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1 Introduction

The surge of interest in using modern amplitude techniques to calculate the Post-Minkow-
skian expansion of classical general relativity [1-27] has led to a renewed focus on the
eikonal formalism in relativistic quantum field theory. This eikonal approach is based
on an exponentiation of the scattering amplitude in impact-parameter space and it is
particularly well suited for understanding classical gravity from a field theoretic setting [28—
43]. Nevertheless, as has been known for long (see, e.g., appendix B of ref. [31] as well
as ref. [44]), the precise definition of the eikonal phase becomes subtle at higher orders.
What in a first approximation can be treated as insignificant contributions from small
transverse momenta ¢ become important and have to be taken into account. Such terms
may appear as being of quantum origin but since they mix with terms from the Laurent
expansion in /i of higher orders in the perturbative expansion they cannot be ignored.
Although there is little doubt that the eikonal formalism can be pushed to arbitrarily high
order by a careful analysis (the small-angle classical scattering regime exists and should be
computable systematically order by order in the coupling), it nevertheless suggests that it
may be useful to pursue alternative strategies as well.

A different approach to the semi-classical limit of the S-matrix is the WKB formalism.
While well-known in the context of non-relativistic quantum mechanics, where it provides
a systematic semi-classical expansion of the wave function through its connection to the
classical Hamilton-Jacobi formalism, little attention has so far been paid to the WKB
framework in relativistic quantum field theory. Motivated by the recent proposal of Bern



et al. [17] we here wish to explore the possibility of using the WKB limit of relativistic
quantum field theories to derive in an alternative manner the classical scattering of two
massive objects in general relativity from scattering amplitudes.

The eikonal formalism has issues of complexity at several layers. First, while scatter-
ing amplitudes are conveniently computed in the plane-wave basis of momentum space,
the eikonal lives in impact-parameter space. To obtain the needed eikonal exponentiation,
one must carefully separate, order by order, those terms that go into the exponent and
those terms that remain as prefactors at the linear level. Second, after exponentiation in
impact-parameter space one must apply the inverse transformation and seek from it two
crucial ingredients: (1) the correct identification of the transverse momentum transfer ¢
in the center of mass frame and (2) the correct identification of the scattering angle from
the saddle point. At low orders in the eikonal expansion this procedure works well but it
hinges on the impact-parameter transformation being able to undo the convolution prod-
uct of the momentum-space representation. When q2—corrections are taken into account it
is well known that this procedure requires amendments. This motivates why an alterna-
tive pathway, such as the one proposed in ref. [17] which we find is rooted in the WKB
approximation rather than the eikonal per se should be investigated.

We begin our paper by first introducing the exponential representation of the S-matrix
and we then proceed to develop a method that differs from that of ref. [17]. We shall check
our proposal to third Post-Minkowskian order for both maximal supergravity and Einstein
gravity, and we shall also point out a simple link to the potential from the Hamiltonian
formalism. This has all classical contributions to the order we work, including radiation
reaction parts.

2 Exponential representation of the S-matrix
Conventionally, the S-matrix is expanded in the form

S=1+-T (2.1)

SIS

where T' is the scattering operator. Restricting ourselves at first to two-particle scalar
scattering with incoming and outgoing momenta pi,pe and pj,p), respectively, matrix
elements of 7' define for us the scattering amplitude M (p1, p2, p}, ph) through

(P, 0h|Tlp1,p2) = 2eh)P8P)(py + po — pl — ph) M (p1, p2, P}, D) - (2.2)

At this stage it is convenient to introduce also the exchanged four-momentum ¢ through
Py = p1 + ¢ and ph, = pa — q. The center-of-mass kinematics reads

b1 = (El(p)vﬁ)a b2 = (EZ(p)7 *ﬁ) (23)

so that ¢ = p1 — p} = —pa + ph with p? = (p})? = m? and p3 = (py)? = m3, where we have

introduced the two masses m; and ma.



Because the S-matrix is unitary, StS = 1, a more natural parametrization might

appear to be

S = exp {;N] (2.4)
where, in contrast to T, the operator N is Hermitian: N = NT. The eigenvalues of S are
then manifestly pure phases, defined mod 27.

Standard quantum field theory is set up to evaluate matrix elements of the 7-matrix,
providing us with the conventional Born series of perturbation theory. However, it is clearly
straightforward to relate N to 1" at the operator level. Everything can be formulated in
general terms but since we are interested in the application to classical gravity we will
be specific here. In perturbation theory of gravity we assume that both T and N can be
expanded in Newton’s constant Gjy. When an odd number of gravitons are emitted the
expansion of the fundamental T-matrix will include powers of /Gy and for consistency
this must also be the power series expansion of N. Without having to write out explicitly
the precise expansion of the S-matrix in terms of the Dyson expansion, we can therefore
in a compact notation write!

T = GyTy + GPTd + G3 Ty + GIPTd + GR Ty + ..
N = GyNo + GPNEd 1+ G2 Ny + G 4 G Ny + . .. (2.5)

which leads to the operator identifications
Ty = No
j—gad — N(l)"ad

=N N2
1 1+2h0

Trad Nrad o ( N(] Nrad Néad NO)

TQ N2 + (Nrad)

o N()Nl —|—N1N0) NO (26)

i
35 3'h2
and so on for higher orders. We have here kept explicit factors of A. The ordering in terms
of h clearly becomes meaningful only once we evaluate matrix elements: loop contributions
to T matrix elements will produce a Laurent series in A, thus reshuffling the apparent
counting at the operator level.

Iteratively, we can relate N; to T} and lower-order 1”s. In detail,

No = T()
rad rad
N O

"We do not include the lowest-order radiative terms of order G}\]/z because they are not needed for our
discussion of classical two-body scattering to the order we consider below. Radiative terms contribute also
to even powers in Gy but we choose here to absorb them into the non-radiative terms without explicit
labelling.



)

Nl - T1 - ﬁTD
Nrad 1rad o (T Trad + T(l)“adjwo)
N PN P 1 .
Ny =Ty — ﬁ(Trad)2 — 57 (0T + ThTp) — ?WT(? (2.7)

and similarly for higher orders.

We now proceed to consider matrix elements of the S-matrix in momentum space. In
addition, and in order to elucidate the structure, it is convenient to also insert completeness
relations whenever operator multiplications occur. We write the completeness relation

> ln)n| =1 (2.8)

where the sum over n runs over the complete set of accessible states. Specifically, and

symbolically as

again with a view towards the scattering of two heavy objects in gravity, the sum takes the
explicit form

Z / dP Vg 1 dP Vg, 1 dP Dy 1 dP-Ve, 1
n!' ) (2rh)P-1) 2B, (2rh)(P-1) 2By, (2rh)(P-V 2E,,  (27h)(P-1) 2E,,

X |l€1,k‘2;f1, .. .€n><k‘1,k§2;€1, . -£n|’ (29)

where the state n = 0 corresponds to just the two massive scalars, the n = 1 state to one
graviton in addition, etc. As is well known, the sum over states is the Lorentz invariant
phase space. This is important because the completeness relation will hence relate expres-
sions to cuts and, therefore, unitarity. When we use the complete set of states to saturate
the matrix elements to any order in G it becomes immediately obvious which terms include
radiative parts.

Considering just two-body scattering, matrix elements of N in momentum space
now read:

<p/17p/2|N0|P1,p2> = <p/17PI2|T0|p17p2>7
<p/1>p,2|N5ad|p17p2> = Oa

(P}, P5IN1|p1, p2) = (D), ps|Th|p1, p2) — 2hZ(plpp/2|T0|n><n!To\p1,p2>a
(P, PoINTp1, p2) = 0,

(P, Ph| Nalp1, p2) = (P}, ph|Talp1, p2) — 2hZ(zﬂ’l,I)’zlfomd|n><7”L|TA6”adlpl,pz>

2 N ~ ~ ~
~on (P}, Pyl Toln) (n|T1]p1, p2) + (P, po|T1|n) (n|To|p1, p2))
n

1 ~ N «
-y W(p’l,p’2|T0|n><n\T0\m)<m|T0|p1,p2). (2.10)
n,m



We straightforwardly infer some basic facts from these expressions. First, the matrix
element of Tg, the leading term of the T -matrix, must be real. Second, because also the
matrix element of ]\71 is real we conclude that

S(ph, ph|T1[p1, p2)] = <p1,p2|To|n> (n|Tolp1, p2) (2.11)

2h

where we have abbreviated the completeness relation (2.9). This relation is the leading-
order expression of unitarity,

7ot = %TTT (2.12)

On account of coupling constant counting, the right hand side of eq. (2.11) is saturated by
elastic unitarity so that

%Kp/pp'z@l |p1,p2)]

/ dPVE, 1 dP Dk, 1
Y 2rh)(P=1) 2By, (2rh)(P—1) 2,

(DY, Dol Tk, ko) (1, ko| To|pr, p2)  (2:13)

is exact.

The next step where unitarity allows us to understand the separation into real and
imaginary parts is in the evaluation of the matrix element of No. Although we are here
restricting ourselves to elastic scattering (it can easily be extended to include radiation
following the general steps above) radiation appears indirectly because of unitarity. From
eq. (2.7) it follows that the matrix element of 7%, the leading term of the T-matrix
that includes radiation, must be real. Let us now consider the unitarity relation (2.12) at
order G

N ~ 7 ~ A PN

Ty -1 = - (T52)? + ToT] + 11Ty - (2.14)
What is inside the parenthesis on the right hand side of this equation is indeed Hermitian.
Inserting complete sets of states, we see that the first term is saturated by an intermediate

state of two scalars and one graviton while the remaining terms are saturated by just the
two-particle state of the scalars, thus

AS((2|7212)]

dPVEg, 1 dP Vg, 1 dP-1y R .
:/( L 2 (2T 52 ke, ko €) (e, o €T3 2)

QWH)(D*1 2Ek1 (27Th)(D*1) 2Ek2 (27T7:L)(D*1)2E€
APV, 1 dPDgy, 1
/ (2mh)(P—1) 2By, (2wh)(P—1) 2B,

({21Tb ke, o) (k1 ko | T 2)
+ (2T [ky, o) (e, Kol Th[2)) . (2.15)

Also this equation is exact to all orders in h. Comparing with eq. (2.10) we see how the
imaginary part from Ty is cancelled partly by the radiation term, partly by the iteration
of the real part of Ty. Of course, T also has an imaginary part which indeed contributes,
through the shown iteration, to Ny. Also in the relation for N in eq. (2.10) the sums over



states are saturated by two scalars and one graviton for the term involving Agad and just

two scalars in the remaining terms.

At higher orders these relations get increasingly complicated although of course the
two body matrix elements of N are always real.? reality of the matrix elements For each N;
the subtractions of eq. (2.7) remove precisely all imaginary parts from the matrix element
of TZ

The expansions (2.10) have nice diagrammatic interpretations in terms of unitarity

Ny = M, — % n (2.16)

My 1 My

cuts. At one-loop order,

and at two-loop order,

Ny = My — % (2.17)

Méad | M(I)‘a,d
K ) 1 ; ;
2 3 ! ! ’
My | My My | My My | My | My
rrad

The cut involving T3¢ was first computed in ref. [18]. We see here how this imaginary part
of the matrix element of T} is automatically subtracted off as dictated by unitarity. Similar
radiative cancellations occur at higher orders. It is interesting to compare with the manner
in which terms exponentiate in the eikonal approach where the additional subtractions of
imaginary parts of eq. (2.15) occur as part of the lower-point iterations, instead, as here,
in one go because of unitarity.

To summarize this part, the matrix element of any N; is manifestly real. In addition,
all iterations of lower-point amplitudes and their corresponding super-classical terms are
automatically subtracted off so that matrix elements of N admit a semi-classical limit
where i — 0. Such an object could be expected to have a classical meaning from analytical
mechanics. Resembling the method of Born subtractions that lead to the classical potential
from the solution of the Lippmann-Schwinger equation [8] one might guess that it could
define in an alternative manner the classical potential. Although Born subtractions share
the properties of removing all imaginary parts from the amplitude and of ensuring the
existence of a semi-classical limit 7 — 0, such an identification does not hold beyond
leading orders.

2The reality of the two-particle elements is a consequence of the hermiticity of the operator
({p1,p2|N|ps, pa))* = (p3,pa|NT|p1,p2) = (p3,pa|N|p1,p2) and the time reversibility of the amplitudes
((p1,p2|N|p3, pa))* = (p1,p2|N|p3, pa).



We can instead get a hint from the identification of the exponential representation
of the two-body S-matrix in momentum space with the semi-classical WKB approxima-
tion. As shown in ref. [45], the Schrodinger-like equation satisfied by the U-matrix (the
limit of which provides the S-matrix) leads to a systematic semi-classical expansion of the
momentum-space S-matrix that is a direct analog of the semi-classical WKB expansion of
the wave function in non-relativistic quantum mechanics. The pertinent Hamilton-Jacobi
equation of the leading-order approximation is in a canonically transformed form compared
to the more commonly used in analytical mechanics where, up to a sign, coordinates and
momenta are swapped. In quantum field theory this is implemented by a Fourier trans-
form in the usual way. With this identification, the two-body S-matrix in momentum space
admits a classical limit in terms of the WKB phase shift,

(0, Po|Slp1,p2) ~ €¥" (2.18)

where

6= Jg +/ dr(pr — Poo) — PooTm (2.19)

is the radial action. The first term corresponds to the free motion, p, is radial momentum,
Tm is the classical turning point (minimal distance in the case of scattering), and ps is
the 3-momentum of either particle in the center of mass frame, evaluated at infinity.® This
simple expression is valid in the elastic channel.

The conventional approach to linking the scattering matrix T with the classical tra-
jectory of this two-body problem would be to transform to impact-parameter space as in
the eikonal approximation. This unwinds the already beautifully exponentiated form of
the S-matrix as in eq. (2.4) and would essentially take us back to the complications of the
eikonal expansion beyond the first leading orders. Instead, one could ask if it might be
possible to start the analysis directly with the operator N, essentially viewing it as the
operator of the phase shift itself, i.e. here the radial action. Instead of the S-matrix itself,
we thus consider matrix elements of the N -operator. This seems to be what lies behind the
interesting proposal of a recent paper by Bern et al. in ref. [17], although it is phrased there
with somewhat different terminology. An immediate issue is how to go from momentum
space to impact-parameter space. In the above paper it is proposed to do this by means
of a (D — 2)-dimensional Fourier transform, as in the eikonal formalism, in conjunction

3This form of the radial action appears to depend on the classical turning point r,,. In fact, because
this turning point is uniquely fixed by the angular momentum J and initial momentum po the final result
does not depend on it. Starting with the main equation for the scattering angle x [11],

2b [ ¢ d \k | Véi (Vi 187 (u® + 6%
i / ¥ 77)

2
p2k

X = (2.20)

oo
k=1
we find that the radial action is

+oo 0o oo k1 ‘/ek /2 +b2 2 +b2 k—1
/ drprz—%‘]—%zi/ du(i) [ R (VT +BR) (7 + 1) (2.21)
T k=1 0

2 2k—1
. k! du 2k

up to a constant which is irrelevant here. The first term is just the free radial action.



with a subtraction formalism with roots in effective field theory. This has been employed
to compute up to fourth Post-Minkowskian order in what is technically known as the po-
tential region [17]. We shall here view the same idea from the slightly different perspective
outlined above and with what we believe is a simpler and more general formalism. We will
check the results up to third Post-Minkowskian order and will simultaneously show that
this method is not limited to the potential region.

3 Unitarity cuts and velocity cuts

In practical terms, the expansions (2.10) are useful for the same reason the effective field
theory subtractions do their job in ref. [17]: they tell us which parts of the matrix elements
of T; we do not have to compute since we know that they will be subtracted off anyway.

Because the idea of computing the matrix element of the exponentiated operator N
is new, we nevertheless find it illuminating to work through the computations and thus
show how the subtractions of cut diagrams leave us precisely with the desired object up
to third order in the Post-Minkowskian expansion. We will use the same method and the
same basis of integrals as in refs. [19, 20] to which we refer for further details.

As a warm-up exercise, we first go through the one-loop calculation in all details.
Already at this order we will need to carefully keep terms that appear as being of quantum
origin but which, nevertheless, will contribute to classical physics at higher orders. In fact,
we shall provide an all-order result in ¢> which will be needed at all subsequent orders in
the Post-Minkowskian expansion.

As our starting point, consider the box integral in D = 4 — 2¢ dimensions

Is = —1/ A7k i (3.1)
U7y 2mh)P (p1 - k +i€)(p2 - k —i€)k2(k + q)? '

In this expression we neglect the k2 terms of the massive propagators as they vanish in what
corresponds to a soft expansion of I, in powers of g. This is explained in appendix A. As
in [19, 20], we write g as ¢ = h|g|u, where u, is a unit space-like vector (ug = —1). Doing
the change of variable k — h|g|k we get

POy . : (3.2
5T 4n (2m)P (p1 - k +ie)(p2 - k — ie) k2 (k + ugq)?’ '
The integral can be written equivalently in terms of p3 and p4 as
~ D—6 D
d“k 1
JRp (3.3)

4h (2m)P (pg - k —ie)(pa - k +ie)k?(k + ug)?

Note the exchange of the signs of the ¢ in the propagators. Similarly, for crossed box which
we label by u we get

IU_@D—G dPk 1
ST 4n ) @2m)P (pr -k +ie)(pa- k4 ie)k2(k + ug)?

(3.4)



or, equivalently,

@770 dPk 1
57 4n (2m)D (p3 - k —ie)(pa - k —ie)k2(k + ug)?

Adding the boxes (Ig = I + I{%) the final result takes the compact form

1gP=5 r dPk 1
8h (2m)P k2(k 4 ug)?

><< 1 _ 1 )( 1 _ 1 > (3.6)
p1-k+ie p3-k—ie) \pa-k—ie ps-k+ie)

As shown in appendix A, the real part of the box integral is given by the unitarity cuts of

In=—

the massive propagators

dP= p_dPk (k4 p1)* — mD)S((k — p2)® —m3)
2h (2m)P—2 k2(k + ug)? )

R(Io) = (3.7)
which exactly matches to all orders in ¢2, the product of trees from the right hand side of
the one-loop unitarity relation (2.11) (recalling that the one-loop amplitude is ¢ times the
box contribution)

1Lt = _oR(In). (3.8)
The integral (3.7) evaluated in D = 4 — 2¢ reads
Gl ‘ 1 I(—€)?r(1
dmim3z(0? — 1) ) 8|g|2t2hmimavo? — 1 (4m)1~<I'(—2¢)

This has precisely the form needed for being cancelled by the first unitarity subtraction of
eq. (2.10).

At two-loop order we need one more iteration of the tree-level amplitude, which is the
two-loop equivalent of the one-cut (or two velocity cuts) of the box integral. The relevant
two-cut (or four velocity cuts) two-loop integral is in D = 4 — 2e dimensions

2—cut _ h3/ dPlidPly §((p1 — 1)* — m3)d((p2 + 11)? — m3)
. (27h)2D—4 Bl 41y — q)2

o1+ 12— @) —m)d((p2 — o + 0)* — m3)
3 :

As we show in detail in appendix A, this integral can also be evaluated in the soft expansion.

(3.10)

For both the computation of g?-corrections to R(In) and IZ-™ our method is the one of
velocity cuts introduced in ref. [20]. Velocity cuts can be viewed as the leading-order parts
of full unitarity cuts and they conveniently form the starting point for computations of
g>-corrections in the soft expansion.

Keeping for now only the order in ¢ needed for our present purpose, we find

e _ [y dd’s 1 T(—€)*T(1 + 2¢)
oo 3mim3 (02 — 1) ) 16m3m3(o? — 1)|g|>T4h3 (47)2-2T'(—3¢)

+0(lg' ™). (3.11)



These equations, together with the results already provided in refs. [19, 20] suffice to
evaluate the needed matrix elements of N; and N» for both maximal supergravity and
Einstein gravity. This will be described in the next two subsections.

3.1 Maximal supergravity

In maximal supergravity the tree amplitude reads

327G Nm3im3o?
a?

Mo(lql, o) = No(lg],0) = (3.12)

and the one-loop amplitude evaluated in [19] can be rewritten as
7t ih 2.2 9\% r1—cut
Mi(|gl,0) = 5 (327TGNm1m20 ) I

2 1
32\fGNm1m2(m1 + my)ot (4m)T (5 - 6) r (5 + e)
—1 @1+26F(_26)

16(1 + 2¢)GZmim3a? (cr arccosh(c) — Vo? — 1) (47)°T(—€)2(1
(02 —1)2 |91%T'(—2¢)

+

+ 6) B+ 0(|§|1+26)'
(3.13)

The first line is the square of the numerator of the tree amplitude in (3.12) times the
imaginary part of the one-loop amplitude in (3.7). This is just the unitarity subtraction
given by one iteration of the tree as shown in the one-loop computation above. These
amplitudes are given with the choice of helicity for the external states made in [13, 46].
We refer to section 3 of [19] for a discussion of helicity dependence on the various part of
the amplitude. We thus immediately get from (2.7)

2

D=

. 2
e A 1(amT (3 —¢) I (
1 72T (—2¢)

Ni(lgl, o) =

16(1 + 26)G%m2m3o* (a arccosh(o) — Vo? — 1) (A7) T (—€)2T(1 + ¢)

+ -
(02 — 1)% |7%T(—2e¢)

h+ O(g" ).

(3.14)

It is worthwhile to highlight one difference with the corresponding eikonal calculation here.
Apart from exponentiating the amplitude in impact-parameter space, the eikonal method is
also based on an order-by-order separation into classical and quantum pieces conventionally
parameterized in the b-space transform of the S-matrix as

2i8(b)

Sb) = <1+2;A(b)>e 23 (3.15)

Where A(b) collects, to any given order in the expansion, those quantum terms that are
not needed to ensure exponentiation. Indeed, already at one-loop order A(b) will contain

~10 -



q?-corrections that are subtracted off in the above cancellations used to produce N (| ql, o).
Thus, to that order, exponentiation of the eikonal is also based on unitarity [12] but only
through the leading contribution from the unitarity relation. Here, we instead consistently
subtract in the exponent and thus include the g?-corrections. In this way, all imaginary
parts of the amplitude in momentum space are removed completely, rather than kept at
the non-exponentiated level, as in the eikonal formalism. At this one-loop level, where
we have kept the first quantum correction to illustrate our point, this does not affect the
calculation of the classical term but it shows explicitly how the imaginary quantum terms
are removed. From 2-loop order and up these (real) quantum subtractions of lower order
can correct classical terms at higher orders. A related phenomenon occurs in the eikonal
formalism, but again: the details differ.

We next move to the two-loop amplitude in supergravity, including the radiation re-
action parts. Quoting from ref. [19], we can conveniently rewrite that result as

h
M2(|g’7 ) 6(327TGNm1m2O- )312 cut

642\fGN'm1m2(m1 +mg)o® (4m)*T (% - 6)2 r (% + 25) ['(—e)l’ (% - 26)
(0% — 1)2|g|*+1<h I (4-36)T (-2¢)

32GNm1m20 (4me~ 'YE) ( (1 + 2¢€)o (aarccosha— m)
+

T e2|g|**myma(0? — 1)2

n2s0? 72 arccosh(o)

_ 66@4€m%m%(02 —1)2 o 6@4577117712' /o2 _ 1

im(1 + ime) . ( (14 2¢)0°Vo2 — 1+ o(0” — 2) arccosh(o) + ((02 - 1)

B 262@|46m1m2(02 — 1)

(NI

—o(co? - 2)) arccosh?(o) — ea(0® — 2) Lig (2 — 20 (O‘ + Vo2 — 1) ))) + O(h). (3.16)

In this form we see that the first three lines are eliminated by the relations of eq. (2.10) with
tree and one-loop terms. The imaginary part of the radiation reaction part is subtracted
by the corresponding two-to-three particle cut of eq. (2.10) as follows from the calculation
of ref. [18]. We thus get

No(|g],0) =

321G dme1m)% 2
TGRmimiot (4meE) (_ so - — arccosh(0)
2

elgltevo? —1

6myima(c? — 1)

1 ¢ (o(0? — 2)arccosh(o) o2
+(4(02_1)) ( o 1) +02_1>> +O(h). (3.17)

- 11 -



Up to two loop classical order and keeping only the leading terms in € we finally have

2 2,2 2 2 4 2
N (gl o) = 3 WGNzr;l'mQU . 327 G3mimio _ so — _ arccosh(o)
- 4l egl*vo? —1 6myma(c? —1)2

1 ¢ (o(0? — 2) arccosh(o) o2
* (4(02_1)> ( 0?1 +02_1>> +Oh). (3.18)

Following the prescription of ref. [17] and thus defining a Fourier transform of a function

f(s,q*) by

dD 2
4m1m2\/02 / (2m)P— 2f

we go to impact-parameter space with - b =0 and angular momentum J = [p |]5| This

f(s,0%) = ¢He e (3.19)

gives, again keeping only needed terms of e,

N(b,o) = +—arccosh(o)
6m1m2(02 — 1)5

2G ym1mao®T(—e) (B2 + 167G3m3im3ot B so?
o?—1 o2 -1

1 ¢ (o(c? — 2) arccosh(o) o2 1
+ (4(02 — 1)) ( (07 — 1)% + P 1) > (W!5]2)1—36 + O(h) (3.20)

or, in terms of J and ignoring factors of p¢ which become unity in the ¢ — 0 limit,

N(J,o) = +—arccosh(o)

2GNm1m20'2F(*€)( I+ 167G3mimio* so?
- _
6mima(c? — 1)2

o2 —1 s

1 ¢ (o(0? — 2)arccosh(o o2 1
+ <4(02 — 1)) ( ( (02)_ “ (o) | - 1) ) e oM (320)

Assuming that this coincides with the interacting part of the radial action, we get

4 1
X = _9 lim N(J,0) = Glemga

0J h—0 o2 —1 J
2 4 2 d 2 h 1
3 G¥mimio B so _ _arccosh(o) + & o* arccosh(o) L 32
S 6m1m2(02 — 1)5 do 0?2 —1 J

which we indeed recognize as the angle at third Post-Minkowskian order in maximal su-
pergravity [14, 18, 19]. It includes all terms, and hence also radiation reaction pieces.

3.2 General relativity

Next, we turn to Einstein gravity. We will be able to recycle much of what was used above
plus add the needed new features from refs. [19, 20].
The tree and one-loop amplitudes now read

Mol ) = No(ld. o) = i

+O(h) (3.23)
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and

h
M1(|Q|v o) = %(167TGNm%m§(20—2 _ 1))2]'ércut

3m2G3mim(my +ma)(5o? — 1) (dme 7)€
g

3 4G3mim3(4me="E )R (2(202 —1)(7—60%) arccosh(c) 1 —4902%+ 18054

(02—1)3 ST ) +0O(lg"*)

(3.24)

€|g|25

where for the classical and quantum terms this is valid up to leading pieces in €. For the one-
loop piece we have rewritten the result in the same manner as for maximal supergravity
above. We notice that the first line is cancelled by the unitarity relation based on the
iteration of the tree as dictated by eq. (2.10), leaving us with

3m2GAmim3(my +ma)(50% —1)(4me 7E)¢
ez

Ni(|gl,0)=

4G m2m2(4re YBR[ 2(202 —1 o2)arccosh 1—4902% 41804 . .
mims( ) (( )(7—607) (o) +O(g ).

+
€|q|? (02— 1)% 15(c2—1)

(3.25)

We next turn to the full two-loop amplitude in Einstein gravity [20] which to the needed
order in ¢? can be rewritten as

- h —cu
My (|, 0) = 5 (16mG ymim3(20% 1)) IE™

i 6im2 G (M1 +ma2)mim3(20% —1)(1—502)(4me7E)%¢

Vo — g1+
2r G (dme™ "2 )2 mim3h [ imima(202 —1) (1 —490% +180* _ 20(7- 2002 +120*) arccosh (o) )
elg|* me(02—1)% 15 02 —1

5 (640° —1200" 4+600° —5) 4
—= 140?425
T

N 4myma(3+1202 —40*)arccosh(o)

o2—-1

 2imimg(20° —1)®  1+ime ( 11+d((202—1)arccosh(0)>>>+O(h). (3.26)

mevo?—1 (4(c?—1)) do o?—1
So that the first three lines are eliminated by the subtractions of tree and one-loop terms as

dictated by eq. (2.10). The imaginary part of the radiation reaction term is cancelled by the
corresponding two-to-three particle cut of eq. (2.10) as again follows from the calculation
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of ref. [18]. We thus find

. 27 Gy (4me™ 1) 2em3m3 (s (6405 — 1200 + 6002 — 5)
No(|gl,0) = —de 5
€lq| 3(02 —1)?
4 4 1202 — 40* h
- (1402 N 25) N mima(3 + 120 o*) arccosh(o)
3 o2 —1
2mima(202 —1)2 (11 d [ (20% — 1) arccosh(o)
o4 = O(h). (3.27
+ —~— st —— +0(h). (3.27)
Up to two loop classical order and again keeping only the leading real terms in ¢ we thus
arrive at
N[ o) = 167G ymIm3(202 — 1) 372G%m2im3(my + ma)(50% — 1)

|Q’|2 ‘Q|1+26

271G (4me ™15 )2¢m2m3 (s (6405 — 1200 + 6002 — 5)
3

€|Q’|4‘E (0-2 _ 1)2
4 4 1202 — 4o b
— —mimao (1402 + 25) + mimz (3 + 120 o*) arccosh (o)
3 o
2mima (202 —1)2 11 d [(20% - 1)arccosh(o)
O(h 3.28
* 02 —1 3+d0 2 _ 1 +0(h) ( )

which after the Fourier transform to impact-parameter space becomes

— GNm1m2(202 — I)F(—e)

22 2
- 2 G + o —1
N(b,o) = (= |B2) 3rzG{mime(my +ma)(5 )

07 —1 4o = 1(x|b|2)2 2
N wGZ}lean s (640% — 1200* + 6002 — 5)
Vo = 1(m|b|2)1-3¢ 3(02 1)

4 4 3 11202 — 4o b
— —mimao (1402 + 25) + mimy(3 + 120 o4) arccosh(o)
3 o

. 2mima (202 — 1)2 (_11 N d ((202 —1) arccosh(a))) ) +LO(h) (3.29)

0‘2_1 3 do 0'2—1

or, in terms of angular momentum J,

— Gymima(20% — 1)I'(—

N(/o) = 9 J¥ 4 3nGRmim3(my + ma)(50* — 1)

1
2 — 1 4./s J

G3mim3vo? —1 (s (640° — 1200* + 6002 — 5)
3(c2 —1)?

S

4mymsa(3 + 1202 — 40*) arccosh(co)

0?2 -1

. 2myma (202 — 1) (_11 N d ((202 -1) arccosh(0)>> >1 + O(h). (3.30)

— %mlmga (140’2 + 25) +

o2 —1 3 do o2 —1 J2
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Taking this to be the interacting part of the radial action to third Post-Minkowskian order,
we obtain the scattering angle

_ 2 _
‘= 0 lim N (J,0) = 2GNmima(20%2 —1) 1 3rGim3Im3(my +ma) (502 — 1) 1

0J h=0 02 _ 1 J 4\/5 ﬁ
Gmim3vo? —1 (s (640% — 1200 + 6002 — 5)
S 3 (0.2 o 1)2
4 4 1202 — 4o b
— —mimao (1402 + 25> + mima(3 + 120 o) arccosh(o)
3 o2 —1
N 2mima(20% —1)% (11 N d [ (20% —1)arccosh(o) %  (331)
o?—1 3 do 02 1 7

which agrees with the literature [6, 7], including the radiation reaction terms [14, 15, 20].

4 Kinematics in isotropic coordinates

So far, the computation of the scattering angle from the amplitude has entirely bypassed
the notion of a potential V'; only the radial action, an indirect function of the potential,
played a role. However, there is more information in the potential V itself, even if it by
construction refers to specific coordinates. It may therefore be useful to see how such an
effective potential can be extracted from the scattering angle. Our starting point for this
is the relativistic Salpeter equation of two-body scattering in the center of mass frame,

E = \/p2+m%+\/p2+m§+V(p,r). (4.1)

The operator version of this equation together with the Lippmann-Schwinger equation [8]
allows us to relate the potential V(p,r) to the Fourier transform of the scattering ampli-
tude. However, it is not necessary to introduce this additional step if we already know the
scattering angle up to the given order in G . In isotropic coordinates we can always solve
the energy equation (4.1) in terms of p?,

P’ = pi — Ver(r), (4.2)

where p2, = m?m3(o? — 1)/s and, without loss of generality we can parametrize (in D = 4

dimensions)
Via(r) = — 3 GR/nlE) (1.3)

n
n=1 r

where the coefficients must be extracted from the amplitude.* One of the surprising results
of the amplitude approach is that Veg(r) is directly related to the classical part of the
amplitude as it derives either from the effective field theory matching [9] or from the Born
subtractions [10, 11]. In fact, the kinematical relation (4.2) can be taken as a new and

4The case of general D is discussed in ref. [12].
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equally good quantum mechanical Hamiltonian operator, a result anticipated by Damour [2]
before these explicit amplitude computations.

The scattering angle based on the kinematical relation (4.2) has been derived to all
orders and we quote the first few orders from table 1 of ref. [11],

xirm = fi1,
T
X2PM = &f%
2
4 2 fi
X3PM = 2Da0 f3 4+ P f1.f2 — 12 (4.4)

Comparing with the scattering angle computed to this order by the eikonal method (and
reproduced here, using the new method) we can recursively solve for the unknown f;-
coefficients.

Reminding the reader that s = m? + m3 + 2mjmao also has o-dependence, we find

_ 2mim3(20% — 1)

fi= Ve : (4.5)
5, = Bmim3 (5022—\/2) (ma + ma) (4.6)
f3 = —2(7:?17’%1) (3(20% 1) (567 = 1) (m1 + ma) — 4 (120" — 1002 + 1) /5)

- 2’;3?% (20(1402 +25)4+ 0 (40" ;213012 —3) arccosh(a)>

2mim3 (1 — 252)*

3/ (02 — 1)’

((8 —50%)V02 — 1+ (66° — 90) arccosh(a)) ,
(4.7)

including radiation-reaction contributions in the last line of f3. We stress again that while
these f;-coefficients reproduce the scattering angle up to third post-Minkowskian order
including the contributions from radiation-reaction terms, they also, through eq. (4.3),
provide us with the kinematical relation (4.2) in isotropic coordinates.

Comparing to the potential of a probe small mass m in the Schwarzschild background
of large mass M > m we have [2]

Probe — am? M (20% — 1),

e it 1),

2M3
probe _ T ——(180% 1), (4.8)

a well known result when comparing with the result of the potential region only. Because
radiation reaction terms vanish in the probe limit, this is indeed unchanged here.
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5 Conclusions

In an attempt to improve on the systematic expansion of the eikonal formalism we have
instead explored an alternative idea recently suggested by Bern et al. [17] and which we find
is linked to the closely related WKB approximation. Using an exponential representation of
the S-matrix, we systematically relate matrix elements of the operator in the exponential
N to ordinary Born amplitudes minus pieces provided by unitarity cuts. Crucially, we
must now relate this object to the radial action. We do this by a Fourier transform into
impact parameter space and we have checked up to third Post-Minkowskian order that
this method, combined with the above transformation to impact-parameter space, works for
both maximal supergravity and Einstein gravity. It reproduces the scattering angles to that
order and it is not limited to what is known as the potential region of the loop amplitudes.
Instead, we sum all classical contributions and thus include also radiation reaction pieces.
The simplicity of this method seems very appealing and suggests that it may be used to
streamline Post-Minkowskian amplitudes in gravity by means of a diagrammatic technique
that systematically avoids the evaluation of the cut diagrams that must be subtracted, but
simply discards them at the integrand level.

In practice, we need only evaluate matrix elements in the soft g>-expansion. This means
that we expand genuine unitarity cuts around the velocity cuts introduced recently [19, 20].
These velocity cuts seem to provide the most natural way to organize amplitude calculations
in the soft expansion.

We have finally pointed out that there is no obstacle towards obtaining the potential
Vegt (1) from the scattering angles computed by this method. Iteratively, coefficients of the
effective potential in isotropic coordinates follow from the angles and the result is unique. It
is also not limited to the result of just the potential region of the amplitudes. This thereby
gives the kinematical relation between momenta and coordinates in isotropic gauge. As a
simple illustration, one can from this predict infinite series of terms from lower-order pieces.
For instance, keeping only the leading fi-term of the effective potential there is nothing to
prevent one from summing the whole series to obtain the standard Newtonian deflection
angle. If one were to include also the fo-term one would get the exact analytical result
corresponding to the fi—fo-theory computed in [8]. Of course, in the context of general
relativity it is not meaningful to compute only a part of the higher order terms.
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A Details of the one and two loop box calculations

In this appendix we first provide some details on the derivation of the cut part of the
one-loop box integral in (3.7) and two-cut part of the double-box integral in (3.11). We
show explicitly that the real part is given by the unitarity cut of the massive propagators
in (A.15) and we evaluate it to all order in ¢ in (A.19).

A.1 The cut part of the box integral

The box integral is defined as

D 4
It = —1/ Tk . LA : (A.1)
4] (27h)P (p1 -k +ie)(p2 - k — ie)k?(k + ¢)?

In dimensional regularization we can neglect the k’-terms in the massive propagators as
they will, after cancelling a massless k2-propagator only give rise to tadpoles in the soft
expansion, and will hence be set to zero. To perform the soft expansion in powers of
q = h|qlug where ug is a unit space-like vector (u2 = —1), we make the change of variable
k — h|q|k to get

i / dk 1 (4.2)
4h2 2m)P (p1 - k +ig)(p2 - k —ie)k?(k + ug)?’ '

e =

We note that the integral can equivalently be written in terms of p3 and p4 as

s _|‘71D_6/ d7k 1 (A.3)
BT 4n ] (2n)D (p3 -k —ie)(pa - k + ie)k2(k + ug)? '

with the important change of sign of signs of the ie term in the propagators.

Similarly, in the u channel corresponding to the crossed box integral, we have

o |g|P~6 / dPk 1
BT am? 2m)P (p1 -k +ie)(pa - k +ie)k2(k + ug)?’
I / dPk 1 (A4)
- 4h? 2m)P (ps - k —ie)(p2 - k —ie)k2(k + ug)?’ '

The sum of these box contributions Ig = I + I takes the form

B |Q‘D_6

/ dPk 1
8h? (2m)P k2 (K 4 ug)?

1 1 1 1
_ — . (A5
x(pl-k:Jris pg'kie> <p2-l<:is p4'k:+ie> (A-5)

Ion=
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Using the variables p; = p1 + h% and po = po — h% we have

o g|P~¢ / dPk 1
ST ) 2m)P k2 (k + ug)?
" 1 _ 1
-k 4+ h@;qk +ie  p1-k-— h@qu — i€
1 1
X —— - ” . (A.6)
(pQ-k:—hq';qk—ie y - ko et +i5)
The soft expansion for small h|q| reads

D 6 oo de; 1 h’q| ni+n2
In k

8h2 mZOnZ / 2P K2k +ug)? \ 2 0

R
(p1-k+ie)m+l  (pr-k—ie)mtl ) \(p2 - k —ie)2tt  (po - k+ig)m2tl )’ '

We now rewrite 2ug - k = (k +ug)® — k* —u2 = (k + uq)® — k* + 1. Since, as explained

above, we can neglect the tadpoles in dimensional regularization, we can replace uq - k by

1/2 in the previous expression, and reduce each integral in a basis of four master integrals
of the scalar box, the scalar triangles and the bubble (but we neglect tadpoles as usual):

/ dPk 1
(2m)P (p1 - k)t (P - k)2 FE2 (K 4 ug)?

= By e, 7 0) [ :
= P mz 8L 9) [ D G Gy - K2 (k + ug)?
dPk 1
| i) [
+ Ty o (M1, M2, g, ) (2m)P (p1 - k)k2(k + ug)?
dPk 1
: o) [
+ Ty np (M1, ma, hlql, o) 2m)D (2 - k)k2(k + uy)?

dPk 1

2m)P k2(k 4 ug)?’
where B, 7', 72 and C are real rational functions of my, ma, h|g| and o. Since the bubble
integral is purely imaginary this term cannot contribute to the real part of the integral.

+ Cn17n2 (mla ma, h@, U) / ( (AS)

Using LiteRed [47], we observe® that for all ny and ny we have 73, 5, =Ton, 1120,01 =
0 with ¢ = 1,2. This implies that the triangle master integrals contribute only when n;
and ng are of different parity. In that case, the sum of s and u channel in the box in (A.7)
implies that the integral has one delta function, leaving an integral of the form

APk 1
z/ oD 2 s a2 (A.9)
m) k2(k + 1q)

which is obviously imaginary.

®This has been checked to high order in |g|*.
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We therefore conclude that only the box master integral contributes to the real part
of Ig. This box master integral reads

10 s s (M e
ID|b0x = - 78}12 Z Z Bnl,”Q

n1=0n92=0

D _1\n1 __1)\n2

X/dk 1 <_(1)’__ 1 >(_ 1 ’__(1)‘>. (A.10)
Q)P E2(k+ug)? \p1-k+ic p1-k—ic) \p2-k—ic po-k+ic

We next make that for x real,

1
x £ e

= p.w.(z) Find(x) (A.11)

where £ > 0 and p.v.(x) is the principal value. This implies that for = real we have

1 1 1 1
= 2p.v.(x); - — = —2i7d(x). A12
x+z’s+x—z’5 p-v-(2) x+25+:r—25 imo(x) ( )

We now remark that for both  and y real,

<1+1><1+1>_<1 1)(1 1)
r4ic x—ic) \y+ic y—ic) \x+ic wx—ic) \y—ic y-+ic

2 2
+ . — + - — -
(x +ie)(y +ie) (x—ie)(y —ie)
Applied inside the box integral the last terms on the right-hand-side lead to an imaginary

(A.13)

contribution. We therefore conclude that the real part of the box contribution is given by

Fin = hl*! dPk  5(p1 - k)o(pa - k)
R(Io) = — B | x / . .
e (E2 e s
(A.14)
Which is the soft expansion of the box integral in terms of the velocity cuts of [20].

We remark that this expression indeed is the soft small |g| expansion of the one-loop
unitarity one-cut of the massive propagators

1, P61 APk 5(2p1 -k + k2)6(—2ps - k + k)
R(In) = — =I5 ™ = —= / : A.15
( D) 9 0 252 (27T)D_2 k2(k—|—uq)2 ( )
Using LiteRed [47] to high orders in |7|*> we conjecture that
- 25" [[7_o(D — 3 — 2j)
(=1)"Bm,2n-m = . (A.16)
mz::o - 3)((p1 p2)? — pip3)"

We have checked this expression by evaluating the expression up to and including n = 12.
Performing the sum,

n D=5
Z H ( ) ( R2|g|%s )  D-3 <1+ h?|g|%s ) 2
=020 4((p1 - p2)* — p1P3) 2 A((p1-p2)? — mim3) ’
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and we thus finally obtain the full real part of the box integral in the soft expansion:

—»|D—6

Jl-cut _ i (1 + R?|g|*s )D25 / dPk  5(p1 - k)d(pa - k) (A.18)
N 4R 4((p1.p2)* — mim3) @m)P=2 K2k +ug)? '
Noting that (p1 - p2)? — mim3 = m3m3 ( - lq 2) and finally evaluating the re-
maining bubble integral we have thus established that the cut part of the box integral is
given by
~ D—6 D 2 2
d“k 0(2p1 - k+k°)0(—2p2-k+Ek
Iéfcut _ |g‘ / ( P1 + ) ( P2 + )’ (Alg)
h2 (QW)D—Q k‘2(/€ + uq)Q
D . 4=D - (p-4\?p (6-D
e (s () ()
4h2mimavo? — 1 dmim3(o? — 1) (4m) 7T T(D — 4)

A.2 The two-cut part of the double-box integral

Having gone through the derivation of the one-cut part of the one-loop box integral in
such great detail we can be brief regarding the corresponding two-cut (or four velocity cut)
computation of the doubly iterated tree in momentum space. We define

2ot — 1 /dthDb §((p1 — 1) —mP)d((p2 + 11)? — m3)

~ h2D-T ) (2)2D—4 Bl + 1l — q)?
_ _ _ 2
e 12— q)? ml)g((pz lo+¢)* —m3) (A.20)
5
Using p-coordinates and neglecting the [ terms (for the same reason given above)
12 cut 1 / lelleg (5(—2]31 i —q- l1)5(2ﬁ2 i —q- ll)
- R2D-T | (2r)2D—4 Bl + 1l — q)?
291 1o — @ - — 9% - 1o — g -
« 6(2p1-la —q-12)0(=2p2-la — g 12). (A.21)

5
The soft series expansion leads to

leld l2 q ll)n1+n2(q 52)n3+n4
IQ cut __ /
oa (2271. 4h2D 7 Z Z Z Z 2ﬂ. 2D—4 l%l%(ll+l2— )

n1=0n2=0n3=0n4=0

1 1 1 1
X ((2p1 . ll — i&)nlJrl B (*2]51 . l1 +i5)n1+1> <(2p2 . ll — ié)n2+1 - (2]52 . l1 +i5)n2+1)

1 1 1 1
% ((2]51 o — iE)”3+1 B (2]31 o+ iE)"3+1> <(—2ﬁ2 o — i&‘)"4+1 B (—2]52 o+ iE)"4+1> )
(A.22)

Computing the two first orders in |¢'| with LiteRed [47] gives

e — (1 (3+4¢)|7]%s 1 /lellez 6(p1-11)0(p1-12)d(p2 - 1h)d(p2 - l2)
12m?mi(c2 —1) | 16h2P-7 | (27)2D—4 B2 + 12— q)?

+O(|7]'7)  (A.23)

- 21 —



which is evaluated to
pe <1 (3 -+ 4)°[g%s !

- 2,2(,2 _ > 72152
L2mims(0® =1) ) 161 <m§mg(gz _py P > P

[(—)30(1 + 2¢)

)2 2T (—3e) +0O(7"%). (A.24)

Finally expanding also the ¢? of the denominator this gives the result quoted in the
main text.
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