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Euclidean wormhole = 777

dS (NB) instanton = Euclidean vacuum
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Quantum Cosmology — Euclidean path integral approach

The Wheeler-DeWitt equation: HY =0

The Euclidean path integral is a solution to the Wheeler-DeWitt equation at the formal level:
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Steepest-descent approximation for practical computations:
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A figure from Lehners (2023)



de Siktker tnskankomn

the Euclidean action: t = — it
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no field, just a cosmological constant
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de Sikker tnskankon and the Euclidean vacuum
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related to the QF in the Lorentzian spacetime
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related to the QF in the Lorentzian spacetime
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The issue of regularity of at a(0) = 0 fo 'he analytic continuation of f,
to]the Lorentzian regime is related
th tlﬁne normalized negative frequency

The analytic continuation of this special mode solution defines 2,0 0ata(0)=0 mode of the
corresponding quantum field.
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There is only one unique solution that is not divergent there

Euclidean (Bunch-Davies) vacuum




dS (NB) instanton = Euclidean vacuum  Euclidean wormhole = ?7??




The analytic continuation of modes

Euclidean wormhole
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Lorentzian dSy Lorentzian dS;
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Klebanov-Susskind-Banks (KSB) wormhole:
cut and paste two de Sitter instantons
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The analytic continuation of modes
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Euclidean wormhole
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The Unruh effect and the thermofield double state

W.G.Unruh; PRD (1976)

W. Israel; PLA (1976)

R. Laflamme; NPB (1989)

S. Carroll: Spacetime and Geometry

The Penrose diagram of the the blue area represents half of the Euclidean region
Minkowski spacetime and the Rindler wedges (a 3D figure )
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A figure from Harlow’s lecture notes (2014) arXiv:1409.1231



The Euclidean SHO example: R. Laflamme; NPB (1989)

Geometry and Thermofields

m [
Sp = —J dr [)'cz(r) + a)zxz(r)]
2 T
1I
x(zp)=x; —1 0*Sgy -1
K (xe, xo; T4, = Dxe S = [ — ) Rexpl —S i
E(Xp X3 Tp, Tp) wa:xo ( 271 anox P\ =Pk ( works for free fields)

Seen (14220 + xip) = 4z

= ; g =e P2 Sg(ep) is the on-shell acti
,Z=e is the on-shell action
ma 2(1-22) Heb
The Mehler Formula:
1 4xyz — (1 + 2H)(x* + y2) Py
ex e~ +y92 H H : : ,
o [ 1= Z WOH,(Y),  H, is the Hermite polynomial
o o—Pol4 .
P(xy, Xp) o R o Z e‘“ﬁ“’/zwe_m“”‘l 2% H, < ma)x1> e 7} ( ma)xH> x 2 —E /2gl) (1) @, (xpp),
u!
1=0 u=0

partial trace over subsystem Il :  p(x;,x)) = J dx; P (g, xpp) W (xp, xpp) = Z e PEx b,(xp) ¢, (xp)
—co P



P. Chen, WL, K. Lin, D. Yeom

e-Print: 2505.02807
(In preparation)

| | b . on 1. [
. - = '@ 2
eI\ 20 e~ ANN /\/\/\/ﬁE<4 +lt’> vz
Vg u
Region 11 Region I
- NN\ NY PN Lot
e%e"wtﬂl\/% €:e V2w
T -plane \ Y }
A A B/2 U(l) — Nleﬂa)/4 [e—ia)tI + e—ﬂa)/2e—ia)tn]

—bo . :
ME(T) =e 4 ewT/ 20) U(2) — N2€ﬂw/4 [elwtﬂ + e_ﬂw/zela)tl] ,

ve(t) = e#e_m/ 20




P. Chen, WL, K. Lin, D. Yeom

e-Print: 2505.02807
(In preparation)

) | " <§+it,) N
4

e™ [\ 20 e~ AN

Vg u N\NNA
Region 11 Region I
_ N\NNY PN L ot
e%e"wtﬂl\/% e e Y2

,_
—

Y . .
7 -plane B/2 U(l) — Nleﬂa)/4 [e—la)tI + e—ﬂa)/Qe—la)tH]
up(t) = €520 U = NyehoH [eihn 4 gPoRion],

ve(t) = e#e_“”/ 20

Unique

T=—+it T=
2 1




A general formalism of the entangled state from a
cosmological Euclidean wormhole

P. Chen, WL, K. Lin, D. Yeom (In preparation)
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A general formalism of the entangled state from a
cosmological Euclidean wormhole
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ansatz: V() = ug(—1)

not even nor odd function;
analytic and real-valued when 7 € R;
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A general formalism of the entangled state from a
cosmological Euclidean wormhole
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ansatz: V() = ug(—1)

not even nor odd function;
analytic and real-valued when 7 € R;

 The analytic continuations of uy and v to the right (Region ) and left (Region Il) Lorentzian spacetimes,
respectively, are the normalized negative-frequency modes of the quantum fields in the respective regions.

 The analytic continuations of u and vy to the dual Lorentzian sectors, Region |l for 1y and Region | for v,
are proportional to the normalized positive-frequency modes of the quantum fields.
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CMB TT Spectrum: Wormhole vs Standard Power-Law
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5000 { ---- \Wormhole Power-Law (q=0.010) ' P. Chen, WL, K. Lin, D. Yeom
---- Wormhole Power-Law (q=0.015) e-Print: 2505.02807
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Summary

*The perturbations on a Euclidean wormhole instanton leads to entangled initial state
of the perturbations between the two Lorentzian universes.

*The relation is a generalization of the thermofield double state. Due to the
non-trivial Euclidean geometry, the entangled initial state on one side deviates
from a thermal distribution. This formalism selects a unique vacuum.

This pair-universe entanglement enhances the long-wavelength modes corresponding
to the low [ range of the CMB power spectrum.
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