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Abstract: <span>We discuss gedanken

experiments for measuring local and non-local observablesin QFT that<br>

respect causality, and can by used to test the entanglement between two spatially distant regions in the vacuum. It is shown that the entanglement
decays exponentially with the distance between the regions and does not vanish, in contrast to the

case of |attice models. We discuss in this respect a possi ble mechanism which might

explain this persistence effect, and a connection between the Reeh-Schlieder

theorem and superoscillations.</span>
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OUTLINE

(more) Problems with measurements and causality.

Entanglement of the vacuum (free FT):
—-entanglement “probes”
--a discretized lattice approach.

mechanisms preserving vacuum entanglement:
—- spatial structure.
— Reeh-Schlieder and superoscillations.
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MEASUREMENTS

“smeared” observables

2|

¢ =[glx' —x)p(x’,0)dx’
=[g(x' —xo)n(x',0)dx’
Such that [¢p,T] =i
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TEMPORAL AVERAGE

“L %o \L £=0
J dp(xo, t)f(ENdt' =adp + BT

spatial smearing can be extracted from
temporal average




IDEALLY: DO A “SWAP”

And “freeze” the field averages on a set of mechanical oscillators.

t

Xﬂ,Pn 0o 0o

\/"\.—/\‘w_/
~ NH -,

Always consistent with causality,.
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TOY EXAMPLE

2 2
= +g(1)Qx
X+ x=g(t)Q Q@ isaconstant of motion
: N \r
P=-g(t)x(t)

MD affects the oscillator (field) => P’s record
Includes an error due to Q.

H="F
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COMPENSATION (BOHR AND ROSENFELD)

add the “spring” term:

H - H + kQ*

Q is unknown (for a sharp measurement) but
the coefficient k can be computed.

As a result : The “fields” (x, and p) are
disturbed but for the MD the unknown
disturbance is exactly compensated.
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—g(t)Qp + g(t)Px

Q and P are N0t constants of motion,
problems with self/interacting fields.

extra field+MD compensation tems needed at
the scale of the “block”, which are (again)
nonlocal.
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ENTANGLEMENT

“Partial” entanglement swap
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DISJOINT REGIONS
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OVERLAPPING REGIONS

. )
\aY—J
Common “Source”
<< 21
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OVERLAPPING REGIONS

. )
\aY—J
Common “Source”
<< 21
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ENTANGLEMENT PROBS

LOCC + built in causal structure

L> 2T

Detectors’ final entanglement -> Lower bound.
on field’s entanglement

Reznik, Found. Phys. 2003 , arXive:quant-ph/0008006
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UNRUH-DEWITT DETECTOR

5 — H.=cA(t)(e*?t 5,* +e5,7) b(X,,t
e a=ea(t)(€7 o, x) OO t)

Two-level system “Window Function”

Initial state:

|¥(0) ) =lia) e)IVAC)
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PROBES’ ENTANGLEMENT

pAB(4>< 4) — TrF p(x/«x)

# 2 P paeDpgler?

For two hyperbolically accelerated detectors analytic methods
are available. However L > 2T not satisfied. (T — oo, L — 0).
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PROBES’ ENTANGLEMENT

pAB(4X 4)="Tr p(:x:x:x:)

# X P pae*pger?

For two hyperbolically accelerated detectors analytic methods
are available. However L > 2T not satisfied. (T — oo, L — 0).
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ENTANGLEMENT TEST
TA>J\/\ TB TA>\A/<TB
\LA ‘LB>JI \LA \LB
EA EB XAB

|Z.Es] < |01 X 1z

Intuition :

Weinar ~ | W) + (X4p[0)|TT) + ... "noise”
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ENTANGLEMENT TEST
m>4$ 's »HTB
\LA ‘I(B>Jf \LA \l(B
EA EB XAB

|ZEs] < |01 X 1z

Intuition :

Weinar ~ | W) + (X4p[0)|TT) + ... "noise”

Pirsa: 12060069



ENTANGLEMENT TEST

(0 0] 1 (00]
f wdwe, (L +w)eg(L+ w) <zf dwsin(wL) e (L + w)eg () — w)
0 0

For a certain choice of ¢, and € entanglement is nonzero
for arbitrary L> T

Negativity then decays exponentially, but slower then

—L?/D?

E,.~ e where D =T

Reznik, Found. Phys. 2003 , arXive:quant-ph/0008006
Reznik, Silman Reztker , PRA, 2005
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BELLS INEQUALITIES IN VACUUM

—Final state can be “filtered” using extra ancilla,

and manifest violation of Bells’ inequalities
Reznik, Silman, Retzker 2005.

—-Related result using algebraic FT methods by R. Werner.
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SOME EXTENSIONS

-Exact results for harmonic detectors
Massar and Spindel (2006)
-Adlabatlc method (massive field) i Y
Cliche and A. Kempf (2010) Al W "2\‘ B
-Entanglement in curved background ¢
(cosmological case) Steeg and Menicucci (2009).

Vi
N\
Vi
A

-Fermion field entanglement
Silman and Reznik (2005) (distilation but no proof of BIV)
-Many regions (W-state Entanglement, not GHZ)
Silman and Reznik (2007)
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ANALOG SIMULATION

© 00200000 O

@Blatt

“Vacuum” field entanglement -} motional degrees of the ions

§ H—sX,

¥t

Retzker, Cirac, Reznik, PRL 2005
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RESULTS FROM THE LATTICE

GAUSSIAN srates
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1D HARMONIC LATTICE
— 0000000000

Eg

i 2 2

== E pi t4i — aqiqi—

0<a(K,M,w) <1 a — 1 gives the continuum limit

Y(q) < exp[—q"H q]
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MIXED GAUSSIAN ENTANGLEMENT

A B
/ ’- [—®
e NI
q ,.//o\.} \.q;\, P T
-~ - . .
.:‘,}/t/o \
Y,

A <% after partial transposition for CM:

N
Logarithmic negativity measure: E;, (psp) = — Z In(24;)
2Ai<1
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BI-PARTITE GAUSSIAN ENTANGLEMENT

A B
qi //"/\ i \\ﬁ 3 K T M B i
el " =) Symplecticeigenvalues

S(p) = —;Jtr(p,qlogp,q)
S(p) = Z(Ai +1/2)In(A; + 1/2) — (4; — 1/2) In(4; — 1/2)
=1
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ADJACENT OSCILLATORS

negativity % 7

negativity ;ﬁ o
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SEPARATION OF TWO OR MORE SITES

—90 000000000

Entanglement vanishes even at criticality

Intuition: the correlations between two sites decays with

with the distance. However the decoherence with respect to
the environement (near sites) remains roughly unchanged.
Thus at finite separation the density matrix becomes separable.

Is it in conflict with the “probe approach”
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ENTANGLEMENT BETWEEN BLOCKS

9000000000 0

e

A B

Maximal separation before entanglementvanishes increases rapidly with
the number of oscillators in each block
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SCALING AT CRITICALITY

«— L —
AAANAS Ao
with
Epn = f(r)e__ﬂr - D£>>1
B~ 2V2

. Markovich, A. Retzker, M. Plenio, B. Reznik, PRA 20089.
very recently computed analytically for CFT :Calabrese, Cardy, Tonni, arXive 2012.
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WHAT GIVES RISE TO VACUUM
ENTANGLEMENT AT ARBITRARY SEPARATION?
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A: a lattice perspective.

WHERE DOES ENTANGLEMENT
“COME FROM™?
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MODE-WISE DECOMPOSITION

A B A B
D g | 1y
p' .// . \( 7 P' ._‘\ﬂ
S 1 o

Vas =2 Ci|A)|B;)
Schmidt

—  YasT V1W¥Va2---Vik Vo,.
Mode-Wise decomposition

Yk = 2 €Pk"n)|n)

Two modes squeezed state

Botero, Reznik, PRA, 2003, (bosonic Gaussian states)
Botero, Reznik, PL, 2004. (fermionic Gaussian states)
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QUALITATIVE SPATIAL STRUCTURE

A B local collective A B
.:‘_‘“;—ﬂ i Qm:Z Ui q; o —1 9
t Na AT o i
q; /_/.,‘\._‘_\ i \‘“,‘_..0 pp — Pm_z Vi P, gl o ——o
I e (e
.5"/0 O

Participation function :=
P=u v, X P=1

Quantifies the contribution of local (q;, p;) oscillators
to the COlleCt1Ve coordinates (Q.P)
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M@NL

15 15

Mode Number 1

ENTANGLEMENT STRUCTURE: 2D LATTICE
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Mr/\ﬁl\i(,

X =

ANSL
@Mov«%tﬁ.w/
”’ftf‘""..r

e

aﬂﬂﬂltl!|1
Y

Mode Number 31
15 15

ENTANGLEMENT STRUCTURE: 2D LATTICE
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SUPEROSCILLATIONS ARE NEEDED

co 1 O
f wdwe, (L +w)eg(l + w) <Zf dwsin(wL)e () + w)eg (L — w)
0 0

| |

Off resonance Vacuum “window function™

But e(w) oscillates (in w) like 1/T >>L for a
normal function this leads to an
Exponential decay of the r.h.s !!

We pick a very special superoscillatory
function for €4 (1 + w).

Superocillatory functions: Aharonov (88).
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SUPEROSCILLATORY WINDOW

In frequency space:
Es(w+ Q) whered<w<oo, A>0
Superoscillations of order ~1 found at the tail

of an infinitely diverging function “hidden” in
non-physical region. w < 0.

N
A

504.8 \sm.s/ sui /bus.x ‘.\ 505}5 511:,3 j,l
\ | \

L\
r; -J'
/
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REMOTE SHIFT OF PARTICLE STATES

During the interaction with the probe:
eg(w) — €z(t) ~ sin(L t)

At t=T the (postselected) component of the
field is |0) = [ dt [ dk ez (t)e i @ktat |0) =

= [ dke(w + Q) e*** |1,)
~ [ dk sin(kL) e***|1,) : shift oy L!

We have selected locally an amplitude wherein
a particle “moves” from Ato B.
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