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|. Motivation

Two HO separated in distance d in vacuum state of a massless scalar field
[S-Y Lin and BL Hu, PRD79, 085020 (2009)]

Interaction is switched on at t=0.

Entanglement is created

long after one detector

enters the other's light cone
(started at the initial moment).

Cot =d, the "light cone"




|. Motivation

Two double-quantum-dots separated in distance R in thermal EM field
[D. Braun, PRA72, 062324 (2005)]

L0 Interaction is switched on at t=0.

8
o FIG. 1. Entanglement of formation E for two initially not en-
5 ® tangled DQDs with d=10 nm coupled to the CMB at T=2.73 K as
= a function of log;(fe/7) and log;(¢/7), 7=Bh. Black means perfect
o 4 ; ‘
9 entanglement, £=1. white no entanglement £=0, Entanglement is

" created only for t/72 10"(fy/7)’.
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Entanglement is created

C,t =R, the "light cone" deeply in the light cone, too.




|. Motivation

Two initially separated two-level atoms are back-to-back, uniformly accelerated

[B. Reznik, Found. Phys.33, 167 (2003)]

<0 | X 31> > |E4|* |Es|* : Entangled
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> 1 for all L>0 !l

x, = —L/2cosh(2t/L),
xp = L/2 cosh(27' /L),

t

Qa0r Qg

QA never ente'rs QB
each other's

light cone.

t=0

[y= L/2 Slnh(ZT/!)a
ty = L/2 sinh(2¢' /).

Entanglement can be created outside light cone !




|. Motivation

x,=—L/2cosh(2t/L), t, = L/2sinh(2t/1),
xp=L/2cosh(27'/L). ty = L/2sinh(27"/L).

Two initially separated two-level atoms are back-to-back, uniformly accelerated

[B. Reznik, Found. Phys.33, 167 (2003)] t
Qaor Qg
QA never ente'rs QB
1=C = (Xypl0) 0 0 ‘ot cone,
_ _<O|XAB> |‘:YAB|2 O 0
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<0 | X z0|° > |E4|* |Eg|* : Entangled

O Xp)= [ di, | doy ¥4+ mD*(4, B) DH(x', x) = <0l §(x", 1') B(x. 1)) 10>
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Now =e™? > 1 for all L>0|!!




|. Motivation

Two initially separated two-level atoms are back-to-back, uniformly accelerated

[B. Reznik, Found. Phys.33, 167 (2003)] t
Qa0r Qg

QA never ente'rs QB
each other's

light cone.

<0 | X 4501 > |E4|* |Es|* : Entangled

KURoy _ e 3 et __ QL2
|E,|? ) i

Now

> 1 forall L>0 !

-—p Entanglement can be created outside light cone.

Shortcomings of the argument:

- Time-dependent perturbation theory: range of validity
- Comparing two infinities

- No time evolution
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. The Model

Two Unruh-DeWitt detectors (HO) are Qs Qa

t
back-to-back, uniformly accelerated in
a massless scalar field:

Q@ 24 = (a=tsinhar, a™! coshar,0,0)
(

a~'sinh ar, —a! coshar,0,0) t=0

One never enters the other's light cone.
Initial state at t = ¢, (Gaussian)
| 2(0) ) =04, Op)) @ | Oar )

4 4 t=sinhazty/a
Free detectors' ground states  Minkowski vacuum

1 1 \7 D 9
Action § = — f{ﬁxafi#@a”d} + z {f{iﬂi[(ﬁﬁQﬂ" — Q505]
j=AB '

+ Ay ffﬁxflf’(x) f(i’?'ij(Tj:)ﬁd'(I“ - sz(?'f))}




‘ Il. The Model

Sketch of calculation

= Evolution of operators Q., P_, Qr, Pr, @, II in Heisenberg picture.

3
N Z a1 i LN . e N
QQ Tz ﬂ +‘5}z ( }ﬂj} +/ (271_}3 Y [Q’i (Tuk}bk + q; (Tu k)bk

damped HO damped driven HO
= Sandwiched by the initial state: 10 symmetric correlators as elements of the
covariance matrix

1
Vo, (t)=(R,.R,)==((R,R,+R,R
H (t) =1 o ) 2 ( a - 2 ) R, = (Qc(t), PL(t),Qr(?), Pr(t))
= Partial Transposition:  V¥7 = AVA A = disg(1,1,1,-1)
5 100
The quantity Yi(t) = det [VPT = i—M] L (1 i D)
v L
B0 10

< 0 iff entangled [Simon 2000].

or logarithmic negativity £ = max{0, —log,2¢_}




Il. The Model

Result: Entanglement can be created outside light cone !

4999}

.4998¢}

Entanglement is

4997} created att, ¢ > 0.

.4996¢}

.4995¢}

t=sinhazty/a

c- <h/2 : Entangled 2 = (a7 sinhar,a™! coshar,0,0)
e (ii - ﬁ)(cz - E) 2 = (atsinhar, —a~! coshar, 0, 0)
4/\ 4

E = maxi0 loo. 2, |




Il. The Model

Result: Entanglement can be created outsid

4999}

.4998¢ .
Entanglement is =0
L4997} created att, t > 0.
L4996}
.4995¢

v=10"% Q=23 h=a=1 Ay = A; = 20
t=sinhazty/a

c— < h/2 : Entangled

2 = (a='sinhar,a ' coshar,0,0)
_ 2 = (atsinhar, —a~! coshar, 0, 0)
More observations:
1. The detectors will be disentangled at late times.
2. It seems that the entanglement time is after the moment that
the third party can have causal contact with both detectors




Il. The Model

m Covariance matrix of the detectors

Self Correlators Cross Correlators

(0 (94 B 0. 0s (04 Py
(Ga,Pa) (Pi) (Pi@s) (P4 Pi
(Qa,QB) (Pa,Q) (Q3) (@8 FPp)
(O Pp) (Pi ) (Qp Py (P2)

Cross Correlators Self Correlators

v




Il. The Model

Self correlators (Q% ) =(Q% ) ,(P%) = ( P3) are always positive and "large",

a=1.v=0.1, =23

9 a
2 , — 1
(P )—;h’) (Al IHQ)

7

.---"""<Q(n)2>v—%m (A1 - lni)

y = A3/87|: coupling strength

(Mo =1)

Q

2
(Q°)
h .. Unruh effect
2Qmgpl 0.2 W ....... )
\ ’ 0.8
0.15[ \ Q)" . L l‘x‘
'ﬁL o ~ coth 0 6 k : ;
. 2Qmy a \
0.1} _.,-"'wl in weak coupling limit , , -
- . ; :
fH 5 {
0.05] \\\ﬁ\-{Q(n) ) -
10 EC 30 40
-0.2

(Q4)=(Q%)

20 30 40

while (Pa.Qa), (Pp.Qp) = (my/2)(d/d7){Q%) are oscillating in small amplitude.




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.

(Qa.Qp) withy=001,2=13,a=1,h=1, To=—60

Stage 2
0.01r < g
0.005}
Al
-60 -30 (nVU G T
-0.005¢}
Stage 1 Stage 3
0,01l : ;
Ty 0 | T |
hye=2T | , s () _ .
[ Qa,0p ) ~ ! — 27 cos 207+ — coth — sin 2Q7 In Stage 2
\ ; / - pre)
() sinh = a a

h~re=2T

02 sinh =2
a

in Stage 3

2

[2527‘0 cos 2071 +...




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.
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0.005

-0.005

-0.01
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Positive frequency Wightman function

Jon e N of the massless scalar field
(Qa(n),Qp(n') ) = QL;Re Pds Fds’e_""(f_s)_"’('r!_sf) sinQ(7 — s)sin Q7" — ") DH (24 (s), 2%(s"))
To TH




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.

20
0.01
1of
0.005
5_
ﬂn M T =~ !
-&0 -30 OHU P‘ T W ntC ©
-5
-0.005
-10
-0.01
-15
20,

Positive frequency Wightman function

Jon e N of the massless scalar field
(Qa(n),Qp(n') ) = QL;Re Pds Fds’e_""(f_s)_"’('r!_sf) sinQ(7 — s)sin Q7" — " )DH (24 (s). 25(s"))
To TH




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.

20

- ﬂﬂm M T i

0 -3p Gwm W T W B 5
-0.005 gl
h/Am? T,

Positive frequency Wightman function

27 of the massless scalar field
(Qa(n). Q) = OJR“P P ds'e I sin Q7 — s)sin Q' — ') DF(y (), 25()




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.

'C' 20

10

= Hmllln -
H'lHthmr _5

-0.005

-0.01

DT (24 (5). 25(s))]

Positive frequency Wightman function
0 of the massless scalar field

2 ﬁ: )
(Qan),Qp(n") )\ hRe Pds ds' e T=) =77 Gin O (7 — §) sin Q7 — YH e Rl




Il. The Model

Cross correlators oscillate with growing

To 0 | T

« !}IHHHHHHH t
Wi A

0.005

-0.005

Positive frequency Wightman function

27 of the massless scalar field
(Qa(n). Q) = OJR‘P P ds'e =TT sin Q7 — s)sin Q' — ) DF(y(s), 25(5)




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0. .
This could generate entanglement.

(Qa.Qp ) withy=001,Q2=13, a=1,fi=1, To= —60

C-
0.01r
0.
0.005!
0.
Al O
-60 -30 ol i
0.
~0.005}
-0.01l 0.

h ,-—2‘7-1' Q) .
(Qa,Qp )~ h [—QT cos 2007+ z coth % sin QQT] In Stage 2
sinh == a .

hye 277
~ m [297‘0 cos 2007 +...

a

in Stage 3




‘ Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.

This could generate entanglement.
(Qa,Qp ) withy =001, 2=13a=1h =1,

0.00175¢

0.0015¢

0.00125¢

Jl'” I mh,‘,,!. : 0.001}

“mwﬁ’WIW\WW‘ 0.00075

T0 = 0

0.0005
SeRaisealii o WMWWWMWUWMMNMWW
- - T

..........

If £,=0, <QA,Qg> has no Stage 1 or 2 and is always small.

-p NO entanglement creation outside light cone if ¢ ,=0
- similar to [Lin, Hu 2009] and [Braun 2005].

D 30 60 S0 120 150




Il. The Model

Cross correlators oscillate with growing amplitude after t=0 for ¢ ,< 0.
This could and could not generate entanglement.

C- C-

0.58¢1
0.
0.56¢1
o eparable
0. 0.54¢
T 0.52¢
0.
-100 10 30 60 S0 120 150
To = —60. To — —10
entanglement creation No entanglement creation

No entanglement creation outside light cone if t,=0

Entanglement Dynamics depend on t, : Non-Markovian.




Il. The Model

= In strong-coupling regime and ultrahigh-acceleration regime,

the Self correlators always dominate over the cross correlators....

Q=13 a=1, Apg = Ay =20, and 79 = —60

60

0 30
separable

No entanglement creation.




Il. The Model

QB QA t
Summary I

For two initially separable,

local-in-space quantum objects

without direct interaction between them, t=0
a long-lifetime quantum entanglement

between the two quantum objects

could be generated by the environment

before one object enters the other's light cone

under some conditions
(e.g. back-to-back accelerated uniformly with
proper acceleration, natural frequency, coupling,

and initial moment t, in certain parameter range).

t=sinhazty/a

Entanglement created in this way will disappear in a finite time
if the two detectors are sufficiently far from each other at late times.




Il. The Model

Two ions separated by 1m

[Maunz, Olmschenk, Hayes, Matsukevich, Duan, Monroe, PRL102, 250502 (2009)]

PMT

Yb*

Tm

Ytterbium

Yb*

PMT oL

FIG. 1 (color online). The experimental apparatus. Two
7Yb* jons are trapped in identically constructed ion traps
separated by I m. A magnetic field B is applied perpendicular
to the excitation and observation axes to define the quantization
axis. About 2% of the emitted light from each ion is collected by
an imaging system (OL) with numerical aperture of about 0.3
and coupled into single-mode fibers. Polarization control paddles

BT |V, = al0)lvy); + Bilbilvy)

B' (W00 = ai|0);lvy); + Bililv,)

PMTB
2m fiber
PBS
BS
PBS
2m fiber
PMT A

are used to adjust the fibers to maintain linear polarization. The
output of these fibers is directed to interfere on a polarization-
independent 50% beam splitter (BS). Polarizers (PBS) transmit
only the m-polarized light from the ions. The photons are
detected by single-photon counting photomultiplier tubes
(PMT A and PMT B). Detection of the atomic state is done
independently for the two traps with dedicated photomultiplier
tubes (PMTs).




Il. The Model

Two ions separated by 1m
[Maunz, Olmschenk, Hayes, Matsukevich, Duan, Monroe, PRL102, 250502 (2009)]

Im

- |Vr>1|1’b>2)/\/§-

With measurement (on spontaneously emitted photons),
entanglement between two atoms can be created

after the third party have causal contact with both atoms,
while the atoms could be outside the light cones

of each other then.




Il. The Model

Qs 3rd Party Q.

Conjecture

Entanglement is created
after t = (exp atyp)/a.

The entanglement creation

could not happen any earlier than
the earliest possible moment that
the third party, which is also local-in-space,
Is able to have causal contact with

both quantum objects.

t=sinhazty/a
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lll. Concluding Remark (1)

= RDM truncated up to the 1st excited state contains complete information
about the separability of two detectors.

00 01 10 11

q 0 0 QKQJTA’B’
. 0 QKQJ'BBf QKQJA’B 0
pnAnB,-n’:q-n’B ~ 0 QKQJAB! QKQJAA! ()

QKQJAB 0 0 gK4 JABJA’B’ _I_jAA’jBB’ +jAB’jA’B




lll. Concluding Remark (1)

= RDM truncated up to the 1st excited state contains complete information
about the separability of two detectors.

00 01 10 11
g 0 0. G2 TA'B
RrPT 0 gK2TBE gK2gA'B 0
Prans iy = 0 1 gK2gAB gK?TAY | 0
g2 TAs 0 0 gK* {jAB JA'B' | JAA BB’ | JAB' JA'B

. R . . .
Partially Transposed /..n»z.n,»,, has a negative eigenvalue if
TR R S PRty (Y02 det(V + V)
T ST s T R
------------------------------- 168" [( Q%) (Q%) — (Qa.Qp )]
R R R R
or 0> pp0.00P11,11 — £10,01P01.10

% < 0 iff the two detectors are entangled !!




l1l. Concluding Remark (2)

= A replacement of Wightman function in textbook actually changes the
interpretation of the cutoff.

s = gy [ ds [ asem D (5005160

o ; £y 1
Positive frequency (Onr | @ (25) & (25) | Ona )

a1
Wightman function __ %E—wg"mz?"z?3+ﬁk'(2j—3f}
i (!

h/4m?

p;
4 (zg — ieie)

24 = (a7 tsinhar, a™! coshar,0,0)

h/4m? = !
DH(A(5), 25 () = g ; L=l
— % sinh A (sinh 2A —ieacoshal’) + € A=s—4¢




. Concluding Remark (2)

A replacement of Wightman function in textbook actually changes the
interpretation of the cutoff.

oo = me i [ v DY (). ()

iz T=(s+5)/2

D )
L~ A\~ A / ; . - . _ . —_— ‘ )
- '—f‘? sinh %A (filllh %A — t€ea cosh cz.T_) L A=s—4¢

In textbook this is replaced by (since € is extremely small)

I
a%— sinh? A i

Alternatively, one can use the original D* but put the time-resolution of the
detector (physical cutoffs)

oo~ 5o f / ds'e= =)D (24 (s), 24(")

D' (2l(s) 24(s') =




l1l. Concluding Remark (2)

= A replacement of Wightman function in textbook actually changes the
interpretation of the cutoff.

modified D'* with e'= € original D* with a new, positive

€. e, U e<<e€',andegy=€;=¢€'

(210,10 (TDPT)

0_000035| "\ ™, | 0.000036 ;‘
\ ..
0.0000325 \\ K 0.00003(56
0.00003f : 0.0000BESE
0.0000275} N\ 0.0000364
\ ' A2 7

0.000025f \ 0.00003531 r..- 5

N 5 i 47mmy 2™ /a
0.0000225¢} \ 0.0000362
\ %, ifl
3 - 1

2 4 NGB 2 i : s Qn/an

original D* with €

€L E 0

Replacing D* by D'*is equivalent to
taking € to 0 and setting €= €, = €'

exotic

behavior?! So €' is physical but € is not.
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