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Abstract: In this paper, the nexus between the Bell-state measurement and extracting phase infor-
mation from the zeropoint field is investigated. For this purpose, the Wigner representation in the
Heisenberg picture is applied in a Bell-type experiment in which the polarisation-entangled photon
pairs generated in a type-II parametric down-conversion do not overlap. The signal intensities at the
detectors are calculated in a four-mode approximation, being expressed as functions of the modules
and phases of the four zeropoint amplitudes entering the crystal. A general criterion for identifying
the correlated detectors is proposed based on the equality of the signal intensities, and without
involving the calculation of the joint detection probabilities. In addition, from the analyses in the
rectilinear and diagonal basis, it is shown that the distinguishability of the polarisation Bell states,
which is in direct correspondence with the joint detection events in each experiment, can be related to
the knowledge of the phases of the vacuum field entering the entanglement source, and giving rise to
correlated detections. To this purpose, it is conjectured that a detection event is associated with a
maximum value of the signal intensity averaged in the modules of the zeropoint amplitudes, as a
function of the vacuum phases.

Keywords: zeropoint field; Wigner representation; parametric down-conversion; entanglement;
Bell-state analysis

1. Introduction

In the last few years, the role of the zeropoint field (ZPF) in optical quantum commu-
nication using a parametric down-conversion (PDC) has been investigated [1]. To achieve
this goal, the Wigner representation in the Heisenberg picture (WRHP) has been used [2].
New physical insights allow for a profound understanding of the optical implementation
of quantum information using PDC. Specifically, the use of the WRHP formalism in experi-
ments on quantum cryptography [3], Bell-state analysis [4] and teleportation [5] has been
revealed as a new perspective focused on the wave nature of light.

As described elsewhere [4], the zeropoint inputs that intervene in a given experiment
on Bell-state measurement (BSM) of two photons entangled in n dichotomic degrees of
freedom, using linear evolution and local measurement (LELM), are related to the maximal
information that can be extracted in the experiment. On the one hand, the quantum informa-
tion is storaged in the vacuum amplitudes that are amplified at the source of entanglement.
On the other hand, the zeropoint inputs corresponding to the idle channels inside the Bell-
state analyser constitute a source of noise that limits the capacity for extracting information.
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At a more concrete level, it has been demonstrated that the maximal distinguishability in
experiments in which the two photons are not brought together at the apparatus is just the
difference between the number of sets of zeropoint amplitudes that are amplified at the
source and enter the analyser, and the corresponding one to the zeropoint inputs inside the
area of a single detection event.

The question that arises naturally is whether the total information extracted via Bell-
state analysis can be associated with some piece of information related to the sets of
zeropoint amplitudes entering the source of entanglement. The following reasoning sup-
ports an affirmative response: given that the distinguishability of Bell-states is in direct
correspondence with the number of zeropoint inputs at the crystal and the analyser, there
should be a correspondence between the information concerning the distinguishable Bell
states and the one corresponding to the values of the vacuum amplitudes that are amplified
at the source. In this way, both formalisms, the Hilbert-space approach that highlights
the particle behaviour of light through the concept of photon, and the WRHP formalism
that resembles the undulatory behaviour of light through the consideration of the ZPF,
would be in total correspondence. Hence, a given optical experiment in which a Bell state
is measured should extract some information about the amplitudes of the zeropoint field
at the crystal, concretely the vacuum phases. Needless to say, the amount of information,
either concerning Bell states or vacuum phases, should be the same. To this purpose,
the WRHP formalism is applied to a general Bell-type experiment in which the two pho-
tons, entangled in any of the four polarisation Bell states (n = 1), do not overlap at the
Bell-state analyser [6].

The paper is organised as follows. Sections 2 and 3 contain introductory material.
In Section 2, some basic aspects of the Bell-state analysis in the Hilbert-space formalism are
reviewed. The relevant ingredients of the WRHP description of entanglement generated
via type-II PDC, which are necessary for the understanding and notation of the rest of
the paper, are given in Section 3. In Section 4, the field amplitudes at the detectors are
calculated as functions of the experimental parameters and the modules and phases of the
zeropoint amplitudes entering the crystal. The key contributions to this paper are given in
Sections 5-8. In Section 5, the relationship between the partial analysis of Bell states and
zero point inputs is reviewed and extended to the complete analysis when two consecutive
experiments, one of them in the rectilinear basis and the other in the diagonal one, are
performed. In Section 6, the signal intensities at the detectors, i.e., the intensities above the
zeropoint background are calculated and expressed as functions of the vacuum amplitudes
and the experimental parameters. The rectilinear and diagonal analyses are described in
Section 7. It is demonstrated that the signal intensities corresponding to the correlated
detectors are exactly the same, so that a general criterion for establishing which detectors
are correlated can be defined without the calculation of the joint detection probabilities.
In this sense, this paper constitutes a general extension of the ideas developed in Section 3
of [1], where an analysis of this experiment in the rectilinear basis was made. In Section 8,
in order to establish a correspondence between the which-path information and phase
information, both leading to the distinguishability of Bell states, a conjecture is made
concerning the relationship between a joint detection event in ideal photodetectors and the
maximum value taken by the signal intensity averaged in the modules of the zeropoint
amplitudes, as a function of the vacuum phases. As a consequence, a table of information is
generated with a one-to-one correspondence between the values of the vacuum phases and
the sequence of joint detection events for two copies of each of the four Bell states, when
the two analyses are made consecutively. Finally, in Section 9, the main conclusions and
further steps of this paper are presented.

2. General Aspects of BSM in the Hilbert Formalism

Type-II PDC is widely used as a source of entangled states in optical experiments
for testing Bell inequalities [7-12] and the implementation of quantum communication
schemes [13-18]. A monochromatic pumping laser impinges on one side of a nonlinear
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crystal, giving rise to pairs of conjugated beams with orthogonal polarisations. In the
Hilbert formalism, the corpuscular nature of light is emphasised. In this approach, a photon
of the laser field, with frequency wy and wave vector ko, splits into two photons, 1 and
2, with frequencies w; and wy, and wave vectors k; and ky, fulfilling the exact matching
conditions wp = wy + wy and kg = kg + kp, which are related to energy and momentum
conservation, respectively. If the two photons correspond to the intersection between
the ordinary and extraordinary cones, the emitted state is entangled in polarisation [19].
Then, the manipulation of one of the particles via a unitary transformation gives rise to
the generation of any of the four Bell states, which constitute a basis of the Hilbert space
corresponding to the two particle system:

¥t) = énmlvni V)1 [H),), 1)
%) = L[|, |H), V), V), @)

V2

where H represents extraordinary, i.e., horizontal polarisation, and V represents ordinary,
i.e., vertical polarisation. Equations (1) and (2) describe the entanglement between two
particles (photons) that have been generated at the crystal, which propagate throughout
the experimental setup and are finally detected.

The possibility of measuring the four Bell states is the base of quantum dense coding,
consisting of the sending of two bits of classical information by only manipulating one of the
qubits [14]. In addition, BSM is an essential ingredient in quantum teleportation [15]. Let
us consider two photons entangled in # dichotomic degrees of freedom. The corresponding
Hilbert-space is 4" dimensional, and the standard analysis gives an upper bound to the
maximal distinguishability of Bell-state classes equal to 2"*!, since the first detection event
does not provide any information about the Bell state. The optimal BSM allows for the
distinguishability of Ny ciass = 27+1 _ 1 Bell-state classes when the two photons are
overlapped at a balanced beam-splitter [20]. In contrast, if the two photons are not brought
together at the apparatus, then the maximal distinguishability is given by N4y c10ss = 2".

As it is well-known, in the case n = 1, the four polarisation Bell states cannot be
distinguished by using a LELM apparatus [21]. If the two photons are overlapped at a
balanced beam-splitter, then N,y c145s = 3. If the two photons do not interact, only two
classes can be distinguished. The use of hyperentanglement, i.e., the entanglementinn > 1
degrees of freedom, allows for the BSM of the four polarisation Bell states [22-24].

In the experimental setup shown in Figure 1, photon 1 is manipulated via a wave
retarder that introduces a phase shift k = {0, 1} between the vertical and horizontal
component of the electric field, and a polarisation rotator of angle B = {0, r/2}. This allows
for the generation of any of the four polarisation Bell states (see Equations (1) and (2)).
For instance, if the emitted state is [¥ ), the values (x = 0, = 0) would correspond to the
identity operation, and the pair (x = 71, = 0) would transform this state in [¥ ™). On the
other hand, (k = 0,8 = 71/2) [(x = 7, B = 7/2)] stands for |®~) (|]OT)).

Then, the photon 1 (2) is directed to a polarisation rotator of angle 6; (62) and a
polarizing beam-splitter (PBS) that transmits (reflects) vertical (horizontal) polarisation.
Two photodetectors D1V and D1H (D2V and D2H) are placed at the outgoing channels of
PBS1 (PBS2).

The situation 6; = 6, = 0 (8 = 6, = 71/4) corresponds to the measurement in
the rectilinear (diagonal) basis. Only in these two cases, a partial analysis of Bell states
can be achieved. Concretely, if the rectilinear basis is used, a joint detection in D1H and
D2V, or D1V and D2H, would identify the class {|¥7),[¥7)}. In contrast, a detection
in D1H and D2H, or D1V and D2V, would correspond to the class {|®"), |®~)}. Hence,
in the rectilinear analysis, it is not possible to determine the value of x. Nevertheless,
if the diagonal basis is used, a detection in D1H and D2V, or D1V and D2H, would
identify the class {|¥ ), |®~)}. In contrast, a detection in D1H and D2H, or D1V and D2V



Entropy 2023, 25, 393

4 0f 21

would correspond to the class {|¥7), |®*)}. Each of the two analyses gives the maximal
distinguishability in this kind of experiment, in which the two photons are not brought
together at the apparatus, and corresponds to the possibility of distinguishing two classes
of Bell states. On the other hand, if two consecutive experiments are carried out by starting
from the same initial state, one of them in the rectilinear basis and the other one in the
diagonal one, a complete distinguishability of the four polarisation Bell states is possible.

(c) Analyser
(a) Source \
/ \ (b) Preparer Polarization | | |
rotator (61) /
FQn
: Polarization rotator (B)
............. o
e, (+) '
F F,
..... | !
Laser T Wave retarder (i) NP4 =4
""""""""" (+)
""""""""" FZ Polarization
,,,,,,, rotator (62)
44444 Crystal
FGlm i

- /

F 1217 . oise  otan
\\ / p2v/
\ ~_ /

Figure 1. Setup for partial Bell-state analysis. The different zeropoint inputs are represented, and the

number of sets of vacuum modes is written between brackets. (a) Source. Two correlated beams,
Fgﬂ and F§+), are generated via the coupling between the zeropoint field amplitudes, Fl(;) and

Fg), and the laser beam into the crystal. The number of sets of ZPF modes that enter the source
is (Nzpr,s = 4). (b) Preparer. Beam F§+> is modified using a wave retarder (x) and a polarisation
rotator (B). (c) Analyser. The polarisation of beam 1 (2) is analysed by using a polarisation rotator
of angle 0; (6,) and a polarizing beam-splitter. Each of the idle channels of the PBSs introduces two

sets of zeropoint modes, so that the number of sets of ZPF modes entering each single detection area

is (Ngféf; det.area = 2)- The maximum distinguishability corresponding to this setup is Ny ciass =
Nzpr,s — Ngfé;fd etarea = %2 — 2 = 2, and it can be accomplished only in the cases of rectilinear

(61 = 6> = 0) or diagonal (6; = 6, = 71/4) analyses.

3. WRHP Description of Entanglement Generation Using Type-II PDC

In the WRHP approach, photons are just wave packets generated via the interaction
into the crystal between the zeropoint field and a classical wave corresponding to the laser
pumping. The Wigner formalism emphasises the undulatory nature of light, so that the
information is not carried out by a particle but storaged into the electromagnetic field.
Let us now review the basic aspects of the WRHP approach applied to the polarisation
entanglement generated via type-II PDC [2]. The crystal is pumped by a laser field, which
is represented by a monochromatic plane wave:

Vp(r,t) = Vpe"(k"'r*“’ot) +cc., 3)
and two zeropoint input beams, which are represented by the stochastic fields:
Eoj(r,t) = B\ (r,6) + L (1,1), 4)

where )
EE};'_) (r, t) = leE[k]],A(zz((‘]JiLl%> zﬂék,/\ek,Aei(k'riwkt) ; ] = {1,2} (5)
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From now on, the lowercase letter “v” will refer to the vacuum or zeropoint field. The sum
is restricted to the set of wave vectors centered at a given k;, with frequencies wy = wj,
being wy = c|k|, and A = {H, V} represents polarisation. On the other hand, L3 is the
normalisation volume and €y ) is a unit polarisation vector. The wave vectors and frequen-
cies corresponding to the zeropoint beams described in Equation (5) fulfill the matching
conditions, so that if k € [k]; and k' € [k], then wy + wy ~ wp and k + k’ = ko. Given
that each of the input fields contains two sets of orthogonal vacuum modes, the number of
sets of ZPF modes that are amplified at the crystal is equal to four.

The set of zeropoint amplitudes, & = {ay,,q }, are distributed according the Wigner
function for the vacuum state, and correspond to the Gaussian:

2 2
Wzpp(a) = [ TWzpr(axca) ; Wzpr(ain) = =€ 2cal”, (6)
kA

By putting ay y = |y 1 |exp(i¢x 1), the marginal probability distributions of |ay , | and

@k, can be easily calculated. By considering that day , = |y |d|ag A |d @y A, we have:
27 “2a ‘2
w1 (|ax|) = : Wzpr (i1 )d@in = 2TWzpp(ag,p) = de” =1"kAT, ?)
®© 1
w2 (Px,A) = / Wzpr(ax ) e [d]awca | = 5—, ®)
0 2r
where the integral expression
A TR e R
/0 XM e T dx = W/ (9)

has been taken into account. In addition, from Equations (6)—(8), it can be observed that
|y 2| and @y ) are independent. That is,

Wzpr(ax) = wi(|aa ) w2 (@i ) (10)

Given two complex amplitudes, A(r, t;«) and B(r/,'; a), the correlation between them
is given by:
(AB) = /szp(oc)A(r, t;a)B(r, t;a)da. (11)

For instance, from (6), the well known correlation properties hold:

(aaap2r) = (@ A ) =0 (12)

1
(aaap 1) = R LYY (13)
Equations (12) and (13) are closely related to the randomness of the vacuum phases.
The zeropoint beams EZ(]Jlr) = (EZ(JBJ, Ef]ﬂ/) and Ez(;) = (Eg%[, Ez(;z+2/) couple with the
laser pumping into the nonlinear source giving rise to two correlated beams Egﬂ and E§+).

On the other hand, the field amplitudes are usually expressed in terms of slowly varying
amplitudes (see on the left side of the Figure 1):

FiY) =B j={1,2}. (14)
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The exiting fields at the centre of the nonlinear source are expressed by means of the
following amplitudes (for simplicity, the space-time notation will be discarded):

Ff;? (1+*VI*])F, 01H+8VGF( )

FY = = , (15)
(+) )
Fy (1+*V[*]) UlV+gVG v2,H
Fz(;;) (1+&*VI*])F, 02H+gVGF( )

Fyt = = : (16)
Fz(\j/L) (1+&*VI])F, v21)/+gVG zElI){

where g is a coupling parameter, and G and | are linear operators. On the other hand,
V =V, //2, in order to consider that the energy of the classical wave corresponding to the
laser, which is proportional to the squared amplitude, must be divided into four amplitudes.

Equations (15) and (16) represent the WRHP description of two beams whose correla-
tion properties reproduce the theoretical predictions of the state [¥*) (see Equation (1)).
As a matter of fact, the correlation properties of the vacuum amplitudes, represented by

Equations (12) and (13), give rise to a correlation between F,; () and FZ(V), and an identical

)

correlation between Fl(‘t ) and FZ(H , that identify entanglement in the Wigner formalism.
Each of these correlations is calculated, to the first order in the coupling constant, and
expressed through the sum of two equal addends, each of them involving the zeroth order
term of one field and the first order term of the other.

4. The Experiment: Field Amplitudes at the Detectors

Let us now consider the joint action of a wave retarder (x) and a polarisation rotator
(B) on beam 1, each of them introducing two possible elements of classical information.
By considering the possibilities x = {0,77} and B = {0, 7/2}, four situations can be
generated, each one corresponding to a given Bell state (see Equations (1) and (2)). The joint

action of these two apparatuses gives rise to a field F/ §+), given by:

F{Y = p(g)E") ; P(Bx) = R(B)N(x), 17)

where P(B, ) is the matrix corresponding to the preparer, R(f) represents a rotation of
angle B and M(x) represents a wave retarder of phase x. That is,

cosp  —eFsinp
P(B,x) = [ ] (18)

sinf  efsinp

Once beam 1 is modified, the polarisation is measured on beam 1 (2) by using a polari-
sation rotator of angle 6, (62), a polarizing beam-splitter that transmits (reflects) vertical
(horizontal) polarisation and two detectors. This corresponds to the use of a different basis
for the measurement of the polarisation on beams 1 and 2. The field amplitudes entering
PBS1 (see Equation (17)) and PBS2 are:

P/ = R(e)F\") = R(B + 61) M (x)EL T, (19)

F{Y = R(o)ET. (20)
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By substituting Equations (15) and (16) into (19) and (20), respectively, the field ampli-
tudes entering the PBSs are given by:

n(+)

(+) B 1H
:F//1 —

1m(+)
FlV

] | [+ @IVEDES) +gVGE ylsiné,

[(1+¢%|V]’))E le+gVGF( )]cos(el—i-ﬁ)

—[(1+ 2VPES), + gVGE, ) ]e sin(6; + B)

[(1+g2IVIDES ) + gVGES ) Jsin(6: + B)

[ [(1+ g2IVIPN)ES ), + gVGE. )] cos s ]

[(1+ 2[VRN)ES ), + gVGE! ) Jsin6,

+(1+ G2IVPE ) + gVGES )] cos b

(1 + 2IVPES), + gVGE, ) Je cos(6; + B) |

V2]

(22)

In the following, a four—mode approximation will be used, so that G and ] will be
replaced by 1 and 1/2, respectively [1]. In addition, in order to investigate the role of
the vacuum phases in the Bell- state analysis Equations (21) and (22) will be modified

by putting V = |V | exp(if)

That is,
g
F”§+) ( _
1+
FlV )
E+)
g _ 2H
e
Fyy

v]X

|Fz§14:1)1|ei(/’vlﬂ cos(6y + B) — |F \e P,V +%) sin(0) + B)

+gVUF Ve v =0 cos(fy + B) — |F 2H|e*’ Po2.1=0-) gin (6, +ﬁ)]

+ B [IEShleioan cos(er + B) — [FLy ) el(av ) sin(or + )]

| \el‘/’lesm(Gl +B)+ |F \e (@1, %) cos (61 + B)

+gV[|F zv\eﬂ o2y = sin (0 + B) + |F, 2H‘eﬂ Po2.H=0-%) cos (8 + ,B)}

21712 .
+ S0 [IEG oo sin(8r + ) + | Eiy ) el#01v 70 cos() + )

|F?E2+ }I|ei‘Pv2fH cosfy — |F?Ez+ 1),|e"‘Pv2rV sin 6,
+gV{|F \e" 9017 =) cos ) — |F 1H|e" o1 =) smez}

+82|V\2 “ |314912H cos b, — | \el‘l’vZV sin 6 ]
5 2 2V 2

| |el‘Pv2Hsm 0 + |F |e“/’”2V cos b
+gV[|F le7 (e =0sin g, + |F 1 H|e’1 P11 —0) cosez]

+ B [[EG ) eioising, + [FS) lei#v cos 6]

and F'}’ | X| exp(igy),x) with j = {1,2} and X = {H, V}.

. (23

(24)
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Presently, by taking into account the action of PBSj on beam j, which introduces a

F(+) — (F(+) F(+)

vacuum field ), the field amplitudes at the detectors are:

zpFj = \YzpFj,H' TZPFj,v
1 (+) n(+) o/ (+) ()
@ iF @ iFypp1p ) By ) iFyppo b
Fpin = - 7 Fpy = “ ; Fpoy = “ ; Fpoy = o , (25)
+ 1m(+ + 1(+
Fypry Ey Fyppoy Ey

where Flﬁl(;r) and F{/XEJF) (Fégj) and FZIE/JF) ) are given in Equations (23) and (24), respectively.

5. ZPF Inputs and Distinguishability

As it has been demonstrated elsewhere [4], for two photons entangled in n dichotomic
degrees of freedom, the number of sets of ZPF modes that are amplified at the source,
Nzprs =on+l just coincides with the upper bound to maximal distinguishability of Bell
states. In the setup described in Figure 1, given that n = 1, we have:

Nzprs = 4. (26)

In experiments in which there are no additional zeropoint entries between the source and
the Bell-state analyser, Nzpr s = Nzpr 4, where Nzpr 4 is the number of sets of ZPF modes
entering the analyser.

Furthermore, if the two photons are not overlapped at a balanced beam-splitter,
the maximal distinguishability in this kind of experiments, 2", can be calculated via the
difference between the number of sets of zeropoint amplitudes that are amplified at the
source and enter the analyser, and the number of sets of zeropoint modes that enter the
area of a single detection event. In this case (see Figure 1),

N,

gonigsfgdet.areu = > =2"=2, (27)

Npoise = 2n+1 = 4 being the total number of sets of ZPF modes entering the idle channels
of the PBSs inside the analyser. By taking into consideration Equations (26) and (27),
the following result has been obtained elsewhere [1]:

Nmax,cluss = NZPF,S - ;Zlgsfdgt_ﬂrgg =2"=2. (28)

In the experimental situation described in Figure 1, the use of the rectilinear basis
(61 = 6, = 0) allows for the discrimination of the classes {|¥"), [¥)} and {|®T), |®7)}.
On the other hand, the classes {|¥"),|®*)} and {|¥7),|® )} can be distinguished by
using a diagonal analysis (¢; = 6, = 71/4). In both cases, the number of distinguishable
classes corresponds to the difference between the number of sets of ZPF modes that are
amplified at the source and the number of sets of ZPF modes entering the single detection
area (see Equation (28)).

If two experiments are made consecutively by starting from the same initial state,
one of them in the rectilinear basis, and the other in the diagonal one, then a complete
distinguishability is possible, i.e., the two dichotomic parameters, 8 and x, are recognised
through these two experiments. By taking into account that both the number of sets of
ZPF modes entering the source and the number of sets of ZPF modes entering the single
detection area must be multiplied by a factor 2 in the consideration of the two consecutive
experiments in the information-to-noise balance, complete distinguishability is explained
from a sufficient balance that allows for the BSM of the four Bell states:

Nyax,class = 2(I\]ZPS,S — Niines ) =8-4=4 (29)

sing.det.area
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6. The Signal Intensities at the Detectors

The intensity of light at a given detector DjX is proportional to the squared electric
field amplitude, that is Ip;x (a; ¢;) o Fg;g{ -F 1(3;2(, and it depends on the vacuum amplitudes
(«) and controllable parameters of the experimental setup corresponding to the propagation
of the electric field from the source to the detector area j, which are represented by ¢;. Given
that the electric field amplitudes at the detectors are expressed as linear transformations,
to the second order in the coupling constant, of the zeropoint amplitudes entering the
source, the intensity can be decomposed as a sum of two terms:

Ipjx = Ipjx + Ipjx,zpE, (30)

where Ip;x zpr is the contribution to the intensity of the pure zeropoint field, i.e., the intensity
if the radiation sources were turned off. In the case of PDC, Ip;x,zpr = Ipjx (¢ =0). On the
other hand, Ip;x is the signal intensity, i.e., the part of the total intensity in which the
zeropoint contribution has been removed.
The single detection probability in PDC experiments is usually calculated by means of
the expression [1]:
Ppjx & (Ipjx — Ip,pjx), (31)

where I, pjx is the mean value of the zeropoint intensity at the position of the detector,
ie, Ipjx = <ID]-X,ZPF>. Therefore, the use of I;, pjx or Ip;x,zpr in Equation (31) gives rise
to the same result for the single detection probability, resulting in:

Ppjx o (Ipjx(a; ¢;)). (32)

Let us now consider the joint detection probability corresponding to two detectors,
D1X and D2X'. If the electric field operators corresponding to positions rp1x and rpox
commute, as in the case of Bell-type experiments, the joint detection probability is given by
the expression:

Ppix paxt & {[Ip1x(a; 1) — Ip,pix] [Ipax: (@ ¢2) — Ly poxr] ), (33)

where the mean value of the zeropoint intensity at each detector must be removed. At this
point, it must be stressed that I, pjx cannot be substituted by Ip;x,zpr in Equation (33), so
that ([Ip1x — Lo,01x] [Ip2x’ — Lo,p2x']) # (I;ixIpjx:)-

In PDC experiments involving polarisation, the following expression is usually used
for calculation purposes, in which the joint detection probability is calculated in terms of
the field amplitudes [2]:

Ppix,paxr < )Y |F1(3J{;)<,A(0¢; ¢1)F,§Z§M (a; )| (34)
XN

The use of the former expression in the calculation of the joint detection probabilities,
in the experimental setup given in Figure 1, gives rise to the known results described in
Section 2. As a matter of fact, a similar experiment has been studied elsewhere with the
WRHP formalism, concerning the polarisation encoding the quantum key distribution [3].

In this paper, no calculation of the joint detection rates will be made. In contrast,
the main results of this work will emerge from granting a main role to the signal intensities
at the detectors as functions of the modulus and phases of the vacuum amplitudes.

By using Equations (23)—(25) and (30), the signal intensities and the zeropoint in-
tensities have been calculated as functions of the modules and phases of the zeropoint
amplitudes and the experimental parameters. The dependence with the four vacuum
phases ¢,;x (j = {1,2} and X = {H, V}) is represented by the six phase combinations
Po1,H + P02,y =0, 9o1,v + Po2,H — 0, Qo1 H + Qoo i — 0, Po1,v + P2, v — 0, oo i — Poo,v and
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@o1,H — ¢v1,v, from which only three of them are independent. For instance, by defining
the following phases:

Q1 = @o1,H + P2y — 0, (35)
M = @u1,v + Qo2g — 0, (36)
O3 = Qo1,H + Po2,H — 0, (37)

the rest of the combinations can be expressed as:

Po1,v + Qo2 v — 0 = Q1 + O — Qg, (38)
Po,H — P2y = Q3 — Oy, (39)
Po1,H — Po1,v = Q3 — (. (40)

Phases ()1 and ), have been defined elsewhere (see Equation (50) of [1]), and they arose
from the analysis of the experiment in the rectilinear basis. The appearance of new phases
is a consequence of the consideration of a generic experimental context, in which 6; and 6,
can take any value.

The zeropoint intensities are:

Ip1H,ZPF = |FZPF1 V|2+C05 (,B“'Gl)‘ 1H|2—l—sm (.3"'91” 1v|2

(41)
—sin[2(B + 61)] cos k| F, 1HH 1V\C0S(Qg —y),
Ip1v,zPF = |Fé—1t})?1,H|2 +sin® (B + 91)’F(+H|2 +cos*(B + 91)|Fv;r1)/|2
(42)
+sin[2(B + 6;)] cos k[ F) ) [FS )| cos(Q3 — ),
IpoH,zpF = |szpzv|2+C05292‘ 2H|2 sin 02| F, 2vl2
(43)
—sin(26,)|F, 2H|| 2V| cos(Q3 — ),
_ 2 2 2
ID2V,ZPF-| pF2H| + sin? 62| F, 2H| + cos? 02| F, 2v|
(44)

+
+sin(26,) | E 1 ES ) cos(Qs — ),
where each zeropoint contribution to the total intensity, Ip;x,zpr, contains a term related to

the zeropoint input at the vacuum channel of the corresponding PBS, \Fé;;_- iX, 2, X, being
the orthogonal polarisation to X.

In order to express the signal intensities in a simplified form, the following functions
of the zeropoint amplitudes and the crystal and laser parameters will be defined:

+
Ry(|F 1H| | vzvl O) =2g|V||F 1HH vzv|C0501 JFg |V| (IF, 1H‘2+|Fv2\)/ ), (45

Ra(|F 1v‘ | 02H| M) = 2g|V||F 1v|| U2H|C0502+g |V| (IF, 1v|2 + |F, 2H| ), (46)
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JES U100, 0, 05)

DS L IES UL IFS
= glVI[[ES HIES il cos O + [ES ) 1EG | cos(1 + 0p — 03)| (47)

+2|VI2{IF LIFS ) cos( = 02) + [F lIFS; )| cos(s — 1) .

In terms of the functions Ry, Ry and D, and the preparation (, x) and measurement
(61, 62) parameters, the signal intensities at the detectors have been calculated, resulting in:

Ip1pr = Ry cos?(B +61) + Rysin®(B + 61) — Dsin[2(6; + B)] cosk, (48)
Ip1v = Rysin®(B 4 61) 4+ Ry cos?(B + 01) + Dsin[2(6; + B)] cos, (49)
Ipay = Ry sin? 0, + R, cos? 6 — D sin(265), (50)
Ipsv = Ry cos? 6 + Ry sin 6, 4+ D sin(265). (51)

At this point, the following properties concerning Equations (41) to (51) should be
emphasised for further consideration:

e The factor (—1)"X) cosxsin[2(B + 6;)], where n(X) = 1if X = H and n(X) = 0
if X = V, takes opposite values in the zeropoint intensities Ip1y zpr and Ipiv,zpr
(see Equations (41) and (42)), and also in the signal intensities Ipiy and Ipqy (see
Equations (48) and (49)). Analogously, the factor (—1)"(X)sin(26,) takes opposite
values in Ipyp zpr and Ipyy,zpr (see Equations (43) and (44)), and also in Ipop and
Ipoy (see Equations (50) and (51)).

*  The phases (), () and )3, and the phase combination )y 4+ )y — ()3, appear in
the first order term of I Djx (see Equations (45)—(47)). Specifically, the opposite sign
first-order terms of I, pjx and I pjx, contain the phases ()3 and ()1 + (), — Q.

¢ The phase combination ()3 — () appears in the opposite sign terms of Ip1y zpr and
Ip1v,zpr (see Equations (41) and (42)), and also in the opposite second order contribu-
tions of Ip1y and Ip1y (see Equations (47)—(49)).

*  Analogously, ()3 — () appears in the opposite sign terms of Ipyy zpr and Ipoy,zpr
(see Equations (43) and (44)), and also in the opposite second order contributions of
Ipoy and Ipoy (see Equations (47), (50) and (51)).

The single detection probabilities at the detectors can be calculated via Equation (32).
By averaging the signal intensities given in Equations (48)-(51) and taking into consider-
ation the randomness of the vacuum phases, the contribution of the terms including Q;

(i =1,2,3) in Equations (45)-(47) is equal to zero. In addition, by considering that <| o X| )
takes the same value, independently of i and X, the mean values of R;, Ry and D are:

(R1) = (Ry) =2¢*|V[*A ; (D) =0, (52)

where
= (E3P) 5 ¥j= {12}, X={HV}. 53)

This gives the following result, which is independent of §, x, 01 and 0,:
Pojx o (Rj) = 2g°|V*A  j={1,2}, X = {H,V}. (54)

Phases ()1 and (), play an essential role in the description of entanglement in the
WRHP formalism [1]. By adding Equations (48)—(51) the opposite factors are cancelled with
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each other, and the total signal intensity corresponding to the beam F](-H emitted by the
crystal (see Equations (15) and (16)) and carried out throughout the setup is:

Lyeam = Ip1g + I;iv = Ipog + Ipovy = Ri + Ry

_28|V|[| 2v|COSQl+| 1V|| 2H‘COSQ2} (55)

+
G2 VI [[ES L2+ Fi g P+ B P+ (B 2.

The former Equation reveals that the signal intensity corresponding to the beam F\™) has

a dependence with the vacuum phases through )y and (), (see Equations (35) and (36))
in the first order term, and there is no dependence with the vacuum phases to the second

order. Specifically, (); represents the interference between F F! 2{ and ¢VGF, F! ‘), in the signal
(+) (+) )

intensity corresponding to F;};’, and also the interference between Fyy and gVGE, ¢ in

the signal intensity corresponding to Fz(v)- In the same way, the interference between Fél ‘),

and gVGFZS2 I){ (Fzgz }i and gVGFél_/ ‘)/) in the signal intensity corresponding to F1V (F, (+>) is
represented by 0.

+)

. ) ( . . N
If a detector is placed at the path-way of the beam F i the single detection probability is

P; o« (Ipju + Ipjv) = 4AG%|VI* ; j={1,2}. (56)

7. Signal Intensities and Distinguishability

In this section, the relationship between the distinguishability of Bell states and the
signal intensities at the detectors will be investigated. To this purpose, two situations
corresponding to the maximal distinguishability are considered: the rectilinear and diagonal
analyses. As will be shown below, the signal intensities corresponding to correlated
detectors are equal.

7.1. Analysis in the Rectilinear Basis

Let us consider the situation §; = 6, = 0. In this case, sin[2(B + 61)] = sin(26,) =0
and V B = {0,71/2}, so that the information concerning the parameter « is erased from
Equations (48) and (49). Given that the function D (see Equation (47)) does not contribute
in the rectilinear analysis, the phase information in the signal intensities is reduced to ()
and (). We have:

Ipir(B, x;61 = 0) = Ry cos® B + Ry sin’ B, (57)
Ip1v (B, x;01 = 0) = Ry sin? B+ Ry cos® B, (58)
Ipor (6, = 0) = Ry, (59)
Ipov (62 = 0) = Ry, (60)

From Equations (46) and (59), for a given value of | 02, H\ and | oL, V| Ippy is an
oscillating function of ();. In the same way, from Equatlons (45) and (60), Ipyy is an
oscillating function of ) for a given value of | 02, V| and | oL, H| Presently, the following
two situations are analysed:

e Inthe case B = 0, which corresponds to the states [¥*), detectors corresponding to
the orthogonal polarisations are correlated. In this case, it can be easily observed that

Ipiy (B = 0,%;01 = 0) = Ippp (62 = 0) = Ry, (61)
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and
Ipia(B =0,%;01 =0) = Ipyy (6 = 0) = R;. (62)

*  On the other hand, in the case B = 71/2, which corresponds to the states \CDi>,
detectors corresponding to the same polarisation component are correlated:

5 T -
I;pv(B = 5ok 01 =0) = Ipoy (62 = 0) = Ry, (63)
~ 7T ~

I;pia(B = oK 61 = 0) = Ipop (62 = 0) = Ro. (64)

7.2. Analysis in the Diagonal Basis

By substituting the values 68; = 0, = 71/4 in Equations (48)—(51), the corresponding
signal intensities at the detectors are given by the following expressions:

Ipix(B,x;61 = g) gL 42—R2 + (=1)"X)D cos(2B) cos k, (65)
. T Ri+R
Ioox (0 = ) = = +(-1)""D, (66)

where X = {H,V}, being n(H) = 1 and n(V) = 2. In this case, the analysis of which
detectors are correlated must be conducted by studying the parameter cos(2p) cos «:

e Casel. cos(2B) cosk = 1. This situation happens in the case (f = 0, x = 0), i.e., the state
[¥*), and (B = 71/2,x = m) corresponding to |®*). From Equations (65) and (66), it
can be easily observed that the correlated detectors are those corresponding to the same
polarisation component. That is

TDlX(,B =0,x= 0,91 = %) = ID]X(,B = %,K = 7T,91 = %)
(67)
= Ipax (02 = §) = B3R 4 (-1)"®)D
e Case II. cos(2) cosk = —1. The two possibilities are (8 = 0,x = ), i.e., the

state [¥7), and (B = 7/2,x = 0), which corresponds to the state |®~). From
Equations (65) and (66), the joint detection corresponds to detectors having orthog-
onal polarisation components. We have,

)

I;ix(B=0,x=m0; =F) = Imx(p=%x=0;0; =

Ll

(68)
) = w — (=1)"Xp,

e

= Ipox, (6, =

X being the orthogonal polarisation to X.

The former analyses give rise to one of the main results of this paper:

“The signal intensities corresponding to correlated detectors, as functions of the crystal and
laser parameters, and the modules and phases of the zeropoint amplitudes that intervene in the
experiment, are equal”.

This result sharply contrasts with the standard approach based on the calculation of
the joint detection rates in order to establish which detectors are correlated.

8. Extracting Phase Information from the Zeropoint Field

The subtraction of the two sets of ZPF modes entering a single detection area, from the
four sets of ZPF modes entering the source (see Equation (28)), gives the maximal distin-
guishability of the polarisation of Bell states in the experimental setup described in Figure 1.
This reflects the relationship between the measurement (i.e., detection) and the subtraction
of the zeropoint background (see Equations (31) and (32)).



Entropy 2023, 25, 393

14 of 21

More concretely, the zeropoint intensity at the detector DjX, Ipjx,zpr (j = {1,2},
X = {H, V}) (see Equations (41)—(44)), contains an addend related to the zeropoint input at
the idle channel of the corresponding PBS, \Fé;)F iX ) 2, where X | is the orthogonal polarisa-
tion to X. These stochastic contributions to the zeropoint intensities are different from each
other, because they involve uncorrelated modes. As a consequence, even when the signal
intensities at two correlated detectors are equal, the total intensities are not. By taking
into consideration that the zeropoint amplitudes that are amplified at the crystal carry the
quantum information through the setup, from the source to the detectors, the zeropoint
entries at the detection areas act as sources of noise. In other words, the information
concerning the zeropoint amplitudes entering the crystal and the preparation parameters
remains hidden before detection.

Given that the access to the values of § and « is only through detection, and detection
implies the subtraction of the zeropoint intensity, the maximal distinguishability is related to
the subtraction of a sufficient zeropoint contribution coming from the measuring apparatus,
from the number of sets of ZPF modes that are amplified at the source, in which the
quantum information is stored. Why one half of the total noise represented by the four sets
of ZPF modes? Because once the first detection event has been produced, by removing the
noise contribution of the other single detection area and observing the signal intensities,
one could distinguish which signal intensity fits with the first detection, and so to establish
which detectors are correlated. Thus, the idle channels of the PBSs have an effect of limiting
the capacity for extracting information.

The question arises of whether the total information extracted via a Bell state analysis
could fit to some piece of information drawn from the zeropoint field entering the source.
Even though the vacuum amplitudes are intrinsically stochastic, so that the predictions
concerning single and joint detection rates in the WRHP formalism (see Equations (31)—(34))
involve the calculation of averages by using the Wigner function of the zeropoint field
given in Equation (6), from now on a different approach will be considered.

The signal intensities at the detectors have been calculated in the cases of rectilinear
and diagonal basis, as functions of the modules and phases of the zeropoint field amplitudes.
Given that entanglement is a property directly related to phase coupling, from now on
Equations (57)—(60), (65) and (66), will be substituted by their corresponding averages,
by integrating with respect to the modules of the vacuum amplitudes. From now on,
the abbreviation SIAM (signal intensity averaged in the modules) will be used.

Therefore, Equations (45)—(47) must be conveniently modified. It follows that:

(Rq))| (1) = 28|V|B* cos O + 28*|V[* A/, (69)

(Ra)||(Q) = 2g|V|B* cos O + 28%|V|* A, (70)

(D)||(Q4, D, ) = g|V[B{cos Qs + cos(Q + Oy — Q)

(71)
+g|V[cos(Qz — Oy) + cos(Q3 — )]},
where the following parameters have been defined:
B=(Ey 5 A = (P 5 j={12}, X ={H,V}. (72)

(-..)|| denotes averaging over the modules of the vacuum amplitudes. By using Equation (10),
it can be easily observed that (\Fzg;;)(|2>u = <|FZE]+))(|2> /(2m), so that A’ = A/(2m), where A
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is given in Equation (53). On the other hand, by using Equations (5), (6) and (13), and the
following integral expression for the calculation of B:

© 2, (2n—1 [
/Ox"e de—W E/ (73)

the following relationship between B2 and A’ is obtained:

B2 1
2 74
T =3 (74)
In terms of Equations (69)—(71), the expressions for the SIAMs in the rectilinear basis
(see Equations (57)—(60)), as functions of the vacuum phases and the crystal and laser
parameters, are:

(Tour) (B, 61 = 0;01,0) = (R)) () cos® B+ (Ra) (o) sin® B, (75)
(Torv) (B30 = 0:01, ) = (Ry) (Qu) sin® B+ (Ra)y (o) cos?p,  (76)
(Toan) (62 = 0:0) = (Ra) (), 77
(Toav) ) (62 = 0;00) = (Ry)y (), 79)

and the corresponding ones in the diagonal basis:

<TD1X>H (IB/ K, 61 = %/ Q]/QZI 03)
(79)

_ (R1>H(01);(R2>\|(02) I (—1)n(X)<D>|\(erQZr 03) cos(2B) cosx,

(R1)) (1) + (Ra) ) (22)
2

(Ipax)|| (62 = 2;01,02,03) = +(=1)"X)(D)|(Q1,0,03),  (80)
where
(Ry)||(D1) + (Ra)|(Q2) = 28|V |B*[cos Oy + cos (] + 48> V|*A'. (81)

Next, the following question will be addressed: which fixed values of (23, (3, and
)3 could give rise to the same amount of information that the one given in BSM does?
In other words, is it there the possibility to translate the information obtained through
the Bell-state analysis to information related to the phases of the vacuum field entering
the source? This question makes sense in the framework of the WRHP formalism, where
photons are represented by wave packets that are generated in the crystal and propagate
throughout the setup from the source to the detectors. Given that correlated detectors are
characterised for having identical expressions for the signal intensities, the question of
which is the property of the field directly related to a joint photo-detection event arises.
From now on, the following hypothesis will be considered in the case of perfect detectors:

For an ideal photodetector, DjX, a detection is produced in the situation in which the SIAM,
(ijX> |- takes its maximum value as a function of the vacuum phases. In this way, in two correlated
detectors where a joint detection is produced, the SIAMs are maximum and equal.

8.1. Vacuum Phases in the Rectilinear Analysis

In this situation, a detection is produced in D2V (D2H) in the case (31 = 0 (2 = 0), so
that (see Equations (69), (70), (77) and (78)):

(Ri) || max = (Ri)) (Q = 0) = 28|V|B* +28*|VPA" ; i = {1,2}, (82)
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(T2} max (02 = 0) = (Ra)y| (2 = 0) = 2|V|B* +2g?|V|*4’, (83)

(Ip2v) || max (B2 = 0) = (Ry) || (O = 0) = 2g|V|B* +2g*|V[*A". (84)

It is obvious that if a joint detection event is produced at two correlated detectors, then
the other two detectors cannot be activated. Therefore, a new question must be addressed:
which is the relationship between the absence of joint detection and the values taken by
the vacuum phases? In principle, one could be tempted to state that the corresponding
SIAMs should be minimal. In this situation, by using Equations (69), (70), (77) and (78),
the corresponding value of Q); (j = {1,2}), would be Q); = 7. Then, by substituting ); = 0
and () = 7, i # j, in Equation (71), a null value for (D)|| would be obtained, giving rise to
identical values of (Ipix)(|(B,x;61 = 7w/4) and (Ipyxr)||(62 = 7w/4),V X, X' € {H, V} (see
Equations (79) and (80)). In such a situation, the possibility of establishing a relationship
between BSM and the values of the phases of the zeropoint field would be prevented.

From now on, the following conjecture will be considered for the characterisation of
non detection events in the rectilinear analysis:

The first order contribution to the SIAMs, corresponding to two non activated detectors, is zero.

This happens for (); = £7/2, that is:

(Ri)y (O = +£7) =22|VPA" 5 i = {1,2}, (85)
(Toar) (B2 = 002 = £7) = (Ra)yy (2 = £5) = 28| VA’ (6)
(Toav) (62 = 0,01 = £) = (Ra) (O = %3) = 28| V*A" (87)

By taking into consideration that in the case § = 0 (8 = 71/2), which corresponds to
the states |¥*) (|®*)), detectors corresponding to orthogonal (identical) polarisations are
correlated, one of the following two couples (01, ()y) could be associated to every couple
(B,x) and activated detectors (D1X,D2Y): (3 = 0,0 = +7/2) and () = £71/2,
0, = 0). Each of these two couples would identify a given sequence of joint detections for
every state:

e For the states [¥*) (|®F)), the couple (Q; = 0, = +7/2) would correspond to the
joint detection (D1H, D2V) [(D1V, D2V)]. Inboth cases, the detector D2V is activated
(see Equation (78)).

e The couple () = £71/2,0 = 0) would identify a joint detection (D1V, D2H) for
|¥+), and (D1H, D2H) for |®*). In both cases, a detection is produced at detector
D2H (see Equation (77)).

In this analysis, the value of ()3 remains completely unknown. It must be emphasised
that the amount of information that a concrete joint detection event gives about the state
is equal to the one corresponding to the couple (Q1,();), both being complementary.
Table 1 illustrates the relationship between BSM in the rectilinear basis and the information
provided by the vacuum phases.

Table 1. Partial Bell-state analysis and phase information in the rectilinear basis (61 = 6, = 0).

Class States Activated Detectors Phase Information (1, Q3)
1 {J¥H), [¥7)} (D1H, D2V) 0, £%)
(D1V, D2H) (£%,0)
2 {|@1),|®7)} (D1H, D2H) (+%,0)

(D1V, D2V) ©0,+%)
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8.2. Vacuum Phases in the Diagonal Analysis
From Equations (71), (79) and (80), the analysis of the maximum value of (Ip;x) | and

(Ip2x)|| depends on the behaviour of (D)) as a function of (3, for the possible couples
(1 =0, = +71/2) and (U = £71/2,Qp = 0). The function (D) becomes:

(D)) (1 = 0,0 = £5,03) = (D)) (h = £5, 0 = 0,(3)
(88)
=g|VIB2(1+g|V|) fe(Q3) ; fu(Q3) = cos Q3 £ sin Q3.

By substituting Equation (88) into Equations (79) and (80), and by taking into account
that cos )y + cos (2 = 1 in Equation (81), we have:

(I;1x) || (B, %; 61 = §; Q) = g|V|B> +2g*| V[ A
(89)
+(=1)"Mg|V|B2(1 + g|VI) fx (Qs) cos(2B) cos ,

7T
) = glVIB + 287 | VP A + (=1)" Mg |VIB* (1 + g|V]) f=(Q3). (90)

(Ip2x )| (62 = 1

The relative extreme of f+(€)3) give the maximum and minimum values of (D). Let us
consider the following cases:

e Casel. Sign“+”,ie., (1 =0,Q = 11/2) or (U1 = /2,0y = 0). In this situation:

f-l—,max:f(Q’:?:g) :\/5 ; f-&-,min:f(QS:_T?)n):_\/E- (91)

e Casell.Sign“—",ie., (O =0,0p = —7t/2) or (1 = —711/2,Qp = 0). In this case,

_r 3

fomae=f(O3=—7)=V2; fomn=f(Os="7)=-V2 2

The maximum value of the SIAM, corresponding to a joint detection event, is given by:

= 7T .
{Ipjx)||max (0 = 7) = glVIB? +28°|V2PA +g|VIB* (1 +g|V)V2 ; j={1,2},X = {H,V}. (93)

On the other hand, in the diagonal analysis, the SIAM takes its minimal value for two
detectors where no joint detection is produced:

= 7T .
{Ijx)||min (0 = 7) = gIVIB? +2g|VIPA" —g|VIB*(1+g|VI)V2 ; j={1,2},X = {H,V}. (99)

By observing Equation (90), and taking into consideration that n(H)=1 and n(V)=2,
a detection event is produced at the detector D2V (D2H) if f1 = f((Q)3) takes its maximum
(minimum) value, which gives rise to a maximum value for the SIAM (Ipyy) I ({(Ipp H>||).
Given that the signal intensities for two correlated detectors are equal, and by using the
results described in Equations (67) and (68), the relationship between BSM in the diagonal
basis and the information concerning ()3, conditioned by the couples (1 = 0, = +77/2)
or (() = £7/2,Q0) = 0) obtained in the rectilinear analysis, is illustrated in Table 2.

Table 2. Partial Bell-state analysis and phase information in the diagonal basis (6; = 6, = 77/4).

Class States Activated Detectors  Phase Information Q)3
1 {[¥7),|®7)} (D1H, D2V) 4
(D1V, D2H) ¥ %ﬂ
3
2 {I¥h), |o)} (D1H, D2H) +3n

(D1V, D2V) z
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By using the information provided by Tables 1 and 2, the distinction of a given Bell
state through two consecutive experiments, one of them in the rectilinear basis and the
other in the diagonal one, can be associated to one of the four triple lists, (0, =77/2, F371/4),
(0,£7/2,£m7t/4), (£7/2,0,F3/4), and (£71/2,0,+7/4), depending on the sequence of
activated detectors for each analysis (see Table 3). The amount of obtained information,
either via Bell-state distinction or through the extraction of phase information from the vac-
uum field, is the same, independently of the number of performed experiments, as shown
by Tables 1-3.

Table 3. Complete Bell-state analysis and phase information by considering two consecutive experiments.

State Rectilinear Analysis Diagonal Analysis Phase Information (21, 23, Q3)
[¥+) (D1H, D2V) (D1H, D2H) 0,£%,F3)
(D1H, D2V) (D1V, D2V) 0+% £%
(D1V, D2H) (D1H, D2H) (£%,0,73)
(D1V, D2H) (D1V, D2V) (£%,0,£%)
[¥—) (D1H, D2V) (D1H, D2H) 0,£%,F3)
(D1H, D2V) (D1V, D2V) 0,+%,£%)
(D1V, D2H) (D1H, D2H) (£%,0,73)
(D1V, D2H) (D1V, D2V) (£%,0,£%)
|DT) (D1H, D2H) (D1H, D2V) (£%,0,£%)
(D1H, D2H) (D1V, D2H) (£%,0,F3)
(D1V, D2V) (D1H, D2V) 0,£%,£%)
(D1V, D2V) (D1V, D2H) 0, +%,F3)
D) (D1H, D2H) (D1H, D2V) (£%,0,£%)
(D1H, D2H) (D1V, D2H) (£%,0,%3)
(D1V, D2V) (D1H, D2V) 0,£%,£%)
(D1V, D2V) (D1V, D2H) O, +%,F3)

9. Discussion and Conclusions

In this paper, the WRHP formalism of quantum optics has been applied to a Bell-type
experiment, in which the two photons, entangled in any of the four polarisation Bell states
(represented by the preparation parameters  and x) do not interact at the Bell-state analyser.
The signal intensities at the detectors, i.e., the intensities above the pure zeropoint intensity
(see Equation (30)), have been calculated as functions of the phases and modules of the
four zeropoint amplitudes that couple with the laser field, and the measuring parameters
(represented by the angles 61 and 6;). This calculation (see Equations (45)—(51)) constitutes
a generalisation of a previous one in the rectilinear basis [1]. The relationship between
the Bell-state analysis and phase information in the beam-splitter-based BSM [21] will be
investigated in a further work.

One of the main results of this paper has been derived in Section 7. The signal
intensities, as functions of the phases and modules of the zeropoint amplitudes, are equal
for two correlated detectors. This property allows for a characterisation in which detectors
are correlated, without involving the calculation of the joint detection rates. Based on this
result, in Section 8, a table of information has been generated concerning the values of the
phases of the ZPFE, (01, (), and Q)3 (see Equations (35)—(37)), in the complete analysis of Bell
states through two consecutive experiments, one of them in the rectilinear basis and the
other in the diagonal one (see Table 3). This table gives the same amount of information,
but is complementary to the one provided by the usual analysis that relates Bell states and
which-path information.

The generation of Table 3 implies the use of the SIAMs, i.e., the average of the signal
intensities integrating over the modules of the zeropoint amplitudes, and the consideration
of a conjecture concerning the nexus between the joint photodetection at two correlated
detectors and the maximum value taken for the SIAM as a function of the vacuum phases.
In addition, the hypothesis that non detection at the other two detectors is related to the
null value of the first order term in the SIAM in the rectilinear analysis, leads to the couples
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of values ((); = £7/2,0 = 0) and ()1 = 0, = £71/2) that are applied further in
the diagonal analysis. In this sense, BSM can be observed as a way of extracting phase
information from the ZPF. The knowledge of the pair of activated detectors for each couple
of the preparation parameters, (f, ), is directly related to the values taken by the vacuum
phases at the source of entanglement. The visible presence of the ZPF in an optical quantum
communication has been previously emphasised via the use of the WRHP formalism [1,4],
and similar approaches are leading to the consideration of a real zeropoint field [25,26].

The consideration of fixed values for the vacuum phases leading to detection seems
to contradict the consideration of the randomness of the zeropoint amplitudes in the
prediction of the single and joint detection rates (see Equation (6)). From our point of view,
the same controversy appears when the detection is related to which-path information,
in the sense that photons cannot be associated with particles that travel from the source to
the detectors through the setup [27-30].

In the rectilinear analysis, the relationship between (); and )y, (31 + Oy = £71/2, is
obtained by considering that if the SIAM is maximal in two correlated detectors, the absence
of a joint detection event at the other couple of detectors reveals that the first-order term
of the corresponding signal intensity must be zero. Although this relationship could,
in principle, be considered as artificial, it is supported by a recent work of Jung [31].
Moreover, and this should be studied in a further work, our conjecture is that the results
concerning the calculation of single and joint detection rates in the WRHP formalism are
invariant under the exchange (), — +71/2 — ). In our opinion, the relationship proposed
in [31] between the phases of the two strongly correlated wave-packets emitted by the
crystal has its origin in the ZPF amplitudes at the source of entanglement, as pointed out in
this work.

From Equations (69)—(71), and (48)—(51), it can be observed that the values of (4,
)y and 3 leading to a maximum value of the SIAMs, for any values of the measuring
(01, 62) and preparation (B, x) parameters, are dependent on the concrete experimental
context. In this way, although the vacuum phases are intrinsically stochastic, each ex-
periment selects fixed values of (); compatible with the results (joint detection). In this
sense, in Equations (83), (84), (86), (87), (93) and (94), the maximum and minimum values
of the SIAMs in the rectilinear and diagonal analyses, respectively, show the following
counterintuitive results: (a) the corresponding values of the maximal SIAMs are different;
(b) the values of the corresponding intensities to non activated detectors are different in
both basis; (c) the minimal values of the SIAMs in the rectilinear (diagonal) analysis are
positive (negative), which can be deduced by substituting the relationship between B2/ A’
(see Equation (74)) into Equations (93) and (94). From our point of view, these results are
consistent with the quantum contextuality [32-36], but this subject deserves further study.
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Abbreviations

The following abbreviations are used in this manuscript:

ZPF Zeropoint field

PDC Parametric down-conversion

WRHP  Wigner representation in the Heisenberg picture
BSM Bell-state measurement

LELM  Linear evolution and local measurement

PBS Polarizing beam-splitter

SIAM Signal intensity averaged in the modules of the vacuum amplitudes.
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