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The Bell-CHSH inequality
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The CHSH inequality
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“Energy-time entanglement’

Two particles exhibit energy-time entanglement when they
are emitted at the same time (in an energy-conserving
process) and the uncertainty in the time of emission makes

undistinguishable two alternative paths that the particles
can take.



Franson’s Bell-CHSH experi

VOLUME 62, NUMBER 19 PHYSICAL REVIEW LETTERS 8 MAY 1989

Bell Inequality for Position and Time

J. D. Franson

Applied Physics Laboratory, Johns Hopkins University, Laurel, Maryland 20707 -6099
(Received 24 October 1988)

The quantum-mechanical uncertainty in the position of a particle or the time of its emission is shown
to produce observable effects that are inconsistent with any local hidden-variable theory. A new experi-
mental test of local hidden-variable theories based on optical interference is proposed.



Aerts, Kwiat, Larsson and Zu
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Two-Photon Franson-Type Experiments and Local Realism
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Instytut Fizyki Teoretycznej i Astrofizvki Uniwersytet Gdanski, PL-80-952 Gdaiisk, Poland
(Received 18 December 1998: revised manuscript received 27 May 1999)

The two-photon interferometric experiment proposed by J.D. Franson [Phys. Rev. Lett. 62, 2205
(1989)] is often treated as a “Bell test of local realism.” However, it has been suggested that this is
incorrect due to the 50% postselection performed even in the ideal gedanken version of the experiment.
Here we present a simple local hidden variable model of the experiment that successfully explains the
results obtained in usual realizations of the experiment, even with perfect detectors. Furthermore, we
also show that there is no such model if the switching of the local phase settings is done at a rate
determined by the infernal geometiy of the interferometers.



Aerts, Kwiat, Larsson anc

Aerts et al. showed that, even in the ideal case of perfect
preparation and perfect detection efficiency, there is a
local hidden variable model that simulates the results of
guantum mechanics for the Franson experiment. This
model proves that:

1 “The Franson experiment does not and cannot violate
local realism”.

] “The reported violations of local realism from Franson
experiments have to be reexamined”.
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Franson’s Bell experiment

Source



Franson’s Bell experiment

Alice randomly chooses the phase of the phase shifter
@4 between Ay and A, and records the counts in each of
her detectors (labeled a = +1 and a = —1), the detection
times, and the phase settings at tp — t7, where tp is the
detection time and #; is the time the photon takes to
reach the detector from the location of the phase shifter
@A




Franson’s Bell experiment

”Bs4)2 -
N XN

=1 =1

1

Similarly, Bob chooses ¢ between By and By, and
records the counts in each of his detectors (labeled b = +1
and b = —1), the detection times, and the phase settings.




Franson’s Bell experiment

(I) To have two-photon interference, the emission of
the two photons must be simultaneous, the moment of
emission unpredictable, and both interferometers identi-
cal. If the detections of the two photons are coincident,
there i1s no information about whether both photons took
the short paths S or both took the long paths L.



Energy-time vs. time-bin e

- In energy-time experiments, a non-linear crystal is pumped continuously
by a monochromatic laser so the moment of emission is unpredictable in a
temporal window equal to the coherence time of the pump laser.

- In time-bin experiments, a non-linear crystal is pumped by pulses
previously passing through an unbalanced interferometer, so it is the
uncertainty of the arrival time of the pump pulse to the crystal what causes
the uncertainty in the emission time.
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Franson’s Bell experiment

(11} To prevent single-photon interference, the differ-
ence between paths L and 5, i.e., twice the distance be-
tween BS1 and M1, AL = 2d(BS1, M1), must satisfy
AL > cteon, where ¢ 18 the speed of light and f.., 1s the
coherence time of the photons.



Franson’s Bell experiment

(111} To make distinguishable those events where one
photon takes S and the other takes L. AL must satisty
AL = cAtegine, where Afgine 15 the duration of the co-
incidence window.



Franson’s Bell experiment

(IV) To prevent that the local phase setting at one side
can affect the outcome at the other side, the local phase
settings must randomly switch (¢4 between Ay and A4,
and ¢ g between By and By ) with a frequency of the order

c/D, where D = d(Source, BS1).



Franson’s Bell experiment

Source

P(A;=+1)=P(A; =—-1) =

P(B; = +1) = P(B; = 1)



Franson’s Bell experiment

25% of two-photon events in which photon 1 is detected
a time AL /¢ before photon 2,

25% of two-photon events in which photon 1 is detected
AL /c atter photon 2,

50% of two-photon events in which both photons are
detected simultaneously.



Franson’s Bell experiment

For the coincident events,

1

P(A;=a,B; =b) = T |1+ abcos(da, + ¢5,)] .

where a,b € {—1, +1}.



Franson’s Bell experiment

The observers reject the 50% of two-photon events in
which photons are detected at different times, and keep
the 50% of two-photon events in which both photons are
detected simultaneously.
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Local hidden variable model for
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The LHV theorv must describe how each of the pho-
tons makes two decisions. The +1/ — 1 decision: the
decision of a detection to occur at detector +1 or at de-
tector —1, and the S/L decision: the decision of a detec-
tion to occur at time tp = tor a time tp =t + % Both
decisions may be made as late as the detection time tp,
and may be based on events in the backward light cones
of the detections. In a Franson-type setup both decisions
may be based on the corresponding local phase setting at

tp —tr.




Local hidden variable model for

For the Bell-CHSH inequality there is no problem if
photons make the +1/ — 1 decision based on the local
phase setting. The problem is that the 50% postselection
procedure should be independent on the phase settings,
otherwise the Bell-CHSH inequality 18 not valid.

If the S/L decision can depend on the phase settings,
then, after the 50% postselection procedure, one can for-
mally obtain not only the violations predicted by quan-
tum mechanics, as proven in Aerts et al., but any viola-
tion, even those forbidden by guantum mechanics.



Local hidden variable model fo

The reason why a LHV model is possible is that the
50% postselection procedure in Franson's experiment al-
lows the subensemble of selected events to depend on the
phase settings.

Ao A1 By Bi (AeBp) (AoB:) (A1Bp) (A41By)
S+ S+ 5S4+ L+ +1 rejected +1 rejected




Local hidden variable model for
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Local hidden variable model fo

Beousg = —4
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Local hidden variable model for

Ay A1 Bo Bi (AdBy) (AoBy) (ABo) (A1By) Ao A1 Bo B {(AoBoj {AeBi) {(MiBo) (AiBy)
S+ S+ S+ L+ +1 rejected +1 rejected S+ S+ S- L+ il rejected -1 rejected
§— S— S— L¥ +1 rejected +1 rejected S— 55— S+ L¥ i rejected -1 rejected
L+ L+ L+ S+ +1 rejected +1 rejected L+ L+ L-— 5+ ! rejected -1 rejected
L- L- L- 5% +1 rejected +1 rejected L— L— L+ 5% ! rejected ! rejected
S+ S— L+ S+ rejected +1 rejected -1 S4 S— Lt 5— rejected =il rejected +1
S— S+ L¥ S5— rejected +1 rejected =l S— S+ LF¥ 5+ rejected =il rejected +1
L+ L— S+ L+ rejected +1 rejected il L4+ L— S+ L— rejected =il rejected +1
L— L+ S¥ L— rejected +1 rejected il L— L+ ST L+ rejected -1 rejected +1
S5+ L+ S+ S+ +1 +1 rejected rejected S— Lz S+ S5+ ! =l rejected rejected
S5— L¥ 5- S5- +1 +1 rejected rejected S+ L¥ S- 5- -1 =il rejected rejected
L+ S+ L+ L+ +1 +1 rejected  rejected L—- S5+ L+ L+ il =il rejected rejected
L— S+ L- L- +1 +1 rejected  rejected L+ S L- L- -1 -1 rejected  rejected
Lt S+ S+ 55— rejected rejected +1 il L+ S5— S+ 5— rejected rejected -1 +1
L¥ S5- S§— 5S4 rejected rejected +1 -1 L+ 54+ S— S+ rejected rejected -1 +1
S+ L+ L+ L— rejected rejected +1 —1 S+ L— L+ L— rejected rejected -1 +1
S¥ L— L— L+ rejected rejected +1 =il S+ L+ L— L+ rejected rejected -1 +1

If each of the 32 sets of instructions in the green table
occurs with probability p/32, and each of the 32 sets of
instructions in the red table with probability (1 — p)/32,
then, for any value of 0 < p < 1, the model gives 25% of
SL events, 25% of LS events, 50% of SS or LL events.
and satisfies (la) and (1b). If p = 0, the model gives
Bousy = —4. If p =1, the model gives Scpsy = 4 (and
simulates the outcomes of a Popescu-Rohrlich nonlocal
box). The maximal quantum violation Bepsgy = 2v/2,
satisfying (3), is obtained when p = (2 + v/2) /4.
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Franson’s energy-time Bell expe

Source



Proposed energy-time Bell expe

Alice Bob



Proposed energy-time Bell expe

Alice Bob

The two photons end in different sides only when both
are detected in coincidence. If one photon takes S and
the other photon takes L, both will end on detectors of
the same side.



Proposed energy-time Bell expe

(I') To have two-photon interference, the emission of
the two photons must be simultaneous, the moment of

emission unpredictable, and both arms of the setup iden-
tical.



(II') Single-photon interference is not possible. The
requirements in (11} are no longer necessary:.



Proposed energy-time Bell exp

M2 L M4

(II1') To temporally distinguish two photons arriving
at the same detector at times t and ¢+ j‘T’L! where AL =
2|d(Source, BS2) + d(BS2, M1)], the dead time of the
detectors must be smaller than &Tf The requirements

in (III} are no longer necessary.



Proposed energy-time Bell expe

M3 - M1
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(IV") To prevent that the local phase setting at one
side can affect the outcome at the other side, the local
phase settings must randomly switch (¢4 between Ag

and Ay, and ¢ between By and B;) with a frequency of
the order ¢/, where D' = d(Source, ¢4) > AL’



Proposed energy-time Bell exp

M2

The predictions of quantum mechanics are similar to
those in Franson's proposal: Eqs. (la) and (1b) hold,
there is 25% of events in which both photons are de-
tected on the left at times t and ¢ + AT’U 25% of events
in which both photons are detected on the right. and 50%
of coincident events for which (3) holds.



The observers must keep the coincident events and re-

ject those giving two detections on detectors of the same
side.




(1) The rejection of events is local and does not require
communication between the observers.

(it) The selection and rejection of events is independent
of the local phase settings.



There is no LHV model

Consider a selected event: both photons have been de-
tected at time f 5, one in a detector a on the left, and the
other in a detector b on the right. ; is the time a photon
takes from ¢4 (¢p) to a detector a (b). The phase set-
ting of ¢4 (¢p) at tp — t; is in the backward light cone
of the photon detected in a (b), but the point is, could a
different value of one or both of the phase settings have
caused that this selected event would become a rejected
event?



There is no LHV model

No. This would require a mechanism to make one de-
tection to “wait” until the information about the setting
in other side comes. However, when this information has
finally arrived, the phase settings (both of them) have
changed, so this information is useless to base a decision
on it. There is no physical mechanism preserving locality
which can turn a selected event into a rejected event.



There is no LHV model

Now consider a rejected event. For instance, one in
which both photons are detected in the detectors a on the
left, one at time tp = t, and the other at tp =1+ ¢ f.
Then, the phase settings of ¢ 5 at times tp — t; are out
of the backward light cones of the detected photons. The
photons cannot have based their decisions on the phase
settings of ¢g. Could a different value of ¢4 have caused
that this rejected event would become a selected event?




There is no LHV model

No. This would require a mechanism to make one de-
tection to wait until the information about the setting
arrives to the other side. However, when this information
has finally arrived to the other side, the phase setting of
¢ 4 has changed so this information is useless. There is no
mechanism preserving locality which can turn a rejected
event into a selected event.



There is no LHV model

The selected events are independent of the local phase
settings. For the selected events, only the +1/—1 decision
can depend on the phase settings. This is exactly the as-
sumption under which the Bell-CHSH inequality is valid.
Therefore, an experimental violation of the Bell-CHSH
inequality using this setup and the postselection proce-
dure provides a conclusive {assuming perfect detectors)
test of local realism using energy-time entanglement.
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First implementation

A. Rossi, G. Vallone, F. De Matrtini, and P. Mataloni, PRA 78, 012345 (2008).



Hyper-entanglement

A. Rossi, G. Vallone, F. De Matrtini, and P. Mataloni, PRA 78, 012345 (2008).



Can you do exactly this experim




Energy-time entanglement in ot

= Electronic systems?
= Neutrons?

= QOther systems?
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