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Abstract

In quantum field theories with massless gauge bosons, the conventional formulation of
scattering amplitudes in terms of momentum eigenstates lead to infrared divergences. To
resolve this one should dress charged particles with an infinite number of low-energy (soft)
gauge bosons. These dressings are closely related to the asymptotic symmetries of the the-
ory. The aim of this dissertation is to investigate this relation in detail, and study the
implications of dressings in a quantum field theoretical context in asymptotically flat and
Schwarzschild spacetimes. In particular, the asymptotic symmetry of interest in gravity is
the BMS supertranslation. First, we demonstrate in perturbative quantum gravity that the
dressings facilitate charge conservation by carrying a definite supertranslation charge. We
then use this property to derive dressed states from the charge conservation laws of asymp-
totic symmetries. We develop a unified quantum mechanical framework for the construction
of dressings at the null infinity and the horizon of a Schwarzschild black hole, and show
that the black hole soft hairs are planted on the horizon by dressed particles falling into the
black hole. This framework is then extended to the magnetic parity soft charges of electro-
magnetism and gravity. It is shown that one can construct 't Hooft line dressings at the
asymptotic boundaries, which are charged under the magnetic large gauge transformations
and the dual supertranslations. Finally, we study the standard and dual supertranslation
charges at the black hole horizon. We find central terms in their algebra in the presence of
singularities in the parameter functions, which hints at further interesting soft structures yet

to be revealed.
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Chapter 1

Introduction

1.1 Dressings and the infrared

In quantum electrodynamics (QED), a charged particle may emit an infinite number of low-
energy (or soft) photons with a finite total energy below the energy resolution of detectors.
This gives rise to divergences in the S-matrix elements of real emission processes, which are
referred to as infrared divergences. It was soon shown that the infrared-divergent contribu-
tions can be factored, order by order in the perturbation theory, and exponentiated [2]. The
exponentiation of divergent factors implies that the corresponding S-matrix element van-
ishes as one removes the infrared cut-off. Since any charged particle may emit soft photons,
the S-matrix elements for all processes in QED vanish. While this is problematic, it poses
no problem in physical predictions. In practice, one sums up physically indistinguishable
(inclusive) cross-sections, order by order in perturbation theory, which leads to cancellations
of infrared-divergent factors. The infrared cutoff is replaced by the detector resolutions,
and the inclusive cross-sections are well-defined even after one removes the infrared cut-offs.
This method is referred to as the Bloch-Nordsieck resummation [3], and it is known to also
work in perturbative quantum gravity and for appropriate processes in non-abelian gauge
theories.

Although physically sensible predictions can be made using the Bloch-Nordsieck resum-
mation, it is troubling that the S-matrix in gauge and gravitational theories in the standard
Fock (momentum) basis is not well-defined. Thus, it is natural to ask if this is a feature
deriving from the physical nature of the problem, or whether there exists a formalism in
which the S-matrix can be well-defined. Chung [4] has shown that one can choose coher-
ent states which contain not only charged particles but also an infinite set of photons, and
therefore different from the set of conventional Fock states, superposed in such a way that

the infrared-divergent factors cancel out, leaving the S-matrix elements well-defined. Soon



afterwards, Kibble [5-7] introduced, based on the asymptotic behavior of charged particle
Green’s functions near the mass shell, a large non-separable space of asymptotic states in
the basis of which the S-matrix can be well-defined as a unitary operator.

Building on their work, Faddeev and Kulish [8] developed a formalism which allows for
the construction of appropriately defined S-matrix elements. This takes into account the fact
that the early and late time dynamics in theories with massless gauge particles cannot be
free. For example, in QED, they observed that there are terms in the interaction Hamiltonian
that arise from the coupling of soft photons to creation or annihilation operators of a charged
particle and give a non-vanishing contribution in the limit ¢ — +o00. The proposed solution
was to construct true asymptotic states which include multiple soft particle emissions to all
orders in the coupling constant. Physically, these states describe dressing of the charged
particles by soft photon clouds. The standard Dyson S-matrix between these asymptotic
states is then free of infrared singularities. This Faddeev-Kulish method was extended to
perturbative quantum gravity in [9]. It should be noted that the Faddeev-Kulish construction
is valid in QED only for massive charged particles. In contrast, perturbative quantum gravity
does not suffer from this restriction because of the cancellation of collinear divergences [10].
In this sense, the infrared behavior of gravity is simpler than that of QED.

Studies of the large time structure of gauge and gravitational theories have recently seen
a resurgence following the original work of [11-13] on asymptotically flat spacetimes. In
particular, an important realization has emerged that the infrared sector of these theories
is governed by an infinite dimensional symmetry group generated by large gauge transfor-
mations (LGT) [14-17]. In perturbative gravity, for example, there are infinitely degenerate
vacua which differ by the addition of soft gravitons and are related by spontaneously broken
Bondi-van der Burg-Metzner-Sachs (BMS) symmetries. The infinite number of conservation
laws associated with the BMS supertranslations forbids the transitions between equivalent
vacua, and this is interpreted (for the case of QED see [18,19]) as the reason of the vanishing
of the Fock space S-matrix elements for transitions involving soft gravitons. We have seen
that the Faddeev-Kulish (FK) asymptotic states were introduced to precisely take care of
this problem. Since the Dyson S-matrix is finite between the FK asymptotic states, the ques-
tion that naturally arises is, what is the relation between the FK asymptotic operator which
generates the asymptotic states and the BMS supertranslations? For the aforementioned
interpretation to be valid, it must be that the FK dressings implicitly induce transitions
between the degenerate vacua. This interpretation has been explicitly verified for the case
of QED in [18] and [19]. Related discussions have appeared in [20-22], where the authors
study the factorization of the hard and soft sectors in a scattering experiment, and the re-

lation to BMS transformations, with a special emphasis on the application of their results



to the black hole information paradox. Also, the relation between the soft and hard sectors
was formulated using information-theoretic tools in [23], see also [24]. Since then, there has
been an extensive analysis of asymptotic symmetries of gauge theories and soft theorems,
see [25-53] for examples of some earlier work.

It is clear that there exists a close relationship between the Faddeev-Kulish dressings,
the asymptotic symmetries and the infrared structures of quantum field theories. It is at
this interface wherein the motivation of this dissertation lies. The Faddeev-Kulish dressings
present a new perspective on the study of long-distance interactions in field theories. The
asymptotic symmetries, while being classical, lead to rich structures in the quantum theory,
and the dressings serve a natural tool to study such structures. Initially, there was hope
that the BMS black hole soft hairs have the potential to resolve the black hole informa-
tion paradox. But since then, there has been various works (see for example [54]) which
show that BMS supertranslations do not have obvious connections to Hawking radiations.
However, there are recent papers [55-57] that suggest soft near-horizon physics can have
nontrivial bearings on the information paradox. We believe that the results presented in this
dissertation is relevant to this active field of research. Let us summarize the contents of this
dissertation below.

In chapter 2, we show that the ill-defined nature of scattering amplitudes in perturbative
quantum gravity is tied to a transition between the degenerate vacua, and demonstrate
how the dressings encapsulate the correct vacuum transition. Moreover, we show that the
cancellation of infrared divergences in perturbative quantum gravity is closely related to the
conservation law of BMS charge. This chapter is based on the paper Asymptotic dynamics
in perturbative quantum gravity and BMS supertranslations with Ratindranath Akhoury and
Uri Kol that has been published in JHEP [58].

In chapter 3, we observe that the dressed states of gravity in scattering amplitudes
act essentially as BMS charge eigenstates. This allows us to re-derive the dressed states by
introducing the BMS charge as a new quantum number. Using this, we prove a conjecture by
Strominger and his collaborators [19] which asserts that BMS symmetry implies cancellation
of infrared divergence. This chapter is based on the paper BMS supertranslation symmetry
implies Faddeev-Kulish amplitudes with Ratindranath Akhoury, published in JHEP [59].

In chapter 4, we explore the possible implications of dressings on the black hole hori-
zon. The degeneracy of vacuum in QED and gravity can be interpreted as the vacuum
containing information encoded by the low-energy photons and gravitons, also referred to as
the soft hair. Building on this, Hawking, Perry and Strominger [60,61] proposed that the
Schwarzschild black holes carry soft hair, and that this may bear non-trivial implications

on the fate of information stored in evaporating black holes. They showed in the classical



theory that BMS supertranslation (a subset of the BMS symmetry) leads to a non-trivial
structure on the Schwarzschild horizon, exhibiting low-energy graviton degrees of freedom
localized on the horizon. Along with some of the earlier work (for example [62]), this led to
numerous investigations on the effects of non-trivial diffeomorphisms acting on black hole
horizons [63-85,85-89,89,90]. This structure is actually a characteristic of horizon dressings:
in a quantum field theory, particles falling into the horizon are accompanied by dressings,
and these dressings show up as soft hairs on the horizon. Therefore, deriving the dressings
yields a quantum-field-theoretical handle on the black hole soft hairs, thereby paving the way
to studying microstates responsible for black hole entropy. In order to extend the dressing
construction to curved spacetime, we adopt the work of Jakob and Stefanis [91] to express
the dressing as the Wilson lines. We consider photons in a Rindler spacetime, which can be
viewed as the near-horizon geometry of a Schwarzschild black hole. We obtain the photon
dressings on the Rindler horizon, and noticed that the horizon has the low-energy photon
degrees of freedom analogous to the results of Hawking, Perry and Strominger. Chapter 4 is
based on the paper Soft photon hair on Schwarzschild horizon from a Wilson line perspective
with Ratindranath Akhoury that has been published in JHEP [92].

In chapter 5, we demonstrate that asymptotic particles falling into the black hole leave
behind a soft graviton hair on the horizon, by constructing gravitational dressings on the
black hole horizon in the context of perturbative quantum gravity in a Schwarzschild back-
ground. This extends the result of chapter 4 to gravity, with the crucial difference that we
work directly in a Schwarzschild background instead of a Rindler wedge. To this end, we
quantize the metric perturbation as in [93,94]. We observe that the work of Jakob and Ste-
fanis [91] extends to gravity in flat background without difficulty, and adopt Mandelstam’s
point of view [95] to construct Faddeev-Kulish dressings as gravitational Wilson lines along
the geodesic of a massive, radially infalling scalar matter field. The gravitational Wilson
line in curved background is taken to be a straightforward generalization of that in flat
background, see [9] for instance. It is shown that the dressing thus constructed carries a
definite soft supertranslation charge parametrized by the mass and energy of the matter
particle being dressed, in accordance with the case of flat spacetime. More explicitly, the
dressing operator for a radially infalling particle of mass m and energy E acting on a black
hole state with no hair, creates a black hole with soft hair. This state is characterized by
the energy F and mass m through the ratio m?/E and by the spherical angles on the future
boundary of the future horizon. This should be contrasted with the case of soft hair on the
asymptotic infinities Z*, where the corresponding state is labeled by a charge parametrized
only by the momentum of the asymptotic particle (see section 5.1.2). Chapter 5 is based on

the paper Supertranslation hair of Schwarzschild black hole: a Wilson line perspective with



Ratindranath Akhoury and Sandeep Pradhan, published in JHEP [96].

While the dressings constructed at the leading soft order is relevant for the infrared-
divergent soft factor of scattering amplitudes, to study the infrared-finite part we need
dressings that include corrections due to photons and gravitons that are in the subleading
soft order. This is of great importance since it is relevant to physical predictions. The
main obstacle to constructing such dressings is that the leading and subleading charges of
the asymptotic symmetry do not commute, and therefore one cannot have simultaneous
eigenstates of both. In chapter 6, we observe that by working to first order in the coupling
constant, we can construct dressed states that behave as eigenstates of the leading and
subleading charges in scattering amplitudes. Using these corrected dressed states, we show
that that the infrared-finite parts of scattering amplitudes are in agreement with the cross-
sections used in experiments. This is an important consistency check of the dressed-state
formalism. Moreover, we show that there is no tree-level radiation of low-energy photons and
gravitons. Chapter 6 is based on the paper Subleading soft dressings of asymptotic states in
QED and perturbative quantum gravity with Ratindranath Akhoury, published in JHEP [97].

In the construction of Schwarzschild gravitational dressings in chapter 5, we observe that
only the electric parity gravitons contributes to the horizon structure; the magnetic parities
cancel out by themselves in a very non-trivial way. This issue is related to dual supertransla-
tion [98-100], which has gained a lot of attention recently [101-115] as a “magnetic” dual of
the BMS supertranslation. The electromagnetic duality of the vacuum Maxwell theory is bro-
ken in quantum electrodynamics with only electric sources. However, recent works [116,117]
have shown that this duality is regained, even in the absence of magnetic monopoles, for
the asymptotic states which include the soft electric and magnetic modes. In a theory with
electrically and magnetically charged particles, Strominger [32] has obtained the magnetic
corrections to the usual soft photon theorems and explicitly constructed the charges which
generate the magnetic large gauge transformations. A number of interesting questions, how-
ever, need to be further explored. Is the theory of electric and magnetic charges infrared
finite? Are Strominger’s magnetic soft photon theorems [32] exact? In chapter 7, we aim
to address these issues. Our approach is to construct the dressings which are charged under
magnetic LGT in electrodynamics and under dual supertranslations in perturbative quan-
tum gravity. First, working within the framework of a quantum field theory of magnetic
and electric charges formulated by Blagojevi¢ and collaborators [118-120], we construct the
asymptotic states of the magnetically charged particles by diagonalizing the asymptotic three
point interaction potential of these with the photon. We emphasize that the field theory for-
mulation of [118-120] is used only in the spirit of an effective field theory to determine the

structure of the asymptotic three-point interaction. This construction at large times is non-



perturbative, since the states can also be derived by other non-perturbative methods, such
as writing Wilson line dressings or building eigenstates of the soft charge associated with the
asymptotic symmetry. These methods give identical results (see [19,59,91]). Later in the
chapter, we use only the second method for gravity. Having obtained the asymptotic states,
we then show that the soft photon dressing associated to these states can be written as a
't Hooft line operator along the asymptotic trajectory of the magnetically charged particle.
By direct computation, we demonstrate that the 't Hooft line dressings are charged under
the magnetic LGT while neutral under electric LGT. This is in contrast to the dressings for
electrons [8], which can be written as a Wilson line [91] and are charged under electric LGT
while neutral under magnetic LGT. The construction of the 't Hooft line dressing parallels
the treatment of electrically charged particles and this acts on the Fock states to create
coherent states. The infrared finiteness of the quantum field theory of electric and mag-
netic charges is then manifest. The construction also makes clear that the leading magnetic
dressings, just like their electric counterparts, are exact as was conjectured by Strominger
in [32]. The 't Hooft line interpretation of the dressing allows us to extend the construction
to perturbative quantum gravity. We construct gravitational 't Hooft line dressings that are
charged under dual supertranslations but carry zero BMS supertranslation charge. Again,
this is to be contrasted with gravitational Wilson line dressings, which are charged only un-
der supertranslations. In gravity, we have no magnetic counterpart of the graviton coupling
to the energy-momentum tensor. Thus, there are no particles that carry dual supertransla-
tion charge, and hence no issue regarding infrared divergences. We study the algebra of dual
supertranslation charges and the 't Hooft line dressings for smooth parameter functions on
the sphere. Chapter 7 is based on the paper Magnetic soft charges, dual supertranslations,
and 't Hooft line dressings with Ratindranath Akhoury, published in PRD [121].

Both the LGT and the BMS supertranslation charges are parametrized by a function
on the sphere. This is true both for charges on null infinities and charges on the horizon.
When this function is smooth, the algebra of standard and dual soft charges are known to be
abelian. In electromagnetism, it has been shown by two independent groups [116,117] that
the algebra of charges bears a central term when the parameter function has singularities. In
chapter 8, we extend this result to gravity on the Schwarzschild horizon. In the presence of
a black hole, the future null infinity by itself does not form a Cauchy surface (in the absence
of massive particles), and should be augmented by the future Schwarzschild horizon H*.
Accordingly, the supertranslation charge obtains a contribution from the horizon. Using the
first-order formalism of gravity to compute the horizon standard and dual supertranslation
charges [108,109], we derive that the horizon charge algebra exhibits a central term in the

presence of poles in the parameter function. We discuss possible physical implications of



such terms in the algebra, by drawing analogy to electromagnetism. Chapter 8 is based on
an ongoing project with Ratindranath Akhoury and Malcolm Perry.
We end this introduction with a brief review of the two cornerstones of this dissertation:

Faddeev-Kulish dressings of gravity and BMS supertranslation.

1.2 Dressings of perturbative quantum gravity

In this section, we review how the dressed states (and dressings) arise in perturbative quan-
tum gravity around asymptotically flat spacetimes arise. The construction is very similar to
the case of gauge theories [8]. The main reference is [9]. Throughout this section we work
in the leading soft approximation, the eikonal limit, when the spin of the matter particles
does not play a role. Thus, our results are equally valid for scalars, fermions, and gravitons;
however, to be specific, we explicitly work with a massive scalar field ¢ coupled to gravity.
We expand around flat space g, = N + Khy where 1, = diag(—1,1,1,1) and x* =
327G In this expansion, hy, is the graviton field. We choose to work in the harmonic gauge

(also known as the de Donder gauge)
1
0hy, — §8Vh = 0. (1.1)

The Lagrangian of the theory assembles into the form

L=L,~+ Ly~ Lin, (1.2)

where we have the free-field Lagrangians of the matter field ¢ and the graviton h,,,
L, = —;3"90%0 - ;m%Z (1.3)
Ly = —éaahw,aah“” + i@ahaah (1.4)

as well as the leading-order interaction Lagrangian

h
Line = g [h“”amoauso — 5 (0000 + m%ﬂ : (1.5)

Here h = n*"h,, = h*, is the trace. It is sufficient to include only cubic interactions, since it
has been shown in [9,10] that interactions at quadratic and higher order in the graviton field

play no role in the infrared structure of the theory. One can read off the graviton propagator



to be

1 1
— P 1.6
2" (k2 +ie) (16)

where [FP7 = phPy"? + phonP — n**nP?. The hpyp vertex rule, with scalar momentum p

flowing in and p’ flowing out is

i; {P“P’V + p"p* — 0t (p P mQ)} .7

The fields ¢(x) and h,,(z) can be expanded in harmonic modes
o(x) = /cﬁ;? (b(p)eip'“"” + bT(p)e’ip'”> : (1.8)
hy () = / B (4, (k)™ + al,, (k)e ™), (1.9)

where we have employed the shorthand notation

Bl = ——— (1.10)

with w, = /|p|?> + m? and wy, = |k|. With our choice of normalization (which is different

from [9]), the creation and annihilation operators obey the commutation relations
[b(p), b (p)] = (27)*(20,)5°(p — P), (1.11)
1
[ (), aly (K)] = 5 Lo (27)° (200)8° (e — K), (1.12)
where I*P7 = ptPpr? 4 phtonP — n#nP?. We define the physical states as the subset of all

the states in the Fock space that obey the gauge condition (1.1). The gauge condition (1.1)

translates into the Gupta-Bleuler constraint on the Fock space

1
(k“aw(k) - 2/{,,&Z(k)) |W) =0 for all physical Fock states |¥). (1.13)

In the following we discuss the construction and properties of physical asymptotic states.

Now we consider the interaction potential, namely

V(t) = —g /de [h’”@,@@ucb - ;L (6“q58“¢ + ngbQ)] . (1.14)



Using the expansions for hA*” and ¢, we get
_ E 3. 93 3371, 72 ik-x tuv —ik-x
V(t) = — 2/dpd gk (™ (k)™ + a (k)e )
X (ipub(p)eip“ — iprT(p)efip'z) (iqyb(q)eiq'm - iqbe(q)e’iq'x) : (1.15)

The second term in the integrand of (1.14) does not contribute since p* + m? = 0. Due to

the Riemann-Lebesgue lemma, for |t| — oo this potential effectively becomes

5 737, Pubv v ik v —ikp
Vis(t) = — m/d3pd3k ;—pop(p) (a" (k)e' s " + a (k)e "5 t) (1.16)

where p(p) = b'(p)b(p). Then for |[t| — co the asymptotic Hamiltonian is H,s = Hy + Vi,
with Hy denoting the Hamiltonian for the free fields. The asymptotic time evolution operator

solves

d
ZaUas(t) = Has(t)Uas<t) (1'17)

To solve for U,, let us define the function
Z(t) = ™t (2). (1.18)

In terms of Z, the time evolution equation takes the form

d
Z%Z(t) - Vas(t)Z(t)7 (119)
for which we obtain the solution
t .
Z(t) = Texp (—i / V;s(T)dT) = e 00, (1.20)

Here we have the two commuting operators R(t) and ®(t), defined as

R(t) = i/t Vi (7)dT, (1.21)

B(t) = ;/t dr [ ds [Vau(r), V()] (1.22)



Plugging in our expression (1.16) for V.5, we obtain

p-k

S KoV b b
R(t) =5 [ @ dkp@)E (ol b5 — o)), (1.23)
' 2(p-p) —m* rtdr

o(t) = _16(1%271')3/%%/ : p(p)p(p') : \/m H

D(t)

(1.24)

At large times t — oo, ¢'*® is a divergent phase (that is related to Coulomb phase) and
e f) is an operator that carries an infinite number of soft gravitons. That the large-time
interaction Hamiltonian induces an infinite number of soft graviton operators implies that

the asymptotic state space H,s should be defined in terms of the space of Fock states Hr as
Has = eFOHp, (1.25)

where ¢, the asymptotic time, is taken to be very large. For QED [8] and for gravity [9],
it was shown that this asymptotic space has a number of important properties including
gauge invariance (linearized general coordinate invariance). However, recent works [14, 15]
have clarified that the gauge invariance is only with respect to small gauge transformations.
Large gauge transformations, or those that do not reduce to the identity at time-like and
null infinity, are instead symmetries of the system. Among these, the ones relevant for us
are the BMS supertranslations. The space of asymptotic states is divided into superselection
sectors, each labeled by a BMS charge.

We note that there is a 3-graviton interaction vertex in perturbative quantum gravity,
so the gravitons are dressed as well. Since the leading soft approximation is not sensitive to

spin of the particle, the dressings for gravitons are the same as those for massless scalars.

1.3 BMS Symmetry

The group of BMS (named after Bondi, van der Burg, Metzner and Sachs) transformations
form the asymptotic symmetry group of gravity in asymptotically flat spacetimes [11,12].
Not only does it contain the Poincaré transformations, but it also includes a novel diffeo-
morphism called the supertranslation. Since supertranslations are intimately related to the
gravitational dressings of perturbative quantum gravity, we explore in this section how su-
pertranslation arises as the asymptotic symmetry of the asymptotically flat spacetime. The
main reference for this section is [1].

Let us begin with the simplest example of an asymptotically flat metric, the Minkowski

metric. An asymptotic boundary of this spacetime is the future null infinity Z*, with the
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future and past boundaries Z{ and Z* respectively. ZT is a three-dimensional manifold
parametrized by the retarded time u = ¢t — r and the angular coordinates. To get to ZT, one
takes the limit r — oo while keeping u fixed. In the retarded set of coordinates (u,r,x?),
where we use the capital Latin letter A, B,... to denote angular indices, the Minkowski

metric takes the form
ds® = —du® — 2dudr + r*y pda’da®. (1.26)

Here 45 is the metric on the unit sphere; for instance in the standard spherical coordinates

at = (0, 9),

ap = F ! ] . (1.27)

0 sin%4

Now, let us turn to the asymptotically flat spacetimes. What coordinates should we use
to parametrize their asymptotic boundaries? Let us demand that we retain a nice set of
coordinates (u,r,0,¢) that we used for Minkowski spacetime. First, we want a constant-u
surface to be a null hypersurface, that is, it is everywhere tangent to a light cone. This

implies that the normal vector V,u should be null, that is,
V,uVtu = g"* = 0. (1.28)

Next, we want the angular coordinates to be constant along any light ray. This implies that
given a light ray defined by the tangent V*u, angular coordinates are orthogonal in the sense
that

ViV ot = g"4 = 0. (1.29)

Notice that these two conditions that we impose on the coordinates fix three (out of ten)

components of the inverse metric to zero:

0 g 0
gl“‘ — gur grr grA . (130)
0 gTB gAB

By direct computation, one can observe that this is enough to fix three components of the

11



metric g = gra = 0,

GJuu  Gur GuA
Guv = | Gur 0 0 s (1.31)
gua 0 gam

as well as fix g45 and g% to be inverses of each other.
Finally, we want r to represent the luminosity distance. In terms of the metric, this

property translates to

gAB
Since (1.31) is to be an asymptotically flat metric, we want gap to reduce to r’y,p at large

r, which implies the large-r expansion
1
L7 = vap+ —Cag +0(?) (1.33)

for some symmetric two-dimensional tensor Cup that is a function of w and z#. Using
this expansion and the identity det M = exptrin M, one finds that the luminosity distance

condition (1.32) reduces to tracelessness of Cyp,
FABC L = 0. (1.34)

Metrics that satisfy g, = gra = 0 as well as (1.32) (or (1.34)) are said to be in the Bondi

gauge. Einstein’s equations require the metric in Bondi gauge to have the large-r expansion

ds* = —du® — 2dudr + rQ'yAdeAdasB

2
+ B 2 4 Oy pda?da® + Ugduda™ + - - (1.35)
.

where mp(u, z*) is called the Bondi mass aspect, and Uy (u, z?) is a function that can be

fixed in terms of C45 by demanding some fall-off conditions on the Weyl tensor. These set
of coordinates (u,r,z?) are often referred to as the Bondi coordinates.

Now that we have the asymptotically flat metric on Z", let us see which diffeomorphisms
¢ leave this structure invariant. Since we are interested in seeing something other than

Poincaré transformations, let us exclude rotations and boosts. Recalling that rotation and
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boost generators are of the form x(,0,), we restrict
&6 ~01),  ~oih (1.36)

This leaves us with translation-like transformations. Since we want to stay in the Bondi
gauge, we demand that Le¢g., = Leg.a = 0 and ¥ Legap = 0. This is enough to fix the

components of the vector field £ at leading order in large r,
L L4
guau = fau + §D far —-D faAa (137)
r

where f is a function on the unit sphere, D4 denotes covariant derivative on the unit sphere
(and thus is compatible with v45), D4 = y48Dp, and D? = DAD 4.

We have identified the translation-like diffeomorphisms & that retain the structure of
asymptotically flat spacetimes, that are parametrized by a function f on the sphere. One
finds that they are abelian at large r, in the sense that the Lie bracket of two such diffeomor-
phisms vanishes as r — oo. So, what are these transformations? It is instructive to write

the vector field 5 in spherical coordinates,
5“5 - f6 1L2f5 169f59 ! 0 J 0 (1 38)
K “ 2 " r r sin2 0 2044 ’

Here we have used D? = —L2?, where L? is the angular momentum operator. Taking f(z*)

to be the four lowest spherical harmonics (up to constant normalization)
Yy =1, Y = cos ¥, Y = sin fe*?, (1.39)
we find that
Y)) =T, W)=-T, &) =—(T1 =), (1.40)

where Ty = 0; and T; = 0; are the space and time generators respectively, with ¢ = u + r.
Therefore, the [ = 0,1 partial waves of f(z) generate spacetime translation. Since f(z4)

can be a generic function on the sphere, it also contains higher order partial waves,

fla™) :i o S (). (1.41)

=0 m=—1

Therefore, the diffeomorphism generated by £ can be thought of as a generalization of space-

time translations, and is referred to as BMS supertranslation in the literature. There is an
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infinite number of supertranslation generators, one for each spherical harmonic.
While our analysis was done on the future null infinity Z*, one can follow a similar line of
reasoning to obtain supertranslation on the past null infinity Z—. These two supertranslations

are closely related. The charge at Z* can be written as an integral over the past boundary

I,
+ 1 Oft
f+ = R/j"" d f mpg, (142)

while at Z~ it can be written as one over the future boundary Z-,

_ 1

Q; = 47TG/I+ A fmp. (1.43)

For the scattering problem in general relativity to be well-defined, the charge must be con-

served in the sense that

Q}‘—+ = Q;—ﬂ f+ - f_|antip0da1' (144)

Here the two parameter functions f* and f~ are to be antipodally matched. This is usually
implicit in most computations in the literature, and therefore one uses a single f for both

null infinities. In perturbative quantum gravity, this conservation law becomes [14]
QFS —SQ; =0, (1.45)

where S is the S-matrix operator. This conservation law plays a central role in the relation
between dressings and supertranslation charges.

There exists an extension of the BMS symmetry called the BMS superrotations. Just
as supertranslations are generalizations of translations, superrotations can be thought of as
generalizing boosts and rotations. There are, however, complications to this generalization
as superrotations are known to change the structure of the metric (1.35) (and hence the
need for eztension of BMS symmetry). We come back to superrotations in the context of
subleading soft theorems in chapter 6.

There is an asymptotic symmetry transformation of gravity that is not a diffeomorphism,
which goes under the name of dual supertranslation (see [98-100]). The relationship between
standard and dual supertranslation is parallel to that between the LGTs of electric and

magnetic charges in electromagnetism. We discuss dual supertranslations in chapters 7 and
8.
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Chapter 2

BMS Supertranslations and

Gravitational Dressings

2.1 Physical asymptotic states for gravity

Kulish and Faddeev have constructed physical asymptotic states in QED [8], following the
works of Chung [4] and Kibble [5]. The physical asymptotic states (dressed states) were
constructed by dressing the incoming and outgoing states with a coherent cloud of photons.
This formalism has been used in [9] to construct asymptotic states in gravity, which involve
coherent clouds of gravitons. In this chapter, we demonstrate that the these dressed states
facilitate charge conservation by carrying a definite BMS supertranslation charge. We start
with a brief overview of the work done in [9] and provide generalizations that are relevant
to our discussion.

As reviewed in chapter 1, the Faddeev-Kulish formalism was used in [9] to construct an

operator e®®) that projects the Fock space Hp into the space of asymptotic states Has
"Dy = H,s. (2.1)
The anti-Hermitian operator R(t) is given by

—_— MV -p-k .pk

R(t) = 5 [ @pdkp() 22 (aly (ke 5" = ayuh)e'S")). 22)
p .

where ¢, the asymptotic time, is taken to be very large and p(p) = b(p)b(p) is the num-

ber operator of the scalar particle. For QED [8] and for gravity [9], it was shown that this

asymptotic space has a number of important properties including gauge invariance (linearized

general coordinate invariance). However, recent works [14, 15] have clarified that the gauge
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invariance is only with respect to small gauge transformations. Large gauge transformations,
or those that do not reduce to the identity at time-like and null infinity, are instead symme-
tries of the system. Among these, the ones relevant for us are the BMS supertranslations.
The space of asymptotic states is divided into superselection sectors, each labeled by a BMS
charge which is explicitly constructed in section 2.4.

The operator R(t), however, exhibits some properties which make it unfavorable to work

with. For example, it does not preserve the Gupta-Bleuler condition (1.13):
1
[R(t), B0y (k) — shuali(k)| #0. (2.3)

To resolve this, we note that only the low energy behavior of R(t) defines the space H,s, and

introduce another operator Ry of the form:

Ry =5 [ @pdhp(o) (£ (b, K)al, (6) ~ £ (0, W) (h)) (2:4)

which is characterized by an infrared function f,,(p, k). This function is different in different
superselection sectors, but its form is restricted as we show now. One restriction comes from

the fact that e and e must describe unitarily equivalent spaces, i.e.,
I Hp = "D Hp = H,,.

The constraints arising from these, which are discussed in [9] and in appendix A, make it

convenient to write f,,(p, k) in a form analogous to that of QED in [8], which reads

Fuw (P, ) = [Z Pt ffz ’ k)] o(p. ) (2.5)
with some function ¢, (p, k), where ¢(p, k) is a smooth function such that ¢ — 1 as k — 0.
This form is useful to work with, because it separates the two terms that play distinct roles:
the first term is responsible for mapping Fock states into asymptotic states and, as we see
later in this chapter, the second term parametrizes the superselection sector.

We note that since we have not restricted the form of ¢, (p, k) yet, the expression (2.5)
is still general. Depending on how we parametrize c,,(p, k), however, (2.5) might not be
compatible with some possible forms of f,,(p, k). For example, if we demand that c,, (p, k)
does not contain terms proportional to p,p,, then (2.5) becomes incompatible with certain
parametrizations, such as the one used in [9]. However, since we use explicit parameterization
only as an example, our results are valid in general.

With the new operator R, we demand that the physical asymptotic states be subject to
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the Gupta-Bleuler condition (1.13), which implies
Ry, k*ay, — 1k M =0 2.6
1k — Shoay, , (2.6)

or,

w
K o = —=+p, =0. (2.7)

There are additional constraints on the function f,,, or equivalently, on c,, arising again
from the fact that e®® and efs define unitarily equivalent spaces. In appendix A we show

that, to leading order in k, these constraints are

o (Dy k) = s (p, k) (2.8)
(P )P (P’ k) = 0 for all p and p'. (2.9)

Subleading corrections to (2.8)-(2.9) only rescales the operator ef'/ by a positive finite con-
stant, and we could therefore absorb them in the normalization of the state.
With a ¢, that satisfies (2.7)-(2.9), the graviton cloud operator e®f properly gives us

the asymptotic states
) = e ), (2.10)

where |¥) denotes Fock states of the matter fields. It is convenient to interpret e®s as an
operator that dresses each scalar with its own cloud of gravitons. Indeed, this is seen most
clearly by commuting eff through the scalar operators using [b(p), p(p')] = (2m)3(2w, )83 (p —
p')b(p). In this way we obtain, for example

R1bH (pr)b (pa) 0) = € 0b (pr)eRr b (o) [0) (2.11)
where
Ry(p) =5 [ @k (. )al, (k) = 1 (. F) (k) (2.12)

One can parameterize the c-matrix as the following to exclude terms proportional to

Pubu,s
cuw(p, k) = a1q(upy) + 424,y (2.13)

where ¢(k) is some four-vector and a;, ay are coefficients to be determined.! This parame-

'We have used the following notation for the symmetric combination A(uPv) = Qubv + quPu-
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terization is similar to the one used in [18] for the case of QED. The gauge constraint (2.7)

then fixes the coefficients to be

k-p

a; = _T‘C] and ay = . qa1 , (2.14)
and therefore we have "
Wi P
CMV(p7 k) = qu quNQV - Q(upu)] . (215)

The constraint (2.9) then reads

Cun (D, B)IM7 cpe (P, k) =

W 2q2l(k'p) 1_[(16-19’)

k-q2? |k-?™F (k.q)q—p'1=0, (2.16)

and can be satisfied identically only if ¢ is a null vector ¢> = 0. In addition, since rescaling
q by a constant does not affect (2.15), we can assume that the time component of ¢ is 1
without any loss of generality. As we see later, the null vector ¢ parameterizes the space of

superselection sectors, and the combination

& (p, K)e (R), (2.17)
where ety(k‘) are the transverse, traceless physical polarization tensors of graviton,

ket (k) =0 and n“”efw(k:) =0, (2.18)

g

is related to the conserved charge under BMS symmetry transformations. The BMS charge
therefore characterizes the superselection sector. A similar conclusion was drawn for QED
in [18]. In [9], the choice ¢*”(p, k)L, (k) = 0 was made. This choice can be realized by (2.15)

1%
with ¢* = (1, —k) and corresponds to a vanishing BMS charge.

The harmonic gauge condition (1.1) does not fix the gauge completely. BMS transfor-

mations parameterize the residual leftover gauge freedom [11,12,14,15], which is given by
hyw — by + Oudy + O, (2.19)
with the gauge parameter A\, satisfying the wave equation
OA, =0, (2.20)

We review this in section 2.2. Here it is worth noting that under this residual gauge freedom
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the infrared function f,, transforms as

f,uu(pa k) — fw/(p7 k) + k(,u)\u) - (k : >\)77,u1/7 (221>

with k? = 0, which is also implied by equation (2.7). It was shown in [9] that the action of
efls on a matter Fock state |¥y,) is invariant under (2.21) for small gauge transformations.
In the subsequent sections, we scrutinize how the BMS transformation, in particular the
supertranslation, plays a role in the context of the asymptotic states.

We would now like to show that the S-matrix elements in the basis (2.10)

<\I;aS

out

| STUE) = (Uou| e Seltr | W) (2.22)

are free of IR divergence. This has been shown in [9] for a process between single-scalar
asymptotic states using a specific choice of c,,. In appendix B, we present a generalization
of this result; we show that the divergences cancel for a process between asymptotic states
with arbitrary number of scalar particles to all orders in the perturbative expansion, provided

that the c-matrices satisfy, to leading order in the momentum £,

Z C;(Aouut) (pjv k) = CE,I,HVI) (pza k)v (223)

j€out 1€in

where “in" and “out" denote the set of incoming and outgoing scalar particles, respectively.
We briefly describe these results now.
First, note that from the work of Weinberg [2] we know that the amplitude M of a

process can be decomposed into
M= <\Ijout| e_R'fseRf |\Ijin> = AvirtMla (224)

where A, is the IR-divergent contribution of virtual gravitons and M’ is the remainder of
the amplitude. In (B.80) we show that

M = AgouaM, (2.25)

where M is the IR-finite part of the amplitude and Agouq is the divergent factor coming

from interactions that involve graviton clouds. The latter has the form

Acloud = (Avirt)ileiaca (226)
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where a is a positive constant, and

3k
C= / coy Pt with ey = Y cu(pi k) = Y cu(pisk (2.27)

j€Eout i€in

The factor e=2¢ derives solely from the interactions between graviton clouds. Since we have
the same c-matrices for both the incoming and outgoing states, by (2.9) the integrand of
(2.27) vanishes and C' = 0. If we use different c-matrices, for instance ¢, for incoming and
c,, for outgoing states, then (2.27 ) readily generalizes to the same expression for the integral
with

A= (k) = culpi k). (2.28)

j€out 1€in

If the condition (2.23) is not met, then C' exhibits IR divergence and the amplitude vanishes.
Therefore to obtain a non-zero amplitude, (2.23) must be satisfied and C' = 0. It is worth
noting that subleading corrections in the momentum £ to equation (2.23) are finite and can

therefore be absorbed in the normalization of the states. The amplitude thus becomes
M = AvirtAcloude = Avirt(Avirt)_le_ach = Ma (229)

which is IR finite.

2.2 The BMS group

2.2.1 Asymptotically flat spacetime

In this section we review the structure of asymptotically Minkowski geometry and BMS
transformations. We follow closely the works of [14,15].

Let us first define the retarded system of coordinates, which is related to the Cartesian

system by
xp+w
r? =i + a3 + a3, u=t-—r, p=t 2 (2.30)
T+ I3
The inverse relations are given by
,
t=u-+r, X =rXx= - (24 2z,i(z — 2),1 — 22). 2.31
(e 5z 2),1-22) (231)
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The flat Minkowski metric is then given by

dsi = —dt* + da} + dx3 + dx;

2 2 ) (2.32)
= —du” — 2dudr + 2r°7y,zdzdz |

where

2

057 (2.33)

Yz =

is the round metric on the unit S2.
Asymptotically flat metrics have an expansion around future null infinity (r = oc), whose

leading order terms are given by

ds® = ds,
2mp 2 =2 -
+ ——du” +rC,.dz" + rCs:dz® — 2U,dudz — 2Uzdudz (2.34)
r
+ ..
where . .
Uz - —§DZCZ,Z y Ug - —iDgcgg y (235)

and the dots denote higher order terms. The Bondi mass aspect mp and the radiative data

C.., Cs; are functions of (u, z, Z). We also define the Bondi news by
NZZ = 5UC'ZZ s Ngg = auCg* . (236)

The Z7 data mp and C., are related by the constraint equation

1 ,
Oum = — 30, [D*U. + DU] =T, (2.37)
where .
T = ZNooN7 447G lim [T ] (2.38)
4 T—00

is the total outgoing radiation energy flux. The first term of (2.38) is the gravitational
contribution while 7™ is the stress-energy tensor of the matter sector.

It is important to note that the metric in (2.34) is written in the Bondi gauge, which is
convenient for the presentation of the asymptotic solution but is not compatible with the

harmonic gauge. The transformation that relates the two gauges

hs, = By + 0u + 006, (2.39)
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obeys the following equation

1
0¢, = §aﬂh3 — h), (2.40)

where the label H stands for Harmonic gauge and the label B stands for Bondi gauge.
For a detailed discussion on the relation between the two gauges we refer the reader to

references [36,122,123]. In the rest of the chapter, we work in the harmonic gauge.

2.2.2 BMS supertranslations

As discussed in the previous section, after fixing the harmonic gauge there is still a residual
leftover gauge freedom given by (2.19)-(2.20). The gauge field \, parameterizes the group
of BMS transformations. At leading order it is given by [36]

, 1 ,
MO, = fO, +V'0; + §(D7’Vi) (uOy —10:) + ..., (2.41)
where i = 1,2 runs over the S? coordinates, and the dots stand for subleading terms.

The function f(z,z) is the transformation parameter of supertranslations, and the 2-vector
V?(z, z) is the transformation parameter of superrotations. In this chapter, we are interested
only in the supertranslations.

The retarded system of coordinates (u, r, z, Z) is useful to describe null infinity. However,
in the following we study the action of BMS transformations on massive particles, which
reach null infinity only asymptotically far in the future (at Z7). For this purpose it is useful

to adopt the hyperbolic system of coordinates defined as

r T

P=VE—r Ve@tou’

T =Vt2 —1r2 =vVu2+ 2ur,

(2.42)

with the inverse relations given by

u="Ty\14p?—pr, r=pT. (2.43)

In this system of coordinates, the world-line of a massive particle moving at a constant
velocity is described by hypersurfaces of constant p. The Minkowski metric then takes the
form

dp?

ds® = —dr?> + 712 (1—1—,02 + p2’yzzdzd2> ) (2.44)

An illustrative diagram of the causal structure of Minkowski spacetime in the hyperbolic

coordinates is given in Strominger’s lecture notes [1], which we reproduce in figure 2.1.
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Figure 2.1: Diagrams illustrating the causal structure of Minkowski spacetime, reproduced
from [1]. Left: the green lines describe hypersurfaces of constant p, and the grey line is the
world-line of a massive particle moving at a constant velocity. Right: hyperbolic slicing of
Minkowski spacetime. The slices correspond to constant 7 hypersurfaces, where for 72 > 0
the resulting surface is the hyperbolic space Hs and for 72 < 0 it is dSs.

It was shown in [36,124] that at 7 — oo the only non-vanishing component of A\, is A-,

lim (T, py2,2) = Me(p, 2, 2) (2.45)
In appendix C we study the two solutions for XT( p, 2z, Z). At time-like infinity they asymptote

to
plgglo Mp,2,2)=alz,2)p(1+.. )+ B(z2)p 2 A+...), (2.46)

where the dots denote subleading terms in 1/p. The a-series is leading and do not vanish at
time-like infinity p — oco. It is a large gauge transformation. The (-series is subleading and
vanishes at time-like infinity. We also show that in terms of the radiative data, the o and
modes are given by

CE(Z, 2) = ((‘LU; + aZUZ)ZI >

(2.47)
B(z,7) =i (.U — 0:U )+ .

The supertranslation charge (as well as the radiative data) is gauge-invariant to leading
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order in r [36,122,123]. At null infinity Z" it is given by

1

T(f) - R Tt

d®zy.:f(z,2)mp . (2.48)
Using the constraint equation (2.37) we can write

T(f) = ﬂoft(f) + Thard(f)7 (249)

where we have the soft part, given by the boundary term

Ton(f) = 87T1G [ = (0.0:+ 0.0 £ (=, 2), (2.50)

and the hard part

Tonca(f) = oy [ dud?=f (2, 2ecToa - (2.51)

The soft part of BMS supertranslations corresponds to the a-mode. The reason is that the
graviton’s zero-mode is precisely the pure gauge mode A,. To isolate the BMS mode we
therefore have to impose the following boundary conditions
B =i(0.Us = 0:U.) e =i (D2C:z — DZC’ZZ)II =0. (2.52)
After imposing these boundary conditions, the Bondi news and the radiative data transform
as
5szz = fausz

(2.53)
5;C.. = f0,C.. — 2D*f

under supertranslations, and the action of the BMS charge is described by the following

Dirac (or Poisson) brackets

{T(f), Ozz} = fauczz - 2D§f

{T(f)> sz} - fausz . (254)

Without imposing the boundary conditions (2.52) the result of the Dirac brackets would be
different. Imposing different boundary conditions does not change the Dirac brackets, but
fails to identify the BMS mode correctly (at leading order the S-mode does not contribute,
but at subleading orders it does).

We would now like to express the generator of soft supertranslations in terms of the
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creation and annihilation operators. To do this, we use the results of [122,123], where
it was shown that to leading order in the asymptotic expansion, the soft supertranslations
generator is gauge-invariant. Therefore, instead of performing the computation in the general
Gupta-Bleuler quantization that we have been using so far, we can go further and fix the
residual gauge freedom left after setting the harmonic gauge. That can be done by adopting
the canonical quantization in terms of the physical, transverse-traceless, components of the

graviton

a#u(k) - Z Egzk/(k>ar(k:)a (255)

r=+
where the momentum modes in the polarization basis obey the following commutation rela-

tions

lar(k), al ()] = 0,s(2w1)(27)%6% (k — k). (2.56)

The transverse-traceless components of the polarization tensor can be decomposed as follows
e (k) = eff(k)ei(k:), (2.57)
and we further use the following concrete realization for them

e Hk) = (z,1,4i,—2),

HS\H
[\&)

(2.58)
+/J/ . — . —
etk)=—(z,1,—1,—2).
(k) = 5 )
Using the physical components of the polarization tensor we completely fix the gauge and
eliminate any ambiguities that could complicate the computation. As explained above, that
does not change the result since, to leading order in the asymptotic expansion, the soft
supertranslation generator is independent of the gauge choice [122,123].
Using this and the plane wave expansion (for example see Appendix A of [18]), we write
the radiative data as [15]

C..(u,2,2) = firli_glo ;hzz(r, U, z,2)

1
=k lim —0,2"0,2" h,, (2.59)

r—oo
K 0 ‘ .
o s — Wi T a WU
— _W%E/O dwy, [a+(wkxz)e FU—al (wx,)e™r ] .

where we have been using that the four-momentum of the graviton, being a massless excita-
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tion, can be expressed as

Wi

k= (14 22,2+ 2, —i(z — 2),1 — 22). (2.60)

1422

The soft supertranslations generator (2.50) can then be written as?

1

Tsoft(f) = - 167TG
Wi

= lim —/dzz [(a+(wk§<z) +al (wkfcz)) D2f + h.c.} :

wp—0 47K

/ dud®z [N*D?f + N7 D{]
(2.61)

In this form it is clear why T is, indeed, described by soft gravitons.

2.3 Action of BMS supertranslation

In this section we study the action of BMS supertranslations on single-particle states, as well

as on the vacuum state, using the expressions obtained in section 2.2.

2.3.1 Outgoing graviton

Using the expression (2.61) and the commutation relations (2.56), the action of the super-
translation generator on an outgoing soft graviton at future null infinity is given by
872 1 9
T(f), a4/-(k)] = 8(wi) D2, f. (2.62)

K Yz

Since we take a. (k) to be soft, it is the soft part T (f) of T'(f) that contributes to (2.62),
and hence the delta function on the right hand side.

2.3.2 Undressed massive particle

The action of BMS supertranslations on an undressed massive particle has been studied
in detail by Campiglia and Laddha [36,124,125]. Here we briefly review this result. For
simplicity we take the particle to be a scalar, but to leading order the result is the same for

particles of any spin.

ZWe use that % [ due=*" = §(w). Note that since the w-integration is over half the real plane we have

/ " o) () = L £0)
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The retarded system of coordinates (u,r,z, %) is useful to describe null infinity, and
therefore more convenient when we discuss massless particles. However, massive particles
reach null infinity only asymptotically (in the future), and to describe them it is more
convenient to use the hyperbolic system of coordinates that we have introduced in subsection
2.2.2.

The canonically quantized massive scalar field is given by (1.8),

o(z) = [ @p [b(p)e™ + bl (p)e 7] (2.63)

The creation and annihilation operators of the scalar particle obey the commutation relation
(1.11),

[b(p), b ()] = (27)*(2,)0* (P — D), (2.64)

where w? = |p|*> +m?. The phase factor is

m-p:7'<p§<-p—wp\/1—|—p2). (2.65)

At large T the integral in (2.63) is dominated by a saddle point at p = mpx,

. \/m S\, —tmT T 5\ tmT
lim o(x) = S@rr) [b(mpx)e + b (mpx)e } : (2.66)

where the constant phase factors have been absorbed into the creation and annihilation

operators. Asymptotically, the scalar field transforms under BMS supertranslations as
30 = Ae(p, 2, 2)0rp, (2.67)

where )\, is a function that parametrizes the transformation (see appendix C). The annihi-

lation operator therefore transforms as

37b(p) = —imA-(|p|/m, z, ) b(p), (2.68)
which is equivalent to the following commutation relation

[T(f),b(p)] = —mA-(Ip|/m, 2, 2)b(p)
— _b(p) d*z m (2.69)

—/ =f(2,2).
o p %)
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2.3.3 Vacuum

BMS supertranslations give rise to a freedom in the definition of the vacuum. We define the

vacuum as the state that satisfies
a(wx)[0) =0, (2.70)

which applies, in particular, to a soft graviton annihilation operator. Alternatively, the state
T(f)|0) = Tww(f)]0), for any function f(z,Zz), could serve as the zero energy state (note
that the hard part inside T'(f) annihilates the vacuum). Physically, this state differs from
the original vacuum (2.70) by the addition of a soft graviton. In this section we show that
these different choices are orthogonal to each another. More explicitly, we show that acting
with the generator of BMS supertranslations on the original vacuum (2.70) creates a state

which is orthogonal to any state constructed from the original vacuum
0] T(f)Tote RrSefr i |0) = 0 . (2.71)

This implies that no physical process can transform the original vacuum into the new state
generated by BMS supertranslations. This is one of our main results in this chapter.
We start by considering a scattering process with an emission of a single soft graviton.

The amplitude for this process is given by

Mk,soft = <OUt|einS€Rf‘iIl>

. . (2.72)
= (k,r|Woe R Sefrbin|0) |
where?
(k,r| = (0] ar(k) = €, (k) (0] (k) (2.73)
is the soft graviton state with polarization r. The scalar operators are given by
U =TI b' ()  and T = [T b(py), (2.74)

1€in j€out

where “in" and “out" denote the set of incoming and outgoing scalar particles, respectively.

The soft graviton can connect to a diagram in three different ways:

1. Connect to an external scalar leg.

in (

2. Connect to the graviton cloud e or equivalently e*%s(®)),

3. Connect to an internal leg.

3We have used €t - ¢~ = 6.
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Hfrr ~

Figure 2.2: Different ways to connect an external soft graviton to a scattering amplitude.
The first two diagrams on the left represent a soft graviton that is connected to an external
leg. The last two diagrams on the right represent a soft graviton that is connected to the
gravitons’ cloud. The diagram in the middle represents a soft graviton that is connected to
an internal leg.

These three options are depicted in figure 2.2. Contractions of the last type are IR-convergent,
and therefore do not contribute to the amplitude at leading order. The cloud also dresses the
soft graviton operator, but this dressing involves the scalar number operator p(p) = bf(p)b(p)
and vanishes by acting on the vacuum.

Consider the contraction of the first type. By virtue of the soft theorem [2], each such

contraction contributes

Pulv
k 2.75
1 gL (M. (275
where n = +1 for an outgoing state and 7 = —1 for an incoming state, and
M = (0| U e~BrSefr g o) (2.76)

is the amplitude without the soft graviton. Let us briefly review the derivation of (2.75).
Using the commutation relation (1.12), we derive the momentum-space contraction rule to
be

(K, 7] o = €7 () O] | R [ago (k). al (K)]

1
= 2 () o (0 (2.77)

= € (K) (0],
where we used (2.18) in the last line. One may consider this to be the external “wavefunction"

of a graviton with polarization r. Next, we observe that the insertion of a soft graviton to
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an external leg with momentum p adds a scalar propagator

—1 k—0 {
> 2.78
(p £ k)% +m? :F2p-k: (2.78)
and scalar-scalar-graviton vertex
K 1 .
5 (pu(p tk),+p(pEtk), — o [p (pLtk)+ m2D k=0, iKDuDy (2.79)

where the upper (lower) sign is for an outgoing (incoming) state. Putting (2.77)-(2.79)
together, we recover the result (2.75) in the soft limit.

Next, we study the soft gravitons’ contractions of the second type, i.e. to the clouds of
gravitons. The incoming and outgoing asymptotic states can be written in terms of single

particle dressed states:

el i |0) = l]‘[ bT(pi)eRf(pi)l |0) (2.80)
i€in
and
(0] BouteFr = (0 []‘[ G_Rf(pj)b(pj)] : (2.81)
j€Eout

The contraction of the soft graviton with the cloud gives

1 1
(k,r| e = £ (k,r| Ry(p)e )

_ :l:er’pg(/{) <O’g/ﬂl fw(k/,p) {apa(k),ajw(k')] et R ()

K (2.82)
= £ R o (k) 0] 0

K
= i§f;w(p’ k:)ezy(k) (0] et () 7

where the upper (lower) sign is for incoming (outgoing) particles.

Using these results, we obtain

Mot = 5 [( Y Ly pypi) - ( > k) = k))] (I,

j€out bj - icin Pi j€out i€in

(2.83)

where the first two sums come from soft factors (2.75), and the last two sums come from
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contractions with clouds (2.82). Multiplying by wy and taking the soft limit results in

lim wi, My, soft = hmo W

y g LZ %O B ¢<pj,k)> -y %(1 — ¢(pi7k)> (2.84)

jcout Pj icin Pi
_i ( Z /W(pya k)o(pj, k) — Z ™ (pi, k) p(pi, kf))] 6Lu(k?)./\/l,

Wk \ jeout icin

where the c-matrix ¢, (c,,) was used to construct the incoming (outgoing) state. Since

)
iz
¢(p, k) — 1 in this limit, each term in the second line of (2.84) having a factor of the form

(1 — ¢) vanishes. Then, the right-hand side of (2.84) becomes

wg—0 .
jeout 1€in

lim —g [Z W(pi k) = M (pisk ] T (B)M. (2.85)

With the parametrization (2.15), we observe that using the same ¢ for incoming and outgoing
states reduces this to

L I A T _
Jimy 2[,ﬂq(hqqq 2qptot>]euy(’f)/\4—0, (2.86)

since

Pt = Y Pi— > pi=0 (2.87)
j€Eout 1€in
by energy-momentum conservation. For the general case where ¢, # c,,,, we show at the
end of appendix B that processes with non-zero amplitudes can only occur between states
that satisfy

> M (py k) =Y A (pis k). (2.88)

j€out 1€in

Therefore, we conclude that
lim wk./\/lk soft — =0 5 (289)

wk—>0
that is, M soft is not IR divergent. Since the creation operators annihilate the Bra vacuum,

the action of the soft part of the BMS supertranslations (2.61) is given by

OT(f) = lim % / @ (0] [a_ (i) D2f + a (wi)D2f] . (2.90)

wp—0 47K
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The soft limit of the amplitude, equation (2.89), together with (2.90), then implies the
identity (2.71). Namely, the original vacuum state |0) and and the new state Ty (f) |0) are

orthogonal.

2.4 BMS supertranslation of asymptotic states

We are now in a position to compute BMS supertranslations of a physical asymptotic state.
For simplicity we consider a single particle state with momentum p dressed with a graviton
cloud. The action of the supertranslation generator on the physical asymptotic state can be

decomposed into the following three pieces

O] e P b(p) T(f) = (0] T(f) e b(p)

2.91
O [ T bl — (0 R [T ]

The first term in (2.91) is the action of BMS supertranslation on the vacuum. It vanishes
when contracted with an incoming (ket) state, by the result of previous section. The second
and third terms are the actions of BMS on the graviton cloud and on the massive particle,
respectively.

Let us first compute the commutator of R¢(p) and T'(f),

By(p). T(F) = 5 [ @k (. k), [al(k), ()] D). (2.92)

Using (2.62) we arrive at

L an) [7 0 ) (02 + 5 02) + e
. (2.93)

- —71'2/ (;Z;;wk {f‘“’(p, k) (e;l,sz + eijgf) + h.c.} .

By (p), T(f)] = 4" |

Defining lAcZ,E = (1, IEZ,E), the last expression takes the form

d*z [ ptp” . .
_ 2 v - N\ 2 + N2
[Rf(p)7 T(f)] = - / (27T>3 (l%zjg . p + CM ) [(ENV(]{:%Z)DZJ[ + Euu<kz,z)D2f) _l_ hC:| )
(2.94)
where according to our convention the delta function yielded half the value of the integrand

at 0. Since €, = €,, we arrive at

d*z ( pHp”

Ay (1) = =20 [ 5 (05 o) (Gl D2 + e Dr). (2o5)
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Integrating by parts, we then have?

R () = - [ L2 Pw(wﬁw%>+@m(m¢p )09 £

kz,i P kz z'p
(2.96)
where we have defined
C(p, z,2) = .07 (1:2¢"ey,) + 0:07 (20" €l). (2.97)
With e ff ef, we get
pe . p-e)? . p-et)? )
mmmﬂmz—/ 0.0 (18 ) oo (80 s 1
dm kz,i P kz,i D
(2.98)
An explicit calculation shows that
_ )2 P W/ 1 4
8282 (’}/Zg (ZA? ¢ ) ) = 35(92 (’ng (ZB ¢ ) > = 77&5#{ . (299)
kz,i P kz,é 'p 2 (p : kz,é)5
We therefore end up with
BT =~ [ 52 [ B b 022) 5 2.100)
5 - - — 2z ~ y Ry R : :
a4 1w |7 (b Fon)? D
The first contribution,
4 4
b _ m . (2.101)

is the Aichelburg-Sexl gravitational field of a massive particle [126]. This is the gravita-
tional analogue of the Lienard-Wiechert electromagnetic radiation field of a moving charged
particle.

We now see that the first term in the second line of (2.91) is equal to

(Ol e [—Ry(p) , T(f)] b(p) , (2.102)

4Derivatives with upper indices are defined as usual by 07 = ¥%?9, and 9% = v*?0;.
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since [R¢(p) ,T(f)] is a c-number. We therefore have

(Ol P b(p) T(f) = (O] T(f) e b(p)

2.103
- OO (R TN D)

From (2.69) and (2.100), we observe that the BMS of the bare particle and the momentum
dependent part of the BMS of the graviton cloud exactly cancel each other®. Finally, the
outgoing BMS charge between the two physical asymptotic states is then given by

\IA,outT \ijin 2
<0| as softS as ’O> - _ Z /d Zo(pj’z’ Z)f(Z’Z) (2104)

(0] IeutSin |0) ) ar

Similarly, one can also construct the BMS charge of an incoming physical asymptotic state.
The BMS charge (2.104) parameterizes the asymptotic state and is conserved as long as
BMS supertranslation is a symmetry of the system, in line with the discussion in section 2.1.

To better understand the meaning of the BMS charge and the implications of the BMS

symmetry, we end this section by looking at a BMS eigenstate defined as

d’z _ _
QT = [ A2 2) (Qal (2.105)
and which is related to the vacuum by
_ 12 2 dQZ 2 _
(oy:/D[A]e A 0Q,,  where A :/4—/& (2,7) . (2.106)
T

in a similar fashion to the case of QED [18]. The asymptotic states built from these eigen-

states are also eigenstates of BMS transformations

d2
(Qal e PB(p)T(f) = (] = Pb(p) TZ [A(z,2) = Clp,2,2)] f(z,2),  (2.107)
s
and similarly their BMS charge is given by
Q| U T ST | d?
Ol Wi TeonS B [n) _ 92 15 5y S 0(p29)| 2.7 (2.108)
(] WS T [2n) Am jeout

The state |Q25) belongs to a superselection sector which is characterized by its BMS charge.

We can now study the transition amplitude between two different BMS eigenstates by com-

5Note that VY = Yoz
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puting the expectation value of the following commutator

(O, TR T(f), S]Pi [Q,)
A2z (2.109)
= [Al(z z) AQ(Zv Z)] f(zv 2) <QA1| \IJOUtS\IIm |Q/\2> )

Am
where we used (2.88) to remove the terms involving C(z, z). The left hand side of equation
(2.109) is the difference between the total incoming and outgoing BMS charges, which is

zero by the conservation law of the symmetry. The right hand side vanishes when either

or

(Qp, [ TOST |0, ) =0 for Ay £ Ay (2.111)

We therefore conclude that BMS symmetry implies that the amplitude for transition between
different superselection sectors is zero, once the contribution of the FK clouds is taken into

account.

2.5 Summary

In this chapter, we have studied the effect of BMS supertranslations on physical asymptotic
states in perturbative quantum gravity. These states were constructed in [9] using the method
of Kulish and Faddeev for QED [8] by dressing the Fock states with a cloud of soft gravitons.
BMS supertranslations, in turn, give rise to a freedom in the definition of the vacuum. By
acting with the BMS generator on the vacuum one generates a different state which could
equally serve as the zero energy state. Therefore there exists a family of states generated
by the action of BMS supertranslations on the vacuum. This is a continuous family (or a
moduli) which is parameterized by the BMS transformation parameter.

We end with a summary of the main results. First, we have shown that all the states in
this family are orthogonal to each other once we take into account the contribution of the FK
clouds, see equation (2.71). In other words, the amplitude for transition between any two
states in this family is zero for any physical process. Second, we have computed the BMS
charge of a physical asymptotic state, see equation (2.107). The BMS charge is conserved
if BMS supertranslation is a symmetry of the system, see equations (2.110) and (2.111). It
characterizes the superselection sector to which the state belongs and the conservation law

implies that there is no transition between different superselection sectors.
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Chapter 3

BMS Supertranslation Symmetry
Implies Faddeev-Kulish Amplitudes

3.1 BMS charge and eigenstates

In this chapter, we show that the dressed states of gravity in scattering amplitudes act
essentially as BMS charge eigenstates. We then use this property to re-derive the dressed
states by introducing the BMS charge as a new quantum number.

In order to establish notation and to make connections with earlier work, we begin with
a review of BMS symmetry and the conserved charges. As is customary, we employ the
retarded coordinates (u, 7, z, z), defined in terms of the Cartesian coordinates (¢, z1, 2, x3)
as

9 Tyt ixg

u=t—r, T :x2+w2+x2, Z=——" 3.1
!+ a4+ af — (3.1

Here u is the retarded time and z is the complex coordinate on the unit 2-sphere with the

2
(14+22)2 "

the expansion [14]

metric v,z = Then in the Bondi gauge [11,12], the asymptotically flat metric has

ds® = — du® — 2dudr + 27“2fyzgdzd2
2 )
+ 2B 0 4 rCLd2? 4 rCsndZ? + DO, dudz + DPCozduds (3.2)
r

_i_...,

where mp is the Bondi mass aspect and D?, D? are the 2-sphere covariant derivatives. The

gravitational radiation is characterized by the Bondi news tensor N, = 0,C...
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The BMS supertranslation charge for a 2-sphere function f = f(w,w) is then

Q(f) = Qs(f) +Qu(f), (3-3)

where, explicit expressions for the soft part Qg and the hard part Qg are given in [1, 36].
We are interested in these expressions at the leading terms in the large-r expansion which
are known to be gauge-invariant [122].

The action of the hard charge Qi on a Fock state of N massive particles can be expressed

as [306]

N ~
QH|p177pN>:Zf(pz)|p17apN>a (34)
=1
where p; = (Ekapl)a and
~ + o) - p)?
Fio) = =5z [ w0 D2 ), (3.5)

Here ## = (1,%,,) with the unit vector %x,, pointing in the direction (w,w), and the polar-

ization vectors have components

1
€ "(z2,2) = —=(2,1,i,—2) and €(z,2) =

V2

The action of the soft charge Qg on the same state is [14]

1
ﬁ(z, 1, —i,—2). (3.6)
1 -
Qs |p1, ..., px) = —%/dudeyw@Nw“’bef L, D). (3.7)

Conservation of BMS supertranslation charges imply,

(out| [Q(f), S] |in) = 0, (3.8)
which should hold for all functions f(w,w). In particular, let us choose

(1+ww)(w — 2)
(14 22)(w— 2)

flw,w) = , (3.9)

such that [36]

D2 f(w,w) = 276*(w — 2). (3.10)
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With this choice, the conservation law (3.8) reads

ZZ du (out|(N**S — SN**)|in) = ZThM (out|S|in) (3.11)
s

where the sum on the RHS runs over all external particles and n; = +1 (—1) if ¢ is an

outgoing (incoming) particle. Let us define the operator
N(z,z) = %g/ du N** = ’yzz/ du N,,. (3.12)
Then (3.11) becomes

(out|(N (2, 2)S — SN(z, 7)) in) :—fz “e—'zz))@uushm, (3.13)

z

where x = v/327G. If the in- and out-states are eigenstates of N(z, z) such that
(out| N(z,2) = Noyyt (out| and N(z,Zz)|in) = Ny, |in) , (3.14)
then we obtain
(Nouws — Nin) {out|S|in) = Q" (out|S|in), (3.15)

with a soft factor that is analogous to that of [19]:

2 Hoov
Qsoft — _i : bipi 4+ . 3.16
Sﬂzi:npi'i’zew (3.16)

To see what the eigenstates look like, we first note that N(z,z) can be expressed in terms

of the graviton creation and annihilation operators as [15]

N(z,z) = _8%}}3%) [waJr(wxz) + wal (wa%z)} : (3.17)

This suggests that the eigenstate should take some form of a coherent graviton state. Next,

consider the following state

V) = exp { [ N (1) [af, (k) = auu ()] | 10). (318)
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o 3 . . .
where d3k = —2&E _ is the Lorentz-invariant measure
(2m)3 (2wy) ’

al, (k) =3, (kK)a (k). au(k) =3 e (k)a’ (k), (3.19)

N™ is an arbitrary symmetric tensor and the sum runs over all polarizations, including the
unphysical ones. We next show that if the symmetric tensor N*(k) has soft poles, then the

above state is an eigenstate of both limwa, and lim wal . Indeed,

lim way(wd,) |N) = lim

ar (i), [ ERNE) (o], () = an ()| IN) (320

. w A vpo =
= lim §Nﬂy(wx2)[“ Prer (2,2)IN) (3.21)
_ . /,LI/ A + —
= leli%wN (wi.)en, (2,2) IN) . (3.22)

Thus we see that the eigenvalue is non-zero only if N# has poles for soft momenta. Similarly,

. T A 1 v ~ + _
i%wa_(wxz) |IN) = llLI[l)wN (wi.)er, (2,2) N) . (3.23)
It should be noted that in (3.23), the term with the creation operator acting on the vacuum
vanishes upon taking the soft limit w — 0. From this we can immediately see that |N) is an

eigenstate of N(z, z), i.e.,

K
_ _ . uv _+
N(z,2) [Ny = -1 < lim wN EW> INY. (3.24)
In particular, the Fock vacuum |0) , which corresponds to N#* = 0, is itself an eigenstate with
eigenvalue 0. Later for convenience, when considering S matrix elements, we put N* = 0
for the incoming state, which amounts to assuming that the incoming state is a Fock state.
This does not entail a loss of generality because as can be seen from (3.15), it is only the

difference N, — N/ that matters. Similarly, the bra state
(N| = (0] exp [— / &k N (af,, - awﬂ (3.25)
is an eigenstate of N(z, 2):

(N|N(z2) = === (N] <lim NP ) . (3.26)

w—0 g

We want to treat these eigenstates as alternative vacuums, so we restrict the momentum
integrals to run over only the soft momenta. With these choices, |N) remains an eigenstate

with any number of hard particle operators acting on it.
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The conservation law Nyu — Ny = Q°% implied by (3.15) is then

- L pipy .
hmw[Nout( ) Nllril (Wl’z)] EZV(Z7Z) = 5 Zan 7 6:;1/(27 Z) (327)

As shown above, the leading soft terms in N* are the only ones contributing to the eigen-

value, which therefore satisfy

v K iy
Nout(k) - Nllfl (k) = 5 anp K (328)

'3 (2

where we have put £k = wZ,. We should emphasize that either this conservation law is
satisfied or the amplitude (out|S|in) vanishes. This implies that if the initial state is built

on the Fock vacuum |0), i.e

jin) = [T b (p:) |0}, (3.29)

i€in
where b is the creation operator of hard massive particles, then this state does not scatter
into any state built on the same vacuum |0), since in that case Ny = Ny = 0, thereby
violating the conservation law Noy — Nin = Q. Instead, scattering must take place into

states built on the vacuum | N,y ) with

Mo v
K P; P;

ij — = i G Z. 330

out 2;npzk ( )

Such states therefore have the form, (see Eq. (3.18))

j€out

3 Pipy
(out| = (0| [ IT o(p; ] exp [ /d k k( I —awj)] : (3.31)

The scattering amplitude now can be written in the form:
: K -5 iy
(out] S in) = (Wou| exp |~ 5 >, / PP (0, — )| S W) (3.32)

where Wy, Wi, denote the usual Fock states for the hard particles. The form of (3.32) is
reminiscent of the Faddeev-Kulish amplitudes. In the following two sections, we spell out this
equivalence more precisely. It turns out that any amplitude that obeys the conservation law
(3.28), an example being (3.32), is equal to the Faddeev-Kulish amplitude and is therefore
IR finite.
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Before moving on, it is worth noting that the Faddeev-Kulish states of gravity have
zero supertranslation charge for the specific choice made in (3.9) (but not for a general
function f(z,Z), as shown in [18,58]). This is analogous to the case of QED [19], where

the corresponding Faddeev-Kulish states have zero large gauge charge for f(z,2) =

z—w"

Therefore, Faddeev-Kulish states trivially conserve this large gauge charge, and this appears
to have been a motivation for the conjecture in [19], that the conservation of large gauge
charge leads to infrared-finiteness. The authors provide an argument based on crossing
symmetry that, just as Faddeev-Kulish amplitudes are infrared-finite, other states with non-
zero charge should lead to infrared-finite S-matrix elements as well. We prove this conjecture

in the next section.

3.2 Relation to Faddeev-Kulish amplitudes

As a first step in establishing this equality, we demonstrate a crucial feature of the Faddeev-
Kulish amplitudes which, although technical, has important physical consequences. Since a
Faddeev-Kulish amplitude is constructed by dressing each external particle with its cloud
of soft gravitons, an amplitude with n incoming and n’ outgoing particles necessarily has
n clouds on the right of the scattering operator S, and n’ clouds on the left. Although
the clouds commute with each other, it was not clear how things change if, for example,
one moves a cloud dressing an incoming particle (therefore sitting on the right of S) to the
left of §. In this connection, based on the conservation of supertranslation charge and the
crossing symmetry, the authors of [19] conjectured that such amplitudes exhibit the same
cancellation of IR divergences. In this section, we explicitly show that the clouds “weakly
commute" with &, in the sense that in an S matrix element, any incoming cloud can be
moved to the outgoing state without affecting the amplitude, and vice versa. This result
proves the aforementioned conjecture, since it follows that the amplitudes considered in [19]
are equal to the Faddeev-Kulish amplitude. Then in the next section, we use this to show
that any amplitude that conserves supertranslation charge, for example (3.32), is equal to the
Faddeev-Kulish amplitude with the same external particle configuration. This establishes
the notion that Faddeev-Kulish amplitudes naturally arise from the charge conservation of
asymptotic symmetries.

In order to relate (3.32) to the Faddeev-Kulish amplitude, let us denote its left hand side
by M,

M = (¥ " 7k D 1 S| 3.33
= (Wout| exp —52771'/ m(%y—%u) [ Win) - (3.33)
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Next, consider another amplitude M., given by

Wk

M. = (W] exp {— Zm / Bk [pl pi s k)] (af,, — aw} S|Ww)  (3.34)
= (Wout| exp l— Zi:me(pi)] S W), (3.35)

where we inserted a term proportional to ¢*/wy, to the argument of the exponential. Here

c*(p, k) is the tensor of [9] that parametrizes the asymptotic space, and

p) =" [ & lpzp@ wa:@](af —a) (3.36)

is the anti-Hermitian operator appearing in the construction of Faddeev-Kulish state [9] with
¢ = 1. In contrast to M and M., the IR-finite Faddeev-Kulish amplitude Mpxk is given by

Mo = (Boulexp |~ 3 Fy(o)| Sexw | X o) ). (337

i€out 1€in

We aim to establish Mg = M, = M.

3.2.1 Moving the graviton clouds

Let us start by considering the simplest case, i.e., the Faddeev-Kulish amplitude for single-
particle external states to leading order in the interaction. We follow the shorthand notations
used in [58]:

K [ PuPv ’fclw<pa k)
Puwp. k) =5, (P k) = 5——, :
w0k =5 (), Gty = 5 (339
and S, (p, k) = P, (p, k) + C.u(p, k). These allow us to write, (see [58] for details)

Mk = (0] b(py)e~ 5@ =0 geSe@=apt(p) |0) (3.39)

where S} = S*(py, k) and S} = S"(p;, k). The subscript FK is written to emphasize

that this is a Faddeev-Kulish amplitude. In what follows we employ the following notation,

S-(af —a) = / B ™ (al, — a), (3.40)
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and
S;-1-8, = /cﬂs;‘”[wosip", (3.41)
where
WP = phPy¥? 4 phonP — ptnP?. (3.42)
Up to the one loop order, this amplitude is
M = (0]b(py) (1 + S a— isf e Sf) s (1 48 af - isi e si) b (pi) [0). (3.43)

Working out the infrared divergences (see [58] for details), we see that they factor out and

cancel as

1 1 1
(1— (Pl PHySI-P= 518 ) wilSIp) = prlSlp) . (344)

virtual interacting cloud-to-cloud

where P = Py — P, and S = Sy — S;. Note that the various infrared divergent contributions
are indicated in braces. These are (1) corrections due to virtual graviton exchange, (2) the
interacting graviton corrections arising from gravitons connecting the Faddeev-Kulish clouds
to external legs, and finally (2) corrections due to cloud-to-cloud graviton exchanges. These
have been discussed in detail in appendix B of [58].

Now let us see what happens if we put all the clouds in the outgoing state. We denote

this amplitude as,
M, = (0] b(py)e 5@ =0 eSi @l =a gpt(p.y |0) | (3.45)

Let us consider the various infrared divergent contributions in this case. The virtual graviton
contribution remains unchanged. For the interacting gravitons, it used to be that the graviton

contractions with a cloud gives the factor

1 —
. / Bl S Lo (3.46)
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Figure 3.1: Diagrams (a)-(d) represent processes with Faddeev-Kulish asymptotic states.
Diagrams (e)-(h) represent the same processes with the incoming cloud moved to the outgoing
state. Notice the “wrong" sign +R; compared to a normal outgoing cloud with —Ry.
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and depending on whether it was an incoming or an outgoing cloud, the contraction became

+g /ﬁcS}W[MWUPP” for outgoing cloud (Figures 3.1(a),(b)), and (3.47)

—g /ﬂS{”’Iw,paPp” for incoming cloud (Figures 3.1(c),(d)), (3.48)

due to the difference in the sign of soft factor for absorption and emission. Figures 3.1(a)
and 3.1(c) have n = +1, while 3.1(b) and 3.1(d) have n = —1. But now, we have two clouds

that are in the outgoing state, so the graviton contraction gives the factor

1/ —
+5 /d3k S% Lips  for the py cloud, and (3.49)

1/ —
—3 /d3k S 1,0 for the p; cloud, (3.50)

due to the difference in the signs of R¢. Since both are outgoing clouds, we have the same
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sign for the soft factor,

—i-g/ﬂS}WIWPUPW for the py cloud (Figures 3.1(e),(f)), and (3.51)

—g/cme”IWpaPp” for the p; cloud (Figures 3.1(g),(h)), (3.52)

where Figures 3.1(e) and 3.1(g) have n = 41, while 3.1(f) and 3.1(h) have n = —1. One can
see that the results stay the same, meaning that contributions of interacting gravitons are
unaltered. It remains to check the cloud-to-cloud contributions, but since these arise from
contractions between operators in the clouds, they do not depend on which side of S the
cloud is located and therefore are unchanged. We have thus shown that the infrared divergent
part of the single-particle, leading order amplitudes M. and Mgk remains unchanged upon
shifting the cloud around, i.e. between the in and out states.

Next, we generalize this result to the most general case of multiple external particles and
all loop orders. Again, we begin by considering the individual contributions, i.e., virtual,
interacting, and cloud-to-cloud gravitons. The virtual graviton contribution is unchanged
from the one given in [58]. For the interacting gravitons, consider the amplitude of a diagram

with NV (N’) absorbed (emitted) interacting gravitons,

N N+N' 1 = o
(_1) H §/d k’“ SHV(pT7k7’)I jp101p202---pN+N/0N+N/7 (353)
r=1

where p, is the momentum of the external particle that exchanges graviton r, and J is a
complicated tensor whose detailed form is given in equation (B.58) of [58]. Taking the k-th
incoming cloud and moving it to the outgoing state has the two following effects (see Figure
3.2):

1. The factor (—1)¥, which comes from the signs in the soft factors, becomes (—1)N "
where ny, is the number of interacting gravitons connected to the k-th (previously)
incoming cloud. This is because these gravitons used to be absorbed but are now

emitted.

2. The following factor in (3.53),

N+N' 1 o
I 5 [ @ Sulpe k) reer]| (3.54)
r=1

came from contractions of gravitons with the clouds. For the Faddeev-Kulish ampli-

tude, where all clouds are in the proper locations, each cloud gives the same factor
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/ \

Figure 3.2: An example of an incoming cloud being moved to the out-state. Each boson
connecting this cloud to an external propagator obtains two factors of (—1), one from the
soft factor and the other from the “wrong" sign of R;. These two factors cancel, and thus
the overall amplitude is unaffected by such a change.

% Ik &3 SH T uwpo Upon contraction. But now that the k-th incoming cloud is sitting
in the outgoing state with a wrong sign (incoming and outgoing clouds have different
signs e*7r), only this cloud gives an additional factor of —1. The above factor changes
to

N+N' 1 o
<_1)nk H §/d3kr S,ul/<prakr)[m/prar . (355)
r=1

It follows that we obtain two factors (—1)~™ and (—1)™, which cancel each other and the
overall contribution remains unchanged. It remains to consider the cloud-to-cloud gravitons.
There are three types: out-to-out, in-to-in, and the disconnected. The contributions of [

disconnected gravitons factored out as
1 7
I {250‘” ye Sm] , (3.56)

but with the k-th incoming cloud moved to the out-state (as an outgoing cloud with the

wrong sign), this is adjusted to
1 : :
I {2(5011t _ M) (S S’“)} , (3.57)
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which eventually exponentiates to
1 .
exp {Q(SM _ M) (S sk)} . (3.58)
The in-to-in and out-to-out contributions change from
1 out out 1 in in
exp{—S SIS — S TS } (3.59)
4 4
to
1 out k out k 1 in k in k
exp{—4(5 —5F) (SO - 5F) — (S = 8) 1+ (S —S)}. (3.60)
Putting (3.58) and (3.60) together, we obtain
1 out in out in
exp{—4(s Sy LT (5 — S )}, (3.61)

which is the same factor that was obtained without moving the cloud, and thus the cloud-
to-cloud contribution also remains unaltered.
It follows that we can write

H e ] aT_a)

out |

[H Siclat—a) ] T,

j€out 1€1n
out| H e~ J aT—a [H eSi.(aT—a)‘| S ‘\Ijin> (362)
j€out 1€In
out| S H e~ J aT—a [H 6Si.(aT_a)] ‘\Ijin> ’ (363)
j€out 1€in

and so on. Therefore, we conclude that the Faddeev-Kulish amplitude does not change under

a shift of the cloud from one side of the scattering operator to the other.

3.2.2 Equality of the amplitudes

From (3.37) and (3.35), it is clear that the only difference between M, and Mgk is in the
location of the clouds; the incoming cloud, which should be dressing the incoming state,
is located in the out-state. We have seen in the previous subsection that in an amplitude
the clouds can freely be commuted through the scattering operator. This implies that the
amplitude M., which has all the clouds in the outgoing state, is actually equal to the
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Faddeev-Kulish amplitude, i.e.

Now let us consider the original amplitude M of (3.35) that emerged from the conservation
of supertranslation charge. This is a special case of M., in the sense that putting ¢** = 0
in M. recovers M. Thus, M is equal to the Faddeev-Kulish amplitude constructed using
the R(t) operator of [9] instead of R;. Since states constructed with R(¢) and Ry are related
by a unitary transformation, this implies that M = M.,.. We can see this more directly by
noting that amplitudes constructed with ¢ = 0 are related to those with non-zero c*” by
the following relation [58]
K2 &3k

M, = exp [—4 %:nnnnm / w—icw,(pm E)I*P7 ¢ o (Pimy k) | M = M, (3.65)

where each sum runs over the whole set of external particles. The summand vanishes term

by term, due to one of the constraints that ¢*” has to satisfy. Therefore
M = M, = Mk, (3.66)

and the amplitude M of (3.35) is the IR-finite Faddeev-Kulish amplitude.

3.3 Soft gravitons and decoherence of momentum con-

figurations of hard matter particles

In this section we reconsider the problem of the decoherence of momentum superpositions
of hard matter particles due to low energy soft gravitons that was discussed in [23]. The
same conclusions were reached in [24] using a different approach. In [23] the usual Bloch-
Nordsieck mechanism was introduced to cancel the infrared divergences in order to obtain
finite density matrices, and the asymptotic symmetries discussed in section 3.1 do not play
any role. The question we address in this section is how a consistent application of the
results of the previous sections might change the conclusions of [23]. This problem also
has potential implications in the recent debate regarding the proposal of Hawking, Perry
and Strominger [60], concerning new charges on black holes and their consequences for the
information paradox. We refer interested readers to the relevant literature [18,20,21,60,61].

First, we briefly outline the logic of [23]. Consider an “in" Fock state |a), at time
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t = —o0, which is related to the “out" Fock state at ¢ = oo by the S matrix:

) = ), =Sla) (3.67)

out

- (ﬁz 166) <Bb|> 510 (3.68)

= Sova [80)us » (3.69)
Bb

where, Sgro = (6b|S|a), and S (b) stands for the set of hard (soft) particles. We drop
subscripts on the kets which, unless specified, are the asymptotic out-states. Then the

authors construct a reduced density matrix by tracing out the external soft bosons |b):

p=2_ SaaSinalB) (5. (3.70)
CEL

By factoring out the divergences from the sum,

E gﬁﬁ’,a E Eﬁﬁ’,a E - E -~
SopaSiya = S aS*,a<> () <,A ,a) (,B ,a>
Zb: 8b,00 31t B a | Y 3 / B, f B, Do
real soft bosons

N N )\ AE’Q/Q—"—AB/&/Q )\ Bﬁ,a/2+B£/,a/2
B0 o\ A

A

virtual bosons

o N E - E -
— — — ., Aspra —, Bggr o |,
X(A) (A) f(ET’ ‘”’)f(ET 55’)

real soft bosons

and by considering the limit as the IR cut-off A is removed, the authors of [23] observed
the decoherence of momentum configurations of hard particles or conversely, the strong
correlations between the hard and soft particles. We refer to [23] for details of the notations
and derivations of this equation. However, note that it is essential in this approach to sum
over the soft bosons because otherwise the infrared divergences do not cancel.

We now show that this conclusion implicitly assumes that the vacuum is unique and
before the cancellation of IR divergences for the inclusive process, one is dealing with S
matrix elements which vanish as the cut-off is removed. We have seen that conservation of

BMS charge, namely

(Nouws — Nin) {out|S|in) = Q" (out|S|in) (3.71)

49



dictates that scattering processes starting from a state built on the Fock vacuum |0) evolves

only into states that are built on the coherent vacuum

exp [ Bk N (al, aw)} 10}, (3.72)
soft
where,
out 2 - T]Zpi . ka .

with the sum running over all external particles!. Therefore, if we started with a state |a)
built on |0), then the outgoing state cannot be just |3b), which is a Fock state built on |0); all
S-matrix elements between such states vanish. Instead, |«) scatters into states accompanied

by a coherent cloud,

\5;N0ut):|6>exp[ &k N2 (af, — a)] (3.74)

soft

with Ny dependent on the sets of external hard momenta o and 5. We therefore should

consider,
ZS 185 Nout) (3.75)

where we have written,

S58 = (Blexp |~ [ kNG, — a)] Sa) (3.76)

soft

The states |«) and |3) are just the conventional Fock states. We have seen earlier that the
right hand side is exactly equivalent to the amplitude constructed using the Faddeev-Kulish

asymptotic states, i.e.,
(Ble FrSelit |a) (3.77)

and hence the the left hand side has the superscript FK on the S matrix element. Now the

density matrix becomes

> SERSER 18 Nous) (85 Niyel - (3.78)
BB’

!Note that here the in and out labels refer to incoming or outgoing particles. The Fock states are all in
the “out" basis.
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The amplitudes SEI; do not have infrared divergences coming from the virtual bosons. In
the “virtual bosons' part of (3.71), the A-dependent part is exactly canceled by interac-
tions involving the clouds, as seen in [58]. Thus, in this framework there is no longer the
decoherence that was observed in [23].

To sum up, due to the conservation of BMS charge, any conventional Fock state |«)
evolves not into another Fock state |b), but instead into a coherent state |3; Noyut). If the
starting state is a coherent state, then the end state is just be another coherent state, and the
BMS charge conservation guarantees that the amplitudes SHX o coincide with the infrared-
finite Faddeev-Kulish amplitudes. We reiterate, that the presence of the coherent boson
cloud cancels all the problematic dependence on the infrared cut-off A, and therefore one is
no longer mathematically forced to sum over the soft particles in order to obtain well-defined
density matrix elements.

It is noteworthy that although the density matrix elements (3.78) are now well-defined,
depending on what kind of measurement is being carried out, one may still construct a
reduced density matrix by summing over the soft particles. Would the decoherence of the
momentum configurations of the hard matter particles return in this case? This analysis has
recently been carried out in [127]. We next reanalyze this within the framework introduced
in the previous sections of this chapter.

The B'-component of the reduced density matrix is
Ppp = Z SE FK* (0] Nout) (Noy|b) (3.79)

_ PRGN | (Z ) <b|) N (3.80)

_SBF SE (NSt Nows) - (3.81)

By normal-ordering the graviton operators, we obtain

K 137 v
<N<;ut|N0ut> = <O| exXp {2 /soft d3k (Nout thﬁt) (aLV - a’lﬂ/)} |O> (382)
K2 131, v o
— exp {—16 /f &k (Nbi = Nt ) Lo (Now = Ngﬁt)} , (3.83)

where we can write

v v pHp” pHp”
Niw — Nowt = Z o e (3.84)
pep P pep P

Therefore, if 5 # £’ then the integral in (3.83) is infrared-divergent and the expression (3.83)
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vanishes. This implies that the off-diagonal elements of the reduced density matrix is zero
and the decoherence of momentum configurations of the hard particles reappears.
Does this conclusion change if we include external states with soft gravitons? The density

matrix with external soft gravitons is

Z Sﬁba E/Ilf’* ‘Bb Out> <6/bl;Néut’7 (385)
BB bY

and the reduced density matrix, after tracing out the soft particles, becomes

P =D D ShnaShia (87165 Nous) (15 Nowe 0") (3.86)
bby
= SaaSavia (0 Nowlbs Nous) - (3.87)

bb’

Let us employ a notation similar to that of [127]:

W(5) = exp {2 [ @Y, - >} , (359)

peﬁp
K 37 ptp”
W(g) = —f/ PSSPt g )L 3.89
(B) eXp{ 5 | pezﬁ/p_k,(aw au)} (3.89)

such that |b; Now) = W (/) |b). Then, the reduced density matrix element is

posr = D_ ShnaSia (VI W(B)W(B) [0) . (3.90)

bb’

Let us see what we can say about (b'|WT(8" )W (B)|b). Let m and n be the particle number
of ' and b, respectively. Then,

V' IWHBYW(B)|b) = (0] agy (K1) - - - ag, (k)W (BYW (B)af, (k1) - af, (ka) 0),  (3.91)

where ¢, and k! (¢; and k;) are the polarization and momentum of the i-th graviton in b’ (b).

Let us use the shorthand

w2 =whs)w(g), (3.92)
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and observe that since

ag(k) = € (k)a,, (k). 3.93
aj(k) = e (k)a}, (k), 3.94)
we have the commutators
K e pp”
W2al(k)| = -2 [ Bk Y U lal, (K) = a, (), ab (k)| W (3.95)
soft peB,B
p“p
- + Z K ,uy )W27 (396)
2 ehp
K pHp”
[ag(k), W?] = -5 ) Bk T lae(k), aly, (') = a,, (k)] W* (3.97)
SO GB B/
pr'p” 9
= w 3.98
pe%:ﬂ/ npp k /U/ ) ) ( )

where 1, = +1if p € §' and 7, = —1 if p € §. Using this, we can commute the left-most

creation operator a}l (k1) to the left side of W2 to obtain

(¥ |12) = [2 > e ﬁa*(m)] (O] () - ag, (W2l (k) - a, (k) 0)
+ (0] a (1) ag, (b, Jal, (o)W, (k2) - ], (k) [0). (3.99)

However, we next show that the contribution from the second term in the parentheses is
vanishingly small. To see this, one may consider commuting az,l(kl) all the way to the left,
aiming to act it on the vacuum. This creates one term for each annihilation operator which

has a factor of the following form,

Bk Py S5 Sy |ae (K), al, (k)]

soft

K’ |?d|K/
=G0, [ %9570 — 0)SER S [ ft| 1Pk

T (3.100)

where we have separated out the radial parts from the momentum integrals. The radial
integrals can be computed separately, because the Faddeev-Kulish amplitudes Sﬁba and
Shiv' are O(|k|?) in each soft momentum k, which can be seen in figure 3.3 for a single
outgoing soft graviton; the first two diagrams cancel the last two diagrams, and only the one
in the middle, which is infrared-finite, contribute. If the momentum integral was over the

whole momentum space, then the last integral in (3.100) diverges. But since it is only over
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Figure 3.3: Diagrams contributing to an amplitude with external soft boson. The first two
diagrams cancel the last two diagrams, and only the diagram in the middle remains, which
is of zeroth order in the soft momentum.

the soft momentum space, it has a vanishingly small value (proportional to some momentum
cutoff squared, w?, where we think of w, — 0) and therefore the expression vanishes. Thus,

we have

2 pp'kil Hy

N2 | P prp” 01 % ' / 2t i
W2y = |5 > €y (k1) | (O] ag (K1) - - - ag, (k)W Zay,(ka) - - - ay, (kn) [0) -
pEB,B’

(3.101)

Each creation operator gives a factor analogous to that in the square brackets, so we may

write

@I =11 [2 > eﬁ;‘(ki)] Ol (K) - a, ()W 0). (3102

i=1 peB,B’

We can perform a similar process for the annihilation operators, where this time the factors

have an additional minus sign, and this yields

/ R Y |k Y .,
w2y =1] { > npp.kﬁffy(k‘i)] 11 [—2 > ,k,efzu(k?j) (0] W?10y. (3.103)

1|2 . =1 pegp P

This explicitly shows that each term in the sum of (3.90) contains a product of infrared-finite
integrals as well as the vacuum expectation value (0|W?2|0) = (N ,|Nout), but we have seen
that this value vanishes for the off-diagonal elements 3 # [3'. Therefore, the reduced density
matrix still exhibits a complete decoherence of the hard particle momentum configurations.

We conclude this section with a discussion of the two formulations of the density ma-
trix: the one using the Bloch-Nordsieck mechanism and the one using dressed states. It

is straightforward to see that only the off-diagonal elements of the reduced density matrix
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are different, whereas, the diagonal element which is essentially the Bloch-Nordsieck cross
section is the same in the two approaches. Indeed, the cross section of the process @ — (b

is given (up to a factor) by the absolute square of the amplitude:
Ugba = Spb.aSpha- (3.104)

These cross sections exhibit two types of infrared divergence, one arising from the real soft
bosons and the other from the virtual bosons. The Bloch-Nordsieck method of dealing with

these divergences is to sum over all unobservable soft bosons,
Fﬁ,a = Z F,Bb,a = Z S,Bb,asgb,a, (3105)
b b

and performing this sum results in the exponentiation of the soft factors of real bosons, which
then cancels the divergence due to virtual bosons. It is clear that every diagonal element of

the reduced density matrix in (3.70) is a Bloch-Nordsieck cross section:
pss = (BlolB) = > SevaSiy.a- (3.106)
b

Thus, only the off-diagonal elements are affected (see Eq. (3.90)). The practical use of
the Bloch-Nordsieck mechanism for obtaining IR finite cross sections does not require any

modifications.

3.4 Summary

In this chapter, we have demonstrated that graviton cloud operators weakly commute with
the scattering operator (see equations (3.62) and (3.63)), and used this to show that scatter-
ing amplitudes which conserve BMS supertranslation charge are equivalent to the Faddeev-
Kulish amplitudes, see equation (3.66). Since Faddeev-Kulish amplitudes are free of infrared
divergence, this proves the conjecture in [19], which proposes that conservation of asymp-
totic charge leads to infrared finite scattering amplitudes. The contents of this chapter
ties up some loose ends on the relation between the Faddeev-Kulish formalism, asymptotic
symmetry and infrared divergences.

We have also applied our formalism to the intriguing problem considered in [23] where it
was found that tracing out soft degrees of freedom leads to the decoherence of hard particle
momenta, whether or not one employs the Faddeev-Kulish states [127]. In contrast to their

work, we have constructed the corresponding reduced density matrices conserving the BMS
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supertranslation charge at all stages and arrived at a similar conclusion, see equation (3.103).
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Chapter 4

Soft Photon Hair on Schwarzschild
Horizon from a Wilson Line

Perspective

4.1 Wilson lines and soft charge in Minkowski space-
time

In this chapter, we extend the construction of photon dressing to the future horizon of Rindler
spacetime. Then, we demonstrate that their structure is reminiscent of that exhibited by
soft gravitons on the Schwarzschild horizon, which was derived earlier by Hawking, Perry
and Strominger [60,61].

We start by reviewing topics in flat Minkowski spacetime that are crucial in our subse-
quent analysis of Rindler and Schwarzschild horizons. In the first subsection, selected mate-
rials from [128] and [91] are used to show that the Faddeev-Kulish dressings of asymptotic
states [8,9] are in fact Wilson lines along a specific time-like path. Then in the second subsec-
tion, we explore the connections between Faddeev-Kulish dressings, Wilson line punctures,
edge states and surface charges associated with the asymptotic symmetry transformation
developed in [19].

4.1.1 Equivalence of Wilson lines and Faddeev-Kulish dressings

A gauge-invariant formulation of QED using path-dependent variables dates back to Mandel-
stam’s work [128]. In this formulation, the conventional matter fields are dressed by Wilson

lines extending out to infinity. It is known [91,129] that taking the path in each Wilson line
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to be the time-like path of an asymptotic particle yields the Faddeev-Kulish dressings [8].
In this section we briefly review this connection.

Under a gauge transformation, the gauge and matter fields transform as

A p(z), (41)
Au(@) = Ay(z) + 0,A(2). (4.2)

p(z) —e

Mandelstam introduces a non-local path dependent variable which is the matter field dressed

with a Wilson line, i.e.,

U(z|T) = Pexp {ie /F ’ dgﬂA#(g)} o), (4.3)

along the path I', with the path-ordering operator P. We show that this path-dependent
dressing describes the Faddeev-Kulish dressing for a particular time-like, straight line path
relevant for asymptotic field. In the Lorenz gauge, the equation of motion of the gauge field

with source J, is
OA,(x) = Ju(z). (4.4)
Therefore one may use the retarded Green’s function G, to decompose
Ay(z) = A (z) + / 0*2 Gren( — 2)J,(2), (4.5)

where the Ghe solves G (x) = 0¥ (x), and the incoming asymptotic field Aif is the

homogeneous solution satisfying A () = 0. Then, the dressing in (4.3) can be written as

Pexp {ie /: dgmu(g)} — Texp {ie /F der AT (€) + ie /F det / 42 Gren (€ — z)Ju(z)}
(4.6)

= exp {z’e /: df“Aif(f)} X (phase factors), (4.7)

where P is replaced by the time-ordering operator T since I' is time-like. The path-ordering
has been removed at the price of gaining an infinite c-number phase, which is related to the
Coulomb phase and thus is not of interest for us. We anticipate letting 2° — —oo for an
asymptotic incoming particle. With this limit in mind, we may assume I' to be the trajectory

of a free particle described by a constant four-velocity v*, and parametrize £* = x# + ToH.
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Then,
: * 0w Ain . 0 dg# in
exp {ze/r d§t A, (5)} = exp\y ie Lm dTﬁAM (€) (4.8)
0 .
= exp {z’ev“/ dr A, (v + UT)} . (4.9)
For the in field, we have the standard asymptotic mode expansion
Ain(y / B [a, (0™ + af, (l)e "] | (4.10)
where 3k = % with w = |k| is the Lorentz-invariant measure, and

a,(k) =Y e (Kae(k),  af(k) = Y € (k)aj(k), (4.11)

=+ =+

with the polarization tensor eﬁ(k). The creation and annihilation operators satisfy the

standard commutation relations
an(k) 0} ()] = B (2m)P(20)5 (0 ~ ). (1.12)
Using the mode expansion, we may write
U“/ dr A% (z +vT) = v“/ dT/d3k et tor) —i—hc} (4.13)
/d?’k—k [aﬂ(k) we e, (4.14)

where p* = mu#, and we have used the boundary condition [8]

0 A 1
[m dr eV = SR (4.15)

Therefore, we obtain

exp {ie /: dgr AR () } = exp{ /d3l<; P T k)e kT au(k)eik“)} : (4.16)

Now, recall that we anticipate 2° — —oo. Under this limit, non-vanishing contribution to
the integral comes only from £ — 0 by virtue of the Riemann-Lebesgue lemma. Following

+ik-x

the construction of [8], we implement this by replacing e with a scalar function ¢(p, k)

having support in a small neighborhood of £ = 0 and satisfying ¢ — 1 as & — 0. Then, we
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1

Figure 4.1: A Penrose diagram of the Minkowski spacetime, where Z* (Z7) represents the
future (past) null infinity and ¢t (i7) represents the future (past) time-like infinity. The
spacetime point x is the position of a massive dressed particle, and the time-like path T’
extends from i~ to z. The time-like infinities i* are 3-dimensional hyperbolic spaces Hjs each
parametrized by a 3-vector, see for example [1].

may write,
exp {ie /Fx df“Aif(f)} = W(p), (4.17)

where W (p) is, up to a unitary transformation, the Faddeev-Kulish operator (or dressing)

of an asymptotic incoming particle of momentum p,

pp.uk o(p, k) (al (k) - au(k))} . (4.18)

W(p) = exp {—6/@

Equation (4.17) shows that a Wilson line along the trajectory of an asymptotic particle
corresponds to the Faddeev-Kulish dressing.

4.1.2 Faddeev-Kulish dressings and the soft charge

In the previous subsection, we have seen that Faddeev-Kulish dressings are essentially Wilson
lines. Let us consider a Wilson line along a time-like curve I' of constant momentum p ending
at a point z, as in figure 4.1. The Wilson line stretches all the way down to the past time-like
infinity ¢~, where the asymptotic phase space is the hyperbolic space Hj. If this Wilson line

is dressing an asymptotic massive charged particle, as is the case under our consideration,
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we can assume that the limit 2° — —oo is being taken. In this picture, one can see that
the Faddeev-Kulish dressing can essentially be viewed as a Wilson line puncture on i~ the
asymptotic boundary of Minkowski spacetime. The term “puncture" henceforth is be used to
denote a Wilson line along a time-like path piercing the spacetime boundary of our interest.

Let us put this intuitive description on a more formal ground. The Minkowski spacetime

has the following metric in terms of the Cartesian coordinates
ds* = —dt* + da} + daj + da;. (4.19)

We introduce the advanced set of coordinates (v, 7, z, Z), which is related to the Cartesian

coordinates by

v=1t+r, r’ =} + a3 + 13, z:w. (4.20)
r 4+ I3
The Minkowski metric can then be written as
ds®> = —dv® + 2dvdr + 2r*y,:dzdz, (4.21)

where 7,z = 2/(1 + 2z)? is the unit 2-sphere metric. In terms of these coordinates, the

momentum measure is d°k = w?dwy,zd*z, so we may write the asymptotic gauge field as

. k1 " .
in _ ik-x t —ik-x
A)(z) = / (27 2w {au(k)e +a),(k)e } (4.22)
_ 1 2 O\ ikex T [\ —ik-x
= 163 /wdw%gd z {au(wk)e + a),(wk)e } . (4.23)

Here k is a unit 3-vector that points in the direction defined by (z, Z), such that k = wk.

Let us employ the usual polarization tensors

1 1
€+M = — 2,1,—2.,—2 s et =— Z;]-)/L.7_2 ) 4.24

the plane-wave expansion,

00 V4
ek :47re_i“t2iﬁjg(wr) Z Yim(k)Y, (X) (4.25)
=0 m=—/
2w N
= ek + %)+ 0 (r2 4.26
—e (k+%)+0(r?), (4.26)
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as well as the relation A, = 0,(z*A,) to obtain the non-vanishing components [19]:
A, (v,2,2) = lim A, (v,r, 2, 2) (4.27)
7 AN iwv S\, —iwv
= @«/’yzg/dw (ai(—wx)e —ay(—wX)e ) : (4.28)

Here the expression a4 (—wx) should be understood as a particle operator with w > 0 with
momentum in the direction —X. The minus sign comes from the fact that a massless particle
moving in the direction (z, z) is mapped to its antipodal point in the past infinity.

Observe in (4.28) that taking the limit v — —oo forces the integral to get contributions
only from the zero-modes w = 0 by virtue of the Riemann-Lebesgue lemma. We may use
the method of [8,9] to implement this explicitly, by introducing an infrared scalar function

¢(w) that has support only in a small neighborhood of w = 0 and satisfies ¢(0) = 1:

A(z,7) = 8;2 ez / dw (al (~wk) = a;(-wk)) d(w), (4.29)

A Faddeev-Kulish dressing W (p) of a particle with momentum p can be written in terms of

these boundary modes.

W(p) = exp {;fr / &2 /7 Kf; ;) A(z,7) + (2 6}:) Ag(z,z)] } (4.30)

where k* = (1,k) = (1, —%).
In terms of the language used in [130], the edge modes A,(z,%2) and Az(z,Zz) are the

zero modes that exponentiate to the Wilson line sourced and localized at the boundary. In
this reference which deals with the case of Rindler space, for each edge mode annihilation

operator ay, there is a conjugate variable ¢, such that
[, g1 = 0w, (4.31)

The eigenspace of this conjugate variable is more natural (compared to the eigenspace of
ax) in the sense that it diagonalizes the boundary Hamiltonian of the Rindler space. We
see below that even in flat Minkowski space, the vacua of Faddeev-Kulish states define an
eigenspace analogous to that of ¢ in a manner which was previously discussed in [16].

For this purpose, consider a function &(z, z) on the 2-sphere. The conserved charge Q.

associated with this function can be written as [16]

Q€ — onft + Q?ardj (432)
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where the hard charge Q" contains charged matter current and hence commutes with the

boundary field A,(z,Z), and the soft charge Q%™ is given by
Qe = 2 / &2 0.2z, Z)No (2, 2) = —2 / &2 0.¢(2, 2)Na (2, 2). (4.33)
Here the operator N,(z, z) is defined as
No(z,2) = L O:O dvd,A.(z, 2), (4.34)
and contains only zero-energy photon operators, as one can see from the expression
N.(2,5) = —41#@ [ o) (ol (—ok) + 0 () (4.35)
obtained by using the mode expansion (4.29) and the integral representation
/_O:O dw eV = 2716 (w). (4.36)
From (4.29) and (4.35), we obtain by direct calculation
(A (2, 2), Na(w, 0)] = ;\/m [ o def wplw) 55 ke — ki), (437

where we used the commutation relation (4.12). Now, note that we may write

. . 1
SO (wk, —w'ky,) = mé(w — w6 (z —w). (4.38)

Therefore, with the convention

7 dwsto)s) = 5100) (4.39)

of delta functions acting on the boundary of the integration domain, we obtain the commu-

tation relation
(A(2, %), Na(w, ©)] = ;5@)(7; —w). (4.40)
It follows from the expression (4.33) that
(Qe, AL(2,2)] = i0,e(z, 2). (4.41)
It is worth noting here that Q. may be replaced by Q' since Q"4 commutes with A4,(z, ).
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There is an immediate consequence of (4.41) and (4.30), which has been pointed out in [19].
Consider a vacuum |0) such that Q. |0) = 0 and dress it with the Faddeev-Kulish operator
to construct a state W(p)|0). The expression (4.30) shows that W (p) involves only the
boundary gauge fields and thus only the zero-mode photon operators, qualifying W (p) |0) as

a vacuum. The two vacua |0) and W (p) |0) are distinct, since the latter carries soft charge,

e ) p-e _ p-et _
QWm0 =~ [ ey { (20 ) octen + (U5 ) octea | Wi o), (e
as implied by (4.41). Since there are infinitely many dressings W (p), there exists an infi-
nite number of degenerate vacua, each characterized by its soft charge. The selection rule
arising from the charge conservation manifests itself as the infrared divergence of scattering
amplitudes, and the asymptotic states of Faddeev and Kulish are the eigenstates of the con-
served charge (.. This has been investigated for the flat spacetime both in QED [19] and
in perturbative gravity [59].

In summary, we have seen that the flat-space Faddeev-Kulish dressings can be written as
Wilson line punctures on the asymptotic boundary of Minkowski spacetime. The massless
gauge field has non-vanishing components at the asymptotic boundary, and the Wilson line
can be written as a linear combination of these fields. On the other hand, the soft charge of
the large gauge symmetry is a linear combination of a variable which is canonically conjugate
to the boundary gauge field. As a consequence, each dressing carries a definite soft charge,
parametrized by a 3-momentum p. The dressings carry zero energy, and therefore can be
used to generate a Hilbert space consisting of an infinite number of distinct vacua. This
space is referred to as the edge Hilbert space in some literature, see for example [130]. The
soft charge of large gauge transformation is a good quantum number to label the states.
In the next section, we extend this work to the Rindler spacetime and the future Rindler

horizon, aiming to draw results consistent with the analysis made in [130].

4.2 Soft photon hair on future Rindler horizon

In the previous section, we have seen that the Faddeev-Kulish dressings of asymptotic states
are Wilson lines along a time-like path at the future/past time-like infinity. From this,
along with the previous works exploring the connection between large gauge symmetry and
Faddeev-Kulish dressings [18,19,58], it follows that the set of degenerate vacua carrying soft
charge of large gauge transformation is obtained by dressing the vacuum with Wilson lines.
Then it is only natural to expect that, in spacetimes exhibiting an event horizon, Wilson

lines piercing the horizon along a time-like path are the dressings carrying soft hair on the
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(a) (b)

Figure 4.2: A depiction of the Rindler spacetime. The Rindler coordinates (7, £) are related
to the Minkowski coordinates (X, T) by T = te* sinh(ar) and X = e® cosh(ar). At the
future Rindler horizon H, one has £ = —oo and 7 = co. H is parametrized by the advanced
time v = 7 4 ¢, along with the coordinates x; which are omitted in the diagram. (a) The
constant-£ curves (marked blue) are parametrized by 7, while the constant-7 curves (marked
red) are parametrized by £. (b) The purple curve illustrates a Wilson line along a time-like
trajectory of a massive particle, starting at a point  and extending into H.

horizon. In this section, we show that this expectation indeed holds in the Rindler spacetime.
We begin by reviewing a canonical quantization scheme of gauge fields developed in [131].
This is then be used to demonstrate that radial (time-like) Wilson lines in the vicinity of
the future horizon are the analogue Faddeev-Kulish operators that dress the Fock vacuum
to create degenerate vacua carrying soft charge.

Following the notation of [131], we use lower case Latin letters such as i, j to denote the
spatial components of tensors and capital Latin letters such as I, J to denote the perpendic-

ular components x; (that is, 22 and z3).

4.2.1 Review of transverse gauge fields in Rindler spacetime

Here we present a brief review the quantization scheme developed in [131]. This quantization
in Weyl gauge especially proves to be useful because it involves only the physical, transverse

gauge fields. The methods introduced here are relevant to the Schwarzschild case as well.
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The Rindler metric takes the following form,

ds® = > (—dr* + d€?) + dx3. (4.43)

We sometimes write (2%, 2!, 2%, 2%) = (7,&,x1). The quantization is carried out in the Weyl

gauge,
Ap(T,€&,x1) = 0. (4.44)
The Lagrangian density of the gauge field A, coupled to an external current j* is
L=v—g (—iF“”FW - ij“) , (4.45)
where the field strength tensor F),, is
F,=0,A,—0,A,. (4.46)
The equations of motion are then given by
O/ =99"9" (0,40 — e Ay) = V/=35", (4.47)
and the conjugate momenta are
I = —/—gg™ 0 A" (4.48)
With the metric of the form (4.43), the equations of motion reduces to
Aov/=99" WA + 0;v/=gg"* " (0L AL — DIAL) = V/—=35", (4.49)
and the Gauss Law (v = 0 in (4.47)),
oIl = /=¢4°, (4.50)

is no longer part of the equations of motion; it becomes a constraint on the conjugate
momentum. Canonical quantization is achieved by postulating the equal-time commutation

relation

(7,6, x1), Aj(r. €, x)] = 16}5(& — )0 (x - ). (4.51)
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Define the transverse projection operator as

1

dj, (4.52)
where A is given by
A = 0;0" = e 20 + V17, (4.53)
with V% = 02 4 92. The projection operator satisfies the following identities,
PPl =Py, 9P, =0, Py = 0. (4.54)

Using this, one can define the transverse components of the gauge field and the conjugate

momentum which we denote with a hat,
Al=PpLA T = PLID. (4.55)

A nice property of these transverse projections are that by a proper choice of gauge-fixing,
the Hamiltonian of the gauge field can be formulated completely in terms of the transverse
fields (4.55), plus a c-number contribution describing the effect of the external current —
therefore, no unphysical degrees of freedom need to be carried around. We do not delve into
the details of how the dynamics can be written down in terms of the transverse fields; we
refer the interested readers to [131].

The equal-time commutation relation of the transverse fields can be obtained by trans-
verse projection of the canonical relation (4.51). To this end, it is convenient to first consider
a massless scalar field ¢ in Rindler spacetime, because, as we later see, the radial gauge fields

satisfy the same equation of motion. The free-field equation of motion is
(22 -A.)e=0, (4.56)
where the scalar Laplacian Ay is given by
Ay =0F + V7, (4.57)
This can be solved with the ansatz

o= TR i (2), (4.58)
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where we defined

= —e” 4.59
z - e, ( )

with k; = |k, |. Here kiw is the appropriately normalized MacDonald function,

1 /2
Fis () = =) == sinh K (2), (4.60)

™ a a @

which forms a complete orthonormal set. In particular, it satisfies the completeness relation
/ deo ks (2)kse (2) = az6(z — o) = (€ — €. (4.61)
0 a a

Among the components of the transverse projection operator (4.52), the one that is be
relevant for our purposes is i = j = 1. Using the completeness relations and noting that P,

can be written in terms of the scalar Laplacian A, as!

1
Ply= 4 ey, (4.62)

one obtains the commutation relation

T (7,6,%1), Au(r, €, %)) = —igu Plig"6(¢ — €)0P (x1 — x)) (4.63)
— i [T g [¥ oS (s (). (464)
= —1 (2W>2ze A wa iw(2)kie(2). .

Now, using the properties (4.54) of the transverse projection operator, one can show that

the equation of motion of the transverse field /AIM with no external current is
V=99"RA + 0;5/=g9"g" (0r A — D1 Ay) = 0, (4.65)
which can be written as

PAY — NAY =0, (4.66)
PAT — AJAT + 2ae29€9; At = 0, (4.67)

where I = 2,3. The commutation relation (4.64) and the equation of motion (4.66) can

be used to write down the normal mode expansion of the transverse gauge field Ay and its

!This can be seen by showing A P!; = 62a5Vi.
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conjugate momentum II':

" dw d*k, a®

Ai(1,6,x)) = Vo 2r why [al(w, ke Tk XL 4 h.c.] z2ki%(z), (4.68)
. dw 2k -
(7, &, x1) = —i &Q;m la1(w, ko )e ™7™ —he ] ke (2). (4.69)

Requiring that the creation/annihilation operators satisfy the standard commutation relation
[ar(w, k1), af (o, k)] = 6(w — o)6® (ko — K., (4.70)

one can readily check that the transverse fields (4.68), (4.69) satisfy the relation (4.64). The
remaining components A; can also be obtained by writing down a relation similar to (4.62)
and using the equations of motion (4.67). The fields A; has been worked out in [131], the

result of which we state here for later reference:

A dw d*k
A[(T,g,XL) - E 27TJ_

k d o
. Hexku@(w,m g kmzdz} s (2)e et b

(4.71)

where k; denotes the I-th component of k,, and the second pair of creation/annihilation

operators satisfy the commutation relations

[as(w, k), ab(w' K))] = 6(w — w)dP (k, —K)), (4.72)
[a1(w, k1), ab(w' K, )] = 0, (4.73)

and the polarization vector €;(k_ ) is transverse to k|
krel (ki) = 0. (4.74)

4.2.2 Wilson lines, edge modes and surface charges on the horizon

In order to investigate the behavior of the transverse fields near the future Rindler horizon,
we note that the horizon is parametrized by the advanced time v = 7 + & as well as the

2-dimensional plane coordinates x,. In terms of the advanced coordinates (v,&,x), the
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Rindler metric is
ds® = > (—dv® + 2dvd€) + dx7 (4.75)

and the transverse gauge field (4.68) is

A dw d*k, a®
Al &xu) = | = ok

Notice the factors e*™¢ in the integrand. As we approach the horizon & — —oo, by virtue of

{al(w, ke wrtiwteikixs 4 h.c.} 2k (2). (4.76)

the Riemann-Lebesgue lemma only the leading soft modes contribute to the integral. Similar
to the construction of [8,9], we can explicitly implement this by replacing e*™¢ with a scalar
function ¢(w), which satisfies ¢(0) = 1 and has support only in a small neighborhood of
w = 0. With this and the asymptotic form

2
kiw (2) ~ (Z\/;Ko(z) as z — 0, (4.77)

we obtain

dw koLﬁ
VTw 2 k)

Now, let us consider the exponent in the Wilson line, i.e., the line integral

Ai(v,€,x1) ~ (w) {ozl(w,kL)e"kL'xL + h.c.} 2Ko(z) as & — —oo. (4.78)

Alz) = /F dat A, (z), (4.79)

where I' is a time-like path in the vicinity of the horizon. In the following we evaluate this
assuming that the gauge fields satisfy sourceless, quasi-free equations of motion, i.e., we do
not consider its interactions with any currents, classical or otherwise. As we have seen in
section 4.1.1, the current for the straight line asymptotic path is essentially classical. Use
of the Yang-Feldman equation (4.5) in the evaluation of the line integral implies that the
interaction terms with the external current gives additional c-number terms in the expression
for the Wilson line, which are related to the Coulomb phase. These were not relevant for the
analysis of the soft hair for that case and we think it is safe to assume this to be the case

here as well. From the metric (4.43), one can see that dx? = 0 along a time-like geodesic as
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¢ — —oo. Thus we may write

A(x1) :/Fdffh(wf,xﬁ (4.80)

dw d?k, 1 .
-~ [ G ) [l ke e, (481)

where we used a boundary condition analogous to (4.15),

/ dz zKo(z) = —2K;(2), (4.82)
r
and took the limit corresponding to & — —oo,

lim 2K (2) = 1. (4.83)

z—0

Drawing analogy from Minkowski spacetime, we expect the Wilson line exp {ie.A(x)} to serve
as the Faddeev-Kulish dressings in Rindler spacetime. To see this, consider any function
£(x_) on the 2-dimensional plane. The conserved charge ). associated with this function is
then [1]

QE — Qioft + Q?ard’ (484)

where the soft and hard charges are given as

Q> = / de A *F, QMard = / € % 7. (4.85)
H H

Here H denotes the future Rindler horizon, j is the charged matter current, and *F' is the

dual field strength tensor

1
(*F)w/ = ieuupongy (486)

where €,,,, is the antisymmetric Levi-Civita tensor with €p23 = /=g = €2*. Since the
operator A(x) involves only the soft photon modes (cf. (4.81)), it commutes with the hard
charge Q"4 and we may thus focus our attention on the soft charge Q**. The horizon is
parametrized by (v,x,) and d,e(x, ) = 0, which implies that the relevant components of the

dual tensor xF' are, up to some magnetic fields that vanish at the future horizon,

(+F)oz = —0, A%, (#F)os = 0,A%. (4.87)
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We therefore have

Qe = —ggm dv/d x, 0re(x1 )8, Al (v, €, %) (4.88)
- / dx, 2(x 1 )N(x1), (4.89)

where, in the last line we defined
N(x,) = hm / dv 9,0; AT (v, €,x.), (4.90)

after an integration by parts. The transverse property (4.54) of the projection operator
implies that ;A = 0, or equivalently 9;A7 = —9;A' = —az0,A'. Thus with the integral

representation (4.36) of the Dirac delta function, we obtain

4 d
= hmz/—d%ﬂﬁé w) [al(w,kL)e“‘l'xL — h.c.} azd—kig(z). (4.91)

z a

= —2/70[2]@]@@)(5@1) [al(w,kL)eikl"‘L — h.c.} , (4.92)

where in the second line we used the asymptotic form (4.77), along with the relation

CZKO(Z) _ LKy (o), (4.93)

and then took the limit z — 0 using (4.83). With the commutation relation (4.70), we obtain

dwdw' d*k d*K| k).

NG, A =i [ s S b ()o(w)
X [al(w, k) )e >t —hec., ap(w, K )e®i¥ 4 h.c.} (4.94)
dwde! &k, K,
pu— ) 5
i [ S T hui(@)el)

X B(w)6® (ky — K/, ) [ehebee ) gmikubo )] (4.95)

=20, %) [ ~ dw §(w) (4.96)
0

= i6@(x, —x), (4.97)

where we used the following convention of delta functions,

/ " dw 6(w) f(w) = = £(0). (4.98)

0
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Equation (4.97) shows that N(x, ) and A(x, ) are canonically conjugate variables, and there-

fore A(x, ) satisfies the commutator

[Qe, A(x1)] = ie(x1). (4.99)
This has immediate consequence. Consider the following state,

g, %) = A 0) (4.100)

where we choose |0) to be the vacuum satisfying Q. |0) = 0. Since .A(x, ) only involves zero-
energy photon operators, this state carries zero energy and is therefore a vacuum. However,
it follows from (4.99) that

Q=g x1) = Q" g, x1) = —ge(x1) g, %1) - (4.101)

which implies that this is a degenerate vacuum carrying soft charge. This is analogous to

the case of flat space [19,59], where the set of degenerate vacua is obtained by dressing the

vacuum with the Faddeev-Kulish operators. We are thus led to the conclusion that the time-

like Wilson lines near the horizon are the Faddeev-Kulish dressings of Rindler spacetime.
We end this section with an instructive derivation of the boundary values of gauge fields

to see how the charge (). acts on them. Let us define the boundary fields

Al = Jim As(v, €, x1). (4.102)

(2

From (4.78) we can see that A = 0 since

lim 22Ky () = 0. (4.103)

z—0

In the advanced coordinates the remaining components (4.71) can be written as

A dw &%k, ak; d o
A = | /= — o (z)e Tl pikixs L el (4,104
1(v,€,x,) o on He;a2+z kLalzd }kzza(z)e e +h.ec (4.104)

The first term in the curly brackets involving the polarization tensor €; is proportional to

the expression

ks \/>K0 +0W?) =0 asw — 0, (4.105)
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so it retains no zero-energy modes at the horizon. However, the second term survives,

yielding the non-zero components

) o odw Pk k .
Al(xy) = —i N Q;édw) [al(w,kL)e‘kl L— h.c.} : (4.106)

The expression (4.81) tells us that we can write these fields in terms of A(x, ) as

All(x ) = 9r.A(x.), (4.107)

from which we obtain the commutation relation
Q= Al (x1)] = i0re(x.). (4.108)
This is reminiscent of the action of charge on boundary fields in Minkowski spacetime [16],
[Q-, AL (u, z,2)] = 1i0.2(z, 2), (4.109)

and shows that (). correctly generates the boundary degrees of freedom (large gauge trans-
formations), which in our case are the fields at the Rindler horizon.

In summary, we have shown that, similar to the Minkowski spacetime, the Wilson line
puncture on the future Rindler horizon carries a definite soft horizon charge. This identifies
the puncture as the Faddeev-Kulish dressing of Rindler spacetime, which can be used to
generate the edge Hilbert space. The edge Hilbert space consists of an infinite number
of degenerate vacua, where each state is labeled by its soft horizon charge. This result is
consistent with the analysis made in [130] with regards to the edge states in the Lorenz gauge.
In the next section, we apply similar methods to extend our analysis to the Schwarzschild

spacetime and its horizon.

4.3 Soft photon hair on Schwarzschild horizon

In this section, we investigate the soft photon hair directly on the Schwarzschild horizon

using the quantization method of [131]. The Schwarzschild metric reads

2M 2MN\ !
ds? — — <1 _ ) dt® + (1 — ) dr® + 1* (d6” + sin” 0dg?) , (4.110)
T T

where M = GM,, with G the Newton’s constant and M, the mass of the black hole. From

the lessons learned in Rindler spacetime, we know that it is only the near-horizon physics
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that plays a role in the analysis: it is expected that the Wilson lines along a time-like path
in the vicinity of the horizon are again the analogue of the Faddeev-Kulish dressings, the
building blocks of the edge Hilbert space. This motivates us to restrict our attention to the

near-horizon region of Schwarzschild, by writing
p=r—2M. (4.111)

The leading terms in the small-p expansion of (4.110) yields the near-horizon metric,

p

ds? = —
iy oM

oM
dt* + poQ +4M? (d0? + sin® 0d?) . (4.112)

Then, let us define new coordinates £ and y as

0
=2MIn | —— = 4.11
¢ n(2M>, y = cosb, (4.113)
in terms of which the metric reads
2 2a¢ 2 2 2 dyz 2 2
ds? = ¢ (—dt* + dg?) + 4M 1_y2+(1—y)d¢ : (4.114)

where a = ﬁ is the surface gravity of the black hole. We use {2 to denote the spherical
coordinates (y, ¢) collectively. The (¢, &) space resembles the Rindler spacetime, but the re-
maining space is a 2-sphere, not a 2-plane. There are two reasons for choosing the coordinate
= cos 6 over the conventional §: One is that this achieves 9;(v/—gg*®) = 0 which simplifies
a lot of calculations [131], and the other is that it is difficult to obtain a simple operator
relation such as (4.62) if we use 6.
In the following subsections, we work with the metric (4.114). We begin by deriving the
mode expansion of transverse gauge fields. These are used to show that the near-horizon,

time-like Wilson lines are the Faddeev-Kulish dressings that build the edge Hilbert space.

4.3.1 Transverse gauge fields

We work in the Weyl gauge as before,

Ao(t,€,9) =0. (4.115)
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With the metric (4.114), the transverse projection operator is defined as,

iy

Py =4 — aiAaj, (4.116)
where the operator A = 9;0° is now given by
2a¢ L?
A = Oce” “%0: — : 4.11
356 85 INVE ( 7)
Here L? is the angular momentum squared operator,
%
L* = —9,(1 — )9, L (4.118)
whose eigenfunctions are the spherical harmonics Y,
LYy (y, ¢) = L0+ 1)Yeu(y, 6). (4.119)

In order to find the mode expansion of transverse gauge fields, as for the Rindler case, let
us first look at the case of free scalar field ¢, whose equation of motion has the form

L o™= 0 (4120)
—— —99 O = U, .

or equivalently,

(07 - A)e=0, (4.121)
where A, is the scalar Laplacian,
s €%,
Av=0f = a5l (4.122)

From symmetry, solutions take the form

o(t, &y, 0) = e Yo (y, ) R(E) (4.123)

with some function R of {. Then, the equation of motion (4.121) reduces to an equation for
R, which reads

d’R N e2a€
[ w —_—
de? IRE

(e+1)| R=0. (4.124)
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Now, define a new variable

2= 2/0(0 4+ 1)e*, (4.125)

where we exclude the ¢ = 0 mode. We see later that ¢ = 0 is associated to the total electric

charge and hence is not of our interest. In terms of z, equation (4.124) becomes
d*R  dR 2
Ptz + (w - 22> R=0. (4.126)
a

This is the same modified Bessel equation that we saw in Rindler space, whose solutions are

the properly normalized MacDonald functions

R = k() = /> sinh (M>Kl-w(z). (4.127)

™ a a @

Now we’re in the right place to obtain the commutation relation of the transverse fields.

From the free Maxwell Lagrangian density,
L=y=g (—iF"”FMV) , (4.128)
we obtain the momentum density II° conjugate to the gauge field to be
II" = —/—gg 0y A" = AM?9, A" (4.129)
Then we quantize the fields by imposing the equal-time commutation relation,
Tt £,9,0), Ajlt. €5/, 0)] = 0i6(e —€)oly — )36 — ). (4130

Commutation relation between transverse components of the fields is obtained by applying
transverse projection onto (4.130). The projection operator relevant to our analysis is Pl;.
Observing that

A (1 EPIEY ) _ (4.131)
S A 1 - 4M2 9 .

we find that the projection operator can be written as

1 €2a§
1= A

Ag4M?

1

L% (4.132)
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Then, we obtain

{ﬁl(t, X’)7 Al(t, X)} = lgllpllgllé(g i 5/)5(y B y/)é((b . ¢/) (4'133)
2a& 1
= i A VO~ €00y~ 1) ~ ), (4.134)

which, making use of the completeness relations

[ dwhis (ks () = 36 - ©), (1.135)
gmﬁig Yoy, ) Yo (v, &) = 6(y — y')o(¢ — &), (4.136)

can be written as
[T (¢, %), Au(t,%)] —Z;ZQYM O (& / dw— (2)ks= (). (4.137)

Now that we have the commutation relation, let us consider the equation of motion of free

gauge field in Weyl gauge, which reads
AoV =99 A" + 0,/ =99 " (O A1 — D1 AL) = 0. (4.138)

Noting that 8;,4; — 8;4; = 0;A; — 9;A;, one may write the equations of motion of the

transverse fields as
V=99 0% A" + 0;v/=g¢”* g" (0 A — D1AL) = 0, (4.139)

or written out explicitly,

—Q2AY + AJAY =0, (4.140)
2 Ay Av 2as A 2 A1 A
—ORAY + AAY [2y0,A? — 20 (1 - y?) 0,A" + 299, 4"] = 0, (4.141)
R - 20 - 2a00,A' 299, AY
_ 9244 6 _ ¢ b Y9 _
A + DAY — lay (204%) + 57 7o yz)z.] =0 (4.142)

Using the equal-time commutation relation (4.137) and the equation of motion (4.140), we
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obtain the £&-component of the transverse fields to be

At e, Q) = 24\/4 (+1) / do_o” agm )_imnm(Q)—Fh.C.} ki (2), (4.143)

th Zm\/ €+1/

Due to the property 9;(v/—gg®) = 0 of our metric (4.114), the transverse conjugate momen-

dwa

(@ (@)Y (Q) + D] 2%hi (2). (4.144)

tum is simply

I (t,€,Q) = 4AM>0,A (8, €,9) (4.145)

:_Zz,/ (1) / = [t (@)e Yo () — hc] ki (2). (4.146)

One can readily check that by postulating the standard commutation relation
|00m (), @y ()] = B0 OO (w0 — ), (4.147)

the transverse fields (4.144) and (4.146) satisfy (4.137).

4.3.2 Wilson lines and edge degrees of freedom

Since the horizon is parametrized by the 2-sphere coordinates (y, ¢) and the advanced time
v =1t+¢, let us change coordinates to (v,&,y,®). In terms of these coordinates, the radial
field (4.144) is simply obtained by replacing ¢ with v — &,

dwa

/ (agm (@)e P8V, () + he| 22his(2). (4.148)
fm \/ g + 1 } ¢
In the vicinity of the horizon £ — —o0, only the leading soft modes contribute to the integral,

due to the factor e*™¢ and the Riemann-Lebesgue lemma. As in [8,9], we implement this

with a scalar function ¢(w) that has support in a small neighborhood of w = 0 and satisfies

$(0) = 1

dw a?

Emm/mw

Ay (v ) [ (@) Ve (Q) + hoc] ki (2). (4.149)
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Let us consider the line integral
- / oA, (2), (4.150)
r

where I' is a time-like path in the vicinity of the horizon. We are again treating the gauge
fields to satisfy sourceless quasi-free equations of motion, for the same reason discussed in
section 4.2.2. From the metric (4.114), one can observe that dy, d¢ — 0 along I" as £ — —o0,

which allows us to write

- / de Ay v,w) (4.151)

a'ém
Em\/ E‘f’l /Vﬂ-w

where we used the asymptotic form (4.77) of the MacDonald function and the boundary
condition (4.82).

As in the case of Rindler spacetime, we want to show that the Wilson line exp {ie A(z)} is

(@)Y () + hec.] (4.152)

the Faddeev-Kulish dressing that implements soft hair on the Schwarzschild horizon. To this
end, let us consider a 2-sphere function €(€2). The conserved charge Q). of QED associated
with €(Q) is [1]

QE — Qioft + Q?ard’ (4153)
where we have

Qft — /H de AxF, Qb = /H €% J, (4.154)

with the Schwarzschild horizon H and the charged matter current j. Equation (4.152) shows
that A(£2) only involves zero-energy photon operators, which implies that it commutes with
the hard charge Q"4. To obtain an explicit expression for the soft charge Q*°*, we note
that the horizon H is parametrized by v, y, and ¢. Thus the two relevant components of

the dual field tensor are, up to some magnetic fields that vanish at H,
(%F)yy = —4M?0,A%,  (%F),, = 4M?9,AY, (4.155)

using which we may write the soft charge Q% as

Ot = 4M2/ dv/ dy/ dé {a e(y, $)0,AY + dyey gzs)a,,,fW}. (4.156)
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After a partial integration, we may write

Qft = / dQ(Q)N(9), (4.157)
where we defined the operator N(£2) as

N(Q) = 4M? / dv 0,(9,AY + 9,4%). (4.158)
Using the property 9; At = 0 of transverse fields and the definition a = 1 /AM , we obtain

N(Q) = / dv 9,0, A", (4.159)

" 4q2

Now, we can substitute the mode expansion (4.143) and use (4.77), (4.93) as well as the

integral representation (4.36) to write N(2) in terms of the zero-mode photon operators,

=—4ZZ~/ (+1) / ﬁwé [ () Yom () — huc] (4.160)

where we also took the limit (4.83) since the gauge field is evaluated at the horizon. Now
that we have expressions (4.152) and (4.160), one can see by direct calculation that N ()

and A(2) are conjugate variables, up to a constant,

0+1) dwdw
[N(©2), A Q’ =2 . (w')
%;\ m&/
}/Zm - , @

e (@) Yorm (V) + D] (4.161)

a@m

—iy Ejs@n )Y () (4.162)

{=1m=—/

= by~ )6(6 ~ ) ~ - (4.163)

where we used the convention (4.98) of delta function and the completeness relation of
spherical harmonics (4.136). If we expand the gauge parameter (€2) in spherical harmonics,
the ¢ = 0 mode is associated to the conservation of total electric charge [1], which is not of

our interest. Thus we want to restrict our attention to the case where

/ dQe(Q) = 0. (4.164)
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Then it follows from (4.157) that the following commutation relation is satisfied,
Q-, A(Q)] = ie(Q). (4.165)

The implication of this is that the Wilson lines e*A are indeed the Faddeev-Kulish dress-
ings corresponding to the soft hair residing at the Schwarzschild horizon. To illustrate this
point, let |M) denote a state describing a Schwarzschild black hole with no soft hair. Since
Schwarzschild black holes carry no electromagnetic charge, Q. |M) = 0. Let us construct

another state by dressing |M) with a Wilson line,
M, (q,Q)) = ™4 M), (4.166)

From (4.152) we can see that the operator A(2) only involves soft photons; the dressing
carries no additional energy, angular momentum, or electromagnetic charge. Unlike |M),

however, this new state carries soft hair on the horizon,
Q: 1M, (¢, Q) = [Qc, ] | M) = —qe(Q) M, (¢, Q). (4.167)

This implies that there exists an infinite number of such degenerate states, each labeled by
its soft charge configuration. Given a quantum black hole state with soft hair, one can shift
its soft charge using a Wilson line operator.

We end the section by analyzing the action of (). on the boundary gauge fields, given by

Al (y,0) = Jim Ay(v,€,y,0), (4.168)

Since these fields are purely large-gauge, they can be obtained indirectly via the relations
flg(y, $) = 0, A(y,¢) and Ag(y,(b) = 0pA(y,¢).2 Under a large gauge transformation
dA; = O;e, the commutation relation (4.165) implies

Q- Al

10)] = i0,e(y, 6) = i0A]l (y, 9), (4.170)
[QS, /Alg( =104e(y, @) =1 Y

0] = i0se(y. 9) ). (4.171)

<

Therefore, we conclude that the conserved charge (). correctly generates the boundary de-

2This can be explicitly shown by obtaining a mode expansion of the transverse fields using the equations
of motion (4.141) and (4.142) and then taking the limit £ — —oo. As an example, a derivation for A’yq is
done in appendix D.
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grees of freedom.

To summarize, we have identified the Wilson line punctures on the Schwarzschild horizon
as the Faddeev-Kulish dressings that carry definite soft horizon charge. Similar to the case of
Minkowski and Rindler spacetimes, these dressings can be used to generate the edge Hilbert
space consisting of an infinite number of states, each of which is labeled by its soft horizon
charge. In this case, the bulk state is a quantum state labeled solely by the mass of the
Schwarzschild black hole. The existence of the edge Hilbert state implies that this bulk
state is degenerate, and thus a new quantum number, e.g. the soft horizon charge, should
be introduced to correctly identify the state. This is consistent with the Hawking-Perry-
Strominger analysis, which claims that the Schwarzschild black holes carry soft hairs [60,61].

4.4 Summary

In this chapter, we have applied the Weyl-gauge quantization scheme of transverse photon
fields developed in [131] to show that for the QED in Rindler and Schwarzschild backgrounds,
the Wilson line punctures on the horizon are objects that correspond to the Faddeev-Kulish
dressings (see equation (4.81)). By computing the commutation relation between Wilson
lines and the soft charge, we have shown that each dressing carries a definite soft horizon
charge (see equations (4.101) and (4.167)). The dressings can be used as building blocks
to generate the so-called edge Hilbert space (as opposed to the bulk Hilbert space), that
consists of an infinite number of degenerate states each of which is labeled by its charge.
This shows that the Wilson line dressing is an effective tool to study the soft hair at both
infinity and the horizon. Moreover, this approach provides for a systematic way to construct
the edge Hilbert space which has applications in studies of entanglement entropy of gauge
fields [132].

We have provided a straightforward quantum-mechanical calculation that demonstrates
the existence of soft charges localized on the Rindler and Schwarzschild horizons, supports
the claim that Schwarzschild black holes carry soft hair [60,61], and also bridges the gap
between the Hawking-Perry-Strominger analysis and the Wilson line formulation [133] of
Rindler edge states. Moreover, our calculations show explicitly that the limit of gauge fields
at the horizon only involve static photons, see for example equation (4.152). This suggests
that similar results are expected in curved spacetimes exhibiting an infinite red-shift surface,

for example the cosmological horizon of a de Sitter space.
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Chapter 5

Supertranslation Hair of
Schwarzschild Black Hole: A Wilson

Line Perspective

5.1 Review of gravitational dressings at infinity in flat

spacetime

In this chapter, we extend the results of the previous chapter to construct graviton dressings
on the future Schwarzschild horizon. We then use the dressed states to demonstrate that
asymptotic particles falling into the black hole leave behind a soft graviton hair on the
horizon.

To this end, we start by briefly reviewing the gravitational FK dressings in flat spacetime
[9] and its Wilson line representation [91,95]. We also review how the dressings carry a
definite supertranslation charge [58,59]. These results are central to our construction of

dressings on the Schwarzschild horizon.

5.1.1 Dressing as a Wilson line

Mandelstam [95] formulated a method for quantizing gravity using path-dependent but
coordinate-independent variables. This involves quantizing of the curvature tensor field
directly in a path-dependent way instead of the standard quantization of the metric tensor

field (gauge field). Consider the interaction between a scalar field and gravitational field.

84



Let us consider a small perturbation with respect to the flat spacetime,

G (T) = Ny + Kl (), (5.1)

where 7, = diag(—1,1,1,1) is the flat metric and x? = 327G with Newton’s constant G.
The prescription of writing a path-dependent variable A(z, P) in terms of a coordinate-

dependent variable a(z) is given in [95], which reads

Oa(x)

oz,
(5.2)

AeP) =) + 7 [ a { P SN (), )] - § [ @)

to first order in x. Here J,,(2) is the angular momentum operator about z in the uv-
plane. Let us consider the case where the variables are scalar fields of mass m, and write
Az, P) = ®(x, P) and a(z) = ¢(x). Since our focus is on supertranslation charges, and the

angular momentum term is sub-leading, we arrive at the following expression for the leading

order:
Bo.P) = o(a) =5 [ dMha(2) 5 (53)
_ {1 o EUNG (—Zaﬁq} o(z) (5.4)
= Wi(z, P)¢(x), (5.5)
where the operator W (z, P) is defined as
Wi(e, P) =1 12“ [ () (-i0"). (5.6)

This can be interpreted as an operator that dresses the scalar field. When the scalar field is

quantized, we have the standard expansion

o00) = [ g fotee ol o)} &

where E2 = p? +m? and the creation/annihilation operators a, a' satisfy the commutation

relation

la(p), a(@)] = (27)*(2E,)0%) (p — q). (5.8)
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The expansion of ¢(z) shows that dressing each scalar field with the operator Wi(z, P) is
essentially equivalent to dressing each operator a(p) with Wi(p;x, P) defined as

Wi (p;z, P) _1_7/ T INE (5.9)

where p* = (E,,p), and each operator af(p) with Wf(p;x,P). Notice that this is the
first-order approximation of the Wilson line W(p; z, P), defined as

W(p;z, P) = Pexp {—Z; /: dz’\huA(z)p“} (5.10)

with path-ordering P. Taking the path P to be a trajectory of a free particle with velocity

v = p/m allows us to parametrize z = x + v7 and write

ik [0
W(p;x) = Pexp {—2 /_ dr p'v” hy, (z + UT)} . (5.11)

Notice the similarity between this Wilson line operator defined in gravity with that defined
in QED [91,92]. Next we consider the metric perturbations.

The Einstein’s equations G, = <

51, in terms of the perturbation reads [134]

Oppeh? = =T

5 L (5.12)

where

|
o — <2555g n 25;55; n“”npa) O 5 (84070 + 3500, + (1 1)) + gD + 10,0
(5.13)

The operator O,,,, is not invertible, so we must fix the gauge using the harmonic gauge

condition
1
o, — §&,h =0, (5.14)

after which we obtain the retarded Green’s function [134]

G () = ry S| — a9, (5.15)

mrpa 217 4 x|

86



where 1,00 = Nupve + Muovp — Nuwtpo, Satistying

loa T 1 T :
Ou" Gp‘ffaﬂ( —y) = §1WQB5(4)(:U — ), G:lfpo(x —y) =0 if 2° < (5.16)
Here the “identity" tensor 1,,,4 is defined as
1
]‘,U«VOéﬁ = 5(7‘]“0[771,/5 + 77#,3777/04)' (517)

Using the retarded Green’s function, we may express metric perturbations in terms of free

fields as

huul) = bt (@) +2 [ d'y Gt ol — )T (y). (519)
where hm is the free field satisfying O*"*?h,, = 0, and T"" is the energy-momentum tensor

of the scalar field which is given by (see eq. (4.2) in [9])

T AS t
T7(y) = ﬁ/d‘g DD s ( _ p) , 5.19
(y) pr(p) 20 Yoo (5.19)

where p(p) is the (unintegrated) number operator a'(p)a(p). It follows that the Wilson line

W (p;x) can be written in terms of free field and the energy-momentum tensor as
ik [0 Ho V7 in
W(p;x) = Pexp {—2 [00 drv*p”ho, (v + UT)} (5.20)
0
X exp {—il-i/ dTv“p"/d4y Gl e ( + 0T — y)T’”(y)} (5.21)

Next let us recall the Wick’s ordering theorem, given by

T exp [—z’ [atm)] = exp [—z’ / HI(t)] exp [—; [at] ds&(t—s)[HI(t),Hl(s)]], (5.22)

where 6 is the step function. Using this, we can express the Wilson line operator as [91]

W(p;x) = exp{ / dr v*p ”hm (x —i—vr)} X (phases) (5.23)

= W(p;z) X (phases). (5.24)

We do not concern ourselves with the phases, and focus on the first factor,

W(p;z) = exp{ / dr o"p”hin, (x + UT)} (5.25)
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Using the standard mode expansion of the asymptotic in-field,

T () = / (;ljf)gid |0, (&)™ + af,, (k)e ], (5.26)

where w = |k|, we obtain

/0 dr v*p ”hm (x 4 vT) / dr v'p” / @k 1 k)e"k'(“ﬁ”ﬂﬁ)—i-ozT (k)e’ik'(“”)]
—00 32w 72
(5.27)
. &’k 1 ptp¥ —ik-x ik-x
:z/(2 T30 p § [al, (K)e ™ — a,,, (K)e™] (5.28)

where we used p = mv and the boundary condition

0 . 1
/;Oo dT GZk.’UT = m (529)

Recall that x is the position of the scalar field which is dressed by the Wilson line. The
dressing of a scalar field at the past time-like infinity can be obtained by taking the limit

2 — —oo. Due to the factors et

, by the Riemann-Lebesgue lemma only the leading
soft particles contribute to the integral. Following [8], we implement this using an infrared

function ¢(w) that has support in a small neighborhood of w = 0 and ¢(0) =

W(p)= lim W (p; z) (5.30)
— exp {g/ (;iﬂ];s iji“hpgﬁg(w) [af,, (k) = a,, (k)] } , (5.31)

which is, up to a unitary transformation, identified with the Faddeev-Kulish dressing of
gravity [9]. The dressings may be interpreted as Wilson line punctures [92,130,133] on the

spacetime boundary.

5.1.2 Wilson line punctures and boundary charges

In this subsection, let us review how the dressing (5.31) carries BMS supertranslation
charge [58,59]. We work with the asymptotically flat metric, and use the Bondi coordi-

nates (v, 7, 2, z) [15],

ds? = —dv® + 2dvdr + 2r*y.:dzdz

+ 2B 2 4 CLde? 4 rCandZ® — 2Vidudz — 2VidudZ + -+ - (5.32)
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where 7, = 2/(1422)? is the 2-sphere metric, mp is the Bondi mass aspect, and V, = %DZC’M
with D, the covariant derivative on the 2-sphere. The first line corresponds to the flat metric.

We start by using (5.1) to write the radiative data C., as (see for example [15])

1
Cex(v,2,2) = k lim Thzz(r v, 2,2) (5.33)
1 y
= Iirllglo ;@x“ﬁzx Py (5.34)
_ _ll’l{’yzz > S —twv T s iwv
= -5 /0 dw [a+( wX,)e a' (—wk,)e } (5.35)

Taking the limit v — —o0, we obtain

Curlz: ) = i Curlv,2,2) (5.36)
— /ooo d [al (~wke) = 0y (~wks)] 6(w), (5.37)

where we have again used the Riemann-Lebesgue lemma and the infrared function ¢(w).

Now rewrite the dressing (5.31) as,

dwd? 2,z p"p”

(o) = e | [ 5050000 (00— 000 (5.8)

— exp l;» df;z;z { pp- Ek / dw §(w) (at (~wR) — ay(~wR)) (5.39)

—wX) — a(—wz))H . (5.40)

where k* = (1,k) = (1, —%) and we have used

(k) =D e (K)ar(k),

r==+

with graviton polarization tensors €, (k) = € (k)¢ (k), defined as e #(k) = f[z, 1, +i,—2]

and e (k) = %[Z, 1, —i,—z|. In this form (5.40), we can see that the dressing may be

written in terms of C,,(z, Z) as

W(p) = exp l /d2 { p-e 2C’ 2(2,2) + (pp .G;A;)QCZZ(Z,E)H . (5.41)

This form is convenient in computing the dressing’s supertranslation charge.
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Next we consider the soft BMS supertranslation charge Q% , which is given as [15]
T L [ Py D2f(2,2)0,C. = - [ dod@or D2 (2, 2)0,C 5.42
Qf _? va-zry Zf(Z,Z) v zz—? va-zry gf(Z,Z) VS ZZ ( . )

where f(z,z) is the 2-sphere function that parametrizes the transformation. Let us define

the operator

M,.(z,2) = 27 / dv 0,C,, (v, z, 2) (5.43)
= _/<;17r ; dw wi(w) [a+(—wfcz) + aT_(—wfcz)] : (5.44)

where we have used the mode expansion (5.35) and the integral representation
£27iwd (w / dv B, e (5.45)
Then, we may write Q? as
- / &2 M, D> (2, %) = / 22 M..D2f (2, %). (5.46)

Using (5.37), one can see by direct calculation that the following commutation relation is
satisfied:

[M..(z, %), Can(w, ZZ;“;” / dw wd (w w) 7( ©) 5@ (4 — 2) (5.47)
— 4i6® (w — 2) /0 dw §(w) (5.48)
= 20 (w — 2), (5.49)

where in the last line we used the convention
o0 1
/0 e f(w)3(w) = 5(0) (5.50)

This commutation relation shows that the operator %Mzz is the canonical conjugate variable
of the radiative mode C,.. It follows from (5.46) that

[QF ,C..] = 2iD2f (2, 2), (5.51)

which is the correct commutator between the soft supertranslation charge and the radiative

mode C,, [15] in the past infinity.
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Figure 5.1: Depiction of a gravitational Wilson line in the Schwarzschild background (marked
red in the figure). The line extends from the spacetime point z = (¢, 79, {29) at which the
field being dressed is located. For the dressing of an asymptotic massive particle falling into
the black hole, we take the Wilson line to be along the particle’s geodesic and take the limit
ro — 2M. We refer to this as the Wilson line puncture.

From (5.41) and (5.51), we obtain the commutator

Q7. WD) = QW (D), (5.52)

where Qf(p) is given in terms of the 2-sphere function f and the momentum p,

/d2 { Eper s <pp Ek) D2f} (5.53)

The commutator (5.52) shows that the FK dressing W (p) carries a definite supertranslation
charge Qf(p).

5.2 Gravitational dressing on the Schwarzschild hori-

z0on

In this section, we apply the methods we reviewed in section 5.1 to construct the dressing
of an asymptotic massive scalar field that falls into the Schwarzschild black hole. Following
Mandelstam’s approach [95], we assume that the scalar field is made coordinate-invariant
by a gravitational Wilson line dressing, which now follows a time-like trajectory into the
black hole. After quantizing the graviton, we observe that the dressing comprises only zero-
frequency graviton excitations. It is then shown in section 5.4 that the dressing we construct

carries a definite horizon supertranslation charge of Hawking, Perry and Strominger [60,61].
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in up

Figure 5.2: Representations of the “in” and “up” modes in the Penrose diagram of the exterior
of a Schwarzschild black hole. The in-modes consist purely of traveling waves incoming from
the past null infinity Z~ and therefore vanish on the past horizon H~. The up-modes consist
purely of traveling waves incoming from H~ and therefore vanish on Z~. For each mode

AA‘2 ’2 is the

A, (R} e=™! is the incoming partial wave,
transmission coefficient.

is the reflection coefficient and ’BA
To this end, let us first consider the dressing of a particle of mass m at a spacetime
point z = (tg,ro, 0o, ¢9). Drawing analogy from section 5.1, we write its dressing as the

gravitational Wilson line,

exp(W) = exp {—;m/i /FZ dathy,(z) c;a:—”} , (5.54)
along a radial geodesic I' of a massive particle of mass m, extending from z to the future
horizon H*, see figure 5.1. As usual, we employ the boundary condition [8,92] that the
contribution to W comes from only the upper bound, z, of the integral. To obtain the
dressing of an asymptotic particle on H*, we evaluate the integral under the limit o — 2M.
In this case, the entirety of the geodesic I lies in the vicinity of H™. Since this Wilson line
acts like a puncture on the future boundary I of the horizon, we refer to this as the Wilson
line puncture, following [92,133].

We now employ the graviton quantization of Candelas et. al. [93] (see appendix F for
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details), where the graviton field h,, (z) has the mode expansion

hy () = ZA:IZ}:D /OOO dw [af)np(w)hﬁy(l, m,w, P;x) + h.c.} : (5.55)

The mode functions hﬁy(l,m,w,P;x) and their complex conjugates form a complete or-
thonormal set with [ > 2, |m| < [, P = £1, and A € {in,up}. Here P = +1 (—1) is
referred to as the electric (magnetic) parity. Modes with A = in (up) are referred to as the
in-modes (up-modes); it denotes the boundary conditions satisfied by the modes (see Fig.
5.2). Throughout this chapter, it is tacitly assumed that the sum over I, m and P span
[>2 |m|<land P=+1:

z<--->zz§l: > (), (5.56)

ImP [>2 m=—1 P=%1

unless explicitly stated otherwise. The graviton is quantized by promoting ai, p(w) and
anl L (w) to operators satisfying the canonical commutation relation (F.24).
Coming back to the dressing (5.54), let us first consider the contribution to W coming

from the up-modes.! First, we separate the graviton field (5.55) into two parts,

Ry () = iy, () + hyb (@), (5.57)
OEDS / " e [afyp(w)h, (L m.w, Pia) + he] A € {in,up}. (5.58)
Imp 70

Then, we may write (5.54) as

v

: ; J
W = —%m/i/ dxthyp () — (in-mode contribution). (5.59)
r

dr

Let E be the total energy of the particle at infinity. This fixes the geodesic I, along which

we have

dr ~ mV’ dr

it E d E2 1/2 a6 d
- r —( V) , _ 4oy, (5.60)

B dr — dr

m2

To simplify the calculations, we move to the ingoing Eddington-Finkelstein coordinates

'From figure 5.2, we see that the in-modes are incoming waves from Z~, which are known to have vanishing
contribution to the horizon supertranslation charge (see [61] for a discussion). For this reason, we expect
the dressing to receive vanishing contribution from the in-modes as well, and later in this section we see that
this is indeed the case.
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(v,7,68,¢), where we have hlP(z) = 0 and h?(z) = 0. Then (5.59) simplifies to

d
W:—*m:‘i/ dv hiP(x )d:)_

_im’n / dv h,P(x) + (in-mode contribution), (5.62)

+ (in-mode contribution) (5.61)

where in the last equation we used

dv dt dr,dr FE

dir_deLdrdT_mV

ﬁ +O(r — 2M), (5.63)

m2v\ /2
(%)

and discarded subleading terms in the expansion, since for an asymptotic particle I' lies

entirely in the vicinity of H*. The component hlP(x) is a linear combination of the modes

R (1, m,w, P;z), whose explicit form may be read off from (F.9),
hgg(h m,w, Pa [L‘) = N" {TU’U —23/1771(97 ¢) + PT’U”U +2Ylm( >} +2R ( ) _ZWt’ (564)

where N"P is a normalization constant, T, is a second-order differential operator defined as
(F.11), 12Y},, are s = £2 spin-weighted spherical harmonics, and 45 R,> is a radial function
satisfying the boundary condition for up-modes; see appendix F for details. Now, observe
that (G.9) can be used to write the spin-weighted spherical harmonics in terms of ordinary

spherical harmonics,

2V2 r2V? | (14 2)!
Y, —2Yim(0,0) = 00 oY (0, 9) = — Yim (0, 9),
2 Yin(,6) = 00 Vi (6,6) = "=\ =gy Yinl6.0) (5.65)
. r?V?__ r2V? | (1 +2)!
T oVinl0,0) =~ 00 aVin(0.0) =~ | Dy 0.0) (see)
8 8 (I1—2)!
Thus we may write (5.64) as
V2 (1+2)!
hgg(l’ m,w, Pyx) = —N"(1 + P)T ;/ El i_ 2;' Yim(@’ ¢) +2RF5(T)671M (5 67)
One immediately sees that AP (z) does not have P = —1 contribution,
hpP(l,myw, P =—1;2) = 0. (5.68)

We also see in section 5.3 that supertranslation horizon charge only receives contribution

from P = 1 modes. This is reminiscent of the gravitational memory at the asymptotic
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infinities (see for example [135-137]). Since I' is near H™', we can replace the radial function
2R2(r) by its asymptotic form (F.15) for r — 2M,

u Au£ — W
RE(r) ~ me - near H*, (5.69)
which leads to
u . upAZE (l + 2)' —iwv +
R (1, m,w, P;x) ~ “S@M)? ~(1+P) =] Yim (0, d)e near H™. (5.70)

Expanding (5.62) into modes and substituting the above expression yields

zm/{

Z/ dw/ dv [a,? p(W)RP (1, m,w, P;z) + h.c.]
ImP

+ (in-mode contribution) (5.71)
im? Ii (1+2)! Nw AP e iwvo
_ 2y (0, ) — +hec.
2\ (1= 2) / U= () Tz Vim0 @)y e
+ (in-mode contribution), (5.72)

where we have used a boundary condition analogous to that used in [8,92] to evaluate

. —Zw’l)o
/ dve™" = — W) (5.73)
Recall that the line integral was along a time-like geodesic I' of a particle with total energy F
at infinity, which implies that as rq — 2M, the advanced time vy diverges to infinity. Thus in
this limit, the presence of e*™" in the integrand removes all contributions except those from
w = 0 by virtue of the Riemann-Lebesgue lemma. Following the previous approaches [8,9,92],
we explicitly implement this by replacing e*“% with an infrared function ¢(w), which we

define to have support only in a small neighborhood of w = 0 and satisfy ¢(0) = 1. This

- ’Lm K l+ 2 o NupA}lulj)
o Z \':/ alm,P=l<w) (_47/&])<2M>2 YZm(eg ¢) + h.C.

+ (in-mode contribution). (5.74)

yields

Due to the function ¢(w), only the leading soft term in the integrand contributes to the
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integral. From (F.21) and (F.17), we have the soft expansion

NP A — (202 (\/‘%’) lg;;g; +O(w)]. (5.75)

We can substitute this to (5.74) to obtain

im*k (I —2)! pe dw
B Z \IH—Q/ alnr;,P:1<w) Yzm(ey (b> + hC}

+ (in-mode contribution). (5.76)

Now, let us turn our attention to last term in (5.76), the contribution from the in-
modes. One could imagine carrying out a similar set of steps, after which one would obtain
an expression analogous to the first term in (5.74), where the integrand is proportional to
d(w)N™BB. From (F.20) and (F.16), we have the expansion

(—diMw)* [1(1 — 2)1(1 + 2)!
22M Y /rw | 2020+ 1)1(20)!

which, when compared to (5.74), contains far more factors of w since [ > 2. This leads

in pin __

+OW)], (5.77)

to the in-mode contribution being sub-leading soft in comparison to that of up-modes, and
therefore negligible in comparison due to the presence of ¢(w). There is a subtlety here that
is worth mentioning: unlike the up-modes, the in-modes are in the ingoing radiation gauge
h@a) = 0, g¢"hy, = 0, which is not compatible with the Bondi gauge. However, that the
in-modes are sub-leading soft to the up-modes on H* is still true in Bondi gauge. To see
this, we note that the radial function _oRI"(r) derives its origin from the contribution of
each in-mode to the Weyl scalar W, [93,94],

Uy [hm(l,m,w, P;x)} =—

i l”“) F12iMwP| SRR () oYim(0,d)e . (5.78)

&rd | (I —2)!

Since 0V, is a gauge-invariant quantity, the Bondi gauge expression of the in-mode con-
tribution to W also includes the radial dependence _oRIP(r), which includes the factor w!
near H*, rendering the in-mode contribution sub-dominant in comparison to that of the

up-modes. Therefore, one obtains the final expression
im%k 00 dw .
Z / azm,pzl(w) Yim (6, ¢) + h.c.] (5.79)
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of the gravitational Wilson line, dressing an asymptotic particle of mass m and total energy
E falling into the black hole.

We have seen that the in-modes are sub-leading soft to up-modes on H* and vanish by
choice of boundary conditions on H~. Due to this observation, we can restrict our attention

to the up-modes when dealing with supertranslation (and zero-modes) on both horizons.

5.3 Supertranslation charge and horizon fields

Classical analysis of the black hole horizon [61] suggests that there exist horizon degrees of
freedom of the form h4p that live on H*. Our goal in this section is to derive an expression
of the horizon supertranslation charge and horizon fields in terms of the graviton Fock space
operators. From the previous work with regards to Maxwell fields [92], it is reasonable
to expect that such fields can be obtained as an appropriate limit of the bulk fields (5.55).
However, one fails to do so directly on H*, since ;2 R;> blows up as one approaches H*. This
is perhaps due to the fact that the bulk fields are Klein-Gordon normalized on H~UZ~. The
limit, on the other hand, is well defined on H~, which leads us to take an alternate approach:
we derive the horizon fields on the past horizon H™ first, and use time-inversion symmetry

of Schwarzschild spacetime to obtain the corresponding fields on the future horizon H*.

5.3.1 Past horizon

Let H~UX™~ be a Cauchy surface in the past (for instance, in the absence of massive particles

Y.~ =77). The linearized supertranslation charge (7 on this surface can be decomposed as
Q7 =QF +Q7 . (5.80)

We loosely refer to Q}r as the supertranslation charge on H™.
To obtain an expression for Q}{_, we move to the outgoing Eddington-Finkelstein coor-
dinates (u,r,2), where u = t — r, is the retarded time. The Schwarzschild metric in these

coordinates reads

2M
ds? = —Vdu?® — 2dudr + r*y,pdr?da®, V=1l-—, (5.81)
r
with the 2-sphere metric y45. The Bondi gauge conditions read [61]
Bpr = hpa = v Bhap = 0. (5.82)

97



We want to find infinitesimal diffeomorphisms dz# = &* that preserve the Bondi gauge
conditions as well as the standard falloffs at large r [61]. Gauge conditions put the following

constraints on &,

1
S Legr = 0,6" =0, (5.83)
1
Legar = 0,6" — ﬁDAf =0, (5.84)
1 2
ivABﬁggAB = D4 + ¢ =0. (5.85)

We restrict our attention to supertranslations by choosing £* = f such that d,f = 0. Then
(5.83) leads to f = f(9), and (5.84) with falloff condition on &* implies {4 = —1D4f.
Substituting this into (5.85), one obtains £ = $D?f. Therefore we obtain

£%0, = fO, + ;DQ fo, — iDA fOu. (5.86)

In order to exclude ordinary spacetime translations which are not of our interest, we restrict
the angular function f(2) to contain only partial waves with [ > 2.
The supertranslation charge associated with the diffeomorphism & on H~ reads (see

appendix H for a derivation)
- 1
QF = — /H dQdu f(Q)DADP,h 5 (u, ), (5.87)

where h 5 (u, Q) are the horizon fields related to the supertranslation fields on H* obtained
in [61]; the “—” superscript emphasizes that these fields are defined on H~. The u-integral
and wu-derivative introduce a delta function 6(u) into the mode expansion of h, g, which
implies that it is only the zero-energy modes that are relevant for horizon supertranslation.

We can obtain the horizon fields h 5 by taking the quantized graviton field h,(z) and
taking the limit to . The boundary conditions are such that the in-modes vanish on H~,
so it suffices to consider the up-modes. Although the up-modes are in the outgoing radiation
gauge, the angular components h'}; already satisfy the Bondi gauge condition v4Zh 5 = 0
and therefore is expected to retain their functional form on A~ under a gauge transformation
to Bondi gauge. Recalling from (F.15) that

Lo RP (r)e ™ ~ e near H -, (5.88)
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and observing from (F.11) that,

Tap = —re@acen (A + 51— 27) (A +p — 49) (5.89)
Vv 5V M 1% V. 2M
_ 4
= —T 6(3)A6(3)B (0u - 587» 277" — 7“2> <3u - §8r - % — 7’2> s (590)
one obtains from (F.9) the asymptotic form
1
R, m,w, P;x) ~ —5(2M) NP Hap(P;Q)e ™" 4 - .. near H -, (5.91)

« 7

where contains terms with additional factors of w, which are omitted since we’re

ultimately interested in leading soft modes. Here we have defined

Hap(P;9Q) = [ 3)4€3)8 —2Ym(§2) + Pes) €38 +2Ylm(9)] ‘r:2M' (5.92)
A tedious but straightforward computation shows that (see I for a derivation)
DADPH (P =—-1;Q) =0, (5.93)
which implies
DADER (1, m,w, P = —1;2) = 0, (5.94)
that is, the magnetic parity modes P = —1 do not contribute to the supertranslation charge

(5.87). Again, this is similar to the fact that gravitational memory at the asymptotic infinities
receive contribution only from the electric parity modes; see [135-137]. For P = 1, it can be
shown that

Hap(P=1;Q) = (2M)? 812;: (2D4D5 — 745D?) Yim(9). (5.95)

Substituting the expressions to (5.91), keeping only the relevant leading soft contribution

and plugging the modes into the expansion (5.55) yields

ps(,2) = -2

(2DaDp —ya5D?)

‘ / d [N™a® oy (@0)Yi (e ™ +he].  (5.96)
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Since D?Y},,,(Q2) = —I(l + 1)Y},n(Q), and

DADB(2D4Dg — Y4pD?)Yim () = D*(D* 4 2)Y}, () = mYlm(Q), (5.97)
we immediately obtain
2)!
DADBO s (u, Q) M)” §~ §+ it
£ _
x / iw) [N™a® o (@)Y (e ™™ —he].  (5.98)
Let us define the operator
_ Lo _
N(Q) = /_ duD* DP9, (u, Q). (5.99)
Using (5.98) and the integral representation
/ du e = 2m5(w) (5.100)

of the delta function, we obtain the expression

N-(q) = ZTRM)T Z~ / Ao 3(w) NP0l oy (@0)Vin() —hc] . (5.101)

The supertranslation charge (5.87) can be written in terms of the operator N~ (£2) as

- / dQ) F(Q)N (). (5.102)

The presence of the delta function §(w) clearly shows that only the zero-energy gravitons
contribute to the supertranslation charge.

Now, let us take the horizon field h,z(u, ) and take the limit u — oo, which brings
the field to the future infinity H; of the past horizon. Due to the factors e*™* in the inte-
grand, by the the Riemann-Lebesgue lemma only the zero-energy modes have non-vanishing
contributions to the integral. We can implement this by introducing the infrared function

#(w) in place of e¥™* which vanishes outside of a small neighborhood of w = 0 and satisfies
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¢(0) = 1. Using this trick, we may define

hap(Q) = lim hyp(u, Q) (5.103)
= —2M (2D4Dp — 745 D?) A~(Q) (5.104)

where we introduced the scalar field

A= () Z« / W) [N'Pa}® oy (@)Y (@) +huc],  (5.105)

with the infrared function ¢(w). The operators N~ (2) and kA~ (2) satisfy the commutation

relation?

[N~(@), rA™(Q)] = in(2M) ZZJ jj”,J ) P [ o 5100w

Im U'm/

X [Nup/a;l;ngp (@)Y () = hec. Nupa}g}zp (W )Ylm(Q)""h'C']

(5.107)
- Z Q)Y (9) (5.108)
= 2(5_ Q- Q)+ (1=0,1 terms). (5.109)

Since f(€) does not contain partial waves with [ = 0,1, equations (5.102), (5.104) and
(5.109) lead to the commutator

[Q}{_v Hh;lB(Q)} = —2iM(2DADp — v4pD?) f (), (5.110)

which is the anticipated quantum action of supertranslation on H~, reflecting the Lie deriva-

tive
Legaplu- = —2M (2D 4Dp — yapD?) () (5.111)

of the metric.

In deriving (5.109), we used a crossing relation similar to that used in the original quantization [93] to
avoid dealing with factors of 1/2 coming from delta functions sitting on the boundary of integration domains;
see appendix J. This is similar to using conventions such as

/0 " o f(@)d(w) = % £(0), (5.106)

which were used in, for example, [18,58,92].
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5.3.2 Future horizon

Now that we have derived the supertranslation charge and the horizon fields on H™, we use
the time-reversal symmetry of the Schwarzschild spacetime to obtain analogous results on
H*. The appropriate choice of coordinates is the ingoing Eddington-Finkelstein coordinates

(v,t,Q) with advanced time v = t 4 r,, in which the Schwarzschild metric reads
ds® = —Vdv? + 2dvdr + r*y,pdada®. (5.112)

Since there are the horizon degrees of freedom hgz(u,{2) on H~, one should obtain their
counterparts hz(v,Q) on H' by taking ¢t — —¢, or equivalently v — —v. Applying this to
(5.96), we obtain the future horizon field to be

hap(v, Q) = hyp(—v, Q) (5.113)
(2M)*

(2DaDp — yapD?)

N 2
X % \ E; ; 3;: /0 " dw IN"™a oy (@) Vi ()™ + hec] (5.114)

From [61], we know that the vector field which generates supertranslation on H* is

1 1
(%0 = fO, — §D2f8r + ;DAfﬁA, (5.115)
and that the associated supertranslation charge on H* is
1
QF = — /H _dQdv f(Q) DA DO, (v, Q). (5.116)
Let us define the operator
oy~ L[ AnBg 1+
NHQ) = — /m dv DADPO, R (v, Q), (5.117)
in terms of which the charge Q}# has the simple form

QY = /dQ FQNT(Q). (5.118)
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Similar to the derivation of (5.101), we plug in the mode expansion (5.114) and use (5.97)

to obtain

N (@) = - 2 A zx / Ao 8(w) [N"Pal® (@)Y (@) —hc] . (5.119)

which, as expected, only involves zero-energy gravitons.
As in the case of H™, we can obtain the zero-modes h};5(Q2) by taking hl;(v,Q) to the
past boundary HT of the future horizon. From (5.114), we have

Iip(Q) = lim hip(v,Q) (5.120)
= 2M (2D sDp — vapD*) AT (Q), (5.121)

where A1 (Q) is the scalar field defined as

AF(Q) = —l(zM)i’) 3 (ﬁ - 2): [ o) [N o @)Yin(@) +he ] (5122)

_ ! Z i;; / T ) [ o ) Yin(©) b (5.123)

In the second equality we used (F.21). The field hiz(Q2) are, up to a factor of k, the

supertranslation zero modes drgap obtained in [61]. The operators N*(Q2) and kA" (Q)

satisfy a commutation relation similar to (5.109),
[NT(), kAN (Q)] = i6P(Q = Q) + (I = 0,1 terms), (5.124)
from which we obtain

QAT = if (@), (5.125)
(QF whh()] = 2iM(2DADs — 145D f(Q), (5.126)

which is the anticipated quantum action of supertranslation on the metric perturbation,

correctly reflecting the classical result [61] on HT,
Legaplur = 2M(2DaDp — yapD?)f. (5.127)

Equation (5.126) shows that the supertranslation zero modes kh}g, written as a linear

combination of zero-frequency electric-parity up-mode gravitons, are the symplectic partners
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of the linearized horizon charge Q}# that enlarge the horizon phase space, as anticipated

from [61].

5.3.3 Comments

We notice that the structures of the horizon fields and zero-modes on H* are very similar
to those of the past/future null infinities Z* that are extensively studied in the literature.
The commutator (5.125) and its counterpart on H~ suggest that the two scalar fields A= ()
are the analogs of the Goldstone boson modes on Z* for asymptotically flat spacetimes [16].
Recall that we obtained the horizon fields on H™ from those on H~ via time-inversion
symmetry of Schwarzschild spacetime. This was used to derive (5.105) and (5.122), from

which one obtains
A (Q) = —AT(Q). (5.128)

This is reminiscent of the antipodal matching conditions of Z* for Christodoulou-Klainerman
spaces [13,14,16].

Also, we note that the relations (5.104) and (5.121) suggest A* to be related to the
horizon analogs of the “scalar memory” T introduced in [137] at Z* for asymptotically
flat spacetimes. Recall that magnetic parity modes dropped out in the construction of the
dressing and the charge, which is reminiscent of the situation of gravitational memory at

infinities.

5.4 Gravitational dressing implants supertranslation

charge

In section 5.2 we obtained the dressing exp(W) for a particle of mass m with energy E that
falls into the black hole. In this section, we show that this dressing carries a definite horizon
supertranslation charge.

Comparing the expression (5.79) for exp(WW) with the expression (5.123) for A", one

immediately recognizes that the exponent W is proportional to the operator A",

im?
W =W(m,E,Q) = —ﬁm.AJF(Q). (5.129)
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This with (5.125) implies the commutation relation

2
QB = Qe 0P, (5.130)

Recall from (5.79) that the dressing exp(W) is written purely in terms of zero-energy gravi-
tons and therefore carries no energy. Given a Schwarzschild black hole state | M, 0) of mass

My with zero soft supertranslation charge, i.e.
Q" |Mo,0) =0, (5.131)

one can use the dressings to obtain other Schwarzschild black hole states carrying non-zero

soft supertranslation charge,

|My, (m, E,Q)) = VB9 |0 0) (5.132)
H+ m’

Therefore, our derivation of the gravitational dressing provides an example in the quantum

theory of the classical construction of the supertranslation hair in [61].

5.5 Summary

In this chapter, we have explicitly shown how to construct soft supertranslation hair on the
horizon of Schwarzschild black holes within a quantum field theoretical framework. The
essential ingredient was the construction of dressed states by attaching Wilson lines to the
infalling scalar particles, see equation (5.79). We have observed the horizon graviton su-
pertranslation modes proposed by Hawking, Perry and Strominger [60,61] in the quantum
theory, see equation (5.126). We have then used the dressings to show that infalling particles
implant supertranslation charge on the black hole, see equations (5.132) and (5.133).

This perspective works for dressed states implanting hair both at Z* and at the hori-
zon. Our quantization procedure implies that a crucial component in our construction of
soft charges and Faddeev-Kulish dressings is the existence of an infinite red-shift surface.
At this surface the Killing vector 0, associated with the time-translation symmetry of the
background spacetime becomes null. A massive particle approaching this surface only makes
contact asymptotically at u = oo and at this point its dressing carrying the soft charge only
contains soft gravitons (w = 0). This can be seen by expanding the dressing in terms of

plane waves e*“%; as u — oo only soft modes contribute by virtue of the Riemann-Lebesgue
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lemma. Thus, we can conclusively confirm that there is structure at the horizon and not just
any null surface. However, there is evidence that this particular example of supertranslation
hair does not appear to have relevance to the black hole information paradox. Evidence
that Hawking radiation is not modified by soft hair implanted by supertranslating shock
waves comes from [54], at least using the mechanisms analyzed therein. Their results com-
plement those of [47] obtained from the perspective of dressing states with soft hair where
the authors showed that the spectrum of Hawking radiation (without backreaction) emitted
in the Schwarzschild background is unchanged after including the dressing of asymptotic
states with soft form factors. See also [138,139] for arguments against the role of soft hair
carrying black hole information. The relevance of soft hair to black hole entropy is still an

open question.
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Chapter 6

Subleading Soft Dressings of
Asymptotic States in QED and

Perturbative Quantum Gravity

6.1 Dressings in perturbative quantum gravity

In this chapter, we construct dressed states at the subleading soft order as eigenstates of the
leading and subleading charges, by working to first order in the coupling constant. We then
show that that the infrared-finite parts of scattering amplitudes are in agreement with the
cross-sections used in experiments. To this end, we start with a brief review of the relevant

asymptotic symmetry of gravity: BMS superrotation.

6.1.1 Review of superrotation in asymptotically flat spacetime

We start by establishing our notation regarding asymptotically flat spacetimes and reviewing
the materials associated with the superrotation on Z%. We follow the construction of [140]
closely. For the sake of simplicity we assume that all matter particles are massless scalars;

for particles with spin see appendix K.1.2.
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Metric and mode expansions
In Bondi coordinates, the metric for an asymptotically flat spacetime near the future null
infinity Z* reads [140]
ds? = —du® — 2dudr + 2r*y,:dzdz
2mj; 2 2 =2 -
+ —2du® +rC,.dz" + rCs:dz” + 2g,.dudz + 2g,zdudz + - - -, (6.1)
,

where the first line Corresponds to the flat metric. Here z = €® tang is the stereographic

m is the metric on the 2-sphere and m}; is the Bondi mass aspect.

The uz-component of the metric has the expansion

coordinate, v,z =

1 1 2
uz — —D* 2z - zzDz = 7N+ ) 2
g 5 C +6rC C +3T o+ (6.2)

where D, is the covariant derivative on S? and N is the angular momentum aspect. In
general, m%, N and C.. are functions of u, z and z.
Let us define the graviton field h,, through

G (x) = N + Khy (), k? = 327G, (6.3)

Y P

where 7,, = diag(—1,1,1,1). Near Z*, the graviton field can be approximated by the

on-shell mode expansion

ou d3k 1 €5* ou ik-x s ou —ik-x
Bt 0) = 5 [ gy 000 09 4 6, (a2 e ] (6.4)
where w;, = k° = |k|, and e :feljf are the spin-2 polarization tensors. By parametrizing

the graviton momentum k* by (W, 2, 2),

Wi

kM —
1+ 22z

(1+zzz+zz( ),1—zz>, (6.5)

we may write the polarization tensors as

1 1
6+#(k) = ﬁ(’ilv_iu_g)? Eiu(k) = ﬁ<2717i7_z)' (66)

The out-operators satisfy the standard commutation relation,
(09" (k), a2 (K)] = 6.0(27)" (200) 6P (k — K). (6.7)
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Near the past null infinity Z—, the asymptotically flat metric reads

ds* = —dv® + 2dvdr + 2r?7.:dzdz

9~
+ ﬁdiﬂ +rD,.dz* + rDs:dZ* + 2¢,.dvdz + 2g,zdvdZ + - - -

6.8
: . (68)
where
1 1 2
v =—=D*D,, — —D,,D,D* — —N_ +---. 6.9
g 2 6 3 T (6.9
We have the mode expansion for the incoming graviton field
hin _ d3k 1 5% (k in k ik-x s (k int k —ik-x 6.10
(@) = 3 | Gapam, G M0ar (0™ + 6, (0a (e ], (6.10)
where the in-operators satisfy
(a2 (k), al" (k)] = du,(2m)%(2w1)8®) (k — K'). (6.11)

Superrotation charge

Superrotation near Z¢ are generated by the following vector fields respectively [140],

() = (1 + 2“) Y29, — QEDEDZYZ(?E B G %Dzyzau tec, (612
T T
_ v v (r—o) v
Y)=(1-2)v*a, + LD°D.y*0. - D.Y?*0, + °D.Y?9, + c.c., 1
() ( 27") 0+ o 0. - 0+ SD.Y*0, +cc,  (6.13)

parametrized by the same vector field Y* on the sphere. We drop the constraint that Y* is a
conformal Killing vector, following [35]. The conserved charges associated with superrotation

have the expressions [1]
Q-2 / d*z (V:N* +Y.NZ) (6.14)
K* JIE z =)

where Zt (Z) is the past (future) boundary of the future (past) null infinity. The charges

can be decomposed into soft and hard parts,

Qy = Qs + Qrp, (6.15)
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where the soft charges are given by

2 2 z2Z N3\ %
QL = 2 . dud*zv**DY*uNzz + h.c. (6.16)
_ _L : 2 3vz out _ outt
=i ol}_%(l + wa,) /d 2 DY {a_ (wx,) —af (wxz)} + h.c., (6.17)
2 -
Q= — / dv d*z~** D¥Y*uM.. + h.c. (6.18)
k2 J1-
_ i . 2 3vz | ,in ___inf
= }}1{)%(1 —|—w8w)/d 2 DY {a_ (wx,) —ay (wxz)] +h.c., (6.19)

with N,, = 0,C.. and M., = 0,D,.; we refer to [140] for details. Here x, denotes a unit

3-vector whose direction is given by (z, 2),

L/ . _
=172 (z—l—z,z(z —2),1— zz). (6.20)

Xz

The hard charges Q7 are defined by their actions on the Fock states,
+ . n 2 E'L 2 _
D1, P Q5 =i (Y ()., — 2D ()0, + (2 = z)) (1, bl (6.21)
i=1
_ o . E; , _
Qirlprs-opa) = =i 3 (YA(2)0:, = DY ()05, + (2 = 2) ) [Prseopa) . (622
i=1

where the momentum of the massless scalar p; is written as

E;

M:

b;

6.1.2 Distinction between in and out operators

Notice that in (6.17) and (6.19) we follow the notation of [14] and others to distinguish
between the “out” operators on Z* and the “in” operators on Z~. They are related by the
boundary condition N§5|Ij = —M55|I; such that the subleading soft contribution to the
S-matrix element from insertions of ¢ in the incoming state and —a® in the outgoing

state are equivalent, see [140] for a discussion. An alternative approach, which was taken
in [59], is to make this relation explicit by taking in (6.19) and (6.26),

out

a’(wx,) — as(wx,), a™(wx,) — —as(wx.), (6.24)

s
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such that Q% = (Q5)" = Qg, and
(0 (k), al(K)] = 6.(2m)*(2w1) 0 (k — k). (6.25)
Then we can remove the superscript in Q§ and write

Qs = — hm(l + wd,) /dzz DY~ [a,(wxz) — ai(wxz)} +h.c. (6.26)

47k w—0

Either approach yields the same result; with the distinction intact, one just has to be cautious
when contracting an “out” and an “in” operator. We employ the latter convention (6.24)

and use (6.26) for it removes some complications in the amplitude computation.

6.1.3 Subleading soft dressing

Let us consider the scattering from some incoming state |in) to some outgoing state (out| —
the states can be either dressed states or Fock states. Superrotation symmetry states that

the associated charge must be conserved in a scattering process, i.e.
(out] (@S — SQy ) |in) =0, (6.27)

where S is the scattering matrix. This can be written as
L _ .
(outl[Qs(¥), 8]fim) = i3 (YZ 2)0., — DY ()05, + (2 = z)) (out|S|in),  (6.28)

where we used (6.21) and (6.22).

Let us choose the vector field

N2
y_y, =GB, (6.29)

(7 — o)

for which (6.28) becomes [35,140] (see appendix K.1 for a derivation)

_ pikye,, (wx,) 0 0 ,
Y, = — Lo A — Y '
(out|[Qs(Yy), S]|in) Ez P D; oo 2 o (out|Slin) (6.30)
= —iS{M™ (out|S|in), (6.31)
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where k" = (w,wx,), and Sél)* is the subleading soft factor for negative-helicity graviton,

pz k?)\ J)\u

= — Z o (WX:), (6.32)
with n; = +1 for incoming particles and 7; = —1 for outgoing particles.! Using the identity
DY = 476®(z — w), we may write the soft charge as

Qs(Yy) = —— hm(l + wd,) [ (wx,) — ai(wxz)} : (6.33)

K/WA)

We now claim that under certain circumstances stated below, we may write for a ket

vacuum |0),
QS ‘0) ~ 0. (634)

Strictly speaking, the subleading soft charge does not annihilate the vacuum state (and hence
the symbol &), but rather creates a state containing a soft graviton. In section 6.3 we show
that no state may scatter to such a state and vice versa in the dressed state formalism.
Therefore, Qs may be taken to annihilate |0) insofar as scattering processes are concerned.

As was done in [59] for the leading soft dressings, we aim to construct the subleading
soft dressed state by using superrotation charge conservation. Since Qg(Y;) is of the form

a — a', we want to consider a coherent state of the form

exp {Z; ; / (;lﬂ]; ¢2(5:> N e (K)ag(k) + €5, (K)al (k)] } DL, P s (6.35)

where N/ is a tensor whose components are to be determined by charge conservation,
¢(wg) is an infrared function [8,9] that has support only in a small neighborhood of wy = 0

satisfying ¢(0) = 1. Here |py,- -+ ,pm) is an m-particle Fock state,

m

IP1, -, Pm) = [[67(p:) |0), (6.36)

=1

where b'(p) is the creation operator of the scalar field. However, since we are using the

tree-level subleading soft theorem, we can only construct a dressing that can be trusted to

n this definition of Sél)f we deviate from the convention used in [140]. The signs ; derive from the dif-
ferent momentum-space representations of the action of angular momentum on bras and kets. Alternatively,
one could define J* as in [140], for which case the statement of angular momentum conservation becomes
> Ji = 0. We adopt (6.32), in order for angular momentum conservation to take the more natural form
Yicndi =2 jeout Jj- The two approaches are equivalent.
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order k in the exponent. In this spirit, let us define the incoming state as the linearized

version of (6.35),

in) — { mz e ol 1 [eg»;(k)as(m+efw<k>ai<k>}}|p1,---,pm>. (6.37)

By direct computation,

dgk
Qs(Y,) |in) = fhm (14 wd,) Z/ (b Nln
s=+
x [a (wx.) = al (wx.), € f:;<k> <k> + esy<k>az<k>} 1, pm)  (6.38)
1
1) X, [ o)
2 s=+
% (27)% (2w ) 6@ (k — wx.) ( 5o + eij(k)537+) P Pm)  (6.39)
—hm(1~|—w8) € (wx,) |p1 ---,pm>, (6.40)
where in the last line we used the notation N,, - €~ = N/ e~

in p,u

Similarly, we can construct a bra state,

0] = et Dol (1= 5 3 [ 35 2 (6200000 + 62,000100] ).

(6.41)
such that

<OUt|QS<Y;]) :_7 hm 1+wa Z/ 27’(’ 20 pm-‘rl"" 7pm+n| out

x [ef:;<k> (k) + €, (K)al(k), a_(wx.) — al (wx.)] (6.42)
P’k p(w ) 3)

- hm (14 wd,) Szi/ 7 2 (2m)3 (2wy )6 (k — wx,)
x (e (k)3 + eW<k>5&_) (Pust**  Pnn| N (6.43)
- 3}{%(1 + waw) <pm+1a e 7pm+n| Nout € (MXZ). (644)
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With these states, we may write

(out] [Qs(%;). 8] in) = im (1 +0,) | (Prust. =+ +Prvtnl (N - )Sin)

~ {out|S(Nim - € )|py, - - 7pn>} (6.45)

= }}I_I%(]_ + w@w) (Nout : 6_) <pm+17 e 7pm+n|S|in>

~ N+ ) foutlSlpr - pa) |, (640)

where in the second equality we employ a convenient abuse of notation to write N - €~ both
as an operator and as its action on the amplitude in the momentum-basis. In section 6.4
we see that, due to the presence of ¢(wy), adding or removing subleading dressings do not

change the value of the amplitude, that is,
<pm+17 e 7pm+n|8’in> = <Out|8’pla e 7pn> = <OUt|S|1n> . (647)

This shows that the non-commutativity of subleading charges and the nonexistence of si-
multaneous eigenstates do not cause difficulties to S-matrix calculations at this order. Using
(6.47), one may write (6.46) as

(out| [Qs(Yy), S| |in) = lig%(l +w0.,) (Nowe — Nin ) €, (out|S|in) . (6.48)
Thus, the superrotation charge conservation (6.31) reads
};ii%(l +w0,,) (Now — Nf) €, (out|Slin) = —ngl)_ (out|S|in) , (6.49)

which, with (6.32), implies for (out|S|in) # 0,

m+n ( D\ M A
3 v vy _— p’L) k)\<Jz) _
}}%(1 + waw) (Ngut - Nilé )6,“, = - E L — v

-’ (6.50)
i=1 ?

One can derive a similar relation associated with €™ by choosing Y = (z — w)?(z — w)~'0s.

A natural split for the dressings is

. wyo o (pi)uk)\(Ji))\V
lim (1 + wd,, ) Ni = ; B (6.51)
T () ()
lim(1+ wd) N2 = — 3 RU)T (6.52)
w—0 J—) pj -k
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If we treat supertranslation (associated with simple poles) separately as in [59], we may

assume that N

in,out

do not possess poles. Then it follows that

m NH e (J.)AV m+n (p')“k)\<<]'))\u
PN o 20 C) S M IS 6.53
; pi-k ' j:%jﬂ pj-k ( )

which, substituted into (6.37), yields the subleading soft Faddeev-Kulish dressings. Put
together with the leading soft gravitational Faddeev-Kulish dressings [9,58,59], we denote

the dressed asymptotic state with double brackets as

[P1, - Pad) = Wy(P1, - Pa) [P1,+  Pn) (6.54)

where Wy (p1,- -+, Py) is the gravitational n-particle dressing, which to the subleading order

in soft momentum expansion and leading order in x is given by?

K Pk dlwr) &
W, =expis | Pip ,
s eXp{z (27)8 2wy ; G )}

( k[ Pk dlwr) < plik,J”

1-2

2J 2n)3 2w, &= pi-k i(af, + aw) + O(x )) (6.55)

Keeping in mind that only order s terms can be trusted, (6.55) can be conveniently written

K dgk W " ,l; v . v v . v
W, = exp [ [ oy At S T {0t = )l = G i >auu}+0<f¥>].

(6.56)

Here we employed the notation a,,(k) = >, € (k)as(k), where s spans all polarizations.
This includes unphysical polarizations, since the projection to physical polarizations in (6.32)
is a consequence of our choice (6.29) of Y'; superrotation charge should be conserved for a
generic vector field. Unphysical polarizations are also required (at the leading soft order) for
canceling out infrared divergence, see [4,9, 58] for example. The expression (6.56) expanded
to first order in k agrees with the gravitational Wilson line dressing of Mandelstam [95].
Thus to this order in the coupling, one observes the equivalence between Wilson lines and
FK dressings as discussed in [91,92].

2In the original constructions of FK dressings [8,9], a tensor ¢** (four-vector ¢* in QED) was introduced
in the dressing to account for gauge invariance. It has recently been argued [141] that gauge invariance can
be achieved without such terms, so we do not consider them here.

3Non-commutativity of p and J may be ignored at this order.
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For explicit calculations, it is convenient to define the infrared function as

o) = 1 if A <w <A, (6.57)

0 otherwise,

where A is the infrared cutoff which we take to be zero at the very end of the calculation,
and A is a very small energy scale below which particles are considered to be soft. With this

definition, the dressing (6.56) becomes

n

K Bk 1 pl
= - L v ik, J"Yal — (p¥ +ik,J™) a,, 1.
Wg exXp [2 /)\<wk.<A (277')5 2wk ; Di - k’ {(pz L PJZ )a/.Ll/ (pz +1 ,DJz )au } + O(H )1

(6.58)

The dressing W, acting on an n-particle Fock state is to be understood as an n-particle dress-
ing with the corresponding momenta of the hard particles, unless explicitly stated otherwise.
The dressed states automatically implement conservation of supertranslation charge [58] and
superrotation charge, as shown above.

An important point concerning the validity of (6.58) should be emphasized here. In any
scattering process there are contributions from real emissions and from virtual diagrams.
The applicability of the subleading soft graviton and soft photon theorems to a 2 — 2
scattering process has been studied in [142]. There it was shown that the subleading soft
photon theorem correctly reproduces the scattering amplitude to subleading order both for
real and virtual photon emissions. However, for the case of soft gravitons, the subleading soft
graviton theorem correctly reproduces the real external emissions, but there is a violation of
the theorem for virtual gravitons. Thus, for the choice of vector field in (6.29), we expect
our dressing to be correct for the case of real emissions which we discuss in section 6.3. For

scattering involving virtual gravitons we would need to generalize (6.58).

6.2 Dressing in QED

We present here the construction of subleading soft dressing in QED, which is fairly parallel
to the case of gravity in section 6.1. In this section we mostly follow the notation and

conventions of [27].
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6.2.1 Mode expansions and conserved charges

The photon field near Z* becomes nearly free and can be approximated by

ou d3k 1 ak ou ik-x « ou —ik-x
Ao —eZ/ oy (67092 (0™ o 1)z (e ], (6.59)

where the out-operators satisfy the commutator

02" (k), a5 (K)] = 6as(27)* (2wi)0®) (k — k). (6.60)

«

Likewise, near Z~ we have the incoming photon field,

1n _ ax in ik-x a inf —ik-x
SHORDDS / " M e (k)al (k)™ + e (k)i (k)e ] (6.61)
with the standard commutator
k), aft (k)| = 6a5(27m)*(2wi)0® (k — K) (6.62)
Ao » ag ap\&T Wi . .

The QED analog of superrotation is the asymptotic symmetry on Z* associated with
Low’s theorem. In terms of the mode expansions (6.59) and (6.61), the corresponding con-

served charges are? [27]
Qy = Q5(Y) + Qu(Y), (6.63)

where the soft parts are given by

V2

Q§<Y>=—4Lhm<1+waw> [z D2y o (wxs) — o (wxa)] b, (6.64)

e w0 1+ 22
Q(Y)=— hm(l + wa,) /dQZ D?y* = V2 [am(wxz) - amT(wxz)} +h.c.. (6.65)
S 4dme w—0 142zt~ *

Here x, is a unit 3-vector whose direction is given by (z, Z); its Cartesian components are

given in (6.20). The hard parts are defined by their actions on the Fock states,

— 1
(P1,.. P QF(Y) = —i>_Q; (DAYA<«ZZ')8E¢ - EEY(Z¢)> (P1,- - Pl (6.66)
=1 %
~ 1
Qu(Y)Ip1, .- pn) =1 Qi <DAYA(Zi)aEi - EEY(%)) P1,--,Pn) s (6.67)
i=1 7

4We use calligraphic font Q for the QED charge to minimize notational overlap with gravity.
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where A € {z,z}, Q; is the electric charge of the i-th particle, and Ly is the Lie derivative

on S?, see appendix K.2 for details. Scattering processes conserve Qy, which implies that
(out|(QyS — SOy )|in) = 0, (6.68)

for any asymptotic states |in) and (out|.

As was the case in gravity, the contribution to the subleading soft matrix element from

a soft photon insertion @™ in the incoming state is equivalent to the contribution from an

insertion —a‘i“ﬂt in the outgoing state. Therefore, we can follow the procedure of section 6.1.2
and define

i

Qs(Y) = ——— lim(1 + wd,) / &2z D?Y*

4dme w—0

V2

1422z

la-(wx.) —al (wx)| +he,  (6.69)

where the soft operators are related by Q& = Qg = (Qg)T = Qg, and
|00 (k), al(K)] = 05(27)* (201)0® (k — k). (6.70)

We emphasize that this procedure is done to avoid defining separate rules for contractions

between operators on Z* and Z~; one may obtain the same result with the distinction intact.

6.2.2 Subleading soft dressing

Now we construct the subleading soft Faddeev-Kulish dressing in QED to leading order in
the coupling constant e as linearized coherent states that respect Qy charge conservation
(6.68).

Using (6.63)-(6.67), (6.68) can be written as

(out| [Qs(Y), 8] fim) = i 3" Q (DAYA@)aEi - Eliﬁy(zi)) (out|S|in) . (6.71)

Let us choose

y—y, = Ezwl+z2), (6.72)

(7 —w)

Then, (6.71) takes the form [27] (see appendix K.2 for details)

(out|[Qs(Ye), S]|in) = ﬂiSél)_ (out|Slin) , (6.73)

e
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where k* = (w,wx.), and SV~ is the subleading soft factor for negative-helicity photon,

(- _ k)\J)xV
Se - —ZQZ anz (sz)y (674)

with 7; = +1 (—1) for outgoing (incoming) particle (by introducing 7; we deviate from the
convention of [27], see footnote 1). An analogous expression involving e can be derived
by choosing Y = (z — w)(1 + 22)(z — w) ™10 instead. Using the identity D*Y? = 27(1 +

22)6®)(z — w), one obtains the following expression for the soft charge,

Qs(Y,) = _@ lim (1 +wd),) la-(wx.) — al (wx.)] . (6.75)

Let us begin by considering a vacuum |0) such that,
Qs(Ye)[0) ~ 0. (6.76)

As noted in section 6.1.3, formally the subleading soft charge does not annihilate the vacuum,
but rather adds to it a soft photon. As is shown in section 6.3, in scattering processes such
a state completely factors out, and therefore in S-matrix computations one may act as if Qg
annihilates the vacuum (hence the symbol =).

Now we consider states which are dressed to first order in e that take the form

i) = (1 ie 5 [ o A g (>a<k>+ez<k>ag<k>})|p1,---,pm>, (6.7

<out|=<pm+1,---,pm+n|( > [ A <k>aa<k>+ez<k>az<k>}),
(6.78)

where M, .. are operators to be determined, and ¢(wy,) is the infrared function that restricts

the momentum integrals to soft modes. Then,

Q) fin) = 5 lim(1 +0.) - [ G

X [a—(wxz) —al (wx.), €67 (K)aa (k) + €1 (K)al ()] [p1,--- ,pm)  (6.79)
e k ¢ W)
\/_ilin + wd,) azi/ ./\/'m
x (27)% (2w, )6 (k — wx.,) (eg*(k)(sa,+ + (k)80 ) IP1, D) (6.80)
= \/501}_%(1 + w0y )Nin - € (WX,) P15+, Pm) 5 (6.81)
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and

1 d*k ¢(wr)
fout] Qs(¥2) = = lim(1+60l) [ 55557 (omrs Bl N
x [e0" (K)aa(k) + €5 (k)al, (k), a_(wx.) — al (wx.)] (6.82)
= ﬁ}}i\%(l + waw) <pm+17 U 7pm+n| Nout ' Ei(wxz» (683>

Along the same line of reasoning as in (6.48), this leads to
(out][Qs(Y2), 8] fin) = V2 lim (1 +w0,) (Nl — M) e (out|Sfin). (6.84)

Assume that the simple poles (associated with large gauge symmetry) have been treated
separately, as in [19]. Then limy,,o(1 + w9, )Nmnout - € = Ninout - €, and the equation of

charge conservation (6.73) becomes

m+n k, qu

( out ‘/\/;}Ii) QJXZ - Z lel

€7 (wx.), (6.85)

pi
if the matrix element (out|S|in) is to not vanish. A natural splitting for the dressing is
/C JPM m+n

eri: ZQz T (ﬁlt:_ZQl

bi i=m+1

. k (6.86)

Combining this with the known leading soft dressing, one deduces the dressed asymptotic

state for QED to subleading order in the soft expansion and to first order in e to be

||p17"' 7pn>> :We |p1a"' 7pn>7 (687)

where the dressing W, is

_ &k Plwr) - Qi
We_eXp{e/(%)B 2o = k(al_a“)}

i=1 Pi -
A3k k, qu
g (1_6/(% 3¢2Z: ZQZ ali +a,) + Ofe )) (6.88)
i=1 Di

which, keeping in mind that only terms to first order in e may be trusted, can be conveniently
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put as

. d*k ¢(wk) " QZ 1 . vpy ot 1 . vp 2
W, = exp [e/ Gr)F 20 ;pi y {(pl — ik, ;") a), — (pi + ik, J; )au} +O(e”)] .

(6.89)

The term O(e?) emphasizes that the subleading dressing is valid only to order e. The photon
operator is defined as a,(k) = >, €,"(k)aq(k), where o spans all polarizations including
unphysical ones, since the projection to physical polarizations is due to our choice (6.72) of
Y'; the charge should be conserved for a generic vector field. The unphysical polarizations are
also required (at the leading soft order) to cancel out Weinberg’s infrared-divergent factor [2],
see [4,9,58] for example.

With the explicit implementation (6.57) of ¢(wy), we obtain

EPk 1 X Q; u
= : ik, MY ol — (pf ik, M 2
We=oxp [6 //\<wk<A (27)3 2wy, Zzzl pi-k {(pz ih i) @y, = (o1 o+ ok )CLH} Ol )] 7

(6.90)

where ) is the infrared cutoff and A is the separation scale below which we consider particles

to be soft. Notice that the structure is very similar to the gravitational dressing (6.58). One
2
particle. The comments about non-commutativity of subleading and leading soft charges

can obtain the QED dressing from gravity by the replacement £(pj'e’,) — eQe;, for each
with all its complications discussed towards the end of section (6.1.3) also apply here. In the
subsequent sections, we work with the gravitational dressing with the understanding that

same results can be shown for QED with minimal modifications.

6.3 External soft gravitons and photons

With the leading soft Faddeev-Kulish states, it is known that adding an external soft graviton
does not induce infrared divergence; the divergent soft factors from the dressings cancel those
from external legs [18,58]. Now that we have constructed dressings to subleading order in
the soft expansion, we are in a position to investigate what happens to the O(w?) subleading
soft factors. Although we work with gravitons, the derivation for QED is very similar and
the final result is also valid for external soft photons. Every step in the calculation can be
changed to the corresponding expression for QED by replacing 5 (p} efw) with eQ);e, for each
hard particle.

As in (6.57), let A be the soft energy scale, below which particles are considered to be
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(a) (b) (c) (d) ()

Figure 6.1: Different contributions to the emission amplitude of a soft graviton.

soft, and let A\ be the infrared cutoff which we take to be zero at the end of calculations.
Let us consider a scattering amplitude from the dressed m-particle state ||in)) to the dressed
n-particle state ||out), with a soft graviton insertion of polarization s and momentum k* =

(w, wx) where w is soft,
M = M(k, s; {p}) = (out] as(wx)WgTSWg |in) , (A <w<A). (6.91)
The dressed amplitude M has the small-w expansion

LMD £ MmO 4 O(w), (6.92)

w

M(k, s;{p})

where each M™ is independent of w. The different contributions to M(k, s; {p}) are illus-
trated in figure 6.1.

It is known that the first term involving the infrared-divergent amplitude M1 vanishes
[58]. To see this, note that M=) receives contribution from diagrams 6.1(a), 6.1(b), 6.1(d)

and 6.1(e). Using the notation n; = +1 (—1) if 4 is outgoing (incoming), we may write

1 K m+tn p“pl’ m+n pupl/ _

MY == mi— = 3 g g(w) | e, (k)M =0, 6.93

MO =SS B S B ) 6,00 (693)
6.1(a) and 6.1(d) 6.1(b) and 6.1(e)

where M = (out|Slin)) = (out|W]SW,|in) is the dressed amplitude without graviton inser-
tion. In the second equation we used (6.57) to write ¢(w) = 1. The first sum in the square
brackets comes from graviton emission from external legs (figures 6.1(a) and 6.1(d)); the
second sum comes from graviton emission from dressings (figures 6.1(b) and 6.1(e)).

We can determine M© by collecting the O(w®) terms in the amplitude. To do so, let us
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first decompose the gravitational dressing W, into leading and subleading parts,

Wy = WP Wi, (6.94)
3
0) _ E/ Ek plwe) —~Pivi ¢
Ws exp{2 (27)3 2wy, ZZ:]?Z k(auv ) ¢ s (6.95)
3 o pv
W _q1_ K[ Pk o) G~ PRI
Ws 2.J) (2m)3 2wy EZ: pi -k i@y, + aw). (6.96)

Then, we obtain the commutators

KOG (plpy i kAT .
[as(wx)’ WJ(PmH, e 7pm+n)} =75 > 1 (pkWQT — ZﬁWg(O)T p(w)e;,, (6.97)
t=m-+ ? ?
K pfpz (O)pz kAJ s
[as(wx), Wy(pr, -+ pm)] = 5 Do Wy T =i ) o) (6.98)
i=1 Di - pbi-

The first and second terms in the summands correspond respectively to the leading and
subleading soft contributions from figures 6.1(b) and 6.1(e). The second terms contribute to
M© along with emissions from internal propagators (figure 6.1(c)) and external legs (figures
6.1(a) and 6.1(d)). There is one subtlety here — the second terms in the summands are missing
the subleading dressing factors Wg(l). However, as we see in section 6.4, insertion of such
factors only add O(A) corrections to the amplitude, which is negligible by the definition of
the soft energy scale A. Therefore, within the amplitudes one may replace Wéo) of (6.97)
and (6.98) with W, and write

k[ AL plkyJr o TEE ik JY Jp—
MO = 5| > i g +iym bk d(w) | €, (k)M = O(A), (6.99)
i=1 g =1 ?
6.1(a), 6.1(c) and 6.1(d) 6.1(b) and 6.1(e)

since p(w) = 1 for w < A. We remind the reader that the sign 7; in the subleading soft factor
comes from the different momentum-space representations of the action of J/* on bras and
kets:

0 0
Jw = i [pr— — : 6.100
(p| <p o5, P ap) (p| ( )
0 0
JW p) =i [ ph—o — , 6.101
p) (p o5, P 3pu) p) ( )

which may differ from some conventions in the literature, see footnote 1.
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Collecting the results (6.93) and (6.99), equation (6.92) becomes

Mk, 5 {p}) = MY £ MO 10(w) = O(A), (6.102)
&H ——
S0 —ow

At this point one may remove the infrared regulator A — 0, and conclude that the soft
emission amplitude is negligible since w is by definition less than the soft energy scale A,
which in turn is by definition much less than any energy scales of our interest. As the
emission amplitude vanishes in the soft limit, the state containing a zero-energy graviton

can be treated as null as far as scattering processes are concerned:
; T ~
}Jlg%] al(wx)]0) ~ 0. (6.103)

In summary, the use of leading and subleading Faddeev-Kulish states do not allow ab-

sorption and emission of on-shell soft gravitons at tree level.

6.4 Equivalence of Faddeev-Kulish amplitudes and tra-

ditional amplitudes

In this section, we show that the Faddeev-Kulish amplitude is equivalent to the infrared-
finite part of traditional amplitudes constructed using Fock states, up to power-law type
corrections in the soft energy scale A which is negligible by definition. Keeping both leading
and subleading terms to first order in & in the exponent of the dressing function Wy, we
explicitly show that this equivalence is up to order A for radiation-less amplitudes in the
case of scattering of a scalar from an external potential. In reference [58] only the infrared-
finiteness was shown, keeping just the leading order term in the exponent of the dressing.
Again, although we only derive the result explicitly for gravity, the derivation for QED is
similar and the result also holds for QED amplitudes.

For simplicity we consider a 1 — 1 gravitational potential scattering between the dressed

states ||p;) and (py|| at one-loop order. Let us define the shorthand notation

K p’upy K p‘uk' JPY
P" = [ == W= [ g 104
2 2 <pl 'k)’ Q’L 2 ( ? pz 'k ) (6 O )
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(a) (b) (c)

Figure 6.2: We consider the simple case of 1 — 1 gravitational potential scattering, where the
incoming and outgoing momenta are p; and py, respectively. The figures illustrate different
contributions to the FK amplitude of this process. Blob represents the internal diagram,
including the gravitational potential.

and similarly P]‘f Y and Q’;" corresponding to py. We also use the notation

. Br 1
P = / - 6.105
/ A<wr <A (27T)3 2wk ( )

where A is the infrared cutoff and A is the soft energy scale. We can use these and (6.54) to

write the dressed states as
(psll = (ps Wilps) = (b5l (1= [ @k Qsa) exp{= [ @k Pal =)}, (6100
[pi)) = Wy(pi) [pi) = exp {/%H(cﬁ - a)} (1 + /cﬁ@gﬂ) Ipi), (6.107)
where concatenation implies contraction, for example,
Py(a" = a) = P'"(al, — au). (6.108)

First consider the contribution to the matrix element due to graviton exchange between
dressings. There are two self-interactions of the dressings, each coming from Wy(p;) and
Wi(py) (figures 6.2(b) and 6.2(c)), and one cross-interaction between Wy (p;) and W] (py)
(figure 6.2(a)). Using the Baker-Campbell-Hausdorff (BCH) formula,

eAtB = eAeBeal 4Bl if [4 [A, B]] = [B,[A,B]] =0, (6.109)

125



we may write,

— T "y 1 137,
exp{—/d3ka(aT—a)} :exp{_/d3kaaT}exp{/d3kaa}exp{—4/d3kaIPf}

(6.110)

and similar for the incoming dressing, where we used (see [9,134] for example)

1
00000, 01, (0€)] = £ e (27 (26057 (k — 1), (6.111)
],uupa = NupNvo + NuoTlvp — Nuvpo (6112)
and employed the notation Pyl Py = P;"1,,,0P7°. Then to first order in K,
N N 1/ —
(psll = (sl (1= [ Pk Qra+ [ &k Pra— [ FhPripy), (6.113)
N N 1/ —

Ipi) = (/ Bl Pl + [k Quat - [ &k R-IR-) Ips) . (6.114)

The last terms on the RHS of (6.113) and (6.114) are the self-interaction contributions of

the dressings to the matrix element,
1/ —
—Z/d?’k (P;IP; + PIP,) (p/|S|p;) . (6.115)

The cross-interaction between the two dressings (figure 6.2(a)) come from the contraction

between the graviton operators of (6.113) and (6.114), which introduces the term

1 =
5 [ @ (PIP = Q1P + QL Py) (yISIy). (6.116)

Now, let us consider the remaining contributions, namely the ones due to a dressing
exchanging gravitons with either an external leg or an internal propagator, see figure 6.3. At
the leading soft (divergent) order, graviton exchange with an internal propagator does not
contribute, while each exchange with an external leg (figures 6.3(a)-(d)) induces a soft factor
+n P where the + (—) sign corresponds to emission (absorption) of the graviton, and n = 1
(—1) if the external leg is outgoing (incoming). At the next order, graviton exchanges with
the internal diagram (figures 6.3(e) and 6.3(f)) induce one subleading soft factor nQ*” + Q*”
for each external leg, where Q" = O(w°) is a subleading soft factor due to the graviton

being off-shell; see [142] for example. Since there are two dressings and two external legs, at

5While we write the dressings to first order in , we keep the x2-order infrared-divergent term f a3k PyIPy
since it is needed to cancel infrared divergence [9].
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Figure 6.3: Contributions to the amplitude due to graviton exchange between a dressing and
either an external leg or the internal diagram.

one-loop level this introduces eight terms, four from W(p 7) which correspond to diagrams

6.3(c), 6.3(d) and 6.3(f),

5 [ B[Py = QP + Qs + Qp)TPs — (Py = QTP+ (~Qi-+ Q)IF] (bsISIpy).
(6.117)

and four from W (p;) corresponding to figures 6.3(a), 6.3(b) and 6.3(e),

;/Zﬁ{; {— (Pi+ Q)P+ (Qf + Q)P + (P4 Q)P+ (—Q; + @)IR] (pslSIps) -
(6.118)

Expressions (6.115), (6.116), (6.117) and (6.118) comprise the full contribution of the
graviton interaction to the matrix element that involves Faddeev-Kulish dressings at one-

loop. The net contribution to subleading order in soft momentum is

i/ﬂ |:(Pf — P)I(Py = P) — 2(Qi — Qi — Qp)IP; + 2(Q + Qi + Q) IP| (ps|S|ps) -
(6.119)

Now, the traditional amplitude (ps|S|p;) is infrared divergent, owing to the presence of

soft virtual graviton loops. The divergence can be factored out, such that at one loop [2,58],
1 = -
(prlStp) = (1 [ @ (P = P)IP; = P)) TosISTi). (6.120)

where (ps|S|p;) is the infrared-finite matrix element where all virtual graviton loop momenta

below the soft energy scale A has been removed. In figure 6.4, only diagrams 6.4(a)-(c)
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Figure 6.4: Graviton exchanges that do not involve dressings. The soft graviton loops
exponentiate and factor out [2].

contribute to this term. We do not concern ourselves with subleading corrections to this
factor coming from diagrams 6.4(a)-(e), since such corrections do not alter our conclusion.
Putting (6.119) and (6.120) together, at one-loop we observe that

(prlSle) = (143 [ % [(@s+ Qi+ @R~ (@ - G- 017 ) TorISTo.
(6.121)

Recall that the integral spans only the soft sector A < w, < A. Since the integrand is of
order O(w?), after removing the infrared regulator A the second term on the RHS of (6.121)
becomes
Pk 1 ~ o~ -~ -
— [(Qr + Qi+ QIP, — (Qi — Qi — Qp)IP;| {pyISIpi) = O(A), (6.122)

1
2 27)3 2
O<wr <A ( 7T> Wk

By definition, A is the soft scale and is therefore negligible compared to all other energy

scales of significance. Therefore,

<<Pf||8||Pz‘>> = <Pf|3|Pz'>- (6.123)

That is, the Faddeev-Kulish amplitude dressed to subleading soft order is equivalent to
the infrared-finite traditional matrix element. This extends the results of [9,58] where the
analyses were done only at the level of infrared-divergent terms.

Now, recall that our construction of dressings does not account for loop-corrections to the
subleading soft theorems. As one can see from (6.31) and (6.73), such corrections introduce
Inw terms to the integrand in the exponent of the dressings. Then, from (6.122) we observe

that the corresponding corrections to dressed amplitudes involve infrared-finite integrals of
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the form
hm/ dwg Inwp = O(AInA), (6.124)

which becomes arbitrarily small as we decrease A, and therefore is negligible compared to
other energy scales of our interest. It follows that the dressed amplitudes remain unaffected
by loop corrections to the subleading soft theorem.

One should check that the equivalence (6.123) reproduces the inclusive cross section
obtained by the Bloch-Nordsieck method [3], which sums over emissions of real gravitons
with energies below the detector resolution FE,es. It was shown in [2] that the cross section
for a transition o — [ accompanied by any number of real gravitons with total energy below

F,es can be written as

1 & Eres Eres o Sin(Fyeso)
Fosp(< Eres) = — / . / dw / do—"22
a—>6 res T £ Z N N - o
X exp {iaZwi}Faﬁg(u}l,'- L, WN ), (6.125)
i=1
where I'y,g(w1, - - - ,wy) denotes the cross section for emission of N gravitons with energies
wi, -+ ,wy. The cross sections are now the norm-squared of the dressed amplitudes. In the

previous section, we have shown in (6.102) that scattering amplitudes, and therefore cross
sections, for processes that emit/absorb real gravitons with energy below the soft scale A
are negligible. This has the effect of replacing the infrared cutoff A in (6.125) with the soft

energy scale A, which results in [2]

E B
T (< Free) = ( A) b(B)Tosss, (6.126)
where b(z) =1 — 55m%z* + - -+ and
mim;(1+ 5;) <1 + B”> ) m2m?
;s In 2 T 6.127
647T2 Z ] B@] 512])1/2 11— 5%] J (pz : pj)2 ( )

I',— 5 is the cross section for a — 8 without the undetectable real gravitons. In the original
construction of [2] with Fock states, one factors out the soft loop contribution from I',_ .
In our construction with the dressed amplitude (6.123), we have no soft graviton loops (they

have been canceled on account of the dressings) and thus may write

Fa%ﬁ - F (6128)

a—f
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where T'? _,5 is the cross section computed excluding virtual graviton loop momenta below
the soft scale A. Therefore,

E B
Fa%ﬁ(g Eres) - ( X?S> b(B>Fgﬁﬁ7 (6129>

which agrees with the inclusive cross section computed in [2] using Fock states via the Bloch-
Nordsieck method.

6.5 Summary

In this chapter, using ideas similar to the one presented in [59], at leading order in the
coupling we constructed the Faddeev-Kulish dressing for gravity and QED to subleading
order in the soft energy expansion, see equations (6.58) and (6.90). We have shown that
the dressed amplitudes are equivalent to the infrared-finite part of the traditional matrix
elements, up to negligible power-law type corrections of the soft energy scale, see equation
(6.102). We have also shown that, to first-order in the coupling constant, the FK state
formalism does not allow soft radiation of photon and graviton, see equation (6.129). This
supports the proposition that for the FK states soft particles carry information about the

hard particles and vice versa [23,127].
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Chapter 7

Dual Soft Charges and 't Hooft Line

Dressings

7.1 Quantum field theory of electric and magnetic

charges

In this chapter, we extend our formalism of the previous chapters to asymptotic symmetries
of magnetic parity. We construct dressings charged under magnetic LGT in electrodynamics
and under dual supertranslations in perturbative quantum gravity.

Let us begin with a brief review of the one-potential Lagrangian formulation of the
quantum field theory of electric and magnetic charges by Blagojevié and collaborators [118,
119]. This theory has been shown in [118,119] to be equivalent to two of the more well-known
quantum field theories of electric and magnetic charges, namely the Hamiltonian formulation
of Schwinger [143] and the Lagrangian formulation of Zwanziger [144]. Our interest in this
theory is not to calculate amplitudes but to understand the structure of the three-point
interactions at large times. This is all that is needed to construct the dressings. Once the
dressings are constructed, the soft theorems and the coherent states follow straightforwardly.

The formulation is based on the Lagrangian
1 — _ o
L= _ZF‘“'FW + ¢ [Y*(i0, — eA,) — my] ¥ + X (7710, — my )X, (7.1)

where ¢ and ¢ (x and y) are the fermionic fields describing an electrically (magnetically)
charged spin-1/2 particle, and the field strength tensor, following Dirac [145], is defined as

Fu = 0,A, — 0, A, + €pc G, (7.2)
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with A,, the photon field and ¢,,,, the totally antisymmetric tensor. Here G*7 is a functional

of x and y, defined as

Guula) = [ dy e = )i2), (73)

where j9 = gx7.,x is the magnetic current, g is the magnetic charge, and h,(x) is any c-
number function satisfying d,h*(z) = —d(x). A convenient form of h, can be given in terms

of an arbitrary real vector n*,
h(x) = —nu(n-0) " (z), (7.4)

which comes in handy for concrete calculations. A coordinate space representation of (n -
0)~'(z) in terms of step functions can be found in [118]; we do not write it here since we’ll
mostly be working in momentum space.

This Lagrangian yields the following Maxwell’s equations,
" Fuw = Jy» (7.5)
M (xF) = J2, (7.6)
where j¢ = ely,% (j9 = gxY,X) is the conserved electric (magnetic) current, and

1
(*F)m/ = §€;wpanU (77)

is the tensor dual of F),,.
One can read off the momentum space Feynman rules from the Lagrangian. Of interest

to us is the 3-point vertex; all momenta are flowing into the vertex:

X
. el . -
A, = —ig€upok — = —igA,s"°, (7.8)
X
Here we defined A, = ewpa%. The divergence appearing when n - k = 0 is spurious,

see [146]. Other standard Feynman rules such as the standard propagators and the electron-
photon vertex have been omitted and can be found in [146]. It is worth noting that while

the Lagrangian is non-local in coordinate space, the Feynman rules are local in momentum
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space.

7.2 ’t Hooft line dressing

In this section, we construct the infrared-finite dressed state of an asymptotic magnetically
charged particle, along the same lines as Faddeev and Kulish [8,9], and show that the dressing

can be written as a 't Hooft line dressing.

7.2.1 Faddeev-Kulish construction

In order to construct the dressed state, we write out the Lagrangian (7.1) as

1 . 1 5. n,Ny 9.
L= —1(0,A, — B,A,) = JEA, — Snt (gﬂ,, - ;;2) (n-0)"2"
— e (n - 0) 10, Am, 0+ (P — my) + X(id — my)x, (7.9)
where we recall that n* is an arbitrary 4-vector, j¥ = ely"1h and Jh = gx¥"x. We observe

that the normal-ordered interaction potential relevant to the y-photon scattering is
Vagx(t) = ge“””"/d% (n-0)"": 0, Am,XVoX : - (7.10)

The photon and y fields have the standard mode expansions

Au@) = | Bk (e (K)aa(k)e™™ + e (k)al, (k)e ™) | (7.11)
x(@) = [ Bp (b(p)u (p)e™ +di(p)v(p)e ), (7.12)
x(x) = [ @p (dy(p)v*(p)e™” + bl (p)u* (P)e ) , (7.13)

where we employ the usual notation for the Lorentz invariant measures,

Bl @KL oy 1
(2m)3 2w’

(7.14)

e, (k) is the photon polarization vector, u*(p) (v*(p)) is the fermion (anti-fermion) spinor
amplitudes, w = [k|, £, = ,/p? +mZ, and the creation and annihilation operators satisfy
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the appropriate commutation/anti-commutation relations

(a0 (), af(K')| = 0a5(2m)*(20)6® (k - K'), (7.15)
{br(p), bl(@)} = 0,.(27)*(2E,,)6® (p — q), (7.16)
{dv(p),di(@)} = 6,:(2m)° (2E,)5®) (p — q). (7.17)

Plugging in the expansions to (7.10) and taking the large-time limit |t| — oo, we arrive at

the asymptotic potential

Vit (6) = ge” [y 210 ) (09l 00 + e (900 B), (718)
E,n-k K ¢ K
where p(p) = X, (bl(p)bs(p) — dl(p)ds(p)> is the number density operator of the magnet-
ically charged particle. We note that this asymptotic form of the 3-point interaction is
all we need from the original theory, (7.1), to construct dressings, coherent states and soft
theorems. One could argue the form of this interaction from symmetry arguments in the
spirit of an effective field theory. Following the same line of arguments as in the original
Faddeev-Kulish construction [8], one obtains from this potential the asymptotic state of the

magnetically charged particles,

||p1,,pn>> :6R|p17“'7pn>7 (719)

with the dressing

= lim exp < / (T ) (7.20)

= oxp{—ger [ P p)0) (000,00 - 090, 0) b (721

37 13- Alwpl/ @ ook
= exp {—g Bk dp o p(p)o(w) (€5 (K)af, (k) — €* (K)aa(k)) } : (7.22)
where A, = €,,p0 2. Note that the factors exp(+i(p - k)t/E,) in Vs, (t) at large t suppress
w > 0 contributions to the integral by the Riemann-Lebesgue lemma, so we have replaced
such factors with an infrared function ¢(w) that only has support in a small neighborhood

of w = 0 and satisfies ¢(0) = 1 to reflect this; see [8,9] for instance. Due to the number

density operator p(p), the dressing decomposes into a product of single particle dressings
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el =TI, ) where

eR®) — exp {_g / Bl ﬁgb(w) (eg(k)a;(k) — eg*(k)aa(k))} : (7.23)

For physical states ¥, the Gupta-Bleuler condition demands k*a,(k)|V) = 0, where
a,(k) = €2*(k)aq (k). The consistency of the dressing (7.23) with this condition boils down

o
to the commutator

0— [’f’”i” (a}, () — a,(K)) ,k”’ap(k’)] (7.24)
k' A, p” 3 3 /
= 2 o (206 (), (7.25)

which is is automatically satisfied since k#A,, = 0 for any choice of n by antisymmetry of
€uvpo- LTherefore, the dressing commutes with the Gupta-Bleuler condition. In the original
construction of dressings in QED [8], Faddeev and Kulish introduced a vector ¢* into the
dressing to make it compatible with gauge fixing; here we do not need such a treatment. It
was recently shown by Hirai and Sugishita [141] that a careful BRST analysis removes the
need for ¢ even in the Faddeev-Kulish construction. An analogous BRST analysis of the
theory including magnetically charged particles is left for future investigation.

As the construction of the dressing (7.22) was fairly parallel to that of [8], it is natural to
expect that it resolves the infrared divergence of the theory (7.1). To see this, let us consider
a generalization of (7.1) to a theory containing dyons, which is fairly straightforward (see
for instance [120]. In the generalized theory, dyons are dressed with the magnetic dressing
(7.22) as well as the original Faddeev-Kulish dressing of QED [8], where the latter takes the

form

o = oxp{ e [ E e pw)ofe) 5 (0400 - 0,000) (7.26)

Since {R, é] = 0, the dressing in a dyonic generalization of (7.1) takes the form

v

exp = [ EoBplplo) e+ o) 2 (@000 - i)} ram

where p(p) is now a number density operator of the dyon field. When acted on a single
dyon state, this dressing reproduces the coherent state of Antunovi¢ and Senjanovié¢ [147]
that was shown to resolve the infrared divergences, as expected. Thus, the dressings we

have constructed ensure the infrared finiteness of any theory whose asymptotic three-point
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interaction is given by (7.18).
In the next subsection, we see that this dressing can be written as a 't Hooft line dressing

along the timelike trajectory of an asymptotic particle with momentum p.

7.2.2 Dressing as 't Hooft line

We now re-derive the magnetic Faddeev-Kulish dressing (7.23) by considering a 't Hooft line
operator. This is to be contrasted with the usual (electric) Faddeev-Kulish dressing [8, 92]
having a Wilson line representation.

Consider a 't Hooft operator exp (ig [ *F) associated with a simple connected 2-dimensional
surface S with boundary loop C. If we can write *F = dA for a vector field A4 in the absence
of electrons, by Stoke’s theorem, the 't Hooft operator becomes exp (z’g $c /I) Then, we can
consider the field x dressed with a 't Hooft line,

exp (ig /O: df“ﬁ#(§)> x(x). (7.28)

For an asymptotic particle, this is possible and we see that the dressing of the asymptotic
particle agrees with (7.23). We are interested in large time dynamics, so in what follows
below we consider free equations of motion with j, = j. = 0.

To this end, we write the Minkowski metric in the retarded time coordinates,
ds® = —du® + 2dudr + 2r*y.;dzdz, (7.29)

where u = ¢t — r is the retarded time suitable for describing the future null infinity ZT,
2z = e cot(0/2) is the complex angular coordinate, and 7.; = 2/(1 + 2z)? is the unit 2-
sphere metric. The radiative mode of photon on Z* can be expanded as (7.11), where we
sum over the two physical polarizations a = £. In terms of the complex angular coordinates

(zk, 2k), the (¢, z,y, z) components of the photon momentum & becomes

where w = |k|. Then the two transverse polarization vectors can be defined as

(k) — \}i(zk, 1 —i,—%),  e"k) = \2(% 1,4, —2). (7.31)
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The definition of *F (7.7) and *F = dA implies
A, —0,A, = €,,/70,A,. (7.32)

The vector field /Nlu is essentially the photon field with a different polarization vector [32], so

let us write the ansatz
A, = / Bk (& (aa (k) + & (k)aj, (k)e ™), (7.33)

for some polarization vectors €. Then equation (7.32) boils down to

ke (k) — k:,,Ez‘*(k) = ke, (7.34)
Now, let us make the choice
Y nPk?
EfL:(k> - _A/J,llej:(k>7 A“y = Eﬂypa'n K k; (735)

where n# # k" is an arbitrary non-zero 4-vector of our choice. It is straightforward to check
that this constitutes an infinite number of solutions for (7.34). An illuminating choice is
n* = (1,0,0,—1), for which we obtain

l‘(zk — Zk) 0 —1 Z(Zk — Zk)
A= | 2F 2 %k , (7.36)
—5(zk+zk) 1 0 _Q(zk+zk)
0 —%(Ek — Zk) %(5}6 + Zk) 0

and accordingly, the polarization vectors become

eH(K) = —(—izg, —i, 1,i2) = —ieT*(K), (7.37)

Hg\H
[(\)

er(k) =

(izg, 1, —1, —iz) = 1e *(k). (7.38)

S

One can see that this € can essentially be obtained by a 5-Totation of €t in the complex
plane, reflecting the electromagnetic duality E — B and B — —E.

Having obtained a solution for A, we now use the methods of Wilson line dressing con-
struction [91,92,96] to derive the 't Hooft line dressing W(p) We first write the dressing
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(7.28) along a path I' at the asymptotic future,

W = exp {ig /F dgﬂA’u(g)} (7.39)

Now we assert that I' is the straight line geodesic of an asymptotic particle with momentum

p, for which we may parametrize £&# = & + %T. Then, using (7.33) and (7.35),

W(p) = exp {ig /t dr :,:Lﬁu (go + Ti%) } (7.40)

X X

m a

e A,uz/ ik- P ik- P
= exp {—g / d3k pZV (ecv(k)cfr (k)e Flfotact) e (k)aq(k)e FCotas ”)} , (7.41)

kep - kep
where we used the boundary condition [*dre" ™" = %ezmxt, see [8] for a discussion. For
an asymptotic particle ¢ diverges to infinity, so by virtue of the Riemann-Lebesgue lemma

non-zero frequency modes do not contribute to the integral. To reflect this, we write
1/ _ 37 p,u ~a t ~ax
W(p) =exp{—g | &k ﬁqﬁ(u}) (Eal(k) — & aa(k)) ¢ . (7.42)

where ¢(w) is any smooth infrared function [8,9] that satisfies ¢(0) = 1 and has support
only in a small neighborhood of w = 0.
One can immediately see that this is the dressing ef®) we obtained in (7.23) from the

asymptotic Axy interaction potential,
W (p) = R, (7.43)

Therefore the magnetic Faddeev-Kulish dressing may be written as a 't Hooft line dressing.
This is analogous to the electric counterpart associated with Wilson line dressing [94]. These
results further justify the choice of an effective large-time interaction of the form (7.18),

irrespective of the validity of the full theory (7.1).

7.2.3 Soft LGT charges

We now show that the 't Hooft line dressing (7.42) carries a definite soft magnetic LGT
charge. The soft part of the magnetic LGT charge on Z* has the expression [32] (up to

different normalization)

Qf = i/d2z (825(2, Z)FS — 0ze(z, Z)Fj) , (7.44)
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where €(z,2) is a 2-sphere function parametrizing the LGT, which we assume does not

introduce poles or branch cuts. The soft photon operator F.' is defined as

r—00

Ff= /OO du F9 = lim /Oo du 0, A, (u,r, 2, Z). (7.45)
The field A, in the large r limit takes the form (see for example Appendix A of [18])

lim A, (u,r, z,2) = —é,/fyzg/o dw (a+(wxz)e’m“ —al (wxz)ei“’“> (7.46)

T—00

where x, is the unit 3-vector corresponding to the direction (z, z), with components

z4+z i(z—2) 1—2Z
Z: — — — . 747
x <1+zz 1+ 22z 1+zz> ( )

Substituting (7.46) into (7.44) and using [*°_ du 0,e**" = +2miwd(w), we obtain

OF = 4; /dwsz\/Ew(s(w) lazg(% Z) (aT_(wxz) + a+(wxz)) - h.c.}, (7.48)

where the presence of the delta function shows that only zero-frequency photon operators
contribute (hence the soft charge).
Using this expression and the canonical commutation relation (7.15), one can directly

compute the commutator of the charge and the operator R(p) of (7.43), i.e.,

5t B ig A, _
(@F Rp)] = -3 / P2/ = (6 (x:)0:¢ — €, (x.)0:¢) (7.49)
where k# = wk*, and we have used the convention [18,58]

[ o)) = ; £(0). (7.50)

0

By partial integration, this can be put in the form

QF R(p)| = LgT/de(Z;E) [@ (\/,Y—e*Ap) 2, ( Tz E_Apﬂ (7.51)

p-k p-k

_ _%/d%g(z,z) Im lag (WWN (7.52)
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where we used the notation e* - A - p = ef A"p,. Using the identity,

er-A-p i n? p? )
O (VY2 ——— | = =272z — — — |, 7.53
<” bk ) 2”(@%% (p- )2 (7:53)

which shows that the expression of (7.52) in square brackets is purely imaginary for all real

vectors n*, we obtain the commutator

Q7 R(p)| = ﬁ/dznge(z,z) << ]%)2 P ) (7.54)

p .

where we have used p? + mi = 0. It follows that the 't Hooft line dressing W(p) = exp E(p)

carries a definite soft magnetic LGT charge parametrized by the momentum p,

W) =L [ Perye(zz iy n W (p). :
[NW@H—M/Q/m<,>Qp@,+m%yywm (7.55)

It is worth noting that while the charge eigenvalue in (7.55) has an n-dependent term, this
term does not interfere with magnetic charge conservation since it takes the form g x (const),
and Y gin = > gous for a scattering process. This term acts as a constant shift in the soft
magnetic LGT charge of the state and is unmeasurable.

On the other hand, the 't Hooft line dressing does not carry soft electric LGT charge.
To see this, we note that the soft electric charge takes the form [32],

Qf = — [ = (022 2 F} + 0:2(, D) FY) (7.56)
= ;/d“d%\/ﬁm(w) [@8(2, 7) (ol (wx.) + ag (wx.)) + h.c.]. (7.57)

A computation similar to the magnetic case shows that the dressing’s electric LGT charge

involves the real part of the expression (7.53),

Q. W) = L [ dze(22) Re|o: \/@w W(p) =0 (7.58)
2T p-k

which vanishes identically.
This is to be contrasted with the electric dressing of QED (Wilson line dressing) W (p),
which takes the form [8]

W(p) = exp {—e/cﬁ ppkqb(w) (efjaL(k) — eﬁ*aa(k))} : (7.59)
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One can show the identity,

+ 2
—_p-e€ 1 D
82 zgi/\ _ — = Zgi/\, 760

(7 p~k> 2" (p- k) (760)

to obtain the following results,

05w = 5 [ #xete2) mefox (Vi) wo (r.1)
- i / Pzy,ze(z, 2) (pn.l%PW(p), (7.62)
@5 W) =~ [ et mos (Vi) | W) e
—0. (7.64)

Here we have used p? + mi = 0, with m, the mass of the electrically charged field 2.
Therefore, the Faddeev-Kulish dressing of QED carries only carries a non-zero electric LGT
charge. The duality between the electric and the magnetic charges and their dressings is
now manifest.

Although we have constructed the dressings in a theory that has magnetically charged
particles, we know from [117] that one can retain the electromagnetic duality on the boundary
even without bulk degrees of freedom carrying magnetic charge. Accordingly, we can consider
the operators that can be obtained by replacing the momentum p# in the dressing (7.42)

with a constant vector C*:

W(C) = exp {—g [ @ Cq“k¢(w) (e2al, (k) - g;;*aa(k))} . (7.65)

From our construction, we can see that these are 't Hooft line operators along a straight
line path at the future null infinity Z*, whose direction is given by C*. The vector C* can
be understood as a parameter that encodes the way soft magnetic charge is distributed over
the sphere. The 't Hooft line operators are charged under magnetic LGT and neutral under

electric LGT, with a constant charge:

A+ T g 2 - n? c? 77
[QF W(o)] = E/d 2Yase(z, 3) ((n ST /%)2> W(o), (7.66)

QF, W) =0 (7.67)

g

Such operators can be used to translate a vacuum to another vacuum carrying a different
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soft magnetic LGT charge.

7.2.4 Remarks on holomorphic potential and soft theorem

We have seen that there is an infinite number of choices for the dual field A, parametrized by
the 4-vector n*. The relation between Zlu and A, can be obtained from the relation between

polarization vectors (7.35),

Ay = —€po(n-0)"'nPO7 A (7.68)

While this involves unpleasant differential operators, we can expect a more desirable relation
between the holomorphic/antiholomorphic potentials at » — oo, since in that limit the
angular position (z, Z) is identified with the angular direction of outgoing momentum (z, z ).

By a derivation analogous to (7.46), we can obtain

A (u,2,2) = lim A, (u,r, 2, %) (7.69)
= _87:27" /0 dw (Eﬁ*(xz)aa(wxz)e_iw“ - Eﬁ(xz)ag(wxz)ei‘”“) : (7.70)
It is straightforward to show that while the dual polarization vectors &; = —A,, e are

0

complicated functions of n* = (n% n', n% n®) with components

0 _ i(n% (22 —1) +in? (22 + 1) + 2n32) (7.71)
V2(n%2z 4+ n0 —nlz — nlz 4+ in2z — in2z + n3(2z — 1)) '
i(n® (2% — 1) + 2in%z + n32? + n?)

V2(n2z +n0 —nlz —nlz +in?z — in2z + n3(2z — 1))

B —n0 (22 +1)+2n'z —n3 (22 - 1)

© V2(n02Z + 10 — nlz — nlZ +in2z — in2Z 4+ nd(2Z — 1))

=3 _ 2in°z —int (22 +1) +n? (22 - 1) (7.74)
V2(n0zz +n® —nlz — nlz + in2z — in2z +n3(zz — 1))’ '

et =

(7.72)

(7.73)

and € = (e€t#)", their z/Z components ¢ =¢; =0, ¢, = —¢f = ir,/7.z do not depend on
n*. They satisfy Ej/z = —ie;’/z, €./ = i€, ;, which implies the relation
A(u,2,2) = iA.(u, 2, 2), (7.75)
As(u,2,2) = —iAs(u, 2, Z), (7.76)
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in agreement with the identification made in [32].! Therefore for any n, we arrive at the

same complexified transformations that act on the holomorphic potential A.,

(8. 4 i0.) A, = 20.¢, (7.77)
(6. +1id.)A, = 0. (7.78)

As expected, the unphysical freedom to choose n* does not affect the results.
Also, at the end of section 7.2.1 we have seen that, in a dyonic generalization of the

theory, the dressing takes the form (7.27). This can written using (7.35) as

exp {— Bp 3k p(p)d(w) <W@L(k) - h.c.) } : (7.79)
p .

This expression is closely related to the soft theorems and ward identities, since one can use

the latter to reconstruct dressed states as LGT charge eigenstates [19,59,97] (see also [18,58]).

In particular, the coefficient of the creation operator af, (k) is tied to the soft factor. In [32],

it was conjectured that the leading soft factor

pj - (eje* + g;€%) pi - (€€ + gie®)
— 7.80
DGR oy M CE: 750

j€out Dj icout bi

is exact for all abelian gauge theories. We emphasize that this result, like the dressing we
have constructed, depends only on the asymptotic form of the three-point interaction, (7.18).
The full content of the theory (7.1) is not needed.

7.3 Gravitational ’t Hooft line dressing

In this section, we consider perturbative quantum gravity in asymptotically flat spacetimes
and investigate how the construction of 't Hooft line dressings can be extended to the grav-
itational context. Since we do not have a Lagrangian field theory to guide us, we proceed

by analogy with electromagnetism.

'The factors 43 in [32] are due to the different normalizations of the gauge fields.
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7.3.1 Preliminaries

Consider the asymptotically flat metric on Z* in Bondi coordinates [1]

ds® = —du® — 2dudr + 2r2’yzgd22d22

ZmB

+ == du’ +1C..d2? +1C5dZ* — 2U,dudz — 2Uzdudz + - - -, (7.81)

r

where the first line is the Minkowski metric, mp(u, 2, z) is the Bondi mass aspect, C.,,(u, z, 2)
is the radiative mode and U, = %DZCZZ. Here D, denotes covariant derivative on the 2-sphere
(i.e. with respect to v,z).

Let us define the graviton field h,, (z) to be

G (T) = N + Khy (), k? = 327G. (7.82)

This relates the radiative gravitons on Z* to the metric (7.81). These gravitons have the

mode expansion
hulw) = [ @ (e (K)aa(K)e™ + €5, (K)al (K)e ). (7.83)
where we demand the canonical commutation relation
(a0 (k), af(K')| = 0a5(27)*(20)6P (k — K'). (7.84)

We are implicitly summing over the physical polarizations a« = 4. Parametrizing graviton

momentum k* as in (7.30), the graviton polarization vector €, (k) can be written in terms
of the two photon polarization vectors (7.31) as €5, (k) = e (k)€ (k).

7.3.2 Construction of dressing

In general relativity, we do not have the magnetic counterpart to the local source term
h, TH, so we do not have bulk degrees of freedom that carry magnetic BMS charge. How-
ever, from [117], we know that the electromagnetic duality can still be retained on the
boundary in this case. Following this perspective, our goal in this section is to obtain
generic operators charged under dual supertranslations. We achieve this by analogy with
electromagnetism: we first construct gravitational 't Hooft line dressings of particles, and

then replace the particle momentum with a constant vector as in (7.65).
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The gravitational Wilson line along a curve T" takes the form [96]

K dz”
—imo— [ dath,,— |, 7.85
exp< zm02/rx “dT) (7.85)
where myq is a parameter with dimension of mass that is possibly different from the par-
ticle mass m. This is basically the Wilson line of QED with the replacement eA, —
—m(r/2)hdz” /dr. For an asymptotic particle the trajectory is a straight line, so mdx" /dr =
p” is a constant vector. This implies that the gravitational 't Hooft line dressing can be ob-
tained in the same way as in QED, by the replacement €,, — €,,, where

an(k) =&, (k)e, (k). (7.86)
Here ¢+ (k) is given by (7.35). Analogous to the case of QED, by taking I to be the trajectory

of an asymptotic particle with momentum p, the expression (7.85) becomes the gravitational

Wilson line dressing W, (p),

W) = exo {5 [ FRET o0 (60,0004 - ) b 80

where ¢(w) is the infrared function. We obtain the gravitational 't Hooft line Wg(p) =
exp ]5;9 (p) dressing by the replacement €, — €,,, which yields

W, (p) = exp {—*’”2”73 [ @ o) <(p A ;2@ )t (k) — h.c.) } sy

where we denote p - A - €* = p, A" €.

One can think of the two dressings
Wyp) and W) (7.89)

to be realizing the analog of electromagnetic duality of Freidel and Pranzetti [117] on the
boundary. Unlike electromagnetism, where we have the bulk duality between F),, and F, s
here in gravity this duality is not realized in the bulk. Therefore, we must make a departure
from the notion of “dressing” magnetically charged particles. In this sense, we define p not
as some particle momentum but rather as a general 4-vector, which we later see parametrizes
how the dual supertranslation charge of Wg is distributed over the sphere.

Unlike the case of photons and Lorentz gauge, in gravity we need more work to show

that the dressed states exist in de Donder gauge. The physical states ¥ of the theory are
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the ones that satisfy the Gupta-Bleuler condition implementing the de Donder gauge,

1
(k;“aw,(k) _ 2kya”u(k)> ) | (7.90)
It is straightforward to see that the commutator,

(als(k) = aas(K)) , K" a,, (K) - ;k;am(k’)] - ;p"AW(QW)?’Qw)é(?’) (k — K,

(7.91)

Aappppﬁ
p-k

does not vanish, which implies that the dressing in its current form is incompatible with de
Donder gauge. Therefore, just as for the Wilson line dressing [9, 58], we must introduce a

symmetric tensor ¢, (p, k) to fix this. Let us re-define the dressing to be

o) = exp{ 5 [ ot (S 4 L)) (a0 - at0) b (792

It was shown in [58] that, in order for this correction to just be a unitary transformation of

(7.88) and not introduce additional singularities, we require the condition
Cu (V' K)IMP7C,0 (p, k) = O(k) for all p, p', (7.93)

where 1,0 = Nuplve + Nupllue — Muwtpe- For the states to be well-defined under the Gupta-

Bleuler condition, we require

apy B B
0= [(Appzp * w) (alﬂ(k> - aaﬁ(k>) k"M ay, (K — ;k;a”u(k') (7.94)
= <p#AW _ Qk‘wcuu> 2(27T) (2w)5®) (k — X)), (7.95)

W thh t I‘anslal €S ' (0] l he Condit iOIl
Cuv 9 p s ( 7.9 )

The two conditions (7.93) and (7.96) are exactly the ones that we encounter for the Wilson

line dressing [58] with the replacement

_ 1
Py — Dy = _ipMA’“W' (7.97)
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This implies that the solution is exactly that of [58] with the same replacement:

_ w (p-k _ _
CMV(pa k) = n (MQMQV - q;;pu - qypu> (798)
w
= P Aoy + 0% Aopty) 7.99

where ¢ is any null vector; a suitable choice is ¢* = (1, —k), which preserves rotational
invariance. One can readily check that the two consistency conditions (7.93) and (7.96) are
satisfied. Therefore, by introducing ¢,, we have a well-defined dressing that preserves the
de Donder gauge condition.

Recently it has been shown by Hirai and Sugishita [141] that a careful BRST analysis
can remove the necessity of objects such as ¢,,,, at least in QED. We henceforth assume that
this can be done here as well, since from [58] we understand that all ¢, does is shift the soft
charges by some function of p; the important part was the existence of a solution ¢,, to the
conditions (7.93) and (7.96), which we have already shown. We leave the proof along the

lines of [141] for future work.

7.3.3 Dual supertranslation charge

We now see that the gravitational 't Hooft lines are charged under dual supertranslations. A
dual supertranslation is parametrized by a 2-sphere function f(z, z), which we assume does
not introduce poles or branch cuts. Its charge has the expression [101]
My= 2L [ f(z,%) (D2C.. — DC::) (7.100)
f— w2 Jr + v ’ V22 SYzz ) - .
In general relativity, there is no source term like h,, 7" for the magnetic case. This implies
that we do not have a hard charge. Thus under a partial integration, we have no contribution

from the future boundary Z{ and one can cast (7.100) into a total derivative over Z,
2 2,22 ()2 2
M= -2 / dud®z** (D2£0,C.. — D2f0,C5:) (7.101)
K* JT+

where we also integrated by parts twice on the sphere. Using the mode expansion of h,.,

the radiative mode C,, can be written as [58]

1
C..(u,2,2) =K lim —h..(u,r, 2, 2) (7.102)
r—00 1
= %%5/ dw (aT_ (wx,)e™" — a+(wxz)e_iw“) . (7.103)
T 0

147



Using the identity [*_ dud,e*™* = +2miwd(w), we may write

My = T dwd?z wé(w) {D;f (ai(wxz) + a+(wxz)) - h.c.} : (7.104)

27K

Writing the gravitational 't Hooft line dressing as Wg (p) = exp ]5;9 (p) and using the canonical

commutation relation (7.84), one can obtain

> _ ZmO 2 o (€7 A-p)(p-e) g (€ Ap)p-e)
My, By(p)] = /d (Df - _ D o ) (7.105)

Noting that I'7, = + +ZZ = v*?0,7.; and integrating by parts, we can write this in the form
N +.A. -
(M, Ry(p)] i /d2,zf 22 [a 0° ( (- Ap)p-e )> - c.c.] (7.106)
~ dmm p-k
+ +
2 o, (- Ap)p-€r)
s — /d 2 f(z,2) Im l@ 0 (7% i : (7.107)
where we denote 9° = v**9;. One can show that
+.A. et : 4 2
(9582 (’ng (E pz(p ‘ )> = —3’){35 ( m,\ - nA B(p, n, Z)) s (7108)
p-k 2 (p-k)?® (n-k)3

where

B(p,n,z) = (n' +in®)(p' —ip®) — (n° —n®) (" +p°)
— (" +n*)(p' —ip*)z + (n! —in®)(p° + p?)z. (7.109)
Unlike the case of electromagnetism, one can see that an obscure choice of n can make the
expression in square brackets of (7.107) contain both imaginary and real components. A
sufficient condition to prevent this is to choose n to be null; an example is n* = (1,0,0,—1)

which, as we saw in section 7.2.2, corresponds to a F-rotation of et in the complex plane.

Then, we have the commutator
{Mf,Wg(p)} = {Mf,eﬁg(p)

2 p* T
_ <47rm/d 27z f(2,2) (p_k)3> Wy(p), (7.111)

which implies that the gravitational 't Hooft line dressing (7.88) carries dual supertranslation

(7.110)

charge.
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On the other hand, it does not carry supertranslation charge. To see this, we first recall
that the soft supertranslation charge Ty has the form [58,148]

1

T, =
f 27K

/dwsz wi(w) [Dgf (af_(wxz) + a+(wxz)) + h.c.} : (7.112)

Then, by a similar analysis, one obtains,

My )] = 5 [ 2569 R0 (5 2D i) —0, - (rany

which proves the statement.
It is instructive to contrast this with the gravitational Faddeev-Kulish dressing (gravita-

tional Wilson line dressing), which takes the form [9]

W, (p) = exp {g [ & ¢(W)Z“?; (2, (K)al, (k) - h.c.)} | (7.114)

The following identity plays a role:

L2 4
p-k 27 (p-k)?

Use of this identity immediately gives:

R e e (7.116)
_ (;/dzz %gf(z,z)(;”;)g) W, (p), (7.117)
My W) = = [ @ 1(:.2) 1 007 (3 20 ) [ (7.115)
— 0, (7.119)

implying that the gravitational Wilson line dressing only carries a definite supertranslation
charge.

Since we do not have a “magnetic” counterpart to the source term h,,T"" in general
relativity, we have no bulk degrees of freedom carrying dual supertranslation charge. There-
fore, instead of the dressing (7.88) of “magnetically” charged particles, we generalize them
to generic operators that are charged under dual supertranslation. These operators can be

obtained by replacing p* with a constant vector C* as in (7.65) and absorb the dimensionless
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factor mgy/m in C*:

W,(C) = exp {—;” /Eﬁ; é(w) <(C A Cea)k(c )t () — h.c.) } . (7.120)

From our construction, we see that these are 't Hooft line operators along a straight line
geodesic at ZT whose direction is given by C*. The vector C* parametrizes how the soft
dual supertranslation charge is distributed over the 2-sphere. Choosing n to be null, we see
that

[Mﬁ Wg(c)}

(z;r/d%%zf(zvg) (0(?@)3) W,(C), (7.121)
0.

[va Wg(cﬂ

(7.122)

These 't Hooft line operators are charged under dual supertranslation and neutral under
supertranslation, and we can use them to translate a vacuum to another vacuum carrying a

different dual supertranslation charge.

7.4 Summary

In this chapter, we have constructed the asymptotic states by following the original method
of Faddeev and Kulish, using a quantum field theory of electric and magnetic charges by
Blagojevi¢ and collaborators [118,119]. We have shown that the magnetic dressings can be
expressed as a 't Hooft line operator (see equation (7.43)), and that they are charged under
magnetic large gauge transformations (see equation (7.66)). The 't Hooft line interpretation
allowed us to formulate a gravitational 't Hooft line operator, which is charged under dual
supertranslations while carrying zero supertranslation charge (see equations (7.121) and
(7.122)).

Throughout the chapter, we have assumed the 2-sphere function parameters ¢(z, z) and
f(z,2) to be smooth. In the next chapter, we observe that relaxing this condition brings

about interesting results.
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Chapter 8

Standard and Dual BMS Charges on

the Schwarzschild Horizon

8.1 Horizon supertranslation in Bondi gauge

In this chapter, we study the standard and dual supertranslation charges at the future
Schwarzschild horizon. We demonstrate that their algebra exhibits central terms in the
presence of singularities in the parameter function. We briefly discuss its possible implica-
tions on the structure of the black hole horizon.

We begin with a review of BMS transformations on the Schwarzschild horizon. We work

in the Bondi gauge,

Grr = Gra = 0, 0, det (gAB> =0. (8.1)

r2
In the ingoing Eddington-Finkelstein coordinates, the Schwarzschild metric is given by

oM
ds® = —Adv* 4 2dvdr + 1?4 5dOdO°P, A=1—-"—, (8.2)
.

where y4p is the metric on the unit 2-sphere. A diffeomorphism ¢ on Schwarzschild that

preserves these conditions should satisfy
Legrr = Legra =0, 7P Legap = 0. (8:3)
Such diffeomorphisms can be parametrized as [61]

1 1
£ = X0, - (rDaX*+ D?X) 0, + (XA + TDAX) D, (8.4)
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where X4 = X4(v,0) is an arbitrary vector field and X = X(v,©) is an arbitrary scalar
field on the future horizon H*. Here D4 denotes covariant derivative on the unit 2-sphere,
DA =~48Dg and D? = DAD4 = v48D,Dpg. A supertranslation is given by

X=f©O), X*=0, (8.5)

where f is a smooth function on the 2-sphere. In the later sections, we relax the smoothness

condition to allow f to have poles. A superrotation is given by

X = gDAYA, X4 =v4(0), (8.6)
where Y4 is a smooth vector field on the 2-sphere.
Since supertranslations and superrotations are metric-dependent, the diffeomorphisms

(8.4) do not form a closed algebra under the Lie bracket of vector fields

[51, 52]a = flfabfg - fgab&l- (8-7)

In performing two consecutive diffeomorphisms, the first one ruins the metric for the second.

To take this into account, we need a modified Lie bracket [149] of vector fields,

&1, &5 = [&1,62]" — 06,65 + 06,8T, (8.8)

where ¢, &5 denotes the change in the vector component £§ induced by the diffeomorphism
&1. Supertranslations and superrotations form a closed algebra under the modified bracket.
Given a pair of vector fields &; (i = 1,2) that generate supertranslation f; and superrotation

Y;, one can show that

(€1, &l = &y, (8.9)
where {1 9] is another vector field that generates supertranslation f and superrotation Y
given by
p 1 a1 A A A
f= §f1DAY2 - ifQDAYi + Y Dafo =Y Daf, (8.10)
VA= YPDpY — VDY (8.11)

A derivation is given in appendix L. We note that this is the same as the BMS, algebra at
null infinity [149].
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8.2 Horizon charges

Following [61], let us define X to be the hypersurface extending from the future boundary
HE of H' to the past boundary Z* of ZT, such that

S=Htuxt (8.12)
forms a Cauchy surface. Then, a charge Q% associated with ¥ breaks into two parts,
Q*=Q" +Q"". (8.13)

In [108,109], the authors provide a formula for the (possibly non-integrable) variation of

electric and magnetic charges associated with a vector field &,

1 | .

$Q% = T /aZ(QEV)cSw FANE?, (8.14)
il e

$Q% = o= | (ieB")dwas N E, (8.15)

where 0¥ denotes the boundary of a Cauchy surface ¥. Each of these break into two

contributions §Q*" and §Q¥", where the horizon contributions take the form

1 , )

JQR = 1o Cobo /8H+ (ieE")0w™ A B, (8.16)
i o

JQr — — /EW(%E )owas A B, (8.17)

Throughout this chapter, we take the viewpoint that the black hole ultimately evaporates,
and thus there is no future boundary H7 of the horizon. This means that we take OH™ = HT,
and ignore all contributions of HI to the integral.!

Expressions for the horizon contributions in Bondi coordinates are derived in appendix

M. Taking £ to be the supertranslation vector field
L L4
&= f0, — 5D fO. + =D" f04, (8.18)
T

we obtain the horizon supertranslation charge 5@}# from (M.50) and the dual supertrans-

'For eternal black holes, one should add boundary degrees of freedom on ’Hi such that they cancel the
contribution of ’Hi to the integral, since 7—[1 is not a genuine part of the boundary 9%. See [116,117,150-152]
for a discussion of electromagnetism on Z7.
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lation charge 6@}# from (M.77) to be

M f
HT 2 A
= — -0 D2 [ =h, Dsf)hy,
$Q7 8 o \/’_Y[ (M A+ (Daf) )
— (D)8, hya + 2f hyw + (D? f)hwl : (8.19)
AHT —1 / 2 B C A

éQf 397 M 8H+d @ﬁ(D f)eA D% hpc. (820)

We use €28 to denote the alternating tensor on the unit 2-sphere, with /¢ = sirll 5 and

c _ BC
€A~ = YABE .

For smooth functions everywhere, we can discard total derivatives in the integrand, and
the supertranslation charge is in exact agreement with that of [61]. After residual gauge
fixing and using a combination of the constraints on H™, the supertranslation charge then

simplifies to the expression

1

JOF = = /H v 07 1(©)DA Do, (8.21)

where o4p = %&,h AB is the conjugate momentum of hsg. The phase space of the horizon
H* has the Dirac bracket [61],

{JAB(’U, Q), hCD(U/, Q’)} = 327TM2’7ABCD5(U — U,)(S(Q — Q/), (8.22)

where Yapop = YacYBe + YapYBC — YaYep is proportional to the DeWitt metric [153].
Since we can integrate by parts freely without having to worry about boundary terms,
we can move all covariant derivatives to act on f. As such, we define the integrable horizon

supertranslation charge 5Q}‘+ and dual supertranslation charge 6@}# as

1
HT — 2 B A
Q1 = T /H+ dv d*0/7 (DP DA f)o a, (8.23)
AHT . ! 2 B A c

Notice that in this form, the dual supertranslation charge is related to supertranslation
charge by the twisting procedure hap — €4“hcp proposed by [99,100].

When we have smooth functions everywhere, ijf = 5@}# and 5@}# = 5@}#, i.e. the
charges are integrable. In the next section, we see that allowing f to have isolated simple

poles leads ;5@}# to acquire additional pieces.
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8.3 Supertranslation charge with poles on the complex

plane

Let us employ the complex stereographic coordinates (z, z), defined as

A 0 , 0
z = ¢e“tan -, Z=e "“tan -, (8.25)
2 2
where 6 and ¢ are the standard spherical coordinates on a unit sphere. The unit sphere

metric in these coordinates is v,z = (1—&-%)2’ v.. = vzz = 0. The integration measure is

We have organized the notation such that d?z is real. The volume form is i,/7ydz A dz, so
the alternating tensor has components €.z = i,/7. The non-vanishing Christoffel symbols
are ATz, = =2 and O, = 2.

Let us compute the supertranslation charge 5@}# when f(z, Z) has a pole at some com-

plex coordinate w, that is, f = Z% After fully fixing the residual gauge freedom as in [61],

w"

on ‘Ht we have

hyy = hya =0,
her = ylD? 117 DPDChe, (8.27)
Ophya = —4]\1421)/4[1)2 —1]'DPDhpe + YTYE DBhp,
and the supertranslation charge (8.19) takes the form
QI = 8M7T I (—(DA P ]\142 DPhap + 2D (DA fhw)> . (8.28)

We have used (8.27) for Dahy, + 0,h,a. Let us take a look at the total derivative term
Da(D* fhy,). For f = —1— we have,

/ &2/5 DAN(Dafhy) = i / dz A d3 (9= (hoyd. f) + 0.(huyd-f)) (8.29)
= 7( dz hoy.f +i 7( dZ hyy O f (8.30)
= —270.huy| _ (8.31)

The second term on the r.h.s. of the second line vanishes because f = ﬁ satisfies the
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identity?
O:f = 2m6* (2 — w), (8.32)

and the contour of §, dz is a circle around w that does not cross the delta function singularity.
The first term in the second line has 0, f = ﬁ, so it contributes a residue proportional
to 0,h,, evaluated at w, as shown in the third line (8.31). Thus, plugging in the expression
(8.27) for h,, we have

1 1 o0
HE 2 A B - 2 q1-1nBnAa
L /H+ Ao d®=y/7 (D)) Do — /m doD-[D* 1" D Do)
(8.33)
Partial integrating the first term, we obtain
1 1 00
HY 2 B A - 2 _ q1-1nB A
JOF = o Lﬁ dvd®zy/7 (D" DA foas = /_Oodsz[D 171 DB DAg 4z B
(8.34)
where one can see that the total derivative due to the partial integration vanishes,
/ d%2\/7 DB (0apDAf) = / @z (0:(0..D° f) + 0.(0::D7f)) (8.35)
= —i% dzy*0..05f + z% dzv* 0350, f (8.36)
=0, (8.37)

since the 9 f = 2m0%(z —w) and the contour of §, dz is a circle around w that does not cross

the delta function singularity, and 030, f = —%(z — w)"29,hz: does not have poles in Z.
We recognize the first term in (8.34) to be the integrable supertranslation charge 5@}#

(8.23). Thus, we find that a pole in f leads 5@}# to acquire a non-integrable part N}’Lﬁ,

JOF = Q1 + N} (8.38)

where 5@4}‘+ is given in (8.23), and

1 [e%e]
NP = /_ _dvD.[D* —1]'D"Doss| (8.39)

Z=w

“Note that we normalize 0%(z — w) as a real density, so 1 = [d?26%(z — w) = fe%(p(z — w), where

€ = d?z,/7 is the volume form on the unit sphere.
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This splitting into integrable and non-integrable parts is not unique (see for instance [109]).

Our choice is justified by the following points:
1. 5@}# is the horizon supertranslation charge in the absence of poles in f, and

2. N JZ# has zero Dirac bracket with both 5@;# and 5@;#, so it carries no degrees of

freedom.

We have seen point 1 at the end of section 8.2. We demonstrate point 2 in appendix N.

8.4 Dirac bracket between charges

In this section, we use this bracket to compute the bracket {(5@}"+, (5@3#}, where f = -1

zZ—w

and g we assume to be smooth. This bracket can probe the central term of the algebra of

the full charges, since the full charges have the expansions,

Q¥ = QP + Q% + o), (8.40)
Q1" = QU 4+ 5Q™" + O(h?), (8.41)

where Qg(h:()) and @éh:o) are the constant charges of the background metric and hence do

not carry degrees of freedom, so this to

{QF, QM) = {6Q7, Q7" } +0(h). (8.42)

constant

Therefore, the constant term corresponds to the central charge of the charge algebra.
Now let us compute {5@}#, 5@;’”}, with f = ﬁ and g smooth. Using the expressions
(8.23) and (8.24) and applying the bracket (8.22), we obtain
Ht NHT
{6QF",0Q1"} =

2(16::]\4)2 {/H+ dv dzzﬁ(DBDAf)UAB, /H+ d2zﬁ(DEch)eEDhDC}
(8.43)

/7# d*z/7 (DPDA ) (DD g)es”yanpe- (8.44)

_
167
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We can manipulate D to write this as

{6Q7",0Q1" } = ‘GW /H . d22ﬁ<DB ((D*f)(DFDCg)er"yanpc)

- (DAf)(DBDEDCg)EEDVABD(,*). (8.45)
Plugging in the expressions for e4® and vapcp, we can see that the first term is zero,

/7# d*z\/y D? ((DAf)(DEDCg)GED’YABDC) =-2 fiu dz (0:f)D*D*gy.z

-2 4 4z(0.0)D* D (8.46)

= 0. (8.47)

The §, dz integral vanishes since its contour is a circle around w and does not meet the
singularity of the delta function d;f = 2m6%(z — w), and the §, dz integral vanishes since

(0,f)D?D?g,s does not have a pole in z. Therefore, we obtain

{60} 6QF"} = /H P2y (D )(D*D*Dg)es” + (D7 f)(D*D*Dg)e.”) (8.48)

m
1

T8

1 _
~8r /7_[-&- 'y ((azf)[Dz, D.]D.g+ (9:f)D.DzD.g

/. &= ((0:-£)D"D2g — (0.)D" D) . (8.49)

—(0:)[D=, Dz|Dzg — (@f)DZDZng). (8.50)

In the second line, we have used /v = 7.z and €,* = —es* = 4. The commutators are
Dz, D,|D.g = ~.:D.g and [D,, D:|Dsg = v,:Dzg, which one can check by direct computa-
2

tion using ®I'zZ, = =22 and ®I'Z, = =22, Thus we have

{6Q7",0Q0" } = 81 [ = ((0:1)D=g = (0-1)D=g + (9-/)D-D-D%g — (2.f)D=D-D"g) .

' (8.51)

For the last two terms in the parentheses, we have used v** to purposely raise the index of

the first derivative acting on g. This allows us to write the third covariant derivatives acting
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on g as regular partial derivatives,

[6Q7,6Q1" ) = / @z ((9-f)D.g — (9.f)Dsg + (0:£)0.D:D%g — (9.1)9:-D.D%g) .
(8.52)

Now we partial integrate all 04 f’s inside the parentheses. Only the boundary terms survive,

since partial derivatives commute and
D:D*g — D.D?g = v**(9:0.9 — 0.0:)g = 0. (8.53)
Therefore, we have via Stokes’ theorem,

(001,600} = - [ = (07 D-g) — 0./ Dg) + 0:(f0.D-Dg) ~ 0.(f0:D.D%))
(8.54)

(8.55)

8 Z—w Z— W

The ¢, dz integral vanishes due to the absence of z-poles. Observe that we can use the

identity

to simplify

D.g+0.D.D*g = D.g + D.D.D%g (8.57)
= D.g+~v*D,D;D.g (8.58)
= D.g +v**[D., Dz|D.g +~*D:D.D.g (8.59)
= D?D.D.g. (8.60)
and write
HT NHT _ _Zj{ DZDzng
{5@ ,6Q? } e (8.61)

The §, dz integrals contribute a residue to the bracket so long as D*D?g does not contain a

159



factor of (z — w). If it does, it vanishes when evaluated at w. Either way, we obtain

- 1
{6Q7,0Q1"} = ;D*D.D.g (8.62)

Z=w

8.5 Another way of computing central term

Here, we obtain the central term of the previous section using a different method.
We start from our expression (8.24) for the integrable variation 5@3?” of dual supertrans-

lation charge, which reads

—1

AHT _ 2 B A cC
0Q = /H @2y (DPD g)eshe. (8.63)

and invoke equation (3.1) in the paper [149],
{QF. Q1Y = 6;Q1, (8.64)

where ¢ f@g denotes taking the expression (8.63) for (5@;# and replacing hap with the dif-

feomorphism mode
hpe — 2M(2DgDcf — vpeD?f). (8.65)

This leads to the expression

(QF .Gy = 1= [ @23 (D" DY9)ea 2Dy Dof — peD’)) (5.66)
= ; / d*2\/7 (DPD*g)es“ D Do f + 1é7r / d*z\/7 (DPDAg)eapD* f.
(8.67)

The second term on the r.h.s. is zero, since D® D4g is symmetric while €45 is antisymmetric.

So we have just the first term,

(QF QY =~ [ @23 (D" Dg)es DyDef (3.68)
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which we manipulate Dpg to write

[QF A =~ () + @), (5.69)
(1) E/szﬁDB ((DPDAg)esCDef) (8.70)
(2) = — / 22, /7(D*D"g)esC Do f. (8.71)

Let’s compute (1) first. This is of the form

/ &2 /7DsVE = i / dz A dzv.2(D.V* + DV?) (8.72)
- z’/dz A dz 0.V + 0:V.) (8.73)
:ifdzvg—i]{dzvz, (8.74)

where in the first equation we have used d*z = idz A dz and VY = 7z, and in the second
equation we have used the fact the only non-vanishing Christoffel symbols are I'?, and T'Z;
to write D,V; = 0.V; and D;V, = 0;V,. The third equation is Stokes’ theorem. This implies

that (1) can be written as
(1) =i f dZ(D.D*g)esCDef — i j{ d2(D.DAg)esC Do f. (8.75)

Everything is smooth except for f = ﬁ, so the first term with § dz never sees a pole in 2
and therefore vanishes. Writing out the second term while noting that the only non-vanishing

components of €47 are €,> = —e;* = i, we obtain

(1) = § d=(D.D*9)0.f — § d=(D.D%9)o:f, (8.76)

where we have written Do f = Oc f. The second term vanishes since it has s f = 276%(z —w)

and the contour never crosses w. We can partial integrate the first term and obtain via residue
1

z—w’

theorem using f =

(1) = = § d=(0.D.D%g)f (8.77)
D.D?

= —]{dzaz =9 (8.78)
Z — W

= —2700,D.D?g|,—. (8.79)
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Now we turn to (2) in (8.69), which reads

2) = — / &2\ /7(D*DAg)esC Do f (8.80)

—_ / d*z7Dc ((D*D*g)eaCf) + / d*2\/7(DeD*DAg)eC f. (8.81)

One can quickly see that the second term vanishes,

eA°DeD?’D%g = ¢*“DeD*D sg (8.82)
= *“Do[D?, D4lg + ¢*“ DDy D?g (8.83)
= A“DeDag + e*“DeD D%y (8.84)
=0, (8.85)

since both Do D 4g and D¢ D 4 D?g are symmetric in A and C. Here we have used [D?, D 4]g =
D 4g. So we are left with just

(2) = — / d?2/7Dc ((D*D*g)es’ f) | (8.86)
which again is of the form (8.74), so we can write
(2) = —i f dZ(D2D?g)essf + i f d2(D2D%g)es. f (8.87)
D?D; D?D,
- ]{ gz P"D=9) +75 g AP"D=9). (8.88)
w o Z—W w o Z—W
We have explicitly wrote out f = ﬁ, and used €,; = —€5, = i7,5. The first term is zero

since there are no poles in z, and the second term yields the residue at z = w,
(2) = 27D?D.g|.—w. (8.89)

Collecting the results (8.79) and (8.89) and plugging them into (8.69), we obtain

[QF QY =~ () +(2) (590

_ i (~0.D.D°g + D*D.g)| _ . (8.91)

Z=w
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We can manipulate the indices to simplify

—0.D.D*g+ D*D.g = —0.D*D.g+ D*D.g (8.92)
= -D.D*D.g+ D,D*D.qg+ D:D*D.g (8.93)
DD D.g (8.94)
— D*D.D.g. (5.95)

where in the second line we have used 0,D?D,qg = D,D;D?g = D,D?D,g. This finally leads

to
~ 1
{Q}-ﬁ—? Q;ﬁ—} = EDZDzngLz:uw (896)

This is in agreement with our earlier result (8.62) for the infinitesimal bracket {5@}#, ) Q;‘H }.
What is the meaning of this central term? To answer this question, we take a look at
the simpler case of the electromagnetic charges of large gauge transformation, and see that

a similar problem arises there.

8.6 Electromagnetism

Now we review the electromagnetic duality on the Schwarzschild horizon, which is parallel
to the case of the future null infinity Z* since both H* and Z* are null hypersurfaces. We
refer the reader to [116,117] for electromagnetism on Z+.

Like the BMS charges, the electromagnetic charges split into the H* and Xt contri-
butions (8.13). Horizon contributions of the (soft) electric and magnetic charges are given
by

HT _
Q) = [ dansr, (8.97)

AHT
Nt = /H danF, (8.98)

where A(©) is a function on the sphere. We use the curly letter Q to distinguish these

charges from the diffeomorphism charges.
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In the complex coordinates (8.25), we can write

ol — —z'/ vz (DN(4F) e — OA(<F),2) (8.99)
H

= — N dv dzz (szag)\ -+ Fvgaz)\) s (8100)
H

QU = =i [ dvd®z(Frodh - Fusd.)). (8.101)
H

In the temporal gauge A, = 0, we have F,, = 0,A. and
Nt = /H | AP (AN + A0.N), (8.102)
ont — /H v s (Fdo\ — Fi0.)). (8.103)
The Poisson bracket has the form
{A.(v,2,2), Fs(V', 2/, Z)} = 6(v — 00 (2 — &), (8.104)
using which we obtain
{Q1" QM) = /H+ d?2 /7 B NOpo (8.105)
- /S d\ A do. (8.106)

For A\ with poles in z, this gives rise to a central term in the algebra, just as in the case of
gravity.

To get rid of the central term in the algebra, one may imagine that there exists a boundary
theory on H* such that the anomalous term is canceled. For this purpose, let us consider
a U(1) x U(1) Chern-Simons theory with two independent 1-form fields a and @ on the null

surface X,
gk / A da (8.107)
=— [ a/Ada. :
A7 Js
Under an electric large gauge transformation a and a transform as

a — a+do, (8.108)
a — a (8.109)
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and under a magnetic large gauge transformation they transform as

a — a, (8.110)
i — a+do. (8.111)

From the action we find the equations of motion to be da = 0 and da = 0. Variation of the

action yields

k
58 = —/(5@/\d'd+a/\d66) (8.112)
41 Jx
k k
_ M G a) + — a 11
47T/E((5a/\da daA(Sa)—l—47r/(92a/\5a, (8.113)
from which we obtain the symplectic potential to be
0(a,a,da,da) = ﬁa A da (8.114)
) ) ) - 47_[_ . .
Accordingly, the symplectic current density is
- _ - k - -
w(a, a,dia, d1a, dsa, 62a) = o (01a A 020 — doa N 610) . (8.115)
s

Since there are two types of LGT’s, we have two integrable charge variations. One is the

electric charge,

5Q, = /8 _wl(a,d,0a,8,d9,0) (8.116)
K _
= | donda (8.117)

the other is the magnetic charge,

50, = /azw(a,a, Sa,8d,0,do) (8.118)
k
_ _ 11
1 s da N do (8.119)

We can compute the algebra using either one of the variations,
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and one can see that we get the same answer for both cases,

~ k
= —— do N de. 8.121
{5 Qb= —1= [ donde (8.121)
The electric-electric and magnetic-magnetic brackets vanish regardless of the presence of
poles,
{Qs. Qu} =0, (8.122)
{94, 9.} =0. (8.123)

Therefore, one finds the algebra to be exactly parallel to that of standard and dual LGT
charges on the horizon. The algebra (8.121), (8.122) and (8.123) tells us that putting a
U(1) x U(1) Chern-Simons theory with the proper choice of the level k on the horizon, we
can get rid of the central term in the standard and dual LGT algebra.

8.7 Summary and Remarks

In this chapter, we have used the formalism of Godazgar, Godazgar and Perry [108, 109]
to compute the standard and dual supertranslation charges on the future Schwarzschild
horizon, see equations (8.23) and (8.24). We have demonstrated that having poles in the
supertranslation parameter function leads to the algebra exhibiting a central term, propor-
tional to triple derivative of the dual supertranslation parameter (see equations (8.62) and
(8.96)), which is reminiscent of the case of near-horizon diffeomorphism algebra of rotating
black holes [89, 154].

What does this imply for the standard and dual BMS algebra on the horizon? A similar
central term is observed in the algebra of LGTs in electromagnetism, and we have seen that
putting a U(1) x U(1) Chern-Simons theory may remove this term, see equations (8.106)
and (8.121). Therefore, it is plausible that the central term of the supertranslation algebra
hints at the existence of a gravitational Chern-Simons theory living on the horizon. What

this gravitational theory should be is still not clear. We leave this for future investigation.
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Appendix A

Convergence Constraints of Graviton

Dressings

In this appendix, we briefly discuss some constraints that the gravitational dressing at null
infinity must satisfy.

Starting from the interaction term, one can show [9] that the graviton cloud operator is

R(t

of the form e® where

B oV e ek
R(t) = 5 [ @pdkp() 2L (af, (R)e 5" = ayu b)), (A1)
p .

We used the shorthand notation (1.10), and p(p) = b'(p)b(p) is the number operator of the
scalar particle. e®®) maps the Fock space Hp to the Faddeev-Kulish asymptotic space Has,

ie.
FOHE = N, . (A.2)
An operator of the form 7, where R} is given by
Ry =2 [ dpdik gl A3
f_§ p p(p) (f a’w/_f a’,ul/)7 ( . )
can be constructed such that e also yields the Faddeev-Kulish asymptotic space:
Has = GRfHF . (A4)

We wish to identify the constraints on f* that allows the operator ef* to have this property.

167



To this end, let us use the Baker-Campbell-Hausdorff (BCH) formula to decompose e®® as

oR(®) _ Ry JR()—R; ,—5[Ry,R()] (A.5)

Demanding that e®®~%s and e~3RRO] he unitary operators in the Fock space yields the

desired property,
Hos = Oy = FrRO-RremalRpROIgy — oRrqqy (A.6)

Let us start with e~[fr-R0I/2. The definitions (A.1) and (A.3) tell us that both R; and
R(t) are anti-Hermitian. Since the commutator of two anti-Hermitian operators is itself anti-

[Ry.R(?)]

Hermitian, e~ /2 is a unitary operator (up to normalization) as long as the commutator

converges. By direct calculation, we obtain

Ry RO =" [ &y Epa F plon) o)

AT
X Lpo [f””*(pl, k)P (p2, k) — f*(p1, k)PP (p2. k)|, ()
where
P p, k) = P25, (A.8)
p-k
This commutator involves the k-integral

which has IR divergence if the leading term of ¢, in k has non-zero imaginary part. There-

Rf,R

fore, the unitarity of e~2Er-R®) demands

¢ (0, k) — (0, k) = O(F). (A.10)

The subleading terms of ¢, does not contribute to the commutator (A.7); the asymptotic
time ¢ is taken to be very large, i.e. |t| — oo, and by virtue of the Riemann-Lebesgue lemma,
the only contribution comes from small k.

Next, we consider e®®) Using the BCH formula to write this in a normal-ordered
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form, we obtain

_ K2 [ o vk V¥ 7 7
eRO=Rr — exp {_16 / d*py &Ppa &3k p(p1)p(p2) (P1 — A7) Luwpo (P57 — f4 )}
X exp {; /%ﬂp(}?) ('le* . fuu*) CLLV} (A.ll)
X exXp {—H/C%dfgj{fp(p) (PMV - f/W) a;u/} )
2

where P = P (p;, k) and fI" = f*(p;, k) for i = 1,2. The first exponential involves an

integrand of the form

1 V* Ux o} [ 1 V* lod
o (P1 = A7) Luvpo (PY7 — f5°) L Ecﬂ (P15 k) Lpo € (P2, ). (A.12)
k k

Due to the gauge constraint (2.7), the leading term of ¢,, cannot cancel any poles 1/wy in
this limit, meaning that the integral exhibits IR divergence unless the leading term of (A.12)
in k£ vanishes. Using (A.10) to write ¢** = ¢* + O(k) in (A.12), we find that the following

constraint,
M (p1, k) wpec™ (p2, k) = O(k)  for all p; and po, (A.13)

is sufficient for e®—Fs to form a unitary operator. Notice that when this is satisfied, the
last two exponentials (A.11) form unitary operators in the Fock space as well.

The subleading O(k) terms in (A.13), which also include the subleading terms in (A.10)
due to rewriting ¢** = ¢ 4+ O(k), give a finite value to the k-integral in (A.11). These

terms therefore only contribute to the normalization of the states and can be ignored.
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Appendix B

Cancellation of Infrared Divergence

By constructing asymptotic states analogous to that of Faddeev and Kulish [8], IR divergence

in gravity was shown [9] to cancel to all loop orders for single-particle asymptotic states by

+
pv

particle asymptotic states using a general c,, that is only subject to the basic constraints

making a convenient choice of ¢, i.e. ¢ (p,k)e,, (k) = 0. Here we generalize this to multi-

(2.7)-(2.9). We set ¢(p, k) = 1 without any loss of generality since this only changes the
overall normalization of the states.

The equations involved turn out to be cumbersome, so let us begin by laying down
some shorthand notations. We remind the reader that the dressed creation and annihilation

operators of the scalar particle take the form

R Pt (p) = exp [2 [ &k (fulo, K)a™ (k) = k)aﬂ”(k))} b'(p) (B.1)

e O(p) = exp | <5 [ P (b K)a" () = fup R (1) [b0) . (B2)

The dressings e*®) commute with the undressed operators b, b'. If we define

Sy (0 K) = 5 i (0. ) (B.3)
Pt = 5 (225) (B4
Cunlp. ) = 52420 (B5)
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so that S, = P, + C,,, we have

Db (p) = exp | [ @ (S, F)a™ () = S o, ) ()| Vip) - (B6)
eMWmﬁm}/ﬁﬂmmmww—%mwwwﬂw» (B.7)
We use the superscript “in" (“out") to denote the quantity summed over all incoming (out-

going) scalar particles. The superscript “tot" denotes the difference between “out" and “in

For example,

Sy (k) = ; Su(pi, k), St (k) = Aezt Suw(pi k), S =S — S, (B.8)
P =5 Bulpo ), B = 3 Pulpok), PE=FL =P (B9
Co (k) = ; Cu(pi k),  Cpt(k) = ‘;t Cu(pi k), Ol = Ct = G (B.10)
We sometimes write
Sy = Sy (Pn, k) (B.11)

in contexts where the graviton momentum £ is unambiguous.

B.1 Sources of infrared divergence

Listed below are the possible sources of IR divergence:

1. Virtual gravitons. It is well known that only the virtual gravitons connecting two
external legs produce IR divergence, and that their contribution exponentiates [2].
This contribution takes the form [9]

Bk N [(Pn - Pm)? — (1/2)p2p3)]
eXpl 1287 Z/ (pn - k) (o - k) ’ 12

where each sum runs over the external particles. n = +1 for an outgoing particle, and

1n = —1 for an incoming particle.

2. Real gravitons. External soft gravitons are another source of IR divergence [2]. In this

section the external states involve gravitons only in the form of Faddeev-Kulish clouds.

3. Interacting gravitons. We reserve the term “interacting' to denote the gravitons that
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connect a Faddeev-Kulish cloud to either an external or an internal leg. We follow the
procedure analogous to the work of Chung [4] to factor out the IR divergence from this

type of contribution.

4. Cloud-to-cloud gravitons. These gravitons propagate from one cloud to another. We

can further group these into two types:

(a) “Disconnected" gravitons. We use this term to denote gravitons that connect the

cloud of an incoming particle with the cloud of an outgoing particle.

(b) In-to-in/out-to-out gravitons. In-to-in (out-to-out) gravitons connect two incom-
ing (outgoing) clouds. Note that the graviton can be emitted and absorbed by
the same cloud, see figures B.3(b) and B.3(c).

B.2 Single-particle external states, cancellation to one

loop

We start with the case of single-scalar in, single-scalar out, and show that the divergent
factors cancel to second-order in the interaction. In the next subsection we see how this
generalizes to multiple-scalar in, multiple-scalar out, and show the cancellation to all orders
of interaction.

Consider the single-scalar asymptotic in-state

li) = e Pbi(p;) |0) (B.13)

= exp {/cﬁ’% (S;Vam” - S;Va“”> b (p:) |0). (B.14)

The commutator

([ i), (- [@rspo)| = L [@rsmes,  ©1)

. _1 .
is a c-number, so we can use the BCH formula eA+? = e?eBe 345 to write

exp [/ﬁ{: (waahw _ waam’)]

. o 1 | (B.16)
= oxp ([ @k Siya ) exp (= [ ki) exp (~ [ dhS],175,)
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(a) (b) (c)

Figure B.1: Contributions of a virtual graviton.
Therefore, the in-state may be written as
i) = exp (—i | @ s,gywws;;0> exp ( [ @ S;‘Waw) b () 10) (B.17)
since a*” commutes with b' and annihilates the vacuum. To the lowest order, this is
i) = (1 - 111 [ #si, s, + J?%sgyaw”) b (pi) [0). (B.18)

Similarly, we may write the asymptotic out-state as

(f] = (0] b(ps)esrs) (B.19)

— (0] b(ps) exp [— [ & (Sha - S;jyaW)] (B.20)
__ 1 7 —

— (0] b(ps) exp ( | @ ngya#”> exp (—4 | @ s;jVWf’sga) , (B.21)

or to the lowest order,
1/ — —
(f = (0] b(py) (1 — o [ @St st + [ dk ngyaW> . (B.22)

We now demonstrate that an amplitude of the form (f|S|i) is free of IR divergence.
Let us begin with the contribution of virtual gravitons. Diagrams that fall into this

category are given in figure B.1. (B.12) sums up these contributions, which in our case of
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(a) (b) () (d)

Figure B.2: Contributions of interacting gravitons.

single particle external states can be written as

P l_“ Z/ 1283wy, ( : )(p k) 1 (B.25)
_ 2 Pk 9t [(Pn - Pm)? — (1/2)p7 7]
~1-k }j/ B T (B.24)

2 4

S L B S
B 12873 ) wy, | 2(ps - k)2 2(p; - k)2

B (pf-pi)z—ipfcp?ﬂ
2( W hwob ) B

Thus we find the contribution Af,%r)t of virtual gravitons to be

2

AW _ /d?”fl I Ui _2<(pf'p")2_5p?‘p3>] (B.26)
128w ) we [2(pr - k)2 2(ps - k)2 (py-k)pi-k) )]’

where the superscript (1) emphasizes that this is the leading term in the interaction.
Next, we consider the contributions of interacting gravitons. There are four diagrams
that are IR-divergent, which are shown in figure B.2. Contribution from figure B.2(a) yields

a factor of

i 1/ —
/ &Pk S, ]“”P" <2 S k) (inpit) = 5 / I G (B.27)

where —i/2p/ - k is the propagator, i/ip;;p{; comes from the vertex rule, and the rest comes

from the contraction of an outgoing cloud and h*?(x). Similarly, diagrams (b), (¢) and (d)
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g
3

(a) (b) (c)

Figure B.3: Contributions of cloud-to-cloud gravitons.

contribute the following factors respectively:

1 |

— [ kL p, (B.28)
1 —

-5 / B S, 1007 PS. (B.29)
1 —_— .
5 / Bl S, 1007 P (B.30)

The net contribution of interacting graviton is the sum of (B.27)-(B.30), which reads
1 [ — , , 1/ —
f 7 vpo f 7 o tot Turpo ptot
5/d% (88, = SL) "7 (Pl = Pla) = 5 /d3k Stot puvpo plot (B.31)

The last contribution comes from the cloud-to-cloud gravitons. There are three diagrams
that correspond to this category, shown in figure B.3. Figure B.3(a) shows the “disconnected"

graviton line. Recalling that the initial and final states are
1 /= . —
i) = (15 [ kS, o), + [ EhS),a) bip) o) (B.32)
1 — .
(0= 1) (1= 5 [ @ SL18), + [ Ehslar), (B.33)

we can see that the disconnected line corresponds to the contraction of the last terms of
(B.32) and (B.33),

Bk 3k S, (s, k)S e (piy k') (O] (K)al? (K')|0) (B.34)
1 131 vpo Qi
- §/d3k St 1St (B.35)
! B S) [ g ! B St 10 st B.36
- 1 Qv po + Z pv po ( : )

where in the last equation we used the symmetry of [#P7 = ntPn*? 4 nton"? — ntnP? under
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(uv) <> (po). Figures B.3(b) and B.3(c) are the out-to-out and in-to-in graviton lines,

respectively. These contribute a factor coming from the second terms of (B.33) and (B.32),
1 137 vpo % vpo Qi
3 [ @ (S], St 4 8, 1) (B.37)
which, combined with (B.36), form the cloud-to-cloud contribution
1 137 7 vpo 7 1 37 o vpo Qto
-3 / Pl (81, = S1) 17 (Shy = i) = = / Bl St [ gt (B.38)

The leading contribution Aggud involving the clouds can therefore be written as the sum
of (B.31) and (B.38):

cloud —

. g
AW - / Bk SEI)jt]WpffS;(;t + 5 / B3k SZ(;/tIuVPUP;gt ) (B.39)

Noting that Sioy = Pt + C', we write

1 —
(1) _ vpo tot tot tot tot tot tot tot
A = 7 [ @ {— (PLot + 01} (Pl 4 Ct) + 2 (Pl 4+ €12 Ppa] (B.40)
1 [ — 1  —
=3 / Ak PRI Bt — / B3k CIt[1ree Ot (B.41)

The second term involving the integral

d3k , ,
@R g i quveo (i
/ 3 (C;w CW> I (cpa cpg) : (B.42)
derives solely from the interactions between graviton clouds. Note that in this case of single-
particle states, we cannot use different ¢, for the incoming and outgoing particles, since
that renders the integral (B.42) divergent. This point becomes more clear when we study
the case of multi-particle states in the next subsection. This term thus vanishes due to the

convergence constraint (2.9). Then we are left with

1 —
A = [ F B o
_ /{2/ A3k pfipfj _ p;pf, JHveo % — pi,pf, (B.44)
16 J (2m)32wy \p/ -k pi-k Pk pek
:Hg/dg’“ Py phy (rp) = e (B.45)
12873 ) wp [20p; k)2 2(pi - k)2 (pf-k)(pi - k) . )

This is precisely A&Et with the opposite sign, and therefore cancels the contribution of the
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virtual gravitons.

B.3 Multi-particle external states, cancellation to all

orders

To all loop orders, the contribution A, of soft gravitons in loops is given by (B.12), which

reads
Bk (P - pm)? — (1/2)p2p2)]
Ay = / nPm B.46
¢ T P [ 12873 £ Z (Pn - k) (D - K) (B.46)
= exp <—4 > nnnm/ﬂpﬁypropp%) , (B.47)

where the summation indices n and m run over all external particles.

Next we compute the interacting gravitons’ contribution. To this end, let us first examine
how the insertion of a soft graviton affects the amplitude of a diagram, following the proce-
dure analogous to that of Chung [4] for QED. Suppose we have a diagram with amplitude
M© that does not contain any soft gravitons. Inserting a soft graviton a,,,, (k;) or al, ., (k1)
gives us a new amplitude

MUY, (ky) = £PL ()M + &0, (k). (B.48)

M1Vl M1Vl

where the net soft factor P?, (k) comes from attaching the graviton to the external legs,
and &,,,, (k1) comes from attaching it to the body of the diagram and does not contain IR
divergence in ki. The + (—) sign corresponds to emission (absorption) of the graviton. The
Lorentz indices 1 and vy eventually contract with the clouds [ B3k Spc,%] PRV " but we leave
them free for now. We can see that an amplitude M lS’ll,)jl s, With 1 real soft gravitons may

be written as

M(n) (kh T kn) = :i:PlEZtI/nUf”)M(nil) <k1’ T ’knil)

H1V1UnlVn ;L1V1-"/L:l—1l/n—1 <B49)

+ gpllll-ny,nl/n (kla e ) kn—l; kn)J

where gm,,l...unyn(kh -+« kn_1;ky) does not contain IR divergence in k,. We know from [155]

that such equation can be unwound as a sum over all permutations of the gravitons, in this
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case represented by the labels (u, v, k)’s:

n . (_1)m - o
ML(LU)/l"'MnVn(kj’ e 7kn) = Z Z | | H P:;llt/l(kll) 5M5+1Vs+1"'MnVn(k5+17 ) kn)7
s=0 (Perm) S'(n B S)' i=1
pvk

(B.50)

where m is the number of absorbed gravitons and ¢’s are some IR-convergent functions
symmetric in the gravitons, or equivalently in the labels (u, v, k)’s.
We now examine the amplitude of a diagram with N (N’) interacting soft gravitons that

connect to the clouds of incoming (outgoing) scalars. This puts n = N + N’, so let us write

NAN'  MNENS) (v, kven)
N+N' o N U1V1 v / ) ’
MO i (R k) = (=1) Z_% PZ ];+!](VNNJ+rNN’ —
(v,k)
(B.51)
with the restricted amplitude defined by
M;(fll;/sl)unun (klv ) kn) = [H P;E?xtz(k'l)] fﬂs+1’/s+1”'ﬂnl/n(k3+17 ) kn>7 <B52>
i=1

representing the sum of all diagrams where the first s gravitons connect to external legs and
the rest to internal legs. One such diagram is shown in figure B.4. The product []; P}‘joﬁ is
the IR-divergent factor due to the gravitons (red in the figure) connecting to external legs.
The function &, ., ,,.. is the contribution of the remaining gravitons (blue in the figure)
connecting to internal legs. One can see that M (%% is symmetric in the in the first s and

Hivi-:

the last N + N’ — s labels (i, v, k). The expression

1 N+N',s
S M e G ) 359

(i)
hence represents the sum of all diagrams that have N + N’ interacting gravitons where any
s of them are connected to the external legs. Since M, !(LJIVVTN ") sums over these diagrams for
all 0 < s < N + N, apart from the factor (—1)", it represents the amplitude (with loose
ends) of a process involving N + N’ interacting gravitons.

Now we connect the loose ends to the graviton clouds. Let us restrict our attention to a
specific configuration, where the ith (jth) incoming (outgoing) cloud has N; (NV}) interacting
Ny = N and Y ;e N; = N'. Later we sum over

all possible configurations. As we saw in the case of a single-particle state, connecting a

gravitons connected to it, so that Y ;.
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Nout

Nin

Figure B.4: A diagram with n;, incoming, n.,; outgoing scalar particles, and N + N’ inter-
acting gravitons. The loose ends of graviton lines connect to the clouds, which are not drawn
here. There are s gravitons (colored red) connected to external legs, each contributing an
IR-divergent factor £P,,. The remaining N + N’ — s gravitons (colored blue) connect to the
internal legs and constitute the IR-convergent part £.

graviton to the cloud of an external particle having momentum p amounts to contracting

with an expression of the form
1 N:lg e

The Lorentz indices p and o contract with the indices of the corresponding loose end. After
connecting all loose ends, we have N + N’ copies of these integrals with varying momenta

p, their Lorentz indices contracted with MISJI\LJ{N ).

The order in which the gravitons are
connected is irrelevant as long as we have the same configuration ({N;}, {N;}), because
in M ﬁfj{N ") we are summing over all permutations of the loose ends. Since order does not
matter, let us simply connect the first Ny gravitons (u1,v1,k1), -+, (ny, Vny, kny) to the
first incoming cloud, the next N, gravitons to the second cloud, and so on. By the time we
exhaust all of the incoming clouds, we would have connected N gravitons, leaving us with
N’ loose ends. Then, we repeat this procedure for the outgoing clouds - connect the first Ny

among the N’ leftover gravitons to the first outgoing cloud, etc. For notational simplicity,
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let us define the sequence

N’

N
(a%)NJ{N/ <p17 5P, P2, P2, s Py 7pnianI17'” 7p/17"' 7p'/n,0ut7”' 7p;7fout>.
—_—
N1 No Ny, Ny Nt
(B.55)
Using this, we can connect all loose ends by writing
N+N’ N
/dgk Sﬁ;[ﬂl/prar MlElUT"'pzv+N/UN+N/(k17 e 7kN+N’)7 (B‘56)
where S% = Sy, (ar, k). Writing out the expression for M) we obtain
N+N’ N+N’
(~1 11 j/d3k Se e
s= O r=1
B.57
X Z ptot (ki) gﬂs+10'5+1"'pN+N’aN+N'(k5+1’ k) ( )
Perm ! pZUZ (N + N’ — 8)' '
(pso k)

The summand of Y, is the sum of all diagrams where s of the N+ N’ interacting gravitons are
being connected to external legs. For a given s, let us say there are s; (s}) gravitons connecting
the 7th (jth) incoming (outgoing) cloud to external legs, so that Y ey, si + Xjcout 5j = 5
Then, instead of summing over the total number s, we can sum over each of the numbers s;

an s;. This yields

[H Z] H ZJ {Nﬁw /d3k: Sar[/“/pr‘o'r]

i€in s; j€out 5’.:0 r=1

(B.58)

X Z H tOt kj) 5F’s+10s+1"'PN+N/<7N+1\7/(k5+17 e 7kN+N/)
ol L Tore (N+ N —s)! ’

Perm
(p,0,k)

where s is now defined as s = 3,¢i, 8i4+> jcout 8- Among the N+N’ copies of % f &3k Sy IHP
s copies contract with [] P,, (corresponding to external legs) and form the IR-divergent fac-
tor; the remaining N 4+ N’ — s copies contract with &,,.. and end up in the IR-convergent
part. For the ith incoming cloud, there are N; copies of % Ik B3k Sy I*P7 but only s; copies
of HP;gt, which indicates that we get (12) identical contractions. By the same token, the

7th outgoing cloud has (]SV,J/) identical contractions. Therefore, contracting the indices and
j
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distributing (—1)% yields

E () ooy
1€In S;

X M ! / ! !
Ni—81, Nninfsnin,lesl,- N, —s

Tout Tout

03, () G f#nserrrsy’

j€Eout s’ 0

(B.59)

where /W’Nl,sl’___ is the IR-convergent part of the amplitude (from the contractions with ¢),

given by
o _ . (Ni—s;)
M Ni—s1, Nnjn_sninvN{_sllv : N””‘Out Sl"out (_1)Zlem t
N4N'—s | / (B.60)
3 Gar [HVPrO e
H / Bl ST € nromanr s (K1 BN vr—s):
Here we used a sequence a’ similar to (B.55) to simplify the notation:
/_
N Z S; N J SJ
NN+N'=s _ / / /
(ai)iZI =Pt 5P, 5Py Py P17 5P 7pnout7"' » Prows |- (BG]-)
Ni=s1 Nni“ ~5nin N{ _5/1 N7/’Lout _Snout

The first line of (B.59) is the IR-divergent contribution of the configuration ({V;},{N;})
factored out of the amplitude.

There is a combinatorial factor that accompanies (B.59), and to compute this we have to
take into account other types of contributing gravitons. A cloud has three types of gravitons
attached to it: the interacting gravitons, the disconnected gravitons, and the in-to-in/out-
to-out gravitons. The in-to-in and out-to-out gravitons are treated separately later, so for
the moment let us assume that there are only the first two types. Let [; () denote the
number of disconnected gravitons attached to a cloud of an incoming (outgoing) scalar. [
is the total number of disconnected graviton lines, so that 3, 1; = >2;1; = [. A cloud with
N; interacting and [; disconnected graviton lines attached to it involves N; + [; graviton
creation/annihilation operators, which means it comes from the (NN; + [;)-th term in the
Taylor expansion of e*#s(P). This term is accompanied by the factor 1/(N;+1;)!. Since there
are (N]\;:l> = (N; + [;)!/;!N;! ways to group these into interacting/disconnected gravitons,
this cloud has a net factor of 1/[;!N;!. This applies to every incoming and outgoing cloud,
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and therefore the configuration ({Ny,[;}, {IN},1%}) has a net combinatorial factor of

1

LElnll}V ] [H l’lN’l] (B.62)

€out "J

Multiplying this with (B.59) yields

/

_ N/
[H Z ( /d3k Sz I,ullpaptot> ’ H l’l Z ( /d3k S] Iw/pcrptot> j

1€in 1 5;=0 j€out )
x MNl_Sl”“’Nnin_sﬂ’in’N{_sl N;Lout _Sﬁlout
(B.63)
where
M/ ; 1 :
— . J1 ]2 s IninJ1sJ2 ’j;'lout
Mt o s Gy = : (B.64)

Jilga!- ‘]nm!ﬁ!jé! e 'jéout!

is the the rescaled finite amplitude.
We also have the contribution from the disconnected gravitons. A graviton line connecting

the ith incoming cloud to the jth outgoing cloud contributes a factor
1/ —
5 | P S0, K7 S 0 (i ). (B.65)

Summing over all possible disconnected lines therefore contributes the factor

l

n vpo Qm 1 137, Qou vpo Qin :
§ t/d?’kSWI“ P75y =1 {Q/d?’kswt]“ P75l s (B.66)
neou
mein

where [! is the number of ways we can pair [ incoming gravitons with [ outgoing gravitons.
The product of (B.63) and (B.66) form the contribution of a single configuration ({V;, [;},

{NV},1%}). Taking these two expressions and summing over all N;, N7, I;, I5, and [ gives us
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the amplitude

STy af; fakgreess]

I= OZZ lel’fl{N}{N’

Mg S (5 ) Fesarere)

zEm 1t 5,=0

N |

s’
2 [ 331 i quvpo ptot | 7| Ay
S,'<2/dkSW[ P} | Mu, s
onut J s;—O J

— 1, Ny =Sy Ny =)o N s,
_ (B.67)
Let us use the identity
!
Zzl;:l AR =1 (B.68)

to eliminate the I;’s and [}’s, and rearrange the sums

- Yy

SZ':O mi:O

oo N; oo 00
PO DY (B.69)
N;=0s;=0 s;=0 N;=s;

with m; = N; — s;, after which (B.67) becomes

Silmerms] (15 £ 4 (4 fma

i€in ;=0 m;=0 l

Si
JHvpo Ptot)
po

(B.70)
TS S L (s ) R

!
Mout
JEouts’ Om =0 ]

The divergent factors exponentiate, leaving us with

exp (2 | PSS+ / B ngfﬂ”ﬂapggt) M,

(B.71)

where the leftover, IR-finite part M of the amplitude is given by
= ]] Z I > e g el (B.72)

1€in m;= j€out m;.:o

Now we consider the contribution of the in-to-in and out-to-out gravitons

. These con-
tributions manifest themselves in the form of normalization of the in- and out-states. In
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the single-particle case, we used the BCH formula to discard the annihilation operators. We
should be more careful in doing so when dealing with the general case of multi-particle state.

Consider for example the following two-particle state:

li) = e PIbt (py)e )b (py) [0) (B.73)
_ _ 1 7 —
—exp ([ @ shat ) exp (= [k sk, exp (— [ dk sy, s,

B I (B.74)
X exp (/ d3k Siya“‘”) exp (—4 /d?’k SZV]W”"Sga) b (p1)b' (p2) |0) .

We wish to eliminate exp (— J Ziﬁ{:S}wa“ﬁ in (B.74), by commuting it all the way to the
vacuum; but it does not commute with exp ( J B3k Siyaw”), and thus this procedure induces

an extra factor. Since

1 1
ApB _ JA+B3[AB] _ B+A_3IAB] _ ,B,A

e“e el (B.75)

for [A, B] € C, the extra factor is

exp {— [ R EE S 01, ) Sy (02 ) [0 ().l ()] } (B.76)

— exp {—; [ B S on, )1, (B.77)
1 137, vpo vpo

— oxp {—4 [ @ (S, 00752, + 52, 10 s;a)}, (B.78)

where in the last line we used the symmetry of I**7? to write the expression in a symmetric
fashion. For a multi-particle in-state, we get a factor of this form for each unordered pair
of incoming scalars. With a similar line of reasoning for a multi-particle out-state, the total

contribution of the in-to-in and out-to-out gravitons results in a factor of
1 131, in vpo Qin ou vpo Qou
exp{—4 / &k (Sin, 177 St 4 Sout T Sp;)}. (B.79)

Multiplying (B.79) with the divergent factor in (B.71) gives us the expression for the net
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divergent factor Agouq due to the amplitude interactions involving the clouds.

1 r— . .
Adoud = exp { = [ Pk (S s 4 Sot1eer so)

(B.80)
b [ @RS 4 o [ B S;;twmp;gt}
= exp (— [ BRSSP pe ) (B.81)

Since S''(k) = Piot(k) + Clot (k),

Actoud = €XP {i / &k { — (Pt Cior) e (Pist 4 Cigt) + 2 (Pt + Ciet) fwopggt} }

(B.82)
= ey [ @ (e ps - e ) (B.83)
— exp (i PR | @ P/T,I“”WP;;> exp (—i [ drcgres) (B.84)
The first exponential of (B.84) is the inverse of Ay, so let us write
Adond = (Avirt) " exp(—aC) (B.85)

where a = k?/2567% and

j€Eout 1€in je€out t€in

o= [LF ( S, - C;W) [ ( S, - C;U) | (B.86)

The factor e=%“ derives solely from the interactions between graviton clouds. It only con-
tributes to the normalization of states, and we can use (2.9) to set C' = 0. Therefore, Acjoua
exactly cancels the divergent factor Ay, proving the cancellation of IR divergence to all
orders.

Lastly, let us consider the general case where we use different dressings for the incoming

and outgoing state. Then, the expression (B.86) readily generalizes to

d3k O vpo to . o
C = /— (k) 1P et (k),  with ey (k) = Y ¢, (p, k) =Y culpi k). (B.87)

C
w3 A —
k j€eout 1€in

If ¢io¥ (k) does not vanish as k — 0, then C' diverges and e~*“ — 0, forcing the amplitude to
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be zero. Non-zero amplitudes are therefore only allowed between asymptotic states whose

c-matrices satisfy

> k) =D (i k), (B.88)

j€Eout i€in

up to subleading corrections of order O(k).
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Appendix C

BMS Modes at Null Infinity

In this appendix we review and extend on the work of [36,124,125] on the solutions of the

pure gauge mode \,. The wave equation (2.20) in the hyperbolic system of coordinates takes

the form A
81,8”)\“:<7_2p—83>)\“:0, (C.1)
where
A, = (14 p?)o? 12 3p%)0 11 2)%0,0 C.2
p= ()3} (24360, + (1 + 22)°0.0: (€2)

At 7 — oo the only non-vanishing component of A, is A-,

lim A-(7,p,2,2) = A(p, 2, 2) (C.3)

T—00

the asymptotic form of which obeys the following equation

A =n(n—2)\, , (C.4)

where n = 3 in our case (for a U(1) gauge symmetry, n = 2). A.(p, z,2) can be written in

terms of the Green’s function
Ap,2,2) = [ P Glp, 2 20,0) f(,8) (C.5)
The Green’s function obeys

AN,G=n(n—-2)G (C.6)
lim, 0 p* "G(p, 2, Z;w, @) = 6*(2 — w) . (C.7)

187



The two solutions to equation (C.6) are given by
Glp, 2, Zw,0) = af " (p, 2, 20,0) + B (p, 2, 7,0,0) (C8)

where

f(")(p,z,Z;w,w)zn_lﬁ(\/ler?—piz'i’w)_ : (C.9)

2n=1 27
The asymptotic of the function f™ is

-, T, # Tu
lim f™(p, 2, Z;w, @) ~ p 7 (C.10)
p—00 +n A oA
pth L=y
and its integral over S? asymptotes to
s, p27n/d2w f™p,z, Zw,0) =1. (C.11)
The solution for the gauge mode therefore asymptotes to
lim X (p,2,2) = a2, 2) "2 (L4 )+ B(z,2) p " (L4 (C.12)

where the dots stand for subleading terms in 1/p. The a-series is leading and do not vanish
at time-like infinity p — oo. It is a large gauge transformation. The [-series is subleading
and vanishes at time-like infinity.

We would now like to express the o and § modes in terms of the radiative data C'., and
C3:. To do this we should study the solutions to equation (2.40) for the gauge mode &,.
At leading order, only the 7-component is non-vanishing and its solution can be written in

terms of the Green’s function
1
& = /d2w G(p,z, Z;w,w) (28ThB — 8l’hfy) . (C.13)

Plugging the solution for the Green’s function, and the asymptotic form of the metric in the

Bondi gauge, we get for the a-mode

lim fg = pniQ (8ZU5 -+ agUz)Ii . (Cl4)

p—+00

By comparing to (C.12), we conclude that

o = (aZUg -+ agUz)Ijr— . (Cl5)
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To solve for the subleading S-mode in a similar way we have to study subleading corrections
to £€¢. Here, we do not solve this problem explicitly, but instead give a heuristic explanation
based on properties of 2D conformal field theories. On S? the leading a-mode is a left mover,
while the subleading S-mode is a right mover. This implies that the S-mode is orthogonal
to (C.15) and is therefore given by

p=i (azUE - aZUz)II . (016)

The factor of i is required to make [ real. We leave the explicit analysis and further explo-

ration of this direction to future work. See [156] for a related work.
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Appendix D

Horizon Gauge Field in Rindler

Spacetime

In this appendix we show explicitly that the horizon field defined by

AR(Q) = Jim A,(v,€,Q), (D.1)
——00

satisfies the relation /Alf = 0, A(?). To this end, we want to obtain a mode expansion for

Av(t,€,Q). Let us take the equation of motion (4.141) and use 9; A’ = 0 to write

2a€

_O2AY L AAY — €

2y A" — 20 (1 - y?) 9,A'] = 0. (D.2)
Now, consider the following ansatz

. 1
A =¥ + (1 - y?)0,—

VT3 AL (D.3)

for some field a¥. Substituting (D.3) into (D.2) yields the equation of motion of a¥, which is

essentially that of a free scalar field,

ara¥ — Nya¥ = 0. (D.4)
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Using equations (D.2) and (D.4) along with the mode expansion of A yields the following

mode expansion for AY,

4a® ) 2 d —iwt
vt €, Q) Z/ \/%H +w;(€+1)(1 _y )&Jng(Q)dekii(z)]e +h.c.},
(D.5)

where the omitted terms in the parentheses (---) correspond to the mode expansion for the
field @Y. The covariant component Ay in terms of the advanced time coordinates (v, &, Q) is

therefore
(0,6,0) = % / ﬁ;"_w{ [(- S+ Z;ﬁ%@ynm(fl)zikii(z)] pmiHIE h.c.}.
(D.6)

We can obtain the horizon gauge field flf by taking the limit £ — —o0. Since a¥ satisfies
the free scalar field equation (D.4), the terms in (---) are proportional to ki« (z) = O(w)
and therefore vanish at the horizon due to the relation (4.105). Hence,

AJ(Q) = lim A(v,€,9) (D.7)

_ agm (W) .
Z/\/ﬁ { (£+1)3yyem(9)—l—h. } (D.8)

From (4.152), we can immediately obtain

AT(Q) = 9, A(9), (D.9)

Y

which proves the claim.
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Appendix E

Newman-Penrose Formalism in

Schwarzschild Spacetime

In this appendix, we reproduce some relevant details of the Newman-Penrose (NP) formalism
used in the quantization of [93,94]. We use (a), (b),... to denote tetrad indices in contrast
to the tensor indices u, v, . . ..

The components of the Kinnersley tetrad e are, in the Schwarzschild coordinates

(t7 T’ 97 ¢)7

1 1V
6(1)‘“’ —= (V’ ]-707 0) 9 6(2)'u g <27—27070) y (E].)
1 1
e = — 070a17.>- E.2
“@) @ V2r ( sin 6 (E2)

These satisfy the orthonormality condition

Gu€(a)" ' e®)” = Na)v) (E.3)

where g, is the Schwarzschild metric and 7)) is a constant symmetric matrix,

0 -1 0 O
-1 0 0
o = E.4
naw = |, 01 (E.4)
0 1 0
Tetrad indices (a), (b), ... are lowered/raised by 7)) and its inverse n@®. In terms of the
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Kinnersley tetrad, only one of the five independent Weyl scalars is non-zero,

Yo = ~Coyame =0, (E.5)
¥ = —Cayaaye =0, (E-6)
M
U2 = -Comwe = 5 (E.7)
Vs = —Cowe =0, (E.8)
Vs = —Crwee = 0. (E.9)
Here we used the notation Cia)p)()d) = Cuvpo(a)ewm)” e ea)’, where C,ps is the Weyl
tensor of the Schwarzschild spacetime. Furthermore, among the spin coefficients
Vo)) = Vi) eowee”, (E.10)
all but the following vanish:
o 1
PETBME) =~ (E.11)
\%4
= = —— E.12
H=Y0@e) = T30 (E.12)
1 M
7= 5 eoe Hewe) = 5,3 (E.13)
1 cot 0
o= - + = ——, E.14
5 (v + @) NoT: (E.14)
1 cot 0
B=3 (vewe + 1ewe) T (E.15)
We also make use of the tetrad operators (cf. [157]),
e!0, = (D, A,0,0%), (E.16)
which, in the Schwarzschild coordinates (t,7,0, ¢), can be written out explicitly as
1 1 V 1 1
D==0,+0,, A=-0,——0, 5:(@ a). E.17
V tr 270 2 V2r \* - sing * ( )
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Appendix F

Quantizing Metric Perturbations of
Schwarzschild

In this appendix, we review the quantization of the linear perturbations of the Schwarzschild
metric studied in [93,94], which takes advantage of the simplifications given by the NP
formalism. Among the many conventions of the NP formalism, we follow those given in
Appendix A of [94]. The quantization is done in two particular gauges called the ingo-
ing and outgoing radiation gauge — since we work in the Bondi gauge, it is worth noting
that the outgoing radiation gauge satisfies the Bondi gauge conditions in the advance time
coordinates.
For a Schwarzschild black hole of mass My, the spacetime is described by the metric
g (x) with the line element
ds? = —Vdt* + d;j + 7r2d6? + r* sin® Od¢?, V=1- 224 (F.1)
in the usual coordinates (t,7,0,¢), where 2M = 2G My, is the Schwarzschild radius. The
appropriate choice of tetrad that reflects the symmetries of the Schwarzschild spacetime is

the Kinnersley tetrad (see appendix E), defined as

1
6(1)“ = (V, 1,0,0) s (FQ)
1 Vv
6(2)1u = (27 _27070> ’ (F3>
e’ = et = —— (0,0,1, . (F.4)
®) “ V2r \7 7 7 sin6
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In terms of the Kinnersley tetrads, all spin coefficients vanish except

1 Vv M cot
P P o2 1T g2 “ 24/2r (E5)

We consider the perturbed metric gj,, around the Schwarzschild background g,

9 (®) = G () + Khy (), (¥.6)
where k% = 327G. The complete set of modes is

(F.7)

Y uv

{Ba, (1, m,w, Pya), (i, m, w, P;x)}

Al,m,w,P ’

where [ > 2, |m| <[, and A € {in,up} indicates the boundary condition satisfied by the
mode (see Fig. 5.2). Each mode has a definite parity, labeled by P = 1. In the literature
P = +1 and P = —1 are referred to as the electric and magnetic parities, respectively (see
for example [158]). The A = in modes (henceforth the in-modes) have the form

hi?y(la m,w, P; 33) = Nin {@uu +2Y2m<97 QS) + PG;*W —Q}Gm(ea ¢)} -2 }E(T)G_Wt (F8)

in the ingoing radiation gauge h,,eq)” =0, g"h, = 0. The A = up modes (henceforth the

up-modes) have the form
hzg(lv m,w, P; ZE) =N™W {T/w —2§/lm(97 ¢) + PT;u +2Y2m(97 ¢)} +2R?£(T)e_iwt (Fg)

in the outgoing radiation gauge h,,e)” = 0, g"h,, = 0. Here N A are the normalization
constants that are independent of the spacetime point z, and ©,,, T, are second-order

differential operators defined as!

O = —epuep (0" — 20) (6" — 4a) — eyea (D — p)(D + 3p)

1
+ 5 (ewueap + ewpeq) [D(5* = 4a) + (5° — 4a)(D + 3p)], (F.10)
T,, = 7”4{ — e (0 — 20)(6 — 4a) — epean (A + 5 — 29)(A + 1 — 4y)
1
+3 (e@mueen + e@ueay) [(0 = 40)(A + = 49) + (A + 4 — 47) (5 — 4a)] }

(F.11)

!The authors of [159] argue that there is a typo in the expression for T, in the literature. The corrections
proposed therein do not affect our results.
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where D; A and ¢ are differential operators defined by the relation [157]
e(a)“ﬁu = (D, A, 5, 5*) (F.12)

The angular functions sV}, (0, ¢) are spin-weighted spherical harmonics, whose relevant prop-
erties are spelled out in appendix G. The radial functions _,R"(r) and 2R, (r) are solu-

tions to the ordinary differential equation

e (e )

wrt + 2iswr?(r — 3M)

(= s) (I +s+1)| Ru(r) =0, (F.13)

r(r—2M)
with s = —2 and s = 42 respectively, subject to the boundary conditions
. B2 (4MPV )2e as r — 2M,

rlem e 4 A p3etirs ag r — o0,

AP (AMPV ) 2e7wre etiwr a5 — 2M,
R(r) e V) (F.15)

By Pr—setiwr as r — 0o.

Here r, = r + 2M In(r/2M — 1) is the tortoise coordinate, and A%, Bf) are the reflection

lw>
and transmission amplitudes respectively; see Fig. 5.2. In particular, we note that Bllg and
A;Y have the small-w expansions
L =21+ 2)

By = @A 202 £ DI(2)) (—4iMw)™ + O™, (F.16)

up 4(l - 2)' . 2
AL = 202M)* g (M) + O(7), (F.17)

which prove to be useful later. The normalization constants N are fixed by the orthonor-

mality condition
(WML, myw, Prx), BN (I, m! W', Pl a)) = Gan 01 G0 (w — w')0ppr. (F.18)

The Klein-Gordon inner product (-, -) between two symmetric tensor fields 1,5 and ¢z is
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defined as
(.0) = 5 [ a0 (V77"V bs — 0V,00 + 200,V = 260, V56°7) . (F19)

where 1,5, ¢as are the trace-free parts of 1.5, ¢as, respectively, and S is some Cauchy
surface; see [93] or [160] for the construction of the inner product. Taking S to be H~UZ~,

the normalization constants become?

-2

[N = 64me®, (F.20)
|N" |72 = (2M)%7w(1 + 4M%w?)(1 + 16 M3w?). (F.21)

Having obtained the complete set of orthonormal modes, we can write the linear pertur-

bation of the Schwarzschild background as the expansion

P (2) =D /OOO dw [aﬁnp(w)hﬁu(l, m,w, P;x) + h.c.} (F.22)

A ImP

and quantize the field by promoting af, »(w) and aj »(w) to operators that satisfy the

commutation relations

[a;}np(w), a;};j“;./ (w')} = 5AA/6”/5mm/5(w - w/)(Spp/, (F23)

(0035 (@), @ pr(w)] = 0 = [a] p(w), apl ()] - (F.24)

A peculiar feature of this method of quantization is that the two modes (“in” and “up”)
are in different gauges. This does not cause problems for us, because the in-modes are, by
definition, the linearized gravity waves sent in from Z—, and it is known that these waves
carry zero supertranslation charge; see [61], or [161] for a recent account. One can also

observe this directly from the soft expansion (F.16) of the black hole absorption amplitude

in +3

lw>

compute the contribution of the up-modes to the supertranslation charge.

which is proportional to w! This point becomes relevant in section 5.3 when we
It is noteworthy that the up-modes, which are in the outgoing radiation gauge, also sat-
isfy the Bondi gauge conditions in the ingoing Eddington-Finkelstein coordinates (v, 7,0, ¢),

where v =t + r,. To see this, we note that in these coordinates,

Vv

57 €Q)yr = 0, (F25)

Cap =~

*Note that the normalization is different from [94] since we expand ¢/, = g, + Khyy and quantize hy,
in order to give the graviton field a mass dimension.
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which, when substituted into (F.9), implies that

hyr (1, m, w, Pyz) = 0, (F.26)
hyy (1, m, w, Pyx) = 0, (F.27)
(1, m,w, Pyx) = 0. (F.28)

Furthermore, the orthonormality (E.3) implies that
YT ap 0 v e aemn = 1’9" ey = 0, (F.29)
from which we obtain
YA (1, m, w, Py x) = 0. (F.30)

Equations (F.27), (F.28) and (F.30) are the Bondi gauge conditions in these coordinates [61],
so as far as we're in the ingoing Eddington-Finkelstein coordinates, we can safely pretend

that the up-modes are quantized in the Bondi gauge.
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Appendix G

Spin-Weighted Spherical Harmonics

In this appendix, we review the relevant definition and properties of the spin-weighted spher-
ical harmonics. For more details we refer the reader to [162,163].

The spin-weighted spherical harmonics Y}, (6, ¢) are defined for integers |s| < [ by the

equations
OY;m(ev ¢) - YEM(Qa gb)’ (Gl)
c1Yin(0,6) = [(1— s)(I + 5+ 1)] /28, Y0(0, ), (G.2)
1 Yim(0,0) = = [(1 = s)( + 5+ 1] ?0.Yim(0, 0), (G.3)

where Y,,(0, ¢) are the ordinary spherical harmonics,

(204 1) (I —m)!
A7 (I4+m)!

Yim (0, ¢) = J P™(cosf)e™?, (G.4)

and 8 ,0 are operators which act on a function 1 of spin-weight s as

0 i 0
- 0 1 0

The spin-weighted spherical harmonics Y, form a complete orthonormal set for any function
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of 6 and ¢ with spin-weight s:

/ "o / "0 0d0 Vi (8, )Y (8, ) = by (G.7)
0 0

[e's) l

Z Z sYim (0, QS)S}/E:%(Q/? qﬁ') = 0(cos ) — cos 0,)5(¢ - ¢/> (G.8)
I=|s| m=—1

G.1 Spin-2 spherical harmonics

In the NP formulation of Schwarzschild spacetime reviewed in appendix F, the operators 0,

d can be expressed in terms of the tetrad operator ¢ (E.16) and the spin coefficient o (F.5):

1 i )
0+2 :<8 + ——04 — t@):—,
o V2r o7 sing 50 \/_57" (G.9)
1 7 ) '
0" —2sa=— 0y — ——0 t@):—.
o \/§r(9 sin ¢+ 800 V2r

These combinations appear for example in the definitions of the differential operators ©,,
(F.10) and T, (F.11).

There is a relation between 19Y,,(0, ¢) and a 2-sphere tensor of the form
<2DADB _VABDQ)}/lm(eu ¢)7 (GlO)

which we show below. Each spin-2 spherical harmonics can be written as two spin operators

acting on the ordinary spherical harmonics,

oY = 8 ; ;g: 30V, (G.11)
= E; 1 3;: ( 2 25;2809@ — anieaga(b - sinl?Ha; — cot 989) Yim, (G.12)
Vi = Eﬁ N g: 00V (G.13)
_ 8 . Z;: ( 2_ 2;‘;25096¢ b 200, — 08— cot eag> Vi, (G.14)
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Consider the following linear combinations,

[ —2)!
2Y2m++2Y2m=2\< ) (89

2
— & cotﬁag) -

0

+

D +2Y2m =2

)
2)! (2icos@
2)! \ sin?6 % = sin 989%

The components and the trace of the 2-sphere tensor D, DgY},, are

(
(1—2)
U

+

DyDgYin = 03 Yim,
DqugYEm = ((998¢ — cot 96¢) Im — D¢D9Y}m,
DyDyY, = (8 + sin 0 cos 989) Ims

D2V}, = v BD4DpYi, = <8g 98¢ + cot 009)
We can use these to write
1
(2Dy Dy — 409 D°)Yirn (ag 0% — cot eag> o
o 2i cos
(2D9D¢ — ’79¢D2)}/1m = 2D9D¢§/lm =1sinf ( San 0 b — Smeagﬁd)) Ims

1

(2DyDy — 755 D%)Yim = — sin® 6 (ag — 02 — ot eae) Y,

Comparison with (G.15) yields the relations

(1 —2)! >
oY + 12 = 2 2Dy D DY,
27X +21 (l+2)( 6L/0 — Yoo )l

2 | (1-2)
T T sin?o\ (1 +2)! (2D Dy — 796 D*) Yim,

2 |(—2)
sinf '\ (I +2)!

—2Yim — 42Yim = — (2Dg Dy — Yoy D*) Y.
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Appendix H

Supertranslation Charge on the Past

Schwarzschild Horizon

In this appendix, we follow a line of computation similar to that of [61] to derive the super-
translation charge on the past Schwarzschild horizon H~.
To this end, we move to the outgoing Eddington-Finkelstein coordinates (u,r, ), where

u =t — r,. The Schwarzschild metric in these coordinates reads

2M
ds® = —Vdu?® — 2dudr + TQVAdeAde, V=1- o (H.1)

with the 2-sphere metric y45. The non-zero inverse metric components are given by
g =1, gT=V, ¢*B= ;VAB' (H.2)
The Bondi gauge conditions read [61]
Bpr = hpa = v Bhap = 0. (H.3)

We want to find infinitesimal diffeomorphisms dx* = £* that respect the Bondi gauge condi-
tions as well as the falloffs at large . Bondi gauge conditions put the following constraints

on &,

V.& = 0,6" =0, (H.4)
1
Vale + Viba = 0,61 = S DAf =0, (H.5)
2
VABY 4€p = Dy + ~¢=0. (H.6)
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We restrict our attention to supertranslations by choosing £* = f such that 0, f = 0. Then
(H.4) leads to f = f(2), and (H.5) with falloff condition on &4 implies £&* = —1D4f.
Substituting this into (H.6), one obtains {" = 3 D?f. Therefore we obtain

1 1
@&lzf&,+§Dﬂﬁr—fDAﬁh. (H.7)
r
The supertranslation charge associated with the boundary 0% of a Cauchy surface ¥ and

diffeomorphism & reads

Q=2 [ s, (H.8)

k2 Jox

where F'is a two-form with components

F;w = ;(vugu - Vugu)h + (vuhau - vuha#)ga + (vafuhal’ - vﬂgl’haﬂ) (HQ)
+ (Voh® & — Voh®E8,) + (£,V h — E,V D). (H.10)

When 0% is the boundary of the past horizon H™, we may write

- 2(2M)? Hy
Q§ T k2 /dQ Fiy 5 (H.11)
where d) = sin 8dfd¢. The relevant component reads
Fru = g(vrfu - Vugr)h + K(vrhoeu - Vuhozr)ga + K(vafrhau - Vafuh'ar)
+ K(Vah® &y — Voh® &) + k(EVuh — &NV ). (H.12)
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In the Bondi gauge h = g""h,, = —2h,,,, so at r = 2M the terms are given by

f

1
i — h=—"_ H.1
2 (vrgu vu§T> 2M h”l‘ua ( 3)
o 1 A 1 1
(Vrhau - vuhoﬂ‘)f - f(arhuu 8uhur 2Mhru) + D f(4M2 hAu 2MarhAu)
1
+ 5D2 [0, by (H.14)
f
T’hau — Va uhar = _7hu7‘7 H.1
Va&oh® = Vaf 3T (H.15)
1 1 1
ahar u ahau r = - uhru - rhuu h'ru DAh/ u huu)
Vah 6 = Vali®uly = f (=0uls = b+ Sycheu+ 1 DM — 1
Lo L
+ §D fOrhyr + WD fhur (H.16)
EVuh — £, h = —D*f0 ey + 2f 0y Ry, (H.17)
Substituting these into F,, yields, up to a total derivative on S?,
__fipa R R
which leads to the following expression for the charge on H™,
QF = _20eMy /dQ —iDAfa haw — L + izﬁfh . (H.19)
= o IM It Ay M uu INM ur - .
4M A 9
el / ddu f(0)0, (D 0, hay + 2y — D*hay ) (H.20)
K
Given the linearly perturbed metric
g;z/ = g/.tl/ + K/h/.l,l/; <H21>
the perturbed Ricci tensor is given by [164]
Rlyy = Ry = 5 (VyVuh = V,Vuh? = V0" + ¥,V ) + O(k2), (H.22)

We take the background g,, to be the Schwarzschild metric, and use the obvious notation
that quantities with primes are computed from the perturbed metric g;”j and those without

are computed from g,,,. We keep everything only up to linear order in h,,,, and indices are
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raised/lowered using g,,,. The non-trivial constraints on H~ are,

!/ K"2 !
/ R2 !
wa =y Lua =0, (H.24)

where G, = R, — %gI’WR' is the perturbed Einstein tensor. The perturbed energy-
momentum tensor T[W vanishes since we keep terms only up to linear order in h,,. At

r = 2M we have

1

1 2
—5VuVih = G+

QP (H.25)

1 1 1 1 1 1
R Ph = h o h e h/ - D2h/ I —— h/ru - hru;
(H.26)
V, Vi, = =02hyr — 0,0uhuu + ——50,D*h L O — O — 0,1
’M'f‘ uu 4M2 UA 4M u'vru M u'uu 4M rtuu
1 1
— D4 H.2
T gare T gl e (H.27)
The constraint G, = 0 thus reduces to
4M? 1 1
0= —ap (—vuvuh — SV VPhu + v,,vmx) (H.28)
1 1
= 0y(D*hys — 2Mhyy) + ——=D*hys — =Dy H.29
( uA ) i A3 (H.29)
We can use the following expressions at r = 2M,
V,Vah,” = —=0,Dshy, — 0,Dah +LD h —LD h —ih
p VY Ally — r/ Albyu ud/ Albyr ZMATUMAuu SMQUA
1
I MQDBDAhuB, (H.30)
1
vauhAp = —0,0,hay — Mauhu,q — mhuA + 4]\/[28 DB hAB, <H31)
—VuVah =20,D shy,, (H.32)
1 1
— Phaw = 2040, hay — ——=D*hpy + — D ahy, H.33
V,VPha Au = Au T oA ( )

205



to write the constraint G'y, = Ry, =0 as

2

0= =Gl = VyVal’ + V,Vuha? = VoV ah =V, 9 . (H.34)
1 1. 1
= au <DAhu7‘ + 87“h'Au - MhuA + 4M2D h'AB) - DAarh'uu + mDAhru
D,D®h L 2y, L, H.35
+4M2 A uB_4M2 Au_m uA ( . )

Taking the linear combination 0 = G’ + 2DAG',,, we obtain the equation

1

A 2 _ AnNB . 2
O (= D*0rhu + 2 = DPhuy) = 225 D DPOuhap — 532D h
1 1
— D?*0phyy + WD%W - OF D*hya. (H.36)

Substituting this back into (H.20) yields the following expression for the horizon charge,
- 1
H AnB A
=— [dQdu f(Q)| D"D"0,hag — D"h,
Q f M / u f( )( AB A
— 2M D?hyy — AM*D?0, by, + 2MD2h,,u>. (H.37)
By performing a gauge fixing analogous to [61], the expression reduces to

Q1 = /-;\/[ / dQ du f(Q)D*DPd,hap. (H.38)
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Appendix 1

Magnetic Parity Gravitons on the

Past Schwarzschild Horizon

In this appendix, we show that the magnetic parity gravitons do not contribute to the
supertranslation charge (5.87) on H~. By the choice of boundary conditions, the in-modes
vanish on H ™, so it suffices to consider the up-modes.

Recall from (5.91) that DAD®hY}, is proportional to the following quantity,

1 1 1
DADBHAB DngHgg —|— 6D9D¢H9¢ —|— 9D¢D9H¢9 + n 6D¢D¢H¢¢, (Il)

where the tensor Hup is defined in (5.92). Let us restrict our attention to the magnetic

parity P = —1, for which the components of H,p reads

HQQ(P = —1, Q) = 2M2 (—QEm - +2Y2m) ) (12)
Hps(P = —1;Q) = 2M%isin 0 (_5Yim + +2Yim) (I.3)
Hyp(P = —1;Q) = —2M?sin® 0 (Y, — 42Yim) (1.4)

where we have, from appendix G.1,

[ —2)! 1
,QYZm + +2Y2m =2 El i 2;' (892 2 08 — cot 68@) Im> (15)
| (I=2)! [2icos®
~2¥im = +2¥im = 2 (I+2)!'\ sin?6 % — sin 989% (1.6)
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With some algebra, one can show that

M| (1—2)! t0
DngHgg(—l; Q) = 8 ( ) [ (cot30 + bco > (9¢

sinf '\ (I+2)! sin? 6
2
05+ 3 (1 -5 9> 090, + 3 cot 08(384 Yin(Q), (L7)
—4iM? | (1 —2)![11cosf + cos 30 W,
DyDyHys(—1;9Q0) = snd \ ((£2) [ g~ Jg — 3cot 003 — sin” 00,04
1
+ 0p03 — 5(19 + 9 ¢0s260)00, + 3sin 288384 Yim (), (L.8)
and

O g2 (1 —2)! 10cosf +2cos360,,  3cotb 4

D¢D9Hg¢( 1, Q) = —4yM“sinf (l T 2)' 138@8¢ + Sin3 9 8¢ sin2 0 8¢
— 9504 — 14 9698¢ + 06983 + 6 cot 08984 m(82), (1.9)

— NI
DyDygHyy(—1;Q) = 8iM? Eé n ;;‘ [sin 0 (—8 cos® 000y + 8982 + 3 cosfsin 963(%)

+ (cos @ + 5cos® )9, — 3 cos 9821 Yim (Q). (1.10)
Substituting (1.7)-(1.10) into (I.1) yields
DADBH,p(—1;Q) = 0. (I.11)
Therefore, with (5.91) we conclude
DADBOL (1, m,w, P=—1;2) =0  onH, (1.12)

which shows that the magnetic parity modes P = —1 do not contribute to the supertrans-
lation charge. This is similar to the situation of gravitational memory at the infinities of
asymptotically flat spacetimes, see [135-137] for relevant discussions of the gravitational

memory effects.
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Appendix J

Unfolding the Energy Integrals

In this appendix, we briefly discuss the treatment of energy integrals that arise in the graviton
mode expansions in chapter 5.

In order to avoid dealing with expressions of the form [;° dw d(w), let us expand

hag(z) =>_ > /O:O dw ap o(W)RA 5 (1, m, w, P; ), (J.1)

A Im,P"

where A € {in,up}, and a crossing relation analogous to that used in [93] is used to write
RO (1, m, w, Pix) = [hﬁB(l,m, —w,P;:c)r for w < 0. (J.2)
The commutator between operators ai), »(w) becomes
(01302 (@), @ (w)] = G5O prOup Gy 6w + ). (J.3)

Recall that only the up-modes and the electric parity P = 1 contribute to the supertransla-
tion charge. From (5.91) and (5.95), the asymptotic expression

u [ — 2)' —iwu
Ras(,m,w, P=1;2) ~ —M M(QDADB — Y48 D?*) Y (Q)e (J.4)

holds near H~ for w > 0. We omit the subleading soft modes for they are irrelevant for this

discussion. The crossing relation (J.2) implies that the above expression can be extended as

[—2)! ~ ,
h‘ZpBU?mawaP = 1>:U) ~ —M ( ) '(QDADB — '.)/ABDQ)Y}m(u,Q)efmu (J5)

m|lw|(l + 2)
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near ‘H~, to apply both to positive and negative w, where we defined

- Y () forw >0,
Yim(w, Q) = (1.6)
Y:(Q) for w < 0.

Using (J.5) and following an analogous set of steps to derive (5.101), we now obtain an

alternate expression for N, which reads

mw|(l +2)! 5

21 00 u
NT(Q) = 2% / dw ay® p_y (w0)3(w) (0. 92). (J.7)
KR Im Y~ (l — 2)
Similarly, the zero-modes and the scalar fields are given by
hap(Q) = —2M (2D 4Dp — yapD?*) A~ (Q), (J.8)

Z/ dw ¢(w)apy, p— (w) (l_z)'),f/lm(w,ﬁ) (J.9)

] + 2)!

Then by direct calculation,

Im U'm/

x[alm,p:xw)fﬁmw Q). ap py (&) Yo (& Q’)] (J.10)
_ zlz /_ O:o deode! (' )3(w + )8(w) Vi (w0, Q) Vim (@, ). (J.11)

A= B [

Since the delta function d(w + w’) is non-zero only when ww’ < 0, let us keep the Hermitian

combination® at w = 0,

\ v / 1 * / * /
Yim(w, )Y (w, ') =3 (Vi () Y3, (2) + V5, () Y2 () - (J.12)
This leads to the commutator
0o !
IN(Q), kA~ ()] =03 3 Vi (@)Y () (1.13)
=2 m=—
=i6@(Q - Q)+ (1=0,1 terms), (J.14)

where we used the completeness relation of spherical harmonics.

I This is similar to the construction of zero-modes as a Hermitian combination of w > 0 and w < 0 modes
in [16].
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Appendix K

Subleading Soft Factors and Spin

Angular Momenta

In this appendix, we review the steps presented in [27,140] of deriving the subleading soft
factors from the action of hard charge on matter particles. We treat gravity with massless
scalars first, and then examine how the presence of spin affects the result. This is then used

to derive analogous results for QED.

K.1 Gravity

K.1.1 Massless scalars

From the actions of soft and hard superrotation charges [140], we have

(out][Qur, Slfin) = i 3 V()0 - ?Dzw(zi)aﬂ = 9) foutlSlm) . (K1)
(out|[Qs, S][in) = —2;{ lim (1 +wd.) [ 2DV {outla_(ox)Slin) +he.  (K2)

Here x, denotes the unit 3-vector pointing in the direction defined by (z, z),

. = Z—J—z_’i(i—z_)’l—z% . (K.3)
142z 1+2z 1+ 22

Superrotation is a symmetry of the S-matrix, which implies that the superrotation charge

QYY) =Qs(Y)+Qu(Y), (K.4)
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is conserved in scattering process, that is, (out|[Q(Y),S]|in) = 0. Equivalently,
(out|[Qg, S]|in) = — (out|[Qp, S]|in) . (K.5)
Using (K.1) and (K.2), this can be written as

L lim (1 + wd,) /d2zD§’YZ (out|a_(wx,)S|in) + h.c.

2Tk w—0

= ZZ (Yz(zi)(?zi — %DZYZ(zZ-)OEi + (2 — Z)) (out|Slin) . (K.6)

For the vector field Y, let us choose

(2 — w_)2

Y= (z — w)

02, (K.7)

which satisfies D?Y* = 476?) (2 — w), as well as

2(w — z) (1 + wz;)

D.Y?(z) = (@ =21+ 5) (K.8)
Then (K.6) becomes
UlJiL%(l + wd,,) (out|a_ (wx,,)S|in)
K (w2 Ei(w—z)(1+wz) outlSlin
=3 Z < @3 0z (w0 — z)(1 + z:Z;) %) (out|S|in) . (K.9)

We now show that the factor in the parentheses on the RHS is the subleading soft factor,

R PR
ST =iz > p'f (k). (K.10)

%

Since all hard particles are assumed to be scalars, the angular momentum consists of only

the orbital part,

_ 0 0
Ui(Ji)W = 771'(Li);uz =1 <pw3pl" - piuw> ) (K-H)
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where 1; = +1 (—1) if i-th particle is outgoing (incoming). Our definition of J,, is different

from that of [140] by a sign, see footnote 1. Now let us parametrize

E
o 14 253 (51— sz
D 1+22( +22,Z2+2,i(z2 — 2),1 — 22),
= —% (1 4w, @+ w,i(@ — w), 1 — wd)
1 +ww
1
et =—(w,1,1, —w),
Vol )
and e * = e "e V. The quantities (E, z, Z) are related to p* by
p* +ap? __pt—ap?
B = )2 + (pYy 2 + 1 2’ P , P .
V2 + ()2 + () PR -

Let us write (K.10) out as

One can show using (K.12) that

e —V2E(w — 2)
pre = (1+ 2%)
pok= 2w E(w — z)(w = 2)

(1 +ww)(1+ zZ2)

Now, noting that

ap“ = 8p'u8E + apuaz + a Mag,
we obtain
0 =01 —|—zz)a _z(1 +ZZ)5,
opt oF 7 2F 7
0 (Z+2) (14 z22) (1+22)
apr — (1+ 22) O Tl 28 O
0 i(z—=2) i(1+ 22) i(1+ 22)
opr (14 2z) Ot —p 0 Tl
0 (1—z2) 2(1+ 2%) Z(1+ zZ)
apr  (1+22) O=—%g %~ ag ¢
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Using these with (K.15) and (K.16), we may write (K.14) as

PR (_ Ei(w— z)(1 + wéi)aE_ C(w- Zi)za%) | K22

g 2 (U_J — 52)(1 + ZZEZ) ‘ (U_J — Ez)

)

This is exactly the expression appearing on the RHS of (K.9), which was to be shown.

K.1.2 Spin correction

Now suppose the hard particles have non-zero spin. The angular momentum J#*” appearing

in the subleading soft factor now contains the spin contribution S**,
JH = LM 4 S, (K.23)

Let us define helicity in terms of the Pauli-Lubansky pseudovector,

1 12 g 1 14 a
hp, = —§EWWJ Pp? = —iewgs Ppe, (K.24)

where €,,,, is the Levi-Civita tensor with €y123 = 1, and in the second equation the orbital
part drops out due to antisymmetry in p. In this basis, the spin angular momentum has

components [165]

0 0 0 0 0 0 0 0
h {0 0 # —pY h 0 0 1—2z —i(z—
Sy = L i @ SilE=a) ) (K.25)
Efo —p> 0 p° I+2z 10 —(1-22) 0 Z+z
0 p¥ —p* 0 0 i(z—2) —(2+2) 0
where in the second equation we used the parametrization (K.12).
For particles with spin, the action of the hard charge is [140]
: ‘ E; A :
(out|[Qrr, Sfin) =i 3 (.cy - 2Dy (zi)(?Ei> (out|Slin) , (K.26)
where Ly is the Lie derivative on the 2-sphere with respect to Y,
Ly = YAaA + %DAYBSAB, A, B € {Z, 2}, (K27)

where S4p is the pullback of (K.25) to the 2-sphere. By coordinate transformation from z#
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to (z, z), one finds that

ozt oz 2ih ,
S,Ez — EESHV — _m == —Zh/yzg, (K28)

and similarly S.; = ihv.z, S.. = Sz = 0. Thus,
h . h .
Ly =Y?0; + §DZYZ +Y*?0: — §D5YZ, (K.29)
and (K.26) can be written as

E;
' 2

x (out|S]in) . (K.30)

(out|[Qu, S)lin) = i3 |Y*(20)0, — 22D,V (20)0m, + };D,ZYZ(%) R

In the previous section, we saw that with the choice Y = (z — w)?(z — w)~'0,, the first
two terms in the square brackets correspond to the subleading soft factor coming from the
orbital angular momentum L*”. The third term then must correspond to the factor coming
from spin angular momentum S*”, which is
M Av
. b; k)\Si -

—iq zl: ok € (K.31)

We have already computed p; - €~ and p; - k in (K.15) and (K.16). Using (K.25) and (K.12),

one can directly show that

_ Vihw(w = 2)(1 + wz)

K Sye = K.32
e 1+ wo) (1 + 27) (K.32)
Combining the results, we obtain
HhASM hi(w — z;)(1 Zi
_ Pk o hilw = 2) (14 ws) (K.33)
pi-k " (w—Z)(1 + zz)
But from (K.8) we observe that this can be written as
DERAS]Y h; 2
—1 " € = EDZY (2:), (K.34)

which is exactly the third term in the square brackets of (K.30), showing that the formalism

extends to particles with spin.
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K.2 QED

The results of appendix K.1.2 is directly relevant to QED since charged particles have spin.
The construction is very similar — we start with charged scalars and move on to spin correc-

tions.

K.2.1 Massless scalars

From the action of hard and soft charges for charged scalars, we have [27]
(out|[Qu, S][in) = ZZQ1< Y*(2)0s — DY (2)08, + (= — z)) (out|S|in),  (K.35)

{out|[Qs, S][in) = _T lim (1 + wd,) / 2:D?y* Vi

me w—0

T+ 22 (out|a_ (wx,)S|in) + h.c.. (K.36)

Now let us choose the vector field

y = Gowitez), (K.37)

(2 — o)

which satisfies D?Y* = 27(1 + 22)0® (2 — w) and

] _
Dy —_U+ws) (K.38)
(w0 —2)
This leads the charge conservation (out|[Qg,S]|in) = — (out|[Qp, S]|in) to be written as

lig%(l + wd,) (out|a_ (wx,)S]in)
ZZ)(l + Zlgz) (1 + 'lUZl)

:\/EXZ:QZ( Ei(w — z;) aziJr(w—Zz)

Op, ) (out|Slin).  (K.39)

We now show that the factor on the RHS is the subleading soft factor for scalars,

]C)\ L)\z/

ST = —zeZsz (K.40)

Comparing this to gravity (K.10), we observe that this is just 551)— times 2eQ;[k(p; - €7)] 7 .
From (K.15) and (K.22), we thus obtain

2) (1 + 2%;)

(1+wz)
S~ J_Z@( (o — 5 0z + —— 8E1.>, (K.41)

(w0 — %)
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which exactly agrees with the RHS of (K.39).

K.2.2 Spin correction

In the presence of spin, the subleading factor (K.41) gains an additional spin contribution,
which can be obtained using the results of appendix K.1.2. We shall show that this contri-
bution is exactly the spin corrected term in the action of hard charge obtained by replacing
Y?#0, with Ly in (K.35).
Just as the orbital angular momentum piece of SV~ multiplying eQ;(p;-¢~) ™" to (K.33)
should give us the spin angular momentum part, i.e.
kASA” eQih; (1 4+ wz;)

_zeQZ = _\/§Ei @-%) (K.42)

Thus the full subleading soft factor becomes

(1+ wzz) (w—z)A+zz), o (1+wz)
ZQl ( T Op, + GRS 0., — hie ) o (KA43)

The spin-corrected action of hard charge is obtained by replacing Y*0, with Ly in (K.35),
1
(outl[Qu, Slin) =i Q. (Eﬁy DY ()08 + (2 = z)) (out|S]in) (K.44)

= ZZQz ( Y?*(2)0,, + g D.Y*(z) — D,Y*(z)0g, + (2 = z2,h — —h))

x (out|S]in) . (K.45)
Accordingly, the charge conservation (K.39) becomes

lig%)(l + wd,) (out|a_ (wx,)S|in)
zi) (1 + 2:%) (1+wz)

_ﬂ;Ql( Ei(w — %) azi+(@—5i)

(1+wz;)
EZ(’(I) — Zz)

Ok,

(3

— h; ) (out|S|in) .  (K.46)

The new term is exactly the spin contribution (K.42) to the subleading soft factor S{~.
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Appendix L

Modified Lie Bracket

In this appendix, we discuss the modified Lie bracket algebra of BMS transformations on
the future Schwarzschild horizon.

The vector field ¢ that generates supertranslation f(©) and superrotation Y (©) is
v 1/ 5 v 1. 4 v A
= (r+50)0—5 (DU + 20 +r0) o+ (DN + S0+ Y ) on (L)

where 1) = D,Y4. Let us ease the notation by defining

v
F(v,0) = f(©) + 5¢(8), (L.2)
such that 9,F = %@/} Then,
1 1
§ = Fo, — SD*F, + - D'Fo, - gwr L Y4y, (L.3)
€, = —AF — ;DQF . gw, £ =F  €4=rDsF + 1Yy, (L.4)

where Y = y4gYP. In this form, £ is like a supertranslation F' (which now is v-dependent)
with “corrections” —Z4d, + Y40,. Since we are only interested in terms linear in £, we can
compute the contributions of F' and the remainders separately.

Using the non-vanishing Christoffel symbols

_ M _
ng = ﬁa FZB = —TYAB, (L5)
— MA — M -
Iy, = 2 Iy, = 2 g = —rAyap, (L.6)
_ 1 _
FfB = ;57317 Fgc = (2)Fg07 (L-7)
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where we use T' to denote Christoffel symbols of unperturbed Schwarzschild spacetime, we

compute 0.y = LeGap to be

M M 1
5o = 2 D2F — 2y~ Lp2y (L8)
T T 2
6571)1” = Oa (Lg)
0gua = —Da (AF - ;D2F> , (L.10)
5§AB =2rDsDgF — T”YABD2F + 7“2 (DAYB + DYy — 'YABQ/}) . (Lll)

The perturbed metric is hence

M M 1
ds? = — (A — 5 D°F +1— 3—¢ + 2D2¢> dv? + 2dvdr — D4 (2AF + DQF) dvd©?
r r

+ |48 + 2rDaDpF = ryapD*F + 1% (DaY5 + DpYa — yapt)| dO*dOP. (L.12)
Using this and the relation
T 1 —a = o= = o= = _
Fgc = Fgc + 59 ¢ (Vb(sgdc + VC(Sgdb - Vd(sgbc) + 0(59)2, (L13)

let us compute some perturbed Christoffel symbols to linear order in &,

re =17 =T4 =0, (L.14)
', =0, (L.15)
1 3M 1
[7,=-DsF — “-DyF+ —Dy4D*F L.1
ra= P 2 Da + 5 Pa ) (L.16)
1 1
B _t¢B 4 B __ sB2
Pha= 04— 55 (2DPD4F - 65 D?F), (L.17)

which turn out to be exactly the same as the components of supertranslated metric with
just f — F, and

,VABFZB — —27“, <L18)
AB17r 2 4M 2 2 1 212
VT = =2rA = D*F + = =D*F = 2ry + 6M¢ — rD*) — - D*DF, (L.19)
4M
YABTG, = AABATC 4 TQDCF +Y°+ D*Y°. (L.20)
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Using the above symbols, we can write

VTCT = a?“(?‘a (L21)
2 oM 1
ViCa+ Vabe = 0:a+ DaG = G (SDaF = 2 DaF +  DAD?F)
2 1 B B 2
— Gt ¢ (2DPD4F - 65 D%F), (L.22)

AM !
VABY (= DACA+ G, (DQF ~ DR o) — 6My + D% + 2D2D2F)
T
4M C C 2y C
T

Now, let us raise the indices using the perturbed metric,

M 3M 1 1
Gy = —AC" 4 ¢ (rQDQF e+ - 2D2¢> LMD, (AF + 2D2F> (L.24)
G =", (L25)
1
Ca = =¢"Da (AF + JD*F) + 1"
+ (B (2rDaDpF — ryapD*F + 12 (DaYp + DYa —yas)) . (L.26)
and expand around the Schwarzschild supertranslation 4+ superrotation vector field parametrized

by ¢(©) and Z4(©), employing the shorthand ¢ = DoZ* and G = g + %,

1 1
('=GH8C" (= 5D - %gzﬁ +6¢, =-DAG+Zh s, (L)

which to first order in the perturbation gives

M M1 1
¢ = —A6C + 3¢+ G (—A L L D%) _-pG-L¢
T r 2 2 2
_ <1DAG + ZA> (ADAF v ;DAD2F> , (L.28)
T
G = G+ 5C, (L.29)

1
Ca=—-G (ADAF + QDAD2F> +1DAG + 1 Z g + r*yap0C”

1
+ (DBG + ZB) (2rDaDBF = ryapD*F + 12 (DAY + DpYa — yapv)) . (L.30)
T
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Plugging these back in and demanding that V,(, = V¢, +V,(4 = 7BV 4(5 = 0, we obtain

0= ,6¢", (L.31)
0 =1°7450,6¢" + DadC" — g(DBG')DADBF + E(DAG)DQF — (DPG)(DaYp + DpYa)
r T
+ (DAG, (L.-32)

0= —A(DAG)D4F + 2(D*DPG)D,DgF — (D*G)D*F
2
+ %(DAZB + DEZN (DAY + DpYa) — r2¢np — r(D*G)ep — r(D*F)¢ + 2r6¢"

1
+2r(DA*DBG)D Y5 — 5(DAG)DAD2F +2r(DAZPYDyDpF + 12D 46¢4. (L.33)

Solving for 6(, we obtain

8¢ =0, (L.34)
5(7 = 217~ (A(DAG)DAF — (DADPG)DADgF + ;(D2G)D2F> — rDAZP DY) + Lo
+ ;(DAG)DQDAF — (DAZP)D4DpF + ;(DQF)gb + ;(DBG)D2YB + ;(DBG)YB,
(L.35)
6CA = —:Q(DBG)DADBF + 21702(DAG)D2F — i(DBG)(DAYB + DBY ) + i(DAG)z/J.
(L.36)

These are the changes in (* due to the transformation £*. To emphasize this point, we change
the notation to 6¢* — 0:¢*. The changes in {* due to (* can be obtained by exchanging
§ <+ ¢, and we denote this as 6.£°.

The regular Lie bracket [£,(]* = £29,¢* — (PD4E® of two vector fields can be computed
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straightforwardly from (L.1),

6.¢]" = 56— 5Gu + YADAG — Z*DaF, (L.37)

T__l 2 1 2 1 2 _1 2 _i A 2 i A 2
[f,(‘] = 4FD ¢>—|—4GD ¢+4¢DF 4wDG 2T(D F)DAD G+2r<D G)DADF

1 1 1 1
- 5(DAF)DAgzs + i(DAG)DA@Z) - §YADAD2G + §ZADAD2F

r r
= 5Y D¢+ 52" Dav, (L.38)
1

1 1 1 1 1
A A A 2 A 2 A A A
=—FD%% — —GD —(D°F)D"G — —(D°G)D"F + —yD"G — —¢D"F
€. = 5 FD% — -_GD" + o (D*F)D*G — o (D*G)D*F + 5 DG — -0
1 1 1 1
+ —(DPF)DpD*G — < (DG)DpD*F + ~Y"DpD*G — = Z° D D*F
r r r r
1 1
+ —(DPF)DpZ* — —(DPG)DpY* +YBDpzZ* — ZBDpY ™. (L.39)
r r
Now, we define the modified bracket by correcting this by 6:¢* and 6.£¢,

(€, CIir = [€, )" — €™ + d¢&™. (L.40)

Using the expressions for 6.¢* that we have computed earlier, we obtain

.Cli = 5 Po+ Y DAG — (€ 4+ C), (L.41)
€ T = —iFD% - i(D2F>¢> - ;<DAF)DA¢ - ;YAD2DAG — (DYP)DsDsG

S (DsG)DYP Ty D6 (€ 5 ), (L.42)
€, ¢4 = 21TFDA¢ — 21T¢DAG + :YBDBDAG +YBDpZ* + i(DBG)DAYB

— (£ Q). (L.43)

The v-component can be reorganized as
1 1 v
&7 =5 0 —590+ YADag — Z*Daf + DA (YPDpzt = 2°DpY*) . (LA4)
Let us define

| 1
= §f¢ - 59@/1 +Y"Dag — Z*Daf, (L.45)
VA=YPDpz4 — ZPDpy ™. (L.46)
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Then, define ¢ = D4Y4, and take F' = f + %1/3 so that we have [, (]Y =

A

F= ;ng +YAD4G — (€ < Q). (L.47)

With this definition, observe that we have exactly the modified bracket components

; D*F — gw —EFD% — 7(02 ) — f(DAF)Dqu YADQD G — (DY®)D,DpG
- ;<DAG>D2YA YD~ (€5 Q) (L43)
= (&¢I (L.49)
and

Lpapyya - 21FDA¢ — ;wDAG + 1YBDBDAG +YPDpZ4 + 1(DBG)DAYB
T T r r T
— <0 (L.50)
= [¢, ¢lar- (L.51)

This implies that
€, ¢l = (f+ gw) By — ; <D2 <f+ gz/z) + mﬁ) 0, + (iDA (f+ ;w) + ?A> 9. (L.52)

Comparing the RHS to the expression (L.1), we can see that it is another supertranslation
f together with superrotation VA,

We conclude that given two pairs (f1, Y1), (f2, Ya) of supertranslation and superrotation,
the modified bracket has the algebra

[(F1, Y1), (o, Vo)l = (£, V), (L.53)

with the product being another supertranslation 4 superrotation parametrized by

A 1 1
f= §f1DAY2A - §f2DAY1A + YlADAf2 — YQADAfb (L.54)

YA =YPDYS - YEDRYA (L.55)
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Appendix M

Standard and Dual Supertranslation

Charges on the Schwarzschild Horizon

In this appendix, we give a derivation of the supertranslation and dual supertranslation

charges using the formula of [108,109],

L | .
JQE = c—capos [ (B0 N E7, (M.1)

’H+ o L . o B
JON = = /m#(zﬁE Vowas A EP. (M.2)

Here w,g is the (torsion-free) spin connection 1-form, and dw is the change in w induced by
the variation dg., = hgp of the metric.
In order to incorporate the variation of the metric, we parametrize a generic metric in

Bondi gauge by

V4+WWA U Wg
Jab = U 0 o0 |, (M.3)
Wy 0 gaB

where V, U, W, are real functions of v, r, ©4. The inverse metric is

0 U-! 0
¢*=|U" —vU? —U'WEB]|, (M.4)
0 _U—lwA gAB

where g4 is the inverse of the two-dimensional metric gap, and W4 = g4 Wy (not vAPW3g).

Since this metric may deviate from that of Schwarzschild, the two-dimensional curved indices
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A, B,C, ... in this section (and only in this section) are lowered and raised using g4p and

gP instead of the unit 2-sphere metric v45.

We employ the following set of vielbein ¢ = E, dx?,

E' = ‘Q/dv + Udr,

E? = —dv,

E? = WAuAdU + ,uAd@A,
E* = Waidv + jiad0?,

where 14, jia are complex functions of v, 7, ©4, and p? = g*Bup, i = g*Pjip (bar denotes

complex conjugation, so ji4 is the complex conjugate of py and hence E? = E). They

satisfy the conditions

HAPB + HBHA = JAB,
phia =1,
phpa = jiiia = 0.

The tangent space metric and its inverse are

0 -1 0 0
peg e |71 000
==L 0 0 1]

0 0 10

and the inverse vielbeins E, = E,%0, are

E,=U'o,
Ey= 0, + =0, + W40
2 = v QUT A

E3 = ﬂAaA7

One can readily check that

EocaEab - 5aba EocaEﬁa = 6(16’

EaaE’anaﬁ = gab’ EaaE/anaﬁ = gab.
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The spin connection 1-form w,gs is defined as

1
dE® = —w s NEP = 5(;“57155 AET, (M.19)

1
Wag = 5 (Cagy = Coay = Crap) E7, (M.20)

where c,3, are the anholonomy coefficients. The coefficients are given by

cipy = 0, (M.21)
1 /1, A
a2 = <2V U+ w 8AU> , (M.22)
140U
C213 — a UA s (M23)
= ——pu"04V V. M.24
C223 H0a + U ( )
Ca3q = 0, (M.25)
WA/—
C312 = — UMA, (M.26)
—A=)
C313 — %, (M27)
At
C314 — a ;A, (M28)
. o B AB(g - .
esny = A0A(W - i) = i jia + =552V + WARP (0afin — Ofia), (M.29)
. ,uA,a,
Caoa = (' 0a(W - 1) — p'fia + 2UA V + WAL (0aip — Opfia), (M.30)
C334 = (MAﬁB - ﬁAMB) Opfia. (M.31)
The remaining coefficients can be obtained using the antisymmetry c,s, = —cqo,5 and the

fact E® = E* implies switching indices 3 « 4 corresponds to complex conjugation, for
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instance cg13 = Ca14 and cy34 = C343 = —C334. Using this to compute w,3, we obtain
_ 1 1 / 3 A 2
wlg—ﬁ —5‘/ +U—W 8AU I

1 —A Al - 3 1 A Al 4
—i—ﬁ(—u oAU+ W M)E +ﬁ< proaU +W MA)Ea (M.32)

1 Al - 2 it s 3 1
W — U)E E
2 ( A ,u 8A ) U 2U

(—at0aU =W )E1 2<AaAv

(s + ') B, (M.33)

lu’ aAUv) E2

2U
Al

pAOAW - i) — uAnA+“QgAwwAuB(aAMB—aBuA>+c.c.> E', (M.34)

U
— ( A0A(W - 1) — i fig + AV+ WAL (Oajip — 3BMA)> E?
1

FOAW - ) — i fia +M25AV+WA B(aAuB—aBuA)—CC>E2

— (un? = 5P OppaE® — (pp” — i pP) Oppa . (M.35)

We keep in mind that E3 = E4. The remaining components can be obtained by antisymmetry

and complex conjugation, for instance wyo = W3z = —Ws3.

M.1 Supertranslation charge

The conserved electric charge involves the differential form

1

ﬁeaw(igm)awaﬁ N E°. (M.36)
We are interested in integrating

1
iea/gfy(s (igE’y)(Swa’B VAN EwS = 612347;5E3(5w12 A E4 + 61324i§E25w13 A E4 + 623142'5E1(5w23 A E4

+ 61243i5E4(5w12 N E3 + 614237;§E25w14 A E3 -+ 62413i§E15w24 A E3
T (M.37)

over S?. Observe that the alternating tensor €,s,5 is purely imaginary,

€1234 = €1243 = —€1234- (M~38)
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By explicit computation, one finds that
€1234 = E1aE2bE3CE4d€abcd = —1, (M'39)
where €qpeq is the alternating tensor in the curved coordinates with €9y = /—detg =
Ur?sinf. Using this and rearranging the indices, we obtain
i
56(,(575(@'5137)5&/3 ANE° = —igB30wiy A B* + i E*Swoy N E* — i B owig A B
+ i§E45w12 A E3 - i£E25WQ3 VAN E3 + igElfswlg A E3
+ e (M.40)

Let us look at this one by one. We are interested only in coefficients of E3 A E*. The first

and fourth terms combine to yield
1 2
—ig EB*wig A E* + i E'Swis A EP = 55"‘ <8Ahw + Zhya — Orhy A) EPANE'+--- . (MA41)
r

For the second term we have

5’[}

1
i§E25w24 VAN E4 == 5 <

r

how + Oah™y + B2, (gBaAuB + uBﬁAuB)> E*ANE*+ .., (M.42)
where we have used 0(jifi4) = 6(u?jia) = 0. It turns out that
1

Oah™, + b, (BP0aps + pP0afin) = g*P Dahyp = WABDAh,,B, (M.43)

where D, denotes covariant derivative on the unit 2-sphere (that is, compatible with v45,

not gag). Thus, we can write

1

r

v 1
ie B 0wy N E* = 52 ( R + 74271“BDAhvB) E3ANE  +---. (M.44)

The coefficient of E3 A E* is real, i.e. its complex conjugate is the same,

1 1
ie E20way N E* — i E?6was N E? = ¢ (Thw + 7JWE"DAmB) E*ANE*+--- . (M.45)
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We also have

E3/\E4+§—(ﬁAu;1+/LAﬂj4)5E3/\E4+m,

—i¢B'0wiy N E* = €76 5
(M.46)

. IR

i (A iy + p )

_ _ ] & _ _

(il + )| E° A E* + 5 (s + 1) B AGE 4 -
(M.47)

[ 1
i£E16w13 N E3 = fré ﬁ

Together we have

28

r

—i¢ B Swiy A B +i¢ B 0wis A B® = ——-h,, E* A B* + 3 S(EANEY 4.+, (M.48)
T

where we have used §(u?ji’y) = 0(iy’y) = 0. With 6 = 0, we also have §(E3 A E*) = 0 due
to the Bondi gauge condition v48hp = 0.

Collecting the results, we obtain

) 1 2 1 1
earaic ET)0w NP = | e (aAhw + Zhoa - arhm) e (hm, 4 vABDAhvB)
2 2 r r r2
2 T
— ihw EP*ANE* ... (M.49)
.

Plugging this into (M.1), we obtain the electric diffeomorphism charge associated with vector
field ¢ on the Schwarzschild horizon r = 2M to be

M
jof' = - [ Povr

1
SA <8Ahm“ + MhUA - arhva>

1 1 2"
+ o (hm+ -y DAhUB) _ th]. (M.50)

M.2 Dual supertranslation charge

The magnetic diffeomorphism charge associated with a vector field £ takes the form

?

JQY = (ie E)8wag A E°. (M.51)

& Jow+
For this we need to compute the dO4 A dOF component of the two-form

(ie E*)0wap N EP. (M.52)

229



Since only E® and E* carry dO4 components, the only part of the expression relevant to the

S? integral is

(igEa)(;waﬁ N Eﬁ = (igEl)((Swlg N E3 + 50)14 AN E4) + (i£E2)(6UJ23 A E3 + 5(,024 VAN E4)
+ (i¢ E*)0wsq A E* + (ie EY)owgs AN E® + - -+ | (M.53)

where --- contains all the irrelevant components such as dv A dO4. Using the expression

(M.34) for the spin connection, we can write
1
2U
1
— = (A + W i) OF® N E* + 6E* A E?)

(Bwis A E? + 6wy A EN|soanger = —0 { (A + pEy) | (B® A E* + B* A EP)

2
— (B E)OER N EP — (i )OE* N E*. (M.54)

The first line on the RHS is clearly zero since £ A E* + E* A E3 = 0. The third line is also

7ero since
— At L4 At L a
POy = A =0, = = 0. (M.55)
In the second line, we have
SE3NE*+ SE* N E? = (Spafip + 0fiapg)dO? A dOF. (M.56)

One can show that the expression in parentheses on the RHS is %h ap and is therefore

symmetric,
hap = 0(pafip + flaps) = 2(0pafip + 6ftaps), (M.57)
which implies E? A E* 4+ 6 E* A E® = 0. Therefore we have
(bwiz A E? + 0wy A EY)|goanges = 0. (M.58)

The expression for dwaz A E3 4 dwey A E? is similar but with just more complicated coefficients.

To see this, first observe that the £ and E* components of wy3 and wyy have the form

wog =+++— AE®* — BE*,  wy =---— BE® - AE", (M.59)
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where A is complex and B is real,

iy

A= l0aW - ) = i fua+ (V= W2) + WARP (0afip — Opfia), (M.60)
1 . A~/
B=3 (uAé’A(W i) = pia+ M25A (V = W?) + WP (Oafip — Opfia) + C-0-> . (M.61)

Note that A = B = 0 on Schwarzschild; it is only the variations dA and §B that do not

necessarily vanish. Thus, we have

(Owas A B3 + Swoy A EM)|goapges = —(6B)(E* N E* + E* AN E?) — B(OE® A E* + 0E* N EP)
— ASE® N E® — ASE* A E* (M.62)
=0, (M.63)

where the second line vanishes since A = B = 0, and the first line vanishes due to E? A E* +
E*AE? =0.

At this point we are left with the two terms,

(ie E*)0wsy A E* + (i E*)dwyz A B, (M.64)

We first note that the £3 and E* components of w3y = —w,3 can be written compactly using
,LLAﬂB _ ,DJA,MB — 7:(_:AB as

wsr = -+ + i€ (OafipE* + 0appE") . (M.65)

The variation de4? is proportional to the trace Y*Phsp and therefore vanishes in Bondi
gauge. Therefore if we vary wsy, the variation only acts on the expression inside the paren-

theses,

Swsy = -+ +i€"P5 (04 E® + Oapp B*) (M.66)
=+ ie"? (040 B + 0406upE* + 0afipd E® + OapupdE*) . (M.67)
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Plugging this in and using i E* = 44 and i¢ E* = £4/i4, we obtain

(i B%)wsa A E' + (ie E")owis N B = ie*P6C e (0405 E° + 0afipd E® + 0appd E*) A E*
— i P¢ic (0a0up B + 0afipd B + 0appd B*) A B3

(M.68)
= £“Xo, (M.69)
where X takes the form
X = ie"Ppc (0400 B + 0afipd B> + 0appd ') A E*
- ZEAB[J,C <8A5MBE4 + aAﬂB(sE?) + 8Au36E4) A E3 (M?O)

Pluc(0adip) upive + pc(Oafi)dppiis + pic(Oaps)dfipiis

+ fic(Oadps)ppiie + fic(Oafin)iplie + Mc(aAﬂB)/ﬁDwE} de” ndeP.  (M.71)

One finds that this expression is

1 hey  2cosf Ophoo . R 2 cos 9 hog
X - 0 ds) M.72
D) <(99 sinf | sin?0 " sing o™ % sin?f  sin?6 s = 8¢ no (M.72)
2
= 5P DahpdS, (M.73)

where dS) = sin #df N d¢p, and D4 denotes the unit 2-sphere covariant derivative compatible
with v45. Notice that eA? here is the Levi-Civita tensor for the metric g45, which contains
the r2 factor. If we write é*? for the Levi-Civita tensor corresponding to the S? metric 45,

we have the relation é48 = r2¢48 and

Xo = 8D hpedQ. (M.74)

Collecting the results, we obtain the magnetic diffeomorphism charge associated with a vector
field £ to be

7-[+ i e’ B
QI /a (ieE)dwos N E (M.75)
=— “X M.76
8w A)?ﬁ & &e ( )
1 _
- /8  POFEE Dby (M.77)
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Appendix N

Non-Integrable Part of Horizon

Supertranslation Charge

In this appendix, we demonstrate that the non-integrable part /\/?‘Jr of the horizon su-
pertranslation charge exhibits vanishing Dirac bracket with other horizon supertranslation
charges.

We can re-write ./\/'}"‘+ in terms of the delta function d;f = 276*(z — w). Doing so and
taking note that the covariant derivative D, is acting on a scalar and is therefore a plain

partial derivative, we obtain

1

_§;M;H+dvfz@kﬁ84D2—1r4DBDAmw (N.1)

+
NP =
Partial integration in the second term by 2 yields

+

1
NI = et /H dvd*z (0.0:f)[D* = 1]7' D" D04, (N.2)

The boundary term arising from this vanishes, since 9 f = 27§?(z —w) and the contour does

1

not cross w. To treat [D? — 1]71 explicitly, let us consider its Green’s function A(z,2’) of

D2 -1,
1

(D? —1)A(z,2) = %252(2 —2'), (N.3)

!The Green’s function depends on both (z, z) and (2/,2’), so we should have written A(z, z, 2/, Z’) to be

precise. We use the shorthand A(z, z’) for notational brevity.
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which is derived in appendix N.1 to be,

1

Az 7) = 4sin(m)\)

P,\(—nz . IIZ/), (N4)

where A = $(—1+iv/3), P, is the Legendre function, and

242z i(z—2) 1—2z
n, = — — —
142z 14+2z 1+=z22

(N.5)

is the Cartesian coordinates of a unit vector on the sphere characterized by (z,z). The
quantity n, - n, reduces to cosd when (2',2’) is set to the north pole, as it should. Using A,

we can write (8.39) as

N}H+ _ 871_1]\4/+d1)d22 (azagf)/d2Z/WA(Z,Z/)DB/DA/O'A'BI’ (N6)
H

In the second term on the r.h.s., let us partial integrate the two covariant derivatives on
oap to A. This gives rise to two boundary terms, but one can use (N.4) to show that they

vanish, see appendix N.2 for details,

|

= 2 B 2 ’ A ~\B’ , .
I8t H+d2(3zazf)/dz\/;(D D7 A(z, 7))o (N.7)

First, let us compute the Dirac bracket {N/ }**, 5Q;¢+}. This is zero, since it is proportional

to
{ /H _dvd®=(0.0:) / @2\ (DY DP Az, ) ows, /H dv 2"\ [y(DF DC”g)aD"C,,}

= 0. (N.8)

Next, we compute {N }Lﬁ, 5@;#}. It is proportional to the quantity

{/HJr dv d2z(8zazf)/dQZIW(DA/DBIA(Z,Z/))UA/B/,/H+ dZZ//W(DE//DC//g)EE//D//hDHC”}

= 327TM2 /}.[Jr d2Z (6Zagf)/d2Z,W(DAIDB,A(Z, Z,))(DEIDC,g)EE/D,’yA/B/D/C/’ (Ng)

where we have used (8.22), with yagcp = Yacysp + YapyBc — YapYop. Partial integrating

the two covariant derivatives on A to g while noting that Degc = 0 and D asypepr = 0, we

234



obtain

{/ d’Ud2 a 0 f /d2 ! DA/DB A(Z Z))O'A/B/ / d2 //W(DEHDCNQ)CEH hD//C//}
= 327TM2/d22: azagf /dQZ/WA Z,Z/ DB DA,DE,DC g)EElD YA'B'D'C! (NlO)

_647T1M2/d2 (0.0:f) /d2 '\/>A (z,2')(v**)?[D?%, D2]g. (N.11)

The boundary term arising from the partial integration is similar to that discussed in ap-

2

pendix N.2 and vanish for the same reason.” In the second equation, we have used the

fact that the only non-vanishing components of e4? and yagcp are €, = —e;* = i and
Verzz = Vizz: = [ieae +ZZ) = 27.:% respectively. One can readily check that [D?, D%g = 0.
Therefore, we conclude that NV ]?{ has zero bracket with both charges,

{N,6Q1 "} =0, (N.13)
{(NF,6Q77 ) =0. (N.14)

N.1 Green’s function for D? —

Let us derive the Green’s function for D? — 1 on the unit sphere. We want a solution to

1

sin 6

(D> — DA, Q) =6Q-Q) =

(60 — 0')8(¢ — ¢'), (N.15)

where Q0 and € represent points on the unit sphere, and the differential operator acts on
Q). Due to spherical symmetry, the Green’s function only depends on the geodesic distance
between €2 and §2'. Without any loss of generality, we can assign the coordinates on the
sphere such that ' sits at the north pole. Then, the geodesic distance between Q and
is given by 0. By spherical symmetry, this solution must be the same as when € is not

necessarily at the north pole but instead ¢ = ¢, in which case the geodesic distance is

2The boundary term arising from the partial integration is proportional to the expression
?2'\/y' | DY (D' A(z,2)D¥' D ¢) — DP' (A(z,2)DY' D¥' D ¢) |ep® varm prer
Y g g

= Qi]{dz/ #Z ((D2g) 92 A(2,2") — A(z,2') D2 D?g) + Qifdz' “Z ((D%g) 8. A(2,2") — A(z,2")Dy Dsng) .
’ ’ (N.12)

It is shown in appendix N.1 that A ~ §log|z — 2/|? as z — 2/, so the above expression vanishes due to lack
of appropriate poles.
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|0 — ¢'|. Thus, we solve the following equation first,

1
27 sin 6

(D* — DA(0 — 0]) = 50— 0), (N.16)

and restore the ¢-dependence later. The operator D? in spherical coordinates reads

e Lo 0 1 &

= —sinf— + ———— N.1
sinf o0 > e * sin? 0 0¢?’ (N-17)
so by changing variables to ¢t = cos 6, we can write (N.16) as
d d 1
—(1 =) — — 1| At t) = =8t —1). N.18
(025 1)) = o) (.19

We can obtain the Green’s function A by solving this equation for t < ¢’ and ¢ > t/, and
then stitching the two solutions together at t = ¢'.

The differential equation (N.18) states that a second-order differential operator acting
on A yields a delta function. This implies that A is continuous at t = t’; otherwise the
discontinuity can locally be written in terms of the Heaviside step function, and % acting

on it yields a derivative of the delta function, which is not present in (N.18). So, we have

lim A(t' —e,t') = lim A(t' +¢€,t). (N.19)

e—0t e—0t

On the other hand, % is discontinuous, which can be seen by integrating (N.18) around an

infinitesimal region around ¢t = ¢/,

dA
: 42
Jim, (1 = ¢7) ( dt

dA

dt

1
= —, (N.20)
t—t’—e> 2m

With the stitching conditions (N.19) and (N.20) in mind, let us solve (N.18) for ¢ # t'.
Equation (N.18) for t # ' takes the form of a Legendre equation,

t=t'+€

d d

— (1 =)= + XA+ 1) | At t) = N.21

(02 +20) ater) <o (N.21)
with A = %“/g (such that A(A + 1) = —1). Being a second-order ordinary differential

equation, this has two linearly independent solutions, the Legendre functions P,(t) and
Q(t) of the first and second kind. When A = n where n is an integer, P,(t) and Q,(?)
become the Legendre polynomials of the first and second kind. Legendre polynomials have a

definite parity, so for instance P,(t) and P,(—t) = (—1)"P,(t) are not linearly independent.
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However, for non-integer A\, P)(t) is linearly independent to P\(—t), (equations 8.2.3 and

8.3.1 of [166])

Py(—t) = cos(Mm) Py(t) — isin(wA)Q,\(t). (N.22)

This relation implies that for non-integer A, we can use { Py(t), P\(—t)} instead of { P\(t), Qx(t)}

as the basis of solutions to (N.21). Thus, we can write

Py(t) + asPy(—t for t < t,
At 1) = {al A(f) a2 P (=) o (N.23)

blp)\(t) + bgp)\(—t) for t > t/,

where ay, as, by and by are functions of ¢ only. We demand that the Green’s function A(t,t')

is well-defined everywhere but ¢ = ¢'. Taking note that Py(1) =1 and P\(—1) = oo, one can

see that this fixes a; = by = 0,

Py(—t for t < t,
At 1) = {“Q \(=1) o (N.24)

by Py(t) for t > t'.

The remaining coefficients as and b; are fixed by the stitching conditions (N.19) and (N.20),

which read

azp)\(—t,) = blp)\(t/), (N25)

1

These can equivalently be written as

(a(—t') —Pm) ():( 0 ) .
P(=t) Bt ) \b)  \aitem

Solving for a, and by, we obtain

NE 1 By R\ ([ 0
(bl) (Pt B(t) + PA(t) P (—t)) ( Pl—t') Py(— t)> (%(f—m) (N.28)
= At

©2n(1 — t2)W{Py(t), Px(—t) }i—v ( Py (=t )) ’ (N.29)
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where WH{:, -}|;=¢ is the Wronskian,

R Pt | P P(-t)
WARD, (=)} = ap(t) Lp(—t)| |Pi(t) —P(-t) .
= — (P\()PL(—t) + P\(—t)P,(t)) (N.31)

evaluated at ¢ = t'. To compute the Wronskian of Py(t) and Py(—t), we first note that the
Wronskian of Py(t) and Q,(t) is (equation 8.1.9 of [166])

WP, (1)} = - (N.32)

Then, we use the relation (N.22) to obtain

WIP,(), Po(—t)} = cosOAm)WAP,(t), Py(£)} — isin(m\)W{PA(t), O\(t))  (N.33)

_ —2sin(7A)
B DR (N.34)

since W{P,(t), P\(t)} = 0. This with (N.29) implies that ay and b, are

azy 1 [ R()
(bl> ~ 4sin(7)) (PA(—t’)) ’ (N.35)

Plugging these into (N.24), we obtain the Green’s function

A f) - L IBOBRED - fore <t (N.36)
’ 4sin(mA) Py(—t")Py(t) for t >t ‘

Putting ' back at the north pole (and hence ¢ = 0 and ¢ = 1) and recalling that A = ’”Ti*/g,

we obtain

A(6) = 1>\)P1+2N§(_ cos0). (N.37)

 4sin(w

So, this is the Green’s function when ' is the north pole. For a generic point €' on the
sphere, spherical symmetry demands that A only depend on the geodesic distance v between

Q and €', which is given as

cosy = cos B cos B + sin O sin 0’ cos(¢p — @), (N.38)
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and we have

A(Q, Q) = : )P,l%\/g(— cos "), (N.39)

4sin(mA

as a solution to the equation (N.15). We note that it does not matter which of the two orders

A= %“/g we choose, since Py(t) = Py«(t); we have just chosen plus sign for definiteness.

N.2 Treatment of boundary term

In this section, we show that the boundary terms arising from partial integrating the r.h.s.
of (N.6) vanish.

One can see that this partial integration involves

/d2 "V Az, #)DP DA aA,B/—/cF "7 DP (A(z,2) DY o)
—/dQZ/[DA O'A/B/D /A(Z,Z/)>

+ / &\[y (DY DP Az, ) o, (N.40)

so the boundary term arising from this procedure is proportional to the quantity

/d2 ,fDB ( Z, Z D UA’B’) —/dQZIWDA/ <0A/B/DB/A(Z,Z/))

_/d2 [0 (A(z.2) D 0.0) + 0 (A(z,2)D7 0]

—/d2 10 (022 D7 Az, ) + 8 (002 D7 A2, )] (N.41)
= j{ A2 (A2, )00 — 00O A(2, 2'))

+i f A% (A(2,2)000ms — 0220202, 7)) (N.42)

where in the last line we have used Stokes’ theorem. This vanishes if (a) A and 0> A do not
have z’-poles at 2’ = z and (b) A and 9,/A do not have z’-poles at 2’ = z.

To show that both (a) and (b) are true, we start from the Green’s function A(z, 2’) given
n (N.4). For the moment, let us put 2/, 2" = 0 (the north pole) and restore them later. This

gives

A(z,0) =

Asin(Ar) (Z I D : (N.43)

Only the asymptotic behavior of A(z,0) near z,z = 0 is relevant for the boundary contri-
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bution (N.42), and for this we need the asymptotic behavior of Py(¢) near t = —1. This can
be derived via the asymptotic behaviors of Py(t) and Qx(t) near ¢t = 1, which read [167]

Py(t) ~ 1, (N.44)
Qr(t) ~ ;ln <12—t) , ast — 1, (N.45)

and using the relation (N.22), which yields
L.
Py(t) ~ —sin(mA\)In (1 +¢), ast — —1. (N.46)
T
Applying this to the Green’s function (N.43) with ¢t = (22 — 1)/(2z + 1), we obtain
1 _ _
A(z,0) ~ 1 In(22), as z,zZ — 0. (N.47)
Restoring the reference point 2’, the asymptotic form of the Green’s function near z = 2’ is®
/ 1 112 = ! =/
A(z,z)~11n|z—z|, as (z,2) = (2, 2)). (N.50)
One immediately sees that A has a logarithmic singularity at z = 2’ and therefore has no

poles there. Also, 0,A = m has no Z’-pole at 2/ = z, and 9z A = m has no z’-pole

at z = z/. Therefore, the boundary term (N.42) receives no residues and vanishes.

30ne can also derive this without putting z’ = 0 in the first place. To do so, one notes that cos~y in
(N.38) for generic z and 2z’ can be obtained by taking the dot product of two vectors of the form (N.5), and
that it satisfies

2z = 2)(Z — 2)
l—cosy=1—mn, -n, = - —, N.48
s e i (I1+22) (14 2'2") ( )
Then, taking z = 2’ + re’® and expanding around r = 0 leads to
272
1—COS’}/: m"‘O(T?)), (N49)

which plugged into (N.46) for Py(— cos) and then into (N.4) leads to A(z,z) ~ 1 Inr? = 1 In(z — 2')(z—7')
for r — 0, in agreement with (N.50).
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