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Entanglement (two party)

KBTS 5> IR |

pure state (4, pa) (48, PB)

o A, Bldseparable
|4, B) = |A4)|B)

e A, Bldentangled
A, B) = |a1)|b1) + laz)|b2) + -+ mp BFHFEEOEE

— I
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e CDKDICETKERWEZE, A Bldentangled
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SeparableT HDAVETTFEMY  Rsimon 2000, LDuan et al. 2000
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= Gnpndnin) (6B =2
J 0 0 1
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covariance matrix Vi = 5(5] Ex + ExEj) (A) = Tr[pA]
® positivity V4 %Jz >0 FEDAICKULT(AAT) >0
« MNEE PB — —PB V—V

\\ ‘ 2X2
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Symplectic eigenvalue symplecticZ i

SVS! = diag(vy, vy, v_,v_) S € Sp(4, R)
vy >v_ >0 SRS’ =9
« 1 N
® positivity v = > (RHEE IERA1R)
. |
® separability v_ > >
. J

CDFEEI T NTWBIZEITIEA, Bldentangle U TR LY
( "EFMHKE) =2UL)
Logarithmic negativity
Ex = —min[log,(2v-), O]
Enx >0 entangled
Eny =0 separable
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ERDFICX U TROERZ Mmic I D mBERPHFE

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

. J

fdzqdzp? =1, P >0

e 1 HEHE X 1 HHEE Gaussian statelc Xt L Tl&

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

(R.Simon 2000, L.Duan et al. 2000) P >0 |O( IB> _ |Ol)|,3> A BICXT9 5
— ’ coherent state

P-function (:F(q,p):) = /dzqdzp P(q,p)F(q, p)

P-func D FESH <mm)  separability
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Wigner function

W(q, p) = [detV] Y2 exp (—%&TV_I‘g‘) § = (qa.p4.98.P8)"

EROREE(q, p)IicXI LT
@ ™

{F(q, p)}sym) = /dzqdzp Wi(g, p)F(q, p) Wigner func.:V > 078 5=F&E

(:F(q,p):) = /dzqdzp P(g, p)F(q, p) P-func. : separable’d 5 71

. J

separable D& T THHEIL DS

((F@. Dlym) ~ (F@.5):) ~ (F@. ) gy T 4P) > WD)
q. P DIEAHBENERTE S V,D > 1  (nambu,2008)
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(2) 2 D Ddetector CIHFDIEBEZ FiAHH T

detector A detector B

S—— = |1
output O,I[ i |0)] output 0, | [ i |0)]

quantum field

- H(x)

detector ABDIKRE o \
— DT TV TILAY K
initial: separable === final: entangle % jetectoric 89

(entanglement swapping)

3) He ML T 5 (CKREZEMF ICwindow functionZ E A )
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Lattice model TOEETT nambu, 2008

a//

EOM q q qu =X\ scale factor a = —1/(Hn)
: ds* = () (~dn* + dx*)

//

a
ZE ] % BEEE Q}, — ;qj +2q; —a(qgj+1 +¢gj—1) =0

d1 di—1 4; 4j+1 --. 4N ]
ST —— R Y | -dim
o’
Ax

=11t .-

N—
A 1 A * A / ] —
qj = \/—7 Z (fkak + Jx ajv—k) €'k O = N

fk”+(w5—%) fi =0 @i = 2(1 — ar cos )

Bunch-Davies vacuum
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block variablesDIREEL)

negativity DIFFEIZ{L d =0 4 n

JAN B
P COﬂﬂ%ﬂﬂﬂ)HX entangled
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Lattice modellc KT HEIELDFE & &

2{Rentanglement|c E D < HELICEI BN

scale
A

| e
: classical  group size (wavelength)

> time

e 7EI (D K E & Dhorizon scaleZ 29 & 7EIE[F] (L separable
» horizon N EF1HEI DB = JRTE

e separable(CT 7% o TH S one Hubble timef2E THEE” v, v > 1
D HEESEERT 3EENHENO LR
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Detector modelZ HW\ 81

e LDIWRDAE (BRI B> TeEKE

e Iz Mentanglement’x detector & Dentanglement
8L TS

2’) MDdetectorld FHE R &
ICBEIL 5 (comoving)

Iphys = a(f)r

detector D ¥JHRIARE © separable
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Unruh-DeW.itt detector

N ﬁ 1 V=@ +0)p( ()
S o ot =114
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;2
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final state of detectors .
initial state: | | J4| | )B

Tt ot U1 l

0 0 0 X \ 11

0 E Eug 0 T
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11>t

EAB — /dtldtzg1g2e_ig(tl_t2)<¢(tlﬂxA)¢(t29xB)>

E = /dfldfzglgze_ig(tl_t2)<¢(tlaxA)¢(t23xA))

2 qubit>k Dseparability: negativity:

ya— ‘X — F N > 0 2 DDdetectorlFTVY T

ERERAED BRI S = N < 0 2 DDdetectorld /NS T)L
dt—L VX DRKES
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Minkowski vacuum

entangled

Il 7€ f5 ]
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deSitter massless scalar (inflaton)

Minkowski thermal state
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super horizon scale DEFH 5
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Detector modellcHFTAHE{LDFE EH

final : entangled ZIET> Y27
. el r., < I{_1
initial : separable < P~

final : separable 35 MDIREE ?

initial : entangle ——> final : entangled HDIARE 7
(REFDHFIERT)

e Super horizon scaleDEFWW S ENHHEMN TH D I & EEFF

o E FHHENINDCEEZRDIHICIIHEREZ BT INESHD
(HE{ELARFEEHEcEEE S 2 &)

detector|C X4 9 D master A T2 T\,
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Quantum Markovian
Master Equation
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Open quantum system

environment

system DA RE
p = Trpipr}

® weak coupling

e environment|Z XJ 9 S back actionZE(H

® Markov!4

-

0 [CX39 ©Markovian master equation
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Master equation

time coarse-graining approach

F. Benatti et al. 2010

IO. — —J [Heffa IO] —+ i[p] C.Majenz et al. 2013

1
L ———
o] ;e

I
L(p® pg)L = S{L%, p @ py}

At
L = / ds V(s)
0

R OBRIDRT—)L m > 7

At
At
® positivity, trace condition® {RiE 9 5 Lindblad form
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Minkowski vacuum

initial: separable | | )
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entangle

|

separable
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Minkowski vacuum

initial: entangled | WY+ 111
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Master A2 LD E F K

~J

L[] =0  DERBICEKET ZIMRAEITED <

® Minkowski vacuum:
EFED r i ULT

separable = entangle
entangle — entangle

E IR DHENTIRREDNFEET 5

e de Sitter:
YERIREEIC L 5T rp > H™' Tldseparable& 125 H ?

separable — separable
entangle — separable

ERDHANDTIREDNMFET B

33

135F12H9HAKEH



sSummary

135F12H9HAKEH



EFEICHITE2BBATI VTV TILA Y K

HJHAEF D 5 =D HHE{L

® separability

"B RERDMmDEFESRH

e super horizon scaled 5 =D THE(L, DIEHME

lattice model:  entangle — separable

detector model: super horizon scale CLT>Y Y V7 )L AV
[EREH T 7R L
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o DTV YVTILAY N DEFER &HE

® resourcec UCDOIUYVITILAY K
TV VITIAY NDER @) KELBDSEDER

conformal invariance DIE 11

QT, QET & D&

o & HIFYRAEILE ?
DB {E3EER, EJIK, CMB (polarization)

trans-Planckian problem

36

135F12H9HAKEH



Planck scale LI TDBHMNRZTL S ?

scale
A
A~ t, < H7! H™!
Sl PP SR
unknown physics (quantum gravity?)
e approach | > 1
AICEWNWT TEZE, IRREZEE Bunch-DaviesE ZE & |F 273 5 ¢ HRIARE
2 PfM _AVAVAVAAAAMMAMM
H H 2A Wi Ll
Py = | — ]l — —sin| — AL B
2 A H
>k
oscillation in power spectrum
e approach 2 non-Gaussianity
unknown physicsZ T EXBERDIEIE & U TERIR
w2 = 62k2 c3k3 C4k4 S oc Lorentz N2 D
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TVIVTILAY  DIREFL
0)2 _ k2 +182k4

symplectic eigenvalue

2 e R B 2 e e B

o F R REIE, Cldseparable (T % V7))L UL TR W)
o RN SHHER? 7
o HEL M & freezingS A —EL TLVRWL?
I >J)LX> k& (sound) horizonDEfR ?
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