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Abstract: <p>In relativistic quantum information (RQI) we study quantum information in relativistic systems to obtain more insights to both
guantum and gravitational physics on the one hand, and to find new ideas for quantum information processing on the other. One of the popular
models in RQI is the Unruh-DeWitt (UD) detector theory, in which localized objects, called detectors, are coupled to and moving in relativistc
guantum fields. In this mini-course | will discuss the UD detector theory in detail, mainly on the nonperturbative methods and their applications to
RQI.</p>

<p> </p>
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Spatially Local Measurement

Dynamical variables of quantum fields could be essentially nonlocal in
space:

I'),T]:J' 2 - r\;r)k 00 _k 2

' (il)'!.' , y ")— l\- I 9
[‘} = /_|: J_")T)"_ - } :&!i'([},](lkfl k ¢l\ -~ plane Waves

Q1: How to perform a spatially local measurement in a quantum field?

A1: One (perhaps the only one) possibility is to measure a point-like
object coupled with the field, e.g. an Unruh detector or an atom.
(Projective measurement in the interaction region.)

Q2: Are two post-measurement states measured in the same spatially
local event but collapsed on different time-slices in different frames

consistent?
A2: SYL, AOP327(2012)3102 [arXiv:1104.0772]
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Spatially Local Measurement

Assume the initial state of the combined system is Gaussian, and the
detector is measured at ¢ = 1,. Started with the post-measurement state
at =1, , the quantum state continued to evolve to ¢ = 1, and still in the

form p(K,A) = A v,\'}}—_)r [/\N O, — _\',,'RM K, + A,,’PM -Arl
Il

Suffice to calculate the factors | '

Qv ’ 'P;w’ ‘R"”‘i ‘ :
att=1t,, orequivalently, compare f2
the evolution of »
the symmetric two-point correlators T
( P Pu ) ’ < "‘—!r' Ty >1 < IT“. Py > . measure “l__ : ‘ ,""*’;’ x ' - b

1 = constant T‘-“:’, e il
start 4 "; U I R——— ly

-

constant|
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Spatially Local Measurement

Examine the two-point correlators of the field atr=# (tn. =t -

( By ®y )y = Trd,(ty)d,(t)p(®.11;¢,) depends only on
12

the mode functions corresponding to

1. the damped HO "

localized in the point-like detector(s), ts

and

lp

I e
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Spatially Local Measurement

Examine the two-point correlators of the field atr=# (tn,. =t -

( Dy ®y )y = Trd,(ty)d,(t)p(®.11:¢,) depends only on
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the mode functions corresponding to

1. the damped HO "

localized in the point-like detector(s), ts

and
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Spatially Local Measurement

Examine the two-point correlators of the field atr=1 (tn. =t —t, )
(D, D, ), = Trd,(ty)D,(ts)p(P. 11:¢,) depends only on
[

the mode functions corresponding to

1. the damped HO "
localized in the point-like detector(s), ts
and

2. the retarded fields /’
lo £
emitted by the detector(s) .
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Spatially Local Measurement

No such kind of terms:

2

i
I:’, ~ e N - = = - - N, 2 =~ - LA ~

lo

Wave functional at 1, is a function of explicitly covariant objects independent
of the data on 1, or 7 -slice outside the detector.

So the wave functional in the alternative coord. at 1, can be transformed to the
conventional one under a spatial coord. transformation.

=P Each PMWF evolves to the same wave functional at¢=1t,!

It does not matter which time-slice at ¢ that the post-measurement wave
functional has collapsed onto.
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Spatially Local Measurement

Wave functionals collapsed by the same spatially localized
measurement on different time slices in different reference
frames will all evolve to the “same” field states, up to a coordinate
transformation, when comparable.

(1) The spatial locality of interaction,

(2) the covariance of the mode- functions
(or the operators of the dynamical degrees of freedom),

(3) the spatial locality of measurement, and

(4) the linearity of quantum physics,

guarantee the consistency, once
all the degrees of freedom are considered.
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Quantum Teleportation: 2-Level System

In-state 'P),,, =| D), ®|®7),
) = a|H), + AV, =|@°), @ (alH), + V), 1+
Shared entangled pair ) ®(a|H),-AV), )+
o) - \/_(11 JHY,+ 7)) v), ®(alv),+ AlH), )
) ®(a|V),- A H),)

ALCE

Classical
information - L
M\_/,

s o &0

entangled pair
@ @

initial

state

EPR-source [Jozsa, Wootters, Bennett,

Brassard, Crepeau, Peres 1993]

[Bouwmeeter, Pan, Mattle, Eibl
Weinfurter, Zeilinger, 1997]
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Quantum Teleportation: 2-Level System

In-state 'P),,, =| @), ®|@7),
|(D>1 _ (x|]]>1 + /),“,)1 =[] )1_‘ Q(a|H),+ p|V), )+
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Information s L
BSM

T
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Quantum Teleportation: Continuous Variables

Joint

pi=p3+b=p
Aqi=qsta=q

[Vaidman 1994] measuremeyl,
In-state py p:=pi=b o
\q1+1 p1> ) g3 =q1—a ©
pp—p3=0
. o O -0
Shared entangled pair: o o 2+e=0 o
1 2

EPR state with

I

g+ q3=0, pp—p3=0

[Braunstein, Kimble 1998]

EPR state ==
Two-mode squeeze state

: b [Furusawa, Sorensen
] Braustein, Fuchs, Kimble
Polzik 1998]
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Quantum Teleportation: Continuous Variables

Joint
measuremein

pi=p3+b=p
Aqi=qsta=q

[Vaidman 1994]
In-stat p=p1—-b o
n-state
. }/.. g;=q)1—a ©
\q1+1 p1> s
; -O
Shared entangled pair: @+ =0 o

EPR state with
G2+ q3=0, p2=p3=0

[Braunstein, Kimble 1998]

EPR state ==
Two-mode squeeze state

: . [Furusawa, Sorensen
: j Braustein, Fuchs, Kimble
Polzik 1998]
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Quantum Teleportation: Continuous Variables {/J’z =ps+b ‘m]
Aqi=qsta=q

Joint

[Vaidman 1994] measuremen
In-stat o ps=p1—-b o
n-state

. ' g;=q)—a ©

‘ql }’pl> p2—p3=0 o

Shared entangled pair: @+ =0 o
EPR state with N

g+ q3=0, pp—p3=0

[Braunstein, Kimble 1998]

EPR state =
Two-mode squeeze state

i . [Furusawa, Sorensen
Braustein, Fuchs, Kimble
Polzik 1998]
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Quantum Teleportation between the Twins (Relativistic)

[ !

from Alice to Bob Q:} ® from Bob to Alice
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Quantum Teleportation between the Twins in Vacuum

from Bob to Alice

!

from Alice to Bob

[

Multiple clocks decoherence
Time dilation / Doppler shift

decoherence

X | |
Vacuum state of relativistic fields
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Quantum Teleportation between the Twins in Vacuum
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from Alice to Bob
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X | |
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Alice-Rob problem [Alsing, Milburn PRL91(2003)180404]

“The fidelity of the teleportation is reduced due to

. . . . 1] ” l{
Davies-Unruh radiation in Rob’s frame Q,

does NOT imply

a) Fidelity of QT does not decrease in inertial motion, | :

H.

T - (field + cavities in relativistic motion)
L J [Also see Schutzhold, Unruh quant-ph/0506028]
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Alice-Rob problem [Alsing, Milburn PRL91(2003)180404]

“The fidelity of the teleportation is reduced due to

. . . . L] ” l{
Davies-Unruh radiation in Rob’s frame Q,

does NOT imply

a) Fidelity of QT does not decrease in inertial motion, | :

b) A larger acceleration (higher Unruh temperature)

leads to a larger degradation rate in time.

H_

- - (field + cavities in relativistic motion)
L JB [Also see Schutzhold, Unruh quant-ph/0506028]
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Alice-Rob Problem: Start

Teleport an unknown coherent state of O, from Alice to Rob

Two-mode
squeeze state

— — — — — — — ————

Pe, D Pap @ Pc

s A

O, and O, are initially in a
Minkowski Coherent two-mode squeezed state,
acuum state @(x) in the Minkowski vacuum
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Alice-Rob Problem: Measure and Send

Teleport an unknown coherent state of O, from Alice to Rob

0,
Rob' receives the
classical signal about
the outcome from Alice
Alice performs a
joint measurement ]
on O, and Q.
1
. ‘ :
Pac @ Py, B e Entanglement of
S s e Rk, X 0,and Q, is
Po AB < Pc =0 | evaluated here.
Pa, @ Pap @ Pc e 3
1/b l/a
O, and Q, are initially in a

two-mode squeezed state,
@(x) in the Minkowski vacuum
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Alice-Rob Problem: Operation

Teleport an unknown coherent state of O, from Alice to Rob

Rob' receives the
classical signal from
Alice, then performs a
displacementon Q.

!
Py, ABC

Entanglement of
O,and QO is
| evaluated here.

/ N
Pac® Po,.B

)" ‘.
Py, AB =0

0.5 0.5 1 1.5

1/b l/a

O, and O, are initially in a
two-mode squeezed state,
@(x) in the Minkowski vacuum
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Upper bound for fidelity of QTelep [Mari, Vitali PRA78('09)062340]

Theorem 1 (Upper bound). For a qiven Gaussian
bipartite state shared by Alice and Bob, with lowest PT
symplectic eigenvalue v, the fidelity of the teleportation
of a coherent state is limited from above by

(< Yaifv>1)

F.=1/2 : Fidelity of classical teleportation

Entanglement : logarithmic negativity E\=max[0.-In v]
~ correlation between two DOF on the same time-slice

(i.e. spacelike separated DOFs)
Fidelity of QT ~ kind of auto-correlation (timelike) between

Alice’s joint-measurement event and Bob’s local operation.

(=0if v>1)
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Fidelity of Quantum Teleportation vs Entanglement

Teleport an unknown coherent state of O, from Alice to Rob’

0,, O

) Alice )
(If entanglement is

recovered before
= Rob's operation ?

=0 .- v -§ -
0.5 0.5 1 1.5 2 . '
/b 1a -
e ) ! - ! oAr

However, entanglement between two causally disconnected objects
can be generated by coupling with a common quantum field.
[E.g. Reznik, Found. Phys.33(2003)167; SYL, Hu, PRD81(2010)045019]
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Fidelity of Quantum Teleportation vs Entanglement

Ex: In the cases with 2 detectors are both at rest, at late times,
they may appear to be disentangled in the Minkowski coordinates,
but entangled around the light cones of the measurement event
in some parameter range.

{y=0.001,Q =23, @y =100}

Ex/3
0.00025

0.0002 | 2 »
l":n'_l":'/ N
0.0001

X 0
0.00005

—p

d
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Teleport an unknown coherent state of O, from Alice to Rob’

The reduced state of O, collapsed

" att,’ then evolved to ri”“'

*[Alice will be consistent with

the reduced state of O, collapsed

—adv

at 7, then evolved to 717,

once the model respects
. relativistic covariance and
== e L the combined system starts

e b at the same fiducial time slice.

/b |/a

Actually, the reduced state of O, collapsed in all frames will become
consistent at 7{*/*when Rob’ is entering the future lightcone of the
measurement event x.
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Upper bound for fidelity of QTelep [Mari, Vitali PRA78('09)062340]

Theorem 1 (Upper bound). For a qiven Gaussian
bipartite state shared by Alice and Bob, with lowest PT

symplectic eigenvalue v, the fidelity of the teleportation
of a coherent state is limited from above by

| |
(at 7%+e)  Fopt <

Entanglement : logarithmic negativity E\=max[0.-In v]

(at rv—¢)
~ correlation between two DOF on the same time-slice

(i.e. spacelike separated DOFs)
Fidelity of QTelep ~ kind of auto-correlation (timelike) between

Alice’s joint-measurement event and Bob's local operation.
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Upper bound for fidelity of QTelep [Mari, Vitali PRA78('09)062340]

Theorem 1 (Upper bound). For a given Gaussian
bipartite state shared by Alice and Bob, with lowest PT

symplectic eigenvalue v, the fidelity of the teleportation
of a coherent state is limited from above by

| |
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Entanglement : logarithmic negativity E\=max[0.-In v]
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Averaged physical fidelity of quantum telportation

f*:“. — /;/'-’ I P( ' B <r1|p”“;(r’,)|r|>“ Tp = ‘,"i“f;‘ iy

i

Page 36/51



Pirsa: 15050110

Alice-Rob Problem: Fidelity of Quantum Teleportation

Averaged physical fidelity of quantum telportation

[."“. — /;/'-’ 3P ( ' B <r1|p”“;(r’,)|r|>“ TTp = ,.-ihf:. R

T \
/ 1 ~N “ l ”l H“ ” ‘ H l J ‘ | ElI::;Iitga?fteleportation
o2fi| fmiumhi \n‘ h(ﬂ,l;lrh'hhhh!h W I l.m|l||r 1 H hl!h||Hl|!|h|||||1\M|‘|| lfhhu'u
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Ex /3.5 Logarithmic negativity of A and B

b (O
| | ‘, I ! 4 I
| | | I ‘ '\ o M
I ‘ “ I H |I ‘b I
hod i ho e e 1L Fidelity of classical teleportation
|| | (! | | | !
| || e ||
L e
{7\ | (Q%)/20, Q- =Qa—-Qp
: — 11

Qn2r=12/12

€ 1/2n = 1000885 + 12/12
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Alice-Rob Problem: Fidelity of Quantum Teleportation

Averaged physical fidelity of QTelep in weak coupling limit

-)./'1
[.‘”f'{fl'rl} 5 { ) ' B T ()(H\l ('2]
AB — (X% + )?)
_,4lf|) (f‘..' = - 'l](' I ( 27t
A
[ﬁ‘{,"|) _] + (L, ( - l('! 1 (l ( - ‘)f'lllll—
(1l
X(ty.71) So + ¢ "‘:’1‘71)[(.“_\52[“ ] T|q.5'|.
Y(t1.711) ( -‘”Pr'[hillt__’[fl { T|ﬂ.5'|.

Improved protocol —

' -
Ch =

’L"” — .‘"i]]ll:_).lr‘”

cosh 21y,

Alice continuously sends classical clock signal to Bob so that Bob can
determine ¢, and perform the unitary local operation

P out

where R(C)(1,

= D(3)R(€(t;

1))PB

1, ))is a (counter) rotation in phase space of detector B to

undo the natural oscillation (~ local oscillators in optical QTelep expt’s).

Page 39/51



Pirsa: 15050110

Improved Fidelity of Quantum Teleportation

Averaged physical fidelity of quantum telportation

F:“. — /;/'-’ ,'[’(: f]“ <¢1|{J”“,(T’,,]|r|>” T]) — 7-1”!:‘ 1 ¢
Fan
oslTIm . ____ __ "Best” (averaged) fidelity
\ ’ ' of quantum teleportation
| f’“’ | Fidelity of
fo =1 “ 1 classical teleportation
04 —‘
|l I NIy | \ LA it ‘ il
o2f || f\*l'mhhl Il hﬁhh'rh'.l1thr\ \m hMm'lu‘rhirl H hnh Il hhh\f\/\nhl.l.lm'u
T 10
) II"J 0 *l{l Jl-iw h
24
Y - in weak coupling limit.

‘-(Hiﬁ'}“

® (t1,1
’ AB — Sy £ 5;
Almost the optimal protocol [Mari, Vitali PRA78('09)062340]
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Alice-Rob Problem Larger acceleration, larger decay rate is, but...

( » - duration of acceleration phase )

Deg. of Ent. {1;=2) {72=10}
{AB) {AB)
Ex=TT Alice’s clock ExIT Alice’s clock
0.5 0.5
0.4 1 044
;J‘“{m toF, FAB) *_F, SRR LT a=1/4
QT fidelit N
yo‘z 0.2 \""'-.._,_\
0.1 0.1 H""*--.__
-""""--_.,___ o | :
fl ___________ ] T — fl
20 40 t 60
0.1 0.1 L a=1
{r2=2}) {12=10)
l',{ (i l\/-} - I'-‘if F|/7 -
05 Rob’s clock 08 Rob'’s clock
0.4 K 0.4

ABA) + - ABA) + ~
iy Fo Fy Fo f

T
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Alice-Rob Problem Larger acceleration, larger decay rate is, but...

( »  duration of acceleration phase )

Deg. of Ent. {1;=2) (72=10)
{AB) {AB)
Ex"T7 Alice’s clock &y /1 Alice’s clock
0.5 0.5
0.4 048
"(‘u\[‘“] T 7"-!’ l,"..1\1“J * 7”&' ""; ...................................... a | _l
QT fidelit R
yo‘z 0.2 \""'-.._,_\
0.1 0.1 \“"'*--...,_
-"""'-n..,_‘_h- a | :
fl ___________ ] T — fl
20 40 t 60
0.1 0.1 L a=1
{r2=2}) {r2=10)
l',{ (i l\/-} - I'-‘if F|/7 -
¥ Rob’s clock . Rob'’s clock
0.4 H 0.4

ABA) + - ABA) + ~
iy Fo Fy Fo f

Ty

Pirsa: 15050110 Page 42/51



Alice-Rob Problem: Unruh effect doesn't dominate degradation for small a.

( » : duration of acceleration phase )

{ry =10} ;=10
E3P0.2 " E{P " |
v Bob's POV ‘N Alice’s clock
0.338 0.5
| 0.4
0.336 « 7 l".nm|+7]'ru’ P e a=1/4
A T
0,334 0.2 ‘\“*\
AR [ \._\
Fao* —Fu 0.1 T sl
0.332 S~ a=1
Y SR —— .~V fl
20 40 t 60
0.33 . 0.1 L ShsE e I
I-I
(T, = 10} {72 =10)
E2Nno _ EdV 7 _
Alice’'s POV 0s Bob's clock
0.34
R0 -Fy
0,33
Ty
0.32
y , L L ady
I

50 100 150 200
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Point-of-View Shots

Light cones of the detectors/observers !
are essential in
relativistic open quantum system.

Bob's point of view
on the Universe

Alice
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Alice-Rob Problem: Unruh effect doesn't dominate degradation for small a.

( »  duration of acceleration phase )
{75 =10} {Q=23, " =99999}

AAB) -~
SN Bob's POV

0.338 I
3,430 ¢
@
0.336 7 .
1.425 }
0.334
AR+ _ g
f av Fy 1,420
0.332
L |4|‘I:
0.33
:thl'
| 1 5 10 s ¢
_ r‘ 2] ‘ whily ]
(T, = 10} r {Q=23, " =200}
BAY {BA)
EB 10 EX
“N
Alice’'s POV 1184 B
0.34 I‘ﬂ.)i
3,180
f‘”‘.’” .
av 0.3.’3 3.178
3.17¢
3,174 |
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Twin Problem: Fidelity of QT vs. Entanglement around LC

Bob's POV Alice’s POV
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Doppler shift dominates the apparent history of degradation.
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Twin Problem: Fidelity of QT vs. Entanglement around LC

Bob’s POV Alice’s POV
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Doppler shift dominates the apparent history of degradation.
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Where to see Unruh Effect

The effect of time-dilation can
be much more pronounced
than the Unruh effect in
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Where to see Unruh Effect

Single out the Unruh effect in quantum teleportation

-
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Double UA/AUA detectors
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[Doukas, SYL, Hu, Mann, JHEP11(2013)119] d=nT
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Summary

In relativistic open systems with localized objects moving in quantum fields,
the optimal fidelity of quantum teleportation is relevant to the Entanglement
evaluated around the future Light Cone (EnLC) of the measurement event,
rather than the conventional Entanglement evaluated on the hypersurface of
Simultaneity in the Minkowski coordinates (EnSM).

When there are multiple clocks for objects localized at different places, one
has to specify which clock or which point of view one would take when
describing nonlocal processes.

The effects of time-dilation and Doppler-shift (due to relative speed) can
be more pronounced than the Unruh effect (due to acceleration) in the
dynamics of entanglement and the fidelity of quantum teleportation.
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Alice-Rob Problem: unruh effect doesn’t dominate degradation for small a.
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