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|. Introduction

RQI models:
1. Entanglement of atoms/qubits moving in flat or curved spacetime
2. Entanglement of relativistic quantum fields (in curved spacetime)

1+2: Entanglement of atoms moving in relativistic
guantum fields

Relativistic quantum fields are treated as environment.

E.g. (Cavity) QED: atoms in EM field
[Anastopoulos, Shresta, Hu 06]
Unruh-DeWitt detector theory: accelerated HO in scalar field
[Lin, Chou, Hu 08, Lin, Hu 09, 10]




‘ l. Introduction Reported in IARD 2006 @ Connecticut

= Unruh-DeWitt detector theory in (3+1)D
[Lin PRD (03); Lin Hu PRD (06)]

S:SQ—I—S.@[}—FS},

So = fdrm_ﬂ {(&Q}Q _ Q%QQ} Internal: harmonic oscillator

Sa f d% 9, PO O Massless scalar field

St = Ao f dr f d*zQ(1)P(x)6* (x2# — (7)) bilinear interaction
Pomt like object [DeWitt 1979]

14

with prescribed trajectory (UAD) v F 4

(1) = (a ' sinhar, a=! coshar, 0,0)

We have -- quantum field theory + - \

guantum mechanics + classical external agent




l. Introduction Reported in IARD 2006 @ Connecticut
O For mathematical convenience, we choose the initial conditions

- Sudden switch-on S; ~ 60(1 —19)

- Free operators before 7,

- Factorized initial state 70 ) =] ¢ )] Oar)

field: Minkowski vacuum | Oar) a = qo\/9, /20

/

) v —al)2 OO- o \
detector: coherent state |¢)=e¢ > N |n)
n=0 c




Introduction Reported in IARD 2006 @ Connecticut

Determine the radiation for the Minkowski observer in (3+1)D

Find the quantum expectation values of stress-energy tensor

( classical T;mz [(I)(zl’-)} = (1 —-2¢) (D,,u(b,y — 25([)(1);m} + (2‘5 — _) QHIJ(I) PP o+ %gm}{)[](l))

uantum .| a Jd 1 , 0 0
q( . 0 ) ITI-LI/[(I ]z’ren - }}E{L %E)x"“ - 59;“,9"0 %ag’."o Cr‘ren(;l’.1 ,’}_’_f)

Then calculate the radiation formula for
Minkowski observer at null infinity through

. 1/ rad
( classical WV tim /-r?dﬂuu T " (7-) )

d’T_ r—0o0

ATy rad ‘
quantum < T > == 11111_:/-;*2(1’.9,11 ut | { Tm, ) ren L .’(T_)

event horizon




‘ |. Introduction

= Entanglement dynamics between 2 identical Unruh-DeWitt detectors
In (3+1)D Minkowski space [Lin Chou Hu 08; Lin Hu 09, 10]

S = —/dﬁéaﬁq)amb - massless scalar field
Lr., 2 122 Lr, 2 122 : .
+ dmi (07, Qa)” —QpQ% | + dTB§ (0-,QB)" — QQ% - internal: HO x 2

+Ao / d*2®(z) [ / dTaQa(Ta)0" (2* — 24 (74)) + / drQp(Tp)s" (a* — 25(Tp))

- bilinear interaction [ DeWitt 1979 ]
Detectors A, B are point-like objects.

Features:

1. Linear, crystal clear;

2. Simplest atom-field interacting system,;

3. In some cases there exist analytic results in the whole parameter range;
4. Complicated enough to give nontrivial results and insights.




[Lin, Chou, Hu PRD 2008]
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|. Introduction

[Lin, Hu PRD 2010]

Qa

t=sinhaty/a

[Lin, Hu PRD 2009]

)

Initial state (Gauss

lan
0




ll. Event Horizon and Unruh Effect




[Lin, Chou, Hu PRD 2008]

d Unruh Effect

Il. Event Horizon an
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Event horizons can be sharply
defined since the detectors are

always point-like and
non-spreading.

[Lin, Hu PRD 2010]

t=sinhaty/a




Il. Event Horizon and Unruh Effect

A uniformly accelerated detector acts as if immersed in a bath at Unruh temperature.

h

2Qmo—

Evolution of the self correlators of a detector initially in its ground state:

a=10,Q =23,y =0.01

2
0<§_> Unruh effect
0.30 2 h T2
- ~ cot
" Q7)) Gy .
0208 | in weak coupling limit
.
0.15F
.
L ' N
0.10 F N
o A{Q(m),
0.05 S~
_:i I e L
) 2 3

Time depentent perturbation theory regime

1.5

1.0

(P?)y (Mg =1)

2.0

050

Ao =A1 =20

e,

1 T e——

/ 1

y = A3/8m

. coupling strength

while ( Pa,Qa ) = (m,/2)(d/d7){Q?*) are oscillating in small amplitude O(Y).

v



Il. Event Horizon and Unruh Effect

A uniformly accelerated detector acts as if immersed in a bath at Unruh temperature.

Evolution of the self correlators of a detector initially in its ground state:

a=10,0 =23,y =0.01 _ Ao =/A\1 =20
(%) T P2y (Mo =1)
035t Unruh effect 2o
__osof T a0 :
- ~ oy
. ()" ) 2, c e 15
2Qmyg
020 in weak coupling limit LD
F .". 1.0+ ,;,"'II
0.15F N4 [ g
s 5
N [
0.10F ¥ &N .
S 051 O,
0.05F “Sal i S~
—fl' L T L Yn 4 L e '

Time depentent perturbation theory regime

y = A3/8r|: coupling strength

However, the early-time behavior will be the same if the proper acceleration
IS nonzero only in a finite duration. In this case, no event horizon at all.

v



ll. Event Horizon and Unruh Effect
Q. Qg
A ? Final (inertial)

A

Arrival

uniformly accelerated

inertial

Turnaround
(uniformly accelerated)

inertial

uniformly accelerated

t4 departure
Alice__Bob




ll. Event Horizon and Unruh Effect

[Ostapchuk, Lin, Hu, Mann, in preparation]

Non-uniform acceleration

Qa

A

Qg

v

{y=.02, Q2=2.3, a=2}
5 <O >
&m}
&m}

0.10 F

0.05F

1 1 1
—40 -20 0 20

6 ( Q) = lim [(QB(1)Qa(T) ), = (QBMQB() )\ 1m0

- QT/ 27
40

T'—T

Detector B acts like an oscillator immersed in a
bath at a time-varying "temperature".

Event horizon is not essential for the evolution
such as the excitations in TDPT regime, while
acceleration is.



lll. Entanglement Dynamics of Open Systems




Ill. Entanglement Dynamics of Open Systems

Relativistic quantum fields as the environment:

Looking at the reduced density matrix of the detectors, which is a mixed
state in general.

Entanglement between two detectors becomes time-dependent even
for both detectors in eigenstates initially and no direct interaction
between them:

sudden death, revival, creation...of entanglement.

The qualities of environment, such as spatial dependence, mutual

influences, echo from the boundary, etc., will enter the entanglement
dynamics of the system.




. Introduction Reported in IARD 2006 @ Connecticut

Determine the radiation for the Minkowski observer in (3+1)D

Find the quantum expectation values of stress-energy tensor

( classical T;mz [(I)(;l’-)} = (1 —-2¢) (D,,u(b,y — 25([)(1);“11 + (2‘5 — _) QHIJ(I) P ot %gm}{)[](l))

uantum .| a Jd 1 , 0 0
q( . 0 ) ITI-LI/[(I ]z’ren - }}E{L %E)x"“ - 59;“,9"0 %ag’."o Cr‘ren(;l’.1 ,’}_’_f)

Then calculate the radiation formula for
Minkowski observer at null infinity through

. 1/ rad
( classical WV tim /-r?dﬂuu T " (7-) )

d’T_ r—0o0

T rad
quantum < p > == 11111_. /'}’QdQII ut | { Tm, ) ren L .’(T_)
- ' U=0 (retarded)

event horizon .
‘ Backreaction

from detector



. Entanglement Dynamics of Open Systems  [.in. chou, Hu 2008]
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v

[Lin, Hu 2009]

Initial state (Gaussian)

One

= |qq,95 ) &

t=sinhaty/a




Ill. Entanglement Dynamics of Open Systems

yzlLin, Hu 2010] Entanglement revival
0.4999¢}
04996 Sudden Death r
: ] uaaen pea 02 .
0.4997} A A‘E’W
. : 1 16
-0.2¢ W
04996 Entanglement creation 04 {4 N\
0.4995} 06 | 4 "
—0.8:-
Entanglement dynamics is 10+

highly non-Markovian.

12

0.6
0.4

0.2

N

-02 ¢

,
’
/
—04 [/
- i’
!

Sudden Death

[Lin, Hu 2009]

spatial dependence



Ill. Entanglement Dynamics of Open Systems

Entanglement can be created outside light cone by quantum fields.

4999}

.4998¢}

Entanglement is

(4997 created att, t >0
.4996] (z ~ 1000 here).
.45995¢

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

c— < h/2 : Entangled

: ( . ?‘12)( I hz) 2 = (a='sinhar,a™! coshar,0.0)
= | r —_— s —
. - o

—1 .. 1
2 = (a " sinhar, —a=" coshar,0,0
. B = ' 0,0)




Ill. Entanglement Dynamics of Open Systems

Entanglement can be created outside light cone by quantum fields.

4999}

.4998¢
Entanglement is
created att, t >0
(z ~ 1000 here).

L4997}

.4996¢}

.4995¢}

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

to/a

c— < h/2 : Entangled

2 = (a='sinhar,a ' coshar,0,0)
7

I o
More observations: zB—(a. sinh ar, —a=* cosh at, 0, 0)

1. The detectors will be disentangled at late times.
2. It seems that the "entanglement time" is after the moment that
the third party is able to received information from both detectors




Non-Uniform Acceleration [Ostapchuk, Lin, Hu, Mann, in preparation]

Qa Qg Qn Qg
A A
T~ stationary in
Costa-Villalba's
coordinate t;
to t0
-d -d

[Most of the impact at t; on Q
is off resonance]

Mutual influences are small in weak coupling and large distance limit, though.



I\VV. Correlators vs. Density Matrix




I\VV. Correlators vs. Density Matrix

= Master equation for the reduced density matrix of two oscillator
(located at the same space point) is complicated! [Chou Yu Hu 08]

1
) pr MO =2 + 23— )y

. Op, K2 (82 0> 02 0?2
ih—

~ = 5 \az szt az
ot 2M \0x3  Oyi  0r3  Oy3

| 1
+§4'T\"IOQZ(T*)(5?1 — Y1+ T2 — y2)§($1 + Y1+ T2 + Y2)pr

1/ 0 0 d J
—ihl'(t) (2 — To — Y2)= - - r
ihl(t) (21 — y1 + @ y2)2 (3:1‘.1 o + D5 Gyg) P
—iME(t)(x1 — y1 + 22 — y2) py
d 9, J 0 )
Pr-

+hA(E)(x1 — y1 + 22 — y2) (8’1‘-1 i Yy i O ! Oy

§Q2(t),T'(t), A(t), X(t) depend on spectral density of environment and time.




I\VV. Correlators vs. Density Matrix

Sketch of our calculations

= Evolution of operators Qa, Pa, Qs, Ps, @, Il in Heisenberg picture.

\/zz (‘?)T)a +q3} (1;)a } /(dg’;‘ \/j[ (H o, kjbk%—g( J(T k)b'}

damped HO damped driven HO
= Sandwiched by the initial state: 10 symmetric correlators

= Partial Transposition: V' = AVA A = diag(1. 1,1, -1)

((R,R, +R,R,) ) Ry = (QB(7). Pp(r).Qa(t), Pa(t))

[l

0 0 0 1

0O 1 0 0
The quantity X(t,7 =a* sinh ™! at) = det [VFT 1 g%M] M = ( —10 0 0)
0 0 —=10

or logarithmic negativity
- degrees of entanglement for mixed Gaussian states




I\VV. Correlators vs. Density Matrix

= The 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




I\VV. Correlators vs. Density Matrix

Correlator dynamics vs. master equation of DM

In the master equation approach the reduced density matrix (RDM) of two
detectors at some moment is defined on a time slice where two detectors
has the same time-parameters.

RDM of the detectors in Gaussian state at some moment in some time-
slicing scheme can be fully determined by their symmetric correlators,
1

2

V() =(R, R, )=

L ‘ [P#RV + FI/R#J “ R,u — [QB[T) pB(TJ'QJL(f) P‘ji [fJJ

One can calculate the correlators of the detectors (located at different spatial
points) at different times, i.e. correlations between different events in
spacetime.

RDM in a new time-slicing scheme can still be determined by the same set
of correlators after transform the time parameters to the new ones, provided
that the time slices where the initial state is living are the same.



I\VV. Correlators vs. Density Matrix

One can express the reduced density matrix p?( Q,Q") for the detector
at some moment in terms of the two-point correlators and study the
non-equilibrium statistical properties. E.g., for a detector initially in a
Gaussian state | Eo) @ | Oar)

JOR(Q:Q!;TJ = TT@ [10] = fdl}(bktbﬂ[Q:(I)k;T]tbS [QIB(I)k;T]

= exp [—G’ij (1)Q:Q; — F(T” \

1

Gaussian functions

G + G* +261° =

where 2( Q%)
L e ﬁngm (PH@) -(PQYY], (PQ)=4{(PQ+QP))
11 ~22 __'HP'«Q}
ey

[The three G'l's are totally determined by the three correlators.]




‘ I\VV. Correlators vs. Density Matrix

= In quantum field theory, a pure field state at some moment is a
functional of field strength at every (real or momentum) space point

2 B3k 1 , , 1 o
S = /d4:zr\/—g l—%é‘wbap’@ — %Q)Q] - fd?lm [2811@1{3?;@_1{ - §Qi(?;’)'§pk¢)—k
oh 8 . "
Quantization 11, = (2r) fg ihd,W = H¥  [Lin Chou Hu PRD (10)]
k
. Bl [ R 551 Xk + QR (n)xk = 0,
H = —(2m)—— ~Q2 (1)) : ‘
/(QW)B [ 9 ( 'ﬂ') O(.fl)k (')(.fl)—k + 9 k(ﬂ}@k@ l{] X = fl/ggke—zﬂkﬂ in M 4

Wave functional of the vacuum state (no-particle state in M 4)

—i fﬂ dRes () /h i (?)’)
P 2?1(2?1')3(‘53(0) (1)

Uy = Tw Yok, Wok = ske Ok

which is defined over the whole time-slice (3-space) at that moment.
>k

Qu(r) = /5 Z[ () + 0" ()l + [ sy g |67 b+ o B




I\VV. Correlators vs. Density Matrix

Coordinate dependence

_____________________ = P4 t( zee) >> tee

¢+ Alice
2 -
1.5 |
te_ | A
1 L
Detectors at A and B are entangled,
0.5 ) at A and B' are entangled,
, at A and B" are entangled,
z_,}.j‘ff - Detectors at A' and B' are not.
NEPEAR 0.5 1 1.5 2"
- rd
- / ‘
c-0s r / ’ \ 1 / ’ . \
Vp:y(tarr) =\ Rpa Ry ] = 5 A (RpRy +RI/R;_LJ /




‘ I\VV. Correlators vs. Density Matrix
Time-Slicing dependence?

t t' QA QB
\ Reduced density matrix
QA Qp; Q4. Q%) =

/ dé’p(QA" QB!« '5’ Qif-l‘ Q,:B" (5,)
S

S//_\\ is independent of time-slicing

g (once it is consistent with

t=0 hypersurface)

for Gaussian states

in our linear system (UD detectors).

In general??

t=0




V. Symmetries in Field States




‘ V. Symmetries in Field States

Minkowski vacuum
+ atoms (bound states localized in space)

+ back reactions to each other
temporal and spatial dependence

|d state)

ie

(f

Minkowski vacuum
and wave functions of free particles
t

Minkowsk

are Lorentz

i space

in

Invarian

of the configuration




V. Symmetries in Field States

In a relativistic field theory, the action, and the field equations and
physical guantities derived from the action should respect Lorentz
symmetry.

But the boundary or initial conditions and thus solutions of the

equations can break the full symmetry.
e.g. presence of bound states (atoms, hadrons), which are localized in space and
produce retarded field breaking the full Lorentz symmetry.




V. Symmetries in Field States

= With the presence of matter, one can use matter distribution as

a natural reference frame, e.g. CMBR (This is why Einstein needed a
hole in his hole argument.)

Even the vacuum (no-particle state of the field in some coordinate)
could act like a medium, the "new aether" [DeWitt 79].




‘ V. Symmetries in Field States

= Simultaneity and time order




V. Symmetries in Field States

X X'

Minkowski vacuum + detectors + back reactions to each other:
temporal and spatial dependence of the configuration




V. Symmetries in Field States

Fiducial time: one have to choose a time slice (3-space) where the
Initial state is living.

X X

Initial state

Initial moment

4

ent N
X \n‘\\'\a\ mom "Initial" state prepared
after the events ?!



‘ I\VV. Correlators vs. Density Matrix

Fiducial time restricts the choice of coordinates in spacetime.

~+

t' QA QB
\ Reduced density matrix

PR(Q}L Qp: qua Qig) -
/ dop(Qa.Qp. 6: Q. Q. 0)
S

S//\.\ is independent of time-slicing

g (once it is consistent with

t=0 hypersurface)

for Gaussian states

In our linear system (UD detectors).

In general??




V. Symmetries in Field States

Initial state of the field

Ini

vacuum
State

squeezed
state?




Summary

Event horizon is not essential for the excitations of the detector in
Unruh effect.

Entanglement of two detectors in quantum fields is time-dependent.

Entanglement dynamics depend on coordinate but are independent
of the time-slicing scheme.

The field state in a dynamical atom-field interacting system started
at some initial moment does not respect the full Lorentz symmetry.
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