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Abstract

This paper uncovers that quantum uncertain principle makes the single particle with global
property have no certain path, and then wave of quantum particle can simultaneously do pass the
double slits. The two subwaves after passing Young’s double slits are entanglement, they may
form interference of subwaves. Consequently, we find a kind of quantum probabilistic
entanglements with Wheeler's delayed choice. Quantum particles such as photons, electrons,
neutrons, protons etc mean that wave of the quantum particle can do pass through Young's double
slits at the same time, rather than individual quantum particle may pass through Young's double
slits at the same time. When considering wave property, we cannot consider particle property (Just
as in the photoelectric effect, considering the particle nature of the system, people cannot consider
wave property, otherwise the photoelectric effect cannot appear). Therefore, this paper novelly
discovers that the ability of single photon to hit electrons out in photoelectric effect is
complementarily equivalent to the ability of wave of the single photon to simultaneously pass
through Young's double slits in wave-particle duality. Objective criteria for distinguishing
classical and quantum particles are discovered. The crisis of the single particle’s simultaneously
passing through Young's double slits, which has been plaguing physicists in the whole world up to
now for decades, is solved, in which the studies are classified as classical and quantum particles,
the classical particle and quantum particle wave cannot and can pass the Young’s slits,
respectively. This paper discovers both the new physics mechanism of passing the double slits of
the plane wave with the amplitude of 4-dimensional momentum representation wave function
reflecting particle nature and the principle of self-adaptive emergence of wave-particle duality,
which are key in quantum physics. All the deduced results here are consistent with all relevant
physics experiments.
Key words: guantum mechanics, wave-particle duality, Young's Double Slits, interference of
double subwaves, quantum probabilistic entanglement

l.Introduction

In modern physics, the double slit experiments show that microscopic particles can display
both classical particle and wave properties, and they show the probabilistic nature of phenomena
of quantum mechanics [1].

In 1801, the double slit experiment was first finished with light by T. Young [2], after a long
time, electrons display the same behavior in 1927 [2].

A coherent light source, e.g., a laser beam, lights up one plate pierced by two parallel slits,
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behind the plate, the light of passing through the slits is observed on a screen [2,3]. The
experiments demonstrate that particle doesn’t form the interference pattern when one detects
which slit the particle passes through, the particle forms the interference pattern when one doesn’t
detect which slit the particle passes through. These results show the principle of wave—particle
duality [4,5].

Feynman said that all of quantum mechanics can be gleaned from carefully thinking through
the implications of this single experiment [6], and he presented that if detectors were placed before
each slit, the interference pattern would disappear [6].

Ref.[7,8] used single electron and biprism to show that each electron interferes with itself as
predicted by quantum theory in 1974. Readers of Physics World voted the single-electron version
of the experiment as the most beautiful experiment [9].

The double-slit experiment with electrons and real slits is eventually performed by the
original scheme from Feynman, they emit single electrons onto the double slits, and via collecting
the transmitted electrons with a single-electron detector, the double-slit interference pattern is
shown [10].

For antimatter, Ref.[11] demonstrated single particle interference. Photons, electrons, atoms
and even some molecules are measured as a single pulse, the waves of these particles describe the
probabilities of absorbing the particles at a specific place on the screen [12-14].

The which-way experiment displays the complementarity principle that photons can show as
either particles or waves, but cannot be observed as both at the same time [15]. In the history of
quantum mechanics, despite the importance of the thought experiment, until the 1970s, technically
feasible realizations of the thought experiment were presented [16]. In order to illustrate various
aspects of complementarity, multiple experiments have been performed [17].

In 1987, a performed experiment [18,19] produced the results that the information could be
gotten regarding a particle’s going which path.

Wave-particle duality of C60 molecules was investigated [20], and Plasmon-Assisted
Two-Slit Transmission was explored in Young's Experiment [21].

Wheeler's delayed choice experiments showed that after a particle passes through the slits,
extracting "which path" information at the slits can seem to retroactively alter its previous
behavior [22].

The new quantum universe is illustrated in Ref.[23]. The discovery that particles are discrete
packets of energy with wave-like properties resulted in quantum mechanics dealing with atomic
and subatomic systems.

Although quantum theory has achieved the great successes in many aspects, there still is the
hard crisis of the single particle’s simultaneously passing through Young's double slits, the hard
crisis has been plaguing us up to now for decades, this paper wants to give the solution to the
crisis.

For example: according to current quantum mechanics, any material can have wave-particle
duality, therefore, the physical phenomenon in fig.1 can exist. But in real world, we don't see such
a physical phenomenon, which is an interesting example of the fundamental crisis in the theory of
quantum mechanics. This paper wants to solve this kind of crisis.
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Fig. 1 From Charles Addams, The New Yorker, 1940

The arrangements of this paper are: Sect. two gives studies on the crisis of single particle’s
simultaneously passing through Young's Double Slits; Sect. three investigates plane wave’s
simultaneously passing through both Young's Double Slits and any many slits; Sect. four shows
guantum uncertain principle’s making the single particle with global property have no certain path,
and then makes the single particle wave simultaneously do pass the double slits., Sect. five gives a
general theory of interference pattern appearance from a kind of quantum probabilistic
entanglement; Sect. six shows discussions, summary and conclusions.

2.Studies on the crisis of single particle’s simultaneously passing through Young's
double slits

In photoelectric effect, light waves cannot knock electrons out; and in single photon’s
passing through young's double slit experiment, single photon cannot pass through Young's double
slits at the same time, namely, the two physical processes, respectively, reflect one aspect of
wave-particle duality of quantum particle. On the other hand, in photoelectric effect, photons can
knock electrons out; in Young's double slit experiment, single photon light wave can pass through
Young's double slits at the same time, then the two physical processes are complementarily
equivalent in wave-particle duality of quantum particle. That is, in wave-particle duality of
quantum particle, the first and the second cases use the particle property and the wave property
respectively. Namely, photon can show as either particle or wave, but cannot be observed as
both at the same time for a physics process.

We now generally show them by mathematical exact deduction.

In 4-dimensional momentum representation of quantum mechanics, when considering wave

function @(p, E) of momentum representation, one has [24]

1
(27h)?

w(F,t) = [~ #(p,E)e'® " dpdE = [* e(pt)e*”dp. 2D

1
(27[h)3/2
Eq.(2.1) is Fourier transformation of @#(p,E) about the plane wave energy E and

momentum P, from the four-dimensional momentum representation state vector @(p,E) to

i(p-F—tE)/h

the projection of the plane wave basic vector e and making integration for getting

w(F,t), which make w(F,t) have not only the characteristics of the probabilistic state vector

of the particle but also the characteristics of the plane wave, i.e., make w(F,t) have the state

vector characteristics of wave-particle duality. Because the momentum representation state

vector @(P, E) is nonlocal, it also reflects that the system has the global characteristics of


https://doi.org/10.20944/preprints202002.0131.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2020 d0i:10.20944/preprints202002.0131.v1

momentum P and energy E, this global property can be the integrity of the particle.

Using Eq.(2.1), we have wave function of momentum representation at time t

o(P.D = h)l,zj #(p,E)e""dE . (22)

Further using Eq.(2.1), we have two subwave functions through Yaung’s double slits

ip-rj/h

j #(p,E)e' " " dBdE = o(B, )™ "dp . (2.3)

- 1
l//(rj: )= (2r h)3/2J.

(27 h)

where j=1,2 show the up slit and down slit, respectively, in Young's Double Slits in Fig. 2.

.

Fig. 2 Interference of single particle plane wave in Young's double slit experiment

The superposition density function of the two subwaves, e.g., see ref.[22], in Fig. 2 is just
eq.(5.2), the interference terms of the two subwaves in Fig. 2 are just the third term and fourth
term in eq.(5.2).

On the other hand, using Huygens' Principle, one has the basic wave analysis:

Every point of a wave front may be considered the source of secondary wavelets that spread
out in all directions with a speed equal to the speed of propagation of the waves. What this means
is that when one has a wave, he can view the "edge" of the wave as actually creating a series of
circular waves. These waves combine together in most cases to just continue the propagation, but
in some cases there are significant observable effects. The wave front can be viewed as the line
tangent to all of these circular waves [25] .

These properties are exactly conforming to the plane wave properties of the single particle,
thus single particle plane wave can simultaneously pass through Young's Double Slits in Fig. 2,
Eq.(2.3) just generally give the both subwave functions that simultaneously pass through two slits
s; and s in Young's Double Slits, respectively, the two subwave functions have the same

i(BF,~E)/h

amplitude @(p,E) for some certain p,E, e (j=1,2) are just two plane subwave

functions in Eq.(2.3), and the two probabilistic wave functions in Eq.(2.3) integrate for (P, E)

from negative infinite to positive infinite, i.e., having considered all possibility, which make the
two expressions (2.3) exact.
The global property of particle does not allow the single particle to pass through Young's
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double slits at the same time, in reality, the interference of individual particle wave is observed,
which just show single particle wave simultaneously does pass the double slits, but all theories up
to now cannot solve the hard crisis of single particle’s simultaneously passing the double slits.

Since the wave function @(p, E) of the momentum space reflecting the global properties

of the particle obtained in this paper is to be integrated from minus infinity to positive infinity,
momentum space is nonlocal. During this period, the plane wave can pass through the two slits,
because their probability wave functions (2.3) are projections of the particle’s four dimensional

i(pF,—tE)/A

momentum state vector function @(p,E) onto the plane waves e , and the integral

from minus infinity to positive infinity occurs simultaneously. So, physics law allows them to
happen at the same time, thus we see the interference of a single particle wave through the double
slits.

Plane wave of the single particle simultaneously passes through Young's double slits and
causes interference, its particle property makes it have no definite path by uncertain relation from
wave nature of the particle, it reflects the characteristics of the wave. These specific novel physics
details are reflected out by concrete computations in following two sections.

3.Plane wave’s simultaneously passing through both Young's Double Slits and
any many slits

In the double-slit experiment, a beam of particles shot through two slits into the detection
screen can produce light and dark diffraction patterns, they show that these particles interfere with
each other like classical waves. If only one particle passes through the double slits at a time, it is
not interference between particles, but each particle interferes with itself. If we want to detect
which slit the particle passes through, the interference pattern disappears. We can either get the
interference pattern or detect which slit the particle passes through, we cannot obtain the both at
the same time.

Because the two subwave functions have the same amplitude @(p,E) for some certain

p,E,ie, pP,E are certainty, the positions are uncertainty [24,26]. We concretely calculate as

follows:
Due to
Ap*=(p-p)°=p*-p° . 3.1)
when considering plane wave , = ce'** =" ‘one has

177

jL viw dx:J‘L c*cdx:|c|22L:1—>c:— (3.2)
L p7Tp L (2 L)l/2 ! :
where ¢ is an arbitrary real number. Thus it follows that

v, e QiOP—ED)/A . (3.3)

= (ZL)JJZ
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Using Eq.(3.3), we get
~ _ L A _ i L _ ~ _
p=[, wibydx=o-[ pdx=p.p*=[
Putting Eq.(3.4) into Eq.(3.1), we deduce

yip'w,dx=p°. (34

AP =pP-p2=0 . (3.5)

Using quantum uncertain relation  AXAp > E and Eq.(3.5), we have the uncertain space

szi:oo ) (3.6)

2Ap
Namely, the uncertainty property of plane wave is infinite, thus when plane wave passes the
double slits, it can simultaneously pass through both Young's Double Slits and any many slits.

4.Quantum uncertain principle’s making the single particle with global property
have no certain path
Using Eq.(2.1), we have

. 1

7P :Wﬁo w (F,t)e ™ "dF

1
(27h)¥?

:ﬁﬁ; J‘_O:O #(p' E)S(p—pe " dp'dE

I: (2”].-h)2 j:: ¢( D’ " E)ei(ﬁ'f—tE)/fldp’ |dEe_ip'.r/hdF
(4.2)

1 ® = i
=G [ #(p.E)e""dE

Namely, Eq.(4.1) is the same as EQ.(2.2), which just show their consistence. Eq.(4.1)
indicates that the wave function of the coordinate representation is equivalent to the wave function
of the momentum representation except for only the inverse Fourier transformation of the spatial
part of a plane wave, i.e., the two kinds of wave functions of the coordinate and momentum
representations are related by the inverse Fourier transformation of the spatial part of a plane wave,
which shows that we may only study plane wave actions to wave functions of different
representations.

On the other hand, using general uncertain relation of quantum mechanics, one has

—tE)/h

inequality (3.6). Because the plane wave function e'(Pr in Eq.(2.1) has the oscillating

amplitude @(p,E) for some certain P,E, ie, P,E are certainty, namely Ap—0,

according to inequality (3.6), the positions are uncertainty AX — co. Consequently, the physical
logics make the particle with global property have no certain path; after superposition integration
for momentum from negative infinite to positive infinite in Eqg.(2.1), it still cannot give certain
path of the particle according to the exact mathematical deduction that the stochastic superposition
integration in Eq.(2.1) cannot give certain path, in reality, the particle wave does pass the Young’s
double slits by its subwaves, i.e., by the evolution from Eq.(2.1) to Eq.(2.3), as shown in Fig. 2.
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Consequently, we discover it is the uncertain principle of quantum mechanics that makes the
single particle with global property have no certain path, and then makes the subwaves of the
single particle simultaneously do pass the double slits.

5.A general theory of interference pattern appearance from a kind of quantum
probabilistic entanglement

Furthermore, the two subwaves of Eq.(2.3) are entanglement, they may form interference of
subwaves, see Fig. 2, their entanglement wave function is

— — — 2 2
w(F,1) =cu (D) +Cy (B, 1) [c| +[c,| =1 : (5.1)
Using Eq.(5.1), we get the probabilistic density
- — — — — 2
P 1) =y (F,Op(F,1) = oy (1,1) + Cp (1, 1)|

(5.2)
Y SN2 - - ; ~ ~
:|01‘//(r11t)| +|C2‘//(r2’t)| +C1TV/T(|’11t)C2';V(r2’t)+Czrl//f(r2’t)C1W(r1’t)

When one measures that the single particle passes slit s, then |1//(F1,t)|2 =1, thus he must

get w(I,,t)=0 because of Eq.(5.1), consequently, using Eq.(5.2), we deduce

p(F0)=p(F ) =l (0] =1 . (5.3)

Namely, there is no interference term in Eq.(5.3), which means that the interference disappears.

When one measures that the single particle wave passes slit s, the studies are similar.

When no one measures which way slit that the single particle wave passes, then Eq.(5.2)
shows that there are interference terms.

Therefore, we discover a kind of entanglements with Wheeler's delayed choice (after a
particle passes through the slits, extracting “"which path" information at the slits can seem to
retroactively alter its previous behavior, refering to [22]), i.e., quantum probabilistic entanglement,
e.g., from Eq.(5.1).

Because of using the usual entanglement theory, when the wave function of the system is
expressed as

w(r,1) =Ly, (L, )y, (1, 1), (5.4)

the system has no entanglement. For the other cases, there are entanglements. For example,
Eq.(5.1) has entanglement from quantum probabilistic conservation.
Consequently, this paper finds the quantum probabilistic entanglement from Egs.(5.1)-(5.3).
Therefore, the crisis of the single particle’s simultaneously passing through Young's Double
Slits is solved.

6. Discussions, summary and conclusions

Global property of particle does not allow a single particle to pass through Young's double
slits at the same time, in reality, the interference of individual particle wave is observed, which
just shows the single particle wave simultaneously does pass the double slits, but all theories up to
now cannot solve the crisis of the single particle’s simultaneously passing the double slits e.g., see
[11,20,27].
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The particle plane wave passes through Young's double slits and cause interference, the wave
nature of the particle passes through the double slits by the uncertain principle. Its specific novel
physical details are reflected out by concrete computation of this paper. Namely, this paper proves
that quantum uncertain principle makes the single particle with global property have no certain
path, and then makes the single particle wave simultaneously do pass the double slits.

This paper shows a general theory of interference pattern appearance from a kind of quantum
probabilistic entanglement, i.e., quantum entanglement can also be applied to illustrate that the
disappearance of interference patterns is the result of entanglement between diffraction subwaves
of the single particle.

The two subwaves of eq.(2.3) are entanglement, they may form interference of subwaves,
their entanglement wave function is eq.(5.1).

When one measures that the single particle passes slit si1, then |1//(F1,t)|2 =1, thus he must

get y(r,,t)=0 because of quantum probabilistic entanglement eq.(5.1). Consequently, using

eg.(5.2), we deduce there is no interference term in eq.(5.3), which means that the interference
disappears.

When no one measures which way slit that the single particle wave passes, then eq.(5.2)
shows that there are interference terms.

Therefore, we find a kind of entanglements with Wheeler's delayed choice, i.e., quantum
probabilistic entanglement from egs.(5.1)-(5.3).

Quantum entanglement endows microscopic particles with nonlocal characteristics, this is the
feature that classical particle concepts don't have at all, nonlocality is the result of the basic
assumptions of quantum mechanics, which is naturally proved in this paper.

Consequently, the crisis of the single particle’s simultaneously passing through Young's
Double Slits is solved in two methods of both quantum uncertain principle and quantum
probabilistic entanglement, respectively.

In the photoelectric effect, one needs to think of light as particles, otherwise the electrons will
be unable to be beaten out by light wave. That is, in the wave-particle duality, the particle property
is only considered, wave property is not considered, and then the photoelectric effect is able to be
explained. Similarly, in Young's double slit experiment, the particle property is only considered, it
is impossible for a single photon to pass through two slits at the same time. But if we just think
about wave property, it is perfectly natural for the single photon wave to pass through the double
slits at the same time.

Experimentally we do find that the single photon wave of light travels through the double
slits at the same time. That is to say, in the reality of microphysics, for wave-particle duality of
matter, just thinking about one way can explain the problem. If thinking about both, people can't
explain their problems.

In photoelectric effect and Young's double slit experiment, the single photon particle can hit
electrons out, and the single photon wave can go through Young's double slits at the same time,
therefore, this paper novelly discovers that the two cases are complementarily equivalent (i.e., the
ability of the single photon to hit electron out is complementarily equivalent to the ability of wave
of the single photon to pass through Young's double slits at the same time in wave-particle
duality).
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So, in quantum physics, when thinking about wave property, people cannot think about
particle property. Namely, if one considers the particle property, he cannot consider wave property.
Thus the single photon wave’s passing through Young's double slits at the same time is naturally
explained. The photoelectric effect and the single photon wave through Young's double slits at the
same time give us a deeper understanding of the wave-particle duality of the microscopic particle
world. But what we want to emphasize here is that the single photon wave simultaneously goes
through Young's double slits, not the single photon particle simultaneously goes through Young's
double slits. As we said in the photoelectric effect, it is not a single photon wave that blows out an
electron, it is the single photon particle that blows out an electron.

Similarly, quantum particles such as electrons, neutrons, protons and so on mean that wave of
their single quantum particle can simultaneously pass through Young's double slits, rather than
individual quantum particle may pass through Young's double slits at the same time. This
indicates that this effect is a quantum effect, because quantum effect has wave-particle duality.
When considering wave property, we cannot consider particle property, because the whole
guantum particle system is behaving like wave property (Just as in the photoelectric effect,
considering the particle nature of the system, people cannot consider wave property,
otherwise the photoelectric effect cannot appear). Namely, the single quantum particle can
show as either particle or wave, but cannot be observed as both at the same time for a
physics process.

Classical particles mean the effects relevant to their Planck’s constant, i.e., quantum effects,
e.g., wave properties, are negligible. That is, the single classical particle cannot simultaneously
pass through Young's double slits, while wave of the single quantum particle can pass through
Young's double slits at the same time, these can be viewed as the objective criteria for
distinguishing classical and quantum particles. Consequently, we discover the objective
criteria for distinguishing classical and quantum particles for the first time. Thus, the
objective criteria are key and very useful in quantum physics and science, which will greatly
help us to distinguish, investigate and understand physics world and science. Therefore, for
the single particle to simultaneously pass through Young's double slit experiment, needing to
divide the studies into classical and quantum cases, the single classical particle cannot pass,
while the single quantum particle wave may pass, then all the problems are solved.

For example, using the discovered objective criteria for classical and quantum particles, the
crisis of the example appearing in fig.1 above does not exist. Because as a person he is a
macroscopic classical object, there is no such wave property to produce the physical phenomenon
in fig.1.

Furthermore, eq.(2.1) shows that the wave function of the momentum representation
becomes the amplitude of the plane wave motion, that is, a plane wave with values of momentum
and energy, respectively, of wave function of the 4-dimensional momentum representation moves
as a plane wave with the amplitude of the wave function of the momentum representation. So
when considering the motion of this complex plane wave, people needn’t to consider the particle
nature. Because the momentum representation wave function shows the global nature of the
system, and the function is independent of spacetime coordinates. Furthermore, this whole
property for a single particle is the property of the single particle, i.e., particle nature. Namely, we
discover a new physics mechanism (from eq.(2.1)) that the particle property is transformed into
the amplitude of a plane wave and the amplitude passes with the plane wave through the double
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slits at the same time, we call the new physics mechanism as the mechanism of passing the double
slits of the plane wave with the amplitude of 4-dimensional momentum representation state vector
in eq.(2.1). Actually, when doing the second quantization of eq.(2.1), the momentum
representation wave function will change as particle number representation operators [24], which
just show particle property and is consistent with the studies of this paper.

When considering particle properties, people cannot to use the wave functions in the
spacetime coordinate system, just use the 4-dimensional momentum representation wave function
that reflects its overall properties (which is just particle property for the single particle). Namely,

i(pF—E )/

the inverse transformation e~ of equation (2.1) is taken and integrates for 4-dimensinal

i(p-F—tE)/ A

spacetime coordinates to eliminate the contribution of plane waves e in order to obtain

4-dimensional momentum representation state vector of reflecting the global particle property.
And the momentum and energy have a probability density distribution of the momentum
representation wave function. So the whole theoretical system of rigorous mathematical and
physical descriptions of wave-particle duality is self-consistent.

Now the question is when taking the particle property and when taking the wave property.
Therefore, there must be a principle, namely, the principle of self-adaptive emergence of
wave-particle duality. For example, when a particle is faced with the experimental equipment that
it is suitable to show particle property, then particle property is shown, e.g., the photoelectric
effect shows particle nature; when a particle is faced with the experimental equipment that it is
suitable to show wave property, then wave property is shown, such as Young's double slit
experiment displays wave interference. Therefore, this paper, for the first time, discovers the
principle of self-adaptive emergence of wave-particle duality, and the single quantum particle
can show as either particle or wave, but cannot be observed as both at the same time for a
physics process, which is very useful in quantum physics, quantum communication, quantum
calculation and so on.

All these studies are completely consistent with all the current physical experiments. Thus the
hard crisis of the single particle’s passing through Young's double slits at the same time, which
have been plaguing physicists in the whole world up to now for decades, is solved. Consequently,
all current articles, (text)books and concepts of physicists relevant to the results of this paper
would be updated and supplied.
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