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1 Introduction

The infrared limit of gauge and gravity theories has allowed for the discovery of deep
connections between the soft limits of scattering amplitudes, asymptotic symmetries, and
the memory effect, organised in the so-called IR triangle [2]. This has lead to insights which
have allowed for the development of a conjectured holographic principle for asymptotically
flat spacetimes.'

In this article we will be focusing specifically on the relation between soft theorems
and asymptotic symmetries. The former, first discovered many years ago [5, 6], govern the
behaviour of scattering amplitudes in the limit where one or more of the particles have a
vanishingly small energy. The latter are local symmetries that survive in the limit where we go
to the null boundary of spacetime (Z). Then, unlike for standard gauge transformations, we
can construct charges, which, via the Ward identities, provide proofs for the aforementioned
soft theorems. This relies on constructing a well-defined phase space at Z, containing the
free data of the theory, and on which symmetries act canonically. The above can be set up
perturbatively, via an expansion in the small energy parameter. At leading order, where an
elegant universal factorisation rule arises, the result has by now been established [7-9], with
progress to certain sub-leading orders in both gravity and gauge theories [8, 10-28].

In a brief Letter [1], working in Yang-Mills (YM) theory, we proposed a mechanism
for extending the canonical phase space to accommodate the construction of asymptotic
symmetries and charges required for establishing the soft theorems at arbitrary sub-leading
orders.? The proposal relies on a modification of the Stueckelberg procedure [31], originally
introduced to restore broken gauge symmetry. This extends our phase space with a new
Goldstone-type field, which transforms under the sub-leading asymptotic symmetries. We
additionally put forward a set of recursion relation for the e.o.m., valid at any order in the
radial expansion, which feed into recursion relations for the charges at all orders.

In this longer article, we will expand on the proposal in [1], and present some new results
that follow from our prescription. Firstly we will give further details on the extended phase
space construction, and prove that it leads to appropriate charges, satisfying the expected
charge algebra. We consider a very broad set-up here, allowing for the presence of field-
dependent parameters with very general polyhomogeneous fall-offs in the radial expansion.
We also made no assumptions at this stage about the fall-off in the coordinate dual to the
energy (u in Bondi coordinates), which means it can be applied in principle to loop-level
soft theorems as well (see e.g. [32-39)).

We give explicit all-order expressions for the symmetry transformations of the extended
phase space Goldstone-like Stueckelberg field, which enter the computation of the sub™-
charges. Interestingly, these turn out to be controlled by the Bernoulli numbers, which arise
from the perturbative expansion of (an operator version of) the characteristic power series
generating the so-called Todd polynomial [40].

The general construction is independent of gauge and coordinate choice, as well as the
choice of hypersurface on which the initial data is defined. We choose to illustrate it here

'See reviews [3, 4] and references within.
2See also [29] and [30], where this has been achieved in the simplified set-ups of massless QED and self-dual
theories in light-cone gauge, respectively.



by working in Bondi coordinates (u,r, z,2) around Z*, and we look at two different gauge
conditions, namely light-cone and radial gauge. In these two contexts, we explicitly derive
recursion relations at all orders in the expansion in r, thus formally justifying the choice
of free data in the radiative phase space. We additionally study the expansion in the u
coordinate, which, via a Fourier transform, is related to the energy expansion relevant for
sub™-leading soft theorems.

Our procedure allows us to give an elegant construction for the charges at null infinity,
valid at any sub”-leading order. We render these charges finite on Z, by extending the
renormalization procedure from [41] to all orders. From here, one can then construct finite
charges at the corner Z* (see e.g. [29, 42]). We find that the charges can be neatly organised in
a radial expansion, which closely follows the expansion in the new Goldstone field® introduced
via the Stueckelberg trick. We establish the existence of a closed sub-algebra of charges
at each order in the perturbative expansion, thus showing how a robust truncation of the
procedure can be established at any desired order for practical calculations related to soft
theorems. We also match with known results from the literature at level n = 0 ([7]) and
n =1 ([12]). Moreover, the charges themselves turn out to satisfy recursions that allow us to
construct any order from previous orders (first noted in [12] for leading and sub-leading), and
also straightforwardly match the abelian hierarchy of sub”-leading charges [46]. The iterative
approach to the construction of the charges has the advantage that we only use equations
of motion and the phase space formalism, and we do not need to make any direct reference
to the scattering language. We establish the correspondence with the usual expressions
for the sub-leading charge coming from the Ward identities, showing how it can be indeed
carried out at all orders.

In the context of Ward identities the sub-leading charges generally contain universal
and non-universal terms. Interestingly, we can also have quasi-universal contributions to
the sub-leading soft charge when looking at higher derivative interactions between the
gauge vector in QED and a scalar [47, 48]. We extend the derivation of the quasi-universal
contributions to the sub-leading charge in Yang-Mills for an interaction of the form ¢tr(F?),
using the dressing procedure in our framework. This example illustrates the applicability
of our procedure to different theories.

One of the more intriguing discoveries of the celestial holography program has been
the presence of certain infinite dimensional algebras in sectors of Yang-Mills and gravity
(where it is called the w4 algebra, first defined by [49] and connected to gravity in [50],
see also [51-63] for further work and deformations). The quantization of these algebras
(known as Wi, [64]) is expected to be a quantum symmetry of the S-matrix, and it is
interesting that one can trace its origin to classical symmetries and their charge algebra (see
e.g. [50] for YM and [24, 65] for gravity). We find that a subset of our recursion relations
encompasses the sectors displaying these symmetries.

The article is organised as follows. In section 2 we give details of the general phase space
calculation. In section 3, working in Bondi coordinates around null infinity we give the e.o.m.
at all orders in r, and the proofs of the recursion relations in both light-cone and radial gauge.
The construction of the necessary charges and their recursion relations at all orders is given

3See e.g. [43-45] for some other works where Goldstone modes arise at null infinity.



in section 4. In section 5 the charge algebra valid at any sub-leading order is constructed and
shown to close order by order. In section 6, we show the link between the recursive formulas
in section 3 and the charges constructed in section 4, as well as showing that our results for
the leading and sub-leading charges agree with previous proposals from the literature [7, 12]
and the full abelian case [29, 46]. In section 7 we identify, via the recursion relations, the
subsectors of our theory that carry the infinite symmetry algebras along the lines of the
discussion in [43]. In section 8, we discuss the quasi-universal contributions to the charges
from higher order derivative interactions, using our prescription in a particular example for
the case of sub-leading Yang-Mills (following the QED example given in [48]). In section 9 we
provide an outlook of the results, and propose future explorations. The appendices contain
detailed computations, useful formulae and discussions that complement the main text. In
appendix A, we give details of calculations pertaining to the general extended phase space
and we collect some useful formulae. In appendix B, we provide proofs for the derivation
of the equations of motion and Bianchi identities at arbitrary order in the radial expansion,
which were used in finding the recursive formulae of section 3. In appendix C, we turn to the
so-called flat Bondi coordinates, which differ from the standard Bondi through the vanishing
of the g,, component of the metric, as well as the celestial sphere being mapped into the
complex plane C? via the stereographic projection. We see that our procedure continues to
hold, and find simplified recursion relations in these coordinates. In appendix D we provide an
explicit derivation of the charges via the limit in ¢ — +o00, showing that the renormalization
procedure can be applied. Finally, in appendix E we show how our general large gauge
parameters can be chosen to coincide with the particular generators of charges coming from
the usual derivation of the soft theorems from the Ward identity.

2 Extended phase space in arbitrary gauge and coordinates

We begin by reviewing the general procedure introduced in [1]. The starting point is YM
theory with the standard equation of motion

£, =D'F,, =0 (2.1)

where

Fu = 0 Ay, — 0, A, —i[A,, Al (2.2)
The gauge fields transform in the usual way:

Al = e A e + et g e (2.3)
and we assume that A, satisfies some gauge condition

We will restrict to the residual gauge symmetries preserving the condition above, as is standard
when studying asymptotic symmetries. For now we do not need to specify the coordinates.
For explicit examples later on, we will work in some appropriately chosen coordinates (these



could be e.g. Bondi, flat Bondi, or even light-cone coordinates). We find it convenient to
adopt the following notation for the coordinates:

= (v,y), (2.5)

where t is the expansion parameter, and ¥ are the coordinates of the hypersurface on which
we define our free data.?
We consider a very general expansion for our gauge field, in terms of polyhomogeneous

functions

loght

tn

A =" AR (5) ; (2.6)
n,k

logkt
tn
only allow terms with n > 0, and k is unconstrained, except for n = 0, where we only allow a

where n and k are chosen such that lim,_,. = O(1). In practice, this means that we

contribution from k£ = 0. We remark that upon summing all orders in the above, one could

of course use the Taylor series for the log, and ultimately have an expression of the form

> B,(fn) (y)}n However, in practice we will stop at a finite order in n and k, in which case

the log terms become necessary (see e.g. [12] in Lorenz gauge). Certain gauge choices have the

benefit of avoiding the log terms, as we will see in section 2.2, where we work in axial gauge.
Then the phase space is described by

10 = {A° satisfying (2.1) and (2.4)} (2.7)

where 20° comprises the necessary free data which determines the radiative fields to all orders
in t, via the equations of motion and Bianchi identities.

In section 3, working in Bondi coordinates, we give expressions for the equations of
motion and Bianchi identities at all orders in r. Then, for both radial and light-cone gauge,
we give recursion relations valid at all orders in the perturbation parameter, proving that the
fields in the bulk can be entirely reconstructed from the boundary data at null infinity.

The large gauge transformations responsible for the leading order soft theorems are
characterised by a parameter A = A(®) (¥), subject to a constraint coming from the gauge
condition (2.4):

G(D A (¥)) =0, (2.8)

thus preserving I'°.
We now wish to construct an extended phase space, able to accommodate additional
large gauge transformations with a fall-off of the form?®

Ay(z) = t"oghe AR (3), (2.9)
n,k

where n and k are chosen such that t"loght diverges in the limit ¢t — co. In [12] this was
achieved at first order in the radial expansion in YM in Lorenz gauge, working in Bondi

4Most commonly, in Bondi coordinates, we have t = r and § = (u, 2, 2) describing Z+. However, the
procedure applies in other coordinates as well.

5Note that small gauge transformations, i.e. those which vanish in the limit v — oo, have been set to 0 for
simplicity, since they do not contribute to the soft theorems.



coordinates. In [30], a construction was given to all orders, for the self-dual YM theory,
working in light-cone gauge. Here we will show that the construction extends to full YM
theory, for n = oo, with an arbitrary gauge and coordinate choice.

First we note that in some cases one need to generalise (2.9) to a field-dependent
parameter,® and we consider here the most general situation:

Ry = Ko (A(2), A (2)) = 3 ¢loghe F090) (40O (), ACD(5), ), (2.10)
n,k

where n and k are such that t"log*t diverges as t — oco. Here A, (z) is expanded as in (2.6),
and the A, (z) expansion is given in (2.9). Later in the article, we will specialise to cases
where ]Lr is independent of the fields, which will simplify calculations considerably. However,
for now we continue with the most general solution as described in (2.10).

The next step is to define an extended phase space capable of accommodating a gauge
transformation with a parameter given by (2.10). These transformations obviously violate
the fall-off (2.6). We can interpret these violations as a form of symmetry breaking, which
leads us to using a modified Stueckelberg trick in the construction of our phase space. The
Stueckelberg procedure’ is usually employed when a gauge symmetry is broken e.g. due
to the presence of mass. It allows us to reinstate the symmetry, by promoting the local
transformation parameter to a new field, which transforms non-linearly. We will adapt it
to our situation by defining the object:

U =U(A,(2), T(x) = > "loghe (AL (g), .. O, ) (2.11)
n,k
with
U(z) = t"loght Wk (). (2.12)
n,k

with n, k as in (2.10) and where ¥ has the same functional dependence on (Au, V) as A,
does on (A,, Ay). Equivalently, U is obtained from IVX+ by applying the replacement rule

Ai(z) —  ¥Y(z), (2.13)
We are now ready to define our extended phase space as:
et .= 1% x {¥(x) as defined in (2.12)} (2.14)

where T is the original phase space defined in (2.7). We will see that the object 0 plays a
crucial role in our construction. In order to proceed with the construction of charges on our
extended phase space, we must first determine the transformation properties of our new field V.
We generalise the procedure employed in [12, 30] and start by defining the extended gauge field

A, = eV A i g,e Y (2.15)

5This might arise because we are imposing further constraints on the transformation. For example, requiring
that they preserve Lorenz gauge can lead to field-dependent transformation parameters, see [12].
Initially introduced in the context of electromagnetism [31], also extended to (super)gravity [66-68].



This mimics a gauge-transformed gauge field, with the parameter replaced by our new field,
which is a hallmark of the Stueckelberg procedure. We require that it satisfies the following
consistency condition:

)

53 A, = D,A (2.16)

where

A=A 4 A, (2.17)

and [)u is the gauge-covariant derivative w.r.t. flﬂ. In the above, A is the standard
(leading order) large gauge parameter. Equation (2.16) is tantamount to saying that the
extended field transforms as a gauge field in the extended space. Note that when writing
the actual transformation, we are working only to linear order in the parameter, as this will
be sufficient for the construction of the charges. This is in contrast with the Stueckelberg
step (2.15), where all orders are necessary. The consistency condition essentially states that
the additional fields on the boundary do not correspond to new fields in the bulk, but rather
are coming from pieces of the bulk field which were discarded when assuming the fall-off
in (2.6). Finally, as is standard in the Stueckelberg procedure, the transformation of the
original field A, is unchanged.

Following a calculation similar to that in [30] (see appendix A for details), we rewrite
the Lh.s. of (2.16) as

05 Au = € {654 + D,y [e7VO_y (05 0)e™] eV (2.18)

where we have used that

seX = eXOx(6X) (2.19)
with 4
1—e %%
= 2.2
OX adX ( 0)

The above is defined via its series expansion

o= (=DF b
Ox =Y (adx)", (2.21)
= (k+1)!
such that
o (=D* k(5
k=0 (2.22)
v ) o v 1. ¢ o v v v v .
= O30 + S [, 65 ] — [, [, 05 9]] — W, [, [, 65 ] +
The r.h.s. of (2.16) becomes
DMIVX = e"@D“(e*iqjﬁei@)e*i‘i’ (2.23)
Then, plugging (2.18) and (2.23) into (2.16) we obtain:
05 Au+ Dy [ O_ 5 (05 0)e™| = D,y (e Ae™) (2.24)



Let us now focus on one of the components of the equation above, call this w. In any gauge,

we can choose a w such at Az(l? i0) # 0. Then we have

o

KAGT) = (Dw]\) (k)

= 0,008,000 A0 — [ AGTR) AQ)] (2.25)

where we have imposed that only the leading order gauge parameter A% contributes (the
sub-leading gauge parameters in (2.9) will only appear in the transformation of ¥, and we
recall that we are ignoring the small gauge transformations). Making use of the above, we
can rearrange (2.24) into

v

O_y(6,0) = A — eV AOeY (2.26)

This can be solved to any order in v by inverting O_;y:
650 = 0L (A~ VA (2.27)
We will make use of the formal expansion

-1
1—e X 3 BLX™
SRS 229

m=0

where B, are the Bernoulli numbers

1 1
Bf =1, Bj:§, szé,... (2.29)
Using this in (2.27) we find:®
mly, _ Bm m [ § (0)
SN = T (ad_y) A+ (=14 26, 1)A)] (2.30)
where (5;:”]@ denotes the variation of ¥ at order m in ¥. The next step is to extract the

transformation of W from the above. This will of course depend on the exact form of U as a
function of ¥ and A, so it will be done case by case, depending on the gauge choice (2.4).
Nevertheless, we can proceed in the general case, as it is the U that will appear in the
construction of the charges, and so it is its transformation that will be relevant for computing
the charge algebra. Before continuing with the charge algebra, we pause to make some
remarks about the transformation of the Stueckelberg fields. Firstly, we note that, at Oth
order in the field, it transforms via a shift

S =A— A0 = A, (2.31)

so they have an interpretation as Goldstone modes for the symmetry breaking in the bulk.
Secondly, recall that

B2k+1 =0, for k>0 (232)

8The proof is completely analogous to the one in appendix A3 of [30].



i.e. only even powers of the fields will contribute to the transformation (2.30) beyond m = 1.
We leave the interpretation of this observation for future work.
Finally, there is a close relation between the Bernoulli numbers and the Riemann
(-function
(12" Bpem)™

() = === (2.33)

for m even and larger than 1. Then we can alternatively write (2.30), for m > 1, as

s = (ad_.

i (2™ )™ R+ (<1426, 1)A0)]. (2.34)

2.1 Charge algebra

The charge, computed via the covariant space formalism,” can be expressed as a two-
dimensional integral, over a hypersurface B?

Gy = /B tr(AF)dS,, (2.35)

where F* is constructed from AM, and takes the form

j—uu = 8ufll, — &,flﬂ — i[/lu, fl,,] = ei‘i’fwe_w (2.36)
Let zp and yp the coordinates on By, then we have
dS,, = dxpdyp/gpmun, (2.37)

where gp is the induced metric on By and n,,m, are unit vectors orthogonal to Bz. We
can now define the charge density

- ¢ = (0)
ay = tr (\/ .gBA]:mn) (238)
where we have denoted
]N:mn = ]N:'uym,unu (239)

In terms of the original field strength, the charge density is

gy =tr (@Aeiéfmne_i@> (0)

L ©) (2.40)
= tr (w/gBe_“I’Ae“I’fmﬂ
We now want to check the charge algebra
L 1 - -

9More details on the computation of charges are given in section 4.



Note that we are using a modified bracket [12, 69-72], as A can be field dependent in general.
Explicitly we then have:

{q~]\1,cj]\2}* :% [tl‘ (\/‘g? (5;\167&!) Agei‘ijfmn) © + 2 tr (@e,i\i ((5/"\1 j\g) el\il./_"mn) ©

+ tr ( gge_i‘ij/v\g (5Alei®> ]:mn)(O)

R (0)
+tr ( ﬁgBe—lWAwl%;\lfmn) ]
—(1¢2) (2.42)
Using (2.19) and (2.20), we have
i il i
(5[\16 = —1ie O—i\il ((5]\1 \I/)
L (]\1 - ei‘i’AgO)e_i‘i’> (2.43)
= —ie_i\i’lu\l + iAgO)e_i‘i’
where to get to the second line we used (2.26). Similarly, using (A.2), we write
W 5 i
51“\16 =i0_ (67\1\11) e
= (]h - ei‘i’Ago)efi\iv v (2.44)
= ilu\lei\i/ - iei@AgO)
To compute the final term in (2.40) we use (2.25) to write
85, Fonn = —i[Fns A (2.45)

remembering that we have set the small gauge transformations to vanish. Finally, plug-
ging (2.43), (2.44), and (2.45) into (2.42), we get

{ij\l ) q~[\2}* = q~[]\1,]\2]* (2.46)
as required, where the deformed bracket is as expected for field dependent parameters [12, 69—
72]:

) ¥

[Al, AQ]* = —Z'[/v\l, AQ] + (SAl/v\Q — 5]&2‘7\1 (247)

2.2 Case study: Bondi coordinates in axial gauge

Let us make the previous section more concrete, by looking at a specific example of coordinates,
namely the Bondi coordinates (u,r,z,z) around Z*, with line element

ds* = —du® — 2dudr + 2r*~dzdz (2.48)
where
-2 (2.49)
T a2 :

Let us choose an axial gauge, i.e.

g(Au) = QM-AM =U, (2.50)

,10,



where a* is some constant vector. Different choices of a* give different gauges of interest for
various applications. Later in the article we will work in the light-cone, and radial gauges
respectively. For now we proceed with a general a*. In this gauge, the expansion of the
gauge fields (2.6) simplifies to

00 A(—n) _
‘AN — Z o (uv 2, Z)

n=0

) 2.51
o (2.51)

i.e. the log terms are no longer present. The radiative phase space will be as in (2.7).
The leading order large gauge transformations are constrained by the gauge choice, and
explicitly we have:

a*D, A = a9,A® =0, (2.52)

where in the first equality we made use of (2.50). We see that the only constraint on the gauge
parameter is that it does not depend on the linear combination of coordinates a,z". We are
now looking to construct an extended phase space, able to accommodate a gauge parameter

Ap(z) =Y r"AM(u, 2, ), (2.53)
n=1

where we highlight the absence of the logarithmic terms, reflecting the absence of these
terms in the expansion of 4, above. At this stage, one could choose to impose the gauge
fixing condition on the new terms, i.e.

a"OuAy(x) =0 (2.54)

though we emphasize that this is not required by our procedure. In either case, the upshot
is that we do not need a field-dependent parameter in this case. Thus (2.10) simplifies
significantly, and we have

At () = Ay () (2.55)

We are now ready to construct our Stueckelberg field, which is simply
U(z) =T(z) = > r"TW(y,z,2) (2.56)
k=1

The extended gauge field will be as in (2.15). Upon applying the consistency condition (2.16),
and following the steps in the previous section, we now explicitly obtain the transformation
rule for the Stueckelberg field

SA0 = O, (A — VA~ (2.57)

with O as in (2.20). Working at order m in ¥, this can be written in terms of the Bernoulli
numbers (2.29) as

sy = %( d_iw)™ [A + (=1 + 20,,1) A (2.58)
A ) ad—;y m,1 .

— 11 —



Let us write the first few orders explicitly. At [m] = 0 we have
S0 = A —A® =7,
as expected for a Stuckelberg-type field. At linear order in ¥ we have

Wy = —%[\IJ,A +AO],
while at second order the transformation becomes

52y — f%[\y, W, A — AO)].

As we mentioned in the previous section, all odd orders beyond m = 1 will vanish

Sy =0, k>1

(2.59)

(2.60)

(2.61)

(2.62)

The results above are exact in the coordinates, so in general we can expand them to any

order in r. We remark that we have
(5/[\m]\1’)(n) =0 forn <m,
due to the fact that ¥ starts at linear order in 7.
For future use, let us also introduce the notation
j J
5=y ol
k=0

which gives the variation up to order j in the Stueckelberg field.

In Bondi coordinates, the charge will be defined on the celestial sphere at Z+,

Qn = /2 tr(AFp ) riydzdz
S
with
]:—ru = ei\y]:rue_i\ll
We can now define the charge aspect as
G = tr(Aer:"m)(O)
= tr(e YAV F, ) (72
-2
— e [(een) £
The charge algebra now becomes

1
2
= _iQ[Al,AQ]

{dns, @0 b = 5 [0n, 00, — (1 42 2)]

(2.63)

(2.64)

via

(2.65)

(2.66)

(2.67)

(2.68)

as needed. This is of course simpler than the expression in section 2.1, because we no longer

have field-dependent parameters. See section 4 for a more detailed discussion of the charge

construction and algebra at various orders.

— 12 —



The gauge choice will play an important role in our proof of the recursion relations for
the equations of motion and charges at all orders, in the following sections. We will focus
on two particular gauge choices. One is the light-cone gauge

a* =(1,0,0,0) = A,=0 (2.69)

together with a constraint to ensure radiative solutions

AL =AY =9, (2.70)
At this stage, one may choose to impose (2.54), which results in'’
Ap =Ai(r,2,2), =TV=VU(rz?2) (2.71)

though as we mentioned above this is not needed for our procedure, and we can simply
work with a general

A=A (u,r,2,2), =¥ =Vu,rz?2) (2.72)
The other gauge choice is the radial gauge, defined by
A, =0 (2.73)
where we additionally impose the usual constraint at Z+

AD =0, (2.74)

3 Equations of motion and recursion relations at all orders

In this section we study in detail the properties of the radiative phase space, first providing
the YM e.o.m. to all orders in the radial expansion in Bondi coordinates. Working in
two different gauge choices, namely light-cone gauge and radial gauge, we give recursion
relations that allow us to construct the fields to all orders. The equations in this section,
together with all the expressions in appendix B and appendix C, can be checked explicitly
to arbitrarily high order using the Mathematica package developed by one of the authors,
which will be presented in [73].

We work with the Bondi coordinates (u,r,z, z) defined in (2.48) and (2.49). We want
to study Yang-Mills theory at Z7, which in Bondi coordinates is obtained by taking the
limit r — oo and it is parametrized by (u, z,2). We will use the radial coordinate as the
variable for the power expansions.!'!

Let M := R'? be the smooth manifold considered with coordinates defined (2.48)
and (2.49). The components of a generic (k,[)-tensor 7 on M can be expanded in a r-power
series near Z1 as:

TRt (2, 2)

TTL

7'#1--~Hky1myl (u, T2, Z) = Z

neL

, (3.1)

19Gee [30] for an example of this in self-dual YM.
1'We use Mathematica to compute most of the calculations regarding the expansions and manipulations
with coefficients.
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where each component TH1#%, . (u,r, 2, 2) is a C*> function on M that can be written
as a power series expansion in 1/r. We are interested in the subset C2°(M) of functions

with finite limit when r — +o0, defined as follows:?

CX(M) = {f € C°(M) | flu,r,2,2) =S v "fC(u,2,2), T (u,22) =0VYn <0}
nez
(3.2)

Therefore, given f € C°(M), the limit when r — +o0 is simply given by the smooth
function f(©), which can be thought of as taking values in ZT. We also assume that (™ ¢
C>®(Z™") for each n € Z.

3.1 YM e.o.m. in Bondi coordinates

The YM equations of motion are given by the vanishing of the following tensor,
&, =D"F,, =V"F,, —ilA”, F,.. (3.3)

The vanishing of &£, implies in particular that £, € Cp°(M) in (3.2), when expressed in
Bondi coordinates (u,7,z,z). Then, one can compute the components of £, at each order
1/r", with n € N. Let

#—Zr" ) (u, z, Z) (3.4)
neN
denote the r power expansion. A complete derivation of the following equations can be found

(—=n)

in appendix B. Here, we present the result for each E,

B = =0, F™ + 8(n — )(FL™ — FE™) + 20 (v ES™) — 20006 FL, ™

Z)p )P
Z (214, BP0 = (4%, FEP) — 2971 Al FGT9Y), (3:5)
where,
5y, := diag(1,1,0,0), (3.6)
SZ(TL) = nd, — 25;2.
More explicitly, each of the components of El(fn) is given by
B = 0,F™ + (n = 3)F™™ + 29710 FL, (3.8)
+ kZO (1A= — A=, FEP - 2y AL ES YY)
B = (n = 3)F™" + 29710 Fi ) (3.9)
#4314, P9 oy FG),

2Note that in the sum in (3.2) we let n assume negative values and we kill all the coefficients f(=™ (u, 2, 2)
with n < 0. The reason why we do not define C2°(M) by summing only on n € N is that we want to construct
a projector P_,, that acts on C;°(M) with both positive and negative values of n (see (B.1)), so that equations
like (B.2)—(B.4) are well defined. Thus, we want the set (3.2) to take into account all n € Z.
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EC™ = —9,FS™ + (n— 1)(FL™ — F7) — 0,(y ' FE) (3.10)

T

4 Z (2[A(k_”), F(—k)] _ [A(k—n)7Fr(z—k)] + V_I[A(k_”),Fz(g_k)]) ’

k=0 (v r)z " z
By = —0uF " 4 (0= (R = BV 4+ 0:07 ST (3.11)
+1 Z (2[‘425_”), Fr()_gk)] _ [Agk—n)7FT(2—k)] _ V_I[Aék_n),Fz(g_k)]) .
k=0

In the following, we study these equations for two particular gauge choices, light-cone
and radial gauges. First, we have to define a subset of solutions, given by certain fall-offs
compatible with radiative fields. Then, we compute the equations of motion (Eﬁ_n) =0),
and finally we deduce a recursive formula that allows to compute the components of the
field strength up to functions on the sphere S? with coordinates (z,z), i.e., the celestial
sphere. Schematically, one has

FGM = Glogt, 7, 02,05, A0, AP Fm), R, (3.12)

ur z T ur ot ur
where ;1 f(u,2,2) := [“__ f(i,2, 2)di and G is a functional that contains the differential

operators 9, !, d,,0; and depends on the field strength via Fzsr_ ntlh) ) er_ 2,

3.2 Light-cone gauge

Our first case study is the light-cone gauge. This gauge is characterised by the vanishing
of the u-component of the gauge vector,

Ay =0. (3.13)

As we mentioned above, we are interested in a subset of solutions that are radiative. This
can be achieved by taking the following conditions on the r-component of A,

A = 4D — . (3.14)
From (3.13) and (3.14) we get the following conditions on F,,,
Fim =FCm = FCY =0 forn=0,1. (3.15)

Equations (3.8)—(3.11) simplify to the following set of identities,

2—n)

ES™ = 0,F™ + (n = 3) ™ + 29719 FL, (3.16)
5> (1A%, FGR] — 29 1 AZ Y FEPY) 2
k=0
B = (n—3)F0™ + 297 0. L ) (3.17)
+ @nz_f (1A=, FR) = 297 A FER)) . n>a
k=2
ESM = <0, FC™ + (n— 1)(FL™ = FE) = 0.(y ' EETY) (3.18)
+ lnz_:Q ([quk—n% FL(Lz_k) _ F;Z—k)] + 7—1[A22+k_n)’ Fz(i_k)D ’ n>2
k=0
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BEE = —0,F + (n= 1) (Fr Y = B+ 0:(47 FETY) (3.19)

n—2
+i Y ([AF, FCY — FCR -y 1aB 0 BERY)
k=0

3.2.1 Recursive formula for the gauge vector

In what follows we prove that given the initial data
A0 (u,2,7), AP (u,z,7), (3.20)
and families of functions on the sphere

gfn,o)’Ag_n—zo) c 000(52)}@1, (3.21)

z

(A4

where T(-") denotes the coefficient of f—: in a formal expansion of the tensor T in r and
u, it is possible to find the solution of the equation of motion at arbitrary order in the
1/r-expansion. In particular, we present a recursive formula that allows us to compute Al(fn)
for all n € N, thus providing the explicit expression of the solution of the e.o.m. at each order.

First of all, we write explicitly the definition of the field strength tensor in light-cone

gauge (3.13) and with fall-off (3.14) at a given order n:

FCm = 9,A0M ) p>2 3.22

FCM =9,A0M, p>2 (3.23)
n—2

FC™ =1 —n)A0™ — —1'2[ (k=n)  4(=k)] n>2 (3.24)

FCM = 20,40 —i Z CR >, (3.25)

where Fl(tzfn) and Fr(; ™) are completely analogous to (3.23) and (3.24), respectively. Recall
that F&;n) = Fr(z_n) =0 for n = 0,1. From the above equations we notice that

Fé;”) depends on AEL_") for p=rzz, (3.26)
Fi;™  depends on {A{™)}4e,, {A<—k>}k<n, (3.27)
Fz(;n) depends on  {ACF) A }k (3.28)

Suppose we know {A,(;k) (u,z,z), Agfk) (u, 2, 2), Aﬁf’“’Q)(u, 2,Z) }k<n for some arbitrary
n € N; we want to find {Ag_n) (u,z,z), Ai—_n) (u, z,2), A&‘”‘Q) (u, z,2)}. Although it is useful
to express the recursion step as above, we emphasize that A$_2) is not part of the initial
data, but can be obtained from (3.20) and (3.21).

Indeed, A can be obtained from (3.22) and (3.16) with n = 2:
0.FGY = 27‘18( Fﬁ’)) + 2@7—1[/1?’) F<;13] (3.29)

,16,



where in the second line we used (3.23) and the symbol 9, ! = [ du defined previously. For
n > 3 we use (3.22) and (3.17) to find:

—-n 1 —1 ( n) = k—n—1 —k —17 4(1+k—n) (—k)
AT = = |27 9L FY, +zkz:2(m£ i ke A )

(3.31)

By observing the equations above and recalling (3.26)—(3.27) we notice that, in general:

A" depends on A&*”H),{Afj’”}kgn_Q and A0 (3.32)

T

Therefore, we conclude that knowing {A,(fk)} k<n is sufficient to determine Aﬁ_n) via equa-

tions (3.30) and (3.31). Each function {Aﬁ_n’o)}nzg is the constant of integration of the
operator O, .
(_

Now, we solve for A; " At leading order, that is, for n = 0, the z and z components of

the gauge field constitute the initial data, so we consider n > 1. From (3.24) we have:

1 n+1
(—n) - _ = —n—1) k n—1) k) (—=n-1)
Al 7L< §: JACR] 4 R ). (3.33)

1)

Hence, we need an explicit expression for it, which is provided by the z component (3.18)

(—n)

However, thanks to (3.27) we know that, in general, FT(Z_ """ does depend on A

of the e.o.m.

Fim ) = naAC™ 971 [nFC 4 0.7 FE™)

n—1 (334)
—i Y ([A%=1, 0,400 — FCR) 4yt [alttem) R ] :
k=0

Putting (3.33) and (3.34) together we obtain (for n > 1):

n+1
AL = 21{ — 9, ALY 4 Y (A% D AR
n k=2

+@{m¢m+@w1@;% (3.35)

_’Z( Atk=n=1) 5 AK) _ p(=h)] | - I[Agl+k—n)’FZ(2k)]>:|}_
The above equation together with the (3.14), (3.27), (3.28) and (3.32) imply that:

z

AC"™ depends on A&‘”‘U,Aﬁ—”),{A,(;’f)}k@. (3.36)
(-1

For instance, A} ) depends just on the initial data:

ACD = (3 A A A 2)])

(3.37)
50 (0071 FY) — (A0, 0,40 — i~ [A®), FY)).

z z zz
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AT

—n—1 —n —Hl —n+2 —n+3

Figure 1. The solid arrows indicate which Aﬁ”“), Agfk) enter the recursion formula for A&’”),

while the dotted arrows indicate which Agfk) and Aifk) enter the recursion formula for Agfn). The
component Ai—_") is not drawn, since the same result as for AT s valid.

Observe that since we start with the fall-offs (3.14), the inductive step is indeed satisfied.
In other words, the solution for Agf ") i completely determined by A( " 1) Sf"), {Affk)} k<n
and the functions on the sphere {AZ m0) (z,2)}. Note that it is also posmble to find A"
by integrating Fﬁ;"), which in turn can be obtained through the Bianchi identity (B.12),
achieving the same result.

In figure 1, the relation between the indices is schematically depicted.

(—n)

To conclude, the above procedure allows us to compute the solution to the e.o.m. A,

(k)

at an arbitrary order n € N of the large r-expansion, by recursively constructing A,, ™ for
k = 0,...,n, starting from the initial data Ag’) and Aéo). Our recursive relation can be
written in a more compact way as follows:
AC? = 9971972 (D0, A1) 3.38
p =2y (z|u|2)) (3.38)
n _ _ (I-n) e
A = 273 [2 HDeFer) i ((An AN n>3 (3.39)
AT = — (Do) ) = 0 (nEC™ + (D (y Fe)) 07 (3.40)
n

- Z([ATaau-Az - frz])(_n_l))}, n>1

Recursive formula for Fé; 7)., As will be seen in section 4, the ru component of the field
strength plays a crucial role in the construction of the charges. Thus it is useful to give a
recursive formula for the different coefficients of the r-expansion of F&; n), with n > 2.
Consider {Fé;n’o) € C*(5?)}n>0, a family of functions on the sphere, then, by (3.16),
we can obtain F" in terms of F&;n’o and {Fu_rk}kn, by using the 9, ! operator.
It immediately follows from (3.16) that

Fim = ot ((3 —n)FG) 2y 1o BT

u Z)u

(3.41)
—ZZ( Alh=m) p(- )]_2,),1[A8+k—71)7FZ()—uk)]))‘

—n,0)

The constant of integration for the operator 0 Lig given by Féqn , which we can introduce
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by fixing the lower limit in the anti-derivative as —oo,

Fqg;n)(u,z,z) F( nO Z Z _|_/ du< _n ( n+1) 2,},718(ZF2(—un+2)

)
w Z ( FR] gL 4(24km) F&kﬁ) ) (3.42)
(z ' 2)u :

3.2.2 Decays on null infinity in the radiative phase space

As it is well known in the sub”-theorems literature (see for example [46, 74, 75], the u-
behaviour of the fields translates as derivatives via a Fourier transform in u. Let us assume
that we are working at tree-level. This implies that the decay of the u-derivative of the initial
data ((%Ago)) is faster than any polynomial in w.

Let S(Ago))(w,z,i) be the time-Fourier transform of A(u,z,z). Then, the w — 0
expansion of the tree-level amplitude (see [74, 75]) implies the following fall off in w for the
radiative free data for the gauge vector,

F(AD) (w, 2) = w ' FAD) (@) + FAD) (@) + wFAD) (@) + ... (3.43)

where the upper index outside the bracket indicates the order in the w-expansion. Undoing
the Fourier transform, A,(u,z,2) behaves like

A (u, 2) = 0(u) AD(2) + 5(u) AD (2) + &' (w) AL (&) + ..., (3.44)
with 8 a step function. Thus, the u — 400 falloffs for the null infinity free data are as follows
AO) (u, ) T2 AQOE(3) 4 o(um®), (3.45)

where o(u~) is a remainder that goes to zero faster than any power of 1/u.
In what follows we compute the u-behaviour of the functions AS*”), AA(;”) and FT(J ") as
u — —o00. Let us start with the following boundary conditions on the field strength at Ijrr,

lim FGC2(u,22) =0, lim FSP(u,2,2) =0, lim F( )(u,z,é) =0, (3.46)

Uu—r—+00 Uu——+00 u—r+00

which arise due to the absence of massive colored fields. The standard v — —oo fall-off
for the radiative data A,(go) is the following,

AO (4, 2, 2) = ALY (2, 2) + o(u™>). (3.47)
This translates to Fr(u_ 2 via (3.30) as follows
FD(u,2,2) = FG29(2,2) + o(u™). (3.48)

We can write

0uF(Y =27 0 L) — 2iy A, F) = 297 DD FY), (3.49)
where DI =0, [A(ZO), :]. Using the results in the previous subsections, we will show

here how the integration from A,(ZO)(u, z,Z) can be carried out to all the coefficients (with
the corresponding constants of integration as functions on the sphere).
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First, observe that A7(~_2) = O(u), since 8uA,(n_2) + FT(JQ) = 0. Then, if A7(~_2’0) is the
finite value of the limit

lim A2 4 ufF G20 = AC20 (2, 7), (3.50)

u——oo T r

where the second term on the 1.h.s. above has the role of substracting the linear dependence
in u, then
ATV (u, 2, 2) = —uF 20 (2, 2) + AT20 (2, 2) 4+ o(u™). (3.51)

r

This is consistent with (3.30). Next, the equation for Ag_l) is given by (3.37),

1
ALY = Zu (.50 —i[ALO, FC20) 4+ 0,(r7 FEY) — iy ALY, FEY)) - (3.52)

- (BAEY (A0 ACED)) 4 ACL 4 ofu)

Observe that A,(z_l) contains up to linear terms in u. The coeflicients Fz(g) , Fzg; 1 and
Fz(f 2) are found directly

FQ = -0,A" = o(u™), FV=-8,A7Y=0(1), (3.53)
F2 =0,A02 — ACD 4140 A2] = O(u). (3.54)

The second equation is consistent with the definition of Ag_l) via (3.33),

0FY = 0,ATY — B 4 0.(y'ED) — i ([A02,0,40) — FO] 4+ 47140, FP) .
From (3.42) we have

FG9 = =0t (2D FLY = 2iy 1AV, FS)) (3.56)

(z 7 2)u (

From equations (3.53) and (3.56), we deduce that Y s O(u). Indeed, the first and
third terms within the brackets are O(1) in u, while the second term contains a product of a
linear term and auAS’), which is o(u™%°); therefore, after integration, the second term is O(1).
Then, we can proceed in an analogous way, since now we have A7(,_3) = O(u?). Therefore,

inductively from (3.31), (3.35) and (3.42) we have that each F? will be O(u).

3.3 Radial gauge

Next we study the radial gauge, characterized by

A, =0, (3.57)
and let us consider the fall-off
AW =, (3.58)

which further specifies the gauge. Thus, this choice implies the following identities:

Fim =FCm =FCY =0 forn=0,1. (3.59)

ur T
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Equations (3.8)—(3.11) result in

EC™ = 8,F¢ + (n— 3)FL + Wla( Fo (3.60)

i Z . 21771 Z 2+I<: n) —uk)]’ n>9

EC™ = (n - 3)FL™ 4+ 2y 0L FS — 2iy ! Z AZT RSP, mza (361)
B = 9, FC + (n - DEL™ — FE) - azw—le% ") (3.62)
n—1 n—2
+i Y [AFT FCP) 4 iy YA FEY), 22
k=0 k=0
BCM = 0, FC + (- D(FET - FE%‘”) +0:(v" ' FET) (3.63)
n—1
+1 Z[Aq(jﬂfn)’ r; - Z’yil Z 2+k " F( k)] nz= 2.
k=0

Observe the almost symmetric behaviour of r and u with respect to the previous case
(eq. (3.16)—(3.19)), although there are differences which we will see below.

3.3.1 Recursive formula for the gauge vector

As in the previous section, we will prove that given the initial data Ago)(u, z,2), Ago) (u,z,2)
and {A,(;"’“),Ag‘”’o),Ag‘"‘l’o)}nzl, it is possible to find the solution of the equation of
motion at arbitrary order in the 1/r-expansion. We present recursive formulas (similar
o (3.31), (3.35)) that allow us to compute AEL*") for all n > 1, thus providing the explicit
expression of the e.o.m. solution at each order.

First of all, it is useful to write explicitly the definition of the field strength tensor in
radial gauge. From (3.57) and (3.58), at a given order n we have

ECm) = (n— 1)A<1—n> n>2, (3.64)
P =20, AT i Z = 0,40 — (DA, (3.65)
FM=(1- n)Ai1 ”), n>2, (3.66)
-n -n . = —-n —k
FEY =20,45" —i Y [AE, A0P). (3.67)
k=0
Recall that Fisf n) - T(; " — 0 for n = 0,1. From the above equations we notice that:
-n 1-n
F;™ dependson A(™™,  (n>2), (3.68)
F™  depends on {ASL k) ,Agfk)}kgn, (3.69)
F™  dependson {ACR AURY, (3.70)

Suppose we know {Ag_k) (u,z,2), Ai—_k) (u, z, 2),A§f’“‘1)(u, 2, Z) }k<n for some arbitrary
n € N; we want to find {Ag_ )(u z,2), A(_n)(u,z,i),Aq(«_n_z)(u,z,i)}. First, we solve for
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the v component of the gauge field. At leading order we know that AQ(LO)

can be obtained from (3.60) and (3.64) with n = 2:

. -1
vanishes. Ag

0uFTY = =270 FY) + 2iy7 1A, F), (3.71)
— AV =297 (0.4 + o p.AY, AD)). (3.72)

where in the second line we used F\2 = (")uA,(ZO). For n > 2 we make use of (3.61), (3.64)
and (3.66) to find

AC = ( AGT + Z —| Al A<)’“>]> (3.73)

We notice that, in general:

A=) depends on {Ag_k),Ag—fk)}Kn and A0, (3.74)

U

Therefore we conclude that knowing {A( ") A }k<n and the functions on the sphere
{Au nO)} is sufficient to determine A} ™ via equations (3.72) and (3.73).

Now, we look at the Ai‘”) coefficients. At leading order, the z and z components of the
gauge field constitute the initial data. For n > 1 we have A,(Z_n) = —n‘lF,«(z_n_l), from (3.66).

-1 (=n)

However, thanks to (3.69) we know that, in general, Fr(; """ does depend on Ay . Hence, we

need an explicit expression for it, which is provided by the z component (3.62) of the e.o.m.,

FCmD = palm — gt (nazA(u‘") +nFEC™ 49,y LEL) (3.75)

n n n—1
in S (AL, AC] 3 (AL, B iyt AL, FEH)),

After some algebra we obtain, for n > 1:

1 -n
Al ( (1-n)Al—™ 15, (Ag—”) T = >>
n
- (3.76)
n :
The above equation together with (3.70) and (3.74) imply that,
Ag_”) depends on AL, {Ag_k),Ag_k), Aq(;k)}Kn and Ag_"’o). (3.77)
As an example, Agfl) depends just on the initial data and on AE,T”:
1
ACD = 20,1 (0. A0V + 0. (v FY) —i[AD, ALY + 47 ED) (3.78)

(=n)

In other words, the solution for A;
by the above solution for Aq(fn). As in the light-cone gauge, it is also possible to compute
AL by integrating Fqu_n), which in turn can be obtained through the Bianchi identity (B.16).

This shows that the results are consistent with the algebraic structure of the theory. Figure 2

is completely determined by our initial hypothesis and

shows the relation between the coefficients in the radial expansion.
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AT

-n—1 \——r{ —n+1 —n+2 —n+3

Figure 2. The solid arrows indicate which Agfk), Ai”“) enter the recursion formula for Aﬁ"),
while the dotted arrows indicate which Agfk) and Ag_k) enter the recursion formula for A,(z_"). The

component A(g_") is not drawn, since the same result as for A(Z_") is valid.

Recursive formula for Fé; "), we can immediately write a recursive formula for the
u — rcomponent of the field strength, by virtue of (3.64),

0
F-2) = oyt ( (zfg)u)() (3.79)
Ty 27! (1-n)
Fim = - (D(Z]-})T) . n>3 (3.80)
Explicitly:
FG? = 2971 (A% + 0, 0. AED) AD) (3.81)
1 (2—n) (2+k—n) 4(=k)
Fiom) = _9y <a( A +Z — A(z VA ]), n>3 (3.82)

(

Formula for Fr, ) for n > 2:
Fn) — 1@—1 (F(l—N) — 0, (F(™ 4 7—1F@_”))
TZ 92 U rZ z ur 2z

n

) _ 2n—k—1 _ _ —k
Ak=n) (k) 12 )} )
#iD A0, SR o R

(3.83)

3.3.2 Decays on null infinity in the radiative phase space

As in the light-cone gauge, the standard u — —oc fall-offs for the radiative data AQO),

Ago) (u,z,2) = Ago’o)(z, Z) 4+ o(u™), (3.84)

which also translates into the six components of F),, as is shown in table 1.
We can organise the three non-vanishing components of A, by their u-decay,

AO 40 = o(1), ALY = 0(1), (3.85)
ACD ATY —0w@),  ACY = O(u), (3.86)
ACD AT = o), ACY =0@?), ..

) )
) )

which also translates into the six components of F),, as is shown in the following table,
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o(u™) F&S) F(O)

uz

o) (D D (-2 plo)

uz

O(u) FU(Z—Q) F(—Q) Fr(JS) F(jl) FT§Z—2) F(j2)

uz

ow) | FY RV EGY REY RSV R

O@m) | FCmD pCrD pned gl pneh penen)

uz uz U Tz rz

Table 1. Order in u for each coefficient in the expansion of F),,.

4 Charges

In this section we compute the charges that arise when renormalizing the symplectic form,
obtaining finite expressions at the corner Z*. In the extended phase space presented in (2.14),
the local gauge transformations are parametrized by a g-valued function A, giving the usual
infinitesimal variation, (2.16). Since we are working with field-independent variations, (2.15)
can be rewritten as

A, =" Ae™ +ietV9,e Y, (4.1)
and the strength tensor is given by,
Fup = eV Fue™. (4.2)

The bulk action is

S[AL] = /Dtr (.7}“1,]3””> dvol, (4.3)

where D is some region with its boundary 0D := ¥, U ¥;, U#H, consisting in two Cauchy
surfaces along Minkowski and a time-like hypersurface H at spatial infinity (see figure 3).

We remark that the Lagrangian (4.3), constructed from A, of (2.15), takes the same
form as the YM Lagrangian constructed from 4,. This can be seen immediately from the
fact that flﬂ has the functional form of a gauge transformation, with the parameter replaced
by our new field \Tl, as is characteristic of the Stueckelberg procedure.'® In order to compute
the relevant charges though, it is crucial to take the field Au as our fundamental field in
the covariant phase space formalism.

From (4.3), one can then compute the bulk symplectic form straightforwardly,

Q51 00) = = [ tr (515 nb2A,) dS, (14 2), (4.4)

for some Cauchy surface ¥ in Minkowski space. The symplectic form can be used to obtain the
canonical charges associated with the infinitesimal symmetries (2.16), by means of the relation

QP[5 6] = Q. (4.5)

3The traditional form of the Stueckelberg trick is applied to an action where a gauge symmetry is broken in
the Lagrangian, whereas in our case it manifests as a breaking of the asymptotic symmetries once the fall-offs
have been imposed, and is thus not visible in the bulk action.
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Figure 3. Cauchy Surfaces 3, X, , with tg < 1, and constant u ray. H is located at spatial infinity
and collapsed to a point after compactification. The sets (topologically spheres) in the intersection of
the hypersurfaces with {u = ug} correspond to the celestial sphere in the limit ¢ — +oo with v fixed.

giving the following result:
On = / 0,4 (AF™)dsS,.. (4.6)
b

We stress that this charge is computed within the bulk. As it stands, the expression
for the charge is a total derivative, which implies that

Qp = /52 tr(AF™)dS ., (4.7)

where we are using that 0% = iy ~ S2, with i¢ denoting spatial infinity. We can identify 0%
with Z* using Bondi coordinates. Indeed, when working in these coordinates, the symplectic
form at null infinity Z* is found by taking ¥ to be the hypersurface {t = r +u = constant},
and taking the limit ¢ — 400 at fixed u. In that way, Z* is parametrized by the null
coordinate u. Therefore, by taking the limit » — +o00, while maintaining u fixed, we have
¥ — T and 0¥ — I (see figure 3). The conservation of the charges from I to Z_ is showed
via the antipodal mapping at Z* (cf. [7]). This antipodal map can be directly translated to .
Indeed, if we defined ¥ and ¥~ for the retarded and advanced coordinates respectively, then

Ut (2) =0 (—2), (4.8)

where I are the stereographic projection from the complex plane to the Riemann sphere. Thus,
on the celestial sphere (i.e., Zf), the charge is the limit r — 400 and © — —oc in the quantity

Qp = /2 tr(AFy)r2ydzdz. (4.9)
S

Of course, this expression can diverge, and in general, a renormalization procedure has to
be carried out to give meaning to the expression (see [29, 42]).

Assuming the renormalization procedure has been carried out (as is the case for
Maxwell, [29, 42]), we will focus on the finite term in (4.9). Abusing notation, we will
call such a finite part charge and denote it also by Q4. We will have the expansion in r, and
the expansion in W and Ay. A careful counting of the orders of each field will indeed show
that the first few orders in our result are consistent with previous works in the literature.
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4.1 Charges in the light-cone gauge

Let us start by computing each order in r of r2F,,.'* Note that we can re-write ﬁuv as

F = &V Fue™ ™
d;
= e F,,
eadi\ll —
a/di\lj [Z\II7 ]:;W] (4.10)
1 — etdiv

:f‘uy_'_

ad_;y
where to get to the last line we used (2.20). Then we have
(7)) = BG4 (0w (0. Frul) 2. (4.11)
Explicitly, the first three coefficients are
- £\ (0
(PF) " = FC 4+ 110, FCO) + S0, [0, ECO) + (9@, FC) 4
=N (-1
(PF) " = EZ® + 00, B+ 2w, [, FCO) 4 [i0®, FCO) 4+

~ -2
(PF) " = F + 00, B9 4 2[00, [, GO+ [i0®, FCO) 4+

Since we take A(r, z,z) = Z,j;xé rkA(k)(z, Z), the finite term in the charge is given by,

QA = / tr (Z AD (7‘2.?}”)(_[)) dSgq2, (4.12)
57 Do

where dSgq2 = ydzdz. Then, in terms of expansion (4.11), it is,

s [ o [STAO (FC2D 4 g, pla-
QA /S2 (% ( U [ ™ ]
%wm, [0 FCA0] 4 [0 @) A0 4 )) dSse. (4.13)
For each [ > 0, consider the extended charge density associated to AY), defined as

Gaw = tr (A (FG20 4 [iw®, F{30)

Tu

1
+ 5[1’\1/(1), oW FCAD) 4 e BG40 )) : (4.14)
and the corresponding charge is denoted by

Qp = /52 dawydSs2, (4.15)

14Recall that the r? comes from the volume element in dS? in standard Bondi coordinates.
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while the total charge is given by
Qn = [, > drods?. (4.16)
=0

Observe that g, is linear in both AW® and the coefficients F}JQ_Z'_D, for 4 > 0. The
approximation up to j-th order in ¥ to ¢,«) is defined as

aaw = tr (A0 (FG2D 4+ o F 4+ o@[EG2TN])), (417)
where we have introduced the operator
0 _ 1
01‘0131/ = Z g Z adi\p(h) ( .. (adwuk)) .. )[ ]
k=1""di1+..+ig=j (4.18)

ie. otbg‘\? denotes nested commutators of i¥ which add up to O(r7).

We can re-write the charge (]]A(z) by observing that Otbg) is symmetric in 41, ..., and

using iteratively the identity
tr(A[B, C]) = tr([-B, A]C), (4.19)
as follows,

da = tr (BGZOAD — [w® AOIECHD 4 oY) [ADE2D) . (4.20)

Similarly, we define the j-th approximation to the charge Q A) S

j .
QA(Z) = 3]A<Z)d552 (4.21)
52

In what follows we will deﬁng a hierarchy of sub”-charges, labeled by 7 4+ 1 > 0 in the set

of charge densities sequences {{g] AW }i>0}j>0, such that at each cut-off in the expansion of
¥ we have a closed charge algebra, that approximates ¢,u). Each algebra will correspond
to the radiative, linear, quadratic, ..., approximations.

4.2 Leading charges from zeroth order in fields

We start with the zeroth order in the hierarchy, given by only one charge, {8/\(0)}. It
corresponds to the usual charge derived from the radiative data [2, 7]. It can be written
simply as

0 _
dro = tr (AOFG?) . (4.22)
This is an infinite dimensional space of charges, parametrized by A 15 The definition
is geometrically consistent with imposing the vanishing of terms containing ¥ or any of

the coefficients in Ay, eq. (2.53). In other words, this corresponds to a vanishing of the
rest of the charge aspect approximations,

0
Qo =0 Vi=1 (4.23)
Y Recall that A© is a g-valued function on the sphere, for the Lie algebra g of the Lie group G.
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4.3 Sub-leading charge from up to linear order in fields

In the first truncation of the hierarchy that contains the sub-leading charge, we only consider
linear terms in ¥ or Ag for the leading charge and the linear in A, and W-independent
terms for the sub-leading.

Again, this is consistent with imposing A®) = 0 for all [ > 2 and taking only linear
variations of the field . Then,

b =11 (O (FG2 1 50 FGO) (421
dan = tr (ADFCD) (4.25)

We remark that this linear approximation in ¥ and A4 is equivalent to the linearization [12]
A,=A,+D,V. (4.26)

Observe also that the functional dependence of 8/\(1) on .7-"7&7 3)

)

is the same as the leading

_ 1
charge 8A(0) on ]-}(UQ . Thus, we can write the charge g, () in the following way,

| 0 0
dr© = dp©) — djw,A0)]1)- (4.27)

thanks to identity tr(A[B,C]) = —tr([B, A]C). In (4.27), we have used the notation
[0, A = [jpn=m) A ()] (4.28)

The first term in (4.27) is in the zeroth order charge algebra, while the second one is a
sub-leading contribution from the first order charge algebra. Notice that we can keep track

of which algebra we are referring to with the charge é A by computing j + .
These results can be connected with those in [12], in view of the recursion formulas found
in section 3. The details are provided in section 6.

4.4 Sub-sub leading charge from up to second order in fields

For the expressions in this subsection, we have up to quadratic terms in ¥, and Af). The
charge aspects are

2o = tr (A(m ( FCD 4 o, FE9) 4 %[i‘l'(”, G0, FCI)] 4 [w®), F£u4)]>> . (4.29)

daw =t (AD (FGD + v, FG9))) (4.30)

8A(2) =tr (A(Z)FT(J4)) . (4.31)

In defining the above charge aspects, we took the same approach as in the sub-leading
case by considering a cut-off in the r-expansion of the fields, i.e.,

A =™ =0, vn >3, (4.32)
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which gives our candidate for the sub?-leading charge. We can write a recursive expression
of the charges in terms of the previous ones,

2 1 0 0

4A© = Aa© ~ dw AO)2) + TL [, [iw,A 0] ) (4.33)
1 0 0

AA®D = dA0) — D A, (4.34)

where observe that, as before, we are using the convention that f] A is in the level j + 1
of the hierarchy, for some LGT A.

4.5 Sub"-leading charges from the truncation up to n—th order in the fields

In view of the previous examples, given n > 2, the charge aspects are defined recursively

as follows,
0 a9
Gaim = tr (A F2), (4.35)
1 0 0
Apae-1) = Grn-1) F Qi An-D)) (4.36)
1 2 =
n— n—
q A) = G A + kz q(%adk ‘\I/(A(l)))(n), (437>
:1 : —1
1 "0
n n—
drA© = ¢ A0 + kz: UL aar , (a©0))™ (4.38)
:1 : —1

where, in order to be able to display the charges separately, we are identifying, by abuse
of notation, that A is the large gauge transformation whose only coefficient is at r” and
its value is A . For an arbitrary large gauge transformation A, the total charge is given
by the sum, cf. (4.16).

This way of writing the charges comes from a dressing of the large gauge symmetry param-
eter by the Stueckelberg field, which can be seen directly from the charge expression (4.6) as

tr (A" Frue ™) = tr (e AY ) = tr (" AR, (4.39)
Now, trivially, we have that for any 0 < j < n,

. n—j
n—j 0 0 0

h = Nt NG+ + ..o+ L\ (n) - 4.40
4" AG) = a0 t j_iw A6 G+ gzlq(%“d'iw(/‘(”))( ) (4.40)

Observe that we can rewrite the charges in terms of the exponential operator, simply
by working up to its combined n-th order in (¥, A), for 1 < j < n,

0 n —2—n

dao = tr (AW EG2) (4.41)
n—j 0

QJAU) = Qlerd—iw (A())]in} > (4.42)

where the superscript {n} in [e?®-% (A))]{"} denotes that we are considering the expression
only up to the n-th order in combinations of ¥ and AU) (recall that AU) has order j, fixed).
Of course, this is consistent with (4.9), and is a compact expression that contains all the
information up to m-th order.
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5 Charge algebra at each level

In this section, we present the closure of each charge algebra in the hierarchy presented in
the previous section. At each level of the hierarchy, we show that the charges act canonically,
and the phase space has a natural structure. It is a non-trivial check since it has to be
deduced from the definitions of each phase space.

We are assuming we are working in a field-independent frame for the large gauge
transformations (i.e., 05, A2 = 0). Otherwise, a simple generalization can be carried by
exchanging the bracket by a modified bracket (2.47).

n—j
Fixing n > 0, the first question we have to address is how @ ,(;) acts on the extended

phase space, in particular on ¥, for some function on the sphere AW that generates a Large
Gauge Transformation of order j in the r-expansion. Now, by inspection of (4.42), we
see that the expression involves the coefficients W), ..., W("=9) of the Stueckelberg field.
Therefore, its action on the phase space must involve only those fields. Moreover, for the
action to be canonical,

i o
Q [{ Q AU '}7 5] =9 Q AU (51)
where Q1" is the symplectic form at ZT (i.e., the renormalized version of (4.4)) up to n-th

order in W. Therefore, since we are allowing for up to (n — j)-th order in ¥, then the action

n—j
of the variation associated to { @ (), -} on the coefficients of the Stueckelberg field U is
given by the (n — j)-approximation of the variation by AW,

n—j

(@ o 3w =5 oo 0], (5.2)

where recall that (jS = i:o 6] as defined in section 2.2. Observe that this is a minimal
requirement for equation (5.1) to hold consistently with (4.5).

In figure 4 we show schematically the organization of the hierarchy of charges.

In what follows, we consider only charge densities (the same results hold for the integrated
charge).
5.1 Zeroth order charge algebra

Recall that in the radiative phase space, we have ¥ = 0, and therefore the action of a large
gauge transformation A is simply

5p AL = DOAO), (5.3)

Due to the cut-off of the order in W, observe that the action of the charge on the
symplectic space is given by the identity,

0 0
{ar©,} = dp0- (5.4)

Here, again, we are identifying the large gauge transformation A with only one coefficient at
r0 with its value, A(® in order to ease the notation. Then, it is straightforward to prove
that the zeroth-order charge algebra is closed,

0 0 0
{QAng) ) quO)} = G_i[Ay A5)O) - (5.5)
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Figure 4. Diagram showing the organization of the subalgebras of charges. Along the horizontal axis,
we increase in the power of r involved in ¥, while the vertical axis indicates the sub™—leading charges.
In circles, the first sub™—leading charge for each n. The curled brackets indicate the recursion (4.42).

Let us denote this algebra as pg, generated by all possible 8 A, With AO ;62 L R

5.2 First order charge algebra

Recall that by abuse of notation we are denoting A as the large gauge transformation
whose only coefficient is at " and its value is A(™).
We have the identities,

0

{@p, -} =6, (5.6)
1 1

{ar@,t =dp0 = 5%(]()) + 55\1(]0> (5.7)

First, we compute the bracket for the radiative subalgebra,

1 1 L _ . _
{4,0,9,0} =0, 0tr (AgO)Fr(u 2 — [, AP FG 3))
1 1
- <Aé“>6220>m2) — (18,0 ¥V, AP — e, A§°)]6A50>F£u3)>
1
= tr (AL AL, B2 + il ™, A, AP R

[ ™, AP, BT

where in the first line we used (4.24), and in the last line we used that Ago) has only the zeroth-
order coefficient in the r-expansion, simplifying (2.30). Then, using identity (A.5), we have,

ru

1 1 . — . . —
{ay0. 0,0 = tr (<A ATEG? + 00 iAY ALY

1
= @A)
The previous step can be written in a clear form by observing that

A AP = [Ar, A9)©). (5.8)
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Next, we compute the mixed Poisson bracket between leading and sub-leading charges,

0 1 0 _ . _
{40,000} =0, mtr (Ago)Fr(u 2 — e, AP F 3))
=tr <A( )?S
2 A(l)
(i ARG

= tr
0 0
=q_ [A(l) A(O)] =q_ i[A1,A2](1)'

0
R N R )

To get from the second to the third line we use that in general 5A+Fr(u_ 270 — 0 and the
variation (2.59).
Similarly, we do a consistency check for the anti-symmetric bracket,

1 0 1 _
{4,0,0,0m} =0, 0tr (A(I)Fr(u 3)> ;
o (AP ADY).

= q_j[Ay, A1) (5.10)

=]

Finally, the sub-leading/sub-leading components of the Poisson bracket vanish,
0 0 0 1) (-
{g,m,q,0} = 51{(]1)'& (Aé o 3)) =0, (5.11)
1 2 1

0
since ¢, (1) acting on Aé )
1

)

3
vanishes, as well as on Fpy, - .

Summarizing,
{qA<o>,qA<o>} ENCRNOE (5.12)
{qu1»qu0>} {qA<o>,qA<1)} z[Al As]D (5.13)
0 0
{qulhqul)} =0. (514)

Therefore, we have a first order Poisson algebra, which we will denote by p1, generated
by functions A A1 : §2 s R. Observe that py C p;.

5.3 General case

In this subsection, we are using the following standard identities,
[A,[B,Cl] = [[A, B], C] + [B, [4, C], (5.15)

tr ([A, ada, (... (ada,(B))...)]) = tr (adAl(. ..ada, (A, B])...)

©3 aday...adyyn (.. ada, (B)).. .).) (5.16)

- 32 —



5.3.1 Brackets with leading charge
First, we compute the brackets with the leading charge q A - The action of 6, on F,%) is
Sy Bl =A@, B, (5.17)
while its action on ¥ is (cf. (2.30)),
- 0
Sy =i[A 7], (5.18)
Then,

n
0 A© q >—5 (o>q[ ad iy (\G))) ()

n 0 0
=4 )+ My et Z 7
— q—i[Ago),A;J)] q[iiq,ﬁi[AgO)7Aéj)]](j+1) . q(%adk .\I,(—i[Ago),Agﬂ]))(n)’

where we use repeatedly (5.16).
Then,

n—j n—j

n
0A0 4"\ = 4y A0} (5.20)
5.3.2 Bracket with sub-leading charge

. . -1 .
Next, we compute the brackets with the sub-leading charge, nq A - In this case, we have

n—1 n—j n—1 0
0 A0 @0 = 0 40 qu K TN +Z (1 AW ><n> (5.21)
= pad? ;g (A37)
Since dp+Fry = 0, the first term vanishes. In particular,
0 Ay =0, (5.22)
which is consistent with the cut-off at order n in ¥. For the second term, we have,
n—1 n—1 0
O AW iwaPion = 0 A ipw A
0
= q_i[Agn’Ag)]. (5.23)
As a intermediate step, we show the third term,
1) Agnq[—i\I/,Agj)](j+2)+%[—i‘1/,[—i\I/,Aéj)”(j+2) =9 Agl)q[—i\l/@),Aéj)]-o—%[—i\11<1>,[—i\11<1),Aéj)]]
0
- q[iz[ i) A(l)] A(J):| [ ZA(U - i‘1/(1>,/\éj)”
0
+4q

[—iw @), =AM AG))

- q[—i\IJ(l),—z‘[Agl),A;j)ﬂ’
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In general, we have that each ¥ ... W™ transforms accordingly to,
T s AW,
P@ s L A0
2 9 1 9

Z’ 1 1
U o S0, AP - S, [0, A7),

1
12

and therefore each term in (5.21) moves on to the left (using (5.16) and Bianchi iden-
tity). Then:

1 n—j—1 T

ne n—j g _;aM Gy HLJ<n

NN RN AT AS] : (5.24)
! 2 0 if j=n

5.3.3 General expression

. . . . —k .
As it was already discussed above, in the general case the action of nq A(v) on the phase space is

n—=k

n—k
{a am,}= 0 pm- (5.25)

Consider the bracket with n(;JA(j), for some 0 < j < n,
2

Agk) q Ag]) A(lk) (quj) q[—z\Il,Ag])](ﬁ'l) kz::l q(%ad'iiq,(/\;j)))( ) ( )

n—=k

By the identities in section 2, each ¥ ... W™ transforms under & A accordingly to
oM 0, (5.27)

v@ 0, (5.28)

v AR (5.29)

VALSSDRER —%[w<1>,A§k)], (5.30)

P2 —%[@2), A _ %[qﬂl), w®, AP, (5.31)

ey

and therefore each term in (5.26) moves to the left k steps. Then, we arrive at the following
result, for 0 < 5,k < n

—k—i )
n—k  n—j a7 awam ifitk<n
{'a \m, ¢ 0= ’ _ : (5.32)
! 2 0 otherwise

With this result, we have a closed Poisson algebra p, such that the action of the charges
is canonical and we have the following chain

PoC ... CPp—1 C Pn. (5.33)
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6 Charges as corner terms — comparison with previous results

In this brief section, we are connecting the recursive formulas in section 3 with the charges
constructed in section 4. We show that subsets of our charges match with previous results. In
particular, we can match our n = 1 level with the one in the literature for sub-leading charges in
Yang-Mills [12, 76], and the complete hierarchy of charges for the abelian case [29, 46, 74, 75].

We first provide the usual corner interpretation for the leading charge. By the fall-offs
in section 3.2.2, F,S;2)(u,z,2) = Fﬁ;z) + 0(u™°), we have that,

0
Qno = [ tawdSe = [ or (AOF?) s
52 S?
= | o (AOF29) dSg. (6.1)
S2

This is the standard leading charge (cf. [7]).
Next, we compare the results for the sub-leading charge with the ones obtained in [12].
We rewrite equations (4.24) as follow,

8/\(1) =tr (A(l)Fr(u_g)) , (6.2)
1 0 0
dp© = qa© + dju) A©0)]- (6.3)

In the prescription given in [12], U acts as the generator of the linear extension for
the radiative phase space,

gt = (A, = A, + D, 9, A, er=d oW eox(s?), (6.4)

where I'"®d is the radiative phase space. Observe that the leading charge, (6.3), has the same
expression as in equation (4.21) in [12], by restoring the coefficients ¢ in the reference. For
the sub-leading charge, we have to use the recursive relations for Fr(; 3,

Let denote D7 := 0, — i[AgO’O), -], which is the covariant derivative with respect to the

u — —oo limit in A, Then, ACY can be written as (ctf. (3.52)),
ACD = AC10) %D;Ag—“) + %uD;(Fﬁﬁ’O) + LDy o). (6.5)

From here, a direct computation gives,

p-D) _ ED*(F,QIZO) I ) (6.6)

uz 2 z
and analogous for Fé;l). From (3.56), we have,

0uF ) =77 D DL (FG20 + 97 ELY) + o(u™). (6.7)

This is exactly the integrated (modulus the weight u) quantity in equation (4.17) in [12],
where the authors use the integrated version of the charges, along Z*. To relate the integrated
charges with the ones here, one should impose the boundary conditions

F,ﬂ(*2) (u, z, 2),FZ((Z—)) (u,2,2) ~o(u">), as wu— +oo, (6.8)

u
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and integrate by parts using 9, ! (u9,X) = uX — 9, ' X. Therefore, we arrive at the same
result for the sub-leading charge.

As an interesting corollary of our construction, observe that for the abelian case we can
immediately see the coefficients of the field ¥ as the Goldstone modes associated to the
sub-leading charges, by constructing a symplectic form which satisfies (5.1) and such that the
modes {W®},;>; live on the boundary ZT. In accordance with [29], for a fixed n > 0 we have to
evaluate the abelian version of (4.4) at null infinity and after a renormalization in both r and u,

O (81, 82) = Q™(81,82) + ) /S OEPTO A 600 ndzdz, (6.9)
i=1

where Q24(5y,d,) = Jr+ 610,A® A §3APdudzdz is the usual radiative phase space sym-
plectic form. Of course, the analogue of this symplectic form in Yang-Mills theory also
implies (5.1), but FT(J 2750 and ¥ are no longer canonical conjugates (due to the action

of the variations on V).

7 Relations with infinite-dimensional algebras

In [43], a subset of the charge aspects of YM theory were shown, up to quadratic order
in the creation and annihilation operators, to satisfy the infinite dimensional YM version
of the w4 algebra [50]

[sm2(2), 824(2)] = —i foSh4(2) (7.1)

c~m—+n

where 1—p < m < p—1, p, q are half-integers with p, ¢ > 1, and m+p € Z (similarly for (¢, n)).
Crucial to find (7.1) were the recursion relations for the charge aspects. Working in flat
Bondi coordinates for simplicity (see appendix C), and in radial gauge with

A.-=0, and AY =0, (7.2)

these relations can be written as:!0

OuRs = 0. Re_1 —i[AD R, _1]=DOR, (7.3)
where R, are spin charge aspects, the first few given explicitly by:

0 _ 0 _
R = Fi(u)v Ro = % (Fr(u 2+ FZ(Z)) , Ri= Fr(z ? (7.4)
The generators in (7.1) are constructed, after a renormalisation procedure, by smearing the

charge aspects with a Lie algebra valued function on the sphere.!”

First, observe that we can consider Fﬁ? as a lowest weight field on the sphere, since
its limit when w — —oo vanishes, see table 1. The next weight corresponds to O(1), and
this is indeed the wu fall-off of Fr(u_ 2) and F —(2). Finally Fr(z_ 2) will be quadratic in u, as

z
detailed in table 1.1%

16The difference in sign is due to converting to our conventions for the commutator.
17See [43] for details.
18The fall-off in u is the same in both standard Bondi and flat Bondi coordinates.
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We note that the recursions above arise as a special case of the recursion relations we
give in appendix C. At s = 0, we have, from (7.3) and (7.4):

0D + 0, =2 (0. L) —i[A), FLY)) (7.5)

z 1t zZu
This follows from our relation (C.30), can be rearranged in the form of (7.5) as below:

8uF15;2) = (a(zauA,(;)]) - i[AES), auAg)))])

=2 (0.7 —i1a®, FY)) - 0,FY (7.6)
At s = 1 we have
0.FD = 3 (0.F? + 0.FY —i[A0, F;? + F{Y)]) (7.7)
This immediately follows from our equation (C.31) with n = 2
20,F; % = —0.(Fy» + F2) +i[AY F(P + FY). (7.8)

Higher orders are then reached via repeatedly acting with the operator 9, ! ~D20), see (7.3).

We remark that this tower of charges, which are linear in the anti-holomorphic component
Ai—o) and of arbitrary order in the holomorphic components AEO) are closely related to a
self-dual subsector of the theory. One could of course also construct the anti-holomorphic
tower, by exchanging z and 2

Ra=FY, Ro=3(F?+FY), Ri=F:? (7.9)

zZu

and postulating the recursion relation
ORs = 0:Rs 1 —i[AY Ry 1] = DOR,, (7.10)

Again, the first two steps will follow from our (C.30) and the conjugate of (C.31), with all
higher orders following from the action of Dz. Of course this (anti-self-dual) subsector will
also possess a copy of the infinite-dimensional symmetry algebra. If would be interesting to
see whether the commutation of charges between the towers could belong to some deformation
of these infinite algebras. We note that similar considerations apply for the gravity theory,
see [24].

8 Applications to higher derivative interactions

In this section we present the sub-leading expression when a term containing higher order
derivatives of the vector field is present in the Lagrangian. The discussion of this type of
interactions follows from the work of Elvang and Jones [47], and is motivated by the study
of loop corrections arising from massive particles.

It is shown in [47] that a small set of effective (local) operators can modify the soft
photon and graviton theorems. This introduces quasi-universal terms, in the sense that
the soft factors are described in terms of a small set of theory-dependent spin-shifting
operators, with a theory-independent kinematic factor. The connection with the asymptotic
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symmetries was studied by Laddha and Mitra [48], where they extend the known equivalence
between asymptotic symmetries and sub-leading soft photon theorem to the family of effective
operators found in [47].

A divergent gauge parameter is used in [48] to derive both the universal and quasi-
universal terms of [47]. Here we extend the phase space in order to accommodate the
symmetry transformation associated with this parameter. As a straightforward exercise,
we also present the modifications to the charge from the quasi-universal parts in the sub-
leading soft gluon theorem using our prescription for deriving the charges. Starting with the
lagrangian from [47, 48], we use our prescription to dress all the fields

1 .. - Lo
LIA G, ] = =t (Fu P ) 4 LR [6, ]+ Linel A, 6, (8.1)
where ¢ are the dressed matter fields with suppressed indices. The dressing of the matter
fields is done in analogous way as in (4.1), i.e. we do a finite gauge transformation on ¢
and promote the parameter to our Stueckelberg field ¥, resulting in the new field ¢. As an
example, for a field in the adjoint representation we have

¢ p=eVpe V. (8.2)

The kinematic terms L} depend only on the matter fields, and the interaction between
the gauge field and the matter fields is given by

L[4, 6, ] = —tr (AT, 4]) + LECIA, &, ), (8.3)

where Eﬁto denotes the higher order derivative interaction part. The complete list of possible

effective field operators that can enter this term is given in [47]. The extended phase space
that we are considering is (2.14) times the particular phase space coming from the matter
fields in L},

DEEt s pratter, (8.4)

By taking the variation of the action and computing the Euler-Lagrange equations, we
have the general form

D" + DFGLu[A, ¢] = J)'A, 9], (8.5)

where D" is the flu associated gauge derivative and GW[./Z{, gE] is the term resulting from

HO
int *

varying L
The symplectic potential for a Cauchy slice ¥; is given by

o[ = / tr (B + G A, 3])5 A, ) S, + O[0], (8.6)
P
where ©,, is the symplectic potential from the matter sector. The symplectic form is

0[5, 8] = /Z tr (8(F + G [A.G) A AL) dS, + Ql6.), (8.7)
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with €, coming from ©,,. Given an arbitrary gauge transformation d,, its associated charge
is computed via the equation, cf. (4.5),

6Qp = N[0y, d]. (8.8)

In general, the d-integrability of the previous equation is not guaranteed [77], since the
specific form of G [.A ¢] depends on the particular effective operator on £Z0. For simplicity,
we consider the case

1
ﬁn = _58,119256#(257 ﬁfr_{to - 7¢tr( uuf'uu) (89)

where the scalar field ¢ is in the trivial representation (i.e., é= ¢), which could correspond, for
example, to a first order effective action of a dilaton coupled to Yang-Mills (see e.g. [78, 79]).
Then, we have a simple expression for G,

Gl A, @] = 6 Fuw, (8.10)

and also for ©,,[d],
O8] = / 94 $66dS,. (8.11)
¢

Now, we can use the equations of motion to compute the charge, d-integrate its expression,
and obtain

Qn = [ utr (AP + G [A,0])) ds. (8.12)

Then we have the same expression as in (4.9) plus a term which represents the contribution
from the higher order derivatives,

Onev — /E ot (AG*[4,4]) ds,.. (8.13)

We Want to re-obtain the sub-leading corrections, for which we need to consider variations
with AM £ 0 and A® =0 for [ > 2, see [48]. Correspondingly, we have to take the linear
extension of the phase space with U £ 0 and ¥ = 0 for [ > 2. The extension allows
us to interpret the A1) as the parameter of a genuine symmetry transformation, realised
canonically on UM and acting as

Sy ¥ = —[w® A 5, vl = A0, (8.14)

The radiative fall-off for the scalar field is ¢ = %qb(_l) + o(r~1), and therefore the first terms
in the expansion for G,, are
1 _ —
Gru T2¢ WEGY+ (6VFGD + o IFCY) + o(r 7). (8.15)

We have two contributions to the new sub-leading charge, from A and AM). Since .7:",£1: 2
is already linear in UM for the A() contribution those terms are discarded. Then, upon
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renormalization, we are left with
QhY = / tr (A(l)au((b(_l)F,S;Q))) ds?, (8.16)

T
QU = / dutr (AOpV[w ™), F(2)) ds?, (8.17)

T

where we use that A1) is independent of u. We can identify the first term above as the
contribution to the soft theorem from the higher order derivative effective operators found
in [48] in electrodynamics, but written in Yang-Mills theory. The explicit map from our
expression to that in [48] is via the equations of motion. The second term above corresponds
to a new contribution to the sub-leading charge for Yang-Mills coming from our extended
phase space.

We note that effective actions with higher derivative terms also arise when considering
loops of the gluon itself, and these were studied in the simplified context of SDYM in [80-82].
It would be interesting to apply our formalism to their work. We leave this for future study.

9 Conclusions

Expanding on our proposal in [1], we have shown how the phase space at null infinity can
be enlarged in order to accommodate sub”-leading charges, associated to the soft theorems
for Yang-Mills theory. The procedure is independent of gauge and coordinate choices, and
we have allowed for a very general fall-off in the expansion coordinate, thus making our
procedure potentially applicable to both tree- and loop-level effects.

We also provided expressions for the equations of motion for Yang-Mills theory in the
r-expansion, order by order, in standard Bondi coordinates. As an example, we gave the
explicit equations in both radial and light-cone gauges using the usual radiative fall-offs
compatible with tree-level. In both cases, we showed the existence of a recursive relation
for the sub-leading coefficients to all orders in the r-expansion for the field strength and the
gauge vector in terms of the leading component, which establishes the usual convention of
taking AS)) (u, z,z) as free initial data. Of course, it is not clear whether it is possible to
obtain such recursive formulas for other gauge choices. We leave this question for future work.

We generalized the Stueckelberg procedure!® from our previous construction in the
context of self-dual Yang-Mills (SDYM) [30] to full Yang-Mills. The Stueckelberg trick has
previously been employed in seemingly very different contexts, but the unifying principle
is the presence of a local broken symmetry, though in our case this is subtly related to the
radial expansion at null infinity. In particular, the Goldstone-like modes that constitute
the expansion of the Stueckelberg field naturally serve as the indicators of the power in the
radial expansion, since they serve as the target of the action of over-leading large gauge
transformations acting on the whole phase space. This, in turn, allowed us to construct an
extended phase space that contains a clear hierarchy of subspaces. The tangent subspaces
(where variations live) are determined by the successive terms in the perturbative expansion
of the characteristic power series generating the so-called Todd polynomial. An interesting

9See e.g. [31, 67, 68, 83].
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insight here is that the canonical action of the charges within the hierarchy (5.2) is controlled
by the Bernoulli numbers B,,. Since By are vanishing for & > 0, it appears that the
canonical action in higher levels is controlled by the even sub™-leading charges. We will
explore this further in future work.

The charges are related to the r-expansion of the field strength (we assume renormalization,
cf. ([29]), and can be computed directly. The charge algebra is closed for each phase space.
Using the recursion formulas derived in section 3, we compared the formulas of the sub-leading
charge with those in the literature [12, 76]. The charges can also be constructed via an
algebraically simple recursive relation.

Several interesting future lines of work emerge from our results. On the one hand, the
relation between over-leading large gauge transformations and the symplectic structure of
the phase space could shed light on the symmetries of the theories, and therefore provide a
deep understanding of the classical starting point for a possible quantization of the theory. A
natural question is whether this extends to gravity, where work at the first few sub-leading
orders already exists in some contexts (e.g., [12, 22, 84, 85]), see also results in the Newman-
Penrose formalism [24]. Our construction is particularly well-suited for gravity, via the finite
action of a “Stueckelberg” diffeomorphism ¢ acting on the metric g,

g =eeg. (9.1)

We expect this extension to be more involved than the Yang-Mills case, due to the non-
linearities in both £ and ¢ in the definitions of the gravitational charges.

In [30], the self-dual sector of gravity was considered at all sub-leading orders, and a
simple double copy dictionary was constructed from Yang-Mills to gravity, for the extended
radiative phase space, and the tower of symmetries. A natural question prompted by our
results here is whether this can be extended to the full YM and gravitational theories.?’

On the other hand, understanding the symmetries that govern the properties of the
S-matrix is crucial for establishing the conjectured holographic principle for asymptotically
flat spacetimes (e.g., [3, 4] and references therein). Recently, studies in some sub-sectors
of gravity (e.g. [65]) and in the celestial holography program (e.g. [50, 91]) have shown the
presence of infinite dimensional algebras, known as w;4 algebras. It would be interesting
to see how these fit in the extended gravity case via our proposal. In this direction, from a
geometric point of view and on more speculative grounds, it would be interesting to explore
the connection between the action of large diffeomorphisms and the universal corner algebra
2iff(S?) x gl(2,R) x R? [92]. In particular, a possible extended graded algebraic structure
with the subalgebra 2iff(S?) x gl(2,R) as base level could determine the emergence of the
W1+ algebra in a clear geometric picture.

In the context of scattering amplitudes, the next step is to directly apply the ideas in
this article to the calculation of sub™-leading soft theorems at loop level [32-38, 93, 94], via
the Ward identities. If we only consider loops arising from massive matter particles, these
can be encoded in higher derivative terms appearing in the effective action [47]. These lead
to quasi-universal corrections to the sub-leading soft theorem. In QED, these corrections
were shown to arise from the Ward identity of an over-leading gauge parameter [48]. We

20For some previous work on double copy relations at null infinity, see also [86-90].
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extended this analysis to Yang-Mills, and also provided the extended phase space on which
the symmetry responsible for these corrections acts canonically.

Of course, a more interesting question involves considering loops of the gauge fields
themselves. A simplified set-up which holds promise as a starting point for going to arbitrary
orders in the soft expansion is the self-dual sector. This also has the benefit of being one-loop
exact, for both Yang-Mills and gravity [82, 95-98], and it preserves the infinite dimensional
algebras above at loop-level [99-102]. A promising direction here could be to use the results
of [82], which give a quantum corrected action encoding the effective vertices after loop
integration. This is based on the earlier observation in [80, 81] that the contribution of
diagrams with gluons in the loops in SDYM can be cancelled by the tree-level contribution
arising from the addition of an axion interaction; interestingly, the interaction term is of
the form we studied in section 8.

More generally, the study of loop effects from asymptotic symmetries requires the
introduction of a formalism for massive particles (see e.g. [37]), based on hyperbolic coordinates
(namely Euclidean AdS3) allowing us to approach future/past timelike infinity i*. We remark
that the general procedure in section 2, by virtue of being coordinate and gauge independent,
should be straightforwardly adaptable to massive particles. Finally, for gravity and QED, the
leading order (logarithmic) loop correction turns out to be controlled by the same asymptotic
symmetry parameter as the sub-leading tree level correction [32, 36, 37], which has the
potential to simplify the extension of our construction to loop corrections.
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A Extended phase space formulae

Equation (2.18):

§x A, =65 (¢V Aue i, )
=65 (e XA e +ie ¥ 0,e”)
= —Ox(6;X)e X Aue™ +e X (65 A )e™ +e ¥ A,e¥Ox (55 X)
—iOx (53 X)e X 0™ +ie™ 0, [e¥ Ox(5;X))] (A1)
= e X {05 A, + A X Ox (5, X)e ™ — eXOx(6;X)e ¥ A,
+ie* Ox (0 X)due ™ + 0, [eX(’)X(éj\X)} e XleX
=¥ {5/~\A# + D, {e_i\i’(’)_i\i,(éj\\fl)ei\ij} } e=i¥ ,
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where in the second line we defined X := —i¥ and we used
deX = —0x(6X)e ¥ (A.2)
e X0e = (07 )e™ . (A.3)
Equation (2.23):
Dok = 9,8 — i Ay, K]
= auu/“\ - i[ei:i’AMi:_i‘i’ Tieiifafte—”?, A]U o "
_ ez‘qzau(e—i\lfj\eixy)e—i\p _ ie”’[AH, e—iwﬂei\p]e—mf '
_ ei\leu(efi\il]\ei\fl)efi\fl '

Next, we provide some of the formulae which are used throughout the text. The proof
of each identity is straightforward. First, the usual trace identities,

tr (A[B, C]) = tr ([4, B]C), (A.5)
tr (Aadiy(C)) = (~1)"r (adf(4)C). (A.6)
Next, we provide a few representations for the operator G when evaluated at A, i.e.,
Gy (Ap).
Gy (A = ei‘i'ANe_i\i’ + ieiq’(‘) e ¥

o 1 o
= A, — D,iV + 5[D,mp i) — [[D ARAVIRAVI IS
= A, +Z—adk Y(D,il)

= A, + o_i\i,(pu@qf) : (A.7)

B YM e.o.m. in radial expansion

In order to study 7 at a generic order n in the 1/r-expansion, it is useful to introduce

the following map:
P_pn: CX(M) — C°(M)

g (B.1)

It is easy to see that P_,, 0o P_p,(f) = 0mnP—n(f), for all m,n € Z and for all f € C°(M),
meaning that the map P_,, is a projector. Moreover, as a consequence of the definition of the
set C2°(M), we have that P_,(f) = 0 for all n < 0, which is consistent with equation (3.1).

Lemma 1. Vm,n € N and Vf,g € C°(M) the following identities hold:

Pn(r™™f) =r""Pp-n(f) (B.2)
P—n<8rf) = 8T7D1—n(f) (B'3>
9) = Prn(f)P-k(9) (B.4)

keN

— 43 —



Proof.

Pon(r™™f) =Py Yo RN = g pmmn) = pmmp L (f) (B.5)
kEZ
=P > (—k)r F R = (1 —n)r f0) = 9. P (f) (B.6)
kEZ
Pon(fg)=Pon Y r FfRGED = pmn 37 fEmm g0 = N P W (HPoklg) (BT
kJlEZ keN keN
O

Using this lemma, one can prove equation (3.5):
Proof. From (3.3):
En=9"D,Fuu
= —2D,Fpy+ DeFpp + 202y DT,
=2 (=0T + Do + T2 Foyp + ilA (s Fryu)
+0rF o — T Fop — T8, Fop — il Ar Fil
422471 (a(zfg)ﬂ — T2 Fp = T4 Fapp — z[A(Z,J-})uD
= =2 (0T — il s Fryp]) + 177 (Fusbzpy + Fuzzy)
+ 0 Frpy = 17 H(Frabop + Fradzp) — il Ar, Frpl
+ 22y O Ty — Y (Fup = Frp) =17 FazOrp — il A, Fayul}
+r N (Fys — Frz)0zp + N (Fuz — Frz)0z, + (?”7)_2(@’}’@# — 0:Y03,) F 2z
= =2 (0T — il Fryl) + 0nFop = il Ar, Fr] = 207 Fup(Sup + 01s)
+2r7 2yt (3(,2]'"2)# - i[A(z7~F2)u]) + (1) 70702 — 0:705) Fez (B.8)
Thus, Vn € N:

E =1"P_n(E,)
= " { 0P (Fop) = OPrn(Fup — Fos) + P (2 A Fry] = [Ar, Fry)) }
— 2" Py (Fur) (Sups + Spp) + 27" 2y {a(zPQ—n(‘FE)/L) — P2-n([A( fz)u])}
+ r"*27’2(8zfy5w — 0:Y0z) Pa—n(F.z2)
= —0uF" + (= DG = FT) = 2507 (8uy + 6,,)

—n)

+ 277 0 FS, ™ 4 20270 — 0705) FLr
BN (k=n) (k) k—n k - (2+k n) 7k)
+3i Y (204l ESP) - (A%, BCPY) — 297 YA o)
= keN
= -9, F(—n)_|_5p( )FS (1 n) _ 5p( )F, (; n)

F(2=n)

+2’Y_1a( o T (OZ’WSW_ >Y0z) F ( -

+z ( 2[Al™, ESP) — [AfE, FCR) — 2y Al BSM) (B.9)

)N VhTp (= Z)p
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with SZ(n) as in (3.7). O

B.1 Bianchi identities

For the recursive formulas it is useful to have explicitly written Bianchi identities for certain
gauge and fall-offs conditions (for example, (3.13) and (3.14). We can think of Bianchi
identities as the vanishing of a (0, 3)—tensor,

B,uzzp = Dﬂfup"' O=0, (BlO)
where O indicates a cyclic permutation of the indices. Then, by defining the r-expansion
of B, as

Bup=y_r "B, (B.11)
neN

we can directly compute Bianchi identities in light-cone gauge at a given order n € N:

B = 0, + (n— DFL™ 4+ 0. F™ (B.12)
n—2
Z[A(k” s ZZ A=) (k)] n>2
k=0
BUM = 9, FC™ + (n— 1)F<1 " 6—F(_”) (B.13)
n—2
+iZ[A£k_"), u; ZZ Ak ,FR n>2
B = 0,F" = 0.FC" + 0:F" — 20> [AF Y FLY) (B.14)
k=0
B =(1- n)FZ(Z M9, FC 4+ 0. F (B.15)
fle( QZA , Z]T] n>2

Bianchi identities in radial gauge at a given order n € N:

BGW = 9,FC™ + (n — 1)EL™ + 9,5 (B.16)
—ZZ ZZ AB=m) R s
BLM = 8UF£5 "4 (n—1)FL™ +8—F<*"> (B.17)
S F - S L
k=0
B = o,F" —0.FC" + 8—F(’ " (B.18)
— 1 Z —2i Z g z]u )]
BUY =(1—n)FY™ — 0. F™ + 0,FC™ — 2 Z[A[(f_”), FEML n>2 0 (B1Y)
k=2
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C YM e.o.m. and recursive relations in flat Bondi coordinates

Metric:
ds* = —2dudr + 2r’dzdz (C.1)

Equations of motion:
&, =D"F,, =V"F,, —ilA", F,.] € C2*(M) (C.2)
The YM equations of motion in flat Bondi at order 1/r", with n € N, are:

—n) _ -n Iy 1—n (2=n)
B = —0,F " +80(n— DF( 4+ 20, )

. & n —k k—n —k
+2 3 (1A E - 1A FM).
k=0

(C.3)

where 5;(71) is defined in (3.7).
Proof. From (3.3):
En=9""DpFyy
= _2D(u]:r),u + 2T_2D(z]:2),u
=2 (= 0Ty + Do Fop + T2 Foyp + ilA (s Fry])
+ 2772 (0 Fay — DoaFop = U0 Fayp — il A, Foyl)
=2 {_8(ufr)u + 7'71/2(7_‘112:52/1 + Jruéfséu) + Z[.A(u, fr)u]}
o2 {a(zfm — rFup = 1 F a0 — 7/ 2(Faubap + Frubzp) — il A, fg)u]}
= -2 (8(u]-',,)u - Z[A(ua}—r)u]) — 27'_ Furér,u + 27”_ (8(z 2 [A(z, z) D (04)

Thus, Vn € N:
E™ =1"P_y(E,) (C.5)
= =" {OuPn(Fop) + 0P1n(Fup) — 2P ([Aw Foyl) } (C.6)
= 2" Py (Fur) O + 2" 2 {0 Pon(Fy) — iPonl[Acer Fopl) }
_ -n -n -n (2—n)
= —0,F" + (n = DF(™ — 2F 76, + 20, Fy, (C.7)
k—n —k . 2+k—n —k
+2i Z[Agu LES P =20 Y (AR B E)
k=0 keN
= —0,F5 4 (n = 3)FL ™6, + (n— DEL ™6, + (n — DEL V65, (C8)
(2-n = (k=n) (—k) (k=) (2—k)
+ 20 FZ)# +22(A u ]_[A(z ’FE)# ])
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The components are:

“n) _ o plen - (k=n) p(2—k)
B = 0,F™ + 20, F5. " kzo( LEGR] 420l ) (C.9)
—n —n —n . - n - k—n —k
B = (n—3)FE 420, F )szo (1A%, F9] = 20487 FSP)) - (C.10)
ECM = —9 F};m +(n—1)FLm _ g, pZm
+13 (AT FS0) + 148, ) (C11)
=0
B = —9,F ™ (n—1)F(1 RGN
iy (248, B - (a8, BE7HY) (C.12)
The first three orders are:
B = -0, +2i[A) FY)] (C.13)
_ _ . 1 0 —1
E(Y = =0, P = 2B 06, + 21 ([AL Y, FS) + (AL, BT (C.14)
2
< _ . k—n —k
B = =0, FD + S(DFGY + 20, FY) — 2i[AD, FL)] +2zk§_jO[A§u LES P (cas)
C.1 Light-cone gauge
E.o.m. in light-cone gauge (3.13) with fall-off (3.14):
E(™ = 8,FG™ + 20, FL ™ — 2i Z AR pER) 2 (C.16)
EC™ = (n—3)FL" 429, F()2 ") (C.17)
n—2
+i 3 ([AF, FCR) =20 FEPT) . >4
k=2
B = <0, B + (n = DFL — 0. 72 (C.18)
n—2
DI (2L ) R F TG )
k=0
ECM = —9,FC" 4+ (n—1)FL™ 0,2 (C.19)
n—2
+iy (AR, FEP) - (A8 FEY)), 2
k=0

Recursive formula for the gauge vector in Light-cone gauge. Starting from the

(=n)

equations above, it is possible to find recursive formulas for A, "’ by following the very

same steps described in paragraph 3.2.1. Since the comments and considerations presented
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there still hold, we simply list the results:

ACD =20, (947 + 0, 10uA AT)) (20
n—1
A = 2_ —a," [28@35)1;") +i Y ([AF Y FL) —2[148%_")7@)?@])17 nz3
k=2
(C.21)
(—n) 1 (=n—1) ; = (k—n—1) A(=k)
A — 2{ — 9. A¢ +i 3 (Al AR (C.22)
n k 2

+ 0, {a Fi ZZ( Al Ag‘k)]+[AQ+’“‘”),FZ(5’“)])”, n>1

that, in a more compact form, read

ACD = _23—2 (D(z}})u> © (C.23)

A = ot o (DeFy) T i (An0,A) ) s (C.24)

AL = —%{(DZAT)(_"_l) — 0, (DFor) ' —i([Ar, 0,4 D)), > 1
(C.25)

C.2 Radial gauge
E.o.m. in radial gauge (3.57) with fall-off (3.58):

B = 0,F5™ + 20, FS, ™ (C.26)
~i Z A, PO -0 AR FLR) iz
k=0
BT = (n = 3)F0™™ + 20, F5 " — 2i "fmgmx FSML n>4 (C.27)
k=2
EC™ = —9,FC™ + (n— D)FL™ — 9, 2™ (C.28)
+i Z A(k n) _l_ZnZQ[A(%-k n) F( k)] n>?2
k=0
EC™ = —GUFT(E "4 (n—1)FL™ +8-F(§‘") (C.29)

n—1
+i Y (A, FEY sz AP ECR >

Recursive formula for the gauge vector in radial gauge. Following the same line
of reasoning of paragraph 3.3.1 we obtain

ACD = 28( A(_())) + 21‘8‘1[8 AEO) A(_(;)]

1+k’ n) A() )])7 n>2
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Some recursive formulas for the field strength are

Fi2 =2(0:AY +i0, 0.4, AT)]) (C.30)

-2 .
oy @-n) ik (2+k-n) ,(—k)
Fi-m =2 <a( AL 22 AT A ]), n>3

Fﬁ;”’:—%&;l (8( Fim)  pEmm)y if:{Ag’“”),%_lHFzﬁT’“)Jng’“)D, n>2.

P k—1
(C.31)
The first two equations above can be recast in the more compact form
0
Fi-2 = _99-1 (D(Z]-})u)( ) (C.32)
2 (1-n)
(=n) — = -~

Fm = o (D(z}“z)r) . n>3. (C.33)

Finally, it is easy to prove that

1
FEM =~ [(DuFee) 70 4 (D:F2) 7). (C.34)

D Sub"-leading charge ZT limit

In this appendix, we will explicitly show how the charges defined on a spatial Cauchy slice
can be “pushed” to Z* as depicted in figure 3, via the limiting procedure ¢t — +oo at fixed
u and a renormalization on t.

Start with the charge defined in the standard way,

pr = —Optr <\/§)\]-"t“)
= —Outr (Vg (F'H + F*H)) (D.1)
= tr {7 [0, (r*A\Fur) = Ou(r?NFup)| + 120 (0AF,7) + r20:(0AF,F) },
where A is the large gauge parameter. We will derive the relation between A and our A
(see e.g. (2.53)) below.

The last two terms will drop out when integrating over the sphere. Let us then normalise
by a factor of v and define our density as

p =tr [67«(7“2)\]@,«) — 8u(r2)\.7-"w)} (D.2)
Assume a tree-level type fall-off for A and Fy,:
) (—2—m) _
Fur (u,z,2)
k _ ) <y
Aryu, z, 2) Er/\ u,z,2) ]-"ur—g T (D.3)

m=0

then, keeping only the positive powers of r in p, we have

o=t o[ 3 A®F “ou[ S AR hem
k>m>0 k>m>0 (D4)

_term F(2m)km1 trZ@()\ F(QM))kfm
k>m>0 k>m>0
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Now we recall that » = ¢t — u. We plug this into the above, and take the limit ¢t — oo,
keeping u fixed.

We discard the terms divergent in ¢, as they correspond to sub*-leading theorems, for
k < n (by virtue of Lemma 2, see section D.1). These terms can be written as contributing
to the symplectic potential as total variations of the Lagrangian or a partial divergence
(0% f; over spatial indexes). These types of terms were shown to be renormalizable, see
e.g. [29, 42]. Thus, we are left with

Phinite = tr > (k= m)AK) f(-2=m) (_q)k—m—1,k=m—1
k>m>0

—tr zn: 8u (/\(k)FIST—Q—m)) (_1)k—mukz—m
k>m>0

. (D.5)
= Oytr ( Z )\(k)F1ST2m)(_1)kmlukm>

k>m>0
= 6utr <Z (Z )\(k')(_l)k—m—luk—m> Fé;Q—m))
m=0 \k=m

Then we take our charge density constructed in section 4 and write it as a charge density
on Z7, keeping only the Oth order in the Stueckelberg fields:

b = (35 argeon) (D6)

m=0

Then we can match the above via

AT = 3 AR (—p)hmmy ke (D.7)
k=m

At sub-leading order (i.e. n = 1), we then have
A = \O _ 2\, A — D (D.8)

The above gives the explicit relation between our definition of the large gauge parameter,
and that in [41], working to first sub-leading order.

D.1 t-divergent terms in the charge

Lemma 2. Let p be the charge (D.2) with gauge parameter X\ and field strength F,, as
in (D.3). Moreover, assume \*) oc u"=* for all k € {0,...,n}. Then, for each integer
s € {0,...,n}, the coefficient of t° in the divergent part of lim;_,o p is equal to the finite part
of the charge in a sub"= %) -leading theorem.

Proof. In order to prove this result, it is useful to introduce some notation: we add the
superscript [n] to the charge in (D.2) and to the gauge parameter in (D.3), to show explicitly
that they refer to a sub™-theorem:

p" = 0t (r? A E,) — Outr(r?AME,) A = ST kAR (D.9)
k=0
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By assumption, the coefficients A(*) in the expansion of A" have the form
AR (4, 2, 7) = fn,k(z,i)u”_k, (D.10)

where f,  are arbitrary functions on the sphere. From equation (D.4) and r =t — u it follows
that

P = —or 3 3 AR 2o gy
m=0 k=m
_Butr Z Z fn,k z, Z F( 2—m) Z ( ) 1)k—m—s—1 15 m—s (Dll)
m=0k=m =

:autrZ§ Z (_1)k7mfs 1( )fnk Z Z)F( 2— m)ts n—m— s7

s=0m=0 k=m-+s

)

where ( ) is the binomial coefficient.?! In the last step, we make use of

Z Z Z ( m>ansmk— Z Z ( m>ansmk‘
m=0k=m s= m,s=0 k=m

= i Zn: (k_sm>04n,s,m,k Xn)nZS Z ( )an,s,m,k,

,5=0 k=m+s s=0m=0 k=m-++s

(D.12)

which is true for any arbitrary function o, s, 1. At this point, it is convenient to define the
following objects:

p[sn] (u7 2, 2) = Oytr E fn,s,m(% 2)F5;2—m)un—m—s (D.l?))
ry = = k—m—s—1 k—m =
fn,s,m(27 Z) = E (—1) fmk(Z, z) form+s<n, (D.14)
S
k=m+s

so that the charge pl” can be written as

ﬁnlte %/—/
divergent

When taking the limit ¢ — oo, the expression above diverge, except for the term with
s = 0, that corresponds to (D.5). Looking at the expression (D.13) for the coefficient of the
t*-divergent term, we can see that it has the same u-expansion as the finite term in the charge
of a sub(®%)-leading theorem, which is

p([)n S](u,z Z) = Oytr Z Fr—som(z (z,2)F2mmyn=m=s (D.16)

2Tn general, the binomial coefficient (:) is well defined only for n > k. Here, we extend its definition as

ny _ k!(:ik)! n=>k
k 0 n<k

follows:
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In particular, given pl™| it is always possible to find a choice of the gauge parameter A\"—3l
for the sub(®*)-leading theorem such that p[n] = p[n o, Indeed, (D.13) and (D.16) coincide
if fn—s,o,m = fn,s,m for all m = 0,...,n — s. Using the definition (D.14), and after some
algebra, one can show that this condition corresponds to

Zn: (—1)k_m_s [fn—s,k—s - (k m) In k:‘| =0, Vme {0, cee,n— S} , (D.17)

k=m-+s

which is a system of n — s + 1 equations. Solving it recursively for f,_;x—s we obtain
fn—s,n—s = fnn
k+s+j—n (D.18)
fn s,n—s—j — fnn ]‘*’ Z k+] n-t lfn—s,k—s_ ( )fn,k’] )

k=n—j+1 §

n—s]

with j € {1,...,n — s}. Thus, choosing a gauge parameter Al whose expansion is given

by functions f,,—sx as in (D.18) gives ,0[5 - p[on .

O]

E Sub-leading charges from the Ward identity perspective

In this section we derive the explicit form of the gauge transformation A under the hypothesis
that its associated charge matches a Ward identity-type expression.

More specifically, we assume that the charge splits into two contributions, a soft part
that is linear in both AS’) and Ago) and a hard part with quadratic and higher terms in
A,(ZO) and Ai—o). In particular, the modes should correspond to a vanishing energy limiting
process of a soft gluon,

lim [ due™™F( —>/du . (E.1)

w—0

We impose radial gauge on the gauge field, but recall that we do not restrict the over-
leading gauge parameters, as they only act on the Stueckelberg fields (see section 2 for
more details).

E.1 Leading order charge

As a warm up, we first re-derive the u dependence of the large gauge transformation
corresponding to the leading charge. Let us start with a general parameter, A = A(©) (u,z,2).

QulA] = 5 [ tr(h« ) / d=2tr (\/gAF,)
)X
_1 2t (4 AO (-2 = 1 © (-2)
= —/ d=2tr (71\ F;Y) = = . dudz2,tr (yA© ) (E.2)
= / dudz?*~ytr (8 AO R 2) / dudz?~ytr (A(‘))auF};?))
From the e.o.m. (3.60) at order n = 2 we obtain
FD = 9y7! / di (0. FY) — (A2, FS)) | (E-3)
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so that

Qx[A] = 2 dudz*tr {BUA(O) /u

= 0) _ 1 4(0) 1(0)
Z ) » du (8(ZF7 Z[A(Z ,Fz)u])]

Z)u

v 2 2 [ dudz*tx A (9cF, — 4L F)]

The top line in the previous equation does not have the right form corresponding to the
insertion of a standard soft mode. Therefore, we need to set 9,A®) =0, so

2
QslA] = —5 [ dud?tr [0 A FY) +in @140 FON] (E.5)

e? Jr+ z)u
E.2 Sub-leading charge

Next, we write A = 7AM (u, 2, 2) + A (u, 2, Z), and we want to obtain the expression for
A© in terms of A,
The sub-leading charge is

0
QYP[A] — / dz*tr (T‘ ’yAFm)( 1 dz*~ytr (A(O)F(72)+A(1)Fr(u*3))
e

2
“Jox (E.6)

/ dudir (0,ACFG? + A0, F P +9,AVELY A9, 7YY |

The first two terms in the last line have been already studied for the leading order charge. In
order to rewrite the other two terms, consider e.o.m. (3.60) with n = 3:

BuFY = 2y 0L FLY —i[AGY, FG) 227*12 ARD gk (E.7)

2 2
Now, subtract Bianchi identity (B.16) from e.o.m. (3.62) with n = 2, to find

FEY =20, (v D + B - A0, FD 4 BV (E8)
similarly, subtract (B.17) from (3.63) with n = 2, obtaining

FED = —20: (7D - F?) + 54D, FD - LY. (£9)
Use equations (E.8) and (E.9) to rewrite (E.7) as

O F ) = —7719,0;F? 4l (E.10)
where we defined

nl: = iy (AT, 7 D] - 0. [AT), EGP) + 4140, B

(E.11)
+2Z ALY FS )

then we obtain:

FGY = 7 [ da (0.0:F? + ) (B.12)
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At this point, the sub-leading charge is

QR[] = / dudzZtr[auA(” / dii (9:0:F(;;? + )
o - (E.13)
0AOF? 41 A00,FGD - A0 (0.0:FG 4 ).

The term in the first line, when written in terms of F&g) and Fég), is of the form
[ du [t da [ di (recall equation (E.3) in the computation of the leading charge above),
which as in the previous subsection, does not correspond to a standard soft gluon insertion.

The only way to make it vanish is to impose the condition

8, A =0. (E.14)
We are now left with
1
QXA = — /;[ | dudz"tx [(vauA(O) - azagA“)) F&2 4 A0, F-D A(l)n[] , (E.15)

where the first term is of the form fj;f du [*__ di, so again is of the wrong form, and we
require it to vanish, thus arriving at

oA =~719,9:A0) (E.16)

Solving the previous equation, using condition (E.14), we finally conclude that

, (E.17)

-
—

=
=
Il

Nz, 2) + uy 10.0:1(2,2) = Nz, 2) + $Au(z, 2)

where A(z,Zz) is a constant of integration from (E.16). This parameter contributes to the
leading charge and therefore we discard it for the sub-leading charge.
Finally, using (E.3) again, we write the sub-leading charge as

Z)u (=

Sub[A] = 6% / dudz*tr (200 FY) — 2iAO (A, F) — AWnr) . (E.18)
T+

Via this procedure we obtain a simple form of the sub-leading charges, avoiding the intricacies
that follow from gauge fixing the gauge parameters, in particular the field dependence that
can arise in certain gauges (e.g. Lorentz gauge).
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