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Abstract: We present an analysis of the local singlet state and compare its correlation from
EPR coincidence experiments to that of a separated pair of spins devoid of entanglement.
In addition to polarization, we include its hyper-helicity, and this quantum coherence
is shown to account for the quantum correlation that leads to the observed violation
of Bell’s inequalities. Upon separation, particles conserve linear momentum, angular
momentum, helicity and correlation. In order to agree with experimental coincidence data,
both polarization and coherence, incompatible elements of reality, must simultaneously
exist. March 14, 2023
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Introduction

Schrodinger [1], called entanglement not one but rather the characteristic trait of
quantum mechanics. Schrodinger’s statement is prophetic. The departure from classical
is the existence of quantum coherence in addition to polarized states. We embrace
entanglement as a vital property of quantum mechanics, but reject that it persists in non-local
situations.

This paper is the second of three in which quaternion spin is presented. The first paper,
[2], uses Quantum Field Theory to modify the Dirac equation by changing the symmetry of
a spin from SU(2) to the quaternion group. This introduces a bivector, icp = 0307 which is
the origin of helicity. It shows that spin carries two complementary properties, polarization
and coherence.

This paper follows the first in which the ideas are used to study helicity applied to an
EPR pair and which is responsible for the observed correlation. It shows the anti-symmetric
part of a spin generates the spinning of the axis of linear momentum in free flight. The third
paper, [3] presents a computer simulation which shows that both polarized and coherent
states are responsible for the apparent violation of Bell’s Inequalities (BI). In this work,
there are no Local Hidden Variables (LHV) and consequently Bell’s theorem is either not
applicable or is not violated.

An EPR pair refers to the two particles initially in a singlet state, then separate.
Although it is commonly believed, as justified by Bell’s theorem, [4] that entanglement
persists to space-like separations, in this work persistent, non-local entanglement is not used.
Rather EPR pairs are separated particles and form a product state. Correlation between EPR
pairs is then due only to their history which depends upon their common orientation at the
time of separation.

The correlation measured in coincidence EPR experiments, [5,7,8] is considered
evidence for non-local connectivity between EPR pairs [4]. The three papers presented
here give an alternate explanation. We show the property of hyper-helicity (or simply the
helicity) accounts for the apparent violation of BI, [9]. In this paper we present the geometric
arguments that support the existence of helicity as an element of reality of spin, in addition
to the usual measured polarization.

We stress that helicity defined here is different from the usual definition, [10]. In
this work, hyper-helicity is not the projection of the spin vector along the axis of linear
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momentum. Like polarized spin, it is an element of reality and is an additional source of
the correlation that is present in EPR experiments. Hyper-helicity spins the axis whereas
particle helicity measures it.

Polarizations, |m) (m|, are measured directly, coherencies, |m) (—m|, are not. Helicity
possesses no handle to couple to a probe field, and indeed helicity is destroyed in anisotropy.
Nonetheless we find that coincidence EPR experiments are sensitive to both polarization and
helicity which together contribute to the observed correlation without non-local connectivity
[11].

In the following, we examine the process of separation or an EPR pair that conserves
linear momentum, angular momentum, handedness, or helicity, and correlation.

The treatment uses state operators, [12] and projective measure of von Neumann, [13],
to calculate the spin correlation. The formulation of Irreducible Cartesian Tensors [14]
reveals the geometry of the singlet and its structure after separation.

The Singlet State and Separation

Our view of a singlet state is based upon the cancellation of polarization. Looking at
the usual definition of the singlet, we express two generic states each for Alice and Bob, |+);,
by the up/down outcomes, and so the singlet state is constructed in the usual way

-1
V2

These states display orthogonalities: ;(£|£); = 1 and ;(£|F); = 0. By generic we mean that
the orientation of the states is not specified and any direction may emerge as long as it is the
same for both Alice and Bob.

From Equation (1) we notice that the isotropy of the LHS is reflected in the way we
construct the RHS from anti-parallel anisotropic states that obey the statistics of fermions,
which we use in turn to ensure that the singlet is odd to particle interchange: that description
T} — 11 is too simplistic.

As a singlet separates into an EPR pair, it does so in opposite directions, with opposite
polarization and opposite helicities. Separated EPR pairs conserve: linear momentum,
angular momentum and helicity. We also find a new law describing the Conservation of
Geometric Correlation between entangled and separated spins.

In the following section, these points are formalized. The apparent violation of Bl is due
entirely to the presence of correlation due to helicity. It has nothing to do with non-locality.

To reflect the experimental configuration where the two filters are co-planar, we set

=0
¢ap =0, E(a,b) = —cosy 0 cos (0, — 6y), where E(a,b) represents the quantum

correlation between EPR pairs.

)12 [[+)11=)2 = [=)1]+)2] 1)

Geometry

In this section it is shown there is no loss of correlation upon separation. The correlation
measured in coincidence experiments, — cos (6, — ;) and present in the entangled local
singlet state, is carried by the two particles being divided between the polarization of the
spins and their quantum coherence, i.e. their helicities.

The singlet state density operator is found by taking the outer product of the singlet,
Equation (1) giving a 4x4 density matrix, which is entangled

o= ('~ o' -o?) @)
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In the process of separation, in contrast, we usually assume that the two oppositely polarized
spins leave in a definite orientation, say e3, given by the direct product of two spin state
operators. This is expressed by

separate 1 1
P2 —— P2 =5 (11 +o! '63) 5 (12 - 02'63) ®3)

The Local Singlet

The expectation value for the correlation is defined by the quantum trace over the
operators, [13].

(AB) = Tr (A*Bp) (4)

where 1 is the operator adjoint. The correlation due to polarization of the spins between
different filter settings is given by

E(ab) =Tt (‘Tg‘fiazplz)

®)
=a- <(71(72> b
Remove the filter components a and b to focus on the expectation value only
<c71(72> = —lTr (0’10'1> -lTr (0202)
21 2
2 (6)
=-uu=-u
giving the usual result for the spin correlation from quantum mechanics,
E(a,b)=—-a-U-b=—a-b

N )

= —cos (6, — 6y)

which leads to the apparent violation of Bell’s inequalities (BI).

Here U is the totally symmetric second rank tensor being the identity in 3D Cartesian
space. Let us choose the representation of this tensor in a convenient basis to describe the
spin,

e

[l

de; (8)
j=1

with orthogonality of el e = djk- From Equation (6), note the contractions between Alice
and Bob. The only source of correlation between EPR pairs in this treatment is through these
contractions. The two U’s must share the same coordinate frame in order to be correlated.
This frame is determined as the EPR pair separated.

The Product State
Using Equation (3) gives
E(ab) = "l;r (agpl) "1;1' (U,fpz) = —a-e3’-b

= —cosf, cos b,

©)


https://doi.org/10.20944/preprints202301.0571.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 April 2023 doi:10.20944/preprints202301.0571.v2

and this result can only satisfy, and not violate, BI. In Equation (9) we have set e3 = Z which
gives the two cosines shown.

The Source

As the particles leave the source, the filters and their settings, a and b, are far away and
we do not need the quantum trace,

<‘71 0_2> remove trace 0_1 01 ) 0_20_2 (10)

and the operator describing a spin in free flight is the dyadic, o/¢/, see Equation (6). This
can be expressed using Geometric Algebra, [15] which for three-dimensional real space is

oi0j = (51‘]‘ + &jk0k (11)

in terms of the three components of the Levi-Civita tensor, ¢ which is the three dimensional
totally anti-symmetric Cartesian tensor. The first term gives, U, is seen in Equation (7),

but the second term traces out and the anti-symmetric part makes no contribution to the
correlation between the measured polarized states, 0,07, see Equation (5).

We deduce the formation of a local singlet involves two spins aligning to cancel their
magnetic moments. Additionally, helicity spins the common axis of the singlet state, . Both
physical quantities are still present in the singlet state, but both cancel out leaving isotropy.

Upon separation, the up/down polarized spins re-appear along with R/L coherent

helicity.

Helicity

We define the geometric helicity as a second rank operator by

Qg £ io (12)

which is anti-Hermitian and rotates the plane perpendicular to the bivector, ic. The sign
of the helicity is due to its anti-symmetry. Introduce a permutation (parity) operator to
permute the indices i and j, which are indistinguishable in isotropy. The operator gg is odd

to parity indicating helicity spins left or right,

By (%7) i B (§ ’ ia) i (gg> ji (13)

The correlation between the helicity of the two spins in coincidence polarizing experiments
is defined and given by

. 1 . 2 . — Qi 1
a <£g 2g> b sin 6, sin 0, (14)
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= —sinfd,m - hsin g,
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= —sinf, sin 6,

where the three vectors, (a, b, e3), are coplanar for ¢,;, = 0. Once again the correlation is
determined by the contractions, and the vector th must be the same for both partners.

Conservation of Geometric Correlation

The correlation between two spins in a local singlet is:

E(a,b)=—-a-U-b

(16)
= —cos (6, — 6p)
The correlation from an EPR pair arises from both the polarization of the spins and their
helicity,
E(a,b) = —a-e3e’> - b—axe;-bxe’
= —cos 8, cos b, —sin b, sin G, (17)
= —cos (6, — 6)

Correlation is preserved between the entangled local singlet and the EPR pair which can be
expressed in purely geometric terms,

-U- = (-Afi-) — (xA - Aix) (18)
which articulates the Conservation of Geometric Correlation between an isotropic singlet

and its EPR pair. There are several equivalent ways to express this, e.g. Equation (11). This
result can also be generalized to n-tuples, [16] and correlation is always conserved.

Visualization of a Spin in Free Flight

Dirac spin is described as a point particle of intrinsic angular momentum. It arises from
the Dirac equation with spin emerging as a vector operator with components of the Pauli
spin vector and belongs to the SU(2) group.

In contrast, the intrinsic angular momentum of Dirac spin becomes extrinsic for
quaternion spin which is generated by the helicity. This requires the presence of a bivector,
and the only mathematical alternative that includes it [17], [18] is obtained by changing the
symmetry to the quaternion group [2]. This leads to a geometric structure of spin identical
to that of a photon: the free spin propagates with hyper-helicity in the direction of linear
momentum with two orthogonal components of angular momentum perpendicular to that
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direction. These two spins of % couple to give a resonance spin of magnitude 1 as more
fully explained in [3]. The spinning axis averages the spin polarization of 1 to zero, see the
Figure 1.

A spin 1/2 in free flight.
|

Figure 1. Two properties of spin: its polarization perpendicular to its helicity. The helicity
is in the direction of propagation.

The helicity defined here does not exist in Minkowski spacetime. Rather, it exists in
coherent hyperspace, S, the 4th dimensional hypersphere that carries the unit quaternions,
[15], hence the name hyper-helicity. This is generated by the helicity operator, Equation (12),
a real property of spin distinct from polarization.

Conclusions

A spin in free flight carries both helicity and polarization but when encountering a
probe field, only one angular momentum axis can align, giving the usual Dirac state. A Dirac
spin has no degrees of freedom, it is a point particle, whereas quaternion spin has internal
degrees of freedom from the helicity and axes of quantization. Helicity, gg, and angular

momentum, ¢ are incompatible elements of reality. They epitomize the wave-particle duality
of quantum theory.

Accepting helicity requires justification at the level of the Dirac equation, [19]. This is
presented in the first paper, [2], by changing the spin symmetry to the quaternion group.
This extension of the Dirac equation separates the Dirac field into two spaces: one for
Hermitian polarization and the other anti-Hermitian coherence. Since a quaternion exists in
the S% hyperspace, then we conclude that Nature has spatial dimensions that exist beyond
our spacetime.

A significant reason that it took us 100 years to discover hyper-helicity lies in being
able to observe only the stereographic projection of spin onto our spacetime, that being the
observed point particle of Dirac spin, ce. The helicity is lost in the projection leaving us with
only the polarized states of the vector 1 and | to observe.

A spin state is more fully expressed by |+, fi) |h,) where the helicity is now included
as a direct product with states polarized in direction fi, and with helicity states of he = +1,
see the Figure 1.

In Stern-Gerlach experiments the helicity is not observable and upon measurement

information is lost | £, ) [g) T |4, A).
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If one wishes to accept that spin always carries values of either £1, and reject helicity,
then non-locality appears to be the only alternative.

It is our view that the only physically reasonable definition of entanglement restricts it
to local situations. The geometric consistency with the structure of a photon in the Figure 1
gives an alluring credibility to our description of spin in free flight. Stretching out entangled
“EPR" channels, [11], to “connect” to a distant partner to account for correlation, rather than
two partners knowing their right from left, is something Occam would have no difficulty
with.

If the treatment here is accepted, then the violation of Bl is not evidence for non-locality,
but rather for local realism. We conclude that quantum mechanics is an elegant theory of
measurement, but is restricted to our spacetime.

In the third paper, [3], these ideas are verified with a computer simulation which brings
out additional features and properties of quaternion spin.
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