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1. Introduction
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Unruh & Wald (1984)

Minkowski vacuum is expressed as an entangled state
between the right and left Rindler wedges  

Right –Rindler wedgeLeft Rindler wedges
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j denotes a mode of a field in Rindler space, and nth excited state of  the mode j
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Coordinate for an observer in a uniform acceleratedmotion

Rindler coordinate (⌧, ⇠)
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a = 1We use the unit without notice

(Right) Rindler spacetime

a is the accelera+on for an observer fixed at xi=0

Right –Rindler wedgeL

ds2 = e2a⇠(d⌧2 � d⇠2)� dx2
?



Origin of the thermality of the Unruh effect

Partial trace of the density matrix of the Minkowski vacuum state 
w.r.t. the left Rindler space →the thermal state appears in the right Rindler wedge
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Thermal excita>ons of a detector  (and a par>cle) in a uniform accelerated mo>on
coupled to vacuum fluctua>ons: Unruh  effect
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Thermal state 
of temperature

A observer in an uniformly accelerated motion sees the
Minkowski vacuum as a thermally excited state. 



Vacuum state as an entangled state 
between Left, Right, Future (and past) regions 

A. Higuchi, S. Iso, K. Ueda, K. Yamamoto (2017)

Useful to understand the origin of quantum radiation 
produced by a detector (and particle) in uniformly accelerating motion, 
thermally excited due to the Unruh effect.  

Left, Right,

Future

Past
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Uniformly accelerating detector (particle) coupled vacuum fluctuations is 
thermally excited due to the Unruh effect and it may produce quantum radiation. 

We have shown that he quantum radiation is not the thermal radiation locally 
generated by the thermal excited detector, but the quantum radiation is related to 
the nonlocal correlation reflecting the entanglement structure.

Iso, Oshita, Tatsukawa,Yamamoto, Zhang (2017)
Higuchi, Iso, Ueda, Yamamoto (2017)

RadiaKon

Today’s talk is not about the quantum radiation, 
but about the structure of the vacuum state



2. Quantum field theory of scalar field in Right Rindler space
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Left Rindler coordinate :

ds2 = dt2 � dx2 � dx2
?
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Quan%zed scalar field

Left Rindler mode
Left Rindler vacuum state :
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Excited particle state
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Degenerate Kasner space: the Future-region
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â!,k?v

F
!,k?

(xF ) + h.c.
�

<latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="FhVt7b7xm3wBHJ0KIaC+KZLN77Y="></latexit><latexit sha1_base64="FhVt7b7xm3wBHJ0KIaC+KZLN77Y="></latexit><latexit sha1_base64="hTbJuGdSxNrfxPQ9GnuFaxryWdE="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit><latexit sha1_base64="qX54JGSFxx7zEfbZ/Oyab58vd4c="></latexit>

Kasner mode

/ e�i|!|⌘�i!⇣ (⌘ ! �1)
<latexit sha1_base64="r7yUmx62YP5V5v+KOdd+abuRMWc="></latexit><latexit sha1_base64="r7yUmx62YP5V5v+KOdd+abuRMWc="></latexit><latexit sha1_base64="r7yUmx62YP5V5v+KOdd+abuRMWc="></latexit><latexit sha1_base64="r7yUmx62YP5V5v+KOdd+abuRMWc="></latexit>

! > 0

! < 0
<latexit sha1_base64="anEHG8p4N7Tbz1rEXt/b2pr2dp8="></latexit><latexit sha1_base64="anEHG8p4N7Tbz1rEXt/b2pr2dp8="></latexit><latexit sha1_base64="anEHG8p4N7Tbz1rEXt/b2pr2dp8="></latexit><latexit sha1_base64="anEHG8p4N7Tbz1rEXt/b2pr2dp8="></latexit>

{
<latexit sha1_base64="iz4HCHyP6OcMDrUox0hOCv2wcOc="></latexit><latexit sha1_base64="iz4HCHyP6OcMDrUox0hOCv2wcOc="></latexit><latexit sha1_base64="iz4HCHyP6OcMDrUox0hOCv2wcOc="></latexit><latexit sha1_base64="iz4HCHyP6OcMDrUox0hOCv2wcOc="></latexit>

Left moving wave mode

right moving wave mode

Kasner vacuum â!,k? |0iK = 0
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Related to the Rindler space by the 
analytic continuation of coordinate variables
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Minkowski vacuum state is expressed as a two mode entangled state 
of left moving wave particle state and the right-moving wave particle state.
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Analytic continuation of mode between the F-region and the R-region

Simply analytic continuation of the Right Rindler mode into the F-region gives
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For proper analytic continuation of mode function between the F-region and the Rindler region, 
we express the Kasner mode function in terms of the positive frequency of the Minkowski mode
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Analytic continuation is not trivial, it should be performed carefully
taking the convergence of the Minkowski mode function in a consistent way.

For the Minkowski mode function in the global coordinate, the prescription 
for the convergence is different for the positive frequency mode and the 
negative frequency mode.  

e�ik0t = e�ik0(t�i")

eik0t = eik0(t+i")

for  the convergence at k0 �! 1

For the consistent prescription, express the negative frequency mode of the Minkowsiki 
vacuum as the complex conjugate of the positive frequency mode, 
then the continuation can be performed as a consistent procedure. 

eik0t = e�ik0t = e�ik0(t�i")

Continuation for the positive frequency mode is different from that for 
the negative frequency mode.
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Left Rindler mode

|0iM = N
Y

!>0,k?

X

nj

e�⇡!nj |!,k?, njiK ⌦ |� !,�k?, njiK
<latexit sha1_base64="jQb2ZO4RuPxpkdy6x61YkwahXs0="></latexit><latexit sha1_base64="jQb2ZO4RuPxpkdy6x61YkwahXs0="></latexit><latexit sha1_base64="jQb2ZO4RuPxpkdy6x61YkwahXs0="></latexit><latexit sha1_base64="jQb2ZO4RuPxpkdy6x61YkwahXs0="></latexit>

|0iM = N
Y

!>0,k?

X

nj

e�⇡!nj |!,k?, njiR ⌦ |!,k?, njiL
<latexit sha1_base64="SoSVedJARFUuCUDI48HFUOuc34I="></latexit><latexit sha1_base64="SoSVedJARFUuCUDI48HFUOuc34I="></latexit><latexit sha1_base64="SoSVedJARFUuCUDI48HFUOuc34I="></latexit><latexit sha1_base64="SoSVedJARFUuCUDI48HFUOuc34I="></latexit> (Unruh & Wald 1984 )

F ! R ⇣ = ⌧ +
⇡

2
i, ⌘ = ⇠ � ⇡

2
i

<latexit sha1_base64="aWQeiqn69e9tRKm24q/4/tNBYjo="></latexit><latexit sha1_base64="aWQeiqn69e9tRKm24q/4/tNBYjo="></latexit><latexit sha1_base64="aWQeiqn69e9tRKm24q/4/tNBYjo="></latexit><latexit sha1_base64="aWQeiqn69e9tRKm24q/4/tNBYjo="></latexit>

F ! L ⇣ = �⌧̃ � ⇡

2
i, ⌘ = ⇠̃ � ⇡

2
i

<latexit sha1_base64="8Z4NniMKRnaDP68f+uEdwMnYync="></latexit><latexit sha1_base64="8Z4NniMKRnaDP68f+uEdwMnYync="></latexit><latexit sha1_base64="8Z4NniMKRnaDP68f+uEdwMnYync="></latexit><latexit sha1_base64="8Z4NniMKRnaDP68f+uEdwMnYync="></latexit>

Con@nua@on of the mode func@ons from the F-region to the R-region   
and the L-region

Minkowski vacuum state is expressed as an entangled state 
between the rigth-Rindler particle states of the left-Rindler particle state.

(Normalization factor is different slightly)
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<latexit sha1_base64="67Qfpu2/VFkpmBSON2yC6GoTkNA="></latexit><latexit sha1_base64="67Qfpu2/VFkpmBSON2yC6GoTkNA="></latexit><latexit sha1_base64="67Qfpu2/VFkpmBSON2yC6GoTkNA="></latexit><latexit sha1_base64="67Qfpu2/VFkpmBSON2yC6GoTkNA="></latexit>

ds2 = e�2ae⌘(de⌘2 � de⇣2)� dx2
?

<latexit sha1_base64="L8JBz5c3wNKWjegvPNcZ80rXJnE="></latexit><latexit sha1_base64="L8JBz5c3wNKWjegvPNcZ80rXJnE="></latexit><latexit sha1_base64="L8JBz5c3wNKWjegvPNcZ80rXJnE="></latexit><latexit sha1_base64="L8JBz5c3wNKWjegvPNcZ80rXJnE="></latexit>

P ! R e⌘ = �⇠ � ⇡

2a
i, e⇣ = �⌧ � ⇡

2a
i

<latexit sha1_base64="p7WfW73PG6MuudRmkdPLUoj+Ces="></latexit><latexit sha1_base64="p7WfW73PG6MuudRmkdPLUoj+Ces="></latexit><latexit sha1_base64="p7WfW73PG6MuudRmkdPLUoj+Ces="></latexit><latexit sha1_base64="p7WfW73PG6MuudRmkdPLUoj+Ces="></latexit>

vP!,k?
(xP ) =

i

4⇡
p

a sinh(⇡a|!|)
Ji|!|/a(k?e

�ae⌘/a)ei!
e⇣eik?·x?

<latexit sha1_base64="sfAuSrROnu+t1QvlIwyuLjWPdfI="></latexit><latexit sha1_base64="sfAuSrROnu+t1QvlIwyuLjWPdfI="></latexit><latexit sha1_base64="sfAuSrROnu+t1QvlIwyuLjWPdfI="></latexit><latexit sha1_base64="sfAuSrROnu+t1QvlIwyuLjWPdfI="></latexit>

/ e�i|!|e⌘+i!⇣ (e⌘ ! +1)
<latexit sha1_base64="hHVQmZ/3e4TZmNesuRDDh910YXI="></latexit><latexit sha1_base64="hHVQmZ/3e4TZmNesuRDDh910YXI="></latexit><latexit sha1_base64="hHVQmZ/3e4TZmNesuRDDh910YXI="></latexit><latexit sha1_base64="hHVQmZ/3e4TZmNesuRDDh910YXI="></latexit>

�̂(x) =

Z 1

�1
d!

Z
d2k?

�
âP!,k?

vP!,k?
(xP ) + h.c.

�

<latexit sha1_base64="pGq5x181INpN/TaQ5fJu7JJHnw0="></latexit><latexit sha1_base64="pGq5x181INpN/TaQ5fJu7JJHnw0="></latexit><latexit sha1_base64="pGq5x181INpN/TaQ5fJu7JJHnw0="></latexit><latexit sha1_base64="pGq5x181INpN/TaQ5fJu7JJHnw0="></latexit>

âP!,k?
|0iK = 0

<latexit sha1_base64="GTKKfvoY/ykxSEnEeIKEBGNeNjg="></latexit><latexit sha1_base64="GTKKfvoY/ykxSEnEeIKEBGNeNjg="></latexit><latexit sha1_base64="GTKKfvoY/ykxSEnEeIKEBGNeNjg="></latexit><latexit sha1_base64="GTKKfvoY/ykxSEnEeIKEBGNeNjg="></latexit>

|njiK =
1p
nj !

(âj
P†)nj |0iK

<latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="w4bcHoqvXJyh7AzANSEz5BtNRUA="></latexit><latexit sha1_base64="w4bcHoqvXJyh7AzANSEz5BtNRUA="></latexit><latexit sha1_base64="f3gPSmGWI3EyuKMqsoJTAv8PbPA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit><latexit sha1_base64="JWzpOz5GIzvqXWwtVHDBCwCPbcA="></latexit>

e⌘ !
1

e⌘ !
1



|0,Mi =
Y

j


Nj

1X

nj=0

e�⇡nj!/a|nj , Ii ⌦ |nj , IIi
�

�̂(x) =
X

j

�
âIjv

I
j(x) + âIIj v

II
j (x) + h.c.

�
,

Descrip(on of the Minkowski vacuum state with entanglement

R

F

L

vF!>0(xF )
<latexit sha1_base64="mctbXQF0KkW7M0/V9N7uYGZ6KsM="></latexit><latexit sha1_base64="mctbXQF0KkW7M0/V9N7uYGZ6KsM="></latexit><latexit sha1_base64="mctbXQF0KkW7M0/V9N7uYGZ6KsM="></latexit><latexit sha1_base64="mctbXQF0KkW7M0/V9N7uYGZ6KsM="></latexit>

vF!<0(xF )
<latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="ceVSlj1urUbnh8rs8bagjTHVhIg="></latexit><latexit sha1_base64="ceVSlj1urUbnh8rs8bagjTHVhIg="></latexit><latexit sha1_base64="3euwx0o2UM6Rzf3Aqhwo/9aPrMY="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit><latexit sha1_base64="iIoXvthxIzDg1WPcb6GaqFtos48="></latexit>

vP!>0(xP )
<latexit sha1_base64="CceEyS56zVSWaNL/p7vQ04Wao6s="></latexit><latexit sha1_base64="CceEyS56zVSWaNL/p7vQ04Wao6s="></latexit><latexit sha1_base64="CceEyS56zVSWaNL/p7vQ04Wao6s="></latexit><latexit sha1_base64="CceEyS56zVSWaNL/p7vQ04Wao6s="></latexit>

vP!<0(xP )
<latexit sha1_base64="p3UYsafIj8QCzkPMuxK/OdtGLqo=">AAACeHichVG7SgNBFD1Z3/EVTSPYBIOvJty1UcQiaGOZRBMFH8vuOsbFfbG7CcaQH7CzsrAQBVHxM2z8AYt8glgqCGLhzSYgKuodZubMmXvunJnRXNPwA6J6RGpr7+js6u6J9vb1DwzGhoYLvlPydJHXHdPx1jXVF6Zhi3xgBKZYdz2hWpop1rT9pcb+Wll4vuHYq0HFFVuWWrSNXUNXA6aUWLy8nVGqm44l iuoC1aYOlMy0EktSisJI/ARyCyTTE73H4Mg4sStsYgcOdJRgQcBGwNiECp/bBmQQXOa2UGXOY2SE+wI1RFlb4izBGSqz+zwWebXRYm1eN2r6oVrnU0zuHisTGKcHuqFnuqdbeqT3X2tVwxoNLxWetaZWuMrg0cjK678qi+cAe5+qPz0H2MVc6NVg727ING6hN/Xlw5PnlfnceHWCLuiJ/Z9Tne74Bnb5Rb/MitwpovwB8vfn/gkKMymZUnJWTqYX0YxujGIMU/zes0hjGRnk+dwKznCNm8iblJAmpelmqhRpaeL4EtLMB9Kakig=</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk=">AAACVXichVG7SgNBFD1ZX3F9JMFGsAmGiFW4a6NYCTaWeZgHxBB2N6Mu2ewuu5tADP5AWgsLKwUR8TNs/AGL9DZiGcHGwrubgKiod5iZM2fm3DlzR3NMw/OJBhFpYnJqeiY6K8/NywuLsfh8ybPbri6Kum3abkVTPWEalij6hm+KiuMKtaWZoqw1d4P9cke4nmFb+37XEbWWemQZh4au+kxl6/EUZSiM5E+g jEEK47DjNzhAAzZ0tNGCgAWfsQkVHrcqFBAc5mroMecyMsJ9gVPIrG3zKcEnVGabPB7xqjpmLV4HOb1QrfMtJneXlUmk6ZFuaUgPdEfP9P5rrl6YI/DS5VkbaYVTj/WXC2//qlo8+zj+VP3p2cchtkKvBnt3QiZ4hT7Sd07Oh4XtfLq3Rlf0wv4vaUD3/AKr86pf50T+AjLXX/le7Z+gtJFRKKPkCFGsYBXrXOZN7GAPWRT5ugb6OIs8SbKUGP2TFBl/WAJfQlr6AAYJh7c=</latexit><latexit sha1_base64="bCJfqRm+slmn/XDooLJJvY2kTrI=">AAACbXichVG7SgNBFD1Z3/GRqI1gExRfTbhro4iFYGOZRJMIiS676xiX7IvdTTAGf8AfsLAQBVHxM2z8AYt8glhGEMTCm01AVNQ7zMyZM3PunJmruabhB0SNiNTV3dPb1z8QHRwaHonFR4dyvlPxdJHVHdPxtjXVF6Zhi2xgBKbYdj2hWpop8lp5vbWfrwrPNxx7K6i5YsdSS7axb+hqwJQSH6/uppR60bFE SV2l4/lDJbWgxKcpSWEkfgK5A6bRiZQTv0YRe3CgowILAjYCxiZU+NwKkEFwmdtBnTmPkRHuCxwjytoKnxJ8QmW2zGOJV4UOa/O6ldMP1TrfYnL3WJnADD3SLTXpge7oid5/zVUPc7S81HjW2lrhKrGTic3Xf1UWzwEOPlV/eg6wj+XQq8He3ZBpvUJv66tHp83NlcxMfZYu6Zn9X1CD7vkFdvVFv0qLzBmiXAD5+3f/BLnFpExJOU3oxySmMM/fvIQ1bCCFLF9XwzlucBt5kxLSXLtUUqRTszF8CWnhA7iMkEU=</latexit><latexit sha1_base64="bCJfqRm+slmn/XDooLJJvY2kTrI=">AAACbXichVG7SgNBFD1Z3/GRqI1gExRfTbhro4iFYGOZRJMIiS676xiX7IvdTTAGf8AfsLAQBVHxM2z8AYt8glhGEMTCm01AVNQ7zMyZM3PunJmruabhB0SNiNTV3dPb1z8QHRwaHonFR4dyvlPxdJHVHdPxtjXVF6Zhi2xgBKbYdj2hWpop8lp5vbWfrwrPNxx7K6i5YsdSS7axb+hqwJQSH6/uppR60bFE SV2l4/lDJbWgxKcpSWEkfgK5A6bRiZQTv0YRe3CgowILAjYCxiZU+NwKkEFwmdtBnTmPkRHuCxwjytoKnxJ8QmW2zGOJV4UOa/O6ldMP1TrfYnL3WJnADD3SLTXpge7oid5/zVUPc7S81HjW2lrhKrGTic3Xf1UWzwEOPlV/eg6wj+XQq8He3ZBpvUJv66tHp83NlcxMfZYu6Zn9X1CD7vkFdvVFv0qLzBmiXAD5+3f/BLnFpExJOU3oxySmMM/fvIQ1bCCFLF9XwzlucBt5kxLSXLtUUqRTszF8CWnhA7iMkEU=</latexit><latexit sha1_base64="7Yx91L1DIQyHhjKeThFEP/D2FSs=">AAACeHichVG7SgNBFD1Z3/EVTSPYBIOvJty1UcRCtLHMw6jgY9ldx7i4L3Y3wRj8AX/AwkIURIOfYeMPWOQTxFJBEAtvNguiot5hZs6cuefOmRnNNQ0/IGrEpLb2js6u7p54b1//wGBiaHjNd8qeLoq6Yzrehqb6wjRsUQyMwBQbridUSzPFunaw3NxfrwjPNxx7Nai6YttSS7axZ+hqwJSSSFZ2skpty7FE SV2g46lDJTutJNKUoTBSP4EcgTSiyDqJa2xhFw50lGFBwEbA2IQKn9smZBBc5rZRY85jZIT7AseIs7bMWYIzVGYPeCzxajNibV43a/qhWudTTO4eK1MYpweq0zPd0y090vuvtWphjaaXKs9aSytcZfBkpPD6r8riOcD+p+pPzwH2MBd6Ndi7GzLNW+gtfeXo9Lkwnx+vTdAlPbH/C2rQHd/ArrzoVzmRP0OcP0D+/tw/wdpMRqaMnKP04lL0Fd0YxRim+L1nsYgVZFHkc6s4xw3qsTcpJU1K061UKRZpkvgS0swH+GuRJQ==</latexit><latexit sha1_base64="bcEffTn1N9Dw0a2+SPmmnoJxZsE=">AAACeHichVG7SgNBFD1Z3/EVTSPYBIOvJty1UcRCtLHMw6jgY9ldx7i4L3Y3wRj8AX/AwkIURIOfYeMPWOQTxFJBEAtvNguiot5hZs6cuefOmRnNNQ0/IGrEpLb2js6u7p54b1//wGBiaHjNd8qeLoq6Yzrehqb6wjRsUQyMwBQbridUSzPFunaw3NxfrwjPNxx7Nai6YttSS7axZ+hqwJSSSFZ2skpty7FE SV2g46lDJTutJNKUoTBSP4EcgTSiyDqJa2xhFw50lGFBwEbA2IQKn9smZBBc5rZRY85jZIT7AseIs7bMWYIzVGYPeCzxajNibV43a/qhWudTTO4eK1MYpweq0zPd0y090vuvtWphjaaXKs9aSytcZfBkpPD6r8riOcD+p+pPzwH2MBd6Ndi7GzLNW+gtfeXo9Lkwnx+vTdAlPbH/C2rQHd/ArrzoVzmRP0OcP0D+/tw/wdpMRqaMnJPTi0vRV3RjFGOY4veexSJWkEWRz63iHDeox96klDQpTbdSpVikSeJLSDMf+LuRJg==</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="trkaY98ekA6aEofzli4A+F1mtTY=">AAACeHichVG7SgNBFD1Z3/EVtRFsgiE+QMNdG0UsgjaWMTEq+Fh21zEu7ovdTTCG/ICdlYWFKIiKn2HjD1j4CWKpIIiFN5uAqKh3mJkzZ+65c2ZGc03DD4geIlJTc0trW3tHtLOru6c31te/4jtFTxd53TEdb01TfWEatsgHRmCKNdcTqqWZYlXbW6jtr5aE5xuOvRyUXbFpqQXb2DF0NWBKiQ2UtjJKZcOx REGdo+rYvpIZV2IJSlEY8Z9AboBEeqTzqGtiazLjxC6xgW040FGEBQEbAWMTKnxu65BBcJnbRIU5j5ER7gtUEWVtkbMEZ6jM7vFY4NV6g7V5Xavph2qdTzG5e6yMI0n3dE3PdEc39Ejvv9aqhDVqXso8a3WtcJXew8Hc678qi+cAu5+qPz0H2MFM6NVg727I1G6h1/Wlg+Pn3Gw2WRmhc3pi/2f0QLd8A7v0ol8siewJovwB8vfn/glWplIypeQlOZGeRz3aMYRhjPF7TyONRWSQ53PLOMUVriNvUlwalcbrqVKkoRnAl5CmPgA1xZLr</latexit><latexit sha1_base64="bcEffTn1N9Dw0a2+SPmmnoJxZsE=">AAACeHichVG7SgNBFD1Z3/EVTSPYBIOvJty1UcRCtLHMw6jgY9ldx7i4L3Y3wRj8AX/AwkIURIOfYeMPWOQTxFJBEAtvNguiot5hZs6cuefOmRnNNQ0/IGrEpLb2js6u7p54b1//wGBiaHjNd8qeLoq6Yzrehqb6wjRsUQyMwBQbridUSzPFunaw3NxfrwjPNxx7Nai6YttSS7axZ+hqwJSSSFZ2skpty7FE SV2g46lDJTutJNKUoTBSP4EcgTSiyDqJa2xhFw50lGFBwEbA2IQKn9smZBBc5rZRY85jZIT7AseIs7bMWYIzVGYPeCzxajNibV43a/qhWudTTO4eK1MYpweq0zPd0y090vuvtWphjaaXKs9aSytcZfBkpPD6r8riOcD+p+pPzwH2MBd6Ndi7GzLNW+gtfeXo9Lkwnx+vTdAlPbH/C2rQHd/ArrzoVzmRP0OcP0D+/tw/wdpMRqaMnJPTi0vRV3RjFGOY4veexSJWkEWRz63iHDeox96klDQpTbdSpVikSeJLSDMf+LuRJg==</latexit>
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The Minkowski vacuum state is described in a unified way 
including the F-region and the P-region. (4-dimensional case with              ) k? 6= 0



The structure of the 2-dimensional massless field (          ) 
is different from that of the 4-dimensional field with

k? = 0
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k? 6= 0

The modes with different direction of momentum are decoupled.
Minkowski vacuum is expressed as an entangled state of the
pairs of the excited states of the modes, I and III,  and II and IV.



To find the Minkowski vacuum state with states in the two Rindler coordinates

Posi8ve frequency mode func8on of the Minkowski vacuum in the F-region

left moving wave and right moving wave near the horizon

Bogoliubov transformation and description of  Minkowsiki vacuum
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Continuation of the mode functions
in F-region to the right, left Rindler region
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R-region

F-region

L-region

η=const.

x=const.

3. De Sitter spacetime

Conformal diagram of de Sitter space
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maximally symmetric spacetime, various coordinates to cover   
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de Sitter spacetime with a static chart
The line element of the static chart in de Sitter spacetime is

ds2 = �(1�R2
A)dT
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Ad⌦
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TA = const. This static chart ⇆ R-region .

RA = const.

H = 1 unit
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RA
=
1

A particle on a trajectory of constant RA is in a uniformly 
accelerated motion, 
on which a detector feels thermal excitations.
We considered a problem whether a uniform 
accelerating detector produce quantum radiation or not.
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Posi<ve frequency mode func<on for a scalar field
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Coordinate system in de Sitter space, Right, Left, Future and Past region
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Analytic continuation

Continuation from R-region to F-region is performed by continuation RA (0<RA<1) to RB (RB>1)

In the L-region we introduce the similar coordinate(TL, RL) 
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We can prove  that this is the positive frequency mode for the Bunch-Davies vacuum

Bunch-Davis vacuum posi8ve frequency mode in the F-region: 
simple analy8c con8nua8on of the R-region to F-region
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p (xF ) left moving wave mode and right moving wave mode
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Left moving wave mode
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Bogoliubov transformation in the F-region
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Bunch-Davies vacuum mode func2onRight (left) moving wave mode function
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Bunch-Davies vacuum is expressed as the entangled state in the F-region
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�ipTBY`m(⌦)âp`m + h.c.
⇤

|p`m,nivF =
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Continuation from the F-region to R-static chart and L-static chart
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Bunch-Davies vacuum is expressed as the two mode entangled state 
of the Right static chart and in the Left static chart 

|0iBD = N
Y

p>0,`,m

X

n=0

e�⇡pn|p`m,niR ⌦ |p`m,niL

B

B



Description of the de Sitter vacuum(Bunch-Davies vacuum) state with the two 
static charts (Same procedure as that of the Rindler space and the Mikowski space)

Positive frequency mode function of the Bunch-Davies vacuum in F-region

left moving wave and right moving wave near the horizon

Bogoliubov transformation and description of BD vacuum state

Continuation of the mode functions in F-region to the right, left static charts
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OK�th excited state in the right 
and left static de Sitter charts 

Tanaka, Sasaki (94)

Some implication

Two mode entangled state 

This does not depend on the mass of the field.
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Entanglement entropy for a pair of entangled two modes



α-vacuum state in de Sitter spacetime
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This does not depend on the mass of field.p
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The results do not depend on θ
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The results depend on the mass of the field



4. Massive Dirac field in 2 dimensional Rindler space
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7. Summary and conclusions

Bunch-Davies vacuum state and α-vacuum state in de Sitter space 
as entangled states of the right static chart and the left static chart, 
Similar structure to those in the case of Minkowski spacetime.

We investigated the description of the Minkowski vacuum as an entangled state
of the right-Rindler particle states and the left-Rindler states,
the extension to the future (past) Kanser region.

Spinor field, electromagnetic field, tensor field

Useful for computation of quantum radiation associated with Unruh effect

þ

þ

þ

þ

Application to cosmologyþ


