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Abstract

A quantum entangled state is a quantum superposition state. The principle of
quantum superposition, and therefore the existence of quantum entangle-
ment, is contingent upon the validity of quantum theory. Thus, the generation
of quantum entanglement requires that interactions occur between small-
mass particles localized in a confined spatial region, resulting in each particle’s
quantum state being a bound state. In other words, the prerequisite for the
validity of quantum theory must be satisfied. At the same time, conserved
quantities must exist between quantum superposition states, as only quantum
states with conserved quantities can undergo superposition, allowing the par-
ticle system to generate quantum entangled states. Quantum entangled states
can occur between electrons within an atom, between atoms, between mole-
cules, or between atoms and molecules. Within the atomic nucleus, quantum
entanglement can exist among protons, neutrons, and the quarks. In super-
conductivity, superfluidity, and Bose-Einstein condensation, they manifest as
macroscopic quantum entanglement, which respectively come from the sta-
tistical results of a large amount of microscopic quantum entanglement be-
tween electrons, atoms or molecules. For massive macroscopic objects, they
exhibit classical properties that cannot be described by quantum theory, and
the principle of quantum superposition does not hold. Therefore, no entan-
gled state is generated. It should be particularly emphasized that even for mi-
croscopic particle systems, if they exist in a large spatial region, they cannot be
described by quantum theory. In such cases, the quantum superposition prin-
ciple does not hold, and quantum entanglement phenomena do not exist.
Therefore, within a large spatial region, multi-electron, multi-photon, and
other microscopic systems do not have quantum entangled states; under cer-
tain conditions, quantum correlated states can be generated. Consequently, in
a large spatial region, the mainstream viewpoints about non-locality—such as
the so-called instantaneous collapse of entangled particles during measure-
ment, infinite propagation speed, and the “spooky action at a distance”—are
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all incorrect. In experiments related to quantum communication and the ver-
ification of Bell’s inequality, the quantum states used are quantum correlated
states rather than quantum entangled states. Regardless of whether the sys-
tems are microscopic or macroscopic, phenomena occurring in a large spatial
region must adhere to the principles of causality, realism, and locality. In other
words, Einstein’s viewpoint is correct.

Keywords

Quantum Superposition, Quantum Entanglement, Quantum Correlation

1. Introduction

The concept of quantum entanglement originated from the discussion of the EPR
paradox. In 1935, Einstein and others first wrote the quantum entangled state of
a continuous variable [1], ie., the EPR state. Soon after, Schrodinger proposed the
concept of quantum entangled state based on the EPR paradox [2]. For a two-
particle (two-part) composite system, a state that cannot be written in factorized
form is called a quantum entangled state. In 1950, David Bohm suggested using
the EPR entangled state of discrete variables [3] when discussing the EPR paradox,
now known as the Bell state, which is the entangled state of two spin particles. In
many fields of quantum information, the creation and distribution of entangled
states are very important [4] [5], because it is a key element for performing some
tasks of quantum information, such as teleportation or quantum computing [6],
quantum communication [7] [8], metrology [9] [10], quantum control of corre-
lated states [11] [12], quantum cryptography [13], atomic [14], molecular [15],
optical [16], condensed matter [17] [18], and high-energy physics [19]; as well as
in cosmology [20] [21]. Quantum entanglement theory has found broad applica-
tions in other fields of physics, where it has provided new insights into several
phenomena in many-body systems. In this sense, many-particle quantum states
that appear naturally in many physical systems can be considered entanglement
resources. Its profound theoretical significance and practical applications have ce-
mented quantum entanglement as a pivotal focus of modern research. Bell’s ine-
quality is a formula proposed by physicist John Bell to test whether quantum me-
chanics is complete. In classical physics, this inequality should hold. If it is found
to be broken in the experiment, it indicates that there are strong correlations in
nature that cannot be explained by classical theory. This is usually regarded as
evidence of the existence of quantum entanglement. Only entangled particles can
break Bell’s inequality and produce non-local phenomena [22] [23]. The above
are the current orthodox views of people on quantum entanglement.

However, a recent experimental research team has, for the first time, observed
a violation of Bell’s inequality without relying on quantum entanglement, by tak-
ing advantage of the path homogeneity of photons. That is, through experiments

with non-entangled photons, a violation of Bell’s inequality was measured, which
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provides a new path for quantum information processing [24]. The research team
constructed a four-photon blocked interference and obtained a four-photon di-
rect product state through a post-selection mechanism. The experiment measured
that the value of the CHSH inequality parameter S corresponding to the correla-
tion function reached 2.275 * 0.057, significantly exceeding the classical limit of
2, and the statistical confidence level exceeded 40. The core of this experiment lies
in that through ingenious design, they made the path of photons indistinguisha-
ble, thereby triggering quantum correlations similar to entanglement and ulti-
mately breaking Bell’s inequality. It is worth noting that the photons used in the
experiment, after being coupled and filtered through single-mode optical fibers,
have eliminated the potential entanglement characteristics, proving that the ob-
served violation phenomenon does not originate from entanglement but is based
on the quantum interference effect of photon path homogeneity, which is essen-
tially different from the traditional Bell experimental scheme based on entangled
states in terms of physical mechanism. This experimental discovery overturns the
traditional view and reveals the deeper essence of quantum correlation, that is, it
is merely a correlation formed under appropriate global conditions and has noth-
ing to do with any real entanglement. Although the experiment did not close the
local area and detection vulnerabilities, the significance of its statistics is sufficient
to question the necessity of entanglement.

The idea of ghost imaging originated from the entangled light generated by the
transformation of spontaneous parameters. In 1995, Pittman et al. first completed
the experiment of obtaining the image of the object under test on an optical path
excluding the object [25], confirming the nonlocality of quantum ghost imaging.
At this time, ghost imaging technology was considered to be derived from the
characteristics of quantum entanglement. However, in 2002, T. B. Bennink et al.
successfully completed thermal imaging experiments based on classical light sources
[26]. This experiment demonstrated that the realization process of ghost imaging
does not necessarily require entangled light sources; classical incoherent light can
also achieve ghost imaging. Therefore, the mechanism and implementation scheme
of ghost imaging have aroused great interest among people [27] [28].

Through the experimental phenomenon that non-entangled light violates Bell’s
inequality and classical incoherent light can also achieve ghost imaging, is the cur-
rent view on quantum entanglement necessarily correct? Are the quantum states
used in many experiments entangled states? It can be considered that in all previ-
ous experiments verifying Bell’s inequality, the light used was not entangled light
but quantum correlated light. This not only explains all the results of previous
experiments verifying Bell’s inequality but also the latest experimental results, that
is, conducting experiments with non-entangled light also yields results that violate
Bell’s inequality. It can be further argued that the previous experiments on ghost
imaging using so-called entangled light were not actually entangled light but quan-
tum correlated light. This way, the experimental phenomenon that classical inco-

herent light can also achieve ghost imaging can be solved.
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In this paper, we study the generation mechanism of quantum entanglement.
Quantum entangled states are a kind of quantum superposition state. Only under
the condition that quantum theory holds true can the principle of quantum su-
perposition be established and quantum entangled states can be produced. The con-
dition for the occurrence of quantum entanglement is that there are interactions
among microscopic particle systems, including electrons, atoms, and molecules,
and they are localized in a small spatial region close to de Broglie’s wavelength,
making the quantum state of each particle a bound state. The quantum state of a
microscopic particle system can be a superposition state, but it requires that there
be conserved quantities between the quantum superposition states, such as energy
conservation, momentum conservation, angular momentum conservation, etc. Only
quantum states with conserved quantities can superposition, and in such super-
position states, it is possible to generate quantum entangled states. It can be seen
that quantum entangled states only exist between electrons, atoms, molecules, or
between atoms and molecules. In the atomic nucleus, quantum entangled states
can exist between protons and neutrons, as well as between quarks in protons and
neutrons. In superconductivity, superflow and Bose-Einstein condensation phe-
nomena, quantum entanglement exists between electrons and molecules within
them. This is the manifestation of quantum entanglement in macroscopic quan-
tum phenomena. For massive macroscopic objects, they exhibit classical proper-
ties, and the principle of quantum superposition does not hold. Therefore, there
is no entangled state. It is particularly important to emphasize that even micro-
scopic particles, if they exist in large spatial regions, cannot be described by quan-
tum theory. The principle of quantum superposition does not hold, and the phe-
nomenon of quantum entanglement does not exist. That is to say, within a large
spatial region, there are no quantum entangled states in multi-electron, multi-
photon, and other microscopic systems. However, quantum correlation states can
be generated, while quantum entanglement only exists between bound particles

within a small spatial region.

2. The Quantum Entanglement Can be Formed by the
Identity Principle

The Hamiltonian operator of a system composed of N identical particles is [29]

N

2
f}(ql,qz’...’qi’...,qj,...,qN):Z[—z—mvf +U(qi)}+§:W(q,,qj) (1)

i=1 i<j

where ¢, =(r,s,) is the coordinates and spin of i-th particle, U(g,) is the
potential energy of i-th particle in the external field, W(qi,q j) is the interac-
tion energy between the i-th particle and the i-th particle. From the Equation
(1), it can be seen that after swapping the i-th particle and the i-th particle,
the Hamiltonian operator of the system remains unchanged, that is

[}(ql,qz’...,ql_,...’qj’...,qN):[_}(ql,qz’...,ql_’...’qj,...,qN) (2)

The Schrodinger equation for a system of identical particles is
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ih§q>(qp...,q“...,qj,...,qN)

3)
=ﬁ(qlg...,ql_’...’qﬂ...’qN)q)(ql’...,qi,...’qj,...’qN)
The identical particle wave function must satisfy commutative symmetry
q)(ql’...,qj’...’q“...’qN):q)(ql’...’qi’...’qj,...,qN) (4)
and exchange antisymmetry
q)(ql’...,qj’...’ql_’...,qN):_q)(ql,...’ql_,...’qj,...’qN) (5)

take the two identical particle as an example, the Hamiltonian operator of the sys-

tem is
ﬁ(‘ha‘b):Ho(‘]l)"'[:[o(%)"'l/(%,%) (6)

where ¥ (gq,,q,) istheinteraction operator between two particles, and its energy

eigenequation is
H(41:4,)v (41:4,) = By (4,4, 7)

H(4.4,)v (4:.4,) = Ev (¢,.4,) (8)

The state y/(qg,,q,) indicates that the first particle is in the i-th state, with
an energy &, and the second particle is in the j-th state, with an energy ¢, .
The state y(q,,q,) indicates that the second particle is in the i-th state, and
the first particle is in the j-th state. The state y(g,,q,) and w(g,.q,) have

the same energy F, itis

E=¢ +eg, 9)

where the wave functions (q,,4,) and w(q,,q,) are neither a symmetric
wave function nor an antisymmetric wave function. Therefore, the condition for
the wave function of a homogeneous particle system is not satisfied. However, the
sum or difference of these two wave functions can form a symmetric wave func-

tion ®(q,,q,) Or antisymmetric wave function ® ,(g,,q,), they are
Dy (q1.9:) =y (9-9,) +v (¢:-4,) (10)
®,(4.9,) =v (a0:4:) v (42.4:) (11)

Without considering the interaction between particle spins and orbits, the total
wave function of the system can be written as the product of the spatial wave func-

tion and the spin wave function, that is
(D(rlsl’rZSZ"“’rNSN) = ¢(']ar2""arN)Z(slasz»'"aSN) (12)

For identical fermionic systems, the total wave function @ is antisymmetric
and its antisymmetry can be satisfied in the following two ways

1) If the spatial wave function ¢ is symmetrical, then the spin wave function
X isantisymmetric.

2) If the spatial wave function ¢ isantisymmetric, then the spin wave function

X is symmetric.
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For identical boson systems, the total wave function is symmetrical, and its
symmetry can be satisfied in the following two ways

1) If the spatial wave function ¢ is symmetrical, then the spin wave function
x is symmetrical.

2) If the spatial wave function ¢ isantisymmetric, then the spin wave function
x is antisymmetric.

For two identical fermion systems, their total antisymmetric wave function is
O, (1s,18,)=8,(r.n)xs(s,5,) (i=1,2,3) (13)
or
©, (1s1,155,) = 85 (11.13) 24 (5152 (14)

the spatially antisymmetric and spatially symmetric wave functions of the two

identical particles are

¢A(r1,rz)=%[l//(mrz)—l//(rzarl)] (15)

¢ rnrz [[W "1»"2 ty "2»"1)] (16)

Dual-identical fermion spin antisymmetric wave function y,(s,,,s,,) and

spin-symmetric wave function y(s,,,s,,) are

1
X4 (SIZ’SZZ ) = E':Zl/z (SIZ )Z—I/Z (Szz ) X (SIZ )Zl/z (Szz ):| (17)

Z; (S1z 282z ) =X (SIZ )751/2 (Szz) (18)
Zé (SIZ’SZZ) A-p ( )7( 12 (Szz) (19)
1
Z; (SIZ 827 ) = E[ZI/Z (SIZ )171/2 (Szz )"’ X (SIZ )7(1/2 (Szz ):| (20)

From Equations (15)-(20), it can be known that the possible antisymmetric

wave function of the identical fermion system are

D, (nsy1y8,) =4, (1.15) 25 (5155, (21)
D, (nsy1y5,) =4, (1.1) 25 (5155, (22)
D, (nsy:1y5,) =4, (1.15) 25 (5155, (23)
D, (1s1:15,) =4, (1) 8, (1) 24 (51.5,) (24)

Equations (21) and (22) are expressed as an entangled state in which the spatial
state is entangled but the spin state is not. Equation (23) is expressed as an entan-
gled state in which the spatial state is entangled and the spin state is also entangled.
Equation (24) is expressed as an entangled state in which the spatial state is not
entangled but the spin state is entangled. Where the states ¢, (1) and ¢, (r,)
indicate that the two fermions are at the same energy level ¢, .

For two identical boson systems, the total symmetric wave function are
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D ("151”’252)24’5/1 ("1»"2)?(/1 (51952) (25)
and
O, (rlsl7r2S2 ) =g (’iarz)lé (SHSZ) (i = 1>2’3) (26)

Take two photons as an example, their spin states are respectively [30]

1) Two-photon spin symmetric state of total spin S=2 are

Xn =X (SIZ )751 (Szz) (27)

X1 :%[7&) (SIZ)ZI (Szz)"'}(o (szz)ll (SIZ )] (28)

X = %[% (SIZ )Z—l (Szz)+ 2%, (SIZ )Zo (Szz)"'l—l (SIZ )Zl (S2Z )] (29)

X = %[l@ (SIZ )}(71 (Szz ) + X (SIZ )Zo (Szz ):| (30)

X2 =X (SIZ )7(71 (Szz) (31)

2) Two-photon spin antisymmetric state of total spin § =1 are

X :%[ll (SIZ)ZO (Szz)_lo (SIZ)ZI (szz):| (32)
Xio :%[% (SIZ)X—I (Szz)'i'lfl (Slz)Zl (szz )] (33)
X = %[lo (512 )Z—l (Szz )+ Y4 (SIZ )Zo (Szz )] (34)

3) Two-photon spin symmetric state of total spin § =0 is

Koo = %[ll (SIZ )Z—l (Szz)+ Xo (SIZ )ZO (SZZ )+ Z- (SIZ )ll (SZZ )] (35)

where the single photon spin state is

0 ! (!
X =0 = 1| 2= (36)
0 1 | *50 1ﬁo

Since the mass of a photon is zero and there are only two spin states, the spin

state y, does not exist. Thus, the spin states of the two photons are

X =1 (SIZ )Zl (szz) (37)
X2 =X (SIZ )Z—l (Szz) (38)
Zo :%[% (SIZ)X—I (Szz)'i'lfl (Slz)Zl (szz )] (39)

where the two-photon spin state y,, isa two-photon spin entangled state.
Iflet y = |H ) s K= |V> then the spin entangled state of the two photons
can be expressed as by the polarization state of light
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)=l 417 . ] ()

It can be seen that quantum entangled states can be given by the identity prin-
ciple of quantum theory. In the system of identical particles, there exist quantum

entangled states, including spatial entangled states and spin entangled states.

3. There are Conserved Quantities between Superposition
States of Entangled States

The entangled state is a quantum superposition state and cannot be expressed in

the form of a direct product of subsystem states, it is
v(g.4,) v (a)®y(a) (41)

Equations (15) and (16) are spatially entangled states, which are the superposi-
tion of the spatial states  (r,r,) and w(r,r ). The energy corresponding to
these two states are both E . It can be seen that each superposition state in the
entangled state has a conserved quantity, the Energy E is conserved.

For the entangled states g, (s,,,s,,) and 75 (s1 257 ) of two electron spins,

they are the superposition states of two spin states y, (s,,)x , (s,,) and

X1 (s12) 21 (5,,)- By applying s, =5, +5,, to them, we get’
2 2
Sz X1 (SlZ)l_l (522)= (512 +S22)Zl (SIZ)//K_l (Szz)zoll (SIZ)I_l (522)
2 2 2

2 2 2

SzX 1 (512 )Zl (522)= (512 +522 )Z_l (512 )ll (522)= 07(_1 (512 )Zl (522)
2 2 2 2 2 2

It can be seen that there is spin component s, conservation between these two
spin superposition states, both of which are s, =0. For a two-photon spin state
Zio » it is the superposition state of the two spin state y, (s,,)x_, (s,,) and
Z.1(812) 2 (5,7 ) - When they are applied to s, =35, +5,,, it is found that there
is spin component s, conservation between these two spin superposition states,
both of which are s, =0.

In addition to quantum entanglement between identical elementary particles,
there is also quantum entanglement between identical atoms and identical mole-
cules. Recently, researchers from university of basel, Switzerland, reported the
EPR paradox in many-body quantum systems [31]. They used thousands of atoms
to prepare a single Bose-Einstein condensate in a trap, and an interaction was de-
signed to cause the atoms forming the condensate to become entangled. It was
found that quantum entanglement occurred between two atomic clusters of nearly
a thousand identical atoms ¥Rb, with the maximum entanglement distance be-
tween the two atomic clusters being 100 pm.

There are also experimental reports that identical molecules CaF are confined
in a one-dimensional array and cooled to the same quantum ground state by laser
cooling technology. On this basis, by utilizing the electric dipole interaction be-
tween molecules, the quantum entangled states between molecules CaF were gen-

erated.
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Through the identical principle of quantum theory, the wave functions of iden-
tical particles have symmetry and antisymmetry. Naturally, it is given that identi-
cal particles exist quantum entangled states. For instance, there exist quantum en-
tangled states between photon and photon, and between electron and electron,
and there are conserved quantities between each quantum superposition state.

It can be seen that quantum entanglement can exist between identical atoms
and between identical molecules, and it only occurs at extremely small distances,
and it is required that there are interactions between atoms as well as between

molecules.

4. The Quantum Entanglement Can Be Formed by the
Interaction between Different Particles

In addition to the quantum entanglement between identical particles studied
above, the experiment also found that quantum entanglement exists between par-
ticles of different types. For instance, quantum entanglement resulting from di-
pole-dipole interactions between heteronuclear atoms *Rb and ¥’Rb.

The quantum entanglement between different types of particles, it is difficult to
generate spatial entangled states formed by spatial wave functions. This is because
the energy is ¢,, +¢,, of the spatial state w, (r, )y, (r;), and the energy is
&, +6&,, of the spatial state w, (r,)w,, (r,), in general, &, +&,, # &5 +&,,>
that is, the energy of the superposition state of two spaces is not conserved. There-
fore, for particles of different types, the following spatial entangled states do not

exist.

#(r,ry) I[wn W (1) =, (1) ¥ (7] (42)

¢ rAarB \/>|:‘//n l//m rB)""//n (rB)'//m (rA):| (43)

Due to the existence of spin-spin interactions or other types of interactions
among different types of particles. Therefore, there exist the spin quantum entan-
gled states or other quantum entangled states between different types of particles.

In reference [32], the atomic ions Ca* and molecular ions CaH* were captured
in an ion trap, and experiments found that quantum entanglement occurred be-
tween them. In the following, we shall analyze the entanglement generation mech-

anism.

The spin of Ca*ions S_, = 1/2, when it is in the ground state S, the orbital

angular momentum L =0, and the total angular momentum of Ca* ions
J =1/2 . In the direction of the magnetic field B, the projected component of

. 1 .
the ionic Ca* angular momentum can be taken as m, = +E’ the Ca* ions can be

in the state |S> :|J,mj> =

%,%> . when the Ca* ions is in the metastable excited

state D , the orbital angular momentum L = 2, and the total angular momentum
J =5/2,3/2 . In the direction of the magnetic field B, the projected component
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_ 5 .
of the ionic Ca* angular momentum can be taken as m; = +E’ the Ca* ions can

53

be in the state |D> = |J , mj> = 5,5> . The rotational state of molecular ions CaH*

is |J , m> , where J is the rotational angular momentum of the molecule CaH*,

and m is the component sum of J along the magnetic field B and the spin

1
component of the proton, Ze, m=m,+m,(m, = iz ). When the rotational

2,—E = 3 and 2,—2 = 2 re-
2 2 2 2

spectively (where J =2), the experiment found that the rotational state of mo-

states of the molecular ions CaH" are

lecular ions CaH* and the angular momentum state of atomic ions Ca* appear the
following entangled states

agloely)

Obviously, the projected components of the total angular momentum J in
3

——> and |D>
2

m; =—1.1It can be seen that the quantum entanglement between atoms and mol-

ecules stems from the interaction between their angular momenta or other inter-

the magnetic field B direction of the states |S>

5
——> are both
2

actions. Each superposition state has conserved quantities, such as the conserva-
tion of angular momentum components, etc.

It can be seen that the quantum entanglement between atoms and molecules
stems from the interaction between their angular momenta or other interactions,
and each superposition state has conserved quantities, such as the conservation of

spin angular momentum or total angular momentum, etc.

5. The Representation of Left-Handed and Right-Handed
Polarized Light

Photon can be classified into left-handed circularly polarized light and right-
handed circularly polarized light, the following are several representations of them
1) The electric field representation of right-handed circularly polarized light

For the right-handed circularly polarized light, the electric field components
E and E, are

E, = E,cos(kz—wr) (45)

E =E, cos(kz—a)t +§) (46)

where E, is g ahead of E_ in phase, the total electric field is
E, =Ei+E, j=E,cos(kz—awt)i-E,sin(kz - ot) j (47)

In Figure 1, the electric fields E ,E,E,,":-,E
ment £, =0<¢ <t, <---<t, . The electric field of right-handed circularly polar-

are given corresponding mo-

n
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ized rotates clockwise.

Figure 1. The electric field schematic diagram of the right-handed circularly polarized
light, where E (t) is the electric field of a photon at time .

2) The electric field representation of left-handed circularly polarized light
For the left -handed circularly polarized light, the electric field components E_

and E  are

E =E,cos(kz—wt) E, =E, cos(kz — ot —gj (48)

where E_ is g ahead of E, in phase, the total electric field is
E, =Ei+E j=E,cos(kz—ot)i+E,sin(kz—ot) j (49)

In Figure 2, the electric fields E,E|,E,, -+, E, are given corresponding mo-
ment f, =0<¢ <t, <---<t, . The electric field of left-handed circularly polar-
ized rotates anticlockwise.

3) The spin representations of left-handed and right-handed circularly polar-
ized light

The projection of the spin angular momentum of a photon in its momentum
direction take the value of +7, they correspond to left-handed and right-handed
circularly polarized light respectively. The spin component of the photon corre-
sponding to the left-handed circularly polarized light is +7% , and its angular mo-
mentum direction is the same as the momentum direction, as shown in Figure

3(a). The spin component of the photon corresponding to right-handed circularly
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polarized lightis —7 , and its angular momentum direction is opposite to the mo-

mentum direction, as shown in Figure 3(b).

Ey

Figure 2. The electric field schematic diagram of the left-handed circularly polarized light,
where E(1) is the electric field of a photon at time ¢ .

(@

hlw

P

kUln
=77\

(b)

| 4
o |

P S

Figure 3. (a) The schematic diagram of left-handed polarized light (.S || P ). Where P
and S are the momentum and spin of the photon. (b) The schematic diagram of right-
handed polarized light (.S || —P ). Where P and S are the momentum and spin of the
photon.

For the left-handed light ( P || S ), the angular momentum of the light is 72 . For
right-handed light ( P || -S ), the angular momentum of the lightis —7#.

The definition of the quantum correlation state of two or more particles is given
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below. If the total quantum state of two or more particles can be written in the

form of the direct product of each particle’s quantum state, that is
v (narynt) =y (1.0) @y, (r,.1)®- @y, (1,.1) (50)
If energy conservation, momentum conservation, angular momentum conser-
1) is
called a quantum correlated state, it is different from the quantum entanglement

vation, etc. exist among particles, then the quantum state (//(rl,rz,n-,rn,
state, the quantum entanglement state is a superposition state, it is not the form
of the direct product of each particle’s quantum state.

It can be seen that the quantum correlated state is not a superposition state, and
thus it is not a quantum entangled state. The following will illustrate with exam-
ples that the quantum states generated in some experiments are not entangled

states but quantum correlated states.

6. The Generated Photon Pairs Are Quantum Correlated
States Rather than Quantum Entangled States

A pair of photon is produced by the decay of a stationary source particle meson
7’ with zero spin through electromagnetic interaction, ie, z° — y+y, they
move respectively in the directions of +z and -z, as shown in the two forms
of Figure 4(a) and Figure 4(b).

In Figure 4(a), by the conservation of momentum and angular momentum,
the right-handed light is generated on the left side of the source and propagates
along the —z direction, while the left-handed light is generated on the right side

(a)
right-handed photon. left-handed photon.
Y ey Source s> o
P S S P
E(t) E@®)

(b)
right-handed photon.
S P

E(t) E(t)

left-handed photon.

Figure 4. (a) The schematic diagrams of left-handed and right-handed light generated by the source. Where E(r) is pho-

ton electric field, P and S are the momentum and spin of the photon. (b) The schematic diagrams of left-handed and

right-handed light generated by the source. Where E(r) is photon electric field, P and S§ are the momentum and
spin of the photon.
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of the source and propagates along the +z direction.

In Figure 4(b), by the conservation of momentum and angular momentum,
left-handed light is generated on the left side of the source and propagates along
the —z direction, while right-handed light is generated on the right side of the
source and propagates along the +z direction.

The state of a photon can be represented by its polarization electric field, it is
w(r,t)=E(r.1) (51)
In Figure 4(a), the photon state of the right-handed polarized light is
Wi (—z.t)= Ep(-z,t)= E,cos(kz— et )i — E, sin (kz — oot ) j (52)
The photon state of left-handed polarized light is
v, (+z,t)=E, (+z,t) = E,cos(kz—wt )i+ E, sin(kz - wt) j (53)
The total state of two photons can be expressed as
v, (+Z,—z,t)=l//R (—z,t)@!//L (+Z,t), (54)

Similarly, for Figure 4(b), the photon states of left-handed polarized light,
right-handed polarized light, and the total state of two photons can be respectively

expressed as

v, (—z,t)=E, (-z,t)= E,cos(kz—wt )i+ E,sin(kz - wt) j (55)
Wi (+2,t)= Ep(+2,t) = E,cos(kz — wt)i — E, sin (kz — wt) j (56)
v, (+z,—z,t) =y, (-z,t) @y, (+2,1) (57)

From Equations (54) and (57), it is known that a pair of photons produced by
a stationary source with zero spin have two states, both of which are quantum
correlated states. On the one hand, they are both in the form of direct products.
On the other hand, at any moment, the energy, momentum and angular momen-
tum of the left-handed and right-handed photons are conserved, which conforms
to the definition of quantum correlated states. In a large spatial region, Equations
(54) and (57) cannot be superimposed and written in the form of superposition
states. This is because the principle of quantum state superposition is a fundamen-
tal principle of quantum mechanics. Quantum state superposition is only allowed
under the condition that quantum theory holds true. The condition for quantum
theory to hold true is that there are small-mass microscopic particles and they are
localized in an extremely small spatial region. Quantum entangled states are a
kind of quantum superposition state. Therefore, quantum entanglement between
particles only occurs in extremely small spatial regions, and there are bound par-

ticles interacting with each other. Each entangled particle is in a bound state.
Specifically, the core feature of quantum mechanics is the wave nature of par-

h

ticles and the de Broglie wavelength of particle is A =—. When the influence of
p

the wave nature of particles on motion cannot be ignored, quantum mechanics

must be used; if the wave nature can be ignored, classical mechanics can be em-
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ployed.

This boundary of whether it can be ignored or not is directly determined by the
relationship between the de Broglie wavelength A and the size of the distance
rbetween the two particles. If A~r or A >r,thewaveissignificant, the quan-
tum effect cannot be ignored and quantum mechanics must be applied. The prin-
ciple of quantum state superposition holds. If 1 < r, the wave is extremely weak,
the particle approximately behaves as a classical particle, and the quantum effect
can be ignored. Classical mechanics can be used, and the principle of quantum
state superposition does not hold.

For instance, when the distance r between two particles is extremely small
(such as at the atomic scale 107! m or the nuclear scale 107** m), and when the de
Broglie wavelength A of the particles is close to or greater than 7 that of the par-
ticles, quantum effects are completely dominant. For instance, in a hydrogen
atom, the distance between the electron and the proton is approximately 0.5 x
107'° m, and the de Broglie wavelength of the electron is about 10™° m. The two
are comparable, and the probability distribution of the electron must be described
by the Schrodinger equation.

In extremely small regions, particles are more like waves than particles, and
their interactions need to take into account the superposition and interference of
waves. When the distance r between two particles is much greater than the de
Broglie wavelength A, such as above the macroscopic scale of 10 m, or when
the distance between microscopic particles is extremely large, like two electrons 1
m apart, but the wavelength of the particles is extremely short, quantum effects
are suppressed, and the superposition and interference characteristics of waves
cannot be exhibited. Only the particle nature of the particle is reflected, and the
classical description is precise enough. In conclusion, when the system spacing
approaches the quantum characteristic scale, quantum effects become prominent
and must be handled by quantum mechanics. The principle of quantum state su-
perposition holds true. When the system scale is much larger than the quantum
characteristic scale, the quantum effect is very weak and can be dealt with by clas-
sical mechanics. The principle of quantum state superposition does not hold. In
this case, the quantum entanglement does not exist.

Therefore, the two-photon states in the large spatial regions of Figure 4(a) and
Figure 4(b) cannot exist in the form of superposition states, that is, the following

superposition states do not exist

l//(+z,—z,t) = l[l//a (+z, —z,t) +y, (+z,—z,t)]
2 (58)

= (20w (420w (20 (420

This superposition state is a form of entangled state, but it is not allowed to

exist. It can only exist in the form of the following mixed state

v, (+z, —z,t) s Py = 1/2 (59)
v, (+z.-z.1), p,=1/2 (60)
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In alarge spatial area, the superposition state of a pair of photons does not exist,
and thus the entangled state does not exist either. In a laser, adjacent photon pairs
are localized in a very small area, and they may generate quantum superposition
states, and entangled photon states may exist. However, once the entangled pho-
ton pair is released from the laser, it is no longer localized in a small area, the
superposition state disappears, and the quantum entangled state of the two pho-
tons will also disappear in a large spatial area.

In Figure 4(b), the analysis shows that the left-handed photon and right-
handed photon generated by the source are quantum correlation states rather than
quantum entanglement states. According to Equations (55) and (56), the left-
handed and right-handed states of two photons can be represented by Figure 5.

v (-z,.1)
7 V1 (=25,8)

Wr(z,01,) Vo(zo8,)

- Yr(23:8)
WR(zj’tj) WWR(Z,,t,)

Figure 5. The schematic diagram of the correlation states of left-handed and right-handed
photon. Where w,(—z,%) and w,(z,%) are the states of left-handed and right-

handed photon at time ¢.

As can be seen from Figure 5,at #=1¢,=0 time, z, =0, both the left-handed
photon and the right-handed photon are in a horizontal polarization state. When
t =1t,, the left-handed photon state is y, (—z,,7,), and the right-handed photon
state is , (z,,7,) . They are symmetrical about the E, axis. When =1, the
left-handed photon state is y, (—z,,7,) , and the right-handed photon state is
Wy (2,,1,), their states are respectively along the +E, axis and —E, axis. We
can obtain the following conclusions: 1) with the increase of time, the left-handed
photon state rotates counterclockwise and the right-handed photon state rotates
clockwise. 2) At any moment, the left-handed photon state and the right-handed

photon state are mirror symmetrical about the E_ axis, to ensure the conserva-
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tion of angular momentum at any moment. 3) At any moment, there is a pair of
left-handed photon states and right-handed photon states, they did not perform
quantum superposition, they are a pair of interrelated quantum states, not quan-
tum entangled states. When measuring any a photon, there are no issues of in-
stantaneous collapse, infinite propagation speed, or non-locality. This correlation
stems from the conservation of momentum and angular momentum of this pair

of photons at any moment.

7. The Photon Pairs Are Quantum Correlated States Rather
than Quantum Entangled States

From conversion under spontaneous parameters
Higher-frequency photons (pump photons) act on a nonlinear crystal and split
into two lower-frequency photons. This process satisfies the conservation of en-
ergy and momentum, that are
ho, =ho, +ho, (61)
k,=k +k, (62)

where p,s,i represent pump light, signal light and idle light, respectively. Equa-
tions (61) and (62) are called the transformation processes under spontaneous
parameters, and the energy conservation and phase matching conditions that
must be satisfied. As long as this condition is met, the down-converted photons
can be generated arbitrarily. The resulting down-conversions include several
matching methods such as I type and II type, collinear and non-collinear, degen-
erate and non-degenerate.

For I type spontaneous parameter conversion, the pump light input to the crys-
tal is linearly polarized light, it is

[v,) =5 (7)+17) (63

From a classic viewpoint, it is composed of two beams of light |H ) and |V>
superimposed, when it passes through a positive uniaxial crystal, the |V> light
within it is converted into output light |H >|H ) When passing through a nega-
tive uniaxial crystal, the |H) light within it is converted into output light
|V>|V>. This is actually two different beams of emitted light produced by two

different incident light beams. Therefore, the output light is not entangled light.
From a quantum viewpoint, when this incident pump light

|l// p> = %ﬂ H > + | V)) enters the crystal, it does not enter the crystal in the form

of this superposition state, but enters |H) light or |V) light respectively with a
1/2 probability. Each time, enter only one kind of light, rather than both |#)and
|V> at the same time. Therefore, the output light produced is either |H >|H ) light
or |V>| V) light, rather than the superimposed state light as follows

) =5 (H)| )+ V)19) o9

[\S]
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In a large spatial range, quantum states cannot be superimposed, the principle
of quantum superposition is only applicable to an extremely small spatial range,
that is, the extremely small spatial range that quantum theory can describe. There-
fore, the output light generated by the spontaneous parameter conversion of the
I type composite crystal is not superimposed state light. Therefore, the output
light generated by the spontaneous parameter conversion of the I type composite
crystal is not quantum entangled light, but quantum correlated light.

For II type spontaneous parameter conversion, a beam of linearly polarized e
light is used as the pump light, and the signal light and idle light are generated by
the nonlinear crystal, which are mutually orthogonal polarized light, one is ¢
light and the other is o light.

Under the condition of phase matching, the wave vectors k, and k, of e
light and o light can vary respectively on two circular conical surface, two con-
ical surfaces have two intersection lines, and the intersection point are A4, B . If
what is measured at a point 4 is e light, then what is measured at the B
point must be 0 light at the same time. On the contrary, if what is measured at
apoint 4 is o light, then what is measured at the B point must be e light
at the same time. These two measurement results are not produced simultane-
ously. In a large spatial area, quantum states cannot be superimposed, the output

light cannot be written in the following superimposed state form

)= ()11, #1110, )

From the previous discussion, it can be known that in a large spatial range,
quantum states cannot be superimposed, the output light generated by the spon-
taneous parametric conversion of II type crystals is either |H) |V), or
|V> P |H ) ,» they are not in a superposition state. Therefore, the output light gen-
erated by the spontaneous parametric conversion of the II type is not entangled
light, they are correlated light.

8. The Generated Electron Pairs Are Quantum Correlated
States Rather than Quantum Entangled States

The spin direction of electrons is usually indicated by an upward arrow T and
a downward arrow < . The corresponding spin quantum numbers are respec-
tively m, =+1/2 and m =-1/2, and the spin angular momenta are respec-
tively 7/2,—n/2. In Figure 6, electron 1 and electron 2 are a pair of electrons
generated from the parent particle, which is at rest and spin S = 0. Therefore, the
total momentum and total angular momentum of the electron 1 and electron 2
are conserved and both are zero.

The spin state of an electron can be represented in the spin space. Since the spin
state |T> and |~L> is orthogonal, that is, <T|~L> =0, it can be regarded the spin
state |T> and |»L> as the basis vector of the spin space.

The spin state of electron 1 can be written as

DOI: 10.4236/jmp.2025.1611077

1666 Journal of Modern Physics


https://doi.org/10.4236/jmp.2025.1611077

X.Y.Wu, B.S. Wu

—P, m §=0,P=0 13, m

O Parent particle ©
Electron 2 Electron 1

Figure 6. A pair of electrons generated by the source.

|;(1 (t)> =sin a)t|T>+cos wt|~l«> (66)

Since the sum of the angular momenta of electron 1 and electron 2 is zero, the

spin state of electron 2 is
|;(2 (t)> = —sina)t|T>—cos a)t|¢>
=% ()

Only when the spin states of the two electrons satisfy Equations (66) and (67),

(67)

the sum of the angular momenta of two electrons is zero.
In the spin space, the spin states (66) and (67) of electron 1 and electron 2 can

be represented as shown in Figure 7.

4
%(%) %)
4®)

° ™)

%&)
@) )

Figure 7. The representation of spin states of electron 1 and electron 2 in spin space. Where

(1) and y,(z,) are the spin state of electron 1and 2 at time #,.

As can be seen from Figure 7, the two electrons generated from the parent par-
ticle, at time ¢=t¢,,¢,¢t,, -, the spin states of electron 1 and electron 2 can be
respectively expressed as  z, (7,), 7, (%), 25 (%,),--- and
2 (6). 22 (1) 2, (1,),++-. At the same moment, the spin directions of the two
electrons are opposite, satisfying the conservation of total angular momentum.
There is no quantum superposition state of two electrons within this large spatial

region, the total spin state of the two electrons is
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| 2(6)=]2(1))®| 2. (1)) (68)

At every moment ¢, the electron 1 and electron 2 have definite spin states
| e (t)> and | X (t)> , and there is an interconnection among them, this correla-
tion stems from the conservation of angular momentum. The mutual correlation
of this spin state is inevitable, there is no issue of instantaneous collapse, infinite
propagation speed, and non-locality. The pair of electronic states produced (68)
are merely quantum correlation states, not quantum entanglement states.

It is particularly important to emphasize that quantum correlations and classi-
cal correlations are distinct. Classical correlations are finite, for instance, if a par-
ticle 4 moves to the left, a particle B moves to the right, or if a particle A4
moves to the right, a particle B moves to the left. There are only a limited num-
ber of correlation forms. In contrast, quantum correlations are diverse, as shown
in Figure 5 and Figure 7, which respectively indicate that two photons and two
electrons have an infinite number of quantum correlations. It is manifested as any
moment having a kind of quantum correlation, and different moments have dif-
ferent quantum correlation. Therefore, with the change of time, there are an infi-

nite number of quantum correlations.

9, Conclusions

The quantum entangled state is a quantum superposition state, and this quantum
superposition state cannot be written in the form of a direct product of sub-states.
According to the identity principle of quantum theory, that is, the symmetry and
antisymmetry of the wave function of identical particles, it is naturally given that
there exist quantum entangled states between identical particles, including spatial
entanglement and spin entanglement. Quantum superposition is one of the fun-
damental principles of quantum mechanics. Therefore, quantum entanglement is
possible only under the condition that quantum theory holds true. Quantum me-
chanics describes microscopic particle systems, such as electronics, atoms and
molecules, that is, particles of small mass. It also requires that particles exist in a
small spatial range. For example, when electrons are in the small spatial region of
atoms or molecules, quantum theory needs to be used to describe it, and the prin-
ciple of quantum superposition is applicable, and quantum entangled states may
exist. Therefore, the condition for generating a quantum entangled state is that
there exists an interacting small-mass particle system that is localized within a
small spatial region. That is, the conditions for the establishment of quantum the-
ory must first be met, and only then can the principle of quantum superposition
hold. Furthermore, if the quantum state of each particle is a bound state and there
is also a conserved quantity between the quantum superposition states, then the
particle system can generate a quantum entangled state.

Quantum entangled states can occur between electrons within an atom, be-
tween electrons, between atoms, between molecules, and between atoms and mol-
ecules. They can also appear within atomic nuclei, between protons, neutrons, and

the quarks within them. Quantum entanglement exists in superconductivity, su-
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perfluidism and Bose-Einstein condensation phenomena, which are the manifes-
tations of quantum entanglement in macroscopic quantum phenomena, which
respectively come from the statistical results of a large amount of microscopic
quantum entanglement between electrons, atoms and molecules For massive mac-
roscopic objects, they exhibit classical properties that cannot be described by
quantum theory, and the principle of quantum superposition does not exist. There-
fore, quantum entanglement does not exist between massive macroscopic objects.
The so-called quantum entanglement phenomenon of a massive Schrodinger’s
cat does not exist.

As we have known in the previous discussion, when the system spacing ap-
proaches the quantum characteristic scale, that is, a very small spatial area, quan-
tum effects become prominent and must be handled by quantum mechanics, the
principle of quantum state superposition is effective, the Quantum entangled
states may be existed. When the system scale is much larger than the quantum
characteristic scale, that is, a large spatial area, the quantum effect is very weak
and can be dealt with by classical mechanics. The principle of quantum state su-
perposition does not hold. In this case, the quantum entanglement does not exist.
For microscopic particles such as electrons or photons with very small masses, if
they are in large or very large spatial regions, the quantum effect is very weak and
can not be dealt with by quantum mechanics, the principle of quantum superpo-
sition no longer holds, there is no quantum entanglement phenomenon between
them. Therefore, the photon pairs emitted by the Mozi satellite from space, as well
as those in quantum communication, are not entangled photons but correlated
photons.

A pair of electrons or photons generated by a source, including photon pairs
produced by spontaneous parameter transformation, are not quantum entangled
states but merely quantum correlated states. Quantum entanglement is a quantum
phenomenon that exists only in extremely small spatial regions, not in large spatial
regions. Consequently, in large spatial regions, issues such as the instantaneous
collapse of particles during measurement, infinite propagation speed, and non-
locality do not arise. Whether in micro or macro systems, phenomena occurring
within large spatial regions must adhere to the law of causality, realism and the
principle of locality, that is, Einstein’s view is correct. In conclusion, quantum en-
tanglement is a microscopic quantum phenomenon that only exists in extremely
small spatial regions. In large spatial regions, what exists are quantum correlation
state rather than quantum entangled states.

In summary, quantum entanglement is the interaction of microscopic particles
within the extremely small spatial region where quantum theory holds, quantum
superposition states are formed by the superposition principle. When there are
conserved quantities between the superposition states, quantum entanglement
states are formed. When the distance between particles increases to the point
where quantum theory fails, the superposition principle no longer holds, and the

quantum entangled state disappears, becoming a quantum correlated state. A pair
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of microscopic particles generated by a source, whose physical quantities satisfy

some conservation laws, cannot form a quantum entangled state, but can form a

quantum correlated state. For microscopic particles without interaction or those

freely distributed in a larger spatial area, neither quantum entangled states nor

quantum correlated states can be formed. For any macroscopic object system, an

entangled state cannot be formed.
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