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1 Introduction

The Post-Minkowskian expansion of Einstein gravity is arguably one of the most fertile
areas in which to apply modern methods of amplitude calculations [1-4]. Being based
solely on an expansion in Newton’s constant G, results are valid at all velocities and
are thus effectively re-summing an infinite number of terms of the perhaps more familiar
Post-Newtonian expansion. Progress has been very rapid and first results for the con-
servative part of the interaction Hamiltonian are now known to both third and fourth
order in the Post-Minkowskian expansion [5-8]. These computations are firmly rooted in
established quantum field theoretic methods, be they phrased in terms of effective field
theory matching [4] or, equivalently, in terms of the standard definition of a two-body in-
teraction potential from the iterated solution of the Lippmann-Schwinger equation, which
quantify exactly what is commonly known as Born subtractions [9]. The conservative
part of the scattering to third Post-Minkowskian has also been confirmed in the frame-
work of the world-line approach [10]. A remarkable relationship between the relativistic



two-body kinematics and the iterated solution to the Lippmann-Schwinger equation leads
to explicit formulas for the scattering angle in terms of the coefficients of the relativistic
two-body potential [11-13], in a sense thereby solving the problem of kinematics of the
relativistic two-body problem in general relativity by means of quantum field theory and
amplitude techniques.

The puzzling aspect of an ill-defined high-energy limit of the conservative part of the
two-body interaction Hamiltonian at third Post-Minkowskian order [6] has recently led to
surprising new insight into the relationship between the two-to-two gravitational scattering
amplitude and general relativity [14-17]. From the amplitude point of view, refs. [14, 16, 17]
have shown how certain classical terms of the two-loop scattering, that are not captured by
a limitation to the so-called potential region of the loop integrals, restore a well-behaved
high-energy behavior. This picture has been understood directly from general relativity in
terms of gravitational radiation reaction [15]. Indeed, in the low-energy limit the new terms
give rise to half-integer powers in the Post-Newtonian expansion and thus belong to effects
described by radiation. By using the formalism of ref. [18] a direct computation of the
radiated momentum to that order leads to the same result for the scattering angle [19, 20]
(see also [21]).

A natural language for the calculation of the scattering angle of two black holes in
general relativity is the gravitational eikonal. It relies on the exponentiation of appropriate
terms of the S-matrix in the small-angle limit of the involved semi-classical field theory
amplitudes. Exponentiation has been proven to all orders for Einstein gravity at both
leading Post-Minkowskian counting [22] and next-to-leading order for equal masses [23]
(generalized to different masses in ref. [3]). This powerful framework has led to the famous
prediction for high-energy gravitational scattering by Amati, Ciafaloni, and Veneziano [24]
and has recently been explored and extended in numerous directions [14, 16, 17, 25-31]. Al-
though the eikonal formalism is used to derive the classical scattering angle, an interesting
feature is that also an in principle infinite number of super-classical terms (corresponding
to inverse powers of /) must be computed as well in order to confirm the exponentiation
of the amplitude in impact parameter space, a phenomenon that ultimately must follow
from unitarity alone [31]. Moreover, an intricate interplay between classical and quantum
pieces of the amplitude conspire to provide the correct classical scattering angle at any
given order in the Post-Minkowskian expansion.

Crucial to the argument of refs. [14, 16, 17] is a remarkably simple relation between
the divergent part of the imaginary part of the amplitude and the finite real part of the
radiation-reaction contribution. In maximal supergravity, this relation has recently been
explicitly confirmed from the two-to-two scattering amplitude [32] as well as from the
radiated momentum calculation [20]. Extended to general relativity, the entirely different
approach of ref. [15] should leave little doubt that this relation holds in Einstein gravity as
well. Nevertheless, an explicit confirmation from a full amplitude calculation seems needed
at this stage. The purpose of the present paper is to fill this gap and, hopefully, provide
some further insight into the result. We shall employ the method recently described in
ref. [32]. The idea is to organize the integrand of loop amplitudes in subsets that naturally,
due to the ie-prescription of the Feynman propagator, combine into delta functions over



momenta in a manner reminiscent of eikonal calculations [22] and which have earlier also
been used to simplify the evaluation of some of the involved loop integrals [6, 21]. Imposing
these delta functions lowers the dimensionality of the integrals in a covariant manner. A
second advantage of the method of ref. [32] is that it significantly reduces the number
of master integrals that need to be known. This was obvious in the case of maximal
supergravity and, as we shall demonstrate in this paper, this holds in Einstein gravity as
well. No new master integrals are needed as compared to the supergravity case [32]. In
the end, we believe that we here for the first time compute all terms of the gravitational
scattering amplitude of massive objects that are needed to obtain the classical scattering
angle to third Post-Minkowskian order. Simultaneously, we hope that this can help paving
the way for more efficient evaluations at even higher orders. We also explicitly confirm the
relation between the divergent imaginary part and the real part of the radiation-reaction
piece that was put forward in refs. [14, 16, 17].

2 Einstein gravity at two-loop order

Our starting point is the Einstein-Hilbert Lagrangian minimally coupled to two massive
scalar fields:
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Here, R defines the Ricci scalar and g is the determinant of the metric: g, () = 1w +
V321G yhyw () expanded around a Minkowski background, diagn,, = (1,-1,—1, —1).

We consider here the two-to-two amplitude with p; and ps denoting incoming momenta

and p/ and p), outgoing momenta such that p? = p,* = m? and p2 = p)> = m2.

We work in the center of mass frame and our conventions for the kinematical invari-

ants are:
1 P2
s=(p1+p2)? = (0L + ph)? = m} + md+ 2mimpo, o= 2 (2.2)
mimeg
t=(—p)’=@h—p2)* = =—-q°, (2.3)
and
u=(p1—ph)? = Py —p2)?, (2.4)

so that, as usual, s gives the center of mass energy, E% > and t is the transferred momen-
tum. The classical limit is extracted by sending i — 0 and keeping ¢ = ¢/h fixed.



The two-loop amplitude we evaluate below is composed by a piece coming from the
three-particle cut with only gravitons propagating across the cut
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and another piece from the self-energy and vertex correction contributions given in section 4
Ma(o,4%) = M5 (0,¢%) + My~ (0,¢%). (2:6)
The three particle-cut is defined in D = 4 — 2¢ dimensions as
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which involves the five points tree-level amplitudes given in the appendix A. The sum
is over the helicity configuration A; of the gravitons across the cut. We only keep the
cut-constructible part of the two-loop amplitude.

The three-particle cut gives both the conservative part of the classical potential plus
some of the radiation-reaction pieces. A few self-energy and vertex corrrection diagrams are
needed to get the full radiation-reaction term. Based on the & counting in eq. (3.6) of [32]
it is clear the one needs a least two massive propagators to get a classical contribution to
the amplitude. By inspection of the possible topology of the Feynman graphs we conclude
that the three-particle cut contribution, the self-energy and vertex corrrection diagrams
are the only one contributing to this order.

3 Contributions from the three-graviton cut

The important difference with the maximal supergravity computation in [32] is that the
two-loop amplitude involves integrals with non-trivial numerators and with more topolo-
gies. Using a partial fraction decomposition of the tree-level amplitudes with respects to
the linear propagators p; -l; and ps - l; with ¢ = 1,2, 3, one can reorganise the three-particle
cut into five distinct topologies that will contribute to the classical result

M3™M0,¢%) = M57 + M+ MP” + M5+ MP + MY+ M55, (3.)



Pl P P Ph
p1 P2 p1 D2

Figure 1. Double-box and crossed double-box diagrams.

with the result
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The expressions for the numerator factors of each of these integrals are given in ap-
pendix B. The double-box integrals M5 are evaluated in section 3.1, the box-triangles
MsE and M5> are evaluated in section 3.2, the double-triangle integrals M5 and M35®
are evaluated in section 3.3, the H-diagram contributions M4’ are evaluated in section 3.4,
and the box-bubble contributions M5° are evaluated in section 3.5.

3.1 Double-box contributions

The double-box contributions arise from the sum of Feynman graph topologies given in fig-
ure 1. We provide the numerator factors in appendix B. Performing the tensorial reductions
with LiteRed [33], we find that the double-box contribution has the expansion

M5 (0, ¢%) = 40963 G3mim3 (202 — 1)2<m1m2(202 — 1) (Js + Jy) — 60h%|q|* T,

+ 80h21g|2jg{). (3.3)

The sum of the integrals J; + J,, has been evaluated in section 4.3 of [32], and the integral
Ju in section 4.2 of [32].



Evaluation of the integral Jévjp . This is a new contribution that did not appear in
the maximal supergravity computation of ref. [32]. It reads (with D = 4 — 2¢)
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where we have scaled the loop momenta I; — hl;q as in [32], and defined p; = p1 + g,
P2 = P2 — %ﬂ and ¢ = |qlug with ug =-1.
Using the definition of the delta-function as a distribution
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the above expression can be written in terms of delta functions:
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We can therefore express the sum of all the double-box terms in Einstein gravity in
terms of integrals with delta-functions exactly as in the corresponding computation for
maximal supergravity [20, 32].

Using LiteRed [33] we expand this expression on the master integrals used in [32] (see
appendix D for a summary of the results)!
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Next, using the evaluation of the master integral Z, (o) in section 5.2 and Zy(o') in section 5.7
of ref. [32] we have
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The double-box. Summing everything, the double-box contribution is given by

1

[mm
MQ (O-,q2) = |q‘46

(M5 (0,07 + M;7 7 (0,6%) + M7V (0,67 + O(m)), (3.9)

The tensorial reduction is done after having localised the integrals with the delta-function insertions.
The tensorial reduction is then performed on the D — 1 dimensional integrals.



where the superscript indicates the order of A, with the leading term
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The first sub-leading piece is
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and the classical term, when written at leading orders in €, is

2
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The first and the second lines agree with first quantum correction to the one-loop box as
given in ref. [27]. These pieces are needed for the exponentiation of the eikonal phase to
two-loop order. The last line is the radiation-reaction term. We have written it compactly
in terms of a o-derivative. Notice that in Einstein gravity this term is

(202 B 1)2 d ((202 — 1) arccosh (0)) ’ (3.13)

do o2 —1

whereas it is

(202)2 % (202 arccosh (a)) 7 (3.14)

o2 —1

in maximal supergravity. The difference is due to the exchange of the dilaton field in the
latter theory.

3.2 Box-triangle contributions

The box-triangle contributions are given by the sum of Feynman integrals topologies given
in figure 2, together with the mirrored ones with the graviton line attached to the other
scalar line. The numerator factors are again provided in appendix B. Using LiteRed [33]
for performing the tensorial reduction, and after evaluation of the various integrals, this
contribution expands into

M5 = 7 |46 (MZD + MY o). (3.15)

2For certain terms we keep € in the exponent for reasons that will become clear below.
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Figure 2. Box-triangle graphs.
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Figure 3. Double-triangle graphs.

There is no contribution of order 1/h3. The leading order in the A expansion is

(- i6m2G3,mim3 (202 — 1)(1 — bo?)(dme VE)2€
M2 ( 2): N1 2(6 J _)(h2‘q’ )( ) —|—O(60), (3.16)

and the classical term is
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The symmetric contribution M35 is simply obtained by the exchange of m; > ma.

3.3 Double-triangle contributions

The double-triangle contributions are given by the sum of Feynman integrals topologies
given in figure 3 together with the mirrored ones with the triangle attached to the other
scalar line. We give the numerator factors in appendix B.

We again use LiteRed [33] for the tensorial reduction. Applying also the identity
in (3.5) we obtain the delta-function representation

M — 1287r5GNm1m2(100 — 1) / dD_llldD_llg 5(]51 . 11)5(]51 . 12)
2 hilg|*e (2m)2P=2 BI3(1y + 12 + ug)?’
27TGNm1m2(100 —1)(4me7E)2%e
6‘g]46h , (3.18)
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Figure 4. The H diagram.

and the symmetric triangle

w 2rG|g| " m3m3(100? — 1)(4me )%
2 elglh ’

(3.19)

Notice that the double-triangle integrals start contributing from the classical order in the
h — 0 limit.

3.4 The H-diagram

The H-diagram integral is the ¢-channel integral similar to the one evaluated in sec-
tion 4.1 of [32] but this time with tensorial numerator factor. Reducing the numerator
using LiteRed [33] we get the expression

2567T3GNm1m2 (4(1+20 )I 40’\/02—1I )+ (202 —1)2

H_ _ -
My = Vo2 —1|g|%hn A 2(0) 3 a(o 2¢h
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(3.20)
Using the evaluation of the master Zy(o) and Z4(¢) in section 5.2, and Zg(o) in section 5.6
in [32] we obtain

8T Gy mim3 (4me1E )2
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Notice that the H-diagram integral starts contributing from the classical order in the iz — 0

M= ((3+ 1202 —40%) arccosh(o) — 4oV 02 — 1)+ O(R°). (3.21)

limit. The full H-diagram has recently been considered in ref. [34].

3.5 Box-bubble contribution
After tensorial reduction we find for the box-bubble numerator,

i2G{mim3(20% — 1)(1 + 5220°) (dme18)2
15¢2v/02 — 1|g|*h

which also contributes from the classical order in the A — 0 limit.

M5G° = + O(1Y), (3.22)

4 Self-energy diagrams and vertex corrections

So far, all parts of the amplitude have followed from the three-graviton cut alone. This
includes pieces that belong to both the conservative part and the radiation-reaction part.
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Figure 5. The box-bubble diagram.
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Figure 6. Self-energy diagrams s-channel with the graviton line attached the one scalar line.

To get the full set of radiation-reaction contributions, we finally have to compute the
two-loop integrals of self-energy and vertex corrections for the massive lines that have
not been included in the three-graviton cut. These contributions are not present in the
maximal supergravity amplitude because they are subleading in hg. In that case, the
radiation-reaction contribution is solely given by the contribution in (3.14). They each
have seven massive propagators (diagrams with fever propagators do not contribute to
the radiation-reaction, as they are subleading in €). There are four independent seven-
propagator diagrams listed in figure 6 in the s-channel with a graviton line attached to the
scalar line with mass my. There are four equivalent diagrams with the graviton propagator
attached to the other scalar line with mass ms. There are as well eight corresponding
diagrams in what we can call the u-channel (corresponding to the crossed box).

The four associated integrals are

dPldPl,  mim3(20% — 1)? + 2mfm3 (202 — 1)?|hg/?

2m)2P ((pr — 11 — 12)? —mi +ie)((p1 — 12)? — mi + ie)
1
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with the numerators keeping only contributions that have weight mj in p because the other
contributions are leading to vanishing contributions having at least two delta-functions
on p1 - | propagators. As well, only the part of the numerator that is independent of
the loop momenta contributes to the classical piece in the e-expansion. Summing all the
contributions

Mgp = —21673G3, Z (T3 + Jgp) + (m1 < ma), (4.5)

the self-energy contribution is proportional the master integrals Z5 (o) evaluated in section 5
of [32] (see appendix D for a summary of the results)

_ 14087°GY{mim3(20* — 1)
363‘ /g2 — |Q|4€h
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]
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5 The two-loop amplitude and the eikonal phase

Summing up the three-particle cut and the self-energy diagrams and vertex corrections, we
obtain for the total amplitude

ﬂ@@@)‘WJMQ(A@+M¥WMW+N§WM@+OWD7 (5.1)

with the super-classical pieces

8rGRmimi(202 — 1)3T(—€)3T(1 + 2¢)
3h3lq (0% — 1)(4m) >T(=3¢)

M (o, ]4)) = — (5.2)

6im2 G (my + ma)mim3 (202 — 1)(1 — 502)(4we718)%e

(-2) _
My (o, lq]) = evo? —1h2q|

+0(%),  (5.3)

- 11 -



together with the classical term to the order 1/e for the real part and 1/€ for the imaginary

terms
M(fl)(o_ q]) = 2 G (dme B )26 mim3 [ s(20% —1)3
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The last line gives the radiation-reaction contributions
M ( ‘ ’) ’ 4G (dme ) mimd (207 — 1) ( ~1 )
2 %14 Ra - he? | 4( —1)
" 1 n_d d ( (202 — 1) arccosh(o) ' (55)
do o2 —1

The —11/3 comes solely from the self-energy diagrams of section 4 and the derivative term
from the double-box diagrams of section 3.1. The real and imaginary parts of this term
clearly satisfies the relation conjectured in [16, 17]

limeRe (5.5) = — lim 7 Im (5.5). (5.6)

e—0 e—0
5.1 The amplitude in b-space and eikonal exponentiation
The amplitude is b-space is defined by

1 dP—2g

(2m)D—2 @b 5.7
TEon P Jup-» (o2 M2 (P P21 P)E, (5.7)

./(/lvg(a, b) =

where 4F. P = 4mimovo? — 1 and Ecpy, = /s.
The two-loop amplitude in (5.1) naturally decomposes as follows after Fourier trans-
form to b-space

N 3 — e —
My(o,b) = (M< Y(o,0))" + M (0,0) (MT" (0, 5) + MP(0,1))
+ MS(0,b) + O(RY). (5.8)
We note the following identifications, observed already at the level of diagram topologies:

M (0,0) = — (MTV0,0)”,
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MG (0,b) = iMS (0, ) MO (0, b) + M5° (0, ), (5.9)

where
GNm1m2(2(72 — 1)F(—€)

N(fl)(
0% —1h

o,b) = (mb?), (5.10)

is the first Post-Minkowskian contribution.

The various pieces from the one-loop amplitude M are detailed in appendix C. In
the above expressions, //\/vl?(o) (0,b) is the Fourier transform of first quantum contribution
from the one-loop boxes in (C.8), Mi(fl)(a, b) is the Fourier transform of the classical
piece from the one-loop triangle in (C.14) and /K/lv'i(o) (0,b) is the Fourier transform of the
first quantum correction from the one-loop triangle in (C.15) (likewise for MT(_I)(U, b) and
M?(O) (0,b)), and finally /K/lvi(o) (0,b) is the Fourier transform of (C.19).

It is striking how the above factorizations arise within graph topologies. This will be
explained in section 5.2 below.

Collecting the classical and the leading quantum pieces of the one-loop amplitude as
in (C.20), we obtain after Fourier transform to b-space the classical piece

. 37TG%V(WL1 + mg)m1m2(502 — 1)

M (o,b) = T (mb%e7E)% + O(e), (5.11)

and the leading quantum correction

oy - R

ies(202% —1)?
R

72 (5.12)

mims 1—4902 +180*  20(20% —1)(60% — 7) arccosh(o)
7'('(0'2—1)% 15 0% —1 .

The first and the last term in this expression matches the one derived in [27], the second
term arises from the contributions of the triangle and bubble in the Einstein gravity one-
loop amplitude as detailed in appendix C.3

3We note that the static limit of the second line matches the quantum correction to the one-loop
amplitude evaluated in [35, 36]

lim 1 (1 — 4902 +1806*  20(20% — 1)(60% = 7) arccosh(a)) 41
107

o1 2(0% — 1) 15 a o2 —1
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Finally, we have defined the classical third Post-Minkowskian contribution®

M5"(0,b) = M5™ (0, b) + M5” P (0,b) + M5” (0,0)

+ M;Kl CL + M;D CL + j\}l/é{ CL + M/gE ClL + Mvglo CL(O_’ b) (513)

_ Gimama(mb?erE)? (3(20% — 1)(50% — 1)s s — 2mymao
Vo2 -1 202 — 1) 2

1 4 341202 — 40 h
— gmimao (103 +20°) + myma(3 + 120 2 ;7 ) arccosh(o)
O' J—

 2imimy(20” — 1) (4( -1 ))6 ( 11 d ((202 - 1)arccosh(a))>>7

(1802 — 1)

mevo? —1 o2 -1 3 ' do 02 — 1

the last line of this expression is the radiation-reaction part which matches the result of [17].

5.2 Relation to the world-line formalism: velocity cuts

As we have remarked earlier, the two-loop amplitude can be organized with integrals involv-
ing delta functions as in our earlier case of maximal supergravity [32]. There is a simple
correspondence between the order in the A expansion and the number of delta-function
insertions. Namely, symbolically we have the following pattern of delta-function insertions

_ 1
Mg KRN h;gqg/(s(pl 11)0(p1 - 12)d(p2 - 11)d(p2 - l2), (5.14)

M~ ,;q / ((p1 - 1)3(p1 - 12)6(p2 - 1) + 8(p1 - 1) (p2 - 1)8(p2 - 12))

M5~ % (0(p1 - 11)d(p2-11) +6(p1 - L1)o(p1 - 12))
+ %/(5(171 11)0(p2 - l2) + 0(p2 - 11)6(p2 - 12)) - (5.15)

We remark that only the inverse powers of A can be localised using delta-functions. The
quantum contributions, starting from the order AY, are not reducible to D — 1 dimen-
sional integrals.

Because the delta functions project loop momenta onto external momenta, and hence
external four-velocities, we shall call the action of such delta functions wvelocity cuts. They
are not true D-dimensional cuts but they share many features with genuine cuts, especially
after Fourier transformation into b-space. Indeed, these velocity cuts do not decouple the
integrals in momentum space but certain parts of them lead to factorized forms in b-space.
This amplitude factorization is important for the exponentiation of the eikonal phase. As
will be explained next, we can readily follow the diagrammatics of this factorization in
b-space by tracing out how the cuts are distributed. We indicate a velocity cut by a red
dashed bar across a massive line.

4The classical part //\‘/@O Cl'(a, b) vanishes and does contribute to this result. The amplitude
/T/Eo(fl)(a, b) is only needed for the eikonalisation of the two-loop amplitude as shown in eq. (5.16).
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For instance, two velocity cuts (i.e., two delta-function insertions) in the following
diagram

will in b-space lead to the product of the tree-level amplitude and a one-loop bubble integral,
so that the integral becomes

oD Z( _ Gymimy(20* — 1)(7rb2)6> y (G%lemQ(l + 522a2)(7rb2)26)
2 ho? —1 15mb2\/o? — 1
= iM{ 7 (0,b) x MO (a,b), (5.16)

since /K/IVQDO Cl(0,b) vanishes because the two velocity-cuts are taken regarding the same
internal momenta.

Two velocity cuts of the box-triangle integral in figure 7 lead, after a Fourier transform
to b-space, to a product of the tree-level amplitude and a triangle integral in exactly the
same way,” plus an extra term contributing to the eikonal phase. As one final example,
let us consider two velocity cuts in the double-box integral in figure 8. After a Fourier
transformation to b-space, this leads to the product of a tree-level amplitude times a one-
loop box, in addition to the extra pieces shown.

This graphical interpretation of the action of the delta functions also has another ad-
vantage that we wish to explain. In ref. [3] we showed how to relate the second quantized
field theory analysis to that of the world-line formalism. In the conservative sector and
when integrals are evaluated in the potential region only, this connection arises from ex-
tracting the residues of the time-components of the loop momenta. The velocity cuts that
we have illustrated in this two-loop calculation can be viewed as a covariant generalization
of that reduction in dimensionality of the loop integrals. For an n-loop amplitude the most
important set of graph topologies in this respect is that of just n massive propagators.
When we apply velocity cuts on such graphs all massive propagators will have been acted
upon and what is left can be reinterpreted as external sources after a Fourier transform. In
figure 9 we draw those two-loop topologies which correspond to just two massive propaga-
tors. As each velocity cut removes one loop integration and effectively reduces the matter
line to two external sources we denote them by blobs in the same figure. The remaining
three-dimensional integrals are what appear as a spatial Fourier transform in the world-line
formalism. One of these integrations can be taken to represent the parametrized world line
and the remaining two integrations are analogous to the transformation into b-space.

5In particular we see the correspondence between the first line of (3.17) and the quantum correction
from the one-loop triangle in (C.15).
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Figure 7. Velocity cuts of the box-triangle diagrams.

Recently, Kélin, Liu, and Porto [10] (see also refs. [37-39]) have shown how to derive the
conservative part of the Post-Minkowskian scattering angle to the third Post-Minkowskian
order considered here. The diagrams needed are precisely those listed in figure 9. There
are obviously many other diagrams contributing to the (conservative) classical part of
the full amplitude but those that factorize do not contribute to physical observables and
are eliminated by either the Born subtractions, or the effective field theory matching,
or the eikonal exponentiation, depending on which framework one prefers. Indeed, the
world-line formalism works at the level of the effective action and hence lives already in
the exponent, without any need of subtractions. This still leaves certain terms left over
after the factorization and those diagrams (which still have un-cut massive propagators
because they stem from topologies with, for n-loop graphs, with more than n massive
propagators) do not appear to have a simple diagrammatic interpretation in world-line
language, although they are of course there. Graph topologies corresponding to radiation-
reaction contributions also have more than n massive propagators and will therefore also
not immediately be amenable to this kind of world-line interpretation. It is interesting
to note that the recent calculation of the conservative part at fourth Post-Minkowskian
order [8] is organized along similar lines of the exponentiated action and it should therefore
match quite directly to the world-line formalism at that order.
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Figure 8. Velocity cuts of the double-box diagram.
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The correspondence between our present computation and the calculation at the same

order in the world-line formalism appears to run deeper than this. Indeed, the basis of
integrals used in ref. [10] coincides with ours, through the following translation table: the set

{Ii1111, 11211, Lo1o1, 11011, Loo211s Zoot12, Loot11 }

of eq. (16) in ref. [10] corresponds to

0,0,1,1,1,1,1 +0,0,1,1,1,1,2 +0,0,0,1,0,1,1 +0,0,1,1,1,1,0 +0,0,0,0,1,1,2 ,0,0,0,1,2,1 70,0,0,0,1,1,1
{T A A A A 70 A 1,

in our notation of equation (5.10) in [32]. This basis of master integrals suffices for the part
of the conservative sector that is immediately translatable into those velocity cut diagrams
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Figure 9. Correspondence with world-line diagrams.

that have matches to standard world-line diagrams. We note that Z000L0L1 — ( ig set
to zero in the analysis of [10, 21], and indeed it only contributes to the radiation-reaction
terms. In ref. [10] two more basis integrals were needed. They were denoted by

(1,2) (1,1)
{ M1 111000 M1111100)
in eq. (18) of ref. [10] and they correspond to our remaining two
{1-1,1,0,0,1,171’1-1,1,0,()71,1,1(J — 1)},

from ref. [32]. This demonstrates explicitly the one-to-one match of the two bases. It is
as expected for the diagrams for the conservative sector since we have seen the translation
table between graph topologies. But as we have shown here, just the same basis of integrals
also encapsulates all radiation-reaction parts. Since the basis of master integrals contains
also the crucial terms from what is known as the soft region of the integrals, it does suggest
that radiation reaction also has a natural interpretation in world-line language. At higher
orders in the Post-Minkowskian expansion we expect the corresponding choice of a minimal
basis of master integrals to be quite crucial in order to simplify calculations.

5.3 The scattering angle

We can now evaluate the eikonal phase at third Post-Minkowskian order. The classical limit
of the two-loop two-body scattering in (5.8) takes the form needed for the exponentation

~ 18 —



of the classical third Post-Minkowskian eikonal in (5.13)
N 2
143> My(o,b) = (1+2iA(0,b)) exp (Z 3 61 (o, b)) . (5.17)
h
L>0 L>0

Thanks to the factorized form of the two-loop classical contribution in (5.8) we have the
first Post-Minkowskian eikonal phase

202 — 1
So(, b) = 2(5.10) = GN”;% ) (rb2e7 Y 1+ O(e), (5.18)

the second Post-Minkowskian eikonal phase

h 2 2 1

and the third Post-Minkowskian eikonal phase from the real part of the third Post-
Minkowskian amplitude

h G3mama(mb?e7E)3¢ (25(120% — 1002 + 1)
d2(0,b) = B Re (5.13) = TN R (5.20)
dmimeo o 4mima(3 + 1202 — 40%) arccosh(o)
- — (25414
3 (25 + 1407) + =

N 2mima (202 — 1)? 1 ( 11 d ((202 —1) arccosh(a))))

2—1  (4(02—1)) 3 T do o2 _1

And the leading quantum corrections at one-loop
2A; = M (0,b). (5.21)

The third Post-Minkowskian order scattering angle is then obtained as

002(0,b
sin <X> —— v 2(0,0) (5.22)
2/ 1sPM mgmovVe2—1 Ob
giving
(X _ GXs (3207 -1)(50%—1)s
- <2> ’3PM - b¥(0%-1) 2(02-1) (5.23)
mi +m3 _mama dmima(3+ 1202—404)arccosh(a)

- (1802 —1) o(103+20%) +

2 02—1

2mima(20%—1)? 1 11 | d /(20%—1)arccosh(o)
gt (i (BT o

Using the definition of the angular momentum

Vo?—1
J="T1VT T 2 o8 (X) , (5.24)

NG 2
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we obtain for the scattering angle at the first and second Post-Minkowskian order
QGNm1m2(202 —1)

X1PM =

9

JvVo? -1
3nGEmim3(my + ma) (502 — 1)
= 5.25
X2PM = 472\/5 ) ( )
and at the third Post-Minkowksian order we obtain
X3PM = X3PM + Xobar, (5.26)
with
. 2G3mim3 (6405 — 1200 + 6002 — 5)
X3PM = 3
3J3 (02 —1)2
ng}g\/a <a(—25 40?4+ 3(3+ 1202 — ;104)1arccosh(o))’ (5.27)
o2 —

from the first and the second line of (5.20), matching the expressions in [2, 5, 40]. And the
radiation-reaction part from the third line of (5.20)

Rad. _ AG{mim3 (202 — 1)° 1 < 11 d <(202 — 1) arccosh (0)))

XaPar = T35 A—\ 3 a o

(5.28)
This expression matches the results of [15, 16, 20].

6 Conclusion

Using the integration method proposed in ref. [32], we have evaluated the two-to-two
massive scattering amplitude of two scalars in Einstein gravity, keeping all terms that
are needed to compute the classical scattering angle at third Post-Minkowskian order.
The expansion is ordered as a Laurent expansion in A, but can also be broken into pieces
corresponding to the conservative sector and additional pieces that have recently been
identified as radiation-reaction contributions. Our results have confirmed all aspects of the
recent work in refs. [14-17].

An important simplification of our calculation stems from the fact that the same small
basis of master integrals that recently was used to solve the corresponding problem in
maximal supergravity [32] can be used in Einstein gravity as well. Similarly, the reduction
of dimensionality in the integrals due to a specific grouping of integrands works in Einstein
gravity just as it does in maximal supergravity. This gives us the link to the world-
line formalism through what we have dubbed velocity cuts. We anticipate that these
simplifications apply to higher orders in the Post-Minkowskian expansion as well.
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A The five-point tree amplitude and the three-graviton cut

To compute the cut integral, we need the five points amplitude where a massive scalar
emits three gravitons. The result for these contributions is obtained by computing the tree
amplitudes using Feynman diagrams, and was confirmed using the double copy relations
(see [41] for a review) from the QCD amplitude of the emission of three gluons from
a massive scalar [42]. This amplitude can be put in a simple form using the helicity
formalism (see [43] for a review), and subsequently considering the two independent helicity
configurations [44].

The singlet amplitude.
3
iMolpr, 1 1 1) = —— )2 LALHCRL iR S Bty
(i 12)* (11 13)* (I 13)° 1<itj£h<3 (P - L) (p1 - 1)
(A1)

with iMo(p1,p},17 15,15 ) obtained by complex conjugation. The singlet amplitude is the

one given in [45]. This amplitude vanishes when m; = 0.
We have defined

tre(abed) =2(a-bc-d—a-cb-d+a-db-c)+£2ie""a,b,cpds. (A.2)

The non-singlet amplitude.

3 2 3
. _ 2rG )2 (Lilp|ly] (P17 (k]
iMo(py, 15 1 1) = GTEN)? YA
o(p1, P 1592593 ) 2 zg]%;ggs (l1 ; <ll 1) (Iy - lj)(ll . lk)(p1 . ll)(pll . lj)

B CUAPUVALS
(lilo) (I l3) (I - I2) (I - 13)(p1 - L2) (0] - 13)
2 [l I3] (1 |p1|l2] (T lpals] (alpalpy|la)?
(ll) (lals) (2 13) (1 - 12) (1 - I3)(p1 - 1)

2 [l2 13]* (L |pa [P} 1) )
(I ?3;(11 -112)1(l11- l;)t) + e —p), (A.3)

with iMo(p1, pj, lf, l5,13) obtained by complex conjugation. The advantage of these ex-
pressions is that they keep track of the symmetry regarding p; and —p} exchange, and
regarding the internal momenta [, 5 and I3 satisfying [y + ls + I3+ ¢ = 0.

The three-particle cut. The three-particle cut in (2.7) is obtained by summing the
singlet and the non-singlet contributions

M;’_CUt(U, q2) _ Mg—cut(o,’ q2) + ./\/lg—cut(a7 q2)

singlet

(A4)

non—singlet
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where

e dPlydP1 3
My o) = [ G+t s+ 0) (4.5)

@m0 B3E

1 o
X 3|< Z MO(plypllalT7l;rvl;,r)MO(anp/%ll 7l1 al3 )

Perm(l1,l2,l3)

1 o,
+*' Z MO(plyp/hll 7l1 7l3 )MO(P%Z?/QJTJTJ:—;))a
" Perm(ly,l2,l3)
and the non-singlet cut
dPl,dP1 ;3
MS Cut(o. q ) — /#6([1 + 1y + I3 —l—q) 222 5 (Aﬁ)
non—singlet l112l3

1 _ _
X (' Z Mﬂ(plapllall 7l1~_7l;_)M0(p27p/27lii_7ll 7l3 )

" Perm(l1,l2,l3)

1 o _
+§ Z Mo(pl,pll,lf,ll ’l3 )Mo(p%péall J;r’l{;r))'
" Perm(l1,l2,l3)

B Numerator factors

In this appendix we list the numerator factors entering the expression of the three-particle
cut of section 3. With the individual integral defined by the graphs we obtain the following
numerators from the tensorial reduction of the three-particle cut:

The double-box numerators have to be expanded up to order (h@Q.
The numerator factor for the double-box integral in the left of figure 1 in the s-channel

Né]s:,) = 512m3G% (m] 4+ ma — 2(m? + m3)s + 52)% = 227G mOmS (202 —1)3,  (B.1)

the numerator factor for the crossed double-box integral in the right of figure 1 in the

s-channel

NG = 2837363 (96mimS(207 — 1)° + 8mimio (207 — 1)2(hg)(la - Is) + O((h)"))

(B.2)
The numerator for the double-box integral in the u-channel is given by
NSS) = 51273G% (m] + m3 — 2(m3 + m3)u + u?)? (B.3)

= 2213G3; (96m§5mg(202 —1)* — 6mim3o(20% — 1)*(hg)* + (’)((h@4)) ,
and for the cross double-box integral in the u-channel

Né\c__"ross,u) _ 913363, <m1m2 (20 1)3—8m‘;’m30’ (20_2_1)2 (hg’)z (l2.l3+%) —I—O((hq‘)4)> )
(B.4)
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The box-triangle numerators have to be expanded to the order |Ag].

The numerator factor for the non-planar box-triangle integral in the right of figure 2

in the s-channel is J\/'E(évp) = J\/'E(évp’l) + Né,ivp’n) with

NIPD — 10247363, (m?m%<202—1><<p2-z1 —p2-12)? +4m(1—402) (11 -12))
> - l1-l

2m?m20(h@(p2 -ll —p2~l2)(2m§(1—202)—(p2 -ll —p2~l2)2+8m§(302—1)(l1 lg))
li-l2

+O((h(j)2)), (B.5)

and

NPID Z 10247363, (m‘fm%@a?1><<p4-zlp4~zz)2+4m%(1402><zl~zz)>
li-l2

2m?m20(hg')(p2-ll —p2~l2)(2m§(1—202)— (pg -ll —p2~l2)2+8m§(302—1)(l1 lg))
li-l2

+O((hcj)2)>. (B.6)

The numerator factor for the planar box-triangle integral in the left of figure 2 in the
s-channel is Né;) = J\/’éé’[) + Né;’ll) with

24m9m3(20% — 1)((p2 - 11 — p2 - 13)% + 4m3(1 — 402) (1 - I3))
li-13

NP = 10247T3G§>V<

— 16mim3o(hq)(p2 - 11 — p2 - 13)(20% — 1) + O((E(I)Q)), (B.7)

and

m8m3 (202 — 1)((pa - by — pa - I3)* + 4m3(1 — 402)(1y - 13))
{113

NGO = 10247['3G§’V<

+ 16mim3o(hq)(p2 - i — p2 - 13)(20% — 1) + 0((}1@)2)). (B.8)

The numerator factor for the planar box-triangle integral in the left of figure 2 in the
u-channel is ./\fég) = Né;”) + Nég’ll) with

m$m3(202 — 1)((pa - i — pa - 13)? + 4m3(1 — 402)(1; - I3))
ly-13

N = 10247363, (

— 16mim3o(hq)(ps - 11 — pa - l3)(20% — 1) + O((hq‘)2)>, (B.9)
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and

m$m3(20% — 1)((p2 - lh — p2 - 13)? + 4m3(1 — 40?) (L1 - I3))
l1-13

NI — 10247T3G§>V<

+16mimio (hq)(p2 -l — p2 - 13)(20% — 1) + 0((7@2)) , (B.10)

with similar expression for the numerators of the amplitude M3 (a, b).
The double-triangle numerator. The numerator factor for the double-triangle dia-

gram in figure 3 is given by

m$m3(202 — 1) (ug - lo — ug - I3)? N m$m3(202 — 1) (ug - 11 — ug - I3)*
l2 : lg ll : l3

N = —10247r30§’v<

6,,,2 2_1 1. L 15)2
L mimy (207 — 1) (ug b — g - o) _m?mg(—5+3402)+0((ﬁ®)>- (B.11)

(1 - 1)
The H diagram numerator. The numerator factor for the H diagram in figure 4 is
given by
12873 G5
Nip = === (= 48(—4mim3 (I +15)° = (L +13)° +40%) (1 12)° (B.12)

—8mj(p1-la)* +16mim3o (p1-la) (P2-11)

i (m3(—1=2(a+15)2 (14 (2 +15)?) —2(h +15)2(1+ (L +15)?)

+402+4((z2+13)2+(l2+l3)4+(11+l3)2—2(l2+lg)2(ll+l3)2+(11+l3)4)02

o) 4m3 (1 +13) — (L +13)2 —40%) (Po- 1) —8(p2- 1)) (h)*+ O((h)") ).
The box-bubble diagram numerator. The numerator factor for the box diagram in
figure 5 is given by

204873 G3,mAmi (202 — 1)(1 + 52202
ND — ™ lemZ(lg )( + g ) (B13)

C The one-loop two-body amplitude

The one-loop two-body scattering is done using the two-particle cuts following the compu-

tation in [36]
RN
M%—cut(av q2) = u . (Cl)
NS

I
b1 : D2
|
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We reduce the tensorial integrals using LiteRed [33], we find that the amplitude decom-
poses as

Mi(0,q%) = MT + M5+ M7 + Mj. (C.2)
The box contribution is given by

M7 (0,¢*) = 256m°mimsGa (202 — 1)*(I5 + I,,) — 10247°mim3G% (20 — 1)|hg|* 1., (C.3)

with the scalar one-loop box and cross-box integrals

yai D2 b1 b2

This box part has the following Laurent expansion in & up to the first quantum correction

1 _
M(0,¢%) = TG (M2 M7 MO o)) (C.5)
with
- %2 1)2(4m)T(1 + €)T'(—e¢)?
g =BGt — 14 T+ 9T -
|hq*T'(—2€)vo? — 1
_ (Am)E(my 4+ ma) T(E — €)2T(3 +€)
M )—87TmmG2 20—122( 2 2 , C7
! MG ) gl (0 — 1) w30 (—2€) (©7)
4m)T(1 + €)' (—e)?
Mlm(o) 1m2G2( _1)2( 7T) ( "26) ( 6)
(02 —1)2'(—2¢)
. Vs
X <2m1m2 + (1 + 2¢)(o arccosh(o) o 1))
€ 2
— 3om?m3G (207 — 1) i(4m)€arccosh(o) I'(—e¢) F(1+€)|ﬁg\2- (C.8)

g2 1 F(—Qﬁ)
At the leading order in € the first quantum correction from the box integral reads

8G 2mim3 (202 —1)(47re VB e
(o2 — 1)}

X ((20’21)657[' +i((7 — 60°) arccosh(o) — (20° — 1)\/ﬁ)> ' (C.9)

2m1m2

O
MO _
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The triangle contribution. The right-triangle graph

P
Ph
Mi(o,¢%) = (C.10)
P2
b1
has the following numerator factor
_ 2, 42 2042 8(p2 - h)? 2,32 2
Ny = 647°miGy | 4m5(4o” — 1) + “ha? — 2567 m7 G (my +8mao)ps - I1 + O(|hg|),
- (C.11)
which after tensorial reduction leads to
dPl o(p1-11)
2 2,2 1 P10
M5 (o, q?) = 24im G mim3 (502 — 1)/ GrD TR, 1 q)
— 642 Gmim3 (2207 — 1)/ 47l ! (C.12)
M (2m)P (h + q)*° ‘
The Laurent expansion in A up to the first quantum correction reads
M (0,¢%) = r |2E (MY 4+ MO L omy), (C.13)
with the classical and first quantum contributions
/\/lb( N _ 3im2G3mim3 (502 — 1)(4me 7B (C.14)
Iﬁql
4 G 2(2202 — 1)i(4me™E

€

with an equivalent expression for the left-triangle graph M7(o,q?) with exchanging m;
and mo.

The bubble contribution.

Mi(0,¢*) = (C.16)
b1 D2

has the numerator factor

N, = 647T2G%V< — dm2m3 + 40m3mio? + 24m3(py - 11)?

— 64mymaopy - lips - 11 + 24m3 (pa - 1) + 16(p1 - 11)2(p2 - 11)2> +O(|hg|), (C.17)
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which after tensorial reduction leads to

6472G3mIm3(1 + 52202) [ dPl 1
° 2 N my
= . C.18
Milo,q) = 15 / (2m)P 12(1y + q)? ( )
This starts contributing from the first quantum correction
o 4i(dmwe B 14522
M1(O)(07 &) = i(dme=E) G mIm3(1 + 5220 ) (C.19)

15¢|g|?e

The one-loop amplitude in (C.2), and reads including the first quantum correction

1 _ _
Mi(o,¢%) = |l (M2 + MY+ M+ om). (6.20)
with
M7 = M7,
Mg 1) MD( 1) —1—/\/11 +M1( )7
MO = MO L ALO L A0 A2 (C.21)

D DMaster integrals

In this appendix we recall the expressions for the master integrals computed in [32].
With the following definition for the master integral

dP=1,dP~1 1
TMM2,13,04,15 16,17 _/ 2
(2m)2P=2 (k)™ (k- L) (1)73 ((ug +12)2)" (I — ug)?)"™s
1
D.1
% (126 ((Iy +19)2 —2(0 — Dk - l1k - 1) (D-1)
where we have defined k? = ug = —1 and k- uy; = 0, we collect the results obtained
in section 5 of [32].
DL +e)?T(L - o)
T — 9470011110 _ 47 1\2 2 D.2
1(0) = 2¢ 2(4m)3 2T (1 — 2¢)2’ (D-2)
and
Tr(0) = 2t/ o2 — 170000111
26F(%—6)3F(2€)( 9 1)36/‘7 dt
= _— O' —_— e —
(4m)P1T (3 — 3¢) 112 —1)2t3e
o to
woe? - [T [P ) d o, oy
L1 (1 - 1)
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and

— 9¢3y/52 — 1700.00,1,1,2

_ —bse B (_4 bs /U dto /t2 dtq
(02 — 1) (=11 -1z </i -1)zte

4€T(5 — €)3T(2€) 1 o dt
(47T)D_1F(% —3¢) (02 —-1) / (

e 1)é6>63 + (’)(64), (D.4)

and

Tu(o) = 462(02 _ 1)171,71,0,0,1,1,3 4 62(1 i 26)010,0,0,0,1,1,2

2¢0(5 —€) 3F 2¢)
= ( TBEEIE + 2bs / — 2+6> e+ O(eh), (D.5)

and

15(0') = 262(46 _0_21)_(216 — 1)1'0,0,0,1,0,1,1
ie(4m)?  (=1)T(1 — 26)*T(1 + 2¢)°T'(1 — ¢)
(

- 3272(02 — 1)¢ I'(1—4e)I'(1+¢) ’

(D.6)

with (—=1)¢ = €™ = 1 + ime + O(e?), and

= e4\/027—1Z0 0,1,1,1,1,1 (D.7)

o)=2
— Warcsinh <\/?> <7T+2z' (Zl(agl_l))earcsinh (\/?)) +0(),

and
To(o) = 864 (02 — 1T~ b LLLLLL | 44570011110
=0+ O(e), (D.8)
and
To(0) = — 70100112 _ iiﬁéf‘(—ﬁ)F(—% —26)['(2 +26)['(3 — e)T(—5 —¢) (D.9)

(47)3720(—2¢)T(—1 — 3e) ’

with the + sign for the +ie prescription and — for the +ie of the linear denominator. We
refer to section 5.5.4 of [32] for details. And, finally,

To(o) = 110011 (D.10)

= bye® — <arccosh(a) - e( arccosh(o)?

(02— 1)
+Lis (2-20(c + Vo2 = 1)) ) + O(e)) :
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with
i(4m)% (—=1)T(1 — 2¢)T(1 + 2€)°T(1 — ¢)
b= =g I'(1—4e)l(1+e) ’ (D-11)

and by depends on the ie prescription of the linear denominators, with the result (we refer
to section 5.5.5 of [32] for details)

byt =bg = —2b5, (D.12)

with ) , )
— e“ T'(—e)°T'(1 + 2¢) (dme=E)=¢ 9
o € __ . D.1
by = by 6 (4m)22T(—3¢) o0z T O) (D-13)
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