singularity structures of (6.29) and their conjectured generalisation to higher loops
Xy x (0% — (a1 + ag)?)~3n/2,

Another direction would be making the (WQFT approach to the) model live up to its
name; quantisation. Since the twistor model has a simple set of constraints, the standard

1"This is not the unique choice considered in the literature. A comparison of different choices for the spin
parameter of the effective Kerr metric can be found in ref. [83].
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BRST-BFV methods should be applicable. For small values of quantised spin, say 1/2 or
1, we expect the results to agree with the standard QFT of massive spinning fields. The
attempt to quantise the model for higher spin may shed new light on the complication with
massive higher spin fields. Comparison of the approach with chiral models for massive higher
spin fields [87] would also be an interesting study.

While the fundamental variables of our model are twistors, the physical observables (and
the classical eikonal) were given entirely in terms of the gauge invariant (z,y,p) variables.
Some intermediate steps of the computations, such as the ones in appendix C, tend to be quite
lengthy and not particularly illuminating. The computations may become vastly simplified
when full advantage of the twistor variables is taken. To do so, it would be crucial to use
massless twistor variables for the photon fields as well. Bailey’s twistor propagator [88],
and Guevara’s holomorphic classical limit [77] and twistor reconstruction [89] could provide
clues for further progress.

We remark that iterated action of the classical eikonal can be understood as causality cuts,
which computes contributions associated to changing the {0 prescription of the worldline
propagators from time-symmetric to retarded; in the WQFT formalism scattering observables
are computed using retarded propagators [81], and changing the 0" prescription of the
worldline propagators from retarded to symmetric generates (nested) Poisson brackets which
reorganises the scattering observable AO as the action of the scattering generator e{X*}0 [58].
A direct consequence is that the longitudinal impulse at 2PL order is related to the 0"
prescription of the worldline propagators, which could be an interesting observation for
understanding the i0" prescription affecting the definition of the impact parameter used
in one-loop waveform results [90-96].

Finally, it would be interesting to generalise the concept of the classical eikonal to
massless fields. Such an extended eikonal would place massive particles and massless fields
on an equal footing, and may help us clarify to what extent we can identify the eikonal as
the classical shadow of the quantum S-matrix.
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A Conventions

Vector. Flat metric and Levi-Civita tensor,

N = diag(—, +,+,+), co123 = +1. (A.1)
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Electromagnetism without spin,

auF/u/ = _Jl/ ’ mﬁ = QF'MVUV . (A2>
Hodge star acting on a two-form,
1
(+F) = §EWPGFM . (A.3)

Self-dual and anti-self-dual parts of a two-form,
P %(F FisF) = #(FE) = 4i(F). (A4)
We may also use F),, = (xF),,. If we define A* and A by F* = dA* and F = dA,
A=At + A, A, =i(A—A)). (A.5)

Spinor. We follow the conventions of ref. [8] to a large extent, where |\) spinors are associated
to incoming negative helicity states. An important difference is that we define

1 .
Vag i= Vp0hs, VM= —5(5“)‘mvad (A.6)
for all vectorial quantities, nullifying the exception for z# made in ref. [8]. To compare with
references where the metric n** and/or the Levi-Civita tensor €,,,, carry the opposite sign
(e.g. ref. [78]), an invariant way to express conversion between spinor and Lorentz indices

is to introduce the parameters kg = ngp and k1 = €p123:

kolp)alpla P =0
Paa = Puggd = { T 9 9 (A.7)
Kolp')alprla p” = Kom
Vagw™® = 2k0(v - w) (A.8)
(O_ua_uo_/\a_a)aa _ 2(77,u1/?7)\0' . nu)\nua + 77;1(7,)71//\ _ iﬂlguw\a) (AQ)
The invariant tensor satisfies the complex conjugation relation
Vi {055} = grab (A.10)
which is useful for evaluating complex conjugation of vectors.
Twistor. The two major differences from ref. [8] are
(J:da)here = (_2)(xda)there s (,U*dl7 ﬁ]a)here = _(Ndja ﬂla)there . (All)

These changes propagate to all other equations. For example, the incidence relations read

. 1 . 1- R
1 I — _
utl =St = a0 (A.12)
where we define the complex conjugate relations as
# =[] = 2 = ] e = ] A = ] (A.13)
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The defining Poisson brackets are

{z",p,} =06 = {xda,pﬁg} = —25352‘,

B - . (A.14)
{:U’Iaa )‘BJ} = 555](]’ {/’LaI7 )‘Jﬁ} = 6§5§ :
The consistency of the defining brackets can be confirmed from the relations
fee% 50 B
gl — % P = —Aa M- (A.15)

To determine the relation between y* and the spin-length vector a* = S*/m, we note
the Poisson brackets of the rotation generators

(72,3 =J2% = (L =73 (A.16)
and leverage the calculation to demand that
{SH, 8"} = (—ml)sa“l’)‘(_ria) Sy & {d' d"}. = %saﬂw‘pa@\ (A.17)

where {e, e}, is the Dirac bracket and k1 = £p123. The end result is the standard convention
for the orientation of a*:

L a? o A
=+—. 18
{a,a"h = +— (A.18)
On the twistor side, from the Poisson brackets we find
wozv —2i HooV B B o e pvap
{z", 2"} = - {y v’ =" (y - v) oyt ke yavg} (A.19)

which implies

YR 7 R K1 uvaf 1,2\ 1230y3 _ y3 A2
{v". 9"} = —e"Pyavg = {y ¥y} = ke =— (A.20)
m m
Thus we have to set y* = —a*.
B List of integrals
B.1 Master one-loop integral
We compute the Euclidean loop integral (k- v = 0)
dDgE eQZE-a
/ M [(k — lg)2)*2(2v - g —i0T)As
E
using the identities
1 1 o0
T /0 <
(B.1)

1 _ > /OO gt L ila—iot)
(a—i0T)A  T'(\) Jo '
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After substitution, we have the integral

s /OO dtydtadts 19210 exp |2 g2 15 v?
(AT (A2)T(A3) Jo e ti+ty  titty
2to —2it3 a? (1t ) (012
X ex k-a)+ v-a)+ /e(1+2)(E)
plt1+t2( ) 751+t2( ) b1 +1t2] Je,

where (% is the shifted loop integration variable. We perform the Gaussian integral and
expand the exponential of the second line. Evaluating the gamma function and beta function
integrals, we get

/ ,U26dD£E €2€E~a
()M [(k — €g)2* (20 - Lp — i0F)As
_ ihagD/2, 2
ST (A1) T (A)T(Ag) (k2N HAe+ 3 =5 (2) 3
X i S <_2i(v ) fj) ()" Doy 40 + B % —n— S
l,m,n=0 lmln! F(D_)‘l_AQ_)\3+l+m+2n)
D Az m D A3 m )
Ml -—R-5+5 Mo - M-S +i++ B.2
><<2 A2 2Jr2—|—n) <2 A1 5 Hi+5+n), (B.2)

where 1% is the mass scale required for dimensional regularisation D = 3 — 2¢. It is easy
to verify that for Ay = 0 or Ay = 0 the integral vanishes, and for A3 = 0 that the integral
localises onto m = 0.'® Setting a = 0 we only keep | = m = n = 0 of the sum, and recover
the Euclidean version of (10.25) of ref. [97]. The divergence of the integral for non-positive
integral values of (A; + A2 + 22 — 2 —n — D) € Z=0 is harmless since the result formally
becomes non-negative integral powers of k2, which vanishes under the impact parameter
space integral [, et for b* # 0. The master integral (B.2) can be viewed as a tensor integral

generating function, e.g. the vector integral can be evaluated as

/ dDgE elé 62€E-a B 1 o / deE 622E-a
(G)M[(k — tp)2P2 v lp — 07 20a, ] (@)™ [(k— (p)?P2(2u-lg — 0T )%

This can be used to check consistency of (B.2), e.g. v“&% < (A3 — A3 —1). Such consistency
relations could be used to bootstrap tensor integral generating functions [98].

In all the integrals listed in this appendix, we only keep the non-analytic terms in k2
and drop dimensional regularisation artefacts (O(e~!) and O(e)). All log(k?)-dependent
terms of the integrals vanish for time-symmetric i0" prescription, which is equivalent to
taking the real part of the integrals.

TA3/2) o

18The value for A3 = 0 should be understood as a limiting value Az — 0, where T
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Special cases: scalar integrals. A\; = Ay = 1, A3 = 2, and D = 3 — 2¢ with extra k2.

k2/ deE M?eeQZE-a
(02)(k —Lg)?(2v - Ly — i01)2

o o T(+m+n— 52k a) ()" (~k2a?)
C2(K2)L/292 v DU+ DT(m + 5)T(n+ 1L+ 2m + 2n — 1)

it?(v-a)log(k?) & L(l+m+n)(2k-a) (k;z(”vi‘;y)m (—k2a?)"
’ 2(v?)3/2 (I +1)T(m + 1)T(n + 1)T( + 2m + 2n)

Il,m,n=0

G i D(Ltm — 3)(2k - 0)) (—Ka?)"™ 5By (1, —m: 3 i)
2(k?) 1/27)2 i+ 1H)(m+1HI'{+2m—1)

i (v - a) log(k?) & T{+n)(2k - ) (—k2a?)" (1- L)

B.3
2(v2)3/2 ot (I + 1D (n+ )0+ 2n) (B-3)
M =X = X3 =1and D = 3 — 2¢ with extra k2.
k2/ deE /1'26 2lp-a
() (k — £5)*(2v - Ly — i07)
B 71.3(1} . a)(k:2)1/2 00 (l +m+n+ )(2]€ (kQ )m kQCLQ)n
B 202 o DU+ D0 (m+ 5)0(n+ 1)1 +2m +2n + 1)
2
inlog(k?) & T+m+n)(2k-a) (BE)" (—k2a?)
222 = T+ 1I'(m+ DI'(n+ 1T(1+ 2m + 2n)
20 a) (k)2 & T+ m+ 1) (2k - a) (—k2a®)™ o Fy (1, —m; 3; )
v? Lo rl+1)I'(m+ 1T+ 2m+1)
v-a)2\"
inlog(k?) & DU+n)(2k-a)!(~k2a?)" (1 - &) -
2012 = I'(l+1D)C(n+ 1)1+ 2n) )
)\1:)\2:1,)\3:0,andD:3.
D 2p-a o Fl ok - l_k2 2\n
/ d2£Ee z (I +n+ 3)(2k - a)(—k%a?) . B.5)
(eE)(k—EE) kz2 1/2 M+ 1D)T(n+ 1T +2n+1)
AM =X =1, A3 = —1, and D = 3.
D i 2g-a TV 3 2% - a) (= k2q2)™
(02)(k — lg) o= DU+ 1T (m + 1)I(1 + 2m + 3)
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Special cases: vector integrals. Assume f-k=f-v=0. Ay =Aa=A3=1and D =3—2e.

dDgE ”QG(f . EE) €2€E-a
/ (0%)(k — L)% (2v - Ly —i0t)
mBw-a)(f-a)k)V2 & Tl+m+n+ 3)(2k - a)! (k””v—%ﬁ)m (—k2a?)"
B 202 (I + 1)0(m+ 3)D(n+ DI + 2m + 2n + 3)

l,m,n=0

in2(f - a)log(k?) & T+m+n+ 1)(2k: o) (K82)" (—k2a2)"
S 2 T(l+ 1)C(m + 1) (n + 1)L + 2m + 2n + 2)
)

l,m,n=0

P a) (@) (A)Y? & Tk m ot 3)(2k-a)! (k)™ o Py (1L, —ms §: )
v2 2 F'l+H)C(m+ DT+ 2m + 3)

l,m=0
i (f - a)log(k?) & T+n+1)(2k-a)(—k?a?)" (1 - &E2)"

2(v2)1/2 Fl+1D)(n+ 1T+ 2n+2)

I,n=0

AM=X=1, A3 =2 and D = 3 — 2e.

/ dPly 2 (f - g) e2lea
(02)(k — Lg)?(2v - g —i07T)?2

B(foa) & TU+m+n+3)(2k-a)f (kz—(”;é)Q)m(—kzaQ)”
C2(k2)V202 | &~ T(I+ 1)C(m+ 5)D(n+ 1) + 2m + 2n + 3)

in(f - a)(v-a)log(k?) & Tl+m+n+1)2k a) ()" (—k2a?)n

2(v2)3/2 = T+ 1)I(m + 1P (n+ I+ 2m + 2n + 2)
v-a 2
~ 1P(f-a) i Ll +m+ 3)(2k - a)l (—k*a®)™ o F1 (1, —m; 3; (vgal )
C2(R2)M20? A= LI+ 1D)(m+ DT+ 2m + 1)
v-a 2\"
i log) & T DR (R (17 )
2(v2)3/2 = L+ 1)C(n+ DI+ 2n+2) '
B.2 Fourier transform integral
The Fourier transform to impact parameter space is given as
dPkp  eilked) r(g - 1
/ — _ (B.9)
(2m)P [kE, Fi0TX 92275 (\) (52 + i0+) 2

where we assumed b? € R and included 70" prescription for convergence. The 70" prescription
can be dropped since there is no branch cut ambiguity for Euclidean signature.
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Fourier transforms with numerators can be evaluated using differentiation; k%, < —ia%.
"

Repeated numerator factors can be computed as directional derivatives, i.e.

dPkg (kE.a)lei(kE.b) . dPky eilke-b—ia))
/(27T)D [k%]x '/(27r)D [k%]A

O(al)
NCEDY) 1

2\ D . Q_)\
242 F()\) [(b — za)Q] 2

(B.10)

O(at)

I~A2=N (a
0L — ) 40V () (@)

2221 3T (\) (b2)7 2

9

where CT(L’\) (x) is the ultraspherical/Gegenbauer polynomial. Differentiation in A can be used
to compute Fourier transform for logarithms,

/ DRE 1213 1 - ) og (k)0 = 1t O [ RE o 1s i i)
(2m)D "B E “oNJ (2m)PHE O(al)
(B.11)

g (BN a
(CAPAT(2 + VT +1)1'C 7 (i) (@)

) (b2) T+ s ’

where A € Z=29 is assumed.

Special cases: aligned spin. Only even powers of [ are relevant for the aligned spin
configuration, where a - b = 0. The master integral (B.10) reduces to

(B.12)

dPkp (kg - a)2eibs®)  T(L -\ (2 -x) @) (a2
/(27r)D (k2] _22)‘7T%P()\) (62)%_)‘ io\e?2 )

where (a),, is the Pochhammer symbol. For axial scattering we set a - b = +va?b?, which
leads to

/ dkp (kg - a)?eked) T(D + 20 — 2)) 1 (—a2>l (B.13)
emP kP D17 D2 — )y 2y 2\ 07 ) '
C 2PL computations
C.1 Longitudinal part of the momentum kick
Our goal is to show that the longitudinal part of A(Q)pf agrees with
Ay liter = %{Xu), {xa,p'}} = %{Xu)a Aqyph'}. (C.1)

Part 1. In the spin-less case, all iteration terms contain &’. That is no longer true when
spin is turned on. Let us first focus on the new terms not containing &’.
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Using the following results as building blocks,

{k-b0-b}={k-y, 0 y}=
{k - b, _E'u[g, 1}171)2]} —
{e[k,v1,v2,y],£- b} =

{eltor,va,l. €y = (k-0)

we collect four contributions to (C.1):

elk, €, y1,v1] n e[k, €, y2,v2]

I

miq mo
6”[[{3,& UZ] + 6”[[{3,[, Ul]
mi mo ’

€[k, Ea Y, UQ] + 6[]€,£, Y Ul]

)

my ma
V2 Y1 V1-Y2
my ma ’

A4 = (i6*)7? {cosh(k - y)e™?, cosh(€ - )"}
= (Z@u)/)a{k cy, L y} Slnh(l{} . y) Slnh(f . y)eiq-b
— (iﬁ“)’YQ{k b, 0-b}cosh(k - y) cosh(£ - y)eiq'b 7

AZ = {—26[16, V1, V2, y]

sinh(k - y) cikb

, —€!'[l,v1, v2] sinh(£ - y)eié-b}

k-y
, cosh(k -y)  sinh(k - y)] b
= ielk 4 k-y,l- h(-y)e'
i€lk, v1, va, yle“[€, v1, va{k - y, £ - y} { kg i o2 cosh(? - y)e
h(k -
— ielk,v1, v, y|e"[€, v, va]{k - b, £ - b}M sinh(£ - y)e'®
k.l k¢ h(k - :
+6[k',v1,v2,y]< UL el ’UI]> SIL(E - Y) (e g)ei?
mi mo k-y
k, ¢ k, ¢ inh(k - -
o <6[ ) ,yva] + 6[ ) 73/7”1]) 6p[£7v17v2]81n ( y) sinh(ﬁ- y)ezq-b
my m2 Y
. . inh(k - A
+i(k-0) (U2 yu_n y2> eu[ﬁ,vl,vg]w cosh (£ - y)e'??
mi mo k- Yy

A =~ {cosh(k -)etFl — el [0, vy, vo] sinh(€ - y)e’['b}
= —ye*[l, v, v9){k -y, -y} sinh(k - y) cosh(£ - y)e'??
+ vy e[l v1, va){k - b, £ - b} cosh(k - ) sinh(£ - y)e'??

—|—2"y< [k,é,vg kﬁm])c
my
h
A'g = (Zf'u)ry {—ie[k,vl,vg,y] Slnk(ky y)e

(k - y) sinh(

-y)e?t,

kb cosh(l - y)eig'b}

_ g ' ' cosh(k -y)  sinh(k -y)
v elk, vi,va, y{k -y, £y} [ kg -
h(k
— vy ek, v, v, yl{k - b, £ - b}wcosh(ﬁ'
. : h(k -
by (e 0) <v2 yi v yz) sinh(k - y) sinh(
mi mo k-y
+ Z’}’Eu (6[k7£7yvv2] + 6[’%&%”1]) Slnh(k i y)
mi mo k-y
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2 } sinh(£ - y)e'®
Yy

y)e'r?

C-y)e'?

cosh(£ - y)e'??,
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As usual, we may work in the probe limit (mi/mo — 0), where we get

my AY = —(il*)y*e[k, £, y1, v1] cosh[(k — €) - yle”,
sinh(k - y)
(k-y)?
cosh[(k —¢) - ]
k-y

my Ay = —ielk, vi, vo, y|e’[€, v1, vale[k, £, y1, v1] cosh(£ - y)e'd®

61q-b

+ ie[k, v1,vo, y|e"'[l, v1, vo]€[k, £, y1,v1]
sinh(k - y)
k-y
sinh(k - y)

Y
sinh(k - y)
k-y
my Ay = —y e*[l, v1, vae[k, £, y1,v1] sinh[(k — £) - y]eiq'b

+ iyel [k, £, vo] cosh(k - y) sinh (£ - y)e?

sinh(k - y)
(k- y)?

[l ~£)3] 1y ©8

k-y
sinh(k - y)

0 ) (v ) P sin(e-y)e?

sinh(k - y)

+ E[ka U1, V2, y]E’u[k, ev ’1)2] Sll’lh(e ’ y>eiQ'b

— e[k, €, y, va] e[l v1, Vo] sinh(£ - y)e'®

+ ik - 0)(v2 - y1)e" (€, v1, va] cosh(¢ - y)e'?,

myAf = —y tlelk, v1, v, yle[k, £, y1, v1] sinh (¢ - y)e?

— vy ek, v1,v2, ylek, £, y1, v1]

+ iy e[k, £, y, va] cosh (£ - y)e'? .

We can simplify A5 a bit and write

mlAg = —’ye“(k . g)(rvz . yl) Slnh[(k _ g) . y]eiq.b

; C.9
+ iye! [k, £, va] cosh(k - y) sinh(£ - y)eldt (C.9)

Next, using (3.51), we try to remove (k - y) factors in the denominators of A5 and A%:

oAl = — (k- €)(vy - ) sinh[(k — £) - yle®?

sinh(k - y)

+ iy Helk, £, y, o] cosh(£ - y)e'?

my Al = (it")(vy - y1)elk, £, v1,vo] cosh[(k — £) - yle'? (C.10)

sinh(k - y)
Y

sinh(k - y)
k-y

+ €[k, v1, v2, y|e! [k, £, va] sinh (£ - y)e'®

— €[k, £, y, v2]€e"[l, vy, o] sinh(¢ - y)e'?.

We have enumerated all terms not containing §’. Now we split them into two parts: the

3

“y-part” and the “v-part”. The former is linear in y; while the latter (marked red in the
equations above) is independent of y;. The k - y factor in the denominator is to be cancelled

against an €[, -, -, y] factor in the numerator.
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The y-part gives fairly simple expressions:

mlAlf—Hl’y = (i€M>(_726[k7 f, Y1, 1}1] + (v2 ' y)ﬁ[kv & U1, ’UQ]) COSh[(k - ﬁ) ' y]eiqb )

; C.11
m1 Ay 5|y = (i0*)(2i7y)(ve - y1)(k - £) sinh[(k — £) - yletrt . ( )

There agree perfectly with the longitudinal part of (3.57), (3.59) in the main text.

Part 2. The v-part is more involved, as it gets combined with the ¢’ terms. In the probe
limit, the & factor comes from

6zq~b

{eik'bS(k‘ -vp), e5(¢ - vl)} — (k- 1) [6(k - v1)d (£ - v1) = &' (k- v1)8(L - v1)]
mi 0t (C.12)

=i(k-0) 5(q-v1)d'(€-v1).

mq
This factor is to be multiplied by

sinh(k - y)

kg X [(i0")y cosh(l - y) — €' [l,v1,vo] sinh({ - y)]

B = |ycosh(k - y) — ie[k, v1,v2,9]

= B+ By + By + BY,
(C.13)

where

Bl = (i0")y* cosh(k - y) cosh(£ - ) ,
sinh(k - y)
k-y
BY = —~e"[¢,v1,ve] cosh(k - y) sinh(£ - y) ,
sinh(k - y)
k-y

BY = ielk,v1,v2,y]e" [, v, vo] sinh(¢ - y),

(C.14)

By = yllelk,v1, v2, Y] cosh(? - y).

Multiplying them by i(k - £), and hiding €"7°§(q - v1)8'(¢ - v1) for now, we get

Dt = —Hy2(k - £) cosh(k - y) cosh(£ - y) ,

sinh(k - y)

DZ - —(k'E)E[k',’l}l,’l}g,y]Euw,’Ul,’UQ] smh(fy),

Y (C.15)
DY = —ivy(k - £)e"[¢, vy, vo] cosh(k - y) sinh( - y),

inh(k -
D = ik Ol o, 2,1 2R cosp ).

Now, we bring the red colored terms from (C.9) and (C.10) and apply the identity

§(x) = —z8'(z). (C.16)
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After pulling out some overall factor, we record the results as

Cl'=0,
Cy=-(C Ul)ﬁ[k,vhvmy]ﬁu[ka&w]sm;l(k'y) sinh(¢ - )
Y
B N YR W /RS L A ) SRS (C.17)
Y
CY = —iy( - vy)e[k, £, v3] cosh(k - y) sinh(£ - y)
h
CY = +iy(k - vy)lelk, L, y, UQ]M cosh(?-y).

For C% and the second line of CY, we used (k- v1 + £ - v1) to replace (¢ -v1) by —(k - v1).
Merging all the C-terms and the D-terms, we obtain the final result in perfect agreement
with the longitudinal part of A,)p* in (3.60), (3.61) in the main text.

C.2 Transverse part of the spin kick

In section 3.2.2 of the main text, we showed how to compute the 2PL spin kick. In this
appendix, we give some details of the computation and confirm that the transverse part of
the spin kick agrees with the eikonal formula,

1 , 0 0
Xy, ¥’} = . [vfyl ot + v, p1] 5 ARGE (C.18)

We begin with the overall structure of the 2PL spin kick (3.68):

wo_ (Q1Q2 / qu/ 1
Ay n [EI Zk o +0+) SN (C.19)

The numerator N'* can be computed separately for each term in (3.67). For (a) and (b)
terms, we also distinguish the same/opposite helicity contributions.

(éao) = (chB Cy, + shB Sao)” , ./\/-éas (ChEEl Cys + shH Sas)u ,
./\/‘(’l;bg) = (ChE| Cho + shH Sbo)“ , (2b )= (ChEE Cps + shH Sbs)u , (0.20)

Nl = (hBCe +shB S, Ny = (chB Cy + shBE Sq)*

The same helicity terms are

, |

Ot = 5 ik 00) R0 y) = (k) = (k- O] Sl = 5 (k- v0) e[k, L),

Ol = S 102 9) = o4 (L ]2k 0) 4 e [ on, el ooy, wa] (C.21)
1 1

Shs = ) (04 (v2 - y1) — o5 (€ yn)] e[k, £, v1,v2] — 56”[57 vz, lv(k - L) .
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Among the opposite helicity terms, (a) and (b) terms are linear in y;:

Ot = ik 0) [R(0 ) — 0k - ) + o (k- €) + 20 (o) (B - 0)]

2
i,

Sgo = §(Z'I€ ’ Ul) [Uge[kvgvylvvﬂ + 6“[/6,6,7)2](112 : yl)] 3 ( )
) . C.22
i i

Cho = B [0 (va - y1) — v (L - y1)] (k- £) — 56“[5702,y1]6[k7& v1, V2],
1 1

Sho = 5 vz yn) = vy (£ y1)] e[k, £, v1,v2] + 3¢ vz mby(k-0),

whereas (c), (d) terms are quadratic in y:

Cl = (ik - v1)i [[0"(v2 - y1) — vy (€ - y1)] ek, £, y1,v2] — €[, v2, p1](Kk - £)(v2 - y1)]
St = (ik - v1) [[0#(v2 - y1) — vy (€-y1)] (k- £)(v2 - y1) — €[, v2, y1]elk, £, v2, 3]
CY = (ik - v1)* [(€-v1)(v2 - 1) + V(L - y1)] €k, va, 1] (C.23)
+ (ik - v1)€ll, v1, v, 1] [ (v2 - y1) — v (k- y1)] .
S = (ik - v1)%i [(€- v1)(va - y1) + (€ y0)] [B* (02 - 1) — 05 (k- 1)

- (lk . U1)2i€[€ﬂ)17027yl]€ [ka V2, yl] .

Same helicity sector. The 2PL eikonal (3.65) contains a single term in the same helicity
sector, so its contribution to the spin kick should be also quite simple. Indeed, after a
lot of cancellations, we get

7
Chi+ Chy = —§(k O () =y (- vn)]
1 (C.24)
SE.+ S{fs = —§(k‘ )t [vr, y1, 4]

Not all terms contribute to the transverse part; A)y*|i should be orthogonal to vy The
non-orthogonal term, marked red in the equation above, is projected out upon symmetrisation
under the exchange operation k < ¢,

(0-v1)(k-0)coshB — (q-v1)(k-£€)coshBH=0. (C.25)
The equality hold in the (g ) integral. What is left after the symmetrisation is
? 1
Clushe = =5 (k- O (Coun), Styple = =5 (k- O loun . (C26)
These match the expectation from the 2PL eikonal (C.18) perfectly.

Opposite helicity sector. We treat the (a)-(b) group and the (c)-(d) group separately.
In the (a)-(b) group, partial cancellations leave us with

Oty + Ol = il Oy [0 (vs ) — V5 (- 3)] + & (k- Ol (L 31)
+ il (- v1) (k- yr) — 5 (k- O(C- 1) 205 (v2 - 1) + 1]

Sho + Sho = [0 (v2 - y1) = vy (£ y1)] €[k, £, 01, v2] + 5(’?'5)6“[&’01@1]

(C.27)

+ ) (f : Ul)E[kJ,& Y1, U?] .
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Again, the non-orthogonal terms, marked red in the equations above, are projected out upon
symmetrisation under the exchange k < £. We are left with

ol = ik Oy 0" (02 - 91) — o4 (a - )] + 2 (k- Ot (g 31)
o (k=0 -] (0 y1) — (k3] (C.28)
Stsaole = [ (22 1) — (- yn)] el € o1, 02] = 5 (- Ok = € on, 1]
On the other hand, the transverse spin kick derived from the eikonal by (C.18) contains
Cllee = i(q - y1)v [—(72 —1/2)(k - £) + (k- v1)(£ - vl)} + ivel [k — £, v1, y1]elk, £, v1, vo
—i[(k — £) - v1]e"[v1, vo, ya]elk, £, v1, va] — %[(k —0) - vi]e"[vr, yilen [k, €, 0]

S;’tr = _Uf(q : yl)’}/E[k‘, Ea U1, UQ]

— (v* = 1/2)(k - 0)e![k — L,v1, 1] + y[(k = €) - vi](k - )€ [or, va, 1] -
(C.29)

Despite appearances, things do match as expected,
Clpolr = Cllie - Sty ypoltr = SElor - (C.30)
We can repeat the same exercise for the (c)-(d) group. The computations are even
lengthier and not particularly illuminating, so we omit the details here.
D Regularisation for the product of time-symmetric Green’s functions

The usual time-symmetric 07 prescription for w2 propagators is

1 1 1
2 <(w—|—i0+)2 + (w —i0+)2> = _§’U’> (D.1)

where we use the positive frequency expansion f(o) = [, f(w)e ™°. The square of the

time-symmetric w™! propagator is given as

5 (oo omwr)
2 \w+10T  w—107F

where we expanded the expression as a Laurent series in the regulator 0™ and kept up

—0t
2 e 0 x|o| 1

1 1
—= = — - 1 D.2

to O[(01)°] terms. Employing the “minimal subtraction” scheme for the regulator 0%, we
throw out the divergent term in 0" and conclude that the propagators (D.1) and (D.2) are
equivalent as distributions.

The reason (D.2) has a divergent contribution compared to (D.1) is because it should be
understood as the convolution of the time-symmetric w™! propagator in the time domain,

1/ 1 1 i
- s L D.
2 <w+i0+ g i0+> 25en(o); (D-3)

where sgn(o) is the sign function. Unlike the retarded/advanced Green’s functions given by
the Heaviside step function, the convolution of (D.3) with itself diverges due to the “infinite
volume” of the real line, which manifests itself as the (0%)~! divergence in (D.2).
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