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Aspects of Holography beyond AdS
BMS superrotations in higher dimensions

by Federico Capone

A crucial role in the problem of four-dimensional asymptotically flat spacetime holography
is long believed to be played by the Bondi-Metzner-(van der Burg)-Sachs (BMS) asymp-
totic symmetry group. The discovery of deep relationships between such symmetries and
gravitational infrared effects - pertrubative soft theorems and gravitational wave memo-
ries - has sparkled new interest in the problem. In this context, superrotations extend
the standard general relativistic definition of BMS group. While there has been some
debate on the extension of BMS to higher dimensions (d > 4), very little has been said
about superrotations. In this thesis we initiate a systematic study of such structures. We
provide evidence that consistency of superrotation Killing fields with a fully non-linear
d > 4 gravitational configuration space requires different boundary conditions than those
considered in literature. The first such evidence comes from cosmic (d — 3)-branes, which
are conjectured to be related to superrotations in d > 4 as a natural generalization of
the relationship between cosmic strings in d = 4 and d = 4 superrotations. The general

boundary conditions may be taken to define asymptotically locally Minkowski spacetimes.

The first part of the thesis recaps fundamentals of AdS/CFT - the most well known exam-
ple of holographic duality - and the second moves to asymptotically flat spacetimes. The
review material marks the conceptual and technical differences between AdS holography
and the attempts at flat holography. A recurring theme is that of variational principles
and asymptotic charges. Their mutual consistency is pivotal in dynamically realising
AdS/CFT. We take this requirement as the basis of asymptotically flat holography and
the analysis of the configuration space is fundamental to the construction of well-defined

variational principles and the phase space.
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Introduction

Gravity and the quantum

A famous quote circulating among physicists is the sentence spoken by Lord Kelvin at the turn
of the XIX century about the two clouds affecting the brightness of the dynamical theory of heat
and light. According to the most popular interpretation, Kelvin wished to stress that physics was
basically complete and that those two problems - as clouds dissolving with time - would have
been settled in the current framework. Perhaps instead, he foresaw that those two clouds would
have generated two of the biggest storms of the history of physics. They indeed resulted in the
introduction of two new universal constants, in addition to Newton’s G: ¢ - the velocity of light in
vacuum - the greatest possible attainable velocity, and h - the Planck constant - the fundamental

quantum of action.

The past century witnessed great advances in the understanding of the physical laws at the scales
set by h and c¢. The introduction of the limiting velocity ¢ required a modification of the Galilean
relativity principle and brought to Einstein’s relativity. Its first outcome was the modification of
Newton’s second law of dynamics, and - when considered together with the Equivalence Principle
and the Mach principle - the change (after some ten years) of Newton’s gravitational force law in
favour of the theory of general relativity. Einstein provided a theory where space and time are
themselves gravity and whose equations consistently contain ¢ and G. At the time of the facts,
instead, h entered the scene to account for a disordered set of experimental facts about atoms
and radiation. The situation begged for more fundamental formulations. They started to be fully
presented a decade after the formulation of general relativity, and triumphed in encompassing all
of atomic and molecular physics, in the quantization of Maxwell’s theory and in giving birth to
quantum field theory, where h and c play together, and whose most notable product is the standard

model of particle physics.

On the other hand, very dense clouds hide a foreseen full-fledged theory working consistently at
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the scale where GG, ¢ and h are relevant at the same time, the Planck scale. This is usually referred
to as the problem of the marriage of the rules of quantum theories and those of gravity, where

gravity is usually taken as a synonym of general relativity.

The problem of a quantum theory of gravity is so puzzling that over the years several direct
or indirect approaches have been pursued. From a quantum field theory perspective, the first
manifestation of the issue is the fact that general relativity is not perturbatively renormalizable.
On the one hand, this does not preclude that general relativity can be consistently quantized
non-perturbatively at the non-linear level, and thus retain a fundamental nature. On the other
hand, the aforementioned impossibility may suggest that general relativity is not to be taken as
a fundamental theory, but rather only as an effective one. While the first view is undertaken in
approaches like loop quantum gravity [3], causal dynamical triangulations [4] or asymptotic safety

[5], the second is pursued in string theory [6, 7] or emergent gravity scenarios [8, 9].

The various attempts at a further fundamental understanding of gravity seem to suggest that the
notions of space and time and the principles on which current physics is based need to be critically
rethought. In addition to model-dependent results, the strongest evidence supporting such kind
of expectations stem, from generic features of quantum mechanics and general relativity. In this

respect, black holes play a central role.

Black holes are amongst the most fascinating objects in nature because the spacetime singularities
they hide behind the horizon, whose shadow we directly pictured very recently [10], are at the
same time a fundamental prediction of general relativity and the place where the theory itself
breaks down. Solving this breakdown is one of the main goals of any proposed theory of quantum
gravity. However, we shall now step back from the problems of quantum gravity and move towards
a semiclassical regime. This regime is where black holes pave the way toward a new understanding

of gravitational interactions.

Classically, black hole horizons satisfy four laws that have a close analogy to thermodynamical
laws [11]. According to this analogy, black holes have a - so-called - Bekenstein-Hawking entropy
2 kp A
B

Spr 12 ]
remarkably proportional to their area, rather than the volume. In the above [p = (G4 / c3)ﬁ is
the Planck length in d dimensions, where also the Newton constant must be noted with G(4) as it
differs according to the dimension of spacetime, and kp is the Boltzmann constant. Using quantized
fields in the classical black hole background, namely the semiclassical approximation, S.W. Hawking
showed that the laws of black hole mechanics are not only analogous to thermodynamical laws,
but they indeed are thermodynamical laws. In fact, Hawking discovered [13] that the entropy is

associated with a temperature
hk

T =
A 27TkBC

k is the surface gravity. For example, the temperature of a d = 4 Schwarzschild black hole is
Ty = he®/(8rGM). This result is hard to overestimate. Black holes emit radiation at temperature

Ty with a spectrum which is thermal, according to Hawking’s semiclassical calculation.



To exemplify the power and limitations of semiclassical analysis of certain systems, we can consider
the absorption/emission of electromagnetic radiation from atoms. When quantum theory was just
a set of unjustified rules engineered to fit experimental evidence, some of the observed spectral lines
of the elements were explained by Bohr via an ad hoc law according to which the frequency of a line
is given by the energy jump between two levels in A units. As the quantum formalism developed,
this rule was derived as a consequence of perturbation theory applied to a semiclassical system
where the atom is quantized but the electromagnetic potential is not. In such a situation, the
classical field behaves as a background field. This approximation correctly captures the induced
absorption/emission probability amplitude due to the electromagnetic field, but miserably fails
in describing spontaneous emission happening in absence of external electromagnetic stimulation.
This fact is a limit of the semiclassical treatment of the electromagnetic interaction and a hint
toward the necessity of quantizing the field. The semiclassical approximation correctly captures
the influence of the external field on the atom (induced absorption and emission), but not the

influence of the atom on the external field (spontaneous emission).

Similarly, semiclassical black hole radiation is an effect of the strong classical gravitational field
on the quantum fields. The vacuum outside the horizon is populated by the pair production and
annihilation of virtual particles. Heuristically we can say that due to the presence of the horizon
there is a non-zero probability that one member of a given pair disappears in the hole while the
other escapes from it and become real. These particles constitute Hawking radiation. While the
formula for Spy is only a first-order approximation, it is sound because subleading corrections
scale as the logarithm of Sy (see for example [14]). Any fundamental theory of gravity must

reproduce this result.

Hawking radiation, due to its thermality, immediately leads to the famous information paradox
[15]. The pair production picture outlined above implies that part of the information about the
state of the hole is lost in the hole. Quantum mechanically this means that the breakdown of
unitarity, namely reversibility, is unequivocal because any initial pure state will evolve in a mixed
state. One of the aims of any model of a fundamental gravitational theory (or at least a new

understanding of current models) is to resolve this paradox.

This thesis is not focussed on the black hole information paradox itself, but is framed within the
vast literature revolving around one of the first fundamental new ideas stemming from the debate

around the black hole information problem: the Holographic Principle.

Hawking’s proposal of a breakdown of quantum mechanics was not easy to accept and indeed it
was not accepted by many. Notably G. ’t Hooft, willing to preserve unitarity, was brought to the
first formulation of what later became known - thanks to L. Susskind - as the Holographic Principle
[16, 17).

The Holographic Principle is usually taken as the statement that a holographic duality exists
according to which a gravitational theory in a d-dimensional spacetime is equivalent to a non-
gravitational theory in a (d — 1)-dimensional spacetime. Its original statement only involves
a bound on the number of fundamental degrees of freedom associated with spacetime regions,
whereas the strong statement here is the consequence of what is considered the best understood

example of holographic duality: the Anti de Sitter/Conformal field theory correspondence (or du-
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Figure 1: Penrose diagram of AdS spacetime. .7 is the timelike boundary and the discon-
tinuous line is the symmetry axis of the diagram.

ality), AdS/CFT for short, discovered within string/M-theory independently of 't Hooft-Susskind
holographic proposal.

The role of timelike asymptotics: AdS/CFT

As the label suggests, AdS/CFT is a correspondence between some gravity theory in AdS spacetime

with some (relativistic) conformal field theory.

The first examples provided by J.M. Maldacena [18] are of this form, but the statement needs to
be sharpened to be precise. The gravity theory is defined in spacetimes which are only asymp-
totically (locally) AdS. The AdS spacetime is the vacuum solution of Einstein’s equations with a
negative cosmological constant A and constant curvature. Asymptotically locally AdS spacetimes
are solutions of Einstein’s equations with a negative A that approach, broadly speaking, the AdS
form at their boundary. The notion of boundary of a spacetime is well known in general relativity
and formally represents the concept of “infinitely far away from the bulk of the spacetime”. The
CFT is naturally interpreted to be “defined on” (in the sense of associated with) the conformal
boundary of AdS [19], which is a timelike hypersurface. The conformal symmetry of the field
theory is reflected in the symmetries of the AdS boundary geometrical structures. The latter are

called asymptotic symmetries.

The correspondence is dynamically realized as the equality of the partition functions of the two

theories

Zg'ra'u = ZcFrT-

Which of the two sides is more fundamental is a philosophical matter (see for example [20, 21])
which we do not address. Very interestingly, Maldacena’s first example! - the Old Number One,

Various examples were made in [18]. The first in the paper is the one to which we refer as first.



which we use to exemplify the matter - relates two (roughly speaking) known theories and does
so in a strong/weak fashion: when the gravity side is weakly coupled the field theory is strongly

coupled, and vice versa.

To be a bit more specific, the Old Number One, relates a maximally supersymmetric CF'T, whose
action is completely known, to the so-called Type IIB superstring theory in an AdS background,
which is only known perturbatively. Thanks to the strong/weak property, the duality is seen as
a fully non-perturbative definition of such string theory in the AdS spacetime. In fact, speaking
of AdS as a background is a misnomer and the duality can be argued to be giving a background
independent definition of Type IIB superstring theory on the spacetimes whose boundaries are of
AdS form. The “choice” of the boundary only selects a sector of the gravity theory, which is for
the rest free to be in any state and each of its states will correspond to a state in the field theory
side. The reader interested in a quick account of the problem of background dependence and other
conceptual points of AdS/CFT, including the relationship with the idea of emergence, is referred
to [21].

Soon after Maldacena’s paper, the possibility to construct other examples of strong/weak AdS/CFT
dualities were realised. Indeed, the Old Number One is seen to be fundamentally based on some
rules - involving the matching of symmetries of the dual pair - which can be adapted to build other
holographic dualities. We can hope to appropriately lower the degree of super and conformal sym-
metry of the field theory and construct the bulk gravity theory with the appropriate symmetries.
In this way we have a tool to analyze strongly coupled field theories of phenomenological interest to
the standard model of particles or condensed matter physics. The latter further requires the field
theory to be non-relativistic. We enter the domain of what is usually called “applied holography”
[22, 23]. Some of these models are realized within string theory (top-down construction), some
others are not (bottom-up construction) but may be. Many others, which can be found in the

early review [24], do not bear any particular relevance to applied scenarios.

The upshot, twenty-three years after Maldacena’s paper, is that a broad landscape of holographic
dualities has been uncovered, spanning non-conformal and non-relativistic quantum field theories.
They are called gauge/gravity dualities, a nomenclature coined to capture the generality of the
correspondence. Almost all examples for which a detailed holographic dictionary has been con-
structed are strong/weak dualities and share a common feature: the quantum field theories are
associated with timelike conformal boundaries of the bulk spacetimes, AdS being the simplest of

such spacetimes.

Holography for spacetimes without timelike boundaries

As an artefact of our presentation, the last paragraph relegated the gravity side in AdS/CFT to
the role of a tool. Shifting attention to gravity, as an example of holography and possibly of
a complete definition of quantum gravity with AdS boundaries, AdS/CFT naturally inspires the
questions: how is holography realized in de Sitter (d.S) and Minkowski spacetimes? Can we explore

the answers to this question to define quantum gravity in such spacetimes?
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Figure 2: Penrose diagram of dS spacetime. The discontinuous lines are the north and
south poles, #* and £ are future and past spacelike infinity.

In other words, as put by T. Banks in [25], are the boundaries of de Sitter or asymptotically flat
spacetimes appropriate for a formulation in terms of degrees of freedom associated with such

boundaries?

Such spacetimes are physically relevant. Due to the Equivalence Principle, any spacetime is locally
Minkowski; the universe around us is approximately Minkowskian because the curvature radius of
the observed universe is of order 100 in Plank units and all fundamental non-gravitational physics
is framed within Minkowski space, which is also arguably a solution of any quantum gravity theory.
On the cosmological scale, instead, we know the cosmological constant is slightly positive and dS is
the simplest solution of Einstein’s equations with such a value and, despite not exactly describing
the Universe as we know it today, several observations hint that the early and late history of
the Universe are well approximated by dS [26, 27]. The role of dS is even more relevant in the

inflationary epoch [28] as dS is exponentially expanding.

Insisting that the Holographic Principle is a principle of Nature, it is thus imperative to search
for realizations of the Holographic Principle in such spacetimes. Because of the somewhat twofold
nature of the Holographic Principle, this means both finding descriptions of known phenomena
in terms of holographic degrees of freedom, but also finding appropriate complete definitions of

quantum gravity in the sectors specified respectively by flat and dS boundary conditions.

As a matter of fact, string theory has not provided many (or any) clues towards these two questions

up to now.

While Minkowski space is a natural background for string theory, and in fact, the first on which
the theory was perturbatively defined, the only holographic model of flat gravity comes from the
largely unknown M-theory?. Indeed, several months before Maldacena’s paper, T. Banks, W.

2Also Little String Theory is to be mentioned in this context [29, 30]. In Section 2.1 we briefly recap
the string-theoretical origin of AdS/CFT and for that purpose we need to consider D-branes and their
decoupling limits. Little String Theory arises - roughly speaking - in a very similar way to what we
see in Section 2.1, but D-branes must be replaced by the so-called NS5-branes. In AdS/CFT the AdS
spacetime arises in the decoupling limit of D-branes; similarly, partial Minkowskian geometry arises from
the decoupling limit of N S5-branes. See [30] for some more comments on this point.
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Figure 3: Penrose diagram of Minkowski spacetime. The discontinuous line is the symme-
try axis of the diagram.

Fischler, S.H. Shenker and L. Susskind proposed [31] - interestingly motivated by the Holographic
Principle - that M-theory in eleven-dimensional flat space can be holographically realized in terms

of a quantum mechanical matrix model, now called BFSS model.

The situation with dS is subtler because there is evidence against the existence of (quasi)-dS
solutions in string theory [32, 33]. Such shreds of evidence are, however, not conclusive (cfr. [34])

and dS can be obtained in appropriate supergravity and M-theory constructions [35, 36, 37].

When we look at the dS and asymptotically flat holography problem from the perspective of
bottom-up extensions of AdS/CFT the situation is somewhat reversed®. Missing top-down guid-
ance, the strategy is to follow the road of the asymptotic symmetries of the spacetimes under
considerations. In this context, dS is conceptually less difficult to handle than asymptotically
Minkowski spacetimes. Indeed, the boundaries of dS are spacelike while those of Minkowski are
null.

A de Sitter/CFT (dS/CFT) correspondence was suggested by A. Strominger [39] and its relevance
to standard cosmology was shown in [40]. A program of holographic cosmology for the inflationary
era has been proposed in [41] and reviewed in [28]. Thanks to the peculiar causal structure of
the dS boundary, some features of the AdS/CFT dictionary can be transferred under particular
analytic continuations [42]. The dynamical statement of dS/CFT translates to

¥ = Zcrr,

where the left-hand side is the wavefunction of the universe and the CFT on the right hand side is
necessarily Euclidean. A possible concrete realization of dS holography is that in term of higher

spin gauge theories.

The formulation of holography for flat spacetimes is a much subtler problem because of the causal

nature of the boundary, as said. Theories associated to null manifolds (see Chapter 4) are largely

3 Although the BFSS model realizes holography, exploring other realizations is not pointless because - as
observed by Witten [19, 38] - the matrix model is not covariant and is far less understood that AdS/CFT.
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unknown and uncommon - if not irrelevant - in everyday physics. The expectation is that such

theories are dual to flat spacetime physics if they output the flat space S-matrix
77?7 — gravitational S-matrix.

Over the past twenty years, several attempts have been done toward enlightening the left-hand-side
of this relationship, but only in the past six years we have witnessed a constant steady increase
in the research production on flat holography and, although still far from the end, we have some

tantalizing results in four spacetime dimensions.

Asymptotically flat spacetimes. Results and organization of

the material

The increased interest in such problem coincides with the discovery of a set of equivalences in the
infrared physics of both asymptotically flat perturbative gravity [43], and gauge theories (an early
pedagogical review is [44] and see chapter 4 for other references). For the vast majority, such chains
of equivalences are triangular and relate the asymptotic symmetries of a theory with quantum soft
theorems and classical memory effects. They are concisely known as infrared triangles, a name

coined by A. Strominger, the first to realize such connections.

The research presented in this dissertation deals with aspects of such triangular relationships for
asymptotically flat gravity in dimensions higher than four. In particular, we explore the necessary
boundary conditions of gravity that allow for the extension of the infrared triangular equivalence
to any asymptotically flat d > 4 spacetime.

An asymptotically flat spacetime is for us a d-dimensional spacetime with the same Penrose diagram
of Minkowski space: the boundary consists of a future null infinity .# T and a past null infinity
#~. The joint i¥ is spacelike infinity, which is a singular point in the Penrose diagram and not
part of the boundary (cfr. Appendix A). Two further points i* and i~ represents future and past

timelike infinity, which play no role in this dissertation.

In four spacetime dimensions, asymptotic flatness is taken as a synonym of spacetimes with com-
plete null infinity, topologically equivalent to R x S2, and exactly Minkowski asymptotic metric.
Such spacetimes can be called asymptotically Minkowski and spacetimes with a different boundary
topology or a different boundary metric may be called asymptotically locally Minkowski, bor-
rowing the AdS/CFT jargon. The term asymptotically locally flat is also used. By extension
asymptotically flat spacetimes in d > 4 are taken to be spacetimes with null infinity topologically
equivalent to R x S9=2_ but the notion of a conformal infinity is not straightforward in d > 4 (cfr.
Appendix A).

In pursuing our goal, we will often speak of either asymptotically Minkowski or asymptotically
locally Minkowski boundary condition in generic number of dimensions. We will, however, use the
terms flat or Minkowski and the context will clarify the meaning. We use a mostly minus signature

in the thesis.



The interest in higher dimensions is mainly motivated by a theoretical conundrum. It is by now
well-known that tree-level? scattering processes, in any theory of gravity with d > 4 flat non-
compact dimensions, where one or more external gravitons become soft (vanishing energy) satisfy
factorizations of the soft contribution from the finite energy (hard) particles contributions. Such
factorizations occur at leading, subleading and sub-subleading order in a Taylor expansion of the
amplitude in terms of the soft momentum (or momenta). The leading universal term in d = 4
constitutes Weinberg soft theorem [47, 48], the sub and sub-subleading universal terms were proved
with explicit model-dependent computations by Cachazo and Strominger [49] in d = 4, whereas

higher-dimensional generalisations can be found in [50], and general proof are given in [51, 52, 53].

As mentioned above, such perturbative theorems of quantum field theory have been related in d = 4
to the asymptotic symmetries of asymptotically flat gravity satisfying particular conditions. The
leading and subleading soft theorems arise as Ward identities of the gravitational S-matrix under

the so-called supertranslations and superrotations, respectively® (see chapter 4 and chapter 6).

Supertranslations (ST') are long known to be asymptotic symmetries of d = 4 asymptotically
Minkowski gravity at null infinity (cfr. [55, 56]). They are an infinite-dimensional enhancement
of the translational Abelian subgroup of the Poincaré group. The semidirect product of the or-
thochronous Lorentz group and supertanslations constitute the so-called BMS group (standing for
Bondi, Metzner, (van der Burg) [57] and Sachs [58, 59])

BMS#" = LT x ST,

which is the asymptotic symmetry group at null infinity of radiative asymptotically flat four-

dimensional spacetimes.

We can heuristically motivate the appearance of this structure with an argument by R. Geroch
[55]. The Killing vectors of Minkowski spacetime have the form &* = wtz” 4+ o, where a and
w,, are constant and the latter is antisymmetric, ¥ is a position vector with respect to some
origin. While w,, does not depend on the origin, o/ does (just shift z’* = z* + y* to check).
This is the reason for Poincaré being a semidirect product of Lorentz and translations. At large
xt we have & ~ wha”. A naive guess for the asymptotic Killing vector {f:sympt is thus that it is

at least asymptotically linear in z#: £ = wka¥ + at(x). We cannot further demand that ot

asympt
is constant because there is no unique way to separate the constant part of £, ... In fact the
notion of “linear in position” only makes sense in flat space and then in the limit to flat. However

asymptotically, if « is constant, it is dominated by the linear part of ffz‘symm resulting in a reduction
of the number of generators. The only way out is to conclude that in general we cannot give a

meaning to a constant «. This is the origin of supertranslations.

Flat holography and the infrared triangle require the non-abelian factor of BMS to be enhanced to
an infinite-dimensional group of transformations. These are named superrotations. Two variants
have been proposed: BT-superrotations [60, 61, 62, 63] (BT standing for Barnich-Troessaert) and
CL-superrotations [64, 65] (CL standing for Campiglia-Laddha). BT-superrotations form the Witt

“Results at loop order exists also, but results are less sharp (see the discussion in [45] and [46] as well
as the references listed in the main text).

®Notice that at present, the sub-subleading soft theorem is not accounted for by these symmetries and
we are not concerned with that here. The reader is referred to [54] for preliminary considerations.
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algebra, of local conformal transformations on S2, CL-superrotations form the algebra of volume-
preserving diffeomorphisms of S2, SDif f(S?).

It is important to stress that such symmetry structures preserve some set of boundary conditions
which specify the class of spacetimes under consideration. Supertranslations are essentially related
to gravitational radiation and define the class of asymptotically flat (Minkowski) spacetimes in
d = 4. Superrotations are essentially related to subleading soft theorems and require a relaxation
of asymptotically flat boundary conditions. This introduces the concept of asymptotically locally

flat spacetimes in our discussion.

The aforementioned higher dimensional conundrum stems from the definition of radiative asymp-
totically flat spacetimes [66, 67, 68, 69, 70]. Radiation-consistent boundary conditions imply a
reduction of supertranslations down to translations. This automatically eliminates the infrared

triangle of Weinberg’s soft theorem.

In the past five years, this occurrence has been largely discussed also in relation to gravitational
memory effects mostly in even spacetime dimensions [71, 72, 73, 74, 75, 76, 77] ([78] discusses

memories in odd dimensions). None of such papers consider superrotations.

The paper [1] presented in chapter 7 is the first attempt to treat superrotations and supertransla-
tions in five spacetime dimensions. The analysis of chapter 8 clarifies, completes and extends the

preceding analysis to any number of dimensions.

When discussing superrotations in d > 4 we must decide whether to seek for higher-dimensional
realizations of BT or CL. The choice is trivial from an algebraic viewpoint since no BT-algebra
exists in d — 2 > 2.

However, the action of BT-superrotations in d = 4 is marked by interesting phenomenological signa-
tures consisting of impulsive gravity waves processes accompanying the transition from Minkowski
to asymptotically Minkowski spacetime. This stimulated us to conjecture that similar processes
may mark higher dimensional “BT”-superrotations. We thus constructed candidate asymptoti-
cally locally Minkowski spacetimes and we built boundary conditions which are generic enough
to include them in the configuration space (chapter 7). This approach is different from that usu-
ally pursued in literature. We do not engineer boundary conditions to recover a pre-determined

asymptotic symmetry group.

In chapter 8 we keep on working with the asymptotically locally Minkowski conditions and we find
the set of necessary conditions to obtain a configuration space which is consistent with the action
of higher dimensional CL-superrotations. In this respect, we not only complete and extend the
analysis initiated in chapter 7, but we also clarify some fundamental flaws that were met in [79],
another recent analysis of CL-superrotations in even d > 4 (see also [80]). The reader interested

now in knowing more about the outputs is invited to read Section 7.1 and Section 8.1.

We note, to conclude, that we have spoken about configuration spaces rather than phase spaces.
Broadly speaking, the first is the set of all solutions of a theory satisfying prescribed boundary
conditions. The second is the subset of physically relevant solutions, namely those characterised

by finite energy and momentum or - in general - symmetry charges. As we will discuss in the
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course of the thesis, providing a well-defined phase space is the central goal, but it rests on the a-
priori definition of the configuration space. There is a fundamental interplay between well-defined
boundary conditions and phase spaces. We will comment in due course (see chapter 6) that even
in four-dimensional spacetimes the situation concerning superrotation-compatible phase space is
still not clear. There is ongoing work with my colleagues to explore the phase space associated to

the configuration space discussed in chapter 8.

Organization of the material

To make the thesis self contained, we begin by reviewing material from both the basics of AdS/CFT
and the recent advances on the flat spacetime holography problem. The review comprises Part I
(on AdS/CFT), chapters 4, 5 and 6 of Part IT (on flat holography) and it aims at introducing the
background ideas relevant to the research explorations of the later chapters 7 and 8. The level
of the review is that of introductory notes, rather than a complete rigorous account tailored to

experts.

Chapters 7 and 8 are devoted respectively to [1] and some unpublished material which supposedly
comprise the basis of two extended papers. Chapters 4, 5 and 6 are based on the proceeding paper
[2]. Efforts have been made to organize the text in a logical and coherent flow, so the chapters
corresponding to the published articles do not completely line up with the published version. Many
of the relevant points just mentioned in this discussion are presented with some more detail in the
main body. The order of this introductory narration is reflected in the chapters. All the ingredients
needed to discuss the flat spacetime holography problem - boundaries, asymptotic symmetries,
charges, among others - will be introduced in due time starting from the discussion of (mostly) the
gravitational aspects of AdS/CFT in Part I. Part II can however be read independently from Part
L.

In Part I, we first present the basic argument of the Holographic Principle (chapter 1) and then
move to AdS/CFT (chapter 2). We motivate AdS/CFT using what we called the Old Number
One (Section 2.1) and then we summarise the symmetry matching argument which is fundamental
in any tentative holographic duality (Section 2.2). We then complete the dictionary of AdS/CFT
with the GPKW rule (Section 2.3) and the example of holographic renormalization of the metric

tensor in Fefferman-Graham gauge, with the following examples on Weyl anomalies (Section 2.3.1).

The asymptotic analysis of Einstein’s equations in Fefferman-Graham gauge is to be compared and

contrasted with the Bondi-Sachs analysis which we employ in asymptotically flat spacetimes.

The discussion of the holographic stress-energy tensor naturally brings us to the problem of grav-
itational charges (Section 3.1 and Section 3.2) and to the discussion of the covariant phase space
method (Section 3.3), which is extensively used in flat holography. Along this path, the fundamen-
tal role of the variational principle in holographic renormalization and AdS/CFT is pointed out, as
well as the generality of the method of holographic renormalization, so that we are able to mention
the difficulties in extending the basic AdS/CFT dictionary to flat spacetimes (Section 3.1.1).

Part II is opened by a brief excursus of the various paths toward flat spacetime holography that have
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been undertaken over the years chapter 4. It provides more discussion on supertranslations and
superrotations from a historical perspective and states in which sense the developments regarding

scattering amplitudes and soft theorems points toward flat holography.

Chapter 5 lay down the basic results of the Bondi-Sachs analysis of asymptotically flat spacetimes
in d = 4 and derives supertranslations and superrotations, motivating why the latter implies a
change of boundary conditions. The orthodox analysis in d > 4 is also considered in parallel so to
show that BMS disappear in such a case. Chapter 6 gives a brief account of supertranslation and
superrotation charges in d = 4 and points out the issues affecting the latter. Then, the simplest and

most well-posed instance of a gravitational triangle - that of supertranslations - is briefly discussed.

Chapters 7 and 8 comprise the research material, but the reader can find the proof of many results

summarised in chapter 5 in chapter 8. Appendices supplement the main body.



Part 1

The holographic principle and
AdS/CFT






CHAPTER 1

The Holographic Principle

The Holographic Principle stated in the Introduction is based on the following argument by ’t
Hooft [16] and Susskind [17]. Given some quantum theory, the dimension of the Hilbert space N is
related to the thermodynamic entropy S by

N=e (1.0.1)

In any local theory where the possible energies of the system are bounded, a reasonable expectation

is that the entropy S is related to the volume of space V enclosing the system
S~V (1.0.2)

This is the well known extensive property of entropy as derived from statistical mechanics. It can
be simply argued for in the following way. If we take a d-dimensional lattice with spacing [, where
each site hosts m orthogonal states, the dimension of the Hilbert space of the lattice in a volume
Vis

N(V)=m", (1.0.3)

where n is the number of lattice sites in V: n = V/lg. Hence the entropy is

14
S =nlogm = 7 log m. (1.0.4)
P

A very simple example is a spin system with m = 2. For continuous systems the counting is more
delicate but doable. One needs an entropy density, function of the energy density which should be

bounded in order not to have a diverging number of states.

15
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We can also define the total number of degrees of freedom Gy of the quantum system as
Gdf = logN (105)
and the number of degrees of freedom g4 per lattice site as

gas = logm (1.0.6)

If quantum gravity behaves as a discrete local lattice theory, as may be suggested assuming that a
fundamental minimal cutoff exists, then the above estimate should be valid with, say, I, the Planck
length. However, (1.0.2) is in stark contrast with an entropy bound that can be derived from black

hole thermodynamics and the assumption of unitary evolution.

In a black hole spacetime the violation of the second law of thermodynamics 65 > 0 led J. Beken-
stein to suggest, before Hawking famous computation®, that Sgp is a truly thermodynamic entropy
and that the sum of Spy with the entropy S of the outer fields satisfies a generalised second law
of thermodynamics

0Stot = 0(Spy +5) > 0. (1.0.7)

We can now imagine that our spin-like system above evolves in such a way that gravitational
collapse happens and a black hole is formed, imagining that this can be done via an adiabatic
process. We can for example add energy to the system, whose initial mass is below the mass of a
black hole with the same surface area. The generalised second law is not violated if and only if?
SSSBH:%. (1.0.8)
This claim implies, under some assumptions®, that a black hole is the most entropic object that
can be accommodated in a volume V with area A. We started with a system whose Hilbert space
has dimension ~ e” and we end up with a much smaller Hilbert space with dimension e?/4C.
The two Hilbert spaces cannot be isomorphic and so unitarity is violated. Insisting on unitary
evolution, we arrive at the dramatic conclusion that the Hilbert space dimensionality was e?/4¢
to start with. This is the statement of 't Hooft-Susskind Holographic Principle: any fundamental
theory of gravity (and matter) is such that this bound on the dimensionality of the Hilbert space
in any space volume is manifest. In other words, the total number of degrees of freedom Gy in a

volume bounded by an area A is

A

Gop = 15 (1.0.9)

The argument we presented gives the so-called spherical entropy bound and rests, apart from
unitarity, on several other assumptions we have glossed over. When taking them into account, it is
not difficult to find situations where the bound is violated. However, there exists a more refined and
fundamental version of the Holographic Principle which involves Bousso’s covariant entropy bound

[82] and is based on null surfaces. It is independent of the requirement of unitarity of quantum

'Which fixed the 1/4 factor in front of A in Spu. Notice we here use units where h = ¢ = kg = 1 to
make expressions more transparent.

2This bound is weaker than the so-called Bekenstein-Hawking bound which is instead found assuming
that a black hole already exists and that matter is swallowed behind the horizon (see [81]).

3See the papers cited at the end of this paragraph for precise statements and counterexamples.
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mechanics and has been proved to hold in great generality. However, it cannot be derived from
known fundamental principles. The early review [81] contains in-depth discussions and a complete
list of references. Counterexamples of the covariant entropy bound have been found more recently
[83].

These entropy bounds suggest that the fundamental degrees of freedom inside a volume V can
be described by a quantum mechanical theory associated with its boundary [16]. This is now
considered the Holographic Principle, but it should be noted that more philosophically oriented
accounts of the concept of emergent gravity separate holographic duality from the Holographic
Principle, which is restricted to the entropy bounds. We will not enter the discussion of emergence
here and we will simply take that the holographic bounds suggest that gravity may arise as a

manifestation of a fundamentally different theory.
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Chapter 1.

The Holographic Principle




CHAPTER 2

Holography in AdS

After a cursory review of the arguments leading to the first example of Maldacena’s conjecture,
we draw the generic lessons which form the basis of any top-down or bottom-up extension of such
example. After this, we complete the discussion with the GPKW rule and a short discussion of

holographic renormalization along with some of the early checks of the duality.

2.1 The Old Number One

't Hooft-Susskind holographic principle has been first explicitly and quantitatively realised within
string theory and M-theory in the so-called AdS/CFT duality put forward by J. Maldacena in 1997
[18]. A series of inspiring developments in supergravity, D-brane physics and some hints stemming
from large-N gauge theories accumulated from roughly the '80s (see for example [84] for some
references) led to the conjecture that the Hilbert space of various large-N field theories derived

from string/M theory contains “excitations describing supergravity on various spacetimes” [18].

In his famous paper [18], Maldacena presented various incarnations of the correspondence. The

“simplest” and most discussed in any introductory account is:

Ten dimensional Type IIB string theory on AdSs x S® with N units of five-form flux is
dual to N = 4 Super Yang-Mills (superconformal) theory in four spacetime dimensions

with gauge group SU(N).

19
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As claimed at the beginning, we now rapidly justify it without aiming at completeness. We
rather opt for a narrative exposition spiced up with some technicalities, to remind that the above
statement is based on very sound arguments. The material here presented can be found in any
modern book on string theory or any lecture notes on AdS/CFT.

Several names and labels, within two very different theories - a superstring theory and a non-

gravitational field theory - appear in the conjecture. We depart from them to explain it.

N the number of multiplets F' of fermionic generators to be added to the bosonic generators
B = {P*, M*} of the Poincaré algebra, such that the corresponding new algebraic structure

closes under (anti-) commutators to form super-Poincaré algebras labelled by N

IIB: is one of the two types (the other being ITA) of NV = 2 super Poincaré algebras that can

be considered in d = 10 spacetime dimensions.

AdSs x S°: the space obtained in the near-horizon limit of a type IIB superstring D3-
brane/type IIB supergravity 3-brane, which are charged extended objects.

We did not include N in this dictionary because it is somewhat derived from the ingredients
introduced in the third item. The above is a checklist, given by a superior entity (i.e. any modern

string theory book [6, 7]) whose elements will now be blended to produce the conjecture.

Type IIB string theory is a N/ = 2 supersymmetric theory of closed strings in d = 10 spacetime
dimensions. Having A/ = 2 means that the theory has two fermionic multiplets of generators.
As any fermion, they transform according to spinorial representations of the Lorentz algebra (see
[6] for more details). Their dimension thus depends on the spacetime dimension. The Lorentz
algebra so(1,d — 1) in d = 10 possesses two 16-dimensional irreducible spinor representations
called Weyl representations. They can be further shown to be real and are called Majorana-Weyl
representations. Such representations are usually denoted as 16 and 16’. When we have two
distinct fermionic multiplets (as in N' = 2) we can choose each of them in either of the two
representations. If they are both in the 16 or both in the 16" we say that the super Poincaré
algebra is type I1B, otherwise we say that it is type ITA. Type IIB string theory is thus the string
theory whose spectrum is organised according to the representations of type IIB super Poincaré
algebra. This representation theory simply boils down to the representation of the algebra of the
fermionic generators F' on the finite dimensional vector space V' where the stabilizer subalgebra of

s0(1,d — 1) (Poincaré)! is represented.

Any string theory is characterised by an energy scale set by the tension T of the string, which
is in turn related to the characteristic string length [ scale. It is conventional to express T and
ls in terms of a parameter called o’: 12 ~ o/ ~ T; ! (different conventions on the proportionality

factors exist).

Interactions among strings are controlled by only one coupling g5 and string theory is endowed with

sound rules to compute string scattering amplitudes at least perturbatively in g, using worldsheet

'The representation theory of the stabilizer subalgebra is split in massive and massless states, hence
also the representation theory of the supersymmetry algebra splits in massive and massless representations.
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methods. In a closed string scattering each order of the perturbation series is weighted by [6]

g5 2129 (2.1.1)

S

where g > 0 denotes the loop contributions (genus of the Riemann surface).

Missing a complete formulation of string theory and leaving aside the possibility of using string
dualities, predictions about scattering processes can be made in the weak coupling perturbative
limit g5 < 1 and, on top of that, either at low energy E < ;! or high (eikonal approximation for
example [85, 86]). For the present purposes we need to consider the low energy limit with the weak
coupling limit. The fact that string theory contains Dp-branes implies that we have to consider
such a pair of limits twice. Indeed in this narration, we use the first pair to discover Dp-branes,

the second to describe them and finally, we combine the two

A. Low energy limit: Take 1. When E < [;! all the massive states in the string spec-
trum cannot be excited and the scattering should be equivalently described by an effective theory
including only the massless modes. The finite-dimensional massless representations of so(1,9) are
the representations of s0(8) C s0(1,9). s0(8) possesses three inequivalent 8-dimensional represen-

tations: a vector representation 8y and two inequivalent spinor representations 8¢ and 8¢.

The aforementioned 16 and 16’ decompose with respect to the action of 50(8) as 16 = 8y, ®85 and
16’ = 8y ® 8. In the massless case, it turns out that half of the F, F' anticommutators are trivial.
Thus the Weyl-Majorana representations can be assigned the 8’s. Those with trivial commutators
are vectors and are assigned to 8y (hence the subscript) and are taken to act trivially on V. The
other sixteen can be organised in two sets of eight creation and annihilation operators which are

then assigned either to the 85 or 8¢.

Acting with the creation operators on appropriate s0(8) ground states we construct V' and hence
get all the massless states of the theory. The bosonic states are two scalars ® and Cy (1 compo-
nent each), two 2-forms By and Cy (antisymmetric tensor fields with 28 components each), the
symmetric and traceless graviton g (35 components), a self-dual four-form field Cy. @ is called
dilaton, B is called Kalb-Ramond (KR) field. The other forms do not have a proper name?. In
addition to these, we have the fermionic states comprised of two dilatini and two gravitini, which

we do not need for the later discussion.

When this spectrum is derived from the string quantization, the story is not so simple but at the
end of the day, the results coincide. The important thing to notice is that the bosonic states are
naturally split into two sectors (the fermionic in other two)3. One is called NSNS (NS stands for
Neveu-Schwarz) and the other called RR (R stands for Ramond). The first contains the graviton,
the KR field and the dilaton. RR contains the other forms with no name.

2Those with a name already appear in the spectrum of closed bosonic strings.
3The splitting in sectors is due to the string being closed (having thus left /right moving modes) and
the boundary conditions the fermionic modes satisfy on the left/right modes.
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B. Low energy, perturbative limit: Take 1. The effective low energy action of type IIB
string theory, built from these modes, corresponds to the type IIB supergravity (Sugra) action. The
action is basically a higher dimensional generalization of Einstein-Maxwell theory as it contains a
number of form potentials. This is just an example of the well-known fact that closed string theory
contains gravitons and, at the lowest orders, (higher dimensional) Einstein gravity if we turn off

all the other massless fields. Schematically

1
SIIBSugTa =532 /ddx\/ _gL[gv (ba 327 Cerl]v (212)

2K7,
where we only list the bosonic fields, which enter the Lagrangian with their respective kinetic

terms. For later purposes, we only need to recall how Newton’s constant appears in the action.

In fact, to check the firmness of this result we should derive it from low-energy scattering amplitudes
of string theory. In this way, we check that Sugra is really a low-energy tree-level action compared to
string theory. This also implies that we assume g; < 1 because loops are suppressed by additional
powers of gs compared to the tree-level amplitude. Indeed, from (2.1.1), the coupling constant of
(2.1.2) corresponds to the tree-level coupling since k2, = 87G19 ~ ¢2I8 ~ g2a’ (the factors of

string length are to fix dimension). Thus schematically

I1IBString — SIIBSugra + O(gs, O/) (2.1.3)

The Sugra theory contains several interesting extended object solutions which couple to either of
the form fields. Those in which we are interested are p-branes (see [87] for more details). They are
solutions of the supergravity action that couple to C}41 when the fermionic modes, the KR field and
all the Cp/ 41 with p’ # p are zero. They are soliton-like objects extended in p spatial dimensions,
which preserve Poincaré invariance in their (p + 1)-dimensional worldvolume and isotropy in the

other directions so that their metric is typically of the form
ds? = 24y, datdz” + e2BT) (dr? + rdQ3_,) (2.1.4)

where r is a radial coordinate distance from the brane and Greek indices run on the (p + 1)-
dimensional worldvolume of the brane. The functions A and B are determined by Einstein’s

equations via a harmonic function H(r) behaving as

«

H(T):l—’_ﬂi_pv

a=1"7 p<7 (2.1.5)

where [ is a characteristic length parameter related to the energy of the brane. The metric reads
as
ds? = H(r)"n,,dadz” + H(r)"(dr? + r?dQ3_,) (2.1.6)

where the powers a and b are numbers depending on the “the frame” in which the action is written?.

Notice from (2.1.5) that despite describing an extended object, the solution resembles that of a

“The frame is defined by how the graviton and the dilaton are included in the action. When the Ricci
scalar is not multiplied by dilaton-dependent factors we say we are in Einstein frame. Otherwise it is the
string frame. For the brane under consideration, @ = —% and b = % in the string frame, ¢ = 2= and

2 2 3
b= pTH in the Einstein frame.
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point particle (0-brane) in d = 4 rather than that of a cosmic string (a 1-brane) which we meet in
chapter 7) or a domain wall (a 2-brane) in the same number of dimensions. There is no surprise

as we are in a higher dimensional theory.

The field strength F, 1o associated with Cp,41 gives the flux across a surrounding sphere as

/SS* *Fp+2 = N, Fp+2 = de_H. (217)

The flux is proportional to the charge by factors of /. By the Dirac quantization condition, N is an
integer. These p-branes can be extremal or not, namely have the p+ 1 charge density proportional
- or equal in appropriate units - to the tension (i.e. the mass density) or not. Extremal p-branes
preserve half of the supersymmetries of the theory (16 out of 32) and the property that the energy
density is proportional to the charge means that a stack of N parallel p-branes of unit charge
at an arbitrary distance among themselves is a stable system. In fact there exists a supergravity
solution, called multi-centered solution, which describe this setting and is such that the single brane
of charge o< N is recovered in the limit in which the N branes are placed at the same position.
Sometimes the analogy is made with Reissner-Nordstrom black holes, but the analogy is not so
thight since for some values of p there is no horizon. In particular, the 3-brane to which we need
to focus is perfectly regular. Indeed, setting for definitness the string frame (see footnote 4), we
see that the metric behaves as

dsidssxss L g2 2L ds? ik (2.1.8)
where
2 r? W I? 2 | 12702
dsAassxse = g datde” + —5dr® + PdQs (2.1.9)

is the metric in the near-brane (near-horizon) limit and describes an AdSs x S° geometry, as can

be seen more readly defining z := g so that

12
ds%as, x 55 = ;(sz + updrtdz’) + 12dQ%s (2.1.10)

we recognise the typical AdS metric in Poincaré coordinates.

If Type IIB Sugra is a consistent low energy limit of Type IIB string theory, then all the Sugra

solution must be present somehow in the complete theory.

Heuristically the reason is the following. Suppose you place a supergravity p-brane in a type IIB
string background. It is a charged under the massless fields of string theory, so it must interact
with the background. Tuning the parameter space so that strings are perturbative, the interaction
is mediated by the exchange of closed strings. However, the process can be dually described via
infalling closed strings on the brane which produce an excitation of the brane which later decay in
a closed string. The excitation is described by open strings with the end attached to the brane.

The brane is thus an object in string theory.

C. Perturbative limit: Take 2. In fact, this expectation is confirmed by the consistency
of string dualities [88] which leads to the existence of heavy extended objects, called Dp-branes
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[89], within string theory. Being heavy, Dp-branes are not part of the perturbative spectrum of
string theory. However, at the perturbative level g5 < 1 they are described as the loci where open

strings end®, and open strings describe their excitations.

D. Perturbative, low energy limit: Take 2. Each end of the open string carries a
multidimensional label (Chan-Paton factor) indicating on which Dp-brane the string end [6]. If
there are N Dp-branes in the background, the label is an N x N matrix. Together with an
appropriate counting of supersymmetries, analogous to the one above, this is one of the ingredients
to check that the massless excitations of open strings ending on a stack of N D3-branes are
described by a N = 4 SU(N) super Yang-Mills theory on the four-dimensional worldvolume of the
branes®. The bosonic sector of the theory consists of a gauge vector and six scalars’.

This theory is characterised by a dimensionless coupling constant gy s such that the action
SN=4sYM goes as Sn—asym ~ g;sz. This coupling does not run under the renormalization
group flow, so the theory is conformal at the quantum level. So, the spacetime symmetry of the
theory is a superconformal symmetry generating the supergroup PSU(2,2|4). Its maximal bosonic
subgroup is SU(2,2) x SU(4)r ~ SO(4,2) x SO(6)g, where R denotes the R-symmetry under
which the scalars transform in the adjoint and the gauge field as a singlet. SO(4, 2) is the conformal
group in four spacetime dimensions and the R-symmetry group is basically the rotation group in

the transverse space of the branes as can be seen from our discussion in B.

The coupling constant gy s can be related to the string coupling g, in several ways. We can write
down a low-energy action for the string modes ending on the brane® which is called Dirac-Born-
Infield (DBI) (plus another term) and check that at lowest order we get the action for a gauge
vector scaling as g; ' [7]. We thus obtain g% ,; ~ gs.

For our purposes, it is sufficient to be comfortable with the cartoon idea that if two open strings
are glued to form a closed string, the interaction can be described in terms of a single closed string

coupling or twice the open string coupling.

E. Two descriptions for two regimes. We said that the open string picture of a Dp-
brane excitation is valid when g5 <« 1. Thus, in order for the N Dp-branes not to backreact on

the geometry we need to assume g;N < 1.

However, when we consider the stack of N branes in the sugra description we need to assume that

gsN > 1. To see this we need to explicitly compute « in (2.1.5) using (2.1.7). For the D3 brane

5This is the reason for the Dp name: D stands for Dirichlet, the kind of boundary conditions describing
this situation and p is the same p as for the Sugra object.

5The starting point is the massless spectrum of open strings without branes: d = 10, N’ = 1 Yang-
Mills supermultiplet. As we did not enter the details of string theory and we did not discuss boundary
conditions, we cannot and we do not want to be more detailed. Any introductory book on string theory
will do.

"The scalars can be seen as the collective coordinates describing the dynamics of the transverse dimen-
sions of the branes.

8In fact, this is known for a single brane.
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case the result is [90]
o =4rg,Na'? ~ 4rg,NI2. (2.1.11)

Hence gsN o< a/(4wl%) and in order to apply the supergravity description we need large a to

1/4

ensure weak curvature. Clearly we can define [ := «*/* to be the characteristic length of the brane

solution.

F. Decoupling limits. Consider the N D3-brane picture within perturbative (g;N < 1)
string theory. As we described above, the theory describe processes mediated by closed strings
propagating in the spacetime, open strings attached to the branes and the mutual interactions. In

general it is not possible to decouple these processes, but schematically we can write
S = Sbulk + Sbrane + Sinta (2112)

and we know that we can make sense of the first two terms in the low energy limit o/ — O:
Shulk ~ Ssugra; Sbrane ~ Sn=4sy M- The only term we did not meet in the previous discussion is
Sint- The coupling between closed and open strings is gravitational and hence it is governed by

K10 ~ gsa'?. Thus at o/ — 0 with g, fixed this term can be neglected.

In taking this limit we must, however, ensure that the branes do not separate to keep the field
theory parameters fixed®. If r is the separation between the branes we are thus interested in the

limit: o/ — 0, U =r/a’ fixed. The conformal point (all masses zero) corresponds to r — 0.

In this limit we thus get two decoupled systems: i) free type IIB Supergravity in ten-dimensional

Minkowski space and i) four-dimensional SYM on the flat worldvolume of the D3-branes.

When ¢g; N > 1 the supergravity description of the N D3 branes must be considered. There is no

gauge theory dynamics in this picture. How do we recover it?

Let us notice that S;,; in (2.1.12) is a statement of the heuristic picture drawn at the end of
paragraph B. Namely, a closed string mode hits a D-brane and is absorbed so that the brane is

excited. The absorption cross-section can be computed [84].

In a Sugra picture the brane provides, at low energy E < ™!, a potential barrier separating the re-
gion r < [ and r > [ in (2.1.8). The cross-section is computed via a tunnelling probability between

the two asymptotic regions [84]. The result is shown to coincide with the string computation.

Moreover, due to this potential barrier, there is a precise decoupling between low energy modes in
the r < [ and r > [ regions.

According to the observer at infinity » — oo in (2.1.6), with proper time ¢, the energy F,« of a

9The separation between two branes corresponds to giving mass to the scalars.
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mode in position r* is redshifted by'®

Eyoyoo = (;’ZE;DW E,. = (9“(7:))1/2 E,. (2.1.13)

and if we take the excitation to be near the brane r < [ we have

,r*

Eyso = 7 By, (2.1.14)

So from this perspective we have i) free Type IIB Sugra in ten-dimensionl Minkowski space and
ii) Type IIB Sugra on AdSs x S°. Such a limit must be taken so that it corresponds to the limit
o — 0 with U fixed (see (2.1.11)). In particular for a string excitation of energy \/&71 this
correspond to (2.1.14) fixed.

Since the two pairs of decoupled systems arose from two descriptions of the same object in different

regimes, we reach the conclusion
Type 1IB Sugra on AdSs x S® = d=4 N =4 SU(N) SYM on Minkowski space.

In the Sugra picture, the gauge theory lives in the original background. Hence, with respect to the
near-brane r — 0 metric (2.1.9), the field theory is related to the region r — oo (or z — 0 in the

Poincaré patch).

The conformal symmetry of the field theory corresponds to the isometry of AdSs, the field theory
R-symmetry corresponds to the isometries of S® and, in addition to this, AdS5 x S® it can be shown
to be a maximally supersymmetric space invariant under P.S(2,2|4) and hence the two sides have

the same number of supersymmetries.

G. Parameters. To recap the parameters in the duality are related in this way:

l 4
Gont ~ Go, (l> —4rgN, GuN = A (2.1.15)

where we also defined the 't Hooft coupling A; which naturally arises in large-N field theories, a
limit which was suggestive of the connection between gauge theories and closed string amplitudes

well before Maldacena’s conjecture.

So the Supergravity approximation is valid when the gauge theory is non-perturbative and strongly

coupled and vice versa. We have a strong/weak duality.

H. Field-operator map. As the global symmetries on both sides match, a map between CFT
gauge-invariant operators transforming in certain irreducible representations of the superconformal
algebra (or its bosonic subalgebra) and supergravity fields transforming in the same representation

must be expected.

10T show that a low energy mode in the asymptotic region cannot penetrate the barrier we need to
know the dependence of the cross section on the energy: o o< E>.
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Since the Sugra spacetime is a product space, such fields ¢ are functions of the coordinates {z}
on AdSs and {y} on S°. They can be Kaluza-Klein decomposed over S°, namely expanded in
spherical harmonics on S°. Each resulting field ¢(z) acquires a mass m which is given by the rank
of the spherical harmonics, which in turn corresponds to the conformal dimension of CFT gauge

invariant primary operators in the same representation of SO(6).

The result of this involved analysis is tabulated in more thorough AdS/CFT references (see for
example [91]). We only note that the energy-momentum tensor of the CFT (A = d in d dimensions)
is mapped to the AdS metric fluctuations (whose mass is m = 0)

Tab — hab- (2116)

Indeed, the rule for massive spin-2 fields and scalars is m?l?> = A(A — d) (hence the massless case
is included) [19]. We also remark that the R-symmetry current J, is related to gauge fields A, in

the Sugra theory, but we do not need more than this observation in the following
Jo — Ag. (2.1.17)

The association between fields and operators is confirmed and put to work by the so called GPKW
rule and the required procedure of holographic renormalization to be discussed from Section 2.3

onwards. Schematically we will simply write
O(A) — d)(m) (2118)

with O(a) the field theory operator and ¢,,) the field in the gravity side, suppressing all other

specifiers.

Wrap up. We have discussed the basic ideas behind the first example of Maldacena’s conjecture.
The strong form presented at the beginning is the extrapolation of the weak form to which we had
to revert to make progress. The correspondence is strongly motivated by the symmetry arguments.

We then look at such arguments again to move beyond this example.

2.2 Symmetry matching, extending the correspondence

Of all the discussion above, symmetry considerations remain. We saw that the superconformal
symmetry of the field theory matches the superconformal symmetry of the gravity background
solution. We take as a rule that both sides must share the same symmetries. All the other top-
down realizations of AdS/CFT share this characteristic and it can, in fact, be generalised to the

status of a rule to be followed when building bottom-up holographic dualities.

Looking closer at the previous example we can state that

1) The field theory conformal symmetry is realised as the isometry group of AdS,

2) The field theory R-symmetry is realised as the isometry group of the compact space.
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We have written 2) mentioning a generic compact space rather than the sphere we got in the
previous discussion. Indeed, there are many known examples of top-down dualities now where
the sphere S° is substituted by a different sphere of appropriate dimensionality (i.e. as in the
other examples discussed in [18]) or by a different compact space. Changing the compact space
corresponds to changing the amount of supersymmetry. We can, for example, consider the so-
called Sasaki-Einstein manifolds X° rather than the spheres S°, or we can have other constructions

involving quotients of the compact space (see for example [24] for more).

Indeed we can also extend further and formulate rule 2) without any reference to the other factor
of the geometry:

2’) Global symmetries of the field theory side are realised as gauge symmetries on the gravity
theory in AdS, namely to each Noether current in the field theory there exists a corresponding

gauge field in the AdS gravity theory.

Namely, if we are given a gravitational theory in AdS with some gauge fields and we know this
rule we may guess the dual theory even if we don’t know how these gauge fields appear on the
gravity side. This is the spirit of bottom-up AdS/CFT. A posteriori, we may be lucky and find an
appropriate description of the geometrical origin of the gauge fields. For example in our discussion
above we understand (roughly speaking) the SO(6) gauge fields as the metric modes of a 10-
dimensional AdSs x S® spacetime with an index on S°.

However, what we need to appreciate for the rest of this thesis, is that rule 1), as stated, is
misleading. Referring to the example of the previous section, the gravitational theory in AdSs x S°
is dynamical and the correspondence posits the identification of the Hilbert spaces on the two sides
of the duality. Once conjectured the second, the first must follow. In our example, the first is
evident from the construction. In particular, this implies that the gravitational system must only
be asymptotically AdS. If it were not so we would miss the most interesting states in a gravity

theory: black holes. As a consequence, we change rule 1) to

1) The field theory conformal symmetry is realised as the asymptotic symmetry group of asymp-

totically AdS spacetime.

This fact is important not only for spacetimes which evidently deviate from the AdS vacuum, such
as AdS black holes but also for the vacuum itself. A pivotal example is the symmetry argument for
AdS3/CFTs. As first discovered by Brown and Henneaux [92], the asymptotic symmetry algebra
of AdS3 is enhanced from the finite-dimensional isometry algebra s0(2,2) to (two copies of) the
infinite-dimensional Virasorso algebra vir x vit. The latter is the conformal symmetry algebra in
two dimensions, responsible for all the nice features of C F'T, theories. The symmetries on the two
sides thus match because of the symmetry enhancement phenomenon occurring in the bulk. It is
called “enhancement” because the s0(2,2) isometries of the vacuum AdSs are not lost, but appear
as the sl(2,R) x s[(2,R) subalgebra of the Virasoro algebra (in fact s0(2,2) split as stated). We
will have more to say on asymptotic symmetries and their role in Section 2.3.1, in chapter 3 and
they will be the focus of all of Part II.

Notice that 1’) is a statement about the theory, not the state. Indeed, AdS/CFT provides the
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striking picture of black holes as thermal CFT states [93]. The scale set by the temperature breaks
conformal invariance, but this is a statement about the state, not the theory. Hence, 1’) implies

that a non-conformal theory cannot be dual to asymptotically AdS gravity.

For example, if we consider other Dp-branes constructions (p # 3) we land in the domain of the so-
called generalised conformal structure, a term defined in [94, 95, 96]. The near-horizon geometry of
such branes breaks the conformal symmetry because the solutions do not admit a constant dilaton
[97, 98]. The dual theories possess a generalised conformal structure where the coupling in front of
the action is dimensionful (rather than dimensionless). Precision holography for such configuration
is studied in [99].

From now on when we speak of a gravity theory in AdS we always mean “asymptotically (locally)
AdS”.

The matching so far does not include gauge symmetries of the field theory. Except for the pa-
rameter N in the string side of the above top-down construction, there is no other gravitational
manifestation that the field theory is an SU(N) gauge theory. The only sensible requirement we
can make is that

3) Oauly field theory gauge-invariant operators are associated with fields on the gravity side.

Ideally, in this journey leading to 1’), 2’), 3) we got rid of any reference to the string theory model
from which we started and we are ready to state the general AdS/CFT statement considered true

Any (UV complete) quantum gravity theory in asymptotically locally AdS;y1 spacetimes
is dual to an ordinary CFT, without gravity

There are indeed a couple of beautiful arguments motivating AdS/CFT independently from string
theory. None of them could have been suggested without knowing how the explicit string theory
realization works and indeed, from the perspective of the previous section, they are rooted in the
large N and large 't Hooft coupling limits.

One of the two arguments is more conceptual and the other more practical. The first is due to
Polchinski and Horowitz [100] and involves avoiding the Weinberg-Witten theorem!! by going to
a dimension higher and using the renormalization group flow to identify the additional dimension
with the energy scale of the field theory. The second [102, 103] proceeds first by quantizing
fields in a fixed AdS background and then studying perturbative metric fluctuations around this
background. Matter and gauge fields in AdS lead to the construction of boundary operators which
transform conformally under the isometries of AdS. The boundary operators thus satisfy operator
product expansions typical of conformal field theories. The metric fluctuations around AdS lead

to a boundary stress tensor which completes the boundary CFT data.

By construction, the second approach is tied to Einstein’s general relativity (large N and large 't

Hp [100] the theorem is considered in its implication that the graviton cannot be a composite object in
a Poincaré covariant theory. The theorem is proved in [101].
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Hooft limit on the field theory side). As such, it helps in listing the properties a CFT must have
to be dual to a quantum gravity theory with Einstein’s general relativity as its semiclassical limit.

It helps in motivating, but is not sufficient to prove, the following conjecture!?

Any strongly coupled large N CFT where all single-trace operators, except the stress
tensor, have parametrically large A, has the stress tensor correlation functions (T'...T)

predicted by pure general relativity in AdS.

We have not met correlators in our brief account, we will move to them in the next section. For
the moment let us explain this claim from our example. Recall that A of the operator O is related
to the mass of the dual field ¢ by m =~ (A — d)/l and for the stress tensor A = d. In our example,
A%~ 1/l but the mass m of a string state is proportional to IJ!, so we get )\i/4 ~ Im. Thus
correctly, at strong coupling A\; >> 1, the field theory operators with small scaling dimensions are
dual to massless string states, which are the supergravity fields. In the large N and large 't Hooft

limit, the stress-energy momentum sector is that of general relativity in AdS.

2.3 AdS/CFT at work

To move beyond the kinematical matching we need a rule relating the dynamics on both sides: a
master rule. Such was proposed independently - roughly at the same time - by E. Witten [19] and
S.S. Gubser, I.R. Klebanov, A.M. Polyakov [104], and for this known as GPKW rule.

This rule posits the equality of partition functions and hence is a statement of the dynamical
equivalence of the two sides. Stated in this way, however, it provides a precise computational
dictionary between the two sides. Before discussing the motivations for this ansatz, we note
that usually, we work with Euclideanized versions of path integrals to avoid well-known issues in
Lorentzian time. Here, following the historical path we do the same. Real-time formulations of
the GPKW rule and all that follows has been given in [105].

The dynamics of a CFT is described by the behaviour of connected correlation functions of opera-
tors. Given an operator O, the connected correlation function (O(z1)...0O(x,)),. is computed by

functional differentiating the generating functional W [¢o]
W(olese = log Z[doles := log (=] #9010 (2:3.1)
n times with respect to the arbitrary source ¢y to which O couple.

The proposal in [104, 19] consists of computing the connected correlation functions of the CFT in
the large-N and large-A limit using the extremum of the classical on-shell action of the supposedly
dual supergravity theory. The classical field equations are second-order and thus the classical

solution ¢, must satisfy some boundary conditions.

'2This is taken from the lectures [102] and we refer the reader there for more discussions and references.
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We naturally have a boundary in our problem because in the z — 0 limit the metric (2.1.10),
whose AdS factor we repeat here,

2

l
(d2* + nydadz) (2.3.2)

2
dsas, = ")

is singular and cannot be continued past.

In fact, the well-known conformal compactification method of Penrose allows treating this limit
(see Appendix A). We can just perform a conformal rescaling of the metric by 22/I?
2 22

dsy e = Z—st (2.3.3)
and the new line element defines a metric on a compact manifold with a boundary at z = 0. The
metric at z = 0 is well defined and Minkowski. However, the choice above is not unique. We only
need a function 2 so that

ds2.,, = Q%ds® (2.3.4)

new

define a metric on a compact manifold. Hence, we take € to be positive in the compact manifold
and with a first-order zero on the boundary. It is clear that any € related to Q by

Q= e, (2.3.5)

with ¢ smooth but otherwise arbitrary, is an equivalently good compactification. Thus, the bulk
metric induces a well-defined conformal class of metrics the boundary, within which a metric is
picked by a choice of 2. This is the basis of the definition of Asymptotically locally AdS spacetimes
(AlAdS) (Appendix A).

This construction gives a precise meaning to the idea that the field theory is associated with the
boundary of the spacetime [19]. Having a conformal class rather than a metric induced on the

boundary is crucial for the boundary theory to be conformal.

According to this picture the source ¢ gy of the CF'T operator O must be set equal to the boundary
condition of the bulk classical field ¢, dual to ©. We thus have

Ssug7-a(¢)*) = —W[qﬁo] provided that ¢*|6AdS = ¢)(O)- (2.3.6)

This is valid for any field in the correspondence, including the metric on which we mainly focus
next. Thus these formulas must be understood more generally with ¢ a collection of fields indexed

such that any of them correspond to a boundary operator.

The master formula (2.3.6) is the expression of Maldacena’s weak conjecture but it can be soon

generalised to the general form of the conjecture by simply posing
Zagld] = / Dgpe50(9) = Zegildo)) (2.3.7)
dloadas=9¢(0)

where we consider the full quantum gravitational (gg) theory. This statement is only formal as

Zq4g is not known, even in the case in which gg = string, corresponding for example to the strong
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form of Maldacena’s conjecture. In this case for example, (2.3.6) can be seen as the leading order
in the large-N, large-\ expansion (indeed EH action scales as N?) and the subleading corrections

are captured by perturbative expansions of Zstying.

The holographic bound and the IR/UV connection. Are we dealing with a corre-
spondence that manifestly satisfies the holographic bound (1.0.9)?

Witten and Susskind [106] answered positively this question using for the AdSs x S°/N = 4SY M
a simple counting as in chapter 1 which can be easily extended to any other example of AdS/CFT.
The only obstruction to the counting is that the number of degrees of freedom in a CFT is infinite
as there is no ultraviolet (UV) cutoff scale. The area of the boundary of AdS is infinite as well, an
infrared (IR) divergence. The two divergences are, as suggested in [106], in an exact correspondence
so that a regularization procedure can be performed on both sides at the same time and the end

result of the counting is a perfect agreement with the holographic bound.

The suggested UV/IR connection is the ingredient we use next to give a computational meaning

to the GPKW rule and, in turn, a proper understanding of such connection.

2.3.1 Holographic renormalization

The GPKW rule is only a formal statement because both sides of the equality are infinite (so in
this respect it is also trivial!). As said, the field theory side is infinite because of ultraviolet (UV)
divergences. The gravity side is divergent because the rule prescribes to evaluate Lg.q, on-shell

and to integrate against the infinite spacetime volume. It is an infrared (IR) divergence.

The gravity action contains all fields of the theory. In the following, we only focus on the pure

gravity sector
1

T 22

where we used dots to stress that the gravity sector may not be described only by Einstein-Hilbert

(Rlg] =2M) + ..., (2.3.8)

theory (the only term shown above).

Holographic renormalization is a method to renormalize the divergences on the gravitational side,
in a way which is consistent with the field theory renormalization. The method thus endows the

GPKW rule with a computational meaning. It was developed in [107, 108] and reviewed in [42].

The method is inspired by the field theory renormalization, namely by adding local counterterms

to the action that cancel the divergence. On the bulk side we have to

1. Find a convenient coordinate system to perform the asymptotic/boundary analysis, in par-
ticular, we will have a coordinate z labelling timelike hypersurfaces such that the boundary

is selected by a particular z* and there is a clear definition of boundary metric;

2. Solve asymptotically the equations of motion for any field in the theory;
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3. Evaluate the on-shell action regulated on a finite volume enclosed by one of the above

hypersurfaces, we denote the regulated action as Syeg;

4. Isolate the diverging pieces in the radial coordinate: Syeq = Saiv + Sfpin, Where Sg;, is the

diverging piece when z — z*;

5. Rewrite the diverging pieces covariantly in terms of the induced metric on the regulated
boundary: Sais[hy] = Sai[V] ;

6. Subtract these terms from the regulated action by adding a covariant counterterm action
Sct appropriately built from the diverging pieces. The regulator is then removed in the limit

in which z — z* and the renormalized action is defined as

Sren = Zli{rzl* (Sreg + Sct) = Zligl* Sfln (239)

Notice that in the last step Sy.q is written as it was first obtained, not expanded as Sg;, + S¢in.
Notice also that the choice of subtracting exactly the divergent pieces corresponds to the minimal

subtraction scheme in field theory. Other finite, covariant counterterms can be added, however.

The stated is the Lagrangian approach to holographic renormalization. It is conceptually straight-
forward, but technically challenging and tedious because of step 4. Equivalent Hamiltonian and
Hamilton-Jacobi approaches have been defined that smoothen the above procedure. The reader is
referred to [109, 110].

Whatever way is chosen to renormalize, one of the two independent solutions of the field equations'?

in the asymptotic expansion is associated with the source of the dual field operator and the other
is associated with the exact one-point function of such operator. If ¢ ) represents the boundary

value of (any) field ¢ sourcing the dual operator O, the exact one-point function is computed as

5Sren

1
a V) d¢0)(z)

where p changes according to the type of field under consideration and we have introduced the

(O@),,

~ other independent solution at order p ¢,)(x) (2.3.10)

notation h(gy to denote the boundary metric (plus sign because of signature). We need the factor
of . /h(o)fl whenever we have a non-trivial background geometry for the field theory. In particular,
when we are interested in correlation functions of the energy momentum tensor, ¢ q) is the boundary
metric.

When d is even, the asymptotic expansion contains a logarithmic term at order d which is associated
with the field theory conformal anomaly. We exemplify these comments using pure gravity in the

following section.

Notice that in (2.3.10) we do not turn off the source after computing the correlator (we can always

do s0) - hence the subscript in (.) - because we can now define the n-point correlator
(O(xq) ... O(mn)>¢<0) (2.3.11)

by taking n — 1 functional derivatives of the right hand side of (2.3.10).

13We have in mind the field equations for scalars or Maxwell fields in a background geometry or the
Einstein field equations. For actions with higher derivative terms, the equations are of higher order.
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2.3.1.1 Pure gravity asymptotics

With the Einstein-Hilbert action Lgg, we have another problem unrelated to divergences. It does
not give a well-defined variational principle for g even within a finite region of spacetime because
R contains second derivatives of the field and hence any boundary term contains both variations
of g and Og. To have a well-defined variational problem we cannot, in general, fix both the field
and its derivatives on the boundary (see [111]), and we need to obtain an action with only first
derivatives of g so that the variational problem will be defined with Dirichlet boundary conditions,

i.e. the variation of the field vanishing at the boundary.

For a timelike boundary OV of a bounded region V', the correct boundary term to be added to the
Einstein-Hilbert action is the well-known Gibbons-Hawking-York (GHY) term!4, so that we are

led to consider

2525:/ ddx\/—gLEH—&—/ Az 2K, (2.3.12)
Vv ov

where K is the trace of the extrinsic curvature K, = hZVpnl, of the boundary, whose induced

metric is ;.

Asymptotic solutions of the Einstein’s equations with A can be conveniently expressed in the so
called Fefferman-Graham gauge [112], where the metric near the boundary defined by z = 0 takes

the form )

ds® = i—Q(dZ2 + hij(z,x)dz'dz?), i,j=0,...d (2.3.13)

with h;;(z, z) admitting an expansion in non-negative powers of z at least to some order
hij(z, @) = hoyij(x) + zhayi + - (2.3.14)

since it must be extended to z = 0 by definition. Notice that the choice of z corresponds to
the choice of conformal frame. The coefficients of the expansion are found by solving Einstein’s
equations. In general the following asymptotic forms hold'®. For m € N, when the space dimension
d is odd

<d/2
hij(r,x) = hoyis () + Y 22" himyislho)] + 2 hayy (@) + ... (2.3.15)
m=1
For even space dimension d, the expansion is polyhomogeneous from 2% onwards
<d/2
hij(r, @) = hoyi; () + Z Z2mh(2m)ij [h(oy] + 2 (h(d)ij(l') + log th(d)ij [h(o)]) +.... (2.3.16)
m=1

In both cases we have singled out the data h(;; and h(g);; in terms of which all the others are
determined. Orders greater than d depend on both, orders less than d depend only on the first.

Ellipses denote higer order terms which are irrelevant for practically all purposes.

The leading order h(g);; is totally free, while

in odd d: h(g);; is constrained to be traceless and covariantly conserved with respect to the

The opposite sign if the boundary is spacelike, but we are not interested in that case.
5For AdSs the expansion is known exactly and terminates at order z* without logarithmic terms.
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derivative compatible with hgy;

in even d: the trace part of h(g);; is determined by h(g);;, the tracefree part is undetermined,;
h(g);; is determined by h(g);; and is constrained to be traceless and covariantly conserved

with respect to the derivative compatible with A .

As it is instructive and useful also to compare with the Bondi-Sachs analysis of asymptotically flat
spacetimes, in Appendix A.1.2 we briefly review the iterative differentiation procedure from which

the above expansion is derived.

With this analysis we have performed steps 1. and 2. for the metric field. Step 3. requires evaluating
(2.3.12) where 9V is selected by z = €. We have

lzdi ey = / Az dzv/h(2d)z (D) / a'e [2:7(=0. — )V (2.3.17)

because on-shell we have iy
R—-2A= N (2.3.18)

and we have used'® ~;; = (I/€)?h;;

Done this, and moving to step 4. we isolate from Sy;, = O(e) the divergent part in (2.3.17) splitting
between d even (e) and odd (o)

ld I de = /d T4/ h(O CL(O) +e€ (2) + -+ 672a(d_2) — a(q) log 6] , (2.3.19)
de = /d z\[h) [ Ya@) +€ TPag) +- -+ € tauoy) - (2.3.20)

We should now invert the metric expansion to write s/ div “ in such a way that covariance with respect
to the boundary is manifest. Detailed expressions are found in [108]. The resulting counterterm

Lagrangian (for space reasons) up to d = 6 reads

—d . d 2
Vler = =7 2(1z2 )y fﬂ - (d—4)1d7 O (R[W]in[V]” - 4(§h]1)> —logeau)]
(2.3.21)

where the formula is understood as containing only divergent counterterms in each dimension. So,

for even d = 2n only the first n are included plus the logarithmic term, while for odd d = 2n + 1
the first n + 1 are included.

2.3.1.2 The CFT stress-tensor and the Weyl anomaly

Notice that the data at order d have all the properties a CFT energy momentum tensor should

have. This confirms the general outcome stated in (2.3.10). Indeed let us summarise the steps to

6The signs are compatible with an Euclidean h;;, but it is not so important for highlighting the general
procedure.
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this identification. We have

2 2 :
(T;) O5ren _ lim ( 05 in ) : (2.3.22)

~ Vh oh) Vh(e,x) 0h' (e, )

We need to write everything in terms of the regulated boundary quantities, so we have

(142
(Ti5) = lim (EHTJ h]) (2.3.23)
where
Vg oyl T

In the above we have split the part coming from the variation of the regulated action and that

il b+ T - (2.3.24)

coming from the counterterms.

An explicit computation, whose details are found in [108], gives

dldfl )
<Tij> = Wh(d)ij + Xij [h(O)ij]v Xi; =0 if d odd. (2.3.25)

The tensor Xj; is locally constructed from the leading coefficients compared with h(4);; ang hence
it ultimately depends only on h(g);;. From the comments made in the previous section, we see that
(2.3.25) is manifestly covariantly conserved with respect to 9(0yij» as due. Indeed, this property
is self-evident from construction and we will start our discussion in the next chapter from this

observation.

The energy momentum tensor of a classical CFT is traceless, but upon quantization the conformal
invariance can be broken. This is reflected in the non vanishing vev of the trace T' = T; of the

energy momentum tensor. General theorems state that in such a case

<TCFT> = W (zL: CLIé + (—l)gadEd> (2326)

where Fy is the Euler density in d dimensions and I, are Weyl invariants, whose number depend
on the dimension d and aq, ¢ are theory dependent coefficients for which there exist perturbative

formulas in terms of the number of each type of field in the theory.

For example in d = 2 there are no conformal invariants of the right dimensions and the only
possibility is Fo so that
¢
(Terr) = —1—2R. (2.3.27)

In d = 4 we have only one Weyl invariant (the square of the Weyl tensor)
1
Ii = R™" Ryppe — 2RM™ Ry, + §R2 (2.3.28)

and E, is'”
Ey= R"" Rpoe — AR"™ R, + R*. (2.3.29)

'"We are only considering the effect of the geometry. If the theory is coupled to gauge fields for example
we also get terms depending on the gauge curvature.
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We have only listed a couple of famous cases relevant for theories dual to AdS3 and AdS5, but in
fact, the expression (2.3.26) is only valid for d even because there are no invariants constructed
from the Riemann tensor and its derivatives in d odd'®. We can see this from our holographic

expression of the energy-momentum tensor. If we take the trace of (2.3.25) we get

dodd: (T)=0 (2.3.30)

d-1
deven: (T) = dé,&

hy + X. (2.3.31)

The first result is immediately obtained as a consequence of our asymptotic analysis. We have
thus another partial check that the holographic stress-energy tensor is the stress tensor of the dual
CFT. To conclude the proof we need to check that (2.3.31) is non-vanishing and that it exactly
reproduces the result (2.3.26). Reproducing (2.3.26) means that the bulk computation must give
the same universal structure, and if the gravity theory is supposed to be dual to a known CFT (as
in the first example treated in this chapter), the coefficients aq and ¢, computed gravitationally
must exactly match those of the CFT. As a byproduct, the robustness of the holographic dictionary
we have partially discussed in the chapter implies that given a bulk gravitational theory we can

perform this computation and establish the properties of the unknown dual CEFT.

To check that (2.3.31) is non vanishing we need to revert to the explicit expressions given in [108].
There is however a very easy argument relating (7)) with the coefficient a4 (not to be confused
with aq) in (2.3.19) which we now present. The outcome is

ldfl
(T) = 5 d even. (2.3.32)

The vev of T' appears into the variation of the action under a Weyl transformation. If hg);; is the
metric on the d-dimensional spacetime on which the CFT is defined and 0, h(yi; = 20(x)h(g)i; is

a Weyl transformation, we have

1 i —
(5JWCFT = 5/ h(()) <TC]FT> 5gh(0)ij - / h(O) <TCFT> g (2333)

showing that the trace of the stress-energy tensor is related to the anomaly.

From the holographic dictionary, we know that the above is related to the variation of the super-
gravity action, indeed the above is roughly speaking just (2.3.22) written from the field theory
point of you. However, from the bulk perspective we explicitly need a variation under a bulk

diffeomorphism which reduces to a Weyl transformation on the boundary.

Since we are working in a particular gauge it is also sensible to require that the gauge is not broken

by such a diffeomorphism. Observing (2.3.13) we see that this corresponds to requiring

Legor =0 = Leg (2.3.34)

18Strictly speaking we are considering field theories without boundaries, otherwise the boundary induce
anomalies also in odd dimensions (see for example [113]).
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where £, is the Lie derivative along . The solution of these equations is
& (z,2) = 2z0(x), (2.3.35)

E(z,7) = y'(z) — %U(l‘) /OZ dz'2'h% (x, 7). (2.3.36)

Under these transformations, the remaining components of the metric transform as

l2

At the leading order, the vector field y generates diffeomorphisms of () and o a Weyl rescaling. As
desired, we have found the bulk diffeomorphisms which preserve the gauge and correctly transform
conformally the boundary metric. These diffeomorphisms are called PBH, after Penrose, Brown
and Henneaux. They constitute the first example of asymptotic symmetry group we meet in this

dissertation.

We are now in position to check how S,eq = Sqiv + Spin varies under a PBH transformation.
Following the argument of [107], we can first consider a PBH with a constant o, under which S,
is invariant. So the variations of Sg;, and Sy, must compensate. Due to the structure of the
counterterm S.; = —Sy;, it is not so difficult to convince oneself that in odd d we have S.; = 0.
Indeed each term is covariant by construction. However, for even d, S.; contains the logarithmically

divergent piece which transforms by a shift. Thus we have

ld_l J
with
A=0 dodd, A= -—ay deven. (2.3.39)

and A evidently corresponds to (T') as we wanted to check.

The explicit computation indeed shows that the holographic anomaly can be cast in the general
form (2.3.26) according to the number of dimensions and the coefficients can be read off. In the
gravitational computation, they will depend upon the (d + 1)-dimensional Newton constant and

the length scale as
ldfl
and similarly for ¢4. Upon replacing N, o and mapping back to the field theory parameter, we

can read off the field theory coefficients.

The analysis for d = 4 thus provides a dynamical check of the example of AdS/CFT we have

discussed because the gravitational computation gives

N2

as = (2.3.41)

which agree with the field theory computation

(2.3.42)
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in the large-IV limit. Actually, this result is more than a check. Indeed, the anomaly coefficients
in field theory are usually computed at weak coupling. The strong/weak nature of the duality
suggests that this gravitational computation provides the right result at strong coupling. So this
is also an example of how we can use the gravity dual to learn about properties of the field theory.
For example, if we consider a higher-derivative type of gravitational action, we would generically
get ay # c4, so that we learn that the dual theory cannot be NV = 4 SYM, but some other
superconformal theory. Another example consists of those gravitational theories with compact
spaces X # S°. Since the mapping of the anomalies on both sides requires passing from G¢+!
to the Newton’s constant of the theory compactified on X, by dividing its volume, the anomaly

coefficients will differ from those obtained here, but still they will be equal each other.

In the next section, we complete this discussion emphasising the consequences of this analysis
for the well-posedness of the bulk variational principle and provide an example (according to this
narration) of how the field theory teaches us something about the physical properties of the gravity
dual.
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CHAPTER 3

Beyond AdS/CFT: asymptotics, Killings and charges

We complete our brief discussion of the fundamentals of AdS/CFT by discussing the role of holo-
graphic renormalization in the problem of gravitational charges and we introduce the covariant

phase space formalism. In this way, we bridge the previous chapter to the next part.

3.1 A different look at holographic renormalization: varia-

tional principle

As we have seen in the previous chapter, the holographic computation of the expectation value of
the field theory energy-momentum tensor involves a functional differentiation of the renormalized
action with respect to h(g) which boils down to the sum of 77 and T° both written with respect

to the induced metric 7;; on the regulator surface.
In gravitational literature 7;’[7], given explicitly by
reg 1
17 = ?(Kij - Kvij5), (3.1.1)

is known as the Brown-York tensor, after J.D. Brown and J. W. York [114]. It gives a definition of
energy-momentum of a gravitational field in a spatially bounded region and was derived adapting

the Hamilton-Jacobi equation for the energy of a mechanical system,

H=-0S, p=0,S, (3.1.2)

41
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where S is the Hamilton’s principal function.

Let us recall that the Hamilton-Jacobi formalism is based on the idea that we can solve the
dynamics for a canonical pair (¢(t),p(t)) by performing a canonical transformation in which the
new canonical variables (@, P) are time independent. This process is accomplished by S. A
solution of Hamilton-Jacobi equations is provided by the classical action giving rise to a well-
defined Dirichlet variational problem [115]. Or in other words, the difference between S and S is a
constant provided that S is the appropriate one for the variational problem. Indeed, if we perform
a variation of the action S where we vary both the endpoint time t; as well as ¢ at this extreme

of the domain, we get
AS = 0,SAt + 0,5(GAt + dq) = (0,5 + ¢0,5) At + 9,5dq (3.1.3)

where A := §/d|»=0 denotes the derivative with respect to the parameter of the curve joining ¢
with ¢; + ¢t evaluated at A = 0 and ¢ is a standard variation where ¢; is kept fixed. We also have

ty ty
A/ dtL :/ dt(Edq) + (pdq)|"r + LAt, p=0;L (3.1.4)
ti t;
with E denoting the equations of motion and the boundary terms different from zero only at ¢
(i.e. setting to zero the variations at ¢;). So, onshell we get by comparison of (8.4.90) and (8.4.91)
that S satisfies the Hamilton-Jacobi equations because H = pg — L.

The idea of Brown and York was to notice that the Einstein-Hilbert action with the GHY term
(2.3.12) provides the Hamiltonian principal function for the gravitational system in a cylindrical
box (say) with boundary ¥;UX ;U3;;, the role of the endpoints of ¢ is played by the induced metric
on the past ¥; and future ¥y boundary, while the metric 7;; induced on X;; not only encodes the
proper time interval between 3J; and X, but all the metrical information about ¥;¢. Thus, as long
as we use the GHY boundary term,

reg _ 2 99reg
Y VA 0%ij

is the stress-energy tensor for the gravitational system in such a finite volume.

(3.1.5)

We have already claimed that this tensor is covariantly conserved and we can show it by considering

a variation of S, under a boundary diffeomorphism

5S — — / Az A€ DT, = DT, =0, (3.1.6)
ov

where here D denotes the covariant derivative with respect to . We have assumed that the

diffeomorphism has compact support on the boundary to discard boundary terms!.

The tensor is thus a conserved current and gives rise to a conserved charge on the boundary for

any boundary Killing vector £. If we pick a spacelike surface 9% in dV and a unit future pointing

IThis is a simplified version of Brown-York arguments. This equation is a consequence of gravitational
constraints and, in general, a matter stress-tensor contribution projected onto the surface is to be included.
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normal to 90X we have

Qe = / NG S (3.1.7)
ox

where ¢ is the determinant of the metric on? 9%. For example, if £ is a time translation the above

expression gives the gravitational mass in V.

From the discussion in the previous chapter, we see that via holographic renormalization we can
give a meaning to the Brown-York charges for the whole spacetime, namely when the boundary
surface is pushed to infinity. As first realised in [116], the expectation value of the dual CFT stress

tensor is also the stress tensor for AlAdS spacetimes.

We can thus compute physical quantities characterising AlAdS via holographic renormalization.
Remarkably this produces answers which sometimes disagree with those produced by other methods
and are at first sight surprising®. For example, the mass of AdS5 with an R x S boundary is not
vanishing [116]. The reason is almost obvious from the CFT picture: the CFT lives on this higher
dimensional cylinder and thus there is a characteristic Casimir energy, which is related to the

conformal anomaly and the central charge.

This result, directly stemming from the discussion in Section 2.3.1.2, is at odds with what one
would expect in a general relativistic treatment of the energy of the spacetime. Indeed, AdS would

be considered the natural zero-point energy of gravity with negative cosmological constant.

In the latter statement, the underlying idea is that - to avoid infinities and ambiguities - the
properties of a spacetime can be fixed in comparison to the properties of another spacetime. This
approach is fundamentally different from holographic renormalization, where no mention of a

reference spacetime is made.

To appreciate the difference let us consider the Brown-York charge (3.1.7). It is not unambiguously
defined because arbitrary functionals Sy[y] can be subtracted from S,.q, as usual in mechanics, as

long as they preserve the validity of the variational problem. So we have

2 %50
VT 6

This ambiguity was usually interpreted as a choice of zero energy and comes to help when the

e (3.1.8)

boundary 0V is pushed to infinity, where the charges are bound to diverge. In this case, the choice
of Sy is made so that S,y — So leads to zero energy for an appropriate background spacetime.
For example, in asymptotically flat spacetimes the zero-point energy is chosen to be Minkowski
spacetime? and in spacetimes with A < 0, as we said, AdS is the natural choice. The rough idea
is that if the infinities arising from the region “spacetime-V” are the same as those in the region

“reference spacetime-V”, then they can be cancelled.

By comparison with the GHY term, we know that - in order to preserve the variational problem -

2The relationship between the metric on &V and that on its spacelike slice is given as usual by an ADM
splitting which introduces qq1, a lapse and a shift.

3An in-depth analysis of the differences and the conditions under which all the prescriptions agree is
discussed in [117].

4This is indeed the case considered by Brown-York.
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S0y must have the form
1
S(O) = 7/ \ﬁKO (3.1.9)
K= Jov

and K| is the trace of the extrinsic curvature of OV when this surface is isometrically embedded
in the reference spacetime. The problem with this background subtraction method is that it is not
unambiguously defined and it requires the boundary geometries of the two spacetimes to match

exactly. Many examples of spacetimes are known where these issues are manifest [118, 119].

Holographic renormalization avoids these issues because the counterterms needed to renormalize
the action are intrinsic to the boundary of the given AlAdS spacetime. The aforementioned
example of the clash between the “general relativistic” expectation and that provided by holography

is rooted in what we have just discussed.

As mentioned in the previous chapter, there is another formulation of holographic renormalization
via Hamiltonian methods which simplify the computational task. Indeed, more than this, it high-
lights the fundamental root of the consistency of the method. Despite not addressing the details,

we can now appreciate the point.

The counterterm action S¢; has a twofold purpose. Not only it eliminates the divergences in Sy.q
when 0V is sent to infinity, but it also provides the conditions under which the variational problem
is well-defined [120].

The mechanical analogy again helps [121, 122]. The situation we encounter when OV — oo is
similar as ty — oo. In such a limit, At; = 0 is meaningless because infinity is preserved by the
addition of any arbitrary finite 6¢. Furthermore, as ty — oo we cannot fix ¢(t;) to some finite

°. By the same argument, imposing

value because it would over-restrict the configuration space
dq|t, = 0 is not sensible. On any regulated surface we can impose that dq is such that it remains

finite in the asymptotic limit, so to preserve gy — 0o. We see that
08 = /théq + (péq)|* (3.1.10)

does not vanish onshell for all variations dq that satisfy the boundary condition. We thus need to
add a boundary term (on a regulated boundary defined by ¢t = ¢,) to the action
dk
L— L+ — 3.1.11
o (3.1.11)
such that on-shell the new action is stationary under the new general boundary conditions when

evaluated asymptotically. Thus we need to solve the Hamilton-Jacobi equations.

The remark is made in [121] that whenever we can impose lim;, ¢, 6q(t.cy) = 0 then we can find
k as k = k(q(t)). On the other hand, if the standard Dirichlet condition cannot be imposed, k will

depend explicitly on time if we insist on locality in boundary derivatives®.

This translates to the fundamental explanation of the anomaly computation summarised in Sec-

tion 2.3.1.2. To make the statements precise we should recast holographic renormalization in an

®In [122] this is exemplified by a particle in the potential V (¢) = ¢~2.

6In [121] we find an explicit example only of the first case. See next footnote.
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ADM form where the role of time is played by the coordinate z emanating from the boundary. But
for our purposes we just need to think of z as t. PBH asymptotic transformations, which are of
the form dq(tcq) # 0, are broken by the regularized boundary 0V at z = e. In Fefferman-Graham
gauge we needed to pick a representative of the conformal class of the (asymptotic) conformal
boundary, but the variational problem as OV — oo must be defined in terms of the more general
variations (PBH). This gives rise to a well-defined stationarity principle for odd boundary dimen-
sions, where the anomaly vanishes and we can take the conformal class as a boundary condition.
In even boundary dimensions the local counterterm (2.3.21) explicitly depends on e (the time ¢
in the mechanical model). As suggested in [121] we can probably eliminate the e dependence but
the price to pay is to break locality and this feature is unwanted from the holographic viewpoint”.
Thus, the variational principle can be defined only if we pick a representative of the boundary
metric and take that fixed®.

3.1.1 Looking ahead: variational principles and holographic dualities

The problem of gravitational charges entered very late in our presentation. In the top-down
example of chapter 2 we managed not to worry about it until the Weyl anomaly computation was
summarised. However, this is only an artefact. Indeed, we could have stopped to discuss how
such symmetries are formally realised in the bulk spacetime when we claimed that symmetries on
both sides have to match (Section 2.2). This would have automatically lead to the consideration of
charges and their algebras, exactly as we do in non-gravitational theories. In fact, we also needed
to introduce very early the notions of (AdS) spacetime asymptotics and their asymptotic Killing
vectors. As we further motivate in the next section, these are the essential building blocks to define
the notions of energy and momentum in a generally covariant gravity theory and to give it the

status of a physical theory.

In searching for holography beyond AdS, we do not usually have top-down realizations that some-
how guarantee (due to the internal consistency of the top theory) that the two sides work con-
sistently. It is thus imperative to check that the supposedly dual gravitational theory - with the
given boundary conditions - makes sense, i.e. if sufficiently unambiguous notions of (finite) energy

are supported.

The discussion of the previous section served the scope of highlighting the relevance of holographic
renormalization in this direction. A natural question arises then. How general is holographic

renormalization?

The procedure of adding appropriate terms to the action with the twofold aim of cancelling diver-
gences and providing a well-defined variational problem can be motivated on general grounds, but
the requirement that counterterms be local and covariant is entirely inspired by field theory: as we
said repeatedly, the way IR divergences are cancelled in the asymptotically locally AdS spacetime

reflects the general procedures used to cancel field theoretical UV divergences. In AdS/CFT the

“In any case, physics should not change. For example, the potential Vig) = ¢~ 2 is well-known in
quantum mechanics to be anomalous. In [122] a counterterm is given which manifestly depends on ¢. I am
not aware of any treatment of quantum mechanical anomalies from this point of view.

8There are other cases to be taken into account [120].
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match between field theory divergences and divergences in the gravitational action is given by the
UV/IR connection.

Several arguments show that locality of the counterterms is hard to extend beyond AlAdS. To
be precise, variants of the methods we have spelt can be found (amid technical difficulties) for
gravitational theories with timelike boundaries even when they are not AIAdS and, as we have
mentioned in the Introduction, for the spacelike boundary relevant for dS holography. Among
the non-AlAdS holographic dualities with timelike boundary, we shall cite the non-relativistic
Schrodinger [123, 124] and Lifshitz [125, 126] holography, where the boundary field theory is a
non-relativistic version of CFT based on either the Schrodinger or the Lifshitz symmetry. The
bulk spacetime can be realised either as a relativistic spacetime solution of Einstein’s equations
with A < 0 (or Einstein-Maxwell [126]) or as a non-relativistic space described by a Newton-
Cartan structure [127, 128]. In both cases the boundary cannot be the same as AlAdS because the
boundary space and time must scale differently x! — Az’, t — \?¢, with z a dynamical exponent
parametrizing the different scaling. In some cases, these holographies have been obtained in top-

down realizations (see [126]).

Various problems instead arise in extending holographic renormalization to asymptotically flat
spacetimes. First of all, the Fefferman-Graham gauge loses its meaning in the [ — oo limit, an
occurrence which is also signalled at the level of the counterterm action. In addition to this,
solution of vacuum Einstein’s equations in Gaussian normal coordinates shows that the iterative
asymptotic equations are differential rather than algebraic and hence each order of the metric
expansion is determined non-locally by the previous orders [42]. However, see [129] for a proposal

circumventing the latter problem.

Notice that by construction, these comments apply to holographic renormalizations of spacelike
infinity. However, from a dynamical point of view, the interest is focussed on null infinity, to which

we dedicate all of Part II. Similar issues are found.

We have by now realised the truly fundamental role of gravitational charges in any realization of
holography. We now turn to a more specific of gravitational charges, independently of holography.
We will complete the definition of asymptotic Killing fields and the related definition of asymp-
totic symmetries (Section 3.2) and then discuss another formalism to define charges (Section 3.3):
the covariant phase space (CPS) method. This method, as the Hamiltonian or Hamilton-Jacobi
method, can be applied to any theory, not only gravity. The advantage with respect to the other

two is that it is covariant, as the name suggests, and hence particularly suited to gravity.

The CPS method is extensively used, but to conclude the brief list of other holographic proposals,
we can mention the so-called Kerr/CFT correspondence as an example of proposed holographic
duality where, missing a precise knowledge of the CF'T, the main results toward the holographic
interpretation are obtained from the gravitational charges, especially in the CPS formalism [130].
The Kerr/CFT correspondence [131, 132] posits a holographic duality between the near horizon
limit of extremal Kerr black holes - whose geometry is similar to AdS in some sectors - and some
sort of conformal field theories. It is an attempt inspired by the famous Strominger-Vafa (extremal,
supersymmetric) black hole microstate counting [133] and to extend it to more general classes of
black holes.
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There are several papers in which the various approaches to defining charges are compared and con-
trasted; see [117] for a discussion emphasising CPS and holographic renormalization. Holographic
renormalization of AlAdS spacetimes was discussed within the CPS formalism in [120]. We will

notice that many of the formulas of the previous sections will be recast differently in Section 3.3.

3.2 The problem of gravitational charges: general notions

When we speak of charges in a dynamical (and background-independent) gravity theory we refer
both to the charges associated with the matter content and those intrinsic to the gravitational
field.

The Noetherian procedure to associate a charge to a matter energy-momentum tensor 77, which
is covariantly conserved as a consequence of Bianchi identities, provides conserved charges only
along the isometries ¢ of the spacetime. Given T}, the charge Qém) is formally the same as (3.1.7)
except that it is expressed in terms of quantities on a slice X in the spacetime. Conservation means
that the charge does not depend on the slice on which it is defined. No isometries are present in
generic spacetimes. In this case, the quantity Qg") depends both on the slice and £ and is thus
ambiguous and not conserved. As put by Wald [56], the reason is that we miss the local information

about the purely gravitational contributions.

Such information however cannot be obtained”. By the equivalence principle, we can always
remove gravity effects locally. The Noetherian procedure is not applicable because there is no local

gravitational energy-momentum tensor.

The Brown-York tensor resembles a Noetherian definition of conserved charge for the gravitational
field, but it is not a local definition. Tgy is known as a quasi-local energy-momentum tensor. That
it is quite different from 7}, is evident from (3.1.5). The metric involved in (3.1.5) is the boundary
metric at the boundary of a finite volume, which is kept fixed on classical solutions. T}, is defined

from variations of the full spacetime metric instead.

Giving quasilocal definitions of gravitational charges is the best we can do. Their definition is
however somewhat more involved than the global ones. Indeed several quasi-local quantities are
built from global definitions'C. In either cases, the relevant physical parameters associated with any
given extended region of spacetime should be determined in order to proceed with the development

of a definition.

A fundamental notion in the definition of global charges is that of isolated systems (see [55]). For
spacetimes with A = 0, appropriate definitions of isolated systems were given in the Sixties in
various steps. First Arnowitt, Deser and Misner (ADM) defined asymptotic conditions in spacelike
directions [137]. Then Bondi, Metzner, van der Burgh [138, 57] (based on previous explorations
by Trautman mainly [139]) and Sachs [58, 59] gave an appropriate metric based definition of

9At least, up to now there is no local notion and hopes are really low.
9The reader interested in quasilocal charges is referred to the review [134] and to [135, 136] for further
original works.
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isolated radiative spacetime, and then Penrose [140] - followed by many others, i.e. [55, 141] -
cast their analysis in an entirely gauge independent geometrical way on the basis of conformal
compactification methods. These approaches have been extended to the other values of A, and
in particular, subsumed in the conformal and metrical definition of AlAdS spacetimes. In the
main text we will only consider the metrical approach, a summary of the conformal approach is in

Appendix A.

The situation before the 1960s was somewhat similar to that of a student in her first course
on general relativity. Take for example the static, spherically symmetric, Schwarzschild metric.
The vacuum Einstein equations are solved up to an integration constant appearing at order 1/r
of an appropriate coordinate system. This constant is given the meaning of the mass of the
spacetime only by reverting to a Newtonian approximation. Another example is the linear analysis
of gravitational waves around Minkowski spacetimes. There were no ways to give a meaning to

mass and energy within the full-fledged general relativity until the works of ADM and BMS.

It is well known that in his life Einstein himself doubted that gravity waves could exist at the full
non-linear level. Indeed, the works of Bondi and collaborators moved from this problem: to give
a nonlinear characterization of gravity waves and disperse any doubt on their existence. This was
an energetic problem: do gravity waves carry energy? Paraphrasing Bondi, can you boil your

cup of tea with that energy?

Once generic criteria were found so that spacetimes were classified according to their asymptotic
properties, one of the most active research periods in general relativity started, during which the
mathematical definition of a black hole horizon and the Penrose-Hawking singularity theorems
were produced (see [56, 142]).

3.2.1 The metric based approach

In principle for any kind of spacetime, the general strategy behind the metric-based approach
to its asymptote is to find an appropriate coordinate system with one of the coordinates, say
r, parametrising the distance from the bulk of the spacetime. For example, Bondi-Sachs wished
to describe the radiation emanated by a bounded source, so they adapted a coordinate system
supposing that, as in exactly Minkowski space, the null waves travelled in null directions and r

represented the distance from the centre.

Then the metric tensor admits an expansion of the form

Gy (2,7) = G (2,7) + O((r) =) , (3.2.1)

as long as r is pushed far away from the bulk: infinity or the boundary. Here §,, is the asymptotic
metric. The coefficients m,,, are numbers that play a central role in defining the class of spacetimes
which are asymptotically §; they determine their dynamics!? (and are determined by the dynamical
equations!) and the asymptotic symmetry group. We can naturally cast this discussion as a

problem of defining a phase space F for solutions of the theory with given boundary conditions

"¥or example, the peeling property of asymptotically flat spacetimes depends on such coefficients [143].
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(g, myu). For example, we wish to include Schwarzschild spacetime among the spacetimes which

tend asymptotically to Minkowski, because a naive limit on its metric suggests so.

Usually, the above statement is followed by the following requirements, which guarantee a well-

defined phase space:

1) the fall-off conditions must be not so strong that they exclude the existence of phenomena

that could otherwise occur in the deep interior of the spacetime;

2) the fall-off conditions should be sufficiently strong that useful notions that characterize the

system, such as total mass and radiated energy flux, are well defined.

While the first is undoubtedly desirable, the second is not so easy to defend. In fact, the AIAdS
case exemplifies the opposite. We first solved the asymptotic equations and after that, we were con-
cerned with divergences. After appropriately renormalizing, we get meaningful charges. However,
2) cannot be dismissed so easily also. Indeed, for flat spacetimes at null infinity (see comments in
Section 3.1.1), the situation is drastically different from AlAdS and holographic renormalization
in the way we described in the previous chapter is missing. This does not exclude that variants

could exist. We thus take 2) to be a fundamental requirement, but to be considered a posteriori.

To conclude the section, we draw a last comparison with AlAdS. The Fefferman-Graham expansion
is clearly of the form (3.2.1), where the boundary is taken at z = 0. However, in our discussion
of the conformal boundary of AIAdS, we noticed that we do not have to fix the boundary metric.
This can be argued to be the case of any conformal boundary (see Appendix A). So (3.2.1) should
be taken cum grano salis: the boundary conditions should be ideally dictated by the variational

problem so that they are mutually consistent (an arduous task for null infinity!?).

Let us notice that despite having in mind the asymptotics of a spacetime, the notion of asymptotic
expansion and asymptotic symmetries are also used to move towards regions of spacetimes which

are not the true asymptote, such as black hole horizons [146].

3.2.2 The asymptotic symmetry group

As said, for a general spacetime there are no isometries, namely no Killing vectors. However, when
a metric asymptotically tends to another metric which enjoys some symmetries, we are led to the

definition of asymptotic Killing vector fields as the vector fields & that satisfy
Legu = O((r) "), (3.2.2)

namely the diffeomorphisms which preserve the asymptotic form of the metric up to the same non
trivial order of the metric expansion. PBH transformations discussed in the context of AlAdS

spacetimes provide an example.

Such diffeomorphisms are called allowed diffeomorphisms. The asymptotic symmetry algebra,

120nly variational problems with finite (not asymptotic) null boundaries have been discussed in literature
(see [144, 145]) but they present conceptual issues have not been cleared up completely.
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whose exponentiation gives a group (ASG), is the quotient of allowed diffeomorphisms with trivial

diffeomorphisms:

ASG — allowed symmetries . (3.2.3)

trivial symmetries

Elements of the group are the non-trivial asymptotic transformations that move a point ¢ in the

phase space to another point of the phase space.

Symmetries are characterised by their associated charges. Any charge, to be defined so, must
generate the corresponding symmetry transformation on the phase space. This is captured by the
brackets!?

where J¢g is used interchangeably with £¢g. The trivial diffeomorphisms are those with zero

associated charge, hence the name.

For example, the PBH transformations are all part of the asymptotic symmetry group because
they are the residual transformations of the Fefferman-Graham gauge. As a counter-example we
can take the original analysis of the asymptotics of AdS3 performed by Brown and Henneaux [92].

They generically stated the falloff conditions on the metric written in global coordinates t,r, ¢ as

2
-
it = e + 0(7“0)’ gir =0(r~?%) = Ires  Gtp = 0(7“0)

? _
Jrr = o +O(r 4), oo = r? 4 O(?“O) (3.2.5)

where r — oco. Not all the asymptotic Killing vectors of this metric have non-zero charge be-
cause some generate trivial changes of coordinates. They are those that reduce the metric to the
Fefferman-Graham form, where the metric is block diagonal with the radial coordinate forming a
separate block at any order of the expansion (so we can expect the trivial diffeomorphisms to be

related to subleading orders of the AKV of the Brown-Henneaux metric).

A general lesson of these two subsections is that the dimensionality of the asymptotic symmetry
group depends on the strength of falloff conditions. Given the same leading terms in the expansion,
slower falloff conditions usually imply a larger group of allowed diffeomorphisms than faster falloffs.
Hence, in the first case, the ASG may be larger unless it collapses (due to phase space consistency
requirements) to the one corresponding to the stronger fallofs. This will be apparent in the next

few chapters for the case of the asymptotic symmetry group of null infinity!4.

We conclude this section with three comments. Asymptotic symmetries may generically form

algebroid and groupoid structures, rather than algebras and groups, because the generators may

13In a canonical approach they are Dirac brackets because gravity (as any other gauge theory) is a
constrained system. In the covariant formalism we can instead use the less-known Pierls brackets [147].

1YWe can here exemplify the situation implied by the standard definitions of asymptotic flatness at
null .# and spacelike infinity i® in d = 4. At i°, the principles 1) and 2) are satisfied by a large class
of asymptotic conditions so that one would end up with different ASGs, according to which condition
is chosen. For sufficiently strong falloff conditions at spatial infinity i, compatible with 1) and 2), the
ASG is the Poincaré group, whereas for weaker choices one can get enlargements of the Poincaré group.
As stressed in [73], there are sufficiently good reasons to impose at i® the strong asymptotic conditions
leading to the Poincaré group. However, at null infinity this freedom is missing and the only sensible
boundary conditions allowing for gravity waves in the bulk of the spacetime are so weak that the ASG is
the infinite-dimensional BMS.
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depend on the field themselves. This is the case for the extensions of BMS considered in [60]. While
the discussion of this section was shaped in terms of gravity, it is easily modified to accommodate
any gauge theory [44]. Furthermore, the notion of asymptotic symmetries and charges can be
adapted to any situation in which there is a boundary to be approached from a bulk, for example,

a horizon (see for example [146, 148]).

3.3 The Covariant Phase Space method

Any Lagrangian field theory on a d-dimensional'® manifold M can be analysed via the covariant
phase space formalism. It is extremely useful in relativistic, generally covariant, theories because
it manifestly preserves covariance within a canonical approach: CPS is a covariant canonical (or

covariant symplectic) formalism?!®.

In the covariant canonical formalism, one can build Hamiltonians and use all the powerful tools of
symplectic mechanics without having to choose a time foliation. The symplectic form is built out of
the boundary terms in the variations of the action in the Lagrangian formalism. The core idea on
which the covariant canonical formalism is based is to consistently identify the Hamiltonian phase
space with the space of on-shell classical field configurations. This implies a conceptual change in
perspective!”. While each point in the Hamiltonian phase space is a set of initial conditions (here
is where the covariance is broken), each point in the covariant phase space is a solution of the
theory. In the Hamiltonian phase space, the Hamiltonian flow provides the time evolution of the
initial conditions. In the CPS, the Hamiltonian flow maps a solution at time ¢ to another solution

at time ¢’ whose degrees of freedom take the same values of those of the solution at time ¢.

The CPS formalism, as well as other fully Hamiltonian methods - such as the well known ADM
formalism - is in certain sense a much powerful tool than the Hamilton-Jacobi method at the basis
of the Brwon-York approach. In fact, it gives full information about the structure of the phase
space of the gravitational theory, whereas the Brown-York approach can only define “the energy
function” and study its properties but does not give any clue about the underlying phase space
(see the review [134]).

Probably, the most iconic result of such an approach applied to Einstein-Hilbert gravity is the
derivation of the first law of thermodynamics for a stationary black hole and, correspondingly, the
entropy formula [151] known as Wald entropy. This was followed by the proposal that such general
entropy expression, automatically consistent with the first law, should apply to any stationary

black hole!® in any local theory of gravity, including low energy actions of string theory [152, 14].

We will use ¢ to note all possible fields in the theory, including the metric. In a generally covariant

15Please be aware that from here and for the rest of the thesis we will use d to denote the bulk spacetime
dimension, as opposed to the previous parts.

1611 this section we will mostly use the notation of [149], where the issues of charges at null infinity were
considered within the covariant phase space approach. See, however, [150] for a clear, early account of the
method in generic settings and references therein for original literature.

" The following explanation is taken almost verbatim from [150].

8The case of non-stationary black holes and the consistency of Wald entropy with the second law is still
an open problem.
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theory, the integrand L in an action functional is a scalar density of weight +1 which need to be

integrated against a volume form € to give a scalar. The form
L=Le (3.3.1)
is a top form (d-dimensional) over the manifold M. L is just the Hodge dual of L: L = xL.
For example in Einstein-Hilbert gravity we have L = R/(2x?). The variation of the action gives
2k*5(Re) = €(G" 59, + D,,0") (3.3.2)
where G,,, is the Einstein tensor and

0" = g"PSTY  — g 6T, (3.3.3)

As this example shows, in the dual picture we avoid cluttering of both spacetime and field indices.

We will call L the Lagrangian. Its generic variation is given by

OL(¢) = E(¢)i¢ + d6(¢,00), (3.3.4)

where we suppress any field summation index appearing in the first term. The field equations are
given by E = 0 (for any field). The symbol “d” is an exterior derivative on M. Comparison of this

expression with the above example makes clear the mapping of notation.

3.3.1 Building the phase space

Each of the above quantity is also a form of appropriate rank in the space F of field configurations.
The space of field configuration F is given by the set of all fields of the theory which satisfy appro-
priate boundary conditions at the boundaries of M. The subspace of F formed by configurations
satisfying the field equations is noted with F and constitutes the covariant phase space'®. The
operator “6” can be thought of as an exterior derivative on F. The identification goes as follows.
An abstract field ¢ is a point in F. An abstract small variation d¢ of ¢ is then a vector in the
tangent space Ty F of F to ¢. The symbols ¢(z) and d¢(z) are used to denote the numerical values
of the abstract fields and the value of the displacement of such fields at the point € M. A 1-form
over F is a linear functional from Ty F to a number field: hence it is a transformation from §¢ to
the number d¢(x), where x € M. With abuse of notation we say that d¢(x) is a 1-form over F.
Hence, § acts on a zero form to give a 1-form over F. Then, ¢ is an exterior derivative on F if i)
62 = 0, ii) satisfies the Leibnitz rule, and iii) if acting on a k-form gives a k + 1-form. All these
properties can be verified in a more precise treatement, but we refrain from doing so and refer the
reader to [150] for the details. We will use the following convention for the mapping between §

seen as an exterior derivative in F and J seen as a variation over M

6f(¢,60) :=01f(,020) — 02 (,010) (3.3.5)

190r “pre-phase space” to take into account the possibility of degeneracies of the symplectic structure.
See later.
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where 01¢ and d2¢ are two different first variations (perturbations) of the fields, not to be inter-

preted as differential operators on JF (in particular 67 # 0 in general).

Introducing the notation that a (m, f)-form is an m-form over M and an f-form over F we have
the ranks summarised in the following table (where we assume that each field ¢, of the collection

can be a p,-form over M.)

Form (m, f) Form (m, f)
) (Pa;0) 66 (Payl)
B (d-po0) | Boo  (d1)
0 (d—1,1) de (d,1)
L (d,0) 6L (d,1)

From the 1-form @ on F we can build a 2-form w = §60, which is automatically closed. This is
the typical relation between a symplectic form and the symplectic potential in mechanics. In field
theory the form 8 is called the symplectic potential current density and the form w is instead called

presymplectic current. In the spacetime picture w is a (d — 1)-form given by

w(p, 610, 020) = §10(@, 02¢) — 620(p, 010) (3.3.6)

The integral of w on a (d — 1)-dimensional slice of M is a (0,2) form

QE(¢761¢752¢) :/Ew7 (337)

called presymplectic form. Let us recall that in the symplectic formulation of mechanics, a symplec-
tic form 2 takes two vectors vy and vy in the tangent space of a symplectic manifold and outputs a
number. In the field theory case the two vectors are (01¢) and (d2¢). The symplectic form is well
defined if it is non degenerate and can be inverted, namely Q(vi,v2) = 0(= Q;;v%07 in a chosen
chart) <= wv; = 0 or vog = 0. If this is not the case, then we speak of presymplectic forms.
In such a case a reduction procedure removes the zero modes of the presymplectic form from the
presymplectic phase space and the resulting smaller space is a proper phase space. Degeneracies

are usually the case in field theories. We do not enter in many of the details of these procedures.

For the following we just need to recall that canonical transformations (or symplectic symmetries,

or symplectomorphisms) are those vector fields v on the phase space such that € is preserved,
£,0=0. (3.3.8)

A function, called Hamiltonian H,, is associated to each such symplectic symmetry. Indeed, from
the Cartan identity
0=2L,0=1i,dQ+ d(i,Q) = d(i,9) (3.3.9)

we get that i, is closed and hence, by the Poincaré Lemma, H, exists (locally at least) such
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that?0
dH, = i,0. (3.3.10)

Poisson brackets {.,.} can also be defined to be consistent with the Lie braket of two symplecto-
morphisms. This boils down to
{f,9}pp = Q%0ufOby, (3.3.11)

for any two functions on the phase space. The Hamiltonian generates the flow along the vector
field via Poisson brackets
{f,Ho}pp = £uf. (3.3.12)

Covariance. From the very definition of presymplectic form (3.3.7) it appears that, despite
what promised at the beginning, we break covariance because our definitions depends on the
chosen slice X. This is not so as long as i) ¢ is a solution, i.e. E = 0, and ii) the two variations
016 and d2¢ are in T, F, namely 6, E = 0. To check this take 0 := [0, d2]L = §1(d2L) — 62(01 L).

With the above conditions we have
5152L ~ d510(¢, (52(]5), (3313)

so that
0= [(517 (52]L ~ dw(gb, 51, 52) (3314)

Here ~ stands for equality on-shell.

Variational principle. In this section we have not made any statement about the variational
principle. The Lagrangian may not be the one associated with an on-shell stationary action, as in
the Einstein-Hilbert case. So if M is a boundary of M,

/ 0 (3.3.15)
oM

may not vanish. We will see that a well-defined phase space, with a well-defined Hamiltonian, is
the one for which L can be modified to
L-T, (3.3.16)

where T is a (d — 1,1) boundary term?! such that
—
5T =, (3.3.17)

for given boundary conditions on the field variations. The left arrow over 8 denotes its pullback
to OM.

In other words, there is a tight relation between a well-defined phase space and a well-defined

variational principle.

20Conversely, any function f is associated to a vector field w by w® = Q%°8, f, but not all functions are
Hamiltonians because not all vector fields generate symplectic symmetries. Notice also that H, is globally
defined if H'(F) = 0 (the first cohomology group).

—

21 A term dy, where x is a (d — 2, 1)-form, is also possible. See paragraph Ambiguities in Section 3.3.6.
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The variational principle for Einstein-Hilbert gravity in a finite region of spacetime with a timelike
boundary and Dirichlet boundary conditions is well defined with the addition of the Gibbons-
Hawking-York term and leads to Brown-York quasi-local charges. The same leads to a well-defined
covariant phase space Hamiltonian [153]. The case of asymptotic timelike boundary was discussed
in [120].

3.3.2 Definition of the Hamiltonian, existence and integrability

Neglecting the problems with degeneracies, we pretend that we are working in a proper phase space.
In our case, noticing that an arbitrary vector field £ on M naturally induces a field variation over
F given by the Lie derivative d¢ := £¢, we define the Hamiltonian conjugate to £ as the function
Q¢ : F — R obtained as the integral in field space?? [149]

[
Qelgl = ; 5Q¢ + QY (3.3.18)
of
Qe = 056,36, 269) = [ w(0.50.2c0) (3:3.19)

for all ¢ € F C F and all tangent vectors d¢ to F (not necessarily to F). Notice that d¢ € T F
means it satisfies the linearised equations of motion: dE(d¢) = 0. We will come back to this
important point later. In (3.3.18) Qg = Q¢[¢o] is the Hamiltonian computed on a reference

solution ¢g € F, from which we move to reach the point ¢ in F.

The given expressions are appropriate definitions for the generating charge because we can formally
easily show that Q)¢ generates the Hamiltonian flow. However, beyond formal manipulations, the
above definition is subtle and strong. The Hamiltonian Q¢ exists if Qx;(¢, d¢, L£¢¢) is finite (so that
dQ¢ exists) and if it is integrable in the field space. These requirements impose constraints on the
triplet (F, &, X). In particular, the Wald-Zoupas definition [149] requires that the triplet is chosen
so that Qy is finite for all ¢ € F and §¢ € Ty F.

The integrability condition means that (3.3.18) must be independent of the path chosen to go from
a reference field configuration ¢ to another ¢, which amounts to satisfy the condition

(8165 — 6261)Q¢ = 0. (3.3.20)

Assuming that Qs is finite, then the Hamiltonian does not exist unless (3.3.20) holds. In other
words, for Q¢ to exist, 6Q¢ must be an exact variation.

Once the existence of the Hamiltonian is established, another point to be analysed is the conser-

vation. To investigate this we have to check that

6Q¢w, — 0Q¢|s, =0 (3.3.21)

*?From now on I denote the Hamiltonian with Q¢ rather than H¢ because in the literature such Hamil-
tonians are usually called charges. Notice the dependence on the reference charge, see Section 3.1. In this
section we explicitly work with transformations in field space induced by transformations on the spacetime
manifold, however, the formalism is general and applies also to gauge transformations.
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for any X;.

Clearly, the answer to both questions is encoded in the behavior of w. In the next section we will
show, following [149], that the integrability condition (3.3.20) corresponds to

/ igw(¢75¢1,5¢2) = 0, (3.3.22)
(o)

where ¢ and ;¢ are taken so that 2y is finite according to the Wald-Zoupas convention (¢ € F
and d¢ € T¢?). In the above, 9% is the boundary of ¥ and i, is the operator contracting { with

the first index of the form on which it acts.

The conservation condition (3.3.21), instead, amounts to

0= Q. — 0Qcls, = 0Qelow, — 0Qelom, = — [ wlonb6. %), (3323)
Bi2
where Bis is the (d — 1)-dimensional boundary surface enclosed by the two boundaries 0%, and
0%. In discussing the conservation of charges we obviously refer to symmetry transformations, so
L¢¢ is required to be a symmetry variation, as opposed to the generic variation along any vector
field £ on the manifold M considered above.

Both the integrability and the conservation conditions boil down to surface integrals. This is
perfectly consistent with the fact that in the theories under considerations the charges (3.3.19) are
explicitly given as surface integrals, as we show in the next section, where we also derive (3.3.22)
and (3.3.23). Before doing so we discuss the conditions on the phase space under which (3.3.22)
and (3.3.23) hold.

The condition (3.3.22) is trivially satisfied if

i) ¢ satisfies appropriate boundary conditions so that w — 0 sufficiently rapidly that the
integral of i¢w vanishes over the boundary 0%, or

ii) £ is tangent to 0%, so that the pullback of i¢w to 0% vanishes.

The condition (3.3.23) is instead satisfied if the pullback of w to By vanishes. If instead it does
not vanish, then the Hamiltonian (on F) does not in general exist except if ii) is satisfied. In
such a case, however, it is not conserved. We stress that we are considering the Hamiltonian on F

because the integrability condition (3.3.22) refers only to F.

3.3.3 Hamiltonian in terms of Noether charge

We now show that (3.3.19) is explicitly an integral over the boundary of ¥ given by

5Q¢ = / [6qe — i(6,66)] =: dg¢ — / 1606, 60) (3.3.24)
ox ox

ke
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where £ is a symmetry vector field over M, g, is the so-called Noether (d — 2)-form associated with

& and Noether charge g¢. Indeed, for any £ there exist a Noether (d — 1)-form current j ¢

Je = 0(, Lcd) —ieL, (3.3.25)

which is on-shell closed dj, ~ 0 and hence is exact by the Poincaré¢ lemma. It can thus be derived
from the (d — 2)-form q;
Je = dg; (3.3.26)

P ox

The proof of (3.3.24) proceeds by first obtaining (3.3.25) and then varying it to get w. Consider for

so that

simplicity a diffeomorphism invariant Lagrangian so that no total derivative terms are produced

when we vary it under the diffeomorphism &:
LeL =i¢dL + d(ieL) = d(ic L) (3.3.28)

The intermediate step is the well known Cartan identity and in the last equality we use the fact
that dL = 0 identically since L is a d-dimensional form on M. From (3.3.4) we have £¢L =
EfL¢:p+ do(4,¢). Hence

LeL = ELcd + dO(9, £0) = d(icL) <= d(0(¢, £¢) —icL) = —ELc¢.
This defines the on-shell conserved Noether current?? (3.3.25).

We now take a further generic variation of (3.3.25). Assuming that the vector field £ does not vary
under the variation of the field ¢, so that ¢ = 0 we have

0je = 00(9, Lcop) — 10 L = 66(, Led) — ic(EdP + dB (0, 60)). (3.3.29)
Using again the Cartan identity we get

6je = 00(0, Led) — L£e0(0,00) —ic(Ed9) + d(ic0(¢, 66)), (3.3.30)
w(¢,09,Lc)

where we recognise the form w if we extend the notation £¢¢ = d¢¢ to the covariant forms, so that
£¢0 = 0¢0. Hence
6je = w +d(ic0(¢, 6¢)) — ic(EdP).

On-shell E = 0. Given j, = dq, and the commutation property of d and 4, valid when the

variations of ¢ satisfy the linearised field equations, we get

w(, 00, Le) = d(0ge — ic0(,00)) =: dke(,00), (3.3.31)

23 More in general one can also construct an off-shell closed current j ¢ +J employing the second Noether
theorem. There exists a g such that dg = j +J (see for example [154]). In [149] the form j, = dq+£°Ca
is given, with C, the constraints of the theory vanishing on shell. Despite no reference to Noether’s second
theorem is made in [149], the conclusion is the same as J encodes the constraints of the theory.
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which is to be substituted in (3.3.19) to finally get (3.3.24) upon integration over Y. Notice, indeed
that (3.3.14) is explicitly satisfied.

It is now easy to show the integrability condition (3.3.22). We evaluate the left hand side of (3.3.20)
as

[01,02]Qe = [01, 02]ge +/ i (020(9,010) — 610(9,029)), (3.3.32)
- w($,026,819)

so that (3.3.22) follows because the first term on the right hand side of the above vanishes.
Similarly, the conservation condition (3.3.23) is trivially obtained from (3.3.24).

Notice that according to the other characterization of the integrability condition given below
(3.3.20), the integrand of (3.3.24) is a total variation in the field space if there exist a (d — 1)-form
T(¢,d¢) such that

ic0(,00) = 6 (icT(,09)). (3.3.33)
We also notice that only integrable charges generate symplectic symmetries. Indeed

5(600) = 0= 5( |

jew) = / (Lew) = 0= Lew =0, (3.3.34)
(o)) o))

where we have switched to the phase space notation, so that ¢ is an exterior derivative, £ must be
understood as a tangent vector to the phase space (£¢¢) and we have used the Cartan identity
with 660 = 0.

3.3.4 Charge algebra

The symmetry vectors £; and & satisfy a Lie algebra under the standard Lie braket
Thus [£e,, L¢,] := L¢, &2 is another symmetry vector under the standard Lie braket.

The integrable charges satisfy, under Dirac brakets, the same algebra as the vectors up to a central

extension

{Qe,, Qe } = Qpey ] + Cky £, [90] (3.3.36)

where the central term

C§1g§2 [¢0] = /62 k51 (¢07£Ez¢0) (3337)

depends only on the reference configuration. The proof can be found in [154].
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3.3.5 A conserved “Hamiltonian” for pathological situations

Above we gave an explicit expression of charge whose validity is tied to conditions ) and i) at
the end of section (3.3.2). They are constraints on the phase space F. Are they innocuous? The

answer is no.

If we were to define asymptotic flatness at null infinity by requiring that F meets the above

conditions, we would miss all radiative solutions of Einstein’s equations.

Intuitively, as radiation crosses null infinity, we cannot impose too strict falloff conditions on the
fields. Hence w does not vanish sufficiently fast. In the language of conformal compactification,
the smooth extension of w to the compactified spacetime does not have a vanishing pullback to

the conformal boundary?*.

In this situation, the charges as defined above, in terms of the Noether current and satisfying
integrability and conservation criteria, do not exist in general. In particular, in the subcase corre-

sponding to i), the charge is integrable (exist) but it is not conserved.

In such a case, Wald and Zoupas [149] built an appropriate definition of charges which are integrable
and “conserved”. To distinguish between truly conserved charges Q¢ and the modified charges, we
note the latter with Q..

In order to connect with Section 6.1, we give a shortcut summary of the Wald-Zoupas analysis.
The starting point of the construction is to recognise that the non conservation of §Q; is evidently
due to a flux F¢ defined on Bi»

6Q¢lox, — 0Q¢lom, = — OF¢, (3.3.38)
B2
where F¢ is a (d — 1,1)-form defined on the boundary. We require the physically motivated
condition that
595‘322 - 595‘321 =0 (3339)

when the solution (the spacetime) is stationary?S, i.e. there is no radiation at the boundary for

this kind of spacetime. In this case the Hamltonian reduces to §Q¢.

Clearly 6F¢ must be related to the pull-back & of the presymplectic current to the boundary?S.
With the above intuition we expect
w=w,+w (3.3.40)

where w, represents the presymplectic current corresponding to conserved charges, i.e. when the

radiation is off.

Z4For spatial infinity, instead, we can sufficiently restrict F because no dynamical processes can occur
there. A good definition of charges exists in the context of the ADM formalism and in particular the
conserved charge associated with an asymptotic time translation at spatial infinity is the well known ADM
mass. The formalism here summarised is consistent since it returns ADM expressions at i°.

25Gtationary spacetimes are those that admits a Killing vector which near the boundary is a timelike
asymptotic symmetry vector.

26Recall that w is defined in the whole spacetime while the flux is defined directly on the boundary.
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From (3.3.23) we see that?’
w=0F¢, (3.3.41)

namely, mapping to variations over M (see (3.3.5))

&(h, 010, 020) = 01 Fe(p,020) — 02F¢(¢,010) . (3.3.42)

Thanks to this we can define a “conserved charge” as [149]
50 — / [ — (i¢8)] + / ioFe. (3.3.43)
% %

Notice that F'¢ plays the role of a symplectic potential for & and by analogy to (3.3.6) we may
call F¢ := ©. One can check that (3.3.43) satisfies [d1, 2] Q¢ = 0 (with £ tangent to B).

These formulae are admittedly far from transparent and our exposition was quite quick. We will

come back to these points in Section 6.1 where the charges will be motivated by BMS symmetries.

3.3.6 Ambiguities and boundaries

Basics ideas and formulas have been given, but some important points need to be mentioned.

Ambiguities. The form 6 is not unambiguously defined. Indeed

a) we can add an exact form @ = 6 + dY, where Y is an arbitrary (d — 2, 1)-form,

b) if the Lagrangian changes by boundary terms L — L+ dK, so that the equations of motion
are not affected, then also @ — 0 + /K.

Only the first one affects w: w — w 4 ddY . The arbitrariness of Y has to be fixed based on the
particular problem under consideration and can be used in order to make 6 a local and covariant

function of its argument, as required by the method [149].
The Noether (d — 1)-form current g, inherits the same ambiguities of 6:

- ambiguity a) implies j, — j, +dY,

- ambiguity b) implies j, — j, + d(i¢ K)

In addition to these, the Noether (d — 2)-form charge g is further defined only up to an exact

form dZ. So the ambiguities of g, amounts to

ac — e +icK+Y +dZ (3.3.44)

2TIn general W+ dx = 6F¢ with x a (d — 2,2)-form (see the paragraph Ambiguities later). As said, we
are suppressing all the technical steps of the derivation [149], which was proposed the other way round:
from the form © defined later to F.
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Several attempts have been made at removing such ambiguities, i.e. [155], but they play a crucial
role in the renormalization of superrotation charges [156, 157] (see Section 6.1) and in aspects of

black hole thermodynamics.

Boundaries. We have tacitly spoken about the (d — 1)-dimensional boundary OM of the d-
dimensional manifold M, about the (d—1)-dimensional slice ¥ such that 93 is a (d—2)-dimensional

submanifold intersecting M, and about the (d — 1)-dimensional region By of M.

There are several careful treatments of boundary terms in the covariant phase space approach.
See for example [158] for non-null finite boundaries and [159] for some comments on null finite

boundaries.

As said, a deep analysis of boundary contribution is needed to address some important questions
concerning the characteristic ambiguities of the formalism. We do not address these points here,
but since we have been mostly interested in the case of null infinity we point out some of the
technicalities of [149].

There are further issues when we consider an asymptotic boundary. As usual in general relativistic
literature, the spacetime manifold M is considered without boundary. The slice Y is then by
definition a (d — 1)-dimensional closed, embedded submanifold without boundary. Hence, 03 does
not exist. The integrals over 9%, such as (3.3.22), should be understood as limiting processes where
the meaningful quantities are defined on compact regions K with boundaries 0 K which approach
Y in the limit.

On the other hand, upon compactification of M we have an unphysical spacetime M with a bound-
ary .#. Now the slices & of M are assumed to extend smoothly to .# in M such that they intersect
# in a submanifold which is 9%. Assuming the compactness of such slices in M automatically
ensures the convergence of the integral defining 2y, as already stated before. Furthermore, the
form w is assumed to extend continuously to .#. At this point also the requirements on the validity
of integrability and conservation conditions, as well as the discussion of charges at null infinity,
should be rephrased in these more careful terms. For example, we have stated previously that
the non-existence of a “standard” conserved Hamiltonian is typical of null infinity because of the
generic presence of radiation on .#. Such a possibility depends on the given definition of F. In
turn, the choice of F should assure that w can be extended smoothly to ., see [149, p.10] and in
this light, all the discussions above have to be understood in terms of the smooth extension of w
to the unphysical spacetime. Notice that the smoothness condition cannot be guaranteed in d > 4

asymptotically flat spacetimes, as we explain later.
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Asymptotic flatness and
holography






CHAPTER 4

Flat holography?

Minkowski spacetime is maximally symmetric and in this respect is on the same ground as AdS.
The analogies with AdS, however, stop here. Physics in Minkowski backgrounds is so different

from physics in AdS exactly because there are no other similarities between the two.

While light rays reach the boundary of AdS in finite proper time, thus making the boundary
timelike, the boundary of Minkowski space is a more abstract concept. It is the place towards
which null signals travel. But they never reach it. The boundary can always be moved far away,

as the sight horizon of an observer on the Earth.

Still, there is a sensible notion of boundary via conformal compactifications (see Appendix A). It
is thus seen that this far away in Minkowski space is a null surface .#, which is the union of a
future £+ and a past #— null surface through a point i representing the infinity in spacelike
direction. Two further points ™ and i~ represents future and past timelike infinity. Both #+
and .#~ are topologically R x S92, In fact, Minkowski space is naturally foliated by lightcones
emanating from the worldline of an observer at rest. There is a lightcone for each instant of time

and the null boundary is the asymptotic region along these lightcones.

When the metric is allowed to fluctuate, as in any dynamical theory of gravity, Minkowski must be
suitably relaxed to an appropriate notion of asymptotically Minkowski spacetime. For the moment

we take it to state that the spacetime has the same asymptotic structure as Minkowski.

The different causal structure of the boundary of Minkowski spacetime is at the root of the con-
ceptual and technical issues encountered when trying to adapt A < 0 holography to A = 0. We
have mentioned in the previous chapter that a naive A — 0 limit from AdS/CFT is problematic.
We can see the difficulty encountered in the flat limit also from a boundary theory point of view.

65
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From the mass-dimension formula of dual operators we see that the dimension diverges in this

limit.

Indeed, some of the first attempts at the flat spacetime holography problem consist in recovering
an S-matrix description within AdS/CFT which can then be interpreted as a controlled flat limit
[160, 161].

The focus on the S-matrix - rather than the correlators, as in AdS/CFT - is motivated on very

general grounds. The S-matrix

S = <pout7 Sout |pina Sin> , (401)

mapping an initial state with momentum p;, and quantum numbers s;, into a final state out is
the only gauge/diffeomorphism invariant operator in a theory of gravity in Minkowski spacetime.
In a non gravitational theory, the S-matrix is reconstructed from the correlators of local fields via

the LSZ reduction formula. When dynamical gravity is present correlators such as

(...8), (guw), etc, (4.0.2)

are easily seen to not be diffeomorphism invariant.

The S-matrix, with its analytic and unitarity properties is taken to be the output of quantum
gravity in flat spacetimes [38]. In his famous talk at Strings’98 [162], Witten thus suggested that a
bulk-boundary correspondence in flat space must be based genuinely on some “structure X” whose
degrees of freedom "live" at infinity and from which the S-matrix can be computed. Using

Witten’s wording, the scheme we draw in the Introduction is
boundary structure X — flat space S-matrix. (4.0.3)
This “structure X” cannot be a CFT because a CFT defines quantum gravity at A < 0 [162, 38].

A field theory associated with null infinity can be an example of “structure X” (interestingly
Witten dubs this proposal of himself as naive [162]). The kinematics of such a theory is then to
be specified by the asymptotic symmetry group at null infinity, which - up to the recent progress
- was considered to be the BMS group introduced at page 10. This is yet another reason for not

expecting a dual CFT.

The first extensive efforts to flat holography intrinsic to d = 4 asymptotically flat spacetimes date
back to 2003 and are due to J. de Boer and S.N. Solodukhin [163, 164] and G. Arcioni, C. Dappiaggi
[165, 166]. Both conclude, somewhat differently from Witten’s suggestion, that the fundamental
holographic data are stored on the spherical cross sections of .#, named celestial spheres from now
onwards. The null nature of the boundary is however reflected in different ways, as we are going

to see.

Compared to the work of de Boer and Solodukhin, that of Arcioni and Dappiaggi is closer in
spirit to Witten’s proposal as they base much of their discussions on the representation theory of
BMS, which was first developed in the Seventies [167, 168, 169, 170, 171, 172, 173]. They insist the
“structure X” is a BMS invariant field theory (namely, its fields carry BMS label) and moving from

one cross section to another of the same component of .# via a BMS transformation corresponds to
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a relabeling of fields. In this picture, the S-matrix is supposed to map the two Hilbert spaces of the
two independent theories constructed on these abstract spaces (#+ and .#7), but no prescription

for this was given.

Using a terminology recently in vogue, BMS-invariant field theories can be called Carrollian field
theories. A Carroll group is an ultrarelativistic Inénii-Wigner contraction of the Poincaré group
[174, 175]. Tt is identified as the kinematical group of the space resulting from Minkowski when
sending the speed of light to zero, a Carroll “spacetime” where the Minkowski lightcone collapses
to the time axis. A conformal extension of the Carroll group (the Conformal Carroll group) was
shown to be isomorphic to the BMS group [176, 177, 178]. This motivates the terminology. In
Appendix A we show that the given definition of a (conformal) Carroll structure is indeed the usual
definition of universal structure of an asymptotically flat spacetime, and we accordingly extend

the notion of a Carroll structure to include for Dif f(S%~2) superrotations®.

Despite being only a change of names, the latter stresses the fact that we cannot expect a usual
field theory because of the null nature of the boundary. There are by now several works exploring
the properties of Carrollian theories in holography and the possible relevance beyond holography,
see for example [179, 180, 181, 182, 183, 184].

In fact, flat holography in terms of exotic non-relativistic theories was already discussed in the
special three-dimensional case when A. Bagchi realised that the BMS-charge algebra in d = 3 is
isomorphic to the so-called Galilean conformal algebra (gca), a non-relativistic (¢ — oo) Inonu-
Wigner contraction of the relativistic conformal algebra[185, 186]. This is not in contrast with the
aforementioned ultrarelativistic contraction, because in a space with only one space and one time

direction (as the boundary of a d = 3 spacetime) the two operations are equivalent (see [176]).

Lower-dimensional gravity has always been a playground for testing and exploring the properties
of gravity, although it is non-dynamical. Three-dimensional asymptotic flatness was defined in
[187] and the first holographic analysis of d = 3 asymptotically flat boundary conditions are due to
Barnich and Compeére [188], following the steps of Brown-Henneaux analysis of AdSs asymptotic
symmetries [92]2. The configuration space of three-dimensional flat spaces was later derived as an
appropriate limit of AdSs in Bondi-Sachs gauge® [191] and several checks of the proposed bms/gca
correspondence were performed, the most famous of which is the matching of the entropy of the

cosmological horizon of flat space cosmologies via Cardy-like methods [192, 193, 194].

These developments, however, do not help in shedding light on the higher dimensional problem

because there is no notion of gravitational S-matrix in d < 4 as gravity is topological.

Coming back to d = 4, de Boer and Solodukhin [163] aim at reconstructing the asymptotically
flat spacetime from boundary data with a strategy which is closer in spirit to AdS/CFT. They

advocate a foliation of the interior and exterior of asymptotic light cones. The interior is foliated

LA possibility apparently not considered in the Carroll literature.

2This analysis, already mentioned previously, is in fact a fundamental inspiring example for many of the
proposed holographic dualities beyond AdS/CFT, including the dS/CFT, the Kerr/CFT and ultimately
flat holography.

3The Bondi-Sachs gauge is based on a null foliation of the spacetime and hence is a more clever choice
than Fefferman-Graham in taking the flat limit. The flat limit of the AdS3 holographic stress tensor was
taken in [189]. Flat limits of AdS in Bondi gauge are again in vogue after [190], concerned with d = 4.
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via Euclidean AdS slices parametrised by Minkowski time t, while the exterior is foliated via
Lorentzian dS slices parametrised by the radial coordinate . The common boundary of such slices
are the celestial spheres. The reconstruction of the bulk spacetime is done via a double asymptotic
expansion along the two different slices. This process however cannot reconstruct the timelike
direction t in the interior of the lightcone. Despite this, de Boer and Solodukhin further suggest

that the S-matrix is obtained from correlators of a theory associated with the celestial spheres.

Since the celestial sphere S? is the boundary of EAdSs slices, de Boer and Solodukhin propose to
extend the Lorentz part of the bms algebra to include all local conformal transformations forming
the Witt algebra. This was already advocated by T. Banks in a footnote of [25], arXived one week

before [163]. This extension corresponds to what we named BT-superrotations in the Introduction.

The asymptotic symmetry algebra, the realization on the solution space and the charge algebra

corresponding to this local version of BMS
bms = st @, s5t, st = toitt x toitt (4.0.4)

has been studied by G. Barnich and C. Troessaert in [61, 60]. In (4.0.4) we used the bold face

notation typical of algebras because this cannot be exponentiated to a group.

The proposals summarised until now, despite focussing on different aspects of null infinity, which
should be relevant in the ultimate holographic description, miss the crucial point of giving a
prescription to holographically compute the S-matrix. A. Strominger realised that to make progress
we must look at £ and .# ~ at the same time [43] and looked to a specific sharp result feasible to be
explained with the common symmetry of #+ U #~: the famous, and aforementioned, Weinberg’s
theorem [47]. Given an n-particle amplitude, where one is an external graviton with momentum ¢

and vanishing energy £, the theorem states that the amplitude factorises as
Mpi1(p1,- - Dnyq) = E’q_lkS“(,l)J\/ln(pl7 cooDn) + O(Eg)7 (4.0.5)

where S(_1) is a universal factor not depending on the details of the theory but only on the quantum

numbers of the external particles participating in the scattering.

Such kind of soft factorizations are quite common and were established long ago [195, 196, 197].
It is also known that such soft behaviours are generically related to the realization of symmetries

of the underlying theory [198].

Strominger and collaborators [199] derived Weinberg’s soft graviton theorem as a consequence of
a BM Sy-supertranslation Ward identity for the gravitational S-matrix, where BM Sy denotes an
appropriate subgroup of BM St x BMS™ under a suitable identification of group elements of
BMS* and BM S~ acting respectively on .# 7 and .# . This result can be seen as a first sound
realization of Witten’s proposal: there is a principle whose output is the expected dynamical

behaviour of scattering, at least in the infrared sector.

The subleading soft-graviton theorem mentioned in the Introduction, a statement of the form

Mn+1(p1, oo Pny q) = (Eq_IS(_l) + S(o)) ./\/ln(pl, . . .pn) + O(Eq), (406)
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where S(q) is also universal, was unknown until this picture emerged. It was discovered following the
proposal that BT-superrotations must be included in the asymptotic symmetry algebra. Explicit
field-theoretical checks have been first performed in [49], and hence the new soft theorem is named

Cachazo-Strominger soft theorem(s, s as there is also a sub-subleading one).

At this point, a different extension of the BMS group enters the stage. In fact, [200] shows that the
single subleading soft theorem implies BT-superrotations on the celestial sphere, but the converse
is difficult to derive because of the singularities of superrotations*. On the contrary, M. Campiglia
and A. Laddha realised that the subleading soft theorem can be derived from the asymptotic
symmetries if the latter include arbitrary smooth volume preserving diffeomorphisms SDif f(S?)

of the celestial sphere [64, 65]. They form what we set to call CL-superrotations.

The S-matrix arises from correlators of a -yet unknown- celestial (i.e. associated with the celestial
sphere) conformal field theory (CCFT). Operator insertions correspond to particles entering or
exiting the bulk from specified points on .#~ or .# T respectively and we have some generic set of

rules to relate in and out states.

The properties of the putative CCFT are currently being studied from a bulk point of view, by
casting scattering amplitudes so that the boundary symmetries are manifest. Rather than using
a basis of plane waves, a basis of so-called conformal primary wavefunctions is used. Elements of
this basis are specified by a point on the celestial sphere and a conformal dimension A which is
complex [202, 203, 204].

Note that in this approach, which in a sense departs from the attempt made by de Boer-Solodukhin,
the null nature of infinity is reflected in the BMS transformations to which the celestial field theory
is subject (quite similarly to the way proposed by Arcioni and Dappiaggi). For example, the
papers just mentioned show that a supertranslation shifts A by one and that the two versions of

superrotations are related by a shadow transform of the operators.

It is to be expected (or hoped) that the language of CCFT can be translated into the language of
non-relativistic/ultrarelativistic field theories. Two papers moving in this direction are [205] and
[206]°.

Are we any closer than before in uncovering Witten’s structure X? A sharp answer cannot be
given. Asymptotic symmetry considerations have been powerful enough to suggest, and hence
giving a fundamental explanation of, generic properties of the gravitational S-matrix. At least at
the perturbative level, we have uncovered the symmetries of gravitational scattering in a particular
class of d = 4 spacetimes. The attribute “particular” will be clarified in the course of the next
two chapters, where we also remind the reader that some crucial points of concern still affect the

picture.

Although we may remain agnostic about the consequences for flat holography, the current de-
velopments gave a new spin to reconsider also Abelian and non-abelian gauge theories from the
point of view of asymptotic symmetries. The outcome is the discovery of the vast class of tri-

angular equivalences among infrared phenomena, mentioned in the Introduction. New and old

It is to be pointed out that this is partially circumvented by double soft limits [201].
5 Thanks to A. Bagchi for pointing this out and for related discussions.
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soft theorems have been discovered or rederived for different spins [207, 208, 209, 210]. Various
forms of memory effects form the manifestation of the asymptotic symmetries at a classical level.
In gravity they are known since the seventies [211, 212] and stimulated an active debate on the
fundamental properties of general relativity [213, 214, 72, 215, 74, 77]. There are various form of
gravitational memories (see also [216, 202, 156]) and we will describe one of them in Section 6.2.1.
Gauge theory memories are based on similar considerations, for a partial list of reference see
217, 218, 219, 220, 221, 222, 223, 224].



CHAPTER D

Bondi-Sachs problem and boundary conditions

The Bondi-Sachs approach [138, 57, 58] to the study of gravitational waves in general relativity
is based on the idea of using a family of outgoing null rays forming null hypersurfaces to build
coordinates. First proposed by Hermann Bondi [138], it was the basis for the later developments
of Penrose conformal methods. Bondi-Sachs coordinates are easily adapted to any number of
spacetime dimension. Here we summarise their role in defining asymptotic flatness at null infinity

in d > 4 and the resulting asymptotic symmetries.

5.1 Bondi-Sachs gauge

A d-dimensional metric in Bondi-Sachs gauge reads [57, 58, 59, 70]
ds? = —Ue*Pdu® — 2¢*P dudr + r?hap(dz? — WAdu)(dz? — WEdu), (5.1.1)
where u = const picks a null surface and the other coordinates are defined by
grr =gra =0, det(har) = q(u, ), (5.1.2)

with capital latin indices running over the (d —2) coordinates on the cross sections of the u = const
null surface and ¢ a fixed arbitrary function. The coordinate u is a properly defined retarded time
coordiante because u = const defines null hypersurfaces'. The normal vector k* = ¢g¥9,u satisfies
by definition k*k, = 0 (g.,9"” = 6,°), so that g“* = 0. The coordinates x4 are constant

Tt plays the role of the u = t — r coordinate in Minkowski spacetimes, but in curved spacetimes it is
not just u =t — r, consider for example the Schwarzshild case.
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on the integral curves of k*, namely k‘“aua:A = 0, implying that ¢“4 = 0. Both requirements
imply grr = 0 = gra. The determinant condition in (5.1.2) defines r - the parameter along null

geodeodesics (rays) orthogonal to k* - to be a luminosity distance.

Unless additional symmetry requirements are imposed, the metric functions U, 8, W4 and gap :=
r?hp are functions of all the coordinates. They are determined by solving Einstein’s equations.
Thanks to the Bianchi identites, the strategy to solve the equations is organised in a comfortable
way that holds both for vacuum and non vacuum spacetimes. Here we consider vacuum. Once the
main equations

R.,., =R.a=Ruxp =0, (5.1.3)

are satisfied everywhere, the other components of the equations collapse to
Rya =0, (r"2Rua) =0, Ryy=0, (r" ?Ry,) =0, (5.1.4)

and
R, =0. (5.1.5)

Equations (5.1.4), which imply that only the order 2~% of R, 4 and R, are non trivial, are called
supplementary equations. Equation (5.1.5) is trivially satisfied once the main equations are and it
is thus called trivial equation. The equations R4p = 0 are equivalently organised according to the

vanishing of its trace and traceless part?

1
¢P Rap =0,  Rap-— — ABRup =0, (5.1.6)

and when the first of these is solved, the second can be written as
9" Rap =0. (5.1.7)

The problem is by construction a characteristic initial value problem where suitabe initial data
for (hap,U, 3, W#) are to be specified on a characteristic of the equations under considerations
(a null surface) and the supplementary ad trivial equations play the role of constraints among this

set of data. The solution can only be given asymptotically as r — oo.

We will explicitly see in chapter 8 that 3, W4 and U are not independent from hsp. The r-
dependence of the function § is determined by hap via R.. = 0 up to an integration constant
appearing at order r° which we denote Boy(u, ). The equation R,.4 = 0 determines W4 up to
two constants, W(‘g)(u, x) at order r(© and Wéfl)(u, x) at order r1=¢. The equation g?4Rap =0

determines U up to the constant U3 (u, z) at order r374. To summarise we have

B(uvrv {17) = ﬂ(O) (uax) + b(u77‘7 x)a
Wii1y(u, z)
WA, rz) = W(’g) (u, ) + % + w(u,r, ),
Uia—3) (u,
U(u,r,z) = %(;LI) +v(u,r,x), (5.1.8)

where the functions b, w, v depend on hap and on the integration functions.

2The role of the trace part can be interchanged with R.,, as can be seen from the contracted Bianchi
identities. Namely, we can take R, = 0 as a main equation and gBARAB =0.
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There is no equation determining 0,hap. The fourth main equation only determines the radial

. . . 2—d
expansion of y(u,r,x) := d,hap up to an integration constant at order r ™z

Yd=2yaB (u,z)
yap(u,r ) = ——55—— +gan(u,r,) (5.1.9)
r2
This situation is to be contrasted with the case of negative cosmological constant spacetimes,
where the radial expansion of the boundary metric was uniquely determined in Fefferman-Graham

gauge?.

The supplementary equations determine respectively 3uW{}1_1) and 0,U(q—3)-

5.2 Radiative asymptotically Minkowski spacetimes

The equations for the metric (5.1.1) were first solved by Bondi, Metzner, van der Burgh in the
special d = 4 axisymmetric case [57]. Soon after, Sachs [58] solved the generic problem in d = 4

imposing the assumptions

1) Over the coordinate range ug < u < uy, 19 < r <00, 0 <0 <7, 0 < ¢ < 27 (with
¢ = ¢+ 2m) all the metric functions and other quantities of interest are expanded in inverse

powers of r,

2) Over a characteristic, the metric functions behave asymptotically as

lim U =1, lim 7W* = lim =0 lim hap =yap(z) (5.2.1)

00 T—00 700

where y4p is the round metric on S2.

The topological restrictions, as observed by Sachs, follow from the assumed range of coordinates

and the form of the asymptotic metric, but nothing is implied about the topology at r < rg.

These conditions were adapted by Tanabe and collaborators [70] to solve the Bondi-Sachs problem
in any dimension d > 4. To unify the discussion and stress the role of hyp we summarise the

asymptotic conditions as

1’) Asymptotically the base space of the null rays is S?~2. The metric functions and other
quantities of interest are expanded in inverse integer powers of r in even spacetime dimensions

and half-integer powers in odd spacetime dimensions. The falloff of h4p is taken to be

2—d

hap —vap=0(r"7"), (5.2.2)

2’) Condition 2) holds with v4p being the round sphere metric on S4=2.

The necessity of half-integer powers in odd dimensions does not come as a surprise after (5.1.9):

3This result is in fact independent of the guage provided that the integration scheme is modified [190].
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if we arbitrarily set half-integer powers to zero we miss a free integration function, which is in
hindsight the most important piece of information we have. However, the behaviour (5.2.2) was
imposed in [58, 69, 70] before solving the equations on the basis of two different arguments. In
d = 4 it is consistent with ¢) Bondi orginal approach in which the decay of hsp was fixed by
continuity with Weyl solutions in a radiative/non radiative transition, ii) many exact solutions of
Einstein’s equations (cfr. [58] p.110), 4i¢) massless fields in Minkowski space. In d > 4 the authors
of [69, 70] were led to (5.2.2) by consistency with the asymptotic behaviour of massless fields in
Minkowski*. Notice that this condition is consistent with (5.1.9) as long as all the terms of order

7P in §ap with p € (0, 25%) are zero.
With the given boundary conditions the metric behaves at infinity as
ds® ~ —du® — 2dudr + r*y4gdz”dz® + subleading, (5.2.3)

and hence we will call (5.2.1) Minkowski boundary conditions and the falloff in 1°) as radiative falloff
as they are consistent with linearised radiation. Spacetimes whose metrics can be cast in Bondi-
Sachs form and satisfy the above boundary conditions are called, in this thesis, asymptotically
Minkowski.

In any spacetime dimensions, with the given boundary conditions the main equations are solved
by [70]

A A
Bla-2) Ua—3) 4 Wiy Wia-1
8= a2 +..., U=1- - +o, WA= ng N i +-e (5.2.4)

where the dots represent the orders at the powers following from those shown according to the
conventions above. All the terms in the expansions are functions of (u,z). The function j is
completely determined by hap, as well as the coefficients of the expansion of & and W4 up to
the order where the integration functions appear. The subleading orders in such expansions are

determined by the integration functions as well. It is customary to rename the free function U4_)

2

Ua—3) = mm (5.2.5)

(with a factor of k2 to reinstate the gravitational constant) to stress that it is associated with the
mass of the spacetime, 24_o is the unit sphere solid angle. It is called Bondi mass aspect. The free
function generically appearing in the expression of Wéfl) also deserves a name: Bondi angular

momentum aspect.

The mass and the angular momentum aspects satisfy respectivelty two evolution equations in u,
obtained from the supplementary equations. Here we state the result in d = 4 as we only need this
in the following

1

1
dum = 1DADBNAB - gJ\ZABNAB. (5.2.6)

1 1
OuWa = Dam + Z(DBDADCCBC — D*DCea) + ZDB(NBCCCA +2DNBCCry). (5.2.7)

4The details of the analysis of the Green functions for the d-dimensional wave equations can be found
in the book [225]
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We have defined N4p := 0,Cap, with C4p the first correction to 4 appearing at order »—*.

In
higher dimensions similar equations holds and C 4 5 is at order r—(¢=2)/2_ This object is responsible
of the non-conservation of the mass of the system. For this reason, N4p is given the name of the
news tensor. As opposed to the mass aspect, the angular momentum aspect is not constant when

Nag =0. D4 denotes the covariant derivative on S? compatible with YAB-

Notice that the names here given are only justified after the full analysis of charges is completed
and a physical meaning to these quantities is given. We note however that the mass aspect appears
at the appropriate order for a mass parameter and that Cp is traceless due to the determinant
condition defining the gauge. Hence - being also symmetric - C'4p contains the right number of
degrees of freedom of the gravitational field. When we discuss more general boundary conditions

in later chapters we will see that these identifications are generically modified.

As a last comment, we point out that the name given to the falloff conditions reflects that they
correspond to the linearised behaviour of massless fields in Minkowski space. Despite the hints,
before having sound results on the global gravitational charges, we cannot claim that this cor-
responds to a physical admissible situation in the full non-linear setting. Bondi’s breakthrough
was to discover that the mass aspect gives rise to a mass which is correctly decreasing in time, as
expected if the system is supposed to lose energy by gravitational radiation, and which remains
positive [226, 227, 228, 229, 230]. Thanks to this, the approach suitably describes the physically
oriented notion of asymptotic flatness as a gravitational isolated system (with zero cosmological
constant). Tanabe, Kinoshita and Shiromizu (TKS from now on) [69, 70] provided in higher di-
mensions the most straightforward generalisation of Bondi-Sachs analysis. However, it is to be
noted that already Sachs realised that the given boundary conditions are perhaps too restrictive.
Quoting from Sachs [58]

They do not constitute a set of independent assumptions; moreover, no clear dis-
tinction has been made between topological assumptions, metrical restrictions, and

co-ordinate conventions.

We can notice in this regard that the definition of asymptotic flatness via conformal methods in
d = 4 does not imply that a spacetime is asymptotically Minkowski (see Appendix A) and no a
priori topological restrictions are made on the null boundary. In particular, the null boundary must
be complete and topologically R x S? for an asymptotically flat spacetime to be asymptotically
Minkowski. Suitable definitions of radiative asymptotically Minkowski spacetimes in higher even
dimensions have also been given via conformal methods [66, 68] and they do correspond to TKS. For
odd dimensions, there is no possible conformal definition of radiative asymptotically flat spacetimes

because the conformal factor cannot be smooth [67].

Remarks

To be precise, we may further distinguish between non-polyhmogeneous and polyhomogeneous
asymptotically Minkowski spacetimes. The requirement of an inverse power expansion is not
innocuous. The field equations R,4 = 0 and gA®R,p = 0 are solved with two integrations in r,

which give rise to terms of the form r'~?logr in W4 and 73~?logr in U. Once these logarithmic
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terms are generated, they propagate down in the asymptotic expansion. An expansion containing

both powers and logarithms is called polyhomogeneous.

Bondi and Sachs argued against logarithmic terms using causality arguments, which have been
later dismissed as incorrect [143, 231]. Such requirements implied the absence in the expansion
of hap of the terms giving rise to powers of #~2 in the double integrals of the aforementioned
equations. In particular, in d = 4,5 this implies that h()4p is set to zero as a definition of the
configuration space, in d = 6 h(4)ap and so on in higher dimensions. The freedom left by the
integration scheme on h4p suggested the authors of [143] to directly feed the integration with a

polyhomogeneous hap.

Non-polyhomogeneous four-dimensional spacetimes satisfy the so-called peeling property of the
Weyl tensor (see for example [56]) while non-polyhomogeneous spacetimes do not [232, 143, 231].
The peeling property of higher dimensional asymptotically Minkowski spacetimes in the Bondi-
TKS formulation has been studied in [233].

Here we stress that the general relativity community now regards the peeling property of four-
dimensional spacetimes as highly restrictive and unjustified. For example, the rigorous Christodoulou-
Klainerman’s results on the nonlinear stability of Minkowski spacetime [232, 143] breaks this
property. BMS charges for non-peeling four-dimensional spacetimes have been studied recently
in [234]. In the remaining of this chapter and the next we will consider spacetimes with non-
polyhomogeneous hp but possibly polyhomogeneous W4 and U{. In the last chapter we will
briefly consider also a polyhomogeneous hap.

5.3 Asymptotic Killing vectors

The asymptotic Killing vectors® are found by solving the gauge preserving conditions
Legrr =0, Legra=0, g*%Legan =0, (5.3.1)
and the falloff conditions
1 1
Sgguu =0 ; s Sggur =0 ﬁ s SgguA = 0(1), EngB =0 (7“) . (5.3.2)

For the general d-dimensional case the gauge preserving conditions remain the same, but the falloff

preserving equations become

LeGuu = O(rid/ZJrl)v LeGur = O(T7d+2)a Legua = O(Tid/%q)v (5'3'3)
SggAB = O(Tﬁd/2+3) (5.3.4)

5As usual in the litearture we also give the bulk component of them, but on .# it is subleading.
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The exact Killing equations determine the general form of £

é-u = f(u,xA),

§=E"0y+ 80, +8%04 — & = - i 5 [Dagt —WC0c f] | (5.3.5)

gA = YA(uva) - an fTOO dRezﬁgAB )

in terms of two integration functions f(u,z4) and Y4 (u,z?), whose behaviour is determined by
the asymptotic Killing equations (5.3.2) or (5.3.3) and crucially depends on the dimensionality of
spacetime. At null infinity the Killing field reduces to {4 y) = {“0u +£&40, and in what follows we
are going to restrict to this. The notation £,y is useful to recall that there is a different vector

field for each choice of the pair («,Y’); sometimes only the pair is used instead of {4, y).

The falloff preserving conditions must be solved order by order, by expanding the left hand side in
(5.3.3) and setting to zero the terms of order greater than that indicated on the right hand side. In
any dimension, from the first of (5.3.3) at order r and the second at order 7° we get - respectively

- the constraints

U
n—2

YA =Y4u), f(u,z?)=a(z?)+ F(z?), F(zP)=D,v4 (5.3.6)

Y4 is determined to be a conformal Killing vector on S?~2 from the vanishing of the order r? term

in (5.3.4), namely

Sy’yAB = DaYg + DYy = 'yABDCYC. (5.3.7)

d—2

The function « is either

- an arbitrary function of the angles of S? when d = 4, so that it can be expanded in an

arbitrary number of scalar spherical harmonics
o0
a=t'n,+ > > oV, (5.3.8)
=2 m

where )" denotes the harmonics, t# = (t°, ") and n* are | < 2 scalar harmonics (1, sin 6 cos ¢, sin 6 sin ¢, cc

or

- any combination of [ = 0,1 scalar harmonics on S?~2 when d > 4: a = thn,,.

Thus, {(4,0) generates translations in d > 4 and an infinite-dimensional extension of them (super-

translations) in d = 4.

These facts, are a direct consequence of the g4p fall-off condition (5.2.2) and the related Killing
equation, (5.3.4). Indeed, for any d > 4, (5.3.4) is of the form

Legap = Gyas(u, xA)r2 + Gyas(u, xA)r + O(r_d/2_3) (5.3.9)

and G(2)4p = 0 implies (5.3.7). As a consequence of G(1)4p = 0 - to be imposed in d > 4 but not
in d =4 - o must satisfy
(d —2)DaDpa = yapD3a, (5.3.10)
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in d > 4 and it is free in d = 4. The solution of (5.3.10) is as stated previously.

We now turn our attention to Y. From the so-called Liouville theorem we know that the algebra
of conformal transformations in d — 2 > 2 is finite dimensional, while when d = 2 it gets enhanced
to the infinite dimensional Witt algebra whose generators are only locally defined [235]. If we adopt
stereographic coordinates z = €'® cot 0, Z = e~*% cot § on S? so that yspdrdr? = 4(14+22) ~2dzdz,

(5.3.7) splits in two equations for the components Y#, Y#
0:Y* =0, 9.Y*=0. (5.3.11)

Y? and YZ are respectively holomorphic and antiholomorphic and can be Laurent expanded in a
basis of I, = —2™*10,, m € Z, and the complex conjugate. The algebra of conformal Killing fields
on S? is thus the sum of two copies of the Witt algebra toitt @ toitt

losln) = (M = D) lnsn s s ln] = (M =) lnn s [y 1n] = 0. (5.3.12)

Only six of these vector fields {l,,, l_m}(mzo’il) are globally well defined and generate an invertible
group of transformations, which is the well-known group of Mobius transformations isomorphic to
SL(2,C)/Z and, in turn, to the orthocronous Lorentz group LT = SO(1,3)". The isomorphism
between the global conformal group in d — 2 dimensions and the Lorentz group in d dimensions
holds also for d > 2.

Bondi and Sachs, originally assumed that the Y4 were globally well-defined. With this choice their
definition of the BMS algebra is

bmssP = [1 ®; st, (5.3.13)
where @4 denotes the semidirect sum, st the abelian normal subalgebra of supertranslations, [1
the Lorentz algebra. This algebra is easily exponentiated to the global BMS group
BMSE" = LT x ST (5.3.14)
whose elements transform u and 24 as
u—u =K N 2)(u+ f(z), = — 2" (x), (5.3.15)

where K is the conformal factor in the transformation of angular coordinates and f is the arbitrary

finite supertranslation.
BT-superrotations are instead obtained by taking Y4 meromorphic and thus we get
loc __ s —
bms,© = st P, st, st = witt X witt (5.3.16)

as stated in (4.0.4). For consistency in this case also supertranslations a(z, z) have to be expanded
as Laurent series, rather than spherical harmonics, and their expansion is oy, , = (14 22)712"mz"
(see [63] for details). The mode expanded form of the bmsy’® algebra is given by (5.3.12) plus the

following commutators

j+1 . j+1
L, mn] = (2 — m) Cmtjmn s |l 0mn] = (2 - n) Omontj - (5.3.17)
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The subalgebra spanned by auy, n,l;, l,, with the pair m, n acquiring all possible combinations of
(0,1) and j,k = 0,£1 is the Poincaré algebra. Possible central extensions of the bmﬁlfc algebra
have been studied [63, 236, 205]. For completeness let us state the non-mode expanded form for

the commutator of the Killing vectors §(,,y) restricted to null infinity

[f(al,Yl)af(ag,Yz)] = g(ag,YLO,)? (5'318)

1
g = Y000 + 5OQDAYQA —(1+2), Yi=YPDpYs—(12). (5.3.19)

With a slight modification of the brackets the algebra can also be faithfully represented in the
whole bulk [60].

In higher dimensions, instead, the BM S algebra (and group) is reduced to Poincaré
Ll x T =1S0(1,d—2), (5.3.20)

by two effects: the choice of radiative falloff conditions (removing supertranslations) and the

mathematical obstruction given by the Liouville theorem on conformal transformations.

This reduction of the symmetry group prevents Weinberg soft theorem to be found from asymptotic
symmetries. In order to obtain supertranslations in higher dimensions, one can question the
orthodox choice of asymptotic conditions and explore weaker conditions. Chapter 8 is mainly

devoted to this aspect.

5.4 BT & CL superrotations: extending the asymptotics

How can the Dif f(S?) transformations (superrotation) proposed by Campiglia and Laddha be
obtained?

They cannot be accommodated within the given boundary conditions because (5.3.4) forces the Kil-
lig vector on S? to be conformal. Campiglia and Laddha thus argued for extending the asymptotic
condition on hap to

lim hap(u,r,2) = heyap(z), dethoyap =q (5.4.1)

T—00
where hg)ap is kept free to fluctuate but the determinant is fixed by the requirements of Bondi-
Sachs gauge.

With such condition, (5.3.4) does not apply anymore and instead we have
Legap = O(r?), (5.4.2)

which is automatically satisfied and so does not place any constraint on Y“(x), which is now a

smooth vector field.

BT-superrotations also need a non-trivial reconsideration of the boundary conditions. Indeed, such

transformations are singular on S2. (5.3.7) becomes singular at the location of the singularities of
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Y (for example take Y* = 2~1) and this singularity is reflected in the bulk expansion of the metric.

It can be interpreted in terms of topological defects, as we are going to discuss in Section 7.2.

In chapter 6 we are going to see the effects of such singularities on the charges. Similarly, CL-

superrotations will be affected by other issues at the level of charges.



CHAPTER 6

BM S, charges and the infrared triangle

We briefly discuss the supertranslation and superrotation charges in d = 4 and highlight the issues
of the latter. We then move to build the phase space compatible with supertranslations and discuss

an instance of the infrared triangle to exemplify.

6.1 Charges and fluxes

6.1.1 Heuristics

Consider the Bondi mass aspect m, on a given null hypersurface u = u*. It can be integrated over
the angles and the resulting function is the Bondi mass, representing the mass of the spacetime at

a given u instant!
1

= 2Q) 1.1
G (6.1.1)

where we denote d?() the integration measure on S2. The mass/energy is the charge associated to
time translation symmetry. Pure time translations are generated by the vector field §(,,y), given
in Section 3.2.1, with @ = 1 and Y4 = 0. The other three spatial translations are given by a = t'n;
(cfr. 5.3.8), hence we can define analogously a Bondi linear momentum P?. Then, we are allowed

to guess that for each o defining a generic supertranslation (Y4 = 0) we can associate a charge as

1

el d*Qa(z)m(u, z). (6.1.2)

'In this chapter we explicitly write x? = 87G.

81
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The charges associated to the BMS symmetry are not conserved because of fluxes of them through
null infinity. Let us check this considering the Bondi mass. The Bondi mass aspect m satisfies the

evolution equation (5.2.6), hence the Bondi mass satisfies

1

OuM =
327G oy

d*Q[2DADpN*E — NypNAP] (6.1.3)

If we discard boundary terms we get the famous Bondi mass loss equation

1
OuM = — d*QNspNAB <0 6.1.4
321G Jos: AB = (6.1.4)

stating that M is a monotonically decreasing function of time u. This eventually fully justify the
interpretation of M as the mass of the spacetime (in a fully general relativistic context!) and the
names given to m and Nap in chapter 5. Equations (6.1.3), (6.1.4) can be integrated in the u
direction between two points u; and uy and the resulting object is the flux of energy radiated

through this section I of null infinity by gravity waves?

1
327G

AM = / dud®*Q [2DADpN*P — NypN4P| = — / dudQ?F (6.1.5)
I I

with AM = M|;, — M|;_, I+ denote the upper/lower boundary of I along the u direction. Notice
in particular that assuming that M|;, = 0 (i.e. all mass is radiated away) we get the remarkable

equality of M|;_ with the flux.

For generic « the flux formula is given by (6.1.3) with M replaced by Q, and « inserted before

the square brackets (because it is u-independent).

6.1.2 Rigour

With intuition driven by the mass aspect, we have obtained the flux integrating the putative charge

along u.

In Section 3.3.5 we saw that the Wald-Zoupas formalism prescribes a flux formula for any asymp-

totic symmetry vector field £ and its associated charge of the form
I I_
ol —Ql = A0 = _/IF’ (6.1.6)

where the charge for a general asymptotic Killing £, y) in the bmﬁibb reads as

1
167G S

o) d*Q [dam + Y Z,4] | (6.1.7)

with Z4 = Za[m,Cap, Na] a suitable smooth covariant vector whose explicit form is not relevant

here. The explicit expressions can be found in [237].

Equation (6.1.6) can be understood as a consistency check on the charge (6.1.7), namely the

2 Also null matter can be considered and a term proportional to T, appears.
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difference in charges on two cuts must be equal to the integral of the form F' on I. This works for
the supertanslations §, and for the Lorentz part §y (g10n) of the global BMS. For example, in the

case of pure supertranslations

1
F, = dud*Q NABg,, 1.
327TG U £ CAB, (6 8)
where
£,04 = aNap — 2D Dpa + yapD?a, (6.1.9)

is how C4p transforms under a supertranslation.

However, Wald-Zoupas prescription does not work for generic BT superrotations §y (pr). In this

case there is a discrepancy of the form [237]
_ /F = A]Qg},(Bﬂ + A[f, (6110)
I

meaning that for superrotations the charge formula (6.1.7) and the flux formula (6.1.6) prescribed

by Wald and Zoupas are not consistent.

As pointed out by Flanagan and Nichols [237], this discrepancy hints that BT-superrotations are
not true asymptotic symmetry vectors of asymptotically flat spacetimes. Indeed, the Wald-Zoupas
prescription was explicitly tailored to vector fields in bmsil‘)b. It is not possible to consider BT-
superrotations to be part of the asymptotic symmetries of (the standard notion of) asymptotically

3

flat spacetimes®. They act on an enlarged phase space, an expectation first exemplified in [239]

and reviewed in Section 7.2.

The situation is apparently worse for CL-superrotations. The symplectic forms 6, w are divergent

[156]. In particular

0" =10y, + 0%, +r 10", +0(r™?), 0%, x<d/g=0 (6.1.11)
0" =6, + 07, + O(r™1), (6.1.12)

where the choice of components is motivated by the fact that asymptotically the coordinates behave
as t = 7+ u and we reach .#* by taking t — oo with u fixed*. The leading order pieces (notice
that also the finite parts above are problematic since we have to integrate to get the charge) can
be renormalized using the ambiguity a) of Section 3.3.6. Indeed, they can be written as a total
derivative. See [156] for details.

However, as pointed out in [157], such a regularization suffers from fundamental drawbacks. The
resulting symplectic current w cannot be renormalized by local and covariant redefinitions. Hence
the resulting charges are ill-defined. The authors of [157] suggest however that a loophole in their
argument is the requirement of covariance of € and w at any step of the computation (compare
with the paragraph Ambiguities in Section 3.3.6) and that it may be relaxed without affecting the
covariance of the charge, thus bypassing their no-go theorem. Such comments are relevant in the

discussion of charges in higher dimensions we initiate in the last chapter of the thesis.

5In [238] they are named external symmetries.
4 Alternatively we can select a r = const surface and send it to infinity.
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6.1.3 The phase space of supertranslated spacetimes

Wald-Zoupas fluxes can be integrated over all of .# . This is going to represent the total charge
radiated off from null infinity, for example the total energy. Physically reasonable spacetimes emits
only a finite amount of energy or, in general, charge. Hence a crucial requirement is the flux A, Q,

to be finite. This is true as long as the news tensor satisfies

lim Nap =~ \u|_€N, ey > 1, (6.1.13)

|u|—o00

namely does not develop logarithmic u terms in its evolution. The same goes for Qy provided Y is
the globally well defined vector. This fall-off condition along the u direction, implies from (5.2.7),
that only the electric parity piece of Cap is non zero® at £ (#} is a standard notation to denote
the past and future regions of /)

1
Cip = (DaDp — 5745D%)C, (6.1.14)

where C' is a scalar function. The solution of this equation gives the initial value of C' at u — —o0

which we denote as C| ,+. Under these conditions, we can parametrize the space of solutions with
{m|y+,C|j+,NAB;Wé)|]+}. We have also inserted the second order field W(‘g) but it will not

play any role here.

We can define, for later purposes,

+oo +oo 1
/ duNap = / dud,Cap = AsuCap := (DaDp — 5MBD2)N, (6.1.15)

— 00 — 00
the latter following from the property (6.1.14) of C'4p in the non-radiative to non-radiative tran-
sition we are considering. We are defining N := A, C.

BM S supertranslations act on the fields as

LoNap :OéauNAB, SQCABZaNAB—QDADBOZ-l-’VABDQOé, (6.1.16)
48.m  =4ad,m+ N*PDsDpa+2DsN*PDga, £.,C = q.

The last one is obtained by comparing (6.1.14) to £,Cap and we do not show the long expression

for £,N4 as we are not interested in that now.

These should be realised canonically on the phase space, which is to be built on the space of

solutions to preserve covariance.

Despite not apparent from the discussion in Section 3.3, the natural phase space of asymptotically
flat spacetimes is to be built on the whole of .#* (resp. .#7). This means that the symplectic

form ) is given as an integral of w over .# rather than over a slice 3 as we discussed in Section 3.3.

5The tensor Cap on S2, being traceless and symmetric, can be decomposed into electric and magnetic
parity parts Cap = Cp + Clis where C§p is given by (6.1.14) and Ciz = epaDpyD”C™. Notice that
the [ = 0,1 harmonics of C" can be set to zero because they are annihilated by EE(ADB)DE as they should
because of symmetry. From (5.2.7) the magnetic part must satisfy (D? + (D?)?/2)C™ = 0 which implies
that C™ = 0. See for example [237].
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In practice, one builds it on 3 and takes a limit to .#. The construction was first provided by A.
Ashtekar [141, 240, 241] in his effort toward an asymptotic quantization of the gravitational field,
using the conformal definition of d = 4 asymptotically flat spacetimes. We did not follow this route
because Ashtekar’s construction is tied to® d = 4. It suffices to note, from Section 3.3.5, that the

Wald-Zoupas flux integrated over the whole of £ exactly provides such symplectic structure.

Wald-Zoupas fluxes are (minus) Ashtekar’s Hamiltonians and with abuse of notation we can use
the same symbol Q¢ to denote both quantities. To motivate this consider Qé* =0as It —=i%in
(6.1.6). From these comments and those after (6.1.5) we have motivated the following statement,

whose proof can be found in [199]: the charge

1
322G

Q. /y+ dud®Qa(z) 2DaDpNAP — NypNAP] =: Q9 + Q. (6.1.17)
generates the BMS transformations on the phase space

{QasNap} = LaNap, {Qa:Ca}=£aCan, {Qa,C}=L£.C. (6.1.18)

to which we can also add {Q,, N} = 0. We have explicitly separated in the charge a boundary Q2
and a bulk Ql; term. Using the above definitions we find

1
Qi = T6nC dud®Qa(z)DADEN 5 = /dQQOé(JE)DADBAOQC’AB (6.1.19)
g+
Or7 2\2
Q= /dma(x) (D2 + (172)> N (6.1.20)

The boundary piece acts trivially on the classical phase space {Q%, Nag} = 0: it does not con-

tribute classically to the change of solution.

Suppose having a vacuum non radiative configuration m = Cap = Nap = 0. From this Minkowski
configuration, a BM S supertranslation changes C'4 g by the inhomogeneous term in £,C 4. Since
supertranslations commute with time translations, asymptotically flat gravity is characterised by
a manifold of degenerate vacua (m = Nap = Cap = 0), each of which characterised by a different
value of C. The supertranslation invariance is broken by the fixing of a particular C. Since the
term (DsDp — y4pD?/2)a responsible for the breaking is annihilated by I = 0,1 modes, pure

translations are not broken.

The field C is interpreted as a Goldstone boson for the breaking of the supertranslation symmetry
and upon quantization, the soft term can be shown to be the zero frequency limit of a metric
perturbation, hence a soft graviton [43]. Schematically, working in momentum space on the celestial

sphere
Cap ~ /dw(a+e—i““ +al e (6.1.21)

where for a given momentum p we have w = p? and a,, a_ are the correspoding Fock operators.

5Tt should be possible to extend it to any even d following the conformal definitions of asymptotic
flatness provided in [66], but we are not aware of any work in this direction. In any case, for the final
purpose of this dissertation, this route is not viable.

"The expressions are somewhat more transparent in stereographic coordinates as in [43, 199].
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We also have Nsp defined as the Fourier transform in w of (6.1.15), so that with some passages
to be found in [199] we get

1
(DaDp — 5%43172)N ~ lim Nap(w) (6.1.22)
w—r

In other words, the breaking of the symmetry is characterised by the insertion of soft gravitons.

We would like to point out, for historic completeness, that the asymptotic quantization program
was aimed at quantizing the algebra of N4p, which is named the observable algebra as only Nap
is directly related to i.e. the Bondi mass loss. In a formal treatment of null infinity, Nap is
understood as the curvature of a connection (which is nothing but the shear tensor) on the phase
space [240, 241, 242]. We here motivate this by referring to the physical meaning of N4g N4 and
keeping in mind the known example of Maxwell theory, where F),, plays the same role. The steps
summarised before, instead, correspond to the quantization of the algebra of C'4p, first done in
[199].

All these observations are formalized by Ashtekar’s asymptotic quantization, recently reviewed
within this contemporary view in [242], to which we refer the reader. Here, as well as in the
early lectures [241], the role of N is clarified from the representation theory point of view: a Fock
representation of the observable algebra is possible if N = 0 but not if N £ 0. If N = 0 the BMS
algebra is realized a la Wigner, i.e. there is no spontaneous breaking. We will see further evidence

of this point with the classical phenomenon of gravitational wave memories.

6.2 An instance of infrared triangle

We summarise the supertranslation phenomenology leading historically to the conjecture of the

first infrared triangle.

6.2.1 Gravitational memory effects

A supertranslation can be considered responsible for a (displacement) gravitational memory effect
[216], a long known general relativistic effect which the new gravitational interferometers may be

able to measure in the next future.

The displacement memory effect is the permanent displacement of two observers after the passage

of a finite burst of gravitational waves®.

The final proper distance between two observers? that experience the passage of a gravity wave

S8Historically the distinction between linear [211] and non-linear memory effect [212] was made and they
were considered two separate effects: the first due to the emission process of the radiation and the second
due to the full non-linearity of Einstein’s gravity, with no reference to the emission process. However there
may be not such a sharp distinction [213, 214, 72].

In the BMS setting they are not inertial because they travel close to the boundary of spacetime along
at fixed u and at two different angles.
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only in the interval u; — w; shifts, with respect to the initial value, by an amount AL = [Ly — L;|

depending only on AC4p between the two null times [216, 154].

Let us take two observers travelling along timelike directions in positions (g, ) and (rq, 24 +dz4)
with rg large and with velocity v# approximately equal to v* = (1, 6) and v2 = —1. The separation

vecotr L* = (0,6x4) between the two geodesics satisfy the geodesic deviation equation

D2LH
o = ~Rlgt L7 = 1P = —RD, 0o L (6.2.1)

using the solution for the metric and the Christoffel symbols one checks that
T a2
RBuyua = iauCAB (6.2.2)

so that integrating we get
1
ALy = Q—AC’ABLB, (6.2.3)
r

where A denotes the difference between the initial and the final values and Ly = yapL?. This

expression can then be written in terms of AL.

As we have seen, AC 4 can be generated by a BMS supertranslation and hence the memory can be
read off from the supertranslation charges [237]. From the Bondi mass aspect evolution equation

(5.2.6) we get
1

Am = -DADBAC,5 - l/uj NapNAE (6.2.4)

4 8 Ju,
and the change in Cyp can be addressed respectively to a change of mass or a passage of gravi-
tational waves (as we supposed before). The first effect is called ordinary (or linear) memory, the
second is called non-linear (or null) memory. Also null matter contributes to the latter (if we solve
Einstein’s equations with an energy-momentum tensor 7}, with appropriate decay, the integrand

above contains Ty, ).

This is a beautiful way to exemplify vacuum degeneracy: two observers initially at a distance L
in Minkowski space are perturbed by the passage of gravity waves. Their final distance, after the
train is passed, is shifted by AL even if the spacetime is back to Minkowski: it is not the same

Minkowski as before because of the shift in Cyp. In the asymptotic limit (along u) AxxCap = N.

Similar considerations have led to the conjecture of the existence of a spin memory effect which is
related to BT superrotations [202, 243, 244, 245] as well as other memories [156]. See Section 7.2

on this.

6.2.2 Christodoulou-Klainerman spacetimes and scattering

All the discussion on .# T can be translated in a Bondi gauge appropriate to .# ~, which is charac-
terised by an advanced Bondi time v. Two distinct copies BM S, and BMS_ of the BM S group
act respectively on .# T and .#~. To get a unique symmetry group acting at the same time on the
whole of . = #+ U.#~ the null generators of the two disjoint components of null infinity have to
be matched.
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This is done in practice via an antipodal identification of points of the spheres at past and future null
infinity, so to define a continuity condition between the asymptotic fields near :®. This matching
condition is always possible in Minkowski spacetime [140], because any null geodesic originating
from a point p~ of coordinates (6, ) on .# ~ will end to the point ¢* of coordinates (§ — m, ¢ + )
on £ upon the identification v = —v. In stereographic coordinates on the spheres, the antipodal

identification is conveniently written as zz = —1.

However, for general AF spacetime, the matching is not obvious. We have already restricted the
fields on .7t so that they do not develop logarithmic terms in u as they approach i°. The same

requirement can be imposed on the fields on .# .

Are there physically meaningful spacetimes corresponding to this requirement? There is at least a
class: Christodoulou-Klainerman (CK) spacetimes [232]. They are characterised by ey = 3/2 (see
(6.1.13)) [43]. CK spacetimes are arbitrarily close to Minkowski spacetime (in a mathematically
well-defined sense), are above the threshold for the formation of black holes and are characterised

by m|<‘¢ =0, M|jj = Mapr, so that they radiate all their energy!C.

On the matched .# T and .# ~, the field Cap at x can be given the same value of'* C'; 5 evaluated
at an antipodal point & on S Cap(@)| s+ = CZB(.i‘)L@: and the generators of BMSy can
be identified with the subset of generators of BM S, x BMS_ satisfying a(z) = a (&) and
YA(z) = YA(#). The subgroup of BMS, x BMS_ satisfying these conditions is the sought
diagonal BM Sj.

Once the fields are antipodally identified, the charges can be antipodally identified so that we also
obtain equality of fluxes along .# T and .# .

We are in the position to state the conjecture of the BMS invariance of the S-matrix. In particular,

restricting to supertranslations this condition is written as
{out| [QF S — SO ] |in) = 0. (6.2.5)

To get this, one observes that supertranslation charges on .#+ commute with those on .# ~ because
the supertranslations do not affect each other: {QF, Q;_} = 0. Thinking of the S matrix as the
exponential of the time evolution operator (the usual Hamiltonian), the claim is made that it
commutes with Q, when a = 1 because in such a case Q1| s ;0 = Mapys is the “Hamiltonian” of

the system [43]. From these observations, the conjecture follows that for any o we have
{Qa, S} =0 (6.2.6)

where it is understood that the operators act on initial and final data (we use curly brakets as the

same considerations apply at the classical level). This brings to (6.2.5).

10Spacetimes allowing for black holes with both massless and massive final states have been considered in
recent BMS literature (see [154] and references therein). More in general, it seems that the only condition
necessary to the matching is that the spacetimes evolve from a non-radiative (Nag = 0) to a non-radiative
configuration both at early and late advanced/retarded Bondi times, but no rigorous statements exist on
these points at the moment.

1 Quantities on #~ are denoted as f~, later on we denote quantities on .+ with the superscript +,
but this is not necessary.
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The full equivalence of (6.2.5) to the Weinberg soft theorems is shown in [199] and it is based on
the fact that the charge can be split in hard and soft parts

{Qa, S} ={Q2, S} +{Q%, S} (6.2.7)

A nice, somewhat different from [199], derivation of the soft theorems can be found in [201].
Further rigorous details on the perturbative realization of this theorem and the constraints that
(6.2.6) implies can be found in [242].

Here we conclude with a couple of comments. First of all, these ideas are compatible with the
statements in chapter 4 that the relevant holographic relations come from the cross sections of
. Indeed, the first step toward the S-matrix analysis is realizing that the in and out states
in (6.2.5) are represented on the cuts of .# because they are labelled by the collection of points
from which particles enter or exit the spacetime and their energies (assume no spin for simplicity):
lin) = |Z, EZ) and |out) = |W, EW), where Z = {21, ..., 2z} and W = {wy, ..., wy, } are the collection
of points on .#~, #* respectively and E4, E™ the energies of the corresponding particles.

We also draw the attention to an early observation by Ashtekar [246], who pointed out that CK
spacetimes do not, in fact, provide any evidence that the S-matrix is invariant under (diagonal)
supertranslations because the associated antipodally identified charges vanish identically. For this
reason and also because soft theorems are indeed established via other means, it is necessary to find
other well-defined classes of spacetimes which do not trivialize the charges. Recently, K. Prabhu
[247] discussed the case of spacetimes where ey = 1+¢€ # 3/2 and showed that the supertranslation
charges are not trivialized. There is however no proof that realistic spacetimes satisfy this condition.
On the other hand, other proofs of stability of Minkowski spacetimes uses ex = 1/2(+¢) [248, 249]
(polyhomogeneous spacetimes) but do not provide any proof that supertranslation charges are well
defined. Given all these subtleties with the easiest case of supertranslations, it seems appropriate
to be optimistically cautious about superrotations, which are affected by issues in the charges
before the imposition of matching conditions. We will however be bolder in the next two chapters

and move to higher dimensions and superrotations.
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CHAPTER [

Cosmic branes and asymptotic structure

Superrotations of asymptotically flat spacetimes in four dimensions can be interpreted in terms of
including cosmic strings within the phase space of allowed solutions. In this chapter we explore the
implications of the inclusion of cosmic branes on the asymptotic structure of vacuum spacetimes
in dimension d > 4. We first show that only cosmic (d — 3)-branes are Riemann flat in the
neighbourhood of the brane, and therefore only branes of such dimension passing through the
celestial sphere can respect asymptotic local flatness. We derive the asymptotically locally flat
boundary conditions associated with including cosmic branes in the phase space of solutions. We
find the asymptotic expansion of vacuum spacetimes in d = 5 with such boundary conditions; the
expansion is polyhomogenous, with logarithmic terms arising at subleading orders in the expansion.
The asymptotically locally flat boundary conditions identified here are associated with an extended

asymptotic symmetry group, which may be relevant to soft scattering theorems and memory effects.

7.1 Introduction

As mentioned in the Introduction, BT-superrotations can be given a physical interpretation. It is
similar to the memory effect interpretation of supertranslations and is due to A. Strominger and
A. Zhiboedov [239]. They argue that the singularities of BT-superrotations are associated with
cosmic strings piercing the celestial sphere. Indeed, local Witt transformations on the celestial
sphere were already discussed in the cosmic string literature [250, 251]. A physical motivation
for allowing general enough boundary conditions for the asymptotic symmetry group to include
BT-superrotations (see Section 5.4) is hence to ensure that one includes in the phase space solu-

tions such as Robinson-Trautman and their impulsive limits (i.e. snapping cosmic strings). The

91
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construction of such phase spaces was explored in [156]; see also earlier work [252].

The detailed relationship between BT-superrotations/subleading soft theorems and cosmic strings
in four dimensions is not yet complete. In particular, in the derivations of [201] (see footnote
4, chapter 4) a subtle interplay between boundary terms of integrals in the complex plane and
singularities of Y4 at z finite and at infinity is pointed out, but it is assumed that the only
singularities of Y4 are associated with infinity. However, if more than one cosmic string pierce the
celestial sphere, the corresponding punctures will correspond to singularities at finite points of the

complex plane (see [251]).

This chapter is about boundary conditions and corresponding asymptotic symmetries for asymp-

totically (locally) flat spacetimes in dimensions higher than four.

As we stated in the Introduction, a puzzling feature is that while soft scattering theorems exist in all
spacetime dimensions, the BMS symmetry is not realised within the radiative configuration space
defined in [70] and while Dif f(S9=2) transformations can always be accommodated (provided
they preserve the configuration space), BT-superrotations do not have any algebraic analogue in

spacetime dimensions higher than four.

Following the relation between cosmic strings and superrotations discussed in [239] and summarised
in Section 7.2, we use cosmic branes to define allowed boundary conditions for asymptotically
(locally) flat spacetimes in d > 4. In d = 4 cosmic strings are Riemann flat except at the location
of the string; their metrics are not Riemann flat in the vicinity of the string in higher dimensions.
In Section 7.3 we explore cosmic branes in d > 4, following the original approach of Vilenkin for
cosmic strings [253]. We point out that in d dimensions only cosmic (d — 3)-branes are Riemann
flat in the vicinity of the brane. (Note that there are distributional curvature singularities at the
location of the brane, as for cosmic strings in four dimensions.) Therefore the direct analogue of
cosmic strings in four dimensions is cosmic (d — 3)-branes in d dimensions. Other types of cosmic
branes are not locally Riemann flat near the brane; if such a brane pierces the celestial sphere,
the geometry in the vicinity is not locally Riemann flat, and hence the resulting spacetime is not

asymptotically locally flat.

This observation is consistent with the fact that higher dimensional generalisations of metrics
describing cosmic strings snapping have never been found. For example, in [254] higher-dimensional
generalisations of Robinson-Trautman spacetimes were constructed. There are no type N spherical
gravitational waves in this class and because of this there is no impulsive limit; nor did [254] find an
analogue of the four-dimensional C' metric. It would be interesting to explore whether the class of
solutions constructed in [254] could accommodate cosmic branes breaking: this seems quite likely,
as the transverse spatial part of the metric is an arbitrary Riemann Einstein space, just as we find

for our asymptotic solutions described below.

In Section 7.4 we analyse the asymptotic behaviour of cosmic branes, focussing for definiteness on
the example of cosmic membranes in five dimensions. Following analogous discussions to those in
[251, 239], we assume there are processes in which cosmic branes can snap, and infer the associated
boundary conditions. In four dimensions, cosmic string snapping is consistent with asymptotically

flat boundary conditions (except at the location of the punctures). In d > 4, the inclusion of
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snapping cosmic branes in the phase space requires changing the metric at leading asymptotic order
and manifestly introduce asymptotically locally flat boundary conditions, which are summarised
in Section 7.4.4. While for asymptotically flat spacetimes, the metric on the celestial sphere is
asymptotically conformal to the round metric, the asymptotically locally flat boundary conditions

allow for a general metric on the celestial sphere.

In Sections 7.5 and 7.6 we analyse the asymptotic structure of vacuum Einstein solutions with the
weaker, asymptotically locally flat boundary conditions. As in [68, 69, 70, 255], the structure of
the expansion depends on whether the spacetime is of odd or even dimension. For definiteness, we

focus here on the case of five dimensions.

For five dimensional asymptotically locally flat spacetimes, the iterative solution of the main equa-
tions provides a minimal polyhomogeneous expansion, where each metric function is expanded

as )
flru,a?)y =" fij(u, a;f“)lnj,r (7.1.1)

/r’L
.7

with f;(u, x4) smooth functions of their arguments but almost all j = 0 (this is the quality referred

to as minimal, see next chapter for a specification of these terms).

There are striking analogies between the structure of the five dimensional asymptotically locally
flat spacetimes we have constructed and that of asymptotically locally anti-de Sitter spacetimes
in five dimensions. In both cases the coefficients of the leading logarithm terms are expressed in
terms of derivatives of the non-normalizable data (the boundary conditions). In the case of anti-de
Sitter, the occurrence of logarithmic terms is associated with conformal anomalies in the dual field

theory.

While much of the earlier relativity literature imposed strictly anti-de Sitter boundary conditions,
it is essential to relax these boundary conditions to asymptotically anti-de Sitter in the context
of holography. The generalized boundary condition represents the background metric for the dual
field theory. Even if one is only interested in the dual field theory in a flat background, one
needs to allow the background metric source to vary to compute correlation functions of the stress
energy tensor. As we discuss in sections 7.6 and sections 7.7, it would be interesting to express
five-dimensional asymptotically locally anti-de Sitter solutions in Bondi gauge and take the limit
of zero cosmological constant, to compare with our results here. This is an easy exercise after

chapter 8 .

7.2 BT-Superrotations and cosmic strings

In section 6.1 we mentioned, following [237], that BT-superrotations are incompatible with the
Wald-Zoupas formalism. This suggests that they cannot be interpreted as symmetries on the
phase space of asymptotically flat spacetimes. Rather they act on a larger phase space. This

interpretation was put forward by A. Strominger and A. Zhiboedov in [239].

The larger phase space contains boost-rotation symmetric solutions of Einstein’s equations [256,



94 Chapter 7. Cosmic branes and asymptotic structure

250, 239]. Such spacetimes possess incomplete null infinity in the sense that S? is missing two
points, thus they are not asymptotically flat or asymptotically Minkowski. Their asymptotic
structure was studied in [257, 258, 252, 256, 250, 259] to explore the isometries compatible with
gravitational radiation (i.e. with asymptotic flatness)! In fact, BT-superrotations made their first
appearance in this context [250], but they were simply called with their usual name (Witt algebra)

and were not interpreted as symplectic transformations on a phase space.

The simplest example to consider is the single straight cosmic string. Other examples of such
spacetimes are the C-metric and Bonnor-Swaminarayan spacetimes [260]. The line element of a

straight cosmic string in d = 4 spacetime dimensions can be written as
ds* = —dU? — 2dUdR + R?*(d©? 4+ K?*sin? ©2d®?) (7.2.1)

where K = 1 — ¢ characterizes the deficit angle 27§ and in the weak field limit § = 4Gu, with p
being the mass density of the string. Note that the cosmic string intersects the celestial sphere at

the north and south pole i.e. ©® =0, 7.

In order to show that this is indeed in the configuration space defined by the asymptotically
Minkowski boundary conditions, we have to find an explicit map to the Bondi gauge with coor-
dinates (u,r,6,7). Under the assumption that it exists, the map must be of the form of a finite

Bondi transformation [250, 57], namely

U ,0
R = TR(l)(Q) + R(o) (u, 9) + -,
SN
0 = )+ L= ;)( by,
P = ¢ (7.2.3)

Here R(1)(0) and ©g)(6) are necessarily independent of u to preserve the leading radial dependence

of the u components of the metric and by symmetry one can identify & = ¢.

The equations are to be solved order by order in 7. At leading order, we get the match of (7.2.1)
with the Minkowski metric

ds* = —du® — 2dudr + r*(d6* + sin® 0d¢?) (7.2.4)
on a null hypersurface at large r, namely
R*(d©? + K?sin? ©d®?) = r2(d6* + sin® 0dp?) + - - -, (7.2.5)
where the ellipses denote terms that are subleading in . Hence we obtain

R?1(000(0)° = 1; K?R{) sin® ©(g) = sin® ), (7.2.6)

'In the cited works, the answer is that at most two spacelike Killing vectors can exist if the spacetime
is to be radiative.
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Figure 7.2.1: Penrose’s cartoon of the cut and paste mapping and snapping cosmic string
interpretation. Adapted from [262]. Permission granted by Prof. L. Mason, the host of
the electronic copies of Twistor Newsletter.

which can be integrated to give

sin 6

Royy=——7"—;
1) K sin @(0)7

/cosec O(0) dO(p) = K/cosec@ de. (7.2.7)
Note that the transformation is not analytic as # — 0. The equations at subleading orders can be
solved analogously. From them the cosmic string news tensor N4p can be found [250] (notice here

C' is not the same of the previous chapter)

)
Cap = diag(1, —sin20)C, Nap = diag(1, —sin?0)9,0, C = — ,“295 (1 - 2) . (7.28)
sin
It is singular on the axis, as a consequence of the conical singularity. The string metric is thus,
as we said, not asymptotically Minkowski. It can be however defined as asymptotically locally
Minkowski.

Using stereographic coordinates ¢, ¢ on S2, (7.2.8) can be written as

_ B3 IR 2
Cec = —ufh,(} = 7u [h’ —3 <h’> ] : (7.2.9)

for the transformation

¢—h() =0 (7.2.10)

Thanks to Penrose’s cut and paste construction [261, 262], the map (u,r,¢,¢) — (u,r, h, h) can
be interpreted as the matching of the region outside a light-cone cut in Minkowski space with its
interior after a warp. The complete spacetime admits a C° metric and describes the propagation
of a spherical impulsive gravitational wave, whose generating process is the snapping/creation of

a cosmic string (see Figure 7.2.1).

Strominger and Zhiboedov [239] interpreted the map (u,r,¢, () — (u,r, h,h) as a finite super-
rotation of Minkowski space and thus concluded that superrotations map asymptotically flat to

asymptotically locally flat spacetimes, in the sense appropriate to cosmic strings.

Many examples of such processes have been studied in the past [251] and it would be interesting

to check if they can all be accommodated within superrotations of flat space.
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We notice that [245] studies the spin memory effect - which we said was related to BT-superrtations
- for compact binaries and emphasises that the spin memory effect is not related to the creation
of superrotated spacetimes. Superrotated spacetimes however also generate memories because of

the impulsive gravity waves accompanying the superrotation.

7.3 Defects in dimensions higher than four
In this section we will consider the behaviour of cosmic strings and branes in dimensions higher than
four, following the analysis of Vilenkin in four dimensions [253]; see also discussions in [263, 264].

Let us consider a d-dimensional spacetime, with coordinates (¢,w,x). Suppose a static cosmic
string is extended along the w direction, through x = 0; by translation invariance the x position
can always be chosen to be zero. Let u be the tension of the cosmic string. Then the effective

stress energy tensor sourcing the cosmic string is [253]
T = 162 () diag(1,1,0). (7.3.1)

Physically, this equation states that the energy density is equal to minus the pressure along the

string direction. We will discuss higher dimension defects below.

7.3.1 Linearized gravity

Now let us consider the backreaction of this stress energy tensor on the spacetime; we assume that

w is small and thus work within linearized gravity. The d-dimensional metric is

Guv = M + huu (7.3.2)

where 7 is the Minkowski metric and h is the metric perturbation. The Einstein equations can

then be expressed as
0?0, hyp + 0°0uhyp — Ohyy, — 0,0,k + (Oh — 070 hypo )y = 2T 0 (7.3.3)
where we have set 8tG = 1; O is the d-dimensional d’Alembertian and we define
h=n""hy,. (7.3.4)
We impose the usual harmonic gauge
1
0"hyy = iauh. (7.3.5)
The remaining gauge invariance is then captured by diffeomorphisms

hyw = by + 0,8 + 0uéy (7.3.6)
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for which
0, = 0. (7.3.7)

In harmonic gauge the Einstein equations can be expressed as

Ohyy = —2T,,, (7.3.8)

where T;w is the trace adjusted stress tensor

TMV = (THJ/ - (d712)T77u11) (739)

with T = 77T,

7.3.2 Cosmic strings in d > 4

We now solve the linearized Einstein equation (7.3.8) with a trace adjusted stress tensor corre-

sponding to a cosmic string (7.3.1):

T = ﬁé(d_%(m‘) diag (4 — d), (d — 4), —21(4_s)) . (7.3.10)

Note that the metric backreaction should, by symmetry, be independent of the worldsheet coordi-

nates (t,w) and should be rotationally symmetric in the transverse directions.

In d = 4 the solution to the linearized equations can be written as [253]
htt = ww — 0, (7311)

h
. r
hye = hyy=jiln ()

where r? = 22 + y? and
p="1 (7.3.12)

In this solution 7, can be interpreted as the characteristic radius scale of the string. The linearized
solution is valid provided that |h| < 1, and thus the linearized solution is strictly only applicable

within a neighbourhood of the string.
Thus one can write the four-dimensional (linearized) cosmic string metric as
ds? = —dt* + dw® + (1 — \)(dr® + r?d¢?) (7.3.13)
where we use (7, ¢) as polar coordinates in the (z,y) plane and
A=jiln <> . (7.3.14)
Introducing a new radial coordinate

(1—=Nr? =1 - p)i? (7.3.15)
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(and working to linear order in fi) one can change the metric into the more familiar form
ds* = —dt* + dw?® + di* + (1 — p)7*d¢? (7.3.16)

i.e. the metric is locally flat in the directions transverse to the string, but there is a conical
deficit proportional to fi. Reinstating 8wG we have 6 = 4Gu = fi/2. Note that, even though
the derivation above was at the level of the linearised equations, this metric manifestly solves the

Einstein equations at non-linear order and is moreover locally flat.

Now let us turn to d > 4. A qualitative difference in d # 4 is that the components of (7.3.10)

along the string do not vanish. Consider the equation

2

mué(d_g)(x). (7.3.17)

of =

Solutions with rotational symmetry in the directions transverse to the string can be expressed as

1%

for d > 4 with 5

d—2)(d— Qo

=1 (7.3.19)

where 4_9) is the (d — 2)—dimensional solid angle. Then the metric near the cosmic string can
be written as

2 _ (d—4) [ 2 2 I 2, .2.702
dS = <1 — 9 T(d_4) (—dt + dw ) + 1 + m (dT +r dQ(d,S)) . (7320)
This solution is not locally Riemann flat close to the cosmic string, although since it satisfies the
Einstein equations (with a string source) it is Ricci flat for » # 0. The metric is asymptotically
locally flat for 74=* > ji. However, since an infinite cosmic string necessarily intersects the celestial
sphere in two points, and the metric is not locally flat in the immediate neighbourhood of the string,

the cosmic string metric is not asymptotically locally flat over the entire celestial sphere.

7.3.3 Cosmic branes

Let us now consider a d-dimensional spacetime, with coordinates (¢, w, x), where there are p spatial
coordinates w and correspondingly (d — p — 1) transverse coordinates x. A static cosmic p-brane
is extended along the w directions and located at x = 0. (By translation invariance the x position
can again always be chosen to be zero.) Let u be the tension of the cosmic brane. Then the

effective stress energy tensor sourcing the cosmic brane is, generalizing the cosmic string,
T = ps' =P~V (2) diag(1, 1(), O(a_p_1))- (7.3.21)

Physically, this equation states that the energy density is equal to minus the pressures along the
brane. Note that in four dimensions a cosmic membrane would usually be referred to as a domain

wall, as there is only one transverse direction, and such solutions were discussed together with
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cosmic strings in [253].
The corresponding trace adjusted stress tensor is then

Tuu - (d ﬁ 2) 5(d_p_1)($> diag(—(d —p —3),(d—p— 3>(z>)’ —(p+ 1)(d*p*l))' (7.3.22)

In the case that d = (p + 3) this implies that
hit = hyw =0, (7.3.23)

i.e. the metric perturbations longitudinal to the brane are zero. The transverse space to the brane

then has dimension two and the corresponding form for the metric near the cosmic brane is
ds® = —dt* + dw - dw(g_3) + (1 — A)(dr® + r?d¢?) (7.3.24)

where now

A=jln (T) (7.3.25)

To
with (p+1)
- \p H
o= - (7.3.26)

Following the same logic as above, the metric (7.3.24) can be written in a form which is manifestly
locally flat, namely
ds* = —dt* + dw - dw(g_3) + di* + (1 — p)7?d¢?, (7.3.27)

with the transverse space to the brane having a conical singularity at 7 = 0.

In the case that d # (p + 3) the metric perturbations longitudinal to the brane are non-zero, and
the solution near the brane is Ricci flat but not locally Riemann flat, as in the case of cosmic
strings in d # 4 discussed above. Thus we see that branes of codimension two play a distinguished

role when we are interested in asymptotically locally flat geometries.

Notice that in terms of the codimension of the object, the result is independent of the number of
dimension. Our proposal is to include codimension-two objects in the phase space of asymptotically
flat gravity. In d = 3 this is the accepted definition [187].

Remark We should note that there has been considerable discussion in the relativity literature
about distributional sources. The analysis of [265] highlighted subtleties in dealing with distri-
butional source of codimension greater than one: the metric is inherently distributional and the
curvature is constructed from products of metric derivatives. This implies that different regulari-
sations of cosmic strings can lead to thin, static strings with different mass per unit lengths. Later
work by Garfinkle [266] defined a notion of semi-regular metrics, in which the static cosmic string
has a distributional stress energy; however, it is also argued in this work that such stress energy
may not actually describe the physical energy content. The work of [267] explored distributional
brane sources, showing that one can make sense of stress confined to codimension two surfaces
in certain situations. There is also an ongoing programme of work using generalized functions to

understand distributional curvature, beginning with [268, 269].
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Following the earlier work of [216], the metric (7.3.27) will be the starting point for our analysis, and
motivation for considering more general boundary conditions than asymptotically flat in d > 4. The
detailed description of the distributional curvature will not be central to our analysis. Ultimately
the physical interpretation of such branes may well go beyond general relativity into string theory,
in which branes are valid physical objects with well understood stress energy (and where the limits

of the validity of general relativity solutions are also understood).

7.3.4 Cosmic branes: general position and orientation

In the previous section we gave solutions that are longitudinal to the w directions and located at
the origin in the transverse directions. It is clearly straightforward to generalize such solutions to
arbitrary position and orientation. Let us first write the solution (7.3.27) in terms of Cartesian

coordinates in the transverse directions i.e.

di? + (1 — p)2d¢? = CEeT) ((2* + K*y®)da® + 2zy(1 — K*)dady (7.3.28)
+(y2 + K2$2)dy2) ;
= da® +dy? — B (ydx — :cdy)2

(22 +y?)

where we use the notation K2 = (1 — fi). Clearly when K = 1 this metric reduces to the standard

Euclidean metric in Cartesian coordinates. Note that one can also write (7.3.27) as

ds? = dzdz + é (2dz — 2dz)? (7.3.29)
in terms of a complex coordinate z = (x + iy).
It is then straightforward to displace the brane from the origin to (z,,¥y,) by shifting

x— (x—x,) y = (Y — Yo)- (7.3.30)

Clearly for K = 1 this would leave the metric invariant but for general K we obtain

dz? + dy? — ((y — yo)dz — (z — x,)dy)” . (7.3.31)

+ =

((CL‘ - 33‘0)2 (y - yo)2)
Moving back to polar coordinates, the metric takes the simple form

di? + K%(F — 7,)%d¢? (7.3.32)

where 72 = (22 + y2).

Using the Cartesian form of the metric (7.3.28) it is also straightforward to rotate the orientation

of the brane. For example, if we rotate in the (wx) plane by an angle « via

w — cos qw — sin ax T — cos ax + sin aw (7.3.33)
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we obtain

i
((cos ax: + sin aw)? + y?)

(y(cos adz + sin adw) — (cos az + sin aw)dy)*

(7.3.34)
Note that the residual rotational symmetry transverse to the brane is not manifest in this coordinate

dw? + da? + dy? —

system.

7.3.5 Asymptotics

Let us now return to (7.3.27). To analyse the asymptotics we should rewrite it as

ds® = —dt* + dw?® + w?dQ2_, + di* + K*#de? (7.3.35)
and then let
w = Rcos©O 7 = Rsin© (7.3.36)
to obtain
ds® = —dt* + dR? + R* (d©* + cos® ©dS2 | + K*sin® Od¢?) . (7.3.37)

Note that both the longitudinal SO(p) rotational symmetry and the transverse SO(2) rotational

symmetry are manifest.

A Dbrane which is located at 7 = 7, (7.3.32) can be expressed as

ds* = —dt® +dR*+ R* (d©® + cos® ©dQ>_, + sin® ©d¢?) (7.3.38)

_(—R2sin2 Odg — 7, sin(¢ — ¢,)d(Rsin ©) + 7, Rsin © cos(¢ — ¢,)deb)”
(R2sin? © + 72 — 27, Rsin © cos(¢ — ¢,))

or equivalently as

ds* = —dt®+dR*+ R* (d©® + cos® ©dQ;_| + sin® Od¢?) (7.3.39)

_(—Rsin® ©d¢ — sin O, sin(¢ — ¢,)d(Rsin ©) + Rsin ©, sin © cos(¢ — ¢O)d¢)2
K (sin? © + sin? ©, — 25in O, sin O cos(¢p — ¢,))

where we define ~
. To

sin@®, = i (7.3.40)

For O, to remain finite as R — oo we will clearly need to take 7, to infinity with the ratio of 7,/ R

fixed.

Note that the metric (7.3.39) has a hidden U(1) symmetry, corresponding to rotations around

7 = T7,. The metric on a surface of constant R and ¢ is

ds*> = R? (d@2 + cos? @ale,f1 + sin? @d¢2)

- R? (sin2 O + sin O, sin(¢ — ¢ — @))2 dg? (7.3.41)
: (sin? © + sin® ©, — 2sin O, sin O cos(dp — @) -
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Figure 7.3.1: Three cosmic strings: a string passing though the north pole of the sphere;
a string rotated with respect to this axis and a third string (red) translated with respect
to the first one.

A surface of constant R and t clearly does not have such a U(1) symmetry; only the SO(p)
symmetry along the longitudinal directions of the brane survives. This is illustrated in the case of
p = 1 in Figure 7.3.1: the string clearly has an axial SO(2) symmetry but the intersection with

the celestial two sphere does not preserve this SO(2) symmetry.

The asymptotics of a rotated cosmic brane can also be obtained using the radial coordinate R.
In this case there is an axial SO(2) symmetry which is respected by the intersection with the
celestial sphere; this is however not manifest in the coordinates (0, ¢). A rotated string is shown

in Figure 7.3.1.

Note that much of the previous literature on 5d cosmic branes has concentrated on spacetimes

with cylindrical symmetry i.e. one writes the metric for flat space as
ds? = —du® — 2dudp + p*(d6* + sin® 0dp?) + dz> (7.3.42)

i.e. as a direct product of four-dimensional Minkowski spacetime with a line. This form of the
metric is particularly convenient when one compactifies the z direction around a circle i.e. one
is interested in a Kaluza-Klein spacetime or a brane world Randall-Sundrum setting. However,
(7.3.42) is not expressed in a form that is natural for analysing the asymptotic structure if z is
not compact; analysis of the structure close to null infinity requires the introduction of a radial

coordinate r2 = p? + 22, to characterise the celestial sphere.
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7.4 Cosmic branes and asymptotically locally flat space-

times

In this section we consider the asymptotic structure of cosmic (d — 3)-branes and show how such
spacetimes can be expressed in Bondi gauge. This analysis demonstrates the boundary conditions
that should be imposed on the metric functions in Bondi gauge so that cosmic (d — 3)-branes are

contained within the set of solutions of the vacuum Einstein equations.

For d > 4, the boundary conditions required are weaker than those imposed in earlier literature:
the inclusion of cosmic (d — 3)-branes defines boundary conditions for asymptotically locally flat
spacetimes. For concreteness we focus mostly on the case of d = 5 but the generalization of these
boundary condtions to arbitrary d > 4 is straightforward and is summarised at the end of this

section.

7.4.1 Five dimensional cosmic brane metrics

For the metric in the vicinity of the brane to be locally flat, the brane must be a (d — 3)-brane, i.e.
a membrane in five dimensions. In five dimensions we can parameterise locally flat metrics with

deficits in several ways and in this section we discuss convenient parameterisations.

Let us first consider
ds* = —dU? — 2dUdR + R*(d©? + cos® ©d¥? + K? sin? Od®?). (7.4.1)

For K2 = 1 hypersurfaces of constant U are round three spheres, with a U(1)? subgroup of the
SO(4) isometry group made manifest. If we introduce a deficit K2 = 1—24, the deficit is associated
with © = 0, but extends around the entire ¥ circle i.e. there is a cosmic membrane intersecting
the celestial three-sphere in a circle. To see this, it is convenient to exploit the embedding of the

three sphere into R* i.e.
x=Rcos®cosV¥; y=RcosOsin¥; z= RsinOcos P; w= Rsin O sin d. (7.4.2)
Thus © = 0 corresponds to the circle 22 + y2 = R? with 2 = w = 0.
There is an obvious generalisation of (7.4.1):
ds? = —dU? — 2dUdR + R*(d©? + K7 cos® ©d¥? + K3 sin® ©dd?) (7.4.3)
in which for K7 # 1 and K3 # 1 there is a cosmic membrane intersecting the sphere in the circle
z? + 13?2 = R? with z = w = 0 and a second membrane intersecting 22 + w? = R? with z = y = 0.

This specific configuration of membranes preserves the U(1)? symmetry associated with rotations

in the (z,y) and (w, z) planes.
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Figure 7.4.1: Cosmic string and membrane intersecting the celestial sphere.

We could alternatively study
ds* = —dU? — 2dUdR + R*(d©?* + K% sin? OdX? + K3 sin? O sin? (K X )dd?) (7.4.4)

where for K = K3 = 1 hypersurfaces of constant U are round three spheres, in which an SO(3)
subgroup of SO(4) is made manifest. The metric is manifestly locally flat for Ky # 1 and Ko # 1:
this follows from the coordinate redefinitions y = K1 X and ¢ = Ko®, which bring the metric into
the form of a flat metric. These coordinate redefinitions are locally trivial; deficits are introduced
by imposing the standard ranges on the redefined coordinates i.e. 0 < X <7 and 0 < & < 27.

When a deficit is introduced by setting K2 # 1 (with K2 = 1), the deficit is associated with
X =0, 7. The interpretation is again most easily seen by embedding the (round) three sphere into
R* as

x = Rsin ©sin X sin ®; y = Rsin O sin X cos $; z = Rsin © cos X w = Rcos©
(7.4.5)
i.e. the deficit is associated with 22 + w? = R?, x = y = 0, a great circle of the sphere. This
metric thus describes the same physics as the metric shown in (7.4.1) but the parameterisation of
(7.4.4) is less convenient, as it does not make manifest the second SO(2) symmetry preserved by

the cosmic membrane.

When K7 # 1 (with K2 = 1) the deficit is associated with geodesic incompleteness of the two

spheres parameterized by (X, ¢). For constant U, R and O the induced two-dimensional metric is

1
ds* = R?sin? OK7(dX? + 2 sin?(K 1 X)d®?) (7.4.6)
1
which describes part of a two sphere of radius Kj Rsin 6; more precisely, since 0 < X < 7, there is
a boundary to (7.4.6) at X = m:
ds®> = R?sin’ O sin?(Km)d®d? (7.4.7)

i.e. a circle. We will not consider this case further as it does not seem to have a natural physical

interpretation.
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Figure 7.4.2: Cosmic string and membrane intersecting the celestial sphere.

Let us now relate these discussions to the cosmic brane solutions of the previous section. The

metric (7.4.4) can be written in terms of a time coordinate

t=U+R (7.4.8)
as
ds* = —dt* + dR* + R*(d©? + K7 cos® ©dV? + K3 sin? Odd?). (7.4.9)
Now introduce coordinates
7 = Rcos ©; w= Rsin© (7.4.10)

in terms of which the metric can be expressed as
ds® = —dt* + (di? + K372d®?) + (dw? + K3w?d¥?) (7.4.11)

Consider first the case of K3 = 1. Comparing with (7.3.27), the cosmic membrane is located at
7 =0, 1ie. O =x/2, and lies in the (w, ¥) plane. This defect is visualised in Figure 7.4.1, as the
plane intersecting the celestial sphere in a circle. For K3 # 1, there is in addition a membrane
located at w = 0, lying in the (7, ®) plane. This second membrane intersects the first at # = w = 0,
pictured in Figure 7.4.1. Note that this intersection does not take place close to the celestial sphere,

so any non-linear effects at the intersection are not relevant for asymptotic analysis.

Before we move to the general asymptotic analysis, let us consider an infinite cosmic string, which
as shown in Figure 7.4.1 necessarily intersects the celestial sphere at two points. We are interested
in metrics which are asymptotically locally flat at infinity. However, from the discussions of the
previous section, a cosmic string metric is locally flat (as opposed to Ricci flat) near the string only
in four dimensions. We therefore cannot match a cosmic string metric with a flat metric on a null
hypersurface, except in four dimensions; equivalently, we cannot apply coordinate transformations

to a flat metric and obtain a cosmic string metric in dimensions other than four.
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7.4.2 Asymptotically locally flat metrics in five dimensions

Now let us extend the discussion of Section 7.2 to five dimensions. We allow for dynamical processes
in which cosmic branes are created and destroyed and, as before, we consider the matching of a

cosmic brane metric to a Ricci flat metric without cosmic brane on a null hypersurface.

For computational simplicity we consider cosmic brane metrics that preserve U(1)? symmetry in
the angular directions and have reflection/inversion symmetry in these directions. Such metrics
can be matched to asymptotically locally flat spacetimes with corresponding symmetry which can

be described using a Bondi gauge parametrisation:

ds? = —(Z/{e2’8 — rszecl)dUQ — 2P dudr — 2r*W e dudf
+r2(eC1dh? 4+ e~ (1FC2) cos? 9dip? + €©2 sin? 0d¢?). (7.4.12)

Here the defining metric functions (U, W, 8, C4, Cs) depend only on (u,r, ) due to the symmetry.

We have also imposed the standard Bondi gauge conditions i.e.

Grr = grA = 0 (7413)

and the determinant of the angular part of the metric is 7%; these conditions mirror the original

four-dimensional conditions [57, 59].

The standard definition of asymptotically flat spacetimes at null infinity in five dimensions (see
chapter 5 and [66, 67, 68, 69, 270]) imposes the following boundary conditions on the defining

functions for solutions of the vacuum Einstein equations:

U r,0
- (3/2)3( )+

B " (7.4.14)
W(u,r,0) = w+

rz
Blu,r,0) = W‘i‘

rz

where ¢ = 1,2 and the ellipses denote terms that are subleading as » — co. As we review below,
gravitational waves are associated with the Cj(3/9) contributions, which in turn induce subleading
terms in the other metric functions. Additional integration functions arise at order 1/r? and are
associated with mass and angular momentum; we will discuss these later, when we derive the

asymptotic expansions to all orders.

We now consider the matching between (7.4.3) and (7.4.12) on a null hypersurface as r — oo and
show that such a matching requires weaker boundary conditions than asympotically flat boundary

conditions (7.4.14). By symmetry, we can identify ¥ = ¢ and ® = ¢. Following the four-
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dimensional discussion, we parameterise the coordinate transformations as

Uc—y(u,0
) + (-1 (u )er

U = U(O) (u, 0 r (7.4.15)
R = rRu(0)+ Ry(u,0) +---
O1)(0)
Matching on a null hypersurface then imposes three relations at leading order:
(00): R} (00())° = e (7.4.16)
() - R(21) cos? Oy = e~ ((0)Fe2(0)) ¢o? g
1
(¢9) : R(Ql) sin? O = ﬁe@(a) sin? #

where we indicate the components of the induced metric being matched and we expand the defining

metric functions (C1, Cs) as

Cy— ,0
(= (u )+

Ci(u,r,0) =c;(0) + o

(7.4.17)

where the exponent A > 0 will follow from imposing Ricci flatness. In the case that ¢; = 0, then

A= % as in (7.4.14) but this is no longer true when ¢; # 0, as we will show below.

Before we consider the solution of (7.4.16), let us discuss the structure of the coordinate transfor-
mations in (7.4.15). As in four dimensions, the leading terms in R(u,,6) and ©(u,r, ) are forced
to be independent of u, as u dependence would induce metric components along the u direction

that scale as a positive power of r, thus breaking the notion of asymptotic local flatness.

The leading order contributions to the other metric components are:

(rf) () gro = R1)©(—1)06O(0) + a0 (7.4.18)
(ur) ") gur = R1)8uU(o)
(wu) = O0°)  guu = —(8uU())? + R} (0.0(-1))?
) (
) (

(u0 7") Juo = aHR(l)auU(O) - R%l)aee)(o)au@(_l)

(rr ?) g = 2RmyU_1y + REH(©(_1))?
These relations put no further conditions on (9(0), R(l)), which are determined by (7.4.16), but

instead determine (U, ©(_1),---) in terms of these functions.

Now let us consider the solution of (7.4.16). If we impose strict asymptotic flatness as in (7.4.14),
then we need to set ¢1(0) = c2(8) = 0. However, in this case the three conditions of (7.4.16) are
clearly incompatible: the first and third relations are identical to those in four dimensions and are

solved as in (7.2.7) but this solution is not consistent with the second relation in (7.4.16).

One can conceptualise why a three sphere with a ring of conical deficits cannot be mapped to a
round three sphere as follows. Hypersurfaces of constant © are topologically tori, with the ¢ and ¢

circles parameterising the independent non-contractable cycles of these tori. There is a geometric
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-10f

Figure 7.4.3: The blue line shows F (%(g - 2:6)]2), plotted over the range (0,7/2). The
red line shows K2 F (%(g — 2x)|2), plotted over the same range, with K3 =08.

interpretation of solving the first and third relations in (7.4.16) (with ¢1(0) = c2(8) = 0): one
uses an angle dependent rescaling of the radius to remove the deficit in the ¢ circle as § — 0.
However, this same angle dependent rescaling of the radius is then incompatible with maintaining

the periodicity of the v circle.

We thus conclude that we cannot solve (7.4.16) without allowing for non-zero ¢;(6). However, if
the functions ¢;(#) are non-zero, the system of equations now seems to be under-constrained: there
are only three equations for four functions (©g)(0), R(1)(6),c1(0),c2(#)). Combining the three

equations one can obtain the following relation

& — K 7
/5020 (g Vsin26

From this relation we can see that one of the four functions follows from the freedom to redefine

N

(7.4.19)

the angular coordinate; imposing 0y = 6 for K =1 fixes ¢1(0) = 0. Thus © () () is given by

d@(o) _ et

do
\/5in 20 gy B / Vsin 20’

and the other functions are determined by the relations

1 sin 26
Bo®) = 25\ mee0 60 (7.4.21)

(7.4.20)

2 ) _ Ktan @(0) )
tan 0
Integrating (7.4.20) we obtain
F 1(1 200))|2) = K*F 1(1 20)[2 (7.4.22)
292 © - 292 ’ -

where F'(y|m) is the elliptic integral of the first kind. This elliptic integral is plotted in Figure 7.4.3.
For K? just less than one, we can read off from Figure 7.4.3 the behaviour of O(0)(0): given the
value of 0 < 0 < 7, we use the red curve to determine the right hand side of (7.4.22). We then
map horizontally from the red curve to the blue curve to read off the value of © (). We note that
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0.5

0.5 1.0 1.5

Figure 7.4.4: ©(g)(6) for K7 = 0.8.

by symmetry

0
(Z) < (7.4.23)
3

For 0 <0 < 7, ©) > 0 while for 7 <0 < B0y < 0. We can solve numerically for © g (6);
the plot for K2 = 0.8 is shown in Flgure 7.4.4. Once O (0) is determined, the other functions are

determined using (7.4.21); the function c5(#) is non-trivial for K # 1.

Thus, to summarise this section, matching a cosmic membrane metric on a constant null hyper-
surface with a Ricci flat metric with no deficits requires a relaxation of the asymptotically flat
boundary conditions (7.4.14) to weaker boundary conditions of the form (7.4.17). We will refer to
Ricci flat metrics in Bondi gauge (7.4.12) satisfying (7.4.17) as asymptotically locally flat®.

7.4.3 Cosmic membranes: alternative parameterisation

In the coordinate system of (7.4.4) the cosmic membrane preserves only a U(1) symmetry, to-
gether with an additional inversion symmetry. To match such a metric, the required Bondi gauge

parameterisation is

ds®> = —Ue*P — W2 du? — 2¢*P dudr — 2r*W e dudf
472 (ecl d6? + sin? 9(e“2dx? 4 e~ (€110 gin? Xd¢2)) , (7.4.24)

where the defining functions (U, W, 3, C1, Cs) can depend on (u, r, 8, x) but should be even functions

of x, to respect the inversion symmetry in (7.4.4).

Now let us consider the matching between a Bondi gauge metric of the form (7.4.24) and a cosmic

2This notion is not to be confused with the one employed for gravitational instantons [271], although
it express the similar concept that the boundary is not exactly Minkowski because of either topological or
metrical differences. We stress that the name is thus to be intended in the same way that the terminology
“asymptotically locally AdS” is used [42].
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membrane (7.4.4) on a constant null time slice at infinity. The required coordinate maps are

= Up(u,b,x) + %U(q)(u’ 0,x)+--- (7.4.25)
= 1R (0,x) + Roy(u,0,x) +---

O (0, x) + %@(—1)(“»906) +oo

1
= ¢

o N R E
I

Again, the leading order terms in (R, X,©) are forced to be independent of u to respect the

asymptotic (local) flatness. Matching on a null hypersurface then imposes four relations at leading

order:
(09) : R%l) ((89@(0))2 + sin? @(0) (89X(0))2) = ¢ (0x) (7.4.26)
(0x) : (360(0)) (05O 0y) + sin” O 0y (g X (0)) (Ox X (0)) = 0
(XX) : R?l) ((6X@(0))2 + sin2 @(Q) (6XX(0))2) = 662(6’X) Sin2 0
1
(p9) : R(Ql) sin? O(0) sin? Xy = ﬁe_cl(e”‘)_”(e”o sin? @ sin?

where we indicate which components of the induced metric are matched and we expand the defining

functions (Cy, Cs) as

C’L _ U79,
Ciu,m. 0, x) = ci(0, x) + w 4 (7.4.27)

where the exponent A > 0 will be determined by the Einstein equations.

The equations (7.4.26) can clearly be solved by Xy = x, i.e. the coordinate transformations

depend only on € to leading order:

(00) : R?)(060(q))* = e (7.4.28)
(xx) : R%l) sin? O = e2 sin? g

1
(¢9) : R%l) sin? O« = ﬁefcl(e)*”(e) sin” 6

The last two equations are clearly not compatible for K2 # 1 unless either one or both of

(c1(0), c2(0)) is non-zero: combining the last two equations we obtain

C C: 1
etz — 73 (7.4.29)

However, as in the previous discussions, these equations are under-constrained: there are three
equations for four functions, and thus one can fix a linear combination of ¢; and ¢; to be zero,

provided that (7.4.29) is satisfied. The latter choice represents residual gauge freedom.
The equations (7.4.28) clearly admit the solution
O =0; Raoy=_—_3i " =e€%=_—3, (7.4.30)

i.e. an angle independent rescaling of the radius. This solution is trivial in the sense that the
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Figure 7.4.5: The red line plots f(#) and the blue line plots Af(#) for A = 0.8. For any
value of A < 1 the blue curve will lie closer to the horizontal axis than the red curve.

metric in coordinates (r, 8, x, ¢) still has a defect.

Combining the first two equations in (7.4.28), one obtains

9600) ez(c1—ez)

= 7.4.31
sin © ) sin 0 ( )

Suppose we fix a gauge in which
eflerme) = ) (7.4.32)

subject to the constraint (7.4.29). Then (7.4.31) can be solved analogously to the angular equations

of the previous sections.

Let us define

flx) = / s?nzx =In (tan (g)) . (7.4.33)

The integrated relation (7.4.31) can hence be expressed as

f(©) = Af(0). (7.4.34)

The function f(0) is plotted over the range (0,7) in Figure 7.4.5. From the same plot we can
see that if A < 1 then the relation ©)(¢) has a similar form to that in the previous section, see
Figure 7.4.6: for 0 < 0 < 7/2, ©(g) > 0 while for 7/2 <0 <, O < 0.

Note that for small 6

0 A
O0) ~ 2 (2) (7.4.35)

(with a corresponding expression for 6 ~ 7). Furthermore, by symmetry,

s m

0(0) (5) =2 (7.4.36)
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Figure 7.4.6: ©(0) for A = 0.8.
7.4.4 Boundary conditions in d dimensions and cosmic (d — 3) branes

To match the cosmic brane metric to a non-singular Bondi gauge metric on a null hypersurface
at infinity. we are forced to relax asymptotic flatness to asymptotic local flatness. The general
Bondi gauge parameterisation (without imposing additional symmetries) of a spacetime in arbitrary

dimension d is
ds? = —Ue*Pdu® — 2¢*P dudr 4+ r2hap(dO* + WAdu)(dOF + WBdu), (7.4.37)

where the coordinates #4 run from A = 1,---(d — 2). Here we have imposed the standard Bondi

gauge conditions i.e.
Grr = GrA = 0 (7438)

and it is usual to impose the determinant condition
Or (det(hagp)) = 0. (7.4.39)

Asymptotically flat boundary conditions require that

1
hap — vaB + Wh(d_2)AB + - (7.4.40)

with y4p the metric on a unit (d — 2) sphere and the subleading term being associated with

gravitational waves.

Such boundary conditions exclude cosmic (d — 3)-branes passing through the celestial sphere. To
allow for the latter, we need to relax the boundary conditions to asymptotically locally flat by
setting

hag — hoyap(0°) + - - (7.4.41)

as r — oo. In the following sections we will impose such boundary conditions and consider the

implications for the asymptotic structure in five dimensions.

We should note that the boundary condition (7.4.41) is manifestly more general than that obtained
from cosmic branes, for which A is a spherical metric with distributional defects. As we discuss

later, the main motivation for working with the more general boundary condition is holography.
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In (A)dS holography, the metric on the conformal boundary is allowed to be any non-degenerate
metric, and it corresponds to the background metric for the dual quantum field theory. Even if
one is only interested in the quantum field theory on a (conformally) flat background, one needs to
allow for general perturbations of the boundary metric in order to compute correlation functions.
If there is any holographic duality for asymptotically (locally) flat spacetimes, one would similarly

expect that the spatial part of the boundary metric should be unrestricted.

If one takes a more conservative viewpoint and only wishes the boundary condition to be general
enough to include distributional defects, one could regard the boundary condition (7.4.41) as en-
compassing all possibilities for distributional defects i.e. capturing different kinds of regularisations.
One would then expect that asymptotic analysis of the field equations, combined with physical
restrictions on allowed distributional curvature, will determine what additional restrictions should
be placed on (7.4.41).

7.5 Bondi-Sachs problem

In this section we will use the previous discussions of cosmic branes to postulate boundary condi-

tions for asymptotically locally flat spacetimes in Bondi-Sachs gauge in five dimensions.

The Bondi-Sachs metric in d = 5 can be written as

ds? = —Ue* du® — 2¢*P dudr + r?hap(dO* + WAdu)(dOF + WBdu). (7.5.1)
with
e cos f sinh D sin # sinh Do
hap = | cosfsinh D e sin’ sin f cos @ sinh Ds | . (7.5.2)
sin@sinh Dy sin 6 cos fsinh D5 €% cos?

Due to the determinant constraint of the gauge
Or (det(hag)) =0, (7.5.3)

only five of the six functions are independent.

As summarised in chapter 5, the vacuum Einstein equations were analysed asymptotically in [69,
70], under the assumption of asymptotic flatness, i.e. hap asymptotes to the round metric on the
unit three sphere and the subleading terms in the expansions arise from integration functions on
solving the Einstein equations

D sy;(u, z4
D)

D; (7.5.4)

ra
as r — oo. Here ¢ = 1,2, 3 and the falloff behaviour relates to gravitational waves passing through
null infinity. Without restricting to a specific choice of coordinates on the sphere, the expansion
takes the form

Cg)an

has = am+ =5 4o (7.5.5)
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where y4p is a round metric on a unit three sphere.

As discussed in previous sections, if we wish to impose weaker boundary conditions that would

allow for cosmic branes, we should impose

hap = hyap(z©) (7.5.6)

as r — 00.

For computational simplicity we will continue to restrict to the case with U(1)? and reflection
symmetry so that the functions D; defined in (7.5.2) are zero. We can also eliminate C3 using the
determinant constraint i.e.

C3 = —(C1 + Cs). (7.5.7)

In this case there are five main equations (R, Ryg, Rog, Ry, Rss) and three supplementary equa-
tions (Ryu, Rur, Rug), including the trivial equation. We will first write down the general form of

these equations and then discuss asymptotic solutions.

The R, equation is

R =98, = L (€ + @+ (@) =0 (753

Here and in the subsequent Einstein equations we denote partial derivatives with commas. Clearly
given (Cq,C2) this equation can be integrated to find 8, with integration functions in both 8 and
(C1, C3) left undetermined. Note that this is exactly analogous to the well-known four-dimensional

integration scheme: given the metric on the sphere, one can integrate to get g
Following the usual Bondi-Sachs integration scheme, we next use the R, equation:

1 _
RTG :277“3(7'5601 2ﬂW,T),T

1 1
+ ;(3579 — Tﬁ,r@) + 5((C0t9 — 2tan 0)0177» + 017,«9)

1 1
— 1(201)9 + Cgﬁ)CLT 1 (01,9 +2C50 + =0. (7.5.9)

2
— = )0,
5111000s0> >

Here and from now on we use the abbreviated notation W = W?. Imposing R, = 0 allows us to
integrate for W in terms of (Cj, ).

The three main equations in the sphere directions are as follows. The Rgg equation is
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1 —
Rop =2~ 2(B,9)* + BeC1,0 — 28,00 — 57’4(W7,«)26201 48

1
+ C1,9(cot @ — tan ) — 3 cscOsecl(Crg —2C20)

1
~3 ((C1,0)* + (C2,0)* + C1,9Ca,q — Ch00)
+eC1 728 (4rW g 4 rW (cot 0 — tan §) — 2U)

1
461728 <2r26’179W,r — grUC’M + ngCLg — TUJ,)
1
+ §r2e01*25 (C1r (W —U,) +WC,(cotd —tand))

+ r2eC1—28 (301,11

1
o 51/{01’” +WCir9+Ciur+ W,re) =0 (7.5.10)

The R4y equation is

Ryy = e2P (—2B9Ca9 + Captand + Cy gCa g — Ca00)
+e2P(4+ cot 0(2C, 9 — 489 — Cop — 2172 W )
+ 129 (CogWp + CopWoo + 2Csur — Copldy — UCs 1)
+ 7€ (3Ca. +3WCa g — 3UCy, — 2U, +2Wg)
—4eU + eclrW((5 +1rCs,)(cot 6 — tan ) + 2rCs 9)
+ 3¢ rWsechcscd = 0. (7.5.11)

The Ry equation is, applying C5 = —(Cy + Cz) to simplify,
Ryy = sind (462Bﬂ’9 — 36250170 — 62’80279 — 2601T2W’r)
+cos0C ¢ (262’85’9 - 62’602’9 — & TQW’T + e cot 9)
+ e cos b (25,902,9 + Chgcot® — (Crg)® — Csp0 + 4) (7.5.12)

+ €% cosf (—=1r2Co W, — 21U, +7W g (rCs, + 2))

+ 11 W csc 0 (rC3 09 5in 20 + 7Cs . cos 20 + 5 cos 20 — 3))
+¢e% cos® (r (2rCsur 4+ 3C5.4) —U (r*Cs e + 3rCs . + 4))
+re®t cos 0BWCs9 —1rCs,U,) =0.

Combining these equations to form the trace along the sphere, i.e g"PR4p = 0, one obtains an
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equation that determines U from the previously determined (3, W) and C;

AB e
g " Rap = — 5

5 sec OcscO(Cro+2Cs0)
e~28-C1 5
+ ——5—(cot § — tan6) (ecl (6rW 4+ r°W,.) —2e* B4 + 262’801’9)
T

e~ O
+t o (12— (28.,9)*> +4B9C1,0 — 2(C1,9)* — C1,9Ca9 — (Cap)?)
O (4B g0 +9Cap) — e84 (7 )2
5,2 06 1L00) = ¢ g

—23
¢ ((2 FrOU — (2 + gar)w,e) —0. (7.5.13)

—3 2

The supplementary equations are

1 1 1
Ry = +§r46201—4ﬂw2 (W,)? + r2eCr =202 <2um01,r —2Wo + 2ucl,rr>
+ 172 TW (= Cy e W — 2W W, — 2UB W, — C1 g W2 + 28, W, W)

3 1
+ r2e1 =28 <201,9W,TW2 - 5W,gcl,mﬂ +UW ,.Cy W +UW ., W — W,WW>
1
+ T260172ﬁ <—|—2W7Tﬂ7uW — WJ-OLuW + iu (W7T)2>
3 3 3
+ re@1=28 (—201,9W3 — AW W2 + U, W? + 5L{CLTW? - 5Cl,uw“‘ + 5UW,TW)

1 1
+2W (20U + (B9)%) = W2BCh g+ (W) + 3 (Cr)?+ 3 (Ca0)? —2WB Wy

1 1
+WWoCig+WW g+ §W2C'1,99 +2WU B +UW o5, + §W,0U,r —UB. U,

1 1
+ M/B,BW,T - iu,GVV,'r' - WU,OCLT + QUWﬂ,TG + WU,T‘G - u267r'r' - iuu,r'r' - 2VV,0ﬂ,u

1
+ W,Ocl,u + icl,uCQ,u - 2Wﬁ,u6’ + Wu@ + WC1,u0 + QU/B,U/I‘

—48-C
67(00t 0 — tan ) (ef"ﬁ (2UBg + Uyg) + r* W25+ (W (rCy , + 2) + 2rW7r))

1
— 5 (cot§ — tan ) (UWB, —AW B, + W?Cl g+ 2WCy o + WU, + 2WW g +2W,,,)

1 3 1 3
- ;(—35,Tu2 +3WB U = SUU + 3B U — WUy = SU)

+

£28—C1 1 1
+ oG (QU (ﬂ79)2 — Z/{,gﬁe +U0179ﬂ,9 + 52/{7901’9 — Uﬂ)ge — 27/{799) =0, (7.5.14)

and
1
Ry = Zefw (cot 6 — tan 0) (W (462ﬁﬁ,9 - 26017‘2W77-) + 3€2ﬁC17u —2eC1 W2 (rCh ., + 2))

1
(C1u+2C2 ) cscOsect — 2r3e2A+Ch (W, (Cru—2B4) +2W oW o + W)

4

Up 2 Ly 2 20,48
+ I rB, —2rCr, +2)+ W (—BoeCro+2(B9)" + Boo ) + 5" W(W,)e

1
+ 1 (—4Buo — C2,0C1 0, — 2C2 Co , — C19 (2C1 4+ Co ) +2C1 40 +2U 19) = 0.

(7.5.15)
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The first supplementary equations gives the u-evolution equation for the free data in the U expan-

sion. The second gives the u evolution of the free data in W.

The final supplementary equation (sometimes also called the trivial equation) is:

-

R, = 762 5 (cot & — tan6) (*2625579 + eclerVm + eCrrw (rCir + 2))
T

2 Ci1—208 W W o
+r-e ( 6,7 Ki 2 2

1 1 1 5
5 Wa)? = WO W, = SWW,, 2rWW,,-)

2 3 3
+7262’8_Cl((»3,9)2 —B6C1,0+Bos)+ ;(Z/{B,r —3WgBe + §U,r - W)

1 1
+5,Tu,r + U/B,’I’"r’ - ﬂ,GW,r - WB,T,H - 2B,u,r - icl,rW,G - §WC1,r0 (7516)
1

“Wa,e=0.

1 1 1 1 1
_icl,rcl,u - 102,7“Ol,u - ZCI,TOQ,u - 502,r02,u + iu,r,r - 2

This is automatically satisfied at each order as a consequence of Bianchi identities once the main
equations are satisfied. This equation therefore does not give any new information. If we do not
check Bianchi identities, then the vanishing of this equation at each order provides a check on our

solution.

7.5.1 Asymptotic analysis

Having collected together the Einstein equations, let us consider asymptotic solutions of these
equations. The equations in Bondi gauge are nested, and thus should be solved in the order in

which they are presented above, beginning with (7.5.8).

As we described above, in the Bondi integration scheme we prescribe data for C; on a null hy-
persurface, say N, in Figure 7.5.1, recursively determine the other metric coefficients using the
main equations and then determine the null evolution of C; using the final null equation. Thus
we should impose boundary conditions for C; as r — oo, and examine their consequences for the
nested integration. Following the discussions of the previous section, we impose the boundary con-
dition that C; — Cj)(f) as 7 — oo. The u independence was established in the previous section
but we will understand further below why the final main equation requires u independence of the

defining data on the celestial sphere. The corresponding asymptotic expansion of C; is therefore

where the ellipses denote subleading terms in the radial expansion. The structure of these sublead-
ing terms will be determined below by the field equations i.e. we do not make any assumptions a

priori for the form of the expansion.

We can trivially rearrange the first main equation (7.5.8) to obtain

Br=2(Ch,+CryCay +C3,). (7.5.18)

[0 B
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Figure 7.5.1: Penrose diagram indicating hypersurfaces of constant u and 7.

Integrating this equation the leading contribution to £ is an integration function

B = Boy(0,u) +--- (7.5.19)

Note that this is clearly the only integration function from this equation to all orders in the radial
expansion. According to the standard analysis in four and higher dimensions this integration

function is set to zero to satisfy the Minkowskian boundary conditions.

Moving now to the (7.5.9) equation, we can write this in the form

1
53 (rPeTTHW,) = G(C, G, B) (7.5.20)

with G as given in (7.5.9). Integrating for W we obtain

W(l) [01(0)7 5(0)]
r

W =W + o (7.5.21)

where [---] denotes the functional dependence of the coefficients. W) is again an integration

function and the coefficient Wy is completely determined by the 1/r terms in the R, equation:
Wy = 2626(0)_01(0>89ﬁ(0). (7.5.22)

The only way to satisfy the Einstein equation at this order is either to allow for Wy or to fix fg)

to be independent of 6. However, we will see that the function W) must actually be set to zero,
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as a consequence of the next equation.

Next we consider the trace of the main equations along the sphere (7.5.13). One can write this in

the form

—283

e
3 2
r

(24710 )U = F(C1,Cy, B, W), (7.5.23)

where the leading contribution to the functional F is at order® 1/r
F =670 = 6e*© (9 + (cot O — tan §)) W p). (7.5.24)
Then (7.5.23) implies that
U =1ty [Wio)) + Uo) [Cico), Byl + - (7.5.25)

where 5
Uy = g(@g + (cot @ — tan 9))W(0). (7.5.26)

However, this solution implies that
Guu = r2eTW?2 —Ue?P — 1210 W(QO) (7.5.27)

as r — oo i.e. 0, is spacelike rather than null or timelike. The requirement that 0, is not spacelike
at infinity thus fixes W) = 0.

The physical interpretation of non-zero W) can be understood using the example of Minkowski

spacetime in four dimensions. Starting from

ds* = —du® — 2dudr + r*(d6* + sin? 0d¢?) (7.5.28)
we can change coordinates to
-~ d
w=w+§ (7.5.29)
(where Q characterises the angular velocity) so that
- du\®
ds* = —du® — 2dudr + r* <d92 + sin? 0 (dgb + Q) ) (7.5.30)

i.e. comparing with (7.5.1) W{é) # 0. Thus, physically, a non-zero W can be interpreted as using

a rotating frame at null infinity.

3Note that (9 + (cot§ — tan))W = DyW? where D is the covariant derivative.
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Setting W(g) = 0, the leading contribution to the function F in (7.5.23) is at order 1/r?:

e~ C1(0) )
Fo) = 5 geosg 90010 +200C00) — e (cot 0 — tan 0)(20p8 — 505C1(0))
+e” 10 (6 — 2(0pB(0))* — 203 B0y + 2008(0)06C0)) (7.5.31)
e~ C10)

5 (2(06Ch(0))* + 06C1(0)00Ca(0) + (89Co(0y)* — 495C1(0))

and thus integrating (7.5.23) we obtain
1
Uy = 662ﬁ(0)f(2)' (7.5.32)

For 0, to be non-spacelike as r — oo we require that

ecl(O>W(21) — POy <0 (7.5.33)
ie.
F2) = 2410 (0 B0))? (7.5.34)
SO
6 — 26(9p/3(0))* — 203 B(0) + 2005(0)90 C1(0) (7.5.35)
1 )
7m(8001(0) —+ 28902(0)) — (cotﬂ — tan@)(Qagﬂ - 58001(0))

1
—3 (2(85C1(0))* + 89C1(0)06Co(0) + (9C20y)* — 405C1(0y) = 0

This is a non-trivial constraint. In the case of cosmic membranes discussed previously the functions
(Ci(0), B(0y) are proportional to the membrane tension; provided that the tension is much less than
one, the leading term in this expression will be the first one and the constraint be satisfied. In
other words, for a cosmic membrane,

Uy =~ 1, (7.5.36)

up to corrections of order the membrane tension.

The remaining Einstein equations do not place further constraints on this defining data. The

Einstein equations along the sphere can be expressed in the form:

Roo = 0 < (3r + 2r20,)0,C1 =H1(Cy, B, W, U); (7.5.37)
Ry =0 (3r + 2r20,)0,Co =H2(Ci, B, W, U);
Ryy =04 (3r +2r20,)0,C5 =H3(Ci, B, W,U),

and these determine the u evolution of the functions C;. Here the functionals H; depend on the
functions (C;, 8, W,U) and their (r,8) derivatives, but not on u derivatives. The three equations
are not independent: C3 = Cy + Cs.

Asymptotically, the leading contributions to H® are of order one, thus determining that there are
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terms at order 1/r in the C; expansions

C; ,0
L G (w0)

Ci = Cy0)(0) . (7.5.38)
The equations (7.5.37) can immediately be integrated at leading order to give
Coy = / Ho(u, 0)du. (7.5.30)
where H; are
1 _
Hi = 5625(‘” 10 ((C1(0),0)* + 2C5(0),06C1(0),0 + 2(C2(0),0)*> — C1(0).00)
2 _
+ 5625“’) “10 (Cy0),08(0).0 — 8(B(0).6)° — 4B(0).00)
1
-+ 5625(0)701(0) (tan 9 — cot 9) (01(0)79 — 4ﬁ(0)79)
2
+ gezﬁ“’fcl(‘” cscBsec (Cioy,0 + 2C2(0),0) (7.5.40)
and
1 _
Ho = §e2ﬂ<o> 10 (=4B(0),6C1(0),0 — 65(0),6C2(0.0)
1
+ 5625(0)701(0) (+8(5(0),9)2 + 45(0),09 B 2012(0)79)
2
- §e2ﬁ<o>—01(o> (tan 6 + cot 0)C'(0y,0
1
+ 562/3(0)—01(0) (cot @ — 5tan 0)Cy) .0
4
- 5625’(0)*01(0) (tan 6 + 2 cot 0)B0),0
1 _
- gem“’) 1 ((Ca(0),6)* + 4C1(0),6C2(0),0)
1
+ 5626(0)_01(0) (201(0)799302(0)799) (7.5.41)

Note that Hs is the sum of H; and Hs.

The equations (7.5.37) demonstrate why the defining data Cj) should be independent of u as
r — o0: these equations cannot be solved self-consistently if ;) depends on u, without inducing
an infinite series of terms in C; that scale as positive powers of r, hence breaking the notion of

local flatness.

Thus, in summary, the leading terms in the asymptotic expansions are

Ci = Cyoy+- B =B+ (7.5.42)
W)
W = . + - U=Up+---

where (C;0)(0), B (u, 0)) are the independent data and (W), U()) are determined from this data.
Note that if W(;) is non-zero then g, ~ r. By setting 9pBp) = 0, one can set W) = 0. If B is
a function only of u, one can then use reparameterisation freedom of the retarded time coordinate
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to fix By = 0. In this case Cj(g) is the only remaining non-trivial data, with ) determined from
this data via (7.5.32).

One can use this behaviour to write down the asymptotics of the metric in the general case:

gAB = TzhAB = Tzh(o)AB + 0(7’) (7.5.43)
Guu = (U +17hagWAWP) = —Ug)e*® + higyasWHWE +O(r™)

Jur — _e2ﬂ = _62’60 + O(T_z)

gua = gaW? =rhapWh)+0("),

where the orders of the subleading terms follow from the next to leading contributions to the

Einstein equations. Note that if one imposes the additional constraint that

Boy,a =0 (7.5.44)

then W(?) =0 and g,4 is order r%, as in the four-dimensional case.

7.6 Asymptotic expansion to all orders

In the previous section we established the leading asymptotics for the metric components, given
the generalised boundary condition for the metric on the celestial sphere. In this section we will
establish the asymptotic expansion for the metric in this context. It is useful to first review
the structure of the expansion of an asymptotically flat vacuum metric, analysed in detail in
[69, 270]. For direct comparison with the results above, we restrict to U(1)? symmetry and inversion

symmetry, i.e. we set D; = 0. The expansions for the five metric functions are then

Cis)
CZ. — 3 + . (7.6.1)
ra
B
/8 = %4_
w oo Yo We Wy W
r% 7"3 r% 7“4
U s U -
U = 1424704
rz

Here we have highlighted in colour the defining data for the asymptotic expansion; all other expan-
sion coefficients can be expressed in terms of this data and its derivatives, with explicit expressions
given in [69, 270]. The integration functions Ci(%) are associated with gravitational wave degrees
of freedom and their u-evolution is not fixed by Einstein equations and has to be prescribed to
fully determine the solution. The integration functions highlighted in red are associated with con-
served charges; in particular, U, is associated with the mass of the spacetime. (Note that the
assumed symmetries - axisymmetry and inversion, Section 7.5 - set the angular momentum charges

associated with rotations in the ¢ and ¢ directions to zero.)

We now turn to the asymptotic expansions of asymptotically locally flat vacuum metrics. The
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expansions for the five metric functions are

G = Cio+ (1)“‘%‘*‘"' (7.6.2)
T r2
B Be) | P& | B
= S
W, W Wiy W Wy W W,
wo= W20 —0 S0 B S0 S
T T r2 r T2 r r
U Uy U, U
T 72 T T

Again, the integration functions are highlighted in colours, and all other coefficients in the expan-
sions are expressed in terms of these data. The data (C; (), 5(0)) is the analogue of non-normalisable
boundary data in asymptotically locally AdS spacetimes, while the integration functions at sub-

leading orders in the expansion (C;

i(3)s W4y, Upa)) are analogous to normalisable boundary data.

Explicit expressions for the first few terms in the expansions were derived in the previous section.
These are summarised together with expressions for the subleading coefficients in the Appendix B.1.
Here we focus on the structure of these expansions and, in particular, how the logarithmic terms
in these expansions arise.

=3/2 are unaffected at this

First of all, let us note that the integration functions in C; at order r
order by the new boundary conditions. Just as in previous works [69, 270], we therefore expect
that these integration functions are associated with gravitational waves: the defining data has
the correct number of degrees of freedom to represent gravitational waves, and is unconstrained.
Furthermore, as shown in Appendix B.1, the u-evolution of the data Ci 3) is left unspecified by
the equations (7.5.37), so that also 8uC'i( 3) have to be given as a coordinate on the phase space,
in agreement with the asymptotically flat case. Note however that the new boundary conditions

do affect the explicit forms for the expansion coefficients at subleading fractional orders.

To definitely show that Ci(%) corresponds to gravitational radiation, one would need to show that
spacetimes with non-vanishing radiation lose mass. We should also note that, for C; 3 to be
interpreted as the degrees of freedom corresponding directly to gravitational waves, one should
show rigorously that 0,Cy 3) is gauge invariant, generalising the discussions of [77]. If 6uCi(%) was
not gauge invariant then one would need to construct a gauge invariant quantity that reduces to

(%Ci(%) in the asymptotically flat case.

Consider the Einstein equations (7.5.20) and (7.5.23); both these equations have associated inte-
gration functions, shown in red above. As discussed in the previous section, these equations can
be viewed as inhomogeneous equations for W and U, respectively, which determine these func-
tions from the functions that have already been determined. The asymptotic expansions of the

functionals (F,G) have the structure

o) 92 [ Y96/2 93 Y2 | Y

Fo  Fo | Farp | Fue
Fo= —pt gt pt ot
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Then integrating (7.5.20) and (7.5.23) we obtain

~ 1
Uy = g]:(4)625(0) (7.6.4)

1
W, = _§g(4)62ﬂ(0) —Cio

Consistent integration of the Einstein equations thus requires either allowing for logarithmic terms
in the asymptotic expansions or imposing constraints on the defining data such that F) = G4y =
0. In the standard case of asymptotically flat spacetimes, the defining data are chosen such that
indeed these terms in the expansions of F and G vanish, so no logarithmic terms are induced. This
implies overconstraining subleading terms in the expansion of h4p. Note that while the terms
1;1(2) and W, are the leading logarithmic terms in the expansions, they clearly induce at subleading

orders further logarithmic terms.

It is particularly useful to recall the case of asymptotically locally anti-de Sitter spacetimes in
five dimensions (see Section 2.3.1.1 and Appendix A.1.2), which solve the Einstein equations with
cosmological constant and no matter. Then, working in Fefferman-Graham coordinates, the metric
expansion in the vicinity of the conformal boundary p — 0 is*

dp?

1 L
ds® = o + pﬁhij(z, p)dz'dz’ (7.6.5)

where the four-dimensional metric h;; is expressed as
hij = hoyij + p29(2)ij + P4h(4)71j + p*log p B(4)ij +-- (7.6.6)

Just as in the expansions given above, the data highlighted in colours completely determines the
integration functions in solving the equations and hence the entire asymptotic expansion. All other
terms in the expansion are expressed in terms of curvature tensors of (%(0)i;, h(4);;). Recall that
the interpretation of the defining data in the dual CFT is that the non-normalisable data hg);;
is the background metric for the field theory, while the normalisable data h4);; determines the
expectation value of the stress tensor in the CFT. The occurrence of logarithmic terms in the
asymptotic expansion and in the regulated onshell action relates to Weyl anomalies in the field

theory.

The coefficient of the leading log term is [107, 108]

. 1© <°];l 1 © 1 O 1 (0)(0)
h(4)z’j = fRikﬂR —EVNJR—&—ZVZRU—E Rij

5 (7.6.7)

L (o
91 VR — R” + 3R(0)MR h(O)ij
(0)
where V is the covariant derivative associated with k() and R denotes the curvature of h(g). Note

that fz(4)ij does not depend on the normalizable data h(4;;: conformal anomalies depend only

on the background fields of the CFT, not on the specific state of the field theory and its energy

4Compared to the Fefferman-Graham metric written in previous parts, we have renamed z = p to
avoid possible confusion with other z’s in this part and we have automatically set to zero the terms which
vanishes by the Einstein’s equations.
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momentum tensor.

It is interesting to compare (7.6.7) with our results for asymptotically locally flat spacetimes in
five dimensions. In both cases, the coefficients of the leading log terms depend only on the non-
normalizable data and its derivatives (see Appendix B.1). Furthermore, the coefficient of the
leading log in W4 is not independent from the coefficient of the leading log of U. Notice, however,
that the number of independent degrees of freedom of the “normalizable data” is the same (modulo

symmetry reduction) in this case as in AlAdS.

If one restricts either asymptotically flat or to asymptotically AdS, the coefficients of the log terms

vanish.

The analysis of five-dimensional asymptotically locally anti-de Sitter spacetimes in Fefferman-
Graham gauge makes manifest four-dimensional covariance, and accordingly this is the most com-
monly used gauge for asymptotic analysis. To make contact with our analysis of asymptotically
locally flat spacetimes, one can instead use Bondi gauge for the asymptotic analysis in anti-de
Sitter, see [190, 272] for the corresponding analysis in four dimensions. It would be interesting
to carry out the asymptotic analysis in Bondi gauge for five dimensional asymptotically locally
anti-de Sitter, and to explore the limit as the cosmological constant is taken to zero, in order to

elucidate the structure found here.

In the context of asymptotically flat spacetimes in four dimensions, polyhomogeneous expansions
have been discussed in a number of earlier works, see [273, 274, 275, 276, 277, 278]. In these
contexts, however, the appearance of logarithmic terms is associated with non-smoothness of the
boundary data; imposing suitable regularity conditions sets the logarithmic terms to zero. This
fits with asymptotically locally anti-de Sitter spacetimes in four dimensions that satisfy Einstein’s
equations with negative cosmological constant: these also do not have logarithmic terms in their
asymptotic expansions, since the Weyl anomaly of the stress tensor in a three-dimensional confor-

mal field theory vanishes.

7.7 Summary of results

We have argued that only (d — 3)-branes in d spacetime dimensions are flat in the vicinity of the
brane, and therefore the natural generalization of cosmic strings/superrotations in four dimensions

should involve (d — 3)-branes.

We have then showed that such branes are accommodated in a configuration space defined in Bondi
gauge by what we called asymptotically locally flat boundary conditions, rather than flat. The are
defined in (7.4.41) in terms of a non-trivial (d — 2) metric, describing a (d — 2)-manifold that is
topologically a (d — 2)-sphere. These boundary conditions include cosmic branes, but are rather

general.

We have then commented on the analogies of the asymptotic solution with the well-known asymp-
totic solutions for asymptotically locally AdS spacetimes in Fefferman-Graham gauge and proposed

a holographic interpretation for the former.
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We showed that the vacuum Einstein equations can be solved consistently with these boundary
conditions near the null boundary. The resulting asymptotic expansions are polyhomogeneous,
with the leading logarithmic terms in the expansions are expressed in terms of derivatives of the
boundary metric on the celestial sphere. Again, this seems very much analogous to the structure

of asymptotically locally anti-de Sitter spacetimes in five dimensions.



CHAPTER 8

General null asymptotics and superrotation-compatible configuration

spaces ind > 4

Bondi-Sachs gauge vacuum Einstein equations in spacetime dimension d > 4 are solved at the
non-linear level with the most general boundary conditions preserving the null nature of infinity.
When restricting to locally Minkowskian asymptotics, the analysis clarifies and gives necessary
conditions for the configuration space of solutions to be acted by supertranslations and Di f f(59~2)
superrotations in d > 4. The interplay of radiative/non-radiative falloff behaviours with the
constraints imposed on the leading asymptotic data by the former is highlighted. The minimal
case in which extended supertranslations and Dif f(S%~2) superrotations form consistent allowed
diffeomorphisms requires the boundary metric on cuts of .# to be time (u) dependent. This
is a new feature with respect to the four-dimensional case. We also show that an asymptotic
symmetry with Dif f(S?2) superrotations and radiative falloff behaviour (namely translations
rather than supertranslations) is not allowed; hence in higher dimensions superrotations need
supertranslations. We discuss both polyhomogeneous and non-polyhomogeneous expansions and
show that the »—! falloff required to obtain infinite-dimensional asymptotic symmetries implies
that a maximal polyhomogeneous expansion is mandatory in even dimensions unless the 7~! term
is appropriately constrained. In odd dimensions the situation can be argued to be different. We
interpret these points by connecting with the asymptotic expansion of asymptotically locally AdS

spacetimes and suggest a holographic motivation.

127



Chapter 8. General null asymptotics and superrotation-compatible configuration spaces
128 md>4

8.1 Introduction

Campiglia-Laddha’s proposal of SDif f(S?) superrotations, as well as BT-superrotations in four-
dimensional spacetimes, exemplifies how the realization of Strominger’s triangular equivalence at
subleading order requires boundary conditions on a bulk spacetime to be appropriately engineered

to host enough asymptotic symmetries.

The same path can be followed to address the problem of soft theorems/asymptotic symmetries in
higher dimensions [71, 279, 79, 80].

In higher dimensions, as we have said (see Section 5.3), the lack of of supertranslations is due
to the choice of radiative falloff conditions in Tanabe, Kinoshita, Shiromizu analysis (TKS in the
following)

hap —vap =O(r" ). (8.1.1)
Given that superrotations apparently only depend on the degree of freedom imposed on the bound-
ary metric, we may wonder that we can consistently enlarge the Poincaré asymptotic symmetry
in d > 4 to include generic Dif f(S?~2) CL-transformations, as we on the other hand know that
BT-superrotations in d > 4 are forbidden. We leave the answer to this question at the end of this

chapter.

Focussing first on leading soft theorems and supertranslations, Kapec, Lysov, Pasterski and Stro-
minger [71] (KLPS in the following) engineered appropriate falloff conditions such that the corre-
sponding solution space (or configuration space) hosts supertranslations. Since supertranslations
are strictly related to the order r—! in hp, KLPS seek to construct a configuration space where

hayas

hap = vaB + o (8.1.2)

This is the same falloff behaviour as in d = 4, but in higher dimensions it is not consistent with
linearised radiation and hence we name it non-radiative falloff condition. They further assume
that all the subleading terms are associated with integer powers. This is thus the same expansion
as in d = 4 and a minimal overleading extension of the expansion taken by TKS in even dimension.
Hence, KLPS results are valid in even dimensions. These authors furthermore restrict their analysis

to the linear levell.

We have mentioned in chapter 5 that Einstein’s equations in Bondi gauge do not uniquely fix the
radial expansion of h 45, but only that of 0,h4p. Thanks to this fact, the equations can be solved
consistently for virtually any expansion of hsp. Namely, set an ansatz for the expansion of hap
and solve the equations with that. The solutions will constrain d,hap at various orders and in
turn S, U and W4, but not the r-dependence of h4p itself. This is the reason why several forms
of polyhomogeneous hsp have been analysed in the d = 4 literature. This is also the motivation
of the KLPS argument.

On the contrary, in the previous chapter we avoided assuming any expansion a priori, and instead

'Notice that they do not consider vacuum field equations, but impose the Ricci tensor exactly vanishes
to some order.



8.1. Introduction 129

fed the equations with generic boundary data (h(yag, (). We concluded that in order not to
overconstrain such data we have to allow for the order r—! in hapg. That is, if we do not take hap
to have a 7! term, then the equations imply constraints on (h()ap; 5(0))- On the other hand, if
we take h(1)ap to be non-vanishing but h)ap = vap and By = 0, we get the constraint

6uh(1)AB =0. (8.1.3)

-3/2

In five dimensions, the next subleading order is r and hosts the shear/news tensor.

Equation (8.1.3) is what characterises the configuration space built in the KLPS analysis. In any
even dimension greater than four, the KLPS analysis gives the vanishing of d,h()ap up to the
order of the news tensor. In such a configuration space, later reconsidered via covariant phase
space methods [279], pretty much all the fundamental results and the necessary conditions from
d = 4 can be transferred [199], including (if we are brave enough) the matching conditions between
future and past null infinity. The result is a linear configuration space which is consistent with
the action of supertranslations, where the matter of scattering and soft theorems associated to
supertranslations can be discussed. Some of the difficulties encountered at the non-linear level are
briefly discussed in [279].

In the published version of the previous chapter, [1], we show that the five-dimensional configuration
space we constructed supports supertranslations, thus establishing that the results of [71] and [279]

can be extended to odd dimensions.

The possibility of BT-superrotations in higher dimensions is algebraically speaking impossible,
as we said several times, but the extensions of CL-superrotations to d > 4 only require allowing
the leading asymptotic order of hap to “fluctuate” (with fixed determinant) under the action
of asymptotic Killing vectors. However, “only require” is a wrong statement. The analysis of
this chapter moves from this point, which seems not to be appreciated in (the scarce) existing
literature. Colferai and Lionetti [79] construct explicit CL-charges in higher dimensions? adapting
the KLPS analysis to CL boundary conditions: they take the CL condition £¢gap = O(r?) rather
than €cgap = O(r) (recall gap = r?hap) within the KLPS configuration space. As noted by
these authors, the resulting SDif f(S%~2) superrotations are inconsistent with the definition of

the configuration space because they act on h(1)4p as
Lyhayap x uf(z)as, (8.1.4)

where f is a covariant combination of Y and covariant derivatives compatible with h(). This
transformation rule explicitly breaks the configuration space defined by (8.1.3), thus making any
subsequent identification of the broader picture of Strominger’s triangles and flat spacetime holog-

raphy void.

We have explored in chapters 4 and 6 the necessary conditions for such pictures to hold, and we
can here summarise the main points to better frame the aforementioned problem and the solution
presented in this chapter. A plausible fundamental condition for the resulting pictures - including

holography - to hold is the existence of a well-defined phase space. In a covariant phase space

2 Albeit glossing over a proper derivation that takes into account the divergences and the issues of the
incompatibility with the configuration space.
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perspective, where the phase space is built over a configuration space by endowing the latter with

a symplectic structure, the problem is schematically divided as:

1) Definition of the configuration space of fields with given boundary conditions (in this case
either at £+ or .#7) with consistent asymptotic Killing fields,

2) Definition of the phase space: charges associated to the asymptotic Killing fields must be

finite and - in principle - integrable.

If the ultimate goal is the scattering problem, the phase space must be defined so that the con-
jectured symmetry of the S-matrix is consistent. This is non-trivial since BMS per se is defined

separately on .# T and .# . Another condition must be met:

3) Definition of matching conditions (boundary conditions along .#) that do not trivialize

charges.

This chapter addresses the first point of the previous list. We approach the problem from a general
point of view which allows us to study the basic conditions underlying the consistency of the
configuration space (in Bondi-Sachs gauge) with the action of asymptotic Killing fields in any
dimension higher than four. We also compare and contrast the four-dimensional case with higher

dimensions (Section 8.4).

We clarify in which sense, and under what conditions on the boundary data, radiative and non-
radiative falloff beahviours in higher dimensions are consistent. Supertranslations and CL-like
superrotations arise from subcases in an automatically consistent configuration space (section 8.5).

In the next subsection we further specify the results and the organisation of the chapter.

8.1.1 Results and organization

We recognise that the root of the issue discussed around (8.1.4) is the choice of boundary conditions.
To make (8.1.4) consistent with the configuration space we must provide a configuration space

where
8uh(1)AB #0. (8.1.5)

Since 0y h(1)ap is determined by (h(g)aB; B(0)), which we called non-normalizable data in the pre-

vious chapter, in this chapter we will prove the claim

Claim: Consistency between the action of CL-like superrotations and the definition of the config-
uration space is obtained with the boundary data (hg)an,B) = 0) with i) h)ap u-dependent

and Einstein, or i) h(y)4p u-independent but not Einstein, or iii) h)ap arbitrary>.

We notice that already in the previous chapter (namely in [1]) we gave a d = 5 configuration

space where CL-like superrotations are supported. That analysis corresponds to a subcase of the

3We can recast this claim including B(oy, but since it is never considered in the literature concerning
d = 4 (see later) we will not deeply analyse its role here.
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present chapter: there h(y)4p is u-independent and hence, according to this Claim, it must not be

Einstein to host CL-like superrotations.

The possible u-dependence of h(y4p is not arbitrary, but is fixed by Einstein’s equations to

R l Ou
h(O)AB(ua {E) = emp(u’w)h(o)AB (‘T) ’ au(p = d—2 = (d — Qq)QQ (816)

where ¢ is the determinant of hap. See [60] for the corresponding analysis in four dimensions.

A fundamental equation in this chapter is (for d > 4)

2¢2b0) [ h © ()
duh(yan — T5hwas = T ( C;OiA; R—Rap+(4— d)BAB[ﬁ(O)}> (8.1.7)
where
(0) hioya (0)
Bap =2 |Da0pB0) + 2048(0)0BB0) — d(oi 23 (DQB(O) + 2805(0)805(0))] : (8.1.8)

From the above, the previous considerations arise because Bap = 0 if By = 0 or dafy = 0.
Notice that in the previous chapter we did not take h(pap (i.e the functions C(p);) to depend on

u.

Equation (8.1.7) can be recast as

l
8uh(1)AB - mh’(l)AB = d

2 10 [“Rap + (d—4) (@asle] - Baslfo))| | (81.9)

where R4z is the traceless part of the Ricci tensor Rap of B(O)AB and Rap— (d—4)Paple] = Rap
(0)
is the traceless part of the Ricci tensor Rap of h(g)ap, so that

~ A ~ A iLAB ~ ~
Paplpl = (DaDpp — DapDpyp) — d—2 (D% — (Dg)?). (8.1.10)

Given (8.1.9) we immediately infer (see Table 8.1.1) what restrictions are imposed on the boundary
data (h(oyas(u, ), B (u,x)) by the radiative falloff behaviour. Conversely, to have a configuration
space compatible with superrotation-like asymptotic transformations we must have, as argued
before 0, h1yap # 0, and from (8.1.9) we get the cases summarised in Table 8.1.2

While proving these statements at the non-linear level, we observe that they also provide a solution
to the concerns raised in [279] when briefly exploring supertranslations at the non-linear level in

even dimension.

A different take on this problem was pursued in [80]. They partially solve the issue of [79] because
they work in the linearised regime and in even dimensions and find that h(1)4p is pure gauge

(consistently with [71, 77]) and linear in w. Our result is more general.

The summarised results are obtained as subcases of the most general choice of boundary data

possible, further discussed in Section 8.2. Both hyap and () are a priori unrestricted, and
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Radiative falloff h( )45 =0 = Hyap =0
Ouh(oyap =0
FEinstein (7@143 =0,Pap=0) Bap=0-— 0480 =0
Cpnformal to Einstein Bap =Pap — p(x) = 260 (z)
(Rap =0, 0u®Pap =0) .
Not Einstein Rap ~Pap — Bagp
Ouhoyap = €2 hyp(x)
h Einstein (7A2AB =0) Bap = Pap — p(u,x) = 25(0) (u, x)
Not Einstein 7€AB ~®ap —Bap

Table 8.1.1: Synoptic view of various constraints imposed on the boundary data
(h(0)aB, B(o)) by the request hy4p = 0 in d > 4. The right column reports the con-
ditions stemming from H ) 4p under the assumptions in the left column and the simple
arrow — indicates a possible solution of the conditions.

Rap =0, o(x) =0=Bap #0 (8.1.11)
[=01H2ap 70 | Rup =0, p(x) £0 = Gup — Bap £0  (8.1.12)
auh(l)AB £0 7%,43 #0 (8.1.13)
o Rap=0= Pap = Bug —><p:2[3(0) (8.1.14)
Hiyap=0| |
140 Rap # 0 (8.1.15)
oy £0 Rap=0=Pap—Bap #0 (8.1.16)
(2)AB Rap # 0 (8.1.17)

Table 8.1.2: Various boundary data compatible with d,h(1)ap # 0. The cases such that
Ouh(1yap = 0 can also be obtained from this under appropriate changes.
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we also do not use at any point the spherical topology of the cross sections of ., so that the
conclusions reached are valid for any asymptotic null boundary with topology R x B%~2, where
B?~2 is a base space. The solution space is built in section Section 8.4.

We can rephrase the conclusions of this chapter by saying that the solution space we provide is
manifestly associated with a boundary generalised Carrollian structure, where “generalised” stands

for the inclusion of CL-superrotations (see Appendix A.1.1).

At the end of this chapter (Section 8.6) we make some preliminary comments on the asymptotic
charges and the phase space. We should expect divergences, but - at least when By = 0 - we
believe we can consistently renormalize the charges as was done by Compere and collaborators
[156] for CL-superrotation charges in d = 4. The criticism of [157] about the covariance of the

procedure will apply also in this case.

The main points of the discussion are exemplified and summarised in Section 8.3 and Section 8.5
discusses the asymptotic Killing vectors, while Section 8.4 includes the details of the asymptotic

analysis and comments on polyhomogeneous expansions.

8.2 On the role of j

We set out to solve vacuum Einstein’s equations in Bondi gauge
ds? = —Ue*Pdu® — 2e*P dudr + r*hap(dz® — WAdu)(dz® — WBdu), (8.2.1)

grr =0=gra, det(hap)=q(u,z), (8.2.2)

with the boundary pair (hyan(u, ), B0)(u, z)).

We pause here to briefly discuss the role of a non-vanishing 3. Indeed, up to the previous
chapter we took () = 0 without worrying so much. ) is related to the definition of 7 (a
non-affine parameter along null geodesics) such that the expansion is © = €2 /r. Setting By =0
formally corresponds to gauge 3¢y away by appropriately redefining the coordinates. This is always
possible when we assume the standard notions of asymptotically flat spacetimes, namely isolated

spacetimes with appropriate falloffs of the matter stress-energy tensor.

However, as argued in [143], the required transformation deforms the initial null surface in the
spacetime and thus is not a natural condition from a characteristic initial value problem point of
view. If we advocate a boundary perspective on the integration scheme, gauging () away from
the start may seem less unnatural. However, it may not be desirable if we think of a flat limit
from AdS/CFT in Bondi gauge, where 3 was given a role in the dual CFT [190, 272] From this
perspective we would ideally like to keep track of the fate of the degrees of freedom included in

B0y when taking the limit.

We can still argue in favour of keeping gy by simply observing that, with the knowledge of the
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asymptotic solutions (see for example (5.2.4) or later in the chapter) the leading order metric is
ds? = e2PO (=g du® — 2dudr) + gapdz?dz? (8.2.3)
In particular we can take the boundary condition gap = Tz’yA B so that
ds* = PO (—du® — 2dudr) + r?vy pdz?da®. (8.2.4)
Any metric in the class
ds? = %’ (—du® — 2dudr) + r*y s pdxtdz® (8.2.5)

with 8 = B(u,r,x) can be conformally compactified in d = 4 with a smooth Q = r~! and admits
a smooth .# [187], however its curvature is such that the stress-energy tensor does not satisfy
the falloff requirements usually assumed in d = 4. This is why such metrics are not considered
asymptotically flat [187]. With a non-zero (o) we are genuinely in presence of a non-asymptotically
flat spacetime (in the standard sense) which can be called asymptotically locally Minkowski by
comparison with the AdS/CFT jargon.

Notice that in d = 3, the notion of asymptotically flat spacetimes, defined by symmetry reductions

of four dimensional cylindrical waves, is necessarily of this form [187].

We have thus several good arguments to take (o) generic, but to make contact with supertrans-
lations and CL-superrotations we will restrict - when appropriate - to 3y = 0 and spherical
cross sections. Once again we stress that the presence of 3() will affect considerations of the

well-posedness of the variational principle.

8.3 Asymptotic analysis: discussion

For ease of comparison with existing literature, we adopt conventions similar to [60]. We define
the quantities (see Appendix C)

1 1 1 _
lap = 50uga, kap = 50:gap, na=ge g0, Wo, (8.3.1)
as well as*
_ na  ~c 1 ¢ A_O8  za
ﬂA:rT, KD = ih 87-hAD, so that kB:7+KB (832)
Einstein main equations take the form
r ~ ~
Ry, =0 9,0=— KAKE? 8.3.3
= B 2(d — 2) B A ( )

“Notice that [60] uses K7 := 2 K#.
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Ryr=0= 8r(’l“dﬁ,4)=g,4(ﬁ,f() (8.3.4)
Ga(hap,B) =r"" [(37- —d ; 2) 4B —“"PDpKJZ|,
AB d—2 A
P PRap=0= 2= 3) 410U = Flhap. 8. W), (8:3.5)

F(hap, B, WA) = e [“"PR - 2(DAD*B + 0*B0sB + n*na)]

d—2 d—2
+ (aT + 2) DWA +2—=1,
T T

-2
fmﬁm:0$<&+dr:w§+@WHM§:H§, (8.3.6)

Hp =~ [“RE —2 (" DPpp + 07 p0ps +n"np)]
d—2 1 1,
— [ De(WEkR) + kR DpW — kI DAW "]

We can stress the difference with field equations in Fefferman-Graham gauge with A.

In that case the terms involving the time derivative are hidden in the covariant derivatives along the
timelike hypersurfaces that foliate the spacetime and the only terms that are distinguished are those
analogous to kﬁ, involving derivatives along the radial direction orthogonal to the hypersurfaces:
this is (appropriately normalised) the extrinsic curvature of the timelike surfaces that foliate the

spacetime in the typical AIAdS integration scheme in terms of Gauss-Codazzi equations.

Analogously, kap is the (non-normalised) extrinsic curvature of the r = const timelike surfaces.

The cuts of such surfaces by u = const null surfaces are spacelike and their extrinsic curvature is
Qap =lap+ (dfz)D(AWB). (8.3.7)

Equation (8.3.6) can be rewritten in terms of Q45 and 9,kap but not much is gained for our

current purposes5 .

The solution of all the main equations can be given in a closed integral form depending on K 4 and
encoding the asymptotic behaviour of hapg. As we have commented several times, such behaviour

is not uniquely determined by any equation.

The integral form of the solution in subsection 8.3.1 can be given following [60]. Then in subsection
8.3.2 we discuss, to fix the ideas, the leading order solution and the strategy pursued in Section
8.4, where full details are given and the comparison between radiative and non radiative behaviour
is made and logarithmic terms are discussed.

5We get a shorter form, but upon performing the manipulations of the next section to remove dy,kan,
the equation will almost look the same as what we already have.
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8.3.1 Integral solution of the main equations

In the following, we use the somewhat imprecise convention of singling out the relevant integration
functions and leaving integrals as indefinite when no chance of confusion arises. This set, we write

the solution of equation (8.3.3) as
1 o

With (?7), (8.3.4) becomes

Or(rdiy) = ri2 Ka,. — d;2> oaB — <d—2>DBf<ff] = G(B,K) (8.3.9)

where we have also defined for convenience
1
fia = 5e—Qﬁm,Ba,«WB, (8.3.10)

so that Noa(u,2) Lo
~ A(u,x
= — 4 — d 8.3.11
fia(u,r, ) o +rd/ Gads, ( )

and hence
r 1 t
WA (u,r,z) = W(‘g) (u, ) + 2/ dt e2Bt2) pAB (y ¢, z)t—d <N3(u, x)+ / Gp ds) (8.3.12)

The integration of (8.3.5) gives

u(df?)) (U,, JZ‘) 1 " F
rd—3 rd—3 d—2

U(u,r, ) = 5972 ds. (8.3.13)

Using
dukp = 0:l5 — 215k — KR15), (8.3.14)

the latter equation (8.3.6) can be conveniently rewritten as

OB + 0Bl = 48 (8.3.15)

where d—2 .
005 = —5, 9005 — (0Ckp — ko), ip =5 (Hp — Ikp) (8:3.16)

and the solution is given by Lagrange method. Indeed, it is of the form

§(x) + f(2)y(z) = g(z), (8.3.17)

whose solution is
y(@) = e " e+ (), (8.3.18)

where F'(x) is an antiderivative of f(z) and () is an antiderivative of g(x)ef®) and ¢ is a constant.
We write the solution of (8.3.15) as

1 _
12 = 05 (QNE + zg) (8.3.19)
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where the factor 1/2 is chosen to cancel later factors of 2 in the definition of N4p, with

0R4 = /ogg , 1D = /j§e93§ . (8.3.20)
Notice that ogg contains a term explicitly of order —!, which when integrated contributes with
logarithmic terms. The integral defining 983 is to be considered between a generic r in the bulk
(where the coordinate system breaks down) and a large R to be sent to infinity. It is easy to see
that the potential logarithmic divergence is absorbed in a power of r.
Equivalently, to ease comparison with [60], we can split

~ 1
5=+ L, s §h(g§auh(o)CB, (8.3.21)

and, to remove the explicit ! piece from the operator acting on Zg, we can further define

R (8.3.22)
so that (8.3.15) becomes
OLE +0BALS = JE \ (8.3.23)
with
Ots = (06 K5 — KE6p), (8.3.24)
and
a2 [ ~ (d—-2)
The solution thus read
1 _
LB = 965 <2N§{ + L§> (8.3.26)
with
Ob4 = /OCB, b = /Jge@é’é. (8.3.27)
To reconstruct [5 from LE one just uses
12 =y 4 105 - (8.3.28)

Having solved the equations, we can complete the scheme (5.1.8) as

,B(U,T,CC) :ﬂ(o)(u,x)+b(u,r,1:), b:b[K}
WA U, T -
WA (u,r,z) = mT_dl)(l)—&—wA(u,r,gc), w? = wh[py, K]
u(d—3)(ua (E) %
u(“y T, x) = T + U(U, T, LU), v = U[ﬂOv Kv W(d—l)au(d—Q)] (8329)

and
I (u,r,2) = 15[80, K, Wa—1,Ua—2)] (8.3.30)
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The notation here indicates that the metric functions on the left depend of the quantities in square
brackets on the right hand side, K standing for any combination of K g. All the solutions are given
in terms of the auxiliary quantity K g‘ defined in (??). Thus, in principle, the boundary conditions
should not involve hap directly but rather K g‘ and lg. Clearly the boundary condition

lim hap(u,r,x) = hyap(u,) (8.3.31)

r—>00

does correspond to the boundary condition

lim 15 = I3 5 (8.3.32)

T—00

which allowed us to perform the splitting (8.3.21), in terms of which, then, the boundary condition
on L4 is
lim L3 =0. (8.3.33)

r—00

Furthermore, it is self evident that the boundary condition (8.3.31) cannot be relaxed further.

These boundary conditions on hap or equivalently /4 imply a boundary condition on K a

lim K =0 (8.3.34)

T—>00

However, as opposed to lg (or equivalently Lg) and remarked several times, the radial behaviour

of K é is not determined by any of the equations.

We can pick virtually any form of K § and we will be able to consistently solve the equations.
However, the resulting conditions at subleading order may restrict the leading data. This happens
if generic boundary conditions are assumed together with an asymptotic behaviour compatible

with radiation at the leading order
K~ r 2 & hap —hoyap ~77 . (8.3.35)

That is, radiative falloff conditions necessarily restrict the asymptotically locally Minkowski bound-

ary conditions, as we now exemplify.

The goal is to use the equation for [4 to infer the radial behaviour of K 2 without restricting the

leading order data.

8.3.2 Example: leading expansion

To exemplify we take K# = 0. Hence k# reduces to ki = 64 /r. We get

A
"

r

b=0, w? =rlU_1y + U), (8.3.36)
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where according to the scheme above all the coefficients of this expansion depend on 3y and

hyap- In turn, ol4 = d_Qégég and equation (8.3.15) reduces to

2r
D D
d—2 J J
D DsA;C _ J(1)B 2)B
Oplg + TrécéBlA = + 2 (8.3.37)
where (all the expressions are taken from the next section)
. 1
]8)3 = ) ((d - 2)537/1(71) - 155) )
D

. B
iBs = (22> . HByp = =P OR 4 + (4= d)Bag[Be)), (8.3.38)

where R ap is the trace-free part of the Ricci tensor of h(g)ap and Bap[B(o)] is a trace-free tensor
vanishing when By = 0 or 943(0) = 0, see (8.4.42). The solution of this equation is

-D
2 J NE
. D D (2)B B
d>4: ZB 7d—2j(1)3+d—4 , + d;Q’
. 1/,
d=45 1B = B+ (385187 + NF). (8.3.39)

However, the boundary conditions imply 5 = l{é) p» and we infer (for any d)

2

From lg = hP49,hap we get a condition on Ouh0yaB

o _ 16f 21

OB= 35 OuhyaB = mh(o)AB, (8.3.41)
which is (8.1.6).

What about the subleading parts of [5 depending on r? In this example they are set to zero by the
boundary condition f(g = 0. Indeed, from (8.3.14), Rg = 0 imposes 6,12 = 0. So, the constant of

integration N g‘ is to be set to zero and the term j(g) p must vanish identically. The latter implies
Hizyp =0 (8.3.42)

with ’Hg)B given by (8.3.38).

This condition is not necessarily valid under the more general case of K g # 0. Indeed, suppose

Kg=0(@="") (8.3.43)

for some a, employing the notation of next section. Then, K g‘ not only contributes to the subleading

orders, but for some values of a, the leading terms of K § may as well contribute to jé) B

For any a not modifying the above expressions, jé) g = 0 implies the following

5D (0) (0)
rzR —RPp+ (4—d)e O BE[B)] =0 (8.3.44)
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In d = 4 it reduces to
5D (0) (0)
733 —RPp =0, (8.3.45)

which is automatically satisfied.

In any d > 4, instead, the constraint relates the pair of boundary data (h()ag, B()). To uncover

this relationship we may proceed either by making assumptions on ) or on h)4p-

We can assume that hg)4p satisfies itself Einstein’s equations

© 1 ©
Rap — ih(O)ABR +Chyap =0, (8.3.46)

so that, as in many cases of potential interest, hyap is an Einstein metric with a curvature

parameter C

d—4 O
=—R. 3.4
C ) R (8.3.47)
and we are left with
BE B =0 (8.3.48)

to satisfy.

On the other hand, assume that () is gauged away. In this case we are left with the task of

©)
satisfying the trace-free condition of Rap. A class of solution is given by Einstein metrics, but

this is not the general solution in d — 2 > 2.

Consider for example h)ap = €*?(“®)y,, where v4p is the round metric on S¢=2 or any other
Einstein metric, so that its Ricci tensor is trace-free. From the conformal transformation properties
of the curvature tensors, we get an equation relating ¢ and SB(g). If on the other hand, v is not

Einstein, then ¢ and ) are related by .

These points further suggest that the interplay of h() and 3oy is to be considered with more care
in d > 4.

The conclusion of the toy solution presented here is the following. The metric

W wh
ds® = —2%O) (1U_1y + Ug))du® — 2¢2°© dudr + r2hipy 4 (dmA + “)du> (de + (”du>
T r

(8.3.49)
is a solution of the field equations if (8.3.44) holds. As W(?) = 0 when By = 0, this means that

ds? = —(rU—1y + Z/l(o))du2 — 2dudr + rzh(o)AdeAde (8.3.50)
is a solution of Einstein equations in d = 4 but not in d > 4 unless (8.3.46) is satisfied.

As we will see in the next section, the situation here discussed holds for radiative falloff conditions
of (8.3.43), i.e. a=(d—2)/2.

If instead we wish to recover an infinite dimensional asymptotic symmetry group with supertrans-
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lations and Dif f(S9~2) superrotations, then the choice a = 1 is necessary, and the boundary data
are unconstrained. Instead, new relationships for the u-derivative of the subleading terms in hapg
(as for the leading (8.3.40)) are obtained.

8.4 Asymptotic solutions: details

To give general explicit solutions of the main equations we select an ansatz for K g or equivalently

hap. As we wish to compare with previous literature, we employ

hiatpyan(u, )

S (8.4.1)

hap(u,r,x) = hyap(u, ) + Z
p

where a is the leading power that we will now discuss and p € Ny if d is even and p € Ny /2 if d is

odd. Several comments are in order before proceeding.

Radiative falloff ansatz. Linearized perturbations around Minkowski space suggest that for
radiative solutions a = %, which is integer for d even and half-integer for d odd. This justifies p
belonging to different sets according to d even or odd. This splitting between even and odd does

not depend on the gauge.

In literature we usually find other kinds of considerations which restrict the orders at which both
integer and half-integer powers coexist in odd d. We may argue that the expansion only contains
half-integer powers of r up to a certain point at which integer powers starts to contribute [70, 233,
77]. Indeed, the mixture of both integer and half-integer powers can be attributed to non-linear

effects, which are supposed to be negligible asymptotically.

For example, Wald and Satishchandran [77] (not working in Bondi gauge) considered the following
ansatz for odd d

Juv = Nuw + G,uua G,ul/ = Z rinGEﬁ) + Z Tﬁméyg) s (842)
n=4-2 m=d—3
2

where n is half-integer and p is integer and both sums proceed with unity steps. Thus, here the
integer powers enter starting from the Coulombic order. Despite sounding sensible, it is important
to stress - following [233], that it is not known when exactly the nonlinearities mixing integer and

half-integer expansions kicks in. It is possible that they appear before the Coulombic order.

Non-radiative falloff ansatz. Since in the following we consider slower falloff behaviour
than the radiative one, and in particular a = 1, we are not going to restrict further Aq4p)an-

Indeed with a = 1, the nonlinearities will appear at order 2 already.
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Mimicking (8.4.2), we could particularize (8.4.1) for a =1 as

h m il n
hap = h)ap + Z ( )AB + Z —(AB (8.4.3)

m=1 _d—2

in order to include all and only the integer terms of order m < (d—2)/2 (in d even the sum will not
be over n). But for the problem at hand we do not find any particular reason (except simplicity)

for doing so and it will break the sort of “boundary” integration scheme we have set up®.

Furthermore we will write expressions where switching from integers to half-integers is in principle

easy, although care is needed.

Polyhomogeneous expansion. Another point to be considered is the presence of logarith-
mic terms in the expansion. Following what is known about d = 4, the most general ansatz would
be

Hypyap(u,r, )
ratp

hap(u,m,x) = hyap(u,) —i—Z

)

H(a+p)AB(u7Tax) = h(aer)AB(uvx +Zlogr h(a+p,j)AB(U7$) (8.4.4)
J

For a d = 4 radiative spacetime (¢ = 1), j € Ny (see for example [280, 274]). Notice that the
leading expansion of the previous section indicates the presence of the first log term at order r—!
in d = 4. So, to exemplify again what discussed above: if H()4p is imposed to be non-zero
from the start, with Minkowski boundary conditions, then taking j(2y = 0 implies that h; 1)4p is

u-independent (consistently with [280]), while d,h(1yap = Nap-

In our analysis, we will consider logarithmic terms in h4p only tangentially whenever they stem
from the equations, rather than imposing a polyhomogeneous expansion to start with. We are
not aware of other works along these lines. Recently BMS charges were discussed for d = 4

asymptotically Minkowski spacetimes with general polyhomogeneous expansion in [234].

Determinant condition constraints. With the given ansatz (8.4.1), the determinant con-
dition hAB0,hap = 0, implies
h{§5 harpyan =0 Vp<a (8.4.5)

while the trace of the others h(,4p)ap (p > 0)is determined in terms of the previous orders. To

exemplify consider

ha)ya hiatp, U, T L dodd
hag(u,r,z) = hyap(u,z) + ( )a B | Zatp iif( ), po=1 72 (8.4.6)
r e 1 deven
Its inverse is AB B A on
h h h oh
(G+Po) )
h h(o) ,ra ra+po ’I"Qa ) (847)

5Tt is explicit from the formulas of the main equations along the transverse directions that the expansions
of W# and U induce half-integer as well as integer powers in dyhap.
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where we understand that we have to discard all terms of order greater than a + p,. We retain the

order 2a because it may be equal to a + p, according to the cases:

R) a:d%?,dzlls 2a = a + p, iff d = 4, otherwise a + p, < 2a,

NR) a=1,d > 4: a+ p, = 2a for any d even, a + p, < 2a for any d odd.

where R and N R stand for radiative and non-radiative.

The determinant condition thus implies

a ;AB a+Ppo ,ap a . AB
- rat+1 h(O) h(a)AB - ratpot+l h(O) h(a+po)AB =+ F2a+1 h(a) h(a)AB +---=0. (848)
So we get
hixBh =0 Va,d 8.4.9
(0) M(a)AB = a, (8.4.9)
and
1 d—2
d >4 odd (po=§), a=-—— or a=1: hé)?h(aero)AB:O
d—2
d>4even (p,=1), a= 5 : hé?h(aero)AB =0 (8.4.10)
d>4even (p,=1), a=1: h{eS hizyas = ih(‘l?h(l)AB.

As we can see from this example, the consequences of the gauge choice in even d > 4 with a = 1
is really like d = 4 and this is why many results can be transferred to such generic dimensions

quickly. However, the situation changes with radiative falloff conditions.

Furthermore, when d = 4 we can also use the relationship valid for any 2 x 2 symmetric traceless

matrices [60]
1
MEME = 55@‘1\45;1\48, (8.4.11)
which does not hold for higher dimensional symmetric and traceless matrices. These are subtle

remark which should be taken into account when computing charges.

8.4.1 Asymptotic expansion of 3, W4 and U

With the ansatz (8.4.1) given a and the boundary condition W(‘g) =0 we get,

Ba+p)
B = By + Z Batr
p=>0
WA d—2—a WA 1
A _ (1) (a+1+p) A A
W= r + Z ra+ti+p + rd—1 (W(d—l) +Wg_1) 10g7’) +..
p=0
a+p<d—3 u( | 1
a+p
U= rZ/{(_l) + U(o) + Z atp a3 (U(d_3) + Ugg—3) log r) + ...
p=0
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The details of the expansions can be found in Appendix C.2. Here we make some comments and
list the expressions relevant in the next parts. The expansion is shown up to the order of the free
functions W{C‘l_l) and U4_3) which are universal (i.e. their functional form does not depend on

the spacetime dimension) and are given by

2
Wiy = T 162/3«» h{t§ Ne, (8.4.12)

with N4 free, and U(q—3) is normalized as

22

= 4.1
U(d,g,) (d _ 2)Qd72m (8 3)

to highlight the function m corresponding to the mass aspect in radiative asymptotically Minkowski

spacetimes.

The leading terms of the expansion are universal in the sense that they take the same form for

both values of a

a AB A AB
Paa) = ~1g(g —g)@arhtey, Wiy = 2670 h{} 08B0y, (8.4.14)
A e*fo a 10® ~268(0) pAB
Wiaen = .57 a2 = a0 Pel@e = O hig Ways (8.4.15)
2
Uny = 71 (8.4.16)
e2B0) © o @
Ug) = @=3)d—2) (R +2(d = 3)e B(O)DAW(U) : (8.4.17)

(0) ©
D AW = 2e*P© <D25<o> + 25A5(0)5Aﬁ<0>>

1

o) = G-2)d-3_a)

(0)
{62% (0R)(a) + (2d — 5 — a) <DAW(;§ o+ F(L)ACW(%>
—(a+1)e~2Pw W(?)W(aH)A} (8.4.18)

(@) (0) (@) 1 /© © 0) () ()
(OR)(a) = hioy Rag — h{}} Rap, Rap= 3 (DCDAh(C;)B +DoDphlyy s — D2h(a)AB>
(8.4.19)

In the latter, only the terms in the square brackets are universal in any dimension. Indeed when
d =4 (a = 1) and the denominator vanishes so that only the part enclosed i Notice that (8.4.18)
holds for both values of @ only in d > 4, while in d = 4 (e = 1) the term in square brackets
constitute the coefficient of the logaritmic term U;). With the notation of Appendix C.2, F,42).
Hence in d > 4 U(y) ~ F(3), while to discuss Ug_3) in d > 4 we need further subleading terms as
detailed in Appendix C.2 and they are discussed next. With By = 0, F3) = 0 in d = 4 and so



8.4. Asymptotic solutions: details 145

the logarithmic coefficient Uy = 0. By substituting either a =1 or a = d%Q we have
(0)
f(g) = 260 |:((5R) 1) — DADBh ] — .7:(3) [W(l)]

a=1 Fa Wy =—(d— Q)W(l)BDAh(l) (d—3)h{y} DAW(l)B (8.4.20)

+d13W(1)DBh(1)A +e2POnG WEWa)s
(8.4.21)

©) -
. ]:(#) — 2P0 |:(5R)(d22) — 7D DBh dzg):| —f(%)[W(l)]

-2 - ©)
T Flap) Wl = 2(M)W<1>BDAh(@) + (P DaWys (8422)

+W( DBh(d 2)4 +e 28 (O)h W(l)W(l)B

With By = 0, F(a+2) [Wy] = 0 and the term in square brackets vanishes only when a = 1 if the
Ricci tensor of h(g)4p is proportional to hgyap because (using the determinant constraint)

0 () AB(O)
(OR)(a) = DaDph{t) — h(e Rap (8.4.23)

In four dimensions the vanishing of U,y thus is automatic with 3g)4p = 0, while in higher dimen-
sions along with SBgyap = 0 is essential that the metric hyap is Einstein. With radiative falloffs
in higher dimensions F(,42) # 0 ~ U(q) # 0 even with Minkowskian asymptotics.

At subleading orders the different expansions of hap in even and odd dimensions impact on the

other expressions. To list a couple we have

ala+p)

=———""—h hAB . 8.4.24
ﬁ(2a+p) 8(d72)(2a+p) (a)AB"(a+p) ( )

and the next order in W4 splits into (we are expressing everything in terms of By rather than
W(f?) here)

280y
A . e a—+ po BAC
Wiatror1) = o1 <(a+p T+ a=d"o D51 Eusprc — 20 008 (0)) (843
2f(0) 2KhAC
A € (0) 4, BD
Wisat1) %1l |d—2—2a ((d — 3+ 2a)0cB2q) + > M) DBh(a)DC>
a
+ 1-9_a hf(‘)?DBh(%)c — 45(2a)hi%?805(0):| , (8.4.26)

according to the spacetime dimension. The above terms are valid if the denominators do not vanish,
otherwise they contribute to the logarithmic term in W#. This contribution is already present in
asymptotically Minkowski spacetimes (hyap = Y4B, B0) = 0) in four dimensions unless the first
post-radiative term in h4p, namely h(2)4p, is constrained [57, 58, 143, 60]. Similarly in higher
dimensional radiative asymptotically Minkowski spacetime the first post-radiative order of hap is

to be constrained to avoid the logarithmic term [69, 70].

The first logarithmic terms that appear in W4 and U propagate down in the expansion with
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various powers and unless they are consistently set to zero by constraining the leading order data
they also affect hap so that the ansatz break down at some point, via hap further logarithmic

terms appear in 3. This gives the minimal form of polyhomogeneous expansion.

We discuss for example the log term in W#. The logarithmic term appearing in W4 at order 7' ~¢

is given by (see Appendix C.2)

2
Wia—n) =~ Oh{o fia). (8.4.27)
© (14p) b (1pr) .
’FL(d)B = — DcK(d73)B+2(d_2)8Bﬂ(d—2) + Z BDK(m)A_ T BAK(m)D
p+m=d—4

With the non-radiative (NR) falloff (d > 4) a = 1 we can organise this (as any other coefficient of

the metric expansion) as

_ _(R _(NR

itdya = gy + g (8.4.28)
with ﬁggi) vanishing when restricting to the radiative behaviour of h (its expansion starting from
a= d%z) In four dimensions, clearly there is no distinction. The functional dependence of fzgf’)) s

on the orders of h is as follows

=(R) _ ~(R)
Mgy = MayalPa—2), hazz)l- (8.4.29)

It is interesting to compare the explicit expressions of fzéf))B in the cases d = 4,5

(0)
~(R c
ity = Dohiy) (8.4.30)
sy _ 31D ape 1D o op 10 e
_ 228 © (tf)AC . . . . .
The result Wy = —5e27© Dch(Q) in four dimensions is well known [60], the exponential factor

being a trivial effect of allowing a generic j3(q).

On the other hand, the logarithmic term in U is not visible in d = 4 with the Minkowskian

boundary conditions.

8.4.2 Fourth equation: L3

In order to discuss the asymptotic expansion of the general solution of the fourth main equation
1 _
LB = 965 <2N§{ + Li) 7 (8.4.32)

it is useful to collect the expansions of the intermediate quantities @gg

_ _ 1 ehP4
024 — [ OBdr =[BRS - REsh)dr = = Y 428, (5.4.33)
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and” J&

o (1 _ - 1(d—2
9B =5 3 0p - R) + RSB - M Dl s

D H(l)B 2)B i 145 logr log 7
Hy = . —|—Z at i i TH— 1)[U(d 3)]+7H(d)[W(d 1)}—}— .. (8.4.35)

168 lKD
kB = 7 e Z; (8.4.36)
p=

Notice that no logarithms are generated in © and that the first order at which the logarithmic term
appears in HE comes from the first logarithmic term in ¢ (which can be automatically vanishing
without serious restrictions) and the second logarithmic term is induced from the first logarithmic

term in W4. The expansion of J D is organised as

IR =r T I 1T H%B + ;}r” IC wacswin g (8.4.37)
+ log; H(d_l)[zU ol kﬁ:H(d) W] +-
T2 r
where
I aayp = % (HQ)B 168 —(d - 2)1@)3) , HByp = (d—2)58U 1 (8.4.38)

(0) 4 —d (0) (0)
H(DQ)B = (d — 3)(551/{(0) — 625(0>RD + T (DBW(l) + D W(1)3> — DAW(?)(S? (8439)

(0) 0)
DPWq)p = 26770 <DD5’35(0) + 23Dﬁ(0)33ﬂ(0)> (8.4.40)

1
J(D, doisdetn) g = (H€l+1+p)B - lK@)B) Iy K mclos (8.4.41)

Substituting (8.4.17) in (8.4.39) and lowering indices and using that W(‘?) is a gradient vector, we

get
Hyap = —€’ORap + (4 — d)Bap[B0)] (8.4.42)
where
© h (0)
Rap = Rap — 2R (8.4.43)
h(O)AB (0)
Bag[Bo)] = DAW(l)B + DBW(l) i DeW (8.4.44)

are both traceless. Bap[B()] can equivalently be written as

hoyas
d—2

[ (0 ©
Bag = 2¢28© DAaBB( + 28Aﬂ(0 63,8 ) — <D2ﬁ(0) + 28@6(0)8Cﬁ(0)>:| (8.4.45)

"We have cancelled a term using the leading solution (8.4.67) l(0> B X 64, which we are going to derive
next.
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The first term of (8.4.41) is

H(DaJrl)B = (d—2— a)K{)pl1). (8.4.47)
So that
9(d—2—a)— (d—2 0 if g = 4=2
IP sy =2 Q(d“z 2)( \iKB,, = P I S PR
’ sy lKQp fa=1,d>4

It is also instructive to show explicitly the integral [ .J D = 1D which enters the definition of fjg

d—2 s o Hp)s Jiimp | logrBG_ip
a=—"": IB_/ “)B+r 5 +p§ iy T gt (8.4.49)

, us Hg)B ae o log r H(Dd—l)B
a=1: IB :/7'2 J d4)B+7'2 +E T2 pJ7d76 + a4 +
3

2 =0 +p)B rz 2
(8.4.50)
So that
d>4: IR =r="1P 4P +15_5logr (8.4.51)
: B — (,%)B <,f’%4)3 [d>4]B 108 s
Jb . _
+ o Zp>0 T%TB if a = %
— D
D p>0,4454 ror d—zzl]fzp ifa=1
> 3
1JE  (1+logr
d=4: If=rIP 5 +1[_plogr—>)" 7«773 - (di;zg)H[B) +.... (8.4.52)
p>0 Tz

For brevity we have only included in J the logarithmic term corresponding to U¢y_3); the logarithmic
term corresponding to w&f 1) appears at order r~2 upon integration. In any case we are not going
to need these terms as in the next part we limit our considerations to the terms up to 7°. In the

above we have

) D )
dz4: Il ua, d TP asy (8.4.53)
H
2 (2)B D 2 .
ILi”:)B = d—4 2 +J(—d26)B>_ I[l(—; 4B ifa=1
2
D(tot)
(-45%B
(8.4.54)
. d—2
st gm0 ifa=5=
d>4: 1h,, = . . (8.4.55)
a—a ifa=1

_d—4— 2(G+P) )B|p—
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Clearly I[Z>4]B and I[[r;:W? are just the coeflicient J(%B in (8.4.37) for the given value of a and
D

the given dimension d. The colour assigned to the logarithmic coefficients is to signal that Tia—aB
is the sum of the red and blue coefficients of the expansion with a = (d — 2)/2 in d = 4 (stripping

off the numerical factor stemming from the integral).
The general solution of the fourth main equation
1 -
LB =965 <2N§ + Li) (8.4.56)

can thus be expanded as

(a+p)#(d—2)/2

d=2 d—2-2(a+p)
Lg:T 2 Lfi%)B—F Z T 2 L(D_d_Q_g(”"FP))B+L[Ddz4]Blog’r+L(D0)B+""

p=0

(8.4.57)
For any a
Ll aayp =17 a2 (8.4.58)
15, =8 Ol [Ll(—k)) B 8.4.59
0B~ +Z([€ Ll (-1) B (8.4.59)
k>0

notice the form of L q): L is always a sum of powers greater or less than 0 and logs, so L) is given

by the free function N and the appropriate combinations of orders with e~®. The next-to-leading

order is
e, ifq =92
d>4: L0 uay =g U o ? (8.4.60)
O e
d=4: L[Dd:4]B = 15:4)3 + (J(O)@(l))g (8.4.61)

The logarithmic coefficient in d > 4 is instead

Lﬁ>4]3 = I[Dd>4]B + Z([ee](k)J(l))|(Dk+l:—1)B (8.4.62)
k.l
In d = 5,6 the logarithmic term appears immediately after the coefficient L(D_ FIvIgS whileind =4
2

the 70logr term is the next-to-leading term. The next term after r°logr is, in any dimension, 7°

where the free function N5 appears: the radiative order. The above expressions are thus all we

need in d = 4,5, 6 to reach the radiative order. In higher dimensions the sum in (8.4.57) produces

D

further terms between L~ ,_,
(-=)B

and 70 log r.

8.4.3 Fourth equation: 0,hp

In order to translate the results for LE in terms of I5 and d,hap, the expression of LE obtained

from integration (8.4.57) - here noted as SOluﬁonLg - is to be equated to the defining expression of
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LY ((8.3.22) and (8.3.28)), here noted as definition D
solutionLg _ deﬁnitionLg' (8463)
More explicitly definition B ig given by
definition 7 D _ P ib= i (lg _ 15)B>
a—2_ . a-2_ .,
=1 UG+ Y T T
P
d—2-2a—2p 1 DE DE
=y 5 (h(O) Ouh(asp)EB — h(a+p)8uh<0>EB)
p=0
+ non-linear terms, (8.4.64)
In Section 8.4.3.3 the notation notation

_ 1
Boams = 5 (hgfauh(a+p)EB - hgﬁp)auh(o)w) . (8.4.65)

will be used. The non-linearities at each order (a + p) (for appropriate a and p) come from the full

inverse of h 4p, while l_(l?l p)B is only defined with respect to h(,4p)4p with raised indices.

From the leading order of (8.4.63) we get, in any d > 4 and for any a

D _ D _
L g2y =0=10 42, =0| (8.4.66)
With (8.4.38) and (8.4.16) it gives
168 21
D B
loys = T3 Ouh(yaB = mh(O)AB ; (8.4.67)
namely
N l Ouq
h = 2e(ua)] P = = | 4.
0AB(u,x) =e ©0aB(T), Oup d—2  (d—2)2q (8.4.68)

This shows that in any dimension h)4p can depend on u only via a conformal factor, a result

known from the d = 4 analysis of [60].
As a consequence of (8.4.67) we have
(zfg) A5 — K(Dp)cz(%)B) =0 (8.4.69)
so that the barred terms (i.e. (8.4.41)) in the expressions of the previous section are justified.
With the given [, U1y can also be expressed as
Ui_1) = 20, . (8.4.70)

We now discuss the subleading solutions considering separately the radiative case a = d%Q and the
non-radiative case a = 1 in d > 4. In d = 4 there is no distinction between the two cases and we

conveniently include this case in the radiative section.
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8.4.3.1 Radiative falloff ¢ = %

With radiative falloff conditions, the expansion of Lg up to order 7° in d > 4 automatically
collapses to the sum of the leading term, the next-to-leading, the 7°logr term and the term of

order 7°. In d = 4 we have the leading term, the r%logr term and r°.

Upon using the leading solution (8.4.66), we get in d > 4 the following equations from (8.4.63)

L aayy = 1P uu = 4.7
(—azayp =0= 1 Zaa)p =0, (8.4.71)
Lisagp = 0= Ihogqp =0, (8.4.72)
NE = h(%)Eauh(%z)EB - h(f’g \Oul0)EB; (8.4.73)

while, in d = 4
Li—agp = 0= I{]_y5 =0, (8.4.74)
NE = b3y 0uhyes — h(1} Ouh(0)EB- (8.4.75)

The coefficients of the logarithmic terms in °'ut°n LD are equated to zero because, by our original

assumption, definitionf D

contains only powers of r. Notice, however, that (8.4.55) with (8.4.48)
implies that (8.4.72) is trivially satisfied

I}~ qyp = 0. (8.4.76)

This, also implies, referring to our colour convention (8.4.54), that equation (8.4.74) reduces (8.4.71)
to
I _yp ~Hoyp =0 (8.4.77)

The same condition H(DQ)B = 0 is seen to be imposed by (8.4.71) because of (8.4.54).

At order 70, (8.4.73) and (8.4.75) have the same structure with d > 4 and, using (8.4.67), we get

21
Nap = Oubaz)ap — 75 ha2)ap | (8.4.78)

which generalises the definition of the news tensor for u-dependent hgyap to any d (cfr. [60, 70]).

To recap, with radiative falloffs - imposing that no logarithmic terms are generated by the fourth
main equation - the constraints are solved by (8.4.67) and 7-{,8) 5 = 0. The news tensor take the

usual linear form in h( a2),p

In four dimensions, as already discussed, Hg) 5 = 0 trivially, and this implies that the r°logr
term is not generated by the integration. In higher dimensions, the r%logr is again trivially
not generated, but the condition ’H(DQ)B = 0 is to be imposed on hgyap and B to ensure that
no overleading powers with respect to the radiative order are generated. The discussion of the

implications of H(DQ)B =0 in d > 4 was presented in Section 8.3.2.
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8.4.3.2 Leading logs

With a maximal polyhomogeneous expansion of hap

1 d—2
hAB:h(O)AB+TTZ(h(a)AB+h(a)ABIOgT)+---a CLZT, (8479)
equation (8.4.63) gives
log - definitionp B — 504 solutiong B, _ 150 TJ(QDB, (8.4.80)
where )
deﬁnitionLg _ 5 (hﬁ)))Eauh(%)EB _ h([)é)auh(o)EB) , (8481)
thus equation (8.4.72) becomes
1
d>4: (h@f@uh(%)m _ h(Dé)(’)uh(o)EB) —0, (8.4.82)
while (8.4.74)
1
d=4 5 (hg;?auh(l)EB - hﬁfauh(o)m) —0. (8.4.83)
Both are solved by
d>4: ha2y,p(u,2) = 6280(“@)?1(%”3(1;) : (8.4.84)

If h(oyaB is u-independent then hiazyp is such, namely a constant of motion. This corresponds to
2

the case summarised in [280] for d = 4 axisymmetric spacetimes and generalises to any dimension.

Notice that the analysis of this subsection is valid only if hoaz, does not modify the asymptotic
2
expansions of all the other metric functions up to the orders we need to consider to carry on this

analysis. This is indeed the case.

8.4.3.3 Non-radiative falloff a =1 in d >4

The leading solution (8.4.66) still holds. With this, the next-to-leading order of (8.4.63) reads

1
L?_%)B =3 (hf()))Eauh(l)EB - hﬁfauh(ows) (8.4.85)
where L?_%)B = Ifi iayp because the term (6(1)[,(_%))% in the second line of (8.4.60) vanishes

by the leading solution and at this order, 18)3 = Zg)B. Using (8.4.54) and (8.4.48), (8.4.85) is

2 H(D2)B d—4 D 1 DE DE
i1\ 2 Tou—gpfos| =3 (h<o> duh(yes — () 3uh<o>EB) , (8.4.86)

Using (8.4.66), we then get

l 2
OuhyaB — Tahwas =g Heas (8.4.87)
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which can be equivalently written in terms of K (13) p as

l .

OuK(0)aB — mK(O)AB = _mH(g)B- (8.4.88)

The formal solution of this equation is

h(l)AB(u, x) = ega(u,x)]fL(l)AB(x) + (W) /e_¢(“/’$)7:[(2)ABdu/ , (8.4.89)

where we have absorbed the factor 2/(d — 4) into 7:[(2),43 and we have used (8.4.68). The same
considerations made after (8.3.44) applies to 7:l(2) AR, but this time it is not forced to vanish. It is
interesting to note that in this non-radiative setting 0,21y p solves an equation formally analogous
to those satisfied by the leading log term in Section 8.4.3.2. Differently from those cases, however,
the u-dependence of h(1)4p is not included only in the conformal factor encoding the u-dependence

of h(O)AB~

Suppose that hgyap does not depend on u and that also B(gy is u-independent, then h(1)4p is
linear in u. However, if ) is gauged away and h(g)ap is taken to be Einstein, then h1)ap is
u-independent. This is inconsistent with the action of CL-superrotations, as we have said in the
introduction and as we are going to show in the next section. More general boundary conditions
are then needed, as claimed. Notice also that, differently from the radiative higher dimensional

case, (o) is not related to (.

We have now discussed the first two equations of the cascade

Lf_¥)3 =0 (8.4.90)
Lf_#w =105 (8.4.91)

solutionLD
B

stemming from (8.4.63) = dEﬁnitionLg . It continues in steps of one in even dimensions

and one-half in odd dimensions, so that other few are

D _ 1D
Ll asyp=1(3)5 (8.4.92)
LZ%)B =1 (8.4.93)

D _ 1D
L(,%)B = l(%)B (8.4.94)

D _ 1D
Ly = Lz (8.4.95)
Lisqp =0 (8.4.96)

where the odd figures 5,7,... only appear if the dimension is odd. It is understood that the
equations appear iteratively up to when L(_ dony = L), which is the radiative order. The equation
for the logarithmic coefficient also appear at this order. Thus in d = 5 and d = 6, (8.4.90) and
(8.4.91) are the only equations above the radiative order, as well as (8.4.96). In d = 7, for example,

we need to discuss also (8.4.92) and (8.4.93) before the radiative and the log order. As said, here we
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do not consider equations which are more subleading than radiative in the asymptotic expansion.

We now turn to the discussion of the radiative (8.4.95) and the logarithmic order (8.4.96). For
d = 5 and 6 the analysis is quick and exemplifies the case of higher odd and even dimensions

respectively.

d =5 and odd. The radiative order in five dimensions is 72 and hence l(zy in (8.4.95) is
simply Z(%) with no non-linear contribution. The tensor N 4p satisfies the same expression as the

radiative news tensor discussed above

21
d=5: NAB:aUh(%)AB_gh(%)AB‘ (8497)

The equation for the vanishing of the logarithmic coefficient (8.4.96) is automatically satisfied.
Recall that L[Dd> 4B is given by (8.4.62). Referring to that equation, in five dimensions only I[Dd:5] B
contributes. This is given by (8.4.55) and (8.4.41), which in five dimensions reads

l
D _ D D _
Jos=HiEe — s =0 (8.4.98)

D _ D
because H(%)B = lK(g)B.

In higher odd dimensions we can easily see that IV 4p satisifies the same equation as in the radiative

case if the half-integer powers of the expansion before the radiative order are zero, namely if

2 hayap  Ms2yan
hap = h(())AB + Z + 2 o—+ ... (8.4.99)
ken rz

In such a case also the logarithmic term at radiative order automatically vanishes.

The expansion (8.4.99) is indeed very natural. As we have seen in the first example, Einstein field
equations always implies a ! falloff and that the free function appears at order . Despite
what assumed in our initial ansatz, the equations do not induce any half-integer power before the

radiative order.

d =6 and even. In d = 6 the left hand side of (8.4.95) is given by (8.4.59) with k¥ = 1 and

the equation reads as

NE

_ . 1 l
5~ 0Ll =155 — 5 <3u - 2) h()EB (8.4.100)

Notice that the second term in each side of the equations is not independent from (8.4.91), which

has already been analysed. In particular

1 l 1 l l
- ihﬁ)E <3u - 2) hayes = —5}18?%(2)@3 + gh([{f;hu)EB = K(l()))EH@)EB + §K(DO{EK(0)EB~

(8.4.101)
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On the other hand, since L( B = I([i%>3|d:6 = ﬁjg)(gﬂ) we have
Hence we have
Nl? 7D 1 DE D A ! pE
T = 2)B + 5 K(O) H(Z)EB —+ H(Q)AK(O)B + §K(O) K(O)EB (84103)

The trace of the equation is
N = lhg) (8.4.104)

and vanishes if | = 0 (h(yap time-independent). Calling the “news tensor” in this non radiative

(N B’) (R)

situation as N, 5, and the news tensor in the radiative case as N 5, we get the following structure

in any dlmensmn d>6
NXER) = Nﬁfg + non linear terms depending on leading orders (8.4.105)

and its trace is non vanishing if [ % 0 due to the non-linearities, which makes the identification
of Ny (N ) with a news tensor obscure. This is in general true also in odd dimensions unless we
restrlct to the (very natural) case discussed above.

Suppose further that we insist on imposing the vanishing of the non-linear terms so that NX);R)
reduces to a radiative news tensor despite the non-radiative expansion. Take d = 6 as an example,
we must impose that the term in parenthesis in (8.4.103) vanishes. If 5y = 0 and h(gap is
Einstein, then only éK (%)EK (0)eB remains to be equated to zero, which again is solved by [ = 0.
In general, however, we see that with () # 0 or a non-Einstein hgyap, even if time independent,

the constraint is more involved.

Equation (8.4.96) in d = 6 is

TB5 + 10015 = (8.4.106)

where [G(O)J(o)][B) is exactly given by (8.4.102) because the numerical factor differentiating .J()
and L(_y)is 1in d = 6 and J(%B is given by (8.4.55) and (8.4.41)

Iihs = (H 3)B ~ lf((:;,’w) : (8.4.107)

Differently from d = 5, this is not generically zero. For the sake of clarity let us consider the
case f(py = 0. This does not affect the main conclusion because, as in the previous cases (see for

example H(Q)B) 7-[(3)3 is of the form

Hizyp =" OHi)p [R ha } + BB 5B (8.4.108)

where 7:[@)) p does not depend on gy but on the Ricci curvature and scalar of h(g) and on covariant
combinations of h(1)4p and é(D?))B[B(O)] = 0 whenever 400 or By are zero (we have placed a

circle on B to overstress the obvious fact that it is different from the analogous term appearing at
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the previous order). We have
w
Hiys =— R7p +h) ERpp +2 (K(s sU1) + K@) sUo) + 55U, )

(0) (0)
—DpWB — DPWsy — DeWG)08 (8.4.100)

©
Which, using W, from (8.4.15), U_1) from (8.4.16), U from (8.4.17) and Uy = —%hﬁfREF

(2)
9
from (8.4.18) and (8.4.23), as well as R 4p from (8.4.19), reads

. . (0) “)}3 0 (0 <0>2 £©
o 1 (0)
h(l)B Zhg;”REFag (8.4.110)
1<o> (0) () (0 10

+ DBDch(l) + DDDCh(l)B+ ~DeDah('0g

By sorting covariant derivatives we can combine the first and the last line, but they are not going

to cancel each other. Also when hg)4p is Einstein this term is not automatically zero.

This analysis suggests that with the non-radiative falloff r—! in h, a maximal polyhomogeneous
expansion is to be considered in d > 6 even. It is easy to check that if the asymptotic analysis
is repeated with the logarithmic term in hap at the radiative order, the u-dependence of hp)ap
couples to this to give log? r term at the same order. This will produce a cascade of log terms si

that at each order of the expansion we also have an infinite sum of logarithmic terms®.

Conjecture on leading logs and flat limit of A1AdS. Thinking about how this asymp-
totic expansion compares to that of AIAdS spacetimes in Fefferman-Graham gauge we may con-

jecture that the two expansions map under a sort of dimensional transmutation:
AlAde,1 — AlMd (84111)

because we know that the expansion of odd-dimensional AlAdS is necessarily polyhomogeneous,
while that of even-dimensional AlAdS is not. The conjecture (8.4.111) is to be analysed by solving
the equations in Bondi gauge with A and mapping to Fefferman-Graham gauge, as done in [190, 272]
in four dimensions. These authors could not see this structure because four-dimensional AIAdS
is special and does not contain logs. Clearly, we must be more careful in reaching the conclusion
(8.4.111) because the metric h;; (see (2.3.13))in Fefferman-Graham gauge is related to the induced
metric g;;

g1 — (—er + QABZVAWB gABWA> (8.4.112)

gaW 9AB

on r = const surfaces in Bondi gauge, not only to hag. However, we think the result is sugges-

tive and need to be analysed more as a path toward the flat limit of the anomaly coefficients of

AdS/CFT.

8With a u-independent boundary metric in d = 4, an infinite sum of logarithmic terms was argued in
[234] to reduce to powers of r. This is however not proved rigorously. Thanks to the M. Godazgar for
comments on this.
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8.5 Asymptotic Killing fields

The gauge preserving conditions with the determinant of g4p imply (see chapter 5)
Legrr =0, Legra=0, ¢*PLegap=0. (8.5.1)

We can be more general and allow for conformal rescalings of the boundary metric, so that gener-
alising [60]
gABfgggAB =2(d — 2)w, (8.5.2)

for an arbitrary positive scalar function w(u, z).

The exact Killing equations are solved by the vector field
§=E"0u + &0, +£"0a (8.5.3)

g = f(u7xA) ’
- _d% [([@=2D A —~WCcf + fl— (d—2)w], (8.5.4)

4 = YA(u,2P) — Opf [ dRePgAB,

with f, Y4 and w arbitrary. They act on the remaining metric components as

Legan =1r*(0¢gan) () + r(6egan) 1y + 17 “(6c94B) (2—a) + 7' “(6c94B) (1-a) + - -- (8.5.5)
Leguu = 1(0cgun) (1) + 77> 1P (0eGun) (1-a—p) (8.5.6)
p=0
Legur = (Fegur)©) + 1771 Y 7P (Gegur) (—a-1-p) (8.5.7)
p=0
£§guA = 7”2 (5§guA)(2) + r(égguA)(l) =+ T27a Z r*p(éfguA)(g_a_p) (858)
p>0

Notice that all except (8.5.8) match the leading order of the metric expansion. Indeed, as W(AO) =0,
the leading order term on the right-hand side of (8.5.8) equates to zero and give

2. YA =0, (8.5.9)

while the first and the third give, at leading order, the transformation laws of h)an, B0)

2
5€h(O)AB = Syh(o)AB — m (Dcyc — (d — 2)w) h(O)AB (8.5.10)

1
deBoy = (fOu + Ly)Bo) + 5(3u —Oup)f — )

ﬁ (DAY ? — (d-2)w), (8.5.11)

whereas the second gives the transformation law of U(_) = 29,¢, which is not independent from
the above. Here D4 is the covariant derivative compatible with ), we remove the superscript

(0) used in the previous sections because no confusion arise.

The boundary conditions usually considered in literature are
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CL) Campiglia-Laddha: .# = R x S92 h(yap u-independent and free except for its fixed
determinant, 3y = 0 fixed

Legap =00?),  Leguu=00"), Legur =0 ),  Legua = O(r' ™). (8.5.12)

BS) Bondi-Sachs: .# = R x §972, hyap = vap round sphere metric, u-independent and
,8(0) = 0 fixed

£§gAB - O(T.2ia) ) 2’Eguu - O(ria) ) ’Sﬁgur - O(r72a) ; 2?fguA = O(rlia)
(8.5.13)

These can be taken as subcases of the following generic boundary conditions
Z =R x B2, hoyas(u,z) free within a conformal class, B(g)(u, ) fixed, (8.5.14)

which we here take for a = 1 and are our generalised CL conditions. The only change with respect
to (8.5.12) is
Leguu = O(r), (8.5.15)

which simply give the transformation law of ¢/(_1), namely of 0,p.

If we take d¢f0) = 0 we get from (8.5.11)

“ F
flu,z) = e#~ 2P0 a(z) 4 e~ / e~ (P—=2B(0)) <d2 —w—2(d- 2)£y6(0)> du’

Flu,z) := DAY (x) = (d —2)Y*0ap + (;aA log |4 + aA> y4 (8.5.16)

DayA

The scalar « is an arbitrary function on B¢~2 and we have defined F as the leading covariant
divergence of Y4, which splits in a part depending on « and a covariant divergence with respect to

the u-independent factor of h(g)4p, which we denoted with a hat and hence § is its determinant.

With (8.5.9), (8.5.10) and (8.5.16) all the leading order conditions are solved. With a =1, d¢gyr =
O(r~?) is now automatically satisfied because the O(r~!) component is trivially zero. On the other

hand, (0¢gua)(1) = 0 reads

1
d—2

1
+Waya |Qu+ D f + o (F+1f = (d— 2)w)} ~YBOpWiya —0a(YP)YWyp =0 (8.5.17)

2
o4 [F + fl—w]e*Po 9, (ac fh(%?e?%) hoypa = 7 2e2ﬁ<0>5A f

As we are ultimately interested in approaching the cases considered in literature, we consider?
By = 0. The last line vanishes identically and exp(28)) = 1. Using the equations found

previously, we check that the first line also vanishes.

9The result should not depend on this choice. In particular the conclusion we are going to describe
holds also when By # 0 but daB) = 0 so that W{i) = 0. We have not explicitly checked the case in
which Wé) # 0, but all should be consistent as it only depends on B(p). In this latter case, if the second
line does not vanish identically we get a constraint on S(q).
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The asymptotic Killing fields of the given generalised set of boundary conditions thus comprise
supertranslations and smooth CL-superrotations, which we should denote with SDif f(BY~?2) as
we have not restricted to!? B4—2 = §9-2,

At subleading orders we find the transformation laws of the subleading terms of the metric expan-
sion. To complete the goal set in the introduction of the chapter, the most relevant to address is
d¢h(1yap- Notice that with a = 1, both

2
(0¢9ap) ) = 2@ <d_2D2f - 2DADBf) h(O)ABW(l Opf — AW (1y40p) f  (8.5.18)

and

2—a
(0¢94B) (2—a) = fOuN(a)aB — (d — 2) (DcY€ + fl— (d—2)w) hiyap + Eyhap  (8.5.19)

contribute to the end result. We get

1 F
Seh(iyap = 2e*P© <d2h(o)ABD2 - DADB> [+ f Ouhyas *72}1(1)/;3 + Ly hyas
_ _

d
(8.4.87) d>4
(8.4.78) d=4
! % fWayo
(df2 + w) hyas +2 | — = 21 hyas =208 fW)a) (8.5.20)

The term in square brackets vanishes for the standard boundary condition on j3g).

We now exemplify which subcases are consistent and which are not, taking w = 0 for simplicity

and for comparison to the literature.

CL & a =1, d > 4. This is the case in [79] for even d. The above expressions reduce to

f(u,z) = a(z) + F(z), F(z):= D Y*(x) (8.5.21)

and

F
d¢h(1yap = 2 ( hoyanD? DADB> [ = fOubeyas — 771 maB +Lyhayap  (8.5.22)

d—2
which, restricted to (o = 0,Y) gives!!

2u

dyhyap = -2

. A F
(h(O)ABD2 —(d—- Q)DADB) F+ (Sy — d—2) h(l)AB (8.5.23)

which contains a u-dependent piece as stated in the introduction to the chapter, making it incon-

sistent with the configuration space.

191 principle, we should be cautious in using the names supertranslations and superrotations because
the topology of the phase space is relevant, as shown in [281].

"The last term in the next equation does not appear in [79]. However, our expressions are fully consistent
with [156] when restricted to d = 4.
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160 ind>4
BS & a = % This corresponds to the TKS analysis [70]. From (8.5.16) we again recover
[70, 60]

Flu,z) = a(z) + df2F(z), F(z) := DAY A(x) (8.5.24)

but now, from the vanishing of (8.5.10), we get

2
dyhoyas = th(O)AB» (8.5.25)

so that Y is a conformal Killing vector.

With this value of a, (5595‘1}5) is of the same order of (5§gff§a)) only in d = 4 and hence

1 . A F
Sehyas =2 | ——=hyapD? = DaDp ) f — fOuh(yap ———=h@)as + Eyhayap  (8.5.26)

Nas

only in d = 4. The function « remains arbitrary. We get the bms algebra (either global or local).

When d > 4, we have a constraint on f coming from (5591(41)3) =0

2 A ..
mh(O)ABD?f —2D4Dpf =0, (8.5.27)
from which we get
2 . A
mh(O)ABDQa — 2D Dga =0, (8.5.28)
as F' can be proved to satisfy
A A 1 ~
DyDgF — m1)2Fh(0)AB =0 (8.5.29)

from the properties of the Riemann tensor of a maximally symmetric space [70]. F' is given by the
! = 1 modes of the scalar harmonics on the hypersphere and « by [ = 0,1 modes. Given this, the

subleading conditions
(O¢Gur)(—a—1-p) =0 Vp<a—1, (d¢gua)i—a—p) YP<1 (8.5.30)

are automatically satisfied as in [70]. Let us take for example (0¢gur)(—qa—1-p) = 0. For each
p < a—11it is of the form
haipapD*DEf =0. (8.5.31)

Hence it holds using (8.5.27) and the fact that h(,yp)ap is traceless for any p < a.
The resulting algebra of asymptotic symmetries is Poincaré. The action of the asymptotic Killing
on the radiative data follow from (5£gfL‘2§ a)) as

F
5£h(d%2)AB =—f auh(%)AB _mh(d%z)AB + SYh(%)AB (8.5.32)
—_————

Nag

For B4=2 # S9-2 in d = 4 the asymptotic symmetries have been studied in [281].
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BS in d >4 & a = 1. In even spacetime dimensions this is the case considered by KLPS
[71]. The analysis is the same as the above except that (8.5.27) does not apply. Thus « is free and
h(1yap transforms formally as in d = 4

1 F
d¢h(1yap = 2 <d2h(o)ABD2 - DADB> [ = fOubeyas — mh(l)AB + Lyhayap  (8.5.33)

Notice that since Y generates Lorentz transformations in this case, the remark after (8.5.23) does
not apply because the u-dependent piece of (8.5.23) automatically vanishes. The action of the
Killing field on the radiative data is read by pushing the expansion of (8.5.5) up to p = %. So
for example in d = 5 it is found at p = 1/2, as it should as a(= 1) + p(= 1/2) = 3/2. As we have

commented in Section ?7?, the news tensor in this case is linear only in d = 5.

CL & a = d2;2 In all our discussion we have never mentioned the possibility that we can have
superrotations without supertranslations in d > 4. This may seem plausible since we have repeat-
edly stated that superrotations only depend on the boundary conditions, while supertranslations

depend on the falloff conditions. So can
Diff(S*™?)x T (8.5.34)
be an asymptotic symmetry group?

Given the CL conditions, (8.5.27) does not apply. However, the conditions (8.5.30) must be
considered. While they were automatically satisfied by the solutions of (8.5.27), they are not
so now. For example consider again (8.5.31). Since a exponentiates to translations (and hence
satisfies (8.5.28)), (8.5.31) becomes

MatpyapD*DPF =0, (8.5.35)

constraining Y. As we know a solution of this equation is given by (8.5.29), and we come back

to the standard Bondi-Sachs case. We have not investigated other solutions.

Thus, (8.5.34) cannot be an asymptotic symmetry group. We are either forced to the Poincaré
group or to some other group where the diffeomorphisms generated by Y4 are restricted. It would
have been puzzling otherwise, because we would have been able, in principle, to recover subleading
soft theorems from the Dif f(S9~2) invariance but there is not enough symmetry for the leading

theorems.

8.6 Comments on the asymptotic charges

To analyse the charges and the variational principle, we have to use (see Section 3.3)

1 1 v »
ﬁ&“ = ﬁ (g p(;Fﬁp - g'u 5F§V) 5 (861)



which is the boundary term obtained in the variation of Einstein-Hilbert action (2x? = 167G). In

the following we absorb the numerical factor in the definition of 6*.

The relevant components for the boundary analysis are " and 8

0" = 2r"%0, (\/adB) + /a0, (r'~2U) — 2\/q0, (38r"~*U)
— P72 gDy (SWA) + 202 /g Dy (S5WH)
+ 27972 G B0U — 2rP 2 Jq@dW A (na + DafB) + 2r?2\/qoUD, B (8.6.2)
B rd_4\/§5hAB ((d—z)DAWB +lap — Z/{kAB) — 4Td_2\/Z](9u (5ﬁ)
+ 7972 /50, (hapdh?B) + 4r=2 /GUd, (68) — 4r"~2 /g0 (),
46p(d - 2)
T

1
ov — 7rd—2\/a gAB68rgAB _

5 +458,8] . (8.6.3)

Some considerations on the variational principle with null boundaries at finite positions have
appeared in literature (see for example [144]), but they are all affected by unsolved fundamental
issues. For example, the strategy pursued in [144] to obtain the “Gibbons-Hawking-York” term for
a null boundary imposes too strong restrictions on the variations, which are in principle unwanted.
Anyway, we do not have to follow the same conceptual route used in AdS/CFT, because the
on-shell Einstein-Hilbert action in our case is automatically zero. So we can directly discuss the

variational principle at infinity by analysing the above two expressions.

For example, the leading order diverging piece of 6" is

O (r"2) = 20u (ad5(0)) + v/a(d — 1)Uy —2v/a(d — U150

q 0 0/q (8.6.4)
_ %M(},?auhgg — U116 (/@) — 430w (3B(0)) — 2/@0n (\/\g) :
As we are working on-shell we can use our solutions and see that this term is of the form
0u(v/49B(0)) + ADu0+/q. (8.6.5)

In literature (d = 4), the first term does not appear since 3y = 0 fixed from the start and, since
hoyap is taken to be u-independent, the latter term automatically vanishes. If we insist on the
u-independence of h(y) 4, then we have to look at §3(5). However it enters a total derivative, so
it only contributes as a corner term. Furthermore, with h(y)4p depending on u via the conformal
factor ¢, it can be shown that the variation in the total derivative term becomes of the form
3(B(oy — ). According to the cases considered thus only one among Sy and ¢ is independent and
if we if we require, consistently with CL superrotations that the volume of the boundary metric is

kept fixed, then this diverging piece cancel.

All these matters are under investigation at the time of writing. To conclude we notice that the

expansion of 8" and 6% correctly generalises the one known in d = 4 (see (6.1.11)) to any d. Indeed

0 =120 gy + 10y Ty (8:6.6)
ov — Td_seztdff}) + Td—?)—a@?di‘gia) 4o (8.6.7)

and each coefficient reduce to the expressions in [156] under those conditions.
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The problem of holography in asymptotically flat spacetimes is being uncovered in recent years.
In this thesis, we presented some preliminary results which should be taken into account to extend
the four-dimensional picture to higher dimensions. We conclude the journey of this dissertation

by summarising the picture motivating it, the results obtained and future directions.

Bird’s eye view of the motivations. Soft theorems characterise scattering processes in
any theory of gravity with d > 4 flat non-compact dimensions [51, 52]. Extensions of the BMS
group of four-dimensional asymptotically flat spacetimes have been conjectured to be symmetries
of semiclassical scattering, at least at a perturbative level, because the action of the associated
generating charges on the S-matrix can be argued to imply gravitational leading (Weinberg [47])
and subleading (Cachazo-Strominger [49]) soft theorems [43, 199, 200, 64]. The soft graviton factor
is also understood as a Fourier transform of classical gravitational memory formulae [216, 202].
These chains of equivalences pictorially forms triangles with asymptotic symmetries, soft theorems

and memories at each vertex and hold analogously in gauge theories [44].

The BMS group is defined as preserving the universal structure of asymptotically flat spacetimes
at either future .#% or past .~ null infinity, where .#* have R x S? topology and the universal
structure is the pair formed by a null normal to .# and the round sphere metric on S2. Such
spacetimes can be easily called asymptotically Minkowski [55]. Under such conditions, the BMS
group is the semidirect product of supertranslations (the Abelian factor), acting geometrically by
arbitrarily shifting each point of S? along R, and the proper orthocronous Lorentz group (the
non-Abelian part), acting on S? as global conformal transformations. Supertranslations are intrin-
sically related to gravitational waves leaking through null infinity and the displacement memory
effect. The space of asymptotically Minkowski spacetimes can be given the structure of a covariant
phase space where Hamiltonian charges generating supertranslations act mapping a solution to a

different solution.

Extensions of BMS concern its non-Abelian part. The global conformal transformations of $? can
be relaxed to either local conformal transformations (generated by two copies of Witt algebra) or
to arbitrary smooth diffeomorphisms of S2. Local conformal transformations are usually called
superrotations in this context. We will refer to them as BT-superrotations - BT standing for
Barnich-Troessaert, the authors that first studied the associated phase space [60, 63] - because we
will use CL-superrotations, CL standing for Campiglia-Laddha [64, 65], for Dif f(S?).

Both extensions of BMS require relaxing the above asymptotic Minkowski conditions. Campiglia-
Laddha superrotations need the universal structure to be defined as a pair involving a normal
and a volume form [64, 157] over S2. As transformations over a phase space, CL-superrotations
map spacetimes with different metrics on the cross sections of .# but with the same volume. This

process can also be associated to memory effects [272].

The Witt algebra naturally arises in boost-rotation symmetric spacetimes [250, 256] because these
spacetimes possess incomplete null infinity. They are usually called asymptotically locally flat.

BT-superrotations are interpreted as inducing transitions in the larger phase space of asyptotically
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locally flat solutions, as crystallised by the creation or snapping of a cosmic string [239] and the

production of impulsive memory.

The uncovered triangular relations revived the interest in the asymptotically flat spacetime holog-
raphy problem because it fuels a program long believed to hint to holography [163]: casting scat-
tering in Minkowski spacetime in terms of correlators of operators associated with the boundaries
[282, 203, 204, 205, 206]. This is supposed to relate to holography in flat spacetime in the same way
that quantum fields in AdS written in terms of boundary operators relate to AdS/CFT in hindsight
[102]. However, AdS/CFT is greatly more general than this [18, 24]. Analogously, the dynamical
principles such that a boundary structure X (using Witten’s terminology [162, 38]) outputs the
S-matrix are probably hidden beyond perturbative physics around Minkowski spacetime. We are
thus led to approach the problem from more general points of view. One of various ways toward
the more general principle is looking for (asymptotically) flat (Minkowski) holography as Ricci flat
hlography [163] and its relations with AdS holography [42, 283, 185, 191, 193, 182, 284, 285]. This
is the underlying spirit of the thesis.

A plausible fundamental condition for the resulting pictures - including holography - to hold is the
existence of a well-defined phase space. In a covariant phase space perspective, where the phase
space is built over a configuration space by endowing the latter with a symplectic structure. The

analysis of such configuration space is the original contribution of the thesis in chapters 7 and 8.

Summary of results and further directions. Motivated by the relation between cosmic
strings and superrotations in four dimensions, we began chapter 7 by exploring cosmic branes in
higher dimensions. We argued that only (d — 3)-branes in d spacetime dimensions are flat in the
vicinity of the brane, and therefore the natural generalization of cosmic strings/superrotations in
four dimensions should involve (d — 3)-branes. We then showed that, if one wishes to allow cosmic
(d — 3)-branes to penetrate the celestial sphere, one needs to relax the boundary conditions from

asymptotically flat to asymptotically locally flat.

The proposed generalized boundary conditions are defined in (7.4.41) in terms of a non-trivial
(d —2) metric, describing a (d — 2)-manifold that is topologically a (d — 2)-sphere. These boundary
conditions include cosmic branes, but the rather general form is primarily motivated by the analogy
with asymptotically locally anti-de Sitter spacetimes. The generalization of d-dimensional asymp-
totically anti-de Sitter spacetimes (for which the metric on the conformal boundary is R x S%~2) to
asymptotically locally anti-de Sitter spacetimes is obtained by allowing the metric on the conformal

boundary is a generic smooth (non-degenerate) metric.

The analysis of the generic boundary conditions has been extended beyond five dimensions in
chapter 8 and consistent configuration spaces supporting the action of supertranslations and su-
perrotations in higher dimensions have been constructed there. We are confident that the analysis
can produce a consistently renormalized phase space in any number of dimensions at the non-linear
level. This will encompass all the cases previously considered in even spacetime dimensions, and
will potentially answer the questions on the past/future matching conditions that previous works
left unanswered. A fundamental ingredient we need, which we have not included in this account

yet, is the solution of the supplementary equations, giving the u-evolution of the (analogous of)
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Bondi mass and angular momentum aspects.

Although we should acknowledge that - at the time of writing - there are interesting fundamental
issues in the four-dimensional picture which have not been tamed yet, several reasons motivate
the interest in the higher dimensional explorations we have pursued. We have listed them in the
Introduction, but here we can add one more. AdS/CFT realises the Holographic Principle irrespec-
tively of the number of spacetime dimensions. We may thus expect the same for flat holography.
However, the most interesting thing that can happen in studying physics in diverse dimensions is
the discovery that some laws and principles only work in specific number of dimensions, perhaps

four.

Perhaps the connection between asymptotic symmetries and soft theorems does not hold in higher
dimensions because of the impossibility (fundamental, not technical) to consistently renormalize the
asymptotic charges and/or the lack of relevant phase spaces with appropriate matching conditions
between .# T and .# . While it is too early to speculate on the latter point - as it can only be
answered after the radial divergences to each .# are separately (roughly speaking) removed - we
are confident that a regularization prescription along the lines of those used in four dimensions can

be found. However, there are subtle differences. We hope that our analysis enlightens such points.

On the gravitational side, the first aim is to address the problem of Bondi mass and its evolution,
as well as the angular momentum, for the spacetimes with the more general boundary conditions
and non-radiative falloffs. However, we also note that a more modest goal, missing in literature,

is the analysis of covariant phase space charges for radiative falloff conditions.

To get the connection with soft theorems, appropriate matching conditions have to be found. A
preliminary comment on the issues of the non-linear analysis of supertranslations in even dimen-
sions was given in [279] and we noted that the general boundary conditions may resolve this issue.
It remains to check what additional subtleties are brought in by the more general boundary con-

ditions and the non-linearities.

A tantalizing direction to pursue, given the results of chapter 7 and chapter 8, is to perform
the integration of Einstein’s equations in Bondi gauge for AIAdS spacetimes in arbitrary dimen-
sions and take the flat space limit. This was done in d = 4 in [272] along the lines of [190].
Odd-dimensional bulk spacetimes are more interesting in this respect because of the AdS/CFT
conformal anomaly'2. Providing the solution of Einstein’s equations with A is going to be an
easy exercise after the analysis performed in chapter 8 because the structure of the equations is
unchanged. In this way we can check the conjecture made in the last chapter that the logarithmic
terms in hap in a d-dimensional spacetime with null asymptotics is related to the logarithmic term
in g;; of a (d—1)-dimensional AlAdS spacetime. This analysis may open a new important window
on the properties of a holographic dual of flat spacetimes. This point is related to the completion

of the analysis of the polyhomogeneous expansion of asymptotically flat spacetimes.

One would also like to prove that the general boundary conditions are stable and that the class
so defined is physical. Rigorous proofs and derivations may be challenging. In the case of AIAdS

120nly recently we became aware of [189, 286]. A stress tensor for asymptotically flat gravity is defined
by a flat limit of AdSs and Robinson-Trautmann AdS, in Bondi gauge. In such cases no log terms arise
in the AdS solution. The first non-trivial case is thus AdSs.

167



spacetimes, rigorous proofs of existence and uniqueness in Euclidean signature were given in the
original mathematics literature [112, 287], but many outstanding issues still remain in Lorentzian

signature. In the case of zero cosmological constant, the analysis is inherently Lorentzian.

Other possible interesting directions, which did not find any mention in this dissertation, for which
generalised BMS symmetries and our constructions may be relevant, are the asymptotic symmetries
of string theories (see [288]) and the near-horizon symmetries of generic null horizons, including
the dS cosmological horizon. The role of BMS and extended BMS symmetries in relation to the
information paradox was discussed in [289, 290, 291] and various BMS-like near-horizon symmetries
have been defined [146, 292, 293, 294] also in three [295] and arbitrary dimensions [148], while some
BMS-like transformations may be relevant for the evolution of the entropy current of dynamical
horizons [296]'3.

As a last comment and warning, we mention that physically reasonable matching rules of .#+ and
#~ are unknown in the presence of black holes. Flat holography is still in her infancy, if not in

an embryonic state.

3Thanks to N. Kundu for sharing opinions on this.



APPENDIX A

Asymptotics in the conformal language

A.1 Spacetime asymptotics

Definition. An asymptote of a D-dimensional spacetime (M, g) is a triplet (M, g,Q) plus a
diffeomorphism ¢ : M — M\.#, where M is a manifold with boundary .#, g is a smooth metric
on M, 1 identifies M with the interior M\.# of M, and Q : M — R is a smooth function which is
strictly positive in the interior M\.# and such that

i) g = Q%G on M,
i) =0,n:=dQ#0at 7.

This is a slight adaptation of Geroch’s definition of asymptote of a spacetime [55], where we take D
generic rather than D = 4. The smoothness assumption is to be commented momentarily. We use
D rather than d or d + 1 so as to facilitate maps of formulas according to the various conventions

used.

The last condition implies that g is finite at infinity, ) can be used as a coordinate on M and

defines the one form n which is associated with the normal n# = ¢"* D, to the boundary.

Manifestly, the given definition does not totally determine topology of .#. We will see however,
that when A = 0 the boundary topology is restricted.
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Conformal freedom. Given a spacetime (M, ) and an asymptote (M, g, Q) and any smooth
positive scalar function w on M, (M,w?g,w<) is an equivalent asymptote. Under the conformal
transformation

Q= =wQ, g — g, =wgu (A.1.1)

the normal n* transforms as
nt = ' =w n® + w QD w. (A.1.2)

The function {2 is called “defining function” in mathematics literature [112] and the gauge/gravity
duality literature [19, 42].

Causal structure of the boundary. Einstein’s equations have to be imposed to infer the
causal nature of .#. The boundary .# is timelike if the spacetime solves Einstein’s equations with
A < 0, null if A = 0 and spacelike if A > 0, because

2A

1
2 _ - = .
O =-pnooy ~ T

|dQ|? = g 0,80, (A.1.3)
where we have used the relation between A and the characteristic length scale [ and the sign is —
is for A > 0 and + for A < 0.

The given relationship is true in vacuum or as long as the stress-energy tensor falloffs sufficiently

fast at infinity. The definitions of asymptotically flat, AdS or dS spacetimes require such conditions.
The Riemann tensor R,,,,, of (M,g) behaves in the limit Q — 0 as
Ruvpo = =AU (GupGvo — GuoGup)s (A.1.4)

and the Ricci tensor as
R, ~ —(D —1)|dQ|*g,. (A.1.5)

This result is seemingly in tension with the previous consideration. If the spacetime is asymptoti-
cally Ricci-flat, this equation is solved by either admitting d€2 = 0 or that the boundary is null. The
first condition is not allowed by the definition of asymptote because it implies that the boundary
surface collapse to a point. Indeed, these are the points i°, % in the conformal compactification of

Minkowski spacetime. They are considered part of the boundary but must be treated separately.

Universal structure. The smoothness assumption is necessary to provide the necessary ana-
lytical tools to do tensor analysis on .# as induced from M, but taking .# abstractly as “detached”
from M: i.e. we can safely define a pullback operation from M to .#. We denote the pulled-back

. . - L —p
quantities with an over arrow pointing left, i.e. g o T

The pulled-back fields which are shared by all spacetimes in the same class (i.e. asymptotically
flat or asymptotically (A)dS) define the universal geometry. Asymptotic symmetries preserve the

universal geometry.
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As discussed in the main text, the smoothness assumption overrestrict the space of solutions of
both asymptotically flat and asymptotically AdS spacetimes and cannot be extended to odd D > 4
asymptotically flat radiative spacetimes [66]. Cases with lower regularity .# have been studied in

literature.

A.1.1 Asymptotic flatness, null infinity and Carroll manifolds

Topology of null infinity. Since .# is null, its normal 7" is both null and tangent and
ij(ﬁy = 0, meaning that E;w is degenerate.

The set B of all maximally extended integral curves of 7" can be given the structure of a manifold
provided that for any given point p along one such curve, the curve itself does not reenters suffi-
ciently small neighborhood of p. This is accomplished by the mapping II : .# — B sending each
p €  to the integral curve to which it lies.

The manifold B is the base space of .# and by abuse of terminology B is a cross section of .#. The
topology of .# is
I ~RxB (A.1.6)

The usual definition of asymptotic flatness in D = 4 and by extension D > 4 takes B = SP~2 and

the null generators of .# to be complete. This is the asymptotically Minkowski case.

Bondi condition. Due to the conformal freedom and Einstein’s equations, E and n are related
by SZZW = bZWfor a positive function b. It is always possible to find b locally such that
S‘ﬁguv = 0. This defines 2 as

Dun, =0% D,D,Q =0 (A.1.7)

on ¥ and defines the so-called Bondi frame. In this frame there is a residual conformal freedom
given by
L, =0, w>0 (A.1.8)

This is sufficient to show that in D = 4 all asymptotically flat spacetimes have locally the same
conformally flat boundary metric [55] and when B = S? a natural choice is the standard round

sphere metric.

The phase space of asymptotically flat spacetimes is usually defined by such condtions. This
immediately lead to BMS without CL-superrotation. Apart from the spherical case, the group
of conformal motions of the other possible simply connected B? has been studied in [281], but
the analysis of asymptotic symmetries and charges in such cases lack. An explicit example of a
spacetime with a non simply connected null boundary was found [297] as an A-metric with toroidal
B2.

Abstract .# as a Carroll structure. A Carroll manifold is defined in [177] as a triple
(C,q,x), where C is a smooth (D — 1)-dimensional manifold endowed with a twice-symmetric

covariant positive tensor field ¢ whose kernel is generated by the nowhere vanishing, complete
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vector field €.

A generic Carroll structure is given by CP~1 = BP~2 x R, y = 9, where s is the Dth coordinate
known as Carrollian time. The standard Carroll manifold is defined by B?~2 = RP~2 and ¢, =

0, (notice we use the same indices as before for brevity).

The isometry group of the Carroll manifold is the infinite dimensional group of transformations
74 =24 s’ = s+ a(r). A conformal Carroll transformation of level N is defined as the group of

transformations preserving the tensor
Ty =q@ N = qu X . XY, (A.1.9)
The conformal Carroll group transforms ¢ and x as

Qv = Pquw s X" — a 2N yH (A.1.10)

When N = 2, (A.1.9) with the identification of C = .# and ¢ =g, Y =n (s = u), a = w is the
universal geometry of null infinity as defined by Geroch [55].

There is thus no surprise in the claim that Conformal Carroll transformations of level two are
(standard) BMS transformations. The interesting insight provided by the Carrollian language is

that BMS arise as (a conformal extension) of a Inénu-Wigner contraction of the Poincaré group.

The point to be stressed, however, is that null infinity in the conformal sense is only well defined
for D = 4 (or even). The identifications we made here between the abstract fields on the Carroll
manifold (i.e. abstract .#) and the pull-backs of bulk fields are only allowed when the pull-back

operation can be given a meaning.

Extended Carroll structures and CL-superrotations. The Carrollian picture can be
easily extended to explicitly include CL-superrotations. We define the extended conformal Carroll

group of level P as the group of transformations preserving the tensor
f(p) :e®x®P:eull_qulx"l...XﬁP (A.1.11)

where € is the volume element on C'. The infinitesimal transformation acts on € and x as

A
£§€M1'~'HD—1 = )‘6M1~~~MD—1’ ngﬂ = kXH’ k= _ﬁ (A'1'12)

If the Carroll manifold is the null boundary of a spacetime C' = .# and we take P = D — 1 with
X identified with the normal to .#, and e taken as the pullback of the (D — 1)-form induced by
the spacetime volume element €, .. ., = De[u,...up_,Mpup)> (A.1.12) constitute BMS extended with
CL-superrotations. Indeed the above identifications correspond to choosing the normal and the
induced volume form to Z as universal structure of asymptotically flat spacetimes [157]. Again,
here the spacetime picture is only valid when the Carroll manifold can be consistently “attached”
to the bulk.
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A.1.2 Asymptotic analysis of A1AdS in Fefferman-Graham gauge

Asymptotically locally AdS spacetimes are usually named conformally compact Einstein metrics
of negative cosmological constant A < 0. This is a synonim of the previous definition.
In the vicinity of the boundary they admit the Fefferman-Graham metric (2.3.13)

l2

ds* = —Q(CZZ2 + hij(z,z)dx'dz?), i,5=0,...d. (A.1.13)
z

The nomenclature “asymptotically locally” indicate that the leading order metric of the expansion
is not necessarily the standard AdS metric in Poincaré coordinates. Also the topology of the
boundary is not fixed.

We solve vacuum Einstein’s equations in any D =d + 1

d d(d—1)

Ruy = — 50w, A=-=15 (A.1.14)

N.B.: here unbarred quantities refer to the physical spacetime, as in chapter 2. The ij components

of Einstein’s equations are
and the other two are

zi: 29Dk — DDI(8,g:;) =0, (A.1.16)
zz: zhY92hy — 2k — ZZk;k‘Z =0. (A.1.17)

We have defined (d)Rij the Ricci tensor of h;; and
1 i Lo ij
kij = §8zhij7 kj = ih azhlj, k= h'k;; (A.1.18)

to shorten the equations. It is interesting to note that if we perform a splitting as in the Bondi-
Sachs strategy (cfr. Section 5.1 and Section 8.3) the equations can be entirely written in terms of
k;; [60].

They can be solved iteratively starting from (A.1.15). At step p the equation is differentiated p
times and z is set to zero. The resulting equation is solved algebrically giving h(,1);; in terms of

h(oy, up to the order p + 1 = d, where it is necessary to distinguish between d even and odd.
Indeed, the p'" derivative of (A.1.15), after setting z = 0, reads as
(p +1-— d)8§+1hij — hijhlm8§+1hlm = Fij [aghij‘q<p+1} (Allg)

where Fj; is a sum of products of terms involving 9¢h;; with ¢ < p 4 1 such that the sum of the
derivative orders of each term of the product is p + 1. This is due to the fact that the sum of
powers of z and derivatives with respect to z in each term of (A.1.15) has a definite parity, odd in

particular. As a consequence each term in (A.1.19) must have the same number of derivatives of
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the first one (p + 1), because z has been set to zero.

To solve the equation we first take its trace and determine h%J 8§+1hij, then we substitute back to
get the (traceless part of)! 927'h;;, so that each hy,)
long as p+1 < d.

i; is determined. This can be continued as

For example, at order p = 0 we set z = 0 in (A.1.15)/(A.1.19) and, by evaluating its trace and
substituting it back, we get h(1);; = 0. At order p = 1, repeating the procedure of taking the trace
and putting back we get

heayii = ——— (R — —— i R (A.1.20)
(2)ig — d—2 ) 2(d7 1) (0)ij : e

where the superscript (0) is for quantities referred to hgy;;.
When p+ 1 =d odd, (A.1.19) collapse to
hijh"™0%hym, = 0 (A.1.21)

because of the parity argument. The trace of 92h;,, vanishes and the traceless part is left undeter-
mined by this equation. By similar arguments as those seen, the equations for the z: components

constrain it to be covariantly conserved with respect to the derivative compatible with hg);;

O DN 0%hp)i5) =0 (A.1.22)

When p+ 1 = d even, (A.1.19) becomes
high'™ 02 him = —Fij[02his]q<d] (A.1.23)

where the terms in J;; are locally determined by h(g;;. The trace of this equation determines
h'™d2hy,, locally in terms of h(oyij- By substituting back we get

T
Fh=0 (A.1.24)

where T stands for trace-free. This is a constraint on the previous coefficients of the expansion
and signals that the power-law assumption breaks down. This implies that the expansion contains
a term

2%1og 2hayij (A.1.25)

yij = 0, and determined by .7-"1-7; . Furthermore, it is also covariantly

conserved with respect to (90 D as a consequence of the zi equation. Indeed, the (d—1)th derivative

where h(g);; is traceless, hz(%)h(d

of that equation gives log Z(O)Dih(d)ij which must be set to zero in order to have a well-defined
z — 0 limit.

!Notice that this exactly correspond to what we will do in Bondi-Sachs gauge (cfr. Section 5.1 and
Section 8.3), where however we will split the equations for the (degenerate) boundary metric in trace and
traceless part from the start.



APPENDIX B

Appendix to chapter 7

B.1 Solutions of the main equations and supplementary equa-

tions

In this appendix we collect the solutions of the main equations (7.5.8), (7.5.9), (7.5.10) and (7.5.13)
as well as the supplementary equations (7.5.14) and (7.5.15). In writing the appendix a logistic
problem concerning the typesetting of the equations arose: whether to write all equations in terms
of the initial and free data or implicitly in terms of the previously determined data. We have used
one form or the other according to space constraints; shorter equations are usually written in the

fully expanded form while the longest ones are not.

B.1.1 [ coefficients

1
B = _ﬂ(cf(n - C11)Ca1y — Co(1)) (B.1.1)
1
Bs/2) = —%(201(1)01(3/2) + Co1yCr(3/2) + C11)Ca(3/2) + 2021)Ca3/2)) (B.1.2)
_ 1 2 2
B = 75 (Cltg) + CanyCain) * i)
1
—3 (C1Cie) + Co)Caw)

1
+E (01(2)02(1) +Cl(1)02(2)) (B.1.3)
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B.1.2 W coefficients
Wy = 2¢2P0)=C1(0) 393(0) (B.1.4)
8ePOFTOOW g) = 2010y 6C1 (1) + Co0)0C1(1) + Cr(0).0C2(1)

+2C%(0),0C2(1) — 2C1(1),0 + 2 csc O sec 0Cs 1y
+ 2(2 tan 6 — cot 9)01(1) — 401(1)W(1) (B15)

be <°>+C“°)Ws/2 ) (2e7POTROWn) + Ci(0)0C200)0)

[S][)

i
(%) (2tanf — cot 0) — 201(%)79
+C, 5(2) ((01(0 + 202(0),9) + 2 cscf sec 9) (B.1.6)

3e —2B(0)+C1o) W( 3) = 10ﬂ(0 A _ 201 ),0 + 01(1)01(1
+ 501(1)02(1),9 + 502(1)01(1),9 + Ca1)Ca1),0
+2C1(2)C1(0),0 + C2(2)C1(0),0 + C1(2)C20),0
+ 2C5(2)Ca(0),0 — 2C1(2)(cot O — 2 tan 0) 4 2C5 2y csc O sec §

+ eCro =28 (Qﬁ(g)W(l) — *(01(1)) —20C4 1)W Cl(Q)W 1)) (B.1.7)

76726+C(1)W(7/2) = 44&(%),9 - 1061(%)’9 + 401(1)01(%)’0 + 201(1)02(%)’9 + 601(%)01(1)79
)02(1))9 + 202(1)01(%)’9 + 402(1)02(%)’9 + 302(%)01(1)79

3
2

+30;
+6Cy(3)Cary0 + 100y (1Ci1(0),0 + 5C3(3)Cion0 + 5Cy (5)Cooy 0
+ 1002(3)02(0),9 - 10C1(%)(cot9 —2tanf) + 1002(3) cscOsech
QOO (455 Wty 2010,y )W) = 20, (5) W)

_ C1(0)-28(0) (501(1)W(%) + 401(%){/[/(2)) (B.1.8)

At order 7~* the equation determine the coefficient W(4) of the log term

16e _25+C”°)W = 480(3),0 + 12C1(0),0C1(3) + 6C2(0),0C1(3) + 6C1(0),0C2(3)
+ 12C5(0,0Co(3) — 12C7(3),9 + 4C1(2),6C1(1) + 2C2(2),0C1(1)
+6C,(3),6C1(3) +3Cy(3)Ca(2) +8C11).0C12) + 4Co1) 6C1
+2C1(2),0C2(1) +4C2(2),0C2(1) +3C)(3),0C5(3) 16053605 (3)
+4C1(1),0C22) + 8C2(1),0C2(2) — 12(2tan 4 cot 0)C (3,
+ 12 csc O sec 0Cy3) (B.1.9)
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Here, substituting for 3(3) results in

24P NOWyy = —18C1),0 — 2C11)Ci(2),0 — C11)Ca2),0 + 4C12)Cir1).0
+2C1(2)Ca(1),0 — Co1)Cr(2),0 — 2C2(1)C2(2),0 + 2C22)Ci(1),0
+4C5(2)Ca(1),0 + 18C1(3)C1(0),0 + 9C2(3)C1(0),0 + 9C1(3)Co(0),0
+18C5(3)Ca0y,0 + 36C1 (3) tan  + 18C5(3) csc O sec ) — 18C, 3y (B.1.10)

The subleading terms W) with k > 4 can all be determined in terms of the previous ones as was

the case up to Wz/q).

B.1.3 U coefficients

to be consistent with notation are better written in a non-expanded form, but this implies a

rweriting of all equations

1262ﬂ<0>+01<0>u(0) = 4ﬁ(0)7964ﬂ(0) (01(0)79 — (cot§ — tan ) — 5(0),9)
+ e (Bo).00 — 2(C1(0),6)> — (C2(0),6)° — C1(0),0C2(0),0 + 2C1(0),00)
+ e*Po (5(cot 0 — tan 0)C(0),9 — cscsect (01(0)79 + 202(0)75) + 12)
+ 10W(1)(cot 6 — tan §)e“1 @ T2 — 210 W, (B.1.11)

6e>PO T gy = —*P© (401 (1) §C1(0).0 + C2(1).6C1(0).0 + 4C11) B(0).6C1(0).0F)
— 0 0y 1) 9Ca(0).0 — 2677 Ca(1) 9Ca(0) 0 + 8W(2) 9@ T2
+ O (10C1(1),6 + 8B(0),6C1(1)) cot 26 — 64B(O)Cl(1)79 cscOsec
— 2e4ﬁ<0)C2(1)79 cscfsect + 464B(0)5(0)7901(1),9 + 2643(0)6'1(1)799
+4e0 Cy () (B(0) 0)° + 4e*° O Cr 1) B(o) 00 + 270 Oy 1)
+ (C1(0),0)* + €@ C1 (1) (Co0y,0)* + €@ C1(1)Ci(0),6C2(0),0
— 10e*© Cy 1 cot 20C 9y 0 + €' Cy (1) esc O sec OC1 (o) 9
+ 2€4B<0)C’1(1) csctsec 0Cy )9 — 264‘3(0)01(1)01(0)’99
— AW (9)e1© (W(1)eD1© — 4e2P© cot 26)
— CLyWi)e* @ — 120 Cy g (B.1.12)
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Be 2POTC1OY 59y = (=4C1(0),0C1(2),0 — C2(0),0C1(2),0 — C1(0),6C2(2),0)
+ (=2C5(0),0C3(3),0 + 2(C1(0),0)*Ci(z) + (C2(0).0)°Cu(s))
+ (C1(0),0C2(0),0C1(2) — 4C1(0),08(0),0C1(2))
+ csc 29(201(0)7901(%) + 402(0),901(%) - 201(%)79 - 402(%)’9)
(=2C10).00C1(3) + 4B(0).0C1 (31,0 + 2C1(3).00 — 12677 Cy )
+4((B0y.0)*Ci(3) + 4B(0),00C1(3))
+ cot 29(—1001(0),901(%) + 1001(%)79 —|— 85(0)’901(%))
+ e 2OTAO (1AW 5) + TW(3) )
76’25(‘3”201(0)(0 ) (W(1)) —5W 5, W) (B.1.13)

126200+ OO ) = 2POF0) (48315 Ug) — cot 260(808(2) Wiy + 24W(3)))

+ PO TC10 (—40B(9) W1y 0 + 12W 3y )

+e200 (—Cy W) + 88 W) — 2012 Wh))

+ 2O (~12W iy Wir) — 8W (o) Cry W) — 8W ()
C21) (B0.0)” +8C12) (B0).0)* = 168(2),08(0).0)
+ €0 (8C1 (9) 0B(0),0 — 8C1(1),0C11) B0y, + 4C%1yCi(0),68(0),6)
8C1(2)C1(0),08(0).0 — 4(C1(1),0)* — 2(Ca1y,0)° — 45(0)’99012(1))
+ "0 (1207 1) — 2C7 1y (Cr0),0)° + 4C1(2)(Cr(0),0)% — C31)(Ca(0),0)%)

+ P (—4
(
(-
(
+ €170 (20 (2) (C(0,0)* + c5¢20(—4C1(2) 9 — 8C(2),6 +4C1(1),0C1 (1))
(—
(-
(85

+ 480

+ 0 (=201 (1),6C2(1),0 — 8B(2),00 + 4C1(2), 00 + 8 csc 20C5(1) ¢C1 (1))

4Cy (1), 00C1 (1) + 8B(0),00C1(2) — 24C1(2) — 2cs¢ 200711 C1(0).0)

+ e (88(2),0C1(0),0 — 8C1(2),0C1(0),0 — 2Ca(2),6C1(0).0 + 8C1(1),6C1(1)C1(0).0)

+ €0 (2Cy(1) 9C1(1yCi(0),0 + 4 cs¢ 20C1 (2)C10).0)

+ %80 cot 20(—=86(0).0C51y + 10C1(0),6CF 1y — 20C1(1),6C11))

+ Y0 (=168(3)9 + 20C1(2),9 + 168(0),6C1(2) — 20C1(2)C1(0).0)

+ €7 (=4 esc 20C7 1) Ca 0,0 — 2C1(2),6C2(0),0 — 4C2(2),0C2(0).0)

e (+2C1(1),0C1(1)C(0),0 + 4C2(1),6C1(1)Ca(0),0 + 8 csc 20C (2)Ca0).0)

@ (=CF1)C1(0),6Ca(0),0 + 2C12)C1(0),6Ca(0),6 + 2C5(1)Cr(0),66 — 4C1(2) C1(0) 00)
(B.1.14)

+ 2B

The next equations determine U(;) with i > 7/2 and as said in the main text U2y remains free.

B.1.4 (;, coefficients

We collect here the derivatives with respect to u of C;(n) determined by the equations (7.5.37).
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At order r9:
1 _
Ciyu =H1 = gew“” G0 ((Ch(0),0)* + 2C2(0),6C1(0),0 + 2(Ca0).0)> — Ci0),00)
2 _
+ 57O (Cio) 0800 — 8(B(0),0)” — 4B(0).60)
1
+ 562’8(0)_01(0) (tan9 — cot 9) (CI(O),H — 4&(0)79)

2
+ gew(")*clm cscfsech (Cl(o),g + 202(0),9) (B.1.15)

and
1 _
Cotyw = Ha = g62'8“]) 1 (=48(0),6C1(0).0 — 68(0).0C2(0).60)

1 _

+ 3¢ %o (+8(6<o>,e)2 +4B(0),00 — 2Cf<o>,e)
2

_ 5625((»*01(0) (tan @ 4 cot 0)C (0,6
1

+ 5625@»—01(0) (cot @ — 5tan 0)Cyg),
4

_ g625(0> —Ci) (tan 6 + 2 cot 0)B(0y,0
1 _

o gezﬁ(o) Ci(0) ((02(0)79)2 + 4C1(0)79C'2(0)79)

1
+ 5625((’)_01(0) (201(0)’99302(0),99) (B.1.16)

There are no equations at order r—/2. In particular no equations constrain C’i(%)’u and the next

derivative to be determined is C'y(),, from the order r—L:

Cir2yu = —e2B0)=C1(0 (201(1),9C1(0),0 + C2(1),0C1(0),0 + C1(1),06C2(0),0 + 2C2(1)’9C2(0)’0)
+ 26 =C10) (25(0),901(1),9 + C1(1),00 + 2C1(1),0(cot O — tan f) — 201(1)W(21))
— 2P0 =0 eschsec (Chryp + 2C21.0)
+5C1 )Wy, + C1)Criy,u + 4Wi2) 0
+ Wiay (=AW (1)e“1©@ =200 4 Cy(g) 9 + 2(cot § — tan §))
+2C1 )Wy Cr(0).0 = 3C1)Uo) + Cr) Wiy (cot 0 — tan 6) — 24a) (B.1.17)
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Co2),u = 27O (Cy 1) 6Cl0),6 + C1(1),0C2(0),0 + 2C1(1)B(0),6C2(0),6 — 2C2(1)B(0),0C2(0),0)
+ tan § (Cy(1) 6e?P @ =10 — 0y(1)e?P@ =10 Cy ) g + Co(1)e?P@© =1 Cy g )
+ cot 7@~ (4C (1) Bo),6 — 4Co1)Bioy,6 + 2C1(1),0 — Co1y,0 — 2C1(1)Ch(0),0)
+ cot 7@~ (4:2C51)C1(0),0 + C1(1)C2(0).0 — C2(1)Co0).6)
+ PO =0 (=285 4Co1y.0 — Ca(1).60) + Co1yWa).6 + Co1yCo(i)
+ 2W(a) 9 + €2P© =G0 (=Cy(1)C1(0),0C(0),6 + Ca(1)C1(0),0C2(0),0 + C1(1)Ca(0),60)
+2W(a) 9 + €7@ D0 (=Ch1) Ca(0), 09 — 4C1(1) + 4Cx(1))
+ (—402(1)W(1) — 3W(2)) tan 6 + (202(1)W(1) + 3W(2)) cot 6
+ Wi2)C2(0),0 + 2C20) W) C2(0),0 — 3C2)U(0)
+ (3Co1yW(1y + W(a)) cscbsecd — 2U) (B.1.18)

The equations at subleading orders determine the u-derivatives of Cj(,/2) with n > 3. In general,

the equation for Cj(,/2) ., With n € N\ 3 comes from the order pn/2-1

B.1.5 Supplementary equations

In order for the Bondi procedure to be consistent, once the main equations are solved the sup-
plementary equations turns out to be automatically solved except at the order in which the free
integration functions Uy and W4 enter, in which case they give their evolution equation. These

are the following.
At order r—3 in R, =0

3(Uz) — 4log ﬂ;{(g)),u = 24log TZ/?(Q)/B(O)’U + Wy + (Cl(%),u)Q + (C’Q(%)7u)2 + Uy U )
+2U0)Wi2)B(0).0 + Wia)l).0 = UnyWay.e — 4Wi2)50).6 W0
+4W(1y,0W(2),0 + 2WiyW(1y,00 + 6U(2) B0y, — 4W(3),058(0),u
—2U0)B2),u — AW ),08(2)u + 2W(2),0C100) 0 + 2W(1),0C1(2),u
+2C11),uC1(2),u + C1(2),uC200)u + Cr(3)uC2(8),u + C11),uC2(2) 0
+2Co(1),uCo2),u — AW (3)B(oy,u0 + 2W (3) Y + 2W(5) 1) 0
+eC10 7200 (tan 6 — cot 0) (Cr1y Wy + 2W (2 W)
+e2 @710 (201 ()W) + 6W oy W) + 2W(2) W1y 6Ch(0).0
+e2P =1 (cot 6 — tan 0)(2U1)B0).0 — 2U0)C1.(1)B0).60)
+e?P© =10 (cot § — tan §) (Uny,o —U),0C1(1))
+(cot § — tan 0)(—=Cy 1) s Wiy + Uy Wir) — 2Wi2) 0Wiay + 4B2)W1))
—2(cot & — tan 0)(C1 2y, W1y + WiayCr0),6Wa) + WiyWy,e)
+2(cot 0 — tan 0)(2W(3)B(0),u — Wiz),u — Wi2)Cr(1),u)
+e @280 (20 1) g W) — 4B(0).0C1 ) W) — 2B(0).uCr1)*Wy)
+e O 7200 (=3U1) W) — 16W(2)B(0),0 W3y + 4W(2),6W ()
+eC10 7250 (+885) B0y u W) — 4B(2).a W) + 3C1(2).uW (i)
+e @280 (Wiy) oCry Wiy + Cra) uCry Wiy — 4B(0) uCrip W)
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+e OO (W) Cr(0) oWy + Wi uCrr)* Wy = 20) Wiy Winy)

+eC1O 200 (1AW () W) oW1 — 16W(3)/3( 0).uW1) — 482 Wa)uW))

+eS1O 7280 (6W(3) W1y + 4W(2) Cr1yu Wia) — 12W(2) B10) o Cr(1y Wia))

+eC1 O 7200 (AW 5, Cr 1y W(a) + 2W(1),uCr2) W1y — 8W i Bioy.u)

+e“10 280 (W (3)W 1y 1 + AW 2y Wia) e + 2W(2) W1y uCi1))

+e0 0 A0 (—4U 1) (B(0),0)° + 4U(0)C1(1)(B0),0)°)

+e2PO =10 (=2U 1y 0B0).0 + 2U(0)Ci(1),0B0),0 + 2U(0),6C1(1)B(0).0)

+e*P@ =10 (20 1)C1(0),0B(0),0 — 2U(0)C1(1)Ch(0),08(0),0 + U(0),6C1(1).6)
(—2U(1)Boy,00 — U(1y,00 + 2U(0)B(0),00C1(1))

+e2PO =0 (U 9y 99C1 (1) + U1),0C10),0 — U0),0C1(1)Cr(0y,0) »  (B.1.19)

+625(o) —C1(0)

and at order r~7/2 in R, =0

24W ), = —2log 7 (=36Ue) W1y — 12> =10 5) 5 + 48W(a) o, — 96W(4) B(0) )
—3cotd (01(1)2W(21) + 4B W) + 20 W3 + 462[3(0)701(0%(2)79“/(1))
—3cot 0 (2W Cry Wiy + 4625<0>*Cl<o>w(3 Bioy,e + 3625<o>*01<o>01(3) )
+ 3tand (01(1 W2, + 48y W2, + 2012y W) + 4620 ~C100 35 GW(l))
+3tand (QW(Z)Cl(l)W(l) + 42O COW g B(g)  + 32O A0 Cl<3>’“)
— 30720 (4CH W) = 880 W) + AC1 o) Wik + LW () W3 )
— 3e%10~2Bw©) (QOW(Q)Cl(l)W(Zl) + 16W(2)W(1))

_ 126260 ~Ci0) (W(s) (Bloy.0)” +4W1)B2).0B(0.0 - W(Z)Clu),aﬂ(ow)

+ 627 =1 (2W (1) Cr(2),08(0).0 + 2W3)Cl(0),08(0).0 — U2).0 + 4B2U0).0)

+ 3P0 =10 (2 9y g — AW (3)B(0).00 — AW (1) B(2).00 + 2C1(2).6C1(1) )
+365070 (Cota) 0Criiy+2C1 3,00 310+ Ca(3)0C(3)0)

+3e2P@=%© (2011 6C1(2)u + Co(1),6C1(2)u + C1(2),6C2(1) )

+ 3¢/ O (202(2 0C2(1),u + Cy3),0C2(3) 0 + 202(%),902(g),u)

+ 3¢ =C10) (C1(1)79C'2(2)7u +2C%(1),0C2(2),u + cscOsect (C1(3)7u + 2C2(3)7u))

+ 6271 (28(3) 99 — 6C1(3),00 — Un),0C1(1) — 2U(0),6C1(2) + 2W(1)B(2),6C1(0.0)
+ 3P0 =G0 (2C1(3),uC1(0),0 + C2(3),uC1(0),0 + C1(3),uC2(0),0 + 2C2(3),uC2(0).0)
— Wy uCray + 2W1)B0)..Ciy — 3UyW1yCiay + 3Wy W6 Ciy

+6W) B00.6CT1) — 6Wi2).uCiary +12Wi) B0y uCin) + 3W() Cri0),0Ciny

= 6Uo)Wiz2)C1(1) — 6W(1)Wi2) 6C11) + 36W(1y Wi2) B0).6Cra) — 6W ) Cra).0Criny
1262 W(1) uCra) — 18Wi3) uCra) + 36W(3)5(0).uCr(1) — 24W (1) B2) B0).uCr1)
+12W (1) B(2) uCr(1) — 6W(2)Cr(1) uCr1) — 12W (1) Cr2).uCr(1) = 6W (1) uCr2)Cr0)
+12W(1)B(0).uC12)Cr) = 8W).uCy(5)” + 6Wi)B0).uCy(5)” = 120U2) Wi

+ 18Uy Wy + 12Uy Wiz) — 6U0)W3) + 36U 0) W) B2y — 6Wis) W0
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—36W1)ByWny.o — 12W(2)Wia).9 — 18W(1yW(3) 0 + 24W %) B0).0

+ 48W 1y W(3) B0).0 — 24W () B2y Bioy.0 + 12W3, Bray.o — 24W (1) Wi2)Cray.e

— 18WE)Cizy0 + 6Wiayu + 1285 Wayu + 2482 Wiz — 12Wi) B0y,

+ 48W(4) B(oy,u — 48Wi(2)B2) B0y — 24W (1) B(3) B0).u + 24W(2) B2) u

+12W01)B).0 — 12W(5)Crqay,u = 15W(31Cl(3) . — 18W(2)Crc2)

~ AW G = 1W(g) ,Oy(g) T30W(5)f01uCrg) =W Ci(3).ub(3)

— 18U(0yW(1)Ci2) + 6Wiy Wiay 0C12) + 12W3) B0 0Ch2) — 12W(2),uCi2)
+24W(2)B0).6C1(2) — 6W(1).uC13) + 12W(1) B(0),uCris) — W) Cr0).0

— 12W1yW(3)Ch0),0 — 12W ) B2)Cr0).0 + 6W ) Cri2)Ci(0).0 (B.1.20)

B.2 Iterative differentiation approach

In analysing equations asymptotically as 7 — oo, it is more elegant to change the radial variable
so that the boundary is at z — 0. One may then proceed to determine the asymptotic solution via

an iterative differentiation procedure as in AdS [108, 190].

To illustrate this, let us implement the change of variables r = 1/2? in the first three main equations
(7.5.8),(7.5.9) and (7.5.13)
-~

Be=—57 (CL2)* +(C22)* +(C3.2)%) (B.2.1)

9 1 01—25
Z o, <e01—25w,z) _z (2W oz + 201 W, — 228, W, — TW.,)

4 227 4 ’

22 23

-5 (68,0 + 2802) + vy ((cot —2tan6)C1 , + C1 20) (B.2.2)
230172 2’302,2 2

- (2C1,9 + Cap) — 3 (01,9 +2C0 + 51119(:059>

H428—C1
3242 — 200U = g secfcscl(Crp +2C20) (B.2.3)
&

+ 2% %1 (cot § — tan ) < (12272 — 2719,)W — 2e*°B 5 + 26260179)

2

Zte?f= 2 2 2
5 (12— (28,0)* +4B,9C1,0 — 2(C1,0)* — C1,0Ca,9 — (C2,0)?)
4.26-Cy 2
S (4Ban + 201 00) — e O (W)

— 322 (2 - %az) W

The reason for the specific choice of variable z is that the powers in the resulting asymptotic series

will then be integer.
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Let us now explain the iterative differentiation approach, beginning with equation (B.2.1). Taking
the limit of (B.2.1) as z — 0 we obtain

[B.2]z=0=0 (B.2.4)

provided that Z%Ci7z — 0 as z — 0; this limit can be justified using the last of the main equations,
applying the given boundary conditions. Clearly (B.2.1) does not impose any restrictions on [5].=0,
while the equation above implies that the term in the asymptotic expansion of 3 at order z vanishes,
as we found before. Differentiating (B.2.1) and taking the limit as z — 0 then gives

1

[ﬂ,zz}z:O = _ﬂ [(

C12)% + (Ca.2)* + (C3..)°] (B.2.5)

z=0

Continuing the process, we will clearly determine the derivatives of 8 as z — 0 to all orders.

Just as in the standard Bondi analysis, we solve the differential equations in the nested order,
substituting the solution of (B.2.1) into the righthandside of (B.2.2), and then using the solutions
of both (B.2.1) and (B.2.2) in (B.2.3). To understand how logarithms arise in the asymptotic

expansion it is useful to rewrite (B.2.3) in the form
(2 —20.)U =P[B,C;, W], (B.2.6)

where P is implicitly a functional of the functions (5, C;, W) and their derivatives. Using the

solutions of the other main equations one can show that
[P]ZZO [P,z]z:O [’P7zz}z:0 (B27)

are all non-vanishing for generic boundary data ([8].—o, [Ci].=0). From (B.2.6) and its first deriva-

tive one obtains

U].—0 = 5[Pla=o  [U:]z=0 = [P:]2=0 (B.2.8)
but differentiating again one obtains
[Zafu]z:() = _[P,zz]z:o (B?g)

i.e. [U ;z]z=0 is unconstrained, while 827/{ has a first order pole at z — 0. The latter induces the

logarithmic term in the asymptotic expansion at order z2.
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APPENDIX C

Appendix to chapter 8

C.1 Derivation of Einstein’s equations

The Ricci tensor
R, = 6,)Fﬁy + anfzy — a,LFZV - FZUFZV

is conveniently computed using

1
- - (d) 5| — AB|d-2) | _ ,48,.2(d—2)
FZM—M%\/W, |“Wgl = e[ g| =™y |h(0)|
q
such that )
e, =0y <2ﬂ + 3 log |(d2)g|> =:0,0,
and

1 1
R, = [8,) + 0, <25 + 5 log |<d2)g|)} I, — 0.0, (25 + 3 log |(d2>g|> Sl )7

Op

= |-

Some useful relationships involving detgsp g| are found using

Ou(detgar)

ABa —
g n9AB detgan

185

(C.1.1)

(C.1.2)

(C.1.3)

(C.1.4)

(C.1.5)
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so that!

980,98 = 242

; and  hAPO.hap =0
p Oy
92 B0ugan = dgq and hABO,hap = Sl (C.1.6)
q
0 0
G Pdcgan = =4 and  hAPochap = <4
q
(C.1.7)
To make contact with [60] we define
1 28 B
lap = 50ugaB kap = 50r9aB, na=ge 9apo0rW (C.1.8)
whose indices are raised and lowered with g4p and such that
AB Lo aB AB Lo aB
The Christoffel symbols are given in the following as
Fiu Fgr FZC
re, e T, p=urA (C.1.10)
Fﬁlu Ffflr F%C

re, =

v =200 — (20,84 00U + 2n AW + e P ke pWOW?P |
I, =0,

FZA = 8AB —ng — E_QEkABWB,
I =0,

ey, =0, I'y

-2
Bp—==¢€ 'BkAB )

I, = 3(8u — 20uB)U + SUD, + 20, B)U — SWA (D4 + 204U — 2U na WA
+e 2 (UkapWAWE + LagWAWE + WAW B2 D W)
7, =1 (20,8+0,)U — (aB +na) WA,

%(8,4 + 2nA)U - %Q_QBWB ((dfz)DAWB + @D DpWa + 24 — 2/6,437/[)

[ha=
F:r = 267‘/87 F;A = %e_ZBgAC'arWC + aAﬁa
e 2P
2

(@2DpWa + @2 DAWpg + 2lap — 2Ukap)

L
I—‘AB -

(C.1.11)
T, =2W49,8 — sWA(, + 20,8)U + 2npWBWA — 5, WA — 215W¢

+e P peWAWBWE + 16282048 + 04U + =2 DA(W?)
I = —kgWC + 2048 — 1680,WC = —kgWC + e? (048 — n?),

Ly = WA0sB —np) — e PhpeWAWC + 14 + L2 DAWE — @2 DpgW4

TA =0, T4 =k, Th,=ePWhkpo + 2T,
AB —
Le:  Orlgan| = |gan| 9*P0rgan, g*P0rgan = 250, (r*hap) = 22 4 h*P0,hap
N—_—— ——
2(1172)7‘2@{—2)—1(1 742(11—2)(1
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The relevant Ricci tensor components giving rise to the main equations are

Ry = O, I, — 9?0y — ", I7 —T7,TA 4+ TE, 14, (C.1.12)
Roa =0, I, 4+ O0pTB, — 08,0405 — T, T", —T"5T8, + 75,15, + TC T, (C.1.13)
Rap = OJ%+ 0I5+ 0TS s — 0400, (C.1.14)

T ™ u

u u u c r C C C r C D
- AuFuB - 1—‘AC']'—‘uB - FACFTB —tArtrB T PAu CB — FA’I‘ CB I_‘ADFCB

The components (C.1.12),(C.1.13) are easily evaulated. The symbol K7 can be further defined
as Kg = éh“m&,hcg so that kg = %5@ + T%Kﬁ and R,, = z(d_ilz)ﬁ,KgKf can be directly
compared with (4.33) of [60].

In C.1.14, the third, fourth and latter terms can be arranged to

OcTGp = 04050 = TGpl8y = P Rap+0c (e WCkap) (G-1.15)
+ 2e72P9cBW ks + (d_2)FgC€_2BchAB
+ 29TGR0c8 — 204088 — e PWWPkapkep
e U % ap T8y — e U kpp" 2T
so that
d—2\ _, u _o(d-2) (a-2)
Rap = (0, +20,8+ =) Tip+(0u+ 20,8+ ) Thp — 2" DadpS+ “ Rap

+ (d72>Dc (672BUC]€AB) + 2672ﬁ80ﬂUckAB — 674ﬁUCUE/€AEkCB

— Thulup —Ticlip —Taclip — T, Il — TG — T6,Tes (C.1.16)

and by contraction

gDARAB (d_Q)Rg —2 ((d_Q)DDaBﬁ + 8D6835 + nDnB)

d—2\ (1 1
+ e <ar + r) <2(d2)DDWB + 5“*2>DBWD +18 - kgu) (C.1.17)

+ e P[0y + D) kB + P Dc(WOEE) + kR DpW# — k=D, W 5]

leading to (8.3.6).

C.2 Recursive formulae

Given hap as (8.4.1)

hia u, T
has(u,r,z) = hoyap(u,z) + Y %ﬁf) (C.2.1)
P
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its inverse is recursively given by

la+po| Po holp
-1 _ -1 n (0)"*(a+p) _
h™ = hg+ Z (=1) (erp ) o)
= p
la+po |

Po h—lh Jt
n (0)'*(a+t) 1
e S S (O (M) e
t=0

Bje=n ‘7[071)0]

where n is integer and |a + p,] is the floor of the maximal power a + p, we keep in (C.2.1).
Eventually discard from hA~! terms of order higher than a + p,. In the second line we have used

the multinomial theorem and defined

n n n!
. = . . . = =y C.2.3
(J[o,po]) (]07"'7]t7"'7.7po> 7o o(de) ( )

where jjo .1 is the collection of non negative integer indices j, associated to the object r~ h(O)h(a_,_p)
for each p. The sum }_ jp=n 18 taken on any combination of j, such that their total sum ®j,
is equal to n. The tensor indices must match in the contraction and each inverse is taken with
respect to h(g), so that h(o)h =4, h O)h(a+p)h(_) = h(a+p)
These conventions translates the practice. To find the explicit expressions of the metric functions
we have to fix a and expand up to the relevant order, so up to a p = p,. For example in d = 4
we have a = 1 and it is appropriate to take the maximal p to be p, = 2 (but for many purposes

po = 1 suffices in d = 4).

The same conventions apply to the expansion of any other object, so in the following we simplify

notation where no confusion arise.

K’g = %hAC&,hCB now follows as

A a+p 4 1 . highatn ) 1 a+gq
KB - 7227aa+p+1 (a"!‘p)BiiZ(il) <Z ra+p h(o) T(L+q+1h(a+q)
n P q
_ 1 3 K(1ipr _5A5F+Z(*1)" th}qu)E n5F
o patl - TP BB ran . 74 B
1 Po [((JiHer)F ~a+po n Po hﬁerq)E Jt .
- mwa e e 3 G > (0 ()
P

Bji=n -7[07%] t=0

1 Po R(E‘+1+) N(H‘Po n Z
— a p)F tje e SF
SR LU S ol PN It (TSR
p

@jt:n J[quo] t=0
(C.2.4)
where +
- E a—-p
K(a+1+p)F = h(a+p)B (025)
at convenience we reshuffle indices and write
_ 1 KA
A _ (p)B
Kp=—7 > — (C.2.6)

p=0
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Christoffel symbols are expanded as

(d*Z)I‘ Bo = F Bc t = Z ratp h(O) th(a-i-p)DC + 6Ch(a+p)BD — aph(aer)Bc) (027)

]. n hAEh(a+p " FD
T3 ;(*1) (Zp: e o) (0Bh(oypC + Ochioysp — Oph(0)BC)

1 hE%)Eh(aer)EF 1
+3 > (- (E — hioy 77 (08M(arq)pe + chiarqnp = Iph(atgnC)
n=1 =1

and appropriately rewrites each order in terms of the quantites at the previous orders, so for

example

1 /© (0) ©)
“Tge =5 (DBhg)C + Dehipyp — DAh(a)BC) : (C.2.8)
Curvature tensors and scalar are expanded as

(a+p)
@-2p _ 2R + p—(2+a) ZT—P R . (C.2.9)

p

C.2.1 First equation: [

The integrand of (8.3.8) is

~A7-B p+q)BA AcB A (=™ m - l.
rKpKf = r2a+1 Z e laEag +205 ) e D (z[ )r 2 st H}(h(w ¢)(C.2.10)
t=

m Bls=m 0,po)

n+m . Po .
* Z r“(n+m) Z (j[(:;o)r_zmH(héH)E)h Z <l[0,po]) St H h(a+s)G

n,m Bjr=n t=0 Dls=m

So that we can list the orders in the expansion of S(u,r,x) with an expression which is not so

enlightening, but turns out to be useful

[a+po] 3
5(2a+p+q) 5((2+m)a+p+q+sls)
ﬁ ﬁ(o) + Z r2a+p+q + Z Z r(24+m)atptg+sls (0‘2'11)
m=1 Bls=m
oz ((24+m+n)a+p+q+sls+tji)
m+n)atptg+sls+ije
+ Z Z 2+m+n)a+p+q+sl +t7¢
n=1 @ji=n
For example, at order 2a we have only
= Blow) = a1, hAD C.2.12
B2a) = B2a) = —mrﬁ (a)AB(q) (C.2.12)
while at order 3a we have .
9 B(2a+ +q)
Bsa) = Bza) + 7r2a+§+j (C.2.13)
2a+p+q=3a

and so on for all orders.
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As a is fixed, all the terms can be reorganised as

B=Bo+ > ;"Z‘j’,j (C.2.14)

k>0

where k, as p moves forward by half integer steps if d is odd and by integer steps if d is even. We
will such expressions with the understanding that each order 2a + k£ has been computed with a

procedure like the one exemplified above. So for example

Bi2a) = Bi2a)

6 2a
Bsa) = Baa) + % . (C.2.15)

2a+p+q=3a

In particular for d = 4 and a = 1 and p moves in integer steps, so 3(34) is the next order after f(24)
and we get

To produce the two terms given in the main text we take the expansion with p € [0,p, = lorl/2]
and hence n,m € [1, [a + 1]].

a 1
=—————h hiB 2.1
5(2“) 16(d _ 2) ,,«2(1 (a)AB (a) (C 6)

a(a +p)

— AB
Bea+tp) = _mh(a)ABh(a+p) (C.2.17)

C.2.2 Second equation: W4

The two terms collected in G4 in (8.3.9) are expanded as

d—2 d—3 d—3—2a—k (1]
(a - T) 4B = —(d = 2r 3040y + S Gl as

k=0
(0)

(a+p)
pd—2a- 2)DBKA ~ (DB +r ZT—P ) Zr m)A (C.2.18)

(a+p)
_ rd—S—aDB Z r—mK(B;n)A + rd—3—2a Z p—p—m FB K(B;n)A

p,m

where
Q([i])A =(2—-d—2a—k)04B2a+k), (C.2.19)

and in the second expansion we noted the subleading terms in the covariant derivatives with a "
for the subleading Christoffel symbols and we assume implicit that the indices must be organised
to respect covariant differentiation rules. We can again formally reorganise the sums in the second

term so to have only one index to sum over, we define

(atp)
Zrd 3—a— qg[z] pd—3— aDBZT L0 AP ZaZT—P " T Kiya (C.2.20)

p,m
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So we have

) ,
rii, = /dTgA = - ;‘ff? + /dr [Z pd=s=2amkgll =N pdsmamaghl | (C.2.21)
k m

When k =d—2 —2a and ¢ = d — 2 — a the integral give a logr term. This happens when

R) azd%z,dzél: k=0,q= %2,
NR) a=1,d>4 k=d—4,q=d—3.

Thus under the case R) we get

gl g

94B(0) Gia Gim)a logr / 2]
T2 T P~ L dtk Z d+2+m + rd (g(O)A - g(d%z)A) (C.2.22)
> jj; ;
In the case NR)
(1] 2]

_ B0 Gikya Glmya logr 1 [2]

A= TR + Z (d—4 —k)rk+4 B Z (d—3— m)rm+3 rd (g(d 4HA g(d*3)‘4)
k=0, m=0,
4d—4 +d—3

(C.2.23)
Notice that the notation is a bit misleading because QE] enters the asymptotic expansion only after
gf] Then W4 follows from

w4 =2 / dre*’ iy (C.2.24)
so that in general we can write
d—2—a ( ) 1
a+l+p A A
b ) o (w(d_l) U1y log 7’) +...  (C.2.25)

where the exact expression of each coefficient depends on whether we are dealing with R) or NR).

C.2.3 Third equation: U

Now move to the equation for I/ (8.3.5). Using the above results, F is expanded

F= % + % +2 ( 7"(‘1+§+2) + (Flarp) +1087F @) |+ (€:2.26)
p

hence the integrand in (8.3.13) is

rd=2F = rd—3]_—(1) + Td_4f(2) + Z Td_4_a_p.7:(a+p+2) L (J:(d+p) + log TF(d+p)) +
p
(C.2.27)
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Notice that d — 4 — a — p > —2 — p for both values of a we are considering, while

d—9=2 _3_—d=4
d—4—a—-p=—-1lop=d—a—-3=p= 2 2 (C.2.28)
d—1-3=d—4

So the solution (8.3.13) of (8.3.5) can be organised as

a+p<d—3
U 1
U= TU(_l) + u(o) —+ Z TFG:::::) + ,',,d_3 (u(d_3) —+ U(d—3) IOg T) =+ ... (0229)

p=0

where the sum in (C.2.27) integrates to the first sum in (C.2.29) and in the r?=2 r¢=3logr terms,

as well as in the further subleading parts noted wit ..., to which also F(44,) and F(44,) contribute.
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