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Introduction

® [nflation provides us a mechanism to generate primordial quantum
fluctuations that lead to the large scale structures in our present universe.

® As the present universe is classical, initial quantum fluctuations must lose
its quantum nature in course of its evolution (quantum to classical

transition).
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® What are conditions for quantum fluctuations become classical?

loss of wave property (freeze out)
loss of quantum superposition (decoherence)

loss of quantum correlation (dis-entanglement)

Entanglement is purely quantum mechanical non-local correlation

é )

We want to understand the meaning of classicalization
in terms of entanglement of quantum field

.

J
Evolution of spatial entanglement in an \
expanding universe

two comoving observer
in deSitter spacetime
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Entanglement (two party)

bipartite entanglement

pure state (44, pa) (48, pB)

e A B are separable
|4, B) = |A4)|B)

® A, B are entangled

_ correlation peculiar to
A, B) = lan)by) + laz) b2} + » quantum mechanics

mixed state
e A B are separable

<= ﬁAB:ij@i@,@{;, ij=1, w; = 0
J J

o [f the state cannot represented as this form, A, B are entangled
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Separability: necessary and sufficient condition
(R.Simon 2000, L.Duan et al. 2000)
| X | Gaussian state A B

& = G panin pe) 6B = i
J 0 (0 1
= (0 J) U= (—1 o)

1 ~ « A . .
covariance matrix Vi = 5(gj Ex + Ex&) (A) = Tr[pA]
® positivity | 4 %[2 > () for arbitrary A (AAT) = 0
5 — pt
p=p

® partial transpose pp —> —PpB V — V

A,B are separable 5 2X3

for M X N system ;
A,B is separable m Vo 5[2 >0
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Symplectic eigenvalue . .
symplectic transformation

SVS! = diag(vy, vy, v_,v_) S € Sp(4, R)
1)_|_2])_>O SQSTZQ
r n N
® positivity V_ = 5 uncertainty relation
B 1
® separability v_ > 5
\! J,

If these conditions are satisfied, A, B are separable
(no entanglement)

Logarithmic negativity
Ex = —min[log,(2v-), O]

Enx >0 entangled
En =0 separable
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Entanglement of Quantum Field in a FRW Universe

YN, PRD80(2009) 12403 |
® |-dim lattice model (periodic BC) ( )

® massless scalar

g1  ---  4j-1 9j 4j+1 --- 4N
¢ e O ——9 ® ® @ o ——o—0—> X
——
AXx
EOM for g = a¢
p a’” 5 scale factor a(n)
9 =4~ \ 4= 0 : dt
a conformal time 7= | —

a

discretize space
!/

a 1
qj = —dj +24; —a(qj+1 +4j-1) =0 @ =1--(mAx)*

® quantization

N-—
" ; 2k
Z (fkak feal,_ k) 143 O = ——

!/
fi + a),%—a— e =0 a)izz(l—acosﬁk)
a
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block variables

I qA 4B
4A=—ZQJ
\/EJ'GA —Q—EQ—H—QB—EQ o —o o}o > X
|

covariance matrix

A A 1 A A A A
ar =(q3) a2=(p1) az= 5{4apa + paga)
| N | A
c1 = 5(q4dp +qpda) 2= 5{PapB + PBPa)
| A A A
¢3 = 5{4aPB + PB4a)
® these variables are time dependent N=100

® numerically calculate symplectic eigenvalue

® obtain logarithmic negativity and judge separability
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Minkowski vacuum

qdA 4B

o=t 0 0 |t O 0 == X

) d )

block size

® Minkowski vacuum is entangled
e En<>0 for d=0, EN=0 for d>|

® Value of entanglement depends on the definition of
spatial regions

® Negativity is constant in time
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De Sitter (Bunch-Davies vacuum)

44 4B
scale Ry
 Hi T —0—6 *—o 9—6 >—o—o-)
a(t) = € wavelength . n
H™1 Hubble horizon
» time
Evolution of negativity block size dependence

e |nitial entangled state evolves to separable state

® Separable time )¢ depends on size of block



block size and separable time

separable time 7]¢

1
a.H

nNAX = —n, =

a. X nAx = H™!

block size Hubble length
\ J

When the block size is equal to the Hubble horizon scale,

entanglement between blocks is lost. initial entangled state
(initial vacuum state)

A B
—0—6—0—0—96—0—0—03—0—))6 @

s ——— separable state

: H .
E: e ) . ®quantum correlation is lost

: i ® generation of “classical” fluctuation
O—fOH_

® quantumness/?
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Information and Correlation of Scalar Field

Correlation of a bipartite system
4 )

N

\_ J

Mutual information lack of information < entropy

I(A: B) = S(A) + S(A) — S(AB)

S(X) =— Z P log py Shannon entropy for
X

a classical variable
S(X) = —tr(px log px) von Neumann entropy for
a quantum state

For classical variables, by Bayes’ rule

](A : B) — S(A) _ S(A‘B) — J(A : B) mutual information in terms of

conditional entropy

conditional entropy S(A|B) = Zpr(A|b)

b
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For quantum case, using a POVM measurement on B,

measurement op. of b

J(A|B) = S(A) — ) ppS(pap) i
Zb: (M}, ) My =1

and in general, pp = tr(IlppapIly)
I(A: B) # J(A|B)

Maximal correlation obtained via measurement is defined by
J(4]B) = S(4) - min Z P S(paj)

Difference between | and | quantlﬁes ‘quantumness’ of correlation:
D(A|B)=1(A: B)—J(A|B) quantum discord

s N Henderson and Vedral 2001

I =J+D J. Phys. A 34, 6899

| lassical Ollivier and Zurek 2002
tota classica uantum PRL 88, 01790

correlation correlation discord
\_ y

We can judge “quantumness’ of quantum fluctuation using quantum discord.
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Gaussian Quantum Discord Adesso & Datta 2010
Giorda & Paris 2010

For 2-mode Gaussian state with a covariance matrix

(9

We consider a Gaussian measurement coherent state POVM
Ms(n) = Dp(pu Dy, 7! / A2nTlg(n) = I
Dg(n) = enb'—n"b b = \E i
B(n) =e ) Y8+ =pp

State of A after measurement of B is
1 =A-CB+Vy)'ct

General form of Gaussian discord:

D = f(VB) = f(v-) = f(v) + max S(VV])

f(x):(x+%)log(x+%)—(x—%)log(x—%)
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De Sitter (Bunch-Davies vacuum) W e Ve P
o S
scale
negativity A
wavelength
H—l Hubble horizon
» time

N
o

discord

24

N
N

Information

N
o

—_
o

Asymptotically approaches to zero discord state

| . .
» appearance of classical correlation
//
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De Sitter — radiation dominant

a X e

Ht

a x (t —|—fo)1/2

negativity

qA 4B
—O—Gﬂﬂ%ﬂﬂﬂ)i—)x

n n

I
scale Hubble horizon
A
wavelength
H!
» time

discord

c
e
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@©
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—

O
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Minkowski = cosmic expansion @ Minkowski i 15

negativity discord Py P

a(n) =1+ A(1 + tanh(n))
a
A

2A

>1]

A large change of negativity

V ¥

4 N
y
A \\
. h
\ y
) //
A 4

small value of final discord




Evolution of entanglement and quantum correlation in
De Sitter — radiation dominant universe (lattice model)

® Quantum fluctuations generated in de Sitter phase lose spatial
entanglement when their wavelength exceed the Hubble horizon.

® Entanglement between adjacent spatial regions remains zero after the
universe enters the phase of decelerated expansion.

® Quantum discord has non-zero value even after the entanglement
becomes zero.

® Asymptotically, quantum discord approaches zero and the zero discord
state is attained.

scale
Hubble horizon

zero discord state wavelength

L

ktotal correlation=classical correlation)
19 » time




Quantum Estimation in Cosmology

® Estimation of model parameters

expansion law, mass of fields, coupling of fields,......

® Classical theory: measurement result (probability)

Fisher information

® Quantum theory: measurement result (probability) depends on POVM

optimize about possible POVM
quantum Fisher information

® VWe want to understand relation between Fisher information and
entanglement in cosmological situations

20



Fisher information

P(&|0) :probability to obtain measurement result £ with
respect to POVM {11 |

0  :a parameter to be estimated

Fisher information

0 2%
72(6) = Y Pelo) ()
3

Unbiased error for @ satisfies (Cramer-Rao inequality)

1

(A0)* > — Larger Fisher information reduces
Fe(0) the lower bound of error
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Quantum Fisher information
defined by optimization wrt

Fo(0) = max F¢(0) all POVM
ey

This quantity can be represented by symmetric logarithm derivative:

I
Fo(0) = tr(p£p), dop = ip. Lo}

For a state with form

P = an‘WnHWn‘

0gAm)? Am — An)?
Fo(0) :Z( ka) ZZ (Am‘|—)&n) ‘(Wm‘aewnﬂz

m m=n
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Massive scalar field in a FRW universe

3 1 ab m2 p)
L = /d X\/——g(—ig 0aPOp P 5 ¢ )

¢ =ag¢

a),% = k% 4+ m?a?

Hamiltonian

H = /d3k — (kabk —I—bkka) -1

generates entanglement

(bk (77)) _ (uk Uk) (bk (770)) between k,-k
-k i i) \b-klmo) uk(no) =1, vk(no) =0

Bogoluibov coefficients

pX ]



Initial *

1

BRIEE

0,n)s exp

Uk

vacuum’’ state evolves to many particle state:

1
v (akTCl—kT) 0, 79) = —
_<Uy U |

2 mode squeezed state: entangled

Reduced density matrix

Entanglement entropy

n=—

= — Z Ay log Ay
n=0

Quantum Fisher information

= > An(dglog )’
n=0

24

Tp3

0

() s



previous works model universe with expansion law
a(n) =1+ e(1 4+ tanh pn)

® (k,-k) entanglement of a bosonic and a fermionic field

l. Fuentes et al. PRD82,045030(2010)

® estimation of expansion law using a fermionic field

J.-Wang et al. Nucl. Phys. B892(2015)390

We consider a massive scalar field in de Sitter universe.
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Entanglement entropy

104

0.001

0.010

0.100
K

— m2=0.0001
m2=0.1

m2=0.5

— m2=1

no specific feature
due to mass

Quantum Fisher information: estimation parameter is mass

104

0.001

0.010

0.100
k

oscillation due to mass
appears in super
horizon scale

QFl is sensitive to
behavior of entanglement

physical meaning?



Summary
® Classicality (quantumness) of quantum field in a FRWV universe
® Entanglement and quantum discord

® We confirm the quantum to classical transition of the scalar field
using |-dim lattice model.

The considering system approaches the zero discord state
Cause of this behavior!? : particle creation due to cosmic expansion

increase of k-space entanglement 0 decrease of x-space entanglement
particle creation

® What is the relation between (k,-k)-entanglement and x-space
entanglement!?

® Entanglement, classical correlation, strength of energy(density) fluctuation
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HHELDFEHE EFRoFEEZERT IBESFDEESY)

N

ERDFICX U TROERZ Mmic I D mBERPHFE

(F(4a, pA.4B, PB)) = /dzqdzp P(qa, pa,q8, pB)F(q4, pa.9B, pB)

. J

/dzqalzpﬂj =1, P >0

e 1 EFHE X 1 BEREE Gaussian statelc X3 U T &

%bqseparable ﬁ PAB = /dz@dzﬁ P(a, p) o, B){a, P

(R.Simon 2000, L.Duan et al. 2000) P >0 o, B) = |a)|B) A BlCX9 5

I coherent state

P-function (:F(q,p):) = /dzqdzp P(q,p)F(q, p)
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P(S) = : vdetP cXp (——‘ETPE) | ST (V][ — g)_l S

S € Sp(2, R) ® Sp(2, R)

standard form
ar Cr

Vir = SVST = ajr '/ _ [e=le]
cr ar A a—|c
c'/r a/r
v J - 0 . |
S — v_ —
s = — 2

P-func DR TESH separability
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Wignher function

W(q. p) = V] exp (- 367V g )

EROBEME (G, p) ICHLT

r

.

((F (G P)}oym) = f d%d’p W(q. p)F(q. p)

(:FG. p):) = / d%d’p P(q. p)F(q. p)

N

J

separable D& T THEIL DG

(F@.P)}ym) ~ (:F§.§):) =~ (FG. D)) 4up P(q,p) =~ W(q, p)

qd, P DIEFHBEIEETE D

& = (q4. pa.qB. pB)"

Wigner func.:V > 078 51F7E

P-func. : separable’d® 5 7 1E

v,v > 1  (nambu,2008)

=) (FG.p) ~ / i%4dp W(q. p)F(g. p)
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lattice model

symplectic eigenvalue D el F &

o HIEMIIC (B bR DIRAL
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A B

o HHEDIHEAMDEE

W ~ Wi(pa, paA)Wi(¢B, pB)

C/

X exp [;7(90/1 — 903)2] exp [_2a2 (pa + pB)z]
e

v, D> 1(c/a,c’/a < 1) TFIF—F
=FMEREDZZED

v,V > 145
W ~ Wi(¢a, pa)W1(¢B, pB)

) A BOEHIIIMTAREEHRE LTHRID
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Summary

2{Rentanglement|c E D < HELICEI BN

scale
A

= classical

wavelength

> time

e 7EI (D K E & Dhorizon scaleZ 29 & 7EIE[F] (L separable
» horizon N EFHHE DB EZ R E

e separable(T 7% o TH S one Hubble timef2E T E{b”

D EEESEERY 3 HESRERO LR
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RIS
E

AR

e massD AR (Compton wavelength)
o ZEFERTT
o E{AHJ7Zinflation model T D ¥

* entanglement & geometry D %

* N-party entanglement
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