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In this paper, we construct the wedge holography for the de Sitter space as a bulk theory. First, we discuss
a more general mathematical construction of wedge holography in parallel with wedge holography
construction for the AdS bulk, and then we construct the wedge holography in the extended static patch. In
the first case, we prove that one can construct wedge holography for the de Sitter bulk for the static patch as
well as the global coordinate metric on end-of-the-world branes. Extended static patch wedge holography is
constructed by joining the two copies of double holography in DS/dS correspondence. We find that wedge
holography with extended static patch metric leads to the emergence of communicating universes. Further,
we propose a model which provides the theoretical evidence of communicating multiverses.
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I. INTRODUCTION

It has always been fascinating to question whether our
Universe is the only universe, whether there are other
universes in nature, or whether many universes exist in a
multiverse. Is our universe part of a multiverse? Some
questions related to the multiverse have been explored
in [1-5]. There is also progress done in this direction within
the braneworld by the use of wedge holography [6,7] where
the bulk theory is anti—de Sitter spacetime which has
negative cosmological constant. In this work, we explore
this type of question from the perspective of wedge
holography where the bulk is de Sitter space with positive
cosmological constant.

Holography has played an important role in understand-
ing various phenomena in many branches of physics.
Originally, it was started as a duality between N =4
supersymmetric Yang-Mills theory and type IIB string
theory on AdSs x S3 background [8]. We are able to decode
the information about boundary theory from the bulk theory
using holography and vice versa. There are many general-
izations of holography, e.g., dS/CFT correspondence [9,10]
which is a duality between de Sitter space in the bulk and
Euclidean CFT living at the future/past boundary of de
Sitter space. This is a co-dimension one holography. In this
paper, we discuss co-dimension two holography in the
context of de Sitter space. There is also so-called DS/dS
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correspondence [11] (see also [12]) which describes duality
between d-dimensional de Sitter space and two CFTs which
are coupled to each other and (d — 1)-dimensional de Sitter
gravity. Further, see [13-15] for the application of holog-
raphy to thermal QCD from a top-down approach, [16,17]
for condensed matter physics, [18-20] where holography
has been used in cosmology, [21-23] for the discussion
on multiboundary wormholes. There is also a new version
of holography in the context of AdS/CFT where time
is emergent dimension known as “Cauchy slice hologra-
phy” [24]."

As an application of holography, we are able to resolve
the information paradox [25]. For this purpose, there are
three proposals: island proposal [26,27], double hologra-
phy [28-30], and wedge holography [31,32]. In double
holography, we couple the black hole living on an end-of-
the-world brane with an external CFT bath living at the
conformal boundary of the AdS bulk. This external bath
acts as a sink to collect the Hawking radiation. Using
double holography, the Page curve [33] has been obtained
by computing the areas of Hartman-Maldacena [34] and
island surfaces. Further, efforts have been made to collect
the Hawking radiation in a gravitating bath, and the setup
is obtained by introducing two Karch-Randall branes in
which one brane acts as a black hole, whereas another
brane acts as a bath. The setup with two gravitating branes
is known as wedge holography [31,32].

Wedge holography is a codimension two holography,
which can be understood as follows. First, we localize the
d-dimensional bulk Einstein gravity on (d — 1)-dimensional
Karch-Randall branes, which is called as braneworld

"There are many applications of holography, and 25 years of
the same was celebrated at ICTP-SAIFR (https://www.ictp-saifr
.org/holography25/).
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holography [35,36] and then the gravity living on
Karch-Randall branes is dual to the CFT living at the
(d — 2)-dimensional defect because of AdS/CFT correspon-
dence [8]. Hence, d-dimensional Einstein gravity living in
the wedge formed by Karch-Randall branes is dual to
(d — 2)-dimensional defect CFT living at the corner of
wedge. For the AdS bulk, wedge holography has been
explored in detail in [37-49] and for flat spacetime bulk,
see [50]. An interesting application of wedge holography is
that it describes multiverse [6,7] but in the AdS bulk
spacetime. The multiverse is obtained by 2n Karch-
Randall branes, which are joined at the common defect.
Since there is Einstein gravity on each branch, therefore, we
obtain a multiverse made up of 2n universes [6].

Wedge holography has been successfully constructed in
the AdS and flat spacetime bulk. The motivation of the
paper is to construct the wedge holography for the de Sitter
bulk. We will see that it is possible to construct wedge
holography even for the de Sitter bulk. This setup provides
interesting results. It gives a hint for dS,/CFT,_, corre-
spondence, the existence of communicating universes,
multiverse, and communicating multiverses within brane-
world. We discuss two ways to construct wedge holography
for the de Sitter bulk: the first one is similar to the wedge
holographic realization for the AdS bulk, and the second
one is by gluing two copies of double holography in the
extended static patch. Parallel universes are obtained by
gluing many copies of extended static patch wedge
holography; however, we can have “disconnected parallel
universes.” Whenever we join all the branes in discon-
nected parallel universes, we obtain a single de Sitter space
bounded between two Randall-Sundrum branes.

A multiverse model is obtained by taking many slices of
a single de Sitter space as done in [6] for the AdS bulk
spacetime. In the current work, the multiverse consists of
many universes (each universe with de Sitter geometry)
joined at the common defect, and all of these universes can
communicate with each other via the transparent boundary
conditions at the defect. These universes are embedded in
higher dimensional de Sitter space. Interestingly, we can
obtain connected multiverses by gluing many copies of a
single multiverse model. However, in the connected multi-
verses, if all the universes of a multiverse are glued with
their consecutive multiverse, then we obtain a single de
Sitter space bounded by two end-of-the-world branes.

The rest of the paper is organized as follows. We start
with the construction of wedge holography for the de Sitter
bulk in Sec. II via three subsections II A—II C. In Sec. IT A,
we describe the mathematical description of de Sitter wedge
holography; in Sec. II B, we prove that we have consistent
wedge holographic realization for the de Sitter bulk, and in
Sec. I C, we describe de Sitter wedge holography picto-
rially. We construct the wedge holography in an extended
static patch in Sec. III and use this model to discuss whether
parallel universes exist or not in Sec. IV. In Sec. V, we

discuss the existence of multiverse (Sec. VA) and commu-
nicating multiverses (Sec. V B). We make comments on de
Sitter holography in Sec. VI and then discuss our results in
Sec. VIL

II. WEDGE HOLOGRAPHY FOR THE DE SITTER
BULK: GENERAL DESCRIPTION

In this section, we construct wedge holography for the
general de Sitter bulk and prove that the metric on the
end-of-the-world branes® can be static patch and global
coordinate. We consider dimensionality of de Sitter
bulk as d-dimensions whereas dimensionality of end-of-
the-world branes [located at w = w; and w = w,] as
(d — 1)-dimensions. The discussion in this section will
be general, similar to wedge holography construction for
the AdS bulk.

A. The setup

The bulk gravitational action with positive cosmological
constant in d-dimensions including the gravitational action
on the branes is given as [51]

o]
=——— [ dx/=g(R - 2A)
167rG1(\7)

1 T A
N

where f = 1,2 and A = W. G%l), R, and A are the
Newton constant, Ricci scalar, and cosmological constant
in d-dimensions; ICﬁ and Ty are the trace of extrinsic
curvature and tensions of end-of-the-world branes. Einstein

equation associated with the bulk metric is given by

S

R
R/w - Eg;w—i_Ag;w =0. (2)

The above equation has the following solution [11]
dS2 = dCO2 + eZA(“’)Q,»jdyidyj, (3)

where g;; corresponds to the metric of dS,_; space.
Depending upon the warp factor, the bulk metric (3) can
be either de Sitter or anti-de Sitter’ as follows [11]

At many places we will use “EOW branes” instead of “end-of-
the-world branes.”
Bulk action:

el R
§S=———— [ d%,/=g(R - 2A)
167G\
el Kl
= [ d7'x\[=3(Ks = Tp). (4)
872G\ e
with A = — (@=1(e=2)
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dSy: (@ =sin’(w/R),

AdSy:

e*A(@) = sinh?(w/R), (5)

where R is the length scale associated with corresponding background. Since we are interested in constructing wedge
holography for the de Sitter bulk, we will consider the de Sitter case here. Let us write the explicit metric for the de Sitter

bulk as
dséeneral bulk — da)z + Sinz(w/R)A;jdyidyjs
2 2 a2 2N 742 dr? 2 102
dsstatic patch — dw” + sin (a)/R) _(1 —-r )dt + 1- 2 +r de_g s
dsélobal de siter = d@” + sin*(w/R)[=dz* + cosh®(2)dQ ], (6)
|
where 1€(—c0,0), re(0, 1),4 7€ (—00,0), and Similar to AdS and flat bulk spacetime, we expect

dQ% , = db} + sin? 0,d05 + - - - ... + sin* 6, sin? O,......
Sill2 Qd_3d9§_2.

The Neumann boundary condition (NBC) satisfied by
the bulk metric (3) at the location of end-of-the-world
branes is given as

K= (KPP = TP, = 0, (7)

where ICf'j = %awgﬂw:m and K = §PIC;; 5.

It has been discussed in [11] that the de Sitter bulk (6) is
dual to two CFTs on dS,_; which are coupled to each other
and (d — 1)-dimensional de Sitter gravity at @ = %. The
warp factor is maximum at @ = % and it is zero at the
horizon, @ = 0, zR. For the discussion in this section, we
will consider localization of d-dimensional de Sitter gravity
on (d — 1)-dimensional EOW brane [52].

Having discussed the general structure of d-dimensional
de Sitter space, let us see how we can construct wedge
holography in de Sitter space. Let us consider two EOW
branes located at ® = @w; and @ = @, which are basically
constant @ slicing of the bulk metric (6). It is to be noted
that the story here is different from the AdS bulk because
wedge holography construction of de Sitter bulk is a little
bit difficult. We will discuss this pictorially in Sec. I1C
using the idea of [53]. For now, we are considering EOW
branes at some arbitrary locations @;,. The wedge
holography is obtained by joining two (d — 1)-dimensional
EOW branes (say Y, and Y,) with de Sitter metric at the
(d — 2)-dimensional defect in d-dimensional de Sitter bulk
(see Fig. 1).

*We set [ = 1 and the horizon is located at r = 1.

that de Sitter wedge holography has the following three
descriptions:

(i) Boundary description: (d — 2)-dimensional defect
CFT living at the corner of the wedge formed by
two EOW branes.

(i1) Intermediate description: the gravitating branes (Y
and Y,) with metric dS,_; are interacting with each
other via the transparent boundary conditions at the
defect.

(iii) Bulk description: CFT living on the (d — 2)-dimen-
sional defect is dual to d-dimensional de Sitter
gravity living in the wedge formed by gravitating
EOW branes with metric dS,_;.

When we take de Sitter slicing of (3) then we expect that
defect CFT should be non-unitary because of dS/CFT
correspondence [9,10]. Let us make statement about the
wedge holography [31,32] in the context of de Sitter bulk as
follows:

FIG. 1. Pictorial representation of wedge holography in a single
de Sitter space. Green and red curves denote EOW branes at
o =w; (Y))and ® = w, (Y,). Blue dots are (d — 2)-dimensional
defects.
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Classical gravity in d-dimensional de Sitter space

= (Quantum) gravity ontwo (d — 1)-dimensional EOW branes with metric dS,_,
=CFT living at the (d — 2)-dimensional defect.

The first and the second lines are related via braneworld
holography in de Sitter space [52] whereas the second and
third lines exist because of dS/CFT correspondence [9,10].
Hence, classical gravity in d-dimensional de Sitter space is
dual to (d — 2)-dimensional defect CFT living at the corner
of the wedge, which is the signature of dS,;/CFT,_,
correspondence.
To get a consistent wedge holographic realization of the
de Sitter space, we need to check the following conditions:
(1) The bulk metric (6) should satisfy Einstein’s equa-
tion with a positive cosmological constant (2).
(2) The bulk metric (6) must satisfy Neumann boundary
conditions (7) on the branes, i.e., at ® = w;, where
w1, are some constant values of w.
(3) The induced metric gﬂ on the branes should be the
solution of FEinstein’s equation with a positive
cosmological constant in (d — 1)-dimensions:

I (d=2)(d—-3)
y; B 1y iaf N
Rij_i iR +f9,ﬂ,

=0. (8)
One can obtain the gravitational action on the branes from
the substitution of (6) into the bulk action (1), using the
Neumann boundary condition (7) and integration over @
and the general form is given as

Sorae = A / d(RE] - 208, ()

ds (d=2)(d=3) ,dS _ 1
where App =—5— 43 oG

that condition 2 is satisfied, prov1ded EOW branes have
some tensions. Let us see this in more detail. For the bulk
metric (6), extrinsic curvature and the trace of the same on
EOW branes are obtained as

. Here, we show

1 1 ()
Kﬁ 2 wglj|a) W _ECOt< R >glj|(u w,°
. d-1 w
_ AiiBP 1,2
’Cﬂ = gl]ﬂ](:ij = TCOt<T> . (10)

Hence, using the Neumann boundary condition (7) and
the information given in (10), we see that NBC for the
bulk metric (6) is satisfied when tensions of the branes are
given by

T = %cot(%). (11)

Hence at w; , = 5, we get tensionless branes as discussed

in [51].

2 >

B. Wedge holography in various dimensions

In this subsection, we construct wedge holography for
various dimensional de Sitter bulk. For simplicity, we work
with R =1 unit.

1.d=3

For three-dimensional de Sitter space, the bulk metric is
given as

ds?> = dw* + sinz(a))%dyidyj,

dr?
— r2 ’

= dw® + sin®(w)[—dz? + cosh?(7)dQ3],
(12)

ds? = dw? + sin®*(w) | —(1 = r?)di* +

static patch —

ds?

global de Sitter —

where dQ? = d6?. For this case, the Ricci scalar is R = 6,
and the Ricci tensors for the static patch and global de Sitter
are summarized below.

(1) Ricci tensors for static patch:

2sin*(w)

Ry = 2(r? = 1)sin*(w); N
e —

Ry = —
R33 - 2 (13)
(i1) Ricci tensors for global coordinate:
Ry, = =2sin*(w); R, = 2cosh?(z)sin?(w);
R33 - 2 (14)
The cosmological constant for three-dimensional de Sitter

space is A = 1, and hence bulk EOM is given as

1
R;w_ig;wR"i_gpw =0, (15)

where u, v = 1, 2, 3. One can check that bulk EOM’ (15)1s
satisfied for the Ricci tensors given in Eqgs. (13) and (14)

EOM is the short form of the equation of motion.

026028-4
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and the Ricci scalar obtained above. Hence, condition 1 is
satisfied for bulk dS;. Therefore, we get dS, slicing of the
bulk metric (12) in the static patch and global coordinate
both. Further, the tensions of the end-of-the-world branes
and trace of the extrinsic curvature for dS; bulk are given as

TP = cot(w,,); KPP =2cot(w,,). (16)

2.d=4

The metric for the four-dimensional de Sitter space is
given by

ds® = de? +sin? (w)3,dy'dy’

ds? = dw? + sin*(w)

static patch
dr?
X —(l—rz)dt2+m+r2d9% s

ds>

global de Sitter — da* + Sinz(w) [—dfz + COShZ(T )dQ%]’ (17)

where dQ3 = d6? + sin? 0,d63 and the Ricci tensors for
the static patch and global de Sitter are given as below.
(1) Static patch:

3sin?(w)
=1

R44 — 3 (18)

Rll = 3(1"2 - 1)81112(6()), R22 = —

R33 = 3r%sin’(w);
(i) Global coordinate:

Ry, = =3sin*(w); R, = 3cosh?(z)sin?(w);

R33 = 3sin?(0) )cosh?(7)sin?(w); Ry =3. (19)

The Ricci scalar for dS, metric (17) is R = 12 and the
cosmological constant is, A = 3 and hence the EOM for the
bulk metric associated with dS, space is

1
R/u/ - Eg;wR =+ Sg;w = 07 (20)

where p, v = 1, 2, 3, 4. We see that (20) is satisfied for the
Ricci tensors given in (18) and (19) and the Ricci scalar as
mentioned above which proves condition 1 of wedge
holography for the dS, bulk. For the dS; bulk, tensions
of the end-of-the-world branes and trace of the extrinsic
curvature are

TP = 2cot(w;,); KP =3cot(w;,). (21)

3.d=5

The five-dimensional bulk de Sitter metric is written as

ds? =dw* + sinz(w)giﬂjdy"dyj,

ds? = dw? +sin*(w)

static patch
d 2
x —(1—r2)dz2+1_—rr2+r2d§z§ :

ds?

global de Sitter = da)z + Sinz(w) [_dTZ + COShz(T) dQ%] ’ (22)

where dQ3 = dO? + sin® 0,d63 + sin? 0, sin® 0,d63. The
Ricci tensors are given below.
(1) Static patch:

4sin?
Ry =4(r* - 1)sin*(w); Ry = _Slzni(lw);
72—
Ry = 4r¥sin®(w);
Ry, = 4r’sin®(0,)sin*(w); Rss = 4. (23)

(i1)) Global coordinate:

Ry = —4sin*(w); Ry = 4cosh?(7)sin’(w);

R33 = 4sin?(0; )cosh?(7)sin?(w);

Ry, = 4sin’(0, )sin?(0,)cosh?(7)sin?(w); Rss = 4.
(24)

Ricci scalar for dS5 bulk is R = 20, and the cosmological
constant for the same is A = 6. Hence bulk EOM is
given as

1
R;u/ - Egm/R + 69/41/ =0, (25)

where y, v =1, 2, 3, 4, 5. Again we can check that bulk
EOM (25) is satisfied for the Ricci tensors and Ricci scalar
mentioned above for the dSs bulk for the static patch as

well as global coordinate metric on EOW branes and hence
condition 1 is satisfied.

4.d=6

For the six-dimensional de Sitter space, the bulk metric is
given as

ds* =dw* + sinz(a))gfjdyidyj,

ds? = dw? +sin*(w)

static patch
dr?
X —(1—r2)dt2+ﬁ+r2d§2§ s

ds?

Slobal e sitter = 40 + sin* (@) [~d7? +cosh? (z)dQg]. (26)

026028-5
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Gluing (a) and (b)

(b)

(d)

FIG. 2. Pictorial representation of wedge holography in de Sitter space. Green and red curves denote EOW branes at w = w; (¥) and
= w, (Y,). We can glue (a) and (b) [53] which results in (c) and (d).

where dQ3 = d6? + sin” 0,d03 + sin® 0, sin? 0,d63 + sin® 6, sin” 6, sin? O3d03 and the Ricci tensors are written below.

(i) Static patch:
Ry =5(r* = 1)sin®(w);
R44 = 5rzsin2(€1)sin2(w);
(i) Global coordinate:

Ry, = =5sin®(w);

5sin®(w
Ry = —A'

Rss = 5r%sin?(0; )sin? (60, )sin?(w);

Ry, = 5cosh?(7)sin’(w);

5 1 ) R33 = SrZSinz(a));
re —

R66 — 5 (27)

Ry3 = 5sin?(6, )cosh?(z)sin?(w);

Ry, = 5sin?(0, )sin? (6, )cosh?(7)sin?(w);

Rss = 5sin?(6, )sin? (0, )sin’(05)cosh?(z)sin(w);

Ricci scalar for dSg is R =30, and the cosmological
constant for dS¢ is A = 10, which leads to the following
EOM for the bulk metric (26)

1
R, — Eg’“’R +10g,, =0, (29)

where u, v=1, 2, 3, 4, 5, 6. Similar to other cases
discussed earlier, it is easy to check that the bulk metric
(26) satisfies (29).

To summarize, we proved that one could construct
wedge holography for the de Sitter bulk, and we have
done this in d = 3, 4, 5, 6, and in general, it is valid for
arbitrary d-dimensional de Sitter space. Now, we are done
with the mathematical description of wedge holography in
de Sitter space, and hence in Sec. Il C, we will discuss the
pictorial realization of the same and other related issues.

R66 — 5 (28)

C. Pictorial representation of wedge holography
for the de Sitter bulk

We can construct the wedge holography from a single de
Sitter bulk by considering end-of-the-world branes at
constant @ slices as done in [37,54]. For example, we
have to consider Y; at @ = w; and Y, at ® = w, as shown
in Fig. 1 where we have shown the constant ¢ slice of de
Sitter space.

Wedge holography by joining two copies of double
holography in de Sitter space: Here, we discuss the idea
that will play an important role in constructing extended
static patch wedge holography. The wedge holography in
de Sitter space can also be described pictorially, as shown in
Fig. 2. We take the spatial slice of de Sitter space and take a
constant @ slice at @ = w; this is analogous to chopping
off the geometry beyond @ = w; [description (a) in Fig. 2].
We call this slice as Y. Similarly, we take one more copy of

026028-6
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©

Gluing (a) and (b)

(b)

FIG. 3.

Q, Q,
(d)

Realization of wedge holography in DS/dS correspondence. Green and red curves denote UV branes Y and Y; at w; , = 7/2.

(a) and (b) are joined along the branes Y; and Y, which results in the final picture (d).

the setup above and chop off the geometry at = w,; we
name this constant w slice as Y, [description (b) in Fig. 2].
Now we join (a) and (b) using [53]. Conditions for gluing
(1 2)
ij) z('j ’
tension 7)) are Israel junction conditions®

Y, (with metric §;.’, tension 7)) and Y, (with metric §

A(D) A2
gz('j) = ggj);

where [K;;| = KE;) +KE?). In the end, Y, and Y, will
merge and result in a new brane, say “Y,” and we see that
we joined two de Sitter spaces and obtained a new de
Sitter space.

Therefore, if we compare the above construction of the
wedge holography in de Sitter space with the usual
construction in AdS bulk, then we see that we can see a
wedge holographylike structure as long as Y and Y, are
separated. Whenever two EOW branes Y| and Y, merge
into a single brane Y, we obtain a single de Sitter space
instead of wedge holography.

In the next section, we will construct wedge holography
for the de Sitter bulk for the extended static patch, including
two Randall-Sundrum branes [55,56]. In that case, wedge
holography is constructed by two Randall-Sundrum branes
Q; and Q,, similar to the wedge holography in AdS bulk.

®This condition has to be satisfied whenever we join two
spacetimes along the two branes.

III. WEDGE HOLOGRAPHY IN EXTENDED
STATIC PATCH

Authors in [51] constructed double holography in an
extended static patch in the context of DS/dS correspon-
dence. The bulk metric of (d + 1)-dimensional de Sitter
space is

ds?. | = dw® + sin*(w)ds?
= dw® + sin*(w)(—cos’pdr> + df* + sin’dQ2_,),
(30)

where € (0, z) for d > 3 and dQ3_, = dy* + sin? ydQ?_,
such that 0 < y < z for d > 4. The idea to construct double
holography is that we need to consider two d-dimensional
de Sitter branes, dS} and dS? and treat dS} brane as
Randall-Sundrum brane Q (described by y = z/2 slice)
and take the Z, quotient of dS2, i.e., dS3/Z, which
removes half of de Sitter space of dS? and its spatial slice
looks like hemisphere. In [51], del/ Z, is described by
® = /2 slice and is treated as a bath analogous to double
holography in AdS backgrounds. In de Sitter double
holography, d-dimensional Randall-Sundrum brane Q
interact with dSﬁ /Z, via (d — 1)-dimensional defect where
authors considered transparent boundary conditions.

Since w = /2 slice is the UV part of the geometry [11]
therefore, we can treat dSﬁ /Z, as the UV brane. By
following [53], we can glue two copies of the double
holography described above, and this is described picto-
rially in Fig. 3.
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FIG. 4. Communicating universes in de Sitter wedge holography. “.....” in the figure represents other copies of wedge holography.

Qz Y12 Q1 Q4 Y34 Q’; QG Y56 Q 5 Q8 Y78 Q7 Q]_o Y910 Q9
————— P1 Dl Pz Dl Ps Dl P4 - P5 T
Qz Y1z Q14 Y34 Q36 Yse Q58 78 Q71o Y91o Qs

FIG. 5.

Structure of the communicating universes in de Sitter wedge holography. We have represented the gluing of Y;’s brane

(Y;j =Y, +Y;) in yellow color whereas the gluing of Randall-Sundrum branes, Q;’s (Q;; = Q; + @) by the red color.

Mathematical descriptions of gluing two copies of
double holography is discussed below.
(i) Consider the bulk metric as

ds?, | = dwi + sin*(w,)dS?
= dw? + sin*(@, ) (— cos? pdi* + dp*

+ sin? B(dy? + sin? y,dQ3_,)). (31)
In geometry (31), we consider two slicing, w; = z/2
[dS%/Z,, we denote this as Y] and y=x/2
[Randall-Sundrum brane, Q; which is dS}]. Q,
interact with Y; via the transparent boundary con-
ditions at the (d — 1)-dimensional defect.

(i) Let us take the bulk metric as

dsh, | = dw3 + sin*(w,)dS

= dw3 + sin*(w, ) (— cos? fdi* + dp?

+ sin? B(dy3 + sin? y,dQ3_3)). (32)
In the bulk (32), w, = z/2 slice is dS4/Z, (Y,) and
y = m/2 slice is dSZ (Randall-Sundrum brane, Q,).
The interaction between Q, and Y, is happening due
to the transparent boundary conditions at the
(d — 1)-dimensional defect.

In double holography, the space available is between the

Randall-Sundrum brane Q and UV brane Y. Wedge

holography in the extended static patch is constructed by
two Randall-Sundrum branes Q; and Q, [description (d) in
Fig. 3]. We have (d + 1)-dimensional de Sitter gravity in the
bulk, which is localized on the d-dimensional Randall-
Sundrum branes Q; and Q,. Joining of two Randall-
Sundrum branes Q; and Q, at the (d — 1)-dimensional
defect [blue dots in description (d) of Fig. 3] form a wedge.
In the language of [53], we have a de Sitter space bounded
between Q; and Q,.

IV. COMMUNICATING UNIVERSES IN
EXTENDED STATIC PATCH WEDGE
HOLOGRAPHY?

The setup described in Sec. III can describe the com-
municating universes similar to [7].7 We consider “n”
copies of the wedge holography discussed in Sec. III to
describe communicating universes. Communicating uni-
verses are obtained by joining Y; with Y,, Q; with Qy, Y3
with Y,, Q3 with Qg and so on. This is represented in Fig. 4.

If we follow the above idea and join the various branes
following [53], then Fig. 4 end up at the end of gluing as
shown in Fig. 5 where we have replaced ‘“‘sphere” with
“box” only for convenience so that we can draw the cartoon

"We can also call this kind of setup as “parallel universe”
because all the universes are parallel to each other [2]. All de-
sitter branes are not joined at the common defect. See [1] for the
classification of parallel universes.
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Qz Y12 Ql Q4 Y34 Q; Qe Y55 Q;

P, |— P, | P

1 2

FIG. 6. Structure of the communicating universes in de Sitter
wedge holography for n = 3.

picture easily. The notations are, e.g., Q4 = O + Oy,
Yio =Y +Y, Q3 =035+ 0 Ysy=Y3+7Y, and so
on; in general Q;; = Q; + Q; and Y;; =Y; + Y; where i
and j are the labels of the branes. Let us understand the
physical meaning of Figs. 4 and 5. In the beginning, we
take two copies of double holography in DS/dS correspon-
dence [51], and we obtain the geometrical structure as the
one copy of wedge holography as shown in Fig. 4 with
Randall-Sundrum branes Q;, and UV branes Y, ,. When
we join Y, and Y, using [53], then we obtain the first box as
shown in the upper part of Fig. 5 with Randall-Sundrum
branes Q; and Q, and one UV brane Y,. This describes a
single de Sitter space with cut-off by the Randall-Sundrum
branes Q; and Q,. We can treat this kind of box as a
building block (say P;) and then join many copies of this
building block as shown in the upper part of Fig. 5, e.g., P,
with P,, P, with P;, P; with P, and so on. P;’s are like a
single de Sitter space with two Randall-Sundrum branes.
As long as P;s are separated, this model will provide the
structure of parallel universes. Whenever we join all the
P;’s with each other, then we obtain the lower part of Fig. 5,
which describes a single de Sitter space with two Randall-
Sundrum branes at the end of de Sitter space. Hence, the
existence of a parallel universe in extended static patch
holography depends upon whether we join all copies of
extended static patch holography or not.

For three copies, we have Randall-Sundrum branes as
Q123456 and UV branes as Y 53 456 and this is described
in Fig. 6.

V. COMMUNICATING MULTIVERSES IN DE
SITTER WEDGE HOLOGRAPHY

This section discusses the existence of multiverse and
communicating multiverses in de Sitter wedge holography
via Secs. VA and V B.

A. Multiverse

We can construct a multiverse for a single de Sitter space
as shown in Fig. 7. We obtain the Multiverse model in a
single de Sitter space by taking the constant @ slices of a

are the constant w slices in a single de Sitter space.

single de Sitter bulk (6). As we discussed earlier, we have
Einstein gravity with positive cosmological constant on
constant w slices, and hence we have a multiverse made up
of “n” universes with geometry on each of them as dS,_;,
and all these universes are embedded in a single de Sitter
bulk with geometry dS,. This kind of model for the AdS
bulk was discussed in [6]. Here, we are able to construct the
multiverse model in de Sitter space which is more realistic
as we are living in a universe with positive cosmological
constant. One can check that the bulk metric (6) satisfies the
Neumann boundary condition (7) at ® = @y, ,—1.,, Pro-
vided tensions of the end-of-the-world branes should be
given as follows

TP =

d-2 p
- cot(wm"k’n 1, ) (33)

where f=1,2,...,n—1,n. The interesting point about
this setup is that all the universes (Y,Y5,...,Y,_j,and Y,)
are joined at the single defect (blue dot in Fig. 7) and hence
there is the possibility of exchange of information among
each other.

B. Communicating multiverses

Given that the multiverse exists in de Sitter wedge
holography as discussed in Sec. VA, now we discuss
the possibility of the existence of communicating multi-
verses. It is possible by joining many copies of the
multiverse as shown in Fig. 7. To do so, we join nth brane
of one copy with (n — 1)th brane of the second copy, nth
brane of the second copy with (n — 1)th brane of the third
copy, and so on; this is represented pictorially in Fig. 8.
More precisely, the left outermost brane of the first copy
will join with the right outermost brane of the second copys;
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FIG. 8.
part of this figure.

the left outermost brane of the second copy will join with
the rightmost outer brane of the third copy, and so on. We
have done it for three copies in Fig. 8.

In the process of constructing communicating multi-
verses, we have to lose some of the universes. For example,
if we join two multiverses, then we have to lose two
universes: one from the left copy(Y,) and one copy from
the other copy (Z,_;). These two branes will form a new
brane, which is represented by a yellow line in the lower
part of Fig. 8. Similarly, if we join a multiverse made up of
Zi5.. .n—1n-branes with the multiverse made up of
X\5....n-1.n branes, then the combination of Z, brane
and X,_; brane will form a new brane and the same is
represented by dark purple in the lower part of Fig. 8.

To have a consistent model of communicating multi-
verses, we have to stop the process of joining branes from
the consecutive multiverses; otherwise, all left branes of
one copy will join with the all right branes of the right copy,
and at the end, we have a single universe as obtained in

Communicating multiverses in de Sitter wedge holography. For simplicity, we replaced the sphere with a rectangle in the lower

Sec. IV. To be more specific in the context of Fig. 8, all the
left branes of multiverse “Y”” (which consist of universes
Y12, a-1,) Will join with all the right branes of multiverse
“Z” consists of universes Z;,  ,_1,; all the left branes of
multiverse “Z” with universes Z, , ., will join with all
the right branes of multiverse “X” with universes
X12....n-1.n and so on. In the end, we obtain a single de
Sitter space bounded by two end-of-the-world branes.

VI. COMMENTS ON DE SITTER HOLOGRAPHY

Our motivation to construct wedge holography in de
Sitter space is inspired by the wedge holography construc-
tion in AdS spacetime [31,32]. The idea for this construction
is as follows. Suppose we have (d + 1)-dimensional AdS
gravity in the bulk. The first step is to localize this
bulk gravity on two gravitating Karch-Randall branes in
d-dimensions. These two branes are joined at the (d — 1)-
dimensional defect. The same is described as follows:

Classical gravity in (d + 1)-dimensional AdS spacetime

$ braneworld holography in AdS spacetime

= (Quantum) gravity on two d-dimensional Karch-Randall branes with metric

AdS,
$AdS,;/CFT,_ correspondence

= CFT livingat the (d — 1)-dimensional defect.
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Mathematically, AdSW ., /CFT,_; implies that
Zepr,, = € Ve, (34)

where Zcgr, , is the partition function of CFT,_; in large N
limit and Iagsw,,, is the classical gravitational action in

(d + 1) dimensional asymptotically AdS spacetime with a
wedge. Also, AdS;/CFT,_, states that

ZCFT(I_] = E_IAde. (35)

The author in [31,32] proved that Ixgsw,,, = Iags, With

in d-dimensions: — =
G
N
1 P d-2 « ” .
Pl J& dx cosh?=2(x) where “cosh(x)” appears in the bulk
N

effective Newton constant

metric as given below:

ds® = g,,dx"dx* = dx® + cosh?(x)h;;(y)dy'dy’, (36)

where x* = (x,y'), 9w and fzij are the metrics in (d + 1)
dimensions and d dimensions, respectively. In [32],
branes are located at x = +p. Hence (34) is true. In the
same paper [32], the author has shown that for a different
warp factor (sinh?(x)) in the metric (36), one can obtain
the de Sitter gravity on the Karch-Randall branes for the
particular form of the tensions and effective Newton
constant on these branes. Here it was explicitly shown

that Iagsw,,, = las, Wwith effective Newton constant:

L 1 [P gy cinhd-2 : ~
o7 J§ dxsinh?2(x). For more discussion about
N

¥ G
this type of holography, see [31,32].

We follow the same idea for the de Sitter space as a bulk
theory. The dictionary for the wedge holography in de Sitter
space is given as:

Classical gravity in d-dimensional de Sitter space

3 “braneworld-like holography in de Sitter space” /“DS/dS correspondence”

= (Quantum) gravity ontwo (d — 1)-dimensional EOW branes with metric

dS;-

$ “dS/CFT correspondence” /“static patch holography” /“DS/dS correspondence”
= CFT livingat the (d — 2)-dimensional defect.

Hence, classical gravity in d-dimensional de Sitter space
is dual to (d —2)-dimensional defect CFT living at the
corner of the wedge, which is the signature of dS;/CFT;_,
correspondence. The CFT dual of de Sitter space is a
nonunitary theory which is Euclidean CFT (ECFT) if we
apply [9.10]® which states that “¥[g] = Z[g]” where ¥[g]
and Z[g] are the wave function of the universe [58] and
partition function of dual CFT for a given metric g. We can
evaluate W[g] as ¥[g;;] o« e 9] where ¢; ; is defined on the
three-dimensional spatial slice of four-dimensional no
boundary geometry with metric g, [59]. Mathematically,
dSW,/CFT,_, implies that

ZCFTd_z [ilij} — pHasw, [gMN]' (37)
According to dS/CFT duality [9,10],
Zepr,, [hyj]) = €0 2 (38)

where  Zcpr, ,[h;] = P hy] = el with Wy

being the wave function of the universe for de Sitter space,

$Good observables in this type of de Sitter holography are the
meta-observables [57].

and the same can be evaluated using the no boundary
proposal [59]. The metric with different indices appearing
in (37) and (38) can be read-off from the following equation

2
ds global de Sitter

= gundxMdx" = dw* + sin*(w/R)§,,dx" dx”
= do? + sin®(w/R)(—dz® + cosh?(z) h;;dxidx)
= dw? + sin®*(w/R)[-d7> + cosh?(7)dQ2_,]. (39)

From (37) and (38), we can see that if we can prove that
Lisw,[9un] = Ias,_, [G,] then the codimension two holog-
raphy (37) exists in de Sitter space. It has been shown in
[60] that effective Netwon constant in (d — 1)-dimensions
and Newton constant in d-dimensions are related via
— = - [ dwe!4=94@) for the general warp factor

N

Gl G

appearing in the metric of the form dsﬁ = dw’+
@ ds2 . In [52], it has been shown that we
can localize d-dimensional de Sitter gravity on (d — 1)-
dimensional brane. This justifies the localization of higher
dimensional de Sitter gravity in lower dimensions similar
to the AdS case [35,36] or I4sw, [9mn] = Ias,, [9] With
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effective Newton constant in (d — 1)-dimensions (ﬁ =
G+A;,>fdwe<d‘3)"‘(w)) where for (39), €*A®) = sin” (w/R).

Therefore, to construct the wedge holography in de Sitter
space and see the existence of dS,;/CFT,_, correspon-
dence, we combined the results from the braneworldlike
holography in de Sitter space where we localized higher
dimensional gravity in de Sitter space (dS,) to codimension
one geometry in de Sitter space (dS,_;) [52] and then the
localized gravity (dS,_;) is dual to CFT living at the future
boundary of de Sitter space in the global coordinate
because of dS/CFT correspondence [9,10]. Hence, the
nature of CFT is the same as [9,10]; the only difference
is that we have codimension two holography: the gravity
living in the wedge formed by two end-of-the-world branes
is dual to Euclidean CFT living at a defect (see Fig. 1). The
metric on end-of-the-world branes located at ® = @, in
this case is:

ds®> = —dr* 4 cosh?(7)dQ?_,. (40)

Hence, CFT in the above discussion will be similar
to [9,10] living at the future/past boundary of (40).
There is criticism of this type of de Sitter holography that
the existence of Poincare recurrences at extremely late
timescales, implied by the finiteness of de Sitter entropy,
prevents the existence of local observables in the infinite
time limit [61]. This criticism may not be resolved as the
CFT description in this case is based on [9,10].

As discussed in Sec. II, localized gravity can also have
the structure of de Sitter space static patch metric. This
indicates that here one has to use the notion of static patch
holography [62,63] to discuss the CFT living at the corner
of wedge in Fig. 1. End-of-the-world branes located at ® =

w1, have the following metric in this case’:

dr?

ds*> = —(1=r?)de* +

T— 2 + r2d§2§_3. (41)

An alternative way to understand this duality is from the
perspective of DS/dS correspondence [11], which implies
that classical gravity in d dimensional de Sitter space is
dual to two (d — 1) dimensional CFTs coupled to each
other and (d — 1) dimensional de Sitter gravity at @ =
7R /2 slice. DS/AS duality has been explored in more detail
in the papers [60,64—69]. In these papers; authors studied
the DS/dS correspondence from quantum information
theoretic point of view where they have calculated entan-
glement entropy, Renyi entropy, complexity, entanglement
of purification (EoP) in the absence as well as presence of
TT deformation. To be specific, authors in [60] have
discussed swampland bound on the entanglement entropy

. Sp sate Sp glob
which says that =% <1 and =% <2 where Sp uics

"We set [ = 1 in the horizon.

Sp giobat> and S are the entanglement entropy of de Sitter
space in static patch, global coordinate, and de Sitter
entropy, respectively. Since in DS/dS correspondence,
we have two CFT sectors (say “L” and “R”), and they
are coupled to each other at the UV slice (w = %);
entanglement in this holographic theory is described as
entanglement between “L” and “R” sectors, and if one
wants to compute the entanglement entropy then one has to
trace out one sector and then one can define von Neumann
entropy and this has been precisely verified in [64] from the
calculations in field theory as well bulk side from holo-
graphic point of view; see also [66] for the precise agree-
ment between deformed-CFT and gravity calculations. In
the presence of TT deformation, entanglement entropy was
calculated in [65]. Complexity and entanglement of puri-
fication (EoP) were studied in [68], where the author has
also argued that theory living at the central slice is non-
integrable. See [69] for the study of shock wave and OTOC
in DS/dS correspondence. From these studies and progress
in DS/dS correspondence, we are able to learn about de
Sitter holography to some extent.

The DS/dS correspondence gives a kind of effective field
theory description for the de Sitter space as mentioned
explicitily in [11] that dimensional reduction from d to
(d — 1)-dimensions results in effective field theory with a
finite (d — 1)-dimensional Planck mass, i.e., dynamical
gravity is included in (d — 1)-dimensional theory and also
the swampland distance conjecture [70] is valid in DS/dS
correspondence [67] which says that “there is breaking of
effective field theory description if moduli(scalar field)
moves a large distance in field (moduli) space.” The distance
conjecture restricts the size of the Hilbert space. For more
discussion on this issue, see [67,70].10 However, [11]

describes the energy regime 0 < E < %; for further study

on DS/dS correspondence in the energy regime %<

E < M, see [12] where M is the Planck mass scale for
bulk d-dimensional de Sitter gravity. In this paper, we
restrict ourselves to the regime 0 < E < %. Further, DS/dS
correspondance is valid on short timescales in comparison
to Poincare recurrence times and the discreteness of energy
spectrum due to the finiteness of de Sitter entropy becomes
important at the Poincare recurrence times [61,71]. So in the
DS/dS correspondence, we may overcome the issue
imposed by [61,71], see also [72—74] where other methods
have been proposed to resolve the criticism of [61,71].
See also an interesting paper [75] (also known as
bilayer proposal, which is the modification of monolayer
proposal [76,77]) where the author has discussed the
generalized entropy formula in de Sitter space. This
supports the EFT description'' in de Sitter space in a
similar manner when the island formula was discussed

“We thank Hao Geng for discussion on this topic.
"See also [78,79] for EFT description of de Sitter space.
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in [27,80] where AdS gravity couples with CFT living on
an end-of-the-world brane. The discussion in [75] is based
on static patch holography. The author has explicitly
written down the formula for the generalized entropy in
de Sitter space by coupling Einstein gravity with positive
cosmological constant with CFT, as

Area(S42)r{=2 ., .
Sgen = % + Smatter(1)1 (42)
4Gy

where T is defined as beltlike region on the sphere S9~! at
time ¢ = 0 with r; and r, as left and right endpoints for the
following metric:

dr?

(1-1%)
= —cos?0dt* + d&? + sin*0dQ>_,, (43)

ds*> = —(1=r?)de* + +r2dQ?

where r = sin@ with 6 € [0, z/2] covers one static patch,
and we can see that the neighboring static patch is covered
by 0 € [z/2, ). The beltlike region is defined by r € (ry, r»)
or € (6,,6,). For the pictorial description of the beltlike
region, see Fig. 3 of [75]. The author has obtained, in a nice
way, a transition from the Hartman-Maldacena to the island
surfaces transition; see Fig. 7 of [75]. Overall [75] provides
many useful insights about de Sitter space and what we have
learned about black holes. One point that we would like to
point is that what the author has discussed in [75] has been
further advanced in this paper as we have the concrete
wedge holographic realization of the extended static patch
(Sec. III). Another point is that we also have the wedge
holographic realization of de Sitter space with a global de
Sitter metric, which was not present in the literature. It
would be nice to study the generalized entropy formula for
this case similar to [75].

The double holography has been constructed in DS/dS
correspondence in [51]; we also discussed in Sec. III that
wedge holography is obtained by gluing two copies of DS/
dS correspondence, see description d in Fig. 3. The wedge
holography in the context of DS/dS correspondence is
described as follows. We have (d + 1)-dimensional de
Sitter gravity in bulk, and this bulk gravity is localized on
Randall-Sundrum branes Q; and @, in d-dimensions
because of DS/dS correspondence [11]. We can dualize
d-dimensional de Sitter gravity living on Randall-
Sundrum branes to (d — 1)-dimensional CFT living at
the corner of the wedge formed by Randall-Sundrum
branes O and Q,. The question is, can we again apply
DS/dS correspondence [11] to dualize d-dimensional de
Sitter gravity on Q; and Q,? The answer is yes as
discussed in [12]. Let us now dualize the gravity living
on EOW branes using the DS/dS correspondance. If we do
so then in the framework of wedge holography, we obtain
DS,;/dS,_, correspondence which gives defect CFT as

appear in [11]. Since we have extended static patch metric
on O, and Q,. Hence, we can also apply static patch
holography to dualize de Sitter gravity of Q; and Q.
Therefore, in this case, CFT living at the wedge formed by
0, and Q, will be similar to the ones that appear in static
patch holography [62,63].

Based on the above discussions. We conclude that CFT
appearing in the wedge holography for the de Sitter space
can be either one appearing in [9,10] or the ones that appear
in static patch holography [62,63] or the one which appear
in [11] depending upon what metric we are using on EOW
branes. In some sense, this setup unifies holographic
proposals of de Sitter space. Here, we have codimension
two holography instead of codimension one holography in
the usual AdS/CFT correspondence. Hence, we expect that
whatever problems appear in the aforementioned three
types of de Sitter holography may also be present in our
setup. It is nice to see that DS/dS correspondance [11] gives
EFT description for the de Sitter space as well as resolves
the criticism of [61,71] as discussed earlier. For the time
being we can say that we have DS,;/dS,_, correspondence
which is free from the criticism. At the moment, the precise
dictionary has not been obtained, but in the future, this
could be done, and then we may be able to know more
about de Sitter holography. The precise dictionary meaning
matching of calculations in d-dimensional de Sitter gravity
and (d — 2)-dimensional defect CFT. One thing is expected
that ¢ = cp, + cp, similar to AdS bulk spacetime [31]
where ¢, ¢p , and ¢y, are the central charges of CFT,_,,
CFTexisting at w; , = (zR)/2 slices in DS/dS correspond-
ance on Randall-Sundrum branes Q; and Q,.

In DS,;,,/dS, correspondance, entropy is given as [64]:

Rgg L 2gd/2
= . 44
4G\ T(d)2) “)
For d = 3, (44) gives
5= Ris 2P (45)
4Gy T(3/2)
For d = 2, (44) gives
27R
S )
4Gy
3Rys

where central charge c = —%

e

~ % Equation (45) implies
N N

. R?
that central charge in DS,/dS; scales as: ¢ ~ GT‘T) and for
N

dS; on EOW branes, central charges scale as: cp, /0, ~ %
N

from DS;/dS, correspondance [64]. Now using ﬁ =

ol [ darel =94 [60] for d = 4, L = i [ dwe () with
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Alw) — 1 1 1 R
e4(®) = sin (w/Ryg) implying GTJ)NGT,L‘GS) Hence ¢y +
2
Co, ~ % ~ % which suggests that ¢ ~ ¢y, + ¢, consis-
N N

tent with [31] analogous to the wedge holography for the
AdS bulk spacetime. This is one consistency check of
DS,/dS, correspondence, and it is valid in the IR sector of
matter CFT on dS, [64]. The central charge vanishes in the
energy regime% < E < M, [12]. To get more insight about
dS,/CFT,_, correspondance for the CFT appearing in dS/
CFT correspondence [9,10], one has to be careful as in this
type of CFT, one talks about “time-entanglement” [8§1-83]
not “spatial entanglement” [84—86] to compute the entan-
glement entropy.

We made comments on de Sitter holography, keeping in
mind that this model could unexplore many issues in de
Sitter holography in the future. The aim of the paper is to
construct the multiverse model in wedge holography with
de Sitter space as a bulk theory. As a bonus, we arrived at
the codimension two holography for the de Sitter space,
which was expected similar to wedge holography for the
AdS spacetime bulk [31,32] and flat spacetime bulk [50].
Interestingly, wedge holography for the AdS bulk has been
studied a lot and has helped us to study the information
paradox, complexity, multiverse models, etc. Further stud-
ies of this model can also answer these types of questions
for the de Sitter space, where many things are not well
understood.

VII. DISCUSSION

In this paper, we have constructed the wedge holography
for the de Sitter space as a bulk theory and discussed its
application to multiverse models. First, we did this for
general de Sitter background using the idea similar to AdS
bulk in Sec. II where we used the localization of de Sitter
gravity [52] on the brane. A clue to the dS,;/CFT,_, duality

is provided by this: Zcgr, , [fl,»j} = e'laswalomv] where “gy,n”
is the d-dimensional de Sitter bulk metric. Depending upon
the metric on EOW branes, CFT,_, appearing in this
codimension two holography is either nonunitary CFT
appearing in [9,10] or CFT which appears in static patch
holography [62,63] or the one that appears in [11]. It would
be interesting to explore this duality in more detailed way
similar to [31,32,50]. In this case, it is possible to obtain a
multiverselike structure by taking many constant w slices of
single de Sitter space, see Fig. 7. We see the existence of
communicating multiverses [Fig. 8] by gluing many multi-
verses with each other following the concept of [53]. It
must be noted that communicating multiverses exist as long
as all left branes of one multiverse are not joined with the
all right branes of the other multiverse. Otherwise, we
obtain a single de Sitter space bounded by two end-of-the-
world branes.

In Sec. III, we constructed wedge holography in the
extended static patch. This was done using the idea of

double holography in DS/dS correspondence [51]. We
constructed wedge holography in this case by gluing two
copies of a doubly holographic setup by following [53]. We
can have four branes in extended static patch wedge
holography if we keep separating the UV branes Y, and
Y,. If we join them, we obtain wedge holography with two
Randall-Sundrum branes Q; and Q,, see Fig. 3. It is nice to
see that one can describe parallel universes from the
perspective of wedge holography. This can be achieved
by taking “n” copies of wedge holography and then gluing
them together in parallel. Again, parallel universes exist as
long as “n” copies are not completely joined, i.e., we can
have disconnected parallel universes. If we join the left
brane of one copy with the right brane of the other, we
obtain a single de Sitter space bounded by two Randall-
Sundrum branes (Fig. 5).

Based on the theoretical construction of multiverse
discussed in Sec. VA, we can say that we are living in
a universe that is part of the multiverse because this model
is constructed in de Sitter space, which has a positive
cosmological constant. Many universes exist (where differ-
ent species may be living) within the same multiverse, but
we are not able to travel among other universes because of
our limitations. Suppose we are living in a universe and we
want to travel in a different universe, then we have to cross
the defect that is common to both universes. In this paper,
we have not discussed this issue, but we hope to explore it
in our future work. We have made a qualitative statement on
this issue in [6] for the AdS bulk spacetime.

In Sec. V B, in the process of constructing communicat-
ing multiverses. There is a possibility that we can have
disconnected multiverses. In this scenario, there cannot be
any communication between any universe of one multi-
verse and any universe of another multiverse. However, to
make the communication between two multiverses, we
need to have connected multiverses where one universe
(left outermost) of one multiverse will get combined with
one universe(right outermost) of the other multiverse. In
this case, there could be possibility of communication
between different multiverses.

It would be interesting if one could construct this kind of
model from top-down holography similar to [87] where the
authors discussed the existence of binary black holes from
top-down triple holography.12 So far we have discussed the
existence of parallel universes, multiverses, and commu-
nicating multiverses for the identical branes, i.e., we have
multiple copies of the same universe. As we discussed
in [6] that issue of mismatched branes [92] was present
even in wedge holography which prevented us to construct
the wedge holographic realization of Schwarzschild de
Sitter black hole. If one could resolve the issue of

12See [88-90] for the top-down construction of double
holography and [91] for the realization of de Sitter vacua in
string theory.
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mismatched branes from the perspective of [53] then one
may obtain the Page curve of Schwarzschild de Sitter black
hole [93-95]" from wedge holography. It would be nice to
include the graybody factors [98] and see the affect of the
same on information exchange between different universes
or in usual wedge holography where Hawking radiation is
exchanged between gravitating branes. Further, one can use
our model to discuss the information paradox in de Sitter
space by considering one brane as the source of Gibbons-
Hawking radiation [99] and another as a bath for collecting
the Gibbons-Hawking radiation.
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