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In this work we study the Tomita-Takesaki construction for a family of excited states that, in a strongly
coupled CFT—at large N—correspond to coherent states in an asymptotically AdS spacetime geometry.
We compute the modular flow and modular Hamiltonian associated to these excited states in the Rindler
wedge and for a ball shaped entangling surface. Using holography, one can compute the bulk modular flow
and construct the Tomita-Takesaki theory for these cases. We also discuss generalizations of the
entanglement regions in the bulk and how to evaluate the modular Hamiltonian in a large N approximation.
Finally, we extend the holographic Banks, Douglas, Horowitz and Matinec (BDHM) formula to compute
the modular evolution of operators in the corresponding CFT algebra, and propose this as a more general

prescription.
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I. INTRODUCTION

Modular Hamiltonians (also called entanglement
Hamiltonians in the condensed matter community) are
unbounded and Hermitian operators properly defined in
the context of axiomatic quantum field theories [1,2], and
in particular in the framework of the Tomita-Takesaki (TT)
theorem [3]. However, they are also useful in other areas of
physics as quantum information, quantum field theory and
also in the AdS/CFT context.

Given a theory on a spacetime M in a state defined
through its density matrix p we can define the reduced
density matrix, p4, on a subsystem A € M as the partial
trace on the complement of A (denoted by A). By definition
this object is semi-definite positive and Hermitian and then
can be always written as

e~ Ka

Pa :TTAP:W,

(1.1)
where K, is the modular Hamiltonian. The denominator
ensures Trp, = 1 but will not play an important role along
this work.

In the condensed matter literature, the spectrum of the
modular Hamiltonian is important because it have relevant
information to characterize and identify topological states
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of matter. For example, in [4] it was applied to fractional
quantum Hall states and, more recently, it was used to
analyze topological non-Hermitian systems [5]. In QFTs, it
is also an important tool when computing information
theory measures, such as the relative entropy between two
states [6] or the capacity of entanglement [7] but since
modular Hamiltonians are typically nonlocal they are not
easy to compute in general. Despite of this, its explicit form
is known for the Rindler wedge in any QFT’s vacuum state
[8], as well as for a spherical entangling surface in CFTs [9]
and in time dependent situations after a quantum quench
[10]. Some new analytical results were also found recently
for free theories and multiple intervals on Minkoski
spacetime [11] and the torus [12]. Lastly, we mention that
modular Hamiltonians have also been relevant in the
context of the AdS/CFT correspondence [13-15], in
studying the Bekenstein bound [16], the averaged null
energy (ANEC) and quantum null energy (QNEC) con-
ditions [17], and emergent gravity [18]. There is also a way
to study modular Hamiltonians in AdS/CFT on the gravity
dual theory [19,20].

The Tomita-Takesaki [3] theorem is one of the most
important theorems in the algebraic quantum field theory
setup and despite being a very formal tool, it has many
applications in physics and mathematics, see [2] and
references therein. Let .4 be a von Neumann algebra on
a certain Hilbert space 7 which contains a vector |Q) that is
cyclic and separating on A. Let us now define and operator
S on H by the following relation

SAIQ) =AT|Q), VY A€ A (1.2)

Published by the American Physical Society


https://orcid.org/0000-0002-4851-4524
https://orcid.org/0000-0002-3459-8333
https://orcid.org/0000-0002-6250-8753
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.026021&domain=pdf&date_stamp=2020-07-27
https://doi.org/10.1103/PhysRevD.102.026021
https://doi.org/10.1103/PhysRevD.102.026021
https://doi.org/10.1103/PhysRevD.102.026021
https://doi.org/10.1103/PhysRevD.102.026021
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ARIAS, BOTTA-CANTCHEFF, MARTINEZ, and ZARATE

PHYS. REV. D 102, 026021 (2020)

The operator S is called the Tomita operator with respect to
(A, Q) and it has a unique polar decomposition

S=JA2 =A"12], (1.3)
where the operator A = S7S is called the modular operator
and the antiunitary operator J is called modular conjuga-
tion. From the definition can be seen that J =J' and
J? = 1. The TT theorem states that for A a subalgebra of A

and |Q) a separating and cyclic vector on A then the
following properties holds

JIQ) = AlQ) = Q). JAJ =A,

ASAATS = A, VseR. (1.4)
Here the subalgebra A’ belongs to the commutant of A
(called A’). This theorem ensures that there exist an
uniparametric group of automorphisms o, (A)=ASAA™
that will be called in our context as modular flow. Usually it
is nonlocal (nongeometric) but there exist some important
examples where it is local (geometric). Typical examples of
local flows are those produced by modular operators in the
vacuum state and for the Rindler wedge [8], or the vacuum
of a CFT on a sphere [9] and more recently the single
interval case of fermions on a torus [12]. Typical examples
of a nonlocal flow is when the region is on the real line and
made of disjoint intervals [11] and as well when we study
fermions in disjoint intervals on the torus [12].

The modular Hamiltonian K4 is a self-adjoint operator
that belongs to the algebra of operators, defined on the
region A. It has a very precise definition in the AQFT setup
in the context of the TT modular theory [3]. However, it is
often difficult to relate the modular operator with the one
defined in equation (1.1). One of the goals of the present
work is to compute A in a special class of excited states that
have an holographic dual. Some recent works on the Tomita
modular operator show its relevance in the derivation of the
ANEC [17,21] and in understanding aspects of black holes
interiors [22,23] and bulk reconstruction [21,24,25].
A remarkable feature of the modular Hamiltonian is the
fact that it depends only on the algebra of operators on the
region of interest and the state of the system. Moreover, as
was mentioned before, the TT theorem ensures that a
notion of modular #ime evolution can be defined. A local
observer with a clock that runs in modular time will find
himself in a thermal bath which is reminiscent of what
happens in the Unruh effect.

In the present work we will study the modular
Hamiltonian, modular operator and its modular flow for
a family of excited states in equipartite Hilbert spaces in the
context of holographic CFTs. Some related works in the
field theory context are [26-28] (see [29] for an axiomatic
approach). The particular set of excited states, that we will
call holographic, have the advantage that its precise holo-
graphic dual is known [30,31] and can be shown to be bulk

coherent states on the large N limit. Due to this important
property, these states were extensively studied in different
setups [32-35] and extended to finite temperature cases
[36,37]. To be concrete, the excited states are built by
considering external sources in the Euclidean path integral
that define a reference state, and can be written as (notation
will be made explicit is Sec. II)

|lP}L> = Pe” ._/;<0 drO(7)-A(7) |0>

o <¢Z|‘I’1>E/D¢2M(I)e_sb‘[‘b] (1.5)

where the object on the left is an excited state on the CFT,
and the object on the right is its wave function in the
holographic dual.

In Sec. II we will review the main properties of the states
(1.5) that will be useful in the context of our work. In
Sec. III we will study the modular Hamiltonian of these
excited-states from a QFT perspective for the case of an
equipartite system. Throughout this section, we will
emphasize on the TT theory and the geometric structure
associated to it that follows from our analysis. For a CFT,
this analysis can be extended to other partitions via
conformal maps. The main explicit computations are
presented in Sec. IV for a free scalar field in the gravity
dual, where by virtue of the large-N approximation, the
problem with general z-dependent A becomes tractable and,
by using thermofield dynamics (TFD) tools, we find the
explicit details of the TT construction in the gravity dual.
The underlying proposal is that holographic methods can
be used to treat some formal as well as quantitative aspects
related with the modular theory. In particular, using the
Banks, Douglas, Horowitz and Matinec (BDHM) recipe,
we compute the excited modular flow for scalar operators
in the field theory from the explicit calculation in the bulk.
In Sec. V we summarize our results and discuss some open
problems. We also include two Appendixes: Appendix A
contains a brief introduction to the relevant aspects and
tools of the TFD formalism and in Appendix B we
explicitly show the extension of our results to a spherical
entangling region using the Casini-Huerta-Myers (CHM)
map [9].

II. EXCITED STATES AND
HOLOGRAPHIC DICTIONARY

In this section we briefly summarize some relevant
properties and known results on excited states in the
holographic context that will be the basis of the present
work. A prescription for holographic states appears in the
Skenderis-van Rees works [38,39] which combines
Lorentzian and Euclidean AdS spacetimes, as being dual
to real and imaginary time pieces of a Schwinger-Keldysh
path in the field theory (e.g., see Fig. 2). Such as in the
Hartle-Hawking (HH) formalism [40], the imaginary time
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intervals describe states, which are connected by evolution
on the real-time intervals. The excited states are deformations
of the vacuum HH state related to nonvanishing asymptotic
(Euclidean) boundary conditions, and have been recently
studied in many different contexts [30,33,35,37,41].

A. Holographic states: Definition
and geometric motivation

Consider a CFT defined by a conformally invariant
action, on a spacetime (R“*!, 5, ). In the interaction picture
the states defined in [30] have the form

|‘“P/1> = Pe_fKO d‘rO(‘r.x')-A(T,x’)|‘P0>. (21)
Here, |¥,) denotes the vacuum state and 7 represents the
Euclidean time, and - denotes integration on the spatial
coordinates on a certain Cauchy surface. The function
A(z,x') parametrizes the family of states, and can be
arbitrarily chosen on the asymptotic boundary of (a half
of) an Euclidean asymptotically AdS (aAdS) spacetime
(called E7). The object O is an operator1 of the CFT and the
operation denoted by P denotes the path ordering in the
(imaginary) time. We will often omit the x’ dependence of
O and Z. By extending the source 1*(7) = A(—7) to the
region 0 < 7 < oo, one obtains the corresponding “bra,”

<\PA| = <lPO|,Pe— .j;>0 d‘L’O(T,Xi)‘ﬂ*(T,Xi). (22)
According to the Hartle-Hawking construction, if 4 is
independent of 7, the states (2.1) can also be thought as
the ground state of a deformed Hamiltonian [34],

H = Hy+ / dxO(x, 0)2(x). (2.3)

On the other hand, if the source 4 = A(r, x) is vanishing
when 7 — 0 and decays to zero as 7 — —oo, the state (2.1)
can be interpreted as the result of a (Wick rotated) time
evolution of the fundamental state perturbed by an external
source, i.e., in Schrodinger picture,

3} = Uslo) = Pe™ S 04N pg) (2.
This procedure provides excited states of the original
theory [43]. These states are especially interesting in the
context of holography, where there is a precise (non-
perturbative) prescription for the states (2.1) and its

corresponding bra (2.2) in the dual bulk theory:

[D®)e=51®,
log==2.@|s=¢sx

%wzmeA (2.5)

lOriginally in [30] only single trace operators were considered.
Recently, [42] studied the effect of multitrace deformations.

Here £~ is an Euclidean spacetime whose metric is locally
AdS on the asymptotic boundary 905~ = E-, ¥ is the
spacelike surface over which the state is defined, and
S[®] stands for the bulk gravity action, say for a bulk scalar
field @, dual to the scalar (primary) operator O in the CFT
theory. Implicitly this action contains an Einstein-Hilbert
term proportional to Gy! ~ N? that will contribute to the
Ryu-Takayanagi area term, see Sec. IV D. In the present
study we will focus on the subleading (e G%) terms,
coming from the matter sector and backreaction effects,
that shall describe the quantum corrections to the (bulk)
modular Hamiltonian and entanglement entropies [44]. The
expression (2.5) can be derived from the Skenderis—van
Rees (SvR from now on) proposal [30,38,39], and general-
izes the Hartle-Hawking wave functional of the gravita-
tional vacuum to excited states. In what follows we will
refer to these CFT states (2.1) simply as holographic states.
We want to stress that there is a simple holographic
dictionary that characterize them: Deformations of the
CFT action on the Euclidean times © < 0 correspond to
deformations of the (Dirichlet) boundary conditions for the
bulk fields on the Euclidean section of the dual aAdS
spacetime. Notice that this rule captures the holographic
correspondence between the Hartle-Hawking vacua of both
(CFT and gravitational) theories in absence of sources
(4 = 0). As a by-product, in the large N limit, as gravity
becomes semiclassical, the vacuum is given by a unique
(classical) Euclidean aAdS spacetime which corresponds to
the CFT vacuum state |¥y). This prescription will allow us
to obtain the holographic dual of the modular flow for
arbitrary holographic states and arbitrary regions A of a
Cauchy slice t = 0 of the boundary spacetime OE.

Another important feature is that with these kind of states
we can study density matrices and reduced density matrices
in a clean way. Considering (2.1), we can define the density
matrix reduced to the subsystem A as

Pl 7] = (G oald) / Do, (2.6)

where ¢* = ¢ls,, represents two different data on the
surface X,. Additionally, we have to impose the asymptotic
conditions ®| - = A, |5+ = A*, and vanishing data for
all the other bulk fields (including the graviton). This
expression is straightforwardly obtained by gluing two
halves of Euclidean AdS on the shaded regions of Fig. 1,
which represents the operation Trg [¥;)(¥;| in a path
integral description.

The Ryu-Takayanagi prescription (RT) determines the
entangling surface in the bulk y4, so as the spatial region X,
delimited by y, UA. In fact, this formula should be
interpreted in the sense of a perturbative expansion in
the Newton constant Gy, so that the surface y, (and X,)
remains unchanged by the backreaction effects to each
order. In Sec. IV we will see that this prescription allows to
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()

FIG. 1. A depiction of the computation of Trs [¥;) (¥, in (2.6)
is shown. The figure in the left represents the gluing of the states,
(2.1) and (2.2), by tracing over £,, the complement of £, C X,
shown in dark grey. The CFT external source A, as well as
conditions ¢*, provide boundary conditions for the path integral
in the bulk. The blue line corresponds to the extremal surfacey 4. On
the right, an example where a ¢ Killing vector that runs as an angle
from X to  pivoting around the blue point y, is shown. All but
radial and euclidean time coordinates have been suppressed.

obtain, at least formally, the holographic dual of the
modular Hamiltonian (and its corresponding modular flow)
for holographic states and arbitrary regions A of a Cauchy
slice + = 0 of the boundary spacetime OE.

B. Relation to coherent states in the bulk
It has been stressed that states of this form are holo-
graphic in the sense that correspond to well-defined geo-
metric duals [32,41,45]. One of the most interesting
features of (2.4) is that, by canonically quantizing a (nearly)
free nonbackreacting field @ in the bulk, these states
become coherent in the large N Hilbert space [30]

CAT PRI (2.7)

where ak(aZ) are the annihilation (creation) operators

associated to the canonically quantized bulk field ® and
A are eigenvalues of a;, given by the Laplace transform of
the Euclidean sources. This result can be achieved by using
the so-called Banks, Douglas, Horowitz and Matinec
(BDHM) prescription that relates the CFT with bulk field

operators [46], i.e., the operators O (2.4) are linearly

expanded in terms of ay, a}[.

One can generalize this formalism to other more com-
plex SK paths as we will see below, but the case presented
here captures the essential aspects of this family of excited
states. For example, by working in the thermofield dynam-
ics (TFD) formalism one can extend the definition of these
states also to closed SK paths. This was done in [36,37] and
in what follows we will use some of their results.

An immediate application of (2.7) is that, in the free field
approximation, these states work as generating states since
by simple derivation with respect to the normal modes

components 4, we can obtain the expansion in a Fock
basis. Although coherent states are an overcomplete basis,
they are associated to (generate) a complete orthogonal
basis of the Fock space. Schematically,

) =Tl Y Sl ). e8)

The product is on the (positive) frequencies w of the
normal-modes, and 4,, are the components in the basis of
functions on the Euclidean boundary induced from the
normal-modes in the asymptotic boundary. The remarkable
aspect of this expansion is that formally expresses the
holographic state as a linear combination of operators on
the ground state, that according to the BDHM dictionary
[46], can be translated to the CFT basis of states,
:(0,)":10), where O, are nothing but the (normal)
frequency components of the local primaries O(r) on
the Euclidean time 7 < 0 [30,33,37].

ITII. MODULAR HAMILTONIAN FOR EXCITED
STATES IN CFT

In this section we will study the modular Hamiltonian in
the excited states introduced in the previous section from a
field theory point of view. In order to do so we will consider
that these states lives in a bigger TFD Hilbert space. In
Appendix A we review TFD definitions and notations that
will be useful. We will start studying the situation where we
can take the subsystem and its complement in an equipartite
way i.e., the same number of operators on each of them. An
example of this is the Rindler wedge, where we can think of
the total Hilbert space as Hry = H;, ® Hr with A, &
denoting the algebra of operators on the left (right) wedges,
respectively. But, the situation considered here will be more
general than equipartite systems and then the results can be
extended to any subregion that can be obtained from a
conformal map from the Rindler result. As an example of
this in Appendix B we will follow the CHM map [9] to
obtain the modular Hamiltonian in holographic excited
states for a spherical entangling surface.

A. Results in QFTs for equipartite subsystems

Let us apply the construction reviewed in Sec. II
for a QFT defined on a globally hyperbolic spacetime M ~
2 x R with a Lorentzian metric # that we assume flat for
simplicity. Consider first the case of an equipartition of the
degrees of freedom in two equal sides X =%; U Xp, and
the causal domain of both sides are called W, respec-
tively. The equipartition requirement is not essential to
study entanglement, but here we are motivated by an
ingredient of the TFD formalism which supposes that
the system described in W; (and the corresponding algebra
of operators) is a copy of the system that lives on W In the
Rindler example, the gravity dual has also two wedges
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connected by the horizon of a black hole, but there are also
examples where each side could be compact and discon-
nected to each other, e.g., ZL/R ~ §9=1 which is holo-
graphically related to an extended black hole geometry
[36,37,47]. The results of this section apply to both
possibilities. If we consider the algebra of operators A
restricted only to one wedge, say Wy, all the expectation
values in a pure state |¥,;) can be computed through a
reduced density matrix p;(R) by

Trr{p;(R)O(X,)O(X>)...0(X,)}

= (V)|0(X,)0(X1)...0(X,)[¥;), V¥ X;€Zg. (3.1)
The vacuum state (4 = 0) is thermal with respect to the
Hamiltonian Ky(R) = —logpg(R), that coincides with
the generator of the time translations for accelerated
observers [8].

In the context of the present work, it will be useful to
consider the symmetric Schwinger-Keldysh (sSK) formal-
ism and the extension of the Rindler time parameter to a
closed time contour C in the complex plane [36,37]. The left
wedge of the Minkowski spacetime W; can be identified
with the backwards real-time component of the SK contour

and the corresponding algebra of operators with A, the
commutant of 4. The initial (and final) pure global state is
described by the Euclidean intervals, see Fig. 2. The
symmetric SK path shown in Fig. 2(a), that involves two
imaginary path of equal length /2 is equivalent to the TFD
formalism [48-52].

(@) (b)
FIG. 2. (a) Closed symmetric Schwinger-Keldysh (sSK) path in

the complex #-plane. The horizontal lines represent real time
evolution. The vertical lines give imaginary time evolution, and
the intervals /., have identical lengths equal to /2. The insertion
of sources in the vertical lines generate excitations over the
(vacuum) thermal state. (b) The radial Rindler coordinate is
shown so that one can see that the L and R pieces are connected.
Sources A, are turned on in the corresponding Euclidean regions
E.. Notice that the red point in (a) is now a red line, representing
a spacelike X surface. The black arrow represents the path
ordering of the operators given by P, according to the parameter
of the curve (0); it should not be confused with the time direction;
for instance on the right side, the time parameter grows against
the sense of the arrow (recall that 7_ < T,).

Denoting X* € Wy any point of the right wedge on the
Rindler spacetime and using the notation X° =t and
X< = r, the flat metric in conventional Rindler coordinates
writes

2
dsZ:—I%dt2+dr2+dXidXi, i=l.d-1 (32

and then, the modular flow for the vacuum state is

e Ko OR(XH) e Ko = Op(y#(5)) = Or(r, X', t+5),  (3.3)
with y(¢) denoting the curve referred as geometric flow and
O € Wg. Therefore a constant ¢ defines a particular
foliation of W in surfaces Xg(7) that are homologous to
2. We will compute the modular Hamiltonian K, for a
thermal (in the sense mentioned before) excited state using
the tools and ingredients of the TFD formalism, explained
in Appendix A.

The evolution operator in this case is generated by the
CFT Hamiltonian H = K|, slightly deformed by external
(local) sources A(x, 7). The operators U .. on both imaginary
time intervals, univocally describe the initial/final excited
states in terms of A [37]:

U,=Pe I dT(K0+O.ﬂ<T))7 (3.4)

where the Euclidean time 7 runs on the interval
I_=(—p/2,0), that alongside 7, = (0,/2) completes a
(not closed) circle S}, of radius f. In the context of TFD
these operators are equivalent to pure states, rearranged as
kets in the duplicated space.

Therefore, the global state is given in terms of this
operator by [36] (see Appendix A)

V)= (U, @D[1) = 1@ U,) 1) = U,|1), (3.5)

and one can define an Hermitian (reduced) density
matrix as

pr=Try PP, = TraUIN1|U; = U,U;,  (3.6)

where we have used

Tral DN = D _In){n] = Lo, (3.7)
n

These expressions explicitly show the connection between
the pure state (3.5) in the TFD setup and the mixed density
matrix (3.6) in a single Hilbert space, both univocally
determined by the evolution operator U,. Notice also that
we can move the operator U, back and forth between L and
R when applied to |1)). This will be a key property of the
states (3.5) in our work. The main result of this section is
that for a thermal excited state (3.5) one can find that
the reduced density matrix and modular Hamiltonian on
Wr are
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0, = Pe [ dr(Ko+0.4(2))

K, = —In(p,) = — In{Pe™ Jst #eKtOiNY (3 g)

Although this is nonlocal by virtue of the integration on the
interval S, it has a very simple form. Using Eq. (3.6) this
result can be rephrased as

pi=U(-m. ) (3.9)
where the right-hand side (rhs) is the evolution operator
valued on a imaginary time interval that covers the
complete circle S', provided that the source satisfies
Ar) = A(-1).

Recall that this captures all the excited states of the
Hilbert space (often referred to as the vacuum sector of
the Hilbert space [2]) defined as H, = A|0), see (2.8). The
holographic dual of this space is the Fock space associated
to quantized fields in the bulk spacetime [46,53]. So, for
instance, the unnormalized reduced density matrix corre-
sponding to a single-particle state created at the point
(—it,X) € E- (0<7<n),is

p1 = Ug(—in, —it)O(—it, X)Uy(—iz,0)
x Uy(0, it)Olit, X)Uy(it, in)

= K O(=ir, X)e Ko O(ir, X)eKo  (3.10)

where X* = (—ir,X) denotes a point on the surface
Yr(—iz) of the foliation of E~. This expression can be
derived from (2.8), (3.5), and (3.6) since in the sSK
extension of the Rindler spacetime, the pure state writes’

oY
vy = 2
6A(7. X) |1=0

= Uy(—in, —it)O(—izt, X)Uy(—iz,0)|1))

(3.11)

and using that O' (=i, X) = O(ir, X) and U’ (iz;, ity) =
U(—its,—it;). In a CFT, expression (3.10) for the unnor-
malized density matrix can be generalized to any other
region conformally related to the Rindler wedge, say D: a
ball shapped region (see Appendix B), by inserting the
(conformal) prefactor Q2 (x(—it))Q~2(x(ir)). Here x(it)
denotes the geometric flow in the transformed space D,
such that x(0) stands for the conformal map of the point
(0,X) € Zg(0). Systematically, one could follow the same
procedure for the nth-order in a Taylor’s expansion in A.
The main expressions (3.8)—(3.9) are nonperturbative
result in the sense that holds for any A. Upon completion of
this work, we became aware of [54], where the authors did
a perturbative analysis (similar to the first order (3.10) of

“For a n-particle state we have to take n derivatives.

this result to compute the modular Hamitonian in the
states |¥;).

A special case to be considered is whether the source 4
does not depend on 7. Thus, since the path ordering play no
role, the (local) modular Hamiltonian on W results

:K0+/ MX)O(X) /g5, dX*",  (3.12)

where K, can be expressed in terms of the energy-
momentum tensor, the (timelike) Killing vector z# and
the unit n# future pointing normal to Zp,

Ky = / T"n,t,\/gs,dX*". (3.13)
g

Finally, it is worth noticing that in the Rindler spacetime,
the modular flow generated by A is naturally related to
the sSK complexification of the evolution parameter in the
extended geometry of Fig. 2. In fact, let us consider the
formula for a (initial) global state (3.5)

|¥,) = (U;(=izR) ® I)|1)) (3.14)
such that the modular Hamiltonian coincides with the
generator of boosts and writes as (3.12). For accelerated
observers it generates the time translations and the state lies
on the surface corresponding to 7~ (see Fig. 3); on the other
hand the same state, lying on the Cauchy surface with
modular parameter 7~ + s, also obeys (3.14) and writes as

[W,(s)) = Up(s)Up(=izR) U, (=s5) (1)), (3.15)
since as shown in Fig. 3, the operator U; composes a boost
rotation by s of £, with a (Euclidean) rotation in izR, and
then with a boost by —s. Using the filde conjugation and
the TFD rules we can see that the modular evolution is
realized by

FIG. 3. Upon building the modular Hamiltonian via an
Euclidean path integral, the picture shows its evolution on the
L/R wedges given by the operator A™.
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(W,(s)) = Uy(s)Us(s)U;(—izR)| 1))
= eis(k‘_K“)PPz) = AF|Y)),

= A=Kk, (3.16)

An important remark is that this modular flow is related
to a complexified geometric flow in Eq. (3.3), where
y"(s = 0) and 0 € C is the complex parameter of the
closed symmetric SK path of Fig. 2 which describes a
closed curve that intersects Xz(7) only in the point X#. The
union of all these curves covers completely the sSK
geometry of Fig. 2(b): Wi. In fact, the modular flow can
evolve the local operators along these curves according to

O(r, X', t + 0) = e~ 0K O(X+) Ko 0eC X eX(r)

(3.17)

and defines a sort of extension of the operator algebra
A(Wp), to local operators on all the points of W,.> Then
the Tomita-Takesaki theory might be interpreted as a
constraint, relating these operators O with certain operators
O of the commuting algebra A when they act on a specific
state. This point of view will become more precise in what
follows.

B. TFD formalism and the Tomita-Takesaki theory
for holographic states

The TFD formalism can be applied to study the
entanglement in systems separated in two identical sub-
systems and reduced to one of them, such as the vacuum of
a QFT on a Rindler spacetime (or a black hole [36,37])
reduced to a wedge X' > 0.

According to this formalism, the condition that defines
the (thermal) ground state and fixes the Bogoliubov trans-
formation that relates this state with the (disentangled)
vacuum of inertial observers [50,51], is usually expressed
as a constraint on the fields, @ € A for an initial time 7 [37],

(OX.1) = O (X, t—if/2))|¥,) =0, (3.18)

where O(X) = O(X) is defined by the tilde conjugation
rule [50], see Appendix A. In the Rindler space, this
represents the field in the algebra A of operators on the left
wedge WL.4 This is known as the thermal state condition in
the TFD context [50,51], and in particular has been studied
in spacetimes with event horizons, and interpreted as the
quantum/operator formulation of the Unruh-trick [37], see
discussion in IV C 1. The geometric interpretation of this

3On the other hand, one also have an extension associated to
the commuting algebra A.

4Formally, they are obtained by applying a CPT, composed
with a particular rotation in a 7z angle, on the fields O, see [2].

equation is that, in the state |¥((7)), the field on the right
can be related to the left ones by an analytically continued
time evolution in if3/2.

Then, by identifying the tilde conjugation with the action
of the operator J of the polar decomposition (1.3), and
taking

A2 = U (iB)2) ® Uy(—ip/2) = e P Ko=Ka)/2 (3 .19)

and |W( (7)) given by (3.5) with 1 = 0 it can be verified that
(3.18) is equivalent to the Tomita-Takesaki relation
which, being |¥,) cyclic and separable (see Appendix A),
guarantees that the operator A’ = (SS7)"" defines the
modular flow in the vacuum state |¥y). Therefore, we have
shown with this simple example that in some cases, we can
translate the Tomita-Takesaki theory to the TFD analysis,
and interpret Eq. (3.20) as a constraint defining a state.
Our main statement in this section is that the TFD
constraint (3.18) can be generalized to excited states as [37],

(O(X.1) = U, (=ip/2) 0" (X.1)U,(iB/2))|¥,) =0.

Thus, if we define AA/Q by substituting Uy — U, in (3.19) it
can be verified that

(3.21)

with

S,=JA A =p7' @p,. (3.23)
Notice that J remains unchanged under the deformation.
This follows from the fact that the deformation can be
equivalently created by operators acting only on either side
of the d.o.f splitting, see (3.5). A more explicit derivation
of this result is presented in Sec. IV B. This type of
deformations are known to preserve the J operator and
are contained in what is called the “standard cone,” see [1].
From a TFD perspective, the formalism naturally admits
excited states, see [55,56] for example, without deforming
the tilde map between the duplicated theories.

Let us see, for instance, that this constraint is trivially
satisfied for the (holographic) excited states constructed
with a time-independent source 4 = A(X), in an arbitrary
QFT. In this case the modular Hamiltonian writes, see (3.12),

Ko — K, = Ky + / dX-AX)OKX).  (3.24)

R

and, because of the Bisognano- Wichmann theorem [8],
the time evolution coincides with the modular evolution
generated by this operator. Consequently, the state defined as
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¥,) = Uy(=i/2)|1)) = ePKi2]1))  (3.25)
is the new TFD-vacuum for the deformed Hamiltonian
(3.24), although it is an excited state of the original
(undeformed) theory. In other words, the constraint (3.21)
reduces to (3.18).

We would like to close this section by pointing out that in
CFT, this construction can be straightforwardly extended to
regions bounded by a sphere through the CHM map, or
regions conformally related to a Rindler wedge.

We emphasize that the computations done so far in this
section are on QFT and hold for arbitrary coupling constant
and N. In this sense our results are nonperturbative.
However, when A depends on 7 it is difficult to prove that
the equation (3.21) is satisfied by the objects identified in
(3.22). There are two scenarios where this can be done
explicitly. In the first case one may consider a perturbative
expansion of the QFT to a fixed order in the coupling
constant, thus proving the statement in a weakly coupled
regime. The second setup would be that of a strongly
coupled (large N) CFT such that a holographic description
is available. This again allows an expansion for single trace
CFT operators, but this time in terms of the bulk ladder
operators, see [46,53]. In the next section we will follow the
latter approach and compute the dual modular Hamiltonian
to K in the bulk in the large N limit, where we will be able
to provide more explicit results.

IV. THE GRAVITY DUAL OF THE MODULAR
HAMILTONIANS AT LARGE N

In the previous section we were computing the modular
Hamiltonian and modular flows for the particular excited
states introduced in Sec. II from a QFT point of view. We
concluded that the result can be written as (3.8) for an
equipartite subsystem and (B2) for the spherical entangling
surface. But, we cannot ensure that this result is the one
related to the modular operator A of the TT theory in the
general case with explicit z-dependence of the source A. In the
present section we will use the fact that we know the precise
holographic dual of the state (3.8) and of the condition (3.18)
to show that it satisfies the TT constraint in the bulk. Then, we
will see in this way that the modular Hamiltonian computed
in the previous section in the context of a CFT is the one
associated with A in the strong coupling limit of the field
theory. We will also provide explicit examples of the modular
flow induced by our excited modular Hamiltonians on both
sides of the duality. We will conclude the section mentioning
how we can explicitly compute matrix elements of modular
Hamiltonians for the excited states using the JLMS proposal.

A. Expected results

The cases that we have studied can be considered
dual to spacetimes with a Killing vector in the bulk:
¥ = 0"/0t, such as AdS-Black Holes, Rindler-AdS, or

isometric mappings of these spaces (e.g., regions whose
asymptotic boundaries are ball-shaped [9,57]). In these
cases, ¢ is bifurcating on the entangling surface, given by
the RT recipe (see [9]). Therefore, according to the
prescription discussed in Sec. III, the expectation is that
the (bulk) modular flow shall also be determined by
the Euclidean evolution operator Uy (0, i27), but the
A-deformations shall be described as no vanishing
Dirichlet asymptotic BCs on the bulk fields [30,33,37].
In the following analysis of the bulk theory we will
assume a large N approximation, which in particular,
supposes nonbackreacting and weakly coupled QFT in
the gravity side, i.e., the existence of ladder operators. For
simplicity we will also consider a real scalar field ®.
The canonical Hamiltonian H = H(®, IT), derived from
the action S[®], is the operator that generates the 7-translations
on the entanglement wedge (see red lines in Fig. 4). Thus, for
the vacuum state A = 0 one can write (2.6) as
pold*. 7] = (* e |gp), (4.1)
and so the modular Hamiltonian in this case is simply
Ko =2zH, and the modular flow will be defined by
U(t) = e~2mitH, (4.2)
The simple form of the holographic formula (2.6) suggests an
ansatz for holographic excited states defined by nontrivial

FIG. 4. The figure shows a subregion A of a system defined
on the white plane and its causal diamond, as well as its
entanglement wedge inside its holographic dual. Assuming a
bulk timelike killing vector ¢, whose flows are shown in red, one
can define the spacelike surfaces X,. The blue lines are the flows
that live on the boundary.
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asymptotic conditions on the Euclidean sections of the
spacetime. Thus, we expect that at large N, the backreaction
is negligible and the Killing vector remains ¥, and thus K,
will depend on 4 in the following way
Ky« Hlgp + fr. 7 — 0,f)] (4.3)

where f, is a particular solution of the classical e.o.m.
satisfying nonvanishing asymptotic boundary conditions
(A;4%) = f,]pe on the Euclidean pieces of the spacetime.
This is nothing but the canonical Hamiltonian under the
substitution ¢y — ¢, = ¢ + f, in the action.

Although the explicit computation will be done later, a
simple path integral argument for it is that this field
redefinition transforms the expression (2.6) to

Pl 7] = Bt |pale™) = (P oM gy

= / [D®]e=SI®+/i,
2=0,¢*

where the sum is over fields @ with vanishing asymptotic
b.c.s. So this can be thought as a new theory that under
certain conditions, in particular at large N, does not break
the time-translational symmetry and the Hamiltonian
canonically derived from the action S[® + f;] coincides
with (4.3). Furthermore, it would generate the modular/
dynamic flow in the bulk, and (4.4) can be expressed as

(4.4)

p; = et (4.5)
Thus, one can show this ansatz by interpreting the above
substitution as a canonical transformation of the fields (and
its canonically conjugated momenta), one can see that the
equations of motion
Oy = i[H), @), om; =ilH; m]  (4.6)
are preserved, as the fields are promoted to operators
according to the rule
[fi(x1), mp(x2)] = i1, x5 €X. (4.7)
Then, the quantization of this theory in the Heisenberg
picture consists in finding the general solution to the
equations (4.6) (while the state keep the same) provided
(4.7). Assuming that ¢ is the most general solution of the
problem with vanishing (asymptotic) boundary conditions,
e.g., at large-N approximation, it is a linear combination of
the normalizable modes. Therefore, ¢, 7, is nothing but
the most general field (solution) of the equations of motion,
and the condition (4.7) is automatically satisfied, by
demanding that the particular solution f, be a c-number.
Then, the time-evolution for any operator A(¢,, ;) of
the theory is given by

A(t) = el A(0)e=H: (4.8)

and in particular
P(1) = "p(0)e™"r — (f,(x, 1) — £4(x,0))  (4.9)
x(t) = e™Mia(0)e="i — (f,(x, 1) = f1(x,0))  (4.10)

Then (4.3) is the modular Hamiltonian corresponding to the
excited (holographic) state |¥,), since it generates the
modular flow. We will see in Sec. IV B that by virtue of
large-N approximation, the field equations can be assumed
to be linear, and then one can exactly consider the canonical
quantization.

B. Tomita-Takesaki formalism in the bulk

Here we will give the proof in the bulk of the formulae
derived in Sec. Il B for the modular Hamiltonians for the
excited states. The central point of the argument resides
again in the relation between TFD and Tomita-Takesaki
theory. Starting from the TFD vacuum thermal equilibrium
condition, we will show explicitly how to map it to the
Tomita-Takesaki equation and how to extract the exact A,
and J. From there, we will deform the original thermal
equilibrium condition to include the holographic excited
states but we will still be able to perform the mapping to the
Tomita-Takesaki equation. Thus, we will be able to identify
the excited A, and J for the bulk theory.

1. From TFD to Tomita-Takesaki: Vacuum state

We will extract from the thermal state condition of the
TFD vacuum state both the modular and J operators. We
start from the bulk analog of (3.18),

(Pp(1) =P (1-if/2))[¥o)

= (Pg(1) = Uo(=im,0) @, (1) Uo(0.ix))[¥y) =0.  (4.11)

and show that this can be rewritten as [cf. with (1.2)]

S(1)|¥o) = P (1)[¥o) = Pr(1)[¥y). (4.12)
where we have used the fact that the fields @ are Hermitian.
Recall that the TFD formalism readily provides an anti-
unitary tilde operation which map the operators from R to L
and vice-versa, ®y(1) = ®, () and @, (t) = Dg(). This
can be represented as an operator J = J~! such that
@ (1) = JDg(1)J! = @, (t). Notice that J does not fac-
torize into L. and R pieces. The specific form of J is
however not important for our purposes but the interested
reader can see [2] for details.

The central piece of this argument is the fact that one can
build the TFD vacuum out of an operator with support only
on one of the sides, i.e., Uy (0, —ix), on the identity operator
|1)) introduced before, see Appendix A,
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o) = Uy(0

—ir) @T1)) =1® Uy(0

—im)[1)). (4.13)

This is a consequence of the Reeh-Schlieder theorem [58], and the highly entangled nature of the vacuum, manifestly

expressed in the state |1)).

We now demonstrate the connection between (4.11) and (4.12) starting from a more explicit version of (4.11)

I ® ©x|¥o) = (Uo(—in,0)®,Uq(0, in)
= (Uy(=inm,0)®, Uy(0, ir)
= (Up(=i.0) ® Uy(0, in)
= (Uy(=in,0) @ Uy(0, i)

= A2J(I Q@ Dg)JAW,)

= S(I ® Dg)S[¥y) = S(I ® Dg)[¥y),

where in the second line we inserted I= U (0, iz) Uy(—ix,0)
and in the last equality we used S|¥o) = JA2|¥,) = [¥,)
which is trivial if § is the correct Tomita operator, but
from our perspective this is still left to prove. Actually, in
order to meet the Tomita-Takesaki theorem conditions, we
need to prove both Az|W,) = J|¥,) = |¥,) independently.
The condition on J follows trivially from the fact that
Uy(—ir,0) = ¢~ where H is an Hermitian Hamiltonian
which can be diagonalized with real eigenfunctions and the
fact that it acts trivially on |1)) by definition. The demon-
stration then follows as

J[Wo) = JUo(0, —iz) @ I|1)) =
=1® Uy(0.-im)|1)) =

[J(Uy(0
o)

,—im) @ I)J)[1))
(4.15)

Notice that the operator J is antiunitary, but Uy (0, —iz) € R
is a Wick rotation an analytical extension of a unitary
evolution operator. It is also immediate to show

A2¥g) = (U (0. ix) ® Up(=im, 0))(

=1® Up(0, —im)[1)) =

Uo(=in,0) @ D[1))
Wo), (4.16)

which completes the demonstration. Note that (4.13) was
crucial.

2. TFD to Tomita-Takesaki: Excited states

Once proven for the vacuum, we will consider the
holographic excited states,
|¥,) =U,(0,—ir) 1)) =1Q U,(0,—ix)|1)). (4.17)
Note that the state admits two equivalent ways of defining it
via operators acting only on either L or R. One could
readily argue that the J operation should not be deformed,
see discussion below (3.22).

) ® I|'¥y)

QDI ® Up(0, in)Uy(—im, 0))[¥)

N @ @ 1)(U(0,ir) @ Uy(—in,0))[¥o)
I ® Pg)J(Ug(0,in) ® Up(—im,0))[¥y)

(4.14)
[
The constraint on the excited state is
[@r(1) = Up(=im, 0)@L()U,(0,in)]|¥;) =0,  (4.18)
which will lead to
$10(1)|W,) = @(1) W) = Or(1)|¥,),
S, = JA = AT (4.19)

where we have used again Hermiticity of the fields ®
The demonstration of (4.19) from (4.18) follows as in
(4.14). As before, one has to prove that

1
Sil¥;) = J|Y,) = A3|Y,) = V). (4.20)
which also follow analogously from the vacuum compu-
tation. This completes the demonstration.

As a summary, the main result is that for the set of excited
states and systems described above, we get a closed

expression for the modular operator, which can be written as

5= ®pi (Bl )= [ DO e,

Notice again that the theory is undeformed, and only
the boundary conditions are affected. From here we can
compute a reduced modular Hamiltonian, which coincides
with the one found in [59,42] for these type of states at first
order in 1/N.

To conclude this subsection we observe that, once (4.20)
is known, one can also obtain the modular operator for any
other (that can be nonequipartite) subsystems connected to
(4.20) via an isometry of AdS. Since we are considering an
excited state, both the region and the state are affected by
the transformation. As the excited states are created by a
perturbation localized only on one the subsystems, the AdS

026021-10



MODULAR HAMILTONIAN FOR HOLOGRAPHIC EXCITED ...

PHYS. REV. D 102, 026021 (2020)

isometries will still map the deformation inside of the
transformed subsystem.

C. Computing the bulk modular Hamiltonian
and bulk modular flow at large N

Consider an equipartite bulk spacetime with a Killing
vector ¥, which is bifurcating on the entangling surface,
and it is holographically dual to the Rindler spacetime
studied in the previous sections. We can describe this with
the following metric:

2

ds* = —u?df?
Ky u +1+u2

+ (1 + u?)(dy? + sinh? ydQ3_,)

(4.21)

where the coordinate y = (y, Q,_,) involves a noncompact
component y, while Q;_, describes a (d — 2)-sphere. The
holographic coordinate # can be extended to take all the
real values (e.g., [60]); thus u > 0 stands for the wedge that,
after a suitable change of coordinates: u> — u> — 1, is dual
to the a hyperbolic cylinder on the boundary [57], that can
be conformally mapped to a ball shaped region, or to one of
the two wedges of the flat Rindler spacetime [9]. Figure 4
illustrates how the Killing vector { = 0,, asymptotically
coincides (up to a conformal map) with the vector 9, of the
boundary metric (3.2). The sSK extension of this geometry
is similar to Fig. 2, but the theory here is to be sourced by a
Dirichlet BC at the asymptotic boundary of the euclidean
regions OE*, see Fig. 1(b).

Consider a canonically quantized free scalar field @ in
the bulk. This is essentially the behavior of all the fields of
the bulk theory in the large N approximation. The general
solution on the entanglement wedge (one of the two sides
of the bulk spacetime, say u > 0) writes

D(u,y,1) (4.22)

Zanqﬁn u,y,t) + H.c.

The eigenfunctions ¢, (u,y,7) are assumed to be an
orthonormal basis of the space of (positive energy) sol-
utions of the e.o.m., and the subindex n collectively denote
its quantum numbers.

The global state in the bulk theory, can be computed
through the formula

W) = Ua(0.—ix)[1)) (4.23)

where U, (0, —irx) is the (Euclidean) evolution operator in
the Schrodinger picture. A convenient trick is to transform
this to the interaction picture, in which the state can be
expressed as
D(d)e~™ 1)),

W) = D(A)|Wo) = (4.24)

where D(1) =[], D(4,) is the (unitary) displacement
operator such that D(4,)a,D"(4,) = a, + 4,. Then using
(3.6) we get

pi = D(A)pD*(2)

= D()e DI (2),  (4.25)

which is nothing but a thermal coherent state. By express-
ing the Hamiltonian as Ky = 2zH =2z ), w,a,a,: and
certain algebraic work using the BCH formulas one obtains

p, = e 27t (4.26)
where

H, = D(A)HD' (A )iayal:DY(A)

ZWD

wan (ay + Ay)(ay + 25):. (4.27)

Here we stand for 1 the decomposition of the source in
(Euclidean) normal modes [30,37]

= lim u® /dy/ dtA(y,7)p,(u,y, —it), (4.28)
g

|u|—>oo

This is the expected expression (4.3) in terms of the
frequency components of the fields and momenta, and the
displacement operator realizes the canonical transformation
in these variables. In fact, one of the results of the present
analysis is that, at large N, the holographic excitations
consist of a family of canonical transformations, para-
metrized by the holographic source A(y,z). It is worth
emphasizing that here, the source 1 can depend arbitrarily
on the coordinates of the half Euclidean boundary 0&~.

Note that the map

H— H, a,=a+2 al=d"+21,  (4.29)
is a canonical transformation. The label n for each normal
frequency mode from (4.28) is left implicit. One can verify
that the canonical commutation relations are preserved for
the new set of ladder operators and therefore, the e.o.m. for
the Heisenberg operators are
a, = la;, H;] = way, j{ [al,Hﬁ] = —waj{. (4.30)
Here we stand for 1 the decomposition of the source in
(Euclidean) normal modes, Eq. (4.28). Since the parameter
of the evolution generated by H, is often called s, from
(4.30) one gets the equations of evolution

.dCl}L da/l +
I— = Wwa,, l———WClA,

4.31
ds ds ( )

which can be integrated to obtain the explicit modular
evolution
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a,l(s) = e_iSHi(al)eiSH‘ — et’swa/I
al(s) = e M(a))el = e7vq] (4.32)
Define the (deformed) field operator as
®,(u,y,0) = D(A)®(u,y,0)D"(1) (4.33)

_ZD

Aw)pn(u,y,t=0)+H.c.

(4.34)
= (ah+4),(u.y.1=0)+He.  (435)
= Z ), (11, y.0) +Hee.., (4.36)

therefore, we can compute the s-evolution of this operator

Py (u, y, 0);0;’*‘

— Z “isHi(a)), e, (u, v, t = s) +H.c., (4.37)
that by virtue of (4.32), takes the form:
Z(a;)ne‘“w"qﬁn(u,y, 0) + H.c.
=D (an +4)¢a(u.y.5) + cc.
— iy, s) + filu.y.s), (4.38)
where
®u.y.s) = Y (.5) + Hee
falu,y,s) le*qﬁn u,y,s)+c.c. (4.39)

®(u,y,s) is the canonically quantized field as the time
coordinate ¢ is interpreted as the parameter s, and f,(u, y, 5)
is the solution of the classical e.o.m. on the entanglement
wedge, with asymptotic boundary conditions (4, 4*) on 9E
and O otherwise (see Fig. 2).

On the other hand, from (4.33) notice that

@) (u,y,0) = @(u,y,0) + f1(u,y,0), (4.40)
thus,
e‘i“‘HMDl(u, Y, O)BiSH"
= e 51Dd(u, y,0)e" + f,(u, y,0). (4.41)

Comparing finally with (4.38), we obtain the modular
evolution of the original field

e‘”HﬁCD(u, v, O)e[SH’l

= ®(u,y,5) + fa(u, y,s) (4.42)

= fi(u,y,0)

= ®(r"(s)) + £2(r" () = £2(r(0)) (4.43)
where y#(s)=7* is the timelike Killing vector of
the AdS-Rindler spacetime. In these coordinates y#(s) =
(u,y,t+2xs). This result resembles the one obtained in [29]
in the axiomatic quantum field theory context on flat
spacetime, but the nontrivial fact here is that, because of
holography, f,(u,y, s) is the (unique) classical solution to
the boundary problem schematically described in Fig. 2.

Finally, it is worth emphasizing that by virtue of the
BDHM prescription [46]:

O(y,0) = lim [u|*®(u, y,0) (4.44)

and by assuming the holographic duality between the
(QFT/bulk) modular flows, one can compute the modular
evolution of operators O(s) € A in the dual CFT by

O(y,s) = lim |u|fe KD (u, y,0)e!Xs, (4.45)
that in the case studied here (at the large N) gives:
O(y,s) = lim |u|*®(u,y, s)
F Tim [ul2 [, (.. 5) = Fo(u.y.0)].  (4.46)

Notice that the last terms do not vanish in the ¥ — oo limit.
This (radial) limit generates a set of operators that are
included in the boundary algebra A.

We would like to conjecture that the formula (4.45), to
compute the modular evolution of operators in a holo-
graphic field theory from its gravity dual, has general
validity for arbitrary regions A and states (see discussion of
Sec. IV D).

1. An explicit example of modular flow and
Tomita-Takesaki theory in AdS,, ;/CFT,,;

This section is devoted to solving the normal modes of a
scalar field in AdS,, -Rindler exactly, and compute the
modular flow expressed in Eq. (4.46) for some particular
examples of excited states. Moreover, we will show the
realization in this explicit example of the Tomita-Takesaki
construction and its relation with the constraints (4.11) and
(4.18) for an excited state. The results and remarks
achieved also hold for the extended Bafiados-Teitelboim-
Zanelli (BTZ) spacetime.

Consider a free scalar field ® in AdS,,; in Rindler
coordinates, that explicitly split the system in two equal
halves
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du?

1+ u?
(O —m?)®(u,y,t) = 0.

ds* = —u?d* +

+ (14 u)dy?,
(4.47)

Observe that if the coordinate is extended to cover all the
real interval u € (—oo, o0) this metric captures both sides
L (u <£0)andR (# > 0), and the boundary of the subsystem
R/L is placed on the Killing horizon u = 0, such as in the
section above. Clearly, the sSK extension of this geometry
is similar to Fig. 2, and the ground states and holographic
excitations correspond to the Euclidean pieces as explained
in the paper.

Recalling from the previous section that the quantized
fields on the left wedge (# < 0) can be constructed from the
|

DO(u,y,t) = / . dwdlap,,(u,x,t) + H.c.,

1\
f(a), l, I/l) = CwlAr_A <1 — ;)

right ones @ on the right (entanglement) wedge by the
operation J, or equivalently the tilde conjugation rules (A1)
of the TFD formalism, we can express the global solution
on the Lorentzian regions as

D(u,y,t) = D(u, y, )O(=|u|) + ®(u, x, )O(|u|). (4.48)

where ©(x) is the Heavyside step function. Notice that
0/0t is a Killing vector, and ® (and ®) can be canonically
quantized in terms of (positive-energy) normalizable modes
as in Eq. (4.22).

In this metric, the normal modes ¢, in (4.22) form a
continuous basis of eigenfunctions (with n = (w, 1)), so the
field can be written as

with C,» defined for future convenience, ,F; the
Gauss hypergeometric function and \V,; fixed by imposing
orthonormality of the KG product5

(¢a)l’ ¢(u’l') = 5(60 - 6()/)5”/, (452)
so that
(D - m2)¢ml(u7)(’ t) =0
at¢(z)l(u7){’ t) :_iw¢a)l(u7)(7 t) > 0. (453)

In 2 4+ 1 dimensions, both Rindler-AdS and BTZ space-
times are examples of equipartite gravitational systems
and their metrics share the form (4.47), albeit the y
coordinate covering R and S' respectively. Thus, despite
being physically distinct, one can effectively follow
from this example the analogous BTZ construcion by
replacing [ dk — rg' >, above, where ry is the horizon
radius and r§1 is the precise factor that maintains the
orthonormalization.

With these eigenfunctions we can calculate precisely the
bulk modular flow (4.42) by giving some specific (y, 7). In
order to show an example we choose a deltalike excitation

The orthonormalization of fields on a foliation ending at a
horizon is subtle. This is however not related to our concrete
problem and has already been extensively covered in the
literature, see for example [61].

¢ml(u7%7 t) = Nwle_impril}( [fa)l(u) - f—wl(u)]’ u> 0 (449)
2 A A 1 1
2F1<§+—i(a)—l),5+§i(a)+l);ia)+1;1—;), (4.50)
IG+3il@=-0))E+1i(w+1))
T(A — D) (io 1 1) ’ (4:51)

exactly at /2, i.e., A(y,7) = €5(t — x/2)e"o*, where e 1
is an dimensionless small parameter that controls the
excitation, which leads to

pua = limie [ v ["ar 5 ot =i
U—o0 O

_ —wr/2
- 651,10-/\/(41103 or/ (aw,lo,Aﬁm,lo,A - a—w.lo,Aﬁ—w,lo,A)’

(4.54)

and then

Filtezes) =3 [ dt hrtuz.) (4.55)
1

= e/dw|Nwlo |2(aw,lo,Aﬂw.lo,A - a—w,lU,Aﬂ—w,lo,A)*
x gm0 2mios o [f (1) = [y (u)],  (4.56)

in terms of which the bulk modular flow (4.42) can be
computed, as well as boundary modular flows via (4.46).
For this particular example we have that

L}Lrg|u|A[ 2w x.8) = fa(u,x,0)]

= 6/ do|N o1, *| @1y 8Bty 8 = Aty AP0 1y 17

% e—wﬂ/z-‘rilolll[e—iws — 1], (457)
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alongside the generic (A-independent) operator piece
lim |u|2®(u, y, s)
U—>00

= JL%W'AZawl(bwl(u’Z’ S) +H.c.

>0l

(4.58)

_ —iws—+il
— Zlee lwg+l}((aa),l.Aﬂa),l.A - a—m,l,Aﬁ—a),l.A)aml

>0l

+Hec. (4.59)

Although @ and ® are independent operators in com-
muting algebras, their respective action on vacuum state are
related by an imaginary time translation though the
Euclidean piece E~ [see Figs. 2(b) and 6(a)], i.e.,

(—[ul.t =T_.x)|¥)
= ®(Jul,t = T_ — iz, x)|¥o),

Vouy o (4.60)
which must be complemented with a similar condition for
the canonically conjugated momentum fields II(u,1,y),
and so for any operator A(®,II) of the theory. These
equations constitute a constraint to be imposed on the
(initial) state at the spacelike surface t = T_. Recall that the
(imaginary) time translation is realized by the operator
Uy (—ir), which in the Rindler space is the boost generator
[8], analytically extended to a purely imaginary parameter.

We have shown in Sec. III that this constraint (on the
vacuum) is equivalent to the Tomita-Takesaki formalism. In
this example we want to see how this also determines the
Bogoliubov transformation relating the particle notion for
inertial/accelerated observers, and also captures the so-
called Unruh trick. In fact, using the (2nd quantized)
solution (4.22) and the orthonormality relations of the
eigenfunctions ¢,,(u, 1, y), one obtains the following con-
straint equations

d0)1Wo) = €, (@, — e=al )| ¥o) = 0
0

wl
d2)|Wo) = Cs (), — e a,)|Wy) =

. Y ool (461)

where a,, and a,,; denote the L and R independent ladder
operators in A and A respectively, and C,, are numeric
factors determined by the relations of orthonormality
(4.52). Since these equations can be viewed as annihilating
the global vacuum, this procedure defines the Bogoliubov
transformation between the R/L ladder operators and the

new set di},’z), associated to particles for (inertial) observers
that have access to the global spacetime. One can easily
verify that these equations are satisfied by using the explicit
form of the state (4.13).6

®Different formulations of the thermal state condition as a
constraint in the string context can be found in [60,62].

Therefore, the eigenfunctions associated to these oper-
ators, are the precise linear combinations appearing in
(4.61) of the original ¢, ¢, solutions, are analytic at the
throat u = O:

(1) 1 { "¢, onL
® " \/2sinh(zw) | ™27, onR
1 e~ 7/2 onL

Wy = ——— { Dot (4.62)
2sinh(zw) | e™/?¢,; onR

In other words, the correct global canonical quantization of
the fields in the manifold lead directly to the analytic global
modes defined via the Unruh trick. All these are equivalent
restatements of the constraint (4.60).

The last important aspect of the present example is to
show how this constraint/Tomita-Takesaki theory can be
generalized to the excited states studied in the paper. If one
perform the time translation in —iz of the R fields with the
sourced evolution operator U,(—ix) in place of U,

O(T_ —in) = U,)(-in)®(T_)U,(ix), (4.63)
the constraint (4.61) generalizes to
[@(=[ul.t = T_.x) = U;(=im)®(T_) U, (in)]|'¥;)
=0, V uy. (4.64)

As shown in Sec. 111, this equation has the ingredients to
construct the Tomita-Takesaki theory for excited states. It
decomposes in two linearly independent set of equations:

(G — € a), — e 1) |¥;) = 0;

(8 = € a, = e 25 |[¥;) = 0,

YV ow,l, (4.65)
where we have used that the operator U, act on ladder
operator as a displacement, composed with time trans-
lation: U,(—in)a,,U,(ir) = e™"(a,; + A,;) (and its
H.c.), where the numbers 4,, are given by (4.28). It is
straightforward to verify that the solution of this equation is
the state (4.17), that can also be expressed as (4.24).
Notice finally that these equations can be written as
equations of eigenvalues for the new (global) annihilation
operators. Multiplying them by C; , respectively, we obtain

i =2 ) =0,

(dwl wl (466)
where the eigenvalues are given by /1((011) = Cye™”" 2, and
/151,21) = C,e"" ;- This is nothing but the condition solved
by a coherent state of d-particles.

It would be interesting to study this construction in other
partitions of the system where the operators involved in the

TT theory are known. For instance, one could apply an
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isometry of this spacetime such that the entanglement
wedge be dual to the causal development of a ball shaped
region in the boundary [9].

D. The gravity dual of modular Hamiltonians for
arbitrary entangling surfaces

As we mentioned many times the states studied here are
particularly relevant in holography since they are closely
related to coherent states in the bulk. The AdS/CFT
conjecture prescribes that the respective Hilbert spaces
are equal; therefore, one actually has a single object |¥) in a
Hilbert space representing the same state. Of course, this
state can have very different representations in one or other
theory. This hypothesis has been useful to obtain the
explicit descriptions of holographic excitations in both
theories and to obtain conclusions on their coherence in the
bulk at large N.

Consequently, by tracing carefully to both sides of the
correspondence (subtleties with the entanglement wedge
and the rule to separate in direct products in the bulk should
be taken into account [63]), one obtains that the reduced
density matrices also coincide. Thus one concludes that

KCFT — Kbulk (467)

holds, even thought that the bulk modular Hamiltonian has
a nontrivial structure that comes from an expansion in the
Newton constant [44], and the purely gravitational con-
tribution o(Gy') involves an area operator [19,64].

The objective of this section is to take advantage of this
formula and use our previous knowledge on excited states
in order to compute the contribution of the deformation
(3.4) at o(GY). In principle, this can be used to compute the
leading contributions to the (bulk) matrix elements of
p;[Z4] for any set A = 0%, although in absence of a bulk
killing vector one cannot describe the whole (Euclidean)
space time as S' x X, and it is hard to check important
symmetry features of the modular Hamiltonian.

The JLMS prescription for the modular Hamiltonian
in a theory consisting of gravity and a nearly free real
field ¢ is [19,65]

A

A
Kgu“( — 4GN + K;%rav + KTatter

(4.68)
where A is the area operator. This formula can be obtained
from a saddle point approximation (large N) of the path
integral (2.6) (see Fig. 1). The (first) area term can be
explained from an additional contribution to the boundary
term of the gravitational action called Hayward term’ [66],
in particular, it was recently shown that the holographic
gravitational entropy can be obtained from this term using

"It is the contribution associated to the blue line in Fig. 1.

replica calculations [65]. We leave the study of this term in
the calculus of the modular Hamiltonian for another
work [67].

Interestingly, even thought the whole Euclidean space-
time £ = £€T U £~ cannot be foliated as S<1§> X X, as in the

previous subsections, the matrix elements of the second and
third term can be evaluated as

_L/z K*\/h_Jr—l—L/K_ h™  (4.69)

Kgrav ) —
(HE =) 872G 87G Js

(i) = [ Vit [ Vi

+ / 20, VI, (4.70)
0

where h* are the induced metrics on X, and x* their
respective extrinsic curvature. For concreteness, these
expressions are understood in the set up of Sec. II, where
|+) = |¢*, k™) are arbitrary configurations of the fields
and induced metrics on the surfaces X, that are two
homologous copies of X,, as shown in Fig. 1(b). The
asymptotic source A is a smooth function defined on
E~ = 0& (vanishing on 7 = 0 and 7 = —oo for technical
issues) and extended to OET with reflection symmetry
with respect to 7 =0, and 7 is the normal vector to the
asymptotic boundary. The solution for the field is

o) = [ Galx=0) )y

+ Ag Gy(x —2)A(z)dz (4.71)

where x is any point in the bulk and z=(7,Q) €
(—00,00) x §¢ = O and y € =*. Here G, and G, differ
from the standard bulk-to-bulk and bulk-to-boundary propa-
gators. They are solutions to be determined by demanding
the following consistency (boundary) conditions.

Denote by &£ the Euclidean manifold of Fig. 1(b)., then
B;, i =2X_,%2,,0¢E denotes the three different components

of A, and the solution can be expressed as

o) =3 [ Glx-npdy @)

where ¢ge(z) = A(z), thus, the consistency condition
adopts the simple form of boundary conditions

Gi(x—y)=6,;6(x—y) wherexeB;, yeB; Vi,j. (4.73)

Finally, inserting IT*(x) = +0,®(x)|y, and ®*(x) =
®(x)|y, into Eq. (4.70) we obtain the explicit matrix
element in the large N approximation. Observe that this
is a quadratic form in the input functions ®* (x), IT*(x) and
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A(x). For a nonbackreacting field the formula (4.69) can be
explicitly calculated in the same way, from the aAdS
solution of the Einstein equations on the manifold & with
boundary conditions 4* on X, , and then x* are the (trace
of) extrinsic curvatures on these surfaces.

Let us compute this in the (Euclidean) 2 + 1 dimensional
AdS spacetime

du?

ds*> = +utde®> + 0 + (1 + u?)dy?

+ u?

€ (-nmx), u>0, yeR. (4.74)
In order to study the matrix elements we will fix the
surfaces ¥ on 7 = 7 to impose the Dirichlet BCs ¢*. In
this example we will be able to obtain the required
propagators as well as an explicit computation of modular

Hamiltonian matrix elements The required propagators are
/ Gg(u, T 1’,)(’)/1(1’,)/)dr’dx’
o€

leZ meZ
< A7, y)d7dy, (4.75)

[ Gelwragsat ) )y

:/(ﬁé%sin((m—l—%)(riﬂ))

xew—r’wmz(uwmz(m)¢i<ucx’>du'dxc (476)

where both f and ¢, = ¢,—,,, are defined in (4.50) and
(4.49). Note that neither propagator are the standard ones
because by frequency quantization they are forced to meet
Go(tr==4n)=0and G(u »> ) =G.(tr=F n) =0in
agreement with condition (4.73). One can explicitly use
(4.75) and (4.76) to compute (4.70). For the sake of
simplicity we pick single mode sources

¢ o) = Pr (e,

M7, x') = esin(myt’) el

where again € < 1 controls the excitation, a straightfor-
ward computation leads to

(my LK m_ 1) = €6y, (=1)"my {/ duu' ¢, ;. (u)f(=imy, Iy, ”)] + 611, 0m_m, (m_+1/4)

my.ly

+ €6y, (=1)"my [/ duu' ¢, ; (u)f(=imy, ly, M)] + 611, O m, (my +1/4)

mp(=1)"
+ epm;),l(f; + 6515,& (% + mi)z _ m% CnlA(am;),l,Aﬁma,l.A - a—mg,l,Aﬂ—ma,l,A)’ (477)
where
2(A-1) -1 e2mmo
Pmo,lo = dni <e2’””a 1 amo,z,AﬁmoAj,A + Wa—mo,l,Aﬁ—mo,l,A)’ (4-78)
and
2-A | i 2-A | i
B d(@=1), (R +E @+ D)
= (—1 A—l( 2 2 A-1\"2 2 A-1 4.79
ot = (=1) (A-2)I(A—1)! ’ (4.79)
A i A i
pus=v(5+30-0) -w(5+5@+0) (4.50)

Here (x), and y(x) are the Pochhammer symbol and the
Digamma function respectively. We find the first, third and
last term in (4.77) the most relevant because they explicitly
show the excited nature of the state. Note also that these are
nondiagonal pieces of the operator. One can show that the

u integrals in brackets are convergent both at # = 0 and
u — oo, albeit u = 0 requires careful regularization [61],
see footnote 5. Considering linearized Einstein gravity, the
computation of (4.69) is similar since it involves the same
structure and propagators that for the matter field.
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We can think the Egs. (4.69) and (4.70) as providing the
natural candidate to the gravity dual of modular
Hamiltonians [up to o(GY%)] for arbitrary regions A and
states |¥;). Nevertheless, in absence of a Killing vector
associated to the modular evolution in the bulk, it is
difficult to meet the Tomita-Takesaki structure. In the
example studied here the z-dependence of the source
A(r) manifestly breaks this U(1) symmetry, however a
promising method was suggested for these cases in [67] by
considering the calculus for n-replicas, and then the
modular flow is determined by the analytical extension
of n to purely imaginary values.

V. SUMMARY AND CONCLUSIONS

In this paper we studied the modular Hamiltonian and
modular flow of a family of excited states whose holo-
graphic description is precise in both sides of the AdS/CFT
duality and are related to bulk coherent states at large N
[30,37]. This analysis also captures the complete vacuum
sector of the Hilbert space, which are holographically
associated to global n-particle excitations.

These generating (holographic) states can be constructed
geometrically by analytically extending the spacetime to
Euclidean times in a Hartle-Hawking fashion, and sourcing
the theory with operators on these regions. In this setup, we
are able to find modular Hamiltonian candidates for these
systems using a path integral approach. By using TFD and
Schwinger-Keldysh techniques, we manage to frame our
excited system as a Tomita-Takesaki theory, allowing us to
find the correct A and J operator of our excited system,
matching the expressions derived via path integral methods.
We have shown that when one considers the (extended)
modular flow A’ a nice geometric structure combining
both spacetime signatures emerges, and the Tomita-
Takesaki theory can be interpreted geometrically. In the
case of CFTs, our results can be extended to other bipartite
systems related to ours via a conformal map, e.g., a
spherical entangling region can be described via the
so-called CHM map [9], see Appendix B.

It is remarkable that the connection between the TT
theory and the TFD formalism, where the so-called thermal
state condition is a constraint defining the (thermal)
vacuum, can be generalized to the holographic states.
The vacuum constraint plays an important role in formulat-
ing the Unruh problem correctly, and to find the correct
Bogoliubov transformation between local and global
DOFs. The excited constraint then characterizes simulta-
neously the state and the action of the operators on it. In
terms of the TT theory, the excited constraint can be seen as
a deformation of both the vacuum state and modular
operator such that the constraint still holds. This suggests
an interesting way of interpreting the TT formalism as a
constraint between operators of an algebra A and A, as they
act on a specific state.

By using holography, we are able to study bulk modular
Hamiltonians and their modular flows while also retaining
the Tomita-Takesaki structure at large N. The modular
Hamiltonian for the excited states consists of certain
canonical transformation of the original fields and
momenta. The result (4.3) is in agreement with the result
(4.20) in [29], achieved by using AQFT techniques. We
present an AdS,.;/CFT,,, example in which the explicit
modular flow can be computed and within the same
example we develop on the relation of the TT theory,
TFD formalism and the so called Unruh trick, in order to
provide deeper physical insight for the excited state
constraint. It is worth it to emphasize that this method
implicitly assumes the dual map between the objects
(operators) of the TT theorem; consequently, the TT
construction in aAdS spacetimes implies the one in the
strongly coupled CFT.

We also found a formula for the holographic dual of the
modular Hamiltonian for arbitrary spacelike regions A and
for an arbitrary coherent excitation A. Interestingly, the
prescription does not rely on the existence of a timelike
Killing symmetry associated to the geometric flow and this
would be the natural candidate for the modular Hamiltonian
in the bulk at large N. The final expression is nonlocal,
involving special bulk propagators, quadratic in the field on
the bulk entanglement region X, and in the parameter 4,
which resembles some previous results for free QFTs on a
Minkowski spacetime, see [6] and references therein. In
this case, we also study the example on a bipartite AdS,
system, where these special bulk propagators can be
explicitly obtained and the matrix elements (4.69) and
(4.70) can be computed.

Finally, the statement (4.67) allows to argue (using the
BDHM prescription [46]) that the formula (4.45) might be
considered a holographic prescription to compute modular
evolution of operators in a field theory. It would be
interesting to check if the results of Sec. IV C, agrees with
an explicit computation with the modular flow in the field
theory.
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APPENDIX A: TFD BASICS

The thermofield dynamics (TFD) formalism was origi-
nally built to study finite temperature QFT in real time
using zero temperature techniques [55]. In this Appendix
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we present the relevant aspects of the TFD formalism for
this work.

Consider a quantum field theory, whose states belong to
the Hilbert space H. In the TFD formalism, one builds a
second copy of the system, namely 7, so that the total
system lives in the direct product of the original CFT times
its TFD copy, H ® . Thus, given an operator A, acting on
H, one builds [68] the corresponding operator A on 7
using the so-called “tilde” conjugation map [50,56],

[A,B] =0

(clA+c,B)” =ciA+c;B (AN =AT. (A1)
Alternatively, one can denote the extended operators as Aj
and Ay respectively:
IQA=A=Ag, (ﬁ@A):A@HEAEAL. (A2)
We will often use both notations alternatively throughout
this work.

One can now define the TFD vacuum, denoted |¥,) €
H ® H as follows. We start from the identity state

1)) = "|n) ® |n) = e2%|0) ® [0)

which is an auxiliary maximally entangled state of
the energy eigenfunctions of the spaces M and H with
divergent norm. The (unnormalized) TFD vacuum can be
built as,

Wo) =S¢ ln) @ n) = 1)) = H|1)).  (A3)

where f~! = T is the temperature of the system and H, H
and E, are the system and copy Hamiltonians and its
energy eigenvalues respectively. Notice that |¥,) is also a
maximally entangled state. The relevance of the TFD
vacuum resides in that it allows us to compute expectation
values at finite temperature of the original system H as
VEVs in the doubled space H ® 7{. It can explicitly be
checked that [55],

(A)y=trpA} = (WA ®INEy):  p=e Pl (A4)
The vacuum character of |¥,) can be understood in terms of

the global Hamiltonian (Hg — H, ) € H ® i, for which it
1s immediate to check

(Hg — Hp)[¥o) = 0.
Notice that the systems are decoupled and its interaction is

entirely due to the maximally entangled character of the
theory vacuum |¥,). The equation above suggests a

physical interpretation in terms of two systems evolving
in opposite time directions. This interpretation has found
holographic support especially in the eternal BH solutions
[47]. Tt has also been observed that the DOFs splitting of a
system into two Rindler patches can be understood as a
TFD doubled space [69].

In this work, we exploit the fact that the TFD vacuum
can also be thought as an Euclidean time evolution operator
Uy(0,if3/2) acting on the identity state,

[Wo) = Uo(0.-if/2) @ I[1)) =1 ® Uo(0.-if/2)[1)).

and study excitations of the TFD vacuum defined as
in (3.5),

W) = Us(0.-ip/2) @ I|1)) =1 ® U,(0,-ifi/2)|1).

This equation, projected into an energy eigenstate basis,
can be also geometrically understood as shown in Fig. 5:
U, is depicted on the left as an evolution operator on a
single Hilbert space, the corresponding TFD-ket |¥;) is
illustrated on the right with the two cylinder’s ends now
representing the doubled TFD DOFs at some spacelike
surface at a fixed time ¢. It is important to notice that the
excitation under study is created with an operator that can
be fully localized in only one of the factors of the Hilbert
space. Finally, a density matrix associated with the state
|¥;) can also be defined as

p; = U, (in, 0)U' (i, 0) = U, (ir, 0)U,(0, —ix)
= Tr{|¥,)(¥,[}-
The relationship between the Tomita-Takesaki structure

and the TFD construction is well known in the literature,
see for example [70]. We would like to conclude this

S
.
A
A
v
,'""( 777777777777 nx\\ T
m
(a) (b)

FIG.5. (a) A piece of Euclidean evolution cut at regions X; and

¥, understood depicted as the matrix element (n|p,|m) of a
density matrix p,. (b) The same geometry can be instead
understood as the coefficient {nm|¥,)) of a ket |¥,)) defined
in the TFD Hilbert space H ® H.
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section by showing that the states |¥;) are cyclic and
separating. It can be shown that |¥;) is cyclic and
separating if there are no nontrivial operators in either H
or H such that B|Y¥;) = 0, see [2]. These are both necessary
hypothesis for the Tomita-Takesaki theorem to hold which
we use throughout this work. A more formal introduction to
these properties can be found in [1].
Assume that there exists an operator B € 7 such that

B|¥;) = (B® U,)[1) = 0. (AS)
multiply this by Ul' to get
Ui(BRU,)I1)=(B®p)1)=0.  (A6)

Since p; is Hermitian (and positive), it is invertible and can
removed from this equation, i.e.,
B|1)) = 0. (A7)
Recalling that [1)) = >, |n)|72) has been defined in terms
of a complete orthonormal basis of H ® 7{, we project this
equation on an arbitrary element (m|(k| and obtain
(k|B|it) = 0 for all n, k, i.e., all the matrix elements of
the operator B vanish. This shows that |¥,) is cyclic.
Proving that the state is separable, i.e., that the state is
cyclic with respect to an operator B € H, follows analo-
gously by recalling that the state can also be equivalently

written in terms of an operator U, € . This concludes the
demonstration.

APPENDIX B: EXCITED STATES IN A BALL

We devote this Appendix to show in a concrete example
how our results for equipartite systems extend to other
bipartite systems related via a conformal transformation. In
particular, using the CHM map [9] we will obtain the
excited modular Hamiltonian for a ball shaped region. We
begin by briefly reviewing the sSK construction discussed
in Sec. IIT A. We then follow the CHM map to describe the
modular flow in the complexified sSK geometry and
conclude by obtaining the excited modular Hamiltonian
of the system.

In the case of the Rindler spacetime, the sSK extension is
built from the Rindler wedge as follows. One takes the
standard Minkowski spacetime that, covered by Rindler
coordinates, splits in four regions or patches. Then, let us
take only the left and right sides W = W, U Wy whose
boundaries X, are homologous to an extended foliation
(1) of W that corresponds to the parameter  — £o0.® This
is the real time extended Rindler wedge in the complexified
geometry, but it is convenient to consider W(T_,T,) Cc W

¥In this and other cases, the associated algebra of operators to
W, is the commuting of algebra of Wjy.

between finite limits of the real time parameter. Take two
halves of the analytical extension of the Rindler spacetime
to purely imaginary time coordinate ¢t — —ir. The rank of
the coordinate 7 must be [0, 27] in order to avoid the conical
singularity at the origin. Now we split this geometry in two
(past and future) halves E* by the intervals 7 € [0, z] and
7 € [r, 2] respectively so we can define the closed com-
plexified (Rindler) space time, denoted by W by smoothly
gluing E* with W through the surfaces X*. This con-
struction is similar to [36,37] and the smoothness con-
ditions implies the continuity of the metric and the extrinsic
curvature along the parameter z. The total geometry can be
seen as a fibration W, = X x C and is shown in Fig. 2.

We now turn to the analysis in the ball. Let us see, first in
a naive way, which should be the explicit form of the
modular Hamiltonian for the excited state on the spherical
entangling surface. The strategy will be to do the conformal
transformation that maps the Rindler wedge to the causal
development of a sphere of radius R: D = D(V), this is the
so-called CHM map [9]. First, for simplicity, suppose that
the source A does not depend on the time coordinate, such
as in Eq. (3.12). Applying the CHM map (implemented by
an operator {) to both sides of (3.12) we obtain

UKU ' =27 (UKOL{“ + / AX)UOX U \/§§dXd‘1> )
(B1)

Using that UO(X)U™' = Q72(x)Op(x), we obtain the
form of the modular Hamiltonian in the ball (capital X
stands for coordinates on the Rindler space and small x for
those on the transformed space),

Kp = 27K, + <// l(x)Q—A(x)OD(x)ﬂ(x)\/g_ded—l>.
(B2)

The symbols A and Q here stand for the scaling
dimension of the operator and conformal factor introduced
by the map respectively, and K, was computed explicitly
in [9]. The factor f(x) comes from the dilatation of the time
coordinate due to the conformal map. This is in agreement
with results found in [27].

Let us derive this expression from a path integral
approach for a general source A(x, 7). The previous con-
struction of the sSK path allows to compute time ordered
n-point functions in arbitrary points of the extension W,
and then one can also construct the corresponding sSK
extension for the ball, D¢, by applying the CHM trans-
formation to each component of W;, and glue them. Here
l=Wg, E-, W, ET refers to all the pieces of the
symmetric SK complexified spacetime. In particular W,
W, map into D, D(V) respectively (see Fig. 6). Since the
analytical extension of modular flow x(—is) is ill defined
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Lorentzian

Euclidean

(@)
FIG. 6.

(b)

(a) Under the CHM map U, one can also build a geometric interpretation of the modular operator and evolution for a ball in a

CFT. Notice that the Euclidean evolution resembles a circle near R but departs from this behavior at greater distances. (b) A closed
contour in complex modular evolution can also be geometrically interpreted.

for the center of the ball x' = 07 = 1...d, it is convenient to
define D as the foliation {V(0)}, ~ V x C where V|, is
the ball minus this point.

Consider then the sSK extension of the result (3.9)

ZA) =Tt U=pe Jo?Krr0a0) (g3
then the n-points correlation functions in the Rindler wedge
can be computed from

(Wo,|O(X1)O(X5)...0(X,) |Wo,)

Ly
= 0 oy L AW

(B4)

for all set of (arbitrary) n points X/, ..., X € Wkg.

Now we will apply the CHM map, which is nothing but a
conformal transformation Wy — D = D(By) implemented
by the unitary transformation &/ on the Hilbert spaces. In
particular the (scalar) primary operators transform as

Op(x) = QX)AUOX) U,

VXt € Wpg. (B5)

Using that ¢/|0) = |0) we obtain
0{Op(x1)Op(x2)...0p(x,))0

=[] 200 (00X)006,).. OX, )y (B6)

for any set of (arbitrary) n points X (), ..., X% (6), at the
same hypersurface 6 = constant. The left-hand side is
nothing but

o o"
) o). 2PW]

(B7)
so one can think these relations as probing the generating
function for both theories in both extended spaces. In fact
they imply that the expansions (in powers of 1) of both
functionals coincide

ZD(/i) = ZR(/1 d Q_A/L WC = Dc), (B8)

where

7 / (Dyple’ Joe VT Lare+ 8RO gy
L=

satisfies all the relations (B6). Since D, = V, x C, this is
defined on fields with periodic conditions in 6, and we can
also express this as

ZD (/1) = TrUD
U, = P! [ do(Ko,+ va VI dxB(x)Q 2 (x)Op (x)4(0.%))

’

(B10)

where the exponent corresponds to the canonical energy for
each slice V°(0) computed from the deformed Lagrangian
of (B9).

°It is the component T"‘,”nﬂ(e)rﬁv) () of the energy-momentum
tensor derived from (B9), where n#(6) is the unit vector, ortho-
normal to V(@) and recalling that 6 is the analytically extended

Rindler time, B(x) is locally defined by z’iﬂrﬁw (0) =0,0.
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The same argument holds for the matrix elements of U(4)
(and Up(4)). In fact, one can remove the periodic boundary
condition from this path integral, and to consider the
evolution operator between two hypersurfaces X(6,) and
%(6,) by imposing arbitrary field configurations on each one.
Then the (dynamical) evolution operators relate by

UD (91 ’ 92) [/1]

and the matrix elements can be computed with the
following path integral:

{@1|Up(A)]¢2)
452

where ¢, ¢, are two arbitrarily specified configurations of
the fields on the surface V(0,), V(0,) respectively. Since
the CHM conformal transformation maps one-to-one the
points of Bg () into Tz(0) (and V(= V(—ir)) into ;)
these correspond to the configurations on X(6,), £(6,) of
the sSK extension of the Rindler wedge. Finally, by taking
0, , to be the red points in Fig. 2(a), and taking trace we

obtain the main formula (B8).
By virtue of (B11), we have

Up(A) =UU (AU

where [ = Wy, E~, W;, E* label the pieces of the
symmetric SK complexified spacetime. The reduced matrix

= UU(0,,0,) AU~ (B11)

mddx(['cFrJFQ_A (x*)A(x)Op (x))

" 4 Juyo

(B12)

density of excited global (pure) states can be obtained by
taking the limit |77 — 77| — 0 and removing the real time
components of the geometry, then the entire sSK geometry
is nothing but £ = E* U E~. In fact, the analytical exten-
sion to purely imaginary values of the parameter t — —ir,
7 € [0,27) evolves the operators in the manifold T x S'.
The (pure) global state is built with the evolution operator
on the interval (0, z), so the excited states can be system-
atically constructed by deforming the CFT action with a
source A(X, 7), therefore by virtue of (3.6), we must extend
the source to all the manifold £ demanding A(X,7) =
A(X, —7). Because of the CHM map, all these remarks can
be transplanted to the description of the CFT on D, with the
DOF within a sphere V, see Fig. 6(b).

Using the result (3.6), and using (B12), we obtain the
(unnormalized) reduced density matrix for any A-state in
the ball shaped region

po(d) = (B13)

whose matrix elements are, by virtue of (B11),

(D1lpp ()] 92)
3
_ / DY

A similar formula and construction can be obtained for

any region obtained from the Rindler spacetime by some
conformal mapping.

Up(0,27)(4),

T

\/—‘]vdd (Lopr+Q72 (3#)A(x)Op (x))
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