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Scenario of structure formatior

One important purpose in cosmology is to explain origin of structures of the Universe.

In modern cosmology, the origin of the large scale structure in our universe is explained by
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Quantum Effect in Expanding Univer

The quantum f3uctuation of the inf3aton Peld is calculated by using quantum beld theory in curved
spacetime.
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Correlation Function in de Sitter Spacassless minimal scalar
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Cosmic inf3ation generate large scale quantum 3uctuations beyond!
horizon scale of deSitter space r, >H ' (origin of primordial Buctuation)
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Classical property of primordial 3uctuations

" If we adopt quantum Buctuation as initial seed for structure formation,$
some conceptual di%culty appears.

" Usually, quantum expectation value is adopted as initial condition for classical evolution

assumption of classicality

O 111 as statistical average

=)

03 c-number random Gaussian variable

guantum mechanical variable
existence of classical probability distribution reproducing quantum expectation values

" condition of classicality

Assumption: existence of local probability distribution reproducing $
guantum correlations

correlations can be represented as local hidden variable (LHV) theory
» BellOs inequality is satisbec

For bipartite system, the condition is equivalent to the state is separable
¢ no bipartite entanglement £

Although we want to prepare classical initial condition for structure formation, |

seed RBuctuation is quantum!  We must check validity of assumption of CIaSS|caI|ty
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Entanglement Harvesting in de Sitter spac



Entanglement harvesting in de Sitter spac

Detection of entanglement of quantum Peld

One theoretical setup to check entanglement of quantum Peld is the protocol of entanglement

harvesting.

This method measures entanglement of quantum Peld using entanglement between UD detectors

two level atom (qubit)
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Local operation cannot generate entanglement
ﬂ a pair of detectors measures entanglement of quantum beld
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Large Scale Entanglement in Cosmic Inf3ati

and entanglement harvesting: thought experiment

We apply this protocol in de Sitter universe

comoving detectors

\_

f

Interaction

Pnal state

detectors interact with!
scalar peld

1, DAY !B initial state

_J

harvesting protocol

Based on this thought experiment, we can investigate quantum correlation in deSitter

universe.

" theoretical justibcation of origin of OclassicalO primordial Buctuations
" experimental veribcation of OquantumnessO of primordial Buctuations
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Entanglement between 2 quit detector S T

Y. Nambu and Y.Ohsumi 2011

,,,,, conformal scalar E. Martin-Martinez and N.C.Menicucci 2016
3 negativity — _
entangled §[C'r/ é/ll .0/

non-local correlation local noise
00 ] 11i i00i'j 10i;j01]

negativity
A

detectorOs parameter! D H."

o>
O w

scale (separation) , [p
bR

e For large r, ocwl noise destroys quantum correlation and system becomes separabl e

e A pair of gubit detectors cannot access entanglement of super horizon scale
typical scale of entanglement | H 1

At Prst glance, this imply there is no quantum correlation in super horizon scale!
(quantum to classical transition occurs) No. This is only one aspect of entanglement

* We must check multi-partite entanglement e&ect
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Entanglement of (n+n)-quit detector s. kukita & YN, Entropy 19 (2017), 249

To check multi-partite e&ect of entanglement, ! negativity
we consider harvesting with multiple detectors -

o E&ect of multipartite entanglement:$
enhances non-local correlation and reduces local noise

e Detection of super horizon scale entanglement is possible$

with multiple detectors
11



Y.Nambu and Y.Ohsumi!

Entanglement of Long Wavelength Mod PRD 80(2000)124031

For later usage, we consider di&erent setup of entanglement harvesting based !
on coarse-graining of peld variable.

| coarse-grained Peld  (with momentum cuto&) & 2 Ke K
S —
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Scale dependence of Entangleme

With this setup, we can evaluate entanglement negativity between A and B

............................. 'p
-; i——9
; | A B
e | separable
% ; 11
= | 0<rp, <1:6H
-% o | _' AB is entangled
(@) i |
@ _ " :
o | rp ! 1:6H ; Ip
| / ; @®-%--@
T T | _' A B
! § # $ % & 1'6H! 1 <r
uv ] IR ;

coarse graining scale AB is separable

=: = | aH" 1
critical coarse graining scale r, ! 1:6H

The mode AB becomes separable for distance larger than the Hubble horizon and this
behavior is the same as qubit-detector case.
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negeAltivity

Why the state Is separable on large scale &
From these observation, we pose the question why the mode AB! E
becomes separable for super-horizon scales.

" Thermal noise with Gibbons-Hawking temperature TyDH=2!destroys $
guantum correlations

" E&ect of multi-partite entanglement
" Both are related

We consider this behavior from the viewpoint of multi-partite entanglement

@ environment

&~ ®

" This separability can be understood based on entanglement monogamy
(sharing structure of entanglement)

we expect as correlation between AE (BE) increases, !
correlation between AB is reduced

" What is the role of OpartnerO mode E?

environment

A X B )

" Is it possible to understand emergence of classicality deSitter space?

We will try to bnd out explicit form of partner for two modes AB.
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Entanglement Partner in de Sitter Spac

In collaboration with Koji Yamaguchi
(Tohoku Univ, Japan)



Partner modes and entanglement structur

First, we shortly review concept of puribcation and entanglement partner!
( basic concept in QM)

e purification

For arbitrary mixed state == @
I D Pns JNATHNA ]
na
It is possible to embed Qin a pure state by adding an ancilla mode A:
IWA'D T pnjnai f’n/x'
n
try SAK"AXY D " pupnimaihmajtr Smy n,Y
m;n

D  pnjnaihnaj
n
D Q
" Kis puribcation (entanglement) partner of A

"If Ais pure, AAis a product state ¢ no correlation between Aand X £
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Entanglement structure of Hawking radiatic

Well known example of concept of partner appears in Hawking radiation.

| Standard scenario (gravitational collapse) S.W.Hawking 1975
horizon 2 mode Bogoliubov transformation
SR seridE In-vacuum state 2 mode squeezed sate (entangled state)
0 u | ol / eelae s il
n
reduced state
v Q / e "=TH jnyihny]
n 1
\ thermal state with Hawking temperature Ty D 2—
N\
squeezing gate
1— }—u 0 u
. 812 ‘. .......... ‘
D 2— F—u
%, == oV
/)) 3 v
%
Q infalling B is a puribcation partner of U

origin of uMis vacuum [3uctuation before horizon formation
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What Is partner mode of inf3aton [3uctuatiot

In deSitter case, we want to identify partner modes for AB, !
which are dePned as two spatially local modes at two points.!

R A A S e e puribcation of AB
T 4
AQ-i )i @B C D
o @
o - O
HlljJ‘\.N\/\/.\iHl 1 - de Sitter horizon 5 A B E
. 4-mode pure Gaussian state

» comoving X

" Entanglement between region A and region B is lost on super horizon scale

" By embedding the target modes AB in 4-mode pure Gaussian state,!
It Is possible to understand structure of entanglement sharing between !
these 4 modes (looking for partner modes of AB)
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Construction of partner mode and Q

" As already introduced, we debne local mode of the quantum Peld using window$
function, which determines spatial proble of the modes.

" OlnformationO of the local mode at Xj can be measured by Unruh-DeWitt types

detectors:
, -

& D d3 wi.x;x;/'Q/ Cwyx;x;/lOx/  HpD!'Ox/ly &
== \‘/\'/ivhdowfunctiohs J

" For given set of operators f&g.j D 1;!!!;2k/, it is possible to identify 2k independent modes

f(l) OD .@;®/;j D11k I; @! D 0y 3

s (2) Modesf!?g constitute a pure state (provides a method of puribcation) =

QIC : quantum information capsule (by M.Hotta and K.Yamaguchi)

Information associated with original mode f(§j)gis completely contained in QIC
(puribcation of target modes)
target modes: localize at A,B
M We adopt the method formulated in these papers
: J.Trevision et al. PTEP 2018, 103A03

®---9 K.Yamaguchi et al. Phys.Lett.A 383 (2019)1255
A B K.Yamaguchi et al. PRD 101(2020)105009

r D r.0./ 19



Construction of partner mod
As a demonstration, we Prst consider puriPcation of local mode A in de Sitter space

| Single mode case

Using coarse-grained Peld, we assign canonical operator at a spatial point X 1
&=
' | aikX 1.
RD.§: /T @D dekfk@ka@k /e :
? G m Vi % partner mode

I@; Q! D i ©D  dkW.!ilg®! g, ® /et Sl

11

A @

We debPne the following linear map for operators:
target mode

f ®/D!'iq;, f @/ Dig:

f .@/ WD dkW.!ilLf &' f, & /e,
Z

f ./ WD dkW,.gx& C g, & /"1

Thus we introduced 2-mode system characterized by the following 4 operators:

@, Q;f .@Q,f .
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The map f preserves commutation relation and covariance:

target mode: 48D .@; /" Q. f Q)

commutators 10D . Qif QD ; 1Qf QrDim/; Diad;:
L = L = () =

covariance fQOg D ff .Qf QgD .m/y; @f OigD! .J/y

! X !
0 0 1
a

covariance matrix of target mode
Dal; J D 11 0

a

By re-debning combination of 4 ops., it is possible to idenbty independent two mode

=0==4. artner mode
D C QDn Xf Q1 miQ X D p
Q Paz 1 1 0 ce
target mode partner mode
IQ:Q"DiJ; TR;RQR'DiJ; 1R:R"DO A @

: target mode
covariance of total 2 mode system (pure)

D H#
al az! 1z =10
Mac D ey al S e
This is the standard form of two mode squeezed state (pure) T =€
Partner of A Is represented as QRD.@; W/ S A
2_ Em— o

As we will see, this method provides spatial probPle of partner mode —
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| degrees of squeezing

sgueezing

scale

partner mode

e | a2l 17 4
£ a2l 1Z  al
A @
entanglement entropy target mode
"acCl1 acCl1 all “al 1
|
S D log 5 ! 5 log :

Entanglement entropy of mode A monotonically!
Increases with scale

As we identify operator form of partner, it is possible to reconstruct spatial shape of it

| spatial proble of partner mode C

! small coarse-graining scale !

3L D d3xWyx;! xI'G/ P D d3xWs.xg! x/l1Qx/

large coarse-graining scale

---------

uuuuuuuuuuuuuuuuuu

Wi.! /

1 1
! !

For large coarse-graining scale & >H ' % partner mode spreads !
over super horizon scale (de-localize)
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| Two mode case
o9
target modes @z D .8 Q&7
®------@
partner modes @p D A'1f . Qg/1 M" .G/ = A B
A$,ATD$," M$,LM: ' 2D J target mode
covariance of target mode (we asszume standard fgrm of Gaussian two mode state)
a 0 d]_ 0
iy 0 o
MAB[)gdl o B oé
0 d2 0 a

commutators of 4-mode T!QB ;!QB "D I1#5; TQD : QD "D I #5; T!QB ;QD "DO

covariance of total 4 mode system (pure)

‘BBl &, 0 g 0O h O
| |
M D ge= O '!h 0 !g
ZBED ey d, O xDa’Cdid," 1; yD a.d;C dyf:
O a 0 d
5]
0O a




Structure of 4 mode state ABCD covariance matrix

A B C D

4 9

A 0 a 0 & 0!g 0 !h
B a O h O g O
O a O0!'h 0 Ig

Magco D B d O

C B o
D a 0
0 a

" ABCD is obtained by applying 6 squeezing gates to vacuum states 1,2,3,4

" CD Is partner of AB

" total system ABCD is pure PELIIEMITRE @===- A 4

target mode : """ ®
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Structure of entanglemen

We show scale dependence of negativity of state ABCD

reduced two modes negativity

reduced 3 modes system

sub-horizon horizon
C D C D
°. °.
. ........ ® ‘x‘
A B A B

C D
Q.
A B

C D
partner mode O----- o
oo

target mode
< A B

reduced three modes negativity

" Target modes AB become separable!

on super horizon scale

" Entanglement between AC increases$

until AB become separable

" Trade o0& relation between N(A:B) and N(A:C)!

(monogamy property of entanglement)

" on super-horizon scale, reduced 3 mode has$

genuine tripartite entanglement (GHZ type)!

1
GHZID p= 111 C} 000/



Spatial proPle of partner mode e D

Q%;D D d3y Wl'C;D/ Xq | y/ C WéC;D/ Xo ! y/ 'Q/ 5 :
target mode | A ®

Ro D d3y WY x 1 yr WS x,1 y/ o1yl

small coarse-graining scale large coarse-graining scale
CD CD

2 M\ 2 /><\ Probles of parter CD spread

over super horizon scale

AB AB

RIVIR DA
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Large scale entanglemen

negativity

large coarse-graining scale

CD

s

AB

e

" Entanglement between AB and CD increases with scale

and captures large scale entanglement (multi-partite e&ect) Reduced ABC system!
IS GHZ type state

" Existence of large scale entanglement in de Sitter space

Numerical calculation of 1+1 harmonic chain$ e
In de Sitter space A.Matsumura and Y.Nambu 1707.08414 /\/T/\/\/\/\/\/\
1 .\’“000-. g s d
0.01} \\\%\\A s hi ST O~ _ _ __,6_,__ f_l_\ B
| gh YA R | --e- =5
2 10| 5 x\\ _: = [ X (qa,p4) [x (¢B,PB)
Aot ly=1 - -
0 o == Two spatial regions are entangled even for!
10 N Jo s=2=T p = : .
0 e super-horizon scale separation
fg N : -
y \\ ] . .
P e e e e (e&ect of multi-partite entanglement)
0 1 2 3 4
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Summary

Structure of entanglement in de Sitter inf3ation

" entanglement harvesting with two detectors (two modes)

~ Harvesting with two modes AB is impossible for super horizon scale
(two spatial region becomes separable)

~ Local noise of de Sitter space kills guantum correlation!

y (but this is related to monogamy of entanglement)

~ This behavior can be understood from monogamous property by!

y introducing partner modes

" 4 mode Gaussian state as total system
~ Spatial proPle of partner modes unlocalized over super horizon scale

~ Negativity with 2x2 bipartition and 1x2 bipartition (GHZ type) increases!

with scale. This behavior ref3ects structure of multi-partite entanglement!
In de Sitter space
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Entanglement Monogam

basic properties
E :entanglement measure

gubit system

sguare of concurrence, negativity
Gaussian system

sguare of negativity

monogamy relation of entanglement
V.Co!man, J.Kundu, W.K.Wootters 1998

: I = .
EAJ BC - EAB C EAC T.J.Osbone, FVer§tr§ete 2006
G.Adesso, Fllluminati 2006

trade off relation between Eagand Eac

" universal relation characterizing multi-partite entanglement
" may provide upper bound of Eagand Eac
" sharing of quantum information, no-cloning theorem
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Entanglement between 3-quit detector ~ ©H4Ps structure
A

0

Bl B2

For 2! rH ! 2:2, GHZ type state!

....................

L IN.AVBB,/ D
N.AVBB>/ [ ﬁ

' N .Bi;B,/ D 0
—

appears

residual ;=
N.ABB>/“! N.AB/4! N.AVB,/?
This quantity Is positive by monogamy !
relation for qubits system
contribution of purely tripartite entanglement

Increases I max
Ll

pure tripartite entanglement




Structure of Multipartite Entanglement: Monogar

Monogamy of entanglement: property of entanglement sharing
prohibits cloning of an unknown quantum state

2 , 2 2 oB oB oB
NAJBC - NAJB C NAJC Ae = YN L’A. '
C e °C

groupl group2
o N 2 2 2 e
Residual: Njigc ! Njjg ! Najc  measure of multipartite entanglement

oB e B oB oB e B oB
Ale 17 Ae C Ae CIA@ : 1 A@ C aAe
.C .C .C ’QC CC .C
groupl group2
(B
H Residual = ae : pure tripartite entanglement
O

For super horizon mode In de Sitter space,

oF ®B| B B Multipartite e&ect is responsible!
A@--; RN C Ae C Ae
- oC @ «c forlarge scale entanglement
1 T

G2



Monogamy and Separability

¥ Is it possible to say something about emergence of $
separable state just applying monogamy inequality?

. . e .
IGHZI D p—é.jllflj C | 00Q/
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“ O.
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* . - * +* *
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Q 3 4 . - 2
N . 0 . » .
» - - . » .
. - » = .

M
. = » SN, 0 ssssRess ol 1
M - 5 - s
. " - n - b=
. y . 0 . &
\J & . & “ 3
& 0 £ 4 * *
- > * & *
* ° *

3 3 - *

. o Oy R

X —— s LETTLL

3 *
. *
"SassssssEsssssEEEEEEEEEEEEEEEnnnt

N.AWBC/ D 1=¢ N.BWC/ DO

2 2 2
NI32jCA ! NI32C C NAZB NAjBC I Nagg € Nic

These inequalities are trivially satisbPed and do not!
proved any useful information on relation between!
separability and strength of entanglement
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Standard monogamy relation:
2 , 2 2 ,
NAJBle ' NAjBl C NAJBz ¢ ¢
B1 B2

This inequality does not bound strength of correlation between B1 and B2!
as a function of correlation between A and (B1B2)

A
A new monogamy inequality:  S. Camalt 2017 ‘punbcaﬂon parter

KR..! EB,\VB,/ CE.A BB,/ :
BlL LBZ

For maximally entangled system B1B2, E9B ; WB,/ D ER\a
and this inequality says E.A BB,/ D O

relation usually used to illustrate entanglement monogamy
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