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We study the connection between asymptotic symmetries in non-Abelian gauge theories and the
generalized coherent states following from the application to QCD of the Faddeev-Kulish approach to
asymptotic dynamics. We compute the large gauge transformation properties of the soft evolution operators
and use this to define the quantum corrected, nonlinear contribution to the asymptotic charges. We then
compute the leading IR-divergent part of the one-loop correction to matrix elements of the charges and show
that, with a specific ordering of soft limits, the asymptotic charges continue to be conserved at this order.
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I. INTRODUCTION

The study of the infrared behavior of gauge theory
scattering amplitudes has a long history and in the case of
QED has essentially been understood since the work
of Bloch and Nordsieck [1], though it has been refined
over the years [2-5]. The standard approach involves the
computation of amplitudes which are formally singular—
they in fact vanish after exponentiation of the perturbative
divergences. One then focuses on inclusive quantities
involving arbitrary numbers of real soft photons
which cancel the IR divergences from virtual photons
in loops. An alternative approach is to directly formulate
infrared-finite S-matrix elements by choosing appropriate
asymptotic states. For QED this approach where the
asymptotic states are not eigenstates of the photon number
operator but rather have the form of coherent states, was,
starting from the work of Chung [6,7], developed by a
number of authors, e.g., [9-12]. Faddeev and Kulish,
building on the work of Dollard for the Coulomb problem
in nonrelativistic quantum mechanics [13], related the
structure of these coherent states to the form of the
large-time Hamiltonian [14,15]. The approach was
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partially extended to the much more complicated case of
non-Abelian gauge theory [16-26] and more recently to
perturbative gravity [27].

The observation that asymptotic conservation laws,
which follow from Noether’s second theorem [28] for
large gauge transformations, pave the way to understanding
the infrared dynamics of gauge theories [29,30] (see [31]
for a review and more complete references) has lead to a
renewed interest in the study of coherent state operators and
soft dressing more generally [32—41]. It has already been
demonstrated that for QED [34] and perturbative gravity
[36] the coherent states relevant to the construction of an
infrared finite S-matrix follow from the symmetry of
asymptotic charges. The existence of an infinite dimen-
sional symmetry group has lead to the interpretation of
the QED vacuum as being degenerate and that scattering
processes are accompanied by a shift in the vacua. Infrared
divergences due to massless particles which result in the
vanishing of S-matrix elements are thus connected with the
“wrong” choice of the in- and out-vacua, and a cure can
be sought in a systematic way by considering the asymp-
totic charges. An analogous statement can be made for
perturbative gravity, using supertranslation charges
to find suitable asymptotic states for an infrared-finite
gravity S-matrix.

The corresponding understanding of QCD infrared
dynamics is significantly less complete. Compared to
QED, the natural complication that arises is that gauge
bosons self-interact in a nontrivial way. The persistence of
these nontrivial self-interactions at early and late times is
central to the behavior of the infrared properties of QCD
[42].

Published by the American Physical Society
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It is our aim here to understand the connection between
asymptotic symmetries in non-Abelian gauge theories and
generalized IR leading coherent states. We will follow the
approach of Catani, Ciafaloni and Marchesini, [21-25] (see
[43] for an introduction) which uses energy ordering in
each interaction to systematically organize the divergences
due to soft gluons. Non-Abelian gauge theories of course
also have collinear divergences which have been treated in
the coherent operator approach [44]; see also [45] and the
recent interesting works [46,47]. We will focus on the
leading IR divergence, though the method can be extended
in principle to include subleading divergences. To be
slightly more precise, when we extend the tree-level
considerations to one-loop we will focus on the IR double
pole terms arising from simultaneously soft and collinear
regions of parameter space.

In the following a central goal is the definition of
asymptotic charges at loop level. As we discuss below
we start from the linear part of the charge that arises in the
classical construction and which can be understood to act
on Fock, or bare, asymptotic states at null infinity.
However, as the S-matrix is ill defined for such states
we must introduce the soft-evolution operators generated
by the QCD Hamiltonian which is used to define dressed
states. We then consider the transformation properties of
these soft-evolution operators under transformations gen-
erated by the asymptotic charges and we show how the
soft-evolution operators can be viewed as generating the
nonlinear part of the charge from the linear part. This
implies the existence of an infinite sequence of quantum
corrections to the nonlinear charge. This charge can then be
used to define a Ward identity for scattering amplitudes.
The main result of this paper is the computation, at leading
IR divergence, of the one-loop corrections to the Ward
identity of the asymptotic charge which is related to the soft
gluon theorem. We demonstrate explicitly that the contri-
bution from the soft gluon dressing factor cancels the
contribution from the one-loop soft factor in QCD [48,49],
showing that the asymptotic charge produces a vacuum that
is orthogonal to all scattering states built on the original
vacuum as in [34]. We will see that this result depends on
the precise prescription for the order of soft limits in the
definition of the charge and dressing factor which is
analogous to the order of limits discussed in [50,51].
There are two order-of-limit choices we must make, for
the first, in the definition of the charge we take a order of
limits used in [50], which corresponds to the standard
choice in dimensionally regularized soft limits. This choice
is motivated, as in [50], by its use in problems such as the
computation of physical cross sections. For the second
choice, in the definition of the dressed states, we compute
the result using both orderings for comparison. As we
discuss in Sec. VI it is however natural to choose the
prescription which preserves, where possible, the sym-
metries of the theory. We will see that there is indeed a

particular prescription that preserves the asymptotic sym-
metries to the order we compute, as we find that with this
choice the Ward identity receives no corrections at one-loop
and leading IR divergence.

A. Preliminaries

Perturbative computations are relevant in QCD as they
are related to experimental observables due to two impor-
tant properties: asymptotic freedom and factorization.
Confinement naturally sets a scale Agcp such that for
partons to be well-defined objects we require the existence
of a lower cutoff on the lowest momentum transfer in a
given process. Perturbative quantities are then related to
physical cross sections by convolution with nonperturba-
tive but universal objects, e.g., parton distribution func-
tions. In this work we will initially consider asymptotic
states formed by acting on the Fock vacuum with creation/
annihilation operators for the hard incoming or outgoing
partons (these can be either massless gluons or massive
quarks),

= {pe.ar.00}) (1)

Hbflﬂ(’f (pf> |0>
¢

which are labeled by momenta p,, color indices a,
(corresponding to the fundamental representation for
quarks and the adjoint for gluons) and helicity indices
0, as appropriate.

We will consider n-particle IR divergent S-matrix ele-
ments between such asymptotic states,

M, ({ps.as.00})

= O TTbacr (p))5( [Tk () ) 0

Zeout £ €in

= gt Zg WM (ps.az. o)) (2)

which give the usual perturbative scattering amplitudes.
The behavior of such amplitudes as individual gluons
become soft and the relation to the asymptotic charge
plays a key role in our work. We will properly introduce
and define the linearized asymptotic charge, Q" in
subsequent sections however for now it is sufficient to
state that it involves soft gluon creation/annihilation oper-
ators a5 (w,)/a%(w,) with vanishing gluon energy , ~ 0
and has matrix elements of the form

(out| Qi S|in) ~ (out|a}ir_r)10wqa§(a)q)8|in> (3)

with a careful interpretation of the limit. At tree level it is
known that the limit in the definition of the charge can be
understood as
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<0ut|a}ir_1)10wqa§(a)q)S|in> = a}ir_l)lowq<out|a§(wq)S|in>
q q

. 0
= a}lr_l)loa)q./\/lill({% a,o}). (4)

These terms can be computed using the tree-level soft-
gluon theorem

Y ({pe})
(5)

lmMM@ﬂ@nwrmwém

with the soft current given by

0= |y ey ety

Z€out Pr-4q Z€in Pr-4q

where the soft gluon of momentum ¢, color @ and helicity ¢
is taken to be outgoing. In this expression, and similar
expressions below, as the limit does not strictly exist the
notation lim,, _o should be understood as referring to the
leading term in an expansion in small ,,. If the gluon was
incoming, there would be an overall minus sign and the
corresponding polarization vector would be £°.

At loop level the issue of the soft limit is more subtle:
after computing the perturbative terms defining the matrix
elements one may attempt to take the soft limit at the level
of the integrands before performing loop integrations or
alternatively one may keep w,, finite and take the limit only
after performing the loop integrations. It is known, from the
case of subleading IR behavior of graviton amplitudes [50—
52], that the order has important consequences for the
interpretation of quantum corrections to the Ward identities
for asymptotic symmetries. In this work for the definition
of matrix elements of the asymptotic charge we always take
the soft limit after the computation of matrix elements.
That is we will define a regularized charge QI"(w,) and
then define

(out|Q"(0)S|in) := 2)S[in) (7)

lim (out| Q" (e
@,—0

so that for the insertion of the soft gluon operator we use the
usual soft gluon theorem. The regularization of the charge
will be related to that of the soft limits of amplitudes. When
we discuss the soft-evolution operators we will follow [24]
and use an energy cutoff. However for explicit computa-
tions we will make use of the one-loop soft limits which
were computed using dimensional regularization, with
parameter é = (d —4)/2, in [49] (see also [48,53-58]
for an earlier work in the case where the quarks are
massless) and can be written as

1mMm@ﬂ@nwrmwém Y{pe})

“(OMP {pe}),
(8)

where the first term on the right-hand side is the iterated
tree result involving the tree-level soft current Eq. (6) while
the second term is due to the one-loop soft current which is,
to leading divergence,

+ B

(Day \ _
Joa) = - 167%¢2

Ca_19(g) + O(é) 9)
where C, is the adjoint quadratic Casimir. It is important to
note that this leading double pole is due to both collinear
and soft divergences at leading logarithmic accuracy and as
we will see the coherent state will deal with both of them at
this order, as explained in [22,25].

However before computing such matrix elements we first
understand in more detail the definition of the asymptotic
charge and its expression in terms of free-field operators. In
order to do this we must review both the classical con-
struction of the charges, the soft-evolution operators in
QCD and the transformation properties of the evolution
operators under large gauge transformations.

II. ASYMPTOTIC CHARGES FOR QCD

We will be interested in the asymptotic charges of Yang-
Mills theory related to large gauge transformations, which
are those that are nonvanishing on the boundary of space-
time. Quite generally, Noether’s second theorem relates the
existence of a local symmetry to a two-form x*# which can
be integrated over a codimension-two sphere to define a
charge. That is, the local symmetry implies that there exists
a conserved current

J'(e) = §"(e) + O (e). (10)
where the function e(x) parametrizes local symmetry
transformations and the current S¥(e) vanishes on shell,

S (e)=0. (11)

If € is constant, one recovers the usual conserved current
that couples to the gauge field. If we consider the integral of
J#(€) over a manifold X,

[aminte = [[az,ls)+ oen(e)
o= L . do,, k" (e), (12)

this charge is nonvanishing only if the function e has
support at the manifold boundary OX, otherwise it is
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trivially zero. This is equivalent to the statement that gauge
symmetries are not really “symmetries” in the proper sense.

Let us review the construction of classical non-Abelian
asymptotic charges at Z* for QCD in four-dimensional
Minkowski space using the usual conformal compactifica-
tion (for details see [29,31] and see Appendix A for the
notations used in this paper). The two-form, «, is given by
the field strength associated to the gauge field A, = AJT*,

~7:/w = aﬂAl/ - al/'Aﬂ - igYM['Aw Av] (13)
which obeys the equations of motion
V”]:;w - igYM[A”’f;w] = gymjr' (14)

where j¥ is the matter color current. The classical charge
for non-Abelian large gauge transformations with param-
eter € is then given as

0. = / strfe ], (15)

see for example [59,60] and also [61].

The relevant surfaces for our asymptotic charges are
future and past null infinity, usually denoted Z* and Z~
(see Fig. 1). The natural coordinates for discussing Z* are
the so-called retarded Bondi coordinates,

+ix
rr = x;)2, u=t-—r, z:x—l 2 16
;( ) T (16)
such that the flat-space metric becomes
ds* = —du? — 2dudr + 2r’y -dzdz with
2
=, 17
Yz (1 T ZZ)Z ( )

The boundary at r — co, Z* is thus parametrized by
the coordinates (u,z,Z). The advanced coordinates,
(r,v=1t+r,z7), are most convenient for Z~ and where
necessary we will apply the antipodal matching conditions
as in [30]. Furthermore, as it is convenient for making
contact with perturbative computations, relevant for the
construction of the coherent states, we will focus on Lorenz
gauge in this paper with the gauge fixing condition

VAL = 0. (18)
The same charge can be found in noncovariant gauges
such as retarded radial or radiation gauge. In general the
asymptotic symmetries may depend on the choice of gauge
fixing, which can also be seen at the path integral level (see
[60]), but for the leading asymptotic charges one finds the
same result for both covariant and physical gauge choices.

Z‘Jr

FIG. 1. Penrose diagram picture of Minkowski compactification.

Finally we will be interested in large gauge transformations
parametrized by a function ¢ = €“(z, Z)T* which labels the
transformations at infinity, for example at Z™,
5.A,(u,2,2) = D,e(z,2), (19)

where A, (u,z,z) = lim,_ o A.(r,u, z,2).
In retarded Bondi coordinates on the celestial sphere S?

defined by the u — —oo region of 7%, i.e., T+, the charge
Eq. (15) becomes

0. - / Py atrle(2.)F ). (20)
It

where F,, = lim,_,, r>F,,. This charge is usually denoted
QF to distinguish it from the corresponding charge Q7
on Z~. In order to avoid a proliferation of superscripts we
will mostly neglect this index and hopefully it is clear from
context to which charge we are referring.

The charge can now be rewritten, assuming the field
strengths vanish at Z1 (for details see Appendix B), as

Q. = Q" + Qe (21)
where
o = - d*zdue’(z,2)[0,(9.A2 + 9;A%)]  (22)
and
0 in = gvwt [ dPzduet(z.2) (420,
— AZ0,AL) + v, (23)
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Here we have adopted the standard splitting of the asymp-
totic charge into a piece linear in the gauge field (usually
called soft) and a piece nonlinear in the gauge fields (usually
called hard). In the construction of asymptotic charges it is
usually argued that it is the linearized theory which is used to
define the two-form. This is the case in the framework of
covariant charges [59,62] and in a related context was noted
by Abbott and Deser [61] for Yang-Mills theory. In the
current context this would correspond to linearizing the
theory around the background A = A¢ = 0 and would thus
discard the nonlinear gluon piece of the asymptotic charge.
However, it was argued that one should include the nongluon
piece inside the hard part of the charge [63]. As we will
explicitly discuss later, we start from the linear charge
Eq. (22) acting on asymptotic states however such a hard
contribution in our case is indeed present as it will be
generated by the time evolution given by the Mgller operator.
At 7~ there is an analogous construction where the
linearized asymptotic charge is given by

o — / | Padve’(2,2)[0,(9.A¢ +9:AY)] (24)

in advanced Bondi coordinates.

We will be interested in understanding the action of these
charges on scattering states and in order to hew closely to
the standard S-matrix formulation we will start with the
usual equal-time commutators on a spacelike hypersurface
and by taking the ¢t — oo limit of the usual free field
expansion,

A5 = 3 [ daleg(@azta)es + egf@yal(@e )

(25)
!

2

The sum is over helicities with polarization vectors &
and the equal time commutation relations are given in
Appendix A. We can then evaluate the fields arbitrarily
close to Z™ by using the saddle point approximation in the

r — oo limit [31,64—66] such that

_i \/z too N\, —iw, u
A? :gmA dw ai(a) X)e 9

—a% (0, %) e
a =i \/z teo a 2\ ,—iwg U
AE = WWA da)q[a_(a)qx)e q

- ai-”f (wqfc)ei‘”fl”], (26)

where ¢° = w, and & = x/r. The asymptotic charges can
now be expressed in terms of the creation and annihilation
operators and for the linear, or soft, charge we have

@y

0" = lim 7 / &Pz /7z10.€(z,7) (a% (y )

0,0 A

+ a¥ (w, %)) + Hec] (27)

which provides the connection with the action discussed in
the Introduction, Eq. (3). The nonlinear part of the charge is
more complicated to interpret in the quantum theory as it
requires normal ordering. For the gluon part we have

b . d*z - teo 5 5
Qe ]m|gluon = igym /™ /I+ 2(2—”)37&26“(1&){4 day, quaﬁT(wqx)ag(wqx)
o=%

1 +0o0 2 N . . . .
+ EA H dw, 6(w, + o, ) (0, - qu)[aﬁ (wg,X)al(wy, %) — a]ir(a)qlx)af (a)qzx)]},
i=1

where we have normal ordered the expression and
dropped the resulting constant. As the energy integral is
over only positive values, the delta function in the second
term has no nonzero support in the integration region and it
is therefore vanishing. Defining the gluon number density
operator

pa(q) = —if Y ag (wyt)as(w,%) (28)
o=+

we can write the first term in the particularly simple form

OF" g = =0t [ dapi@)e ). (29)

There is one important subtlety in relating the linear
charge to large gauge transformations. Using the equal-
time commutators and the expression Eq. (27) one can
show that

_(2n)%5(w,)

[0, a4 (q)] =
" Vzz

d.€(z,7)  (30)
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(27)*8(w,)

[0, a(q)] = = de'(z,2)  (31)
(27)*8(e,)

120.¢%(2, %)
vV Yz )

(27)*8(w,)

[0 a(q)] = - (32)

[0, a(q)] = D.€“(2,2). (33)

Thus the gauge transformation of the asymptotic field
A?(u,z,Z) is given by

(0", A2 (u, 2, 2)]
I = *© —iw,u iw,u
— 3 0:e(2) [ dwdla,) (o4 o). (34

This will give the incorrect large gauge transformations
using the usual definition of the delta function but it can be
remedied by inserting a factor of 2 for the zero-mode
contribution. This is related to the fact noted in the context
of the Abelian theory [33,64,67] that the radiative phase
space at 7" defined as I, = {F¢_, F4.} will not give the
usual linearized large gauge transformation. It is easy to
check that

0", A%(u,2.7)) = 5 0:(2.2) # A%, 27) (39

using the standard Poisson brackets of the non-Abelian
gauge theory

A%, 2,2). AL (!, w, )] = —ié"bG(u — )& (w—2z).

(36)

The problem is that the zero modes at the boundary
correspond to a single real scalar field and not to a complex
one: in the zero frequency limit the two helicities are
identified and there is a miscounting of the degrees of
freedom. This problem can be solved as in [64,67] by
imposing additional constraints at the boundaries of Z+.
Alternatively one can add the factor of 2 for zero modes as
was done by the authors of [33] used in the definition of the
QED coherent state operator. We will follow a similar
procedure however in our case we modify the charge,
adding a factor of 2 for zero modes, and leave the coherent
state, and the amplitudes, unchanged.

A. Splitting of the charge contributions according
to the energy scale E

A key point is that once we pick a scale E we split the
Fock space of free particles into the hard and the soft parts

H =HE @ HE. Indeed we could make a splitting of the
energy integral to separate the two contributions

“+00 E +o0
/ dw, —>/ dw, —|—/ dw,,
) ) E

where we have introduced A as an infrared cutoff. As
mentioned previously, we will in fact take the linearized
charge in the asymptotic region as our starting point and see
how the nonlinearity emerges from commuting with the
evolution operators. As we will see this corresponds to
effectively having

(37)

lin _ Hlin non—lin __ non—lin
Qe - Xeys ® ]Ih and Qe - Hs ® Qe,h |glu0n+quarks’

(38)

where we have a nonlinear hard term for both gluons and
quarks. This is similar to the approach taken in [63].

III. ASYMPTOTIC HAMILTONIAN AND SOFT
EVOLUTION OPERATORS

The starting point for the coherent state approach to IR
divergences [14] is the choice of an appropriate asymptotic
Hamiltonian describing the parton dynamics in the far
future and far past. We will review, following the arguments
of [24], how one can carry out the Faddeev-Kulish (FK) ap-
proach in the non-Abelian case at the leading order in the
IR divergences. We start from the splitting of the standard
QCD interaction Hamiltonian in the interaction represen-
tation into soft and hard parts:

H!(t) = HE(t) + HE(1). (39)
This is done by introducing at each interaction vertex the
energy transfer v:

(40)

UV =

Zﬂiwi Z'qul' =0,

where w; are the energies of the interacting particles with
n; = +1 (respectively —1) for incoming (respectively out-
going) particles. We define the soft part of the Hamiltonian
as containing only energies below a scale v < E and we
also introduce a lower cutoff 1 < v. The lower energy
bound A is not only required by our use of perturbative
QCD but also to have a good definition of the FK states
[14]; however in the following we will sometimes leave it
implicit. It is important to note that the region v < E
contains both soft and collinear subregions. For example
[26] considered a cubic vertex with incoming gluon energy
®; = |q;| and outgoing energies w; = |q;| for i = 2, 3. In
particular @3 = \/@? + w3 — 2w, @, cos O}, where 6, is
the angle between q; and q,. The condition Eq. (40) then
defines a hyperbola in @w,—cos 6, plane
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cos O, = —(1 +£> £ (1 +£> (41)

2601 () (]

which defines regions of small ®, and cos6, ~ 1.
Alternatively one can define the asymptotic region by
imposing both an angular cutoff 6, < ® and an energy
cutoff w, < M. In this way either form of the cutoffs can be
used to treat the soft and collinear regions for any of the
particles.

The soft Mgller operators are defined as the standard
time-ordered product

0

QF =Texp {—i Hf(t)dt}, (42)

Foo

but in order to isolate the leading IR singularities, which
are of the form (g3 log(%))* at k loops, it is useful to

transform to frequency space and so write the Hamiltonian
as [22]

E .
:2[ dv " (v) e~ (43)

Using this expression we can write the soft-evolution
operator as

Qf = ZZ /Edul...dl/,,

n=1n;=
Wi (v,)..
. +l’[11/1 :l: ZO)

H ()
(’711/1 + i0>.

(Maln + (44)

Infrared singularities come from vanishing energy denom-
inators, and in particular leading logarithms come from the
region specified by the strong ordering

Iy <y <., <E, (45)
where we can thus approximate
1 1
Malp + - +myy £i0 77 nuy 00
n
1
~[[—0w > >u). (46)
=1 Mivi

To leading order (double pole accuracy) in the IR diver-
gences, for which we can neglect the distinction between
QF and QF due to the i0 prescription at leading order, the
Mgller operator is then given by the frequency-ordered
exponential

—poew( [T Yww). @)

n=+ v

Furthermore, it is possible to show that at this order in
the IR:

(1) In each three-gluon vertex we may assume there is
always one gluon which is much softer than the
others and so we can use the eikonal approximation.

(i) Quarks interact only via eikonal vertices and pair
production is neglected because the process g — gg
is IR finite.

(iii) Four-gluon vertices and ghost contributions can be
neglected.
With these assumptions it is possible to write the soft
interaction Hamiltonian as a sum of two terms, one
depending on quarks and a soft gluon and a second purely
gluonic cubic term

H (1) = HEp, (1) + Hgy(1). (48)

These can be combined so that

__gYM/ dp/ dg p*(p

with p(p) = p4(p) + > _ai’(

[a%(q)e'? 9" + H.c.]

P TA bcaa(p)’ (49)

where p now contains a contribution not only from
fermionic matter p; but also from the hard gluons with
energies w, > w,. It is important to note that while the
density operator involves gluons which are harder than the
soft gluon at that vertex it does not commute with all soft
gluon operators. This is fundamentally different from the
QED case and corresponds to the nonlinear nature of the
gauge symmetry. Using the Hamiltonian HZ(¢) in Eq. (49)
the soft Mgller operator becomes

E
E=P, exp [/ dqJ, - l'[q], (50)
A

where ITj(¢q) =
ator and

ay(q) — au "(q) is the displacement oper-

a 0 a p
du :gYM/ dpp (P)p.ﬂq

q

(51)

and the dot product denotes the contraction of both Lorentz
and gauge indices where appropriate. The exponential is
interpreted as being ordered in the soft gluon energies
with smaller energies to the right. Here we have switched
from the frequency ordering to an energy ordering. For a
complete equivalence to the frequency ordering we should
also include an ordering on angles and a cutoff on the
angular region. However as we are only interested in the
leading IR region—which is both soft and collinear—it is
sufficient to only consider the energy cutoff. Where this
leads to expressions appearing singular an angular cutoff
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FIG. 2. The dressing of each external leg, represented here by

the red cloud, removes the IR singularities and produces an IR
finite S-matrix.

can be mentally added. For our explicit computations in
subsequent sections we in fact use dimensional regulari-
zation which simultaneously treats both soft and collinear
singularities but the frequency/energy ordering is useful for
the physical picture it provides.

Finally, the soft evolution operator can be used to define
an IR-finite S-matrix S¥ by removing the IR singularities
due to initial and final state interactions

SE = QESQET (52)
as shown schematically in Fig. 2.

IV. LARGE GAUGE TRANSFORMATIONS FOR
SOFT EVOLUTION OPERATORS

We are interested in understanding the transformation
properties of the S-matrix under large gauge transforma-
tions and the corresponding Ward identity for amplitudes.
As the S-matrix relates states in the far future and far
past, where the theory is taken to be free, we will use the
linearized charge, Eq. (22), when we compute matrix
elements of the commutator

[ lein’ S] = j.lil’lS _ SQg—,lil’l’ (53)

where we use the appropriate linearized charge QF for
incoming and outgoing states. The key to our approach is to
use the soft-evolution operator to relate the free theory to
the interacting theory and so relate the linearized charge to
the nonlinear contributions. As the soft-evolution operator
can be defined in the quantum theory, this gives a method of
defining the correct quantum nonlinear corrections to the
charge. This can be done by analyzing the gauge trans-
formation properties of the soft-evolution operator.

Before carrying out the computation, we can see how
such nonlinear terms imply a Ward identity for the
S-matrix: If we had that the evolution-operator transfor-
mation was given by a relation of the form

[0 QF] = 0rQ* (54)

for some nonlinear charge Q", then we would have the
relation

SR SRR

(S C o

(S - v

Q. ﬂ = [QS,><]

~~ "
C by I'd )

[ o ) C o J

FIG. 3. The Ward identity for the asymptotic charge. The red

clouds represent the parton dressing factors comprising soft
gluons.

«{pf’af}”[ leinvS]”{pivai}»
= {pp. ar}l[Q" = O, SE]{pisai}).  (55)

Here we have used dressed states, e.g.,

I{p:.a;}) = QF] [pi.(p1)10). (56)

i€in

in computing matrix elements. If the linearized charge
produces states orthogonal to scattering states constructed
on the original vacuum, this becomes

Lps ardI[O, SII{pir i} )
=—{ps.as}|[OF, SE]{pi ai}). (57)

This relation, graphically represented in Fig. 3, is what we
refer to as the Ward identity.

Our goal is to study this relation in the context of
QCD using the soft-evolution operators and capturing the
leading IR singularities. To this end we consider the explicit
expression for the linearized large gauge transformations
using the definition of the linearized charge Eq. (22) with
the commutators Eq. (30). It is convenient to first integrate
by parts for the z and Zz variables and start with the
expression

Qlein - /Z+ dzzdu[aze“auA? + azeaauA?]' (58)

In principle we must carefully account for any boundary
terms that occur in this step, however at the end of the
computation we will undo this integration by parts and so
remove the boundary terms again. Using the definition of
the energy ordering, we calculate

oo [om [ -
Wp—|

n

E
XA dqun ‘H”...jl H1:| (59)

As the charge only involves zero modes, it acts only on the
last term in each element of the sum, i.e., ff dg,J, - 11,
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and then only for ; = 4 ~ 0. That is, we are assuming that
the charge acts on the mode with energy w; = 4 ~ 0 but not
on @, > w;. By straightforward computation one finds

[ - [ E%J'n],zfv(e), (60)
A
where A (e Ldpp (p)N%(e, p) with
d 2
Ne(e, p) = —(27)2gvu f_ () 2 b

- (e7(9)9:¢"(q) +5+(Q)az€ (Q))- (61)

This expression for N depends on having performed an
integration by parts and so ignores any potential boundary
terms. For example it can be seen that such a term vanishes
for the case e¢“ being a constant. One can undo the
integration by parts, and so recover the dropped boundary
terms, and write

)
Né(e,p) = g;:l/da) S(w )/d2zyzz p zea(z,Z),
(62)

where we use the notation §* = ¢*/w, and which for the
case of constant € becomes N%(e, p) = gyme® [ dwd(w). In
these expressions we must interpret the o functions as
taking the soft limit in the appropriate fashion. We have
thus found that

(0. QF] = QN (e), (63)

which is almost what we would have expected from the
classical analysis of the nonlinear charge. However as

7, -0, / dpp'(PIN"(e.p)] =0 (64)

only if N”(e,p) = N”(e,q;), we must correctly order the
terms to put the expression in the form Eq. (54). Performing
the nontrivial commutators to one-loop, O(g3y,;), we find

(0. QF] = [N (e) + A(e)]QF, (65)

Ua/; = op — Gym /

;q t2/3+9YM/dCI1/ dq, <

where
p-11°(q)
P-4
—N"(e,q)]. (66)

Ale) = igymf* AEEZI/EI;PG(I’)
- [N*(e.p)

Here we see that there are corrections to the tree-level
expression for Q" which arise due to the non-Abelian
nature of the theory. Indeed we can see that there will be
further nonlinear corrections at each higher loop order.
These corrections do vanish in the case of a constant e,
which is to say that the total color charge does not receive
any corrections. Moreover the correction involves a soft-
gluon operator which we might expect to have vanishing
contribution when computing matrix elements of the IR-
finite S matrix. We now turn to the computation of exactly
such matrix elements.

V. WARD IDENTITIES FOR DRESSED S MATRIX

To compute matrix elements between dressed states, we
make use of the nontrivial fact that, to leading order in the
soft divergence, the dressing of external states factorizes in
color space [21,22,24]

{piai}) =QF {p.a;}) =] [y (Db}, (p)]0).  (67)

i€in

where the coherent-state operator U/ 5 ( ) is a functional of

the soft gluons only. The coherent-state operator for a
parton in the gauge group representation with generators g,
is defined by the energy-ordered integral

E—p-TI
uZﬁ = P, exp |:_9YM/ dqpim(q)fa} ) (68)
A pP-q ap

where the dressed gluon field is similarly defined by
I, (q) = U, (q) (69)

and Z/lgf is the adjoint coherent-state operator. These
nonlinear equations can be solved iteratively so that to

O(g%y) we have
0 ) (21w )
AN R TI

Ht’z [
—QYM/d%/ dq, <p q2)> (q2 (q1)> [t 1] e (70)
o)) P q2 *q1
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This dressing factor captures the leading-order effects of soft-gluon radiation of each of the hard partons. It includes all-
order effects arising from arbitrary numbers of gluons being radiated, as well as loop effects which arise from normal
ordering each of the terms.

A. Tree-level Ward identity

While the calculation is essentially identical to the Abelian case, to fix conventions we will start with the tree-level result.
The relevant terms for computing matrix elements of the commutator of the linearized charge with the S-matrix are

s oo Sl{piai})

feout

where the subscripts on the color generators indicate the
parton leg upon which they act and for convenience we

denote, for example, 75 v b; = t“bT

The two contributions to the matrix element can be
represented graphically as in Fig. 4. The first term,
corresponding to diagram (a), corresponds to the usual
absorption or emission of the soft gluon in the linearized
charge. We compute these terms by using the soft-gluon
theorem, see Egs. (2) and (6), and due to the sign difference
in the soft limits of incoming and outgoing gluons the two
terms of the commutator add rather than cancel. The next
terms, corresponding to Fig. 4(b), arise from contracting
oscillators in the linearized charge with those in the
coherent states. These terms cancel due to the sign from
the commutator. Thus we find

s asdlof, SIH{pi ai} )
(S -Y M @)

Zeout £€in

where we have introduced the eigenvalue of the nonlinear

charge Q"(p) = QM(p)*, where

COlISI{pia;}) = 0|SHMZ',,bT )[0)

O|SHb (P:)10) QYMZfe]/ 0|S

QYM Ztel

in I Pe 1
O|Hba, Pf( ‘ S]_gYM/dLI|: u
4 Zeout Pe-9q

-1 (fh Dk HZC]2H
b

lm _|_Z lm :|)Hb |O (71)
Zein i€in
|
ha(P)*—SﬂzgYM Zf?lf;u_zz
oy P g eam P
R e O

which, as expected, is N“(e, p) as defined in Eq. (62).

As in the QED case the charge acts on the Fock vacuum
to produce a state orthogonal to all scattering states built on
the original vacuum. This can be seen by keeping only
those terms where the charge corresponds to an emitted
gluon, and for convenience considering only incoming hard
partons. While we now only have half the terms from the
commutator, we can still have contributions of the form
represented in Fig. 4, however due to a cancellation
between diagrams (a) and (b), one finds

(ol g s|l{ps ai}h =0 (74)

at tree level.

B. Finite one-loop S matrix

Now let us proceed to a one-loop calculation, and again
for now considering only in-particles, we compute the one-
loop matrix elements

Hb p:)|0)

Pj
/dCh/dCIz 0|S !
J#k pj-

The first term is the usual IR-divergent S-matrix element
which arises from diagrams such as in Fig. 5(a), while the
remaining terms are the compensating IR-divergent terms
from the coherent state which are graphically represented in

:)|0) + one-parton terms.  (75)

Pk 492 ;

|

Figs. 5(b) and 5(c). Here we will focus on those diagrams
which involve two external partons and neglect one-parton
contributions such as those in Fig. 6. These one-parton
contributions are subleading in the IR divergences and so
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Qlein th .&99? X

(@)

FIG. 4. The tree-level contributions to the Ward identity.

><§

(a) ©)

FIG. 5. The IR-divergent contributions at one-loop involving
two external partons.

(b) (o)

(a)

FIG. 6. The IR-divergent contributions at one-loop involving
one external parton.

are not needed, but can in fact be reconstructed by insisting
on gauge invariance. The second term 5(b) gives an
O(g%y;) contribution by using the tree-level soft limit of
the S matrix. In particular it can be written as

5b _gYMZtete/dquJ
c

7k

Pk 8. ;61) M}(lo)’

(76)

where we have again dropped the one-parton, i.e., j = &,
terms. The next term, corresponding to 5(c), involves
contracting two gluons from the dressing factors of two
partons. We thus need

1Y (a0 (02) = (a (1) = " (a0)) (@ (02) = ' (02))

Y et
o
+ terms with two oscillators (77)

so that we find

5c:

My

gYM Ztete/dquj &(q)pi - €°(q)

J#k P Pj 4Pk -4
(78)

which is the same as the 5(b) contribution up to an overall
factor. We can rewrite the product of polarization vectors

using Eq. (A3) which, if we include the one-parton
contributions and impose total color conservation to
remove the ¢, dependent terms, becomes ) &ef = 1,,.
Hence we fmd the S-matrix elements

|: gYM Zte te]]k:| (0> (79)

in terms of the IR-divergent loop integral

COlISI{pi- ai}))

- Pk
I, :/dqi 80
s P apk -4 (80)

While we have previously considered an energy cutoff to
regularize divergences, in order to compare with known
results it is useful to instead use dimensional regularization.
Keeping the leading divergence in the parameter € = ‘5’ -2,
the loop integral is given by

1
Iy =————=, 81
KT T2 (2n)2 ®1)
which encodes the double-pole singularity due to both soft
and collinear divergences at leading logarithmic accuracy.
To one-loop order and to our accuracy the amplitude is
known to be [49]

M, { 1 ngA - Zﬁt,{} (82)

and hence we see that, as expected, the singular parts cancel
in the S-matrix elements. This can be repeated for generic
outgoing states and again one finds that the one-loop
leading singularities cancel

(U ppatISI{piatVloy,, = 0+ 0O(1/8) (83)

as expected. An analogous approach to removing the
singularities would be the Wilson-line dressing which
reproduces the same leading IR divergences [68] (see also
[69-74]).

C. One-loop Ward identity

We now want to compute the one-loop correction to the
Ward identity using the dressed states. We thus consider the
terms
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(Ol S)I {pr. Py, = ©OIIQI™.S] {1-—gYM§{jf1/f’v

I1¢ . 2
/dql/ da, 22 Qz) pj
o q2 - 91 Pj 4

2 e
+gYMZ /l’t/

3
_ gYM e
3! ; Jl ]7

_ 61 62 33
gYMZt /z’tjz /

Ji:J2

_gYMZ i Jz s H/

JisJa

+ one-parton terms} H{pi,ai}),

where as before the subscripts on the generators denote the
hard parton upon which they act. This expression simplifies
significantly as the contributions where the gluon in the
charge is contracted with a gluon in the dressing of the
partons cancel between the two terms in the commutator.
Thus we only need to keep the contributions where the
charge contracts with the S matrix as these terms add. The
nonvanishing contributions are graphically represented in
Fig. 7 where it can be seen that these contributions closely
parallel those of Fig. 5. The result can be straightforwardly
computed using the previous tree-level and one-loop
results. For example diagram 7(b) gives

1070) _g MZQ

J.k.r

Pl EMY . (85)

where Q™ is defined in Eq. (73) and I, is the integral
Eq. (80). Diagram 7(0) gives the same contribution but with
a coefficient of —1, so that / (7.c) = 11 (7b) These terms
cancel against contributions such as those in diagram 7(a),
which can be computed using the soft limit of one-loop
amplitudes given in Eq. (8). As can be seen in, for example,
Eq. (85) there are contributions with j# k # r that
involve three external hard-parton legs. These contributions

gYM ‘He“(qs)
znr K e

Pj,
1 (Q2)

q‘)

s — . I1é
pj, - 11%(q5) o, & (q3)

pjx qs W, 92 493
q, —~ N ) G
pj, 1% (q,) / da, P (45)
Wy ij “q3

(84)

straightforwardly cancel against the appropriate terms in
the first term of the one-loop soft limit involving the one-
loop amplitude, which is the iterated tree term,

gYM
ZQ “Ton22

t“/\/l > 0l(py) t“tete./\/l

JEkEr
(86)

using Eq. (82) for the leading singular terms in the
amplitude. Slightly more subtle are the contributions which
involve only two external legs. In particular for diagram 7
(b) there is an ambiguity regarding the order in which one
takes the soft limits corresponding to the gluon in the
charge and the lowest-energy gluon in the parton dressing.
The two orderings are shown schematically in Fig. 8.
Diagram 8(b1) corresponds to first taking the soft limit for
the charge before computing the loop integral involving the
soft gluon in the dressing factor. In diagram 8(b2) we
instead take the soft limit for the dressing-factor gluon and
then for the gluon in the charge. In particular this gives an
ordering of the color generators

1852 =~ >~ O (p )L 51515 My

J#k

(87)

~ 75
N C y
C bl ~
~
o Fab - Qi
Qe
I'd )
(S

()

(©)

FIG. 7. The one-loop contributions to the Ward identity.
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(Y (S
> >
- v - v
Qlin Qlin
(@) (b)
FIG. 8. Ambiguous two-parton contributions to one-loop Ward
identity.

which combines with the other two-parton contributions
from 9(c) to cancel against the two-parton contributions
from 7(a) which come from the soft limit of the one-loop
amplitude. The final result is that using the ordering 8(b2)
we find that the commutator vanishes at one-loop to leading
singularity

O SI{pa Moy =0+ 0(3)- 85)

There are in principle contributions which only involve a
single external parton momentum which we have not
included as they are subleading in the IR expansion,
however these can again be found by using gauge invari-
ance. Thus we find that, using this prescription, there are no
corrections to the Ward identity.

If we had chosen the alternative prescription 8(bl) we
would find a correction which is related to the one-loop soft
current and which can be written as

) 2 C
(IR SlI{prai}Mow,) = L2543 0b(po) M.

222
lor"é Z€in

(89)

In this case we see that there appears to be a one-loop effect
which in principle could be interpreted as a correction to the
hard charge. Related to this we must also establish that the
linearized soft charge acting on the vacuum produces states
that are orthogonal to the dressed scattering states at one-
loop, that is we must compute

(OIS I{py i} oy (90)

PR
4 J
Qlin ﬁﬁ‘k + Qlﬁin
(a)

~ (SN
o, S
~
Qlein leln
I )
LVJ
(a) (b)

FIG. 9. Nonambiguous two-parton contributions to one-loop
Ward identity.

In order to do this, one needs to compute all O(gyy)
contributions, a calculation which closely parallels the
computation of the one-loop soft current [48]. There are
additional three-parton contributions, see Fig. 10, which
combine, using essentially the manipulations from the tree-
level calculation, to zero. That is the contributions from
Fig. 10 cancel those of Fig. 7. The more nontrivial
calculation involves the two-parton contributions (see
Figs. 9 and 11) and there are contributions with the same
ordering ambiguity as in Fig. 8. Once again if we make the
choice corresponding to 8(b2) we find that there is a
cancellation of the two-parton contributions so that

«OHQ?“SH{Pi,ai}»M( ) =0 (91)

I
to leading order in the IR divergences. Alternatively if we
choose the ordering of Fig. 8(bl), we find that all the
diagrams that arise from dressing the tree-level amplitude
cancel amongst themselves. The diagram corresponding to
dressing the one-loop amplitude, Fig. 10(a), cancels the
contribution due to the iterated tree term in the soft limit of
the loop amplitude Eq. (8), so that the term arising from the
one-loop soft current remains. Thus we find

2
gymCa h ()
- Q‘(pf)Mn B
242 €
167°€ fezin

(ol sIl{pi @it Mo, =
(92)

which is the same as the one-loop contribution to the Ward
identity for that choice.

~ ~

~ 5 r Rl c Y
C oo

- v ‘99999»

I
Jr Q;n

~A ¢ )

" J) Co J
(b) ()

FIG. 10. The additional three-parton one-loop contributions to the orthogonality condition.
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lin
l
Qeln Qe

(a)

FIG. 11.

While for simplicity we focused on the case with only
incoming hard particles, it is possible to generalize our
results to generic in- and out-states by essentially using
crossing symmetry. In order to check diagrammatically that
crossing is satisfied for dressed states, one can argue that
the non-Abelian gluon clouds at leading logarithmic order
weakly commute with the S matrix. The steps are essen-
tially the same as in [36], with the important difference that
here we have non-Abelian generators inside the clouds.
However even in the non-Abelian theory the coherent state
operators have the property (see Appendix B)

pr ub ) = o. (93)
We have explicitly checked that for the ordering prescrip-
tion 8(b2) there are no corrections to the Ward identity for
generic states, while for ordering 8(b1) the correction term
now has a sum over both outgoing and incoming partons
with a corresponding sign.

VI. DISCUSSION AND CONCLUSIONS

In this work we have computed matrix elements of the
commutator

[ leill’ S] — :,lins _ SQ;,IIH (94)

between asymptotic states corresponding to hard partons
dressed with soft-gluon coherent operators. At tree level the
result following from the soft theorem is essentially the
same as in the Abelian case

(out||[Q¢". S]|lin)

== | Nty = YoNeGepo )t | Gout] i,

£eout Zein

(95)

In the Abelian case the right-hand side of this relation
corresponds to the contribution from the hard part of the
asymptotic charge and so this expression is equivalent to
the conservation law for the full charge. The non-Abelian

B} )
C o CoH

[

li
Q"

-
I ) I'd )

(S (S

b) (©

The additional two-parton one-loop contributions to the orthogonality condition.

theory is already quite different at the classical level as the
correct definition of the nonlinear charge is unclear and
these difficulties are likely only exacerbated by including
quantum corrections. We choose a pragmatic approach of
defining our quantum nonlinear hard charge by means of
the soft evolution operators and then computing matrix
elements to check whether the resulting Ward identities
continue to hold. We have seen in Sec. IV that the hard
charge does receive modifications at loop order however
they involve soft gluon operators which can be shown to
not contribute at one-loop order if we use IR-finite S-matrix
elements with a particular ordering prescription.

In the computation of matrix elements of the commutator
we noted that there are several order-of-limits issues. First,
we have assumed a “weak” definition of the soft charge
insertion, where the soft limit for the gluon operator in the
charge is taken after the evaluation of the matrix element.
This makes the connection between the asymptotic charge
and the standard soft limit of amplitudes most direct.
A similar issue arose in the case of subleading soft
theorems for graviton amplitudes and our approach is
analogous to that of [50]. For the case of the dressed states
there remains a second ordering ambiguity, which can be
seen in Figs. 8(b1) and 8(b2), as one must choose whether
to take the soft limit in the charge before—ordering O;—or
after—ordering O,—the contribution from the coherent
state operator.

These two orderings imply:

(1) Ordering O;: The orthogonality relation,

ol sllin) o)

93mCa h ~
= —MEZN "0 (p) (OIS |linY.  (96)
167°¢? = ‘

is broken by pure one-loop effects (i.e., no tree-level
iterated terms) and the soft charge no longer pro-
duces states orthogonal to scattering states. The
Ward identity receives the exact same correction
and one may attempt to correct the hard charge at
one loop in a fashion similar to [75] to preserve the
conservation law.
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(i1) Ordering O,: Using this definition the orthogonality
relation is still valid at one-loop and leading
singularity

1= Slinplogg, =0+ 0(3)  ©7)

and moreover the Ward identity is preserved:

(out[0.Sllin)logg,, =0+ O(F).  98)

In this case the interpretation is clearer and we can

see that loop effects at this order do not affect the

asymptotic symmetries of the S matrix.
It is quite natural to choose a prescription that preserves
the symmetries of the theory where it does not lead to
inconsistencies which argues in favor of the second choice.
That this second choice is to be preferred on symmetry
grounds can be further seen as follows. In this work we
have used the dressing following from the evolution
operator Eq. (50). However one could, following [14],
modify the dressing so that

o =ow [ apr@) (L -Te) )

g p-q oy

where f, is a g-dependent vector and whose value could be
determined by insisting on physical asymptotic states.
Relatedly one can choose a modified vacuum

E
00 = Poexp ( [*dar@ma)ior  (100)
which is an eigenstate of the linearized charge
010 = R0} (101)
with
_ —~8(w,)
A, = —477/ dg——2 AN (q)(e70,e" + e+ 0.€” 102
N (9)(e70; ) (102)

if we also assume that the Fock vacuum is an eigenstate of
the linearized charge with eigenvalue 0. Strictly speaking
this corresponds to the identification of the Fock vacuum
with the dressed vacuum |0) = ||0)), but this is in fact what
we have used as we have set QF|0) = |0) in our regular-
ized, perturbative calculations. In this sense we may
interpret the failure of the orthogonality relation in the
case of ordering O, as being related to the coherent states
no longer being eigenstates of the linearized charge at one-
loop and so requiring a one-loop modification. Thus if we
make the physically sensible choice that the asymptotic
states remain eigenstates of the linearized asymptotic

charges we are forced to use ordering O, and we thus
find that there are no corrections to the Ward identity.

While our explicit computations have been at one-loop,
the leading IR divergence coherent state construction is
valid to all-loop orders and so with the correct ordering
prescription there should be no leading IR divergent
quantum corrections to the Ward identity at any loop order.
More nontrivially it should also be possible to repeat the
analysis at subleading order in the IR divergences [76,77].
The construction of the dressed states is more complicated
since single-parton coherent states can no longer be defined
and one needs nonfactorizable coherent states which take
into account two-parton correlations [22]. At subleading
order the issue of collinear IR divergences will also become
more involved. In this work we have included collinear
effects to the order we consider, that is in the soft region,
which gives rise to the double pole in €, and we see that the
asymptotic charges continue to be conserved with the
appropriate ordering prescription. At subleading order this
will need to be reconsidered as there are also collinear
singularities in the nonsoft region [78—80]. Such collinear
divergences play an important role in understanding tree-
level asymptotic symmetries where they are related to the
algebra of charges [29,81,82]. Though at loop level they are
less well studied, the coherent state approach can treat such
divergences, see [44,45] and the recent works [46,47]
which proposed using the soft-collinear effective theory
Hamiltonian to generate the asymptotic time evolution. It
can in fact be shown quite generally [83] that the dressed S
matrix is completely IR finite and as the proof makes no use
of an explicit expression of the asymptotic Hamiltonian it
includes any collinear divergences.

The Faddeev-Kulish dressing of asymptotic particles
with soft gauge boson clouds is related to the dressing of
hard external particle fields with Wilson lines. This method
was first introduced by Mandelstam [84] in order to achieve
a gauge-invariant formulation of QED. Nowadays, it is,
amongst other applications, an important tool to efficiently
compute the infrared-divergence structure of scattering
amplitudes. See e.g., [68] for a discussion of the virtual
soft gluon contribution to multileg amplitudes in non-
Abelian gauge theories obtained in this formalism. It is also
known that the Wilson line approach to soft radiation
produces the Faddeev-Kulish dressing when taking the
Wilson lines along timelike paths [85]. Furthermore, it was
recently used in [86] to study soft photon hair of black
holes. It would be interesting to further study the con-
nection between these formulations and asymptotic sym-
metries in the context of QCD.

Finally in this work we have focused on single insertions
of the asymptotic charge but it would be of interest to
consider the generalization to multiple insertions to study
the algebra of asymptotic charges. He et al. in [81], see also
[87,88], showed that the tree-level double-soft limit of two
positive helicity gluons could be rewritten as the level zero
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Kac-Moody algebra. This can in fact even be used to
construct a stress-energy tensor for gluons by the Sugawara
method and to derive a Knizhnik-Zamolodchikov-like
equation for maximally helicity violating (MHV) ampli-
tudes [82]. By considering more general tree-level double-
soft limits [89,90] the algebra of currents can be extended
to include mixed-helicity gluons and subleading, in the soft
expansion, currents [82]. The coherent state approach may
make it possible to understand quantum corrections to the
algebra of such currents.
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APPENDIX A: NOTATIONS

(i) We use a mostly positive signature g, =
diag(—1,+1,+1,+1) so that x° = ¢t and p° = E.
(i) Retarded coordinates are defined as

- 31—
o= <M+F,V(Z+Z_),ir(z Z_),r Zf) (A1)
l+zz 1422z 1+2zZ
and polarizations are
= (e li=) = —e(n1mi2)
e =—(z,1,i,-2), =—=(Z 1,-1,-2).
V2 V2
(A2)

The polarization vectors satisfy

> E(@)el(q) = M + cuqy + €uq, (A3)

o

where ¢, is a fixed vector which depends on the
choice of polarization vectors. In our conventions
for retarded Bondi coordinates we have

¢, = E(1,0,0,1).

(iii) The free mode expansion of the gluon field is

A = [ daleg(@az(@e s+ egla)ad (@,

(A4)

where
— d3q
dg = ——F5— A5
= Gny(2w) (A3)
and we use the commutator
[a4(q).a)) (q')] = 5(q — q')5,40?  (A6)

with (q - ') = (27)*(20)5” (q — ')
(iv) The gauge generators of 8u(N) are defined by the
relations

(19, ] = ifabere (A7)
and are normalized such that Tr(rf) =15%.
Quarks transform in the fundamental representation
t* = T“ and gluons in the adjoint (1), = (T4),. =
_lf “ bc-

(v) The covariant derivative is defined as

D” = 8,4 - igYM[A/AJ' (AS)

APPENDIX B: ASYMPTOTIC EXPANSIONS

In this Appendix we review the construction of the
asymptotic charges for non-Abelian gauge theory. We
follow [29,64,81,91,92] and the review [31]. In order to
understand the asymptotic symmetries, one must impose
falloff conditions compatible with the equations of motion
and which allow for relevant solutions. We consider Lorenz
gauge, which in our coordinates is

~0u(PA) = 0P A, = PA) +17(0.A: + 0:A) = 0
(B1)

and impose the conditions at null infinity (r,t — oo,
u =1t—r = const)

Az:Az(M,Z,Z)-f—O(r_I), AZ:AZ(M,Z,Z)-}-O(r_l)
1 1
A=A (.2.2) +0(r7), A=A (u,2.2) +O().
(B2)

The corresponding condition on the field strength compo-
nent is

Fru=r2F,+0(r3) with F,, =-(A,+0,A,)

(B3)

which using the u component of the field equations,
satisfies
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(A, +0,A,) —r*0,(0.A; + D:A,)

Qe = / rdeZYZiea]:?u (BS)
= _ig\{MyZZ([AZ7 aqu] + [Az’ 8uAZ]) + gYMjl(AZ)v <B4) =

giving the expressions Eqgs. (22) and (23).
Alternatively, one can impose the following conditions
on the falloffs of the non-Abelian gauge fields at large-
where j, = j&/r? + O(r=3). Hence one finds r [93,94]:

1 1 ~ 1 1
A, = FAf)(u,z, 7) + og(r) AV (.z.2) + Oggr)A(z)(u 7,2) + O< og(r )>,
1

r r r
lo ~ lo
A= A7 (w.2.2) + §§r> AP (u,2,2) + o( gr§r)>,
1 ~ I
A =A%, 2,2) +-AV (u,2,7) + Ogr(r) AV (u,2,2) + o( Of§r>>, (B6)

and use the freedom in the residual gauge transformations at order ! to set A, (u, z, Z) = 0. From Eq. (B6) we get the leading
components for the field strengths:

fzr:%[auA?"”—A“( ) 4 1080 5 qo@ g ]+O<1°§( >>

I"

r

1
Fa. = 0,440 10 <—> ,

1 a, ~a, a, abe Abs c, log(r a, ~a, abe 7 b, c, log(r
Ffzzﬁ[—Az'(z)nLAz - 9,42 4+ gy a4 + z‘ig L U BPY CXC R C Y. (o>)+(9( fi3( )>7

a, ¢ 1
F= azAz - ;A7 +9 MfabcA © z'(o) + O<;>, (B7)

so that the radiation flux is nonzero and finite on Z* as required ([64]). The equations of motion imply the following
constraint equations on Z* at O(1) in the large-r expansion:

~0, A0 + 247 = =2 (0,(0:48" + 0,487 + gyup e (a2 V0,457 - AZ09,AL0)] + gy
and
2(8u JRUNPY A?m) +o, (a A% 4 4o ) Ry ( AL A;"“’)) — g fe AL 45O
= 0. (77 (0.2 = 0.2 + gy A Oa “”))
+ gymf [—A 19,40 4 y=Al (8 ALt (9ZA§’(O> + gYMdeeA?(O)A?(O))} = gyuji? (B8)
and
0,7 - A 4y (0,480 1 0.480) =0, (B9)

whereas at order O(log(r))
20,440 — 20 A4 — gorfabe (8MAI,"(2)A§’(O> + APWASO 4 GE2) 40 4 782 A§’<O>) = 0. (B10)

In these expressions we have used that the currents have the decay properties
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: 1 . 1 . 1
Ju—0<ﬁ) .]r_O<F) Jz,Jz—O(ﬁ)-

(B11)

Just as before B8 can be used to rewrite the charge as in (22) and (23). One can also use retarded radial gauge or radiation
gauge and at least at leading order one ultimately finds the same expressions for the charge.
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