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Aspects of Vacua of de Sitter space
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Quantum Entanglement
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de Sitter Space
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dS Ages of the Universe
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Pattern Dark Ages Development of
380.000 yrs. Galaxies, Planets, etc.

I nﬂ atl O n ;zgﬁ:aioso million yrs.

Big Bang Expansion

13.7 billion years

Dark Energy
Dominant Age
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G_Vacua In dS Mottola('85), Allen('85)

Massive free scalar ® in dS

SO(1,d) preserving vacuum is not unique.

standard (Bunch-Davies) vacuum

G(x,y) = cosh2a Go(x, y)
+ sinh 2a(cosB Go(Z,y) — sin@ D(Z,y))

G(w,y) =<{®(x), ®(y)} > N - -7
D(z,y) =<[®(x), ®(y)| > o



a-Vacua in dS (2)

P(x) = Z (an(m)an + qb;(w)ail)
= (n(@)in + fi(2)al,)

ggn(w) = (cosha) ¢, (x) + ew(sinha)qb,’;(m)

an = (cosha)a, — e *’(sinha)al

an|0 >=0

a-vacuum
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Particle Creation and Entanglement
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Particle creations in dS:
 Not exist in Minkowski
* Depend on vacua

» Generate Entanglement

— =

Entanglement Entropy
characterizes dS & different vacua.

Bunch-Davies vacuum: by Maldacena-Pimentel(2012)



Entanglement Entropy

H=HaAQHB

Ptotal — |\IJ > < \Ill
PA — TrB [ptotal]

Sa=—Trpalogpa



Vacuum Condition by {L,R}-Oscillators

Total & LR mode functions are related as:

Xo () = Z (Agoq(xq) + Beotq(zq))

(0 ==1) q=L,R Sasaki-Tanaka-Yamamoto ('94)
B
_ * 77 aqo-(’/a p) ,qu-(ll, p)
Ho = Z (Yaoba + 04009) Ygo (VsP) 040 (V5 D)

Known functions

a-Vacua: a.|0 >=0

5 = (cosh)y — e~*P(sinh)é
0 = (cosh)d — e~ *A(sinh)~



a-Vacuum Wavefunction

a-Vacua: @q|0 >=0 Ay = Z (Yqobg + 05501

q=L,R
.-
~ L 4
|O >—= exp(—mijbibj) |O >T1, |O >R 3 e
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Entanglement Entropy
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s. Plot of Entanglement Entropy
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sSummary

e dS has nontrivial a-Vacua
— generate entanglement in different ways.

* We computed EE in a-Vacua calculated from
direct evaluation of the wavefunction.

Thanks |
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