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Abstract
Classical and Quantum Aspects of Black Holes and Spacetime
by
Venkatesa Chandrasekaran
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Raphael Bousso, Chair

Understanding the microscopic structure of black holes and, more generally, of arbitrary
spacetime regions, is one of the fundamental problems of quantum gravity. The holographic
principle suggests that the information content of a spacetime region is encoded in degrees of
freedom on the boundary of that region. To this aim, progress in AdS/CFT suggests that the
emergence of spacetime from boundary degrees of freedom entails a deep connection between
gravity and entanglement. In this thesis, we attempt to gain insight into this problem by
following two different approaches.

A particularly important step towards understanding the emergence of spacetime is explain-
ing the origin of black hole entropy. Given that black holes are subregions of spacetime, a
“bottom-up” approach to black hole entropy would first require understanding the gravita-
tional degrees of freedom on the boundaries of subregions, at both the classical and quantum
levels. A particularly powerful way to shed light on these degrees of freedom is by character-
izing the symmetries and charges of gravitational theories with internal boundaries. In the
first part of this thesis, we primarily focus on this question at the classical level. We start
by considering subregions behind causal horizons, which we treat as null boundaries of the
spacetime. We then extend the analysis to causal diamonds. We apply this formalism to
event horizons, using the algebra of charges to derive the entropy of a black hole. Lastly, we
study the measurability of gravitational charges at asymptotic boundaries when quantum
corrections are included.

While the first part of this thesis focuses on the purely gravitational aspects of black holes
and spacetime, the second part aims to uncover the profound relationship between these
concepts and quantum field theory (QFT). The classic example of this is the quantum
null energy condition (QNEC), a novel inequality in quantum field theory relating energy
and entanglement which was discovered through the classical focusing theorem in general
relativity. We first study the relationship between the QNEC and quantum focusing using
AdS/CFT. We then study the QNEC purely using QF T, and show that it is always saturated,



which displays a deep connection between energy and entanglement. We also use black hole
entropy to derive energy-minimizing states in QFT which are naturally understood in terms
of modular flow. Finally, we derive the holographic dual of this modular flow.
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Chapter 1

Introduction

Progress over the last few decades has provided a plethora of evidence that spacetime ulti-
mately emerges from more fundamental building blocks. The road that led to this conven-
tional wisdom can arguably be traced back to Bekenstein’s argument that black holes must
have an entropy proportional to its area [1], shown to hold true by Hawking [2|. Explicitly,
the Bekenstein-Hawking entropy is

Agn
4Gh

The simplest black holes are vacuum solutions to Einstein’s equations that are entirely
characterized by just three numbers: mass, electric charge, and spin. Bekenstein’s claim
was quite profound, as it suggested that spacetime itself can have microstates, since it has
an entropy. What’s more, this entropy would have to be proportional to the area of the
black hole, unlike the volume law entropies that most conventional matter systems obey. A
reasonable leap, based on this property, is that the degrees of freedom which account for the
black hole entropy actually live on the horizon of the black hole.

The Bekenstein-Hawking formula served as a precursor to the holographic principle, real-
ized most concretely by the AdS/CFT correspondence. Originally discovered by Maldacena
[3], it states that quantum gravity in d+ 1 dimensional anti-de Sitter (AdS) spacetime is dual
to conformal field theory (CFT) on the d dimensional boundary of the spacetime. However,
it was the Ryu-Takayanagi (RT) formula [4] that actually shed light on the emergence of
spacetime. The RT formula states that

Sp = (1.0.1)

 Agr
SCFT — 4C;’_h + Sout (102)

where Scpr is the von-Neumann entropy of a state reduced to some subregion of the boundary
CFT, A is the codimension-two minimal area surface anchored to the boundary subregion,
also known as the RT surface, and S,y is the entropy of bulk quantum fields across the
RT surface. At leading order, the RT formula provides a deep connection between a purely
geometric quantity in the bulk and an information theoretic quantity on the boundary. It
suggests that spacetime geometry, in some sense, emerges from boundary entanglement [5].
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By abstracting away from AdS/CFT, one can actually assign a generalized entropy to
any codimension-two gravitational subregion in any spacetime:

Sgen = %i + Sout (103>
where A is the area of the subregion and S,y is the entropy across the boundary of the
subregion, also known as the entangling surface. The generalized entropy is of paramount
significance; it beautifully unifies geometry and entanglement for arbitrary spacetime regions,
and encompasses all of the special cases mentioned thus far.

Better understanding the microscopic origin of the generalized entropy entails two par-
ticularly important questions:

e What can we learn about the gravitational degrees of freedom of arbitrary subregions?
e How does the generalized entropy serve as a bridge from gravity to QFT?

We now expand upon these two questions in turn.

1.1 Gravitational Subregions

In order to shed light on the entropy of black holes, and on the generalized entropy more
broadly, we must first understand how subsystems are characterized in gravity. Black holes,
for example, are specific subsystems of a given gravitational theory, which we can think of as
the spacetime region behind the event horizon. We can treat the event horizon as a boundary
of the spacetime, as would be the case from the perspective of an external observer, and ask
what information about the black hole is encoded, by gravity, on the horizon. We can ask
the same question for arbitrary spacetime regions by replacing the event horizon with the
boundary of the causal diamond of some codimension-two subregion. Perhaps the most
familiar is the example of null infinity, an asymptotic boundary which encodes the dynamics
of radiating spacetimes.

All these examples require studying gravity on manifolds with codimension-one bound-
aries. The non-trivial physics follows from the fact that the diffeomorphism invariance of
gravity is broken by the presence of a boundary. This means that a subset of the diffeomor-
phisms get promoted to physical symmetries of the theory when the boundary is present.
This results in non-trivial charges on the boundary that capture important aspects of the
boundary degrees of freedom associated to the subregion. In the first part of the thesis, we
derive these symmetries and charges in general relativity on manifolds with null boundaries,
and use them to gain insight into black hole entropy.

Our main tool throughout this part of the thesis will be the covariant phase space for-
malism, which is an elegant framework for dealing with Hamiltonian dynamics in gravity
without giving up manifest covariance. The basic idea is to treat the internal boundary as
an auxiliary background structure in the field configuration space of the gravitational theory,
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i.e. it does not vary from one field configuration to another, as a smooth manifold. Further-
more, there may be geometric structures associated to the boundary (e.g. the normal to the
boundary) which we also take to be background structures. All remaining geometric struc-
tures on the boundary, which will typically be those induced by the metric, will comprise the
boundary degrees of freedom that are acted on non-trivially by the broken diffeomorphisms.
The subset of these diffeomorphisms which preserve the background structures will comprise
the symmetries of the theory. The covariant phase space formalism allows one to readily
derive these symmetries, and calculate their charges.

In Chapter 2, we systematically apply the covariant phase space formalism to general
relativity in the presence of null boundaries. We consider completely general null surfaces,
meaning they can be non-stationary. Since this allows for degrees of freedom to enter or leave
the subregion, the Hamiltonian charges will not be integrable, as is the case for any open
subsystem. However, having integrable charges is important, as they are needed in order to
capture the interaction of the boundary degrees of freedom with sources, such as radiating
black holes. They are also necessary for constructing a global algebra of charges. Wald and
Zoupas augmented the standard covariant phase space formalism to handle exactly this [6],
although they only applied their formalism to null infinity. We adapt this formalism to finite
null boundaries, fix a particular boundary structure, and show that general relativity has an
infinite number of symmetries and charges at null boundaries. The boundary structure that
we fix consists of the null normal and the surface gravity on the null surface. The symmetry
group at finite null boundaries ends up being quite similar to the well-known BMS group at
null infinity, except it has two kinds of supertranslations and involves all diffeomorphisms of
the base manifold of the null surface. We then compute the charge algebra and show that
there is no central extension of the symmetry algebra, and discuss applications of our results
to conservation laws in black hole spacetimes and the black hole memory effect.

The analysis in Chapter 2 is restricted to complete null surfaces, i.e. null surfaces whose
null geodesic generators extend infinitely in either direction. However this leaves out a very
important class of null surfaces: causal diamonds. If there exists a finite subregion version of
holography, one might expect that the relevant boundary degrees of freedom live on the causal
diamond associated to the subregion. In Chapter 3, we thus extend the previous results to
the case where the internal boundary is a causal diamond, with the main subtlety being the
asymptotics of bulk and boundary fields at the corners of the diamond, as well as matching
conditions at the bifurcation surface. We then show that there exists an infinite number of
conservation laws between the past and future components of the causal diamond, analogous
to the ones between past and future null infinity. We also derive a Wald-like entropy formula
[7] for causal diamonds.

In Chapter 4 we finally come to the question of black hole entropy. We first revisit the
analysis in Chapter 2, generalizing the field space to include perturbations which don’t fix
the surface gravity, i.e. we remove it from the set of background structures. We study this
field space in detail, focusing in particular on boundary anomalies generated by the differ-
ence between the action of the field space transformation and the spacetime transformation
of boundary degrees of freedom. The generalized field space allows us to consider diffeo-
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morphisms in stationary black hole spacetimes which form a Virasoro algebra in spacetime.
The naive charges associated to these Virasoro vector fields turn out to be non-integrable,
so we use the Wald-Zoupas formalism to derive integrable versions of them and construct
an algebra of charges by making use of a modified Dirac bracket for dynamical subregions.
We show that this charge algebra contains a central extension which, after using the Cardy
formula [8], yields twice the Bekenstein-Hawking entropy of the black hole. We provide an
interpretation for this result in terms of gravitational edge modes living on the bifurcation
surface.

Lastly, in order for boundary symmetries and charges in gravity to be useful for un-
derstanding the generalized entropy, we must understand their properties when quantum
corrections are included. In Chapter 5 we attempt to make progress on this by taking
the boundary to be at null infinity, which allows us the most control. We study quantum
fluctuations in the asymptotic charges on cross-sections of null infinity and show that the
fluctuations grow without bound as we approach null infinity, even if the charges are smeared
out across some finite interval of null infinity. We argue that this must happen in order to
be consistent with the covariant entropy bound [9, 10|. We then show that the only way to
obtain well-defined charges is if they are smeared across at least semi-infinite intervals on
null infinity, which has important implications for the algebra of charges at null infinity.

1.2 Gravity and Entanglement

We have emphasized the profundity of the potential connections between spacetime and
entanglement. Most of the evidence for this claim comes from AdS/CFT. However, we
have at our disposal the generalized entropy, which is defined for any background, and links
geometry and entanglement in a simple way. Therefore, we should be able to use it cleverly to
gain insights into the relationship between these two concepts. Absent a concrete duality, we
will provide evidence for this connection by using classical gravity to learn new things about
QFT, which can then be independently proven in QFT. Such a paradigm would suggest that
classical gravity somehow knows about the entanglement properties of quantum fields.

The generalized entropy has its own storied past, once again going back to Bekenstein
[11]. He argued that when both black holes and matter are involved, it is the generalized
entropy which must always increase, amounting to a generalized second law (GSL). The GSL
combines the area law of classical black holes and the ordinary second law of thermodynamics.
The GSL was proven relatively recently by Aron Wall [12], using the modern form of the
generalized entropy. In [13], the authors considered another property of gravity: the classical
focusing theorem. This theorem essentially captures the attractive nature of gravity, and
says

0 <0 (1.2.1)

where 6 is the expansion of a congruence of light rays emanating from a codimension-two
subregion, and the derivative is along the light rays. One can promote this to a semi-classical
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quantum gravity statement by replacing # with a quantum expansion © = Séen. In [13], a
quantum focusing conjecture (QFC) was formulated, which simply states
' <0 (1.2.2)

By taking the non-gravitational limit of the QFC, one obtains the quantum null energy
condition (QNEC):

<2, (123
where v is an affine parameter along the light rays. This is a pure QFT statement, and can
therefore be proven using standard QFT techniques, as was done in [14, 15, 16|. Thus, a
highly non-trivial propery of QFT, one which relates energy to entanglement, was arrived
at starting from a very simple property of classical gravity.

In the second part of this thesis, we use this archetype to learn more about the entangle-
ment properties of QFT, as well as further connections between gravity and entanglement.
In Chapter 6 we study the QNEC and QFC using holography, following [17]. We use a prop-
erty called entanglement wedge nesting (EWN) to show that the QNEC can be established
holographically for curved spacetimes on the boundary. We also show that the QFC yields
the QNEC whenever EWN yields the QNEC, on curved spacetimes.

In Chapter 7 we study the QNEC in generic QFTs with conformal UV fixed points,
using the languge of defect CFTs. We study the operator product expansion (OPE) of
displacement operators in the contact limit, which corresponds to taking two derivatives of
the entanglement entropy along the same null generator. We argue that in this limit, the
only operator which contributes to the OPE is the stress tensor. This shows that the QNEC
is always saturated, meaning that the second null derivative of the entropy is always equal to
the associated energy. This implies a profound connection between energy and entanglement
in QFT. We go further and compute the second derivative of the entropy along different light
rays, in states close to the vacuum, and show that the result can be written as the expectation
value of spin-2 light ray operators.

In Chapter 8 we revisit the question of black hole entropy, but this time from the per-
spective of the coarse-grained entropy. In [18], a prescription was given for coarse-graining
the interior of classical black holes. The black holes were defined using marginally trapped
surfaces, as opposed to the event horizon. They showed that the entropy resulting from this
coarse-graining coincided with the Bekenstein-Hawking entropy. We generalized this result
to include semi-classical black holes, such as those which emit Hawking radiation, by giv-
ing a coarse-graining procedure for the generalized entropy of quantum marginally trapped
surfaces. We then take the non-gravitational limit, and show that the coarse-graining proce-
dure coincides with a particular manifestation of modular flow called Connes cocycle (CC)
flow [16]. This flow generates energy-minimizing states, thus linking coarse-graining of black
holes to energy minimization in QFT.

Lastly, in Chapter 9, we study the CC flow in the context of AdS/CFT, in order to
better understand the role of modular flow in bulk emergence. In the simplest case of the
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Rindler vacuum, the CC flow corresponds to an ordinary boost. We formulate a gravitational
analogue of this for general spacetimes called the kink transform, which takes a set of initial
data on a smooth Cauchy slice and maps it to initial data on a “kinked” slice, with the kink
across some codimension-two subregion of the slice. The extrinsic curvature shock due to
the kink has the effect of introducing a relative boost to the initial data. We show that this
kink transform only satisfies the gravitational constraint equations if it is performed across
an extremal surface. We show that the kink transform is the bulk dual of the CC flow when
it is done across the RT surface.



Part 1

Subregions in Gravitational Theories



Chapter 2

Symmetries and Charges of General
Relativity at Null Boundaries

2.1 Introduction

It is well known that gauge transformations of a diffeomorphism invariant theory can become
genuine symmetries of the theory at boundaries of the spacetime. In general relativity,
diffeomorphisms of asymptotically flat spacetimes that preserve the fall-off conditions for the
metric near null infinity yield the standard BMS group [19, 20, 21]. Similarly, in QED there
exists an infinite set of symmetries at null infinity comprised of large gauge transformations
[22, 23]. Associated to the various symmetries are global conserved charges which act as
generators of the symmetries [24, 25]. There are in addition localized charges such as Bondi
mass which quantify the amount of charge in subregions of the spacetime boundary, which
can be calculated using a variety of formalisms [24, 26, 27].

More recently, it has been found that stationary black holes also possess an infinite
number of symmetries beyond the usual horizon Killing symmetries [28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 38| (see [39] for older work on this topic, and [40] for the electromagnetic
case). The new symmetries are diffeomorphisms which preserve the near horizon geometry
under specific gauge conditions, and a subclass of them are similar to the supertranslations at
null infinity. These horizon supertranslations give rise to contributions to the global charges
associated with supertranslations, in addition to the contribution from null infinity. In [33,
34, 32| it was suggested that this enlarged group of horizon symmetries and its associated
charges and conservation laws play a role in how information is released as a black hole
evaporates, and may lead to a resolution of the information loss paradox (see also [41,
42]). At the least, a complete analysis of supertranslation conservation laws in black hole
spacetimes cannot be undertaken without first knowing what the supertranslation charges
and fluxes are on general, non-stationary event horizons. It is therefore of considerable
interest to gain a deeper, more unified understanding of such symmetries and charges.

A natural question is whether supertranslations are symmetries of general relativity at
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any null surface, with stationary horizons and null infinity being special cases. This would
give null boundaries in general relativity quite a rich structure from the phase space point of
view, and put supertranslations on far more general footing. As one of the main results of this
paper, we systematically calculate the group and algebra of symmetries of general relativity
at a null boundary at a finite location in spacetime, and show that this is indeed the case.
We do so using covariant phase space methods, which clarifies the geometric meaning of the
symmetries. The symmetry group is the semidirect product of the group of diffeomorphisms
of the base space (typically the two-sphere) with a nonabelian group of supertranslations,
which contains angle-dependent displacements of affine parameter as well as angle-dependent
rescalings of affine parameter!. The results apply to nonstationary black hole horizons as
well as cosmological horizons.

We next turn to the charges and conservation laws associated with these symmetries.
We distinguish between global charges and associated global conservation laws — the inde-
pendence of integrals over Cauchy surfaces ¥ of the choice of Cauchy surface — and localized
charges and localized conservation laws, which involve integrals over hypersurfaces 3 that
are not Cauchy surfaces. For the global charges, we compute explicitly the contribution to
the charges from integrals over event horizons. The complete charges and complete formula-
tion of the conservation laws requires an understanding of how the symmetries of the event
horizon mesh with asymptotic symmetries at null infinity. This has been worked out in some
special cases [33, 34|, but the general case is a subject for future investigations.

Localized charges, for example the Bondi mass at cross sections of future null infinity, are
associated with localized conservation laws that express the difference between the charges
at two successive cross sections with the integral of a flux over the intervening region of the
boundary. These charges are not generators of symmetries on phase space. Wald and Zoupas
[24] give a general prescription for computing such charges, by starting with the integral of a
symplectic current that defines the variation of the global charge, and restricting the domain
of integration to a hypersurface which is not a Cauchy surface, in order to attempt to obtain
the charge contained within some of the degrees of freedom of the theory. This quantity is
not in general a total variation and so cannot be integrated up in phase space to obtain the
charge. Wald and Zoupas give a prescription for adding a correction term that overcomes
this obstacle, thus allowing the definition of finite charges. Their prescription gives the
conventional answers for localized charges and fluxes at null infinity [24].

In this paper we describe how to adapt the prescription to a finite null surface, and
calculate the charges and fluxes of the symmetry algebra at the surface. In particular, we
obtain simple expressions for the supertranslation charges and fluxes. The result applies
to a very general class of null surfaces including, most importantly, non-stationary event
horizons. The fluxes manifestly satisfy the property that they vanish on stationary solutions
at the null surface, as one would desire if the charges are to be physically meaningful.

LOur symmetry group does not coincide exactly with any of the several different groups in Refs. [37, 39,
31, 30, 28, 29], since we preserve a particular geometric structure on the null surface which defines our field
configuration space, and other authors preserve other quantities such as the near horizon geometry.
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An interesting question is the physical interpretation of the localized charges at the null
surface. At null infinity, such an interpretation of supertranslation charges is provided by the
memory effect. The supertranslation that relates two different stationary regions (or vacua)
can be measured as a gravitational wave memory [42, 43]. Outgoing radiation can be though
of as causing a transition from one vacuum to another. A similar situation likely occurs at
a black hole horizon, when accretion of radiation causes a transition from one state to a
supertranslated state, with the supertranslation being measurable by near-horizon observers
as a memory effect. While some aspects of this memory have been uncovered [34] there are
still open questions.

Aside from the above motivations, which are centered around black holes, an understand-
ing of the gravitational symmetry algebra at a null surface is important in and of itself: null
surfaces play a crucial role in information theoretic constraints and dynamics within field
theory and semi-classical gravity [44, 12, 45], in holographic settings and action formulations
[46, 47, 48], in derivations of the generalized second law [12], and even in quantum gravity
[49, 50]. The covariant phase space formalism for spacetimes with boundary is also important
in studying the contribution of edge modes to entanglement entropy in gauge theories and
gravity [51, 52|. As such, a complete description of the symmetries and charges of general
non-stationary solutions at null surfaces could provide further insight into gravity, just as it
did at null infinity.

Our work is complementary to the recent derivation of Hopfmuller and Friedel of bound-
ary currents for arbitrary null surfaces and associated local conservation laws, for arbitrary
vector fields tangent to the null surface [53]. Earlier treatments of the symplectic structure
of general relativity on null surfaces and in 242 formulations can be found in Refs. [54, 55,
56, 57].

The paper is organized as follows. Section 2.2 reviews the covariant phase space formu-
lation of boundary symmetries and conserved charges of diffeomorphism covariant theories,
and Sec. 2.3 establishes our conventions for describing the local geometry of null surfaces. In
Sec. 2.4 we define a universal intrinsic structure for null hypersurfaces, and derive its invari-
ance group and algebra. Section 2.5 defines a covariant phase space for general relativity with
a null boundary, and shows the associated symmetry algebra of linearized diffeomorphisms
is the same as that of the universal intrinsic structure. The global and localized charges
associated with these symmetries are discussed in Sec. 2.6, and global conservation laws in
Sec. 2.7. Section 2.8 shows that for event horizons, the algebra of global charges under Dirac
brackets coincides with the algebra of linearized diffeomorphisms under Lie brackets. Section
4.6 discusses other applications to black holes and concludes.

Notation and conventions

We use the sign convention (—,+, +,+) throughout. We use the following conventions for
tensor indices:

e Tensors on the spacetime M will be denoted by lowercase Roman abstract indices a,
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b, ¢ etc. from the first half of the alphabet.

e Tensors on the null surface ' will be denoted by lowercase Roman abstract indices 7,
7, k etc. from the second half of the alphabet.

e Tensors built on the vector space of covectors w; orthogonal to the normal ¢ at a point
on NV will be denoted by uppercase Roman abstract indices A, B, C' etc.

Boldface quantities like w will denote differential forms. In Sec. 2.2 we will work in d
spacetime dimensions, but in the remainder of the paper we will specialize to 4 spacetime
dimensions.

2.2 Review of the covariant phase space formalism

In this section we review the generally covariant phase space framework for describing sym-
metries in a diffeomorphism covariant theory on a manifold M with boundary oM [58, 59,
24,60, 61, 62, 63]. We mostly follow the notations and terminology of Wald and Zoupas [24],
with one or two exceptions noted below. The framework is very general and can be applied
to arbitrary theories and boundary conditions. It was applied to vacuum general relativity
at null infinity in Ref. [24], and will be applied to vacuum general relativity at finite null
boundaries in later sections of this paper.

A summary of the properties of the various charges and conservation laws reviewed in
this section is given in Table 2.1.

Definitions of field configuration space and covariant phase space

We consider a d-dimensional manifold M with boundary M, on which we want to define
a theory of some dynamical fields ¢, tensors® on M (we suppress tensor indices on ¢). In
the following sections of the paper we will specialize to vacuum general relativity for which
¢ = gap- The boundary of M can consist of a number of different components B;,

The boundary components can either be at a finite location, as for a black hole horizon,
or can be asymptotic boundaries. In the latter case the manifold M will be the unphysical
spacetime of the conformal completion framework.

Two prototypical examples of setups we will want to consider are shown in Figure 2.1.
In the first, the manifold M is the domain of outer communications of a black hole formed
in a gravitational collapse, and the boundary elements are future null infinity .+, past null
infinity .#~, and the future event horizon H*. In the second, the manifold is the domain

30ne can also include dynamical fields that are gauge-covariant fields defined on a principal bundle over
M [64].



CHAPTER 2. SYMMETRIES AND CHARGES OF GENERAL RELATIVITY AT
NULL BOUNDARIES

12

Boundary symmetry

Localized
(Wald-Zoupas)

Global symmetry

of symmetry?

Property Noether charge “charge variation” boundary symmetry generator charge
charge
Symbol Qe #Q¢,j o Qe
Defining (2.2.6), (2.2.7), (2.2.14) (2.2.25), (2.2.24), (2.2.13) with X a
equations (2.6.7) - (2.2.26), (2.2.27) Cauchy surface
Requires the
existence of Y .
Always well v presymplectic o (assum.lng
defined? es Yes otential © validity of conjecture
pote . f Sec. 2.2)
satisfying certain ©
properties
Interpretation
as generator No No No Yes

Depends on?

Field configuration
¢, (d — 2)-surface S,
boundary symmetry

Field configuration
¢, field variation d¢,
(d — 2)-surface S,
boundary symmetry

Field configuration
¢, (d — 2)-surface S,
boundary symmetry

Field configuration
¢, global boundary
symmetry £
(assuming global

&% at S o &% at S conservation laws
ats valid)
Conjectured law is
that integral of
symplectic current
Nature of Conserved Exact (d — 1)-form (A.9.3) over Cauchy
. Conserved Noether .
associated presymplectic (2.2.25), (2.2.29) on surface ¥ and then
: current (2.2.6) on :
conservation Spacetime current (A.9.3) on component of in phase space
law p spacetime boundary independent of ¥

(Sec. 2.7).
Established in some
special cases

Table 2.1: A summary of the properties of the various charges and conservation laws reviewed in this

section.

of outer communications of an eternal black hole, and the boundary elements contain in
addition the past event horizon H~. We will also be concerned with the boundaries HI, .Z;"
etc of these boundary elements, where H (.#) is to be interpreted as the limit of cuts S
of HT (#7) in the limit as S approaches future timelike infinity i™, H* is the bifurcation
two-sphere in the second case, and .#* is the limit of cuts tending to spatial infinity °.

A crucial role in the formalism is the definition of a field configuration space .# of fields ¢
on M. The fields are required to be smooth on M and to obey suitable boundary conditions
at each boundary component B; and at their intersections. A key goal of this paper is
to determine appropriate boundary conditions for vacuum general relativity, for a boundary
component which is a general null surface A at a finite location in spacetime. These boundary
conditions should allow the computation of symmetries and charges. Boundary conditions
that achieve this are specified in Sec. 2.5 below.
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(b)

Figure 2.1: An illustration of two situations we will consider for the spacetime M. (a) M is taken to
be the domain of outer communications of a black hole formed in a gravitational collapse, with
boundary elements .# ~, .#* and HT. (b) M is taken to be the domain of outer communications of an
eternal black hole, with boundary elements .# =, .#+, H~ and HT.

Definitions of currents

We next review how conserved currents associated with spacetime symmetries are obtained
from the Lagrangian [24]. We assume that the dynamics of the theory is obtained from a
d-form Lagrangian

L = L(¢) (2.2.2)

which depends locally and covariantly on the fields ¢. Such a Lagrangian is independent of
any “background fields”. Under a field variation ¢ — ¢ + d¢ the variation of the Lagrangian
can always be written as

SL = E(¢) - 5¢ + d6(¢,6¢), (2.2.3)

where the tensor-valued d-form FE(¢) represents the equations of motion and - represents
contraction over any suppressed tensor indices. The (d—1)-form 0(¢, §¢) is the presymplectic
potential, which is locally and covariantly constructed out of ¢ and d¢ and finitely many of
their derivatives. The subspace of .# satisfying the equations of motion E = 0 forms the
covariant phase space .Z of the theory.

Given two independent field variations d,¢ and d2¢ we define the presymplectic current

w(¢,010,020) = 610(0, 02¢) — 520(,619). (2.2.4)

If ¢ satisfies the equations of motion and d;¢ and d,¢ satisfy the linearized equations of
motion, then the presymplectic current is conserved,

dw = 0. (2.2.5)
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We also define, for any vector field £* on spacetime, the Noether current (d — 1)-form j¢ by

Je = 0(¢, £¢¢) —icL, (2.2.6)

where i¢ denotes contraction of the vector field with the differential form on the first index.
It follows from Egs. (2.2.3) and (2.2.6) that dje = 0 on shell. For any local and covariant
theory it can be shown that the Noether current can always be written in the form (see 65,
661)

je = dQc + £°C,, (2.2.7)

where Q¢(¢) is the Noether charge (d — 2)-form and C,(¢) are the constraints which vanish
when the equations of motion hold. Taking a variation of the Noether current (2.2.6) and
using Eqs. (2.2.3), (2.2.4) and (2.2.7) we get for on-shell perturbations

Definition of presymplectic form on covariant phase space

We next define the quantity

Qs:(¢, 610, 620) :/w(¢751¢752¢>7 (2.2.9)

P

where ¥ is any hypersurface embedded in M. We would like to use the definition (2.2.9)
specialized to a Cauchy surface ¥ to define the presymplectic form? of the theory, a two-form
on the covariant phase space .%. There are a number of properties that we would like Qs
to satisfy, some of which inform and restrict the definition of field configuration space .%.
These properties are:

e Invariance under gauge transformations: One might expect that Qs(¢, 416, d2¢) should
be invariant under independent linearized diffeomorphisms acting on d;¢ and d2¢. This
would require that Qs(¢, 66, £¢¢) = 0 for any ¢ € .F and for any vector fields £€* and
variations 0¢ for which d¢ and L¢¢ are tangent to .Z. However, this is not true in
general. Instead, from Egs. (A.9.3) and (2.2.9) we have that, on shell, for a Cauchy
surface 2,

(6,86, £e6) = /8 0Qe(0) = icB(6.69), (2.2.10)

where 0% is the boundary of ¥, a d — 2-surface in M. This quantity vanishes for
vector fields whose support lies in the interior of M, but not in general for vector
fields which are nonzero on the boundary OM. As is well known, the fact that these

4The presymplectic form Qy, is usually degenerate. One can factor the configuration space .# by the
orbits of the degeneracy subspaces of {2y, to obtain a phase space I' on which there exists a nondegenerate
symplectic form [60]. However this will not be needed in what follows.
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diffeomorphisms do not correspond to degeneracy directions of the presymplectic form

reflects the fact that the the corresponding degrees of freedom are physical and not
5

gauge®.

e Finiteness at asymptotic boundaries: The definition (2.2.9) is invariant under local
deformations of the hypersurface ¥ when on-shell, from Eq. (2.2.5). We would like
the presymplectic form (2.2.9) to have a well defined limit as ¥ approaches .#* or
#~, which will be true if the presymplectic current w has a well defined limit on
those boundaries. Boundary conditions at .#* and .#~ that are sufficient to ensure
this are given by Wald and Zoupas [24] (see their footnote 16). These boundary
conditions supplement the standard definition of asymptotic flatness at null infinity
[67] by specializing the gauge®, and are necessary for w to have a finite limit. In the
context of null boundaries at finite locations discussed in this paper, we will also for
convenience specialize the gauge at the boundary (see Sec. 2.5 below). There is a
tension between gauge specializations at the boundary and the fact that some of the
diffeomorphism degrees of freedom on the boundary become physical: one does not
want to restrict physical degrees of freedom in the definition of the field configuration
space .#. A general strategy for dealing with this tension is discussed in Sec. 2.5 below.

e Independence of choice of Cauchy surface: In order for {2y, to define a presymplectic
form on the covariant phase space .Z, one would like it to be independent of the choice
of Cauchy surface 3. While the integral (2.2.9) is invariant under local deformations
of the hypersurface X, when one takes a limit to the boundary of spacetime there can
nonzero contributions to the limiting integral from “corners” of the spacetime where
boundary elements intersect, such as spatial infinity i°. One would like to specialize
the definition of the field configuration space .# to eliminate such contributions. This
issue is closely related to the question of the validity of the global conservation laws
discussed in Sec. 2.7 below.

Global charges that generate boundary symmetries

We now turn to a discussion of spacetime symmetries, which we will also call boundary
symmetries since only the action of the symmetry near the boundary OM of spacetime will
be important [24]. Infinitesimal diffeomorphisms are parametrized by vector fields £ on M,
under which fields transform as ¢ — ¢ + d¢, where

5 = £, (2.2.11)

Fix attention on one component B; of the boundary OM. We denote by G the set of smooth
vector fields £€* on M such that the diffeomorphism generated by &% preserves the boundary

®Ome can choose to restore full diffeomorphism invariance by performing the Stueckelberg trick and
introducing new physical degrees of freedom on the boundary, so-called edge modes [51, 52, 63].
SHere by gauge we mean both diffeomorphism freedom and choice of conformal factor.
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OM , and such that for any solution ¢ € .%, the transformed solution ¢ + L¢¢ satisfies any
boundary conditions at B; imposed on fields in .%, to linear order in £*. We will call such a
vector field a representative of an infinitesimal boundary symmetry at B;. We also define G
to be the set of smooth vector fields whose diffeomorphisms preserve M and map .Z to .Z
under pullback, which we call representatives of infinitesimal boundary symmetries 7.
Consider now a representative of an infinitesimal boundary symmetry £*. We would like
to construct a charge Qg, a function on .%#, which generates the boundary symmetry (2.2.11).

This means that Q, should satisfy [24]
Q¢ = Qx(¢, 00, Lep) = /Ew(gb, dp, £¢9) (2.2.12)

for all ¢ € .Z and for all ¢, £ ¢¢ tangent to .#, where X is a Cauchy surface. The charge O,
can be interpreted as a Hamiltonian® in the special case when € is a timelike vector field. We
call the charges (2.2.12) global charges since they are obtained by an integral over a complete
Cauchy surface and so involve all the degrees of freedom in the theory, in contrast to the
localized charges discussed in Sec. 2.2 below.

We next discuss the conditions under which the boundary symmetry generator charge Q¢
will exist. Since Eq. (2.2.12) is attempting to define an exact one-form on field configuration
space, the right hand side should be a closed one-form. It follows from Eq. (A.9.3) that the
variation of the charge is a surface term on-shell:

50, — /6 0Qe = ic0(0.00). (2.2.13)

If the boundary 0X consists of a number of disconnected components S;, then 6Q, =
>.;09Q¢; where

0Q¢; = /S 0Q¢ —ic0(,09). (2.2.14)

Taking a second variation and using the definition (2.2.4) of the presymplectic current gives
[24]

0= (5152 - 5251)Q§ = —/ igw(qﬁ, 51¢, 52¢) (2215)
ox

"The set G will generally be a proper subset of N;G;, because of boundary conditions imposed at
intersections of boundary elements in the definition of .# (for example continuity at a bifurcation two-sphere
in an eternal black hole spacetime). See Sec. 2.7 below for further discussion.

8Here we depart slightly from the terminology used by Wald and Zoupas [24], who call all such charges
Hamiltonians and denote them by H. The definition of Wald and Zoupas — their Eq. (8) — is also more
general since they do not impose that X be a Cauchy surface. We will return to this generalization in Sec.
2.2 below.
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The quantity (2.2.15) must vanish for all §,¢ and d,¢ tangent to .Z in order for the charge
Q¢ to exist. When it does vanish®, the definition (2.2.12) determines the charge on .# up to
constants of integration on phase space, which can be specified by demanding that the charge
vanish on a reference solution on each connected component of .% [24]. This prescription is
discussed in more detail in the more general context of localized charges in Sec. 2.2 below.

In all cases that we are aware of, the condition (2.2.15) is satisfied whenever ¥ is taken to
be a Cauchy surface, as here. While we are not aware of a general proof, there is a physical
argument indicating that the condition should be satisfied: a non-vanishing pullback of the
symplectic current to 9% in (2.2.15) reflects an interaction between degrees of freedom that
have been included in the integral (2.2.12) and those that have been excluded, and Cauchy
surfaces include all of the degrees of freedom. Some examples of cases where the condition
(2.2.15) is satisfied include:

e Spacetimes in general relativity that are asymptotically flat at spatial infinity i and
vacuum in a neighborhood of i, and spacelike Cauchy surfaces ¥ that extend to i°.
In this case the presymplectic current extends continuously to the boundary but has
vanishing pullback there [24].

e Asymptotically flat spacetimes in vacuum general relativity with no horizons, with X
taken to be future null infinity .# ", with certain fall off conditions on the News tensor.
Consider the integrand in the obstruction (2.2.15), in the limit where the cut S of #*
approaches & or £ ie., i" or i". Denoting affine parameter by u, the integrand
is given by Eq. (72) of [24] and scales like a symmetry generator ~ w, times a shear
tensor ~ u°, times a News tensor. Hence if the News tensor decays faster than 1/|u
as |u| — oo the result vanishes:

/ iew = 0. (2.2.16)
L

In the Christodoulou-Klainerman class of spacetimes [69] the News decays like |u| /2.

e In the previous example, if the spacetime contains in addition a future event horizon
H*, then the Cauchy surface can be taken to be H™ U .#" and the integral (2.2.12)
will contain contributions from both H* and . *:

30~ [ w000, £0)+ [ wlonbo. £eo) (2.217)

Here the first term will depend only on the limiting form of the symmetry £ near H™,
and the second term only on the limiting form near .#*. The integrability analysis
described above can be applied to each of these terms separately. In Appendix A.7
we show that the condition (2.2.15) is satisfied for the integral over H* under certain
conditions (as well as for the integral over .#1).

9Note that in general the second term in Eq. (2.2.13) can give a nonvanishing contribution, so that the
charge differs from the Noether charge, even when the obstruction (2.2.15) vanishes. This occurs for example
for ADM charges at spatial infinity [68].
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To summarize this discussion, the definition (2.2.12) should be sufficient to compute
global charges Q, that generate boundary symmetries when ¥ is a Cauchy surface. See the
review article by Strominger [25] for several specific calculations of charges of this type. In
Sec. 2.6 below we will compute explicitly the contribution to such charges from boundary
elements that are null surfaces at a finite location in spacetime, and in Sec. 2.7 we will discuss
global conservation laws that are satisfied by global charges Q.

Boundary symmetry algebras of linearized diffeomorphisms

We next discuss the symmetry algebras associated with each component B; of the boundary
OM of spacetime. These are obtained from the set G; of representatives of infinitesimal
boundary symmetries at B; by modding out the trivial representatives whose charges (2.2.13)
vanish [24]. Specifically, we define an equivalence relation on representatives £* by

et it @St md [(Qc—ie0) = [(0Qu—ic0).  (2218)

Here the notation = means equal when evaluated on B;, and the integrals must coincide for
all » € .7 and §¢ tangent to .Z and for all cross sections S of B;. We define the symmetry
algebra

which for example gives the BMS algebra at null infinity [24]. In Sec. 2.5 below we will
derive the corresponding symmetry algebra for a null surface at a finite location.

We similarly define the global symmetry algebra g = G/ ~, where now the equivalence
relation is defined by imposing Eq. (2.2.18) at all cross sections S of all boundary components
B;. In general g will be a proper subalgebra of the direct sum algebra

P (2.2.20)

because of boundary conditions imposed at the intersections of boundary components in the
definition of .%#, cf. the discussions in Sec. 2.2 above and 2.7 below.

Localized (Wald-Zoupas) charges, fluxes and conservation laws

We now turn to a discussion of a different type of charge which we call localized charges,
whose physical interpretation is roughly the amount of charge in a subset of the degrees of
freedom of the theory. Studies of this type of charge have a long history in general relativity.
For example, there have been many attempts made to define the total mass in a finite
region of space, using various notions of quasilocal mass [70], but no natural and generally
accepted definition has emerged. On the other hand, as is well known, the total amount of
4-momentum® radiated through any finite region of future null infinity is uniquely defined

100r more generally any BMS charge.
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[26, 27]. Wald and Zoupas [24] give a very general prescription for defining localized charges
of this type at a boundary of spacetime, for any diffeomorphism invariant theory and for
a large class of boundary conditions. They show that their general prescription gives the
conventional results |26, 27| for BMS charges at null infinity. In this subsection we review and
specialize slightly their general construction, and in Sec. 2.6 below we apply it to compute
localized charges at a spacetime boundary consisting of a null surface at a finite location.

One trivial kind of localization was already encountered in Sec. 2.2 above. In the example
(2.2.17), the charge variation 0 Q¢ was expressed as a sum of an integral over the future event
horizon H* and an integral over future null infinity .#*, each of which individually satisfies
the integrability condition (2.2.15). Here we want to go further and consider charges localized
to subregions of boundary components.

Consider a region AB; of a boundary B; whose boundary consists of two crosssections
S and &', and a representative {* of an infinitesimal boundary symmetry at B;. Given a
solution ¢ € .Z, we would like to define an exact 3-form dng’C on B; for which the charge
in the region AB; is

/ dQe = Q°(S") — Q¢(S), (2.2.21)
AB;

where

QF°(S) = /S Qr° (2.2.22)

is the charge at crosssection S. We will call the quantity (2.2.22) a localized or Wald-Zoupas
charge. The prototypical example of a quantity like this is the Bondi mass at a cross section
S of T, which is the total mass of the spacetime minus the mass radiated up to S. In
Sec. 2.6 we will define a similar quantity at cuts of a null boundary, which for a future event
horizon will be the total charge at the bifurcation twosphere of the black hole (if any) plus
the total charge accreted by the black hole up to the cut St

In the limit AB; — B;, the quantity (2.2.21) should reduce to the contribution from B;
to the global charge Q. A natural candidate prescription for defining a d — 2-form ngoc
that would achieve this is given by taking ¥ = AB; in the definition (2.2.12), or, from Egs.
(2.2.13) and (2.2.21),

§QP° =0Q¢ —ich. (2.2.23)

However, the corresponding charge (2.2.22) will generally not exist because of the obstruction
(2.2.15). One would like to modify the right hand side of Eq. (2.2.23) in such a way as to
remove this obstruction, without changing the integral on the left hand side of (2.2.21) in
the limit AB; — B;. One would also like to find a natural prescription for this modification
that yields unique charges. One could then interpret Eq. (2.2.21) as a localized conservation
law, which equates a flux through a region of B; with the difference between the charges at
the two crosssections. (A distinct kind of global conservation law involving global charges
Qg is discussed in Sec. 2.7 below.)

HOur orientation convention is such that (2.2.21) is valid at .# when S is to the future of &’, while at
a future event horizon H™ it is valid when &’ is to the future of S.
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Wald and Zoupas [24] suggested a prescription of this kind that gives unique answers un-
der certain conditions, which can be summarized as follows (we omit some subtleties related
to taking the limit to asymptotic boundaries that will not be relevant for our application):

1. Compute the pullback w(¢, 014, 62¢) to the boundary component B; of the presym-
plectic current w(¢, 410, d2¢). Here the barred fields are the dynamical fields on the
boundary induced by the solution ¢ € .# and linearized solutions d,¢, d,¢ tangent to
Z, obtained by taking pullbacks of these fields (and possibly their derivatives) to the
boundary.

2. Choose a presymplectic potential (¢, §¢) on B; for the pullback w, that is, a d—1-form
which satisfies

w(},010,050) = 510(,050) — 520(,010). (2.2.24)

We require that the dependence of ® on the dynamical fields on the boundary, as well
as the dependence on fields in any universal background structure on B; inherent in
the definition of the field configuration space .7, be local and covariant?. (See Secs.
2.4 and 2.5 for more details on universal background structures.)

3. Add the term i¢® to the right hand side of Eq. (2.2.23), thus giving from Eq. (2.2.22)
the following formula for the variation of the localized charge:

5Q¢°(S) :/Sdglgcz/séczg—igeﬂg@. (2.2.25)

4. Now repeating the computation that led to Eq. (2.2.15) shows that the obstruction
now vanishes. The definition (2.2.25) therefore determines the charge Q°(S) on F
up to constants of integration on phase space, which can be specified by demanding
that the charges vanish on a reference solution'® ¢, on each connected component of
Z,

QE(S)] g, = 0 (2.2.26)

for all symmetry representatives £* and cuts S [24].
5. In order to reduce the non-uniqueness in the boundary presymplectic potential ®, we
impose the requirement that

©(¢,00) =0 (2.2.27)

12\What this means is as follows. The presympletic potential ® depends on a field configuration ¢, its
variation ¢, a universal background structure on B; which we denote by p, and on the boundary B;:
® = O(¢,00,p,B;). Locality and covariance requires that for any diffeomorphism ¢ : M — M,

¢*®(¢a 5¢7 pv BJ) = @(1/’*¢» ¢*5¢7 ¢*Pa 1/1_1(83'))7

where 1), is the pullback. If we specialize to diffeomorphisms which preserve the boundary, v~ (B;) = B;, and
the universal background structure on the boundary, 1.p = p, then . O (¢, 00,9, B;) = O(.¢, 1.0, p, B;).

13 And on all solutions related to ¢ by linearized diffeomorphisms. See Appendix A.5 for further discussion
of this point.
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for all §¢ whenever ¢ is stationary'? at B;. We also impose that the reference solution
¢o be stationary at B;.

The motivation for the fifth requirement is as follows [24]. It is natural on physical
grounds to demand that the flux dngoc vanish for solutions which are stationary at the
boundary B;. Taking the exterior derivative of the integrand in Eq. (2.2.25) and using Eq.
(A.9.3) and the fact that d and 6 commute we get

0AQE° = w($; 66, £c0) + d[ie®(¢;09)] = w(; 86, £:6) + £:0(;69)
= 0O(¢; £c9). (2.2.28)

To integrate this on .#, note that ng’c must vanish identically on ¢g by Eq. (2.2.26), while
O (o, 0¢) vanishes by Eq. (2.2.27). Thus we obtain

dQ¢* = O(¢; £eo), (2.2.29)

and so the flux vanishes identically on stationary solutions as desired, by Eq. (2.2.27).
A useful method of parameterizing choices of ® that automatically satisfy all the require-
ments apart from the stationary requirement (2.2.27) is

® =6 - ia, (2.2.30)

where the first term on the right hand side is the pullback of the presymplectic potential
0, and « is some d — 1-form on B; constructed from ¢. Inserting this into Eq. (2.2.25),
integrating in the covariant phase space .# and using Eq. (2.2.26) now gives

Q(S) = /SQg — i, (2.2.31)

if the right hand side vanishes on the reference solution ¢ = ¢. In section 2.6 we will show
that at a null boundary for vacuum general relativity one can choose a so that © satisfies
the criteria outlined above, with the definition of stationary of footnote 14 replaced by the
weaker notion of shear free and expansion free.

Finally, the global charges Q. discussed in Sec. 2.2 above can often be written in terms

of the localized charges QIEOC(S ) discussed here, specialized to specific cross sections S:

Qc = Q(S) = Z/S Q" (2.2.32)
J J J

where the boundary 0¥ of a Cauchy surface X is a union 0¥ = U,S; of disconnected com-
ponents S;. The relation (2.2.32) will hold when the correction term i¢® in the definition

4By “stationary at B;” we mean that there exists a representative 7 of an infinitesimal boundary sym-
metry at B; which is timelike and satisfies the Killing equation on B; and to first order in deviations off B;.
This is a weaker notion than used in [24].
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(2.2.25) of the localized charge vanishes on 0%, from the definition (2.2.13), if the same ref-
erence solution is used for the localized and global charges. We expect the correction term
1¢® to generically vanish on 0¥ when X is a Cauchy surface. Some examples where this
occurs are:

e At future null infinity .#*, the correction term ¢® is proportional to the generator
¢ times the News tensor (Eq. (73) of [24]). Letting u denote an affine parameter
along # 1, the generator scales as ~ |u| as u — 00, and so if the News tensor decays
faster than 1/|u|, the contributions from the boundaries .#;" of .#* will vanish [cf. the
discussion before Eq. (2.2.17) above].

e For a future event horizon H*, we show in Appendix A.7 that the contribution to
the correction term from the future boundary H¥ (the limit to i*) of the horizon
vanishes, if the shear obeys a suitable decay condition near H¥. We also show that
the contribution from a bifurcation two-sphere H* vanishes.

Explicit expressions for ng’c(S) for cross sections S of future null infinity .#* are given
in Egs. (92) and (98) of Wald and Zoupas [24], and specialized to Bondi coordinates in Eq.
(3.5) of Ref. [71]. For cross sections of an arbitrary null surface, our result for Q(S) is
given in Eq. (2.6.27) below.

Potential ambiguities in global and localized charges

We next discuss some ambiguities that can arise in the definitions and constructions outlined
above of global and localized charges [24, 72, 63]. Wald and Zoupas show that these ambi-
guities can be resolved in vacuum general relativity at future null infinity. We will similarly
argue that they can be resolved at null boundaries at finite locations. However, they may
be significant for other theories or at other types of boundary.

First, the definition (2.2.3) of the presymplectic potential € determines it up to a closed
form. Since we require that 6 be local and covariant this closed form is also exact [73]. The
corresponding ambiguities are

0(p,00) — O0(¢,00) +dY (¢,09), (2.2.33a)
w(9,010,000) — w(9,010,020) +d[01Y (¢,620) — 62Y (¢, 010)] (2.2.33b)

for some (d—2)-form Y. These give rise to the following transformations of the presymplectic
potential © and of the localized charge Q°(S):

©(¢,0¢) — ©(d,00) +dY (4,09), (2.2.34a)
Q(S) — Q}§°C(8)+/Y(¢, Led). (2.2.34D)
S

One can demand that the maximum number of derivatives of the fields ¢ or their variations d¢
in the (d—2)-form Y be two less then the number of derivatives appearing in the Lagrangian.



CHAPTER 2. SYMMETRIES AND CHARGES OF GENERAL RELATIVITY AT
NULL BOUNDARIES 23

This requirement is in some sense natural, since otherwise the number of derivatives in 6
from Eq. (2.2.33a) exceeds what one would naively expect from Eq. (2.2.3). In Sec. 2.6
below we argue that this requirement eliminates the ambiguity (2.2.33) for vacuum general
relativity.

Second, the definition (2.2.24) of the presymplectic potential ® determines it only up a
transformation of the form

O(¢,0¢9) = O(p,00) + W (o), (2.2.35)

where W is constructed locally and covariantly from the field ¢ and from any universal
background structure on B;. The localized charge transforms under this ambiguity as

QF°(S) = QP°(S) + / icW. (2.2.36)
S

From the requirement (2.2.27) it follows that 6W (¢) must vanish for all solutions ¢ that
are stationary at Bj, and for all linearized solutions d¢. If one additionally assumes that
W depends analytically on the fields, it follows that W = 0 at future null infinity .#* in
vacuum general relativity [24]. We give a similar argument in Sec. 2.6 below to show that
the ambiguity W vanishes at finite null surfaces, if we assume that the maximum number
of derivatives appearing in W is one less than the number of derivatives appearing in the
Lagrangian.

Third, one can redefine the Lagrangian by an exact form, L — L+dK , without changing
the equations of motion of the theory. The corresponding transformations of the presymplec-
tic potential 8, presymplectic current w, Noether charge d — 2-form @, and the integrands
0Q¢ —i¢0 and dngoc of the symmetry generator charge (2.2.13) and localized charge (2.2.25)
are given by

6(¢,0¢0) — 60(0,60) + 6K (¢), (2.2.37a)
w(¢,010,020) — w(9,019,020), (2.2.37b)
Qe(9) — Qe(9) +icK(s), (2.2.37¢)

0Q¢ —ic® — 0Q¢ —ich, (2.2.37d)
9 (p) — Qr(e). (2.2.37¢)

While this transformation does affect the Noether charge, it does not affect the symmetry

generator charge Q¢ and localized charge QIEOC that are of the most interest for this paper.

2.3 Review of the local geometry of null hypersurfaces

Foundations

In this section we review the local geometry of null hypersurfaces |74, 75], in order to fix our
notations and conventions. For the remainder of the paper we specialize to 3 4+ 1 spacetime



CHAPTER 2. SYMMETRIES AND CHARGES OF GENERAL RELATIVITY AT
NULL BOUNDARIES 24

dimensions. Suppose we are given a spacetime (M, g.), and a null hypersurface N'in M
whose topology is Z x R for some base space Z. We denote by ¢, a choice of future directed,
null normal to the surface A/. This normal is not unique but can be rescaled according to

o — €Ly, (2.3.1)
where o is any smooth function on . We define the non-affinity %, a function on A/, by
09V 00 = K. (2.3.2)

As a reminder here we are using = to mean equality when restricted to /. The non-affinity
transforms under the rescaling (4.3.1) as

Kk — € (k+ £0). (2.3.3)

We will adopt the terminology that any quantity f which transforms under the transforma-
tion (4.3.1) as
f—e™f (2.34)

has scaling weight n.

We can identify the tangent space T,(N) to N at a point p with the subspace of the
tangent space T,(M) consisting of vectors v® with v/, = 0. Since (* = g®/, lies in this
subspace we can identify it with a vector field ¢ on N, the integral curves of which are the
null generators of the null surface. (Recall that we use lowercase Roman indices 1, j, ... to
denote tensors intrinsic to N.) Next, the pullback map takes covectors w, on M evaluated
on N to covectors w; on N. We denote this pullback map by

Wy — Mlw,, (2.3.5)

thereby defining the quantity II?. The pullback of the null normal covector ¢, vanishes
identically by definition, since all vectors on N are orthogonal to £,:

1194, = 0. (2.3.6)

A question that often arises in computations is when can a contraction w,v* of spacetime
tensors be replaced by a corresponding contraction w;v’ of tensors intrinsic to /. First, given
w, and v?, while w; can be defined using the pullback, the quantity v* is not necessarily well
defined; it is defined only when £,v* = 0. When this condition is satisfied, the contractions
coincide:

Lo =0 — W = w;v'. (2.3.7)

A similar issue arises in going from three dimensions down to two dimensions. We denote
by W, the two dimensional subspace of the dual space T,(N')* consisting of covectors w; that

satisfy w;¢' = 0. We will denote by abstract indices A, B etc. tensors built on W,. When
can a contraction w;v’ of tensors on A/ be replaced by a corresponding contraction w v
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of tensors in W, and W7 The answer in this case is the opposite of that for going from
four to three dimensions. First, given w; and v°, the quantity v is always well defined by
considering v* as a linear map on T,(N)* and restricting its action to W, (we shall call this
operation a pullback). On the other hand, it is necessary that w;¢* = 0 in order that w, be
defined. When this condition is satisfied, the contractions coincide:

will =0 - wvt = wv? (2.3.8)

Geometric fields defined on a null hypersurface

We denote by ¢;; the induced metric on N
qij = H?H?’gab; (2.3.9)

which has signature (0, +,+). Taking the pullback of the relation ¢, = g,¢° and using Eq.
(2.3.7) gives '

i.e., 0" is a eigenvector of the induced metric with eigenvalue zero. It follows that we can
regard ¢;; as a tensor in W, ® W), which we write as qap. This has a unique inverse in
W, ® W) which we write as ¢*P. We will use g45 and ¢4? to freely raise and lower capital
Roman indices.

The second fundamental form of the surface N is given by

Kij = IV 44, (2.3.11)

Since /, is normal to a hypersurface we have ([, Vil = 0 or V.l = {jawy for some w,, and
taking the pullback and using (2.3.6) gives

Similarly, lowering the index in Eq. (2.3.2), taking the pullback and using Egs. (2.3.6) and
(2.3.7) gives ‘

It follows that K;; lies in W, @ W), and so can be written as K 5. We can uniquely decompose
the second fundamental form as

1
Kap = 5961,43 + 0B, (2.3.14)

where 6 is the expansion and the shear o 45 is traceless, ¢*®o 45 = 0. This equation can also
be written as K;; = 0¢;; /2 + 0i;.

The second fundamental form is related to the Lie derivative of the induced metric.
Taking the pullback of the identity £,g, = 2V (.l and using the fact that the pullback
commutes with the Lie derivative gives

1
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Consider next the object
IEAVNAS (2.3.16)

This tensor is orthogonal to the normal on the b index, since £,119V ¢ = T1¢V, (£,¢*)/2 = 0,
since £,f* = 0 on N and the derivative is along the surface. Therefore this quantity is an
intrinsic tensor which we write as

K7, (2.3.17)
called the Weingarten map [75]. From Egs. (2.3.2) and (2.3.7) it follows that
K0 = ki, (2.3.18)

Similarly taking the pullback of the relation V, gy, = V,/, and using (2.3.7) and (2.3.9)
gives that _
It follows from Egs. (2.3.12), (2.3.13), (2.3.18) and (2.3.19) that the Weingarten map K,’
has six independent nonzero components in general in four spacetime dimensions, three of
which are determined by the second fundamental form K;;, and one of which is determined
by the non-affinity s, leaving two additional independent components [see Appendix A.1 for
more details, especially Eqgs. (A.1.13c) and (A.1.13d)].

Next, a choice of volume form €44 on spacetime determines a volume form &;;;, on N as
follows. We consider three-forms g, on N which satisfy

48(abcla) = Eabed (2.3.20)
and then take the pullback of these three-forms:
eijk = HGTITL Eqpe. (2.3.21)
Although .. is not unique, its pullback &;;, is. We define the antisymmetric tensor 7% by
ekeiip, = 3, (2.3.22)
and the two-form ¢;; by
ij = —€il®. (2.3.23)

Under the scaling transformation (4.3.1) the various quantities defined in this subsection
transform as

4%; — Gij (2.3.24a)
K, — K, (2.3.24D)
K — e (K + Diot?), (2.3.24c)
0 — €%, (2.3.24d)
Eijk — € "€k, (2.3.24e)
gk ek, (2.3.24f)
€ij —> Eij, (2.3.24g)

where D; is any derivative operator on N .
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Divergence operator

Although there is no preferred derivative operator on A, one can define a divergence opera-
tion v’ — D' on vector fields via

Ao L m

DiU = §€j Dk(aijmv ), (2325)
where D; is again any derivative operator on N. The right hand side is independent of the
choice of D; since it enters as an exterior derivative.

We can relate this divergence operator to the four dimensional divergence operator as
follows. A vector field v* on N corresponds to a unique vector field v on N with v*¢, = 0.
Now choose an extension of v* to a neighborhood of A" in M. The linearized diffeomorphism
associated with v® maps N into itself, and therefore preserves the normal £, up to a rescaling.
Therefore there exists a function @ on N which depends on v® such that

£oly = wl, (2.3.26)

The relation between the two divergence operators is'®

Vo' = Div' + w. (2.3.27)
The divergence of the normal is o

This follows from the relation (2.3.27), the definition (2.3.26) of w, and the trace of Eq.
(A.1.12).

Stationary regions of null hypersurfaces

As discussed in Sec. 2.2 above, we shall call a region of a null surface stationary if there is
a choice of normal covector 7, in that region which satisfies Killings equation on the surface
and to first order in deviations off the surface,

£:90 = 0, (2.3.29a)
Velrgw = 0. (2.3.20b)

15This relation can be derived by specializing to a coordinate system (r, y',y?,5) = (r,y") for which the
hypersurface A is given by r = 0 and with ¢, = (dr),. Writing the volume form as € = e¥dr Ady* Ady? Ady>
for some function Y, the left hand side of Eq. (2.3.27) can be written as

e Y0, (eTv") + e Tap(e ") = 90" + e Tor(eToh).

The first term on the right hand side here is w, while the second term is the intrinsic divergence ﬁivi, by
Egs. (2.3.20), (2.3.21) and (2.3.25).
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We will denote the corresponding value of k by k., the surface gravity. Taking the pullback
of Eq. (2.3.29a) and using the fact that the pullback commutes with the Lie derivative gives

and it follows from Eq. (2.3.15) that
K, =0, (2.3.31)

i.e. that the surface is shear free and expansion free.
It follows from the condition (2.3.31) together with Eqgs. (A.1.13) that the rotation one-
form defined by A
W; = —ICi]’I’Lj, (2332)

where n; is any covector with n;¢® = —1, is independent of the choice of n;. This is true
only for null surfaces that satisfy (2.3.31). Under the transformation (4.3.1) w; transforms
as w; — w; + D;o, from Egs. (2.3.24¢) and (A.1.13).
We define
Wri = wi|[:7? (2333)

to be the rotation one-form w; specialized to the choice of representative ¢ = 7% 6. Now

Eq. (2.3.29) together with Eq. (C.3.6) of Wald [67] imply that £,V,7° = 0, and taking a
pullback yields £,K;” = 0. Combining this with Eqgs. (A.1.10) and (A.1.13) now shows that
the nonaffinity and rotation one-form are Lie transported along the null surface:

£k =0, £rwr; = 0. (2.3.34)

More generally, the Bardeen-Carter-Hawking derivation [76| of the zeroth law of black hole
thermodynamics,
Dk, =0, (2.3.35)

applies in this context, assuming the Einstein equations and the dominant energy condition.
In the remainder of the paper we will be working in the context of vacuum general relativity,
for which (2.3.35) will be satisfied in stationary regions.

Orthonormal basis formalism

Finally, it is sometimes useful for computational purposes to choose an auxiliary null vector
field n* on N which together with ¢¢ forms part of an orthonormal basis. Some aspects of
the formalism described above simplify when described in the language of an orthonormal
basis, although that language does carry the baggage of an arbitrary choice. While the main
results of this paper will not require a choice of auxiliary null vector, we will translate our
results into the language of the orthonormal basis formalism since it is widely used. Details
of the relation between the covariant and orthonormal basis formalisms for null surfaces are
given in Appendix A.1.

16See Ashtekar [74] for an alternative method of defining w, ;.



CHAPTER 2. SYMMETRIES AND CHARGES OF GENERAL RELATIVITY AT
NULL BOUNDARIES 29

2.4 Universal intrinsic structure of a null hypersurface

In this section we will describe an intrinsic geometric structure on null hypersurfaces N that
is determined by the spacetime geometry. It is universal in the sense that for a given N
any two such structures are diffeomorphic. We will define the structure in Sec. 2.4, and in
Sec. 2.4 we will describe the symmetry group of diffeomorphisms from N to N that preserve
the structure. The corresponding Lie algebra is described in Sec. 2.4; we will show in Sec.
2.5 that this symmetry algebra coincides with that obtained from a particular definition
of covariant phase space for general relativity with a null boundary in the Wald-Zoupas
approach. Section 2.4 discusses preferred subalgebras associated with stationary regions of
the null hypersurface. Finally in Sec. 2.4 we discuss how the group and algebra are modified
in the case where the null hypersurface has a boundary N in M.

Definition of intrinsic structure

Consider a manifold N which is equipped with a smooth, nowhere vanishing vector field ¢
and a smooth function . Letting Z denote the manifold of integral curves, we assume that
N is diffeomorphic to the product Z x R. We define an equivalence relation on such pairs
(¢', k) by saying that two pairs are equivalent if they are related by a rescaling of the form
[cf. Egs. (4.3.1) and (2.3.3) above]

0 = el (2.4.1a)
Kk — €7 (k+ £90) (2.4.1b)

where o is a smooth function on . We denote by
u= [0, K] (2.4.2)

the equivalence class associated with (¢, k). A choice of equivalence class is the desired
intrinsic geometric structure on N.

Suppose now we are given a spacetime (M, g,,) with null boundary N. The spacetime
geometry then determines a structure [¢*, k| in the manner described in Sec. 2.3 above: the
vector £¢ is obtained by raising the index on a choice of normal covector, and & is the non-
affinity of that vector. The resulting equivalence class [¢?, k] is independent of the choice of
normalization of the covector, by the equivalence relation (2.4.1).

The intrinsic structure determines a class of foliations of A/ as follows. Choose a cross
section S of NV, a surface which each integral curve intersects exactly once, which will be
diffeomorphic to the base space Z. Out of the equivalence class [¢*, k], pick a member (£}, 0)
for which the non-affinity vanishes, by starting with a general member (¢?, k) and solving the
differential equation x 4+ £,0 = 0 for the scaling function . Now Lie drag the cross section
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S along integral curves of £i. The resulting foliation'” will be level sets of a coordinate u
which is determined by the properties that u = 0 on S and ¢, D;u = 1. In addition, if §4
is any coordinate system on S, one can extend the definition of these coordinates to N by
demanding that they be constant along the integral curves, thereby generating a coordinate
system (u, %) on A for which fy = 8,.

We will say that an intrinsic structure is complete if all of the generators of N can be
extended to arbitrary values of affine parameter in both directions (where wu is an affine
parameter if (= 9, with k = 0). For example, the future light cone of a point P in
Minkowski spacetime (with P itself removed) is not complete when the intrinsic structure
induced by the flat Minkowski metric is used, since all of the generators start at P. By
contrast, the event horizon in maximally extended Schwarzschild is complete (see Appendix
A.5). We will study both types of intrinsic structure later in this paper.

Given two different complete intrinsic structures u = [¢, k] and W' = [¢'*, k'] on N, there
exists a diffeomorphism ¢ : N' — N which maps u onto 1. In this sense the complete
intrinsic structure is universal, in the same way that an intrinsic structure of a different
kind on future null infinity is universal in the BMS construction [77|. The existence of the
diffeomorphism ¢ can be shown as follows. Choose a cross section S of NV, and using u
construct a coordinate u on A in the manner discussed above. Define the diffeomorphism

¢ = (u,m): N >Rx Z, (2.4.3)

where m : NV — Z is the natural projection obtained by taking each point to the corre-
sponding integral curve. Starting from the intrinsic structure u’ one can similarly define a
diffeomorphism @, and then ¢ = ®~! o ® maps u onto '

Symmetry group of a complete intrinsic structure

We now turn to a discussion of the symmetry group G, of diffeomorphisms ¢ : N — N
which preserve a universal structure u. Remarkably, the structure of this group is very
similar to that of the BMS group at null infinity, but with two important differences. First,
the Lorentz group at null infinity is replaced by the group Diff(Z) of diffeomorphisms of
the base space Z, typically the two-sphere S2. This replacement is not surprising, since the
conformal freedom that is used at null infinity to map the induced metric onto a metric of
constant curvature is not present for general null surfaces. Second, the abelian subgroup
of supertranslations at null infinity is replaced by a nonabelian subgroup, which contains
angle-dependent displacements of affine parameters and rescalings of affine parameters.
From the definition (2.4.1) of the equivalence class, it follows that a diffeomorphism
0 : N — N is a symmetry in G, if, for a given representative (¢, k) in u, the pullback ¢,

1"The class of foliations generated in this way has considerable freedom. One can pick the initial cross
section S arbitrarily, and in addition one can pick a second arbitrary cross section &’ disjoint from S and
arrange for it to belong to the foliation, by exploiting the rescaling freedom ¢ — e%¢} with £4,0 = 0.
However, once S and &’ are specified, the foliation is uniquely determined.
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acts as a scaling transformation for some smooth scaling function 8 = () on N [cf. Egs.
(2.4.1) above]:

o0 = P (2.4.4a)
0. = eP(k+ £B). (2.4.4b)

If we choose a different representative (¢, k') with £’ = e“(*, then we find from (2.4.4) that

el = P (2.4.5a)
ok = V(K + £05), (2.4.5b)

where
p=p+p.0—o0. (2.4.6)

Hence ¢ will be a symmetry if (2.4.4) is satisfied for any choice of representative.

Specialize now to a choice of coordinate system (u,6“) and representative of the kind
discussed in Sec. 2.4 above, where xk = 0 and ¢ = 8,. Then the general solution for a
diffeomorphism that satisfies (2.4.4) is (u, 64) — (4, gA), where

a(u, 04 = a(6h) +e POy (2.4.7a)
0 (u,05) = 7" (65). (2.4.7b)

This group of transformations contains a number different subgroups:

e The subgroup with a = 0, 5 = 0, which consists of arbitrary diffeomorphisms on the
base space Z, Diff(Z). In many applications this will be Diff(S5?), the diffeomorphisms
of the two-sphere. These transformations have also been called superrotations [33].

e The subgroup with 7' = 64, parameterized by a(64) and 3(64). These transformations
consist of reparameterizations of the generators of the null surface'®. We will call these
transformations supertranslations, following common use [34, 33, 39, 78, 31, 79, 80, 30,
28, 36|, and because of the analogy with the supertranslations of the BMS group.

e The subgroup of the supertranslation group with g = 0, 7" = 64, which is parameter-
ized by a(#4). We will call these transformations affine supertranslations since they
consist of angle-dependent displacements in affine parameter (as opposed to angle-
dependent displacements in Killing parameter or Killing supertranslations 33, 39, 78,
31, 79, 80, 30, 28], to be discussed in Sec. 2.4 below.)

18This supertranslation subgroup of symmetries played an important role in Wall’s proof of the generalized
second law [12].
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e The subgroup of the supertranslation group with a = 0, 7' = 64, which is parameter-
ized by 8(6). These transformations consist of constant rescalings of affine parameter
on each generator. (Note however that if 7 = In(u)/k is a Killing parameter, the
transformations consist of angle-dependent displacements in 7; see Sec. 2.4.)

The first subgroup preserves the foliation associated with the coordinate system (u, 64), while
the last three preserve the integral curves. The affine supertranslation and supertranslation
subgroups do not depend on the choice of coordinate system or representative, and can be
invariantly defined. The rescaling and Diff(Z) subgroups, by contrast, do depend on these
choices. Their status is analogous to that of Lorentz subgroups of the BMS group: there are
many such subgroups, but no natural or unique choice.

The symmetry algebra associated with the group of transformations is given by the
linearization of Eq. (2.4.7), which yields the vector field

¥ = [a(0?) — B(0*)u] 9, + X (07)0a, (2.4.8)
where X4 is arbitrary. The algebra of these generators under Lie brackets is
[(041 — Blu)ﬁu + X{48A, (Oég — ﬁg’d)@u + X§48A} = (Oz3 — 63u)8u + X§48A (249)
with
a3 = —Oélﬂg + X{46A(Jé2 + Oégﬁl — X{‘@Aal, (2410&)
Bs = —X{'0aBs+ X3'0ap1, (2.4.10b)
X3 = XPopxi — xXPopxit. (2.4.10c)

While these explicit coordinate expressions are convenient, it can be difficult to discern which
aspects of the structures are specific to the choice of coordinate system. We now turn to
an analysis of the symmetry algebra which is covariant and does not depend on a choice of
coordinates.

Symmetry algebra of a complete intrinsic structure

The Lie algebra g, of infinitesimal symmetries in G, consists of vector fields x* on A" which
obey the linearized versions of Eqs. (2.4.4):

L0 = Bl (2.4.11a)
£k = Br+ L. (2.4.11b)
As before, if these equations are satisfied for one representative (¢*, ) of the equivalence class,
they will be satisfied for all representatives. The function § depends on both the symmetry

X" and on the representative £/, 3 = B(x*, (%), and the dependence on the normalization is
given by the linearized version of Eq. (2.4.6):

B, e7l) = B(X', ') + £y0. (2.4.12)
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The general solution of Eqgs. (2.4.11) for x*, with a choice of representative and coordinate
system (u,04) for which x = 0 and ¢ = 9, is given by Eq. (2.4.8) above.

The algebra g, inherits the Lie bracket structure of the space of vector fields on N/. From
the definition of the symmetry group G, as a subgroup of Diff (\V), it follows that g, is closed
under this Lie bracket. This closure was also shown in Eq. (2.4.10) above, and can also be
checked directly in the covariant context: if \; and Y, are two vector fields which satisfy
Egs. (2.4.11), then X3 = [X1, X2] also satisfies Eqgs. (2.4.11) with

ﬁ()&’)) = £X1B2 - £X2617 (2'4'13)

where £, = 5(x1) and s = B(X2)-
We now argue that the symmetry algebra has the structure

g = diff(2) x (b X sp), (2.4.14)
where x denotes semidirect sum and the various algebras are as follows:

e diff(Z) is the algebra of linearized diffeomorphisms of the base space Z, i.e., vector

fields on Z.
e 5, is the abelian algebra of linearized affine supertranslations, consisting of vector fields
of the form ‘ '
X' = ft (2.4.15)
where the function f on N satisfies
Lof +f=0. (2.4.16)

e b is an abelian algebra of linearized rescalings such that b x sy = s, where s is the
algebra of linearized supertranslations. This is the algebra consisting of vector fields
of the form (2.4.15) where the function f satisfies

f:g(fgf + /ﬁlf) =0. (2.4.17)

We now turn to the derivation of the structure (2.4.14). We define the subspace
s={x" € gux' = fC" for some [} . (2.4.18)

By comparison with Eqs. (2.4.7) and (2.4.8), we see that this subspace consists of the lin-
earized supertranslations. Inserting the definition (2.4.18) into Eqgs. (2.4.11) yields that the
function f satisfies the condition (2.4.17) with

—

B(fl) = —L.f. (2.4.19)
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The condition (2.4.17) is invariant under the scaling transformations
(—el,  f—ef, (2.4.20)

so the subspace s is parameterized by functions of scaling weight 1 on N [cf. Eq. (2.3.4)].
The subspace s is closed under the Lie bracket and so is a subalgebra; we have

[flza f2[] = (fidefa— fakofo)L. (2.4.21)

Since the right hand side is nonvanishing in general, the subalgebra is nonabelian. Finally,
for any f¢ € s and any X € g,, we have from Eqs. (2.4.11) that

[FOR] = = [£xf + BOAL. (2.4.22)

Hence [s, g,) C s, so s is a Lie ideal of g,.
Next, we define the subalgebra s, of s by

so={fU|£f+Kf=0}. (2.4.23)

By comparison with Eqs. (2.4.7) and (2.4.8), we see that this subalgebra consists of the
linearized affine supertranslations, and it follows from Eq. (2.4.21) that it is abelian. The
definition (2.4.23) is invariant under the rescalings (2.4.20). If we choose a representative
(0%, k) of the equivalence class with = 0, it follows that f is constant along generators and
so can be regarded as a function on Z. There is a residual rescaling freedom of the form
(2.4.20) with £y0 = 0 that preserves k = 0. Hence, the algebra s, can be identified with
functions on the base space Z of scaling weight 1, from Eq. (2.3.4), just like supertranslations
on I,
Next, if f,¢ and fg[ are elements of s, it follows from Eq. (2.4.17) that

(Lo+ k) (fifefe — faLefo) = 0. (2.4.24)
Combining this with Eq. (2.4.21) shows that
s, 5] C s, (2.4.25)

s0 5 is a Lie ideal of 5. We define the quotient algebra b = s/s,. This consists of equivalence
classes of elements of s, where fil ~ fol if £,f1 +kfi = £ifs + kfs. Elements of b can be
parameterized in terms of functions®® on Z of scaling weight zero, and they correspond to

19Unlike the case with the BMS algebra, there is no preferred translation subalgebra of the affine super-
translation algebra sy. Even if Z is topologically 52, there is no universal metric on Z, so it is not possible
to single out a 4-dimensional subalgebra of translations by the first four spherical harmonics. Also, there
is no scaling-invariant notion of constant functions on Z, so there is not even a natural way to single out
“time-translations”.

20Essentially the functions £,f + kf projected to Z, where f7 € s.
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linearized rescalings, cf. Eq. (2.4.8) above. It follows from Eq. (2.4.25) that b is abelian, and
so we obtain
5= b X s (2.4.26)

where both b and sy are abelian.
We next argue that the quotient algebra g, /s is isomorphic to the algebra of linearized
diffeomorphisms on the base space Z,

gu/s = diff(Z2), (2.4.27)

which when combined with Eq. (2.4.26) gives the algebra structure*' (2.4.14). The algebra
gu/5 consists of equivalence classes [x!] of vector fields X’ in g,, where two vector fields are
equivalent if they differ by an element f¢¢ in s. Pick a cross section S of A/, and denote by
n; the unique normal covector to S whose normalization is fixed by n;/* = —1. Given an
equivalence class [x‘], one can find a member x* with y'n; = 0 on S, by using the freedom
to add terms of the form f¢' and using the fact that solutions to Eq. (2.4.17) can be freely
specified on an initial cross section S. This member ! can then be regarded as a vector field
x? on S, and by using the natural identification of S and Z, as a vector field on Z. We have
thus defined a mapping from g, /s to diff(Z). One can check that this mapping is onto, and
it follows from Eqs. (2.4.11) that the identification of g, /s and diff(Z) is independent of the
choice of cross section §. Thus we have derived the decomposition (2.4.14) of the algebra
Gu-

For the computations of charges in Sec. 2.6 below, it will be useful to use an explicit
decomposition of symmetry generators Y into different pieces. However, because of the semi-
direct structure g = diff(Z) x s, there is no natural way to decompose a generator x* into a
s-part and a diff(Z)-part. Such a decomposition requires an arbitrary choice of origin in s.
We make such a choice by choosing a smooth covector n; on N, normalized so that

nil' = —1. (2.4.28)
The generator x* can then be uniquely decomposed as
X' = fl+ X', (2.4.29)
where ‘
X'n; = 0. (2.4.30)

Here the first term f¢’ parameterizes the supertranslations, and the second term X* param-
eterizes the diffeomorphisms on the base space.
In order for both terms on the right hand side of Eq. (2.4.29) to belong to g,, from Eq.
(2.4.17) it is necessary that
Lo(£y+ k) (x'n;) = 0. (2.4.31)

21The subalgebra s is also a Lie ideal of g,, but g/s¢ % diff(Z) x b.
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Using Eq. (2.4.11), this will be automatically satisfied if n; obeys the equation
Lo(£e+ K)n; + Dik =0, (2.4.32)

where D; is any derivative operator on A/. This equation is invariant under the rescalings
(2.4.1), since n; transforms as n; — e~7n; from Eq. (2.4.28). If we choose n; to be the normal
covector to a foliation of surfaces in the natural class of foliations discussed in Sec. 2.4 above,
normalized according to (2.4.28), then the condition (2.4.32) is satisfied.

Preferred subalgebra for stationary regions of a null hypersurface:
Killing supertranslations

Stationary regions of the hypersurface N that intersect all the generators determine a pre-
ferred subalgebra t of the supertranslation algebra s. This algebra is the set of vector fields
X' in s for which

£.X'=0 (2.4.33)

in the stationary region, where 7% is the Killing vector field which is normal to N. Since
(7%, k,) is a representative of the equivalence class, we have from Eq. (2.4.17) that all elements
X' of s satisfy

L (£ + k)X =0. (2.4.34)

Hence it follows from Eqs. (2.3.34) and (2.4.33) that all solutions of Eq. (2.4.33) in the
stationary region can be extended to vector fields on all of N which lie in s.

To get some insight into the nature of this subalgebra??, specialize to a representative
(¢!, k) and a coordinate system (u,#*) where £ = 8, and s = 0, where the general solution
for x* is given by Eq. (2.4.8). Then the Killing field 7¢ will be of the form 7% = k., (u — ug)¢",
by Egs. (2.3.3), (2.3.34) and (2.3.35), where &, is a constant and g is a function of #4 but
independent of u. The subalgebra t is then given by the condition

a— fuy =0, (2.4.35)
and consists of vector fields of the form x* = —(3/k,) 7". The corresponding transformation
(2.4.7) can be expressed as

Fer_ 2 (2.4.36)

Rr

where we have defined a Killing parameter 7 by 7 = d/dr. We will call these angle-dependent
displacements of Killing parameter Killing supertranslations. They have been studied in
Refs. [33, 39, 78, 31, 79, 80, 30, 28] (although they are often called just supertranslations).
The intersection of the Killing supertranslation subalgebra t with the affine supertranslation
subalgebra sy will generically have dimension 0.

22The pullback 7¢ of the Killing field is itself a member of the subspace t, giving a preferred one-dimensional
subspace of “translations”.
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We note that the Killing supertranslation subalgebra t can be defined under the slightly
weaker hypothesis that the region of N is weakly isolated in the sense of Ashtekar [74], which
implies that it is shear and expansion free, satisfies Eqs. (2.3.34), and possesses a preferred
choice of normal up to constant rescalings.

Symmetry groups of null hypersurfaces with boundaries

Our analysis so far has been restricted by the assumptions that the null hypersurface N has
topology Z x R, and that the intrinsic structure is complete, that is, that the generators of
the null surface extend to infinite affine parameters in both directions. We now discuss how
the symmetry group is modified when these assumptions are relaxed. Specifically, we will
consider incomplete intrinsic structures. These generally occur when the null hypersurface
N has a nontrivial topological boundary ON in M?%. Rather than give a general analysis of
the different possibilities, we will discuss two specific examples.

The first example is the future light cone of a point P in a spacetime which is spherically
symmetric about P. This could be the future event horizon of a black hole in a spherically
symmetric gravitational collapse spacetime. Or, it could be the future light cone of a point
in Minkowski spacetime. The null hypersurface still has topology Z x R ~ S? x R (if the
point P is excluded), but has the nontrivial boundary ON = {P}. The induced intrinsic
structure is incomplete if the metric is smooth in a neighborhood of P, as all the generators
start at P.

The second example is the future event horizon in the maximally extended Schwarzschild
spacetime, on one of the two branches. In this case the boundary of N is the bifurcation
twosphere, and the induced intrinsic structure is again incomplete, as all the generators start
on the bifurcation twosphere.

In these cases, the definition of the symmetry group is modified to include the requirement
that it preserve the boundary:

Gu={p: N=>N|pau=u, ¢(ON)=0N}. (2.4.37)

In the first case of a single point, ON = {P}, the corresponding Lie algebra consists of the
vector fields x* which satisfy Eqgs. (2.4.11) and in addition the condition

X opr = 0- (2.4.38)
This removes the affine supertranslations and but not the rescalings or diff(5?) diffeomor-
phisms. If one chooses an affine coordinate system (u, #4) of the type described in Sec. 2.4,
specialized so that u = 0 on ON, then the transformation group (2.4.7) is modified by the
condition.

a=0. (2.4.39)

23The hypersurface N can have a nontrivial boundary only when A is a proper subset of the boundary
OM of M, as it will be in typical applications, since 90M = {}.
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In the second case of the bifurcation twosphere, the condition (2.4.38) is replaced by the
requirement that the vector field be tangent to N on ON,

X' gpr = 0, (2.4.40)

where n; is the normal to ON. The modification to the algebra is the same as in the first
case, given by the condition (2.4.39).

We note that in this context the Killing supertranslation subalgebra t associated with
stationary regions of the null surface will generically have dimension 0, by Egs. (2.4.35) and
(2.4.39). This is discussed further in Sec. 2.7 below (footnote 29).

2.5 General relativity with a null boundary: covariant
phase space

As discussed in Sec. 2.2, the starting point of the Wald-Zoupas framework is the definition
of a field configuration space .# of kinematically allowed field configurations, and the cor-
responding covariant phase space .# C .# obtained by restricting attention to on-shell field
configurations. In this section we give a particular version of these definitions for general
relativity in the presence of a null boundary in 3 + 1 dimensions. The definition is given in
Sec. 2.5, and in Sec. 2.5 we show that the symmetry group and algebra associated with this
field configuration space coincide with those of the universal intrinsic structure of the null
surface discussed in Sec. 2.4.

Definition of field configuration space

Consider a manifold M with boundary, for which a manifold N is a portion of the boundary.
We would like to consider the space %, consisting of smooth metrics g,, on M for which the
boundary N is null and for which the induced boundary structure on N is complete. This
space %, is not the field configuration space .# we seek, since it contains a considerable
amount of diffeomorphism redundancy. We will obtain our definition of .# by fixing some
of this freedom.

The kinds of fixing of diffeomorphism freedom that we will allow will be restricted by
three general considerations:

e They must be global on the field configuration space, not restricted to on-shell config-
urations.

e They must be local to the boundary in the sense that the diffeomorphisms needed to
enforce the gauge condition can be computed from degrees of freedom on the boundary.

e Field configurations (metrics in this case) and their derivatives evaluated on the bound-
ary induce on the boundary certain geometric structures, which can be divided into
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universal and non-universal structures. The universal structures are the same for all
field configurations (up to boundary diffeomorphisms), while the non-universal ones de-
pend on the field configuration. We restrict attention to fixings of the diffeomorphism
freedom that involve only the universal structures.

The diffeomorphism (and conformal freedom) fixings used at future null infinity by Wald
and Zoupas [24] are also of this type.

As a side note, as discussed in Sec. 2.2 above, gauge in this context is not synonymous
with diffeomorphism freedom, since there are some diffeomorphisms that act on the boundary
which do not correspond to degeneracies of the symplectic form on phase space (a more
fundamental notion of gauge). Some of the diffeomorphism freedom we fix in going from %,
to .Z is not gauge in this sense. For this reason, it would be desirable to consider a larger field
configuration space that includes all metric variations that are not degeneracy directions of
the symplectic form. In Appendix A.8 we explore a modification of our definition of the field
configuration space which yields a modified and larger algebra of symmetries and a modified
set of charges. The main drawback of this modification is that it is no longer possible to
obtain uniqueness of the prescription for defining localized charges by demanding that fluxes
vanishes for stationary solutions, as discussed in Sec. 2.2 above. It is possible that a unique
prescription may be obtained from some other criterion.

Our definition of the field configuration space .% proceeds as follows. We start by defining
a particular geometric structure on N which we will call a boundary structure. We consider
triples (¢%, K, @a) of fields on NV, where (% is a smooth, nowhere vanishing vector field, x is a
smooth function, éa is a choice of normal covector? to N, and

~

00y = 0. (2.5.1)

Recall that we are using = to mean equality when restricted to N. We define two such
triples (¢, k,¢,) and (¢'* k', £]) to be equivalent if they are related by the rescaling

g = eope (2.5.2a)
"= ek + £40), (2.5.2b)
0= e, (2.5.2¢)

where o is a smooth function on A/. We denote by

~

p=1[0" k0] (2.5.3)

the equivalence class associated with (¢%) k, éa) A choice of equivalence class is the desired
boundary structure on N

24This normal covector was denoted ¢, earlier in the paper. We introduce the separate notation /, because
the context here of the definition of a boundary structure does not involve a metric, and to clarify that there
are two independent tensor fields in the definition.
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It is clear that a choice of boundary structure p = [, x, l | determines a unique universal
intrinsic structure u: choose a representative (¢, s, l a), discard {,, and note that from Eq.
(2.5.1) that £* can be regarded as an intrinsic vector field ¢*. Then from (¢, k) form the
equivalence class u = [(*, k] under the equivalence relation (2.4.1). From Egs. (2.4.1) and
(2.5.2) the result is independent of the representative (£%,x,¢,) initially chosen. We will
denote this induced intrinsic structure by u(p). Our boundary structures contain more
information than the intrinsic structures, which will be necessary for the definition of the field
configuration space. We will say that a boundary structure p is complete if the corresponding
intrinsic structure u is complete.

In addition, a metric gq on M for which the boundary A is null determines a unique
boundary structure p, just as for intrinsic structures discussed in Sec. 2.4. Pick a normal
covector £, to N, raise the index to obtain (¢ = g“b&,, and compute the non-affinity x
using the metric via Eq. (2.3.2). Then from the triple (£%, x,¢,) form the equivalence class
p = [ﬁ“,/ﬁ,@a]. The result is independent of the choice of initial normal covector, by the
equivalence relation (2.5.2).

Given a boundary structure p, we now define the field configuration space .%, to be the
set of smooth metrics g,, on M which satisfy on A/ the relations

= g, (2.5.4a)
(V= kL (2.5.4b)

From Egs. (2.5.1) and (2.5.4a) it follows that the boundary N is null with respect to gap, so
that .%, C .%. Also if the conditions (2.5.4) are satisfied by one representative (£, , £,),
they will be satisfied by all representatives, from Eqgs. (2.3.3) and (2.5.2). Hence .%, is well
defined and depends only on p. (An equivalent definition of .%, is the set of smooth metrics
on M for which AV is null and whose associated boundary structures agree with p). We define
the corresponding covariant phase space ?p to be the set of metrics in .%, which satisfy the
equations of motion.

Note that the order of definitions being used in this construction is the opposite of that
which is normally used. Normally, one first picks the spacetime metric, then defines the
covariant version of the null normal by raising the index as in Eq. (2.5.4a), and defines the
non-affinity function x via Eq. (2.5.4b). Here, instead, we first choose the quantities ¢%, l,,
and x, and then specialize the spacetime metric g, to enforce Eqs. (2.5.4).

It may appear that the conditions (2.5.4) we are imposing on the metric are overly
restrictive. In fact, they do not restrict the physical degrees of freedom in the sense that
#, is obtained from .%#; by a fixing of the diffeomorphism freedom. More precisely, given
a complete boundary structure p, and given any metric gq, on M for which A is null and
for which the boundary structure induced by g, is complete, one can find a diffeomorphism
¥ : M — M which takes N into N for which .9, satisfies the conditions (2.5.4). This is
proved in Appendix A.2.

We next show that the mapping p — %, is injective, so that if .7, = %, then p = p’.
This property will be used in Sec. 2.5 below. Let (£%, li,ga) be a representative of p, and
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(¢'a, k', (") be a representative of p’. Since /, and ¢, are both normals to N, they are related
by a rescaling, and hence by adjusting our choice of representative we can without loss of
generality take {, = ll Now pick a metric g, which belongs to both .%#, and .%#,,. Applying
Eq. (2.5.4a) to both p and p’ we find that ¢* = %, and it follows from Eq. (2.5.4b) that
k = k'. Hence we have p = p’.

Symmetry algebra of the field configuration space

We now show that for a complete boundary structure p, the symmetry algebra associated
with the field configuration space .%, coincides with the algebra g, of the universal intrinsic
structure u of the null surface discussed in Sec. 2.4, where u = u(p) is the intrinsic structure
obtained from p discussed in Sec. 2.5.

We start by defining the group of diffeomorphisms on M whose pullbacks preserve the
boundary and the field configuration space:

Hy={¢: M =M |yN) =N, .7, = F, }. (2.5.5)
These diffeomorphisms induce diffeomorphisms of the boundary: for any ¢ in H, we define

¢ =|n, (2.5.6)

and since ¢ preserves the boundary, ¢ is a diffeomorphism from N to A. Next, since 1)
preserves the boundary, the pullback of the normal must be a rescaling of the normal, so we
have

Vb, = el (2.5.7)

where v = (v, éa) is a smooth function onAN which depends on the diffeomorphism and on
the normalization of the normal covector ¢,. From Eq. (2.5.7) we find for the dependence
on the normalization [cf. Eq. (2.4.6) above]

(1, e7l,) = (1, by) + o — o, (2.5.8)

for any smooth function o on N.
Next from the definition (2.5.5) we have

Ty = 0eFy = Fyp, (2.5.9)

where the action of the pullback ¢, on the boundary structure p is defined by its action on a
representative (¢, k,{,). Now using the injectivity property of the mapping p — .%, proved
in Sec. 2.5, we obtain

e = P. (2.5.10)

From the definition (2.5.2) of the equivalence class, it follows that for a given representative
(¢*, K, l,) in p, the pullback 1, acts as a scaling transformation for some smooth scaling
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function 8 = B(¢)) on N [cf. Eq. (2.4.4) above]
vt = P, (2.5.11a)
Vo = Pk + £,8), (2.5.11b)
vl, = €°l,. (2.5.11c)

In the first two of these equations we can replace ¢* with ¢*, by Eq. (2.5.1), and we can
replace v, with ¢,. These two equations then coincide with the defining equations (2.4.4)
for the group G, of boundary symmetries ¢ : N' — A that preserve the intrinsic structure
u associated with p. Combining Eqgs. (2.5.7) and (2.5.11c) yields that

V(W) = B(p). (2.5.12)

Hence we have shown that
Hy={Y: M = M|pN)=N, p Gy, Ble)=71) }, (2.5.13)

where ¢ is the diffeomorphism (2.5.6) induced on the boundary. A bulk diffeomorphism 1)
is a symmetry if it preserves the boundary, if the induced boundary diffeomorphism is a
symmetry of the intrinsic structure on the boundary, and if the scaling function vy(¢) defined
by Eq. (2.5.7) satisfies Eq. (2.5.12).

We next specialize these results to infinitesimal diffeomorphisms. Linearized diffeomor-
phisms on M are parameterized in terms of vector fields £€* on M, and the boundary is
preserved if these vector fields are tangent to the boundary,

~

€4, = 0. (2.5.14)

We define .
X = &, (2.5.15)

and it follows from the condition (2.5.14) that we can regard Y as an intrinsic vector field x*
on N, as in Sec. 2.4 above. The definition (2.5.7) of the scaling function v becomes

£elo = 3(€° L0, (2.5.16)
while the dependence (2.5.8) on the normalization of the normal becomes
Y& €7ls) = (€% La) + £¢o. (2.5.17)
The linearized version of the constraint (2.5.12) is

7€) = B(X). (2.5.18)

Defining b, to be the Lie algebra corresponding to the group H,, we find by linearizing the
result (2.5.13) that

by = {&" on M| €0, =0, X' € g, B) =7(€") |, (25.19)
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where x' is given by the restriction (2.5.15) to the boundary and 3(x?) is defined by Eq.
(2.4.11a).

Finally, to obtain the physical symmetry algebra, we need to factor out the trivial dif-
feomorphisms for which the symmetry generator charge variation (2.2.13) vanishes, using
the equivalence relation ~ defined in Eq. (2.2.18). In Sec. 2.6 below we compute the charge
variation (2.2.13) explicitly, and in Appendix A.3 we show that it vanishes for all metric
perturbations if and only if x* and v(£*) both vanish. Hence the quotient set b,/ ~ is pa-
rameterized by x* and v, but from Eq. (2.5.18) « is determined by x’. We conclude from
Eq. (2.5.13) that

bo/ ~ = gu, (2.5.20)

as claimed.

To summarize, infinitesimal symmetries are in one-to-one correspondence with symme-
tries x* € g, of the intrinsic structure u. However, all representatives £* whose restriction to
the boundary is x* must also obey the constraint (2.5.18).

Boundary conditions on the variation of the metric

In our application of the Wald-Zoupas formalism we will need to consider variations of the
metric of the form
Gab —* Gab + 5gab = GJab T Pap. (2521)

We assume that both the original and varied metric lie in the configuration space #,, so
that they both satisfy conditions (2.5.4). In this subsection, we will derive some resulting
boundary conditions on the metric variation h,, that will be useful in later sections of the
paper. Specifically these conditions are

hat® = 0, (2.5.22a)
Ve(hat*t®) = 0. (2.5.22b)

Note that the condition (2.5.22b) is independent of the definition of £* off the surface, because
of Eq. (2.5.22a). As a consistency check of our computations, we show in Appendix A.4 that
the conditions (2.5.22) are automatically satisfied for a metric perturbation of the form

hav = £eGab (2.5.23)

generated by a representative £* of a symmetry in the algebra discussed in the previous
section.

We now turn to the derivation of Egs. (2.5.22). Equation (2.5.22a) follows from taking
the variation of Eq. (2.5.4a) and noting that ¢* and (, are fixed under the variation. By
varying the definition (2.5.4b) of non-affinity and noting that « is fixed under the variation
we find

Vohpel ¢ — Vpha L6 /2 = 0. (2.5.24)
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We can rewrite the first term as (*V,(¢hye) — (0*V o£¢) hpe. The first term here vanishes by
Eq. (2.5.22a) since the derivative is along the surface N, while the second vanishes by Eqs.
(2.5.4b) and (2.5.22a). Thus we obtain Vyh,f*¢° = 0, which is equivalent to Eq. (2.5.22b)
by Eq. (2.5.22a).

It follows from Eq. (2.5.22a) that we can regard h®® restricted to A" as an intrinsic tensor
h¥ on N'. We can also construct the down index versions

h'! = qxh" (2.5.252)
hij = g™ = TETT gy, (2.5.25b)

These quantities satisfy . .
hiit' = h;7 0" =0, (2.5.26)

from Egs. (2.3.7) and (2.5.22a). In four spacetime dimensions, h*/ contains six independent
components, hij five, and h;; three. We will express charge variations in Sec. 2.6 below in
terms of h,”.

A useful quantity involving the metric perturbation that will appear in the charge varia-
tions can be defined as follows. Defining h, = h,¢s, we have from Egs. (2.5.4a) and (2.5.22a)
that h, vanishes on A/. Hence there exists a one-form I', on NV so that

Viehy) = (T (2.5.27)

The quantity I', depends linearly on h,” and its first derivatives, including in directions off
the surface N, but is independent of the background metric and connection. It does depend
on how one extends the definition of ¢, off the surface A'. However if we impose on this
extension the condition

Vialy 20, (2.5.28)
then I'y is uniquely determined. From Eq. (2.5.22b) it satisfies

T, 0% =0. (2.5.29)

It is invariant under a rescaling of the normal ¢* — e“¢*. We also define the pullback
i = 1¢T,.

2.6 Global and localized charges for a null boundary
component

From the perspective of the covariant phase space, we have seen in the last two sections that
general relativity in the presence of null boundaries has quite a rich structure as encapsulated
in the the infinite dimensional symmetry algebra g,. With these symmetries at hand, in this
section we move on to the calculation of the corresponding charges and fluxes. We compute
the Noether charge ()¢ in Sec. 2.6, its variation 6Q)¢ in Sec. 2.6, the boundary symmetry
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generator Q. and its variation in Sec. 2.6, and the localized charge or Wald-Zoupas charge
Qi?c and its flux in Sec. 2.6.

Appendix A.8 computes the corresponding charges for a modified definition of field con-
figuration space. As mentioned in the previous section the drawback of the modification is
that one looses uniqueness in the prescription for defining localized charges.

Noether charge

For general relativity in vacuum, the Lagrangian, presymplectic potential 3-form and Noether
charge 2-form are given by [24]

Labed = 757Cabed R, (2.6.1a)
eabc = ﬁgabcd (gefvdhef - vehde), (261b)
Q¢ ab = — 1o=Eabed VE. (2.6.1c)

The ambiguity (2.2.33) in the presymplectic potential can be resolved in the case of general
relativity by demanding that the total number of derivatives of the metric g, or metric
perturbation h,, in the 2-form Y,; be two less than the number of derivatives appearing in
the Lagrangian. One can readily convince oneself that there is no 2-form Y,;, that depends
ON Gab, Eabeq aNd hgy that depends linearly on h,, and has no derivatives.

We now evaluate the pullback of the Noether charge 2-form to A. From Egs. (2.3.20)
and (2.3.6) we find

Qe ij = _M%H?H?(gabcgd — Zaable + Eedaly — Epeala) VED = _M%H?H?gabcqc (2.6.2)

where ¢¢ = 20,V!e€4. Since {,¢* = 0 it follows from Eqs. (2.3.7) and (2.3.21) that we can
rewrite this expression in terms of tensors intrinsic to N

1
Qe ij = _Egijqu- (2.6.3)
We can rewrite ¢¢ as R
¢° = g Lelg+ £l — 2"V L, (2.6.4)

where we have used the validity of Eq. (2.5.4a) on N and the fact that ¢V, differentiates
along the surface, by Eq. (2.5.14). Next, using the definitions (2.4.11a) and (2.5.7) of 8 and
v and the condition (2.5.18) we obtain

q° = (B + ) = 26"Vl = 23(° = 26"V (€. (2.6.5)

From Egs. (2.3.7) and (2.5.14) the contracted b index in the second term can be replaced
by an intrinsic index k, and we can then use the definition (2.3.16) of the Weingarten map.
Inserting the result into (2.6.3) and using (2.5.15) gives
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This expression is invariant under the scaling transformation (2.4.1), from the transformation
properties (2.3.24c), (2.4.12) and (2.3.24e).

Suppose now that we are given a cross section S of N'. The Noether charge associated
with that cross section is given by integrating the two form (2.6.6). Letting n; denote the
unique normal covector to S in N with the normalization (2.4.28), we obtain from the
definition (2.3.23)

Qe(S) = /SQg = %/Sfij (X'l + B(X)] - (2.6.7)

Variation of Noether charge

We next turn to computing the variation of the Noether charge under a variation of the
metric of the form (2.5.21). Of all the quantities which appear in the expression (2.6.6) for
the pullback of the Noether charge two-form, only the volume form ¢;;;, and the Weingarten
map K,* vary as the metric is varied. Using 0€upea = heapea/2 With h = g%hy, = ¢*Bdqan
we obtain

To compute the variation of the Weingarten map we define K, = V. which when
we pullback the a index is orthogonal to ¢, on the b index and reduces to K. Taking a
variation we find

2MYOK, = 1Y [=Vhee + VA, + Ve, (. (2.6.9)

We now use the definition (2.5.27) of I', to rewrite the first two terms in (2.6.9), and rewrite
the last term in terms of a Lie derivative. This yields

ASK," = TI9 [£,T° — Dol — h*V ol + b,V + £,h,0 + he V00 — hcbvaﬁ] . (26.10)

The first term here vanishes by Eq. (2.3.6). We can replace the /* with % in the second and
third terms, using the condition (2.5.4a) and the fact that the derivative is along the surface.
We rewrite the fourth term using the condition (2.5.28) as h,°V* = h, °V(*, where we
have used the fact that the derivative is along the surface by Eq. (2.5.22a). We thus obtain

MK, = 1§ [T ol’ + £L4h, + 2h° Vo l" — 21" V(7] . (2.6.11)

Now the individual terms on the right hand side are all orthogonal?® to £,, by Egs. (2.5.1)
and (2.5.22a). Hence they all give rise to tensors intrinsic to A/. Also the contractions on
the ¢ index in the last two terms can be replaced by intrinsic contractions, by Eqs. (2.3.7)
and (2.5.22a). Using the definition (2.3.16) finally gives

_ 1.1 _ A A
0K = _§Fiﬁj + §£éhij +REK =R (2.6.12)

25For the second term this is because éb£ghab = fg(habéb) — hab£géb = —h, U Lygpe = —h, "Vy(£l¢))2 —
Khabéb =0.
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From Eq. (2.6.8) we obtain for the variation of the pullback of the Noether charge two-form

1 .
6Q¢ i = TorCik [ ICF = RB(X)F — X'Tulk + X £ohy * + 2 ™ K, F — 2x'hF LK™
(2.6.13)

Global charges that generate boundary symmetries

As described in Sec. 2.2 above, the charge Q. that generates a boundary symmetry £* has
a variation 0Q¢ which is an integral of the form (2.2.12) over a Cauchy surface X, and can
be expressed as the surface integral (2.2.13) over the boundary 9%. We now assume that a
cross section S of the null surface A is a component of the boundary 9%. This gives

§Q¢ = / 5Qcap+ ... (2.6.14)
S

where the ellipses represent integrals over the remaining components of 9% (for example
spatial infinity). Here the integrand is the two-form

5Q§ ab — 5@5 ab — gcecab (2615)

and 0, is the presymplectic potential three-form (2.6.1b). Pulling back this expression to
N using Egs. (2.3.20) and (2.3.21) gives
1
_ f e
ijk = ﬁgijkg (th — Vehf ) . (2616)
The second term can be rewritten using the boundary conditions (2.5.22a) and (2.5.22b) as
—lfVehfe = hfeveef, which then allows using the definition (2.3.16). This yields

1 o
Ok = Tor ik [Leh + 0K (2.6.17)

In this expression the trace h of the metric perturbation can be written as ¢*fhp, from the
condition (2.5.22a), while the second term in the brackets can be written as

1
hasKAP = hup <§9qAB + aAB) : (2.6.18)

from Egs. (2.3.8), (2.3.13), (2.3.14), (2.3.19) and (2.5.26). Finally using Eqgs. (2.6.13) and
(2.6.17) yields for the pullback of the perturbed symmetry generator two-form (2.6.15)

1 ‘
0Q¢ij = {g-Ciik {hxl/c,k — hBOX) = X'TulF + X Loy * + 2x'h™ KE
—2x'h* ™ — XFLoh — XK } (2.6.19)

26 An alternative form is hinquikqﬂ where g%/ is any tensor that satisfies ¢” ¢ixq;ji = qri, from Eq. (2.3.8).
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In general this expression is not a total variation, and so cannot be integrated up to
compute a finite charge corresponding to the first term in the symmetry generator (2.6.14).
To see this, we compute the pullback (2.2.15) to N of the presymplectic current, contracted
with x*. As shown in Sec. 2.2 above, when this quantity is nonzero the variation (2.6.19) is
not a total variation. Taking a variation of the expression (2.6.17) for the pullback of the
presymplectic potential, and using the formula (2.6.12) for the variation of the Weingarten
map, we obtain

. 1 . 1 1 1
7 Im i l m m l m l
Xwgip(h™, ') = _167TX Eijk §h££h’ + §£ghm hy ™+ §hh2 I, + 2h,Phy K,
—(h < h'). (2.6.20)

The integral of this quantity over a cross section § is nonvanishing in general. It does vanish
in the case when y’ is tangent to S, that is, when it is a generator of the diffeomorphism
symmetries. It also vanishes if we demand that both the background and perturbed con-
figurations are shear and expansion free on S, and in particular if they are stationary on
S.

We now specialize to the case where the null surface A is the future event horizon H* of
a black hole. The boundary of the horizon consists of the asymptotic boundary HZ at future
timelike infinity, together with a bifurcation twosphere H™' in the case of an eternal black
hole. In Appendix A.7 we show that the obstruction (2.6.20) vanishes on the bifurcation
twosphere H'. We also show that the obstruction vanishes on the future boundary HT,
assuming certain fall off conditions on the shear along the horizon towards future timelike
infinity, and we argue that these fall off conditions are physically reasonable. Hence for
horizons, Eq. (2.6.14) can be used directly to compute the contribution from the horizon to
global charges.

We also show in Appendix A.7 that the correction term i¢® in the definition (2.2.25) of
the localized charge vanishes on the boundaries H{, under the same assumptions as above.
Hence from Eq. (2.2.32) the contribution from the horizon to the global charge can be written
as

QL (HL) — Q°(HTF). (2.6.21)
Here leoc is the localized charge which is computed explicitly in the next subsection, cf. Eq.
(2.6.27).

Global conservation laws involving these global charges are discussed further in Sec. 2.7
below.

Localized (Wald-Zoupas) charges and fluxes

We now turn to a computation of localized charges QEOC(S) for cross sections S of a null
surface N. As explained in Sec. 2.2 above, the integrand in the expression (2.2.25) for this
charge is given by adding to the pullback of the right hand side of Eq. (2.6.15) a term x*© s,
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where the presymplectic potential ©;j; is of the form [cf. Eq. (2.2.30)]
Oijr = Oijr — 0auji (2.6.22)

that is necessary for the right hand side to be a total variation. In addition, ©;;;, is required
to have the property that it vanish on backgrounds for which the null surface is shear free
and expansion free. Then the charge is given by the expression (2.2.22) where the integrand
is

Q?(;j = Qc¢ij — Xkaijk; (2.6.23)

up to an overall constant of integration on phase space. We verify that this constant of
integration vanishes by showing that the right hand side of Eq. (2.6.23) vanishes on our
reference solution, and by assuming that the left hand side vanishes on this solution. This
computation is carried out in Appendix A.5.
We choose the 3-form a on N given by
1

Qi = 8—ﬂ_§é‘ijk, (2624)

where 6 is the expansion (2.3.28). Computing its variation yields

1
Combining this with Egs. (2.6.17), (2.6.22) and (2.6.18) gives for the presymplectic potential

on N . . .
Pk AB
Gijk = ﬁgijk [hi]ICj — h«9] = Eeljkh (O’AB — §QAB0) . (2626)
This choice of presymplectic potential on a null surface was independently previously sug-
gested in Eq. (8.2.20) of a thesis by Morales [81]. For backgrounds for which the null surface
is shear free and expansion free, it follows from Eq. (2.6.26) that © vanishes, as required.

The two-form (2.6.23) is now obtained by combining Eqgs. (2.6.6) and (2.6.24), which gives

0%, = ey [XKiF — 6 — )], (2.6.27)
It follows from the transformation properties (2.3.24) and (2.4.12) that this two-form is
invariant under the rescaling (4.3.1).

We next argue that the expression (2.6.27) we have derived for the localized charge is
unique. As discussed in Sec. 2.2 above, the presymplectic potential ® will be unique if there
does not exist a 3-form W (¢) on the boundary N that is locally and covariantly constructed
out of the fields and of the universal structure, with the property that its variation 0W
vanishes identically on solutions for which the null boundary is shear free and expansion
free. We assume that W depends analytically on the fields, and that the maximum number
of derivatives in the expression for W' is one less than the number of derivatives appearing
in the Lagrangian, or one in this case.
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The various geometrical quantities on which W can depend are reviewed in Sec. 2.3
above. The restriction on the number of derivatives in W eliminates other quantities, not
reviewed in Sec. 2.3, that can be used to construct candidate expressions for W, such as
eijkL el where R is the Ricci scalar. Using the finite number of quantities in Sec. 2.3 one
can show by inspection that there are no expressions with the right properties. For example
the expressions ke, and ;D6 not invariant under the transformation (2.3.24), while the
expression (045048 /0)e,;; is invariant but does not depend analytically on the fields. We
conclude that W = 0 and so ® and QEOC(S) are uniquely determined by our assumptions
and by the Lagrangian L.

Finally, the on-shell flux d ng’c associated with the localized charge is given by the sym-
plectic potential ® evaluated at hap, = £¢gap, from Eq. (2.2.29). From the expression (2.6.26)
for ®, combined with Egs. (2.3.7) and (2.3.16) to transform from three dimensional notation
to four dimensional notation, we obtain

1
(AQE)ijn = ] ik V& (VY — g6) . (2.6.28)

Alternatively, the flux can be obtained by taking an exterior derivative of the two-form
(2.6.27)

1 .
(AQ¢)igk = g-2ianDp [X"IC,E = Ox" = BE7], (2.6.29)

where ﬁp is the divergence operator (2.3.25). It follows from the transformation properties
(2.3.24) and (2.4.12) that this flux is invariant under the rescaling (4.3.1). We show in
Appendix A.6 that the two expressions (2.6.28) and (2.6.29) for the flux coincide. This
serves as a consistency check of the formalism.

Charges and fluxes for specific symmetry generators

We now specialize as before to a cross section & with normal n;. For the special case of
a supertranslation with xy* = f¢* integrating the 2-form (2.6.27) over S and using Egs.
(2.3.18), (2.4.19), (2.3.23) and (2.4.28) gives the charge

1

Qe (S) = o /S e 0f — £of — ], (2:6.:30)

For stationary null surfaces, these charges vanish identically for affine supertranslations,
for which £,f + xkf = 0. The corresponding flux through a region AN of N is given by
integrating the expression (2.6.29):
1
8T
This can be simplified using the formula (2.3.28), the symmetry condition (2.4.17) and
Raychaudhuri’s equation in vacuum to give

AQYe = / eiuDy [(fr — 0f + £0f)1F]. (2.6.31)
AN

1 1 1
loc _ y —p? - = — y AB _ Zg?
AQPe = — /A o f(0r = 0 — £8) = /A Neukf (aABa 57 ) (2.6.32)
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We next consider diff(Z) generators of the form x* = X* where X‘n; = 0, making use
of the decomposition (2.4.29). Here n; is the normal to the cross section S, and we also
demand that it obey the differential equation (2.4.32) on A/, in order that X* be an element
of the symmetry algebra g,. For such generators the pullback to S of £, X" vanishes, and
so from Egs. (2.6.23) and (2.6.24) the localized charge and Noether charge coincide. From
Eq. (2.6.27) the localized charge is

1

loc
e(S) =

/6” [(X'KC, Py + ] (2.6.33)

and the corresponding flux from Eq. (2.6.29) is

1 .
AQR° = o /A . gDy [XTE,P — 0XP — BIP]. (2.6.34)

Stationary regions of the null surface

We now specialize to stationary regions of the null surface to obtain explicit forms for the
various charges. In stationary regions the general charge (2.6.27) reduces to

QIOC( ) = —8%/S5ij<xlwl_ﬁ)a (2.6.35)

by Egs. (2.3.31), (A.1.13) and (2.4.28). The integrand here has a vanishing Lie derivative
with respect to the Killing field 7%, so the result is independent of S as one would expect.
To see this, take the Lie derivative of the integrand with respect to ¢¢, and simplify using
Egs. (2.3.30), (2.4.11) and (A.1.10) to obtain —e;;[x*£wy — £Lyk]/(8m). Now specializing
without loss of generality to the choice of representative ¢ = 7* and using Eqs. (2.3.34) and
(2.3.35) shows that the expression vanishes.

We next specialize to the choice of normal ¢ = 7/, and to a coordinate system (7, 0)
for which the Killing field is 7 = 9/07, and we write the rotation one-form (2.3.33) and
symmetry generator as

W, = wTA(HB)dHA + KdT (2.6.36)

and

X = |a(BMe ™ + B(@A)] 9 + X467 — 0 (2.6.37)

or 064
Here & parameterizes the affine supertranslations, ﬁ the Killing supertranslations®’, and
X4 the diff(S?) transformations or superrotations. From Eq. (2.4.11a) we obtain f =
k-G exp|—k,7| and substituting into Eq. (2.6.35) gives

27

1
87

2"Note that these parameters & and B do not coincide with the parameters « and 8 of Eq. (2.4.8).

Qloc( ) _ /62]()( Wr A +B,€T) (2.6.38)
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2.7 Global conservation laws involving black holes

Although our analysis has considered arbitrary null surfaces in the preceding sections, our
main interest lies with black holes. Accordingly, in the next few sections, we take N to
be the future event horizon H™ of a black hole. This can either be a black hole formed
in gravitational collapse, or an eternal black hole, as in Fig. 2.1 above. We note that our
analysis is limited to smooth horizons, and that generic horizons are not smooth because of
generators that join the horizon. We leave the analysis of charges and symmetries associated
with nonsmooth horizons for future work.

In this section we consider global conservation laws involving black hole horizons. As dis-
cussed in the introduction, we distinguish between localized conservation laws that involve
only one component B; of the spacetime boundary, and global conservation laws that involve
entire Cauchy surfaces. The foundation for both types of laws is the fact that the expression
(2.2.12) for the variation of the global charge Q; is invariant under local deformations of
the hypersurface ¥ when on shell, from Eq. (2.2.5). In situations where the charge varia-
tion is a total variation and the condition (2.2.15) is satisfied (which happens for internal
symmetries), one does not need to distinguish between these two types of conservation laws.
More generally, the localized conservation laws require the application of the Wald-Zoupas
procedure, while the global laws do not, as argued in Sec. 2.2 above.

As discussed in the introduction, in the past few years an infinite set of new global
conservation laws in gauge theories have been discovered, associated with “large” gauge
transformations which are not trivial at infinity [22, 25|. Similar conservation laws have
been argued for in the gravitational case [82, 25|, although completely rigorous derivations
have yet to be given. One of the key motivations for studying horizon symmetries and
charges is the realization that the associated global conservation laws place constraints on
black hole evaporation, and that the (electric parity superrotation) charges constitute “soft
hair” that may play a role in how information is released as a black hole evaporates [82, 23,
42, 33, 34, 83| (see also [25] for a complete review). In this section we review the status of
these conservation laws and the implications of our results for their formulation.

Consider for example a spacetime with no horizons for which the only components of the
boundary are £+, .#~ and the points at infinity =, i and i*, and specialize to vacuum
general relativity. Since the charge variation (2.2.12) is invariant under local deformations
of the Cauchy surface X, one can deform ¥ into the distant past and also into the distant
future. Then with appropriate sign conventions one obtains a conservation law of the form

6Qe(I ) +0Qe(i7) +0Q¢(i") = 6Qe(IT) + 6 Qe (i), (2.7.1)

where each term is an integral of the form (2.2.12) over the corresponding hypersurface or
an appropriate limit of such integrals converging to one of the points at infinity, assuming
such limits exist. If we specialize to spacetimes for which the Bondi mass vanishes at .Z;",
the future limit of .# ", and at .#~, the past limit of .# ~, then the terms at future and past
timelike infinity should vanish [82] giving

§Qe(I7) +8Q¢(i%) = Qe (IT). (2.7.2)
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The contribution from spatial infinity in this equation need not vanish in general.

To derive a global conservation law one needs to show that the various limiting integrals
exist, and that the contribution 6Q(i?) vanishes. Then integrating in phase space would
yield a relation of the form

Qe(S7) = Qe(S), (2.7.3)

which constrains gravitational scattering [82]. We expect that imposing suitable boundary
conditions at 7° in the definition of .# should eliminate the term 6 Q¢ (i) (this is closely related
to the matching conditions proposed in Ref. [25]). In addition these boundary conditions
should reduce the global symmetry algebra to a diagonal subalgebra of BMS™ & BMS™,
with an appropriate identification of BMS™ and BMS™, as argued by Strominger [82]. See
Refs. [84, 85, 86, 87, 88| for more detailed analyses of spatial infinity and of the validity of
conservation laws of the form (2.7.3).

Consider now the generalization of this discussion to include horizons [34, 33|. For the
black hole formed from gravitational collapse shown in Fig. 2.1, and for a representative £*
of the global symmetry algebra, following the argument that led to Eq. (2.7.1) we obtain

§Qe(I )+ 6Qc(i7) +6Qe(i°) = §Qe(I 1) + Qe (i) + §Qe(H™). (2.7.4)

Here each term is an integral of the form (2.2.12) over the corresponding hypersurface or
an appropriate limit of such integrals converging to one of the points at infinity. The term
dQ¢ (i) can be eliminated as described above. A priori, the symmetry generator {* appearing
in this equation can have independent limits at the horizon H* and at null infinity &/ * /..
However, just as for i°, we expect that imposing appropriate boundary conditions at future
timelike infinity ¢t should eliminate the term §Q¢(i™), and impose the appropriate relation
between the limits of £* at H and at £ /.#~. Note that this viewpoint differs from that of
Ref. [33], which used the specific prescription of maintaining global Bondi coordinates to link
generators at .~ to those at H*. However the specific identification for supertranslations
obtained there seems inevitable for the case of spherical symmetry?®. For more general
generators and situations, the appropriate identification of the generators is an interesting
question for future study, and will need to be resolved in order to obtain the general form
of the global conservation law.

28For example, suppose that in Eq. (2.2.12) ¢ is the Minkowski metric, ¢ is the linearized Schwarzschild
solution, and £° is a vector field which asymptotes to one timelike Killing vector field 7% of the Minkowski
background at .# ~ and to another 7¢ at .# . Then §Q¢(i°) is proportional to P, (¢ — 7%), where P, is the
ADM 4-momentum.

29With the following minor adjustment: assuming that a supertranslation on .~ corresponds to some
specific element of the symmetry algebra on H ", as found in Ref. [33], the restriction (2.4.39) implies that the
algebra element is a linear combination of a Killing supertranslation and an affine supertranslation, instead
of a pure Killing supertranslation. In the notation of Eq. (2.6.37) near 'HI, this linear combination will be
of the form )

X = B(1+uoe”""7)0r,

where ug = ug(64) is determined by the conditions (2.4.38) or (2.4.40) at early times. The affine supertrans-
lation correction term does not contribute to localized charges in stationary regions or to global charges.



CHAPTER 2. SYMMETRIES AND CHARGES OF GENERAL RELATIVITY AT
NULL BOUNDARIES 54

Finally, assuming such an identification has been derived, our explicit expressions for
localized charges can be used to obtain an explicit and nonperturbative form of the resulting
global conservation law. Integrating Eq. (2.7.4) in phase space and making use of Eq. (2.2.32),
this form is

Qe (74) — Q(I) — QL (HY) = QL () — (). (27.5)
Note that the third term on the left hand side is the operator that creates soft graviton
hair on a black hole horizon in the quantum theory, when £ is a Killing supertranslation
associated with the asymptotic Killing field near future timelike infinity, as explained by
Hawking, Perry and Strominger [34, 33]. Our result (2.6.27) for this operator improves on

existing treatments [34, 33| in that it is nonperturbative and not a variation®.

2.8 Algebra of symmetry generator charges and central
charges

As is well known, the algebra of the global symmetry generator charges Q, under Dirac
brackets need not coincide with the symmetry algebra g of the vector fields £* under Lie
brackets, and can instead be a central extension of that algebra [89, 60, 90, 91]. This
phenomena already arises in classical mechanics [92]. For example, there is a nontrivial
central extension for 2+1 dimensional gravity with a negative cosmological constant with a
certain choice of AdS boundary conditions, as shown by Brown and Henneaux [89]. There
is no central extension for BMS generators in 3+1 dimensional general relativity [93], and
we show in this section that the same is true for the symmetry algebra of charges at event
horizons in general relativity, assuming certain fall off conditions on the shear near future
timelike infinity. Thus, there is no central extension of the algebra for the symmetry algebra
of global charges derived in this paper.

Algebra of symmetry generator charges in general contexts

We first review in this subsection the theory of central extensions [89, 60, 90, 91| in general
contexts, and in the following subsection we will apply it to black hole event horizons.

The first step in the computation of the algebra of global charges Q¢ is the computation
of the Dirac bracket. For the specific case of vacuum general relativity at a future event
horizon, a careful derivation of the Dirac bracket including the effects of zero modes has
been given by Hawking, Perry and Strominger [33|. Here, for the discussion in a general
context, we will assume that a Dirac bracket can be found for which the global charges
implement the symmetries in the sense?!

{F[0). Qc} = 6cF 4, (28.1)

30The explicit form of this operator is given by Eq. (2.6.38) above, since the horizon is asymptotically
stationary, assuming the fall-off conditions on the shear of Appendix A.7.
310ur sign convention for Eq. (2.8.1) is the opposite of that of Ref. [33] and agrees with that of Ref. [94].
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where the variation J; is defined by
6:Flg] = Flo + £e4] — Flo]. (2.82)

Here F is any function on the covariant phase space .Z (i.e. functional of field configurations
¢), and the right hand side is understood to be linearized in £*. Combining this with the
definition (2.2.12) yields

An alternative formal derivation of Eq. (2.8.3) is as follows. We write the presymplectic
form (2.2.9) as €4, where the indices &7, %, ... represent tensors on .%. The definition

(2.2.12) of global charges can be written in this notation as

Vi Qe = Quav?, (2.8.4)

where vfj is the vector field on the covariant phase space that assigns to each solution

¢ the linearized solution £¢¢. We assume the existence of a Dirac bracket on functions
F,G: 7 — R of the form
{F,G} = Q7?V ,FV 4G (2.8.5)

QJM B

where satisfies

Qs Qpg = Qg (2.8.6)
Now inserting the charge definition (2.8.4) into the bracket (2.8.5) and using Eq. (2.8.6) gives
{Qg, Qg} = —Qm@va‘?, which is equivalent to Eq. (2.8.3).
Next, the relation (2.8.3) can be rewritten using the formulae (2.2.10) and (2.8.2) as

{Qe, Q¢} = _/az 06Q:(¢) — 1:0(0, £¢0)] . (2.8.7)

We now specialize to situations where the presymplectic potential @ exists, and where the
correction term i¢® in the definition (2.2.25) of the localized charge vanishes on 0% for all
&% As discussed in Sec. 2.2 above, we expect this to be generically valid when ¥ is a Cauchy
surface. Taking a variation of Eq. (2.2.32) and combining with Eqgs. (2.2.13) and (2.8.7) gives

{Qe et = - /aE 06 Q¢°(9). (2.8.8)

Now let 1. : M — M be the one parameter family of diffeomorphisms that move points
along integral curves of £. Since these diffeomorphisms preserve the boundaries and the
universal structures on the boundaries, and since by construction ngoc is local and covariant

in the sense of footnote 12, it follows from the argument in that footnote that3?

Ve Q9 (9) = QU (). (2.8.9)

32Note that it is important for this argument that Q!¢ Joes not depend on arbitrary choices such as a
choice of representative of an equivalence class in the universal structure.
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Now differentiating with respect to € and setting ¢ = 0 gives the identity
£6Q°(0) = 8:Q(0) + Q(6). (2.8.10)
Inserting this into Eq. (2.8.8) finally gives

{Qe, Qe} = Qg+ Ke g (2.8.11)

where [€, 5}“ = £§£“ is the Lie bracket and

K&é:—/ £cQ¢. (2.8.12)
o%

Equation (2.8.11) shows that when the quantity K ¢ is non vanishing, the algebra of charges
will differ from the algebra of vector fields.

A priori the quantity K¢ could depend on the background solution ¢. However, a
theorem due to Brown and Henneaux [95] shows that there is no such dependence, and so
the algebra of charges consists at most of a central extension of the algebra of vector fields.
A formal version of the argument is as follows |60, 96]:

Vo Qeg = Qvavi g = —Qualo v = =Ly (vagg) = —£, VO (2.8.13)

Here we have used the charge definition (2.8.4), then the fact that the mapping £* — —Ug{

is a Lie algebra homomorphism®?, then the fact that €., is a closed two form on .%, and
finally the definition (2.8.4) again. Continuing we obtain

Vi Qeg =~V (10V4Qe) = ~Vir (08 Qevf) = Vr {Qe, O} (2.8.14)

where we have used Egs. (2.8.4), (2.8.5) and (2.8.6). It follows from Eq. (2.8.11) that
V,%Kg = 0, as claimed.

Symmetry algebra of global charges at event horizons

We now show that the contribution®* to the central charges (2.8.12) from a future event
horizon vanishes, assuming certain fall off conditions on the shear near future timelike infinity.
This generalizes a result of Guo, Hwang and Wu who show that the central charges vanish
on the horizon of a stationary, axisymmetric black hole for a large class of generators [97].

33This follows from the fact that ve maps any functional F[¢] to F[¢ + £¢¢] — F[¢)] to linear order, so
[ve, ve] Flo) = Flo + (£e£¢ — £e£8)9] — Flol.
34As discussed in Secs. 2.2 and 2.2 above, a symmetry £% can have different limiting forms on different

boundaries B;, and more than one can contribute to the central charge (2.8.12), depending on the Cauchy
surface X.
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Consider a connected component S of 9¥ which lies in the event horizon H*. Using
Cartan’s formula together with Eq. (2.6.29) we find that the contribution from S to the
central charges (2.8.12) can be written as

1 . R -
- / ied QY = —— / X'einD, [;zm/c,,f —ox? — per] (2.8.15)
S mJs

Now S cannot lie in the interior of H™, otherwise ¥ would not be a Cauchy surface. We
consider two different cases:

e The cross section S coincides with a component of the boundary H™', for example
the bifurcation two-sphere H' in an eternal black hole spacetime. Since x’ must be
tangent to S in this case, as argued in Sec. 2.4 above, it follows that the quantity
(2.8.15) vanishes.

e The cross section S represents the future asymptotic boundary HT of H*. Now as
discussed in Appendix A.7, event horizons are asymptotically stationary. Assuming
exact stationarity and using the condition (2.3.31), the quantity (2.8.15) reduces to

1 . . ~ 1 . -
_ = i Smo, P _ B — i oMy,
87T/SX ik Dy [X Wi b 66} 87T/SX ijkLe [X Win 5]. (2.8.16)

Here wy, is the rotation one-form (2.3.32) and we have used Egs. (2.3.28), (2.3.14) and
(2.3.31). The Lie derivative in the integrand on the right hand side of Eq. (2.8.16)
vanishes, as shown after Eq. (2.6.35), and so the result vanishes. In this analysis we
have set the shear o;; and expansion 6 to zero. Assuming instead the falloff conditions
0ij,0 ~ v7P with p > 1 of Appendix A.7, where v is affine parameter, one can show
by an analysis similar to that of Appendix A.7 that the contribution of the shear
and expansion to the expression (2.8.15) vanishes in the limit v — oco. Hence the
contribution from HZ to the central charge (2.8.12) vanishes.

Symmetry algebras of localized charges

One can also consider the algebra of localized charges QEOC(S ). The Poisson bracket of two
such charges Q?C(S ) and ngoc (S) will in general depend on the two-surfaces S and S, but if

one specializes to a stationary region of the null surface A the bracket becomes independent
of the two-surfaces. It will be of the form®

{Q(6), Q€ (0} = Qesy(0) + K5 () (2:817)

where the anomalous term Ké"g(gb) will in general depend on the background solution ¢ [98],
in contrast to the situation (2.8.11) for the global charges. While we do not consider the

35Barnich and Troessaert have shown that the anomalous term Kéog(gb) vanishes for the case of BMS

generators at null infinity in 3+1 general relativity [98].
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algebra (2.8.17) in this paper, we note that a recent paper by Haco, Hawking, Perry and
Strominger has computed such an algebra for Kerr black holes, and used it to derive the
Bekenstein-Hawking entropy [99, 100]. The symmetry algebra g of vector fields used there is
not the same as the algebra (2.4.11) used in this paper, and may be related to the extended
algebra we discuss in Appendix A.8.

2.9 Discussion, applications and future directions

In this final section we recap our main results, discuss some implications and applications,
and discuss some open questions and future directions.

Recap

In this paper, we have applied the covariant phase space formalism to general relativity
with a null boundary. By an appropriate gauge-fixing at the boundary we defined a field
configuration space, and derived the conditions for linearized diffeomorphisms to preserve this
configuration space. Factoring out by the degeneracies left us with the infinite dimensional
symmetry algebra g = diff(S?) x s, where s is the set of supertranslations at N i.e. vector
fields x* = f¢ satisfying £,(£,f + kf) = 0. Supertranslations were therefore found to be
symmetries of general relativity at general null boundaries. We then calculated the general
form of the global conserved charges, and the localized charges and fluxes associated to g
by way of the Wald-Zoupas prescription. In particular, we found explicit expressions for the
supertranslation localized charges and fluxes. These expressions are unique when we impose
the condition that the potential © for the presymplectic current on the null surface vanish
when the surface is shear free and expansion free.

Black holes: localized conservation laws and horizon memory

We next discuss the implications and interpretation in the event horizon context of the
localized conservation laws that we have derived.

As discussed in Sec. 2.2 above, given any two cross sections S and S’ of the event horizon,
we have for each symmetry generator a localized conservation law of the form

d loc:/ 10C_/ IOC’ 2.9.1
/AN Qg o Q{ . Q§ ( )

where AN is the region of A/ between S and 8" and explicit expressions for the charge and
flux are given in Eqgs. (2.6.27) and (2.6.29). Now since the event horizon has a boundary
(either an initial event P or a bifurcation two-sphere), some of the symmetry generators
X' of the algebra discussed in Sec. 2.4 do not preserve the boundary. As discussed in Sec.
2.4, those generators must be excluded from the global algebra g that is relevant for global
conservations laws. Nevertheless, the conservation law (2.9.1) is valid for all generators. This
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is because the derivation of the law (2.9.1) is local, and is not invalidated if the vector field
violates the required boundary conditions at ON if ON is disjoint from AN

In order to get some insight into the physical interpretation of the charges in (2.9.1), we
specialize to stationary regions. The three different types of generators are:

o Affine supertranslations: The associated charges vanish identically in stationary re-
gions, as noted in Sec. 2.6 above.

e Superrotations or diff (S?) generators: The corresponding charges in stationary regions
are given by the first term in Eq. (2.6.38) above. The curl (magnetic parity) piece
of X4 yields the horizon angular momentum multipoles of Ashtekar [101], while the
gradient (electric parity) piece gives additional charges.

e Killing supertranslations: The charge in this case is given by the second term in Eq.
(2.6.38).

These charges all vanish for a Schwarzschild black hole, except for the [ = m = 0 compo-
nent of the Killing supertranslation charge in (2.6.38)%¢. However, as explained in Ref. [33],
one can turn on an infinite number of non trivial charges by acting on the metric with sym-
metry transformations. If we write the charges as ngoc (S, gav), including the dependence on
the metric g4, then it follows from covariance and the fact that the charges are independent

of § in stationary regions that
Qe (S, gav + Legar) = (S, gun) — Q2%(S. gun) (2.9.2)

to linear order in é"“. Hence one can compute the charges on a transformed background in
terms of the charges on the original background by making use of the algebra (2.4.10) of
symmetry generators. It follows from this algebra that acting on the Schwarzschild metric
with a superrotation turns on an infinite number of Killing supertranslation charges, and
similarly acting with a Killing supertranslation turns on an infinite number of superrotation
charges.

We next turn to a consideration of stationary to stationary transitions, which helps to
clarify the nature of the charges and conservation laws just as at future null infinity. Suppose
that there are two different stationary regions of the horizon separated by a region which
is non-stationary®’. Then the stationary regions are associated with two different Killing
supertranslation algebras t; and t,. This is analogous to the status of Poincaré subalgebras
of the BMS algebra at null infinity. Just as there, one can find a finite supertranslation o
for which

ty = otio !, (2.9.3)

36Here we define the splitting of a general generator into supertranslation and superrotation pieces by
identifying the coordinates in (2.6.37) with ingoing Eddington-Finkelstein coordinates.

37 Actually it is not possible to have the first region be exactly stationary, since by Raychaudhuri’s equation
in vacuum the expansion # must monotonically decrease to zero in affine parameterization; it can only be
approximately stationary.
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so that the two subalgebras are related by a supertranslation. Specifically, in the notation of
Eq. (2.4.35), if the two subalgebras are given by a— fu; = 0 and a— fuy = 0, where u; and usy
are functions just of 0, then one can take o to be the affine supertranslation u — u-+(ug—u ).
This supertranslation is presumably is related to an analog of gravitational wave memory
on the horizon [34]. The details of how such memory can be defined and measured is an
interesting topic for future study. The transition is also associated with net changes in
(electric parity) superrotation charges, as at % .

Finally, our formalism does not furnish an analog of the Bondi mass on black hole hori-
zons, that is; a prescription for computing the mass of the black hole at an arbitrary cross
section S of the horizon. This is so for two reasons. First, it would be necessary to specify
a preferred symmetry generator (or preferred four-dimensional subgroup of translations for
a 4-momentum) from the algebra in order to obtain such a definition. While there is a
preferred generator for each stationary region (the Killing vector), in general horizons are
non-stationary, and there is no preferred generator or preferred four-dimensional subgroup
of translations. Second, even when given a generator associated with a stationary region,
the corresponding charge is proportional to the area of the black hole (as used in derivations
of the first law), not the mass. In this sense horizons are not similar to future null infinity.

The limit to future null infinity

The symmetry algebra for a general null surface that we have derived is larger than the BMS
algebra which applies to the asymptotic boundary of future null infinity .# . An interesting
question is how the symmetries and charges of the two algebras are related, for a family
of null surfaces that limit to .#* in an asymptotically flat spacetime. One might expect
that the localized charges Q?C have finite limits for a subalgebra of the symmetry algebra
isomorphic to the BMS algebra, and that the limits of those charges coincide with the BMS
charges. In fact, this does not occur, and none of the localized charges ngoc have finite limits.
This occurs because of our choice of reference solution, in effect a different choice of reference
solution is necessary in order for finite limiting charges to be obtained at .#*. Details of this
comparison will be discussed elsewhere [CentralExt].

Generalizations

While our results are specific to d = 4 spacetime dimensions, they generalize straightfor-
wardly to all spacetime dimensions d > 4, with appropriate changes in numerical coefficients.
Our analysis does not depend on details of Greens functions or on asymptotic fall off con-
ditions which can be dimension dependent. This is in contrast to the situation at future
null infinity, where the generalization of the symmetry group, charges and memory to higher
dimensions is much more involved [102, 43, 103, 104]. Thus supertranslation and base-space
diffeomorphism (superrotation) symmetries are universal symmetries of all null surfaces in
vacuum general relativity.
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It would also be useful to generalize our analysis to allow for the presence of matter.
We expect that the symmetry algebra and expressions for charges will not be modified, but
that the flux expressions will acquire corrections involving the stress-energy tensor, as in the
BMS context.

Generalizations to other theories of gravity will be more involved. In particular, the
symmetry algebra obtained from the Wald-Zoupas procedure can depend on the Lagrangian
through the explicit expression for the charge variation in Eq. (2.2.18), and may no longer
coincide with the specific intrinsic symmetry algebra of Sec. 2.4 (although it may still posess
an intrinsic characterization).

Our symmetry algebra is analogous to the BMS symmetry algebra at future null infinity.
In that context it has been suggested that the BMS algebra can be usefully extended to
include additional symmetries, which do correspond to soft theorems and to new types of
gravitational wave memory [105, 25, 106, 107|]. However these generators are not obtained
from the Wald-Zoupas construction and their status as symmetries on phase space is still
unclear. Perhaps the algebra computed here of symmetries on finite null surfaces could be
similarly extended.

Finally, as discussed in Sec. 2.7, a key open question in the black hole context is the
restriction on the global algebra of symmetry generators imposed by boundary conditions
near future timelike infinity, that should determine the identification of symmetry generators
on the horizon and at future null infinity. This identification is necessary in order to formulate
the general form of the global conservation law associated with the global charges on the
horizon.



62

Chapter 3

Symmetries, Charges, and Conservation
Laws at Causal Diamonds in General
Relativity

3.1 Introduction

Understanding the description of finite subsystems in diffeomorphism invariant theories is
an important problem in both classical and quantum gravity. Over the years there has been
a lot of progress in uncovering various aspects of gravitational subsystems by studying the
covariant phase space formalism in the presence of boundaries [60, 68, 24, 108, 109, 51, 52,
110, 25, 111]. The presence of a boundary promotes a subset of the boundary preserving
diffeomorphisms to symmetries of the covariant phase space. These boundary symmetries
then result in non-trivial boundary charges which can be thought of as capturing aspects of
the degrees of freedom contained within the subregion.

Null boundaries are particularly important as they play a fundamental role in gravita-
tional thermodynamics [12, 112, 53, 113], as well as in holography and quantum gravity
[49, 44, 114]. Moreover, it was recently conjectured that the symmetries and charges at
stationary event horizons are relevant to the black hole information problem [34, 33, 100].
A particularly important class of null surfaces are the boundaries of causal diamonds, which
are fundamental to the description of gravitational subregions. Black hole thermodynamics
[68, 76, 115, 12| and entanglement entropy in AdS/CFT [4] have demonstrated that geo-
metric properties of causal horizons are deeply related to the thermodynamic and statistical
properties of spacetime. This strongly suggests that these deep connections generalize to
any causal diamond in any spacetime. While there have been important insights in this
direction [116, 117, 118], a complete understanding for arbitrary gravitational subregions
remains elusive. A potential avenue of progress lies in the covariant phase space formalism
applied to gravity at the boundaries of causal diamonds.

In [119] the covariant phase space of general relativity at null boundaries was studied
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in detail. There it was shown that there exists an infinite-dimensional symmetry algebra
for general relativity at all null boundaries, including non-stationary event horizons, in any
spacetime. For null boundaries of the form N = Z x R, where Z is the space of null
generators, the algebra takes the form diff(Z) x s with the “supertranslation” subalgebra
s consisting of angle-dependent translations and rescalings of affine parameter along the
null surface. The charges (at cross-sections of the null surface) and fluxes associated to the
symmetries were computed from the covariant phase space formalism using the prescription
given by Wald and Zoupas [24].

In this paper we use the results of [119] at the boundaries of causal diamonds. We con-
sider causal diamonds obtained from the intersection of the chronological past and future of
timelike separated points in a convex normal neighborhood. The boundary of such a causal
diamond is a null surface N with a 2-sphere bifurcation edge B. We use Gaussian null coor-
dinates adapted to the causal diamond boundary to show that both N and B for any causal
diamond in any spacetime can be identified. The resulting reduced symmetry algebra which
preserves B takes the form diff(S?) x b with b consisting of the angle-dependent rescalings
along the null generators. The angle-dependent translations along the null generators are
eliminated by requiring the bifurcation edge B to be preserved.

By considering the behavior of geometric fields on N near its corners, we show that the
boundary charges and the boundary presymplectic potential vanish in the limit to the corners
of the causal diamond. From this we show that the Wald-Zoupas fluxes are Hamiltonian
generators on the covariant phase space, which in particular provides an infinite family of
boost generators for any smooth causal diamond in general relativity. This is similar in spirit
to the boost generator at Killing horizons, which is also the vacuum modular Hamiltonian,
where in the present context the boost generators act on the gravitational data associated
to the causal diamond. Furthermore, we show that the reduced symmetry algebra at NV has
a non-trivial center. The charges associated to the elements of the center are precisely the
boost generators, whose values are proportional to the area of B. Thus there exists a Wald
entropy [68], and a quasi-local first law, for any smooth causal diamond in general relativity.

Using the smoothness of the spacetime metric and the vector fields representing the
null boundary symmetries we then show that the Wald-Zoupas fluxes associated to the
symmetries are conserved between the past and future components of N. This gives an
infinite set of conservation laws for finite subregions in general relativity on any spacetime.
This is analogous to the conservation laws between past and future null infinity [82, 120, 121,
122| except, in this case, the smoothness of fields at B are much simpler to analyze. Just
as the asymptotic conservation laws between past and future null infinity place an infinite
number of constraints on gravitational scattering (conjectured to hold even in the quantum
theory [82]), the conservation laws we derive for finite causal diamonds likely place important
constraints on the properties of scattering in local gravitational subsystems.

The rest of the paper is organized as follows. In section 3.2 we review the formulation of
symmetries and the associated charges and fluxes in general relativity from [119], and refor-
mulate them in terms of Gaussian null coordinates. In section 3.3 we adapt this formalism
to the boundaries of causal diamonds and detail the reduction of the symmetry algebra of
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a general null surface to a subalgebra which preserves the structure on a causal diamond.
We also investigate the behavior of the fields and charges near the corners of the causal
diamond and show that the fluxes associated to the symmetries at a causal diamond are
also Hamiltonian generators on the corresponding phase space. In section 3.4 we show that
the smoothness of the spacetime metric at the causal diamond implies an infinite number
of conservation laws for the fluxes through the null boundaries. In section 3.5 we compute
the charges associated to the central elements of the symmetry algebra and show that these
take the form of a “first law”. We end with section 3.6 summarizing and discussing the po-
tential applications of our results. In appendix A.9 we collect the essential ingredients of the
covariant phase space formalism and the Wald-Zoupas prescription for calculating charges
and fluxes. In appendix A.10 we analyze the structure of the symmetry algebra at a causal
diamond and show how it arises as a non-trivial central extension.

Notation and conventions

We follow the conventions of [67]. We use abstract indices a,b, ... to denote tensor fields,
e.g. gap is the spacetime metric, and indices A, B, ... to denote components of tensor fields
in some coordinate system on S?, e.g. qap is a metric on S%2. Boldface quantities like w will
denote differential forms.

We also use the following terminology for the charges associated to the symmetry algebra
at a null boundary N. Quantities associated to null boundary symmetries evaluated as
integrals over cross-sections of the null boundaries will be called “charges”, while the difference
of these charges on two cros-sections evaluated as an integral over a portion of the null
boundary will be called “fluxes”. When certain conditions are satisfied the fluxes can also be
considered as Hamiltonian generators on the null boundary phase space (see eqs. (A.9.10)

and (A.9.11)).

3.2 Null boundary symmetries and charges

In this section we briefly review the basic formalism and results of [119], namely the symme-
tries and charges at a null boundary in general relativity. We then recast the null boundary
phase space, and the resulting symmetries and charges, in terms of Gaussian null coordinates.
This will prove to be useful when considering causal diamonds.

The relationship between the covariant approach of [119] which is intrinsic to the null
boundary and the coordinate-based approach in section 3.2 is the same as that between the
intrinsic universal structure approach [123, 26, 77| and one based on Bondi coordinates |19,
20, 21] or the conformal Gaussian null coordinates [124, 43| at null infinity in asymptotically-
flat spacetimes.
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Universal structure and symmetries on null boundaries

Consider a spacetime (M, gqu) with null boundary N. For now we will assume the null
generators of N are complete, i.e. N = Z x R, where Z is the space of null generators.
Later we will consider null surfaces with boundary, which is the relevant setting for causal
diamonds. The null boundary N is naturally equipped with the equivalence class [¢(*, k]
where % is the null generator of N,  is the non-affinity defined by!

OV = K7, (3.2.1)
and the equivalence class [(%, k] is defined by the rescaling freedom
(s Pt ks P (k4 £48) (3.2.2)

where [ is a smooth function on N.

In [119] it was shown that the structure [¢?, k] is universal in the sense that different such
structures on N, as induced by different background metrics, are all related by diffeomor-
phisms (we shall show this explicitly in section 3.2 in a Gaussian null coordinate system).
We can then define the field configuration space .# to be the set of smooth metrics g,;, on
a manifold M with null boundary N which is equipped with the universal structure [(*, k].
The covariant phase space is the subset .# C .% consisting of on-shell metrics satisfying the
vacuum Einstein equation.

The group of symmetries on a null boundary N is the subgroup of diffeomorphisms on
M which preserves the null boundary N and the universal structure on it. It will be easier
to work with the symmetry algebra instead of the group. The symmetry algebra on the
null boundary consists of vector fields £* on M which are tangent to N and preserve the
linearized version of the equivalence relation eq. (3.2.2). This results in the conditions

£el® = BL°

~ 3.2.3
Jggli = 6/43 + fgﬁ, ( )

where (3 is some smooth function on N which depends on the vector field £%. The detailed
structure of the resulting symmetry algebra g was derived in [119] and can be summa-
rized as follows. The vector fields of the form £ = f¢* with £4(£y + k)f = 0 form an
infinite-dimensional abelian Lie ideal s C g of supertranslations. The quotient algebra g/s is
isomorphic to diff(Z), the algebra of smooth diffeomorphisms of the space of null generators
Z. There is an additional Lie ideal sy C s of affine supertranslations given by £* = f¢* with
(£L¢+ k)f = 0. Hence the symmetry algebra g can be written as

g = diff(2) x (b x sp) (3.2.4)

where b = /5.

"'We use the notation = to mean ‘equality on N’ throughout the paper.



CHAPTER 3. SYMMETRIES, CHARGES, AND CONSERVATION LAWS AT CAUSAL
DIAMONDS IN GENERAL RELATIVITY 66

The charges and fluxes associated to this symmetry algebra were also derived in [119]
using the Wald-Zoupas procedure. Writing the covariant expression for these charges would
require introducing a significant amount of formalism and notation. Instead we will derive
the symmetry algebra, and express the charges and fluxes, using Gaussian null coordinates
in section 3.2.

(Gaussian null coordinates

It will be convenient to introduce coordinates adapted to the null surface N called Gaussian
null coordinates (GNC) [Penrose|, which have been used in a variety of contexts [29, 43,
81, 57, 125]. We briefly review the construction of GNC below. Since our main interest
is in causal diamonds, we will now restrict (for convenience) to the case of 4-dimensional
spacetimes where the space of null generators is a 2-sphere Z = S?, but our results can be
readily generalized.

Let ¢* be an affinely-parameterised (x = 0) null normal to N and let v be an affine
parameter along these null generators i.e., v is some function on N such that (*V,v = 1.
Now let S = S§? be a cross-section of N such that v|s = 0, and let 24 be a coordinate system
on S. We extend the coordinate functions z* to all of N by parallel-transport along the null
generators, (*V,z* = 0. This defines a coordinate system (v, z) on N.

To define a coordinate system in a neighborhood of N, let u be a function in such a
neighborhood so that u|y = 0 on N. Then, ¢, = —du is the normal to N and the vector field
n® = d/0u is transverse (i.e. not tangent) to N. To fix coordinates away from N we choose
w such that n? is an affinely-parameterised null vector field i.e. n%n, = 0 and n®Vyn® = 0.
Then we extend the coordinates (v, %) away from N by parallel transport along n®. The
coordinate functions (u,v,2%) define a GNC in a neighborhood of the null surface N. It
follows from the above definition of the GNC that in these coordinates the spacetime metric
satisfies [125]

Juw = Gua =0 5 Gy = —1

3.2.5
Gov = guvA = augvv = 0 ( )

and thus we can write the line element in the form (this is equivalent to the form in
[Penrose)

ds® = —Wdv® — 2dudv + qap(dz®* — WAdv)(dz® — WPdv)

" (3.2.6)

where  Wl,—o = 0W|yeo = W |u=0 = 0
and W, W4, qap are functions of (u,v,2%), and can be considered as tensors on S? which
depend on (u,v). The tensor g4p defines a Riemannian metric on the 2-spheres of constant
u and v. The extensions of the null generator ¢* and the auxilliary null vector n® in the
neighborhood of N are given by

* =9, — %W@u + W49, ; n*=09, (3.2.7)
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The shear o4 and expansion 6 of N are given by the relation
50v04B = 0ap + 394809 (3.2.8)

where 045¢*% = 0, while the Haji¢ek rotation 1-form of the u = constant cross-sections is
given by
wWa = —qa*np Vb = —%@(QABWB) (3.2.9)

We emphasize that the above construction of the GNC can be carried out in any spacetime
in a neighborhood of any null surface. Now let (M, g1) and (Ma, go) be two spacetimes with
null surfaces Ny and Ny along with the GNCs (uy,v1,21') and (ug,vs, 75, as constructed
above, respectively. Without any loss of generality we can identify a neighborhood of N; in
(M, g1) with that of Ny in (Ms, go) by identifying the corresponding GNCs (uy, vy, 24) =
(u2,v9, x3). Thus, we can identify all the spacetimes under consideration, and work on a
single manifold M with boundary N such that the configuration space .# consists of all the
metrics in M for which N is a null surface and the metrics take the form eq. (3.2.6) in a GNC
in a neighborhood of N. From the above construction we see that while the induced metric
gap depends on the particular choice of the spacetime metric in .%, the null generator ¢* is
common to all metrics in .%. Thus, the null surface N along with the affine null generator
(¢ are universal. Note that we can construct the GNC even with a non-affinely parametrized
¢, which leads to the universal structure used in [119] as described in section 3.2.

Null boundary symmetries, charges and fluxes in GNC

The symmetry algebra at the null boundary N consists of the vector fields £* generat-
ing infinitesimal coordinate transformations which preserve the GNC form of the metric in
eq. (3.2.6). We expand the vector field £* in the GNC to first order in u as,

£ = (fo+ ufi)0s + (Bo + uBi)dy + (X§ + uX{)0a + O(u?) (3.2.10)

To preserve the location u = 0 of the null surface N, £* must be tangent to N and hence
Bo = 0. To preserve the form of the metric eq. (3.2.6) we have

£Eguu - £§guv = £§guA =0 (3211&)
Legoa = O(u) (3.2.11b)
Legu = O(u?) (3.2.11c¢)

Evaluating eq. (3.2.11a) at v = 0 we have

LeGuu=0 = f1 =0 (3.2.12a)
Leguw =0 = 1= —0,fo (3.2.12b)
Legua =0 = qapX{' = 0afo (3.2.12¢)
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The conditions eq. (3.2.11b) imply
DX =0 (3.2.13)

while eq. (3.2.11c), evaluated to O(u) using eq. (3.2.13), gives
0B =0 = 0%f,=0 (3.2.14)

where the second condition follows from eq. (3.2.12b). Similar conditions were derived inde-
pendently in [125].

From egs. (3.2.13) and (3.2.14) we conclude that the symmetries on the null boundary
N are characterized by («, 3, X*) where o and 3 are functions and X is a vector field on
S?. In a neighborhood of N this symmetry is represented by a vector field €%, which in GNC
takes the form

¢ = (a—vB)0y + uBd, + [ X" + ug*Pp(a — vB)] 04 + O(u?) (3.2.15)

Note that the vector field £% at N, i.e. u = 0, is parametrized entirely by («, 3, X*) and is
independent of the choice of metric in the configuration space .%.

We now analyze the structure of the symmetry algebra g generated by such vector fields.
Consider two symmetries & = (ay, 81, X{1) and & = (g, B2, X3') in g. Their Lie bracket
can be computed using their representations in terms of vector fields as in eq. (3.2.15). A
straightforward computation gives

(a1, Br, X7Y), (a2, B, X3N] = (o, B, X?) (3.2.16a)

where o = —ay 8 + B + X 0x00 — X3 0411 (3.2.16b)
B =X{048: — X3'04 P (3.2.16¢)

XA = [Xy, Xo)* = XPopXxy — XPopx{ (3.2.16d)

where the last line is the Lie bracket of vector fields on S?. Note that the sign of 3 in
Eq. 4.10b [119] is incorrect and has been corrected in eq. (3.2.16¢) above.

From eq. (3.2.16) it is easy to deduce the following structure of g. If X{* = 0 then X* = 0,
i.e. symmetries of the form (a, 3,0) form an abelian Lie ideal s C g of supertranslations.
The quotient g/s is then isomorphic to the Lie algebra diff(S?) represented by symmetries
of the form (0,0, X). There is an additional Lie ideal in g which is given as follows. In
eq. (3.2.16), taking B, = X{' = 0 we get B = X* = 0, that is, symmetries of the form (a, 0, 0)
are also an abelian Lie ideal 5o C g called affine supertranslations. The quotient b = s/s( of
all the supertranslations by sq is represented by symmetries of the form (0, 5,0). Thus, the
symmetry algebra g on any null boundary has the structure (same as in eq. (3.2.4))

g = diff (S?) x (b x 5¢) (3.2.17)

It was shown in [119] that this symmetry algebra coincides with the definition given by Wald
and Zoupas [24], reviewed below eq. (A.9.4).
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Remark 3.2.1 (Symmetry group at N). The symmetry group can also be obtained by consid-
ering finite coordinate transformations of the GNC which preserve the metric form eq. (3.2.6).
In particular at N, i.e. u = 0, we have the coordinate transformations (v,z%) + (v,74)
with

v =a(z?) +e PNy o T =74(P) (3.2.18)

Thus, the symmetry group consists of arbitrary diffeomorphisms of S? along with angle-
dependent translations (given by a(z?)) and angle-dependent rescalings (given by B(z4))
along the null generators.

When the null surface N has additional structure which is also universal — i.e., common
to all the spacetimes under consideration — the symmetry algebra can be reduced further.
For instance, when all the spacetimes have a Killing vector field in a neighborhood of N which
becomes tangent to N, the symmetries proportional to this Killing field provide a preferred
1-dimensional subalgebra of g (see Sec. 4.4 [119]). Similarly, if the null surface is stationary
for all spacetimes, so that the shear and expansion of N vanish, then the symmetry algebra
can be reduced so that 3 = constant and X* is a conformal Killing field on S? i.e., an element
of the Lorentz algebra (see Sec. IV.B [126]).? We show in section 3.3 that when N is the
null boundary of causal diamonds a similar reduction of the symmetry algebra occurs due to
the presence of a preferred cross-section corresponding to the bifurcation edge. Specifically,
since the bifurcation edge is a preferred cross-section of the null boundary of a causal dia-
mond, only those symmetry vector fields which preserve its location i.e. are tangent to the
bifurcation surface are permitted in the symmetry algebra. This has the effect of eliminating
the affine supertranslations £* = ad, € 5o from the symmetry algebra (see also Sec. 4.5 [119]).

The charges and fluxes associated to the null boundary algebra g were computed in [119]
using the covariant phase space formalism along with the Wald-Zoupas prescription. It was
also shown that the ambiguities in the symplectic current and the Wald-Zoupas prescription
do not affect the resulting charges and fluxes. We do not repeat the full analysis of [119],
but below we write down the relevant expressions for the boundary presymplectic potential
©(g;dg), the Wald-Zoupas (WZ) charges Q¢ and fluxes F¢ for vacuum general relativity,
derived in [119], in terms of GNC.

The boundary presymplectic potential on N is given by

1
O(g:09) = 15-es (07 = 30"70) 44" 509w (3.2.19)
where €3 = ¢, is the 3-volume element on N.
Let S be any cross-section of N with area-element €5 = ¢,, and AN be a region of N
bounded by two cross-sections. The charges (on S) and fluxes (through AN) associated to

2Note that the reduction of diff(S?) to the Lorentz algebra in the stationary case relies crucially on the
S? topology of the cross-sections.
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a supertranslation £* = f(* = (o — vB){® are

Q1) = g [ exlla=vd)p+ 5
) S (3.2.20)
FrAN] = /A e (a=8) (ran0™” 16

while those associated to a diff(S?) generator X4 (taken to be tangent everywhere to the
v = constant cross-sections of V) are given by

1
QX[S] = 8_7'('/382 (—LUAXA) ( )
3.2.21
1
fx[AN] = g/ANEIg (UAB — %QQAB) DAXB

where the Hajicek rotation 1-form w4 (in the GNC foliation) is as defined in eq. (3.2.9), and
D 4 is the derivative operator with respect to g4p in the foliation given by the GNC.

Note that the supertranslation charge expression eq. (3.2.20) can be evaluated on any
choice of cross-section, while the charge expression eq. (3.2.21) only holds on the cross-
sections of the v = constant foliation.® If the diff(S?) charge is to be evaluated on some

arbitrary foliation of N with normal n, such that ¢*n, = —1, then we have instead
. 1 [ .
Qqu—'—:/€2<ﬁg—umXﬂ> (3.2.22)
8T Jg

where now X4 is taken to be tangent to the cross-sections of the chosen foliation, w, is the
corresponding Héji¢ek rotation 1-form, while 84 is given by

By = —XAGa" £4h1a (3.2.23)

Remark 3.2.2 (Fluxes from the charges). Given the charge expressions egs. (3.2.20) and (3.2.21),
the corresponding fluxes can be obtained using the vacuum Einstein equations R,, = 0 on
N. Specifically we have

Rabgafb =0 = (%9 = —%92 — O'ABUAB

agh 5 . (3.2.24)
Rapqa™® =0 = Oywa = —bws — D 045+ 5D40

where D4 is the derivative operator with respect to g4z in the foliation given by the GNC.
These are the Raychaudhuri equation and the Damour-Navier-Stokes equation respectively

[75, 127].

3The dependence of the diff(S?) charge expression on the foliation is a result of the semidirect structure
of g in eq. (3.2.6), that is, there does not exist any unique choice of a diff (S?) subalgebra of g. This is similar
to the status of the Lorentz algebra within the BMS algebra at null infinity.
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3.3 Causal Diamonds

In this section we apply the above results to the boundaries of causal diamonds, with the
appropriate modifications necessary for null surfaces with boundary. We begin by recalling
the definition of causal diamonds and the structure on their null boundaries.

In a given spacetime (M, g), consider two points p™, p~ € M such that p* is in a convex
normal neighborhood of p~ and is in its chronological future, i.e., p*™ is “inside the future
light cone” of p~. The intersection of the chronological past of p™ with the chronological
future of p~ defines a causal diamond or a double cone (see for instance [128, 129, 117, 118]).
We assume that the causal diamond is “small enough” so that the null generators emanating
from p* form smooth null surfaces N* respectively, which intersect at a smooth 2-surface
B, the bifurcation edge, which is topologically S?. We denote the null boundary of the causal
diamond by N = Nt U N~ (see fig. 3.1).

Figure 3.1: Diagram of a causal diamond in a spacetime (M, g). The points p* denote the corners of
the causal diamond and B is the bifurcation edge while N* denote the future/past null surfaces joining
B to p*, respectively. The functions v and u are affine coordinates with affine null normals ¢* and n®
on N*.

We now investigate the null boundary symmetries and charges defined in [119] for the
null boundary N of a causal diamond. It will be convenient to use the formulation in terms
of GNC as detailed in section 3.2, which we adapt to a causal diamond as follows.

Unlike a general null surface, the boundary of a causal diamond has a preferred cross-
section determined by the bifurcation edge B. At B there exist unique null vector fields
¢ and n® both future-directed such that ¢* is tangent to N*, n® is tangent to N~, and
(*ng|p = —1. We can extend these vector fields to N * so that £2 is the affine null generator
of N, n®is the affine null generator of N~, and ¢*n,|y = —1. Let x4 be some coordinates
on B; we pick the affine parameter v of (* = 9/0v on N*, and similarly u of n® = 9/0u on
N~, such that B = (u = 0,v = 0). Since, ¢ is future-directed, the coordinate v increases
moving towards p* from v = 0 at B. Note that in a general spacetime N* will have both
a shear and an expansion, which depend on the space of generators, hence the value of
the affine-parameter v at the corner p* will depend on the null generator along which we



CHAPTER 3. SYMMETRIES, CHARGES, AND CONSERVATION LAWS AT CAUSAL

DIAMONDS IN GENERAL RELATIVITY 72
approach p* ie. v|+ = V(24). Similarly, on N~ the affine parameter u along n® decreases
moving towards p~ from u = 0 at B and p~ lies at ul,- = U(2z?). These are depicted in
fig. 3.1.

As described in section 3.2, we can extend (u,v,z?) to form a GNC in a neighborhood
of the causal diamond.* Since we have two null surfaces we obtain two different GNCs,
one based on N which we denote by (u4,v;,z7) and another based on N~ denoted by
(u_,v_,z?). In general, these two coordinate systems will not agree in a neighborhood of B
and will be related by a coordinate transformation that preserves neither GNC. We will not
need the explicit form of the transformations between these coordinates but we note that
(by construction)

(ug,v4)|lp=(u=0,0=0) ; xﬂB:xf’B (3.3.1)

and

(=0, =0, |, = 0,

The spacetime metric g,;,, which we assume is smooth written in either coordinate system,
coincides at B.

We define the 3-volume elements 5be on NT and the 2-area elements 825) on the cross-
sections of N* as follows:

; n“E@uzaqu‘B:au

s (3.3.2)

s

+ . + _,d . + _ c.+ __ c,d
on NT: e, =n"dape ; eqp = et = —negeap (3.3.3)
- . - d . - c.— __ . cpd U
on N~ e, = —l4ape ;g = N = NV qeap

Note that on N* these conventions are the same as those of [119] while on N~ the sign
of €, is the opposite of that in [119]. We have chosen these conventions so that the area
elements on the bifurcation edge B induced from N7 coincide, that is,

ehls = €mly (3.3.4)

Similar to the case of a general null surface, we can now identify the boundaries of any
two causal diamonds in any two spacetimes by identifying the GNCs (u+, v+, z4). Note that
with this identification the bifurcation edge B = (u = 0,v = 0) is common to all causal
diamonds and is universal, but the corners u = U(z?) and v = V() depend on the specific
choice of causal diamond and spacetime metric, and are thus not universal. Henceforth we
will work with the covariant phase space .Z of general relativity at the boundary N of a
causal diamond where the bifurcation edge B is a common universal surface for all spacetimes
in Z.

4To define the GNC in a neighborhood of B, we need to extend the null surface N smoothly “a little”
to the past of B, and similarly extend N~ to the future of B. We assume, henceforth, that this has been
done.
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Reduced symmetry algebra gcp at causal diamonds

Since the bifurcation edge B is universal the symmetry algebra for a causal diamond must
preserve B. Consider the null boundary symmetry algebra on the future null surface N*.
From the form of the vector fields £* in eq. (3.2.15) we see that the symmetries on N* which
preserve the surface B = (v = 0) are the ones which satisfy a(2?)|y+ = 0. In other words,
the bifurcation edge B breaks the affine supertranslation symmetry. Similarly, the affine
supertranslations of the symmetry algebra at the past surface N~ are also broken.

A priori it seems we have two independent symmetries for the causal diamond: one
induced from N and the other from N, with the respective affine supertranslations set to
vanish. However, there is a natural isomorphism between the future and past symmetries
which follows from the smoothness of the vector field £* in spacetime. To see this let £* be
a smooth vector field in the spacetime M which is a representative of a symmetry on N+
respectively, preserving the bifurcation edge B. In the GNCs (u+,vs, z4) based on the null
surfaces N* we have (see egs. (3.2.15) and (3.3.2))

€8 = By (=040, +us0y,) + X204, + ...

3.3.5
= B_(—u_0y_ +v_0, )+ X2 +... (3.35)

where as before ... denotes the subleading terms in the respective GNCs. Note that while
the GNCs do not match in a neighborhood of B, from egs. (3.3.1) and (3.3.2) and the
smoothness of £* at B we can conclude that

Bilg=—-5-1p ; Xilz=X2, (3.3.6)

This implies a natural isomorphism between the symmetry algebras on N* and N~ given
by the matching conditions eq. (3.3.6) at B. Thus the elements of the symmetry algebra
gcp on the boundary of a causal diamond are given by (3, X4); for definiteness we choose
(B, X4) = (B4, X5) = (—B-, X*) to represent an element in gep.
The Lie brackets of the algebra gcp can be derived from eq. (3.2.16) by setting a; =
ay = 0. We have
[(Br X{1). (B2, X3)] = (8, X%
where 8 = X{'048: — X5'0451 (3.3.7)
XA = (X, Xo]* = XPopX) — XPogx

If X =0 then X# = 0 hence symmetries of the form (3,0) form an infinite-dimensional
abelian Lie ideal b of boost supertranslations. Thus,

gep = diff(S?) x b (3.3.8)

Further, if 8; = constant and X{' = 0 then 8 = X4 = 0, that is, the symmetries of the
form (8 = constant,0) commute with any element of gcp and thus form a 1-dimensional
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Lie subalgebra by of central elements which we call boosts.” Consider the quotient gcp /by =
diff (S?) x (b/bg). Then gcp has the structure of a central extension of gop /by by the abelian
Lie algebra by; the fact that this is a non-trivial central extension is shown in appendix A.10.5

We show in section 3.5 that the charges associated to the central elements in by can be
interpreted as providing a “first law” for causal diamonds.

Behayvior of the fields and charges near the corners

In this section we analyze the behavior of the relevant fields and charges on N* near the
corner p*; similar results hold also for N~ at p~. Essentially, for causal diamonds in smooth
spacetimes the behavior of the fields of interest near p* is the same as that of a light cone in
Minkowski spacetime with some subleading corrections away from p*. We invoke the results
of [130, 131] below. The main consequence of interest for our purposes is that in the limit
to the corner p™ along N* we have

for all symmetries £ € gep, and all metric perturbations dg,, which are smooth at p™ in any
spacetime. The limit Q; — 0 near the corner ensures that the total flux F; associated to the
symmetries through all of NV is finite and is, in fact, equal to the charge at B. As we will
show in section 3.4, along with smoothness of the spacetime at B, this gives infinitely many
conservation laws between the incoming and outgoing fluxes through any causal diamond.
The implication of the limit i¢®(dg) — 0 is as follows: a perturbation of the total flux on
NT can be written as (see eq. (A.9.10))

0F¢ = /N+ w(g; 99, £¢9) + /Bz'g@(ég) - /+ ie®(dg) (3.3.10)

where the integral over the corner p* should be interpreted as a limit of integrals on cross-
sections of N which suitably limit to p™ as described below. Since i¢®(dg) — 0 in the limit
to pt and i®(dg)|p = 0 (as £* is tangent to B for any symmetry in gep), we have

5;52/ w(g;09, £eg) (3.3.11)
N+

for all symmetries £ € gep and all perturbations 0g,, which are smooth at p™ and B.
Thus the flux F, viewed as a function on the covariant phase space on NT, generates a
Hamiltonian flow associated to the symmetry £ (see eq. (A.9.11)).

®The terminology “boosts” for elements of by is motivated by the fact that if one considers a bifurcate
Rindler horizon in Minkowski spacetime, instead of a causal diamond, then Lorentz boosts which preserve
the Rindler horizon are precisely elements in by.

SNote that if one eliminates the non-constant boost supertranslations, for instance by imposing a weakly
isolated horizon structure when N is stationary, then the central extension also becomes trivial (see for
instance Sec. IV.B [126]).
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We now describe the arguments leading to the above described result, referring to {130,
131] for the details. Since the value of the GNC coordinate v at the corner is direction-
dependent, v not a regular coordinate at p*. Similarly, the cross-sections v = constant do
not limit to p*. Thus, to analyze the behavior of the symmetries and charges we need a
coordinate system on N which is more suited to the structure near p*. In a neighborhood of
pt such a coordinate system can be constructed as follows. Consider the tangent space Tp™
at p*, and let y* = (3°,4", 9% 9*) be coordinates in Tp* so that [ = 0 and the coordinate
vector fields 0; are orthonormal, with 0y being timelike and future-directed. Defining

=)+ ) s u=y (3.3.12)

the past-directed light cone in Tp* from p* is then given by u = 0, and coordinatized by
(r, ) where 2 are coordinates on the space of past-directed null directions at p* isomorphic
to S2.

There exists an exponential map from Tp" to a sufficiently small neighbourhood of p™ so
that y' are coordinates in this neighborhood, called Riemann normal coordinates. In such a
neighborhood, using (u,r, ") as coordinates, the metric g, takes the form (see [130, 131],
note we have changed some signs to conform to our orientation conventions)

ds? = pdu® — 2ududr — 2uadudz® + qapdr?dx? (3.3.13)

The analysis of [130, 131] then shows that near the corner p*™ the metric components in
eq. (3.3.13) behave as

w=1+ O(T2) cov=1+ O(T4) DoUpA = O(r3) i gaB = 7”2‘1913 + O(r4) (3.3.14)

where ¢% 5 is the unit-metric on S?. Here, for any tensor Typ.. we use O(rk) to denote that
Tap.. = r*tap.. for some t4p5. which, in general, has a non-vanishing limit as a tensor field
on S? as r — 0. Roughly speaking, to leading order the metric g4, near p™ behaves as the
Minkowski metric at the corner of a light cone.

The expansion and shear of N* have the behavior

2
6= -+ O(r®) ; oap=0(r") (3.3.15)

The normal to the foliation by r = constant surfaces is n, = dr. The Héjicek rotation 1-form
on N relative to the foliation by r is essentially the quantity denoted by &4 in [130, 131],
which satisfies

wa = O(r?) (3.3.16)

We have put a “hat” on the rotation 1-form to emphasize its dependence on the foliation.
To consider the limit of the charges associated to the symmetries on N, we now relate

these coordinates to the GNC used in the main arguments above. The non-affinity 4 of the
null generator /* = —0, is given by

k=—0,Inv=0(% (3.3.17)
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and thus /° is an affine null generator of N+ up to O(r?®). Thus near p™, we can identify fa
with the GNC null generator /* = 0, and the coordinate r with GNC coordinate v as

C=0"+00%) ; v=V(@t)=—r+0@Y) (3.3.18)

Note that, as is to be expected, the cross-sections of Nt given by r = constant and those
given by v = constant do not coincide. In particular, their normals n, = dr and n, = —dv
are related by

Na = Nig + 04V da? + O (1) (3.3.19)

Now consider a symmetry £ = —v39, + X494 in GNC where, as before, ){A is tangent
to the v = constant cross-sections. We rewrite this vector field as §* = f€* + X 404 so that
X4 is tangent to the r = constant cross-sections. From eqs. (3.3.18) and (3.3.19) we have

f==(V=r)B-X"0,V+00* ; X*=X"+0(r? (3.3.20)
and also )
By = —X"4a £ = O(r?) (3.3.21)

The WZ charge Q¢ (see eqgs. (3.2.20) and (3.2.22)) evaluated on some cross-section S,
with 7 = constant is then

Qe[S:] ! / S [ff) + 8+ By — @AXA] (3.3.22)

From egs. (3.3.20) and (3.3.21) we see that

Q¢[p™] = lim Q¢[S,] = 0 (3.3.23)

r—0

where we have used that €, = r?€3 + O(r*) with €) the area-element of the unit-sphere.
Next consider the integral of i:@(dg) on the cross-sections S,

. 1 L ~ax
/ ic®(0g) = “Tom s €s f (O'AB — %qABQ) G4%45°0gap (3.3.24)

Any metric perturbation dg,, which is smooth at p* has smooth components in the Riemann
normal coordinates y* described above, and its spherical components behave as 4%45°0ga =
O(r?). Thus, we have

lim [ i®(3g) =0 (3.3.25)
Sy

r—0

3.4 Conservation laws at causal diamonds

We now show that there exist an infinite-number of conservation laws associated to the
symmetry algebra gcp between fluxes through N~ and Nt for any causal diamond. These
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conservation laws follow directly from the smoothness of the relevant fields at the bifurcation
edge B.

First we show that the smoothness of the spacetime at B implies that the charges cor-
responding to the symmetries in gop evaluated at B are equal. From egs. (3.2.20), (3.2.21)
and (3.3.6), the charges at B induced from N* are

1
OclB] = +5- [ & (+8—wiX")

1 (3.4.1)
0l = —5- [ & (-8 -wix")
TJB
where the difference in the sign of these expressions is due to our conventions for the area ele-
ments on N* given in eq. (3.3.3) and the matching conditions on the symmetries eq. (3.3.6).
To show that these charges are equal we need to consider the relation between the Hajicek
rotation 1-forms w} and w which can be obtained as follows. Let (% and n% be the ex-
tensions in the respective GNCs of the null vector fields ¢ and n® on B. Then we can
compute

wily = =@ VL = (a4 GV,
= (¢ A%, Vin®
(@)a%, Ven- (3.4.2)
= (q )A fb VC n_
- WZ‘B
where in the first line we have used n(%|p = n,* = —1, in the second line we have used

the fact that ¢* and n® are continuous at B (see eq. (3.3.2)), in the third line the continuity
of the induced metric ¢, and the spacetime derivative operator V (which follows from the
smoothness of the metric g,) and in the last line the definition of wy at B. Thus, from the
smoothness of the spacetime metric and the continuity of the GNCs at B we have’

wi|p=—wilg (3.4.3)
Combining eq. (3.4.3) with egs. (3.3.4), (3.3.6) and (3.4.1) we have
Q¢[B] from N* = Q¢[B] from N~ (3.4.4)
Next, we consider the fluxes through N* given by

Fe[NT] = Q¢[B] — Q¢lp™]
Fe[N7] = Q¢[B] — Qelp]
"In the Newman-Penrose notation [132] eq. (3.4.3) is simply the identity 8 + & = —(—f3 — @), while in

the Geroch-Held-Penrose notation [133] it is 5 — B/ =—(—f+ B/), which follow from the continuity of the
spin-coefficients of the spacetime derivative operator V at B.

(3.4.5)
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Note that the flux on N7 is outgoing while that on N~ is incoming relative to the causal
diamond (in accordance with our conventions eq. (3.3.3)). As shown in section 3.3 the charges
at the corners p* vanish and thus from eq. (3.4.4) we have

Fe[NT) = Fe[N7] (3.4.6)

That is, the incoming flux through N~ is equal to the outgoing flux through N* for any
symmetry in gcp. Thus, there are infinitely-many conservation laws associated to the sym-
metry algebra on any causal diamond in any spacetime in general relativity.

Remark 3.4.1 (Affine supertranslations). Note that in section 3.3 we eliminated the affine
supertranslations o(z4) # 0 from the symmetry algebra of the causal diamond by demanding
that the bifurcation surface B be preserved under the symmetries. If we had kept « then
i¢®(dg)|p # 0 — since such vector fields are not tangent to B — and thus, the flux of
the affine supertranslations is not a Hamiltonian generator on the phase space of the null
boundary. Furthermore, the affine supertranslations a, ¢* defined on N* and a_n® defined
on N~ cannot be matched at B, as the corresponding vector fields are not continuous. Even
if one imposes the condition o (z4) = a_(z?) by hand, the charges corresponding to the
affine supertranslations at B (see eq. (3.2.20)) do not match since the expansions 6. along
N* need not be equal at B in general. Thus, there do not exist any conservation laws at a
causal diamond in general spacetimes analogous to eq. (3.4.6) for the affine supertranslations.

Remark 3.4.2 (Non-affine parametrization of the null generators). For convenience we chose
the null generators of N* to be affinely-parametrized, but our result is invariant under this
choice. One can construct a GNC on a null surface relative to an arbitrarily parametrized
null generator (with x # 0). The resulting symmetry algebra is then as described in [119]
and section 3.2. The affine supertranslations are eliminated by the condition f|p = 0, in
which case the boost supertranslations in b are parametrized by the function —(£, + k) f
which is invariant under arbitrary rescalings of the null generators. For the boosts in by we
have —(£, + k) f = constant. The remainder of our analysis can also be generalized in a
similar fashion; we only note that since f|p = 0, the non-affinities x4 of the generators of
N* do not enter into the matching of the symmetries and charges at B and the resulting
conservation laws.

3.5 Central charges and area of the bifurcation edge

As discussed in section 3.3, the symmetry algebra gcp at the boundary of the causal diamond
can be viewed as a non-trivial central extension of gop/by by the 1-dimensional abelian
subalgebra by of boosts. One expects the charges of such central elements to be of special
significance. We show below that these charges are directly related to the area of B, in
analogy with the Wald entropy formula for black holes [68]. A similar result was found in
[51] through different considerations.
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From the results of section 3.4 we have that®

Fs[NT] = Qg4[B] = gArea(B) (3.5.1)
for any (8 = constant, X = 0) € bg. This can be written in a more illuminating form as
follows: consider the vector field £%|y+ = —vB* corresponding to an element in by, so that
&V = k)& 3 kK = —B = constant (3.5.2)

and thus ]

K
Fs[Nt] = Q4(B] = —¥ x S Area(B) (3.5.3)
7r

If we interpret the charge Qg[B] as an “energy”, the }lArea(B) as an “entropy” and —% as
a “temperature”, relative to the vector field £%, then eq. (3.5.3) takes the form of a “first law”
[67, 68, 75]. Note that if £ is future-directed on Nt we have 8 < 0 and so (g > 0 and the
temperature is negative. This difference in sign compared to the temperature of bifurcate
Killing horizons essentially arises due to the fact that the future-directed null generator ¢¢
points “inwards” on N*. Such a negative temperature was also found for causal diamonds in
maximally symmetric spacetimes in [117]. Also note that for asymptotically-flat stationary
black holes the scaling of the horizon Killing vector field K¢ is fixed by the requirement that
at spatial infinity K'® asymptotes to a future-directed unit-normalized timelike Killing vector
field (plus a rotational vector field). This completely fixes the scaling of the surface gravity,
and hence the temperature, of the black hole. In contrast, there is no natural normalization
for the boost vector fields at a causal diamond so we get an entire 1-dimensional family of
surface gravities k(g) and temperatures corresponding to the symmetries by.

The charges Qs[B] associated to elements of by are central even in the sense of a Poisson
bracket on the phase space of NT, i.e. the boost charges Poisson-commute with all the other
charges. This can be seen as follows: since the fluxes F; are Hamiltonian on the phase space
of N* (see eq. (3.3.11)), we can define their Poisson bracket as (see also Sec. 8 [119])

{Fer, Feu b = — /N+ w(g; £6,9, £e,9) (3.5.4)

for any two symmetries £1,& € gop. Since i®|p = 0 and F¢[NT] = Q¢[B] for any such
symmetry it follows from the analysis of Sec. 8 [119] that

{Q& [B]v QEQ [B]} = Q[&,&][B] - 5 ‘£§1 sz (355)

where in the final term Q; is the 2-form whose integral on B gives the charges eq. (3.4.1).
If this term is vanishing then the Poisson algebra of charges is isomorphic to the Lie algebra

81t can be verified that for a causal diamond in Minkowski spacetime where B is a sphere of radius R,
our conventions eq. (3.3.3) give [, e3 = Area(B) = +4nR>.
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of spacetime symmetries in gop (see Sec. 8 [119] for details). In the present case this term
does indeed vanish; we have

/ L6, Qe, = / [ie,dQe, + d (ig, Qe,)] = 0 (3.5.6)
B B

where the first term vanishes since any &; € gep is tangent to B, while the second term van-
ishes upon integration over B. Thus the Poisson algebra of the charges on B is isomorphic
to the Lie algebra gcp. The boost charges eq. (3.5.3) associated to the central elements in
by are then also central charges on the phase space on N7 in the sense of the Poisson algebra.

We emphasize that the appearance of central charges in the above analysis is quite dif-
ferent from that of previous approaches. In particular, we work in full nonlinear general
relativity at any causal diamond in any spacetime satisfying the vacuum Einstein equations
without any restriction to “near horizon” geometries of stationary black holes (as done in
[108, 35, 134]). Since the Einstein equations are not conformally invariant there is no con-
formal symmetry or Virasoro algebra at the causal diamond in the general case we have
considered. In fact, since we have allowed for non-vanishing shear, the induced 2-metrics on
the cross-sections of the causal diamond are not conformally related (see eq. (3.2.8)). We
always work with smooth vector fields as representatives of the symmetries (as opposed to
the singular vector fields considered in [100]). Furthermore, as discussed above, the Poisson
algebra of the charges in our case is isomorphic to the Lie algebra of symmetries with no ad-
ditional central extension (in contrast with [52, 100, 108]). The central extension we obtain
already exists in the structure of the spacetime symmetry algebra gcp.

3.6 Discussion

We studied the covariant phase space formalism at the boundaries of causal diamonds in vac-
uum general relativity. In suitable Gaussian null coordinates, we showed that one can identify
all causal diamonds and their bifurcation edges across all spacetimes, and that the symme-
try algebra at the null boundaries of the casual diamond takes the form gcp 22 diff(S?) x b
where diff (S?) maps different null generators of the causal diamond boundary into each other
and b consists of angle-dependent rescalings of the affine parameter along the null genera-
tors. Suitable smoothness conditions at the corners of the causal diamond imply that the
Wald-Zoupas charges vanish at the corners — so that the total flux across the null boundary
is equal to the charge at the bifurcation edge — and that the Wald-Zoupas fluxes define
Hamiltonian generators of the symmetries on the null boundary phase space. The smooth-
ness of the symmetry vector fields and the fields at the bifurcation edge then give rise to an
infinite-number of conservation laws for the Wald-Zoupas fluxes between the past and future
components of the causal diamond boundary. We also showed that the charge associated
to the central elements of the symmetry algebra — i.e. the elements of the subalgebra by
consisting of the angle-independent supertranslations — is related to the area of the bifurca-
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tion edge through a “first law” similar to the Wald entropy formula for stationary black holes.

While our analysis focused on causal diamonds in classical vacuum general relativity we
expect that it can be generalized to include matter fields described by a suitable QFT on
curved spacetimes. For instance, it was shown in [129] that a comparison of suitable states
defined on causal diamonds in different spacetimes can be used to extract properties of the
local curvature of the spacetimes. Similarly, in [135] it was shown that the relative entropy of
quantum states in linearized general relativity in an asymptotically-flat black hole spacetime
is related to the area of the black hole and Bondi flux at null infinity. The infinite-dimensional
symmetry algebra at the causal diamond could be useful to analyze other properties of a
QFT on curved spacetimes.

It has been conjectured that the conservation laws at null infinity strongly constrain the
scattering matrix of quantum gravity in asymptotically-flat spacetimes [82]. Similarly, we
expect the conservation laws derived in section 3.4 can be used to constrain the transition
amplitudes in quantum gravity on local causal diamonds. To do this one needs to suitably
quantize the gravitational degrees of freedom on the null boundary (see for instance [114, 49,
50]) and promote the charges and fluxes to operators with the bracket structure eq. (A.2.3) in
the corresponding quantum theory. We leave further investigation of this problem to future
work.

We also expect that our analysis can be extended to causal diamonds at an asymptotic
boundary in a spacetime, an interesting example of which arises in the AdS/CFT duality. In
this context, for an asymptotically-AdS spacetime, the entanglement entropy of a CF'T state
defined on a causal diamond lying on the asymptotic boundary (conformal to Minkowski
spacetime with one fewer dimensions) is dual to the area of the Ryu-Takayanagi surface
in the bulk spacetime [4, 136]. The Ryu-Takayanagi surface can itself be considered as
the bifurcation edge of an “entanglement wedge”. Presumably, our analysis can be suitably
generalized to this case, taking into account the asymptotic AdS boundary conditions. We
expect that the resulting symmetries are related to the boundary modular Hamiltonian, and
that the associated charges and fluxes could provide further insight into the bulk dual of
boundary modular flow following [137, 138, 139].
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Chapter 4

Anomalies in Gravitational Charge
Algebras of Null Boundaries and Black
Hole Entropy

4.1 Introduction and summary

Observables in general relativity tend to be global in nature, owing to the fact that diffeo-
morphisms are gauge symmetries of the theory. This large gauge redundancy causes the
Hamiltonian of the theory to be localized to the asymptotic boundary, and diffeomorphism-
invariant observables must be constructed relationally, using the fixed structures at the
asymptotic boundary as points of reference [140, 141, 142]. Nonetheless, there exist notions
of quasilocal observables that describe degrees of freedom inside of spatial subregions. In
particular, several approaches to understanding the origin of black hole entropy deal with
quasilocal charges on the event horizon [143, 144, 145, 146, 147, 148, 149, 150]. Moreover,
charges associated with .# in asymptotically flat space [6, 151, 152, 153, 154| and more
general null surfaces [119, 155, 156, 157, 158, 159, 160| have received recent attention, due
to their potential relevance to quantum gravity and flat space holography.

The appearance of quasilocal observables when considering subregions can be understood
in terms of symmetry breaking. The introduction of a fixed boundary partially violates the
diffeomorphism symmetry present in the theory, causing some transformations that were
formerly considered gauge to become physical [143, 161]. The charges associated with the
broken diffeomorphisms localize on the boundary of the subregion, and hence are referred to
as edge modes [146, 162, 163]. The connection to black hole entropy comes from the proposal
that the edge modes represent the degrees of freedom counted by the Bekenstein-Hawking
entropy of a surface, given by Sgy = %, with A the area of the surface. The fact that
the edge modes are localized on the boundary qualitatively explains the scaling with area,
but in some examples the numerical coefficient can be computed in a precise manner. As
first shown by Strominger for BTZ black holes in AdS; [164] using the Brown-Henneaux
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central charge [165], and subsequently generalized by Carlip to generic Killing horizons [143,
166], if the quasilocal charge algebra includes a Virasoro algebra, the entropy can be derived
by applying the Cardy formula for the entropy of a 2D conformal field theory [167]. The
rationale behind this procedure is that the Virasoro algebra is the symmetry algebra of 2D
CFTs, so it is natural to conjecture that the quantization of the edge modes is given by a
CFT, with the central charge determined by the classical brackets of the quasilocal charges.
The precise agreement between the Cardy entropy and the Bekenstein-Hawking entropy
then provides a posteriori justification for associating the entropy with edge mode degrees
of freedom.

In most constructions in which the entropy arises from the Cardy formula applied to a
boundary charge algebra, boundary conditions are needed to ensure the charges are inte-
grable. The need for boundary conditions arises because the vector fields generating the
symmetry have a transverse component to the codimension-2 surface on which the charge is
being evaluated. This means they are generating a transformation that moves the bounding
surface, and hence without boundary conditions, symplectic flux can leak out of the subre-
gion as the system evolves. Imposing the boundary conditions ensures that the subregion
behaves as a closed system, but gives the boundary the status of a physical barrier, prevent-
ing exchange of information between the subregion and its complement. When viewing the
boundary as an arbitrary partition used to define a subregion, one would like a definition
of quasilocal charges that does not employ such restrictive boundary conditions, and need
not require conservation under time evolution. In the place of conservation, one seeks an
independent definition of the flux of the quasilocal charge through the subregion bound-
ary, so that the charge instead obeys a continuity equation. For general relativity and other
diffeomorphism-invariant theories, Wald and Zoupas provided such a construction of quasilo-
cal charges using covariant phase space techniques [6], and its application to null boundaries
at a finite location was considered in [119].

Another reason for utilizing the Wald-Zoupas prescription is that in some cases, there
is no obvious boundary condition that ensures integrability of the quasilocal charges. Such
was the situation encountered by Haco, Hawking, Perry, and Strominger (HHPS) [149], who
identified a set of near-horizon Virasoro symmetries for Kerr black holes, inspired by the
hidden conformal symmetry of the near horizon wave equation identified in [168]. These
symmetries suggest a possible extension of the results of the Kerr/CFT correspondence [169,
170], which deals with extremal Kerr black holes, to a holographic description of more general
horizons. There does not exist a local boundary condition one can impose on the dynamical
fields that is preserved by the HHPS vector fields, while simultaneously ensuring integrability
of the corresponding charges.! Hence, the Wald-Zoupas procedure is needed to define the
quasilocal charges.

A specific form of the flux in the Wald-Zoupas prescription was conjectured in [149],
and was also used in various subsequent works generalizing the construction [150, 172, 171,

IThere can be weaker, integrated boundary conditions that ensure integrability for special choices of the
parameters defining the transformation, as described in [171].
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173|. The goal of the present work is to derive the necessary Wald-Zoupas prescription for
these constructions from first principles. In order to do so, there are three main technical
challenges that need to be resolved.

First, there are a number of ambiguities that arise when carrying out the Wald-Zoupas
construction, some of which affect the final result for the entropy. The most important
ambiguity is in the ability to shift the symplectic potential on the bounding hypersurface
by total variations, which subsequently affects the definitions of the charges and fluxes. To
resolve this issue, we first reformulate the Wald-Zoupas procedure in section 4.2 using Harlow
and Wu's presentation of the covariant phase space formalism with boundaries [174]. Doing
so allows for an efficient parameterization of the ambiguities that can appear in terms of
boundary and corner terms in the variational principle. Rather than imposing boundary
conditions to eliminate some terms that appear in the variations, as was done in [174],
we interpret the nonzero boundary terms as representing a symplectic flux through the
boundary. Explicitly, we decompose the pullback @ of the symplectic potential current into
boundary ¢, corner 3, and flux £ terms:

0+00=df+E&. (4.1.1)

Resolving the ambiguities in the Wald-Zoupas prescription then amounts to finding a pre-
ferred choice for the flux term &.

We propose a principle for fixing this ambiguity in section 4.2, namely that £ should be
of Dirichlet form, meaning it involves variations only of intrinsic quantities on the surface.
It therefore is expressible as

&= Wijégij, (412)

where dg;; is the variation of the induced metric on the bounding hypersurface, and 7% are
the conjugate momenta constructed from extrinsic quantities. For null hypersurfaces, the
variation of the null generator 4l° is also considered an intrinsic quantity, so the Dirichlet
form of the flux in this case reads

The terminology “Dirichlet” refers to the fact that vanishing flux is equivalent to Dirichlet
boundary conditions for this choice. The Dirichlet flux condition is a novel proposal in
the context of the Wald-Zoupas construction, in contrast with previous proposals which
employed properties of the flux in stationary solutions to partially fix its form |7, 119].
However, it is familiar from the Brown-York procedure for quasilocal energy [175], and has a
natural interpretation in the context of holography. We also argue that this form of the flux is
preferred from the perspective of gluing subregions together in the gravitational path integral
[176]. As a byproduct of fixing this form of the flux, we can also employ Harlow and Wu’s
[174] resolution of the standard Jacobson-Kang-Myers ambiguities in the covariant phase
space formalism [177, 178], leading to unambiguous definitions of the quasilocal charges.
The second issue to address is the problem of constructing a bracket for the quasilo-
cal charges that defines their algebra. Poisson brackets are not available when employing
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the Wald-Zoupas procedure, since we are dealing with an open system with respect to the
symplectic flux. Therefore, in section 4.2, we instead utilize the bracket defined by Barnich
and Troessaert in [98] for nonintegrable charges. It has the advantage of representing the
algebra satisfied by the vector fields generating the symmetry transformations, up to abelian
extensions. We further show that the algebra extension has a simple expression

K, :/ G A — i AL 414
£¢ 82(54 ¢ 5) (4.1.4)

in terms of Aéf , the anomalous transformation with respect to the symmetry generator £* of
the boundary term £ in (4.1.1). The anomaly operator Az, defined in (4.2.1), directly mea-
sures the failure of an object to transform covariantly under the diffeomorphism generated
by £, and hence we immediately see that algebra extensions only appear when the boundary
term ¢ is not covariant with respect to the transformation. Because the Barnich-Troessaert
bracket coincides with the Poisson bracket when the charges are integrable, this formula for
the extension applies in the case of integrable charges as well. This shows quite generally
that central charges and abelian extensions appear as a type of classical anomaly associated
with the boundary term in the variational principle. This statement is directly analogous to
the appearance of holographic Weyl anomalies in AdS/CFT [179, 180, 181, 182].

The third issue to address is finding a decomposition of the symplectic potential for
general relativity when restricted to a null boundary A. This question has been treated in
previous analyses [119, 183, 155, 156, 184, 185]; however, most of these employ boundary
conditions that are too strong to allow for the symmetries generated by the HHPS vector
fields. In our analysis in section 4.3, we employ the weakest possible boundary conditions
that ensure the presence of a null surface, and in which the variations of all quantities are
entirely determined in terms of dg,,. This is done by fixing the normal covector, dl, = 0,
and imposing nullness by requiring that 11°4g,, = 0 on . The covector [, is thus viewed as
a background structure introduced into the theory in order to define the boundary. Because
it is a background structure, no issues arise if the symmetry generators do not preserve it;
in fact, the failure of [, to be preserved by the symmetry generators is the sole source of
noncovariance in the construction, and hence is responsible for the appearance of a nonzero
central charge. By contrast, it is crucial that the vector fields satisfy [°I°£¢gq,, = 0 on N,
since this arises from a boundary condition imposed on the dynamical metric; violating it
would cause the symmetry transformations to be ill-defined. The HHPS vector fields satisty
this condition, as do any vectors which preserve the null surface.

The result of the decomposition of the symplectic potential is given in equations (4.3.26)—
(4.3.30), in which the Dirichlet form of £ is decomposed into 421 canonical pairs on the null
surface. The decomposition that we find has appeared before in [183|, and related decom-
positions can be found in [155, 156]. The boundary term ¢ that arises in the decomposition
is constructed from the inaffinity & of the null generator [, and has appeared in previous
analyses on null boundary terms in the action for general relativity [183, 155, 185]. In par-
ticular, we find additional flux terms beyond those employed in [149, 171], whose presence
is necessary to ensure that the flux is independent of the choice of auxiliary null vector n,.
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With all this in place, we give a systematic analysis in section 4.4 of the quasilocal charges
in the HHPS construction, as well as the generalization to arbitrary bifurcate, axisymetric
Killing horizons [149, 171]. The symmetry algebra consists of two copies of the Virasoro
algebra, and the central charges are computed to be

3A
C_C_WG(Oz+E)7 (4.1.5)
where o and @ are two parameters characterizing the symmetry generators, and are related
to the choice of left and right temperatures. These values of ¢, ¢ are twice the value given
in {149, 171], and consequently, when applying the Cardy formula in section 4.5, we find
that the entropy is twice the Bekenstein-Hawking entropy of the horizon. We take this as
an indication that the quasilocal charge algebra is sensitive to degrees of freedom associated
with the complementary region. In particular, we note that the factor of 2 could be explained
if the central charge appearing in the Barnich-Troessaert bracket was associated with a pair
of quasilocal charge algebras, one on each side of the dividing surface. This interpretation
is further motivated by the conjectured edge mode contribution to entanglement entropy
in gravitational theories, which employ such a pair of quasilocal charges at an entangling
surface [146]. The doubling of ¢, ¢ would then be intimately related to the fact that we
are considering an open system that is interacting with its complement. Conversely, if the
charges were instead integrable so that they lived in a closed system, we would expect the
standard entropy to arise via the Cardy formula. We demonstrate that this is the case in
sections 4.5 and 4.5 by showing that a different boundary term is needed in order to find
integrable generators. The new boundary term halves the value of the central charges and
the entropy, and also leads to agreement between the microcanonical and canonical Cardy
formulas.
In section 4.6, we further discuss the interpretation of these results, and describe some
directions for future work.

Note added: This work is being released in coordination with [186], which explores some
related topics.

Notation

We work in arbitrary spacetime dimension d with metric signature (—, 4, +,...). Spacetime
tensors will be written with abstract indices a, b, . . ., such as the metric g,,. We denote null
hypersurfaces by N, and indices i, j,... will denote tensors defined on A, such as ¢;; and
I*. An equality that only holds at the location of N in spacetime will be written as =.
Differential forms will often be written without indices, and, when necessary, we distinguish
a form 6 defined on spacetime from its pullback @ to A/ using boldface. The null normal to
N will be denoted [,, and the auxiliary null vector will be denoted n®. The volume form on
spacetime is denoted ¢, and occasionally it will be written as €, or €,, when the displayed
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indices are being contracted; the undisplayed indices are left implicit. The volume form on
N induced from [, will be denoted 7, and the horizontal spatial volume form on N will be
denoted p. The notation for the contraction of a vector v* into a differential form m is i,m.
The notation for operations defined on S, the space of solutions to the field equations, is
described in section 4.2 below, including definitions of Ig, Lg, 0, and Aé.

4.2 Quasilocal charge algebra

We begin by reviewing the covariant phase space construction in section 4.2, before turning
to the construction of quasilocal charges in section 4.2, and their algebra in section 4.2.
Section 4.2 explains the relation between the Wald-Zoupas construction [6] and the recent
work by Harlow and Wu on the covariant phase space with boundaries [174]. This yields
an unambiguous definition of the quasilocal charges by the arguments of [174], once the
form of the flux £ has been specified. To fix this final ambiguity, we require that the
flux be of Dirichlet form, and we discuss the motivation for this choice coming from the
combined variational principle for the subregion and its complement. The algebra of charges
is then defined in section 4.2, where we give a general expression for the extension of the
algebra in terms of the anomaly of the boundary term appearing in the symplectic potential
decomposition.

Covariant phase space

The main tool we employ in constructing the quasilocal charge algebra is the covariant
phase space [187, 188, 189, 190, 191].? Tt provides a canonical description of field theo-
ries without singling out a preferred time foliation, and therefore is well-suited for handling
diffeomorphism-invariant theories, such as general relativity. Covariance is achieved by work-
ing with the space S of solutions to the field equations, as opposed to the space of initial
data on a time slice.

S can be viewed as an infinite-dimensional manifold, on which many standard differential-
geometric techniques apply. Fields such as the metric g,, can be viewed as functions on S,
and their variations, such as dg,;, are one-forms. The operation ¢ of taking variations can be
viewed as the exterior derivative on &, and forms of higher degree can be built by taking ex-
terior derivatives and wedge products in the usual way. The product of two differential forms
o and B on S will always implicitly be a wedge product, so that a3 = (—1)dee(@) des(®)gq,
which allows the symbol A to exclusively denote the wedge product between differential
forms on the spacetime manifold M. We denote by Iy the operation of contracting a vector
field V on § with a differential form. Functions of the form h,, = I/0¢g,, are simply solutions
to the linearized field equations, and so the vector fields on S are seen to coincide with the
space of linearized solutions.

2We largely follow the notation of [163] when working with the covariant phase space.
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Since diffeomorphisms of M are gauge symmetries of general relativity, they define an
important subclass of linearized solutions h,, = £¢gqp, Where £ is a spacetime vector field.
The corresponding vector field on § generating this transformation will be called f , which
satisfies [;0gap = £e¢gap. Note also that [:0ga = Lggay, where Lg is the Lie derivative

along the vector f in 8, and hence L; and £, agree when acting on the metric gq. The
action of L¢ on higher order differential forms on S can be computed via the Cartan formula
Le=1 55 +41 £ Any differential form « that is locally constructed from dynamical fields and

for which Lz = Leav will be called covariant with respect to é . Since we later work with
noncovariant objects as well, it is useful to define the anomaly operator

Ag =L — Le, (4.2.1)

as in [156], which measures the failure of a local object to be covariant. We therefore also
refer to Aéa as the noncovariance or anomaly of a with respect to é . As we will see, Aé plays
a prominent role in characterizing the extensions that appear in quasilocal charge algebras,
and the anomalies it computes are, in many ways, classical analogs of the anomalies that
appear in quantum field theories. In particular, as we show in appendix A.11, Aé satisfies

[Ag, Agl = —A (4.2.2)

@7

which, when imposed on the functionals of the theory, is the direct analog of the Wess-Zumino
consistency condition for quantum anomalies [192].3

The covariant phase space arises from S by imbuing it with a presymplectic form. To
construct it, one begins with the Lagrangian of the theory, L, which is a spacetime top form
whose variation satisfies

SL = E®5g,, + db, (4.2.3)

where E® = ( are the classical field equations, and 6 is a one-form on & and a (d — 1)-
form on spacetime called the symplectic potential current. For general relativity, the various
quantities are

1

L= —2A 4.2.4
el )e (4.2.4)

— 1
Bt = — (R — ZRg® 4 Age 425
167G ( A (4:2.5)

_ bcsa _ acsTd

0= 167rG6a<g oy, — g 5Fbc>, (4.2.6)

where the variation of the Christoffel symbol is

1
(SFZC = §gad (Vbagdc + Vcégbc - Vdagbc) ) (427)

3See [193] for a discussion of the Wess-Zumino consistency condition in the context of holographic Weyl
anomalies.
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and we recall that ¢, still denotes the spacetime volume form, with uncontracted indices not
displayed.

The S-exterior derivative of 6 defines the symplectic current w = 66, and its integral over
a Cauchy surface X for the region of spacetime under consideration yields the presymplectic

form,
Q= / w. (4.2.8)
2

Q) is called “presymplectic” because it contains degenerate directions corresponding to dif-
feomorphisms of M. Since diffeomorphisms are symmetries of the Lagrangian, they lead to
Noether currents that are conserved on shell, given by

Je = Ie0 — i¢L. (4.2.9)

Because dJ¢ = 0 identically for all vectors %, the Noether current can be written as the
exterior derivative of a potential, J: = dQ¢, which is locally constructed from the metric; for
general relativity, this potential is [194, 7],
-1
- 167G

The degeneracy of € follows straightforwardly from computing the contraction with I é

Q¢ AV (4.2.10)

0= | (6@5 _ z'ge), (4.2.11)

using the fact that 6 is covariant, 1;60 + 010 = £¢0 [178]. Since this contraction localizes
to a boundary integral, any diffeomorphism that acts purely in the interior is a degenerate
direction of €2. The phase space P is a quotient of S by the degenerate directions, onto
which € descends to a nondegenerate symplectic form [191].

Quasilocal charges

According to (4.2.11), diffeomorphisms with support near the Cauchy surface boundary 0%
are not degenerate directions; rather, they lead to a notion of quasilocal charges associated
with the subregion defined by Y. In the case that £* at 9% is vanishing or tangential, the term
i¢6 in (4.2.11) drops out when pulled back to 0%, and a Hamiltonian for the transformation
can be defined by

He= [ Qe (4.2.12)
%
which generates the symmetry transformation on phase space via Hamilton’s equations,
0H¢ = — I (4.2.13)

When £° is not tangential to 0%, —IéQ generally cannot be written as a total varia-
tion, unless boundary conditions are imposed so that |, s icl = 0 B¢ for some quantity Be.
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Figure 4.1: In the Wald-Zoupas construction, one seeks to construct quasilocal charges for a
transformation generated by £%, which is tangent to a hypersurface A/ bounding an open subregion U/
to the right of V. The charges are constructed as integrals over a codimension-2 surface 9%, bounding
a Cauchy surface ¥ for the subregion. The vector field £* can have both tangential and normal
components to 3. In this figure, N is a null hypersurface, and the Cauchy surface has been chosen to
include a segment of .

Such boundary conditions are natural when 0¥ sits at an asymptotic boundary, but not at
boundaries associated with subregions of a larger system, where the boundary conditions
are generically inconsistent with the global dynamics. Instead, one can define a quasilocal
charge associated with the transformation following the Wald-Zoupas prescription [6]. The
quasilocal charge is not conserved since it fails to satisfy Hamilton’s equation (4.2.13), but it
satisfies a modified equation that relates the nonconservation to a well-defined flux through
the boundary of the subregion.

Here, we give a presentation of the Wald-Zoupas construction, using the formalism de-
veloped by Harlow and Wu [174] for dealing with boundaries in the covariant phase space.*
The Wald-Zoupas construction begins with a subregion of spacetime U, bounded by a hy-
persurface N = 0U (see figure 4.1). Later N will be taken to be a null hypersurface, but
the present discussion applies more generally for any signature of N'. On N, one looks for a
decomposition of the pullback @ of the symplectic potential of the following form

0=—60+d5+¢& (4.2.14)

where / is referred to as the boundary term, [ is the corner term, and &€ is the flux term. The
reason for this terminology becomes apparent from the variational principle for the theory

4See also [195] for a similar recent application of Harlow and Wu’s formalism to the Wald-Zoupas con-
struction.
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defined in the subregion U [174, 196]. The action for the subregion is

S:/MLJr/NE, (4.2.15)

and by the decomposition (4.2.14) the variation satisfies

59 — / E™6gu + /N (€ +dB), (4.2.16)
U

and so the action is stationary when the bulk field equations £ = 0 hold and boundary
conditions are chosen to make £ vanish, with the df3 term localizing to the boundary of N,
i.e. the corner. In the Wald-Zoupas setup, boundary conditions to make £ vanish are not
imposed; instead, £ is used to construct the fluxes of the quasilocal charges. In [6], the
combination £ +df is referred to as a potential for the pullback of w to NV, since by equation
(4.2.14) we see that®

ME+dB) =00 =w. (4.2.17)
The corner term £ is used to modify the symplectic form for the subregion.® This is done

by extending df to an exact form on all of ¢, and then treating 6 — df as the symplectic
potential current. The symplectic form then becomes

Q= [w— [ 08 2.
/Ew 825 (4.2.18)

We can then evaluate the contraction of {2 with a diffeomorphism generator £* that is parallel
to NV, but not necessarily to 9%,

1= <5Q§ — i+ 1566>

- /a . <5Q5 +iedl — 5155) - /a . <i§8 - Agﬁ). (4.2.19)

The first term is the total variation of a quantity

He = /82 (Qc+iet - 1:5). (4.2.20)

which we call the quasilocal charge for the transformation. The second term in (4.2.19)
represents the failure of the quasilocal charge to be an integrable generator of the symmetry.

°In [6] the combination £ + d was denoted ©.

8This type of modification, for example, gives the difference between the covariant Iyer-Wald symplectic
form and the standard ADM symplectic form, see [197], and also recent discussions of this point in [174,
19g].
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Assuming that g is covariant, so that Aéﬁ = 0, the obstruction to integrability of the charge
is simply given by the integral of the flux density 7.£. With slight modifications, the case
where Az # 0 can be handled, and is described in appendix A.13. Equation (4.2.19) can
be rearranged slightly to take the form of a modified Hamilton’s equation,

0He = =1 —I—/ 1€ (4.2.21)
%
To further the interpretation of £ as a flux of He, we note first that the integrand of
(4.2.20) is defined on all of N, and its exterior derivative can be computed as

A(Qc +isl — I¢8) = ;0 — icL — icdl + £el — I
= Iég — Aéﬁ — 'l'g(L + dﬁ) (4.2.22)

Integrating this relation on a segment N? of N between two cuts S, and S;, and using that
£% is parallel to NV yields

He(Sy) — He(S)) = / (155 - Aéﬁ). (4.2.23)

NE

This can be interpreted as an anomalous continuity equation for the quasilocal charge H: the
difference in the charge between two cuts is simply given by the flux Fy = || N2 1 55 , up to an
anomalous contribution from Aéﬁ. This anomalous term in the flux vanishes if ¢ is covariant
with respect to £; however, we will find that on null surfaces, the most natural choice for the
flux term &£ requires a boundary term that is not covariant. Note that this equation differs
from the standard continuity equation derived in the Wald-Zoupas and related constructions
[119, 6, 195, 158|, which assume a covariant boundary term, so that Agl drops out. This is
the first indication that the noncovariance of the boundary term can be interpreted as an
anomaly, since it behaves as an explicit violation of a contintuity equation for the quasilocal
charges. In quantum field theory, anomalies play a similar role to that of Agl, where they
lead to explicit violations of the Ward identities.

Up to this point, we have placed no restrictions on the precise form of the flux £. Equation
(4.2.14) does not uniquely specify &, since it can always be shifted by terms of the form
E — £ — 6b— dX by making compensating changes ¢ — ¢ — b, 5 — [+ A. These ambiguities
in £ are similar in appearance to the standard Jacobson-Kang-Myers ambiguities [177, 17§]
in the definition of the symplectic potential current, in which § — 0+ 0b'+d\'. Although the
(b, A) and (b, \") ambiguities are in principle distinct, they can be used in tandem to leave £
invariant, by setting (b, \) = (b', \'). Additionally, the charge densities he = Q¢ + il — 1B
are also unchanged, provided one shifts the Noether potential by Q¢ + il + I 5)\’ , as was
recently emphasized by [174]. These transformations of Q¢ simply follow from its definition
as a potential for the Noether current J¢ (4.2.9) as long as one assumes that 0 is covariant
(no assumption on the covariance properties of 7/ is needed).
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Thus, in order to avoid the ambiguities just described, we need to fix the form of the
flux €. As discussed in [196, 199], different choices for £ are related to different boundary
conditions one would impose to make the flux vanish. The principle we will advocate for in
this work is that the flux take a Dirichlet form, which,” for A/ timelike or spacelike, means
it is written as

&= Wijégij, (4224)

where 0g;; is the metric variation pulled back to N, constituting the intrinsic data on the
surface, and 7% is a symmetric-tensor-valued top form on A constructed from the extrinsic
data, and interpreted as the conjugate momenta to dg;;. The intrinsic data on a null surface
is slightly different since the induced metric is degenerate, and so it is taken to also include
variations of the null generator §l°, leading to the null Dirichlet flux condition

E=1"8g;; + mol'. (4.2.25)

Dependence on non-intrinsic components of the metric, such as the lapse and shift, is removed
by the choice of corner term, which further fixes the ambiguities in specifying the flux.
Imposing the Dirichlet form on £ greatly reduces the freedom in its definition, since most of
the ambiguities will involve variations of quantities constructed from the extrinsic geometry
of N. We will find that for general relativity, the Dirichlet requirement fixes £ essentially
uniquely.®

One reason for favoring the Dirichlet form of the flux comes from considering the varia-
tional principle for a subregion ¢/ and its complement /. When gluing the subregions across
the boundaries A" and N, the Dirichlet form of £ is used when kinematically matching the
intrinsic quantities on . Viewed from one side, this takes the form of a Dirichlet condition,
with the value of g;; on one side fixed by the value on the other side. Upon identifying N
with A, matching gij, and imposing the bulk field equations, the variation of the action is
given by

5(/L+/ E—l—/ Z—I—/L) :/(Wij—ﬁij)5gij+corner term. (4.2.26)
u N N u N

Stationarity of the action then dynamically sets 7% — 7 = 0, or more generally equal
to the distributional stress energy on A if present, according to the junction conditions
[204, 205]. If instead a Neumann form for the flux £V = —g;;07 were employed, the

matching condition would kinematically set 7%/ = 7%, and then g;; — g;; would dynamically
be set to zero. In this case, there does not appear to be a straightforward way to allow for
distributional stress-energy on A. In vacuum, the end result is classically the same, with

"This coincides with the “canonical boundary conditions” discussed in [199].

8For asymptotic symmetries, it can be important to include objects constructed from the intrinsic curva-
ture of the metric, in order to have finite symplectic fluxes at infinity, which then modifies 7% when imposing
the Dirichlet form [179, 180, 181, 182, 200, 201, 202, 203|. Such terms will not be important for our analysis
of a null boundary at a finite location.
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both ¢;; and 7 matching at N, although already the Dirichlet form has the advantage of
allowing for the presence of distributional stress-energy. In a quantum description, these
two options differ even more. Since the path integral receives contributions from off-shell
configurations, the Dirichlet matching appears to be preferred, since the Neumann matching
allows for discontinuities in the intrinsic metric, which produce distributionally ill-defined
curvatures [205].7 We further discuss the Dirichlet matching condition in section 4.6.

Barnich-Troessaert bracket

Having defined the quasilocal charges H, given by (4.2.20) for the diffeomorphisms generated
by &%, we now consider the problem of computing their algebra. In standard Hamiltonian
mechanics, this is given by the Poisson bracket constructed from the symplectic form of
the system. When the charges are integrable, so that they satisfy Hamilton’s equation
(4.2.13), the Poisson bracket can be evaluated by contracting the vector fields generating the
symmetry into the symplectic form,

{He, Hey = —I:1:Q0 = — (Hie g + Ke) - (4.2.27)

The second equality in this equation is a statement of the fact that Poisson brackets must
reproduce the Lie bracket of the vector fields £%, (%, up to a central extension, denoted K¢ ¢.'°

For quasilocal charges, their failure to satisfy Hamilton’s equations due to the flux term
in (4.2.21) prevents a naive application of (4.2.27) to their brackets. Instead, Barnich and
Troessaert [98] proposed a modification to the bracket that accounts for the nonconservation
of the charges due to the loss of flux from the subregion. When the corner term f is covariant,
their bracket is given by

{(He, He) = —I,10 + /8 i (icte — icI:€). (4.2.28)

where we see that the bracket is modified by the fluxes Fy = |, Py 55 identified in the Wald-
Zoupas construction. A heuristic way to understand this equation is as follows: imagine
adding an auxiliary system which collects the flux lost through A when evolving along £¢
(for example, this could just be the phase space associated with the complementary region
U). The total system consisting of the subregion and the auxiliary system is assumed to
have a Poisson bracket defined on it, such that f is a symmetry of the bracket in the usual

sense. The Hamiltonian for f should be a sum of the quasilocal Hamiltonian H¢ and a term

9These singularities are unlike conical defects, whose curvature is well-defined as a distribution and are
therefore valid configurations in the path integral.

There are two related reasons for the minus sign appearing in (4.2.27). The first is that the Poisson
bracket reproduces the Lie bracket [f , CA]S of vector fields on S, which, as shown in (A.11.3), is minus the
spacetime Lie bracket for field-independent vector fields. It arises because diffeomorphisms give a left action
on spacetime, but a right action on S§. The second reason is that the Hamiltonians are representing the Lie
algebra of the diffeomorphism group, whose Lie bracket is minus the vector field Lie bracket [206].
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Hg™ associated with the auxiliary system. Hamilton’s equation for the total system then
reads
I0H: = {He + H{™, H¢}. (4.2.29)

The contribution from {ngx, H.} should compute the flux of H, into the auxiliary system
due to an infinitesimal change of 0% along £, which is just the integral of i¢I:€, given our
identification of I;£ with the flux density. Equation (4.2.29) then becomes

[é(ng = {Hg,HC} + /82 ig[@g, (4230)

which reduces to (4.2.28) after using the expression (4.2.21) for  H.. Going forward, we will
take (4.2.28) as the definition of the bracket for the quasilocal charges, and delay further
discussion of its interpretation to section 4.6.

An important property of the Barnich-Troessaert bracket is that it reproduces the Lie
bracket algebra of the vector fields, up to abelian extensions [98, 207|. This can be explicitly
verified using the expression (4.2.20) for the quasilocal charges, and an exact expression for
the extension K¢ can be given. After a short calculation (see appendix A.12), one finds

{He, He} = — (Higq) + Keg) (4.2.31)

Kee = / (setrgt — icAet). (4.2.32)
0%

Hence, we arrive at one of the main results of this work, namely, that the extension K¢
is determined entirely by the noncovariance of the boundary term, Aéﬁ. As an immediate
corollary, we see that the extension K¢ always vanishes if the boundary term ¢ is covariant
with respect to the generators £*. Equation (4.2.32) remains valid even when boundary
conditions are imposed to ensure the transformation has integrable generators. In this case,
the fluxes in (4.2.28) vanish, and we see that the Barnich-Troessaert bracket reduces to a
Dirac bracket on the subspace of field configurations that satisfy the boundary conditions.
This therefore gives a universal formula for the central extension in these cases, in addition
to the more general cases involving nonintegrable generators.

It is worth emphasizing that the central charge appears in this formula because we have
chosen to fix a background structure in defining the boundary, which gives rise to nonzero
anomalies Aéé . However, the value of K¢ does not depend on the choice of constant added
to the Hamiltonians, which, for example, could be chosen to ensure that the Hamiltonians
vanish in a given background solution. More precisely, different choices for these constant
shifts can only change the extension by trivial constant terms of the form Ci¢ ¢}, which will
not change the 2-cocycle that K¢ represents for the Lie algebra of the vector fields &%, *.
In particular, Cj¢ ¢ cannot be chosen to cancel K¢ if the extension comes from a nontrivial
2-cocycle, as occurs in the Virasoro example we consider in section 4.4.

In general, the new generators K¢ are not central, since they are allowed to transform
nontrivially under the action of another generator H, . Instead, they give an abelian extension
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of the algebra by defining their brackets to be

{H,, K¢} = [0 K (4.2.33)
{K&Q KXﬂ/’} — 0 (4234)

This algebra closes provided I;0 K¢ is expressible as a sum of other generators K¢ ¢, and
the Jacobi identity holds as long as K¢ satisfies a generalized cocycle condition [98],

I, 0Ke ¢ + Kiygc + (cyclic x = & — () =0. (4.2.35)

Of course, when the right hand side of (4.2.33) vanishes, K¢ represents a central extension
of the algebra.

We verify the above cocycle condition for (4.2.32) in appendix A.12. We should expect
this to be the case because K¢ in (4.2.32) is of the form of a trivial field-dependent 2-cocycle,
in the terminology of [98].!! That is, it can be expressed as

Kee=1:0Be —1:0B; — B, Be = /8Z icl (4.2.36)

Despite this terminology, K¢ is certainly not required to be trivial as a cocycle for the Lie
algebra generated by the vector fields. This will be explicitly demonstrated for the algebra
considered in section 4.4, in which case K¢ becomes the nontrivial central extension of the
Witt algebra to Virasoro.

Finally, it is worth noting that the corner term [, although important in arriving at the
Dirichlet form (4.2.24) or (4.2.25) for the flux, is not important for obtaining the correct
algebra for the quasilocal charges, including the extension K. Algebraically, the £ term in
the quasilocal charge is functioning as a trivial extension of the algebra, since the 8 terms do
not mix with other terms when deriving the identity (4.2.31), as discussed in appendix A.12.
This is the reason that the central charges computed in [149, 171] were correctly identified,
even without taking corner terms into account.

4.3 Symplectic potential on a null boundary

In this section, we apply the covariant phase space formalism to null boundaries. We de-
compose the symplectic potential into boundary, corner, and flux terms, and describe the
resulting canonical pairs on the null surface. This generalizes the calculation in [119] (see also
[156, 184]) by weakening the boundary conditions imposed on the field configurations. The
expression for the anomalous transformation of the boundary term under diffeomorphisms
is derived, and shown to arise from fixing a choice of scaling frame on the null boundary.

HUFor an interpretation of this field-dependent extension in terms of a Lie algebroid in the example of
BMS, asymptotic symmetries, see [208].
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Geometry of null hypersurfaces

We start by briefly reviewing the geometric fields on a null hypersurface and their salient
properties, following [119]. For a detailed review see [75|. Consider a spacetime (M, gqp,) and
a null hypersurface N in M. To begin with, we have the null normal I, to N'. An important
property of null surfaces is that [, has no preferred normalization, unlike for spacelike or
timelike surfaces. Consequently, we can rescale it according to

lo — ell,. (4.3.1)

We refer to a choice of f as a scaling frame. From [, we can construct the null generator
tangent to N by raising the index, [* = ¢%l;,. Associated to the null generator is the inaffinity
k,'2 defined by

1°V 1" = ki, (4.3.3)

where we have introduced the notation = to denote equality at A/. The inaffinity will play
a central role in this paper.

We denote by I1¢ the pullback to A. Recall that indices i,7,... are intrinsic to N.
Using the pullback, we can now enumerate the various objects needed for our analysis. The
(degenerate) induced metric ¢;; on N is simply the pullback of gqy,

¢ij = T gap. (4.3.4)
Next, note that lbﬂfvalb = 0 hence the tensor
[V,l° (4.3.5)
is actually intrinsic to . Therefore, we denote it by

St

727

(4.3.6)

and refer to it as the shape tensor, or Weingarten map [75]. We can extract the inaffinity
from the shape tensor through S*;l7 = kl’. From S°;, we can obtain the extrinsic curvature

of N,

12The inaffinity is often denoted &, but we use k to distinguish it from the surface gravity x, which is
defined on A by the relation
Va(l?) = —2kl,. (4.3.2)

For Killing horizons, k = &, but for general null surfaces, these two quantities differ; see, e.g., [209] for a
discussion of the difference in the case of conformal Killing horizons. The definition (4.3.2) of the surface
gravity is most directly related to its appearance in the Hawking temperature Ty = 5% [2, 210], which is
why we continue to use x to denote it, and instead use k for the inaffinity.



CHAPTER 4. ANOMALIES IN GRAVITATIONAL CHARGE ALGEBRAS OF NULL
BOUNDARIES AND BLACK HOLE ENTROPY 98

which can be decomposed into its familiar form

1
where o;; is the shear and © is the expansion.
Lastly, we can define induced (d — 1) and (d — 2) volume forms on N as follows. Given
a spacetime volume form ¢, we can define a (d — 1) volume form 7 by

€= —lATF. (4.3.9)

Note that 7 is fully determined by a choice of [, up to the addition of terms of the form [ Ao
for some (d — 2) form o. However, given a choice of [,, the pullback of 7 to A/ is unique. We
simply denote this pullback by 7, as we will only be using the pullback henceforth. Given
the pullback 7, we can define a (d — 2) volume form u by

w=1in (4.3.10)

which is uniquely determined by 7.
We now list the transformation properties of the geometric fields defined above under the
rescaling (4.3.1):

qi; — qij, (4311&)
=, (4.3.11b)

n — eln, (4.3.11c)

Kij — efK,;j, (4311d)

S = el (S + 0,1 1), (4.3.11e)

We emphasize that this corresponds to a rescaling in a given background geometry. In the
next section we will discuss the scale factor f on field space.

We end this section by introducing an auxiliary null vector n® on N, as it will prove
convenient in later computations. We fix the freedom in the relative normalization of n® by

imposing [,n* = —1. We can use n® to write the pullback and induced metric as spacetime
tensors,

I = 6° + 1,n’, (4.3.12a)

dab = Gab + 2l (aNb)- (4.3.12b)

Raising the indices yields a tensor ¢® that is tangent to N since ¢®l, = 0. It therefore
defines a tensor ¢% intrinsic to N, which defines a partial inverse of g;, on the subspace of
vectors that annihilate n; = II{n,. The mixed index tensor qij = q"*q; is then a projector
onto this subspace.

We can also use n® to define the Hajicekone-form,

Wy = —q<nPV 1. (4.3.13)
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This pulls back to a one-form w; on N, and under rescaling (4.3.1), it transforms by
Using ¢* to raise the index of K;;, we can give a complete decomposition of the shape tensor,

S% = U'(w; — kn;) + K, (4.3.15)
This equation emphasizes the difference between the shape tensor Sij and the extrinsic
curvature Kj;; on a null hypersurface, unlike the case of a spacelike or timelike hypersurface
where the two quantities have essentially the same content. An important point to keep in
mind is that the quantities on N that depend on n, are ¢, qij, ng, K ij, and w;, while the
quantities appearing in (4.3.11) are independent of n,.

Boundary conditions

We now describe the field configuration space for gravitational theories with a null boundary
N in terms of the boundary conditions imposed at A/. An important part of this specification
is the choice of a background structure derived from structures defined by the boundary. A
background structure is a set of fields which are constant across the field space. Fixing these
fields is the source of noncovariance in the gravitational charge algebra, and ultimately is
responsible for the appearance of central charges.

To this aim, we start by letting A/ be a hypersurface embedded in M, specified by a
normal covector field I,. We do not yet impose that A is a null surface. Consequently, since
this specification is independent of the metric, it follows that!?

51, = 0. (4.3.16)

We take the background structure to solely consist of [,, since all other quantities relevant
for the symplectic form decomposition are constructed from [, using the metric.!* Now, in
order to impose that N is a null surface for all points in the field space, we must constrain
the metric perturbation d¢g,,. This amounts to the boundary condition

106 gay = 0. (4.3.17)

We do not impose any further boundary conditions, so our field configuration space is simply
the set of all metrics gq, on a manifold M with boundary N C OM such that (4.3.16) and
(4.3.17) are satisfied. This background structure is natural, if not necessary, from the point
of view of the gravitational path integral: when we integrate over bulk metrics, we want a

13In principle we can allow I, to rescale under variations according to §l, = da l,, but this would
unnecessarily introduce an arbitrary non-metric degree of freedom that has no relation to the dynamical
degrees of freedom of the theory.

11n particular, we do not impose any constraints on the auxiliary null vector n®, apart from the trivial
constraint resulting from fixing the relative normalization n%l, = —1.
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null surface as a boundary condition, which must be imposed as a delta function constraint
on the dynamical metric, leaving the normal to the surface a non-dynamical variable.

This is a larger field space than that of [119], where the boundary conditions 0k = 0
and [°6g,, = 0 were additionally imposed. Although both sets of boundary conditions lead
to the same solution space globally, they differ from the point of view of the subregion
U, where they represent different choices of boundary degrees of freedom. Any additional
boundary conditions, beyond the condition (4.3.17) to ensure N is null, eliminate physical
degrees of freedom from the subregion, since these boundary conditions do not correspond
to fixing a degenerate direction of the subregion symplectic form. Imposing the stronger
boundary conditions is equivalent to gauge fixing the global field space using Gaussian null
coordinates in the neighborhood of N, as was done in various works [28, 211]. As we will see
in section 4.4, the diffeomorphisms of interest to us satisfy neither 6k = 0 nor °§g,, = 0, so
we cannot impose these conditions. In [119], these additional boundary conditions comprised
the minimal set necessary for satisfying the Wald-Zoupas stationarity condition £(gg, dg) = 0
for all g, where gy is a solution in which N is stationary. This stationarity condition has
been argued to be a way of fixing the standard ambiguity in defining quasiloal charges [6,
119]; however, we do not see it as being necessary for the construction to make sense. In
its place, we have instead the Dirichlet flux condition (4.2.24). Thus, we have imposed the
minimal set of boundary conditions needed to specify gravitational kinematics on a manifold
with a null boundary.

We now derive expressions for the variations of £ and ©, which will be needed in the next
section when decomposing the symplectic potential. To begin with, we note that'®

61% = (IPnSgpe )1 — "0 gnel®. (4.3.18)
Using the definition © = ¢V I, of the expansion, and the decomposition (4.3.12b), we find
O
50 = — <aab + mqab> 6Gap — 2007, 10" — 1.6T¢, g (4.3.19)
Separately, using k = —n’1°V,l,, we have
6k = (kn® — @®)1%0gap + 1,67, 1P (4.3.20)
In arriving at these expressions we have used that [,0n® = —n®dl, = 0, which is simply

a result of fixing the relative normalization n®l, = —1 across phase space, combined with
0l, = 0. In this sense, the expressions for 60 and dk are independent of dn®. Thus, combining
these two expression, we find

5(0 4 2k) = 2(kn® — )16 gap — (J“b + %q“b) §Gap — 10T, g% (4.3.21)

15Tn [156] the [* component of §1% was made to vanish by relaxing the condition 6, = 0, instead setting
it to dl, = —n’1°0gpely. Doing this requires a different fixed background structure, which amounts to fixing
n. on the horizon. Since they impose no additional constraints on the metric variation, the field space in
[156] is the same as ours, but their analysis differs in the choice of background structure.



CHAPTER 4. ANOMALIES IN GRAVITATIONAL CHARGE ALGEBRAS OF NULL
BOUNDARIES AND BLACK HOLE ENTROPY 101

Lastly, the variation of 7 is given by

1
0n = 59" 0ga» 11 (4.3.22)

Symplectic potential

So far we have only discussed the kinematics, which is valid for any theory of gravity. We now
take our theory of gravity to be general relativity. By restricting the field space to on-shell
configurations, i.e. metrics which solve Einstein’s equations, we can obtain the associated
covariant phase space P as outlined in section 4.2. The symplectic potential current in
general relativity pulled back to N can be written (momentarily setting 167G = 1)

1
0=n <§lcvc (9"6gee) — lag”cécm) : (4.3.23)

where the bolded tensor @ indicates that it has been pulled back to A/. We wish to decom-
pose the above expression into boundary, corner, and flux terms, according to the general
construction described in section 4.2.

We start by noting that du = ©7. Using this relation, we have

1 ~ 1 c a 1 a
d <§g“bégab u) = §l V(9% ga) 1 + E@g 55 Gap 1. (4.3.24)

The second and first terms in (4.3.23) appear explicitly in (4.3.21) and (4.3.24) respectively,
so we can simply solve for them using these relations. Combining this with (4.3.22), we can
write the symplectic potential as

1
0=9 [(@ + Qk)n] +d [§g“b5gabu]

+n {0“b5gab + 2w gap — (k: — %) G5 ga — Og* 0. | - (4.3.25)
We can shift the © contribution in the boundary term into the corner term by noting that
d(On) = dép. Note that this shift is an example of an additional ambiguity in the decompo-
sition (4.2.14) of O in separating the corner and boundary terms. In the present context, this
shift will not affect any central charges since ©n is covariant, but in principle this ambiguity
can be resolved using the corner improvements discussed in appendix A.13.
Finally, by making use of (4.3.18) we arrive at our desired decomposition of the symplectic
potential:

0 = —00 + dB + 7 5q;; + mol, (4.3.26)
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where, restoring the factors of 167G, the various terms in the decomposition are

(= 8]:76* (4.3.27)

B = 161 To a0l + 9" 0gap), (4.3.28)

7 = 16’;G { (k + %@) } (4.3.29)

M= —#(m +Ony). (4.3.30)

This decomposition of the symplectic potential on a null boundary is essentially equivalent
to the one found in [183], while it differs slightly from the expressions in [155, 156, 119] due
to differences in choices of boundary conditions.

The flux terms in (4.3.26) are in Dirichlet form, as required by our general prescription.
The quantity 7 defines the conjugate momenta to dg;;, the horizontal components of the
variation of the induced degenerate metric on N/. The d(d_3) Components of the shear make
up the momenta associated with gravitons, while the scalar k —|— G) is a scalar momentum
identified in [156] as a gravitational pressure. The other momenta 7; are conjugate to 0l°. It
can further be decomposed into a vector piece constructed from the Hajicekform w; conjugate
to spatial variations of I°, and a scalar energy density constructed from ©, conjugate to
variations that stretch [°. Together, 7% and m; comprise the null analog of the Brown-York
stress tensor, which is usually defined for timelike hypersurfaces [175].16

We now discuss the dependence of the terms in the decomposition on arbitrary choices
of background quantities. In writing (4.3.26) we introduced a choice of auxiliary null normal
n®. Fixing the relative normalization of n® still leaves the freedom n® — n® 4+ V¢ 4 %Vzl“,
where V® is any vector such that n,V* = [,V* = 0. However, both the boundary term
(4.3.27) and corner term (4.3.28) are manifestly independent of n® hence it follows that the
flux term is independent of n®, since @ must be. While the total flux term is independent of
n®, 7 and m; will in general transform into one another under a change of n?.

While we have fixed the fluctuation of the scale factor f when defining our phase space,
we still would like to characterize how various quantities depend on its background value.
From (4.3.11), we have the following transformation properties of the various terms in the
decomposition (4.3.26) under a background rescaling:

_ 4.3.31
(=l Gzaf, (4.3.31a)

T = 7 —

k
16 "0k (4.3.31Db)

16 A slightly different construction in [212, 213] found a null Brown-York stress tensor without the scalar
component of m;, but with an additional component conjugate to deformations that violate the nullness
condition 141°§g,, = 0. Another approach by [214] obtained a null boundary stress tensor as a limit of the
Brown-York stress tensor on the stretched horizon. Their expression differs somewhat from the one presented
here.
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RN o G Y
T e (m 8WG81f>' (4.3.31¢)

Anomalous transformation of boundary term

Having fixed the boundary term, we now derive its noncovariance under diffeomorphisms.
We will find that it transforms anomalously, with the anomaly arising directly from fixing a
choice of scaling frame (4.3.16). To see this, we first compute £¢l, when £ is tangent to NV,
i.e. €1, = 0. We have

Lely = 28V ply + Va(E00). (4.3.32)

Hypersurface orthogonality implies that Vyl, = vply) for some v,. Moreover, Vo (E%) o< I,
on N. Therefore,

£§la = wgla. (4333)

Recall that the anomaly operator is defined as Aé = Lg — £¢. Therefore, since dl, = 0, we
find Agl, = —wel,.

We also need the noncovariance of the induced volume element. Since e depends only on
the metric, Aze = 0. Therefore, using (4.3.22), we just have

Agn = wen. (4.3.34)
Moreover, applying the anomaly operator to 1°V,l, = kl,, we find
Agk = —wek — 1"V we (4.3.35)
Putting things together, we have the anomalous transformation of the boundary term:
Ag(kn) = —(I°Vewe)n (4.3.36)

This is one of the main results of this paper. From (4.2.32), we see that the non-vanishing of
the central charge is a consequence of choosing [, to be the background structure. We discuss
the significance of this in section 4.6. In section 4.4, we evaluate this anomaly explicitly for
the Virasoro generators on a Killing horizon.

The expression (4.2.28) for the Barnich-Troessaert bracket that we employ in the next
section applies when [ is covariant, without needing the corner improvements discussed in
appendix A.13. It is easy to see that our choice of corner term (4.3.28) does in fact satisfy
this. First note that Az = 0, which handles the second term in (4.3.28). For the first term,
we have Ag(1,00%) = (Agna)ol® + 1u0AL* = wen,dl® — ned(wel®) = 0, since dwe = 0. It
follows that the corner term is covariant, A3 = 0, as desired.

As a final note, the fact that the central charge can be expressed as a trivial field-
dependent cocycle [98] according to (4.2.36) means that there always exists a choice of
the flux and boundary terms that makes any extensions in the quasilocal charge algebra
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Figure 4.2: Two different choices of stretched horizons are shown, as the level sets of the functions X
and X, which lead to different scaling frames for I, on the null surface.

vanish. Moreover, this choice of flux term would be covariant and rescaling invariant, and
was the choice used in [156, 158]. However, consider what would happen if a similar choice
were made for asymptotic symmetries: for example, for AdS; asymptotics, one can choose
a boundary term other than the Gibbons-Hawking-York term, in which case the Brown-
Henneaux analysis would produce a central charge with ¢ %, with R the AdS radius
[165]. The flux term in these cases no longer corresponds to Dirichlet boundary conditions. In
holographic setups, these modified boundary conditions lead to CF'Ts coupled to dynamical
metrics [215], producing complications that are usually avoided in standard AdS/CFT with
Dirichlet boundary conditions. We therefore draw inspiration from AdS/CFT in imposing
that the flux term take Dirichlet form, complementary to the path integral argument in
section 4.2.

Stretched horizon

We mentioned in section 4.3 that fixing [, corresponds to a type of frame choice. Here, we
will relate this choice to the arbitrariness in choosing a sequence of stretched horizons that
approach the null surface. A stretched horizon for a null surface plays a similar role to an
asymptotic cutoff surface when discussing asymptotic infinity. These are especially relevant
in AdS/CFT, where different choices of the radial cutoff correspond to different conformal
frames in the dual theory. This then strengthens the relation between the scaling frame for [,
and the choice of conformal frame for the degrees of freedom associated with the quasilocal
charges.

To see the relation, we let X denote a function whose level sets define the sequence of
stretched horizons approaching A at X = 0. We let [, be the (unnormalized) normal form
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to the X foliation,
lo =V, X, (4.3.37)

which is spacelike for X > 0 and null at X = 0. Any reparameterization of the form
XX (X)) defines the same foliation, and its effect on the normal is simply to rescale [, by
F (X). Hence [, at N only rescales by a constant X'(0). We therefore see that the scaling
frame of [, is determined by the choice of stretched horizon foliation, up to overall constant
rescalings.

A different foliation of stretched horizons can be obtained by reparameterizing by an
arbitrary function of the coordinates X — X (X, z%), subject to the constraint X (0,z%) = 0,
so that the foliation still approaches N (see figure 4.2). The null normal is now rescaled by
the position dependent function dy X (0, x%), corresponding to a change of scaling frame.

4.4 Virasoro symmetry

As an application of the null boundary covariant phase space we have just constructed, we
now specialize to the case of bifurcate, axisymmetric Killing horizons. These have been
the subject of many previous analyses, in which quasilocal charge algebras have been used
to derive expressions for the entropy of the Killing horizon [143, 149, 164, 166, 169, 216].
The standard procedure is to find a set of vector fields in the near-horizon region whose
Lie brackets yield one or two copies of the Witt algebra. Upon computing the quasilocal
charge algebra, one generally finds a central extension. The resulting Virasoro algebra is
the symmetry algebra of a 2D CFT, suggesting that the quantization of the near horizon
charge algebra should have a CFT description. The asymptotic density of states in such a
theory is controlled by the Cardy formula, and by applying it in conjunction with the central
charge computed from the quasilocal charge algebra, one arrives at the Bekenstein-Hawking
entropy.

This procedure for arriving at the horizon entropy has been applied in a variety of differ-
ent situations, often differing in the precise details of which symmetry algebra is used and
what boundary conditions are imposed [144, 147, 148, 217, 150]. Here, by means of example,
we provide evidence for the claim that the central charge occurring in these setups is always
computed by the general formula (4.2.32) in terms of the noncovariance of the boundary La-
grangian for the null surface. The example we will analyze is the set of symmetry generators
found for axisymmetric Killing horizons in [171]|, which generalize the near horizon confor-
mal symmetries of the Kerr black hole proposed by Haco, Hawking, Perry, and Strominger
(HHPS) [149]. We show that the null surface Wald-Zoupas construction described above
produces a formula for the central charge which, via the Cardy formula, leads to an entropy
that is twice the Bekenstein-Hawking entropy of the horizon. We argue that this factor of 2
could arise if the central charge was sensitive to both sets of edge modes, one on either side of
the bifurcation surface, coupled together by the Dirichlet flux matching condition. To make
a contradistinction, we compare to the case where boundary conditions are found to make
the quasilocal charges integrable, and show that a different central charge results, and no
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factor of 2 appears. This thereby gives a derivation of the appropriate “counterterms” (i.e.
fluxes) that had previously been conjectured to be necessary for the construction in [149,
171].

Near-horizon expansion

We begin by reviewing the expansion of the metric near a bifurcate Killing horizon, following
a construction of Carlip [166, 171]. Let [* be the horizon-generating Killing vector, which is
timelike in the exterior region, and becomes the null normal on the bifurcate Killing horizon
‘H. A canonical choice of radial vector can be made using the gradient of the norm of /¢,

a 1 a
pr= g V), (4.4.1)

where k is the surface gravity, which is constant on account of the zeroth law of black hole
mechanics [218|. The normalization of p* is chosen so that it coincides with {* on H, and
as a consequence of Killing’s equation, one finds that [ - p = 0 and [, p] = 0 everywhere. If
in addition the horizon is axisymmetric, meaning it possesses a rotational Killing vector ¢*
that commutes with %, it follows that ¢ - p = 0 and [¢), p] = 0. This allows us to choose
coordinates (t,7.,¢) such that (1% p® ¢®*) are the corresponding coordinate basis vectors,
and in this coordinate system, g, = g¢r, = 0. The radial coordinate r, is analogous to the
tortoise coordinate in the Schwarzschild solution, with the horizon positioned at r, — —oo.
The remaining coordinates will be denoted 6.
One can demonstrate that the norm of the radial vector near the horizon satisfies [166]

p-p=—01-D+0[1-1)7], (4.4.2)
and hence as a function of r,, the Killing vector norm satisfies the differential equation
O, (1) =p*Vo (- ) =26(1-1)+O[(1-1)?] (4.4.3)

whose solution is
(I-1) ==+ 0 [e""], (4.4.4)

where the integration constant has been absorbed by the shift freedom in the definition of
the tortoise coordinate, r, — r, + f(#). This behavior suggests a reparameterization of the

radial coordinate,

1 1
r=—e" = 0i=—p" (4.4.5)
K KT

in terms of which the Killing vector norm has the expansion
(1-1) = —r’2>+ O [2]. (4.4.6)

This also implies that 9¢ is unit normalized to leading order in the near-horizon expansion,
which means z coincides with the radial geodesic distance to the bifurcation surface at this
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order. This fully determines the x coordinate, and in terms of it, the near-horizon metric
exhibits a Rindler-like expansion,

ds® = —k*2%dt* + da® + ?d¢® + qapdddo® — 227 kdt (Nydd + Nadot) + ... (4.4.7)

where the ... denotes higher order terms which do not play a role in the remainder of the
analysis of the near horizon symmetries. Here, we have used the shift freedom ¢ — ¢+ G (04)
to eliminate any d¢df” terms that generically appear.

The Rindler coordinates degenerate on the future and past horizons, so it is useful to
define Kruskal coordinates which are regular on the horizon,

U= —ze "™ (4.4.8a)
V = ze™, (4.4.8b)

in terms of which the metric becomes
ds? = —dUdV +?*d¢?® + qapdd?do® + (UdV — VdU)(Ngdp + Nad0?) + ... (4.4.9)

The Killing vector and radial vector have simple expressions in terms of Kruskal coordinates,

1*=r(VOy, —UIp) (4.4.10)
p* =r(Voy +U0dp), (4.4.11)

which demonstrates that near the bifurcation surface at U = V = 0, [* acts like a boost
while p® acts like a dilatation.

The future horizon H" in Kruskal coordinates is located at U = 0, and on the horizon
the generator is {* = KV 0. The natural choice of auxiliary null covector there is then

Ng = —%VGV + % %|2 lq, where the term proportional to [, just ensures that n, is null on
all of HT. The spacetime volume form is given by
1
€= §dU ANAV AN pp=—1LNAn, (4.4.12)
where the induced volume form on the horizon is
1
= —dV A pu. 4.4.13
n=— 1 ( )

The past horizon H~ is at V = 0, where the generator is [* = —kUJ{; and the auxiliary
null covector is n, = %VaU +% % |2 l,. The conventions we use to define the volume forms
are slightly different than on the future horizon. We choose the volume form on the past
horizon to be

1
———d 4.4.14
n s UAp, ( )

to maintain the relationship p = 7; 7. This means that the spacetime volume is related to n
on the past horizon by
e=1An, (4.4.15)
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and these conventions ensure that p limits to the same volume form on the bifurcation surface
when approached on H™ or on H~. Because of (4.4.15), the decomposition of € picks up an
overall minus sign relative to the expression (4.3.23). This means that on H~, the boundary
term has a relative minus sign compared to (4.3.27)

_ Fn -
(= G (on H™). (4.4.16)

Expression for the noncovariance

The results of section 4.2 show that any extension of the quasilocal symmetry algebra is
determined by the noncovariance of the boundary term, Aéﬁ. The noncovariance of this
quantity and the various other structures defined on a generic null surface were determined
in section 4.3 in terms of the scalar we which shows up in the noncovariance of the normal
form to the horizon, [,. To apply these formulas in computations of the algebra extensions,
we therefore need an expression for we on a Killing horizon.

This can be derived on H* by first noting that if £ is tangent to the null surface N' = H ™,
the value of £¢l, does not depend on how [, is chosen away from A. Since [, and p, coincide
on N, we can compute wel, = Lely = Lepa, = V(€ p), since (dp)ap = 0 due to its definition
as a gradient in equation (4.4.1). To continue the calculation, we express £ in terms of the
basis (1%, p*, ¥*, 0%) as £* = £Pp* + V*, where V is some combination of [, ¢ and 0%.
Since [ - p = - p = 0 everywhere, and 94 - p = O[x3], when evaluated on the horizon, only
the £” component survives in the gradient. Hence we find, using (4.4.2),

V(€ 0) S EValp- p) =~V (I-1) = 268", (4.4.17)
This leads to the simple expression,
we = 2KE° (on HY), (4.4.18)

so we see that the noncovariance comes entirely from the dilatation component of £%, i.e. the
component parallel to p®. Note that although w, does not depend on how [, is extended off
of NV, it does depend on the extension of £% in the vicinity of N/. To demonstrate this point,
we note that because [ and p® coincide on N, one cannot separate £% into its [* and p”
components using its value on N alone. Only after looking at its behavior as you move away
from N can its [* and p® components be distinguished, and then only the p® component
contributes to the noncovariance.
The analysis on the past horizon H~ is similar and leads to

we = 2KE° (on H™). (4.4.19)

Virasoro vector fields

Having introduced the near-horizon expansion of the metric, we now turn to the choice of
vector fields generating the near-horizon symmetries. Motivated by the hidden conformal
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symmetry of scattering amplitudes in Kerr [168], HHPS proposed a set of vector fields for
Kerr black holes whose algebra consisted of two commuting copies of the Witt algebra. This
algebra was identified by foliating the near-horizon region by approximately AdSs slices,
and writing down the corresponding asymptotic symmetry generators. The construction of
these symmetry generators was extended to Schwarzschild black holes in [219], which also
proposed a two-parameter generalization in the choice of vector fields, with the two param-
eters coinciding with notions of left and right temperatures. The construction was further
extended to arbitrary axisymmetric Killing horizons in [171], which similarly identified an
algebra Diff(S'),, x Diff(S')s, consisting of two commuting copies of the Witt algebra, and
labeled by two parameters («, @) which coincide with choices of temperatures. In this sec-
tion, we will analyze this latter algebra for general choices of («, @), and show in section 4.4
that the quasilocal charge algebra leads to an expression for the central charges.

One way to describe the symmetry algebra is to present it in terms of a geometric structure
that it preserves. To this end, we define the following “conformal coordinates” depending on
the two parameters (a, @) [171]:

Wt =Ve* (4.4.20a)
W~ = —Ue™ (4.4.20D)
y=e"2?, (4.4.20¢)

The 27 periodicity of ¢ requires that these coordinates be identified according to
(WH W™, y) ~ (2 W+, 2@ W, em(@F@)q) We then form the following tensor

Cop = —%vamﬁ VW = (vav + avva¢) (va n aUVbd)) (4.4.21)

where the second equality demonstrates that C;, is well-defined in light of the periodicity
of the conformal coordinates. The near-horizon symmetries are defined to simply be the
transformations that preserve Cy,. A trivial set of such transformations are simply those
parallel to the transverse directions, V49,. They preserve the bifurcation surface of the
horizon, and hence do not require the Wald-Zoupas prescription, nor do they lead to alge-
bra extensions when represented in terms of quasilocal charges. We therefore focus on the
nontrivial transformations that act in the (¢, r,, ¢) plane.

Using the first expression for Cy, in (4.4.21), it is straightforward to see that the vector
fields that satisfy £:Cy, = 0 are of the form

&

0 — 1—
€ = FulW)0" + SF, (W )ya, (4.4.23)

1
FA(WH25 + S F (W )ya (4.4.22)
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In order to be single-valued, the functions F,,, F,, must satisfy F,(W*e?™) = F,(W*)e? ™,

F,(W~=e?™) = F,(W~)e*™@ and hence they can be expanded in modes,

Fy = aW* (W& (4.4.24)

F,=—-aWw- (W7) =. (4.4.25)

We can then compute the Lie brackets of these vector fields, and find that their algebra is
given by two commuting copies of the Witt algebra,

[Sma gn] = i(n —m)&min (4.4.26)
[Ems &l = i(n — M), (4.4.27)
(s €a] =0 (4.4.28)

Although preservation of the tensor Cy, uniquely specifies the near-horizon symmetry
generators, there is still a question as to why this is a useful criterion to impose. While we
do not have a completely satisfactory answer, we can point out some interesting features of
C,p that may inform future investigations into its significance. First we note that the vector
fields also preserve the following contravariant tensor,

D® = 291 0" = Lol = 1+ p")(I* = p"), (4.4.29)

QK222

for any choice of («,@). From this, one can also construct the projectors

(Py)l, = CoeD¥ = VWO = <VHVV + %Vagb) KV Y, (4.4.30)
(P), = CoD* =V W0 = (VK“UU + %vagb) kU (4.4.31)

which are also preserved. On H*, the upper index of (P.)% is parallel to the horizon
generator, and so by pulling back the lower index to H ™, one arrives at a vertical projector
for vectors on H™ onto [*. Such a projector is an example of an Ehresmann connection for
the horizon, viewed as a fiber bundle with fibers consisting of the null flow lines of [¢. It is,
in fact, a flat connection, with horizontal directions given by the surfaces of constant ™.
However, this connection produces a nontrivial holonomy upon completing a 27 rotation in
¢, which results in V' — Ve 2™ (see [171] for a depiction of this spiraling behavior of the
conformal coordinates). (P-)% similarly defines a flat Ehresmann connection on the past
horizon, with 27 holonomy U — Ue™2"?,

The relevance of such Ehresmann connections in the study of Carroll geometries on null
surfaces [220] was recently emphasized in [221], so investigating the relationship between
Carroll geometries and the near-horizon Virasoro symmetries may lead to a deeper under-
standing as to their fundamental origin. Note, however, it is important that the generators
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are defined to preserve Cy;, in a neighborhood of the bifurcation surface; it is not enough to
simply find vector fields that preserve P, and P_ on each of the respective horizons. This is
because the behavior of ! off of the horizon determines the noncovariances, which in turn
determine extensions of the quasilocal charge algebra. Since Cy, contains the information
about both projectors, the geometric interpretation of the symmetry generators seems to
involve not only the Ehresmann connections on each individual horizon, but also how they
relate to each other in forming a bifurcate horizon.

As discussed in section 4.4, the noncovariances depend on the p* component of the
symmetry generators. This can be computed by transforming the vector fields (4.4.22) and
(4.4.23) back to the (¢,7.,¢) coordinate system, in which they are expressed in terms of %
p®, and ¥°. Using (4.4.5), (4.4.8), and (4.4.20), this leads to

a_(W*)% aa w . fa—a, " in IR
G aga | et i (et ) =g (W) (44.32)
—a (W‘)f%n ot _ C[(a—a«a n _\_in

_ a_ e o ga )| )T e 4.4,
En a+a /il Yt +in 2K Pty 2/<;( ) P (4.4.33)

Note that the prefactor (W*)?n = Vaen? in €% has an oscillating singularity as the past
horizon at V' — 0 is approached. This means that the £ vector fields have no well-defined
limit to the past horizon, and so their quasilocal charges will be constructed on the future

horizon. Similarly, the prefactor (W~)" = = (=U)~%e~"¢ in £, has no limit to the future
horizon U — 0, and so the corresponding quasilocal charges will be evaluated on ‘H~. With
this in mind, we can read off the expression for the noncovariances associated with these
vector fields using (4.4.18) and (4.4.19), which gives

we, = —in (W55 (on H) (4.4.34)
we = —in(W7)"%  (onH"). (4.4.35)

We now demonstrate that these vector fields do not preserve the boundary conditions
0k =0, 61* = 0, or n,6l* = 0 that have been employed in previous works [119, 156, 28, 211].
On HT,

I 0k = —n(n — ia) = (W) (4.4.36)
R a n(” B ZO[) + % _ja E a
I 6" = 2 (W) [ I+ Sy ] , (4.4.37)

which clearly violates all three conditions pointwise. These conditions are also violated
pointwise by the fz generators on H ™,

Ko\ —in
Ignék = —n(n+ za)g (W) (4.4.38)
a __ TL(TL + Za) — _% a E a
I, 6" = S () e+ 2y (4.4.39)
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This therefore necessitates the use of the weaker boundary conditions described in section
4.3.

Central charges

With all this in place, we can proceed to the calculation of the central extension of the
quasilocal charge algebra. We denote the quasilocal charges for 2 by L,,, and the charges
for EZ by L,. Their values are given by the general expression (4.2.20), evaluated on H* for
the L,, generators and on H~ for the L, generators. Note that because the background is
rotationally symmetric, all of the charges L., L, except for Lo, Ly vanish, since the generators
(4.4.32), (4.4.33) come with angular dependence e™?, which integrates to zero on 9%. Of
course, their variations, which enter the calculation of the brackets, need not vanish. Since
the vector fields £¢ and &, are linear combinations of the horizon-generating and rotational
Killing vectors, 1 and 1%, the Ly, Lo charges will be linear combinations of the Noether
charges for the Killing vectors, namely, the horizon area A and angular momentum Jg. The
zero mode generators evaluate to

Lo = 4.4.4

0 oz—i—@JH ( 0)

— a

Lo=— J 4.4.41
’ at+a " ( )

where the horizon angular momentum Jg is given by the Noether charge for the rotational
Killing vector 9,

_ _ b A A
Ty = /82 Qu =15 | 6" ValEIN,(6%). (4.4.42)

The area contribution has dropped from these expressions because the quasilocal charge H,
for [*, which normally is proportional to the area, vanishes upon including the Dirichlet
boundary term ;¢ from (4.2.20). This is somewhat unintuitive because [* vanishes as the
bifurcation surface is approached; however, the contraction with ¢ has a nonzero value in the
limit. The vanishing of this boost Noether charge was similarly observed in the analysis of
a phase space bounded by a timelike hypersurface with Dirichlet boundary conditions [174,
198|.

The discussion of section 4.2 showed that the Barnich-Troessaert bracket of the charges
must reproduce the algebra of the vector fields, up to abelian extensions. Hence, for the &?
vector fields, the bracket of the charges can be written

(Lons L} = —i [(n — ) Ly + Km,n} , (4.4.43)

where K, ,, is determined by the explicit formula (4.2.32),

Km,nz—i/ ie A £ —ie A 0. 4.4.44
82(5 et~ §m> (4.4.44)
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To evaluate this, we first note that the expression (4.3.36) for the noncovariance of kn
and the expression (4.4.34) for we, gives

2 )

N n Nk n

A (= ——1"Vwg, = ———— (W), 4.4.45
&n 8rG “ 781G a ( ) ( )

For the quantity 7,7, note that the 1 component will not contribute to this expression

when evaluated on a surface of constant V. Recalling that p* = [ on H*, we have

o (W*)% aa . a) . (W*)% a,_ .
lenl = o\ T T )= e (@ —1im) p. (4.4.46)
Then we find that ( )
. ) +ix) p
A; €) = gt P 4.4.47
Z£m< Em et a) G ( )

and subtracting the term with m < —m and integrating over the surface gives a result
proportional to the horizon area A,
A 3

. (4.4.48)

Km —m = A —
’ ArG(a+ @

Any other extension term K, , with m # —n vanishes, again due to rotational invariance
and the overall e=™~"¢ dependence of the integrand. We verify in appendix A.14 that the
variations of the quantities K,,, with m # —n are consistent with having identically zero
quasilocal charges associated with them, which means that the only nontrivial extension
terms are K,, _,,. Hence, the extension is in fact central, and the algebra obtained is the
Virasoro algebra,

{Lons L} = —i [(n — ) Loy + 1—02m35m,,n] (4.4.49)
with central charge
_ 34 (4.4.50)
‘T rGlata) o

The analysis for the EZ generators is similar. The calculations need to be done on the
past horizon due to the singularity in EZ on the future horizon. As explained in section 4.4,
this flips the sign of the boundary term ¢ in the decomposition of the symplectic form. This
then gives

2 )

n n n°k _\—in
Al =——]° 7 = ———— o 4.4.51
€ 87G vv“% 817G @ ) (4.4.51)

S w)yRa,

g = T Ii(oz—l—m),u (4.4.52)
A 0) = im0 1 1.4.53
me< s,m> " o a) &G (4.4.83)
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From this last expression, we can compute the extension

Jre—— —i/ iz A 0—id; A=/ 4.4.54
A 3
R oo 5 4.4.
nGlata)” (4.4.55)

As before, the L,, generators are then seen to satisfy a Virasoro algebra with central charge

3A
t=— 4.4.56
‘T iGlata) (4.4.56)
which is the same value as ¢ given in (4.4.50). Note that ¢, ¢ given in (4.4.50), (4.4.56) are
twice the values computed in [171, 149]. This factor of 2 will have an effect on the entropy
computed in section 4.5.

Frame dependence

Although the null normal is fixed to coincide with the Killing horizon generator in the
definition of the near-horizon phase space, we would like to understand how the central
charges depend on the choice of background scaling frame. This is relevant because the
choice of frame was related to the choice of stretched horizon in section 4.3, and since this
frame has parallels to a choice of Weyl frame in a CFT, we would like the central charge to
be insensitve to this choice. Under the rescaling transformation (4.3.1), the parameter w;
characterizing the noncovariance of [, transforms according to

Wg — We + £§f (4457)
Using (4.3.36), this then leads to a change in the anomaly of the boundary term by

Aﬁ—)Af——££’ 4.4.58
s-otitel ( )
For the £ generators on H*, this results in an extra contribution to K, _,, given by the
integral over the bifurcation surface of the following quantity:

m
The term involving a total ¢ derivative integrates to zero, and hence does not affect the
central charge. The term that can affect the result is the one proportional to Vaf in the
limit V' — 0. If f is a regular function of V at V = 0, this term drops out and the central
charge is unaffected. To get a nonzero contribution from it, we would need f ~ AlogV,
corresponding to a rescaling of [¢ by V*. This then affects the rate at which [ vanishes
(or blows up) as the bifurcation surface is approached. For example, given the form of I* in



CHAPTER 4. ANOMALIES IN GRAVITATIONAL CHARGE ALGEBRAS OF NULL

BOUNDARIES AND BLACK HOLE ENTROPY 115
(4.4.10), we see that A = —1 rescales [* to an affine parameterization, since V is an affine
parameter.

In order to arrive at an unambiguous value of the central charge, we must disallow
transformations that affect the rate at which (* vanishes as V' — 0. This means choosing a
normalization so that it vanishes linearly with respect to an affine parameter as bifurcation
surface is approached, just as the horizon-generating Killing vector does. Note that this still
allows for rescalings of the generator in a ¢ or #4-dependent manner, or, relatedly, making a
different choice of the affine parameter with respect to which [* vanishes linearly. However,
it rules out using an affinely parameterized generator when analyzing bifurcate null horizons.
Using the Killing parameterization of the null generator is natural for Killing horizons, but
it may be that other choices are preferred for different setups. Note that in [149, 171], it
seems that a nonstandard choice of this normalization was used, which happened to set any
contribution to the central charge from the flux to zero except the Hajicekterm. It would be
interesting to explore these other normalizations in more detail in the future.

4.5 Entropy from the Cardy formula

The relevance of equations (4.4.50) and (4.4.56) for the central charges is that they contain
information about the entropy of the horizon. To see how this comes about, we need to asso-
ciate a quantum system with the near-horizon degrees of freedom. It is well known that in a
theory with gauge symmetry such as general relativity, the introduction of a spatial bound-
ary breaks some of the gauge invariance, thereby producing additional degrees of freedom on
the boundary that would otherwise not have been present [162, 161, 146]. The edge modes
that arise in this fashion are acted on by the quasilocal charges identified in the previous
sections, and thus represent a classical system with Virasoro symmetry. The quantization of
this system should respect the symmetry, and since two dimensional conformal field theories
share this symmetry algebra, we are led to the postulate that the quantum system should
be a 2D CF'T. In such a theory, the asymptotic density of states depends in a universal way
on the central charge according to the Cardy formula [167]. We will find that applying this
formula in the context of a Killing horizon shows that the entropy of the CFT is directly
related to the entropy of the horizon.

Canonical Cardy formula

The Cardy formula comes in two flavors: microcanonical and canonical. The canonical
formula applies to a CFT in a thermal state at high temperatures, and states that the

entropy is given by
2

SCardy = %(CT +27), (4.5.1)

where T and T are known as the left and right temperatures; they are the thermodynamic
potentials conjugate to the Ly and Ly charges.
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To apply this formula in the context of a Killing horizon, we need to identify the tem-
peratures. This can be done in a manner similar to the determination of the Hawking
temperature in terms of the horizon surface gravity. We would expect the density matrix
for quantum fields just outside of the horizon to be in the Frolov-Thorne vacuum [169, 222,
170], which is thermal with respect to the horizon-generating Killing vector [*. This means
the density matrix should be of the form

2T

pre w (4.5.2)

where w; = —k,l* is the frequency of a mode with wavevector k,, relative to [*, and the
coefficient 2?” is the inverse Hawking temperature. Since [* can be expressed in terms of the
left and right Virasoro vector fields via %l“ = i{g + %Eg, the density matrix can equivalently
be written . .

proe a0 (4.5.3)
where now wy = —k&§, Wy = kagg are the frequencies with respect to the Virasoro zero
mode generators. This then leads us to identify the left and right temperatures

o — [}

T=— T=—. 4.5.4

21’ 27 ( )

With these temperatures in hand, the Cardy formula (4.5.1) applied using the computed
values (4.4.50), (4.4.56) for ¢, yields

A
Scardy = 2 (E) . (4.5.5)

Somewhat unexpectedly, we arrive at twice the entropy of the horizon. To interpret this
result, recall that the central charges were computed using the Barnich-Troessaert bracket
of quasilocal charges. This bracket was employed because the quasilocal charges are not
integrable, since they are associated with evolution up the horizon, during which symplectic
flux leaks out. In order to justify such a calculation, one should introduce an auxiliary system
that collects the lost symplectic flux, allowing integrable generators and Poisson brackets to
be defined on the total system. Since we postulated that the edge modes on one side of
the horizon are described by a 2D CFT, it is equally natural to assume that the auxiliary
system is another copy of the same CF'T, associated with edge modes on the other side of
the horizon. This is the picture that would appear when cutting a global Cauchy surface for
the full spacetime across the bifurcation surface, in which case the left wedge and its edge
modes are the only additional degrees of freedom in the space, and hence must comprise the
auxiliary system that collects the fluxes from the right wedge. If we assume that the Barnich-
Troessaert bracket computes the central charge of the total system, we would arrive at twice
the value of the central charge for one of the CFTs. This would explain the appearance of
the factor of 2 in (4.5.5), since it is counting the entropy associated with edge modes on
both sides of the horizon. If we then traced out the auxiliary system, we would expect the
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entropy to be exactly half the value computed above, and hence would arrive at the correct
horizon entropy,

A
4G
This conjectural resolution will be expanded upon in section 4.6. In order to support this

interpretation by way of contrast, we turn now to a case where the quasilocal charges are in
fact integrable, so that no fluxes or auxiliary systems are needed.

S (4.5.6)

Integrable charges

The other possibility that would produce the correct entropy is if the boundary term /¢
were half the value given in equation (4.3.27). This would correspond to different boundary
conditions than Dirichlet, since the flux would now contain an additional contribution pro-
portional to 0k. Although this appears unnatural from the perspective of gluing subregions
discussed in section 4.2, if we were only interested in integrable charges so that the subregion
could be treated as a closed system, any boundary condition that results in integrability is
valid. In this section, we will show that such modified boundary conditions are necessary if
demanding that the HHPS charges be integrable.

A useful property of the Barnich-Troessaert bracket is that if boundary conditions are
imposed to make the charges integrable, it reduces to the Dirac bracket of these charges on
the submanifold of phase space defined by imposing the boundary conditions as constraints.
The integrable charges therefore need not be considered quasilocal, but rather are legitimate
Hamiltonians generating the symmetry on the constrained phase space. Note, however, that
the vector fields generating the symmetry must preserve the boundary condition imposed,
i.e. they must be tangent to the constraint submanifold, since otherwise they do not produce
well-defined transformations of the constrained fields.

Finding a boundary condition that ensures vanishing symplectic flux but is also preserved
by the vector fields (4.4.32) and (4.4.33) is somewhat nontrivial, since the vector fields tend
to violate any local condition fixing the intrinsic or extrinsic quantities on the horizon, see
equations (4.4.36), (4.4.37), (4.4.38), and (4.4.39). However, as discussed in [171], one can
consider more general conditions that are preserved by the symmetry generators, involving
integrals of variations of quantities over portions of the horizon. Assuming such a condition
is found, the fact that the fluxes then vanish consequently implies that the bracket {L,,, L_,}
can be computed simply from contracting the vector fields én, é_n into the symplectic form
Q.17 This computation was already performed in [171], and the resulting central charges are

o= —2+46)2 ( ;’é + JH> (4.5.7)
=1 i4a)2 (80:(1; - JH) . (4.5.8)

17 As discussed in section 4.2, the central charge is independent of the choice of corner term B.
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On the other hand, the general formula (4.2.32) for the extension in terms of Agl still
remains valid, albeit with a possibly different choice of boundary term than ¢ = %n. The
simplest generalization is to take

—ak
(= ——n, 4.5.9
el (4.5.9)
with a some constant. In order to ensure that the values of Ly and L, are the same when
computed on either the future or past horizon, we must then choose the boundary term on
the past horizon to be %77. Doing this produces the central charges

B 3aA

Equating the above two expressions for ¢ and ¢ yields the conditions

167G Jy 1
a—a=—-— a=—. 4.5.11
A ) 2 ( )
The first condition restricts the parameters o, @ defining the symmetry generators, and was
identified in [171] as a necessary condition for integrability of the charges. The second

condition @ = L shows that the boundary term ¢ is half of the value used when imposing

2
a Dirichlet flux condition. It implies that the central charges are now half of the value

computed in section 4.4,
3A

== —. 4.5.12
‘T T %Glata) (4:5.12)
and consequently the entropy coming from the canonical Cardy formula (4.5.1) now agrees

with the horizon entropy,
A

Scady = 37 (4.5.13)

Microcanonical Cardy formula

The canonical Cardy formula requires the left and right temperatures as inputs, which were
identified for the horizon using properties of the Frolov-Thorne vacuum for quantum fields
outside of the horizon. A more microscopic derivation of the entropy would utilize the
microcanonical Cardy formula, which expresses the entropy in terms of the density of states
at fixed, large values of Ly, Lo. The microcanonical expression for the entropy is

L L
Sucardy = 27 | 4/ 06—0 +1/ 0—60 : (4.5.14)

To apply this formula, we need the values of the charges Ly and Ly. Note that we should
expect the microcanoncial formula to work only in the case that the charges are integrable,
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since only then do Ly, Ly represent global charges for a closed system. This is consistent
with standard thermodynamics, in which the microcanonical ensemble counts the number of
states within a fixed energy band of a closed system, while the canonical ensemble is used
for an open system interacting with a bath at fixed temperature.

According to the discussion in section 4.5, integrability of the charges requires that the
boundary term ¢ be on future horizon

kn
= 162G’ (4.5.15)
and the past horizon expression is just ¢ = %, which are half the values they take under

Dirichlet flux matching. This boundary term enters explicitly into the expression for the
charges via equation (4.2.20), and making the choice (4.5.15) is important for finding the
right entropy from the microcanonical Cardy formula.

Including the contribution from the boundary term (4.5.15), we now find that the zero
mode charges are

Q aA a? A
Lo=373 (167TG * JH) " (a+a) 167G (4:5.16)
— o aA [ A
7 _ _ _ 2 45.1
T a+a (167TG ‘]H) (a+a) 167G’ (4:5.17)

where the latter equalities in these equations employ the integrability condition (4.5.11)
determining « — @. Using these values in the microcanonical Cardy formula (4.5.14) with

the central charges (4.5.12) gives

A
SuCardy = E’ (4518)

in agreement with the canonical result (4.5.13) and coinciding with the horizon entropy.

4.6 Discussion

In this work, we revisited the Wald-Zoupas construction of quasilocal charges and fluxes
for subregions with null boundaries, with the goal of systematically deriving the central
charges that have appeared in several recent works on symmetries near Killing horizons
[149, 172, 150, 219, 171, 173|. This required generalizing the treatment in [119] of the Wald-
Zoupas procedure for null boundaries by allowing for the most general boundary conditions
consistent with the presence of a null hypersurface. In the process, we arrived at a general
formula (4.2.32) for the algebra extension that appears in the quasilocal charge algebra,
which would be applicable in other investigations of near horizon symmetries. We showed
that the central charge arises from fixing [, as the background structure, which we related
to a choice of stretched horizon. In this context, the central charge arises as an anomaly, in
a manner quite analogous to the holographic Weyl anomaly appearing in AdS/CFT due to
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noncovariance of the gravitational action under changes in the radial cutoff. Applying the
Cardy formula to the central charges of a bifurcate, axisymmetric Killing horizon obtained
using the Dirichlet flux condition yielded twice the entropy of the horizon, and we argued
that the factor of 2 could be indicative of a complementary set of edge modes on the other
side of the horizon. We now expand upon the possible significance of these results, and end
with some future directions.

Algebra extension as a scaling anomaly

The formula (4.2.32) for the algebra extension K¢ shows that extensions only arise when
the boundary term ¢ is not covariant with respect to the transformations generated by £¢,
(*. In several other treatments of symmetries at null boundaries, the boundary term was
chosen to be covariant, and equation (4.2.32) therefore explains the vanishing of the central
extensions in those cases [119, 156, 158|. The fact that the extension is always of the form
of a trivial field-dependent cocycle [98] given by equation (4.2.36), means that the boundary
term can always be chosen to be covariant so as to eliminate the extension K¢ .. However,
such a choice is in conflict with the Dirichlet form of the flux, and hence describes a physically
different setup. Put another way, there is nontrivial physics in the choice of boundary term,
and we should not view different choices of this term as a type of gauge freedom.

By imposing the Dirichlet flux condition, we were inevitably led to fluxes and boundary
terms that were not covariant under the boundary symmetries. This noncovariance seems
to be a feature, rather than a bug, as it gives rise to the central charge which ultimately
accounts for the horizon entropy. The source of noncovariance came from fixing a choice
of the null normal [,. This can be viewed as a choice of frame, since there is generally no
preferred normalization of [, when the surface is null. The choice of [, bears resemblance
to the choice of radial cutoff when describing asymptotic symmetries, or, equivalently, the
choice of conformal factor when dealing with the conformal compactification. In holographic
renormalization, the appearance of conformal anomalies in the dual CFT is known to be
related to anomalous transformations of boundary terms in the gravitational action with
respect to the radial cutoff [179, 180, 181, 182, 223|. Changing the radial cutoff then affects
the induced metric in the limit that the conformal boundary is approached, and hence
coincides with a choice of Weyl frame in the CFT.

To strengthen the analogy between this notion of conformal frame and the scaling frame
of [,, we showed in section 4.3 that a preferred normalization of [, is determined if one
specifies a sequence of stretched horizons that asymptote to the null surface. As has been
remarked before, there are multiple ways to stretch the horizon [224], and here we see
that this ambiguity has a precise analog in terms of the scaling frame of [,. Furthermore,
the ambiguity in stretching the horizon, or equivalently, choosing the scaling frame of [,
is actually responsible for the appearance of the central charges in the horizon symmetry
algebra. The radial vector p* introduced in equation (4.4.1) generates transformations that
change the stretched horizon foliation pointwise, acting like a dilatation about the bifurcation
surface. Intriguingly, we showed in section 4.4 that the p® component of the symmetry
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generators is solely responsible for producing anomalous transformations of objects on the
horizon. This suggests that p® should be thought of as generating changes in the scaling
frame of the horizon CF'T, just as the radial vector in AdS generates Weyl transformations
for the holographic CFT. The central charge in the horizon quasilocal charge algebra appears
as a classical diffeomorphism anomaly coming from AEE, and experience with holographic
anomalies tells us that it should be interpreted as a quantum anomaly in a dual quantum
description [179, 180, 181, 182|. The Virasoro central charge indeed has this interpretation
in 2D CFTs, where it appears as an anomaly in the CFT stress tensor [225].

The interpretation of the central charge as an anomaly may help explain why computa-
tions involving the Cardy formula do such a good job of capturing the black hole entropy. It is
somewhat surprising that a set of Virasoro symmetry generators appear for Killing horizons
of arbitrary dimension, when standard holographic reasoning would suggest that a higher
dimensional CFT should appear for higher dimensional black holes. It is also surprising
that seemingly disparate symmetry algebras, including BMS; [144, 148, 217|, Virasoro-Kag¢-
Moody [150], Heisenberg [147], or just a single copy of Virasoro [143, 166], all seem to
reproduce the black hole entropy when a Cardy-like formula is available, even though each
of these symmetries would coincide with physically different quantum theories. Some in-
sight into this situation comes from recalling that the Cardy formula is derived using the
anomalous tranformation of the stress tensor when performing a change in conformal frame
from the plane to the cylinder [8, 167]. The conformal anomaly determines the vacuum
expectation value of the stress tensor, which is attributed to a Casimir energy associated
with putting the theory on a cylinder. Modular invariance then relates this vacuum energy
to the high temperature density of states, from which one arrives at the Cardy formula for
a CF'T. The central charge appears in this formula in its capacity as an anomaly coefficient,
and it may be that this conformal anomaly controls the density of states in more general
contexts when an exact 2D CFT description is not valid.'® In such a scenario, the extension
in the quasilocal algebra would continue to characterize the rescaling anomaly, and one might
hope that a suitable generalization of the Cardy formula would still reproduce the black hole
entropy. Note, however, that modular invariance is a crucial input in the derivation of the
Cardy formula, and hence it should play an important role in arriving at the correct entropy.

Barnich-Troessaert bracket and Dirichlet matching

The Barnich-Troessaert bracket given in (4.2.28) played an important role in defining the
algebra satisfied by the quasilocal charges. As of yet, however, there is no derivation of this
bracket from first principles. The main technical problem is in coming up with an object
which replaces the Poisson bracket when dealing with an open subsystem, which can lose
symplectic flux through a boundary. There has been some work addressing this problem
for general phase spaces with boundaries [227, 228, 229, 230], but it remains to be seen
exactly the connection between these works and the present context of quasilocal charges in

18For example, a version of the Cardy formula for higher-dimensional CFTs was derived in [226].
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gravity. The heuristic derivation of the bracket in section 4.2 describes how it might arise
by including an auxiliary system which collects the lost symplectic flux, but it would clearly
be interesting to carry out such a construction in full detail.

A step toward deriving the Barnich-Troessaert bracket was taken by Troessaert in [207],
who interpreted the quasilocal symmetry transformations in terms of a family of phase
spaces parameterized by a set of boundary sources. These boundary sources are simply
the values taken by the fields appearing in the flux. For the Dirichlet form of the flux
the, intrinsic metric ¢;; and null generator [* constitute the sources. This interpretation
is inspired by holography, where the holographic dictionary relates boundary values of the
fields to sources in the dual CFT, and their conjugate momenta to expectation values of the
sourced operators [231, 232|. In this case, the momenta 7/ and 7; from equations (4.3.29) and
(4.3.30) should have the interpretation of the holographic stress tensor for the null boundary,
similar to the Brown-York stress tensor on the timelike boundary in standard examples of
AdS/CFT [180]. Dirichlet conditions also play an important role in holography, since other
boundary conditions can lead to conformal field theories with fluctuating sources or metrics,
whose interpretation as a well-defined theory is less clear [215]. Troessaert describes the
quasilocal symmetries as “external symplectic symmetries,” which are transformations that
act on the boundary sources as well as the dynamical fields, and demonstrates that the
Barnich-Troessaert bracket arises in a natural way on this enlarged phase space. External
symplectic symmetries have also appeared in the context of asymptotically flat spaces, where
superrotations have been shown to be of this character [233].

The interpretation of the Barnich-Troessaert bracket in terms of an enlarged phase space
decomposed into smaller phase spaces of fixed Dirichlet field values is similar to the descrip-
tion of fixed area states in holography [234, 235|. Specifically, in the latter construction, a
bulk Cauchy slice is split across the Ryu-Takayanagi (RT) surface [4, 236, and a general state
in the gravitational Hilbert space is decomposed into superselection sectors corresponding to
area eigenstates of the RT surface, each of which classically corresponds to a fixed Dirichlet
boundary condition (albeit for a codimension-two boundary as opposed to a codimension-
one boundary). This description in terms of fixed area states was important for reproducing
the correct Renyi spectrum of holographic states. The analogue of the external symplectic
transformations are operators that belong to neither the algebra of the entanglement wedge
nor its complement. In other words, such transformations would not preserve the center.
Fixed area states appeared earlier in a slightly different context in [176], where it was argued
that the Bekenstein-Hawking entropy arises from summing over all fixed area configurations
of a black hole in Euclidean gravity. Therefore, it might not be all that coincidental that
we needed to fix the Dirichlet form in the symplectic potential in order to reproduce the
Bekenstein-Hawking entropy from the Cardy formula; investigating the connection between
the present work and these other works would be an interesting next step.

Ultimately, the Barnich-Troessaert bracket should arise from a Poisson bracket on a larger
phase space, consisting of a subregion and its complement. When gluing together the two
subregion phase spaces to construct the global phase space, each choice for the form of the
flux & corresponds to a specific matching of the boundary variables. As discussed in section
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4.2, the Dirichlet flux is used to kinematically match the metric on the dividing surface,
while the discontinuity in momenta 7% and 7; are dynamically set equal to the boundary
stress energy by the combined variational principle for the subregion and its complement,
yielding a version of the junction conditions for general relativity [204, 205, 237|. Matching
the intrinsic data is preferred over matching the momenta, since jumps in intrinsic data
lead to distributionally ill-defined curvatures, which we expect to be excluded from the
gravitational path integral. In a complete derivation of the Barnich-Troessaert bracket, we
therefore expect the Dirichlet flux condition to play an important role.

Edge modes and the factor of 2

A surprising result of this work is the appearance of the additional factor of 2 in the central
charges (4.4.50), (4.4.56) and entropy (4.5.5) when using the Dirichlet flux condition to
define the quasilocal charges. This hints at the existence of a pair of CFTs describing the
degrees of freedom near the horizon. The gluing picture described in section 4.6 supports this
interpretation, since in such a description, one would naturally construct a pair of quasilocal
charge algebras before combining them into a global phase space. Once this procedure is
carried out, it may be that the Barnich-Troessaert bracket computes the algebra associated
with the global Virasoro charges of the two CFTs combined, which would lead to a central
charge that is twice the value associated with the single CFT on one side. The canonical
Cardy formula then returns the total entropy assuming the CFT is in a global thermal state,
but if we are interested in the entropy associated only with degrees of freedom outside of
the horizon, we would first have to trace out the additional interior degrees of freedom. This
would have the effect of halving the value of the entropy obtained, which leads to the correct
entropy formula, S = %.

A contrasting setup was analyzed in sections 4.5 and 4.5, in which the quasilocal charges
were specialized to integrable ones. This required a different boundary term that resulted in
central charges and an entropy that were both half the values obtained using the Dirichlet
flux, and hence correctly gave the horizon entropy. Integrability of the charges allows the
subregion to be viewed as a closed system, in which case the central charge we compute
would have to be associated with only a single CFT. A further consistency check in this
case was agreement with the microcanonical Cardy formula, which holds since the system
is isolated. The interpretation of the Dirichlet matching condition then seems to be that
it necessarily entails a description in terms of an open system, and the Barnich-Troessaert
bracket computes the total central charge associated with both sets of quasilocal charges.
On the other hand, the boundary term necessary for integrable charges seems to be associ-
ated with one-sided generators, which, at least for the special choice of parameters given in
equation (4.5.11), do not require a gluing construction. Of course, it may be that there is
some other justification for using the alternative boundary term over the Dirichlet one in a
gluing construction, and it would be interesting to explore this possibility further.

This picture in terms of a pair of CF'Ts arises naturally when interpreting the horizon
entropy as an entanglement entropy. In a theory with gauge symmetry such as general
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(a)

Figure 4.3: Subregions before gluing

entangle

(a)
Figure 4.4: Connected geometry after gluing

Figure 4.5: Depiction of the gluing procedure. In (4.3) we show two disconnected subregions,
bounded by timelike stretched horizons in orange. The boundaries of the respective Cauchy surfaces X,
and X are given by the red dots. In (4.4), we imagine gluing the subregions by entangling the edge
modes on 931, with those on 0¥ . This entanglement should build up the geometry of the intervening
space. For the nonextremal horizons considered in this paper, the stretched horizons can approach the
bifurcate null horizon, and the gluing occurs accross the bifurcation surface, with the entanglement
building up the geometry of the interior.

relativity, the quantum mechanical Hilbert space does not factorize into a tensor product
associated with a subregion and its complement. However, one can form an extended Hilbert
space [238| that does factorize by introducing additional edge mode degrees of freedom on
the boundary which are acted on by a quasilocal charge algebra closely related to the ones
considering in the present work [163, 146|. The physical Hilbert space is then identified with
a particular subspace of the extended Hilbert space, which is constructed in a way analogous
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to the gluing construction described above. This gluing procedure produces entanglement
between the edge modes, which ultimately contributes to the entropy of the state [238], and
in some cases can be the dominant contribution.

In the context of this work, since the quasilocal symmetries contain a Virasoro algebra,
we expect each set of edge modes to be described in terms of a CFT. In order to apply
the Cardy formula, this CF'T must be modular-invariant, which is an additional assumption
beyond requiring that the edge mode theory furnish a representation of the Virasoro algebra.
In fact, if one worked with an irreducible representation of Virasoro, the density of states
would grow like a CF'T with central charge ¢ = 1, which is clearly insufficient to reproduce the
horizon entropy.'® A possible way to view the effect of modular invariance on the edge mode
description is to think of it as an additional symmetry that acts on the edge modes, which
then implies additional degeneracy of the states when the edge mode theory is quantized.
This additional dengeneracy coming from modular invariance appears to be important for
arriving at the correct value of the Bekenstein-Hawking entropy.

The gluing procedure for the edge modes should entangle the pair of CFTs at the bound-
aries into something like a thermofield double state. This creates a picture that is quite
familiar from holography, where entanglement between a pair of CFTs builds up a connected
black hole geometry in the bulk [239, 5, 240] (see figure 4.5). The difference when working
on the horizon is that when gluing at the bifurcation surface, the two sets of edge modes are
coincident, as opposed to being spatially separated by the AdS interior. Nevertheless, one
might attribute the smooth region to the future of the bifurcation surface as arising from the
edge mode entanglement, similar to how smooth bulk geometries arise from entanglement in
holography. If one instead worked on the stretched horizons, there would be a small spatial
region between the gluing surfaces which could be thought of as built up from edge mode
entanglement.

In a limit where the horizon approaches extremality with k — 0, the stretched horizon
picture begins to look like standard derivations of holographic dualities [241, 242]. The
additional ingredient in AdS/CFT is the appearance of a long AdS throat, separating the
stretched horizon from what would have been a bifurcation surface, were it not infinitely far
away. Associated with this throat is the existence of a decoupling limit between modes deep
within the throat and excitations in the distant asymptotically flat region, which allows the
CFT dual to the AdS throat to be treated as a closed system. This decoupling limit is not
available for the nondegenerate horizons considered in this paper, and the CFT associated
with the quasilocal charges must be thought of as interacting with degrees of freedom in the
exterior. The need to employ the Wald-Zoupas procedure due to the presence of fluxes can
be viewed as an indication of this lack of decoupling.?® Although nonstandard in traditional
treatments of AdS/CFT, recent works on black hole evaporation in holography have employed

19We thank Alex Maloney for discussions on this point.

2ONote also that since we are considering a CFT coupled to an auxiliary system, it is not immediately
clear that the standard Cardy formula still applies. It may turn out that this formula is corrected due to the
interactions, and this could yield an alternative resolution of the factor of 2 issue. We thank Tom Hartman
for this suggestion .
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a similar setup, where the standard Dirichlet boundary conditions in AdS are relaxed to allow
fluxes of Hawking radiation to escape into an auxiliary asymptotically flat region [243, 244].
Time translation in such a setup should then be viewed as an external symplectic symmetry of
the AdS subregion, and the definitions of energy and the boundary symmetry algebra would
require the Wald-Zoupas procedure and the Barnich-Troessaert bracket. Understanding the
quasilocal symmetry algebras of horizons may therefore provide additional insights into the
black hole evaporation process and information paradox.

Future work

This work raises a number of questions that motivate further investigation. Foremost
amongst these is the interpretation of the Barnich-Troessaert bracket and its relation to the
gluing of subregions. Deriving the bracket from a gluing construction would make progress
towards confirming the conjectured origin of the factor of 2 appearing in the central charge
with Dirichlet lux matching. Beyond that, the gluing construction would demonstrate a way
to describe a localized subregion in gravity, from which one could ask additional questions
about local gravitational observables. On the quantum side, this gluing procedure gives a
way to embed the global gauge-invariant Hilbert space of the theory into an extended Hilbert
space, and allows notions of entanglement entropy for a subregion to be defined. It should
also have a description in terms of the sewing of path integrals [176, 245, 246], which may
also lead to further justifications of the Dirichlet matching condition.

Although the main application of this work was an analysis of the Virasoro vector fields
for Killing horizons, the general formalism we developed is much more broadly applicable.
In particular, the expression (4.2.32) for the central extension in terms of the anomalous
transformation of the boundary term in the action applies quite generally, and hence can
be utilized for a variety of symmetry algebras and types of hypersurfaces. One interesting
application would be to investigate the various extended symmetry algebras that have been
proposed for asymptotically flat space with these methods [151, 152, 247, 154, 248|. In
particular, there may be some connection between the null boundary stress tensor we found
in this paper and the celestial stress tensor found for 4D asymptotically flat spaces in [249],
although we expect that suitable counterterms to regulate this expression will be needed
[200, 202|. It would also be interesting to explore the relation between these boundary terms
and fluxes and the recent work on effective actions for superrotation modes [250].

More generally, one could look at symmetry algebras associated with arbitrary null sur-
faces [119, 158], and analyze the extensions that appear using the Dirichlet flux condition.
One intriguing aspect of some of these symmetry algebras is that they include factors of
Diff(S?), which is known to have no nontrivial central extensions. However, the Barnich-
Troessaert bracket generically produces abelian extensions, which do exist for Diff(S?). It
would be interesting to see if these extensions have any connection to anomalies in a putative
quantum description, and whether one can find a Cardy-like formula related to the abelian
extensions.
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In [119] a BMS-like algebra was found on arbitrary null surfaces, which can be written
as a semidirect sum diff(S?) x s, where s consists of the generators of the form £* = fi%. As
discussed in section 4.3, [119] employed the boundary condition dk = 0, which constrains
the function f to satisfy £,(£; + k)f = 0, so these generators form a pointwise R x R sub-
algebra corresponding to position-dependent translations and boosts along the null surface,
the former of which correspond to supertranslations. We can readily see from our general
expression (4.2.32) along with the choice of boundary term (4.3.27) on a null surface that
the 0k = 0 boundary condition makes the central charge trivially vanish. As explained in
[119], if we lift the dk = 0 condition, then the only modification to the algebra is that now
f can be any function on the null surface; such vector fields were considered for example
in [158]. In particular, if we consider two generators £* = fI% and £€* = fI*, the extension
K ¢ computed from (4.2.32) will be nonzero for an arbitary null surface. A step towards
understanding the universality of the Bekenstein-Hawking entropy from the Cardy formula
would therefore entail a better understanding of this enlargement of the R x R subalgebra
and the resulting abelian extension.

The Wald-Zoupas construction we described in this work required the symmetry gener-
ators to be tangent to a hypersurface that bounds the subregion of interest. However, dif-
feomorphisms which move the bounding hypersurface should also possess quasilocal charges.
Treating such transformations would require additional analysis of the decomposition of the
symplectic potential at the null surface, and a characterization of the noncovariances that
can arise from such transformations, but in principle a similar set of techniques should allow
quasilocal charges to be defined for these surface deformations. Carrying this out in detail
would be a useful next step.

Another generalization would be to investigate higher curvature theories using the Wald-
Zoupas procedure. We anticipate this being more challenging due to the presence of higher
time derivatives in the action. In particular, we should not expect the Dirichlet flux condition
to be available in general, with the exception of Lovelock theories, for which the null bound-
ary terms corresponding to Dirichlet conditions are known [251|. Determining a suitable
generalization of that condition would be the main obstacle one would need to overcome.
The analysis of [252] on near horizon symmetries of extremal black holes in higher curvature
theories may give some insights into this problem.

Finally, an open question related to the Virasoro symmetry generators considered in
[149] is with regards to their geometrical significance. In the extremal limit, the generators
become symmetries of a warped AdSs throat [169, 170], but away from extremality their
interpretation is less clear. In [168], the parameters o and @ were determined by a hidden
conformal symmetry of the scalar wave equation in the near-horizon region. Determining
how this symmetry relates to preservation of the tensor Cy;, defined in (4.4.21) would lead
to further insights on the relation between the near-horizon Virasoro generators and null
boundary data.
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Chapter 5

Asymptotic Charges Cannot be
Measured in Finite Time

5.1 Communication Without Energy?

Alice would like to send Bob a message. Alice lives on a small, massive planet. Bob occupies
a Dyson sphere of large radius rp and negligible mass, which surrounds Alice in an otherwise
empty, asymptotically flat spacetime (see Fig. 5.1). It would be simplest for Alice to send
Bob a radio signal, or some gravitational waves. Unfortunately, their sleep schedules are out
of sync, so that Bob would not be awake when Alice’s signal arrives. Instead, they come up
with an ingenious protocol, which makes it unnecessary for Bob to intercept any signal from
Alice.

Their protocol is as follows. Long ago, before Bob traveled to the Dyson sphere, Alice
told Bob the mass M of her planet. She promised not to radiate any of it away until the
agreed time when the message is to be sent. That fateful night, she radiates away a certain
portion of the mass of her planet. The radiation passes through Bob’s sphere while he sleeps,
without interacting, and is lost forever.

But when Bob wakes up, he measures the new Bondi mass M of Alice’s planet. This can
be done at arbitrary distance, by measuring the surface integral that defines the Bondi mass
(see Egs. (5.1.1) and (5.1.2) below).

Alice and Bob have agreed on a code, whereby the possible values of M are binned into
discrete intervals, and each interval means a particular message. For example, suppose that
Alice’s planet has initial mass My = 10?* kg, and Bob is able to measure the final Bondi
mass M to a resolution of 1 kg. Then Alice can choose from among 10?* messages. Upon
measuring M, Bob gains an amount log 10?4 of information, or about 80 bits.

Alice and Bob believe that their scheme will work, given a sufficiently long but fixed,
finite retarded time du for Bob to perform measurements after he wakes up, no matter how
big the Dyson sphere is. That is, it should succeed in the limit as rg — co at fixed retarded
time u = ¢ — r and fixed du (see Fig. 5.1).
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Figure 5.1: If distant observer Bob could measure the Bondi mass of Alice's planet, then Bob could
receive information from Alice, without receiving energy. This would contradict recently proven bounds
on distant communication channel capacities. In our example, Alice has radiated away some portion of
her planet, but Bob does not intercept this radiation (yellow arrows). Instead, Bob later tries to
measure how much mass is still left, in some fixed amount of time du, at arbitrarily large radius r5. We
resolve the contradiction by showing that quantum fluctuations ruin Bob's measurement. The Bondi
mass cannot be observed in finite time.

The restriction to fixed v and du at arbitrarily large rp is very important to Bob, because
he likes to finish all his work before his mid-afternoon nap. It is also important to many
theorists, who wish to associate a Bondi mass (and other charges) to a “cut,” or cross-
section, of future null infinity .#*, which lies at infinite » and is parametrized by u. Of
course, no measurement can be performed truly instantaneously, so Bob instead pursues the
more modest goal of measuring the Bondi mass in some finite retarded time interval of length
ou.

The formal definition of the Bondi mass is associated with a constant-u cut of future null
infinity, .#* (see Fig. 5.2). To make contact with this definition, we consider the limit of a
very large Dyson sphere, rg — 00, at fixed retarded time ug in the metric

2
ds® = — (1 - T:B) du® — 2dudr + r2dQ* + . .. (5.1.1)

The ellipsis indicates terms subleading in 1/r that we will not need. Here mp is the Bondi
mass aspect. Its integral over a 2-sphere cut of Z" yields the Bondi mass:

1
M= —/ d*Q) mp (5.1.2)
S2

A7

To claim that an asymptotic observer can measure the Bondi mass in finite time, is to claim
that M can be determined by measurements in a distant region R in Fig. 5.2. Here R is
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bounded on the inside by an arbitrarily large radius rg, and in the past and future by the
lightsheets u = ug & %“.

However, if this protocol succeeded, we would have a paradox. Building on universal
entropy bounds [253, 254, 255, 14, 256, 257|, it was recently shown that communication
from Alice to Bob is constrained by a universal limit on the mutual information that can be
achieved [258|.

In the limit as rg — 00, the amount of information that can be gained by Bob is of order
FEdu, where E is the average energy of the signal that is actually received by his detectors.
More precisely, the entropy in the detection region is bounded by the modular energy K in

the interval du:
K = /d2 / dug(u) T (u,Q) . (5.1.3)
u1 ()

Here € is the angle on the sphere at #+; T = lim 72T, is the energy flux arriving on .#*
per unit angle and unit retarded time; and g( ) is a positive definite function. (For a free
field, g(u) = %) But K vanishes because T vanishes: Bob receives no energy at all.
He missed the radiation Alice sent earlier, and by the time he measures the mass or charge,
there is no radiative flux at all. The entropy is closely related to the Holevo quantity [258],
which bounds the mutual information between Alice and Bob. Hence, Bob cannot learn
anything from Alice in this protocol.

In light of this contradiction, it is natural to go back and ask where the troublesome bound
on communication [258| came from. It was obtained [256, 257| as a limit of the “Quantum
Bousso bound,” which was proven for free field theories in [255] and for interacting theories
in [14]. Ultimately, this entropy bound arose from the conjecture [259, 260] that the entropy
in a region is bounded by the cross-sectional area loss along a lightsheet traversing the region,
measured in Planck units. Here, the lightsheet is a family of parallel light-rays that pass
through the asymptotic region. Radiation will focus such light-rays, and the area they span
will contract by an amount that remains fixed in Planck units, as the location of the family
is taken to infinite distance. The curvature due to the Schwarzschild metric of Alice’s planet
will also focus the light-rays (through a shear term), but it is easy to check that the resulting
area loss goes to zero as the lightsheet is taken off to null infinity.

Thus, Alice and Bob’s protocol must fail: it cannot be possible to extract information
by measuring a conserved charge in fixed finite time at arbitrarily large distance. In this
paper, we will show how it fails. We find that, in the limit as rg — oo at fixed du, quantum
fluctuations dominate and prevent Bob from measuring the conserved charge.!

This does not mean, of course, that it is impossible to measure a conserved charge at
great distances. It just cannot be done in fixed finite time. As long as the duration of the
measurement scales as an appropriate positive power of r, it is possible to determine the
charge. But then the measurement cannot be associated with a finite neighborhood of a cut

I Astronomical determinations of mass are performed in the opposite limit, du > 75, and so are uncon-
strained by our analysis. For example, the mass of the Sun can be found by measuring the period of Earth
and applying Kepler’s Third Law. In such an experiment one has rg =1 A.U. ~ 8 min < du ~ 1 year.
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Figure 5.2: Penrose diagram of the process we consider. The red line represents Alice's worldline. The
yellow arrows are the radiation emitted by Alice and reaching .#* without interacting with Bob (blue
worldline) whose detectors are only on for a retarded time interval du.

at future null infinity. Rather, the support of any successful measurement must approach (at
least) a semi-infinite region of .#* in the large r limit. Similar comments apply to charges
defined at spatial infinity, such as the ADM mass. They are defined by taking r — oo at
fixed ¢ rather than fixed u. Again the duration of the measurement must scale as a positive
power of r to control fluctuations.

Outline In Sec. 5.2 we begin with warm-up problem: we consider charge fluctuations near
future null infinity in massless QED. We turn to the gravitational case in Sec. 5.3. An
appendix contains details of our calculations.

5.2 Bondi electric charge

In standard QED, the charged particles are massive. Here we consider massless QED, as a
closer analogue to the above thought-experiment where Alice uses a massless field (gravitons)
to radiate away part of her planet’s mass. Translated to the setting of massless QED, the
paradox outlined above persists: Alice’s planet now starts out with some nonzero charge
(o, and Alice reduces this charge to () by emitting massless charged particles. The charged
radiation crosses Bob’s sphere while he sleeps, so when he later attempts to determine (),
he does so by measuring the radial electric field E, integrated over his Dyson sphere, and



CHAPTER 5. ASYMPTOTIC CHARGES CANNOT BE MEASURED IN FINITE TIVSE

applying Gauss’s law:
Q=r% 7{ E.(Q)d* (5.2.1)

where € is the solid angle on the sphere.

The fluctuation of the electric charge in some region, (Q?), can be computed by integrat-
ing the two-point function of the timelike component of the current density, (j°(z)7°(y)).
Note that Bob does not attempt to measure () by integration of a charge density over a
volume. Bob has access only to an asymptotic region, so naturally he would try to measure
@ by integrating the radial electric field over the boundary of the volume. But by Gauss’s
law, this is the same operator. Here we find it easier to evaluate its fluctuations using the
volume form of the operator.

In any CFT, the two-point function is fixed by conformal invariance. In flat space the
U(1) current two-point function just takes the form [261],

G @) = 2B (5:22

where A = x — y, and the constant x is theory dependent. For massless Dirac fermions, the
current and the propagator are given by [262]

o=, (5.2.3)
Fap) = —5 et (5.2.4)
which leads to 1y = —73—4. For comparison, in massless scalar QED one has?
gt = i(gd"e" — 9" 0"9) , (5.2.5)
@ @) = = (5.2
which gives k) = —ﬁ.

In the 2-point functions (5.2.4) and (5.2.6), an ie prescription must be specified. The
choice

AY — A% —je (5.2.7)

allows for only non-negative energy states in the spectrum. In the complex A%plane this
corresponds to a contour prescription that cuts above both poles in Eq. (5.2.2). In what
follows, this prescription will be implicit.

2This is the leading order result. Scalar QED is not really scale-invariant, due to the nontrivial renormal-
ization group flow of the couplings. Unlike a massless fermion field, ¢ can gain a mass by renormalization.
Even if one tunes the field to be massless, there will still be a logarithmic screening of the QED coupling
constant as we flow to the IR. However, since we find a power law divergence for (Q?) at leading order, it
does not seem possible that this divergence can be removed by a logarithmic effect. Thus we expect our
qualitative conclusions to be the same for massless scalar QED, as for the fermion.
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The total charge inside a spatial region V' at the time ¢p of Bob’s measurement is

QV] =/Vd3:cj°(x); (5.2.8)

but as an operator this would have divergent fluctuations. To obtain a well-defined operator,
we smear over a finite time,

Q= / dt Q[V (1) w(t) . (5.2.9)

The weight function w(t) is normalized so that [*° w(t)dt = 1. It should peak in a finite
time interval of characteristic size 0t, centered on tg; and it should fall off rapidly outside

this interval. Our choice 5t .
w(t) = — , 5.2.10
®) ™ (t —tp)? + ot ( )
facilitates the application of contour integration methods. Any other choice with a fast
enough fall off should lead to the same qualitative behavior.
For V(t), we must choose the volume enclosed by Bob’s Dyson sphere, which is a round
ball centered at the origin. Because its radius is much greater than the expected support of
the charge (Alice’s planet), (@) will not depend on its precise choice. Thus we can allow for

a time-dependent radius, for example as

r(t) =rp+alt —tg) . (5.2.11)

Physically, this corresponds to the freedom to let Bob’s Dyson sphere expand or contract
during the measurement.® This turns out to give Bob more freedom to suppress fluctuations,
but nevertheless we will find that they diverge.

We are interested in the limit as Bob’s radius goes to infinity along a lightcone, rg =
tp +up — o0, so that Q becomes the Bondi charge. By an overall time shift, we may set
the fixed retarded time of Bob’s measurement to zero, ug = 0. We can then fix the retarded
time duration of Bob’s measurement, as the interval —%“ <u < %“. That is, the weight
function (5.2.10) should have support when Bob’s world tube (5.2.11) lies in this interval,

but not outside it. To this end we choose

ou
ot = . 5.2.12
T ( )
Note that the proper time duration of Bob’s measurement is then given by
1
57 = uy | 2. (5.2.13)
1l—«

30ne might worry that r(¢) is negative for ¢t < tp — *E. However, since this happens only at the
tail of the weight function w(t) (Eq. (5.2.10)), it does not affect our results. For example, the choice
r(t) = rp(1 —atanh(rp))+ ot tanh(¢), which has the same behavior as Eq. (5.2.11) at large ¢ and is nowhere
negative, leads to the same asymptotic behavior.
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Intuitively, we might expect that fluctuations will be more suppressed for greater d7, i.e.,
for Bob’s sphere expanding at great velocity, a — 1. However, as we shall see this is not
sufficient to control the fluctuations as rg — oo.

To evaluate (Q?), we now write it as

(@)= [t [a'5 wa ol o@0 - B)G0)°(A), (5.2.14)

where # = 1 inside the volume V and 6 = 0 outside.

Here we summarize how this calculation goes. More details can be found in the Appendix.
The integral over d37 yields the volume of the intersection of two balls separated by |&| By
spherical symmetry, the integral over @A reduces to a one-dimensional integral which we
evaluate. We subsequently perform the dz° and dA° integrations using contour methods.
Here one has to be careful to choose a contour that properly avoids branch cuts. This yields
an expression for (Q?) as a function of rp, dt, and thus via Eq. (5.2.12), of rg, du, a.

(@) = - (w2§é;+—%+%glog (%))

I£7T2

12(a? — 1)
We can now take the limit rp — 0o. For a = 0, we find an expected area law divergence.

For other choices of «, it is possible to have (Q?) diverge slower than that. To accomplish
the goal of making (Q?) grow as slow as possible with rp, the optimal choice of « satisfies

+0(r5) (5.2.15)

ou
1—a® ocy/—, (5.2.16)
B
No choice of o can make (Q?) diverge slower than that, and in particular, no choice of
a can make the charge fluctuations finite when rgz — oo. For the optimal choice above, the

divergence goes as the fourth-root of the area,

opt _, T_B
(Q%) 5 (5.2.17)

The results above are for four dimensional Minkowski space, but the same analysis can
be performed in any dimension (though we have only been able to get analytic results in
even dimensions). Here we quote the results in two? and six dimensions:

(@) p—s o log <(5u (Ir_(la;)fguf ) ) (5.2.18)
(@Q*)p=s erO(rB?) (5.2.19)

(a4 1)20u*
4Since QED is confining in 2D, one cannot give the 2D result the same interpretation as in higher
dimensions.
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We see that for constant «, we always get an area law (Q?)p ~ (g—ﬁ)DiQ. The optimal
choice of « is always given by Eq. (5.2.16) for any D; this yields

<Q2>%)t ~ T(BD_Q)/4 ~ 67—D_2 . (5220)

This divergence thwarts Bob’s plans of measuring the charge and thus prevents him
from receiving Alice’s message. Since no information is transmitted, the apparent paradox
described in the previous section is resolved.

5.3 Bondi mass

In the previous section we showed that, due to quantum fluctuations, the Bondi electric
charge cannot be measured in a finite interval of .# . Here we repeat this analysis, but
for the Bondi mass. For concreteness, we consider a massless scalar field non-minimally
coupled to gravity. However, since the two point function of Ty is completely fixed (up to
a multiplicative factor) in any scale-invariant theory with a stress-tensor, our conclusions
apply equally well to spinors, gauge fields, and interacting fixed points.

The action and stress-energy tensor for a non-minimally coupled scalar are given by

5= [dV=g (DD + ¢Re?). (5.3.1)

and

T = (12000050 + (2 - 3 ) DuéD*ogus
+ 269appD*¢ — 269D, Ds. (5.3.2)

Using this stress-energy tensor and (¢(0)¢(A)) = 15, we get
3AY + 10A2A% + 3A)

(Too(2)Too(y)) = 8 (3052 ~ 106+ 1) <A2 &2>6

(5.3.3)

Using the same smearing as in the previous section, we can now calculate the fluctuations
of the energy,

(M?) = / dix / d'A w (@) w(y)0(T)0(T — A){(Too(2)Too(y)), (5.3.4)

by performing the same integrals as in the QED case, the details of which are relegated to
the Appendix.

As in the U(1) case, we choose to evaluate the operator and its fluctuations as a volume
integral, not a surface integral. This is now more subtle, because strictly the Bondi mass is
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defined only as a surface integral over a family of topological 2-spheres {S,} that approach
a cut S of null infinity [263]:

1
M= — lim — °¢ 3.
S0 gS Ry / 6abcdv C (5 3 5)
where (¢ is an asymptotic time translation Killing vector field. Here we work in a perturbative
limit, where backreaction in the bulk is small. Then an approximate Gauss law still holds,
and the Bondi mass can also computed as a volume integral

M = / B Ty (5.3.6)
Y

over the portion ¥ of a Cauchy surface ¥ enclosed by S. Moreover, we can reach arbitrarily
large M even in the perturbative regime, by considering matter of low density spread over a
large region. Hence we expect that our result for the fluctuations of M will be general.

We find

(M?) = 8(3062—10¢ + 1) 72 (a®0u® + 4(1 — a)'rp?)’

X (1—a (3% +1) r5° — (o2 —5)5':)

-1

X
~~

15(1 — o) (o + 1)*6u* (du® + 4(1 — a)4r32)3>
(5.3.7)

For a = 0 this gives

16728, (50u’ +4rB)

M?) =8 (3062 — 10 + 1
(M) ( : ¢t ) 150u* (5u —|—47’B)

(5.3.8)

Once again, it is possible to tame this divergence by a better choice of a. The optimal value
remains a°P* oc 1 — (2_5)71/ ? . which gives

30¢% — 10¢ + 1) 2°/°x”
(M2t = (308 30§u;2) V7B + 0( 1/2) : (5.3.9)

]

We therefore see that the Bondi energy also has unbounded fluctuations as we approach
finite intervals of null infinity.

5.4 Discussion

We argued that entropy bounds preclude gauge charges from being well-defined quantum
observables on cuts or finite intervals of .#*. We confirmed this by showing that unbounded
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fluctuations preclude a measurement of the electric charge or the Bondi mass, in finite time
at arbitrarily large radius.’

It is important to emphasize the quantum nature of these results. Both M and @) are
good classical observables near a cut of #*. This follows directly from Eq. (5.2.1), and
from the analogous surface integral for the Bondi mass, Eq. (5.3.5). Both expressions are
gauge-invariant and require no data extrinsic to the near-cut region R for their evalua-
tion. This constrasts with certain other quantities appearing in the Bondi metric expansion,
Eq. (5.1.1), which are prohibited by the equivalence principle from being observable already
at the classical level [257].

Let us try to gain some intuition for the divergence of (Q?) and (M?) that we found. To
understand the physical origin of the fluctuations, suppose, for simplicity, that Bob remains
at fixed radius throughout his measurement, so that a = 0 and du = §t = 7. Consider @) as
a surface integral over E,., rather than a volume integral. An observation restricted to a finite
time interval leads to approximately thermal quantum noise of characteristic energy 1/07.
This noise arises in the region causally accessible to the observer; here, this would be a shell
of width &t around the sphere 7. Since rp > 07, there will be a large number N ~ r%/d72
of “cells” just inside and outside of Bob’s sphere. Each cell contains O(1) quanta of any
massless field the detectors couple to, which includes the charges. This contributes to F, an
additional field strength of order 1/67% and random sign. The contribution to @ from one
cell, in Eq. (5.2.1), is thus of order 1. The fluctuations in different cells are uncorrelated, so
the total fluctuation of Q is given by (Q?)'/2 ~ /N ~ rg/é7. This agrees with Eq. (5.2.15)
for this special case, a = 0.9

Note that neither infrared nor ultraviolet physics alone can explain the divergent fluctu-
ations of () and M. Rather, they arise from a combination of both. The fixed duration du of
Bob’s measurement sets a characteristic “ultraviolet” energy scale for the fluctuations. The
infrared effect comes from taking the limit as rg — 0o, which creates an ever larger region
over which those fluctuations can contribute.

Our work lends some insight on the structure of operator algebras of gauge theories and
gravity when quantizing at .#*. We emphasize that the paradox noted in Section 5.1 would
arise for any quantity associated to a subset of .# T that is not tied to energy flux arriving
in that subset. For example, the BMS group at .# " yields an infinite set of supertranslation
charges [98], which essentially correspond to the Bondi mass aspect (whose integral yields
the Bondi mass) [266, 267, 268, 25]. We thus find that these supertranslation charges are
not observable in a neighborhood of any cut of .#* in the quantum theory”.

®The study of fluctuation of electric charge (in finite regions) dates back to the early days of QED (see
e.g. [264] and [265]).

6Tt would be nice to extend this heuristic argument to the optimal case, when Bob is expanding outward
during the measurement according to Eq. (5.2.16). But using Eq. (5.2.13), the above argument would appear
to imply (Q2) ~ 1% /672 ~ (rp/du)®/?, in conflict with Eq. (5.2.17).

"We established that a certain operator O does not belong to the algebra of observables by showing that
<O2> = oo. This is not a perfect criterion, since there are contrived examples of observables in quantum
mechanics with <02> = oo but well-defined spectrum. However, we do expect all reasonable operators to
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The absence of such observables also has potential significance for understanding the holo-
graphic principle. There has been considerable interest in trying to construct a holographic
theory dual to asymptotically flat spacetimes (see [269, 270, 271| for recent examples). By
analogy to AdS/CFT, one expects that such a putative holographic dual should be defined
on the conformal boundary of the spacetime, and that limits of bulk observables that are
defined as they approach .#* should correspond to local operators in the putative boundary
theory. Since we have shown that conserved charges are not in fact well-defined operators on
any finite portion of ., we expect that no such operators should exist in a dual boundary
theory either.

have finite fluctuations.
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Part 11

From Gravity to Quantum Field Theory
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Chapter 6

The Quantum Null Energy Condition,
Entanglement Wedge Nesting, and
Quantum Focusing

6.1 Introduction and Summary

The Quantum Focusing Conjecture (QFC) is a new principle of semiclassical quantum gravity
proposed in [13]. Its formulation is motivated by classical focusing, which states that the
expansion 6 of a null congruence of geodesics is nonincreasing. Classical focusing is at the
heart of several important results of classical gravity [272, 273, 274, 275|, and likewise
quantum focusing can be used to prove quantum generalizations of many of these results
[276, 277, 278, 279].

One of the most important and surprising consequences of the QFC is the Quantum Null
Energy Condition (QNEC), which was discovered as a particular nongravitational limit of
the QFC [13]. Subsequently the QNEC was proven for free fields [280] and for holographic
CFTs on flat backgrounds [17] (and recently extended in [281] in a similar way as we do
here). The formulation of the QNEC which naturally comes out of the proofs we provide
here is as follows.

Consider a codimension-two Cauchy-splitting surface >, which we will refer to as the
entangling surface. The Von Neumann entropy S[X] of the interior (or exterior) of X is
a functional of ¥, and in particular is a functional of the embedding functions X(y) that
define . Choose a one-parameter family of deformed surfaces 3()\), with 3(0) = X, such
that (i) X()\) is given by flowing along null geodesics generated by the null vector field £’
normal to 3 for affine time A , and (ii) 3(\) is either “shrinking" or “growing" as a function
of A, in the sense that the domain of dependence of the interior of X is either shrinking or
growing. Then for any point on the entangling surface we can define the combination

T (y)k' (y)k (y) — %% (\l;%dif@)) . (6.1.1)
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Here \/h(y) is the induced metric determinant on . Writing this down in a general curved
background requires a renormalization scheme both for the energy-momentum tensor 7j;
and the renormalized entropy Sien. Assuming that this quantity is scheme-independent (and
hence well-defined), the QNEC states that it is positive. Our main task is to determine the
necessary and sufficient conditions we need to impose on ¥ and the background spacetime
at the point y in order that the QNEC hold.

In addition to a proof through the QFC, the holographic proof method of [17] is eas-
ily adaptable to answering this question in full generality. The backbone of that proof
is Entanglement Wedge Nesting (EWN), which is a consequence of subregion duality in
AdS/CFT [279]. A given region on the boundary of AdS is associated with a particu-
lar region of the bulk, called the entanglement wedge, which is defined as the bulk region
spacelike-related to the extremal surface [4, 282, 283, 284 used to compute the CFT entropy
on the side toward the boundary region. This bulk region is dual to the given boundary
region, in the sense that there is a correspondence between the algebra of operators in the
bulk region and that of the operators in the boundary region which are good semiclassical
gravity operators (i.e., they act within the subspace of semiclassical states) [285, 137, 136].
EWN is the statement that nested boundary regions must be dual to nested bulk regions,
and clearly follows from the consistency of subregion duality.

While the QNEC can be derived from both the QFC and EWN, there has been no clear
connection between these derivations.! As it stands, there are apparently two QNECSs, the
QNEC-from-QFC and the QNEC-from-EWN. We will show in full generality that these two
QNECs are in fact the same, at least in d < 5 dimensions.

Here is a summary of our results:

e The holographic proof of the QNEC from EWN is extended to CFTs on arbitrary
curved backgrounds. In d = 5 we find that the necessary and sufficient conditions for
the ordinary QNEC to hold at a point are that?

Oy = 0 = Dby = Do) = Rio = 0 (6.1.2)

at that point. For d < 5 only a subset of these conditions are necessary. This is the
subject of §6.2.

e We also show holographically that under the weaker set of conditions
0% = Dby + Ria = Daopy) =0 (6.1.3)

the Conformal QNEC holds. The Conformal QNEC was introduced in [17] as a
conformally-transformed version of the QNEC. This is the strongest inequality that
we can get out of EWN. This is the subject of §6.2

n [279] it was shown that the QFC in the bulk implies EWN, which in turn implies the QNEC. This is
not the same as the connection we are referencing here. The QFC which would imply the boundary QNEC
in the sense that we mean is a boundary QFC, obtained by coupling the boundary theory to gravity.

2Here a((j;) and 0 are the shear and expansion in the k' direction, respectively, and D, is a surface
covariant derivative. Our notation is further explained in Appendix A.24.
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e By taking the non-gravitational limit of the QFC we are able to derive the QNEC
again under the same set of conditions as we did for EWN. This is the subject of §6.3.

e We argue in §6.3 that the statement of the QNEC is scheme-independent whenever the
conditions that allow us to prove it hold. This shows that the two proofs of the QNEC
are actually proving the same, unambiguous field—theoretic bound.

We conclude in §9.6 with a discussion and suggest future directions. A number of technical
Appendices are included as part of our analysis.

Relation to other work While this work was in preparation, [281]| appeared which has
overlap with our discussion of EWN and the scheme-independence of the QNEC. The results
of [281] relied on a number of assumptions about the background: the null curvature condi-
tion and a positive energy condition. From this they derive certain sufficient conditions for
the QNEC to hold. We do not assume anything about our backgrounds a priori, and include
all relevant higher curvature corrections. This gives our results greater generality, as we are
able to find both necessary and sufficient conditions for the QNEC to hold.

6.2 Entanglement Wedge Nesting

Subregion Duality

The statement of AdS/CFT includes a correspondence between operators in the semiclassi-
cal bulk gravitational theory and CF'T operators on the boundary. Moreover, it has been
shown [286, 136] that such a correspondence exists between the operator algebras of subre-
gions in the CFT and certain associated subregions in the bulk as follows: Consider a spatial
subregion A in the boundary geometry. The extremal surface anchored to dA, which is used
to compute the entropy of A [4, 282|, bounds the so-called entanglement wedge of A, £(A),
in the bulk. More precisely £(A) is the codimension-zero bulk region spacelike-related to
the extremal surface on the same side of the extremal surface as A. Subregion duality is the
statement that the operator algebras of D(A) and £(A) are dual, where D(A) denotes the
domain of dependence of A.

Entanglement Wedge Nesting The results of this section follow from EWN, which we
now describe. Consider two boundary regions A; and A, such that D(A;) C D(As). Then
consistency of subregion duality implies that £(A;) C £(A2) as well, and this is the statement
of EWN. In particular, EWN implies that the extremal surfaces associated to A; and A,
cannot be timelike-related.

We will mainly be applying EWN to the case of a one-paramter family of boundary
regions, A(A), where D(A(\;)) € D(A(N;)) whenever Ay < Ag. Then the union of the one-
parameter family of extremal surfaces associated to A(\) forms a codimension-one surface
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Figure 6.1: Here we show the holographic setup which illustrates Entanglement Wedge Nesting. A
spatial region A; on the boundary is deformed into the spatial region Ay by the null vector §X*. The
extremal surfaces of A; and Ay are connected by a codimension-one bulk surface M (shaded blue) that
is nowhere timelike by EWN. Then the vectors X' and s*, which lie in M, have nonnegative norm.

in the bulk that is nowhere timelike. We denote this codimension-one surface by M. See
Fig. 6.1 for a picture of the setup.

Since M is nowhere timelike, every one of its tangent vectors must have nonnegative
norm. In particular, consider the embedding functions X' of the extremal surfaces in some
coordinate system. Then the vectors 6X' = 9\X' is tangent to M, and represents a vector
that points from one extremal surface to another. Hence we have (§X)% > 0 from EWN,
and this is the inequality that we will discuss for most of the remainder of this section.

Before moving on, we will note that (§.X)? > 0 is not necessarily the strongest inequality
we get from EWN. At each point on M, the vectors which are tangent to the extremal
surface passing through that point are known to be spacelike. Therefore if §X' contains
any components which are tangent to the extremal surface, they will serve to make the
inequality (6X)? > 0 weaker. We define the vector s* at any point of M to be the part of
§X" orthogonal to the extremal surface passing through that point. Then (6X)? > s > 0.
We will discuss the s? > 0 inequality in §6.2 after handling the (§X)2 > 0 case.

Near-Boundary EWN

In this section we explain how to calculate the vector X' and s* near the boundary explicitly
in terms of CFT data. Then the EWN inequalities (6X)? > 0 and s?> > 0 can be given a
CFT meaning. The strategy is to use a Fefferman-Graham expansion of both the metric and
extremal surface, leading to equations for X' and s* as power series in the bulk coordinate
z (including possible log terms). In the following sections we will analyze the inequalities
that are derived in this section.
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Bulk Metric We work with a bulk theory in AdS;.; that consists of Einstein gravity
plus curvature-squared corrections. For d < 5 this is the complete set of higher curvature
corrections that have an impact on our analysis. The Lagrangian is®

1 (dd—1
~ 167Gy ( (p : +R+€2)\1R2+€2>‘2R;2w+£2)‘GB£GB), (6.2.1)

where Lop = R;wpa — 47'\’,2 + R? is the Gauss-Bonnet Lagrangian, ¢* is the cutoff scale,

and L? is the scale of the Cosmological constant. The bulk metric has the following near
boundary expansion in Fefferman-Graham gauge [287]:

LQ
ds* = —Q(dz +g,;(x, z)da’da?), (6.2.2)
Gi;(1.2) = g (@) + 2290 (@) + 219 (@) + ...+ 2% log 2 gl () + 20\ (x) + 0(2%).
(6.2.3)

Note that the length scale L is different from L, but the relationship between them will not
be important for us. Demanding that the above metric solve bulk gravitational equations
of motion gives expressions for all of the gU for n < d, including g(d1 °g) (), in terms of

gz-(j)( ). This means, in particular, that these terms are all state-independent. One finds

that g(dl g)( ) vanishes unless d is even. We provide explicit expressions for some of these
terms in Appendix A.26.

The only state-dependent term we have displayed, gl(j)( ), contains information about the
expectation value of the energy-momentum tensor 7;; of the field theory. In odd dimensions
we have the simple formula [288]*

(d=odd) _ 167Gy

9ij = —77de_1 (Ti;), (6.2.4)

with
62
72
In even dimensions the formula is more complicated. For d = 4 we discuss the form of the
metric in Appendix A.28

Extremal Surface EWN is a statement about the causal relation between entanglement
wedges. To study this, we need to calculate the position of the extremal surface. We
parametrize our extremal surface by the coordinate (y“, z), and the position of the surface

3For simplicity we will not include matter fields explicitly in the bulk, but their presence should not alter
any of our conclusions.

4Even though [288] worked with a flat boundary theory, one can check that this formula remains un-
changed when the boundary is curved.
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is determined by the embedding functions 7“<ya’ z). The intrinsic metric of the extremal
surface is denoted by haﬁ, where @ = (a,z). For convenience we will impose the gauge
conditions X = z and he. = 0.

The functions X (32, z) are determined by extremizing the generalized entropy [283, 284]
of the entanglement wedge. This generalized entropy consists of geometric terms integrated
over the surface as well as bulk entropy terms. We defer a discussion of the bulk entropy
terms to §6.4 and write only the geometric terms, which are determined by the bulk action:

Sgen = / Vi {1 F2MCRA+ A (R ( N — —IC IC“) + 2\anl 7"} . (6.2.6)

1Gy
We discuss this entropy functional in more detail in Appendix A.26. The Euler-Lagrange
equations for Sge, are the equations of motion for X ¥ Like the bulk metric, the extremal
surface equations can be solved at small-z with a Fefferman—Graham-like expansion:

X'(y,2) = X{oy(y) + 22Xy () + 2 Xy () + . .-+ 27108 2 X410 (¥) + 2" X[y () + 0(2),
(6.2.7)

As with the metric, the coefficient functions X fn) for n < d, including the log term, can be

i (0)

solved for in terms of X ) and g;;’, and again the log term vanishes unless d is even. The

state-dependent term X (id) contains information about variations of the CFT entropy, as we

explain below.

The z-Expansion of EWN By taking the derivative of (6.2.7) with respect to A, we find
the z-expansion of 5X. We will discuss how to take those derivatives momentarily. But
given the z-expansion of 60X, we can combine this with the z-expansion of g;; in (6.2.3) to
get the z-expansion of (6X)%:
52
S0X)? = g X0 Xy + 2 (200X 00Xy, + 97X (00 Xy + X(3)0mgly 3 X(0)0 X7y )
+--- (6.2.8)

EWN implies that (6X)? > 0, and we will spend the next few sections examining this
inequality using the expansion (6.2.8). From the general arguments given above, we can
get a stronger inequality by considering the vector s* and its norm rather than 6X'. The
construction of s* is more involved, but we would similarly construct an equation for s? at
small z. We defer further discussion of s* to §6.2.

Now we return to the question of calculating 6X . Since all of the X gn) for n < d are known
explicitly from solving the equation of motion, the A-derivatives of those terms can be taken
and the results expressed in terms of the boundary conditions for the extremal surface. The
variation of the state-dependent term, 0 X (1 4 1s also determined by the boundary conditions

in principle, but in a horribly non-local way. However, we will now show that X! () (and
hence §.X7 ( d)) can be re-expressed in terms of variations of the CFT entropy.
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Variations of the Entropy The CFT entropy Scpr is equal to the generalized entropy
Seen Of the entanglement wedge in the bulk. To be precise, we need to introduce a cutoff at
z = € and use holographic renormalization to properly define the entropy. Then we can use
the calculus of variations to determine variations of the entropy with respect to the boundary
conditions at z = e. There will be terms which diverge as ¢ — 0, as well as a finite term,
which is the only one we are interested in at the moment. In odd dimensions, the finite term
is given by a simple integral over the entangling surface in the CFT:

8 ScrTnive = NAL™ / A2 yvV'hgi X6 X7 (6.2.9)

This finite part of Scpr is the renormalized entropy, Sien, in holographic renormalization.
Eventually we will want to assure ourselves that our results are scheme-independent. This
question was studied in [289], and we will discuss it further in §6.3. For now, the important
take-away from (6.2.9) is
1 0Sien nd L4t
VhX'(y) AGN

The case of even d is more complicated, and we will cover the d = 4 case in Appendix A.28.

X{4oaa)- (6.2.10)

State-Independent Inequalities

The basic EWN inequality is (§X)? > 0. The challenge is to write this in terms of boundary
quantities. In this section we will look at the state-independent terms in the expansion of
(6.2.8). The boundary conditions at z = 0 are given by the CFT entangling surface and
background geometry, which we denote by X* and g¢;; without a (0) subscript. The variation
vector of the entangling surface is the null vector &* = 6X*. We can use the formulas of
Appendix A.27 to express the other X (in) for n < d in terms of X* and g;;. This allows us to

express the state-independent parts of (6X)2 > 0 in terms of CFT data. In this subsection
we will look at the leading and subleading state-independent parts. These will be sufficient
to fully cover the cases d < 5.

Leading Inequality From (6.2.8), we see that the first term is actually k;k* = 0. The
next term is the one we call the leading term, which is

—2/ 5% i 2) 7.5 m i7.j
L72(0X)|,0 = 2k Xipy + 9K + X[ 0gish' k. (6.2.11)
From (A.26.10), we easily see that this is equivalent to

1 1
= 0% + —20(2@, (6.2.12)

—2 (N2
L X, (d—2)2"® " d—

where USZ) and ) are the shear and expansion of the null congruence generated by &',
and are given by the trace and trace-free parts of k; K, with K!, the extrinsic curvature of
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the entangling surface. This leading inequality is always nonnegative, as required by EWN.
Since we are in the small-z limit, the subleading inequality is only relevant when this leading
inequality is sat i 1 1 = oW =
quality is saturated. So in our analysis below we will focus on the ) = 0,,” = 0 case,
which can always be achieved by choosing the entangling surface appropriately. Note that
in d = 3 this is the only state-independent term in (§X)?, and furthermore we always have

o) =0ind=3.

Subleading Inequality The subleading term in (6X)? is order 2z in d > 5, and order
22logz in d = 4. These two cases are similar, but it will be easiest to focus first on d > 5
and then explain what changes in d = 4. The terms we are looking for are

- 5% 7 2) 7.4 j i j 4)7141.5 m 1.9
L72(0X)?], = 2ki0X{y) + 295K 0XTy, + 910X 50Xy, + 95 KK + X5y Ongis k'K
m i j m 2) 1419 1 m yn i1.9
+ 2X03) 0 g k'O X oy + X091 KK + 5 X3 X0\ 0Ougish'K. (6.2.13)

This inequality is significantly more complicated than the previous one. The details of its

evaluation are left to Appendix A.27. The result, assuming 6;) = O'C(L]Z) =0, is

e 1
L 2(5X)2‘32 = M(Dag(k) + 2Rka)2
1 1
D.9 o) D.oy)?
T a—ap(a—ay) Pl + ) ¥ ooy (P )
K
+-— (CrapeCy™ — 2C,° 0O - (6.2.14)

where x is proportional to Aggf?/L? and is defined in Appendix A.27. Aside from the
Gauss—Bonnet term we have a sum of squares, which is good because EWN requires this
to be positive when 0 and o) vanish. Since k < 1, it cannot possibly interfere with

positivity unless the other terms were zero. This would require D,0 ) = Daaéf) =R, =0
in addition to our other conditions. But, following the arguments of [290], this cannot happen
unless the components Chap. of the Weyl tensor also vanish at the point in question. Thus
EWN is always satisfied. Also note that the last two terms in middle line of (6.2.14) are
each conformally invariant when 0, = JSZ) = 0, which we have assumed. This will become
important later.

Finally, though we have assumed d > 5 to arrive at this result, we can use it to derive
the expression for L*2(57)2|22 log 2 in d = 4. The rule, explained in Appendix A.28, is to
multiply the RHS by 4 — d and then set d = 4. This has the effect of killing the conformally
non-invariant term, leaving us with

L’2(67)2|

22 log z,d=4 -

1 1
— 5 (Dablay + Ria)® - Z(Daaéf))? (6.2.15)

The Gauss—Bonnet term also disappears because of a special Weyl tensor identity in d =
4 [289]. The overall minus sign is required since log z < 0 in the small z limit. In addition,
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we no longer require that Ry, and Dy0(;) vanish individually to saturate the inequality: only
their sum has to vanish. This still requires that Cjq. = 0, though.

The Quantum Null Energy Condition

The previous section dealt with the two leading state-independent inequalities that EWN
implies. Here we deal with the leading state-dependent inequality, which turns out to be the
QNEC.

At all orders lower than 2?72, (§X)?2 is purely geometric. At order z?~2, however, the
CFT energy-momentum tensor enters via the Fefferman—Graham expansion of the metric,
and variations of the entropy enter through X E 0 In odd dimensions the analysis is simple
and we will present it here, while in general even dimensions it is quite complicated. Since our
state-independent analysis is incomplete for d > 5 anyway, we will be content with analyzing
only d = 4 for the even case. The d = 4 calculation is presented in Appendix A.28. Though
is it more involved that the odd-dimensional case, the final result is the same.

Consider first the case where d is odd. Then we have

L72(0X )| acs = 9L KK + 266 X(g) + X3 Ongisk' K = g0 k'K + 26 (kid X(y)) . (6.2.16)

From (6.2.4) and (6.2.10), we find that

_ — 167TGN kl 6Sren
L 2((5X)2|Zd_2 B W |:<Tkk> -0 (271-\/5 5X ):| . (6217)

The nonnegativity of the term in brackets is equivalent to the QNEC. The case where d is
even is more complicated, and we will go over the d = 4 case in Appendix A.28.

The Conformal QNEC

As mentioned in §6.2, we can get a stronger inequality from EWN by considering the norm
of the vector s*, which is the part of X' orthogonal to the extremal surface. Our gauge
choice X = z means that s # 6X ', and so we get a nontrivial improvement by considering
s > 0 instead of (6X)2 > 0.

We can actually use the results already derived above to compute s? with the following
trick. We would have had §X" = s* if the surfaces of constant z were already orthogonal
to the extremal surfaces. But we can change our definition of the constant-z surfaces with
a coordinate transformation in the bulk to make this the case, apply the above results to
(6X)? in the new coordinate system, and then transform back to the original coordinates.
The coordinate transformation we are interested in performing is a PBH transformation [291],
since it leaves the metric in Fefferman—Graham form, and so induces a Weyl transformation
on the boundary.

So from the field theory point of view, we will just be calculating the consequences of
EWN in a different conformal frame, which is fine because we are working with a CFT.
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With that in mind it is easy to guess the outcome: the best conformal frame to pick is one
in which all of the non-conformally-invariant parts of the state-independent terms in (6X)?
are set to zero, and when we transform the state-dependent term in the new frame back to
the original frame we get the so-called Conformal QNEC first defined in [17]|. This is indeed
what happens, as we will now see.

Orthogonality Conditions First, we will examine in detail the conditions necessary for
6X" = s*, and their consequences on the inequalities derived above. We must check that

i,0aX 06X =0, (6.2.18)

for both @ = z and @ = a. As above, we will expand these conditions in z. When o = z, at
lowest order in z we find the condition

0= ki X{(s), (6.2.19)

which is equivalent to 6(;) = 0. When o = a, the lowest-order in z inequality is automatically
satisfied because k' is defined to be orthogonal to the entangling surface on the boundary.
But at next-to-lowest order we find the condition

i i 2) i m i
0 = kiDaXiay + €aid Xl + g2 €lk? + XI5 Ongijelk’ (6.2.20)
1
=~5d=9) (Do — 2wa)0(1) + 2Rka) - (6.2.21)
Combined with the ) = 0 condition, this tells us that that D,04) = —2Ry, is required.

When these conditions are satisfied, the state-dependent terms of (§X)? analyzed above
become®

1, 1
d—2

(Dao 2| 22 - -
(6.2.22)

L2(6X)? =

Next we will demonstrate that 64) = 0 and D,04) = —2Ry, can be achieved by a Weyl
transformation, and then use that fact to write down the s> > 0 inequality that we are after.

Achieving X" = s* with a Weyl Transformation Our goal now is to begin with
a generic situation in which 6X" # s and use a Weyl transformation to set 0.X T
This means finding a new conformal frame with g;; = e2¢(®) gij such that 0y = 0 and

Daé(k) = —QR;W, which would then imply that SXH = gk (we omit the bar on SX* to avoid
o
cluttering the notation, but logically it would be §X ).

®We have not included some terms at order z2 which are proportional to aélz) because they never play a
role in the EWN inequalities.
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Computing the transformation properties of the geometric quantities involved is a stan-
dard exercise, but there is one extra twist involved here compared to the usual prescription.
Ordinarily a vector such as k* would be invariant under the Weyl transformation. However,
for our setup is it is important that k' generate an affine-parameterized null geodesic. Even
though the null geodesic itself is invariant under Weyl transofrmation, k" will no longer be
the correct generator. Instead, we have to use k' = e=2?k?. Another way of saying this is
that k; = lg:z is invariant under the Weyl transformation. With this in mind, we have

* Ryy = Ria — (d — 2) [DoOk$ — 0,0k — ki K2,0"0 — 00.0] (6.2.23)
0y = Oy + (d — 2)0k9, (6.2.24)
Doy = Dubiry + (d — 2) Doy — 2001900 — 2(d — 2)0pDa, (6.2.25)
W = oW (6.2.26)
D6ty = Deoly) =2 [08)006 + 0§06 — geaoy V0] (6.2.27)
g = Wy — Dah. (6.2.28)

So we may arrange é(k) = 0 at a given point on the entangling surface by choosing Oy¢ =
—0(x)/(d — 2) that that point. Having chosen that, and assuming USZ) =0 at the same point,
one can check that

e2% (Daé(k) i QR,W) = Dabigy — 2wabigy + 2Rpa — (d — 2) Doy (6.2.29)

So we can choose D,0r¢ to make the combination Daé(k) + 2f%;m vanish. Then in the new
frame we have X* = sH.

The s?> > 0 Inequality Based on the discussion above, we were able to find a conformal
frame that allows us to compute the s?. For the state-independent parts we have
1 1 - 1 A
L2 = Ry)? D6 22+ (6.2.30
T T I 2 =i — o) Ty gy Padee )| £ 4o (6:2:30)
Here we also have a new bulk coordinate 2 = ze? associated with the bulk PBH transfor-

mation. All we have to do now is transform back into the original frame to find s2. Since
Oy = Daby + 2Ry, = 0, we actually have that

~2
U(k)+

Ry = Dufiry — 0y — Ria, (6.2.31)
which transforms homogeneously under Weyl transformations when O'C(L]Z) = 0. Thus, up to
an overall scaling factor, we have

1
2.2 2
L™“s% = ma(k)
+ ! (D) — wahy — Ria)® + ! (Daoit)?| 22 +
(d—2)2(d — 4y 7«0 = TelR) 7 Bhe) o (g 0) (d — 4) b ’
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where we have dropped terms of order z? which vanish when O’C(LIZ) = 0. As predicted, these

terms are the conformally invariant contributions to (6.X)2.

In order to access the state-dependent part of s* we need the terms in (6.2.32) to vanish.
Note that in d = 3 this always happens. In that case there is no z? term, and O'C(LIZ) = 0 always.
Though our expression is singular in d = 4, comparing to (6.2.22) shows that actually the
term in brackets above is essentially the same as the 2%log z term in 6.X. We already noted
that this term was conformally invariant, so this is expected. The difference now is that we no
longer need ;) = 0 in order to get to the QNEC in d = 4. In d = 5 the geometric conditions
for the state-independent parts of s? to vanish are identical to those for d = 4, whereas in the
(6X)? analysis we found that extra conditions were necessary. These were relics of the choice
of conformal frame. Finally, for d > 5 there will be additional state-independent terms that

we have not analyzed, but the results we have will still hold.

Conformal QNEC Now we analyze the state-dependent part of s? at order z¢=2. When
all of the state-independent parts vanish, the state-dependent part is given by the conformal
transformation of the QNEC. This is easily computed as follows:

N o k! 5‘§ren d k' 5‘§ren
2(Ti k'K — 0 | — : — =0 — : . (6.2.33
7T< J> (\/E(le(Zﬁ) 9 (k) (\/E(SXZQ/))] ( )

Of course, one would like to replace Tij with T;; and S’ren with S.en. When d is odd this
is straightforward, as these quantities are conformally invariant. However, when d is even
there are anomalies that will contribute, leading to extra geometric terms in the conformal

QNEC [292, 17].

167TGN
-2 2 _
L™ s ‘zd—Q o Ude_l

6.3 Connection to Quantum Focusing

The Quantum Focusing Conjecture

We start by reviewing the statement of the QFC [13, 290] before moving on to its connection
to EWN and the QNEC. Consider a codimension-two Cauchy-splitting (i.e. entangling)
surface Y and a null vector field £° normal to 3. Denote by N the null surface generated by
k'. The generalized entropy, Sgen, associated to X is given by

Sgen - <Sgrav> + Sren (631)

where Sgrav is a state-independent local integral on ¥ and Sy, is the renormalized von
Neumann entropy of the interior (or exterior of ¥. The terms in Sy, are determined by
the low-energy effective action of the theory in a well-known way [293]. Even though (Sgray)
and Spe, individually depend on the renormalization scheme, that dependence cancels out
between them so that Sge, is scheme-independent.
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The generalized entropy is a functional of the entangling surface X, and the QFC is a
statement about what happens when we vary the shape of ¥ by deforming it within the
surface . Specifically, consider a one-parameter family () of cuts of N generated by
deforming the original surface using the vector field k*. Here ) is the affine parameter along
the geodesic generated by k% and ¥(0) = . To be more precise, let y* denote a set of intrinsic
coordinates for ¥, let hg be the induced metric on X, and let X*(y, ) be the embedding
functions for (). With this notation, & = 9y X*. The change in the generalized entropy is
given by

dSgen d—2, 05 iy L d—2
- A:()_/Ecz y 5Xi(y)6AX (y) = e Ed yVhO[2, y] (6.3.2)
This defines the quantum expansion O[X,y| in terms of the functional derivative of the
generalized entropy:

k'(y) 0Sgen
Vh 0Xi(y)

Note that we have suppressed the dependence of © on k* in the notation, but the dependence
is very simple: if k'(y) — f(y)k'(y), then O[3, y] — f(y)O[Z, y].

The QFC is simple to state in terms of ©. It says that © is non-increasing along the flow
generated by k':

O[%,y] = 4Gy (6.3.3)

do io 0Oyl .
> — = —_— . .O0.

Before moving on, let us make two remarks about the QFC.

First, the functional derivative 60[%, y]/d X (y') will contain local terms (i.e. terms pro-
portional to d-functions or derivatives of d-functions with support at y = 3') as well as
non-local terms that have support even when y # y/. Sgay, being a local integral, will only
contribute to the local terms of §O[%,y|/0X*(y'). The renormalized entropy Sy, will con-
tribute both local and non-local terms. The non-local terms can be shown to be nonpositive
using strong subadditivity of the entropy [13], while the local terms coming from S, are in
general extremely difficult to compute.

Second, and more importantly for us here, the QFC as written in (6.3.4) does not quite
make sense. We have to remember that S,y is really an operator, and its expectation value
(Sgrav) 1s really the thing that contributes to ©. In order to be well-defined in the low-
energy effective theory of gravity, this expectation value must be smeared over a scale large
compared to the cutoff scale of the theory. Thus when we write an inequality like (6.3.4), we
are implicitly smearing in y against some profile. The profile we use is arbitrary as long as it
is slowly-varying on the cutoff scale. This extra smearing step is necessary to avoid certain
violations of (6.3.4), as we will see below [290].
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QNEC from QFC

In this section we will explicitly evaluate the QFC inequality, (6.3.4), and derive the QNEC
in curved space from it as a nongravitational limit. We consider theories with a gravitational
action of the form

1 y
[grav = m / \/§ (R + 62)\1R2 + 62)\2RinU + KQAGBEGB) (635)
where Lgp = R}, — 4R}, + R? is the Gauss-Bonnet Lagrangian. Here £ is the cutoff

length scale of the effective field theory, and the dimensionless couplings A, A2, and Agp are
assumed to be renormalized.

The generalized entropy functional for these theories can be computed using standard
replica methods [293| and takes the form

A%
1Gy

02 o1 ‘
Syen = + / Vh |2\ R+ Xy | RijNV — KK ) 4 2Xge7| + Seen. (6.3.6)
4Gy Js, 2

Here A[Y] is the area of the entangling surface, N* is the projector onto the normal space
of 3, K is the trace of the extrinsic curvature of ¥, and r is the intrinsic Ricci scalar of 3.

We can easily compute © by taking a functional derivative of (6.3.6), taking care to
integrate by parts so that the result is proportional to k%(y) and not derivatives of k'(y).
One finds

O =0 + 02 |2\ (0 R + ViR) + Ao (Do — w,)*0s) + KiK' K, (6.3.7)

+ Q(k)Rk:lkl + ViR — 2V Ry + e(k)Rkl — Q(Z)Rkk + 2KkabRab)

k' 6Sren
Vi 0X

Now we must compute the A-derivative of ©. When we do this, the leading term comes from
the derivative of 6y, which by Raychaudhuri’s equation contains the terms G(Qk) and o7,
Since we are ultimately interested in deriving the QNEC as the non-gravitational limit of
the QFC, we need to set 0 = a((llz) = 0 so that the nongravitational limit is not dominated

1
— 4)\@3 (TabK(’;b - §T9(k)) + 4GN (638)

by those terms. So for the rest of this section we will set 0, = ‘7((1’2) = 0 at the point of
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evaluation (but not globally!). Then we find
do
o =l 2M0% (ViR — RRyy)
d
+ Aol [QDa(w“Rkk) + ViR = DuD"Ruy = ——(Dab))? = 2Ris D6y = 2(Dacc)?
dd—3)(d—4
— 2V, Vi Ry — 2Rpap R™ — 9(1)V1<;Rkk] — 2\gpl? L‘(Z — 1)2; — 2)3 RRyy
d—4)(d—3 2(d—4 2(d — 4
- 4%3%1&:1 - (d— 5 )Ckzlklek: - (d— 5 )RabCakbk + 4C* Chp
d [ k' 0Sen
4G N— : 3.
TGN (\/E 5Xz) (6:3.9)

This expression is quite complicated, but it simplifies dramatically if we make use of the
equation of motion coming from (6.3.5) plus the action of the matter sector. Then we have
szk = 87TGTkk — Hkk: where [294]

Hix = 2\ (RRie — V2R) + Ay (23WRU ~ V2R + 2V Vi Ry, — 2Ry Rl

+D. D Ry, — 2DC(wCRkk) — 2(Db8(k) + Rbmkjpmj)RZ + Q(Z)VkRkk)

d(d —3)(d—4) (d—4)(d—3) d—4 .. iim
+2XaB ((d (=2 R Ry — 2—2chkikj + CrijmCr"

REuy = &0 —
(6.3.10)

For the Gauss-Bonnet term we have used the standard decomposition of the Riemann tensor
in terms of the Weyl and Ricci tensors. Using similar methods to those in Appendix A.27,
we have also exchanged k'k’OJR;; in the R?j equation of motion for surface quantities and
ambient curvatures.

After using the equation of motion we have the relatively simple formula

do d
o= W& <m(pae(k) )2 + AR Dyfy + 2Ry RY + Q(Daa,ﬂ’j)?)

d

k' 6Sren
+ 22680 (CrabeCr™ — 2Cka" Cie™) + 4G N — (

Vi 0X

The Gauss-Bonnet term agrees with the expression derived in [289]. However unlike [289)]
we have not made any perturbative assumptions about the background curvature.

At first glance it seems like (6.3.11) does not have definite sign, even in the non-gravitational
limit, due to the geometric terms proportional to Ay and Agg. The difficulty posed by the
Gauss-Bonnet term, in particular, was first pointed out in [281|. However, this is where we
have to remember the smearing prescription mentioned in §6.3. We must integrate (6.3.11)
over a region of size larger than ¢ before testing its nonpositivity. The crucial point, used in
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[290], is that we must also remember to integrate the terms 9% and O’ that we dropped
earlier over the same region. When we integrate H(Qk) over a region of size € centered at a point
where 6y = 0, the result is £02(D,0))* + o(¢?), where { Z 10 is a parameter associated

with the smearing profile. A similar result holds for otk o - Thus we arrive at

d@_ f 2 2 (k)\2
o =~ 5 (Dubiy)? — €64 (Dasy,)

d
— AP (d 2(D O))* + 4R, Dby + 2Ry Ry, + 2(D, é'i))z)

+ 2288 (CrapeCr™ — 2C130"Cire™)

+ 4GN d (?%i?f) — 817G n (Ti) + o(£?) (6.3.12)
Since the size of ¢ is determined by the validity of the effective field theory, by construction
the terms proportional to £ in (6.3.12) dominate over the others. Thus in order to take the
non-gravitational limit, we must eliminate these smeared terms.

Clearly we need to be able to choose a surface such that D,0) = Daaélz) = 0. Then
smearing Q(Qk) and 0'(2k) would only produce terms of order £* (terms of that order would also
show up from smearing the operators proportional to Ay and Agg). As explained in [290],
this is only possible given certain conditions on the background spacetime at the point of
evaluation. We must have

Ckabc = p i 2habch — d—iQhachb. (6313)
This can be seen by usm% the Codazzi equation for . Imposing this condition, which allows
us to set D0y = D ch = 0, we then have.

d— —4
s = 207 (Az + ZMAGB) Ry R}

dn (d—2)?
d k' 6Sien 3
+ 4GN5 (ﬁ 5X ) — 8nGn <Tkk> + 0<£ ) (6'3'14>

This is the quantity which must be negative according to the QFC. In deriving it, we had to
assume that 0y = ok) = D.0) = Daalgf) =0.

We make two observations about (6.3.14). First, if we assume that Ry, = 0 as an
additional assumption and take £ — 0, then we arrive at the QNEC as long as Gy > o(¢3).
This is the case when ¢ scales with the Planck length and d < 5. These conditions are similar
to the ones we found previously from EWN, and below in §6.3 we will discuss that in more
detail.

The second observation has to do with the lingering possibility of a violation of the QFC
due to the terms involving the couplings. In order to have a violation, one would need the
linear combination

d—3)(d—4)

N 42! EEIE Y (6.3.15)
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to be negative. Then if one could find a situation where the first line of (6.3.14) dominated
over the second, there would be a violation. It would be interesting to interpret this as a
bound on the above linear combination of couplings coming from the QFC, but it is difficult
to find a situation where the first line of (6.3.14) dominates. The only way for Ry, to be large
compared to the cutoff scale is if T}, is nonzero, in which case we would have Ry, ~ GnTjq.
Then in order for the first line of (6.3.14) to dominate we would need

GNP T T > Ti. (6.3.16)
As an example, for a scalar field ® this condition would say
Gnl?(0,0)* > 1. (6.3.17)

This is not achievable within effective field theory, as it would require the field to have
super-Planckian gradients. We leave a detailed and complete discussion of this issue to
future work.

Scheme-Independence of the QNEC

We take a brief interlude to discuss the issue of the scheme-dependence of the QNEC, which
will be important in the following section. It was shown in [289], under some slightly stronger
assumptions than the ones we have been using, that the QNEC is scheme-independent under
the same conditions where we expect it to hold true. Here we will present our own proof of
this fact, which actually follows from the manipulations we performed above involving the
QFC.

In this section we will take the point of view of field theory on curved spacetime without
dynamical gravity. Then each of the terms in 4,,, defined above in (6.3.5), are completely
arbitrary, non-dynamical terms we can add to the Lagrangian at will.® Dialing the values of
those various couplings corresponds to a choice of scheme, as even though those couplings are
non-dynamical they will still contribute to the definitions of quantities like the renormalized
energy-momentum tensor and the renormalized entropy (as defined through the replica trick).
The QNEC is scheme-independent if it is insensitive to the values of these couplings.

To show the scheme-independence of the QNEC, we will begin with the statement that
Sgen 18 scheme-independent. We remarked on this above, when our context was a theory
with dynamical gravity. But the scheme-independence of Sgen does not require use of the
equations of motion, so it is valid even in a non-gravitational theory on a fixed background.
In fact, only once in the above discussion did we make use of the gravitational equations of
motion, and that was in deriving (6.3.11). Following the same steps up to that point, but

6We should really be working at the level of the quantum effective action, or generating functional, for
correlation functions of Tj; [281]. The geometrical part has the same form as the classical action I, and
so does not alter this discussion.
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without imposing the gravitational equations of motion, we find instead

do

d
o = —A\l? (m(ﬂﬂm)? + 4R} Dy + 2Ry Ry + 2(Daabc)2)

d k' 6Sien 167G N 01 gray
+ 22680 (CrabeCr™ — 2C1k1a"Cie™) + 4GN ( ) il ~

Vh 6X' N
(6.3.18)

Since the theory is not gravitational, we would not claim that this quantity has a sign.
However, it is still scheme-independent.

To proceed, we will impose all of the additional conditions that are necessary to prove
the QNEC. That is, we impose Dyf ) = RY = D,op. = 0, as well as O = JSZ) = 0, which
in turn requires Cique. = 0. Under these conditions, we learn that the combination

d (k 5Sren> _ 4]{‘4_77(5[grav
Vh 0X? ' ]\/5 09ij

is scheme-independent. The second term here is one of the contributions to the renormalized
27 (Tyy) in the non-gravitational setup, the other contribution being k;k; 4’; 513“;““ But Ipatter
is already scheme-independent in the sense we are discussing, in that it is mdependent of the

parameters appearing in Ig,,. So adding that to the terms we have above, we learn that

A (K 35
A\ \ /Il 0X

is scheme-independent. This is what we wanted to show.

(6.3.19)

QFC vs EWN

As we have discussed above, by taking the non-gravitational limit of (6.3.14) under the
assumptions Dy0 ) = Rz = D,op. = Oy = O'((IIZ) = 0 we find the QNEC as a consequence of
the QFC (at least for d < 5). And under the same set of geometric assumptions, we found
the QNEC as a consequence of EWN in (6.2.17). The discussion of the previous section
demonstrates that these assumptions also guarantee that the QNEC is scheme-independent.
So even though these two QNEC inequalities were derived in different ways, we know that
at the end of the day they are the same QNEC. It is natural to ask if there is a further
relationship between EWN and the QFC, beyond the fact that they give the same QNEC.

We will begin to investigate that question in this section.
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The natural thing to ask about is the state-independent terms in the QFC and in (6X)%.
We begin by writing down all of the terms of (X )? in odd dimensions that we have computed:

1
+ 224(d =) (Dol 200’
1

2 L 2 2 - (k)2
+z (d 2)<d 4>(Da9(kz)+Rka> +z 2(d_4)(Da0bc)
+ z d 4 (Ckabcok - 2Ctkccacvkbba)

167(d 2)G kl 6Sren

g T(]de 3 N {<m> _5(m = )1 (6.3.21)

The first line looks like —6, which would be the leading term in d© /d\, except it is missing
an Ryr. Of course, we eventually got rid of the Ry in the QFC by using the equations of
motion. Suppose we set 6(;) = 0 and o b) = 0 to eliminate those terms, as we did with the
QFC. Then we can write (0.X)? suggestively as

d 4(d -3
(Dabr)? + 4RED,6 + ( )

(d — 2)L72(5yl)2 = 225\2< RkaRz + 2<Da01§f)>2)

(d—2) (d—2)
- 2225\(;]3 (Ckabcc’kabc - QCkccaCkb a)
+ oo+ 817G N (Th) — 4G N0 £ 05ien (6.3.22)
TGN L kk N \/— 5xi | ..
where
2(d — 2)
Gy =Gy AL T , (6‘3.23)
~ 1
= .3.24
~ K
AGB = _2(d — 4). (6.3.25)

Written this way, it almost seems like (d — 2)L2(0X )% ~ —d©/d) in some kind of model
gravitational theory. One discrepancy is in the coefficient of the RkaRka term, unless d = 4.
It is also intriguing that the effective coefficients G N, )\2, and )\GB are close to, but not
exactly the same as, the effective braneworld induced gravity coefficients found in [295].
This is clearly something that deserves further study.

6.4 Discussion

We have displayed a strong similarity between the state-independent inequalities in the QFC
and the state-independent inequalities from EWN. We now discuss several possible future
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directions and open questions that follow naturally from these results.

Bulk Entropy Contributions

We ignored the bulk entropy Spuy in this work, but we know that it produces a contribution
to CFT entropy [296] and plays a role in the position of the extremal surface [283, 284].
The bulk entropy contributions to the entropy are subleading in N? and do not interfere
with the gravitational terms in the entropy. We could include the bulk entropy as a source
term in the equations determining X, which could lead to extra contributions to the X(n)
coefficients. However, it does not seem possible for the bulk entropy to have an effect on the
state-independent parts of the extremal surface, namely on X, for n < d, which means the
bulk entropy would not affect the conditions we derived for when the QNEC should hold.

Another logical possibility is that the bulk entropy term could affect the statement of
the QNEC itself, meaning that the schematic form T}, — S” would be altered. This would
be problematic, especially given that the QFC always produces a QNEC of that same form.
It was argued in [279] that this does not happen, and that argument holds here as well.

Smearing of EWN

We were careful to include a smearing prescription for defining the QFC, and it was an
important ingredient in the analysis of §6.3. But what about smearing of EWN? Of course,
the answer is that we should smear EWN appropriately, but as we will see now it would not
make a difference to our analysis.

The issue is that the bulk theory is a low-energy effective theory of gravity with a cutoff
scale ¢, and the quantities that we use to probe EWN, like (§X)?2, are operators in that
theory. As such, these operators need to be smeared over a region of proper size ¢ on the
extremal surface. Of course, due to the warp factor, such a region has coordinate size z(/L.
We can ask what effect such a smearing would have on the inequality (6.X)2.

When we performed our QNEC derivation, we assumed that 0 = 0 at the point of
evaluation, so that the G(Qk) term in ((57)%0 would not contribute. However, after smearing
this term would contribute a term of the form ¢2(D,0())?/L? to (0X)?|_,. But we already
had such a term at this order, so all this does is shift the coefficient. Furthermore, the
coefficient is shifted only by an amount of order ¢2/L?. If the cutoff £ is of order the Planck
scale, then this is suppressed in powers of N2. In other words, this effect is negligible for the
analysis. A similar statement applies for ag;). So in summary, EWN should be smeared, but
the analysis we performed was insensitive to it.

Future Work

There are a number of topics that merit investigation in future work. We will touch on a
few of them to finish our discussion.



CHAPTER 6. THE QUANTUM NULL ENERGY CONDITION, ENTANGLEMENT
WEDGE NESTING, AND QUANTUM FOCUSING 160

Relevant Deformations Perhaps the first natural extension of our work is to include rel-
evant deformations in the EWN calculation. There are a few reasons why this is interesting.
First, one would like to test the continued correspondence between the QFC and EWN when
it comes to the QNEC. The QFC arguments do not care whether relevant deformations are
turned on, so one would expect that the same is true in EWN. This is indeed the case when
the boundary theory is formulated on flat space [17], and one would expect similar results
to hold when the boundary is curved.

Another reason to add in relevant deformations is to test the status of the Conformal
QNEC when the theory is not a CFT. To be more precise, the (6X)? and s? calculations
we performed differed by a Weyl transformation on the boundary, and since our boundary
theory was a CFT this was a natural thing to do. When the boundary theory is not a CF'T,
what is the relationship between (§X)? and s2? One possibility, perhaps the most likely one,
is that they simply reduce to the same inequality, and the Conformal QNEC no longer holds.

Finally, and more speculatively, having a relevant deformation turned on when the back-
ground is curved allows for interesting state-independent inequalities from EWN. We saw
that for a CFT the state-independent terms in both (6X)? and s? were trivially positive.
Perhaps when a relevant deformation is turned on more nontrivial results uncover them-
selves, such as the possibility of a c-theorem hiding inside of EWN. We are encouraged by
the similarity of inequalities used in recent proofs of the c-theorems to inequalities obtained
from EWN [297].

Higher Dimensions Another pressing issue is extending our results to d = 6 and beyond.
This is an algebraically daunting task using the methods we have used for d < 5. Considering
the ultimate simplicity of our final expressions, especially compared to the intermediate steps
in the calculations, it is likely that there are better ways of formulating and performing the
analyses we performed here. It is hard to imagine performing the full d = 6 analysis without
such a simplification.

Further Connections Between EWN and QFC Despite the issues outlined in §6.3,
we are still intrigued by the similarities between EWN and the QFC. It is extremely natural
to couple the boundary theory in AdS/CFT to gravity using a braneworld setup [298, 299,
300, 295]. Upon doing this, one can formulate the QFC on the braneworld. However, at the
same time near-boundary EWN becomes lost, or at least changes form: extremal surfaces
anchored to a brane will in general not be orthogonal to the brane, and in that case a null
deformation on the brane will induce a timelike deformation of the extremal surface in the
vicinity of the brane. Of course, one has to be careful to take into account the uncertainty
in the position of the brane since we are dealing with expectation values of operators, which
complicates things. We hope that such an analysis could serve to unify the QFC with EWN;
or at least illustrate their relationship with each other.
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Conformal QNEC from QFC While we emphasized the apparent similarity between
the EWN-derived inequality (6X)? > 0 and the QFC, the stronger EWN inequality s> > 0 is
nowhere to be found in the QFC discussion. It would be interesting to see if there is a direct
QFC calculation that yields the Conformal QNEC (rather than first deriving the ordinary
QNEC and then performing a Weyl transformation). In particular, the Conformal QNEC
applies even in cases where 6, is nonzero, while in those cases the QFC is dominated
by classical effects. Perhaps there is a useful change of variables that one can do in the
semiclassical gravity when the matter sector is a CF'T which makes the Conformal QNEC
manifest from the QFC point of view. This is worth exploring.
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Chapter 7

Entropy Variations and Light Ray
Operators from Replica Defects

7.1 Introduction

Despite much progress in understanding entanglement entropy using bulk geometric methods
in holographic field theories [4, 236, 282|, significantly less progress has been made on the
more difficult problem of computing entanglement entropy directly in field theory. Part
of what makes entanglement entropy such a difficult object to study in field theory is its
inherently non-local and state-dependent nature.

One way to access the structure of entanglement in field theories is to study its dependence
on the shape of the entangling surface. Such considerations have led to important results
on the nature of entanglement in quantum field theories [301, 280, 17, 302, 303, 15, 304,
305, 306]. To study the shape dependence of entanglement entropy for QFTs in d > 2
dimensions, consider a Cauchy slice ¥ containing a subregion R with entangling surface OR
in a general conformal field theory. By unitary equivalence of Cauchy slices which intersect
the same surface OR, the entanglement entropy for some fixed global state can be viewed
as a functional of the entangling surface embedding coordinates X*(y') where the y* with
i =1,...,d — 2 are internal coordinates on 0R. We write:

Sk = S[X(y)]. (7.1.1)

The shape dependence of the entanglement entropy can then be accessed by taking functional
derivatives. In particular, we can expand the entanglement entropy about some background
entangling surface X (y) = Xo(y) + 0X(y) as

5S
— d—2 R m
SIX] S[Xo]+/d Y 5Xn(y) . X*(y)
528
+ [ d¥2ydt2y R SXH()0X () + ... . 7.1.2
[ A e XWX w) (712)
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Figure 7.1: We consider the entanglement entropy associated to a spatial subregion R. The
entangling surface lies along 2= = 0 and 2™ = X (y). In this work, we study the dependence of the
entanglement entropy on the profile X (y).

This second variation has received a lot of attention in part because it is an essential
ingredient in defining the quantum null energy condition (QNEC) [13, 303]. The QNEC
bounds the null-null component of the stress tensor at a point by a specific contribution
from the second shape variation of the entanglement entropy. More specifically, this second
variation can be naturally split into two pieces - the diagonal term which is proportional to
a delta function in the internal coordinates 3* and the off-diagonal terms!

62Sp

SX+(y)0X+(y) =5 (9)5(d_2)(y — 1) + (off-diagonal). (7.1.3)

where (X, X ) are the null directions orthogonal to the defect. The QNEC states that the
null energy flowing past a point must be lower bounded by the diagonal second variation

"s (), (7.1.4)

o

(Tyy(y)) >

where we are taking R to be a Rindler wedge. This inequality was first proposed as the
Gy — 0 limit of the quantum focussing conjecture [13|, and was first proven in free and

!'Note that the entanglement entropy, being UV divergent, will typically have divergent contributions
that are local to the entangling surface. These will show up as a limited set of diagonal/contact terms in
(7.1.3). For deformations about a sufficiently flat entangling surface these terms do not contribute to the
contact term that is the subject of the QNEC. The divergent terms will not be the subject of investigation
here.
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super-renormalizable field theories in [280]. The proof for general QFTs with an interacting
UV fixed point was given in [15]. More recently, yet another proof was given using techniques
from algebraic quantum field theory [16].

The method of proof in the free case involved explicitly computing Si + where it was
found that

w27

§ =5 ({T) - @ (7.1.5)

where for general states () > 0. In contrast, the proof in general QFTs relied on relating the
inequality (7.1.4) to the causality of a certain correlation function involving modular flow.
This left open the question of whether S” could be explicility computed in more general field
theories.

In [307] the diagonal term S” was computed in large N QFTs in states with a geometric
dual. Remarkably, the result was

1

S (y) =2m (Tr1(y)) (7.1.6)

where we have now set h = 1. In other words, () = 0 for such theories. In that work, it was
argued that neither finite coupling nor finite N corrections should affect this formula. This
led the authors of [307] to conjecture (7.1.6) for all interacting CFTs. The main goal of this
paper is to provide evidence for (7.1.6) in general CFTs with a twist gap.

The method of argument will follow from the replica trick for computing entanglement
entropy. The replica trick uses the formula

S[R] = 7111—>H}(1 — no,) log Tr[pk] (7.1.7)

to relate the entanglement entropy to the partition function of the CFT on a replicated
manifold [308, 309] (see also [310, 311, 312, 313])

Tr{op] = Zu/(Z)" (7.18)

At integer n, Z,, can be computed via a path integral on a branched manifold with n-sheets.
Alternatively, one can compute this as a path integral on an unbranched manifold but in the
presence of a twist defect operator ¥, of co-dimension 2 that lives at the entangling surface
[314]. Doing so allows us to employ techniques from defect CFTs. See [315, 316, 317, 318|
for a general introduction to these tools.

In particular, shape deformations of the defect are controlled by a defect operator, namely
the displacement operator, with components lA)Jr, D_. This operator is universal to defect
CFTs. Its importance in entanglement entropy computations was elucidated in [315, 15, 314].
Consequently, the second variation of the entanglement entropy is related to the two-point
function of displacement operators

5%S —on . R
=1 P /
XX ) A g e D)D) (7.01.9)
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where the notation X% will be explained in the next section.

Since we are interested in the delta function contribution to this second variation, we
can take the limit where the two displacement operators approach each other, y — v’. This
suggests that we should study the OPE of two displacement operators and look for terms
which produce a delta function, at least as n — 1.

It might seem strange to look for a delta function in an OPE since the latter, without
further input, results in an expansion in powers of |y —1/|. We will find a delta function can
emerge from a delicate interplay between the OPE and the replica limit n — 1.

An obvious check of our understanding of (7.1.6) is to explain how this formula can be
true for interacting theories while there exist states for which ¢ > 0 in free theories. This
is a particularly pertinent concern in, for example, N' = 4 super-Yang Mills where one can
tune the coupling to zero while remaining at a CF'T fixed point. We will find that in the
free limit certain terms in the off-diagonal contributions of (7.1.3) become more singular and
“condense" into a delta function in the zero coupling limit. In a weakly interacting theory it
becomes a question of resolution as to whether one considers ) to be zero or not.

In fact this phenomenon is not unprecedented. The authors of [319] studied energy
correlation functions in a so called conformal collider setup. The statistical properties of the
angular distribution of energy in excited states collected at long distances is very different for
free and interacting CF'Ts. We conjecture that these situations are controlled by the same
physics. Explicitly, in certain special “near vacuum” states, there is a contribution to the
second variation of entanglement that can be written in terms of these energy correlation
functions.

Schematically, we will find

5%S 2t A ) |
- = (d-2) — ) ~ S N i1Ks
XX () ke 0wy /dse (O (y)Es(y)e™0)  (1.1.10)
where
£:w) = / AN (Tiy(aF =X a” =0,y)) (7.1.11)

is the averaged null energy operator discussed in [319] and the O’s should be thought of
as state-creation operators. The operator K is the boost generator about the undeformed
entangling surface.

The singularities in |y — /| of the correlator in (7.1.10) are then understood by taking
the OPE of two averaged null energy operators. This OPE was first discussed in [319] where
a new non-local “light ray" operator of spin 3 was found to control the small y — 3/ limit.

In the free limit, we will show that this non-local operator has the correct scaling di-
mension to give rise to a new delta function term in (7.1.10). In the interacting case this
operator picks up an anomalous dimension and thus lifts the delta function.

In other words, the presence of an extra delta function in the second variation of the en-
tanglement entropy in free theories can be viewed as a manifestation of the singular behavior
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of the conformal collider energy correlation functions in free theories. This is just another
manifestation of the important relationship between entanglement and energy density in
QFT.

The presence of this spin-3 light ray operator in the shape variation of entanglement in
specific states however points to an issue with our defect OPE argument. In particular one
can show that this contribution cannot come directly from one of the local defect operators
that we enumerated in order to argue for saturation. Thus one might worry that there are
other additional non-trivial contributions to the OPE that we miss by simply analyzing this
local defect spectrum. The main issue seems to be that the n — 1 limit does not commute
with the OPE limit. Thus in order to take the limit in the proper order we should first
re-sum a subset of the defect operators in the OPE before taking the limit n — 1. For
specific states we can effectively achieve this resummation (by giving a general expression
valid for finite |y —¢'|) however for general states we have not managed to do this. Thus, we
are not sure how this spin-3 light ray operator will show up for more general states beyond
those covered by (7.1.10). Nevertheless we will refer to these non-standard contributions as
arising from ‘“nonlocal defect operators.”

The basic reason it is hard to make a general statement is that entanglement can be
thought of as a state dependent observable. This state dependence shows up in the replica
trick as a non-trivial n dependence in the limit n — 1 so the order of limits issue discussed
above is linked to this state dependence. We are thus left to compute the OPE of two
displacement operators for some specific states and configurations. This allows us to check
the power laws that appear in the |y; — y2| expansion for possible saturation violations.
Given this we present two main pieces of evidence that the nonlocal defect operators do
not lead to violations of QNEC saturation. The first is the aforementioned near vacuum
state calculation. The second is a new calculation of the fourth shape variation of vacuum
entanglement entropy which is also sensitive to the displacement operator defect OPE. In
both cases we find that the only new operator that shows up is the spin-3 light ray operator.
The outline of the paper is as follows.

e In Section 7.2, we begin by reviewing the basics of the replica trick and the relevant
ideas from defect conformal field theory. We review the spectrum of local operators
that are induced on the defect, including the infinite family of so-called higher spin
displacement operators. We show that, in an interacting theory, these higher spin
operators by themselves cannot contribute to the diagonal QNEC. We also present a
present a certain conjecture about the nonlocal defect operators.

e In Section 7.3, we discuss how a delta function appears in the OPE of two displacement
operators. We focus on a specific defect operator that limits to 7', , as n — 1. For this
defect operator we derive a prediction for the ratio of the D, D, OPE coefficient and
its anomalous defect dimension. In Section 7.4, we check this prediction by making
use of a modified Ward identity for the defect theory. In Appendix A.18-A.19 we also
explicitly compute the anomalous dimension and the OPE coefficient to confirm this
prediction.
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e In Section 7.5, we take up the concern that there could be other operators which lead to
delta functions even for interacting CF'Ts. To do this, we compute the defect four point
function F,, := (20D (y1) Dy (y2) D (ys)D_(y4)) in the limit n — 1. From this we can
read off the spectrum by analyzing the powers of |y; — ys| that appear as y; — y2. We
will find that these powers arise from the light-ray OPE of two averaged null energy
operators.

e Finally, in Section 7.6, we check our results by explicitly computing the entanglement
entropy second variation in near-vacuum states. By using null quantiation for free
theories, we show that our results agree with that of [303].

e In Section 7.7, we end with a discussion of our results.

7.2 Replica Trick and the Displacement Operator

In this section, we will review the replica trick and discuss the connection between entan-
glement entropy and defect operators. This naturally leads to the displacement operator,
which will be the key tool for studying (7.1.6).

As outlined in the introduction, the replica trick instructs us to compute the partition
function Z,/(Z;)" = Tr[plk], which can be understood as a path integral on a branched
manifold M,,(R), where taking the product of density matrices acts to glue each consecutive
sheet together. Using the state operator correspondence, a general state can be represented
by the insertion of of a scalar operator in the Euclidean section, so that

Zo = (5 (7.2.1)

where each 1 is inserted on cyclicly consecutive sheets. Alternatively, we can view this 2n-
point correlation function as being computed not on an n-sheeted manifold but on a manifold
with trivial topology in the presence of a codimension 2 twist defect operator

Zn = <22¢T®n¢®n>cw®”/zn = (Z0) (7.2.2)

where we have used a compact notation for the twist operator that includes the state operator
insertions: L% = X0 1®)®" Tt is convenient (and possible) to orbifold the CFT®" which
projects onto states in the singlet of Z,,. This allows us to work with a CFT that for example
has only one conserved stress tensor.

We take the defect XY to be associated to a flat cut of a null plane in Minkowski space.
We take the metric to be

ds* = dzdz + dif? (7.2.3)

where z and Z are complexified lightcone coordinates. That is, on the Lorentzian section
we have 2 = —2~ = o + 47 and Z = 2t = x — i7. Thus, we take the defect to lie at
r= =X (y)=0and 2" = X*(y) =0.
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For the case of a flat defect, the operator X0 breaks the conformal symmetry group
down to SO(2) x SO(d — 1, 1), with the SO(2) corresponding to the rotations of the plane
orthogonal to the defect. This symmetry group suggests that a bulk dimension-d CF'T
descends to a dimension d — 2 defect CF'T, which describes the excitations of the defect. We
can thus use the language of boundary CFTs to analyze this problem. We will only give a
cursory overview of this rich subject. For a more thorough review of the topic see [15, 314,
315], and for additional background see [320, 321, 322, 323|. The important aspect for us
will be the spectrum of operators that live on the defect.

The spectrum of operators associated to the twist defect was studied in [15]. In that
work, techniques were laid out to understand how bulk primary operators induce operators
on the defect. This can be quantitatively understood by examining the two-point function
of bulk scalar operators in the limit that they both approach the defect. We imagine that
as a bulk operator approaches the defect, we can expand in the transverse distance |z| in a
bulk to defect OPE so that

n—1
; k) (5 = 0 _ —~(Ao+lo)z—(Ao—to) J o (Bj+5)/25(D—€)/2 ) 0

|2210 2 OV (z,z, )X, =2 z ; Coz Z O,;(y)x, (7.24)
where Ay is the dimension of the bulk operator, while Aj is the dimension of the jth defect
operator @j. Every operator is also now labeled by its spin, ¢, under the SO(2) rotations
2z — ze~*. From the defect CFT point of view, the SO(2) spin is an internal symmetry and
the ¢,’s are the defect operators’ associated quantum numbers. Notice that the Z,, symmetry
has the effect of projecting out operators of non-integer spin. This is another reason for why
the Z, orbifolding is needed for treating the theory on the defect as a normal Euclidean
CFT.

Equation (7.2.4) suggests an easy way to obtain defect operators in terms of the bulk
operators. Consider the lowest dimension defect operator A, of a fixed spin £. Then we can
extract the defect operator via a residue projection,

|| Tt T

. d
Og(O)E%z‘l}mo o 7{ = bt Zo’f 2%/, 0)%0 (7.2.5)
Z|— s

where 7, and 7, are the twists of the defect and bulk operators respectively. Note that these
leading twist operators are necessarily defect primaries.

Note that in general, due to the breaking of full conformal symmetry, A, will contain
an anomalous dimension 7,(n). In this paper we will mainly be interested in the defect
spectrum near n = 1 so after analytically continuing in n we can expand 7,(n) around n = 1
as y(n) = 4@ + W (n —1) + O((n — 1)?). We now give a brief review of the various defect
operators discovered in [15].2

2See [324] for a complementary method for computing the defect spectrum from the bootstrap and an
appropriate Lorentzian inversion formula. It would be interesting to derive some of the results presented
here in that language.
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Operators induced by bulk scalars or spin one primaries

Associated to each bulk scalar ¢, or spin-one primary V,,, of dimension Ay, Ay, the authors

of [15] found a family of defect operators of dimension Aév =ANpv — Jpy + 0+ 7(;1‘)/(71 -

1)+ O((n —1)?) with SO(2) spin £ along with their defect descendants. Here J, 1 = 0,1 for
¢ and V respectively and importantly ¢ > J. The anomalous dimensions for the operators
induced by bulk scalars, 7,, are given in formula (3.25) of [15]. We will not be concerned
with these two families in this paper.

Operators induced by bulk primaries of spin J > 2

For primary operators of spin J > 2, the authors of [15] again found a similar family of
operators with dimensions Ay = A, — J +( + ’y((,lg) (n—1)+ O((n — 1)%) where £ > J.

For a primary of spin J > 2, there are also J — 1 “new" operators with SO(2) charge
J —12> /(> 1. These “displacement operators" can be written at integer n as

R . i n—l N o
D} = @]{dzw > TP (127 %) (7.2.6)
k=0

where J is the spin of the bulk primary J; 4 and 1 < ¢ < J — 1 is the SO(2) spin of
the defect operator. The power of |z|7 accounts for the dependence of the defect operator
dimension on n.

We will primarily be interested in the spectrum of 7', , on the defect for which there is
only one displacement operator, 15+. The displacement operator can also be equivalently
defined in terms of the diffeomorphism Ward identity in the presence of the defect [315]

VHYYT,,) = 6(2,2)(ZVD,). (7.2.7)

This implies that D+ corresponds to a null deformation of the orbifold partition function
with respect to the entangling surface. In particular, entropy variations are given by D,
insertions in the limit n — 1:

55,

(D) = (1= D) 55 + O = 17) (723)
The generalization to two derivatives is then just
- N 628 9
EEDADA)) = 0= D) sy F O 1) (7129)

We see importantly that statements about entropy variations can be related directly to
displacement operator correlation functions.
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7.3 Towards saturation of the QNEC

With the displacement operator in hand, we can now describe an argument for QNEC satu-
ration. As just described, second derivatives of the entanglement entropy can be computed
via two point functions of the defect CFT displacement operator. Thus, we are interested
in proving the following identity:

(SYDL()Do(y)) = 2m (T (), 6" 2(y — ¥)
+ (less divergent in |y — y'|) (7.3.1)
where [¢) is any well-defined state in the CFT.

Since we are only interested in the short distance behavior of this equality - namely the
delta function piece - we can examine the OPE of the displacement operators

1o 7 ()
— 1D+(y)D = Z = |2(d 1 Aoy + descendants (7.3.2)

where A, is the dimension of the defect primary O, at n =1 and Ya(n) gives the n depen-
dence of the dimension away from n = 1. We will refer to v,(n) as an anomalous dimension.
Note that this is an OPE defined purely in the defect CFT. The ++ labels denote the SO(2)
spin of the defect operator, which must match on both sides of the equation. The dimension
of the displacement operators themselves are independent of n and fixed by a Ward identity
to be d — 1.

At first glance, this equation would suggest that there are no delta functions in the
OPE, only power law divergences. In computing the entanglement entropy, however, we are
interested in the limit as n — 1. In this limit, it is possible for a power law to turn into a
delta function as follows:

n—1 Sd_g

= (d_2) _a
1111_% ly — y/|[d-2 D (-1 ~@ 0 (y—9) (7.3.3)

where 7 = vy (n — 1) + O((n — 1)?) and S,_3 in the area of the d — 3 sphere. Comparison
of equations (7.3.3) and (7.3.2) shows that a delta function can “condense" in the D, x D
OPE only if the OPE coefficient and anomalous dimension obey

ca(n)/7a(n) ~ (n—1) + O((n — 1)?) (7.3.4)

as n approaches 1.
This is, however, not sufficient for a delta function to appear in (7.3.2) as n — 1. We
also need to have

A, =d (7.3.5)
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at n = 1. In other words, the defect operators we are looking for must limit to an operator
of SO(2) spin two and dimension d as the defect disappears. Clearly, the ¢ = 2 operator
induced by the bulk stress tensor, T |+, satisfies these conditions. Indeed, the first law of
entanglement necessitates the appearance of T++ in the D+ X D+ OPE with a delta function
(see Section 7.4 below).

Our main claim, (7.3.1), is the statement that no other operator can show up in (7.3.2)
whose contribution becomes a delta function in the n — 1 limit. In the rest of this section,
we enumerate all the possible operators that could appear in the D, x D, OPE (7.3.2).

Defect operators induced by low-dimension scalars

If there exists a scalar operator of dimension A = d — 2, then the associated defect operator
with SO(2) spin ¢ = 2 will have dimension A = d at leading order in n — 1. This possibility
was discussed in [307]. The contribution of such an operator was found to drop out of the
final quantity (T ) — %Sﬁﬁ , for holographic CFTs. We expect the same thing to happen in
general CFTs in the presence of such an operator, so we ignore this possibility.

¢ = 2 operators induced by spin one primaries

As discussed earlier, these defect operators have dimension A = Ay + 1+ O(n —1). We see
that for spin one primaries not saturating the unitarity bound, i.e. Ay > d — 1, these cannot
contribute delta functions. Actually, since these operators exist in the CFT at n = 1, we
will argue in the next section that the first law of entanglement forces their OPE coefficients
to be of order (n — 1)2.

For spin-one primaries saturating the unitarity bound, V), is then the current associated to
some internal symmetry. The entropy is uncharged under all symmetries, so such operators
cannot contribute to D+ X lA)Jr.

¢ = 2 higher spin displacement operators

The most natural candidate for contributions to the lir X f)+ OPE are the ¢ = 2 higher
spin displacement operators discussed in the previous section. These operators are given by
equation (7.2.6).

To show that such operators do not contribute delta functions to ﬁ+ X D+, we need to
argue that their dimensions A, (¢ = 2,J) do not limit to d as n — 1. As discussed in the
previous section, the dimensions of the higher spin displacement operators are given by

A ) =0 —J+L+0(n—1). (7.3.6)

The anomalous dimensions have not yet been computed but we expect them to be of order
n — 1, although we will not need this calculation here. The important point for us will be
that in a CFT with a twist gap, the leading order dimension of these operators is

A(2,])=T1;4+24+0(n—-1)>d (7.3.7)
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assuming the twist of the bulk primaries satisfies 7, > d — 2. Here we are using a result on
the convexity of twist on the leading Regge trajectory for all J proven in [325]. We see that
the bulk higher spin operators would need to saturate the unitarity bound to contribute a
delta function. Furthermore, there could be defect descendants of the form (8;8;)’“15;{ ().
But such operators will necessarily contribute to the OPE with larger, positive powers of
ly — ¢/'|, hence they cannot produce delta functions.

Nonlocal defect operators

So far we have focused on the individual contribution of local defect operators and by power
counting we see that these operators cannot appear in the diagonal QNEC. At fixed n, it is
reasonable to conjecture that this list we just provided is complete. However we have not
fully concluded that something more exotic does not appear in the OPE. As discussed in
the introduction this possibility arises because the n — 1 limit may not commute with the
OPE.

Indeed, we will find evidence that something non-standard does appear in the displace-
ment OPE. In Section 7.5 and Section 7.6 we will present some computations of correlation
functions of the displacement operator for particular states and entangling surfaces. In these
specific cases we will be able to make the analytic continuation to n — 1 before taking the
OPE. In both cases, we find that the power laws as y; — y are controlled by the dimensions
associated to non-local spin-3 light ray operators [326]. In the discussion section we will
come back to the possibility that these contributions come from an infinite tower of the local
defect operators that we have thus far enumerated. We conjecture that when this tower is
appropriately re-summed, we will find these non-standard contributions to the entanglement
entropy.

We will refer to these operators as nonlocal defect operators, and we further conjecture
that a complete list of such operators and dimensions is determined by the nonlocal J = 3
lightray operators that appear in the lightray OPE of two averaged null energy operators
as studied in [319, 327] for the CFT without a defect. In order to give further evidence for
this conjecture, in Section 7.5 we will compute the analytic continuation of the spectrum
of operators appearing around n = 1 in the D, x D, OPE by computing a fourth order
shape variation of vacuum entanglement. Our answer is consistent with the above conjecture.
While this relies on a specific continuation in n (a specific choice of “state dependence”) we
think this is strong evidence that we have not missed anything.

Before studying this nonlocal contribution further, we return to the local defect contri-
bution where we would like to check that the ratio of ¢(n)/~y(n) for T\, obeys (7.3.4).

7.4 Contribution of T++

In this section, we will review the first law argument which fixes the coefficient of the stress
tensor defect operator to leading order in n — 1. We will then use defect methods to demon-
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strate that the stress tensor does contribute with the correct ratio of ¢(n) and v(n) to produce
a delta function with the right coefficient demanded by the first law. To do this, we will make
use of a slightly modified form of the usual diffeomorphism Ward identity in the presence of
a twist defect that will compute ¢(n)/v(n). In Appendices A.18 and A.19, we also explicitly
calculate ¢(n) and ~y(n) separately for the stress tensor and show that they agree with the
result of this sub-section.

The First Law

A powerful guiding principle for constraining which defect operators can appear in the
OPE (7.3.2) is the first law of entanglement entropy. The entanglement entropy S(p) =
— Trl[plog p], when viewed as the expectation value of the operator —log p, is manifestly
non-linear in the state. The first law of entanglement says that if one linearizes the von
Neumann entropy about a reference density matrix - ¢ - then the change in the entropy
is just equal to the change in the expectation value of the vacuum modular Hamiltonian.
Specifically it says that

d Tr[plog p] = Tr[oplog o] (7.4.1)

where p = o + dp.

The case we will be interested in here is when o is taken to be the vacuum density
matrix for the Rindler wedge. The first law then tells us that the only contributions to
(YD, (y)D(y)) that are linear in the state as n — 1 must come from the shape variations
of the vacuum modular Hamiltonian.

The second shape derivative of the Rindler wedge modular Hamiltonian is easy to com-
pute from the form of the vacuum modular Hamiltonian associated to generalized Rindler
regions [12, 301, 328, 329]. Defining A (Hgz),, = — Tr[pr logor] + Tror logoz] to be the
vacuum subtracted modular Hamiltonian for a general region R bounded by a cut of the
2~ = 0 null plane, then we have the simple universal formula

A <H%>w 2

XX )~ B (e, (7.4.2)

This is a simple but powerful constraint on the displacement operator OPE; it tells us
that the only operator on the defect which is manifestly linear in the state as n — 1 and
appears in Dy x D, at n =1 is the stress tensor defect operator

. d? n—1 )
T, = f _ N0 (14127, 7). (7.4.3)

E|Z Tn

Thus, any other operator which appears in the OPE around n = 1 must contribute in
a manifestly non-linear fashion. Examining the list of local defect operators discussed in
Section 7.3 the only operators that are allowed by the above argument, aside from 7', ., are
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the higher spin displacement operators. As shown in [15] the limit n — 1 of the expectation
value of these operators give a contribution that is non-linear in the state.

We will return to these state dependent operators in later sections. Now we check that
indeed the stress tensor contributes with the correct coefficient.

Using the modified Ward identity
In Appendix A.16, we prove the following intuitive identity:

/ =2/ (50D (/) D (9)T-— (0,7, 0)) = (20D (y)T-_ (w, @, 0)). (7.4.4)

We now show that the identity (7.4.4) allows us to compute the stress tensor contribution
to the D, x D, OPE, which can be written as:

o on) .
D+ (y)D"r(y/) ) ’y — y/‘d*Q*'}’(n) ++

(y)+... (7.4.5)

where we have focused on the T++ contribution and the ellipsis stand for the defect descen-
dants of T++. We are free to ignore other defect primaries since they get projected out by
the T__(w,w, 0) insertion in (7.4.4). Of course, since (7.4.4) involves a y integral, one might
worry that we are using the OPE outside its radius of convergence. For now, we will follow
through with this heuristic computation using the OPE. At the end of this subsection, we
will say a few words about why this is justified.

Inserting (7.4.5) into (7.4.4) and ignoring the descendants, we find

d—2, 1 c(n) 0 — _ @ 0 w. T
/d Yy ly — ¢/ [4-2-7() (T4 (W) T (w,w,0)) = ~(n) Sa-3 (Ep T+ (y)T-—(w, ,(07)>4 .

where S,, is the area of the unit n-sphere. We can write T++ (y) in terms of T, integrated
around the defect:

Toi(y) = — 27{ T |7<" V(12127 7,y) (7.4.7)

We now take the n — 1 limit of equation (7.4.4). Since the right hand side starts at order
(n — 1), we see that ¢(n) must begin at one higher order in n — 1 than y(n). Generically we
expect y(n) to begin at order n — 1 and in Appendix A.19 we will see that it does. We thus
get the relation

)

o O )T (w0..0)) = =0, O (DL ()T (0. .0)) (T48)
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where c¢(n) = cV(n — 1)+ c@(n -1+ ... and y(n) =y (n - 1) + ... .

At n =1, (X7, (y)T—_(w,,0)) is just the usual stress tensor 2-point function. More-
over, we can evaluate the right hand side of (7.4.4) at order (n — 1) by following the steps
leading up to eq. (3.31) of [15]. This leads to

oD )T (wm0)| =i faza ([T ek
w —\w, w, =11n— Z Ow — —
= —21(n—1) 4Ty_2d (7.4.9)
We are then left with the following expressions for ¢; and c¢s:
271~
@ =TT =g (7.4.10)
Sa-3

This is exactly what is needed in order to write (7.4.5) near y = y' as D.(y)D (y/) D
8Dy — )T 1 (y). . .

We now comment on the justification for using the D, x D, OPE. Since the left hand
side of (7.4.4) involves a y integral over the whole defect, one might worry that the we have
to integrate outside the radius of convergence for the D+ X ﬁ+ OPE. We see, however, that
the y integral produces an enhancement in (n — 1) only for the 7, primary. In particular,
this enhancement does not happen for the descendants of 7', .. This suggests that if we were
to plug in the explicit form of the defect-defect-bulk 3 point function into equation (7.4.4) we
would have seen that the (n — 1) enhancement comes from a region of the y integral where
D+ and D+ approach each other. We could then effectively cap the integral over y so that it
only runs over regions where the OPE is convergent and still land on the same answer. As
a check of our reasoning, in Appendices A.18 and A.19, we also compute the ¢(n) and ~(n)
coefficients separately and check that they have the correct ratio.

7.5 Higher order variations of vacuum entanglement

In this section, we return to the possibility mentioned in Section 7.3 that something non-
standard might appear in the displacement operator OPE. The authors of [15] argued that
they had found a complete list of all local defect operators. This leaves open the possibility
that the n — 1 limit behaves in such a way that forces us to re-sum an infinite number
of defect operators. In this Section and the next, we will find evidence that indeed this
does occur. We will also give evidence that we have found a complete list of such nonlocal
operators important for the ﬁ+ X D+ OPE. In interacting theories with a twist gap this list
does not include an operator with the correct dimension and spin that would contribute a
delta function and violate saturation.

To get a better handle on what such a re-summed operator might be, we turn to explicitly
computing the spectrum of operators in the D x D OPE. To do this, we consider the defect
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four point function

Fu(y1,Y2,Y3,Ya) = <22D+(yl)ﬁ+(92)b—(93)D—(y4)> ‘ (7-5-1)

We will consider configurations where |y; — ya| = |yz — ya| are small but |y; — y4| is large.
With these kinematics, we can use the D x D OPE twice and re-write the four point function
as a sum over defect two point functions

cf+(n)c(_9/_ (n) <Z%@++(92)@/——(?J4)>
y2|2(d—1)+A$? lys — y4|2(d—1)+A$?'

Fn = (7.5.2)

0,0’ ‘yl -

where O, O denote the local defect primaries and their descendants appearing in D x D.
We immediately see that by examining the powers of |y; — y»| appearing in F,,, we can read
off the spectrum of operators we are after. That is, at least before taking the limit n — 1.
We have not attempted to compute the OPE coefficients explicitly for all the local defect
operators. This is left as an important open problem that would greatly clarify some of our
discussion, but this is beyond the scope of this paper.

If we assume that the n — 1 limit commutes with the OPE limit y; — y» we can now
find a contradiction. To see this contradiction, we can compute lim,_,; F,, in an alternate
manner holding y;, 3, fixed and compare to (7.5.2). The main result we will find is that
the divergences in |y; — yo| appear to arise from defect operators of dimension A, — J, + 2
where J, = 3 and A, is defined by analytically continuing the dimensions in (7.3.6) to odd
J (recall that (7.3.6) was only considered for even spins previously.) Generically we do not
expect these particular dimensions to appear in the list of operator dimensions of the local
defect operators that we enumerated. However we conjecture that by including such operator
dimensions we complete the list of possible powers that can appear in the displacement OPE
atn = 1.

This discussion further suggests that the final non-local defect operator that makes the
leading contribution beside 7', ; should be an analytic continuation in spin of the local higher
spin displacement operators. We will come back to this possibility in the discussion.

We now turn to computing F, without using the defect OPE. In Appendix A.20, we
explicitly do the analytic continuation of F,,, but here we simply state the answer. We find
that F,, takes the form

For (n—1) / dse™ (T (st = 0,57 = =1, yp)& ()€ ()T (¢* = 0,07 = —¢ ™, y) )
+0((n—1)%), (7.5.3)

which can also be written as:

<5— (y3)£’+(yl)é+(y2)5_ <?J4>>
vol SO(1,1)

Fp~(n—1) (7.5.4)
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Figure 7.2: The answer for the defect four point function F,, upon analytic continuation to n = 1.
We find that there are two insertions of half-averaged null energy operators, £_, as well as two
insertions of £,. Note that strictly speaking, in (7.5.3), the half-averaged null energy operators are
inserted in the right Rindler wedge, but by CRT invariance of the vacuum, we can take the
half-averaged null energy operators to lie in the left Rindler wedge instead, as in the figure.

The later division by the infinite volume of the 1 dimensional group of boosts is necessary to
remove an infinity arising from an overall boost invariance of the four light-ray integrals. See
for example [330]. The un-hatted £_ operators represent half averaged null energy operators,
integrated from the entangling surface to infinity. Similar modifications to light-ray operators
were used in [327] in order to define their correlation functions and it is necessary here since
otherwise the full light-ray operator would annihilate the vacuum.

We see that the effect of two D+ insertions was to create two €+ insertions in the limit
n — 1. Thus considering the OPE of two displacement operators leads us to the OPE of
two null energy operators. This object was studied in [319] and more recently [327]. These
authors found that the two averaged null energy insertions can be effectively replaced by a
sum over spin 3 “light-ray" operators, one for each Regge trajectory. In other words,

5 5 ©(?J2)
Ex(y)Eslys) ~ ) o (7.5.5)
i ’yl ‘ ( ) even J=3
where Teven j_3 1s the twist of the even J primaries on the ¢th Regge trajectory analytically

continued down to J = 3. A delta function can appear in this expression if Tevenj—s = d — 2,
i.e. if the dimensions saturate the unitarity bound.
Using the recent results in [325] again, we know that the twists on the leading Regge

trajectory obey d:l j ) > 0 and ¢ dTJQJ < 0. Since the stress tensor saturates the unitarity
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bound, for a theory with a twist gap we know that 7/, ;_3 > d — 2, therefore there cannot
be a delta function in y; — y». By the previous discussion then, formula (7.5.3) suggests that
there are no extra operators besides the stress tensor that produce a delta function. To give
further evidence for this we next explicitly work out another case where we can compute the
n — 1 limit before we do the OPE and we find the same spectrum of operators.

7.6 Near Vacuum States

We have just seen that the OPE of two displacement operators appears to be controlled by
defect operators of dimension A ;_3— 1. As a check of this result, we will now independently
compute the second variation of the entanglement entropy for a special class of states. In
these states, we will again see the appearance of the OPE of two null energy operators
E.(y)€,(y'). This again implies a lack of a delta function for theories with a twist gap.

This computation is particularly illuminating in the case of free field theory where we
can use the techniques of null quantization (see Appendix A.21 for a brief review). Null
quantization allows us to reduce a computation in a general state of a free theory to a near-
vacuum computation. In this way we will also reproduce the computations in [303] using a
different method.

The state we will consider is a near vacuum state reduced to a right half-space

p(A) =0+ Xop+ O(N\?) (7.6.1)

where ¢ is the vacuum reduced to the right Rindler wedge. We can imagine p(\) as coming
from the following pure state reduced to the right wedge

[Pv(N)) = <1 + i)\/drdﬁdd2yg(r,9,y)(’)(r,9,y)> Q) + O(\?) (7.6.2)
where (7,6, y) are euclidean coordinates centered around the entangling surface and
O(r,0,y) = exp (tHZ0) O(r,0,y) exp (—i H70) (7.6.3)

where HY, is the Rindler Hamiltonian for the right wedge.
From this expression for |¥(A)), we have the formula

op = a/drd@dd2yf(r,9,y)(’)(r,9,y) (7.6.4)
where

f(T797y> = i(Q(r7e7y) —g(?”, 27T_‘97y)*)‘ (765>

Note that f obeys the reality condition f(r,60,y) = f(r,2m — 0,y)*.
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We are interested in calculating the shape variations of the von-Neumann entropy. To this
aim, since the vacuum has trivial shape variations we can compute the vacuum-subtracted
entropy AS instead. We start by using the following identity

AS =Tr ((p(A) = ) H?) = Sra(p(V)]0). (7.6.6)

We can now obtain AS to second order in A. The vacuum modular Hamiltonian of the
Rindler wedge is just the boost energy

Tr[(p(\) —0)H?| = /dd_2y/dvv Tr [p(A\) T4 (u = 0,v,y)] (7.6.7)

where the computation of Si(p(A)|o) was done in Appendix B of [331]. There it was
demonstrated that

)\2 d is —is
Slp(Vlo) = = (i T |0 o Eape | 000 (169
2

2 ) 4sinh®(
For a pure state like (7.6.2), we can instead write the above expression as a correlation
function

A2 ds .
Sre =—— [ d ——————(O(rq, b1, K0 , 0o, 7.6.9
(o) =~ [ | ity O O ) O 0. (7.69)
where we have used the shorthand

/d,u = /dﬁzdelzdd_gyl,zf(rl,91,yl)f(7"2>92,y2) (7-6-10)

and K = H%— HY is the full modular Hamiltonian associated to Rindler space. This formula
(7.6.9) and generalizations has been applied and tested in various contexts [332, 333, 334,
335]. Most of these papers worked with perturbations about a state and a cut with associated
to a modular Hamiltonian with a local flow such as the Rindler case. However it turns out
that this formula can be applied more widely where K need not be local.?

We can thus safely replace the Rindler Hamiltonian in (7.6.9) with the Hamiltonian
associated to an arbitrary cut of the null plane. This allows us to take shape deformations
directly from (7.6.9); by using the algebraic relation for arbitrary-cut modular Hamiltonians
[329]

e—ik(xﬂseik(ms — pile’=1) [dy [ dat XF ()T (27) (7.6.11)

3The only real subtlety is the angular ordering of the insertion of @ in Euclidean. This can be dealt
with via an appropriate insertion of the modular conjugation operator - a detail that does not affect the final
result. We plan to work out these details in future work.
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Figure 7.3: For near vacuum states, the insertions of displacement operators limit to two insertions of
the averaged null energy operators &, .

we have

Swalplo) X / dy / dse* (O(r1, 01, y1)E4 (1)E+ (4 )™ K O O(ry, 3, 11)) (7.6.12)
5X+(y)(sX+(y/) 9 ) ) + + ) )

where the states p, o depend implicitly on X (y).* Notice that upon taking the variations
the double poles in the 1/sinh?(s/2) kernel of (7.6.8) were precisely canceled by the factors
of ¢® — 1 in the exponent of equation (7.6.11).

This equation is the main result of this section. We see that taking shape derivatives of
the entropy can for this class of states be accomplished by insertions of averaged null energy
operators. This helps to explain the appearance and disappearance of extra delta functions
as we change the coupling in a CF'T continuously connected to a free theory. For example,
in a free scalar theory, one can show that the OPE contains a delta function,

A~ ~

EcWELW) D0y —y). (7.6.13)

This is consistent with the findings of [280] where this extra delta function contribution to
the QNEC was computed explicitly. To this aim, in Appendix A.21, we explicitly reproduce
the answer in [280] using the above techniques.

4Note the similarity between (7.6.12) and (A.20.6). This is because one can view the defect four point
function in (7.5.3) as going to second order in a state-deformation created by stress tensors with a particular
smearing profile.
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7.7 Discussion

In this discussion, we briefly elaborate on the possible origin of the non-local operators whose
dimensions we found in the displacement operator OPE considered in Sections 7.5 and 7.6.
As mentioned in the main text, the appearance of new operators is a bit puzzling since the
authors in [15] found a complete set of defect operators as n — 1. In other words, at fixed
n > 1, it should in principle be possible to expand these new operators as a (perhaps infinite)
sum of ¢ = 2 defect operators.

In particular, we expect them to be representable as an infinite sum over the higher spin
displacement operators. We believe that it is necessary to do such an infinite sum before
taking the n — 1 limit, which entails that the OPE and replica limits do not commute. This
is why [15] did not find such operators. It also seems, given the non-trivial re-derivation of
the results in [15] using algebraic tecniques in [16], that these new non-local defect operators
are not necessary for the limit 7 — 1 limit of the bulk to defect OPE used in [15] to compute
modular flow correlation functions.

We give the following speculative picture for how the nonlocal defect operators might
arise:

- 00 ~ (J)

A S Cj=2 (nﬂ ++ Cj (”) DL
D, (y1)Dy(y2) = — + E 7.7.1
+ (1) D (y2) |y — yo[2(d-1-27=2 o ly — yo[2d- D=2 ( )

where we have suppressed the contribution of defect descendants. The latter sum in (7.7.1)
comes from the spin 2 displacement operators that come from the spin J CFT operator.
This is a natural infinite class of operators that one could try to re-sum should that prove
necessary.

In our calculations, we did not see any powers in |y; — yo| that could be associated to
any individual higher spin displacement operator (as in the second term in (7.7.1)). Instead,
in Section 7.5 and Section 7.6 after taking the n — 1 limit we observed dimensions that did
not belong to any of the known local defect operators. One possibility is that the higher spin
operators in (7.7.1) re-sum into a new term that has a non-trivial interplay with the n — 1
limit. One way this might happen is if the OPE coefficients of the higher spin displacement
operators take the form

1
T—3)(n— 1)

so that they diverge as n approaches 1. Such a divergent expansion is highly reminiscent of
the Regge limit for four point functions where instead the divergence appears from the choice
of kinematics. This pattern of divergence where the degree increases linearly with spin can
be handled using the Sommerfeld-Watson trick for re-summing the series. The basic idea
is to re-write the sum as a contour integral in the complex J-plane. One then unwraps the
contour and picks up various other features depending on the correlator.

Our conjecture in (7.7.2) is that the other features which one encounters upon unwrapping
the J contour is quite simple: there is just one pole at J = 3. Upon unwrapping the

CJ:Qk(TL) ~ ( (772)
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contour in the J-plane, we pick up the pole at J = 3, which suggests that indeed these new
divergences in |y; — ys| are associated to operators which are analytic continuations in spin
of the higher spin displacement operators. In this way we would reproduce the correct power
law in |y; — ys| as predicted for near vacuum states.

Note that this needs to be true for any CFT - not just at large N or large coupling. The
universality of this presumably comes from the universality of three point functions. Indeed,
one can try to compute these OPE coefficients. We should consider the following three point
function:

cs(n) (£2DY) (yo) D

——<y3)> (7 7 3)
|y1 _ y2|2(d—1)—An(J) o

(20D (y1) Do (y2) D (y3)) ~

Via calculations based on the results in Appendix A.17, we find the three point function
above in the the replica limit is:

~(n—1) ]{dww‘]_?’ (T (0, = 0,45)E4 (1) €4 (12)) + O((n = 1)?). (7.7.4)

Naively, the full null energy operator é+(y1) commutes with the half null energy operator
£, (y2) and one can use the fact that £, (y1) |Q) = 0 to conclude that ¢;(n = 1) vanishes. This
seems to be incorrect however due to a divergence that arrises in the null energy integrals.
Rather we claim that this coefficient diverges. The way to see this is to write

(T (w,@ = 0,y3)E, (11)E1 (1)) =

/ dat / df (T (w,T = 0,y3) Tt (0,2, 51)Ths (0,25, 42)) - (7.7.5)
—00 0

We can now attempt to apply the bulk OPE between the two 7', . ’s which in these kinematics
must become®

0 (NI T (et
T (= =0,27,y)T Ty (z” =0,25,y2) = (215) T ?,yz) + (descendants).
Ly — @ DB )

(7.7.6)

where A;(J) = Ay — J + 2. Plugging (7.7.6) into (7.7.5) and re-labeling z; — Ajz2, we see
that for even J > 3, the \; integral has an IR divergence

°To get the exact answer, one needs to account for all of the SO(2) descendants in this OPE as well
since they contribute equally to the higher spin displacement operator. We expect all of these descendants
to have the same scaling behavior with n — 1 and J — 3.
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One can cut-off the integral over A\; at some cutoff A. The answer will then diverge like

A
()
—A

1 — el 2D

1
X — .

|y1 _ y2|2(d—1)—A1(J)
(7.7.7)

AJ73 0
~ J—3 / d$2 ngii <j—...—(w7w = 07 y3)\7+‘..+(2 = 07z = I;,yg»
0

The J — J correlator on the right is precisely the order n — 1 piece in <221A)JJF +l§@) SO
we find that the OPE coefficient scales like ¢(n = 1) ~ /}]:,f .

Since A is some auxiliary parameter, it is tempting to assign A ~ 1/(n —1); we then find
the conjectured behavior in (7.7.2). This is ad hoc and we do not have an argument for this
assignmennt, except to say that the divergence is likely naturally regulated by working at

fixed n close to 1. This is technically difficult so we leave this calculation to future work.
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Chapter 8

Ignorance is Cheap: From Black Hole

Entropy To Energy-Minimizing States In
QFT

8.1 Introduction and Summary

There is a remarkable interplay between testable low-energy properties of quantum field
theory (QFT), and certain conjectures about quantum gravity, in which the area of surfaces
is associated to an entropy. For example, the classical focussing theorem in General Relativity
relies on the Null Energy Condition and so can fail in the presence of quantum matter. A
Quantum Focussing Conjecture (QFC) was proposed to hold in the semiclassical regime; it
implements a quantum correction to the classical statement by replacing the area with the
area plus exterior entropy, i.e., the “generalized entropy.” This was a guess about quantum
gravity, but it led to a new result in QFT. Namely, the Quantum Null Energy Condition
(QNEC) was discovered as the QFT limit of the QFC [13].

The QNEC has since been laboriously proven within relativistic quantum field the-
ory [303, 15, 16]. The fact that the QNEC arises more directly and simply from a hypothesis
about quantum gravity is striking. Experimental tests of the QNEC may be viable and
should be regarded as test of this hypothesis.

Here we will discover a related but distinct connection of this type. We begin again
with a classical gravity construction, though one motivated by quantum gravity. The notion
that black holes carry Bekenstein-Hawking entropy (proportional to their area) has been
fruitful and widely explored, but we stress here that it is a hypothesis that has not been
experimentally tested. This hypothesis leads to a puzzle: if the black hole was formed from
a pure state, then the entropy should vanish. Thus the Bekenstein-Hawking entropy must
be the von Neumann entropy of another quantum state, presumably one that is obtained by
an appropriate coarse-graining of the original state. What characterizes this coarse-grained
state?



CHAPTER 8. IGNORANCE IS CHEAP: FROM BLACK HOLE ENTROPY TO
ENERGY-MINIMIZING STATES IN QFT 185

This question was the subject of a recent conjecture by Engelhardt and Wall (EW) [18].
The EW conjecture applies to a class of surfaces that may lie on or inside the event horizon.
The Bekenstein-Hawking entropy associated with a “minimar” surface o is the area of the
extremal (Ryu-Takayanagi [4] or HRT [282]) surface, maximized over all spacetimes that
agree with the given solution outside of o. (The input spacetime may have no such surface
and thus no entropy.) Engelhardt and Wall showed that the coarse-grained entropy so
defined does indeed agree with the area of 0. The interpretation of extremal surface area
as an entropy in the quantum gravity theory is well-motivated by the success of the RT
proposal in asymptotically Anti-de Sitter spacetimes. We review the EW coarse-graining
procedure in Sec. 8.2.

However, the EW construction and proof are purely classical. In particular, the construc-
tion fails when quantum matter is included, because it relies on the Null Energy Condition.
Moreover, there is considerable evidence that in semi-classical gravity, it is the generalized
entropy [115] (and not the area) that is naturally associated with thermal states of the
underlying quantum gravity theory [296, 336].

Here, we will formulate a semi-classical extension of the EW coarse-graining proposal for
black hole states; that is, we include effects that are suppressed by one power of Gh compared
to the classical construction. In Sec. 8.3, we consider a suitably defined quantum version of
a “minimar” surface. At this order, we must hold fixed not only its exterior geometry but
also the exterior state of the quantum fields. We conjecture a construction that explains the
generalized entropy of the quantum minimar surface ¢ in terms of a suitably coarse-grained
state: one can find an interior completion of the geometry and quantum state that contains
a quantum stationary surface [296, 336, 284| with equal generalized entropy, but none with
larger generalized entropy. Moreover, we propose that saturation is obtained by extending
o along a stationary null hypersurface whose classical and quantum expansions both vanish.

Unlike the classical EW construction, we cannot prove our conjecture. But in Sec. 8.4,
following the example of the QFC — QNEC derivation, we are able to extract a pure quan-
tum field theory limit. We apply our construction to states on a fixed background black
hole spacetime with a complete Killing horizon. In this limit, coarse-graining requires the
existence of QFT states with specific and somewhat surprising properties, which we list. The
most striking property of the coarse-grained state is that the energy flux across the horizon
has delta-function support on o; and that it vanishes at all earlier times on the horizon. (At
later times the state agrees with the input state by construction.) The strength of the delta
function is set by the derivative of the von Neumann entropy along the horizon in the input
state, hS’ /2.

In particular, the existence of a quantum state with these properties would imply a new
result in QFT, Wall’s “ant conjecture” [337| concerning the minimum energy of global com-
pletions of a half-space quantum state. (We review the ant conjecture in Appendix A.22.
The QNEC follows from this conjecture, but it has also been directly proven.) Our proposal
thus implies that a state that maximizes the generalized entropy minimizes the nongravita-
tional energy inside of a cut of a Killing horizon, subject to holding fixed the state on the
outside. Roughly speaking, ignorance saves energy.



CHAPTER 8. IGNORANCE IS CHEAP: FROM BLACK HOLE ENTROPY TO
ENERGY-MINIMIZING STATES IN QFT 186

In fact, Wall’s ant conjecture was recently proven by Ceyhan and Faulkner (CF) [16].
The CF construction takes as input a state on a Killing horizon and a cut at some surface o
on the horizon. Connes cocycle flow then generates a family of states that differ only to the
past of the cut. In the limit of infinite flow, a state is approached whose properties prove
the ant conjecture.

In greater than 141 dimensions, the requirements we derive appear to be stronger than
those demanded by the ant conjecture; see Appendix A.22. Thus it is not immediately ob-
vious that the quantum states required for our coarse-graining proposal exist. However, in
Sec. 8.5 we show that the CF family of states attains all of the properties required by our
conjecture. In particular, a delta function shock appears at the cut, with precisely the pre-
dicted strength. It is interesting that this feature arises in an algebraic construction whereas
in the black hole setting, it arose geometrically from requiring a source for a discontinuity
in the metric derivative. Thus, the CF construction proves the QFT limit of our conjecture,
even though it was originally designed to prove the ant conjecture.

We briefly discuss some future directions in Sec. 8.6.

8.2 Classical coarse-graining of black hole states

In this section we review a classical geometric construction by Engelhardt and Wall (EW) [18,
338]. In Sec. 8.2, we provide definitions of (classically) marginally trapped, “minimar”,
stationary, and HRT surfaces.

In Sec. 8.2, we summarize the EW proposal for the outer entropy of a “minimar” surface,
a marginally trapped surface o that satisfies certain addition conditions. EW define this
entropy in terms of geometries that agree with in the exterior of o but differ in the interior.
For any such auxiliary geometry, inspired by the Ryu-Takayanagi proposal, the von Neumann
entropy is assumed to be given by the area of a stationary surface. Maximizing this area
over all possible auxiliary geometries, EW show that it agrees with the area of o, which thus
represents a coarse-grained entropy in agreement with the Bekenstein-Hawking formula.

Classical marginal, minimar, and stationary surfaces

We begin by fixing some notations and conventions; see Sec. 2 of [338] for details. Let o be
a Cauchy splitting surface, that is, o is an achronal codimension two compact surface that
divides a Cauchy surface ¥ into two sides, Y, and ;.

Let k%, I* be the two future-directed null vector fields orthogonal to o, normalized so
that k,l* = —1; and let 0, 6, be their expansions.

If exactly one null expansion vanishes, we shall take this to be the k-expansion. Then o
is called marginally outer trapped, with k defining the “outside.” If §; < 0 everywhere on a
marginally outer trapped o, we call ¢ marginally trapped.
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Figure 8.1: Penrose diagram of a black hole formed from collapse in Anti-de Sitter space, showing a
minimar surface o and its outer wedge Oy [o] with Cauchy surface .

The outer wedge Oy o] of a marginally trapped surface o is the set of spacelike separated
events on the outside of o (the side that k points towards, see above): Owl|o] = D[¥out],
where D denotes the domain of dependence. See Fig. 8.1.

A minimar surface is a marginally trapped surface o that satisfies two additional restric-
tions:

e Oy [o] contains a connected component B of an asymptotic conformal boundary (as
would be the case, for example, if ¢ lies in a single black hole formed from collapse
in asymptotically anti-de Sitter or flat spacetime). Moreover, Oy [o] admits a Cauchy
surface on which o is the surface homologous to B that minimizes the area; see Fig. 8.1.

o kavag(l) <0

A stationary surface X is a surface whose expansion vanishes in both null directions, &
and [:!

0 = 6, = 0 everywhere on X . (8.2.1)

A Hubeny-Rangamani- Takayanagi (HRT) surface X is a stationary surface that satisfies
additional requirements: it is the stationary surface with the smallest area, subject to a
homology condition [282, 4]. Here, we will require that X be homologous to a minimar
surface o, and hence to a connected component B of a conformal boundary.

Bekenstein-Hawking entropy from coarse-graining behind minimar
surfaces

Engelhardt and Wall [338] argued that the area of a minimar surface o can be understood
as a coarse-grained entropy. For geometries with a conformal field theory (CFT) dual, an

In an abuse of language, this is sometimes referred to as extremal rather than stationary.
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explicit prescription for this coarse-graining can be formulated in the CFT. Here, we will
be interested in the bulk definition of this coarse-graining, which can be discussed in more
general geometries.

In the bulk, the coarse-graining consists of holding fixed the outer wedge of o, Oy o],
while erasing the spatial interior of ¢ and replacing it with an auxiliary geometry. One seeks
the auxiliary geometry with the largest possible HRT surface X behind o. The coarse-grained
entropy of o is defined as A[X]/4Gh.

So far, we have reviewed the definition of the outer entropy. The EW proposal is the
conjecture that

o Souter = A[X]/4Gh represents the von Neumann entropy of a well-defined state in a
quantum gravity theory; and

o A[X] = Alo].

EW proved the first part of the conjecture for the special case where B lies on the
conformal boundary of an asymptotically AdS spacetime, and o lies on a perturbed Killing
horizon; moreover the proof assumes the Ryu-Takayanagi [4] and HRT [282] proposals for
the von Neumann entropy of the boundary CFT. In this case, it is possible to construct the
dual CFT state explicitly, and to show that its entropy agrees with Sguter-

The second part of the conjecture was proven more generally [338]. Using the maximin
definition of the HRT surface [339], it can be shown that

AlX] < Alo] . (8.2.2)
This argument assumes the Null Energy Condition (NEC), that the stress tensor satisfies
T.kk" >0 (8.2.3)

for any null vector k.

EW explicitly construct an interior geometry that saturates the inequality (8.2.2). This
implies

Souter[a] = % - % .

The interior geometry with A[X] = Alo] is constructed by specifying initial conditions
on the null hypersurface N, orthogonal to o towards the interior and past. Appropriate
initial data is generated by null-translating the intrinsic geometry of o, thus generating a
stationary null hypersurface:

(8.2.4)

6 =0 on N; . (8.2.5)

This ensures that all cross sections of N, —in particular, X—have the same intrinsic metric
and area as o. This construction is consistent with the relevant constraint, the Raychaudhuri
equation,

1
kavaek = —502 - §2 — 871G Tkk s (826)
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if one sets
¢=0and Ty, =0 on N, . (8.2.7)

on N, . EW [338] show that this choice is always possible. Since §j, vanishes on o, Egs. (8.2.6)
and (8.2.7) ensure that the entire extrinsic curvature tensor in the k-direction vanishes ev-
erywhere on N, , achieving the desired stationarity of N, .

Moreover, it is important to show that there exists a stationary (HRT) surface X on
N, . The outgoing expansion 6, vanishes on any cut of N, , by the above construction. The
question is whether there exists a cut X on which the ingong expansion ; vanishes as well.
This is accomplished in the following sequence of steps.

The minimar assumption dictates that on o, 6, < 0 and k°V,0; < 0. One can choose
initial conditions on /V,~ such that along every null generator of N, , k*V,0; is constant and
equal to its value on o: by the cross-focussing equation,

1
k:“Vael = —57?, - lel + X2 + V- X + &r(G Tkl s (828)

this can be accomplished by choosing all terms on the right hand side to be constant on
N, . This is already ensured for the intrinsic curvature scalar R and for the (vanishing) 6,6,
term, by stationarity of N, . The twist, or normal 1-form, is defined by

Xa = h, 1V ckq | (8.2.9)
where hq, = gap + 2l(akp) 1s the induced metric on a cut. The twist evolves according to
k*V o xi = 87T (+ terms that vanish when 0, = ¢ =0) . (8.2.10)

To summarize, one can accomplish k*V 0, = k*V,6,|, on N, by choosing Eqs. (8.2.5)
and (8.2.7) and in addition, along each null generator of N, ,

Tk:l = Tkl|g and T’zkz =0 on Nk_ . (8211)

Again, EW argue that these choices are always possible.

Let v be the affine parameter associated to k%, and let y be the transverse coordinates
(angular coordinates) on o. The location of a stationary surface X, v = f(y), is determined
by the differential equation

L f] = =61, , (8.2.12)

where L% is the stability operator (see Ref. [338] for details). This can be shown to have a
solution with —oo < f < 0, so the HRT surface exists and lies on N, .

EW then glue the geometry exterior to X (that is, N, and the outer wedge) to its CPT
image across X. This constructs a “two-sided” geometry in which X functions as a kind
of bifurcation surface of a two-sided black hole/white hole pair. (However, the stationary
auxiliary portion IV, does not in general correspond to the horizon of a Kerr-Newman black
hole, as its intrinsic metric can differ.)
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In a final step, EW show that X is not just stationary but is an HRT surface, i.e., that
X is the smallest-area stationary surface homologous to ¢. This step uses the NEC as well
as the second part of the minimar property of o.

This concludes our summary of the EW coarse-graining prescription. Again, we refer the
interested reader to Ref. [338] for more detailed definitions and arguments.

8.3 Semiclassical coarse-graining of black hole states

In this section, we formulate a semiclassical extension of the Engelhardt-Wall construction,
starting from a quantum marginally trapped surface 0. We conjecture that the semiclassical
state invoked in our construction exists in the full quantum gravity theory; and that in this
theory this state has a von Neumann entropy given by the generalized entropy of o.

In Sec. 8.3, we introduce relevant concepts such as generalized entropy, quantum expan-
sion, quantum marginally trapped surfaces, and quantum HRT surfaces.

In Sec. 8.3, we state our quantum extension of the EW coarse-graining proposal.

In Sec. 8.3, we refine our conjecture by describing key properties that the coarse-grained
state is expected to satisfy at the level of semiclassical gravity. (These properties will be
shown to have an interesting nongravitational limit in Sec. 8.4. In Sec. 8.5 we will show that
a recent construction by Ceyhan and Faulkner [16] generates quantum field theory states
which achieve these properties in a certain limit.)

Quantum marginal, minimar, and stationary surfaces

Before we turn to the question of why and how the EW construction should be extended
to the semiclassical regime, we introduce here the relevant concepts: generalized entropy,
quantum expansion, quantum (marginally) trapped surfaces, and quantum extremal surfaces.
More details can be found, e.g., in Refs. [277, 336, 303, 12].

The notion of generalized entropy was originally introduced by Bekenstein [115] as an
extension of ordinary entropy that includes the contribution from black holes, Souy — Sout +

ﬁ. But in an expansion in Gh, it is the exterior entropy that should be regarded as a
quantum correction:
A
Seen = —= + Sout + -+, 8.3.1
sen = qgn oo T (83.1)

Equivalently, 4GhSge, represents a quantum-corrected area.

In Bekenstein’s original proposal, A represented the area of a cut of a black hole event
horizon; and S,y represented the entropy in the black hole’s exterior. However, the general-
ized entropy can be defined for any Cauchy-splitting surface o, with S,,; the von Neumann
entropy of the quantum fields restricted to one side of 0. A/4Gh should be regarded as the
leading counterterm that cancels divergences in the entropy; we suppress subleading terms
here. Given its wide applicability, the notion of generalized entropy can be used to define
quantum-corrected notions of trapped, stationary, etc., as follows.
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Recall that the classical expansion of a surface ¢ at a point y € & is the trace of the null
extrinsic curvature at y. It can also be defined as a functional derivative,
JA[V]

0o;y] = h(?/)_mw ; (8.3.2)

where h is the area element on 6. Here V (y) defines a surface that lies an affine parameter
distance V' from ¢ along the null geodesic emanating from & at y.

The above definition is overkill, as the classical expansion depends only on the local
geometry near y. But it generalizes directly to the quantum expansion, ©, which depends
on ¢ nonlocally:

O y] = —Gh_9SlV] (8.3.3)

hy) OV (y)
A quantum marginally outer trapped surface is a surface whose quantum expansion in
one of the two null directions (say, k) vanishes at every point. Let o be such a surface:

Oklosy] =0 . (8.3.4)

It follows that
On(y) = — (8.3.5)

at every point on o.
A quantum marginally trapped surface is a quantum marginally outer trapped surface for
which in addition
Oo;y] <0 . (8.3.6)

(As usual, anti-trapped corresponds to the opposite inequality on the [-expansion.)

The outer wedge Oy o] of a quantum marginal surface o is the set of spacelike separated
events on the “marginal” side of o, i.e., the side that k points towards: Ow o] = D[3ou]; see
Fig. 8.1.

A quantum minimar surface, is a quantum marginally trapped surface o that satisfies
two additional restrictions:

e Oy [o] contains a connected component of an asymptotic conformal boundary (as would
be the case, for example, if ¢ lies in a single black hole formed from collapse in asymp-
totically anti-de Sitter or flat spacetime). Moreover, Oy [o] admits a Cauchy surface
on which o is the surface homologous to B that minimizes the generalized entropy; see
Fig. 8.1.

° k:“VGQZ <0.

Note that we impose the second condition on the classical expansion, not the quantum
expansion. Since the inequality is strict, the classical expansion ¢, will dominate in the
semiclassical expansion in Gh.
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A quantum stationary surface is a surface whose quantum expansions vanish in both null
directions, k£ and [. We will demand that X be such a surface:

OX;y =0, 6[X;y]=0. (8.3.7)

A quantum HRT surface satisfies additional requirements: it is the quantum stationary
surface with the smallest generalized entropy; and it must obey a homology condition [336].
Here, we will require that it be homologous to a quantum minimar surface o, and and hence
to a connected component B of a conformal boundary.

Generalized entropy from coarse-graining behind quantum
marginally trapped surfaces

We will now motivate and formulate a quantum extension of the EW proposal. To see
that such an extension is needed, note that the classical EW construction relies on the Null
Energy Condition, Eq. (8.2.3). The NEC guarantees that no HRT surface with area greater
than that of the marginally trapped surface can be constructed. It also guarantees that the
stationary surface with equal area is an HRT surface. But the NEC is known to fail in any
relativistic quantum field theory, so none of these conclusions survive at the semiclassical
level.

Indeed, one does not expect any quantum state of the full quantum gravity theory to
correspond to just the area of a surface (as is implicit in the classical EW construction).
Rather, one expects its von Neumann entropy to match the generalized entropy. That is, to
the extent that a quantum state corresponds to a surface, one expects it to also describe the
surface’s exterior.

There is significant evidence supporting this expectation from the AdS/CFT correspon-
dence [3]. Consider the quantum state pp on a region B, where B can be all or part of the
boundary. This state is expected [296, 285] to describe the entire entanglement wedge of B,
i.e., the spacetime region enclosed by B and the HRT surface X|[B]. The 1/N expansion on
the boundary (with N the rank of the CFT’s gauge group) corresponds to the Gh expansion
in the bulk. In particular, the von Neumann entropy S(pp) can be expanded in this way,
with the leading O(N?) piece corresponding to the area of X[B], and the subleading O(1)
piece corresponding to the exterior bulk entropy Syu;. When expanding to higher orders, Xpg
should be taken to be the quantum HRT surface of B [336].

We thus seek a proposal in which the generalized entropy of a surface o is explained as a
coarse-grained entropy. The coarse-graining should correspond to maximizing the generalized
entropy of a quantum HRT surface X, subject to holding fixed the outer wedge Oy [o] (now
including the quantum state of bulk fields in Oyw/[o]). The coarse-graining prescription will
be successful if Sgen[X| = Sgen[0].

The remaining question is what characterizes a surface o that we may consider for coarse-
graining. In the classical case, the appropriate criterion was that ¢ be minimar. In the
quantum case, the natural candidates are minimar surfaces or quantum minimar surfaces.
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In the EW construction of the maximally coarse-grained state, the HRT surface X of the
coarse-grained state lies on a stationary null surface N, extended to the past and inwards
from o. Our construction will share this feature. This excludes (classically) minimar as the
relevant criterion for o. The variation of Sy, does not have definite sign on such surfaces,
and so their quantum expansion would not have a definite sign. However, if O[c] > 0 then
by the quantum focussing conjecture, it would be impossible to find an X with ©[X]| = 0 on
N, [o]. Therefore, we will require that o be quantum minimar; in particular, ©[o] = 0.

We now state our proposal. Let ¢ be a quantum minimar surface homologous to a
boundary region B, with generalized entropy Sgen|o] and outer wedge Ow/[o]. Let X be a
quantum HRT surface in any geometry such that:

® Ow[X] D) Ow[O']
e X is homologous to o.

e Both the geometry and the quantum state of Oy [X] agree with that of Oy o] upon

restriction of Ow [X]| to Ow|o]. (To be precise, let 3o [X] be a Cauchy surface of

Ow[X] such that X,,:[X] N Ow[o] is a Cauchy surface of Oy [o], Eou[o], and let px

and p, be the state of the quantum fields on Y, [X] and Xou[o], respectively. We
require that Try -5 .0 % = Po-)

We claim that o
SUPxSgen[X] = Sgen[0] - (8.3.8)

Moreover, let X be a surface X that achieves the supremum. (This should be taken as
a limiting statement if no such X exists.) Then Oy [X] represents a coarse-graining of
the original geometry, with respect to the quantum minimar surface o. In particular, in
AdS/CFT the quantum state on B dual to the entanglement wedge Oy [X] has von Neumann
entropy Sgen[0].

Unlike the classical case, we will not prove this conjecture, but we will provide some
evidence supporting its plausibility. We proceed in two steps as in the classical case: first,
we will argue that

Sgen[y} S Sgen[o-} (839)

for any X satisfying the conditions in our proposal. We then refine our conjecture by detailing
the properties of a semiclassical geometry and quantum state that would achieve equality.

In order to show Eq. (8.3.9), we generalize the result in [338] to the quantum case. This
involves two main assumptions. The first assumption is the quantum focusing conjecture [13]
which asserts that in the semi-classical limit the derivative of the quantum expansion of
codimension 2 surfaces under any null deformation is non-negative:

5@k[X§y]
W <0. (8.3.10)
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The second assumption is a slightly weaker quantum generalization of the classical maximin
construction [339]. More precisely, we assume that the quantum extremal surface X is also
the surface of minimal generalized entropy on some Cauchy slice Y.

By global hyperbolicity, the congruence of null geodesics orthogonal to ¢ in the +£ direc-
tions intersect ¥ at some Cauchy splitting surface 7. (The congruence should be terminated
at conjugate points or self-intersections [340, 341]. Since o is a quantum marginally trapped
surface, quantum focusing ensures that

Sgen|0) < Sgenlo] - (8.3.11)
The quantum maximin assumption further implies
Seen[X] < Sgen[d] | (8.3.12)

which establishes Eq. (8.3.9).

Properties of a Generalized Entropy Maximizing Bulk State

We will now describe a geometry and quantum state with a quantum extremal surface X
whose generalized entropy saturates the inequality (8.3.9). The existence of a state with the
properties we describe would imply our conjecture, Eq. (8.3.8).

By asserting the existence of this semiclassical state, we are refining our conjecture. In
Sec. 8.4, we will explore the implications of this refinement in a pure field theory limit. In
Sec. 8.5, we will show that these implications are realized in a recent construction by Ceyhan
and Faulkner [16].

Our construction will be analogous to the classical one, in that we will approach X along
the null hypersurface N, [o]. Since we require O[o] = ©;[X]| = 0, the quantum focussing
conjecture (O} < 0) requires that ©; = 0 everywhere on N, . That is, Sge, must be constant
along N, . (This is analogous to classical focussing and the null energy condition requiring
that N, have constant area in the classical case.)

In the classical case, all relevant quantities could be chosen to be constant on N, . In
other words, the surface N, is truly stationary. This would not be the case if 6 and the
derivative of the entropy varied along N, , with only their sum ©; vanishing. Motivated
by this observation, we conjecture that a state can be found such that the two terms in Oy
vanish separately on N, :

5Sout -
oV (y)

In analogy with the classical construction we also take the shear tensor to vanish at all orders
in 1 along N :

0, =0 and (8.3.13)

c=0. (8.3.14)

These considerations place nontrivial constraints on the limit state we seek. For 0, and ¢
to vanish everywhere on N, , the stress tensor component 7T}, must vanish on N, . Moreover,
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note that 6, need not vanish on o, where only ©, = 0 is required. It follows that generically,
0r must jump discontinuously, by an amount

4Gh  0Squ
h(y) OV (y)

Abl, = —

(8.3.15)

g

By Raychaudhuri’s equation, this implies the presence of a delta function term in the stress
tensor, at 0. Combining these results, we conclude that

h 0Sout

Ty = —
21 0V (y)

d(v) ,v<0, (8.3.16)

[ea

i.e., in the region N,” Uo.
To summarize, we conjecture the existence of a state with

h 5Sout
Ty = — ) , v<0, 3.1

27 V)l (v) , v<0 (8.3.17)
¢ = 0,v<0, (8.3.18)

6Sout
- 0 ,v<0. 8.3.19
V) (8319

Eq. (8.3.17) trivially implies that
/ dvT,, =0, (8.3.20)

and we will use this property in Sec. 8.4.2 In addition, we assume that the remaining EW
conditions listed in Eq. (8.2.11) can be met at the classical level.

With these assumptions, the existence of a classical HRT surface on NV,  is guaranteed
by the argument summarized around Eq. (8.2.12). This surface satisfies 6, = 0. A quantum
stationary surface X can be found nearby (in the Gh — 0 limit), by solving iteratively for

_ _ _4Gh__3S . N .
0, = ) W) where the functional derivative refers to the shape deformation along the

[-congruence.

Finally, we need to show that X is quantum HRT, i.e., that it is the quantum stationary
surface homologous to ¢ with smallest generalized entropy. This proceeds in exact analogy
with the classical argument [338|, with the QFC replacing the NEC, so we will not spell out
the argument here. See [342] for details.
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Figure 8.2: Coarse-graining behind a Killing horizon. Any cut V{) can be viewed as a quantum
marginally trapped surface in the limit as G — 0. The state p~y; on the Cauchy surface ¥ of the outer
wedge is held fixed. The coarse-grained geometry is the original geometry. The stationary null surface
N, is the past of 1} on the Killing horizon. The coarse-grained quantum state demanded by our
proposal lives on N,~ U o UX. We identify the properties the state must have, and we show that the
Ceyhan and Faulkner “ant states” satisfy these.

8.4 Quantum field theory limit of coarse-grained
quantum gravity states

In this section, we study the implications of our conjecture for quantum field theory decoupled
from gravity. We will apply our proposal to input states that are small perturbations of the
Killing horizon of a maximally extended vacuum solution such as Kruskal; see Fig. 8.2.

In the perturbative setting, any quantum marginally trapped surface o will be at a
distance of order GG from the Killing horizon, and so will lie on the horizon as G — 0. We
can think of the area and null expansion of ¢ as fields defined on the unperturbed Killing
horizon whose changes are sourced by the state of the matter fields on the horizon. Thus,
every cut of the Killing horizon can be viewed as quantum marginally trapped, and our
conjecture can be applied.

We will first establish notation and review some standard results in Sec. 8.4. In Sec. 8.4,
we will derive some interesting additional properties of the coarse-graining states that must
hold in the perturbative setting. In the limit as G — 0, our conjecture thus implies the
existence of states with both the properties established in the previous section, and the
additional properties derived here, in quantum field theory on a fixed background. This is
an in-principle testable conjecture about quantum field theory.

2Strictly, we must allow for the possibility that a state with the properties we conjecture does not itself
exist. It suffices that the properties we require can be arbitrarily well approximated by some family or
sequence of states (as in the example of Sec. 8.5). In this case, Eq. (8.3.17) need not imply Eq. (8.3.20), so
the latter property should be considered explicitly as part of our refined conjecture.
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Notation, definitions, and standard results

Consider a quantum field theory on a background with a Killing horizon and an arbitrary
global state p defined on the horizon. Let v be the affine parameter on the Killing horizon,
u the affine parameter that moves off of the Killing horizon (associated with null vectors k
and [ respectively), and take y to be the transverse coordinates on a cut V' (y) of the horizon.
The cut defines a surface o, which we assume to be Cauchy-splitting as usual.
Let the right half-space state psy, be the restriction of p to the half-space v > Vy(y) as
in Fig. 8.2:
psv, = Treyp . (8.4.1)

where the trace is over the algebra associated with the complement region. Let us denote
the von Neumann entropy of p-y, by

S(Vo) = —Tr p=y, log psvy - (8.4.2)

Let 0 = |2)(Q] be the global vacuum, which can be reduced to the right vacuum oy, =
Troy,0. The vacuum-subtracted von Neumann entropy of psy, is

AS(Vo) = S(Vo) + Trosy, log oy, - (8.4.3)
The right (half-)modular Hamiltonian K is defined by the relation
e_K(VO)
O>vy, = —TI' e—K(VO) . (844)

The right modular energy in a global state p is (K (Vp)) = Tr [K (Vo) psv,], and the vacuum-
subtracted right modular energy is

AK(Vy) = — Tr[osy, K(Vp)] (8.4.5)
/dy/ dv v — Vo(y)/(Ton) | (8.4.6)
Vo(y)

where the explicit expression is due to Bisognano and Wichmann [343] and its generalization
to arbitrary cuts of Killing horizons [301, 45|. The relative entropy of ps.,, with respect to
the reduced global vacuum, o-,,, is defined as

Srel(%) = S(p>VO|U>VO)

= Trpsy, log psy, — Tr psy, logosy, - (8.4.8)
It follows from this definition that

Sead(V) = AK(V) — AS(V) . (8.4.9)

We will often be interested in derivatives, where the vacuum-subtraction drops out. For
example,

K IAK 2m

SV(y)  oV(y)  h / o (Too(y)) - (8.4.10)
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Do) = D(V) D~
Vo
L,V
n

Figure 8.3: The spacetime region associated to the interval V' < v < Vj on the null surface for which
all observables in the algebra should register vacuum values in the coarse-graining state.

Similar definitions apply to the region v < Vj; we denote the associated “left” quantities with
an overbar. Strictly, we define the left and right quantities in terms of the limit as ¢ — 0 of
the open intervals (—oo, Vo(y) + €) and (Vo(y) + €, 00), respectively. The small shift ensures
that any distributional sources at V;(y) contribute asymmetrically to the left but not to the
right quantities. (We will see that in the minimum energy states of interest in this paper,
the stress tensor generically has a delta function at Vj(y). Our choice resolves an associated
ambiguity, attributing this energy entirely to the left.)
The relative entropy satisfies positivity and monotonicity:

5Srel

>0 <0 . 411
Srel > 0 5V 0 (8 )
Via Eq. (8.4.9), monotonicity implies

5K _ 65 _ 68

_— > > — . 4.

oV T o0V T oV (8.4.12)

The second inequality follows from the strong subadditivity of the von Neumann entropy,
Spc +Sep > S+ Sp (8.4.13)

applied to the intervals B = (—o0,v9),C = [vg,v9 + 6], D = (vg + J,00) in the limit as
5 — 0[337].
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Additional properties of the coarse-graining states

Our conjecture says that the coarse-grained state will have vanishing T, and constant right
entropy in the left region:

(T) = %%Uéw—wyn v<Th. (8.4.14)
0S5
s~ 0o vso. (8.4.15)

In particular, in the strong form of Eq. (8.3.20), these properties imply the ant conjecture
(see Appendix A.22).

But additionally, on the Killing horizon, the nested inequalities (8.4.12) hold. Combined
with the above equations, this implies that the left von Neumann entropy is also constant:

V(y) g
0:[m<ﬂﬁzaéafz£20:0 (8.4.16)
= % =0, v < V(y) . (8.4.17)

By Egs. (8.3.20), (8.4.9) and (8.4.10), it follows that the left relative entropy is constant:

5§rel<p<V|0<V)
oV (y)

=0, v<Vp(y) . (8.4.18)

But the relative entropy is a measure of the distinguishability of the state p.y from the
vacuum o.y. Suppose that by moving up the cut V, i.e., by gaining access to a larger
region, one could perform some measurement that would better distinguish p.y from the
vacuum. Then the relative entropy of the larger region would have to be greater. Thus,
Eq. (8.4.18) implies that all observables restricted to the difference between the left domains
of dependence associated to cuts Vy(y) and V(y) (as in Fig. 8.3) need to register vacuum
values. In particular, the stress tensor one-point function must vanish:

(To(2)) =0, 2 €D(Vy) —D(V). (8.4.19)

It is more subtle to draw conclusions about (7),,(x)) when z is on the boundary of the
region (marked by red in Fig. 8.3), u = 0,v < V{. Because T},, does not exist as an operator
unless it is smeared to both sides of this boundary, it will not be in the left operator algebra,
and it cannot be used to distinguish p.y from the vacuum o_y .

We will now give a rough physical argument that certain components of (7),,(z)) must
vanish also on the Killing horizon below the cut, u = 0,v < V. We emphasize that this
argument is not rigorous, as it borrows from classical intuition. (In forthcoming work we will
explore a more detailed coarse-graining proposal involving a family of states; in that setting
a rigorous argument can be given.)
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Physically, (T,,) can be thought of as the momentum orthogonal to an observer’s world-
line in the (u,v) plane, in the limit as the observer moves at the speed of light in the
v-direction. Similarly, T}, is the transverse momentum seen by such an observer. Since
all observables in the algebra associated to D(Vy) — D(V) have to register vacuum values,
no excitations can enter this region. By causality, therefore, the state on the null surface
u = 0,v < Vj can only differ from the vacuum by matter moving along it, i.e., purely in the
v-direction. This implies (7,,) = 0, consistent with Eq. (8.4.15) above. It also implies the
new result

(T) =0, v<Vp. (8.4.20)
Conservation of the stress tensor,
—0p(Tuw) — Ou(Tow) + 0:(Ti) =0, (8.4.21)
combined with (8.4.14) then yields
(T\,) = const . (8.4.22)

We conclude that coarse-grained states on Killing horizons must satisfy not only Eqgs. (8.4.14)
and (8.4.15) but also Eqs. (8.4.17), (8.4.18), (8.4.20), and (8.4.22).

Crucially, these results pertain to quantum field theory on a fixed background, so they
can be checked in a rigorous setting. In the next section we will see that all of the above
properties are indeed satisfied by the “ant states” constructed by Ceyhan and Faulkner [16].
This proves our conjecture in the Killing horizon limit.

8.5 Existence of coarse-graining states in QFT limit

In this section we show that the “predictions” of the previous section have already been
confirmed. We consider a recent explicit construction of states in QFT by Ceyhan and
Faulkner (CF) [16]. CF constructed these states in order to prove a conjecture by Wall
[344] that we will discuss in detail in Appendix A.22 below. For now, we merely verify that
they satisfy the properties we found for the coarse-graining state on Killing horizons in the
non-gravitational limit: Eqs. (8.4.14), (8.4.15), (8.4.17), (8.4.18), (8.4.20), and (8.4.22).

Consider a cut Vo(y) of the Rindler horizon u = 0 and let Ay, A}, be the algebra of
operators associated to the region {u = 0,v > Vy(y)} and its complement respectively.
Given a global state |¢) we can consider its restriction to Ay,. One can then purify this
restriction in different ways, including the trivial purification. We will be interested in the
purification introduced in [16], which is based on modular flow.

For the global vacuum [§2) recall that the full modular Hamiltonian associated to the cut
Vo defines a modular operator via Ky, = —log A, Ay, and that Aéi Ay, simply acts as the
boost that fixes V5. We note that Ag, Ay, s related to the reduced density matrix in Eq.
(844) by AQ§AV0 = 10g 0>V, (%9 ]1<V0 - ]1>V0 (%9 log O<Vy-
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For a general state |¢) that is cyclic and separating, one can define the relative modular
operator as [345, 343, 346]

A@MQS-AVU = S»L|Q;AVUS’¢J|Q;AVO ) (851)
where
Sulasay, @l¥) = '), Va € Ay, (8.5.2)

defines the Tomita operator.
We then purify |¢)) restricted to Ay, using the Connes cocycle

() = ), uy = (AQ)"(Agy) ™™ € Ay, - (8.5.3)

The Connes cocycle can roughly be thought of as a half-sided boost that fixes the state
restricted to Ay, but stretches all of the excited modes in the complement region. Specif-
ically, expectation values of operators in Ay, are left invariant whereas expectation values
of operators in Ay, are equivalent to those evaluated in the state Ag™|y). This follows
(restricting to cyclic and separating states for simplicity) from the relation (A’ )QSIQAS_ZIZQZ =1,
which implies

) = A" us|¥)) - (8.5.4)
If we consider an operator O € Ay, then [us, O'] =0 so
(0| O'hs) = (PIAGO'AG” () (8.5.5)

Note that v = Vj(y) is a fixed point of the boost.
In the limit s — oo all of these excitations become soft. More specifically,

<Tvv>s|v<V0(y) = < S‘Tvv(v)’ws>|v<Vo(y)
= e (P T (Vo + €727 (v = Vo)) [) lo<row) (8.5.6)

which just follows from the usual algebra of half-sided modular inclusions. Hence (T},,)s — 0
as s — oo for v < Vy(y).
Not only that but also

v

lim dv (Tyy)s — 0, v < Vo(y) . (8.5.7)

s—oo J_ o

To see what this implies about the energy of the boosted side, we make use of the sum
rule derived in [16] for null derivatives of the relative entropy:

35 (V|25 Ay)
% Vo

21 (Py — e ?™P) = (7™ — 1) (8.5.8)
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where

P /Oo dv (Thu)s (8.5.9)

e}

is the average null energy of the original state, P; is the average null energy of [¢)), and

Sralth12 Av) = (] 1og Ay, 1) (8.5.10)

is the relative entropy of the original state for some general cut V(y).
The relative entropy can also be written as

St (V]2 Ay) = (Kv )y — S(V) (8.5.11)
and moreover [16]
O(Kv)y| _ /°°
(SV Y - 271' Volu) d'U <Tvv>w . (8512)

Thus in the limit s — oo we find, using Eq. (8.5.7),

1685

<Tvv>’v§V0(y): _%W 5(’0 - Vb(y)) (8513)

Vo
as desired. This reproduces both Eq. (8.4.14) and Eq. (8.4.15).

As a final point, note that under the Connes cocycle we also have the following properties:

(Tuww) ss00 = (Tun(Vo))w (8.5.14)
(Tiw)s00 = 0. (8.5.15)

This very easily reproduces the properties Eq. (8.4.20) and Eq. (8.4.22).

8.6 Discussion

We end by discussing the boundary interpretation of the generalized entropy of a QMT
surface. We will also briefly describe future work on a systematic algorithm for constructing
the states we conjectured in Sec. 8.3.

Boundary dual

Within AdS/CFT, it is natural to ask whether the coarse-graining prescription for Souger
in Sec. 8.3 has a boundary dual. In other words, there must exist a boundary state dual
to the bulk coarse-grained semiclassical state of Sec. 8.3. Based on Eq. (8.3.12), we know
that the boundary dual to this state is a mixed state that maximizes the boundary von
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OW [Jti]

Figure 8.4: We would like to fix the data on N_;(¢;) (green thick line), while coarse-graining in the
interior of the QMT surface. Simple data in the boundary region t > t; fixes the causal wedge C|[t;]
and thus fixes only a portion of N_;(¢;). In order to fix all of N_;(¢;) one must allow for sources that
remove the excitations (red arrows) that enter the black hole after o; this can cause the causal wedge to
grow to include N_;. In the coarse-graining set F, the simple data must agree for all allowed sources.

Neumann entropy subject to fixing the semiclassical state in Oy [u]. Since in Sec. 8.3 we
only considered a case where we have reflecting boundary conditions at infinity, fixing Oy [u]
amounts to fixing the past boundary of Oy [u], labelled N_;(¢;) in Fig. 8.4.

Therefore, the question of whether there is a natural boundary dual to our bulk coarse-
graining prescription reduces to that of whether fixing the semiclassical state on N_;(¢;) has
a natural interpretation in the boundary. Our answer to this question is very similar to the
simple entropy Ssimple Prescription of [18, 338|.

Since we would like to refer to the bulk as little as possible, we define the QMT surface p
associated to a time slice t; of the boundary by constructing an ingoing null surface from ¢;
and marking the first QMT surface on it. In general, this surface could reach caustics before
reaching p; Ref. [338] deals with this technicality. Here we ignore this issue by restricting to
special classes of states (e.g. perturbations to Killing horizons).

Let p(t;) be the original boundary state at time ¢;. We would like to construct a boundary
state with maximum von Neumann entropy, which agrees with the semiclassical bulk state
on N_(t;). In order to accomplish this, we must find a boundary definition of F, the set of
density matrices dual to the semiclassical state on N_;(¢;).

Let us first consider F to be the states that agree with p(t;) on simple boundary observ-
ables A on t > t;. Simple observables are defined to be boundary operators whose associated
excitations propagate causally in the bulk [18, 338]|, so this data fixes the bulk causal wedge
of t > t; (C[t;] in Fig. 8.4). However, C[t;] C Ow|oy,], so in general this set F would not be
constrained enough to fix all of the data on N_;(¢;).
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The discrepancy between C[t;] and Oy [oy,] arises from matter that enters the black hole
to the future of o;,. This causes the event horizon to grow and lie properly inside of the
outer wedge. To fix all of Oy [oy,] given p(t;), one must turn on boundary sources that will
absorb the future infalling excitations and achieve C[t;] = Oy |oy,]. This may seem acausal,
but so is the definition of simple operator as an operator that can be represented by local
boundary operators smeared over space and time.

Therefore, the coarse-graining set F should consist of the states such that the simple
boundary observables A agree with those of p(t;) even after both states have been subject
to turning on various simple sources on the boundary:

Ssimple(t;) = max S(p) (8.6.1)
with
F={p: (EAE";py = (EAE"),, t > t;; VE} (8.6.2)

where A is the set of simple observables and E denotes unitaries associated with turning on
various simple boundary sources.

Note that C[t;] € Ow[oy,] in all semiclassical states [277]. Therefore, subjecting the states
to various simple sources is never going to make a slice larger than N_;(¢;) causally accessible
from the boundary. Given the state p(¢;), there exists a fine-tuned choice of sources that will
make Ct;] = Ow|oy,]. But since this choice is state-dependent and difficult to specify from a
pure boundary perspective, we choose the boundary coarse-graining family F to agree with
p(t;) on simple data subject to all simple sources turned on.

So far we have defined A as the set of boundary observers that correspond to bulk
excitations that propagate causally. The classical analysis of Refs. [18, 338] further specified
A to consist only of one point functions of all local operators on the boundary. This will fix
the states of the classical fields in the bulk that are causally determined by the boundary
region ¢ > t;. Since here we are interested in fixing the quantum state of the bulk fields on
N_(t;), our set A needs to include higher point function of local bulk operators.

However, we are still interested in maintaining locality in the bulk and therefore want to
disallow a large density of local probes in any bulk region. This is following the expectation
that such excitations would cause large backreaction and therefore a breakdown of local-
ity [347]. From a boundary perspective, a local bulk operator in the causal wedge is dual
to a smeared boundary operator [348]. Therefore, our set A needs to include all products
of smeared boundary operator as long as there is not an O(N) number of overlap in the
support of the smeared operators. This choice of A in Eq. (8.6.2) is a natural candidate for
fixing the quantum state on N_,(¢;); we leave a thorough investigation of this issue to future
work.

We refer the reader to [338] for a careful demonstration of Sgmple = Souter i the bulk
classical limit.
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Figure 8.5: The left stretch is a classical analogue of the CF flow that generalizes it to nontrivial
geometries. Left: The null surface Ny split by the marginally trapped surface o. Middle: The affine
parameter is rescaled on N~ but held fixed on N,j. This is the same initial data in nonaffine
parametrization. Right: The two pieces are glued back together, treating the new parameter as affine.
This yields inequivalent initial data.

Semiclassical Stretched States

In this paper, we started from a classical construction in general relativity, whose quantum
interpretation is the coarse-graining of a quantum state so that its entropy matches the
area of a marginally trapped surface. We elevated this to a semi-classical conjecture that
we interpret as a coarse-graining that will match the generalized entropy of a quantum
marginally trapped surface, while holding fixed the exterior quantum state. In the QFT
limit, our conjecture is confirmed by the limit of the CF sequence of states [16].

Thus, we were able to derive a nontrivial, testable property of QFT from a hypothetical
assumption about quantum gravity. This is similar to how the QNEC was derived from the
QFC, a hypothetical extension of the classical focussing property of general relativity. This
is a satisfying connection. QFT has not been directly probed in this limit, and a direct
verification of the CF limit or of the QNEC would constitute a test of our ideas about
quantum gravity.

Interestingly, there appears to be a larger set of relations of the type we explored here. Our
starting point, the EW construction, is essentially unique. However, the CF construction
produces a one-parameter family of states, given an input state and a cut on a Killing
horizon. Here we only made use of the limit approached by these states as the flow parameter
diverges. But we expect that there exists a classical construction (which may limit to the
EW construction) that matches the entire one-parameter CF family.

In the special case where the cut is a bifurcation surface of the Killing horizon, the
CF construction admits an interesting intuitive interpretation: all correlators of operators
restricted to the left (or to the right) behave as if we had boosted the state on the left side of
the cut (but not on the right). In QFT, a one-sided boost would result in a divergent-energy
shock at the cut, because it would destroy the vacuum. But the CF flow is more subtle;
in a sense it boosts only the “excited part” of the state on N, , while leaving the vacuum
entanglement across the cut intact.
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This suggests a simple classical analogue of CF flow. At the classical level, a half-sided
boost is innocuous. It can be applied to initial data on the null surface N, with no ill
consequences at the cut. However, a generic cut of a Killing horizon is not a bifurcation
surface and hence is not a fixed point of the Killing flow.

Nonetheless, one can construct a sequence of geometries by a construction we will call
the left stretch. Given the state and affine parameter v on the entire Killing horizon Ny,
rescale V' — V' = e*V on the left side N, , and do nothing on the right: V' — V' on N;.
This will rescale all v-derivatives of classical fields by e™®. To preserve the inner product
k%, = gap(0,)%(04)" = —1, rescale the u-derivatives at constant (v,y) by e®. Then glue the
two halves back together, treating V' as a true affine parameter, see Fig. 8.5.

For the full initial data on N, we need to know not only the intrinsic geometry but also
6), the expansion in the null direction off of Ni. This is obtained by holding 6, fixed on N,
and integrating the cross-focussing equation,

1
KVl = =R = 0401 + P+ V-x+81G Ty , (8.6.3)

to obtain ¢; on N, . Since all terms on the right hand side scale trivially, this rescales the
difference 0, — 6|y, by €.

Because 6; is not given by a simple rescaling unless 6|y, = 0, the left stretch results in
physically inequivalent initial data even in the left exterior of o alone. The intrinsic data on
N, are stretched, as measured by a ruler defined by the evolution of the extrinsic curvature
0.

Interestingly, the left stretch is physically sensible if and only if the cut satisfies 8, = 0. This
is because the expansion 6 along N is determined not only by the left stretch itself, but
also by the Raychaudhuri equation, and the two methods must agree. Let the inaffinity «
be defined by k*V,k® = kk®. Affine parametrization corresponds to x = 0 everywhere. The
left stretch implements

V(y) — esH[fV(y)JrVo(y)]V(y) : (8.6.4)

where H(v) is the Heaviside step function and v = Vy(y) is the marginally trapped surface
0. This generates a non-zero inaffinity

k= (1—-e*)[V(y) . (8.6.5)
The Raychaudhuri equation for non-affine parametrization reads
1
/{avaek = —59]% - §1§ - m@k — 881G Tkk . (866)
We insist that the new parameter V' be treated as affine, which means we are demanding

that the inaffinity term x6 vanishes even after the left stretch. By Eq. (8.6.5), this will be
the case if and only if 8, = 0 at the cut.
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Importantly, Egs. (8.2.5), (8.2.7) and (8.2.11) become satisfied in the limit as s — oc.
These are precisely the conditions imposed by EW for the classical coarse-graining construc-
tion. In this sense the left stretch can be viewed as generating a one-parameter interpolation
from the original initial data to the coarse-grained data.’

We close with two brief remarks. At the level of semiclassical gravity, the left stretch
should naturally combine with the CF construction, so that not only the geometric and
classical data, but also the quantum initial data are stretched. Moreover, we expect that
the left stretch (applied classically to the RT or semiclassically to the quantum RT surface)
is the gravity dual of the CF flow applied to the boundary of Anti-de Sitter space.

3However, there are interesting differences to the EW analysis. For example, the left stretch yields
divergent T, as does the CF limit. Yet, EW argue that this can be avoided. There may be a larger family
of relevant states.
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Chapter 9

Gravity Dual of Connes Cocycle Flow

9.1 Introduction

The AdS/CFT duality [3, 349, 350] has led to tremendous progress in the study of quantum
gravity. However, our understanding of the holographic dictionary remains limited. In recent
years, quantum error correction was found to play an important role in the emergence of
a gravitating (“bulk”) spacetime from the boundary theory [347, 286, 351]. The study of
modular operators led to the result that the boundary relative entropy in a region A equals
the bulk relative entropy in its entanglement wedge EW(A) [137]|. The combination of these
insights was used to derive subregion duality: bulk operators in EW(A) can in principle be
reconstructed from operators in the subregion A [136].

The relation between bulk modular flow in EW(A) and boundary modular flow in A has
been used to explicitly reconstruct bulk operators both directly [352, 353], and indirectly via
the Petz recovery map and its variants [354, 355, 356]. Thus, modular flow has shed light on
the emergence of the bulk spacetime from entanglement properties of the boundary theory.

Modular flow has also played an important role in proving various properties of quantum
field theory (QFT), such as the averaged null energy condition (ANEC) and quantum null
energy condition (QNEC) [301, 357]. Tomita-Takesaki theory, the study of modular flow in
algebraic QFT, puts constraints on correlation functions that are otherwise hard to prove
directly [358].

Recently, an alternate proof of the QNEC was found using techniques from Tomita-
Takesaki theory [16]. The key ingredient was Connes cocyle (CC) flow. Given a subregion
A and global pure state 1, Connes cocycle flow acts with a certain combination of modular
operators to generate a sequence of well-defined global states 1,. In the limit s — oo,
these states saturate Wall’s “ant conjecture” [344| on the minimum amount of energy in the
complementary region A’. This proves the ant conjecture, which, in turn, implies the QNEC.

CC flow also arises from a fascinating interplay between quantum gravity, quantum in-
formation, and QFT. Recently, the classical black hole coarse-graining construction of En-
gelhardt and Wall [18] was conjecturally extended to the semiclassical level [139]. In the
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non-gravitational limit, this conjecture requires the existence of flat space QFT states with
properties identical to the s — oo limit of CC flowed states. This is somewhat reminiscent
of how the QNEC was first discovered as the nongravitational limit of the quantum focusing
conjecture [280]. Clearly, CC flow plays an important role in the connection between QFT
and gravity. Our goal in this paper is to investigate this connection at a deeper level within
the setting of AdS/CFT.

In Sec. 9.2, we define CC flow and discuss some of its properties. If 0A lies on a null plane
in Minkowski space, operator expectation values and subregion entropies within the region
A remain the same, whereas those in A’ transform analogously to a boost [16]. Further,
CC flowed states 1 exhibit a characteristic stress tensor shock at the cut dA, controlled
by the derivative of the von Neumann entropy of the region A in the state ¢ under shape
deformations of 9A [139].

As is familiar from other examples in holography, bulk duals of complicated boundary
objects are often much simpler [4, 17]. Motivated by the known properties of CC flow,
we define a bulk construction in Sec. 9.3, which we call the “kink transform.” This is a
one-parameter transformation of the initial data of the bulk spacetime dual to the original
boundary state ¢. We consider a Cauchy surface X that contains the Ryu-Takayanagi (RT)
surface R of the subregion A. The kink transform acts as the identity except at R, where an
s-dependent shock is added to the extrinsic curvature of . We show that this is equivalent
to a one-sided boost of ¥ in the normal bundle to R. We prove that the new initial data
satisfies the gravitational constraint equations, thus demonstrating that the kink transform
defines a valid bulk spacetime M,. We show that M, is independent of the choice of X.

We propose that M is the holographic dual to the CC-flowed state v, if the boundary
cut 0A is (conformally) a flat plane in Minkowski space.

In Sec. 9.4, we provide evidence for this proposal. The kink transform separately preserves
the entanglement wedges of A and A’, but it glues them together with a relative boost by
rapidity 27s. This implies the one-sided expectation values and subregion entropies of the
CC flowed state /s are correctly reproduced when they are computed holographically in
the bulk spacetime M;. We then perform a more nontrivial check of this proposal. By
computing the boundary stress tensor holographically in M, we reproduce the stress tensor
shock at 0A in the CC-flowed state 1.

Having provided evidence for kink transform/CC flow duality, we use the duality to
make a novel prediction for CC flow in Sec. 9.5. The kink transform fully determines all
independent components of the shock at JA in terms of shape derivatives of the entanglement
entropy. Strictly, our results only apply only to the CC flow of a holographic CFT across
a planar cut. However, their universal form suggests that they will hold for general QFTs
under CC flow. Moreover, the shocks we find agree with properties required to exist in
quantum states under the coarse-graining proposal of Ref. [359]. Thus, our new results may
also hold for CC flow across general cuts of a null plane.

In Sec. 9.6, we discuss the relation of our construction to earlier work on the role of
modular flow in AdS/CFT [360, 137, 361]. The result of Jafferis et al. (JLMS) [137] has
conventionally been understood as a relation that holds for a small code subspace of bulk
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states on a fixed background spacetime. However, results from quantum error correction
suggest that this code subspace could be made much larger to include different background
geometries [286, 362, 363, 364]. Our proposal then follows from such an extended ver-
sion of the JLMS result which includes non-perturbatively different background geometries.
Equipped with this understanding, we can distinguish our proposal from the closely related
bulk duals of one-sided modular flowed states [360, 361]. We provide additional evidence
for our proposal based on two sided correlation functions of heavy operators, and we discuss
generalizations and applications of the proposed kink transform/CC flow duality.

In Appendix A.23 we derive the null limit of the kink transform, and show that it gener-
ates a Weyl shock, which provides intuition for how the kink transform modifies gravitational
observables.

9.2 Connes Cocycle Flow

In this section, we review Connes cocycle flow and its salient properties; for more details see
[16, 139]. We then reformulate Connes cocycle flow in as a simpler map to a state defined
on a “precursor" slice. This will prove useful in later sections.

Definition and General Properties

Consider a quantum field theory on Minkowski space R4~! in standard Cartesian coordi-
nates (f,x,y1,...,Y4s—2). Consider a Cauchy surface C that is the disjoint union of the open
regions Ay, A and their shared boundary 0Ay. Let A, Aj denote the associated algebras
of operators. Let |¢)) be a cyclic and separating state on C, and denote by |Q2) the global
vacuum (the assumption of cyclic and separating could be relaxed for |¢), at the cost of
complicating the discussion below). The Tomita operator is defined by

Splasach) = al|Q),Va € Ay . (9.2.1)
The relative modular operator is defined as
Ayja = S04, S12:40 » (9.2.2)
and the vacuum modular operator is
Ag = Agjo - (9.2.3)

Note that we do not include the subscript Ay on A; instead, for modular operators, we
indicate whether they were constructed from Ay or Aj, by writing A or A’.

Connes cocycle (CC) flow of |1)) generates a one parameter family of states [i)5), s € R,
defined by

[¥s) = (A0)" (Agy) " [¥) - (9.2.4)
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Thus far the definitions have been purely algebraic. In order to elucidate the intuition
behind CC flow, let us write out the modular operators in terms of the left and right density

operators, pﬁo = TTA()WMW and pﬁa = Tra,|v) (]!
Ay = ,020 ® (Pﬁé)il : (9.2.5)
One finds that the CC operator acts only in Aj:
(L) (Ayy) ™™ = (o) (o)™ € Ap (9.2.6)
It follows that the reduced state on the right algebra satisfies
Py = P, (9-27)

Therefore, expectation values of observables O € Aj remain invariant under CC flow. These
heuristic arguments would be valid only for finite-dimensional Hilbert spaces [365]; but
Eq. (9.2.6) can be derived rigorously [16].

It can also be shown that (A},)”Af,, = 1. Hence for operators 0" € Ajf;, one finds that

CC flow acts as AY inside of expectation values:

(WOl = Tra, [ (ATRAGIO(AF"Alg)] |
= Trg (ol (0%) "0/ (6%)") (9:2.8)
= Tr [[U)(e]A5 (1 © 0)85"] | (9.29)

where we have used the cyclicity of the trace.
To summarize, expectation values of one-sided operators transform as follows:

(1s|Olths) = (PIOfP) (9.2.10)
(s O'lihs) = (W[AGO'AG" ) - (9.2.11)

There is no simple description of two-sided correlators in [t¢)) such as (1| OO’ |¢)s); we discuss
such objects in Sec. 9.6.

CC Flow from Cuts on a Null Plane

Let us now specialize to the case where 0Ay corresponds to a cut v = Vj(y) of the Rindler
horizon u = 0. We have introduced null coordinates u =t — x and v = t + = and denoted
the transverse coordinates collectively by y. It can be shown that the modular operator A%

'We follow the conventions in [365] where complement operators are written to the right of the tensor
product.
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acts locally on each null generator y of u = 0 as a boost about the cut V4(y) [45]. More
explicitly, one can define the full vacuum modular Hamiltonian Ky, by

Ky, = —log Agua,, - (9.2.12)
We can write the full modular Hamiltonian as
Ky, =Kyp®1 -19Kj, . (9.2.13)

Let A denote vacuum subtraction, A(O) = (O)y — (O)q. Then, for arbitrary cuts of the
Rindler horizon, we have [45]

A(KL) = 27r/dy/vodvv—Vo @)(Toa)s . (9.2.14)

and similarly for Ky,. Thus K7, is simply the boost generator about the cut V4(y) in the
left Rindler wedge. That is, it generates a y-dependent dilation,

v = Voly) + [v = Vo(y)le™ . (9.2.15)

This allows us to evaluate Eq. (9.2.11) explicitly for local operators at u = 0. For example,
the CC flow of the stress tensor is

(Vs To|0a)locvo= €™ (W Tow (Vo + €77 (0 = V5)) [) vy (9.2.16)

and similarly for the other components of T},,. There is a slight caveat here since A§ only
acts as a boost strictly at u = 0. This would be sufficient for free theories, where T}, can be
defined through null quantization on the Rindler horizon with a smearing that only needs
support on u = 0 [12]. More generally, 7},, must be smeared in an open neighborhood of
u = 0. However, if V4(y) is a perturbation of a flat cut then one can show that inside
correlation functions A% approximately acts as a boost with subleading errors that vanish
as u — 0, to all orders in the perturbation [357, 366]. In the non-perturbative case, evidence
comes from the fact that classically the vector field on the Rindler horizon which generates
boosts about Vj(y) can be extended to an approximate Killing vector field in a neighborhood
of the horizon [39, 74]. Therefore we expect Eq. (9.2.16) to hold on the null surface even
after smearing.

Now consider a second cut V(y) of the Rindler horizon which lies entirely below Vj(y),
so V. < Vy for all y. The cut defines a surface dAy that splits a Cauchy surface Cy, =
A, U0Ay U Ay, we take Af, to be the “left" side (v < V'), with operator algebra Aj,. The
Araki definition of relative entropy is [365]

rel(w|Q V) <1/1|10g A¢|Q,A§,|w> . (9217)



CHAPTER 9. GRAVITY DUAL OF CONNES COCYCLE FLOW 213

It has the following transformation properties [16]:

Sret (V5|0 V) = Sea (| Vo + e72™(V — ) (9.2.18)
05kl (VB V) 5 0Ska(P[4 Vo + 72 (V = 1))
PANTSITD T s . 2.1
oV ‘ 5V (9:2.19)
Moreover, the “left" von Neumann entropy is defined as
S'(p, V) = —trA/Vpﬁ,V log pﬁ,v : (9.2.20)

With these definitions in hand, one can decompose the relative entropy as

W V) = AKLY — AS'(V) . (9.2.21)

rel

At this point we drop the explicit vacuum subtractions, as we will only be interested in shape
derivatives of the vacuum subtracted quantities, which automatically annihilate the vacuum
expectation values. In particular, one can directly compute shape derivatives of K7,:

6( Ky )y
%

Vo
. / dv (Ty)y . (9.2.22)
Vo _

(e 9]

Hence the transformations of both K7, and its derivative simply follow from Eq. (9.2.16).
Combining Eq. (9.2.18) and Eq. (9.2.14), as well as Eq. (9.2.19) and Eq. (9.2.22), we see
that S’(¢, V') and its derivative transform as

S' (W, V) = 8" (¢, Vo + 7™ (V = 1)) , (9.2.23)
05’ C0rs 05
— =e : 2.24
OV Ly v OV L, Votre—27s(V—1p) (9 )

The respective properties of the complement entropy follow from purity.

Stress Tensor Shock at the Cut

CC flow generates a stress tensor shock at the cut V{, proportional to the jump in the
variation of the one-sided von Neumann entropy under deformations, at the cut [139]. To
see this, let us start with the sum rule derived in [16] for null variations of relative entropy:?

0570 (VIS5 V)

9 Ps_ —27TSP — —27rs_1
T(P— e py) = (e - ) T

(9.2.25)
where

P z/ dv T,, (9.2.26)

2For type I algebras, one can derive the analogous sum rule from simpler arguments [323].
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is the averaged null energy operator at u = 0, and Py = (¢4|P|1s), so in particular Py =
(| P|v). (There is one such operator for every generator, i.e., for every y.)

Inserting Eq. (9.2.21) and Eq. (9.2.22) into Eq. (9.2.25), and making use of Eq. (9.2.16),
we see that there must exist a shock at v = V(y):

168

— _ ,—2m7s
<¢S|Tfuv|ws> = (1 (& )27T 5V Ve

(v —Vy)+o0(d) . (9.2.27)
Here o(d) designates the finite (non-distributional) terms. These are determined by Eq. (9.2.16),
and by its trivial counterpart in the v > Vj region.

This s-dependent shock is a detailed characteristic of the CC flowed state. As such,
reproducing it through the holographic dictionary will be the key test of our proposal of the
bulk dual of CC flow (see Sec. 9.4).

Flat Cuts and the Precursor Slice

For the remainder of the paper we further specialize to flat cuts of the Rindler horizon, so
that 0A, corresponds to u = v = 0. We therefore set V; = 0 in what follows. We take C to
be the Cauchy surface ¢t = 0, so that Ay (t =0, x > 0) and A} (t = 0, x < 0) are partial
Cauchy surfaces for the right and left Rindler wedges.

In this case A% is a global boost by rapidity s about 9Ag [367]. Thus, it has a simple
geometric action not only on the null plane u = 0, but everywhere. CC flow transforms
observables in Aj by A% and leaves invariant those in Ay. For a flat cut, this action can
be represented as a geometric boost in the entire left Rindler wedge. This allows us to
characterize the CC flowed state [¢(s)) on C very simply in terms of a different state on a
different Cauchy surface which we call the “precursor slice”. This description will motivate
the formulation of our bulk construction in Sec. 9.3.

By Eq. (9.2.11), the CC flowed state on the slice C,

4(C)) = (Ag)"*(AG,) ™ [¥(C)) , (9.2.28)

satisfies
(s(C)] Oa [15(C)) = (W(C)| O4¥(C)) (9.2.29)
(Ws(C) AP O AG [15(C)) = (W(C)| O [(C)) (9.2.30)

where O 4 and O 4 denote an arbitrary collection of local operators that act on spacelike half-
slices A and A’ of C respectively.® In the second equality above, we used the fact that A¥
acts as a global boost to move it to the other side of the equality, compared to Eq. (9.2.11).

3More precisely, one would have to smear the operator in a codimension 0 neighborhood of points on the
slices.
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We work in the Schrodinger picture where the argument C should be interpreted as the
time variable. The fact that Af acts as a boost around dA, motivates us to consider the
time slice

where

Al = {t = (tanh27s)z, = < 0} . (9.2.32)

By Egs. (9.2.29) and (9.2.30), each side of the CC-flowed state [15(Cs)) is simply related to
the left and right restrictions of the original state on the original slice:

(1s(Cs)| Oal1hs(Cs)) = (D(C) Oa (C)) (9.2.33)
(¥s(Co)[ Oay [1hs(Cs)) = (W (C)| O [¢(C)) - (9.2.34)

In the second equation, Q4 denotes local operators on A, which are analogous to O4 on
A’. More precisely, because the intrinsic metric of A" and A/ are the same, there exists a
natural map between local operators on A" and A..

In words, Egs. (9.2.33) and (9.2.34) say that correlation functions in each half of C in the
state [¢(C)) are equal to the analogous correlation functions on each half of C in the state
|15(Cs)). This justifies calling Cys the precursor slice since the CC flowed state on C arises
from it by time evolution.

We find it instructive to repeat this point in the less rigorous language of density opera-
tors. In the density operator form of CC flow,

[6.(C)) = (60 ) [0(©)) (9.2.35)
it is evident that the action of (pﬁé)is can be absorbed into a change of time slice C — Cy:
[s(Co)) = (py) 7 [0(C)) - (9.2.36)
Tracing out each side of A, implies
Pl = Pl - (92.37)
P = ph . (9.2.38)

s 0

The first equality is trivial and was already discussed in Eq. (9.2.7). The second equal-
ity follows because (pﬁ,o)is commutes with (pﬁB). This is the density operator version of
Egs. (9.2.33) and (9.2.34).

Eq. (9.2.36) should be contrasted with the one-sided modular-flowed state |¢(C)) =
(pﬁ, )~" [1(C)). The latter state would live on the original slice C, but it is not well-defined
since it would have infinite energy at the entangling surface.

It will be useful to define new coordinates adapted to the precursor slice Cs. Let

7 =v0)+e ™v(l-0(v)), (9.2.39)
i =e™uO(u)+ u(l—0(u)), (9.2.40)
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where O(.) is the Heaviside step function. Let ¢ = (0 + @) and & =
coordinates, the Minkowski metric takes the form

ds> = [0 +3) + ™ (1 -0 +1))] [e*™O(F —F) + (1 — Ot — 7))] (—di* + d7?)
+d"y (9.2.41)

$(0 —@). In these

and the precursor slice corresponds to ¢ = 0.
In these “tilde" coordinates, the stress tensor shock of Eq. (9.2.27) takes the form*

1 (o)’ 9re 08
<¢S|T’51~J|77Z)S> - % (%) (1 — € )W V:O(S(U) + 0(5) . (9242)
Recall that the entropy variation is evaluated in the state |¢)). By Eq. (9.2.24),
68 0S5
| == > 9.2.43
OVile gV 1w ( )

where V(y) is a cut of the Rindler horizon in the ¥ coordinates. Thus we may instead evaluate
the entropy variation in the state |t¢;) on the precursor slice. This will be convenient when
matching the bulk and boundary.

The Jacobian in Eq. (9.2.42) has a step function in it, as will the Jacobian coming from
d(v). A step function multiplying a delta function is well-defined if one averages the left and

right derivatives:
v\’ 1 [0ov
(a—) o) =3 (a—

Thus Eq. (9.2.42) becomes

@
o- 00U

O+) 5(0) . (9.2.44)

1 08

<ws|T’Df)(ﬁ>’ws> = % Sinh(27TS)ﬁ

Since we are dealing with a flat cut, the symmetry s <+ —s,v <> u implies that CC flow
also generates a Ty, shock in the state [i),) at u=v = 0:

(%) + o(8). (9.2.45)

w57‘7:0

I 35S _
(V5| Taalths) = Py smh(27rs)§ wsﬁzoé(u) +0(9) . (9.2.46)
(Note that 6/0V goes to —0/0U.) The linear combination
(Tl Do) = 5 sinh(zrs) 22| 5@+ Wit =fe=Dl) . (9247

will be useful in Sec. 9.4. The last term was obtained from Egs. (9.2.37) and (9.2.38); it
makes the finite piece explicit. Note that these equations are valid in the entire left and right
wedges, not just on Cs.

4We remind the reader that o(§) refers to any finite (non-distributional) terms.
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9.3 Kink Transform

In this section, we introduce a novel geometric transformation called the kink transform. The
construction is motivated by thinking about what the bulk dual of the boundary CC flow
would be in the context of AdS/CFT. As we discussed in Sec. 9.2, CC flow boosts observables
in D(A’) and leaves observables in D(A) unchanged. Subregion duality in AdS/CFT then
implies that the bulk dual of the state |¢s) has to have the property that the entanglement
wedges of D(A) and D(A’) will be diffeomorphic to those of the state |¢), but are glued
together with a “one-sided boost" at the Hubeny-Rangamani-Takayanagi (HRT) surface. In a
general geometry, a boost Killing symmetry need not exist. The kink transform appropriately
generalizes the notion of a one-sided boost to any extremal surface.

In Sec. 9.3, we formulate the kink transform. In Sec. 9.3, we describe a different but
equivalent formulation of the kink transform and show that the kink transform results in the
same new spacetime, regardless of which Cauchy surface containing the extremal surface is
used for the construction. In Sec. 9.4, we will describe the duality between the bulk kink
transform and the boundary CC flow in AdS/CFT and provide evidence for it.

Formulation

Consider a d 4+ 1 dimensional spacetime M with metric g,, satisfying the Einstein field
equations. (We will discuss higher curvature gravity in Sec. 9.6.) Let 3 be a Cauchy surface
of M that contains an extremal surface R of codimension 1 in ¥. (That is, the expansion
of both sets of null geodesics orthogonal to R vanishes.)

Initial data on ¥ consist of [368] the intrinsic metric (hy)q, and the extrinsic curvature,

(Ks)ay = PPPYV it - (9.3.1)

Here P! is the projector from M onto ¥, and ¢* is the unit norm timelike vector field
orthogonal to X. Indices a,b, ... are reserved for directions tangent to X. For matter fields,
initial data consist of the fields and normal derivatives, for example ¢(w®) and [t*V ,¢](w®),
where ¢ is a scalar field and w® are coordinates on X.

By the Einstein equations, the initial data on ¥ must satisfy the following constraints:

rs 4+ K — (Ks)a(Kx)™ = 167G T, t"t"
Da(Kg)ab - Dng =871 Tbyty s

where D, = PV, is the covariant derivative that ¥ inherits from (M, g,,); s is the Ricci
scalar intrinsic to ¥; and Ky, is the trace of the extrinsic curvature: Ky = (hg)®(Ksx)ap.
Let ¥ be a Cauchy slice of M containing R and smooth in a neighborhood of R. The
kink transform is then a map of the initial data on ¥ to a new initial data set, parametrized
by a real number s analogous to boost rapidity. The transform acts as the identity on all
data except for the extrinsic curvature, which is modified only at the location of the extremal
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THEY g

Figure 9.1: Kink transform. Left: a Cauchy surface ¥ of the original bulk M. An extremal surface R
is shown in red. The orthonormal vector fields t* and 2% span the normal bundle to R; z® is tangent to
Y. Right: The kink transformed Cauchy surface 3. As an initial data set, X5 differs from 3 only in
the extrinsic curvature at R through Eq. (9.3.4). Equivalently, the kink transform is a relative boost in
the normal bundle to R, Eq. (9.3.21).

surface R, as follows:

(Ks)ap = (K, )ap = (Kx)a — sinh (27s) z.xp 6(R) . (9.3.4)
Here x® is a unit norm vector field orthogonal to R and tangent to X, and we define
d(R)=0(x), (9.3.5)

where z is the Gaussian normal coordinate to R in ¥ (9, = 2%). Thus, the only change in
the initial data is in the component of the extrinsic curvature normal to R. An equivalent
transformation exists for initial choices of ¥ that are not smooth around R though the
transformation rule will be more complicated than Eq. (9.3.4). We will discuss this later in
the section.

Let X, be a time slice with this new initial data, as in Fig. 9.1, and let M be the Cauchy
development of ¥,. That is, My is the new spacetime resulting from the evolution of the
kink-transformed initial data. Since the intrinsic metric of ¥, and ¥ are the same, they can
be identified as d-manifolds with metric; the subscript s merely reminds us of the different
extrinsic data they carry. In particular the surface R can be so identified; thus R has the
same intrinsic metric as R. It also trivially has identical extrinsic data with respect to ;.
In fact, we will find below that like R in M, R, is an extremal surface in M. However, the
trace-free part of the extrinsic curvature of R, in My may have discontinuities.

We will now show that the constraint equations hold on X; that is, the kink transform
generates valid initial data. This need only be verified at R since the transform acts as the
identity elsewhere. Here we will make essential use of the extremality of R in M, which we
express as follows.

The extrinsic curvature of R with respect to M has two independent components. Often
these are chosen to be the two orthogonal null directions, but we find it useful to consider

(BW)i; = PIPYV ut) (9.3.6)
(BR))ij = PPV ) - (9.3.7)
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Here 4,7 represent directions tangent to R, and P! is the projector from M to R. Ex-

(2
tremality of R in M is the statement that the trace of each extrinsic curvature component

vanishes:

By = (v)"(BR))y =0, (9.3.8)
By = (1) (B )y =0, (9-3.9)

where (yg)i; = PP} (hs)a is the intrinsic metric on R.
Orthogonality of t* and z* implies that P! = P*P* and hence
(BR)ij = PP (Kx)ap (9-3.10)

Since x* is the unit norm orthogonal vector field at R, the trace of (Ky)q at R can be
written as:

Kl = 22" (Ks)a + (7R)7 (BR)ij = 22" (Ks)ap - (9.3.11)
A little algebra then implies
(Ks,)” = (Ks,)an(Ks,)® = (Kz)? = (Kz)a(Ks)® . (9.3.12)

Moreover, we have ry, = ry_ since the two initial data slices have the same intrinsic met-
ric. Thus Eq. (9.3.2) implies that the kink-transformed slice satisfies the scalar constraint
equation:

re, + (Kx,)? — (Kx,)ap(Kx,)™ = 167GT,, t't" . (9.3.13)

To check the vector constraint Eq. (9.3.3), we separately consider the two cases of b = z
and b = ¢ where 17, j represent directions tangent to R:
Do(Kx)® — DyKy,, = Do(Kx)"* — D, Ky, + BY sinh (275)8 ()
== Da(KZ)g; - D:L‘KE = 87TG Txl,ty s (9314)
D.(Ks,)f — D;Kyx, = Dy(Kx)} — D; Ky, = 81G T, t" | (9.3.15)
where the second line of the first equation follows from the extremality of R.
We conclude that the kink transform is a valid modification to the initial data. For both
constraints to be satisfied after the kink, it was essential that R is an extremal surface. Thus

the kink transform is only well-defined across an extremal surface. Note also that R, C ¥
is an extremal surface in M. By Eq. (9.3.10),

(BR))iy = PLP) (K kg, = (By)y = Bxl =0, (9:3.16)

In the second equality we used Eq. (9.3.4) as well as the fact that all relevant quantities are
intrinsic to X, so R4 can be identified with R. Moreover,

(Bi))iy = (By)iy = By =0, (9.3.17)

since this quantity depends only on the intrinsic metrics of ¥ and X, which are identical.
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? D(a’)

Figure 9.2: The kink-transformed spacetime M is generated by the Cauchy evolution of the kinked
slice ¥5. This reproduces the left and right entanglement wedges D(a) and D(a’) of the original
spacetime M. The future and past of the extremal surface R are in general not related to the original
spacetime.

Properties

We will now establish important properties and an equivalent formulation of the kink trans-
form.
Let us write X as the disjoint union

Y=dURUa. (9.3.18)

The spacetime M contains D(a) and D(a’) where D(.) denotes the domain of dependence.
The kink transformed slice ¥, contains regions a and o' with identical initial data, so M,
also contains D(a) and D(a’). Because X, has different extrinsic curvature at R, the two
domains of dependence will be glued to each other differently in My, so the full spacetime
will differ from M in the future and past of R. This is depicted in Fig. 9.2.

We will now derive an alternative formulation of the kink transform as a one-sided local
Lorentz boost at R. The unit vector field ¢, normal to X, is discontinuous at R due to the
kink. Let

(t4 Vg = lim t2 (9.3.19)
s r—0+ 7°
(t,)s = lim ¢t (9.3.20)

be the left and right limits to R. The metric of M, is continuous since it arises from valid
initial data on Y,. Therefore, the normal bundle of 1+1 dimensional normal spacetimes to
points in R is well-defined. The above vector fields (t5, ) and (5, ). belong to this normal
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Figure 9.3: Straight slices ¥ (red) in a maximally extended Schwarzschild (left) and Rindler (right)
spacetime get mapped to kinked slices 35 (blue) under the kink transform about R.

bundle. Therefore at each point on R, the two vectors can only differ by a Lorentz boost
acting in 1+1 dimensional Minkowski space. The kink transform, Eq. (9.3.4), implies:

()R = (Mars)b(t5,)1 (9.3.21)

where (Agzs)! is a Lorentz boost of rapidity 27s. In this sense, the kink transform resembles
a local boost around R. Alternatively, we can view Eq. (9.3.21) as the definition of the kink
transform. This definition can be applied to Cauchy slices that are not smooth around R,
but it reduces to Eq. (9.3.4) in the smooth case.

This observation applies equally to any other vector field £* in the normal bundle to R, if
¢" has a smooth extension into D(a’) and D(a) in M. The norm of £# and its inner products
with (t5, )r and (5 )r are unchanged by the kink transform. Hence, in M, the left and
right limits of £# to R will satisfy

€ = (Mars)1 1 - (9.3.22)

Now let = D R be another Cauchy slice of D(X). Since = contains R, its timelike normal
vector field € (at R) lies in the normal bundle to R. We have shown that Eq. (9.3.21) is
equivalent to the kink transform of ¥; that Eq. (9.3.22) is equivalent to the kink transform
of Z; and that Eq. (9.3.21) is equivalent to Eq. (9.3.22). Hence the kink transform of ¥ is
equivalent to the kink transform of =. In other words, the spacetime resulting from a kink
transform about R does not depend on which Cauchy surface containing R we apply the
kink transform to.

The kink transform (with s # 0) always generates physically inequivalent initial data.
However M need not differ from M. They will be the same if and only if 3, is an initial data
set in M. There is an interesting special case where this holds for all values of s. Namely,
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Figure 9.4: On a fixed background with boost symmetry, the kink transform changes the initial data
of the matter fields. In this example, M is Minkowski space with two balls relatively at rest (red).The
kink transform is still Minkowski space, but the balls collide in the future of R (blue).

suppose M has a Killing vector field that reduces to a boost in the normal bundle to R.
Then 3, C M (as a full initial data set), for all s. For example, the kink transform maps
straight to kinked slices in the Rindler or maximally extended Schwarzschild spacetimes (see
Fig. 9.3).

We can also consider the kink transform of matter fields on a fixed background spacetime
with the above symmetry. Geometrically, M = M for all s, but the matter fields will differ
in M, by a one-sided action of the Killing vector field. For example, let M be Minkowski
space, with two balls at rest at * = +1, y = z = 0 (see Fig. 9.4); and let R given by
x =t = 0. In the spacetime M, obtained by a kink transform, the two balls will approach
with velocity tanh 27s and so will collide. The right and left Rindler wedge, D(a) and D(a’),
are separately preserved; the collision happens in the past or future of R.

9.4 Bulk Kink Transform — Boundary CC Flow

In this section, we will argue that the kink transform is the bulk dual of boundary CC flow.
We will show that the kink transform satisfies two nontrivial necessary conditions. First,
in Sec. 9.4, we show that the left and right bulk region are the subregion duals to the left
and right boundary region, respectively. In Sec. 9.4 we show that the bulk kink transform
leads to precisely the stress tensor shock at the boundary generated by boundary CC flow,
Eq. (9.2.47). (In Sec. 9.5 we will show that the kink transform predicts additional shocks in
the CC flowed state, which have not been derived previously purely from QFT methods.)
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Matching Left and Right Reduced States

The entanglement wedge of a boundary region A in a (pure or mixed) state pa,

EW(pa) = Dla(pa)] (9.4.1)

is the domain of dependence of a bulk achronal region a satisfying the following properties |4,
282, 296, 283]:

(1) The topological boundary of a (in the unphysical spacetime that includes the conformal
boundary of AdS) is given by da = AUR.

(2) Sgen(a) is stationary under small deformations of R.

(3) Among all regions that satisfy the previous criteria, EW(p,4) is the one with the smallest
Sgen ().

We neglect end-of-the-world branes in this discussion [369, 370]. The generalized entropy is

given by

Area(R)
4Gh

where S(a) is the von Neumann entropy of the region a and the dots indicate subleading

geometric terms. The entanglement wedge is also referred to as the Wheeler-DeWitt patch

of A.

There is significant evidence [136, 351] that EW(p,4) represents the entire bulk dual to
the boundary region A. That is, all bulk operators in EW(p4) have a representation in
the algebra of operators A associated with A; and all simple correlation functions in A can
be computed from the bulk. In other words, the entanglement wedge appears to be the
answer [283] to the question [371, 372, 285, 373] of “subregion duality.” A bulk surface R
is called quantum extremal (with respect to A in the state p) if it satisfies the first two
criteria, and quantum RT if it satisfies all three. When the von Neumann entropy term in
Eq. (9.4.2) is neglected, R is called an extremal or RT surface, respectively. This will be the
case everywhere in this paper except in Sec. 9.6.

We now specialize to the setting in which CC flow was considered in Sec. 9.2. Recall
that the pure boundary state [¢)(C)) is given on a boundary slice C corresponding to ¢t = 0
in standard Minkowski coordinates; and that we regard C as the disjoint union of the left
region Aj (z < 0), with reduced state pﬁo; the cut Ay (z = 0); and the right region Ag

(x > 0), with reduced state pﬁ, . Let af, and ag be arbitrary Cauchy surfaces of the associated
0

Sgen = +S8(a)+... | (9.4.2)

entanglement wedges EW(pﬁ,O) and EW(pﬁO).
The entanglement wedges of non-overlapping regions are always disjoint, so

EW(pﬁg)) NEW(p4,) =2 . (9.4.3)
For the bipartition of a pure boundary state v, entanglement wedge complementarity holds:

al[$(C))] = agUR Uao , (9.4.4)
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where a[|(C))] is a Cauchy surface of EW(]1)(C))). In particular, the left and right entan-
glement wedge share the same HRT surface R.

Crucially, the classical initial data on a[|¢)(C))] is almost completely determined by the
data on a; and ag; however the data on R are not contained in af nor in ay. In the semi-
classical regime, the quantum state on a[|t)(C))] also includes global information (through
its entanglement structure) that neither subregion contains on its own. Hence in general

EW([4:(0))) = D [EW(p}}) UR UEW (s}, (9-45)

is a proper superset of EW(pﬁ,) U EW(pﬁO) that also includes some of the past and future
of R. ’

Now consider the CC-flowed state on the precursor slice |¢5(Cs)). By Egs. (9.2.37) and
(9.2.38), we have

EW(p) = BW(siy) = Dlaf) 9.46
EW(p%) = EW(p4,) = D(ao) , (9.4.7)

Since |15) is again a pure state, EW[|15(Cs))] = D (a[|1s(Cs))]) where
all1hs(Cs))] = ag UR Uag . (9.4.8)

We see that this initial data slice has the same intrinsic geometry as that of the original
bulk dual. Indeed, by the remarks following Eq. (9.4.4), the full classical initial data for the
bulk dual to |¢s) will be identical on af U ay and can only differ from the initial data for the
original bulk at R.

We pause here to note that a kink transform of a[|t)(C))] centered on R satisfies this
necessary condition and hence becomes a candidate for a[|1)s(Cs))]. However, this does not
yet constrain the value of s. In order to go further, we would now like to show that a kink
transform of a[|y(C))] with parameter s yields a bulk slice whose boundary is geometrically
the precursor slice C,.

The bulk metric takes the asymptotic form [374]:°

1
ds® = = [sz + napda’de® + O(Zd)} , (9.4.9)

where 145 is the metric of Minkowski space. Consider a stationary bulk surface R anchored
on the boundary cut u = v = 0. At leading order, R will reside at v = v = 0 in the
asymptotic bulk, in the above metric [17]. (The first subleading term, which appears at
order z¢, will be crucial in our derivation of the boundary stress tensor shock in Sec. 9.4.)
Let ¥ be a bulk surface that contains R and satisfies t = 0 + O(2¢) in the metric of
Eq. (9.4.9). Since the initial data on each side of R are separately preserved (see Sec. 9.3),

5We set faqs = 1.
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Eq. (9.3.21) dictates that the kink transform 3, of ¥ satisfies t = 0 (z > 0) and ¢ = x tanh 27s
(z < 0), again up to corrections of order z¢. The corrections all vanish at z = 0, where &
is bounded by C and ¥, is bounded by Cs (see Eq. (9.2.32)). Recall also that the kink
transform is slice-independent. Thus we have established that the kink transform of any
Cauchy surface a[|t)(C))], by s along R, yields a Cauchy surface bounded by the precursor
slice C,.

The above arguments establish that

EW[l¢s(C )] = D (alls(C))) (9.4.10)

where a[|15(Cs))] is given by Eq. (9.4.8). In words, the bulk dual of the CC-flowed boundary
state is the Cauchy development of the kink-transform of a Cauchy slice containing the HRT
surface R. Note that the classical initial data on this Cauchy surface is fully determined
by the initial data on af, and a¢ inherited from the bulk dual of |¢/(C)), combined with the
distributional geometric initial data consisting of the extrinsic curvature shock at R. The
full spacetime geometry will differ from EWT[|1)(C))] because of the different gluing at R.

Matching Bulk and Boundary Shocks

In Sec. 9.3, we gave a prescription for generating bulk geometries in AdS by inserting a kink
on the Cauchy surface, at the HRT surface. With the standard holographic dictionary, the
resulting geometry manifestly yields the correct behavior of one-sided boundary observables
under CC flow. This was shown in the previous subsection.

Another characteristic aspect of the CC flowed state [1)5) is the presence of a stress tensor
shock at the cut (Sec. 9.2), proportional to shape derivatives of the von Neumann entropy;
see Eq. (9.2.47). We will now verify that this shock is reproduced by the kink transform
in the bulk, upon applying the AdS/CFT dictionary. Notably, the shock is not localized
to either wedge. Verifying kink/CC duality for this observable furnishes an independent,
nontrivial check of our proposal.

We will now keep the first subleading term in the Fefferman-Graham expansion of the
asymptotic bulk metric [374, 17]:

1
ds? = = (d2* + gap(z, 2)dzdz") | (9.4.11)
167G
gas(z,2) = nap + 2° g (Tap) +o(2%) | (9.4.12)
where indices A, B, ... correspond to directions along z = const. surfaces.

The location of the RT surface R in the bulk can be described by a collection of (d — 1)
embedding functions
X'y, z) = (2, Xy, 2)) , (9.4.13)

where (y, z) are intrinsic coordinates on R. The expansion in z takes the simple form

XAy, 2)) = de(‘?i) +o(z%) (9.4.14)
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because the boundary anchor is the flat cut u = v = 0 of the Rindler horizon [17]. Station-
arity of R can be shown to imply [17]

. 4G 68

We consider a bulk Cauchy slice ¥ D R for which 0% corresponds to the ¢ = 0 slice on
the boundary. Since the subleading terms in Eqs. (9.4.12) and (9.4.14) start at z?, we are
free to choose ¥ so that it is given by

t = 2%(x) + o(2%) , (9.4.16)
Recall that the vector fields t* and z* are defined to be orthogonal to R, and respectively

orthogonal and tangent to >s. In FG coordinates one finds:

th = 2 (¢

(tic 0)+Z t(d +0( N (9.4.17

vt = 2 (o) + 22y +o(2)) (9.4.18
t* =z (2t +0 ). (9.4.19
(

ot =z (" Tig_1) + o(z" 1)) .. 9.4.20

The overall factor of z is due to normalization. Note that té‘o) is a coordinate vector field but
in general, t* is not. Individual coordinate components of vectors and tensors are defined by
contractions with tl(to) and a:’(*O) respectively, for example t' = tut’go).

We now consider a contraction of the extrinsic curvature tensor on 3,

)
)
)
)

(Ks)wa” = Pz’ b, . (9.4.21)

We would like to further project the a index onto the z direction. Deep in the bulk the z
direction does not lie entirely in ¥. However, note that g,.t* — 0 in the limit = — 0 due to
Eq. (9.4.19). Therefore, at leading order in z, the z direction does lie entirely in ¥; moreover,
PF — 6% as z — 0. We will only be interested in evaluating Eq. (9.4.21) at leading order in
2 so we may freely set a = z, which yields:5

(Kx)aa” — 20ty = 2"t 17, (9.4.22)
= 2Ty + 22' Ty, + 28°T . + 27T .., + 0o(2%7) (9.4.23)
d—2) , 167G e )

= ( 5 )zd ! y (T,p) — 27372 — 27 l(t(d) —x%d))—l—o(zd h.

(9.4.24)
The condition z,t* = 0 implies that
167G

Pl ;T (Tho) + 27307 + zd_l(tfd) — () + o(z7 1) =0. (9.4.25)

6In d > 2 the terms involving 2*t* will be higher order, by Egs. (9.4.19) and (9.4.20), and need not be
included. Since they cancel out either way, we include them here to avoid an explicit case distinction.
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Hence we find
(Ks).a” — 2°0ut,) = 271 87G (T,) + o(z1) . (9.4.26)

We now apply the kink transform to 3 (viewed as an initial data set). This yields a new
initial data set on a slice X, in a new spacetime M,. We again expand in Fefferman-Graham
coordinates:

1

ds® = = (d2* + gap(@, 2)dz*dz") | (9.4.27)

167G
d

Here 145 is still Minkowski space; any change in the bulk geometry will be encoded in the
subleading term.

The notation 74p indicates that we will be using the specific coordinates in which the
metric of d-dimensional Minkowski space takes the nonstandard form given by Eq. (9.2.41).
This has the advantage that the coordinate form of all vectors, tensors, and embedding
equations in D(a’) UR U D(a) will be unchanged by the kink transform, if we use standard
Cartesian coordinates before the transform and the tilde coordinates afterwards.

For example, the invariance of the left and right bulk domains of dependence under the
kink transform implies that >, is given by

(Tag) + o(z%) . (9.4.28)

Ggap(x,2) =fap + 2

t = 2%(3) + o(z%) , (9.4.29)

with the same ¢ that appeared in Eq. (9.4.16). (In fact, this extends to at all orders in z.)
As already shown in the previous subsection, 0%, lies at t = 0, z = 0.

As another example, the coordinate components of the unit normal vector to X, in M,
t#, will be the same as the components of the normal vector to ¥ in M, t*, and therefore

8(zt,,)| = 6(zt,,)\ (9.4.30)

M M

Below we will use the convention that any quantity with a tilde is evaluated in M, in
the coordinates of Eq. (9.4.28). Any quantity without a tilde is evaluated in M, in the
coordinates of Eq. (9.4.12). The only exception is the extrinsic curvature tensor, where the
corresponding distinction is indicated by the subscript Y, or X, for consistency with Sec. 9.3.

We now consider the extrinsic curvature of ¥,. A calculation analogous to the derivation
of Eq. (9.4.26) implies

(Ks,).@ — 8700t = 2971 871G (Tyz) + o(2471) . (9.4.31)
From Egs. (9.4.26) and (9.4.30) we find

N Ty) = 2" (Tw) + # (Ks,)a — (Ks)a] 2 +o(z71) (9.4.32)

sinh (27s)
8rG

= 2T, — §(R)z. 4+ o(z71) . (9.4.33)
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In the first equality, we used the fact that x* and Z* can be identified as vector fields, and
the extrinsic curvature tensors can be compared, in the submanifold > = ;. The second
equality follows from the definition of the kink transform, Eq. (9.3.4).

By Eq. (9.4.18), §(R) = 6(2~ %) = 26(&). The condition z,0, X" = 0 yields

v, = —d 242X g + 0(247%) | (9.4.34)

where )?(d) is the A = T component of X(él)' Taking z — 0 and using Eq. (9.4.15), we thus
find
Tz = (T, >+isinh(2m)§ 5(%) (9.4.35)
(i) = (L) + 5 S 4
which agrees precisely with Eq. (9.2.47).
Note that this derivation applies to any boosted coordinate system (£, %) as well. Linear
combinations of Eq. (9.4.35) with its boosted version reproduces both the Tj; shock of
Eq. (9.2.46) and the Tj; shock of Eq. (9.2.45) holographically.

9.5 Predictions

Having found nontrivial evidence for kink transform/CC flow duality, we now change our
viewpoint and assume the duality. In this section, we will derive a novel property of CC flow
from the kink transform: a shock in the (7,) component of the stress tensor in the CC flowed
state. We do not yet know of a way to derive this directly in the quantum field theory, so
this result demonstrates the utility of the kink transform in extracting nontrivial properties
of CC flow. We further argue that (7},) and (T},) constitute all of the independent, nonzero
stress tensor shocks in the CC flowed state.

Our holographic derivation only depends on near boundary behavior, and the value of
the shock takes a universal form similar to Eq. (9.4.35). Thus, we expect that the properties
we find in holographic CC flow hold in non-holographic QFTs as well.

To derive the (T,) shock, we use the Gauss-Codazzi relation [375]

P! PY PP Ryyas = KacFoa — KycFaq + Tabea » (9.5.1)

where .. is the intrinsic Riemann tensor of Y. It is important to note that this relation is
purely intrinsic to 3. Since ¥ = ¥, as submanifolds, we can not only evaluate Eq. (9.5.1) in
both M and M but also meaningfully subtract the two. We emphasize that the following
calculation is only nontrivial in d > 2 (in d = 2, the Gauss-Codazzi relation is trivial). We
comment on d = 2 at the end.

First we evaluate Eq. (9.5.1) in M. We will only be interested in evaluating it to leading
order in z in the Fefferman-Graham expansion. As argued in Sec. 9.4, when working at
leading order we can freely set a = ¢ = z. We then compute the following at leading order
in z:

Rzmzx - Kzszz - (sz>2 + Tezza - (952)
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We start by computing K,.. First we note that 'S¢, = 0 identically. Therefore,

_ _ 90 d-3
K.. =0t = 4G(d - 2) 5T‘R +o(z473) . (9.5.3)
We have made use of
0S
t, =4 H—( d-2 5.4
G| oz (9.5.4)
which follows from ¢,0, X* = 0.
Next we compute
Ropoe = 0,17, — 0.1, + 15, Y, —T7 ', . (9.5.5)
One finds
1 167G
O.T%. = S(d—2)(d - 1)z 2 (Tya) + 0(2772) (9.5.6)
1 167G
Fizrzz = _é(d - Q)Zd_2%<Txa:> + O(Zd_Q) ) (957)

with all other terms either subleading in z or identically vanishing, and hence
Ripew = —87G(d — 2)297%(Tyy) + 0(2%72) . (9.5.8)

Putting all this together, we have

05

871G (d — 2)2""4(T,,) = 4Gz
5T IR

‘ KICU o (KIZ)Q + T2xza + O(Zd_Q) . (959)

The analogous relation evaluated in Mg reads

~$G(d - 221 Tss) =46V 2] Koz = (Rad) + s + o), (9510)

where we have made use of Eq. (9.4.30) to set K, = K,.. We can now subtract these two

relations. First note that 7T,p.q = Tapeq since it is purely intrinsic to 3. Next, recall from the
definition of the kink transform Eq. (9.3.4) that

Kiz — Kpp = —2sinh(27s)6(Z) . (9.5.11)

Lastly, it is easy to check that K,. ~ o(2%72) hence its contribution to Eq. (9.5.9) is sublead-
ing, and similarly for Eq. (9.5.10). Thus, subtracting Eq. (9.5.10) from Eq. (9.5.9) yields

(Tos) — (Th) = %smh@ws)g; () (9.5.12)
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The above calculation only works in d > 2. In d = 2, since the boundary theory is a CFT,
tracelessness of the boundary stress tensor further implies that (73,) is the only independent
component of the stress tensor shock so there is no need for a calculation analogous to the
one above. We expect that this argument is robust under relevant deformations of the CFT
since the shock is highly localized and should universally depend only on the UV fixed point.

Together with the (T;,) shock we reproduced in the previous section, and using Lorentz
invariance of the boundary, this result determines the transformation of the the stress tensor
contracted with any pair of linear combinations of ¢ and x, such as (Ty). This linear space
contains all of the independent nonvanishing components of the shock. To see this, note that

z” (vugu - vuyu) =0 s (9513)
yy (Vug,u - Vl/yu) =0 5 (9514)
yy (vugu - vutu) =0 ) (9515)

where y* = P!y for any vector field y* in the tangent bundle of R. Egs. (9.5.13) and
(9.5.14) follow trivially from the fact that the prescription Eq. (9.3.22) only introduces a
discontinuity in vector fields in the normal bundle of R, while Eq. (9.5.15) simply follows
from Eq. (9.3.4). Evaluating the ;. = z components in the same way as in Sec. 9.4, we find,

(Trg) = (Ty) = 0. (9.5.16)

For s — oo, the shocks derived in the previous two sections agree with those found to

be required for the existence of certain coarse grained bulk states in Ref. [139]. In that

work, the cut was allowed to be a wiggly or flat cut of a bifurcate horizon such as a Rindler

horizon, and the state could belong to any quantum field theory. Interpolation of these

results suggests that the shocks we have derived here generalize to the case of CC flow for a
wiggly cut of the Rindler horizon, in general QFTs with a conformal fixed point.

9.6 Discussion

Relation to JLMS and One Sided Modular Flow

The bulk dual of one-sided modular flow [360, 361] resembles the kink transform. CC flow
yields a well defined state, however, whereas a one sided modular flowed state is singular
in QFT. Correspondingly, the kink transform defined here yields a smooth bulk solution
whereas the version implicitly defined in Ref. [361] results in a singular spacetime (see also
Ref. [16], footnote 4). We will now explain this in detail.

Consider a boundary region A, with reduced state p4,, dual to a semi-classical state p,
in the bulk entanglement wedge a associated to Ag as seen in Fig. 9.5. We denote by K4 =
—log pa and K, = — log p, the boundary and bulk modular Hamiltonians, respectively. The
JLMS result [137] states that

. /\[ ] .
0 4G a7 ( )
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Figure 9.5: A boundary subregion Ay (pink) has a quantum extremal surface denoted R (brown) and
an entanglement wedge denoted a. The complementary region Aj (light blue) has the entanglement
wedge a’. CC flow generates valid states, but one-sided modular flow is only defined with a UV cutoff.
For example, one can consider regulated subregions A(°) (deep blue) and A"(©) (red). In the bulk, this
amounts to excising an infrared region (gray) from the joint entanglement wedge resulting in a
regulated entanglement wedge D(3) (yellow).

where A[R] is the area operator that formally evaluates the area of the quantum extremal
surface R [283].

Suppose now that Ay has a nonempty boundary 0Ay. Then there is an interesting
asymmetry in Eq. (9.6.1). The one-sided boundary modular operator appearing on the left
hand side is well-defined only with a UV cutoff. On the other hand, at least the leading
(area) term in the bulk modular operator on the right hand side has a well-defined action.
Let us discuss each side in turn.

In Einstein gravity, the area operator A is the generator of one-sided boosts. To see this,
let us restrict the gravitational phase space to a truncated bulk region D(X,). X is a partial
bulk Cauchy slice that excludes asymptotic portions of the bulk near the entangling surface
0A as seen in Fig. 9.5. There exists a (non-unique) vector field £* in D(a’) U R such that
£* generates an infinitesimal one-sided boost at R [376, 142]. This boost can be quantified
by a parameter s in the normal bundle to R, as described in Sec. 9.3. The area functional
A[R|/AG is the Noether charge at R associated to £%, given by the expectation value of the
area operator in the semi-classical bulk state:

~

A[R] = (A[R]) . (9.6.2)

Each point in the gravitational phase space can be specified by the metric in D(a’), the
metric in D(a), and the boost angle s at R with which the two domains of dependence are
glued together [361, 142, 176, 363]. The action of

<62mA[R]/4G> (9.6.3)
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on points in the gravitational phase space is to simply shift the conjugate variable, i.e., the
relative boost angle between the left and right domains of dependence, by s. Note that the
metrics in the left and right domains of dependence are unchanged since the area functional
acts purely on the phase space data at R. This is the classical analogue of the statement
that the area operator is in the center of the algebras of the domains of dependence [286].
Comparing with Sec. 9.3, we see that this action is equivalent to the kink transform of .
about R by s. We stress that this action is well-defined even if R extends all the way out
to the conformal boundary, i.e., in the far ultra-violet from the boundary perspective.

We turn to the left hand side of Eq. (9.6.1), still assuming that Ay has a nonempty
boundary 0A. Since the algebra of a QFT subregion Ay is a Type-III; von Neumann algebra,
the Hilbert space does not factorize across Ay [365]. A reduced density matrix pa,, and
hence K 4., do not exist. Physically, the action of K 4, on a fixed boundary time slice would
break the vacuum entanglement of arbitrarily short wavelength modes across 0 Ag; this would
create infinite energy.

Therefore, any discussion of K 4, Tequires introducing a UV regulator. Consider the reg-
ulated subregions A(()E) and Ag(e) shown in Fig. 9.5. The split property in algebraic QFT [365,
377] guarantees the existence of a (non-unique) Type-I von Neumann algebra N nested
between the algebras of subregion Aée) and the complementary algebra of Ag(e), i.€.,

ALY c N <Ag(5)>/ . (9.6.4)

With this prescription, one can define a regulated version of the reduced density matrix pa
by using the Type-I factor N' [Doplicher:1984zz|. It has been suggested that there exists
an N consistent with the geometric cutoff shown in Fig. 9.5 [378, 377]: the quantum extremal
surface R in the bulk is regulated by a cutoff brane B demarcating the entanglement wedge
of the subregion A(6 U A . The regulated area operator A[R]/4G is well defined once
boundary conditions on B are specified.

Let us now specialize to the case for which we have conjectured kink transform/CC-
flow duality: the boundary slice C = Ay U Aj, is a Cauchy surface of Minkowski space, and
0Ap is the flat cut uw = v = 0 of the Rindler horizon. We have just argued that the kink
transformation is generated by the area operator through Eq. (9.6.3). By Eq. (9.6.1), the
boundary dual of this action should be one-sided modular flow, not CC flow. By Egs. (9.2.4)
and (9.2.6), these are manifestly different operations. Indeed, unlike one-sided modular flow,
Connes cocycle flow yields a well-defined boundary state for all s, without any UV divergence
at the cut 0Ag: [(C)) — [1s(C)).

In fact there is no contradiction. For both modular flow and CC flow on the boundary,
a bulk-dual Cauchy surface ¥ is generated by the kink transform. The difference is in how
Y is glued back to the boundary.

For modular flow, 3 is glued back to the original slice C. Generically, this would violate
the asymptotically AdS boundary conditions, necessitating a regulator such as the excision
of the grey asymptotic region in Fig. 9.5 and interpolation by a brane B. The boundary
dual is an appropriately regulated modular flowed state with energy concentrated near the
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cut 0Ap. This construction is possible even if 0Aq is not a flat plane, but the regulator is
ambiguous and cannot be removed.”

For CC flow, ¥, is glued to the precursor slice C, as discussed in Sec. 9.3. This yields
|15(Cs)). Time evolution on the boundary yields |14(C)), the CC-flowed state on the original
slice C.

On the boundary, we can use the one-sided modular operator in two ways. As a map
between states on C [137, 352] it requires a UV regulator. As a map that takes a state on C
to a state on the precursor slice Cs, [1(C)) — [15(Cs)), it is equivalent to CC flow on C by
Egs. (9.2.35) and (9.2.36). This is a more natural choice due to its UV-finiteness. But it is
available only if the vacuum modular operator for cut dA is geometric, so that the precursor
slice is well-defined.

Quantum Corrections

It is natural to include semiclassical bulk corrections to all orders in G to our proposal. The
natural guess would be to perform the kink transform operation about the quantum extremal
surface along with a CC flow for the bulk state. In general, it is difficult to describe this
procedure within EFT. In states far from the vacuum, the background spacetime changes
under the kink transform, and it is unclear how to map states from one spacetime to another.
However, we will find some evidence that suggests that the bulk operation relating the two
states is a generalized version of CC flow in curved spacetime.
To see this, note that the quantum extremal surface R satisfies the equations

05

By +4Gh =5 =0, (9.6.5)
55
(=) -
B’ +4Gh = =0, (9.6.6)

where (Bg)) and (Bg)) denote the trace of the extrinsic curvature (expansion) in the two
normal directions to R, i.e., t* and z* respectively. Similarly % and % are the entropy
variations in the t#* and x* directions respectively.

The classical kink transform involves an extrinsic curvature shock at the classical RT
surface. As shown in Sec. 9.3, extremality of the surface ensures that the constraint equations
continue to be satisfied after the kink transform in this case. However, the quantum extremal
surface has non-vanishing expansion, the constraint equations are not automatically satisfied
when an extrinsic curvature shock is added at the quantum RT surface.

More precisely, the left hand side of the constraint equations on a slice ¥ are modified

"There is evidence that a code subspace can be defined with an appropriate regulator such that one-sided
modular flow keeps the state within the code subspace [363, 362, 364].
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by the kink transform by
08

A (rs — (Kx)aw(Ks)® 4 (Kx)?) = 8Gh sinh(27s) 5T 5(X), (9.6.7)
A (D,(Ky)s — D, Ks) = 4Gh sinh (27s) g—; X)), (9.6.8)
A (Do(Ks)i — DiKs) =0, (9.6.9)

where A represents the difference in the constraint equations between the original spacetime
M and the kink transformed spacetime M, and we have used Egs. (9.6.5) and (9.3.4).
These are essentially the analogs of Eqgs. (9.3.13) and (9.3.14), and we have simplified the
notation slightly.

For the constraint equations to be solved, the kink transform would have to generate
the same change on the right hand side of the constraints. It would thus have to induce an
additional stress tensor shock of the form

1 . 08
ATTT = % Slnh(Zﬂ'S) 5_T (S(X) s (9610)
ATpx = - sinh(2ms) 22 5(x) (9.6.11)
TX — 271_8111 s 5X . 0.

Formally, these conditions agree precisely with the properties of CC flow discussed in Sec. 9.2.
Thus, we might expect a generalized bulk CC flow to result in shocks of precisely this form.

In fact, the existence of semiclassical states satisfying the above equations was conjectured
in [139]; the fact that CC flow generates such states in the non-gravitational limit was
interpreted as non-trivial evidence in support of the conjecture. Thus, we expect a kink
transform at the quantum extremal surface with a suitable modification of the state to
provide the bulk dual of CC flow to all orders in G.

At a more speculative level, we can also discuss the bulk dual of CC flow in certain
special states called fixed area states, which serve as a natural basis for modular flow [362,
363, 364]. These are approximate eigenstates of the area operator and are therefore unlike
smooth semiclassical states which are analogous to coherent states. The Lorentzian bulk
dual of such states potentially involves superpositions over geometries [379).

However, by construction, the reduced density matrix is maximally mixed at leading
order in G. Thus, the state [¢) is unaffected by one sided modular flow, and the only effect
of CC flow is that we describe the state on a kinematically related slice Cs. Thus, the dual
description must be invariant under CC flow up to a diffeomorphism.

In such states, one could apply the semiclassical prescription using Eq. (9.6.1). As dis-
cussed above, the action of the area operators results in a diffeomorphism of the geometric
description, if it exists. From Eq. 9.6.1, the remaining action of the boundary CC flow is to
simply induce a bulk CC flow.
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~

Figure 9.6: An arbitrary spacetime M with two asymptotic boundaries is transformed to a physically
different spacetime M by performing a kink transform on the Cauchy slice . A piecewise geodesic

(dashed gray line) in M connecting = and y with boost angle 27s at R becomes a geodesic between
zs and y in M.

Beyond Flat Cuts

Kink transform/CC flow duality can be generalized to other choices of boundary subsystems,
so long as a precursor slice can be defined. The precursor slice is generated by acting on the
original slice with the vacuum modular Hamiltonian; this is well-defined only if this action is
geometric. In Sec. 9.2, we ensured this by taking the boundary to be Minkowski space and
choosing a planar cut. Precursor slices also exist in any conformally related choice, such as
a spherical cut.

But there are other settings where the vacuum modular Hamiltonian acts geometrically.
This includes multiple asymptotically AdS boundaries where the boundary manifold has a
time translation symmetry. For example, consider a two-sided black hole geometry M with
a compact RT surface R as seen in Fig. 9.6. The boundary manifold is of the form C x R,
where the first factor corresponds to the spatial geometry and the second corresponds to the
time direction. The boundary Hilbert spaces factorizes; each boundary algebra is a Type-I
factor. Thus, the version of CC flow defined in terms of density matrices in Eq. (9.2.6)
becomes rigorous in this situation. A natural choice of vacuum state is the thermofield
double [380, 381|. The reduced state on each side is thermal, ps, ~ exp(—SH). Thus the
modular Hamiltonian is proportional to the ordinary Hamiltonian on each boundary. This
generates time translations and so is geometric.

Now, in any such geometry M one can pick a Cauchy slice ¥ that ends on boundary
time slices on both sides and contains R. In obvious analogy with Sec. 9.3, we conjecture
that the domain of dependence of the kink transformed slice ¥, in a modified geometry M,
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is dual to the boundary state:

Ws(cs»LR = PZiS W(C»LR ) (9.6.12)

where we have used the notation of Eq. (9.2.36).

In such a situation, it is again manifest that the Wheeler-DeWitt patches dual to either
side are preserved by arguments similar to those made in Sec. 9.4. However, since there is no
portion of R that reaches the asymptotic boundary, there is no analog of the shock matching
done in Sec. 9.4. Notably, since 0A = @ in this case, there is no subtlety regarding boundary
conditions for JLMS and thus, one-sided modular flow makes sense without any regulator.
Thus, our construction is simply kinematically related to the construction in [361].

An interesting situation arises for wiggly cuts of the Rindler horizon, ¢.e., u = 0 and
v = V(y). The modular Hamiltonian acts locally, but only when restricted to the null plane
[45]. Tts action becomes non-local when extended to the rest of the domain of dependence.
The properties of CC flow described in Sections 9.2-9.2 all hold for this choice of cut. This
constrains one-sided operator expectation values on the null plane, subregion entropies for
cuts entirely to one side of V(y), and even the T, shock at the cut. Interestingly, all of them
are matched by the kink transform, by the arguments given in Sec. 9.3. Even the expected
stress tensor shock can still be derived, by taking a null limit of our derivation as described
in Appendix A.23. One might then guess that the kink transform is also dual to CC flow for
arbitrary wiggly cuts.

Even in the vacuum, however, the kink transform across a wiggly cut results in a boundary
slice that cannot be embedded in Minkowski space, due to the absence of a boost symmetry
that preserves the entangling surface. Thus, the kink transform would have to be modified to
work for wiggly cuts. The transformation of boundary observables off the null plane is quite
complicated for wiggly cut CC flow. Thus, we also expect that regions of the entanglement
wedge probed by such observables should be drastically modified, unlike the case where the
entangling surface is a flat Rindler cut.

However, the wiggly-cut boundary transformation remains simple for observables re-
stricted to the null plane. Thus one could try to formulate a version of the kink transform
on Cauchy slices anchored to the null plane on the boundary and the RT surface in the
bulk. Perhaps a non-trivial transformation of the entanglement wedge arises from the need
to ensure that the kink transformed initial data be compatible with corner conditions at the
junction where the slice meets the asymptotic boundary [382]. We leave this question to
future work.

Other Probes of CC Flow

In Sec. 9.4, we provided evidence for kink transform/CC flow duality. The preservation of
the left and right entanglement wedges under the kink transform ensures that all one-sided
correlation functions transform as required. It would be interesting to consider two sided
correlation functions. However, these do not change universally and are difficult to compute
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in general. In the bulk, this is manifested by the fact that the future and past wedges do
not change simply and need to be solved for.

However, because of the shared role of the kink transform, we can take advantage of
the modular toolkit for one-sided modular flow [361]. Let |¢),) = p"®|¢) be a family of
states generated by one-sided modular flow as discussed in Sec. 9.6. Then certain two sided
correlation functions (15| O(z) O(y) [¢bs) can be computed as follows.

Suppose O(z) is an operator dual to a “heavy” bulk field with mass m such that 1/0xg5 <
m < 1/0p,1/ls. Correlation functions for such an operator can then be computed using the
geodesic approximation,

(O(x)O(y)) = exp(—mL) , (9.6.13)

where L is the length of the bulk geodesic connecting boundary points x and y. Now consider
boundary points = and y such that there is a piecewise bulk geodesic of length L(x, %) joining
them in the spacetime dual to the state [).

This kinked geodesic is required to pass through the RT surface of subregion A with a
specific boost angle 27s as seen in Fig. 9.6. (This is a fine-tuned condition on the set of
points x,y.) Since single sided modular flow behaves locally as a boost at the RT surface, it
straightens out the kinked geodesic such that it is now a true geodesic in the spacetime dual
to the state |1)s). Thus, we have

(5| O(x) O(y) |¥s) ~ exp(—mL(,y)) . (9.6.14)

As discussed in Sec. 9.2, the CC flowed state can equivalently be thought of as the single
sided modular flowed state |¢)s) on a kinematically transformed slice C;. Thus, the above
rules can still be used to compute two sided correlation functions in the CC flowed state

|¢s> = Us |¢> as
(15| O(25)O(y) [¥s) = exp(—mL(z,y)) , (9.6.15)

where x, is the point related to x by the vacuum modular flow transformation.

We also note that the shock matching performed in Sec. 9.4 was a near boundary cal-
culation. However, a bulk shock exists everywhere on the RT surface. One could solve for
the position of the RT surface to further subleading orders and relate the bulk shock to the
boundary stress tensor. This would yield a sequence of relations that the stress tensor must
satisfy in order to be dual to the kink transform. In general these relations may be highly
theory-dependent, but it would be interesting to see if some follow directly from CC flow or
make interesting universal predictions for CC flow in holographic theories.

Higher Curvature Corrections

In Sec. 9.4, we argued that the bulk kink transform in a theory of Einstein gravity satisfies
properties consistent with the boundary CC flow. However, this result is robust to the
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addition of higher curvature corrections in the bulk theory. The preservation of the two
entanglement wedges, i.e., Eq. (9.2.38), is a geometric fact that remains unchanged.®

Further, the matching of the stress tensor shock crucially depended on two ingredients.
Firstly, Eq. (9.4.12), the holographic dictionary between the boundary stress tensor and
the bulk metric perturbation and secondly, Eq. (9.4.15), the relation between the boundary
entropy variation and the shape of the RT surface. Both of these relations are modified
once higher curvature corrections are included [288, 307]. However, it follows generally from
dimension counting arguments that

167G
o) = m= (1) (9.6.16)
4G S
A

where 7; and 7, are constants that depend on the higher curvature couplings. Using the
first law of entanglement, it can be shown that in fact 1 = 1y [288, 307]. Hence, the
boundary stress tensor shock obtained from the kink transform is robust to higher curvature
corrections.

Holographic proof of QNEC

A recent proof of the QNEC from the ANEC [16] considers CC flow for a subregion A on
the null plane v = 0 with entangling surfaces v = Vi(y) and v = V5(y) surrounding a given
point p. From the transformation properties of the stress tensor under CC flow described in
Sec. 9.2, T,,, — 0 as s — oo. In addition, there are stress tensor shocks at 0A, as described

in Sec. 9.2, of weight f(s)%‘ " In the limit V;(y) — V4(y), computing the ANEC in
w7

the CC flowed state, one obtains contributions from the stress tensor T, (p) in subregion A,
525
oV (y1)dV (y2)

null energy in the CC flowed state then implies’ the QNEC in the original state.

Prior to the QFT proofs, both the ANEC and QNEC had been proved holographically
[384, 17|. The guiding principle behind both of these proofs was the fact that consistency of
the holographic duality requires bulk causality to respect boundary causality as we demon-
strate in Fig. 9.7. In the case of the ANEC, one considers an infinitely long curve connecting
points on past null infinity to future null infinity through the bulk and demands that it
respect boundary causality [384]. In the proof of the QNEC, one requires that curves joining
the RT surfaces of subregions v < V;(y) and v > V;5(y), denoted Ry and R, respect bound-
ary causality [17, 357]. There are two contributions to the lightcone tilt of this bulk curve
coming from the metric perturbation h,, in the near boundary geometry, and the shape of

and a contribution proportional to from the shocks. Positivity of the averaged

8Here we assume that the initial value formulation of Einstein gravity can be perturbatively adjusted
to include higher curvature corrections despite the fact that a non-perturbative classical analysis of higher
curvature theories is often problematic due to the Ostrogradsky instability [383].



CHAPTER 9. GRAVITY DUAL OF CONNES COCYCLE FLOW 239

R

x1

Figure 9.7: Holographic proofs. Left: Boundary causality is respected by the red curve that goes
through the bulk in a spacetime M; this is used in proving the ANEC. The RT surfaces R; and R»
must be spacelike separated; this is used in proving the QNEC. Right: In the kink transformed spacetime
My as s — oo, the QNEC follows from causality of the red curve, which only gets contributions from
the Weyl shocks (blue) at Ry and Rz, and the metric perturbation in the region between them.

the RT surface X*(y, z). By the holographic dictionary, these contributions can be related
to the boundary stress tensor 7}, and the entropy variations % as discussed in Sec. 9.4.
Now performing the kink transform removes the contribution coming from the shape of
the RT surface and puts it into a time advance/delay coming from shocks in the bulk Weyl
tensor that we compute in Appendix A.23. Considering the extended curve from past to
future null infinity, we see that whether or not it respects boundary causality is determined
entirely by the region between the entangling surfaces Ry and R, since the bulk solution
approaches the vacuum everywhere else in the limit s — o0o. Requiring causality of the ANEC

curve then results in the QNEC, making the connection to the boundary proof manifest.
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Appendix A

Appendix

A.1 Orthonormal basis formalism for null surfaces

In this appendix we translate the definitions and formalism described in Sec. 2.3, and some
of the results of Sec. 2.6, into the language of components on an orthonormal basis. This
specialization is often useful in computations, although it does depend on arbitrary choices.
We first describe the specializations that occur when one chooses an auxiliary null vector,
and then the specializations associated with a complete orthonormal basis.

Review of structures associated with a choice of auxiliary null
vector

We choose an auxiliary null vector field n® on N which satisfies

nan® = 0, (A.1.1a)
nol* = —1. (A.1.1b)

The pullback of the covector field n, yields a covector on N
n; = In, (A.1.2)
which from Egs. (2.3.7) and (A.1.1b) satisfies n;¢* = —1 '. We define the projection tensor
T = 0% + n,. (A.1.3)

At a given point p the mapping v® — m%,v® maps vectors into the space of vectors orthogonal

to £,, i.e., into the tangent space T,(N). We write this mapping from T,,(M) to T,(N) as

v — T (A.14)

1Given a covector n; on N with n;¢* = —1, n, is uniquely determined by the conditions (A.1.1a) and
(A.1.2).



APPENDIX A. APPENDIX 241

The quantities T! and I1¢ satisfy
&t =T, 119, T = 11775, (A.1.5)
We can now define spacetime tensors that correspond to the induced metric
Qab = T;Tzqw = Gap + 2€(anb), (A16)

and shear tensor

Oab — T;T{)am (Al?)

These quantities depend on the choice of auxiliary null vector n,. We can also define a
derivative operator D; on A by, for a given vector field v* on N,

Div? = T2V 0" (A.1.8)

Here, on the right hand side, v® is any choice of vector field on M for which v® = T1%" when
evaluated on A. It can be checked that this prescription yields a well defined derivative
operator, which depends on the choice of n,.

We define the rotation one-form w; by

From Eq. (2.3.18) this satisfies

As noted in Sec. 2.3 above the rotation one-form depends on n; except when K;; = 0.

Geometric fields on an orthonormal basis
We choose on NV a set of basis vectors

G = (e 71, 84) = (07.84) (A.1.11)
where A = 2,3, and where 2 = ii2 = (- & =i1-¢;=0,0-ii=—1,&; -8 = 6,5 on N'. We
extend the definition of these vectors off ' but do not require them to be orthonormal off

N.

We can decompose the covariant derivative of the normal on this basis as

Vol = vl by + nlgny + TAEaef + engly + (ngny + ﬁAnaef + aAefﬁb + LAefnb

1 o
+ (59(5/1]3 + UAB) efef. (A.l.l?)
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where o ;5 is traceless. Imposing the orthonormality of the basis on the hypersurface gives
¢ = ¢4 = 0, while imposing (2.3.2) gives € = —k, k4 = 0. The induced metric, second
fundamental form, Weingarten map and rotation one-form in terms of these quantities are

G = Opeiel, (A.1.13a)
K, = G%AB + O—AB) eltel (A.1.13D)
K/ = —rnill + ocAeiAEj + <%95AB + O'AB> eiAeéj, (A.1.13c)

w; = —kKn;+ oerfi. (A.1.13d)

Expressions for charges

A simple expression for the Noether charge in terms of the orthonormal basis can be found
by combining Eqs. (2.6.7), (2.3.16), (2.4.11a), (2.3.7) and (A.4.2):

Qe(S) = 8i7r /S%‘ [7p0*V £ . (A.1.14)

Here the null vector n, has been chosen so that its pullback n; to A/ is normal to the cross
section S. A similar calculation starting from the localized charge (2.6.27) gives

Q°(S) = 8i7r / eij [Mpl*VaE” — 060, . (A.1.15)
s

For diff(Z) generators we have £%n, = 0, and this charge can be rewritten as

1
¥(S) = - /Sﬁij (09" ] - (A.1.16)

A.2 Gauge fixing in the definition of field configuration
space

In this appendix we show that the field configuration space .#, that we defined is obtained
from the larger space %, by a gauge fixing. Specifically, given a manifold M with boundary
N, a complete boundary structure p on NV, and a metric g, on M for which A is null and
for which the boundary structure induced by g4 is complete, we show that one can find a
diffeomorphism ) : M — M which takes N into N for which 1, g, lies in .%,.

Let u be the intrinsic structure induced by p, and v’ be the intrinsic structure induced
by the metric g,. By hypothesis, both u and u’ are complete. Hence by the argument given
in Sec. 2.4 there exists a diffeomorphism ¢ : N/ — A which takes u to v'. Now choose a
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diffeomorphism 1 : M — M whose restriction to N is ¢. By acting with 1) on the metric
we can without loss of generality assume that u = u'.

Now let p’ be the boundary structure induced by g,, and choose representatives (¢, s, ga)
and (¢’ K’ ,g;) of p and p’. Since u = 1’ we can, by adjusting the choice of representative
if necessary, take ¢* = ('* and k = k’. The two normal covectors must be related by some
rescaling of the form 7, = e*lfﬁl for some smooth function A on N. We thus have

g%, = M, (A.2.1)
and we want to show that there exists a diffeomorphism v that preserves u’ so that
(1hog™)l, = 0. (A.2.2)

By applying ;! to both sides of Eq. (A.2.2), specializing the diffeomorphism so that the

induced diffeomorphism ¢ on N is the identity, and using (A.2.1), we find that a sufficient
condition for (A.2.2) is that

W, = e M, (A.2.3)

To find a diffeomorphism v satisfying (A.2.3), we need only specify its action to linear

order in deviation off the surface N'. We can parameterize points near N to linear order by

specifying a point P on N and a vector v* at P. We define 9 to be the mapping that takes

Y (P,v%) = (P,v® + CH(P)yn?), (A.2.4)

where (¢ is some vector field defined on A. This mapping is well defined despite the fact
that representing points near A/ as pairs (P, v?) is not unique, since components of v* along
the surface are annihilated by the term proportional to (*. Now computing the pullback
of the mapping (A.2.4) we find that the condition (A.2.3) will be satisfied if we choose the
vector field (* to satisfy

1+ ¢, = e, (A.2.5)

A.3 Characterization of trivial diffeomorphisms at a
null boundary

In this appendix we show that the charge variation (2.2.13) vanishes for all cross sections
S of a null boundary, and for all solutions and variations of solutions, if and only if the
symmetry £ satisfies ' = 0 and v(£%) = 0, where x* is defined by Eq. (2.5.15) and « by Eq.
(2.5.16).

The charge variation is given by Eq. (2.6.19), but with § replaced by (8 +~v)/2 from Eq.
(2.6.5):

1 .
00 = 1o eijk{hxl/cﬁ—hﬁ(x%)ﬁk/z—hwsa)zk/z—xlwk+xl£ehl’“+2xlhmﬂcmk
S

—2x B = X Loh — XK (A.3.1)
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This expression vanishes if x* and v vanish, from Eq. (2.4.11a). Conversely, we want to show
that the vanishing of the expression (A.3.1) for all solutions and variations of solutions forces
x'=v=0.

Fix a cross section S§. We make use of the explicit form of the general solution to the
vacuum Einstein equations on a null surface given by Hayward [385]|. It follows from this
solution that, on shell, we can freely specify hij on S subject to the constraint (2.5.26), £ ghij
subject to the constraint

0 £h =0, (A.3.2)

and the quantity I'; defined by Eq. (2.5.27) subject to the constraint (2.5.29). We now choose
h;’ =0 and £,h,” = 0. In this case the charge variation (A.3.1) reduces to

1 l
(SQf = E/SEUXFL (A33)

Since I'; can be chosen arbitrarily on S subject to Eq. (2.5.29), this forces x* = f¢* on S for

some function f. Returning now to Eq. (A.3.1), choosing h,” = 0, and making use of the
constraint (A.3.2) gives the charge variation

1

Since £,h can be chosen arbitrarily on S, this forces f to vanish on §. Since & was chosen
arbitrarily, f (and therefore x*) must vanish on all of A/, and so 8 = 0 from Eq. (2.4.19).
Now reverting to a general h;,” and £,h,” in Eq. (A.3.1), we obtain the charge variation

1

Since h can be chosen arbitrarily on S, this forces v = 0 on S. Finally, since the choice of S
was arbitrary, if follows that x* and ~ vanish on all of N.

A.4 Consistency check of symmetry algebra

In this appendix we verify that for vector fields £ satisfying the conditions (2.4.11) and
(2.5.18) of the symmetry algebra, the corresponding metric perturbation (2.5.23) satisfies
the boundary conditions (2.5.22) derived in Sec. 4.3.

Taking the Lie derivative of Eq. (2.5.4a) with respect to £* gives

£€ga = £§gab€b + gabfgéb. (A41)
Making use of Egs. (2.5.15), (2.5.23), (2.4.11a), (2.5.16) and (2.5.18) gives

habgb = (’Y - B)ga = 07 <A42>
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which establishes the condition (2.5.22a).

Next for simplicity and without loss of generality we specialize to a representative of the
boundary structure with x = 0. We write the definition (2.5.16) in the form, using (2.5.14)
and (2.5.4a),

OV 4 1PV, = e, (A.4.3)
and take the Lie derivative with respect to £*. The right hand side becomes (.£,7)¢*, which
vanishes by Eqs. (2.5.18) and (2.4.11b). Writing v* for the expression on the left hand
side, the left hand side becomes (°V 1% — vV (%, and the second term can be written as
~V A" = yrl® = 0. We thus obtain

0 = (°V 0V 0 + 1°€PV NV l® + (C1°V V&, (A.4.4)

o~

The first term can be written using the definition (2.4.11a) as —B°V(® + £V L0V 04 =
—£°V .V l®, where we have used (2.3.2) and x = 0. It follows that

0= — L Repaal® + 10V N & = (°0°V V&, (A.4.5)
from which the condition (2.5.22b) follows.

A.5 Choice of reference solution

As explained in Sec. 2.2, the dynamics of a theory fix the symmetry generator charges
on phase space only up to an overall “constant of integration”. To fix that constant of
integration, following Wald and Zoupas [24], we choose a reference solution and demand
that the charges vanish on that solution. There are two different cases, complete intrinsic
structures, and incomplete intrinsic structures associated with nontrivial boundaries ON of
the null hypersurface A, as discussed in Sec. 2.4

In the first case of complete intrinsic structures, we choose a one-parameter family of
reference solutions g.(¢) and demand the the limit ¢ — 0 of the charges evaluated on the
reference solution vanish. (We use a one parameter family rather than a single solution since
our chosen family of solutions does not have a continuous limit as € — 0.) The reference
solution is maximally extended Schwarzschild written in Kruskal coordinates

ds* = =22 qUdV 4 m?p(s)?dQ?, (A.5.1)

where s = UV/m?, m is the mass, and pu(s) and p(s) are functions whose exact forms are
unimportant for what follows. We also need to specify how this manifold is to be identified
with our given boundary structure (M, N,p). We identify N with the horizon U = 0, and
pick p to be determined by the representative (¢, l,, k) where

~

by = (dU),, (A.5.2a)

= —e 200 <%) : (A.5.2b)

k= 0. (A.5.2¢)
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We identify the parameter ¢ with the mass m and will take the m — 0 limit.

We now show that the charge (2.6.27) integrated over a fixed cross section S vanishes
for the reference solution, in the limit m — 0, as claimed in Sec. 2.6. The expansion 6 and
Weingarten map ;7 vanish for this solution with the choice (A.5.2) of normal. The charge
therefore reduces to

1 o
0(8) = —5- [ cwnsl)e (A53)

The only quantity that depends on the metric in this expression is the volume form g,
which from Eq. (A.5.1) is of the form &;;, = m?c);;, where €7, is independent of m. Hence
Q°(S) — 0 as m — 0 as required.

Note that this conclusion is unchanged if we replace the reference solution g,,(m) with
Yegap(m) for any diffeomorphism ¢ : M — M which preserves the boundary structure p.
The only effect of this change on the argument is to replace &), with @.e);,, where ¢ is the
restriction of 1 to N, which does not affect the conclusion. Thus the consistency condition?
discussed by Wald and Zoupas [24] is satisfied.

Turn now to the second case of a nontrivial boundary ON. If the boundary ON is a
twosphere, we take the reference solution to be the Schwarzschild solution (A.5.1), with the
hypersurface N’ now being restricted to U > 0, so that the boundary ON is identified with
the bifurcation twosphere of Schwarzschild. Apart from this modifications the analysis and
conclusions are unchanged.

The case where the boundary ON is a single point {P} is slightly more complicated. We
choose the reference solution to be the Schwarzschild solution (A.5.1) for U > Uy(m), and a
spherically symmetric ingoing Vaidya solution at earlier advanced times, so that the origin
of the event horizon is mapped onto P. The reference boundary structure is chosen to satisfy
Egs. (A.5.2) in the Schwarzschild region, which determines its definition everywhere. If we
choose the function Uy(m) to go to zero as m — 0, then the charge (2.6.27) integrated over
a fixed cross section § is evaluated entirely in the Schwarzschild region for sufficiently small
m, and the rest of the argument follows as before. Roughly speaking, we are taking the limit
of small black holes formed in the distant past to define the reference solution in this case.

Of course, we could dispense with the reference solutions and simply say that we are pick-
ing the constant of integration to enforce the expression (2.6.27) starting from its variation.
The reference solutions clarify the physical interpretation of that assumption.

A.6 Consistency of two expressions for flux of localized
charge

In this appendix we show explicitly that the two expressions (2.6.28) and (2.6.29) for the
flux of the localized charge coincide, as they must from the general Wald-Zoupas framework

2The charges need not vanish in the m — 0 limit for the transformed reference solution 1 (m).gas(m)
which allows the diffeomorphism v to depend on m. However, there is no physical argument for imposing
this more stringent requirement.
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reviewed in Sec. 2.2.

The expression (2.6.28) was derived from Eq. (2.6.22). The variation in the second term
in (2.6.22) can be replaced with a Lie derivative with respect to £, from Eq. (2.5.23), giving
from the expression (2.6.24) a contribution to ©;;;, of

1

Using Cartan’s formula £,w = i,dw + d(i,w) and the definition (2.3.25) of the divergence
operator shows that this contribution matches the second term in Eq. (2.6.29). Hence, using
the expression (2.6.16) for 6, it remains to show that

H(Vyh = Vehf) =2D:(K," — BEY). (A.6.2)

Inserting the expression (2.5.23) for the metric perturbation h,, into the left hand side
of Eq. (A.6.2), commuting derivatives and making use of the vacuum equation of motion

R, = 0 gives the expression
IV (V%) — 1V V5. (A.6.3)

It follows from Egs. (2.5.22) and (2.3.27) that
Vo [(VE" + VP4, =0, (A.6.4)

and simplifying by once again commuting derivatives acting on £* and inserting into (A.6.3)
gives that the left hand side of Eq. (A.6.2) is

2£0(VaE®) + (V& + VE)V ol (A.6.5)

Note that this expression is independent of the definition of % off N, by Eq. (2.5.22a).
We now turn to evaluating the right hand side of Eq. (A.6.2). We define the vector

V0 = £V, 00 — Bt (A.6.6)

which satisfies £,0® = 0, in terms of which the right hand side can be written as 2D;v". We
now make use of the relation (2.3.27) between the three dimensional and four dimensional
divergence operators, and the definition (2.3.26), which yields for the right hand side

2V 0 + 2nb(v“Va£b + éavbv“). (A.6.7)

Here n® is any null vector field which satisfies n,¢* = —1. Now using the definition (2.4.11a)

of 5 in Eq. (A.6.6) we obtain v* = ¢V .£%, and substituting into (A.6.7) gives
IV OV £ 4 2N V£ + 200N 0,V % + 2000, V0oV £ + 200,05V, V €. (A.6.8)

It remains to show that the expressions (A.6.5) and (A.6.8) coincide. Commuting the
derivatives in the second term in (A.6.8) and using the vacuum equation of motion Ry, = 0
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shows that this term matches the first term in Eq. (A.6.5). The last term in (A.6.8) vanishes
by Egs. (2.5.22). In the third term, the derivative acting on 0, is entirely along the surface,
since (0, V .£* = 0 by Eq. (2.5.22a). Hence we can replace ¢, with ¢, in this term, and also
in the fourth term. Next, we have that % is hypersurface orthogonal on N, so £, Vilq = 0.
It follows that V,ly = V(ly) + wiely) for some w, with w,n® = 0. Substituting this into the
first, third and fourth terms in Eq. (A.6.8) we find that the dependence on w, cancels out, so
that V,/, can be replaced in these terms with V.. The first term in (A.6.8) then matches
the second term in (A.6.5). The third and fourth terms can be written as 4p,f,V(@£? where
Pa = N’V (4ly), which vanishes by Eq. (2.5.22a). Thus the expressions (A.6.5) and (A.6.8)
coincide as desired.

A.7 Symplectic currents on black holes horizons

Our explicit expressions for the symplectic current and charges for general null surfaces allow
us to establish a number of results about black hole horizons.

First, in vacuum general relativity, the obstruction (2.2.15) to defining the contribution to
a global symmetry generator charge Q, from an integral over a future horizon H* vanishes,

/ iew = 0, (A7.1)
Hi

as discussed in Sec. 2.2 above, assuming certain fall off conditions on the shear along the
horizon at the future boundary H, which we now discuss. Consider a cross section S of the
horizon that approaches H. The integrand in Eq. (A.7.1) is given explicitly for a null surface
in Eq. (2.6.20), and scales as a product of a symmetry generator x’, times the expansion or
shear of the background, times two factors of metric perturbation h;;. Denoting an affine
parameter along the horizon by v, the symmetry generator scales ~ v as v — o0, by Eq.
(2.4.8). If the shear of the background and perturbations scales as

045 ~ v P (A?Q)

for some p > 1 as v — o0, then it follows from Eq. (9.2.32) of Wald [67] that the expansion
is negligible. Also from Eq. (2.3.15) it follows h;; ~ v~®~1 4 (const), and hence the condition
(A.7.1) will be satisfied at HZ.

Is the condition (A.7.2) on the late time decay of the shear physically realistic? Consider
first linear gravitational perturbations of a Kerr black hole with initial data of compact
spatial support. For this case Barack showed that the Weyl scalars ¥, and ¥, decay along
the horizon at late times like v~ or smaller [386]. It then follows from Egs. (9.2.32) and
(9.2.33) of Wald [67] that o;; ~ v~ For more general solutions with incoming radiation
at &, we conjecture that imposing that the News tensor fall off along .#~ as ~ v~ with
p > 1 in the limit v — oo towards .#_ will be sufficient to ensure the fall off condition
(A.7.2) along the event horizon, both linearly and nonlinearly. This conjecture is based on
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the intuition that backscattering should serve to decrease rather than increase the incoming
flux at late advanced times v.

For eternal black holes with a bifurcation two-sphere H', the condition (A.7.1) will be
satisfied at H* from Egs. (2.4.40) and (2.6.20).

Second, we show that the contribution to any global symmetry generator charge Q, from
the integral over a future event horizon H* can be expressed in terms of corresponding
localized charges ng’c evaluated on the components HI of OH*, as discussed in Sec. 2.2
above. This requires the vanishing of the correction term i,® in the definition (2.2.25) of
the localized charge:

/ ie® = 0. (A.7.3)
ML

Using the explicit expression (2.6.26), an argument analogous to that given in the last para-
graph shows that the quantity (A.7.3) vanishes at %, under the same assumptions on the
shear as above. For eternal black holes with a bifurcation two-sphere H ', the corresponding
integral (A.7.3) vanishes by the condition (2.4.40).

A.8 Alternative definition of field configuration space
and associated symmetry algebra

In the body of this paper we have presented a specific definition of a field configuration space
Z for general relativity in the presence of a null boundary, and derived from that definition
a symmetry algebra and various types of charges. A natural question is whether there is
any freedom in the choice of definition of .%. In this appendix, we explore a modification
of the definition of %, in which we allow a larger set of metrics. A key motivation for
this exploration is the fact is that the new metric variations which are now allowed do not
correspond to degeneracies of the symplectic form, and so can be regarded as physical degrees
of freedom. We will show that our analysis of the symmetry algebra can be straightforwardly
generalized, but that it is not possible to implement the Wald-Zoupas prescription described
in Sec. 2.2 to compute localized charges in this context. One can obtain expressions for
localized charges but they are not unique.

The starting point for the modified field configuration space definition is to omit the non-
affinity ~ in the definition (2.4.2) of intrinsic structure u. Thus, u consists of an equivalence
class of normals ¢ that are related by rescalings of the form (4.3.1). The symmetry group
is modified by replacing the transformation (2.4.7a) with an arbitrary smooth mapping
u = u(u, %), and the algebra (2.4.11) is modified by dropping the requirement (2.4.11b).
The definition of the boundary structure p in Sec. 2.5 is correspondingly modified by omitting
the non-affinity x from the definition (2.5.3), and omitting the requirement (2.5.2b) from
the definition of the equivalence relation. The definition of the field configuration space %,
is modified by omitting the requirement (2.5.4b). The conclusions (2.5.18), (2.5.19) and
(2.5.20) then continue to hold. In particular, a key point is that the arguments of Appendix



APPENDIX A. APPENDIX 250

A.3 continue to apply, and so none of the new symmetry generators x* on the null surface
correspond to degeneracies of the symplectic form.

In the following subsection 4.3, the conditions (2.5.22b) and (2.5.29) on variations of the
metric are no longer valid. Also the non-affinity x is no longer preserved under variation of
the metric, its variation is given by dx = —I';¢*/2, from Egs. (2.5.27), (2.6.10) and (2.3.18).

The computation of charges in Sec. 2.6 is modified as follows. The expression (2.6.7) for
the Noether charge is still valid, as is its variation (2.6.13). In Sec. 2.6, the expression (2.6.16)
for the presymplectic potential 6, is valid, but the subsequent expression (2.6.17) acquires
the extra term —e;;,[,¢*/(167), and there is the corresponding correction &;;; X", ¢*/(167)
to Eq. (2.6.19). In the computation of localized charges, we are unable to find a presymplectic
potential © satisfying all the requirements listed in Sec. 2.2. Specifically, if we use the choice
(2.6.24) of the 3-form v, then the the extra term in @ implies that ® no longer vanishes on
stationary backgrounds. One could cancel this extra term by adding a term proportional
to ke to ujg, but this term is not invariant under the rescaling (4.3.1) as it must be.
The expression k£ — £,In 6 is invariant under rescaling, but from Raychaudhuri’s equation
in vacuum it is equivalent to 6/2 + oapct? /0 which is not well defined in the limit § — 0.
It does not appear to be possible to find a presymplectic potential © satisfying all the
requirements.

Of course, one can drop the requirements related to stationarity, and choose the same
expression (2.6.24) for the 3-form a as before. Then the argument of Appendix A.5 shows
that, assuming the localized charges ngoc vanish on the reference solution, the expressions
(2.6.23) and (2.6.27) for the localized charge are still valid. However, since we are no longer
imposing any assumptions related to stationarity, the relation (2.2.29) between the flux d Q?C
and presymplectic potential ® need not hold, and the flux will not vanish on stationary
backgrounds. In addition, one could have picked other expressions for «, so the expression
for the localized charge is not unique. It may be possible in this context to find some other
criterion that could be used to determine a unique charge expression.

A.9 Covariant phase space formalism and the
Wald-Zoupas charges

The computation of boundary charges and their fluxes makes use of the covariant phase
space formalism [60] and the Wald-Zoupas prescription [24]. We quickly review the main
ingredients needed for null boundaries, and refer the reader to [119] for details.

Consider a diffeomorphism covariant theory of the metric g4, as a dynamical field which
is described by a Lagrangian 4-form L(g) that depends locally and covariantly on g,,. Under
perturbations g — g + dg the Lagrangian changes as

6L = E®3g,, + dB(g; dg) (A9.1)
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where E® is a 4-form presenting the equations of motion of the theory and the 3-form
0(g,0g) is the presymplectic potential. The 3-form presymplectic current is defined by

w(g; 019, 029) = 010(g; 029) — 020(g; 019) (A.9.2)

where ;¢ and dog are any two independent perturbations.
Given a vector field £%, one can then show that

w(g;09, £eg) = d[0Q¢ — icB(dg)] (A.9.3)

where the 2-form Q¢ is the Noether charge [60, 68, 24].
Consider now a null boundary N in the spacetime and a spacelike hypersurface ¥ that
intersects NV at some cross-section S. Integrating eq. (A.9.3) we get

[ wtosbo. £ea) = [ 5Qe—icos0) (A9.4)

Two vector fields £* and é“ are equivalent representatives of symmetries on N if £*|y = §“| N
and the right-hand-side of eq. (A.9.4) evaluated with £* and €% are equal for all backgrounds
g € Z, all perturbations ¢ within .% and all cross-sections S of N. The boundary symme-
tries on N are then given by vector fields £* factored out by the above equivalence relation.

From the above identity it would be “natural” to define a charge at S associated to a
symmetry £ as a function Q¢[S] on phase space so that

Q] = [ 6Qc—icldo) (A.9.5)

for all perturbations ¢¢ within .# and all cross-sections S. Unfortunately, in general, the
right-hand-side of eq. (A.9.5) is not integrable in phase space and no function Q)¢ satisfying
eq. (A.9.5) exists on the phase space. As shown in [24] the integrability condition for the
existence of a charge Q¢[S] for some symmetry £ is

0 = (510 — 6201)Qc = — / i€ (g, 61, 529) (A.9.6)
S

for all perturbations &g, 69 within .% and all cross-sections S. This above criteria is not
satisfied, even at null infinity in general relativity, except in very special cases [24].

Nevertheless, Wald and Zoupas [24] developed a prescription for defining a modified
charge which is always integrable. Define a boundary presymplectic potential ©(g;dg) for
the pullback to N of the presymplectic current,

w(g,019,029) = 610(g,029) — 620(g,d19) (A.9.7)
where @ denotes the pullback to N. Then define the Wald-Zoupas charge (WZ charge) by

50:15] = [ 5Qe ~ icb(59) + ic@(6) (A.9.8)
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It can be shown using egs. (A.9.4) and (A.9.7) that 6 Q¢[S] is integrable in phase space. Thus
eq. (A.9.8) determines a function Q¢[S] up to a constant of integration on .%, which can be
fixed by choosing a reference solution gy such that Q¢[S] |g0 = 0 for all symmetries £ and all
cross-sections S.

The prescription given by Wald and Zoupas is to choose the 3-form © such that ©(g;dg)
vanishes for all perturbation dg,, for any background g,, which is stationary, and to choose
the reference solution gy to also be stationary. The consistency conditions for such choices
and the ambiguities in them are detailed in [24].

If the above choices can be made then the flux F¢[AN] of the WZ charge Q, through a
part of the null boundary N is given by [24]

Fe[AN] = ANG(Q; £e9) (A.9.9)

It can also be shown that the perturbed flux 6., for any symmetry £* and any perturbation
dgap satisfies (see Eq. 29 [24])

5.7:5:/w(g;5g, £5g)+/ i®(69) (A.9.10)
N N

Ifi.®
space

— 0 on ON for all perturbations dg,, then F¢ is a function on the covariant phase
p g 3 p

(dg
Z satisfying

5fs=/w(g; 09, £eg) (A.9.11)
N

for all perturbations 6gq, that is, F¢ defines a Hamiltonian which generates the flow on the

covariant phase space .% associated to the symmetry £.

In [24] this procedure was applied to the asymptotic symmetries at null infinity in general
relativity to derive the charges and symmetries for the BMS algebra. The case of finite null
boundaries in vacuum general relativity was handled in [119], where it as shown that the
notion of symmetries defined below eq. (A.9.4) coincides with those defined in section 3.2
and the Wald-Zoupas prescription gives the charges and fluxes described in egs. (3.2.20)
and (3.2.21). In [119] the reference solution (used in the Wald-Zoupas prescription) was
chosen to be the horizon of a Schwarzschild black hole in the limit that the mass tends to
zero. It was shown that this reference solution satisfies all the criteria given by Wald and
Zoupas [24]. In this paper, we simply adopt the formulae for the charges and fluxes from
[119] and do not analyze the choice of reference solution in detail.

A.10 Structure of gcp as a central extension

In this section we explore the structure of the summetry algebra gcp of the causal diamond
as a non-trivial extension of gop/bo by the boosts by.
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Recall from section 3.3 that the elements of gop = diff(S?) x b are of the form (3, X4)
where 3 is a smooth function and X4 a vector feld on S?. The central elements (i.e. those
which commute with all other elements in gcp) of boosts in by are the ones given by (8 =
constant, 0). Consider the quotient gcp /by which consists of equivalence classes given by the
relation (3, X“) ~ (B8 + constant, X*). Thus, gcp is a central extension of gcp/by by the
abelian algebra by. We now show that this central extension is, in fact, a non-trivial central
extension. What this means is the following:

Does the bracket of two representative elements belonging to gcep/bo, computed in gep,
have a non-vanishing bo-part?

If the answer is ‘no’ then the central extension is trivial and gep will be a direct product
of gcp/bo and by. If the answer is ‘yes’ then gcp has the structure of a non-trivial central
extension of gcp/bg by bg.?

Since the symmetry algebra gep is independent of the metric g45 on N the null boundary
of the causal diamond, we can deduce its structure in any choice of metric, in particular it is
convenient to choose gap to be the metric of a unit-sphere in the standard (6, ¢) coordinates
on S2. We now compute the bracket of any two elements in gop/bo, with the only relevant
case being the bracket between an element of b/by with an element of diff(S*) which gives
(see eq. (3.3.7))

[(81,0), (0, X51)] = (8,0)  with 8= —X;'046, (A.10.1)

To answer the above question we expand in terms of spherical harmonics Y;,, (6, ¢). Note
that elements of by are purely [ = 0 spherical harmonics. Now let 5; be a [;-harmonic with
l{ >1and X{‘ be a ly-vector harmonic. We can write X4 = 04X + EABE)BX where X, X are
lo-harmonics with [ > 1. We want determine whether 5 can have a non-trivial [ = 0 part,
that is a non-vanishing constant piece.

Before considering the general case, we note the following example

Bi=cosl ; X3 =-—sinfdy = B=sin’0 (A.10.2)

Thus, § has non-vanishing [ = 0, 2 parts in terms of spherical harmonics. This already shows
that gcp is a non-trivial central extension of gop/bg by bo.

For the general situation, first consider the case X = 0, X3' = €18 95 X. Then we have,
by integrating-by-parts on the unit-sphere (we leave the area element implicit for notational
convenience)

/ BY 1—om X / B=— / BOpX0ap = — / Op(e*PX045) =0 (A.10.3)

Thus, 3 always has a vanishing [ = 0 component for X3' = €42 opX.

3In a more mathematical language, every central extension of gcp /by by the abelian algebra by corre-
sponds to a 2-cocycle in the cohomology group H?(gcp/bo, bo) (see Sec. IV.2 [387]). Our computation in
this section amounts to showing that the cocycle which gives the Lie algebra structure of gcp is non-trivial.
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Next consider the case X = 0, X4 = 94X we have

[ Vians [5== [otx0us = [ xo%6, o
— L+ 1)/X61

Expanding the functions X and f; in terms of the corresponding spherical harmonics, and
using the orthonormality and completeness of the spherical harmonic basis we conclude that,
the right-hand-side is non-vanishing if and only if

ll = 12 Z 1 ;o Mo = —My <A105)

Thus, £ has a non-vanishing constant (I = 0) part whenever eq. (A.10.5) is satisfied, which
has many solutions; taking [y = lo = 1 and m; = my = 0 gives the above example
eq. (A.10.2). Thus, gcp is a non-trivial central extension of gcp/by by by as we wished
to show.

A.11 Commutation relation for anomaly operator

Here, we give a proof of the relation (4.2.2) satisfied by the anomaly operator Ag. By writing
out the commutator, we find

[Aé, Aé] = [Léy Lé] + [fg, £C] - [Lé7 fc] - [.fg, Lf] = L[é,f]s + f)[&c]. (Alll)

Here, [é , é] s is the Lie bracket of vector fields on &, and to arrive at the second equality, we
use the fact that [Lé, £¢] = 0, since ¢* is field-independent, 6¢* = 0. The field space bracket
can be related to the spacetime bracket simply by contracting with a covariant field dg,s,

[[g,ﬂségab = Lg[§59ab - [C”Lg@ab = Lgfggab - f§£559ab = «fcfggab - £££C9ab = _£[§,§]gab

R (A11.2)
and hence we derive o /\
€, ¢ls = =€ ¢] (A.11.3)

for field-independent generators. Applying this to (A.11.1) yields the desired identity

[Ag, Ag] = —A@. (A.11.4)
It is also useful to note the commutators with L and L,

[Ag, Le] = —L@ (A.11.5)

[Ag, £¢] = =L - (A.11.6)
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A.12 Derivation of the bracket identity

Here, we derive the main identity for the Barnich-Troessaert bracket and the resulting ex-
tension K¢ .. To be completely general, we do not assume that Aéﬁ = 0. We first work with
the definition (4.2.20) of the quasilocal charges, so that all of Aéﬁ is contained in the flux.
The Barnich-Troessaert bracket is then

{Hg,Hg} = [ééHC - /82 <Z§Iég - IéAéﬁ) = /82 mec, <A121)

where we have written the final result in terms of a local 2-form m¢ ¢ to be integrated. We
can calculate the expression for mg on N as follows:

mec = 1:0Qc + Igicol — I01: 3 — igl:0 — icl:00 + Igicdf + I:A:3
= —Qleq +icdQc — icl:0 +ic Al — iAol + i £l — i £l — Lelef+ I:Lyf3
+d (ieQc — iel;B)
= _Q[&C] — i[g,g]f + I@ﬁ — ZgACAg + ZCAéf — igiC(L + dE) +d <i§Q< + igicf — Z€[§ﬁ>
(A.12.2)

where the first equality used the relation (4.2.14) for &, the second equality expanded the
variation of Q¢ via

[ééQC = LéQC = LeQe + AEQC = 1¢dQ¢ + digQ¢ — Qpeq), (A.12.3)

the third equality employed the identities

icLel —icLel = —ig gl + igicdl + digicl (A.12.4)
and
— Lelef + 1L = —Ig g B = Iz (A.12.5)

where the S Lie bracket [é , f ]s is related to the spacetime Lie bracket for field-independent
generators by a minus sign according to (A.11.3). By integrating (A.12.2) over 9%, we arrive
at the desired identity for the bracket,

(He, He} = — {H[m + /d . (senrst - z'gAg%)} (A.12.6)

noting that the exact term in (A.12.2) integrates to zero and igic(L + df) pulls back to zero
since £* and (* are tangent to the hypersurface N, so their transverse components to 9%
must be parallel to each other.

Note that if we examine the steps leading to (A.12.2), we see that the terms involving 3
do not mix with the other terms, i.e. we have an independent identity involving only £,

- [£5I§:ﬁ + Iéngﬁ + [CAﬁﬁ = [@ﬁ - dZEIéﬁ (A.12.7)
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This immediately implies that different choices of § in the decomposition (4.2.14) of 8 do not
affect the algebra or extension K¢ .. Stated differently, different choices of how to separate
off the corner term S from the flux £ correspond to changes in the charges associated with
trivial extensions, He — He + |, Py é(ﬁ — ). This explains why the choice of corner term
did not enter into the results for the central charges reported in [149, 171].

When utilizing the corner improvement described in appendix A.13, the modification of
the charges and bracket amounts to shifting { He, H:} by the term,

- / NSNS (A.12.8)
ox
with ¢ defined by equation (A.13.1). Then noting that the integrand can be written

—LeAse+ LiAge = — £l — AgAse+ LeAge+ ApAge

= Agge — telede + icAgde — d(ieAse —icAge) (A.12.9)
where we have applied the relation (A.11.4). The first term is the contribution to improved
charge —H¢ ¢, while the second and third terms correct K¢ ¢, and the last term integrates
to zero. This then leads to the expression (A.13.7) for the central charge using the corner
improvement.

Finally, we verify the cocycle identity (4.2.35) that must be satisfied by K¢ .. Using the
expression (4.2.36) for K¢ as a trivial field-dependent cocycle, we have

[6Ke, = / (seLslel = icLyLel — iieq Lot ) (A.12.10)
%
Then adding cyclic permutations we get

I, 0K - + cyclic = /

<Z<] 00 — iy g le00 — i[c[x,é]]K) + cyclic, (A.12.11)
%

where we note that the cyclic contributions of the form i [y ¢¢ actually sum to zero by the
Jacobi identity. They are included to put the right hand side into the form K7, ¢ + cyclic,
which verifies the cocycle identity (4.2.35).

A.13 Corner improvement

In deriving the expression (4.2.20) for the quasilocal charges, we assumed that the corner
term was covariant, Aéﬁ = 0. Although we will find that for a null surface this condition is
satisfied, it is still interesting to consider the case where the corner term is not covariant, as it
leads to a useful improvement to the expression for the quasilocal charges and the extensions
K¢ . Another reason to consider this case is to resolve an additional ambiguity that arises
in the decomposition (4.2.14) of #. Fixing the form of £ still allows us to make the shifts
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¢ — 0+ da, 8 — B+ da. Under this transformation, the quasilocal charge transforms as
He — He — |, o5 Aéa, and hence H; is sensitive to this ambiguity if a is not covariant. Since
we are allowing for noncovariance in ¢, there is no reason to assume that $ and a cannot
similarly be constructed from noncovariant objects.

To handle the case where (3 is not covariant, we return to equation (4.2.19) and find that
we need a way to separate Aéﬁ into a contribution to the charge and a contribution to the
flux. Similar to how we handled 6, we look for a decomposition of g at 9% of the form

B=—dc+e. (A.13.1)

Note that this decomposition should be made on N without pulling back 3 to 9dX. In
principle we could also include an exact contribution d~ in the decomposition, but these will
always end up integrating to zero on 9%.* This decomposition allows us to identify & with
a corner contribution to the flux, while ¢ is the contribution to the charge.

The improved quasilocal charge can then be written

He = / (Qg +iel — [éﬂ — AéC) (A.13.2)
0%
- / (Q£ N R dc)) (A.13.3)
%
and its variation satisfies an equation similar to (4.2.21),
5H§ = —IEQ —I—/ <i§5 — Aéa?) (A.13.4)
%
The continuity equation for the change in the charges between two cuts of N is

He(Sy) — He(Sy) = /N (16— At + o)), (A.13.5)

with Fg =/ A2 1 AS still interpreted as the flux, but with an anomalous source now given by
1) N2 € + de). Finally, the Barnich-Troessaert bracket is defined for these charges as

{Hg,HC} = —[é[éQ + /82 (Ié(iCS — AéE) — Ié(igg — A£5)> (A.13.6)

which again satisfies (4.2.31) with the extension given by

Kee = /62 (iCAé(f +de) — ieA(l + dc)). (A.13.7)

4However, this type of contribution may be relevant when considering surfaces with codimension-3 de-
fects, such as caustics on a null surface, or when considering singular symmetry generators, such as superro-
tations [233, 388|.
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As before, the ambiguities in the decomposition are fixed once we have specified the
form of the corner flux term €. We expect in this case a Dirichlet condition would fix the
form of e, and arguments based on the variational principle should relate the matching to
codimension-2 junction conditions, such as those considered in [237]. Once this is done, the
shift, 8 — B+ da causes ¢ — ¢ — a, while ¢ is invariant. Hence, the combination ¢+ dc is also
insensitive to this shift, and can be viewed as the improvement to the boundary Lagrangian
¢ by a contribution from a corner Lagrangian c. We see that many of the improved formulas
are obtained from those of previous sections by merely replacing ¢ with its invariant form,
¢+ de.

Note that the formula for the improved quasilocal charges (A.13.3) can be used even in
the case that 3 is already covariant. This could be useful in cases where one wishes for the
corner flux to depend on the geometry of 0%, in which case it will not be covariant with
respect to transformations that move 9%, even if § originally was.

A.14 Checking extension is central

As discussed in section 4.2, the Barnich-Troessaert bracket of quasilocal charges generically
produces an abelian extension of the associated algebra of vector fields. We found that
for the generators &7 and EZ, all of the extensions K,,, vanished in the Killing horizon
background except for K,, _,,. However, the quantities [, , have nonzero variations, so in
principle their brackets with the L, generators could show that the algebra is a nontrivial
abelian extension of the Witt algebra.’ Here we will demonstrate that in fact the extension
is central, verifying that the resulting algebra is the Virasoro algebra.

The quantity to compute for x¢, £¢ and (¢ three of the £ generators is (ignoring factors

of 87G)
since dw¢ = 0, which follows from dw¢l, = —5Aéla = Aééla = (. Then we have

Lis (i) = £, (nl°) + Ag (%) = (Lm)I° + 0Lyl = (Tgdn)l = (Agn)l® +nlx. 1]
= (= wd+ [ 1)
= (wxzc + meC) (A.14.2)
o
using that Ag(nl°) = 0 for any vector that preserves the horizon, and Iy0n = 0 for the

Virasoro vector fields. The last line uses that I¢ = Z£5 + %Eg to compute the bracket with
x¢, and has chosen x¢ = £¢.

5See [389] for a classification of these abelian extensions.
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Now setting (* = x%,, and using the expression (4.4.34) for w¢, w,, we have that
z(m+n) 'L(m+n)

<wxlc + mgxﬂ Vowe = —inm? (W*) + inm? (W*) =0 (A.14.3)

using that [° = kV 0§, on H* in Kruskal coordinates (4.4.10), and

X6 = a(W*)% (W*@i + ;—Zyﬁg) in conformal coordinates (4.4.22). This shows that the
integrand in I;6 K¢ - vanishes. According to the definition (4.2.33) for the Barnich-Troessaert
bracket of K¢ with the other generators, we see that this implies that K¢ commutes with
all generators, and hence must be central. Thus we arrive at the advertised result, that we
have the Virasoro algebra as our extension, as opposed to some other abelian extension. The
analysis on the past horizon for the ZZ generator is analogous, and similarly confirms that
the L, generators form a Virasoro algebra.

A.15 Calculation of (Q?) and (M?)

In this appendix we describe in more detail the calculations of (Q?) described in section 5.2
and of (M?) described in section 5.3.

For the QED calculation, we start with eq.(5.2.14). Inserting the expression for the
current 2-point function, Eq. (5.2.2), and evaluating the d37 integral, we get

(A% + (A")2) Vol(ry(t), 72(t), A)

(A2 — (A0)2)2 w(xo)w(xo - AO), (A.15.1)

Q%) =k / dz’dA%4n?dA

Note that here A = \5], whereas in the main text A denoted a four-vector.
The radii, as functions of time, are specified by

ri(t) =rp+ a(t —tg),
T‘Q(t) =rp+ Oé(t — AO - tB>, (A152>

w(t) is given in Eq.(5.2.10) and Vol(ry,re, A) is the volume of the intersection of two
spheres of radii r; and r, whose centers are separated a distance A. Explicitly, the volume
formula is
T(—A + 71 +79)% (A% — 3 (112 + 122) + 2A(ry + 12) + 6r173)

12A 7
for |ri—ry| < A < ry+ry. For A > 1471y, the spheres do not intersect, and so Vol(ry, rg, A) =
0. For A < |ry — 15|, one ball is inside the other and so Vol(ry, o, A) = mwmin(ry,rs)®.
Evaluating the A integral in Eq. (A.15.1), we get

VOI(?”l, T2, A) = (A153>

167r6/1/d 0470 393 (=5(A%) ! + 2(A%) (12 + 152) + 3 (12 — 12)7)
15 (AO + r — T2>3(AO + T1 + 7”2)3(—A0 + r — 7"2) (—AO + (&} + T2>3
6t /m?
X 5 5
(682 + 29%) (6t + (20 — (A?)7))

(@) =

(A.15.4)
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We now choose contours to evaluate, in turn, the A° and the z° integrals. Keep in mind
that at this step the expressions for r; and ry, Eq.(A.15.2), need to be explicitly inserted.
Seen as a function on the complex A° plane, the integrand in Eq. (A.15.4) has four branch
points, all on the real axis, and two simple poles, at A® = 2% & i§t. We choose a contour
that goes along the real axis, with infinitesimal deformations around the branch points to
avoid them, and then close along a semi-circle on the upper half-plane (See Figure A.1).
This contour picks up a residue at A = 2% + i6t, thus yielding

(Q* = —/dxoﬂ45t/i x 8((a — V)rg +idta)((a — 1)rg — ax®)

x — (a® = 1) 6t* — 2i6t (2" — (a — L)arp) + (a — 1)
x (2(a — 1)rg — 2arpa® + (a + 1)(2°)?)

1
“la—Dlat D(ota+ 1) —ila —1)(2rg — 29))
1
“ e —1) —i2(a - 1)rg — (a + D)

1
" 1273(5t — i29)3 (ot 1 iz0)

. 5t2+(=2(a—1)rp+a(x®—idt))2 -2tz — (x°)?2 2
(6t — ZxO)Q 10g (( (;32_1)2(1.0_;'_7:515)4 ) )

1273(5t — i2°)3 (5t + ia0)

(A.15.5)

Looking at the integrand above as a function of 2° on the complex plane we see that
the branch points, in the limit of interest (o« — 1_), do not lie above the real line. Thus,
the same contour prescription can be used to evaluate the 2° integral, which now picks up a
residue only at the simple pole at 2° = idt. Doing so, and using Eq.(5.2.12) to replace 6t to
ou, gives

—a? (a? = 2) 6ut + 8(a — 1)*6urp? — (1 — a?) du® (5u2 +4(a — 1)*rp?)
x log ((M2+4(a_1)4r32) > +16(c — 1)%rp*

(a2—1)26u?

RTT

12(a — 1)(a + Dou? (51 + 4(a — 1)*r5?) (A.15.6)

The series expansion of this at large rp gives the result in Eq. (5.2.15). We have also
checked that this agrees with the result of numerically integrating Eq. (A.15.4).

The calculation of energy fluctuation in the null infinity limit parallels the calcula-
tion above. For concreteness, let’s consider a scalar field, and take as our starting point
Eq. (5.3.4). Inserting Eq. (5.3.3), and evaluating the d*7 integral, we get
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x
A" = 2" + it

D
=]

M M
e—0

e—0

M
e—0

Figure A.1: In the AY integral (left diagram), the contour avoids the branch points on the real axis
and picks up a residue at the simple pole at A? = 20 + idt. In the 2 integral (right diagram), a similar
contour is used. It now picks up a residue at the simple pole at 2% = idt.

3A% + 10AZA% + 3A%

(365

(M?) = / dz’dA%4m*dA Vol(ry,ro, A)8 (306* — 10¢ + 1) w(z®)w(A).

(A.15.7)
Evaluating the A integral gives

(3067 — 106 + 1) 12851, S (=BAY)+ 2N (12 4 12?) + 3(n? = 12?)°)

15 ((5t2 (29)2) (687 + (2° — A)?) (=A% + 7y — 1)
X (=A% + 7 +19)3(AY + 71 — )3 (A% + 1y + 19)3

(M%) =

(A.15.8)
Following the same contour prescription as before (see Figure A.1), the A° integral picks
up the residue at A? =t 4 ia and evaluates to

(M?) =128 (30&* — 10¢ + 1) 76t ((ov — 1)rp + idta)*(—arp + rp + az’)®
1
15(a — 1)3(a + 1)3(5t — ix0)5 (6t + ix?)
1
x (0t(a+1) —i(a—1)(2rg —29))2(dt(a — 1) —i(2(a — V)rp — (v + 1)a?))3
x [(3a* + 207 — 5) 6t° + 2idt ((3a* + 5) 2° — 2a (30 — 3a® + a — 1) rp)
(a—1)(4(3¢° =3” + a— 1) 15 — 4 (30” + a) rpa’ + (30’ + 30” + 5o + 5) (2)?)]
(A.15.9)

X

A similar contour can be used for the z° integral now, which picks up a residue at ¢ = ia,
and gives the answer in Eq. (5.3.7).
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A.16 Modified Ward identity

In this Appendix, we prove the following identity:

This is similar to the defect CFT ward identity of [315] except there is another insertion of
the displacement operator. A priori it is not obvious that some form of the Ward identity
carries through in the case where more than one operator is a defect operator. We will argue
essentially that the second insertion of a ﬁ+ just comes along for the ride.

To show this, first we write the displacement operator as a stress tensor integrated around
the defect:

Do(y) =i ?{ 4z T (0,7, 1) (A.16.2)

where we have suppressed the sum over replicas to avoid clutter. We will then argue that
the following equality holds

imp /| | A"y (DD ()T (0,2, y)T—_(w, @, 0))
>|z y—y'|>€

:/ddzy/<ng+(y/)D+(y)T(w7w7 0)> (A'16'3>

for some appropriate € > 0 that acts as the cutoff |y — y| > «.

To see this, simply note that we can replace Ty, (0,%Z,y) by a sum over local defect
operators at y using the bulk-defect OPE. The important point is that this OPE converges
because the Z contour is always inside of the sphere of size ¢ (by construction). We can take
|Z| to be arbitrarily small by making the size of the Z contour as small as we like. The Z
integral outside now simply projects the sum onto the displacement operator since we only
consider the leading twist d — 2 operators in the lightcone limit. Explicitly, we will be left
with

e—0

it X /| DT 0T 0, T0)
e>|z Yy—y'|>€

— lim 42y (0D, (') D ()T (w,7,0)). (A.16.4)

=0 Jly—y/|>e

Note that perturbatively around n = 1, the integral over |y — 3/| > € will miss the delta
function contribution to the D+ X D+ OPE Non-perturbatively away from n = 1, however,
there are no delta-function singularities in |y — /| present in the D, x D, OPE. In what
follows, we must be careful to take e — 0 before taking n — 1.

Using this identity, we can view the displacement-displacement-bulk three point function
as the contour integral of a displacement-bulk-bulk three point function. We can then use
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the regular displacement operator Ward identity on the latter three point function. This
Ward identity follows from general diffeomorphism invariance [315]. To do this, define the
deformation vector field

£y = f(y)0y with f(y) =O(ly' —y| — ). (A.16.5)
For this deformation, the Ward identity takes the form

i f iz / 42y (S0 D (4 )T+ (0, %, y) T (w, , 0))
e>|z| ly—y'|>e€
—  F(0)3(S0D ()T (w,7,0)) — 74 07 (4)0(S0T 1 (0.7, y) T (w, @, 0)
i / i f 4z (T4 (0,7, 9)T_ (w,, 0)T" (/)96 (') (A.16.6)

where M, is the full replica manifold.
The second term on the right hand side of the equality vanishes because f(y) = 0. Since
f(0) =1 by construction we just need to argue that the last term in (A.16.6) vanishes.

Arguing the last term vanishes

It is tempting at this stage to integrate by parts on the last term and conclude that this
vanishes as one sends € — 0. Unfortunately, the last term in (A.16.6) can produce 1/e
enhancements due to T, operator coming € close to T’y ;. Therefore one must take care to
first do the 2’ integral and then take the ¢ — 0 limit when evaluating this term.

To do so, note that

()0, (") = 5Tt ()5 1y — 9] <) (A.16.7)

where 7' = (v — y)"/|y’ — y|. We then have the following
/ d'’ 7{ 4z (To o (0,7, )T (w,, 0)T" (/)96 (')

=3¢ g 3/pdpdc9’jl{d_/dd 39 1 (T4 (0,2, 9)T-_(w, @, 0)Tiy (|7 + &1, 9 ple™ ple™))
(A.16.8)

where |€] = e. In going to the second line we have done the coordinate transformation
ot =pe ™ 2'~ = p'e?” because we are in the Euclidean section, and in going to the last
line we have written 3 in spherical coordinates on the defect. At this point we can safely

send w,w — 0 so that T___ is simply fixed at the origin. Then, in particular, let us focus on

/ a6 f 07 (T (0,2, 9)T-_(0)Ts (15 + 8,0 fe ). (A.16.9)
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It is easy to see that this identically vanishes from the boost weights of the quantities involved.
Specifically, T, will yield a factor of €*? T;, will yield a factor of €, T__ does not have
a boost weight since it is fixed at the origin, and the measure dz will yield a factor of e~
so overall we will have [*"df'¢?¥ = 0. Therefore (A.16.8) is zero for any .

Thus, the identity in (A.16.6) becomes

e—0

il g [ D)L 02 )T (0 .0)
>z Jly—yl>e
= — 052D, (y)T__(w, w,0)) (A.16.10)

which, using (A.16.3), proves (A.16.1).

A.17 Analytic Continuation of a Replica Three Point
Function

In this section, we analytically continue a general Z,-symmetrized three point function of
the form®

—1 n—

n—1 1
AP =0 T [T 0,(0) 04 (10 + 275)Oc(Teq + 27k)] (A.17.1)
7=0 k=0

where H is the vacuum modular Hamiltonian for the Rindler wedge and 7 denotes Euclidean
time ordering with respect to this Hamiltonian.
Following [332], we begin by rewriting the the j-sum as as a contour integral

727rnH s
o Z]{ dsb TOL(0)0y(—isp) O, (21K + Tca)} (A17.2)
Cy

(esb—i’rba —_ 1)

where the contour C}, wraps the n poles at s, = i(27j + 73,) for j = 0,...,n — 1. We will
now unwrap the s, contour integral in the complex plane, but will need to be careful as the
analytic structure of the integrand in (A.17.2) is non-trivial as a function of sp; the integrand
has poles at s, = 1(27j + Tp,) and light-cone branch cuts lying along the lines &s;, = 0, 27n
and s, = 21k + 7., for a fixed k. The first two branch cuts were discussed in [332]. The
third (middle in the figure) branch cut arises from singularities due to O, and O, lying on
the same light-cone.

SNote that we are writing this as a thermal three point function on Hy_; x Si, which is related to the
flat space replica answer via conformal transformation. For a review of the relevant conformal factors, which
we suppress for convenience, see [332].
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Figure A.2: The analytic structure of the integral in equation (A.17.2) represented in the s; plane for
fixed s = i(2mk + 7cq) for n = 6. The dots represent poles at s, = i(27j + 7p,) and the fuzzy lines
denote light-cone branch cuts. The bottom and top branch cuts (which are identified by the KMS
condition) arise from Oy becoming null separated from O, and the middle branch cut arises from O,
becoming null separated from O.. Note that in this figure, kK = 3 and 7., > 7, > 0. We start with the
contour CY represented by the dashed lines encircling the poles at s, = i(27j + 7,) and unwrap so
that it just picks up contributions from the branch-cuts. Region I corresponds to the ordering O,0,O.
whereas region I corresponds to O,O.0,.

We can unwrap the Cj, contour now so that it hugs the branch cuts as in the right-hand
panel of Figure A.2. We will then be left with a sum of four Lorentzian integrals

n n—1 )
2—m E Tr |:€—27rnH / dSbX
k=0 -

Ou(0)Op(—isy + €;) 021k + 7o) Og(0)Op(—isp + 2mik + 7oy — €) O (2Tk + T¢4)

(esv=ima — 1) o (esv+2miktrea—ie—ima — 1)
0u(0)0.(27k + 700) Op(—isp + 27k + Teg + €)  Oa(0)O.(27k + 7o) Op(—isp + 270 — €)
+ (6sb+27rik+‘rca+iefi7'ba _ 1) B (esb+i27rn7i67i7'ba _ 1) ’

(A.17.3)

where we have set 27k + 7., = —1is,. since the C. contour still wraps the poles at these values.
We now need to make a choice about how to do the analytic continuation in n. The
usual prescription, which was advocated for in [332], is to set €™ = 1 in the last term of
(A.17.3). We will follow this but also make one other choice. In the second and third terms
in the integrand of (A.17.3) we make the choice to set e*™™* =1 for all k =0,...,n — 1.
Making this analytic continuation, we can now re-write the k-sum as a contour integral
over s, along some contour C.. Unwrapping this s. contour into the Lorentzian section, and
after repeated use of the KMS condition to push operators back around the trace, we land
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on the relatively simple formula

AP =
—n [~ —amntt [0a(0), Oy(—isy)], Oc(—is.)]
=l ds.ds; Trle ( (es0=ima — 1)(e%c—imea — 1)

_ [0u(0). [Os—isy — ise), Oc(isc)l (A.17.4)

(esb‘f'iTca_ina — 1)(€Sc_i7ca . 1)

In deriving this formula, we have assumed 7, > 0 and 7., > 0 but we have not yet assumed
any relationship between 7, and 7.,. This formula is the full answer. One could stop here,
but we will massage this formula into a slightly different form for future convenience. Instead
of following [332] and applying 0, at this stage, which drops down powers of H, we will use
a slightly different (although equivalent) technique.

We first focus on re-writing the two Lorentzian integrals in region I of Figure A.2 as one
double integral.

Region [
Before re-writing the k-sum as a contour integral, the integrals in region I are’

n

n 2 /OO (04(0)04(—i5,)Ou(27k + Tea)),,
P dSb( —
A1 g (esb 1Tha — 1)

B (Oa(0)Oy(—isp + 21k + 7o — €) O 2Tk + Tea)),,
(esb+i‘rm7i7'ba _ 1)

) (A.17.5)

where as before we have set e?™* = 1 in the second term. The goal will be to make the

denominators in these two terms the same so that we may combine their numerators. We
will try to shift the s, contour in the second term by an amount —ir,.,, making sure not to
cross any poles or branch cuts. To make our lives easier, we will assume a fixed ordering of
the operators. For now, we will pick 7., > 7, > 0. Note that any other ordering can be
reached just by exchanging the a, b, ¢ labels.

In this ordering, sending s, — s, — 97,, crosses a pole at s, = 27k + 7. This contour
shift is illustrated in Figure A.3. After doing this shift, we get

N [T ({0u0)0(—isy)Ocl2rk + 7)), — (Oul0)Oy(—isy + 27k)OL(27k + 7)),
Z/ dsy < (e5—ima — 1) )

+ (1) X (terms with j = k). (A.17.6)

where we will mostly neglect the extra term coming from picking up the pole since it will not
be important for most calculations we are interested in. We will refer to these terms as the

“For ease of notation, we have switched to (010:03),, = Trle=2™H 0,0, 03].
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Figure A.3: This figure illustrates the contour shift s, — s, — i7., done at the cost of picking up the
pole at s = i(27k + Tpy) When Ty = Teq — Tpg > 0.

“replica diagonal terms" since they arise from terms in the double sum over j, k in (A.17.1)
where j = k.

The numerator for the first term in equation (A.17.6) then looks like the integral of a
total derivative in some auxiliary parameter t;, which we write as

. on—l 00 27k a Oa 0)O,(—is, — 1t Oc 2mk + Tea
o> [ s [ dn (dfb OO IO )>”> o (Aar)
k=0 7 = 0

271 (esb_ina — 1)

Since t, shows up on equal footing with s, in the numerator, we see we can re-write the
derivative in ¢, as one in s,. Integrating by parts and dropping the boundary terms®, we get

n—1 00 127k . .
- sy — 2
2—”. ) / dsb/ i, Qa0 0665 — )02k + Tea))y, (A.17.8)
T s 0 4 sinh®((sp — iTpa)/2)

We are now ready, as above, to turn the sum over k£ into a contour integral over some
Lorentzian parameter s.. We can then execute the same trick as before: we re-write two
terms as the boundary terms of one integral in some new auxiliary parameter .. After all
of this, the answer we find is the relatively simple result for region I

region I = — h ds.ds /i%(n_l) dt /Sc+t”‘ dt (Oa(0)Os(—isp = ity)Oc(—ise = ite + Tea)
BION S = | e | °Js " 16 sinh2((sy — impa)/2) sinh?((5. — i€)/2)
+ 0(7) X (terms with j = k). (A.17.9)

Note that the quadruple integral term is manifestly order n — 1 because of the limits on the
t. integral.

8We will drop boundary terms at large Lorentzian time everywhere throughout this discussion, as we
expect thermal correlators to fall off sufficiently quickly [332].
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Region 171

In region I1 of Figure A.2, the calculations are exactly analogous, except now the ordering
of the operators is different. We find that (up to terms that again come from picking up
specific poles) the answer for region I7 is

region Il =

_ (3] i2m(n—1) i2mn s — it s — it
L R / dt. / {9 0Ot = e+ Tea) Ol ity — i)
472 J_ 0 Suttotion 16 sinh*((sp — 7pa)/2) sinh”((s. — i€)/2)

+ 0(Tpe) X (terms with j = k). (A.17.10)

[e.9]

Combining Regions I and II

Adding the Region I and Region II contributions, we get for the non-replica diagonal contri-
butions to A

7 s / ey / otte  ([Oy(—isy = i), Ou(0) Ol —ise = ite + 7)),
o ’ 0 “Jo ’ 16 sinh?((sp — i7pe)/2) sinh?((s. — i€)/2)

472 | _

o0 i2m(n—1) Settet+i2m(1—n) e L
dscdsb/ dtc/ dt <Ob( 15p th)oa(o)oc( 1S¢ 'ltc + Tca>>n
0 s

+_
472 J_ ot 16 sinh?((s, — 7y )/2) sinh?((s. — i€) /2)

(A.17.11)

[e.9]

where we used the KMS condition to push Oy around to the left of O, in (A.17.10). We then
split the ¢, contour in (A.17.10) into two pieces, one purely Lorentzian integral from ¢, = 0 to
t, = sc+t. and another purely Euclidean integral from ¢, = s.+t. to t, = s.+t.+2mwi(n—1).
Again, this is the full answer for the replica three point function, A%S), at all n excluding the
replica diagonal terms.

From this we can compute the leading order in n correction to the three-point function
(dropping the diagonal terms). Taking an n-derivative and setting n — 1, the total correction

1S

A(3) ~ Z(TL — 1) /OO ds dSb /SC dtb<[0b<_i8b — itb>7 Oa<0)]oc(—i80 + TC@)>1
" 27 e 0 16 sinh?((sp — 07y, )/2) sinh?((s. — i€)/2)
+ (replica diagonal terms) + O ((n — 1)?). (A.17.12)

[e.9]
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Replica Diagonal Terms

For future reference, we now list the replica diagonal (or 7 = k) terms that we have sup-
pressed. In the order we considered above, we have

—_

10 (7)0(Tpa) (0u(0)0( 27k + Tp) O 2Tk + Tea)),,

— nB(r)0(me) ( (Ou(0)Oy(710)Oul(20), —

2T — — —18c — 1
1 dt / Ob< 1S, 2” Tc.b)oc( 2S¢ Ztc)>n) ] (A1713)
21 4sinh”((sc — i7cq)/2)

3

i

Again, other orderings can be found just by swapping the a, b, ¢ labels accordingly. Note
that at n = 1, the integral term vanishes and the answer reduces to the angular ordered
three-point function as expected.

A.18 Explicit Calculation of ¢

In this section, we compute the OPE coefficient of 7'y in the D, x D, OPE. This requires
us to compute the twist defect three point function (X0 ﬁ+ﬁ+T _). As described around
equation (A.16. 3) the appearence of a delta function in the D+ X D+ OPE requires that the
coefficient ¢, for T _ must be at least of order (n —1)? near n = 1. We now show that this
is indeed true. In the next section, we will explicitly compute the anomalous dimension of
T__ and show that it behaves as g, ~ 7 (n — 1) + O((n — 1)?). We will finally show that
their ratio obeys the relation

@ /4W) = 27/8,_4 (A.18.1)

as required by the first law of entanglement entropy.
The three point function we are after, at integer n, takes the form

(20T _(y)Do(y)Ds(y = 0)) (A.18.2)

nt——

fgdzj{d_]{ 5 (On T (T = 0,y)Ts (2 = 0,7,9) Ty (w = 0,7, 0))

where it is understood that all the stress tensor operators should be Z,, symmetrized. Our
goal is now to analytically continue this expression in n and then expand around n = 1.
We can turn to the previous section for this result, letting O, = Ty (w = 0,w,0), O, =
Ti+(z=0,Z,y) and O, =T__(u,u = 0,0).

Just as in Section 7.5, a major simplification occurs for this correlator; the two displace-
ment operators are space-like separated from each other, so they commute even upon analytic
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continuation. Thus, any terms with commutators between O, and O, in the previous section
drop out.

Furthermore, the so-called “replica diagonal" terms in the previous section will also van-
ish. This is because they do not contain enough s-integrals that produce necessary poles in
z and w. Thus, these terms vanish upon the contour integration over Z and w in (A.18.2).

These considerations together with equation (A.17.11) of the previous section make it
clear that the correlator in (A.18.2) vanishes up to order (n —1)2. Indeed, the only surviving
contribution is the second term in (A.17.11). Expanding that to second order while being
careful to account for the spin of the stress tensors, we find
<ZOT D+D+>n -

nt——

—(n—1)? % _ ., du /OO /Oo ovo (T Ze, y) T (W) T (u, y')) 3
_— —1)°).
5 dzdw omin )y ANAA NG, v —1— )20 — 1 +ic? +O((n—1)°)
(A.18.3)

Rescaling A\, — \y/Z and A — \./w, we can then expand the denominators in small Z, @
and perform the residue projections in Z,w and u. The final answer is the simple result

(SNT--DyDy) = 27(n — 1)° (€4 ()€ (y = 0)T-—(u = 0,)) + O((n = 1)*).  (A.18.4)

where &, (y) is the half-averaged null energy operator

Ei(y) = /000 dNT 4 (z=0,\y) (A.18.5)

We now set about computing this correlator. Expanding the stress tensor three point
function in a general CFT into the free field basis, we have

(TTT) = ny (TTT), + ns (TTT); +n, (TTT), (A.18.6)

where ng,ny and n, are charges characterizing the specific theory.

One can demonstrate that the only non-vanishing contribution from these three terms is
from the scalar three point function. The way to see this is as follows. The fermion term can
be computed by considering a putative free Dirac fermion theory with field ¢). The stress
tensor looks like 7'y | ~ 9T 0,1. Then we can compute the (T'T'T) three point function via
Wick contractions. There will always be at least one Wick contraction between operators in
each T, . The kinematics of these operators ensure that such a contraction vanishes because
they are both on the same null plane.”

The same argument can be made for the vector fields. In fact, the only reason that the
scalar contribution doesn’t vanish is because of the presence of a total derivative term in the

9Actually these contractions will be proportional to a delta function §%~2(y) but we are assuming the
three stress tensors sit at different y’s.
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conformal stress tensor, namely Ty, D —;%2.0% :$*:. One can then show that the only

o ; 4(d—1) 7+
non-vanishing term is

_ 4ng(d—-2) 1

(EWEOT_()) = @1 gy (A.18.7)
Dividing by the two point function (T, (0)T-_(y')) = gz, we find
2 _
) = B2mna(d —2) (A.18.8)

CT<d - 1)3

We now turn to computing the anomalous dimension 7! for the stress tensor operator T
on the defect.

A.19 Explicit Calculation of ~"

In this section, we will follow the steps laid out in [15] for computing the spectrum of defect
operators and associated anomalous dimension induced by the bulk stress tensor. To do this,
we must compute

—_

n S (39T (w,0,9)T,+(0,%,0)). (A.19.1)

J

I
=)

To leading order in n — 1 this expression takes the form of a sum of two terms, a “modular
energy" piece and a ‘“relative entropy" piece

(O = 1) (E0T- Ty 1) nmy = (=27 (HT-_(w,0,) T4 (0,%,0))

nt——

—00 2
—/0 d)\()\_i\—+i€)2 (T _(w,0,y)T+(0,ZA, O))) (A.19.2)

We will try to extract the anomalous dimensions and spectra of operators by examining
the two point function of the defect stress tensor. In this framework, the signal of an
anomalous dimension is a logarithmic divergence. As explained in [15], the log needs to be
cutoff by zw/y? or zw/y?*. In fact, there will be two such logarithms that will add to make
the final answer single-valued on the Euclidean section.

We are thus tasked with looking for all of the terms containing log divergences in (A.19.2).
Since the modular Hamiltonian is just a local integral of the stress tensor

H = /dd_Qy'/ deta T (2~ =0,21,7) (A.19.3)
0

then the first term on the r.h.s. of (A.19.2) is a stress tensor three point function. Following
the method of the previous section, we can then break up (A.19.2) into the free field basis.
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This determines both terms on the r.h.s of (A.19.2) in terms of charges ns,ny and n,. This
allows us to instead compute the answer in a theory of free massless scalars, fermions and
vectors. While this might seem like three times the work, it actually illuminates why g, is
only dependent on ng. We start by examining the case of a free scalar and will see why the
free fermion and free vector terms do not contribute to g,.

Spectrum induced by free scalar

This spectrum of ¢(z,Zz,y) was analyzed in [314]. The authors found that the leading twist
defect primaries are all twist one (in d = 4) and have dimension independent of n. As
noted in Appendix C of that work, this can be understood in any dimension from the
fact that ¢ is annihilated by the bulk Laplacian. This constraint - for defect primaries -
enforces holomorphicity in z, Z of the bulk-defect OPE which translates to a lack of anomalous
dimensions. For free fermions and vectors, the same argument goes through since their two
point functions are also annihilated by the Laplacian.

One might be confused because the anomalous dimension for scalar operators of dimen-
sion A was computed in [15] and found to be non-zero for operators of dimension A = 2.
This discrepancy has to do with a subtlety related to the extra boundary term in the modular
Hamiltonian for free scalars. This discrepancy is related to the choice of the stress tensor -
the traceless, conformal stress tensor vs. the canonical stress tensor.

The authors of [314] worked with canonical free fields, for which the stress tensor is
just Tjﬁfonical = 0,00, ¢. Indeed if one inserts the canonical stress tensor into the modular
Hamiltonian in equation (3.20) of [15], then the anomalous dimension vanishes. On the

other hand, if one uses the conformal stress tensor, T5orormal = 9. 40, ¢: — Lfél_j)) 0197,

then anomalous dimension for ¢ is given by [15].

This discrepancy thus amounts to a choice of the stress tensor. Note that this is special
to free scalars and does not exist for free fermions and vectors since there are no dimension
d — 2 scalar primaries in these CF'Ts. This proves that if one works with canonical free fields,
there should be no anomalous dimension for the defect operators induced by the fundamental
fields ¢, and A,,. This is enough to prove that the defect primary induced by the canonical
bulk stress tensor must also have zero anomalous dimension since this is just formed by
normal-ordered products of the defect primaries induced by the bulk fundamental fields.

Back to the stress tensor

The upshot is that we only need to worry about the terms in (A.19.2) proportional to
ns. Furthermore, we only need to worry about terms in the (HT'T) term that involve the
boundary term of the modular Hamiltonian. This reduces the expression down to the term

(d—2)

/d“y (:*: Ty (0,2, 9)T-_(w,0,0)). (A.19.4)
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A simple calculation shows that the only contractions that give log divergences come from

‘T(g—__ 12>—>22 / d**y (¢(0,0,4)6(0,0,0)) (¢(0,0,4)92¢(0, %, 0)T_(0,0,))

d(d — 2 1
il A /dd_2y, 1d—2 1d—2[g|d+2 (A.19.5)
16(d —1)3 1Y%y — y'|92|y|

This integral has two log divergences coming from 3’ = 0 and y’ = y, however they can be
regulated by fixing z,Z and w,w away from zero. The two singularities just add to make the
final answer single valued under rotations by 27 about the defect as in [15]. We thus find

c¢¢d(d 2)4 1

(HTT) >

(HTT) D —n 32(d =17 Sq_slog(wwzz/|y[* )| 2
2ns(d — 2) . 4 1
Wsd—3 log(wwzz/|y| )W (A.19.6)

Dividing by (T'; . T__) gives
W _ 167mns(d — 2)

3. A.19.
Comparing with (A.18.8), we see that
c? 27
- == A.19.8
Y S ( )

as required by the first law of entanglement.

A.20 Calculating F,

At first glance, F,, seems difficult to calculate; we would like a method to compute this
correlation function at leading order in n — 1 without having to analytically continue a
Z,, symmetrized four point function. The method for analytic continuation is detailed in
Appendix A.17.

As detailed in Appendix A.17, part of what makes the analytic continuation in n difficult
is the analytic structure (branch cuts) due to various operators becoming null separated from
each other in Lorentzian signature. One might naively worry that we have to track this for
four operators in the four point function F,.

We will leverage the fact that the two stress tensors in D, (y;) and D, (y,) are in the
lightcone limit with respect to the defect since

Dy (y1) = lim 27{d22 TJFJr Y1). (A.20.1)

|z|—=0
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Thus, the stress tensors at y; and y, commute with each other even after a finite amount of
boost. This means that these two operators do not see each other in the analytic continua-
tion. In other words, the analytic structure for each of these operators is just that of a Z,
symmetrised three point function. This was computed in Appendix A.17.

We can thus jump straight to (A.17.12) but now with two Oy operators. The final replica
four point function assuming [Oy,, Op,] = 0 is given by'°

(n—1)
52 / ds.dsp, dsp,
o <[ObQ<_ZSb2 - Z‘tb2)’ [Obl (_isbl - itbl)’ OG(O)]]OC(—iSC + Tca)>1
X dtb1 dtbz . 12 - . 12 : . 12 .
0 64 sinh”((sp, — i7p,q) SINh"((Sp, — 1Thya)/2) sinh?((s. — i€)/2)
+O((n —1)?). (A.20.2)

To make contact with F,,, we assign

O, (—is1) = lim Z%d_e%l el (7 = 0,21 =rze”, y)

|z]—0

O, (—isy) = lim z’j{dw 2 H e T (27 = 0,27 = rge®, ys)

|w]—0
Oc(—is.) = |lir_r>107lj<1{du 6_256+2iTC”T,,(x_ = —rpe % at =0,y)
1 R + = 07
|vlglolj{ 211 ot ys)

(A.20.3)

with z,W = rzge'™ b2 and u,v = r, e <. The funny factors of 77 are to account for
the spin of the stress tensor.

Shifting sy, , —+ S, , — b, —l0g(r12) and moving to null coordinates A\ = e*, we find the
expression

lim ]{d—dw du dv x

|2s[wl,|ul,[v] =0

—1) d\ /\ Se ;
n8 2 / / bl—é 3 / dtbl dtbz e_sc e_tbl _tb2 GGZTa X
m 0

([Tys(zt = Noy), T4;+(x+ Ab;)af——(x_ = ;m)]]T (@7 = —ryeT ), (A.20.4)
e 26 Sc—ie 2
( ;e b 1> ( ;e% B 1) (e 1)

The first line in (A.20.4) comes from the residue projections in the definitions of the
displacement operators. Expanding the integrand at small |Z| and [w]|, we can perform the
residue integrals over z and w leaving us with

10We have dropped the so-called “replica diagonal" terms in (A.17.12) since they will drop out of the final
answer after the residue projection in (A.20.1).
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F,= lim du dv X

|ul,|v|—0
1—
n / dSC/ dtbl dtb2 —8c+2iTq tbl +iby
<[5+ W€ ). Tl = —r)|T_(a = st A20s)
(esc i€ __ 1)
where &, (y1) is a half-averaged null energy operator, det T ().

We can now do the ¢, and t;, integrals which prO(Oiuce two factors of e** — 1 precisely
cancelling the denominator. Note that a similar cancellation occurred in equation (7.6.12).
We can then replace commutators of half-averaged null energy operators with commutators
of full averaged null energy operators. Using the fact that c‘:'+ 1©2) = 0, we are left with the
expression

Fn,= lim dudv x

|v],|ul—0
M /OO ds. e~ Set2iTa
2 Jow
X <T,,(x’ = —ry,xt = 0,43)E4 (1) E4 (y2) T _ (27 = —ue 5T g+ = 0,y4)> . (A.20.6)
1

Using boost invariance, we can also write this as

Fp =47 (n — 1)/ ds.e” %
X <T__(x_ = 1,27 = 0,y3)E () (y2) T__ (2~ = —e ™%, 2" = 0,y4)>1 (A.20.7)

where we have performed the projection over v, u.
This is precisely the formula we were after. From here, one can just insert the £, x £,
OPE as described in the main text.

A.21 Free Field Theories and Null Quantization

In this section we review the basics of null quantization (see [390, 280]). We then show
that our computations in Section 7.6 can reproduce the results of [280]. In free (and super-
renormalizable) quantum field theories, one can evolve the algebra of operators on some
space-like slice up to the null plane x_ = 0 and quantize using the null generator P, =

/ d* %y dx™ Ty, (z%,y) as the Hamiltonian. One can show that for free scalar fields, the
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algebra on the null plane factorizes across each null-generator (or “pencil”) of the z= = 0
plane. For each pencil, the algebra A, is just the algebra associated to a 1+1-d chiral CFT.
Accordingly, the vacuum state factorizes as an infinite tensor product of 1 + 1-d chiral CF'T
vacua:

=) 1™ (A.21.1)

where |0), is the vacuum for the chiral 1 4+ 1-d CFT living on the pencil at transverse
coordinate y.

Thus, if we trace out everything to the past of some (possibly wiggly) cut of the null
plane defined by 2t = X*(y), we will be left with an infinite product of reduced vacuum
density matrices for a 1 + 1-d CF'T on the pencil

Tx+y ® oM Xt ) (A.21.2)

As discussed in [280], a general excited state on the null plane |¥) can also be expanded
in the small transverse size of A of a given pencil. For any p,, the full reduced density matrix
above some cut of the null plane takes the form

p= O'?é’+(y) @ pO + A2 Z aiﬁ(y) /drd@fij (r,0)0¢(re®) @ Ei;(0) (A.21.3)

ij

where J¢ is an operator acting on the pencil Hilbert space and E;;(8) = e?Si=%i) |3) (],
with |i) eigenvectors for the auxiliary modular Hamiltonian, K,.. Note that E;; parame-
terizes our ignorance about the rest of the state on the null plane which is not necessarily
the vacuum.

As a consistency check of (7.6.12), we now demonstrate agreement with the result of
[280]. In null quantization, the delta function piece of the shape deformation corresponds
to a shape deformation of the pencil while keeping the auxiliary system fixed. Note that
the ansatz A.21.3 is analogous to the A expansion in Section 7.6 even though we are now
considering a general excited state

p=oc+A"%5p+ O(A). (A.21.4)

We now just plug in our expression of dp into (7.6.8) and find that the relative entropy
second variation is

d2
T Saleln) - Z//mw«w&m&mmmvm

[ s ¢ ((00)18.24(00)2(5)) o (B 60) (62 — 1))
(A.21.5)
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Figure A.4: The Hilbert space on a null hypersurface of a free (or superrenormalizable) quantum field
theory factorizes across narrow pencils of width A. One pencil is shown above in yellow. The
neighboring pencils then can be thought of as an auxiliary system (shown in blue). In the vacuum, the
state between the pencil and the auxiliary system factorizes, but in an excited state there could be
nontrivial entanglement between the two systems.

Now on the pencil, £, is the translation generator so we can use the commutator
i[E4,00] = 0°¢ and the fact that £, |0) = 0 to get

d2
o Salel) = z [ [ rdoytarasya( st 650,62

[ s (@601 (00)a(5)p B 00 B2 — i5)am. (4:206)

Using the chiral two-point function we have

65

<(a3¢)1(a¢)2(s)>19 = (7”167:91 _ 7”267:92"'5)4' (A217)
Moreover, the auxiliary correlator is given by
Ei' 91 El 62 —18)) = €72WKi€Vij(01792+is), Vi = I{z - K; A.21.8
J J J J

We now shift the integration contour by s — s+ i(6; — 65) + im + log(ry/r2). Putting
this all together we are left with evaluating

iVi' oo ’isl/i' 2s
e T(Ki+Kj) o —2i(01+62) 2% ’ ;/ d{g&. (A.Ql.g)
Ty (rim)? J_ o (14 e%)?
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The ¢ integrals project us onto the m = 2 Fourier modes of f;;, fi(;n:Q) (r), and we find the
final answer

E -
IX+ ()" Sra(plpo) = ZIF” Pe Rt g (1) (A.21.10)
where
dr . nv(l+v?)
F = [ ot — A21.11
Y /T'mr i (1) 9) sinh(7v) ( )

This is precisely the answer that was found by different methods in [280]. Note that the
right hand side of (A.21.10) is manifestly positive as required by the QNEC.

A.22 Ant Conjecture and Properties of Energy
Minimizing States

In Sec. 8.5, we showed that the Ceyhan-Faulkner construction proves our conjecture in the
pure-QFT limit. The original purpose of the CF construction, however, was to prove Wall’s
“ant conjecture” [337] (and thus, the Quantum Null Energy Condition [303]). It is therefore
of interest to ask how closely related our coarse-graining conjecture is to the ant conjecture
on Killing horizons.It is easy to see that Eqs. (8.4.14) and (8.4.15) imply the ant conjecture.
Conversely, we will show in this section that the ant conjecture implies Egs. (8.4.14) and
(8.4.15), but only in 1+1 dimensions.

In Appendix A.22, we will review the ant conjecture. In Appendices A.22 and A.22,
we establish some general properties that energy-minimizing states must satisfy. We show
that the minimum energy completion has vanishing stress tensor on the unconstrained half-
space, with all of the remaining energy appearing as a shock immediately on the cut. We
also show that for a pure minimum energy state, the von Neumann entropy of semi-infinite
regions is constant so long as the region’s boundary lies on the unconstrained side. In 1+1
dimensions, we can also show that the integrated left stress tensor vanishes. Thus the ant
conjecture implies Eqs. (8.4.14) and (8.4.15), the key properties of the field theory limit of
our coarse-graining conjecture. In higher dimensions, we are unable to establish this result.

Ant Conjecture

Wall’s “ant argument” for the Quantum Null Energy Condition in 141 dimensions invokes
an ant that has walked left from +o0o to vy. (See Fig. A.5.) That is, given a global state
p, the ant has knowledge only of the right half-space state p-,,. Pausing for rest, the ant
contemplates how much energy it might still encounter in the remainder of its path, the
interval (—o0, vy]. Because of global energy conditions, this amount is bounded from below.



APPENDIX A. APPENDIX 279

Figure A.5: The ant conjecture in 141 dimensions. A left-walking ant has access to all the
information in the right wedge. It asks what is the least amount of additional energy it might still
encounter to the left of vg. The conjecture states that this is 1S’ /27w, where S’ is the right derivative
of the von Neumann entropy of the reduced state on the right, evaluated at the cut. We show that this
statement is equivalent to the nongravitational limit of our coarse-graining conjecture.

Let M (vg) be the lowest energy of any global state that reduces to the same p,,.'* More
precisely,

M (vp) = inf, UOO dv <Tw>\4 . (A.22.1)

—00

The infimum is over all global states p that agree with p in the region v > vy: Tr<y, p = Pu,-
A strictly larger set of global states will agree with p on a smaller region, p,,, v1 > v, so
the infimum can only decrease with v:

8, M(v) <0 . (A.22.2)

One can readily establish a lower bound on M (v). The global energy appearing in
the infimum can be written as (A/27)(0,K — 9,K), by Eq. (8.4.10) and its left analogue.
Moreover, Eq. (8.4.12) must hold for all states appearing in the infimum, so by adding 0, K
to it one finds that

M (vo) = —E&Srellvo : (A.22.3)
2

1We should point out two differences in our conventions compared to [337]. First, we have switched the
side on which the state is held fixed, from left to right. Secondly, in [337], M was the infimum of the energy
density integrated only over the complement of that fixed half-space, whereas here it is the infimum the
global energy. This choice is more convenient as otherwise the presence of distributional sources at the cut
vo would lead to ambiguities and require a more elaborate definition. In this respect, our conventions agree
with [16].
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where we have used Eq. (8.4.9). Note that the lower bound is determined solely by the input
state p.
Wall conjectured [337] that this inequality is saturated:

h
M(UU) = _%avsrellvo . (A224)

This conjecture is equivalent to the existence of a sequence of states p(™, all of which reduce
to psy, on the right, such that

. > h A

lim do(Typw) | pom) = —%&,Srel\vo . (A.22.5)

n—oo | _ o

Here we will assume the conjecture to be true. We will be interested in certain universal
properties of the states in this sequence that emerge in the limit as n — oo.

Properties of the minimum energy completion in 1+1 dimensions

For compactness of notation, we will ascribe any limiting properties of the states p™ as
n — oo to a “limit state” p°°. We stress that such a state need not exist. Rather, p> is
shorthand for lim,,_, ,5(”), where the limit should be moved outside of any maps of the state
to other quantitities. Moreover, we indicate p> as the argument of a map by the superscript
oo. For example,

5%(vp) = lim |[—Tr p(>v)0 log p(go : (A.22.6)

n—oo

By Eq. (A.22.4) and the discussion leading to Eq. (A.22.3), the state > must saturate
both inequalities in Eq. (8.4.12):

DK oy = 008" |ug = 0054, - (A.22.7)

The first equality implies
Oy Srel|v0 = (A.22.8)

Applying the left analogues of Eqs. (A.22.2) and (A.22.4) to M (with 5> as the input state!),
we have

025 > (A.22.9)
for all v. The above two consequences of Wall’s Conjecture, combined with positivity and
monotonicity of the left relative entropy,

— 00

Srel
a Srel

0, (A.22.10)
0, (A.22.11)

(AVARAYS

imply that
DySoy =0 for all v < vy . (A.22.12)
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This is a very strong condition and it intuitively suggests that for v < vy we have a vacuum-
like state. In particular all local observable in the region between v and vy for v < vy need
to register vacuum values otherwise we would have Sg5(vy) > Sog(v). This is particular tells
us that

(Top(v))]pee = 0 for v < g . (A.22.13)
The above equation combined with Eq. (A.22.12) implies
ST =0 = 9,5 =aforv <, (A.22.14)

In fact, in 1+1 CFTs we can argue that a = 0 by invoking the strengthened version of the
QNEC [391, 392] 2:

h o— G6h, _ —
(T,,) > —025 + —(0,9)* . (A.22.15)
2m c

Now, Eq. (A.22.12) implies that

(Tyy) = QE@gg for v < vg (A.22.16)
T

which together with Eq. (A.22.15) implies that 9,5 = 0. So, we conclude that for v < vy,

0,5 =0and 9,5, =0 — (A.22.17)
vVo—€
lim N 0 (To)| sy = 0 - (A.22.18)

We also know that

vo+e€ h
lim U do (Twﬂﬁm} = 9,5, (A.22.19)

0| ) 2T

This along with Eq. (A.22.17) implies that the minimum energy state contains a shock (a
delta function in energy density) at vy, and vanishing energy to its left:

(Ty) = <2£8v5|v ) d(v — ) for v < wy . (A.22.20)
T 0

If p°° is a pure state!® this further implies that

0,5 = 0 for v < vy . (A.22.21)

12\We thank Aron Wall for suggesting the use of strengthened QNEC here
13The conclusion would extend to mixed states under the assumption that AS(v) remains bounded from
below for any v in the limit as n — oo. The status of this assumption is not clear to us, however.
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Figure A.6: A general cut of the Rindler horizon in d > 2. An army of ants marches down along the
null direction towards the cut. Given the state above the cut, they ask what is the minimum energy still
to come.

In fact, we expect that p> can always taken to be pure. The basic idea is that any density
operator can be purified by a suitable auxiliary system. In general the auxiliary system has
to be external, but we now argue it can be taken to be distant soft modes in the quantum
field itself.

Suppose we had identified a sequence p(™ that limits to a mixed /™. Finiteness of the
energy requires that each state in the sequence looks like the vacuum in some sufficiently
distant left region v < v™ with v < v5. We can take v — —oo as n — oco. We can
add a purification of the state p™ in soft wavepackets localized to the region v < v(™. This
results in a new, pure state and we redefine (™ to be that state. Since we have not modified
the state in the region v > vy, it will still reduce to the given right state p-,,; and since the
region v < v™ is semi-infinite, we can take the purifying wave-packets to have arbitrarily
small energy. In particular, we can take their contribution to the energy to vanish in the
limit as n — oc.

Higher-dimensional case

The generalization of the above result to higher dimensions is straightforward. We can
consider any Killing horizon N = R x B, with v € R an affine parameter along light-rays
orthogonal to the d — 2 dimensional spatial surface B with collective coordinates y.

The analogue of the 1+1 dimensional ant is now an army of ants that have walked along
the null generators from v = +o00 to the position v = V(y), so that they know the state
p>viy)- (See Fig. A.6.) The ants again ask about the minimum global energy consistent with
this knowledge, M [V (y)]. This quantity can only decrease under deformations of V'(y) that
are everywhere positive:

oM
— <0. A.22.22
V) = S

The definition of M differs from the 1+1 case only through an additional transverse
integral over d?2y. It can be shown [328, 329] that the modular Hamiltonian, too, is
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simply the sum of the local Rindler energies associated with the individual null generators,

Eq. (8.4.6):
2
AK 7T/dd 2 / v (v — Vo)) oo (A.22.23)
Vo(y
By the analogue of Eq. (8.4.12),

§K 69 0S5

> > , A.22.24
V() = V() = SV () (A.22.24)
one finds 5 89
rel
_— . A222
27 5V (y) (A.22.25)

The ant conjecture again demands that this be an equality. That is, there exists a global
state p>° that saturates Eq. (A.22.25) (or if not, saturation can at least be approached, in
the limit of a sequence of global states). The same arguments as in the 141 dimensional
case imply that p> satisfies

05,y
—= =0 for all . A.22.2
V) =0 for all v < Vy(y) ( 6)

Exactly as in the 1+1 case, the above condition implies

(Typ(v))]pe =0 for v < Vo(y), (A.22.27)
%5~ 05~

0P 0= 22— forallv<Vy(y). A.22.28
SV (y)oV (42) svy) ~ @ ferallv<Wl) ( )

where « is some constant. As was discussed at the end of the previous section, we can take
p*>° to be a limit of pure states where we additionally have

05

—— =« forall A22.2
V) a for all v < Vi(y) , ( 9)

At this point, it would be nice to argue that o = 0 as in the 141 dimensional case, but
we will leave this to future work. If we assume that a = 0, then the purity of the global
state implies

65~

—— =0 for all A.22.
V) 0 for all v < Vy(y) , ( 30)

and together with Eq. (A.22.26) one obtains

Vo(y)—e
lim / dv <Tw>‘f)oo =0, (A.22.31)

e—0
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for all y. Note that Eq. (A.22.31) does not otherwise follow from Eq. (A.22.27): because
p>° is defined as a limit of a sequence, it would be possible for (T;,) to approach zero while
its integral approaches a finite value. Assuming the ant conjecture, that Eq. (A.22.25) is an
equality, it follows that

O A L) L)

for v < Vy(y) . (A.22.32)

To summarize, in 141 dimensions, the ant conjecture implies the key properties of the
coarse-graining states we conjectured: Eqs. (8.4.14) and (8.4.15) hold on a Killing horizon.
In greater than 1-+1 dimensions, this implication obtains only with the unproven assumption
that a = 0 above.

A.23 Null Limit of the Kink Transform

In this appendix we apply the kink transform to a Cauchy slice > that has null segments. In
the null limit we express the kink transform in terms of the null initial value problem. We
then show that this leads to a shock in the Weyl tensor for d > 2. From this Weyl shock we
extract the boundary stress tensor shock. This serves a two-fold purpose. The first is that
it provides direct intuition for how the kink transform modifies the geometry. The second is
that, as will be evident from the calculation below, the derivation of the stress tensor shock
from the Weyl shock works even for wiggly cuts of the Rindler horizon on the boundary.'*

Let Ny be a null segment of ¥ in a neighborhood of R and let £* be the null generator
of Ni. We now allow the boundary anchor of R to be an arbitrary cut V;(y) of the Rindler
horizon, as considered in Sec. 9.2. Lastly, denote by P; and Pﬁ the projectors onto N, and
cross-sections of Ny (including the RT surface R), respectively. We can compose these to
obtain the projector P!

By Eq. (9.3.4), when 3 is spacelike in a neighborhood of R the kink transform can be
contracted as follows:

T (Ks)ay — 2°(Kx)ap — sinh (27s)z, 6(R) . (A.23.1)

In the null limit both x® and t* approach k“. Therefore, the quantity in the LHS of
Eq. (A.23.1) has the following null limit:

2 (Kx)ap "5 KOV ok . (A.23.2)
The transformation of Eq. (A.23.1) then becomes
Kk — Kk —sinh (27s)d(A) | (A.23.3)

14The results of this section do not apply when d = 2, as the shear and the Weyl tensor vanish identically.
However in d = 2 there is no distinction between flat and wiggly cuts on the boundary so we gain neither
additional intuition nor generality compared with the analysis in Sec. 9.4.
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where ) is a null parameter adapted to k* and & is the inaffinity defined by
KPV Lk = Rkk® (A.23.4)

We refer to this transformation as the left stretch, as it arises from a one-sided dilatation
along Nj. This transformation was originally described in [139] in the context of black hole
coarse-graining.

We now show that the left stretch generates a Weyl tensor shock at the RT surface. The
shear of a null congruence is defined by

055 = PPV ok - (A.23.5)
It satisfies the evolution equation [375|
Ekaij = KROjj + O'ikO'kj — Pi,upjykakbca“by . (A236)

Now let A be a parametrization of N, adapted to k%, with A = 0 corresponding to R. In
terms of A, the evolution equation can be written as

Or0ij = Koy + i or; — Oxing - (A.23.7)

Consider now the new spacetime M generated by the left stretch. As in Sec. 9.4, we
denote quantities in M with tildes. We can then write the evolution equation in M,

Since k% is tangent to N, and (Ng)s = Nj as submanifolds, we can identify £* with k.
Thus we can use the same parameter A in both spacetimes. Since o;; is intrinsic to Ny, we
can identify o;; and &;; for the same reason. Comparing Eqgs. (A.23.7) and (A.23.8), and
inserting Eq. (A.23.3), we find that there is a Weyl shock

é)\i)\j = C)\i)\j - sinh(?ws)aij(S(/\) . (A239)

We now show that the Weyl shock Eq. (A.23.9) reproduces the near boundary shock
Eq. (9.2.44), but now for wiggly cuts of the Rindler horizon. To do this, we evaluate both
o;; and C);y; in Fefferman-Graham coordinates to leading non-trivial order. The Fefferman-
Graham coordinates for M and M are defined exactly as in Sec. 9.4, except we now use
null coordinates (u,v) and (@, ?) on the boundary as defined in Sec. 9.2. To start with, we
note that k:aaj" = (0 since 837(1 is tangent to the RT surface. Evaluating this at leading
order yields the relation

k. = —dz""*Ugq) + Oz . (A.23.10)

We recall that

4G 0S

Ua = Cd oV v

(A.23.11)
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Moreover, the projector is given by

=0, X" . (A.23.12)

From this definition, one can check that
P? =67+ 0z, (A.23.13)
PA =0z . (A.23.14)

Furthermore,

VzkAa vAkz ~ O(/Zil) )
Vakp ~ O(1)
V.k, = —d(d — 2)Uaz"* + O(z*7?) , (A.23.15)

where we have used that k4 ~ O(1). Hence to leading order we simply have

oy = —d(d — 2)Ugz" 16767 + O(z"?) . (A.23.16)

Finally, a straightforward but tedious calculation of the Weyl tensor yields

Cling = Cooj — STG(d — 2) (<T},ﬁ> - <Tw>) SAHAGES(5 — Vo) + O(=F) , (A23.17)

where we have used that A — v,? as z — 0 in M, M, respectively. Putting this together
yields the desired shock for wiggly cuts of the Rindler horizon.

A.24 Notation and Definitions

Basic Notation

Notation for basic bulk and boundary quantities

Bulk indices are pu, v,
Boundary indices are i, j,.... Then pu = (z,1).
We assume a Fefferman—Graham form for the metric: ds? = ’;—;(sz + i datda’).

The expansion for g;;(z, z) at fixed z is

T =95 + 2205 + 219 + -+ 2 log 2g" 4 2% 4 (A.24.1)
The coefficients gij) for n < d and gij’ °8) are determined in terms of gi(?), while gg-l) is
state-dependent and contains the energy-momentum tensor of the CFT. If d is even,
then g(d 1°2) — ). To avoid clutter we will often write gg»)) simply as ¢;;. Unless otherwise
indicated, 7, j indices are raised and lowered by gg-)).
We use R, R, Ruvpe to denote bulk curvature tensors, and R, R;;, Rijmn to denote
boundary curvature tensors.
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Notation for extremal surface and entangling surface quantities
e Extremal surface indices are a, (3, .. ..
e Boundary indices are a,b,.... Then a = (z,a).

e The extremal surface is parameterized by functions Y”(z, y®). We choose a gauge such
that X* = 2, and expand the remaining coordinates as

_'i .

X' = X{oy+ 22 X(o) + 2* Xy + -+ 27108 2X [ 10g) + 2 Xgy + - . (A.24.2)

The coefficients X{,) for n < d and X, are determined in terms of X{; and gz.(](.]),

while X (’ o is state-dependent and is related to the renormalized entropy of the CFT
region.

e The extremal surface induced metric will be denoted Eag and gauge-fixed so that
hza = 0.

e The entangling surface induced metric will be denoted h.

e Note that we will often want to expand bulk quantities in z at fixed y instead of fixed
x. For instance, the bulk metric at fixed vy is

91 2) = 5;(X(2,9), 2) = 5, X0 () + "X () + -+, 2)
=gy + (9(2) + X@ﬁm@?) +o (A.24.3)

j

Similar remarks apply for things like Christoffel symbols. The prescription is to always
compute the given quantity as a function of x first, the plug in X(y, z) and expand in
a Taylor series.

Intrinsic and Extrinsic Geometry

Now will introduce several geometric quantities, and their notations, which we will need.
First, we define a basis of surface tangent vectors by

el = 0,X". (A.24.4)

We will also make use of the convention that ambient tensors which are not inherently defined
on the surface but are written with surface indices (a, b, etc.) are defined by contracting
with e’ . For instance:

g5 = elg?. (A.24.5)

We can form the surface projector by contracting the surface indices on two copies of e’ :

P — pbei el — ¢l pi A.24.6
a-b a
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We introduces a surface covariant derivative D, that acts as the covariant derivative on both
surface and ambient indices. So it is compatible with both metrics:

Dahbc =0= Dagij~ <A247)
Note also that when acting on objects with only ambient indices, we have the relationship
DV = e Vi Vi, (A.24.8)

where V; is the ambient covariant derivative compatible with g;;.
The extrinsic curvature is computed by taking the D, derivative of a surface basis vector:

op = —Daey = —0ue, + 1€ — Thy (A.24.9)

Note the overall sign we have chosen. Here «5, is the Christoffel symbol of the metric hgp,
and the lower indices on the I' symbol were contracted with two basis tangent vectors to turn
them into surface indices. Note that K?, is symmetric in its lower indices. It is an exercise
to check that it is normal to the surface in its upper index:

i Ky = 0. (A.24.10)
The trace of the extrinsic curvature is denoted by K*:
K'=h"K!,. (A.24.11)

Below we will introduce the null basis of normal vectors k' and I°. Then we can define
expansion Oy () and shear ng) (a((llb)) as the trace and traceless parts of kK’ (L K!,),
respectively.

There are a couple of important formulas involving the extrinsic curvature. First is the

Codazzi Equation, which can be computed from the commutator of covariant derivatives:

D.K!, — DyK'!, = (DyD, — D.Dy)e’,
d

abc

: , (A.24.12)
=R . — 70
Here R, is the ambient curvature (appropriately contracted with surface basis vectors),
while r¢,, . is the surface curvature. We can take traces of this equation to get others. Another
useful thing to do is contract this equation with €, and differentiate by parts, which yields
the Gauss—Codazzi equation:

KiK'y — KiK. = Raape — Tdabe- (A.24.13)

Various traces of this equation are also useful.
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Null Normals k£ and

A primary object in our analysis is the bull vector k¢, which is orthogonal to the entangling
surface and gives the direction of the surface deformation. It will be convenient to also
introduce the null normal [, which is defined so that [;k* = +1. This choice of sign is
different from the one that is usually made in these sorts of analysis, but it is necessary to
avoid a proliferation of minus signs. With this convention, the projector onto the normal
space of the surface is
N9 =g — P = ' 4 B = 2k, (A.24.14)
As we did with the tangent vectors ¢!, we will introduce a shorthand notation to denote
contraction with &% or I’: any tensor with k or [ index means it has been contracted with k'
or I*. As such we will avoid using the letters k& and [ as dummy indices. For instance.

R =K'V Ry;. (A.24.15)
Another quantity associated with k% and [ is the normal connection w?, defined through
wy = LDk (A.24.16)
With this definition, the tangent derivative of k% can be shown to be
Dok' = wok' 4+ K ", (A.24.17)

a

which is a formula that is used repeatedly in our analysis.

At certain intermediate stages of our calculations it will be convenient to define extensions
of k' and I off of the entangling surface, so here we will define such an extension. Surface
deformations in both the QNEC and QFC follow geodesics generated by &%, so it makes sense
to define k° to satisfy the geodesic equation:

Vik! = 0. (A.24.18)

However, we will not define [° by parallel transport along &°. It is conceptually cleaner to
maintain the orthogonality of I° to the surface even as the surface is deformed along the
geodesics generated by k‘. This means that [° satisfies the equation

Vil = —we.

a

(A.24.19)

These equations are enough to specify I* and k% on the null surface formed by the geodesics
generated by k. To extend k% and [’ off of this surface, we specify that they are both
parallel-transported along I°. In other words, the null surface generated by &° forms the
initial condition surface for the vector fields k* and [* which satisfy the differential equations

Vik=0, WViI'=0. (A.24.20)

This suffices to specify k% an [ completely in a neighborhood of the original entangling
surface. Now that we have done that, we record the commutator of the two fields for future
use:

[k, 1" = V' — Vik' = —wCe’. (A.24.21)
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A.25 Surface Variations

Most of the technical parts of our analysis have to do with variations of surface quantities
under the deformation X* — X'+ X°? of the surface embedding coordinates. Here §X* should
be interpreted a vector field defined on the surface. In principle it can include both normal
and tangential components, but since tangential components do not actually correspond to
physical deformations of the surface we will assume that §X* is normal. The operator §
denotes the change in a quantity under the variation. In the case where §X* = 9, X*, which
is the case we are primarily interested in,  can be identified with dy. With this in mind,
we will always impose the geodesic equation on k' whenever convenient. In terms of the
notation we are introducing here, this is

Sk = —T,. (A.25.1)

To make contact with the main text, we will use the notation k&% = §X?, and assume
that k% is null since that is ultimately the case we care about. Some of the formulas we
discuss below will not depend on the fact that k% is null, but we will not make an attempt
to distinguish them.

Ambient Quantities For ambient quantities, like curvature tensors, the variation d can be
interpreted straightforwardly as £°0; with no other qualification. Thus we can freely use, for
instance, the ambient covariant derivative V to simplify the calculations of these quantities.
Note that ¢ itself is not the covariant derivative. As defined, ¢ is a coordinate dependent
operator. This may be less-than-optimal from a geometric point of view, but it has the most
conceptually straightforward interpretation in terms of the calculus of variations. In all of
the variational formulas below, then, we will see explicit Christoffel symbols appear. Of
course, ultimately these non-covariant terms must cancel out of physical quantities. That
they do serves as a nice check on our algebra.

Tangent Vectors The most fundamental formula is that of the variation of the tangent
vectors e/, = 9,X". Directly from the definition, we have
ol = O,k' = Dok' — T = wok' + KFe" — T, . (A.25.2)

This formula, together with the discussion of how ambient quantities transform, can be used
together to compute the variations of many other quantities.

Intrinsic Geometry and Normal Vectors The intrinsic metric variation is easily com-
puted from the above formula as
Shay = 2K5 . (A.25.3)
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From here we can find the variation of the tangent projector, for instance:
OPY = §hel el 4 2hel Opk?)
= —2Kfbele] + 2h%ell Dyk?) — 2n%elT)
= 2wk — 21helTY). (A.25.4)
Notice that the second line features a derivative of &* = §X*. In a context where we are

taking functional derivatives, such as when computing equations of motion, this term would
require integration by parts. We can write the last line covariantly as

VP9 = 20k, (A.25.5)
Earlier we saw that [’ satisfied the equation Vi’ = —w? as a result of keeping [’

orthogonal to the surface even as the surface is deformed. In the language of this section,
this is seen by the following manipulation:

elol; = —1;0,k" = —w, — T, (A.25.6)

Again, note the derivative of k%. It is easy to confirm that represents the only nonzero
component of VI°.

The normal connection w, = I*D,k; makes frequent appearances in our calculations, and
we will need to know its variation. We can calculate that as follows:

51wy = 01 Dk + U0u0k; — 1101763 iy, — T 0,k kyy — 776 6k,
= Vil'D.ki + Rygar
= —U)C ac —+ Rklak‘ (A257)

Extrinsic Curvatures The simplest extrinsic curvature variation is that of the trace of
the extrinsic curvature

§K'=—K™I', — D,Dk' — R.,.P™ + (2D*(K},) — Da(K*)) e¥ — 2K{*K}, (A.25.8)

mkj

Note that the combination 6 K* + K*I'} k™ is covariant, so it makes sense to write

ViK'= —-D,D%' — R}, .P™ + (2D*(K},) — Dy(K*)) e® — 2K" K], (A.25.9)

mkj

This formula is noteworthy because of the first term, which features derivatives of &% = § X*.
This is important because when K* occurs inside of an integral and we want to compute the
functional derivative then we have to first integrate by parts to move those derivatives off of
k'. This issue arises when computing © as in the QFC, for instance.

We can contract the previous formulas with [ and &% to produce other useful formulas.
For instance, contracting with k' leads to

K = —K* KK — Ry, (A.25.10)
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which is nothing but the Raychaudhuri equation.
The variation of the full extrinsic curvature K, is quite complicated, but we will not
needed. However, its contraction with & will be useful and so we record it here:

ki6 KLy = — KT knk™ — kDo Dyk' — Ry (A.25.11)

A.26 z-Expansions

Bulk Metric

We are focusing on bulk theories with gravitational Lagrangians

B 1
N 167TGN

where Lop = R2,,, — 4R%, + R? is the Gauss-Bonnet Lagrangian, £ is the cutoff length
scale of the bulk effective field theory, and the couplings A;, Ag, and Agp are defined to be
dimensionless. We have decided to include Lgp as part of our basis of interactions rather
than Riypa because of certain nice properties that the Gauss-Bonnet term has, but this is
not important.

We recall that the Fefferman—Graham form of the metric is defined by

—1
(d<dp ) + R+ CNR?+ AR, + €2>\GB£GB) . (A.26.1)

1 o
ds® = = (d2® + gyyda'da’), (A.26.2)

where g;;(, ) is expanded as a series in 2

9ij = gi(](‘)) + 2291-(?) + 2491-(;1) + -+ 2%log zgi;l’log) + zdgg-i) +- (A.26.3)

In principle, one would evaluate the equation of motion from the above Lagrangian using
the Fefferman—Graham metric form as an ansatz to compute these coefficients. The results
of this calculation are largely in the literature, and we quote them here. To save notational
clutter, in this section we will set g;; = gg-)).

The first nontrivial term in the metric expansion is independent of the higher-derivative
couplings, and in fact is completely determined by symmetry [291]:

@_ _ 1 1 ; A.26.4
i d—2(R” 2(d—1)Rg”)’ (A.26.4)

The next term is also largely determined by symmetry, except for a pair of coefficients [291].

We are only interested in the kk-component of gi(;-"), and where one of the coefficients drops
out. The result is

1 ’ 1 1
(4) _ y igm ) 2 — R W1 ) = 3
9 = 7 |CiimCy +8(d_1)ka 4(d_2)kk R,
YRR+ 2T poRi s ! RR (A.26.5)
2(d—2)" MM T o(d—22 TR T (@ —1)(d—2)2 o
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where Cjjy,y, is the Weyl tensor and

2 2

)

In d = 4 we will need an expression for g,(;’log as well. One can check that this is obtainable

from g,(i) by first multiplying by 4 — d and then setting d — 4. We record the answer for
future reference:

o iim 1 1 P 1 i 1
g,ﬁ’l g) = — {/ﬁCkiijk J + ﬂsz — gk ]ﬂJDRij — ZRJRkikj + 1—2RRkk‘| . (A267)

Extremal Surface Coordinates

The extremal surface position is determined by extremizing the generalized entropy func-
tional [283, 284]:

1

Sgen - M

- 1
/ VI {1 20 PR + Al <RW/\/'“” - 5/@/@) + QAGBEQF} + Shulk.
(A.26.8)

Here we are using K to denote the extrinsic curvature and 7 the intrinsic Ricci scalar of the
surface.

The equation of motion comes from varying Sge, and is (ignoring the Spux term for
simplicity)

1
0= K" {1 + 20 R + Apl? (RWNW - 5/@/@) + ZAGBKQF} + 20 V'R
Xl (NPUVIR,, + 2PV RY — 2RAKS + 2K Ry + Do DK
K Ry PP+ 2K KL ) = AN TR (A.26.9)

This equation is very complicated, but since we are working in d < 5 dimensions we only
need to solve perturbatively in » for X, and X(,,'°. Furthermore, X7, is fully determined
by symmetry to be [393]

1
2(d - 2)

a 7 1 %

Xiy =
@) 2(d — 2)

where K* denotes the extrinsic curvature of the X?., surface, but we are leaving off the (0
(0) ) g

in our notation to save space.

151t goes without saying that these formulas are only valid for d > 2 and d > 4, respectively.
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The computation of X : ) 18 straightforward but tedious. We will only need to know k; X Z4)
(0)

1)

(where indices are being ralsed and lowered with g;.”), and the answer turns out to be

4(d — )X = 2X) (P9l - 4(X)?)
+ KEg% + 4900 X5 + 2X P K K + |, D, DX,

1 .
-+ k]<vngjn2 ng(Z) )Pmn + X&)kanjpjm

2 mn

+ 8k0() Craty — 2(d — 4T, X7y X5, (A.26.11)
Here k depends on Agp as in (A.26.6). Notice that the last term in this expression is the
only source of noncovariant-ness. One can confirm that this noncovariant piece is required
from the definition of X&)—despite its index, X (i4) does not transform like a vector under
boundary diffeomorphisms.

We also note that the terms in X ('“4) with covariant derivatives of gg) can be simplified

using the extended £° and [* fields described §A.24 and the Bianchi identity:

1
ViR + Vlek (A2612)

. 1
K (Vaggm — 5Vi00) P™ = TEES) d -

2 mn
Finally, we record here the formula for X* (4,10g) Which is obtained from X7 (1) by multiplying
by 4 — d and sending d — 4:

A1) = 2K (P90 = 4(X(2))?)
a m 2 j a a i
+ Khg® + 492 X + 2X P KT KR 4 kD, D Xy,

m

1 ,
U (02— 2920 P 4 Xy Bl P

+ SHU(k)Ckalb. (A2613)

We will not bother unpacking all of the definitions, but the main things to notice is that the
noncovariant part disappears.

A.27 Details of the EWN Calculations

In this section we provide some insight into the algebra necessary to complete the calculations
of the main text, primarily regarding the calculation of the subleading part of (6.X)? in §6.2.
The task is to simplify (6.2.13),

OX)?|, = 2ki0X{y) + 205 KXy, + 010X (00X, + g KK + XT3 0gis KK

1
X X(2)8 8ngljklkj (A271>

+ 2X03) 0K 6 Xy + X3\ 0mgi] K 4 5
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After some algebra, we can write this as

— . , 1
L72(0X)?| 2 = gh + 20(X{scon) + 205 Vi Xloy + ViX[P Vi XDy — 7 (X)) VilRus.
(A.27.2)
Here we have defined ]
7 _ % % l m
Xiaeon) = Xy + §Fsz(2)X(2), (A.27.3)

which transforms like a vector (unlike X 54)). From here, the algebra leading to (6.2.14) is
mostly straightforward, though tedious. The two main tasks which require further explana-
tion are the simplification of one of the terms in g,(i) and one of the terms in 0.X (’“ We

4,cov)”
will explain those now.

91(;1;) Simplification We recall the formula for g,S? from (A.26.5):

1 ’ 1 1 o
(4) _ 3 moy - 2R~ REIOR.
o = g |RCuim G+ g VR g P M OR
_ iR Pt . A274
T R ) et A PR T B PR (A.274)

The main difficulty is with the term k'k/LJR;;. We will rewrite this term by making use of
the geometric quantities introduced in the other appendices, and in particular we make use
of the extended k and [ field from §A.24. We first separate it into two terms:

E'K'OR;; = k'K N™V,VRy; + k'K PV, VR, (A.27.5)
Now we compute each of these terms individually:

E'K' NN,V R;; = 2k'K I°V ;V Rij + 2Ry Ry
= 2V ViR, + 2w°k'k? D Rij + 2 Rpir R}
= 2V Vi Ri + 2w D Ry, — 4w w. Ry, — 4w K% Ry + 2Rpur By
= 2V .V Ry + 20D Ry, — 4w w. Ry, + QkalkRzl
(A.27.6)
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In the last line we assumed that o) = 0 and 6(;) = 0, which is the only case we will need
to worry about. The other term is slightly messier, becoming
k'K PV, VR = k'K e**D .V ,R;;
= D(K'K' D°R;;) — D.(k'K e*)V 4 R;;
= D.(k'k? D°R;;) — 2w.D° Ry + 4wew® Ry, + 6w K Ray
— 2K D Ry + 2K K" Ry + 2K K" Ry + K*V Ry
= D.D Ry, — 2D (w°Ryy,) — 2D(K*Ryy) — 2w D Ry + 4wew® Ry + 6w K Ry,
— 2K{*D.Ryq + 2K K., Rix + 2K K Ry + KV s Ry
= D.D Ry, — 2D (W Rpy,) — 2D K°*) Ry — 2w, D Ry + 4w w® Ry, + KV Ry..
(A.27.7)

In the last line we again assumed that o) = 0 and ) = 0. Putting the two terms together
leads to some canellations:

E'K'OR;; = 2V YV Rig + 2R By + DD Ry, — 2D (w° Ryy,) (A278)
— 2(Dofky + Ricac) Ry + K*V s Ry

0X &COV) Simplification The most difficult term in (A.26.11), which also gives the most

interesting results, is
) 1 1 )
kiDyD* Xy = ————(Dy — wo)*0py + =K K K;. A.27.9
The interesting part here is the first term, so we will take the rest of this section to discuss
its variation. The underlying formula is (A.25.7),

ow, = —wK e + Rijak- (A.27.10)

From this we can compute the following related variations, assuming that 64) = 0 and
ow = 0:

§(D"w,) = D Rygar + 0 9,0y — 3D o (K wy) (A.27.11)

§(w* Dabsy) = —3K ™ wa Dyfsy + Ritar D 0 sy + w* Dby (A.27.12)

8(D*Dyabsy) = D Do) — 0u0(y0"0 k) — 2P"™ Rygjiyn D"0 1. (A.27.13)

Here é(k) = 00y is given by the Raychaudhuri equation. We can combine these equations
to get

) ((Da — wa)QH(k)) =0 (DaDQQ(k)) — 20 (waDatg(k)) -0 ((Dawa)é’(k)) + 0 (wawaﬁ(k))
= —DaDaRkk -+ 2w“DaRkk + (Dawa)Rkk — waw“Rkk
d

- m(Dzﬂ(k))Q — 2Ry D03y — 2(Do)?. (A.27.14)
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A.28 The d =4 Case

As mentioned in the main text, many of our calculations are more complicated in even
dimensions, though most of the end results are the same. The only nontrivial even dimension
we study is d = 4, so in this section we record the formulas and special derivations necessary
for understanding the d = 4 case. Some of these have been mentioned elsewhere already, but
we repeat them here so that they are all in the same place.

Log Terms In d =4 we get log terms in the extremal surface, the metric, and the EWN
inequality. By looking at the structure of the extremal surface equation, it’s easy to see that
the log term in in the extremal surface is related to X 54) in d # 4 by first multipling by 4 —d
and then setting d — 4. The result was recorded in (A.26.13), and we repeat it here:

(2
_4X(k4,log) = 2‘Xr(kQ) (P] g](n)l - 4(X(2))2>

m

a 2) xym 2 j a a yi
+ K5gi + 4gin X3 + 2X 7 KI K™ 4 kD, D° Xy,
BTt L™ 4 Xy Ry P
+ 8KO?£)Ckalb. (A281)

There is a similar story for g,(i’log), which was recorded earlier in (A.26.7):

0 ym 1 1, 1o 1
g,(i’l g) = — /@Ckiij’k J + ﬂV%R — gk’ k‘]DRij — ZR]Rkikj + ERRkk . (A.28.2)

From these two equations, it is easy to see that the log term in (§.X)? has precisely the same
form as the subleading EWN inequality (6.2.14) in d > 5, except we first multiply by 4 — d
and then set d — 4. This results in

1

1 k
22 log z,d=4 - _Z(Dae(k) + Rka)2 - _(Dao-l(,c))2- <A283)

4

Note that the Gauss-Bonnet term drops out completely due to special identities of the Weyl
tensor valid in d = 4 [289]. The overall minus sign is important because log z should be
regarded as negative.

L2(6X)?|

QNEC in Einstein Gravity For simplicity we will only discuss the case of Einstein
gravity for the QNEC in d = 4, so that the entropy functional is just given by the extremal
surface area divided by 4Gy. At order z2, the norm of 6X' is formally the same as the
expression in other dimensions:

_ . . 1 .
L_2<5X)2‘z2 — g,if + ng,f)ka(Zz) + kaJ@)ka(g) — §X§2)VkRkk + 20 (ki X (4)c0v)-
(A.28.4)
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Now, though, X&) and g,(i) are state-dependent and must be related to the entropy and
energy-momentum, respectively.

We begin with the entropy. From the calculus of variations, we know that the variation
of the extremal surface area is given by

§A = —lim — /\/_ ! ;0. X 6 X7, (A.28.5)
V14 gum0.X 0. X

A few words about this formula are required. The X' factors appearing here must be
expanded in €, but the terms without any (n) in their notation do not refer to (0), unlike
elsewhere in this paper. The reason is that we have to do holographic renormalization
carefully at this stage, and that means the boundary conditions are set at z = €. So when
we expand out X' we will find its coefficients determined by the usual formulas in terms
of X(;- We need to then solve for Xf, in term of X' = X'(z = €) re-express the result
in terms of X" alone. Since we are not in a high dimension this task is relatively easy. An
intermediate result is

KA
L3Vh0X o

The notation on the first term refers to the order €? part of X (1'2) that is generated when X (iQ)

k
-2 X(’;) |€2 —4 (X(’g) — (X(Q))2X(’g)) — X{itog): (A.28.6)

is written in terms of 7(2 = €). The result of that calculation is
—4 Xpy|, = 2XPKIPK ki + kD' Dy X}y + KT X )ki
+ g8 Kk + PY R Xk + K™ (vj g2 — —vm Jk) pik
im (2 m my
— —AX 0 — 22Xy (PJ g2 - 4(X(2))2> —4g X[ + K™ Xl ki (A.28.7)

We have dropped terms of higher order in €. Thus we can write

K 0A " k pim (2) " 2)
avnaxi|, = "3 Ktew — Xy P+ 8K (e ) = 200 X(3) — AX(peor- (A.28.8)
We will want to take one more variation of this formula so that we can extract 6.X (’“4)COV. We

can get some help by demanding that the 2%log 2z part of EWN be saturated, which states
gue + 20Xk, = 0. (A.28.9)

Then we have

3 O, m
)259&@ O(XEP™gin) + 8(XE (X()*) — 26(gi X(5) — 46X

4)cov*

(A.28.10)

EoA
L3Vh X1,
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Assuming that 0(;) = o) = 0, we can simplify this to

/-Ci 0A 3 (log) 1 . (2) 1 1 (2) k
, == — R P g — =V (0 Rkx) — =5, Rir — 40X :
(L3ﬂ S X 60) 2gkk‘ 4 kk Iim 4 k( ) kk) 2gkl kk (4)cov
(A.28.11)
We can combine this with the holographic renormalization formula [394]
_ 1 1 ii 3 (o
91(:2) = 4nGN L™ Ty, + 5(9(22))% - 191(329 jgi(;) - Zgl(ckg)
B 1. 1 3 o
= 47TGNL 3Tkk + ngle - ERkkR - Zglg;lkg) (A.28.12)
to get
~i 1 k' 0A
L2(6X)| | = 4nGNL Ty — 55 (L3 N < ) : (A.28.13)
z €0

After dividing by 4G, we recognize the QNEC.
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