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We consider fine-grained probes of the entanglement structure of two-dimensional conformal field
theories deformed by the irrelevant double-trace operator 7T and its closely related but nonetheless distinct
single-trace counterpart. For holographic conformal field theories, these deformations can be interpreted as
modifications of bulk physics in the ultraviolet region of anti-de Sitter space. Consequently, we can use the
Ryu-Takayanagi formula and its generalizations to mixed state entanglement measures to test highly
nontrivial consistency conditions. In general, the agreement between bulk and boundary quantities requires
the equivalence of partition functions on manifolds of arbitrary genus. For the single-trace deformation,
which is dual to an asymptotically linear dilaton geometry, we find that the mutual information and
reflected entropy diverge for disjoint intervals when the separation distance approaches a minimum, finite
value that depends solely on the deformation parameter. This implies that the mutual information fails to
serve as a geometric regulator which is related to the breakdown of the split property at the inverse
Hagedorn temperature. In contrast, for the double-trace deformation, which is dual to anti-de Sitter space
with a finite radial cutoff, we find all divergences to disappear including the standard quantum field theory
ultraviolet divergence that is generically seen as disjoint intervals become adjacent. We furthermore
compute reflected entropy in conformal perturbation theory. While we find formally similar behavior
between bulk and boundary computations, we find quantitatively distinct results. We comment on the
interpretation of these disagreements and the physics that must be altered to restore consistency. We also

briefly discuss the 7J and JT deformations.

DOI: 10.1103/PhysRevD.102.045009

I. INTRODUCTION

The renormalization group is a fundamental concept in
many-body physics and quantum field theory. It has been
central to our understanding of the validity of particle phy-
sics, the emergence of macroscopic phenomena, and the
space of quantum field theories. Starting from a fixed point
of the renormalization group (a conformal field theory), one
may perturb the action by a relevant operator, an interaction
that becomes increasingly important as one flows to the IR.
Relevant deformations compose the minority of terms that
are available to add to the action, though their flows through
theory space are generally well understood. On the contrary,
the vast majority of possible deformations are irrelevant,
describing the (generally infinite) UV directions that may
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flow to the same fixed point. Such deformations are usually
difficult to understand with the infrared degrees of freedom,
computational uncontrollable, and intractable.

A surprising and deeply consequential breakthrough
came when Zamolodchikov and Smirnov showed that
a particular class of irrelevant deformations of two-
dimensional quantum field theories, in particular theories
obtained by deforming via the determinant of the stress-
energy tensor, are generally under control and “solvable” in
the sense that the energy spectrum, partition functions, and
(sometimes) the classical action may be computed exactly
[1-4]. Moreover, the UV descriptions of these theories are
not local quantum field theories. The scale where locality
breaks down is determined by the dimensionful defor-
mation parameter, yu. The understanding of this “TT”
deformation has seen tremendous progress including its
reinterpretations as coupling the seed quantum field theory
(QFT) to Jackiw-Teitelboim gravity [5] or a flat, random
metric [6]. Furthermore, analogous irrelevant deformations
have been put forward for theories with U(1) currents that
break Lorentz symmetry, the 7J and JT deformations [7].

Due to the great success of the AdS;/CFT, correspon-
dence [8,9], a natural question to ask is how these
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deformations of two-dimensional conformal field theories
are viewed or interpreted from the bulk gravity (string)
theory side. Thus far, gauge-gravity duality has mainly only
been successful for theories that are asymptotically anti-de
Sitter, corresponding to field theories that are controlled
by a UV fixed point. Thus, one may hope that these
irrelevant deformations, which alter the UV physics, may
guide us to understand holography for quantum gravity
theories with different asymptotics, in particular asymp-
totically flat spacetimes. There have been two' explicit
proposals for how the asymptotics may be altered under the
irrelevant deformations.

The first proposal is what we refer to as “cutoff AdS”
which has a surprisingly simple description [11]. Rather
than the standard Dirichlet asymptotic boundary conditions
of the Gubser-Klebanov-Polyakov-Witten (GKPW) diction-
ary [12,13], one places Dirichlet boundary conditions at a
finite radial cutoff. An important ingredient is that the
deformation parameter is sign definite in the direction where
there always exist complex energies in the spectrum, a
puzzling feature whose physical implications must be
addressed. This conjecture has passed several tests such as
matching the energy spectrum, thermodynamics, and signal
propagation speeds [11]. However, in order to match bulk
and boundary two-point functions, one must add an addi-
tional double-trace deformation to the boundary theory [14].

The other holographic proposal regards a closely related
but distinct deformation of the conformal field theory, a
“single-trace” TT [15-17]. The following is meant by
single trace. We consider a symmetric orbifold theory
MY /8\* (where N is an integer). Rather than deforming
the theory by the stress tensor of the full theory, we deform
each block, M, and take the symmetric product of the
resulting theories. This proposal has the deformation
parameter be sign definite opposite to “cutoff AdS.” The
energies of states (on a cylinder) are real. The bulk
description of this deformation is a truly marginal defor-
mation of the world-sheet string theory. This affects the
bulk theory by changing the asymptotics to linear dilaton.
Such asymptotics are quite close to asymptotically flat
spacetimes though the high-energy density of states exhib-
its novel Hagedorn growth (S « E). Analogous to Ref. [7],
there are generalizations to the single-trace versions of the
TJ and JT deformations whose proposed holographic
duals have warped AdS as asymptotics [20]. Also, see
generalizations in Ref. [21].

Both of these proposals are fascinating and potentially
quite important for our understanding of holography in
generic spacetimes. It is important to both test these

'There is actually a third, recent proposal [10] motivated by
Cardy’s random geometry interpretation. We will return to this in
the discussion section.

*CFTs in the moduli space of this theory describe the long
string sector of string theory on AdS; [18,19]. M is the
conformal field theory of a single long string.

conjectures and to understand the novel structure of their
dual (nonlocal) field theories. An illuminating observable is
the entanglement entropy of subregions. Understanding
entanglement structure has been central in characterizing
many-body systems such as gapped, critical, topologically
ordered, and holographic systems [22-32]. Presumably, the
entanglement structure of these 7T deformed theories will
elucidate their properties. In particular, entanglement
entropy has played a key role in our understanding of
the renormalization group, providing c-functions in two
and three dimensions that have clear information theoretic
meaning regarding the number of degrees of freedom at
each scale [33-35]. Generalized entropic c-functions in
arbitrary dimensions for holographic theories were shown
to hold in Ref. [36].

Several studies have been conducted for entanglement
entropy in holographic TT deformed theories [37-49].
While one can nonperturbatively compute the entropy
using the Ryu-Takayanagi formula [29,30], in general,
one must use techniques from conformal perturbation
theory to compute the entropy from the field theory side.
One exception to this is for the entropy of very specific
configurations such that the replica trick may be computed
nonperturbatively. For example, for an entangling surface
consisting of two antipodal points on a sphere, it is shown
that the cutoff AdS and boundary computations precisely
agree [37]. Impressively, this technique has been general-
ized to the less symmetric case of a finite interval [38].

There are many reasons why the entanglement structure of
TT,TJ,and JT deformed theories deserves further attention,
though the following three are our main motivations:

(1) Thus far, only von Neumann entropy has been
studied which is only a reasonable measure of
entanglement for pure states. This is severely limit-
ing as there is deep structure in mixed state entan-
glement and multipartite entanglement, particularly
in holographic systems. For this reason, we consider
mixed state correlation measures such as the mutual
information and measures dual to the entanglement
wedge cross section, a bulk geometric object distinct
from the Ryu-Takayanagi surface [50-54]. We re-
view the relevant holographic conjectures in the
following subsection.

(2) The central input into the holographic dictionary is
the equivalence of bulk and boundary partition
functions

Zgravity[B} - ZQFT[aB]7 (11)
where B is an arbitrary bulk manifold and 058 is its
(asymptotic) boundary. This is the main ingredient
in the derivation of the Ryu-Takayanagi formula
[55]. For the agreements in Refs. [37,38], (1.1)
only must hold for B a solid sphere. Such an
equivalence of partition functions is quite unique.
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On the contrary, the replica tricks used for the mixed
state correlation measures that we study implicitly
require the equivalence of partition functions for 0B
arbitrary genus Riemann surfaces. This is a signifi-
cantly stronger check of the holographic dualities.
Surprisingly, we find that calculations on the two
sides of the duality do not agree.

(3) While entanglement in local quantum field theory
has been studied extensively, entanglement in non-
local theories is much less understood. The TT
deformation induces a flow that leads to nonlocality
at the UV scale. This provides us a rare tractable
testing ground for studying information theoretic
aspects of renormalization group flows and certain
concepts in algebraic quantum field theory, such as
nuclearity and the split property, which we review
later in the Introduction.

The rest of the paper is organized as follows: In Sec. II,
we introduce the asymptotically linear dilaton background
proposed to be dual to the single-trace deformation.
We generalize the results for von Neumann entropy in
Refs. [42,46] to finite temperature states and compute the
mutual information for disjoint intervals. Then, we compute
the entanglement wedge cross section for disjoint intervals.
We find that both quantities are UV divergent even when the
intervals are only a finite distance away from each other
determined by the nonlocality scale of the deformed theory.
Such divergences at finite distances signal breakdowns of the
geometric regulators of Refs. [54,56] that are used e.g., to
isolate c-functions, a consequence of the split property of
quantum field theory [57,58] ceasing to hold. Furthermore,
both the mutual information and reflected entropy are
monotonically increasing with the deformation parameter.
In Sec. III, we do the same thing but for AdS with a hard
finite radial cutoff at both zero and finite temperature. In
sharp contrast to the previous section’s results, we find the
quantities to be UV finite even when the intervals are
brought arbitrarily close together. Here, they are monoton-
ically decreasing with (the absolute value of) the deformation
parameter. In Sec. IV, we perturbatively (in the deformation
parameters) compute the reflected entropy for disjoint
intervals. We find the first order corrections from the JT
and 7J deformations to vanish due to twist fields being
uncharged under the U(1) symmetry. For double-trace 77,
we find formally similar, but numerically distinct, results to
the holographic calculations, showing tension in the holo-
graphic proposal. In Sec. V, we discuss physical implications
and open questions. Finally, in the Appendices, we collect
various derivations and formulas.

A. Holographic entanglement and mixed-state
correlation measures

The Ryu-Takayanagi formula has become a standard in
high-energy physics and its relation to quantum informa-
tion theory [29,30]:

1
Sy = —/ d?x.\/g.
4G\" Jy,

(1.2)
Here, y, is the extremal surface (with respect to the
integrand) homologous to boundary region A. Important
for our discussion is how this formula must be modified
when the dilaton is not trivial. In Ref. [30], it was posited
that in the case in which the dilaton is not constant,

1
SA:—(d)/ dixe 2%/ g1¥),
4GN 7A

(1.3)
where @ is the dilaton and g(*) is the metric in string frame.
We provide a simple derivation of this modification in
Appendix A.

Various generalizations of the Ryu-Takayanagi formula
have played important roles in recent years, such as a
covariant description [32], quantum corrections [59,60],
and Rényi entropies [61], all of which have been derived
under mild assumptions [55,59,61-63].

A large generalization was proposed in the context
of entanglement of purification (EoP), a mixed state
correlation measure that reduces to the von Neumann
entropy for pure states [64]. Motivated by information-
theoretic inequalities and tensor network models of holog-
raphy, this was conjectured to be dual to the area of the
entanglement wedge cross section [50,51]. The entangle-
ment wedge of boundary region A, E,, is the bulk
codimension-one region whose boundary is A U y,. The
entanglement wedge cross section of A U B, Ey(A:B), is
the extremal surface in =, p separating regions A and B
(see Fig. 1 for a depiction of Ey, for disjoint intervals).
While well motivated and certainly plausible, the EoP =
Ey conjecture is unlikely to be proven using known
methods due to the large optimization procedure in the
definition of EoP.’ The entanglement wedge cross section
was later conjectured to be dual to logarithmic negativity
[52], a well-known mixed state entanglement measure that
is only sensitive to purely quantum correlations [67-69].
An important aspect of this proposal is that Ey must
backreact nontrivially on the geometry akin to the Rényi
entropies [61]. This conjecture was later derived for
AdS;/CFT, in Ref. [70]. A similar quantity, the “odd
entropy,” was conjectured to be dual to Ey, without back-
reaction in Ref. [53]. Finally, in Ref. [54], it was shown
that £y, was equal to half of the “reflected entropy,” which
is the von Neumann entropy of a particular (not minimal)
purification p — [p'/?). This was derived under mild
assumptions in generic dimensions.

Due to the fact that the reflected entropy conjecture
does not require difficult backreaction in the bulk (like

*Related optimized correlation measures were argued to be
dual to Ey in Refs. [65,66].
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d<d,
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d>d,
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A

FIG. 1.

There are two phases of the entanglement wedge for disjoint intervals. In the connected regime (left), the Ryu-Takayanagi

surfaces (red) stretch between the boundary two subregions (purple and orange). This phase manifestly has nontrivial mutual
information and entanglement wedge cross section (green). Alternatively, when the intervals are sufficiently distant (d > d.,), the
disconnected regime (right) dominates and the entanglement wedge becomes the union of the two individual entanglement wedges. This
phase has manifest zero mutual information and entanglement wedge cross section.

negativity) and it has a convincing derivation, in this paper,
we focus on computing this quantity. However, due to its
recent introduction in the literature, little is known about its
properties i.e., what is it really measuring?* Thus, we find it
conceptually useful to consider it as a proxy for logarithmic
negativity, whose quantum information theoretic properties
are well understood. Precisely, in holographic theories, the
negativity is equal to half of the Rényi reflected entropy at
Rényi index 1/2.

Here, we collect some properties of Eyy and the reflected
entropy between two subsystems, denoted A(A;) and B(B;)
below [50,54].

(1) Reduction to von Neumann entropy: when comput-
ing Ey for a bipartition of a global pure state, Ey
reduces to the standard Ryu-Takayanagi surface.
Likewise, the reflected entropy reduces to twice the
von Neumann entropy.

(2) Upper bound: Ey(A:B) is always bounded from
above by the entropies S(A) and S(B) and the
inequality is only saturated for pure states. Similarly
reflected entropy always is bounded by twice the
entropies.

(3) Lower bound: Ey/(A:B) is always larger than half
of the mutual information 7(A:B). Likewise, this
holds for reflected entropy in all quantum sys-
tems Sg(A:B) > I(A:B).

(4) Monotonicity: Ey is monotonic under inclusions
ie., Ew(A,B) < Ew(A, B U C). This makes it a rea-
sonable correlation measure. While this has been
proven for the integer Rényi reflected entropies, it
has yet to be proven in the von Neumann limit,
though it is suspected to hold.

(5) Strong superadditivity: Ey obeys strong super-
addlthlty EW(AI UAz,Bl UBz) ZEW(AlvBI)+
Ew(A,, B,). Interestingly, there are counterexam-
ples to this property for the reflected entropy of
classically correlated finite dimensional systems.

“See  discussion and
Refs. [54,71-75].

analysis of this question in

To gain further intuition on Ey, and its relation/distinct to
mutual information, we plot the two quantities for disjoint
intervals ([x, x,] and [x3, x4]) in the vacuum of a conformal
field theory in Fig. 2. Both quantities only depend on the
conformally invariant cross ratio

X21X43
X = —-

. 14
X31X42 ( )

Much of this work is understanding how Fig. 2 changes
once we turn on the irrelevant deformations.

B. Review of the split property of QFT
and geometric regulators

In this subsection, we provide a minimal review of the
nuclearity condition and the split property of local quantum
field theory. The interested reader may consult Ref. [76] for
further details.

Unlike finite dimensional quantum systems, in quantum
field theory, the Hilbert space does not admit a tensor

1.0
08l
06}
04f

0.2}

. . N S
0.2 0.4 0.6 0.8 1.0

FIG. 2. The entanglement wedge cross section and half the
mutual information per central charge are plotted as a function of
the conformally invariant cross ratio (1.4) in the vacuum state of a
2D CFT. The bound Ey > I/2 is manifest. Notably, Ey
discontinuously jumps to zero at x = 1/2. At this point, the
mutual information is continuous but its first derivative is
discontinuous. These analytic breakdowns are thought to be
artifacts of the ¢ — oo limit.
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factorization. The algebras of local observables in a
subsystem of quantum field theory are generically type
IIT von Neumann algebras. The partial trace of a state is
thus ill defined and consequently, the von Neumann
entropy is always infinite. Even with these setbacks, one
would like to be able to consider states localized in
subregions and have well-defined correlation measures.

While the von Neumann algebras, 2[(K,), of subregions,
K,, in quantum field theory are generically of type III, we
can consider two disjoint causal diamonds, K; and K, with
the causal complement of K,, K5, subsuming K. The split
property then asserts that there exists a type I factor, N,
such that

A(K,) Cc N C AK,). (1.5)

Type I von Neumann algebras admit traces and are
isomorphic to the set of bounded operators in some
Hilbert space, so entropies may be well defined. To connect
with our general intuition regarding tensor factorization of
Hilbert spaces, we note that the split property equivalently
says that there exists an isomorphism between 2(K;) V
A(K,) and the tensor factorization 2(K;) ® A(K,). It is
important to note that this mapping is not unique thence N
is not unique.

There is, however, a “canonical” choice for the split,
N, »» that always exists and was first discussed in Ref. [58].
This is defined via the relation

Ny/:m(Kl)VJV/Q[(KI)Jy/’ (16)

where J,, is the modular conjugation operator of Tomita-
Takesaki theory associated to the state y and algebra
A(K;) v A(K,). It is the von Neumann entropy of the
state in N/ y that is associated to the reflected entropy.
This is why the reflected entropy is so useful for us in
understanding if/how the split property holds in a given
theory for a given split distance, s. For more comprehen-
sive discussion on this point, we direct the reader to
Refs. [54,75,77].

The split property has been shown to follow from the
nuclearity condition which we describe now. Consider
the set

Ny, = eP1AO(K,)|), (1.7)
where |Q2) is the vacuum state, # > 0, H is the Hamiltonian,
and AV (K,) is the set of operators in 2(K,) with norm
less than or equal to 1. This set is called nuclear if there
exists a positive, trace class operator, T ,, such that

Ny, c Ty, HD, (1.8)
where H(!) are the elements of { with norm less than or
equal to 1. From here, we can define the nuclearity index as

l/ﬂ.l” = inf Tr[Tﬂ r], (19)
, 75 \
which must be bounded as
Vg, < e (1.10)

for some ¢, n > 0. d is the number of spatial dimensions. It
has been shown that if (1.10) is satisfied, then the split
property holds as long as K; and K, are disjoint, though
they may be arbitrarily close [78].

The nuclearity index is closely related to the thermody-
namic partition function. In certain theories, the partition
function can diverge at a finite temperature, ff, called the
Hagedorn temperature. This temperature governs the high-
energy density of states. In these theories, the nuclearity
condition is not satisfied and the split property fails to
hold when K; and K, are at a finite distance from one
another determined by S [defined in (2.10)]. TT deformed
conformal field theories exhibit Hagedorn thermodynam-
ics, so it is natural to investigate how this split property
breaks down in these theories. This provides an opportunity
where we have a concrete example to test the dynamical
breakdown of (1.5).

As previously mentioned, the von Neumann entropies
associated to subregions in quantum field theory are
generically divergent. It is thus desirable to regulate the
entropy to extract quantities physically meaningful regard-
ing the theory or specific state. Of particular interest are
the quantities extracted from the von Neumann entropy that
provide entropic c-functions [33,34]. In particular, the von
Neumann entropy for a ball-shaped region, A, has a generic
expansion including the following terms:

—1)&14¢, 1o [L—] de2z
SA3{< Fdeolog o5 (1.11)

(—1)r " 27¢,, de2Z +1,

where L, is the radius of region A and eyy is the ultraviolet
cutoff. The constants ¢, are universal and independent of
the details of the UV regularization. The definition of ¢,
can be made unambiguous if the UV regulator is chosen
appropriately as to allow the divergent terms in the entropy
to be expressible as “geometric,” i.e., integrals over the
entangling surface [35,79]. The validity of the split prop-
erty hints that the mutual information and reflected entropy
of nearby, but disjoint, regions are natural geometric
regulators [54,56]. Both of these quantities may be well
defined without assuming a tensor factorization. The
regularization scheme is imposed by considering region
A and its causal complement with the region at their
interface of width e excised (see Fig. 3). Then, one should
take the limit of L,/e — 0, though it is important that
during this limit, one keeps € > eyy. Then, in the final
expression, all constants, e.g., ¢y, are physical and

045009-5



MESERET ASRAT and JONAH KUDLER-FLAM

PHYS. REV. D 102, 045009 (2020)

B

FIG. 3. The geometric regularization scheme for the von
Neumann entropy. We take A and B to be disjoint and separated
by e. Then, the regulated “entropy” is Sg(A:B)/2 or I(A:B)/2 as
Ly/e — 0.

unambiguous. We will see that the ability of taking the
L4 /e — 0 limit disappears when we consider 77 deformed
theories.

II. SINGLE-TRACE TT AND THE LINEAR
DILATON BACKGROUND

Let us begin by reviewing the holographic proposal of
Refs. [15-17,20]. This involves deforming the world-sheet
conformal field theory by a linear combination of truly
marginal current-current operators,

SLys = Mg Jg +2,.KJg +A_KJ5,  (2.1)
where K (K) are world-sheet U(1) currents associated to
left(right)-moving momenta on a unit circle, and J; (J5;)
are bosonic SL(2, R) left(right)-moving world-sheet affine
currents.

It was shown that this deformation in the long string
sector is equivalent to deforming M by a general linear
combination of the irrelevant operators,

0L =—puTT —pu, JT —pu_JT, (2.2)
where J and J are left- and right-moving U(1) currents,
respectively, and 7 and T are the holomorphic and anti-
holomorphic stress tensor components, respectively, of the
conformal field theory M. With our normalization, the

coupling constants of the spacetime and world-sheet
deformations are related as’

6a' A 4 [3d
H = s Hty = — _li’
crw V3 C

where o is the Regge slope, and p, py > 0.

(2.3)

>Qur y is equal to — 1= from Ref. [11].

BTZ
U~k
U=U, o RMXR,
U=

X X

FIG. 4. The single-trace 77 deformation changes the bulk
AdS; geometry to asymptote in the UV to a linear dilaton regime
represented in yellow. This smoothly crosses over to the un-
deformed AdS; regime in the IR. For further generality, we have
placed a black hole in the IR regime which sets the boundary
theory to finite temperature. The IR region is thus more generally
that of the Banados-Teitelboim-Zanelli (BTZ) black hole [81].

Suppressing internal compact dimensions, the bulk
background induced by this deformation has string frame
metric [20,46,80]

2hi, 2ha_

dydy + = dydy
T dwdy + == dwdr

ds?> = d¢* + hdydy +
AP
+ e hf~ dy-, (24)

where the dilaton, @, and Neveu-Schwartz two-form,
B, are

e = gie ', By; = 9. By = 9y Byy = Gy
(2.5)

and

Wl =e 4 a—da ., =k +4ia. (2.6)

w is the coordinate on the circle S!', w ~wy + 27.
The boundary is located at ¢p = +o0. The coordinates y
and 7 are

liy=1+x, 1y =—t+x, (2.7)
where [, = V' is the intrinsic string length.

We restrict to the parameter range where the energy
spectrum was shown to be real and that there are no closed

timelike curves [20],

A (g A
drd 324

> 0. (2.8)

Furthermore, we take 2, = A_ = 4.

We show the corresponding geometry in Fig. 4 for the
case in which 6 = 0. The linear dilaton regime controls
the UV, while vacuum AdS; controls the IR. They are
smoothly connected at a scale determined by k'/? where k
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is the level of the world-sheet SL(2,R) algebra related
to the AdS radius as [pgg = Vkd. Crucially, there is a
radial (renormalization) scale where local physics breaks
down, U, This is determined by the deformation
parameter. The length scale in the spacetime CFT where
this breaks down is®

Lo femn P
mre2V e 4

Py is the Hagedorn temperature governing the asymptotic
(E - o0) density of states

(2.9)

S = pyE. (2.10)
Any observables in the field theory probing shorter dis-
tances than [ ;, cease to make sense. We will see that this
nonlocality scale plays an important role for the mutual
information and reflected entropy. We stress that all results
in this section and Sec. III are computed from the gravity
side and are thus contingent on the validity of the holo-
graphic dualities, the RT formula, and its generalizations.

A. Vacuum

1. Mutual Information

In this subsection, we study the mutual information for
two disjoint intervals of lengths [, and [/ separated by a
distance d. We begin with the case in which 6 =0, A =0
corresponding to the vacuum of a conformal field theory. In
this case, the mutual information takes the well-known
form [82]

C lAlB
I= “log|—48 ) 0|, (211
e [3 "g(d<zA+zB+d>> ] @1

where ¢ is the Brown-Henneaux central charge [83]. The
mutual information is independent of the ultraviolet cutoff.
The critical distance where the phase transition between
connected and disconnected entanglement wedges occurs
is given by

1
d. =5 (1 [+ B+ 6l — Ly — zB). (2.12)

Under the assumption that the minimal surfaces do not
break the symmetries of the spacetime metric, the von
Neumann entropy of single intervals was evaluated using
the Ryu-Takayanagi formula in Ref. [46]. In this section,
we make the trivial generalization of these results to the
holographic mutual information of disjoint intervals,
though we find intriguing new physics.

®For the special case that y = i+ p_, Ly, is doubled.

In the rest of this subsection we consider the case in
which § =0, 1#0. In this case, the entropy and the
interval length are given by [46]’

c 1 d\ 1
=———|(20—a?— |—1 k F(p.k
S(@) 3a+1[<a adf>§+1 (.. )Lo—i_ (@ )]’
(2.13)
l r [1+a
== E(p, k), 2.14
=1\ e Ewh 2.14)
where
. a+1 3edya
= 1 4 2Uv2
4 arcsm\/<2a+1)( +207w ;

~ 2a+1 1
a4l E+1°

/1 2a+1
k= . . 2.15
a+1l a+1 ( )

F(@. k), 1(p,n, k), and E(¢p, k) are the incomplete elliptic
integrals of the first, second, and third kinds respectively. In
our conventions, they are defined as

® do
(g, n. k) = ) 2ainly’
0 (1 —nsin*0)V'1 — k*sin*0

E(p, k) = /Owde

and F(¢, k) =I1(g,0,k).
We have introduced the UV cutoff, eyy, since the
entropy S is UV divergent. The mutual information

1 — K?sin0), (2.16)

[(A.B) = S(Iy.2) + S(Ig. 2) — min[S, (I, 2)

4 S(lp.2), Sy + L +d. 2) + S(d.2)]  (2.17)

is independent of the UV cutoff eyy. However, we find that
a divergence emerges for the mutual information even
when the intervals are separated by a finite distance. At
short distances, for intervals of equal length /, it diverges
as I o (d—ly,)™' (Fig. 5). The same divergence was
also noted for the entropic c-function in [20,46] at short
distances. This provides a fascinating breakdown of the
split property of quantum field theory and the mutual
information regulator of Ref. [56].

2. Reflected entropy

In this subsection, we consider the entanglement wedge
cross section for the intervals. This has been computed, for
example, in the vacuum state of an undeformed conformal
field theory [50]

"We can invert the equation for the interval length to write « as
a function of /, ¢, u, and we can use this in the entropy to get an
expression that only depends on /, ¢, 4 and the UV cutoff eyy.
Once we get the entropy, we can use it to compute the mutual
information.
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Left: the mutual information per central charge for disjoint intervals in the vacuum. Each subregion is of length 5 and we plot
1 (blue to red respectively). We mark, with vertical dashed lines, the corresponding values of /,;, where the mutual

information intriguingly diverges. Right: the area of the entanglement wedge cross section for the same parameters. We find the same

divergences at d = [ ;.

c 1+ x
Ey =—log| ——=
w 6Og<1—\/}>’

This is a UV finite quantity and, as previously discussed,
has been proposed as a natural regulator for the von
Neumann entropy which is universally UV divergent in
local quantum field theory [54].% One advantage of using
the reflected entropy as a regulator instead of the mutual
information is that it is actually an entropy. However, like
the mutual information regulator, we will see that this also
breaks down when we turn on the deformations (Fig. 5).
For simplicity, we will consider the case where [, =
[ =1 so that the minimal entanglement wedge cross
section is purely radial in the bulk metric. Taking into

account the factor of the dilaton in (1.3),
o)

o) o
(2.19)

lylg

“hrara P

\/E/me

—1-=

/1
where a_ and a, are related to the turning points of the two
minimal surfaces corresponding to the intervals of lengths
(along the noncompact direction, x) 2/ + d and d respec-
tively. They are related by [46]

21+d_z 1+a_
lmin _4 a_
x E| arcsin 1+;(a_, L+ 2pa ,
1+ 2pa_" \[ (1 +xa_)(1 +a_)

(2.20)

8See related work in Refs. [77,84-90].

d =m [1+a
lmin - 4 ay
x E'| arcsin 1 +xa, , L+ 272y .
1+ 2a, || (1 +xa)(1+ay)
(2.21)

These equations can be inverted to obtain equations for
a_ and a, in terms of /,d, c, pu, py. Once we have these
equations, we can use them to compute the wedge cross
section. Note that when 6§ =0, A =0, this reprodu-
ces (2.18).

The coupling & appears as 6> and therefore, in perturba-
tion theory, the O(5) term is zero. We will briefly discuss
this case in perturbation theory later tn the paper from
the boundary field theory side. In contrast, the O(4)
contribution is nonzero. This comes from the second,
nonlogarithmic term in (2.19) giving

c 2l+d
Ey =21
% 6Og< p >+

Note that the nonlogarithmic term exists because the
dilaton is not a constant. Using (2.3), we find

c 2l4+d
EW—glog< 7 >+

Because u > 0, this signals an increase in the correlations
between the subregions. The nonperturbative result (2.19)
is depicted in (Fig. 5) with 6 = 0. It is nondecreasing along
the renormalization group (RG) towards the UV and it
diverges at short distances as the separation distance d
approaches the nonlocality scale /.

4/ Acl(l + d)
3d*(d +21)?

0. (2.22)

2rc?ul(l+ d)

oOdi(d 1 212 Ow).

(2.23)
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B. Finite temperature

It is interesting to consider the generalization of the
results obtained at zero temperature to finite temperature.
Thermal states are holographically dual to black holes.
Roughly, increasing the temperature decreases the “quan-
tumness” of the state and quantum correlations are
destroyed at length scales larger than the inverse temper-
ature . We are able to verify this explicitly by writing the
generalization of the asymptotically linear dilaton metric
(with 6 = 0) to include the black hole solution. The spatial
metric is

ds* = d' fd¢* + hdx?, (2.24)
fl=1-e200  pl(p)=a+e2, (2.25)

where ¢y is determined by the temperature as
B =2r\/dh  (py). (2.26)

This metric describes a BTZ black hole deep in the IR and
linear dilaton asymptotics in the UV as was shown in Fig. 4.

In what follows, we generalize the computations of
Ref. [46] and Sec. II A of this paper for finite temperature
with 6 = 0. We leave the case in which 6 # 0 for future
work. In this paper, we work on the black hole back-
ground (2.24).

1. Mutual information

In this subsection, we study the mutual information for
intervals of lengths /, and [ separated by a distance d.
|

We first compute the von Neumann entropy for an
interval of length /. In Ref. [42], two distinct surfaces
were considered as saddle points, the “connected surface,”
which is the standard surface shown in Fig. 4, and the
“disconnected surface” which consists of two disconnected
radial geodesics that terminate on the horizon of the black
hole. The Ryu-Takayanagi prescription tells us to take the
minimum of these two saddles. While this disconnected
surface is natural to consider for confining geometries
that have compact dimensions “capping off” at the horizon
because a zero area tube may connect them (e.g.,
Refs. [91,92]), this surface does not obey the homology
constraint for the theories we study, so it should not be
considered. In particular, the 4, 6 — O limit should repro-
duce the universal CFT result

_c p . (nl
= glog (”€UV sinh (ﬂ) ) ’

and including the disconnected surface in this limit causes
the bulk and boundary computations to disagree. For these
reasons, we only consider the connected regime for the von
Neumann entropy.

The connected entanglement entropy is given by the
integral

\/ka/ ax+1
Se = 4GN (x—xg)(x=1)(ax +a+1)

(ax + 1

(2.27)

(2.28)

which is UV divergent. We solve for the entanglement
entropy in closed form:

c 1 d y y+a
Se=— 2a—a2—>< F(p, k —i——H(p,n,k) +F(p,k]},
¢ 3{\/(a+1)(}’+a+1)[( dé) \&y +a (2. k) Er+a)(+1) ( ) £=0 (0.k)
(2.29)
where [93]
11+ C,ﬁ" 2a+ 1 1 2a+1
¢ — arcsin Y+ o+ 2 _ 2o+ .§y+a7 _ r+1  2a+ ’ (2.30)
20+ 1 1+2 y+a+1 éa+a r+a+1 a+1
and
2 -1
Y= ﬁ—— 1) s ﬁH = 271' ﬂ (231)
2 6
The interval length [ in terms of the turning point of the minimal curve is given by the integral
o dx (1+a)(1+ ax)
= , = AU3, Uy = e, <lI, 2.32
\/x—xH Jx=1)(ax +a+1) * 0 0=¢ = (232)
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FIG. 6. Left: the mutual information per central charge for disjoint intervals at finite temperature. Each subregion is of length 5 and

1973

g I8 set to

o- The temperature is varied as 5

= {100, 3,2, 1} from blue to red respectively. Right: the entanglement wedge cross

section per central charge for the same parameters We observe the divergences at d = [,;;, for both quantities.

which solves to

) b3 a

where
siny =, [fFe 1
SV 2a+1

We can invert the equation for the interval length to write
a in terms of [, u, ¢, f. We then can use this to write the
entropy in terms of only CFT data. The interval length at
leading order in the coupling is

5= (o
— 2arctanhy /= + O(a2)> . (2.39)
EN a
To leading order in the coupling, the entropy then becomes

Sc = g [267[# (2+7)log ( /7 sinh ﬁ\/—>]

3€%V
+ O(u?). (2.36)

B (y+1)QRa+1)
N (@+ D)y +a+1)
(2.34)

At u = 0, this reduces upon using (2.35) to (2.27).

The mutual information at finite temperature is obtained
using the entropy (2.29) in (2.17). We find that the mutual
information is UV cutoff independent. We plot the mutual
information for disjoint intervals in Fig. 6. Again, there is a
divergence in the mutual information at short distances
when d = [;,, the same place where the zero temperature
mutual information result diverges. Heating up the system
causes the information shared between the disjoint regions
to monotonically decrease.

LD () (2 D))

1
_E 2 142 F
o y+a+1[< +y> MH(

(2.33)

|

While we do not consider the disconnected regions to
contribute to the von Neumann entropy, it does contribute to
the entanglement wedge cross section of a single interval.
The contributions from the disconnected regions are

SD—2 \/ka d aHx+1
Vax(x=1)
U2
g = j.Uz s xg = U—;o, (237)
H
giving
4emp 8crmu
S 2 1 . (238
b= s crnee(5E) | @3

The entanglement wedge cross section at finite temperature
for an interval of length [/ is then given by

EW(/‘? l? }/) = min (SD(/‘J/)’SCO"’ l’ 7)) (239)

2. Reflected entropy

In this subsection, we compute the entanglement wedge
cross section for intervals of equal length / and separation
distance d. It is given by (2.19)

Ey =15 [Iog< ) + x(ay

Here, a, and a_ are related to / and d via (2.33)

)]. (2.40)
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2l +d

d

lmm

b4 a_ 1

— 1 F
e+ (G

_z

4

raril( )

(e () Co2)9)
o) G (i) o))

(2.41)

In what follows, we study the first few leading terms in (2.40) in perturbation theory. At A = 0, we find using (2.35)

c

Ey :—log

6

coth%’

The O(4) correction comes from the nonlogarithmic term in (2.40), and including this we get [upon using (2.35)]

c coth % c A, [ d (2l +d 2
EW:610gL0th(2’+d] +6 2‘UH(COth <2\/{7UH> — coth <2\/— UH)) +O(’1)

c COthﬂ cn*d A (2l +d)
=-—1 oth? —coth? | ————~ ). 2.43
o W] gz (cow(55) ~oow (E-2) ) + o) 249
Expanding the O(4) correction in powers of the inverse temperature § gives
OEw _4cl(d+1)a'd 4cl(d+ Da*add  16cl(d + 1)(d* + 2dl + 21%)7%a/ 2 Lo 1
04 3d*(d+21)? 45p4* 567 $
_2ztl(d+Dp 2¢1(d+ Dadu  8cI(d+ 1) (d +2dl +217)7p Lot (2.44)
©9d%(d + 21)? 13584 1701 '

We note that the order p small temperature leading
correction is negative. We plot the entanglement wedge
cross section in Fig. 6. Both the finite distance divergence
as d approaches the nonlocality scale /;, and the mono-
tonic decrease with temperature is clear.

C. Comments on the split property

We briefly comment on some interesting consequences of
the computations in this section. We have found the mutual
information and reflected entropy to generically diverge
when the distance between intervals approaches /4. This
means that the split property must have failed; i.e., there does
not exist a type I factor that splits 2((A) and 2(B). In the
geometric regularization scheme, we are then unable to take
the L,/e — 0 limit. This limits our ability to extract the
relevant physical constants that serve as c-functions. It is an
important question how to define c-functions for theories
like these that are nonlocal at short distances along the
renormalization group flow towards the UV.

An additional curiosity is the factor of 4 in /[ ,. In
theories with Hagedorn divergences, the minimum distance
for a splitis By [76], but we do not see the divergence in the
reflected entropy until d = f;/4. For TT-deformed theo-
ries, the Hagedorn density of states only starts to dominate
at some energy scale (which depends quadratically on ),
thus fy only acts as an upper bound for the minimum
distance needed for a split. This factor of 4 is therefore quite

|
nontrivial. We note that the torus partition function itself
diverges precisely at f = fy.

III. DOUBLE-TRACE TT AND CUTOFF AdS

We now compute extremal surfaces in the cutoff
AdS geometry proposed to be holographically dual to
the double-trace 77 deformation [11]. Importantly, this
prescription uses the opposite sign of the deformation
parameter9 such that the spectrum always contains complex
energies.

Starting with the metric for the BTZ black hole,

2 2
r—r e

Bar + A5 dr? 4 r2dx?,
AdS r—= ”H

ds? =

(3.1)

where the asymptotic boundary is at r — co and the
horizon is at ry, the deformation corresponds to a finite
radial cutoff with Dirichlet boundary conditions with

61}
rk=-— —Mzis . (3.2)

The horizon radius is related to the temperature as

°In this section, we will always take 4 < 0 so the deformation
of the Lagrangian is £ — L —pu [TT.

045009-11



MESERET ASRAT and JONAH KUDLER-FLAM

PHYS. REV. D 102, 045009 (2020)

d

2.5 3.0

FIG.7. The mutual information (left) and entanglement wedge cross section (right) for z. = {0

d

0.5 1.0 1.5 2.0 2.5 3.0

113

.4+733) in descending order. When the

deformation parameter is finite (solid lines), Ey, and I are manifestly finite even as the intervals become adjacent. We use symmetric

intervals of length [ = 5.

2r
rg = ? . (33)
The metric on the finite cutoff boundary is
2_2
ds* = a4 1 r2dx?. (3.4)

2
lAdS

Thus, we must rescale the metric such that ¢ is a physical
time on this surface:
12
ds® — di* + 55 dx’. (3.5)
re—r
¢~ TH
Note that this subtlety is absent at zero temperature
(ry = 0).

A. Vacuum

1. Mutual information

At zero temperature, the von Neumann entropy of an
interval of length / can straightforwardly be computed:

302
S(l, ) = gcosh" [1 —].

(3.6)
urc

The mutual information between disjoint intervals is simply

I'=max[S(ly, pu) + S(lp. ) = S(la + Ip +d. )

— S(d.p).0). (3.7)

It is interesting to consider the adjacent intervals limit
(d — 0) of the mutual information. Interestingly, the mutual
information in this limit is UV finite for any value of y. At
leading order in the deformation parameter, we have

(3.8)

J — C 10g |: l A l B :|
377 Iy +1g) /]
This is identical to the universal value of the mutual
information for adjacent intervals in a conformal field theory

[23] if one identifies /—#Z= with the UV cutoff. Thus, the
deformation provides a natural cutoff for this sign of the
deformation.

We stress that this result is extremely different from that
of Sec. II where the value \/@ = [;, determined the finite
distance between the intervals where the mutual informa-
tion diverged. Clearly, the correlation structure is drasti-
cally changed in opposite ways given the sign of the
deformation. The results are plotted in Fig. 7.

2. Reflected entropy

We now investigate how this UV regulation emerges for
the reflected entropy by returning to the entanglement
wedge cross section. As previously noted, at zero temper-
ature and u = 0, the area of the entanglement wedge cross
section is a simple function of the conformally invariant
cross ratio [50]

c 1+ Vx
Ey =-1
v 6°g<1—ﬁ>’

where the coordinates with tildes correspond to those on the
asymptotic boundary.

In the majority of parameter space, the entanglement
wedge cross section has the same area as the undeformed
theory because it lies in the IR part of the geometry which is
entirely unchanged in the cutoff AdS story. Though the area
of the geometric object remains unchanged, the dependence
of the cross ratio on the boundary positions will flow. In
particular, the cross ratio will no longer be conformally
invariant. We can map the points from the asymptotic
boundary to the finite cutoff boundary along the geodesics
(see Fig. 8), which are semicircles at zero temperature when
we work in Poincaré coordinates (r — lids /2)

P A2
r:%. (3.10)

_ X21X43
X42X31

. (3.9)
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This leads to the following mapping of boundary coor-
dinates:

(xl +xg =/ (0 = x)? +4Z%>’ (3.11)

)?1:

% = (3.12)

N = N =

(xz +x3— /(0 —x3)* + 4Z%>,

_ —\/(xl —xy)* + 423\/(162 —x3)7 + 422 + X1 (% 4 x3 — 2x4) + x4 (% + x3) — 2x0x3 + 422

1

=5 (ntamty/(o-nP+az). (313
1

)?4:§(x1+x4+ (xl—X4)2+4Z%>- (3.14)

Thus, in terms of the cutoff coordinates, the cross ratio is

V0 = x4)2 + 4220/ (5 = x3)F + 422 + 21 (63 + x5 — 2x4) + x4 (33 + X3) — 230003 + 422

Inserting (3.15) into (3.9), we arrive at the full non-
perturbative area of the entanglement wedge cross section.
There is a correction at leading order in u. For e.g., equal
length intervals of length / and distance d, we find

c 21
Ey =-1 14+—
W 6og{+d]+

2¢%(d + D) mp

o (d 120 O(k).

(3.16)

Interestingly, this leading order correction is identical to the
one found for the linear dilaton geometry (2.23). However,
we again stress that we take ¢ < 0 such that this decreases
the correlations, the opposite effect found from the linear
dilaton analysis. The sign of the change in correlations will
crucially depend on how one “flows up the RG.”

This correction, of course, is only valid when we are
within the connected regime of the entanglement wedge
(I > 0). There is a phase transition of the entanglement
wedge to the disconnected regime which depends on the
deformation parameter. The phase transition occurs when
Siia] T Sixsxs) = Spxrwy) T Spouy)- In the  disconnected
regime, Ey = 0, so AEy = 0. We plot the corresponding
Ey and mutual information in Fig. 7.

FIG. 8. In the cutoff AdS approach, the standard Dirichlet
boundary conditions of holography are moved from the con-
formal boundary at r, to a hard Dirichlet boundary at r... Because
the geometry within the new boundary remains the same, so do
the geodesics. In the figure, we show how the entangling surface
points of the interval are mapped from the asymptotic boundary
to the finite boundary.

(3.15)

Let us now look at the adjacent intervals limit. We find
Ey to be UV finite as d — 0 for any finite value of u.
In particular, the leading order correction (in y) is

2,1y ]

¢
Ey = —log [—m )
6 (Ia + 1)/ =55

Analogous to the mutual information, this is equivalent to
the adjacent intervals limit of (half of the) reflected entropy
in a conformal field theory once identifying —"—’6’” with
the UV cutoff. The results are plotted in Fig. 7.

(3.17)

B. Finite temperature

We progress to finite temperature where it will be easier
to compare with boundary computations of the following
section. For finite temperature calculations, we simply set
ry > 0in (3.1).

1. Mutual information

The von Neumann entropy for an interval can be found at
finite temperature from the Ryu-Takayanagi formula

2 N
S = “cosh™! |1+ 2( ¢ ) sinh? | LNV TR (318)
6 ry 2r,

This is UV finite and transitions from logarithmic growth for /
smaller than the thermal length to linear growth for large /. The
linear growth signals that it operates as an extensive thermo-
dynamic entropy. The mutual information is again determined
by (3.7). To leading order in the deformation parameter,

c

. h2 In
6 smh(F”) smh(/—])

3
—u 1C8—7’T[)73 (d;r coth (%) — 2lx coth (%)

+ (d 4 20)m coth <@> .y <csch <%>

o E5) ()

(3.19)
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FIG. 9. The analog of the mapping in Fig. 8, this time with the
additional scale, ry, representing the black hole horizon radius.

2. Reflected entropy

To solve for the entanglement wedge cross section, we
again map the coordinates on the asymptotic boundary to
the cutoff surface (Fig. 9). For this, we need to solve the
geodesic equation for a boundary anchored curve giving a
parametrization of the Ryu-Takayanagi surface,

coshz(rﬂx)>‘1/2
r(x)=ry(l ————= 3.20
= (1= (3.0
The turning point is at

ro=—H (3.21)

tanh (rH %)

¢ coth %Z
w=gloe [W

¢ pu((nd — feoth(%) Jesch (%) +

(ﬂ Coth( d+21))

The length of the interval on the cutoff surface in terms of
the length at the asymptotic boundary is

2r cosh™! [COSh }
= \/_ , (3.22)
or inverted
Iry re2—r2
K cosh ( 7 H)
2 cosh l o
1= , (3.23)

where we have made sure to be careful in rescaling the
physical length of the interval at the finite cutoff.

For simplicity, we consider disjoint intervals of equal
length, so that the entanglement wedge cross section is
purely radial:

¢ [r@ [ r }’*(d)
Ey = = Stanh ! |

el m G /=y

r (21+d).
(3.24)

Evaluating this is straightforward but gives a complicated,
unenlightening expression for the nonperturbative correc-
tion to Ey. Instead, we consider the first order correction
(linear in )

+ n1(—d — 21))csch(Z4r20y)

s 2
- O(u~). 3.25
7 +ou).  (325)
In the low temperature expansion (taking y — O before f — o), this gives
c coth%d
EW = glOg lw

2rcul(l+d)  13c21(d + Dn° 139¢%un’l(d + 1)(d* + 2dl + 212

ﬂz H ( 2) _ ( S )7[ H 1224 ( )( c ) + O(ﬁ_g) (326)
9d*(d + 21) 540 340204

This has identical functional form to the linear dilaton results (2.44), though the numerical coefficients, after the zero
temperature correction, disagree. We plot the nonperturbative results in Fig. 10 where it is clear that heating up the system
destroys the quantum correlations between the subsystems. Again, Ey, is UV finite for all d.
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FIG. 10. Left: the mutual information per unit central charge for disjoint intervals of equal length (5). We set the radial cutoff to
r. =10 and vary the temperature r; = {1072,1,2,3} from blue to red respectively. Right: the same configurations, but for the

entanglement wedge cross section.

IV. CONFORMAL PERTURBATION THEORY

It is important to check whether the predictions from
holography from the previous section agree with (per-
turbed) CFT computations. In order to nonperturbatively
understand how the entanglement structure changes under
the flow induced by the irrelevant deformations from the
field theory side, one must understand how the partition
function on arbitrary genus Riemann surfaces flows. While
there has been significant progress for sphere and torus
partition functions [3,5,20,37,94-100], little is known
about more generic higher genus partition functions.
This is why, thus far, the only nonperturbative results for
entanglement measures under T7T flows are for the very
special case of von Neumann entropy where the replica
Riemann surface is genus zero [37,38]. The one exception
to this is for 2D Yang-Mills theory because of its near
topological behavior [99].

We consider the partition function of the TT deformed
theory from the path integral formalism,

Zn - / [D¢n]e_scm+ﬂ fM" dIIXTT’ (41)

where M, is the replica manifold of n connected copies of
the theory which generically has highly nontrivial topology.
We work perturbatively so that we can expand in the
coupling as

2= [Dolesor (1eu [ atxrr)+ 06 ),
(4.2)

:/[D¢n]e—SCFT(1+/4/M dx(TT) . +O(u2)>,
n (4.3)

where we have used the definition

_ [ [D¢,le S (TT)
<TT>M,, = j‘ [IDQﬁn]e—SC”

To leading order in p, the change in the logarithm of the
partition function due to the deformation is

(4.4)

Slog Z, :,u/ (TT) p,, - (4.5)

n

Generalizing to include the other irrelevant deformations,
we have

slog2, = | (TT)aq +uy [ 6T
M,l Mn

o

A. TT at finite temperature

We will focus on the reflected entropy at finite temper-
ature because there are ambiguous contact terms in the
correlation functions at zero temperature. Similar ambigu-
ities have previously been commented on in Ref. [42]. To
compute the reflected entropy directly in the field theory,
we must compute the path integral on an mn-sheeted
branched cover of the CFT:

Zn,m
(Zl,m)n '

where m € 27 is the replica index for the given purification
and n € Z is the standard replica index for the Rényi
entropies. Recall that in holographic theories, the loga-
rithmic negativity is equivalent to the following path

1
Sp = lim log
n,m—1 1 —-n

(4.7)
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integral when taking n — 1/2 instead of n — 1. The path
integrals may be computed by a correlation function of
twist fields in the S,,, orbifold theory. For example, when
we consider the reflected entropy between two disjoint
intervals, we must compute [54]

Zym = (04,(21)041(22)0,,(23)0 -1 (24)).  (4.8)
where the twist fields have conformal dimensions
cn(m?—1)
th = hggl - h.l/A - hg/—\l - W (49)

In the operator product expansion of o, - and oy, the

leading operator is another Virasoro prlmary field, o1 g

with conformal dimension

P 2¢(n®=1)
w9 T 24n

We will approximate these four-point functions by taking
only the dominant conformal block in the conformal block
decomposition. This is a valid approximation in the limit of
large central charge because contributions from subdomi-
nant conformal blocks are exponentially suppressed in ¢
[101,102]. When considering the JT and T'J deformations,
we, by definition, have a conserved U(1) current. We are
then required to take the dominant Vir x U(1) block rather
than just the Virasoro conformal block. This extended
conformal block was shown to factorize at large ¢ into
Virasoro and U(1) blocks as [103]

(4.10)

Vrsaledikdpp.) = V(= 1h - %,hp,z>

x Vy(k,q;z),

where ¢; are the U(1) charges and £, is the conformal
weight of the intermediate operator. Vr is the Virasoro
block that may be evaluated in the heavy-heavy-light-light
limit as

(4.11)

ASR =

ﬂ4c2ye”/_fd(coth(%i) —D)QUF —1)eF —d(eF —1)(e 7

Ve=(1- Z)hL(a—l) (M) h,=2hy,

Fy(hy, by 20, 1= (1 =2)%),

p>p
24hy,
c b

a= (4.12)

and V; is the contribution only from the U(1) descendent
states:

dHA4L

VJ—Z k(]—z)_ (413)
Here, k is the level of the U(1) current algebra,
[Jnv Jm] = nk5n+m,0v (4 14)

and in the linear dilaton story is related to the AdS radius,
[ AdSs as

lAdS
k=g

(4.15)

Thus, in the semiclassical limit in the bulk, the level will
be large.

We now specify to two disjoint intervals where the
correlation functions on M, , may be computed by
correlation functions of twist fields on M:

_ 1 -

(TT)m,,, = (TW)T(W)oy, (21)0,:1(22)0,(23)

X 641(24)) m (4.16)

where the stress tensors on the right-hand side live in the
orbifold theory, leading to the prefactor. A similar expres-
sion holds for the other two terms. The strategy is to apply
the Ward identities to evaluate these correlation functions
and then integrate over the thermal cylinder. The calcu-
lation is technical and involves long formulas and subtle-
ties, so we relegate some details to Appendix C.

After evaluating, we find the change in the reflected
entropy to be

2n(d+1)

coth(Fd+2)
+1))(coth(%5=) — 1)' (.17

The zero temperature (f — oo) limit is

limAS; = 0.

p—oo

1843

(4.18)

This, however, is not sensitive to the contact terms discussed earlier. Similarly, the f — oo limit of the von Neumann
entropy is zero even though there are finite corrections at zero temperature due to contact terms. The leading low

temperature correction comes at fourth order:

2¢(d + Dmdp

2754

¢ coth”—d
Sk :§log coth Z2d) (2z+d) -

Tctun’ 1(d + 1)(d? + 2d1 + 217) N

WS 0(p8). (4.19)
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Besides the zero temperature term which may arise from a
contact term, we note that itis interesting that this has precisely
the same form as both holographic calculations (2.44) and
(3.26). However, the numerical coefficients are different. This
suggests that the correlation structures of the 7T deformed
CFT and the field theory dual to cutoff AdS geometry are very
similar, but not quite identical. Thus, this suggests that
modifications, perhaps similar to Refs. [14,104], must be
made to have a precise agreement for the two theories.'” We
reiterate that the cutoff AdS results assumed the validity of
holographic duality between reflected entropy and the entan-
glement wedge cross section in generic Spacetimes, an
assumption that is on solid footing but not rigorously derived
[43,54]. In order to claim modifications must be made for the
linear dilaton proposal, we would have had to compute the
single-trace correction in the CFT.

B. JT at finite temperature

We can also apply the Ward identities for the currents for
the JT correction,

JoTries =55 [l CF) Z(( f))}
d(GIR3 =7

1 *nmce
9. ) — R
tio3 Z,) 67 ]( )c

[\S]

(4.20)

The twist fields are not charged under the U(1) (see
Appendix B), so the leading term is trivial. The same can be
said for the TJ deformation. We found this to also be the
case holographically in Sec. II.

V. DISCUSSION

In this work, we have studied the mutual information
and reflected entropy in holographic 7T deformed two-
dimensional quantum field theories. We also studied these
entanglement measures perturbatively in 7.J and JT defor-
mations. The results of our calculations have led to several
notable physical phenomena. There are also several inter-
esting directions to take from here.

For p > 0 and asymptotically linear dilaton geometries,
we have found the mutual information and reflected
entropy of disjoint intervals to diverge when the intervals
are a finite, regulator independent distance (/,,;,,) away from
each other. Such a phenomenon never occurs in local
quantum field theory and signals a breakdown of locality,
specifically a breakdown of the split property. In particular,

9 Another logical possibility is that nonperturbative correc-
tions restore consistency.

the mutual information [56] and reflected entropy [54] have
been proposed as valuable regularization scheme indepen-
dent “geometric regulators” that can be studied to extract
c-functions in general dimensions. These schemes rely on
taking the ratio between the characteristic size of the
regions and the spatial distance between regions to zero.
Clearly, this breaks down when we hit the nonlocality scale
[ iin- It would be fascinating to consider more carefully how
to incorporate nonlocal theories, such as the ones we have
studied, in renormalization group analysis.

For 4 < 0 and cutoff AdS geometries, we have found the
opposite effect of the theory becoming nonlocal. Rather
than enhanced divergences, we have found all divergences
in the mutual information and reflected entropy to be tamed
even when the distance between intervals goes to zero. The
square root of the deformation parameter acts akin to a UV
cutoff. This phenomenon is also never seen in local
quantum field theory and is more reminiscent of finite
dimensional lattice models. We were able to compare the
bulk and boundary computations of the reflected entropy
of disjoint intervals at finite temperature perturbatively.
While we found the corrections to be formally equivalent,
the numerical coefficients were distinct. There are two
possible explanations for this tension. FEither nonper-
turbative corrections save the day as in Ref. [38]1 or
modifications must be made to have a consistent duality
between the deformed field theory and cutoff AdS. Such
modifications may be analogous to the ones shown to
be necessary for the inclusion of matter fields in
Refs. [14,104]. We believe resolving this tension is an
important direction for future work.

It is also interesting to consider a recent holographic
proposal that we have largely neglected in this work where
the dual of the TT deformation is proposed to be an
ensemble of AdS spacetimes with randomly fluctuating
boundary diffeomorphisms [10]. Such a proposal is a
natural combination of Cardy’s interpretation of the TT
deformation as random geometry [6] and the standard
GKPW dictionary of AdS/CFT [12,13]. We see no reason
why bulk and boundary computations of mutual informa-
tion and reflected entropy in this proposal should not match
exactly, though the computations may be quite technical.
Confirming this would certainly be worthwhile.

Lastly, we comment on a somewhat tangential future
direction. The twist fields needed for the computation
for Rényi entropies and reflected entropy are uncharged
under U(1), leading to somewhat mundane results in
perturbation theory for the JT and TJ deformations.
However, there are finer grained probes of charged states,
such as the symmetry-resolved entanglement [105], whose
corresponding twist fields are charged under U(1). The
symmetry-resolved entanglement explains the contribution

"In this analysis, taking the correct order of limits also played
a central role.
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to the von Neumann entropy from each charge sector.
These will presumably have corrections at leading order in
w4 and it would be fascinating to understand how these
contributions are effected under the charged deformations.
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APPENDIX A: DERIVATION OF HOLOGRAPHIC
ENTANGLEMENT ENTROPY IN
STRING FRAME

Under reasonable assumptions, the Ryu-Takayanagi
formula has been derived for theories with arbitrary matter
content in Einstein frame'”

S = ! /dd_zxy/g(E).
7A

4Gy

(A1)

We would like to know what the analog is in string
frame. The relation between the string and Einstein frame
metrics is

gfﬁ,) = ¢%/2 g,(f). (A2)

Thus, the determinants of the metrics are related as

§) = ld-D2/24(E).

(A3)
The reason why we have (d — 2) is because we are working
with the induced metrics on codimension-two surfaces.
Thus, the RT formula becomes

S = L/ dd—zxe—(d—2)¢/4 g(s)'

(Ad)
4G\9 Jy,

Now, let us specify to the d = 10 supergravity theory that
we are generally concerned with:

1
_ 8 . p—2D s
S = (10)/ d°xe g\,
4GN iz

This is the formula posited in Ref. [30]. It is important to
note that the extremal surface in (AS5) is not described by
the same coordinates as the one in (A1), though it is the
same surface. In the string frame coordinates, it is extremal
with respect to the integrand including the dilaton prefactor.

(AS)

">This is because in Einstein frame, the contribution to the on-
shell bulk action for all matter fields is proportional to n (the
replica number) when performing the gravitational replica trick
while the metric term is proportional to (n — 1).

APPENDIX B: U(1) CHARGES OF
TWIST OPERATORS

In order to evaluate the conformal blocks, we must
find the charges under the U(1) symmetry for the twist
operators. Let us warm up by computing these for the twist
operators used for entanglement entropy, o,,, labeled by a
single replica index. These have conformal dimensions

_ c 1
ho=h = (n==).
n="n 24(" n>

These can be determined by considering the n-sheeted
branched cover of the complex plane, R,,, used to compute
the nth power of the reduced density matrix of a single
interval, (u#,v). We know that on the complex plane, the
one-point function of the U(1) current is trivial by rota-
tional and translational invariance

{(/(2))c =0.

J(z) is a chiral primary field of dimension (1,0), so it
transforms covariantly under conformal maps,

(B1)

(B2)

J(w) = g—va(z). (B3)

In particular, we consider the conformal map that takes R,

to C:
(w—u)l/”
7= )
w—uv

This means that (J(w))z = 0. We now compare this with
the Ward identity for Kac-Moody symmetries,

<J(Z>6n (Wl )&n (W2)>

— (2 ). (B9

(B4)

For this to equal zero for any value of w; and w,, we must
have ¢; = g, = 0, so the twist fields are neutral under
the U(1).

Now let us proceed to the generalized twist operators
(4.9). The simplest to study is the two point function

(6,,410,,4-1) because the manifold this describes decou-
BYy ~ 9ap

ples into two copies of R,, so running through the same
argument, we find these operators are also uncharged. This
immediately tells us that the two operators that fuse to form
them must have opposite charge. We can fix these by

considering (c,,6,.1) which is needed for computing the

reflected entropy between A and the empty set. This
factorizes into n R,,’s, so the same argument goes through
and we conclude that all twist operators are uncharged
under the U(1). This means that the U(1) contribution to
the conformal block, (4.13), is unity.
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APPENDIX C: DETAILS OF PERTURBATIVE CFT COMPUTATIONS

In this Appendix, we present a few details of the calculation leading to IV A. The conformal Ward identity implies

— 1 1 [[272\2 < h; 1 m*nme
/W:w(”m("‘””‘<-~>@/M%K7> Z((z—z,»>2+z—zja“>_ 6p? ]

=

(G R () - e 2

j=1

The correlation function of four twist operators may be computed using (4.12). The total integral becomes

/oo . /ﬂ dr —7[462,u<21 - Zz)(Z3 - Z4)
—0co 0 9ﬁ4

4r(x+ir)
e r
X 2n(x+it) 27 (x+ir) 27 (x+it) 2r(x+it) ( )( )
mxrit) XTIT i) X 21—22)(23—24
(—zit+e 7 ) (—ante 7 )(—nte 7 )(—ute 7O\
4x(x—it)
e 7
+ 27(x—it) 27(x—it) 27(x—it) 27(x—it) ° (C2)

(st e 7 Nzpte T )(mte 7 )~ e 7o)/~

We first do the 7 integral to find

2n(x+it)
/°° xiﬂ3cz,u(z1 —)(z3—z) | zilog(—z +e 7
3 — Z

- 1% (21— 22) (a1 = )@ — 20y B
2n(x+it) 2x(x+ir)
n plog(-z+e 7)) zlog(-z3+e 7 )

(Zl - Zz)(Zz - Z3)(Zz - 24) 722:322:3 (Zl - 23)(13 - Zz)(Z3 - Z4) 752:2;%2:2;

2a(x+it) 2n(x—i)

B zglog(—z4+e 7 ) zilog(—z; +e 7

(21 —z4)(20 — 24) (24 — 23) % (21 = 22)(z1 — 23) (21 — 24) —%

27(x—it) 27(x—it)

2log(-zp+e 7 zzlog(—z3+e 7

(Zl - Zz)(Z3 - Zz)(Zz - 24) —% (Zl - 23)(13 - Zz)(Z3 - 24) —%

+

2m(x—it) =)
zlog(—z4+e 7 )

(24 = 21)(24 — 22) (24 — 23) —752:2;&:2; o

+

(C3)

Every term that either does not depend on 7 or depends on 7 only exponentially and not within a logarithm is trivial when
evaluating the difference of the indefinite integral at # and 0. The terms with the exponential within the logarithm must be
treated with care. This has been discussed in e.g., Ref. [39]. Due to the branch cut, we have

log (e 7 =€) =

) g oy {O, x <l (C4)
27i, x> L

Analogously, for the complex conjugate, we run around the branch cut the opposite direction, so
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x <l

27 (x—it 7 _ O,
kg<a%rl—e%nz€::{ ()

—2xi, x> 1.

After evaluating, we find IV A.

APPENDIX D: NONPERTURBATIVE CFT
CALCULATION FOR SINGLE-TRACE TT

In this section, we repeat the analysis done in Ref. [37]
for the entanglement entropy of a region with an entangling
surface of antipodal points on S? except for the single-trace
deformation dual to the asymptotically linear dilaton
geometry. Here, we assume that the spacetime conformal
field theory is a symmetric product orbifold M” /Sy . Each
block has central charge ¢, so the total CFT has central
charge ¢ = N¢. We apply the replica trick by considering
the n-sheeted cover of the sphere of radius r:

ds* = r*(d6* + n®sin 0d¢?). (D1)
The von Neumann entropy is then
S = l—ng log Z| (D2)
- an g n=1-

The sphere partition function responds to a change in n as

Olog Z
on

1
- | yar
1 2/“5’

where T is the trace of the stress tensor. Similarly, when
n = 1, the response of the sphere partition function to a
change in radius is

(D3)

n=

dlog Z 1
=—— T D4
dr r/ VT, (D4)
so the entropy may be rewritten as
r o
=(1—-=—=—)logZ. D
S ( 28r> 08 (D3)

The trace of the stress tensor flows in a known way under a
TT deformation:

(T8) = — =S R =P (T)(T,) — (T2)2).

247 4 (D6)

However, in the symmetric orbifold theory, we have

N
Ttlb = Z Tl(lllzv
i

with each individual copy flowing under a 77 deformation.
Thus, there is an extra factor of N:

(D7)

a ¢ H ab a\2
T6) = ——R—=(T")Ty,) —(T%*). (D
(1) = =55 R=E (1) (T) = (T2)). (DY)
We have absorbed the factors of N into ¢ and u due to our
definitions of the central charge and deformation parameter.
By symmetry and (D8), the stress tensor must be propor-

tional to the metric as

2 / cu
Tp=—(1—4/14+——= , D9
ab U ( + 24ﬂr2>gab ( )
so we have
OlogZ l6n( [, cu
= — ——r. D10
or u < e 24w d ( )

Imposing the boundary condition log Z(r = 0) =0, we
have the entropy

S = Ssinh™! (1 /24—ﬂr>.
3 cu

This is identical to the double-trace formula from Ref. [37].
It would be interesting to check this holographically by
finding the Euclidean compactification of (2.4) to a sphere.
However, the boundary condition for the differential
equation would need to be appropriately modified because,
for the relevant sign of u, we expect the partition function to
diverge at a finite value of r.

(D11)
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