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Abstract

Observables related to the real part of the gravitational eikonal, such
as the deflection angle and time delay, have been found so far to have a
smooth post-Minkowskian (PM) expansion whose validity extends from the
non-relativistic to the most extreme ultra-relativistic (UR) regime, which
smoothly connects with massless particle collisions. To describe gravitational
radiation, the eikonal phase has to be promoted to a unitary operator for
which we motivate a proposal and start discussing properties in the soft-
radiation limit. A convergent PM expansion is found to only hold below an
UR bound (discussed in the GR literature in the seventies) above which a dif-
ferent expansion is instead needed implying, in general, some non-analyticity
in Newton’s constant. In this extreme UR regime soft radiative observables
receive contributions only from gravitons and are therefore universal. This
generalises the pattern discussed in [1] beyond the elastic case.
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1 Introduction

In the last few years, scattering amplitude techniques have been successfully used
to compute classical observables in gravity theories for gravitational scattering and
radiation within a post-Minkowskian (PM) expansion corresponding to the usual
loop expansion of quantum field theory. At 1PM and 2PM the results have been
known for some time [2, 3, 4, 5, 6] and can also be derived using the probe limit [7].
Three years ago, the complete conservative part of the deflection angle, for
the scattering of two scalar particles with mass m; and msy, was computed in a
spectacular calculation at 3PM order [8, 9, 10]. The result presented the puzzle that
the deflection angle was divergent at high energy in contrast with the corresponding
finite result found earlier for the high-energy scattering of massless particles [11].
The puzzle was eventually solved by performing a complete calculation in NV = 8
massive supergravity [1], where the various contributions were computed in the full
soft integration region rather than being restricted to the potential region [12]. Tt
turned out that, from the soft region, one gets extra 3PM contributions to the de-
flection angle physically corresponding to radiation-reaction effects. These precisely
cancel the high-energy divergence coming from the potential region. As a result one
gets a deflection angle that is not only convergent but also universal at high energy.
The universality follows from the intuitive fact that, at high energy, the dominant



contribution comes from the massless particle with highest spin, which in theories
of gravity is always the graviton.

Immediately after, this result was extended to Einstein’s gravity by two inde-
pendent methods. The first one, by Damour [13], was based on the computation
of the O(G?) loss of “angular momentum”.! When inserted in a linear response
formula [17], written in terms of the radiated angular momentum and the 1PM de-
flection angle, it produced the 3PM radiation-reaction part of the scattering angle.
The same result was obtained by us [18] by computing instead the infrared-divergent
part of the two-loop, three-particle cut, which is entirely given by the leading soft
limit of the five-point amplitude, and by then using analyticity and crossing sym-
metry to extract the two-loop radiation-reaction contribution to the real part of the
eikonal and thus to the deflection angle. This result is by now confirmed by extract-
ing the classical deflection angle from explicit two-loop calculations [19, 20, 21, 22].

The next challenge, still within the elastic case, is to go to 4PM where there
exist already impressive partial results. The conservative dynamics was computed
in Ref. [23, 24] and then the addition of the tail effects [25, 26] eliminated the
infrared divergence occurring in the deflection angle. The results are, however, still
incomplete [27, 28] because the effect of radiation has not yet been taken completely
into account.

In this paper and a companion one [29] we study classical observables connected
to the emission of radiation from the scattering of two scalar particles at arbitrary
relative velocity. This problem was addressed in the seventies in pioneering papers
by D’Eath [30] and by Kovacs and Thorne [31, 32]. The results in [31, 32|, recently
reproduced in [33, 34], pointed towards a new ultra-relativistic regime where the
more traditional approximations break down.

In this first paper we look at the simplest situation, namely the limit in which
the radiated graviton’s frequency is small.? In particular, we will study the high-
energy behaviour of various radiative quantities and we will show that they also
exhibit, in a very non-trivial way, a universal behaviour at high energy.

In the study of the elastic scattering an important quantity is the eikonal (i.e.
semiclassical) approximation to the scattering amplitude, which is obtained after a
resummation of an infinite number of Feynman (ladder) diagrams. In particular we
stress that, while the momentum ¢ exchanged in each rung of the ladder diagram
is a small quantity of O(h), after the resummation the exchanged momentum @) is
a large classical quantity. The ratio between the two gives the average number of
gravitons exchanged that becomes very large in the classical limit (A — 0). From

!The definition of the angular momentum flux at null infinity is well known to suffer from a
supertranslation ambiguity (see e.g. [14]). Even its order in G can vary, as recently discussed in
[15]. Damour’s definition can be recovered by choosing a suitable ie prescription [16]. The results
described in this paper are insensitive to this ambiguity.

2Since frequency is a dimensionful quantity, this limit has to be defined in terms of a dimen-
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sionless small parameter and of an expansion in it: the relevant quantity is ?, with b the impact

v’

parameter of the collision and v the relative velocity of the two incoming particles.



the eikonal phase one can then extract classical elastic observables such as the
deflection angle and the Shapiro time delay.

When radiation is introduced, the eikonal becomes an operator as discussed in
Refs. [11, 35, 36] in the massless case, and more generally in Ref. [37]. In our case
of soft radiation the eikonal becomes a product of two terms: one is an operator
containing the oscillators describing the graviton degrees of freedom and the other
is the c-number eikonal describing instead the elastic degrees of freedom. This is
the eikonal operator that we will use for computing classical observables such as the
waveforms and the zero-frequency limit (ZFL) of the energy emission spectrum.

Since the coefficients of the harmonic oscillators of the graviton that appear in
the eikonal operator depend on the momenta of the massive particles and therefore
also on the momentum exchanged in the elastic process, an important point to
clarify is what to do with it when we go to impact parameter space. The strategy
that we follow is to first interpret the exchanged momentum as the quantity Q*,
discussed above, and then, when we go to impact parameter space, to treat it as a
derivative —ih% acting only on elastic part of the eikonal. This essentially amounts
to the substitution:

Q" — 2psin% b (1.1)

where O is the classical deflection angle, b is the unit vector in the direction of the
impact parameter and p is the absolute value of the momentum in the centre-of-
mass frame of the elastic process. But, since the deflection angle ©, depends on
Newton’s constant GG, we arrive at an eikonal operator that depends in a complicated
way on (G, and this feature manifests itself very clearly when we compute classical
observables such as the waveform for each polarization.

In the usual PM approximation one assumes that ©, is a small quantity with
respect to any other kinematic variable and then one Taylor expands the results for
O, < 1. This in practice means that, in the eikonal operator, we always neglect
terms that contain Q" in Eq. (1.1). The problem however is that, when we perform
this approximation on the waveforms and keep O fixed while sending the masses
of the scalar particles to zero (or equivalently while taking the high energy limit
o=—L2P2 _ o0), we obtain waveforms that diverge when the graviton is emitted
along the directions of the two energetic particles.

It turns out that, when we enter the region specified by

max{@a@i,@a@i}fﬂ (1.2)
ma my

the usual PM expansion breaks down because we cannot neglect Q* any more in
the eikonal operator and in this way we get well-defined waveforms everywhere.
Unlike the two-loop elastic eikonal, which acquires an imaginary part from the
contribution of the three-particle cut making it non-unitary, our eikonal operator
is explicitly unitary. The reason is that its c-number part involves only the real



part of the elastic eikonal, while the contribution of inelastic cuts comes from the
normal-reordering of a unitary operator part.

At this point we can again compute the imaginary part of the two-loop eikonal
finding agreement with the results of Ref. [18] provided that we are below the
bound in Eq. (1.2). However, if we take the high energy limit on this result we
get a logarithmically divergent, non-universal behaviour involving the masses of
the scalar particles. In order to restore universality we have to proceed as we
have discussed above in the case of the waveforms, i.e. we can no longer regard
Q" as small compared to the masses. In this way we get a finite and universal
behaviour for the contribution of the three-particle cut or equivalently of the ZFL
of the radiated-energy spectrum. Our results are confirmed by the fact that we get
the same high-energy limit for GR and massive N/ = 8 supergravity, at the price
that the final result, written in terms of the deflection angle, has a non-polynomial
dependence on . In particular, for the ZFL of the radiated energy, we get the
same result as in Ref. [38], obtained within a classical GR approach and in Ref.[36]
from a scattering amplitude perspective.

The framework we propose here relies on dressing the elastic amplitude with an
operator where soft emissions exponentiate according to Weinberg’s soft theorem
[39, 40, 41, 42, 43, 44]. A caveat is thus in order: due to the non-linear nature of
gravitational interactions there are effects, such as non-linear memory [45, 46], that
are not captured in our approach. We leave the explicit analysis of this point from
an amplitude perspective to future investigations, while remarking that instead such
difficulties are absent for linear theories.

The paper is organised as follows. Section 2 is divided in three subsections. In
the first one we recall the elastic eikonal exponentiation stressing the difference be-
tween the small momentum ¢ exchanged in a single loop order and the macroscopic
momentum () exchanged after the resummation. In the second subsection we intro-
duce the eikonal operator by dressing the elastic one with an operator suggested by
the Bloch-Nordsieck/Weinberg method. In the third subsection we use the eikonal
operator to compute the two waveforms in the soft limit and make contact with the
linear memory effect. In Section 3 we connect, using the eikonal operator, the in-
frared divergences of the background hard process, which are encoded in Im 29, the
number of emitted quanta and the ZFL of the spectrum of emitted energy. Section
4 is then devoted to the detailed analysis of the behaviour of explicit expressions
for such quantities below and above the bound (1.2), and to highlighting how uni-
versality is restored at high energy. We conclude with a section of summary and
outlook. The paper also contains two appendices. In the first one we collect various
kinematic relations that we use in the paper and in the second we discuss the ZFL
of the spectrum of emitted momentum.



2 The Eikonal Operator in the ZFL

2.1 The elastic eikonal exponentiation

There is by now a well tested strategy that can be used to derive the eikonal phase
from 2 — 2 quantum scattering amplitudes. Here we consider the case where the
incoming and outgoing states are distinct scalars of mass m; and ms either in GR
or in N/ = 8 supergravity. The leading eikonal d; is obtained from the tree-level in
the limit where the momentum exchange ¢ is small (see App. A for our conventions
on the kinematics). In particular one can focus on the non-analytic terms in ¢2 as
¢*> — 0, which are the only source of long-range effects in impact-parameter space:

811G ¢
Ao(o‘, q2) = h? {4m%m§ <o‘2 — m)} + ...,
. bg

d"2q  A(o.q®)  m

27h)P~2 dmymavo? —1

where ¢ is given in terms of the incoming momenta o = —% and ¢ =1 (¢ =0)
for GR (N = 8 supergravity). While the process in (2.1) involves the exchange of
a single quantum, after the eikonal resummation the leading contribution to the
S-matrix is captured by the phase ¢*%  which effectively resums infinitely many
exchanges. In the 1PM approximation, we thus have

(2.1)

m@m:%@@:/

2G myms (02 — %) r (%)

ho? — 1(xb?) =

The quantities p and /s are the spatial momentum and the total initial energy in
the centre-of-mass frame

250(0, b) = (2.2)

mimeo D) 2 2 1
= o?—1, s =mj + 2mimeo + my, 0= —, 2.3
p \/g 1 11702 2 m ( )
with v the velocity of either body as seen in the rest frame of the other one. Via
the exponentiation, the classical scattering process emerges from the exchange of
a large number of soft particles as can be seen by writing the resummed leading
elastic S-matrix element and going back to momentum space

SM (g, Q) ~ /dD_2b i e2ido(ob), (2.4)
The Fourier transform above is dominated by the saddle-point approximation:?
26, J o 4Gmymy (0% — 555) T (22
Qu ~ hﬁ( 0) ~ ‘Q ‘ ~ 17702 ( D—2) ( 2 ) (25)

o Ob, o lel ho? — 1n'z bD—4 ’

3Strictly speaking, the saddle-point condition determines b in terms of @, and we invert this
relation to work at fixed impact parameter.




where (), represents the A-independent momentum exchanged by virtue of the clas-
sical deflection. The estimate N, for the number of soft particles exchanged during
the scattering is obtained by taking the total momentum transferred |Q,| and di-
viding it by the typical momentum of each soft particle, ¢ ~ h/b (as follows from
from (2.1)). Already by using the leading eikonal it is clear that Ny is large and
becomes infinite in the strict classical limit. The classical deflection angle O is
derived from the momentum |Q| and at 1PM order we have

1Gmims (0 — 15) T (252)

Vo 1nlrpb-3

It is straightforward to formally generalise this discussion beyond the case of the
1PM elastic eikonal. One just needs to start from the long-range elastic S-matrix

S(o,b) = 1+iA(s,b) = (14 2iA(s, b)) 2060 (2.7)

O = |Qu] ~

(2.6)

and rewrite it in momentum space
M(g,Q) = /dD 2h et (14 2iA(0, b)) 200 (2.8)

Again the classical deflection angle O is derived from the momentum |Qg| by a
saddle point now related to ¢ instead of dg

ORe26 . 0y Q4]
P=h — = 2.9
@ o, T2 Ty (2.9)
In the following, for simplicity, we omit the label s in ), since we always focus on
the classical saddle point.

2.2 Bloch-Nordsieck dressing

We would now like to include soft radiation, i.e. the emission of real particles with
very low energies, in the above picture. In the soft limit this can be done in a
very efficient way by following the method of Bloch-Nordsieck [39, 40] and the
closely related approach by Weinberg [47, 41] (see also very similar discussions
in the context of dressed states [42, 43, 44]). The emission of these soft quanta
exponentiates in momentum space, as we now recall focusing for the time being on
graviton emissions. We will also include massless scalars and vectors that show up
in A/ = 8 supergravity amplitudes at the end of this section. The S-matrix element
for the emission of N soft gravitons factorises as the matrix element S for the
background elastic process defined in (2.8) and N universal factors f;(k) expressed
in terms of the polarisation j of the graviton and its momentum k, [39, 40, 47, 41]

S = Hfh 7@, B0 == Wb, P = 3 S

(2.10)



where k = v/87G and n runs over all external states of the elastic “hard” process.*

Of course an analogous formula holds for soft absorptions, with f;(k) replaced by
—f7 (k). We keep graviton momenta always future-directed, while the background
momenta are always regarded as outgoing (so that incoming ones are represented
by past-directed vectors). For the sake of simplicity, we write explicitly only the
dependence on the graviton momentum, leaving implicit the dependence on the p,
which, as we will see later, will play a crucial role in our analysis.

A key step is then to introduce creation/annihilation operators for the gravitons
and the other soft particles that can be produced and absorbed in the scatter-
ing process. We work with the following conventions: the canonical commutation
relations are

—

la; (k),al(K)] = 6(k, k)6, O(k,K) = 2hw(2m)P 6Pk — &),  (2.11)

dD 1]{7 .
= |k 2.12
[=] wgge w=H. (212)

where we regard w as a frequency and k as a wave-vector. F ollowing Weinberg [41],
we have also introduced a frequency scale w, below which the approximation (2.10)
is valid.” We can then write the S-matrix for the emissions (2.10) as the matrix
element (2.8) for the elastic process dressed by an exponential factor depending on
the oscillators mentioned above:

L (% L3 [nwam - 5w aj<k>]> (2.13)

in terms of which:

and we define

s _ i, SM(0,Q)

(0]e2id|0) °

where the subscript s.r. stands for soft radiation and indicates that we are restrict-

ing ourselves to w < w, gravitons. The denominator appearing in (2.14) amounts

to having taken out, momentarily, virtual graviton corrections up to the scale w;,

their effect being automatically reintroduced through the normal ordering of the

operator in front. After so doing, the matrix elements (2.10) are simply recovered
using the commutation relations (2.11) in

(2.14)

Sty = (Olag, (k1) -+~ 4 (kn)SED10) | (2.15)

4As emphasized by Weinberg (see e.g. [48]), this formula only applies to the case in which the
“bare” amplitude S™) is connected, hence in our case to the i1 part of S = 1+ ¢T. This caveat
is not important for the present discussion, but assuming (2.10) to extend to the disconnected
part of the S-matrix (with some appropriate ie regularization of the denominators) is crucial to
the calculation of the angular momentum loss given in [16].

Unlike in [41], we do not need an infrared frequency cutoff since we use dimensional regular-
ization.




where the state without any graviton, |0), is annihilated by all a;. Similarly, the
quantities (O|S§,Af)a} e -a}N |0) reproduce the matrix elements for soft absorptions,
with the appropriate signs.

To leading order in the soft expansion, it is possible to work with (2.14) by using
the momenta of energetic external particles in the elastic process as given and this
is the viewpoint taken in [47, 41] and more recently in [49, 50, 51, 52, 53]. Here
we would like to include the dynamical information about the scattering process,
specifying that in our case it is due to the gravitational interaction itself. This is
more easily done by going back to impact parameter space as the eikonal takes the
compact expression (2.7) for the elastic process.

We first consider the Fourier transform to b-space of the two factors in (2.14)
separately. By construction the second factor, which describes the elastic process,
gives the eikonal (2.7). However, thanks to the division by (0]e?%=]0) in (2.14),
one needs only the real part of 9, as the divergent imaginary part is automatically
encoded in the new operator part,® as we shall see in Section 3. The first factor
in (2.14) is instead regular as ) — 0, so we can write it as a differential operator
acting on a delta-function 6”~2(b) trading each @ with a derivative

Q" — —iha% (2.16)
“w

in the Fourier transform. Of course the product of these two factors in (2.14)
becomes a convolution in b space. However, since one factor is just a delta function,
the integral of the convolution can be performed straightforwardly, and one obtains

Sn(0,b30,a") = exp (% 3 [tkaal - f}‘(k)aj(k)})

[1 4+ 2iA(0,b)] ! Re2(@b)

(2.17)

where the external momenta p,, in the first line contain derivatives acting on the
b-dependent functions in the second line. In the ZFL we can use the 4-point kine-
matics and identify the momentum transferred in Egs. (A.1) and (A.2) with a
derivative acting on the elastic eikonal as in (2.16). Since the soft operator be-
comes proportional to () we see explicitly how the disconnected term of the elastic
scattering amplitude drops out.

Let us make two general comments before using (2.17) in some concrete calcula-
tions. First, the classical S-matrix obtained by neglecting the quantum remainder
A is explicitly unitary since only the real part of the elastic § enters in this equation
and the inelastic prefactor is the exponential of an anti-Hermitian operator.”

6Even after having taken out soft real and virtual radiation, the true S-matrix connects the
two particle initial state to other inelastic channels (e.g. via emission of gravitons with w > wy).
As a consequence, some finite imaginary part will be left over in 4.

7 Actually, the situation is not so simple. Although each individual graviton carries a negligible



Second, when focusing on the classical part, the derivatives hidden in the exter-
nal momenta p, due to (2.16) can be always taken to act on the eikonal phase: for
any smooth function p(Q) =Y, ¢,(Q?)", performing the replacement (2.16),

iRe 20 . 2n_iRe25 __ ORe26]™ iRe 26
P(Q) e ? =3 " e (—ihd,) e P = e | R ¢’ L O(h)

b
' ORe 20 (2:18)
= (h 8[) ) eiRe25 4 O(h),
Le. ORe 20 o
Q" = h azj 7 2psin ", (2.19)
m

where b* = b#/|b|. Indeed, hd, Re20 ~ O(hP), while if we were act on Re 2§ more
than once with h0,, we would only produce terms of higher order in .

Then we effectively should use the following momenta in (2.17) for the external
hard particles

s . @5 7 . @8
Py = —muf + b“psm7 , Py = —Taub — b“psm7 , (2.20)
P =Tl + W psin—> |  ph = myul — b psin =

which are simply the initial and the final momenta in the classical elastic scattering.
In a PM expansion it seems that one can discard the terms involving sin % since
©; is proportional to G, see (2.2). This is equivalent to expanding for small @) the
first line of (2.17) as done in [18], see the step between (2.9) and (2.11) of that
reference. However this expansion is not justified in all kinematic regimes, as we
will see below in the discussion of the waveforms in the ZFL.

In the following, we will apply the eikonal operator to discuss the contribution of
low-energy gravitons to several observables, including the waveforms, memory, and
the particle-energy emission spectrum. The general strategy, given any quantum
observable O, is to take its expectation value according to

(0) = (01S1,.0 S:..]0) . (2.21)

Physically, this means to evaluate the mean value of O in the final state of the
scattering event, obtained by applying S, to the state with no gravitons. It can
also be instructive to inspect more closely the dependence of this classical value on
the number of exchanged gravitons (or other massless particles), and for this reason
it is useful to insert a complete set of Fock states, so that

(0)=> (O, (2.22)

N=0

amount of energy (’)(%), the total amount of radiated energy is a classical quantity to be compared
with the other classical energies in the problem. We will discuss elsewhere how explicit energy
conservation can be added while pushing unitarity violations to higher orders in the PM expansion.



with

Z/ / (01S1,.0al - --al 0)(0a;, -~y Ssr|0) . (2.23)
k1 kN

. J1yemJN

We conclude this section by describing how the soft eikonal operator is modified
to include the presence of other massless fields (scalars and vectors), which will be
useful to discuss the case of N' = 8 supergravity where the massive particles are
described by KK modes. As mentioned in the introduction, this is a nice toy model
which has the same features of GR but provides simpler results. The S-matrix
elements for soft emissions factorize in a way analogous to (2.10), with soft factors
that instead of f;(k) are given by

u
fvoc Z Npen M J ’ fsc g” (224)

TL

for vectors and scalars respectively; here n, takes the value +1 for outgoing and
—1 for incoming states while e, and g, denote suitable couplings. These new soft
particles are easily accommodated in the eikonal operator: it is sufficient to include
in the first line of (2.17) the relevant operators a4 for the dilaton (with coupling
gn = —km?/\/D —2) and a,,; for two vectors (e, = v2km;) and a,, for two
scalars (g, = km?). Such vectors and scalars arise in the KK-compactification and
couple to particles of mass® m; (i = 1,2). Thus the NV = 8 eikonal operator takes
the same form as in the GR case

Sé\/mzsg(a, b; a, aT) _ Q2000 (14 2iAn—s(0,b)] p2iRe V=5 (ab) ’ (2.25)
where
215N 8 = / - — fra;) + (fdaji )+
+ (fjpav,j - f]p*aU’]) (f_] s,7 fjs*as,j) ) (226)

where, as before, j labels the various physical polarisations, 7, takes the value +1
for n = 3,4 and —1 for n = 1,2, and the massive particles are pairwise identical
(ms = may, my = mq) and so they couple to the same soft KK modes (as, = as,,
as, = as,, etc.); finally we refer to [55] for the first 3PM order of the elastic data
AN=8 and §V=8.

8A general way to introduce masses in the N' = 8 context is discussed in [54]; here we work in
the particular case discussed in [12] and further focus on the case sin¢ = 1 in their notation, see
also [18].
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2.3 Soft waveforms and memory

As a first application of the above tools, let us discuss how one obtains the leading-
order as w — 0 of the asymptotic waveforms. The classical field is obtained by
inserting in the expectation value (2.21) the free gravitational field

Hy(z) = /kz [5j,uV(k)aj(k) e* et (k)al (k) e‘“ﬂ, (H,(7)) = hy ().

(2.27)
This yields,

bole) = [ 3201 [ B)es (0% + &5, (el () ] S, 0) . (229

The oscillators inserted in the expectation value act in a straightforward way on
the first line of the S-matrix in (2.17), so that the operator part of the S-matrix
cancels:

hu,,(x) — [6_2iR05 [fpy(k) eikm + f:l,(]f) e—ikx} 62iR05. (229)
k
In this equation,
v _ v(7 o v _ Hp%pryz
f1 (k) = T (R)F (k) (k) = Z y (2:30)

and I1*” is the usual transverse-traceless projector over physical degrees of freedom.
Letting derivatives with respect to b act as in (2.19), we can simply write

bule) = [ L)€+ £, 0) 7], (2.31)

keeping in mind that now the external momenta should be treated as in (2.20).

Now we consider the asymptotic limit for the gravitational field, where z# =
(2°, %) = (u + r,r2) and the detector’s distance is taken to infinity, r — oo, for
fixed retarded time u and angles z. In this limit, a standard stationary-phase
argument (see e.g. [56, 57, 58]) yields

D—-4

1 * dw .
Py (u+ 1,12 Ni/ —w 2 [ (wws)e ™+ cc., 2.32
7)o [ GR fu 2.3

where c.c. stands for the complex conjugate of the term explicitly written. Note that
in this step the angular integral over the momenta k localizes along the observation
direction z. Focusing on the four-dimensional case and recalling f,., (k) = —f,(—k)

Qv
leads to boo g
1 * dw .
~ -, —wu ) 2.
Py pp N %im fuw(w,w) e (2.33)
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where the two terms in Eq. (2.31) recombined to reconstruct a single integral over
positive and negative frequencies [59]. Adjusting the overall normalization by com-
paring

Guv = N + 2WMV = TN + 2K’hlﬂf ) (234)

we also define
Wy =Khy, . (2.35)

Performing the Fourier transform in (2.33) requires in principle to specify how the
1/w singularity at w = 0 is circumvented [49, 50, 51, 53, 16]. However, as stressed
in [56, 60], the key point is that the behaviour of the waveform at large |u| is
completely determined by this pole at w = 0, and possible ambiguities are in fact
u-independent. Considering the invariant combination

AWW(:Z’) = WH,,(u >0,1) — WH,,(u <0,1), (2.36)
we thus obtain o b
A N Tin PP
AW, = — ¥ —nn 2.37
H (l’) r pa(z) En . ]{}n 5 ( )

n

where p, = n,(E,, En) In this way, we reproduce the well-known memory effect
[61] i.e. the leading result of [49, 50, 51, 53] or the term indicated as A, in [53]. We
refer to Ref. [16] for further discussion of the evaluation of the waveform in u-space,
in particular with the Feynman —:0 prescription. Moreover, let us recall that our
approach does not capture non-linear memory effects [45, 46, 13].
For the remainder of this section, let us refrain from performing this Fourier
transform and remain in w-space, defining
wks = © p (2.38)
Y A

with F* as in (2.30), up to the identification k = 2. Let us also specialize our
expressions using the following kinematics

7 @s @s 7 . @s @s
h = <_E1abpSin7a —pCOs 7)) b2 = (_EQa _bpsul??_l_pcos 7)?

2.39
7 . @s 95 7 . @s @s ( )
Py = —i—El,bpsm?,—l—pcos? , D3 = —|—E2,—bp81n7,—pcos? ,

which follows from (2.20), and consider the projection on the two polarizations
described in Appendix A (see Eqs. (A.6), (A.8))

K 5 k1 y 5
WES = - €yp L Wk = py— (ehes — €her) Flu - (2.40)
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We obtain for the leading soft term of the x polarization

WES(k) = G p (— sin ¢ sin %) X (2.41)

T w

cos 6 cos ¢ sin &= 4 sin 6 cos 95 cos 0 cos ¢ sin 2= + sin @ cos 93

% +sm%sm9cos<j>— COS%COSG % - (sm%sm@cowb— cos%cosﬁ)

cos  cos ¢ sin — sin 6 cos 93 cos  cos ¢ sin — sin 6 cos 93

B

_ gin ©s g _ Os Ly in ©s g Os
- —sin 5 sm@cos¢ Cos = cosH 2+ sin 5 sm@cos¢+cos 5 cosH

where we recall that ©; stands for its classical expression in terms of b and we
aligned b along the z-axis. Similarly for the other polarisation we have

2 . .
(sm 92 ¢os ¢ cos 0 + sin O cos L= ) — sin? ¢ sin? %

Gp

rw

LS __
WES —

% +sm%smé’cos¢—cos%cos9

. . 2 . .
(sm % cos ¢ cos 0 + sin 6 cos % ) — sin? ¢ sin? &=

2
£z —sin%sin@cos¢+cos%cos«9

(2.42)

. . 2 . .
(sm % cos ¢ cos  — sin f cos % ) — sin? ¢ sin? &=

2
—% —l—sin%sin@cos¢+cos%cos€

2
—% — sin &= sin f cos ¢ — cos &= cos b

i O . [N 2_ ) 2 O
( sin = cos ¢ cos ¢ + sin ¢ cos 5 ) sin” ¢ sin
2 2

The results (2.41) and (2.42) have a complicated dependence on Newton’s con-
stant through O, and so on Newton’s constant G. The usual way of performing
the PM expansion on the waveforms is to assume that Oy is small with respect to
any other kinematic ratio and then Taylor expand the results for ©, < 1. At the
leading PM order we have

2Gp@ 1 1
WES(k ——= 0 2.43
(R = roow Sin ¢ sin [ cos9+%—l—cosé’ (2.43)
2
WES (k) ~ g% cosgbsiné’{ - gsin29 (2.44)

1 1 cos 04/s
X - + ,
(EL — cos )2 (% + cos 6)? (% — cos 9)(% + cos )

p

which agree with Ref. [13] and Eq. (4.5) of [18]. Of course the full leading PM
waveforms [32; 33, 34, 62] reduce to the above result in the ZFL.

Notice however that (2.43), (2.44) diverge when Oy is small but fixed, we send
m; to zero (or equivalently we take o — oco) and we also take the § — 0 limit. For

13



WLS this is already visible at the leading O(0,) term: in the limit E;/p — 1, the
denominators vanish quadratically as # — 0 or § — 7 while the prefactor vanishes
just linearly. However, when 6 ~ ©, < 1 the corrections to the expressions in the
denominators in (2.43) become important and in particular they compete with the
term E;/p — 1 when

max{ Loe?, =2 0@2} ie. max {E Gs } 21, (2.45)
Mo my mab’ mqb
where, in the latter formulation, we have rewritten Oy in terms of b. When entering
the kinematic region defined above, the usual PM expansion which yields (2.43)
and (2.44) breaks down. In this region one needs to follow the approach discussed
from (2.16) in order to treat properly the collinear radiation and, as we will see, this
will be important also for the energy spectrum. This phenomenon was discussed
long ago from the GR perspective, see’ [32] and [7] which refer to [30].

In the massless limit we have E;/p — 1, p — /s/2 and the waveforms simplify
to

Wfs(k) gismgbsm% Z ozcosgcos<j>sm +81n90®05 923
row 2~ |1— (sin5*sinfdcosd — acos 5 cosb)?
(2.46)
and

2 0

Wfs(k) QGf Z [ asin? ¢ sin = ] (2.47)

1 — (sin & sin f cos ¢ — a cos £ cos )2

As mentioned above, the dominant PM contributions to the ZFL come from the
polarisation W% and is of order O, while W% is of order ©3.

We conclude this section by mentioning that an entirely analogous discussion
holds for the corresponding waveforms associated to massless vector and scalar
radiation, which are relevant in particular for the NV = 8 setup. As an example
let us briefly focus on the case of the dilaton emission. From (2.24) with g, =
—km? /v/D — 2 we have the following soft waveform

2G 1 am?
Wi (k) = ——— 1
air (k) = vD—-2rw —ijl E1+apsin%sin@cosqﬁ—pcos%cos@ ( )
“ 2.48
am3
* Es — in 9= sin O
> — apsin 5 sin ¢ cos ¢ + p cos 5= cos

9While we here refer to the deflection angle ©, in the centre-of-mass frame, the one quoted in
the abstract of [32] should be the angle ©, in frame where the heavier particle (say 1) is initially
at rest. They are related by tan ©’, = my sin O4/(FEs + E1 cos ©;), so that for very large velocities
o > 1 one gets tan O} ~ \/2m; /(ma0) sin O, /(1 + cos O;). To first order in the PM expansion

we thus have ©) ~ \/m;/(2m20)O; and so (2.45) reads 0 ©, > 1.
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At leading PM order below the threshold (2.45), there is agreement with the ZFL
of the results in [55]

2G pO, . m? m3
‘17LS _ S 1 . 2
ai’ (k) = VD —-2r w sinf cos ¢ (Ey —pcos)?  (Ey+pcos)? |’ (2.49)

As for the graviton case, also (2.49) has an anomalous behaviour when o — oo and
sinf ~ \/2/0, i.e. the square parenthesis scales as £2vo (where v = mymy/(m; +
m3)?) and so it becomes large. This means that the dilaton yields non trivial con-
tributions for large velocities but below the threshold (2.45). However, above that
bound, the approximations yielding (2.49) break down and one has to use (2.48),
which vanishes in the extreme UR regime. So, as expected, the dilaton decouples
at very high energies.

3 Infrared Divergences and Soft Spectra

Using the eikonal operator we can show explicitly that the amplitude, and thus
the transition probability, for the purely elastic 2 — 2 process is exponentially
suppressed, in fact infinitely so in D = 4. As we shall review below, this infrared
divergence is intimately connected to the fact that an infinite number of field quanta
is emitted via classical radiation. Moreover, it is also directly related to a (finite)
observable quantity: the zero-frequency limit of the spectrum of emitted energy.

3.1 Infrared divergences in Im 26(o,b)

Let us take the final state S;,.|0) and project it on the graviton vacuum |0).
Then one needs to normal order the inelastic exponential through the usual Baker—
Campbell-Hausdorff formula

val —v*a val —v*a_—1[v[*[a,al] (31)

e =e"e "% ,

so the amplitude for the elastic process is given by

1 .
(0|S;..]0) = exp [—ﬁ /k Fr (k)97 Fog (k) | e R0 (3.2)

where [1#"7? is the usual transverse-traceless projector and we focused on the classi-
cal contribution (ignoring A). The transversality condition k*F),, = 0, which holds
for gravity by momentum conservation, grants

Eu (R)IIP2 (R) oo (F) = B, (k) P27 Fpp (K) (3-3)

where

V,po 1 vo o, .V 2 v lo}
pre =§<n“”n +n“n”—D_2n“n”)- (3.4)

15



The first exponential in (3.2) is a damping factor that can be interpreted as an
imaginary contribution to the classical eikonal: in this way we have

(0S,..]0) = @) (3.5)
where 26 = Re 20 +7Im 26 and

Im 2507, b) — ;h / Fo (k)P F o (). (3.6)
k

This is the analogue, in b-space, of the damping due to summing the contributions
of virtual gravitons to the elastic amplitude [41] (we recall that the dependence
on the impact parameter b is implicit through the identification (2.16)). Following
these steps, one can also rewrite the eikonal operator directly as

Ser(o,b;a,a") = exp (%[Zf]aj> exp (—% /ﬂZfﬁg) 20@b) (3.7)
5 k5

For later convenience, before evaluating it explicitly, let us write the integral in
(3.6) introducing the integration over the frequency with an upper cutoff w, and
over the angles, using k* = w(1, %) and F* (k) = w tFH (1, %),

1 [ dw ()
Im?2 — F* La)PH P Fpo(1,2) ———5— .
w2iet) = 5o [ 5 f R aP R gk ()
so that
1 wb dQ(z)
* A N A
Im2§(0,b) = D1 j{F (1,2) P (1, 2) 3@m)PT (3.9)
and, to leading order in ¢ = (4 — D)/2,
W dQ(z)
_ * A LV, PO A
Im 24(a, b) e %F (1,2)P*P7 Fo (1, 1) ek (3.10)

3.2 Infrared divergences in the number of emitted quanta

The eikonal operator (2.17) is manifestly unitary (once we neglect the quantum
remainder A). As such, it better yield 1 when we insert O = 1 in Eq. (2.21).
Indeed, we can apply Eq. (2.23) with O = 1 to compute the probability Py for the
emission of N gravitons:

Py= 0N, ()= iPN =1 (3.11)

1
Py = ﬁ Z [ [ <0|S§T ;1"'a;r'N|0><O|aj1"'ajNSs.r,|0>. (3.12)
t kl kN
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Each a;(k) (resp. a;(k)) oscillator pulls down a factor f; (vesp. f;) so that

1 N

Lo/t joy [— [Enmpra | s 313

’PNIM<

h

Recognizing the same integral as the one appearing in (3.6), up to a crucial factor
of 2, and using the fact that (0|S;,.|0) = ¢ as in (3.5), we thus have

Px 21Im 26])" e72m2 (3.14)

:ﬁ[

In this way we obtain that the probability for the emission of N gravitons follows
a Poisson distribution with 2Im 26(c, b) the average number of emitted gravitons

> NPy =2Im26. (3.15)

N=0

Again let us note that 2Im 20 is divergent both as D — 4 and as h — 0.
Alternatively, one can directly insert in (2.21) the operator

N = /k Y althe k), N =), (3.16)

which counts the number of emitted gravitons. Consistently with (3.15), in this
way one finds

N = 7 EF:;,(k)PW”’UFpJ(k) =2Im?2§. (3.17)

Of course, a similar discussion applies for the number of emitted quanta in
supergravity. There, one simply obtains a product of Poisson distributions each
associated with a species of emitted particle. Similarly, one can consider insertion

of number operators vectors and scalars as well. In each case, such expectation
values coincide with twice (4.6) and (4.7).

3.3 Zero-frequency limit (ZFL) of —dgfjd

We now move on to the insertion of the energy-momentum operator
o /k S mkal(Was(K),  Phg = (P (3.18)
J
as in Eq. (2.21), which leads to

= [ KR RP I EB), (3.19)
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thanks to (3.3). Focusing on D = 4 from now on for this quantity, and making the
dependence on the upper cutoff w, explicit, we thus consider

alws) = /EH(w* — k") K F,, (k) P F,, (k) (3.20)

and study the soft emission spectrum i.e. the derivative

dprad (w*)

= / §(we — K°) kO F,, (k) PP F,, (k) (3.21)
dw, i

as w, — 0. For later convenience we also rewrite (3.21) introducing explicitly the
integration over the frequency and the angles, using k* = w(1,z) and F* (k) =
w PR (1, 7),

dprad (w*>
dw,

- 7{ (1,8)* B (1, 8) P Fpo(1,8) 30555 (3.22)

Note that under a Lorentz transformation p* — p* = (A=Y p”,

dP%
) [ 5= AR R E BP0 o ()
Wy k
A ) (3.23)
A _'_Aa I R . N dQ(:p)
%W ij(l,l’)Pu P Fpa(1>$) 2(27’(‘)3 :
o " dP!L
Therefore, while —ijad = <24 is Lorentz invariant, the spatial components -7z

have more complicated transformation laws.
We thus focus on the ZFL of the energy emission spectrum ddETrid, ie. thea=0
component of (3.22), which reads

dErad (W* )
dw,

_ f Bl 8P (1,) S0 (3.24)

while deferring to Appendix B an analysis of the spatial components. Comparing
(3.24) with (3.10), we immediately see that they are identical up to the prefactor
—4he, so that

. dErad .

lim = lim [—4he Im 2§(0, b)] . (3.25)

w—0 w e—0

This highlights a general mechanism: the infrared divergences of the elastic am-
plitude determine the ZFL of the energy emission spectrum via massless quanta
[41, 18]. Eq. (3.25) generalizes trivially to an arbitrary background process @ — /3
and captures the exact dependence on the associated kinematics, regardless whether
the involved particles carry spin. Similar links hold between the energy spectra for
massless vector and scalar emissions and (4.6), (4.7), and between the total emission
spectrum in N' = 8 and (4.8).
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4 ZFL (and Im2)) at Arbitrary Velocities

In this section we provide explicit expressions for Im 20 and d]j—:jd, specialize them
to the case of gravitational 2 — 2 scattering and analyse their properties as the
relative velocity of the colliding objects varies. As we already discussed for the
memory waveform, we will observe a non-trivial transition between the standard
PM regime where () < my, ms and the region characterized by the bound (2.45).

The integrals entering (3.6) can be evaluated to leading order in € = (4 — D)/2
using the basic identity (see [41] and Appendix B of [63])

/ 42k 2w (R)0(R)0(w, — k) @ Fun o
(2m)* (Prnk) (P k) 872 mymyy, | ’
where L

1T arccosh oy, P * Pm (4.2)

an = 5 5 Onm = —NnTim .
\ Onm — 1 myMm

Note that, despite the presence of a cutoff, the left-hand side of (4.1) is Lorentz-
invariant to leading order in ¢, and indeed the 1/e pole on the right-hand side is
w,-independent (see also the discussion around (3.23)). Then, to leading order in
the limit € — 0, Eq. (3.6) together with (3.25) gives:

Ee 2 1
lim dEF 26 My My <o—,§m — —) Fom . (4.3)

2

Let us emphasize that in this expression the dependence on the kinematics of elastic
process is exact. Like the soft theorem, this formula is insensitive to the specific
details of the hard particles and should also hold if they carry spin. Moreover, as
expected, Im 26 > 0 for e < 0, which grants the convergence of the integral, so that
e~ ™2 ig indeed an exponential suppression: this factor tends to zero as D — 4
and as h — 0, indicating that |0) and S;,.|0) have zero overlap in these limits.
Correspondingly, via (3.25), the ZFL of dF /dw is also positive.

The right-hand side of Eq. (4.3) generalizes straightforwardly to generic back-
ground processes « — [ involving an arbitrary number of (massive and massless)
states. Again via (3.25), it is related to the quantity to be exponentiated in momen-
tum space in order to resum all infrared divergences in the exclusive amplitude A,z
due to soft virtual gravitons [41, 63]: A,z = e"Ves Agﬁ, where Agﬁ is infrared-finite
and

k2w 2% 1\ 9pnm arccosh oy, — im0
Wa _ % M 2 1 n!Im nm nm 4.4
B (47T)2h€ ; mpm (Unm 2) /70'7%m — 1 ( )
with 7m = 0y, mn — Onm- In particular,
Im2) = —ReW (4.5)
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for the 2 — 2 process which is the object of our main interest here.

The discussion presented so far can be straightforwardly generalised to N' = 8
supergravity starting from the soft eikonal operator (2.26). The technical steps are
identical to the GR case, except that one needs to add all contributions to Im 26
that arise by reordering the ladder operators associated to the various massless

particles in the theory, which include vectors and scalars. Thus, in analogy with
(4.3), we find:

‘ dEvee 1

s~ g oo ) o Y
) 1 InIm

o5 dw 472 HZ; My Mo, (4.7)

After summing up the all such terms related to the various physical modes we obtain
a remarkably simple result:

. dEN=% 2@ .
lim
w—0 du) T

V2 Fom (4.8)

where 0], = 0., — 1 if n and m have momenta compactified along the same KK
direction (so that m,, = m,,) and o/, = 0, otherwise. Again, the right-hand side
of (4.8) is related to the exponentiation of infrared divergences due to soft graviton,
dilatons and massless KK modes,

2, ,—2¢ :
Nog KW, ;o nlhm Arccosh 0y, — 1T,
WA = (e 2 man() s (19)

by the same link as in the case of graviton emissions (4.5).

Let us now study more in detail the spectrum for the 2 — 2 process in General
Relativity. Starting from the general expression (4.3) for Im 24, it is sufficient to
use 0,, = 1 and F},,, = 1, while for n # m we have 0,,, = 0., and

Q? Q?
012 =034 =0, 013=09 =0Q, 014 + 22 093 + omd ( )
where we introduced the shorthand notation
2 2 2
U —m5s—m
oo =0— @« __ L2 (4.11)
2m1m2 2m1m2

20



Then, Eq. (4.3) becomes

drs 4G 9 1y arccosho 5 1, arccoshog
b = 1 oo ) SR o -

2 2
+ 2 om((1+ %) -

2 2m§

arccosh (1 + %)
1

S

Q2
+m2_m2< - Q2 2_ >arccosh<1+—2m§>
2 2 )
2 2ms; 2\ 2
(1+2%) 1
2

where, as discussed, the transferred momentum () should be interpreted by us-
ing (2.19). As already emphasized, while in the following we will focus on certain
interesting kinematic limits, the dependence of this formula on the dynamics of the
background elastic process, and in particular on @) /m;, is exact.

The standard PM regime considered in [13, 18] requires that

N[

N[

Q% ~ (pO,)* < 2m?. (4.13)

In this regime, one can extract the leading (3PM) contribution by Taylor-expanding
the first line of (4.12) in 2, while the remaining two lines only give subleading
contributions,

dE®  2G 8 — 502  (20% — 3)o arccosh o
li _~ 2202 4.14
wl—IPO dw T [3(02 —1) T (02 — 1)3/2 } ( )
Note that, in the UR regime, this gives:
dE® 4G s 5
li ~ —Q* (1 —— . 4.15
by dw T @ (og mims 6) ( )

When rewritten in terms of Im 2§ (o, b), the result (4.14) agrees with Eq. (5.14) of [18]
once we use ) ~ p O, and the leading result (2.6) for ©,. Moreover, to the leading
3PM order, Eq. (4.14) has been explicitly shown to hold also if the colliding objects
carry spin, for generic spin alignments [64]. Via unitarity, analyticity and crossing
symmetry, the 3PM divergent part of Im 2§ immediately provides the radiation-
reaction corrections to the 3PM deflection [18, 55].

Still, let us stress that the exact dependence of (4.12) on Q% can be used to
extract a prediction for the ZFL of the spectrum and, via (3.25), for the IR-divergent
part of Im20 also at higher orders in G. In particular, once the nPM deflection
angle is known, Eq. (4.12) provides the IR divergent part of 20 at (n + 2)PM order
(so far explicit results for O, including radiation-reaction effects, are available up
to 3PM).
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Notice that (4.14) is determined by the soft theorems and the 1PM deflection
angle, explaining why the probe limit v = (myms)/(my + m2)? < 1 used in [65]
captures the full result at this order. It is straightforward to use (4.12) and extract
the higher PM corrections to (4.14) and so to the ZFL of the energy spectrum. Of
course starting at 3PM order one finds a non-trivial dependence on v inherited from
the expression of ©.

As a check, we compared the small-velocity limit of the first three orders in the
PM expansion of (4.12) with the results obtained in the standard Post-Newtonian
(PN) approach, see for instance the results in Appendix A of [66].1 Tt is interesting
to notice that the radiation-reaction contribution to the deflection angle [1] yields
terms in the soft spectrum that have odd powers of the velocity in the PN expansion.
The first such contribution to the ZFL of the energy spectrum can be obtained
simply by inserting in (4.14) the 2.5PN term of the deflection angle in GR [13, 18, 55]
and is dfj "~ 5122;’:;1”6”. At this order one would expect also a contribution from the
cross term of the linear and non-linear memories of the waveforms, however, by using
the result of [46], one can check that such contribution vanishes after integration
over the angles at least at the leading PN order. Thus the result quoted above
should be the full 5PN correction to the leading ZFL of the energy spectrum and
it would be interesting to compare it with the results derived in the PN approach.

In the naive small-©; expansion, including the leading term in [65], there are
terms that are logarithmically divergent as ¢ — oo with O, fixed, i.e. when one
enters the kinematic regime defined in (4.16). However, as discussed in the previous
section, the PM approximation can break down even when Oy is small, see (2.45).
This happens when!!, for at least one index 1,

2 _ 2 2
\/ﬁQ = \/_psin% i mlb ma) > (4.16)

In this regime, one cannot expand the last two lines in (4.12) for small O ~ G.

The first line in (4.12) can always be expanded to first order in Q?/s (and
exhibits a singular massless limit) while the second and third line depend very non-
trivially on the “scaling variables” & = m%,gz = m%, respectively. Actually, when
seen as analytic functions of z = £2, those two lines exhibit a branch point on the
negative real axis at the unphysical point z = —4, corresponding to the ¢t-channel
thresholds ¢ = 4m?. This implies that the PM expansion around z = 0 starts to
diverge at ¢? = 4. This quantifies the qualitative statement made in (4.16).

This complicated &;-dependence smoothly connects several interesting regimes.
We have already discussed the conventional 3PM regime where (4.14) holds. At

the opposite end let’s consider the extreme ultrarelativistic regime, or equivalently

19Gtarting from (A6) and (A7) in that reference, it is straightforward to perform the ZFL of the
terms that do not receive contributions from the integrals in (A8) and see that they agree with
the PN expansion of our (4.12). One can perform a more detailed comparison verifying that all
terms agree at the 2PN level considered in [66]. We thank Donato Bini for performing this check.

1 Note that this condition requires at least one of the two particles to be relativistic, p > m;.
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the massless limit, where 2p — /s and m;,my < @ = 4/ssin %. The mass
singularities neatly cancel and then (4.12) reduces to (see e.g. [52] where the result
is extended to an arbitrary number of external massless legs)

dE® 4G — Q?
lir% i {s log i >+ @Q*log #} , (4.17)
w= w T §— Q Q Q=1/ssin %
which also affords a very compact form in terms of the deflection angle
. dEgI‘ 4G 2 @5 2 @5 -2 @8 -2 @S
}Jl—% i [cos 5 log cos 5 + sin - log sin 5 | (4.18)

which agrees with the leading soft limit of Eq. (5.12) of '? [53]. Let us consider the
small ©; limit of (4.18). At leading order for 5 < 1 we have

1+ log @ig} ,
which reproduces the result obtained in [38] within a classical GR approach and
in [36] from a scattering amplitudes perspective.

The latter approach clarifies the origin of the non-analytic behaviour in G
in (4.19) as we summarise below. Most of the radiated energy due to soft modes is
in a region almost collinear to the hard particles as it is clear from (2.46) and (2.47)
since the denominators in those expressions become smaller as § < 1 or m— 0 < 1.
However, when 6 < O, (7 — 0 < O,) the waveforms stop growing and there is a
plateau till § = 0 (§ = 7). The key point is that, during the scattering, the direc-
tion of motion of the hard particles changes classically, so the radiation collinear
with the initial states has an angle ©, with the final states and vice versa. This
misalignment regulates the integral over 6 in the energy spectrum and this produces
the non-analytic dependence on G in (4.19).

It is then clear that it is essential to keep track of the (elastic) eikonal expo-
nentiation to encode the information about the classical deflection angle, see the
discussion starting from (2.4). Technically, this is done by using the soft eikonal
operator (2.17), where the operator part describing the radiation acts on the full
elastic eikonal, instead of just on the amplitude describing a single graviton exchange
(which is a quantum process). In the standard relativistic PM regime (i.e. away
from the regime (4.16)) the subtlety discussed here is not manifest, since in that
case the would-be collinear blow up in (2.43) and (2.44) is cut-off by E;/p—1 > 0.
As a result the 6 integral in the spectrum is regulated by o as it is clear from (4.14).
Eq. (4.12) provides a smooth transition between the two regimes and the logo en-
hancement in (4.14) becomes log ©;2 when entering the extreme ultra-relativistic
region.

lim ~
wx—0 dw*

2
dErad GS@S [ (419)

12In order to reinstate the Newton constant, that result should be multiplied by 877G and in
that equation E = /s/2 indicates the energy of each incident particle.
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Let us finally consider another corner of our two-parameter space, the one in
which, say, & = m% — 0 and & = mg — o0. To this end, we can first take my to
be small for fixed s, my, @, and then take the small-() limit for fixed s, m;. This
time the singularity for my — 0 cancels while a logm, remains, so that:

_dEE G (s — m2)?

Inside this regime we can also consider the probe limit, where we can regard particle
1 as the primary object and particle 2 as a test mass. This case corresponds to
further taking, in (4.20), s =~ m? + 2m;p (i.e. p =~ myo) obtaining

dE G, 4p?

or, recalling () = 2psin %,

. dE.q  AGp*sin® S [1—6log (sin® )]
lim ~ ’
w0 dw 3T

(4.22)

where here Oy is the deflection angle in the probe limit in a Schwarzschild black
hole of mass m;.

Let us now turn to the case of NV = 8 supergravity. Specializing (4.8) to the
2 — 2 kinematics as in (4.10), we have

dEN=% 4G h h
lim = L 2mymao® T om0 (4.23)
w—0 dw T o2 — /022 _1

Q* Q*
(Q2)2 arccosh <1 + 2m§) (Q2)2 arccosh <1 + 2m%>

4m? 2 A2 5 ] )
1 \/<1+%> -1 2 \/<1+%> — 14 Q@=2psin &

The standard relativistic regime, where Q* < 2m? in the equation above, has an
analytic PM expansion whose leading term reproduces the result of [55]

dEN=S 4G Q* { o? (0% — 2)o arccosh a]

ilgtl) dw — m |o2-1 (02 —1)3/2

(4.24)

where the leading deflection angle is given in (2.6) now with ( = 0. On the contrary,
in the regime (4.16), the small-©, expansion is non-analytic and interestingly, in
extreme ultrarelativistic kinematics where the masses can be neglected, one obtains
again (4.17). Indeed, the contributions related to the dilaton, and the Kaluza-Klein
scalars and vectors become negligible in this regime, as suggested by the fact that
(4.6), (4.7) scale with lower powers of o, compared to (4.3), and the graviton
provides the dominant, universal behaviour.
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We refrain here from discussing in detail the soft spectra of N’ = 8 supergravity.
Suffice it to say that the link (3.25) trivially holds for each “species” of radiated
particle (dilaton, KK modes and gravitons), so that each spectrum is determined
by the corresponding divergent part of Im 24 discussed in the previous section. In
particular, the ZFL of the full ' = 8 energy spectrum, obtained by summing
over all types of emission, is obtained by substituting (4.23) (or more generally
(4.8)) in (3.25). At ultra-high energies, only the contribution due to the emission
of gravitons survives. This is a universal expression for two-derivatives theories in
accordance with the expectation that gravity dominates the high-energy limit not
just for the elastic scattering, as argued in [1], but also in the radiation sector.

5 Discussion and Outlook

In this paper we focused on the soft eikonal operator describing the emission of low-
frequency gravitons (or, in general, massless states in A/ = 8 supergravity) from the
2 — 2 scattering of energetic particles. By combining Weinberg’s exponentiation
in momentum space and the eikonal exponentiation in impact parameter space,
we obtained explicit formulae for the waveforms and the energy spectrum in the
zero frequency limit. The main feature is that these observables are smooth as the
energy of the collision increases and display a qualitative change in their behaviour
when one goes above the threshold (2.45). In general, waveforms and spectra now
depend non-trivially on the two ratios appearing in (2.45) if they are kept fixed as
one takes s — oo. In the extreme ultrarelativistic regime in which both ratios go
to infinity (e.g. in the massless case), the universality of gravitational scattering [1]
is restored also for radiative observables at least in the ZFL regime: for instance,
the dilaton waveform becomes negligible (see Eq. (2.48), while in the standard
PM region it is non-trivial (2.49)) and the energy flux reproduces the universal
result (4.19). Note that, in the standard PM regime, (4.15) shows that the ZFL
flux divided by the initial energy increases logarithmically as o becomes larger:
%dfT“zd ~ G+/s0%logo. Even such a mild increase is inconsistent at high energy
and indeed when the threshold (2.45) is crossed the behaviour of the spectrum
smoothly changes to (4.19): the logarithmic increase with the energy is substituted
by a non-analytic dependence on the scattering angle (and thus on the Newton
constant).

Of course, the immediate next challenge is to extend our approach beyond the
small frequency limit. It is possible to introduce an eikonal operator that ex-
tends (2.14) to generic values of the frequency and assume an exponentiation in
impact parameter space as done for the elastic eikonal. A first proposal in this
direction has been discussed in detail in [37] which focuses on the regime below
the threshold (2.45). In this case the operator part of the eikonal operator is di-
rectly related to the leading PM waveforms [32, 33, 34, 62]. Various checks on
the consistency of this proposal are already discussed in the same reference and it
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is possible [29] to use it as a starting point to discuss the qualitative features of
the energy spectrum (for both dF,.q/dw, and the fully differential dE,.q/(dw, dS2))
along the lines of what was done in the massless case [38, 35, 36]. The low fre-
quency approximation we considered here certainly breaks down when wb ~ 1 and
so one can estimate the contribution of the very soft gravitons to the total energy
radiated simply by assuming that the spectrum is constant up to w ~ 1/b. Then
the contribution from soft gravitons is Eraq ~ /503, which is of the same order
as the full result [67, 68] in the PN region o ~ 1. When o > 1, but still below
the threshold (2.45), E,.q scales as Ey.q ~ /s 03,/ [67, 68], while the prediction
from [38, 35, 36] for the massless case (which of course is above the threshold (2.45))
is Eraq ~ /50%log©;2 Tt will be interesting to check whether these two cases
(massive and massless) are smoothly connected by taking the extreme ultrarela-
tivistic limit, as it happens for the ZFL case. The power-like dependence on the
scattering angle is consistent with the pattern seen in this paper, where o is sub-
stituted by 1/©? in the extreme ultrarelativistic limit, but the result of [38, 35, 30]
has an extra logarithmic enhancement. This comes entirely from high-frequency
gravitons, which seem to be irrelevant below the bound (2.45). We plan to come
back to this issue in a future work [29].

Another interesting development is to investigate whether the eikonal operator
has the coherent form of (2.14) at all frequencies, or non-linear corrections in the
oscillators (in the exponent) are needed. The analysis of [37, 69] indicates that the
first subleading correction to the waveform can be encoded in an eikonal operator
that has the same functional form as (2.14), at least below the threshold (2.45). It
will be important to clarify whether this is an all order property by studying both
higher orders in the standard PM approach and the extreme ultrarelativistic limit
of the first PM correction.
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A Summary of the kinematics

Following closely Ref. [12], we write the 2 — 2 kinematics in the Breit frame where
the initial states have momenta

© o q*
7 ) Pg = —mgug -5 (A-l)

where the quantities in bold are (D — 2) dimensional. The final states are

B =
py = —myuy +

w_o— o, 4 w_— w4
p4:m1u1—|—7 Py = Moty = 5

so the momentum transferred p; + py = ¢ is shared democratically between the in
and out states and is orthogonal to the classical velocities u;. We also introduce

/ 2 mimgo — L
m; = m?—l—qz ) U?:—l ) y:—(uwz):% : (A-?’)
myma

Aligning the direction of classical motion along the z axis, we can also introduce
rapidity variables according to

(A.2)

'U: = (COShyi> 07 Slnhyz) ) q,u = (07 q, O) ) (A4)
and
my + mgy maq my + Mmoo E1
coshy) = ————meee—— = — 5 5 =—_,
\/m1 +m5 4+ 2mimey T \/ml +m5+2mimeo T
my + M1y mo Mo + Mo FEs
coshy, = =< ==

V2 + T2 4 2my ey M2 /m? + m3 + 2mymao T2

> A5
sinhy, = MoV Yt - cos % )
VS A+ mE 4 2mymy T 2’
sinhy, = — Tyl :—iCOS%
M2 + M2 -+ 21, My my 2

where the spatial momentum p is given by (2.3) and the second formulation in each
expression is derived by using (A.3).

The direction of the radiation is of course defined by the momentum of the
corresponding emitted soft particle. In D = 4 we take

k' = (w,k,kY) = wnt, n* = (1,sin6 cos ¢, sin fsin ¢, cos ) (A.6)

and introduce two orthogonal vectors e,k = egk = 0

e, = (0,—sing,cos$,0) e = (0, cos cos ¢, cossing, —sinf) . (A.7)
which can be used to define the physical polarisations of the graviton
v 1 v v 4 ]‘ v v
el = 5(6;69 —egep), €y = 5(6569 — eheq) - (A.8)
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I

B Spectrum of emitted momentum —dZZf‘d

For completeness, let us briefly go back to the spatial components o = I of (3.21),
i.e. the spectrum of emitted spatial momentum. They lead to the following angular
integrals, which by rotational symmetry can be cast in the form

o1 d0(#) A )
II = = ’ = = nmI nm ! B.1
o) = § o O bk, (B

so that A .
Ky I —cosOpm ki - 1

sin® 6,,,,

, brm = G (B.2)

a'nm

where 0,,,,, is the angle between k, and k,,. In terms of the rapidities

Em = My m cosh iy, |Enm| = My SIND Yy, 4, (B.3)
one finds
- 1 U arctanh f 4 arctanh g
kp -1 = —— : — th, |, B.4
My My, sinh ¢, sinh ¢, 2 /02 —1 cothy (B-4)
with

2e¥m (e¥no?  — 0 pm cosh i, — sinh )

ny Ymy Onm) = ? B.5
f (W, ¥ ) (14 eX¥m — 2e¥ntvmg,, )\ o2, —1 (B:5)
(w w ) 26wm (O-Zm _ O-nmewn COSh ,l/)m _I_ 6wn Slnh ¢n) (B 6)
ns Ym, Onm) = ’
g (e¥n + eXm+tn — Qe¥mg, )\ fo2 1
In the collinear limit 6,,,, — 7, this result simplifies to
. », coth 1, — 1, coth,,
b o 1 = PnCothn = Y cothy (B.7)

Moy My SIND (Y, 4 Py )

The ZFL of the spectrum for the emission of spatial momentum is therefore given
by

. dp! K21 m
lim —— = (27)2 mamy, (Gnm = 5) I (Do Pm) (B.8)

for soft gravitons. Similar expressions can be obtained for vectors and scalar, fol-
lowing the same strategy adopted for Im 2§ and for dF,,q/dw in the main body of
the paper.
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