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Introduction

How much physical information can be extracted from local symmetries? This question
surely bears relevance to our understanding of theoretical physics, due to the prominent
examples of well-established physical theories taking the form of gauge field theories:
Maxwell’s electrodynamics and general relativity at the classical level, the standard
model of elementary particles at the quantum level.

By their very nature, local gauge transformations leave all observable quantities in-
variant, so that they can be defined only by introducing nonobservable fields, namely
gauge fields acting as force mediators and charged matter fields, that transform non-
trivially under the local gauge group. The Hamiltonian and the equations of motion are
invariant under such transformations. Therefore, due to the intrinsic redundancy intro-
duced in the dynamical problem by the gauge symmetry, the time evolution of gauge
fields is not well defined, already at the classical level, unless one introduces a gauge fix-
ing condition that breaks local gauge invariance to a residual subset, which may or may
not coincide with the set of global transformations depending on the strength of such
a condition. This picture may thus superficially leave the impression that local gauge
transformations are only a convenient artifact that permits to write down interesting
theories, but which does not carry any intrinsic physical relevance.

On the contrary, the physical meaning of the global counterparts of local gauge
symmetries is rather well-understood. They give rise to very important conserved
observable quantities, at the classical level: the electric charge Q for electrodynamics, the
color charge Q” for Yang-Mills theory, energy-momentum P, and angular momentum
M, for general relativity in the case of asymptotically flat spacetimes. In quantum
theories, unbroken global symmetries arising from local gauge symmetries induce a
decomposition of the Hilbert space into superselection sectors and allow one to derive
selection rules in scattering processes.

However, motivated by recently-established connections with observable phenom-
ena, in particular with soft factorization theorems for scattering amplitudes and with
memory e [ecks, a larger class of local transformations appears worthy of attention as
far as direct physical information is concerned: asymptotic symmetries.

Such symmetries were originally introduced in the sixties by Bondi Metzner, Van
der Burg and Sachs [1, 2, 3] in the context of general relativity, within the study of
asymptotically flat spacetimes, namely of the solutions of the Einstein equations that
describe weakly radiating mass distributions—for instance, a planet orbiting around
the sun, a black-hole merger or a pair of coalescing neutron stars. As such, these
systems possess a metric tensor that tends to the flat one as one follows the outflowing
gravitational waves and goes “very far” from the sources, thus approaching null infinity.
More precisely, after specifying properly-defined coordinates, the components of the



metric tensor approach those of the Minkowski one as the radial coordinate r tends
to infinity for fixed retarded time u, up to corrections that become negligibly small in
this limit. The delicate point in the definition of asymptotically flat spacetimes, and
the important result of the above authors, is precisely the identification of the proper
assignment of “fallo [_cbnditions” on these corrections, specifying how a nontrivial
geometry becomes Minkowski as r — oo; in four spacetime dimensions, this fallo [id
O(1/r) for the normalized corrections to the angular components.

Asymptotic symmetries of asymptotically flat spacetimes arise as those di Ledmor-
phisms that map the set of asymptotically flat spacetimes to itself and transform a given
solution of the Einstein equations to a physically inequivalent one. Familiar exam-
ples of these symmetries are given by the ordinary translations, rotations and boosts,
namely the isometries of flat spacetime, which indeed preserve (asymptotic) flatness,
while still altering physically relevant quantities, e.g. the angular momentum and the
energy-momentum. In fact, in the sixties, it was expected that Poincaré symmetries
could be uniquely selected as the asymptotic symmetries of asymptotically flat space-
times. However, this is not the case. In four spacetime dimensions, one cannot adopt
fallo Cconditions so stringent as to reduce the asymptotic symmetries of gravity to the
Poincaré group without giving up on gravitational waves, and the asymptotic sym-
metries of gravity take the form of an infinite-dimensional enhancement of Poincaré,
termed BMS group.

It was later realized that the concept of asymptotic symmetry can be in principle
extended to any gauge theory, in the following way. One first specifies, after fixing the
gauge (the analog of choosing suitable coordinates), a physically relevant set of solutions
to the equations of motion by assigning fallo Ccbnditions on the gauge fields, i.e. by
specifying the manner in which they reduce to a trivial (flat) configuration as one goes
very far from matter sources. Asymptotic symmetries are then defined as those local
symmetries that preserve the set of solutions under consideration and that map a given
solution to a dilerkent, inequivalent one. A prominent feature of these symmetries
is that they often comprise an infinite-dimensional enhancement of standard global
symmetries [4, 5, 6, 7], again in analogy with the gravitational setup.

The concept of asymptotic symmetry appears thus to be both quite flexible, as it may
find applicability in many interesting theories, and very rich, at least from a formal point
of view. Actually, as we anticipated, the interest in asymptotic symmetries is not merely
formal, since these symmetries have been shown to imply observable consequences:
memory e [ecks in classical gauge theories and soft theorems in scattering amplitudes.
Mainly thanks to the works of Strominger and collaborators, the interplay among these
three features of gauge theories, sometimes termed the infrared triangle, triggered a
significant trend of original research, the main aspects of which are reviewed in [8].

More specifically, it has been observed that the passage of a wave packet near a
test charge can leave a permanent observable imprint on the physical properties of the
probe, i.e. a memory e [eck, that can be understood in terms of the underlying action of
an asymptotic symmetry. The detection of a memory e [eck is understood as a concrete
manifestation of the fact that the underlying gauge field underwent a vacuum transition:
the passage of radiation induced a sharp transformation from a given radiative vacuum



to an inequivalent vacuum, connected to the previous one by an asymptotic symmetry.
In this respect, one can clearly see that asymptotic symmetries are akin to spontaneously
broken global symmetries.

The first instance of memory e [ect again dates back to studies in general relativity,
in particular [9, 10], where memory was identified in the form of a permanent relative
displacement induced by the passage of gravitational radiation on a system of detectors.
The underlying connection with BMS symmetry was realized only much later in [11].
An electromagnetic analog of gravitational wave memory was instead put forward in
[12], where it occurs as a velocity kick, and the corresponding asymptotic-symmetry
interpretation followed in [13]. Another interesting type of memory arising in the
electromagnetic theory is the one encoded in the phases of suitably-placed supercon-
ducting nodes [14], while a Yang-Mills counterpart of this phase memory is given by
color memory [15], which occurs as a color rotation in the Hilbert space of two test
quarks. Many other types of memories have been discussed, see e.g. [16, 17, 18, 19, 20],
and occur both in linearized theories, with massive or massless background sources,
and in nonlinear theories. More precisely, memory e [ecks induced by radiation emitted
by massive sources are identified as linear or ordinary and can be regarded as a picture of
the movements of bulk sources that is stored in the properties of faraway probes, while
memory e [eclts associated to massless sources or nonlinear wave-like perturbations give
rise to the so-called nonlinear or null memory.

At the level of scattering amplitudes, asymptotic symmetries bear relevance in con-
nection with factorization results that are valid when an external massless particle is
evaluated in the low-energy regime: soft theorems. These identities have been re-
marked to be equivalent to semiclassical Ward identities stemming from asymptotic
symmetries, so that soft theorems can be actually seen as an expression of the in-
variance of the S matrix under these infinite-dimensional asymptotic symmetries. More
specifically, Weinberg’s soft photon and soft graviton theorems [21, 22] have been shown
to be equivalent to the invariance of the S matrix under asymptotic U(1) symmetries [6,
23] and under BMS symmetries [24, 25], respectively. This link has been extended to
many di Lerknt contexts and has been generalized to encompass subleading corrections,
in the soft frequency, to Weinberg’s result [26, 27, 28, 29, 30]. Moreover, the presence of
these symmetries appears to be at the basis of the universality of certain soft theorems,
whose validity does not depend on the specific interactions under consideration but
rather only on the gauge symmetry of the theory. Compatibly with the spontaneous
breaking of asymptotic symmetries, soft photons and gravitons have been interpreted as
the massless bosons whose existence is then ensured by the Goldstone theorem. Since
they unveil a new aspect of the infrared physics associated to gauge mediators, asymp-
totic symmetries also gave rise to a resurgence of interest in the definition of asymptotic
states in QED, gravity and QCD [31, 32, 33, 34] and in the infrared problem, which lies
at the heart of a possible nonperturbative definition of the S matrix that does not rely
on inclusive processes (see also [35] for a detailed review).

Asymptotic symmetries possess another piece of appeal, not unrelated to the previous
aspects which we have touched upon, in relation with the so-called black-hole infor-
mation paradox. It has been observed that a proper description of black-hole solutions



may require taking into account additional symmetries, i.e. asymptotic symmetries
acting at null infinity and near the horizon, and hence additional conserved charges
[36] compared to the one at the basis of the proof of the no-hair theorem. However, the
presence of additional soft charges associated to asymptotic symmetries in itself may be
insu [cieht to the purpose of fully resolving the information paradox [37, 38, 39, 40, 41,
42].

Up to now, we have been considering the case of gauge theories defined in four
spacetime dimensions. Indeed, the attention of the literature focused at first on the
arena of four-dimensional (asymptotically) Minkowski spacetime, where certain issues
concerning the asymptotic behavior of the fields and the calculation of asymptotic
charges simplify, and attempts to carry out the analysis in arbitrary dimensions have
faced a number of di [culkies since their inception.

Indeed, considering for the moment the gravitational case, a first aspect is that, in
dimensions D > 4, it is indeed possible to impose fallo Cconditions, termed radiation
fallo [SJthat select Poincaré as the asymptotic symmetry group of asymptotically flat
spacetimes, without spoiling the description of gravitational waves [43, 44, 45, 46]. Thus,
infinite-dimensional asymptotic symmetries of higher-dimensional gravity appear to
be less fundamental than in D = 4 as they can be safely trivialized without losing
interesting solutions. Actually, from the point of view of general relativity itself, it
may appear rather natural to do so, also because radiation fallo [S_hre instrumental
in ensuring the finiteness of energy fluxes and of other physical quantities as r —
oo , while being compatible with the finiteness of Poincaré charges. Quantitatively,
the radiation fallo C¥dr the angular components of the normalized metric fluctuation
is O(]/rDsz). These features are shared by electromagnetism, where, for a time, it
appeared impossible to retrieve an infinite-dimensional asymptotic symmetry group in
any spacetime dimension, without derogating from the fallo Ccbnditions that ensure
the finiteness of fluxes/charges at infinity.

A di [erknt approach was then put forward, for the case of even-dimensional space-

times, in [47, 48], where such fallo Ccdnditions were relaxed, from O(1/r%) to O(1/1),
while at the same time introducing constraints on gauge-invariant quantities that en-
sure the finiteness of physical observables, in order to allow for the presence of infinite-
dimensional asymptotic symmetries. Indeed, the absence of the latter in higher dimen-
sions would be at odds with the validity of soft theorems, which hold independently of
the dimension of spacetime. Therefore, from this point of view, it appears more natural
to adopt (if possible) fallo [cbnditions that do not select standard global symmetries
only, even if this can be in principle achieved without renouncing the description of
radiation. Recent achievements on the connection between soft theorems and asymp-
totic symmetries in spacetimes of arbitrary dimensions, either even or odd, have been
presented in [49, 50, 51] for the case of Maxwell and Yang-Mills theories, by analyzing
the asymptotic behavior of field strengths rather than the gauge fields themselves, while
the canonical realization of the asymptotic symmetries for the Maxwell theory in any
dimension was given in [52].

Another partially unsatisfactory feature of the early investigations of the asymptotic



structure of gauge theories in higher dimensions was the purported absence of memory
e Lecks [53, 54, 55, 56]. The elusive nature of memory in higher dimensions, which was
later elucidated in [57, 58, 59] in the case of even-dimensional spacetimes, can be traced
back to the fact that, despite being imprints left by the passage of radiation, memory
e Lecks do not scale asymptotically in the same manner as radiation itself, O(1/r¥).
Instead, they possess a much faster fallo L_®(1/rP—3), subleading in 1/r for D > 4,
which is associated to stationary solutions and, in general, to static or “DC” e [ecks;
this is also the asymptotic behavior corresponding to fields giving rise to finite and
nontrivial global charges and is therefore termed Coulombic fallo CL_The interpretation
of the gravitational memory e [eck experienced by geodesic detectors in terms of an
underlying symmetry acting at large r was in particular clarified in [58]. Contrary to
the four-dimensional case, the corresponding symmetry responsible for the vacuum
transition underwent by the gravitational field in higher, even dimensions is not a true
asymptotic symmetry, since in particular it does not give rise to a nonvanishing soft
charge; nevertheless, it has been noted that a tight link exists between this e [eck and the
corresponding soft theorem [57].

Di [Cculkies associated to the discussion of memory e [ecks in odd dimensions, instead,
can be essentially ascribed to the phenomenon of dispersion that characterizes the
propagation of waves in those spacetimes, i.e. the failure of the Huygens principle,
due to which an idealized point-like perturbation gives rise to disturbances that persist
after the passage of the first wavefront. This peculiarity causes a blurring of ordinary
memory e [eckts in odd dimensions, as also noted in [59], but may be resolved, as we
shall see, by analyzing null memory, where null sources e Leckively reach the region
near the probe and bypass the problem introduced by dispersion phenomena.

An interesting feature of the higher-dimensional context, as already exhibited by the
example of memory eledks, is thus the interplay between radiation and Coulombic
terms, O(]/r¥) and O(1/rP—3) respectively, which indeed become separated into two
di Lerent orders of 1/r only for D > 4 and whose identification would be therefore
precluded in a purely four-dimensional approach. Another issue pertaining to this
interplay is related to the possibility of defining nonzero and finite asymptotic charges
in the presence of radiation. Indeed, asymptotic charges are generically finite as r — oo
only when sourced by Coulombic fields, while in the presence of radiation fields, which
are leading in 1/r, they exhibit seemingly divergent contributions. This problem is
particularly interesting in the case of asymptotic symmetries that do not reduce to the
standard global symmetries and in nonlinear theories. In these cases, no general results
prevent the charges from diverging in the limit r — oo in the presence of radiation
contributions. Furthermore, waves in nonlinear theories are actually charged under the
global group (for instance they carry energy-momentum in general relativity); therefore,
they will induce a leak of global charges, as they reach null infinity, and a dependence
of the latter on retarded time w.

As we have seen, the analysis of asymptotic symmetries, charges and soft theorems
focused at first on the case of four spacetime dimensions, but a lot of mileage has been
covered since then in the context of higher dimensions. The extension of this program to



the case of spins greater than two is instead a much less-explored subject. However, this
research direction is worth pursuing essentially for the very same reason that motivates
the higher-dimensional investigations: soft theorems are valid not only for an arbitrary
dimension but also for an arbitrary spin. Therefore one may wonder whether or not
they can be understood in terms of underlying asymptotic symmetries also in the case
of higher-spin theories.

Another physical motivation for the extension to higher spins is provided by the role
that such symmetries play in the understanding of asymptotic states and of the infrared
problem in lower-spin gauge theories. In view of both the impossibility of long-range
higher-spin forces already implied by Weinberg’s results, and of the established lore
against interacting higher-spin theories in flat space [60], one may envision that unrav-
eling the asymptotic structure of higher-spin theories could lead to some clarifications
on their infrared structure. The relevance of the role played by the infrared limit in
connection with the puzzling issues concerning higher-spin interactions is also clearly
indicated by the two main frameworks where the most direct obstructions are seem-
ingly evaded. On the one hand, as originally proposed by Fradkin and Vasiliev in their
seminal paper [61], a nonvanishing, negative cosmological constant can indeed act as an
infrared regulator for some of the most immediate singularities met by massless higher
spins in interaction with gravity on flat backgrounds. This suggestion paved the way
to a complete on-shell description of gauge-invariant, nonlinear higher-spin dynamics,
encoded in the Vasiliev equations, up to the more recent developments in the context of
AdS/CFT (seee.g. [62, 63, 64]). On the other hand, another context in which higher-spin
interactions can be naturally formulated is string theory, where higher spins are lifted to
being massive, the string tension playing the role in this context of the needed infrared
regulator (see e.g. [65]). A long-standing conjecture concerns the interpretation of mas-
sive higher spins as the manifestation of some underlying higher-spin gauge symmetry
breaking mechanism [66, 67], and one may speculate that a deeper understanding of the
infrared physics of higher-spin interactions should be ultimately related to this picture.

Let us also mention that an underlying driving force for the study of asymptotic
symmetries on asymptotically flat spacetimes in any dimension and for gauge theories
of any spin is the possibility to find a suitable generalization of the AdS/CFT duality
to the case of Minkowski spacetime, the so-called flat space holography, which could be
exploited to gain insight into the structure of bulk theories, such as quantum gravity or
higher spins, by studying their dual boundary theory at null infinity. Atthe gravitational
level in four dimensions this program is currently being pursued [68, 69, 70, 71] and
the infinitesimal symmetries of the boundary theory take the form of a semidirect
sum of supertranslations, an infinite-dimensional enhancement of Poincaré translations
occurring within the BMS group, and superrotations, Virasoro symmetries that locally
generalize ordinary rotations and boosts [72, 73, 74, 75, 7].



Results

In this Ph.D. thesis we aim, first, to review the main aspects of the above-described
connection between asymptotic symmetries and observable e [ecks in the context of
gravity, electromagnetism and Yang-Mills theory in four dimensions and, second, to
present original results concerning the extension of this program to the case of arbitrary-
dimensional spacetimes and to higher-spin gauge theories.

Motivated by the appeal possessed by memory e [ecks in connection with the asymp-
totic structure of gauge theories, we present a collection of results concerning memory
e [ecks in higher-dimensional scalar, electromagnetic and non-Abelian theories and on
their interpretation in terms of residual symmetries acting at large distances in even
dimensions [76]. In this context, we derive explicit formulas for kick memory e [eclts
due to the interaction of test particles with massless scalar fields and electromagnetic
fields emitted by specific background sources in any dimensions, either even or odd; we
observe that null memory can be employed as a tool for obtaining nontrivial memory
kicks in odd spacetime dimensions. We then analyze the significance that these mem-
ory el[ecks bear with respect to the residual symmetries of Maxwell and Yang-Mills
theories in the Lorenz gauge, including a discussion of (Abelian) phase memory and
(non-Abelian) color memory, in arbitrary even dimensions. We obtain an interpretation
of spin-one memories in terms of underlying symmetries acting at large r, which, as in
the case of gravitational memories, act at Coulombic order and do not comprise bona
fide asymptotic symmetries for even D > 4 because their charge tends to zero as r — oo.

Concerning the discussion of asymptotic observables at null infinity, we provide an
explicit evaluation of the global color charge, energy flux and color flux for Yang-Mills
theory in any spacetime dimension [77]. We also propose a strategy for the definition of
surface charges associated to infinite-dimensional asymptotic symmetries at null infinity
that overcomes the above-mentioned di Lculkies [76]. The main idea of the proposal
is to evaluate these charges by taking the limit r — oo in a region where radiation is
absent, so that no divergence may arise in this step, and then define their evolution with
respect to retarded time u by means of the asymptotic expansion of the equations of
motion in powers of 1/r, even in the presence of radiation.

Another issue which we address is the following seeming paradox arising in the
case of a massless scalar force mediator. Theories containing a massless scalar have
been shown to possess nontrivial asymptotic charges, which are linked with soft scalar
factorization theorems [78, 79]. However, no gauge symmetry is obviously present in
this context, and hence no asymptotic symmetry is available in order to explain the
presence of such charges. As a possible resolution of this purported contradiction, in
the case of four dimensions, we propose a matching with the asymptotic analysis of a
two-form theory, to which a free on-shell scalar is linked by a duality transformation
[80, 81].

Finally, we discuss higher-spin asymptotic symmetries, whose analysis was initiated
in [82]. A first relevant feature is that, in four spacetime dimensions, these symmetries
turn out to comprise an infinite-dimensional family and to underlie Weinberg’s leading
soft theorem for higher-spin soft emissions [83].
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As in the case of lower spins, the imposition of radiation fallo [S,while instrumental to
the purpose of ensuring the finiteness of fluxes at infinity, actually trivializes the asymp-
totic symmetries in dimensions D > 4 by reducing them to the exact Killing tensors
[77]. The realization of infinite-dimensional asymptotic symmetries is indeed possible,
but it requires to relax these fallo [s1o match the corresponding four-dimensional ones
in any D, while at the same time ensuring the finiteness of relevant physical observables
by means of suitable constraints involving gauge-invariant quantities.

A possible way to carry out this program is o Lerkd by the following strategy. One
may first consider the solution space characterized by radiation fallo [s,whose physical
consistency is under control, and then act upon this space by means of gauge trans-
formations that leave the form of the equations of motion invariant, and hence map
solutions to solutions, and have finite charges, but that do not preserve the fallo Ccbn-
ditions. In this way, one generates a wider solution space, di Lerknt from the previous
one, that by construction exhibits infinite-dimensional asymptotic symmetries, while
still ensuring the finiteness of observables [84].

A promising aspect of the higher-spin asymptotic symmetries uncovered in our ap-
proach is that they display a structure closely resembling an infinite-dimensional en-
hancement of (a suitable quotient of) the enveloping algebra of Poincaré, which one
may interpret as the possible remnant of an underlying higher-spin algebra [85, 86].
Indeed, focusing on spin three, we find three families of symmetries corresponding
to (traceless projections of symmetrized) products of two Poincaré generators, namely
generalized supertranslations associated to P, P, and superrotations, M, (M, to-
gether with a third family corresponding to P(,,M,,),. More concrete steps towards this
identification could be performed by discussing the non-Abelian deformation of our
higher-spin asymptotic symmetries in the presence of cubic vertices, which could lead
to an understanding of their commutation relations.

Structure of this thesis

The material is organized in two parts, the first being devoted to the analysis of asymp-
totic symmetries and of their implications in spin-one theories, Maxwell and Yang-Mills,
and spin-two theories, linearized gravity and general relativity, while the second part
deals with extensions to the case of more exotic spins: the scalar and higher spins, s > 3.

We begin by reviewing the setup in which asymptotic symmetries first made their
appearance, i.e. the study of four-dimensional asymptotically flat spacetimes, in Chap-
ter 1, while also providing an overview of the calculation of the associated charges
and furnishing a brief account of the analogous discussions in the case of Maxwell and
Yang-Mills theory. Chapter 2 o [erk then a review of the connection between the sym-
metries highlighted in the previous chapter and observable e [ects in four dimensions:
Weinberg’s soft photon and soft graviton theorem, and various types of memory e [ecks.

The remaining three chapters contain instead the original material of this thesis. In
Chapter 3, we present the extension of the calculation of asymptotic charges and of the
discussion of memory e [ecks in connection with residual symmetries to the case of spin-
one theories in higher spacetime dimensions. Chapter 4 deals with the puzzling case of

11



scalar asymptotic charges in four dimensions, which are tightly linked with scalar soft
theorems but seemingly lack an underlying gauge symmetry. Finally, Chapter 5 collects
the results on the asymptotic structure of higher-spin theories in four-dimensional
spacetime and a discussion of their generalization to higher dimensions.

X % Xk

The research work | carried out during my Ph.D., which is reviewed in this thesis,
appeared in the following papers [83, 77, 87, 81, 76].

I was additionally involved in di[erkent projects, whose content is not detailed in
the present thesis, mainly focusing on foundational aspects of spontaneous symmetry
breaking in quantum systems:

[a] C. Heissenberg and F. Strocchi, “Gauge invariance and symmetry breaking by
topology and energy gap”, Mathematics 3 (2015) 984-1000, arXiv: 1511.01757
[math-ph].

[b] C. Heissenberg and F. Strocchi, “Existence of quantum time crystals”, 2016, arXiv:
1605.04188 [quant-ph].

[c] C. M. Bender and C. Heissenberg, “Convergent and Divergent Series in Physics”,
22th Saalburg Summer School on Foundations and New Methods in Theoretical Physics
(2016), Wolfersdorf, Germany, 2017, arXiv: 1703.05164 [math-ph].

[d] C. Heissenberg and F. Strocchi, “Generalized criteria of symmetry breaking. A
strategy for quantum time crystals”, 2019, arXiv: 1906.12293 [cond-mat.stat-mech].

In particular, in [a], we discuss a mechanism of spontaneous symmetry breaking in
which the topology of the algebra of observables allows for the presence of a gap
in the energy spectrum, thus evading the main consequence of Goldstone’s theorem.
The main aim of [b, d] is instead to propose a generalized criterion of spontaneous
symmetry breaking that does not rely on the properties of the ground state, thereby
allowing for the breaking of time translation symmetry, together with the discussion
of simple models with time-independent Hamiltonian which realize this feature. The
study of such systems was motivated by a pioneering proposal, due to Wilczek [88], of
guantum time crystals, namely putative systems exhibiting the spontaneous breaking
of continuous time translation symmetry down to a discrete subgroup, in analogy with
the situation occurring in ordinary space crystals.
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1. Asymptotic Symmetries of Lower Spins in
Four Dimensions

An interesting class of gravitational systems is the one characterized by the presence of
an ideally isolated or weakly radiating mass distribution: for instance a black hole, a
system of planets orbiting around a star or a pair of coalescing neutron stars. Intuitively,
asone goes very far from the sources under consideration, the gravitational field induced
by their presence becomes very weak, i.e. the underlying spacetime metric reduces to
the flat, Minkowski metric. A precise description for this class of systems is provided by
the definition of asymptotically flat spacetimes, first investigated in the sixties by Bondi,
Metzner, van der Burg and Sachs [1, 2], and later reformulated in a more geometrical
fashion by Penrose and Carter [89, 90, 91].

A natural question that arises in this context concerns the characterization of those
di Lledmorphisms that leave the set of asymptotically flat spacetimes invariant, i.e. that
map any isolated or weakly radiating system to another one. These transformations are,
by definition, the asymptotic symmetries of asymptotically flat spacetimes and form
the BMS group, which comprises an infinite-dimensional enhancement of the Poincaré
group.

As is usually the case when dealing with symmetry transformations, one can then
wonder whether asymptotic symmetries give rise to nontrivial conserved quantities, i.e.
asymptotic charges.

In this chapter we begin by reviewing in detail the characterization of asymptotically
flat spacetimes and the structure of the BMS group in Section 1.1. Section 1.2 then o [erk
an overview of the problem of associating conserved charges to asymptotic symmetries.

Although asymptotic symmetries were first introduced in the gravitational context,
the problem of characterizing residual local gauge transformations that preserve as-
signed asymptotics is actually well-posed in any gauge theory. Indeed, as we will detail
in Sections 1.3 and 1.4, this asymptotic analysis already furnishes nontrivial results in
spin-one gauge theories, namely Maxwell and Yang-Mills.

While the main focus of the discussion in this chapter is on the case of four spacetime
dimensions, we will also include comments and explicit calculations concerning its
higher-dimensional generalization, also in view of Chapters 3 and 5.

1.1. Asymptotically Flat Spacetimes

In any four-dimensional spacetime, it is always possible [2] to define locally a retarded
time u, a radial coordinate r and two angular coordinates x* = (0, ¢), withi =1, 2, such
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that the spacetime metric can be written in the following form
ds? = e?P (¥du2 —2dudr) + rzlij (dx' —Uldu)(dx) — U du), (1.1.1)

where 3, Vand U' are independent spacetime functions, while li; issubjectto /det(li;) =
sin 0. In total, the expression (1.1.1), which as we shall see can be reached independently
of the Einstein equations, is specified by six functions, so that the definition of the co-
ordinates u, r, © and ¢, discussed below, has the e [eck of eliminating four redundant
functions that are present in a generic metric, i.e. of performing a gauge-fixing.

For instance, in the case of Minkowski space (1.1.1) is achieved globally by letting
t =u+rand x = rn, where n(6,¢$) = (sin 0 cos ¢, sin 0 sin ¢, cos ) is the standard
parametrization of the points on the unit sphere, in terms of which ds? = —du? —
2dudr + 12(d6? + sin? 0d$p?). Namely, 3 = 0 = U' and V = —, while 1;; = v;; is the
metric on the Euclidean two-sphere.

To see that (1.1.1) can be reached in a generic situation, consider a spacetime with
a given metric gqp in some local coordinates x“. There exists locally a function
u(x) such that its gradient k, = 94u satisfies k% = 0, i.e. the hypersurfaces of
constant u are null. The integral curves of k¢, called rays, are also geodesic, since
Vakp = VoVt = Vp Vau = Vpkg and hence kP Vpk® = kPVok;, = 1V (kPky,) = 0.
Introduce functions 8(x) and ¢(x) by the condition that they be constant along rays,
namely k40,0 = 0 and k“0,¢ = 0. Choosing u, 6 and ¢, together with a fourth
function r, yet to be determined, as coordinates, the components of the inverse metric
satisfy g% = k%4 =0, g4® = k99,0 = 0 and g*® = k%d,¢ = 0, in such coordinates,
and hence the determinant of the inverse metric reads

—(g"")?1g%g®? — (g7 = —(g")*det(gY). (1.1.2)

Since the the Jacobian of the transformation x* = x%(u, 1,0, ¢) vanishes if and only if
(1.1.2) is zero, we require det(gY) # 0 together with g™ # 0. We can then define r by
setting y/det(g¥) = (r?sin@)~'. Adopting the notation

0 g*" 0 0 —e 2P 0
gab: gur gTT g” =|—e2B —%e*m —UjeiZB , (1.1.3)
0 ng 91] 0 _Ule—ZB rizll)

one can invert g¢° and solve for the metric components g, obtaining (1.1.1), where i
denotes the inverse of 1Y,
To summarize, the above coordinates are characterized by the following properties:

¢ the hypersurfaces of constant u are tangent to the local light-cone and the integral
curves of k¢ = g9 u are null geodesics (light rays);

¢ the coordinates 0 and ¢ are constant along each ray and can be interpreted as
optical angles,
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¢ the radial coordinate r is the luminosity distance, which means that a spherical
wavefront u = constant has a total measure of 47tr2, in view of the condition
\/det(li;) = sin 0, and hence its luminosity (or total power) L is related to its mean
flux (or intensity) F by L = 47tr?F.

Such coordinates are well-suited to describing gravitational radiation emitted by sources
localized within a region of total radius ry. A faraway detector placed at a fixed distance
r > 1o Will characterize the properties of outflowing radiation by specifying at what
(retarded) time u it receives a signal and the direction 0, ¢ from which it arrived.

Although the discussion of the present chapter will mostly focus on the case of four
spacetime dimensions, let us note that the above definition of retarded coordinates
can be straightforwardly extended to arbitrary dimension D. This can be achieved by
specifying D — 2 angular coordinates x* withi = 1, 2, ..., D — 2, which generalize
the ordinary azimuthal and polar angles, 6 and ¢. This leads to (1.1.1) provided one
adopts the constraint /det(l;;) = \/det(yy;), implicitly providing the definition of the
luminosity-distance r, where vyy; is the metric on the Euclidean (D — 2)-unit sphere.
Again quoting the example of flat space, letting

t=u+r xI =rnl! 1.1.4
, , (1.1.4)

for1=1,2,...,D — 1, where n is a parametrization of the unit sphere in terms of the
angular coordinates x!, obtains

ds? = —du? — 2dudr + r?yij dxt dx | (1.1.5)

withyi; = d;n-9d;n the Euclidean metric on the sphere. For future reference, we also list
the Christo [ellsymbols for the flat connection in this coordinate system (more details
are provided in Appendix A)

1

i i
M =28},

F}; =TYiy = — F{j y l"’f] = %‘Ykl (awu + aﬂ/u — 61%]-) . (1.1.6)

In a series of pioneering papers [1, 2] (see e.g. [73] for a more recent approach), em-
ploying these coordinates, the authors have studied the space of solutions to Einstein’s
equations that describes physical situations of the type under scrutiny, namely ideally
isolated or weakly radiating gravitational systems, in four dimensions.

The characterization of this type of solutions requires a specification of the manner
in which the gravitational field becomes weak as one follows the outflowing radiation,
ie. v — oo for u fixed, as one approaches so-called future null infinity. In other words
one must clarify how g, given by (1.1.1) reduces to the Minkowski metric ds?> =
—du?—2du dr+r2yij dxtdxJ in this limit and the spacetime becomes asymptotically flat.
The most restrictive way of assigning the falloff conditions characterizing asymptotically
flat spacetimes that still allows for the presence of gravitational radiation is given, in
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four dimensions, by

2
=1 +¥+O( -2,
p="F+or,
T (1.1.7)
Cij =
11)—Y1]+T+O(T ),
ui
Ul =7 + O(Tis) y
T

where mg, B, Ut, Cy; are functions of u, 6 and ¢, and in addition Yy Cy; = 0 in view
of the requirement that ,/det(l;;) = sin 6. The function mg(u, 6, ¢) is called the Bondi
mass aspect and, as we shall see later, is related to the notion of energy at a given
retarded time. The definition of the angular momentum requires the discussion of a
function appearing to subleading order in (1.1.7), the angular momentum aspect, and
is here omitted for simplicity.

In particular, the Einstein equations are satisfied to leading order provided that

ut = —%chii , d.mp = —%NijNii + %DiDjNij , B = —%cﬁ CcY, (1.1.8)
where Ny; = 0,,Cjyj is called the Bondi news tensor and the angular indices are raised
using y". This identifies the two independent components of the traceless tensor C;; as
the free radiative boundary data, namely as the two independent graviton polarizations
that propagate to infinity. This interpretation is further strengthened by the fact that the
time dependence of Cy; gives rise to the Bondi news and hence to energy flux carried by
radiation. Indeed, a linearized perturbation on Minkowski spacetime, hqp = gab —Mab,
satisfying the above fallo [sS#arries a nontrivial energy flux across a sphere of retarded
time u and radius r, proportional to

EFNﬁNﬁ dQ, (1.1.9)

where dQ is the measure element on the Euclidean unit sphere. This result can be
obtained by considering the hypersurface of constant r and retarded time smaller than
u, integrating T,y ®t® on such hypersurface (where T,y is the stress-energy tensor for
such perturbation, n, = d47isits unitnormal and t® = (9,,)? is the background Killing
vector associated to energy) and taking the derivative with respect to .

Consider now a hypersurface of fixed radius r. Such a manifold is parametrized by
u and the two angles on the sphere, and can be pictured as a set of static measuring
devices covering the surface of a sphere at a fixed radius r. Intuitively, as r becomes
large, the detectors are able to measure the properties of outgoing radiation very far
away from the sources, thus approaching the future null “boundary” of the spacetime.
This notion of a boundary, which at this level is not precise, can be made rigorous and
covariant by means of a geometric definition of future null infinity, .# ", due to Penrose
and Carter (see [92, 93] and [94, Chapter 11] for excellent reviews; a handy account is
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also available in [82]), involving a conformal mapping that brings infinity to a finite
distance.

To illustrate the idea behind this construction, let us consider Minkowski spacetime
in D dimensions, with metric (1.1.5). One defines the coordinate Q = 1/r, in a region
T > 190, SO that

1 .
ds? = —du? + 5z (2dudO + vy dx'dxX) (1.1.10)
and rescales the metric by letting ds? = Q?ds?, namely
d§? = —Q*du? +2dudQ + vij dxtdx) . (1.1.11)

Future null infinity .# " is then defined as the surface Q = 0 after the conformal rescaling,
which can be therefore parametrized by u, x*, has a degenerate metric 0-du?+yi; dx'dx/,
and represents the surface where all null trajectories of Minkowski space have their
future endpoints. Following to this strategy one can in fact define a four-dimensional
spacetime M to be asymptotically flat at null infinity if, roughly speaking, there exists a
conformal isometry of M to a spacetime M whose boundary “resembles” Minkowskian
1 (we refer again to [92, 93, 94] for a more precise and complete discussion). It can
be shown that this definition reduces to the one we have given above in terms of fallo (]
conditions (1.1.7), provided one adopts a suitable set of retarded coordinates.

Let us also mention that, while it has been successfully extended to spacetimes with
arbitrary even dimensions [44], this geometric, covariant definition of null infinity is
actually precluded in the case of odd-dimensional spacetimes [95], in the presence of
gravitational radiation, while the less formal approach adopted for instance in [46],
based on taking the limit r — oo in the given coordinate system, appears to be more
flexible in this respect, although not covariant, and better suited to highlighting the
similarities between gravity and other gauge theories of lower or higher spin, when it
comes to discussing asymptotic symmetries.

In the following, we will rely on the latter noncovariant notion of null infinity, still
denoted .#*, which su [cedfor many practical applications. According to the intuitive
picture, future null infinity is therefore a hypersurface parametrized by u, and x* whose
sections at constant u are obtained by considering a sphere S,, . at fixed retarded time
and radius r and sending r — co. The induced metric thereon is —du? + r%y;;dxtdx
while the volume element is rP —2du dQ, where dQ is the measure on the unit sphere,
with the limitr — oo to be taken at the very end of the calculations of physical quantities.

1.1.1. The BMS group

Asymptotic symmetries are defined as the large di ledmorphisms that preserve (1.1.1)
and (1.1.7), and hence map the space of asymptotically flat spacetimes to itself. More
precisely, they are those di Ledmorphisms that respect the coordinate conditions and
the fallo Cconditions ensuring asymptotic flatness, while still acting nontrivially on the
leading field components Cy;, Ut, mg. Furthermore, two given asymptotic symmetries
should be identified if their action only dilerk by a small di Ledmorphism or, more
formally, if they induce the same transformation on .7 .
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Anticipating a bit the discussion of charges, we may state that large di Ledmorphisms
are characterized by the fact that they possess a finite and nonzero charge, while small
ones are those that give rise to a vanishing charge.

Such symmetries are determined by solving the asymptotic Killing equation, namely
imposing that the infinitesimal transformations

8¢gab = Legab, (1.1.12)

respect the fallo [s]
In our case, we can start by imposing that g, = gri = 0 and g' gi; = 0, which follow
from (1.1.1), namely L¢g.r = Legri = Le(gi59Y) = 0, which explicitly read
gararaa =0
9ar0i&Y + 9qi0:£4 =0 (1.1.13)
Y (£%0agij + 9a(105)E%) =0,
where round brackets denote symmetrization of the indices. From the first equation,

we read o [0}&* = 0, namely
&Y =1(u,0,0). (1.1.14)

The second equation in (1.1.13) reads 9. &' = e2P gl19;f so that
£ = —aij e?Bgidr’ + Yt (1.1.15)
T

with Y* = Y'(w,0,¢). Using now the identities gi9,gi; = 4r~ 1, gVd,9i; = 0 and
gYdxgi; = vYY0dkyij, which follow from the condition det(gi;) = r*det(yy;), the third



Furthermore, L¢gi; = O(r) implies that Y1 satisfies the conformal Killing equation on
the two-sphere

where the dot denotes contraction with yi;. Finally, the last remaining equation
Leguu = O(r~ ") yields the constraint

(A+2)D-Y=0. (1.1.21)

The latter equation is actually identically true, since the Ricci tensor satisfies Ri; = vy;
on the Euclidean two-sphere and hence, taking two divergences of (1.1.20), we have
AD .Y =D'D/(D;Yj + DjY;) =2AD - Y +2D - Y,

To summarize, asymptotic symmetries of four-dimensional asymptotically flat space-
times are given by

£ =T(0,) + 5D - Y(8,4),

£ = JAT(0,0) — 2D ¥(0,0) +O[r 1), (L1.22)
£ = Y1(0,0) — 1 D'T(8,0) — DD - V{0, $) + O ),

where T(6, ¢) is an arbitrary function of the angles, while Y! satisfies the conformal
Killing equation (1.1.20) on the Euclidean unit sphere.

Since the spacetime becomes asymptotically Minkowski, it is expectable that such a
set of asymptotic symmetries contain the ordinary isometries of flat space: translations,
rotations and boosts. This is indeed the case. For instance, the exact Killing vector
associated to a translation in Minkowski space, a* = (a°,a) in Cartesian coordinates
x* = (x°,x1) = (t,x) with I = 1, 2, 3, reads in covariant retarded components a,, =

ap = —a’, a, = ap +n-a, a; = rd;n - a. Switching to contravariant components
1
a*=a’—n-a, a"=n-a, a'=-0'n-a, (1.1.23)
T

so that, by comparison with (1.1.22),
T=a’°—n-a, Y'=0, (1.1.24)

once we recall that, on the Euclidean two-sphere (see Appendix A), An = —2n. For an
infinitesimal rotation/boost given by 1,, = w,,»x" in Cartesian coordinates, with w, =
—Wyy, We have 1, =1 = worrn! 1, = nfwou, 1 = rosnfwio(u+ 1) + rzaianUn],
S0

. . . u
* =unlwor, 1" = —(u+rntwor, "= —d'ntwer + alanUn] - ?alanOI ,

(1.1.25)
where we recognize

T=0, Y'=-3nlwy+on'wynl. (1.1.26)
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To check that Y! is indeed a conformal Killing vector for the Euclidean two-sphere, one
need recall that (see Appendix A) D;iDjn = —yijn.

We have checked that the set asymptotic symmetries (1.1.22) contains the Poincaré
transformations. However, itis in fact much bigger. First, it contains indeed transforma-
tions parametrized by an arbitrary function T(6, ¢), which give an infinite-dimensional
analog of translations (1.1.24), termed supertranslations. Second, one may note that,
locally, the conformal Killing equation admits two infinite-dimensional families of so-
lutions, generalizing the ordinary rotations and boosts (1.1.26), called superrotations [73,
72, 74]. These are conveniently described by introducing the stereographic coordinates

z=e'%cot(0/2), z=¢e " cot(0/2), (1.1.27)

in terms of which the Euclidean metric on the sphere takes the form ds? = 2v,zdzdz,
with v,z = 2/(1 + zz)?, and the conformal Killing equation reads

2,Y* =0, 09:¥*=0, (1.1.28)

so that for any holomorphic (resp. antiholomorphic) function F(z) (resp. ?(Z)), local so-
lutions are given by Y#(z,z) = F(z) and Y*(z,z) = F(z). Globally well-defined solutions
are selected by requiring that the Laurent expansion

Fz) = ) cnz" (1.1.29)
nez
be nonsingular near z =0and w = % = 0, and similarly for F(z). This leaves us with
Y* =¢o +C1Z+C222, Y‘;‘ = Co +61Z+52£2, (1.1.30)

which can be recast in the form (1.1.26) by noting thatn = (z+z, —i(z—z),zz—1)/(1+zz),
with
2co = wo1 +iwpr — (w13 —iwzs),
c1 = wo3z +iwiz, (1.1.31)
2¢c; = —(wo1 +iwez) + w3 —iwzs

and ¢y, €1, €2 given by complex conjugation, and correspond to those infinitesimal
superrotations that can be exponentiated to global rotations and boosts. Indeed, the
algebra of globally well-defined conformal transformations of the Euclidean sphere is
isomorphic to the Lorentz algebra so(3,1). The analogous statement for the associated
groupsisthatthe group of global conformal transformations, isomorphicto SL(2,C)/Z,,
is also isomorphic to the proper, orthochronous Lorentz group SO(3,1).

The asymptotic symmetries induced on .#+ can be obtained by projecting (1.1.22) on
a surface of fixed r1 and taking the limit r — oo, for fixed u, and are given by the vectors

E“:T+%D~Y, gl =yt (1.1.32)

!More precisely, by considering its action on r-independent functions.
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Such vectors are closed under Lie bracket and give rise to the following algebra:

1 u . .
[5,1 y E,z]u = Y[] : DTZ} + ET“ D - Yz} + iD : [Ysz] ) [E.l ) E‘ZP = [YhYZ]l» (1-1-33)

so that, schematically,

1
(T2, Y1), (T2, Y20l = (Yi - DToy 4 5 Ta D - Ya, V2, Yal) (1.1.34)

The vector fields (1.1.32), parametrized by angular functions T and by conformal Killing
vectors Y' on the sphere, together with the commutation relations (1.1.34) define the
Bondi-Metzner-Sachs (BMS) algebra. A key structural feature of this algebra is the
existence of an infinite-dimensional Abelian subalgebra given by supertranslations
& = T(0,d)0y, which is in fact a Lie ideal since by (1.1.34) the commutator of a su-
pertranslation with any transformation is again a supertranslation. At the local level,
the subalgebra given by superrotations is also infinite-dimensional and is in fact given
by the direct sum of two Virasoro algebras (one for the holomorphic sector and one for
the antiholomorphic sector (1.1.28)). Globally well-defined superrotations (1.1.26), as
we have seen, instead give rise to the Lorentz algebra.

At the group level, supertranslations give rise to an infinite-dimensional Abelian
normal subgroup ST of the full BMS group. Supertranslations contain ordinary trans-
lations (1.1.24) as a four-dimensional subgroup and enter the full asymptotic symmetry
group as follows:

BMS = ST x SO(3,1). (1.1.35)
Denoting by x' = x*(x’) aglobal conformal transformation, in stereographic coordinates
x! =z,x? =z

az' +
z=



1.1.2. A linearized approach

From the perspective of linearized gravity (i.e. of a generic spin-2 massless field) the
form (1.1.1) for the metric tensor and the fallo [sS{1.1.7) are equivalent to the following
choice of boundary conditions: to leading order in 1/r,

ZTTLB

hapdx®dx® = du? — 2U;dudx! + rCyjdxtdx) + - - -, (1.1.39)

with y9Cy; = 0. In particular h,, = h,; = 0, while h,, = O(r~2) and

2
Mo = 2 +0(r2),  hy=-Ui+0r "), hy=rCy+0(1). (1.1.40)

In stereographic coordinates, the trace condition takes a particularly simple form:
YYhij = 2h,z/v.z = 0,50 h,z = 0. We would like to recover the BMS algebra from the
linearized gauge transformations é:hqp = V(4 &), Where V4 denotes the background
(flat) connection (see (1.1.6)), that preserve (1.1.40). Actually, we shall do so while keep-
ing the dimension D of the spacetime formally arbitrary, as this only requires a minimal
modification of the calculation.

From V(,.&,) = 0 we obtain 9..&, = 0, hence

&= &r(u,xh), (1.1.41)
while from V&) = O(r~2) we have 3,&, + du& = O(r—2) and thus
0r0ubu + 028, =0(r2). (1.1.42)
However, V,,&,,) = O(r~") also requires 9,,&, = O(r~') and hence
0:0uEn = O(r2), (1.1.43)
which, together with (1.1.42), implies
aigr =0(r2). (1.1.44)
Since &, is actually r-independent (1.1.41), we then have
£ =—T(x') —uF(x'). (1.1.45)
Integrating the equation 9,.&,, + 0.,.&, = O(r—2) with respect r we get
£ =1F(xY) —Ss(xh) + o), (1.1.46)

where S does depend on u, by 3,,&, = O(r—'). Then the equation V(&) = 0 takes the
form

2
0+&; + 01&r — ;51 =0 (1.1.47)
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and substituting the above solutions reads
2
Looking for a solution in the form of a power series in r, one readily sees that
£ = —rD;iT — ruD;iF + m2Yi(u, z, 2). (1.1.49)

for some vector field Y*(u,x)) (and Y; = vi;Y)).
From the equation V(,,&;) = O(1), one immediately obtains

oY =0, (1.1.50)

s0Y; = Yi(x)). Now we are left with the conditions V;&;) = O(r) and Y9 V;&; = 0. The
traceless projection of the former gives

DuY;

2

which is the conformal Killing equation, while the latter instead implies

YIDi& — (D = 2)r(&u — &) = 0. (1.1.52)
Up to now we have
& =—T —uF
w=1F=S+0r " (1.1.53)

£i = —rD;T — urD;F + 12Y;,

where T, S and F are arbitrary functions on the sphere, while Y! is a conformal Killing
vector. Upon substituting into (1.1.52), we get

AT+ (D =2)(S—T) —wr(A+D—2)F+12[D-Y— (D —2)A =0(1). (1.1.54)

This equation can be satisfied only if the coe [cieht of each independent monomial r,
r2 and ur is zero: this requires
1 1

= D-2 F=——D- 1.1.

D_Z(A+ )T, D2 Y, (1.1.55)
while the last remaining condition, (A + D — 2)D - Y = 0, is identically satisfied as
a consequence of the conformal Killing equation, as can be verified by taking two
divergences of (1.1.51) and recalling [Di, D;jIv¢ = R*;;v!, with Rijit = vikyjt — Yirvjk
(see also eq. (B.1.49)).

To sum up, the residual gauge freedom is parametrized by

S

u
= T-—D-Y
Er=—T D2 ,

T 1 1
— . A+D—-2)T+0 1.1.56
&u ) 2D Y ) 2( D —2) (r ), ( )

£ = —1DiT — 7Du_T2DiD Y+ 12
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Equivalently, in contravariant components

=T+ T DY,

D-2
1 w+r
r__ 5 o . —1
& = D _2AT D —ZD Y+0O(r™ '), (1.1.57)
. 1 . . u .
l:_fDl l_iDlD. g
& . T+Y D—2)r Y.

In particular, these vector fields induce the same asymptotic symmetries on .# ", in the
relevant case D =4, as in (1.1.32) (compare also with (1.1.22)).

Let us note that, as far as the above calculation of the asymptotic symmetries in the
linearized theory is concerned, it would not have been too restrictive to also impose the
condition h,, = 0. With this choice, equation (1.1.57) would simply hold sharply and
not up to O(r—'). One might be tempted to set it to zero or conclude that it can be set to
zero by means of a small gauge transformation, and indeed inspection of the equations
of motion (1.1.8) implies that the leading O(r—2) component § of h,, is actually zero in
the linearized theory in four dimensions.

Although the linearized theory su Lced for the purpose of establishing the fallo 1
conditions and deriving the asymptotic symmetries, by its very nature it is insensitive
to self-interaction e [ecks, such as the energy flux to null infinity, which are instead
captured by the nonlinear description as we shall see explicitly in the next section.

1.2. Bondi Energy and Charges

Having introduced the concept of asymptotic symmetry in an asymptotically flat space-
time, it is natural to ask whether it is possible to find conserved quantities associated
to these symmetries. This question, and more generally the subtle issue of defining
conserved charges in general relativity and gauge theories, has received an extensive
attention in the literature [36, 97, 93, 98], also in connection with black hole entropy
[99] and in the context of covariant phase space methods [100]. Here, we will follow
an approach based on the application of Noether’s theorem [101], commenting on the
subtleties that arise in this context along the way.

1.2.1. The Noether two-form

One can in principle associate a conserved charge to any infinitesimal di Ledmorphism
according to the Noether theorem [101]. Our starting point is the Einstein-Hilbert action
on a generic D-dimensional spacetime M,

1

S=-——
22

JM Rw, (1.2.1)

where kZD = (D —-2)Qp_»G, with Qp_, the area of the Euclidean (D — 2)-sphere (i.e.
the solid angle in D —1 space dimensions), and w denotes the spacetime volume form, in
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local coordinates w = /—g dx® ~ dx' ~ ..~ dxP~1. This action is obviously invariant
under the symmetry variation 6: gq», = V (4&p) for any vector &, since

d:(Rw) =Lg(Rw)=d(Rrigw) = V4(REYw. (1.2.2)
On the other hand, under a generic variation of the (inverse) metric, we have

1
S(Rw) = (Rab - EgabR)w 5g%° + V0%,
0% = Vi0g°" — geaV8g°?,

(1.2.3)

with 0¢ the Palatini surface term. Comparing (1.2.2) and (1.2.3), we obtain the current
) 1
jg¢ = Fv—g(e‘é —&°R), (1.2.4)
D
which is conserved on shell, 34j¢ = 0. This can be further simplified by rewriting

0 = Vd:9*® — gcaV8:g°?
= —VpV *EP) +2VeV - £ (1.2.5)
= Vp VP + 2Ry,

so that ]
g =v-g [vbv“’af” +2(Re" — 2g°"R) ab} (1.2.6)
and, employing again the Einstein equations in the vacuum,
1
j& =0pke®, k&= /gVitge (1.2.7)
PAS

where one explicitly sees that, in accordance with Noether’s second theorem, the con-
served current associated to a local symmetry is equal, on shell, to the divergence of an
antisymmetric rank-two tensor. The continuity equation d,j¢ = 0 becomes then trivial.

Equation (1.2.7) also holds if one takes into account the introduction of the Gibbons-
Hawking-York term needed in order to make the Einstein-Hilbert variational problem
well-posed:

S Rw—i—]J Ko, (1.2.8)
oM

2kZ) JM k3
where w is the induced volume form on oM and K is the mean extrinsic curvature
thereon (see [94, Appendix E]). Indeed, the introduction of the boundary term modifies
the Lagrangian only by a total derivative (or an exact D-form) Rw — Rw + d« and
hence does not alter the Noether current:

d:(Rw +da) =dig(Rw+ da) = Vo (REY)w + drgdax,

1 b N (1.2.9)
S(Rw+da) = (Rab — EgabR)ég w+ V0w + dba,
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but dé; x = dL; x = diz d&, by Cartan’s formula, and hence the contribution due to dx
cancels out in the calculation of j¢.

The expression (1.2.7) is also correct if one adds to the Einstein-Hilbert action a
cosmological constant term. For a scalar field ¢ coupled to gravity,

_ T A 1 w. M2 5
S — JM [(2% 3 )R SVabVeh— P | w, (1.2.10)
a calculation similar to the one presented above yields
1 A
kg® =v=g [(Zkz —307)VlE 4 AE VPP - abvacbz)] , (12.11)
D

which reduces to (1.2.7) for minimal coupling A = 0 (the case A = %, m =0 is also

of interest due to its conformal invariance). In the case of Einstein-Maxwell theory, with
Lagrangian density R — 7Fq,F2P, instead

Kgb _ \/jg< vibgal ECAcha> . (1.2.12)

1
2k%)

Formally, one may thus define a conserved quantity associated to any infinitesimal
di Ledmorphism ¢& by integrating either j¢ on a Cauchy hypersurface X or, equivalently,

k2 on its boundary 9%

QaZJ jgdzazj{% <oy . (1.2.13)
> 0x

The evaluation of the integral over L, or equivalently of the limit implicitly involved in
the definition of 0%, is in general a nontrivial issue. For instance, it is clear that Q; is
zero if & is a small di Ledmorphism whose action is localized in a compact region, since
in that case the surface charge

Q¢ o] =§ k&dogp, (1.2.14)

obtained integrating over a closed (D — 2)-surface o, vanishes as soon as o is taken
outside that region. On the other hand, (1.2.13) is obtained as the limit of (1.2.14) where
o is taken towards the boundary of the spacetime.

1.2.2. Global charges

Suppose & is instead an exact Killing vector for a given solution of interest, V&) = 0,
namely a global symmetry. This implies V - £ = 0 and &% — Ry, EP = 0, therefore
1

1
dpkg® = EV—T}VW“’E‘” = %\/—g ROPE, (1.2.15)
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By the Einstein equations with matter,

1
Rap = kB Tap + s T, (1.2.16)

so that the charge (1.2.13) reads
z

p— 1
Q = -g Tap + ﬁgab T & dzb, (1.2.17)

with T = g2 T4, . In the vacuum, the integrand on the right-hand side of the previous
equation vanishes, implying that the charge integral (1.2.13) of j& over the Cauchy
hypersurface X only receives contributions from the regions of £ where stress-energy is
present. Equivalently, the surface charge (1.2.14) is actually independent of the specific
closed surface on which it is performed as long as o is deformed without crossing any
source.

The simplest example where this situation occurs is provided by the Schwarzschild
solution,

2 _ 2, dr® 5 i _
ds® =- f(r)dt® + —— + royj dx'd¥ , f(r)=1-
f(r)
where t* = (9;)? is an exact time translation isometry. Integrating (1.2.7) on a sphere
Str at fixed time t and radius r > C, we have
Z : z

Q= . K" P 240 = TN (try + T )P 240 (1.2.19)
tr D

C

B3 (1.2.18)

Sty

butTf = 13, fand T} = 29, f, which gives

o - C(D- 3)

T EE (1.2.20)

The constant C is determined by matching with the Newtonian potential in a regime of
weak gravitational fields; a faraway test particle, rD% 1, moving radially in such a

field at nonrelativistic speed will obey, by the geodesic equation, ¥+ I}; = 0, hence

C

P20 -5

(1.2.21)

The nonrelativistic interaction potential between a source of mass M and a test mass
must match Newton’s formula - ,%Ls and hence C = 2GM. Going back to (1.2.20), we
see that the Noether charge equals

Q = M. (1.2.22)
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We may additionally cross-check the rather awkward normalization factor by per-
forming the static Newtonian limit directly in (1.2.13). In this limit, the only nonva-
nishing component of the stress-energy tensor is Topo = p in Cartesian coordinates, p
denoting the mass density. Then, (1.2.17) evaluated on a slice of constant time reads

D-3
Qi = D2 Jp dx, (1.2.23)
as expected. Equivalently, for a static linearized fluctuation goo = —1 + hgo, the Ein-
stein equations give Agshoo = 2kg, B=3p, and hence hoo = —25™, twice the Newton

potential, in the case of a particle of mass M sitting in the origin p(x) = MJ(x).
More generally, for any stationary spacetime, where there exists a time-like Killing
vector &9, one can define the energy content as the integral

1 D-2
— [bzal _
Mol = 3531600 Lv &7 doar =153

J k&®dogap, (1.2.24)
o

evaluated on any (D — 2)-surface o enclosing all the sources. This quantity, whose
definition takes into account and solves the above normalization issues by introducing
the correct prefactor, is called the Komar mass of the spacetime. In a static spacetime,
it can be understood in terms of the total force that must be exerted on a unit surface
mass density distributed over a sphere enclosing all sources in order to hold it in place.

Taking o = S, to be a sphere of fixed retarded time u and large radius r in retarded
coordinates, the above discussion ensures that the Komar mass evaluated on S, ; is
independent of r and of u. Thus, the energy can actually be calculated on a section of
4, by taking the limit r — oo, and will be observed to be constant in u by asymptotic
measurements on .# ", as should be the case since in a stationary spacetime energy
should be strictly conserved by the absence of radiation.

1.2.3. Asymptotic charges

The situation is potentially more interesting in the case of asymptotic symmetries, i.e. the
solutions of the asymptotic Killing equation. First, being large, these di Ledmorphisms
are candidates to yielding nontrivial surface charges (1.2.14) at infinity. Second, the
independence on r and u of the corresponding surface charges is not guaranteed in
general (in contrast with the case of exact isometries). This on the one hand requires to
check the convergence of the limit r — oo case by case, and on the other hand leaves
open the possibility of describing charge leak due to radiation, i.e. a dependence of the
charges on retarded time.

In the case of the asymptotic symmetries of four dimensional asymptotically flat
spacetimes associated to global Poincaré transformations (1.1.24), (1.1.26) one is able to
verify that the energy and angular momentum surface charges admit a finite and non-
vanishing limit r — oo and that they display a nontrivial dependence on retarded time
u due to the presence of radiation, namely due to the energy and angular momentum
fluxes carried by outgoing gravitational waves.
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For a generic vector £ = £4(9,)% 4+ £7(0,)% + £1(9;) ¢, the surface charge defined by
the integral of «}" (1.2.7) on a sphere S,  of fixed u and r reads, recalling (1.1.3),

2
2 J 672(5 |: (_au - ¥ar - UiDi) Eu + (r:u - FLLLLu - Ulrllfl) Eu

QE[Su,r} = 167G Sus

+ O ET A TLE + (T — T —UTY) z,i} dQ,
(1.2.25)
where we have used that the Christo [ell[73] satisfy I}, = 0.
Restricting to the case of time translation asymptotic symmetry, givenby T =1, Y! =0
in (1.1.32), namely &¢ = (9,,)¢, this surface charge gives

T2

~ 16nG

Evaluating the Christo [ellsymbols [73] and taking into account the fallo [S{1.1.7), we
see that

Q& [Su,r] J e 2P (Mr, — T, —UTY) dQ. (1.2.26)
Sy,

r, = % +Oor3), Y, = —% F20.B+0(r3), TE =0(r3) (1.2.27)
and obtain the following expression
1 - _
QulSu) = g Jsu,me —2,B)d0+0(r ), (1.2.28)

where we may use (1.1.8) to solve for aué = —;—zau(cﬁ CH). The limit of this quantity
as r — oo is finite and nonzero

1 ..
8nG Qt [Su] = J mp dQ + SzauJ Cij cY dQ, (1229)
Su Su

where S, is the spherical section of .#* at fixed w. The linear piece of (1.2.29) has been
giventheinterpretation [1] of the total energy present in the spacetime ata given retarded
time, also called Bondi mass. The proper normalization is given by the stationary limit,
as in (1.2.24), which reduces in this case to a factor of two [99], yielding

Mg (u) mg dQ. (1.2.30)

e Lu
The nonlinear and time-dependent term in (1.2.29) can be eliminated by modifying
the two-form Kgb as proposed by Tamburino and Winicour [102]:

1
ab — [b¢al c.[bal
Kg ’_>7167TG g(VPEY +V E5fmPn) (1.2.31)
where n?, to leading order, n® = (9,.)* and m® = (0,,)® — %(ar)a. In fact, in the case of
the time translation vector field £¢ = (9,,)¢, noting that V,&¢ = 9,, log «/—g and using
(1.1.3), this additional term yields

r2

161G

J 9y logy/—gdQ = 1J dupdQ +0(r "), (1.2.32)
Sur 871G Js,,
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and hence cancels the second term appearing in (1.2.28).

The same result is obtained by the following procedure advocated by Geroch and
Winicour [103]. In general, the independence of the surface charge on the specific
representative vector that reduces to a given asymptotic symmetry vector on .# " is not
guaranteed. For instance, by inspection of equation (1.2.25), adding f(9.)“ to a vector
& will give the same transformation on .#* (since it projects to zero thereon) but gives
rise to a dilerence in the surface charge given by v2(16nG)~" [e=2B (9, + I'T,.)fdQ.
Therefore, an additional condition is needed in order to resolve this ambiguity:

Vai® =0, (1.2.33)

to be imposed on the extension of the infinitesimal symmetry vector field in the interior
of the spacetime. In our case, we may extend the time translation asymptotic symmetry
by introducing a &" component as in

20uB
.

g% =(0u)"

(0r)* -+, (1.2.34)

so that the additional condition (1.2.33) is upheld, while the projection of £ on a surface
of constant r is still (0,,)%, as required by (1.1.24). With this modification, taking into
account 7, = 20,3 = O(r—3), the surface charge (1.2.7) yields half the Komar mass
(1.2.30) with no additional terms.

Notice that, in the case of exact isometries as for instance for time translations in
stationary spacetimes, the Tamburino-Winicour improvement (1.2.31) is identically zero
and the Geroch-Winicour condition (1.2.33) is identically satisfied, since V¢ = 0
follows from the Killing equation.

Employing the second equation of motion (1.1.8), and noting that D; D; NY integrates
to zero on the sphere, we also have

OuMsp(u) = —ﬁ Lu NNV dQ, (1.2.35)
which is the mass loss formula. Gravitational radiation, responsible for a nontrivial
News tensor Ny; = 0,,Cyj, gives rise to the time-dependence of the Bondi mass, which
in fact always decreases as u increases since the right-hand side of the previous equation
is negative definite. This is interpreted as the fact that gravitational waves always carry
positive amounts of energy, which leak to the null boundary of the spacetime.

Under suitable regularity assumptions, it has been shown that the Bondi mass is
always positive [104] and that its upper bound is given by the Arnowitt-Deser-Misner
[105] mass M apm, hamely the total energy content of the spacetime:

lim Mg ('LL) = Mapwm (1236)

u——0oo

the limit being reached from below [106, 107]. These results consolidate the following
picture: a gravitational system “initially” (i.e. for u — —oco) possesses a total energy
Mapwm, @ portion of which leaks to null infinity due to the emission of gravitational
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waves (1.2.35); this leaves behind an energy Mg (1), which thus represents the amount
energy left in the spacetime at a given retarded time w.

Similar calculations to the one performed above are available in the case of spatial
translations, £* = n-a(9,)® and, taking in due account subleading terms in the expan-
sion (1.1.7), of rotations and boosts (1.1.26).

Turning our attention to a generic supertranslation £¢ = T(0, ¢)(0.)%, as in (1.1.32)
with Y! = 0 and an arbitrary T(0, ¢), we have,

2

QelSur] = — J e P [— U'D;T + (Th, — T, — U'TE) ] dQ. (1.2.37)

lomtG Su,r

Substituting (1.2.27) and (1.1.7), and using (1.1.8), the limit r — oo gives

8nGQe[Su] = J mpTdQ + % JDiCiijT dQ + ;auJ CyCYTdQ.  (1.2.38)
Su

w

As in the case of the global charge, this surface charge is finite and nonvanishing.
Its linear part, which can be selected by resorting to the improvement (1.2.31) or by
enforcing the condition (1.2.33) as was done in the case of asymptotic time translations,
and which must be corrected by a factor of two according to (1.2.24), reads

1

1 s
QT(u) = J mBT dQ — J DID)CiJ‘ TdQ,
4G Su u

| ) teme Js (1.2.39)
0uQr(W) = —5 = Lu Ny NY TdQ.
The term linear in Cy; vanishes when T satisfies
(DiD; — 3v45A) T =0, (1.2.40)

since Cy; is traceless. This selects asymptotic translations, because, using that [A, D;]T =
D;T, the divergence of (1.2.40) yields D;(A + 2)T = 0 and hence either T is a constant
or it satisfies (A + 2)T = 0, whose solutions are (linear combinations of) the spherical
harmonics cos 0, sin 6 cos ¢, sin 0 sin ¢ (see Appendix A for more details).

As we shall see in the next chapter, expressions of the type (1.2.39) lie at the heart of
the connection between BMS symmetries and Weinberg’s soft graviton theorem.

Let us conclude this section on asymptotic charges by a word of warning. As antic-
ipated, we have chosen to present the calculation of surface charges without detailing
subtleties that must be actually faced in order to give a general and precise definition
of conserved guantities in gauge theories. Some of these issues have actually surfaced
while discussing the improvement (1.2.31) and are related to the ambiguities inherent
to the definition of the canonical Noether current j¢ starting from a given Lagrangian.
Another issue, which arises when trying to attach to conserved quantities the meaning
of Hamiltonian generators is that of integrability: in this context one only calculates
the formal variation 3Q of a given charge in field space and needs to establish whether
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or not this can be interpreted as an exact variation 6Q:. Nonintegrability of the BMS
charges [97], for instance, is associated with the presence of nonlinear radiation.

We have glossed over such aspects in order to keep the presentation as concise as
possible without renouncing on relevant formulas and physical ideas, and refer the
interested reader to [100, 99] for detailed discussions in the context of covariant phase
space methods (see also [108, 109]) and to the general results presented in [36], where in
particular the issue of ambiguities is resolved by appealing to the fallo [Sadf the equations
of motion. However, we will return to some of the issues raised here in Chapter 3, in the
context of Yang-Mills theory, where they are easier to present in a self-contained and
concise manner.

1.3. Large Gauge Symmetries in Electromagnetism

Up to this point in the discussion, we have been concerned with the symmetries of
weakly radiating gravitational systems in the limit r — oco. A similar analysis can
be performed in the simpler case of electromagnetism [6], where once again asymp-
totic symmetries are identified as those residual symmetries of the gauge-fixed theory
that preserve the fallo Ccbnditions assigned to the field components, while still acting
nontrivially near .#+.

The classical action for electromagnetism coupled to a locally conserved current den-
sity J¢,

S = —HFabFab w —JAaJa w, (1.3.1)

with Fg, = 04Ap — 0pAq, is invariant under the gauge transformation 6. Ay = 94¢,
since the symmetry variation of the Lagrangian is equal to the total divergence term
—Va(J%e)w, while on the other hand for a generic variation one obtains

(VPFpa — Ja)0AY + VP (FupdAY). (1.3.2)
This gives, on shell, the canonical current
i¢ = /—g(F?%Qpe + J%) = 0, k2P, k4P = \/—g(F%%). (1.3.3)
In retarded Bondi coordinates, we choose the radial gauge condition
A =0, (1.3.4)

which is the spin-one analog of the choice (1.1.1) we made in the gravitational setting.
The fallo Cconditions to be assigned to currents J¢ depend on the type of charged matter
that on is assuming to include. In particular, accounting for the possible presence of
massless charged particles implies that J¢ behaves like

Ji

i=F o(r ), (1.3.5)

Ju:7+o(1‘_3)) JT:7+O(T_3)) J
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as v — oo for fixed u. Correspondingly, one finds that the equations of motion are
satisfied to leading order provided one adopts the fallo Ccbnditions

Ay = Au(u) Zy i)/‘l‘ + O(r_z) ) A = Ai(u> Zy i) + O(T_] ) ) (136)
and the field components satisfy the relation
0uAL = 0uD'A{ + Ty (1.3.7)

(compare with (1.1.39) and (1.1.8) respectively).
Residual gauge transformations are therefore given by those gauge parameters that
only depend on angular coordinates

e =T(z,2z2), (1.3.8)

which thus exhibit a close analogy to supertranslations. The surface charge, i.e. the
analog of (1.2.14), associated to this residual gauge freedom is given by

QelSul = ILm rZJ Fu TdQ :J A,TdQ. (1.3.9)
oo Su,r Su

In analogy with the previous case, the global surface charge, i.e. the electric charge

expressed as the Gauss integral, is in general independent of the specific two-sphere we

choose, provided we do not cross charges flowing to .# . To see this, setting e to unity,

note that 9, k¢ = \/—g V,F®® = /=g J4, so that

2,Qif5u) = | Judo, (1.3.10)
which vanishes away from the charges. This equation is the analog, for massless
electrodynamics, of the mass leak formula we encountered in the gravitational case.
Note in particular that this e [eck, which is due to the presence of self-interactions in
the case of gravity, is here caused by charges moving at the speed of light. We will
encounter a similar phenomenon while discussing ordinary and null memory e [ecks in
the next chapter.

For a generic function T(z,z), instead, the soft surface charge exhibits a nontrivial
u-dependence. In particular,

auQe[Su] = J

0L ALTdQ = J (0.D'A; + J,)TdQ. (1.3.11)
Su

Su
This infinite-dimensional family of u-dependent charges plays a crucial role in the
connection between asymptotic symmetries of massless electrodynamics and the soft
photon theorem.

We conclude by remarking that, if we want to compare the retarded radial gauge to
the advanced radial gauge, we need consider that the transformation from retarded to
advanced coordinates v = u + 2r gives

(AL ALAD = (A 2A0 + AL ALY, (1.3.12)
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so that A, and A/ cannot vanish simultaneously unless A,, is identically zero. This
indicates that the radial gauge cannot be continued smoothly to the bulk of spacetime
[31]. This issue can be resolved, for instance, by performing the analysis in the Lorenz
gauge; we will return on this point at the end of the next chapter.

1.4. Kac-Moody Symmetry of Yang-Mills Theory

It is possible to perform an analysis akin to that of asymptotically flat gravitational

systems also in classical Yang-Mills theory [4]. Other than being of interest in its own

right, this provides a convenient toy version of the corresponding gravitational case,

while still encompassing genuinely nonlinear e [ecks, in contrast with the Maxwell case.
We may start from the classical action for pure Yang-Mills,

S= Htr(FabFab) w, (1.4.1)

where Fqp = 00Ap — 0bAG + [Ag, Apl. We conventionally work with anti-Hermitian
fields Ay = AAXA with [XA, XB] = fABCXC, where XA and fABC are the su(N)
generators and structure constants respectively. We normalize them according to
tr(XAXB) = —57B,

This action is invariant under the gauge transformation 6. Ay = 0q€ + [Ag, €]. On
the other hand for a generic variation one obtains

SL = —tr(VPFpq 8A%) + VOtr(Fpa8A®). (1.4.2)
On shell, this gives the canonical current
i¢=v=gtr(F®(dpe + [Ap, €])) = 0pk2®, k20 =/ —gtr(F*e).  (14.3)
Adopting the retarded radial gauge condition
A, =0, (1.4.4)
one then sees that the equations of motion are compatible with the fallo [S]
AL =Au(u,z,2)/T+0(r7 %),  Ai=Aiu,zz)+0r"), (1.4.5)

provided . B
OuAyu = 0uD'A; + vV [A, 0uA;]. (1.4.6)

Comparing with (1.3.7), we see that, asymptotically, the nonlinearities play the same
role that was played by massless charges in the previous section. This is inherent to the
twofold nature of waves in nonlinear theories, where they play the role on the one hand
of propagating perturbations and on the other hand of massless sources.

Residual gauge transformations are therefore

€ =T(z,z) = Tz, 2)X* (1.4.7)
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in close analogy to supertranslations. The surface charge is thus given by

Q[Su]l = — lim er’ tr(Fur T)dQ = —J tr(A,T)dQ. (1.4.8)
Su,r

T—00 S
u

The global surface charge, i.e. the color charge, depends on retarded time due to the
nonlinearities: setting e = X2,

3.QAlSu] :J YIIAL 0A A Q. (1.4.9)

w

This equation is the analog, for classical Yang-Mills, of the mass leak formula we en-
countered in the gravitational case. For a generic parameter T(z,z), instead, the soft
surface charge exhibits an additional nontrivial u-dependence that is observed to be
linear in the field. In particular,

0uQ7[Sy] = _J tr(duD'A; +vY[A4, 0uA;1)TdQ. (1.4.10)

uw

The charges have a nontrivial algebra:

[Qr, Q1] =67Qr = —J tr(lAy, TIT')dQ = _L tr(A.[T,71)dQ = Q.11

! (1.4.11)
namely a zero-level Kac-Moody algebra.

36



2. Observable Effects in Four Dimensions

As we have seen, asymptotic symmetries give rise to an infinite number of independent
conserved charges potentially amenable to be connected to observable quantities. In-
deed, at least two broad classes of phenomena have been identified as observable e [ects
that alard an explanation in terms of an underlying asymptotic symmetry principle:
soft theorems for scattering amplitudes and memory e Lecks [8].

This chapter is devoted to reviewing these e [ecks, together with their connection with
the underlying asymptotic symmetries discussed in the previous chapter, in the well-
studied cases of electromagnetic and gravity theories in four spacetime dimensions.
This will also serve as preparation for our exploration of their higher-dimensional
counterparts in Chapter 3, in the case of Maxwell and Yang-Mills theory, and of our
proposal for higher-spin asymptotic symmetries and charges, and their relation to soft
theorems, in Chapter 5.

2.1. Soft Theorems in Particle Physics

Soft theorems are identities relating scattering amplitudes that di [erl by the emission
or absorption of massless, or very light, particles with low energy [110, 111, 112, 113,
21, 22, 114]. They have received renewed interest in the literature (see e.g. [30, 115, 116]
for some recent advances in this respect, together with the extensive list of references
in [8]) in the context of asymptotic symmetries, of which they have been identified as
physical consequences.

Indeed, although soft theorems can be directly seen to hold at the level of S matrix
and Feynman diagrams, they can be often derived as a consequence of the invariance
of the theory under a symmetry, typically a spontaneously broken one. A textbook
example of this situation is that of the spontaneously broken (approximate) symme-
try SU(2)p x SU(2)r — SU(2)y of guantum chromodynamics, which lies at the heart
of soft-pion techniques [117, 118], dating back to the sixties, where the pions are inter-
preted as the (pseudo-)Goldstone bosons of said spontaneous breaking. More generally,
the understanding that the dynamics of Goldstone bosons a [ands a universal descrip-
tion at low energies, dictated solely by symmetry requirements, paved the way to the
formulation of e [eckive Lagrangians and nonlinearly realized symmetries [119, 120] (for
a more recent approach to soft theorems in the context of e Leckive field theories, see
[121, 122]).

The basic mechanism that links symmetries to scattering amplitudes can be summa-
rized as follows. A continuous symmetry of the dynamics of a given theory is locally
generated, in a canonical setup, by a conserved current j*(x) according to Noether’s
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theorem. Namely, for any local operator A (which may be thought of, for instance, as
01(x1)02(x2) - - - On(xn)), the infinitesimal symmetry variation 6 is given by

A =1 lim JfR(x)[jO(x),A]dx, (2.1.1)
R—o00

with a smooth cuto Cfinction fr(x) that equals 1 if jxj < R and vanishes if jxj > R+ ¢ (for

asmall ¢ > 0). In relativistic local field theories, the right-hand side converges by the

requirement that the commutator vanish when x becomes spacelike with respect to the

region where A is localized. Furthermore, it is also independent of t, as a consequence

of the conservation of j*: using the Gauss theorem,

lim JfR(x)[atjo(x),A]dx = lim JVfR(x) -j(x),Aldx =0, (2.1.2)
R—o0 R—o0
because VTR (x) is nonzero only for jxj ~ R, a region that becomes spacelike with respect
to any point as R — oo for fixed x° = t.

Taking the vacuum expectation of (2.1.1) gives rise to Ward identities of the type

(0j8Aj0) =1 lim JfR(xMOjU‘)(x), AJjo)dx = i lim (0j(j° (K, ), ATj0) (2.1.3)

where ]70 denotes the Fourier transform of the charge density. Now, if the symmetry is
unbroken, namely it admits a unitary operator U that implements the symmetry in the
Hilbert space of the theory, then it actually admits a canonical charge

Q= lim ij(x)jO(x)dx, (2.1.4)

R—o0

such that U = e'Q and, restricting for simplicity to the case of internal symmetries,
Qj0o) =0,  Ujo) =j0), (2.1.5)

since the vacuum j0) is the only translation-invariant state, so that (2.1.3) simply reduces
to
(0jdAjO)y = 0. (2.1.6)

If instead the symmetry is spontaneously broken, no generator Q exists and the vacuum
state is not invariant under the symmetry, namely (2.1.3) imposes

0 # (0j8Aj0) = i lim (0jf§° (k, t), ATj0) (2.1.7)

which relates the vacuum expectation value of the symmetry transformation to the
insertion of a soft operator. In fact, the intermediate states saturating the right-hand side
must clearly have a gap-less dispersion relation, w(k) — 0 as k — 0, in order for it to
be time-independent, as required by 9,j* = 0, and further inspection shows that they
must be (massless) one-particle states: the Goldstone bosons.
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In order to make contact with scattering amplitudes, one takes the operator A to be
of the type T(d1(x1)d2(x2) - dn(xn)), where d;(x;) are suitable local operators of the
theory and T denotes time-ordering. The next step is to apply the LSZ reduction formu-
las [123, 124] (see e.g. [125] for a textbook presentation), which amount to performing a
Fourier transform with respect to the x; and taking the on-shell limit after amputating
the propagators that arise from external particles. Restricting for simplicity to the case
of a Hermitian scalar field ¢ of mass m, with asymptotic Fock oscillators ajn /out(q), the
LSZ formula can be expressed as

(Ojaout(q1) - - aout(qn ) ain(q1) -+ afn(qm)j0) = de% co-dxpdxy - dxon
el Tl X AT LG e (4 m?) s (<O + m?) (=0, +m?) - (—O,, +m?)

OT(@x]) - @(xp)P(x1) - @(xm))j0) -
(2.1.8)
To illustrate the above strategy in one of its simplest applications, we may derive the
consequence of the (unbroken) global U(1) symmetry in QED, namely the additive
conservation of electric charge in all scattering processes. The Ward identities read in
this case

(= m)OIT(W(x]) - Wxp ) (x1) -+ blxm) Ay, (Y1) -+ A (Y)i0) =0, (2.1.9)
so that (OjT(P(x7) - - - W (xp )b (x1) - b (xm) Ay, (Y1) -~ Ap (Y1))j0) = 0 unless n = m.
On the other hand, by the LSZ reduction formula, we see that, in terms of the numbers
N (resp. N’) of incoming (outgoing) positrons and M (M’) of electrons, we must have
n =M+ N’and m = M’ + N. By comparison, this implies M — N = M’ — N’ i.e. that
the in state must have the same electric charge as the out state.

In the case of spontaneous breaking, the so-obtained identities instead relate di [erent
amplitudes with and without the insertion of soft Goldstone bosons, according to (2.1.7),
and hence give rise, upon LSZ reduction, to soft theorems.

In fact, this strategy has been applied to a wide range of di Lerent models and sym-
metries (e.g. [118, 18]), including also non-internal symmetries such as scaling and
conformal symmetry [126, 127] and residual symmetries of QED, Yang-Mills theory,
gravity [128, 129]. Taking successive variations and commutators also allows one to
analyze double soft limits, schematically

(0j5152Aj0) = — lim_lim (0j[j?;,(k1, 1), [, (K2, t), Allj0) , (2.1.10)
ki =0k, —0
discussing, for instance, the dependence on the orders in which such limits are taken
and its relation to the symmetry algebra [130, 131].

Although the above considerations are in principle nonperturbative, since they only
make reference to general properties of symmetries and of the spectrum of the theory,
one must in practice face the issue of taking into account possible corrections due to loop
e Lecks in order to extend their validity to the full quantum level. A possible way out
is furnished by nonrenormalization theorems that protect the commutators involving

39



conserved currents from corrections due to ultraviolet singularities [132]. Indeed, let us
mention that some of these symmetry considerations have been extended to the quan-
tum level [133], and that soft theorems have been investigated at loop level, displaying a
certain degree of stability under renormalization (see e.g. [134, 29]). Another important
point that must be addressed in the discussion of loop-level results is the presence of
infrared divergences. In four—-dimensional QED, for instance, such infinities arise due
to the masslessness of the photon and were observed to cancel out when considering
cross sections that sum over emissions/absorptions of photons below a certain energy
threshold, so that soft photons actually play a major role in the discussion of the infrared
problem [135, 22, 32].

At the level of semiclassical analysis, it has proven useful to investigate the relation
between soft theorems in gauge theories and asymptotic or large gauge symmetries, in
particular those at null infinity. This permitted in particular to interpret Weinberg’s soft
photon and graviton theorems [21, 22], which we are going to review in the next section,
in terms of underlying large U(1) symmetries and BMS supertranslation symmetry. An
analogous program has been carried out also for Yang-Mills theory [15] and has been
extended to encompass subleading corrections to the Weinberg result [28, 27, 136].

The technical steps needed in order to perform this connection are typically a slight
variation of those outlined above in the case of a standard symmetry of the quantum
theory. One first identifies the asymptotic symmetry and calculates the corresponding
(classical) asymptotic charge Q. As a consequence of Noether’s theorems, this charge
takes the form of an integral over a Cauchy surface X or, equivalently, over its boundary
X,

Q= Lj“d):u = LZ <" douy, (2.1.11)

where j* = 9,k"*Y and k*¥ = —«YH*, and it is actually independent of the specific
Cauchy surface . One then expresses the fact that the symmetry is also a symmetry of
the S matrix as

0=1[Q,S=Q*S—5SQ~, (2.1.12)

where Q* denotes the charges evaluated on the Cauchy surfaces .# * Ui*. Taking matrix
elements of the above identity between in and out states furnishes Ward identities that
lead to the soft theorems, where the piece of Q that is responsible for the soft insertion
is termed soft charge, Qs, to be contrasted with the hard part, Qy, involving the matter
fields. An equivalent route, more similar to the steps presented above, is to calculate

(0j8Aj0) = 1{0j[Q, Alj0) = 1{0j(QTA — AQ™)j0), (2.1.13)

where A stands for a generic product of fields, and then take the LSZ reduction of this
identity in order to derive consequences at the level of scattering amplitudes. In the
latter approach, which we are going to illustrate in detail in the case of Weinberg’s soft
photon and graviton theorems, the hard part of the charge can usually be neglected
since, in the right-hand side of the above identity, Q acts on the vacuum where no stable
matter is present, Qj0) = 0.
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Let us stress that the operators Q* and Q~ appearing in equations (2.1.12) and (2.1.13)
are not independent; after all, they must be the asymptotic charges corresponding to
the same symmetry. Therefore, Q" and Q— must be evaluated by taking the limits
of the same bulk symmetry transformation to the far future and far past. we will see
a concrete example of this procedure in the case of the Maxwell theory in the Lorenz
gauge. The general, CPT and Lorentz-invariant way of specifying this correspondence
between quantities evaluated on .#~ and .# 7 is the antipodal map on the celestial
sphere, which is obtained by the identification

0*(n)[ . =0 ()] - (2.1.14)

across spatial infinity. The antipodal identification is also instrumental in the definition
of a meaningful scattering problem from .# ~ to .# . The process of trivial scattering is
characterized by the fact that the out states are obtained as the antipodal images of the
in states, as can be seen for instance by following the trajectory of a free massless particle
in Minkowski space, and therefore the antipodal map provides the natural definition
of “identity” (the trivial intertwining operator) between in and out Fock spaces. In
the following, this identification is assumed throughout in the discussion of scattering
amplitudes at null infinity.

We turn now to the illustration of Weinberg’s soft theorems and to their connection
with asymptotic symmetries of electromagnetism and gravity.

2.1.1. Weinberg’s theorems

In his celebrated 1964 paper [21], Weinberg showed that, using only the Lorentz in-
variance and the pole structure of the S matrix, together with masslessness and spins
of the photon and of the graviton, it is possible to derive the conservation of electric
charge and the equality of gravitational and inertial mass. On the same grounds, he
gave a possible explanation as to why we observe no macroscopic fields corresponding
to massless particles of spin 3 or higher.

In particular, exploiting the (assumed) S-matrix pole structure and Lorentz covari-
ance, he could prove the following two properties:

(1) The S matrix for the emission of a photon or a graviton can be written as the
product of a polarization “vector” " or “tensor” ¢*¢" with a covariant vector or
tensor amplitude, and it vanishes if any of the ¢" is replaced by the photon or
graviton momentum q*;

(2) Electric charge, defined dynamically by the strength of soft-photon interactions, is
additively conserved in all reactions. Gravitational mass, defined by the strength
of soft graviton interactions, is equal to inertial mass (in the nonrelativistic limit).

We will now review the derivation of these results. For a few technical statements,
related to the implications of covariance on the S-matrix structure, which are here
assumed to hold, we refer to the appendices of Weinberg’s paper [21].
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Let us consider a process in which a massless particle is emitted with momentum
q and helicity =£s, limiting ourselves to integer spins. The transformation rules for S-
matrix elements under Lorenz transformations can be inferred from the transformation

law for one-particle states; using p as a shorthand for a set of p;, withi=1,...,n, one
has 12
Aai '
Sis(q,p) = (’Jq‘J“) e*150@NS, (Aq, Ap), (2.1.15)

where O is a function of the massless particle momentum q and of the Lorentz trans-
formation A. It is always possible to write S as a product of a polarization “tensor”
and an M-function in the following way:

1 X "
S+s(q,p) = \/qui] (@) ... e (DMayy .. (q,p), (2.1.16)
where M is a symmetric Lorentz tensor. The polarization “vector” ¢Y obeys the trans-
formation rule "

(AV“ - qum") eX(Aq) = =P @M el (q), (2.1.17)
so that, at a closer scrutiny, ei is not a bona fide Lorenz vector. An auxiliary condition
will be needed, in order to make sure that S ¢ satisfies Lorentz invariance despite this
inhomogeneous transformation rule for e';. The S-matrix transformation law (2.1.15)
then reads

_ Ag)™
Sj:s(qap) :\/Te:tls(a(q,/\) |:5i1 (Aq) - ( Ji} AVOE\:{:(Aq)] o

3 L (2.1.18)

x [eis(/\q) ~ g N A My (Ag Ap).

For an infinitesimal Lorentz transformation A", = §", + w",, we can use (2.1.16) and
the symmetry of M to put the previous equation in the form

Adi 12

S+s(q,p) = (qu‘j”) et g (Aq, Ap)
S * * sk

BT [w,°eY*(q)] "' el (q) ... " (OMapy .. (q,P) -

(2.1.19)

Hence the necessary and su [cieht condition for this transformation law not to contradict
the first one is that S vanishes when one of the ¢ is replaced with g*:

g1 e (q) ... e (@M., (q,p) = 0. (2.1.20)

This can be recognized, thinking in terms of fields, as a requirement of gauge invariance
of the amplitude.
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2.1.2. Conservation of the electric charge, universality of the gravitational
coupling and higher spins

Considering the vertex amplitude for a very-low-energy massless particle of integer
helicity +s, emitted by a particle of spin 0 and mass m (perhaps zero), and momentum
p* = (p, E), the only tensor which can be used to form M4 Hs js pH1 ... pHs, since
terms involving g**’ do not contribute to the S matrix because of e}ey, = 0. On
the other hand, terms involving the soft momentum q* itself would either vanish by
que'i(q) = 0 or contribute to subleading orders. Therefore, the vertex amplitude must

be of the form |

Pt (q). . (q).
2E(p)y/2iq T *

As we shall argue below, even for emitting particles with spin greater than 0, the S-
matrix elements will still be given by this expression, times 4., where o and o’ are
respectively the initial and final helicity of the emitting particle.

We define the soft photon coupling constant e by the statement that the s = 1 vertex
amplitude is

(2.1.21)

2ie(2m)*85opuet’ (q)
(2m)?/22E(q)/2iq]

and similarly for the “gravitational charge” f we state that the s = 2 vertex amplitude is

(2.1.22)

2i£(8m)'/2(271)*5 5o (Pl ()
(27)?/22E(q)/2iq)

Let Sg« be the S matrix for some process « — (3, the states « and 3 consisting of
various charged and uncharged particles, perhaps including gravitons and photons.
The same process can occur with emission of a very soft extra photon or graviton of
momentum q and helicity 1, or +2, and we will denote the corresponding S-matrix
element as S5 (q) or Si2(q).

Asillustrated in the figure below, which represents graphically the amplitude Sﬁ(x(q),

(2.1.23)

these emission matrix elements will have poles at q = 0, corresponding to the Feynman
diagrams in which the extra photon or graviton is emitted by one of the incoming or
outgoing external particles in states « or 3, since then the n-th outgoing, respectively

! This follows from the fact that external particles are on-shell and the corresponding tensors live in
traceless representations of the stability group of p*.
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incoming, particle of mass m,, and momentum p,, gives rise to a term of the form

1
=4 .
(pn £ q)2+m3 2pn - q

(2.1.24)

These poles give the dominant contribution in this limit, while diagrams in which the
soft propagator is attached to an internal line will give rise to subleading corrections.
In the limit q — 0 we thus get,

ei(q)
5%;((01) ~ (27) 3/2 [Zﬂn €n n-q ] Spa
(8 1/2 (@) (2.1.25)
+2 (A Pn eilq
SBoc(q) (2m)3/2 [Z Mnfn -q ] Spoo

Nn being 4+1 or —1 according to whether the particle n is outgoing or incoming.

As we have discussed, Lorentz invariance requires the vanishing of the vertex ampli-
tude when a polarization is substituted with the corresponding four-momentum. This
yields for s =1

D Mnen =0 (2.1.26)
n

and fors =2
> Nnfaph =0. (2.1.27)

The first one is precisely the conservation of the electric charge, whereas the second,
when compared with the equation of momentum conservation > n,pn = 0, yields the
universality of the gravitational coupling constant f,, = 1, for all n.

From these calculations, Weinberg also argues that the choice of p,, ... p,, in (2.1.21)
gives in fact the only possible form of the M-function, also for emitting particles with
spin 1 or higher, since any other helicity-dependent vertex amplitude could never give
rise to cancellations between di [erent poles needed to satisfy the Lorentz invariance
condition.

For higher helicities s = 3,4, ... one still has a factorization of the form

Szl ——5—— Z Mng p:;q)) Spas (2.1.28)

(2m) 3/ 2\/2iqj

and the requirement
N —1
Znngf) [pn - e1(q)]” =0, (2.1.29)
n

which contradicts momentum conservation unless gT(f) = 0. This tells us that the low-
energy interaction for higher spins is trivial or, in other words, that massless higher-spin
particles cannot propagate long-range forces. On the Lagrangian side, this implies that
higher-spin interactions should be of multipolar type, i.e. the vertices should contain
enough derivatives so that they vanish in the soft limit.
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2.2. Soft Theorems and Asymptotic Symmetries

We will now make the link between asymptotic symmetries and soft theorems explicit
by providing the details of the derivation of the soft photon and soft graviton theorems
from the underlying large U (1) and BMS supertranslation symmetry.

For this purpose, it is useful to recast Weinberg’s result in terms of retarded coordi-
nates and stereographic coordinates on the sphere (1.1.27). To this end, consider a wave
packet for a massless particle with spatial momentum centered around q. At large r
(and large times t = w41 for fixed retarded time w), this wave packet becomes localized
on the sphere at null infinity near the point

q=wXx= - (z+2z,—1i(z—z),1 —zz), (2.2.1)

so that the momentum of massless particles may be equivalently characterized by q* or
(w, z,z). The polarization vectors can be chosen as follows [137]

1 _ _
q) = = (Z»1>_i)_z)7
? (2.2.2)

€ (q) = \ﬁ(ZJ»ia_Z) = £+(q))

thus allowing to rewrite Weinberg’s soft theorem, e.g. for a positive-helicity emission,
from the momentum space form (5.3.1) to its position-space counterpart

. s _ E: s—1(5 _ 5.\s—1
fm wShs = (17281 (1422) | ¥on ol L EEE s @29)
i

Ww—0+ —zi)(1+zizy)s—

where, for simplicity, we have assumed that all the particles taking part in the scattering
process are massless, the energy E; and the angular coordinates (zi, z;) characterizing
their asymptotic states at null infinity.

2.2.1. Large U(1) symmetries and the soft photon theorem

The action for electromagnetism coupled to a locally conserved current J*,

1
S=—3 J FuvF*YdPx — JAHJ”de, (2.2.4)

being invariant under A, = 9,€e up to the boundary term, possesses the canonical

current
* =FYH0ye + JHe. (2.2.5)

In Bondi coordinates, near .# T, in the case J = 0,

Qf = J i"vzzr2dud?z. (2.2.6)
g+
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As we discussed in Section 1.3, choosing retarded radial gauge A, = 0 together with

the fallo Cconditions B
Ay =Ay(u,2,2)/1+0(r?)

A, =A.(u,z,z) +O(r ") (2.2.7)
Az =A; (LL, Zyz ) + +O( )

and using (2.2.5), the charge associated to the residual gauge freedom given by angular
functions T(z,z) computed at .# * reads

Q* :J T(z,z) [0u(D*A, + D?A; ) +J] v2zdud?z, (2.2.8)
T+
where
Ju,z,z) = lim 23" (u, 1,2, 2). (2.2.9)
T—00
Since this charge acts on matter fields by 6@ (x) = i[Q, @ =1iee(x)D(x), any correla-

tion function will satisfy
n=1 n=l (2.2.10)

Performing LSZ reduction of the previous formula yields the Ward identity

N
(outj(Q*S —SQ)jin) = > nnenT(zn,zy)(oUS]in). (2.2.11)

n=1

This derivation is given in [101], where it was also observed that the antipodal identi-
fication commonly employed in the literature essentially consists in choosing the same
gauge transformation for .#* and .# . This means that, in order to write down the
correct Ward identity, one should take T(z,z) and its counterpart on .# — as limits to
'+ of the same bulk gauge transformation; an example of this will be given in Section
2.3.2 in the Lorenz gauge. Furthermore, the authors also note that since the charge is
computed on a surface approximating .# = Ui* which necessarily cuts through time-like
trajectories, the results also hold for massive fields.

Using the auxiliary boundary condition 9,A; = 0:A, at .#;", which amounts to
imposing the absence of long-range magnetic fields on f* choosing T(z,z) = WLZ,

where w is a fixed complex parameter, and exploiting 0z .— = = 276% (z — w) gives

4rt(out] KJ duaqu> S-S (J dvavAz>] jin) = Z “i T louisjin),  (2:212)
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where we have used that J annihilates the vacuum, since the global U(1) symmetry
is unbroken. Using the free mode expansion for A, near .# and the stationary phase
approximation, we obtain

. i 2 o0 .
JduelwuauAZ _ _# 1 \—:;2 J d(,Uq |: Out(quz)e—w.wqu . aOutT(qu)elwqu}
(2.2.13)
so that
+o0 1 V2 X
J dud A, = 37 \—i—fzz w“—>n<;+ [wa‘i“t( X) + waouﬁ(wx)} . (2.2.14)

Substituting this result into (2.2.12), together with the analogous one for .# —, and using
crossing symmetry yields

. 1 +2zz Mneén .
out
J)Imo [w(outjad"Sjin)| = 7 E p—— (outjSjin), (2.2.15)

which is Weinberg’s theorem (2.2.3).
2.2.2. BMS symmetry and the soft graviton theorem:
a linearized perspective

The action for a massless Fierz-Pauli field h,., describing a linear perturbation of the
Minkowski metric tensor, is

1
S=5 J E*Vh,,dP —J]“"hwde, (2.2.16)

where E*Y is the linearized Einstein tensor
Euwv =0hyy —0(,0-hy) — auavh/ +Muv(0-0-h— Oh'), (2.2.17)

and J*V is a conserved “energy-momentum tensor”, 9, J*Y = 0. The action (2.2.16) is
invariant under 8h,,, = 9(,,&,) up to the boundary term

Ja [(EMY —2]"Y) &y d7x, (2.2.18)

since E™Y satisfies the linearized Bianchi identity 0 - EY = 0 and J*V is conserved. The
equations of motion are E*Y = JHV,
The symmetrized derivatives needed for the computation of the current are

N «B
v hHY MY o
Shap. v 2 y +n
1 nMBRYe +nuochv{5 NYCRHB _qYBRak)
3 (2.2.19)
< oc[3 uv uﬁnvoc +nuocnv6)> h/:|
1 1
S|SBy D puBve
~2 [2 3 ] ’
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where H**VB s defined by
HHoVB = nuvhfxﬁ +noc[3huv _nuﬁhvoc _nvochuﬁ _ (nuvntxﬁ —n”f’n""‘)h’. (2.2.20)
This tensor has the same symmetries of RH*V B
HHOVE = _HOHVE = _pHraBy = yvBre (2.2.21)
satisfies the cyclic identity,
HHrovB g yrvBe L yrboy — o (2.2.22)
and acts as a superpotential for the linearized Einstein tensor, meaning
EMY = 0,0 HHVE, (2.2.23)

Defining the trace-reversed tensor h*Y = h*Y — Intvh/ satisfying h/ = —h’, one gets
the simpler form

HIOVE = VB By pubpve  pvapup (2.2.24)
The canonical Noether current is given by

5S &S

" oh —0y——
) xf3,v Véh(xf’,uv

= oh HYES 2.2.25

5}10([3,“\/ OCB +J E’ ) ( )
where dhyp = 9(«&p). The contribution JHYE, is given by the boundary term in the
variation of the action. Thus

. 1 N N y
J”:E(Hucx POy 0uEp — OvHMP(d0Ep + 0pEa)) + J*VEn, (2.2.26)

where we have used the antisymmetry of H**VB in v and the symmetry of 0v0p (or
analogous considerations for similar contributions) for the first term and symmetrized
in of3 the second term.

Let us now recover the Noether tensor k" satisfying j* = 9, «"Y, whose existence
is ensured by Noether’s second theorem; for this purpose we can set J*Y = 0 without
loss of generality. Integrating by parts each term in (2.2.26), employing the equations of
motion aaaBH“‘”f’ = 0, and renaming the indices appropriately we get

= 1 {0 [HF<YPOL e — 0 (HEP 4 HEVB 1) ]} (2227

so that thanks to the cyclic identity

1
= 0 kM®, kM = Ewaﬁ'avaf5 + &y 0 HHYE, (2.2.28)

Now, we may think to have obtained these expressions in a given locally inertial frame:
to covariantize them we simply replace ordinary derivatives with covariant derivatives
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and note that no ambiguity arises in their ordering, since the connection defining them
is given by the flat background metric and hence such derivatives commute; thus

j© =

(Hcadbvdvaab o VdHcadb(vaab + Vbaa)) + JCdad) (2229)

N =

and 1
KE = EHcadedEb + EqVpHOP, (2.2.30)

From the perspective of linearized gravity (i.e. of a generic spin-2 massless field) the
Bondi gauge is fixed by the following choice of boundary conditions, which as we saw
stems from considerations in the nonlinear theory:

2 _ .
2B 12— 2U,dudz — 2Uzdudz + 1Crpdz? + 1Cs3dz%,  (2.2.31)

hapdx®dx® =
where u, r, z, z are the usual retarded coordinates.
Considering now the asymptotic symmetries we have evaluated in Chapter 1 and
restricting to supertranslations, we have the infinitesimal symmetry generators

£qdx® = —(T+D?*D,T)du—T(z,z)dr —rD,Tdz — rD;Tdz,

_ 1 _
£9%q =T(z,2)0y + D*D,T0, — ;(D"‘TaZ + D*T03)

(2.2.32)
which indeed leave the “Bondi gauge” defined by (2.2.31) invariant.

We may now compute the charge associated with this residual supertranslation gauge
symmetry, starting either with the Noether tensor k® or from the current j¢ itself. In
any case, the explicit computation of the nonvanishing components of the tensor HaPcd
is quite useful: to leading order,

Hurzr — Uz Huzrz — _ Czz TZrz _ Ciz
) ) )
vazr? v Vi (2.2.33)
Hrz2z — Uz H'2Z — 2mp
(yzz12)%’ Yz:r3’

where the components with z and z interchanged are obtained by formal conjugation
of all indices. It is also convenient to compute the “commutators” &q.p) = &[q, b

&, = 0, Efu,z) = D(T+D*D.T), &ryz1 = 0, &2,z = 0. (2.2.34)

We start computing «*" from (2.2.30), since this component is selected by the measure
element of .7, Observe that JHYT4®Vv &, = THYT4b¢, 4 by the antisymmetry of
H“rdb in db; by (2.2.34) the only potentially surviving term would be JH"™2g,
which vanishes anyway since H*™# s itself zero. The other contribution to the k*V
form from (2.2.30) is

advaqub — E»dabHurdb _l_adréleerb +£drnguedb +£dréinUTeb +£dr€eHurde;
(2.2.35)
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the fourth term on the right-hand side vanishes by symmetry/antisymmetry in the
summed indices while Fg’p = 0, log./g in the last term. Taking into account the
nonvanishing Christo [ellsymbols and H*b¢4 components, we get
Uz U; _
KU = [ZE)ZTZ2 +T0, (ZZ> +z z]
zzT Yzz¥
Uz _ 2
+ KaZT"'2 +z 6 z> + ZT”ﬂ (2.2.36)
YzzT T
Uz Uz
ST
YzzT YzzT

+ [—ZazT 0,Yzz +z ¢ i] ,

were “z < z” refers to formal complex conjugation in the z and z indices. Hence, after
expanding the derivative in the second term,

2 1 .
S R.(TUz) +2 4 2; (2.2.37)

kYT =2T 5
T YzzT

integrating this expression as

Q* =J K*Tyzzrd%z, (2.2.38)
B4

and recalling that the sphere has no boundary, we obtain

Q" =4 Tz Ema(uz Dyazd (2:2.39)

Again, the factor v2 from the measure element gets canceled and the charge is meaning-
fully expressed as an integral over the boundary of null infinity.
The computation of j© from (2.2.29), instead, goes as follows. Note that

1
Hredby v g, = HTedPy 948, = EHmdbaaa[b,d] (2.2.40)
by the vanishing of the Riemann tensor and by antisymmetry in db. Therefore, due
to (2.2.33), the only relevant component is H™#“#  1/r3: this term gives a sub-leading
contribution. Altogether, always taking (2.2.33) and (2.2.34) into account, one finds that
the only leading contribution to j¢ comes from the following term

OWH™ BV (k) 200 2= 75 [0uCasDeT(z,2) +2 ¢ 2] (22.41)
zz
Thus,
1 - _ - -
it = ) [auCZZD;%,T(Z) z) + auciiDgT(% Z)] =] (w1, 2,2)T(z,2) (2.2.42)
YzzT
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2 J ] (Z’z) [ EU (D D CZZ DiDi‘ ——) _I(“,Z)Z)]'Y —dzzd , (2.2. 3)
g zz 28 4

where
J(u,z,z) = lim r?]"(u, 1,2, 2). (2.2.44)

T—00

Since supertranslations act on matter fields by iT(z, z)9,, at.#*, we get by LSZ reduction

N
(outj(Q*S —5Q)jin) = > nnfaEnT(zn,2n)(oUtiSjin), (2.2.45)

n=1

where f,, is the gravitational coupling of each field. Using the auxiliary boundary
condition

D?*D*C,, = D*D*Cz; at.7, (2.2.46)
we have
Qf = —zj T(z,2)0.D?*D?*C,,v,:d*zdu. (2.2.47)
ﬂJr

Now, in order to make contact with Weinberg’s soft theorem, we choose as T(z,z) an
angular function of the following type:

_ 1 1 z
T(z,2) = +wz

—. 2.2.48
w—z1+2zz ( )

Then the left-hand side of (2.2.45), after an integration by parts in 9z, involves computing

1 1 z 1 z 1 1 z) — (1 z
2 —I—w:z s (z—w) —I—W_Z+ w(1 4 zz) (_ +wz)z
w—z1+zz 14+zz w—z (1+2zz)2
1
= 282 (z — R — 2.2.49
70 (z W)+(1+zz)2 ( )

1
=—2n8%(z—w) + 7 Vzz:

Therefore
Q+ = _47'[J duD"Cy + JDZCZZYZZdZZ‘du) (2'2'50)

where the second term is a boundary contribution on the sphere and hence gives zero.

To sum up,
— 4ntD*(out; [(J duauCu> S-S (J dvavcuﬂ jin)

N _
fnEn 1+2zzn s
= E — (outjSjin).

n:]nnz—zn1+znzn< ISiin)

(2.2.51)
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As in the spin-one case, we perform a stationary phase approximation as r — oo to
express C,, in terms of soft graviton creation and annihilation operators, which yields

: 2 +00 .
Czz = _ﬁm Jo dwq |: out(qu\()e—lwqu — a(iuﬁ(wqx)em’q“} y (2.2.52)
and
1 2 ; out outf, .=
duauCZZ = —Qm w“_>n(])+ |:(U(1_|_ ( ) + wa’ ((,UX):| . (2253)

Using crossing symmetry and the matching condition, we also have

—47t(out; KJ' duauCZZ> S-S (J dva\,CZZ)} jin) = U—FZZZ) Ilm <0utjwa°”t(w§c)jin>,

(2.2.54)
and this implies, by comparison with (2.2.51),
- . - En(z—zn)
out o n mn
LLILn (outjwaT(wx)jin) = J’ILnOU + zz) ;nnfn Z 200 125’ (2.2.55)
since
14+2z,)
— 2.2.56
V2202 Znn n Z—Zn ( +ann Znn Zn)(] +zZnz n), ( )

note that we omitted the aizj—% term, since here the delta multiplies a function which
vanishes when z = z,,.

This shows the supertranslation Ward identity to be equivalent to Weinberg’s factor-
ization formula (2.2.3), without assuming from the beginning f,, = constant. Notice
also that our choice (2.2.47) of T is not restrictive, since we may always write

d’w 1 1+wz
S W W0 (2.2.57)

f(z,z) :J

and then use the linearity of the Ward identity to recover the full supertranslation
invariance from Weinberg’s theorem.

2.3. Memory Effects

By memory e[ecks, we mean a class of observable phenomena that characterize the
passage of radiation impinging on a test charge and persist after said radiation has died
out. For instance, a pair of test masses may undergo a nonzero relative displacement
after the passage of gravitational radiation [9, 138, 11, 139] or a small electric charge,
initially at rest, may display a nonzero velocity after it is invested by electromagnetic
radiation [12, 16, 57]. Analogous Yang-Mills memory e Lecks have also been proposed
[140] and a similar phenomenon has been identified in the context of the interaction of a
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two-form with a test string [19]. Memory e [ecks can be also stored in the quantum states
of superconducting condensates [14] and quarks [15]. In all these cases, such e [ects
have the property of leaving on the test systems a permanent imprint of the radiation
itself.

Memory e [ects can be induced on a particle sitting near null infinity both by the
radiation emitted by the movement of charged sources in the interior of the spacetime,
or by the outflow of charged massless matter, which travels along null rays. The former
case is usually referred to as linear or ordinary memory and can be regarded as a picture of
the movement of the bulk charges that is stored in properties of the test particles, while
the latter has been termed nonlinear or null memory, because it signals the passage of
charged radiation, as occurs both in nonlinear field theories containing self-interacting
massless particles and in linearized theories with charged massless sources.

We will now illustrate some examples of memory e [ecks and then turn to explaining
the connection between these phenomena and asymptotic symmetries, the former being
interpreted as observable consequences of the latter.

2.3.1. Scalar and electromagnetic memory

Although the main interest has been on memory e [ecks in gauge theories, a simple
example thereof is already provided by scalar memory. To illustrate it, in its simplest
realization, it is su Lcieht to consider a particle, charged under a scalar field ¢, that is
created at rest in the origin at t = 0. This situation is described by the equation

—Do(t,x) = q0(t)5(x), (23.1)

(we stick to the mostly-plus convention 0 = n*Vd,,0, = —3? + V?2) which is solved by
convolution of the right-hand side with the retarded propagator

5(t — )

and, switching to retarded coordinates, yields
_6(u)
e(u,1) =9 . (2.3.3)

This process will induce the following change in the energy of a test particle with charge
Q which is held at a distance r from the source

o(u)
4rr

u
APy (u) = QJ due du’ =qQ (2.3.4)
This is just the expected variation in the Coulombic interaction energy due to the
creation of the new particle in the origin. Naturally, the e [eck only takes place after
u = 0, namely after the world-line of the test particle crosses the wave of radiation
induced by the particle’s creation in the origin, which is a spherical delta-like impulse
traveling on the light-cone.
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Another example in the scalar case is that of a particle, initially at rest in the origin, that
suddenly starts moving with nonzero velocity v at t = 0. The corresponding solution
to the field equation can be obtained by combining a time-reversal and a Lorentz boost
of the previous solution, namely, by superposing the field generated by a particle that is
destroyed in the origin and that of a particle that is created with velocity v. The needed
boost in this case is

tsy(W)(t—v-x), x> x+v(yv)— 1)‘%2 —y(v)vt (2.3.5)
or, in terms of retarded coordinates,
w2 oY),  tery(v)(I—n-v)+0(1), (2.3.6)
Y(V)(1—n-v)

where y(v) = (1 —v?)~ /2 and n = x/r. The solution is then given, to leading order, by

0 q6(u)
—d 4r 4riry(v)(1 —n-v)

¢(u,7,n) +0(r 2). (2.3.7)
Performing the integral of 9., ¢ with respect to retarded time, we arrive at the memory

° o(u) 1
B w ([ _2
APu=4Q 47ty ( T+ v(v)(1 —n-v)) +00 ), (238)

which is to be interpreted as the fact that, after the particle starts moving, the interac-
tion energy becomes modified as a consequence of the relativistic length contraction.
Solutions to the field equation, and hence memory e [ecks, associated to a generic, ide-
alized scattering process involving a number of incoming and outgoing particles and
taking place near the origin can be constructed by superposition of solutions in a similar
manner [55], but do not introduce qualitatively new elements.

While until now we have been concerned only with ordinary memory, it is also
possible to provide an explicit example of null memory e [eck, by considering a point-
like source moving at the speed of light in the x, direction (jxoj = 1)

—Oe = qd(x—xot). (2.3.9)
Rewriting this equation in retarded coordinates near future null infinity, we have
1 2 A
2 (ar + ) 0up — <6% + —0r + 2> p= % d(u)é(ny xo), (2.3.10)
T T T T

where we recall that A is the Laplace-Beltrami operator on the Euclidean unit sphere
and 6(n, x¢ ) is the normalized delta function thereon. We see that a solution is furnished
by writing ¢ in terms of the formal expansion

e(u,m,n) = Z k1) () (n) (2.3.11)
k=0
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provided that?

—AC® ) =q (6(n,x0) — ;ﬁ) , (2.3.12)

and the other coe [ciehts satisfy the recursion relation
A+ (k+1)(k+2)]C* D (n)=2k+1)C™(n). (2.3.13)

Equation (2.3.12) is solved by means of the Green’s function of the Laplace-Beltrami
operator

CO(n) = —% log(1—n-xo), (2.3.14)

while equations (2.3.13) can be solved recursively for C(**1)(n), up to terms propor-
tional to the spherical harmonics, which satisfy —AY™ ;(n) = (k + 1)(k + 2)Y{" ; (n)
and annihilate the left-hand side. The field (2.3.11) will then give rise to the following
leading-order memory e [eck on a test charge Q:

—of spauw —qo_ i
AP;i(u) = QJ_OO dipdu’ =qQ a0 —n-xo)’ (2.3.15)

provided that u > 0, while AP; = 0 for u < 0, where we have made use of the fact
that the all terms in the expansion of ¢, except k = 0, are multiplied by higher-order
derivatives of 5(u) and hence give a (singular) contribution with support in u = 0.

Similar e Lecks are present in the case of the electromagnetic field and can be conve-
niently calculated in the Lorenz gauge o0*A, = 0, where the equations of motion reduce
to a set of scalar wave equations

DAL =jy- (2.3.16)
Indeed, first considering the case of a static particle created in the origin,3
OA" =uM gb(t)d(x), (2.3.17)

where ut = (1,0,0,0), hence A* = —ut @, where ¢ denotes the corresponding solution
for the scalar field. Boosting this solution yields A* = (A%, A) = —y(v)(1,v)e and
going to retarded components yields

A=y, Ar=yWV)(1-n-vlo, Ai=—-1y([vie. (2.3.18)

Conjoining as before the solution corresponding to a particle destroyed in the origin
and to a particle created with velocity v, we obtain

0(—u) q0(u)

_ 2
Au=4q Amtr 47tr(1—n-v)+o(r )
_ 9 -2
Ar= o) (2.3.19)
o qvif(u) 1
A= dni—n.v TO )

2 We added a uniform surface charge density —4L on the sphere, which has no influence on 0 ¢.
3Strictly speaking, this equation is not well-posed, since the right-hand side has a nonzero divergence.
However, the final process in which will be interested does not share this problem.
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The change four-momentum of a test charge Q will be subject to

S

—1
=it o). (2.3.20)

Let us note that the leading memory e [eck is proportional to the variation of the field
component A; between u > 0 and u < 0 (where it vanishes), which can be rewritten in
the following way

qvi

A _ . 4avi
d u<0 " 4n(l—n-v)

u>O_Ai| :qal |Og(] —l‘l-V). (2321)
Note that this di Lerknce takes the form of a derivative on the sphere, i.e. of a gauge
transformation. More details on the interpretation of this equation in connection with
asymptotic symmetries in the Lorenz gauge will be provided in the next section.

Null memory can be instead displayed by considering
OAY = qvMd(x — xot), (2.3.22)

with v = (1,xp). Taking into account the corresponding solution (2.3.11) for the scalar
field ¢, we then have A* = —v* @ and, moving to retarded components,

Av=9¢, Ar=(0-nx)e, Ai=-Tx0)io. (2.3.23)
Consequently
S(u
Au:_q451) log(1—n-xo) +---,
A, :qi(;t)(1 “n-xo)log(1—n - xo) +--- (2:3.24)
Xo0)id(u
Ai:—riq( Ojﬁ (W log(1—n-xo)+---,

where we have omitted terms proportional to higher-order derivatives of the delta
function 6(u). The null memory formula then reads, for u > 0,

APl(u) — QJu Fiu du/ _ qQ(XO)i

— m y (2.3.25)

while AP; = 0 for u < 0; indeed, the terms omitted from (2.3.24) have support in u =0
and hence do not contribute to the memory e [eck.

Note that this result is formally identical to the analogous formula for ordinary
memory, upon substituting v with xo. A key dilerknce is that, in the former case,
the formula is smooth over the whole celestial sphere, while in the latter it displays a
puncture at the point where the sphere is pierced by the outgoing massless charge.
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2.3.2. Memory and asymptotic symmetries

Aside from being physically interesting in their own right, memory e [ecks possess an
additional piece of interest in that they can be interpreted as observable e [ecks associated
to asymptotic symmetries. More precisely, one observes that the configurations of the
system before and after the passage of radiation are mapped into one another by the
action of a large gauge symmetry transformation; it is this underlying transition between
inequivalent radiative vacua that can be held responsible for a nontrivial memory e [eck.
This feature is clearly exhibited by electromagnetism in radial gauge in four dimen-
sions, where one considers solutions to the Maxwell field equations subject to A, = 0

and
A.=00"", A =0(1), (2.3.26)

asr — oo, where i = 1, 2 denote two angular coordinates. The asymptotic symmetries
of this system are given by gauge parameters e = T(x',x?) that only depend on the
angular coordinates and hence generate the transformations

5A; = ;T (2.3.27)

while A,, is gauge-invariant.

For a generic solution of the field equations, a test particle with unit electric charge,
which is initially at rest at a large distance r from the origin, will feel a leading-order
electric field given by

Fui = 0uAi+ -, Fur = O(rfz) . (2.3.28)

Hence, assuming it is subject to a radiation train with support between retarded times
ug and uq, it develop a momentum kick

uy
AP; = J Fuidu= A, — A, +00 ") (2.3.29)

Uo
in the direction tangent to the celestial sphere. In this step, it has been assumed that
u1 —up issu Lciehtly small and allows us to neglect the contribution due to the magnetic
field, which will be further suppressed by the particle’s velocity.
On the other hand, before and after the passage of radiation, the particle must be in
a radiative vacuum configuration and hence there must exist a function T(x', x?) such
that
Ai\u] — Ai|u0 =0;T. (2.3.30)

We thus finally see that the momentum kick memory e [eck, signaled by the test particle,
can be interpreted as the action of a large gauge transformation on the underlying gauge
field, which connects two di Lerknt “vacua” of the theory.

A similar line of reasoning can be applied to the Lorenz gauge. Indeed, the memory
formula (2.3.20) strongly suggests, by (2.3.21), that also in this case a momentum Kick is
actually proportional to a gauge transformation relating the leading term of A; before
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and after the passage of radiation. In order to see that this is indeed the case, one must
find solutions of
e =0, (2.3.31)

which identifies the residual gauge freedom after imposing 0*A,, = 0, that approach
asymptotically a given function T(n) on the celestial sphere. For instance, in the case of
(2.3.20) and (2.3.21),

T(n)=qlog(1—n-v). (2.3.32)
This can be achieved by taking the following the integral on the Euclidean unit sphere
[141]

elx) = $6(x @)T() d(q), (2.3.33)

where the propagator G is defined by

1 x2

G(X) q) = -
with q = (1,q), the limit ¢ — 0" being understood. The introduction of this small
imaginary part in the denominator is needed in order to avoid the polesatn - q = t/r,
which occur when x lies outside of the light-cone, jtj < r. In order to verify that (2.3.33)
indeed furnishes the desired result, first, we can immediately check that (G = 0.
Second, aligning the direction n = x/r along the z axis, which is not restrictive due to
the rotational invariance of the measure dQ, we have, for any u # 0,

" 4 r u(u+2r)T(q(0, ¢))

1 .
%G(X, q)A(q) dQ(q) = e ReJo \ sin0do [(wt (1 —cos8) + ie)2

27t 2r/u _ut
u do T(q(arccos(1 )y )
— ad ot T 2.3.35
(1 + ZT) Rejo 27 JO dr (1 +T+i8)2 ( )
oo dt B T(n)
J, e T R
This integral gives instead zero when evaluated on the light-cone u = 0, so that the
pointwise limit r — oo yields T(n) except for u = 0, where it vanishes. Since this

is simply a removable discontinuity on .#*, we may as well ignore it for all practical
purposes, and simply state

—— Re
T—00

=T(n).

lim e(w+r,rn) =T(n), (2.3.36)

T—00
which is the property we needed, together with (e = 0, in order to interpret the memory
e Leck as a large gauge transformation in Lorenz gauge.

Since the explicit expression for e(x) is valid everywhere in Minkowski space, it also
allows us to evaluate its limit to past null infinity, and to address a point we raised earlier
while discussing the antipodal matching condition. Indeed, performing the large r limit
for fixed advanced timev =t +r =u+ 2r, we find

lim e(v—r,mn) = T(—n), (2.3.37)

T—00

which is precisely the antipodal matching.
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2.4. Gravitational Memory

We conclude this chapter on observable e Lecks linked to asymptotic symmetries with a
brief discussion of memory e [ecks induced by the passage of a gravitational wave. Orig-
inally introduced by Zel’dovich and Polnarev [9] (see also [138] for a concise treatment
within the Newman-Penrose framework [142]), gravitational memory has been the first
type of memory e [eck to be revisited in connection with asymptotic symmetries, in this
case BMS supertranslation symmetry [11].

As in the case of electromagnetic memory, one considers a situation in which radiation
crosses the sphere at large radius r only between two given retarded times vy and u;. In
other words, the gravitational field is, asymptotically, in a radiative vacuum before ug
and after w;. Such radiative vacua are characterized, in terms of the BMS data (1.1.7),
by

0.Cy; =0, DD - G5 =0. (2.4.2)

The first condition is the vanishing of the Bondi news Nj; = 0,,Cjj, which ensures
that the energy flux is zero, while the second condition guarantees in addition that no
angular momentum flux be present [73, 93, 143]. Equations (2.4.1) imply that Cj; is
u-independent and that there exists an angular function C(x') such that [11]

Cij = (—2DiDj +vi;A)C. (2.4.2)

Recalling (1.1.8),
dump = %auD .D.-C— %NijNij , (2.4.3)

we see also that
dump =0 (2.4.4)

when equations (2.4.1) hold. To summarize, aradiative vacuum is specified by assigning
mg(x') and C(x*), where Ci; = (—2D;Dj + vi;A)C.

However, the specific values attained by C and mg before vy and after u; will in
general di Lerldue to the evolution induced by the passage of radiation at intermediate
times and are obtained by integrating equation (2.4.3) for a specific radiation profile:

1 1w <
mal,, —msl,, =—7A-2)(C|, —C[, ) - SJ Ny NYdu (2.4.5)
Uo
On the other hand, we note that supertranslations map the space of BMS vacua to
itself, since an infinitesimal supertranslation parametrized by a function T(x!) (recalling
(1.1.7) and (1.1.22)) induces the transformation

dtmpg =Toymg, 5TCij = TauCij + (—ZDiDj + YijA)T, (2.4.6)

which leaves (2.4.1) and (2.4.4) invariant. Moreover, supertranslations generically map
a given vacuum to an inequivalent one, since they shift the function C by T; naturally,
the corresponding shift of Ci; vanishes precisely when T parametrizes an ordinary
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translation (i.e. when T is a spherical harmonic with 1 = 0 or L = 1). On the other
hand, supertranslations do not alter the value of the Bondi mass aspect mg, consistently
with the fact that they commute with translations and hence cannot alter the Bondi
four-momentum.

The relevance of the above structure of radiative vacua in relation to observable
e Lecks can be seen by considering the proper distance 6L that is measured between two
detectors held fixed in the positions (r,x!) and (r,x! + 6xt) for large r and 5x' = O(r—1).
Assuming for simplicity that C;; vanishes before 1 and attains a nonzero value after
uy, where it takes the form of a “pure supertranslation” (2.4.2), we will have

BL|,, =T/ vijxtoxn = o (2.4.7)

1 Ckléxkéxl
dL|. =L T+ = ——— ] 2.4.8
‘u1 ‘uo |: + 2r ( Yij Sx18x%) + ( )

In stereographic coordinates (1.1.27), recalling that C,; = 0 by the trace constraint, this
result takes the simple explicit form

. _\2 _
5L, = ]2252 5|, =L, [1 + “Jrgfz) (czzg’; + CZZZ>] Feoeel (249)
The above formulas highlight a first kind of gravitational memory e [eck: two static test
detectors will experience a change to order O(r—') in their relative proper distance after
being invested by a gravitational wave burst.

A related type of gravitational memory e [eck can be revealed by considering the
geodesic deviation of two test detectors, initially placed in the positions (r,x!) and
(r,x* + 6x1), which are then left free to move and exposed to a radiation train [58]. In
this case the general equation for geodesic deviation,

DZE,a
dt?
where &% denotes the coordinate separation between the two particles and u® the
corresponding four-velocity, reduces to

Vasx!t 4+ R ;8% =0 (2.4.11)

and

+ R quPuced =0, (2.4.10)

upon restricting to the ith angular component, up to higher-order corrections in 1/r,
since u® = 6% +- - - . Substituting the fallo [S{1.1.7) into the expression for the Riemann
tensor on the right-hand side and in the Christo Lellsymbols arising on the left-hand
side then a [ards

1 .
026x; = . 02.Ci;8% (2.4.12)

to leading order, where 6x; = i; 5x). This equation shows that there can be no gravita-
tional memory kick to leading order, contrary to the scalar and spin-one case, and can
be integrated, up to further subleading corrections, to obtain the finite displacement

1 )
iy, = 81l = 1 (Ciily, = Cuiluy) ¥ ++++ - (24.13)
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We note that this displacement e [Eck again appears to order O(r—1).

Similar arguments allow to prove that static or geodesic detectors also undergo a
relative permanent time delay due to the passage of a gravitational radiation train [11],
thus providing yet another example of gravitational memory e [eck.
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3. Maxwell and Yang-Mills Theory in Higher
Dimensions

In this chapter we will explore the structure of asymptotic symmetries and charges in
connection with memory e [ecks and soft theorems in higher spacetime dimensions.
We shall do so by providing an original analysis of linear and self-interacting spin-
one theories, Maxwell and Yang-Mills, in D > 4 [77, 76]. As already remarked in the
four-dimensional case, the asymptotic structure of such theories shares many interest-
ing features with the gravitational case: an infinite-dimensional asymptotic symmetry
group, associated soft surface charges and soft theorems, ordinary and null memory
e Lecks, and, in the Yang-Mills case, the phenomenon of color leak. Therefore, besides
being interesting in its own right, the analysis of such theories provides a conceptual
laboratory for ideas and phenomena associated with the gravitational case. It also fur-
nishes a convenient working ground in view of the higher-spin extension which we will
discuss in Chapter 5.

In Section 3.1 we shall address the main novel feature of the asymptotic expansion
in dimensions greater than four, namely the separation into two distinct branches of
Coulombic and radiation terms, in the context of a conservative analysis performed in
the radial gauge. This will allow us to explicitly calculate the expressions for the power
radiated by a Yang-Mills field, for the total color charge at a given retarded time, and to



between memory e [edts, if any, and the classical vacuum structure of the theory in
higher dimensions as well.

For these reasons, Section 3.2 is then devoted to the exploration of memory e [ecks in
higher-dimensional spacetimes by means of explicit examples in the context of scalar
and electromagnetic theories. Indeed, both ordinary [57] and null [76] kick memory
e Lecks, which are precluded to radiation order, contrary to what was preliminarily
conceived [55, 56], can be shown to appear to Coulombic order. We shall take the
occurrence of memory e Lecks as an additional piece of evidence indicating that the
classical vacuum structure of gauge theories in higher dimension is far from the trivial
picture that the analysis performed in Section 3.1 would apparently suggest.

This fact, together with the very existence of Weinberg’s theorem, provides the basic
motivation for performing further investigations of the asymptotic structure of elec-
tromagnetic and Yang-Mills theory in Section 3.3, where we will be able to uncover a
link between a suitable subclass of residual symmetries of the Lorenz gauge and mem-
ory el[ects. More specifically we shall see how ordinary and null kick memories can
be indeed interpreted as vacuum transitions from the gauge theory perspective. This
also holds for a type of memory which we did not discuss in Chapter 2: phase mem-
ory in Maxwell theory and color memory in Yang-Mills, which can be interpreted as
phase/color rotations induced in the Hilbert space of two asymptotic test charges [76].

The key-points of this refined analysis are a di [erknt treatment of fallo Ccbnditions
and a more flexible gauge-fixing choice, identified in the Lorenz gauge condition, which
will allow us to establish a connection, on the one hand, between a suitable family of
residual symmetries and memory e [ecks, and on the other hand between bona fide
asymptotic symmetries and nontrivial asymptotic charges responsible for the Weinberg
theorem [76]. The analysis presented in this section is partly inspired by [58], for the
treatment of memory, and by [48], for the proposal of alternative fallo Cconditions.

3.1. Asymptotic Charges for Yang-Mills

In this section we analyze the equations of motion for Yang-Mills theory in Minkowski
spacetime, for any dimension D, by means of an expansion of the fields in powers of
1/r, thereby identifying the data that contribute to color charge and to color or energy
flux at null infinity [77]. In particular, we will complement the related discussions in [4,
6, 7, 15, 144, 23, 145, 17] by providing a unified treatment of all spacetime dimensions,
and those in [5, 57] by explicitly checking the finiteness of asymptotic charges in any
dimension while also including radiation for D = 3.

We adopt the usual retarded Bondi coordinates u, r, x, wherext, fori = 1,2,...,D—2,
denotes the D — 2 angular coordinates on the sphere at null infinity. The Yang-Mills
connection is denoted by A, = A2TA | where the T? are the anti-Hermitian generators
of the su(N) algebra, and its gauge transformation is 6cA, = Vae + [Aq,€]. The
corresponding field strength reads

Fab = aa'A\b - ab'Aa + [Aa>Ab} ) (311)
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while the field equations are G* = 0 with
G = VaF + [Aq,F?] . (3.1.2)
In terms of retarded Bondi coordinates, we havel

D-2 1 T
GY = (ar + f) Fur + ﬁDlFri + [AryFurl + riyl] [As, FTj] )

1 _. 1 ..
G = auFru + Tle(FiT - Fiu) + [Au> Fru] + T7Y1] [Ab Fj'r - Fju] )

3.1.3
Gt = duFir+ (2, + ?) (Fri — Fui) + :—ZDJ‘Fji o
F 1A Pl 1A P~ Fudl 5y A Pl
Furthermore, we enforce the radial gauge
A, =0, (3.1.4)

which completely fixes the gauge in the bulk.;



On the other hand, a quick calculation of the color charge at null infinity, on which
we shall provide further details in sect. 3.1.2, allows us to express it as the following
integral over S,,,

T—00

Q™ (u) = lim J FAP—24Q, (3.1.6)

where we have employed the formula k¢® = \/—g tr(F®%¢) derived in 1.4. We conclude,
that, in order for the above expression to be nonvanlshlng, the asymptotic expansion of
F..» must contain terms scaling O(r2~P) (equivalently, O(r3~P) in the field component
A, once we adopt radial gauge), which we will refer to as Coulombic contributions.

The above discussion of energy flux and color charge immediately highlights an
interesting feature, namely that radiation terms give contributions that diverge at face
value when inserted in the expression for the color charge. As we shall see below, the
solution to this apparent paradox is obtained by first evaluating the charge on-shell on
a sphere of finite r, and only then sending r to infinity. This is in fact trivially the case
as far as the linear theory is concerned, since there the equations of motion reduce to
V F%b = 0, which ensures the independence of the flux Js. Fa? do,p both on r and
on u by the Stokes formula. The situation is more mterestlng in the case of the nonlinear
theory, since in this case V,F®® = [F¢® A_,] and the behavior of the surface charge
as we vary r and u crucially depends on the fallo [s_bf the field, precisely due to the
nonlinear nature of the theory.

This cancellation of potentially divergent terms due to the equations of motion will
turn out to be possible on account of the fact that, since in higher dimensions the
field strength components must decay as r grows, the nonlinear terms cannot appear
in the leading-order equations, provided that strictly decaying fallo [_cbnditions are
also assigned to the gauge potential. This mechanism can be regarded as an asymptotic
linearization of the equations of motion.

Another interesting result of the above comparison between radiation and Coulombic
terms is that the asymptotic expansion must include both integers and half-odd powers
of r in odd-dimensional spacetimes in order to account for both radiation and the
presence of charges. This choice isforced by the fact that, as remarked above, the leading-

order radiation components of the field strength scale as O(r*%) while Coulombic ones
behave as O(r2~P). A bonus feature that will emerge from the resulting analysis is
the description of the color flux for large r, namely the interplay occurring between
radiation and Coulombic terms.

Before moving to the explicit calculations, let us stress once again that the presence
of such two distinct classes of terms in the solutions, radiation and Coulombic, is a
genuinely new feature of D > 4, while in the four-dimensional case they e [ectively
coincide.
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Equations of motion

When D > 4 iseven, in order to saturate the bound set by (3.1.5), it is natural to consider
an expansion of the following type in the radial gauge A, = 0:

%) A(k) 00 A(k)
N .
Av= ) D (3.1.7)
k—=D=2 T K—D=4 T
- 2 - 2

where A{Lk) and A(k) are functions of retarded time u and of the angles x* and the index
D 2
)

k takes integer values. On the basis of the previous discussion we expect ALL and
D—4
AE 7 ) to play the role of leading radiation terms, and indeed
Plu) = — ILmJ YU tr(a AT a, A ot )dQ (3.1.8)
T (o) Su

This is the expression for energy flux, which depends quadratically on the time deriva-
tive of the radiation terms. Furthermore, it is also positive definite, according to our
choice of anti-Hermitian generators.

The seeming discrepancy of a factor of r in the u and i components, which is shared
by the four-dimensional case, is actually due to the fact that we are employing a non-
normalized, coordinate basis for the spherical components. A normalized basis is
obtained by defining the noncoordinate vectors e; = ;ai and similarly é* = r dx! for
their duals. Correspondingly

) 1
A= Audut Aidet = Audu+ AR (3.1.9)

which explains the extra factor of r.
We shall now substitute the above asymptotic expansion into the equations of motion
(3.1.3), starting from G* = 0, which gives the recursion relations

k(D —-3-KAX — x—1)DA Zy J1=DA =0, (31.10)

This equation will be crucial for the discussion of the finiteness of charges. It also
allows us to illustrate explicitly the phenomenon of asymptotic linearization. Indeed,
the nonlinear term in the above equation will appear when both 1 —1 > % and
k—1> 254 whichimplies1 > DZ*Z andk > D—3. The latter condition in particular tells
us that the nonllnear terms do not enter the first few instances of the recursion relations,
namely those with DT*Z < k < D —4. In other words, the nonlinear contributions are
absent at radiation order and start appearing at Coulombic order.

Furthermore, we extract the term proportional to 2-D in G" = 0, which will be
instrumental to calculating the time-dependence of charges, namely
(2

(D —3)0, AL ) =y U[AL

1

I (3.1.11)
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which, remarkably, links the time dependence of the Coulombic term ALD_3) precisely

to a commutator of radiation terms. The terms omitted in (3.1.11) are of the form Df;
and will not give contributions to the results in the next section.

In the case of odd dimensions D > 4, as anticipated, we have to include two distinct
expansions in 1/r in order to capture both radiation and Coulombic terms:

o) Ahk) [e9) A1(,Lk) 0 A(k) %) gk)
— R 1 1
=D— =D—

2 Kk 2 k 4

_D— __ D—
k=== 3 k=7

Aside from this observation, the discussion proceeds essentially in the same way as in
the even-dimensional case, and in particular (3.1.10) and (3.1.11) still hold.

Three and four spacetime dimensions

In D =4, which we discussed in Section 1.4, the leading radiation term and the Coulom-
bic term coincide and the main information regarding the dynamics is contained in

OuAy = auDiAi +'Yij [Ai) auAj] . (3113)

The situation for D = 3 is rather di Lerknt with respect to the previous cases, mainly
because of two features. First, the factor of r—' in (3.1.5) tells us that, in order to produce
afinite energy flux across S,,, the field components need not necessarily decay at infinity;
consequently, one expects no clear distinction between radiation and Coulombic terms
in the solution, because no asymptotic linearization occurs in the equations of motion.
Second, the expression (3.1.6), and more specifically the factor of r due to the line element
on the circle, suggests that A,, should behave as log % in order to give a nonvanishing
color charge.

These considerations motivate the following leading-order ansatz in three dimen-
sions:

1 T
Aulirel qlogl+p,  Aulwre) LC, (3..14)

where g, p and C are r-independent functions. Indeed, with this choice, the color flux
and the energy flux read

QM= [ ahae, P =-[ t(qClgClde. (@119
Sy Su

Using this ansatz we find
0uq =—Iq,pl, (3.1.16)

as the only relevant constraint arising from the equations of motion. This equation
describes the u-evolution of g at null infinity and hence, together with the first of
(3.1.15), will lead to a formula for the color flux.

67



3.1.2. Global symmetries and charges

In this section we would like to discuss the form (3.1.6) of the color charge at null infinity
in the various dimensions. For related analyses see [146, 36, 101, 17].

To begin with, let us discuss which large gauge symmetries are admissible at null
infinity. The residual gauge symmetry within the radial gauge is parameterized by an
r-independent gauge parameter, since

0=0cA; =0re+ [Ar €] (3.1.17)

but A, = 0, hence 9,.¢ = 0. Then, we look for those parameters ¢ which preserve
the leading fallo Ccbnditions imposed on the field A, again distinguishing the case of
D >4fromD =4andD = 3.

When D > 4, where radiation gives the dominant behavior at infinity, we find, to
leading order

1777 5 Ay = due+1 7 [Ay, €, (3.1.18)
which requires 9, € = 0 (because D > 2). Furthermore

4-D
2

but, since D > 4, this also implies 9;e = 0, which reduces ¢ to a constant. Hence, in
D > 4, asymptotic symmetries coincide with the global part of the gauge group and
the asymptotic charge is the ordinary color charge computed via (3.1.6). Now, using
(3.1.10) and recalling by the above discussion that the nonlinear terms do not contribute
for k < D — 3, we have

QM w) = lim J tr(Fu, T4 rP72d0Q

= (D_s)uj (A&D_g'))A a0, (3.1.20)

uw

where we have used the fact that the terms of the type DiAgkf1 ) give no contribution to
the integral since integrate to zero on the sphere. This formulais valid for any spacetime
with dimension D > 4 of either parity.

The time dependence of Q*(u) is furnished by taking the derivative with respect to
u and recalling (3.1.11)

d A _ ijlal ) (
aQ (u)—J Y [Ai : )auAj :

D-4

D—4) A

aQ. (3.1.21)

uw

D4
This is again consistent with the interpretation of AE 7 ) asthe leading radiation term:
this formula describes how Yang-Mills radiation, made of “classical gluons”, flowing to
null infinity induces a change in the total color at successive retarded times w.

In D = 4, the gauge parameter must satisfy:

T 8 Ay = 0ue + 1 [Ay, €,

(3.1.22)
5€Ai = ai€ + [Ai, 6} .
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The first equation again enforces d,,¢ = 0, whereas the second allows for an e(x',x?)
with arbitrary dependence on the angles on the celestial sphere. The corresponding
asymptotic charge is therefore

Qe(u) = lim J tr(Fure) r2dQ :J tr(Aye) dQ. (3.1.23)
T—00 Su Su
Taking into account (3.1.13),
d : N
Qe _J tr [(QuD'Ai +YY[A1, 0uAjl) €] dQ. (3.1.24)
Su

To complete the picture, let us now turn to the situation in D = 3. There, neither A,
nor A, fall o Cat infinity, and hence any e(u, ¢) generates an allowed gauge transfor-
mation (the same result, in a slightly di Lerknt setting, was already obtained in [144]).
Thus, using the notation of the previous section,

Qe(u)zj tr(ge)de,
4 Su (3.1.25)
£Qe(w) =Lu tr(qaue)d@—L tr(lq, ple)de.

w

Let us observe that these charges indeed form a representation of the underlying
algebra: for D > 4, since 6. A = [Ay, €],

[Qer, Qe,) =8¢,Qe, = J

tr([Au, €1]€2)dQ = J tr(Au[e1 y €2])dQ = Q[el,ez] .
Su

. (3.1.26)
The same result holds for D = 3, noting that 6. q = [q, €] and d.p = 9., €, but p does not
enter the charge formula. While (3.1.26) holds in any dimension, it should be stressed
that, when D > 4, the corresponding charge algebra coincides with su(N), whereas in
D =4 and D = 3 itis in fact an infinite-dimensional Kac-Moody algebra, owing to the
arbitrary gauge parameters e(x',x?) and e(u, ¢). In particular, we note the absence
of a central charge, which could however emerge by performing the analysis for the
linearized theory around a nontrivial background, as pointed out in [101].
Let us conclude this section by comparing the calculation of the Noether charge with
the one obtained by means of covariant phase space techniques. In particular, we will
check that, for Yang-Mills theory, the quantity

Qe = J dxy tr (F*Ve) (3.1.27)
ox

where £ is a Cauchy surface, provides not only the conserved charge as obtained by
the Noether algorithm, but also the Hamiltonian generator of the gauge symmetry
parameterized by e on the space tangent to the surface of solutions, as calculated via
covariant phase space methods.
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Indeed, a generic variation of the Yang-Mills Lagrangian, after integrating by parts,
reads

SL = —tr (GM8A,,) + d,tr (F*Y8A) = —tr (G*5A,,) + 9,0%(5A), (3.1.28)

where we defined the symplectic potential 6" (6A) = tr (F*Y6A,, ), while G* denotes the
Euler-Lagrange derivatives of L, given in (3.1.2). The presymplectic form is then given
by

wH(81A,02A) =810 (86A), (3.1.29)
with square brackets denoting antisymmetrization, and correspondingly the formal
variation of the Hamiltonian generator of the gauge symmetry H, is

FH = J dx W™ (dA,5cA) = SJ dx v tr(F*Ve) —J dx,tr(8G*e). (3.1.30)
ba

0x >

Noting that the last term is proportional to the linearized equations of motion, i.e. that
it vanishes on the space tangent to the surface of solutions, we can write

FHe ~ 8Q.,

which explicitly shows that §H. is integrable and that we may choose to set He = Q.
by requiring a flat connection to have zero charge. Furthermore, the Noether charge is
simply

J dx, 0%(5cA) = Qe —J dx, tr(Ghe) ~ Qc, (3.1.31)
p b

so that the two approaches agree in this case. The definition of Q. is in principle subject
to ambiguities stemming from 6% — 6" + 09, A", where A*Y = —AYH, which anyway do
not alter (3.1.28). In the spirit of [100], we may choose to set to zero the corresponding
additional terms, precisely because this choice defines an integrable Hamiltonian, as
shown above. Further motivation for the absence of these terms is provided by the
agreement with the general analysis of [36] and by the fact that they play no role in
the generation of Ward identities for residual gauge freedom [101]. A possible way to
eliminate this ambiguity could be to study its role in connection with the the addition of
boundary terms to the Yang-Mills action and the well-definiteness of the corresponding
variational principle [147].

3.2. Classical Solutions and Memory Effects in Higher D

As already stressed, the absence of infinite-dimensional asymptotic symmetriesin D > 4
would be at odds with the persistence of universality relations in soft amplitudes. Ad-
ditional arguments in this respect actually come from a proper investigation inquiring
on the presence or absence of higher-dimensional memory e Lecks. Indeed, this latter
aspect was analyzed in the literature from various angles, with emphasis on the gravita-
tional case, leading sometimes to opposite conclusions on the status of memory e [ecks
in higher D [55, 56, 57, 59].

70



Here, we shall consider the issue from the perspective of scalar and vector fields
and provide explicit calculations of full-fledged memory e [ecks in any even dimension,
while also commenting on the di [culkies associated with the nature of odd-dimensional
memory e [ecks. Our conclusions further motivate reconsidering the problem of asymp-
totic symmetries from a broader perspective.

3.2.1. Scalar fields in even D

Let us first consider a particle with scalar charge q that is created at the origin att = 0.
The scalar field ¢ generated by this process is obtained by solving the wave equation

—Oe(t,x) = q0(t)5(x) (3.2.1)

(recalling -0 = —m*vd,0y = 37 — V2). The solution is given by the convolution of
the source on the right-hand side with the (D-dimensional) retarded wave propagator
Dret(x), i.e. in this case

o(t,x) =q Jt Dret(T,x) dT. (3.2.2)

The field generated by a particle that is destroyed at the origin can then be obtained by
time reversal of the above solution, while the field for a moving particle can be calculated
by applying a Lorentz boost.

Let us recall that, for even D > 2, the retarded propagator is

1
Dret(x) = D /21

M)

507 ) (x)a(x%) (3.2.3)
(see e.g. [148]), where 0 is the Heaviside distribution. Restricting to even D > 4, and

using the chain rule for the distribution 5(°7) (x2), the propagator (3.2.3) can be recast

as
D/2-2
6(D/2 2— k)( )
Dret(t,x) = Z e S Eat (3.2.4)

where u =t —rand r = jxj, while with cp ;. we denote the coe Lciehts

1 (2 —2+x)!
Dk 22m)2 1 28 (B -2kt (3:2.3)

1 1

Do="T"-T 0 DB3TD%2T (p3a,,] (3.2.6)

where Qp_» isthe area of the (D —2)-dimensional Euclidean unit sphere. The resulting

scalar field is thus
D/2-2 0(P/2-2-1) (1)

¢(u,1) =g z DK BT (3.2.7)
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Notice that only the term associated to k = D /2—2 gives rise to a persistent field for fixed
r, while the other terms have support localized at u = 0, namely on the future-directed
light-cone emanating from the particle’s creation event. This is a general consequence
of the recursion relation (3.3.6), namely

(D—2k—2)u0™ = [A+ (k—1) (k=D +2)]k1 (3.2.8)

obeyed by ¢ near future null infinity, which requires [A + k(k — D + 3)]o(¥) = 0 for
0 < k < D — 3, and hence ¢¥) = 0, in that range, for any stationary solution.

Nowy, a test particle with charge Q, held in place at a distance r from the origin, will be
subject to a force f, = Q 04¢(u, ) at a given retarded time u due to the presence of the
scalar field. Hence, its D-momentum P, will in general be subject to the leading-order
variation

u
Paly = Pulye o = QJ da(u/,r)du’. (3.2.9)

For this very simple example, this quantity can be calculated explicitly for any even D.
The variations of P, and P,. in particular yield

+o00 Qq
Pu‘u>0 - Pu}u<o = QJ_OO oue(u/,r)du’ = D 3)0p 503’ (3.2.10)
and
e (D —4)Qq
Pr‘u>0 - PT‘u<o = QJOO arﬁp(u/,T) du’ = _(D ~30p 03 (3.2.11)

Equation (3.2.10) simply expresses the fact that the test particle will start feeling the
Coulombic interaction energy with the newly created particle at the origin as soon as it
crosses the light-cone subtended by the origin of spacetime. On the other hand, (3.2.11)
tells us that the test particle will feel an instantaneous, radial momentum kick, for even
dimensions greater than four. Consistently with the spherical symmetry of this process,
the variations of the angular components P; vanish identically.

The field emitted by a particle destroyed in the origin at t = 0 is obtained by sending
u+— —uin (3.2.7). The case of a particle moving with velocity v can be instead obtained
by boosting (3.2.7):

t=vyv)(t—v-x), Xx—=x+v(yv)—1)— —vy(v)vt, (3.2.12)

which gives, for large r, denoting n = x/r,
u—uyw) '(1=n-v)7"+00r "), r—ry(v)(1—n-v)+0(1). (3.2.13)

We can then cast the boosted solution in the following form:

+@u,7,n) +0(r?"P), (3.2.19)

q0(u)
1

¢(u,T,n) = (D—3)Qp_2ly(v)(1 —n-v)r|P-3
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where ¢ is a sum of terms of the type
fo(r,n)8(%) (1), with & > 0, (3.2.15)

that is to say, whose support is localized on the light-cone. Let us stress that the terms
in @ formally dominate the asymptotic expansion of ¢ as r — oo. However, these
terms will not contribute to the leading u-component of the momentum kick due to the
presence of 6(u) and its derivatives. We can therefore conclude that

e , qQ
P —P = Oy du’ = 3.2.16
hio ~Peuco =@ dwo v’ = i 0210
in any even D. This is, not surprisingly, just the analog of equation (3.2.10) for the
Coulombic energy in which one needs to account for the relativistic length contraction.
For a more general scattering process involving a number of “in” and “out” particles
destroyed or created inthe origin, the result is obtained by linearly superposing solutions

and therefore reads (no = —1 for an incoming particle and n, = +1 for an outgoing
one)
Na 4aQ
P —Pu = . 2.17
u‘u>0 |u<0 ae%out (D _ 3)O-D—2 [Y(Va)“ —n- Va)r]D*3 (3 )

Calculating radial and angular components of P, requires more e [ork, since they
arise instead from the terms proportional to 5(u) in the expansion of ¢, whose number
increases with the spacetime dimension. They have been given for any even dimension
in [57] in terms of derivatives of a generating function. For our present, illustrative,
purposes, it su Lcedto consider the first relevant case D = 6, where the exact solution
in the case of the particle created in the origin with velocity v is given by

o(u) o(u)
Y(v)(1—n-v)r2  y(v)3(1 —n-v)3r3

8l = Alu,r)3/? (3.2.18)

with
2u(vZ—n-v) u?v?
r1—n-v)2  12(1—n-v)2’

The corresponding radial and angular memory elecks in D = 6 are then, to leading
order,

A1) =1+ (3.2.19)

Peluoo—Prlso = —2Q4
u>0 u<0 gnzy(v)(] —n- V)1"3 )
(3.2.20)
P. ‘ _P. ‘ _ viQq
Hu>0 lu<0 87sz(v)(1 —n- V)rz )

wherev; = 0;n-v isthe component of the particle’s velocity in the i-th angular direction.
While the above examples illustrate the phenomenon of ordinary memory, associated
with the field emitted by massive charges that move in the bulk of the spacetime, we
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can also consider the wave equation with a source term characterizing the presence of
a massless charged particle [76], moving along a given direction xo:

—Oe = qd(x—xot), (3.2.21)

with jxoj = 1. This equation can be conveniently solved for any even D > 6 by going to
retarded coordinates, where it reads

D-2 , D=2 1 q
(ZaT + T) Ou® = (aT + far + rZA) @+ D2 d(u) d(ny xp) (3.2.22)
and performing the usual asymptotic expansion ¢ (u,7,n) = 5 ¢ (u,n)r=*, which
gives
(D —2k—2)3u0™ =[A+ (k—1)(k—D +2)lo™ " + 8 p_36(u)d(n,xo). (3.2.23)
The latter equation is solved by setting ¢ %) = 0 for k < 2 —2and for k > D — 3, while,
for 2 —1<k<D—4,
@M (u,n) =8P~ (w)Cy (), (3.2.24)
where the functions Cy (n) are determined recursively by
D—2k—2)Cx(n)=[A+ (k—T1)(k—D +2)]Cx_1(n),
( )Cx(n) ( )( . )JCx—1(n) (3.2.25)
Cp_a(n) =—(A—-D+4)" (n,x0).

Here, (A — D +4)~ is the Green’s function for the operator A — D + 4, which is unique
for D > 4. As a consequence, the field gives rise to the null memory e [eck

+o00 1

Pil oo —Pil._o = J 01 du = ——5 04 (A—D +4)”" (n, xo) (3.2.26)

—00

(note that only the term with k = D —4 contributes), consisting in akick along a direction
tangent to the celestial sphere.

3.2.2. Electromagnetic fields in even D

Since we shall work in the Lorenz gauge, much of the calculations are essentially the
same as those of the scalar case, which we have discussed in the previous section. In
Cartesian coordinates, where the gauge condition reads o*A,, = 0, the equations of
motion reduce to a set of scalar wave equations

OAL=ju. (3.2.27)
First, we consider the case of a static point-like source created at the origin,?

OA* =utq0(t)s(x), (3.2.28)

2strictly speaking, equation (3.2.28) is not well-posed, since the right-hand side has a nonzero divergence.
We shall take this aspect in due account when calculating the solution (3.2.31), where in particular the
right-hand side of (3.2.28) occurs just as part of a full source that respects the continuity equation.
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where u* = (1,0,...,0), hence the retarded solution is
AF = —uto, (3.2.29)

where ¢ denotes the corresponding solution (3.2.7) for the scalar field. Boosting this
solution according to (3.2.12) yields A* = (A°, A) = —y(v)(1, v)e and going to retarded
coordinates gives

Av=vV)e, Ar=yWV)(1-n-v)p, Ai=-1y(v)vie. (3.2.30)

Focusing for simplicity on the case of D = 6, let us consider the radiation field generated
by a massive particle with charge g sitting at rest in the origin for t < 0 that starts moving
with velocity v at t = 0. Such field is obtained by matching the solution for a charge
destroyed at the origin to that of a charge there created with velocity v. Proceeding as
before, one obtains, for large values of r,

5 1
A= L0 (1) o),
8mA, = O(r3) (3.2.31)
82 A; = — quid(u) qvif(u) +0(r73),

(1T—n-v)r vyv)2(1—n-v)3r2

where we have kept the orders relevant to the calculation of the memory e [eck.
The change in the angular components of the momentum of a test charge Q, initially
at rest, gives rise to a linear (ordinary) memory e [eck that, to leading order, reads

+o0 2
qQvi(2—v - —n-v) _3
Pi\wo—Pi\Ko:QJ Fodu= 5o e TO07), (232

—00

where the magnetic force does not contribute to subleading orders, because it will be
further suppressed by the powers of 1/r appearing in the velocity.

With hindsight, having in mind in particular the results of [57], in order to interpret
this leading memory e [eck in terms of a symmetry, it is useful to perform a further gauge
fixing procedure in order to get rid of the residual symmetries a [ecking the radiation
order. Choosing a gauge parameter of the form

8nze:—q?gu) (1_]“_‘7—1) Lo 3) (3.2.33)

allows us to cancel the leading term of A, compatibly with the condition (e = 0. The
resulting field after performing this gauge transformation satisfies

qvid(u) qvi(u)(2—v?>—n-v)
O—n-v)r (1—n-v)3r2

AL =0("3), 81?A =— +0(r73). (3.2.34)

In particular, the O(r~2) component of A,, is now zero3, so that A; is fully responsible
for the memory formula (3.2.32). The e [eck is proportional to the variation of the latter

*More explicitly, A, = =95 +O(r ).
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field component between u > 0 and u < 0 and takes the form of a total derivative on
the celestial sphere (i.e. a gauge transformation):

qvi2—v?>—n-v)
u>0 _Ai‘u<0 = (] —n- V)3T2

~ 40 1—v? n 1
- 4% 20—n-v)2 1—n-v/’

This result provides an explicit connection between the memory e [eck and a residual
symmetry acting, for large values of r, at Coulombic order.

Let us turn our attention to the case of null memory. Let us consider, in any even
dimension D > 6, the field generated by a charge moving in the xy direction at the
speed of light: in Cartesian coordinates,

Al
(3.2.35)

OAY = qvM"8(x — xot), (3.2.36)

with v = (1,xp) and jxoj = 1. Taking into account the corresponding retarded solution
(3.2.24) for the scalar field ¢, we then have A* = —v*¢ and, moving to retarded
coordinates,

A, =0, Ar=(1T—n-x9)o, Ai=—-1(x0)i@. (3.2.37)
Consequently
Ay _fg(j;) (A—D+4)7"(n,x0),
A, —‘:g(_ﬁ)u —n-x0)(A—D+4)""(n,xo), (32.38)
A r%(A—D—Hﬂ_](n,xo),

where (A — D + 4)~! denotes the Green function for the operator A — D + 4 and we
have omitted terms proportional to higher-order derivatives of the delta function 6(u)
(see (3.2.24)), which are leading with respect to those displayed in (3.2.38), but which do
not contribute to the memory e [eck. The null memory formula then reads

“+00

Piloo = Pilyoo = QJ Findu’ = —rg%aim— D+4)""(n,xo). (3.2.39)

—0Q

3.2.3. Overview of the odd-dimensional case

In odd dimensions D > 3 the retarded propagator is given by [148]

Dret(x) = ¢ (—x%). 20(x°%), (3.2.40)

where ¢! = 2x7 112 — D), while (k)% is the distribution defined as

()%, x(k)) = Jo k%x (k) dk for oo > —1, (3.2.41)
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X (k) denoting a generic test function, and analytically continued to any o« # —1, —2, —3,
.. by

(="

05X = a2 (et

()%™ x (™ (k) forn>—1—«.

(3.2.42)
A relevant feature of the wave propagator in odd dimensional spacetimes is that its
support is not localized on the light-cone jtj = r, in contrast with the case of even
dimensions, as it is nonzero also for jtj > r. This is to be interpreted as the fact that even
an ideally sharp perturbation, 5(t, x), will not give rise to an ideally sharp wave-front,
but rather the induced radiation will display a dispersion phenomenon and nontrivial
disturbances will linger on even after the first wave-front has passed.

The solution to equation (3.2.1) is then furnished by

o(t,x) = % <KLD/2, 0t —/x + xi2)/y/x —|—jxj2> . (3.2.43)

Integrating by parts, and assuming t > r = jxj (otherwise the field vanishes by causality),
one obtains the following expansion

2 2V4—
_ 2 1 (t ™) 1 3
ca ¥ D D D13 2 + D D Dy.5 2 2 +-
cq (2—F)t 2-3)B8—-7F)t 2-F)B8-F)4—-F)t
(2 —r2)~ 1.3...(D
+ -5 (5—3
2= 969 phwoa: iETI)
tzfrz
Fen | L
0o Vk(k+12)z7!
(3.2.44)
Moving to retarded coordinates, this result can be recast as
7 u(u+2r)
ol 1) = plu) + -1 o) | de (3.2.45)
0 VKK +12)2 ]
where @(u, ) is given by a sum of terms proportional to
o(u)
2.4
wwt2r) L nf (3.2:46)

with «, 3 positive and o + 3 half odd. In particular, it is then clear that the limit of this
field as r — oo for any fixed u does not display any term with the Coulombic behavior
r3~D and hence that there is no memory e [eck on .#* to that order, since

u(u+2r) 1 ZTu 22
J e D3J dx g (3.2.47)
0 Ve(k+12)271 T o vx(1+x)271 P2
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Considering instead the limit of ¢ as t — +oo for fixed r, one sees that only the last
term in (3.2.44) survives and yields

o D3

Cq(UDzSJ dx _cq(=1)2 B(1,D53)

) o JK(k+12)3-1 " 2 D=3 Ui 2 (3.2.48)
q

(D—3)Qp_prP—3"

This means that the Coulombic energy due to the newly created particle is felt by the
test charge only after one has waited (for an infinite time) at a fixed distance r that the
perturbations due to the dispersion occurring in odd spacetime dimensions have died
out. To some extent, this is to be regarded as a smeared-out memory e [eck, as opposed
to memory e [ecks occurring sharply at .# ™ near u = 0 in even dimensions [59].

The situation does not improve if one considers a particle that is created with a
nonzero velocity v. Indeed, boosting the exact solution (3.2.44) by means of (3.2.12), one
sees that ¢ goes to zero for fixed r ast — 4oo. The reason is that, while one waits for the
dispersion to die out, the source, moving at a constant velocity, has traveled infinitely
far from the test charge.

Shifting our attention to the case of null memory, we see that it is possible to provide
the following formal solution to the recursion relations (3.2.23), which hold in any
dimension. We consider ¢ = 5 @® v~ setting ¢*) = 0 for k > D — 3, while, for
k <D —4,

™ (u,n) =8P (w)Cy(n), (3.2.49)

with the functions Cy (n) determined recursively by

(D =2k =2)Cx(n) =[A+ (k—1)(k =D +2)]Cyx—1(n),

B (3.2.50)
Cp_4(n)=—(A—-D+4)" " (n,x0).

Thus, although the field is highly singular at u = 0, the resulting null memory e [ect
will be formally identical to the one occurring in even dimensions.

3.3. Electromagnetic Memory and Residual Symmetries

In the previous section, we saw how to establish a connection between local symme-
tries acting at large r and memory e Lecks for specific matter configurations. Now we
would like to investigate this connection beyond those examples by studying the general
structure of the solution space in Lorenz gauge.

As remarked above, the nontrivial nature of higher-dimensional memory e [ecks sug-
gests the existence of infinite-dimensional asymptotic symmetries, in spite of the analysis
performed in Section (3.1). We will therefore analyze once more the asymptotic behav-
ior of the fields in higher dimensions, adopting now the Lorenz gauge. First, we shall
choose to adopt radiation fallo LWvhich is su Lcieht to the description of the memory
e Leck. A more general possibility will be discussed in Section 3.5, in order to explore
the full structure of the asymptotic symmetry group in Lorenz gauge.

78



The choice of Lorenz gauge is mainly motivated by the fact that it allows us to make a
direct comparison with the above examples. However, as we will see, another important
feature of this gauge is its greater flexibility with respect to the r-dependence of fields
and gauge parameters, as opposed to the rigidity of radial gauge where no r-dependence
of the gauge transformation is allowed. This will play a key role in the interpretation
of memory e [ecks as transitions between field configurations that di Lerlby a residual
symmetry acting at Coulombic order.

3.3.1. Electromagnetism in the Lorenz gauge

The Lorenz gauge condition reads

D-2 1
VAL = —0 A, + <ar + r) (Ar —Au) + TzD -A=0. (3.3.1)
The residual symmetry parameters then satisfy (e = 0, namely
D-2 D-2 1
<zar + ) due = (a% + —=0, + 2A> €. (3.3.2)
T T T

The equations of motion reduce to A, = 0, which, component by component, reads

[ D-2 1
02 — 20,0, — ——(du —0y) + ZA] A, =0,
i T T
[ D-2 1 D-2 2
02 — 20,0, — ——(du —0y) + ZA} Ar+——(Au—A;)— 3D -A=0,
L T T T T
[ 1 D—-4 D-3 2
(a& — 20,0, + 2A> — = (3, —0y) — 2} Ai — “Di(AL—A;) =0.
L T T T T
(3.3.3)
We assume now the expansions
Aa=Y AT e=) Mk (3.3.4)
k k

where the summation ranges are, for the moment, unspecified. Equations (3.3.1) and
(3.3.2) then give

wAKT = (k—D+2)(AY — A +D-AKT [ (335)
(D—2k—2)ue™ =[A+ (k—1) (k=D +2)]e* 1, (3.3.6)

while from (3.3.3) one obtains

(D—2k—2)3,A¥ =[A+ (k=T)(k—=D+2)JAF ", (3.3.7)
(D—2k—2)0, AN = A+ kk—D+ 1A 4 D-2)Ak" 2D . A(K-2)
(3.3.8)

(D—2k—4)0, A = [A+k(k—D+3)— 1A —2D (A —Al). (33.9)
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Equations (3.3.5)—(3.3.9) appear in particular to order r—*~' in the asymptotic expan-
sions of the original equations.

To the purposes of analyzing the electromagnetic memory e [eck, we may keep the
leading fallo [s1o match the corresponding radiation fallo [s,1

Ay =0(r"P=2/2 A =0 (P22 A =0 (P2 (33.10)

More general options are possible and influence the structure of the asymptotic sym-
metry group. We will be concerned with these more general aspects of the discussion
in Section 3.5.

The significance of the choice (3.3.10) lies in the fact that the derivatives with respect
to u of the field components are unconstrained to leading order: these conditions for the
asymptotic expansion are well-suited to identifying the boundary data for a radiation
solution with an arbitrary wave-form. Such components also provide the energy flux
at a given retarded time, as happened in the radial gauge, according to
D 4)
P(u):J ”aA aA 2

Su

dQ, (3.3.11)

where S, is the section of .# " at fixed u and dQ is the measure element on the unit
(D — 2)-sphere.4

The asymptotic behavior of radiation di [erk in higher dimensions with respect to the
characteristic Coulombic fallo (3P that, in its turn, can be identified as the leading
fallo Cfor u-independent solutions. (See also the discussion in Section 3.3.2 on this
point.) As we shall see, Coulomb fields give nonvanishing contributions to the surface
integral associated with the electric charge as well as to the memory e [ecks.

Recursive gauge fixing

The gauge variations
AL =0y, Al = —e-mel T, sal o™ 33.12)

imply a number of restrictions on the allowed gauge parameters, in order to keep
the fallo [sbf such field configurations. From the r-variation, we read olj-:l =0
for k < (D —4)/2 and k # 0. The u-variation additionally requires that e! 57 pe
independent of u, whereas the angular variation does not give rise to further constraints
at this stage. This leads to a gauge parameter of the following, provisional, form

e(u,r,xt) =14+ e T () ror 4. (3.3.13)

4 The fallo Ccbnditions (3.3.10) can also be heuristically justified as follows. A solution A (u,1,x!) of eq.
(3.3.7) with nontrivial u dependence, as required for radiation, must behave as r—(°—2)/2 to leading
order. If one then assumes the bounds A, < A,.r~(P=¢)/2 and A; < A;r~(P=4/2 which provide a
su [Ccieht conditions for the finiteness of the energy flux, then equatlons (3.3.8) and (3.3.9) actually
impose A, A.r (P=2/Zand A; A (P—4)/2,
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This is not the actual form of the residual gauge parameter, however, since it does not
satisfy (3.3.6)5:
Oe = LD R CEDICELINE S
Tz 4
Thus, we need to search further down in the asymptotic expansion of €. We do so
by employing a recursive on-shell gauge-fixing procedure [58]. Setting to zero (3.3.15),
implies e(P7") = 0 since the Laplacian on the (D — 2)-sphere is negative semidefinite.
Therefore, the residual symmetry is parametrized as follows

Foee (3.3.15)

e (u,xY)

St (3.3.16)

e(u,m,x") =1+

where we conventionally set the global part of € to 1. Equation (3.3.6) leaves the u-
D=2

dependence of ¢("z") unconstrained, and therefore we may use it to set

(P72)

Ayl =0, (3.3.17)

leaving e(°z%) (x}) arbitrary.

We may now proceed by noting that, setting k = D/2, (3.3.7) and (3.3.6) reduce to

D D—-2)(D—4 =
2 AR Z0, 2.4 |a-! )4( et <o, (3.3.18)
D . D
respectively. Thus, Afﬁ "is a function of the angles x' only, while SALZ - aue(%J can

_ D
be expressed in terms of e(°2>), which can be used to set A2 = 0, while still leaving

e(2)(x1) arbitrary.
This procedure may now be repeated recursively. Assuming

(P5%)

Ay’

(%)

A2 = =AY =20, el D(xl) arbitrary, (3.3.19)
for some q > D/2. Then, fork =q — 1, (3.3.7) and (3.3.6) give

(D—2q—2)0, A =0, (D—-2q—2)3ue® =[A—(q—T1)(D—q—2)]el@ .

(3.3.20)

Therefore, we may employ e(9-1)(x!) to set A% to zero provided that the di [erential
operator on the right-hand side is invertible, which is true forany q < D — 2.

S Interestingly, the corresponding putative charge

Q. = lim J eFurP2dQ = JD CAPT(PTh a0 (3.3.14)
Su

T—00

is finite and nonvanishing as r — co. Unfortunately, (3.3.15) projects €' 27 to zero.
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We shall now consider two options. We may first choose to truncate the recursive
gauge fixing right after the step labeled by ¢ = D—4, which leaves us with the asymptotic
expansions

(o) o o0
Av= Y AT A=Y AN A= Y AR (3321
k=D-3 k:% k7¥
where AﬁTf) = 0 on shell. The residual symmetry is given by
e(u,r,xt) = 14+ ePH(xh)y* P ... (3.3.22)

whose corresponding charge, evaluated in the absence of radiation close to the past
boundary .#* of .#*, readsé

1 B B
0. = rD_4J (auALD 2) 4 (p—3)AP 3)) eP=440. (3.3.23)

sl

Alternatively, we may also perform the recursive gauge-fixing until the very last
allowed step, g = D — 3. In which case,

A, = Z A&k]r_k, A, = Z Aﬁk)r_k, A; = Z Agk)r_k (3.3.24)
k=D-2 k:% k:DTJ
and _ _
e(u,r,xt) = 14+eP 33D 4o, (3.3.25)

The latter choice highlights the possibility of making the components

D=5) A (D=4) (3.3.26)

Al
gauge-invariant, and hence in principle responsible for any observable e [eck due to
radiation impinging on a test charge placed at a large distance r from a source. Indeed,
as we shall verify explicitly in Section 3.2.2, electromagnetic memory e [ecks appear at

Coulombic order AP,

3.3.2. Memory and residual symmetries

A test particle with charge Q, initially at rest at a large distance r from the origin,
will experience a leading-order momentum kick due to the presence of an electric field
according to

u

Pi‘u] — Pi‘uo = QJ Fiu du. (3327)

Uo

6A similar procedure is adopted in Section 3.5.
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We are neglecting the contribution from the magnetic field by the assumption that they
will always give rise to subleading contributions in 1/r, due to their proportionality to
the velocity of the test particle, as we explicitly checked in Section 3.2.2 in the case of an
ideally sharp wavefront.

Now we shall consider solutions that are stationary before u = up and after u =
uj. For such solutions, the Maxwell tensor before uy and uy is not zero, in general,
because static forces are present. However, it does not contain radiation, and thus all
the components of the gauge potential associated to radiation are to vanish, or, more
generally, are to be pure gauge. In particular, the radiation field components before u,
and u; are to be identical or are to di Lerlby a gauge transformation.

Now, let us combine the information of the previous recursive gauge-fixing with the
requirement that the solution be stationary before uy and after u;. The asymptotic
expansion of the electric field F,,; = 0;Ay — 0. A; satisfies

Pl = —0uA{ (u,x9), (3.3.28)
fork = %, ..., D —4since, then, Aﬂ‘) is zero, thanks to the gauge-fixing procedure.
Thus,

ESANAG ()
k k 3-D
Ply, ~Pile=-Q X = (Ai I \uo) +0(r3 D), (3.3.29)
k=D—4

With respect to our previous observation, let us notice that the components of A;
that enter the subleading terms O(r3~P) in (3.3.29) are those connected with stationary
properties of the field (we assume the absence of permanent long-range magnetic fields,
which would induce O(r*~P) contributions to Fi;), while all the leading components
explicitly written enter the radiation behavior and thus their di Lerknce after v, and
before 1 can be at most the angular gradient of given functions. Actually, we shall
immediately see that combining this information with the equations of motion will

allow us to conclude that they all vanish with the exception of the last one AgD*‘”

Indeed, let us note that for a stationary solution, in our gauge, equations (3.3.5), (3.3.7),
(3.3.8) and (3.3.9) read, for k < D — 2,

D—k—-NAN Y A" p. . AK-2 0, (3.3.30)

A+ (k—1)(k—D+2)JAF " =0, (3.3.31)

A+kk—D+1AX Y 1 D-2)AF" _2Dp. A2 =0, (3.3.32)
A+ (k—Nk-D+2)—1NAF 2 —2DpyAl" A1) =0, (3.3.33)

For 1 < k < D — 2, equation (3.3.31) implies Aﬂ“” = 0, compatibly with the outcome

of recursive gauge-fixing. Equations (3.3.30) and (3.3.32) then give, for 1 < k < D — 2,

k—1)

A+ (k—2)(k—D+1)JAN ) =0 (3.3.34)
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(k—1)

so that A; = 0 for 2 < k < D — 2. Considering finally equation (3.3.33), for
2<k<D-—2,we have
A+ (k—Nk-D+2)—1AK =0 (3.3.35)
and hence Agk_z) = 0 provided provided that k also satisfies k(D) < k < k, (D) with
1
k+ (D) = 3 D—-1+,4/(D-3)2 +4] ; (3.3.36)

actually, k_(D) < 1and k(D) > D — 2 for any D > 3, so we conclude that stationary

solutions obey AEK*Z) =0for2<k<D-2

To summarize, Aﬂ‘) =0for 0 <k < D — 3, while Aﬁk) =0for1<k<D-3and
AM =0foro<k<D—4. (3.3.37)

By equation (3.3.29), the condition on A; implies that the memory e Leck appears to
leading order 4P,

Q (D—4) (D—4) 3-D
Pi‘uo e (Ai \m — Ay !uo> +0(r" 7). (3.3.38)
In view of the discussion below (3.3.29), we conclude that the momentum shift must
take the form

P, —P Q

w —Pily, = TDﬁaig(X“) +0(r*" P, (3.3.39)

with g(x!) a u-independent function, which will depend on the shape of the radiation
train and in particular on uy and w4 (see for instance (3.2.35)).

Let us note that, as it must be, this dilerknce is not alecked by the action of the
residual gauge transformation (3.3.22), as can be understood by the fact that the latter

is u-independent and thus does not alter the di[efence Al°~ 4)|u — AP 4)\%. In
this sense, whether or not one performs the last step of the recursive gauge fixing is
irrelevant to the extent of calculating the electromagnetic memory.

To conclude, we have established a formula that exhibits a momentum kick character-
izing the transition between the initial and final vacuum configurations, parametrized
by the gauge transformation g(x'), induced by the exposure to electromagnetic radiation
crossing null infinity. In particular, the norm of this e [eck scales as r3—P.

Up to this point we have only been dealing with ordinary/linear memory e [ect. In
order to encompass a null/nonlinear memory e [eckt, we must modify the equations of
motion (3.3.3) by adding suitable source terms on the right-hand sides, namely a current
density J* allowing for the outflow to future null infinity of charged massless particles.
The fallo [Cconditions on such a current can be taken as follows

J.=0(2P), ], =00*P), Ji=0(P). (3.3.40)
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This is clearly displayed by the example of a single massless charge g moving in the x,
direction, whose current reads in Minkowski components

0 = q8(x—xot), J = qx0d(x — xot) (3.3.41)

and in retarded components (fort =u+r > 0)

]u = _TDq_z 5(u)6(n’ XO) )
Jr = —w 5(w)5(n, xo), (33.42)
Jo = 9020 s(w)s(n,xo).

As far as the discussion of the previous section is concerned, namely, for the purposes
of the recursive gauge fixing, the only modification is thus the introduction of a source

term ]&D*Z) in the right-hand side of (3.3.7) when k = D — 3, which now actually forces
us to stop the gauge fixing after the use of said equation for k = D — 4 (the step labeled
by ¢ = D — 4 in the previous section) and leaves us with the fallo [{3.3.21). On the
contrary, reaching (3.3.24) is not allowed, and thus (3.3.21) comprises a complete gauge
fixing. However, also in view of the above considerations, the discussion of the memory
e [eck and its relation to the symmetry acting at Coulombic order thus remain unaltered.

3.3.3. Phase memory

Let us consider a pair of electric charges q and —q that are pinned in the positions
(r,ny) and (r,ny), for large . We will now derive the expression for an imprint that the
passage of a radiation train leaves on the properties of these particles that is encoded
in the phase of their states. See [14] for the discussion a very similar phenomenon in
a four-dimensional setup. A quantum treatment of electromagnetic kick memory is
instead given in [19].

To this purpose, let us assume that, as in the previous section, radiation impinges on
the charges only during the interval between two given retarded times up and u;. As
we have seen, this means that

Aily, — A, = ro]ﬁ 919+ 0(r*"P) (3.3.43)
for a suitable angular function g(n). We will assume for simplicity that the gauge field
before the onset of radiation is the trivial one.

Let jb1) = jq) and ji,) = j— q) be the initial states in which the charged particles
are prepared, which are uniquely labeled by their charges since translational degrees
of freedom have been suppressed. Before uy, the state jip,, ny) obtained by the parallel
transport of the second state jip,) to the position n; of the first the charge is

jb2,n1) =jb2), (3.3.44)
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because A, = 0, so that the corresponding tensor state evaluated in n; is given by

jWi,n) @jb2,ny) =jih1) @ jb2) . (3.3.45)
At uq, instead, the same operation must be performed by calculating

jwbnwzenﬂmj1Aunﬂmu%:wpPq“mﬁ;ﬂnﬂbwﬁ+ou3Ew,w&%)

ny
where we have employed (3.3.43) to establish the second equality. Therefore, after the
passage of radiation,

jb1,n1) @ b2, ny) =exp [iq g(mr)D—;ql(nz)} jb1) @ jh2) +0(r*7P), (3.3.47)

which displays how the transition between two di Lerknt radiative vacua, already ex-
perimentally detectable by the occurrence of a nontrivial velocity kick for a test charge,
is also signaled by the variation of the relative phases in the states obtained by parallel
transport of charged particles. Such a phase can be nontrivial provided that the function
g is not a constant, namely when there is a nontrivial memory kick (3.3.39).

A point that should be underlined is that, in this setup, the states ji»;) and ji;)
do not evolve, since each particle is kept fixed in its position (its translational quantum
numbers are frozen) and electromagnetic radiation cannot change its charge. The relative
phase di Lerknce occurs entirely as an e [eck of the evolution of A,,, which undergoes a
transition between two underlying radiative vacua. We shall see in the following how
this aspect is qualitatively di [erknt in a non-Abelian theory, where radiation can alter
the color charge.

3.4. Yang-Mills Memory

We now turn to the extension of the above analysis of memory e [ecks to the non-Abelian
case.

3.4.1. Yang-Mills theory in Lorenz gauge

We consider pure Yang-Mills theory of an anti-Hermitian gauge field, adopting the
same conventions as in Section 3.1 (in particular, we again adopt anti-Hermitian su(N)
generators). We will however impose the Lorenz gauge condition V¢A, = 0, instead
of radial gauge, which leaves as residual gauge parameters those that satisfy (e +
[Ag,0%] = 0. Furthermore, the equations of motion reduce to O0A, + [AY, V Ay +
Fab] =0.

Adopting retarded Bondi coordinates, the Lorenz gauge condition reads

D-2 1
%m=<m+14)mrAw+ﬁnA, (3.4.1)
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while the constraint on residual transformations is

1 D-2
<aﬁ — 20,0, + rZA) e+ (0, —dy)e

] (3.4.2)
= [0re,Ar — Ayl — [Oue, Al + r—zyij [Die, Ajl.
The equations of motion give instead
[ D-2 1
02 — 20,0, — —— (0, — 0y) + ZA} AL
L T T
yY
— [Au - AT) aT‘ALL + Fru] + [Ah auAu] - rT[Ai) DjAu + Fju] y
[ D-2 1 D-2 2
02 — 20,0, — ——(0u —0,) + ZA} Art+t——(Au—A)—3D-A
T T T T
- v (3.4.3)

- [Au - Ar) arAr] + [Ar) auAT + Fur] - rT[Ai) D]Ar + F]r] )
1 D—4 D-3 2

|:<a$ - Zauar + 2A> - 7(611, - ar) - 2] Ai - *Di(Au - Ar)
T T T T

2 jk
= |:Au — A, <ar - r> Ai+ F'ri:| + [Ar, 0uA + Fuil — %[Aj» DiAi + Fil .

Performing the usual asymptotic expansion in inverse powers of the radial coordinate
T, one obtains the following set of equations. Equations (3.4.1) and (3.4.2) give

WAKT =D —k-2)(A A+ DA (34.4)
and

(D —2k—2)3ye™ —[A— (k—1)(D—k—2)]ekD

= 3 (U ALY — A4 e, A —y D, Al (349)
l+m=k
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respectively, while from (3.4.3) one obtains

(D —2k—2)0, AL —[A— (D —k =2 (k= DAL (3.46)
= Y (A=Al Al R - A a, Al
l+m=k

ijra(m) (1-1) (1-1)

+yUA™ DAl +F. ]) ,

(D—2k—2)o, AN —[A—k(D -k —1AK D _D-2)A" 1 2p. A2
(3.4.7)

= Y (A =AM Al - A o AT L R

l+m=k

+YUAM™ DALY E )]> ,

(D—2k -4, AN —[A—kD-k—3)— 1A 12D, (AN — Ay (348

C X (A AR, Al A AT

_ )
l+m=k Uour



D—2
We see that (3.4.4) implies auAi ") — 0 and that (3.4.10) reduces to
(D—-2—k) (auAﬁk) +(k—1)AlT )) —Di (DiAﬁk‘” +(k— 2)A§k‘2)) (3.4.11)

for k < D — 2. This allows us to conclude that the color charge is finite in the limit
r — oo and that it equals

D-2 A
QA(u):J (auALD‘z)+(D—3)A£P‘3)+[Au2 AL )]) dQ,  (3.4.12)

uw

since all other terms either integrate to zero on the (D — 2)-sphere or vanish in the limit
r — oo. The final expression for the color charge may be equivalently rewritten in the
form

(D*Z

D2 A
QA(u):L (A$D*3)+(D—4)ALD*3)+[ALL2 AL )]) aQ, (3.4.13)

by means of the Lorenz condition (3.4.4). It is amusing to note that (3.4.12) reduces to
the expression we obtained in Section 3.1, namely (3.1.20), for the color charge upon
formally setting A; = 0.

Let us now investigate the dependence of Q on retarded time. Recalling that
D-2
auA$ 7)o by the Lorenz condition,

d _ _ D-2 D2y \ A
(hLQA(u):J (auAﬁD D=4, AP 1AL 7 ) Al )]> dQ. (3.4.14)
S

By (3.4.10) evaluated for k = D — 3, we have

0 AP LD —4alP~ _pi (DiAﬁD“” +(D— 5)A§D‘5)) , (3.4.15)

while equation (3.4.6) with k = D — 3 gives

D-2 D-2 .. (D=4 D—4
(D)0 AL AL ™) puAL T AL T 1= AALP T AT auA] ).
(3.4.16)
Hence, substituting into (3.4.14) (and disregarding total divergences), we get
d . D—4 D4
QA(u)—J viAl 7T 9, A7 1240, (3.4.17)
du S t )

uw

This formula provides the flux of the total color charge due to nonlinearities of the
theory, i.e. self-interaction e [ecks. Note that in particular the right-hand side involves
the radiation components, representing the flux of classical gluons across null infinity.
We thus retrieve all the physically consistent global features of the analysis performed
in 3.1.
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3.4.2. Yang-Mills kick memory

Starting from the radiation fallo [s,we may employ the residual gauge symmetry of the
theory to perform a further, recursive gauge fixing in the same spirit of Section 3.3.1.
In fact, since the nonlinear corrections to equations (3.3.20) appear to order ¢ = D — 3
or higher, the discussion of this gauge fixing is completely identical to that of Section
3.3.1. This is another manifestation of the mechanism of asymptotic linearization we
highlighted in Section 3.1.

Moreover, in accordance with the fact that Yang-Mills theory must encompass both
ordinary/linear and null/nonlinear memory, the gauge fixing stops at ¢ = D — 4 and
cannot be performed up until ¢ = D —3, as happened in the case of null electromagnetic
memory.

The resulting fallo [Safter this procedure are thus

oo [e¢] e¢]
Av= > AT A= Y AR A= Y AR (34a8)
_D-— _D—

k=D—3 k—D=2 k—D=4

2 2

with residual symmetry parameter
e(u,r,xt) = ATA+ PV (=D ... (3.4.19)

where ¢ are constant coe [Ciehts.
A colored test particle with charge Q = QAT” interacts with the background Yang-
Mills field by the Wong equations [149]

P =tr(QF®®)%y,,  Q+x%Aq,Ql=0. (3.4.20)

Focusing on the region near null infinity, a test “quark”, initially at rest, subject to
radiation between the retarded times uy and w; will therefore experience a leading-
order momentum Kick according to

(D—4)

b= [ Q) = — QAP = 1 trge—® "0,
1 1 tr(Q Iu) u = TD—4tr(Q 1 )_ TD—4tr[Qe le

o

(3.4.21)
where we have chosen the vacuum configuration at u = up to be A, = 0. On the other
hand, the color of the test quark will change, to leading order, according to

Q' -Q=- Ju] (A, Qldu = *TD% Ju] AP Qlau, (3.4.22)

where the u-dependence of A, is governed, according to equation (3.4.16), by

_ 1 iy
AL = ——~TA

D)
=53 ] (3.4.23)

after recursive gauge fixing. Equation (3.4.23) characterizes the evolution of the charge
of the quark in terms of the leading outgoing radiation terms.
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In order to better understand the dependence of this momentum kick and color
rotation on the incoming radiation near null infinity, let us further analyze the equations
of motion. Combining equation (3.4.4) and (3.4.7) we see that

AT — g AR (3.4.24)

for k < D —3, where we have introduced the following self-adjoint di [erkntial operators
on the (D — 2)-sphere

D =[A—(D—-2-%)(k—1)]/(D—2-2k), (3.4.25)

and

D—

B B 1
AP — gy AP AP 1 g (3.4.26)

for k = D — 3 in dimensions D > 4, where we have defined
_oijra (B b2, (252) ()
J=2yY[A; D Ar 1 —2[A; LO0uAL2 ], (3.4.27)

Equations (3.4.4) and (3.4.7), evaluated for k = D —3 and k = D —2 respectively, actually
imply the following constraint on J,

J=-DID;ALP ) 1 (D—4APY) (3.4.28)

and, taking the derivative of the previous equation with respect to u,

D 2 2
(D—4)2,D- AP = A3 AP 1Al T 2Al2) 2yt Al DAl T,
(3.4.29)
Starting from eq. (3.4.26) and employing (3.4.24) recursively, we find that
(9) (0-2) _ 1T (D52 (D—3) 1
02 Ay =[] 20uAr 7 —0u LAl — 540 T J (3.4.30)
l—D 2
and, by equation (3.4.28),
D-2 D2
0.2 D-AP =3,7 (3, AP + AP
Df
1 (D52) (3.4.31)
_ﬁj—za Z AP T 2oual T

_D—
- 2

Equations (3.4.29) and (3.4.31) encode the dependence of A£D74), which as we have
seen is responsible for the memory kick both in the linear theory and in the nonlinear

— D 2
theory, on the outflowing radiation, here encoded in particular in A( = ) and A )

In dimension D = 4, the above equations can be cast in the form

0) 0)

A =0, auD-A® =9, (0,AP + AL,
(3.4.32)

Ay UAL B AL

D19, [A! J
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3.4.3. Color memory

Let us now consider a pair of color charges that are pinned in the positions (r,n7)
and (r,n»), for large r. Analyzing the e [eck of the passage of Yang-Mills radiation
on their states will provide the non-Abelian analog of the memory e [eckt highlighted
Section (3.3.3), namely a relative rotation between their states in color space. This
provides a generalization to even dimensions of [15]. We consider colored particles in
the fundamental representation and, to simplify the presentation, we first focus on the
case of the gauge group SU(2).

Assuming that radiation is nontrivial only between two given retarded times uy and
ug, as we have seen, the gauge field satisfies

1

uq _Ai’uo = rD74

A e *d;e* +0(r>P) (3.4.33)
for a suitable x(n) = o™ (n)TA, where TA are the su(2) generators. We have assumed
for simplicity that the pure gauge configuration before wy is the trivial one.

Let ji1) and jib,) be the initial states in which the colored particles are prepared.
Before uy, the state jip,,ny) that results from the parallel transport of the second state
jb2) to the position n; of the first the charge is

jb2,m1) =jb2), (3.4.34)

because A, = 0. In particular, one can consider as initial state j+) or j—), namely the
standard eigenstates of T3. In order to build a color singlet state in n; it then su [cedto
prepare the superposition

j+>n1> ®j—,1‘l]> _j_)n1> ®j+an1> _ J+> ®J_> _J_> ®J+>
V2 V2 '
We remark that, in order for the concept of singlet to be well-defined when SU(2)
transformations can depend on the position, it is crucial to build a singlet out of states

that have been parallel-transported to the same point.
A given state jip) evolves according to the covariant conservation equation [150]7

duith) = —Aui) (3.4.36)

which means that, recalling A, = O(r3~P) for large , the state after the passage of
radiation di Lerk with respect to its initial value by

W), — i), =0 P). (3.4.31)

(3.4.35)

In particular, a state prepared in j+) before uy will evolve into j+£) + O(r3~P) at uy,
namely when radiation has died out.

"The covariant conservation equation for the color states, which in general reads (% + XC‘AG) w) =0,
implies the Wong equation (3.4.20) for the color charge £ Q + [x*A,, Q] = 0, where Q = QAT* and
A= (WiT ).
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Now, at uq, one must also take into account that parallel transport from n; to n; on
the sphere is defined by

jWz,n1) =Pexp [—J 1 Ai dxi] jb2)

(3.4.38)

. T M _ y _
=ja) — T‘D_4J e *0ieXdx'jUy) + O(r3 D) )
np
where P denotes path ordering and we have employed (3.4.33) to establish the second
equality. We conclude that the state obtained by parallel transport after radiation has
passed is no longer the singlet (3.4.35), but rather:

j+)n1> ®j_)n1> _j_>n1>®j+)n1> _ J+> ®J_> _J_>®J+>
V2 V2

1 . J‘” _ . . J“‘ _ . 3D
—— | ® e %0ie%dx'j—) —j—) ® e~ *0ie%dx'j+) | +O(r ).
TD4ﬂ{J> N =) =) . j+)
(3.4.39)

Comparison between the expressions (3.4.35) and (3.4.39) shows that the interaction
of the color charges with the external Yang-Mills radiation induces a rotation of the
initial state that manifests itself to order O(r*~P) in the final state. In other words, a
pair of particles initially prepared in a singlet will no longer be in a singlet after the
passage of radiation. This color memory can be nontrivial provided that the function «
is not constant, namely whenever there is also a nontrivial memory Kick (3.3.39).

From a technical point of view, it should be noted that the e [eck of radiation on each
color state is to induce a time evolution to order O(r3~P), according to (3.4.37), which
allows one to disentangle it from the leading e [eck due to the vacuum transition (3.4.33)
undergone by A;, which enters (3.4.39) to order O(r*—P).

A very similar derivation allows one to extend the result to more general states and
gauge groups. Adopting an orthonormal basis jn) for the fundamental representation
of SU(N), we can consider the superposition

D cnymin) ®jm) (3.4.40)

n,m

with ernjcmnj2 =1, prepared before 1. Time evolution will induce modifications
of jn) that appear to order O(r3>~P) by A, = O(r3~P). On the other hand, the e [eck
of parallel transport from n, to ny performed after vy gives rise to the leading-order
correction

nz

1 , n .
D4 2 Cnymin) ®J e *0ie%dx’jm) (3.4.41)
n,m

to (3.4.40), due to the nontrivial configuration (3.4.33) attained by A;.

3.5. More on Asymptotic Symmetries for the Maxwell Theory

So far, we have focused on those symmetries directly related to the memory e Lecks. As
we saw, they act at Coulombic order and the corresponding charge (3.3.23) displays a
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fallo CT¥rP—4; therefore they do not comprise, strictly speaking, asymptotic symmetries
at .#*. In this section we shall perform a more complete analysis of the asymptotic
symmetry group for the Maxwell theory in higher dimensions.

As we shall see, in even dimensions, the standard power-like ansatz is not su Lcieht
in order to highlight the presence of infinite-dimensional asymptotic symmetries with
nonvanishing charge in the Lorenz gauge, which requires instead the introduction of
logarithmic terms in the asymptotic expansion. Finiteness of the soft surface charges
is also not manifest at face value and requires further specifications of the definition of
the charges themselves.

3.5.1. Polyhomogeneous expansion for D > 4

In order to investigate the possible existence of large gauge symmetries acting at .7 ",
Wwe try to solve the wave equation (3.3.2) with the boundary condition

lim e(u,r,n) = e ©(u,n), (3.5.1)
T—00

for some nonconstant function €(©) (1, n). As it turns out, a power-law ansatz
= e u,n)
€ u,n
k=0

e Leckively selects the global symmetry, namely the constant parameter, whenever D is
even. Indeed, considering (3.3.6) withk =0, 1,..., DT_Z, we have

(D —2)9.e® =0,
(D — 43, =Ael® ]

(3.5.3)

4
(D—-4)(D —2)]

D(D —6)] (25

—4

As already observed (see Appendix A), the last equation sets e®7) to zero, by the
invertibility of the di [erkntial operator occurring on the right-hand side, for any even
D > 6 and to a constant for D = 4. Then, the above equations recursively set to zero
the other components (%) all the way up to €(®) which need be a constant by Ae(©) =0
and 0,0 = 0.

One concludes that, in even dimensions, the power-law ansatz does not allow for an
enhanced asymptotic symmetry sitting at the order 1/1°, as it occurs instead for instance
in the radial gauge [48]. In order to retrieve them, one needs a more general ansatz. We
find that it is su [cieht, to this purpose, to consider the following type of asymptotic
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expansion involving also a Iogarithmic dependence on r:

= elk Al )1
efurn) =y S (wn) Z —u“ ogT (3.5.4)
D 2

k=0 b2

In this fashion, the last equation (3.5.3) becomes modified by the presence of the loga-
rithmic branch and yields

- D—-4)D-2 -
20, A7) = [A ( )4( )} e’ (3.5.5)
an equation that determines the u-dependence of A7), Therefore, an arbitrary €()(n)
is allowed. The need of introducing logarithms in even dimensions was also recognized

in [49, 52].
Indeed, the recursion relations expressing the equation (e = 0 read

(D—=2—2k)due™ + 20, MM =[A+ (k—=1) (k=D +2)]e™ 1 4 (D —1—2Kk)AK"]

(D—2—-2Ko AN = [A+ (k—1) (k=D +2)]A=1D |
(3.5.6)
and hence can be solved by direct integration with respect to u. Explicitly, for k < 252
these equations reduce to the familiar expression

(D—2—-2k)due™ =[A+ (k—1)(k—D +2)]e* 1), (3.5.7)

so that the solution is given by a polynomial in u with angle-dependent coe [ciehts
Cj,x(n), with 0 < j < k, and is uniquely determined by specifying the integration
functions ¢ ) (n):

k
e™un) =) Cjrmn, (3.5.8)
1=0
with
¢(®)(n) ifj=0
C. — 3.5.9
jox(n) {;.H‘fk i1 218" n) otherwise. (3.59)
If k = P52 equation (3.5.6) reduces to (3.5.5), so that
_ 1 (v D—-4)(D-2
M%(u,n) - zJ [A ( )4( )] e n)du’ +A (), (35.10)
0

with a suitable integration function, while e °z*) (1, n) is unconstrained. For k > 252
we can recast (3.5.6) in the more suggestive form

(D —2—2k)a A™ = [A+ (k—1)(k—D + 2)]Atk=1)
(D—2—-2k)due™ = [A+ (k—1)(k—D +2)]ex1

2

s Nk 1 (k—1)
5 oAt (k=T)(k=D+2))+(D—1-2K)| A .

(3.5.11)
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In this way, it becomes clear that these two equations can always be solved by first
finding an integral of the first equation and then substituting it in the second one where
it acts as “source” term on the right-hand side.

To summarize, a solution of (3.5.6) in even D is specified by assigning a set of integra-
tion functions &) (n), for k > 0, and A)(n), for k > P32, together with an arbitrary

function e(¥)(u,n). In particular, this achieves the boundary condition (3.5.1) as
T — oo, where €(%)(n) is an arbitrary function on the celestial sphere.

The discussion simplifies in odd dimensions, where the left-hand side of (3.3.6) never
vanishes for integer k, and hence the recursion relations can be integrated compatibly
with (3.5.1) with no need of introducing a logarithmic branch.

By means of “gauge” transformations

Adq — Aq + dae (3.5.12)

identified by the gauge parameters thus obtained, we can then act on solutions to
Maxwell’s equations in Lorenz gauge characterized by the radiation fallo [S(3.3.10) and
generate a wider solution space. In particular, this type of solutions will generically
exhibit the following asymptotic behavior as r — oo:

A, =001, A, =0(r?), A; =0(r0), (3.5.13)

independently of the dimension D of the spacetime, in view of (3.5.4), provided D > 5,
while
A, =0(r""logr), A, =01, A; =0(r0), (3.5.14)

in dimension D = 4.

Nonetheless, such solutions will still retain all the desirable physical properties of
those characterized by (3.3.10) (also recently discussed in [59]), such as the finiteness
of the energy flux at any given retarded time. This is due to the fact that they di[erl
from this more restrictive solution space only by a transformation of the type (3.5.12),
which does not alter the electromagnetic field, nor, by definition, any other physical
observable quantity. Now, from this point of view only, it would be possible to perform
(3.5.12) with parameters e that obey arbitrary asymptotics near .# *; however, as we
shall see explicitly below, the ones satisfying (3.5.1) are precisely those that will give
rise to finite and nonvanishing asymptotic surface charges and are therefore the true
asymptotic symmetries of the theory.

Going back to equation (3.3.2) with the boundary condition (3.5.1), let us note that it
is actually possible to provide a general solution thereof in the following more compact
form in any even dimension D:

rD —2) (—x2) "z

= (0)
€= nDz‘zr(Dzz)Reﬂg (—2x-q+1ie)p—2 ¢ (q) dQ(q), (3.5.15)

where g = (1,q) and the limit e — 0" is understood. The introduction of this small
imaginary part is needed in order to avoid the singularities occurring in the angular
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integration for jtj < jxj, namely outside the light-cone. Indeed, it is straightforward to
verify that

()
Cx qp2 0, (3.5.16)
while, aligning n along the (D — 1)th direction, we have
(—X2)¥ (0)
Reff Cx qriep2¢ (@da)

22-Dlu(u+ Zr)]DT*2
[u+r(1 —cos0) + ie]P—2

e(®)(q’sin0,cos0),

(3.5.17)
where dQ’(q’) denotes the integral measure on the (D — 3)-sphere, and letting T =
r(1 —cos0)/u, for u # 0, the previous expression becomes

— Re Jﬂ do(sin e)D—3j€dQ’(q’)
0

2.2

ryD2 D4
%bmumm+in(%ﬂw;)z(m%qw),¢mtuwm
T 2P (1 ft+ie)P2 1 TV~ m 5 )

0
(3.5.18)
which, as r — oo, tends to
1 w0 T dr ﬂ¥r(u)
R 0O'(g")el0) _ - - v 2 7 (0) . 51
2 eL (1+T+15)D—Zﬂgd (q)e™ ) =—Fp—g ¢ (35.19)

This solution is indeed compatible with the asymptotic expansion (3.5.4) and generalizes
the expression given in [141].

3.5.2. Finite and nonvanishing charges on .7

As is usually the case in the presence of radiation, the surface charge associated to the
symmetry (3.5.4), namely

Qc(u) = lim i Fur(u,ryn)e(u,r,n)r?=2dQ(n), (3.5.20)

T—00

is formally ill-defined, because the right-hand side contains terms of the type e.g.

D—4

D
r2§ Fl2'el@qn, (3.5.21)

which do not vanish, even after imposing the equations of motion, precisely due to the
presence of an arbitrary parameter €(°)(n).

Such di Cculkies are absent in the case of the global charge e = 1, namely the electric
charge, because the equations of motion always ensure that the surface charge is actually
independent of the specific surface on which it is calculated, as long as no sources are
crossed. In fact, this feature is shared by all global symmetries associated to linearized
gauge theories [36].
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It should be noted, however, that the above di Cculkies only arise if one attempts to
calculate the surface charge, in the case of the general transformation (3.5.4), by integrat-
ing over a sphere at a given retarded time and radius r and then lets r tend to infinity.
Instead, the calculation of the charge on a Cauchy surface still gives a well-defined result
[52]. In particular, under the simplifying assumption that the electromagnetic field due
to radiation vanish for u < ug in a neighborhood of future null infinity so that S, is
the boundary of a Cauchy surface for u < uy, the calculation of the surface charge then
yields

Qcl(u) = 3E FID=2) 0 g0 = ﬁl AP L (D—4AP @ a0, (3522

for fixed u < uyp, since indeed all radiation components Fflkr), for k < D — 2, vanish for a
stationary solution (see the discussion in Section 3.3.2). Letting then u approach —oo,
one has

Qe(oo):f{; FL‘?Z)e(O)dnsz AP (D —HAP ) ]e@an. (3529
g g

For u < uyp, the quantity Q. (u) must match the analogous surface integral calculated
at spatial infinity because in both cases the Noether two form is integrated over the
boundary of a Cauchy surface, in view of the requirement that no radiation be present
in a neighborhood of .7 for u < .

The evolution of Q¢ (u) along .#+ can be then defined, even in the presence of radiation,
by the equations of motion. Indeed, the Maxwell equation V - F,. = 0 gives

D2 1
(ar n 7) Fur= D Fr, (3.5.24)

while V - F, = 0 reads

D=2y !

OuFur = (ar + Fur + er Fu = ouFur = TfZD : (Fu + FT) . (3525)

and hence d
25 Qe(w jE D (FP~ _ P40 490, (3.5.26)

Analogous considerations allow one to introduce well-defined surface charges evaluated
on.s—.

From the perspective of the analysis performed in Section 3.2.2, it is possible to explic-
itly perform the calculation of soft charges according to the above strategy. Restricting
to the case of a massive charge in dimension D = 6 that starts moving at t = 0, the
integral of F..,.¢(®) on a sphere at fixed retarded time u and radius r yields

8w n-v(3n-v—4)—v? 0)
Qe(ru) =733 3g T nvz ¢ (n) dQ
A oy (35.27)
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Except for the case of the electric charge €(°) = 1, where the integral in the first line
vanishes identically, the limit of this surface charge as r — oo is ill-defined in the
presence of radiation, namely on the forward light-cone u = 0, due to the appearance
of a linear divergence. However, the charge is well-defined on .#* before and after the
passage of radiation, juj > ¢, and reads

_ 3
- 82

(1—v2%)?

Toavi e®(n)dQ. (3.5.28)

Qulu) = g § [e(u) Lo

For €(®©) = 1, this quantity reduces to the (constant) electric charge Q = 1, while for
more general parameters €(°), the soft charge exhibits a jump discontinuity at u = 0,
which measures the fact that the particle is no longer static for u > 0 in a manner akin
to the memory e Leck itself.

Performing instead the limit r — oo at fixed time t, it is also possible to verify
the matching between the surface charge evaluated at null infinity before the onset
of radiation, for u < 0 (or, equivalently, at .# ), and the Hamiltonian charge H(t),
obtained by integrating on a slice at fixed time t. Indeed, taking (3.2.18) into account
and writing the result in terms of polar coordinates t, r and n, we have, for the scalar
field,

2o = S(t—r) ot —r) =372
3T = YV —n-v)r2 " y(v)3(1 —n-v)313 Alt—r1,7)
(3.5.29)
d(t—r)  O(r—1)
Tz Yt

The corresponding electromagnetic potential is given by A* = (A% A) = —y(v)(1,v) o,
fort > r, and A* = (¢,0), for t < r. The radial component of the electric field then
yields Fy, = 3r—* as r — oo for fixed t and hence

3

He(t) =32

E{Qe(o) (n)dQ =Qc(u<0). (3.5.30)

Similar arguments showing the finiteness of the Hamiltonian charge in higher-
dimensions have been given, in the case of linearized spin-two in retarded Bondi gauge,
in [151], while a renormalization procedure has been recently proposed, for Maxwell
theory in the radial gauge, in [152].

3.5.3. Soft photon theorem

The surface charge associated to (3.5.4), evaluated at the past boundary .# " of .#* reads
Qe = J (auAﬁD‘Z) +(D— 3)AEP‘3)) 40, (3.5.31)
sl

where we have taken into account the absence of radiation terms for u — —oo. Recasting
this as an integral over the whole .# *, and assuming no contribution comes from .7t
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which is the case if we assume that there are no stable massive charges in the theory,

1 2 2(D=2) (0
Qe=—5 Jﬁ 2A" Y e®dudq, (3.5.32)

where we have used the fact that ALD_3) is independent of u on shell (thanks to the

recursive gauge-fixing). We would like to express (3.5.32) in terms of the leading radi-
ation field, which, as we shall see below, indeed contains the creation and annihilation
operator of asymptotic photons. To this end, we first combine (3.3.8) and (3.3.5) and
obtain

A—(D—-2-%)(D—-3—k)

DAl =
A D—-2-2k

ALk +(D-3—- k)A (3.5.33)
employing (3.3.7) as well,

I AKTY — g Al Ak (3.5.34)

where the operator %, was introduced in (3.4.25).
Employing this relation recursively, we find

D-3

oL ?AlP ™ = TT 20D AT, (3.5.35)
1=D/2
D
where we have used (3.3.8) to deduce E)uAﬁ2 =D - AT In the above writing, we

adopt the convention that for D = 4 the product [ [, 2, (WhICh in this case has a formally
ill-defined range) reduces to the identity. We can then use (3.5.35) to recast (3.5.32) as

1 +0o0 uw D/2-2 D-3
Qe:_TD_4J (J du> 3.D-A") ] 2e®duda.  (3536)
—o0 \J—oo 1-D/2

On the other hand, the asymptotic expansion of the free electromagnetic field operator,
expressed in terms of creation and annihilation operators, yields, to leading order,
k -1—D/2 e (D—4)/2 —iwu .o

) = )/ZJ <ﬂ> e e (X)ag(wx) dw + h.c., (3.5.37)

Ai(u,r,x -_—
821 (D—4 0

where X" = x*/r, while € are polarization tensors for the D 2 propagating helicities.

This formula provides thus an explicit expression for A ) and hence allows us to
make explicit the relation between the charge Q. and the soft photon creation and anni-
hilation operators as follows (we employ the prescription ffgj du j;“’ dw etP%f(w) =

f(0)/2)

Qe = —55—— lim J D'e? (R)wagy(wk) + h.c.] H P el© Q).
- 1=D/2
(3.5.38)
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Assuming that the charge Q, together with its counterpart at .# —, generates the residual
symmetry s (u,r,%) = ie(®)(X) + - - - in a canonical way, and using suitable matching
and crossing symmetry conditions, we have the Ward identity

1 ..
z(zﬂ)(o_z)/zLDz e (x) lim D' (outjwas(wk)Sjin) H N Q(x)
1=D/2
= ene'(%n)(outiSjin),
n

(3.5.39)
where the sum on the right-hand side extends to all charged external particles in the
amplitude and e, is the electric charge of the nth particle (taking into account with a
suitable sign the fact that the particle is outgoing, resp. incoming). Notably, the left-
hand side contains exactly the combination P[-] = lim,_,o+[w -] that selects the pole
in the amplitude with the soft insertion.

On the other hand, the Weinberg theorem for an amplitude involving external mass-
less particles with momenta p,, = E, (1,%X,) and a soft photon emitted with helicity o
pointing along the . direction on the celestial sphere (see Chapter 2) reads

lim (outjwa(wi)sjin) = Y~ W(outhjim . (3.5.40)

w—0 oy pn-(] n

Multiplying this relation by e (1) and summing over o, we see that this is equivalent
to

o

ef(n) lim (outjwas(wi)Sjin) ZenD &(Xn, ) (outjSjiny , (3.5.41)
w—0t

where we have used the completeness relation for polarization vectors and defined a
function
a(x,n) =log(1 —%-1). (3.5.42)

This function « satisfies the following identity (see [48])

D-3
[T 2 Axiz, /) =5(%,7), (3.5.43)
1=D/2

1
22n) -2/

where X is here atreated as a constant vector on the unitsphere and 5(x, n) is the invariant
delta function on the (D — 2)-sphere. Now, acting with the di [erkntial operator

1 D-3

2(27)(D-2)/2 I[ 2D (3.5.44)
1=D/2

on equation (3.5.41), multiplying by an arbitrary ¢/P—%)(%) and integrating over the
unit sphere then allows one to retrieve the Ward identity (3.5.39), thanks to the rela-
tion (3.5.43). This proves that the Weinberg factorization implies the existence of the
asymptotic symmetry Ward identities.
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Remarkably, the charge (3.3.23) associated to the symmetry (3.3.22), which is re-
sponsible for the memory eledt, formally dilerk from (3.5.31) only by a factor of
1/rP—4 (other than by the substitution €(©) « e(P—4)) which makes it vanish on
. However, the corresponding symmetry transformation of the matter fields would
be s (u,r,%) = ie(P=4)(%)/rP—* + ..., and hence would give rise to Ward identities
completely equivalent to (3.5.39), with the factors of 1/rP~—* canceling each other on
the two sides. This indicates that both the large gauge symmetry (3.5.6) and residual
symmetry (3.3.22), acting at Coulombic order, can be seen equally as consequences of
the validity of Weinberg’s soft theorem. This is also reflected in the observation that the
Fourier transform of the soft factor occurring in Weinberg’s theorem is strictly related
to the memory formulas [57].
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Part Il.

Higher Spins
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4. Scalar Soft Theorems and Two-Form
Asymptotic Symmetries

We begin the part on higher spins with a chapter devoted to the scalar case. While
this may seem contradictory, one can be justified to do so on account of the structural
di Lerknces exhibited by this situation with respect to spin-one and spin-two theories,
which we have dealt with in the previous chapters. Such di Lerences indeed allow one
to include the scalar case in the framework of “exotic” instances of asymptotic behavior.

A puzzling feature of theories containing massless scalar particles, as we will briefly
review in Section 4.1, is that they exhibit a nontrivial asymptotic structure at null infinity,
and in particular allow for the definition of soft charges that account for factorization
theorems, while on the other hand lacking any underlying gauge symmetry of which
such charges could be a manifestation. In Section 4.2 we propose a way in which this
puzzle can be addressed by appealing to the duality that, in four spacetime dimensions,
links the scalar field to a two-form gauge theory [81]. While consistent as far as the
matching between the scalar and two-form solution spaces is concerned, our choice of
working in the radial gauge does not allow for a fully satisfactory matching between the
scalar soft charges and nonvanishing two-form charges on .#, as opposed to a similar
approach based on the Lorenz gauge [80] which we discuss in Section 4.3.

The reason for this shortcoming of the radial gauge can be traced back to the fact that,
in order to reach such a gauge, one may need perform a large gauge transformation. As
a conseqguence, this gauge freezes the asymptotic symmetries and e Leckively hides their
presence. In this respect, such a failure to highlight the correct asymptotic structure
of the two-form theory appears to be structurally di Lerknt compared to the di [culkies
arising in calculation of asymptotic symmetries in higher dimensions for spin-one the-
ories, which we discussed in the previous chapter. Indeed the latter can actually be
ascribed to the adoption of too-stringent fallo Cconditions, namely radiation fallo [STor
D > 4, while the former seems an intrinsic problem of the gauge-fixing condition, i.e.
the radial gauge.

This phenomenon begs for a deeper understanding of the gauge dependence of the
nature of asymptotic symmetries or at least for a systematic criterion enabling one to
know a priori whether a given gauge-fixing is acceptable from the point of view of the
asymptotic analysis (see [153] for a recent proposal in this direction).

4.1. A Soft Theorem for Scalar Quanta

The derivation of soft theorems carried out in Chapter 2 admits a rather direct extension
to the case of a massless scalar mediator [78, 79, 18]. Indeed, a scattering amplitude
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involving, say, the emission of a very soft scalar will receive its leading contributions
from the diagrams in which the soft particle is attached to an external line, schematically:

Such contributions take a factorized form analogous to Weinberg'’s leading soft theorem.
Explicitly, adopting the same notation employed in (2.1.25),

s ~ ngn Sao, 411
«(q) = (27[3/2 Y [Zn g : ] B (4.1.1)

where g, denotes the coupling of the nth particle with the massless spin-zero mediator.
To leading order and at tree level, it is also possible to recast this identity for the emission
of a scalar particle in the form of a Ward identity for the corresponding S matrix

Q'Ss-SQ =0, (4.1.2)

with Q7 suitable operators expressed in terms of creation and annihilation operators
of external physical quanta. As usual, Q* can be split into their hard parts Qﬁ and soft
parts Q7.

Adopting the usual retarded Bondi coordinates in four-dimensional Minkowski space,
one can perform the standard asymptotic expansion for the free scalar field equation
O =0,

1 2 1
z(ar + ;)auq) - (ar + ;)Eir(p + 540, (4.1.3)
and verify that the fallo Ccondition
e(u,r,z,z) :b(u,z,i)/r—i—o(%) (4.1.4)

satisfies (4.1.3) to leading order, thereby correctly highlighting the free propagating
mode b(u, z, z). The soft “scalar charges” can then be expressed in terms of the massless
scalar radiative mode as follows

Qr — Lz b(u, 2, 2)A(z, 2)y,2dzdz, (4.15)

where A(z, z) is an arbitrary function of the two angular coordinates z and z on the unit
sphere while vy is the corresponding metric.
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4.2. Soft Scalar and Dual Two-Form Charges

The interpretation of the above Ward identity in terms of an underlying symmetry,
however, remained elusive for some time. Indeed, dilerently from the analogous
results holding for the case of soft particles with spin s > 1, which are the subject of
chapters 1, 2, 3 and 5, for the case of soft scalars it is not clear a priori what symmetry;,
if any, could be underlying the conservation of the corresponding charges.

This puzzle was investigated in [80, 81], where it was conjectured that the scalar soft
charges Q{, in four spacetime dimensions, could be identified with the Noether charges
associated to the large gauge symmetries of a two-form gauge field, to be interpreted as
propagating the same massless scalar degree of freedom, in a dual picture. According
to this scenario (4.1.2) would be naturally interpreted as the Ward identity arising from
the large gauge symmetry of a two-form field.

While this idea turned out to be essentially correct, the di Lerknt gauges employed in
[80] and [81] determined relevant di [erknces in the asymptotic behavior of the corre-



4.2.1. Asymptotic symmetries for two-form gauge fields

We consider the gauge field described by a two-form

1
B = Bab dx® ™ dxb, (4.2.1)
i.e. an antisymmetric rank-two tensor By, = —Bpa, Subject to the reducible gauge

transformation 6B = de, in components € = e,dx“ and
6Bab = E)aeb - abea . (422)

Initsturn, the one-form parameter € is subject to the gauge-for-gauge symmetry de = df,
ie. deq = 0qf, where f is a scalar parameter. The gauge-invariant field strength is
H = dB, equivalently

Habc = aaBbc + acBab + abBca ) (423)

while Lagrangian and equations of motion are given by

1
L =—ZHapcH®,  VaH® =0, (4.2.4)

where the latter, in components of B4y, take the form
OBab + VaVBpe — VpVEBge = 0. (4.2.5)

Our goal in this section is to investigate the asymptotic symmetries of this theory,
much in the spirit of what we have done for the Maxwell theory and for (linearized)
gravity. The asymptotic analysis for p-form fields was actually already explored in [159],
but in the “critical dimension” in which radiation order O(r%) and Coulombic order
O(r2~P+P) coincide, namely D = 2(p + 1), while here we need to investigate a di [erent
situation where D =4 andp = 2.

Adopting the standard retarded coordinates, we start by exploiting the gauge-for-
gauge symmetry to set ¢, = 0, thus fixing the the scalar parameter f, up to an r-
independent but otherwise arbitrary function f(u,z,z). Then, we employ the gauge
transformations

OBy = Or€n, OB;i = 0r€4, (4.2.6)

to reach the “radial gauge”
Bru =0= Bria (4-2-7)

where x!, with i = 1,2, stand for z, z. This leaves a residual gauge freedom with
parameters €, (u,z,z) and €;(u,z,z), and the gauge-for-gauge redundancy f(u, z, z).
We may then further exploit the u-dependence of e(u,z,z) to set e, (u,z,z) = 0. The
result of this gauge-fixing strategy is the following: one is left with the gauge-field
components

Bui(w,1,2,2), B.z(u,1,2,2), (4.2.8)
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while still keeping the residual gauge parameters
ei(Z) i) ) (429)
together with the residual gauge-for-gauge symmetry encoded in

f(z,z). (4.2.10)

Expanding the equations (4.2.5) in the above gauge yields

3:DBjy, = 0, (4.2.11)
1 .
2By + T73@]13” =0, (4.2.12)
1 ; 5 A—1 1 ;
0u0rBui — —0uD'Bij — 07Bui — ——5—Bui — DiD/Bjy = 0, (4.2.13)

1 A 2 1
2 (a ) 0uBij — 5By + (ar— ) (D(iBjj — 9:By) — DD'Bj = 0,

Ty T
(4.2.14)

where we recall that D; denotes the covariant derivative on the unit sphere and A =
D'D; is the Laplacian on the unit sphere.

In order to impose consistent fallo Ccbnditions, we adopt two guiding criteria: we
consider field configurations that radiate a finite energy per unit time across any spher-
ical section S, of null infinity and we check compatibility with the free equations of
motion to leading order as r — oo.

Finiteness of the energy flux at infinity imposes that the limit

T—00

P(u) = lim L Y9Y*Hui (Hyjk — Heji)m2dQ (4.2.15)

be finite, hence indicating! that both Bi; and B.; should scale at most like v, as r — oo.
Equation (4.2.14) further suggests that Bi; should scale precisely like r, thus saturating
the energy bound, so that the leading component of 9,,Bi; be unconstrained on-shell.
Indeed, we find that the free equations of motion are solved to leading order as r — oo
by

Bui =D/Cylogr+---,  Bij=71Cyj+---, (4.2.16)
where Cij(u,z,z) is an antisymmetric tensor on the sphere. In particular, this class
of asymptotic solutions highlights C,; as the single on-shell propagating degree of

freedom carried by the two-form field being the only independent function of the
leading solution space. Moreover, it carries a finite amount of energy to null infinity,

P(u) = J yIy*9, Ci1du Cji dQ, (4.2.17)

uw

Following the discussion of the previous chapter, it is worth keeping in mind that one may weaken
these radiation fallo [Sif needed, provided one does so while still ensuring the finiteness of the gauge-
invariant quantity (5.5.5).

108



as required.

The fallo Ccbnditions (4.2.16) are invariant under any gauge transformation (4.2.9),
which we thus identify as providing the set of residual symmetries of the theory. We
can compute the corresponding surface charge [36, 160, 101]

Q* :jg K“Tdzdz, (4.2.18)

where the integration is performed on a sphere S,, at fixed retarded time u and for a
large value of the radial coordinate v, while the Noether two-form [101] k*? is given by

ke =/ —gH e, (4.2.19)
g

and hence satisfies

uru

K" = rZYzieuH =Yzz €iyinjur =—Yzz ei’Yij aTBuj . (4220)

Making use of the equations of motion we can further rewrite the charge as follows

T

1 s _
= Jylz(azeg —0z€,)C,z dzdz.

- 1 .
Q= fF YIy*Dieg Cy; dQ
Su (4.2.21)

4.2.2. Duality and scalar charges

A two-form gauge field B, in D = 4 is dual, on shell, to a scalar field ¢ via the relation
xdB = de, or equivalently dB = xd ¢, where d is the exterior derivative and x the Hodge
dual? in D = 4; in components,

1

2 _
3T Yzz €abed 0

5 aBYC =340 (4.2.22)

or, equivalently,
Habe = 12Y2:€abcad%@ . (4.2.23)

In fact, this duality corresponds to the identification between the singlet representation
e and the antisymmetric rank-2 form H of SO(2), i.e. the little group for massless particles

2\We recall that, given the p-form

1

o= a Kayomap AXHT N N dxP
its Hodge dual is defined in terms of the metric tensor g1, as
v—9 b bp_
*X = m o1 aP€a1 ~apby-bp de TA LA (dxPPP

with indices raised by g°®.
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in D = 4. A remarkable, albeit elementary, feature of the above duality relation is that
it trades the equations of motion of ¢ for the Bianchi identities of B and vice-versa

d+xde =dH =0, d«H=d%¢ =0.



—v.:zb. On the other hand, the asymptotic charge for the two-form residual symmetry
takes the form

Qt = 1LZ CLzY**(0,€; — dz€,)dzdz, (4.2.31)
and are conjectured to be dual to the scalar soft charges (4.2.28) by means of (4.2.29).

A puzzling, although not completely unfamiliar3 feature of the identification is the
fact that, while Q¢ is nontrivial on .#*, i.e. even after performing the limit r — oo, our
two-form charge Q+ vanishes in the large-r limit. This seems to be a consequence of
the fact that, in radial gauge, symmetry parameters are not allowed to grow with r, and
hence are unable to compensate for the fallo[d}B,,; 1/r.

Indeed, in order to avoid this shortcoming, one could try relaxing some of the restric-
tion that have been imposed on the gauge parameter ¢, by means of gauge-for-gauge
transformations. That is, one could still impose the radial gauge B, = 0, allowing
however for a generic e satisfying d,€4; = 0. In fact, the matching condition (4.2.23)
between the field strength of the two-form theory and the on-shell scalar is gauge
invariant and can be substituted into (4.2.19) to obtain the charge

Qt = ”(azez —0,€3)bdzdz, (4.2.32)

whose value on .# " is nonzero provided that ¢; scales like O(r). However, upon per-
forming the asymptotic expansion for €, the condition that radial gauge be preserved

imposes
(1
i

dpey =0 = el =9;el”, (4.2.33)

which spoils the order O(r°) of above charge.
Another possible way out of this inconvenience could be to add terms of the type

0.f(z)r, dzg(z)r, (4.2.34)

to the two-form components B, ,, B,z respectively. These terms are indeed allowed by
the leading equations of motion and give no contribution to the energy flux at infinity.
These new terms would give rise to the modified charge

_ 1 - _
J [eza;_g(z) + eiazf(z)] dzdz — . Jv“(azez — 0z€,)C,z dzdz, (4.2.35)

which no longer goes to zero asr — co. On the other hand, in this limit, it appears to be-
come independent of the physical degree of freedom C,; and, in the dual interpretation,
of the radiative mode b of the massless scalar. Indeed, the f(z) and g(z), appearing in the
first term of (4.2.35), are related by duality to ascalar field ¢ (u, 1, z,z) = —f(z)+g(z)+- - -,
which is static to leading order as v — co.

3See e.g. [58, 136, 161], where charges depending on some inverse power of the radial coordinate were
considered and interpreted as connecting asymptotic symmetries to soft theorems. Asymptotically
vanishing surface charges were also encountered in the previous chapter, in connection with residual
symmetries associated with memory e [ects in even dimensions.
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The terms (4.2.34) admit a natural interpretation if one phrases the problem of study-
ing the two-form fallo [S]In a spacetime of generic dimension D. In this setup, the
asymptotic analysis of the equations of motion highlights two classes or “branches” of
solutions: denoting by x* coordinates on the celestial (D —2)-sphere, one has a radiation
branch

Bui = Ui (u,x*)r#=PV/2 o0 By = Cyy(u,xF) r(67D/2 o 1 (4.2.36)

subject to U; = D/Cy; (unless D = 6, in which case only 9,,U; = 9,,DICy; need be
imposed) and a Coulomb-like branch

Bui =W P4 ) By= ﬁéu (u, x> P . (4.2.37)
where 9,,Ci; = D;{;; and (D —5)DU; = 0. Solutions of the first type give rise to
nonzero energy flux across sections of null infinity, P(u) # 0, and only give vanishing
contributions to the (global) charges as r — oo. The second class, on the other hand,
does not contribute to the energy flux, while giving nonzero contributions to charge
integrals. In D = 4, the above expressions exhibit singularities and (4.2.36) reduces to
(4.2.16), while (4.2.37) gives rise to (4.2.34).

The scalar radiative mode b, in four dimensions, appears thus to be dual to the
a radiation solution for its two-form counterpart. From this observation, it appears
natural that its soft charge may be dual to an asymptotically vanishing two-form charge.

4.3. Lorenz Gauge Approach

A similar logic can be employed, with minor modifications, to discuss the problem at
stake in the Lorenz gauge [80]. The main advantage of this choice, as opposed to radial
gauge employed above, is that it allows for the presence of a finite nonzero asymptotic
charge.

One starts from the duality condition H = xd, namely (4.2.23), which a [ords

0,b
Hurz:_i Ty
0zb
Hyrz = = +ey (4.3.1)
Huzi:Wziaub+"'7
Hrzi:YZib+"')

upon substituting the asymptotics (4.2.26) for the scalar field. One then looks for a two-
form B,y satisfying V@B, = 0 whose field strength respects (4.3.1). This is achieved
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to leading order by

Bi; =B (w2, 2) + -

1

0 -
Bui :Bﬁi)(u,z,z) +y

0, - 1 _ (4.3.2)
By = Bii)(z,z) + . Bii)(u,z,z) +e
1 _
Bur= DB (z,2) +--,
provided
BUY 1 0,B%Y =v,:0 (4.3.3)
zz (zPz)r = VYzz 3.
and
0,BY +9,D-B® =y_;0,b,  3,BV+0:D-BLY = —y,;0:b. (4.3.4)

Residual symmetries can be parametrized by closed two-forms « such that de = 0 and
V%axqp = 0, which also respect the fallo [S{¥4.3.2). These conditions are solved to leading
order by

0 -
oy = ra[iocj(]r)(z,z) +ey

0 -
Kui = (xl(li)(uazvz) +ey

o _ (4.3.5)
Opi = ocgg)(z,z) + = ocg)(u,z,z) +e
1 _
Oy = ;D . ocfno)(z,z) +y
subject to
duall) +9D - ol” —0. (4.3.6)
Then, the expression for the charge obtained in (4.2.32) immediately yields
Qt = Jaﬁoc)%or)(z, z)b(u,z,z)dzdz. (4.3.7)

While this result indeed provides a more satisfactory answer to our initial question
compared to the one we obtained in the radial gauge, since it allows for a matching
between the soft scalar charges and nonvanishing two-form asymptotic charges, it shows
that the calculation of asymptotic symmetries may be strongly influenced not only by
the choice of fallo [sJas already highlighted by the higher-dimensional spin-one and
spin-two theories, but also by the more basic choice of gauge fixing. In this setup, the
radial gauge e [eckively trivializes the asymptotic symmetries, by forbidding nontrivial
air  O(1), and hence hides the presence of finite soft charges. One may interpret this
fact by observing that reaching radial gauge from a generic field configuration (before
gauge fixing) may involve a large gauge transformation and, therefore, that such a gauge
choice is not feasible if one wants to have control on the full structure of asymptotic
symmetries.
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5. Asymptotic Symmetries of Higher Spins

The discussion of the preceding chapters allowed us to exhibit a link between asymp-
totic symmetries and soft theorems in the context of electrodynamics, Yang-Mills theory,
gravity and, maybe less directly, in the case of scalar field theories and their duals. In
these cases, the spin of the boson mediator of the interaction was thus respectively 1,
2 and 0. The goal of this chapter is to extend this type of analysis to theories contain-
ing a spin-s gauge boson, namely a massless particle carrying a kind of generalized
electromagnetic/gravitational force, with arbitrary integer s [82, 83, 77].

The interest in this type of theories derives primarily from the analysis of the string
theory spectrum of elementary excitations, which contains particles with arbitrary inte-
ger spin and with mass proportional to the string tension. In order to better understand
the properties of these excitations in the massless limit, which is conjectured to be linked
to a suitably-defined tensionless limit of the string, it is natural and worthwhile to try
to set up a purely field-theoretical description for them, i.e. a higher-spin gauge theory.

Such theories admit a consistent Lagrangian formulation on maximally symmetric
backgrounds up to the level of cubic vertices. The possibility to construct a Lagrangian
to all order in the vertices is subject to notorious obstructions of both technical and
conceptual nature, in particular to a conflict with locality. On the other hand, the
fully nonlinear construction of Vasiliev [61] (see [62, 64] for reviews) does not admit
Minkowski spacetime among its vacuum solutions. Still, as we stressed in our discussion
of the lower-spin cases, one may expect that the linear theory [162, 163] already contains
salient features related to the asymptotic symmetry transformations.

In our analysis, we will thus propose a definition for the notion of asymptotic sym-
metries of a free spin-s field theory on Minkowski background coupled to a suitable
external source, representing unspecified nondynamical matter. As we shall see, in four
spacetime dimensions, these asymptotic symmetries on the one hand give rise to Ward
identities and allow us to make contact with the corresponding Weinberg theorem,
while on the other hand they display a structure which can be regarded as interest-
ing per se and in relation with the conjectured existence of an underlying non-Abelian
higher-spin algebra.

5.1. A Bondi-like Gauge

As repeatedly stressed, the first point we need to address, while attempting to define
asymptotic symmetries in a given gauge theory, is the assignment of a suitable set of
gauge-fixing conditions and fallo Cconditions on the gauge fields. Before tackling this
issue, we will recall the basic definitions for a free spin-s gauge theory in the Fronsdal
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formulation [162] (see also [164] for a review).

5.1.1. Fronsdal formulation

A spin-three gauge field is described kinematically by a tensor ¢, , that is completely
symmetric in its indices and is subject to the gauge transformation (we adopt here
Cartesian coordinates x* for simplicity)

6e(Ppwp = auevp+avepp+ap€pV) (5.1.1)

where the gauge parameter e, is symmetric in its two indices and has vanishing trace,

leqw =0. (5.1.2)

Notice that, while eq. (5.1.1) isjust the natural generalization of the gauge transformation
hyv = huy +0u&y + 04 &, for a linearized metric perturbation, the trace constraint
constitutes a novel feature.

In the following, we will often use a shorthand notation to denote symmetrization
and contraction of indices. A round bracket enclosing a set of indices denotes their (un-
weighted) symmetrization obtained by the least possible number of terms: for instance,

Afv) =Apy + Ay (5.1.3)
if A is generic rank-two tensor, while
P

qu) = Pqu y (514)

if [P,,Pyv] = 0. A “prime” symbol denotes a trace, e.g. @, = n"Y@,v,. With these
conventions, the spin-three gauge symmetry can be expressed as

SePuvp = 0(u€vp), e =0. (5.1.5)

Finally, a divergence, namely a contraction between a derivative and an index of the
tensor on which the derivative acts, is denoted by a “dot”, for example 0 - ¢, =

T]Gpacr(puvp-

The dynamics for a spin-three field freely propagating in D spacetime dimensions,
coupled to an external source, can be defined by means of the gauge-invariant action
S =[LdPx,

1
L= EE'LWF’(pwp — "o, (5.1.6)

where the E*VP is given by
EHYP = FRYP %nWF’p) (5.1.7)

and F*VP also called the Fronsdal tensor, is defined as

FHYP — OphvP — 9. @VP) 4 3lngve’e) (5.1.8)
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The symmetric tensor J*VP defines the external source and it is subject to the local
conservation condition

a-]W—%nwa-]’:o, (5.1.9)

where on the left-hand side we recognize the traceless projection of 0 - J*V.

In order to handle symmetric tensors with an arbitrary number of indices, it is some-
times useful to introduce a more abstract notation in which all spacetime indices are
implicit [165]. In which case, the last three equations take the compact form

1 1

E=F—onF', F=0p—00-¢+0%¢, 0-]—gmnd-J'=0. (5110)

We will not, however, employ this notation extensively in the following.
The equations of motion obtained from the variation of the action (5.1.6) are
EHVP = JHve (5.1.11)
Under a gauge transformation, the Fronsdal tensor transforms into
§FMYP =30,040,€’, (5.1.12)

and the last term vanishes by the constraint ¢’ = 0. This is is su Lcieht, for spin three,
in order to prove the gauge invariance of the equations of motion.

Since this is needed for the evaluation of the Noether charge, let us explicitly verify,
as an exercise, the gauge invariance of the Fronsdal action. The trace of F is given by
Fo=20¢,—20-0-¢@,+0,0- @', while the E tensor satisfies the following identities,

1
QpEMYP = — 00 F/, (5.1.13)

which may be regarded as an “anomalous” analog of the (linearized) Bianchi identities,
due to the nonzero term on the right-hand side. Therefore, employing the identity
(5.1.13),

%5€(E“Vp(p},wp) — gEWauevp = %au (E"VPey,) + %a F'e’, (5.1.14)

which is a boundary term plus a contribution that vanishes by the constraint ¢’ = 0.
For the source term we have

e (J*P@uvp) = =30 (J*Pevp) (5.1.15)
by the traceless conservation condition (5.1.9). Thus,
3
Sl = —Eau(E“V"evp), (5.1.16)

so that the action is indeed invariant, up to a boundary term. The standard Noether
current is then given by

oL oL 3
SPpap,v — 0 5Ppap + 50u(E*Pevp), (5.1.17)

2

e Y=
¢ 09puap,uv Va(PpocB,Lw
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where, in compact notation,1

s 1 1
5o 2 {nw(p—z(n“@v+nvcp”)+ncpw—n”vcp’n
Y (5.1.18)

1 1
+5 M*nYe +n"nte’) — i (" n¥n + @’Vn“n)} :

The formulation outlined in this section for a spin-three field can be extended to any
integer spin s. In particular, equations (5.1.10) hold for arbitrary s, the action is given
by S = [LdPx,

|
L= SBM @ T Oy (5.1.19)
and the gauge transformation is given by dc@y,...p; = 0(y, €pyerpg) (OF Sc@ = Q€ in

compact notation). An important technical point is that the consistency of the theory
requires the field to be doubly traceless for spin four or higher, namely ¢’ = 0, together
with J” = 0. Once this point is taken into account, the equations of the theory take
the form (5.1.10) for any s. As far as the corresponding Noether current is concerned,
(5.1.18) and the obvious generalization of (5.1.17) remain valid for any spin.

Alternatively, one may employ the Maxwell-like formulation of free higher spins
[163, 166]. In this approach, the trace constraint for the gauge parameter ¢ is traded
for the transversality condition 0 - € = 0, while trace constraints may or may not be
enforced, depending on the type of spectrum that one wishes to describe. It should be
noted that the conditions we are going to impose on the gauge fields in the next section
e [eckively make the two frameworks not just equivalent but actually identical as far as
the asymptotic analysis is concerned.

5.1.2. Boundary conditions

In analogy with the lower-spin cases, we propose the following set of gauge-fixing
and fallo C_cbnditions for a spin-three field, focusing for the moment on the case of
four spacetime dimensions. Employing the usual retarded Bondi coordinates, with
stereographic coordinates on the sphere (1.1.27), we impose

®rab =0 = Qazz, (5.1.20)

for any a, b, together with the conditions that the normalized field components, namely

Puuu Puuz , (puzzz , (92322 (5.1.21)
T T T

(and similarly for z < z), scale asymptotically as O(r—') as r — oo for fixed 1. These
conditions provide a natural generalization of the radial gauge A, = 0 of Maxwell’s
theory and the (sharp) Bondi gauge adopted in the discussion of asymptotic symmetries

11 am grateful to Dario Francia for sharing his unpublished notes on higher-spin conserved currents.
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of asymptotically flat spaces, as we have seen in Chapter 1. Notice that, in the chosen
coordinates,
2
(le =—2@ura + Qrra + W(pzia ) (5122)

zz

so the trace of the field is identically zero in view of the conditions (5.1.20).
In the case of a spin-s field, we impose the analogous conditions

(puu~~uzz~-~z

Praz-ras = 0= Pzzaz-as» T = O(Til ), (5.1.23)

where d denotes the number of z indices appearing in the last formula, and analogously
for z <+ z. In the following, we shall refer to this set of conditions as the “Bondi-like
gauge”.

As a first consistency check, it is worthwhile to calculate the flux of energy carried by
a spin-s field as measured on a sphere S,, at large radius r and fixed retarded time wu.
The expression for this quantity in Bondi-like gauge takes the following form:

P(u) = i (V2z) *0u®@zz...20u@Pzz..2 Vzzdzdz. (5.1.24)

This is generically nonvanishing and, most importantly, finite, even in the large-r limit,
thus providing support to the choice of the conditions (5.1.23).

Another important consistency check that needs to be performed on the Bondi-like
gauge conditions is their compatibility with the (free) equations of motion as r — co.
This ensures that the leading field components indeed specify the free boundary data
associated to radiation and charge measurements performed near null infinity.

Let us elaborate on this point, focusing for the moment on the spin-three case. Im-
posing . = 0 and @,z = 0, the equations of motion take the form

Fave = O@abe = V(aV: @pc) =0. (5.1.25)
Now, F.. = 0 is identically solved, and similarly for F,; = 0. From F,,,» = 0 we have

(p uuu

2 2 ,
T7 Quuu +20; ( > + a%@uuu - sz (DZ(quu + DZ(P:Zuu)

] ’ (5.1.26)
— Oy |:T2(chpzuu + DZ(PEuu):| = O)

and expanding @uuyu = BT, @ uu = U, P, with B = « + 1, to leading order we have
(+1) [aB — (DU, + D*U;)] =0. (5.1.27)

By comparison with Fy,,,, = 0, which reads

4 3 _
; Ou@uuu + 0u0r @uuu — 1‘72 (DZ(quu + DZ(Piuu) =0, (5-1-28)
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and yields, upon expansion,
(¢ +4)9,B — 309, (D*U, + D*U;) =0, (5.1.29)

we have two possible behaviors: a “growing mode” o« = 2, = 3 and a “decaying
mode” « = —1, = 0. We choose the latter, obtaining ¢ = B/r and @,y = U,,
together with the additional condition

0uB =, (DU, + D?U;). (5.1.30)
From F,,,. = 0, we have

2 4 2 2 1
_T_73 DZ(‘pZZLL + riz (quu + <aT - T) <aT‘(pZLLLL + ; (pzuu - T7 DZ(DZZLL) = 0 . (5131)

Which is solved by setting ¢, = r C,,, where

1
Uz =5 D*Cas. (5.1.32)

Finally, from F,,,. = 0, we have

2 6 4 1 2
.3 Dz(pzzz + 2 Pzzu — <ar - > <2 DZ(pZZZ — 7 Pzzu — ar@zzu) = O) (5133)
T T T T T

which is solved by setting ¢,,, = B,,, v2, with

1
C., = 3 D?B,.. . (5.1.34)
This completes the consistency check for the spin-three Bondi-like gauge against the
equations of motion, since the number of independent equations in four spacetime
dimensions is 10, owing to the Bianchi identities. To summarize, in the Bondi-like
gauge, the nonvanishing field components read, to leading order in r,

B
Puuu = T Quuz = Uz, QPuzz =7C,2, Qzzz = TZBZZZ y (5.1.35)

and are subject to the constraints (5.1.30), (5.1.32) and (5.1.34).
The consistency of the Bondi-like gauge for the generic spin-s case can be checked in
a similar manner, which we now sketch. The equations of the form

Frra1-~as_z =0 (5136)

are identically solved once we choose ¢rq;...a, ; = 0and @;zq,...a, , = 0. The equa-
tions Fry..u = 0, Fuw..u = 0 and Fy ..., = 0 have the same form as the analogous
equations of the spin-three case obtained by removing s — 3 indices u from them,
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the technical reason being that the connection coe [ciehts I$', vanish identically. The
equation Fyy,....z.... = 0 with a given number 1 < d < s of z indices reads explicitly

2 2(d+1)
T73 DZ(pZdJrlusfdf] - T Pzaus_q

d+2 1 2
- <ar - T‘> (af(pldusd - TizDZ(pszrlus—d—z + T(pzdusd> =0,

where for brevity ¢, .., , denotes @........ With d indices z and s — d indices u.
Altogether these equations impose

(5.1.37)

Pzquy o = Bay T4, (5.1.38)

where the tensors B, have to satisfy

1
= 77 D%Beui (5.1.39)

whereas the other equations are identically satisfied to leading order.

Ba

5.2. Higher-Spin Supertranslations and Superrotations

We now turn to the illustration of the asymptotic symmetries of higher spins in four
dimensions. These are determined as the large gauge symmetries that leave the Bondi-
like gauge (5.1.23) invariant, namely, restricting for the moment to spin three, as the
solutions of the asymptotic Killing tensor equations 8¢ @rqp = 0 = 6 Q274

66(Puuu :O(T_])a 6€(Puuz :O(ro)) 5€@uzz :O(T‘1), 6e(PzzZ :O(rz)-
(5.2.1)

5.2.1. A higher-spin analog of supertranslations

To begin with, we shall restrict to the case of gauge parameters that do not depend
on retarded time. Then, the answer is provided by the following family of tensors,
parameterized by the arbitrary function T(z, z):

1 1
€apdx®dx? = — (i T+ D?D,T+ 7l (DZDZ)ZT) du? —2 G T+ DZDJ) dudr
3 1 21z 3 1 21z o 2
—2r ZDZT+ ZDZD T)dudz —2r ZD5T+ ZDED T)dudz—Tdr
2 2
—1(D.Tdz+D:Tdz) dr — = (D2Tdz? + D2Tdz?) — = v2z (T + D*D.T) dzdz.
(5.2.2)
We refer to Appendix B.1 for the details of this derivation.
Note that the corresponding contravariant tensor on .#* is given by
€%9,dp = —T(z,2)02, (5.2.3)
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so that this residual symmetry indeed furnishes a spin-three generalization of the or-
dinary gravitational supertranslation symmetry {¢0, = T(z,z)0y. The nonvanishing
gauge variations generated by (5.2.2) are:

3 1
6(puuz = _Dz <4 T + DZDZT + Z (DZDZ)2T> y (5243.)
6(puzz - _g D% (3T + DZDZT) y (524b)
3
8@zzz =—5 2 D3T, (5.2.4c)

together with their conjugates.
Moving on to arbitrary spins, we must look for spin-s gauge transformations that
leave invariant our Bondi-like gauge, as summarized by

Pras 1 = 0= Pzza, ; (5.2.5)
and
Pus_qzq = Td_] Bzd (U., z, Z) ) (526)

where we have adopted the following multi-index notation, which will be understood
from now on for symmetrized indices [167]: a subscript attached to a spacetime index
indicates the number of times that type of index appears. For instance, for a spin-five
field,
Puyz3 = Puuzzz) Puas = Puabed - (527)

As already remarked, the Bondi-like gauge conditions actually imply that the field is
traceless.

The solutions to the asymptotic Killing tensor condition may be conveniently labeled
by the following numbers:

e the number p of “u” indices appearing,
¢ the number d of “z” indices appearing without z counterpart,
¢ the number c of pairs “zz”, counted ignoring their order.

Assuming a power-law dependence on r, the residual gauge symmetries that do not
depend on u admit then the following parametrization:

1“1DZ‘1Tp (z,2)

Eunz, =— (5.2.8)
e [Tiis—p—K)’
1.2
eupzd+c+lic+1 = T’YZZ (eupzd+cic -2 €up+]zd+cic) y (529)
where T, (z,z) forp =0,...,s — 1 is a set of angular functions satisfying
— 1
Tpp1 = ———P T 4 DD, T,. (5.2.10)

ss—(p+11 P [s—(p+1)]2
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The details of this derivation are available in [82].

We thus note that the T, are actually determined recursively in terms of only one
angular function Ty(z,z) = T(z,z). The corresponding, nonvanishing, gauge variations
are,fors=p+d,

drd-TD4T,
0@u,zq = dDzeu,zy . = ——5 ? _; i’k) : (5.2.11)
k=1

This concludes the presentations of the set of “higher-spin supertranslations”, namely
those asymptotic symmetries whose parameters do not depend on retarded time. To
summarize, we have seen that they can be parametrized by a single angular function
T(z,z), in analogy with gravitational supertranslations and spin-one asymptotic sym-
metries. As we shall see in the next section, these symmetries will play a distinguished
role in connection with the leading soft theorem. Furthermore, their identification as
the proper higher-spin analogs of gravitational supertranslations will receive additional
support in the analysis of the general solution to the asymptotic Killing equation, which
we now turn to describe.

5.2.2. Higher-spin superrotations and more

In the remainder of this section, we shall explore the full set of asymptotic symmetries
in the case of spin three. From now on, we will adopt the notation x* for generic angular
coordinates on the celestial sphere, in terms of which the Bondi-like gauge conditions
take the form: -

®rab =0, Vll Pija = 0, (5.2.12)

together with the requirement that the normalized field components

i uij ijk

Quun, o, ZE 2 (5.2.13)
scale as O(r~') near future null infinity. As we have already seen in Chapter 3, this
“more covariant” notation is better suited to the generalization of the present discussion
to a higher-dimensional context. In fact, with this notation, it is easy and worthwhile to
solve the asymptotic Killing equation dictated by requirement that (5.2.12) and (5.2.13)
be preserved for a generic spacetime dimension

D=n+2, (5.2.14)

i.e. when the coordinates x* take n values, i =1, 2,..., n. However, one should keep in
mind that (5.2.12) and (5.2.13) provide finite energy flux and specify consistent boundary
data for the dynamical problem only when D = 4, namely n = 2.

Keeping in mind these considerations, let us quote here the solution to the asymptotic
Killing equation and to the trace constraintn®® e, = 0, whose derivation is detailed in
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Appendix B.1:

o w?’D-D-K _ ZuD LT
Ty )m+2) nelo PTD
urD-D-K T UA+2(n+1)] A+2(n+1)

D-o— D. e
mr)m+2) nxi P T Tmrmr2 P T2mr
_ ™D-D-K +2r[A+2(n+1)]D +(A+n)[A+2(n+1)]

T mem+2) " m+nt2) P n(n+2)
ur’D - Ky uwrD;D-D-K ur T
= —— . — D:D- —D;T,
€l nrz TP Mty npiliD et DT
r3 ._urzDiD-D-KJF 2 n
n+2 V21 (n+2) n+2 | n+1
ur T
T mihmig AT+ NID et oo

UT‘3

n+2
LLZT2

+
2Mm+T)(n+2)
2 Yij

2
ur Yij T
D;D; — A-2)|D- — |D;iD; —
[ v n—|—2( )} P+ [ ) n42

Eur =

T,

€uu

€ui =

DiD‘p—i-(A—i—Zn—i-])pi}

A+2(n+1)]T,

vi Dy
[DHD-K]-) —Y”D-D-K} 413 {D(ipj) - Mip. p]

4
ey =1 Ky~ n+1 n+1

(DiDj +2‘Yij)D -D-K

Cn+1 2 (A= 2)} [
(5.2.15)

while the corresponding nonvanishing symmetry variations read

1
de Puui = mDi(A +n)[A+2(n+ 1T,

5 o 2ur
cPul = T )+ 2)

T

(DiDj +vy)[A+2n+1)]D-p

_l’_
u?r? (5.2.16)
n+1)(n+2) |

6E(Pijk = Pl D(iDjDk) +4Y(i]’Dk)} D-D-K

2
ur 1

r2

]
) {DﬁDiDM Thi2

Y(1;Dx)BA+2(n —1 )]] T.
The key-point is that the full residual symmetry is parameterized by the tensors
T(x9),  p'(x¥),  KYRN), (5.2.17)

defined on the celestial sphere, bound to satisfy a set of constraints that we now turn to
illustrate and interpret.
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The function T(x!) is completely arbitrary and specifies the family of asymptotic
symmetries we have already identified as spin-three supertranslations above. Further-
more, the subset of these transformations that do not change the field, i.e. spin-three
translations, is characterized by the equation (see Appendix B.2)

1

DDjDiT — ——

Y(ij [DiAT + 24D T] =0, (5.2.18)

whose solutions are given by the spherical harmonics (see Appendix A) with 1 =

(n+2Mn+1)_1}__(n+1Nn+M
i = \nrjmnr?)

0,1,2. The solution space thus contains 1+ (n+ 1) + [ 5

independent solutions.

If we want to provide a tentative interpretation of this kind of symmetry in terms of
generators of an underlying algebra, if any, we may draw the following analogy. In the
case of the BMS algebra, which can be viewed as an infinite-dimensional enhancement
of the Poincaré algebra, supertranslations arise as an enlarged version of translation
symmetry, associated to the Poincaré generator P*. In the spin-three case, it is then
natural to interpret these generalized supertranslations as the asymptotic symmetry
analog of the exact Killing symmetry corresponding to the traceless projection of P(*PV),

Indeed, the number of these generators, w -1 = w, matches the
number of independent solutions of (5.2.18): in particular, 9 generators in the relevant
case of four dimensions.

Turning our attention to the other tensors identified in (5.2.17), let us observe that the

tensor KY (x*) must have vanishing trace
YIKi; =0 (5.2.19)
and must satisfy the conformal Killing tensor equation

DKk — Hp. Kk =o0. (5.2.20)

n—|—2Y
These equations take the following particularly simple form in stereographic coordinates
z, z in four spacetime dimensions

K# =0, 3:K* =0, 9, K*# =0, (5.2.21)

and hence locally admit two infinite-dimensional family of solutions expressed as holo-
morphic and anti-holomorphic functions

K =0, K¥=K(z), K=*=K(3z). (5.2.22)

Thus, these tensors are the natural spin-three analogs of the conformal Killing vectors
parametrizing ordinary gravitational superrotations, which correspond to the enhance-
ment of rotations and boosts generated by M, at the level of finite transformations.
This identification as spin-three superrotations can be further supported by counting
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the number of independent global solutions to equation (5.2.20). Consider for instance
the Laurent expansion of K = K#292 near z = 0

K=#0Z =K(2)a2 = ) Knz"d?. (5.2.23)
nez

For this tensor to be regular, we need to restrict the sum to nonnegative values of n,
namely K,, = 0 for n < —1. Performing now the change of variable z = 1/w, we have

K=20Z = 3 Kuyw' o7, (5.2.24)
nez

from which K,, = 0 for n > 5 by regularity near w = 0. This leaves us with five

independent coe [ciehts Ky, Ky, K3, K3, K4, plus the additional five arising from the

anti-holomorphic sector Ko, K1, K2, K3, K4 and hence a total of ten independent global

spin-three superrotations. This is precisely the number of components of the traceless

projection of MH(YMP)® the generators of the exact spin-three Killing symmetries corre-

sponding to the (traceless projections of symmetrized) products of two rotations/boosts.
Finally, the vector p* must satisfy

Dpipk) — 2 v ApK) +UDX) Dlgp | =0, (5.2.25)
n+2
where the curly brackets denote the anti-commutator. Again, going to stereographic
coordinates z, z in four spacetime dimensions allows us to recast this equation in the
form ) o
0z (y*#*0zp*) =0, 0.(y*#0,0%) =0, (5.2.26)

which admits solutions expressed in terms of holomorphic and anti-holomorphic func-
tions ) y
p* = a(z)0,K(z,z) + b(z), p* = d(z)0:K(z,z) + b(z), (5.2.27)

where K(z,z) is a Kéhler potential for the metric on the unit sphere, e.g. K(z,z) =
2log(1 + zz). We may identify this infinite-dimensional family as the one correspond-
ing to “mixed” supertranslations/superrotations, namely the infinite-dimensional en-
hancement of the symmetries generated by the traceless part of P(*MY)?. Indeed, the
number of independent generators of this form is 16, while on the other hand

2z 2a,z" !
Za == = b a == 117_ b n a
070, = [ala) 3oz + b(z) 0. n}@[ 2 oo,
e w2 (5.2.28)
——§ n e 4 baw? T O
1+ww
nez

so that the global regularity of p allows for a_1, ag, a1, az, as, bg, by and b, together
with the corresponding anti-holomorphic coe Lciehts: precisely 16 independent global
transformations.
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To summarize, we have identified three families of spin-three asymptotic symmetries,
and put them in one-to-one correspondence with elements of the universal enveloping
algebra of the Poincaré algebra given by the traceless projections of the combinations
plepv) pleMmYIP and MH(YMP)O. These products are expected to be identified with
the spin-three generators of a would-be higher-spin algebra, if any, with Poincaré sub-
algebra (see e.g. [85, 86] for discussions on higher-spin algebras possibly related to four-
dimensional Minkowski space). The asymptotic symmetries generated by T, pt and KY
can thus be interpreted as the infinite-dimensional enhancement of the corresponding
global Killing symmetries.

5.3. Weinberg’s Soft Theorem as a Ward ldentity for Any Spin

We shall now address the relation between the asymptotic symmetries of higher spins
that we have described so far and Weinberg’s soft theorem, which we now briefly recall.
As we discussed in Chapter 2, Weinberg considered the S-matrix element Sg(q), for
arbitrary asymptotic particle states o« — (3, also involving an extra soft massless particle
with momentum q* = (w,q) — 0 and helicity s. The leading contribution to this
process takes a particularly simple factorized form that, in the notation of [21, 22], can
be written as

et (g))s
lim wSE(q)=— Iim [w) n; ggww Spa, (5.3.1)
. 1
1

w—0" w—0" Pi-q

withn; being +1 or —1 according to whether the particle i is incoming or outgoing (gﬁf)
is the spin-s coupling of the nth particle while ¢ is the polarization tensor of the soft
particle).

In the case of higher spins, the constraints imposed by Weinberg’s theorem are in
contradiction with a nontrivial interaction in the soft regime, thereby implying the
absence of a long-range force associated to higher-spin quanta, if any. Nonetheless, it
can be insightful to see whether or not this theorem can be associated to the presence
of an underlying large gauge symmetry, as was the case for the less exotic spin 1 and 2
theories we considered in the previous chapters.

Our aim is now to derive a Ward identity associated to spin-three supertranslation
symmetry and show that it is equivalent to the corresponding Weinberg theorem, con-
fining our attention to the case of four spacetime dimensions. In order to do this, let us
first note that the only nonvanishing contribution to the Noether (surface) charge comes
from 6¢,,,, and reads

3 . 3 )
Qt="1 J ¥2z 0y [(D*)®B... + ] T(z,2)d%zdu— = J vas (w2, 2)A2zdu,
4l 2 )+
(5.3.2)
where
J(w,z,z) = lim 2] (u,z2,z) . (5.3.3)

T—00
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The surface charge thus computed is in agreement, in particular, with that obtainable
from the results of [160].

Under the assumption that the residual symmetry generators act on scalar matter
fields as follows,

Q" 0l =3 gl 00, (534)

where gfs) is the coupling of the corresponding matter, in the frequency domain we get
. - 3 - -
(outi(Q S — SQ )jin) = 3 > i 98 E2T (24, 2:) outiSjin) . (5.3.5)
i

In addition, we shall impose the following auxiliary boundary condition at ﬂ;—L

(D*)’B... = (D*)’B:z: . (5.3.6)
This condition can be interpreted as the higher-spin analog of the condition that no

long-range magnetic fields be present on .# . We also leave aside the ] term, which acts
trivially on the vacuum, thus obtaining

3 _
Qt == J T(z,2)0u(D?)3B,.2y2: d%zdu. (5.3.7)
2 )+
An analogous result holds for Q. For the function T(z,z) we choose
_ 1 1+wz\?
T(z,z)—w_Z <1+zi> , (5.3.8)
so that, after an integration by parts in 0z, the computation of the charge involves
1 T+wz\? 2 1 T+wz
0z - = 2186 (z — =Yz ——. 5.3.9
Z(w—z<1+zz)> mo°(z W)+2yzz1+zz ( )
Therefore
3 1 z
Qt = 371J duD" D" By — J D*D?B,,,Y22 % d2zdu, (5.3.10)

where in particular the last term is a vanishing boundary contribution. To sum up:

271(D?)? (outj [(Jduau3m> S—S ( J dvaszzz)] jin)

(32 2.\ 2
g S A i -
= z i 9. i < +ZZ_1> (outjSjin) .

1+ 2ziz;

(5.3.11)

The large-r limit performed for a free spin-three field in Fourier space gives, to leading
order,
i 232

+oo
~ 1 t A .
Bz = T2 (11227 L dwgq [aim(wqx)e tqit g% T(wqx)el‘”q“} (5.3.12)
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so that

1 23/2 )
JduauBZZZ:— lim [

out 2 out} A~
ST 27 m, [wa?(@R) + wa(wh)]. (53.13)

Thus, using crossing symmetry, we also have

- sntout a0, ) 55 [aoupec

e | o (5.3.14)
= 0157 wl|_>n8+<outj w af(wxk)jin),

and this implies, by comparing with (5.3.11),

lim (outj w a%(wR)jin) = — lim V2(1+22) Y nig; Ef(z—2)° (5.3.15)

W—0+ + W—0+ - Midt (z—z)(1 +2ziz)2 "
since

4 E2(z—2;)? E2(1 4+ zz;)?
D)2 — L0 L = o i . (531
O a2 M9 g zm? 22 T p ez 6319

This shows that the Ward identity of the residual spin-three gauge symmetry implies
Weinberg’s formula (2.2.3).

We shall now sketch the generalization of these steps to the case of an arbitrary integer
spin s. The relevant contribution to the Noether current in this case is given by

grs]

Using the auxiliary boundary condition (D#)%B,.. ,, = (D#)*B;.. ;; and integrating by
parts, the charge corresponding to our family of large gauge transformation is therefore

QJr = (_])SSJ aiT(DZ)SilauBz...zdeZdu_ SJ 'Yzil(ua Z, i)dZZdu-
B g+

2(s—1)! 2
(5.3.18)
Choosing
. 1 (1+wz\* !
yields
—4n (i_j )1), (D*)*~(out {(JduauBz...zz> S-S <Jdvasz...zz>]Jin>
(5.3.20)

(s)rs—1 - s—1
g; E; 1+ zz; -
= E : E outjSjin
HE Z—Zi (]‘FZiZi) < JJ >’
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where we have used the action

S

5 9" T(10,)* '@ (5.3.21)

[QT, @]

on matter fields. The r — oo limit gives to leading order

— 4 fout [(Jduausz...u> 5 (Jdvavsz...uﬂjim

ZS/Z H i outgi;
= 0+5° Jim [ w(outjaS"Sjin)]

(5.3.22)

and hence

(s)ps—1 - = s—1
_ RS — 7z
lim [w(outja®sjin)] = (=1)°2/21(1 4+ z2) §_n; L2 <]z zl> )
i

w—0t Z—Zi +zizi
(5.3.23)
where we have employed the following identity
1 2571 g_(S)E_Sf1 Z— 7 s—1
D? s—1 _ i i 2
(s—1)!( ) (1 +zz)s—1 Zm z—zi <1—|—zizi>
' (5.3.24)

(s)ps—1 - \s—1
g; E} 14 zz4 -
= i = outjSjin) .
;nl Z—Zi <1+Zili < 1) >
Thus, Weinberg’s factorization can be understood as a manifestation of an underlying
spin-s large gauge symmetry acting on the null boundary of Minkowski spacetime,
namely the set of higher-spin supertranslations we discussed in the previous section.

5.4. Higher Spins in Arbitrary Dimensions

So far, the discussion of higher-spin asymptotic symmetries and of their link to the soft
theorem has essentially focused on the case of four spacetime dimensions. This is due
to the fact that, although the conditions (5.2.12) and (5.2.13) can be in principle adopted
for any D = n + 2, where they indeed give rise to infinite-dimensional asymptotic
symmetries, they only ensure the finiteness of the energy flux and the compatibility
with the equations of motion in D = 4.

In this section, we shall consider the dynamics of a higher-spin field on Minkowski
background of arbitrary dimension and identify a set of gauge and boundary conditions
at null infinity that are compatible with these two requirements. According to the
terminology already discussed in Chapter 3, we will thus adopt the so-called “radiation
fallo [S7as the leading fallo [Sof our solution space, ¢ 1 ™/2.

As we shall see, in analogy with the situation discussed in the context of Yang-Mills
theory in Chapter 3, adopting radiation fallo [s_in higher dimensions e [eckively triv-
ializes asymptotic symmetries. In other words, this choice selects the global Killing
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symmetries as solutions of the asymptotic Killing tensor equation. Therefore, the anal-
ysis will only allow us to calculate and discuss the surface charges associated to these
global higher-spin Killing symmetries, and not an infinite-dimensional family of surface
charges, in contrast with the four-dimensional case.

However, the lower-spin examples suggest a possible way out of the seeming lack of
infinite-dimensional asymptotic symmetries in higher dimensions, which would leave
open the question regarding the existence of a symmetry underlying Weinberg’s the-
orem. According to the strategy discussed in Section 3.5, one may first establish the
physical properties of the solution space characterized by radiation fallo [S, by ensuring
that they give rise to finite fluxes and global charges, and then act on this space by means
of transformations (5.2.15), which preserve the equations of motion. By construction,
the wider solution space thus obtained shares all observables with the former one, but
it also possesses infinite-dimensional symmetries given precisely by (5.2.15) [84].

5.4.1. Bondi-like gauge, reloaded

Restricting for the moment to the spin-three case, we shall impose the conditions
@rab =0,  YY@ija =0. (5.4.1)

Following the same logic as in the four-dimensional case, one can substitute a power-law
ansatz in the equations of motion and realize that they are satisfied to leading order
provided that

Puui Puij Pijx

Puuu P 20 3 (5.4.2)

display the asymptotic behavior of radiation, namely O(r—2).

We shall analyze separately even and odd spacetime dimensions, due to the di [erknt
nature of radiation and Coulombic terms in the asymptotic expansion in these two
cases. the former are associated to half-integer powers of the radial coordinate, as
already clearly displayed by the previous equation, while the latter occur at the, integer,
order r'=™. Due to their peculiarities, also the cases of D = 3 and D = 4 will be
discussed in a separate section.

Although technically and conceptually very simple, a step-by-step solution of the
equations of motion would be quite lengthy. For this reason, we will only quote here
the main features and outcomes of their discussion, referring to [83, 77] for a more
detailed derivation.
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Even spacetime dimension

When n is even we consider the following ansatz for the fields in the Bondi gauge (5.4.1):

0 [e's)
Puuu = Z T_%_lB“)(u) Xm) ) Puui = Z T'_%_H_1UEU(U-, Xm) y (5.4.3&)
o
_n_ _n_ 1
Puij = Z 32 ”ZV u,x™), Pijk = Z T2 ”3C£j])<(u,xm), (5.4.3b)
1=0

with yiiv{j” =yY CE;])< = 0. This choice is mainly motivated by the observation that, as
already anticipated, a solution of this type gives rise to a finite and generically nonzero
energy flux through null infinity:

P(u) = lim L, (Tuw — Tur) TdQ = L Yy iy 0, C0) 0y dQ,
(5.4.4)

where T, denotes the energy-momentum tensor of the solution, which can be therefore
interpreted as a spin-three wave reaching null infinity.
Substituting the ansatz (5.4.3) in (5.1.25), one obtains

= U n-2
mt2gm—2k—2 > Y for ke (5.4.5)
3 2(n + 2k) (x) n
B S ey ey e R fork# 2, (5:4.5b)
) _ 2(n+ 2k +2) ) LJFZ
VT mrktdm_kry D Gy forks (5.4.50)

In the cases excluded from the previous formulas the coe [ciehts of, respectively, B 27%) ,
) and V("z°) vanish and the equations of motion imply instead

n—2 () nt2
m-2p-D-D-c" =0, D.D.-c¥=0, D.cT=0. (548

Note in particular the factor (n—2) in the first constraint, which shows that C(°) actually
remains arbitrary evenwhenn = 2, namely in four spacetime dimensions. Cancellations
of this type are ubiquitous in this type of analysis, exhibiting the peculiarity of the D = 4
case.

Substituting the same ansatz in the equation Fij;. = 0 one obtains, for 1 # “T”

(1+1) 1 n(n—2) _ (1)
acuk = 2(1+1){[A gt =3 Cyy

4
M2+ 4)(n—21+2)

[(n +2)DD - CjpfY —=2y(;D - D - CifV ] } .
(5.4.7)
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The value of 1 excluded from (5.4.7) shows that, from there on, the tensors C(!) also
depend on V(*3*),

opc 1 fp v 2y a1l (5as
utijk T 4 (iYjk) *n_i_zy(ij Y —(A+2n—1) ijk - (5.4.8)
The u-evolution of B(*z2), U(3) and V("3*) is fixed instead by the equations Fy, o = 0

(with a,b # 1) as

(“22)_M_“—3J“ (A—n+2)D-D-D-C*") A.
B T Tn mdu (A—n+2) C , (5.4.9a)
(o) u Tl—1 b / (L*Z)
U SN+t aM— du’(A-1)D-D-C; ?
i l—i_n_|_2 v Z(n—H)(n—l-Z)Joou( ) '
TR, s r du’Ju/du”D(A—n+2)D‘D'D‘C(nz4) (5.4.90)
enn+1)n+2) )] » J ' o
(Lﬂ) u 2
Vi ZPij-FTH_?)(D(iN)')_nViJ'D'N)
uz 2
D(;DjjM — = v AM
+2(n—|—2)(n+3)< ()T Y )
n+1 v (%)
(n+2)(n+3)<[—oou( e v ( )

where M, N; and Py; are arbitrary functions and tensors on the celestial sphere.
The omitted terms in the last equation correspond to the multiple integrals in the
retarded time that one obtains by integrating the di Lerkntial equation

—

n42 n n n
Ly 1 = nl3 {D“uj{z’ - %yijD u - 21; (A+n—-2)D. ci(;)} (5.4.10)
given by the equation F;; = 0. At any rate, in Section 5.4.2 we shall show that they do
not contribute to the linearized charges.

We anticipate that the calculation of the surface charges will essentially boil down to
determining their precise dependence on the “integration constants” or, more precisely,
“integration functions” M, N; and Py;, which admit an arbitrary dependence on the
coordinates on the sphere at null infinity and are indeed needed to specify a solution
to the recursion relations dictated by the equations of motion. They all appear at order
™~ 1 in the expansions (5.4.3) and enter (5.4.9) in combinations with a fixed polynomial
dependence on the retarded time wu.

For all other powers of 1/r, the equations F,,,p, = 0 (with a,b # r) reduce to diver-
gences of (5.4.7) and are therefore identically satisfied. The divergences of (5.4.7) also
imply the constraints (5.4.6). As a result, the latter do not impose any further condition
on the CY with lower values of 1.
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Let us stress once again that some of the above conclusions are only valid for n > 2
due to a number of cancellations that we have highlighted in the four-dimensional
case. Below we will see how these results need to be emended in the four- and three-
dimensional cases.

Odd spacetime dimension

When n is odd one has to add further terms to the ansatz (5.4.3) in order to obtain
nontrivial asymptotic charges at null infinity. The necessity of this completion is clearly
displayed by the fact that such charges are obtained by integrating a quantity linear
in the fields over a sphere with measure element scaling as r™, while the radiation
ansatz only involves half-odd powers of 1/r. In other words, one must add Coulombic
contributions to the asymptotic series. We therefore consider the ansatz

o0 o0

Puuu = (puuu[B] + Z T17nilé(l) ) Puui = (Puui[u] + Z r17n71ﬂ£1J ) (5411)
1=0 1=0

Puij = Quij[VI+ Z r1*“71\~/i()-1) y Pijk = @ijk([Cl + Z rhnflég,)(, (5.4.12)
1=0 1=0

where ¢.,.,..[B] and so on denote the terms introduced in (5.4.3), which are still necessary
if one desires to describe radiation, that is if one wishes to have a honvanishing energy
flux through null infinity (which is still given by (5.4.4)). The new contributions to the
expansion of the field components satisfy vy V{) =y C{, =o0.

Since n is odd, all factors entering the expansion of the equations of motion in powers
of \/r are di [erkent from zero. As aresult, the tensors B(Y), UV and V(! satisfy the same
conditions as in (5.4.5), but without any constraint on the allowed values of 1. Similarly,
the tensors C(U satisfy (5.4.7) for any 1. The tensors appearing at the leading order of
the new, Coulombic branches of our ansatz must satisfy

5(0 ~(0) u
B( ):M) Ui :Ni‘f‘maiM, (5413a)
VO _p.t Y (DN, 2viD-N
g =Pyt o3 (PaNy = vube
+ u? DD M — 2 5 AM (5.4.13b)
2n+2)(n+3) (+3) n VU ’ o

on account of the equations of motion F, o, = 0 (with a,b # r). Notice the similarity
with (5.4.9): the only di[erknce is that, when n is odd, there is no contribution from
the data of the solution that encode radiation (here stored in the /r branch). As we
shall see below, the latter terms anyway do not contribute to the linearized charges.
The subleading O(r~™) terms in our ansatz do not contribute as well to the linearized
charges.
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Three and four spacetime dimensions

When n = 1 or n = 2, as we have already anticipated, the previous analysis must be
modified. We begin by revisiting the four-dimensional case, where, in the component
@wuv the leading order of the radiation and of the Coulomb-like solutions now coincide.
Moreover, the equation F,,,,, = 0 does notimpose any constraint on the triple divergence
of C(9). As aresult, the equations fixing the dependence on u of B(®), U(") and V(2) are
slightly modified as follows:

1
BO) =M + cD-D-D- clo)] (5.4.14a)
‘] u
Uim:Ni—l—ZaiM—MJ du'[(A—UD-D.Ci(O)—2D1D.D.D.c(°>,
(5.4.14b)
(2 _p Y DN — D - Yo DM
Vi =Py + < (DiNj) —vyD - N) + 55 (DiDjM =3 AM) +--- . (5.4.140)

M, N; and Py; are arbitrary functions of x asin (5.4.9) while in (5.4.14c) we omitted the
integrals that are obtained by the substitution of the previous formulas in the di Lerkntial
equation (5.4.10), which is not modified even when n = 2. In particular, these additional
terms in D - D - D - C(© will be instrumental in building the charges associated to the
spin-three supertranslations and superrotations identified in the previous section.

When n = 1, namely in a three-dimensional spacetime, the radiation branch becomes
subleading with respect to the Coulombic one in ¢,.,.. Moreover, fields of spin greater
than one do not propagate local degrees of freedom. It is therefore natural to ignore the
radiation branch and work with boundary conditions that only encompass Coulomb-
type solutions of the equations of motion. The only nonvanishing components of the
field in the Bondi gauge (5.4.1) are

Quun =M(8) +00r™"),  Guuo =N(8)+3 M(6) +0(r"),  (5.415)

where 0 denotes again the angular coordinate on the circle at null infinity and we already
included the constraints on the leading terms imposed by the equations of motion.
5.4.2. Asymptotic symmetries and charges for spin three

We now identify the key features of the gauge transformations preserving the Bondi-like
gauge conditions (5.4.2) and calculate the associated charges. The general expression for
these charges, expressed in terms of the fields and the parameters of gauge symmetries
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is given by

n—1

LT 2
Q(u) =— lim T JS \ﬁ { T Quuu Or €rr + €rr (Tar + 2“) Quuu — ; €rrD - @uu

T—00

2 s 1
2 Yo |:(Puui (10 +m) €rj — T €riD - (Puj:|

1 .. .
+ :’)Ylkyﬂ [(Puij Or €x1 — €ij O (Pukl] } ’
(5.4.16)

where we recall the expression (5.2.15) for the allowed gauge parameters. However,
while in four-dimensions these quantities are allowed to take an infinite number of
independent values, as we shall see, the further constraints arising in higher dimensions
will reduce them to a finite-dimensional family to be identified with global Killing
symmetries.

The tensors Ky;, p; and T that characterize the asymptotic symmetries are not arbitrary:
for n > 2 they are bound to satisfy the di [erkntial equations (see Appendix B.2)

2 .
Kijk = D(‘I,K]k) — mY(UD . Kk) = O, 'Yl]Kij = 0, (5417)
Rijxk = DDjpy — T (v(80k) +Y(1j{Dk),Dl}pl) =0, (5.4.18)
1
Tijk = DDyD T — — (v(1;ADx) T +v(1;{Dx), D1} D'T) = 0. (5.4.19)

When the dimension of spacetime is equal to four, i.e. when n = 2, the last condition
simply does not apply and the function T(x™) isarbitrary. Inthiscase, the corresponding
symmetry is the analogue of gravitational supertranslations, from which we derived
Weinberg’s theorem in the previous section. Eq. (5.4.17) is the conformal Killing tensor
equation of rank two on the n-dimensional celestial sphere. For n > 2 this equation
admits a finite number of solutions, while when n = 2 it admits an infinite-dimensional
family of local solutions, which we discussed, generalizing gravitational superrotations.
The same is true for the less familiar eq. (5.4.18) satisfied by p;: when n > 2 it admits
a finite number of solutions, while for n = 2 locally one can build infinitely many
independent solutions. All combinations appearing in the above equations are traceless,
and hence they vanish identically when the dimension of spacetime is equal to three,
i.e. n = 1. This implies that in three dimension T(8) and p(0) are arbitrary functions,
while the symmetry generated by the traceless Kj; is absent.
Substituting (5.2.15) into the expression for the charges (5.4.16) one obtains

T:rL—] 2u uZ
i T— " =Dpt —————=D-DK
Qlw = lim — LHW{X< ne T P ) ) (5.4.20)

+x* <pi—n+zD‘Ki> +x7 Ky }»
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with

n—1 1
X=- (Tar + ZT‘L) Puuu — f D- Quu + Z aTD -D- Puy (5.4.213.)
2
Xi= 2(1’1 +2) Puui — ; (Tar - 2) D @ui, (5-4-21b)
Xij = (10r —4) @uij - (5.4.21c)

The next task is to evaluate (5.4.20) on the solutions of the equations of motion discussed
above. For n even and greater than two (5.4.5), (5.4.6) and (5.4.9) lead to

T - 2k —2
Z k$D-D-D-C(k)—r1_“(n+1)M
—0

2(n—2k—2)
3 w
+71- “n6nJ duW'(A—n+2)D-D-D-C"T) yo(r ™), (5.4.22a)
anz
_n 2(n+ 2k
Xi = T k+1 (rTLL—Zk)D.D Ci® 4247 “{(n+2)Ni+uaiM}
k=0
r]—n u no2
- J_Ogu'{(n—n(A—UD-D.cJ %)
J— LL/ n—
+“3n3J du”’Di(A—n+2) (D)) C(T")},w(r—“) (5.4.22b)
2
n k+2n+2k+2 (k)
Xij = — —— 5 DGy
= n—2k+2
1— 2
—7T {(TL+3)P1]+LL D( N])—E’YUDN
u? 2
) (D(iDj)M -2y AM> } +oe (5.4.22¢)

wherein (5.4.22c), besides the terms O(r—™), we also omitted the integrals in the retarded
time that one obtains by substituting (5.4.9c). For n = 2 the first two expressions are
modified as follows,

1

1
x=—1 {m +1p.poD. cw)} +o(r2), (5.4.232)

xi =2D-D- ¢
2 1™
+T{4Ni+uaiM+6J du’{(A—])D-D-Ci(O)—ZDiD-D-D-C(O)]}

—00

+0(r ), (5.4.23b)
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while xy; is instead obtained by setting n = 2 in (5.4.22c) and by correcting the integral
terms according to (5.4.14c). For n odd the extrema of the sums become, respectively,
n=3 1=l and 231, while the terms in the second and third lines of egs. (5.4.22) are
absent.

Looking only at the r-dependence, the sums in the previous formulas would naively
give rise to divergent contributions to the charges. This is a standard feature due to the
presence of radiation fields, that roughly speaking always induce terms of the type

J k(u, x) n

s rdQ, 5 <a<gn (5.4.24)

in the calculation of the surface charges. These terms vanish, however, thanks to the
equations of motion and to the diLerkntial constraints on the parameters in (5.4.17),
(5.4.18) and, when n > 2, (5.4.19). Let us begin by exhibiting this mechanism in
the simplest case: the term Xinij in (5.4.20) contains divergent contributions that,
integrating by parts, can be cast in the form

o 2w ’
CS])( D(1K]k) — CS])< {M—Y(UD CKK) — Kl]k} =0, (5.4.25)

where we recall that Ky;y is the shorthand introduced in (5.4.17) to denote the di Lerkntial
equation satisfied by Ki;. The next cancellation is slightly more involved: integrating
by parts one obtains

i u
.~ D-K:
Luﬂx (pl —— 1>

- (5.4.26)
r—E—lj vy el <D“Dip‘<> ~— = _plipp. Kk)) +oe
= S, J n+2

To cancel the contribution in p; one can use eq. (5.4.18), which again allows one to
substitute the symmetrized gradient with a term in yy;. To cancel the contribution
in Ki; one can instead use the following consequence of the conformal Killing tensor
equation (5.4.17):

3

_n+2

n

.l

YD DKy + (n—3) Kijk} -
(5.4.27)

Similar considerations apply to the integral terms in the second line of (5.4.22b). The
remaining contribution in the charge formula (5.4.20) contains three addenda whose
divergent parts can be cast in the following form by integrating by parts:

CiDUDIDMT, i DUDID¥D.p,  CDUDD¥D-D-K. (54.28)
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These terms are actually absent when n = 2. For n > 2 the first contribution vanishes
thanks to (5.4.19). The other two types of terms vanish thanks to consequences of the
equations satisfied by p; and Kj;, obtained by taking symmetrized gradients thereof.

We have therefore proven that, in the Bondi-like gauge (5.4.1), a spin-three field with
the fallo [s(b.4.2) at null infinity and satisfying the field equations up to the contributions
of order ™! to its components admits finite asymptotic linearized charges. For any
n > 2, these depend on the “integration functions” specifying the solution as

Q= —;J ﬁ{(n—f— HTM =2(n+2)p'N; + (n+3) KijPij}, (5.4.29)
Sn

where M, N; and Py; are the tensors on the sphere at null infinity introduced in (5.4.9)
(see (5.4.13) for n odd). As anticipated, the charges are constant along null infinity
when the dimension of spacetime is greater than four. The same is true also in three
dimensions: in this case both KY and Pi; are not present and the asymptotic charges
take the form

Q :—JdO{T(O)M(O)—3p(8)N(6)}, (5.4.30)

in agreement with the result derived in the Chern-Simons formulation [168, 169].

When n = 2, the modifications in the dependence on u of the leading terms in the
Coulomb-type solution recalled in (5.4.14) (and (5.4.23)) lead to the following expression
for the asymptotic charges:

Qu) = —;L ﬁ{3T <|v| +%D ‘D-D- C(OJ) —8p'Ni +5KIPy; + } . (5.4.31)
In this formula we omitted other u—dependent terms in C(°), whose form is not par-
ticularly illuminating and can be readily obtained by substituting (5.4.23) in (5.4.20).
The main information is anyway that in four dimensions a dependence on the retarded
time appears already in the linearized theory, thanks to the contribution to the charges
of the radiation solution. As shown in the previous section, where the terms in T in
(5.4.31) have been already presented, the dependence on radiation data is instrumental
in deriving Weinberg’s theorem for spin-three soft quanta from the Ward identities of
the supertranslation symmetry generated by the arbitrary function T(x).

5.5. Arbitrary Spin

Without delving too much into the details, and restricting for simplicity to the higher
dimensionsn > 2, we shall now illustrate the generalization of the results of the previous
section to the case of an arbitrary integer spin s. The Bondi-like gauge in this case reads

$ra,; =0, Yij Pija,_, = 0. (5.5.1)
together with the ansatz
0
Quy i = O T 2 O (XM, (5.5.2)
1=0
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for even-dimensional spacetimes. We recall that we are conventionally employing
a multi-index notation for symmetrized indices: for instance ¢ijq, , is a shorthand
notation for any component of the type @ija;aq,-..a,,» With two angular indices and s — 2
arbitrary indices.

As in the previous examples, the leading behavior of our ansatz is designed to give
a finite flux of energy per unit time across the sphere S, at fixed u, a feature that
we interpret as radiation flowing through null infinity. Indeed, the canonical energy-
momentum tensor of the higher-spin Lagrangian in Bondi-like gauge,

1
L =30 (000, —VaV- 0a, 1), (55.9

reads
Tab = Va(Pcsvb(PCs —sV- (pcsqvb(l)acsq +T]ab|— . (554)

The corresponding power flowing through null infinity is then (yis12 = yY ... ykl with
s factors)

P(u) = lim J (Tuw — Tur) TVOQ :J yiisa, 9%, cl%40. (5.5.5)
Su $

T—00 Sy s

The asymptotic analysis of the field equations shows that, for all even values of n, the
tensors entering the ansatz (5.5.2) are fixed in terms of the C(s:Y, with the exception of

C; ozt =, (& fork<s. (5.5.6)

The tensors C(s:Y) are then determined (up to integrations functions) in terms of an
arbitrary tensor C(%:%) (1, x™), in particular via the equation F;, = 0. The remaining
components of the equations of motion fix the u-evolution of the tensors Q(*) defined in
(5.5.6). Furthermore, on-shell, the Q) are n-divergences as the other C*Y, up to a set
of integration functions M) (x™). More specifically, Q) depends on the integrations
functions of all Q(Y) with 1 < k with a precise polynomial dependence on u. As we have
seen in the spin-three context, this is instrumental in making the independence on the
retarded time of the asymptotic charges explicit. Concretely, the Q%) depend on the
M) in the following way

k
(n+s+k—l—ﬂ!l (k—1)
Qik(k) — Z : u'Dy- Dy My Y (5.5.7)
! k—2)! —_—— K
1=0 Hints+ ) L terms

where we omitted terms that will not contribute to the surface charges.
When n is odd, one has to consider an ansatz containing both integer and half-integer
powvers of r. Restricting to n > 1, we thus set

oo (.¢]

Quy e = 1 2 RO xmy 4 Y Tt CO (y x™), (5.5.8)
1=0 1=0
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so that the leading order has the same form as in (5.5.8). Eg. (5.5.5) thus guarantees
that we have a finite flux of energy per unit time across S,, in this case too. The leading
order of the Coulomb branch is in this case not constrained by the equations of motion,
so that we can define

Ck0l =) fork <s. (5.5.9)
The remaining C*V are again fixed in terms of the C(s>U), provided that one identifies
é(k,l) — C(k,%+k+1—l), that is

- +2k+1-1 =
Cllen) T D.CHk+1,1) 5.5.10
I+ 1) (n+2k+1) ( :

The field equations then determine C(s>Y in terms of an arbitrary C(5:%) (u,x™) up to
integration functions. The Q(¥) satisfy a relation analogous to eq. (5.5.7) where the
omitted terms, which anyway do not contribute to the charges, are actually absent.

To summarize, the solution of the equations of motion up to Coulombic order can be
cast into the following form

(2] +k-2 i
P e 22k =12+ 2(k+ 1 1))
Us klk

as—kce. (s,1)
Mm+2(s—1=2)n+2(s+1—1)) (D-)575Cy,

1=0
+rimQ + o213y,
(5.5.11)

Below, we will show that (5.5.11) indeed leads to the cancellation of some of the po-
tentially divergent contributions to the linearized charges, while also proving that the
Q(¥)’s give a finite contribution to them.

5.5.1. Asymptotic symmetries and charges for any spin

In the Bondi-like gauge (5.5.1) the surface charges be expressed in terms of the nonvan-
ishing field components as

n—1 s—1 . .
Qlu) =~ lim L - Z (S ]> {(Puspip (r0r + 1+ 2p) ets v 1te

T o _]I
—ools, (s=D =\ p (5.5.12)

. s—p—1
et (s p = 2) (10, 4 ) iy~ S D 0

Therefore, they only depend on the components e, , i, = (—1)5 % TeWws-+1; of
the gauge parameters of asymptotic symmetries. Analyzing the asymptotic Killing
equations obtained by enforcing that these parameters preserve the Bondi-like gauge,
one obtains that these components are parametrized as

s—k—1 m. . m
= (k0 Y (=D ™u s=k=TY) 5 ymy. (etm)
ersfkfllk =T (Klk + = (n+ s+ k—Z)m ( m (D )mKlk m

+ O(r2kf1 ) ,

(5.5.13)
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where the tensors K(¥)(x™) only depend on the coordinates on the n-dimensional
sphere at null infinity, while (a)n, = ala+1)---(a+n—1) is the Pechhammer symbol.

Moreover, the K ) are traceless and must satisfy suitable di Lerkntial constraints, which
generalize those dlsplayed in (5.4.17) and (5.4.18) for the spin-three case.

While substituting the explicit form of the residual symmetry parameters into the
formula for the surface charge, one first has to keep track of the cancellation of all
potentially divergent terms in the limit r — oo. As we have seen in the previous
sections, these usually occur after integrations by parts; for instance, the coe [cieht of
the leading power in r is of the form

J VYK UD -l 0 b —J VY DK el 0 (5.5.14)

and hence vanishes because K(5—1) satisfies the conformal Killing tensor equation of
rank s — 1. Since this type of cancellation must occur in general, as we have verified
in detail in the spin-three case, the finite contribution to the charges is determined by
the Coulomb-like terms Q) in the boundary conditions (5.5.11). Substituting them
into (5.5.12), while taking into account their dependence on the integration constants in
(5.5.7), one obtains after integration by parts

" p=0
(s—])(s—p—i)(p) s p—i—n—Z)(s—i—n—i—p—l—Z)!
P m 1) (s+#n+p—2)m(s+n+p—2)!
X( ])s+m+p+l l+mM1: ll)(D‘)l+mK(m+P)ip71 (5.5.15)

J Z —1)5*t*(s+n+q—2)!
i s—i)'s—i—n+k+q 3)!
-1

Z <S_1)<S_p_1>(p> udM Y (D RK e a) T
k+q-p/\q ta

The final expression has been obtained by introducing the new labels k = 1 + m and
q = p — land by swapping the sums, whose ranges precisely correspond to the values
of the labels for which the integrand does not vanish (with the convention () = 0 for
n < 0and n > N). One can eventually verify that the sum within square brackets in the
second line of (5.5.15) vanishes for any k > 0, thus confirming that the charges do not
depend on u for any value of the spin. The u-independent contribution then reads

s—1
Q:L VY Z(—1)3+q(s+n+q—2)<sg]> K@ Mm@ (5.5.16)
n —0

(S—])!q lq

in full analogy with the result that we presented for s = 3 in (5.4.29).
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Conclusions

Let us briefly summarize what we achieved so far and make an attempt to identify
possible directions to be explored in the future.

Concerning the extension of the asymptotic analysis to higher dimensions, we were
able to reproduce several aspects of the discussion of memory e [ecks in the context
of even-dimensional Maxwell and Yang-Mills theories, encompassing ordinary/linear,
null/nonlinear, phase and color memories.

While it is fair to say that the existence of memory in even dimensions is by now
no longer disputed, still, much remains to be done in this respect. Kick, phase and
color memory e [ecks are just a few of the many more types of memory that were put
forward in the four-dimensional setup. Therefore, it would be natural to understand
whether also di Lerknt aspects of memory formulas admit a generalization to arbitrary
even spacetime dimensions: for instance, the distinction between electric and magnetic
memories [16], spin memory [170], or refraction memory [171]. Of course, an even more
interesting possibility is that in higher dimensions memory e [ecks may possess a richer
zoology and may allow to define new types of observable phenomena. For instance,
while the Coulombic order O(1/rP—3) is, with hindsight, a natural place where to look
for memory e [ecks, since it is associated with DC phenomena, it is conceivable that there
may exist e [&cks that scale as O(1/r*) with DT*Z < k < D—3, provided that the test probe
is chosen appropriately and that suitable observables are identified. Independently of
the dimension of spacetime, it would also be interesting to better understand whether
proper analogs of color and phase memories in the gravitational case, i.e. memory e Lecks
encoded in the gravitational quantum numbers of a test particle, comprise qualitatively
new phenomena or just reduce to a quantum rephrasing of the standard displacement
memory (see e.g. [19] for a discussion of the quantum kick memory e [eck).

The status of memory elecks in odd spacetime dimensions is much less clear, as
a consequence of the dispersion phenomena occurring in this case. These manifest
themselves as the failure of the Huygens principle and, in the asymptotic expansion
near null infinity, as non-analytic terms of the form 1/r/2 with k odd. While a proof
of concept has been provided here for the existence in odd dimensions of null memory,
which overcomes the blurring induced by dispersion since the emitting source e [eckively
reaches the probe near null infinity, we still feel that the phenomenology of this e [ect is
much less studied and understood compared to its odd-dimensional counterpart.

The non-analyticities in 1/r, which are also at the basis of the failure of the conformal
approach to null infinity for solutions containing gravitational waves in odd dimen-
sions, are tightly related to di [Cculkies encountered in the discussion of soft theorems
and asymptotic symmetries which were resolved in [49, 50, 51]. The solution proposed
highlights a major drawback of the standard perturbative expansion in powers of 1/r.
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In odd dimensions, the perturbative treatment of the field equations is not su [cieht in
order to identify constraints that link radiation O(1/rDsz) and Coulombic O(1/rP—3)
components, since the corresponding recursion relations only involve perturbative or-
ders that di Lerlby an integer number. Such constraints only arise nonperturbatively, e.g.
by considering exact solutions to the field equations, and are crucial for soft theorems:
they are needed in order to connect the information on the propagating soft photon
modes, stored in the radiation components, to the soft charges involved in the Ward
identities, which are instead expressed in terms of Coulombic components.

While these works focused on the discussion of field strengths and relied on the struc-
ture of soft charges for the identification of the underlying asymptotic symmetries, thus
working “backwards” compared to the logic we employed in our discussion, an explicit
realization of these symmetries is precluded unless one introduces the gauge fields and
defines their dynamics by means of a gauge-fixing. Asymptotic symmetries can be then
evaluated in any dimension according to the following proposed strategy. After gauge
fixing, one first considers the set of solutions characterized by radiation fallo [s;whose
behavior at infinity allows one to have control over physical observable properties, but
which are too restrictive and e [eckively forbid infinite-dimensional asymptotic symme-
tries. Then, one acts on this set of solutions by gauge symmetries that preserve the
gauge fixing and have finite and nonzero asymptotic charge, but which do not necessar-
ily leave radiation fallo [Sinvariant. The wider solution space so-obtained still retains
all the desirable physical properties of radiation solutions, such as finite energy and
charge fluxes, but it admits nontrivial asymptotic symmetries by construction.

Asymptotic surface charges, on the other hand, may first be safely evaluated on .#*
(resp. .# ") in regions where radiation is absent, i.e. where the solutions are stationary.
In particular one may first consider the limit .#" (resp. .#."), where, under standard
assumptions, only Coulombic contributions matter. The evolution of the charges along
# can then be defined, even in the presence of radiation, by means of the equations of
motion.

Combining this observation with the previous one, we may formulate the following
systematic criterion to detect the existence of nontrivial asymptotic symmetries in higher
dimensions: it is su [cieht to find the residual subset of transformations preserving the
assigned gauge-fixing and giving rise to a finite asymptotic charge when evaluated on
Coulombic solutions.

However, at this point, one may still wonder to which extent the nature of the asymp-
totic symmetry group is gauge-independent, or, if it does depend on the gauge, whether
there exists a maximal asymptotic symmetry group and a systematic way in which this
group allows for an embedding of the smaller ones. These are, to our knowledge, open
questions.

Moving to the case raised by the soft scalars, we have been able to provide a possible
resolution of the purported paradox related to the existence of soft scalar charges, in
the four dimensional case, by appealing to a two-form gauge symmetry giving rise to
dual soft charges. Nevertheless, the analysis of this point leaves open two interesting
aspects. First, again in connection with the possible gauge dependence of the asymptotic
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analysis, there is the problem of knowing, if possible a priori, when the chosen gauge
fixing results in too stringent a condition and actually hides the presence of asymptotic
symmetries. This seems to be the case, in this context, for the radial gauge, which
trivializes the asymptotic charges, while the Lorenz gauge appears to be more flexible
and allows one to overcome this di Cculky. Second, the example of the scalar and the
two-form in four dimensions paves the way to the possibility of discussing asymptotic
structures by exploiting dualities in more general contexts, although one should bear in
mind that such a possibility is essentially restricted to the free/asymptotic level.

On the higher-spin side, we have seen how a strategy similar to the one employed
in the context of linearized gravity allows us, upon introducing a suitable Bondi-like
gauge, to perform a meaningful discussion of asymptotic symmetries for all integer
spins in any dimension, for free fields. The calculation of the associated charges has
also been carried out explicitly in four dimensions and, at the level of global symmetries,
in any dimension. We have verified the connection of such symmetries with Weinberg’s
soft theorem in four dimensions, where the infinite dimensional asymptotic symmetry
enhancement occurs more naturally, but it is reasonable to envision that, once the
strategy proposed above is employed in order to overcome the di [culkies induced
by the imposition of radiation fallo [s.Isuch a link should hold independently of the
spacetime dimension as in the case of lower spins.

Moving to issues less directly related to the ones we have discussed in detail, it
appears natural, also in connection with cosmological observations, to wonder how
far the discussion of asymptotic symmetries and their observable consequences can be
carried in the presence of a cosmological constant. This issue has already attracted
attention in the literature on the gravitational setting with promising results (see e.g.
[172,173, 20] for recent developments in this direction), especially for de Sitter spacetime,
but the fact that many of the above results on flat spacetime hold regardless of spin
strongly motivates analogous investigations also for Maxwell, Yang-Mills and higher
spins. ldentifying similarities and di Lerknces between flat spacetime and (A)dS in this
respect could prove challenging, due to their di[erknt causal structures, but it could
also provide fruitful insights into the problem of flat space holography.

Also the analysis of higher-spin asymptotic symmetries on Anti de Sitter spacetime
may be regarded as promising, since AdS o Lerk the only arena in which non-Abelian
higher-spin gauge algebras are explicitly known so far [62]. A tightly related issue
is the possibility of uncovering a non-Abelian algebra that may underly the infinite-
dimensional family of (commuting) asymptotic symmetries that has been put forward
in this thesis for any spin on flat space. A first step in this direction would be the
introduction of cubic vertices in the analysis of higher-spin asymptotic symmetries.

Finally, let us mention again the tempting analogy between our higher-spin symmetry
enhancement and enhanced symmetries exhibited by string amplitudes in the high-
energy regime [66], whose relation, if any, would provide further insight into the role
played by asymptotic symmetries in the structure of string theory. A related issue would
be the understanding of the role, if any, played by these symmetries of massless higher-
spin states in the tensionless limit of string theory and in the mechanism of symmetry
breaking that gives rise to a mass for such states.
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A. Coordinate Conventions

In D-dimensional Minkowski spacetime, retarded Bondi coordinates are defined as
follows in terms of the standard Cartesian coordinates x* = (t,x) = (x°,x!), with1 =1,
2,...,D—1. retarded time u = t—jxj, aradial coordinate r = jxj, and angular coordinates
x' on the Euclidean unit (D — 2)-sphere, with metric Yij-

The Minkowski metric, in such coordinates, reads

ds? = —dt? + dx? = —du? — 2dudr + rzyij dxtdx ,
while the nonvanishing Christo [ellsymbols are
1

T

i
i, =

1 .
Eyﬂ(aﬂ’tk + 0k Y1 — Oyji) -
With D; we denote the covariant derivative on the sphere associated toyi; and A = D;D!
is the corresponding Laplace-Beltrami operator. In particular, the d’Alembert operator
O acting on a scalar ¢ takes the explicit form

L)

Op =— (20, + B=2) 0y + (37 + 220, + 5A) 0.

In terms of a given parametrization n = n(x') of unit vectors, jnj = 1, identifying
points on the sphere, one has x = rn and yi; = d;n - 9;n.

The Cartesian components of the radial vector x satisfy V,Vpx = 0, since in Cartesian
coordinates this reduces to 9;9yx = 0. In spherical coordinates this identity gives,

DiDjI‘l = _Yijn>
which in its turn implies
(DiDj — 55v4jA)n=0 and  (A+D-2)n=0.

More generally, for any homogeneous polynomial Py(x) = r'Qq(n) of degree 1 > 0, we
have that
SUVIVJPL = TziD ar(erzarPl) + TﬁzApl

vanishes if and only if [A + (D + 1 — 3)]Q, = 0. This shows that A has eigenvalues
—1(D+1-3)for1=0,1,2..., each with multiplicity g; equal to the dimension of the
space of harmonic polynomials of degree 1. In particular go = 1, associated with the
constant polynomial, and g7 = D — 1, corresponding to the monomials given by the
Cartesian components of x. For 1 > 2, we have [174]

o= =M.
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B. Spin-Three Symmetries at .7 "

B.1. Spin-three Asymptotic Symmetries

In this appendix we explicitly calculate the asymptotic symmetries that preserve the
following conditions for a spin-three field in D = n + 2 dimensions:

@rab =0,  YI@ija =0, (B.L1)
together with the requirement that

Puui Puij Pijx
Puuu T ) TZ ) T3 (812)

scale as O(r— ') near future null infinity. The significance of this set of conditions is that,
when D = 4, they coincide with the standard Bondi-like gauge conditions discussed
in Chapter 5, while, for generic dimensions, (B.1.2) provides the strongest fallo [S$till
allowing for the presence of infinite-dimensional higher-spins supertranslations, in
complete analogy with the gravitational case.

Let us start from

8¢ @rrr = 30r€rr =0, (B.1.3)
8e@rru = 20r€yur + Oy€rr =0, (B.1.4)
8e @ruu = 20y €ur + Oreyn =0, (B.1.5)
SePuun = 30u€uu =0 ). (B.1.6)
From (B.1.3) we get
€rr = F(u,n), (B.1.7)

for some r-independent function F. Then, by (B.1.4),
Eur = —gauF(u,n) + G(u,n), (B.1.8)
for an arbitrary r-independent function G. Hence, (B.1.5) implies
2
o 7aiF(u,n) — 2104, G(u,n) + H(u,n), (B.1.9)
with H(u, n) a third arbitrary function of u and the angles. Imposing (B.1.6), we have

r2

5 BF—2r02G+ 0o, H=0(""), (B.1.10)
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where we see that the left-hand side must actually vanish, so that

where we have introduced a number of arbitrary angular functions.

Now, let us analyze

de@rri =2 (ar - %) €ri + Di€rr =0,
dePrui = (ar - %) €ui + Ou€ri + Dieyr = 0)
de Puui = Zaueui +Dieuu =0.

Eq. (B.1.12) requires

r
€Eri = eri(uon) + EDiF(uwn) )

while, from (B.1.13),
eui = —120uJi(u,n) + r?Ji(u,n) + rD;G(u, n) .
In its turn, by (B.1.14),

T2

—2r3921; + 5

(Di02F +40,J;) + DiH = 0(1),

which requires that the coe [Ciehts of r3 and r vanish:

Li(u,n) =uri(n) + pi(n),

Jilw,n) = =3 DiFa(n) + o3 ().

Let us now turn to the variation

6e(Prij = (ar - %) €ij + D(iej)r - ZWij(eur —€rr) =0

which gives

2

T
€ij = T‘4Kij +T3 [D(in) +y1jauF] + = [DiDjF-i- Z‘Yij(F — G)] ,

2

(B.1.11)

(B.1.12)

(B.1.13)
(B.1.14)

(B.1.15)

(B.1.16)

(B.1.17)

(B.1.18)

(B.1.19)

(B.1.20)

where Kj;(u,n) is an arbitrary symmetric tensor, and to the trace constraint that must

be obeyed by the gauge parameter,

1 .
b
N*’€qp = €rr — 2€ur + ﬁyl)eij =0,
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from which we obtain three conditions,

YUKy =0, (B.1.22)
2D -1+ (n+1)9,F=0, (B.1.23)
[A+2(n+1F—2(n+2)G =0. (B.1.24)

We thus learn that Ky; is traceless, while (B.1.23) and (B.1.24) using the expansions
(B.1.11), (B.1.18) give the constraint

[A+2(n+1)]F, =0 (B.1.25)
and allow to solve for the following quantities,

1 2

F, = _mD T, Fi = _mD p, (B.1.26)
and
1 1
=— [A+2 1IF =— [A+2 NIT. B.1.27
1= gy A2+ IR, S=orm A+ 2+ 1) (B.1.27)
The variation
6e@uij = 6uei,- + D(iej)u — ZT'Yi)'(euu —€eyr) =0O(1), (B.1.28)

namely
19uKij+1% [3DiD;juF +v1j0uG + D(iJjy] +2r[D;D; G—vi;(G—H)] = O(r), (B.1.29)

imposes

1
auKij =0, EDiDjauF + YijauG + D(i]j) =0, (8130)

because the coe [ciehts of ¥* and r2 in (B.1.29) must vanish. Furthermore the coe [cieht
of r, while allowed to be nonzero, must be traceless, so that

AG+n(G—H). (B.1.31)
More explicitly, we obtain from (B.1.30) that Kj; is u-independent and, using (B.1.11),

(B.1.18), ]

zDiDjauF1 +7vijG1 + D05 =0, (B.1.32)
while (B.1.31) yields
1
H=_(A+mn)S, (B.1.33)

together with the constraint equation

(A+1)Gy =0. (B.1.34)
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The last variation to be taken into account is

S @ijk = D(1€5x) — 2ryijlex)u — €xyrl = o(r?), (B.1.35)
namely
™ [D(iKji) + 20u(1vj1)] +7° {A1DjTk) + V(15 [Di)duF + 2Ly — 2Jy)]} (B.1.36)
+12 [3D DDy F + v(1;Di (2F — 3G)] = O(+?),
which, imposing that the coe Lciehts of r* and 3 be zero, a [afds
D Kji) +20uIvii) =0, (B.1.37)
ADjL) + v (3D duF + 21y — 2J,)] = 0., (B.1.38)
Furthermore, the coe [cieht of v in (B.1.36) must be traceless:
1DiAF+ADiF+ (n +2)D;(2F —3G) = 0. (B.1.39)

2
The trace of (B.1.37), recalling that y'K;; = 0 by (B.1.22) and using (B.1.18), gives

L Ki, (B.1.40)

Ti— .
v n+2

and substituting back into (B.1.37) we see that Ki; must satisfy the conformal Killing
equation

2
Recalling (B.1.11), (B.1.18) we obtain from (B.1.38)
DiDjri) + v(ij [2rk) + 3Dy F2] =0 (B.1.42)
and
D(lD] Px) + Y (ij [Dk)F] — Z(Tk) + Zpk)} =0. (8143)
Recalling (B.1.26), (B.1.27), (B.1.40) and taking the trace of the last equation also gives
3

1
pi +



Before proceeding further, let us recall our conventions for the Riemann tensor on the
Euclidean sphere,

[Dy, Djlp* = Rklij o, Rijkt = YixYjt — YilYjk - (B.1.48)

Repeatedly use of this relation allows one to derive a number of useful identities, which
we will employ extensively in the following, for generic functions T, vectors p' and
symmetric, traceless tensors KV on the n-sphere:

[A) DI]T == (Tl - 1)D1T)
[D1, D ;1KY = 2nKyj,

[A,D]Kji) = (n+3)DKjy) — 4y (35D - Ky
[Dy, Dilp' = (n —1)ps,
[Di,Alp* =(n—1)D - p,
D¥[Dy, Dilpj) = D(ipj) — 2v4;D - o, (B.1.49)

[A,Dilpj) = (n+1)Dip5) —4vi;D - p,
[D1,D(iDj)lp' = (2n — 1)Dyipj) — 2vi;D - p,
[Di,A%]p' =2(n—1)AD - p+ (n—1)’D - p,
[0, AID1pj) = (N + 1)Api + (n = 3)DiD - p + (n* — 1)ps,
[A,D(ilDjpy) = (N +3)DDjpx) —4v(1;[DiyD - p + Apyy + (n —T)py)l.
We begin the analysis of the equations we obtained by noting that (B.1.26), (B.1.27),

(B.1.33), (B.1.40) and (B.1.45) allow us to determine all integration functions in terms of
T(n), pi(n) and Kjj(n), namely

D-D-K 2D-p A+2(n+1)
p,o DDk . G =——rAmT U b, (B.150
2" )12 L —— = i migl e B150
while At2n+1) (A+n)A+2mn+1)]
+2(n+ +)IA+2(n +
_atiantl) H = B.1.51
Mtz it (.15
and
1 n A+2n+1
n——mD Ky, Gi—mDiD‘Pﬁ-Wpi- (B.1.52)

On the other hand, T, p; and Ky; must satisfy (B.1.22), (B.1.41) and (B.1.46), namely

2 .
Kijie = DKy = —5v@wD Kig =0, vy =0, (B.1.53)
2
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plus a number of consistency conditions (B.1.25), (B.1.34), (B.1.44), (B.1.47), which take
the following form: the one involving T reads

[A,D;{]T—(n—1)D;T =0, (B.1.55)
which is actually identically satisfied on account of (B.1.49), the constraints on p; are

[A,DiD-p—(n—-1)DiD-p=0,

(A+n)A+2n+1)D-p=0, (B.1.56)
n—2 3vij
(A—l—n)D(ipj) + T—HDiDjD P — Tl—i—lj1 AD - p—Zyi)-D ‘P :O,

of which the first is again identically true by (B.1.49), while the consistency conditions
involving Ky; are

[A+2n+1)D-D-K=0,

Di[A+2(n+1)]D-D-K=0, (B.1.57)
3

We will now prove that all these equations are actually identically satisfied, provided
that p; and Kj; obey (B.1.53) and (B.1.54). To see this, we take divergences of Kj;; and
Rijk, which, making extensive use of (B.1.49), read

2(n+1) n—2
D'Rij:7n+2 [(A—Fn)D“pj)—l—n_i_]DiDjD‘p
S‘Y..
— AP P —2yyD- p] ,
2 1 2(n—2
D-D-RFM Azpi+3nApi+MDiAD.p (B.1.58)
n-+2 +1
22n+1)(n—-2
( Tl—:(] )DiD-p—l—(Zn—i-U(n—])pi},
6(n—1
D-D-D~R:(T?+2)(A+n)[A+2(n+1)]D-p,
and
n 2
D'Kijn+2[D(iD'Kj)_nYijD'D'K +(A+ZH)K1)’,
2 1 -2
D-D-Ki= (TT;_—:Z) L(T;_H)DiD-D-K+AD-Ki+(2n—i—1)D-Ki , (B.1.59)
D‘D-D‘Kz3—“[A+2(n+1)]D-D-K.
n+2

Equations (B.1.58) clearly show that all remaining constraints (B.1.56) involving p; are
actually proportional to divergences of equation (B.1.54), namely D-Rj;and D-D-D-R.
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Furthermore, equation (B.1.59) reduces the first two constraints in (B.1.57)toD-D-D-K
and D;D-D-D - K.

To see that also the last equation in (B.1.57) is identically satisfied by (B.1.53), we first
take its trace and note that it is proportional to D - D - K;. The traceless projection instead
reads

2
D(;DjD - Ky — e 2L [2D1)D-D K+ (A4+n—1)D-Ky)] =0. (B.1.60)
We then consider
n 2
(B.1.61)
which, upon substituting Ky, = 0, yields
n 2

(B.1.62)
The traceless projection of this equation is precisely (B.1.60), which proves that it is
identically satisfied.

To reiterate, the gauge transformations that preserve the conditions (B.1.1) and the
“weak”, dimension-independent fallo [S{B.1.2) are parametrized by a conformal Killing
tensor Ky;(x*) on the sphere, by a vector p;(x*) satisfying (B.1.54) and by an arbitrary
function T(x).

Making explicit the dependence of the gauge parameters on these function a [ards

uw?’D-D-K 2u

= D-p+T,
R R Y S R
e urD-D-K n " b UA+2(n+1)] +A—|—Z(n—|—1)
U T )M+ ntrls T T mrm+2 T T 2my2)
S ™D-D-K +2r[A+2(n—H)]D +(A+n)[A+2(n+1)]
W 2 L mt)my2) P n(n+2) )
ur’D-K; u?rD;D-D-K ur
= i DD - D;T,
€r nt2 Pt i my  nad oty
r3 ur?D;D-D - K 2 n
= ——D-K;i— DiD-p+ (A+2n+1)p;
T A 2(n—|—1)(n+2)+n+2[n+1 DAt an+ )pl}
ur T
Y DA+ 24D ot A2 DT
MEDmT2) i[A+2(n+1)] p+2(n+2)[ +2(n+ NIT,
3
e = 1Ky~ 205 DD K = DD K] 7 [Py~ T4
LLZTZ
D:D: - 2v: D -D -
Fimt myz PP+ 2 K
uTZ Yij T‘Z Yi
— — |DiD;— 9 (A-2)|D-p+— |DiD; — 9 (A—2)| T.
n+1{ ) n+2( )} p+2{ ) 2( )

(B.1.63)
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while the corresponding nonvanishing symmetry variations read

1

de Puui = mDi(A +n)[A+2(n+ 1T,
2ur
de@uij = —m(DiDj +vy)[A+2n+T1)]D - p
+ n%rz (DiDj — LyA) [A+2(n + 1T,
uzr2 (B.1.64)
Se@ijk = CERICES) [D(iD;Dx) +4y(1jDx)] D-D - K
ur? 1
— A |:D(1D]'Dk) — myka)BA—l—Z(n— ])]:| D-p
2 1
+ > [D(iDjDk) — mY(ijDk)BA +2(n— 1)]} T.

B.2. Spin-three Global Symmetries

We now specialize the calculation of spin-three residual symmetries in D = n + 2
performed above to the more conservative radiation fallo Cconditions. We thus require

that 5 5
6€ Puuiy e(iul) ) eigl)k (821)

scale as O(r—2). This choice will actually force us to consider, for any dimension
greater than four, exact Killing tensors, namely the solutions of . @b = 0, due to the
occurrence of the following additional constraints.

First, DiH = 0 from the O(1) term in (B.1.17), namely

(A+1n)[A+2(n+1)]

H= n(n+2)

T (B.2.2)

would be a constant for any dimension greater than four. Second, the coe [cieht of r in
(B.1.29) would not just be traceless, but would be actually set to zero,

DiDjG —Yij (G — H) =0. (823)
Third, we would have the vanishing of the coe Lcieht of v in (B.1.36),

1
As already remarked, equations (B.2.2), (B.2.3) and (B.2.4) are equivalent to the vanishing
of (B.1.64). We now express the additional constraints (B.2.2), (B.2.3) and (B.2.4), or more
precisely their traceless projections, since the vanishing of their traces has already been
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imposed above, in terms of Ky;, p; and T, thereby obtaining

1
D;D;D,yD-D - K— YW [2AD)D -D -K+DyAD - D - K] =0, (B.2.5)
(DiDj — LyA) [A+2(n+1)]D - p =0, (B.2.6)
1
DuDDyD - p = =57 [2ADD - p + Dy)AD - p| =0, (B.2.7)
Di(A+n)[A+2(n+ 1T =0, (B.2.8)
(DiDj — LyyA) [A+2(n+ T =0, (B.2.9)
and :
Tijx = DiDjDy T — 2410 [2ADy) T + Dy )AT| =0. (B.2.10)

We will now prove that equation (B.2.10) is the only genuinely new condition, while all
other constraint actually follow from Kjji, = 0, Rijx = 0 and Tyj, = 0.

The conditions (B.2.8) and (B.2.9) are proportional to divergences of Ty = 0. em-
ploying (B.1.49),

3
DTy = =55 (DD — fyyA) [A+2(n + 1T (B.2.11)
D-D-Ti= WD&A +n)[A+2(n+1)]T. (B.2.12)

Equation (B.2.6) then follows in the same way from (B.2.7). To see that the latter holds,
we can start from equation (B.1.58) and consider D ;D - Rjy), which takes the form

2(n+1)

DD Ry ==

{(A — 3)D(1D)~pk) + ?H_?D(iDjDk)D P +'Y(ij [ : '}k)} )
(B.2.13)

where dots in the square bracket denote a number of terms obtained from p; and its

derivatives, with one free index. Using Ri;x = 0, given in (B.1.54), we can eliminate the

first term on the right-hand side to cast this equation in the final form

2(n—2)
hi2 {DEDjDyD - p + vyl -1} =0, (B.2.14)

whose traceless projection is (B.2.7).
Equation (B.2.5) can be seen to hold adopting a similar strategy. Starting from equation
(B.1.59), we can consider D(;D;D - D - Ky, which has the form

2(n+1)
n-+2
n—2

+n7HD(1DJDk)D -D- K-f—Y(l][]k]} )

DD;D DKy, = {(A—=3)DDjD - Ky,

(B.2.15)
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where the square brackets now contain a suitable combination of K; and its derivatives.
Employing the expression for D;D - Kj,) = 0 given in (B.1.62), we can substitute the
first term on the right-hand side and obtain

2(n—2)

DDyD DKy ===

{DDjDy)D-D - K+ vl 1} =0, (B.2.16)
which, upon taking the traceless part, yields (B.2.5) as desired.

Thus, to summarize, the only new condition that is introduced by enforcing the exact
Killing equation is (B.2.10), whose e [ect is that of reducing the allowed choices for
the previously arbitrary function T(x!) to (linear combinations of) spherical harmon-

ics with 1 = 0, 1, 2, namely to a solution space with finite dimension 1 + (n + 1) +

[w_1 _ (nt1)(n+4)
2 = 2
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