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We formulate a version of the information paradox in de Sitter spacetime and show that it is solved by
the emergence of entanglement islands in the context of the De Sitter/de Sitter correspondence; in
particular, the entanglement entropy of a subregion obeys a time-dependent Page curve. Our construction
works in general spacetime dimensions and keeps the graviton massless. We interpret the resulting behavior
of the entanglement entropy using double holography. It suggests that the spatial distribution of
microscopic degrees of freedom depends on descriptions, as in the case of a black hole. In the static
(distant) description of de Sitter (black hole) spacetime, these degrees of freedom represent microstates
associated with the Gibbons-Hawking (Bekenstein-Hawking) entropy and are localized toward the horizon.
On the other hand, in a global (effective two-sided) description, which is obtained by the quantum analog of
analytic extension and is intrinsically semiclassical, they are distributed uniformly and in a unique
semiclassical de Sitter (black hole) vacuum state.

DOI: 10.1103/PhysRevD.103.126004

I. INTRODUCTION

Recent development in AdS/CFT holography provides
important new elements to our understanding of the geo-
metrization of the entanglement structure of the boundary
conformal field theory (CFT), called “entanglement
islands” [1–31]. They play an important role in proposed
resolutions of various information paradoxes, including
Hawking’s original one for an evaporating black hole [32].
(For recent reviews, see Refs. [33–36].) A general lesson is
that we can compute the Page curve of black hole radiation
[37] by coupling the black hole to a boundary bath system
which absorbs radiation. The Page curves calculated in
various contexts are all consistent with unitarity, a funda-
mental postulate of quantum mechanics.

The central technique behind these calculations is the
so-called “quantum extremal surface” (QES) prescription
[38,39]. This prescription is fully quantum and requires
calculation of entanglement entropies in bulk curved
spacetime, which is a hard task in general. However, if
the quantum field theory in the bulk is holographic itself,
then this quantum prescription can be realized as a classical
prescription in a higher-dimensional spacetime [7], in
which we only need to calculate a classical extremal area
surface [40–42] under specific boundary conditions near
the boundary of the higher-dimensional spacetime [43].
Models having this property are dubbed “doubly holo-
graphic,” and they can be naturally constructed in Karch-
Randall braneworld [44–47] which uses subcritical branes
in the original Randall-Sundrum framework [48].
While it is possible to construct models in more than

2þ 1 spacetime dimensions in which a time-dependent
Page curve is obtained by coupling a bulk black hole
spacetime to a nongravitational boundary bath [1], such
models necessarily lead to a massive graviton [10]. This is
most easily seen in the context of the Karch-Randall
braneworld, in which a d-dimensional anti–de Sitter

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 103, 126004 (2021)

2470-0010=2021=103(12)=126004(8) 126004-1 Published by the American Physical Society

https://orcid.org/0000-0001-9251-5762
https://orcid.org/0000-0002-1497-1479
https://orcid.org/0000-0002-7211-3704
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.126004&domain=pdf&date_stamp=2021-06-01
https://doi.org/10.1103/PhysRevD.103.126004
https://doi.org/10.1103/PhysRevD.103.126004
https://doi.org/10.1103/PhysRevD.103.126004
https://doi.org/10.1103/PhysRevD.103.126004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


(AdS) spacetime is modeled as a subcritical brane in a
(dþ 1)-dimensional AdS spacetime and the bath is the
conformal boundary of this AdSdþ1. From the higher-
dimensional [(dþ 1)-dimensional] point of view, the sub-
critical brane cuts off the portion of the spacetime behind it,
but the remaining part is still noncompact. This makes the
would-be massless graviton modes localized on the sub-
critical brane non-normalizable, leaving only massive
graviton modes to be physical.
In an attempt to rectify this issue, Ref. [43] considered a

setup in which another subcritical brane cuts off the leftover
conformal boundary. This makes the extra dimension
compact and massless graviton modes survive. In this
case, however, the bath is a portion of the second subcritical
brane, which is gravitating by itself. This motivated the
authors of Ref. [43] to apply the same prescription to both
the first and second branes, resulting in a time-independent
“Page curve.”
In this paper, we take the view that, to obtain the standard

Page curve, we must focus on fine-grained entropy of
semiclassical Hawking radiation in a weakly gravitating
regime and not the fine-grained entropy of the full micro-
scopic degrees of freedom. We postulate that this can be
done by fixing the boundary of the region on the second
brane for which the entanglement entropy is calculated,
rather than determining it by extremization.1 For a black
hole on an AdS brane, this indeed reproduces features of
the time-dependent Page curve. We suspect that with this
prescription, the nonfactorizable nature of the quantum
gravitational Hilbert space identified in Ref. [36] does not
play a major role, although more detailed studies are
needed to obtain a definite conclusion.
To further test the feasibility of the picture described

above, in this paper we perform an analogous calculation
in de Sitter (dS) spacetime. We first formulate a version of
the information paradox about entanglement entropy in
dS spacetime, in analogy with that proposed for AdS black
holes in Ref. [49]. The entanglement entropy and fast
scrambling dynamics of dS quantum gravity have been
studied in various contexts [50–55]. In this paper, we work
in the context of the “De Sitter/de Sitter (DS/dS) corre-
spondence” [56,57], which is a mathematically well-
defined holographic framework for dS quantum gravity.
We then embed the paradox into the DS/dS context

and see if it is resolved by entanglement islands. There are
works on entanglement islands in dS spacetime using
lower-dimensional models of quantum gravity [18,19,21,
22]. In this paper, we analyze the problem in general
dimensions. Using double holography in the DS/dS frame-
work, we find that the standard, time-dependent Page curve
is obtained while preserving the masslessness of the
graviton. Besides increasing the feasibility of the postulated

island prescription in a weakly gravitating regime, we find
it interesting that a time-dependent Page curve is obtained
in higher-dimensional dS spacetime. We also find that the
resulting picture is consonant with the interpretation of
maximally extended spacetime in quantum gravity devel-
oped in Refs. [58–61].
This paper is organized as follows. In Sec. II, we briefly

review the DS/dS correspondence. We then formulate a
version of the information paradox in dS spacetime in
Sec. III, which we embed into the context of the DS/dS
correspondence in Sec. IV. In Sec. V, we will see how the
paradox is resolved because of the emergence of entangle-
ment islands. In Sec. VI, we discuss deeper implications of
our result for the structure of spacetime in quantum gravity.
Finally, conclusions are given in Sec. VII.

II. THE DS/dS CORRESPONDENCE

The DS/dS correspondence is most easily understood as
a deformation of the AdS/CFT correspondence [62–64] as
follows. Both a (dþ 1)-dimensional de Sitter space (dSdþ1)
and a (dþ 1)-dimensional anti–de Sitter space (AdSdþ1)
can be radially foliated by d-dimensional dS slices, but with
slightly different warp factors

ds2ðAÞdSdþ1
¼ dr2 þ sinðhÞ2

�
r
l

�
ds2dSd ; ð1Þ

where l is the curvature length, and we call r the radial
coordinate [for AdSdþ1, r ∈ ð−∞;∞Þ, and for dSdþ1,
r ∈ ½0; πl�]. For dS spacetime, the spacetime region
covered by these coordinates is called a “DS/dS patch.”
The ultraviolet (UV) conformal boundary of AdSdþ1 is

living at r ¼ �∞ and the infrared (IR) bulk point is near
r ¼ 0. We can see that when r → 0; πl, the metric of dSdþ1

behaves in the same way as that of AdSdþ1 at r → 0. The
standard lessons of holography then tell us that the holo-
graphic dual field theories of quantum gravity in dSdþ1

and AdSdþ1 have the same IR fixed point. However,
their UV behaviors are very different. For AdSdþ1, it is
UV completed to a CFT living on its conformal boundary.
But for dSdþ1, it is not UV complete and its field theory
dual consists of two UV-cutoff CFTs, coupled to each other
via dynamical gravity living on the central slice r ¼ π

2
l

[56]. This central slice can be thought of as a built-in
Randall-Sundrum brane and the graviton localized on it is
massless [56].
Summarizing, quantum gravity in dSdþ1 is dual to two

UV-cutoff CFTs living on dSd coupled to each other via
dynamical gravity [57]. In this context, questions regarding
entanglement entropy, how the duality works, and its
implications for the underlying fast scrambling dynamics
have been studied in recent years, where several important
progresses have been made [54,65–70].

1This has also been suggested by Pratik Rath. For an earlier
discussion on this issue and the graviton mass, see Refs. [15,17].
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III. THE PARADOX

We now present an apparent paradox involving dS
spacetime, which we will resolve later using DS/dS double
holography.
Consider two dSd’s. Each of these is a dSd in its extended

static patch, which is the union of two standard static
patches associated with the north and south poles (Fig. 1).
We adopt the metric [54]

ds2 ¼ − cos2 βdt2 þ dβ2 þ sin2 βdΩ2
d−2: ð2Þ

Here, we have set the curvature length to be one, and β ∈
½0; π� for d ≥ 3 and β ∈ ½0; 2πÞ for d ¼ 2. (The difference
of the range of β between d ¼ 2 and d ≥ 3 comes from the
fact that we have taken the angular direction consisting of a
point, not two points, in d ¼ 2.)
Let us call the two dS spacetimes dS1d and dS2d. We let

them interact through some intersecting defects. We impose
transparent boundary conditions there, so that radiation can
flow from one dSd to the other. We assume that dS1d is
gravitating and potentially has some matter fields, and that
dS2d supports a fast scrambling field theory system.2 We
take the state of the system in dS2d at t ¼ 0 to be the
thermofield double state between the two hemispheres
denoted by L and R in Fig. 1.
On the Penrose diagram of a dSd in Fig. 1, the parts L and

R live on different sides of the horizon, so that the timelike
Killing vector ∂

∂t in Eq. (2) goes oppositely on the two sides.
We break this time translational symmetry, for both dS1d
and dS2d, by letting the time go up for both sides as indicated
by the green arrows in Fig. 1. With this, the dynamics of the
fast scrambling system on dS2d is nontrivial.
For the purpose of embedding the setup into DS/dS later,

we take a Z2 quotient of dS2d with respect to a surface that
goes through both the north and south poles (and thus is
orthogonal to the horizon separating L and R regions); see

Fig. 2. The region A of which we calculate the entangle-
ment (von Neumann) entropy is an interior region of this
Z2 quotient, which we take to be symmetric with respect to
the horizon, as depicted by the green shaded region in
Fig. 2. The Z2 quotient dS2d space described here plays the
role of the bath in Refs. [1–9].
We assume that the two spaces dS1d and dS

2
d=Z2 have the

same temperature, but they are not significantly entangled
with each other at t ¼ 0. We then time evolve both dS1d and
dS2d=Z2 as described above; see the green arrows in Fig. 1.
This makes the volume of the region A, specified by the
coordinate β, increase in time; it also increases entangle-
ment between dS1d and dS2d=Z2 as well as that between A
and its complement Ā on dS2d=Z2. Given that the dynamics
of the system on dS2d=Z2 is fast scrambling, the semi-
classical expectation is that the entanglement entropy of A,
which we denote by SA, grows indefinitely in time.
In quantum gravity, however, the Hilbert space dimen-

sion of dS spacetime is expected to be finite [71,72], so
such an indefinite increase of entropy would lead to an
information paradox. The correct time dependence of SA
must be the Page curve; i.e., its value must be saturated at
late times by the finite Hilbert space dimension of the union
of dS1d and Ā (or of A).
We note that it is important for dS2d to be in the extended

static patch of Eq. (2), since it is what leads to the increase
of the volume of A. The same, however, is not true for dS1d;
here we put it in this patch simply for convenience of
demonstrating the paradox. Indeed, as we will see in the
next section, utilizing double holography requires us to put
dS1d in the “DS/dS extended static patch,” rather than the
extended static patch. The time evolution of dS1d will then
be that of the DS/dS patch.

IV. EMBEDDING THE PARADOX INTO DS/dS

The first step to embed the setup in the previous section
into the DS/dS context is to identify the fast scrambling
system on dS2d as the dual of quantum gravity in dSdþ1.
This implies that dS2d is on the central slice of this dSdþ1,
i.e., r ¼ π

2
l in Eq. (1), where ds2dSd should now be

described by the extended static patch metric in Eq. (2).

L R

FIG. 1. The Penrose diagram of dS spacetime in the extended
static patch (left) and its spatial section at t ¼ 0 (right). The blue
and red dots represent the north and south poles at t ¼ 0. The
green arrows represent the direction of time evolution.

• • • •

LL R R

quotient

A

FIG. 2. TheZ2 orbifolding removes a half of dS2d. The region A,
of which we calculate the entanglement entropy, at t ¼ 0 is
depicted as the green shaded region on the right panel.

2For the purpose of formulating the paradox, we need not
consider that dS2d is gravitating. Embedding it into DS/dS,
however, requires dS2d to be gravitating as dS1d.
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The full metric is now in the DS=dSextended static patch
considered in Ref. [54], given by

ds2dSdþ1
¼ dr2 þ sin2 rð− cos2 βdt2 þ dβ2 þ sin2 βdΩ2

d−2Þ:
ð3Þ

Here and below, we set l ¼ 1 for convenience.
We model dS1d as a Randall-Sundrum brane living on a

slice “orthogonal” to that on which dS2d lives. We call this
slice Q. For d ≥ 4,

dΩ2
d−2 ¼ dχ2 þ sin2χdΩ2

d−3 ð0 ≤ χ ≤ πÞ; ð4Þ

and Q is the χ ¼ π
2
slice. For d ¼ 3,

dΩ2
1 ¼ dχ2 ð0 ≤ χ < 2πÞ; ð5Þ

and Q is at χ ¼ 0 and π; note that Q as well as its
intersection with dS2d are still single connected surfaces—
the χ ¼ 0 and π components touch at β ¼ 0 and π. Finally,
for d ¼ 2, Q lives at β ¼ 0 and π; in this case, Q is a single
connected slice with the β ¼ 0 and π components touching
at r ¼ 0 and π, but the intersection ofQ and dS2d consists of
two disconnected points.
It is easy to see that the geometry of Q is dSd in the

DS=dSextended static patch. This tells us that the bulk gravi-
tational action is given by the Einstein-Hilbert action and
boundary terms associated with Q,

S ¼ 1

16πGdþ1

Z
ddþ1x

ffiffiffiffiffiffi
−g

p ðR − 2ΛÞ

−
1

8πGdþ1

Z
Q
ddx

ffiffiffiffiffiffi
−h

p
ðK − TÞ; ð6Þ

where Λ is the cosmological constant, Gdþ1 is Newton’s
constant; hab is the induced metric on the Q brane, K is the
trace of its extrinsic curvature, and T is the brane tension.
The boundary condition for the metric fluctuation nearQ is
of Neumann type, and hence the equation of motion
splits into bulk and boundary parts. The bulk part is the
vacuum Einstein equation with a cosmological constant,
and it is satisfied by the dSdþ1 in Eq. (3) for Λ ¼ dðd−1Þ

2
. The

boundary equation of motion determines the brane tension
by [73,74]

Kab ¼ ðK − TÞhab: ð7Þ

It is easily computed that Kab ¼ 0 for Q, so that the brane
Q is tensionless and not fluctuating [75,76].
The fact that the slice Q is a tensionless brane and

nonfluctuating implies that the bulk dSdþ1 is actually a Z2

quotient with Q as its boundary, where we impose
Neumann boundary conditions for bulk fields. This Z2

orbifolding is the Z2 identification of dS2d discussed in

Sec. III, i.e., dS2d → dS2d=Z2 depicted in Fig. 2. The two dS
systems dS1d and dS2d intersect at the fixed point of this Z2

orbifolding of dS2d.
We see that we have successfully embedded the paradox

formulated in the previous section into DS/dS. The entan-
glement entropy of a region A (⊂ dS2d=Z2) is expected to
increase in time (beyond the Page transition point), which
can now be seen as the Hartman-Maldacena surface with
increasing area [49] in the dSdþ1 bulk. In order to terminate
this increase, some other element must come in. We stress
that the graviton in the current setup is massless, since the
holographically generated space is compact.
We finally note that this setup can be viewed as realizing

double holography, since the dS1d system on Q itself can be
dualized to a dSd−1 using the DS/dS correspondence. This
dual system then lives on the boundary of the dS2d=Z2

system (the horizontal great circle on the right panel of
Fig. 2). From this viewpoint, the picture of dSdþ1 is
obtained by double holography, analogous to the setup
for AdS black holes in Ref. [10].

V. RESOLUTION OF THE PARADOX
AND A PAGE CURVE

To see the picture described above more explicitly, here
we focus on the d ¼ 2 case. We will see how the paradox
manifests itself as a growing bulk entangling surface as
well as how it is resolved. The same conclusions apply to
the higher-dimensional case as well.
For d ¼ 2, the coordinate β goes from 0 to π (after theZ2

quotient), and the horizon is located at β ¼ π
2
. The field

theory system of dS22=Z2 lives on the r ¼ π
2
slice, with

β ¼ π
2
being the bifurcation surface. The spatial section of

the geometry at t ¼ 0 is depicted in Fig. 3. The two dS
systems dS12 and dS22=Z2 are a circle and a semicircle,
respectively, and the bulk dS3 is a hemisphere bounded
by dS12.

FIG. 3. The spatial section at t ¼ 0 for d ¼ 2. The two
intersecting dS systems are depicted as the blue circle (dS12)
and black semicircle (dS22=Z2). The green segment represents
region A, of which we calculate the entanglement entropy, and the
cross represents the horizon at β ¼ π

2
. The holographic bulk space

(dS3=Z2) is the hemisphere bounded by dS12.
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What about time evolution? As discussed in Sec. III, we
evolve the left (β ∈ ½0; π

2
�) and right (β ∈ ½π

2
; π�) portions of

dS22=Z2 in the same and opposite directions of the timelike
Killing vector, respectively (or vice versa). We consider the
time evolution of the entanglement entropy SA of region A,
which we take to be β ∈ ½β�; π − β�� (0 < β� < π

2
) on the

r ¼ π
2
slice. The region A is depicted by the green line

segment in Fig. 3.
For this purpose, let us consider the geodesic in dS3

between the two end points of A as a function of time.
In terms of the embedding space coordinate for the
DS=dSextended static patch, these two points are located at

X0 ¼ cos β� sinh t;

X1 ¼ 0;

X2 ¼ cos β� cosh t;

X3 ¼ sin β�; ð8Þ

and

X0
0 ¼ cosðπ − β�Þ sinhð−tÞ ¼ cos β� sinh t;

X1
0 ¼ 0;

X2
0 ¼ cosðπ − β�Þ coshð−tÞ ¼ − cos β� cosh t;

X3
0 ¼ sinðπ − β�Þ ¼ sin β�; ð9Þ

respectively (see Ref. [54]). Then the geodesic distance
connecting these points, which would give the entangle-
ment entropy of A through the holographic formula, is
given by

D ¼ arccosð−X0X0
0 þ X1X1

0 þ X2X2
0 þ X3X3

0Þ
¼ arccosð1 − 2cos2β�cosh2tÞ: ð10Þ

This monotonic growth in time is consistent with the fact
that dS spacetime is a fast scrambling system.
However, the entanglement entropy of A given by

Eq. (10) through the holographic formula SA ¼ D
4G3

is
problematic, since it becomes imaginary at t ¼ tc≡
jarccosh 1

cos β�
j. In fact, for t > tc the expression in

Eq. (10) is inapplicable, and the geodesic between the
two end points of A stops to exist.
The existence of another QES, however, solves this

issue. Since the dS12 brane (on the β ¼ f0; πg circle) can be
viewed as arising holographically from two dS1’s on
ðr; βÞ ¼ ðπ

2
; 0Þ and ðπ

2
; πÞ, a QES for calculating SA can

end on it [3,43]. After the extremization, we find that the
relevant QES is the complement of A on r ¼ π

2
, i.e., Ā on the

equal-time hypersurface of dS22=Z2, whose area (length) is
simply 2β�. We thus obtain

SA ¼ 1

4G3

minðD; 2β�Þ: ð11Þ

This is plotted in Fig. 4 for a specific value of β� ¼ π
3
. An

important point is that the value of SA given by D
4G3

at t ¼ tc
is π

4G3
, so that the second QES starts dominating before

t ¼ tc for any choice of region A. We also note that if
β� ≤ π

4
, SA stays to be a constant value β�

2G3
ever since t ¼ 0,

so to see the transition we need to take region A suffi-
ciently small.
A similar behavior of SA is obtained in higher dimen-

sions as well. In this case, the saturation value, correspond-
ing to β�

2G3
for d ¼ 2, is given by

SA;∞ ¼ VĀ

4Gdþ1

¼
8<
:

πð1−cos β�Þ
2G4

for d ¼ 3

ð π
2ðd−2Þ− cos β�fðd;β�ÞÞΣd−2

2Gdþ1
for d ≥ 4

;

ð12Þ

where VĀ is the (d − 1)-dimensional volume of Ā on
dS2d=Z2 at t ¼ 0, Σd−2 is the volume of the (d − 2)-
dimensional unit sphere, and

fðd; β�Þ ¼
ffiffiffi
π

p
Γðd

2
− 1Þ

2Γðd−1
2
Þ 2F1

�
1

2
;
3 − d
2

;
3

2
; cos2 β�

�
: ð13Þ

The initial value at t ¼ 0 is given by SA ¼ VA
4Gdþ1

, where VA

is the volume of A on dS2d=Z2.
In the next section, we see that the time dependence

of SA obtained here can indeed be interpreted as a Page
curve, reflecting the finite Hilbert space of dS spacetime in
quantum gravity.

VI. INTERPRETATION

Let us consider what the result obtained in the previous
section implies for the fundamental structure of spacetime.

D

2 *

0.0 0.5 1.0 1.5 2.0
t0.0

0.5

1.0

1.5

2.0

2.5

3.0

4G3SA

FIG. 4. We plot 4G3SA for β� ¼ π
3
as an example. The blue and

red curves represent D and 2β�, respectively; see Eq. (11). The
actual 4G3SA is given by the solid part of the curves.
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We discuss only the nontrivial case of β� > π
4
. We first

observe that the initial and final values of SA can be
written as

SAðt ¼ 0Þ ¼ VA

4Gdþ1

¼ A
4Gd

�
VA

V

�
; ð14Þ

SAðt → ∞Þ ¼ VĀ

4Gdþ1

¼ A
4Gd

�
VĀ

V

�
; ð15Þ

where

Gd ≡A
V
Gdþ1; ð16Þ

and V and A are the volume and horizon area of dS2d=Z2 at
t ¼ 0 (i.e., the area of the hemisphere and the length of the
half equator in the right panel of Fig. 2), respectively. It is
easy to see that Gd is, indeed, Newton’s constant in the
d-dimensional theory on dS2d=Z2.
To decipher the meaning of Eqs. (14) and (15), we take

the “original” boundary description of double holography
discussed at the end of Sec. IV. In this description, the total
system is a gravitational system on M≡ dS2d=Z2 with
boundary ∂M. In the (dþ 1)-dimensional bulk picture,
∂M is the intersection of M and Q, and the number of
degrees of freedom associated with it is related to the
tension of the Q brane [46,74]. In our case, the Q brane is
tensionless, implying that ∂M does not carry its own
degrees of freedom at the leading order.
This allows us to interpret Eqs. (14) and (15) that the

initial and final values of SA are given, respectively, by the
fractions of the spatial volume which A and Ā occupy at
t ¼ 0, multiplied by the quantity A

4Gd
, the Gibbons-Hawking

entropy of the spacetime dS2d=Z2. Is this interpretation
reasonable?
The interpretation just described, in fact, is consonant

with the picture of spacetime developed in Refs. [35,
58–61]. Let us consider a spacetime with a black hole.
A “fundamental” unitary description of this system is
obtained by viewing the black hole from a distance
[77,78], in which the Bekenstein-Hawking entropy is
interpreted as the logarithm of the number of independent
microstates associated with the black hole spacetime. The
relevant degrees of freedom, called soft modes [58,59], are
localized mostly on the stretched horizon [78]. The picture
of the black hole interior (or a two-sided black hole,
corresponding to the maximally extended spacetime in
general relativity) arises as a collective phenomenon, with
the resulting vacuum state being the unique semiclassical
vacuum state because of the coarse graining employed in
obtaining the picture [35,60,61].
A similar construction also applies to dS spacetime [59],

though it is more speculative. In this case, the static
coordinate description plays the role of the distant

description of a black hole. The Gibbons-Hawking entropy
represents the logarithm of the number of microstates of
the dS spacetime, and the degrees of freedom representing
them, i.e., soft modes, are located mostly on the (stretched)
horizon. This localization of soft modes occurs because of a
large gravitational blueshift associated with the existence of
the horizon.
The extension of the dS spacetime covering the full

spatial section at t ¼ 0 can be performed through coarse
graining [59], analogous to the black hole case. In the
extended space, the vacuum state is the unique semi-
classical dS vacuum state, regardless of the microstate
we started from. (In fact, the state has a very special,
antipodal entanglement structure at t ¼ 0 [54,70,79].) The
concept of vacuum microstates does not exist in the
(maximally) extended theory because of the coarse graining
involved in erecting such a theory [35,58,59].
Nevertheless, there is a concept of microscopic vacuum

degrees of freedom, even though they are in the unique
vacuum state. How are these degrees of freedom distributed
in space? Since the extended geometry at t ¼ 0 is a
homogeneous space with no special point selected, it is
natural to expect that the number of degrees of freedom
indicated by the Gibbons-Hawking entropy is distributed
uniformly throughout the space. In this picture, the
Gibbons-Hawking entropy represents the entanglement
entropy between two subregions when the dS space at
t ¼ 0 is divided into two hemispheres. The whole dis-
cussion given here also goes through in our setup with the
Z2 identification if the appropriate adjustments are made;
for example, the entanglement surface in the last sentence
must be taken to be orthogonal to the fixed surface ofZ2 (as
depicted in Fig. 2), and the value of the entropy must be
divided by a factor of 2.
The picture described above is precisely what is sug-

gested by our result. Given that dS spacetime at t ¼ 0 is a
homogeneous, scrambled system, the entropy of subregion
A at t ¼ 0 is given by the number of degrees of freedom
there,

nA;0 ¼
SGH
2

�
VA

V

�
¼ A

4Gd

�
VA

V

�
; ð17Þ

where SGH is the Gibbons-Hawking entropy, and the factor
2 in the denominator of the middle expression comes from
the Z2 identification. (Note that we are taking subregion A
smaller than Ā at t ¼ 0.) We emphasize that the spatial
distribution of the microscopic degrees of freedom appears
very different between the static and global pictures
(between the boundary and two-sided pictures in the case
of a collapse-formed black hole).
The initial increase of SA implies that the number of

degrees of freedom in A increases in time. This is possible
because the number of degrees of freedom captured by the
holographic entropy is, in fact, that of effective degrees of
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freedom necessary to describe the emergent bulk space-
time, which is determined by the entanglement structure of
(presumably an infinite number of) more fundamental
degrees of freedom and can thus vary in time [79–81].
In our context, the increase of SA arises from the emergence
of the “interior” region, i.e., the upper quadrant of the
Penrose diagram in Fig. 1, analogous to the Hartman-
Maldacena setup [49].
This increase of SA, however, cannot last forever, since

subregion Ā does not “sense” the emergence of the interior,
and hence the number of degrees of freedom there,

nĀ ¼ SGH
2

�
VĀ

V

�
¼ A

4Gd

�
VĀ

V

�
; ð18Þ

stays constant. If the state of the total system is pure, as we
assume here, then the entanglement entropy of A cannot
become larger than this number. This is the origin of the
saturation of SA we have seen, which is nothing but the
Page transition phenomenon representing unitarity of
the underlying dynamics.

VII. CONCLUSIONS

In this paper, we have formulated a version of the
information paradox in dS spacetime and shown that it
is solved by the emergence of entanglement islands in the
context of double DS/dS holography. In particular, we have
obtained a time-dependent Page curve in a setup in which
the graviton stays massless.
Beyond the specific context of dS spacetime, our result

suggests the following:
(i) The entanglement entropy of Hawking radiation

appearing in the calculation of the Page curve can
be computed by the QES prescription by fixing a

region in which the radiation resides, even if it is in a
(weakly) gravitating region.

(ii) While the Gibbons-Hawking/Bekenstein-Hawking
entropy represents the logarithm of the number
of independent dS/black hole microstates in a
static/distant description (i.e., in unitary gauge
construction [35,82]), the vacuum state in an ana-
lytically extended spacetime—a global/two-sided
description—is a unique, semiclassical state.

(iii) In the static/distant description of a dS/black hole
spacetime, the degrees of freedom associated with
the microstates are mostly localized near the hori-
zon, due to a strong gravitational blueshift. On the
other hand, in the analytically extended spacetime,
they are distributed uniformly in space (at the time
the extension is made).

(iv) The increase of volume in the interior region of dS
spacetime (the top quadrant of the Penrose diagram)
has a physical meaning in the sense that the entan-
glement entropy of a region surrounding it increases
in time (until it is saturated by the Page transition).

We hope that these findings shed further light on how
spacetime and gravity work at the fundamental level.
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