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AGSTIRACT

A certain class of parawmnctiic down-conversion Bell iype expenments has the fol-
lowing fealures. In the ideabsed perfeck sifuation it iz in only 50% of caszes that each
ohbserver toceives a photon; in the other 30% of cases one obuerver receives both chotons
of a patr while the other ohserver receives none, The ztandad approach is to discard the
avents of the seeond type. QOoly the remaining ones are used us the data mput to some Bell
incyualitics. This rajses justified doubts whether such experirnents conld be ever genuine
bests of local realism, We propose to talie Inta account these “unfavorable” rases and to
snalyze the entlre pattern of polarization and localisation correlations. Thiz departure

from the standard reasoning enables one to sheow that indeed the expesimonts are true
tests of local realism,

L. INTRODUCTION

The tremendous progress in expertmental guantum -:::pl:iq;afcluxing recent years, aad
especially the advent of parametric down-conversion techniques have pencrated a new
wave of experiments purpesing to test Bell’s inequalities [1]. The expenments like those
of C. Q. Alley and Y. H. Shik [2], 2. ¥. Ou and L. Mandel [3], and T. E. Kiss, Y.
Ii. Shih, A, V. Sergienko and C. Q. Alley [4] are some of the meost famous sxamples.
They fmm a digtingtive class: polarization correlations are measured, and to preduce the
reguired phenomena the vse is made of a techaiqus invalving sssentially two lncar optical
devices, namely a wave plate and & single beamsplitter (fig.1}. Althongh these experiments
bave snecessfully reproduced cerfain long-distance gquantum mechanical carrelations, it is
generally believed [3] that they could never, not even fheir idealized wevsions, be considerad
as tewe tests of local vealisra. In the present paper we prove that this pencral belief is weeng
and that the above experiments are in fact much better than they were previously thought
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to be: in principle they coufd be tests of the most geners]l premises of lacal realism, and
the only obstacles they face are purely teciinical {such az present day low efficiency of the

photon detectors, misalipninents ste.).

The clatm that the above cxperiments can never be trus tests of local realism is
based usually on the following argument. In the original setting, proposed by J. Bell and
then widely analyzed by many others (8], experiments are performed on an ensemble of
pairs of particles prepared m such a way that one particle In each pair is directed towards
an observer while the other particle is direeted toward ancther chserver sisuated far fram
the first one. However, in the parametric down-conversion experiments we are interesbed
in [2-4] the pairs of particles {photons) are prepared in & different way - only in 0% of the
cases esch ebserver receives & photon; v the vther 30% of cases ane observer recelves hoth
photons of & pair while Lhe other observer recoives none. The wsual superficial method ko
deal with this situation s to discard ol the anfavoerabls the ceses in which both photons end
at the same observer and ko vetn only the cases in which each observer ceceives a photon,
Therefore, 1B can be Justifiably cladmed, one runs diveckly into the well-konowr problem of
subopsemble post-selection. H one restricts the analvsis to & stall enough subensembile
of the original ensemble of pairs one caa never rule eul Al possible Jocal bidden variable

rnaddels.

However, a more carelul look al the the svputrent formulated in the last fwo sen-
tences shows its wealimeess, First of all, 1he wlea that the “unfavorable” eases should be
digcarded appeared crobably becavse of the desive o forcefully map the problem under
irrvestigation into the one originally formulaled by Bell. Bud instead of deing this one could
actually make use of these “unfavorable” cases by taking them also into account and ana-
l¥zing the entire pattern of correlations. [This 3= the approach we shall tale 1n the prezent
raper.} Second, while it is widely beileved that subensemble selection {when the selected
suberzemble is small enough) afways prevents cheserving vivlations of local realism, this
15 actually not true, Indeed there are cases it which posi-selection 15 a serious drawback
{e.g., “detector efficiency” problem [7]] but there are also other cases in which subenscmile
setection ratses no problems (3, ¢ Consequently one should not dismiss from the beginaing
the possibility of observirg vielations of lecal readimn Jusk becanse subensemble selealion
has been performed, bot each sibuation should be investizated carefully.

Consider first the experimnental setting used in [2-4] and illustrated in fig. 1. A

tvpe I parametric dewn-conversion soures iz used to gencrabe pars of photons o which
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both photons have the same energy and linear polazszalion [say £) but propagate in two
different directicns, One of the photons passes through a 90° polarization rotater, the
wave-plate WEF, amerging polarized adong §. The two photons are then divacted by two
raipvors, M, onto the two Sides of a (polarization independent) beamsphitter BS which,
for simplicity, we consider to be symmetric. Bach observesr i cquipped with a polarizing
heamsplitter, orlentated along an arbitrary axis, randonly chosen just before the photons
are suppased to arrive. Fach polarizsing beamaplitter is followed by lweo detectors, DY, BT
anet D, D respectively, where the lower index indicates the cerresponding observer and
the upper index the fwo exit poris of the polavized bearnsplitter (%47 meaning parallet
with the polavization axis of the beamsplitter and - meaning orthogenal to this sxiz).

All optieal paths are assumed to be equal.
The quaninm state of the éwo phiotons just before cntering the deiection stations is

[} = 5 (1LEh [ — L1k + 613, 1gh {0k + 410). |18, 15}, (1}

lad | =

where the sabscript §oor 2 on the kei vecfors represent the two regions of space whoere
the photons arrive, 1.e. near observer 1 and near chserver 2, the notation 0 wside the
ket vectors denotes vacuum and L& and 1§ represents 1 photon polarized along the # or
it directions respeclively. Fhe first two termz in (1) correspond to cases in which each
abserver will register a single photon while the last two terms correspend to cases n which

one of the observers will register twa phobons while the obher observer will register none.

tQuite often the discussion starts with just stmply chopping off the kst two terms in
{1). Thiz approach, siace it 13 effectively a post-selection procedure, raises sevions, Justified
doubts [5], whether the experiments indeed ave tests of Jocal realism. But in fact there iz
no reason why one should reject the other cases.

Let us dencie by P(i, £ §, 4 the joint probability for the onteoms 1 to be registerad
hy cheerver 1 when his polarizing beamsplitier B51 is oricuted along the direction £ and
the outeome 3 to be registered by observer 2 when her polarizing beamsplitter is ariented

along 7. Herz 4,7 = 1 — 6 and have the following meanin:
1 = one photon in &, no photoen i D1,

2 = one photon in O no pheton in £,
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# = a0 photons,

£ = one vhoton m DT and one photon b D,
i = two photons in DT, no photon in D™,

§ = two photons in P, no photons in DT

We have not inchaded the possibility of more than one paic of photons heing emitted.
The prabability of thiz happering, under the usual experimental condilions, is vory small,
and thus will lead to vegligible effects.

A Clanser-Horne-Skimony-Helt [CH3H} type inequality which is obeved by all local
hidden variables inodels bul is violated by quantom mechanies for the full skate (1) can be
abtaned n the following way. ]'..-::{. uss associate with each ontcome registared by obsecver
L and 2 u corcesponding value .:1 ard LJJ respentively, whers .11 = b" = —1 while afl the
other values are equal to 1, and let us den:::-te by L'(r:e.fb"?:l the expectation value of their

produce
Bia*t") = Zaf.&’fp £ i Ak (2

Mow, 10 a local hidden varialiles mode]
PG.ELA = [ BRI ENAGEN, (3)

where A is the local hidden variable with p its distribueion function ([ dAp(2) = 1}, and
Fu,£;2) and Bof3,7;4) che local probabilities (3, By(5,&;3) = 1 = 2o Pali g al
is straightforward to see that sccording to any local hidden variables model the CHSYH
incquality holds, b

|BlafdT) + B{efv™ ) & B{ed 11} — Blaf57)] < 2, (4)
for any directions £, &7, 7 and 7.
O the other hand, according to quanium mechanies

Blafe") = (0|44 B7 |0, (5)
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where A% and B? are the corresponding quantuwn observables, defined as follows: Af is an
operater which has a nondegenerate elgenvalue Af = -1 corvesponding to the egenslale
|1£1 4, (which representz 1 phaton polarized arthogenal to £ and which earresponds to
observer | obtaining the outcome § = 1] and a multiple degenecate cigenvalie Af =1
corresponding to the rest of the Hilbert space (the spece spanned by |16}, |0, |16, ),
325}1 and |EE¢}: and which correspond to ohserver 1 obtaining outcomes 1 = 2 — 6); BHY
ts defined i a similar way, b olher words, the operators A and B are egual to the wsual
polarization operators en Lhe sobepacs of “favorable” cases (yielding +1 if the photon's
polarization 1s parallel with that of the polarization analyzer and -1 if i€ is perpendicular)
and eqral to the identity operstor on the subspace of “unfavorable” cases. Let us also define
;) and [¥} as the notmailized projections of [T} on the subspaces of “unfavorable” and
“favoralle” casos respoctively, b

%)) = %um,mmn}z + 14, 1502) (6)
znd ]
1) = = (10192 + 1 [12):) (7).

Then, as the local operators A and B doe not mox che focal vacnnm and local two

photons statez with the local one photen states, 1t Bollows Lhal

CHSHg = %.:{:,pr‘iﬂfr + 2857 4 a8 7 _ 48 57 )+

l - H - = 1 - 5 =
STz |ATB7 + 3BT + 4V BY - A8 BT |
]

]_ H - H ) or ] r
=g ®xZ+gx (T ASET 4 AR 4 AT 31— A% ot g, (£

The expectation value in the last terne in (8) is nothing ¢lse than the nsuat quantum CHSIT
expression comouted in ihe | Tz} abate which for suitable chosen directions é, éﬂ 7 and &'
can yietd 22, Choosing auch direckions in (8) it follews that, for the idealized perfect
AXperiment

CHSHo=14+v2 >3 (9]

which 1s in contradiction with the limit imposed by local hidden variables models.

In calculating probabilibics above we have azsumed that the éotal number of events
15 equeal to the total number of pairs detected. This is equivelent to assuming an ewvent
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ready eonfiguration in which the scueee clicks [or gives off same other appropriate signal)
when the photons are emitted, However, the experiments [2.d] were not event ready since
there 1s no way to know that o pair of photons has been emitbed [event ready configurations

liave oaly been sugeested [10]).

Thus, it could be possible, for example, that whetliee or ool b photons are detected
at one end {whether we are in 2 i=4,5,6 or a i=3 case) depends on the secting of the
polarizing beamsplitter. Polarizer settings, by bissing the ensemble considered. seemingly

mtroduce the possibiliy of a loophole.

To solve this problemn, first of ali, we must decide what we ave going to regud as an
event, The experiment runs for a certain time, T. This time can be divided wp into short
intervals of duration ¢, At the beginiug of sach time mterval the polanizing beamsphitters
are gt 10 a new, rendomly chosen, direction, The fhne mberval © must be chosen go be
smaller than L fc where L is the distance between the deiector stations so that there is ne
pessthility of relativistic causal signals heing transrnicted during thes Bime interval. Also, to
avoid extra complications, it shoold be chosen such that there is a very small probability
of more than one par being emifted during v, And it should be Bigger than the time
rezolution of the deteciors so thab fwo phefons froas Lhe smne palr are almost eertainly

cletected during the same {ime interval, A practical choice would probably be 7 = 10ns,

The total number of eveants 15 W where T' = M+ and T iz chosen such that & 33
integer, The n-th event bappens during the inderval [ — 117 to 2+, During this i;lterw:tl.
wa recotd the tvpe of event that has ocourred at each end of the epparatus (4,5 =1 to 6}
[ this way we can form prohabilifies in the vsual way. Twvpical counting rates are about

10 per second which iz mueh smaller than 1. This means slmest all events will be of

the type where ne photons are detected at cither end {1 = § = 3). For CHSH inequalities
formoulated in the usual way thiz would be a big problem sinee these no-pholon events
woukd drown oub the mteresting events and hence the Inegualitics wonld not be viclated.
However, as we will see, the way in which the correlation Function has heen defined in

equation (2] solves this problem.
To include explicitly the vacoom bteem one can deseribe the state by

[ = a0} [0%2 + ST
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where [T} iz the state {1}, The vacuum ferm iz now exphcitly included. Either a total of
twe photons will be delecled or no photons. Lel Ny be the number of evenis for whizh no
photons are detected. Then

L

P(3.£.3.4) = =

Sinee ug = E.r:',:’ = I we have froan equation (2] that

P - i, A= P
Blafsh) = S+ S22 w|at B, (9)

Hence, now taking mte account the vacoum cases, we hove Ehat

ENU N—J"Fu
oty

CHSHg = + V2 =2 (1)

where the Ineguality follows since Ny < &, Henee, the CHSH incqualibies arve silll viclaged,

The sagnitude of the vielation 2 not as greal but s veed not bother us, Any
experitnent which viclakes the inequalities when the vacuum events zre included will alzo
viglabe the experiment wlhen they are nob and viee versa. Simply, an cxperiment where

every event was  vacuwwn event would give CHSHy = 2,

Lt us comment on the general case of non-event ready expecinents. In their re-
view [A] Clauser and Shimony make the point that the Clavser-Horne inequalitiss have
5 1 as thelr upper bound and hence they are insensitive to the overall amemalization of
probabilities making them suitable te non-event ready cxperuncnts, and sinee the CHSH
mncqgazalities lave ton-zers bounds they do rely on knowing how to normalize probabalitics
and thus ave not suitable for mon-gvent ready experimentz. However, by omploying the
two tricks of (1) considering short intervals as events and (i) putting ag- = bg = 1 so that
the CHSH inequably is saturated by an ensemble of vaconm events, we male ik possible

to emplov the CHEIL inequalities in non-event ready twpe experiments.

To sutnmarize, 1f oue wants to discuss the experiments {2-4] as tests of loeal real-
ism, one should not diseard any “unfaverabls” cases but rather vne has to analvze them.
Aud there s plenky of information we can obtain apart from whatb sre the polanization
sorrelations. YWhat we have just shown iz that the eatire pattern of polarization and lo-
calization correlations in the experiments [2-4] cannet be explained by any local hidden

weriahle treodel.
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