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ABSTRACT

This thesis, based on two papers by Satishchandran and Wald [1, 2], investigates the behavior
of classical and quantum fields in scattering theory in asymptotically flat spacetimes. It has
been known that the presence of massless fields will give rise to a “memory effect” in four
dimensions. At order 1/r a massless field generically will not return to the same value at late
retarded times as it had at early retarded times. This memory effect is deeply connected to
the asymptotic symmetry group of an asymptotically flat spacetime as well as the infrared
divergences encountered in quantum field theory and quantum gravity. The full scope of this
thesis is to fully understand the relationship between these seemingly disparate phenomena
and develop an infrared finite scattering theory in QFT and quantum gravity. To understand
the origin of these relationships we investigate the behavior of massless scalar, electromagnetic,
and gravitational perturbations near null infinity in all dimensions greater than or equal to
4 assuming that they admit an expansion in 1/r. We consider the gravitational memory
effect and show that in even dimensions, the memory effect is at Coulombic order and can be
decomposed into null and ordinary memory. In odd dimensions, the memory effect vanishes.
In 4 dimensions, there is a close relationship between memory and the supertranslations
charge/flux relations. We then show that the vanishing of memory of at radiative order
is responsible for the lack of IR divergences in higher than 4 dimensions but is directly
responsible for IR divergences in 4 dimensions. IR divergences are artifacts of trying to
represent states with memory in the standard Fock space. For a well-defined S-matrix, it is
necessary to define in/out Hilbert spaces with memory. Such a construction was given by
Faddeev and Kulish (FK) for QED. Their construction "dresses" momentum states of the
charged particles by pairing them with memory states of the electromagnetic field to produce
states of vanishing large gauge charges at spatial infinity. However, in massless QED, due to
collinear divergences, the "dressing" has an infinite energy flux so these states are unphysical.

In Yang-Mills theory the "soft particles" used for dressing also contribute to the current

X



flux, invalidating the FK procedure. In quantum gravity, the analogous FK construction
would attempt to produce a Hilbert space of eigenstates of supertranslation charges at spatial
infinity. However, we prove that there are no eigenstates of supertranslation charges except
the vacuum. Thus, the FK construction fails in quantum gravity. We investigate some
alternatives to FK constructions but find that these also do not work. We believe that to
treat scattering at a fundamental level in quantum gravity - as well as in massless QED and
YM theory - it is necessary to take an algebraic viewpoint rather than shoehorn the in/out
states into some fixed Hilbert space. We outline the framework of such an IR finite scattering

theory.
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CHAPTER 1

INTRODUCTION

In both classical and quantum scattering theory one is often interested in the description of
the “outgoing” field at large distances from the “source”. At asymptotically late times, any
radiative degrees of freedom propagate away from sources and the fields are approximately
free. In a scattering process such as, for example, the classical merger of black holes or the
quantum scattering of charged particles in QED, the outgoing fields encode the details of
the scattering event which can be measured by LIGO or the LHC. The prediction of the
“outgoing” field at asymptotically late times given “incoming” initial data at asymptotically
early times is known as “scattering theory”. In the quantum theory, this approach embodies
the “S-matrix formalism” of quantum field theory and is widely viewed as a fundamental

approach to quantum gravity.

In this thesis, we examine fundamental aspects of classical and quantum scattering theory.
In particular, over the past half-century, there are three seemingly disparate insights and
issues in scattering theory in four spacetime dimensions that have been argued to be deeply
related [3, 4]. (I) The discovery that the group of symmetries of scattering theory is actually
an infinite dimensional group of “asymptotic symmetries” [5]. (II) The well-known issue
of “infrared divergences” in the standard quantum S-matrix in the presences of massless
particles due to the emission of an infinite number of low-frequency massless particles in
any generic scattering process [6, 7, 8, 9]. (IIT) The existence of the memory effect which,
in the gravitational case, is the permanent relative displacement of an arrangement of test
particles due to the passage of a burst of gravitational radiation [10]. In Maxwell theory,
the “electromagnetic memory effect” corresponds to a permanent “momentum kick” of a test
charge due to the passage of a burst of electromagnetic radiation [11]. While the gravitational

memory effect is expected to be experimentally detected by LIGO or LISA [12, 13, 14], it
1



also plays a fundamental role in both classical and quantum scattering theory. Indeed, as we
explain below, the existence of the memory effect in four dimensions implies the enlargement
of the asymptotic symmetry group and is the obstruction to defining the standard S-matrix

in the quantum theory [3, 15].

This thesis is divided into two parts. In chapter 2, we first analyze the classical memory
effect in all spacetime dimensions. An important aim of this analysis is to clarify the origin
of the relationship between memory, symmetries and infrared divergences. In chapter 3, we
then consider the quantum implications of the memory effect where we argue that one must
go well beyond the traditional S-matrix formulation of scattering theory in order include
memory as a quantum observable and have a well-defined, infrared finite scattering theory in

quantum field theory and quantum gravity.

We now turn to the description of this work.

1 The asymptotic behavior of massless fields in all spacetime dimensions

The classical memory effect is a radiative effect defined at asymptotically large distances from
the source. Therefore an analysis of memory requires a precise analysis of the asymptotic
behavior of massless fields. This analysis was first carried out in four dimensions by Bondi
and collaborators in the 1960’s [16, 17, 18] by assuming a 1/r expansion of the metric near
“null infinity” (r — oo at fixed retarded time u). The primary aim of sec. 2 of chapter 2 is
to extend this analysis to all d > 4 spacetime dimensions. To achieve this we assume an
expansion in powers of 1/r as an ansatz in a similar spirit to the original analysis by Bondi
and collaborators. The generality of this ansatz is shown in Appendix A where we shown

that, for d even, our ansatz is compatible with smoothness of the metric at # 7.

The main results of sec. 2 of chapter 2 are given in Props. 2.1 and 2.2 as well as Theorems 1—



3. These results can be summarized as follows: we show that if one can choose a gauge
compatible with our ansatz in which the massless fields satisfy a wave equation near null
infinity, then a recursive solution can be straightforwardly obtained order by order in 1/r
given “free data”, up to constraints, at “radiative order” O(1/ rd/ 2=1) or “Coulombic order”
O(1/r%=3). For electromagnetic fields or linearized gravitational fields the relevant gauge
in which these propositions apply is the “Lorentz gauge” whereas in fully nonlinear general
relativity the relevant gauge is the Harmonic gauge. We prove in Props. 2.3-2.5 that the
only obstruction to putting the fields in these gauges is in d = 4 if there is a non-vanishing
flux of charge current to .# T in the electromagnetic case or a non-vanishing energy flux in
the gravitational case. This is clearly far too restrictive in general relativity and therefore
in d = 4 one must use the “Bondi gauge” conditions. However, in higher dimensions this
approach yields a simpler and more straightforward method for analyzing the behavior of

massless fields near null infinity in higher dimensions.

2 The memory effect in all spacetime dimensions

Given this asymptotic analysis of sec. 2 of sec. 2 we then straightforwardly analyze the
gravitational memory effect for any scattering scenario where the metric is stationary at
leading order in 1/r at early and late times. The precise stationarity conditions at early and
late times are spelled out in sec. 3.1 of chapter 2. We focus particularly on the gravitational
memory effect, but exactly similar conclusions shall hold in the electromagnetic case. In four
dimensions, it can be shown that the memory effect naturally decomposes into “null memory”
and “ordinary memory”. “Null memory”, which was originally discovered by Christodoulou,
is associated with a flux of energy to null infinity [19]. Ordinary memory, which was originally
discovered by Zel’dovich and Polnarev [10], can be associated with the metric being non-

stationary at one order faster than “Coulombic order” which, in four dimensions, is at order



1/r. This will generically occur if there is a flux of matter stress-energy at past or future
timelike infinity. In sec. 3 of chapter 2 we generalize this result to all spacetime dimensions.
More precisely, we prove that the memory effect vanishes at all fall-off slower than Coulombic
order and is first non-vanishing at Coulombic order O(1/r%~3). In even dimensions we prove
that the Coulombic order memory admits a decomposition into “ordinary memory” and “null
memory” in a manner similar to the decomposition in four dimensions. However in odd

spacetime dimensions, we show that the total memory effect at Coulombic order vanishes.

Given this decomposition we then investigate the general relationship between memory
and symmetries in sec. 3.4 of chapter 2. In four spacetime dimensions, there are two ways
in which memory is related to asymptotic symmetries. The first way is when memory can
be expressed as a diffeomorphism. The memory effect is physically the displacement of
test masses due to the passage of radiation. In four dimensions, it has been previously
noted that this displacement can correspond to a diffeomorphism. This diffeomorphism is an
asymptotic symmetry known as a “supertranslation” which is an “angle dependant” time
translation and does not lie in the usual Poincaré group. Physically this implies that, due to
the flux of radiation, the early and late time frames in the stationary eras are related by (at
least) a supertranslation which is not a degeneracy of the symplectic form [20]. Therefore,
the existence of memory implies the enlargement of the asymptotic symmetry group to
include all supertranslations in four dimensions. The second way memory is related to

Y

symmetries is through “charge-flux” relations. Asymptotic supertranslations can be used
to generate corresponding “supertranslation charges” whose total flux through all of .# ™ is
determined by the memory and the null memory [21]. The change in the supertranslation
charge between asymptotically early and late times is equivalent to the ordinary memory
effect and so this “charge-flux” relation can be equivalently viewed as a rearrangement of the

memory formula expressed in terms of ordinary and null memory. These charge-flux relations

can be similarly defined at past null infinity. The matching of supertranslation charges at
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spatial infinity [22, 23, 24, 25, 26] relates the incoming charges, memory and null memory to
the corresponding outgoing quantities at future infinity and plays an important role in the

quantum scattering theory in chapter 3.

While these arguments illustrate the necessity of the enlargement of the asymptotic
symmetry group in d = 4 we show that memory is not related to any symmetries for d > 4.
To see this, we first show that the memory effect can always be decomposed into scalar,
vector and tensor parts on the (d — 2)-sphere. The null memory is always of scalar type but
the ordinary memory can be of scalar, vector or tensor type. Furthermore, we show that all
types of memory can be sourced by physically reasonable matter distributions which satisfy
the dominant energy condition. We show that memories of vector and tensor type cannot be
described by a diffeomorphism. Memories of scalar type can be described by a diffeomorphism
but this diffeomorphism is pure gauge for d > 4 and is precisely a supertranslation in d = 4.
We give an explicit example in four dimensions of a shell of matter with vector stresses
which gives rise to a vector ordinary memory effect. Since vector memory is not related to
diffeomorphisms, this shows that even in four dimensions there is no general correspondence
between memory and symmetries. We also consider the relationship between the Coulombic
memory effect to charges and fluxes in higher dimensions. The ordinary memory effect
in higher dimensions can again be interpreted in terms of the difference of “charges” and
therefore its “flux” can be expressed in terms of the higher dimensional memory and null
memory. However, these “charges” are not generated by any local symmetries on .# 1.1
For these reasons, one can consistently reduce the asymptotic symmetry group to the finite
dimensional Poincaré group in d > 4 spacetime dimensions whereas one cannot consistently

do so in d = 4.

We finally consider, in sec. 3.7 of chapter 2, the relationship between memory and “infrared

1. One could instead attempt to define supertranslation charges following the methods of [21]. However,
the charges associated to supertranslations in higher dimensions diverge at null infinity [20, 27]

5



divergences” in quantum scattering theory. As is well-known, there are no infrared divergences
in dimensions d > 4. The main purpose of this subsection was to understand this statement in
terms of memory and its relation to the existence of the Weinberg soft graviton theorem which
holds in all dimensions and implies the factorization of S-matrix amplitudes into “hard” (high
frequency) and “soft” (low frequency) parts [28]. The full algebra of asymptotic observables
and its corresponding quantization is given in detail in chapter 3 however, to see the essential
differences between four and higher dimensions we considered the simple model of linearized
quantum gravity coupled to a classical stress energy. We show that if the classical stress
energy produces classical radiation with no memory then the “out” graviton state is in the
standard Fock representation. However, if the classical stress tensor produces a classical field
with memory then the “out” graviton state has an infinite number of low-frequency gravitons
and cannot be represented in the standard Fock representation. This state with memory,
however, can be expressed as a state in an inequivalent Fock representation. Given an infrared
cutoff, we show that one can factor the state into “hard” part (which lies in the standard
Fock space) and “soft” part (which lies in an inequivalent “memory Fock representation”).
We argue that this factorization should hold more generally and is equivalent to the Weinberg
soft graviton theorem. In higher dimensions, we show that “out” states with non-vanishing
higher dimensional memory lie in the standard “out” Fock space. This is due to the fact
that the memory occurs at “Coulombic order” and not “radiative order” and therefore does
not affect the quantization of the radiative gravitons. Additionally, one can do a similar
‘hard/soft” splitting of the “out” state but there is no necessity to do so in order to describe
the “out” state as a Fock space state. In this regard, the S-matrix as a map on the standard
Fock space is perfectly well-defined in d > 4 dimensions but one runs into serious issues
in defining the S-matrix d = 4 spacetime dimensions. More precisely, in the full quantum
scattering theory one will have non-vanishing amplitudes for the “out” state to lie in different

memory Fock representations. Therefore, a well-defined scattering theory in four dimensions



must include all of the uncountably infinite number of memory Fock representations in both
the “in” and “out” Hilbert spaces. Whether such a Hilbert space exists in quantum field

theory or quantum gravity is considered in chapter 3.

In summary, in four spacetime dimensions, the memory effect is intimately linked to the
enlargement of the asymptotic symmetry group to the BMS group as well as the infrared
divergences found in the standard S-matrix formulation of scattering theory. In higher
dimensions, the memory occurs at Coulombic order O(1/ rd_g) whereas radiation decays as
o(1/ rd/ 2=1) Therefore, for d > 4, the memory no longer occurs at radiative order and this
is ultimately the reason for the reduction of the asymptotic symmetry group to the Poincaré

group as well as the lack of infrared divergences in higher dimensions.

3 Infrared finite scattering theory in quantum field theory and quantum

gravity

In chapter 3 we investigate the long-standing problem of defining an “infrared finite” scattering
theory in quantum field theory and quantum gravity. As described above, the outgoing
state will generically have memory and cannot be represented as a state in the standard
Fock representation. The most common way of dealing with such infrared divergences is
by introducing an infrared cut-off so that the “out” state is expressible as an ordinary Fock
state and then once can calculate “inclusive cross sections” which yields the probability
for any “hard” process given the emission of any “soft” quanta [9, 28]. This procedure is
extremely successful in obtaining observables relevant for collider physics. However, this
infrared cutoff removes the memory effect as a quantum observable. Furthermore the “soft”
radiation also results in an enormous amount of decoherence of the “hard” particles [29, 30]
and this decoherence is observable in finite time interference experiments [31, 2]. Finally,
this situation is highly unsatisfactory if one wishes to view the S-matrix as a fundamental

7



quantity in the formulation of quantum field theory and quantum gravity since the S-matrix

itself is undefined.

As explained previously, if one starts with an “in” state in the standard Fock space
with zero memory then the “out” state will generically have memory and will not lie in the
standard Fock space. Therefore, to have a well-defined S-matrix one must include states with
memory into a single, separable Hilbert space. However, there are an uncountably infinite
number of inequivalent memory Fock representations and the memory is not conserved (i.e.
the “in” memory is not generically equivalent to the “out” memory). There is a priori no
clear way to assemble these Fock spaces together in a manner which will be preserved under
scattering. Furthermore, one will encounter infrared divergences if one chooses the incorrect

“out” representation.

In chapter 3 we investigate the existence of any suitably representations for scattering
theory in quantum electrodynamics (QED) with a massive or massless charged fields, Yang-
Mills theories or in full quantum gravity. To study this problem it is essential to define the
theory at asymptotically early and late times prior to a choice of Hilbert space representation.
This is achieved by the algebraic approach to quantum field theory which we review in sec. 2
and 3 of chapter 3. In this approach, the asymptotic quantum theory is defined by specifying
the algebra of observables and states then correspond to a class of positive linear maps on
the algebra to the complex numbers. More concretely, a state is determined by specifying
the “n-point correlation functions” of the field where we further require all states to have the
same singular structure as the vacuum. While this notion of a state is equivalent, by the
GNS construction, to the more usual definition as an element of a prescribed Hilbert space,
this notion of a state allows one to simultaneously consider states which live in different
representations. In other words, states with or without memory are treated with equal footing
in this approach. In sec. 4.1, 5.1, 5.5 and 6.1 of chapter 3 we take the algebraic approach and

define the algebra of asymptotic observables and states for each theory that we consider. We
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then extend these algebras in sec. 4.2, 5.2 and 6.2 to include “charges” and “fluxes” which

correspond to generators of the asymptotic symmetry group in each respective theory.

Given this reformulation of the theory in terms of the algebra of observables and the
corresponding scattering states, we then consider the consider the problem of finding a
suitable Hilbert space representation for scattering theory which yields an infrared finite
S-matrix. Remarkably, this was accomplished in QED with massive charged particles by
Faddeev and Kulish in the 1970’s [32]. In sec. 4.4 of chapter 3 we recast their construction in
terms of the extended algebra of observables (i.e. charges and memory) of QED. In QED,
the “incoming” electromagnetic memory effect can also be decomposed into an “ordinary
memory effect” and a “null memory effect”. The ordinary electromagnetic memory effect
is expressible in terms of the difference of “large gauge charges” defined at past timelike
infinity and spatial infinity which are charges generated by asymptotic “angle-dependent”
gauge transformations. The null electromagnetic memory effect corresponds to the angular
distribution of the incoming current-flux through .# ~ due to the flux of any incoming massless
charged particles. In QED with massive charged particles, the null memory effect vanishes
and one only gets a contribution to memory from the ordinary memory effect. Furthermore,
the incoming charge at timelike infinity is completely determined by the incoming massive
matter and the incoming memory is determined by the incoming electromagnetic radiation.
Therefore, the large gauge charge at spatial infinity is uniquely determined from the initial

data.

We now summarize the construction of Faddeev-Kulish states. A more detailed overview
which contains more of the mathematical details can be found in the introduction of chap-
ter 3 and the full construction can be found in sec. 4.4. The Faddeev-Kulish construction
corresponds to constructing a Hilbert space of eigenstates of the charge at spatial infinity.
Since charge at spatial infinity satisfies a “matching condition” [33] the Hilbert space of

“in” states will evolve into a similarly defined “out” eigenspace of the large gauge charges at

9



future infinity. To construct these eigenstates we note that the eigenstates of the large gauge
charge at past timelike infinity are (improper) plane wave states of the incoming electron
where the eigenvalue corresponds to the asymptotic Liénard—Wiechert solution of a sum of
charged particles and antiparticles with momenta determined by the incoming plane wave.
Given a definite value of the large gauge charge at spatial infinity, the required incoming
memory is uniquely determined by the incoming charge at timelike infinity and the definite
charge at spatial infinity. Therefore, the eigenstates of the large gauge charge correspond to
wave packets where each plane wave state of the electron is highly correlated with incoming
electromagnetic radiation with memory uniquely determined by the incoming plane wave
state. Such states are referred to as “dressed electrons” where the incoming electron is highly

correlated with a “cloud of soft photons” (i.e. radiation states with memory).

While the resulting Hilbert space of states of definite charges at spatial infinity should
evolve into a corresponding “out” Hilbert space of definite charge, the charges at spatial
infinity are not Lorentz invariant unless all of the charges vanish — including the total
electric charge. Therefore, the Hilbert spaces of definite charge will not have a continuous
action of the Lorentz group unless all of the charges are set to zero. One must then pair
an incoming “dressed” electron” with a “dressed” positron in such a way that all of the
charges at spatial infinity vanish. This construction provides a Hilbert space of states which
has a continuous action of the Poincaré group and yields a well-defined, IR-finite S-matrix.
However, there are clearly a number of unpleasant features of this construction. The first is
the vanishing of total electric charge. This may seem like a severe restriction since one may;,
for instance, wish to consider the scattering of two electrons. As was argued by [34], one
could still achieve this within the Faddeev and Kulish framework by hiding two positrons
“behind the moon” (i.e. incoming states which do not interact strongly with the electrons).
Therefore, in principle, this restriction does not fully invalidate the construction. Another

unpleasant feature is that the incoming state of the electron and the incoming state of the
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photons are independent degrees of freedom, however the Faddeev-Kulish construction forces
a high degree of entanglement between the photons and the electrons resulting in a complete
decoherence of the electrons [30, 35, 29, 2|. One cannot consider, for example, “undressed”
incoming electrons and so the Faddeev-Kulish Hilbert space artificially excludes a large
class of physical states. Nevertheless, this class of states do yield a genuine, infrared finite

S-matrix.

However, we show in sec. 5.4 and 5.5 that a similar construction does not work in a
satisfactory way for QED with massless charged particles and for Yang-Mills theories. The
analog of the “dressing procedure” is to now pair eigenstates of the charge-current flux in
massless QED or the gluon color-flux in Yang Mill theories with the appropriate memory.
However, the memories obtained in this procedure contain “collinear divergences” in the
angular behavior of the photon or gluon fields which implies that the incoming field must
have infinite energy. Therefore, one must attempt to pair the incoming massless particles or
gluons with radiation states with infinite energy. In the Yang-Mills case the situation is worse
because, due to the non-linearities in Yang-Mills theory, the color-flux of the dressing will
now further contribute to the charge at spatial infinity and due to the collinear divergences
the additional contribution to the color-flux is also infinite. Therefore, while one can do
the dressing procedure (with infinite energy dressing) in massless QED, there is no analog
of this procedure in Yang-Mills. Nevertheless, one could consider other means of obtaining
eigenstates of the charge. We prove that the only eigenstates are states whose correlation
functions are Casimirs of the Lie algebra. For example, the one-point function must vanish and
the two-point function must be proportional to the Cartan-Killing metric of the Lie algebra.
While there exist states which satisfy these conditions, this is clearly far too restrictive to

represent all “hard” scattering processes.

The situation in quantum gravity is even worse. First, in order to have a well-defined

action of the Lorentz group one needs to set all of the supertranslation charges to vanish —
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including the total four-momentum. The only state which satisfies this is the vacuum state
and so the Faddeev-Kulish construction fails at this elementary step. One could forgo having
a well-defined action of Lorentz and consider eigenstates with non-vanishing supertranslation
charges. This is possible in linearized gravity with massive or massless sources by an analog
dressing procedure outlined above. Furthermore, due to the lack of “collinear divergences” in
quantum gravity [36] there is no fundamental issue in dressing both massive and massless
fields. However, there is a serious issue in extending this to full quantum gravity. In this case,
the incoming flux of gravitational radiation energy (i.e. the “null memory”) contributes to the
supertranslation charges at spatial infinity. These nonlinearities, as in the Yang Mills case,
imply that any attempt to pair the incoming graviton energy flux with incoming memory will
also introduce more incoming energy and spoil the eigenstate condition we wish to achieve.
One could hope to obtain these eigenstates by some other procedure besides dressing, however
the only eigenstates of the supertranslation charge are those that are invariant under all

supertranslations. We prove in Theorem 5 that the only such state is the vacuum state.

In sec. 7 we explore alternative constructions involving direct integrals with respect to
Gaussian measures of the memory Fock representations and find that these also do not work.
While our analysis does not exhaust all possibilities, we believe that in all cases except for
QED with massive charged fields, there is no satisfactory Hilbert space construction for “in”

and “out” states which yields a well-defined, infrared finite S-matrix.

We believe that the inherent issue is simply in demanding that all physical states of
interest lie in a single Hilbert space representation. As already emphasized, the algebra of
observables and the space of correlation functions is perfectly well-defined. However, as we
have argued, there is in general no preferred Hilbert space of states which evolves into itself
in massless QED, Yang-Mills theories and quantum gravity. Therefore, in sec. 8, we advocate
that if one wishes to have a well-defined S-matrix one should take an algebraic point of

view on scattering theory. In particular, one can choose any “in” state (defined as a list of
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correlation functions) that one wishes — without any a priori “dress requirements” — and
evolve this state to an “out” state defined as a list of correlation functions. At no stage would
we demand that the “in” and “out” states lie in any pre-chosen Hilbert space and we would
encounter infrared divergences if we select the wrong one. We believe that one must adopt
this manifestly infrared-finite approach to scattering theory if one wishes to treat scattering

at a fundamental level.

Notation and conventions

We work in natural units (G = ¢ = h = 1) and will use the notation and sign conventions
of [37]. In particular, our metric signature is “mostly positive” and our sign convention
for curvature is such that the scalar curvature of a round sphere is positive. Greek indices
(i, v,...) correspond to tensors in the “bulk” of the spacetime.2. We now spell out our
notational conventions in chapter 2 and chapter 3 which differ slightly. The most important
difference between chapter 2 and chapter 3 is that in chapter 2 we work in the physical
asymptotically flat spacetime whereas in chapter 3 it will be far more convenient to work in

the unphysical, conformally compactified spacetime.

In chapter 2 we will consider the expansion of tensors in terms of powers of 1/r in the
physical, d-dimensional, asymptotically flat spacetime. In this chapter, Greek indices are
raised and lowered with respect to the “background” Minkowski metric 7,,,,. In this chapter,
capital Latin indices (A, B, C,...) will be used to denote tensors on the (d — 2)—sphere. We

A, on the sphere and components

will also use capital Latin indices to denote coordinates, x
in this coordinate basis. (We do not feel that the potential confusion resulting from using
the same notation for a tensor on a sphere and its components in a coordinate basis is

sufficient to justify introducing another alphabet into our notation.) When we expand a

2. We also will use Greek indices in several places in sec. 2 of chapter 3 to denote tensors on phase space.
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scalar field ¢ in powers of 1/r, gb(n) will denote the coefficient of 1/7"*. When we expand a
tensor field Zq4,...q, in powers of 1 /7, the quantity t((ﬁ?“ak will denote the coefficient of 1/r"

a normalized basis. In particular, for a co-vector field, 4, the quantity t%) is such that its
action on the normalized basis element 1 j falls as 1/r™. This differs from a much more

(n)

common convention [38, 39, 40] where ¢}’ would be such that its action on falls as

or A
1/r™. Our conventions thereby avoid a spurious mixing of orders, and the orders we assign to

components do not depend on whether we are using Cartesian or spherical coordinates.

In chapter 3, we will generally use the symbol .7 to denote a *-algebra of observables,
w to denote a state on the algebra, # to denote a Hilbert space and .% to denote a Fock
space. Algebras of local field observables in the asymptotic past and future will be denoted
as iy, and @, respectively. We will append a superscript “in” or “out” on various other
quantities to distinguish between quantities defined in the asymptotic past or future, but we
will omit this superscript when the context is clear. We will use superscripts “EM”, “KG”,
“KGO0”, “YM”, and“GR” on quantities to distinguish between the particular cases of the
electromagnetic, massive Klein-Gordon, massless Klein-Gordon, Yang-Mills, and gravitational
fields, respectively. Thus, for example, %EM denotes the algebra of local electromagnetic field
observables in the asymptotic past. We will append subscripts “Q” and “P” to denote the
extensions of algebras of local field observables to include large gauge charges and Poincare
generators respectively. Thus, for example .7 Q denotes the extension of the algebra of
local field observables of a massive scalar field in the asymptotic past to include large gauge

charges.

Quantum observables will be denoted by the boldfaced version of the symbol for the
corresponding classical observable; for example, the quantum observable corresponding to a

classical scalar field ¢ is denoted by ¢.

We will work with the Penrose conformal completion (see, e.g., [37, 41]) of flat spacetime
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(for QED and Yang-Mills theory) and asymptotically flat spacetimes (for gravity). The
conformal boundaries .#* denote future /past null infinity, iV denotes spatial infinity and i+
denotes future/past timelike infinity. The conformal factor will be denoted by Q and without
loss of generality we impose the Bondi condition V;, V) = 0 at null infinity .# +. The null

normal to .#= will be denote n# = VHQ.

We will frequently encounter down index tensors on .#* that are orthogonal to n# in
each index. We will denote such tensors with capital Latin letters (A4, B,...). Again, we do
not believe the potential confusion arising from the conflict with the notation in chapter 2
warrants introducing another alphabet into our notation. For example, the pullback of the
electric field £, = Fjyn” to & + is such a tensor and it will be denoted as E 4. Similarly, the
(degenerate) metric on .#* (obtained from the pullback of the conformal spacetime metric)
will be denoted as ¢4 5. We also will use capital Latin letters to denote equivalence classes of
“up” index tensors on £, where two such tensors are equivalent if they differ by a multiple
of n* in any index. (Such “up” index tensors are dual to the corresponding down index
tensors.) The metric g4 g acts non-degenerately on such equivalence classes of vectors, so it
has an inverse, which we will denote as qAB . We will use g4p and qAB to lower and raise
capital Latin indices. Most of our analysis will be done with incoming fields on past null
infinity .# ~ and we will use coordinates z = (v, z4) on .# ~, where v is the advanced Bondi

time coordinate and z4 are arbitrary coordinates on a 2-sphere. Note that the index on the

coordinates z** should not be confused with a tensor index as described above.
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CHAPTER 2

THE ASYMPTOTIC BEHAVIOR OF MASSLESS FIELDS AND
THE MEMORY EFFECT IN ALL SPACETIME DIMENSIONS

1 Introduction

In the early 1960’s, Bondi and collaborators [16, 17, 18] performed a general analysis of the
asymptotic behavior of the metric near “null infinity” (r — oo at fixed retarded time u)
for asymptotically flat spacetimes. They assumed an expansion of the metric in powers of
1/r and obtained a recursive algorithm for solving the Einstein equations near null infinity.
Several years later, Penrose [42] gave an elegant, geometric reformulation of the Bondi ansatz
via conformal compactification. A similar analysis of higher even-dimensional, asymptotically
flat spacetimes can be given using conformal compactification [27]. However, such a conformal
compactification is not possible for odd dimensional spacetimes with gravitational radiation

[43].

In sec. 2 of this chapter, we will analyze the asymptotic behavior of massless scalar,
electromagnetic, and linearized gravitational fields near null infinity in Minkowski spacetimes
with d > 4. We will then analyze asymptotically flat, nonlinear general relativity near null
infinity. Since we wish to treat odd dimensions as well as even dimensions, we will not use
conformal compactification but, instead, will assume an expansion in powers of 1/r as an
ansatz. For d even with d > 4, our ansatz is precisely equivalent to smoothness! at 1 in
the conformally compactified spacetime, whereas we will see in Appendix A that for d = 4

it is slightly weaker, i.e., we allow a small class of additional solutions that would not be

1. It should be noted that our analysis will be primarily concerned with behavior of fields at 1/79~3 and
slower fall off, so for our main results, “smoothness” can be replaced by differentiability to the corresponding
order.
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allowed by smoothness at .# 7. Our fields will be allowed to have arbitrary interior sources,
i.e., only the field equations near null infinity will be used. Near null infinity the fall-off of
the sources is required to be rapid enough to ensure that there is a finite flux through spheres

near null infinity.

In sec. 3 of this chapter, we will give a thorough analysis of the memory effect in nonlinear
general relativity in all dimensions d > 4. An important aim of our analysis is to extend and

clarify the work of Strominger and collaborators [44, 4, 45, 46, 47, 38].

We begin our analysis in sec. 2.1 by considering a massless scalar field, ¢, in d-dimensional
Minkowski spacetime. We show that the wave equation gives a recursion relation that relates
different coefficients in an expansion of the field in powers of 1/r. This recursion relation

d/2-1 (“radiative

motivates an expansion in integer steps, with the slowest fall-off being 1/r
order”). In odd dimensions, integer powers starting at 1/r%=3 (“Coulombic order”) must also

be allowed. The “free data” needed to specify a solution is characterized in sec. 2.2.

We then consider an electromagnetic field, A, in sec. 2.3. It is very convenient to put
Ay, in Lorenz gauge, 0" A, = 0, since then many of the results for the scalar field can be
directly taken over. In order to put the electromagnetic field in Lorenz gauge, we need to
solve the scalar wave equation with a source. We show that when d > 4, this can be done in
a manner compatible with our 1/r expansion ansatz. However, when d = 4 we cannot do
this if there is a nonvanishing flux of charge to null infinity. In Lorenz gauge, each Cartesian
component of A, satisfies the same recursion relations as the scalar wave equation, but there
also are additional conditions (“constraints”) arising from the Lorenz gauge condition itself.
It is convenient to write the recursion relations and constraints in terms of the components
4)

Ay, Ay, Ay in coordinates (u,r, x**) where u is the retarded time and 24 denotes coordinates

on the (d — 2)-sphere. We do this explicitly in sec. 2.3. The “free data” is then characterized.

Gravitational perturbations, h,, are considered in sec. 2.4. In order to put Ay, in Lorenz
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gauge, E)/“LE,W = 0 (with Euy = hyw — 1/2nh and h = 9 h;), we need to solve the vector
wave equation with a source. Again, we find that when d > 4, this can be done in a manner
compatible with our 1/r expansion ansatz. However, when d = 4 we cannot do this if there is
a nonvanishing flux of matter stress-energy to null infinity. We give the recursion relations and
constraints explicitly in terms of the components hyuy, hur, her, hya, hra, haop and identify

the “free data.”

It might be thought that the full, nonlinear Einstein equation would be much more difficult
to analyze. However, as we shall see in sec. 2.5, the nonlinear terms first enter Einstein’s
equation at order 1/r%=2 and they first affect the behavior of the metric at Coulombic order
1/ pd=3, Similarly, the nonlinear terms in the harmonic gauge condition first affect the metric
at Coulombic order. Thus, under our ansatz concerning the expansion of the metric in powers
of 1/r, the analysis of the nonlinear Einstein equation coincides with the linearized analysis
until Coulombic order, and the differences at Coulombic order can be taken into account in a

relatively straightforward manner.

In sec. 3, we turn our attention to the memory effect, i.e., the permanent relative
displacement of an arrangement of test particles near null infinity that are initially at rest.
We assume that the metric initially is stationary to Coulombic order, goes through a non-
stationary epoch, and again becomes stationary to Coulombic order. The precise stationarity
assumptions and the motivation for them are spelled out in sec. 3.1. We obtain general
properties of the memory tensor in sec. 3.2. In sec. 3.3, we calculate the memory tensor for
all d > 4. We show that the memory tensor vanishes at all fall-off slower than Coulombic,
i.e., it vanishes at order 1/r" for all n < d — 3. In even dimensions, the memory tensor at
Coulombic order can be nonvanishing [38, 48] and we also show that it naturally decomposes
into “null memory” and “ordinary memory,” in a manner similar to the known decomposition
in 4-dimensions [39]. “Null memory” is associated with a flux of energy to null infinity,

whereas we show that “ordinary memory” is associated with the metric being non-stationary
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at one order faster fall-off than Coulombic, as will generically occur if there is a flux of matter
stress-energy moving inertially in from infinity or out to infinity at less than the speed of
light. In odd dimensions, we show that the total memory effect vanishes near null infinity at

Coulombic order.

As discussed in sec. 3.4, in all dimensions, the memory effect can be decomposed into
scalar, vector and tensor parts on the (d — 2)-sphere. Null memory is always of scalar type,
but ordinary memory can be of any type. We give an explicit example in linearized gravity
in d = 4 dimensions involving a shell of matter with vector stresses that gives rise to vector
(i.e., “magnetic parity”) ordinary memory at order 1/r. In sec. 3.5, we show that scalar
memory can be characterized by a diffeomorphism. This diffeomorphism is an asymptotic
symmetry in d = 4 dimensions, but it is gauge for d > 4. Vector and tensor memory cannot

be described by a diffeomorphism.

We then consider the relationship of memory to charges and conservation laws in eq. (1.9).
In d = 4 dimensions, we show in sec. 3.6.1 how the charges and fluxes associated with
supertranslations can be used to derive the formula for scalar memory. Although memory
cannot be associated with an asymptotic symmetry when d > 4, similar expressions are
obtained from our general formulas for memory in sec. 3.3. In sec. 3.6.2 we provide some
arguments in favor of “antipodal matching” of solutions between future and past null infinity,
and show that under the assumption of antipodal matching, we obtain expressions that can
be interpreted as representing conservation laws relating charges and fluxes at past and future

null infinity.

Finally, in sec. 3.7 we show that in d = 4 dimensions, the presence of a nontrivial memory
effect at future null infinity is intimately related to infrared divergences in the “out” state in
quantum field theory. The factorization of the “out” state vector into a product of “hard”

and “soft” parts is shown for the case of quantum linearized gravity with a classical source,
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and is argued to hold generally.

2 The general behavior of fields near null infinity

Consider d-dimensional Minkowski spacetime with d > 4. In terms of global inertial coordi-

nates (t,z!,... ,md_l), the metric takes the form
d—1

n=—dt* + Y (dat)%. (2.1)
pn=1

Let r = (X(##)2)Y/2, let u = ¢ — r, and let 4 be arbitrary coordinates on the spheres of

constant r and w. In the coordinates (u,r, z4), the Minkowski metric 7 takes the form
n= —du® — 2dudr + T2qABd$Ad:EB (2.2)
where g4 p is the metric on the round unit (d — 2)-sphere. Let
KF = (9/or)# (2.3)

1 — (9)0u) — ;(8/87")/“‘ (2.4)

so that K* and [# are the future-directed, radially outgoing and ingoing null vector fields,

which satisfy
KMy, = —1. (2.5)

Let gy, denote the spacetime tensor field whose pullback to spheres of constant v and r is

qap and Ktq,, = 0 = I"g,y. The metric can be written as

v = —2K L) + Q. (2.6)
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We will be concerned in the following with the behavior of fields near “null infinity” in

this spacetime, i.e., the limit as r — oo at fixed (u, xA).

1 Ansatz for the massless scalar field

Consider a massless Klein-Gordon field ¢ satisfying

O¢ =0 (2.7)

where O = 9#70,,0y. (In the next subsection, we will allow a source term S, i.e., we will
consider (¢ = S.) We assume, as a preliminary ansatz, that near null infinity, ¢ can be

expanded as a series in 1/r as follows:

ioj aﬂ (u xA) (2.8)
]:0

where « € (0,1]. Here, the meaning of the “~” in eq. (2.8) is as follows: We do not require
that the series on the right side of this equation converges (even for large r) but require that

for any N > 0 we have

% a+j (u, zY) = O(1/rot N+ (2.9)

as r — 00, i.e., we require this series to be asymptotic. We further require that all partial
derivatives of the left side of eq. (2.9) with respect to u and x4 are also O(1/r@+tN+1),

whereas k partial derivatives with respect to r are O(1/r@tNF1+k),

For convenience, we
have taken the upper limit in the sum in eq. (2.8) to be oo, but all of our results will require
eq. (2.9) to hold only for finite N (with the precise value of N needed depending on the

result).
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We now substitute eq. (2.8) into eq. (2.7) and collect the terms that fall off as 1/r®+i+1,

We thereby obtain the following recursion relations for the coefficients appearing in eq. (2.8)
22+ (a+7—D(a+j—d+2)]eU 1 + (20 +2j — d+2)9,00) =0 (2.10)

Here, 2% = 9 A.@A is the Laplacian on the unit sphere, where %, is the derivative operator

associated with g4 p and sphere indices are lowered and raised with ¢4 p and qAB :

It follows immediately from eq. (2.10) that if, for some i > 0, gb(i) has nonpolynomial
dependence on u, then for even d, no solution of the form eq. (2.8) exists unless a = 1,
whereas for odd d, no solution of the form eq. (2.8) exists unless a = 1/2. To see this, we
note that unless the coefficient of the 8u¢(j ) term vanishes for some j, the nonpolynomial
dependence of gb(i) will propagate to gb(ifl) and thence to ¢(i*2), etc. This will result in an
inconsistency in eq. (2.10) at the lowest nontrivial order, j = 0, since the first term in that
equation is then absent. Thus, the coefficient of 8u¢(j ) in eq. (2.10) must vanish for some j.
For d even, this requires @ = 1, in which case the coefficient vanishes for j = d/2 — 2. For d

odd, this requires & = 1/2, in which case the coefficient vanishes for j = (d — 3)/2.

However, in the odd dimensional case, eq. (2.8) with & = 1/2 is not adequate for several
reasons. First, eq. (2.8) with o = 1/2 does not admit static solutions, since static solutions
satisfy Laplace’s equation and fall off as integral powers of 1/r, starting at order, 1/ rd=3,
Second, when a source term S is considered in eq. (2.7), it is natural to allow S to fall off with
integral powers of 1/r. In particular, in order to have a nonvanishing, finite source flux at
null infinity, it will be necessary to have S fall off as 1/ r4=2 Such source terms will generate
terms in ¢ that fall off as integral powers of 1/r, again starting at order 1/ r4=3. Third,
even if one does not consider sources, for nonlinear equations such as Einstein’s equation,
quadratic and higher order even powers of the field will generate terms that fall off as integral

powers of 1/r. This will lead to inconsistencies unless one also includes integral powers of
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1/r in the fall-off of the field, again starting at order 1/r4=3,

Thus, in odd dimensions, we must allow integral powers of 1/r starting at least at order
1/r9=3. However, in odd dimensions, the coefficient of a term that falls as 1/rP for integer
p < d — 3 must have polynomial dependence in u of degree < p in order for the recursion
relations to terminate. (Source terms and nonlinear terms will not enter the recursion relations
at these orders.) Such solutions do not appear to be of any physical interest, and we will

exclude them from our ansatz.

Thus, we adopt the following as the final form of our ansatz:

b ~ 3 ingzﬁ(”)(u,xA) d even (2.11)
n=d/2—1"

6~ Y oMuat)+ Y SdP(uat)  dodd (2.12)
n=d/2—1" p=d—3"

where the meaning of “~” is as explained below eq. (2.8). Note that in eq. (2.12), n runs
over half-integer values rather than integer values (as in eq. (2.11)). We have done this
(rather than insert a = 1/2 and keep integer values) so that the superscript “(n)” is always

associated with 1/r" fall-off and so that we can write the recursion in the same form
(2% + (n—1)(n—d+2)]6"" V) + (2n — d+2)0,0™ =0 (2.13)

in both even and odd dimensions. In both even and odd dimensions, we refer to the leading
(slowest fall-off) term n = d/2 — 1 as radiative order, and we refer to the term with 1 /743
fall-off as Coulombic order. In odd dimensions, the QB(P) satisfy separate recursion relations of

the same form
22+ (p—1)(p—d+2)]6P D + (2p — d +2)9,6® = 0. (2.14)
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In the source free case, ng(p) must have polynomial dependence in u with degree no higher
than p —d+ 3 in order for the expansion to terminate at order d — 3. However, this restriction

will not apply when source terms or nonlinear terms are present.

Remark 2.1. Note that the lower limit of the sum in (2.11) was taken to be radiative order,
n =d/2 — 1. However, the ansatz would not be changed if we allowed the lower limit of the
sum to extend to n =1 for d > 4 because the recursion relation eq. (2.13) atn = d/2 —1
yields

(2% — (d)2 — 2)(d/2 — 1)]¢\¥272) =0 (2.15)

which implies ¢(d/2*2)

= 0. The recursion relations at smaller n then successively yield
o™ =0 for alln < d/2 — 1. Similarly, the lower limit of the first sum in (2.12) could be
taken to be n = 1/2 without affecting the ansatz. The upper limit of the sums appearing in
(2.11) and (2.12) were taken to be oo for convenience. Most of our analysis will concern
the behavior of fields at Coulombic order and slower fall-off and only a small number of

derivatives will be taken, so the asymptotic expansion need hold only to the corresponding

order.

Finally, we address the issue of the reasonableness of our ansatz, i.e., what classes of
solutions to eq. (2.7) satisfy our ansatz. In Minkowski spacetime of both even and odd?
dimensions, there is an alternative criterion of smoothness of the conformally rescaled field
¢ = Q-(d/ 2_1)¢ at future null infinity, .# T, in the conformally completed spacetime. Since
2 = 1/r is a suitable conformal factor for Minkowski spacetime, it is easily seen that
smoothness of ¢ at € = 0 is equivalent to our asymptotic expansion eq. (2.11) in even
dimensions and our asymptotic expansion eq. (2.12) without the integer power terms in

odd dimensions. By the argument?® of Prop. 11.1.1 of [37], smoothness at .# ™ holds for all

2. Future null infinity does not exist for an odd dimensional radiating spacetime [43], but it exists for odd
dimensional Minkowski spacetime.

3. Prop. 11.1.1 of [37] is stated for d = 4 but is easily generalized to Minkowski spacetime of arbitrary
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solutions to eq. (2.7) with smooth initial data of compact support. Thus, all solutions with
initial data of compact support satisfy our ansatz. Furthermore, static, asymptotically flat
solutions satisfy the asymptotic expansion eq. (2.11) in even dimensions and the asymptotic
expansion eq. (2.12) with only the integer power terms in odd dimensions. It follows that in
both even and odd dimensions, all solutions to eq. (2.7) with smooth initial that corresponds

to a static asymptotically flat solution outside of a compact region satisfy our ansatz.

2 Solutions to the scalar wave recursion relations

We now consider the scalar wave equation with smooth source S
Lo = S. (2.16)

We assume that S also has an expansion in powers of 1/r. In order that the flux of S through
a sphere near null infinity be finite in the limit as r — co, we must have S = O(1/r%2). We
take as our ansatz for S
VS gty A

S nzd:Q rns (u, z). (2.17)
In even dimensions, the sum ranges over integer n. In odd dimensions, we could also allow
half-integral powers of 1/r in the expansion of S, beginning at order 1/ rd=5/2 Indeed, for
nonlinear equations, half-integral powers would appear as an effective source generated by
cubic and higher order terms in the field, although these terms would first enter only at order
1/ p3(d/2-1), However, we will be primarily interested in the behavior of solutions ¢ at fall-off
ranging from radiative (1/r%271) to Coulombic (1/r%3) orders. In odd dimensions, only

the leading order source term S (d—2) / r4=2 will enter our analysis. Therefore, for notational

simplicity, we will take the sum in eq. (2.17) to range only over integer values of n in both

dimension
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even and odd dimensions. Note that our asymptotic expansion takes account only of sources
“near null infinity.” Sources that go out to infinity along, e.g., timelike inertial trajectories do

not contribute at all to the asymptotic expansion of S.

In even dimensions, under the ansatz eq. (2.11), the recursion relations eq. (2.13) are

modified by the source term to become
(2% + (n—1)(n—d+2)]6"" Y + (2n — d + 2)9,6™ = s+, (2.18)

In odd dimensions, under the ansatz eq. (2.12), eq. (2.13) is unmodified, but eq. (2.14) is

modified to become

(2% + (p—1)(p— d +2)]6PY + (2p — d +2)9,6W) = 5P+, (2.19)

It should be noted that when d = 4, eq. (2.18) for n = 1 yields 52 = . Thus,
for d = 4 there is an inconsistency with our ansatz eq. (2.11) when 52 7& 0, i.e., when
there is nonvanishing flux of the source through spheres near null infinity. This could be
accommodated by modifying the ansatz in d = 4 to allow an additional series of terms that
fall as Inr/r™. This issue will arise in the next subsections when we consider whether the
Lorenz gauge condition can be imposed on electromagnetic fields and linearized gravitational
perturbations, and we will see that a non-vanishing flux of charge current or stress energy will
provide an obstruction to imposing the Lorenz gauge in d = 4 in a manner compatible with
our ansatz. Similarly, in full, nonlinear general relativity, we will find that a non-vanishing
flux of stress energy or Bondi news will provide an obstruction to imposing the harmonic
gauge in d = 4 in a manner compatible with our ansatz. Rather than include any such
additional Inr terms in these cases, we will simply not impose the Lorenz and harmonic

gauges in d = 4 when these obstructions exist. For the analysis of this subsection, we will
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simply restrict consideration to the case that S (2) = 0 when d = 4, so that our ansatz can be

imposed.

We now consider two procedures for solving the above recursion relations. The first
procedure is as follows: Consider, first, the even dimensional case, where we must solve
eq. (2.18) with integral n. By our ansatz for ¢ and S, this equation automatically holds
for n = d/2 — 1, since (b<d/2_2) = S(d/2) = 0 and the coefficient of 8uqb(d/2_1) vanishes.
(Here, when d = 4, we have assumed that 52) = 0.) Thus, we may specify ¢(d/2_1)(u, xA)

arbitrarily. The n = d/2 equation then yields

20,0\Y?) = (/2 _ (22 4 (n - 1)(n — d + 2)]¢(¥/2~ V), (2.20)

?

The right side is “known,” so this equation can be straightforwardly integrated to obtain
#(4/2) | The solution is unique up to the arbitrary specification of ¢6d/ 2) (z4) = $(d/2) (ug, z4)
at the retarded time u = ug. This procedure can then be iterated indefinitely to solve for

o™ for all n > d/2 — 1 up to the arbitrary specification of gbén) (z4) = ¢ (ug, z4).

In odd dimensions, we must solve eq. (2.13) with half-integral n as well as eq. (2.19). To
solve eq. (2.13), we may again, specify pld/2-1) (u, z4) arbitrarily. We may then again uniquely
solve for (b(") for all n > d/2 — 1 up to the arbitrary specification of (b(()n)(xA) = (b(")(uo, xA).
Similarly, we can uniquely solve eq. (2.19) with p = d — 3 for gB(d*3), up to the arbitrary
specification of qg(()d_B)(xA) = gg(d_?’)(uo, IA). We can then perform a similar iteration to

obtain qg(p) for all p > d — 3, up to the arbitrary specification of gE(()p) (xA) = é(p) (ug, wA).
We summarize these results in the following proposition.

Proposition 2.1. Let ¢ be given by the asymptotic expansion eq. (2.11)-(2.12) and let S
be given by the asymptotic expansion eq. (2.17). Assume further that for d = 4 we have

S@) = 0. Then, in even dimensions, a unique solution to the recursion relations eq. (2.18)
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is obtained by arbitrarily specifying ¢ (d/2-1) ( A) (i.e., specifying ¢ at “radiative order”)
and arbitrarily specifying ¢" (uo, z) for alln > d/2 — 1 at some initial time ug. Similarly,
in odd dimensions, a unique solution to the recursion relations eq. (2.13) and eq. (2.19) is

(d/2=1) (4, 24Y (i.e., specifying ¢ at “radiative order”) and

obtained by arbitrarily specifying ¢
arbitrarily specifying both ¢ n) (uo, :UA) for alln >d/2 —1 and (;(p) (uo, .TA) forallp>d—3

at some initial time uy.

The second procedure involves solving the recursion relations in the reverse order. Suppose
that, for some n > d/2—1, we specify gb(”) (u, mA) arbitrarily. We can then try to solve eq. (2.18)
for ("1 In order to do so, we must invert the angular operator 22 + (n — 1)(n — d + 2).
A unique inverse of this operator exists whenever —(n — 1)(n — d 4 2) is not an eigenvalue of
the Laplacian, 22. Since the eigenvalues of 22 are —L(l+d—3)for ¢t=0,1,...,it can be
seen that this operator is invertible at every order in odd dimensions, where n is half-integer.
On the other hand in even dimensions, this operator is invertible when n < d — 3, but it
is not invertible when n > d — 3. Thus, in even dimensions, we can specify ¢(d_3) (u, xA)
arbitrarily and then uniquely solve for ¢(d_4)(u, wA) by inverting the angular operator in
eq. (2.18). Iterating this process, we uniquely obtain qb(”)(u, xA) for all n < d — 3. We then
can solve for ¢("") (u, z4) for all n > d — 3 as before, with the freedom to arbitrarily specify
gb(”)(uo,zA). In odd dimensions, we can similarly arbitrarily specify gb(”O)(u, z4) for any
half-integer ng > d/2 — 1. We can then uniquely solve for ¢(")(u,xA) for all n < ng by
inversion of the angular operators, and then solve for ¢(”)(u, a:A) for all n > ng as before,
4)

with the freedom to arbitrarily specify gb(n) (ug, z**). This can be summarized as follows:

Proposition 2.2. Let ¢ be given by the asymptotic expansion eq. (2.11)-(2.12) and let S
be given by the asymptotic expansion eq. (2.17). Assume further that for d = 4 we have
52) = . Then, in even dimensions, a unique solution to the recursion relations eq. (2.18) is
obtained by arbitrarily specifying ¢(4—3) (u, x4 (i.e., specifying ¢ at “Coulombic order”) and

arbitrarily specifying gb(”) (ug, :BA) for allmn > d — 3 at some initial time ug. Similarly, in odd
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dimensions, a unique solution to the recursion relations eq. (2.13) and eq. (2.19) is obtained
by arbitrarily specifying gb(”O)(u, xA) for any half-integral ng, and, for some initial time u,

arbitrarily specifying gb(”) (ug, ZBA) for all n > ng and Qg(p)(uo, xA) for all p > d — 3.

An important corollary of the argument leading to Proposition 2.2 is the following:

Corollary 2.1. Suppose for d even we have 8u¢(”0) =0 for some ng < d—3. Then gb(") =0
for all n < ng. Similarly, if 8u¢(d_3) =0 and S(42) = 0, then ¢(”) =0 foralln <d— 3.
For d odd, if 6u¢(n0) = 0 for some half-integral ng (without restriction), then (b(”) =0 for

all n < ng.

Finally, it is worth noting that for n > d — 3, the spherical harmonic Y}, ;49 ,, is in the
kernel of 22 + (n — 1)(n — d + 2). Tt follows immediately that in the source-free case, for d

even we have that

O‘gm = /dQ Yn—d+2,m¢(n) (2.21)
S2

is a constant of motion for all n > d — 3 [49, 50], i.e., yal, . = 0, where dS is the measure

on the (d — 2)—sphere. Similarly, in the source free case, for d odd we have that
aty, = / Y,y 9 md® (2.22)
S2

is a constant of motion for all p > d — 3.

3 Mazwell’s equations

Consider Maxwell’s Equations with vector potential A, and charge-current j, on d—dimensional

Minkowski spacetime
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where 0#j,, = 0. In analogy with the scalar field ansatz (2.11) and (2.12), we assume as an

ansatz that there exists a choice of gauge for A, such that it admits an asymptotic expansion

of the form
A 5 LAy .4 d 2.24
wo~ > r—nu(u,x) even (2.24)
n=d/2—1
— Lo, a4, <~ 1ip, 4
Ay o~ > Ay (wz™) + > Ap (u, 27) d odd. (2.25)
n=d/2—1 p=d—3"

We further assume, in analogy with eq. (2.17) that j, admits an asymptotic expansion of

the form
. S 1 ), 4
Ju~ D i (w ). (2.26)
r
n=d—2
In addition, we require that jl(td_Q)(u, xA) — 0 as u — —o0, i.e. there is no current flux to

future null infinity at asymptotically early times. Here, as already mentioned at the end of the
Introduction, A&n), Al(f), and j,gn) are defined so that their normalized basis components are
independent of r—in contrast to a more common convention where the orders of the expansion
would denote the powers of 1/r occurring in the expansion of coordinate basis components of
Ay, in the coordinates of eq. (2.2). Thus, in our convention, Aﬁ”), A&n), and A(;lw all contribute
to the physical fall off rate of 1/r", i.e., AZL) is the 1/r" part of 1/7"(8/81:/1)“14#, not the
1/r™ part of (0/ 83:‘4)“14#. Our convention avoids a spurious “mixing of orders” in equations
due to the different behavior of the coordinate basis elements. Again, our assumption that

upper limits in the above asymptotic expansions run to oo is for convenience, as only finitely

many orders will be needed for our main results.

In even? dimensions, we now compare our ansatz eq. (2.24) to what would be obtained

4. We are not aware of any smoothness at .# " criterion for A, that can be formulated in odd dimensions,
since A,, itself cannot be smooth at .#* for radiating solutions and giving A4, a conformal weight would not
appear to be of any use since Maxwell’s equations are not conformally invariant when d # 4.
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by requiring that A, (with no conformal weight) be smooth at FT. Since Q = 1/r is a
suitable conformal factor for Minkowski spacetime, the necessary and sufficient condition for

smoothness of 4, at .# is that its components, (A, A, A4), defined by
A = Aydu + AqdQ + A 4da? (2.27)

be smooth functions of (u, (2, IL’A) at 2 = 0. For d = 4, it is easily seen that this smoothness
criterion differs from the asymptotic expansion eq. (2.24) only in that the smoothness criterion
(i) allows a Oth order term, AQ(LO), in Ay and (ii) requires Aﬁl) = 0. It is easily seen that
ASP) can be set to zero by a gauge transformation, so smoothness at .# " implies that our
ansatz eq. (2.24) holds. Conversely, we show in Appendix 0.1 that starting from our ansatz
eq. (2.24), one can set A7(nl) = 0 by a gauge transformation if and only if® j7(«3) = 0. Thus,
for d = 4 our ansatz eq. (2.24) is slightly weaker than smoothness at .# " in that it admits

additional solutions with jﬁg) # 0.

In higher even dimensional spacetimes, eq. (2.24) requires strictly faster fall-off than
needed for smoothness of A, (with no conformal weighting) at .# . Thus, eq. (2.24) is
nominally stronger than the condition of smoothness of A, at .# . However, we show in
Appendix 0.1 that the Lorenz gauge condition can be imposed when d > 4 within a slower
fall-off ansatz. As explained in Remark 2.2, the slower fall-off solutions excluded by eq. (2.24)
are therefore pure gauge. Thus, in even dimensional spacetimes with d > 4, our ansatz is

exactly equivalent to smoothness of A, (in some gauge) at % +,

In the following, we will focus on the even dimensional case, and then indicate how the
arguments can be modified to accommodate the odd dimensional case. Just as in the scalar

case, Maxwell’s equations give rise to recursion relations for the coefficients of the asymptotic

5. jﬁS) must be independent of u by conservation of current. A nonvanishing jﬁg) would correspond to

having an ingoing null current near & .
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expansions eq. (2.24) and eq. (2.26). In the even dimensional case, these recursion relations

are explicitly
(22 + (n—1)(n - d+2)] ALY + 20— d+ 20,47 - 9,00 = —am" T (2.28)

(22 +n(n-d+1)] A"V (@-2) AT 1 @2n-dr2)0,A7 —222 45 ) = gt

(2.29)
(n)
(7% +(n—1)(n—d+2)-1] 4§V 29, (A&”‘”—Aﬁ”‘”—% )+(2n—dt+2)9,AY) = —ams§ Y
(2.30)
where n takes integer values. Here, we have defined
Y= 8“Au (2.31)
SO
p™ = gAAD 4@ — - 1yl - Ay g, (2.32)

It would be very convenient to put A, in Lorenz gauge, 1 = 0. On general grounds, we
know that A, can always be put in the Lorenz gauge, but it is not obvious a priori whether
it can be put in Lorenz gauge in such a way that the form of the asymptotic expansions,

eq. (2.24) is maintained. We now investigate this issue.

Under a gauge transformation, we have

Thus, in order to put A, in Lorenz gauge, we must solve

O¢ = . (2.34)
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Thus, the equation that we must solve is of the same form as eq. (2.16), which we analyzed
in the previous section. However, there are two key differences: (i) From its definition, a
priori, 1 may fall off as slowly as 1/ r@/2=1 yather than 1 / rd=2, (ii) We do not require that
¢ satisfy the ansatz eq. (2.11) but rather that 0,¢ satisfy the ansatz eq. (2.24). Therefore,

we may take the ansatz for ¢ to be

PIVEE S I (235)
n=d/2—2"

where 8uq§(d/ 2-2) = 0. Ind =4 dimensions, we may also add the term clnr to the ansatz

for ¢, where c is a constant.

We first note that it follows immediately from 0¥j, = 0 that J, j7(~d72) = 0. Hence, if
jc(bd_2) — 0 as u — —o0 as we have assumed in our ansatz above, we have
i o, (2.36)

Thus, the r-component of j, falls off at least one power of 1/r faster than required by the
ansatz eq. (2.26). Since d/2 < d — 2 for all d > 4, it follows immediately from eq. (2.29) with
n=d/2— 1 that

Hd/2=1) — (2.37)

i.e., Maxwell’s equations require 9 to fall off at least one power of 1/r faster than implied by

the ansatz (2.24). To proceed further, we must separately consider the cases d > 4 and d = 4.

When d > 4 all components of j, vanish at order n = d/2. It follows from eq. (2.28) with
n =d/2 — 1 that
B2 = 0. (2.38)

We now can solve the scalar recursion relation eq. (2.18) at order n = d/2 — 1 by allowing a
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d/2—2)

nonvanishing ¢( given by

od272) — (2 _ (/2 — 2)Y " 1yp(d/2), (2.39)

Although gb(d/Q*Q) falls off more slowly than allowed by the ansatz eq. (2.11), since 8u¢(d/2*2) =
0 the gradient of gb(d/ 2-2) / rd/2-2 will be compatible with the ansatz eq. (2.24). Furthermore,
since 8u¢(d/ 2-2) = 0, the scalar recursion relations imply that all slower fall-off terms vanish.

d/2-1) arbitrarily and solve the recursion relations for the faster fall-off

We may now specify gzﬁ(
terms in the same manner as in Proposition 2.1. Thus, when d > 4, there is no difficulty in

putting A, in the Lorenz gauge in a manner compatible with the ansatz eq. (2.24).

When d = 4, we still have w(l) = 0 but we now have
By ® = 4l (2.40)

The scalar recursion relation eq. (2.18) at order n = 1 (with the term clnr added to the
ansatz for ¢) yields
c+ 2260 = y(2), (2.41)

However, qb(o) has to be u-independent in order that 0,¢ satisfy the ansatz eq. (2.24). This
(2)

requires 8u¢<2) to vanish and hence j; 7 = 0, i.e., there can be no flux of charge to infinity.

(2)

Conversely, if 7,7 = 0, then w@) is u-independent. We can choose ¢ to cancel the ¢ = 0 part

of ¢(2). We can then invert 22 to solve for gb(o). Thus, for d = 4, we can solve eq. (2.41) if
(2)

and only if j; 7 = 0. We may then choose ¢(1) arbitrarily and solve the remaining recursion
relations for the faster fall-off terms in the same manner as in Proposition 2.1. Thus, for
d =4, A, can be put in the Lorenz gauge in a manner compatible with the ansatz eq. (2.24)

if and only if jT(f) = 0.

6. The Lorenz gauge can be imposed with jq(f) # 0 by adding a series with terms of the form Inr/r™ [51].
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We now describe the modifications to the above results for odd dimensions. The recursion
relations for Aftn) take the form egs. (2.28)-(2.30) with n half-integral and with the current
(p)

source terms absent, whereas the recursion relations for A;” take the same form as eqs.

(2.28)-(2.30) with n replaced by p, with p an integer. The ansatz for ¢ is taken to be

o Y et Y a0t (242)
n=d/2-2" p=d-3"

with 0ugz§(d/ 2-2) — 0. The analysis of imposing the Lorenz gauge then proceeds in close
parallel to the even dimensional case for d > 4. We find that the Lorenz gauge can always be

imposed in a manner compatible with the ansatz eq. (2.25).

We summarize our above results on the imposition of the Lorenz gauge in the following

proposition:

Proposition 2.3. In Minkowski spacetime of dimension d > 4, suppose that in some gauge the
vector potential Ay, satisfies our ansalz eq. (2.24) (for d even) or our ansatz eq. (2.25) (for d

odd). Suppose further that the charge-current j,, satisfies eq. (2.26) and that j&d_z) (u,x

4) 50
as u — —oo. Then for all d > 4, Ay, can be put in the Lorenz gauge in such a way that it
continues to satisfy our ansatz. In d = 4 the Lorenz gauge condition can be imposed within
the ansatz eq. (2.24) if and only if jt(?) =0, i.e., if and only if the flux of charge to null

infinity vanishes.

Remark 2.2. We show in Appendiz 0.1 that if, for d > 4, we had allowed the sum in eq. (2.24)
to extend to n = 1 and the sum in eq. (2.25) to extend to n = 1/2, our proof that the
Lorenz gauge condition can be imposed within the revised ansatz would still go through. Since
OA, = —4nj, in the Lorenz gauge and j,(ﬁ) =0 forn <d-—2, it follows from Remark 2.1
that in Lorenz gauge, we have Al(jn) =0 foralln < d/2—1. Thus, the only solutions excluded
by starting the sums at n = d/2 — 1 in eqs. (2.24) and (2.25) (rather than at n = 1 and

n =1/2) are pure gauge.
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Remark 2.3. Suppose that A, satisfies the ansatz eq. (2.24) and is stationary at all orders
n < m where m < d—2. Suppose further that j,S”) =0 for alln < m+1. By conservation of
Ju, we obtain aujﬁn) =0 for alln < m+ 2. It follows directly from its definition, eq. (2.32),
that w(”) must be stationary for all n < m. However, using eq. (2.29) and the stationarity of
qun) for all n < m + 2, we obtain the stronger result that w(") actually must be stationary

for alln < m+ 1. We then may solve the recursion relation eq. (2.18) for alln < m —1 by

setting

oY) = (92 + (n — 1)(n — d +2)] " LD, (2.43)

We may then set ¢(m_1) = 0 and solve the recursion relations for (;5(”) =0 forn>m as in
Proposition 2.1. The resulting gauge transformation will put A, in the Lorenz gauge satisfying
the ansatz eq. (2.24) and maintaining stationarity at all orders n < m. In particular, if a
solution with j, = 0 is stationary in some gauge to order m < d — 2, then it is stationary in
a Lorenz gauge to the same order.

Remark 2.4. Let d = 4 and suppose ji(?) = 0. Suppose, further, that j7(~3) = 0 so that, as
shown in Appendiz 0.1, our ansatz is equivalent to smoothness of A, at FT in some gauge.
Although, by Prop. 2.3, the Lorenz gauge can be imposed within our ansatz eq. (2.24), it need
not be the case that Ag«l) = 0 in the Lorenz gauge, in which case A, in the Lorenz gauge will

(2)

not be smooth at # . In other words, in d = 4 when jy ' =0, the Lorenz gauge is compatible

with our ansatz but it need not be compatible with smoothness of Ay at I

When A, is in Lorenz gauge—as, by Proposition 2.3 we may assume for d > 4 and for

d = 4 when j&z) = (0—it satisfies

The recursion relations arising from A, = —4mj, are just eqs. (2.28)-(2.30) with ¢ = 0 in
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even dimensions. (They are modified as described above in odd dimensions.) The recursion
relations arising from 0" A, = 0 are just w(”) = 0 where w(”) is given by eq. (2.32). However,
it is more convenient to work with a linear combination of this equation and the other

equations so as to eliminate all u-derivatives. This can be achieved by defining

where K* = (9/0r)*. When eq. (2.44) holds, the vanishing of w is equivalent to the vanishing

of 1. The relation w(™*2) = 0 yields

2% — (n—d+2) (n—d+3)] A"+ (2n —d+2)(n—d+3) AL + 2n—d+2) 2440 = —47j(*+?)

(2.47)

which contains no u-derivatives (and therefore also does not mix different orders).

We now consider the analogs of Propositions 2.1 and 2.2 for Maxwell’s equations in Lorenz
gauge. By eq. (2.44) each Cartesian component of A, satisfies the scalar wave equation.
Therefore, we may directly apply Propositions 2.1 and 2.2 to determine the data needed to
uniquely determine a solution to eq. (2.44) alone. Thus, the remaining task is to specify this

data in such a way that eq. (2.45) holds. However, if eq. (2.44) holds we have

Thus, 1 satisfies the homogeneous scalar wave equation, and we can ensure that ¢ = 0 by
choosing data for A, so as to ensure that the corresponding data for ¢ yields the solution
1 = 0. Again, we can determine this using Propositions 2.1 and 2.2, and also using the fact
that when eq. (2.44) holds, the vanishing of 1/1(”) is equivalent to the vanishing of w(ntl),
Putting all of the above statements together, it follows using Proposition 2.1 that a unique

solution to Maxwell’s equations in Lorenz gauge can be determined by specifying AELd/ 2-1)
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subject to eq. (2.47) for n = d/2 — 1, and then specifying Agtn)(uo) for all n > d/2 — 1 subject
to eq. (2.47) holding at u = uq (see exercise 2 of [47] for the case d = 4 with j, = 0). In odd
dimensions, we also must similarly specify data for /L(f ) at u = ug subject to the constraint
for all p.

Alternatively, in even dimensions, using Proposition 2.2, a solution can be uniquely
determined by specifying data at Coulombic order, A/(Jd73). However, in this case, the
constraint eq. (2.47) at n = d — 3 ensures that (@=2) = 0 but this does not quite suffice to
ensure that 1) vanishes at all slower fall-off. This is because the recursion relation eq. (2.13)

for n = d — 2 yields
22p4=3) = _(d — 4)0,942) = 0 (2.49)

which does not imply that the £ = 0 part of w(d_?’) must vanish. Hence, the condition
W= =0 (2.50)

must be imposed separately. Using eq. (2.44), we may write this condition purely in terms of

the Coulombic order data as

0y Q(u) = —Adjéd_z)uzo (2.51)
where
Qu) = ::f[Aﬁd_?’) + (d — 4)Ar&d_3)]|g:0 d even (in Lorenz gauge) (2.52)

and A, is the area of a unit (d — 2)—sphere

Ag=—171 (2.53)



Using the Lorenz gauge condition, it can be verified that Q(u) is the total electric charge at

time u, defined by
1 _
Q(u) = —/dQ Fi? (2.54)
47rS2

with Fyp = 28[MAV}. Thus, eq. (2.51) expresses conservation of charge. Note that the

formula eq. (2.52) for Q(u) holds only in the Lorenz gauge and thus cannot be used in d = 4
(2)

when j; 7 # 0. In odd dimensions, we do not obtain a similar additional constraint, but
eq. (2.51) follows directly from the recursion relation for flgd_?)) corresponding to eq. (2.28)
with p = d — 3 as well as the Lorenz gauge condition given by eq. (2.32) with p = d — 3,

where the charge is now given by

_Ad
 4r

+(d—3) (d-3)

Q(u) [Ap +(d—4) Ay |0 d odd (in Lorenz gauge). (2.55)

We summarize our results as follows:

Theorem 1. Suppose d >4 ord =4 and jl(LQ) =0, so that the Lorenz gauge condition can

be imposed. Then a unique solution to the recursion relations and constraints for Mazxwell’s
equations in the Lorenz gauge is obtained by specifying data in either of the following two

ways:

(1) Radiative Order Data: Specify A/(Jd/z_l)(u,xA) subject to the constraint eq. (2.47) at
n=d/2—1. Specify A/(ln) (u = ug,z?) for all n > d/2 — 1 subject to the constraint
eq. (2.47) at uw = ug. In odd dimensions, also specify flgp)(u = up, :L’A) forallp > d—3,
subject to the constraint eq. (2.47) at u = uyg.

(d=3)

(2) Coulombic Order Data: In even dimensions, specify Ay, (u,xA)

subject to the

constraint eq. (2.47) at n = d — 3 and the additional constraint eq. (2.51); specify

Agn)(u = ug, z) for all n > d — 3 subject to the constraint eq. (2.47) at u = ug. In

odd dimensions, specify Al(im) (u, xA) for any half-integer m > d/2 — 1, subject to the
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constraint eq. (2.47) at n = m, specify Agn)(u = uo,xA) for all n > m subject to the
constraint eq. (2.47) at u = ug; specify fl&p) (u = uy, :UA) for all p > d — 3, subject to

the constraint eq. (2.47) at u = uyg.

4 Linearized Einstein equation

We consider the linearized Einstein equation on d-dimensional Minkowski spacetime for a

metric perturbation hy, with stress-energy source T},
— 220Gy = Ohyy — 20,0 b)), + 007 hpe = —167T (2.56)

where 0G/y is the linearized Einstein tensor and

— 1
with h = n#**hy,,. Our ansatz for hyy is
o~ L,m), 4
by ~ > hu (u,x?) d even (2.58)

n=d/2—1"

—~ L., A4, = Llim, A

T -~ rP

n=d/2—1 p=d—3

where our conventions for labeling the orders in this expansion is as in the electromagnetic

case. Our ansatz for T}, is

o~ Lopm), A
n=d—2

In addition, we require that 7}, satisfy the dominant energy condition and that T/Scyl—Q) (u, z4) —

0 as u — —o0, i.e. there is no stress energy flux to future null infinity at asymptotically early
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times. In odd dimensions, it would be reasonable to also allow terms in the expansion of T},
that fall as half-integral powers of 1/r—and when we consider the full Einstein’s equation,
nonlinearities will effectively generate such terms in the equations. However, our analysis will
mainly be concerned with the terms in h,, with fall-off ranging from radiative (1/ rd/2=1y to
Coulombic (1/r%=3) orders, for which only the leading order terms in the expansion of Ty
will contribute, so for simplicity, we do not include half-integral powers of 1/r in the ansatz

for T}, in odd dimensions.

In even dimensions, we can compare our ansatz eq. (2.58) to what would be obtained
by requiring that QQhW with Q = 1/r be smooth at £, ie., at Q = 0. For d = 4, if
one assumes smoothness at .# T in some gauge, then, by a further choice of gauge (see [52]
or p.280 of [37]), one can ensure that hy, satisfies our ansatz eq. (2.58). Conversely, if

hy, satisfies our ansatz, then QQhW will be smooth at . if and only if hq(a}n)

5

vanishes. In
Appendix 0.2, we show that we can set h

T 12‘;’) = TT(E ) = Tfi) = 0. Thus, for d = 4, our ansatz is slightly weaker than smoothness of

= 0 by a gauge transformation provided that”

QQhW at £ in that we allow additional solutions with Tr(g) #0.

For even dimensional spacetimes with d > 4, our ansatz eq. (2.58) requires faster fall-off
than what is needed for smoothness of QQhW at . However, starting with smoothness at
# and choosing the conformal Gaussian null gauge, it was shown in [52] that the fall-off
given by our ansatz holds; we also will show in Appendix 0.2 that, starting with smoothness
of QQhMV at # T, the Lorenz gauge condition can be imposed, which also implies the faster
fall-off given by our ansatz. Thus, in even dimensional spacetimes with d > 4, our ansatz is

precisely equivalent to smoothness of Q2hW at £ in some gauge.

In even dimensions, where n is integer, Einstein’s equation gives rise to the following

7. Tﬁ), TT(S), and T T(i) are independent of u by conservation and the dominant energy condition. These
quantities vanish identically if the stress-energy is produced by a scalar or electromagnetic field satisfying our
ansatz for those fields.
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system of recursion relations:

(72 + (n— D) —d+ 2Rl + (20— d+ 200,40 — (d—n -2 )

29, _ g, (n >+0u (n+1) _ _jgpintd) (2.61)

[.@ +n(n—d+ )}h(”_l) + (d — 2)%1%‘1) +(2n —d+ 2)3@%{) _ 2@1451(;4*1) _ _@Axgz)

—(@d—n -2 + (d— 2" = —16aT Y (2.62)

(72 + (=) —d+2) — 1A — 22,5 — RS Y) + (20— d + 200,80

— 2 = 0TV = 16770 (2.63)

(2% + (n—D)(n—d+2) —2d — A +2d — 2R + 20— d +2)9,5L)

rr

L2 BRI 4

4oy ™ = 1677 HY (2.64)

22+ (n—1)(n—d+2)—d— 1R+ dml Y 22,50 1 (20— d+ 200,58

+22, 57 —29BR0 Y — 204" 1 (n+ )X\ = —16777 Y (2.65)

(72 + (=) —d+2) - 2nG Y 2R Y om0 w7 ) gup
- 49(/1 (Egl);l) - Egl)zl)) +(2n —d+ 2)3@65%% -2 (@(Ax(g)) 9AB @C (n ))

+(d—n—00" = X — qapdu™ = —167TY. (2.66)
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Here we have defined

Ya = Ry (2.67)
so that
W =205 p @ n - @G - R0Y) - oY (2.68)
W = W @ -y SR A PRGY —aunl (2.60)
& = 2P @ (Y <R - (2.70

In odd dimensions, where 7 is half-integral, eqs. (2.61)-(2.66) hold with 7},,, = 0, whereas the
(p)

recursion relations for il are the same as eqgs. (2.61)-(2.66).

In the electromagnetic case, the current j, is subject only to the conservation law 0/ j, = 0.
This gave rise to the condition K* jl(Ld_Q) =0, where K* = (0/0r)". The stress-energy tensor

Ty is also subject to the conservation law 0MT),;,, = 0. This gives rise to the condition
d—2
KT — 0. (2.71)

However, in the gravitational case, we have the further requirement that the stress-energy
tensor satisfy the dominant energy condition. The only way eq. (2.71) can be compatible

with the dominant energy condition is if

788 = 0K, K, (2.72)
. A (d—2) . (d—2)
for some function a(u,x*). Thus, all components of T, ~ must vanish except for Ty, .
. . - L (d/2-1)
It is of interest to examine the gauge dependence of the radiative order metric hj,
and the gauge invariant quantities that can be constructed from hﬁfll,/ 2_1). Under a gauge
transformation, we have
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hELCf//Q*l) - h/(ﬁ//Q*U _ [3@5]/)](‘1/2*1) (2.74)

where

[8(a§ﬂ)](d/2 1) =9, 5d/2 2) - D4 (Kﬁ)g(d/z 2) Tﬂ)&(‘dﬂ 2) g7’01/2 2

gl 5d/z 2) <d_2> €d/2 2) wd 5d/2 1)
U "« 5 (o ()

(2.75)

Here §&d/ 272 lust be stationary in order to maintain our ansatz eqs.(2.58) and (2.59). It is

4/2-1) } (d/2-1) d/2-1)

clear from eq. (2.75) that &g (@/2=1) can always be used to set h( and h(

to zero. It also is clear from eq. (2.75) that the remaining components can be changed only
(d/2-1)

by a stationary transformation. It follows immediately that Oyh. is gauge invariant

for all u,v # u. However, using the linearized Einstein equation, it can be shown?® that

Ouhr (d/2 b — @uh%{/%l) = au(qABh%éQ_l)) = 0. Therefore, the only nontrivial gauge
invariant quantity that can be constructed from 0,hy, (d/ 2= 1)
1 d/2—1
NMV = (‘Ju @’ — Hququa>au ( / ). (2_76)

We may view N3 as a tensor on the sphere, denoted Nyp. Ngp is called the Bondi news

tensor.

We now seek to put hy, in Lorenz gauge,

8. The vanishing of auh&i“‘”, auh%‘m_l) and 8u(qABhffg2_l)) follows from eq. (2.84) below, together
with eqgs. (2.68)-(2.70) for n = d/2 — 1.
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while preserving the form of the ansatz egs. (2.58) or (2.59). Under a gauge transformation,

huv changes by eq. (2.73). Thus, we can put hy, into Lorenz gauge if and only if we can solve

D& = 2xp- (2.78)

Thus, the equations we must solve take the same basic form as the scalar wave equation, and

we can analyze them in close parallel to the electromagnetic case. We take our ansatz for £,

to be
o L, A
En ~ Y & (u,xh) d even (2.79)
n=d/2-2"
o L A, s L o4
G~ 2 G (wat)+ 3 6 () d odd (2.80)
n=d/2—2 p=d—3
where it is required in both of these expressions that 0,¢ l(Ld/ 2-2) _ 0. When d = 4, we may

also add a term ¢(9/0u),, Inr to §,, where c is a constant.

When d > 4, the stress-energy terms in eqs. (2.61)-(2.66) do not enter at radiative order

n =d/2 — 1. The ur,rr and rA components of these equations yield, respectively

—(df2 = DX L a2 — )y — 24P — o (2.81)
(d—2x\* Y =0 (2.82)
(/2§77 — 2,04 =0 (2.8
Thus, we have
A1) (2.84)
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The uu, uA and AB components yield, respectively

— 20\ 4 0, = 0 (2.85)
2T = 0 (2.86)
1480 Y — (2.87)
which implies
Bux ) — g, (2.88)

As in the electromagnetic case, equations (2.84) and (2.88) ensure that we can solve eq. (2.78)

within the ansatz.

However, when d = 4, we still have that X,E}) vanishes but eq. (2.61) for n = 1 yields

B2 = 8rT2). (2.89)

As in the electromagnetic case, this will give rise to an obstruction to solving eq. (2.78) within

the ansatz if and only if TQ%) is nonvanishing. Thus, for d = 4, the necessary and sufficient
condition for imposing the Lorenz gauge within our ansatz is that Tl(n%) vanish identically.

We summarize these results in the following proposition:

Proposition 2.4. For all d > 4, any hyy that satisfies our ansatz eq. (2.58) (for d even) or
ansatz eq. (2.59) (for d odd) can be put in the Lorenz gauge in such a way that it continues

to satisfy our ansatz. In d = 4 the Lorenz gauge condition can be imposed within the ansatz

if and only if Tl(bi) = 0.

Remark 2.5. As in the electromagnetic case, for d > 4 we show in Appendiz 0.2 that the Lorenz
gauge condition could still be imposed if we weakened the fall-off conditions to 1/r fall-off in

even dimensions and 1/+/r fall-off in odd dimensions. As in Remark 2.2, this justifies our
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taking the lower limit of the sum in eq. (2.58) and eq. (2.59) to start at n = d/2 — 1. Also,
as in the electromagnetic case, it follows that if a solution is stationary in some gauge for all
n <m withm < d— 2 and if TSZ) =0 for alln < m+ 1, then it is stationary in a Lorenz
gauge for alln < m.

Remark 2.6. Let d = 4 and Tfﬁ) = 0. Suppose further that TS) = 0 so that our ansatz is
equivalent to smoothness of QQh/W at 1 in some gauge. Although, by Prop. 2.4, the Lorenz
gauge can be imposed within our ansatz eq. (2.58), it need not be the case that h,(n}) =0 in the
Lorenz gauge, in which case th/w in the Lorenz gauge will not be smooth at I T, i.e., the

Lorenz gauge need not be compatible with smoothness at .77 .

When h,;, is in Lorenz gauge—as, by Proposition 2.4 we may assume for d > 4 and for

d = 4 when T; 1%) = 0—it satisfies

M hyw = 0. (2.91)

The recursion relations for eq. (2.90) are eqgs. (2.61)-(2.66) with x, = 0. The recursion
relations arising from eq. (2.91) are just eqgs. (2.68)-(2.70) with x,, = 0. Again, it is useful to
eliminate the terms in egs. (2.68)-(2.70) with u-derivatives using egs. (2.61)-(2.66). This can

be achieved by defining

When eq. 2.90 holds, the vanishing of 7, is equivalent to the vanishing of x,,. The relation

TSHQ) = 0 yields
2% — (n—d+2) (n—d+3)[A\ + (n—d+3) (2n—d+ 2R — (2n—d+2)245") = —167T5 2
(2.93)

47



(22— (n—d+2)2 + )™ 1 (d—2+ (n—d+3)2n —d+2))RtY

— 20— d+2)*BR0) + (20 — ) 24R ) = 1677 (2.94)

(22— (n—d+3)(n—d+2) + 2n—d+ DR + @n - d+2)(n — d+2)"

+ 224 = ) + 2 — d+ 20 2P = —167T ). (2.95)

Equations (2.93)—(2.95) reduce to the “constraint equations” given by [38] if one applies the

additional gauge conditions that they impose.

The analysis of the appropriate data for solutions to eq. (2.90) and (2.91) follows in exact
parallel with the electromagnetic case. We solve the wave equation given by egs. (2.61)-(2.66)
with x, = 0, subject to the constraints egs. (2.93)-(2.95). We can specify data at radiative
order subject to the constraints and solve for the faster fall-off terms exactly as in the
electromagnetic case. We also can specify data at Coulombic order and solve for slower fall-off
terms. In exact parallel with the electromagnetic case, in even dimensions, in addition to the

Coulombic order constraints, the Coulombic order data must satisfy

OyM = _AdT’L(L(’LiL_2) lr=0 (2.96)
where
M= 1;Ad[hz(f,{_3) + (d — 4)5%_3)”6:0 d even (in Lorenz gauge) (2.97)
T

with Ay given by eq. (2.53). Thus, M satisfies the same flux relation as the linearized Bondi
mass in linearized gravity, and thus it can differ from the linearized Bondi mass only by a
constant. To show that M is, indeed, the linearized Bondi mass, it suffices to show that it
agrees with the Bondi mass in the stationary case, where t# = (0/0u)*, is a Killing field. In
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the stationary case, it can be verified that M agrees with the Komar mass formula

1 -2

167 (d — 3)82
where €55 is the volume form and the integral is taken over a sphere near infinity. Since
the Komar mass agrees with the Bondi mass in the stationary case [53], it follows that M is,
indeed, the linearized Bondi mass®. In odd dimensions, we do not obtain a similar additional
constraint, but the recursion relation eq. (2.61) with p = d — 3 as well as the Lorentz gauge
constraint eq. (2.68) with p = d — 3 implies that eq. (2.96) holds where the linearized Bondi

mass is given by

1 =(d-3) ~(d—3)

M= F-Ad[hur +(d—Dhyy =0 d odd (in Lorenz gauge). (2.99)
7r

We summarize our results on solutions to the linearized Einstein equation in Lorenz gauge

with the following theorem:

Theorem 2. Suppose d > 4 ord =4 and Tl(“%) = 0, so that the Lorenz gauge condition can be
imposed. Then a unique solution to the recursion relations and constraints for the linearized
FEinstein equation in Lorenz gauge is obtained by specifying data in either of the following two

ways:

(1) Radiative Order Data: Specify h%/?*l)(u,x"l) subject to the constraints eqs. (2.93)-

(2.95) at n = d/2 — 1. Specify h/(ﬁ,)(u = uo,xA) for all n > d/2 — 1 subject to the

)

constraints egs. (2.93)-(2.95) at uw = ug. In odd dimensions, also specify ﬁfﬁ, (u = ug, )

for all p > d — 3, subject to the constraint eqs. (2.93)-(2.95) at u = uyg.
4)

(2) Coulombic Order Data: In even dimensions, specify h,(f,i/_?’)(u,x subject to the con-

9. We caution the reader that eq. (2.97) holds only in the Lorenz gauge, which cannot be imposed for
d =4 when T2 #0.
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straints egs. (2.93)-(2.95) at n = d — 3 and the additional constraint eq. (2.96); specify
hg,l/) (u = ug, z2) for alln > d—3 subject to the constraints egs. (2.93)-(2.95) at u = uy.

In odd dimensions, specify h,(j,rf) (u, ZBA)

for any m > d/2 — 1, subject to the constraints
eqs. (2.93)-(2.95) at n = m, specify hg},) (u = ug,z?) for all n > m subject to the
constraints eqs. (2.93)-(2.95) at u = wg; specify ﬁl(tp,/) (u = uo,xA) for all p > d — 3,

subject to the constraints egqs. (2.93)-(2.95) at u = uy.

5 Nonlinear Finstein equation

For the nonlinear Einstein equation, we write g, = 1w +hyy and we assume the same ansatz
for hy as in linearized gravity (see sec. 2.4). For d even with d > 4, our ansatz eq. (2.58) is
equivalent to smoothness of Q2hu,, (and, therefore, smoothness of QQgW = QQUW + thlﬂf)
at # T by the same arguments as for the linearized case. For d = 4 our ansatz eq. (2.58) in
linearized gravity was slighter weaker than smoothness of Qthw at # T in that it admitted
additional solutions for which hg,) cannot be set to zero by a gauge transformation within
our ansatz. However, we show in Appendix 0.3 that, if the Bondi news is nonvanishing at all
angles at any time, such additional solutions do not exist in the nonlinear theory. Thus, for

d = 4 our ansatz eq. (2.58) is also equivalent to smoothness at . for spacetimes in which

N 4 p is nonvanishing everywhere on some cross-section.

The nonlinear Einstein equation is far more complex than the linearized Einstein equation.
However, since the slowest fall-off of h,, is 1/ rd/ 2-1 the nonlinear terms first enter at order
(1/r4/2=12 = 1/p4=2 Consequently, for n < d — 3, the recursion relations for the full
Einstein equation are identical to egs. (2.61)-(2.66) in the linearized case. For n = d — 3, the
equations are modified by terms of the form (8uh§f,l/ 2_1))2 and thiV/ 2_1)85h(p%/ 2_1), which

are the only types of nonlinear terms that can contribute at this order. At higher orders, the

nonlinear correction terms are far more complicated, but they always involve adding terms

20



arising from metric components of slower fall-off.

We define the non-linear part of the Einstein tensor G, as

where G is the Einstein tensor and 0Gy is the linearized Einstein tensor defined in
eq. (2.56). Our ansatz then implies an asymptotic expansion of G,,;, in integer powers of 1/r
in even dimensions and both integer and half-integer powers in odd dimensions. In both
even and odd dimensions, the expansion starts at order 1/ rd=2 In all dimensions, Einstein’s
equations give rise to the same set of recursion relations as in the linearized case with the
replacement

a7 — 87T — G0 for n > d — 2 (2.101)

where n is an integer in even dimensions and takes on both integer and half integer values in

odd dimensions. By a direct calculation, we find that the leading order contribution to G,

is given by
(d-2) _ 1 po 1 po KO po
Guv = = = N Npo KKy + 50u| ¢ 0 CppNog Ky Ky + a7 erpNo(, ) + crr Ny
(2.102)
L (d/2-1) . . . .
where ¢, = hyw and Ny, is the Bondi news tensor as defined in eq. (2.76). In writing

eq. (2.102), we have used the fact that, as in the linearized case (see eq. (2.84)), the recursion

relations imply that XLd/ 2-1) _ 0, where x, = 9" E/W'

We wish to determine whether the metric g, can be put in the harmonic gauge while
maintaining our 1/r expansion ansatz. To put the metric in harmonic gauge, we must find
coordinate functions z# such that

Ogat = 0 (2.103)
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where Oy = ¢V, Vy, and V, is the derivative operator compatible with g,,. Let
ot = gh + ¢? (2.104)

where ¥ are global inertial coordinates of Nuv, satisfying Opt = 5. Applying Oy to

eq. (2.104) we obtain

1 o o 1 «
Ogk = —ﬁaa(\/—_gg Iy —H ﬂaaaﬂgu - ﬁaa(\/—_gg 5)(%5# (2.105)

where, again, (1 = nabaaﬁb, and
H = gof _ ol (2.106)

Here we have used the fact that, for any function f,

Oy f = (V=99""051). (2.107)

1
—10,
In parallel with the analysis of imposition of the Lorenz gauge condition in linearized
gravity, we will be able to put the metric in harmonic gauge in nonlinear gravity while

maintaining our expansion ansatz if we can solve eq. (2.105) via the ansatz

o0
1
¢ > S W), (2.108)
n=d/2—2"
with 9,&H (d/2-2) — 0. In odd dimensions, the sum in eq. (2.108) is allowed to run over
integer values (starting at d — 3) as well as half-integer values. For d = 4, in the case of a
stationary spacetime with Killing field 0/0u, we may also add a term ¢(9/du)*Inr to &,

where ¢ is a constant.

To analyze existence of solutions to eq. (2.105) of the form eq. (2.108), we note that
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eq. (2.105) is of the form
D = I+ L (R, €) (2.100)

where, again, Y* = 9,2, and where L is composed of terms that are (i) quadratic and
higher order in Ay, or (ii) linear in £# and linear or higher order in h;,. The leading order

contribution of L to this equation arises at order 1/ =2

Consider, first, the case d > 4. As noted previously, the non-linear contributions to
Einstein’s equation enter at order 1/ =2 50 the recursion relations derived for the linearized
Einstein’s equation given by egs. (2.61)—(2.66) are equivalent to the recursion relations for the
full, non-linear Einstein’s equation for n < d — 3. As already noted above, these equations

(d/2—1) (d/2)

imply that x, must vanish. It also follows that x/, is stationary. It then follows that

we can solve eq. (2.109) at order 1/ /2 by a choice of €1(4/2-2) that is stationary. We may

then specify g,gd/ 2-1)

arbitrarily and recursively solve eq. (2.105) with the ansatz eq. (2.108)
for all of the faster fall-off terms, in the same manner as in Prop. 2.1. The source L* plays
an innocuous role in this procedure since it is obtained from &£* at orders that have already

been solved for and thus is a “known” source term.

For the case d = 4, we still have that X,(}) = 0. In addition, since auhﬂ =0 (as follows

from eqgs. (2.84) and (2.70)), we may perform a gauge transformation of the form eq. (2.75)

to set hﬁi = 0. We then find that Xv(“Q) and Xg) are stationary. However, Xl(?) now satisfies

2 2 2
dux D = sr1l?) _ g2 (2.110)
Using eq. (2.102) together with hf‘/i = 0, we obtain

1 1
G2 — — NPNep + 50u (C“PNep) (2.111)

where C'y g is the trace free part of the projection of h((xlﬂ) onto the sphere. However, eq. (2.109)
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implies the u-component of the leading order term & (0) satisfies

7% = P + NypcAB (2.112)
and hence
1 1
7? (auggm) —8rT2) + TNOPNop + 500 (NapCAP). (2.113)

Since Tqﬁ) > 0, if we assume that N4 p vanishes as u — $o00, it is easily seen that we cannot

have 8u§1(t0) = 0 at all u as required unless both TQE%) and N 4p vanish identically. Thus, we
cannot impose the harmonic gauge condition within our ansatz!® if T%) #0or Nyg # 0.
On the other hand, if the spacetime is stationary—i.e. if it admits a timelike Killing field
t%—then Tl%) =0 and Ngqp = 0. Using the fact that the equations for fq(no) and 51(4?) contain
only “source terms” that are stationary—it can be seen that we can solve eq. (2.112) by
choosing €49 to be stationary (provided that we again add the term cgy,t” In(r) to our

ansatz to solve the ¢ = 0 part of eq. (2.112)). The recursion relations for all faster fall-off can

then be solved as in the case d > 4 so the harmonic gauge condition can be imposed!!.

We summarize these results in the following proposition:

Proposition 2.5. For all d > 4, any gy = Nuv + huw that satisfies our ansatz eq. (2.58)
(for d even) or our ansatz eq. (2.59) (for d odd) can be put in the harmonic gauge in such a
way that it continues to satisfy our ansatz. In d = 4 the harmonic gauge condition cannot be

imposed within the ansatz if Tl(ft) #0 or Nag # 0.

Remark 2.7. In linearized gravity, the restriction Tl(“%) = 0 in d = 4 allows all vacuum

solutions as well as all solutions with a stress-energy source that has vanishing flux at null

10. We could impose the harmonic gauge condition for nonvanishing 7 7512) or Nyp for d =4 if we modified

our ansatz to allow additional series involving terms of the form (In7)*/r™ [54].

11. If the spacetime is non-stationary and Tﬁ) = 0 = Nyp then we do not believe that the metric can be
put in harmonic gauge within our ansatz, but we have not proven this.
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infinity. Thus, the Lorenz gauge can be imposed in linearized gravity within our ansatz in
a wide variety of circumstances of interest. However, in nonlinear general relativity, the
harmonic gauge cannot be imposed within our ansatz in d = 4 if—in addition to qui) # 0—the
Bondi news is also nonvanishing, i.e., in d = 4 the harmonic gauge cannot be imposed within
our ansatz in any spacetime with gravitational radiation. In particular, for d = 4 we cannot
use the harmonic gauge when considering the memory effect in the next section, so we will

have to treat the case d = 4 separately.

When g, is in the harmonic gauge, it satisfies

Gy, = 81T (2.114)

HY = 0, V=5"] =0 (2.115)

where Gﬁfy is the Einstein tensor in the harmonic gauge

1
Gl = Gpw + p(u0) H = 39 OpH' . (2.116)

We now turn to the issue of whether these equations can be solved recursively within our
ansatz. We restrict consideration to d > 4, since, as just remarked above, the harmonic gauge

can be imposed only in trivial cases when d = 4.

Taking the divergence of eq. (2.116) with respect to V,, and using the Bianchi identity

we find that when Gﬁ[y = 87T}, we have

where W, is linear in H;, and its first derivative and is quadratic and higher order in h,

and its first derivative. It follows that if H ,Sd/ 2-1) _ 0 for all w and H ,(]” =0forn>d/2—-1
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(n)

at some u = ug, then H;, = 0. Namely, if we inductively assume that H, "’ = 0 for all n <k,

then the source term arising from W), that appears in the recursion equation for H fjﬁl) will

vanish. It then follows from the same arguments as used to prove Prop. 2.1 that H /(ZH_D =0.

It is convenient to replace H* by

7 = KY[=2G8) + 167 Ty) + 2KV, Hy, + (d — 2) Hy /7 (2.118)

(n+2)

where the form of TIL has been chosen so that, for n < d — 3, 7/ W

can be expressed

(n)

purely in terms of hj,/, with no u-derivatives of hy, appearing. When eq. (2.114) holds, the

(n+1) (n)

vanishing of 7/ i implies the vanishing of H,, . Thus we obtain a solution to eqs. (2.114)

and (2.115) if we can solve eq. (2.114) in such a way that we also obtain 7/, = 0.

The recursion relations for eq. (2.114) for n < d — 3 are identical to egs. (2.61)—(2.66) with

Xu = 0. In addition, we have 7/ Ln+2) = T/Sn+2) for n < d — 3, where 7, is the corresponding

quantity in linearized gravity given by eq. (2.92). Thus, for n < d — 3, the recursion relations
and constraints are identical to the linearized case. It follows that if one specifies data at

(n)

radiative order, one may solve the recursion relations for hy,; for all n < d — 3 exactly as

in the linearized case. The recursion relations and constraints needed to solve for hgll,) for

n > d — 3 receive nonlinear corrections relative to the linearized equations. However, the

nonlinear terms entering the equations will be of the form of products of metric perturbations

arising at lower orders. Consequently, the non-linear terms can be effectively treated as
(n)

source terms in our recursive analysis and they pose no difficulties in solving for hj,, for

n > d — 3. We thereby obtain the following theorem:

Theorem 3. Suppose d > 4 so that, by Prop. 2.5, the harmonic gauge condition can be
imposed. Then a unique solution to the recursion relations and constraints for the Finstein’s

equation in the harmonic gauge is obtained by the following specification of data: Specify

hfff,”‘” AY subject to the constraints 7‘,1<d/2+1) = 0 (which are identical to eqs. (2.93)-

o6
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(2.95) at n = d/2 —1). Specify hELnV)(u = ug, x4 for alln > d/2 — 1 subject to the constraints

TL(nJFQ) =0 at u = ug. In odd dimensions, also specify ﬁﬁbp,/) (u = uy, :UA) forallp>d—3
subject to the constraint 7'/:<p+2) =0 at u = ug.

Note that there is no analog of the “Coulombic order data specification” method for
getting a solution of the recursion relations in nonlinear general relativity, since the Bondi
news enters the equations for the metric at Coulombic order. Thus, we need to know the

(d—3)

solution at radiative order before we can determine whether hy,, ™ (u, xA) is a solution to

the recursion relations and constraints.

Finally, it is worth noting that the analog of eq. (2.96) in nonlinear general relativity for
d>4is

d—2 1
OuM = — ATy — @AdNABNABlzzo (2.119)
where in even dimensions

1 —(d— —(d—
M = FAd[hq(gA ) +(d_4)hq(fqu/ 3) —CABNABW:O d even (in harmonic gauge), (2.120)
77

and in odd dimensions

1 =(d-3) ~(d—3)

M = F.Ad[hur +(d—4)hy, - C’ABNAB]V:O d odd (in harmonic gauge) (2.121)
T

where Ay is the area of a unit (d — 2)—sphere given by eq. (2.53). By the same arguments as
given in the linearized case, M is the Bondi mass. Again, the above formulas for M apply
only in harmonic gauge and thus cannot be applied when d = 4 if Tt(n%) #0or Nagp #0. A
gauge invariant expression for the Bondi mass in all even dimensions d > 4 was given in [27].

Positivity of the Bondi mass in even dimensions was proven in [52].
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3 The memory effect

We now turn our attention to the analysis of the memory effect in nonlinear general relativity
in d > 4 dimensions. In physical terms, the memory effect can be described as the permanent
relative displacement resulting from the passage of a “burst of gravitational radiation” of a
system of test particles that are initially at rest. The relative displacement of test particles is

governed by the geodesic deviation equation
(UMVM)ng - _R’upgyvuvo-gp (3].)

where v# is the tangent the worldline of the test particle, £# is the deviation vector and
Rpvpo is the Riemann tensor. In our case, we will be interested in test particles near future

null infinity and wish to determine the leading order memory effect in a 1/r expansion.

We note that there are closely analogous “memory effects” for electromagnetic and scalar
fields [11, 55, 56]. For the electromagnetic field or the scalar field, the memory effect would
correspond to a charged particle with electric or scalar charge, originally at rest, getting a
momentum kick after the passage of a burst of electromagnetic or scalar radiation. However,
since we now have fully developed the machinery for the gravitational case, we will bypass the
analysis of these other cases and go directly to the analysis of the memory effect in general

relativity.

1 Stationarity conditions at early and late retarded times

Our first task in analyzing the memory effect is to define more precisely what we mean by
a “burst of gravitational radiation,” i.e., to specify the stationarity conditions that we will

assume hold at early and late retarded times.
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We wish to consider spacetimes where there is significant gravitational radiation near
future null infinity only over some finite range of retarded time. We envision this radiation
as arising from “localized event” in the interior of the spacetime involving the interaction of
matter and/or black holes and/or gravitational waves—although our entire analysis will be
done near future null infinity and will not make any assumptions about the source of the
gravitational radiation. Thus, we wish to consider a situation where the metric is (nearly)
stationary at early retarded times and again becomes (nearly) stationary at late retarded

times.

However, it would be much too strong a condition to demand that the metric becomes
stationary at early and late retarded times at all orders in 1/r. This is because we wish to
allow for the presence of bodies of matter (or black holes) that move inertially from/towards
infinity at early/late retarded times. To see the implications of this, we note that a static
multipole of angular order ¢ will decay as r — oo at fixed global inertial time ¢ as 1/ pltd=3,
However, for inertially moving bodies, the /th multipole moment will grow with time as tt.
Thus, near future null infinity, there will be contributions from the ¢th multipole solution
that result in Ay, behaving as'?

tt _(u—l—r)g_ 1 lu
pe Y Rd—3 T A+d—3

h (3.2)

= + +...
pd—3 T d-2

Thus, the leading order behavior of hy,, is Coulombic—but note that hy, is not spherically
symmetric near null infinity at Coulombic order. Although hy,, is stationary at Coulombic
order, it is, in general, non-stationary for ¢ > 1 at order 1/ r4=2_ This non-stationarity can
be removed for £ = 1 by Lorentz boosting to a frame where the center of mass of the matter

is at rest, but hy, will, in general, be genuinely non-stationary at order 1/ rd=2 for ¢ > 2.

12. The ¢th multipole solution with leading order time dependence eq. (3.2) will also have terms that
behave as 25‘8_2’“/7“5_2’“'*‘"1_3 with %k integer and 2k < ¢, which also will contribute to the field at future null
infinity in the same manner as indicated in eq. (3.2).
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The late time behavior near null infinity in curved spacetime with matter (or black
holes) inertially moving to infinity along timelike trajectories cannot be expected to satisfy a
stronger stationarity condition than would hold for inertially moving bodies in Minkowski
spacetime. Indeed, as we shall see in the next subsection, if we were to require stationarity at
order 1/ 42 at both late and early retarded times, we would entirely exclude the “ordinary
memory” effect. On the other hand, we do not believe that we would exclude any interesting
phenomena by assuming that the metric becomes stationary at Coulombic order at early and

late retarded times.

We will therefore adopt as our stationarity condition that, in some gauge within our
ansatz, the metric becomes stationary at Coulombic order and slower fall-off at early and
late retarded times. More precisely, in even dimensions we require that there exist a gauge in
which

8uhglny) —0 as u— fooforn <d-3, (3.3)

and in odd dimensions we require that there exist a gauge in which

8uh,(ﬁ) —0 as u—*ooforn<d—3 (3.4)
GUB,{LCE,_S) =0 as u— +oo. (3.5)

It follows immediately from these conditions that in the stationary eras, the nonlinear
terms in Einstein’s equation are O(1/r2(4=2)) and will not enter the equations to the orders
to which we will work. In addition, stationarity at Coulombic order implies that the Bondi
mass (which can be defined in any gauge) is time independent, which implies that T&Z_Q) l—0
vanish in the stationary eras. However, positivity of TL%*Q) then implies that T, 1%72) =0and

(d-2)

the dominant energy condition then implies that 77; = 0. We can then apply Remark 2.5

to conclude that, for d > 4, without loss of generality, the fall-off conditions eq. (3.3) or
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eq. (3.4) can be assumed to hold in a harmonic gauge, as we shall assume in the following. It
(n)

then follows from Cor. 2.1 that in even dimensions we have h;,y = 0 for all n < d — 3, and in

odd dimensions, hl(fy) =0foralln<d-—2.

Finally, we note that Médler and Winicour [57] have imposed a “weak stationarity
condition” in their treatment of the memory effect in linearized gravity in 4 dimensions. Their
condition effectively requires the metric to be stationary at order 1/ 2, i.e., one order faster
fall-off than Coulombic. Thus, their condition is stronger than ours. As we shall see in the

next subsection, this stronger condition rules out all “ordinary memory” effects.

2 The memory tensor and its properties at Coulombic order and slower

fall-off

As discussed in the previous subsection, we wish to consider a spacetime where the metric
near future null infinity is stationary at Coulombic order, 1/ rd=3 at early and late retarded
times. We consider an array of test particles near null infinity whose tangents v# initially
point in the (0/0u)* direction. We wish to compute the memory effect for such test particles
at all orders n < d — 3. Since the metric differs from the Minkowski metric only at order
1/ rd/ 2=1 " the geodesic determined by v* will differ from the corresponding integral curve of

d/2—1

(0/0u)* beginning only at order 1/r , and v will differ from an affine parametrization

d/j2—1

also beginning only at this order. Since the curvature also falls off as r , it can be seen

that the deviations of v# from (9/0u)* in eq. (3.1) can affect €4 only at order r%~2 and faster
fall-off. Since we consider only the memory effect at orders n < d — 3, we may therefore

replace v* in eq. (3.1) with (0/0u)*, i.e., we may replace eq. (3.1) with

& = —Rup/'¢”. (3.6)
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Since, by our ansatz, Ty, = O(1/ r4=2) it follows immediately from Einstein’s equation
that the Ricci tensor vanishes at Coulombic order and slower fall off. Consequently, we may
replace the Riemann tensor in eq. (3.6) with the Weyl tensor. We also may replace £ on the
right side of eq. (3.6) with its initial value, £f, since £¥ —&f = O(1/r%/2=1) 5o this difference
cannot contribute to the right side at Coulombic and slower fall-off. Thus, at Coulombic and
slower fall-off, we have

32

Wﬁﬂ = —Cuvd!'&p.- (3.7)

Now suppose that the metric is stationary at Coulombic order and slower fall-off for

u — Fo00, as discussed in the previous subsection. Integrating eq. (3.7) twice, we obtain

u=0o0

¢lnm =AM forp<d—3 (3.8)
u=—00
where
00 u
AL”V) = - / du’ du”CfﬁLM. (3.9)
—00 —00

We refer to Al(fy) as the n-th order memory tensor. It characterizes the memory effect at
order 1/r"™. We note that the Weyl tensor at these orders is equivalent to the linearized Weyl
tensor and is gauge invariant. Therefore, the memory effect at these orders is manifestly

gauge invariant.

It follows immediately from its definition, eq. (3.9), that for all n < d — 3 the memory
(n)

tensor, A,/ , is symmetric, trace-free, and has vanishing u-components,

A =al), Ate —0 Al =0 foralln<d-3. (3.10)

(n) (n)

Obviously, from its definition, A,/ does not depend on u, so we also have 0y Ay =

Additional properties of A/(ﬁ,) follow from the Bianchi identity. We remind the reader that
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the uncontracted Bianchi identity is

ViR 0. (3.11)

vplok —

Contracting over p and o yields

glwv,uRupm@' = QV[VRp],.;- (3.12)
Applying g“5V5 to eq. (3.11) we obtain

Commuting the derivatives in the second and third terms of eq. (3.13) and using eq. (3.12)

we obtain
DgRypo’K/ :4V[Vv‘[0RH]

— 29/’(')\967TR)\[ 5R7TMO'KZ — 2967TR6[1/Rp}’/TO'I€

] vp)

A0 A0
— 29" 7TRcfci)\[uRp]mm —2¢"%g 7TRcS/f/\[Z/Rp],umr' (3.14)

We also remind the reader that the Riemann tensor is related to the Weyl tensor by

4 2
Buvpr = Crwpo + 5391l Roll) = g =1y =2 Fulo9olv- (3.15)

In linearized gravity with R, = 0, the above relations imply
M Cluyps =0 (linearized gravity) (3.16)

and

OCuvpe =0 (linearized gravity). (3.17)

63



These relations, of course, do not hold in nonlinear general relativity, and they also do not

hold in linearized gravity when R, # 0. However, let
Euy = Cuvuy (3.18)
so that Ey,, is the “electric part” of the Weyl tensor. Define 7, by
Ty =K'OE,, —2K"0,0Eay — (d — 2)0%Eqy/r (3.19)

where K = (0/0r)*. In linearized gravity with R, = 0, we have 7, = 0. Remarkably,
we find" that in nonlinear general relativity with our ansatz for h,, and Tj,, we have

'7;(”4_2) =0 for all n < d — 3. Now, the formula eq. (3.19) defining 7, is exactly the same as

the formula eq. (2.92) defining Tl(th?) under the substitution h;, — Ej,p and T}, — 0. Thus,
E, satisfies eqs. (2.94) and (2.95) with vanishing right side for all n < d — 3. (Equation
(2.93) is trivial since the u-components of E},;, vanish.) Integrating this equation twice with

respect to u, we find that for n < d — 3, Aﬂﬁ) satisfies

9% — (n—d+1)(n—d+2]A% + @20 — )24 = 0 (3.20)

(2% — (n—d+3)(n—d+2)+ 20— d+ DAY + 29,00 + (20— d +2)2PAT) =
(3.21)

where we used the fact that the trace of A;, vanishes to relate Ay to qAB A gp. We note
that egs. (3.20) and (3.21) have nothing to do with the harmonic gauge condition and hold

for d =4 as well as d > 4.

13. The peeling properties of the Weyl tensor [58] (which are a consequence of our ansatz) were used to
show this.
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These relations will be used in sec. 3.4 below. They also have the following important
consequence. The spherically symmetric (¢ = 0) part of A, automatically has A, 4 = 0 and
A AB X qaR, since no vector on the sphere can be spherically symmetric and q4p is the only
tensor of this index type that is spherically symmetric. Consequently, eq. (3.20) implies that
the spherically symmetric part of AELT,L/) vanishes for n < d — 3. Similar arguments also show
that egs. (3.20) and (3.21) imply that the ¢ = 1 part of A/(ﬁ,) vanishes for all n < d — 3. This
implies that

(n)
V = - _ - . .
[Ap]lg=01=0  foralln <d -3 (3.22)

In addition, in d = 4 dimensions, egs. (3.20) and (3.21) imply
Al = (3.23)

and, similarly, in d = 6 dimensions, we obtain

AP — o, (3.24)
However, in higher dimensions, all components of the Coulombic order memory tensor (other
than uw components and the trace) may be nonvanishing. These results in d =4 and d = 6
dimensions also follow directly from the peeling properties of the Weyl tensor in these

dimensions [58].

3 FEvaluation of the memory tensor at Coulombic order and slower fall-off

(n)

We now evaluate Ay, for all n < d — 3. We separately consider the cases (1) d > 4 and even,
(2) d odd, and (3) d = 4. For d > 4, we impose the harmonic gauge condition to greatly

simplify the analysis.
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1 deven, d>4

For n < d — 3, the relevant components of the nth order Weyl tensor take the form

CL(LZ)’U,B _ (gpoh(n 2) +5 poauh(” Dy <B)p082h( n) (3.25)
Here a p" 6 P77, ﬂ) are given by
oMeo —l(n—l)(n—Z)r rgn’n? +(n—=2)n"n’r 2 2.9 —|—1(n—2)q nfn?
af 5 alp (aZB) 9 aZg 2 o ’

(3.26)

857 = = (n = DrargnPK?) 4 nlP K D) —nr(onlPag®) + 07 2,

+ ;qag(Qn(pKa) — nPp?), (3.27)
Mo _ L koK K00~ Lo pgo 3.98
Yap'” = 5TaTs — 10K e8)” = 50 s (3.28)

where Kt = (9/0r)#, n** = (0/0u)* and r;, = (dr),.

We now use the recursion relations to eliminate thV_Q) and hl(ﬁ,_l) in favor of h/(ﬁ/) in
eq. (3.25). We consider, first, the case n < d — 3; we will treat the case n = d — 3 after we

have completed the analysis for n < d — 3.

For n < d — 3, the relevant recursion relations do not contain any nonlinear terms in A,
and are thus given by egs. (2.61)-(2.70) with x# = 0. In addition, the stress-energy tensor
does not appear in any equations at the orders relevant to this analysis. It is clear from the
arguments that led to Theorem 2 that it must be possible to eliminate hm_Q) and hﬁﬁ_l) in

(n)

favor of hj,/, but it is useful to have an explicit construction, which we now give.

First, we can directly invert the angular operator appearing in eq. (2.61) to solve for
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(n)

uu -

E%_l) in terms of h,, . Explicitly, we have

M = —@n—d+2)[2%+ (n—D)n—d+2)] 9.0, (3.29)

Note that E(Z) appears in this solution only in the form OUE%). We then iterate this procedure

to obtain E(nim (n—1) and thence E(n) 2)

uy uu uu

(1)

uy -

thereby expressing E&Zﬁ

1)

in terms of . in terms of

(n

inverse angular operators applied to 85 Next, we eliminate 24h Auf using eq. (2.68)

(with XQ(L”) = 0) and substitute into eq. (2.62). The resulting equation can then be solved

for El(j;_l) in terms of auﬁgg") and auﬁgq?' Iterating, we obtain Eq(Ln_Q) in terms of 83553) and
3%57%). We then similarly invert eq. (2.63) to solve for E&_l) and then 51(&—2)‘

Thus far, we have shown how to write the uu, ur, and uA components of Ew/ at orders
n —2 and n — 1 in terms of these components at n-th order. To proceed further, we note that

h=n" u = —2hyr + hpr + ¢ Bh 4 p satisfies the ordinary scalar wave equation. Hence, we

(n—1)

can recursively solve for h and E(n_2) in terms of auﬁ(m and 83501) respectively. Then

one can use eq. (2.64) and eq. (2.69) to obtain

22+ (n—d+1)(n-2)R8 " = 2(d—2n+ 2RV 420"V — (20— d 200,58 (3.30)

(2—2)

This equation can be used to solve for Eﬁn_l) and h,. in terms of nth order quantities.

We can then use eq. (2.70) and eq. (2.65) to solve for Eiﬁl_l) and 57(31_2) in terms of nth

order quantities. Finally, we solve (2.66) to obtain Egg 1 and Egg 2) in terms of nth order

quantities.

(n—2)

The above results show explicitly that we can write hy, as an operator (composed of

(n)

inverses of angular operators and angular derivatives) applied to agh,w . Similarly, we can

write hflnyfl) as such an operator applied to 8uhg,lj). Substituting this result in eq. (3.25), we
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see that for all n < d — 3, the nth order Weyl tensor takes the form

C(n) 5= O(n)pUaQE(”) (3.31)

ua, af u'tpo

where the operator O is constructed of inverses of angular operators and angular derivatives.

It follows immediately from eq. (3.9) that for n < d — 3 the memory tensor takes the form

Al = PO P ARY)) forn < d -3 (3.32)
where
AR =7 (4 5 00) = B (u = —o0) (3.33)
uy = "uy 1% .

and P() uvP? is a linear operator constructed from inverses of angular operators and angular

derivatives. However, as already remarked below eq. (3.5), we have thL) =0foralln<d-—3

when the metric is stationary at Coulombic order. Thus, the memory tensor vanishes at

slower than Coulombic fall-off

Afﬁ) = for n < d—3. (3.34)

In particular, for d > 4 the memory tensor vanishes at radiative order [20]. Now consider
the case n = d — 3. The calculation ALd_g) differs from the above calculation for n < d — 3
only in that (i) AE%_B) need not vanish and (ii) the recursion relations egs. (2.61)-(2.66) used

to solve for hl(id_él) will now contain the additional terms T,%_2) and g,(fi‘” (see eq. (2.101)).

-2) j, 7=,

except 97%_2)

With regard to these additional terms the only nonvanishing component of T,S

Similarly, it can be seen from eq. (2.102) that all of the components of Q,%_Q)

are u-derivatives of quantities that vanish in stationary eras. It is not difficult to show that

(d—3)

the total u-derivative terms do not contribute to Ay, under our stationarity conditions.

Thus, the terms involving T,S(li,_2) and Ql(fi_m give rise to additional terms in the memory
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tensor that are proportional to the integral of the total flux, F', of matter and gravitational

energy to null infinity
_ 1
A=2) | _~ NABN, 5. (3.35)

F=1! —

Carrying through the calculation of A,(Zl,_?)) in the manner described above, we obtain the

final formula
o0
d—3 —(d—3
A = Punfahy Ve + [ duly Flesy (3.36)
— 00
where

Pl SRS = L, [(d = 3)(d— 9%(d - 6)25 22, 2R, ) + ARy

(d -4
d—2

+49,95"2) 95" + ((d=5)@~6)D5* ~2) D4_2Ah(d_3)]

— (A= 02(d ~ 6)r(, D,y 75 7 AR Y~ 2(d = 3)(d — 4) 5 2r(, Dy Ty AR Y

9,95 22 28T Y — (4 3)(d — 4)r (a0, P MRS

W
—2(d - 3)(d — 4)(d — 6)Z5 *r(
d—4
Td—2
+2(d — 6)(d — 3) 25

I
1) ((d—5)(d—6)752 — 1) 27280 4+ (d — 6)r(, 2,25 2 AR

9 A7 (d— 1 -
W Ty 75 200 4 S = )~ (4= 624D 952 +

_ _ _ _ — —92 A7 (d—
49,9529, 77 — Ad ~ 6)9(, 52D,y P52 + (d — 6)(d — T D5 2) 23 2 ATy )
1d—4 B v o (e
575 (— [@= 022752 = qu + (d = 5)(d — 6)qu 75 %) 2 28K

— - - 1 —d-3) ¢ (d—3
- (2(d — 62,75 2P,y P52 — (d ~ 6)quv T3 % — HW) ARL=3) ﬁmﬁr )

d—3 —(d—3 1 ]. —(d—3
E)u ) + T(MQV)pAhEJT : +5 (‘Jup%o - qw/qu> Ah(PU ) (3.37)

+(d = 49)F,a,) Ah 5 d—2
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and

Ly = 8 |ryury(d = 3)(d — 4)(d — 6)25 22y % — 2((d — 4)(d — 6)r(, 2,y D5

—2(d = 3)(d — 6)25 *r(, 2,0 Z5 %) 21 > + (— (d - 6) 2,275

o
—4(d = 6)2(, 75 D D5 + G + (d = 6)(d = N Z5 *) 75>

+49(,957° D) D5 > Dy +A(d — 3) 73

W) @4—2] F. (3.38)

Here, in order to write these equations in a more compact form, we have introduced the

notation

23 =2? — (d - 3)] (3.39)
23 =2? — (d - 4)] (3.40)
22 = (2? - 2(d - 5)]. (3.41)

The notation [-]y~q in eq. (3.36) means that only the £ > 1 part of the quantity is to be
(d—3)

taken. The memory tensor Ay, ™ has only ¢ > 1 spherical harmonic parts (see eq. (3.22)).
However, AE%_?’) and F have ¢ = 0,1 parts. The ¢ = 0,1 parts of AE%_?)) and F should be

excluded from egs. (3.37) and (3.38) for the computation of ordinary and null memory.

Equation (3.36) naturally splits the memory tensor into a “null memory” piece associated
with the flux F of stress-energy and/or Bondi news to null infinity, and an “ordinary memory”

piece associated with the change in the metric in harmonic gauge at Coulombic order. The
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(d-1) (d-1)

ordinary memory piece can be rewritten in terms of AE),;, ' = ACyy as follows':

P AR = —rry (d — 4)(d — 6) 75 22 2AEN

+2(d — 4)r(,2,)(7* — 29295 29 2AEY Y

+d(d - 2)g, 0,7 (2% — 2) " 9 2AEEY (d_;)_(dz_ﬁ) TN o S
+2d(d - 2)(2? - 2) " 2739, 2739,, 7 2P 9" AE

d(d — 2)?

SR (2ol (.@u% qW@2> 729 2P s AEY

d—3 -2
(P22 <2d@(u_@_32@,,) + d(@u@,, - 1 L4 )@ 24 dqw> AR
+2(d - 2)9,2°39%595 2(F* ~ 1) Y4, ~ 2,229 AES Y
— ! ; (-@u% - ! QqW.@Q) [(d - 6) — 2(d — 4)(2% — 2)2" 295 29 2AEY
—2(d-2)(d 025 2P* - ) rulany — 2,229 AES Y
—2d(d — 2)(2* — 2)—19:59(@:3?@%@?;” (3.42)
where

2%, = 2% + (d—4)] (3.43)
P%5 = (2% + (d - 5)) (3.44)
P%5 = (2% + (d - 3)] (3.45)
2%, =[2% + (d-2)]. (3.46)

Again, the The ¢ = 0,1 parts of AE%_D should be excluded from eq. (3.42) for the

computation of memory.

14. It should be possible to derive egs. (3.38) and (3.42) directly from eqgs. (3.12) and (3.14), bypassing
the need to introduce the harmonic gauge. We have shown that such a derivation can be given in linearized

gravity with sources.

71



(d-1)

Since [’ is gauge invariant, null memory is manifestly gauge invariant. Since C', 57}5 is
gauge invariant in stationary eras, ordinary memory is also manifestly gauge invariant when
expressed in the form of eq. (3.42). We shall see in sec. 3.3.3 that eqgs. (3.38) and (3.42) also

hold in d = 4.

We now consider the effects on the memory tensor at Coulombic order of placing stronger
stationarity conditions than those imposed by eq. (3.3) on the metric at early and late times

in even dimensions. Specifically, suppose we were to require that
auh,(]“) —0 as u— Foofor k<d-—2, (3.47)

i.e., suppose that we require stationarity at one order faster fall-off than Coulombic. Suppose

that, in addition, we require
T/Sg_l) =0 as wu— +o0. (3.48)

In the stationary eras, the nonlinear terms in Einstein’s equation are O(1/ 7‘2(d*2)) and will

not enter our analysis to the orders we consider. It then follows from Remark 2.5 that

El(ﬁ) can be put in harmonic gauge such that in the stationary eras, we have auh,(ji) =

for all n < d — 2. It further follows from Cor. 2.1 that, in the stationary eras, Eg,l/) =0
for all n < d — 3. Furthermore, hftdf‘g) satisfies egs. (2.61)-(2.66) for n = d — 2 with all
terms involviing x,,, u-derivatives, and stress-energy put to zero. In addition, h,(fl_g’) satisfies

egs. (2.93)-(2.95) for n = d — 3 with vanishing stress-energy terms. It is not difficult to show

that the unique solution to these equations is

E%—?’) — E&‘i‘g’) — Egﬁ_g) = const. (3.49)

with all other components vanishing. This corresponds to the Schwarzschild solution in
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harmonic gauge at Coulombic order. Thus, with the stronger stationarity conditions eq. (3.47)
and eq. (3.48), the solution approaches the Schwarzschild solution (possibly with different
masses) at early and late retarded times. Thus, Ah,&d_g) has only an ¢ = 0 part, and cannot
contribute to memory by eq. (3.22). Thus, if the stronger stationarity conditions eq. (3.47)

and eq. (3.48) hold at early and late retarded times, then ordinary memory vanishes (but a

nonvanishing null memory effect may still occur).

2 dodd

For d odd, the analysis of the memory effect for n < d — 3—where n is now half-integral—

follows the even dimensional case exactly, and we find that
AlR) = forn <d—3. (3.50)

Since izgiy_?’) is the leading order term in the integer power part of the expansion of Ay

(see eq. (2.59)), the only contribution to C’%ﬂg) is

Cl%D) = A=) po g2 ld=3) (3.51)

(d—3)

where the vy, /P9 is given by eq. (3.28) with n = d — 3. Einstein’s equation in harmonic

gauge yields

(d - 4)6@%3) = 167718 4261472, (3.52)
However, we have
74 1Yk, K, (3.53)
and
gii=2 = —iNABNA B,y + 0By (3.54)
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where B, vanishes in stationary eras. From eq. (3.28), it is easily seen that 75,1,_3)/"7 KyKs =
0. It can also be seen immediately from eq. (3.9) and eq. (3.51) that B, cannot contribute

to Ayy. Thus, we find that for d odd,

A Z0 for d odd. (3.55)

and thus the memory effect vanishes at Coulombic order (as well as slower fall-off) in odd

dimensions.

At first sight, it may seem paradoxical that there is a major difference between odd and
even dimensions in the memory effect at Coulombic order: First, in odd dimensions there is a
flux of energy to null infinity at order 1/ 42 in exact parallel with the even dimensional case,
so why isn’t there a null memory contribution at Coulombic order? Second, if one considers,
e.g., the scattering of timelike particles, one would expect that the retarded solution at early
and late times should behave like eq. (3.2) at late and early times, potentially giving rise to a
nonvanishing Ah,, at Coulombic order in odd dimensions. Why doesn’t this give rise to an

ordinary memory effect?

The answer to the first question is that the key difference that occurs in odd dimensions—
as compared with even dimensions with d > 4—is that terms with integer power fall-off slower
than 1/ 43 are not permitted. In even dimensions with d > 4, the possible presence of a
nonvanishing h&dill) and hfﬁf@ effectively makes the null and ordinary memory independent.

In odd dimensions, there can, indeed, be a null memory effect, but it is always exactly

canceled by ordinary memory.

The answer to the second question is more subtle and has to do with the manner in
which the retarded solution approaches a solution of the form eq. (3.2) at late times for
particles moving on inertial trajectories. To see this, it is illuminating to consider the concrete

example of the retarded solution, ¢, to the scalar wave equation eq. (2.16) with source
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corresponding to the creation of a scalar particle with scalar charge ¢ at time t = 0 at the

origin in H5—dimensional Minkowksi spacetime
S = q0(t)s (7). (3.56)

The exact retarded solution for such a source is

0(u) r+u

(27r)? \u(2r + u)

For 7 > u, eq. (3.57) admits an expansion in half-integer powers of 1/r fully consistent with

b=q (3.57)

our ansatz eq. (2.12)

_ q 0(u) | 3vmq
O o T T YOG/ (3.58)

No integer powers of 1/r occur. In particular, at all retarded times, the scalar field vanishes at
Coulombic order. In addition, as u — 0o, we have gb(3/ 2) 0, so ¢ vanishes at late retarded
time at Coulombic and slower fall-off. On the other hand, if we fix r and take the limit of

the exact solution eq. (3.57) as u — oo, we obtain the Coulomb solution

lim 6= (3.59)

U—00 2r2’

In other words, ¢ approaches the Coulomb solution at timelike infinity (u — oo at fixed ),
but does not approach the Coulomb solution at null infinity (r — oo at fixed u) even if u is
then taken to be arbitrarily large. In other words, the Coulomb solution eq. (3.59) will not
be evident to an observer unless he waits a time much longer than the light travel time to

the source.

Similarly, in the gravitational case in any odd dimension d > 5, consider classical particle
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scattering wherein the particles move on timelike, inertial trajectories at early and late times.
Then at early retarded times, the retarded solution at Coulombic order, le(idf?)), will have
the multipolar structure corresponding to the incoming particles, as in eq. (3.2). However,
except for hyy,, this multipolar structure will not change with « and will remain the same as

(d=3)

U — 00, i.e., AiLW_ = 0 except for 4 = v = u. The ordinary memory effect that may result

(d—3)

from a nonvanishing Ahy, will be exactly canceled by the null memory effect.

Thus, the total memory effect vanishes at Coulombic order in odd dimensions. However,
the above considerations suggest that it may be possible to define a notion of a memory effect

at timelike infinity that would be nonvanishing.

In dimension d = 4, radiative and Coulombic order coincide, since d/2 —1 =d — 3 = 1.
Our analysis for d > 4 was based upon the imposition of the harmonic gauge, so it cannot
be applied'® in nonlinear gravity when d = 4 if T, ﬁ) # 0 or Nyg # 0. Thus, we cannot
impose the harmonic gauge, i.e., we cannot set x, = 0 in egs. (2.61)-(2.70), nor can we use
the corresponding simplifications in calculating the nonlinear terms in Einstein’s equation.
Nevertheless, the properties of the metric perturbation at radiative order described in the
paragraph below eq. (2.72) still apply. In particular, the Bondi news tensor

1 1
Nap = (245" = Sa4a°P) i), (3.60)

15. However, our harmonic gauge analysis can be applied in linearized gravity to the case where T,S,%) =0,
in which case ordinary memory is possible.
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is gauge invariant. Furthermore, at radiative (= Coulombic) order, the only components of

the Weyl tensor that can be nonvanishing are the uAuB components, which are given by
2, (1
Cldup = —50uNan = =520 (3.61)

Integrating this equation twice, we immediately obtain the following extremely simple formula
for the memory tensor:

1
ally = Sanly (3.62)

where Ahfﬂg denotes the difference between hgjé in the initial and final stationary eras.

Equation (3.62) holds in any gauge compatible with our ansatz.

To proceed further we use Einstein’s equations egs. (2.61)-(2.70) with 4 not put to zero
and with 7 éz) replaced by Téi) — QC(L%) /8. These equations can be simplified significantly by
restricting consideration to the case hﬁ}) = 0 (see Appendix 0.3), in which case we can impose
the Bondi gauge conditions hyr = h.4 = 0 and 0, (det(h4p)) = 0. Einstein’s equations do
not directly yield an equation for 8uh£83, but they do yield an equation for 8, 25 hgllzg, which
can be integrated to obtain 28 AS}; and thence Agj)g We will not carry out the analysis
here, as it has already been done by many authors'¢ [10, 19, 40, 39]. The final result is that
the memory tensor in 4 dimensions can be expressed as [19, 40, 39]

AYY = [Paplist + / duL Ap[Flp=1. (3.63)

—00

16. References [10, 39] worked in the context of linearized gravity whereas [40, 19] analyzed the memory
effect in four dimensions in full, nonlinear general relativity. References [39, 40, 19] considered contributions
to memory from null sources whereas [10] did not. References [10, 19, 40, 39] all considered ordinary memory
effects in which AQ =0 in eq. (3.64).
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Here the “ordinary memory” (the first term in eq. (3.63)) is given by

1
Pap = —2<@A@B - 2%392) P72 +2) AP + 264 Dy D0 7 H(P* +2) T AQ

(3.64)

where
pP=c,. (3.65)
Q= ;EWC,S?’V)W, (3.66)

and AP and AQ correspond to the difference in these quantities at early and late retarded
times. Only the ¢ > 1 parts of AP and AQ enter the formula for memory. The contributions
to ordinary memory of AP and AQ are usually referred to as its “electric parity" and
“magnetic parity" parts'”, respectively. The “null memory” (the second term in eq. (3.63)) is

given by [19, 40, 39]

LaglF] =167 (%% - ;qA392> 27 2(2? +2)7F (3.67)

where F' is the total flux of matter and gravitational energy to null infinity—given by
eq. (3.35) with d = 4—and only the ¢ > 1 part is taken. Equations (3.64) and (3.67) agree

with egs. (3.38) and (3.42) with d set equal to 4.

Finally, suppose that we were to impose the strong stationarity conditions eq. (3.47) and
eq. (3.48) at early and late retarded times. Our analysis for d > 4 used the harmonic gauge,
which we cannot assume here. However, the gauge freedom for the metric at order 1/r that
preserves strong stationarity is given by eq. (2.75) with d = 4, with the requirement that
13 A(LO) is stationary and & /(}) vanishes. We can use up the full gauge freedom of h/(}y) by setting

lad hf},) =0 and hgﬁg = 0. One then can show that Einstein’s equations with these gauge

17. As we shall see in the next subsection, the “magnetic parity” part is the same as the “vector part” in a
spherical tensor decomposition.
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conditions imply that when eq. (3.47) and eq. (3.48) hold the metric at Coulombic order
(i.e. order 1/r) must be Schwarzschild. The stronger stationarity conditions together with
the field equations also imply that hl(fy) and hl(?y) do not contribute to P or @) as defined
in egs. (3.65) and (3.66). Since hE}V) is spherically symmetric it follows that @ = 0 and P
is spherically symmetric. Hence, as was the case for d > 4, we find that when d = 4, the

ordinary memory vanishes if the stronger stationarity conditions eq. (3.47) and eq. (3.48) are

imposed.

We summarize the main results of this subsection in the following theorem:

Theorem 4. Suppose d > 4 and the metric satisfies the stationarity condition eq. (3.3) (for
even dimensions) or egqs. (3.4) and (3.5) (for odd dimensions) at early and late retarded times.

Then the memory tensor, defined by eq. (3.9), has the following properties:

(1) In odd dimensions, A/(ﬁ/) =0 foralln <d-3.

(n) _

(2) In even dimensions, Apy = 0 for alln < d—3. Forn =d — 3, the memory tensor
can be decomposed into “ordinary memory” and "null memory” as in eq. (3.36). For
d > 4, the ordinary and null memory are given, respectively, by eq. (3.37) and eq. (3.38).
For d = 4, the ordinary and null memory are given, respectively, by eq. (3.64) (or
eq. (3.42)) and eq. (3.67). If one imposes the stronger stationarity conditions eq. (3.47)
and eq. (3.48) at early and late retarded times, then the ordinary memory vanishes at

Coulombic order (but null memory may still be nonvanishing at Coulombic order).
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4 Non-scalar memory

As proven in [59] (see Propositions 2.1 and 2.2 of that reference), any (co)-vector field, vy,

on a sphere in (d — 2)-dimensions can be decomposed into its vector and scalar parts via
wyg =Wy + W (3.68)

where .@AWA = 0. Any symmetric tensor field, x 4 g on the sphere can be decomposed into

its tensor, vector, and scalar parts via

1 1
:UAB:XAB—F@(AXB)—}-(@A@B—HQAB@2>X+HQABY (3.69)

where 24X A =0= ABx Ap and 24X 4 = 0. Any rotationally invariant operator (such
as .@2) acting on wy or x 4g maps the scalar, vector, and tensor parts into themselves, i.e.,

rotationally invariant operations cannot “mix” these different parts.

(d=3)

Thus, the Coulombic order memory tensor A, may be decomposed into its scalar,

vector, and tensor parts via
A — (3.70)

Afil_?)) =Rp+ I4R (3.71)

d—3 1 1
AE4B = SAaB+245p) + <@A@B - HQA392>T + quBU (3.72)

where 24R4 = 0= 245, and 24545 = 0 = ¢*BS 5. Note that the fact that Al(f,lfg) is

(d-3)

traceless was used to relate Ay ™’ to the scalar function U appearing in eq. (3.72). Ind = 4
dimensions, the tensor part, S4p, in eq. (3.72) vanishes, since there are no divergence-free,
trace-free, symmetric, rank—2 tensors on S2. Furthermore, on S2, the vector part S4 can
always be written as Sy = eAB@BS. Thus, in d = 4 dimensions, the “vector part' can be

(1) _

replaced by a “magnetic parity scalar” part. In addition, since Ay;/ = 0 in 4 dimensions
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(see eq. (3.23)), we also have U = R4 = R =0 when d = 4. For d = 6, we have U = 0 (see
eq. (3.24)).

We shall refer to U, R, and T as “scalar memory”, R4 and S 4 as “vector memory,” and
Syp as “tensor memory”. The scalar functions U, R, and T are not independent because
A/(fly_g) must satisfy the “constraint equations” eq. (3.20) and eq. (3.21) with n = d — 3. This
yields

(2% —2)U — (d—6)Z°R =0 (3.73)

and

(22 +2(d — 4)|R + ;(d —4)[2% +2(d - 3)|T — ng = 0. (3.74)

Note that for d = 4, this implies that U = R = 0, so scalar memory takes the form

1 1
{A;)B]scalar = <@A@B - 2QAB-@2>T for d = 4. (3.75)

The vector part of eq. (3.20) vanishes, but eq. (3.21) implies that R4 and S4 must satisfy
1
[@2+(d—5)]RA+§(d—4)[@2+<d—3>]sA = 0. (3.76)

The constraint equations (3.20) and (3.21) do not give any restrictions on Syp.

We can use eqs. (3.73) and (3.74) to solve for U and R in terms of T" and we can use
eq. (3.76) to solve for R4 in terms of S4. Thus, the memory tensor is fully characterized

by T', S4, and S4p, i.e., the trace-free part of the angle-angle components of the memory

tensor.
No other obvious restrictions on A,(Ld_?)) arise from Einstein’s equations near null infinity
for d even—of course, we have already shown that Agff,_?’) = 0 for d odd. This suggests

that—in addition to scalar memory—magnetic parity memory may be possible for d = 4,
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and vector and tensor memory may be possible for d > 4 (for d even). We now investigate

whether this is possible for physically reasonable solutions.

(d—3)

Consider, first, null memory. The null memory part of Ay is constructed from a
rotationally invariant operator L, (see eq. (3.38) and eq. (3.67)) acting on the integrated
flux F'. Since F is a scalar function on the sphere, it follows immediately that null memory

is always of purely scalar type.

The analysis of ordinary memory requires that we know that the Coulombic order solution
hl(f,lf?)) at early and late retarded times. This is not feasible in nonlinear general relativity
but can be analyzed in linearized gravity. Consider, first, classical particle scattering, as
treated in [55]. For classical particle scattering, the solution at early and late retarded times
is a sum of boosted linearized Schwarzschild solutions. It is easily checked that for boosted,

(d—3)

linearized Schwarzschild solutions, 5, is of purely scalar type. Since ordinary memory is

(d=3)

obtained by applying a rotationally invariant operator to Ahy, ~, it follows that ordinary

memory is of purely scalar type for particle scattering in linearized gravity.

However, it is not difficult to show that vector and tensor ordinary memory can occur in
linearized gravity for the retarded solution arising from other kinds of ingoing or outgoing
matter stress-energy satisfying the dominant energy condition. In particular, magnetic parity
(i.e, vector) ordinary memory can be produced in d = 4. To see this, consider a stress-energy

tensor (for t =u+1r > 0)
1

where p > 0 is a constant, u# corresponds to a radially outward 4-velocity with velocity

1 > v > 0, and the components of /,,,, in a Cartesian basis (or normalized spherical basis) are
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independent of ¢ and r and, on the unit sphere, are given by
b = =€, [, (22 + 1) = 102,)| Dra. (3.78)

Here « is a time independent, arbitrary function on the sphere (containing multipoles [ > 1)
and v = (1 — v2)" Y2 For a = 0, eq. (3.77) would correspond to an outgoing spherical dust
shell and its stress-energy would be conserved. The [, term has been constructed so that
it is purely of magnetic parity (i.e., vector) type and is conserved by itself, so its addition
to the stress-energy tensor does not affect conservation. By choosing p sufficiently large, we
can ensure that T}, satisfies the dominant energy condition. Thus, we see no principle that

would imply that a stress-energy tensor of the form eq. (3.77) is not physically possible.

Since we are considering linearized gravity and there is no stress energy flux to null infinity,
we may work in the Lorenz gauge. In a Cartesian basis, each component of i, satisfies the
ordinary scalar wave equation with source. At radiative order, the contribution of /,,, to the

retarded solution for v > 0 is independent of u and is given by

(), A ) (@
A () = 87TSZ A (3.79)

where the integral is taken over a sphere and 7 denotes the unit radial vector (with parallel
transport in Euclidean space is understood in taking the dot product of vectors at different
points on the sphere). It can be seen that hgj)g is, in general, nonvanishing. It must be of

purely vector type since the source is of purely vector type and the retarded Green’s function

is rotationally invariant.

Now suppose one starts in the distant past with a static laboratory and no incoming
gravitational radiation. At retarded time u = 0, a laboratory assistant launches a shell with

stress energy of the form eq. (3.77). This shell then continues to move radially outward with
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(1)

velocity v forever. Then, h)y 5 has no magnetic parity part at early retarded times, but it has
a nonvanishing magnetic parity part at late times. By eq. (3.62), this yields a nonvanishing

magnetic parity memory tensor.

We note that Médler and Winicour [57] have shown that under the stronger stationarity
condition that they impose, magnetic parity memory cannot occur. This result is consistent
with our results because, as we have already shown, their stronger stationarity condition rules
out all ordinary memory, and null memory is always of scalar type. Bieri [60] has shown that
magnetic parity memory cannot occur for vacuum solutions with “small data” in nonlinear

general relativity. This result also is consistent with our results.

Finally, we comment that examples with tensor ordinary memory can be obtained for

d > 4 by choosing a shell stress-energy tensor!®
1
Tyw = m[puuuy + Suv]d(r — vt) (3.80)

where Sy, has vanishing u and r components and its angle-angle components are of purely

tensor type.

In summary, null memory is always of scalar type in linear and nonlinear general relativity.
Ordinary memory also is of scalar type for classical particle scattering in linearized gravity.
Howewver, ordinary memory need not be of scalar type in general. In particular, we have
constructed explicit examples with outgoing shells of matter in linearized gravity that give rise
to magnetic parity (= vector) ordinary memory in 4 dimensions and tensor ordinary memory

in higher even dimensions.

18. We can, of course, also construct sources with vector memory for d > 4 in a similar manner to egs. (3.77)
and (3.78).
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5 Memory as a diffeomorphism

In this subsection, we consider the issue of whether the memory tensor up to Coulombic
order can be written as an infinitesimal diffeomorphism, i.e., whether there exists a vector
field £# such that

AR = 19,6 ™ (3.81)

for all n < d — 3. One reason why this question is of some interest can be seen from the

following considerations.

We introduce the following new gauge: For d > 4, start in the harmonic gauge in the early

time stationary era u < ug. For d = 4, start in an arbitrary gauge compatible with our ansatz

(n)

and stationarity assumption for v < ug. Then, for u < ug, we have hy,; =0 for alln <d -3

and 8uh,gd_3) = 0. By a further gauge transformation of the form % = uf(:UA)/Td_?’(a/@u)“,
we may, in addition, set h&d_S) = 0 for u < ug. Now, define coordinates for u > wug by fixing

the (r, :CA) coordinates along each geodesic determined by the initial tangent 0/0u and taking
the u coordinate to be given by the affine parameter along each geodesic. This agrees with
proper time up to and including order 1/ rd=3. Thus, the new coordinates are essentially
Gaussian normal coordinates, except that the initial surface u = wug is not orthogonal to
(0/0u)t. By the same argument as for Gaussian normal coordinates, we have 0ygy, = 0
(and, hence 0yhyy, = 0) at all times at Coulombic order and slower fall-off. Note that the new

coordinates will not, in general, be harmonic in the radiative era or the final stationary era.

For u > ug, the coordinate vector fields 8/0r and 9/dz? are deviation vectors for the

85



timelike geodesic congruence with tangent field u# = (9/0u)*. We have
Py _ Pop _ 0| (0 (0
w2~ our o2 |9\ gan dzV
o\ ( 0\
Jab \ gun OxV
o\ ( 9\
d
= Gup U Vducvc [(W) (61‘”) . (3.82)

This equation holds to all orders in 1/r in our coordinates. The derivatives of the term

- UdVd UCVC

in brackets on the right side of eq. (3.82) yield terms where u”V ,u’V, acts on a single
coordinate vector field and terms where one derivative each acts on each of the two coordinate
vector fields. The terms where two derivatives act on a single coordinate vector field can be
evaluated from the geodesic deviation equation. The terms where one derivative acts on each

of the coordinate vector fields are O(1/r%~2). Thus, we obtain in our gauge

th(n)
C a0l (3.83)

for all n < d — 3. It follows immediately from the definition, eq. (3.9), of the memory tensor
that in our gauge we have

Al = ;Ahfﬁ) (3.84)

for all n < d — 3. Note that the right side of eq. (3.84) is the full memory tensor, including
null memory. This expression is compatible with our previous expression eq. (3.36) for d > 4
because that expression held in harmonic gauge whereas eq. (3.84) is valid only in the gauge

we have defined above. Equation (3.84) also is compatible with eq. (3.62) for d = 4.

Now, suppose we start with an array of geodesic test particles that are initially “at rest”
at early times and consider their final configuration at late times. If eq. (3.81) holds, then
Ahﬁlny) is “pure gauge” for all n < d — 3. This means that if we displace the test particles by
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&M at late times, they will go back to their original relative configuration at Coulombic and
slower fall-off. In other words, at Coulombic order, the final spacetime geometry is the same
as the initial geometry. On the other hand, if eq. (3.81) does not hold, then it is impossible to
displace the particles so that they go back to their original relative configuration. A genuine

change in the geometry at Coulombic order has occurred.

We now turn to the analysis of whether one can find a £ so that eq. (3.81) holds. It is
clear that in order for [V( Mfy)](”) to vanish for n < d — 3 and be u-independent at n = d — 3,

we must choose £ to be such that 5,(}‘) =0 for n < d — 4 whereas

Y Z (%), 07 — uB,(24). (3.85)
Decomposing JM(ZL"A) and BM(xA) into their scalar, vector, and tensor parts, we see that we
have 6 scalar functions on the sphere, 2 divergence-free vector fields on the sphere, and no
transverse, traceless tensors. On the other hand, the decomposition of a general symmetric
tensor, ¢, on the sphere yields 7 scalar functions, 3 divergence-free vector fields, and 1
transverse, traceless tensor (for d > 4). Thus, a priori, we are one free scalar, one free vector,
and one free tensor (for d > 4) short of being able to express a general tensor on the sphere

in the form we seek.

However, A, is not a general tensor on the sphere. It has vanishing u-components, is
trace-free, and its scalar and vector parts satisfy the constraint eqs. (3.73), (3.74) and (3.76).
The symmetrized derivative of £, at order 1/ rd=3 ig

V™ =44, ) Ts + T = Tt + 1, D) T = Ky Dy T = 4, 7r) T

—(d =D, ], — K(,B,). (3.86)

It is clear from this equation that we may choose B, such that the u components of eq. (3.86)
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vanish, so we need only consider whether J,, can be chosen so as to make the non-u components

of the right side of eq. (3.86) match Aﬁﬁj?’). We may separately consider the scalar, vector,

and tensor parts. The scalar parts of J,, are J, Jy, and J, where J denotes the scalar part of
J 4. Equating the scalar part of eq. (3.86) to the scalar part of AELdV_g) (see egs. (3.70)-)3.72)),

we obtain the following equations

(d—4)Jr =U (3.87)
Jr—(d—3)J =2R (3.88)
J=T (3.89)

2%+ (d—2)(Jr — Ju) = U. (3.90)

This is an overdetermined system for J., Jy,, and J. The necessary and sufficient condition

for a solution to exist is that U, R, and T satisfy

U
(d—4)

— (d—3)T =2R. (3.91)

However, it can be shown that this equation is implied by the constraint equations eqs. (3.73)
and (3.74). Thus, the scalar part of A, can always be written in the form eq. (3.81) for
a £ of the form eq. (3.85). Thus, scalar memory at Coulombic order is always given by a
diffeomorphism [38]. In particular, as is well known, the scalar memory eq. (3.75) for d = 4 is
of the form of a supertranslation. However, a similar calculation shows that no such miracles
occur for vector memory, and vector memory can never be written in the form eq. (3.81).

Tensor memory, of course, also can never be written in the form eq. (3.81).

In summary, scalar memory at Coulombic order always can be written as a diffeomorphism,

but this never holds for vector and tensor memory.
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6 Charges and conservation laws

1 Charges and memory

In d = 4 dimensions, it is well known [21] that all asymptotic symmetries at future null
infinity give rise to associated charges and fluxes. In this sub-subsection, we will show that
the charges and fluxes associated with supertranslations are intimately related to the memory
effect in 4 dimensions, and, indeed, we will derive the formula for scalar memory in d = 4
from the supertranslation charges and fluxes. We will then obtain corresponding results for
d > 4. Since the derivations and formulas of [21] apply only to the vacuum case, in the
following two paragraphs we will restrict to the case where T}, = 0 in a neighborhood of null

infinity. We will then restore T}, in our formulas.

Consider a supertranslation, i.e., a diffeomorphism belonging to the gauge equivalence

class of
o \" a\* 1/ 0 \*
Lo AN Y _ A Y _ _BC Ay 3.92
o= 1w (g) 1) - PO () e G
where the ... stand for a vector field that vanishes as r — oo for fixed u and 2. From

general considerations [21] arising from the Lagrangian formulation of general relativity, a

charge Q;{, and flux, ﬂfr, can be associated with ¥* such that for any wug, u1, we have

Qf (ur) — Qf (up) = /du/dQ 7. (3.93)

uQ 82

An explicit formula for Q}F (originally due to Geroch [41]) is given in eq.(98) of [21], and an
explicit formula for ff;’ is given in eq.(82) of [21]. Here we have inserted a superscript “+”

to distinguish these charges and fluxes from similar quantities at past null infinity, which will
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be considered later. The flux is evaluated to be

Ft= —37( FNABN, 5 —2NAB 9,95 1). (3.94)

The formula for the charge is considerably more complicated, but this formula simplifies
considerably in stationary eras, when Ngap = 0. From eq.(98) of [21], we find that in

stationary eras we have
o / A fCRur. (3.95)

f statlonary

Thus, if we impose the stationarity conditions of sec. 3.1 and we let ug — —oo and u; — 400

in eq. (3.93), we obtain
Q} (+00) — Qf (~00) = / dudQ F . (3.96)

The flux integral can be rewritten as

/dudQ Fr o= - / dud? fF+—/dQ.@A@B /du Nup
g+
— —/dudQ fF+—/dQ QAQBf) AB
g+
- / duds fF+—/ Y7l EIN (3.97)
g+

where F' = 32LW]VAB]\QUB is the Bondi flux, and we used eq. (3.62) in the second line. The

contribution to [ dudQ) F f arising from the term fF is often referred to as the “hard”
g+

integrated flux (or “hard charge”) whereas the term involving Agﬁg is called the “soft”

integrated flux (or “soft charge”). The terms Q?(—oo) and Q}'(+oo) can be viewed as the

contributions to “hard charge” coming from the asymptotic past (spatial infinity) and future
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(timelike infinity). From egs. (3.95) - (3.97), we obtain,

/ a9 fOS |, — / a9 fOS|__ — 8 / dudQ fF = — / 0 7478, (3.98)
S? i S2? - I+ S2?

which relates the hard charges to the soft charge. Note that if f is an £ = 0 or ¢ = 1 spherical
(1)

harmonic (in which case ¥ is a translation), the term in A}y does not contribute, and this

equation corresponds to the integrated conservation law for Bondi 4-momentum.

Since eq. (3.98) holds for all f, this equation must hold pointwise on the sphere. Therefore,
we obtain

~9498AY, — ),

oo
3
- our|___—8m / du F. (3.99)
—00

It is easily seen that vector memory makes no contribution to 2498 A% On the other

hand, substituting the form eq. (3.75) of scalar memory, we obtain
1 oo
— PP+ 9T =C|  — O] —sr / duF. (3.100)
2 +o00 —00
—00

Solving for T" and substituting back in eq. (3.75), we obtain a formula for scalar memory that

agrees with the scalar part of eq. (3.63).

In the above two paragraphs, we have restricted to the case where T, = 0 in a neigh-
borhood of null infinity in order to use the formulas given in [21]. However, eq. (3.63) holds
when T}, # 0. This shows that when T}, # 0, eq. (3.98) is modified merely by the simple

substitution F = - NABN,p — L NABN, 5 + 7.

We now consider the case d > 4. As we have seen in the previous subsection, in d > 4
dimensions, scalar memory is still given by a diffeomorphism. However, this diffeomorphism
is now pure gauge, i.e., it has vanishing symplectic product with all asymptotically flat pertur-
bations. Thus, nontrivial charges and fluxes cannot be associated with these diffeomorphisms
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via the Lagrangian formalism. Nevertheless, our general memory formula eq. (3.36) can be

interpreted as a charge/flux formula. Namely, we may write this formula in the form

Pulhe |~ Fulhis 1|+ [ du LulF] = 257, (3.101)

—0Q

Now for arbitrary scalar field f on the sphere, define the scalar charge, Q}r during a stationary
era, by!®
+_ 431 pAgpB _ L AB 2
Qf = dQPAB[ ] 279D d 2(] 9 f (3.102)
§2 -

Using eq. (3.42), we can rewrite the right side of eq. (3.101) in terms of AEﬁg_l). It then
can be seen that eq. (3.102) corresponds to eq.(5.21) of [38], but with different angular
weights, i.e. our f is related to their f by angular operators. Multiplying eq. (3.101) by

(@A@B l ABQQ)f and integrating over a sphere, we obtain

A5 P,
Q}L’OO—Q}L|—OO+/f<-@ 9 —i@ >LAB[F

A
d—3
: ~ [asy (@A@B @2>A<AB )
T+

d—2
S2
(3.103)
which is closely analogous to eq. (3.98) and can be given an interpretation in terms of “hard”

and “soft” charges.

Similarly, during stationary eras we can define the vector charge, QEA, associated with a

19. An important difference between d > 4 and d = 4 is that the scalar charge for d > 4 is defined only
during stationary eras, whereas in d = 4 a local, gauge invariant scalar charge can be defined at all times
(even though we gave the formula eq. (3.95) for scalar charge in d = 4 only during a stationary era). The
existence of local, gauge invariant charge during radiative eras in d = 4 traces back, by the considerations
of [21], to its association with an asymptotic symmetry. Since there is no such association in d > 4, we see
no reason to believe that a local, gauge invariant scalar charge corresponding to eq. (3.102) can be defined
during radiative eras for d > 4.
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divergence free vector field 34 on the sphere by the formula

/ dQ BB 2A PR ). (3.104)
S2
We then obtain
ot | _—af | —/dQ BBPANS), (3.105)
S2

No contribution from F' appears in this equation since L 4g[F] cannot have a vector part.
Finally, for any divergence-free, trace-free tensor field 745 on the sphere, we can define the

tensor charge Q7 during a stationary era by

YAB

Qr = / 40 4B Py R (3.106)
S2
and obtain
A pl Q= / 0 AABAY). (3.107)
SQ

Of course, there is no information contained in eq. (3.103), eq. (3.105), and eq. (3.107) than

that which already appeared in eq. (3.36).

2  Conservation laws

Thus far, the analysis of this chapter has been concerned solely with the behavior of fields
near future null infinity. Of course, the same analysis could be applied to past null infinity.
In this sub-subsection, we wish to consider the relationship between quantities at past and
future null infinity. Under the assumptions specified below, we will obtain a conservation law

relating past and future null infinity.
Consider, first, the case of a scalar field ¢ in Minkowski spacetime with d even and d > 4,
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with source S = 0 in a neighborhood of future null infinity. We restrict attention to solutions,
®ym, whose angular dependence is given by a single spherical harmonic, Yp,,. (A general

solution, of course, can be expressed as a superposition of such solutions.) Suppose that at
d—3)

Coulombic order, ¢y, is stationary at early retarded times, 8ugz$ém

= 0, so that at early
times,

oyt = Vi (2?) (3.108)

where ¢ is a constant. In the recursion relations eq. (2.13), we may replace 7% by —¢((+d—3),

so we have
@n — d+2)0u8)") = [0 +d—3) = (n— 1)(n — d +2)]e\" ). (3.109)

Thus, as usual, we obtain gb%%) =0forn<d—3. Ford—3<n</{+d-—2, we see that gbg;)

is a polynomial, Py (u), in u of degree n — d + 3, with the coefficients of the polynomials at

the different orders related by eq. (3.109). For n = ¢ + d — 2, we obtain 8u¢%:;d_2

) = 0, so
we may terminate the series by setting qbgg =0 for n > ¢+ d — 2. We thereby obtain an

exact solution of the form

d—3 u
o = 2: ﬁ%( )

n=~0+d—3

A
e Yo (). (3.110)
This solution is of direct physical interest, since it corresponds to the Yy, part of the retarded
solution with source corresponding to matter in inertial motion (e.g., classical incoming
particles on inertial timelike trajectories). The general solution with Yy, angular dependence
that is stationary at Coulomb order is eq. (3.110) plus a solution with an asymptotic expansion

{+d—2

whose slowest fall-off term is at order 1/r , and with the coefficients of the higher powers

of 1/r™ being polynomials in u of degree n — (¢ + d — 2). This series cannot terminate.

We consider, now, the exact solution eq. (3.110). The highest power of u in eq. (3.110)
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appears as the term Cul / r€+d_3, where C' is related to the coefficient of the Coulombic order
coefficient ¢ by an ¢ fold product of the numerical factors arising from successively solving
eq. (3.109). Now, consider the behavior of the solution eq. (3.110) near past null infinity. We
can determine this behavior by writing u = v — 2r and re-expanding in 1/r. It is immediately
clear that the highest power of v occurring in this solution will be the term C’ ot /r€+d_3.
The coefficient C' is related to the Coulombic order coefficient C’ at past null infinity by a
set of recursion relations. The recursion relations at past null infinity are the same as the
recursion relations at future null infinity except for the following important difference: 0/0r
is now past directed, which gives rise to a change in the sign of the 9/0Ju term in each of the
recursion relations. Thus, we end up with ¢ sign flips by the time we reach Coulombic order.

We thereby obtain ¢/ = (—=1)C, i.e., we have
d—3
o )]j_ = (=1)! Y (27, (3.111)

Since (—1)¢Y},,(24) = Yy, (—2), this means that the solution eq. (3.110) at Coulombic

order has an “antipodal matching” between .# ™ and %~ [47].

The antipodal matching eq. (3.111) has been shown only for the exact solutions eq. (3.110)
that terminate at order 1/ pbtd=3, However, since the additional terms in the asymptotic
series of more general solutions behave no worse than uk / phtttd=2 g5 o > 0, these individual
terms would not contribute at Coulombic order at .# ~. Of course, the series composed of
these terms is merely an asymptotic series near .# 7, and we clearly cannot determine the
behavior of solutions near .#~ from an asymptotic expansion near .# 7. Nevertheless, it
seems not implausible that the antipodal matching may hold for a much more general class
of solutions than the exact solutions eq. (3.110). In any case, since the antipodal matching
holds for eq. (3.110) for all £, m and the retarded solution corresponding to incoming inertial

particles is a sum of such solutions, the antipodal matching holds for the retarded solution for
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incoming inertial particles—as can be verified directly from the explicit form of the solution

[47].

Similar antipodal matching results hold for Maxwell’s equations and for linearized gravity
[44, 4, 47, 33]. The situation in nonlinear general relativity is less clear. Even for a solution
that is stationary at Coulombic order, nonlinear terms will enter Einstein’s equation at order
2(d — 2). However, even in the linear case above, the behavior at .#~ at Coulombic order
depends on the form of the solution at order n = ¢ + d — 3 near .# . Thus, for large ,
the nonlinear terms in Einstein’s equation cannot be ignored. Nevertheless, it remains not
implausible that the antipodal matching may continue to hold in quite general circumstances.
Indeed, the matching of supertranslation charges was shown under the Ashtekar-Hansen [61]
asymptotic flatness conditions at spatial infinity together with an additional null regularity
condition at spatial infinity [26, 62]. However, a full proof of the matching conditions would
require an extension of the Christodoulou and Klainerman analysis [63] for initial data with

non-vanishing supertranslation charges at spatial infinity.

In any case, we will now assume that we have a solution to Einstein’s equation for which
the antipodal matching holds at Coulombic order and consider the consequences. The key
point is that the matching of the Coulombic order metrics implies a corresponding matching of
the charges of the previous subsection, since the charges are constructed out of the Coulombic

order metric. In particular, in d = 4 dimensions, we have

Q}Hu:—oo = Q%’U:+OO (3-112)

where QJ; denotes the charge at .# ~ associated to the supertranslation ¢® with f antipodally

matched to f. Since, in analogy to eq. (3.96), we have

Q7 Ju=rtoo — Qf lv=—0 :j/ dvd§ F (3.113)
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where

Fr = 3;W(fz\ff‘“E’z\fAB +2NAB 9, 9 ) (3.114)

we obtain the conservation law [44, 4, 47]

1
Qflusoo+ [ 1F = [d2 2492 AG))
I+ S?

. i, 1 ;
= Qilo—oot [ fF+- [d2 fFAFPAG - (3.115)
I S2

This may be interpreted as saying that the ingoing hard charge plus the integrated hard and

soft fluxes at .# ~ are equal to the corresponding quantities at .# .

Similarly, in d > 4 dimensions, we get a similar antipodal matching of the scalar, vector,
and tensor charges defined by eq. (3.102), eq. (3.104), and eq. (3.106), which leads to similar

conservation laws.

7  Memory and infrared divergences in four and higher dimensions

In d = 4 dimensions, there is a very close relationship between the memory effect and infrared
divergences that occur in quantum field theory. This follows directly from the fact that, by
eq. (3.62), the memory tensor is just the change in h(jl)% between late and early retarded times.
Thus, if AE;)B =% 0, then hféllj)g (u, a:A) cannot vanish at future null infinity at both © — —o0
and u — +o0o. It follows that the Fourier transform of hg%; with respect to u will diverge
at small w as 1/w. As we shall now explain, this behavior gives rise to infrared divergences

in quantum field theory. Exactly similar behavior occurs in the scalar and electromagnetic

cases, but we will restrict our discussion here to the gravitational case.

Let d > 4, with d allowed to be odd as well as even. The Lagrangian formulation of
general relativity gives rise to a conserved symplectic current density w* constructed out of a
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background solution g, and two perturbations h, and h;w' Consider the symplectic flux

(d-2)

can contribute

(d—2)

to this flux. However, only the radiative order parts of h;, and h;w can contribute to w ,

(0/0u)fw), = wy near future null infinity. Only the leading order term w

and the deviation of g, from the flat metric 7, cannot contribute at all. We obtain

(d-2)

1
wy (W A, hep) = s—

- (CAPN 4 — BN 4up) (3.116)
T

where Nyp is the Bondi news tensor, eq. (2.76) and Cyp is the trace free part of the

projection of hfféQ—l) onto the sphere. In writing eq. (3.116), we have imposed the gauge

conditions hﬁz = 1(}12 =¥ h,(}y) =0 in d = 4 and we have imposed the harmonic gauge for
d > 4. The integrated symplectic flux can be used to define a symplectic form Q(h' 45, hop)

at future null infinity

o

Q(h/ABahCD) = / du/dQ w&d_Q)(h’AB,hCD). (3.117)

—00 SQ

Equation (3.117) gives us the necessary structure to define a Fock space of “outgoing
graviton" states. We define the “one-particle outgoing Hilbert space” 7t as the space of
radiative order trace-free ¥ 4p that are purely positive frequency with respect to u, with

inner product given by

(W' aplep) = —iQW"™ 4B, Yep) (3.118)

(1R

where “x” denotes complex conjugation. More precisely, we define 7%+ by starting with
smooth positive frequency ¢4 with fast fall-off in u, defining the inner product eq. (3.118)
on such 14, and taking the Cauchy completion. The inner product eq. (3.118) is positive

definite, as can be seen from the fact that in Fourier transform space, it is given by

o0
1 o «
(W' aBlbep) = ﬁ/dQ/WdW ¢XB¢AB (3.119)
S? 0
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where the “hat” denotes the Fourier transform. A classical solution h;, can be associated

with a state in J%y via hyy — hE:AB—Where the subscript “+” denotes the positive

frequency part—provided, of course, that h$34 p € Hout- Given Hyt, one may then define
the corresponding Fock space Z (7). A free field operator, hf}l‘,t, on .7 () can then
be defined in the usual manner in terms of annihilation and creation operators. Note that
this construction is well defined even if the quantum gravity theory has not been defined in

the interior spacetime [64].

However, this space, Z(#ut), of outgoing graviton states need not be adequate to
describe all physically relevant outgoing states. This is most easily seen by considering the
theory of linearized quantum gravity (i.e., a massless, spin-2 field) with a classical stress
energy source, i.e., the stress-energy operator is taken to be Ty,I where T}, is a classical stress
energy and I is the identity operator. This is a well defined, mathematically consistent theory
that can be solved exactly. After analyzing this theory, we will discuss the implications for a
full theory in which the stress-energy is fully quantum and the nonlinear effects of gravity

are taken into account.

The Heisenberg equations of motion for the field operator hy,, for linearized gravity with

a classical stress-energy source are easily solved to yield
hy, = hil, + o (3.120)

where hgly is the free field operator corresponding to the “in” field and hffyt is the classical
retarded solution with classical source T,;. Suppose we consider the state |0;y), corresponding

to the vacuum state of hgly. If we assume that this state corresponds to some state U e

F (Hout), then it follows from eq. (3.120) that for any one particle state 14, we have

aout(VAR) ¥ = —(Yap|hTY 5) . (3.121)
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The solution to this equation is the coherent state associated with hfﬁl B>, namely

T o exp [_agut< fng)] 0ont) (3.122)

Equation (3.122) was derived under the assumption that ¥ € F (7). If hret g has
finite norm in the inner product eq. (3.118), then the right side of eq. (3.122) defines a state
in % (At ), and this state corresponds to |0j,). However, if hret "\ g does not have finite norm
in the inner product eq. (3.118), then the right side of eq. (3.122) does not define a state in
F (Hyut). It follows that |0y,) cannot correspond to a state in % (#4yt). This should not be
a cause of any distress. The Heisenberg state |0;,) is well defined everywhere as a state on the
algebra of local field observables. It is similarly well defined on the algebra of asymptotic field
observables near future null infinity. All of its correlation functions are well defined at future
null infinity. If we wish to represent this state as a vector in a Hilbert space, ya. carrying a
representation of the “out” field observables, we may always do so via the GNS construction.
However, if hfffél g does not have finite Klein-Gordon norm, the representation of the field

observables on %+ cannot be unitarily equivalent to its representation on .7 () (see

[64], Section V.A of [65]).

Now let d = 4 and consider the case where the classical source T, is such that the
corresponding retarded solution hret has a nonvanishing memory tensor A(DB # 0. Then, as
already noted in the first paragraph of this subsection, the Fourier transform of of hfg( )

with respect to u will diverge at small w as 1/w. But by eq. (3.119), we then have

t ( t (
e H = /dQ/d WD = (3.123)

on account of the “infrared divergence” as w — 0. Thus, the “out” state corresponding to

|0jn)—or, for than matter, any other state in .7 (4%, )—does not live in .Z (), and one
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would have to work with a different representation to represent this state as a vector in a
Hilbert space. Exactly analogous results hold in the scalar and electromagnetic cases for

d=4.

We have just shown that in linearized gravity with a classical source for which a nontrivial
memory effect is present in the classical retarded solution—as would occur generically in
classical particle scattering—the “out” state W is not a state in % (). However, the
infrared divergence described in the previous paragraph is sufficiently innocuous that one can,
in effect, proceed as though one were dealing with a state in % (7). To see this, consider,
first, the case where no infrared divergences occur and hff:ﬁl p has finite Klein-Gordon norm,

so eq. (3.122) defines a state in % (). Choose a frequency wg > 0 and decompose )t

into the direct sum of its “hard” and “soft” graviton spaces
H
Aoy = A @ A3, (3.124)

where %ﬂoﬁ is spanned by trace-free ¥ 4p composed of frequencies w > wpy and %ﬁt is
spanned by trace-free 14 g composed of frequencies wy > w > 0. The Fock space .7 ()

then factorizes as

F (H) = F (A 0 F (). (3.125)

Now decompose hlfil p into its “hard” and “soft” parts,

W g = (BB + (B ). (3.126)

The creation operator alut(hlffél p) appearing in eq. (3.122) and be written as the sum of
creation operators for the hard and soft parts of hffél p- Since these operators commute, W

factorizes as

v =vl g oo (3.127)
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where U € Z (M) is the coherent state associated with [hng]H and U5 € F(H5))

ou out

is the coherent state associated with [hfz B]S . The factorization in eq. (3.127) implies that
if we are interested solely in the “hard part” of the outgoing state, we may effectively put

in an “infrared cutoff” at w = wy and work with the state U in the Fock space .% (%ﬁ)

In particular, the probability that ¥H ¢ .Z (A H ) contains a specified number of “hard

out
gravitons” in specified modes is the same as the sum of the probabilities that ¥ € F (7 ut)
contains these “hard gravitons” and any number of “soft gravitons.” This is the essential
content of the “soft theorems” [28]. In perturbation theory, the fact that inclusion of the
effects of “soft gravitons” does not affect the calculation of “hard graviton” probabilities
manifests itself in a cancelation of the contributions of “real soft gravitons” and “virtual soft

gravitons.”

t (1)

The above discussion assumed that hfffB does not have infrared divergences, in which

case there is no need to decompose the “out” state into “hard” and “soft” parts. Now consider

the case where a memory effect is present and hfg(l) does have an infrared divergence. Then,

as discussed above, U ¢ .7 (). Nevertheless, we may still write
=0 @09 (3.128)

where W e Z (1) is the coherent state associated with [hff:ﬁl B]H and U € 25 is

out out

o

the “soft graviton” state written as a vector in the Hilbert space .#5 ; in the representation

to which it belongs. Although the “soft graviton” content of ¥ near future null infinity is

ill defined (since ¥° ¢ .Z(£25,)), the “hard graviton” content of ¥ is well defined (since

out

U ¢ FZ(H)). Thus, if we are interested only in the “hard particle” content of ¥ near
future null infinity, we may, in effect, put in an infrared cutoff and treat ¥ as an ordinary

Fock space state W € (221 [9].

All of the above discussion beginning with eq. (3.120) holds for the rather trivial theory
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of linearized gravity with a classical stress-energy source. It is quite a leap to go from this
theory to the case of quantum, interacting matter and quantum, nonlinear general relativity,
especially since a quantum theory of nonlinear general relativity is not in hand. Nevertheless,
let us consider a scattering situation where, by assumption, we have non-interacting ingoing
“hard” particles at early times and non-interacting outgoing “hard” particles late times.
Consider the “soft” content of the outgoing state, associated with w < wq, where wq is much
less than any inverse length or time scale associated with the interaction. Then, it seems
plausible that the dominant contributions to this “soft” content will come from asymptotically
early and late times, where the “hard” particles are non-interacting and effectively can be
treated classically. If so, then a factorization similar to eq. (3.128) should occur, but with
the following important difference: If we fix an “in” state consisting of “hard” particles in
momentum eigenstates, then the hard content of the “out” state should have a nonvanishing
amplitude for “hard” particles in many different momentum eigenstates. (Of course, total

energy-momentum is conserved.)

But this means that there also should be nonvanishing amplitudes for different memory
tensors. However, there are an uncountably infinite set of inequivalent memory Fock repre-
sentations. How should these representations be put together into a single separable Hilbert
space such that the S-matrix is well-defined (i.e. infrared finite) and has a continuous action

of the asymptotic symmetry group? This question shall be directly addressed in chapter 3.

Finally, we note that essentially all of our discussion above also applies to d > 4. For

d even, the memory tensor is first nonvanishing only at Coulombic order. However, since

C&%fy_l) can be expressed as inverse angular operators acting on o4/ 2_26’1%23) / ou?/ 2_2,

(d/2—-1)

it can be seen that the Fourier transform of hy 5" ' (u, xA) behaves as w®/273

as w — 0.
Thus, there are no infrared divergences for d > 4. This result holds in odd dimensions as

well. Thus, although one can still factorize states into “hard” and “soft” parts, there is no
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necessity to do so in order to describe the “out” state as a Fock space state.?°

20. However, there may be other considerations that indicate the utility of factorization of the out state
into “hard” and “soft” parts (see [66, 67]).
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CHAPTER 3

INFRARED FINITE SCATTERING THEORY IN QUANTUM
FIELD THEORY AND QUANTUM GRAVITY

1 Introduction

In this chapter, we consider the problem of infrared divergences in quantum scattering theory.
The seminal work of Lehmann, Symanzik and Zimmerman (LSZ) [68], Haag and Ruelle
(69, 70], and others established that conventional scattering theory should be well-defined in
the case of massive quantum fields. In particular, for massive fields, it should be possible to
obtain a unitary S-matrix relating the standard “in” and “out” Fock spaces of asymptotic
states. However, in four spacetime dimensions, when one has massless quantum fields, one
encounters severe difficulties in carrying out this program [6, 7, 8, 9]. Classical massless fields
that interact with massive fields or undergo suitable self-interactions will generically undergo
a memory effect wherein, at order 1/r in null directions, the field at late retarded times
will not return to the value it had at early retarded times.! Thus, at order 1/r, the Fourier
transform of a solution with memory will diverge as 1/w at low frequencies. In the quantum
theory, the one-particle norm of the positive frequency part of such a solution is infinite.
Consequently, if one tries to express a quantum state corresponding to a classical solution
with memory as a vector in the standard Fock representation, it will have an infinite number
of “soft” (i.e. arbitrarily low frequency) massless quanta and its norm will be “infrared
divergent.” In other words, although states with memory are entirely legitimate quantum

field states that necessarily arise in scattering processes, they cannot be accommodated in

1. In spacetime dimension d, the memory effect occurs at Coulombic order, 1/r?~3, whereas radiation
decays as 1/ rd/2-1 [1]. For d = 4, both occur at order 1/r, so memory directly affects the quantization of the
“in” and “out” radiation. For d > 4, the memory effect does not lead to infrared divergences in the quantized
radiation. The discussion of this chapter is restricted to d = 4.
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the standard Fock space. Consequently, the S-matrix cannot be defined as a map taking “in”
states in the standard Fock representation to “out” states in the standard Fock representation,

and infrared (IR) divergences will arise if one attempts to do so.

The most common way of dealing with such infrared divergences is to initially impose an
infrared cutoff (so that the “out” state can be expressed as an ordinary Fock space vector),
calculate inclusive processes that sum over all possible states of the low frequency massless
quanta in the cutoff state, and then remove the cutoff [9, 28, 71]. As a practical matter, this
procedure works quite successfully if one is interested in obtaining typical quantities of direct
relevance for accelerator experiments, such as (inclusive) cross-sections for the scattering of
“hard” particles. However, the infrared cutoff removes the memory effect, so one cannot even
ask questions about memory as a quantum observable, as has been of particular recent interest
(see e.g. [72, 15, 65] and references therein). Furthermore, even if one is interested only in
“hard” particles, this approach cannot properly deal with issues such as the entanglement of
“hard” and “soft” particles, which should result in decoherence of the “hard” particles [29, 30].
More significantly, this approach is highly unsatisfactory if one wishes to view the S-matrix
as a fundamental quantity in the formulation of quantum field theory and quantum gravity,

since the S-matrix itself is undefined.2

In order have a well-defined S-matrix, it clearly is necessary to construct Hilbert spaces
of “in” and “out” states such that the “in” states evolve to the “out” states. As we have
just indicated, this is not the case if one takes the “in” and “out” Hilbert spaces to be the

standard Fock spaces, since a generic state “in” Fock space state will evolve to an “out”

2. We note that there are at least two notions of an “infrared finite” S-matrix in the literature. The notion
that we are concerned with in this chapter is to construct appropriate Hilbert spaces of “in” and “out” states
and to obtain the S-matrix as a well-defined map between these Hilbert spaces. An alternative notion is
to develop a procedure for rendering the standard (infrared divergent) S-matrix amplitude finite (see e.g.
[73, 74]). While such a procedure then can be used to calculate “inclusive quantities” or determine formal
properties of the S-matrix amplitudes [66, 75|, there is no actual “out” state (with memory) constructed by
this procedure.
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state with a nonvanishing probability for nonzero memory, which cannot be accommodated
in the “out” Fock space. Thus, if we wish to have a well-defined S-matrix, we must make
alternative choices of the “in” and “out” Hilbert spaces that contain states with nonvanishing
memory. In order to have a satisfactory scattering theory, these “in” and “out” Hilbert space

constructions should satisfy the following properties:

(1) The “in” and “out” Hilbert spaces are obtained by the “same construction.” More
precisely, if we identify the algebra of “out” field observables with the algebra of “in”
field observables via a change of the time orientation of the bulk spacetime, we require
that the “in” and “out” Hilbert space representations of these algebras be unitarily

equivalent.

(2) Dynamical evolution maps all “in” states to “out” states and vice-versa, so that one

has a unitary S-matrix.

(3) The “in” and “out” Hilbert spaces should admit a natural, continuous action of the

Poincaré group.?

(4) The “in” Hilbert space should be large enough to contain incoming states representing

all “hard” scattering processes.

(5) The “in” and “out” Hilbert spaces should be separable, so that they are not “too large”.*

For the case of quantum electrodynamics (QED) with a massive charged field, a satisfactory
construction of “in” and “out” Hilbert spaces was given many years ago by Faddeev and

Kulish [32] based on the earlier work of [80, 81, 82]. However, the main purpose of this

3. In the gravitational case we require that the “in” and “out” Hilbert spaces should admit a natural,
continuous action of the BMS group.

4. A nonseparable Hilbert space was previously studied in [76, 77, 78, 79] which considered the direct sum
over all memory representations. We discuss the deficiencies of this direct sum in sec. 7.
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chapter is to show that a similar construction does not work in a satisfactory way for QED
with massless charged particles and for Yang-Mills theory. Furthermore, we will show that
such a construction does not work at all in quantum gravity. We argue that in these cases, at
a fundamental level, scattering theory should be formulated at the level of algebraic states,

without attempting to “shoehorn” all the states into a single, separable Hilbert space.

Since many of our arguments and constructions require a considerable amount of technical
machinery, we now provide a sketch of all of the key results of the chapter, so that a reader
can obtain the gist of our arguments without having to delve into the details that we will
provide in due course in the body of the chapter. This overview will be more detailed than
the brief overview given in sec. 0.3 of chapter 1 and a more quantitative emphasis will placed

on the construction of the Faddeev-Kulish Hilbert space.

We begin by describing the Faddeev-Kulish construction for QED with a massive charged
field. In order to understand the relevant ingredients of their construction, it is necessary to
reformulate it in the language of the memory effect and the related symmetries and charges.
In this section, for ease of explanation, we will work in the bulk spacetime — introducing
“null coordinates” (u,r, a:A), where u = ¢ — r and 24! denotes angular coordinates on the
sphere — and work to appropriate orders in 1/r. However, in the remainder of this chapter it

will be more convenient and conceptually clearer to express both the classical and quantum

theory in terms of the conformal completion of Minkowski spacetime.

The classical memory effect at future null infinity for an electromagnetic field corresponds

(1) A)

to having the angular components, Ay’ (u, z*), of the vector potential at order 1/r asymptote
to different values at early and late retarded times, u — 4-co. Since the electric field at order
1/r is given by

B = —,40) (L.1)

it follows that there will be a nontrivial memory effect if and only if at order 1/r the electric
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field satisfies _CZ; du Eg) # 0. Since _Z; du ES) is proportional to the integrated force on

a test particle placed at a large distance from the source of radiation, this fact allows one

to give a physical interpretation of the memory effect in terms of a charged test particle

receiving a net momentum kick at order 1/r due to the passage of the radiation [83, 11].
(1) (1)

Since we assume that F Al — 0 at early and late retarded times, A’ is “pure gauge” at

early and late retarded times, but the electromagnetic memory
o0
1 1 1
A= — [ du EY = AP humro0 = Al (1.2)
—00

is gauge invariant, as is obvious from the fact that it is given by an integral of the electric
field. In eq. (1.2), we have appended the superscript “out” to AOAUt to distinguish the
electromagnetic memory of the outgoing radiation from the electromagnetic memory;, ifll, of

incoming radiation.

The gauge transformations relevant for changing the angular components of the vector

potential at order 1/r are the so-called “large gauge transformations”

where \ = )\(a:'A) is a function of purely the angular coordinates 24, Under such a gauge

transformation, we have

AW AWl 4 g0 (1.4)

where 24 is the derivative operator on the unit sphere. In fact, the “gauge transformations”

eq. (1.3) are actually “symmetries” in the sense that they have nonvanishing symplectic
product with other solutions, i.e., they are not degeneracies of the symplectic form. There

are charges and fluxes associated with these symmetries. The charge Q,,(\) associated with
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the symmetry A at retarded time u is given by

1
QN = 1= [ A M)A () (1.5)
S(u)

where S(u) = S? is an asymptotic sphere at fixed retarded time u, F v s the electromagnetic
field tensor, and the superscript “(2)” denotes the order 1/r2 part of the field as r — oo
at the given value of u. The difference of the charge Q,(\) at two retarded times uq and
u9 is determined by a corresponding flux between these retarded times associated with the

symmetry A

Quy(N) — Qu, (N) = / du / ds A(ﬁ)(ﬁﬁ”@,ﬁ) - ;T@AES)(U,;CA)> (1.6)
ul S2

(2)

where J;;” is the charge-current at order 1/ 2, which can be nonvanishing only if there are
massless charged fields. In the limit as u; — —oo and w9 — 400, this first term corresponds

to the total flux of charge-current, which we denote as

oo

JOUt(/\) = / du/dQ /\(xA)Jz(LQ)(u,xA) (1.7)

o g2
where, again, the “out” corresponds to the “outgoing” flux of massless charge-current. The
second term on the right-hand-side of eq. (1.6) in this limit is proportional to the divergence
of memory .@AA(AUt(l’A) smeared with A(z“}) on the sphere. Finally, in this limit, the charges
Quy(A) and Qy, (A) approach future time-like infinity i* and spatial infinity iV, respectively.
Therefore, in the case where u; = —oo and ugp = +00, eq. (1.6) yields that the charges

given by eq. (1.5) and the flux of null charge-current given by eq. (1.7) are related to the
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electromagnetic memory by?®

1
v g Q2 AG (22N = Qi (N) — Q(N) + T () (1.8)
S

where the charges are defined as limits as u — £o00. The difference of charges on the right
hand side of eq. (1.8) is known as the “ordinary memory effect” and the contribution due to

the total charge-current flux of massless charged fields is known as the “null memory effect”

11].

Similar charges and fluxes associated with the symmetry A can be defined at past null
infinity, wherein we replace retarded time u in the above formulas by advanced time v =t 4.
In a scattering situation, there is, in general, no direct relation between the memory Afﬂlu'“
of the electromagnetic field at future null infinity and the memory Aifll at past null infinity.
Indeed, as we have already indicated, if the incoming electromagnetic field has vanishing
memory, the outgoing electromagnetic field will generically have nonvanishing memory.
However, there is a matching of the incoming and outgoing charges as one approaches spatial

infinity [22, 23, 24, 33, 25]. Specifically, we have

QW (N) = QB (Ao 1) (1.9)

where we have used “in/out” to denote that the limit is taken from past/future null infinity to

spatial infinity and Y is the antipodal map on a sphere, so that (Ao Y)(0,¢) = A7 —0, o+ ).

The “conservation law” eq. (1.9) is the key to enabling one to define “in” and “out” Hilbert

5. Memory can be decomposed into electric and magnetic parity parts via Ay = Zaa + exZD5p.
Equation (1.8) only involves the electric part, a. Magnetic parity charges similar to eq. (1.5) can be defined
(although they are not associated with large gauge transformations) and an analog of eq. (1.8) (without the
current term) then holds. The constructions of this chapter of the thesis could be straightforwardly extended
to include magnetic parity memory. However, magnetic parity memory does not arise in usual scattering
processes starting with states of vanishing memory — although it can occur in certain processes (see [1] for
an example in the gravitational case). We will focus entirely on electric parity memory in this chapter.
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spaces satisfying conditions (1)-(5) in the case of QED with massive charged fields. If we
restrict all of the incoming states to have fixed, definite large gauge charges at spatial infinity
for all A, then the outgoing states will have the corresponding charges given by eq. (1.9).
Hence, if we can construct “in” and “out” Hilbert spaces of definite values of all charges
at spatial infinity, it should be possible to satisfy properties (1) and (2) above. However,
since these charges are not invariant under Lorentz transformations, it will not be possible
to have the Poincaré group have a continuous action on a space of incoming or outgoing
states of definite charges except in the case where all charges (including the ordinary total
electric charge) vanish® at spatial infinity [85, 84, 86, 34]. Thus, in order to satisfy property
(3), we restrict the incoming states — and, therefore, the outgoing states by eq. (1.9) — to
have vanishing charges at spatial infinity. It may appear that the requirement of vanishing
total electric charge will violate condition (4) of our above requirements on the “in” Hilbert
space, since it will allow us to consider only scattering processes with an equal number of
charged particles and antiparticles. However, if we wish to consider the scattering of, say, two
electrons, we can simply add two positrons “behind the moon”, i.e., incoming states where
they don’t interact significantly with the electrons or with each other [34]. Thus, arguably,
the restriction to states of vanishing charges does not preclude having representatives of all

“hard” scattering processes.

As discussed in more technical detail in sec. 4, a separable Hilbert space of “in” and
“out” states of vanishing charges for QED with massive charged particles can be constructed
as follows. For the construction of the “in” Hilbert space, we note that the charges at
past timelike infinity, Q,— ()), are determined by the incoming state of the massive charged

particles. The (improper) incoming Fock space state |p1...pn;q1...qn) consisting of n

6. One could start with a Hilbert space with nonvanishing charges and obtain a new space that admits an
action of the Poincaré group by taking the direct sum of the continuous family of Hilbert spaces with charges
equal to the action of the Lorentz group on the original charges. However, this direct sum Hilbert space
would be non-separable. Furthermore, there would be no infinitesimal action of the Lorentz group on the
direct sum Hilbert space, so, in particular, the angular momentum operator would not be defined [84, 85].
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incoming charged particles and n incoming antiparticles with definite momenta p1, ..., p, and
q1, - - -, qn, respectively, has vanishing total ordinary electric charge and can be seen to be an
eigenstate of the charge operator Q,— () for all \. We denote its eigenvalue as Q,— (A\;p1 ... qn)-
By the corresponding version of eq. (1.8) for past null infinity with J™ = 0 (since we are
considering only massive charged particles) we can obtain an (improper) state for which all
large gauge charges vanish at spatial infinity (v — +00) by pairing |p1...pn;q1 ... qn) with
any incoming electromagnetic field state that lies in the representation with memory Aijf

determined by”
1 in A
E/dQ ABGAN = —0._(\ip1,- - qn) (1.10)
S2

for all )\(xA). In other words, we can take the tensor product of the one-dimensional Hilbert
space spanned by the improper state |p1...pn;q1 ... qn) with the Fock space representation
of the electromagnetic field with memory Ai{f given by eq. (1.10). The pairing of the charged
particle state [p1...pn;q1...qn) with electromagnetic states in the representation Aijf is
usually referred to as “dressing” the charged particles with a corresponding “cloud of soft
photons.”® We can then obtain a Hilbert space with arbitrary proper Fock space states of
n charged particles, n antiparticles and arbitrary “hard” photon states by taking a direct
integral over p1,...,pn,q1,-..,qn. We then take the direct sum over n. This yields a
separable Hilbert space that has representatives of all incoming states of the massive charged
particles with vanishing total electric charge and all incoming “hard” photon states. This

construction is equivalent to the one given by Faddeev and Kulish. All states in this “in’

Hilbert space are eigenstates with eigenvalue 0 of all of the large gauge charges at spatial

7. This relation uniquely determines the electric parity memory (see footnote 5).

8. Note that one does not have to “dress” the charged particles with a specific state , i.e., any electromagnetic
state with the required memory is allowed. The “cloud of soft photons” refers to any state in the representation
with the required memory. A charged particle “dressed” with an infrared “cloud of soft photons” is sometimes
referred to as an “infraparticle” [87, 84].
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infinity.® By conservation of charges at spatial infinity, these states should evolve to states
in the similarly constructed “out” Hilbert space. Indeed, finiteness of the Faddeev-Kulish
“S-matrix amplitudes” has been verified to all orders in perturbation theory [89]. These
results are also supported by recent, rigorous analyses of perturbative QED [90] as well as
non-perturbative studies of nonrelativistic QED [91, 92].1° Consequently, all of the above

properties (1)—(5) should be satisfied.

Thus, the Faddeev-Kulish construction provides definitions of “in” and “out” Hilbert
spaces that enable one to have a well-defined S-matrix. However, it should be noted that this
construction has a number of unpleasant features. First, it allows only states of vanishing
total ordinary electric charge. As already mentioned above, this can be dealt with by putting
any excess charges “behind the moon.” A more unpleasant feature is that it requires the
incoming massive charged particles to be “dressed” with incoming electromagnetic states
with the corresponding memory. This dressing is quite unnatural, since — although the
incoming massive charged field and incoming electromagnetic radiative field are completely
independent degrees of freedom — it requires the incoming electromagnetic radiative state
to “know” the exact state of the incoming charged field. Furthermore, since each state in
the Faddeev-Kulish Hilbert space has an extremely high degree of entanglement between the
state of the massive charged field and the state of the electromagnetic field, one cannot have
a coherent superposition of incoming charged particle states of different momenta [29]. Thus,
the Faddeev-Kulish Hilbert space appears to artificially exclude many states that one might
wish to consider. Nevertheless, by restricting consideration to the states in the Faddeev-Kulish

Hilbert space, one should obtain a genuine S-matrix, with no infrared divergences.

9. The relationship between the Faddeev and Kulish “dressed states” and eigenstates of Q;0(\) has been
previously discussed in [66, 88].

10. Similar analyses have also been done in the case of infrared divergences arising from the scattering
of a massless scalar field coupled to a massive scalar field (sometimes referred to as the “Nelson model”)
[93, 94, 95].
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We turn now to differences that occur if we consider QED with a massless charged field,
as will be discussed in detail in sec. 5. Since there are no incoming massive particles, the
charges Q,—(\) at timelike infinity vanish in the massless case. However, since there are
incoming massless particles, the charge-current flux J™(\) at null infinity will not vanish.
One can perform a construction of “in” and “out” Hilbert spaces that is completely analogous
to the Faddeev-Kulish construction as follows: In the massless case, the (improper) incoming
Fock space states |p1...pn;q1 - . qn) of the charged field are eigenstates of the charge-current
operator J™(\) for all \. Therefore, one can again pair [p1 ... pn;qi . . . ¢n) with the incoming
electromagnetic field states that lie in the representation with memory 1}11 chosen so as
to give vanishing charges at spatial infinity. In this case, by eq. (1.8), the required Aijll is

determined by

1 . .
E/dﬂ ARDAN = —T™(Nip1,... an). (1.11)
S2

where J™(X; p1, . .., qn) denotes the eigenvalue of J™(\) in the state [p1 ...pn;q1 ... qn). By
taking a direct integral over p1,...,pn,q1,--.,qn and a direct sum over n, we will again get a
separable Hilbert space of states with vanishing charges at spatial infinity, so the “in” Hilbert
space should unitarily map to the similarly constructed “out” Hilbert space under dynamical
evolution. This yields a direct analog for massless charged fields of the Faddeev-Kulish

construction for massive charged fields.

However, although the Faddeev-Kulish construction can be carried out in close analogy
with the massive case, a truly significant difference arises in the nature of the resulting states.
For massive charged fields, the charges Q,—(\;p1...¢qn) for the state [p1...pn;q1...qn)
correspond to a smooth function on the sphere. Consequently, the corresponding memory
Ai}f determined by eq. (1.10) is smooth, and the corresponding memory representation of the
electromagnetic field has a dense set of nonsingular states. By contrast, in the massless case,

the flux J™(\;p1, ..., qn) for the state [p1 ... pn;q1 ... qn) has 6-function angular singularities
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in each of the directions xfl of the momenta p1,...,pn,q1,...,qn. It follows that the memory
Aiff(:cB ) determined by eq. (1.11) will have angular singularities of the form 1/|z? — x? |
in the vicinity of a:? . These additional angular singularities occurring in the massless case
correspond to what are referred to as collinear divergences. If one is interested in calculating
inclusive cross-sections, they merely give rise to an additional nuisance in that one must
introduce a further angular cutoff in addition to the usual infrared cutoff when performing
calculations [96, 97]. But they give rise to a fatal difficulty for the usefulness of the “in” and
“out” Hilbert spaces constructed above. The angular singularities in the memory are such that
the memory is not square integrable over a sphere. This implies that the expected electric
field <Eff) in any state in the memory representation paired with |py...pn;q1 ... ¢qn) cannot
be square integrable over null infinity. By further arguments, it can be seen that the total
energy flux of the electromagnetic field in any state in this memory representation is infinite.
In other words, in the massless case, the required “soft photon dressing” of the charged
particles always carries infinite energy. Thus, all of the allowed states of the electromagnetic
field in this construction are physically unacceptable. Although we should be able to obtain
a well-defined scattering theory between states in the “in” and “out” Hilbert spaces, none of

the scattering states are of any physical relevance.

We now turn to Yang-Mills theory with a compact, semi-simple Lie group, which will be
discussed in more detail in sec. 5.5. The Yang-Mills fields occurring in nature are strongly
coupled to other fields and do not behave as free fields at asymptotically early and late times.
However, we can consider the scattering theory of “pure” Yang-Mills theory (with no coupling
to other fields) as a toy model that has features similar to both electromagnetism and gravity.
Collinear divergences similar to massless QED occur in Yang-Mills theory. Consequently, as
in massless QED, the “dressing” required by the Faddeev-Kulish construction will be singular.
However, an additional — and, in some respects, even more serious — difficulty arises in the

Yang-Mills case, due to the fact that the Yang-Mills field acts as its own source. The analog
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of eq. (1.8) in the Yang-Mills case is

47T/dQ YM OUt,@AAj _ Q};M(A) N QZYOM()\) +jYM,Out()\) (112)

where j denotes a Lie algebra index, such indices are lowered and raised with the Cartan-
Killing metric, and the charges are defined by a natural generalization of eq. (1.5) where the
Lie algebra valued field strength is now integrated with )\i(xA). Since there are no massive
sources, the charges at timelike infinity vanish, Q?iM(/\) = (0. The charge-current flux in the

Yang-Mills case is

—OO SQ
where ¢! jk denote the structure constants of the Lie algebra. Similar charges and fluxes
associated to the symmetry A can be defined at past null infinity. The analog of eq. (1.11)

for obtaining eigenstates of vanishing charge!! at spatial infinity for the Yang-Mills field is

—/dQ AR AN = —gYMin(y). (1.14)

The key difference with massless QED is that the “hard” and “soft” quanta now correspond
to the same field. Thus, we must use “soft” Yang-Mills quanta to “dress” (via the memory,

YM,in
Ay

) the “hard” Yang-Mills quanta. But these “soft” quanta will then make additional
contributions to the current flux, so we will not get an eigenstate of charges at spatial
infinity by choosing the memory to satisfy eq. (1.14), with 7 YM()\) the flux of the “hard”
Yang-Mills quanta. Thus—in addition to the fact that, as in the case of massless QED,

this soft “dressing” is singular and therefore the corresponding Yang-Mills current flux is

11. The charges at spatial infinity satisfy the commutation relations [Q}%M (A1), Q%M (A2)] = QXM ([A1, A2))
where [A\1, 2]’ = cijk)\{,\’; . For a semisimple Lie group it is impossible to have an eigenstate of all charges
unless all of the charge eigenvalues vanish.
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infinite—one cannot get states of vanishing charges at spatial infinity by attempting to pair

flux eigenstates with corresponding memory representations.

Thus, in order to obtain an analog of the Faddeev-Kulish Hilbert space in the Yang-Mills
case, one must find some other means to obtain a suitable Hilbert space of eigenstates of
vanishing charges at spatial infinity. However, there are insufficiently many such states, as
can be seen from the fact that the charge QZ.YOM(/\) at spatial infinity acts on the “in” and
“out” states as an infinitesimal generator of the large gauge transformation associated with \/.
Thus, an “in” state with vanishing charges at spatial must be gauge invariant with respect to
all large gauge transformations, which is a strong constraint on the n-point functions of the
Yang-Mills electric field. In particular this implies that the 1-point function must vanish, the
2-point function must be proportional to the Cartan-Killing metric and, more generally, all
n-point functions must be proportional to Casimirs of the Lie algebra. Although there exist
states that satisfy these conditions, these conditions are far too restrictive to allow one to

satisfy condition (4) of our requirements on the “in” Hilbert space.

We now turn to general relativity, which will be considered in detail in sec. 6. We introduce
Bondi coordinates (u, 7, xA), and let Cyp (u, ;UA) denote the deviation of the spacetime metric
from the asymptotic Minkowski metric 7, at leading order in 1/r in these coordinates.'?
The classical memory effect at future null infinity in the gravitational case corresponds to
having the angular components, C'4 g, at order 1/r asymptote to different values at early and
late retarded times, u — £o00. This will occur if and only if at order 1/r the Bondi News
Nyp = —0,C 4 satisfies Ofo du Npp # 0. In the gravitational case, the presence of memory
physically corresponds to_aor? array of test particles initially at rest receiving a permanent

relative displacement at order 1/r due to the passage of gravitational radiation [10].

If the Bondi News goes to zero at early and late retarded times, C'4y g will be “pure gauge”

12. Again, we state our main results in this section in Bondi coordinates in the bulk spacetime, but in
sec. 6 we will work at null infinity in the conformally completed spacetime.

118



at early and late retarded times, but the gravitational memory
17 1
GR t
A out-. _ 5 / du Nyp = —i(CAB|u:+oo - CAB|u:—oo) (1-15)

is gauge invariant. The relevant gauge transformations in the gravitational case are the

supertranslations whose infinitesimal action is given by

1
Cap = Cap — [Nap — 2<@A93f — 2qAB@C@Cf> (1.16)

where f = f (a:A) is an arbitrary function on the sphere and g4 p is the metric on the unit
sphere. The supertranslations are, in fact, “symmetries,” i.e., they are not degeneracies of
the symplectic form. Again, there are charges and fluxes associated with these symmetries.

The charge QS’R( f) associated with the supertranslation f at retarded time wu is given by

L AB
V7 Cas (1.17)

QOR(f) = — — / dQ f(a {Cmm«(u A —
where S(u) = S? is an asymptotic sphere at fixed retarded time u, Cyps is the Weyl tensor
and the superscript “(3)” denotes the order 1/r3 part as  — oo at fixed u. The difference of
the charge QSR( f) at two retarded times u1 and usg is determined by a corresponding flux
between these retarded times associated with the symmetry f

Qi () - QR () = / du [ dQ f(NAEN,p+29295Nap).  (119)

w1 S2

327

If other massless fields are present and if their stress energy T}, satisfies the dominant energy
condition then eq. (1.18) is modified by the substitution NABN 45 — NABN 45 + 327'('qu3)
where the “(2)” denotes the order 1/72 part as 7 — oo at fixed u. In the gravitational case,

eq. (1.18) with u; — —oo and ug — +o0 directly yields an analogous formula to eq. (1.8)

119



relating charges, fluxes and memory!?
1 GR
o g /dQ AAB,out@A@Bf _ QS—R(f) . QZ%R(f) + jGR,Out(f). (1‘19)
S2

The terms on the right hand side of eq. (1.19) involving the difference of charges is referred
to as “ordinary memory” [10] and the term involving the flux is usually referred to as “null

memory” or “nonlinear memory” [39, 19] given by
1 (0.9)

Similar formulas hold for the “in” memory in terms of difference of charges at past timelike
infinity and spatial infinity as well as incoming null memory. As in the electromagnetic case,
there is a matching of the incoming and outgoing charges as one approaches spatial infinity

as originally conjectured by Strominger [22]

QZ%R,out(f) _ i([})R,in<f o). (1.21)

As is well known, significant difficulties arise in the formulation of a quantum theory of
gravity in the bulk spacetime. However, as Ashtekar has emphasized, no such difficulties arise
in the asymptotic quantization of the radiative degrees of freedom of the gravitational field at
null infinity [64, 3, 65]. Thus, the notion of asymptotic states of the quantum gravitational
field in asymptotically flat spacetimes is well-defined, irrespective of the details of the bulk

theory of gravity. In view of the classical memory effect, it is not possible that “in” states

13. This equation determines the electric parity part of the memory. The “magnetic parity” part of the
memory is determined by €49 28 Aﬁ%, which can be expressed in terms of the difference of magnetic parity
charges [1] with no null memory contribution. All of the analysis of this chapter could be straightforwardly
generalized to include magnetic parity memory. However, as in the electromagnetic case (see footnote 5), we

shall focus entirely on electric parity memory in this chapter.
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with vanishing memory (i.e., states in the standard “in” Fock representation) will generically
evolve to “out” states with vanishing memory. Thus, infrared divergences similar to those
occurring in QED must arise if one attempts to define an S-matrix with the conventional
choices of “in” and “out” Hilbert spaces. One may ask whether there exist alternative choices

satisfying conditions (1)-(5) above.

In linearized gravity with matter sources, massive fields will contribute to ordinary memory
and massless fields will contribute to null memory, in close analogy with QED. In the case
of QED, the vanishing of the charges Q,0(\) at spatial infinity — including the ordinary
electric charge — was required to have a Lorentz group action. As discussed above, in QED,
it can be argued that the requirement of vanishing total electric charge is not a problem
for obtaining representatives of all “hard” scattering processes because one can always put
additional charges “behind the moon”. However, in linearized gravity with massive/massless
sources, the analogous requirement of vanishing total 4-momentum is a serious problem, since
the ordinary vacuum state is the only state that satisfies this requirement — there is no way
to “cancel” the 4-momentum if a state by adding particles. Therefore the Faddeev-Kulish

construction fails for this elementary reason at this initial stage.

Nevertheless, one could give up on having a well-defined action of the Lorentz transforma-
tions and attempt to construct states of definite, non-vanishing charges QZ.GOR( f) at spatial
infinity [98]. For linearized gravity with a massive field source, one can straightforwardly
carry out an analog of the construction of sec. 4.4 for massive QED. For linearized gravity
with a massless field source, one can carry out an analog of the construction of sec. 5.4 for
massless QED. Indeed, the situation for linearized gravity with a massless field source is
somewhat better than massless QED in that the singularities of the memory are less severe
[36]. In linearized gravity, for incoming momentum eigenstates of massless particles, the
corresponding flux in eq. (1.19) will again have J-function angular singularities. However,

on account of the presence of two derivatives on the left side of eq. (1.19) (as compared to
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the one derivative in eq. (1.11)), the corresponding collinear divergence singularities of Aﬁ%
will be of the form log |24 — 1:;4| Although still singular, this is square integrable and does
not imply an infinite energy flux of soft gravitons. Thus, arguably, in linearized gravity, the
“dressed states” in the analogously constructed Faddeev-Kulish Hilbert space are physically
acceptable, although since there is no a well-defined action of the Lorentz group, the states

obtained in this construction do not have a well-defined angular momentum.

However, we show in sec. 6.3 that the Faddeev-Kulish type of construction fails catas-
trophically in nonlinear gravity. The fundamental problem is that, as in the Yang-Mills case,
the “soft gravitons” that must be used to dress the “hard gravitons” will contribute their
own flux, thereby invalidating any attempt to pair flux eigenstates of hard gravitons with
corresponding memory representations. Thus, as in the Yang-Mills case, in order to obtain
an analog of the Faddeev-Kulish Hilbert space, one must find some other means to obtain
eigenstates of the supertranslation charges. In the Yang-Mills case, charge eigenstates must
have vanishing charges and thus the n-point functions of any eigenstate of all large gauge
charges must be invariant under all large gauge transformations. Although this is a highly
restrictive condition, there do exist some invariant states besides the vacuum state. However,
as we show in Theorem 5 of sec. 6.3, the corresponding condition in quantum gravity is that
the n-point functions of the news must be invariant under supertranslations. However, this
requirement is incompatible with the fall-off requirements on states. Thus, apart from the
vacuum state, there are no eigenstates whatsoever of the supertranslation charges. Thus

there is no analog of the Faddeev-Kulish Hilbert space in nonlinear gravity.

Thus, if one is to obtain “in” and “out” Hilbert spaces in quantum gravity that satisfy
properties (1)-(5), one will have to do so by a very different means than by the Faddeev-Kulish
construction. We explore some possibilities in sec. 7 involving direct integrals with respect
to Gaussian measures of Fock representations with memory. We find that these also do not

work. Of course, our analysis does not exhaust all possibilities, but we do not see any further
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avenues of approach that appear promising. Thus, we believe that for gravity (as well as for
Yang-Mills theory and massless QED), no satisfactory Hilbert space construction of “in” and

“out” states can be given.

What does this mean for scattering theory? There is no problem defining “in” and “out”
states that should accommodate all scattering processes, allowing arbitrary incoming and
outgoing “hard” particle states and arbitrary memory. The difficulties arise entirely from the
attempt to “shoehorn” all states relevant to scattering theory into a single, separable Hilbert
space. It is our view that there is no need to try to do this. An “in” state can be defined in
the algebraic viewpoint as a positive linear function on the algebra of “in” observables. In
this viewpoint one would specify an “in” state by giving the complete list of the correlation
functions of the “in” fields — where this list must satisfy positivity requirements. Any state
in any Hilbert space construction gives rise to a state in this sense, since one can compute
all the correlation functions and they will automatically satisfy the positivity requirement.
Conversely, the Gel’fand-Naimark-Segal (GNS) construction shows that any state in the
algebraic sense can be realized as a vector in some Hilbert space, so one does not get entirely
new objects by considering states in the algebraic sense. But by considering states in the
algebraic sense, one is freed from the necessity of choosing in advance a particular Hilbert
space in which it lies. Thus, one may consider any “in” state that one wishes, without placing
any “dress requirements” on the state. If one evolves the chosen “in” state through the bulk,
one will get some “out” state, defined, again, as a list of correlation functions of the “out”
fields. There is no reason to impose an a priori restriction as to which Hilbert space this
“out” state will lie in — and one will get infrared divergences if one selects the wrong one.
As discussed in sec. 8, we see no difficulty of principle in describing scattering theory in this
framework. Of course, if one is interested in calculating quantities relevant to collider physics,
we are not suggesting that there would be any advantage to taking such an approach over

the usual approach of working in the standard Fock space and imposing infrared cutoffs.
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However, if one wishes to treat scattering at a fundamental level, we believe it is necessary to

approach it from such an algebraic viewpoint on “in” and “out” states.

The structure of the remainder of the chapter is as follows. In sec. 2 we briefly review
the classical phase space of a free scalar field in an asymptotically flat spacetime and give
a precise notion of “observable” on this phase space. We also define local field observables
at null infinity and determine their Poisson brackets. In sec. 3, we review the algebraic
viewpoint on quantization and the formulation of free field theory in this framework. We
briefly review the notion of Hadamard states in the bulk and consider their limit to null
infinity in the case of massless fields. Although we are, of course, interested in the scattering
theory of interacting fields, these interacting fields are assumed to behave like free fields in
the asymptotic past and future, so the results of this section provide the tools needed to
define the asymptotic quantization of interacting fields. In sec. 4 we consider QED with a
massive, charged Klein-Gordon field. In sec. 4.1 we construct the asymptotic algebra and
Hadamard states of the massive scalar field at timelike infinity and the electromagnetic
field at null infinity. In sec. 4.2 we consider the extension of the field algebras to include
charges and Poincaré generators. In sec. 4.3 we obtain Fock representations of the field
algebras. The standard Fock representation of the massive Klein-Gordon field provides all of
the necessary asymptotic states of that field, but we need all of the memory representations
of the electromagnetic field to have an adequate supply of asymptotic electromagnetic states
for scattering theory. In sec. 4.4 we use these representations to construct the Faddeev-Kulish
representation in massive QED by pairing momentum eigenstates of the Klein-Gordon field
with corresponding memory representations of the electromagnetic field, thereby “dressing”
the charged particles. In sec. 5 we consider massless scalar QED. In sec. 5.1 we construct the
asymptotic algebra of field observables at null infinity for a massless, charged Klein-Gordon
field, and we extend this algebra to include charges and Poincaré generators in sec. 5.2. In

sec. 5.3 we obtain the Fock representations of the massless scalar field. In sec. 5.4 we construct
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the analog of the Faddeev-Kulish representations for massless QED and point out the serious
problems arising from the singular nature of the required memory representations. In sec. 5.5
we consider source-free Yang-Mills theory and discuss the new serious difficulty that arises
from the fact that the Faddeev-Kulish “dressing” also contributes to the charge-current flux.
In sec. 6 we consider general relativity. In sec. 6.1 we provide the asymptotic algebra of
observables in vacuum gravity. This algebra is extended in sec. 6.2 to include the BMS charges.
In sec. 6.3 we prove the non-existence of Faddeev-Kulish representations in quantum gravity.
Some alternatives to Faddeev-Kulish representations are explored in sec. 7 but none are
found to be satisfactory. Finally, in sec. 8 we advocate for the development of an “algebraic
scattering theory,” wherein one does not attempt to “shoehorn” all of the asymptotic states
of scattering theory into pre-chosen “in” and “out” Hilbert spaces. Such a formulation of

scattering theory would be manifestly infrared finite.

2 Classical phase space: Observables and asymptotic description

Our interest in this chapter of the thesis is in interacting quantum field theories, specifically,
QED, Yang-Mills theory, and quantum gravity. However, we will be concerned only with
the description of states at asymptotically early and late times, where it will be assumed
that the states correspond to states of “in” and “out” free field theories. Thus, in essence,
for the considerations of this chapter, we need only be concerned with the structure of free
field theory. The quantum theory of a free field is based on the phase space structure of the
classical theory. In this section, we will review the phase space structure relevant for our
considerations and explain the notion of “observable” that we shall use. For the case of a
massless field, we will relate the “bulk” description of the field to its asymptotic description

at null infinity.

Since the phase space of a field theory is infinite dimensional, it would take some effort to
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define a mathematically precise Fréchet space or other structure of phase space (see [99]) that
would properly incorporate the smoothness and fall-off conditions of the fields and provide a
suitable topology on these fields. We believe that this could be done but we shall not attempt
to do so here. Thus, we will freely use terms like “smooth vector field on phase space” in our

discussion below without attempting to give a mathematically precise meaning to such terms.

The basic structure of the classical phase space of a linear field theory is well illustrated by
the case of a real scalar field ¢. Since we want to apply our constructions to the asymptotic
behavior of the gravitational field in general relativity, it would not be reasonable to assume
more structure than would be present on a globally hyperbolic, asymptotically flat, curved
spacetime. Thus, we will take as our model system a real scalar field ¢ on a globally hyperbolic

spacetime (M, g), with Lagrangian
1
£=—3 [VFoV 6 + mP¢® + ERg?| (2.1)

where m denotes the mass, £ is an arbitrary constant, and R is the Ricci scalar. Then ¢

satisfies

(D —m?— §R>¢ = 0. (2.2)

As discussed in detail in [100, 101] and many other references, the Lagrangian eq. (2.1)
endows the theory with a symplectic form, which thereby provides the space of initial data
for solutions with a phase space structure. For the scalar field eq. (2.1), the points of phase
space P can be taken to be the quantities (¢, nV ;@) on a spacelike Cauchy surface X, where
n* denotes the unit normal to 3. In general, the symplectic form, €2, is a 2-form on P, i.e.,
at each point of P it maps a pair of tangent vectors into a number. However, in the case of a

linear theory as considered here, P has a vector space (or, more generally, an affine space'*)

14. As we shall see, in electromagnetism and gravity, the presence of large gauge transformations implies
that there are many points of phase space that have vanishing gauge invariant field strengths. Any of these
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structure, and we can identify tangent vectors with points of P. Consequently, we can view

Q) as a bilinear map on P. The symplectic product of two solutions ¢1, ¢9 is given by

(61, 62) = [ Vidz [610"V 62 — 6oV 01 (2.3)
by
where v/hd3z is the proper volume element on ¥. This symplectic product is conserved, i.e.,

it is independent of the choice of Cauchy surface >.

If P were finite dimensional, the nondegeneracy of the symplectic form (2,5 would imply
that it has an inverse Q®°, where the Greek indices here represent tensor indices on phase
space. A classical observable F' on P could then be taken to be an arbitrary smooth map
F :P — R. The inverse symplectic form would then allow us to define the Poisson bracket

of any two such observables F7, F» to be the observable on phase space given by

(R, B} ="V F1VgF. (2.4)

However, on an infinite dimensional phase space, the symplectic form is only weakly nonde-
generate and its inverse will not be defined on all one-forms on the phase space. Thus, we
cannot use eq. (2.4) to define the Poisson bracket of arbitrary smooth functions on phase

space.

Nevertheless, on a general phase space, we can define the Poisson bracket on a particular
class of smooth functions F'. Namely, suppose F' is such that there is a smooth vector field

X% on P with the property that for all smooth curves z(«) on phase space, we have

§F = Q(6z,X) (2.5)

points could serve as an “origin”.
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where

0z = —z(w) , O0F = —F(2(a)) : (2.6)

Formally, eq. (2.5) corresponds to X¢ = Qos Vg F, but eq. (2.5) is expressed in a way that
avoids the introduction of the inverse symplectic form. If eq. (2.5) holds, we say that the
function F generates the vector field X%. Given two functions F| and F5 on phase space
that generate vector fields X{* and X§', respectively, we can define the Poisson bracket of Fj
and Iy by

{Fl, FQ} = —Q(X1, X2). (2.7)

Formally, this corresponds to eq. (2.4) because, formally, Q(X71, Xo) = QaﬁXfXg =
QQBQO”VVHQBWVUFQ = QN F1VyFy. However, eq. (2.7) avoids introducing the in-
verse symplectic form and is well-defined. For the case of an infinite dimensional phase space,
we define an observable to be a smooth function F' on phase space that satisfies eq. (2.5).
By construction, the Poisson bracket of any two observables is well-defined. It is only for

classical observables in this sense that we can hope/expect to have quantum representatives.

The situation with regard to obtaining observables simplifies considerably in the case
of a phase space P with vector space structure, as considered here. Consider a vector
field X corresponding to an infinitesimal displacement at each ¢ of the form of an affine

transformation

¢ ¢+ (Lo + xo) (2.8)

where x( is a constant (¢-independent) displacement and L is a linear map on phase space.

Suppose that L satisfies

Q, Lo) = —Q(Ly, ¢) (2.9)
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for all ¢, € P. Then it is straightforward to verify that the function F': P — R defined by

F(8) = (6, x0) + 506, Lo) (2.10)

satisfies eq. (2.5). Thus, any function F' on phase space of the form eq. (2.10) with L satisfying

eq. (2.9) is an observable on phase space.

An important class of observables on P are the local field observables. Let f: M — R
be a test function on spacetime, i.e., a smooth function of compact support. Let Fy be the

linear function on phase space given by

Fy(9) = olf) = [ V=ad'y o(y)f(y). (2.11)

where y denotes arbitrary coordinates on M. Then Fy can be shown to be an observable as

follows. Let

Ef = Af — Rf (2.12)

where Af denotes the advanced solution to eq. (2.2) with source f and Rf denotes the
retarded solution with source f. Then Ef a smooth, source-free solution to eq. (2.2) with
initial data of compact support, so it corresponds to a point in P. By lemma 3.2.1 of [102],

for any solution ¢ we have!®
o(f) = 054 (0, Ef). (2.13)

Thus, F is of the form eq. (2.10) with xo = E'f and L = 0. Thus, the “smeared fields” ¢(f)

are observables.!6 It is not difficult to see that the Poisson bracket of smeared fields is given

15. Note that our convention for the symplectic form in eq. (2.3) has the opposite sign compared to the one
used in [102].

16. Note that the field evaluated at a point, ¢(z), is too singular to be considered to be an observable. The
associated vector field X would correspond to an infinitesimal displacement in the direction of the singular
solution given by the advanced minus retarded solution with delta function source at x, which does not lie in
the phase space.
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{e(f1),0(f2)} = E(f1, fa)1 (2.14)

where “1” denotes the constant function on P that maps all points to 1, and
B(fi f2) = [ V=gd'y i) Ef(y). (2.15)

For any Cauchy surface > and any test function s on X, we may define the linear function

Fy, s on phase space by
Fy5(0) = ox(s) = [ Vhds o(x)s(a). (2.16)
%

We may similarly define (n#V¢)y.(s). These “3-smeared” fields are also observables, which
can be seen from eq. (2.13) to be equivalent to the “4-smeared” observables eq. (2.11). Namely,

we have
¢x(s) = o(f) (2.17)

where f is a test function on spacetime such that the initial data for Ef on 3 is [Ef]y, =0
and [0V, (Ef)]y = s. A similar formula holds for (n*V,;¢)x(s).

Our main interest in this chapter is to characterize the states of quantum fields in
asymptotically flat spacetimes at asymptotically early and late times. It therefore will be
important to have a description of the phase space and observables that characterizes the
behavior of the field at asymptotically early and late times. We shall now explain how this
can be done for massless fields. The corresponding asymptotic quantization will be described
in the next section. The classical and quantum asymptotic description of massive fields will

be given in sec. 4.

For massless fields, we assume that past null infinity, .# ~, and future null infinity, .# T,
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can be treated as Cauchy surfaces, so that initial data at .# ~ or .# " uniquely determines
a solution.'” For a massless field with the Cauchy surface taken to be .# | initial data for

solutions consists of the specification of the conformally weighted scalar field, ®, on .~
® = lim Q! 2.18
li 01 219

where Q is a conformal factor, which, in Bondi coordinates, can be chosen to be Q = 1/r.
We assume that the solutions in P are such that 9®/dv = O(1/[v|'+€) for some € > 0 as
v — £o00. This will ensure that all integrals below will converge. Note, however, that we do
not assume that ® — 0 as v — +00, as this would exclude the memory effect. Although we
could, of course, restrict consideration to initial data at ¢ satisfying & — 0 as v — +o0, if
interactions occur in the bulk, such initial data will generically evolve to fields at .# T that
do not satisfy ® — 0 as u — 0o. Since we wish to treat .# ~ and .# T on an equal footing in

scattering theory, we do not require ® — 0 as v — +oo0 at .

In terms of the initial data eq. (2.18), the symplectic product eq. (2.3) is given by

0P 0P
QR0 (91, 69) = / dvdS) [<I>12 ~ 9 1] (2.19)

where we have inserted an extra “0” in the superscript “KG0” on €2 to indicate that this

formula holds only for the case of a massless scalar field. It is convenient to define

I := 9, (2.20)

on £~ since this quantity will arise in many formulas below. It follows from eq. (2.19) that

17. This is true in Minkowski spacetime but is an assumption in a general asymptotically flat spacetime. It
would not hold in spacetimes with a black hole or white hole, but one could presumably then supplement the
asymptotic description of states at null infinity by including states on the horizon of the black hole or white
hole.
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for any test function s on ., we have

I(s) := / dvd$) g(i(v,xA)s(v,xA) = ;Q%‘GO(EJC,(D) = —;qﬁ(f) (2.21)
e

where f is a function on spacetime such that on .#~ we have I}H_l QO lEf = 5. Thus, the
smeared field quantities I1(s) on &~ are observables on phase space that are essentially
equivalent!® to the bulk field observables ¢(f). The Poisson brackets of these observables at

J~ are given by

{T(s1), T(s2)} = 3 {0(71), (72}

= iE(flan)l

1 (2.22)
= ZQIz%GO(EfL Efa)l
1 0sq 0s9
=— [ dvdQ)|so— —s1— | 1.
4 / ! <82 v Vou )
e
Here, the third line was obtained by writing
B(f1, f2) = [ V=gd'y L) Efaly) = ~EC(Ep. BA) (2.23)

where eq. (2.13) with f = f; and ¢ = E fo was used.

Finally, note that if w is a test function of the form w = ds/0v for some test function s,

18. We say “essentially equivalent” because if f is of compact support on spacetime, then in a curved
spacetime — where Huygens’ principle does not hold for the wave equation (2.2) — E' f will not be of compact
support on .#~ and vice-versa, so the test function spaces do not align precisely. We will ignore this issue
here. Except for the case of nonlinear gravity, our applications are to Minkowski spacetime, where Huygens’
principle does hold and the correspondence is exact.
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then

O(w) = /dde CD(v,a:A)w(v,xA): /dde @gz
I I
0P
S / dvd§ s = —T1(s). (2.24)

Thus, ®(w) for w = ds/dv is equal to —1I(s) and hence is well-defined and corresponds to a
local observable in the bulk. However, if w is not of this form — i.e., if [ dv w(v, xA) # 0 for

some z4 — then ®(w) does not correspond to a local observable in the bulk.

3 Algebraic viewpoint: Quantization of free fields and asymptotic

quantization of massless interacting fields

7

Since we are concerned in this chapter with the possible choices of a Hilbert space of “in
and “out” states in scattering theory, it is essential to have a notion of the structure of the
theory prior to a choice of Hilbert space. The algebraic approach provides such a notion.
The purpose of this section is to review the key ideas ideas in the algebraic approach and
describe the asymptotic quantization of massless fields corresponding to the asymptotic
characterization of phase space given at the end of the previous section. For further discussion

of the algebraic viewpoint we refer the reader to [102, 103, 104].

In the algebraic approach, one assumes that the quantum field observables have the
structure of a x-algebra o/. States are then defined as positive linear functions on the algebra,
i.e., a state, w, is simply a linear map w : &/ — C such that w(a*a) > 0 for all a € &7, If
we take &7 to be generated by local (smeared) field observables, then an arbitrary element
a € o/ would be a sum of products of local field observables, so a specification of w would be

equivalent to providing the complete list of the correlation functions of the field observables.

133



Our interest in this chapter is in interacting quantum field theories, specifically, QED,
Yang-Mills theory, and quantum gravity. There are many nontrivial and still unanswered
questions about the formulation of interacting quantum field theories. However, in this
chapter, we will be concerned only with the behavior of these fields at asymptotically early
and late times. As is normally done in scattering theory, we will simply assume that states
of the theory behave at asymptotically early and late times like states of the corresponding
“in” and “out” free field theories, i.e., that the interactions can be neglected at asymptotically
early and late times. Of course, the determination of the relationship between the “in” and
“out” states requires knowledge of the interacting quantum field theory, but our analysis
in this chapter will be exclusively concerned with the nature of “in” and “out” states and
whether suitable Hilbert spaces of such states can be defined. Thus, as previously stated at
the beginning of sec. 2, for the considerations of this chapter, we need only be concerned

with the structure of free field theory.

The structure of the quantum theory of a free field is well illustrated by the case of a
real scalar field ¢, eq. (2.1). The classical phase space structure of the real scalar field was
described in sec. 2. The quantum theory of ¢ is defined by specifying an algebra, 7, of
quantum observables. We obtain &7 by starting with the free algebra of the smeared fields
¢(f), their formal adjoints ¢(f)* and an identity 1 where f is a real-valued, smooth function
on M with compact support. The algebra 7 is then obtained by factoring this free algebra

by the following relations:

(AD) dlerfi +eafo) = c1d(f1) + ca(fo) for amy fi, fo and any c1,¢p € R, Le., the smeared

field is linear in the test function

(AID) @((O—m?—€ER)f) =0 for all f,i.c., ¢ satisfies the field equation in the distributional

sense

(AIIT) @(f)* = @(f) for all f, i.e., the field is Hermitian
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(AIV) [&(f1), d(f2)] = iE(f1, f2)1, i.e., the field satisfies canonical commutation relations

(see eq. (2.14))

As already mentioned above, a state is a linear map w : &/ — C that satisfies w(a*a) > 0
for all algebra elements a € o/(M,g). We further require the normalization condition
w(1) = 1. A state is thus determined by specifying its smeared “n-point correlation functions”
w(p(f1)-..o(fn)). If we have a Hilbert space % on which the smeared fields are represented
as operators satisfying (A.I)-(A.IV), then any normalized vector | V) € JZ gives rise to a state
via w(a) = (V|r(a)| V) for all a € o7, where 7(a) is the operator representative of a. More
generally, any normalized density matrix p on J# gives rise to a state via w(a) = tr(pm(a)).
Conversely, by a remarkably simple construction due to Gel'fand, Naimark and Segal (GNS),
given an algebraic state w : @ — C, one can obtain a representation, 7, of &/ on a Hilbert
space S and a vector |U) € S such that w(a) = (V|m(a)|¥) for all a € &/. The GNS
construction consists of starting with the vector space 7 and using w to define an inner
product on 7. One then completes ./ in this inner product and factors out any degenerate
elements to get a Hilbert space 7. By construction, ¢ contains a dense set of vectors |a)
corresponding to elements a € /. We obtain a representation, 7, of &7 on . by the formula
m(a) |b) = |ab) for all a,b € o&7. The vector |¥) € J# corresponding to w is simply |1). Note

that |1) is cyclic, i.e., the action of 7(a) on |1) for all a € &/ generates a dense subspace of

states. Note further that this construction uses only the x-algebra structure of .o7.

A state is called pure if it cannot be written as a sum of two other states with positive
coefficients; otherwise the state is referred to as mixed. The GNS construction will represent
a mixed state as a vector (rather than density matrix) in ¢, but for a mixed state the GNS
representation will be reducible. In particular, for a state that corresponds to a density matrix

on a Hilbert space JZ that carries an irreducible representation of <7, the GNS construction
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will suitably enlarge .7 to a Hilbert space . on which the state is represented as a vector.!

An important class of states are known as “Gaussian states” (also referred to as “quasi-free
states” or “vacuum states”). By definition, for Gaussian states, the n-point functions for
n > 2 are given by formulas in terms of the 1- and 2-point functions that are analogous
to the formulas for the n-th moments of a Gaussian probability distribution. This can be
described by saying that the “connected n-point functions” (also known as “truncated n-point
functions”) vanish for all n > 2 (see e.g. [103]). For example, for a Gaussian state of the

Klein-Gordon field the 3-point function is given by

w(P(y1)P(y2)P(y3)) =w(@(y1)) - w(P(y2)P(y3)) + w(P(y2)) - w(P(y3)P(y1))

T w(@(y3)) - w(P(y1)P(y3)) — 2w(P(y1)) - w(P(y2)) - wled(y3))
(3.1)

where all “unsmeared” formulas here and below should be interpreted as holding distribution-

ally. The GNS Hilbert space of a Gaussian state w has a natural Fock space structure

F(AM)=Cao |P (4 o5 05 74)| . (3.2)

n>1

n times

where ®g is the symmetrized tensor product, and the inner product on the “one-particle
Hilbert space” J# is determined?® by the 2-point function w(¢(y1)@(y2)). In Minkowski
spacetime, the Poincaré invariant vacuum state |0) is a Gaussian state and the Fock space

eq. (3.2) is the standard choice of Hilbert space for free field theory.

The general definition of a state given above admits many states with singular ultraviolet

behavior — too singular for nonlinear field observables to be defined. It is therefore necessary

19. For example, the GNS construction represents a thermal state as a vector in its “thermofield double”.

20. More precisely on the space of smooth functions f of compact support we define the inner product

(filfe) = w(d(f1)*@(f2)) (see [105] for details).
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to impose an additional restriction on the short distance behavior of states. In most treatments
of quantum field theory in Minkowski spacetime, this issue is not highlighted because the
vacuum state |0) has the required ultraviolet behavior, as do all states in the corresponding
Fock space eq. (3.2) with smooth n-particle “mode functions”. Thus, the states that are
normally considered in usual treatments satisfy the required condition on ultraviolet behavior.
However, in this chapter, we seek alternative choices of Hilbert spaces — since, as explained
in sec. 1, the standard Fock space of “in” and “out” states cannot accommodate the states
that arise in scattering processes — so it is essential that we explicitly impose the condition
that states have the required ultraviolet behavior. This additional restriction on states is
given by the Hadamard condition, which requires that the short distance behavior of the

2-point function of any allowed state be of the form

(D)) = o Iy (g1 ) loglo +0°T) + Wion, 1) (33)

Here o is the squared geodesic distance between y1 and y9, T = t(y1) — t(y2) with ¢ a global
time function on spacetime, U and V are smooth, symmetric functions that are locally
constructed via the Hadamard recursion relations [106], and W is also smooth and symmetric.
The Hadamard condition can be very usefully reformulated in terms of microlocal spectral
conditions on the distribution w(¢(y1)p(y2)) [107], but we shall not need this reformulation
here. The Hadamard condition eq. (3.3) together with the positivity condition on states
implies that the connected n-point functions for n # 2 of a Hadamard state are smooth and

symmetric [108].

We conclude this section by giving the asymptotic quantization of ¢ in the massless case.
Again, we assume that past null infinity, .#—, and future null infinity, # ", can be treated as
Cauchy surfaces. We cannot proceed by starting with the bulk theory and taking limits of

correlation functions to #~ or £, since the quantum fields are distributional on spacetime
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and cannot straightforwardly be restricted to a lower dimensional surfaces such as .~ or
#+. However, we can proceed by working with the asymptotic description of the classical

phase space given at the end of the previous section.

For the asymptotic quantization on .#~, we take the observables on phase space to be
II(s) (eq. (2.21)), where s is an arbitrary test function on .#~ with conformal weight —1.
We define the algebra 7, by starting with the free algebra generated by II(s), II(s)* and
1 and factoring it by relations corresponding to (A.I)-(A.IV). Conditions (A.I) and (A.III)
translate straightforwardly to @%;,. There is no condition corresponding to condition (A.II)
since we are now smearing IT with free data for solutions. The commutation relation (A.IV)

translates to
)
T(a1). T(w2)] = 50 (01, v2)g2 (a1, 231 (3.4)

(see eq. (2.22)) where 2 = (v, 24) are coordinates on .# ~ and this equation is to be understood
as a distributional relation on .# . This completes our specification of the algebra .@%,. The

algebra o7, is defined similarly.

The algebra o, constructed in this manner is essentially equivalent?! to the bulk free
field algebra /. For an interacting theory, the bulk algebra, of course, is no longer a free
field algebra, but the central assumption of scattering theory is that states on the bulk
algebra asymptote to states on the free field algebras &%, and o/,,;; at early and late times,

respectively.

We now impose regularity conditions on states on <#;,. For the bulk theory, we imposed
the Hadamard condition eq. (3.3) on states on <7, and we wish to express this condition as a
corresponding condition on states on &%,. For the conformally invariant case (£ = 1/6) in a

spacetime with a regular timelike infinity, it has been shown [109] that Hadamard states on

21. We say “essentially equivalent” for the reason stated in footnote 18.
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o/ correspond to states on 2%, whose 2-point function is of the form??

o (Mo TT(a) = —1 202

5 + S(z1,x9) (3.5)

where S(z1,x9) is a smooth function on #~ x . In particular, this result holds in
Minkowski spacetime (for an arbitrary &, since £ does not enter the equations of motion
in that case). We assume that this form holds generally for massless fields, i.e., with no
restriction to £ = 1/6 or to spacetimes with a regular timelike infinity. Thus, we impose
eq. (3.5) as the ultraviolet regularity condition on states on @%,. Note that in Minkowski
spacetime, the 2-point function of the Poincaré invariant vacuum state wq takes the form
eq. (3.5) with S =0, i.e.,

1 dg (:B‘14, x‘24)

wo (H<xl>H(x2)) - _; (Ul — vy — Z’0+)2'

(3.6)

In addition to the ultraviolet regularity condition on states, we impose the following decay
conditions on states, analogous to the classical decay conditions mentioned below eq. (2.18):
We require that S and all connected n-point functions for n # 2 decay for any set of |v;| — oo

as O((X; v?)_l/z_e) for some € > 0.

In the subsequent sections, we will assume that the quantization of the “in” and “out”
electromagnetic and gravitational fields are given by a direct analog of our construction of
oy, above, and we will impose ultraviolet regularity (Hadamard) conditions on states given

by the direct analog of eq. (3.5), as well as the analogous decay conditions.

Finally, we note that we have included only observables that are linear in the field ¢ in
our algebras, &/ and <%, of local field observables. For the case of the bulk theory, &/ can

be extended to include smeared polynomial quantities (“Wick polynomials”) in the field by a

22. A similar result holds for any field (including massive fields) on a Killing horizon [105].
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“Hadamard normal ordering” procedure (see [103]). However, an analogous procedure does not
work for %, as Hadamard normal ordering produces quantities that are too singular in the
angular directions. Thus, we cannot extend %, to include polynomial local field observables.
Nevertheless, quantities that are quadratic in the fields can be defined as quadratic forms by
Hadamard subtraction, using eq. (3.6) for the subtraction. In particular, for any Hadamard

state w, we may define the expected value of II2 by

w (I12(2)) = lim |w (TI(2)II(2")) — wo (T1(2)TI(2
((2)) = Jim | (M(@)T(')) - wo (T)T(E))| .

= S(z,x).

We can use this notion to define expected values of observables that are quadratic in the fields.
However, higher powers of IT(z) cannot even be defined as quadratic forms. In particular,
since the stress-energy flux through %~ is Ty, = II2 this implies that the local energy flux
cannot be defined as an operator and is only well-defined as a quadratic form (i.e. only its

expected value is well-defined). This result is in accord with arguments given in [110].

4 QED with a massive, charged Klein-Gordon field

In this section we consider massive scalar QED, i.e., the theory of a Maxwell field A, coupled
to a charged massive complex Klein-Gordon scalar field ¢ in Minkowski spacetime. The

Lagrangian for this theory is

1 1 1
L=~ FWEuy — D'gDyp — smPpyp (4.1)

where Fyy = d,Ay — 0y Ay and Dy, is the gauge covariant derivative operator

Dy :=0up —iqAup, D= Dyp. (4.2)
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The theory is invariant under the action of gauge transformations

Ny (4.3)

Ap = Ay +0pA, go»—>ei

In sec. 4.1, we give the asymptotic quantization of the massive Klein-Gordon and electro-
magnetic fields. In sec. 4.2, we extend the algebra of asymptotic observables to include large
gauge charges and Poincaré generators. In sec. 4.3, we construct Fock representations of the
extended algebra of asymptotic observables with arbitrary choices of memory. Finally, in

sec. 4.4 we construct the Faddeev-Kulish Hilbert space.

1 Asymptotic quantization of QED with a massive Klein-Gordon field

We wish to provide a characterization of the states in QED in terms of free field states in the
asymptotic past and asymptotic future. For definiteness, we will focus upon the asymptotic
past; exactly the same procedure is used for the asymptotic future. We assume that in the
asymptotic past, classical solutions approach solutions to the free Klein-Gordon and Maxwell
equations.?® Correspondingly, in the asymptotic past, states in QED should approach “free

field ‘in’ states,” i.e., states on the tensor product
iy = I @ NG (4.4)

of the asymptotic algebra, JZ%IEM, of the free electromagnetic field with the asymptotic algebra,
%EG, of the free massive Klein-Gordon field. Thus, our task in this subsection is to obtain

the free field algebras QQKIEM and JZflEG

The strategy for obtaining %EM was presented in the previous section. The electromag-

23. This assumption is supported by rigorous studies of the classical behavior of the QED fields [111, 112,
113, 114].
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netic field is conformally invariant, so, classically, for solutions with appropriate fall-off at
spatial infinity, one can choose a gauge** so that the vector potential A, extends smoothly
to #~. We may further choose a gauge for which n*A,| y_ = 0 where n* := 9, is the null
normal. In this gauge, the pullback of A, to .#7 is a down index tensor on .# that is
orthogonal to n#, so in accord with the notational conventions stated at the end of sec. 0.3,

we denote it as A 4.

The points of the classical phase space are given by the specification of A4 on .# . This
is the analog of the specification of ® on ¢~ in the scalar field case. The analog of the
observable Il = 0,® on . is the electric field

Ey=—£pA4 =—0,A4 (4.5)

which is the pullback to .#~ of Fj,,n". Note that E4 is gauge invariant. The symplectic

form is given by
1
M (A1, A9) =~ [ @0 [Bradg — Byaaf] (4.6)
-

The local field observables for the Maxwell field on .# ~ are
B(s) = [ dx Bple)s' () (4.7)
-

where s4 is test vector field on .& ~, with no conformal weight, and the capital Latin index
is in accord with the notational conventions stated at the end of sec. 0.3 because eq. (4.7)
depends only on the equivalence class of the vector field. Note that the observable F(s)

generates the infinitesimal affine transformation A4 — A4 — 2mes 4. The Poisson brackets

24. Note that the vector potential A, is not smooth at null infinity in the Lorenz gauge when there is a
non-vanishing total charge (see Remark 4 and eq. (52) of [1]). Nevertheless one make other gauge choices
that yield a smooth A,,.
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{E(s1), E(s2)} = —4m2Q5M (51, 50)1 (4.8)

where, for test functions 8‘14, s§4 we have that

1 1
QEjM(sl,sg) = —E/dev [3‘1481,32/1 - 3‘24(%3114} =5 / dQdv 3‘1481,32/1. (4.9)
54 I

In exact parallel with the asymptotic quantization of the massless scalar field given in sec. 3,
the algebra %EM is defined to be the free algebra generated by the smeared fields E(s), their
A(

formal adjoints E(s)*, and an identity 1 — where s (z) are real test vector fields on .~ —

factored by the following relations:

(B.I) E(c151 + cas2) = c1E(s1) + coE(sg) for any 5‘14, 5‘24 and any c1,c9 € R
(BII) E(s)* = E(s) for all s4
(B.IIT) [E(s1), E(s2)] = —z'47TQQEJM(51,32)1 for any 1!, s§4
We shall denote states on the algebra fgflEM as W™ The Hadamard regularity condition

on asymptotic states of the electromagnetic field analogous to eq. (3.5) is that the 2-point

function has the form

A A
qABOs2 (71, x
wEM(EA<I1)EB(I2>> = - (UlB—SUQ(—liO‘E))Q + Sap(z1,x2) (4.10)

where Syp is a (state-dependent) smooth bi-tensor on .#~ that is symmetric under the
simultaneous interchange of x1,x2 and the indices A, B. Furthermore, we require that the
connected n-point functions for n # 2 of a Hadamard state on .# ~ are smooth.?> The 2-point

function of the Poincaré invariant vacuum state ng is given by eq. (4.10) with Sqp = 0.

25. Tt is possible that, in analogy with the bulk theory [108], this requirement actually a consequence of
eq. (4.10). However, we have not investigated whether this is the case.
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Finally, we impose a decay condition on states to ensure that all fluxes are well-defined.

We require states to be such that S4p and all connected n-point functions for n # 2 decay
1

for any set of |v;| — oo as O((X; UZ-Z)*/?’E) for some € > 0. This completes the specification

of esz%lEM and the allowed states on %EM

We turn now to the asymptotic quantization of a massive complex scalar field ¢ in
Minkowski spacetime. We follow the same basic strategy of finding an appropriate asymptotic
surface that can be treated as a Cauchy surface. We then obtain the asymptotic description
of the classical phase space by finding appropriate initial data on the asymptotic surface and
we express the symplectic form in terms of this initial data. We then use eq. (2.13) to obtain
observables involving this initial data that correspond to local observables in the bulk, and

we obtain the Poisson brackets of these observables. This enables us to define %EG

For massive fields, the appropriate asymptotic surface is an asymptotic hyperboloid H™
rather than .#~. To see this, we introduce a coordinate system as follows [115] (see also

[116, 117]). Let

2= 2 ,  pi= tanh ! r/t. (4.11)

where t,r are the standard Minkowski time and radial coordinates. These coordinates foliate
the interiors of the future/past light cone of an arbitrary choice of origin in Minkowski
spacetime by a family of Riemannian hyperboloids with 7 = constant (see fig. 3.1). The
induced metric on the 3-dimensional unit-hyperboloid H (with 2= 1) is given by

dp?

2 A; B
dx*d 4.12
Ty 2 tsapdetd (4.12)

2
dSH_

where s 4p is the metric on the unit 2-sphere and 24 are coordinates on the sphere. The
metric on a hyperboloid with 72 # 1 is just T2ds%{. Note that any point on H can also be

thought of as a unit-normalized timelike vector p in Minkowski spacetime, and we will use
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the notation p = (p, m]‘;l) to denote points on ‘H. The induced volume element on H is then

2

P apdo. 413
V1402 (413)

Bp =

The stationary phase method suggests that as 7 — —oo at fixed p, there exists a gauge?®
such that (up to a constant phase factor) the leading order asymptotic behaviour of ¢ is

given by [115] (see also [116])

vm

v 2(277)3/2

[c(p)e_imT + iB(p)eimT} (4.14)

where p denotes a future-directed unit-normalized momentum and thus, a point p = (p, mﬁ)
on the unit-hyperboloid H™ in the tangent space at past timelike infinity. Note that although
each hyperboloid of constant 7 extends to past null infinity, the hyperboloid H™ corresponds
to taking the limit 7 — —oo at fixed p = (p, xﬁ) and thus gives a representation of unit-
timelike directions at past timelike infinity closely analogous to the description of spatial
infinity given by Ashtekar and Hansen [61].27 We will assume that the asymptotic behavior

of ¢ is given by eq. (4.14) and that H ™~ can be treated as a Cauchy surface.

The initial data on H~ of a solution consists of the complex functions b(p) and ¢(p)
appearing in eq. (4.14). The symplectic form on this initial data can be written as [115]®
im?

QZIEG(QOL o) = —4(27T)3 / d3p [b1(p)52(]7) + c1(p)ea(p) — (1 < 2)} . (4.15)

26. In the Lorenz gauge for the electromagnetic vector potential, the scalar field in eq. (4.14) would have
an additional overall phase €!°87 in its asymptotic behavior (see e.g. [115] or Ch. IV of [118]). However
this logarithmic “Coulomb phase” can be eliminated by a different choice of gauge. The vector potential in
the Lorenz gauge is also badly behaved at null infinity (see footnote 24).

27. A similar analysis at timelike infinity can be found in [116, 117].

28. Our convention for the symplectic form differs from that in [115] by a factor of —Y%.
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Figure 3.1: A schematic picture (with angu-
lar dimensions suppressed) of the family of
hyperboloids H; used to take the limits to
timelike infinity 2. The vertical line labeled
r = 0 is the axis of rotational symmetry, O
is an arbitrary choice of origin in Minkowski
spacetime with past light cone depicted by a
dotted line, and .~ denotes past null infin-
ity. The H; are 3-dimensional hyperboloids
of 7 = constant with 7 — —o0 corresponding
to the limiting hyperboloid H™ at i~. The I'p
denote curves of constant p = (p, xf) along
which the limit to past timelike infinity is
taken.

The symplectic form is a real-bilinear map on the real and imaginary parts of b and ¢, but it
is not complex-bilinear (or complex-bi-antilinear) in b and ¢. On the complex plane, it is often
convenient to treat z = x 4+ 1y and Z = x — iy as though they were independent quantities,
imposing that they are conjugates only at the end of any calculation. For similar reasons, it
is convenient to treat b and ¢ as though they are quantities independent of b and ¢ on phase
space, imposing that they be conjugates of b and ¢ at the end of any calculation. Thus, we
will take a point in the asymptotic description of the classical phase space to be represented as
the quadruple (b(p), b(p), c(p),e(p)). The symplectic form is then a complex-bilinear function

of its variables.

Local observables are obtained by smearing the fields with a complex test function w(p)

on H~. The smeared fields b(w) and b(w) are defined by

bw)i= [ dEpopyae),  bw) = [ i), (4.16)
H~ H—

Note that we take b(w) to be anti-linear in w whereas b(w) is linear in w, so b(w) = b(w).

Note also that the Hamiltonian vector fields corresponding to these observables are given by
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3 3
—4272;2) (0,w(p),0,0) and %(w(p), 0,0,0) respectively. We similarly define the smeared
local observables
c(w)i= [ dpepup),  ow) = [ @ @) (4.17)
H—- H—

where we now take ¢(w) to be linear and ¢(w) to be anti-linear in w. The nontrivial Poisson
brackets are

4(2m)3 4(2m
2 (w1, wa)gy- 1, {e(wr),e(wz)} = —i <m2 (w2, wi)g- 1.

(4.18)

~—
w

b(wy), b(wy)} = —i
{bwn),B(w2)} 2
Here, the inner product (w1, wg)4~ is the ordinary L? inner product on H~ with the volume

element eq. (4.13), which is antilinear in its first argument and is linear in its second argument.

The asymptotic quantization algebra, %EG, for the massive complex scalar field is then
defined by starting with the free algebra generated by the smeared fields b(w), e¢(w), their
formal adjoints b(w)*, ¢(w)* and an identity 1. We note that the adjoint operators b(w)* and
c(w)* correspond to the complex conjugate observables b(w) and ¢(w) respectively. We then

factor this algebra by the analog of the linearity condition (B.I), the commutation relations

and vanishing commutators for all other fields. This completes the specification of the algebra

,inEG of local observables of the massive, charged Klein-Gordon field.

The Hadamard condition for states wKG on %EG

by wXG(b(p1)b(p2)), B (c(aq1)e(a2)), B9 (b(p1)e(g2)), and wKC (b(p1)*e(q1)) are smooth,

, is that the 2-point functions given
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whereas the remaining 2-point functions have the form

3

WG (b(p1)b(pa)*) = 4(;2) 03(p1,p2) + B(p1,p2) (4.20a)
Y

wKG(C(q1)C(q2)*) = 4(;2) 0y (q2,q1) + Clg2, q1) (4.20b)

where it is understood that d4 is to be smeared with a complex conjugate test function w in
its first argument and a test function w in its second argument, and the functions B and
C' are (state-dependent) smooth functions on H x H. Furthermore, the connected n-point

KG

functions for n # 2 of w™™ are required to be smooth. Note that the 2-point function of the

Poincaré invariant vacuum state w(I)(G is given by eq. (4.20) with B=C = 0.

In addition, we impose the following decay condition on states: We require that B, C'

and all the connected n-point functions for n # 2 of wKG decay for any set of |p;| — oo as
1

o((>; plz)_ /27€) for some € > 0. This completes our specification of the regularity conditions

on states.

2 Fxtension of the asymptotic quantization algebra to include charges and

Poincaré generators

The algebra %, that we have defined in the previous subsection was generated by the local
field observables of the asymptotic “in” fields. Thus, the only observables represented in .o#;,
are the local fields. However, there are additional observables of interest, where, here and
elsewhere in this chapter, we use the term “observables” in the precise sense explained in
sec. 2. In this section, we will extend @y to the algebra @4, ¢ by the addition of generators
of large gauge transformations (i.e. “charges”). We will then further extend this algebra to
an algebra &, op that includes the generators of Poincaré symmetries. We will construct

these algebras by obtaining observables on the classical phase space that generate large gauge
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transformations and Poincaré symmetries. These observables automatically have well-defined
Poisson brackets with themselves and with the local fields. We then will obtain <%, ¢ by
starting with the free algebra generated by .o, together with the observables that generate
large gauge transformations and then factoring by the commutation relations obtained from
the Poisson brackets. We will then further enlarge this algebra to &, qp by including the

observables that generate Poincaré symmetries.

We first consider the large gauge charges. As stated above, QED has an invariance
under eq. (4.3). The transformations eq. (4.3) with A vanishing at infinity are genuine gauge
transformations in the sense that the infinitesimal versions of these transformations are
degeneracies of the symplectic form. In order to construct a phase space with a nondegenerate
symplectic form, one must pass to the space of gauge orbits [100], so fields that differ by a
gauge transformation correspond to the same point of phase space. However, as previously
noted in sec. 1, the transformations eq. (4.3) with A = A(z4) are not degeneracies of the
symplectic form. Such “large gauge transformations” must be treated as symmetries and they
act nontrivially on the classical phase space. The infinitesimal version of these symmetries
defines a vector field on phase space. We will show that this vector field on phase space is
generated by a classical observable, which will be referred to as a “charge.” Consequently, we
can expect that the quantum algebra <7, can be extended to include quantum representatives

of the charges.

Since the asymptotic description of phase space is the Cartesian product of the Klein-
Gordon and Maxwell phase spaces, we can separately consider the action of large gauge
transformations on the Klein-Gordon and Maxwell fields separately. We will thereby obtain
two “charges”: (i) a charge Q,— that generates large gauge transformations on the Klein-
Gordon field and (ii) a “memory” quantity that generates large gauge transformations on the
Maxwell field. The sum of these two, denoted Q,0, generates large gauge transformations on

the full phase space. The reason for the use of “i?” in the notation for the total charge will
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be explained below.

We first consider the action of the large gauge transformations on the classical Klein-
Gordon phase space, i.e., on the asymptotic fields on H™. The large gauge transformations
are parametrized by a smooth function )\(xA) on S?, which describes the asymptotic behavior
of the transformation eq. (4.3) on the scalar field as p — oco. It is useful to pick a unique
representative of this transformation throughout H~ as follows. Let Agy(p) be the unique

function on H~ which satisfies
Dqdu(p) =0, Jim Mq(p) = Ma) (4.21)

where Ay is the Laplace operator on H ™. The solution Ay (p) can be expressed in terms of

the boundary value A(z) using a Green’s function as [119]

1
)‘H(p) :Sz dS2 GH(p7 xA)A@jA) ) GH(pv xA) = 47_((@ b f)2. (4.22)

Here, # is the unit vector in R3 corresponding to the point 24 on the unit 2-sphere, and p
denotes the projection of the point p € H~ onto the unit 2-sphere, also represented as a
unit vector in R3. The Euclidean dot product p - # of these unit vectors is the cosine of the
geodesic distance between two points on S? with respect to the unit 2-sphere metric. Note

that this Green’s function satisfies

/dQ Goy(p,a?) = 1. (4.23)
SQ

In terms of Ay, the action of the large gauge transformations on the asymptotic scalar field
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is given by

b(p) — b(p)e PP - B(p) s B(p)elPH(P)

c(p) > c(p)e!PHP) | 2(p) s e(p)e ), (4.24)

The infinitesimal action of large gauge transformations on phase space is given by

(p), c(p),e(p)) + ighy(p)e (—=b(p),b(p), c(p), —e(p)). (4.25)

—
ol
e
3
S~—
ol
YamS
3
S~—
o)
S
)
S~—
o)
)
=)
N—
N—
—
>
S
3
S~—
jol

This transformation is of the form eq. (2.8) with yg = 0 and

L(b,b,c,e) = V', V,c, ) (4.26)

with o' (p) = —igAy (p)b(p), ' (p) = ighy(p)c(p). The linear map L satisfies eq. (2.9) so we

obtain the observable

m2 —
0y (N) 1= G ((b,B,c.2), L(b, b 7)) = 125 | @) D) - cre(r)]
b

(4.27)
Note that the integrand on the right-hand-side of eq. (4.27) corresponds to the asymptotic
limit to H~ of J, 7/, where 7# is the unit normal to the surfaces of constant 7 and the

charge-current vector J# of the scalar field is given by

JH = —%[@D“so — DIl (4.28)

Thus, for )\(xA) = constant, Q,— is the total ordinary electric charge of the massive scalar

field [115].

Since the observables Q,— (\) generate the large gauge transformations eq. (4.25), it is
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straightforward to compute their Poisson brackets. The Poisson brackets of the charges with

themselves vanish

{Qi—(h), Qi—()‘Q)} =0 (4.29)

The Poisson brackets of the charges with the smeared fields are

!

{Qi-(N), b(w) } = —igb(Agyw),  {Q— (), b(w)} = igh(Ayw)

{Qi- (), c(w)} = ige(gw),  { Q- (V) E(w)} = —ige(\yw) .

(4.30)

Since Q;—(A) is an observable on the Klein-Gordon phase space, it has vanishing Poisson

bracket with all electromagnetic observables.

We now consider the action of large gauge transformations on the Maxwell phase space.

The large gauge transformation \ = )\(xA) acts on the Maxwell phase space by

Ag— Ag+ DN, Ey y— Ey. (4.31)
This affine transformation is generated by ﬁA(A) where A()) is defined by

A(N) = — / dvdS) EA(U,Q:B).@A)\(Q:B). (4.32)

g
Thus, A()) is an observable on the Maxwell phase space. We refer to A(\) as the memory
of the Maxwell field associated with the large gauge transformation \. Since the local
electromagnetic field observables E(s) (see eq. (4.7)) are invariant under eq. (4.31), A(X)
has vanishing Poisson bracket with all local electromagnetic field observables. Since A(\)
is an observable on the Maxwell phase space, it also has vanishing Poisson bracket with all

Klein-Gordon observables.

The generator of gauge transformations on the full phase space of the Klein-Gordon and

152



Maxwell fields is given by the sum of eq. (4.27) and eq. (4.32)

Q0(N) = Q; (\) + ;A(A) | (4.33)

The Poisson brackets of Q,0(A) with all local field observables are the same as those of Q;— ().
The subscript “i?” has been placed on Q,0(A) because its value can be computed by taking
limits of surface integrals of the electric field as one approaches spatial infinity, i, along .# .

This can be shown by the following lengthy argument.

First, we show that the charge Q,— ()\) can be computed as a bulk limit of the electric
field. In the bulk spacetime, the massive scalar is coupled to the electromagnetic field via the
Maxwell equation

;V”FW = JH (4.34)

with JH given by eq. (4.28). We assume that the limit to 1~ of the “electric field”

Eulp) = lim 72h,"Fyor® (4.35)

T—+—00

exists and defines a smooth tensor field & on H™, where hy, = gy + 7,7 is the induced
metric on the hyperboloids of constant 7. From the Maxwell equation (4.34) and the falloff
of the scalar field, it follows that there exists an electric potential V(p) on H™ so that
Eu(p) = Dy V (p), which satisfies

AV ) = 155 i) - el (4.36)

where 7, denotes the derivative operator on H~ and A again denotes the Laplacian on
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‘H~. By Green’s identity, for any large gauge transformation A\, we have

1 1
— DMy DoV —VDury) = EO‘HAHV — VA y)

47
me (4.37)

= 13275 [P0P0) — c(p)e()

Integrating this equation over H~ and applying Gauss’ theorem to the left side, we obtain

2
hm — /dQ A(xz)(cosh p)2pa5a = 127 p My (p) [b(p)g(p) — C(p)E(pﬂ

(4.38)
= Q;-(A)

where p® is the unit-spacelike-normal to the p = constant cross-sections of H~. Thus, as
we desired to show, the charge Q;—(\) can be obtained as an asymptotic surface integral as
p — oo of the electric field &, on H ™, which itself is obtained as the bulk limit eq. (4.35) as
T — —o0. For A(z4) = constant, eq. (4.38) corresponds to the usual Gauss law formula for

charge.

Next, we assume that the analogue of the “null regularity” condition imposed at spatial

infinity in [33] holds at timelike infinity. This yields

. 2 a4 N\ M _
pgnéo(cosh p)°pE, (along H™) = Ul%moo Fultn”  (along S 7) (4.39)
where [# is a vector field at . satisfying /" = 0 and [#n, = —1. This quantity is not a

function on the electromagnetic phase space, i.e., it depends on non-radiative (Coulombic)

information at .~ that is obtained from bulk limits. It follows that

Ql_(/\) = lim j/dQ )\(%A)Fuyluny- (4.40)
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Now, Maxwell’s equations imply that on .#~ we have
En(Fltn’) = 94E,. (4.41)

It follows immediately that

A(A):i / dvd§2 Mat) =
A

1 ] (4.42)
7 = A WV 1 7/ A W,V
vgrfooll/dg o) F it = Tim o [ dQ @A) Futin”.
S2 S2
Thus, we obtain our desired result
Qo(\) = lim — / ) Mz ) Fy 1P
i v—r+o0 47 HY (4.43)

which shows that Q,0(A) can be computed in terms of a limit of F},,[#n” as one approaches
i0 along .. However, it should be kept in mind that F},,[#n" is not an observable on the
Klein-Gordon and Maxwell phase spaces. The definition of Q,0(A) as an observable is given

by eqs. (4.27), (4.32) and (4.33).

It is worth noting that on any cross-section S = S? of .#, we can define the Maxwell

charge associated with the large gauge transformation A by
1 A W,V
Qs(A) = @/dQ Az ) FlFn”. (4.44)
S

This notion of “large gauge charge at a finite advanced time” may be useful for a number
of purposes. However, unlike Q,—(\) and Q,0()), the quantity Qg(\) does not correspond
to an observable on phase space. Thus, Qg(\) does not have well-defined Poisson brackets

with local field observables and we cannot expect Qg(A) to have a well-defined counterpart
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in quantum field theory.?°

We now turn to the extension of the algebra, %, , of local quantum observables to an
algebra @4,  that includes the large gauge charges Q,—(A) and A(A) (and thereby, Q;0(\)).
We start with the free algebra generated by the smeared local field observables together with
observables labeled as Q,— () and A()) and their adjoints for all large gauge transformations
)\(xA). We then factor this algebra by linearity in the test functions and A as well as Hermitian
conditions for E, Q,—, and A. Finally, we factor the algebra by the commutation relations
corresponding to all of the Poisson bracket relations we have obtained above. This defines

the desired extended algebra ), (.

However, since A()\) commutes with all observables® in @4, q, it follows that in any
representation of @4, q, a shift of A()\) by a multiple of the identity — with no corresponding
shift of E — would also yield a representation of the algebra. This implies that there are
many states on the extended algebra where the value of the memory observable is not related
to value of the electric field by eq. (4.32). In order to exclude such states, we require as
a further condition on states w (in addition to the Hadamard condition and the fall-off

conditions of sec. 4.1) that?!

W(AN) = — / dvd) w(E A (v, 28)) 24N (2 B). (4.45)
A

We have a similar multiple of the identity ambiguity for operator representatives of

29. The nonexistence of operators corresponding to Qg(A) in quantum field theory is in agreement with
the arguments given in [110].

30. Note, however, that this will not be the case after we further extend the algebra to %, qp by including
Poincaré generators, as we shall do below.

31. We could also impose conditions on higher n-point functions of memory, but we will not need these, so
we shall not impose them here.
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Q,—(A). We could similarly impose the additional requirement on states that

m2

Qi) = 1575 [ @ o) (o) b(p) — e(p)e(p)) (4.46)
i’

427

where the expected value of quadratic quantities was defined at the end of sec. 3. However,
for the massive scalar field, we will only be interested in states in the standard Fock space
(see sec. 4.3.1). For such states, instead of demanding eq. (4.46), we can more simply demand
that the charge Q,— () annihilates the Fock vacuum state, since this removes the multiple of
the identity ambiguity in this representation and implies that eq. (4.46) holds for all states in

this representation.

We now follow the same strategy to further extend the algebra &%, ; to an algebra <, op
that also includes observables corresponding to the generators of Poincaré transformations.
The first step is to write down the action of the Poincaré group on the classical phase space
and show that its infinitesimal action is generated by an observable on the classical phase
space. Again, we may consider the Poincaré action on the Maxwell phase space and the

Klein-Gordon phase space separately.

Poincaré transformations correspond to a particular class of diffeomorphisms of .# ~, and
these act naturally on the fields A4 and E 4, so it is straightforward to determine their action
on the Maxwell phase space. Lorentz transformations (with origin taken to be that used to
define the hyperboloids of eq. (4.11)) similarly correspond to isometries of H~ and thus have
a natural action on the asymptotic Klein-Gordon fields. Thus, we only need to explain the
action of translations. In terms of the asymptotic coordinates used above, it can be shown

that, at leading order, a translation corresponds to the transformation 7+ 7+ fg(p) where
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the function fy (p) satisfies®?

(A —3)fyp) =0,  lim p~Lfu(p) = f(z?) (4.47)

with f (:L‘A) is a smooth function on S? supported only on the £ = 0, 1 spherical harmonics.

The solution can again be written in terms of a Green’s function as [119]

. ~ 1
fulo) = [ 49 Gyylp, e @), Grlpa®) = 148
§2 dm(\/1+ p* = pp - )3 4
where the notation p and 7 is as explained below eq. (4.22). The action of these translations

on the asymptotic fields is given by

b(p) s b(p)e MHDB)  B(p) s Bp)e™HP) | o(p) s e(p)eIHD) | E(p) s E(p)etM D),
(4.49)

The infinitesimal action of an arbitrary Poincaré transformation on both the Maxwell and
Klein-Gordon phase spaces is thus given by a linear transformation, P. It can be verified that
P satisfies eq. (2.9). We thereby obtain an observable, Fip, on phase space corresponding to

an arbitrary infinitesimal Poincaré transformation P by the formula,

Fp(6) = 506, Po) (1.50)

where “¢” stands for a point in the Cartesian product of the Maxwell and Klein-Gordon
phase spaces. For a given choice of origin in the bulk spacetime, we can write an arbitrary
infinitesimal Poincaré transformation as P = T+ X where T is a translation and X is

a Lorentz transformation. We denote the corresponding observables as F and Fx. The

32. One can also represent BMS supertranslations at timelike infinity by considering solutions f(p) to
eq. (4.47) on 1~ with the boundary value f(z#) now being allowed to be any smooth function on S2.
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Poisson bracket of these observables with the local asymptotic massive scalar field observables

are given by
{Fp, b(w)} = ib(fyw), {Fx,b(w)} =b(£xw) (4.51)

where £ xw is the Lie derivative of the complex test function w(p) with respect to the Killing
vector field on H representing the Lorentz transformation X. Analogous formulae also hold
for the observable ¢(w). The Poisson bracket of the Poincaré obervables with the local

electromagnetic field observables on ¢~ are given by
{FT, E(S)} = E(fTS) s {FX7 E(S)} = E(fXS) (4.52)

where, now, the Poincaré translation T is represented by the vector field fn* on £~ with f
supported on the ¢ = 0, 1 spherical harmonics and the Lorentz transformation is a conformal
Killing vector field X A on S2. Further, the Poisson brackets of the Poincaré observables with

memory and charges are given by

{Fr.AN} =0, {Fr.Q; (N} =0 (4.530)

{Fx. AN} = A(£xN). {Fx.Q (N} = Qi jin(£xN). (4.53b)

Finally the brackets of the Poincaré generators with themselves are

{FTl’ FTQ} =0 ) {FX17 FXQ} = F[X17X2] (454&)

{Fx,Fr} = Fp (4.54b)

where in the above, if T is represented by a function f (xA) then T’ is represented by
fl=£xf— 1/2(9AXA)f. It should be noted that eq. (4.53b) shows that memory is not
Lorentz invariant unless it vanishes. Similarly, the charges at timelike and spatial infinity are

not Lorentz invariant unless all of the charges (including the ordinary total electric charge)
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vanish. In addition, the nonvanishing of the Poisson brackets of F'y with Qio shows that the
observables F'y are not gauge invariant unless all of the charges vanish, as expected from the

considerations given in [120].

The extended algebra <%, qp is now obtained by adding Hermitian elements F'p for each
Poincaré¢ generator P to @4, ¢ and factoring by commutation relations corresponding to all

of the above Poisson bracket relations.

3 Fock representations

In the previous sections, we have constructed the asymptotic local field algebra %, and we have
extended it to the algebras &%, o and &, p that include large gauge charges and Poincaré
generators. The ordinary Minkowski vacuum state, wg := w(I){G@)w(})EM, is the Gaussian state on
oy, with vanishing 1-point function and with 2-point function given by egs. (4.10) and (4.20)
with Syp = B = C = 0. We can extend its action to <4, qp such that for all a € &, op we
have wp(aA) = wp(Aa) = wp(aQ;-) = wo(Q;-a) = wy(aFp) = wo(Fpa) =0, i.e., such that
wp is an eigenstate with eigenvalue zero of all the charges and Poincaré generators. The GNS
representation of wy will yield the usual Fock space of incoming particle states. However,
all states in this Fock space will be eigenstates of memory with vanishing eigenvalue. The
corresponding construction of an “out” Hilbert space will similarly contain only states with
vanishing memory. Consequently, as discussed at length in sec. 1, this choice of Hilbert space

is not adequate for scattering theory, since it does not contain the states with memory that

arise from the scattering processes.

The purpose of this subsection is to construct a large supply of states — including states
with memory — that later can be reassembled into a Hilbert space satisfying properties
(1)=(5) of sec. 1. We will do so by constructing the ordinary Fock representation of the

asymptotic Klein-Gordon scalar field and the asymptotic electromagnetic field. We will then
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construct corresponding “memory representations” of the electromagnetic field by shifting
the electromagnetic field by the identity multiplied by a classical electromagnetic field with
the desired memory. We will thereby obtain states of the electromagnetic field with arbitrary

memory.

1 Fock representation of the massive field algebra

In this subsection, we construct the standard Fock representation of the asymptotic Klein-
Gordon scalar field. This will give us an ample supply of incoming states of the Klein-Gordon

field.

The vacuum state on the extended asymptotic Klein-Gordon algebra %E%P is the

1

Gaussian algebraic state w(I)(G with vanishing 1-point function and 2-point function given by

(see eq. (4.20))

G btun)ben)) = B gy S eluwnetun)) = 25 fun,wn)yy (455)

for all test functions w1 (p), wa2(p), where (, )4, is the L? inner product on #~. Furthermore,

w(I)<G is an eigenstate of eigenvalue zero of Q,—(\) and all of the Poincaré generators.

ZKG with a natural Fock space

The GNS construction for w(%{G yields a Hilbert space
structure. Concretely this construction is obtained as follows. On the space of complex test

functions on H~ we define the inner product

T 3
(wi|we) = w(IfG(b(wl)b(wg)*) = 4@2m) (w1, w2)y (4.56)

using the 2-point function in eq. (4.55). This is a non-degenerate, positive, Hermitian inner

product. Let 57 KG e the completion of the space of test functions in this inner product, i.e.,
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#°KG g the Hilbert space of square-integrable functions (i.e. wave packets) of the timelike
momentum p represented as points on H ™. This Hilbert space serves as the “one particle”

Hilbert space for particles in the Fock space. The Fock space of particles is given by

KG KG KG
‘g;particles =Co @ (% Ry @5 H ) ‘ (4.57)
n>1

n times

where ®g¢ is the symmetrized tensor product. On this Fock space the b(w)* acts as a creation
operator and b(w) acts as the annihilation operator for a particle wave packet w(p). An

identical construction with the inner product

G e(wr)etwn)) = 22T (g iyl (4.58)

gives the “one antiparticle” Hilbert space % KG, and the corresponding Fock space ya%l%particles
on which ¢(w)* acts as a creation operator and ¢(w) acts as the annihilation operator for an
antiparticle wave packet w(p). Since the operators b(w) and b(w)* commute with ¢(w) and
c(w)*, the full Fock space representation is given by the tensor product of the particle and

antiparticle Fock spaces

FRE = FE s ® Fanis (4.59)

particles antiparticles -

The algebraic state w(I){G corresponds to the vacuum state of the Fock space, which we denote

as ]w(I){G> e ZKG_ We have

b(w) [whS) = c(w) |wf) = Q- (V) |wiE) =0, for all w(p), A(z?). (4.60)

7

A dense set of Hadamard states in this Fock space is generated by the linear span of the
vacuum |w6<G) and symmetric tensor products of the particle and antiparticle wave packet

states with test functions w(p).
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The large gauge transformations and Poincaré transformations have a strongly continuous
unitary action on .# KG  The vacuum state \w(I){G> is invariant under these transformations.
The large gauge transformations and translations act on the one-particle/antiparticle spaces
as multiplication by a phase. The Lorentz group acts on the one-particle/antiparticle spaces
by its natural action on L?(H ™). The action on the full Fock space is immediately obtained
by extending the action to symmetric tensor products of the one-particle/antiparticle spaces

[121].

In the construction of the Faddeev-Kulish representations (see sec. 4.4) it will be useful to
work with “improper states” of definite particle/antiparticle momenta. Formally, these states

correspond to applying the point-wise creation operators b(p)* and ¢(q)* to the vacuum

1 1
Lo pn) = —=b(p1)* . b(pn)* [wh ) and |q1,. .., gm) = —=e(q)* ... elgm)* i)

vnl Vm!
(4.61)

where p,q € H~ correspond to the momenta of particles and antiparticles respectively.
Although eq. (4.61) is well-defined if we smear with test functions in all variables, the
definite momentum states |p1,...,pn) and |q1, ..., ¢n) themselves have infinite norm and
are not genuine states in .%# KG However, we can make mathematical sense of these improper

g‘KG

states and their relationship to in a precise way as follows. Let %KG = C, be the

one-dimensional complex Hilbert spaces spanned by the symbol |p). Thus, |p) is a genuine

state in %KG. Similarly, for all py,...,pn we define the one-dimensional complex Hilbert
space %If_?pn by
KG _ KG KG
Hpr.oipy = Yoy B8+ 5 Ay, (4.62)

where the symmetric tensor product symbol indicates here that we identify the Hilbert

spaces that differ by a permutation of py,...,p,. Then %%If_(_%pn is spanned by |p1,...,pn) =

Ip1) ®g -+ Rg |pn). We similarly define the n-antiparticle Hilbert spaces of definite momenta.

gKG

The Fock space is then given by the direct sum of the direct integral of these Hilbert
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spaces

[12

—KG
FKG / B PppdPqr .. Py ARG, © o (4.63)

n,m=>0 Hn+m
where d3p and d3¢ denote the Lorentz invariant measure eq. (4.13) on the hyperboloid. States

in the Fock space are thus given by expressions of the form

V) = Z / d3p1 . ~d3pnd3Q1 . -d3Qm Y(P1y- - Pns @iy qm) [P1---Pn) @ lq1 -+ - Gm)
n’m’Hn+m
(4.64)
where 9 is a complex L2-function of p; and ¢; that is invariant under permutations of the

p; and permutations of the ¢;. The quantities |p1...pn) and |q1...qm) appearing in this

equation are the mathematically well-defined basis elements of 7 KG and 7% q1

P1.--Pn -qm

The action of the charge operator Q,—(\) on .# KG can be expressed very conveniently
in this representation of the Fock space, since the direct integral decomposition eq. (4.63)
corresponds to the spectral decomposition of the operator Q,— (). Formally, the states

Ip1,...,pn) and |q1, ..., qm) are eigenstates of Q,—(\) with eigenvalues given by

QZ‘—()\) ‘pla cen >pn> = Q< Xn: )"H(pi)> ‘pla ces >Pn>

1=1

- (4.65)
Qi-(N)la, .- qn) = —Q< > AH(%)) g1, - an)
1=1
where Ay is given by eq. (4.22). Note that the unsmeared version of eq. (4.65) is
A n
Qi—(x )‘pla"'vpn _Q<ZGH bi, T >|pl>,pn>
=1 (4.66)

n
Qi (xM a1, an) = —a| X Gylai,x >|q1,-~-,qn>-
=1

where Gy (p, 24) = (A7) =1 (\J1 + p2 — pp - #)72 (see eq. (4.22)). For a state |¥) in the Fock

space lying in the subspace of n particles and m antiparticles, the action of the charge
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operator is given by

Qz’*()‘>|‘1/>:q / d3P1~~d3Pnd3Q1---d3Qm¢(P17---Pn7€717---7Qm)X
'Hner

(4.67)
n m
(Z M (pi) = X AH(%)) p1---pn) @ lq1- - gm) -
1=1 1=1
All states in this subspace are eigenstates of the total charge operator Q;—(1)
Q- (1) |W) = g(n —m)|¥) . (4.68)

However, for non-constant A, there are no proper eigenstates of Q,—(\) apart from the

vacuum state.

2 Fock representations of the Maxwell field algebra

The vacuum state on the extended asymptotic algebra JMIEMP of the electromagnetic field is

the Gaussian algebraic state ng with vanishing 1-point function and 2-point function given

by (see eq. (4.10))

A A\ B A
s (vy, )85 (vo, x
WEM(E(s1)E(s2)) = — / oy dvgdy 1ABSL V1 TT) Qié ). (4.69)
(v —v9 —i0T)
R2xS2
EM ;

Furthermore, wiy™ is an eigenstate of eigenvalue zero of memory, A(\), and all of the Poincaré

generators.

The GNS construction for w(}j]M yields a Hilbert space ﬁ(I)EM with a natural Fock space

structure. Concretely this construction is obtained as follows. On the space of positive
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frequency Schwartz test functions on .#~ we define the inner product

o0
(s1lse)g = WM (E(s1) Blse)) = 2r [wdw [ a0 sl(w,aM)sap@,a?)  (4.70)
0 S2
where the “hat” denotes the Fourier transform, and the final equality above is the Fourier
space representation of eq. (4.69). We define the one-particle Hilbert space, %EM, to be the
completion of the space of positive frequency test functions in this inner product. The GNS

Fock space associated with the vacuum state is then given by

FiM =Co P (BN eg-- 0y ™M)

v (4.71)

n times

For real 2, the smeared electric field operator Eq(s) := W(E))M [E(s)] in this representation is

given by

Eo(s) = ag(s™) +ap(s™) (4.72)

where ag, ag are the usual annihilation and creation operators on the Fock space and su-
perscripts “+” denote the positive/negative frequency parts, respectively. There is a dense
subspace of Hadamard states given by the span of the vacuum |w§M> and any finite products
of a(];(s;r) applied to the vacuum, with s; an arbitrary test function. The Poincaré transforma-
tions act on %EM by their natural action on .# ", which gives rise to a strongly continuous

yEM

action on .ZEM. The vacuum state, [wi™), is invariant under these transformations.

The Fock space ﬂ&aM constructed above is the usual choice of Hilbert space for the
“in” radiative states of the Maxwell fields. However, all states in this Hilbert space are
eigenstates of memory, A()\), with eigenvalue zero — as follows immediately from the fact
that the vacuum is an eigenstate of A(\) with eigenvalue zero, and A(\) commutes with
E(s) and hence with a;r)(er). However, even in the classical theory, memory is not conserved

between “in” and “out” states in generic scattering processes. Thus, even if we restrict to the
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zero-memory Fock space ﬁ(;EM for the Maxwell in-states, the out states obtained will not
have zero memory and hence will not live in the zero memory out-Fock space 9&31\4 One is
thus forced to consider states which have non-vanishing memory to describe scattering. Thus,

the states in f(jEM do not give us an ample supply of states to use in scattering theory.

However, we can construct different Fock representations containing states with nonvan-
ishing memory as follows (see [3]). Choose a smooth classical electric field e 4(z) on .~ that

satisfies our decay conditions but is such that the corresponding classical memory

Ale, \) / dvdQ) e 4(v, x ).@A)\( ) (4.73)

is non-vanishing. Consider the algebra automorphism a, : 42% nQ e;zflgl\Q/[ determined by

ac[E(s)] = E(s)+e(s)1, ac]AN)] = A\ + Ae, M1. (4.74)

This is easily seen to define an automorphism, since the commutation relations are unaffected
by shifting the operators by a multiple of 1. Using this automorphism we define a new

algebraic state wEM by

WEM(0) = w™M(ac[0])  for all O € ALY, (4.75)

Then wEM is a Gaussian, Hadamard state on ,Qfm Q that satisfies eq. (4.45) and, for each A,
is an eigenstate of A(\) with eigenvalue A(e, \). The GNS construction for wEM yields a

Fe EM with a Fock space structure and a vacuum state |wEM> corresponding

Hilbert space .#
to wEM. Every state in .ZFM is an eigenstate of A(\) with eigenvalue A(e, \). Thus, this
construction — for the various different choices of classical electric field e 4 — gives an ample

supply of states with any desired memory.

It should be noted that if e 4 and e;l are smooth and satisfy our decay conditions, then the
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Fock representations obtained by the above GNS construction will be unitarily equivalent?3

if and only if A(e,\) = A(¢/,\) for all \. Thus, there are as many unitarily inequivalent

constructions as there are choices of memory one-form A 4 () on S2. In particular, there are

uncountably many such constructions. If e4 and ¢/4 are such that A(e, A) = A(e/, A) (so that

M

they give rise to unitarily equivalent representations), then the state wE — which corresponds

EM

the the vacuum state in 7" — corresponds in FEM t0 the coherent state associated with

the classical solution e/A — ey. Thus, the representations with nonvanishing memory do not
have a “preferred” vacuum state, i.e., the vacuum state of the Fock representation depends on

the choice of representative classical electric field e 4. Nevertheless, the unitary equivalence

gﬁEM

class of the Fock representations correspond to all smooth e 4 with memory A 4. Thus,

the “memory representations” can be labeled by the memory of the representative — i.e., as

ﬂg rather than #; EM __ and we shall do so in the following.

It also should be noted that for any given choice of memory A A(xA) on S? and any given
choice of frequency wp > 0 one can find a representative classical electric field e 4 (v, B ) with

memory equal to A A(:EA) such that the Fourier transform of e4 is nonvanishing only for

frequencies w < wq. Thus, the states in fEM can be viewed as differing from the states in

Z0 EM only in the (arbitrarily) far infrared. However, for A 4(z1) # 0, if one tries to formally

express a normalized state in F ¥ EM a5 a state in F0 EM " one will find that it has infinitely

many “soft photons” and cannot be normalized. Thus, the states in QEM are genuinely
different from states in 3"({3M

The above construction yields representations of ,Qf i Q with any desired memory. We now

consider whether these representations can be extended to representations of W’ . QP ie.,

ﬁEM

whether one can define an action of Poincaré generators on such that the commutation

33. However, if e4 and €’y are not smooth, the norm (defined in eq. (4.70)) of the positive frequency part of
es — €/, need not be finite even when they have the same memory. In that case, the Fock space constructions
will not be unitarily equivalent. This point will be relevant to the considerations of sec. 5.4.
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relations corresponding to eqs. (4.51)—(4.54b) hold. Consider, first, a translation. The
natural action of a finite translation on the classical electric field e 4 maps it into an electric
field 614 with the same memory. As noted above, the representation obtained from e’A is
therefore unitarily equivalent to the representation obtained from ey4. It follows that the
natural action of finite translations can be represented by a unitary map on QEM This
map is strongly continuous in the translation parameter, so we get a self-adjoint operator on
EEM representing an arbitrary translation generator 7', which satisfies all of the required
commutation relations.?* Thus, the above Fock representations of ﬂflg}\é{ with nonvanishing

memory can be extended to include Poincaré translations.

ﬁEM

However, the Fock representations # ™ with nonvanishing memory cannot be extended

to include the action of the Lorentz generators [122, 3]. As noted above, for all A all states in
9EM are eigenstates of A(\) with eigenvalue A(e, A). Thus, for all A, the memory operator
commutes with all operators on ﬁgM However, if A(e, A) is nonvanishing for some A, then
by eq. (4.53b) some Lorentz generator X must have a nonvanishing commutator with A(\).
Thus, the above Fock representations of JZ{IE}\Q/[ with nonvanishing memory cannot be extended

to representations of szlgl\(gp

4 Faddeev-Kulish representation

We turn now to the issue of whether we can find Hilbert spaces of incoming and outgoing
states that satisfy properties (1)—(5) listed in sec. 1. The standard choice of “in” Hilbert space
Fy = FECG g ,?(])EM and correspondingly constructed standard “out” Hilbert space Zoyt of
the “out” algebra does not work, since all states in %, and %4, have vanishing memory,

but scattering takes states with vanishing memory to states with nonvanishing memory. As

34. We emphasize that the spectrum of the energy operator corresponding to time translations is bounded
below by zero but does not achieve the value zero for any state with memory.
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QEM

we shall discuss further in sec. 7, one could attempt to allow memory by replacing %

with a direct sum, @ AngM, over all unitarily inequivalent memory Fock spaces. However,
since there are uncountably many such memory Fock spaces, this would give a non-separable
Hilbert space, in violation of property (5). Furthermore, each state in such a direct sum
would have a nonvanishing probability for only a countable number of discrete values of
memory. However, scattering with an “in” state of this sort surely does not produce an “out”
state of this sort, so property (4) also will not be satisfied by this choice of the “in” and
“out” Hilbert spaces. Finally, by eq. (4.53b), since the memory is not Lorentz invariant there
cannot be continuous action of Lorentz on the direct sum — in violation of property (3)
— s0 the angular momentum cannot be defined. A more promising possibility would be to
take some sort of direct integral of memory representation Hilbert spaces. However, as we
shall discuss further in sec. 7, the natural Lorentz invariant Gaussian measure on memory
has support on memories that are too singular to be admissible, and there does not appear

to any other choices of measure for a direct integral construction that have the prospect of

satisfying properties (3) or (4).

Nevertheless, it is possible to give a construction, due to Faddeev and Kulish [32], of
“in” and “out” Hilbert spaces that satisfy (1)—(5). The construction involves taking a direct
integral over the memory Fock spaces of the electromagnetic field but correlating these Fock
spaces with (improper) momentum eigenstates of the massive Klein-Gordon field so as to
produce states with vanishing charges Q,0(A) at spatial infinity. This is a useful construction
because of the fact that, as shown in [23, 24, 33, 25|, for solutions to the Maxwell equations
that are suitably regular at spatial infinity, the charges Q%()\) obtained from the limit along
past null infinity are matched antipodally to the similarly defined charges Q;?&lt()\) obtained

from the limit along future null infinity,

QBN = QR (ho M) (476)
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where T is the antipodal map on S2. Thus, any “in” state that is an eigenstate of Q;{}(}\) for
all A should evolve to an “out” state that is an eigenstate of Q?(}lt(/\o'r) of the same eigenvalue.
However, since by eq. (4.53b) the Lorentz group generators have nontrivial commutators with
the charges at spatial infinity, the Lorentz group generators cannot act on a Hilbert space of
states of definite charges exzcept in the case where all of the charges vanish, Q;0()\) = 0 for all
A [85, 84, 86, 34]. Therefore, we seek to construct “in” and “out” Hilbert spaces composed of
states that are eigenstates of eigenvalue zero of all of the large gauge charges (including the

total electric charge) at spatial infinity.

To construct an “in” Hilbert space with Q,0(A) = 0 for all A, we make use of the relation

1

QN =9Q;-(\)+ =

A(N) (4.77)

(see eq. (4.33)). We start with the one-dimensional Hilbert space %’;}fﬁpn ® A tlzic-%-qn of n
incoming particles and n incoming antiparticles in momentum states p1,...,pn and q1, . . ., qn,

respectively (see eq. (4.62)). This state has vanishing total electric charge and large gauge

charges
n

Qi-(N) = ¢ > Mulpi) — Myla)) (4.78)
=1
(see eq. (4.65)), with A\y(p) given by eq. (4.22). Therefore, we can obtain a state with

Q,0(A) = 0 for all A if we can find a memory representation ﬁEM such that for all A we have

ACDL - an) = 470> Celpi) — Malay)) (4.79)
=1

This will be the case if for any p we can solve
742 42 p) = dmq(Gay(p,2™) = 1) (4.80)

with Gy given by eq. (4.22). If we can solve eq. (4.80), then the memory representation
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SN EM obtained from any e 4 such that

— / dv eA(v,x i( ;pz AA(xA;Qi)) (4.81)

1=1
will have memory satisfying eq. (4.79).

We can decompose any one-form on S2 such as A 4 into its electric and magnetic parts as

Ay = @AQ—FEAB@BB (4.82)

The magnetic part® will not contribute to 24A 4, so eq. (4.80) becomes

P%0 = Amq(Gyp, ) — 1) (4.83)

By eq. (4.23), the right side is orthogonal to the ¢ = 0 spherical harmonic, so this equation

can be uniquely solved. Since Gy (p, xA) is smooth, it follows that A A(xA; p) is smooth and,

hence, e 4(v, z4Y) can be chosen to be smooth.

We now have all of the ingredients needed for the Faddeev-Kulish construction. As
described in the previous subsection, the standard Fock space .# KG for the Klein-Gordon
field can be obtained by taking a direct sum of direct integrals of the one-dimensional
Hilbert spaces %Iprn ® %ﬂ .. of momentum eigenstates (see eq. (4.63)). As stated
above, the standard “in” Hilbert space is then obtained by taking the tensor product of
this Klein-Gordon Fock space with the standard (zero memory) Fock space ﬁ(FM for the
electromagnetic field. The Faddeev-Kulish construction modifies this procedure as follows.
Prior to taking the direct integral, we pair the state |p1...pn) ® |q1 ... qn) with the Fock

g EM

representation .# Alpr obtained from an electric field e4 on £~ satisfying eq. (4.81).

~n)

35. As previously explained (see footnote 5), we restrict consideration in any case to purely electric parity
memory.
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All electromagnetic states in this representation have memory given by eq. (4.79), so the
states in %;}f?pn ® '%751{1(.}..% ® LQZEI(\ELN.?%) have Q.,0(A) = 0 for all A\. We now take the
direct integral of these Hilbert spaces over pq, ..., g, and the direct sum over n to obtain the

Faddeev-Kulish “in” Hilbert space

00
Hn " = P / Epr. . Ppad’ar .. g %L-Gpn DA qran @ T N(py o) (4.84)

n=0 22n
All states in L%’f; K are eigenstates of Qi{}()\) with eigenvalue zero for all A. The “out” Hilbert
1

space %1?1{{ is constructed similarly.

It should be noted that %’jg K does not carry a representation of the algebra Ay QP Or
even of the unextended algebra %;,. The massive field operators b(w), ¢(w) have nontrivial
commutators with with Q.0()) (see eq. (4.30)) and cannot be made to act on K However,
all gauge invariant observables in 2%, qp commute with Q;0(A), and therefore ,%’jrlf K carries

a representation of the subalgebra of gauge invariant observables.

The Faddeev-Kulish “in” and “out” Hilbert spaces can be seen to satisfy requirements

FK

(1)-(5) of sec. 1 as follows. Requirement (1) is automatically satisfied, since i is obtained

(6]
by the same construction as ijg K Satisfaction of requirement (2) follows from conservation
of the large gauge charges, eq. (4.76), which implies that any state in %’jg K must evolve to an
eigenstate of eigenvalue zero of Q;?&lt(/\) for all A\, which, presumably, must lie in %13{ With
regard to requirement (3), the translation group acts naturally on both %If?pn ® H 51(3(]11

and ﬁEM so there is no problem obtaining its action on J4X X [86]. A Lorentz transformation

A maps ZKG J“?gl(}

—zKG
P1-.Dn to #KG ® S Nq,...Ag, a0d maps {ngM to ?EXI However,

-4n Ap1...Apy,

since Ale4(p1 ... qn)] defines the same memory Fock space as e4(Apy ... Agp), there is no
problem obtaining an action of the Lorentz group on %’jg K so requirement (3) is satisfied
[86]. Note that there would be a problem with obtaining Lorentz group action if we had

similarly constructed a Hilbert space of eigenstates of Q,0(\) with nonvanishing eigenvalues
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(85, 84]. With regard to requirement (4) since, as discussed above, e 4 can be chosen to be of
arbitrarily low frequency, each ﬂEM contains representatives of any desired “hard” photon
state. It is clear that ji’jg K contains states of arbitrary momenta of the charged particles and
antiparticles provided that the number of particles and antiparticles are equal. As discussed
in sec. 1, although this equality of particle and antiparticle number yields a genuine restriction
on the allowed states, one can deal with this in the consideration of scattering by putting any
extra/unwanted particles “behind the moon.” Thus, arguably, requirement (4) is satisfied.

Finally, it is straightforward to show that requirement (5) is satisfied.

The states in %’f; K correspond to incoming particles /antiparticles together with incoming
photons in states whose memory is highly correlated with the momenta of the particles and
antiparticles. As mentioned above, we may view the states in any memory Fock space EE’M
as corresponding to a state in f(?M together with infinitely many “soft photons.” Thus,
we may view the memory associated with e4(p1 ... qpn) as “dressing” the incoming charged

particle state |p1...pn) ®|q1 ... qn) with a “soft photon cloud.” In ,%’ig K "all charged particle

states must be “dressed” in this manner.

The “dress requirements” imposed by %ﬁg K have a number of unpleasant consequences.
Most notably, one cannot consider a coherent superposition of charged particle states of
different momenta, since charged particle states with different momenta are required to be
dressed with soft photon clouds corresponding to different representations of the electro-
magnetic field. These orthogonal soft photon clouds will preclude any interference effects
arising from superposing charged particle states of different momenta. Nevertheless, as we
have argued above, %’ig K contains a supply of states that is adequate for analyzing many

scattering processes of interest.
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5 QED with a massless, charged Klein-Gordon field

In this section, we consider QED with the massive charged Klein-Gordon field of sec. 4
replaced by a massless charged Klein-Gordon field. Thus, we consider the theory defined by
the Lagrangian eq. (4.1) with m = 0. Most of the analysis carries through in close parallel with
the massive case. However, as we shall see, a significant difference arises in the construction
of the Faddeev-Kulish Hilbert space due to the fact that the memory representations of the
electromagnetic field needed in the construction are singular. In sec. 5.5, we shall consider
the source-free Yang-Mills case. In addition to the problems of massless QED, a new problem
arises from the fact that the “soft dressing” contributes to the Yang-Mills charge-current
flux, thereby invalidating the construction of eigenstates of large gauge charges via “dressing.”

Although one can obtain charge eigenstates by other means, there are insufficiently many

eigenstates to obtain Hilbert spaces for scattering.

1 Asymptotic quantization algebra

The asymptotic quantization of the electromagnetic field was already given in sec. 4.1, so we
need only give the asymptotic quantization of the massless charged Klein-Gordon field. As
discussed in sec. 2, the asymptotic behavior of a massless scalar field in the asymptotic past
is described by

O(x) = I}H_l 0 Ly (5.1)

(see eq. (2.18)). The symplectic form is given by

_ — 1 = .7
Q5E0(@1, 1), (09, B2)) = ~3 / Pz (910,82 + 210,02 — (1 2)] . (5)
Fa
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where the superscript “KG0” denotes that this is the symplectic form of a massless scalar
field. The above symplectic form differs from eq. (2.19) only in that we are now considering
a complex, rather than real, scalar field. For the same reasons as indicated below eq. (4.15),
it is convenient to treat ® and ® as though they were independent quantities and to take
the asymptotic phase space to consist of the pairs (®, ®). Then QI}GO is a complex-bilinear

function of its variables. It is convenient, as in eq. (2.21) of sec. 2, to write Il = 9,® and

ﬁ - a'()@

In parallel with eq. (2.21), the local scalar field observables on .~ are
(s) := /d?’x (z)s(z), T(s):= /d3a: II(x)3(x) (5.3)
54 I

where s(z) is a smooth complex function on .~ with conformal weight —1. Note that we
take I1(s) to be linear in s while II(s) is antilinear in the test function s(z). The Hamiltonian
vector fields for these observables are given by the pairs (0, s) and (3, 0), respectively. The

only nonvanishing Poisson brackets are
_ 1
{Ti(s1),T1(s2) } = —Q550((51,0), (0, 52))1 = 5 / A3 [510p50 — 520,51 - (5.4)
a

The additional factor of 2 in the above formula relative to eq. (2.22) arises because we are

now working with a complex scalar field.

The asymptotic quantization algebra, %EGO, for the massless charged Klein-Gordon field
is defined by starting with the free, unital x-algebra generated by II(s), its formal adjoint

II(s)*, and the identity 1. We then factor this algebra by the linearity condition®® (A.I) and

36. Since II(s) is a complex scalar field, the scalar multiplication in the linearity condition (A.I) must be
extended to C.
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the commutation relation
[TI(s1)*, TI(s2)] = —iQ50((51,0), (0, 52))1 (5.5)

together with vanishing commutators for IT(s1) and II(so2).

The Hadamard condition on states wG0 on o7KG0 is that the 2-point function wKGO(TI(z1) (7))
is smooth, whereas
A A
1 Oge(af’, 25)

WEEO M) Tl 2) = =7 =S

5 + P(z1,22) (5.6)

where P is a (state dependent) smooth function on ¢~ x .~ with P(z1,22) = P(z2,21).

KGO

In addition, the connected n-point functions for n # 2 of w are required to be smooth.

The 2-point function of the Poincaré invariant vacuum state w(IfGO is given by eq. (5.6) with

P =0.

Finally, we require that P and all connected n-point functions of wXG0 for n # 2 decay

for any set of |v;| — oo as O((X; UZZ)_I/Q_E) for some € > 0.

2 Extension to include charges and Poincaré generators

We have already given the extension of %EM to Qflg}\Q/[ and W;E,MP in sec. 4.2, so we need
only obtain the charge and Poincaré observables for the massless Klein-Gordon field to obtain

the desired extensions of the algebra of observables for massless QED.
Classically, the action of the large gauge transformations parametrized by the smooth
function A(z4) on S is given by
() — '0(x) (5.7)
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where ¢ is the charge of the Klein-Gordon field. The observables II and II transform as
TI(s) s (e'Ps),  TI(s) — ('), (5.8)

The vector field field on the asymptotic Klein-Gordon phase space associated with infinitesimal

gauge transformation is thus igA\(—®, ®). This is the Hamiltonian vector field of the observable

T == [ A) [2()TI(x) - B()TI()] (5.9)

Thus, J(A) is the infinitesimal generator of the gauge transformations eq. (5.7), i.e., it is the
contribution of the KG field to the “charge”. (However, we use the letter 7" rather than “Q”
since the right side of eq. (5.9) corresponds to the integrated Klein-Gordon charge-current

flux J,n# through .#~.) The Poisson brackets 7 (\) with II(s) and II(s) are

{TON0(s)} = qll(ids),  { TN TI(s)} = qTT(ids) (5.10)

whereas {J(\),J(N)} = 0. Of course, J()\) has vanishing Poisson brackets with the

electromagnetic field observables.

As previously found in sec. 4.2, the generator of large gauge transformations on the
asymptotic Maxwell phase space is the memory, eq. (4.32). Thus, the observable that

generates large gauge transformations on the full Klein-Gordon-Maxwell phase space is3”

QMM:ﬂM+;AW. (5.11)

By arguments similar to those given in the massive case in sec. 4.2, it can be seen that Q,0())

can be obtained by taking limits of surface integrals of the electric field as one approaches i°

37. If a massive charged Klein-Gordon also is present, then the additional term Q,-(\) would also be
present on the right side of eq. (5.11).
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caz'()n

along .# | so the subscript is appropriate.

In parallel with the massive case, the algebra 42%191 = szfiffGO ® W;EM can now be extended

to an algebra @7191,@ by including the algebra elements J (A\) and A(X) (and, hence, Q,0(\))

satisfying commutation relations corresponding to the above Poisson bracket relations.

The Poincaré transformations act naturally on .#~. As in the massive case, each
infinitesimal Poincaré transformation P is generated by an observable Fp on phase space.
Writing P =T + X where T is a translation and X is a Lorentz transformation, the Poisson

brackets of the Poincaré generators with the Klein-Gordon observables are

(Pp.01(s)} = I(£ps), {Fx,T(s)} =(£Lxs + 357, XD) (5.12a)

{Fr,. TN} =0, {Fx, TN} =JT(£x)) (5.12b)

and the Poisson brackets of the Poincaré generators with memory, charges at spatial infinity

and themselves are given by eqgs. (4.53a)—(4.54b).

As in the massive case, the algebra ing’Q can be further extended to an algebra fgfig,QP by
including algebra elements associated with these observables satisfying commutation relations

corresponding to these Poisson bracket relations.

3 Fock representations

In analogy with the massive case, we now construct the Fock representation of %EGO based

upon the Poincaré invariant vacuum state.?® The Fock representations of sz/lgM of interest

38. In a similar manner to the electromagnetic case, there exists a memory effect for the massless Klein-
Gordon field as well as a “scalar charge” at spatial infinity relating the “in” and “out” memories (see e.g.
[123] and sec. F.2 of [1]). In the absence of a “source” for the massless scalar field, the scalar memory is
conserved in scattering. Therefore in massless QED, we may restrict attention to “in” states with zero “scalar
memory” for simplicity.
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were already constructed in sec. 4.3.2.

The Poincaré invariant vacuum state is the Gaussian state determined by a vanishing

1-point function and 2-point function given by (see eq. (5.6))

1 A A
KOO (s1) Th(s52)) = —= [ dvgdugdqy LULE252(02 77)
T (v —vg —i0T)

R2xS?

(5.13)

for all test functions s1(x) and so(x). The 2-point function gives rise to the inner product

(0.0]
(s1]52) = KOO (TI(s1)*TL(s9)) = Q/cudw/dﬂ siw e Nsa(w,a).  (5.14)
0 S2
on complex-valued test functions on .# ~, where in the last equality we have rewritten eq. (5.13)
in terms of the positive frequency parts of the Fourier transform of the test functions. The
completion of the space of test functions yields the “one-particle” Hilbert space 7 KGO pe

corresponding Fock space for particles is

KGO KGO KGO
n>

n times

An identical construction with the inner product (s1|s2) yields the “one antiparticle” Hilbert

ﬁKGO

antiparticles’ One can decompose II(s) and

space H KGO and corresponding Fock space
II(s)* into creation and annihilation operators for particles and antiparticles as in eq. (4.72)
but we shall not need to do so here. The full Fock space of particles and antiparticles is then

FKGO _ KGO o KGO (5.16)

particles antiparticles-

The algebraic state w(IfGO is the vacuum state of the Fock space which we denote as |w(I)<GO) €

FKGO A dense set of Hadamard states in this Fock space is generated by the linear span of

the vacuum ]w(I)(GO> and symmetric tensor products of particle and antiparticle wave packet
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states.

As in the massive case, the large gauge transformations and Poincaré transformations

gKGO yKGO

have a strongly continuous unitary action on , SO carries a representation of

42%15’%% The vacuum state \w(I)(G()} is invariant under these transformations. The large gauge
transformations act on the one-particle/antiparticle spaces as multiplication by a phase. The

Poincaré group acts on the one-particle/antiparticle spaces by its natural action on & .

KGO 55 a direct integral over improper

As in the massive case, it will be useful to express %
momentum eigenstates. It is useful to parametrize the plane wave solution of 4-momentum
p by p=(w, .7:]‘;1), where w is the frequency of the wave and x]‘;l € S2 is the direction of the
plane wave. As in the massive case, we define %KGO to be the one-complex-dimensional
Hilbert space for particles spanned by |p) and we define

Ko pn = Yo @5+ @ K, (5.17)

which is spanned by |p1,...,pn). We similarly define 7 ?GO and € fﬁG%n for antiparticles.

The Fock space can then be written as

KGO ~ 3 3 3 3 KGO —7KGO

nam20(0+)n+m
where d3p denotes the Lorentz invariant measure d3p = wdwd on the positive frequenc
Yy

“cone” C := {(w, sz) | w > 0}. An arbitrary state |U) € .ZKG0 can be expressed as

) =) / Bp1. . Bpaddar .. Pam @1, am) P1- - PR) © a1 - - - gm)
n’m(0+)n+m

(5.19)
where y,, is a complex, square-integrable function invariant under permutations of p; and

permutations of ¢; and supported on non-negative frequencies.
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Again, the Fock space decomposition eq. (5.18) corresponds to the spectral decomposition

of the charge-current flux operator J (). Formally, we have

TN Ip1---pn)®lar--.q —q<z>\ ZA ql)!p1---pn>®\q1--.qm>. (5.20)
=1

The formal “unsmeared” action of J (xA) on plane wave states is the sum of d-functions on

S? whose support is determined by the momenta of the plane waves

T (@) Ipr .. = q( > dse(xy, ) 1. pn) (5.21)

T g1 qn :_q<25§2 v >\q1 an) - (5.22)

The action of J()) on a proper state |¥) € .ZKG0 lying in the subspace of n particles and

m antiparticles is given by

TN = [@pr iy Pantlor o am)x (5.23)

q(ék(l’é) - i)‘@é)) p1-..on) @ g1 Gm) - (5.24)

All states in this subspace are eigenstates of the total charge operator J (1)

T () [V) = q(n —m)[¥). (5.25)

However, for non-constant A, there are no proper eigenstates of J(\) apart from the vacuum

state.
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4 Faddeev-Kulish representation

We now turn to the construction of the analog for massless QED of the Faddeev-Kulish
Hilbert space for massive QED given in sec. 4.4. Again, the key idea is to make use of
conservation of large gauge charge at spatial infinity, eq. (4.76), and construct “in” and “out”
Hilbert spaces composed of states that are eigenstates of all the large gauge charges at spatial

infinity (including total electric charge).

The large gauge charges at spatial infinity are now given by

Q0(N) =T\ + 417TA(>\). (5.26)

In parallel with the massive case, to obtain states with vanishing charge, we start with the
one-dimensional Hilbert space %Ingn ® A 2(1(.%'0%’ which has vanishing total electric charge

and charge-current flux given by

TN =0 (Aapy) = Mag)) (5.27)

1=1

We wish to pair this state with the memory Fock space of the electromagnetic field, with

memory given by

n
AXip1, .. qn) = —4mg > ()\(xﬁ) - )\(xé)) (5.28)
=1
forall \. If, for all pq, ..., gn we can find a classical, smooth electromagnetic field e 4(p1, - - -, qn)

that has this memory satisfying eq. (5.28), then the Faddeev-Kulish Hilbert space

o0
7KGO
AR~ /d3p1 B dqy Py AR @ Ay g @ TR (5.29)
n=0

should satisfy the desired conditions (1)—(5) of sec. 1. Thus, the key issue is whether we can

obtain an acceptable solution to eq. (5.28).
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In parallel with the massive case (see eq. (4.83)), we will be able to solve eq. (5.28) if and

only if we can solve
P40 4 = PPa = qldmdg (et 2h) — 1] (5.30)
In contrast to eq. (4.83), the right side of eq. (5.30) is not smooth. The general solution to
eq. (5.30) is
a = qlog(l — 7 - p;) + const. (5.31)

A AESQ

where the dot product is defined by viewing x as unit vectors 7, p; in R3, respectively,

and taking their Euclidean inner product. Thus,

A(z?;p) = D g log(1 — 7 - ;) (5.32)

is the unique solution to eq. (5.30), and

n
=1
will yield a solution to eq. (5.28) via
AN )= [ dQ 24N A gz
yPLy- -3 Pnsqls---54n A\T 7p17"‘7p77/7q17"'7Q?1)' (534)

S2

Thus, for massless QED we can solve eq. (5.28) and perform the Faddeev-Kulish Hilbert
space construction eq. (5.29). However, there is now a very significant difference from the
massive case. As can be seen from eq. (5.32), the required memory diverges as 1/|z4 — xf}l|
at each particle and antiparticle momentum and, hence, is not square integrable on S2.
Consequently, any classical electric field e 4 (v, xA; P1,---,qn) that gives rise to the required
memory and satisfies our required fall-off conditions in v cannot be smooth and, indeed,

cannot be square integrable on all spheres. It follows that the states in % EM

cannot
e(p1ye-,qn)
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be Hadamard.?® Furthermore, the failure of e 4 (v, mA;pl, ...,qn) to be square integrable on

spheres implies that its classical energy flux through .#~ diverges
/ Bz Ty = 0. (5.35)
ﬂ_

It follows that all states in ﬁeE(g{ ) have infinite expected energy flux through 7.

Y

Thus, although each charged particle and antiparticle can be “dressed with soft photons’
in a manner similar to the massive case, we find that in massless QED this “dressing” has
nontrivial angular singularities. These angular singularities correspond to the “collinear
divergences” that arise in perturbative scattering calculations in massless QED when working
with momentum eigenstates. If one chooses to ignore the physical effects of the soft photons
and calculate only probabilities for inclusive “hard” processes, the collinear divergences can
be dealt with by imposing an angular cutoff. Indeed the “Kinoshita-Lee-Nauenberg (KLN)
theorem” states that, in addition to imposing a frequency cutoff, if one imposes an angular
cut-off one can again obtain (inclusive) cross-sections by summing over all low frequency and
small angle quanta in the cutoff state and then removing the cutoffs [96, 97]. However, the
whole point of the Faddeev-Kulish construction is to take the states in the Faddeev-Kulish
Hilbert space eq. (5.29) seriously as exact “in” and “out” states of the quantum field, so
that one gets a genuine S-matrix relating them. The angular singularities represent genuine
singularities in the physical properties of these states. Thus, although a Faddeev-Kulish
Hilbert space construction can be carried out in massless QED in close parallel with massive
QED, all of the states in the resulting Hilbert space in massless QED are singular and are

not of physical relevance.

39. The failure of e (v, z%;p1, ..., ¢n) to be square integrable implies that two different choices of “dressing”
e and ¢ with memory eq. (5.33) will, in general, yield unitarily inequivalent Fock representations (see
footnote 33). Therefore we must label these singular representations by the choice of dressing, e, rather than
the memory, A.
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5 Source-free Yang-Mills fields

In this subsection, we consider the scattering of a source-free Yang-Mills field. As we shall
see, this provides a simple model that has features similar to both massless QED as well as

the gravitational case to be considered in sec. 6.

A Yang-Mills gauge field AZ is a one-form field valued in a Lie-algebra g of a compact,

semi-simple group G. The Lagrangian for this theory is

1 .
L=~ F" F,; (5.36)

where the Yang-Mills field strength tensor is defined by
Fl, = 0uAl — 0, Al + ' jp AL AS (5.37)

where ¢ jk is the structure tensor of the Lie algebra g and Lie algebra indices are raised and

lowered with the (positive-definite) Cartan-Killing metric
kl] = —Clikckﬂ. (538>
This theory is invariant under the action of the Yang-Mills gauge transformations

Al Al + 9N + ¢ AR, (5.39)

We assume that in the asymptotic past and future, the nonlinear interactions of the
Yang-Mills field with itself become negligible, and the Yang-Mills field behaves as a free

field.*° In that case, the Yang-Mills field behaves asymptotically at .#~ like a collection of

40. Of course, this property does not hold for the Yang-Mills fields occurring in nature on account of their
interactions with other fields, which do not become negligible in the asymptotic past and future.
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decoupled electromagnetic fields. The points of the incoming classical phase space are again
given by the specification of the pullback of AL to .# 7. We again choose a gauge where

n“AL| 7— = 0 and denote the pullback of AZ to Z~ in our chosen gauge as Af4.

The local field observables on phase space are again the smeared electric fields

] A
EB(s) = [ dz ()5 () (5.40)
j_
where 3;4 is a Lie-algebra valued test vector field on .~ and

EYy = —£,AY = —0,AY (5.41)
is the pullback of F) /iyn” to # . Note that E(s) generates the infinitesimal affine transfor-
mation Ail — Af4 — 27resil on phase space.

In exact parallel to the electromagnetic case, the algebra JMIXM is defined to be the free
algebra generated by the smeared field E(s) satisfying (B.I)—(B.III) in sec. 4.1 where the

symplectic form of the Yang-Mills field on . is
1 Ai Ai
QM (A1, Ag) = i / dvd [E{" Agp i — By " Ava) (5.42)
e

The corresponding Hadamard regularity condition on the asymptotic states of the Yang-Mills

field is that the 2-point function has the form

 Kigupige(ai, w3
(v1 — vg —i0)2

W(EY (1) By (v9)) = + S (1, 72) (5.43)

where Sj;ljB is a (state-dependent) smooth bi-tensor on .#~ that is symmetric under the
simultaneous interchange of x1, ro and the indices A, B and 7, j. Additionally, the connected

n-point functions for n # 2 are smooth. We also impose the same decay requirements of SféljB
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and all connected n-point functions for n # 2 as in the electromagnetic case in sec. 4.1. The

2-point function of the vacuum state wg takes the form of eq. (5.43) with SiljB = 0.

Apart from the extra Lie algebra index, there is no difference between Yang-Mills theory
and electromagnetism in the above construction of the algebra of asymptotic local field
observables and the regularity conditions on states. However, a significant difference with
electromagnetism arises when we consider the extension of the algebra to include large gauge
charges. In the Yang-Mills case, the infinitesimal action of a large gauge transformation is
given by

Yo Al e[ AN + A L Bl e Bl e B, (5.44)

In particular, the electric field E?A is no longer gauge invariant. The “charge” that generates

this infinitesimal gauge transformation is
1 ‘ . :
QM) = i / &z (20 AV ER + XN PAE ) (5.45)
j_

“07 again has been inserted to indicate that — assuming that no

where the subscript
additional fields with Yang-Mills charge are present — QZ.YOM(/\) can be obtained by taking
limits of surface integrals of the Yang-Mills electric field as one approaches i along .# . as

can be shown by arguments similar to the massive and massless QED cases.

It is useful to separate the contributions to QZ.YOM()\) into their linear and nonlinear
parts. The linear part is the memory of the Yang-Mills field associated with large gauge

transformation \:

AYM()) = — / dvdQ By (v, 28) 24 (2P). (5.46)
A

Although the memory is no longer the generator of large gauge transformations, it is still an
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observable on the asymptotic phase space, since ﬁAYM()\) generates the affine transformation
s Ay + €PN By By (5.47)

The nonlinear part of QZ.YOM()\) is the Yang-Mills charge-current flux observable

1 . :
jYM()\) = % / dvdS2 Czjk)\iAA’]Ej]Z. (548)
-
By definition, we have
1
M) = ™M) + EAYM(A). (5.49)

This is closely analogous to eq. (5.11) except that now, the “null memory” J YM()\) arises

from the Yang-Mills field itself, not some additional massless charged field.

The Poisson brackets of Q;{)M(A) and AYM()\) with themselves and with the local fields
E(s) can be computed using eq. (2.7) from the above phase space transformations that they

generate. We obtain

(XM, B(s)} = B(\s)),  {A™M), E(s)} =0 (5.50)
(AYM(A), AYMO0)} =0,  {OXM(), A (M)} = AYM([Ag, Aa)) (5.50b)
{QXM(A1), @XM(A2)} = QTM([M, Ag)) (5.50¢)

where the bracket denotes the Lie bracket [X, Y]’ = ¢! ijj V¥ between any two elements
X, Y of the Lie-algebra g. Finally, the action of the infinitesimal Poincaré tranformations F'p

with E(s), AYM()\), Q,0(A) and themselves are again given by eqs. (4.52)—(4.54b).

In exact parallel with sec. 4.2 and 5.2, the algebra szfl?{M can be extended to szflg}\(gp by
including QZ.YOM()\), AYM()\) and the Poincaré generators Fp in the algebra, with commutation

relations corresponding to the above Poisson bracket relations. In addition, as before, we
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impose the further condition on states

w(AYM(/\)) =— / dvdS) w(EfA(v, :EB))@A)\Z-(xB) : (5.51)
e

which ensures that the expectation value of the memory observable corresponds to eq. (5.46).

Q’XM of QflgM can be constructed in direct analogy to elec-

The Fock representations
tromagnetic case. The GNS construction based upon the vacuum state wqg again yields the
standard Fock space ﬂ(}( M for which every state is an eigenstate of AYM()\) with vanishing
eigenvalue. Representations of nonvanishing memory can be constructed in the same manner
as discussed in sec. 4.3.2. The representation of Q@l{M on zero-memory Fock space ﬁ(}[ M can
be extended to a representation of ,Qflgf}\é[P However, this is not possible for the representa-

tions of nonvanishing memory on account of the nontrivial commutation relations of AYM()\)

with both Q%M(A) and with Lorentz generators.

YM

As in electromagnetism, the zero-memory Fock space .Z; ™ can be represented as a direct

YM

integral of “improper” plane wave states. As before, an arbitrary state |¥) € %y can be

expressed as

3 3 Ay Ap : »
) =>" / d’py...d°pn w(nl)il,...,in(pl’ . ,pn)sﬁl . ‘Eiéln IP1, -, 0n) (5.52)
n
(et
where ¢(n) is a complex L? tensor-field and 5f4 denotes Lie-algebra valued “polarization
vectors” which satisfy
1 AB_i j _ 1

kijeep = 54AB, 4 hep = ;kij (5.53)

where n is the dimension of the group G. The corresponding Fock space decomposition

corresponds to the spectral decomposition the “null memory operator” J YM(/\). Formally
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we have,

CTYM()\)sﬁ1 . .5fffn p1, .. pn) =
(5.54)

j i ANk i ; AN k
(clljkAJ(xpl)eAl N W R cZ"jk)\J(xpn)ejl .. ‘EAn) Ip1, - Pn)
In the “unsmeared” form, the formal action of J YM(mA) on plane wave states is given by

TM@hE] by pn) =

A AN k in A AN in ' k
(cSSg(x s Ty )C RED, - .5f4n + g (e 2y, )e! jkéﬁl . -EAn) 1, pn) -
(5.55)
We turn now to the issue of whether analogs of the Faddeev-Kulish “in” and “out” Hilbert
spaces can be constructed.*r As the in the case of Maxwell fields, for solutions to the
Yang-Mills equations which are suitably regular at spatial infinity, the charges obtained from

the limit along past and future null infinity to spatial infinity match by

where T is the antipodal map on S2. Therefore, we are again led to seek “in” and “out”

Hilbert spaces composed of eigenstates of the charge observable

QXM = 7YM() + ;TAYM()\). (5.57)

It should be noted first, that, in contrast to the abelian case, the charge operator now
satisfies the nontrivial commutation relation [QZ.YOM()\l), Q%M(Ag)] = QZ.YOM([)\L Ag]). For a
semisimple Lie group as considered here, it follows that there cannot exist any eigenstate

of Q%M(A) for all A’ unless the eigenvalues vanish for all A’. (In massive and massless

41. Dressed states in non-abelian gauge theories have been previously considered in, e.g. [124, 125, 126].
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QED, eigenstates of Ql.YOM()\) of nonzero eigenvalue exist, although we restricted to vanishing
eigenvalue in order to have an infinitesimal action of the Lorentz group.) In the case of
massive and massless QED in sec. 4.4 and 5.4, the analog of J YM()\) was played by the
charge or current flux of an additional scalar field. In those cases, we can choose an (improper)
eigenstate of this scalar field observable and then “dress” it with electromagnetic field states
belonging to a corresponding memory representation. However, in the present case, J YM()\)
and AYM()\) arise from the same Yang-Mills field, so we cannot independently choose the

eigenstate of J YM()\) and the memory representation to which it belongs.

To gain insight into the nature of the difficulty caused by the fact that JYM()\) and
AYM()\) arise from the same field, let us attempt to construct eigenstates of Q?{)M(A)
with vanishing eigenvalue by following a similar procedure to that used in massless QED.
As in massless QED, we can start with an improper plane wave momentum eigenstate
521 .. .5%‘11 |p1...pn) in the zero memory incoming Fock space 9’8(1\/[ This state is an
eigenstate of JYM()) with eigenvalue given by eq. (5.55). We now wish to “dress” this state
with “soft YM particles” belonging to the memory representation with —AYM()\) /41 equal
to this eigenvalue, so as to produce an eigenstate of Qz.YOM(/\) with vanishing eigenvalue. As
in massless QED, on account of the d-functions on S? appearing in eq. (5.55), the required
memory will be singular, and the dressed states will have infinite expected total energy flux.
Thus, as in massless QED, the states constructed in this manner will be unphysical. However,
a further major difficulty occurs in the Yang-Mills case because the “dressing” now also
contributes to the Yang-Mills charge-current flux. Since the dressing is singular the Yang-Mills
charge-current flux of the “dressing” is infinite and so the resulting “dressed state” cannot
be defined. Furthermore, even if the dressing could be defined, the resulting state would no
longer be an eigenstate of JYM()) and, hence, is not an eigenstate of QZ.YOM(A). Thus, the
states produced by the Faddeev-Kulish “dressing” procedure are not only unphysical but

they do even yield the desired eigenstate property that motivated their construction.
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Thus, in order to implement the strategy for constructing “in” and “out” Hilbert spaces
based upon the conservation law eq. (5.56), we must seek eigenstates of QZ.YOM()\) of vanishing
eigenvalue by some procedure other than “dressing.” To see the nature of the restrictions on
states imposed by the eigenstate condition, we note that, by definition, for any eigenstate w

of QZ.YOM()\) with vanishing eigenvalue, we have
W @M E(s) = w(B() QM) = 0. (5.58)
However, the commutation relation eq. (5.50a) then implies
cijkw(Eil(m)))\k = 0 for all )\k(xA). (5.59)
which, for a semi-simple Lie algebra, implies, in turn, that
W(E) () =0. (5.60)

Thus, the 1-point function of any eigenstate must vanish. Note that it then follows from
eq. (5.51) that — in contrast with massless QED — the expected memory must vanish. It
also then follows that the expected Yang-Mills charge-current flux must vanish. By similar

arguments, the 2-point must satisfy

¢ jpw(BY, (11) B (22)) + 2 (B} (21) EY, (29)) = 0. (5.61)

This implies that w(Egl(xl)EfZQ (z9)) must be proportional to k1?2, This condition is
satisfied by choices of SZB<I’1,$2) in eq. (5.43) of the form SféljB (x1,29) = S’AB(xl,azg)kij.
Nevertheless, this is an extremely restrictive condition on the 2-point function. More generally,

the n-point correlation functions of w must be proportional to Casimirs*? of the Lie algebra g.

42. For a semi-simple Lie algebra g, the number of independent Casimirs is finite and is equal to the rank
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Thus, although there exist nontrivial algebraic eigenstates of QZ.YOM(/\), it is clear that there
are insufficiently many states to obtain a Hilbert large enough to carry representatives of all

“hard” scattering processes.

In summary, in Yang-Mills theory, the Faddeev-Kulish “dressing” procedure fails to produce
eigenstates of QiYOM()\). Although eigenstates of QZ.YOM()\) do exist, there are insufficiently
many of them for scattering theory. Thus, the attempt to construct “in” and “out” Hilbert
spaces composed of eigenstates of charges fails. In the next section, we will see that in the
gravitational case, this failure is even more dramatic, since there are no eigenstates of the

large gauge (i.e., supertranslation) charges at all except for the vacuum state.

6 Vacuum general relativity

In this section we turn our attention to the asymptotic quantum theory of full nonlinear
general relativity at null infinity. There are many nontrivial, unresolved issues concerning the
formulation of quantum gravity in the bulk. However, as has been emphasized by Ashtekar
(64, 3], in asymptotically flat spacetimes the asymptotic phase space of general relativity at
null infinity is an affine manifold similar to that of electromagnetism. Consequently, one can
quantize the asymptotic degrees of freedom in exact parallel with the electromagnetic case.
The asymptotic symmetries of general relativity are the BMS transformations, which enlarge
the Poincaré group by the inclusion of supertranslations. The supertranslations play a role in
the asymptotic quantization of general relativity that is closely analogous to the role played

by large gauge transformations in electromagnetism.

We present the asymptotic quantization algebra of local field observables for general

relativity in sec. 6.1. The extension of this algebra to include the charges that generate BMS

of g. For g = su(n), the number of independent Casimirs is n — 1.
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transformations is given in sec. 6.2. We then show in sec. 6.3 that an analog of Faddeev-Kulish

“in” and “out” Hilbert spaces does not exist in quantum gravity.

1 Asymptotic quantization of general relativity

As discussed in [99], the points in the asymptotic phase space of general relativity at past null
infinity can be specified by an equivalence class of derivative operators intrinsic to .# . For
our purposes, it is convenient to instead adopt the following equivalent formulation. Choose
a Bondi advanced time coordinate v and consider the foliation of ¢~ by the cross-sections
with v = constant. This foliation determines a unique null vector [# at .~ which is normal

to the cross-sections and at .~ satisfies
Fny =—1, 1M, =0. (6.1)

Then, the points of the asymptotic phase space are specified by the shear of [* which is
defined by*?

Ouy = (q,anV'B - %q,uuqaﬁ)valﬁ (6-2>
where g, is the metric on the cross-sections. Since o, is orthogonal to [# and n#, we can
write it as 0 4. In general relativity, o 4 is the analogue of the vector potential A4 in the

electromagnetic case. The analogue of the electric field E 4 is given by the News tensor Ngp

defined as

Npp =2£p04 = 20,043 (6.3)

43. Alternatively, one can define a symmetric trace free tensor, Capg, as defined below eq. (2.111), which
correspond to the angular components of the physical metric at order 1/r in Bondi coordinates in the bulk
spacetime. This is related to the shear that we have defined by Cap = —2045; see [127].
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The asymptotic symplectic form is then given by

1 AB AB
OGR (01, 09) = Ton / d*x {N1 0248 — N3 UlAB} ~ (6.4)
A

The local field observables are the smeared News

N(s) := / B NAB(x)sAB(x). (6.5)
j_
where s48 is a real test tensor field. The smeared News generates the affine transformation

oAB v oAp + €8msgp on phase space. The Poisson brackets of the smeared News are

computed to be

{N(s1), N(s2)} = —647°QGR (51, 52)1 = 8 / Pz (514500557 — 524500517 . (6.6)
Fa

In exact parallel with electromagnetism, the asymptotic quantization algebra of local field
observables, szig’R, is defined to be the unital x-algebra generated by the elements N (s),

N (s)* and 1, factored by the following relations:

(C.I) N(cysy + c2s2) = 1N (s1) + caN(s2) for any s’le, 3513 and any c¢1,c9 € R
(C.II) N(s)* = N(s) for all s45

(C.IID) [N(s1), N(s2)] = —64m%QCR (51, 59)1

The Hadamard regularity condition on asymptotic states w on the News algebra JMH?R
analogous to eq. (3.5) is that the 2-point function has the form
1 A A
qa(ctp)B — RaaBdcD) dse (w1, 4)
N N - —8( S ,
w(N ap(z1)Nep(z2)) (o1 — vy —i01)? + Sapep(1,22)
(6.7)
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where Sppcop is a (state-dependent) bi-tensor on .~ that is symmetric in A, B and in
C, D, satisfies ¢48S ABCD = “Ps ABcp = 0 and is symmetric under the simulataneous
interchange of 1 with z9 and the pair of indices A, B with the pair C, D. As before, we also
require that S4pcop and the connected n-point functions for n # 2 of a Hadamard state on

&~ are smooth and decay as O((>; v%)_l/Q_e) for some € > 0.

2 FExtension of the asymptotic quantization algebra to include BMS charges

The gauge symmetries of general relativity are the diffeomorphisms on spacetime. However,
the transformations induced by diffeomorphisms that preserve the asymptotic structure of
spacetime but do not vanish at null infinity are not degeneracies of the symplectic form
and must be treated as symmetries. The group of such diffeomorphisms is known as the
Bondi-Metzner-Sachs (BMS) group. For a given choice of Bondi advanced time coordinate
v on #~, the vector field £# that generates an arbitrary infinitesimal BMS transformation

takes the form

&= (f + 50D XAk + X1 (6.8)

Here f(z4) is an arbitrary smooth function on S2 with conformal weight +1, and X* is a
vector field tangent to the cross-sections of .# that is a conformal Killing vector field on the
2-sphere. By a slight abuse of the notational conventions** stated at the end of sec. 0.3, we
will denote this vector field as X“. The transformations with X4 = 0 are referred to as
supertranslations and the supertranslations with f given by a linear combination of ¢/ = 0, 1
spherical harmonics are the ordinary translations. The transformations generated by X A
are Lorentz transformations. However, it should be noted that the decomposition of £# into

a supertranslation and a Lorentz transformation depends on the choice of Bondi advanced

44. By the conventions of sec. 0.3, X4 would denote an equivalence class of vector fields X* modulo
multiples of n*. Here, since we have made a choice of Bondi advanced time coordinate v, we use X4 to
denote the particular representative that is tangent to the cross-sections of constant v.
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time coordinate v, i.e., if £# is a “pure Lorentz transformation” (f = 0) for one choice of v, it
would correspond to a Lorentz transformation (with the same X A) plus a supertranslation

for other choices of v.
The action of an infinitesimal BMS transformation of the form eq. (6.8) on phase space is

given by the following affine transformation

oaB > oA + €| 5(f + 50PcX)Nup + (248 — 34482 f + £x048
~ 3(2cX)0 48]

Nap > Nap +e|(f + 3v2cX“)0uNap + £xNap)|.

Note that N4 g is not invariant under BMS symmetries. The charge observable that generates

this infinitesimal BMS transformation is given by (see [127])

L+ 5020 XO\Nyp + DaDpf

1
QR (£, X) = 1 / dvd) NAB
e (6.9)
+Lxoap — 3 PcX)oup|.

As we shall now explain, we have inserted the subscript “i"” on Qz.GOR( f,X) for reasons
analogous our use of this notation in massive and massless QED. As shown in [21, 127], the

right-hand-side of eq. (6.9) can be written as*
1
16777 / dvdS? NAB [%(f + %Uchc)NAB + .@A.@Bf + £XUAB — %(.@CXC)JAB}
e

= Jim 0FR(f,X)— 1im QFR(f,X)
(6.10)

45. Note that eq. (6.10) has a relative overall sign compared to eq. (1.18) in sec. 1 due to the fact that we
are now working at .#~ rather than .# .
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with

Q?R(f,X) = 817r / s [%(f + %U.@AXA)UABNAB —i—XAJAB.@CJBC — %02902(0
S(v)
+ QO E AP

(6.11)
where 02 1= 04 BO'AB , the integral on the right side is taken over the cross-section, S(v) = S2,
of advanced time v on ., and C),), is the Weyl tensor of the conformally-completed
spacetime. If massive fields (or black/white holes) are present, they would, in general,
contribute to vggloo QGR(f, X) in a manner similar to massive QED. We will assume, for
simplicity, that this is not the case and thus that4t vgr_noo QgR( f,X) = 0. In that case,
eq. (6.10) shows that QZ.GOR(f, X) can be obtained as a limit of a surface integral of local

quantities as one approaches spatial infinity, iV, along #~. Thus, the subscript “07 ig

appropriate in eq. (6.9).

As in the Yang-Mills case, it is useful to separate the contributions to QZ%R( f, X) into
their linear and nonlinear parts. The linear term arises only for supertranslations and defines

the gravitational memory observable

AR (f) = [ dud Naplo,a) 9497 1) (6.12)
ya

which, we note, vanishes if f is a linear combination of £ = 0,1 spherical harmonics. On the

asymptotic phase space, %AGR( f) generates the affine transformation

oA = oA +€(P49p — haap?*)f
(6.13)

NAB'_)NAB'

46. We emphasize that the conclusions of sec. 6.3 and, in particular, Theorem 5 do not depend upon this
assumption.
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For X4 = 0, the supertranslation charge QZ.GOR( f), which generates supertranslations by

eq. (6.9) with X4 = 0, is given by

QR () = TOR(f) + o-a%R() (6.14)
where
1
TOR(f) = ?’%j/ dvdQ) [NABN g (6.15)

is called the null memory. If massless fields with stress energy T}, are present they will, in
general contribute to the null memory by the simple substitution N4ZN 4B = N AB N AB +
327TQ_2TW,NNHV in eq. (6.15). However, for simplicity, we shall consider only case of vacuum

gravitational fields in this section.

The Poisson bracket of QZ%R( f,X) with the local News observable is given by
[Q§R(£.X),N(s)} = N(s) (6.16)
where sy = (f + %U.@CXC)C%SAB +£x54B — %(@CXC)SAB. We also have

(@GR (1), QfR ()} =0, {QER(x1), Q8 (X2)} = QFR (X1, X)), (6.17a)

[Q§R(x), Q8R (1)} = QGR (£ xf — a(@axM))) (6.17b)

where [X1, X»] is the Lie bracket of X fl and X§4. The memory observable has vanishing

Poisson brackets with the News and with itself

[89R(p), N(s)} =0, {a%R(fy), A% ()} 0. (6.18)
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Finally, we have

[QGR (1), AR (1)} =0, {QGR(X), AR (1)} = AR (£ — To(24X ) ). (6.19)

Thus, the memory observable is supertranslation-invariant but not Lorentz-invariant.

In exact parallel with massive and massless QED and Yang-Mills theory, we now can
extend the algebra, szig'R, of asymptotic local field observables to an algebra szm Q
including QZ.GOR( f,X) and AGR( f) in the algebra, with commutation relations corresponding
to the above Poisson bracket relations. (The Poincaré generators are, of course, already
included in the BMS charges QZ.GOR( f, X)), so there is no need for a further extension of the

algebra.) In parallel with eqs. (4.45) and (5.51) we impose on states the condition

(AR () = 5 [ v w(N ap(0,a4)PAPP (6.20)

The Fock representations of %SR can be constructed in direct analogy to electromagnetic
case. The GNS construction based upon the vacuum state wgy again yields the standard Fock
space, 330GR, for which every state is an eigenstate of AGR( f) with vanishing eigenvalue.

2 GR, can be constructed in the same

Again, representations of nonvanishing memory, %
manner as discussed in sec. 4.3.2. The representation of QZIS’R on the zero-memory Fock
space can be extended to a representation of szfm O The representations of Qflg'R on the
Fock spaces of nonzero memory can be extended to include representatives of the generators
of supertranslations, QZ.GOR( f). However, the representations of nonzero memory cannot be
extended to include representatives of the generators of infinitesimal Lorentz transformations,

QZ%R(X ), on account of the nontrivial commutation relation of ASR(f) with QZ%R(X ). In

particular, angular momentum is not well-defined on the Fock spaces of nonzero memory.
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3 Faddeev-Kulish representations do not exist in quantum gravity

For solutions of the vacuum Einstein equation that satisfy the Ashtekar-Hansen [61] asymptotic
flatness conditions together with an additional null regularity condition at spatial infinity, it
was shown in [26, 62] that the charges QZ.GOR( f, X)) obtained from the limit along past null
infinity are matched antipodally to the similarly defined charges obtained from the limit

along future null infinity.” In particular the supertranslation charges satisfy
GR,i GR,out
QGRn (1) = QR (1o ) (6.21)

where, as before, T is the antipodal map on S2. This is an exact analog of eq. (4.76) in
electromagnetism. As previously explained in sec. 4.4, this conservation law provides a
potential means of constructing “in” and “out” Hilbert spaces satisfying the desired properties
(1)—(5) given in sec. 1. Namely, if we can construct an “in” Hilbert space composed entirely of
eigenstates of the supertranslation charges, it will evolve to an “out” Hilbert space composed
of eigenvectors of corresponding eigenvalue. In order to have a continuous action of the
Lorentz group, we must choose the eigenvalues of all of the charges to vanish. If such “in”
and “out” Hilbert spaces of vanishing charges are separable and contain sufficiently many

states to account for all “hard” scattering processes, then properties (1)—(5) should hold.

In massive QED, this strategy was successfully implemented by the Faddeev-Kulish
construction described in sec. 4.4. In this construction, one “dresses” each momentum
eigenstate of the incoming massive charged particles with an electromagnetic state belonging
to the memory representation whose memory cancels the large gauge charges of the incoming
charged particle state, so as to produce an eigenstate of vanishing eigenvalue of all of the total

large gauge charges. As shown in sec. 5.4, in massless QED, the same “dressing” construction

47. For linearized gravity around a Minkowski background, the matching of the supertranslation charges is
also shown in [128, 25] (see also [129]).
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can be given. However, the required memory in this case is singular — so singular that the
“soft photon dressing” has infinite energy flux. As shown in sec. 5.5, the situation is worse
in Yang-Mills theory. Not only is a singular “dressing” required, but the “dressing” does
not provide eigenstates of charge. Although eigenstates of charge can be constructed by
other means, there are insufficiently many of them for scattering theory. We turn now to the

analysis of the situation in quantum gravity.

First, as already mentioned above, in order to have a continuous action of the Lorentz
group on the Hilbert space, it is necessary to restrict to eigenstates of the charges of vanishing
eigenvalue. In massive QED, this required the vanishing of all large gauge charges, including
the total ordinary electric charge. The vanishing of large gauge charges for ¢ > 1 is achieved
by the “dressing,” but the vanishing of the total ordinary electric charge is an unwanted
restriction on the scattering states. Nevertheless, arguably, this is not a genuine restriction
since one could always put additional particles “behind the moon” to make the total charge
vanish. However, in the gravitational case, the corresponding requirement for a continuous
action of the Lorentz group is for all of the supertranslation charges QZ.GOR( f) to vanish,
include the charges associated with ordinary translations. In other words, the states must
be eigenstates of 4-momentum of eigenvalue zero. But the vacuum state is the only such
state; one cannot cancel the 4-momentum of a state of interest by putting additional particles
“behind the moon.” Thus, the Faddeev-Kulish construction fails for this elementary reason at

this initial stage.

Nevertheless, one could give up on having a continuous action of the Lorentz group and
seek eigenstates of QZ%R( f) of nonzero eigenvalue. It is instructive to see what happens if

one attempts to construct such eigenstates by a “dressing” procedure.

First, consider linearized gravity with an additional massless quantum field source, where

the null memory is due to the massless source rather than to gravitational radiation. As
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previously noted below eq. (6.15), the massless field will contribute a null memory of the form

geRsouce(py — [ v JQ Tuntn) . (6.22)

-
In a manner similar to massless QED and Yang-Mills theory, the (improper) plane wave
states of the massless source field are formal eigenstates of null memory. In order to produce
an eigenstate of QZ.%R( f) with eigenvalue QZ.GOR( f) for all f in linearized gravity, we must
“dress” a source particle momentum eigenstate |p) by choosing a memory representation of

the gravitational field such that
@A.@BA%%(J}A;]?) = 87Tw5S2(xA, x;l) — 87TQ1.%R($A) (6.23)

where w is the frequency associated with the null momentum p = (w, xé) This equation
differs from the corresponding equation (5.30) in massless QED in that now there are two
angular derivatives of memory rather than one. This difference results in milder angular
singularities in the solution, namely, ]Aﬁ%| ~ | log(|x’4—x§1|)| rather than |A 4| ~ 1/]xA—a:§1|
as in massless QED. In other words, the collinear divergences in quantum gravity are less
severe than in massless QED and Yang-Mills theory. Although the required memories are
still singular, they are square integrable, and the corresponding “dressed states” — which
were previously constructed in [36] — do not have an infinite energy flux. In this respect, the
situation in linearized gravity is better than in massless QED and Yang-Mills theory, although
since we cannot construct eigenstates of vanishing charges, the action of the Lorentz group is
undefined and therefore the angular momentum is undefined for all such “dressed” states in

linearized gravity.

However, in nonlinear gravity, as in Yang-Mills theory, the “dressing” will now contribute

to the null memory, so the resulting dressed state is no longer an eigenstate of J GR( f) and
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hence is not an eigenstate*® of Qg')R( f). Thus, the “dressing” construction does not yield
the desired eigenstate property that motivated the procedure. In order to implement the
strategy for constructing “in” and “out” Hilbert spaces based upon the conservation law
eq. (6.21), we must seek eigenstates of the supertranslation charges QZ.GOR( f) by some other
means. In Yang-Mills theory, we were able to find some eigenstates of large gauge charges,
but insufficiently many to do scattering theory. However, one of the key results of this chapter
is that in gravity, there are no nontrivial eigenstates at all.*® This is shown by the following

theorem:

Theorem 5. Let f be any smooth function on S? whose support is all of S2, i.e., f does not
vanish identically on any open subset of S®. Suppose that the state w is Hadamard, satisfies
our decay conditions, and is an eigenstate of the supertranslation charge QgR(f). Then

w = wyq, where wq is the BMS-invariant vacuum state.

Proof. Since w is an eigenstate of QiGOR( f), we have

QSR ()N (5)) = w(N () QGR(f)) = & w(N(s)). (6.24)

where k denotes the eigenvalue, which is real since since QZ.GOR( f) is self-adjoint. Thus, we

have

0 =w([QE"(f), N(s)]) = iw(N(fys)) (6.25)

where the commutation relation corresponding to eq. (6.16) was used. Since this holds for all

48. In contrast to the Yang-Mills case, the dressing contribution to the null memory is finite and so the
“dressed state” can have a well-defined expected charge. Nevertheless, it cannot be an eigenstate of Q% (f).

49. Note that there is no state in any non-zero memory representation that has vanishing null memory
eq. (6.15); zero is merely the lower bound of the continuous spectrum of the null memory operator, as
emphasized by Ashtekar [3]. Consequently, in contrast to claims in [130], memory vacua are not eigenstates
of the charges Q%1 (f) at spatial infinity.
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AB

s48  we have for all z = (v, z4)

FA) 2 (N ap(@)] = 0 (6.26)

Since f does not vanish on open sets, it follows that w(IN 4g(x)) is constant in v. The decay

conditions then imply that the 1-point function w(IN 4g(x)) vanishes identically.

By similar arguments starting with

W(QFR(N)N(s1)... N(sn)) = w(N(s1) ... N(sp) QFR(f)) = 5 w(N(51) ... N(sn))

(6.27)
we find that the n-point functions satisfy
n
Z Oy, w(N 4,B,(71) ... N 4, B, (7n)) = 0. (6.28)
=1

It then follows that Sqpcp in eq. (6.7) and the truncated n-point functions also satisfy

this equation. But Sypcop and the truncated n-point functions are required to decay as
L

o((>; v?)_/Q_e). It follows that S4pcp and all truncated n-point functions of w vanish,

ie., w=wy. [

We emphasize that the implications of Theorem 5 are quite strong in that constructions
based upon the use of eq. (6.21) require eigenstates of QZ.%R(f) for all f. Note that eq. (6.28)
is in close parallel to eq. (5.61) in the Yang-Mills case. However, nontrivial solutions to
eq. (5.61) do exist, whereas the vacuum state is the only state that satisfies eq. (6.28). Thus,
in the gravitational case, the attempt to construct “in” and “out” Hilbert spaces by using

charge eigenstates fails in a much more catastrophic manner.
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7 Non-Faddeev-Kulish representations

As we have just seen, the Faddeev-Kulish “dressing” procedure cannot be used to construct a
Hilbert space of “in” and “out” states in quantum gravity, nor is there any other procedure
that can produce eigenstates of the supertranslation charges QZ.%R. Nevertheless, as described
at the end of sec. 6.2, there is an ample supply of “in” and “out” states given by the memory
Fock spaces QER, with A%l% an arbitrary smooth, symmetric trace free tensor on S2. Is
there is some other way of assembling these states into Hilbert spaces in such a way that the
desired conditions (1)—(5) given in sec. 1 can be satisfied? In this section, we explore this
possibility.

An obvious candidate for the “in” Hilbert space would be the direct sum over all of the

. GR,in .
“in” memory Fock spaces " , i.e.,

i GR,in
Tbs =D (7.1)
A

where Aﬁ% ranges over all (say, smooth) symmetric trace free tensors on SQ, where the

“DS” subscript stands for “direct sum.” ﬁg%t would then be defined similarly. Clearly, ff]ljns

and ﬁzf)‘ét would then allow all possible memories. However, this choice has many serious

deficiencies.?® First, since there are uncountably many choices of Aa%, this Hilbert space

is clearly nonseparable. Second, although the BMS group acts naturally on ﬁgls, Lorentz

transformations act nontrivially on memory and a “small” Lorentz transformation will map a
2GR

vector in the sector Z#{™* into an entirely different sector ffg’,R. Since all states in different

memory sectors are orthogonal to each other, Lorentz transformations do not act in a strongly

50. The first two of these deficiencies are analogous to what would occur if attempted to take the Hilbert
space of one-dimensional Schréodinger quantum mechanics to be ®,crH, where H, is a one dimensional
Hilbert space representing an eigenstate of the position operator with eigenvalue x. This Hilbert space is
nonseparable and does not admit a strongly continuous action of translations — so the momentum operator
cannot be defined.
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continuous manner on ). Thus, infinitesimal generators of Lorentz transformations —

in particular, angular momentum — cannot be defined. However, by far the most serious

deficiency is that it is clear that states in ﬁli)ns will not evolve to states in the similarly

defined “out” Hilbert space ﬁﬁ%t, so condition (2) of the sec. 1 will not be satisfied. To see
this, we note that — since the norm of the direct sum is the sum over the norms in each
ng,in and any uncountable sum of strictly positive numbers is infinite — for any vector
in 35618 the probability of having a given value of memory can be nonvanishing for only a
yin

countable number of memories. Thus, the possible memories of any state in F)y are discrete.

However, it seems clear that most states in ﬁli)ns will evolve to “out” states where the memory

is continuously distributed. Such states cannot lie in L%%‘ét.

A more promising candidate would be to take a direct integral of the Fock spaces ng’m

with respect to a measure that is continuously distributed in Aﬁ% To do so, we first need to
make a precise choice of the space, ., of memories. Then we need to specify a o-algebra of
measurable subsets of .Z. Then, we need to define a measure on .Z, i.e., a map, u, from
measurable subsets to nonnegative real numbers such that p(@) = 0 and p is “countably
additive”, that is, for any countable collection of disjoint measurable sets {&;} we have that
w(U; 0;) = 3 1w(0;). Given such a measure, u, we can construct a direct integral Hilbert
space ﬁf)nl(,u) from the memory Fock spaces ng,in as follows: A vector |U) € ﬁ‘f)nl(u)
consists of the specification of a measurable family of vectors |¢(A)) € QERJH for all A%%,
where |¥) and |¥’) are considered equivalent if [¢)(A)) and [¢/'(A)) differ only on a set of

measure zero. The states in ﬁll)nl(,u) are required to have finite norm

112 = [ dn [ 6(8) P < o0 (7.2)
M
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and the inner product of two states is then defined by

(W1lWa) = [ du (1(A)[0a(A)) (73)
M

The direct sum Hilbert space 9318 is a special case of the direct integral Hilbert space
wherein the o-algebra is taken to be all subsets of .Z and p is taken to be the “discrete
measure” that assigns unit measure to any subset consisting of a single point. As already
stated above, this yields a Hilbert space that is nonseparable and has other unacceptable
properties. However, choices of “continuous measures” can yield a separable Hilbert space and
have the possibility of satisfying the other properties desired for scattering theory. If .# were
a finite dimensional vector space, there is an essentially unique notion of Lebesgue measure
and this would provide a natural choice of measure. However, .# is infinite dimensional,
so there is no notion of Lebesgue measure (see sec. A.4 of [131]). Since there is a direct
correspondence between memories and supertranslations [20, 1] and the supertranslations
comprise a group, one might try to use an “invariant Haar measure” on memories. However,
the supertranslation group is not locally compact and therefore the Haar measure does not
exist. Nevertheless, there are well-defined notions of Gaussian measures.®® We can obtain
a natural class of Gaussian measures in the following manner (see, e.g., [132, 133, 134] for

further details).

We start with the topological vector space of smooth functions f with conformal weight
1 on S2 with the nuclear topology. The trace-free part of 2 1Y [ for such f provides a

space of test tensor fields for memory (see eq. (6.12)). We take .# to be the topological

51. In path integral formulations of Euclidean QFT of some field ¢, it is common to write the measure in
the path integral as D¢ e~0(®) where Sy(¢) is the Euclidean action of a free field and D¢ is a “Lebesgue
measure” on the space of fields. However, D¢ does not really exist and it is the full quantity D¢ e=°(®) which
is a genuine Gaussian measure; the covariance of this measure is the Euclidean Green’s function determined
by the action Sy. This is also true in path integral formulations of quantum mechanics where the measure
over the space of paths is the (Gaussian) Wiener measure [131].
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dual space. We choose the o-algebra of subsets to be generated by the “cylindrical sets” (see
[132, 134]). By the Bochner-Minlos theorem (see sec. A.6 of [131]), a Gaussian measure on
A (centered at zero) is then determined by specifying any positive, symmetric, bilinear map
K(f1, f2) (the “covariance matrix”) on the space of test functions. A necessary condition for
two Gaussian measures with covariance K and K’, respectively, to be equivalent (i.e., such
that they agree on which subsets of .# have measure zero) is that they define equivalent
norms on the space of test functions. In other words, K and K’ are equivalent if there is a

positive constant ¢ such that

UK (S, ) S E'(f, f) < cK (£, f) (7.4)

for all test functions f. Thus, there exists a very large class of inequivalent Gaussian measures

that can be constructed by this procedure.

Thus, the key issue for the construction of a Gaussian measure on the space, .#, of
memories — and, thereby, direct integral Hilbert spaces of “in” and “out” states — is the
choice of covariance matrix K. A key criterion is that K be Lorentz invariant, since the
resulting Gaussian measure p will then be Lorentz invariant, and the Lorentz group will then
act naturally on ﬁ]snl(,u) However, there is a unique choice of Lorentz invariant covariance
matrix K (see Ch. II1.4 of [135]). This covariance matrix is simply the L? inner product on

the space of smooth test tensors 2425 f on S?

K(f1,f2) = / d0dQ Kapop(at,28) 249" f1(21) 29 9 fo(aF) (7.5)
S2x§?

with integral kernel
Kapep(at,28) = 6g2(21', 28) (a4(capyp — 394aBicD) - (7.6)
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The direct integral Hilbert space ﬁll)nl(,u) obtained from the Gaussian measure determined by

K is a separable Hilbert space.

However, there is a very serious problem with attempting to use this Hilbert space for
scattering theory. For any Gaussian measure constructed in the manner described above using
a covariance matrix K there is a subset of .#, determined by K, known as the “Cameron-
Martin space” on which p has zero measure (see theorem 2.4.7 in [132]). For the case of a
Gaussian measure with covariance given by eq. (7.6), the Cameron-Martin space is the space
of square-integrable memories. This means that “almost all” of the memories, Ag’%, that
contribute to Lg"f)nl(u) fail to be square-integrable.”> However, as argued in sec. 5.4, states with
a non-square-integrable memory that satisfy our fall-off conditions cannot be Hadamard and
ﬁin

have divergent expected total energy flux. Thus, all of the states in .#};(u) are unphysical.

Thus, the direct integral Hilbert space obtained from the Gaussian measure constructed
from the Lorentz invariant covariance matrix eq. (7.6) does not yield an acceptable candidate
for “in” and “out” Hilbert spaces. One could try instead using a covariance matrix K’
corresponding, e.g., to a Sobolev norm, so that the states in ﬁli)nl(,u’ ) would have physically
acceptable memories.?® However, one would then have to give up on having a natural Lorentz
group action. More significantly, there would be no reason to expect that states in 915111(#')
would evolve to states in the similarly constructed .Z31(1//). Of course, we also could make
different choices of the precise specification of ., different choices of the g-algebra, and one

could also try to use non-Gaussian measures. We certainly have not proven that no such

choice could work. But we see no reason to believe that there is any such choice that would

52. This is analogous to the statement that in the case of Wiener measure, the differentiable paths are of
measure zero, while in the Euclidean path integral the field configurations with finite action are of measure
Z€ro.

53. See [136] for a construction of a direct integral Hilbert space in the electromagnetic case with respect
to Gaussian measures defined on square integrable memories. Such representations have a well-defined action
of translations, but the action of Lorentz is not well-defined.
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work to construct “in” and “out” Hilbert spaces with the desired properties for scattering

theory.

8 Algebraic scattering theory

As we have seen in sec. 4.4, the Faddeev-Kulish construction in massive QED gives a basically
satisfactory way of defining “in” and “out” Hilbert spaces in such a way that a genuine
S-matrix should exist. However, as we found in sec. 5.4, the analogous construction in
massless QED does not work, as the required “soft photon dressing” gives all states an
infinite expected total energy flux due to collinear divergences. As discussed in sec. 5.5,
these problems persist in Yang-Mills theory, but an additional serious difficulty arises in that
case due to the fact that the “soft dressing” itself will carry a large gauge charge-current
flux, which will spoil the property that the “dressing” is designed to achieve. As we found
in sec. 6, in the gravitational case the problems caused by collinear divergences are not as
severe, but the problem arising from the fact that any soft graviton dressing will contribute
to supertranslation fluxes is much more severe, and we proved in sec. 6.3 that no analog of
the Faddeev-Kulish “in” and “out” Hilbert spaces can exist in quantum gravity. Finally, we
explored alternatives to the Faddeev-Kulish construction in sec. 7 and found that several
natural attempts do not work. It is our strong belief that in the gravitational case, no

definition of “in” and “out” Hilbert spaces will satisfy conditions (1)-(5) of sec. 1.

It should be emphasized that there is no difficulty in the construction of “in” and “out”
states. As we found, we can construct Fock space representations of tszflr(fR for the “in” and
“out” states with arbitrary choices of memory Aﬁ% As we have noted in sec. 6.3, the
representations with non-vanishing memory cannot be extended as representations of the full
algebra 'Q{u?,% However, one can obtain “in” states by starting with any choice of smooth
memory AGR( f) and considering its “Lorentz orbit” i.e., the space of all memories obtained
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by acting by Lorentz transformations on chosen memory AGR( f). This “orbit space” is
finite dimensional and can be equipped with a Lorentz invariant measure (see, e.g. a similar
analysis for supertranslation charges by McCarthy [137]). A direct integral of the memory

JMIS% Applying this procedure to

Fock spaces over this orbit space yields a representation of
all smooth memories yields an enormous supply of physically acceptable states. This supply
of states is certainly ample enough to encompass all of the “in” states that one might wish to
consider, and we expect that it also would be ample enough to encompass all of the “out”
states that arise from the dynamical evolution of these “in” states. Thus, the difficulties that
we have elucidated in this chapter do not arise from any problems with constructing “in” and
“out” states nor do they arise from any problems with dynamical evolution through the bulk.

They arise solely from the attempt to assemble all of the “in” and “out” states of interest

into a single (separable) Hilbert space.

However, there is no reason to try to force the “in” and “out” states to live in a single
Hilbert space. The algebra of asymptotic observables is entirely well-defined. As reviewed
in sec. 3, in the algebraic viewpoint, a state is simply a positive, linear map on the algebra
of observables. There is no need to specify a Hilbert space in order to define a state. The
regularity conditions that we have imposed upon asymptotic states — namely the Hadamard
condition and decay conditions — also do not require the specification of a Hilbert space.
However, given a state, the GNS construction allows us to represent that state as a vector
in a Hilbert space representation of the algebra. Thus, Hilbert spaces of asymptotic states
may be viewed as somewhat analogous to coordinate patches on a manifold.>* Given any
point of a manifold, one can choose a coordinate patch in which it lies, and it is often very

convenient to do so. Similarly, given any state on an algebra, one can choose a Hilbert space

54. However, it should be kept in mind that this analogy is not perfect in that Hilbert space representations
are much more rigid than coordinate patches. In particular, it is important that coordinate patches have
nontrivial overlap regions, whereas irreducible Hilbert space representations will not overlap unless they
coincide.
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in which it lies, and it is often very convenient to do so. However, in the case of a manifold
of nontrivial topology, it would not be reasonable to demand that a single coordinate patch
represent all points of interest in the manifold. Similarly, in the case of scattering theory, it
does not appear reasonable to demand that a single Hilbert space represent all scattering

states of interest.

What would scattering theory look like in a framework where no “in” and “out” Hilbert
spaces are specified at the outset? In the algebraic viewpoint, one would specify an “in” state
win as a positive linear map on the “in” algebra of asymptotic observables. This would consist
of specifying the correlation functions of all of these observables. Of course, there is nothing
stopping one from considering an “in” state that corresponds to a vector in the standard zero

ﬁ(i)n — but one would not be forced to do so in this framework.

memory Fock representation
Similarly, in massive QED, one would be allowed to “dress” the incoming charged particles
with incoming electromagnetic states in the corresponding memory representation as in
the Faddeev-Kulish construction, but it also would be allowed to consider “bare” incoming
charged particles. Given wjy, one then computes the corresponding outgoing state wqoyut by
obtaining all of its correlation functions of the “out” observables. Of course, this is much
easier said than done, since one would not have the simplicity of the LSZ reduction, which
relies, in particular, on the ability to express any “in” or “out” state in terms of local field
operators acting on the Poincaré invariant vacuum state — which would not be the case for
states of nonzero memory. Nevertheless, if one wishes to know any particular “out” correlation
function, it seems clear that to any finite order in perturbation theory, it must be possible
to evolve this correlation function backwards into the past and express it in terms of “in”

correlation functions, all of which would have been given in the specification of wi,. In this

manner, we should, in principle, be able to determine a convex-linear® superscattering matrix

55. Given two algebraic states w and w’ any convex linear combination Aw + (1 — A)w’ where 0 < A < 1,
gives a new state.
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$ such that

Wout = Swin. (8'1>

Here, we have adopted the terminology “superscattering matrix” and the notation $ from
Hawking [138] even though there are substantial differences in our motivation and framework
from his. Hawking was concerned with generalizing the usual framework of scattering theory
to allow pure states to evolve to mixed states (“information loss”), but he was not concerned
with infrared issues and he assumed that all states lie in the folium of a single Hilbert space
representation containing the Poincaré invariant vacuum. We are not concerned here with
information loss but are similarly generalizing the framework so as to allow $ to map between
all regular algebraic states, not necessarily belonging to the folium of a single Hilbert space
representation. In this framework, conservation of probability would be expressed by the
requirement that if wyy is any normalized “in” state (i.e., win(1) = 1), then wous = Swiy also
is normalized. If there is no information loss, then $ would take any pure algebraic “in” state

to a pure algebraic “out” state.

We note that the notion of an algebraic state is, in principal, sufficient to answer all
physical questions regarding the field observables. In particular, the specification of a state
w yields the expected value of all powers of IN(s). Since the conditions of the Hamburger
moment problem (see e.g. [139, 140]) hold for a free field,*® these moments determine the
probability distribution for observing the values of this field observable. Therefore, despite
the absence of a pre-chosen Hilbert space, one can determine the probability distribution of

field observables.

Of course, if one is interested only in calculating the types of quantities that might be

measured in collider experiments, there is no need to develop a new framework for scattering

56. However, nonlinear observables such as the stress tensor in the bulk do not satisfy the required conditions
on moments. Determining the probability distribution for general, nonlinear observables remains an open
problem.
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theory that properly treats infrared effects, since quantities like inclusive cross-sections surely
can be calculated much more efficiently by present means than in a framework in which one
takes proper account of the far infrared degrees of freedom. Nevertheless, we believe it would
be of interest to further develop the “algebraic scattering” framework that we have sketched

above.
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APPENDIX A

RELATIONSHIP OF OUR ANSATZ TO SMOOTHNESS AT .+

IN D=4

In this appendix, we address the relationship between our ansatz in chapter 2 for the
asymptotic fall-off of the vector potential and metric to their smoothness at # 1. As noted
in sec. 2.3-2.5, it is easily seen that in d = 4 that smoothness of A, at .¥ T implies that
our ansatz (2.24) holds, and smoothness of QQhuy at 1 implies that our ansatz (2.58)
holds. However, for d = 4 the ansatz (2.24) implies smoothness of 4, at .# only under
the additional condition that A7(~1) = 0, and the ansatz (2.58) implies smoothness of QQhW
at # T only under the additional condition that hﬁ,}) = 0. In this Appendix, we investigate

the conditions under which these additional restrictions can be imposed as gauge conditions.

(3)

We show that this is possible in electromagnetism when j;"/ = 0 and in linearized gravity
when T; 53) = r(ff’) = Tr(il) = 0. However, when these quantities are nonvanishing, there are

solutions within our ansatz that are not smooth at .#*. Nevertheless, in nonlinear gravity,
we show that hﬁ}) = ( if the Bondi news is nonvanishing everywhere on one cross-section, in

which case our ansatz in d = 4 is equivalent to smoothness at .# 1.

1 Electromagnetism

The ¢ # 0 part of Ag«l) is gauge invariant within our ansatz, so if it is nonvanishing, it cannot
be set to zero by a gauge transformation. By eq. (2.37), we have (1) = 0. Equation (2.32)
with n = 1 then yields auAﬁl) =0, so A/]("l) is independent of u. The r-component of Maxwell’s

equations given by eq. (2.29) in four dimensions with n = 3 gives that

724 = 4@, (0.1)
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This equation implies that the ¢ = 0 part of j7(13) must vanish. It also implies that 9, j,€3) =0,

as also can be proven directly from current conservation and ¢(1) = 0. However, if the ¢ # 0
(3)

part of j»"’ is nonvanishing, we will obtain solutions within our ansatz such that A£«1> # 0.

Such solutions are not smooth at .# T in any gauge.

Conversely, if j7(«3) = 0, then the ¢ # 0 part of A7(«1) vanishes by eq. (0.1). The ¢ = 0 part
of A7(~1) can then be set to zero within our ansatz by a gauge transformation of the form
¢ = cIn(r). Thus, if j7(«3) = 0, all solutions within our ansatz are smooth at .# T in some

gauge.

2 Linearized Gravity

The ¢ > 1 part of hg«) is gauge invariant within our ansatz, so if it is nonvanishing, it cannot
be set to zero by a gauge transformation. From X7(01) = 0 and eq. (2.69), we obtain 0uh7(«}~) =0.
The ur and rr components of the linearized Einstein’s equation given by egs. (2.62) and (2.64)

with n = 2 yield, respectively,

722} — 74P = —1671 (0.2)
122 — 220 + 23 Y — 29430 1 2P = _1627Y. (0.3)

The angular divergence of the rA component, eq. (2.65), yields

22941 — 29281 + 292V — 9% 1 oA — _16z247) . (0.4

Applying 22 to eq. (0.3) and taking a linear combination of the above equations, we obtain

2292 + Y = 16721 + 2947 + 21 (0.5)

r
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where we used the fact that hy = hy. The £ = 0 and ¢ = 1 parts of the right side must
therefore vanish, and the right side must be stationary. Indeed, using conservation of stress
energy and the dominant energy condition it can be shown that T@(”?f), Sf’) and TSZ‘) are
stationary. However, the ¢ > 1 part of the right side can be nonvanishing, and, if it is, we
obtain a solution within our ansatz such that hﬁ) # 0. Such solutions are not smooth at . +

in any gauge.

Conversely, if TTS:;)) = Tﬁg) = T(i) = 0, then eq. (0.5) implies that hg«) is a linear

combination of an [ = 0 and an [ = 1 spherical harmonic. Let

Xazc(aau) +f<xA>(§u) —f(wA)@;) —qBC@Bf@A)i(afc) (0.6)

where c is a constant and f (mA) is a linear combination of ¢ = 1 spherical harmonics, so
that X% is a translational Killing field of the background Minkowksi spacetime. By a gauge
transformation of the form

£ = X%n(r) (0.7)

(1)

we can set the £ = 0,1 parts of hr}n to zero within our ansatz. Thus, we can set hﬁ) =0 and

the solution is smooth at ..

3 Nonlinear Gravity

Again, we obtain 8uh7(a}a) = 0. But there now is a new, nontrivial equation containing hg) = 0.

The AB-components of the Einstein equation given by eq. (2.66) with n = 1 where the right
hand side of eq. (2.66) now picks up an additional nonlinear contribution Qfgg given by
eq. (2.102) with d = 4. We obtain

— qapdux?) = 28u(h7(°}‘) Nap). (0.8)
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The right side is traceless whereas the left side is pure trace, so the only way this equation

(1)

can hold is if both sides vanish. Thus, using Guhr}a = 0, we obtain

WYouN 5 = 0. (0.9)

This equation has no analog in the linearized theory. Since Ny — 0 as u — +o0, it implies

that if the Bondi news is nonvanishing at angle 24 at any u, then hg) (xA) =0atall u

(since hﬁ) is independent of u). Thus, in particular, if the Bondi news is nonvanishing

. 1 . . .
everywhere on one cross-section of .# 7, then hsar) = 0, and our ansatz in d = 4 is equivalent

to smoothness at £ 1.
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APPENDIX B

APPLYING THE LORENZ GAUGE WITH A SLOWER
FALL-OFF ANSATZ FOR D > 4

In our ansatz eqgs. (2.24)-(2.25) for A, and our ansatz eqs. (2.58)-(2.59) for hy,, the slowest
fall-off term was assumed to be at radiative order, n = d/2 — 1. However, in even dimensions
with d > 4, the conditions of smoothness of A, and QQhW = r_zh,w at 1 would, a priori,
allow terms with slower fall-off than permitted by our ansatz. This suggests a danger that
our ansatz might exclude some solutions of physical interest. In this Appendix, we show that
this is not the case by weakening our ansatz to permit slower fall-off, allowing the integer
powers in even dimensions to start at order 1/r and allowing the half-integer powers in odd
dimensions to start at order 1/4/r for all d > 4. We will show that the Lorenz gauge can still
be imposed within the context of this weaker ansatz. Since the Cartesian components of A,
and hy,, satisfy the scalar wave equation in Lorenz gauge, it follows from Remark 2.1 that
the only additional solutions allowed by our weaker fall-off ansatz vanish in Lorenz gauge.
Thus, the only new solutions allowed by the weaker ansatz are pure gauge. This justifies our

stronger choice of ansatz eqs. (2.24)-(2.25) and eqgs. (2.58)-(2.59)

1 Electromagnetism

We take our slower fall-off ansatz for the vector potential A, for d > 4 to be

4 o~ L 4, A

no~ ZﬁAM (u, =) d even (0.1)
n=1
LA, o A
n=1/2" ped—3 ™"
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As discussed in sec. 2.3, in order to impose the Lorenz gauge we must solve the scalar wave

equation (2.34) for a gauge scalar field ¢ with source .

Consider, first, the case of d even. We seek to solve eq. (2.34) with the ansatz
X1
p~clnr+ ) —ngb(") (u, 2 (0.3)
n=0"

where ¢ is a constant, and we require 9y¢(") = 0 in order that d,¢ = O(1/r). The recursion
relations for ¢(”) are given by eq. (2.18) with 1 replacing S. Although S = O(l/rd_Q), a
priori we have ¢ = O(1/r). However, an analysis similar to the proof of Prop. 2.3 shows that
1/1(1) vanishes and

D) = —(d - 4)9, A (0.4)

To solve eq. (2.18), we start with the radiative order recursion relation (n =d/2 — 1 in

eq. (2.18)), which yields

(2% — (d/2 - 2)(d/2 - 1)] V22 = /2, (0.5)

4/2=2) " There is no

This angular operator is invertible, so we may uniquely solve for gb(
difficulty in solving the recursion relations at faster fall-off, since we may then specify
gb(d/Q*l) arbitrarily and solve for qb(") with n > d/2 — 1 as in Prop. 2.1. To obtain gb(”) with

n < d/2 — 2 we proceed iteratively by inverting the angular operators in the slower fall-off

recursion relations. This works without any difficulty until we get to eq. (2.18) with n = 1.
c+ 2260 = @ 4 (d — 4)9,0) (0.6)

If the right side of this equation were not stationary, (b(o) could not be stationary and the

desired gauge transformation would not exist. However, we now shall show that the right
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side of eq. (0.6) is indeed stationary.

To show this, let

N = Ay — Oy (0.7)

By Maxwell’s equations, when j, = 0, we have

Thus, if ¢ satisfies eq. (2.34) and if j, = 0, then ~ satisfies [0y = 0. Of course, j, need
not be zero and we have not yet obtained a solution, ¢, to eq. (2.34). However, we have
j((Ln) = 0 for all n < d — 2, and we have constructed above a solution to the recursion relations
eq. (2.18) to solve for qb(") for all n > 0. Therefore, we obtain quantities 7(”) that satisfy
the homogeneous recursion relations eq. (2.13) for all 1 < n < d — 2. In parallel with the

argument of the previous paragraph, at radiative order, n = d/2 — 1, these relations imply

that v(d/Q_Q) = 0. It then follows that y(n) =0forall 1 <n<d/2—2. For n =1, we obtain
Do) = AW, (0.9)

But the Maxwell equation eq. (0.8) yields
(d — )3, AV = —9,0@. (0.10)

Thus the right side of eq. (0.6) is indeed stationary, as we desired to show. In parallel with
solving eq. (2.41) when d = 4, we can choose ¢ so as to cancel the [ = 0 part of the right side.
We may then invert eq. (0.6) to obtain (b(o). Thus, in even dimensions, the Lorenz gauge can

be imposed within the weakened ansatz (0.1).

We now turn to the odd dimensional case. We take the scalar field ¢ to have the following
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expansion in powers of 1/r

(0.9]

o~ > —gb ) + Z u, ). (0.11)
n:—1/2 p=d— 3"
Note that we allow a term, ¢(*1/2)7 that grows with r as r1/2 Tn order that 0q¢ be consistent

with our ansatz (0.2), it is necessary and sufficient that ,¢(~1/2) = 0.

There is no difficulty in solving the recursion relations for gz;(p). There also is no difficulty
in solving the recursion relations for (b(”) for n > 1/2 in the manner specified in Prop. 2.2.

However, there is a potential difficulty that arises when one attempts to solve the recursion

relation for gzﬁ(_l/Q)

1(2d—5)]¢<—1/2) (d — 3)9,012) 4 p(3/2), (0.12)

2
[.@+4

This equation can be uniquely solved for gb(*l/ 2) but gb —1/2) will be stationary as required
if and only if the right side be stationary. However, the stationarity of the right side can
be proven in the same manner as done above for the even dimensional case. Thus, in odd

dimensions, the Lorenz gauge can be imposed within the weakened ansatz (0.2).

2 Linearized Gravity

We take the slower fall-off ansatz for the metric perturbation hy, to be

~ Y in A) d even (0.13)
:1

h ~ S :nhg)(ux ) + Z —hl(w)(u A dodd. (0.14)
n=1/2 p=d— 3"
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We seek a gauge vector field, ¢, satisfying eq. (2.78). We take our ansatz for &, to be

& ~ c(@/ou)lnr+ S ;Lg,(ﬁ)(u,xl“) d even (0.15)
n=0
o~ Lo oAy s~ L), A
o ~ Y. & (u, ) + > pfﬂ (u, ) d odd (0.16)
n=-—1/2 r p=d—3 r

where, in even dimensions, auf,(f) =0, and, in odd dimensions, (%Q(fl/ 2) _ 0.

In even dimensions, we can solve the recursion relations in parallel with the electromagnetic
case. The only potential difficulty arises showing that 0,,& ,SO) = (. This requires showing that

in the recursion relation for &(LO)
c+ 226 = —oP 4 (d— 10, (0.17)

the right side must be stationary. However, stationarity can be proven in close parallel with

the electromagnetic case by defining

_ 1 —

and showing (") =0 for all 1 <n <d/2— 2, from which it can then can be shown that the
right side of eq. (0.17) is stationary. We then can solve eq. (0.17) to obtain a stationary &(P) .
The equations for &go) and 51(4;)) can then be solved, and these quantities are stationary. Thus,

in even dimensions, the Lorenz gauge can be imposed within the weakened ansatz (0.13).

The odd dimensional case mirrors the analysis of the electromagnetic case in odd dimen-

sions, with the substitution of the argument of the previous paragraph to prove stationarity

of €717 =0
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