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Abstract
Aspects of Generalized Entropy And Quantum Null Energy Condition
by
Arvin Shahbazi-Moghaddam
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Raphael Bousso, Chair

There is a deep connection between entanglement and geometry in quantum gravity. One
manifestation of this connection is through the generalized entropy: the sum of the area of
Cauchy-dividing surfaces in Planck units and the von Neumann entropy of the fields on one
side of the surface. The generalized entropy is expected to satisfy fundamental thermody-
namical conditions which in certain limits result in quantum field theory (QFT) inequalities
relating the energy density and the shape derivatives of the von Neumann entropy, most
notably the quantum null energy condition (QNEC). This dissertation is devoted to study-
ing various aspect of the generalized entropy, the QNEC, and other information-theoretic
aspects of QFT. First, we will use the QNEC to demonstrate the locality of the logarithm
of the vacuum density matrix in certain regions of any holographic conformal field theory
(CFT). We will then holographically prove the QNEC in general curved spacetime of less
than six spacetime dimensions. Next, we will demonstrate a certain limit of the QNEC where
an equality between certain components of the stress tensor and the second shape derivative
of von Neumann entropy emerges. We will then focus on the study of generalized entropy.
Within the AdS/CFT framework, we find a microscopic description for the generalized en-
tropy of black holes using a geometric construction. We then apply this construction to
extremal surface in AdS, which constitutes the bulk dual of the Connes cocycle flow on the
boundary CFT. Finally, we use propose a novel lower bound on the total energy of spacetime
involving the generalized entropy on certain light-sheets.
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This image depicts a section of the plane u =t — 2 = 0. The region R is defined
to be one side of a Cauchy surface split by the codimension-two entangling surface
OR = {(u=0,v=V(y),y)}. The dashed line corresponds to a flat cut of the
null plane. . . . . . . L

Here we show the holographic setup which illustrates Entanglement Wedge Nest-
ing. 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 A, are connected
by a codimension-one bulk surface M (shaded blue) that is nowhere timelike by
EWN. Then the vectors 6 X* and s*, which lie in M, have nonnegative norm.

Most of our work concerns the variations of entanglement entropy for the yellow
region R whose boundary R lies on the null plane u = 0. The entangling surface
is specified by the function V(y). . . . ... .. .. oo oo
By restricting attention to z < z, the geometry is close to pure AdS, and we can
solve for 0 X perturbatively. All of the z < z, data imprints itself as boundary
conditions at z = z,. We show that these boundary conditions are unimportant
for our analysis, which means that a perturbative calculation is enough. . . . . .

We consider the entanglement entropy associated to a spatial subregion R. The
entangling surface lies along = = 0 and 27 = X (y). In this work, we study the
dependence of the entanglement entropy on the profile X*(y). . . . .. ... ..
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
, 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.

For near vacuum states, the insertions of displacement operators limit to two
insertions of the averaged null energy operators 5’+. ................

Penrose diagram of a black hole formed from collapse in Anti-de Sitter space,
showing a minimar surface ¢ and its outer wedge Ow [o] with Cauchy surface X.
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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 NV, is the past of Vj on the Killing
horizon. The coarse-grained quantum state demanded by our proposal lives on
N, Uo UX. We identify the properties the state must have, and we show that
the Ceyhan and Faulkner “ant states” satisfy these. . . . . . . . . ... ... ..
The spacetime region associated to the interval V < v < V4 on the null surface
for which all observables in the algebra should register vacuum values in the
coarse-graining state. . . . . . . . Lo
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 J, the simple data must agree for all
allowed sources. . . . . . . L
The left stretch is a classical analogue of the CF flow that generalizes it to non-
trivial geometries. Left: The null surface N, split by the marginally trapped
surface 0. Middle: The affine parameter is rescaled on N, but held fixed on
N;f. 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. . . . . . .. ..o Lo

Kink transform. Left: a Cauchy surface 3 of the original bulk M. An extremal
surface R is shown in red. The orthonormal vector fields t* and z* span the
normal bundle to R; x® is tangent to . Right: The kink transformed Cauchy
surface ¥,. As an initial data set, X, differs from ¥ only in the extrinsic curvature
at R through Eq. (7.3.4). Equivalently, the kink transform is a relative boost in
the normal bundle to R, Eq. (7.3.21). . . . . . . . .. .. ... ... ... ...
The kink-transformed spacetime M is generated by the Cauchy evolution of the
kinked slice ¥s. 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.. . . . . . . . . .. .. ..
Straight slices ¥ (red) in a maximally extended Schwarzschild (left) and Rindler
(right) spacetime get mapped to kinked slices ¥4 (blue) under the kink transform
about R. . . . . . e
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). . . . .. ... ... ... ... ......
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A boundary subregion A, (pink) has a quantum extremal surface denoted R
(brown) and an entanglement wedge denoted a. The complementary region A
(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

An arbitrary spacetime M with two asymptotic boundaries is transformed to a
physically different spacetime Mg by performing a kink transform on the Cauchy
slice 3. A piecewise geodesic (dashed gray line) in M connecting = and y with
boost angle 27s at ‘'R becomes a geodesic between =, and y in M,. . . . . . ..
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 Ry and Ry must be spacelike separated; this is used in proving the
QNEC. Right: In the kink transformed spacetime M, as s — oo, the QNEC
follows from causality of the red curve, which only gets contributions from the
Weyl shocks (blue) at Ry and R,, and the metric perturbation in the region
between them. . . . . . . . ..

Left: A null shell collapsing in asymptotically flat spacetime. The classically
marginally trapped surface p is slightly outside of the event horizon due to the
evaporation. It is not clear that this example violates the CPI. Right: initial data
that violates the classical Penrose inequality. Here pu is the bifurcation surface of
the Schwarzschild (Kruskal) solution. Inside a proper distance d.., the state is the
Hartle-Hawking vacuum. Outside of d.,it becomes the Boulware vacuum, which
has negative energy in the near-horizon zone (blue strip). This lowers the mass
at infinity by an O(1) fraction compared to a classical black hole. . . . . . . ..
A typical wavepacket mode in the thermal atmosphere of the black hole, regulated
to have support outside a sphere a proper distance d. outside of the horizon.
The classical Penrose inequality is violated in a Boulware-like state in which such
modes have zero occupation number and negative energy. In a local inertial frame
(black Killing vector field, 0., where 7 is proper time), a large fraction of their
energy is concentrated near the cutoff d.. The total energy must appear positive
in this frame; this can be satisfied by adding a comparable amount of positive
energy inside of d.. To an asymptotic observer (red Killing vector field, 9;), the
negative energy is spread evenly over the mode, due to the greater redshift near
the horizon. Thus the positive energy beyond the cutoff has a negligible effect on
the ADM mass. . . . . . . . . . e
The Quantum Penrose Inequality bounds the mass at infinity in terms of the
generalized entropy of a quantum marginally trapped surface p1g. The generalized
entropy must be evaluated on the lightsheet L (red line), not on a Cauchy surface
¥ of the outer wedge Ow [1g] (shaded region). . . . . . .. ... ... ... ...
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Black hole formed from the collapse of a null shell (orange line). The classically
marginally trapped surface p lies a Planckian distance outside of the event hori-
zon. The quantum marginally trapped surface s lies a Planckian distance inside
the horizon. The lightsheet L(uq) captures ~ log(R/lp) infalling Hawking modes
(orange dashed lines); in the Unruh states these modes are unoccupied and so
contribute negative entropy on L, compared to the Hartle-Hawking state. L ends
at the singularity and does not encounter any later infalling modes (purple dashed
lines). The entropy on L can also be computed using the mutual information,
SL:SC—SB+[<LB) ..............................
The QPI is threatened by any negative energy (blue worldvolume) that fails to
register on the lightsheet L. We analyze three possibilities but find that none
of them leads to a violation of the QPI. (a) Negative energy outside of the near
horizon zone (vertical green line). (b) Negative energy that enters the black hole
soon after pg but evades L by accelerating outward. (c) Negative energy that
remains near the black hole for more than a scrambling time. . . . . . . . . . ..
Left: the generalized entropy on the slice X, can be dominated by distant soft
particles (brown) and so does not yield a viable lower bound on the mass. The
global Cauchy surface ¥gopa1 plays a role in an alternative proposal discussed in
the main text. Right: the long slice ¥jong captures all of the missing infalling
Hawking modes. . . . . . . . . .
Different choices of slices anchored to the surface 11 on which one could compute
Sgen- The red lightsheet L is defined analogously to the asymptotically flat case.
Since distant soft modes do not exist for large black holes in AdS, one could
also consider computing Sgen on the black slice ¥ that ends on the asymptotic
boundary. . . . . ..
The Hartle-Hawking state is essential for our definition of f1 o viam = f1 ;q(Seen)-
Here m is the ADM mass including the quantum corrections associated with the
radiation mass. m,.q is computed on the black slice »; with respect to the time-
like Killing field ¢* whose orbits are shown in the figure. S, is computed on the
red null slice X3 on the horizon that ends on the bifurcation surface pg. . . . . .

The analytic structure of the integral in equation represented in the s,
plane for fixed s, = i(2wk + 7.,) for n = 6. The dots represent poles at s, =
i(2mj+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 O, becoming
null separated from O, and the middle branch cut arises from O, becoming null
separated from O.. Note that in this figure, k¥ = 3 and 7., > 7, > 0. We
start with the contour Cj represented by the dashed lines encircling the poles
at s, = i(2mj + Tp,) and unwrap so that it just picks up contributions from the
branch-cuts. Region I corresponds to the ordering O,0,0O. whereas region I1
corresponds to O,0.Op. . . . . . ..
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This figure illustrates the contour shift s, — s, — i7., done at the cost of picking
up the pole at s = i(27k + 7y) When 7 = Teo — Toa > 0. . . . .. Lo
The Hilbert space on a null hypersurface of a free (or superrenormalizable) quan-
tum 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 auxil-
iary 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. . . . . . . .. ... ...
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 vy. The conjecture states that this
is hS’/2m, 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.

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. . . . . . . ... ... ... ... ..
The future outgoing lightsheet of g (top red line) is crossed by two ingoing radial
null geodesics at vy (at ) and vy (at the singularity). Their Schwarzschild time
difference at fixed r is the scrambling time, At,. . . . . . . . . ... ...
A quantum marginally trapped surface p in the vicinity of a perturbed Killing
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Chapter 1

Introduction

In the past twenty years, quantum gravity research has been dominated by the AdS/CFT
correspondence |1, 2]. AdS/CFT states that certain quantum gravity theories in asymptoti-
cally (d+ 1)-dimensional Anti-de Sitter (AdS) spacetime are dual to certain conformal field
theories (CFT) living on the d-dimensional asymptotic boundary of AdS. More recently,
powered by AdS/CFT, there have been exciting developments connecting concepts from
quantum information theory like entanglement and quantum error correction to geometry
and gravity [3], 4, 5, (6, |7, 8, 19, [10} |11}, 12]. A central idea behind these new developments is
that black holes have entropy proportional to their area [13]:

A

where A is the area of the black hole horizon, G is Newton’s constant, and A is Planck’s
constant.

This idea has been refined by the AdS/CFT correspondence where it has been shown
that the von Neumann entropy of certain subregions in the CFT can be computed by the
area of the minimal extremal surface in the bulk anchored to the boundary subregion [3]:

Aext

Ter i O((GR)") (1.0.2)

Scrr =

where we work with small Gh in the semiclassical bulk expansion. This provides areas with
a microscopic information-theoretic interpretation. Furthermore, it is known that the higher
order corrections to this formula are given by adding the von Neumann entropy of bulk fields

[5, 6]

Aex
Scrr = Eti + Shulk (1.0.3)

The quantity on the RHS above is called the generalized entropy and can be defined for any
Cauchy-splitting surface in semiclassical quantum gravity. An interesting feature is that the
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divergences in the bulk von-Neumann are absorbed into the renormalization of GG, resulting
in a finite quantity at the end [14, [11].

It was Bekenstein who realized that the generalized entropy behaves like thermodynamic
entropy in quantum gravity [13] and in particular, satisfies the generalized second law (GSL)
of thermodynamics. The GSL was proven in |15] where it was shown to follow from the
monotonicity of relative entropy in quantum field theory (QFT). This suggests a deep con-
nection between quantum gravity and QFT. The intuition behind this connection is simple:
spacetime curvature is related to energy by Einstein field equations, so one can re-interpret
statements about the dynamics of generalized entropy as relations between energy and von
Neumann entropy in the G — 0 limit.

A recent example of such a connection is given by the quantum focusing conjecture (QFC)
[11] which is a statement from which the GSL and other important bounds in quantum
gravity follow. The non-gravitational limit of the QFC is the quantum null energy condition
(QNEC): a lower bound on certain components of the stress tensor given by the second
shape derivative of the von Neumann entropy. This is a novel energy condition predicted by
gravity that has since been laboriously proven within QFT [16] |17} |18], bringing together
ideas from the conformal bootstrap, quantum information, and algebraic QFT. Therefore,
studying spacetime thermodynamics could provide us with shortcuts to learning deep facts
in QFT as well as new insights into quantum gravity.

This dissertation is devoted to further studying the generalized entropy, the QNEC, and
other information-theoretic aspects of QFT. An important information theoretic quantity
that is well-motivated in QFT is the modular Hamiltonian, roughly the logarithm of a given
density matrix. The locality of the vacuum modular Hamiltonian is an essential ingredient
in connecting horizon physics in quantum gravity to statements about QFT, such as the
averaged null energy condition (ANEC) and the monotonicity of relative entropy. In Chapter
[2, we show that the vacuum modular Hamiltonian of a region bounded by cuts of Killing
horizons is a local integral of the stress tensor if the QNEC is saturated in the vacuum.
We then show that for holographic CFTs, the QNEC is indeed saturated in the vacuum,
establishing the locality of the vacuum modular Hamiltonian for such CFTs.

In Chapter |3} following [19], we study the consequences of Entanglement Wedge Nesting,
an expected condition in general relativity, for holographical CFTs that live on arbitrary
curved backgrounds, and derive necessary and sufficient conditions for it to imply the QNEC
in d < 5. We also show that these are the exact same conditions under which the QFT yields
the QNEC.

In Chapter [4, we compute the local second variation of the von Neumann entropy of
regions in holographic CFTs. For null variations our formula says that the narrow transverse
width limit of the QNEC is saturated in every state in d > 2, thus providing an equivalence
between energy and entropy. In Chapter [f], we demonstrate evidence for the saturation of
the QNEC in all QFTs with interacting UV fixed points. We do so by studying the defect
operator product expansion (OPE) of displacement operators in free and interacting CFTs
using the replica method. We show that as n approaches 1 a contact term can emerge when
the OPE contains defect operators of twist d — 2. For general states of interacting theories



CHAPTER 1. INTRODUCTION 3

we give evidence that the only possibility is from the defect operator that approaches the
stress tensor in the n — 1 limit. This implies that the QNEC is always saturated for CFTs
with a twist gap.

As discussed above, the generalized entropy of extremal surfaces has a well-established
microscopic interpretation as the von Neumann entropy of boundary subregions. It is a
natural to search for the boundary dual of the generalized entropy of black holes even when
there are no extremal surfaces around. In Chapter [0 we find such a microscopic explanation
for the generalized entropy of black holes within AdS/CFT. More technically, we propose
the existence of semi-classical states where the generalized entropy of a quantum marginally
trapped surface could be interpreted in a precise way as a coarse-grained entropy in the
fundamental (boundary) theory. We find that the non-gravitational limit of our coarse-
graining prescription corresponds to the Connes cocycle flow in algebraic QFT [1§].

In chapter [, we apply a version of the transformation used in Chapter [f] to extremal
surfaces in the bulk. The transformation intuitively starts with a Cauchy slice that con-
tains the extremal surface and then adds a “Kink” at the location of the extremal surface.
This “Kink’ transform’ generalizes the notion of a boost in arbitrary spacetimes satisfying
gravitational equations of motion. We provide evidence that the boundary dual of this bulk
transformation is the Connes cocycle flow [18].

It is natural to ask whether there are connections between total energy and generalized
entropy in quantum gravity. In Chapter [8| we propose such a connection in quantum gravity
whereby the total energy is lower bounded by the generalized entropy on certain light-sheets.
This inequality is the first quantum information bound on the total energy that involves
Newton’s constant and thus generalizes the classical Penrose inequality [20]. We also find
quantum states that violate the Penrose inequality but satisfy this new bound. We discuss
and rule out some alternative formulations.



Chapter 2

Local Modular Hamiltonians from the
Quantum Null Energy Condition

2.1 Introduction and Summary

The reduced density operator p for a region in quantum field theory encodes all of the
information about observables localized to that region. Given any p, one can define the
modular Hamiltonian K by

p=c k. (2.1.1)

Knowledge of this operator is equivalent to knowledge of p, but the modular Hamiltonian
frequently appears in calculations involving entanglement entropy. In general, i.e. for arbi-
trary states reduced to arbitrary regions, K is a complicated non-local operator. However,
in certain cases it is known to simplify.

The most basic example where K simplifies is the vacuum state of a QFT in Rindler
space, i.e. the half-space t = 0,2 > 0. The Bisognano-Wichmann theorem [21] states that
in this case the modular Hamiltonian is

AK = %/d“y/ x Ty dx (2.1.2)
0

where AK = K — (K),,. defines the vacuum-subtracted modular Hamiltonian, and y are
d — 2 coordinates parametrizing the transverse directions. The vacuum subtraction gen-
erally removes regulator-dependent UV-divergences in K. Other cases where the modular
Hamiltonian is known to simplify to an integral of local operators are obtained via conformal
transformation of Eq. , including spherical regions in CFTs [22], regions in a thermal
state of 141 CFTs [23], and null slabs [24} [10].

Using conservation of the energy-momentum tensor, one can easily re-express the Rindler
modular Hamiltonian in Eq. as an integral over the future Rindler horizon u = t—z =
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U

Figure 2.1: This image depicts a section of the plane u = ¢t — x = 0. The region R is
defined to be one side of a Cauchy surface split by the codimension-two entangling surface
OR = {(u=0,v="V(y),y)}. The dashed line corresponds to a flat cut of the null plane.

0 which bounds the future of the Rindler wedge:

2 o0
AK = %/d“y/ v Ty dv, (2.1.3)
0

where v =t 4+ z. It is important to note that standard derivations of (2.1.2)) or (2.1.3)), e.g.
[21, 22], do not apply when the entangling surface is defined by a non-constant cut of the
Rindler horizon (see Fig. . One of the primary goals of this paper is to provide such a
derivation.

For a large class of quantum field theories satisfying a precise condition specified momen-
tarily, we will show that the vacuum modular Hamiltonian for the region R[V (y)] above an
arbitrary cut v = V (y) of a null plane is given by

2 o0
AK = %/dde /v( )(v —V(y)) Tyydv (2.1.4)
Y

This equation has been previously derived by Wall for free field theories [15] building on
[25, 26], and to linear order in the deformation away from V(y) = const in general QFTs by
Faulkner et al. [27]. In CFTs, conformal transformations of Eq. yield versions of the
modular Hamiltonian for non-constant cuts of the causal diamond of a sphere.

The condition leading to Eq. is that the theory should satisfy the quantum null
energy condition (QNEC) [11], 28] 29, 30] — an inequality between the stress tensor and
the von Neumann entropy of a region — and saturate the QNEC in the vacuum for regions
defined by cuts of a null plane. We will review the statement of the QNEC in Sec. [A.14]

The QNEC has been proven for free and superrenormalizable 28], as well as holographic
[29, 30] quantum field theories. We take this as reasonable evidence that the QNEC is a true
fact about relativistic quantum field theories in general, and for the purposes of this paper
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take it as an assumption. In Sec. we will show how saturation of the QNEC in a given
state leads to an operator equality relating certain derivatives of the modular Hamiltonian of
that state to the energy-momentum tensor. Applied to the case outlined above, this operator
equality will be integrated to give Eq. (2.1.4).

Given the argument in Sec. [A.14] the only remaining question is whether the QNEC is
in fact saturated in the vacuum state for entangling surfaces which are cuts of a null plane.
This has been shown for free theories in [28]. In Sec. [6.3] we prove that this is the case for
holographic theories to all orders in 1/N. We emphasize that Eq. holds purely as
a consequence of the validity of the QNEC and the saturation in the vacuum for R, two
facts which are potentially true in quantum field theories much more generally than free and
holographic theories.

Finally, in Sec. we will conclude with a discussion of possible extensions to curved
backgrounds and more general regions, connections between the relative entropy and the
QNEC, and relations to other work.

2.2 Main Argument
Review of QNEC

The von Neumann entropy of a region in quantum field theory can be regarded as a functional
of the entangling surface. We will primarily be interested in regions to one side of a cut of
a null plane in flat space, for which the entangling surface can be specified by a function
V(y) which indicates the v-coordinate of the cut as a function of the transverse coordinates,
collectively denoted y. See Fig. for the basic setup. Each cut V(y) defines a half-space,
namely the region to one side of the cut. We will pick the side towards the future of the null
plane. For the purposes of this section we are free to consider the more general situation
where the entangling surface is only locally given by a cut of a null plane. Thus the von
Neumann entropy can be considered as a functional of a profile V'(y) which defines the shape
of the entangling surface, at least locally.

Suppose we define a one-parameter family of cuts V (y; A) = V (y; 0)+AV (y), with V(y) >
0 to ensure that R(A;) C R(Ag) if Ay > Ag. If S()) is the entropy of region R(A), then the
QNEC in integrated form states that

[t @ty vr = 55 (221)

In general there would be a v/A induced metric factor weighting the integral, but here and
in the rest of the paper we will assume that the y coordinates have been chosen such that
Vh=1.

By taking advantage of the arbitrariness of V(y) we can derive from this the local form
of the QNEC. If we take a limit where V(3/)> — §(y — /), then the Lh.s. reduces to (T},).



CHAPTER 2. LOCAL MODULAR HAMILTONIANS FROM THE QUANTUM NULL
ENERGY CONDITION 7

We define S”(y) as the limit of d>S/dA\? in the same situation:

d*S .
IV S"(y)  when V(y)? —d(y—1v). (2.2.2)
Taking the limit of the nonlocal QNEC then gives the local one:
() > s (2.2.3)
Vv -_ 27T . oL

The local QNEC together with strong subadditivity can likewise be used to go backward and
derive the nonlocal QNEC [11} 28, |29]. The details of that argument are not important here.
In the next section we will discuss the consequences of the saturation of the QNEC, and will
have to distinguish whether we mean saturation of the nonlocal inequality Eq. or the
local inequality Eq. , the latter condition being weaker.

The QNEC under state perturbations

In this section we consider how the QNEC behaves under small deformations of the state.
We begin with a reference state o and consider the deformed state p = o + dp, with dp
traceless but otherwise arbitrary.

Consider a one-parameter family of regions R(A) as in the previous section. Define R(\)
to be the complement of R(\) within a Cauchy surface. The reduced density operator for
any given region R(\) given by

p(A) = a(A) + 6p(A) = Trzg,y0 + Trg ) dp. (2.2.4)
By the First Law of entanglement entropy, the entropy of p()\) is given by
S(p(N) = S(a(N)) = Trrydp(A) log o (X) + o(dp%). (2.2.5)

The second term can be written in a more useful way be defining the modular Hamiltonian
K,()) as
K,(\) = 15z, ®loga(N). (2.2.6)

Defining K, () this way makes it a global operator, which makes taking derivatives with
respect to A formally simpler. Using this definition, we can write Eq. (2.2.5)) as

S(p(\) = S(a(N)) + TrdpK,(A) + o(dp?). (2.2.7)

Now in the second term the trace is over the global Hilbert space, and the A-dependence has
been isolated to the operator K,(\). Taking two derivatives, and simplifying the notation
slightly, we find
d*S d*S d*K,
TP = 5a(0) + Trop—

+ 0(6p%). (2.2.8)
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~ Suppose that the nonlocal QNEC, Eq. (2.2.1)), is saturated in the state o for all profiles
V(y). Then, using Eq. (2.2.8)), the nonlocal QNEC for the state p can be written as

2

. h d°K,
/dd_Qy (TrépTy,) V2 > %Tr dp T + o(6p%). (2.2.9)

The operator dp was arbitrary, and in particular could be replaced by —dp. Then the only
way that Eq. can hold is if we have the operator equality

K, 27 d—2 9

e C+ W Ay T,,V~. (2.2.10)
Here C is a number that we cannot fix using this method that is present because of the
tracelessness of dp.

Eq. can be integrated to derive the full modular Hamiltonian K, if we have
appropriate boundary conditions. Up until now we have only made use of local properties
of the entangling surface, but in order to provide boundary conditions for the integration of
Eq. we will assume that the entangling surface is globally given by a cut of a null
plane, and that V(y; A = 0) = 0. We will also make o the vacuum state. In that situation it
is known that the QNEC is saturated for free theories, and in the next section we will show
that this is also true for holographic theories at all orders in the large-IN expansion.

Our first boundary condition is at A = oo.|I| Since we expect that K,(A) should have a
finite expectation value in any state as A — oo, it must be that dK,/d\ — 0 as A — co.

Then integrating Eq. (2.2.10) gives

K, 2 / s /oo .
=—— [ d%y dvT,,V. (2.2.11)
dA h V(yA)

Note that this equation implies that the vacuum expectation value (K, (\))yac is actually
M-independent, which makes vacuum subtraction easy.

Our second boundary condition is Eq. , valid at A = 0 when V(y; A\) = 0. Inte-
grating once morenand making use of this boundary condition, we find

AK,(\) = 2n /dd_Qy/ (v—=V(y; ) Ty, dv (2.2.12)
h V(yiA)

which is Eq. (2.1.4). Note that the Lh.s. of this equation is now the vacuum-subtracted
modular Hamiltonian.

'Tt is not always possible to consider the A — oo limit of a null perturbation to an entangling surface
because parts of the entangling surface may become timelike related to each other at some finite value of A,
at which point the surface is no longer the boundary of a region on a Cauchy surface. However, when the
entangling surface is globally equal to a cut of a null plane this is not an issue.
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Before moving on, we will briefly comment on the situation where the local QNEC,
Eq. (2.2.3)), is saturated but the nonlocal QNEC, Eq. (2.2.1)), is not. Then, analogously to
S” in Eq. (2.2.2)), one may define a local second derivative of K,:

’K, .
e K!'(y) when V(y)? =8y —1v). (2.2.13)
Very similar manipulations then show that saturation of the local QNEC implies the equality
2
K" = %T (2.2.14)

This equation is weaker than Eq. (2.2.10), which is meant to be true for arbitrary profiles
of V(y), but it may have a greater regime of validity. We will comment on this further in

Sec. [6.6]

2.3 Holographic Calculation

In the previous section we argued that the form of the modular Hamiltonian could be deduced
from saturation of the QNEC. In this section we will use the holographic entanglement
entropy formula [31, 3} |32, 5] to show that the QNEC is saturated in vacuum for entangling
surfaces defined by arbitrary cuts v = V(y) of the null plane u = 0 in holographic theories.
Our argument applies to any holographic theory defined by a relevant deformation to a
holographic CFT, and will be at all orders in the large-N expansion. To reach arbitrary
order in 1/N we will assume that the all-orders prescription for von Neumann entropy is
given by the quantum extremal surface proposal of Engelhardt and Wall [6]. This is the
same context in which the holographic proof of the QNEC was extended to all orders in
1/N 3017

As before, the entangling surface in the field theory is given by the set of points OR =
{(u,v,y) : v="V(y),u =0} with null coordinates u = t —z and v = t+=z, and the region R is
chosen to lie in the u < 0 portion of spacetime. Here y represents d—2 transverse coordinates.
The bulk quantum extremal surface anchored to this entangling surface is parameterized by
the functions V (y, 2z) and U(y,2). It was shown in [29, |30] that if we let the profile V(y)
depend on a deformation parameter A\, then the second derivative of the entropy is given by

d\? 4Gh ax -’

(2.3.1)

to all orders in 1/N, where Ua)(y) is the coefficient of 2¢ in the small-z expansion of U(z,y).
We will show that U = 0 identically for any profile V' (y), which then implies that d>S/d\? =
0, which is the statement of QNEC saturation in the vacuum.

2Tt is crucial that we demonstrate saturation beyond leading order in large-N. The argument in the
previous section used ezxact saturation, and an error that is naively subleading when evaluated in certain
states may become very large in others.
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One way to show that U vanishes is to demonstrate that U = 0 solves the quantum
extremal surface equations of motion in the bulk geometry dual to the vacuum state of the
boundary theory. The quantum extremal surface is defined by having the sum of the area
plus the bulk entropy on one side be stationary with respect to first-order variations of its
position. One can show that U = 0 is a solution to the equations of motion if any only if

0 Shulk
iy ) 0 (2.3.2)
in the vacuum everywhere along the extremal surface. This would follow from null quanti-
zation if the bulk fields were free [28], but that would only allow us to prove the result at
order-one in the 1/N expansion.

For an all-orders argument, we opt for a more indirect approach using subregion dual-
ity, or entanglement wedge reonstruction [33, (34, 35, QIEI A version of this argument first
appeared in [30], and we elaborate on it here.

Entanglement wedge reconstruction requires two important consistency conditions in
the form of constraints on the bulk geometry which must hold at all orders in 1/N: The
first constraint, entanglement wedge nesting (EWN), states that if one boundary region is
contained inside the domain of dependence of another, then the quantum extremal surface
associated to the first boundary region must be contained within the entanglement wedge of
the second boundary region [33],|36]. The second constraint, C C £, demands that the causal
wedge of a boundary region be contained inside the entanglement wedge of that region |33
34, 136, 6, |37]. Equivalently, it says that no part of the quantum extremal surface of a given
boundary region can be timelike-related to the (boundary) domain of dependence of that
boundary region. It was shown in [30] that C C £ follows from EWN, and EWN itself is
simply the statement that a boundary region should contain all of the information about any
of its subregions. We will now explain the consequences of these two constraints for U(y, z).

Without loss of generality, suppose the region R is defined by a coordinate profile which
is positive, V(y) > 0. Consider a second region R, which has an entangling surface at
v =u = 0 and whose domain of dependence (i.e., Rindler space) contains R. The quantum
extremal surface associated to Ry is given by Uy = Vy = 0. This essentially follows from
symmetry[]] The entanglement wedge of Ry is then a bulk extension of the boundary Rindler
space, namely the set of bulk points satisfying © < 0 and v > 0. Then EWN implies that
U<0and V > 0.

The only additional constraint we need from C C £ is the requirement that the quantum
extremal surface for R not be in the past of the domain of dependence of R. From the
definition of R, it is clear that a bulk point is in the past of the domain of dependence of R
if and only if it is in the past of the region u < 0 on the boundary, which is the same as the

3The entanglement wedge of a boundary region is the set of bulk points which are spacelike- or null-
related to that region’s quantum extremal surface on the same side of the quantum extremal surface as the
boundary region itself.

4One might worry that the quantum extremal surface equations display spontaneous symmetry breaking
in the vacuum, but this can be ruled out using C C £ with an argument similar to the one we present here.
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region v < 0 in the bulk. Therefore it must be that U > 0. Combined with the constraint
from EWN above, we then conclude that the only possibility is U = 0. This completes the
proof that the QNEC is saturated to all orders in 1/N.

2.4 Discussion

We conclude by discussing the generality of our analysis, some implications and future di-
rections, and connections with previous work.

Generalizations and Future Directions

General Killing horizons Though we restricted to cuts of Rindler horizons in flat space
for simplicity, all of our results continue to hold for cuts of bifurcate Killing horizons for QFT's
defined in arbitrary spacetimes, assuming the QNEC is true and saturated in the vacuum
in this context. In particular, Eq. holds with v a coordinate along the horizon. For
holographic theories, entanglement wedge nesting (EWN) and the entanglement wedge being
outside of the causal wedge (C C &) continue to prove saturation of the QNEC. To see this,
note that a Killing horizon on the boundary implies a corresponding Killing horizon in the
bulk. Now take the reference region Ry satisfying V(y) = U(y) = 0 to be the boundary
bifurcation surface. By symmetry, the associated quantum extremal surface lies on the
bifurcation surface of the bulk Killing horizon. Then the quantum extremal surface of the
region R defined by V' (y) > 0 must lie in the entanglement wedge of Ry — inside the bulk
horizon — by entanglement wedge nesting, but must also lie on or outside of the bulk horizon
by C C €. Thus it lies on the bulk horizon, U = 0, and the QNEC remains saturated by

Bo. @53).

Future work In this work, we have only established the form of Ky for regions R bounded
by arbitrary cuts of a null plane. A natural next direction would be to understand if and
how we can extend Eq. to more general entangling surfaces. As discussed above,
the QNEC was shown to hold for locally flat entangling surfaces in holographic, free and
super-renormalizable field theories |28, |29} 30]. Thus, if we could prove saturation, i.e. that
S . =0 at all orders in 1/N, then we would establish for all regions with a locally
flat boundary.

One technique to probe this question is to perturb the entangling surface away from a flat
cut and compute the contributions to the QNEC order-by-order in a perturbation parameter
€. Preliminary calculations [38] have revealed that for holographic theories at leading order
in large N, S{.. = 0 at all orders in e.

Another interesting problem is to show that in a general QFT vacuum, null derivatives of
entanglement entropy across arbitrary cuts of null planes vanish. That, along with a general

proof of QNEC will establish (18) as a consequence. We will leave this to future work.
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The QNEC as S(p|lo)”" >0

There is a connection between the QNEC and relative entropy, first pointed out in [30], that
we elaborate on here. The relative entropy S(p||o) between two states p and o is defined as

S(p|le) = Trplogp — Trplogo (2.4.1)

and provides a measure of distinguishability between the two states [39]. Substituting the
definition of K, Eq. (2.1.1)), into Eq. (2.4.1]) provides a useful alternate presentation:

S(pllo) = (Ko)p = S(p)- (2.4.2)

If Eq. (2.1.4) is valid, then taking two derivatives with respect to a deformation parameter,
as in the main text, shows that the nonlocal QNEC, Eq. (2.2.1)), is equivalent to

03S(p(N)llo(A)) = 0. (2.4.3)

For comparison, monotonicity of relative entropy for the types of regions and deformations
we have been discussing can be written as

S (p(M\)|le(N) < 0. (2.4.4)

Eq. is a sort of “convexity” of relative entropyﬂ Unlike monotonicity of relative
entropy, which says that the first derivative is non-positive, there is no general information-
theoretic reason for the second derivative to be non-negative. In the event that Eq.
holds but not Eq. , we would still have

S(pllo)” = 0. (2.4.5)

where the ” notation denotes a local deformation as in Sec. [A.14]

It would be extremely interesting to characterize what about quantum field theory and
null planes makes true. We can model the null deformation as a non-unitary time
evolution in the space of states, with the vacuum state serving as an equilibrium state
for this evolution. Then an arbitrary finite-energy state will relax toward the equilibrium
state, with the relative entropy S(p||o) characterizing the free energy as a function of time.
Monotonicity of relative entropy is then nothing more than the statement that free energy
decreases, i.e. the second law of thermodynamics. The second derivative statement gives
more information about the approach to equilibrium. If that approach is of the form of
exponential decay, then all successive derivatives would alternate in sign. However, for null
deformations in quantum field theory we do not expect to have a general bound on the
behavior of derivatives of the energy-momentum tensor, meaning that the third derivative of
the free energy should not have a definite signﬁ Perhaps there is some way of characterizing
the approach to equilibrium we have here, which is in some sense smoother than the most
general possibility but not so constrained as to force exponential behavior.

SThis is distinct from the well-known convexity of relative entropy, which says that S(tp; + (1 —t)pa||o) <
tS(prllo) + (1 =1)S(p2|l0).
6We thank Aron Wall for a discussion of this point.
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Relation to previous work

Faulkner, Leigh, Parrikar and Wang [27] have discussed results very similar to the ones
presented here. They demonstrated that for first-order null deformations §V (y) to a flat cut
of a null plane, the perturbation to the modular Hamiltonian takes the form

(K)o~ K=~ [ @2 [ i) ovo) (2.46)

This is precisely the form expected from our equation (2.1.4)). Faulkner et al. went on to
suggest that the natural generalization of the modular Hamiltonian to finite deformations
away from a flat cut takes the form of Eq. . In the context of holography they showed
that this conclusion applied both on the boundary and in the bulk is consistent with JLMS
[7]. In the present paper, we have shown that Eq. holds for theories which obey
the QNEC, and for which the QNEC is saturated in the vacuum. A non-perturbative, field
theoretic proof of these assumptions remains a primary goal of future work.
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Chapter 3

The Quantum Null Energy Condition,
Entanglement Wedge Nesting, and
Quantum Focusing

3.1 Introduction and Summary

The Quantum Focusing Conjecture (QFC) is a new principle of semiclassical quantum gravity
proposed in [11]. 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 [40, 41, |42} 43|, and likewise quantum
focusing can be used to prove quantum generalizations of many of these results [44, 45, |46],
17].

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 [11]. Subsequently the QNEC was proven for free fields [28] and for holographic
CFTs on flat backgrounds [29] (and recently extended in |48] 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) or 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 X 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 )k (y)K (y) — %% (\l;}fg(/_;)éif@)) . (3.1.1)




CHAPTER 3. THE QUANTUM NULL ENERGY CONDITION, ENTANGLEMENT
WEDGE NESTING, AND QUANTUM FOCUSING 15

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 [29] 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 [47]. A given region on the boundary of AdS is associated with a particular region
of the bulk, called the entanglement wedge, which is defined as the bulk region spacelike-
related to the extremal surface |31} 32, 6, 49] 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 algebras of operators in the bulk region and
the operators in the boundary region which are good semiclassical gravity operators (i.e.,
they act within the subspace of semiclassical states) [33, |7, 35]. 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.ﬂ As it stands, there are apparently two QNECs, 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 necessary that the necessary and sufficient
conditions for the ordinary QNEC to hold at a point are thatﬂ

Oy = 0 = Dby = Daoy) = Rio = 0 (3.1.2)

at that point. For d < 5 only a subset of these conditions are necessary. This is the

subject of §3.2]

e We also show holographically that under the weaker set of conditions
0% = Dby + Ria = Daopy) =0 (3.1.3)

the Conformal QNEC holds. The Conformal QNEC was introduced in [29] 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

n [47] 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
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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 §3.3]

e We argue in 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 §7.6|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, [48] appeared which has
overlap with our discussion of EWN and the scheme-independence of the QNEC. The results
of |48] relied on a number of assumptions about the background: the null curvature condition
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.

3.2 Entanglement Wedge Nesting

Subregion Duality

The statement of AdS/CFT includes a correspondence between operators in the semiclas-
sical bulk gravitational theory and CF'T operators on the boundary. Moreover, it has been
shown [9, 35] that such a correspondence exists between the operator algebras of subregions
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 [31,|32], 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;) € D(As). Then
consistency of subregion duality implies that £(A;) C £(A,) 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(Ny)) whenever Ay < Ay. Then the union of the one-
parameter family of extremal surfaces associated to A()\) forms a codimension-one surface
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Figure 3.1: 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 A, 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. 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 X* = 0, 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 6 X* contains
any components which are tangent to the extremal surface, they will serve to make the
inequality (6X)2 > 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)2 > s > 0.
We will discuss the s > 0 inequality in after handling the (6X)? > 0 case.

Near-Boundary EWN

In this section we explain how to calculate the vector 6 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
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extremal surface, leading to equations for 6 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.

Bulk Metric We work with a bulk theory in AdS;y; 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 ig|

1
L —
167TGN

d(d—1
( ( 7 ) + R+ MR+ AR, + KQAGBEGB> : (3.2.1)

where Lo = wa oo 4R/2w + 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 [50]:

L? S
ds* = ;(sz + gij(x, 2)dz'dx’), (3.2.2)

_ 0 2 4 a1 d
Gij(z,2) = gfj)(x) + ZQQZ(]-)(J?) + z4gz-(j)(x) +.. 420 logzggj Og)(x) + zdg(-)(x) + o(z%).

! (3.2.3)

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 ggl) for n < d, including gfj’log) (x), in terms of
gi(](-))(x). This means, in particular, that these terms are all state-independent. One finds

that gl(;l’log) (x) vanishes unless d is even. We provide explicit expressions for some of these

terms in Appendix [A.3]
The only state-dependent term we have displayed, gg-l) (x), contains information about the

expectation value of the energy-momentum tensor 7;; of the field theory. In odd dimensions
we have the simple formula [51]f]

d—odd) 167Gy
gz(j ) _ WCFM% (3.2.4)
with 2

In even dimensions the formula is more complicated. For d = 4 we discuss the form of the
metric in Appendix

3For simplicity we will not include matter fields explicitly in the bulk, but their presence should not alter
any of our conclusions.

4Even though [51] worked with a flat boundary theory, one can check that this formula remains unchanged
when the boundary is curved.
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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
is determined by the embedding functions XH(y%, z). The intrinsic metric of the extremal
surface is denoted by haﬂ, where @ = (a,z). For convenience we will impose the gauge
conditions X? = z and h,, = 0.

The functions X (y?, z) are determined by extremizing the generalized entropy [6, |49] 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 §3.4| and write only the geometric terms, which are determined by the bulk action:

Sgen = / Vi {1 20 PR 4 A2 (RWN’“’ - —IC IC“) + 2\anl 7"} . (3.2.6)

4Gy

We discuss this entropy functional in more detail in Appendix 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(io) (y) + ZQX(iz) (y) + Z4X(i4) () +...+2%ogz X dlog)( )+ ZdX(id) (y) + o(z%),
(3.2.7)

As with the metric, the coefficient functions X Z'n) for n < d, including the log term, can be

(0)

solved for in terms of X(io) and g;;*, and again the log term vanishes unless d is even. The

state-dependent term X Z ) contains information about variations of the CFT entropy, as we

explain below.

The z-Expansion of EWN By taking the derivative of with respect to A, we find
the z-expansion of 6X’. We will discuss how to take those derivatives momentarily. But
given the z-expansion of X', we can combine this with the z-expansion of g;; in to
get the z-expansion of (0.X)%:

22

(2) s yri j m (0) ¢ yri j

(3.2.8)

EWN implies that (6X)? > 0, and we will spend the next few sections examining this
inequality using the expansion (3.2.8]). From the general arguments given above, we can
get a stronger inequality by considering the vector s* and its norm rather than §X*. 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 §3.2]

Now we return to the question of calculating  X*. Since all of the X (in) 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
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variation of the state-dependent term, 0.X (id), is also determined by the boundary conditions
in principle, but in a horribly non-local way. However, we will now show that X (Z'd) (and
hence 0.X g 4)) can be re-expressed in terms of variations of the CF'T entropy.

Variations of the Entropy The CFT entropy Scrr 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 = €. 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:

3Soerlguge = mL' [ d2yvho Xigs X (3.2.9)

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 [52], and we will discuss it further in §3.3/ For now, the important

take-away from (3.2.9)) is
1 0Sen ndL4t

VRX'(y) 4Gy
The case of even d is more complicated, and we will cover the d = 4 case in Appendix [A.5]

X{ioaa)- (3.2.10)

State-Independent Inequalities

The basic EWN inequality is (6X)2 > 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
(3.2.8). 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 k' = 6X*. We can use the formulas of
Appendix to express the other X én) for n < d in terms of X* and g;;. This allows us to
express the state-independent parts of (§X)% > 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 (3.2.§)), we see that the first term is actually k;&° = 0. The
next term is the one we call the leading term, which is

—2/5% i 2) .4 m i1
L72(0X )|, = 2kid Xy + 90 KK + X[ Omgish' k. (3.2.11)
From (A.3.10)), we easily see that this is equivalent to

1, 1

-2 Vi) 2 2
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where afL’Z) and ) are the shear and expansion of the null congruence generated by k',

and are given by the trace and trace-free parts of k; K’,, with K, the extrinsic curvature of
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
. o i . . (k)

inequality is saturated. So in our analysis below we will focus on the 0(;) = o,,” = 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
(k) :
o, =0ind=3.

Subleading Inequality The subleading term in (6X)? is order 2% in d > 5, and order
2%2log z 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

- \ 7 2) 1.4 j i j 4)1.01.9 m 1.9
L72(6X)?], = 2ki0 X{y) + 295K 0XT, + 910X (50X, + 95K K + X5y Ongis k'K
. . o 1 o
o+ 2X ) Ongigh S Xy + X(30mg T KR 4 5 X0 Xy OnDgigh B, (3.2.13)

This inequality is significantly more complicated than the previous one. The details of its
evaluation are left to Appendix . The result, assuming 0y = ‘7((1’1:) =0, is

Py 1
L2(6X)?|,, = a2 Q)Z(Dae(k) + 2Rpq)?
1 1
D9 2 D,oy))?
a2 = Polw + )+ 5o (Paie )
KR
+-— (CrapeCy™ — 2C,° O - (3.2.14)

where £ is proportional to Aggf?/L? and is defined in Appendix . Aside from the Gauss—
Bonnet term we have a sum of squares, which is good because EWN requires this to be
positive when 6y and o) vanish. Since k < 1, it cannot possibly interfere with positivity

unless the other terms were zero. This would require D,0) = Daaélz) = Ry, = 0 in addition
to our other conditions. But, following the arguments of [53], this cannot happen unless
the components Ciq. of the Weyl tensor also vanish at the point in question. Thus EWN
is always satisfied. Also noteSecond, the last two terms in middle line of are each
conformally invariant when 6, = UC(LIZ) = 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(6X )Q}ZQ log» 1 d = 4. The rule, explained in Appendix |A.5] 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

1

1
22logz,d=4 4 n

4(Daaéf))2. (3.2.15)

L2(0X)?| (Dab) + Ria)” —
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The Gauss—Bonnet term also disappears because of a special Weyl tensor identity in d =
4 [52|. The overall minus sign is required since log z < 0 in the small z limit. In addition, we
no longer require that Ry, and D,0() vanish individually to saturate the inequality: only
their sum has to vanish. This still requires that Cup. = 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)? 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 ("d). 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.5]
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 )| oce = 9K K + 266X (g + X0 Ongisk' k' = gV KK + 26 (kid X(y) . (3.2.16)

From (3.2.4) and (3.2.10), we find that

= 167G N Et 58,
L72(6X)? = ——— | (Tis) — — . 2.1
(6 ) ’zd*Q TIde_l {< kk> 0 (27”/5 SXi )} (3 7)

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.5]

The Conformal QNEC

As mentioned in §3.2] 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* # §X*, and so we get a nontrivial improvement by considering
s2 > 0 instead of (6X)% > 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 [54],
since it leaves the metric in Fefferman—Graham form, and so induces a Weyl transformation
on the boundary.
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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.
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 (6.X)?
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 [29]. This is indeed
what happens, as we will now see.

Orthogonality Conditions First, we will examine in detail the conditions necessary for
0X* = s* and their consequences on the inequalities derived above. We must check that

Gij0. X' X7 = 0. (3.2.18)

for both a = z and a = a. As above, we will expand these conditions in z. When a = z, at
lowest order in z we find the condition

0= ki X{(s), (3.2.19)

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

0 = kiDuX(y) + €aid Xy + g5 €LkT + X3 O gijel k7 (3.2.20)
1
= ~5d=%) (Do — 2wa)0(s) + 2Rka) - (3.2.21)
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
becomd’]

_ 1 1 1
L 2(5X)2 = 2 Ry, ) D, (kN2 | .2 .
OX) =750+ |G apa— o) T sg =gy Peoee ) |+
(3.2.22)
Next we will demonstrate that 64) = 0 and D,04) = —2Ri, can be achieved by a Weyl

transformation, and then use that fact to write down the s> > 0 inequality that we are after.

Achieving 6X" = s* with a Weyl Transformation Our goal now is to begin with
a generic situation in which X" # s and use a Weyl transformation to set 0X*" — s".
This means finding a new conformal frame with §;; = €?**@)g;; such that Ok = 0 and

5We have not included some terms at order z? which are proportional to at(llz) because they never play a
role in the EWN inequalities.
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ﬁaé(k) = —QRka, which would then imply that SXH = gH (we omit the bar on SXH to avoid

cluttering the notation, but logically it would be §.X*).

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 &° 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; = l%l is invariant under the Weyl transformation. With this in mind, we have

** Ryy = Ria — (d — 2) [DoOkdp — 0,0k — ki K2,0"0 — 0,0.0] (3.2.23)

04y = Oy + (d — 2)0k9, (3.2.24)

62¢Da9(k) = Dae(k) + (d — Q)Da8k¢ — 29(k)8a¢ — 2(d — 2)8k¢8a¢, (3.2.25)

W = oW (3.2.26)

ﬁc&sz) = DCUC(LIZ) -2 [aé’;g@a)gb + UEL]Z)@CQS — gc(aaégvdgb} , (3.2.27)

Wy = Wq — 0y (3.2.28)

So we may arrange 9(k) = 0 at a given point on the entangling surface by choosing Oy¢ =

—0)/(d — 2) that that point. Having chosen that, and assuming 0'((1];) =0 at the same point,
one can check that

e2 (Daé(k) n 2}?,m> = Do) — 2wy + 2Ria — (d — 2) Doy (3.2.29)

So we can choose D,0r¢ to make the combination ﬁaé(k) + 2}?;% vanish. Then in the new
frame we have X* = s

The s> > Inequality Based on the discussion above, we were able to find a conformal
frame that allows us to compute the s2. For the state-independent parts we have

. Rra ) 1 Ay A(k)\2 | 52
(d_Q)Q(d—4)(Rka> +2(d_2)(d_4)(Dagl(m)) 254+ (3.2.30)

1
2.2 <9
L S = d _ 20(k) +
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 = ﬁGO(k) + QRka = 0, we actually have that

Ry, = Daé(k) — ?ﬂaé(k) — Rya, (3.2.31)
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which transforms homogeneously under Weyl transformations when 0((1]2) = 0. Thus, up to

an overall scaling factor, we have

1
-2 2
L™"s =7 5%
+ ! (Dol — Wabiy — Ria)® + ! (Dao™Y2 | 22+ ...
(d—2)2(d —4) @8 = Talk) T ) o ) (d — 4) b ’

(3.2.32)

where we have dropped terms of order z? which vanish when O'C(L]Z) = 0. As predicted, these
terms are the conformally invariant contributions to (§X)2.

In order to access the state-dependent part of s? we need the terms in to vanish.
Note that in d = 3 this always happens. In that case there is no z? term, and aalz = 0 always.
Though our expression is singular in d = 4, comparing to shows that actually the
term in brackets above is essentially the same as the 22log z term in 6X. 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 222, 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:

I kKo 68 d ki oS
(T VK'K — 6| == | — =0 ——" 1. (3.2.33
i) <\/E5X’(y>> 2" (ﬁw(y))] (9:2:35)

Of course, one would like to replace Tij with 7}; 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 [55, [29).

N 167TGN

-2 .2
L™ s \zd—z—m

3.3 Connection to Quantum Focusing

The Quantum Foscusing Conjecture

We start by reviewing the statement of the QFC [11} 53] before moving on to its connection
to EWN and the QNEC. Consider a codimension-two Cauchy-splitting (i.e. entangling)
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surface ¥ and a null vector field k' normal to . Denote by A the null surface generated by
k'. The generalized entropy, Sgen, associated to X is given by

Sgen = <Sgrav> + Sren (331)

where Sg,y is a state-independent local integral on ¥ and Sie, 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 [56]. Even though (Sgray)
and Spe, individually depend on the renormalization scheme, that dependence cancels out
between them so that Sge, is scheme-independent.

The generalized entropy is a functional of the entangling surface >, and the QFC is a
statement about what happens when we vary the shape of ¥ be 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 £*. Here \ is the affine parameter along
the geodesic generated by &' and ¥(0) = X. To be more precise, let y* denote a set of intrinsic
coordinates for 3, let hy, be the induced metric on ¥, and let X*(y, A) be the embedding
functions for (). With this notation, & = 9y X*. The change in the generalized entropy is
given by

dSgen / s 08 , 1 s
— [ 42y 22 g Xiy) = —— [ 2RO, 3.3.2
R SR ami (v) prerel) A 2,y (3.3.2)

This defines the quantum expansion O[X,y] in terms of the functional derivative of the
generalized entropy:

k' (y) 6Sgen
Vh 0Xi(y)

Note that we have suppressed the dependence of © on &’ in the notation, but the dependence
is very simple: if k'(y) — f(y)k'(y), then O[3, y] — f(y)O[%,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 (3.3.3)

do 001X, y] .,
0> T /de %y #(y%)]k (v'). (3.3.4)
Before moving on, let us make two remarks about the QFC.

First, the functional derivative 60[%, y|/dX*(y’) will contain local terms (i.e. terms pro-
portional to d-functions or derivatives of d-functions with support at y = ') as well as
non-local terms that have support even when y # y'. Sy, being a local integral, will only
contribute to the local terms of 6O[%, y|/d X" (y'). The renormalized entropy Sye, 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 [11], while the local terms coming from S,e, are in
general extremely difficult to compute.

Second, and more importantly for us here, the QFC as written in does not quite
make sense. We have to remember that Sy is really an operator, and its expectation value
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(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 (3.3.4)), 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 (3.3.4)), as we will see below [53].

QNEC from QFC

In this section we will explicitly evaluate the QFC inequality, (3.3.4)), and derive the QNEC
in curved space from it as a nongravitational limit. We consider theories with a gravitational
action of the form

Igray = 167TG /f (R+ M R? + ?XoRi;RY 4 Mg Lcs) (3.3.5)

where Lop = R}, — 4R}, + R? is the Gauss-Bonnet Lagrangian. Here / is the cutoff
length scale of the effective field theory, and the dimensionless couplings Aq, A2, and Agp are
assumed to be renormalized.

The generalized entropy functional for these theories can be computed using standard

replica methods [56] and takes the form

AR

Sgen = 4GN

1
/ VR 20 R+ Xy [ RyNY — ZKK' ) + 207 | + Seen- (3.3.6)
Tiay 2

Here A[Y] is the area of the entangling surface, N is the projector onto the normal space
of ¥, K% is the trace of the extrinsic curvature of ¥, and r is the intrinsic Ricci scalar of X.

We can easily compute © by taking a functional derivative of , taking care to
integrate by parts so that the result is proportional to k%(y) and not derivatives of k'(y).
One finds

© =0y + 7|20 (0 R + ViR) + Ao (Do — wa)?0) + KiK' K, (3.3.7)

+ Oy Riars + ViR — 2V Ry, + Oy Ria — 0y Rir. + 2K Ryp)

k_i 651‘61"1
Jh 09X

Now we must compute the A-derivative of ©. When we do this, the leading term comes from
the derivative of 0, which by Raychaudhuri’s equation contains the terms G(Qk) and U(Qk).
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

+4GyN

1
— 4ap (rabK,];b — §r9(k)) (3.3.8)
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by those terms. So for the rest of this section we will set 0, = a((l’z) = 0 at the point of
evaluation (but not globally!). Then we find
d
O Ru+ 20 (ViR RRy)
d
W [2Da(waRkk) + ViR = DaD" Ry, = ——(Dabl)? = 2Ri0 D"y — 2(Dacrc)?
dd—3)(d—4
— 2V ViR — 2Rpa R — 9(1)VkRkk] — 2Xgpl’ [(a(l — 1)22 — 2)2) R Ry,
d—4)(d—-3 2(d —4 2(d —4
- 4%113%}% - %Cklklek - (d —5 )Rabcakbk + 4CH Oy,
d [ k" 0Sren
4Gy— | —= : 3.3.9
TN <\/E 5X ) (3:3.9)

This expression is quite complicated, but it simplifies dramatically if we make use of the
equation of motion coming from (3.3.5)) plus the action of the matter sector. Then we have
Rkk = 87TGTkk — Hkk where l57]

Hy = 27 (RRyy, — VER) + A <2Rkiijij — V2R + 2VV Ry, — 2Ry R}

+D.D°Ryy — 2D (wRy) — 2(Dpb1y + Rogmiej P™) Ry + 00) V1. Ry )

did—3)(d—4 d—4)(d—3 d—4 .. g
+ 2AaB ((C(l — 1)26(1 — 2)2) MRMRM — 2—2R1]Ckikj + C]ﬂ'jmck”m

(d—2)? _
(3.3.10)

RRy, — 4

N———

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.4]
we have also exchanged k‘k/00R;; 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

de d
— = AP (—(Da9<k))2 +AR Doy + 2Ror Iy + 2<D“Ul(”§)>2)

dA d—2
d (k' 68
2\ gQ abc 2 b ac 4 re'n
+ 226502 (CraneCr G Cie™) + 4Gy = (ﬁ —

The Gauss-Bonnet term agrees with the expression derived in [52]. However unlike [52] we
have not made any perturbative assumptions about the background curvature.

At first glance it seems like 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 [48]. However, this is where we
have to remember the smearing prescription mentioned in . We must integrate
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over a region of size larger than ¢ before testing its nonpositivity. The crucial point, used
in [53], is that we must also remember to integrate the terms 9%1{) and a(zk) that we dropped

earlier over the same region. When we integrate ka) over a region of size ¢ centered at a point

where 0y = 0, the result is £02(D,0))? + o(¢?), where £ Z 10 is a parameter associated

with the smearing profile. A similar result holds for JSLIZ). Thus we arrive at

doe _ £ o 2 2 (k)2
d)\ - _d . 2€ (Dae(k)) - 66 (DanC )
d
Wi (m(Dae(,ﬂ)2 + 4R Dy sy + 2Ry RY + 2(Daa§f))2)
+ 22688 (CrabeCr™ — 2Ckpa" Cre™)
d [ k' 5Sen
4G N — .
TN (\/E 5X

Since the size of ¢ is determined by the validity of the effective field theory, by construction
the terms proportional to ¢ in 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 G(Qk) and (T(Qk) 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 [53],
this is only possible given certain conditions on the background spacetime at the point of
evaluation. We must have

) — 87TGN <Tkk> + 0(62) (3312)

1 1
Ckabc = mhabch - mhachb (3313)

This can be seen by usin% the Codazzi equation for ¥. Imposing this condition, which allows
us to set D0y = Daaéf = 0, we then have.

de (d—3)(d—4)
I = 202 ()\2 + QWAGB RkaZ
d k' §Sien 3
GV (ﬁ 0X ) = 8nGa {Tia) + o) 3310

This is the quantity which must be negative according to the QFC. In deriving it, we had
to assume that 0y = o®) = D04 = D.ol™ = 0.
(k) aV(k) aT%pc

We make two observations about . First, if we assume that R, = 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 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
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linear combination (d—3)(d—4)
DA S 31
Ao+ A2y AGB (3.3.15)

to be negative. Then if one could find a situation where the first line of 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 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, ~ GnThq.

Then in order for the first line of to dominate we would need

GNP T T > Ti. (3.3.16)
As an example, for a scalar field ® this condition would say

Gl (0,9)* > 1. (3.3.17)

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 [52], 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 Iy, defined above in (3.3.5)), 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.

SWe should really be working at the level of the quantum effective action, or generating functional, for
correlation functions of Tj; [48]. The geometrical part has the same form as the classical action Iga, and so
does not alter this discussion.
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In fact, only once in the above discussion did we make use of the gravitational equations of
motion, and that was in deriving (3.3.11)). Following the same steps up to that point, but
without imposing the gravitational equations of motion, we find instead

do

d
d)\ = —)\252 (d 2(D 9 ) + 4R2Db9(k) + 2RkaZ + Q(Dadbc)z)

d [k 6Sen 167G N 0l gray
+ 22680 (CraveCr™ — 2Ck1"Cie™) + 4GN ( ) 9 Mahdki Bt

Vh 06X V9 09
(3.3.18)

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 ) = RZ = D,op. = 0, as well as 0,y = UC(LIZ) = 0, which
in turn requires Ciq = 0. Under these conditions, we learn that the combination

i ( k:l 5Sren> i .k'4_77-5]grav
\/E 5XZ ! ]\/g 591]

is scheme-independent. The second term here is one of the contributions to the renormalized
27 (Tiy) in the non-gravitational setup, the other contribution being k;k; j‘} 513“;?“ But Ipatter
is already scheme-independent in the sense we are discussing, in that it is independent of the

parameters appearing in g,y So adding that to the terms we have above, we learn that

i kz 5Sren
Vi 0X

is scheme-independent. This is what we wanted to show.

(3.3.19)

QFC vs EWN

As we have discussed above, by taking the non gravitational limit of m under the
assumptions Dyf ) = Rz = D,ope = Oy = = o b = 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 (3.2.17). 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)2.
We begin by writing down all of the terms of (X )? in odd dimensions that we have computed:

_ 1
—L2(6XY)? =
(@=L XY = b + ol
1
+ Z24(d — 2) (Dae(k) + 2R]m)2
1

2 D 2 2 D o2
+z (d 2= 4>( oy + Ria)” + 2 2(d—4)< aOho’ )
+ d 4 (Okabcck - QCkccaOkbba)

_o16m(d —2)G k' 0Sien

The first line looks like —6, which would be the leading term in d© /d\, except it is missing
an Ryi. Of course, we eventually got rid of the Ry in the QFC by using the equations of
motion. Suppose we set 0(;) = 0 and aab) = 0 to eliminate those terms, as we did with the
QFC. Then we can write (0X)? suggestively as

Iy 5 d A(d - 3) (k)y2
. 2 2 _ L2 a
(d—2)L 2 (6X7)? = 2 AQ((d_2>(D 0,)% + ARD,0 + (—3) Pl + 2ADacy, ))
— 2225\(;]3 (C«kabcckabc — QOkCcaOkb a)
+ -+ 871G (T, >—4G ) K 0Sren (3.3.22)
TGN\ kk N \/— 5xi | 9.
where
~ 2(d — 2)z972
GN == GNW’ (3323)
~ 1
Ay = Xd— 4), (3.3.24)
~ K
AGB = _Q(d — 4). (3.3.25)

Written this way, it almost seems like (d — 2)L~2(§X%)? ~ —dO/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 [58]. This
is clearly something that deserves further study.

3.4 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 [5] and plays a role in the position of the extremal surface [6, 49]. The
bulk entropy contributions to the entropy are subleading in N2 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(ny 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 Ty, — 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 [47] 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 §3.3] 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 (§.X)2.

When we performed our QNEC derivation, we assumed that 6, = 0 at the point of

evaluation, so that the G(Qk) term in (6X )2|ZO would not contribute. However, after smearing
this term would contribute a term of the form ¢2(D,0))*/L?* to (5)_()2‘22. 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 O'((ZIZ). 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.
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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 [29], 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.
It would be good to know the answer.

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 then more nontrivial things might hap-
pen, 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 [59).

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 §3.3|
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 [60, |61}
62, |58]. 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, 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 inteesting to see if there was some
direct QFC-like way to derive 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 4

Energy is Entanglement

4.1 Introduction

The connection between quantum information and energy has been an emerging theme of
recent progress in quantum field theory. Causality combined with universal inequalities
like positivity and monotonicity of relative entropy can be used to derive many interesting
energy-entropy bounds. Examples include the Bekenstein bound [63], the quantum Bousso
bound [24, 64], the Averaged Null Energy Condition (ANEC) [27, 65], and the Quantum
Null Energy Condition (QNEC) |16} 29, |17, 66]. Here we strengthen the energy-entropy
connection, moving from bounds to equalities.

The key insight of the QNEC, which we will exploit, is that one should look at variations of
the entropy S of a region as the region is deformed. Consider the entropy as a functional of the
entangling surface embedding functions X*. Then one can compute the functional derivative
62S/6 X+ (y)6 X" (y') which encodes how the entropy depends on the shape of the region. In
general, this second variation will contain contact, or “diagonal,” terms, proportional to
o-functions and derivatives of d-functions, as well as “off-diagonal” terms. Our interest here
is in the J-function contact term, and we introduce S}, as the coefficient of the J-function:

528
OXH(y)o X (y')

= S0,y —y) + - (4.1.1)

Null Variations First consider the null-null component of the second variation, S (y),
where v is a null coordinate in a direction orthogonal to the entangling surface at the point
y[T] Suppose the entangling surface is locally restricted to lie in the null plane orthogonal to
v near the point y. With this setup we can apply the QNEC, which says S < 27(T,,). Our
main conjecture is that this inequality is always saturated{]

S" = 2 (T),). (4.1.2)

We are restricting attention to field theories in Minkowski space throughout the main text.
2In [67] the issue of QNEC saturation was also investigated, but this is a different notion of saturation.
Their analysis did not isolate the §-function component, and instead considered the total variation in the
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We believe this holds for all relativistic quantum field theories with an interacting UV fixed
point in d > 2 dimensions. For the special case of an interacting CFT this fully specifies the
stress tensor in terms of entropy variations: by considering for all entangling surfaces
passing through a point, (7},,) is completely determined up to a trace term. In a CFT the
trace of the stress tensor vanishes, and so the entropy variations determine the full stress
tensor in that case. This is the sense in which energy comes from entanglement.

Our primary evidence for is holographic, as explained below. But if we restrict
attention to quantities that can be built out of local expectation values of operators and the
local surface geometry there is no other possibility for S),,. A significant constraint comes
from considering the vacuum modular Hamiltonian, K, which is defined by

S(o+60) — S(o) = Tr (Kéo) + O(d0?), (4.1.3)

where o is the vacuum state reduced to the region under consideration and o is an arbitrary
perturbation of the state. If we had a general formula for S in terms of expectation values
of operators, we would be able to read off the modular Hamiltonian from the terms in
that formula linear in expectation ValuesE| For a region bounded by an entangling surface
restricted to a null plane the modular Hamiltonian has a known formula in terms of the
stress tensor [68], and in particular we have

K" = 21(T,,). (4.1.4)

That is why (7,,) is the only possible linear term we could have had in (4.1.2).

A nonlinear contribution to S!/,, such as a product of expectation values, is restricted
by dimensional analysis and unitarity bounds: the only possibility is if the theory contains
a free field. Then we can take the classical expression for T,,, which is quadratic in the
field, and replace each of those fields with expectation values to get an expression quadratic
in expectation values with the right dimensionality to contribute to S.,. For interacting
fields, nonzero anomalous dimensions prevent this from working. We will say more about
free theories in Appendix [A.7] where we will see that this possibility is realized by a term
~ (0,9)? for a free scalar field, which is why we limit ourselves to interacting theories in
the main text. The substance of , then, is the statement that there are no non-local

contributions to S}, .

Relative Entropy There is a natural interpretation of in terms of relative entropy.
The relative entropy of a state p and a reference state c—for us, the vacuum—is a measure
of the distinguishability of the two states. We will denote the relative entropy of p and the
vacuum by Syei(p). By definition, the relative entropy is

Srel(p> = A<K> - AS? (415>

entropy including the contribution of off-diagonal terms. So the examples in [67] where the QNEC is not
“saturated” are not in contradiction with our results.
3For simplicity of the discussion we set all vacuum expectation values to zero.
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where A(K) and AS denote the vacuum-subtracted modular energy and vacuum-subtracted
entropy, respectively. A consequence of (4.1.2)) is that AS!) = A(K] ), so we can say that
rwp = 0. (4.1.6)

rel,vv

This equation is implied by but is weaker, since it does not require us to know what
the modular Hamiltonian actually is. The extra information of is the expression
for the second variation of the modular Hamiltonian. It can be useful to formulate
our results in terms of relative entropy instead of entropy itself because relative entropy is
generally free from UV divergences, at least for nice statesﬁ

Non-Null Deformations Now let us move beyond the null case. Our goal in doing
this is to understand the simplest setup where non-null deformations can be analyzed, and
so we will make several additional restrictions that we do not make in the null case. As
explained in [69, 52| and below in Section for the null case is a well-defined, finite
equation in field theory. Local stationarity conditions on the entangling surface are enough to
eliminate state-independent geometric divergences in the entropy, and the remaining state-
dependent divergences cancel between the entropy and stress tensor. In the non-null case,
eliminating divergences is more difficult. State-independent divergences can be dealt with
by considering the vacuum-subtracted entropy AS rather than just S. State-dependent
divergences associated with low-lying operators in the theory are more problematic. To
eliminate these divergences, it is enough to restrict our attention theories where all relevant
couplings have mass dimension greater than d/2, and to states where operators of dimension
A < d/2 have vanishing expectation values near the entangling surface. The idea of these
restrictions is to make sure there are no parameters with scaling dimension small enough
to contribute to divergences. We will make the further restriction in the non-null case to
planar entangling surfaces, and this last restriction is made purely to simplify the analysis
and presentation. With these assumptions in place we find

P2 —3d—2
' @ D=2

AS!, = o (nznzma nwhab<Tab>> | (4.17)

where n,,, is the normal projector to the entangling surface and hg, is the intrinsic metric

on the entangling surface.ﬂ Note that (6.3.8) implies that S”, = 0.

rel,uv

4Tt is possible for relative entropy to be infinite, for instance if we take our region to be the whole space
and consider two orthogonal pure states. This is an expected and understood type of infinity, and not
dependent on a choice of UV regulator.

°In [66], a quantum version of the dominant energy condition which involved spacelike deformations of
entropy was proposed for d = 2 dimensions. In that inequality, timelike components of the stress tensor
were bounded by spacelike components of the entropy variation, whereas in timelike components of
the stress tensor are related to timelike components of AS}, (ignoring the second term of , which
is absent in two dimensions). Our techniques are not directly applicable to two dimensions, and a naive
extrapolation of is probably incorrect, but it would interesting to investigate this issue further in the
future.
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Consequences for Field Theory and Gravity We view and as deep
truths about interacting quantum field theories, worthy of further study. At present, our
evidence for these conjectures comes from holography. We will calculate SZV directly and
prove that and hold precisely at leading order in large-/N for all bulk states.
We will also argue that subleading corrections in 1/N do not alter these conclusions. While
this does not amount to a full proof, it is enough evidence for us to posit that is true
universally, and that holds with relatively few additional assumptions.

An immediate application, which we discuss in Section [4.6} is to gravity. If we couple our
field theory to gravity, then we can effectively isolate the d-function part of the null second
variation by deforming the entangling surface over a Planck-sized, or slightly larger, domain.
According to the Raychaudhuri equation, if the surface is locally stationary then the leading
change in its area due to this deformation is determined by R,,, the null-null component
of the Ricci tensor. Using together with Einstein’s equations, R,, = 87GNT,,, we
learn that this change in area is precisely canceled by 4G y.SY . This means that the leading-
order change in generalized entropy—area in Planck units plus entropy—is actually zero
under such a deformation. In Section [4.6| we will show how this argument can also be re-
versed, demonstrating that this leading-order cancellation in the variation of the generalized
entropy can be taken as a fundamental principle and used to derive Einstein’s equations.
This is essentially an update of the thermodynamic derivation of Einstein’s equations by
Jacobson [70].

Outline In Section [4.2| we review some of the basic concepts of entropy, relative entropy,
and the holographic setup that will be relevant for our calculation. In Section [4.3| we prove
for situations where it is sufficient to consider linear perturbations of the bulk ge-
ometry. This includes any state where gravitational backreaction in the bulk is small. In
Section we extend this proof to any bulk state. The idea is that S}, is related to near-
boundary physics in the bulk, and for any state the near-boundary geometry is approximately
vacuum. So the proof reduces to the linear case. In Section [4.5] we move away from null
deformations to prove using the same techniques. We conclude in Section with
a discussion of extensions and implications of our work. Several appendices are included
discussing closely related topics.

4.2 Setup and Conventions

In this section we will make some general remarks about the known relations between entropy
and energy, and the implications of our conjecture.

The Field Theory Setup

Let u = (t — 2)/v/2 and v = (t + x)/+v/2 be null coordinates, and let y denote the other
d — 2 spatial coordinates. For now, and for most of the rest of the paper, we will take
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Figure 4.1: Most of our work concerns the variations of entanglement entropy for the yellow
region R whose boundary R lies on the null plane © = 0. The entangling surface is specified
by the function V' (y).

the boundary of our region R to be a section of the null plane v = 0. This boundary is
specified by the equation v = V(y). We take the region R to be a surface lying witin the
“right quadrant,” having v < 0 and v > V(y) (marked in yellow in Fig[4.1)). A one-parameter
family of functions V) (y) specifies a one-parameter family of regions R(\). We always take
the one-parameter family to be of the form Vi (y) = Vo(y) + AV (y) with V > 0, so that A
plays the roll of an affine parameter along a future-directed null geodesic located at position
Y.

Given any global state of the theory, we can compute the von Neumann entropy S of the
region R. Keeping the state fixed, the entropy becomes a functional of the boundary of the
region, S = S[V(y)]. When we have a one-parameter family of regions, then we can write
S(A) = S[Va(y)]. Throughout the rest of this work we will be interested in the derivatives of
S with respect to A, as well as the functional derivatives of S with respect to V(y). These
are related by the chain rule:

ds L, 65 .
dx :/d Y svig VW) (4.2.1)
Z_j - / dyd "y WV@)V@’). (4.2.2)

We can parametrize the second functional derivative as follows:

628

Y o/ (d=2)(, .1 (52—5
SV )V () S ()8 (y y)+( )Od, (4.2.3)

oV (y)oV (y')
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We have extracted the d-function term explicitly, which we sometimes refer to as the “di-
agonal” part, and the remainder carries the label “od” for “off-diagonal.” Note that the
off-diagonal part of the variation does not have to vanish at y = ¢'. The quantity S/, is the
same as S” in |16, (19, |11].

In addition to the entropy of the region R, we can define the vacuum-subtracted modular
energy, A(K), and relative entropy with respect to the vacuum, S,, associated to the region
R. The modular energy is given by the boost energy along each generator of the null
plane [68]:

A(K) = 2 / di-2y /V L V)T (4.2.4)

The relative entropy is defined as the difference between the vacuum-subtracted modular
energy and the vacuum-subtracted entropy:

Sel = A(K) — AS. (4.2.5)

For the regions we are talking about, the entropy of the vacuum is stationary and so drops
out when we take derivatives of S,o. Then for a one-parameter family of regions we have
the relations

dSrel / d—9 |: 0S /OO :| .

B _ [ g2y, [ 95 on [T au i | Vi), 126
dA 5V(y) V(y) < > ( ) ( )

@Sy 6%

_ d—2 oQr Y 2 d—2, 3d—2 71
A2 _/d y (27 (Th) — Sp,) V(y) /d ydy ((5V

<y>6v<y'>>odv(y>v<y')'

(4.2.7)

Note here that our conjectured equation (4.1.2)) can be restated as saying that the diagonal
second variation of the relative entropy is zero. These equations will be mirrored holograph-

ically in Section [4.3] below.

The Bulk Setup

While we have a few remarks on the free-field and weakly-interacting cases in Appendix [A.7]
most of our nontrivial evidence for (4.1.2)) and (6.3.8]) comes from holography. In this section
we will describe the holographic setup for the calculations outlined above. We are actually
able to do without much of this machinery in Section [£.3] though it will become important
afterward.

The boundary theory is a quantum field theory in d-dimensional Minkowski space ob-
tained by deforming a CFT with relevant couplings. We take the bulk metric to be in
Fefferman-Graham gauge (at least near the boundary) and choose to set the AdS length to
one:

1
dsi, = = (d2* — 2dudv + dij;_, + Y datda”) . (4.2.8)
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Here x* stands for u, v, or y. In the small-z expansion, the metric v, is given by [71]|ﬂ
Y = YU (4.2.9)

In a fully-quantum treatment, 7,, is an operator in the bulk theory and we would need to
take the expectation value of any geometric expression to extract a numerical result. Then
there would be a difference between, say, (7,,)* and (v7,) that we would have to resolve
in order to move beyond leading order in a semiclassical expansion. A consequence of our
analysis below is that only expressions which are linear v,, end up being important for
proving and , and thus this potential difficulty is avoided. With that in mind,
we will treat the bulk geometry as classical for ease of presentation.

The term at order 2% in (4.2.9), ~ contains information about (1) |72]. We will review
the dictionary below. The terms at lower orders than z? are associated with low-dimension
operators in the theory [71]. If O is a relevant operator of dimension A and coupling g, then
possible such terms that we need to be aware of include

<Om>nﬂyzmA’ gmnuyzm(d—A), g<cf)>nm/zd7 (4210)

with m > 2. The coupling g, when present, is a constant. With only a single operator, terms
involving derivatives of O will always be of higher order than 2% as long as the unitarity
bound A > (d — 2)/2 is obeyed. When there is more than one low-dimension operator
then we can also have terms with different combinatorial mixes of couplings and expectation
values |73]. In this case, there could also be terms of the form

Gi(O2) 2 TEVTR L 619,0,(0y) AV TR (4.2.11)

where O; and O, are two operators and ¢; is a relevant coupling associated to O;. There are
other possibilities as well, but we will not need to enumerate them. In order to demonstrate
the cancellation of divergences explicitly in (4.1.2)), we would need to make use of certain
relationships among the various parts of the small-z expansion of the metric. Since there are
general arguments for the finiteness of , we will be content to show that the leading
state-dependent divergences cancel.ﬂ To that end, we will need the following fact. Suppose
that in the sum there is a term of the form %(f;) = 7(“)7]W. Then, assuming that «
cannot be written as oy + as for some other a;q, ay occuring in the sum, there will be another

term %(L(fz) with a null-null component given by
d—2
Wt = 024 . (4.2.12)

S (a+2)(d—2—a) "

SFor the purposes of this discussion, we will assume all operators have generic scaling dimensions. In the
generic case on a flat background a log z term in the metric expansion is unnecessary.

“In other words, we will only explicitly demonstrate the finiteness of given some conditions on
the operator dimensions which make the terms we display the only ones that are around.
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This equation is obtained by solving Einstein’s equations at small-z |72, 71]. Four-derivative
terms are also possible, at order oo + 4, but if d < 6 then the unitarity bound ensures that
a + 4 > d. For simplicity we will ignore those terms in this section, but with a little more
effort they can also be accounted for.

Holographic Entropy and its Variations Our tool for computing the entropy is the
Ryu-Takayanagi holographic entropy formula [31, [32] including the first quantum correc-
tions [5]ff e
4Gy
Ayt refers to the area of the extremal area surface anchored to OR at z = 0. The dictionary
for computing variations in the entropy as a function of V' (y) was laid out in [19] as follows.
Let the bulk location of the extremal surface be given by

S + Sbulk- (4.2.13)

o' = XF(y,2) = X" (y) + 22 X5 (y) + - + 2% log 2 X[

(2) log + ZdXN T+ (4'2'14)

(d)

where the log term is important for even dimensions and the in the case of relevant defor-
mations with particular operator dimensions. X #(y) are the embedding functions of IR and
X*(y, z) satisfies the extremal surface equation,

1
VH
where H is the induced metric on the extremal surface and I' are bulk Christoffel symbols.
Note that we have introduced the notation X* for the bulk extremal surface coordinates

which approach X* on the boundary. We will be interested in computing §Aex/dX*(y),
which by extremality is a pure boundary term evaluated at a z = e cutoff surface:

O (VHH9,X") + T, H*0, X009, X7 = 0, (4.2.15)

§Aexs =0 / d?ydz VH = — / d%*y VHH*g,,0,X"5X". (4.2.16)

All of the factors appearing in the integrand need to be expanded in €. The result will be a
power series in € containing divergent terms as well as finite terms:
0 Acxt K,

e = d—2)i? + (lower-order divergences in €) — (d Xﬁd) + X})"g)) + O(e). (4.2.17)
—2)e

Here K, is the extrinsic curvature of the entangling surface. We need to ensure that all
divergences cancel or otherwise vanish in and in order that these be well-
defined statements. So here we will explain the structure of the divergences in the entropy
variations, as well as how to extract the finite part.

8In this section and in our main analysis we are only working to next-to-leading order so that the
prescriptions of [b] and [74, |49] agree. If we wanted to work to higher orders in 1/N, we would need to use
the quantum extremal surface prescription instead [74, |49]. We discuss this further in Section
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Null Variations First, we will consider the special case X*(y) = V/(y), which is the
relevant case for . If there are no terms of the form in the metric, then the
situation reduces to that of [19], in which it was shown that the divergent terms in (4.2.17))
are absent as long as the entangling surface OR is locally constrained to lie in a null plane.
If there are state-dependent terms of the form (4.2.11)) in the metric, then there will be non-
vanishing divergent contributions to d Aey;/dV (y) proportional to, e.g., g19,(Os). In general,
an extra term at order z® in the metric leads to a contribution at order o + 2 in X* that
we can obtain by solving at small z. We only need to concern ourselves with terms
that have o + 2 < d, as those are the ones which lead to divergences. As mentioned above,
for d < 6 the only terms in the metric at order o such that o + 2 < d are those of the form
v,(f, = V(Q)T]W. After solving the extremal surface equation in the presence of such a term
we find

2(d—2) —ad d—2
_ poo o2\ 4 7 () (@)
(a+2)(a+2-d)X{,,, = 2d—2) KFAY 4 5 oMy, (4.2.18)
Plugging this in to (4.2.16) leads to

5Aext d—2 5Sbulk

V(y) ~ 2d—2— a0 W)+ W)+ s,

where we have eliminated a potential log term by restricting ourselves to the case of generic

operator dimensions. The non-generic case can be recovered later as a limit. Using this, we
can find the leading-order contribution to the second variation of the entropy:

5 o 5y (y)s D (y—y) V), S
V(y)oV(y) 8Gn(d—2—a)er2-" 4Gy oV(y)  OV(y)oV(y)

(4.2.20)
Even though this is a very complicated expression in general, we will be able to extract the
d-function contribution and see that it is given by (T},) as in (4.1.2).

(4.2.19)

Non-Null Variations For a general non-null variation we lose some of the simplifications
present in the non-null case. One additional assumption we will make in Section [4.5| is
to consider entangling surfaces which are planar prior to being deformed, which simplifies
some of the geometric expressions. More importantly, however, notice that only
makes reference to the vacuum-subtracted entropy variation, AS}, , and not S}, itself. So
any state-independent terms in (4.2.17)) can be ignored. Furthermore, for the discussion of
the non-null variations we are only going to consider theories where relevant couplings (if
present) have mass dimension greater than d/2, and states where operators of dimension
A < d/2 have vanishing expectation values in the vicinity of the entangling surface. The
result of these restrictions is that terms like (4.2.11f) will not be present in the metric up to

order z¢, and so there will be no state-dependent entropy divergences. Thus for our analysis
of non-null deformations, it follows from (4.2.17)) that

B2AS  d A<6X,§d)(y)> 5% ASpui

OXr(y)oX (y) 4Gy \ 0X(y) | T oXH(y)dX(y)

(4.2.21)



CHAPTER 4. ENERGY IS ENTANGLEMENT 45

In Section we will also not deal explicitly with the bulk entropy term, but we expect its
contributions to be qualitatively similar to the bulk entropy term in the null case.

Identification of the Stress Tensor We will also need a holographic formula for the
stress tensor, (7},,). Normally a renormalization procedure is required to define a finite
stress tensor. Since our conjectures and are meant to be finite equations, it
will be enough to regulate the stress tensor with a cutoff as we did with the entropy above.ﬂ

By definition, the (regulated) stress tensor is computed as the derivative of the regulated

action:
2 0lieg

<T,UV> - \/§ dguy
In holography, the regulated action is defined as the action of the bulk spacetime within the
z = e cutoff surface, plus additional boundary terms (like the Gibbons-Hawking-York term)
which are necessary to make the variational principle well-defined. [72, [75]. For Einstein
gravity in the bulk with minimally-coupled matter fields, the regulated stress tensor is then
given by the Brown-York stress tensor evaluated on the z = € cutoff surface [76]@

2 5l 1 1
NI ~ 87Gyel 2 (K’W ; §K9’W(m’ €)>

—1 1 1 - 1—d
— _87TGN€d_2 (_Zae,yﬂl/(xy 6) + %nﬂl/np ae’VPU(ZI?, 6) + 6—277“1/> (4223)

— (vacuum energy) . (4.2.22)

Any state-dependent terms in the metric that occur at order z* with a < d will contribute
to divergences in the stress tensor. In particular, when we discuss null variations we will find

contributions from terms of the form (4.2.12)). In total we find

o+ 2 d

T,)=——— Al o = (d)
< > 167TGN€d—2—a7UU + 167TGN’.Y’UU
d—2 d
- 0o + ———1{D. 4.2.24
167TGN(d -2 — a)ed—Q—a VYt 167Gy Vov ( )

In the second line we used . Comparing this to , we see that the divergences
indeed cancel out in (4.1.2]).

For the non-null case we have additional difficulties. One can easily see that, in general,
there are state-dependent divergences in (7),,) that do not appear in SZV. For example, if
there are operators of dimension A < d/2 in the theory then there will be a term in v, at

9We still want to define the stress tensor so that (T,) = 0 in vacuum, so the constant vacuum energy
term will be subtracted.

10Care must be taken to impose the correct boundary conditions at z = e. Since we are interested in
a flat-space result, we must place a flat metric boundary condition at z = € before taking ¢ — 0. This is
the only way to get the divergences to cancel out properly between the entropy and the energy in ,
and this treatment of the boundary condition is especially important if one wants to extend the analysis to
curved space [69).
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order 2?2 proportional to (O?)n,,,. By the unitary bound, 2A > d — 2, such a term will not
contribute divergences to S}, but it will contribute divergences to the stress-tensor of the
form

(T} l2a-a o< 4740 n,,. (4.2.25)

Thus, when we derive the relationship in Section 4.5, we will put sufficient restrictions
on the theory and the states in consideration so that both sides of the equality are finite and
well-defined. As in the case of the entropy variation, all divergences in (7,,) can be eliminated
by restricting the theory so that any nonzero relevant couplings have mass dimension greater
than d/2, and by restricting the state so that operators of dimension A < d/2 have vanishing
expectation values (at least locally near the entangling surface). When this is true, the metric
perturbation v, starts at order z¢, and so (7},,) will be finite. Furthermore, we can treat the
stress tensor as being effectively traceless even though we are not in a CFT. That is because
in general the trace is proportional to products of couplings and scalar expectation values,
g{O), but with our restrictions on the theory and state there is no pair of nonzero coupling
and operator expectation value with total dimension adding up to d. The end result is the
standard formula for the stress tensor familiar from holographic renormalization [72]:

d
T,)=—~d 429
< /“’> 167TGN,}//U/ ( 6)

We will make use of this formula in Section [4.5]

4.3 Null Deformations and Perturbative Geometry

In this section we will prove the relation S/, = 27 (T,,) for states with geometries corre-
sponding to perturbations of vacuum AdS where it suffices to work to linear order in the
metric perturbation. This includes classical as well as quantum states. Below in Section
we will extend our results to non-perturbative geometries.

The arguments presented here can be repeated for linearized perturbations to a non-
AdS vacuum, i.e., the vacuum of a non-CFT. We restrict ourselves to the AdS case because
explicit solutions to the equations are available, and the AdS case also suffices for nearly all
applications in the following sections. We will see in Section that in certain situations
an appeal to the non-AdS vacuum case is necessary, but because of general arguments (like
the known form of the modular Hamiltonian as discussed in the Introduction) we know that
the non-AdS case should not behave differently than the AdS case.

Bulk and Boundary Relative Entropies

In [7] it was argued that bulk and boundary relative entropies are identical:

Srel = Srel,bulka (431)
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where Sieipuic is calculated using the bulk quantum state restricted to the entanglement
wedge of the boundary region R — the region of the bulk bounded by the extremal surface
and R[]

We already discussed in Section the form of S, for the regions we are considering,
but to leading order in bulk perturbation theory there is an analogous simple formula for
Srelbulk- We only need to know two simple facts. First, if OR is restricted to lie in the u = 0
plane on the boundary then, to leading order, the extremal surface in the bulk also lies in

the u = 0 plane. Second, to leading order the bulk modular energy corresponding to such a
region is given by the AdS analogue of (4.2.4)):

d dd72 oo _
AKpuk = 27T/ %/_ dv (v =V (y,2))(Ty"). (4.3.2)

V(y)

In keeping with our earlier notation, V(y, 2) gives the location of the bulk extremal surface
with V(y,z =0) = V(y). Now we simply solve (4.3.1)) for the vacuum-subtracted boundary
entropy AS,

AS = A(K) = A{Kpui) + AShul, (4.3.3)
and take two derivatives with respect to a deformation parameter A to find
d*S B : dzd%y e @2 Shulk
DE = 27r/dd 2y (Ty)V? — 27r/W (TP 2 4 IV (4.3.4)

The first term represents a contribution of 27 (T,,) to SI . So (4.1.2)), S/, = 27 (T},), amounts
to showing that the remaining two terms do not contribute to SI,. We examine them both
in the next section.

Proof of the Conjecture

From the discussion around (4.3.4)), the conjecture S!! = 27 (T,,) amounts to the statement
that the terms

Sd—1 )2
do not contribute a J-function to the second variation of S. Together these terms comprise
the second derivative of the bulk relative entropy. We treat the two terms individually.

d dd—2 . d2 .
- QW/M (k2 CObuic (4.3.5)

Bulk Modular Energy The modular energy term is simple to evaluate. Note that (4.3.2)
depends on the entangling surface V(y) through the extremal surface V (y, z). So functional
derivatives of that expression with respect to V(y) involves factors of §V (y, z)/dV (y'). This

At higher orders in 1/N this equation is corrected [5} |56, [6]. We will not go into these corrections in
detail, but will make a few comments below in Section @
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is the boundary-to-bulk propagator of the extremal surface equation in pure AdS. The result,
which can be extracted from our discussion in later sections, is [77]

¥ 9d—21(d=1 d
Wiy, 2) _ 215 ) - (4.3.6)
oV (y) e (Z2+w-v)?)
Then we have
2
62 Ky _or 2d_2r(%> /dde_Zy <Tbulk> 2%
OV (y1)0V (y) I ZA=1 VN2 4 (y —yn)2) (22 4 (y — y2)?)d Tt
(4.3.7)

We can diagnose the presence of a d-function by integrating with respect to y; over a small
neighborhood of y,. If the result remains finite as the size of the neighborhood goes to zero,
then we have a d-function. Whether or not this happens depends on the falloff conditions
on (TPWk) near 2z = 0, which in turn depends on the matter content of the bulk theory. If we
suppose (TPUK) ~ 2% as z — 0, then it is easy to see that there is no J-function so long as

B>d—2. (4.3.8)

For scalar fields in the bulk, TPUk ~ (9,¢)? ~ 222 where A is the dimension of the dual
operator. This is even true when the non-normalizable mode ¢ ~ ¢z?* is turned on, as
long as the coupling g is constant. For bulk Dirac fields, TP%k ~ ¢TI,V ~ 22271 In
either case, equation reduces to the unitarity bound on the dual operator dimension,
A > (d—2)/2+ s, where s = 0,1/2 is the spin. In the limiting case where the unitarity
bound is saturated and the dual operator is a free scalar or free fermion, one may find a
0-function in . Indeed, in Appendix we find extra contributions to S!/, besides
27(T,,) for a free scalar field, so the appearance of an additional J-function in this case is an
expected feature. The case of a free fermion has not yet been worked out in the field theory,
but methods similar to those in Appendix should be applicable. For operators which do
not saturate the unitarity bound, we have shown that A Ky, does not contribute to S .

Bulk Entropy It is much more difficult to make statements about d?Spu/d)\%. In a
coherent bulk state we know that d*Syu/d\? = 0, so for that class of states we are doneE
More generally, we can write

525bu1k .
5V(Z/1)5V(?/2)
2
2d_2r(%) /dd_dezdd_Qy/dz' _ 52Sb31k (Zz/)d
5 OV (y,2)0V (v, 2') (22 + (y — 1)) 12" + (¥ — 12)?) %}
(4.3.9)

1211 this section we treat the bulk matter fields as free. If we turn on weak interactions, then the comments
of Appendix [A.7 apply. Qualitatively nothing changes.
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and ask what sort of behavior would be required of §2Sy/6V (y, 2)V (i, 2') in order to lead
to a d-function in y; — ys.

As a toy model, we can imagine a collection of particles on the u = 0 surface which are
entangled in a way that depends on their distance from each other. This is a fairly general
ansatz for the state of a free theory in the formalism of null quantization [15]. At small z
(which is the dominant part for our calculation) this would correspond to a second variation

of the form A
9"k o 7 g ( 2 ) . (4.3.10)
Vi(y,2)0V(y,2) (z2/)¢ 1 (z—=2'2+ (y—v)?

The factor (z2')2/(22')%! reflects that entropy variations should be proportional to the
amount of matter present at locations z and 2’. The numerator encodes the falloff conditions
on the density of particles in a way that is consistent with the falloff conditions for a bosonic
matter field, and the denominator is a measure factor that converts coordinate areas to
physical areas. The function F' is arbitrary.

With the assumption of (4.3.10]), a constant rescaling of all coordinates by « leads to
an overall factor of o*~24+24 in ([4.3.9). A d-function in y; — 3 would scale like a®>~¢, and
anything that scales with a power of « less than 2 — d would correspond to a more-divergent
distribution, like the derivative of a d-function. As long as A > (d — 2)/2 this is avoided,
and a J-function is only present when the unitarity bound A = (d — 2)/2 is saturated. This
is consistent with what we found previously for the modular energy, and with our general
expectations for free theories.

4.4 Non-Perturbative Bulk Geometry

Now we turn to a proof that applies for a general bulk geometry, still restricting the deforma-
tions to be null on the boundary. We will use the techniques outlined in Section [£.2] which
relate the entropy variations to changes in the bulk extremal surface location. At first we
will stick to boundary regions where OR is restricted to a null plane, leaving a generalization
to regions where OR only satisfies certain local conditions for Section [4.6]

Extremal Surface Equations

Small z, Large £ The extremal surface equation for U and V is a very complicated
equation. If we perturb the boundary conditions by taking V' — V 4 0V, then the responses
SU and 6V will satisfy the linearized extremal surface equation, which is a bit simpler. It
may be that the coordinates we have chosen are not well-suited to describing the surface
perturbations deep into the bulk. That problem is solved by only aiming to analyze the
equations in the range z < z, for some small but finite z,. In fact, by choosing z, small
enough we can say that the spacetime is perturbatively close to vacuum AdS, with the
perturbation given by the Fefferman-Graham expansion ([4.2.9). Since the corrections to the
vacuum geometry are small when z, is small, the extremal surface equation reduces to the
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0X(y)

Figure 4.2: By restricting attention to z < z, the geometry is close to pure AdS, and we can
solve for §X perturbatively. All of the z < z, data imprints itself as boundary conditions at
2z = z,. We show that these boundary conditions are unimportant for our analysis, which
means that a perturbative calculation is enough.

vacuum extremal surface equation plus perturbative corrections. All of the deep-in-the-bulk
physics is encoded in boundary conditions at z = z,. The situation is illustrated in Fig.

The boundary conditions at z = z, are essentially impossible to find in the general case,
so the restriction to z < z, does not make the problem of finding the extremal surface any
easier. However, according to (4.2.20]) all we are interested in is the d-function part of 6Uy).
It will turn out that this quantity is actually independent of those boundary conditions.

The idea is very simple. In Fourier space a J-function has constant magnitude. That
means it does not go to zero at large values of k, unlike the Fourier transform of a smooth
function. So the strategy will be to analyze the extremal surface equation in Fourier space at
large k. We will see that the large-k response of U (and hence U(q)) is completely determined
by near-boundary physics, and in particular will match the results we found in previous
sections. This will establish that SV = 27 (T,,) for very general bulk states.

Integral Equation for U We will begin by finding an integral equation for U in the range
2 < z,. Since U vanishes at z = 0 it must remain small throughout z < z,, as long as z, is
small enough, and so we can use perturbation theory to find U in that range. Then we will
compute the response of U to variations of the boundary conditions V at z = 0. Expanding
(4.2.15)) in small z, we can write the equation for U as

_ _ 1—d_ _ o
02U + 0°U + 7aZU = JVuw,V,U], (4.4.1)
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where ~,,,/2* is the deviation of the metric from vacuum AdS, as in ([4.2.9). To solve this
equation perturbatively we require a Green’s function G(z, y|2’, y') of the linearized extremal
surface equation that vanishes when z = 0 or z = z,. Then the solution to (4.4.1)) can be
written as

_ ddfzy/ _ ddiZyIdZ/
Uly, 2) :/F 8Z/G(y,z|y’,z*)U(y’,z*)—1—/ WG(y,zw/,z')J(y',z’) (4.4.2)
2<Zx

*

It is important to remember that J(y, 2) is itself a functional of U, and the usual methods
of perturbation theory would involve solving for U iteratively. It will be more useful for us
to look at the Fourier transform of this equation:

Uk, z) = 217%0.,G(2]2.)U(k, 2,) +/ * %Gk(z]z’)(](k, 2. (4.4.3)
0o <

The Green’s function with the correct boundary conditions is easily obtained from the stan-
dard Green’s function G495 by adding a particular solution of the vacuum extremal surface
equation. In Fourier space, the answer is

Kyo(kz,
Gk(2|2’/) = GkAdS(2|Z/) + (ZZ,)d/QId/Q(k’Z)Id/Q(k‘zl)M (444)
Laja(kz.)
where
/ d/2[ K / ’
G£d8(2|2/) _ _ (zz) d/2(kz) d/2(k2 ), 2 <z, (4.4.5>
(22/)42149(k2") Kqpo(kz), 2> 2.

In the limit of large k, the first term of becomes exponentially suppressed. So we see
that the boundary conditions at z = z, do not matter. Furthermore, the integration range
2" 2 1/k in the second term also becomes exponentially suppressed. So only the small-z part
of the source J contributes at leading order in the large-k limit.

Terms in the Source

Let us consider the form of the source in position space in more detail. We know that J =
J[U,V 7] is a functional of the extremal surface coordinates and the metric perturbation.
We can treat J as a double power series in v and U since we are doing perturbation theory
in those two parameters. We will repeatedly take advantage of the “boost” symmetry of
the equation: under the coordinate transformation ©v — au, v — a~'v, the source must
transform as J — «.J in order for the whole equation to be covariant. Since every occurrence
of V must be accompanied by either a v or U to preserve the boost symmetry, J[U, V]
is actually a triple power series in all three of its parameters. Another important fact
is dimensional analysis, which comes from scaling all coordinates together: J has length
dimension —1, while U and V have dimension 1 and ~ has dimension zero. This will also be
used to restrict the types of terms we can find.
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The variation 6U satisfies an integral equation similar to that of U except with the source,
J, replaced by the variation of the source, 6.J. Like J, we can treat 0. as a power series.
Each term in the §.J power series contains a single 6U, §, or §V, multiplied by some number
of U, V, and ~ factors (and their derivatives). It is important to note that these unvaried
U, V, and v factors are smooth, and therefore their Fourier transforms decay at large k. So
the Fourier transform of a term in §.J looks schematically like

5.J (k) ~ /k 5 kdk’ WKW (k — k), (4.4.6)

where U is either v, V, U, or their derivatives and A is the Fourier transform of a smooth
function. The k-dependence at large k of a given term in ¢.J is completely determined by
the factor 0¥ being varied. The case where U = v can be reduced immediately to the other
two, because 0y = 6V 30,y + 0U0D,7.

In Fourier space, we can write 0.J(k, z) as a sum of terms of the form §.J,,,2"k™ at small
z and large kH Since the effect of z, is exponentially suppressed at large k, we can drop
the first term in and push the limit in the second term off to infinity. Additionally,
the difference between Gj(z]z') and G295(z|2') is exponentially suppressed. Thus for our
purposes we have

6U(k,z) = Z/ GRB (2|20 Ty 2™k 4 O (") (4.4.7)
m,n 0

B Enz2tm(d — 2(m + 2)) doym—dpn—m-—2+dL (1 + %) I (m_TdH) d+1
_%6Jmn<d(m+2)(d—m—2)_22 k (1L d)2) >+O(z )

If m < d—2 then the first term in ([4.4.7]) represents a contribution to U that could have been
obtained by doing the small-z expansion of the extremal surface equation. In a CFT these
would consist only of geometric terms that depend on extrinsic curvatures of the entangling
surface, but our boundary condition U = 0 guarantees that those vanish. Still, when a
relevant deformation is turned on there may be terms proportional to ¢{d,(Oy) which enter
U at low orders in z. An important fact, enforced by the unitarity bound, is that these
low-order terms are all linear in expectation values. When m = d — 2 each of the terms in
becomes singular, but actually the combination above remains finite and generates
at z%log z term. Since is well-behaved in this limit, we can treat the non-generic
case m = d — 2 as a limiting case of generic m. Thus throughout our discussion below m is
assumed to be generic. Finally, for d > 6 another term proportional to z**™ (and z6t™ in
d > 8, etc.) should be included, but for simplicity we have not written it down. Qualitatively
it has the same properties as the 22 term.

13There may also be terms in the source of the form 2™ log(z). Qualitatively these terms behave similarly
to the 2™ terms as far as the J-function part of the entropy variation is concerned, so we will not explicitly
keep track of them.
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Our focus is on the z? term, as this is where the finite contributions to the entropy
variation come from, as in (4.2.20)). From (4.4.7)), we see that the )-function is determined
by source terms with n —m = 2 —d, which corresponds to k° behavior at large k. So our task
is simply to enumerate the possible terms in 6J which have this behavior. We will see that
such terms are completely accounted for by the linearized analysis of the previous sectionﬂ
which completes the proof.

Ingredients Before diving into the terms of the source, we will collect all of the facts we
need about the function U, V, v, and their variations. In particular, we will need to know
what powers of £ and z we can expect them to contribute to the source.

We begin with V. Unlike U, V does not have any particular boundary condition at
2z = 0. Thus the Fefferman-Graham expansion for V' contains low powers of z that depend
on geometric data of the entangling surface. In particular, the boundary condition itself
enters V' at order 2°, which is neutral in terms of the n — m counting. That same behavior
extends to the variation §V: in Fourier space, the state-independent parts of §V are functions
of the combination kz. In other words, we find schematically

SV~ (1+ K22+ K2 )0V (4.4.8)

The boundary condition 6V itself is taken to go like k¥ at large k (i.e., a 6-function variation).
So in terms of our power counting, which only depends on n — m, these terms are all
completely neutral. So a factor of §V in the source is “free” as far as the power counting
is concerned. There will be other terms in §V, even at low powers of z, but the terms in
are the ones which dominate the n — m counting.

U is also an extremal surface coordinate, but it has the restricted boundary condition
U = 0. That means it does not possess terms like those in (4.4.8). The lowest-order-in-z
terms that can be present are of the form ¢!9,(0,)z?THd=A1)+22 Tt is only terms like this
which contain a single factor of O that can show up at lower orders than z¢, because of the
unitarity bound A > (d — 2)/2. Taking a variation, we find a term in 6U of the form

OU ~ giO3(Og)8V 2#HI B4, (44.9)

which has n —m = —(2+1(d — A1) + A,).

The final ingredient is the metric perturbation v. We don’t have to consider variations
of v directly, since they can be re-expressed in term s of variations of U and V. 7 itself has a
Fefferman-Graham expansion which in includes information about the stress tensor at order
2% but can have lower-order terms as well that depend on couplings and expectation values
of operators. We will see that the important terms in the source that affect the d-function
response are those which are linear in 7.

14 As mentioned in the previous section, for simplicity of presentation we are performing our perturbation
theory around empty AdS, whereas in complete generality one would want to perform the analysis based
around the vacuum of the theory in question. The difference is that some terms which are linear in expectation
values (O) might appear at higher orders in perturbation theory around empty AdS even though they are
fully accounted for in the linearized analysis about the correct vacuum.
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Terms with U Now we will analyze the possible terms in the source which can be obtained
by piecing together the above ingredients. We begin with terms proportional to §U. As
stated above, there are dominant contributions to U in terms of the n — m counting which
are proportional to derivatives of expectation values of operators.

But U does not occur alone in the source J: since all terms with U alone in the equation
of motion are part of the linearized equation of motion on the left-hand-side of (4.4.1).
An additional factor of V does not affect the dominant n — m value of the term, but the
combination UV is also prevented from appearing in J by boost symmetry. We need to have
at least another factor of U, or else a factor of 4. The dominant possibility without using
7 is something of the form AUV 3?6U, where derivatives have been inserted to enforce the
correct total dimensionality. Taking into account the derivatives, a term like this can have
at most n —m =3—-2(2+1(d— A1) +Ay) <1—d—2l(d— A1) < 2—d, using the unitarity
bound. So this sort of term will not matter for the -function response.

Making use of v allows for more possibilities. Terms of the schematic form vdU in the
source can have n—m > 2—d, and if we allow fine-tuning of operator dimensions we can even
reach n —m = 2 — d. These sources are obtained by taking a state-independent term in ~
which is proportional to some power of g; and a term in 6U which is proportional to 92(O,).
We can even multiply by more factors of ~, giving v'6U schematically, as well as factors of
V, as long as we don’t involve more factors of U. A second factor of U brings with it a large
z-scaling, so we run into the same problem we had above in the UV §U case. The end result is
that all of the potentially-important terms in this analysis are linear in the expectation value
(O). That means they are subject to restrictions on the modular Hamiltonian as mentioned
in the Introduction, which means that they will actually not show up in despite being
allowed by dimensional analysis.

Terms with 6V Now we consider terms in 6.J that are proportional to a variation 6V .
As discussed above, §V has several state-independent terms which are neutral in the n —m
counting. Due to the boost symmetry, 6V cannot occur alone in §.J. It must be accompanied
by at least two factors of U or one factor of 7. We have already discussed how two factors
of U have a large-enough z-scaling to make the term uninteresting, so it remains to consider
factors of .

Terms in the source proportional to §V with only a single factor of « are those present
in the theory of linearized gravity about vacuum AdS. Furthermore, since we argued that
boundary conditions at z = z, do not affect the answer, the Green’s function we use to
compute the effects of the source is also the same as we would use in linearized gravity
about vacuum AdS. We already considered the linearized gravity setup in Section [4.3] even
though we didn’t solve it using the methods of this section. In Section we saw that
Sl = 2n(T,,), and so it is enough for us now to prove that the general computation of the
o-function terms reduces to the linearized gravity case. There is only one more loose end to
consider: terms in d.J proportional to 6V that have more than one factor of 7.

With more than a single factor of v, it is clear that the only contributions that could
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possibly be important at large k are those coming from the powers of z less than z¢ in

. These terms are made up of couplings g, operator expectation values (O), and their
derivatives. In order to have the correct boost scaling, we need to include wv-derivatives
acting on operator expectation values. As we have discussed many times, the unitarity
bound prevents any term with more than one factor of (O) from being important. So just
as with the 6U terms discussed previously, all of these terms are subject to constraints from
the modular Hamiltonian and hence do not appear in (4.1.2))

Our analysis so far has been very simple , but we have reached an important conclusion
that bears repeating: the source terms which give the k° behavior for U were already
present in the linearized gravity calculation of the previous section, and we are allowed to
use the ordinary Green’s function G*% to compute their effects. In other words, for the
purpose of calculating the d-function response we have reduced the problem to linearized
gravity. We have shown previously that the linearized gravity setup leads to S/, = 27 (T,,),
and so our proof is complete.

4.5 Non-Null Deformations

Having established S/ = 27(T,,) for deformations of entangling surfaces restricted to lie in
the plane u = 0, we will now analyze arbitrary deformations of the entangling surface to
prove . The technique is very similar to that of the previous section. As discussed in
Sec[4.2] there are additional assumptions and restrictions we make in this case to help us deal
with divergences and to simplify the analysis. First, we restrict attention to theories where
all relevant couplings, if present, have mass dimension greater than d/2. Second, we restrict
the state so that operators with scaling dimension A < d/2 have vanishing expectation value
near the entangling surface. Finally, we restrict the entangling surface itself to be planar
prior to taking any variations.

New Boundary Conditions

Above we analyzed deformations within the null plane v = 0 at small z and large k. These
limits allowed us to show that the perturbation theory for 6U 4 reduced to linearized gravity,
which we had already studied in Section [£.3] There strategy here is the same, except we
want to be able to perform perturbation theory on both U and V in order to get more than
just the null-null variations. The simplest case, which is all that we will analyze in this work,
is to start with the boundary condition V' = 0 at z = 0 in addition to U = 0. In other words,
we take our undeformed entangling surface to be the v = u = 0 plane. That is a severe
restriction on the type of surface we are considering, but we gain the flexibility of being able

to do perturbation theory in both U and V. From (4.2.21)),

(4.5.1)

OXH(y)IX (y) 4G

52AS B d A 5X;(Ld)(y) 02 AShui
N\ 0X¥(y) OX1(y)o X (y')’
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where AS refers to the vacuum-subtracted entropy. Vacuum subtraction removes all state-
independent terms from the entropy, including divergences. blueFor the remainder of the
section, we will drop the bulk entropy contribution.

With the U = V' = 0 boundary conditions, we can again write down our perturbative
extremal surface equation for the z < z, part of the bulk. Since the null direction is no
longer preferred, we will use a covariant form of the linearized equation:

X 1 2 xr + L= xn = iy, X (45.2)
V4

Following the same steps as in the previous section, we can use Green’s functions to solve
this equation in Fourier space. There is one new ingredient that we did not have before.
When we computed the variation of Uy with respect to V', we were changing the boundary
conditions of V and computing the response in U. In particular, the boundary condition of
U itself remained zero. In the more general setup of this section, we need to compute the
response of a particular component of X* when its own boundary conditions at z = 0 are
varied.

Since we only care about the J-function contribution to the entropy variation, we will
immediately use 6X*(k) = e*%¢# as the boundary condition for X*. Here & is just
a constant vector which tells us the direction of the perturbation. The presence of this
boundary condition at z = 0 is simple to account for with one additional term in the integral
equation for X# compared to (4.4.3)) in the previous section. In total, we now have

dkjd/Z

OX"(k,2) = 2" Kapalh2) 21720(1 + d/2)

5# etkyo

~ _ Zx dZ/
+ Zi daz’G(Z|Z*)5XM(k> Z*) +/0 Z/dfl

Gr(z]2)0J*(k, ") (4.5.3)

As above, in the large-k limit the term coming from boundary conditions at z = z, (the
first term in the second line of ) will drop out and so can be ignored completely.
The term from boundary conditions at z = 0 (the first line of (£.5.3)) will not drop out
automatically, and so will contribute to the second entropy variation. This contribution
to the entropy variation is known as the entanglement density in the literature and was
previously computed in (78| [79]. From it is clear that the entanglement density is
completely determined by the AdS Green’s function and is therefore state-independent. By
restricting attention to the vacuum-subtracted entropy the entanglement density will drop
out, and in any case is not proportional to a d-function.

Terms in the Source

As in the null deformation discussion of Section [4.4], we need to compute the effects of the
source 0.J". As we did there, we will accomplish this by cataloging the various terms which
can appear in the power series expansion of J* as a function of X and . Again, terms
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which scale like k™2™ ultimately lead to k"~™+9=2 dependence at large k for §.X (‘;). Any
term in §J* will look like §X* multiplied by some function of v and X. For the purposes
of computing §J* only the state-independent parts of X, represented by the first line of
(4.5.3)), will matter. That is because these terms are a function of the combination kz, which
means they have n — m = 0. Now we just have to consider all of the possible combinations
of v and X which multiply §X.

There cannot be any terms in 6.J# that are schematically of the form X§X with some
derivatives but no factors of . Such a term would have to come from nonlinearities in the
vacuum AdS extremal surface equation. That equation is invariant under X — —X, so
all terms have to have odd parity like the linear terms. Anything of the form XXX, or
higher powers of X, will not contribute at large k because of power counting: The vanishing
boundary condition means that X starts at order z?, which means that the most favorable
possible term of this type, (9,X)292)X, still only amounts to a contribution to the entropy
variation which scales like k274,

Now we consider terms which have at least one factor of 7. Because we have assumed
that all couplings have dimension greater than d/2 and that expectation values of operators
with dimension A < d/2 vanish, the leading order piece of v scales like z%. Thus we can
get contributions to 6.X (4 which go like k° from source terms which are schematically of the
form v9%6X, as well as other combinations. Given their importance, we will analyze terms
of the form y6X below in more detail.

Terms with additional factors of X or 7 beyond the first power of v will not lead to
non-decaying behavior at large k£ because of power counting. So we see that only the lin-
ear gravitational backreaction is necessary to completely characterize AS),. We will now
calculate those terms explicitly.

Linearized Geometry

We have reduced our task to computing J* to linear order in v and X* (the latter condition
comes from our choice of a planar undeformed entangling surface). This is a simple exercise

in expanding (4.2.15)). The result in position space is

) i i _
T = = 50:9e0:- X" + 0 (a0 X*) = 0" 07,0 X

_ 1 1 _
- nuu(aar}/up + ap’YVa - ayVap)aaXp - 577#”(28(17”(1 - au’)/aa) - 5661/7008@)(“' (454)

a, b, ¢ indices represent the y-directions and repeated indices are summed over. Taking the
variation and evaluating at X* = 0 gives

1 _ _ _
51]# == 5 Zf)/ccaz(sXM + aa('YababéXM) - nwaz%pazg)(ﬂ

— 0" (OaVup + OpVva — 81/%,,)8@5)_(0

1 - 1 -
— 577””(2@8&%@ — 050, Yaa)0 X" — §8a%68a5)(“. (4.5.5)
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The only terms in (4.5.5)) that will contribute at k° are those with two y derivatives acting
on 0.X* or with z derivatives, i.e., the first line of (4.5.5). Then the result for §.X (’2) at large

k is obtained from (4.5.3)) as
X () = Ssmos | (60 + 5h 0Dt ) (lim 52K ()°
(d) 2d72r(d/2)2 v ab v 209 /

al.b
(77” kk]; <’Yab >) (A dZZd+1Kd/2(Z)2>:| eikyogy

8tG d kakb ,
= ST ) 4 QT - e Tl e 450

Here we have explicitly included factors of the entangling surface metric h® (which is equal
to 09°) rather than using repeated a,b indices for added clarity. In the last line, we have
used the dictionary to replace 7% with (L)

The first two terms of correspond to d-functions in position space. The final term
clearly contains a d-function piece which will end up being proportional to the trace of (T,;),
but it also contains off-diagonal contributions. We can use the identity

a1.b . - o a o b . 2
J Y e
k2 ly — yold= 1y — yol?=

(4.5.7)
to see the full effect in position space. However, for our purposes we are only interested in
the d-function contribution. Isolating this part and combining it with the first two terms of
(4.5.6)), we ultimately find

& — 3d— 2
2(d+ 1)(d - 2)

ASZV =2r (nﬁnZ<Tp0> + nuvhab<Tab>> (4.5.8)

where n,,, is the normal projector of the entangling surface. This completes our derivation

)

4.6 Discussion

We have found formulas for the d-function piece of the second variation of entanglement
entropy in terms of the expectation values of the stress tensor. In this section we conclude
by discussing a number of possible extensions and future applications of this result.

Higher Orders in 1/N

Since we believe (4.1.2)) and (6.3.8)) to be valid at finite N, it must be that our calculations
are not affected by higher-order corrections within holography.
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One potential source of higher-order corrections comes from incorporating quantum fluc-
tuations in the geometry, rather than treating the geometry as a classical background. We
have already addressed this issue in Section but we will repeat it here. The problem of
a fluctuating geometry arises because the metric fluctuation v, is actually a quantum oper-
ator, and as such a classical expression which is nonlinear in v, has an ambiguous quantum
interpretation because, in general, (v7,) # (Yu,)?. However, our analysis has shown that the
d-function part of the second entropy variation is determined entirely by terms which are
linear in 7, and so this problem is avoided.

There are two other classes of higher-order corrections we can consider: those coming form
higher-curvature corrections to the bulk gravity, and those coming from the bulk entropy.
These corrections can be encapsulated in the all-orders formula [6] 49

S = Sgen[€(R)] = Spong[e(R)] + Spui[e()]. (4.6.1)

The first term here is the Dong entropy functional [56], which is an integral of geometric
data over the surface e(R)B and the second term is the bulk entropy lying within the region
bounded by e(R). Finally, the surface e(R) is the one that extremizes the Sge, functional.
If we ignore the Sy term for a moment, then Spone behaves qualitatively the same way
as the area in the Ryu-Takayanagi formula. The coordinates X* of e(R) obey a certain
differential equation, and the variations in the entropy are still related to §.X (‘;) as before.
One change is that the overall coefficient of 6. X (’2) relative to the entropy will change in a
way that depends on the bulk higher curvature couplings. However, the dictionary relating
Y to 1), also changes in a way that precisely preserves (4.1.2) and (6.3.8) [69)].
Incorporating the Sy term is simple in principle but difficult in practice to deal with.
Since it is Sgen that must be extremized, we have to include an extra term in the extremal
surface equation of motion proportional to S /0X*(y). That means the bulk entropy
itself plays a role in determining the position of the surface. It was argued in [47] (assuming
some mild falloff conditions on variations of the bulk entropy) that the presence of this
source could be incorporated to all orders simply by removing the explicit bulk entropy term
from . In other words, calculating 0 X (iv) using the correct quantum extremal surface
equation is enough to properly account for all bulk entropy contributions to the total entropy
variation. At order-one in the large-/N expansion this prescription agrees with our analysis
above, as it must. Beyond this, the most we can say about the contributions of the entropy
are arguments of the type given above in Section [£.3] While this is a potential loophole in
our arguments, we still believe that our evidence suggests that new contributions to

and ((6.3.8) do not appear.

Local Conditions On 0R Are Enough

We now briefly discuss why we expect that we can relax the stationarity conditions on the
entangling surface to hold just in the vicinity of the deformation point. We will focus on the

15Really Sbong is the expectation value of geometric data, but we have already argued that it is enough
to treat the geometry classically for our purposes.
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null-null case, but a similar result should hold in the non-null case (where it should also be
true that our restriction on expectation values for operators with A < d/2 is allowed to be
local).

We can analyze the source in a little more detail in the case where we only impose
local stationarity near y = yo. Even though in position space U(yo, z) does not contain any
state-independent terms at low orders in the z-expansion near, the inherent non-locality of
the Fourier transform U(k, z) will contain those terms. There are two ways this could affect
: through 6¥ = 6U or through the h-factor. In either case, the large k limit reduces
to the problem back to the globally-stationary setup.

For example, by setting 6V (k) = e¢*% we can isolate the part of 6U that gives a d-
function localized at y = 9. Then the important part of JV (i.e., the state-independent
part) is

0V (k, z) = e*025°T(d/2) (k2)Y* K (k2). (4.6.2)

Then we can organize (4.4.6) as a derivative expansion of h, with the leading term given by
0T (k, 2) ~ e*0n (2, yo) (k2)* K a/9(k2), (4.6.3)

and the remaining terms suppressed by powers of k. In other words, the integral over &" in
combined with the (k — k’)-dependence of §V essentually returns A to position space
localized near y = yo. Only the first d derivatives of h at y = yy will be relevant at large k,
so only the first d derivatives of U need to be set equal to zero at y = yo in order for the
large-k behavior to match the case where U vanishes identically. Thus it is enough to have
entangling surfaces which are in the u = 0 plane up to order d in y — yj.

Note, this crude analysis does not strictly apply if the entangling surface cannot be
globally written in terms of functions U(y), V (y). For example, an entangling surface which
is topologically a sphere does not fall within the regime of our arguments. We leave an
analysis of those types of regions for future work.

Curved Backgrounds

It is interesting to ask what happens to this proof when the boundary spacetime is curved.
Our arguments make it clear that SZV is completely determined by local properties of the
state in the bulk and on the boundary. So naturally one would expect that there is a curved-
space analogue of the same formula. In [69, 48|, several local conditions on the entangling
surface and spacetime curvature were found such that the QNEC would hold in curved space
and be manifestly scheme-independent. We would expect that under those same conditions
one could show that S! = 27(T,,). Non-null variations in a curved background have yet
to be explored, and it would be interesting to investigate aspects of the curved background
setup in more detail.
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Connections to the QFC and Gravity

An interesting application of our result is to the interpretation of Einstein’s equations. Com-
bining with Einstein’s equations leads to an explicit formula relating geometry to
entropy. This result is the latest in a growing trend of connections between geometry and
entanglement [80, (81} |82], |83, 84, 85, |86].

We can make a direct connection with the deep result by Jacobson of the Einstein equa-
tion of state [70]. There it was argued that Einstein’s equations were equivalent to a state-
ment of thermal equilibrium across an arbitrary local Rindler horizon, namely the equation
0Q) = T6S, together with an assumption that S is proportional to area. This argument used
a thermodynamic definition of the entropy without mentioning quantum entanglement. We
can give this result a modern interpretation with the equation S./, = 27(7T,,).

The connection to our result is most easily phrased in terms of the generalized entropy
for a field theory coupled to gravity, which is defined as

Sgen = SDong + Sren- (464)

Here G is the renormalized Newton’s constant, and S, is the renormalized entropy of the
field theory system restricted to a region, and Speng is the same geometric functional of the
boundary of the region introduced in Section , and which at leading order is Area/4Gy.
Variations of this quantity were considered in [11], where the conjecture Sg,, ,, < 0 was
dubbed the Quantum Focusing Conjecture (QFC).

Inspired by the arguments of [70], we will consider evaluating Sgen.vw ON & surface passing
through a given point in an arbitrary spacetimem where v now denotes a null direction of our
choosing. We will want to make sure that the surface is as close to stationary as possible in
the v direction. It is always possible to make the expansion and shear of our surface vanish
at the chosen point, but generically these quantities will have nonzero derivatives along the
surface. In order to keep our calculations well-defined, and avoid potential violations of the
QFC [52], we should consider deformations which are integrated over at least a Planck-sized
region of the surface [87]. While not strictly a o-function, if the mass scales governing the
matter sector are must less than the Planck scale then for all practical purposes this is the
same as a d-function deformation from the point of view of the matter entropy. The result
of doing this type of deformation is [8§]

4GNS o = —Rup + 4G N Seenww + O(C?/LY), (4.6.5)

gen,vv

where L is the characteristic scale of the background geometry and ¢ is the Planck scale
(or whatever other cutoff scale is appropriate for the effective gravitational theory). The
corrections at order ¢?/L* come both from higher curvature corrections present in Sbong
beyond the Area/4G y term, as well as from the generic non-zero derivatives of the expansion
and shear at the central point of the deformation.

Now suppose we imposed the principle that 4G xn.S” is always of order ¢2/L*, which

gen,vv

is much smaller than the size 1/L? of the first term —R,,. Then it must be that this large
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contribution is canceled by 4Gy Syen v, Which by our result above (or, more precisely, by the
appropriate curved-space generalization) is equal to 87G N (T,,). In other words, we would
be imposing

Ry = 87GN(T,) + O(F*/LY). (4.6.6)

This is the leading-order part of the full gravitational equations of motion, up to an unknown
cosmological constant term coming from our restriction to null variations. The argument
can also be run the other way, so that Einstein’s equations, interpreted as the leading order
part of the gravitational equations of motion, become equivalent to the statement

A4GNSY o= O /LY. (4.6.7)

gen,vv

We have essentially retraced the steps of |70], replacing the Jacobson’s original assumption
of Q) = TS with the this statement about the generalized entropy, together with (4.1.2)).

Proof for General CFT's

We view our results as sufficient motivation to look for a proof of and in
general field theories. In conformal field theories, entanglement entropy can be calculated
using the replica trick. A replicated CFT is equivalent to a CFT with a twist defect. Within
the technology of defect CF'Ts, shape deformations of entropy is generated by displacement
operators (see [17] for a review of these concepts). The variation §%S/6V (y)dV (y') then is
related to the OPE structure of displacement operators in this setup. Since the coefficient of
the delta function piece in is fixed to have dimension d and spin 2, one might be able
to see that only the stress tensor could appear as a local operator in S/ . It further needs to
be shown that no other non-linear (in the state) contributions could appear in S!/,. Results
in that direction will be reported in future work [89].
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Chapter 5

Entropy Variations and Light Ray
Operators from Replica Defects

5.1 Introduction

Despite much progress in understanding entanglement entropy using bulk geometric methods
in holographic field theories [31, 3, 32|, 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 |27} 28, |29} |69, 16, |17} 90, [78, |91]. 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 IR 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 OR. We write:

Sk = S[X(y)]. (5.1.1)

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
0SR
6X*(y)
52Sr
dd—2 dd_2 /
# [ e

SIX] = S[Xy] + / %y X(y)

Xo

SXH(y) o X () + ... . (5.1.2)

Xo
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Figure 5.1: We consider the entanglement entropy associated to a spatial subregion R. The
entangling surface lies along 2~ = 0 and ™ = 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) [11, [16]. 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 y* and the off-diagonal termsE]

52Sr "
_ (d=2)(,, _ fdi . 1.
X (5)0 X () S (y)d (y —y') + (off-diagonal) (5.1.3)

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

h

(Thr () > 58" (v), (5.1.4)

!'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
. 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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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 |11], and was first proven in free and
super-renormalizable field theories in [28]. The proof for general QFTs with an interacting
UV fixed point was given in [17]. More recently, yet another proof was given using techniques
from algebraic quantum field theory [18].

The method of proof in the free case involved explicitly computing Sl + where it was
found that

2m

§' =5 (Thy) - @Q (5.1.5)

where for general states () > 0. In contrast, the proof in general QFT's relied on relating the
inequality 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 [92] the diagonal term S” was computed in large N QFTs in states with a geometric
dual. Remarkably, the result was

S (y) = 2m (T14.(y)) (5.1.6)
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 [92] to conjecture for all interacting CFTs. The main goal of this
paper is to provide evidence for 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

SIR| = il_}H%(l — ndy,) log Tr[pk] (5.1.7)

to relate the entanglement entropy to the partition function of the CFT on a replicated
manifold |93} 94] (see also |95, 96| 97, 4])

Tr[pr] = Zn/(Z1)". (5.1.8)

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
[98]. Doing so allows us to employ techniques from defect CFTs. See [99, 100, 101} [102] 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 D+, D_. This operator is universal to defect
CFTs. Its importance in entanglement entropy computatlons was elucidated in [99, (17, 98].
Consequently, the second variation of the entanglement entropy is related to the two-point
function of displacement operators

5%S —on . R
=1 P /
X)X y) A =g e D)D) (5.0.9)
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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 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 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 [103] 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 CFTs. 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
SX*H(y)oX+(y) R (Toe) 07y = y) /dse (O (Y)Er(y)e™*0)  (5.1.10)
where
Erly) = / AN Ty (zt =X 27 =0,y)) (5.1.11)

is the averaged null energy operator discussed in [103] 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 are then understood by taking
the OPE of two averaged null energy operators. This OPE was first discussed in [103] where
a new non-local “light ray” operator of spin 3 was found to control the small y — ¢/ 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 . 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 . 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; — ys| 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 [5.2] 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|5.3] 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 [5.4] we check this prediction by making
use of a modified Ward identity for the defect theory. In Appendix we also
explicitly compute the anomalous dimension and the OPE coefficient to confirm this
prediction.
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e In Section we take up the concern that there could be other operators which lead to
delta functions even for interacting CFTs. 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 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 [16].

e In Section 5.7, we end with a discussion of our results.

5.2 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 (5.1.6)).

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

Zn = () vy (5:2.1)

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>CFT®n/Zn = (Z) (5.2.2)

where we have used a compact notation for the twist operator that includes the state operator
insertions: XY = X0¢1®m)®" 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 + di? (5.2.3)

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 CFT
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 [17] |98,
99], and for additional background see [104}, 105, 106} |107]. 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 [17]. 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) —(Ao-‘rﬁo) >—(Ap—Lo) J 5 (Aj+¢; )/2 (A;j—1)/2A . 0

|2§0 2 OW (2,2, y)¥" = ;C O;(y)x, (5.24)
where Ap 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 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,

|| Pt T

. d
Og(O)E%z‘l}mo o 7{ = bt Zo’f 2%/, 0)20 (5.2.5)
zZ|— 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) = 4O + W (n —1) + O((n — 1)?). We now give a brief review of the various defect
operators discovered in [17]E]

2See |108] 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 [17] found a family of defect operators of dimension Aiv =Apv — 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 [17]. 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 [17] again found a similar family of
operators with dimensions Ay = A; — J +( + 'YSle) (n—1) 4+ 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

. . e n—1 A o
D} = Z]{dZW S TE (127 2) (5.2.6)
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 [99)

VHYYT,,) = 6(2,2)(ZVD,). (5.2.7)

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) = (0= DS 5o + Ol(n = 1) (5.2
The generalization to two derivatives is then just
EID. DA} = (0 = DS g + O = 1), (5:29)

We see importantly that statements about entropy variations can be related directly to
displacement operator correlation functions.
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5.3 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)) = 21 (T (), 62 (y — ¥)
+ (less divergent in |y — ¢/|) (5.3.1)
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

L oo 7 )
p— 1D+(y)D = Z = |2(d 1 Aoy T descendants (5.3.2)

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) o
1111_% ly — y/|a-2 D=1 D) 0 (y—v) (5.3.3)

where v = yM(n — 1) + O((n —1)?) and Sy_3 in the area of the d — 3 sphere. Comparison
of equations ([5.3.3]) and ( shows that a delta function can “condense” in the D, x D,
OPE only if the OPE Coefﬁment and anomalous dimension obey

caln)Fa(n) ~ (n— 1) + O((n — 1)%) (5.3.4)

as n approaches 1.
This is, however, not sufficient for a delta function to appear in (5.3.2) as n — 1. We
also need to have

A, =d (5.3.5)
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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 [5.4] below).

Our main claim, (5.3.1)), is the statement that no other operator can show up in
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 lir OPE (5.3.2).

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 [92]. The contribution of such an operator was found to drop out of the
final quantity (7' ,) — %Sl 4 for holographic CF'Ts. We expect the same thing to happen
in general CF'Ts 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 lA)Jr X D+.

¢ = 2 higher spin displacement operators

The most natural candidate for contributions to the lir X 15+ OPE are the ¢ = 2 higher
spin displacement operators discussed in the previous section. These operators are given by
equation ({5.2.6]).

To show that such operators do not contribute delta functions to 15+ 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). (5.3.6)

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,])=71;4+24+0(n—-1)>d (5.3.7)
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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 [109]. 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 and Section [5.6] 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 [110]. 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 [103, [111] for the CFT without a defect. In order to give further evidence for
this conjecture, in Section 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 (6-3.4).

5.4 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.10[and [A.11} 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 (5.3.2)) is the first law of entanglement entropy. The entanglement entropy S(p) =
— Tr[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] (5.4.1)

where p = o + dp.

The case we will be interested in here is when ¢ is taken to be the vacuum density
matrix for the Rindler wedge. The first law then tells us that the only contributions to
(XUD. (y)D4(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 (15, 27, 112, |68]. Defining A (Hgz),, = —Tr[prlogor] + Trlor logor] 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

0*A(Hg), o

XX ()~ ety (642)

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 Dy at n =1 is the stress tensor defect operator

. dz ; _
Ti=¢ e 2 TEaL72) (5.4.3)
=0

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 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 [17] 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 we prove the following intuitive identity:

/ A2y (20D (y) Dy ()T (w,®,0)) = (X2 D (y)T-_(w,@,0)). (5.4.4)

We now show that the identity (5.4.4] - allows us to compute the stress tensor contribution
to the D+ X D+ OPE, which can be written as:

. . c(n) .
D+ (y)D"r(y/) ) ’y — y,‘d,Q,,},(n) ++

(y)+... (5.4.5)

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 (5.4.4). Of course, since 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 ([5.4.5)) into (5.4.4]) and ignoring the descendants, we find

d—2,/ C(”) 0 - o @ 07 WD
/d Yy ly — ¢/ [4-2-7() (Tt ()T (w, w, 0)) = ~(n) Sa-3 (BT (y)T-—(w, ,(05»4 .

where S,, is the area of the unit n-sphere. We can write T++(y) in terms of T, , integrated
around the defect:

Tii(y) = — 27{ T |7<" (1272, 2, y) (5.4.7)

We now take the n — 1 limit of equation . 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 we will see that it does. We thus
get the relation

)

@ (ST (YT (w,0,0)) = =0,| 0 (B9D4 (y)T-— (w, w,0)) (5.4.8)
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where c¢(n) = cV(n —1)+c@(n -1+ ... and y(n) =y (n - 1) + ... .

At n =1, (X9, (y)T—_(w,w,0)) is just the usual stress tensor 2-point function. More-
over, we can evaluate the right hand side of at order (n — 1) by following the steps
leading up to eq. (3.31) of [17]. This leads to

0alDs (0)T—(w0,0)| = iln=1) § dz 0 ( [ &Mffy T(wo = e y2>d+2)

|wl,| 2|0
= —27(n—1) 4Ty_2d (5.4.9)
We are then left with the following expressions for ¢; and cs:
27~
@ =TT g (5.4.10)
Sq-3

This is exactly what is needed in order to write near y = 1y as 15+(y)15+(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 ([5.4.4]) involves a y integral over the whole defect, one might worry that the we have
to 1ntegrate out81de the radius of convergence for the D+ X D+ OPE. We see, however, that
the y integral produces an enhancement in (n — 1) only for the T, primary. In particular,
this enhancement does not happen for the descendants of T, .. This suggests that if we were
to plug in the explicit form of the defect-defect-bulk 3 point function into equation ([5.4.4)) 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.10[ and [A.11] we also compute the ¢(n) and ~(n)
coefficients separately and check that they have the correct ratio.

5.5 Higher order variations of vacuum entanglement

In this section, we return to the possibility mentioned in Section that something non-
standard might appear in the displacement operator OPE. The authors of [17] 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 lir X 15+ 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



CHAPTER 5. ENTROPY VARIATIONS AND LIGHT RAY OPERATORS FROM
REPLICA DEFECTS 7

four point function

Fu(y1,Y2,Y3,Ya) = <22D+(yl)ﬁ+(92)b—(93)D—(y4)> ‘ (55-1)

We will consider configurations where ly1 - y2| = |ys — va| 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 = (5.5.2)

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,y» fixed and compare to . 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 to odd
J (recall that 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
at n = 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 JF,, without using the defect OPE. In Appendix [A.12] we
explicitly do the analytic continuation of F,,, but here we simply state the answer. We find
that F,, takes the form

Fare (n=1) [ dse (T = 0,07 = ~Lun)u ) (w)T—(a" = 0a™ =~ 1))
+0((n—1)%), (5.5.3)
which can also be written as:

<5— (y3)£’+(yl)é+(y2)5_ <?J4>>
vol SO(1,1)

Fp~(n—1) (5.5.4)
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Figure 5.2: 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 (5-5.3), 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 [113]. 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 [111] in order to define their correlation functions and it is necessary here since
otherwise the full light-ray operator would annihilate the vacuum.

We sce 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 [103] and more recently [111]. 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,

L Oy
R \2“(22)

(5.5.5)

even J=3

where Teivem J—3 1s the twist of the even J primaries on the 7th Regge trajectory analytically
continued down to JJ = 3. A delta function can appear in this expression if 7%, ;_5 = d — 2,
i.e. if the dimensions saturate the unitarity bound.
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Using the recent results in [109] again, we know that the twists on the leading Regge

trajectory obey d;—g‘]) > 0 and dilTJ(QJ ) < (. Since the stress tensor saturates the unitarity
bound, for a theory with a twist gap we know that Téven’ j_g > d — 2, therefore there cannot
be a delta function in y; — y». By the previous discussion then, formula ((5.5.3]) 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.

5.6 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 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 [16] using a
different method.

The state we will consider is a near vacuum state reduced to a right half-space

p(A) = o+ Xop + O(N\?) (5.6.1)

where o 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

|P(N)) = (1 + i)x/d?“d@dd_zyg(r,G,y)O(r,Q,y)) Q) + O(A?) (5.6.2)
where (r,6,y) are euclidean coordinates centered around the entangling surface and
O(r,0,y) = exp (tHZ0) O(r,0,y) exp (—i H70) (5.6.3)

where H¢, is the Rindler Hamiltonian for the right wedge.
From this expression for |¥(A)), we have the formula

dp=o0 / drdfd®2y f(r,0,y)O(r,0,y) (5.6.4)
where

f(”f’,@,y) = i(g(T,@,y) —g(T, 27T—‘97y>*)‘ (565>
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Note that f obeys the reality condition f(r,0,y) = f(r,2r — 0, y)*.

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). (5.6.6)

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(A\) —o)H?| = /dd_Qy/dvv Tr [p(N) T4 (u = 0,v,y)] (5.6.7)

where the computation of Sia(p(A)|o) was done in Appendix B of [114]. There it was
demonstrated that

)\2 d is —is
Sret(p(N)]o) = —— Sﬂ) Tr [0‘15paﬁ6p0?] + O\ (5.6.8)
2

2 ) 4sinh®(
For a pure state like ((5.6.2)), we can instead write the above expression as a correlation
function

A2 ds b
She =" [du | ————(O(r1,01,y1)e"*EO(ry, 05, 5.6.9
(o) =5 [ | iy O ) O ) (569
where we have used the shorthand

/d,u = /dT1,2d91,2dd_2y1,2f(7’1,91,y1)f(7“2,927y2) (5.6.10)

and K = Hg — HY is the full modular Hamiltonian associated to Rindler space. This formula
(5.6.9) and generalizations has been applied and tested in various contexts [115], (116,186, |117].
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 with the Hamiltonian
associated to an arbitrary cut of the null plane. This allows us to take shape deformations
directly from ; by using the algebraic relation for arbitrary-cut modular Hamiltonians
[68]

e—iK(X+)seiK(0)s _ ei(es—l)fdyfdm+X+(y)T++(r+) (5611)

3The only real subtlety is the angular ordering of the insertion of O 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 5.3: For near vacuum states, the insertions of displacement operators limit to two
insertions of the averaged null energy operators &, .

we have

6%Srel(plo)
OX T (y)oX+(y

A2 o
) = 7/(1,&/dSeS<O(rla917y1>€+(y)(€+(y )est(X+)O(T2,92,y2)> (5612)

where the states p, o depend implicitly on X +(y)E| Notice that upon taking the variations
the double poles in the 1/sinh?(s/2) kernel of were precisely canceled by the factors
of e* — 1 in the exponent of equation .

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 CFT continuously connected to a free theory. For example,
in a free scalar theory, one can show that the OPE contains a delta function,

EWEW) D (y—v). (5.6.13)

This is consistent with the findings of [28] where this extra delta function contribution to
the QNEC was computed explicitly. To this aim, in Appendix [A. T3] we explicitly reproduce
the answer in 28] using the above techniques.

“Note the similarity between ([5.6.12)) and (A.12.6). This is because one can view the defect four point
function in (5.5.3)) as going to second order in a state-deformation created by stress tensors with a particular
smearing profile.
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5.7 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 and [5.6]
As mentioned in the main text, the appearance of new operators is a bit puzzling since the
authors in [17] 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 [17] did not find such operators. It also seems, given the non-trivial re-derivation of
the results in [17] using algebraic tecniques in |18], that these new non-local defect operators
are not necessary for the limit 7 — 1 limit of the bulk to defect OPE used in [17] to compute
modular flow correlation functions.

We give the following speculative picture for how the nonlocal defect operators might
arise:

[ i ()
2 2 cj=2(n)T. cy(n)D
Dy (y1) Dy (y2) = (") Tt ) i (5.7.1)

ly1 — yo |21 =y — o2
where we have suppressed the contribution of defect descendants. The latter sum in
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; — y»| that could be associated to
any individual higher spin displacement operator (as in the second term in ) Instead,
in Section [5.5| and Section [5.6| 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 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 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

CJZQk(n) ~ ( (572)
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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; — ya| 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:
es(n) (ShDF) (y2) D

= (1)) (5.7.3)

07 ; () N
(X0 D+ (y1) Do (y2) D=2 (ys)) 91 — g 2@ D-A07)

Via calculations based on the results in Appendix [A.9] we find the three point function
above in the the replica limit is:

~(n—1) ]{dww‘]?’ (T~ (w, 0 = 0,y3)E4 (1)E+(y2)) + O((n — 1)*). (5.7.4)

Naively, the full null energy operator é+(y1) commutes with the half null energy operator
£, (y2) and one can use the fact that £, (1) |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 = 0,y3)E (y1)E+ (o)) =

/ dﬁf/ dy (J-..—(w,w = 0,y3) T4 (0,27, y1)T4+(0, 25, yo)) - (5.7.5)
—o0 0

We can now attempt to apply the bulk OPE between the two 7', | ’s which in these kinematics
must becomd’]

1)’ T (a3, ye)
|2(d_1)_A1(J)

. i = (
T++<.’L' = 07 l'?_, y1>T++<x = Oa ilf;_, y2) = Z

+ (descendants).
J=2 |y1 — Y2

(5.7.6)

where Ay (J) = Ay — J + 2. Plugging (5.7.6) into (5.7.5) and re-labeling z; — Ao, 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)
(5.7.7)

AJ73 [os]
~ J—3 / dw? ‘,L’gi:s <\7—~~~—(w7u_] = 07 y3)k7+‘..+(2 = 07 z= I;,yg»
0

The J — J correlator on the right is precisely the order n — 1 piece in <22Di +l§@) SO
we find that the OPE coefficient scales like ¢(n = 1) ~ AJJ:; .

Since A is some auxiliary parameter, it is tempting to assign A ~ 1/(n —1); we then find
the conjectured behavior in . 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 6

Ignorance is Cheap: From Black Hole
Entropy To Energy-Minimizing States
In QFT

6.1 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 [11].

The QNEC has since been laboriously proven within relativistic quantum field theory |16,
17, 18]. 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?
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This question was the subject of a recent conjecture by Engelhardt and Wall (EW) |118].
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 [31] or HRT [32]) 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. [6.2]

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 [119] (and not the area) that is naturally associated with thermal states of the
underlying quantum gravity theory [5, [74].

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. 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 [5, 74, 49] 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. [6.4]
following the example of the QFC — QNEC derivation, we are able to extract a pure
quantum 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 ¢; 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” |66] concerning the minimum energy of global comple-
tions of a half-space quantum state. (We review the ant conjecture in Appendix 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 nongravitational
energy inside of a cut of a Killing horizon, subject to holding fixed the state on the outside.
Roughly speaking, ignorance saves energy.
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In fact, Wall’s ant conjecture was recently proven by Ceyhan and Faulkner (CF) [18].
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.14] Thus it is not immediately ob-
vious that the quantum states required for our coarse-graining proposal exist. However, in
Sec. 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.

6.2 Classical coarse-graining of black hole states

In this section we review a classical geometric construction by Engelhardt and Wall (EW) [118],
120]. In Sec. we provide definitions of (classically) marginally trapped, “minimar”, sta-
tionary, and HRT surfaces.

In Sec. [6.2] 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 [120] 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%, [ be the two future-directed null vector fields orthogonal to ¢, normalized so
that k,l* = —1; and let 60, 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 6, < 0 everywhere on a
marginally outer trapped o, we call ¢ marginally trapped.
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Figure 6.1: 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 X.

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[¥ou],
where D denotes the domain of dependence. See Fig. [6.1].

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 o 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.|6.1}

o kavae(l) <0

A stationary surface X is a surface whose expansion vanishes in both null directions, k
and [:
0 = 6, = 0 everywhere on X . (6.2.1)

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 . Here, we will require that X be homologous to a minimar
surface o, and hence to a connected component B of a conformal boundary.
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Bekenstein-Hawking entropy from coarse-graining behind
minimar surfaces

Engelhardt and Wall |[120] argued that the area of a minimar surface o can be understood
as a coarse-grained entropy. For geometries with a CFT dual, an 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 o 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]/4GHh represents the von Neumann entropy of a well-defined state in a
quantum gravity theory; and

o AIX]| = 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 [31] and HRT [32] 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 Souer-

The second part of the conjecture was proven more generally [120]. Using the maximin
definition of the HRT surface [36], it can be shown that

AlX] < Alo] . (6.2.2)
This argument assumes the Null Energy Condition (NEC), that the stress tensor satisfies
Tkk" >0 (6.2.3)

for any null vector k.

EW explicitly construct an interior geometry that saturates the inequality . 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:

(6.2.4)

6 =0 on N, . (6.2.5)
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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
kN o0y = —59,3 — % — 871G Ty , (6.2.6)

if one sets
¢=0and Ty, =0 on N, . (6.2.7)

on N,. EW [120] show that this choice is always possible. Since ) vanishes on o,
Egs. and ensure that the entire extrinsic curvature tensor in the k-direction
vanishes everywhere on N, , achieving the desired stationarity of NV, .

Moreover, it is important to show that there exists a stationary (HRT) surface X on
N, . The outgoing expansion ¢ vanishes on any cut of V,~, 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 IV,~ 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
kavael = _éR - 01@9[ + X2 + V- X -+ &r(G Tkl s (628)

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

X(l = hcaldvckd 9 (629)
where ha, = gap + 2l(,kp) is the induced metric on a cut. The twist evolves according to
k¥ xi = 87 Tix(+ terms that vanish when 6, = ¢ =10) . (6.2.10)

To summarize, one can accomplish V.0, = k*V,6,| on N by choosing Egs. (6.2.5)
and (6.2.7) and in addition, along each null generator of N,

Tkl = Tkl|g and T;k =0 on Nk:_ . (6211)

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] = =6/, , (6.2.12)

where L% is the stability operator (see Ref. [120] for details). This can be shown to have a
solution with —oo < f < 0, so the HRT surface exists and lies on N, .
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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.)

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 o. 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. [120] for more detailed definitions and arguments.

6.3 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. [6.3, we introduce relevant concepts such as generalized entropy, quantum expan-
sion, quantum marginally trapped surfaces, and quantum HRT surfaces.

In Sec. [6.3] we state our quantum extension of the EW coarse-graining proposal.

In Sec. 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. [6.4] In Sec.[6.5 we will show that
a recent construction by Ceyhan and Faulkner [18] 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. |45] 6], 16, [15].

The notion of generalized entropy was originally introduced by Bekenstein [119] 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 = Jp T Sout - (6.3.1)

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, represented the entropy in the black hole’s exterior. However, the general-
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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.

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,

AV

0l6;y) = h<y>—1/2w : (6.3.2)

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:

O5:y] = —Gh_9SlV] (6.3.3)

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 . (6.3.4)

It follows that

Ok(y) = — (6.3.5)

at every point on o.
A quantum marginally trapped surface is a quantum marginally outer trapped surface for
which in addition

Olo;y] <0 . (6.3.6)

(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[¥out];
see Fig. [6.1]

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 o 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. [6.1]
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° k‘avael <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.

A quantum stationary surfaceﬂ is a surface whose quantum expansions vanish in both
null directions, k£ and [. We will demand that X be such a surface:

OLX;y =0, 6,[X;y]=0. (6.3.7)

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. 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. (8.1.2). 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 [1]. Consider the quantum state pp on a region B, where B can be all or part of the
boundary. This state is expected [5] 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(pg) 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 S,u:. When expanding to higher orders, Xp
should be taken to be the quantum HRT surface of B [6].

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

'In an abuse of language, this is sometimes referred to as extremal rather than stationary.
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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 Oy [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.
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 S, 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[c] and outer wedge Ow[o]. Let X be a
quantum HRT surface in any geometry such that:

o 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 Oy [X] to Ow|o]. (To be precise, let Yo [X] be a Cauchy surface of
Ow|[X] such that ¥, [X] N Ow/[o] is a Cauchy surface of Oy [o], Zou[o], and let pg
and p, be the state of the quantum fields on Yo [X] and S,y [o], respectively. We

require that Try,_ (%]-5,.[0] PX = Po-)

We claim that )
SUp g Sgen[X] = Sgen[0] - (6.3.8)

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 . 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[X} S Sgen[o-} (639)

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. , we generalize the result in [120] to the quantum case. This

involves two main assumptions. The first assumption is the quantum focusing conjecture |11]
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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:

00, [X; Y]
o =0 (6.3.10)

The second assumption is a slightly weaker quantum generalization of the classical maximin
construction [36]. More precisely, we assume that the quantum extremal surface X is also
the surface of minimal generalized entropy on some Cauchy slice .

By global hyperbolicity, the congruence of null geodesics orthogonal to ¢ in the +k direc-
tions intersect ¥ at some Cauchy splitting surface . (The congruence should be terminated
at conjugate points or self-intersections [121} |122]. Since o is a quantum marginally trapped
surface, quantum focusing ensures that

Sgen|0] < Sgenlo] - (6.3.11)
The quantum maximin assumption further implies
Sgen| X] < Sgen|d] (6.3.12)

which establishes Eq. (6.3.9).

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 (6.3.9). The existence of a state with the
properties we describe would imply our conjecture, Eq. (6.3.8]).

By asserting the existence of this semiclassical state, we are refining our conjecture. In
Sec. we will explore the implications of this refinement in a pure field theory limit. In
Sec. [6.5] we will show that these implications are realized in a recent construction by Ceyhan
and Faulkner [18].

Our construction will be analogous to the classical one, in that we will approach X along
the null hypersurface N, [o]. Since we require O4lo] = ©;[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 IV, 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 § 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 ©y
vanish separately on N, :

65011‘5
3V (y)

0, =0 and =0. (6.3.13)
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In analogy with the classical construction we also take the shear tensor to vanish at all orders
in i along N, :
¢=0. (6.3.14)
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 NV, . Moreover,
note that 6, need not vanish on o, where only ©, = 0 is required. It follows that generically,
0, must jump discontinuously, by an amount

AGh  6Sout

a Vh(y) OV (y)

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 550ut
21 6V (y)

Abi|, =

(6.3.15)

o

Ty = d(v) ,v<0, (6.3.16)

g
i.e., in the region N,  Uo.
To summarize, we conjecture the existence of a state with

R 0Sout

Tpy = — 5(v) , v<0, 6.3.17
o Vi), " (6:3.17)
¢ =0 ,v<0, (6.3.18)

5Sout
0, v<0. 6.3.19
V) (0319

Eq. (6.3.17)) trivially implies that
/ dvT,, =0, (6.3.20)

and we will use this property in Sec. In addition, we assume that the remaining EW
conditions listed in Eq. can be met at the classical level.

With these assumptions, the existence of a classical HRT surface on N, is guaranteed
by the argument summarized around Eq. . This surface satisfies §; = 0. A quantum
stationary surface X can be found nearby (in the Gh — 0 limit), by solving iteratively for

_ _ _4Gh__$S : ot .
0, = Jh) U 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 o with smallest generalized entropy. This proceeds in exact analogy
with the classical argument [120], with the QFC replacing the NEC, so we will not spell out
the argument here. See [123] for details.

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. . In this case, Eq. (6.3.17) need not imply Eq. (6.3.20]), so

the latter property should be considered explicitly as part of our refined conjecture.
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Figure 6.2: 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
3 of the outer wedge is held fixed. The coarse-grained geometry is the original geometry.
The stationary null surface NN, is the past of 1, on the Killing horizon. The coarse-grained
quantum state demanded by our proposal lives on IV,” U o U X. We identify the properties
the state must have, and we show that the Ceyhan and Faulkner “ant states” satisfy these.

6.4 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. [6.2]

In the perturbative setting, any quantum marginally trapped surface ¢ 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. [6.4] In Sec. [6.4]
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.
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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. [6.2}
P>vy = TrSVop : (641>

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 psyy - (6.4.2)

Let 0 = |Q2)(Q] be the global vacuum, which can be reduced to the right vacuum oy, =
Tr<y,0. The vacuum-subtracted von Neumann entropy of psy, is

AS(Vy) = S(Vo) 4+ Trosy, log oy, - (6.4.3)
The right (half-)modular Hamiltonian K is defined by the relation
e_K(VO)
O>vy, = —TI' Q—K(VO) . (644)

The right modular energy in a global state p is (K (Vy)) = Tr [K (Vo) psvy], and the vacuum-
subtracted right modular energy is

AK(Vp) = — Tr ooy, K(Vo)] (6.4.5)
_ / dy / dv [v — Vo(y)| T | (6.4.6)

where the explicit expression is due to Bisognano and Wichmann [124] and its generalization
to arbitrary cuts of Killing horizons [27, [125]. The relative entropy of ps.,, with respect to
the reduced global vacuum, o-,,, is defined as

Srel(%) = S(p>VO|U>VO)

= Trpsy, logpsv, — Trpsy, logosy, - (6.4.8)
It follows from this definition that
Sea(V) = AK(V) - AS(V) . (6.4.9)

We will often be interested in derivatives, where the vacuum-subtraction drops out. For

example,
oK OAK 2T /°° -
V(y) V(y) hoJy ) ( )
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Figure 6.3: The spacetime region associated to the interval V < v < V{ 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
e — 0 of the open intervals (—oo, Vy(y) + €) and (Vo(y) + €, 00), respectively. The small shift
ensures that any distributional sources at Vy(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 V(y). Our choice resolves
an associated ambiguity, attributing this energy entirely to the left.)
The relative entropy satisfies positivity and monotonicity:

5Srel
Sret 2 0, <0. 6.4.11
>0, % (64.11)
Via Eq. (6.4.9)), monotonicity implies
5K _ 6S _ 68
_— > — . 4.
oV T oV T OV (6.4.12)
The second inequality follows from the strong subadditivity of the von Neumann entropy,
Spc + Sep > Sp+ Sp (6.4.13)

applied to the intervals B = (—o0,v9),C = [vg,v9 + 8], D = (vg + ,00) in the limit as

6 — 0 [66].
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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,,) = %5%%?MU—%@»,vg%, (6.4.14)
5S
T 0,v<0. (6.4.15)

In particular, in the strong form of Eq. (6.3.20)), these properties imply the ant conjecture

(see Appendix |A.14).
But additionally, on the Killing horizon, the nested inequalities (6.4.12)) hold. Combined

with the above equations, this implies that the left von Neumann entropy is also constant:

V(y) S
0= /oo (T)) > 6‘5/%) > 5‘5/2) =0 (6.4.16)
= % =0, v < V(y) . (6.4.17)

By Egs. (6.3.20), (6.4.9) and (6.4.10)), it follows that the left relative entropy is constant:

8Seet(p<v|o<v)
6V (y)

=0, v< Wy . (6.4.18)

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. implies that all observables restricted to the difference between the left domains
of dependence associated to cuts Vp(y) and V(y) (as in Fig. [6.3) need to register vacuum
values. In particular, the stress tensor one-point function must vanish:

(T (2)) =0, z€D(Vy)—D(V) . (6.4.19)

It is more subtle to draw conclusions about (7),,(x)) when z is on the boundary of the
region (marked by red in Fig. , u=0,v < Vy. 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 (T,) = 0, consistent with Eq. above. It also implies the
new result

(T) =0, v<V. (6.4.20)
Conservation of the stress tensor,
—0p(Tuw) — Ou(Tow) + 0:(Ti) =0, (6.4.21)
combined with then yields
(Ty) = const . (6.4.22)

We conclude that coarse-grained states on Killing horizons must satisfy not only Eqgs.
and but also Egs. (6.4.17), (6.4.18), (6.4.20), and (6.4.22)).

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 [18].
This proves our conjecture in the Killing horizon limit.

6.5 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) [1§]. CF constructed these states in order to prove a conjecture by Wall
[126] that we will discuss in detail in Appendix 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. (6.4.14)), (6.4.15)), (6.4.17)), (6.4.18)), (6.4.20)), and (6.4.22).

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 [18], 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 Agq, Ay, and that Aéi Ay, simply acts as the
boost that fixes V5. We note that Ag a4, is related to the reduced density matrix in Eq.

(6.4.4) by AQ§AV0 =logosy, ® Loy, — Loy, ®logocy,.
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For a general state |¢) that is cyclic and separating, one can define the relative modular
operator as [127, 124} |12§]

AWQSAVO = S"];)|Q§AVO S’LMQ;.AVO ) (651)
where
Sulanay,al) = a'|Q), Va € Ay, (6.5.2)

defines the Tomita operator.
We then purify |¢) restricted to Ay, using the Connes cocycle

[s) = w ), = (8g)"(Ag,) ™ € Ay, - (6.5.3)

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™ ). This follows
(restricting to cyclic and separating states for simplicity) from the relation (A’ )j;lQA;z"fp =1,
which implies

) = A" us|¥)) - (6.5.4)
If we consider an operator O" € Ay, then [u,, O'] = 0 so
(¥s| ') = (PIAGO'AG” () - (6.5.5)

Note that v = Vy(y) is a fixed point of the boost.
In the limit s — oo all of these excitations become soft. More specifically,

<Tm}>s|v<Vo(y) = S|Tvv(v)|¢8>|v<Vo(y)
= @_4”S<¢|Tw(% + 6_27TS<U - V()))|¢>|U<Vo(y) (6.5.6)

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

lm [ dv (T,)s — 0, v < Vy(y) . (6.5.7)

s—oo [_ o

To see what this implies about the energy of the boosted side, we make use of the sum
rule derived in [18] for null derivatives of the relative entropy:

35 (V|25 Ay)
% Vo |

21 (Py— e 7™ P) = (e 7™ — 1) (6.5.8)
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where

P / o (T (6.5.9)

e}

is the average null energy of the original state, P; is the average null energy of [i), and

Salth12 Av) = — (] 1og Ay, 1) (6.5.10)

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) (6.5.11)
and moreover [1§]
O(Kv)y| _ /°°
(SV Y - 271' Volu) d'U <Tvv>w . (6512)

Thus in the limit s — oo we find, using Eq. (6.5.7)),

14S
<Tvv>|v§VO(y): %W " 5(1) - ‘/O(y)) (6513)

as desired. This reproduces both Eq. (6.4.14) and Eq. (6.4.15)).

As a final point, note that under the Connes cocycle we also have the following properties:

(Tuw) ss00 = (Tun(Vo))w (6.5.14)
(Tiv)ss00 = 0. (6.5.15)

This very easily reproduces the properties Eq. (6.4.20)) and Eq. (6.4.22).

6.6 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. [6.3]

Boundary dual

Within AdS/CFT, it is natural to ask whether the coarse-graining prescription for Souger
in Sec. has a boundary dual. In other words, there must exist a boundary state dual
to the bulk coarse-grained semiclassical state of Sec. . Based on Eq. , we know
that the boundary dual to this state is a mixed state that maximizes the boundary von
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Neumann entropy subject to fixing the semiclassical state in Oy [u]. Since in Sec. we
only considered a case where we have reflecting boundary conditions at infinity, fixing Oy 1]
amounts to fixing the past boundary of O[], labelled N_;(¢;) in Fig. [6.4]

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 [118, (120].

Since we would like to refer to the bulk as little as possible, we define the QMT surface p
associated to a time slice ¢; 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. [120] 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(¢;) 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 [118,120], so this data fixes the bulk causal wedge
of t > t; (C[t;] in Fig. [6.4)). 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_;(¢;).

The discrepancy between C|t;] and Ow [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;] = Ow[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 JF 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 5(p) (6.6.1)
with
F={p: (EAE" ;sy = (EAE"),, t > t;; VE} (6.6.2)

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 [45]. Therefore, subjecting the states
to various simple sources is never going to make a slice larger than N_,(¢;) causally accessible
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OW [Uti]

Figure 6.4: 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 ¢ > ¢; 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.

from the boundary. Given the state p(t;), there exists a fine-tuned choice of sources that will
make C[t;] = 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. , 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 > 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 locality .
From a boundary perspective, a local bulk operator in the causal wedge is dual to a smeared
boundary operator . 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
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the smeared operators. This choice of A in Eq. is a natural candidate for fixing the
quantum state on N_;(t;); we leave a thorough investigation of this issue to future work.

We refer the reader to [120] for a careful demonstration of Sgmple = Souter i the bulk
classical limit.

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 [18§].

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 NN, , while leaving the vacuum
entanglement across the cut intact.

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%l, = gap(0,)%(0,)° = —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.
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For the full initial data on N, we need to know not only the intrinsic geometry but also
0;, the expansion in the null direction off of N;. This is obtained by holding 6; fixed on N, lj
and integrating the cross-focussing equation,

1
Mwwpran—@@+xﬂwrx+anh (6.6.3)

to obtain 6; on IV, . Since all terms on the right hand side scale trivially, this rescales the
difference 6; — 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 is a trapped
surface. This is because the expansion 6 along Ny is determined not only by the left stretch
itself, but also by the Raychaudhuri equation, and the two methods must agree. Let the
inaffinity x be defined by k*V,k® = kk®. Affine parametrization corresponds to x = 0
everywhere. The left stretch implements

V(y) — esH[—V(y)JrVo(y)}V(y) 7 (6.6.4)

where H(v) is the Heaviside step function and v = Vy(y) is the marginally trapped surface
o. This generates a non-zero inaffinity

k= (1—e*)[V(y)] . (6.6.5)

The Raychaudhuri equation for non-affine parametrization reads
1
kaVan = —592 - gl? - m@k — 881G Tkzk . (666)

We insist that the new parameter V'’ be treated as affine, which means we are demanding
that the inaffinity term 6 vanishes even after the left stretch. By Eq. , this will be
the case if and only if 6, = 0 at the cut.

Importantly, Egs. , and become satisfied in the limit as s — oo.
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.E|

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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Figure 6.5: The left stretch is a classical analogue of the CF flow that generalizes it to
nontrivial geometries. Left: The null surface N; split by the marginally trapped surface o.
Middle: The affine parameter is rescaled on N, but held fixed on N,". 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.
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Chapter 7

Gravity Dual of Connes Cocycle Flow

7.1 Introduction

The AdS/CFT duality [1, 2 [130] 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 [8] |9, 131]. 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) [7]. 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 [35].

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 [132,133], and indirectly via
the Petz recovery map and its variants |[134} [135] |136]. 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) [27, 137]. Tomita-Takesaki theory, the study of modular flow in
algebraic QFT, puts constraints on correlation functions that are otherwise hard to prove
directly [13§].

Recently, an alternate proof of the QNEC was found using techniques from Tomita-
Takesaki theory [18]. 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” [126] 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 [11§] 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 [28]. 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. [7.2] we define CC flow and discuss some of its properties. If 9A 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 |18]. 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 [31, [29]. Motivated by the known properties of CC flow,
we define a bulk construction in Sec. 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 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 3. 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 1), if the boundary
cut 0A is (conformally) a flat plane in Minkowski space.

In Sec.[7.4] 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. [7.5] 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. [140]. Thus, our new results may
also hold for CC flow across general cuts of a null plane.

In Sec. [7.6] we discuss the relation of our construction to earlier work on the role of
modular flow in AdS/CFT [141, |7, |142]. The result of Jafferis et al. (JLMS) [7] has conven-
tionally been understood as a relation that holds for a small code subspace of bulk states on
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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
9, 1143, 144, 145]. Our proposal then follows from such an extended version 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 [141, [142]. 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 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.

7.2 Connes Cocycle Flow

In this section, we review Connes cocycle flow and its salient properties; for more details see
(18, [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, Ay 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 . (7.2.1)
The relative modular operator is defined as
Ayjo = S04, S12:40 » (7.2.2)
and the vacuum modular operator is
Ag = Ago - (7.2.3)

Note that we do not include the subscript Ay on A; instead, for modular operators, we
indicate whether they were constructed from Ay or Af, 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) " [¥) - (7.2.4)
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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, p4, = Tray|¢)(¥] and plf, = Tra, ) (¢[]]
Apio = p3, @ (ply) " (7.2.5)
One finds that the CC operator acts only in Aj:
()™ (D)™™ = (%) (05 € Ay (7.2.6)
It follows that the reduced state on the right algebra satisfies
Pl = P, - (7.2.7)

Therefore, expectation values of observables O € Ay remain invariant under CC flow. These
heuristic arguments would be valid only for finite-dimensional Hilbert spaces [146]; but

Eq. (7.2.6) can be derived rigorously [1§].

It can also be shown that (A;‘Q)iSAg‘ » = 1. Hence for operators O" € Aj, one finds that

CC flow acts as A§ inside of expectation values:

(WlO'[) = T, |t (A ARO (A AR)|
= Trg (o, (03) "0 (05,)") (7.2.8)
= Tr [JU) (A5 (1 © 0)A5"] (7.29)

where we have used the cyclicity of the trace.
To summarize, expectation values of one-sided operators transform as follows:

(¥s|Ols) = (¥[OY) (7.2.10)
(05 O's) = (WIAGO'AG"[Y) . (7.2.11)

There is no simple description of two-sided correlators in [t)) such as (1| OO’ |¢)s); we discuss

such objects in Sec. [7.6]

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 v = 0. We have introduced null coordinates u =t — z and v = t + x and denoted
the transverse coordinates collectively by y. It can be shown that the modular operator A%

We follow the conventions in [146] 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 Vy(y) [125]. More
explicitly, one can define the full vacium modular Hamiltonian Ky, by

Ky, = —log Agua,, - (7.2.12)
We can write the full modular Hamiltonian as
Ky, =Kyp®1 -19Kj, . (7.2.13)

Let A denote vacuum subtraction, A(O) = (O)y — (O)q. Then, for arbitrary cuts of the
Rindler horizon, we have |125]

Al = 27r/dy/vodvv—Vo () (Ton)s (7.2.14)

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™ . (7.2.15)

This allows us to evaluate Eq. (7.2.11]) explicitly for local operators at u = 0. For example,
the CC flow of the stress tensor is

(Vs |Tou|0s) locvy= €™ (| T (Vo + €77 (v = Vo)) |} o<rsy (7.2.16)

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 [15]. More generally, 7},, must be smeared in an open neighborhood of
u = 0. However, if Vy(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 [137 147]. 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 [148] 149]. Therefore we expect Eq. 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 0Ay that splits a Cauchy surface Cy =
A, U0Ay U Ay; we take Al to be the “left” side (v < V'), with operator algebra Aj,. The
Araki definition of relative entropy is [146)]

rel(w|Q V) <1/1| log ATMQ;A’V |¢> . (7217)
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It has the following transformation properties [18]:

Srel (V5| V) = Srar (|25 Vo + 6_2”5(1/ -W)), (7.2.18)
5Sr61<¢8|9; V) _ —27s 6Srel(¢|ﬂ; % + 672WS(V — ‘/0))
S = 5 . (7.2.19)

Moreover, the “left” von Neumann entropy is defined as
_ (i (i
S'(p, V) = —tray Py, logpy, - (7.2.20)
With these definitions in hand, one can decompose the relative entropy as
(V) = A(KY) — AS/(V) . (7.2.21)

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
oV

Vo
. / dv (Ty)y . (7.2.22)
Vo _

o0

Hence the transformatlons of both K7, and its derivative s1mply follow from Eq 7.2.16.

Combining Eq. ( and Eq. m, as well as Eq. (| and Eq. (7.2.22)), we see

that S’(¢, V') and 1ts derlvatlve transform as

S' (Y, V) = 8" (¢, Vo + 7™ (V = 1)) , (7.2.23)
55" .08
— =e T : 2.24
OV lyev c OV 1 Votre—27s(V—1p) (7 )

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 |18] for null variations of relative entropy:ﬂ

_ _ 05 (¥]2; V)
21(P, — e 2™ Py = syl PR T/ 7.2.25
where
P= / dv T, (7.2.26)

2For type I algebras, one can derive the analogous sum rule from simpler arguments [107].



CHAPTER 7. GRAVITY DUAL OF CONNES COCYCLE FLOW 115

is the averaged null energy operator at u = 0, and Py = (4| P|1s), so in particular Py =
(| P|y). (There is one such operator for every generator, i.e., for every y.)

Inserting Eq. (7.2.21)) and Eq. (7.2.22) into Eq. (7.2.25)), and making use of Eq. (7.2.16)),

we see that there must exist a shock at v = Vy(y):

108

— _ ,—2ms
<¢S|T’U’U|¢S> = (1 (& )27T 5V

5(v — V) + 0(5) . (7.2.27)

Vo

Here o(6) designates the finite (non-distributional) terms. These are determined by Eq. (7.2.16),
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. [7.4).

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 AS is a global boost by rapidity s about Ay [21]. 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. [Z.3l

By Eq. (7.2.11]), the CC flowed state on the slice C,

4(C)) = (Ag)"*(AG,) ™ [¥(C)) , (7.2.28)

satisfies
(s (C)[ Oalhs(C)) = (W(C)| Oa|¥(C)) (7.2.29)
(Ws(O) AP OuAG [1h5(C)) = (W(C)| O [(C)) (7.2.30)

where O4 and Q4 denote an arbitrary collection of local operators that act on spacelike
half-slices A and A’ of C respectively.ﬂ 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. (7.2.11])).

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 A acts as a boost around dAy motivates us to consider the
time slice

where
Al = {t = (tanh27s)z, = < 0} . (7.2.32)

By Egs. (7.2.29) and ([7.2.30]), each side of the CC-flowed state |1)s(Cs)) is simply related to

the left and right restrictions of the original state on the original slice:

(¥s(C O [s(Cs)) = (V(C)] O [P(C)) (7.2.33)
(¥s(Co) Oy [1hs(Cs)) = (W (C)| O [¢(C)) - (7.2.34)

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. (7.2.33) and (7.2.34)) say that correlation functions in each half of C in the
state [/(C)) are equal to the analogous correlation functions on each half of Cy in the state
|15(Cs)). This justifies calling Cs 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,

[:(C)) = (P (p3,) ™ W(C)) (7.2.35)
it is evident that the action of (pgé))iS can be absorbed into a change of time slice C — Cs:
(€)= (%) [(C)) - (7.2.36)
Tracing out each side of Ay implies
P =ph, (7.2.37)
Pl = pﬁ6 . (7.2.38)

The first equality is trivial and was already discussed in Eq. (7.2.7). The second equal-
ity follows because (pﬁg)is commutes with (p%}). This is the density operator version of

Egs. (7.2.33) and ([7.2.34]).
Eq. (7.2.36) should be contrasted with the one-sided modular-flowed state |¢(C)) =
(pﬁé)_is |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 C,. Let

7 =v0()+e™v(l-0(v)), (7.2.39)
i =e™uO(u)+ u(l—0(u)), (7.2.40)
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where ©(.) is the Heaviside step function. Let ¢ = (0 + @) and & = (0 — @). In these
coordinates, the Minkowski metric takes the form

ds> = [0+ 1)+ ™ (1 -0 +1))] [e*™O(F —F) + (1 — Ot — 7))] (—di* + d7?)
+d"?y (7.2.41)

and the precursor slice corresponds to ¢ = 0.
In these “tilde” coordinates, the stress tensor shock of Eq. (7.2.27) takes the formﬁ

1 (v’ e 08
(Vs| Toslths) = o (%) (1—e )W VZO(S(U) +0(9) . (7.2.42)
Recall that the entropy variation is evaluated in the state [¢)). By Eq. m
08 08
| == 7.2.43
Vi sV le ( )

where XN/(y) is a cut of the Rindler horizon in the ¥ coordinates. Thus we may instead evaluate
the entropy variation in the state |1¢5) on the precursor slice. This will be convenient when
matching the bulk and boundary.

The Jacobian in Eq. 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:
o\’ 1 [(0v v
(a—) 5<“>—5(%\0+%0+

Thus Eq. (7.2.42)) becomes

) 5(0) . (7.2.44)

1 05
V| T55(0) |0s) = — Slnh 2ms
(Vs| T (0) ths) = (2ms)—= o
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 [i5) at u = v = 0:

_ (@) + 0(0). (7.2.45)

Ps,V

1 5S
Tx = —sinh(2 d(t J) . 2.4
(GulTial) = - sinh(2ms) 22| 3(@) +(0) (7.2.49
(Note that 6/6V goes to —0/0U.) The linear combination
. 1 35S _ - s
(WslTiz(t, 2)s) = o Slnh(QWS)aX i) @+ Wt =tz =2)) . (7247)

will be useful in Sec. The last term was obtained from Eqgs. ) and (| m
makes the finite piece expllc:lt. Note that these equations are valid in the entlre left and right
wedges, not just on Cs.

4We remind the reader that o(4) refers to any finite (non-distributional) terms.
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7.3 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. [7.2, 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 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. [7.3] we formulate the kink transform. In Sec. [7.3] 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. 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. ) Let X 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 [150] the intrinsic metric (hy)q. and the extrinsic curvature,

(Ks)ay = PPPYV it - (7.3.1)

Here P! is the projector from M onto X, and ¢* is the unit norm timelike vector field
orthogonal to ¥. 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 = 8@ Tbyty s

where D, = P#V, 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, = (hs)®(Ks)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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atl W

Figure 7.1: Kink transform. Left: a Cauchy surface % of the original bulk M. An extremal
surface R is shown in red. The orthonormal vector fields ¢* and z® span the normal bundle
to R; x* is tangent to 2. Right: The kink transformed Cauchy surface >;. As an initial data
set, X differs from Y only in the extrinsic curvature at R through Eq. . Equivalently,
the kink transform is a relative boost in the normal bundle to R, Eq. (7.3.21)).

surface R, as follows:
(Ks)ap = (Kx,)ap = (Kx)a — sinh (27s) z.xp 6(R) - (7.3.4)
Here x® is a unit norm vector field orthogonal to R and tangent to X, and we define
I(R)=0(x), (7.3.5)

where z is the Gaussian normal coordinate to R in ¥ (09, = x*). 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. . We will discuss this later in
the section.

Let 3, be a time slice with this new initial data, as in Fig.[7.1] 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 3¢ and X 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 ¥; 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.
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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

(BR)ij = PPV ity . (7.3.6)
(B¥),; = 0 A (7.3.7)

Here 1, j represent directions tangent to R, and P! is the projector from M to R. Ex-

7
tremality of R in M is the statement that the trace of each extrinsic curvature component

vanishes:

By = ()"(BR)i =0, (7.3.8)
By = ()" (Bi)is = 0. (7:8.9)

where (yg)i; = P*P}(hs)a is the intrinsic metric on R.
Orthogonality of t* and z* implies that P! = P*P* and hence

(BR)ij = PP (Kb - (7.3.10)

Since x® is the unit norm orthogonal vector field at R, the trace of (Kyx)q at R can be
written as:

KE|R = xaxb(KE)ab + (WR)U(B%))U = $a$b(Kz)ab . (7.3.11)
A little algebra then implies
(Ks.)? = (Ks,)ap(Kx,)” = (Ks)® = (Kx)a(Ks)™ . (7.3.12)

Moreover, we have ry, = ry, since the two initial data slices have the same intrinsic met-
ric. Thus Eq. (7.3.2)) implies that the kink-transformed slice satisfies the scalar constraint
equation:

rs, 4+ (Kx,)? — (Ks,)a(Ks,)™ = 167GT,, t"t" . (7.3.13)

To check the vector constraint Eq. ((7.3.3]), we separately consider the two cases of b = x
and b = ¢ where 7, j represent directions tangent to R:

Do(Kx)® — DyKy,, = Do(Kx)* — D, Ky, + BY sinh (275)6 ()
= D,(Kx); — D, Ky, =8rGT,,t", (7.3.14)
D.(Kx,)f — D;Kyx, = Dy(Kx)} — D; Ky, = 81G T;,t" | (7.3.15)
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
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the kink transform is only well-defined across an extremal surface. Note also that Ry C X

is an extremal surface in M. By Eq. (7.3.10)),
(BR))ij = PAPY (Ks)alg, = (BY)y = By =0. (7.3.16)

In the second equality we used Eq. (7.3.4) as well as the fact that all relevant quantities are
intrinsic to X, so R, can be identified with R. Moreover,

(Bi))i = (B — B =0, (7.3.17)

since this quantity depends only on the intrinsic metrics of ¥ and X, which are identical.

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. (7.3.18)

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 ¥, has different extrinsic curvature at R, the two
domains of dependence will be glued to each other differently in Mg, so the full spacetime
will differ from M in the future and past of R. This is depicted in Fig. [7.2]

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 ¥, is discontinuous at R due to the
kink. Let

(# Vg = lim £ (7.3.19)
s x—0+ 7°
(tg,)r = lim t5, (7.3.20)

be the left and right limits to R. The metric of M is continuous since it arises from valid
initial data on ;. Therefore, the normal bundle of 141 dimensional normal spacetimes to
points in R is well-defined. The above vector fields (2§, ) and (5, ). belong to this normal
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. 7 implies:

(15, r = (Mars), (8521 (7.3.21)

where (Agrs)! is a Lorentz boost of rapidity 27s. In this sense, the kink transform resembles
a local boost around R. Alternatively, we can view Eq. 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. in the smooth case.
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? D(a’)

Figure 7.2: 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.

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

B

right limits of &# to R will satisfy

k= (Mars)i7 - (7.3.22)

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. is
equivalent to the kink transform of ¥; that Eq. ([7.3.22)) is equivalent to the kink transform
of =; and that Eq. is equivalent to Eq. (7.3.22)). 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,
suppose M has a Killing vector field that reduces to a boost in the normal bundle to R.
Then Y3 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. |7.3).
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Figure 7.3: Straight slices ¥ (red) in a maximally extended Schwarzschild (left) and Rindler
(right) spacetime get mapped to kinked slices X5 (blue) under the kink transform about R.

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 x = +£1, y = z = 0 (see Fig. ; 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(da’),
are separately preserved; the collision happens in the past or future of R.

7.4 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. [7.4], we show that the left and right bulk region are the subregion duals to the left
and right boundary region, respectively. In Sec. we show that the bulk kink transform
leads to precisely the stress tensor shock at the boundary generated by boundary CC flow,
Eq. . (In Sec. 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.)

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)] (7.4.1)
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Figure 7.4: 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).

is the domain of dependence of a bulk achronal region a satisfying the following properties [31}
32,18} 6):

1. The topological boundary of a (in the unphysical spacetime that includes the conformal
boundary of AdS) is given by da = AU R.

2. Sgen(a) is stationary under small deformations of R.

3. Among all regions that satisfy the previous criteria, EW(p4) is the one with the smallest
Sgen(@).

We neglect end-of-the-world branes in this discussion [151} [152]. The generalized entropy is
given by
Area(R)

Sgen = 4G—h + S(Cl) + ... s (742)

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 [35] that EW(pa) represents the entire bulk dual to
the boundary region A. That is, all bulk operators in EW(p,4) 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 [6] to the question [153] [154} 33, of “subregion duality.” A bulk surface R is
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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.
is neglected, R is called an extremal or RT surface, respectively. This will be the case
everywhere in this paper except in Sec. [7.6]

We now specialize to the setting in which CC flow was considered in Sec. [7.2] 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 04y (z = 0); and the right region A,

x > 0), with reduced state ,01/’, . Let af, and aq be arbitrary Cauchy surfaces of the associated
Al 0

entanglement wedges EW(p&) and EW(pﬁO).
The entanglement wedges of non-overlapping regions are always disjoint, so

EW(pjf%) NEW(p4,) =2 . (7.4.3)
For the bipartition of a pure boundary state v, entanglement wedge complementarity holds:
al|¥(C))] = agUR Uag , (7.4.4)

where a[|1(C))] is a Cauchy surface of EW(|¢(C))). In particular, the left and right entan-
glement wedge share the same HRT surface R.

Crucially, the classical initial data on a[|1(C))] is almost completely determined by the
data on af, and ag; however the data on R are not contained in af, nor in ag. In the semi-
classical regime, the quantum state on a[|1)(C))] also includes global information (through
its entanglement structure) that neither subregion contains on its own. Hence in general

EW([:(C))) = D [EW(sly) UR UEW(p3,) (7.45)

is a proper superset of EW(pﬁB) 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. (7.2.37) and
(7.2.38), we have
EW(p) = EW(p%)) = D(dj) | (7.46)
EW(p%:) = EW(p},) = D(ao) . (7.4.7)
Since |1)) is again a pure state, EW[|1)5(C;))| = D (a[|vs(Cs))]) where
al|s(Cs))] = ag UR Uag . (7.4.8)

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. , the full classical initial data for the
bulk dual to |¢s) will be identical on af, U ag and can only differ from the initial data for the
original bulk at R.
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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 al|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 Cs.

The bulk metric takes the asymptotic form [L55]f]

1
ds* = s [d2* + napda?dz® + O(z%)] (7.4.9)

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 u = v = 0 in the
asymptotic bulk, in the above metric [29]. (The first subleading term, which appears at
order 2%, will be crucial in our derivation of the boundary stress tensor shock in Sec. )

Let 3 be a bulk surface that contains R and satisfies ¢ = 0 + O(2%) in the metric of
Eq. (7.4.9). Since the initial data on each side of R are separately preserved (see Sec. ,
Eq. dictates that the kink transform 3, of ¥ satisfiest = 0 (z > 0) and t = z tanh 27s
(z < 0), again up to corrections of order z¢. The corrections all vanish at z = 0, where ¥
is bounded by C and X, is bounded by C, (see Eq. (7.2.32)). Recall also that the kink
transform is slice-independent. Thus we have established that the kink transform of any
Cauchy surface a[|1)(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))) (7.4.10)

where af|1;(Cs))] is given by Eq. (7.4.8). 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 ag 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 EW[|1)(C))] because of the different gluing at R.

Matching Bulk and Boundary Shocks

In Sec. [7.3, 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)) is the presence of a stress tensor
shock at the cut (Sec. , proportional to shape derivatives of the von Neumann entropy;
see Eq. . We will now verify that this shock is reproduced by the kink transform

5We set laqs = 1.




CHAPTER 7. GRAVITY DUAL OF CONNES COCYCLE FLOW 127

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 [155] 29|:

1
ds? = = (d2* + gap(z, 2)dz?dz?) | (7.4.11)
167G
gas(z,2) = nap + 2° g (Tap) +o(2%) | (7.4.12)
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)) , (7.4.13)

where (y, z) are intrinsic coordinates on R. The expansion in z takes the simple form
XAy, 2)) = 2 X + o(27) (7.4.14)

because the boundary anchor is the flat cut u = v = 0 of the Rindler horizon [29]. Station-
arity of R can be shown to imply [29]

4G 65

A

We consider a bulk Cauchy slice ¥ D R for which 9% corresponds to the ¢ = 0 slice on
the boundary. Since the subleading terms in Eqs. (7.4.12)) and (7.4.14) start at 2¢, we are

free to choose ¥ so that it is given by
t = 2%(x) + o(2%) , (7.4.16)

Recall that the vector fields t* and z* are defined to be orthogonal to R, and respectively
orthogonal and tangent to ;. In FG coordinates one finds:

z (¢ + 2° t(d +o(z1) (7.4.17)
2 (:v o) T 24 ZE ) +o(z M), (7.4.18)
(=" (7.4.19)
( (7.4.20)

z tzd1+0 dl)),
Zdl d1)+0( 1))

z

z

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 t’(‘o) and x’(‘o) respectively, for example t! = tut‘(‘o).
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We now consider a contraction of the extrinsic curvature tensor on X2,
(Ks)ap2” = P2Vt . (7.4.21)

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 2 — 0 due to
Eq. . Therefore, at leading order in z, the z direction does lie entirely in ¥; moreover,
Pt — 6! as z — 0. We will only be interested in evaluating Eq. at leading order in
z so we may freely set a = z, which yields:ﬂ

(KE)ZVQZV - xya(ztl/) = xyt'y Fzz (7422)
= 2Ty, + 22Ty, + 28Ty, + 2771 .., + 0(2%7Y) (7.4.23)
d—2) , 167G e )
_ 5 >zd ! y (Tia) — 222" — 297t — x{y) +o(z71) .
(7.4.24)

The condition z,t* = 0 implies that

_ 167G ~3 puz iz _
Pl g (Typ) + 273277 + 2° l(t(d) — () + o(z71) =0. (7.4.25)
Hence we find
(Ks).a” — 2°0ut,) = 21 87G (T,) + o(z1) . (7.4.26)

We now apply the kink transform to ¥ (viewed as an initial data set). This yields a new
initial data set on a slice ¥ in a new spacetime M . We again expand in Fefferman-Graham
coordinates:

1
ds? = = (d2* + gap(@, 2)dz*dz") | (7.4.27)

167G
d

Here 145 is still Minkowski space; any change in the bulk geometry will be encoded in the
subleading term.

The notation 745 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. .
This has the advantage that the coordinate form of all vectors, tensors, and embedding
equations in D(a’) U R 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

Gap(r,2) = flap + 2 (Tag) + o(z%) . (7.4.28)

t = 2%(%) + o(2%) , (7.4.29)

6In d > 2 the terms involving x*t* will be higher order, by Eqs. (7.4.19)) and (7.4.20)), 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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with the same ¢ that appeared in Eq. (7.4.16)). (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 ¥, in M,
t*, will be the same as the components of the normal vector to ¥ in M, t#, and therefore
8(Zt,,)|

= 0.1y (7.4.30)

M M

Below we will use the convention that any quantity with a tilde is evaluated in M, in
the coordinates of Eq. . Any quantity without a tilde is evaluated in M, in the
coordinates of Eq. . The only exception is the extrinsic curvature tensor, where the
corresponding distinction is indicated by the subscript X or X, for consistency with Sec. [7.3]

We now consider the extrinsic curvature of ¥,. A calculation analogous to the derivation

of Eq. (7.4.26) implies

(Ks,)wd” — 8700t = 2771 871G (Ty;) + o(2771) . (7.4.31)
From Egs. ((7.4.26)) and (7.4.30) we find
. 1
U Tg) = 27N Ta) + g5 [(Kn)a = (Ks)a] e +0(z"71) (7.4.32)
5 inh (27s) _
= 2T,y - 0T -1y 4
27Ty — d(R)x. +o(z") (7.4.33)

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. .

By Eq. (7.4.18), §(R) = 6(27'2) = 26(&). The condition z,0,X" = 0 yields

z, = —d zd_2)N((d) +o0(27?) (7.4.34)

where )?(d) is the A = & component of X(’?i). Taking z — 0 and using Eq. (7.4.15)), we thus
find
0S

(Tos) = (Tia) + % sinh(27s) 22| 6(7) | (7.4.35)

§X 1X=0
which agrees precisely with Eq. ([7.2.47)).
Note that this derivation applies to any boosted coordinate system (£, %) as well. Linear

combinations of Eq. (7.4.35) with its boosted version reproduces both the T;; shock of
Eq. (7.2.46]) and the Tj; shock of Eq. ((7.2.45)) holographically.

7.5 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
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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. . 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 |156]

P! PY PP Ryyas = KacFoa — KycFaq + Tabea (7.5.1)

where 744 is the intrinsic Riemann tensor of X. It is important to note that this relation is
purely intrinsic to . Since ¥ = ¥ as submanifolds, we can not only evaluate Eq. 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. in M. We will only be interested in evaluating it to leading
order in z in the Fefferman-Graham expansion. As argued in Sec. [7.4 when working at
leading order we can freely set a = ¢ = z. We then compute the following at leading order
in z:

Ripzo = Ko Kow — (Ko2)* + oz - (7.5.2)
We start by computing K,,. First we note that I'},t, = 0 identically. Therefore,
K., =0.t, =4G(d — 2)%35—5‘ +o(273) . (7.5.3)
0T IR
We have made use of
t, = 4sz—2%(n +o(2?) (7.5.4)

which follows from ¢,0,X* = 0.
Next we compute

Rupee = 0,17, — 0.2, + T2,T% — T2 0 (7.5.5)
One finds

0.0%, = 2(d—2)(d— DTN 4 o=4) (75.6)

DTS, =~ (d - 22210 T ) 4 o) (1.5.7)
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with all other terms either subleading in z or identically vanishing, and hence
Ripew = —87G(d — 2)297%(Tyy) + 0(2%72) . (7.5.8)

Putting all this together, we have

08
—81G(d — 2)2H(Ty,) = 4G,zd—3E ‘RKm — (Kp2)? + Togaw +0(2772) . (7.5.9)
The analogous relation evaluated in M reads
05

—8rG(d — 2)24H(Tss) = 4sz*3—~]
5T =

where we have made use of Eq. (7.4.30) to set K., = f(zz We can now subtract these two
relations. First note that 7,p.q = Tapeq since it is purely intrinsic to ¥. Next, recall from the
definition of the kink transform Eq. ((7.3.4]) that

Kz — (f(;::z)Q + Toiaz + o(zd’2) , (7.5.10)

Kz — Kpp = —2sinh(278)0(%) (7.5.11)

Lastly, it is easy to check that K,. ~ o(2%72) hence its contribution to Eq. (7.5.9)) is sublead-

ing, and similarly for Eq. (7.5.10). Thus, subtracting Eq. (7.5.10]) from Eq. (7.5.9) yields

(Tiz) — (The) = isinh(%rs)ﬁ _6(2) . (7.5.12)
27 ST 1X=0

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

2 (Vi = Voyu) =0, (7.5.13)
v (Vo —Voy) =0, (7.5.14)
yy (Vufu - Vutu) =0, (7515)
where y* = P!y’ for any vector field y* in the tangent bundle of R. Egs. (7.5.13) and
(7.5.14) follow trivially from the fact that the prescription Eq. ([7.3.22) only introduces a

discontinuity in vector fields in the normal bundle of R, while Eq. ((7.5.15)) simply follows
from Eq. (7.3.4). Evaluating the © = z components in the same way as in Sec. , we find,

<Tﬂ~> - <Tuy> =0. (7.5.16)
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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.

7.6 Discussion

Relation to JLMS and One Sided Modular Flow

The bulk dual of one-sided modular flow [141, |142] 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. [142] results in a singular spacetime (see also
Ref. [18], footnote 4). We will now explain this in detail.

Consider a boundary region Ay with reduced state p,,, dual to a semi-classical state p,
in the bulk entanglement wedge a associated to Ay as seen in Fig. [7.5] We denote by K4 =
—log ps and K, = — log p, the boundary and bulk modular Hamiltonians, respectively. The
JLMS result [7] states that

N A[R] N
Ky, = e + K, , (7.6.1)
where A[R] is the area operator that formally evaluates the area of the quantum extremal
surface R [6].

Suppose now that Ay has a nonempty boundary 0Ay. Then there is an interesting
asymmetry in Eq. . 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 the bulk region D(X.). There exists a
(non-unique) vector field £* in D(a’) UR such that £* generates an infinitesimal one-sided
boost at R [157, [158]. This boost can be quantified by a parameter s in the normal bundle
to R, as described in Sec. [7.3] The area functional A[R]/4G 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]) . (7.6.2)

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
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0Ap

»

dA,

Figure 7.5: A boundary subregion A, (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 (yellow).

glued together [142] 158, 159, |144]. The action of
<627risA[’R]/4G> (763)

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 [9].
Comparing with Sec. [7.3] we see that this action is equivalent to the kink transform of X,
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 right hand side of Eq. , 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 0Ap [146]. A reduced density matrix pa,, and
hence K 4o, 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 9 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 AE)(E) shown in Fig. . The split property in algebraic QFT [146,
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160] guarantees the existence of a (non-unique) Type-I von Neumann algebra N nested
between the algebras of subregion A((f) and the complementary algebra of Ag(e), i.€.,

AP cN e (A (7.6.4)

With this prescription, one can define a regulated version of the reduced density matrix pa
by using the Type-I factor N [161]. It has been suggested that there exists an N consistent
with the geometric cutoff shown in Fig. [162, |160]: the quantum extremal surface R
in the bulk is regulated by a cutoff brane B demarcating the entanglement wedge of the
subregion A((f) U Ag(e). 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
0Ay is the flat cut u = v = 0 of the Rindler horizon. We have just argued that the kink
transformation is generated by the area operator through Eq. . By Eq. (7.6.1]), the
boundary dual of this action should be one-sided modular flow, not CC flow. By Egs.
and , 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 0Ap: [(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. and interpolation by a brane B. The boundary
dual is an appropriately regulated modular flowed state with energy concentrated near the
cut 0Ay. This construction is possible even if 0Ag is not a flat plane, but the regulator is
ambiguous and cannot be removed ]

For CC flow, X, is glued to the precursor slice Cs as discussed in Sec. This yields
|1s(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 [7) [132] 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. (7.2.35) and (7.2.36)). 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.

"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 [144}|143, (145].
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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 = =0, (7.6.5)
5S
B +4Gh5—X— , (7.6.6)

where (B%)) and (B ) denote the trace of the extrinsic curvature (expansion) in the two
normal directions to R, i.e., t* and x* respectively. Similarly 2 5T and 2 §x are the entropy
variations in the t* and z* dlrectlons respectively.

The classical kink transform involves an extrinsic curvature shock at the classical RT
surface. Asshown in Sec.[7.3] 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
by the kink transform by

X

A (rs — (Ks)a(Kx)™ + (Kx)?) = 8Gh sinh(27s) (55_5 I(X), (7.6.7)
A (D,(Kyx)s — D, Ky) = 4Gh sinh (27s) ((55_)5(" (X)), (7.6.8)
A (Do(Kx)i — DiKy) =0, (7.6.9)

where A represents the difference in the constraint equations between the original spacetime
M and the kink transformed spacetime /\/ls, and we have used Eqgs. and -
These are essentially the analogs of Eqs. ) and (| , 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

ATy = o sinh(27s) 5T (X)), (7.6.10)
1 05

ATTX = 2— Sth(Qﬂ'S) ﬁ (5( ) (7611)
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Formally, these conditions agree precisely with the properties of CC flow discussed in Sec.[7.2]
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 [143]
144/ [145]. 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 [163].

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. . As dis-
cussed above, the action of the area operators results in a diffeomorphism of the geometric
description, if it exists. From Eq. [7.6.1], the remaining action of the boundary CC flow is to
simply induce a bulk CC flow.

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. [7.2] 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. [7.6] 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.
becomes rigorous in this situation. A natural choice of vacuum state is the thermofield
double [164} |165]. 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. [7.3] we conjecture
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Figure 7.6: 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 X. A
piecewise geodesic (dashed gray line) in M connecting = and y with boost angle 27s at R
becomes a geodesic between x; and y in M.

that the domain of dependence of the kink transformed slice >, in a modified geometry M
is dual to the boundary state:

[¥5(Co)) pr = P 1U(C)) L (7.6.12)

where we have used the notation of Eq. .

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. 7.4 However, since there is no
portion of R that reaches the asymptotic boundary, there is no analog of the shock matching
done in Sec.[7.4] Notably, since 94 = & 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 [142].

An interesting situation arises for wiggly cuts of the Rindler horizon, i.e., u = 0 and
v = V(y). The modular Hamiltonian acts locally, but only when restricted to the null plane
[125]. Its action becomes non-local when extended to the rest of the domain of dependence.
The properties of CC flow described in Sections 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. [7.3] Even the expected
stress tensor shock can still be derived, by taking a null limit of our derivation as described
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in Appendix [A.T5] 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 [166]. We leave this question to
future work.

Other Probes of CC Flow

In Sec. [7.4] 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
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 [142]. Let |¢,) = p,"®|¢) be a family of
states generated by one-sided modular flow as discussed in Sec. [7.6] Then certain two sided
correlation functions (¢5| O(z) O(y) |¢s) can be computed as follows.

Suppose O(x) is an operator dual to a “heavy” bulk field with mass m such that 1/0xq5 <
m < 1/lp,1/ls. Correlation functions for such an operator can then be computed using the
geodesic approximation,

(O(x)O(y)) = exp(—mL) , (7.6.13)

where L is the length of the bulk geodesic connecting boundary points x and y. Now consider
boundary points x and y such that there is a piecewise bulk geodesic of length L(z,y) 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. [7.6] (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
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to the state |t,). Thus, we have

(15| O(x) O(y) [ths) = exp(=mL(w,y)) . (7.6.14)

As discussed in Sec. [7.2] 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

|ths) = us |1h) as
(V| O(2:)O(y) [1hs) = exp(—mL(z,y)) , (7.6.15)

where x, is the point related to x by the vacuum modular flow transformation.

We also note that the shock matching performed in Sec. 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. [7.4], 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
addition of higher curvature corrections in the bulk theory. The preservation of the two
entanglement wedges, i.e., Eq. , is a geometric fact that remains unchanged.ﬂ

Further, the matching of the stress tensor shock crucially depended on two ingredients.
Firstly, Eq. , the holographic dictionary between the boundary stress tensor and
the bulk metric perturbation and secondly, Eq. , 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 [51, 92]. However, it follows generally from
dimension counting arguments that

167G

o) = m—=(T) . (7.6.16)
4

X4 G o5 (7.6.17)

o= " VAl o
(@) d 6XA|,

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, = 7 [51,92]. Hence, the boundary stress
tensor shock obtained from the kink transform is robust to higher curvature corrections.

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 [167].
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x1

Figure 7.7: 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
R1 and Ry must be spacelike separated; this is used in proving the QNEC. Right: In the
kink transformed spacetime M, as s — oo, the QNEC follows from causality of the red
curve, which only gets contributions from the Weyl shocks (blue) at Ry and R», and the
metric perturbation in the region between them.

Holographic proof of QNEC

A recent proof of the QNEC from the ANEC [18] 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. T,, — 0 as s — oo. In addition, there are stress tensor shocks at JA, as described

in Sec. , of weight f(s)% von In the limit Vi(y) — Va(y), computing the ANEC in

the CC flowed state, one obtains contributions from the stress tensor 75, (p) in subregion A,
2
SV

null energy in the CC flowed state then imp1i687 the QNEC in the original state.

Prior to the QFT proofs, both the ANEC and QNEC had been proved holographically
[168, 29]. 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.[7.7 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 [168]. In the proof of the QNEC, one requires that curves joining
the RT surfaces of subregions v < V;(y) and v > V5(y), denoted Ry and R, respect bound-

and a contribution proportional to from the shocks. Positivity of the averaged
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ary causality [29, 137]. 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
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.
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.15] 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 Ry 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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Chapter 8

Quantum Information Bound on the
Energy

8.1 Introduction

Semiclassical General Relativity allows for quantum matter while keeping the gravitational
field classical, by coupling the metric to the expectation value of the stress tensor:

Gy = S7G(Thy) - (8.1.1)

Since (T,,) receives quantum contributions proportional to A, this approximation can be
organized as a perturbative expansion in Gh and solved iteratively. This approach has
proven to be quite useful, leading to the discovery of black hole thermodynamics and the
associated information paradox.
Numerous theorems in General Relativity rely on the Null Energy Condition (NEC),
which states that
Topk®k? >0 (8.1.2)

at every point in the spacetime, where k% is any null vector. The NEC underlies the area
theorems for event horizons [169] and for future holographic screens [170} [171], the focussing
theorem [172], and Penrose’s singularity theorem [173]. In other theorems, the stress tensor is
assumed to obey even stronger conditions, which are nevertheless satisfied by known classical
matter and radiation.

However, in relativistic quantum field theories (QFTs) such as the Standard Model, there
are states in which (7,;) violates the NEC in some regions of spacetime. Hence, none of the
classical theorems mentioned above apply at the semiclassical level. The evaporation of a
black hole, for example, is accompanied by violations of all of the above theorems. This is
possible because the NEC is violated in the vicinity of the horizon.

Remarkably, there is considerable evidence that all of the above theorems admit a con-
jectural semiclassical extension. The key step to obtaining a viable proposal is to replace the
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area of surfaces with their generalized entropy. Thus the area theorem becomes the Gen-
eralized Second Law (GSL) for event horizons [174, |175| [176] and for Q-screens [177]. The
focussing theorem becomes the Quantum Focussing Conjecture (QFC) [178]; and Penrose’s
singularity theorem becomes Wall’s Quantum Singularity Theorem [179].

Though these are conjectural statements about the semiclassical limit of quantum grav-
ity, they can have interesting nongravitational limits. Some of these limit statements were
already known, but others came as completely new and nontrivial results in QFT. The main
example is the Quantum Null Energy Condition [178], which has since been rigorously proven
within QFT, using a variety of methods [180, (181} |182]. Thus, the study of semiclassical
gravity has had considerable impact in a seemingly unrelated arena.

The present work is inspired by these developments. We will study an important conjec-
ture in classical General Relativity, the Penrose inequality [20]. This a relation between the
area of certain marginally trapped surfaces p in the spacetime and the total mass defined at
spatial infinity [183]:

Alp]

"=\ 16rG

The conjecture can be thought of as a generalization of the positive mass theorem [184].

For either statement, it is clearly essential that matter with negative energy be excluded.

This can be implemented by assuming the dominant energy condition (DEC), that for any
timelike future-directed vector %, —T%¢t" is timelike and future-directed.

The Penrose inequality has not been proven and thus is not a theorem. But no coun-
terexample to the conjecture is known. We will review the classical Penrose inequality in
Sec. [8.2] where we provide both the reasoning motivating it, and a more careful formulation.

Since quantum matter can violate the NEC it can also violate the DEC, threatening the
validity of the Penrose inequality. It is not immediately obvious that Eq. fails, since
the stress tensor in QFT cannot be dialed arbitrarily.

In fact, we find in Sec. that Eq. continues to be satisfied in a simple example of
black hole formation and evaporation. However, we then provide an explicit counterexample
to the classical Penrose inequality, by exploiting the thermal nature of the vacuum state near
the horizon. When the thermal state is depleted, the vicinity of the horizon can contribute
significant negative energy. This cancels an order one fraction of the black hole’s mass,
leading to a substantial violation of Eq. .

We are thus motivated, in Sec. to propose a quantum-corrected version of the Penrose
inequality. We introduce the relevant concepts of generalized entropy, quantum expansion,
and quantum (marginally) trapped surfaces. We draw some lessons from the failure of the
classical Penrose inequality in the semiclassical setting, and we formulate a Quantum Penrose
Inequality (QPI).

In Sec.[8.5 we provide evidence for our proposal. We consider several interesting examples
that could challenge the QPI, and we show that our proposal survives these tests. In Sec.[8.6]
we discuss a number of alternative formulations of the QPI. We show why they are either

. (8.1.3)
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excluded or not ideal. In Sec. 8.7 we discuss the formulation of a QPI in asymptotically
Anti-de Sitter spacetimes. This helps us identify subtleties that also affect the original QPI.

In Sec. [8.8] we discuss the classical and the nongravitational limits of the QPI.

Penrose’s motivation in proposing Eq. was as a test of the weak Cosmic Censorship
Conjecture (CCC). In Sec. [8.9) we review this connection and the status of the CCC. We
speculate that the Quantum Penrose Inequality could inform the formulation of a “quantum”
CCC that accommodates the known, physically sensible violations of the classical CCC.

In Appendix [A.16] we compute the expansion of outgoing null rays and the positions of
classical and quantum marginally trapped surfaces for an evaporating Schwarzschild black
hole. In Appendix , we present a perturbative construction of Q-screens [177], which
plays a role in our discussion of the Quantum Penrose Inequality in Anti-de Sitter spacetimes.

A brief summary of the main results of our investigation has appeared elsewhere [185].

8.2 Classical Penrose Inequality

In this section we describe the (classical) Penrose inequality; see Ref. |186] for a broader
review.

Formulation

We formulate the classical Penrose inequality as follows:

Let m be the total mass of an asymptotically flat spacetime. Let p be a trapped surface
that has minimal area among all surfaces that enclose it, on some Cauchy surface that
contains p. Then

Alp]
m 2 167G?
Next, we provide detailed definitions and explanations of the terms appearing in this formu-
lation.

Let (M, gu) be a connected Lorentzian spacetime with metric. Let u be a codimension
1 4+ 1 compact spacelike submanifold (a “surface”). E] Let 61 be the expansion of the future-
directed light-rays emanating orthogonally from u to either side. If 6, <0 and 6_ < 0 then
u is called trapped. If 6, = 0 and 6_ < 0 then p is marginally trapped.

Now let (M, gq) be in addition asymptotically flat. Note that we do not require u to be
connected; for example in a spacetime where multiple black holes are forming, p could be
the union of connected marginally trapped surfaces inside some or all of them.

Suppose that the surface p has an “outer wedge” Oy that contains a single asymptotic
region. By this we mean that u forms the only boundary of any Cauchy surface of a globally
hyperbolic region of space Oy that (in the “unphysical spacetime” or Penrose diagram)

(8.2.1)

'In the remainder of this paper we will specialize to 341 dimensional spacetime, so that u will be a
2-dimensional surface. Generalization to higher dimensions is trivial.
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contains a single copy of spatial infinity, 9. This will be the case for trapped surfaces in a
spacetime with a single asymptotic region. In the case of “two-sided” black hole solutions,
it will hold if 4 is homologoud?] to a horizon (with either choice of side), but not if p is
contractible. We will be interested in bounding the mass at spatial infinity [183] from below.

Finally, we assume that there exists a Cauchy surface % of Oy on which p is the minimal
area surface homologous to large spheres near ig (or in the AdS case, homologous to the
boundary sphere) |187]. The purpose of this set of assumptions will become clear as we turn
to presenting a heuristic argument that the Penrose Inequality should hold for .

Heuristic Argument

The Penrose Inequality was originally intended as a test of cosmic censorship, which guar-
antees that an asymptotically flat spacetime with regular initial conditions will be strongly
asymptotically predictable [172]. If this latter property holds, then a compelling argument
can be given that the Penrose inequality must hold; thus, any regular initial data set that
violates the Penrose inequality would likely exclude cosmic censorship. We now present the
argument.

Roughly speaking, strong asymptotic predictability establishes the existence of V, a
globally hyperbolic open subset of M that contains any black hole horizons and their exterior,
V O J=(T+). (See Ref. [172] for more details.) The black hole regionis B = M — J~(I).
The black hole event horizon is its boundary B.

Suppose that

Rupkk* >0, (8.2.2)

as would be the case if Einstein’s equations hold with matter satisfying the Null Energy
Condition. Then any trapped or marginally trapped surface p must lie in the black hole
region:

1 CB. (8.2.3)

For a proof, see Propositions 12.2.2 in Ref. [172]. The key technical assumption is that M
be strongly asymptotically predictable.ﬂ

Let H = BUY be the slice of the black hole event horizon (possibly with multiple
disconnected components), on the Cauchy surface ¥ of Oy,. Since p has minimal area on X,
it follows that the horizon must be at least as large{]]

A[H] > Aly) . (8.2.4)

2Two cycles (closed submanifolds which are not boundaries of any other submanifolds) are said to be
homologous, or equivalently, belong to the same homology class, if they can be continuously deformed into
each other.

3The same property, v C B, follows from Proposition 12.2.3 in Ref. Wald for another class of surfaces
called outer trapped. These would form an alternate starting point from which the classical and quantum
Penrose conjectures could be developed along the same lines as we do here for trapped surfaces.

4Instead of assuming that y has minimal area on some Cauchy slice of Oy, an alternative way of
handling this issue is to replace A[u] with the minimal area of all surfaces enclosing p on a given initial
Cauchy slice [186]. Verifying this assumption does not require knowledge of more than the initial slice.
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The Null Curvature Condition, Eq. (8.2.2), and strong asymptotic predictability imply
that the area of the event horizon cannot decrease with time [169]. Let H' = BU Y/, where
Y7 is a Cauchy surface to the future of ¥. Then

A[H'] > A[H] . (8.2.5)

Physically, it is reasonable to assume that regular initial data will eventually settle down
to a Kerr black hole. (In four dimensions, this follows from the assumption of late-time
stationarity, by the Israel-Hawking-Carter theorems [188].) Letting H’ be a slice of the
horizon at this late time, the formula for the area of a Kerr black hole implies that

167G*mz,,,, > A[H'] . (8.2.6)

The spacetime will not be exactly Kerr, however. One expects that massive fields will have
fallen into the black hole, but there may be massless fields that propagate to future null
infinity. Because this radiation becomes dilute and well separated from the black hole,
gravitational binding energy will be negligible. Hence the ADM mass, m, will be given by
the sum

M = MKerr + Mrad = MKerr - (827)

Combining the previous four inequalities, we obtain the Penrose conjecture, Eq. .

We would like to add a second, somewhat independent heuristic argument for Eq. (8.2.1)).
A future holographic screen is a hypersurface foliated by marginally trapped surfaces called
leaves 189, 1190, 170]. Assuming the Null Energy Condition, the area of the leaves increases
monotonically along this foliation |[170} [171]. In the spherically symmetric case, the screen
eventually asymptotes to the event horizon (from the interior), so its final area will be equal
to the late time event horizon area. Thus the screen area theorem implies the Penrose
inequality in this case. More generally, given a marginally trapped surface u, a future
holographic screen can be constructed at least in a neighborhood. The Penrose inequality
would follow from the stronger assumption that there exists a future holographic screen that
interpolates from p to the late-time event horizon, as in the spherical case.

8.3 Violation by Quantum Effects

In this section, we will show that there is a need for a quantum generalization of the classical
Penrose inequality (CPI). We will construct an explicit counterexample that is based on a
Boulware-like state outside a Schwarzschild black hole. It violates the CPI by a substantial,
classical amount.

This will be a counterexample to the CPI in the same sense as black hole evaporation is a
counterexample to Hawking’s area theorem: we identify a physically allowed state in which
a key assumption of the classical statement, the Null Energy Condition, does not hold, and
we verify that the conclusion fails as well.
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Figure 8.1: Left: A null shell collapsing in asymptotically flat spacetime. The classically
marginally trapped surface p is slightly outside of the event horizon due to the evaporation.
It is not clear that this example violates the CPI. Right: initial data that violates the
classical Penrose inequality. Here p is the bifurcation surface of the Schwarzschild (Kruskal)
solution. Inside a proper distance d., the state is the Hartle-Hawking vacuum. Outside of
d.,it becomes the Boulware vacuum, which has negative energy in the near-horizon zone

(blue strip). This lowers the mass at infinity by an O(1) fraction compared to a classical
black hole.

However, before we turn to our counterexample, it is worth noting that no obvious
violation of the CPI arises in the “normal” formation and evaporation of a black hole in
the Unruh state. This is interesting, because in this setting the Null Energy Condition is
already violated, and other theorems like the area theorem or the focussing theorem do fail.
In order to have full control and exclude transient effects, let us consider the collapse of a
null shell of mass m; see Fig. [8.1} Then by causality, there are no corrections to the classical
solution on the shell and to its past, where the spacetime is a portion of Minkowski space.
In particular, the marginally trapped surface on the shell will have the same area as in the
classical case, and the CPI will be saturated. (The fact that the event horizon is inside of
this surface is irrelevant.) At later times, we expect the apparent horizon area to decrease.
Since the mass at infinity does not change during evaporation, the CPI will remain satisfied.

We do not claim that the CPI will hold for all black holes formed from collapse; and even
in the above example, its validity may rely on idealizations, such as treating the collapsing
null shell as infinitely thin and stable. But we would like to exhibit a situation where the
CPI is definitely violated; in order to do this, we will consider a somewhat more artificial
(but certainly valid) quantum state.
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To demonstrate a violation of the classical PI by quantum effects, we now consider a
Boulware-like state |191] of a massless scalar field, on one side of a maximally extended
Schwarzschild black hole, at the time-symmetric slice; see Fig. 8.1} The Boulware vacuum
is analogous to the Rindler vacuum. It corresponds to vanishing occupation number of the
modes with support strictly outside the event horizon. This will contribute some negative
energy outside of the black hole, in the near-horizon region R < r < 3R/2. Far from the
black hole, the stress tensor vanishes in the Boulware vacuum.

Note that the classical Penrose inequality, applied to the bifurcation surface, is classically
saturated. (That is, it is saturated if the stress tensor vanishes everywhere outside the black
hole.) Thus, any net negative energy in the exterior will lead to a violation of Eq. (8.2.1]).

The local stress tensor diverges in the Boulware vacuum as the horizon is approached [191,
192]. We regulate this divergence by building wavepackets with support strictly outside of
a sphere H. at proper distance d. > 0 from the horizon (in this case, from the bifurcation
surface). For full control of the semiclassical expansion, we choose

lp<d. <R . (8.3.1)

Roughly speaking, this yields a Hartle-Hawking-like state (vanishing stress tensor) inside of
H,., and a Boulware-like state outside of H..

Integration of the QFT stress tensor computed in Ref. [192], outside the regulator sphere
H., yields a QFT contribution to the energy at infinity of order —(lp/d.)?M, where M =
R/2G is the mass of the black hole |185]. Here we will go further; instead of naively gluing
to QFT states across a surface (which is does not generally yield an allowed QFT state), we
consider junction effects at H,.. Positivity of the energy for infalling observers requires some
positive energy near H., which we wish to estimate and show to be negligible.

For this purpose it will be useful to analyze the problem mode by mode. This will allow
us to distinguish between two cutoffs that we can freely choose: the angular momentum of
the included QFT modes, and d.. Establishing a small hierarchy between these cutoffs will
give us a control parameter 1/n,.4. < 1, by which the positive energy at H, is suppressed
at infinity, relative to the negative contribution.

We will focus on the most relevant modes in the near-horizon zone, which have occupation
number of order one in the thermal ensemble corresponding to the Hartle-Hawking state.
These modes have the property that any wavepacket constructed from them has characteristic
wavelength comparable to its distance from the horizon. Moreover, increasing the occupation
number of the mode by 1 increases the energy at infinity by A/R.

This set of modes includes s-waves as well as modes with nonzero angular momentum.
Here we will use ¢ = 0,1,... for the angular momentum quantum number. The number of
modes in the thermal atmosphere can be estimated from the number of nodes in a strictly
outgoing Rindler mode in an interval beginning at proper distance d. from the horizon and
ending at a distance R (for the spherical modes, which we approximate as propagating
freely) or R/(¢+1) (for the modes with angular momentum, which we approximate as being
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Figure 8.2: A typical wavepacket mode in the thermal atmosphere of the black hole, reg-
ulated to have support outside a sphere a proper distance d. outside of the horizon. The
classical Penrose inequality is violated in a Boulware-like state in which such modes have
zero occupation number and negative energy. In a local inertial frame (black Killing vector
field, 0., where 7 is proper time), a large fraction of their energy is concentrated near the
cutoff d.. The total energy must appear positive in this frame; this can be satisfied by adding
a comparable amount of positive energy inside of d.. To an asymptotic observer (red Killing
vector field, 0;), the negative energy is spread evenly over the mode, due to the greater
redshift near the horizon. Thus the positive energy beyond the cutoff has a negligible effect
on the ADM mass.

reflected by an angular momentum barrier). See Fig. [8.2] Hence there are

ne=(20+1)log (W) (8.3.2)

linearly independent modes with angular momentum ¢.

In the Hartle-Hawking state, these modes are all thermally excited with O(1) occupation
numbers; this corresponds to vanishing stress tensor near the horizon. In the Boulware-like
state, the modes are unoccupied. This corresponds to a negative stress tensor; it contributes
an energy at infinity of order —h/R, per mode. We choose a cutoff £, on the angular
momentum such that the angular momentum barrier is somewhat outside the short distance
cutoff d,:

log log (R/(Emd+a:+1)) ~ 0(1), (8.3.3)
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where the second log enforces a small hierarchy whose purpose will become clear below.
From the previous two equations, the total number of unoccupied modes is

emax R2
Ntotal = an ~ ﬁ . (834)
=0 ¢

Thus the total energy at infinity of the quantum field will be
h

Eneg ~ _Entotal ~ —aM s (835)
where
17
o= ﬁ . (8.3.6)

The presence of a substantial amount of negative energy outside the black hole may seem
suspect. However, we note that our construction cannot achieve vanishing or negative total
ADM mass. Since the black hole contributes M, the total mass is (1 — a)M. Making this
negative would require taking d. < [p, in conflict with Eq. , and so would take us
outside of the semi-classical expansion. Moreover, our result is consistent with positive total
matter energy in an appropriate neighborhood of the horizon. This is important since the
spacetime can be treated as approximately flat on a distance scale d. < dg,, < R.

To see this, we note that the wavepackets we study have approximately constant Killing
energy per cycle, where a cycle denotes the portion of a wavepacket between two nodes.
See Fig. 8.2 The local proper wavelength of a given mode grows as the distance from the
horizon, but this is precisely cancelled by the decreasing redshift. Thus from the viewpoint
of infinity, each cycle of each mode contributes an ADM energy (per occupation number) of

h/(Rnpode), where
w) (8.3.7)

Nnode(£) ~ log ( y

is the number of nodes or cycles in the wavepacket.

In a local inertial frame, on the other hand, there is no redshift effect. Yet, the proper
wavelength grows exponentially away from the horizon, roughly doubling with every cycle.
Thus an O(1) fraction of the local energy of a mode is contained in the first phase cycle. In
the Boulware-like state, this is the negative energy that must be cancelled. To have positive
energy in the local frame, it suffices to have compensating positive energy just for this first
cycle. The positive energy can be localized, for example, just below d..

This positive energy will partially cancel the negative ADM energy of the quantum state,
Eq. . But because all cycles of the wavepacket contribute equally to the Killing energy,
the correction is parametrically small, of order |Eheg|/Mnode < |Eneg|- In practice, nyode of
order a few suffices, so we will not update Eq. (8.3.6). The purpose of the second log in
Eq. was to chose the angular momentum cutoff ¢, so as to achieve n,,4. ~ a few,
for all modes involved in the construction.
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Finally, we note that the location and area of the marginally trapped surface do not
receive large enough corrections to rescue the classical Penrose inequality. The bifurca-
tion surface remains marginally trapped when we pass from the classical treatment to the
Hartle-Hawking state, since the stress tensor vanishes there. Our construction keeps the
Hartle-Hawking state near the bifurcation surface, up to corrections that can be suppressed
arbitrarily by dialing n,oqe > 1.

To summarize, one can reduce the mass at infinity from M (in the Unruh state) to
(1—a)M in the Boulware-like state. Since we require that Ip < d, for control, this correction
is parametrically small, & < 1. But since the Penrose inequality is saturated classically for
a Schwarzschild black hole, our example violates it.

Moreover, the violation is substantial in the sense that it is not O(k) but O(1). The
contribution from each mode is O(h); but the number of available modes in the thermal
atmosphere, at fixed control parameter Ip/d,, is niwa ~ O(A~1). Thus, the negative energy
of the quantum fields can cancel off an O(1) fraction of the black hole’s classical mass.

8.4 Quantum Penrose Inequality

In this section, we will formulate the Quantum Penrose Inequality (QPI). In Sec. , we
review various concepts necessary for the quantum generalization of classical statements
involving area and null expansion. In Sec.[8.4] we draw some conclusions from the failure of
the classical Penrose inequality. In Sec. [8.4] we formulate our proposal for the QPI.

Generalized Entropy and Quantum Expansion

We begin by introducing the notion of generalized entropy and its main properties. We then
use the generalized entropy to define certain quantum generalizations of various geometric
quantities, necessary for formulating the Quantum Penrose Inequality; see [178] for more
details.

The generalized entropy Sgen, was first introduced by Bekenstein [174] 175] as the total
entropy of a system consisting of a black hole and its exterior on a given time slice. The
definition can be extended to apply not only to the horizon of a black hole, but to any
Cauchy-splitting surface o

_ Ald]
Sgen = Ch + Sout + ..., (8.4.1)
where A[o] is the area of o, and
Sout = —Trpout 10€ pout (8.4.2)

is the von Neumann entropy of the state of the quantum fields, restricted to one side of o:

Pout = Tr55p (8.4.3)
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Here, the state p is the global quantum state, and the trace is over the complement region,
which we define as out.

The von Neumann entropy S,y quantifies the amount of entanglement in the vacuum
across o, and as such, has divergences coming from short-distance entanglement. The leading
divergence is given by A/e?, where e is a short-distance cutoff. However, we can think of the
geometric term in Eq. as a counterterm. The dots indicate the presence of subleading
divergences in Sy, which come with their own geometric counterterms. It is expected that
the divergences coming from the renormalization of G and from short-distance entanglement
will cancel out [178], so as to keep Sgen a finite and well-defined quantity.

One can interpret Sge, in two distinct ways. Following the original motivation, one can
view the area-term as a (large) “correction” to the entropy of quantum fields. Alternatively,
we can define a quantum-corrected area of the surface o:

Aglo] = Alo] + 4GhSout + - .. (8.4.4)

in a semiclassical expansion in Gh. Hence, one can use the notion of generalized entropy
to incorporate quantum effects into certain geometrical objects that derive from the area of
surfaces.

One example is the notion of quantum expansion. Recall, the classical expansion of a
surface o at a point y € o is defined as the trace of the null extrinsic curvature at y.
Equivalently, one can define the classical expansion as a functional derivative,

1 J§A[V]

oy 8.4.5
0V (8.4.5)

Olo;y] =

—~
~—
~—

where h represents the area element of the metric restricted to o, inserted to ensure that
the functional derivative is taken per unit proper area, not coordinate area. The function
V(y) is used to specify the affine location of ¢ and nearby surfaces along a congruence of
null geodesics orthogonal to o. The above definition of the classical expansion is needlessly
complicated, in that it invokes the entire surface o, even though 6 depends only on its
local extrinsic curvature at y. However, this definition naturally generalizes to the quantum
expansion, O, which does depend on all of o:

Ol y] = AGh_35ulV]

~ Vi) V()

As in the classical case, we can use the notion of expansion to define certain types of
surfaces (see Sec. . Let ©4 be the quantum expansion of the future-directed light-rays
orthogonal to a surface pg. (As before, we take the + label to refer to the direction of spatial
infinity.) If ©4, <0 (04 =0) and ©_ < 0, then we call g a quantum (marginally) trapped
surface.

Quantum trapped surfaces, in the semiclassical setting, have some of the properties
obeyed by trapped surfaces in the classical setting. For example, trapped surfaces cannot

(8.4.6)
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lie outside the black hole, assuming weak cosmic censorship and the Null Energy Condition.
When the NEC is violated, they can; however, quantum trapped surfaces must still lie in-
side or on the horizon [179] (still assuming weak cosmic censorship). This will prove to be
important for our formulation of the quantum Penrose inequality.

A quantum future holographic screen, or Q-screen, is a hypersurface foliated by quantum
marginally trapped surfaces. Assuming the quantum focussing conjecture [178|, Q-screens
obey a Generalized Second Law |177].

Lessons From the Counterexample

The failure of the classical PI in the presence of quantum matter (Sec. illustrates the
need for a Quantum Penrose Inequality. It also motivates some of the choices we will make
below.

Let us distinguish two different time-scales: the time for the negative energy of the
Boulware-like state to enter the black hole, and the evaporation time. The former is of order
the scrambling time At, ~ Rlog(R/lp). The latter is much greater, of order R3/GHh.

On the shorter time-scale, the process results in an outcome very similar to that invoked in
motivating the classical Penrose inequality: a Kerr black hole with area A, and no further
evolution. That is, we neglect evaporation since it occurs on a much greater timescale; and
by construction, no matter that will ever enter the black hole. Thus, the mass should obey
167G?*m? > Ajate.

The key difference to the classical case is that the “late” area need not be greater than the
area of trapped surfaces at earlier times; indeed our counterexample shows that it will not
be. However, we know that the Generalized Second Law (GSL) takes the place of the area
theorem in this setting. Thus, we expect that the generalized entropy of earlier quantum
trapped surfaces should be less than Aj,./4Gh. And so, the generalized entropy of quantum
trapped surfaces should replace the area of trapped surfaces when we replace the classical
by a Quantum Penrose Inequality.

This argument is based on the GSL for the event horizon, and so involves an intermediate
step where one argues that the generalized entropy of a quantum marginally trapped surfaces
inside the black hole will not be greater than that of the event horizon. To avoid this step,
we can generalize the second heuristic argument for the classical Penrose inequality, which
was based on the area theorem for future holographic screens. Q-screens obey a GSL that
interpolates directly between different marginally quantum trapped surfaces. If a suitable
Q-screen connects fio to the late-time event horizon, this establishes a Quantum Penrose
Inequality. Of course this is far from a trivial assumption; our goal here was only to gain
some intuition.

In the above heuristic arguments, it was important that the late-time generalized entropy
should be given just by Aj.ie, i.e., that no entropy remains outside of the black hole. However,
this will not be the case in general examples. This will motivate our choice, below, that the
generalized entropy entering the Quantum Penrose Inequality should be evaluated on slices
that remain inside the black hole. We will discuss this important issue further in Sec. [8.6]
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Formulation

We will now obtain a Quantum Penrose Inequality from the classical P1, in three steps. First,
we replace the area with generalized entropy in Eq. (8.2.1]):

A = 4Gh Syen = A + 4G Sy . (8.4.7)

Thus we propose an inequality of the form

m > then
—V 4G

(8.4.8)

Secondly, we must specify the surfaces to which the inequality can be applied. In the
classical case, a surface p has to be trapped for the Penrose inequality to apply, corresponding
to criteria satisfied by the classical expansion. For the QPI, it is natural to apply the same
criteria to the quantum expansion:

06— 0. (8.4.9)

Thus in Eq. , Sgen 15 the generalized entropy of any surface jig that is quantum
trapped. We expect that the most interesting bounds will obtain when pg is quantum
marginally trapped, and we will only consider this case in all examples below.

Next, we must specify on which achronal hypersurface the generalized entropy appearing
in Eq. should be computed. As we will explain in Sec. , this cannot be chosen
to be a Cauchy surface of the outer wedge. Instead, we will propose that this hypersurface
should be entirely contained in the “black hole region” B = M — J~(Z1), i.e., inside or on
the horizon.

More precisely, we require that Sge, should be evaluated on the “future portion” of the
boundary of the outer wedge,

L(ng) = Ow(ug) — I (Ow(uq)) - (8.4.10)

See Fig. L is generated by the congruence of future-directed outgoing null geodesics
orthogonal to pg [172, 193]. Their initial quantum expansion is ©4 = 0 by construction, so
assuming the QFC [178], ©, < 0 everywhere on L. Hence L will be a (quantum) lightsheet
of pg. Assuming an appropriate version of weak cosmic censorship, L will terminate on the
singularity inside the black hole. (Strictly, in order to remain in the semi-classical regime,
one should terminate L slightly earlier, resulting in a second area term that can be made
small by approaching the singularity.)

Note that the surface pg must be quantum trapped with respect to L; it need not
be quantum trapped with respect to any other hypersurface, such as a Cauchy surface of
Ow(1g). To find a suitable ug, consider a null hypersurface N inside the black hole, for
example the boundary of the future of an event ¢ inside the black hole; see Fig.[8.3] Typically
the area of N will increase near ¢ and later decrease towards the singularity. Hence the area
will have a maximum on some cut of N, and the generalized entropy of cuts of N (computed
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Figure 8.3: The Quantum Penrose Inequality bounds the mass at infinity in terms of the
generalized entropy of a quantum marginally trapped surface pg. The generalized entropy
must be evaluated on the lightsheet L (red line), not on a Cauchy surface ¥ of the outer
wedge Ow[g] (shaded region).

with respect to the future of the cuts on V) will have a maximum on some nearby cut. This
cut will be a suitable quantum marginally trapped surface jig, and later cuts will also be
quantum trapped.

Finally, we must impose a requirement analogous to the minimum area condition imposed
on p in the classical case. This condition demanded that there exist a Cauchy surface of
Oy on which no surface enclosing pug has area less than . Here, we will instead consider
the generalized entropy of any surface v enclosing g, computed on the boundary of the
future of the outer wedge of v. For the QPI to apply to a quantum trapped surface jq,
we demand that there exist a Cauchy surface of Ow|[uq] on which no enclosing surface v
satisfies Sgen[Ow (V) — I~ (Ow (V)] < Sgen[L(1t0)]-

To summarize, we propose that the mass at spatial infinity of an asymptotically flat
spacetime satisfies the Quantum Penrose Inequality

hSgen| L
s o[PS L)l
- 4G
where Sge, is computed on the future-outgoing lightsheet of g, and pg is any quantum
trapped surface homologous to spatial infinity that has minimal generalized entropy on some
Cauchy surface of its outer wedge, in the sense described above.

(8.4.11)
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We close by discussing a subtlety that introduces a small uncertainty in the formulation
of the QPI. In Eq. , we used the classical functional relation between the area and
mass of Schwarzschild black holes; we merely replaced the area with the generalized entropy.
In fact, there will be a field-content-dependent quantum correction to the functional relation
itself. However, this correction is small compared to the difference between our QPI and the
classical Penrose inequality.

This is easier to discuss in asymptotically Anti-de Sitter (AdS) space, where the Schwarzschild
black hole can be in thermal equilibrium. Therefore, we will revisit the issue in more detail in
Sec. In general, the black hole exterior will have nonzero energy density in equilibrium.
This is a kind of Casimir energy associated with the potential well provided by the near
horizon zone. It contributes to the total mass at infinity; but since it stays outside the black
hole, it will not contribute to Sgen|L(1q)]-

By dimensional analysis, one expects each field theory degree of freedom to contribute an
amount of order fi/R to this Casimir energy. In Eq. (8.4.11)), this is equivalent to changing
the area or generalized entropy by O(c), where ¢ is the number of matter quantum fields.
For large black holes in AdS, it is possible to determine this correction and include it in the
QPT (see Sec. . In general, however, we are presently unable to determine it.

Since Sgen is O(h!) and ¢ is O(1), the undetermined Casimir term in Eq. is
subleading. But naively, it is comparable to the refinement we introduced in passing from
the classical Penrose inequality to the QPI. However, the Casimir correction cannot be
enhanced by factors proportional to A~!. Thus it is much smaller than the violations of the
classical Penrose inequality that were exhibited in Sec. . Because of the ™! enhancement,
Eq. can be violated by a classical amount through quantum effects. Correspondingly,
a successful QPI cannot be a small modification of the classical Penrose inequality. Indeed,
it is not: as we shall demonstrate in the next section, the counterexample to Eq. is
evaded by Eq. (8.4.11). In this and many other interesting examples, the Casimir correction

is small compared to the difference between Eq. (8.2.1)) and Eq. (8.4.11)).

8.5 Evidence for the Quantum Penrose Inequality

We will now analyze the validity of our proposal in a number of examples. In the process, we
will gain some intuition about the key quantity that appears in it: Sgen[L], the generalized
entropy of the future-outgoing lightsheet L of a quantum marginally trapped surface fiq.

Black Hole in the Unruh State

As a first example, consider a black hole formed from collapse of a null shell; see Fig. [8.4]
This is the example we analyzed in the context of the classical Penrose inequality, at the
beginning of Sec. 8.3l We showed there that the CPI is saturated, since the area of the
classically marginally trapped surface u immediately after the collapse satisfies

167G*m* = Alu] . (8.5.1)
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Figure 8.4: Black hole formed from the collapse of a null shell (orange line). The classically
marginally trapped surface p lies a Planckian distance outside of the event horizon. The
quantum marginally trapped surface pg lies a Planckian distance inside the horizon. The
lightsheet L(ug) captures ~ log(R/lp) infalling Hawking modes (orange dashed lines); in the
Unruh states these modes are unoccupied and so contribute negative entropy on L, compared
to the Hartle-Hawking state. L ends at the singularity and does not encounter any later
infalling modes (purple dashed lines). The entropy on L can also be computed using the
mutual information, S;, = S¢ — S+ I(L : B).

Here we are interested in a quantum marginally trapped surface with largest generalized
entropy, for which the QPI provides the greatest lower bound on the mass. The area of
(quantum) trapped surfaces decreases along with the event horizon, and the contribution
from the entropy term is approximately time-independent. Hence we will again choose the
earliest possible surface pg, right after the collapse.

The quantum marginally trapped surface pug must lie inside the event horizon |179],
whereas p lies outside. Therefore

Alpgl < Alu] . (8.5.2)

We now turn to estimating Sgen[L]. Strictly, Sgen[L] should be computed from the quan-
tum state on a global Cauchy surface ¥ that contains L. One would first compute the
(divergent) field theory entropy S[L] by tracing over the complement of L on ¥. One would
then add the gravitational counterterms whose leading contribution is A[pg]. Locally, in a
vacuum state, one expects Sgen ~ Alpg|/4Gh, where G is the “infrared” value of Newton’s
constant that would be observed at large distances.
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However, the state on L is not a standard vacuum state. L nearly coincides with the
black hole horizon for a time t < At,, where At; is the scrambling time. The vacuum state
on the horizon is the Hartle-Hawking state, which contains ingoing radiation. The ingoing
radiation on L is entangled with modes on the other side of L. This contribution must be
canceled by the counterterm so as to obtain Seen & Aljig|/4Gh in the Hartle-Hawking state.

The actual state we consider here is the Unruh state, which does not have this ingoing
radiation. As a result, the lightsheet will contain less entropy than in the vacuum state.

Thus
Alpg]
A4Gh

Combined with Eqgs. and this establishes that the QPI is satisfied (and not
saturated) in this example.

We would like to go further and estimate the “gap” by which the QPI fails to be saturated
in this example,

Sgen[L] < (8.5.3)

4
A= ”TGWE — Syen[L] - (8.5.4)

We will be interested only in the order of magnitude of this gap and so will make a number
of approximations. We refer to Sec. for notation and conventions.

First, we will assume that the higher angular momentum modes, ¢ > 0, in the near-
horizon zone completely reflect off of the angular momentum barrier and so will behave as
if they were in the Hartle-Hawking state. In this approximation, the Unruh state differs
only through the spherical (¢ = 0) modes, which we treat as having no angular momentum
barrier at all. We also assume that the ingoing and outgoing s-waves do not interact.

A Planck sized, radially outgoing wavepacket starting a Planck distance from the horizon
will be redshifted in such a way that its proper distance from the horizon remains comparable
to its proper wavelength, while it propagates in the near horizon zone, r < 3R/2. Thus, the
number of independent ingoing s-wave modes captured by L is of order log(R/lp), as shown
in Fig. 8.4 In other words, L “sees” what enters the black hole in the first scrambling time
after infalling geodesics that would have crossed pg (see also Appendix .

Every such mode would contribute O(1) entropy in the Hartle-Hawking state but is pure
in the Unruh state (since it is in the ground state). The missing entropy, and the gap to
saturating the QPI, is thus

R
P

The entropy on null surfaces can have surprising and counterintuitive properties |194].
As a check on the above arguments, we now verify this result by evaluating Sgen[L] using
an alternative method, in which von Neumann entropies are evaluated only on spacelike
hypersurfaces.ﬂ

5We thank Aron Wall for suggesting this approach.
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The mutual information of any two systems is defined in terms of the von Neumann
entropies of the individual and joint systems as follows:

[(L:B)ESL+SB—SLB. (856)

Here we consider the lightsheet L and the partial Cauchy surface B shown in Fig. [8.4]
We take B to be null until it meets the end of the near horizon zone, r = 3R/2, and to
coincide approximately with a constant ¢ hypersurface outside of this radius. To stay in the
semiclassical regime, one can terminate L slightly before the singularity. We can choose this
terminal surface to have area cl%, where 1 < ¢ < log(R/lp). The second inequality ensures
that its contribution will be subleading to our result.

Note that the joint system LB is equivalent by unitary evolution to the purely spacelike
Cauchy surface C'. We can thus evaluate the von Neumann entropy on L as

Moreover, L and C have the same boundary, jg, whereas B has a boundary of negligible
area. It follows that
Sgen|L] = Sgen[C] — S+ I(L : B) . (8.5.8)

We chose g to be just after black hole formation, so there will be no outgoing Hawking radi-
ation present on C'. In the Unruh state, the ingoing spherical modes in the near-horizon zone
are unoccupied, which reduces the entropy by log(R/lp) compared to the Hartle-Hawking
value. Hence

A
Sgen|C] — 4[52] ~ 1ogg . (8.5.9)
In our approximation, B captures the same outgoing modes as C, but none of the ingoing
modes that cross L, so Sgp = 0. There is no data on L that is entangled with data on
B, so I(L : B) = 0. Hence Eq. implies Sgen[L] = Sgen[C] in our example. Since
167G*m? = Alu] = Alug] + O(1%), we recover Eq. (8.5.5)).

Note that the Planck length enters Eq. through the position of the quantum
marginally trapped surface i, which is a proper distance of order [p inside of the event
horizon (or of w). It would appear, therefore, that A could be minimized if one could
arrange for pg to lie a distance comparable to R inside the horizon. However, this requires
a large perturbation of the black hole, to which the current analysis does not apply. We will
revisit this question in Sec. 8.5

Near-Saturation of the QPI

In the previous subsection, we found that in a newly formed Schwarzschild black hole with
no exterior matter, the QPI will be satisfied but not quite saturated, with a gap of A ~
log(R/lp). The gap is only logarithmic, but it still becomes arbitrarily large for large black
holes. Here we show that the logarithmic gap can be eliminated. Thus, the QPI can be
saturated up to a fixed gap of order a Planck area, which we do not have full control over.
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The simplest way to accomplish this is to time-reverse the state of the semiclassical fields
on the partial Cauchy surface C' shown in Fig.[8.4] In our approximation, this will not affect
the ¢ > 0 modes, but it will put the spherical waves in a time-reversed Unruh state. That is,
the outgoing modes will be unoccupied and the ingoing modes will be occupied, reversing the
situation considered in the previous subsection. Crucially, this modification will not change
the mass m at infinity, so we still have

167G*m? = Alu] = Alug] + O(1%) . (8.5.10)

Because of the restriction to semiclassical modes, there is a cutoff near pug at least of
order [p. Thus, while the initial conditions we now impose are somewhat unnatural, they
will persist only for one scrambling time At; ~ Rlog(R/lp). After this time, the black hole
will begin to evaporate. In particular, unlike the full Boulware state, there is no singularity
at the horizon. Note also that this state differs from the one we considered in Sec. B.3] in
that the £ > 0 modes are not in the Boulware vacuum.

The lightsheet L is sensitive only to the ingoing part of the radiation, so its generalized
entropy will be the same as it would be in the Hartle-Hawking state:

Syen|L] = —2 (8.5.11)

Thus we find that the QPI is nearly saturated:

4
zggw—%dmwmn. (8.5.12)

Perturbative Regime: QPI from the GSL

Next, we will consider the more general case where matter enters into the black hole after its
formation. We consider the same formation process as above. We will again focus on ¢ right
after formation so as to obtain the tightest bound. But now we will allow for a nontrivial
quantum state outside of the black hole. This could be an ordinary matter system carrying
some thermodynamic entropy. It could also be a quantum state with negative energy, such
as the Boulware-like state that we considered in Sec. as a counterexample to the CPIL.

The future-outgoing lightsheet L of 1o will only receive matter that falls into the black
hole within the first scrambling time after pg; see Fig. To be precise, consider a family
of radially infalling geodesics that are initially at rest at some large radius » > R. The
geodesics are all at the same angle but shifted in time. It is easy to check that the geodesic
that passes through pg and the last geodesic that reaches L are separated at large radius
by a time of order Aty ~ Rlog(R/lp). Any matter that falls in later will hit the singularity
before reaching . This statement does not depend on the initial radius, and it also holds
also for ingoing null geodesics; see Appendix [A.10]

In the following subsection, we will consider the effects of matter that falls in after the
first scrambling time and so does not reach L. However, now we will focus on matter that
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can be registered on L. By the above argument, we can take this matter to reside within the
near-horizon zone, R < r < 3R/2, on the partial Cauchy surface C'. Let H be the portion
of the event horizon to the future of C, and let Sge,[H]| be its generalized entropy.

We begin by making a simplifying assumption that will be relaxed below, that all of the
matter that falls across the horizon will also cross L (as opposed to passing through the
portion of B inside the black hole). The quantum marginally trapped surface pg and the
boundary of H have approximately the same area, so there is a simple relationship between
the entropy on H and L:

Sgen| L] = Sgen[H]| — AS[Hiate] + O(1), (8.5.13)

where Hy, is the portion of the horizon above a sufficiently late Cauchy slice, when the
black hole has relaxed to equilibrium, but early enough that negligible Hawking radiation
has been produced.

We have assumed a state in which there is negligible mutual information between L and
Hy.o. For example, if the black hole simply evaporates with no further matter falling in,
AS[Hpate) is the (negative) renormalized entropy that exists on the horizon in the Unruh
state (due to the missing infalling modes when to compared the Hartle-Hawking state).

From 4
late
Sgen[Hlate] - A‘S([I—Ilate] - 4G,_th (8514)
and Eq. (8.5.13)), the QPT follows:
Aate . 4ATG
Sgen[L] = Sgen[H] — AS[Hiate] < Sgen[Huate] — AS[Hiare] = 4(1;—% < Tm2 . (8.5.15)

The first inequality in this sequence is the GSL for event horizons. Note that we have ignored
the O(1) additive uncertainty in Eq. in light of the discussion at the end of Sec. [8.4]

This argument establishes the QPI for a large class of examples, including the Boulware-
like state that served as a counterexample to the classical Penrose inequality in Sec. [8.3]
In this case, Ape (Which sets the mass) will be significantly smaller than the area of the
trapped surface ;1. Here we use the quantum trapped surface g, but its area is almost the
same as that of u. What saves the QPI is the contribution of the entropy on L, which is
negative in this example. Specifically, the GSL guarantees that the lower bound, Sgen[L], is
smaller than the area of g by a sufficient amount for the QPI to hold.

In the case where positive entropy registers on H and L, our QPI is stronger than the
classical Penrose inequality. The lightsheet “knows” that more matter will enter the the black
hole after jig, and the GSL “knows” that this will result in an area increase. Effectively, this
larger area becomes the lower bound on the mass.

Failed Counterexample: Negative Energy That Misses the
Lightsheet

In the previous subsection, we considered the case where all matter outside the quantum
trapped surface pug crosses its lightsheet L. Here we generalize to discuss matter for which
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Figure 8.5: The QPI is threatened by any negative energy (blue worldvolume) that fails to
register on the lightsheet L. We analyze three possibilities but find that none of them leads
to a violation of the QPI. (a) Negative energy outside of the near horizon zone (vertical
green line). (b) Negative energy that enters the black hole soon after ;i but evades L by
accelerating outward. (c) Negative energy that remains near the black hole for more than a
scrambling time.

this does not happen. In this case, we cannot use the GSL for the event horizon to constrain
the relation between Sge,[L] and the mass at infinity. However, we will give some plausibility
arguments for the validity of the QPI.

In the previous subsections, we argued that the QPI will hold true if all matter outside
of ug passes through L. We can think of the present situation as a complication where we
add matter that does not satisfy this property. Since this cannot affect S[L], the only way
that the QPI can now be violated is if the matter we added contributes negative mass at
infinity. We will now argue that this is impossible in the semiclassical regime.

Matter outside of g can fail to register on L for any of the following three reasons (see

Fig. :

1. The matter never enters the black hole.

2. The matter enters the black hole during the first scrambling time after C' but escapes
through the portion of B inside the black hole.

3. The matter enters the black hole later than a scrambling time after C'.

In the first case, the matter can be approximately treated as isolated from the black
hole. But the total mass of isolated systems is positive, so distant systems can never cause
violations of the QPI. (This does not rule out regions with negative energy, but it implies
that sufficient positive energy must be present nearby.)

In the second case, the matter system can be initially near the black hole and so could
have regions of negative energy density (as in the example of Sec. . However, in order
to miss L, it would have to accelerate outwards after crossing the horizon. This requires
positive energy. We will not attempt to demonstrate here that this always results in a net
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positive mass contribution; our goal is only to note that the QPI is not obviously violated
in this setup. This question merits further study.

In the third case, we again must choose the matter system to be close to the horizon
if we wish to give it negative energy. For example, the Boulware-like state of Sec.
would qualify. However, by assumption this state would have to be present more than one
scrambling time after C'. Moreover, the modes for which it is possible to obtain net negative
energy are those that make up the thermal atmosphere of the black hole; these modes evolve
exponentially close to the horizon under backward time evolution. Thus the state on C
would contain transplanckian energy density (similar to a firewall). The initial state would
not be a semiclassical state. This argument is robust and rules out an entire class of what
naively seemed like promising counterexamples. We view this as nontrivial evidence in favor
of our proposal.

8.6 Alternative Proposals

In this section we consider various alternative conjectures for the QPI. In Sec. we give
counterexamples to proposals that might otherwise seem natural. In Sec. we discuss
modifications of our proposal that appear viable, and we explain why we are not currently
advocating for them.

Nonviable Alternatives

We will now discuss several alternative conjectures for a QPI that we considered in the
process of this work. Our goal is to explain our choice in Sec. [8.4] and to illustrate that the
problem is rather constrained. This proves neither that our formulation is unique, nor that
it is correct. But we will see that it is remarkably difficult to find any alternative statement
of the QPI that is not immediately ruled out.

Cauchy surfaces that reach spatial infinity First, we explain why we do not allow
Y[pg] to reach outside the black hole. This prohibition is motivated by the asymptotically
flat case, to which we will specialize for now. Let ¥, be a Cauchy surface of Oy [ug], in
violation of our requirements. An example is the black slice in the Fig.[8.6] Let Sgen[Yoc(f10)]
be the generalized entropy evaluated on ... The alternative QPI thus would take the form

°

m 2 LSt (561)

But it is easy to find a counterexample to Eq. (8.6.1): an arbitrary amount of matter
entropy can be placed in regions far from the black hole, at arbitrarily little cost in mass.
We now discuss this in detail.

Consider a dilute gas of N photon wave packets, each of characteristic size A\. Each
photon occupies a region of volume A, so the photons can be dilute if they occupy a region
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Figure 8.6: Left: the generalized entropy on the slice ¥, can be dominated by distant soft
particles (brown) and so does not yield a viable lower bound on the mass. The global Cauchy
surface Ygi0ba1 Plays a role in an alternative proposal discussed in the main text. Right: the
long slice ¥one captures all of the missing infalling Hawking modes.

of volume N3, We can take each photon to be in a mixed state (say, of polarizations), and
in a product state with respect to the rest of the universe. Then the gas contributes of order
N to the generalized entropy on .

We take the gas to be very far from the black hole or any other matter, so that gravi-
tational binding energy to other objects is negligible. The gravitational binding energy of
the photon cloud itself will be negligible if NGh/A < N3\, so we shall take A\ > N'/3[p,
where [p = (Gh)'/? is the Planck length. Then the gas of photons contributes a mass of
order NAi/A to the ADM mass. This mass contribution can be taken to be arbitrarily small
by taking A — oo at fixed N without violating any of the previous assumptions.

We are still free to choose N to take any value we like. Thus we have found a family
of initial data with bounded m but unbounded Sgen[pg] =~ ¢1 + caN, where ¢; and ¢, are
independent of N. For large enough N, this leads to a violation of Eq. .

Area of marginally quantum trapped surfaces A second alternative conjecture would
be to use only the area of pg, not its generalized entropy:

Alpg)

?
> .
"=\ 1662

(8.6.2)
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That is, one would conjecture that Eq. holds if A is taken to be the area of a quantum
trapped surface. This possibility is attractive because the entropy of distant soft radiation
would never contribute to the lower bound in the first place.

However, Eq. is ruled out (among other reasons) by the Boulware-like counterex-
ample to the classical Penrose inequality. This is because the area of the bifurcation surface
will receive only a correction that can be made parametrically small. This follows from the
remarks concerning the classically marginally trapped surface at the end of Sec. 8.3 The
same argument implies that the marginally quantum trapped surface area receives only a
parametrically small correction, which cannot compete with the large decrease in mass.

Subtracting global entropy; interior generalized entropy Let us revisit the proposal
of Sec. |8.6/and consider the generalized entropy Sgen[Xoo(f2g)] of a marginally trapped surface
g, evaluated on a Cauchy surface that reaches outside of the black hole all the way to spatial
infinity. This proposal suffered from the problem that distant soft modes can contribute
unbounded entropy with bounded energy, so Sgen[Xoo(f4q)] is unrelated to any lower bound
on the mass.

A natural idea is to subtract the von Neumann entropy on a global Cauchy surface (see

Fig. :

m g \/h<Sgen[Zoo(/iig_ S[Eglobal] ‘ (863)

If the distant soft modes have the same entropy in the global state as in the generalized
entropy, then their dangerous contribution will cancel out.

However, this need not be the case. Consider a collapsing star that forms a Schwarzschild
black hole of area A. The entropy of the star can be of order Sy.. ~ (A/Gh)>* or even
Sstar ~ A/GHh [195]. We can chose the global state to contain only distant soft radiation that
purifies the star, so that S[Xg0pa] = 0 and

Alpi]
= .6.4
" 167G? te, (8.6.4)
where € can be arbitrarily small. But then
Alpg]
Seen[Soc(110)] B 7 72" + Sitar (8.6.5)

so that Eq. (8.6.3)) is violated.

The violation in our example remains bounded, since Sg., cannot exceed Alugl/4Gh by
the GSL. One might consider absorbing this violation by adding a correction factor of 1/2 to
the right hand side of Eq. (8.6.3). But by considering initial data with a second asymptotic
region, one can arrange S|[Xgobal] = 0 with unbounded Sgen[Xoo(p1g)] at fixed m, leading to
unbounded violations.

A variation of this idea is to use the generalized entropy in the interior (not the exterior)
of the surface ug. It is easy to check that it fails for the same reasons.
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Possible Modifications of the QPI

We will now discuss an alternative formulation of the QPI that we cannot currently rule out,
and we comment on some of its properties that have led us to reject it as our main proposal.

The basic idea is to consider partial Cauchy surfaces other than L, still bounded by pg
and remaining inside the black hole. For example, we could assert that

D)

m > e (8.6.6)

holds for any achronal hypersurface ¥ C B N Ow[ug] whose only boundary is 1. This

class includes the lightsheet L, so this conjecture would be strictly stronger than our main

proposal. It is clear that the heuristic arguments in support of QPT in Sec. [8.5 also apply to
this family of slices.

There are some clear downsides to this choice. The region B and therefore this family of
slices are defined teleologically. Furthermore, it is not clear to us how one would formulate
a minimality requirement in this case, analogous to the requirement that the classically
trapped surface minimize the area on some Cauchy surface.

A variation would be to insist on a Cauchy surface that is as “long” as possible, i.e.,
which does not have any endpoint on the future singularity. Roughly, this means it ends on
the future endpoints of the horizon generators, see ¥, in Fig. [8.6] This proposal is weaker
than the previous one and neither stronger nor weaker than our main proposal. We will now
argue that for an evaporating black hole this results in a less stringent bound than the one
obtained from L.

As discussed in Sec. [8.5] in the Unruh state there is negative entropy falling across the
horizon, due to the missing ingoing modes compared to the Hartle-Hawking state. The long
slice will capture this negative entropy through the entire process of evaporation. (Here we
are assuming that the semiclassical expansion is valid until the black hole area is Planckian
in size.) The generalized entropy on this slice is:

Alp Alp
Sgen[zlong] = 422] - 4[02] s (867)

where v > 1 by the GSL, and the second term arises from the contribution of the missing
ingoing modes on X..

It is difficult to compute v exactly. If v > 1, then S, will be negative. This renders
(8.6) ill-defined. Negative Sgen is also conceptually in conflict with the interpretation of
Sgen as an entropy in the fundamental theory of quantum gravity. This suggests that a
careful computation will reveal that v = 1, in which case Eq. (8.6) reduces back to the
statement of the positivity of the ADM mass. Along with the downsides mentioned earlier,
this conundrum shows that such long slices are not ideal for formulating the QPI.
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8.7 Quantum Penrose Inequality in Anti-de Sitter
Space

The classical Penrose inequality was motivated by the heuristic argument that a Schwarz-
schild black hole with no exterior matter should have the smallest possible mass for a given
trapped surface area. In Eq. we assumed a vanishing cosmological constant A. An
analogous argument for asymptotically Anti-de Sitter spacetimes with curvature scale L =
(—A/3)'/? yields the classical inequality

m Z fAds(A[,u]) y (871)

A 1/2 A 3/2 o2
Jaas(4) = (167‘(’G2) * (167TG2) L? (8.7.2)

and p is again a trapped surface satisfying an appropriate minimality condition (see Sec. .
Following our QPI proposal for asymptotically flat space, it would appear natural to
propose the following QPI in asymptotically AdS spacetimes:

 (BSen ' (1Seen\*? G2
nd (M) (B) 619
in asymptotically AdS spacetimes with curvature scale L. Here Sge, is defined with respect
to slices defined in Sec. ; see Fig. However, due to O(1) subtleties discussed at the
end of Sec. [8.4] it is not clear that Eq. will hold exactly in the AdS Hartle-Hawking
state (referred to as o henceforth). The issue is the radiation mass outside of the black
hole which could be negative, lowering the LHS of Eq. to violation. As we will

discuss here, in asymptotically AdS spacetimes one could fix this O(1) issue. Note that the
quantum-corrected ADM mass in this state is

m = (167TG> + (WTG) 7z +Mad (8.7.4)

where

with
S / A (T | (8.7.5)
31

where (7)), is the renormalized stress tensor in o, ¥; is a Cauchy slice stretching from
the bifurcation surface to the boundary of AdS, and t* is the Killing field in Schwarzschild-
AdS that is timelike at infinity. Also, note that the area term in Eq. is not the
quantum-corrected area. Furthermore, based on formulation in Sec. , Sgen 10 the o is
computed on the part of the horizon in the future of the bifurcation surface yg; see Fig.[8.8
The quantum stress tensor (7)) has been computed in the Hartle-Hawking state in 241
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Figure 8.7: Different choices of slices anchored to the surface ji on which one could compute
Sgen- The red lightsheet L is defined analogously to the asymptotically flat case. Since distant
soft modes do not exist for large black holes in AdS, one could also consider computing Sgen
on the black slice ¥, that ends on the asymptotic boundary.

dimensions with different choices of boundary conditions . One finds that m,.q depends
on the field content and the boundary conditions; moreover, m,,q does not have a definite
sign . Explicit calculations in 2-+1 dimensions show that m,,q can be negative. We do
not expect that the entropy of the matter on 35 and the quantum corrections to the area
term would compensate for this negative value of m,.q so as to uphold Eq. . Therefore,
we expect that Eq. can be violated in the Hartle-Hawking state. Furthermore, the
non-universality of m,q seems to suggest that the correct formulation of QPI for large AdS
black holes must depend on various factors that m,,q depends on (e.g. the field content and
the boundary conditions).

Here we propose a way to introduce this dependence into a Quantum Penrose Inequality
for asymptotically Anti-de Sitter spacetimes. Let f{,q be a function such that in the Hartle-
Hawking state,

m = fas(Seen[22]) (8.7.6)

where m is the quantum-corrected ADM mass and Sg, is associated to the future portion
¥, of the horizon; see Fig. [8.8] Now, we propose

m > fgds(sgen[L]) ) (8.7.7)
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Figure 8.8: The Hartle-Hawking state is essential for our definition of ff,5 via m =
fi4s(Sgen). Here m is the ADM mass including the quantum corrections associated with
the radiation mass. m..q is computed on the black slice ¥; with respect to the time-like
Killing field ¢* whose orbits are shown in the figure. Sge, is computed on the red null slice
Y9 on the horizon that ends on the bifurcation surface pg.

for any marginally trapped surface jig in an asymptotically AdS spacetime with a large AdS
black hole. A heuristic argument for Eq. is as follows: First, the above inequality
will follow from the classical Penrose inequality unless we are in a state perturbatively close
to Kerr-AdS. In that limit, it can be shown (see Appendix that given any quantum
marginally trapped surface, there exists a Q-screen that approaches the horizon of the Kerr-
AdS at late times and has the quantum marginally trapped surface as a leaf. As discussed
in Sec. , Q-screens are known to satisfy a generalized second law [177]. The QPI would
then follow from:

Sgen’early < Sgen|KerrfAdS
= fgdS (Sgen‘early) S deS (Sgen’Kerr—AdS) S fgds (Sgen’o') =m, (878)

where the first inequality on the second line follows from the generalized second law of

Q-screens and the second inequality follows from assuming f{ ,q is a monotonic function.
In general we could have states where the AdS black hole is not large enough to reach

stable thermal equilibrium with the asymptotic boundary of the spacetime, so a few words
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about the case of these small AdS black holes are in order. For such black holes, we cannot
define the function f{ 4 as above. Our proposal would then follow more closely our proposal
for asymptotically flat spacetimes, where we formulate our conjecture using the function f
appearing in the classical Penrose inequality for AdS.

m > faas(4GhSen[L]) | (8.7.9)

where faqs is defined in Eq. (8.7.2)). The phase transition for (in)stability of AdS black holes
happen around ADM mass L/G, so our proposal changes for mass above and below the
phase transition point. The exact value of mass associated to a phase transition depends on
the choice of boundary conditions and the field content.

An important difference between QPI for large AdS black holes and flat space black
holes is the absence of the challenge associated with soft modes. As discussed in Sec. [8.6]
in asymptotically flat space, one can add entropy far away from the black hole at negligi-
ble cost to the ADM mass. This prevents any formulation of QPI where the generalized
entropy is computed on partial Cauchy slices approaching spatial infinity in asymptotically
flat spacetimes.

However, in asymptotically AdS spacetimes and in the presence of a large black hole,
excitations require considerable energy to remain outside of the black hole, so the arguments
of Sec. do not go through and matter entropy outside of the black hole has an energy
cost. Therefore, in the presence of large AdS black holes the slice on which Sge, is evaluated
could end on the asymptotic boundary of AdS. This possibility was discussed in the context
of AdS/CFT in [187]. To define the function f{ ,q in this version of QPI, we need to consider
the Hartle-Hawking state and the generalized entropy on the spatial slice ¥; of Fig. [8.8]

m = fias(Seen[X1]) - (8.7.10)

The quantum extremal surface prescription [197] equates Sgen[21] with the von Neumann
entropy of the dual CFT in the thermofield double state. Therefore, this definition of the
function f{,q has a very natural interpretation from the CFT perspective

(H)rrp = fiqs (Scrr[TFD]) (8.7.11)

where (H)7pp is the expectation value of the CFT Hamiltonian in the thermofield double
state.

8.8 Classical and Non-gravitational Limits

In this section we discuss two interesting limits of the QPI: the classical limit, A — 0; and
the non-gravitational limit, G — 0.
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In the A — 0 of QPI, we recover the classical Penrose inequality. This is easy to see. The
amount of matter entropy on L is O((Gh)?), and therefore

lim 4GhSyen[L] = Alug] (8.8.1)

Furthermore, the surface pg is perturbatively close to a (classically) marginally trapped
surface such that their area difference is due to quantum corrections and therefore of order
Gh and can be neglected. Lastly, any A corrections to the function f can trivially be ignored
in the 7 — 0 limit. We therefore have the desired implication:

F*(AGHSgenltiql) <m =2 f<(Alp]) < m . (8.8.2)

We turn to the G — 0 limit of the QPI. This is of interest because some semiclassical
conjectures yield nontrivial and novel implications about QFT in this limit. For example, the
QNEC was first discovered by taking the G — 0 limit of the QFC in a particular setting [178].
In order to sidestep the small “Casimir uncertainty” discussed in Sec. [8.4] we will consider
the QPI in AdS. We further restrict to two complementary scenarios.

First, consider a perturbation to a Hartle-Hawking state such that in a finite amount of
time the state settles back down to a Hartle-Hawking state (with a different temperature).
In this case, Eq. shows that the QPI is equivalent to the GSL. The non-gravitational
limit of the GSL the monotonicity of relative entropy. This is a nontrivial but well-known
statement in quantum information theory, which applies in particular in QFT.

The second scenario is when the perturbation does not relax to equilibrium. This means
that the excitation that takes the state away from the Hartle-Hawking state remains outside
of the black hole. Therefore such excitations do not change the generalized entropy on L or
the geometry of the event horizon. Let dm be the change in the ADM mass caused by this
perturbation. Since the QPI is saturated in the Hartle-Hawking state, it reduces to

om >0 (8.8.3)
in the G — 0 limit. Here ém = le d¥revT, (see Fig. , and t¥ is the timelike Killing

vector field outside the black hole. This makes physical sense: if the field excitations are
isolated from the black hole, they need to satisfy their own positive energy condition.

8.9 Cosmic Censorship Conjecture

In this section, we consider the current status of the cosmic censorship conjecture (CCC)
and its relation to the Penrose inequality. We argue that there is a need for a quantum
generalization of the CCC, and we suggest that the proposed Quantum Penrose Inequality
may inform the formulation of a quantum CCC.

The formation of singularities in gravitational collapse is guaranteed by classical [173]
and quantum [179] singularity theorems. However, it is not clear that the formation of a
singularity implies the formation of a black hole.
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The weak CCC asserts that singularities (regions of arbitrarily high curvature) will not
be visible to a distant observer[| A precise statement of the conjecture can be formulated
as follows [172]: Let (X, hy,, Ku) be an asymptotically flat initial data set for Einstein’s
equation with (X, h,, ) a complete Riemannian manifold. Let the matter sources be such that
T, satisfies the dominant energy condition and the coupled Einstein-matter field equations
are of the form O¢(x) = F(x, ¢, V), where F is a smooth function of its variables. In
addition let the initial data for the matter fields on X satisfy appropriate asymptotic falloff
conditions at spatial infinity. Then the maximal Cauchy evolution of these initial data is an
asymptotically flat, strongly asymptotically predictable spacetime.

The CCC has not been proven. Indeed, there are a number of known “mild” violations
that we will discuss shortly. The (classical) Penrose inequality is only a necessary condition
for the CCC, as explained in Sec. [8.2] Even this weaker statement has not been proven; but
as a quantitative relation between mass and area, it has been extensively explored. The fact
that no counterexample has been found can be viewed as indirect evidence that some version
of the CCC may indeed hold.

Let us now discuss the mild violations mentioned in the previous paragraph. A black
string in 4+1 dimensions suffers from the Gregory-Laflamme instability [198]. Further evolu-
tion causes the string to become arbitrarily thin in some regions [199} 200] and so arbitrarly
high curvatures become visible to a distant observer.

In 3+1 dimensions, there exist fine-tuned initial data sets such that the solution exhibits
a self-similar behavior near the threshold of formation of a black hole [201], 202} [203] 204]. At
the threshold, a naked singularity forms. In some examples, the naked singularity propagates
out to ZT.

In the above two examples, the initial data satisfy the dominant energy condition, as
required by the CCC. The black string is not asymptotically flat, but one expects that it
can be truncated at a sufficiently great length so that local evolution far from the ends still
leads to a naked singularity.

Let us now add a third example, which is physically relevant but does not obey the
dominant energy condition: a black hole that evaporates completely. In this case, treating
the spacetime as a classical manifold, a naked singularity is inevitable [205, [206].

Only the last example explicitly involves quantum effects. But it points to a resolution of
all three violations: clearly, it makes no sense to treat the spacetime as a classical manifold
near the endpoint of evaporation (i.e., arbitrarily close to the naked singularity). When the
curvature formally exceeds the Planck curvature, the semiclassical expansion breaks down,
and a classical geometric description of the spacetime need not exist.

But this observation also applies to the other known examples of CCC violation. One
would expect a black string to pinch off before it becomes thinner than a Planck length.
Similarly, one would expect quantum effects to smooth out the fine-tuned initial data, or at
least the singularities they lead to.

6We will consider only the weak CCC here. The strong form of the CCC states, roughly, that no observer
can see a singularity. In all cases, one assumes regular initial data.



CHAPTER 8. QUANTUM INFORMATION BOUND ON THE ENERGY 173

Naively, all three examples violate the spirit of the CCC: starting from a highly classical
regime, evolution produces an outcome in which quantum gravity is required to maintain
predictability. But in an important sense, the violation is “small” in each case. The energies
involved are likely no greater than the Planck mass, and we can “guess” a plausible future
evolution without having a full quantum gravity theory. For example, the Planck-sized black
hole will probably decay into a few more particles, and the black string will simply pinch off.

It would be of interest to formulate a quantum version of the CCC which accounts for
these physically reasonable phenomena, i.e., one that is not formally violated by them.ﬂ
We expect the Quantum Penrose Inequality to play a role analogous to the classical one:
as a necessary condition for the quantum CCC, and thus as a useful test. Perhaps more
importantly, the Quantum Penrose Inequality may be of some use in identifying the correct
formulation of a quantum CCC in the first place.

"A specific proposal will be studied in forthcoming work.
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Appendix A

Appendix

A.1 Notation and Definitions

Basic Notation

Notation for basic bulk and boundary quantities
e Bulk indices are pu, v, .. ..
e Boundary indices are i, j,.... Then p = (z,1).
o We assume a Fefferman-Graham form for the metric: ds® = L5 (d2? + gijda'da?).
e The expansion for g;;(z, z) at fixed  is

(d,log) d_(d)

_ (0)

Gij = 95 + 2205 + 25 + -+ + 2¥log 2

ij ij
The coefficients gg-l) for n < d and ggl’log) are determined in terms of gz.(](.]), while gi(;.i) is
state-dependent and contains the energy-momentum tensor of the CFT. If d is even,
then ¢\*'°® = 0. To avoid clutter we will often write gg»)) simply as g;;. Unless otherwise

)

]
indicated, 7,7 indices are raised and lowered by gg-) :

o We use R, R, Ruupe to denote bulk curvature tensors, and R, R;j, Rijm, to denote
boundary curvature tensors.

Notation for extremal surface and entangling surface quantities
e Extremal surface indices are «, (3, .. ..

e Boundary indices are a,b,.... Then a = (z,a).
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e The extremal surface is parameterized by functions X*(z,y%). We choose a gauge such
that X* = 2, and expand the remaining coordinates as

X' = X(io) + ZQX(Z) + Z4Xf4) 4+ -+ 2%log ZX(id,log) + degd) +-- (A.1.2)
0)
1]
while X (id) is state-dependent and is related to the renormalized entropy of the CFT
region.

The coefficients X ("n) for n < d and X (id log) are determined in terms of X ZO) and g

e The extremal surface induced metric will be denoted h,s and gauge-fixed so that

h., =0.
e The entangling surface induced metric will be denoted hy,.

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 y is

gij(yv Z) = gij(X(Zvy)u Z) = gz](X(0)<y) + ZZX@)(y) +-- 72)
:¢?+g<¢@+X&@w@>+”. (A.1.3)

ij ij

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.1.4)

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:

2 i (2
g<(1j) - eagz(j)‘ (A.1.5)
We can form the surface projector by contracting the surface indices on two copies of ¢’ :
P = pobelel = ¢l ede, (A.1.6)

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- (Al?)
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Note also that when acting on objects with only ambient indices, we have the relationship
DV = e Vi Vi, (A.1.8)

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:

iy = —Dach = —ae} + 1oeh — Ll (A.1.9)

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:

ei Ky = 0. (A.1.10)
The trace of the extrinsic curvature is denoted by K*:
K'=hK},. (A.1.11)

Below we will introduce the null basis of normal vectors &% and I*. Then we can define
expansion Oy (6(;y) and shear O'(EIZ) (a((llb)) as the trace and traceless parts of k;K?, (I;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:

DcKéb - DbKZLc = (Dch - DcDb)efz

i d i
=R abe — T abeCd-

(A.1.12)

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:

C

Keai Ky — Kuaii K. = Raabe — Tdabe- (A.1.13)

Various traces of this equation are also useful.

Null Normals £ 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
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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.1.14)

As we did with the tangent vectors ¢!, we will introduce a shorthand notation to denote

contraction with k% or [’: 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'VRy;. (A.1.15)
Another quantity associated with k% and [ is the normal connection w?, defined through
Wy = ;DK (A.1.16)
With this definition, the tangent derivative of k* can be shown to be

Dok' = wok' 4+ K " (A.1.17)
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 [* 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.1.18)

However, we will not define I* by parallel transport along k*. It is conceptually cleaner to
maintain the orthogonality of [* to the surface even as the surface is deformed along the
geodesics generated by ‘. This means that [? satisfies the equation

Vil' = —w“e’. (A.1.19)

These equations are enough to specify I* and &% 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.1.20)

This suffices to specify &% an I’ 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) = Vil — Vik' = —wel. (A.1.21)
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A.2 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 6 X* = 9, X", which
is the case we are primarily interested in, d can be identified with 0y. 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.2.1)

To make contact with the main text, we will use the notation &' = §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

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.2.3)
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From here we can find the variation of the tangent projector, for instance:
OPY = §hel el 4 2hPel Opk?)
= —2Kfbele] + 2h%el Dyk?) — 2h%elT)
= 2uelk?) — h“begfi,)c. (A.24)
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

VP = 2uel kD). (A.2.5)
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.2.6)

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)CKaC + Rklak‘ (A27)

Extrinsic Curvatures The simplest extrinsic curvature variation is that of the trace of
the extrinsic curvature

§K' = —K™T%, — D,Dk' — R}, P™ + (2D*(K};) — Dg(K")) e® — 2K’ K},  (A.2.8)
Note that the combination K* + K*I'} k™ is covariant, so it makes sense to write
GuRY = DD — gy P 4 (20K — D) - 2KPRY (A2

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 &’ leads to

SKF = —K* KK — Ry, (A.2.10)
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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:

kid Ky = — K2, T7 k™ — ki Do Dok’ — Riyapp- (A.2.11)
A.3 z-Expansions

Bulk Metric

We are focusing on bulk theories with gravitational Lagrangians

1 d(d—1) 2\ D2 | 2y P2 2
= — R+ MR+ - NR ChasL ) A3.1
167Gy ( R TR (4.31)
where Lgp = R, — 4R, + R? is the Gauss-Bonnet Lagrangian, £ is the cutoff length

scale of the bulk effective field theory, and the couplings A;, Ay, and Agp are defined to be
dimensionless. We have decided to include Lgp as part of our basis of interactions rather
than wam 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 o
ds® = ?(dz2 + gi;dx'da?), (A.3.2)

where g;;(z, z) is expanded as a series in z:
Gij = gg-)) + Z2g§;) + 2491(;1) + -4 2%log zggj’log) + zdgg-i) +o (A.3.3)

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;; = ggg).

The first nontrivial term in the metric expansion is independent of the higher-derivative
couplings, and in fact is completely determined by symmetry [54]:

o_ 1 (p 1 5 A34
i d—Q(R” 2<d_1)ng). (A.3.4)

The next term is also largely determined by symmetry, except for a pair of coefficients [54].

)

We are only interested in the kk-component of gz-(;l , and where one of the coefficients drops

out. The result is

1 . 1 o

(4) _ oim L grp Y iR

9k = 7= |AChkimCy +8(d_1)ka 4(d_2)m R,
—;RUR . .4_&3 R+ RR (A.3.5)
2d—2) TP T (@ =22 TR T (g —1)(d—2)2 M) -
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where Cjj,,, is the Weyl tensor and

2 2

)

In d = 4 we will need an expression for g,gi’log as well. One can check that this is obtainable

from g,(:,t) by first multiplying by 4 — d and then setting d — 4. We record the answer for
future reference:

1

(4,log) iim 1

o 1. 1
E'EOR;; — ZRUR“’” + ERRM] . (A.3.7)

Extremal Surface Coordinates

The extremal surface position is determined by extremizing the generalized entropy func-
tional |6, 49]:

1

Sgen = E

/ Vh {1 + 20 PR + AP (RW/\/"“’ — %ICJC“) + 2AGB£27~} + Spune- (A.3.8)

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 MR A+ Ml (RPVN’”’ - 51@/@) + 2/\GB£2f} + 20 PVIR
RpWE (N"”V“pr + 2PV R — QREKP + 2P R 5 + Doy DK

+ KPR o P + zicwﬁicylc;ﬁ) — alrKL. (A.3.9)

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 (1'4)[} Furthermore, X, is fully determined
by symmetry to be [207]

1
2(d - 2)

a 7 1 %
D 8{1X(0) — ——K

Xipy =
@) 2(d—2)" "’

(A.3.10)

7

where K denotes the extrinsic curvature of the X (o) surface, but we are leaving off the (0)
in our notation to save space.

Tt goes without saying that these formulas are only valid for d > 2 and d > 4, respectively.



APPENDIX A. APPENDIX 182

The computation of X : ) 18 straightforward but tedious. We will only need to know k; X g4)

(0))

(where indices are being ralsed and lowered with g and the answer turns out to be

A(d - )X = 2XG) (P9l - 4(X)?)
+ KEg% + 490 X5 + 2X P K K'Y 4 |, D, DX,

1 .
-+ k]<vngjn2 ng(Z) )Pmn + X&)kanjpjm

2 mn

+ 8k0() Craty — 2(d — 4T, X7 X5, (A.3.11)
Here x depends on Agg as in (|A.3.6). 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 k' and I fields described and the Bianchi identity:

1
ViR+ ——V Ry. <A312)

| 1
K (Vg — 5Vi950) P = ) d 5

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) = 2X ) (P90 = 4(X(2))?)
a m 2 j a ayi
+ Khg® + 492 X + 2X P KT KR 4 kD, D Xy,

1 .
R0 9P 4 X Ry PP
+ SRU(k)Okalb. <A313>

We will not bother unpacking all of the definitions, but the main things to notice is that the
noncovariant part disappears.

A.4 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 .

The task is to simplify (3.2.13]),

“2(0X)?)., = 2ki6 Xy + 295]?)#5)({ + 010X (50 X7, + gg‘)k%f + X5 Omgish' K

1
+ X009l KK+ S X XDy 0 0gik' K. (A1)

(2)
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After some algebra, we can write this as

_ . . 1
L7 (0X)%] 0 = g + 20(X{ycom) + 205 ViX) + VX[ ViXy) = = (X()) ViR
(A.4.2)

Here we have defined

7 ) 1 7 l m
Klaeor) = Xy + 5LimX (2 X(2), (A.4.3)

which transforms like a vector (unlike X Z4)). From here, the algebra leading to is
mostly straightforward, though tedious. The two main tasks which require further explana-
tion are the simplification of one of the terms in 91(32 and one of the terms in 0.X &COV). We
will explain those now.

g,(i) Simplification We recall the formula for g,(i) from (|A.3.5)):

1 ’ 1 1
@ _ Coim L oep b s
o = g |RCuim G+ g VR g P OR
- RIRy 4+ —  R.R ) A44
o )" Ttk g g et Ty g e e (444

The main difficulty is with the term k*A’TJR;;. 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.I] We first separate it into two terms:

E'KORy; = k'K N™V,V,R;; + k'K P"*V,V,R;;. (A.4.5)
Now we compute each of these terms individually:
E'KI NN,V Rij = 2k' K I°V .V Rij + 2Rpur Ry
= 2V Vi Ry, + 20°k'k? D Rij + 2 Ry R}
= 2V .V Rir + 2w D Ry, — 4w we Ry, — 4w K Rio + 2 R Ry

= kalekk + QMCDCRkk — 4wcchkk + QkalkRZl
(A.4.6)

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 P™V,VRi; = k'K e** D,V Ri;
= D.(k'K’D°Ry;) — Do(k'k7 %)V Ry
= D(K'K D°R;;) — 2w.D Ry, + 4w w Ry + 6w K Rax
— 2K*D.Ryq + 2K[" K/ Rip, + 2K{" K" Ry, + K*V Ry,

= DCDchk - 2Dc<chkk) - 2DC(K6akRka) - QUJCDchk + 4wcchkk + 6wCK,§“Rak

— 2K D Ryq + 2K K" Ry + 2K K" Ry + KV Ry

= D.D Ry, — 2D (W Rpp) — 2D K“*) Ry — 2w, D Ry + 4w w® Ry, + KV, Ry..

(A.47)
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In the last line we again assumed that o) = 0 and () = 0. Putting the two terms together
leads to some canellations:

KRORy = 2ViVi Ry + 2R R + DD Ry — 2D o(w Ry, AL
- 2(l)ae(k:) + chac) z + ststk- o

5X(k4’cov) Simplification The most difficult term in (A.3.11]), which also gives the most

interesting results, is

a vyt 1 1

2(d —2) 5(d —2) Rk K. (A.4.9)

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.2.7)),

(5wa = —w° ac T Rklak- (A410)

From this we can compute the following related variations, assuming that 6y, = 0 and
Ok) = 0:

5(D“wa) = DaRklak -+ w“@ae(k) — SDQ(K,?bwb) <A411)
S(w Do) = —3K 2w, Dy sy + Rt D01y + w0 Doy (A.4.12)
8(D*Dybiy) = D Dy — 940100y — 2P"™ Ry jomn DO - (A.4.13)

Here é(k) = 00 is given by the Raychaudhuri equation. We can combine these equations
to get

) ((Da — wa)zﬁ(k)) =4 (DaDaﬁ(k)) — 20 (w“Daé’(k)) -0 ((Dawa)Q(k)) + 0 (wawae(k))
= —DaDaRkk + Qw“DaRkk + (Daw“)Rkk — waw“Rkk
d

= 75 (Dabw)® = 2R D0 — 2(Dor)*. (A.4.14)

A.5 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.
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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/, in d # 4 by first multipling by 4 —d
and then setting d — 4. The result was recorded in , and we repeat it here:

_4X(k4,log) = 2X(k2 (ijg](iz o 4<X(2))2>
o Xy + 2X P K KR 4 kD, DX,

km

+ K:bg?b) + 49

1 ,
+ K (Vg = 5 Vi) P 4 Xy R P

2
—+ SHU(k)Ckalb' (A51)
There is a similar story for g,(gt’log), which was recorded earlier in (|A.3.7)):
(4,log) igm 1 2 1 i7.J 1 iJ 1

From these two equations, it is easy to see that the log term in (6.X)? has precisely the same
form as the subleading EWN inequality (3.2.14)) in d > 5, except we first multiply by 4 — d
and then set d — 4. This results in

oS 1 1 k

L 2(6X)2|22 log z,d=4 - _Z(Dae(k:) + Rka)Z - Z(DULO-ISC))Q' <A53>
Note that the Gauss-Bonnet term drops out completely due to special identities of the Weyl
tensor valid in d = 4 [52]. The overall minus sign is important because log z should be
regarded as negative.

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 22, the norm of §X* is formally the same as the
expression in other dimensions:

_ . 1 )
L72(6X 2], = gty +29% ViX{y) + VXV X7, — 35Xl ViR + 20 (ki X

4)cov)' (A54>
Now, though, X 54) and g,(;z) 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

1 _ . )
0A = — hm — 9;;0, X" 0X7. A.5.5
0 € \/1+gnm8X g.xm"" (4.5.5)
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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 Xy We need to then solve for X/, 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

k' §A

LS\/EW 0 —2 X(k?)‘@ —4 (X(kll) - (X(Q))QX(ICQ)) - X(k4’10g)- (A.5.6)

The notation on the first term refers to the order €2 part of X 52) that is generated when X 52)
is written in terms of X?(z = ¢). The result of that calculation is

—4 Xpy|, = 2XPKIPK ki + kD' DyX () + K™% Xl k;
+ g Kk + PMRL L Xk + k™ (vj g2 — —Vmg]k)) pit
im (2 2 miye
= —axth, . —2Xk (Pﬂ g - 4(X(2))2> — A X + KT Xy ki (A7)

We have dropped terms of higher order in €. Thus we can write

_ki 04 k k pjm (2) e (2) k
We will want to take one more variation of this formula so that we can extract § X (’“4)COV. We

can get some help by demanding that the 2%log z part of EWN be saturated, which states

g8 o5 xE = 0. (A.5.9)

og

Then we have

3 lo m 2
) - Egl(ckg) - 5(X(]€2)P] o ) + 85(X(2)( (2 ))2) 25(91(671)1)( ) 46‘)((4 cov*

)
L3R X1 9im
(A.5.10)

Assuming that 0, = o) = 0, we can simplify this to

3 (o " 1
) = Egz(flkg R WP g2 —Vk:(e(l)Rkk) - 591(5)3% — 40X (coy-

k't 6A
L?’\/E S X o0 Jjm
(A.5.11)
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We can combine this with the holographic renormalization formula [72]

4 - 1 L @ 4@ 3 (o

gh = AmGy L™ Ty + 5 (9 e — ;lgl(fk)g Tg5) — Zglgzkg)
B 1 1 3 (o
= dnGy L T+ Ry Rig — 75 R — Zg,(jkg) (A.5.12)
to get
_ 1 K SA

—2 \2 _ -3

L72(0X")?|, = 4rGN L™ Thy, — 59 (LWEW 60) : (A.5.13)

After dividing by 4Gy, we recognize the QNEC.

A.6 Connections to the ANEC

In we briefly review the connection between the relative entropy and the ANEC. Equa-
tion then implies an interesting connection between the off-diagonal second variation
of the entropy and the ANEC. In we analyze this result in more detail for holographic
field theory states dual to perturbative bulk geometries.

ANEC and Relative Entropy

As in Section the region R is a region whose boundary OR lies in the u = 0 plane.
We also consider a one-parameter family of such regions, indexed by A, with the convention
that increasing A makes the R smaller. In this section we will focus on a globally pure state
reduced to these regions. The relative entropy (with respect to the vacuum) and its first two
derivatives obey the following set of alternating inequalities:
dSrel dQSrel
N <0, IvE > 0. (A.6.1)
The first two of these are general properties of relative entropy in quantum mechanics, known
as the positivity and monotonicity of relative entropy, respectively. The third inequality is
the QNEC together with strong subadditivity.

We can also consider the entropy S and relative entropy Sy of the complement of R,
which we will denote by R. Since we specified that the global state is pure, we have S = S.
The set of inequalities obeyed by S is

a dgrel dQSrel

Srel > 0, N >0, e > 0. (A.6.2)
From (4.2.6) and the analogous equation for S, together with the monotonicity of relative
entropy inequalities, we can conclude

ds’rel . dSrel
dA d\

Srel Z 07

= 27T/dd_2ydv (Too) V(y) = 0. (A.6.3)
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This is the ANEC, and its connection to relative entropy was first pointed out in [208, [27].

The relation has interesting implications. Note that the integral of T, is com-
pletely independent of A. If we let A — oo, it must be the case that dS,/d\ — 0 or
else positivity of relative entropy will be violated. Similarly, as A —+ —oo we must have
dS;e1/d\ — 0. Then we can say

d*Srer dSre dSse - .

From the definition of relative entropy, this means that

d—2 " d—2,, 3d—2 / 525 ’ Y
/ d/\/d y S"V / d)\/d yd (6V( )6V(y/)>OdV(y)V(y).
(A.6.5)
So the diagonal and off-diagonal parts of the second variation entropy contribute equally
when integrated over the entire one-parameter family of surface deformations. Since there
are two y integrals on the RHS of (A.6.5) m, naively one might have thought that a limiting
case for V(y) existed which caused the RHS of this equation to vanish while leaving the
LHS finite, but this is not true. We will say more about the order-of-limits involved in
the holographic context below. Applying the relation S!, = 2n(7T,,) we see that, after
integration, the off-diagonal variations can be related back to the ANEC:

o / d=2ydv (T)) / i\ / =2y =2y (%)MV@)V@'). (A.6.6)

This is a nontrivial consequence of ([4.1.2). Note that §25°4/6V (y)dV (y') < 0 by strong
subadditivity [11].

ANEC in a Perturbative Bulk

In this section we will investigate in AdS/CFT for perturbative bulk states. Once
again, we will drop the contributions of Sy for simplicity. This amounts to considering
coherent states in the bulk.

From , we can see that for perturbative classical bulk states the bulk boost energy
completely accounts for the off-diagonal entropy variation. Then from (4.3.7] - we get

52,god - 9d— QF(dT) 2 / dzdd_Qy <Tbu1k> »2d
OV (y1)0V (y2) T 271 (22 4 (Y = yn)?) T2 (Y — )P
(A.6.7)
As a consequence of we then have the equation

~d

[a=ude v = [CEE @i, (A.6.5)
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This is a nontrivial matching between the ANEC on the boundary and an associated ANEC

in the bulk, made possible by the relationship between V and V that comes from solving
the extremal surface equation:

20

T

/ dHy'(2 G —V(y). (A.6.9)

2+ —vy)?)
We can get some intuition for these equations by considering shockwave solutions in the
bulk.

Viy,2) =

Shockwaves Consider a shockwave geometry in the bulk. The bulk stress tensor is [209)
(TP = B23716(0)6 2 (y)0(2 — 20) (A.6.10)
and the boundary stress tensor is

d—21 (d=1) .d
(T = B L () 4 6(v) (A.6.11)
T (2 4y

The parameters 2y and E characterize the solution. One can see directly that holds.
It is also interesting to integrate over a finite range of the deformation parameter. As
the range is extended to infinity we recover , but for finite amounts of deformation
we can see how the diagonal and off-diagonal parts of the entropy compete. We take the
undeformed surface at A = 0 to be the flat plane V' (y) = 0 and we place the shockwave at
v = vy. Then integrating over a range of deformations about zero we find on the boundary

r d—2 N2 d—2 20720 (451) = 70 = 0) — v
| [asy mavir = ey p= WOV =0
= EV(y =0,z = 2)0\V(y = 0) — vp). (A.6.12)

As soon as the integration range crosses v = vy, the total energy jumps from zero to the
final answer. On the other hand, in the bulk we get

d-2y, )
/ d\ / dzd Tb“lk>V(y, 2)2 =FEV(y=0,2=2%)0 ()\V(y =0,2=2) — vo> )
(A.6.13)

This is a very similar answer, but now the jump does not occur until later: V(y =0,z = z)
will always be less than V(y), which means A has to get larger. How much larger? We can
estimate it by looking at the example of a bump function deformation with V(y) = 1 over
a region of area A < zd 2 and zero elsewhere. Then the boundary energy will register at
A = vp, while the bulk energy will register at

a1 d—2

A=
() A

vy > g - (A.6.14)
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So for very narrow deformations, the off-diagonal contributions to the entropy can only be
seen when integrated over a large range of the deformation parameter. From the boundary
point of view, the parameter 2, controls how diffuse the energy is in the y-directions. It is a
measure of the nonlocality of the state. The off-diagonal entropy variations are sensitive to
this nonlocality.

Note that the order of limits we have discovered here is worth repeating. If we take
A — 0 before taking A — oo then our integration will only be sensitive to the diagonal
entropy variation (i.e., the boundary stress tensor) and we will find apparent violations of
. The reason is that there are important contributions to the off-diagonal entropy
variations when \ ~ 2§ 2/A, where z, controls the level of nonlocality in the state.

Superpositions of Shockwaves At linear order in the bulk perturbations we can take
superpositions of shockwaves. This allows us to create any bulk and boundary bulk stress
tensor profile along the u = 0 plane, and in that sense represents the most general state for
the purpose of this calculation. The bulk and boundary stress tensors would be

(T (y, 2,0)) = 2" p(y, 2,0) (A.6.15)

and

— Qd_QF (%) d—2, / P T (z/>d
(Tou(y, v)) = = /d yd'py', 2", )<(Z,)2+(y_y,)Q)d_1 (A.6.16)

The single shockwave is the special case p = Ed(v)d92(y)d(z — zp). We can repeat some of
the calculations we did before, but qualitatively the results will be the same. The deformed
bulk extremal surface always “lags behind” the deformed entangling surface in a way that
depends on z and the width of the deformation, and as a result the bulk energy flux at
finite deformation parameters will always be less than the boundary energy flux. Taking the
deformation width to zero at finite deformation parameters will cause the bulk energy flux
to drop to zero. It would be interesting to characterize this behavior directly in the field
theory without the bulk picture.

A.7 Free and Weakly-Interacting Theories

Our conjectures (6.3.8) and (4.1.2)) are only meant to apply to interacting theories. In this
appendix we will explain how the null-null relation (4.1.2)) is violated in free theories, and
indicate how it might be fixed when interactions are included.

The Case of Free Scalars

The case of free scalar fields for entangling surfaces restricted to ©v = 0 was analyzed ex-
tensively in [16], and we will make use of that analysis here. As in Section we have a
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one-parameter family of regions indexed by A. The deformation velocity V(y) is taken to
be a unit step-function with support on a small region of area A in the y-directions. The
crucial point is to focus attention on the pencil of the u = 0 plane that is the support of
V(y) As A varies, the entangling surface moves within this pencil but stays fixed outside of
it.

The State and the Entropy For the purpose of constructing the state, we can model
the full theory as a 1 4+ 1-dimensional massless chiral boson living on the pencil, together
with an auxiliary system consisting of the rest of the v = 0 plane. This is the formalism of
null quantization, which is reviewed in [16].

There are two facts we're going to use to write down the sate p(\) on the pencil+auxiliary
system. First, in the limit of small A, the state on the pencil becomes approximately
disentangled from the auxiliary system. The fully-disentangled part A° part of the state
looks like the vacuum, while the leading correction goes like AY? and consists of single-
particle states on the pencil entangled with states of the auxiliary system. The second fact
is that we can always translate our state in the pencil by an amount A so that the entangling
surface is at the origin and the operators which create the state are displaced by an amount
A from their original positions. A coordinate system where the entangling surface is fixed is
preferable. Putting these facts together lets us write

pN) = prac @ (2 e

(2

¢><¢|> + AN PP () @ (e EHEDRYNG) - (AT
1,7

The states |i) of the auxiliary system are merely those which diagonalize the A° part of p,
and the K; are numbers specifying the eigenvalues.

As indicated above the state pl(-;/ 2)()\) should be interpreted as a state on the half-line
x > 0. We can write this state in terms of a Fuclidean path integral in the complex plane:

W2 - o+ )= s
Pij [0, 0 ]:/ Do O;;(N)e 7, (A.7.2)
p(at)=¢+

where ¢(zF) refers to boundary conditions just above/below the positive real axis. The
insertion O;;(A) is a single-field insertion which specifies the state:

05\ = / d=dz (2, 2)06(= = \). (A73)

As in [16] we will normalize our field so that (0¢(2)0¢(0))yac = —1/2% and T, = (9¢)?/4m.A.
Then one can show that Q = SI) — 27T, is given by

2 2
ﬂ-(]‘ + ai )Oélj 6271’&7;]'

(A.7.4)

/dde (z — /\)*QHC“”Q/JM (x,7)

sinh may;
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where o;; = K; — Kj and if z = re? with 0 < 6 < 27 then
gl = il (A.7.5)

The quantity () is manifestly negative, as required by the QNEC, but it is not zero.

Recovering the ANEC In Appendix we showed how one can recover the ANEC by
integrating the QNEC on a globally pure state. In the present context, we don’t have any
off-diagonal contributions to the entropy. Instead we have the function @), and repeating the
argument above would lead us to conclude

/ A Q) = —2r / 0 (Tu(N). (A.7.6)
We can check this equation by integrating . Note that the assumption of global purity
that was used in Appendix is crucial: the expectation value of T,,(\) depends only on
the part of the state proportional to A, which we have not specified and in principle has
many independent parameters. For a globally pure state there is a relationship between that
part of the state and the A2 part of the state which we must exploit.

In the pencil+auxiliary model, the global Hilbert space consists of the full pencil plus a
doubled auxiliary system. The doubling allows the auxiliary state to be purified. Let the
global pure state by |¥). Then we have

1) = |vac) ® (Z e

Any subsequent terms will not affect the ANEC. The factor of exp(—ma;;/2) is purely for
future convenience, and the |¥;;) are not necessarily normalized. The expectation value of
the ANEC operator in this state is given by

>+A1/2Z€_m”/2|‘1’m>®|>®|J> . (ATT)

]

/ A\ (Tyy(N))g = zmze*ﬂ% / AN (Wi | Ty () [ . (A.7.8)

We can make contact with our earlier formulas by computing the density matrix |W)W¥| and
tracing over the second copy of the auxiliary system. We find that

p(1/2) = TI'I<0 (|\IJZ]><V8JC| + |Vac><\11ﬂ|) . (A79)

v

This lets us identify the part of O;; in the lower half-plane as the operator which creates
|W,;). Then, in our previous notation, we find

(z —w*)3

W/d)\ (To(N)w = 47?2‘26_“0‘”' /dxdex'dT’wij(x’Twij(m,’T,)*@(—T)@(—T/)-
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Our job now is to reproduce this by integrating ({A.7.4) with respect to A. The main identity

we will need is

/OO d\ _ die”?™ sinh may;
o oA (= N ag (1 af)(wr = )

(" O(r)O(r') — e ™ (=7)0(~1)) .

(A.7.11)
Using this formula, the integral of (A.7.4) splits into two terms. We may combine them by
exchanging 7 and j in the first term, leaving us with

/ dx Q(N) = —2m‘Z / dvdrda'dr L3IV T) (e"10(1)O(1') — e ™1 0(—7)0(—1"))

(w* = 2)°
= —4m Z e " /dxdex'dT' wl](x(’;)_w;;g;’ )y O(—1)0(—1). (A.7.12)

Coherent States For coherent states we obtain a correspondence between () and T,
without integrating over A. This must be true because coherent states satisfy S!/, = 0, but
it is reassuring to see it happen explicitly. In a coherent state of the original d-dimensional
theory, the pencil and auxiliary system factorize and the pencil is in a 1 + 1-dimensional
coherent state. In other words, we have

()\) - 4] ple)=on —Sp+AY20(N) —onK;
PN, 9] , Do e ® Ze

(zt)=¢*

i)<i|) . (A.7.13)

We can obtain () for this state by taking the general equation (A.7.4)) specializing to the case
where 1);; = 1¥6;; exp(—nK;). Making use of the normalization condition ), exp(—27K;) =1
we find the simple expression

2

Op(N))2 (A.7.14)

coherent *

1 U(x,7) |7 1
Qcoherent(A) — _5 ‘/dxdT m - 2./4(

We recognize this as simply —27 (T, ) coherent, S €xpected.

Weakly Interacting Effective Field Theories

In the main text we provided evidence for that S, = 2m(T,,) for interacting theories, but
in the previous section we explained that for free theories Q = S./, — 27 (T,,) was nonzero,
and in fact could be quite large. In this section we will show how we can transition from
St # 2m(T,,) to Sl = 2m(T,,) when a weak coupling is turned onf]

The essential point is that one should always consider the total variation d>S/d\? as the
primary physical quantity. S, is a derived quantity obtained by considering a limiting case

2We thank Thomas Faulkner for first pointing out the arguments we present in this section.
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of arbitrarily thin deformations. However, a weakly-coupled effective field theory in the IR
comes with a cutoff scale ¢, and we cannot reliably compute d?S/d\? for deformations of
width ¢ < e. Now we will see how this can resolve the issue.

In the free theory, as we have explained above, the second functional derivative of the
entropy has the form

629

52Sfree
)

V)V () 2Ty} 54D (y — 1) + Q@D (y — o) + (

The function @ is related to the square of the expectation value of the field d¢. This is
especially obvious in the formula for the coherent state, , but the more general
formula is essentially of the same form. In a free theory (9¢)* has dimension d and is
exactly of the right form to contribute to a J-function. This fact was touched upon in
the Introduction. When we turn on a weak coupling g, the dimension of ¢ will shift to
Ay = (d—2)/2+~(g)f| There will still be a term in the second variation of the entropy
associated to (9¢)?, which we will call Q,, but now it no longer comes with a d-function:

528,

— 59— (T,,) 64D (y— )+ Q — ) + (other off-diagonal terms). (A.7.16

Here f, is some function of mass dimension d — 2 — 27 which limits to a J-function as
g — 0, such as f,(y) ~ v/y?27?. So the @, term has migrated from the §-function to the
off-diagonal part of the entropy variation.

Now consider integrating twice against a deformation profile of width ¢ and unit
height to get a total second derivative of the entropy. Suppose that ¢ is very small compared
to the length scales of the state, but still large compared to the cutoff e. Then we have

P25,
X2

=21 (T} €472 + Q0> + (other smeared off-diagonal terms) . (A.7.17)

We can write Q, ~ QM?*", where M is a mass scale characterizing the state and @ is what
we get in the g — 0 limit. So at weak coupling, we can say that

Q0422 QU2 (1 4 2y log MU+ - -+ ). A.7.18
g

Thus we find that the answer for the weakly-coupled theory is approximately the same as
for the free theory, as long as ylog M¢ < 1. The smallest we can make ¢ is of order the
cutoff €, and the condition that vlog Me remain small is analogous to the problem of large
logarithms in perturbation theory. The renormalization group is typically used to get around
the problem of large logarithms, and it would be interesting to apply those same ideas to
the present situation.

3We treat g and v as fixed numbers that do not themselves depend on scale. A more complete treatment
that incorporates the RG flow of the coupling would be interesting.
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This argument hints that for general effective field theories S/, may not have a good
operational meaning in terms of physical observables. The relevant condition for isolating
the §-function is that (M¢)?" < 1 should be possible within the effective description. Clearly
this can be done in an exact CF'T with finite anomalous dimensions, but it should also be
possible if the theory is approximately given by an interacting CF'T over some large range
of length scales. For instance, if an interacting CF'T is weakly coupled to gravity and we
consider states with energy M much less than the Planck scale then it should be possible to
have (M/¢)*" < 1 while maintaining ¢ >> {pjank-

Finally, a more precise version of the arguments given above can be given by interpreting
the second functional derivative of the entropy as an OPE. We hope to use these techniques
to find the exact form of f, in future work [89).

A.8 Modified Ward identity

In this Appendix, we prove the following identity:
/ 42y (20D, (') D ()T (w,@,0)) = =0 (0D ()T (w,@,0)).  (A8.1)

This is similar to the defect CFT ward identity of |[99] 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 lA)+ just comes along for the ride.

To show this, first we write the displacement operator as a stress tensor integrated around
the defect:

Dy(y) =i ]{ dz T (0, %, y) (A.8.2)

where we have suppressed the sum over replicas to avoid clutter. We will then argue that
the following equality holds

e—0

i g dr [ (D) T 02 )T (0 w,0)
e>|z| ly—y'[>e
= [ a2 D)D) (w,0,0) (A8.3)

for some appropriate € > 0 that acts as the cutoff |y — y| > e.

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 Zz
integral outside now simply projects the sum onto the displacement operator since we only



APPENDIX A. APPENDIX 196

consider the leading twist d — 2 operators in the lightcone limit. Explicitly, we will be left
with

e—0

il L /| AT 0,5 0T (w.0)
e>|z Yy—y'|>€

= lim A%y (20D (v ) Dy (y)T—_(w, @, 0)). (A.8.4)

=0 S ly—y/|>e

Note that perturbatively around n = 1, the integral over ly — /| > € 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 — y/| present in the D, x D, OPE. In what
follows, we must be careful to take ¢ — 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
the regular displacement operator Ward identity on the latter three point function. This
Ward identity follows from general diffeomorphism invariance [99]. To do this, define the
deformation vector field

E(y') = fy)0y with f(y') = O(ly —y| — ). (A.8.5)

For this deformation, the Ward identity takes the form
i f G [ DT 0.5 9) T (w,0)
e>|2| ly—y'|>e
= f(0>a <EOD+( )T (M,@,O» fdzf< ) <22T++(0727y)T——(w7U_J70)>
—i [t f s (T 02T w0, 0T )0,6() (A.8.6)

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.8.6) 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 can produce 1/e
enhancements due to 7, operator coming ¢ close to T’y ;. Therefore one must take care to
first do the z’ integral and then take the ¢ — 0 limit when evaluating this term.

To do so, note that

T ()0, (a") = 5Tt ()5 1y — 9] <) (A8.7)
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where n’ = (v — y)"/|y’ — y|. We then have the following

/ o ,f{ (T4 40,2, y)T—_(w, w, 0)T" ()8, ("))

=550 [ papds s [ @S AT 05T (0,0 (74 2 e e )

(A.8.8)
where |€] = €. 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

/ a0 74 07 (T4 4 (0,2, 9)T—_ ()T (| + 8, 0% e ple=)). (A.8.9)

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 fo27r df'e?” = 0. Therefore is zero for any e.

Thus, the identity in becomes

e—0

il g s [ DT 0,2 )T (w0, 0,0)
e>|z ly—y'|>e
= —0u(S0 D ()T (w,w,0)) (A.8.10)

which, using (A.8.3)), proves (A.8.1)).

A.9 Analytic Continuation of a Replica Three Point
Function

In this section, we analytically continue a general Z,-symmetrized three point function of

the formf

i
—_
3
|

—

AB) =p Tr [e > T O0,(0)Op(Toa + 27)) Oc(Teq + 27K)] (A.9.1)
j 0

<
Il
o
i}

where H is the vacuum modular Hamiltonian for the Rindler wedge and T denotes Euclidean
time ordering with respect to this Hamiltonian.

4Note that we are writing this as a thermal three point function on Hy_; x S;, 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 [115].
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Figure A.1: The analytic structure of the integral in equation represented in the s,
plane for fixed s = i(27k + 7.,) for n = 6. The dots represent poles at s, = i(27j + 7,) and
the fuzzy lines denote light-cone branch cuts. The bottom and top branch cuts (which are
identified by the KMS condition) arise from O, becoming null separated from O, and the
middle branch cut arises from O, becoming null separated from O.. Note that in this figure,
k=3 and 7., > T > 0. We start with the contour () 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 1
corresponds to O,0.0,,.

Following [115], we begin by rewriting the the j-sum as as a contour integral

< Tr (e 2™ HT0,(0)Oy(—isp) 027k + Teq
ﬁZ]{ gy DL T Ou0)Os(—i50) Oc(2tk + 7o) (A.9.2)
2mi <= Je, (esp=ima — 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 is non-trivial as a function of s;; the integrand
has poles at s, = 1(27j + T,) and light-cone branch cuts lying along the lines s, = 0, 2mn
and s, = 21k + 7, for a fixed k. The first two branch cuts were discussed in [115]. The
third (middle in the figure) branch cut arises from singularities due to O, and O, lying on
the same light-cone.

We can unwrap the Cj, contour now so that it hugs the branch cuts as in the right-hand
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panel of Figure[A.T] We will then be left with a sum of four Lorentzian integrals

n—1

L Tr {G_QW”H / dsy X

21 — e

O, (0)Op(—isy + €;)Oc(2mk + 7,4) B Ou(0)Op(—isp + 2mik + Teq — €)O(27k + Trq)

(esb*ina _ 1) (esb+27rik+7—ca7iefiﬂ-ba _ 1)
Ou(0)0.(27k + Tea) Op(—isy + 2k + 7o +€) O (0)O0.(2k + 7,00) Op(—isy + 27n — €)

+ (esv+2miktreatic=ima — 1) B (esv+i2mn—ie—ima _ 1) )
(A.9.3)

where we have set 2wk + 7., = —is,.. 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 [115], is to set ™ = 1 in the last term of
. We will follow this but also make one other choice. In the second and third terms
in the integrand of we make the choice to set 2™ =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
on the relatively simple formula

AP
1 e sy T ezt (([0a(0), On(=isy)], Oc(—ise)] _ [Oul0), [Op(—isy — ise), Ocl—ise)]
472 - ds.ds, T |: ( (esb—ma — 1)(68c_iTca — 1) (esb‘f'iTca—’ina _ 1)(@85—1'%(1 — 1) )}

(A.9.4)

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 [115] 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 as one
double integral.

Region [

Before re-writing the k-sum as a contour integral, the integrals in region [/ areﬂ

(esbfi‘rba —_ 1) (esb‘i’iTca*ina —_ 1)

(A.9.5)

n Z /°° ds, (((Da(o)Ob(—z‘sb)Oc(m +7ea))y  (Oa(0)O(—isy + 27k + Ty — )Oc(27k + Tca>>n>

5For ease of notation, we have switched to (010:03), = Trle=2™H 0, 0,03].
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Figure A.2: This figure illustrates the contour shift s, — s, —i7., done at the cost of picking
up the pole at s = i(27k + 7,) when 74 = Teq — Toe > 0.

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, — @7, crosses a pole at s, = 2wk + 7,,. This contour
shift is illustrated in Figure [A.2] After doing this shift, we get

n L /oo dSb<<oa<o>ob<-isl,>a<2wk+Tw>>n—<Oa<0>0b<—i8b+%k)Oc(W“w»n)

9 — (esbfina —_ 1)

2me
+ () X (terms with j = k). (A.9.6)

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 “replica diagonal terms” since they arise from terms in the double sum over j, k in
(A.9.1)) where j = k.

The numerator for the first term in equation then looks like the integral of a total
derivative in some auxiliary parameter ¢, which we write as

—p L e i2mk L {0,(0)0y(—isp — ity) O (2Tk + Teq
_nz/ dsb/ dtb<dtb< (0)Op(—isp — ity) Oc( )>n>' (A7)
k=0 —° 0

2mi (e56=ima — 1)
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Since t;, shows up on equal footing with s, in the numerator, we see we can re-write the
derivative in t;, as one in s,. Integrating by parts and dropping the boundary termsﬂ we get

n—1 0o 2k : :
- —isy — it 27k
oS [ [ OO OB (g9
T = ] o 0 4 sinh”((sp — i7pa)/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 T —— b ds.ds /i%(n_l) dt /Sc+tc dt (Oa(0)Os(—isp — its) Oc(—ise — ite + Tea) )
BION S = [ et | °J " 16 5inh?((sy — ipe)/2) sinh?((s, — ic)/2)
+ 6(7s) X (terms with j = k). (A.9.9)

Note that the quadruple integral term is manifestly order n — 1 because of the limits on the
t. integral.

Region 17

In region I7 of Figure [A1] 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 II =

_ 0 i2m(n—1) i2mn s — it s — it
o [ [T OOt i~
42 J_ 0 Suttotiom 16 sinh”((sp — i7pq)/2) sinh*((s. — i€)/2)

+ 6(7pe) X (terms with j = k). (A.9.10)

o0

Combining Regions I and II

Adding the Re%ion I and Region II contributions, we get for the non-replica diagonal con-
tributions to A

7 s / ey / otte  ([Oy(=isy = ity), Ou(0) Ol —ise = ite + 7)),
o ’ 0 “Jo ’ 16 sinh?((sp — i) /2) sinh?((s. — i€)/2)

472 | _

+— h ds.ds /i%(nl) dt /SCHCH%(IH) dt (Op(—isp — ity) Oy (0)Oc(—ise — ite + Tea)),,
dm? J - 0 ’ sctte ’ 16 SiHhZ((Sb — iTha)/2) SinhQ((sc —i€)/2)

(A.9.11)

[e.9]

6We will drop boundary terms at large Lorentzian time everywhere throughout this discussion, as we
expect thermal correlators to fall off sufficiently quickly [115].
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where we used the KMS condition to push O, around to the left of O, in . We then
split the ¢, contour in (|A.9.10]) into two pieces, one purely Lorentzian integral from ¢, = 0 to
t, = sc+t. and another purely Euclidean integral from ¢, = s.+t. to t, = sc+t.+2mwi(n—1).
Again, this is the full answer for the replica three point function, .A%B), 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
is

4B~ i(n—1) /oo donds, /sc dtb({@b(_isb —ity), Oa(0)]Oc(—iSe + Tea) )y
" 21 o 16 sinh®((sp — i7hq)/2) sinh?((s. — i€)/2)
+ (replica diagonal terms) + O ((n — 1)?). (A.9.12)

—00

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

—

n—

10 (75)0(Tpa) (0a(0)0,(2k + 7o) O (2T + Teq)) ,

- ne(ch)Q(Tba) ( <Oa(0)0b(7ba)oc(7_ca)>n -

27N — — —iSc — 1
1 " / (0)Op(—is. — it Tc.b)oc( tSe Ztc)>n). (A.9.13)
2m 4sinh®((s, — i7ea)/2)

£
I

Again, other orderings can be found just by swapping the a, b, c 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.10 Explicit Calculation of ¢

In this section, we compute the OPE coefficient of T '+ in the ﬁ+ X ﬁ+ OPE. This requires
us to compute the twist defect three point function (%2 D+D+T _). As described around
equation (|A.8.3] m, 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)2 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, ~ v (n — 1) + O((n — 1)?). We will finally show that
their ratio obeys the relation

@ /4W) = 27/8,_4 (A.10.1)

as required by the first law of entanglement entropy.
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The three point function we are after, at integer n, takes the form

(20T _(y)Do(y)Ds(y = 0)) (A.10.2)

nt——

j{dzfdw]{ Sriu (ET(u, @ =0,y) T4 (2 = 0,2,9)Ts 4 (w = 0,w,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, =
T, (2=0,z,y) and O, =T__(u,u = 0,0).

Just as in Section 5.5 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
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
vanish. 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 .

These considerations together with equation of the previous section make it
clear that the correlator in vanishes up to order (n—1)2. Indeed, the only surviving
contribution is the second term in . Expanding that to second order while being
careful to account for the spin of the stress tensors, we find

<E9ZT__D+D+>” =

S
(A.10.3)

Rescaling A\, — A\y/Z and A — A./w, we can then expand the denominators in small z, w
and perform the residue projections in z,w and u. The final answer is the simple result

<22TA77D+D+> =2 (n = 1)* (E4()E(y = )T~ (u=0,9)) + O((n —1)%).  (A.10.4)

where &, (y) is the half-averaged null energy operator

Eoly) = /0 TUAT, (2= 0, M) (A.10.5)

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) = n (TTT), + ny (TTT); + n, (TTT), (A.10.6)

where ng,ny and n, are charges characterizing the specific theory.
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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 T ~ ¢I"yd,%. Then we can compute the (T'TT) 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 planem

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
conformal stress tensor, namely Ty, D —ﬁ@i :¢?:. One can then show that the only
non-vanishing term is

(E+W)EL0)T-—(y)) = 4?§<il I)f) |y|d_i’y,|2d. (A.10.7)

Dividing by the two point function (T, (0)T__(y')) = Ty we find

_ 327%n,(d —2)

(2)
¢ CT<d — 1)3

(A.10.8)

We now turn to computing the anomalous dimension 7! for the stress tensor operator T
on the defect.

A.11 Explicit Calculation of (!

In this section, we will follow the steps laid out in [17] for computing the spectrum of defect
operators and associated anomalous dimension induced by the bulk stress tensor. To do this,
we must compute

—_

n—

ny (X7 _(w,0,9)T.(0,%,0)). (A.11.1)

nt——

Il
=)

J
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

(0 = 1) (0T Ty 1) [nmy = (=27 (HT_(w,0,) T} (0, 2, 0))

nt——

. \2 )
- /0 D1 (T 09T (0,2, 0)>> (A.11.2)

TActually these contractions will be proportional to a delta function §9=2(y) but we are assuming the
three stress tensors sit at different y’s.
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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 [17], 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 .

Since the modular Hamiltonian is just a local integral of the stress tensor

H = /dde'/ detz™ T, (x= =0,27,y) (A.11.3)
0

then the first term on the r.h.s. of is a stress tensor three point function. Following
the method of the previous section, we can then break up (A.11.2) into the free field basis.
This determines both terms on the r.h.s of in terms of charges n,,n; 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, z,y) was analyzed in [98]. 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 [17] 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 modu-
lar 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 [98] worked with canonical free fields, for which the stress tensor is just
Tgmenical — 9. 0, ¢. Indeed if one inserts the canonical stress tensor into the modular
Hamiltonian in equation (3.20) of [17], then the anomalous dimension vanishes. On the

other hand, if one uses the conformal stress tensor, Tj‘fformal =:0,00,0: — iﬁf& 0197,

then anomalous dimension for ¢ is given by [17].

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 CFTs. This proves that if one works with canonical free fields,
there should be no anomalous dimension for the defect operators induced by the fundamental
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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.11.2) proportional to
ns. Furthermore, we only need to worry about terms in the (H7T'T) term that involve the
boundary term of the modular Hamiltonian. This reduces the expression down to the term

(d—2)

/d”y (62T, (0,2, 9)T (w,0,0)) . (A11.4)

A simple calculation shows that the only contractions that give log divergences come from

(d—2)?

(HTT) 5 S0 [ a2 (900.0.5)0(0.0.0)) (900.0.9)320(0. 2 0T-—(0.0.)

3 4
o nsc¢¢d(d - 2) d—2 1
=" Tea—1p ) Vg g (A.11.5)

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 [17]. We thus find

c3.d(d —2)* 1 2ns(d — 2) 1
HTT _p 20 _al V22 4 =25 g .l V22 4 .
( ) D —mns 59(d = 1) Sa—3log(wwzz/|y| )\de -1 Sa—3 log(wwzz/ |yl )\de
(A.11.6)
Dividing by (T, T__) gives
167mns(d — 2)
=== /g, .. A11.7
CT(d — 1)3 =3 ( )
Comparing with (A.10.8)), we see that
2 2

as required by the first law of entanglement.

A.12 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
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Z,, symmetrized four point function. The method for analytic continuation is detailed in
Appendix

As detailed in Appendix[A.9] 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, (y1) and D, (y,) are in the
lightcone limit with respect to the defect since

Dy(y) = lim zj{dzz T (2 =0,z,4). (A.12.1)
|z]—0 j

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.9]

We can thus jump straight to but now with two O, operators. The final replica
four point function assuming [Oy,, Oy,] = 0 is given byf]

(TL - 1) / dScdSb1 d8b2 / ¢ dtbl dtb2 <[Ob2.<_;362 - th.z)’ [Oln (_22351 - Ztl?l)’ Oa(o)]']OC;_ZSC + Tca)>1
8m2 ) o 0 64 sinh”((sp, — 17p,4) SINh"((Sp, — 171,4)/2) sinh”((s. — i€)/2)
+O((n —1)?). (A.12.2)

To make contact with F,,, we assign

+
&

Oy, (—is1) = lim i]{dz eQSl_QWblaTJFJF(x_ =0,27 =rse

|z]—0

O, (—isy) = lim i?{dw e?2 2 Ma T (27 = 0,27 = rge®, yy)

|w]—0

O (—is.) = lim ij{du e et (37 = —rye” at =0,1)

|u|—0

0,(0) = lim ij{d—v_T__(x_ = —ry, 2t =0,y3)

|v|—0 211

(A.12.3)

2s—2iT

with Z, W = 7z ge'™1 %2 and u,v = 7, ,e"""»°. The funny factors of e are to account for

the spin of the stress tensor.

8We have dropped the so-called “replica diagonal” terms in (A.9.12)) since they will drop out of the final
answer after the residue projection in (A.12.1)).
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Shifting sy, , — sp,, — ty, , —1log(r1,2) and moving to null coordinates A = e°, we find the
expression

lim j{ dz dw du dv x

|2,[wl,|ul,[v] =0

(n—1) Ay, , N2 N |
72 / / b;;wB / dtbl dtbg e Scp b —lby BiTa o
0

([T (xt =), [Ths(at =A,), T-_(z7 = —r)]|T-_(z~ = —Tue_SC_iTC“)h‘

(A.12.4)

The first line in (A.12.4) 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

F, = lim du dv x

|ul,|v[—=0

I—n /Oo ds /SC dty dty, e~ 52 gty vy (€4 (), [Ex(ya), T- (27 = —r)]|T- (2~ = —ue**")),
c 1 2

where &, (y1) is a half-averaged null energy operator, / detT, (z).

We can now do the ¢, and ?;, integrals which prO(Oiuce two factors of e — 1 precisely
cancelling the denominator. Note that a similar cancellation occurred in equation .
We can then replace commutators of half-averaged null energy operators with commutators
of full averaged null energy operators. Using the fact that &, [Q2) = 0, we are left with the
expression

F, = lim dudv x

|v],|ul—0

1-— o , 5 4 ;
%/ dse e (T (a7 = =y 2™ = 0,45)€4 ()& ()T (o = —ue™H7 xt = 0,3)) .
o 1

(A.12.6)

Using boost invariance, we can also write this as

"Fn = 47T2(7’L — 1)/ dSC e % <T__({L‘_ = —]_, l’+ = O, yg)(€+(y1)(€+(y2)T__(ZL’_ = —6_507$+ = 0,y4)>

o 1

(A.12.7)

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.
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A.13 Free Field Theories and Null Quantization

In this section we review the basics of null quantization (see [208, 28]). We then show
that our computations in Section can reproduce the results of [28]. 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 dz* T\, (z%,y) as the Hamiltonian. One can show that for free scalar fields, the

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+41-d chiral CFT.
Accordingly, the vacuum state factorizes as an infinite tensor product of 1+ 1-d chiral CFT
vacua:

) = Q) 1) (A.13.1)

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

ox+) =) T Xty (A.13.2)
Yy

As discussed in [28], 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= U??+(y) ® p0, + A2 Z ag(yﬂy) /drd@fij (r,0)0¢(re) @ Ei;(0) (A.13.3)
ij

where J¢ is an operator acting on the pencil Hilbert space and F;;(6) = e?F:=Ki) |3) (j|,
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 , we now demonstrate agreement with the result of
[28]. 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 is analogous to the A expansion in Section [5.6] even though we are now
considering a general excited state

p=o0+AY%5p+ O(A). (A.13.4)
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Figure A.3: 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.

We now just plug in our expression of §p into (5.6.8]) and find that the relative entropy
second variation is

d2
T Salel) = Z [ [ rdoytarasya(sitr 65,62
[ s €((00):8-£.(00)a()) o By 01 B8 — i)
(A.13.5)

Now on the pencil, £, is the translation generator so we can use the commutator
i[Ey,00] = 0?¢ and the fact that £, |0) = 0 to get

d2
preTmE Seal(plpo) = Z / / (drdf), (drd8)s(fi;(r,0))1(f5i(r,0))2

[ e300 0015 B 00 B — i), (A.136)

Using the chiral two-point function we have

(500(00)2(5))o = 7o _) (A13.7)
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Moreover, the auxiliary correlator is given by
<Eij(‘91>Eji(92 _ ZS)> — 6—27rKieVij(91—92+iS), Vij = K; — Kj (A.13.8)

We now shift the integration contour by s — s+ i(6; — 63) + im + log(ry/r2). Putting
this all together we are left with evaluating

[z 00 1SV 528
(i) —2io+0n) (1)1 / gs e (A.13.9)
T (r1im)? J_o (14 e%)*

The 0 integrals project us onto the m = 2 Fourier modes of f;;, figm:2) (r), and we find the
final answer

d? J—
where
dr ., (1 +v?)
2k :/_ ok = e A13.11
” i (r), 9() sinh(7v) (A-13.11)

This is precisely the answer that was found by different methods in [2§]. Note that the right
hand side of (A.13.10)) is manifestly positive as required by the QNEC.

A.14 Ant Conjecture and Properties of Energy
Minimizing States

In Sec. [6.5], 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” [66] (and thus, the Quantum Null Energy Condition [16]). 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. and imply the ant conjecture.
Conversely, we will show in this section that the ant conjecture implies Eqs. and
, but only in 141 dimensions.

In Appendix we will review the ant conjecture. In Appendices [A.14] and [A.14]
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. (6.4.14]) and (6.4.15)), the key properties of the field theory limit of
our coarse-graining conjecture. In higher dimensions, we are unable to establish this result.
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Figure A.4: The ant conjecture in 1+1 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 vy. The conjecture states that this is hS’/27, 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.

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.4l) 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 (—oo,vg]. Because of global energy conditions, this amount is bounded from below.

Let M (vg) be the lowest energy of any global state that reduces to the same ps.,, ﬂ More
precisely,

M (vp) = inf, Uoo dv <Tw>]ﬁ} : (A.14.1)

—00

9We should point out two differences in our conventions compared to [66]. First, we have switched the
side on which the state is held fixed, from left to right. Secondly, in [66], 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 [18].
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The infimum is over all global states p that agree with p in the region v > vy: Tr<y, p = Pso,-
A strictly larger set of global states will agree with p on a smaller region, p,,, v1 > vy, s0o
the infimum can only decrease with v:

8, M(v) <0 . (A.14.2)

One can readily establish a lower bound on M (v). The global energy appearing in
the infimum can be written as (h/27)(0,K — 0,K), by Eq. and its left analogue.
Moreover, Eq. must hold for all states appearing in the infimum, so by adding 0, K
to it one finds that

M(UO) Z _Eav's’redvo s (A143)
2w

where we have used Eq. (6.4.9). Note that the lower bound is determined solely by the input
state p.
Wall conjectured [66] that this inequality is saturated:

h
M(UU) = _%8’051@1'110 . <A144)

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

lim do(Typ) | pom) = —%&,Sreﬂvo . (A.14.5)

n—oo J_ 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,,_,, p, 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,
S (v) = Tim [~Te 50, log o] (A.14.6)
By Eq. (A.14.4)) and the discussion leading to Eq. (A.14.3)), the state p> must saturate
both inequalities in Eq. (6.4.12)):

avkoo’vo = aUSOO|vo = avSOO’vo . (A147)

The first equality implies

8,50y = 0 . (A.14.8)

rellvo
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Applying the left analogues of Eqs. (A.14.2)) and (A.14.4) to M (with p> as the input state!),

we have

9252 > (A.14.9)

for all v. The above two consequences of Wall’s conjecture, combined with positivity and
monotonicity of the left relative entropy,

S = 0, (A.14.10)
8,55 > 0, (A.14.11)

imply that
0,55 =0 for all v < vy . (A.14.12)

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 S5 (vy) > So5(v). This is particular tells
us that

(Top(v))]pe = 0 for v < vy . (A.14.13)
The above equation combined with Eq. (A.14.12)) implies
928° =0 = 9,5 = a for v < vy, (A.14.14)

In fact, in 1+1 CFTs we can argue that a = 0 by invoking the strengthened version of the
QNEC [210, [19] [%}

(T,,) > 2—825 + (a S)?. (A.14.15)

Now, Eq. (A.14.12)) implies that

o
(T) = 2—835 for v < vy , (A.14.16)
T

which together with Eq. (A.14.15)) implies that 9,5 = 0. So, we conclude that for v < vy,

9,5 =0 and 9,555 =0 = (A.14.17)
vVo—E€
lim - A0 (Tou)| sy = 0 - (A.14.18)
We also know that
) vo+e ~ h
lim [/_OO dd <Tm>|ﬁ4 = %avsjvo : (A.14.19)

10We thank Aron Wall for suggesting the use of strengthened QNEC here
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This along with Eq. (A.14.17) implies that the minimum energy state contains a shock (a
delta function in energy density) at vy, and vanishing energy to its left:
h

(T) = (%&,SL)O) d(v — wp) for v <y . (A.14.20)

If p> is a pure statdﬂ this further implies that
0yS =0 for v < wy . (A.14.21)

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 p>. 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 < vy. We can take v — —o0 as n — oco. We can
add a purification of the state o™ 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 — oo.

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 14+1 dimensional ant is now an army of ants that have walked along
the null generators from v = +o0o to the position v = V(y), so that they know the state
pP>v(y)- (See Fig.|A.5l) 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
97 <. A.14.22
V(y) — ( )

The definition of M differs from the 141 case only through an additional transverse inte-
gral over d%~2y. Tt can be shown [112, 68] that the modular Hamiltonian, too, is simply the
sum of the local Rindler energies associated with the individual null generators, Eq. (6.4.6]):

AR (Vy(y) = 2 / %y / O: o= o) T, (A.14.23)

"The 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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u v

Figure A.5: 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.

By the analogue of Eq. (6.4.12]),
oK 59 0S

> > , A14.24
V)~ V) V() (A-1424)
one finds 58S
rel
—_— A.14.2
2wV (y) ( 5)

The ant conjecture again demands that this be an equality. That is, there exists a global
state p> that saturates Eq. (A.14.25) (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

55

—rel — 0 for all . A.14.2
V() 0 for all v < Vp(y) ( 6)

Exactly as in the 1+1 case, the above condition implies

(T (V)] pe =0 for v < Vo(y), (A.14.27)
525> 55>

—_— - = 0 _— — = fOI‘ all v < V . A1428

5V (51)0V () SV (y) o) ( )

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

=« for all Ve A.14.29
V) a for all v < Vi(y) , ( )
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At this point, it would be nice to argue that a = 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

§5°°

20 forallv <V, A.14.30
) or all v < Vo(y) , ( )

and together with Eq. (A.14.26)) one obtains

lim [/VO(y)_E dv <Tw)}ﬁm] =0, (A.14.31)

e—0 00

for all y. Note that Eq. (A.14.31) does not otherwise follow from Eq. (A.14.27)): 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.14.25)) is an
equality, it follows that

O I L) L 2.%)

for v < Vo(y) . (A.14.32)

To summarize, in 1+1 dimensions, the ant conjecture implies the key properties of the
coarse-graining states we conjectured: Egs. and hold on a Killing horizon.
In greater than 1+1 dimensions, this implication obtains only with the unproven assumption
that a = 0 above.

A.15 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 boundaryB

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. Lastly, denote by Py and Pj the projectors onto Ny and

12The 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.
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cross-sections of Ny (including the RT surface R), respectively. We can compose these to
obtain the projector P/.

By Eq. , when X is spacelike in a neighborhood of R the kink transform can be
contracted as follows:

.Z’a(Kg)ab — l‘a(KZ)ab — sinh (277'8)561, 5(R) . <A151)

In the null limit both x® and t* approach k“. Therefore, the quantity in the LHS of
Eq. (A.15.1) has the following null limit:
null

2 (Ks)a — k*Vky . (A.15.2)
The transformation of Eq. then becomes
Kk — Kk —sinh (275)d(A) | (A.15.3)
where ) is a null parameter adapted to k® and k is the inaffinity defined by
kP k® = kE® . (A.15.4)

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

045 = PPV ok - (A.15.5)
It satisfies the evolution equation [156|
Lroij = k0ij + 0 0k; — PI'PIE R Capy - (A.15.6)

Now let A be a parametrization of N, adapted to k%, with A = 0 corresponding to R. In
terms of \, the evolution equation can be written as

Or0ij = Koy + i or; — Oizg - (A.15.7)

Consider now the new spacetime M, generated by the left stretch. As in Sec. we
denote quantities in M with tildes. We can then write the evolution equation in Mg,

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 Vg, we
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can identify o,; and &;; for the same reason. Comparing Eqgs. (A.15.7) and (A.15.8), and
inserting Eq. (A.15.3), we find that there is a Weyl shock

C’)\i)\j = C)\i)\j - Sinh(Qﬂ'S)O'ij(S()\) . <A159)

We now show that the Weyl shock Eq. reproduces the near boundary shock
Eq. (7.2.44), 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. [7.4] except we now use
null coordinates (u,v) and (@, ) on the boundary as defined in Sec. [7.2] To start with, we
note that k,0,X® = 0 since 9,X® is tangent to the RT surface. Evaluating this at leading
order yields the relation

k, = —dz"" U + O(z1) . (A.15.10)
We recall that
4G 68
= —— . A.15.11
Yo =="75vly (A-15.11)

Moreover, the projector is given by
P = ;X" . (A.15.12)
From this definition, one can check that
P =6 +0(z"") (A.15.13)
PA =0z . (A.15.14)
Furthermore,

vz'IfAu vAkz ~ O<Z_1) )
Vaks ~ O(1)
V.k, = —d(d — 2)Ua 2" + O(2977) , (A.15.15)

where we have used that k4 ~ O(1). Hence to leading order we simply have
0y = —d(d — 2)Ua) 2" 16767 + O(z77%) . (A.15.16)

Finally, a straightforward but tedious calculation of the Weyl tensor yields

C{]if)j = Cvivj - 87TG(d — 2) <<T@{,> - <Tvv>> Zd_4555;5(’l~} - ‘/0) + O(Zd_5) s (A1517)

where we have used that A — v,?0 as z — 0 in M, M, respectively. Putting this together
yields the desired shock for wiggly cuts of the Rindler horizon.
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A.16 (Quantum) Trapped Surfaces in the
Schwarzschild Geometry

Classical Solution and Semiclassical Corrections

The Schwarzschild metric is

ds® = — (1 — %) dt* + 1_d—7;/r + r2dQ? . (A.16.1)
where R = 2G'M is the Schwarzschild radius. In ingoing Eddington-Finkelstein coordinates,
ds? = — (1 ~ ?) dv® + 2dv dr + r*dQ* | (A.16.2)

where . 0 R
v==t+1,, r*:r+Rlog\E—1|, d—r*zl—?. (A.16.3)

Ingoing radial null congruences are at constant v, so dv = 0. Outgoing null congruences
satisfy dv = 2dr,, so

v =2r, + const . (A.16.4)
We are interested in their expansion,
dA/d\
0 = —1{1 (A.16.5)

in terms of a convenient affine parameter, .
To find ), first note that r is an affine parameter. This follows because A = 47r?, so

2 dr
0=——; A.16.6
rd\’ ( )
and Raychaudhuri’s equation in the vacuum, for spherical symmetry, reduces to
dg 1
—+=0*=0. A.16.7
2 (A-16.7)

This implies that dr/dA must be constant for any affine \. We can take that constant to be
1 if we like, and choose another constant of integration so that » = \.

However, this choice is not convenient for outgoing lightrays, because we are interested
in radial null congruences near and on the event horizon,

r—R|<R. (A.16.8)

Intuitively, the radius r does not change much for these congruences, so small changes in
r correspond to large motions along the congruence. On the horizon, r is degenerate, and
inside the black hole, r runs towards the past.
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To remedy this, let us consider the coordinate distance ¢ = r — R from the horizon.
We will work in the near-horizon limit of Eq. , i.e., to first order in ¢/R < 1. For
example, r. = R + Rlog(|c|/R) in this approximation; and by Eq. (A.16.4), an outgoing
congruence satisfies v = 2Rlog(|c|/R)+ const. Inverting this, we find

¢ = coe/ (A.16.9)

where ¢y is the coordinate distance from the horizon at v = 0. This is the quantity that
vanishes on the horizon and goes negative inside, so we can define a nondegenerate, always
future-directed parameter by choosing A = ¢/cy. This is affine since A = (r — R) /¢y and 7 is
affine.

To summarize, we choose the affine parameter

A = ¢V/?R (A.16.10)

on outgoing null geodesics near the horizon. By Eq. (A.16.6)), the expansion of any such

congruence is given by

2C0
0=— A.16.11
R ) ( )

where we again used r — R < R. All surfaces on the event horizon have ¢y = 0 and hence
0 = 0; they are marginally outer trapped. It is easy to check that these are the only such
surfaces.

Any null vector tangent to the outgoing congruences must be proportional to 0; + 0., .
Let k® be the particular null vector associated to the affine parameter \. From Eq.
we have

d 2R d R
TdN N dv|,. A

cong

(0 +9,.) , (A.16.12)

For the second equality, we used that on the outgoing congruence ¢t = (v + const)/2, r, =
(v — const) /2.

For all ingoing spherical congruences in the region covered by the ingoing Eddington-
Finkelstein coordinates, —r is a future-directed nondegenerate affine parameter. Thus Eq.
implies that their expansion, 6, is everywhere negative. This establishes that every spherical
cut of the event horizon is marginally trapped, i.e., satisfies § = 0 and ¢, < 0.

To treat quantum matter as a small perturbation, we expand the Einstein equation, G4, =
887G (Ty), in powers of Gh, to first order. (We drop the expectation value symbol below.)
In this approximation, we can compute matter effects on the expansion of congruences by
integrating the Raychaudhuri equation,

do

_ 1 2 2
- = _29 — % —87GTy . (A.16.13)

Here Tiy, = Topk®k®, and k% = (%)“ is the affine tangent vector to the null congruence. The

shear term vanishes for the spherical congruences we consider. In general, the 62 term will
be O((Gh)?) and thus dominant.
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However, here we will be interested in surfaces where classical and quantum effects com-
pete. Such surfaces must have  ~ O(Gh) classically. By Eq. (A.16.11]) they are found in a
neighborhood |c| < O(Gh) of the event horizon. Hence 6% ~ O((Gh)?) will be negligible in

the region of interest, and Eq. (A.16.13|) reduces to

A

9()\) — (9()\0) = 871G Tk - (A.16.14)
Ao

Classically Trapped Surfaces During Evaporation

We will now compute the effect of the quantum stress tensor for the Unruh state [192] on
the position of (marginally) trapped surfaces in the Schwarzschild geometry.
The renormalized stress tensor in the Unruh vacuum takes the form

b r—onv L (f71 -1
<U| Ta |U>ren E— 4—7TR2 <f_2 —f_l) s (A1615)

where f = (1 — R/r), R=2M, a and b range over t and r, and

h
L~ 7 (A.16.16)

is the luminosity of the black hole. Lowering indices we find

r—>2M L -1 —fil
T —_— — A.16.1
<U‘ ab ‘U>ren 47TR2 (_fl _f2) ) ( 6 7)
Using
dr R
Ops =—0, =(1——10,, A.16.18
drx* ( r ) ( )
we can express the null vector k in (t,7) coordinates,
R R

and we obtain

(T kK" Y = (Tuk' kY + (T k'K + 2(Ty k")
L A (A.16.20)

A2 TRZA2

Next we compute the change in the expansion induced by the above quantum stress
tensor. We consider a black hole at the onset of evaporation, for which there is no Hawking
radiation outside the near horizon zone yet. Thus we expect the geometry to revert to the
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classical vacuum Schwarzschild solution far from the black hole. And so, to find the corrected
expansion, we integrate backwards from A\ = oo to find the shift:

A
50 = 0()) — 0(o0) = —87C / (T k)N =

A
h 8Gh
- AN = -2
s /A TR2N? R2)\

(A.16.21)

To find the (classically) marginally trapped surfaces in the Unruh state, we solve
00 +60=0, (A.16.22)

where #(©) is the uncorrected classical expansion given in Eq. |A.16.11] Using ¢ = co), we
find that the classical marginally trapped surfaces are located at

h
CMTS ™~ % (A1623)

in the quantum-corrected geometry. Very near the horizon, we can treat the radial coordinate
to be essentially R to zeroth order.

An alternative useful notion of distance is the proper radial distance from the horizon, ¢,
which satisfies

dr dr
dl = ~ VR — (~2R(r — R) ~ (Rc)"? A.16.24
T N (r— R) ~ (Rc) ( )

Since Gh = lg, we see that the trapped surfaces are about a Planck length outside the
horizon:

Oarrs ~ O(1). (A.16.25)

Thus, the area of the classical marginally trapped surface is increased by the quantum

correction, by
AAyrs ~ Gh =13 (A.16.26)

Quantum Trapped Surfaces During Evaporation

We still consider the quantum-corrected geometry in the Unruh state, so the classical ex-
pansion is given by

Gh
0=00 460~ 2 A.16.27
TR T R ( )
The generalized entropy is
A
Sgen = +5, (A.16.28)

4Gh
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where S = —Trplogp and p is the quantum state in the region exterior to the Cauchy-

splitting sphere. The quantum expansion © is (4Gh times) the rate of change of the gen-

eralized entropy, per unit area, under shape deformations. In the spherically symmetric

case,

4GhdS

CA AN

Quantum marginally trapped surfaces are characterized by © = 0.
The Generalized Second Law (GSL) states that any outgoing radial congruence on or

outside the event horizon must satisfy © > 0, so the quantum marginally trapped surfaces

must lie inside the horizon [179]. By Eq. (A.16.27), 6 < 0 on and inside the horizon. We see

from Eq. (A.16.29)) that the GSL requires

4GH dS
T = bl (A.16.30)

0=0+ (A.16.29)

where H refers to the horizon. We take o — 1 ~ O(1), in line with Page’s explicit calculation
for an evaporating black hole in the Unruh state [211].
Combining these results and neglecting factors of order unity where appropriate, we find

c Gh Gh

_a_ _c _&r en A.16.31
Setting © = 0 yields
c Gh Gh
— =—(a—1)— ~—— A.16.32
) (av >R2)\ — ¢ 7 (A.16.32)
Using the proper area, we find
AAgurs ~ —13 . (A.16.33)

Thus, the quantum marginally trapped surfaces are a proper distance of order the Planck
length inside of the horizon.

We will now show that the “duration” of the lightsheet L of a quantum marginally
trapped surface jig is of order of scrambling time

Aty ~ Rloglﬁ . (A.16.34)
P

This assumes that pg is about one Planck length inside of the event horizon, as would be
the case for an isolated, slowly evaporating black hole. Of course, the points on L are null
or spacelike separated. What we mean by the “duration” of L is the amount of time, as
measured at large radius r, for which it will be the case that matter falling in radially from
this radius will cross L (see Fig. |A.6)).

We will approximate the infalling matter as ingoing radial null geodesics; the result would
be the same for timelike geodesics starting at rest at large radius. Let the earliest geodesic
crossing L be at v = v; in the Eddington-Finkelstein coordinates defined in Appendix [A.16]
It will meet L at pg, whose radius satisfies R —r,, ~ [3/R. The last geodesic that meets
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U1

Figure A.6: The future outgoing lightsheet of pg (top red line) is crossed by two ingoing
radial null geodesics at v; (at pg) and vy (at the singularity). Their Schwarzschild time
difference at fixed r is the scrambling time, At,.

L will do so where L hits the singularity, at » = 0. The lightsheet L is characterized by
u = const, where u is the ingoing Eddington-Finkelstein coordinate, u =t — r,. Here 7, is
the tortoise coordinate defined in Eq.[A.16.3] Since r, depends only on r, we have

At = tz — tl = 7"*(7“’“@) — 7"*(0) = T#Q + RlOg Ats . (A1635)

R
/R
A similar analysis demonstrates that the scrambling time is how long it takes a geodesic

to propagate from about a Planck distance outside the horizon to the edge of the near-horizon
zone, at r = 3R/2.

A.17 Perturbative Construction of Q-screens

Let pug be a quantum marginally trapped surface near a perturbed Killing horizon that ap-
proaches the Hartle- Hawking state in the future. Then there exists a Q-screen that approaches
the Killing horizon in the future and contains i as a leaf.

This fact is useful in sketching a heuristic argument for our conjectured QPI in asymptot-
ically AdS spacetime, following Eq. . We will now demonstrate this claim by explicit
construction.
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Figure A.7: A quantum marginally trapped surface p in the vicinity of a perturbed Killing
horizon H. We construct a Q-screen containing p that asymptotes to the Killing horizon at
late times. We first fire a null plane towards H that intersects it on py. We then foliate H
starting from py. At every leaf of this foliation, we fire null planes inwards and to the future.
On each null plane, we find a quantum marginally trapped surface at an affine distance §U
from H. The Q-screen is the union of these quantum marginally trapped surfaces.

Consider an event horizon H which is a perturbation to a Killing horizon caused by matter
excitations 7),, ~ O(h) such that in the far future #H settles down to a Killing horizon in
the Hartle-Hawking state. Furthermore, assume that there exists a quantum marginally
trapped surface near H. It is known [179] that quantum marginally trapped surfaces are
behind event horizons, so pug will be a small distance in the inward direction ! from H. Given
any co-dimension 2 surface in this spacetime, k and [ respectively represent the outward and
inward null vectors perpendicular to the surface. Let y parametrize the transverse position
of the surface; see Fig. [A.7]

For the construction of the Q-screen, we start by emanating a past outwards-directed
null plane from jio and mark its intersection with the horizon as p1z. Now, we can pick a
foliation of the horizon that starts from pgy and continues towards the future of H such that
it eventually approaches the preferred foliation of the Killing horizon. Mark the leaves of
this foliation by A such that A = 0 is uy and A grows along the future leaves. We construct
the Q-screen by shooting null future-directed inward null planes from the leaves py and on
that null plane look for a quantum marginally trapped surface.

Suppose that a given leaf of our foliation of H (marked by A) has a quantum expansion
Ok(A;y) at a given transverse position y. By the generalized second law, O > 0. Then,
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perturbatively we can find the location of a quantum marginally trapped surface as
Or(A;y) +0U (N y) (0iOk(Ny) =0, (A.17.1)

where 0U is the amount of affine parameter in the [ direction we need to venture to find a
quantum marginally trapped surface and ©, = O(Gh).

We need to solve for a function §U(y) and show that it approaches zero as we go towards
higher values of A. From the definition of quantum expansion it follows that

010, = 010y + AGhO Ok Sous - (A.17.2)

The cross-focusing equation is
1
alek = _§R - 9;0k + VX + X2 + 87G Tkl , <A173)

where R is the intrinsic Ricci scalar of the leaf and x is its twist [212]. From Eq. (A.17.1)),
we see that in order to solve for U to first non-trivial order in Gh, we only need the leading
order expression for 0,0;. The leading order term is

1
9,0, = —§R<O> + O(Gh) , (A.17.4)

where R is the (y-independent) intrinsic Ricci scalar of the leaf on the unperturbed Killing
horizon. For a 2-sphere R(® = 2. Combining the above equations with (A.17.1]), we can
solve for 0U to the first non-trivial order in O(Gh):

U (y; A) = Or(\;y) . (A.17.5)

Since by assumption H approaches a Killing horizon in the Hartle-Hawking state in the
future, we have

lim Ox(\;y) =0 = /\lim UM\ y) =0, (A.17.6)
—00

A—00

where the implication follows from Eq. (A.17.5)). This means that the leaves of the Q-screen
start at pg and approach the late times of the event horizon, which is what we set out to
show.
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