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Inflationary cosmology/String landscape
B I

Inflationary cosmology/String landscape suggest that our universe may not be the
only universe but is part of a vast complex of universes that we call the multiverse.
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Quantum entanglement?
I I

The most fascinating aspect: Einstein-Podolsky-Rosen paradox

To affect the outcome of local measurements instantaneously once a local
measurement is performed.

The information travels faster than the speed of light?

Eg) An entangled pair of electrons
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The instant Butigayuiréeitd IdoasrEtistely kngntilWtdchnepiuray ifriendiongethere will find.
Quantum entanglement was confirmed by experiments. Aspect et al. (1981)
Causality remains intact.




Entanglement exists in arbitrary large distances
[ I

In principle, you gain information about the partner particle by measuring your
own particle wherever the partner particle goes, if they are entangled.

a causally disconnected different universe



Naive expectation
.
Inflationary universe is approximated by a de Sitter space.

In quantum mechanics, vacuum state is full of virtual particles in entangled pairs.

Our universe

Initjal qué§uantiraerstandementeraoddrexisivbeseandhay be
entanglecosiiiokxgitabiimarizon (the Hubble horizon).

A pair of particles created within a causally
................. connected cosmological horizon size region
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Good news

e IS
Maldacena & Pimentel (2013)

Time slice in open chart
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Two causally disconnected regions
have been shown to be entangled.
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Review of Maldacena & Pimentel’'s computation

Action (No bubble wall)
4 | m’ 2
S =[d'x-g [—Eg” 0,90,9=—-9 }

Metric in each R and L region

ds* = H*| ~dt} +sinh’ te(dr +sinh’ rd Q) |

‘0.
o,
.,

“The Hubble radius? of de Sitter space False vacuum
and Cregion (Euclid space)

ds’ = H> [a’té +cos’ 1., (—drg +cosh® 7. d Q° )]

Open chart

can be obtained by analytic continuation from
the Euclidean metric

ds’ =H" [—drz +cos’ 7 (dp2 +sin’ p sz)]



The positive freq. mode in the Euclidean vacuum

Separation of variables

Byl 2) ~ Zp(tC)?pEm(’"c’Q)

------------------

COSt c
Harmonic functions on the 3-dim hyperbolic space

The solutions of the mode function in the C region

False vacuum

2 .
2,(tc) = PPy (sinz) v= 9 _m (Euclid space)
A :

The associated Legendre function

Mode Mass parameter

We want the positive frequency mode functions supported both on R and L regions
(two causally disconnected regions).

We need to extend the solution analytically from the C region to R and L regions
by requiring regularity in the lower hemisphere of the Euclidean de Sitter space.



Euclidean vacuum (Bunch-Davies vacuum) solutions

Sasaki, Tanaka & Yamamoto (1995)

Solutions supported both on the R and L regions
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A

Mode
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Mode
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P’ (cosht,)

| / (v+1/2+1
COS TV PP, (cosht, )+ " cos z(ip +Vv) ( P)

e (cosht )

isinhzp isinhzp F(V+1/2—ip)
| / [(v+1/2+i
—C.OS id P? ,(cosht,)+e ™ =02 {Z(ZP—H/) ( P) 1 (COSht )
isinhzp . isinhzp T(v+1/2-ip )
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These factors come from the requirement of analyticity of
Euclidean hemisphere

The Euclidean vacuum (Bunch-Davies vacuum) is selected as the initial state.

Looks the same as a Minkowski vacuum at short distances



Bogoliubov transformation and entangled state
I I

The Fourier mode field operator is

Positive freq. mode in the past in the Euclidean vacuum
v
* _ Tl
d()=a,y’ +al y° a_ ‘O>ED =0 [aa, aa,] =0 __

G=R,L

" ~ P? (coshtR)

v—1/2

@' ~P? (cosh tL)

Positive freq. mode in the past in each R or L vacuum

= bq;q +b;€0q* by ‘O>R =0, b |O>L =0, [bi’b;’} =0y
A :

g=R.L g=RL

Then the operators (aa,aT) and (bq,b;) are related by a Bogoliubov transformation.

o

We are looking at analytic properties for each value of p

0,)

although we omit the label p for simplicity

o q



The essence of the entanglement

The Euclidean vacuum can be constructed from the R, L vacua as

Oha=on{ 3 3 015 0,10, -oigoea i thesa ) abpe soc

l]RL;

Symmetric matrix which consists of the Bogoliubov coefficients

Unimporatant phase factor

R L
\:/,-H J2e 7" coszv  isinh pz )R
m.=e .
l Jeosh 27z p +cos2zv \isinh pz coszv ) L

E%Amﬁrﬂt&r@eélmmobebﬂsonake the operators in R and L regions correlated.

The Euclidean vacuttm Ioo$ like &t entangled stat from the point of view of

o brecs EIECIL

The quantum entanglement is observer dependent !?
Entangled state of M 4 ® H ¢ Hilbert space 10



The density matrix

The Euclidean vacuum can be constructed from the R, L vacua as

1
O on(3 T #5440, ),

i,j=R,L A

Symmetric matrix which consists of the Bogoliubov coefficients

Unimporatant phase factor

v - .
m. = e’ \/Ee " coszv  isinh pz Conformal invariance (v=1/2)
o ' S1 Massl =3/2
if \/COSh 27Z'p 1 cos 2y \ isinh I cdk TV asslessness (v =3/2 )

The density matrix p=|0) (0| Is dizigdiagioinattie tAE, |0),|Bpsismsis.

It is difficult to trace out the degree of freedom in, say, the L region later
in order to calculate the entanglement entropy in the R region.

We perform a further Bogoliubov transformation to get a diagonalized form.
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Bogoliubov transformation 2
[ B

We perform a further Bogoliubov transformation in each R and L region

Rregion: ¢, =ub, +vb}

I/

ulP —|vP=1 lc.cl|=0
L region: ¢, =u b, +v'b]

This transformation does not mix the operators in #, space and those in H, space
and thus does not affect the entangled state between, and #, .

We obtain the relation

_ 2 -1
‘O>ED = Ny: exp(yp c; cZ)‘O>R, ‘O>L, pr :‘ exp(yp c}; CZ) = (1— | 7, |2)
y =i \/5 Conformal invariance (v =1/2)
g \/ cosh2zp+cos2zv + \/ cosh2zp+cos2nv+2 Masslessness (v =3/2 )

v=1/2,3/2

> ~e
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Reduced density matrix

Finally, the reduced density matrix after tracing out L region is found to be
diagonalized as

_ Conformal invariance (v =1/2)
Pr = TrL ‘0>ED ED <0‘ Masslessness (v =3/2 )
:(1—| |2)i| |>" n><n | . Thermal state T=—.-
7/p ~ 7/p : - 272_
~e—27rp " ~e—27rpn
1 n
|n/<,> = ﬁ(c’;) O/f) 2 : n particle excitation states Thermal state: T

The de Sitter space has some peculiar property for the conformal and massless cases.
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Entanglement entropy between R and L regions

I
Maldacena & Pimentel (2013)

They calculated the entanglement ehgrgpév betewen those R and L regions.
|

Entanglement entropy for each mode:
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Now going back to the original question
T B

Is our bubble universe entangled with some other universe initially?

We found that two causally disconnected regions were entangled but
bubble universes through quantum tunneling at false vacuum decay
may cause decoherence...

So we consider the effect of

a bubble wall

on the entanglement entropy.
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String/cosmic landscape

I
Sato et al. (1981), Vilenkin (1983), Linde (1986), Bousso & Polchinski (2000), Susskind (2003)

The configuration space of all possible values of scalar fields with all possible potentials.
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Open chart describes bubble nucleation
e IS

Eg) One type of potential of a scalar field in the landscape

V(9)

Bubble wall

Inside of a bubble
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Our setup

We assume there is a delta-functional wall between two open charts R and L.

w
c
(o)
=X
®
=
o

False vacuum
(Euclid space)

Action A delta functional wall of hight (depth) A

This can be thought of as a oldel of pair creatpn kfélflter)tlc bubble universes
separated by g’bu_Pbl’ec\g& g"0,00,4—
2
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The ED vacuum solutions in the presence of a wall

The positive frequency mode functions for the Euclidean vacuum in the presence of
the bubble wall

These factors come from the requirement of analyticity of

I Pil—yl/z (COSh tR) Euclidean hemisphere
X, = - | v |
' (4,C,+B,D )P’ (cosht,)+e™(4,D, +B,C_,)P.¥,(cosht,)

L | (ApCp +BpD_p)PV’7fl/2(coshtR)+e”p (Apr +B[)C_p)1[’v__"{’/2 (cosht,)
X, ()= -
L By, (cosht,)
L“‘Wall effect
) T NS, C - Cosv.
A= i wp H’ Fla(OR500) & =7gm p
B =—— .72 A2 (Pvl?jl/z (O))z D =g cos(v+zp)7z F(l/2+v+zp)
2isinhzzp H p isinh7mp F(1/2+v—ip)

We can expect the effect of the wall would appear in the entanglement entropy.
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Bogoliubov transformation and entangled state
B I

The Euclidean vacuum can be constructed from the R, L vacua as

‘ > o eXP[ ZR,Lm,J b j)‘0> ‘O> : Entangled state of the H, ® H, Hilbert space
i,]
Symmetric matrix (mRR m’“]

My My

; 1_ * 2 p
o= == g (1)) Hf*z}(“fp “ls ){fplff

; 1_ . 2 2 g,
mRL:mLR:_l_ngQE (fp+fp) fp_ l—fljz ](14‘](]) _‘gp‘ )[llf;z

‘2

= Wall effect 2
_ 7P
fp = Apcp * BPD—p 8p=¢€ (APDP +BPC—P) E= [1 - 1— f*z }
p

We pérferiianothenBogotiubov diarsfarmationl itoo make rthie densiby matrixdiagonal
as weldidowithxoat bubbte wall.
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Bogoliubov transformation 2
B I

The second Bogoliubov transformation to make the density matrix diagonal and
that does not mix the operators in R and L anymore is

= (-1, )"

0= ool 0,00, N <[exn(r,dici)

we want to know

If we write m,, =m,, =w and my, =m;, =¢

1
2qf

‘yp‘z = [—a)zg*2 —w*2g2 +|a)|4 —2|a)|2 +1+ |g|4

_\/(a)zg*2 + 07 || +2]0] —1-|¢[ )2 —4|g|4}

We can expect the effect of the wall would appear in the entanglement entropy.
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Entanglement entropy between R and L regions
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Wall dependence of the entanglement entropy
I
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Logarithmic negativity between R and L regions
I

In order to characterize the entanglement of a qgeMm state, there have been
mahy Ehtangtement m asure proposed.

Logarlthmlc negativi

0.006 A/ H

This measure is derlxégl@y cgwaracterlzmg an enta
not separable.

at is

0.004 +|}/
LN(p,v)=log o
1— 7,
0.002
| 2
0.000 |4
—4 -3 -2 ~1 0 1 2

Qualitative features are the same as the result of entanglement entropy.



Wall dependence of the logarithmic negativity
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Qualitative features are the same as the result of entanglement entropy.
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Summary
B

We studied the effect of a bubble wall on the quantum entanglement of a free
massive scalar field between two causally disconnected open charts in de Sitter
space.

We assumed there is a delta-functional wall between them.

Our model may be regarded as a model describing the pair creation of identical
bubble universes separated by a bubble wall.

We computed the entanglement entropy and logarithmic negativity of the scalar
field and compared the result with the case of no bubble wall.

We found that larger the wall leads to less entanglement.

Our result may be regarded as evidence of decoherence of bubble universes
from each other.



