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We previously proposed that entanglement across a planar surface can be obtained from the partition
function on a Euclidean hourglass geometry. Here we extend the prescription to spherical entangling
surfaces in conformal field theory. We use the prescription to evaluate log terms in the entropy of a
conformal field theory in two dimensions, a conformally coupled scalar in four dimensions, and a Maxwell
field in four dimensions. For Maxwell we reproduce the extractable entropy obtained by Soni and Trivedi.
We take this as evidence that the hourglass prescription provides a Euclidean technique for evaluating

extractable entropy in quantum field theory.
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I. INTRODUCTION

A prescription for defining entanglement entropy was
introduced in [1], building on an earlier proposal by
Solodukhin [2,3]. The main motivation was to discuss
entanglement between two regions A and A without attempt-
ing to tensor-factor the Hilbert space into H, ® H 5. Instead
a single density matrix p. was introduced, defined on the
entire Hilbert space. The parameter ¢ is a UV regulator that
cuts off the large quantum fluctuations present near the
entangling surface. Such a regulator is necessary to make p,
a well-defined density matrix on the entire Hilbert space.

Our proposal is that regulated entanglement entropy
should be defined as half of the von Neumann entropy of
pe- As a heuristic motivation for this proposal, in the limit
€ — 0 the density matrix p, formally approaches the tensor
product of the reduced density matrices associated with
regions A and A,

e—0
Pe—Pa ® Pi- (1)

This is only a heuristic motivation since the subregion
density matrices p4, p; are not well-defined. The proposal
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to work in terms of p, avoids any need to tensor-factor the
Hilbert space and is therefore well-defined in continuum
quantum field theory. It is manifestly gauge invariant and
has a direct geometric interpretation as evaluating the
partition function on a Euclidean “hourglass” geometry.
In a seemingly unrelated line of development, several
authors have shown that standard replica methods when
applied to Maxwell theory do not give the correct (quantum)
entanglement entropy [4-6]. That is, they do not count the
number of Bell pairs split by the entangling surface. This
was clarified by Soni and Trivedi [5], who argued that replica
methods include a classical or Shannon contribution to the
entropy associated with classical correlations across the
entangling surface required by the Gauss constraint. Soni
and Trivedi were able to correct the replica result, subtracting
the Shannon contribution to obtain what they referred to as
extractable entropy. They obtained the log divergence in the
extractable entropy for a spherical entangling surface in four
dimensions, reproducing a coefficient previously obtained
by other authors [4,7,8]. The mismatch between replica
methods (which lead to anomaly coefficients) and the
coefficient of the log term in the entanglement entropy of
a Maxwell field has been further clarified by Casini et al. [6].
The present paper has three main goals.

1. Our previous work [1] considered planar entangling
surfaces and evaluated the entropy in a variety of simple
theories, both conformal and nonconformal. Here we
specialize to conformal field theories and extend the
prescription to spherical entangling surfaces.

2. As a warm-up we evaluate the log divergence in the
entropy for a general conformal field theory in 2D
and for a conformally coupled scalar field in 4D.

Published by the American Physical Society
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3. We evaluate the log divergence in the entropy for a
Maxwell field in 4D and show that the coefficient of
the log agrees with the extractable entropy obtained
by Soni and Trivedi [5].

We take this agreement as strong evidence that the hourglass
prescription provides a direct geometric method for calcu-
lating extractable entropy in quantum field theory. Using a
slightly different method fields with spin on a hyperbolic
cylinder were considered by David and Mukherjee [9], who
showed that this approach reproduces the log coefficient in
the extractable entropy even for gravity [10].

An outline of this paper is as follows. We develop the
hourglass prescription for a 2D conformal field theory
(CFT) on a spatial circle in Sec. II, where the entangling
surface consists of two points. In Sec. III we extend the
prescription to spherical regions in conformal field theories
in higher dimensions. We illustrate the prescription in four
dimensions in Secs. IV and V by calculating the log
divergence in the entropy for a conformally coupled scalar
field and for a Maxwell field. In the latter case we find
agreement with the extractable entropy computed by Soni
and Trivedi. We conclude in Sec. VI

II. HOURGLASS PRESCRIPTION IN 2D

We begin by considering a 2D CFT on a unit spatial
circle and make a division of the circle into A U A where
A={-n<¢p<0} A={0<¢p<az}. (2

To study entanglement between A and A we introduce the
operator,

V= / " dplsin | Too ). 3)

T

The operator V is singular on the boundary between the two
regions (meaning at ¢p = 0, ) where [sin ¢| is not smooth,
but this is easy to regulate. We introduce a parameter € — 0

and define
Vo= ["dpnfsin’ ¢+ (o). 4)

We define a partition function by
Ze(p) = Tre™V, (5)

and propose to define a regulated entanglement entropy by

1 3}
=3 (15-1)

The regulator function we have introduced +/sin’ ¢ + € is
a convenient explicit choice, but it is not unique. Any
function which is smooth and nonzero near ¢ = 0, 7 would

(—log Z). (6)
p=2x

do equally well. The partition function (5) corresponds to
putting the theory on a Euclidean geometry,1

ds* = d¢* + (sin’¢ + €?)d6?
prp+2n O~ 0 +p. (7)

When € = 0 the geometry looks like two spheres (two
American footballs if f # 27z) touching at their tips. The
regulator smooths the geometry into an “hourglass” shape
that is topologically a torus, as shown in Fig. 1.

Having presented our proposal we should give some
motivation and connect it to discussions in the literature. To
do this we start from the modular Hamiltonian appropriate
to the division into A U A [11],

k= (" sin ¢T(0). (8)

T

In the ground state K is formally related to the reduced
density matrices for regions A and A by e = p, ® p7".
This is only a formal relation in continuum field theory,
since the Hilbert space does not admit a tensor factoriza-
tion, and for that reason the following motivation is purely
heuristic. Given the absolute value we introduced in (3),
which amounts to a sign change in region A, we see that V
is formally related to the reduced density matrices by

e = py ® pi. 9)
If we define a partition function,
Z(p) = Tre?, (10)

then formally the entanglement entropy is given by
1 0
S==|p=—-1 (—log Z). (11)
2 p=2r

The factor of% compensates for the overcounting of having
two regions, so that (11) gives the von Neumann entropy
for just one of the reduced density matrices. This provides a

heuristic motivation for the proposal (6).
Two comments regarding this prescription are in order.
1. From a geometric perspective, note that the hour-
glass has a freely acting Killing vector a%' In this
sense it is similar to an ordinary thermal system in

the imaginary-time formalism.

2. From a canonical perspective the partition function

(5) corresponds to a density matrix,

'We explain this connection in more detail in Appendix A,
where we show that V. is the Hamiltonian that generates
translations of the Euclidean time coordinate 6.
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FIG. 1.

e PVe, (12)

This can be thought of as a thermal density matrix
with a position-dependent proper temperature,

1
N R

Note that the density matrix is defined on the entire
Hilbert space. Thus we are able to discuss entangle-
ment without introducing a tensor factorization of
the Hilbert space, thereby avoiding a problematic
issue in continuum quantum field theory [12].

For completeness we evaluate the hourglass entropy in a

general 2D CFT. With a change of coordinates d¢ =

\/sin? ¢ + €’dy the metric becomes conformal to a flat
torus,

T

proper

(13)

ds* = (sin® ¢ + €?)(dy* + db?). (14)

We can neglect the conformal factor since it does not
contribute to the entropy [13]. The periodicity has changed,
from ¢ =~ ¢p + 27 to y = y + L. where

2z d 1
L= [T 40ely finite. (1)
€

0 +/sin’¢ + € B

On a long cylinder the partition function per unit length
is —log Z/L, = —’6’—; [14], so the log divergence in the
entropy is given by

1 0 rcl
s=-(p2_1 T
2<ﬂ o )'ﬂ2ﬂ< 6ﬂ>

—E]o1
T30%

(16)

Thus we recover the standard result for the entanglement of
an interval in 2D CFT [15,16].

III. HOURGLASS PRESCRIPTION
IN HIGHER DIMENSIONS

In what follows we will denote the number of spacetime
dimensions by d and (less frequently) the number of spatial
dimensions by n.

Two touching footballs, smoothed out into an hourglass geometry. The two football tips that do not touch should be identified.
Likewise the two open ends of the hourglass should be identified.

To generalize the hourglass prescription to higher
dimensions we begin from the modular Hamiltonian for
a spherical region in conformal field theory. As shown
by [17] and reviewed in Appendix B, this leads us to the
Euclidean de Sitter metric written in static coordinates,

ds? iee = R*[dgp* + sin’pd@? + cos?pdQ2_,]

sphere
0<p<rn/2 Or0+2r (17)

This describes a round sphere of radius R, as one can see
by parametrizing the hypersurface {u?> + v?> + [w|> = 1} €
Rd+1 as

u = sing cos 6

v = sin¢ sin6
w=cos¢n with 7€ R ji=1. (18)
To obtain a singular football geometry analogous to (7) we
extend the range of ¢ to —z/2 < ¢p < n/2 and modify the

periodicity to 0 = 0 + f3,

ds? opan = R2[d@* + sin¢pd0® + cos?pdQ>_,)]

—-n/2L¢p<7/2 0~6+p. (19)
One can think of this as two Euclidean de Sitter spaces at
inverse temperature f that touch at their common horizon,

that is, at the S92 located at ¢ = 0. Finally to smooth the
geometry into an hourglass we take

ASpougass = RZAP* + (R*sin*p + €*)d6” + R*cos®pd Q2 ,
—n/2<¢p<x/2 O~0+p. (20)
Here ¢ — 0 is a dimensionful regulator with units of length.
We recognize the first and last terms in (20) as the metric on
a round (d — 1)—sphere,2 SO
= (R?sin® ¢ + €%)d6* + R*dQ3_,
O~ 0+ p. (21)

2
dshourglass

In R with coordinates (¥,z) set ¥ = cos @i and z = sin ¢.
Here — 5 < ¢p <Z and |i| is a unit vector.
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Regarding @ as the Euclidean time direction, this describes
a spherical space of radius R with a temperature that
depends on the azimuthal angle ¢,

1
/R sin? p + 2

The temperature is lowest at the poles ¢ = +x/2 (the
centers of the static patches) and highest at the equator
¢ = 0 (the common de Sitter horizon).

For calculational purposes it is convenient to switch to a
different conformal frame in which the proper temperature
is constant. This is the so-called optical geometry of [18],
applied in this context in [13,19,20],3

T

proper —

(22)

1
ds* . =—ds?
optical hourglass
P Yoo £

— 2

+ W (d¢2 + C082¢dQ§_2)

2
de —1

O~0+p - (23)

The proper temperature is now 1/ everywhere, but the
spatial geometry is no longer a round S“~!. Instead it can be
thought of as two copies of hyperbolic space ¢!, cut off
at large radius and smoothly attached to each other. To see
this we change coordinates on the northern hemisphere and
set sinh p = 1/tan ¢. The northern hemisphere § > ¢ > 0

corresponds to 0 < p < oo. This puts the metric on the
northern hemisphere in the form,

1 .
dsgptical = d92 + H—(%)ZW (dp2 + Sll’lh2 pdgz_z)
ds?
=1

(24)

We recognize dp? + sinh? pdQ3_, as the metric on a unit
H?!. Thus we can approximate the spatial geometry as
two copies of hyperbolic space with unit radius of curvature
that are
(i) cut off at a radial coordinate py ~ log %R, and
(i) connected by a neck region which, as can be seen
from (23), is approximately a strip — 5 < ¢ <%
around the equator of a round sphere of radius R/¢.
Thus for a conformal field theory in any number of
dimensions we are instructed to compute a thermal partition

The change of frame corresponds to a change in integration
measure which, as discussed in [13], produces an anomalous term
in the effective action that does not affect the entropy. Intuitively
the change in integration measure, being local, shifts the effective
action by a term proportional to # and hence does not affect the
entropy.

function Z,. (/) on the spatial geometry (24). Entanglement
entropy is then given by a formula analogous to (6),

5= 1 (ﬁ% - 1) ’M(_log z). (@

Although the prescription applies in any number of
dimensions, in the examples that follow we specialize to
d = 4 and focus on obtaining the log divergent terms in the
entropy.

IV. CONFORMAL SCALARS IN 4D

In this section we consider a massless conformally
coupled scalar field in the optical geometry (23). We
specialize to four spacetime dimensions, d = 4. Our goal
is to calculate the partition function on this space as ¢ — 0.
There is a leading quadratic divergence ~R’/e’ that
depends on the choice of regulator function in (20) which
we will largely ignore. Instead we are interested in keeping
track of the subleading ~log(R/¢) divergence since it is
universal.

We begin by studying the spatial 3-geometry in more
detail. One quantity of interest is the spatial volume,
which can be evaluated in terms of elliptic integrals and
expanded for small et

cos® ¢

R
R ﬂ/—n/z “ (sin* ¢ + (¢/R)*)*/?
_ 8zR? [\/R2+e2E( R )

e R VR? + ¢
(e
— K
RVR*+e* \VR>+¢€
87R? R
= ﬂz — 4xlog— + finite. (26)
€ €

As expected the volume diverges as ¢ — 0. In general the
quadratic divergence gets contributions from both the
hyperbolic and neck regions of the geometry, which is
another way of saying that it is sensitive to the choice of
regulator function. But we are particularly interested in the
log divergence, and it is important to recognize that the log
divergence only comes from the hyperbolic part of the
geometry. As a direct test of this, consider the volume of
hyperbolic space with a radial cutoff at p, ~ log §,

ds%i3 = dp? + sinh?pdQ3
R? R
vol(p < pg) = /ﬂo dp 4rsinh?p = 7;—2 — 27 log— + finite.
0 € €

(27)

“Conventions differ. Here E(k) = [J dx\/:5%
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Multiplying by 2 to account for the two copies of >, the
coefficient of the log divergence agrees with (26).

We will also be interested in the curvature of the
spatial geometry. The optical 3-geometry is conformal to
a sphere,

1
ds3 = —————— (d¢? 2pdQ?% ), (28
S3 Sin2¢+(€/R)2( ¢ +C0S ¢ d—z) ( )

where ds} is the metric on a unit 3-sphere. The scalar
curvature can be obtained from the conformal transforma-
tion rule,

2(n—1)
QS

(n—1)(n—4)

1
R:&RO— 94

,Q — 9220,90,Q.

(29)

Here n =3 is the number of spatial dimensions, and
Ry = n(n — 1) is the scalar curvature of S". This leads to

—6sin’¢ + 4(e/R)*cos’p + 6(e/R)*
- sin’g + (¢/R)?
—6 if || > <
z{+4 if —£< <&

R

(30)

This is the scalar curvature in three dimensions, but since
the 4-geometry is metrically a product with S it is also the
scalar curvature in four dimensions. Note that the scalar
curvature is bounded everywhere. In the regions that can be
approximated by hyperbolic space we have R~ —6 as
expected.5 It appears that the curvature varies rapidly near
¢ =0, but this is a coordinate artifact since the proper
length of the interval —§ < ¢ < & is O(1).

Thus we are led to a picture where the partition
function (5) is a standard thermal partition function,
evaluated at inverse temperature S, on a spatial geometry
which has a diverging volume but O(1) curvature as ¢ — 0.
We consider a massless conformally coupled scalar on this
geometry for which

1
—logZ:ETr log (=05 — V3 + éR). (31)

Here V3 is the Laplacian on the spatial geometry (28) and
for conformal coupling in 4D we set & = 4&__21) =1/6.Ina
proper-time parametrization with UV cutoff A - co we
have

>The scalar curvature of a unit H" is R = —n(n — 1).

—log Z = —l/oo éTre_"(_"?)_Vg*‘fR) (32)
/A2 S

On a product space the heat kernel in (32) factors.
(1) The factor associated with the thermal circle is

Ky(s) =Y emsCmipr, (33)

nez

By Poisson resummation this can be reexpressed as a
sum over winding modes,

s (34)

_ PP
K/,(s)—m—l-\/ﬁ;e

The first term in (34) makes a contribution to — log Z
which is UV divergent but proportional to 3. Such a
term does not contribute to the entropy so we will
discard it. The remaining terms are all UV finite
since the heat kernel provides a UV cutoff at s ~ 2.
(i1) The factor associated with the optical 3-geometry is

K;(s) :/d3x\/§§K3(s,x,x)

Ky(s.x,x') = (x]e”sCViteR) ¢y, (35)

This appears difficult to evaluate, but recall that the
optical geometry has a curvature that is O(1). We
therefore expect that the heat kernel K3(s, x, x’) has
a finite limit as € — 0. There is still a divergence
in (35) due to the infinite volume of optical space,
but recall that the log divergence in (26) only comes
from the hyperbolic part of the geometry. So to
extract the log divergence we replace K5 with the
heat kernel on hyperbolic space.® In Appendix C we
show that at coincident points x = x’ this replace-
ment gives

1

K3(s,x, .X) i W

(36)

Rather remarkably this is the same result that one
would obtain for a massless field in flat space.
Now it’s a simple matter of assembling the pieces. We
have

SThis approximation is adequate to capture log divergences in
the final answer. There are also quadratic divergences coming
from the neck region of the geometry (24) which we will not
attempt to calculate. Since the neck region enters as a UV cutoff
in the original conformal frame (20) it will not contribute to a log
divergence.
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l/ﬂ2 2 S
—log Z(p) = \/E/ 3/2 /4

X /d3x\/§§K3(s,x,x)

m/ o G
= - ,,; W voly
98[))3 vols. (37)
The entropy is then
<’B_ﬁ - 1) ljzzﬂ(—log Z) = ﬁvoly (38)

Recalling the expression for the volume (26) we have

#R2 ! 1 fi

S= 7 "golo%, + inite. (39)
The coefficient of the quadratic divergence is not universal
and is not determined by this calculation, but the coefficient
of the log divergence is trustworthy. It agrees with a
previous result due to Dowker [8], in which entanglement
entropy was obtained from thermodynamics in de Sitter
space. It also matches the partition function on a de Sitter
instanton evaluated by Kamenshchik [7].

V. MAXWELL FIELD IN 4D

Finally we consider a Maxwell field in four spacetime
dimensions. Entanglement in Maxwell theory has been the
subject of a long series of works [4-6,21-34]. Here we take
advantage of conformal symmetry and calculate the log
divergence in the entropy of a spherical region. The
coefficient of the log agrees with a previous calculation
by Dowker [8] and also agrees with the log term in the
extractable entropy evaluated by Soni and Trivedi [5]. We
take this as strong evidence that the hourglass prescription
provides a direct geometric way of computing physical
(extractable) entanglement entropy in quantum field theory.

Our starting point is the gauge-fixed action,

/ d*x\/g ( F, F" + (v Ar)? ibVic>
/ d4xf( A¥ (=g, Vi +R,,)A "—ibvgc). (40)

We are working in Euclidean space in Feynman gauge.
The ghost fields b, ¢ behave as minimally coupled scalars
while the gauge field A, couples to the Ricci curvature R,

The four-dimensional Laplacian Vi = V, V¥ acts in the
appropriate representation, either spin-0 or spin-1.

It is convenient to decompose the metric and
Laplacian as

ds®> = d6* + ds3
V2= @+ V2 (41)

We likewise decompose A, = (Ay,A;) into a Euclidean
time component Ay and spatial components A;. These
behave as a (scalar, vector) from the 3D point of view. In a
proper-time parametrization we have

© ds
2 /A2 S

© d
n / B re=s(-V), (42)

/A2 S

from Ay, A; and the ghosts, respectively. (For A; note that
V3 acts in the spin-1 representation.) There is a partial
cancellation between Ay and the ghosts, so we are left with

—log Z
— _%/m ds (_Tre—S(—Vﬁ) 4 Tre—s(—gijvaer.f))
1/A* S

V3) 4 Tre=s(-9iVitRy)),

—-1 A T Ky (5) (Tre-
(43)

In the second line we factored out the heat kernel for the
thermal circle (34), dropping the term with no winding
since it does not contribute to the entropy. This let us
remove the UV cutoff A from the calculation.

From the spatial point of view we have a massless
minimally coupled scalar and a massless vector. The scalar
heat kernel is given in (C11), while for the vector heat
kernel we borrow the result from [35].

(47s)3/?

e +2+4s
(4ms)3/?

Tre—s-V3) = vols

Tre_s(_gijv§+Rif) = V013 (44)

There is an amusing cancellation, and we are left with

2 +4s
—m2 i 4s
- mz::l <ﬂ—m2 + ﬂ—3m4) vol,
1 7
== (@ + W) V013. (45)
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The entropy is then

4
<ﬂ£ - 1) ’ﬁ_zn(—log Z) = mvoh. (46)

Recalling the expression for the volume (26) we have

2
S = #Ij—z 1—210g R + finite. (47)
We have not determined the coefficient of the quadratic
divergence. The coefficient of the log agrees with the
coefficient in the extractable entropy obtained by Soni and
Trivedi [5], who wrote their result in terms of the area of the
entangling surface as D log4 with D = — 5. It also agrees
with the thermal entropy in de Sitter space evaluated by
Dowker [8] and with the partition function on a de Sitter
instanton evaluated by Kamenshchik [7].

VI. CONCLUSIONS

In this paper we extended the hourglass prescription to
spherical entangling surfaces in conformal field theory. For
a Maxwell field in four dimensions we showed that the
coefficient of the log divergence agrees with the coefficient
in the extractable entropy obtained by Soni and Trivedi [5].
We take this as strong evidence that the hourglass pre-
scription provides a direct geometric method for computing
extractable entanglement in field theory. That is, the
hourglass prescription counts the number of Bell pairs
split by the entangling surface. It avoids any Shannon
contribution to the entropy arising from classical correla-
tions across the entangling surface. (Such correlations are
present in a gauge theory due to the Gauss constraint.)
We view this as a further advantage of the hourglass
prescription, in addition to the fact that it is manifestly
gauge invariant and avoids any need to tensor-factor the
Hilbert space.

Let us mention a few connections with the literature and
directions for future work.

A. Interpreting the Maxwell result

Casini and Huerta [4] studied the entanglement of a
Maxwell field across a spherical entangling surface and
showed that the Maxwell field decomposes into two
massless scalars from which the £ = 0 mode has been
removed. To connect this to the present work, note that for a
massless scalar in 4D (assuming conformal coupling) we
can borrow the result (37),

- IOg ZscalaI = _n12ﬂ2/4sV013

Vb

The # = 0 mode has a Dirichlet boundary condition at
the origin [4]. It behaves like a field in two dimensions.
Dropping the $S972 in (20), we see that it propagates on a
geometry,

ds* = R*d¢?* + (R*sin® ¢ + €)d6”, (49)
which is nothing but the two-dimensional hourglass studied
in Sec. II. On the 2D hourglass the Dirichlet condition at the
origin (and likewise at infinity) corresponds to a Dirichlet
condition at ¢ = £7. We can use a conformal trans-
formation to turn the hourglass into a long cylinder with
Dirichlet boundary conditions at the ends, however in place
of (15) the length of the cylinder is

/n/z Rdd
vol, = S
—2/2\/R*sin’ ¢ + €2

The partition function for the £ = 0 mode can be obtained
from (48) by
1. replacing vol; with vol,
2. replacing 1/(4xs)*? with 1/(4xs)'/?, the heat
kernel appropriate to one spatial dimension.
This leads to

R
= 2log— + finite.  (50)
€

—logZZ0 = T / 5 /2 —mz/ﬂ/‘lsvoll W.
(1)
It is then straightforward to check that’
—2(log Zscalar log Zsc‘ﬂdr)
=~ / e e~ [4syol, %. (52)

This agrees with the Maxwell result (45), as Casini and
Huerta predicted.

B. Conformal anomaly

On general grounds one expects log divergences in a
conformal field theory to be determined by the conformal
anomaly, or equivalently by the O(s°) terms in the
expansion of the heat kernel [36], which when integrated
over a smooth manifold imply

/ VI(TH,) = aEy + cW=. (53)

Here the integrated Euler density and square of the Weyl
tensor are

"We are retaining only log terms in the volume. For the log
terms from (26) we have vol; = —5-vol;.
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1
Ey = 642 / V/9(Riemann® — 4 Ricci> + R?)  (54)

1 1
W2 = _W/ \/§(Riemann2 —2Ricci? +§R2> . (55)

This leads to a connection between entanglement entropy
(calculated using the replica trick) and anomaly coefficients
[17,22,37,38]. It would be interesting to explore how the
hourglass prescription modifies this connection. In this
regard let us note that the hourglass (20) is obtained by
periodically identifying along a Killing vector %. This
means integrated quantities such as (54), (55) are propor-
tional to f and therefore do not contribute to the entropy.
However the arguments in the literature connecting entropy
and anomalies only apply when a UV regulator is intro-
duced and held fixed while a singular limit of the geometry
is taken [5]. The heat kernel on a singular hourglass
geometry may be well-defined, but this is a subtle situation
to analyze. Further subtleties with anomalies have been
studied in [6].

C. Future directions and open questions

There are many interesting directions and open questions
to explore.

In the examples we considered we focused on log terms in
the entropy in even spacetime dimensions. But the basic
prescription (24), (25) applies to spherical regions in con-
formal field theory in any number of dimensions. It would be
particularly interesting to calculate finite terms in the entropy
in odd spacetime dimensions, especially in d =3 as a
measure of topological entanglement entropy [39,40].

It would also be interesting to apply the hourglass
prescription to spherical regions in conformal field theories
that have a holographic dual. Applying the hourglass
prescription on the boundary, perhaps one could identify
the bulk dual of the calculation along the lines of [41].

More ambitiously it would be interesting to extend the
prescription to nonspherical regions. Here we face an
obstacle, that very little is known about the starting point
(the modular Hamiltonian) for non-spherical regions, even
in conformal field theory. A more tractable possibility
might be to extend the prescription to spherical regions
in non-conformal theories. Work in this direction is in
progress [42].
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APPENDIX A: HOURGLASS HAMILTONIAN

The two-dimensional hourglass geometry (7) is engi-
neered to have a Killing vector %. Moreover it is designed
so that the Hamiltonian that generates shifts along the
Killing vector is the operator V.. To show this we begin
from the general formula for the conserved charge asso-
ciated with a Killing vector &,

0= —/dd_lx@T””nﬂfy. (A1)
b

Here T+ is the stress tensor, X is a hypersurface with

induced metric gs and n* is a unit vector normal to the

hypersurface. The fact that Q is conserved, and generates

the transformation x* — x* 4 &, follows from the Ward

identity,9

V(T (x)O(xy) - - O(x,))

S fg‘sd(x —x)VHOx)) - Olx,))  (A2)
i=1

(multiply by the Killing vector and integrate).
Let us evaluate Q on the hourglass geometry,
ds*> = d¢? + (sin® ¢ + €*)d6>. (A3)
The Killing vector is £ = 3—‘?9. We take X to be a hypersurface

of constant 6 with induced metric ds% = d¢> and unit
normal,

n—;a (A4)

B \/sinz(/)—i—ez%.
Note that the Killing vector is proportional to the normal

vector, & = \/sin® ¢ + e’n¥. This lets us write the con-

served charge purely in terms of the normal vector.

0=- / de/sin® ¢ + €T, n*n".

We want to compare Q to the operator V., defined in (4).
One complication is that V, is written on the # = 0 slice
of Minkowski space while Q is written in Euclidean
signatulre.10 We account for this by setting n# = —iny, where

(AS)

A detailed discussion may be found in [43,44].
"For further discussion of this point see Sec. 7.1 of [44].
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nh, = (1,0, ...,0) is a unit vector normal to the Minkowski
t = 0 slice. Then in Lorentzian signature we find that

Q = / d('b\/ Sil’l2 (]’7 + €2T00, (A6)
which agrees with V..
An analogous calculation in higher dimensions

would show that the generator of 7 translations on the
geometry (B2) is

R2_ 2
QZ—/dd_lx P ntnv.

2R2 nv (A7)

Comparing this to 1/R times the generator K defined
in (B1), we see that the two agree after Q is continued to
Lorentzian signature.

APPENDIX B: MODULAR HAMILTONIAN
FOR SPHERICAL REGIONS

In this appendix we review the steps [17] leading from
the modular Hamiltonian for a spherical region in CFT, to
the Euclidean de Sitter metric (17).

Consider dividing the ¢ = 0 slice of Minkowski space
into two regions separated by a sphere of radius R. For a
conformal field theory the modular Hamiltonian for such a
division is [45]

R2_ 2
K_/dd_lx 2Rp TOO’

(B1)

where p is a radial coordinate. We will focus on the interior
region 0 < p < R, although in conformal field theory there
is a symmetry p — R?/p that exchanges the interior and
exterior. The partition function Z(8) = TreK/R corre-
sponds to putting the theory on a Euclidean geometry,

(R2 _ p2)2
Tdfz + de + pzdgz_z

TRT+ P

ds* =
(B2)

Defining the partition function in this way makes 7z and S
dimensionful. The on shell temperature that makes the
geometry smooth is f = 2zR.

Consider a Weyl transformation ds*> — (Rﬂ%
p

. . 2R
together with a change of coordinates r = T

brings the metric to the form,

RZ_rZ RZ
2
7 dr +R2—r

ds* =

Sdr? +r?dQ%_,,  (B3)

which is Euclidean de Sitter space. Setting 7 = R6 and
r = R cos ¢ puts the metric in the form used in Sec. III,

ds®> = R®[sin® pdO* + d¢p* + cos® pdQ%_,]. (B4)
This describes a round sphere of radius R when
0~ 0+ 2rx 0<¢<n/2 (B5)

Note that Euclidean time 6 is now dimensionless, and the
on shell temperature corresponds to f = 2z. In these
coordinates the center of the static patch is at ¢p = z/2
and the de Sitter horizon is at ¢ = 0. So far we have only
discussed the interior region, but really the interior and
exterior geometries are identical, and as shown in Sec. III
they can be smoothly connected once a regulator is
introduced.

APPENDIX C: HEAT KERNEL
ON HYPERBOLIC SPACE

Heat kernels in hyperbolic space have been studied in
many references. Here we give a brief treatment for scalar
fields in three dimensions. A more general treatment
including fields with spin may be found in [35.46].

Consider three-dimensional hyperbolic space H> with
metric,

dsy s = dp* + sinh? pdQs3. (Cl1)

We will consider some slight generalizations below, but for

now we would like to determine the heat kernel for the
Laplacian on this space,

K3(s,x,x') = (x]e” VI |Y). (C2)

Since ‘H? is maximally symmetric we can put x’ at the

origin; the heat kernel will only depend on the radial

coordinate of the other point. For a field of mass m? the
Green’s function is related to the heat kernel by

1
G , /; 2 — /
(xi) = o] s )
_ / Vs Ky(s,x, ¥ (C3)
0

It is straightforward to construct the Green’s function by
solving the radial differential equation away from the origin
and imposing the appropriate short-distance behavior,

1 .
(_ sinh?p 0pS1nh2p0p + m2> G(p,0;m*) =0 forp#0

1
G(p.0;m?) “dmp SP7 0.
(C4)

This leads to
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e—p\/ m241
G(p,0;m*) =

= C5
4z sinh p (3)

The heat kernel is given by an inverse Laplace transform,

c+ioco 2
K3(S,)C,X/) _/ l.e””ZG(x’xl;mZ)’ <C6)

—ico 2mi

where ¢ > —1 so that the contour runs vertically to the right
of all singularities. The contour can be deformed to enclose
the branch cut at —co < m? < —1. Integrating the disconti-
nuity across the cut leads to

pe—se—p2/4s

K5(s.p,0) = (p|le=*=V3)|0) :m'

(C7)

It is trivial to extend this result to include a mass term,

—s(mz+1)e—p2/4s
KT (5 p () = =s(=Vi+m?) |0} = pre )
3 (S P ) <p|€ | > (47TS>3/2 sinh P)

(C8)

This includes the possibility of a nonminimal coupling
which behaves as a mass term with m?> = &R. Somewhat
curiously conformal coupling in 4D means m> = —1 since

& =1/6 while the curvature of H> is R = —6. Thus for
conformal coupling,

per*l4s

Kconforma.l s, ’0 — .
3 (s5:.0) (4xs5)%/? sinh p

(C9)

At coincident points we recover the result used in (36),

1

K conformal $,%,x) = .
3 ( ) (47Z'S>3/2

(C10)

More generally for a massive scalar at coincident points
we have

e—s(m2+l)

KY®5(s,x,x) = ——=75.
N ) (47s)3/?

(C11)

The massless limit of this result was used in (44).
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