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ABSTRACT: We apply the recently developed formalism by Kosower, Maybee and O’Connell
(KMOC) [12] to analyse the soft electromagnetic and soft gravitational radiation emitted
by particles without spin in D > 4 dimensions. We use this formalism in conjunction with
quantum soft theorems to derive radiative electro-magnetic and gravitational fields in low
frequency expansion and upto next to leading order in the coupling. We show that in
all dimensions, the classical limit of sub-leading soft (photon and graviton) theorems is
consistent with the classical soft theorems proved by Sen et al. in a series of papers. In
particular in [11] Saha, Sahoo and Sen proved classical soft theorems for electro-magnetic
and gravitational radiation in D = 4 dimensions. For the class of scattering processes that
can be analyzed using KMOC formalism, we show that the classical limit of quantum soft
theorems is consistent with the D = 4 classical soft theorems, paving the way for their

proof from scattering amplitudes.
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1 Introduction

Soft theorems in quantum field theories are universal statements about factorisation of
scattering amplitudes in gauge theories and gravity [1-5]. Classical Soft theorems [6, 7] are
exact statement about low frequency radiation emitted during generic scattering processes.
As such they are a consequences of the under-lying gauge invariance of the theory and
capture the universality of low frequency radiation [7]. In D > 4 dimensions, these theorems
were first derived as classical limits of quantum soft theorems [6]. It was shown in [6]
that for a class of scattering processes which could be classified by either large impact
parameter or (in the case of 2 — 2 scattering) so-called probe scatterer approximation
(an approximation in which ratio of scatterer mass to probe mass is large), quantum soft
theorems could be used to compute low frequency classical radiation. More in detail, it



was shown that extremizing the probability distribution of emitted soft quanta in a given
frequency bin is tantamount to taking the classical limit and results in classical radiation
arranged in soft frequency expansion. The probability distribution was in turn obtained
from the multi-soft graviton theorem [8]. The final result is rather simple to state. The
radiative field at long distances is proportional to the “classical limit” of a single soft factor
where momentum and angular momentum operators in quantum theory are replaced by
their classical counter-parts. Hence such low frequency radiative fields are called classical
soft factors.

In [9], these ideas were used to propose a definition of classical soft factor in D = 4
dimensions. The essential departure from higher dimensions was the long range infra-red
effect which causes scattering particles to radiate even asymptoticallly. The soft expansion
then contained a new term which was proportional to Inw (where w is the frequency of
radiation). It was explicitly checked in a number of examples that in the soft expansion
of classical radiation in four dimensions, this term was indeed present. The soft factor is
called classical log soft factor. In a seminal paper, Sahoo and Sen [10] showed that soft
theorems in QED and quantum gravity were loop corrected in D = 4 dimensions. Although
the leading Weinberg soft factor remained un-effected, the tree-level soft expansion breaks
down at sub-leading order in the soft expansion due to a new term which is proportional
to Inw. Just like Weinberg soft factor, this term was shown to be universal and one loop
exact, resulting in a new factorisation theorem for loop corrected Scattering amplitudes in
QED and quantum gravity.

In [11], Saha, Sahoo and Sen extended the proof of [7] to four dimensions and proved
the proposal in [9]. However unlike in D > 4 dimensions, where the classical soft radiation
can be derived from quantum soft theorems by a careful analysis of classical limit, no such
derivation exists in four dimensions. And the proof is likely to be more intricate then the
corresponding proof in higher dimensions. In higher (D > 4) dimensions, the classical and
quantum soft factors were related by simply replacing the linear and angular momentum
operators in quantum theory with the classical counterparts. However the quantum log
soft factor derived in [10] was sum of two terms in which one term is precisely the classical
log soft factor proposed in [9]. The other term however is absent in the classical radiation.
This term is not manifestly quantum (in the sense of being higher order in &) and the
precise reasons for it’s disappearence in the classical limit remains unclear. But as the
classical limit of soft theorem is subtle [6], it is expected that this term would vanish under
careful analysis of the classical limit.!

A novel formalism to obtain classical radiation and other classical observables such as
momentum impulse from scattering amplitude was developed in [12] by Kosower, Maybee
and O’Connell (KMOC). The central idea of the KMOC formalism could be summarised
in two steps. In a 2 — 2 scattering, we start with a wave packet in the far past which is
peaked around certain momenta of the two particles. We then evolve the state using the

In D > 4 dimensions, the classical soft factor was essentially obtained by taking quantum soft fac-
tor and replacing quantum operators by their classical counter parts, this substitution did not produce
D = 4 classical log soft factor from the quantum counter part as the quantum log soft factor had certain
additional terms.



S-matrix and use the final state to compute expectation values of quantum observables.
Classical limit of the expectation value is obtained by interpreting classical expansion as a

large impact parameter expansion.?

The formalism synthesized various recent developments of obtaining classical observ-
ables from quantum amplitudes in a coherent framework. Power of the formalism lies in
the fact that the classical limit is taken already at the level of loop integrands contained
in the perturbative expansion of the scattering amplitude. On one hand, this drastically
simplifies the “quantum” computation as only a subset of Feynman diagrams contribute
in this limit and on the other hand, the powerful techniques available for analysing higher
loop amplitudes could be used to perform the computations. Thanks to these advances
and a beautiful relationship between adiabatic invariants in a bound binary system with
observables for classical scattering processes (for a rigorous derivation of this relationship
in the classical theory itself, see [13, 14]) striking results in analysing various aspects of
the conservative dynamics of the spinning binary systems have been obtained in recent
years. For a sampling of some of these results we refer the reader to following papers and
references therein [15-27].

In this paper, we analyse radiative (as opposed to conservative) sector in soft frequency
expansion. The radiative sector has been relatively less studied using modern tools of
scattering amplitudes. Notable exceptions are ([28-30]). The question we ask is if we
can use the KMOC formalism to prove classical soft theorem from quantum soft theorem
in D > 4 dimensions in QED and gravity. As we work in the large impact parameter
regime, where the contribution of spin angular momenta to the soft factor is sub-dominant
compared to orbital angular momenta, we work with particles without spin. We show that
the classical limit of soft photon/graviton theorem produces the classical log soft factor
upto next to leading order (NLO) in the coupling. We believe this provides important first
steps towards giving a comprehensive proof of the classical soft theorem from quantum soft
theorem. We note that at leading order in the frequency, that is when we consider Weinberg
soft photon theorem in the quantum amplitude, this result was already established in a
seminal paper by Bautista and Guevara [29]. We generalise this result to sub-leading order
in the soft expansion.

Our analysis also reveals a rather nice surprise when using KMOC formalism to analyse
soft radiation. Namely that in D = 4 dimensions, even tree-level scattering amplitudes
produce soft radiation that has logarithmic dependence on radiation frequency. The log
dependence on soft frequency arises due to integration over phase space of initial scattering
states. We also remark that apriori, there is a puzzling aspect to the KMOC formalism
in that as the amplitude is contructed with Feynman propagators, it is unclear how the
classical limit of quantum radiation will match with a classical computation based on
retarded propagator. In fact, as was argued in [10], it was precisely this difference that was
responsible for the discrepancy between classical and quantum log soft factors as shown
in [10, 11]. However the reason, poles of Feynman propagator do not directly contribute in

2This formalism assumes that we are in the large impact parameter regime and to the best of our
knowledge, it is not clear how to generalise it to other scenarios, e.g. the Probe scatterer approximation.



the classical limit is precisely due to the fact that all the states are on-shell. In the classical
limit, this constraint ensures that the corresponding poles have vanishing residues.?

We would like to emphasize that none of our results are new. They merely re-affirm
(in the context of large impact parameter scattering) the results establlished in [6, 7, 9-11].
However we believe that the KMOC formalism sheds new light on the relationship between
quantum and classical soft theorems and provides a potentially powerful framework to
analyse higher order terms in soft expansion directly from scattering amplitudes. Our
work is a small step in this direction.

The paper is organised as follows. In section 4, we derive the soft electro-magnetic
radiation at O(w?) in D > 4 dimensions by starting with the set up of [31, 32]. In section 5,
we show that one obtains the same result via KMOC formalism when we use sub-leading
soft photon theorem to evaluate tree-level scattering amplitude. In section 5.3, we extend
the computation of 5 to four dimensions and show that one obtains soft radiation which
scales as Inw with soft frequency. This result matches with the classical log soft factor
obtained in [11] at leading order in the coupling. In section 5.3, we analyse the soft
electromagnetic radiation using KMOC formalism at next to leading order (NLO), which
requires computation of one loop soft amplitude. We use quantum soft theorems in four
dimensions of Sahoo and Sen [10] and show that the resulting classical limit is in agreement
with classical log soft factor at NLO. In sections 6, 6.2 we repeat this analysis for gravity.
We end with some discussion on open issues. Appendices contain proof of certain key
identities used in the main text of the paper.

Set up. Classical soft theorems are stated in terms of initial and final momenta. Our
analysis is based on the set up proposed in [31] in which in the classical theory, one starts
with initial momenta and use the equations of motion to determine the final momenta
and computes the radiation in small deflection (large impact parameter) regime. It is this
set up which is the basis of KMOC formalism. Due to this, there are several technical
differences with the computations of [6, 11].

In particular, the soft theorems as stated are exact statements and seen from the
perspective of the set up used in [12, 31], they are obtained by resumming the perturbative
expansion of final momenta in terms of initial momenta. Hence a complete derivation of
the soft theorem from perturbative amplitudes appears to be formidable. We do not meet
this challenge in this paper and only confine ourself to give a “perturbative evidence” for
the proof of classical soft theorem from quantum amplitudes.

2 Brief review of classical soft theorems

In this section we review the classical soft theorems derived by Sen and his collaborators in
a series of papers. Our primary focus is on the remarkable soft theorems proved by Saha,
Sahoo and Sen in D = 4 dimensions [11].

3This will becomes empirically clear through the number of computations we do in the main sections of
the paper.



We first review the classical soft photon theorem in D > 4 dimensions. Given a
scattering process, where incoming classical particles* with momenta {pi,...,p,} and
charges {qi1,...q,} scatter into outgoing states with momenta {p},...,p},} and charges
{d}...,4q,,}, the theorem states that the radiative gauge field at sub-leading order in fre-
quency is given by,

T (w, k) <Z 6aS" ({pa}, k) + an “({pa} k)) (2.1)

where we have suppressed the leading order term in the soft expansion given by the Wein-
berg’s soft photon factor. fp(w) = w® for D > 4 and = Inw for D = 4.5 SMe({p,}, k) is
known as classical sub-leading soft photon factor and is defined as,

~ JMVkV )
DE({pa}, k) ~ ﬁ if D>4
1 1 k (2.2)
T 4r Z Qb 3 (pa A pb)#’g ifD=4
am blo(a,b)=1 ((pa : pb)2 — mgm%)z DPa - k

where in the first line in eq. (2.2) J#* is the total angular momentum of the a-th particle.
In the second line o(a,b) = 1 depending on whether the pair of particles (a,b) are both
incoming or both outgoing.

The approximation sign in the first equation in eq. (2.2) is to emphasize that the
soft factor is not universal [35]. The non-universal terms depend on higher derivative
contact interactions that may be present. However in the large impact parameter regime,
these terms are sub dominant and upto sub-leading order in the frequency, the radiative
gauge field is universal, depending only on the asymptotic linear momentum and angular
momentum of scattering particles. In D = 4 dimensions the situation is significantly more
subtle, although the result is even stronger than in higher dimensions. The new soft factor
at order Inw is due to Coulombic interactions which persist even when particles are far
apart in the asymptotic region. The log soft factor is universal and does not change under
addition of higher dimensional operators in the Lagrangian.

The classical soft graviton theorems at sub-leading order are statements regarding
universality of low frequency gravitational field in the radiation regime. If we denote the
radiative field as J*(w, k) then,

I, k) ~ fp () (Z SO () By + 30 SO ({53, 1%>> (2.3)

a=1 a=1

fp(w) = kw? for D > 4 and = l%—irlnw for D = 4 with k = V327G.

4These particles can have infinitely many multipole moments and hence also describe composite objects
like stars and black holes.

SStrictly speaking the frequency dependence in D = 4 dimensions is more subtle. It is In(w = i€) for
incoming/out-going particles respectively. This detail will be important in the main section of the paper,
but we suppress it in eq. (2.1).



SWmr({p,}, k) is known as classical sub-leading soft graviton factor and is defined as,

R (1 )P},
SO (1 ) = wifD > 4
Pa - k
Pa * Db 3 9 5 2 kppg“ v)p
= > Y 5 o3 {2papb—(pa~pb) } - (Pa A\ )
blo(ap)=1 ((Pa - Pp)* —mzmj)2 Pa -
if D=4 (2.4)

As we have emphasized before, soft theorems are exact statements describing electro-
magnetic or gravitational radiation in soft frequency expansion. However in the more
standard approach to classical radiation (see [31] and references therein), one starts with
an initial configuration of scattering particles with certain boundary conditions and then
computes outgoing radiation in the far future using equations of motion. Seen from this
perspective, the soft factors are really “re-summed results” obtained from classical per-
turbation theory once we know the exact final momentum of a particle in terms of initial
momenta. That is, consider a 2 — 2 scattering process with large impact parameter. These
processes can be studied within perturbation theory (with respect to g or ). If pg: is the
final momentum of a particle with initial momenta p, then for gravitational scattering,

o (n)
pir =ph 4+ & ApE (2.5)

n=1

where A(gg is the leading order (LO) impulse and x2"-th term is the N"LO order impulse.
Thus when we compute soft radiation perturbatively in the coupling, a necessary condi-
tion for consistency with the soft factor is that the radiation at any perturbative order is
consistent with classical soft factor.

3 Brief review of the KMOC formalism

In this section we give a cursory review of the KMOC formalism introduced in [12]. We
can not do justice to the several nuances and technicalities in their work and hence limit
ourselves to the bare essentials which are directly needed in the main sections of the paper.
Interested reader is encouraged to consult the original reference as well as [33].

It appears to be a rather convoluted idea to compute classical observables like flux
of radiation or Scattering angle by first quantizing the theory and then taking classical
limit of quantum observables. However for past two decades it has been recognised that
computing classical observables using scattering amplitudes offer enormous simplifications.
The reason this is possible is because of the realisation that only a subset of Feynman
diagrams contribute in the classical limit and hence the main idea is to isolate this set
of diagrams before doing the integration over loop momenta! The recent computations of
gravitational potential at third and fourth Post Minkowskian orders are some of the most
striking outcomes of this endeavour [22, 24].

In [12], Kosower, Maybee and O’Connell synthesized these ideas in a formalism using
which classical observables can be computed from scattering amplitudes. Their basic idea



is to take wave packets for incoming (classical) particles, evolve them using quantum S-
matrix operator and then compute expectation value of an observable in the final state.
Classical limit was obtained by recognising that in large impact parameter regime, the
small |q| (q being the momentum transfer) expansion is precisely the classical expansion.
Their beautiful analysis has many caveats but in a nutshell, it turns the intuition of defining
classical limit as a small |q| expansion into concrete formulae.

In four dimensions, any classical observable (e.g. linear momentum impulse suffered
by one of the scattering states or flux of radiation emitted in a given frequency bin) is
obtained from a quantum field theory computation through following formula,

O p1,p2.) = lim BP0, (W|STOAS W)y — 1, (W]O4 )] (3.1)

This formula expresses expectation value of any observable in a final state which is obtained
by evolving an initial 2 particle coherent state in which the 2 particles are separated by an
impact parameter b.

The index A on O4(py,ps ... ) is an abstract index as O maybe a vector as in the case
of momentum impulse or a tensor as in the case of angular momentum impulse. The dots
on the right hand side indicate possible dependence of O on other degrees of freedom such
as spin. fSo is the exponent that depends on the observable O and |¥);, is the incoming two
particle coherent state in which the particles are separated by impact parameter b and their
momenta are localised around p1, po. In the large impact parameter regime, the expectation
value of the momenta of the two particles are also centered around pq, po respectively. The
spread in the initial coherent state is responsible for the momentum transfer between the
two particles. (As the impact parameter is large, we expect the momentum transfer to be
small as compared to the incoming momenta of the particles.) We now describe the initial
state in slightly more detail.

If we choose origin of the co-ordinate system to coincide with the initial position of
the second particle (that has momentum po)

ib<pl
(W)in = /du(p’l)du(p’z)él(p’l)cﬁa(p’z)@TlIp’l,p'z) (3:2)
where the measure,
/ d4p; 0 2 2
dp(p;) = (27r)4 (2m)0(p; )0 (p;™ — m;) (3.3)

¢i(p};) are relativistic generalisation of non-relativistic Gaussian coherent state, defined as,

o1 (p)) = N e e (3.4)

This exponent in the wave function is linear in pj. But it can be readily verified by going
to rest frame of p; that in the non-relativistic limit, it reduces to the familiar Gaussian. p;
is the 4 momenta “around which the wave packet is peaked”.



¢ is the classicality parameter used in the non-relativistic Gaussian coherent states,
¢ = (;—;)2 where [, is the Compton wavelength associated to the particle and [,, is the
spread and N is a normalisation constant.5

The master formula in eq. (3.1) looks rather abstract. The Right hand side of the equa-
tion involves perturbative expansion of the S-matrix. It would be incredibly complicated
were it not for the happy facts that, (1) there have been remarkable advances in computing
the scattering amplitude at high loop orders in gravity and gauge theories and (2) in the
KMOC formalism, one only sums over those Feynman diagrams that dominate when the
momentum exchange and loop momenta scale with % in the classical limit.” Two examples
analysed in great detail in [12] are momentum impulse in electro-magnetic scattering and
the electro-magnetic radiation at leading order in the coupling. In [33], KMOC formalism
was also used to compute the angular momentum impulse in scattering at leading order in
the coupling.

In the case of linear momentum impulse, let Ap/’ be the impulse associated to the first
particle. Then, as was shown in [12],

on-shell _;p,
Ap/l = lim ih? e h o IH
h—0 I1,l2 (3' 5)

I" = R As(p1 + b1, p2 + lo — p1,p2) + O(A - A*)

Our notation for exchange momenta is [# rather then the standard ¢*. This will help us
in comparing our integrands in the classical limit with results in [11, 31]. We will denote
loop momenta as ¢ instead.

Ay is the unstripped amplitude. O(A - A*) denotes terms which are quadratic in
the amplitude. At leading order in the coupling only the first term contributes and is

proportional to the tree-level amplitude. The l?fllzheu measure is defined as,
onshell d4lz . 5 0 0
= 6(2p; - U; +15)0(p; + L 3.6
o = T edten o 00+ ) (36)

It ensures that in the incoming coherent state, one is only summing over on-shell states.
While taking the & — 0 limit, one first scales the exchange momenta (and loop momenta)
with % as I# = hl", keeps only the leading order terms and integrates over 1", g*. The final
integration is over wave numbers " g* and produces the classical limit.

Another important result in [12] which will be of central importance to us is that of
computing emitted radiation.

For simplicity we review their formula in the case of electro-magnetic scattering, al-
though in section 6 we will use the formalism to compute gravitational radiation. To

SAs p? = m2, it can be shown that the wave function is normalisable with respect to Lorentz invariant
measure, [12].

"In the KMOC formalism, along with taking the small exchange momentum limit, one also takes the
limit where loop momenta become small as ¢* = hg". This is motivated by the fact, in the large impact
parameter regime, if one considers inelastic scattering then the radiated massless quanta has small momenta.
Unitarity constraints then motivate us to scale loop momenta with & as well.



compute radiation, an important intermediate quantity introduced by KMOC is the so-
called radiation kernel R¥(k,X). Radiation kernel is simply the gauge field radiated at
momentum k* =: (w, wlz:) and is a result of in-elastic scattering where the out-going states
can include in addition to the two massive particles and a photon, additional states which
are collectively denoted as X. RF(k, X) is associated to the radiation emitted in a given
bin JH* as,

T = [ B 3 |eu(F) - RA(E, ) (3.7)
X
The reason R* was introduced is because it’s formula has the following compact expression.

on-shell
RA(F, X) = lim h /ll . S0+ 1y — b — rx) Asx (Br, B2 — propok, X) (3.8)
where p; = p; + I;. Kosower, Maybee and O’ Connell also showed in their paper that
classical limit of the electro-magnetic radiation kernel at leading order in the coupling
equals the clasical result computed directly from equations of motion [31].

KMOC formalism in [12] was developed to evaluate classical observables from quantum
field theory in four dimensions. But one can readily generalise their formulae to arbitrary
dimensions. For example, the formula for electro-magnetic radiation kernel in eq. (3.8) can
be generalised as,

on-shell

RM(k, X) = lim hz2=(D-4) - 0Pl + 1 — k= rx) Asx (P1, 2 = p1,p2, k, X)) (3.9)
1,02

where the measure is the on-shell momentum space measure in D space-time dimensions.

A disclaimer about notation. Egs. (3.5), (3.8) and (3.9) will feature prominently in
this paper. Although to take the classical limit, one needs to express all the massless
momenta in terms of wave numbers (and hence the integration over momentum exchange
and loop momenta is over the wave numbers "', 7") we will not explicitly introduce the wave
numbers in our formula. This is simply to avoid the notational clutter, but it will always
be understood that in the integrands that we evaluate for computing classical observables
the integration is over wave numbers.

Finally in the KMOC formalism a double bracket notation ((O4)) is used to denote
classical limit of a quantum observables. This notation symbolizes integration over the
initial momenta weighted by Gaussian wave packets. The result of this integration are the
final formulae of the kind in eq. (3.8). As these are the formulae we will directly use in the
paper, we refrain from explicitly displaying the double brackets to indicate classical limit.

4 Revisiting the classical sub-leading soft photon factor in D > 4

In this section we review the derivation of Electro-magnetic radiation in D > 4 dimensions
upto sub-leading order [6]. Our set up is the same as the one considered in [12, 31].
That is, we consider a scattering of 2 charges ¢1, g2 with masses m1, ms. We assume that
the particles do not have any spin. As in [31], we work in the large impact parameter



(small deflection limit) defined via b > m;*

parametrized as

. The trajectories of both the particles are

where, i = 1,2. 2!'(0) is the correction to the free trajectory of the ith particle.

The boundary conditions ensure that the particles are free in the far past with initial
velocities given by v!'. The equations of motion of the two particles can be written as [31]

,u
5 =i Yy [ G Wi, Ol A (42)
i JFi

where §(z) = 276(x), [, = f ) L and G(1) is the retarded propagator. We now compute
the radiative gauge field at sub leading order in soft expansion and verify if it satisfies the
classical soft photon theorem [6]. We start with the equation for radiative gauge field as
given in [12].8 Tt is convenient to work in the center of mass frame with the origin of the
co-ordinate system chosen such that b} = 0.

2 lel le2 f g ib-ly §D
Ru(k) = 4q1QQ/ 1) (5(2]91 l1)5<2p2 . lg)e ) (l1 + Iy — k)GT(ZQ)
(2m)P (2m)P
(pr-p2)ly  up2-k  (la-k)(p1-p2)p} (43)
I 2 I
- - + +1¢2
[pQ ok Pkt (k2
We can re-write this expression as,
" N : (1)
Rk =4 ates [ G pbCm- (= D)d2ps - D06, )
o (p1 - p2)l" b2 k(L k)(p1-p2)py

2 p1-k "p1-k (p1-k)?

. (4.4)
d=”l A .
+ / _3(2p1 - D5 2pa - (k — 1)e® G (1)
(2m)P
. (p1 - p2)I* _ppPL kL (L- k) (p '1922)175
p2-k p2 -k (p2 - k)
We can write the delta function to sub-leading order in momentum k* as,

O(p1-(k—1)) =d(p1- k) —p1-kd'(p1 - 1) (4.5)

8This formulae are written in 4 dimensions but the integral expressions hold in all dimensions as can be
readily checked.

~10 -



Hence the soft radiation is given by,
dP1 , < < po-k ,
12 :4 ” —1ib-l ( 2 2 . 2 |: b :|> ib-l 1 2 }
k) /(QW)DG U ({e 01920 (2p1-0)0 (2p2-1) 1P =P | J e (12)
, . . 1k )
_ {ezb-l <q%q25/ (2])1 l) (5(22?2 l) [_ (pl ‘p2) 4 ( ) (pl P2)P1

i ) zbl(1<_>2)}

(p1-k)
4t lq2q2 (ib-k) 5 (2p1-1) 5 (2p2-1) [_ (plp-lplzk? s + (- kglff)lkf;)plf] ) (4.6)

e In D = 4 dimensions, the boundary conditions in the far past make the analysis more
subtle. This is because unlike in higher dimensions, the Coulombic interactions cause
particles to accelerate even in the far past and far future. Thus to ensure the boundary
conditions in eq. (4.1), we need to use ie prescription [32]. In appendix A, we compute
the sub-leading soft radiation kernel in four dimensions, essentially reviewing the
computation of soft electromagnetic radiation in [11], but adjusted to the set up in
which outgoing momenta are not independent of initial momenta and are determined
from the initial momenta using equations of motion.

Let us compare the integral expression given in eq. (4.6) with the one we obtain by a direct

computation of classical soft factor defined in [6]. We will denote this soft factor as S(#
where the super-script indicates that it is the sub-leading expansion in photon frequency.

1
Vi Z N Yk — ——— JMk, 4.
Z i [ -k +1 Pi- k‘]fz ( 7)

where py; are the initial and final momenta of the ith particle, J4 are the initial and
final (classical) angular momenta defined with respect to a choice of the origin.” We will
focus on the contribution of the first particle to S#. Due to the parametrization of the
trajectory, the initial orbital angular momentum of the first particle is given by,

JH = bpt — bl (4.8)

On the other hand, with respect to the choice of origin used in defining J_;, the final
angular momentum is given by,

JH =0+ 2 0)p — v (4.9)
Hence at leading order in the coupling, the “angular momentum impulse” is given by,

Ty = JE = VAP — b7 ApE + (21 (0)p] — 21 (0)p}) (4.10)

Tt was shown in [6] that the choice of origin is gauge choice due to total momentum conversation.

- 11 -



Here Ap)' is the linear impulse suffered by the first particle [12]. Thus the classical sub-
leading soft factor is given by,

o1 1
st = J“”ky—ﬂ”ku]
o LP+1k Y p kT
1 1 1
= JHY g k:u+< - >Jﬁ”ky}
" LD+1 k( 1 p+1-k p-1-k !
=q 1(J/‘V_J/‘V)ky+< 1 _ 1 >J/Jl/k1/:|
[(p1+AOpy) -k 0T L (pr+Ap1)-k prok/) 7t (4.11)
[ 1 v v Apl k v
=q |— (JY =T by — STk
1 _pl'k; ( +1 1) (pyk)
[ 1 v v A k v v
= a1 | —— (AP ky+ (21 (0) APy )™ k) — =225 (0p” — b0 ) by
| p1-k (p1- k)

where in the second last line, we have expanded the second term to leading order in the
coupling. The linear impulse was computed in [12] and is given by,

. le ~ ~ —Z .
APl =iqige / W&(?pl “DO(2py - De” LG (D) A(py - po)I* (4.12)
In the same way, the deflected trajectory at o = 0 is given by,
w le 1 —ib-l pv
21 (0) = Q1QZ/ — — 5 (2p2 - 1) e "Gy (1) (I A p2)™ p1o (4.13)
(2m)" (p1 - )7
o\ dPl RN :
=2 v (P2 A / 5 ———0 (2p2 - 1) e G, (1 4.14
a192p1 (pz a1 (27T) (b1 - l) (2p2 - 1) () ( )
0 “” le 5 A b
= 2q1q2p1u( a) 0 (2p1-1)6(2p2- 1) e ™Gy (1) (4.15)
g le LY . ,
=4 v (P2 Ao P o (2pa - 1) e ™G, (1 4.16
aewn (m g ) [ aoP () dem-ne e @)
In going from second to the third line, we have used
1 1
=P (> —imd(py - 1 4.17
(p1-0) pr-l (P10 (.17)

and, m0(py - 1) = 5(2p1 - 1) respectively.

The second term in r.h.s. of eq. (4.13) vanishes. This can be most easily seen by
working in the rest frame of p; so that P(ﬁ) = milp(%) The integral is then an odd
function of Iy (as b is spatial vector) and hence vanishes. Thus,

2A(0) =4 ( A a)w / LDZS(z D6(2ps - e ™G,(1) (4.18)
1 = 44192P1v | P2 op1 (2r)D P1 - P2 T .
Contribution of z{'(0) to the final angular momentum J4 can be evaluated as,
(p1 A 2)" = Aqia2 {(pl Ap2)* pr - i = (p1-12) (pl A 6)W]
Ap1 op1
a1 . ; —ibl
/ _§(2p1 - 8(2p2 - e PG, (1) (4.19)
(2m)”
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We can now use the identity

. D

- 5 Y bl
dp1 0(2p1 - 1)o(2p2 - e "G, (1)

(4.20)

and substitute eq. (4.19) in the r.h.s. of eq. (4.11) to readily verify that it agrees with
eq. (4.6). We thus see that S(M# equals the integral expression for R*(k) obtained in
eq. (4.6). In the next section we will confirm these classical results for the radiation kernel
R*(k) by using sub-leading soft photon theorem in KMOC framework.

5 From quantum to classical sub-leading soft photon theorem

In this section we compute the classical radiation kernel from soft expansion of tree-level
amplitudes using KMOC formalism. That is, we consider scattering of two incoming states
with masses my, mo which scatter into two outgoing states and one photon. In the usual
statement of classical soft theorem, given the initial and the final states of the particles,
one can compute soft radiation without using equations of motion. However in the KMOC
formalism, we only know the scattering states in the far past. Hence the computation
of soft radiation in KMOC formalism depends on the details of the scattering amplitude
without the photon. We consider tree-level amplitudes in scalar QED and hence our
scattering particles have zero spin. But the analysis can be generalised to higher spin cases
as well [18, 22, 23, 29, 33, 34].

Our idea is to take soft limit before the classical limit (as in [6]) and hence we first write
the tree level five point amplitude via quantum soft theorem and then take the classical
limit. As we show, this reproduces the classical soft theorem upto sub-leading order. We
note that, as the KMOC set up is such that the impact parameter b is larger then the
Schwarzchild radius of the particles, we expect the results upto sub-leading order to match
with the so-called universal soft factors.!”

As we reviewed in section 3, the primary quantity of interest is the radiation kernel
RH¥ (k) whose classical limit is the radiative gauge field. In order to obtain the leading order
(in the coupling) classical radiation, we start with the quantum radiation kernel generated
by tree-level amplitude

3 Dy
i [T 2%

AL (p1 + 11, p2 + la — p1,p2, k)

ib-lq

0(2p; - 1 +12)0(pY + 10)e

(5.1)

We start by quickly reviewing the tree-level soft photon theorems in scalar QED. It is
convenient to write the five point amplitude in terms of the stripped amplitude M¥ as,

AL(p1 + L, p2 + 1o —=p1,p2, k) = 0P (11 + 1 — K)ME(p1 + 11, p2 + 12 — p1,p2, k) (5.2)

10gub-leading soft photon theorem is not universal [35]. However the non-universal terms arise via higher
derivative interaction terms, all of which are sub dominant in large impact parameter regime.
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The sub-leading soft photon theorem for tree-level amplitudes is stated as follows.

6P (1) + I — k)ME(p1 + I, p2 + I — p1, pa, k)
= 6P (I + 1) SWH My (p1 + 11, p2 + l2 — p1,p2) (5.3)
— SOBE 93P (11 + 1a)) Ma(p1 + L1, p2 + Iz — p1,pa)

where S(O# and SW# are the leading and sub-leading soft photon factors.

’“’k Ik ]

H +Z)N 3w
GO _ N (i + 1 , Dy _ ; i
Zi:q pi-k  (pitlh)-k Zzi:q i (pi+li)‘k

To leading order in the momentum mis-match [*,

s (g 9

’L

The sub-leading soft photon factor is linear in the angular momentum operator.!!

Fuv . 8 8

(5.6)
=i (m T S ~ )
- 0 (pi +1;) A(pi + i)+
And finally the soft factor acts on the four point amplitude,
Ay = q1g20” (11 + 12)Gr(l2) (2p1 + 1) - (2p2 + 1) (5.7)

where Gp(l2) = ﬁ is the Feynman propagator. We can now use the sub-leading soft
2

photon theorem to evaluate the quantum radiation kernel. As the soft theorem is sum of
two terms (proportional to S M and S (0)), we decompose the radiation kernel as,

RA (k) = RY (k) + RE (k) (5.8)

where RY (k), R (k) are defined as,

dl ibly A
RU (k) == h3~ D+ §(2p: - Ui+ 2)0(02 + 19)e 7 5P (1y + 1)
e My (g1 +l17 D2 +l2 — p1,D2)
3 _Di4 2 0, 0y %l (59)
RY(K) := —h2~P~F 0Q2pi - L+ 12)0(p) +1))ew

SOpg . 8(6D(l1 + lz))M4(p1 + 11,2 + l2 = p1,p2)

1We note that the sub-leading soft factor consists of terms with relative positive sign between the in
and the out states. This is simply because the action of these operators on in-coming and out-going states
differ by a sign.
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We can now compute R} (k) to leading order in [* using the following approximate identity.

2 Fuv

, 1 J"E,

SOEMy(py + 11, p2 + 1o — p1,p2) ~ ZZ%‘ZT pl i {4q192(p1 - p2)} (5.10)
=1 b Pie

where the propagator is indexed modulo 2 and the approximation sign indicates that the
identity holds only to leading order in (.

This identity is based on the following observation. Action of S(M& on the stripped
amplitude is sum of the two terms acting on particles 1 and 2. When the soft factor
associated to particle 1 acts on the amplitude, we can express propagator in terms of I§ vice
versa.'2 Thus the action of SW# is simply on the numerator of the four point amplitude.
It is now simple to verify the approximate identity and use it to compute RY (k).

k. Jwv dPl R it 1
RE(E) = ih(—D+4) - vdm . /7 O(p;-leh —— 5.11
1(k) =i Em q qlqum,k(pl p2) (2m)P L i De ™ e (5.11)

The integral in eq. (5.11) can be evaluated directly. The pole of the Feynman propagator

has trivial residue due to the on-shell delta function constraints and we can write ﬁ = l%
Let I* = hi". Then
L R | 1 1
/ (p1-1)o(p2 - De™' 5 = ap - (5.12)
D 2 S D1 .
(2m) ! \/(Pl “p2)? — m%m% (b-b)2
where ap = ——5— F[% — 1]. We have put an arrow sign on the impact parameter to
-2

4

emphasise that it is a spatial vector in a plane transversal to the one spanned by p1, p2.
Using eq. (5.12) in eq. (5.11) we can evaluate R/ (k). For simplicity, we choose to focus on
the radiation kernel emitted by the first particle.

Ri(k) = OéDq%(hplf(p2 k)~ ph (1 k) ! !

S (5.13)
pi-k Vo p)? —mim3 6575

where the additional subscript indicates that we are only considering radiation emitted by

particle with final momentum pf'".
We now evaluate R (k) in the classical limit. In the interest of pedagogy, we skip a
few intermediate steps by dropping higher order terms in [#.13:14

Rg(k);:zquqgjnwa(zpi.zi) e SOBLED (1) 41y — k) — P (1 +15)} 1@ 2101

(5.14)

12We note that the total action of S™M* on unstripped amplitude which also involves action on the
momentum conserving delta function is unaffected by such re-labellings of the propagator.

13 Although while taking the classical limit, the exchange momenta scales as I* — hl", we will drop the
bar and always indicate the exchange moementum at [**. We believe that from the context it becomes clear
if we are working with the quantum radiation kernel or it’s classical limit.

14 As the step function O(p? + l?) become identity in classical limit and hence we just drop them to avoid
the clutter.
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The minus sign in front of the equation is because we have expressed k - 967 (I; + l2) as
—{5D(ll + 1y — k) — (5D(l1 + lg)}

As SO is sum over the two particles, we can analyse contribution of both the particles
separately. With out loss of generality, we focus on the first particle and denote the
corresponding contribution to radiation kernel as Rgl(k‘) Denoting 14 as I and solving
for [1 in terms of k,lo we get,

by

5(2]92 1)

2p1-(b=0)e 5 =G e L2 0 ()

Pl . A
- g / Gy B[S {0 D+ k) R O
s

)
(5.15)
We can now use the following identities to simplify the above result
/ 9 ¢
M (pi- 1) = 3 70(p1-1)
pza (5.16)
po—l 0 b
He n Zh(‘)bﬂe D
And since I} = —I*
I Lk
gOn _ 1 H 5.17
SR VIR PR 10
" l-k
=q |- + Y 5.18
1( prk o (pr-k)? 1) (518
we can write Rb; (k) as,
A b-k) A dPl R bt 1
Rb (k) =qi : {—O“( o“}/a Dé(p2-De " n— (519
2.1 (k) = aiq2 (p1 - p2) 1t o k2 (27r)D (p1-0)d(pa-l)e*n B (5.19)
where OF, O are differential operators defined as,
. K 0 0
ON — P o — —
! [pl -k Op1 Opf
(5.20)

. P00
n_ | _P1 v _ g
02 = lpl-kzk b 8bﬂ]

Hence the classical soft radiation (at O(w")) emitted by particle-1 is given by adding
egs. (5.11) and (5.20).

Y le 5 g1
Ry (k)+Ry (k) = Q1Q2 - (P1Ap2)" k:/ -l)e“l—2 (5.21)
2 u . (k) A aPr . . i 1
et (o) {~Of + 0 / S5 (p1-D) 8 (o) e
p1-k (2m) l
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The result matches with the classical radiation kernel in eq. (4.6). This proves the
sub-leading classical soft theorem in D > 4 dimensions. The radiation kernel can in fact
be explicitly computed.

We can use eq. (5.12) in conjunction with eq. (5.20) to get

RY 1 (k) = —qiq20p(p1 - p2) H(( (I; -_p2)2 2)% (pg‘ - ij :pﬁb) ]
el (5.22)

_
0| G5

S
—_

(D —4) 2 ! 2)1[”7k-b—b“}(

p1-k<( 2 p1'k

5 I
p1-p2)” —mim3

We can now add right hand side of egs. (5.13) and (5.22) to get the classical radiation
kernel at sub-leading order in w.

((pr-p2)* — mim3

_(D—4) b~kk[ P1 - P2 1(kak88#)]] _’_’71D_4
pr ((Pl-pQ)Z*lmfmgy pi- (b-b)2

2

2 2
2 mim p2 -k
,R'garticle 1(k) = —O&Dq1q2 [ [ — 2)% (p1 -k;pﬁb - pg)‘|

=

where b = %.
‘ ‘ . . .
After some algebra, we can write the final expression in a more compact form as,

1 1 y 1
Rgarticle 1(k) = —QDQ%%mﬁ {m%mg(l)l A p2)* kuﬁ
bk 1 (5.24)
- (D - 4) k(pl : p2)(p1 A b)'uyku = S D1
b1~ (b-b) 2

where D = {(p1 - p2)? — m2m2} 3. R (k) can be computed similarly by using by =
We conclude this section with a few remarks.

o Our results are consistent with the interpretation of classical soft theorem given in [6].
That is, in the large impact parameter regime the soft expansion is really an expansion
in wb.

e It may seem rather surprising that a quantum amplitude with Feynman propagator
produces the same result as the one we obtain in classical theory via retarded prop-
agator. But this is simply because all the external states are on-shell and hence the
pole corresponding to Feynman propagator does not contribute in the classical limit.
The easiest way to see this is to work in center of mass frame with p; and po along

7 axis.

iy Iy _ 1 $710N 5773
31032 DF@) = o JUGRLG0

1 . .
= o(1%)6(1*) F (1)
\/(pl '102)2 - m%m% /l )

(5.25)
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5.1

where [| = (0,1z,1y,0). Thus the pole of the photon propagator does not contribute
in the classical limit and hence r.h.s. of eq. (5.11) equals r.h.s. of eq. (5.13). The
vanishing residue from pole of the G () is understood even at higher loop orders
in [15].

Although the master integral in eq. (5.12) can be analytically evaluated, focussing
on different integration regions sheds light on the origin of the classical soft theo-
rem [10, 11]. We first note that in the soft expansion the I integration region is
naturally restricted to |I| > w. One way to understand this is to notice that the soft
expansion of the un-stripped amplitude is obtained by taylor expansion of the momen-
tum conserving delta function 67 (I + Iy — k) which implicitly assumes that w < |I|.
Now if we evaluate the contribution from the lower limit of the integration then

le R . 1 dDizlJ_ 1
———Gr()o(p1 - D)d(p2 - 1) = / -
/1(2775)D w(bo(e olea ) \/(P1 - p2)? — m2m3 (2m)P=213

~ P4

(5.26)

In D > 4 dimensions this contribution is sub-subleading and hence does not con-
tribute at the sub-leading order in w. The sub-leading contribution comes from
the integration region |I| ~ b~!. This is consistent with the known understanding
of classical soft theorem in higher dimensions in [7], where it was shown that dur-
ing scattering, the sub-leading contribution to the radiation comes from the “outer”
space-time region with size > b.

In D = 4 space-time dimensions the contribution from the region of integration
w < |I] < b7t is of the order Inw. As we will see in section 5.1, it is precisely this
term that generates the classical log soft factor in four dimensions. We thus see that
there is a “reversal of order” as far as soft emission is concerned in D =4, or D > 4
spacetime dimensions. It is the same integral that in D > 4 produces w® term from
“UV region” characterised by |I| ~ b~! and higher order (w”~*) terms from the “IR”
region |[| > w whereas in D = 4 this integral produces Inw term from the IR region

and w? terms from the UV region.'”

Although our analysis is for electro-magnetic radiation, it can be easily generalised
to the case soft gravitational radiation in D > 4 dimensions.

Soft radiation from soft photon theorem in D =4

The analysis in the previous section was based on tree-level sub-leading soft photon theorem

which resulted in eq. (5.8) defining the Radiation Kernel. Let us now analyse this formula

in four dimensions. The integration region in the soft limit is k& < |I| < b~!, where the

upper limit is automatically imposed by the phase term in the integrand [11]. As we show

below, this region produces the classical log soft factor defined and analysed previously

in [9-11]. This in turn implies that sub-leading soft photon theorem generates leading

5We use UV and IR in the sense of their usage in effective field theory literature for binary systems [36].
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order soft radiation in all dimensions. The integrand in eq. (5.8) consists of two terms
which we will referred to as RY(k), R4 (k) respectively. In four dimensions, instead of
using the results of the full integral, we focus on specific integration region which has been
shown to contribute to soft radiation at Inw order. The integrand in eq. (5.8) can then be
simplified by noting that

i(k—1)-b

° h =

e o(p1-(k—1)=0(p1-1)— (p1-k)d'(p1-1)

In appendix B, we show that,

k 0 0 R R
REG) = g2 | [ =L —pr 2 - / GrD)5(p1-D)d(pa-)) +(1 52
(k) =araz Kpl oo plapluﬂ ((p1-p2) ot F)3(p1-Dd(p2-1) ) +(142)
(5.27)
So, finally we are left with the following integral
I— / Cr)5(p1 - 1d(ps - 1). (5.28)
w<<|l|<<b*1

This integral can be readily evaluated based on the analysis of [11]. We work in a centre
of mass frame with

pP1 = (anaoa ‘p|)

(5.29)
p2 = <E7 07 07 _’p‘)

We can do the integral by changing the variables from (1°,1%,12,13) to (py - ,1',1%,ps - ).
And, the Jacobian related to the change of variable can be given as,

2B(p| = \/(p1 - p2)? — mim3. (5.30)
With this change of variable we can rewrite the integral as,

I / d(p - l)dlldlzd(pg 1)
w|l|<b—t 2E|p|

After doing the (p; - 1) and (p2 - 1) integral we are left with a 2-dimensional integral

Gr)d(p1 - D)d(ps - 1). (5.31)

1 d?l, 1

I= / ,
\/(Pl p2)? — m2md Juslis|<bt (2m)? (=13 + i)

(5.32)

This integral can be easily done by going to polar coordinates and doing the radial integral
in the b= > |11 | > w region. We get

/- In(wb) 1
2m \/(Pl "p2)? — m%m%

Plugging this into the (5.27) and evaluating the derivatives, we have

(5.33)

RY(K) + RA(K) = —

5 In(wb)

(Pi'ps —piph) | + (1< 2)
(5.34)

q?qap?p3 [ Ky
{(p1 - p2)? — mIm3}3/2 |p1 -k
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Hence the classical radiation kernel at the sub-leading order in frequency is given by,

RA(E) = — L2 1, P [ B e em] L6 (5.35)
2m {(p1 - p2)? — mim3}3/2 |p1 -k

We now argue that in the large impact parameter regime, the result obtained here matches
with the classical log soft factor obtained in [11].

o For a scattering processes involving n incoming particles with momenta p; ..., p, and
m out-going particles with momenta p/,...p;, the classical log soft factor is defined

in [11] as,
1 = pip} ky,
Trk) = ———In(w+i0) S oy Do [ et~ i)
Ar a1 A(papp)? —m2m}z} Pa -k
1 = piep? Ky )
— —In(w—ie) > ¢Za a’b : [ (pd'py —pii’pb“)}
dm a1 AWhpp)? —mPmye LPa -k

(5.36)

The overall minus sign is due to the fact that in [11], all the incoming particles were
thought of as out-going particles with sign of charges and momenta reversed.

e« We now see that in the case of 2 — 2 scattering and in the limit of large impact
parameter (i.e. when p; = p;), the result in eq. (5.36) matches with the one obtained
via KMOC formulation as

In(w + i€) + In(w — 7€) = 2Inw (5.37)

5.2 A caveat regarding counting the orders in coupling

In the classical soft photon theorem proved in [11], the leading order soft radiation is linear
in the electro-magnetic coupling e. In D > 4 dimensions, even the sub-leading order soft
radiation is at O(e) [6]. However in four dimensions, the sub-leading (that is, at order Inw)
soft radiation is at order O(e®). Our results obtained from tree-level scattering amplitudes
produces radiative gauge fields which are at the third order in the coupling, for any order
in the soft expansion. The reason that these results are consistent with soft theorems is
simply because statement of soft theorem requires initial and final states are considered
to be independent. In the KMOC approach, the final states are determined from the
initial states by equations of motion. This immediately implies that the most dominant
contrbution to the soft field (proportional to %) vanishes at linear order in the coupling.
This is because the final momenta differ from the initial momenta by momentum impulse
which is itself quadratic in the coupling. Hence the soft radiation that we obtain via KMOC
approach is cubic in the charges of the external particles. This argument remains valid
even at higher order in soft expansion in D > 4 dimensions.

In D = 4 dimensions, both the classical log soft factor in [11] and the sub-leading
radiation kernel obtained from tree-level amplitudes are at the same (cubic) order in the
coupling. This is because for the classical log soft factor, there is a non-trivial contribution
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even as deflection tends to zero, and hence is independent of the impulse. This implies
that when we expand the classical log soft factor in the coupling, the next-to-leading order
(NLO) term which is linear in momentum impulse, occurs at fifth order in the coupling.
We expect this term to be obtained by computing the NLO radiative field in the KMOC
approach. In the next section we show that this is indeed the case.

5.3 From quantum to classical sub-leading soft photon theorem at NLO

We now turn to the computation of soft radiation kernel at next to leading order (NLO)
in the coupling. As we recall from section 3, the classical radiation kernel at NLO is
obtained from the quantum kernel by taking the classical limit, limj_,o RN o(k). The
NLO (quantum) radiation kernel is defined as

wlw

on-shell
REL (k) = h /l TS 1y + by — B)MEOP (B pouprpos k) (5.38)

1,02

There are two possible approaches to compute the NLO radiation kernel at sub-leading
order in the soft expansion. Following the main premise of this paper, we can take the soft
limit before taking the classical limit. This implies that we need to use the soft expansion
of 1-loop amplitude upto sub-leading order in the soft expansion. The other possibility is
to take the classical limit of the integrand in the first term in eq. (5.38) and then take the
soft limit. While the second possibility is expected to reproduce the classical soft theorem
derived in [11], our interest is in analysing the first possibiity. As we show below, the soft
expansion of amplitude followed by the classical limit produces the radiative gauge field
which satisfies the classical log soft theorem in four dimensions.

Thus our starting point is the loop corrected soft photon theorem for scattering ampli-
tudes. In D = 4 dimensions this theorem was derived by Sahoo and Sen in [10]. To state
the theorem we first need to define the “infra-red” finite part of the unstripped scattering
amplitude given in [1, 37].

An(p1, .- pn) = X (AT (pr, ..., pn) + A () (5.39)

where K is the infra-red divergent contribution due to virtual soft photons.'® The detailed
form of K is not relevant for us. An important property of K which is relevant (and was
proved in [10]) is that eX is the same for an n-point amplitude without a photon and an
n+ 1 point amplitude A, 11(p1, ..., pn, k) containing one additional photon. This property
of the QED amplitude leads to the loop-corrected soft photon theorem for the IR-finite
part of the scattering amplitudes as,

A:],riel(p:h ‘e 7pn7k) +Allfi?n(p17 T 7pn7k)

1 (5.40)
— {250 U}) + ISy p AT 1) + A )

In [10] the infra-red finite part of the amplitude A2 wag called AS as it was obtained from
the usual amplitude by replacing the Feynman propagator for the loop momentum with the so-called G-
photon propagator.
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It was shown in [10] that AR (p; . p,) in fact vanishes. And the soft theorem can be

written as,!”

Aqtzr-?-el(pla -y Pn, k) + Ag—t?n(plv <oy Pns k)

; (5.41)
_ {wS(O) ({p:}) +In wS(ln)} A (pr,- - pn)

For our process of interest, the sub-leading soft photon theorem in four dimensions can be
written as,

As(pr, P2 = p1, p2, k) = InwS,) As(pr, B2 = p1, p2)™° (5.42)

Our idea to compute radiation kernel at NLO is to use the infra-red finite five point
amplitude in the integrand of the radiation kernel. Conceptually this differs from the set
up of KMOC formalism where the scattering amplitude used to compute any classical
quantity is always the standard (infra-red divergent) scattering amplitude. Naively one
may think that if the scattering amplitude is infra-red divergent, the classical quantities
computed from it may be ill-defined. However as was shown rather beautifully in [12], this
is not true. For example, in the computation of NLO impulse in [12], the loop-amplitude
used in the impulse formula was the “bare” infra-red divergent amplitude. However the
procedure of taking classical limit prior to integration ensured that infra-red divergences
present in individual Feynman diagrams cancelled upon summing over all the relevant
diagrams. It is certainly expected that if we compute NLO radiation where classical limit
was taken prior to the soft limit, then infra-red divergences cancel in the end. However as
we take the soft limit prior to taking classical limit, we need to work with infra-red finite
amplitude for which soft limit is well defined.

Thus it may appear that we are deviating from the KMOC formalism. But as the final
result in the classical theory is infra-red finite, one would expect that using bare amplitude
or carefully defined infra-red finite amplitude should lead to the same final answer, and we
choose to work with latter.

Although a detailed derivation of such a replacement (where we replace “bare five point
amplitude” with the infra-red finite amplitude) is outside the scope of this paper, it can be
motivated in the following ways.

o The radiation kernel (i.e. the radiative gauge field) is not an observable and is an
intermediate quantity used to compute the emitted radiation. The formula for radia-
tion in the KMOC formalism is in fact closely associated to the derivation of inclusive
cross sections. We expect that if we compute the radiation as opposed to the radiation
kernel, the “virtual infra-red” divergence contained in K will cancel with the real soft
photon emission contribution. This will perhaps be the most rigorous way to derive
the classical log soft theorem in the KMOC approach. Although this approach may
obscure the relationship of the classical soft theorems with quantum soft theorems.

7Strictly speaking the proof in [10] was for a “triangle loop”. That is when one replaces one of the photon
propagators in the square loop in minimal scalar QED with a scalar quartic vertex. However the result is
valid even in the minimal scalar QED, as can be verified.
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e In the derivation of the formula for radiation kernel, the incoming coherent state
is composed of free particle states. It is plausible to use the dressed states [38] to
define the incoming state which would lead to infra-red finite amplitude inside the
integrand.

e The dressed states alluded to above have so far remained rather “formal objects”
used to prove infra-red finiteness of S matrix but very rarely used in any concrete
computations. A more robust way to compute infra-red finite S matrix is the remark-
able recent construction by Hannesdottir and Schwartz in [39]. We believe that this
formulation may be best suited to do higher loop computations in KMOC formalism.

We now proceed with the computation of the radiation kernel using sub-leading soft photon
theorem in eq. (5.42). We will denote the radiation kernel as R (k) (instead of R (k))
to indicate that it is determined from quantum log soft theorem. The log soft factor derived

in [10] is a sum of two terms.
Sin = S+ S (5.43)

These two factors are respectively given by,

4
St= > a5 (Pas ) (5.44)
a,b=1

where p3 = —p1, ps = —p2 and g3 = —q1, ¢4 = —q2. 8(Pa, Pv) is defined as,

11 I Y T . e
A ﬁ'k(ﬁa'ﬁb)Q—m?ng{ Py Da~k+Do Py k}

1

L — |
3

QN
3

Sl )
[a—

nlﬁa'ﬁzﬂr (ﬁa'ﬁb)ngmg]
PaPo—/ (PaPp)* —m2m? ((ﬁa~ﬁb)2—m3m§)%
7 1
AT (popn)? - mEm?
[mzmi In [ﬁa Dot/ i) —mzmg 1 1
20 [ Peto o 0)* —mEmE | ((p-pn)*—mim3)

where 54 (a,b):= {—ﬁg+ﬁg§b:2}

_ﬁa'ﬁb]

(5.45)

_ﬁa‘ﬁb] Sq (a,b)

N|=

4
Sh= > s (Pa,bv)
a,b,=1|o(a,b)=0
o L Paby 1, .
s (Pa, Bb) = — : —— (P4 (o - k) — B}, (Ba - )
47r((~ 2 9 9\3 Dok
Ba - Py)° — D2}
~2 ~2
S PaPs 5 (a, ) (5.46)

3
2

AT ((pa - Po)? — P257)
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where

§(a,b) = BBy - k) — P (Ba - k) (5.47)

ﬁa -k
and, o(a,b) = 0 indicates both particles are either incoming or outgoing.

o S/ and Sfr} differ from the corresponding expressions in [10] by an overall factor of —i.
This is due to (1), our definition of four pt. amplitude My, is —i times the four point
amplitude in [10], (2) we use the opposite signature for space-time metric, and (3)
we define soft factor in terms of Inw as opposed to Inw™! and (3) The polarisation
vectors My is not contracted with the polarisation vectors which will absord the
factor of 7 such that the ratio of M5 to My remains the same.

A minor re-writing of Sfr} turns out be useful for computation.

2
S =" q2ay (25" (pa, ps) + rest(a, b)) (5.48)
a,b=1

where rest indicates all the terms which depend on the momentum mis-match 7.

rest(a, b) = s (Pa; By) — 5° (Pa> Pb) (5.49)

Let us now compute the contribution of this soft factor to the classical radiation kernel at
fifth order in the coupling. Let us recall the formula for Rl (k) once again.

R (k) = Ry (k) + Rip o (k)

Ingq
on—shell ) b»ll

RI (k) = he lnw/ e Y1y + 1)

Incl 1.l
2 (5.50)
Z qg,Qb (ZSCl(pavpb) + rest(a, b))Mflree(ﬁlvﬁQ’pMPZ) )
a,b=1
u 3 on-shell Sl 2 0 treo s~ ~
R, (k) = h> lnw/ e 6Nl +12) Y qaanBq(Bas o) MY (B, P2, p1, p2)

l1,l2 ab=1

We now compute Ri, (k) and R}, (k). But we first identify which terms can contribute

in the classical limit via simple dimensional analysis. As ¢; ~ ﬁ and [l = hff ,
on-shell 1
q5/ Sl +12) ~ (5.51)
Il h

and hence the integrand in the KMOC formula should scale as O(h). If integrand is more
dominant as A — 0 than we will not have a well defined classical limit, and if the integrand
is sub-dominant then it will generate no classical contribution.
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5.4 Contribution of ’R,ﬁlq(k)

As all the external states are on-shell in the KMOC formula, we have the following identity.

54 (I 4+ 12) [T 02pi - 1i + 1) (Ba - o) = (—1)™ ™ pq - pyy + O(I%) (5.52)

%

where 7, = 1 for a € (1,2) and —1 otherwise. Using eq. (5.52), S| can be written in a
more compact form to leading order in [* as,

2 . 2 2 2 2012
q o i | mZm? Pa-Db++/ (Pa-P)2 —mIm; 1
Sy = g [ In [

9eqb 77— T —PaPb
avstars L7 Po-pr—/(pa-p)?—mimZ | ((pa-pp)?—mimd)s "
L 15 5 5 5 5.53
S7{8q(a,b)—54(a,b+2)+54(a+2,b) =54 (a+2,b+2)} (5.53)

. 2 -
S 5 qui%{sq(a a+2)+354(a+2,a)}

In the above equation, D = \/ (pa - pp)? —m2mZ. In the first line the sum in fact also
includes terms involving pairs p,, p, (for a = 1,2), but those vanish at leading order in [*.
It can now be verified that to leading order in [#

3 4
Z > Gaav{3q(Bas Bb) — 34(Par o)} = ¢12(3a (1, 12) — 54 (p1,12)) = O(1%) (5.54)
15—2

In the above equation we have displayed explicit dependence of 5, on the momenta rather
then labels.

Similar identity holds when a and b range over other values. Hence the first line of
eq. (5.53) vanishes. The second line vanishes because to sub-leading order in ¥,

Sq(a,a+2) = —54(a+2,a) (5.55)

We have thus have shown that S& does not contribute to the classical radiation at next to
leading order in the coupling and at sub-leading order in the soft expansion. We end this
section with a couple of remarks.

o At leading order, absence of S/ in the classical radiation kernel was a consequence of
the fact that the pole of the Feynman propagator in the momentum mismatch I* does
not contribute in the classical limit. However, at leading order in the coupling (i.e.
at zeroth order in [*) even S/, manifestly vanishes, and hence the LO result obtained
via KMOC formalism is rather expected.

o It may seem surprising that even at NLO S does not contribute in the classical
limit. However a closer look at the soft factor itself (eq. (5.45)) shows that this is not
surprising. If we expand S/ at next to leading order by expanding final momenta in
terms of initial momenta and impulse then as at leading order Apy + Aps = 0 and
as p; - Ap; =p; - b =0, Sﬁl vanishes at NLO. The classical limit obtained via KMOC
formalism is consistent with this result.
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5.4.1 Contribution of R, (k)

We split this contribution into two pieces r{'(k),r (k) arising from s (p,,py) and rest(a, b)

respectively. We first consider the contribution of s(pg,pp) to the radiation kernel. The
final result is obtained by taking classical i — 0 limit of r{'(k) + r (k).

u 3 on-shell bl
i (k) =h2 lnw/ e " 0% (l1+12)

l1,l2

2
Z 2Q2Qb3d(paapb)MZree(ﬁl71527171,]02)

abm1 (5.56)
2
= > 225" (Pa>Pb)49102(p1-p2)
a,b=1
3 dl1 d'ly £ 03 - ,
m/ o He 04 19)5(2p1 -1y +12)b (2pa-la+12)e i 7 5 (zl+zg)l2

A simple power counting argument reveals that this term is super classical if we replace
1" with hl" and take the classical limit. Such a term would render the classical limit ill
defined.

In order to eliminate the super-classical term, we use the on-shell delta function B (2p2 -

lo +13) to write ;> before substituting [# in terms of the wave number I (that is,

2p —2pa-l
before taking classmal limit where 0(p; - | + Z2) ~ 0(p; - 1)).'® It can now be checked that
the resulting expression scales as i° and the resulting classical limit is,

2 4
I - A bl 1
(k) = h2 Inw 262455 (pa, pp)4 . /762 “D)6(2pe - l)e™ ' ———
1 (k) a,;l G5 (Do )40 @2 p1 - p2) [ 57021 D02 DT E —
(5.57)

This integral does not contribute in the classical limit. In order to prove this, we work in
the center of mass frame with py = (|\/|p|2 +m2,00 — |p|) the integral can be written as,

! ! L
Q/d(pQ'l)W(S(pQ Dd“l e "

Integral = —

(5.58)

1
d(pg - ) ————
)2 2 2/ (P> )pg-l—ie
(p1 - p2) mim;

The above integral is a contact term which only contributes if the impact parameter van-
ishes. Hence 7' (k) = 0.

8Tn a more rigorous analysis where one essentially computes inclusive cross section by summing over
the additional X states, we believe that such super-classical terms will cancel after summing over all
the diagrams. In the absence of such a computation, we use on-shell delta functions to manipulate the
denominator terms and check if modulo such “on-shell substitutions” we can ensure that the most dominant
term in any computation is O(h°).
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We now compute r4 (k).

" 3 on-shell Sl
TQ(k:):hﬂnw/ll "m0l + 1g)
1,02

(5.59)

2
> @2au (5 (Bas Bb) — 5 (Das Pb)) MY (B1, P2, P1, P2)
a,b=1

Explicit expression for s (a, b) is given in eq. (5.46). We can use it along with the following
equations which holds when all the external states are on-shell to compute 75 (k).

1 1
~ = 3 (5.60)
((Pa - Pp)? —m2m3)2  ((pa-pp)? —m2mj)2
po =m; (5.61)
w - 1
5 (k) = h2 Inw{4qiq2(p1 - p2)}
((pa - pp)? — m2m?)

3
2

5 (5.62)

on-shell 4 b1y 9 1
/ 5 +l2)e " > qrap(scl(Pas ) — se1(Pas b)) o
l1,l2 a#b 2 + 1€
We can now use the fact that to leading order in the coupling,
onshell i b;l; " 1
Apt = {4i . / e "R 5.63
Py = {4iq1q2(p1 - p2)} , P e (5.63)

Using eq. (5.63), we see that the corresponding contribution in the (classical) radiation

kernel is

i
lim Rf (k) = ——lhw Z
h—0 47 abladh ((pa ‘pb)2 . mgmg)

1

O W) = ()

(5.64)
where A f(pq,pp) == Apg(% f— 6% f). Let us summarise the key results of this section.
a b

« Combining egs. (5.35), (5.64), we see that the A term in the radiation kernel matches
with the result of the radiative gauge field defined by classical log soft theorem, upto
next to leading order in the coupling.

« The contribution to the soft factor resulting from S™M* action on K, ¢ in quantum soft
theorem has trivial contribution to the classical radiative field. On the other hand S{!
also has a non-trivial sub-leading (wlnw) contribution at NLO. Such contributions
are expected to be non-universal ([11]) and we do not investigate them further in this

paper.

We can now compare R} (k) with the radiative gauge field (denoted as j*(k)) in [11], when
the final momenta are expanded in terms of initial momenta and impulse. A simple algebra
reveals that

j"(k) = Rt (k) + terms proportional top, - App (5.65)
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However as the result is already at next to leading order, we can substitute Ap, = —Ap,.
And as the impulse is orthogonal to the final momenta, the extra-term vanishes. Hence
the radiation kernel computed using KMOC approach at NLO matches with the result
in [11]. We thus see that the classical limit of soft photon theorem in four dimensions
match with the classical log soft theorem derived by Saha, Sahoo and Sen. The leading
contribution to the classical log soft factor arises from tree-level subleading soft photon
theorem and the NLO contribution arises due to loop-corrected quantum soft theorem.
For the class of scattering processes amenable to the KMOC formalism, we believe that
this derivation provides first step towards a perturbative proof of the classical log soft
theorem from scattering amplitudes.

6 Soft gravitational radiation from sub-leading soft graviton theorems

In this section, we consider scattering of two scalar particles of masses mi, ms which emit
a soft graviton with momentum k*. As before, our approach is to take soft limit of the
scattering amplitude before taking the classical limit. We focus on the more intricate
case of 4 dimensions but the generalisation of the analysis of sections 4, 5 to gravitational
radiation in D > 4 dimensions is rather straightforward.

In the soft expansion, the dominant term proportional to % was derived in [29] and
it was shown that it matches with the classical soft factor. At sub-leading order in soft
expansion (i.e. at O(lnw) in four dimensions) and at leading order in the coupling, deriva-
tion of classical radiation kernel using KMOC formalism is fairly similar to the derivation
in QED. However as we show below in section 6.1, there is an interesting aside. It was
proved in [11], the classical log soft graviton factor has an additional “phase” contribution
which is absent in electro-magnetic radiation. This term arises due to the Coulombic drag
on outgoing gravitational radiation. When we expand the soft factor in the coupling, the
phase term vanishes at leading order.

We show that in the KMOC approach, such a term is indeed present in the soft
expansion of the amplitude, but at sub-subleading order! And it vanishes just as the
classical phase term vanishes. In section 6.1, we will evaluate these terms separately by
using the double copy relations.

We also note that in general there is a contribution to the soft gravitational radiation
at order Inw from the gravitational stress tensor. However in the KMOC approach to the
radiation kernel, the tree-level scattering amplitude does not involve hard graviton scat-
tering and hence our results do not take into account the contribution of the gravitational
stress tensor (or the three graviton coupling) to the radiation kernel. We believe that it
is possible to extend our analysis such that the outgoing states contain not only massive
scalars but also finite energy gravitons, but in this paper we have restricted ourselves to
the simplest set up.

We denote the radiation kernel that contributes to soft radiation at the desired order as

R™ (k) = Rigy (k) + R{j) (k) (6.1)
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where R ) is the radiation kernel at sub-leading order and R (y) is the potential contribution
to the radiation kernel from sub-leading terms in the amplitude, which eventually vanishes.

But first we consider the contribution of sub-leading soft graviton theorem to the
radiation kernel. Let As(p1, D2, p1,p2, k) be the (un-stripped) tree-level 5 pt. amplitude.
Soft expansion of My is given by,

As(Pr, P2, p1,pa, k) = SO Ay(Br, a, p1, p2) + SV Au(Br, Pa, p1, p2) + O(w) (6.2)

The soft factors are given by,

2
O (5 RN (e, (D
S (p17p27p1;p2)—12i§:1( a8 )
ity R 6.3)
N 2 =1 ]52 -k Pi - k ’
p

2
S(O)}LV (ﬁl)ﬁZaPlapQ) = Zp .

where as before, the angular momentum operators are defined with a relative minus sign
between incoming and out-going states.
We now note the following.

0 0
5 5Y 52 — m?2) = 4
( o ~éL><s<pz m?) =0 (6.4)

The contribution of the sub-leading soft theorem to the radiation kernel can be then eval-
uated as,

) 4y d .
Rio) (k) = /(27r)14(27r)24 'e(l?)é(p?— m?)et?1SM Ay(p1, P2, p1, p2) (6.5)

The computation of classical radiation kernel is made easier by observing following (ap-
proximate) identity.

d*l dl ip. v S
/ 1 2 HQ (196 m?)ent s SR Ay (51, pa, 1, p2)
(6.6)

2o .

i ZPZ MUk dtl .

= vk )\/ 4H5 2p; - e MS (p1, pa. Io)
i=1 Di

In eq. (6.6), the approximation sign indicates that the integrands match upto leading order
in [* and given order in frequency w. The right hand side of the identity has differential
operators which only act on final external states and the [* is simply an integration variable.
./\/lfll(pl,pg, l2) is the classical limit of the four point amplitude. Intuitively this identity
simply states that soft and classical limit commute at this order in frequency. We verify
eq. (6.6) in appendix C.
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The reduced four point amplitude and it’s classical limit are respectively given by,

Ma(pr, P2, p1,p2) = MG (p1,p2, l2) + O(J1])

2 ((p1 - p2)? — 3mim3) (6.7)
3

Where/\/lfll(pl,ﬁg, lg) :=

where k = /327G

Using the approximate identity, it can be readily checked that to leading order in
momentum mis-match [ (and given order in frequency), the radiation kernel obtained
from sub-leading soft graviton theorem can be written as,

K 1
Rioy®) =52 %P

d*l i U
P Tk [ e (02 2)3(2s - L) RS B, 1, p2)
(6.8)

The soft radiation contribution contained in eq. (6.8) can now be analysed using exactly the
same analysis as in QED case. That is, we consider the region of integration w < |lo| < b1
and evaluate the above integral. In this region, the phase factor trivialises ert (b=l = 1
and (to leading order in I*) the integral is given by,

. 3 p—1 4 1,22
uw _ K 1 (1 51)p / d*ly . ) ((p1-p2)® — 2mims)
R(o) (k) 78 Zi:pi ] kpz JZ kp " (27?)4 5(191 12)5(172 12) l% + e
(6.9)

This integral was essentially analysed in [10]. As in the case of QED, the pole corresponding

to Feynman graviton propagator does not contribute as the initial states are on-shell. As
shown in appendix B, adding contribution from all the matter poles, we get

i1 1 ~ 1 -3
8 “pi- k o \/(p1 - p2)? — m2m2

We can now compare the LO radiation kernel with the classical log soft factor in [11] at
leading order.'® We see that the two results match upto an overall sign. The sign difference
is due to the fact that we use mostly minus metric signature as opposed to mostly plus
signature used in [11].

6.1 The vanishing phase at leading order

At next to leading order in the coupling, there is an additional term in the classical log
soft factor which is a pure phase and arises due to the Coulombic effect of gravitational
potential on the out-going radiation itself. For a generic 2 — 2 scattering this term is given
by [11]

2
Rphase(k) = ln(w + 26) Zpb : kS(O) (611)
b=1

19We remind the reader that x = /32wG in this paper. In [11], K = v87G. Moreover the radiation
kernel J*¥ (k) in [11] is at order x* as R(o)( ) = I (k).
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where S is the leading soft factor. As the Weinberg soft graviton factor vanishes at
leading order in the coupling, the phase term vanishes. It is nonetheless an interesting
question to ask as to why such a term never appeared in our computation. We will now
show that structurally such a term is indeed present, but it arises when we considered
sub-subleading soft amplitude. We will first present a schematic argument and then give
the detailed computation. This section has no direct relevance for rest of the paper, and
the reader may skip it in the first reading. Our purpose here is to show the existence of
such a phase term in KMOC approach and why it vanishes at leading order in the coupling.
Consider a schematic integral of the following form.

. A 1
T= [ d3(ps- (k= 1)d(p2 - )5 F(pr,pa. ki) (612)
Now let us suppose we consider region of integration |/| < w, then this integral is trivial as,

A A 1
I= d*10(p1 - k)o(p2 - 1)~

< lQF(pl’p%k?l) (613)

However as p} is time-like and k* is null, 6(p; - k) = 0, this term vanishes.
But if for a moment we ignore the triviality of delta function in this region, then it
can be seen that Z will have a non-trivial contribution at order Inw only if,

F =0, (6.14)

Clearly such a contribution can only arise by considering the soft expansion at sub-
subleading order. By examining all the contribution to the tree-level 5 pt. amplitude,
it can be seen that the* inverse dependence” on [* implies that F' must scale as ﬁ in the
integration region |/| < w and this contribution arises when the graviton is emitted from
the propagator.?’ The easiest way to compute such a contribution is to look at gravitational
amplitude obtained via double copy [28, 30, 40—42].

As was shown in [28], the tree-level scalar QCD amplitude with two distinct scalar
fields naturally satisfies color kinematics duality and the 5 point amplitude involving two
scalars of masses m1, mg and a graviton in the external states is given by([28, 41]),

As(p1, P2, p1,p2, k) = 6* (Il + la — k)Ms(p1, P2, p1,pa, k) (6.15)
where the reduced amplitude obtained via color kinematics duality has the form

5
kP o~ nlf @ nY

- (6.16)
16 et dr

MEY (p1, P2, p1,p2, k) =

The numerator kinematic factors n; as well as the corresponding propagators d; were
computed in [28, 41].2! The terms corresponding to I # 3 arise due to graviton emission

20This is why such a contribution is absent in the case of QED, but will be present if we considered
classical gluon radiation [31].

21We deviate slightly from the usual convention in the literature and show the coupling constant depen-
dence explicitly.
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from the four external legs and the third channel corresponds to graviton emission from
the propagator. Before proceeding we make a few cautionary remarks on the use of double
copy in obtaining gravitational amplitudes with minimally coupled scalars.

e The double copied 5 point amplitude, contains graviton as well as dilaton and a B-
field as an external state. The graviton is isolated simply by contracting the tensor
with the symmetric traceless polarisation.

o Even after ensuring that the external states do not contain a dilaton or the B-field, the
amplitude obtained via double copy is not pure gravitational amplitude as the dilaton
can propagate and mediate interaction between the two scalars [28, 30, 42, 43]. There
have been many techniques developed to decouple the dilaton and obtain pure gravity
amplitudes. Fortunately as we will see below, for our purpose these subtleties will
not be relevant. However we emphasise that to do the first principal computation
of soft radiation by using color kinematics duality will require that the dilaton is
consistently decoupled from the amplitude.

We begin from the well known BCJ representation of the tree-level amplitudes in scalar
QCD where the numerator factors are given as,

ni=A4p1-p2—2p1-lo+2p2 -k —la-k+20 - 12)(2p1 — )M
+ (2p1 o+ 1o - K21 - 12)(2]72 — lg)“
ne = (2p1 + l2) - (2p2 — 12)2p + 2p1 - k(2p2 — lo)*

(6.17)
ng = (2p1 — 1) (2p2 — 12)°[(k = l2)amup + (I = l2) e — (k + 11) gap)
ng = n1l1e0
ns = n2\1<—>2
And the denominator factors are given by,??
dy = B3((p1 — i + k)* —md)
dy = —2py - ki3
ds = 1313 (6.18)
ds = di]1o2
ds = da|152

The diagrammatic representation satisfying BCJ duality is shown in the figure 1. In this
case, the contribution to sub-subleading terms only arises from the third channel. To
leading order in I this term can be computed as follows.

3
(n3 @ ng)" = Z aman Pl @ P (6.19)

m=1

22All the propagators are Feynman propagators, but we will suppress the ie untill we compute the
momentum space integrals.
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Figure 1. Diagrammatic representation satisfying colour-kinematics duality.

where P, = p1, P, = po and P3 = ly. The Co-efficients can be easily computed from
eq. (6.17) and the fact that all the external states are on-shell (i.e. p; - l; = —I?)

ay = —4py - (k+h) + O(13)
g = 4py - (k+19) + O(13) (6.20)
ag = —8p1 - p2 + O(la)

Using eq. (6.20) in eq. (6.19), we get

1 1 1
Gy @m) = s (1600 (4 1)) *p{f + 3200 - p2) 1]

— 8[p2 - (k+ 11)][p1 - (k + )] (Pi'Ds + phpY) (6.21)
432122+ (o L) + 9] ) + (1 2)

The propagating dilaton “infects” all the terms that involve I£' in the numerator. However
as we show below, the term relevant for us is precisely the term proportional to o2. This
term is not affected by the propogation of the dilaton and hence we do not have to worry
about the more refined details of the double copy when obtaining gravity amplitudes. We
consider two separate contributions from the regions |I1| < |k| < b~! and |lo] < k| < b7}
respectively. It can now be readily verified that with I{' + 15 = k#, this leads to

1 1
85— -
I5+iely -k —ie
1 1

= Sk pEpY if |k l
8l%+iell'k_i€(p1 )°peps i [k > |lo

(3 @ o) = = (b2 WY it K] > 1]

(6.22)

Hence the corresponding contribution to the (un-stripped) 5 point amplitude is given by,

K 1 1
Tor | — | 6% (ly—k) —— K2 phpt it |k > |1
; <2> ( >l2+iel2‘k—ie<p2 ) pipy 3 [k[>[h]

(6.23)
Gl ! L — k)2 phpy if k| > |l
2 )0 =R e k) ) 2
K a 2 1 1
=— k) [0 (p2-l k) plf ——+(12
Ry, (k) 8/z (p1- )[ (p2-1) (p2-k) plpl] Th i Pric +(142) 621
5 :
kK o 4 n 1 1 1 1
S LRC VT Y /( - ) 1452
"8 (p2-k)"prpi0 (pr-k) 1 \p2-l—i€ po-ldie l-k:fiel2+ie+( “2)
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The contribution of poles from Feynman propagator ZQ_L.E is zero as &(F|l| — p - 5 = 0.

Whence we focus on the other poles. We close the contour in the lower half plane. The

resulting integral is,

3 1 1

o 1
(k) = S (p - k)2phpYS k:/ S+ (162 2

The integral in the above equation was evaluated in appendix A of [11]

1 1 1 1 1
= - ' 6.26
/lp2-l—|—i6l-k—iel2—ie 47 n(w—i—ze)pQ'k (6.26)

substituting eq. (6.26) in eq. (6.25) we get,
v K'g . < N
Ry (k) = o n(w +ie){(p2 - k)0 (p1 - K)pypi] + (p1 - k) [0(p2 - k)pepo]} (6.27)

As we emphasised before, this term is trivial but it’s structure precisely matches with the
phase term obtained in [11]. We can now substitute egs. (6.27), (6.10) in eq. (6.1) and get

+(142) (6.28)

2 1.2 2
S l—-i 1 ~ (p1-p2)” — gmim
RMV(k.) — lnwi |:Z p(ﬂjl)ﬂkp [{ 21 2}

\/(pl -pa)® — mimj

6.2 Soft gravitational radiation at NLO

In this section, we repeat the analysis of section 5.3 and use loop corrected soft graviton
theorem to obtain the radiative gravitational field at sub-leading order in soft expansion and
next to leading order x° in the coupling. Due to similarity with computations of section 5.3,
we outline the main results and do explicit computation only for those terms which are
qualitatively different than the ones in analysing loop corrected soft photon theorem.

The loop corrected sub-leading soft graviton theorem for infra-red finite five point
amplitude can be written as,

(3

1
uv nv 0 tree 0
A" = ) (S(O) +InwS; ) A+ O0(w") (6.29)

where we once again remind the reader that x = /327G.

The infrared sensitive loop effects generate a new universal factorisation at order Inw
where SI!” only depends on the initial and final momenta of the scattering amplitude. Just
as in the case of QED, the loop corrected soft factor can be decomposed into two terms
which we denote as Sj;, Sf;.- The classical log soft theorem derived in [11] shows how
only S}, contributes to classical radiation at Inw order, even though in the quantum soft
theorem both the terms occur at the same order in .

S = sk 4 s (6.30)

ncl Ing
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The expressions for S}, Sf", are not easy on the eye but their beauty lies in their uni-

versality.
my pa'ulf Da " Db ~p~1)  =p=V) < -2 -2 .2
Sinel = Z Z Di(pbpa DaPy 2(Pa - Po)” — 3paby t
a=i Pa” b|77a'77b:1 (Pa, o)? (6.31)
. .
+ Z(ﬁa . ]{;)S(O)MV]

a=3

In the first line sum is over both the incoming as well as outgoing states with ps := —p;

and py = —py. D is the (by now familiar) Jacobian and S is the Weinberg soft factor,

D(pus ) = ¢ (Pa - P0)? — P2}

= pi-k
Similarly,
1 & o\ 12 Ba Do) —D2BE}  [pu -+ D
st = b S st () PO e D)
n8m? |2 D (Pa, Pv) Pa-Po—D
a,b=1|a#b (633)
OIRS Pa
+ §Om (pa-k)lnﬂ]
azz:l (pa : k')2

In order to simplify the analysis, we decompose the soft factors further as

Sﬁlcl S Cl(p17p2) + Sy c](p17p27 llv l2) + 83 Cl(pl b2, lly 12)

v (6.34)
S{:lq - 81 .q + S
where
2 (u
Pa k DaPb
st (p1,p2) o > m 0y —powy) ){2(pa-py)® — 30207}
Ta=1 Pa b|77a'77b:1 “
1A
sk (P1,02,11,12) = e Z(ﬁa'k)s(o)’w (6.35)
a=3
sg:l(plap%llvb):s{;ycl S'i“j:l Sgl::l
. T ACE . o
G 1 Z S() (p k:) {2(pa-pb) _papb}ln {pa'pb-l-p}
Le™ 167'('2 b 1‘ 751) “ D(ﬁ&?ﬁb) ﬁapb_,D
(6.36)
i 4 P2
= a8 Y (L
87 a=1 (ﬁak)

We will analyse Sf; Vd /q separately. But we first do a dimensional analysis to analyze which
terms contribute in the classical limit. We once again remind the reader that the classical
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limit of quantum radiation kernel can be written as,

3 on-shell
R*Y ~ lim h2 / 54(l1 + ZQ)IMV(pl,pQ, ll,lg) (6.37)
h—0 l1,l2
As,
. ~ L 5 1
Ko e K 3 and

n-shell ¢4 1 0
S ) ~
T* must scale as O(h). If it scales at order h°, we will get a super-classical term and an
ill-defined classical limit and all the terms which scale as O(h?) are purely quantum and
will vanish in the classical limit.

6.2.1 Contribution of Sﬁ"q

We first analyse the contribution of S/ to the classical radiation kernel at order Inw. Just

Ing
as in the case of QED, s‘fz has a vanishing contribution at this order. As the computation
is analogous to the analysis in section 5.3, we do not repeat here. A direct computation

reveals that,
s = O(1) (6.38)

It can also verified by a direct computation that ng does not contribute at next to leading
i

(Bak)?

also linear in [ - k, thus this term will not contribute to R} (k) and contributes at wInw

is

order in the coupling. S@#” depends linearly on I* and the sum Zizl(ﬁa k) In

order in the soft expansion.

6.2.2 Contribution of S{ffcl

The computation of sﬁ‘il(pa, pp) and 55:;1 proceeds exactly analogous to the QED compu-

tation given in section 5.4.1. In the classical limit s} Zl(pa, pp) contributes at order wln w.
Contribution of s5”, to the radiation kernel is,

[ K cl d'l . N _ith gy
Ripa(k) = @lnuﬂ\@ / (%)45(2191 11)0(2p2 - l2)e™" T 0% (11 + la)
2 (6.39)

Pa - Py
> Dy e p) = 3} e )
a,b:l\a;ﬁb pCL?pb

where ... denote remaining contribution due to 8521. Z(p1,p2,1) is defined as,
lo -k
Z(p1,pa.l) = [lé“kp(pip? — o)) — - ok () — phpy))
Pa - k Do - k

(6.40)
+ Pk L (I0pY — plIY) + (pP1% — 12p})}
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Each term in 7 is linear in I# and as

d*l 1 - o by
:p gcl . . 4 R = H 6.41
My / (27‘1’)4 2 i65(2p1 11)0(2p2 - 12)0% (11 + l2)e " w IH = Apt ( )

Hence contribution of s5”) is,

.3 2

K Da - 9 9
k)= -5 _DParPb g9, _ TI(p1,p2, Apa) + .. (6.
Rlncl( ) 647 nwab%ib D(payp )3{ (p pb) Spapb} (pl D2 yY )+ (6 42)

We now analyse the contribution of s57; to the radiation kernel. As shown in section 6.1,
at leading order (x?) in the coupling, there is no contribution of such a phase term. We
note that this is consistent with the structural form of 5, which has trivial contribution
at [0 order. The leading non-trivial contribution is in fact given by,

el T 47Ta1 bl ok (k)2 .

We can now substitute eq. (6.43) in the integrand for R{) (k) and just as it was seen
in egs. (6.39), (6.40), the result is simply a replacement of [ in eq. (6.43) with Ap#.
Substituting this result in eq. (6.42), we determine the classical radiation kernel at next to
leading order and at sub-leading order in frequency expansion.

iK3

Rlncl(k) —oo-Inw

R .
- nwls > pi)g{Q(pa p)* = 30api YZ(p1, P2, Apa)

2 T D(pa; p

2 2 (v _v) Mo v
20py p Py
+ (pa-k)> bbb Apy -k
_(p )bll Pk (k)27

(6.44)

It can now be readily verified that Ri" (k) equals the classical log soft factor for gravity at
NLO upto an overall sign. The equality (modulo sign) is for the same reason as in QED.
Namely, Ap, is transversal to both the final momenta. The relative sign is due to change
in the metric signature. Combining eq. (6.44) with eq. (6.28) for the leading order result,
we see that the NLO gravitational radiation kernel at sub-leading order in frequency is
consistent with classical soft graviton theorem.

We end this section with a speculative remark. One of the most striking developments
in the relationship between classical General Relativity and scattering amplitudes is the
study of scattering of Kerr blackholes which are treated as point particles with universal
coupling to (linearised) gravity as dictated by no hair theorem. The coupling of Kerr
blackhole with linearised metric perturbation equals the minimal 3 point coupling of a finite
mass particle with infinite spin with graviton. It was shown in [21] that this dictionary
can be used in the KMOC formalism to compute classical observables such as momentum
impulse involving scattering of Kerr blackholes. This essentially amounted to an imaginary
shift in the impact parameter by the ring radius b — b — ia. This rather strikingly simple
map (from Schwarzchild black hole to Kerr blackhole) leads us to speculate that even from
the perspective of scattering amplitudes the classical log soft factor is insensitive to the
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spin of the black holes. This is because the contribution to the soft radiation comes from
w< ] <b ! <alor|l] <w< b ! < a regions, the complex shift which results in
e~ = el el has no effect on the soft regions as the exponents become unity.

Note that this result (if established by concrete computation) is in fact rather obvious
from the analysis of ([7, 11]), as in that derivation the higher multipoles do not effect the
classical soft factors upto sub-leading order in the frequency. But it is pleasing that this

fact may be verified in KMOC formlism as well.

6.3 Generalisation to NNLO?

Our derivation of classical log soft radiative field from infra-red finite amplitude does not
admit a direct generalisation to higher orders. At one loop Air_fin(p1,---,pn) = 0, but this
is not so at higher loops. If we consider the soft expansion of L-loop five point amplitude,
then the quantum log soft theorem can be written as,

As(p1, P2 — p1, p2, k) ~ InwSin Ay (1, P2 — p1, p2) " (6.45)
where the infra-red finite four point amplitude has a rather intricate structure which has
been investigated in [44]. As Sy, is one loop exact, it’s form remains the same but the
higher loop four point amplitudes need to be treated with care in KMOC formalism. S, 4
scales with momentum mismatch at O(I2) and hence will also start contributing at this
order in the coupling?® and delicate cancellations will have to take place so that at any
order in the coupling Sy, 4 does not contribute at sub-leading order in soft expansion.

We note that it is at NNLO order that a new subtlety in the proof of classical soft
theorem from loop corrected quantum soft theorem enters the picture. Till NLO, Sy,
vanishes for a 2 — 2 scattering in large impact parameter regime and the classical limit
obtained from KMOC formalism is consistent with this result. At NNLO, &, is non-
vanishing when final momenta are expanded in terms of initial momenta and impulse and
hence it’s cancellation in the classical limit would provide a highly non-trivial test on
classical limit of quantum soft theorem.

We expect that the final answer should agree with the classical log soft factor, when
final momenta are expanded in terms of initial momenta and impulse at next to leading
order [12].

7 Open issues

There is now a large body of work which utilises the remarkable simplicity and power of
on-shell techniques to compute classical observables such as scattering angle or Impulse.
However the main focuse so far has been on conservative dynamics and analysis of radiation
and inelastic scattering in general remains in it’s formative stages. Few notable exceptions
in this regard are ([28-30]) and the papers by Veneziano and his collaborators([45, 46]).
These works have opened doors to analyse radiative sector of classical scattering processes
using on-shell techniques. On the classical side, Saha, Sahoo and Sen proved in complete

231 scales linearly with % and increasing orders of A can be compensated by higher orders in the coupling

as coupling scales as %
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generality that the tail to the memory terms in any scattering process in four dimensions
have a universality and are completely determined by the asymptotic momenta of the
scattering objects. These classical soft theorems were in turn motivated by loop corrected
quantum soft theorems derived in [4, 5, 10]. Inspired by these results we attempted to
prove the classical log soft theorem in [11] using formulation developed in [12]. Although
our work merely verifies the established results upto next to leading order, we believe that
it constitutes the first step in providing a perturbative proof of the classical log soft theorem
from scattering amplitudes in four dimensions.

Thus a rather obvious open issue is to extend this analysis to higher orders (NNLO)
in the coupling. As we argued in section 6.3, this could either involve applying KMOC
formalism to 2-loop amplitudes or to use loop corrected soft theorems for bare amplitudes
where the intra-red divergent factor has not been removed. It will also be extremely inter-
esting to see if the sub-subleading soft factors in D = 4 dimensions which are conjectured
to be universal [11] and occur at O(w(Inw)?) in the soft expansion can be related to soft
expansion of scattering amplitudes.

Throughout the paper, we analysed radiation emitted from spinless particles. From
the perspective of scattering of Kerr blackholes, inclusion of spin in the analysis will be
interesting. In D > 4 dimensions, the sub-leading soft graviton factor is universal and has
a term which is linear in spin of the particle. KMOC formalism can be used to derive
the soft radiation for spinning particles using the spin-part of sub-leading soft graviton
theorem. [34].

The relationship between log soft theorems and the double copy structure in scattering
amplitudes remains to be explored. Naive analysis indicates that soft gluon theorem is not
loop corrected in any controllable way as loop correction induces a soft factor which diverges

lnT“. It will be extremely interesting to use the techniques developed in [30] and check

as
if the classical log soft factor for gravity can be derived using double copy relations. This
may be more then just an academic exercise as the “classical double copy” which relates
radiative solutions in classical yang-Mills theory and a gravitational theory have aquired a
central stage in recent developments.?*

The formalism developed by Kosower, Maybee and O’Connell is for 2 — 2 scattering,
but if the separation between any pair of particles remains large then we believe that this
analysis can be generalised to n — m particle scattering. This is because the crucial re-
quirement for the KMOC formalism is the existence of so-called “Goldilock’s zone” defined
by l. < 1, < byj. Such zones will exist as long as the inter-particle separation b;; between
any pair of particles remains large.

However as was shown in [6], the classical soft theorem remains valid even when the
system is not in large impact parameter regime. It continues to hold when, (1) there is
plunge (two states colliding and merging into a single object), or fragmentation where a
given body fragments under influence of internal forces, (2) In a generic classical scatter-
ing process, the outgoing states are not only described as point particles (with multipole
moments) but also flux of finite energy massless fields.

24We are grateful to Biswajit Sahoo for discussions on this issue.
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The KMOC formalism is not directly applicable to any of these scenarios as scattering
process in such cases (such as plunge) is not described by perturbative amplitudes of
asymptotic multi particle states. However the fact that emitted radiation satisfies classical
soft theorem perhaps hints at a possibility that there must be generalisation of the KMOC
framework to the scenario where the outgoing states are described not only by single
particle states but by coherent states of say finite energy gravitons and where bound states
can form during scattering. We leave these and myriad of other questions with a hope of
future investigations.
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A Classical soft log factor in D = 4

In this appendix we review the derivation of the classical soft radiation in four dimensions.
Our analysis essentially follows that in [11] with a minor technical difference being that (1)
we do not consider final and initial momenta to be independent, and (2) as our set up is
that of [12, 31, 32], we impose boundary condition that particles are free in the far past.?’
The trajectories of the particles are hence parametrized as,

zt(o;) = bt + vl + 2! (o) with Uilirgm (o) =0 (A1)
The key difference in D = 4 and D > 4 dimensions is that generically particles are not
asymptotically free and hence the specific boundary conditions imposed in the far past
play an important role in that the soft radiation is only emitted in the far future.?6 We
consider the radiative gauge field R/ (k) emitted by particle 1 with mass and charge being
m1,q1. The complete answer is obtained by interchanging particles 1 and 2 in the answer
for R, (k) to obtain R (k) and adding the two contributions.

RY(k)=aq /daleik'xl("l)[vi‘ + #{'(o1)] + Bnd-term (A.2)

#5Tn [11], the initial and final state particles were considered independent precisely as the soft theorems
are phrased. Due to this, they had an additional boundary condition on incoming as well as outgoing
particles at some finite time. As our final states are determined by equations of motion of the initial states,
there are some small technical differences in the computation.

26 As we will argue below, these conditions essentially mean that §(p; - (k—1)) is replaced with Wil)—%)
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Where the boundary term is required to make the integral well defined. As was shown
in [9], addition of such a boundary term is tantamount to defining RY (k) as,

RY (k) = iql/daleik'“("l)d

P (A.3)

Py +mi (o1)
(p1+miz1) -k

At the leading order in the coupling, we can re-write this equation in terms of, af (o) :=

d2z*
o5 as
RY (k) = iqy /d‘fleiml(al) ! myay (o1) — ;mlk ca (o) pf (A4)
pr-k (p1- k)
RY (k) = iql/dal (eik'xl(‘”) — 1) ! mya* (o1) —p“;mlk‘ ~a(o1)
' pi-k " (pr- k)
1 1
+i/da[ ma”a—”mk'aa} A5
S el (1) L Gy k™ (o1) (A.5)

It is easy to check that the second term produces leading order soft radiation and has no
sub-leading terms. We thus focus on the first term and denote it as 7~€§” (k).

- X 1 1
i o tk-x1(o1) iz _ M .
RY (k) = iqy /dm (e 1(01 1) lpl Zma (01) — ] o k)lek a (01)] (A.6)

To impose the boundary condition that the particles are free in the fast past, we use the
i€ prescription in the exponent as [32]

eil’-m(m) — eil'-wl(ﬂl —i€) (A.7)

Using eq. (4.2) we can now write the classical radiation current as,

4
RY (k) = —qig / (;17:)4@ (1) €25 (po - 1) {26 (pr - (k = 1) —ie) = & (p1 - 1+ ie) }

1 - 1 -
[pl ] kfw (pla l) Piv *P?mka : fa'B (plv l)pw] (A-8)

where, f%(p1,1) = [l A p1]*?. We consider the contribution to the region determined by
w < |I] < b~! due to which the exponentials can be set to one

R () = ~aior [
(2m)

1 - 1
M (p1, 1) pry — P ke - fOP (p1,1
lpl‘kf (p1,1) prv — VI (o1 1 [ (p1 )pw]

Gr ()3 (pa- 1) {3 (p1- (k= 1) — i) = § (pr -1 +ie) |
(A.9)

In this integration region we also have,

{01k =) —ie) =3 (pr -1 + i)} (A.10)
:_i{py(kil)—ie_p1-l1+ie}+i{P<pl'(1k—l)>_P<p11'l)} |
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In the integration region of interest, the second term vanishes. We now use the identities,
1 B 1 B 2 B p1 -k
(pr-(k=0)- (pr1-0)+ (-(k=0)- (- (k=0)-(p1-)+

It can also be checked that in w < |I| < b~L, the first term will produce O(w?) terms and
hence we drop it in this computation as such term will contribute to the radiation at higher

(A.11)

order in w. Hence we focus on the second term.

. d*l . 1
RY (k) = _Z.QQCD/iGT (l)5(p2-l){ }
! ! (27T)4 (pl ' (k_l))— (pl l)+ (A12)
[f“” (1, D) 1y = P 5k - F* (01, )pw}
(pr- k)™
Using the fact that G,.(I) = m, it can be readily seen that if we write d(ps - 1) =
—i[pﬂl_“ ox Jrle] then the second term will not contribute to eq. (A.12) by closing the
contour in upper half plane. So we finally get,
. d*l 1 1
RY (k) = —¢3q /7& l :
L) = aiee [ ()p2'l—Z€ = 0)_ (D), A13)

[f“ (1. 1) Py — Pk - (1 )pm}

(p k)
This formula matches the integral formula derived in section 4 in [11], from where it was
shown that soft radiation equals the classical log soft factor.

B Proof of eq. (5.27)

In this section we prove identity used in eqgs. (5.27). We first split the radiation current
(denoted as R*(k) in eq. (5.27)) in two parts.

RF(k) = RY (k) + Rb (k) (B.1)

where from sub-leading soft photon theorem in eq. (5.3) we have,

RE (k) = g0 /les G ()5 (2116 (2ps - 1) [{41’2 i

e h H +(1+2) (B2

The above equation can also be written as

R“k=2/G15 D)6 (py- 1) | O ) (145 2).
1 (k) = diq s F(1)o(pL-1)0(p2 )pl'kalaply plapmH (P1 - p2) + ( )

(B.3)

Similarly,

RE() = abar [ GeF or)8 Cpad) ({2 pt =00 tamr g + (102 (B)

The prime on the delta function denotes derivative with respect to the argument.
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This integral can also be written in terms of the sub-leading operator for the two
particles by noting that

o 0
(ypl'-llu: (szl B.5
(i 00 = 5o (5.5
Using the above trick the second integral can be written as
k 0 0 A R
RY (k) = t —— Gr(l)o(p1-1)o(p2-1)+ (1 < 2).
b (k) = qiaz (pr-p2) — o l(pl oo, 81)1“)] L CFWo(pr-1)o(pa-1) + (12
(B.6)
We can add the two integrals and get
RF(k) = RY (k) + R5 (k) (B.7)
k 0 0 - A
= ¢ < n - . Gr(l)é(p1-1)6 'l}—|—1<—>2
LS [(pl oo plap1#>] {(pl pz)/les F(Do(p1-1)o(p2-1) p +( )
(B.8)
C Proof of identity in eq. (6.6)
In this section we verify eq. (6.6) written below for convenience.
d ll d4l2 0 ) bl
0(l;)o(p; — 1gMmy
/(27r) 1ol (105 (p? — m?)ent ™ SWI Ay (1, Ba, p1, po) o

: ( v)A 4

iK J kx d=l

~ Gy / jo [T otz et M (pr, po, 1)
i=1 i

The computation of L.H.S involves evaluation of the sub-leading soft operator on M, and

§%(Iy + 13). To evaluate the action on M, we note that, A direct verification shows that,

2 (NJ)

k
SO My (1, P2, p1, p2) = s Z b /\Mil(plam, l2) + O(1*) (C.2)
=1

Z

L.H.S of eq. (C.1) also involves action of the sub-leading soft operator on §*(I; + l2) and
this can be easily computed.

S s (1 + 1) (C.3)
(pqv) H, v
ik 2p, 117 0 4 D; D; 9 o (w0
= — Ltk —0 (1 +1 (- k)k =011 + 1 l; — 54l +1
Zl " ol (1+ 2) — (pi-k)z( ) ol (lh + 2) 8li) (1+ 2)

On substituting eq. (C.3) in L.H.S of the eq. (C.1), integrating by parts and keeping terms
which are leading order in I, we get,

4
/ dll dl2 He pz_m) bllM g );w54(ll_|_l2)

j 2 p(n A 4 R .
~ %le P . p{l. kk/\ / (;;;4 1;[5(22% -1)en®! 4 terms linear in %
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where the remainder term (that is, terms which are linear in b%) appear to be super-classical

and we need to be careful while taking classical limit. As a result, we obtain two types of
contribution to the remainder term.

(1) Either replacing - ] with ——— before taking the classical limit or by keeping
terms in My which are linear in [. Both of these terms are sub-leading in w. Hence using
egs. (C.2), (C.4) and the argument presented above, proof of the approximate identity fol-
lows.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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