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In this paper, we reconstruct the quantum theory, which was constructed based on
the probability interpretation as a basic concept, with a fundamental concept that
does not depend on the probability interpretation using objective physical reality.

As typical physical phenomena of quantum theory based on probability interpre-
tation, we pick up the single-photon interference, single-electron interference, and
EPR correlation experiments using photon polarization. We show that the identi-
cal calculation results can be obtained by using either the probability interpretation
or objective physical reality. For the calculation, the minus sign derived from the
covariant quantization of Maxwell’s equations, which is associated with the scalar
potential of time axis component of four-vector, is taken as it is as an inevitable
request from the theory instead of removing it by mathematical procedure because
of the contradiction with the probability interpretation. And we have shown that the
identical calculation results based on the probability interpretation of these single
photon, single electron interference, and EPR correlation can be reproduced.

These calculation processes along the physical phenomena can describe that there
is the scalar potential in whole space-time and when there is some geometry in the
space, the scalar potential forms the oscillatory field of the potential according to the
shape of the geometry. It reveals the objective physical reality that the single-photon,
single-electron interference, and EPR correlation are generated by the movement of
the photons and electrons in the oscillatory field with interference.

In addition, we show that the oscillatory field formation of the scalar potential
depending on the shape of the geometry arrangement existing in this space causes
energy fluctuation in the space, which enables removal of infinite zero-point energy
and causes spontaneous symmetry breaking and Casimir effect. Furthermore, we
discuss the origin of the scalar potential that can explain such various phenomena by
distinguishing the space where the substance exists and the vacuum.

Finally, by introducing the extended Lorentz gauge, we propose the new solution
for the contradiction between the Lorentz gauge as an operator equation and the
commutation relation in the covariant canonical quantization of Maxwell’s equations
with the conventional Lorentz gauge.

This paper is a compilation of the author’s papers'™ with some corrections and

adjustments.
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I. INTRODUCTION

The standard quantum theory has been constructed based on probability interpretation.
An arbitrary state of a microscopic physical system such as an atom or elementary particle
is represented by a state vector equate with a vector in Hilbert space. An expected value of
a physical quantity is obtained from the eigenvalue equation of an operator representing a
physical quantity. That is the calculation technique of the standard quantum theory based
on probability interpretation.

According to the idea of equating this physical state with a vector in Hilbert space, the
inner product of the vectors is interpreted as representing the probability that the state of
the system exists in the space-time. Calculations using this basic concept are in agreement
with experimental results. Without this concept, single photon and electron interference are
difficult to explain. In addition, an entangled state exhibiting long-range correlation that
seem to contradict relativity has been discussed by probability interpretation.

However, as long as follow this concept, it is difficult to solve the paradoxes associate
with a wave packet reduction typified by ”Schrodinger’s cat” and ”Einstein, Podolsky and
Rosen (EPR)”.%5

To interpret quantum theory without these paradoxes, de Broglie and Bohm proposed
the so-called "hidden variable” theory.>” However it is considered "hidden variable” has
been rejected by violation of Bell’s inequality. The rejection of "hidden variables” due to
the violation of Bell’s inequality is inconsistent with relativity that relies on the locality of

physical laws.

Although the improvement has not been completed so far, some researchers have been

trying to improve the quantum theory based on probability interpretation to fit relativity.® 2

Various discussions and experiments have been conducted associate with the correctness
of the basic concept of quantum theory that requires description of physical phenomena
beyond relativity and common sense. For examples, quantum mechanical superpositions
by some experiments have been reviewed.!® The atom interference by using Bose-Einstein
condensates (BECs) has been reported experimentally and theoretically.!*'® The coherence
length of an electron or electron-electron interference by using the Aharonov-Bohm oscil-
lations in an electronic MZI has been discussed theoretically.!®!” A plasmonic modulator

utilizing an interference of coherent electron waves through the Aharonov-Bohm effect has

4



been studied by the author.!® The entangle states have been widely discussed experimentally
and theoretically.'®2* The photon interference by using nested MZIs and vibrate mirrors has
been measured and analyzed.??® The double-slit electron diffraction has been experimen-
tally demonstrated.?”

These reports associated with quantum phenomena have convinced the validity of the
basic concept of the probability interpretation, and the reliability of the standard quantum
theory based on the probability interpretation has come to be considered unwavering.

However, these reports just confirmed the agreement between the measurement results
and the calculation results based on the basic concept of the probability interpretation, and
examined the application of the interference derived from the probability interpretation.
They have considered no possibility other than the probability interpretation of quantum
theory.

In this paper, we reconstruct the quantum theory without probability interpretation as
a basic concept by showing the identical calculation results for single photon interference,
single electron interference, and EPR correlation utilizing the both conventional probability
interpretation and objective physical reality that describes photons and electrons are moving
in space-time without probability interpretation.

According to the reconstruction, the concept of pure state of which probabilities are
fundamental sense does not exist in nature. Only the concept of mixed states of which prob-
abilities are statistical sense is physically valid as a natural law. Although the probability
interpretation of the standard quantum theory using the mixed state is useful for calcu-
lations, it is shown that quantum theory will be deterministic physics without probability
interpretation as in classical physics.

In addition, we show that the removal of infinite zero-point energy without artificial
subtraction, Casimir effect and spontaneous symmetry breaking are spontaneously obtained.

The structure of this paper is as follows.

In chapter II, we summarize the covariant quantization of Maxwell’s equation that re-
quires an indefinite metric, which is the essence of this paper, and discuss that the indefinite
metric obtained by the quantization should take precedence over the probability interpreta-
tion.

In chapter III, we indicate the difference in calculation and interpretation for single-

photon interference, single-electron interference and EPR correlation between using the con-



ventional probability interpretation and the reconstruction. Despite the differences, except
for the interpretation, the identical results can be obtained as the observable physical phe-
nomena. In addition, we show a convenient format for calculation named “simple calculation
method”, which simplifies the calculation of reconstruction. From the calculation results by
the reconstruction, it becomes clear that the scalar potential is a physical reality with a
minus sign of indefinite metric.

In chapter 1V, as applications of the reconstruction, we show that the removal of infi-
nite zero-point energy, Casimir effect, spontaneous symmetry breaking are spontaneously
obtained utilizing the generalization of the geometry in the space discussed in the chapter
ITI. We also refer to the general approach for single particle interference.

In chapter V, the origin of the indefinite metric potential and Maxwell’s equations in
vacuum, which is the core of the reconstruction examined in this paper, is discussed.

In chapter VI, we discuss the contradiction between Lorentz condition as an operator
and commutation relation in covariant canonical quantization of Maxwell’s equations, and
propose the new method that can avoid the contradiction by introducing the extended
Lorentz gauge. Then we study the validity of the approach using matrix representation of
the operator.

In chapter VII, we summarize the reconstruction.



II. COVARIANT QUANTIZATION OF MAXWELL’S EQUATIONS

In order to reconstruct the basic concept of the conventional standard quantum theory
based on probability interpretation into objective physical reality, covariant quantization of
Maxwell’s equations using Lorentz gauge is indispensable instead of using Coulumb gauge.
That will be shown together with concrete calculations in the following chapters.

The purpose of the quantization described in this chapter is to clarify the introduction
of the minus sign required by the indefinite metric, which is necessary for the discussion in
the following chapters.

For that purpose, quantization is performed using Fourier transform without going into
the details of canonical quantization. That is to say, the four-vector satisfying the covariant
form of Maxwell’s equations is expressed by the Fourier transform of plane wave expansion,
and those Fourier coefficients are replaced by operators with setting commutation relations.

The canonical covariant quantization of Maxwell’s equations with Lorentz gauge requires
the discussions other than the purpose of this chapter, i.e., associate with the selection
of Lagrangian density and the setting of commutation relations. Therefore the canonical
quantization will be dealt with independently and discussed in Chapter VI.

However, there is no difference in calculations and explanations in the following chapters,

whether we perform the quantization in this chapter or the canonical quantization.

A. Quantization using Lorentz gauge

The subject of the discussion is Maxwell’s equations below.

1 02 1 0¢ .

1 9? 9 1 9¢ P
(A—gﬁ)¢+a<v-A+§§)_—5 (1)

where pg and g are the permeability and permittivity of a vacuum respectively.
In the Maxwell’s equations (1), the electromagnetic potentials ¢ and A are expressed as

following four-vector in Minkowski space.
At = (A AY) A% A% = (¢/c, A) (2)
The charge density p and space currents i are also expressed as following four-currents.
="t 3% 50 = (ep, ) (3)
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Hence, by setting the axises of Minkowski space as 2° = ct, 2! = z, 22 = y, 2° = 2,

Maxwell’s equations with Lorentz condition are expressed as following covariant form
A" = pogt, 0, A" =0 (4)
In addition, the conservation of charge
divi+0dp/ot =0 (5)
is expressed as following covariant form.
auj #=0 (6)

where,

0, = (1/cot, 1/0x, 1/dy, 1/0z) = (1/02°, 1/0z", 1/02*, 1/02°) (7)

and O stands for the d’Alembertian :0J = 9,0 = §?/c0t? — A.
The transformation between covariance and contravariance vector can be calculated by

using the simplest form of Minkowski metric tensor g, as follows.

10 0 0
0-10 0

g, =g = (8)
00 —1 0
00 0 —1|

A, =g, A, AP =g A, (9)

The following quadratic form of a four-vector is invariant under a Lorentz transformation.
(%) = (@) = (2%)? = (27)? (10)

The above quadratic form applied a minus sign expresses the wave front equation and can

be described by using metric tensor.
—g,, vr" = —aty, = Py - =0 (11)

This quadratic form which includes minus sign is also introduced into inner product of

arbitrarily vectors and commutation relations in Minkowski space.
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The four-vector satisfied Maxwell’s equations without the four-current in free space can

be expressed as following Fourier transform in terms of plane wave solutions.?
3
A, (z) = / dk Y [ (k)eN (k)e ™ + aT(k)e* (k)e™ ) (12)
A=0
~ A3k
k=—— ki=1k 1
2ko(2m)3 O k] (13)

where the unit vector of time-axis direction n and polarization vectors e,([\)(k) are intro-

duced as n?> = 1, n° > 0 and € = n, €M and €® are in the plane orthogonal to & and
n

V) - M (k) ==6w A, N=1,2 (14)

¢® is in the plane (k, n) orthogonal to n and normalized

(k) n=0, DK =-1 (15)

Then €@ can be recognized as a polarization vector of scalar waves, () and €?) of transversal
waves and €®) of a longitudinal wave. Then we take these vectors as following the easiest

forms.

(16)

o o o =
[ )
(=R = )
_ o O O

The quantization is performed by replacing the Fourier coefficients of the four-vector with

operators flu =57, d(’\)(k)efj\) (k) and setting the commutation relations as follows.
[Au(k), AL(K)] = —g,,0(k — k) (17)

The time-axis component ( corresponds to u, v = 0 scalar wave, i.e., scalar potential because
efto)(k:) — 0 (p # 0)) has the opposite sign of the space axes. Because (0|Aq(k)A}(K)|0) =
—0(k = k),

(111 = (010} [ dkif)P (19

where |1) = [ dkf(k)Al(k)|0). Therefore, the time-axis component is the source of indefinite

metric.



Here, when we identify |1) as the single photon state by the probability interpretation,
the probability that there is one photon in space is negative. Therefore the probability
interpretation fails.

Mathematically, the negative sign of the inner product of vectors is contrary to the
definition of the inner product of vectors in Hilbert space.

In the first place, equating of the physical state vectors |x) and those inner product (z|z)
with the vectors and those inner product in Hilbert space such as |z) > 0 (z]|z) = 0 <
|z) = 0 was not derived from theory, but artificially introduced.

The reliability of the identification has been established as a result of accumulating agree-
ment between the calculation results obtained from the probability interpretation and various
experimental results.

In addition to the reliability, the mathematical technique which can match the probability
interpretation with the indefinite metric has been developed by cancel out the contribution
of the scalar wave and longitudinal wave. However, such a procedure is not necessarily
required by theory, and should be recognized as just a mathematical technique by an artificial
operation.

On the other hand, the minus sign is necessarily introduced from Maxwell’s equations and
the theory of relativity. In the first place, the physical space of the natural world is expressed
as Minkowski space even if gravity is ignored or Riemann space if gravity is included, and
the metric is not limited to a positive definite value.

In this paper, we accept the introduction of the minus sign as an inevitable request
from the theory, and reconstruct the quantum theory without probability interpretation.
The calculation results of single-photon interference, single-electron interference and EPR
correlation using probability interpretation can be faithfully reproduced by introducing the
minus sign in the following chapters. Then we show these phenomena will be clear the image
of objective physical reality.

If the Coulomb gauge is adopted, the scalar potential of the time axis component, which
is the source of the indefinite metric, will be ignored. Therefore the discussion in the next
chapter becomes difficult. In addition, the explicit covariance of Maxwell’s equations is also
lost, hence Lorentz gauge should be adopted to construct the basic concept of physical law

independent of the coordinate system.

10



III. SINGLE PHOTON, SINGLE ELECTRON INTERFERENCE AND EPR
CORRELATION

In this chapter, we show the calculation methods for the single photon interference,
single electron interference, EPR correlation by using the both probability interpretation
and reconstruction. We emphasize that the calculation of single-photon and single-electron
interference by using probability interpretation imposes the description that a single particle
that cannot be further divided must be considered as if it were divided into separate paths
on us.

On the other hand, the calculation of single-photon and single-electron interference by
using the reconstruction reveals that the scalar potential, which is the source of the indefinite
metric, forms an oscillatory field due to the arrangement of the experimental setups. Then
we can obtain the image of objective physical reality something like the inseparable single
photon or electron moves in the oscillatory field while interfering with each other.

For EPR correlation, the calculation utilizing polarized photons will be discussed. On
the calculation of EPR correlation by using probability interpretation, two photons having
polarizations orthogonal to each other must be considered as a correlated photon pair state
(Entanglement), which simultaneously splits into different paths and exists only stochas-
tically. This kind of explanation requires not only the probability interpretation but also
the ”denial of locality” which contradicts the relativity such that the polarization of the
photon of one path is determined at the very moment when the polarization is found by the
polarization measurement of the photon of the other path.

On the other hand, according to the reconstruction, the correlation photon pair has the
designated polarization that is determined when it generates, and when the polarization
direction is measured, those photons are interfered with the scalar potential that forms an
oscillatory field due to the arrangement of the experimental setup. We clarify that there
seems to be a non-local long-range correlation beyond the causality due to the interference

with the potential.
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FIG. 1. Schematic view of Mach-Zehnder Interferometer (MZI). BS:Beam Splitter.
A. Single photon interference
1. Calculation using probability interpretation

Figure 1 shows a schematic view of the Mach-Zehnder Interferometer (MZI) and coordi-
nate system.

On the probability interpretation, the calculation of the single photon interference by
using Maxwell’s equations (1) in free space (i =0, p = 0 ) with Coulomb gauge eliminates
the scalar potential ¢ and only uses the quantized vector potentials @ and a' as the photon
annihilation and creation operator respectively.

To calculate the single photon interference of the MZI, the following electric field operator
and number state |n) are introduced.

. 1 1

where @428 the photon annihilation operator corresponding to an optical mode passing
through path 1 or 2, respectively, # is a phase difference corresponding to the difference in
length between the two paths.

(1or2 and &J{OQ are defined along with the expected photon number from the photon
creation and annihilation operators a and a' in free space (MZI input) before the photons

are split into two paths as follows.
o1 s ot s of s 1
(nlajaun) = (nfayaz|n) = (nlaiazln) = on (20)
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The square of the electric field operator E'E is used as an electric field intensity operator

proportional to the photon number, and the photon number at the MZI output is calculated

as follows by using the squared operator and the number state.?
N IR ) 1, 5. At a
(I) o< (n|EE|n) = §(n|aia1|n> + §<n|a§a2\n) + cos O(n|al ay|n) (22)

where (f ) is the expected field intensity proportional to the photon number.
Substituting 1 (n = 1) for the photon number as a single photon, the above expected
value is calculated to be as follows.

- 1 1 1 1 1
<[>o<1+1+56089:§+§cos<9 (23)

In this calculation, the photon incident from the MZI is interpreted as passing through
each of the paths 1 and 2 with probability 1/2, with the phase difference corresponding
to the optical length between the two paths, as is clear from the form of the electric field
operator introduced in (19), the expected photon number (20) on each path, the division of
the photon creation and annihilation operator (21).

This interpretation is valid as statistical physics that when the intensity of light incident
on the MZI is high and the photon number n is large, approximately n/2 photons are on
one side and n/2 photons are on the other side.

This kind of statistical state has been introduced as a mixed state which is multiplied by a
density matrix proportional to the probability including the pure state having a fundamental
probability. The probability interpretation using the mixed state is considered statistically
valid.

However, even if the intensity of light incident on the MZI is very low and it is considered
to be a single photon that cannot be split any more, the single photon is considered as a
pure state with fundamental probability and passes through both path 1 and 2 at the same
time with probability 1/2.

2. Calculation using reconstruction

In order to reconstruct from this probability interpretation into a picture with an objective

physical reality, we examine again the electromagnetic field of the incident photon beam on
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the MZI in Figure 1.

First, assume that a light beam having an angular frequency w and a propagation constant
£ polarized in the x-axis direction propagates in the z-axis direction, and the electric field
of the light beam has, for example, a Gaussian distribution of which cross-sectional shape is
well localized in free space. Then, the electric field of the input light beam can be expressed

as follows.

2, 2
E=e, -Cg-exp (—x u—;y ) - cos (wt — fz) (24)

0

where, e, is unit vector parallel to the x-axis. Cg is an arbitrary constant which is propor-
tional to the magnitude of the electric field. wyq is the radius of the optical beam. E and B

are expressed by vector and scalar potentials as follows.

0
E=——A—
o VO

B=VxA (25)

From (24) and (25), A is expressed by introducing a vector function C as follows.
1 2 2
A:——ex-CE-exp(—I f)-sin(wt—ﬁz)%—(?
w wh
Y6 vy (26)
ot~

By taking C as an irrotational vector function V x C = 0 in order for B to localize in the
space, for example, C and ¢ can be expressed by introducing an arbitrary scalar function A
as C=V\and V (%/\ + ¢) = 0 respectively.

Then B is expressed as follows

B=VxA

2, ,2
= éey-C’E-eXp (—
w

e+

) - cos (wt — fz) — %QZ'CE'GXP (— w2y > -sin (wt — 2)
0 0
(27)

x2+y2

2
wy

Therefore, E and B are localized in the free space in the input. In contrast, the vector
and scaler potentials are not necessarily localized. The above localized form (24) is one
example, other forms which satisfy the Maxwell’s equations (1) in free space i = 0 and p = 0
can be employed.

Note that, the Gaussian beam radius will be spatially expanded due to the free space

propagation. However, the radius of the propagated beam w(z) will be approximately
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10.5mm when the beam with the initial radius wy = 10mm propagates z = 100m in free

/ 2
space. This value can be calculated by w(z) = wpy/1+ (W’\zjg) when the wavelength
0

A = 1lum is applied. Then the spatially expansion of the beam will be negligible small when

the paths of the MZI are less than several tens meters.

As described above, even if the photon is localized, the potential is not always localized.
In particular, the scalar potential can exist in all spaces. The reconstruction is shown below
by utilizing the existence of this scalar potential as the objective physical reality.

First, note that vector potentials and scalar potential are mixed by Lorentz transforma-
tion. Therefore from the Lorentz invariant, vector potentials and scalar potential should be
equally treated as (1|AJAg|1) = (1|ATA;|1) = (1|ALA,[1) = (1|ALA;|1).

For simplicity of calculation, the incident beam in the figure 1 is assumed to be perfectly
polarized on the x-axis, and the longitudinal wave that is considered to be unphysical pres-
ence is ignored, i.e., As = 0, A3 = 0. However, as mentioned above, the scalar potential
can exist in the whole space. Therefore, the four-vector at the input of the MZI is expressed

as follows.

A,LL = <A07 A17 07 O) (28)

This scalar potential is split when there are two paths of the MZI as a physically reasonable
phenomenon. Here, we examine that a single photon represented by a transverse wave
polarized in the x-axis passes through path 1 and the scalar potential A is divided into
both paths land 2 with a phase difference 6 between the two paths. In this case, the four-
vector (= Aw(pathl)) along path 1 and four-vector (= Aw(patm)) along path 2 of MZI can be

expressed as follows.

1 .
Au:(pathl) = (5610/21407 Ay, 0, 0)
1
A,u:(path2) = (56719/2"407 07 07 0) (29)

By replacing Fourier coefficients of the four-vector with operators A4, = 375 _ d(’\)(k)e,(})(k)
and setting the commutation relations, the single photon interference can be calculated using
the potentials as an operator. According to the quantization, photon annihilation operators
corresponding to optical modes passing through MZI paths 1 and 2 are defined as fluz(pathl)
and A#:(pathg) respectively. Here we must introduce the indefinite metric into the product of

the operator as follows.

AfA= g, AMAY = _gmAlA, (30)
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Hence the photon number operator at the output of MZI can be obtained as following

expression by using the photon annihilation operator at the point Au:(pathl) + Auz(pathg).
o o o o 1 ~t e A 1 A0 &
_gwj{Au:(pathl) + Au:(pathQ)}T{Auz(pathl) + Al/:(pathQ)} = _§A(T)AO + A];Al - §AZ]AO cos 0 (31)

where, the following relations are used.

A Ay — LAV ALA,
_gWAT pathl)AV'(pathQ) = _}16_201218210
_gWAT pathQ)AV (pathl) = _%LeiGA(T)AO
_gWAT pathQ)A ((path2) = _%LAE[)AO
From (31) and |1) with the Lorentz invariant, (I) o 2 — 2cosf can be calculated. By

selecting the proper reference point of the phase difference, (23) is reproduced.

- 1 1
<I>o<§+§cosﬁ (32)

Here, in order to clarify the motion of the scalar potential and the single photon as an ob-
jective physical reality, we further study the single photon MZI experimental setup. Since
the electromagnetic field has time reversal invariance, there is no particular reason to distin-
guish the input and output of the MZI. Therefore, the photon annihilation operator at the
confluence of the input of the MZI should be represented as the output of the MZI. Then

A ~ N 0 . A
Au = A,u:(pathl) + Au:(pathQ) = (COS éAOa Ala Oa 0) (33>

It is physically reasonable to assume that there is clearly single photon at the input of the
MZI. If (28) is used to calculate the photon number with the single photon state at the
input of the MZI, the result is calculated to be (1|(—AJAy + ATA;)|1) = 0. Therefore if
we erase the scalar potential as 1210 = 0, we can not obtain the interference. On the other
hand, the photon number is 1 when § = £N7 (N : odd number) in (33). Therefore, we
should recognize the scalar potential at the input of the MZI is nonzero (not empty, i.e.,
Ay # 0) and cancels each other out with opposite phase waves, i.e., cos(d/2) = 0. From
this study, it is possible to obtain a picture that the scalar potential generates an oscillatory
field like f(6) - Ay when there is a division in the space. Where f(0) is the oscillatory
function of 6. The formation of the oscillatory field can be recognized as a "hidden variable”

associate with the EPR correlation, which will be dealt with in the next section. It is possible
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to interpret that a substantial photon moves in the oscillatory field, which interferes with
each other. Therefore, the expected value of the field intensity at any spatial position

is calculated as (f) X % + %

cosf using (33). From the discussion, no matter where the
substantial photon moves in the space, no photon can be observed at the position where
6 = £N7 (N : odd number) in the space.

In this way, if we accept the indefinite metric required from the covariant quantization
without probability interpretation, a clear image of objective physical reality is obtained.
That is to say, there is a scalar potential on both paths of the MZI, which forms an oscillatory
field by dividing the path of the MZI, and a single photon incident from one path passes
through while interfering with the oscillatory field. The formation of the oscillatory field by
dividing the path examined here corresponds to the fact that the phase term depending on
the potentials introduced on the electron wave function cannot be eliminated in the spatially
multiple-connected region in the Aharonov-Bohm effect.30:3!

We can replace the above calculation and picture as an analogy of electronic circuits
that the scalar potential corresponds to the bias current (voltage) and the vector potential,
which represents a single photon, corresponds to a signal current (voltage) added to the
bias current (voltage). However, in this case, the bias current (voltage) is not direct current
(DC) (or voltage), but an alternating bias current (AC) (or voltage) that interferes with
the signal current (voltage), which causes output fluctuations. In summary, an observed
signal fluctuates when the signal is added on a fluctuating reference. In addition, if we
use the analogy of homodyne detection wireless communication or optical communication,
the scalar potential corresponds to a continuously oscillating local oscillator placed at the
receiving end and a single photon corresponds to a signal. This corresponds to extracting
the signal information by the interference between the continuous wave of the local oscillator
and the signal at the receiving end, and the image shows that each point in whole space-time
has a local oscillator.

It is convenient to calculate the single photon interference by introducing the following

operator Ag instead of Ay using the above operator A;.

. N
A6:§’V€19/2A1—§’Y€ A

N PR
A = Sy PA] - Sy A] (34)
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where 72 = —1 (i.e., v corresponds to the square root of the determinant of Minkowski

metric tensor 4 /|g,, | = g=v-1=7)
By using the operator, the expected field intensity (I) oc (1|(A} + A1)t(A} + A1)]1) can

be calculated as follows.

~ ~

IO 1 ) 1 . PN
ATA, = 576*@9/2141141 - 57619/2141,41 (35)
Finally, we can obtain the following result.

(1A} A1) =1
. 1 1
(1| A AjJ1) = —5 + 5 cosf

2
it oA 1 i0/2 1 —i0/2
<1‘A1A0’1> = 576 - 576
TR 1 . 1 .
(1A Ai[1) = Sye /2 — Zqet?/?
2 2
e . o . 1 1
(1 ATA 1) + QAT A1) + (1 AT A1) + (AT A1) = 5+5 cos @ (36)

This form is equivalent to using the following four-vector instead of (29).

A

A,u:(pathl) = (07 Ala O? O)
. 1 1

A patnz) = (52'61‘9/2210 -~ Eie_ieﬂfio, 0, 0, 0) (37)
We call this expression “simple calculation method” in this paper. When this simple cal-
culation method is interpreted by physical reality, the single photon passes through only
path 1 and the oscillatory field formed by scalar potential exists only on path 2. Although
the picture of oscillatory field formation of the scalar potential remains, we lost the natural
picture discussed based on the Gaussian light beam that the scalar potential exists in whole
space-time. Furthermore, as will be described later, it obscures the generalized picture of the
oscillatory field formation by arbitrary number paths. Therefore, we should understand that
it does not faithfully describe the objective physical reality, though this simple calculation

method is a convenient format for reproducing the calculation results.
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In the above calculations, the scalar potential that requires the indefinite metric was
treated as an operator as a physical reality. Following the standard quantum theory, we call
the form Heisenberg picture which the indefinite metric of the scalar potential is imposed on
an operator. Then, we can call the form Schrédinger picture in which the indefinite metric
of the scalar potential is imposed on a state vector.

In Schrédinger picture, the expected field intensity can be calculated using the state
[1)s + [¢) at output 1 (or 2: 7 phase difference ) and the photon annihilation operator
in Schrodinger picture 1215, which is proportional to the electric field operator E o Ag at
output 1 (or 2). Where, |1)g and [() are the states which indicate the single photon passes
through only path 1 and the scalar potentials passes through (or exist) only path 2.

Nothing is observed on path 2, so (¢|¢) = 0 is required.

For a more detailed definition is as follows. The operators A;, Ag and state [1), |1)g can
be translated by using the Hamiltonian H as A; = e/ Age=™Mt/h and |1)g = e M/0|1)

respectively. Then 1216 |1) can be expressed by using simple calculation method (34) as follows.

A1) = e/ 4 (%,YeiQ/Ze—i?:[t/h _ l,ye—ie/Qe—i’;':tt/h) )

2
_ iﬁt/hA 1 i6/2 1 —i0/2
=e s | g7t = 5ne 11)s (38)
Here we define
1 up 1
6= (57677 = e s (39)

Hence (1]Af Aj|1) = (¢|ALAg|¢). When 6 = 0, |¢) = 0, i.e., (¢|C) = 0. Nothing is observed
in this phase. The expected value of the field intensity using the probability interpretation

is also reproduced by using Schrodinger picture of the simple calculation method.

(1) o< ({1s + {¢1) AbAs (1) +1¢)

A 1 1 1 1
=1+ (§|ALA5|C> +{1Os+ (¢)s=1— 5 + 50089 =3 + 50080 (40)

Because (¢[¢) = —2 43 cosf and (¢|¢) < 0 when 6 # =N (N: even number), so |¢) is an
indefinite metric vector. Therefore we can understand that the above calculation represents
Schrodinger picture which the indefinite metric of the scalar potential is imposed on a state

vector.
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FIG. 2. Schematic view of a typical setup for the single electron interference experiment. : The
electron emitted from the electron source passes through the two pinholes and is detected by the
electron detector on the screen, and the detection frequency is recorded as an interference pattern

on the screen.

B. Single electron interference
1. Calculation using probability interpretation

Figure 2 shows the schematic view of a typical setup for the single electron interfer-
ence experiment.?”32 This experimental setup is also the equivalent setup for single photon
interference that there are divided space.

In the quantum mechanical description using probability interpretation, the single-

electron interference in the figure 2 is calculated using the following probability amplitude

¢1 = (@[1)(1]s) , P2 = (2]2)(2]s) (41)

and probability (density) of finding the electron on the screen.3?

Py = |1 + ¢2\2 (42)

Where ¢1 = (x|1)(1]s) and ¢o = (2|2)(2|s) are composed of probability amplitudes as
follows.

(1,;2|s) = ( electron arrives at pinhole 1 or 2 | electron leaves s (electron source) )

(x]|14:2) = ( electron arrives at screen x | electron leaves pinhole 1 or 2 )

When either pinhole 1 or 2 is closed, the each and total probabilities are calculated to

be P, = |¢2, P, = |¢3| and P = P, + P, # P». In thia case, it does not reproduce the
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interference when opening both pinholes at the same time. Therefore, we must admit that
a single electron has passed through both pinholes at the same time, even though it cannot
be further divided, and we must introduce probability interpretation.

This single electron interference also gives the same interference of the single photon
interference described in section IITA.

In probability interpretation, the charge operator is defined instead of the photon number
operator defined in the calculation of the single photon interference, and the states of the
single electron passing through path 1 and path 2 are introduced. The single electron
interference can be calculated by using the charge operator and the above two states.

Specifically, we replace the n-photon number state with the electron-number state |n)
where n electrons are present, and the photon number operator n = afa composed of the
operator a of the expression (21) is replaced by defining the charge operator Q = [ d*zjo(x).

Where jo(z) is the 0-th component of four-current j, = (¢,i), 0"j, = % +V-i=0
Because the charge operator satisfies Q|n) = ng|n), n electronic states are eigenstates of
Q2833

Here the state |1)1¢2 that a single electron simultaneously passes through both path 1

and 2 with probability 1/2 can be expressed as follows.

1 ) 1
e = 51 expif + 1) (43)

where, 6 is the phase corresponding to the difference of the path length. Then expected

charge intensity (I) can be calculated as follows.
. 1 1
(I) x <1|1&2Q|1>1&2:q(1—|—0059)ocq(§—|—§cose) (44)

This is the same expression as the single photon interference in the previous section.

2. Calculation using reconstruction

In order to reconstruct from the probabilistic interpretation into a picture with an ob-
jective physical reality, we start by reexamining the experimental setup in figure 2 with
classical electromagnetism. In figure 2, the propagating electron can be equated with an
electron beam having a spatial current density of j = Ngqv in classical electromagnetism.

where N is the number of electron per unit volume, ¢ is the electron charge and v is the
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electron velocity. When the radius of the electron beam is wy, the current I can be expressed
as [ = mwij. According to Biot-Savart Law, the propagation generates magnetic fields and
potentials around the propagation path. Assume that the electron propagates parallel to
z-axis at a constant velocity, then the vector potentials around the propagation path are

expressed as follows.*

A, =0
! ln1 (45)

A, =
A, =
2megc? T

where r = \/ﬁy2 , €0 is the permittivity and c is the speed of light.

Therefore the vector potential clearly passes through not only the pinhole the electron
passes through but also the opposite pinhole.

Thus, similar to the single photon interference described in the previous section, we can
obtain the picture that the electron as an objective physical reality propagates through the
pinhole on one side and the potentials exist on both side. The potentials are composed of
both the existing potentials in whole space-time and generated potentials by the movement
of the electron.

In such a case, the electron wave functions should be expressed as follows.

P =11 - exp {z%/g (pdt — A - dx)}

—Pinholel—screen

dh=v-exp [if [ (oat - &) (46)

h —Pinhole2—screen

where ] and v}, are the electron wave functions on the screen passing through pinhole
1 and 2 with the potentials respectively. 1y and vy are the electron wave functions heading
to pinhole 1 and 2 at the electron source without the effects of the potentials.

The following expression is the probability of finding an electron on the screen by using
probability interpretation.

Piy o [¢'] =[] + ¢3f* = [r]” + [¢a]” — 2Re (exp {z%]{ (¢pdt — A - dx)} w;wz) (47)

s—1—sscreen—2—s

where 1 and 2 of the integration path denote pinhole 1 and 2 respectively.

Although the probability interpretation says the single electron passes through pinholes 1

and 2 simultaneously, the expression (47) is derived form the picture that the single electron
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passes through a pinhole on one side assuming that there are potentials on both sides as
mentioned above. Hence this is considered to be the expected value of the charge intensity

observed on the screen.

However, (47) uses the wave function. We need to shift from the wave function to the
state vector to clarify the picture. Note that (47) is a formula equivalent to Aharonov-Bohm
effect.?® The phase term can be eliminated in a single connected region where the spatial
region can contract to one point but cannot be eliminated in multiple- connected region

where the spatial region can not contract to one point.

As generalize and discuss in Chapter IV, the spatial structure of the multiple-connected
region is the cause of single photon or electron interference in the presence of two slits or

two pinholes described in the previous section.

Here, we extend the electron wave function to the state vector, and introduce the state
|t1) where a single electron passes through the pinhole 1 and the state |¢5) where the

potential passes through (exists) the pinhole 2 by using simple calculation method.

In Schrodinger picture of standard quantum theory, the state that electrons exist in a
space without an electromagnetic field is expressed by direct product [¢)|0) = |¢, 0), where
|1) is the electron state and |0) is the O-photon number state which considered as vacuum
state. This direct product state can be recognized as a state [i1) that the single electron

passes through the pinhole 1.

On the other hand, the state that there exists only scalar potential without the single
photon as an objective physical reality can be expressed as |0) + [(), i.e., the superposition
of the O-photon state |0) and |(), by using the simple calculation method of Schrodinger

picture.

The direct product of the state and the electron state is [¢)(]0) +|¢)) = [¥)|0) + [¢)[¢) =
|U1) + [)|¢). We can recognize the state |¢)|¢) as the same state as pinhole 2 with no
electrons and only scalar potential exist. Therefore [1)|() = |1)9) will be justified.

Finally, the charge intensity on the screen of the single electron interference is obtained
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by using (39) as follows.

(1) oc (W] + (2]) Q (J¢1) + [¢2)

1 —1 1 i 1 i 1 _
LG T D K (e T L

=q (% + % Ccos 9) (48)
The interpretation of the simple calculation method is that there is the single electron
or scalar potential in only one pinhole. As described at simple calculation method, the
oscillatory field of the scalar potential existing on both pinholes is represented by the pinhole
on one side. Therefore, by returning from the simple calculation method to the original
method, we can obtain the picture that the scalar potential is divided by two pinholes to

form an oscillatory field, and a single electron entering from one pinhole in the oscillatory

field passes through while interfering with the oscillatory field and reaches the screen.
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FIG. 3. Typical setup for the Quantum Eraser. Poll and Pol2 are fixed linear polarizers with

polarizing axes perpendicular (x and y). Pol3 is a revolvable linear polarizer.

C. EPR correlation
1. Calculation using probability interpretation

For the calculation of EPR correlation using photon polarization by probability interpre-
tation, it is helpful to first examine an experimental setup using polarizers called Quantum

Eraser shown in figure 3.
The phenomenon of the Quantum Eraser is outlined below.

When there are no polarizers, an interference pattern composed of dark and bright fringes
can be observed on the screen because light passing on the left of the wire is combining,
or “interfering,” with light passing on the right-hand side. In other words, we have no

information about which path each photon went.

When polarizers 1 and 2, which are called “which-path markers”, are positioned right
behind the wire as shown in Figure 2, the launched light polarized in 45° direction from the
Laser is polarized in perpendicular (x-polarized and y-polarized) by these polarizers. Then
the interference pattern on the screen is erased because “which-path makers” have made

available the information about which path each photon went.

When polarizer 3 is inserted in front of the screen with the polarization angle +45° or -45°
in addition to “which-path makers”, the interference pattern reappears because polarizer 3

has made the information of “which-path makers” unusable.

We can produce a mathematical description of the erasure and reappearance of the inter-

ference pattern as follows. The x- and y-polarized photon passing through polarizer 1 and
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2 can be expressed by the quantum-superposition state as follows.

1 1
r)=—|+)+ —|— 49
|z) \/§| ) \/§| ) (49)
and
9) = =) — 1) (50)
SERVCIRYG
where “47 and “-” represent polarizations +45° and -45° with respect to x.

The photons pass through polarizers 1 and 2 are polarized at right angles to each other
as seen in the left-hand side of Eqgs. (49) and (50), which prevent the interference pattern.
In other words, “which-path makers” have made available the information about which path
each photon went. Although there are same polarized states in the right-hand side of Eq.
(49) and (50), the interference patterns consisting of bright and dark fringes made by +45°
and -45° polarized states are reverted images and annihilate each other. Therefore, sum
total of the images has no interference pattern.

When polarizer 3 is inserted with the polarization angle +45° or -45°, only |+) or |—)
can pass through polarizer 3. Then the interference pattern made by either |+) or |—)
of both Egs. (49) and (50) reappears, which means that we can not identify which-path
the photons had passed through, i.e., polarizer 3 has made the information of “which-path
makers” unusable.

As is clear from (49) and (50), enable/disable information about which side of the wire
each photon passed through is interpreted by the states that contains +45° and -45° polarized
single photon with a probability of 1/2 even if the laser light intensity becomes extremely
low and it becomes an indivisible single photon.

In order to calculate the single photon interference by probability interpretation, we
replace the side of the polarizer 1 with path 1 and the side of polarizer 2 with path 2 of
MZI in the calculation of single photon interference in the previous section. In addition, the
ratio of photon passage by polarizers 1, 2 and 3 are replaced with those rotation angles. We
examine both x-polarized and y-polarized photon emitted from the laser in the calculation.
These calculations give the same results as the EPR correlation described later.

In the calculation, all angles of the polarizers are based on the x axis. The x-polarized
light beam emitted by the laser should not be able to pass through polarizer 2, which allows
only y-polarization to pass. However, probability interpretation asserts that x-polarized light

is a superposition of polarization states different from x-polarized light like (49). Therefore,
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the calculation is possible by replacing the probability that a photon can pass with a phase
that is proportional to the difference between the polarization angle of the photon and the
angle of the polarizer.

The probability that an x-polarized photon can pass through the side of the polarizer 1
is described as the angle of the polarizer 1. In this case, since it is originally polarized on
the x axis, the phase can be selected as 0. The photon polarized in the x-axis after passing
through the polarizer 1 is described by introducing the rotation angle |¢| of the polarizer 3
corresponding to the probability that the photon can pass through the polarizer 3 into the
phase.

On the other hand, the x-polarized photon passing through the polarizer 2 is described
as a rotation angle /2 corresponding to the probability that the photon can pass through
the polarizer 2.

The rotation angle 7 — |¢| by the polarizer 3 is further introduced into the photon passing
through the polarizer 2. In addition, the phase difference 6 between the polarizer 1 and 2
is introduced on the x-polarized photon. Now we can define the following electric field
operator.

E = %&1 exp (i|¢| +0) + %&2 exp (zg) exp {z (g — \qﬁ])}

_ % exp (ilo] + 0) + % exp {i (7 — |9])} (51)

The interference on the screen is calculated as same as in the previous section.

) o 1 . 1, . s
(I) o< (n|ETE|n) = §<n|aia1|n> + §<nla§azln> — cos (0 + 2|¢]) (n|a]as|n) (52)

A

(I) is the expected field intensity, which is proportional to the number of photons, as in the
previous section. In the probability interpretation, the above expected value is calculated

as follows, including the case of a single photon of which photon number is 1 (n = 1).

() % _ %cos (216] + 6) (53)

In the case of the y-polarized light beam emitted by the laser, we transpose the phase 6 to
the y-polarized side and introduce the phases of the polarizers in the same way as for the

x-polarized light. Then the electric filed operator can be calculated as follows,

E= idl exp {Z (g + |¢|>} + %dg exp {z (g — |o| + 0)} (54)
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Pumping laser

FIG. 4. Typical setup for the Delayed Choice Quantum Eraser. QWP1 and QWP2 are quarter-wave
plates aligned in front of the double slit with fast axes perpendicular. Poll is a linear polarizer. BBO

(8—BaB30y) crystal generates entangled photons by spontaneous parametric down-conversion??..

Finally, we can obtain as follows.

() o % + %Cos (2/6| — 0) (55)

Here, if the laser beam contains one or more x-polarized and y-polarized photons each with
a probability of 1/2, the intensity of the interference is given by the sum of (53) and (55) as

follows.

(I) x 1 — %cos (2|o| +0) + %cos (2|6 — 0) (56)
In the expression, when ¢ = 4, :|:%7T, it becomes (I) o< 1 and the interference fringes are
crased. 37 becomes (I) o< 1+ sin 6, and the interference fringe is reproduced.

Even if the laser intensity is very weak and consists of an x-polarized single photon and
a y-polarized single photon, (56) is satisfied.

The delayed-choice Quantum Eraser for examining the EPR correlation below corre-
sponds to the case that the emitted photon from the laser is an x-polarized single photon
and a y-polarized single photon of this Quantum Eraser. The intensity of the photon inter-
ference obtained in the experiment is the same as (53) and (55).

Figure 4 shows the typical setup for the Delayed Choice Quantum Eraser for examining
EPR correlation. This experimental setup is similar setup where the polarizer 1 plays the
role of the polarizer 3 in figure 3 of Quantum Eraser. In this setup, the BBO is excited
by the light emitted from the laser to create p and s photons of which polarizations are
orthogonal to each other. These photons propagate in different paths, and p is scanned by
the polarizer 1 and measured by the detector Dp. The photon s is measured by Ds through
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the quarter-wave plates 1 and 2 of which fast axes are orthogonal to each other and the
double slit on the back surface thereof, and further through the slit and the filter.
In this experiment, the setup is arranged according to the following order, and the result

in each arrangements is obtained.

1. When polarizer 1, QWP1 and QWP2 are removed, the coincidence counts of Ds versus
Dp shows an intensity fluctuation of the photon which indicates the interference by

the double slit.

2. When QWP1 and QWP2 are installed, the intensity fluctuation of the coincidence

counts is erased.

3. The polarizer 1 is additionally installed in the direction that matches the fast axis
of QWP1. Then, the intensity fluctuation of the coincidence counts reappears as the

interference.

4. Subsequently, the angle of the polarizer 1 is rotated by 90 degrees. Then, the intensity
fluctuation of the coincidence counts shows the interference of which the bright and

dark reversed.

From this procedure, the polarizer 1 corresponds to the polarizer 3 of Quantum Eraser de-
scribed above and looks like erases or reappears the information about which path (QWP1 or
QWP2) each photon went. That is a phenomenon similar to the above-mentioned Quantum
Eraser. Moreover, although the polarization direction setting of the photon p and the ob-
servation of the interference by the photon s are performed at spatially separated positions,
the polarization of these photons is completely correlated with one side being x-polarized
and the other side being y-polarized. Here the interferences in the opposite phase obtained
in steps 3 and 4 are given by (53) and (55) calculated by the Quantum Eraser described
above.

When the distance from BBO to Dp is arranged longer than the distance from BBO
to the double slit, such arrangement becomes a delayed choice because the choice of the
polarization direction of the photon p by the polarizer 1 is performed after the observation
of the interference by the photon s. In this arrangement, the presence or absence of the
interference can also be observed by the same procedure as above. This seems that the

erasing or reproduction of the information of “which-path marker” by the polarizer 1 was
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determined after the observation. Note that the experiment did not allow for the observer
to choose the polarization angle in the time period after photon s was detected and before
detection of p, as discussed in the reference??.

When s and p are single photons, the probability interpretation asserts that the photon
s and p do not have a state of x polarization (or y polarization) that is fixed from the

beginning such as |z), or |y)s and |x), or |y),. Instead they are in the superposition states

of those polarizations as follows.

[¥) = % (I2)sly)p +19)s12)p) (57)

Such perfect correlated state existing in a spatially separated region is called correlated
photon pair state (Entanglement). According to the probability interpretation for the en-
tanglement, the both photon s and p propagate either path as superposition of x-polarized
and y-polarized state (57).

Therefore when the state of one photon (s or p) is observed and determined to be |x), that
of the other photon (p or s) suddenly changes from the quantum-superposition state into |y)
even if the photons separate from each other, which postulates the existence of long-range
correlation beyond the causality that contradicts the locality of physical laws, i.e., theory of
relativity. Historically, EPR paper® written by “Einstein, Podolsky and Rosen (EPR)” first
pointed out the imperfections of the standard quantum theory by taking up such nonlocal
correlation states. At present, the correlated photon pair state (Entanglement) is also called

the EPR state.

2. Calculation using reconstruction

Here we reconstruct the incomprehensible probability interpretation such as correlated
photon pair state into a picture with an objective physical reality.

The results of the interference (53) and (55) are obtained in both setups in figure 3 and
figure 4 as mentioned above. These results has been thought to be peculiar to quantum
theory, which cannot be obtained by classical calculation assuming that a single photon has
a fixed polarization. The violation of Bell’s inequality supports the calculation results of the
quantum theory.3%36

However, the obtaining the identical calculation results both the probability interpreta-

tion and a picture of the objective physical reality with locality means that Bell’s inequality
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violates in both cases.

In the following, the results of the interference (53) and (55) are reproduced with a picture
of the objective physical reality by replacing the side of the polarizer 1 as the photon path
s and the side of the polarizer 2 as the photon path p in the setup of figure 4 respectively.

As a picture of objective physical reality, we assume the laser creates either fixed x-
or y-polarized single photon, or two photons with fixed x- and y-polarized single photon.
Since there is a scalar potential in the space as described in the calculation of single photon
interference, the four-vector in the space from the laser output to immediately before passing

through the polarizer 1 and 2 is expressed as follows.
Au = (AO; Al) A27 O) (58)

Where, in order to simplify the calculation, the non-physical longitudinal wave was ignored
as A3 = 0.

First, we calculate in the case of there exists an x-polarized single photon and scalar
potential. This case corresponds to the calculated situation for (53). When the x-polarized
single photon and the scalar potential pass through both polarizers, the x-polarized photon
can only pass through polarizer 1 and not polarizer 2. When the scalar potential is divided
on each side, a phase difference is introduced associated with the division. The following
four-vector is appropriate after passing through each polarizer to describe this picture as it
is.

A = (1 212 Aayor Aty 0 o) A = (1 T2/ A o, 0, 0 o)

(x pol 1) 26 ()0, A(x)1, Y, ) (x pol 2) 26 ()0, Y, U,

(59)

Here, a phase shift 7/2 based on x-polarized photon is introduced into the scalar potential
passing through the polarizer 2. Where, the phase difference due to the division of the scalar
potential is divided into both sides for the symmetry description as 6,.

When the x-polarize photon polarized by the polarizer 1 that represent the physical reality
of real x-polarized photon among this four-vector is trying to pass through the polarizer 3, it
can not pass through the polarizer 3 of which rotation angle is not x axis. However, because
the scalar potential passes through with obtaining |¢| phase shift, which corresponds to the
rotation angle of the polarizer 3, the phase term becomes i (|¢| + 6,/2).

On the other hand, the scalar potential that has passed through the polarizer 2 is polarized

in y-direction. Therefore in the case of the rotation angle of the polarizer 3 is measured
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from the x-axis (x=0) , 7/2 is added to the rotation angle of the polarizer 3, then the phase
becomes —i (|¢| + 6,/2 + ).
Hence the four-vector at the polarizer 3 is expressed as follows.

A(X pol 1, 2—3) u = A(x pol 1—=3) p + A(x pol 2—3) u

1 i 1 —1 T
— <§e (|¢‘+G”/2)A(x)o + 56 (I¢l+0z/2+ )A(x)07 A, 0, 0) (60)

Here from Lorentz invariance, (1|AfAq|1) = (1|ATA;]1) = (1]AlA,[1) = 1 is required as in

single photon interference. Then the following interference can be obtained.

1 1
<]s> X <1|Azx pol 1, 2_>3)A(x pol 1, 2—>3)|1> = 5 + 5 COS(2|¢| + eac) (61>

Note that ATA = —g, AT A” = —AJA, + AJA; + AJA; + AlAs.

This can be interpreted that the interference between the oscillatory field by the scalar
potential and x-polarized photon determines the photon intensity that can pass through the
polarizer 3.

Similarly, in the case of there is y-polarized single photon and scalar potential, the phase

difference of the divided the scalar potential can be 6, as follows.

1 . 1
A(y pol 1) u = (Qel(ey/erw/Q)A(y)Ov 0, 0, 0), A(y pol 2) u = (56 0y/2A(y)0= 0, A(y)2= O>
(62)

A(y pol 1, 2—3) u = A(y pol 1—3) n + A(y pol 2—3) u

1 . 1 .
= <§el(|¢+9y/2+ﬂ/2)A(y)O + 5e—l(|¢>|+5’y/2+7r/2)A(y)07 0, A(y)% 0) (63)

Then the following interference can be obtained.

1 1
<]P> x <1|AJ(ry pol 1, 2—>3)A(y pol 1, 2—>3)|1> = 9 + 9 COS<2|¢| + ey) (64>
Choosing the phase difference due to the division of the scalar potential as 0 = 0, —m = —0,),

the identical interferences (53) and (55) are calculated as follows..

(L) oc g — 5 cos(20] +6),  (Iy) oc 5 + 3 cos(2le] — ) (65)

Furthermore, when there are x-polarized single photon, y-polarized single photon, and
scalar potential, the four-vector at polarizer 3 is the sum of (60) and (63), we can reproduce

(56) by simple calculation as follows.

1 1
(1) Al A, y pol 1, 253)]1) =1 — 5 cos(2|¢| +6) + 3 cos(2|¢p| — 6) (66)

(x, y pol 1, 2—3)
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Now, we have shown that the identical results (53), (55) and (56) can be obtained by
using the indefinite metric based on the covariant quantization as it is. In addition, we show
that the identical results can be obtained by the simple calculation method.

In the simple calculation method, we consider the state that only the scalar potential
exists without real photon and forms the oscillatory field. This state is represented by |()
as shown in the single photon calculation. Therefore, in this experimental setup, the state
of x-polarized single photon in the space should be replaced by |z) + |¢) instead of |z).
However, when the scalar potential exists in a space without division, the phase difference
due to the path difference is 6 = 0, and the oscillatory field due to the interference of the
scalar potential is not formed, so ({|¢) = 0.

Here we note the above and choose the states of the x-polarized single photon and the

y-polarized single photon as follows.

L gl i Lo gl i
|x> + |C¢,z> — m + 576 19l o 9/2‘x> i 57@ \¢>\69/2’x>

L i Ly i L 1n) —i
[9) + 1ot am) = 1) + 57 TR0 y) — qeeamem0r2)y) (67)

By using the states we can calculate the interference in the presence of the x-polarized single

photon as follows.

(1) ox (o] + (Coel) (1) + [Go0)) = (ol 5 (ala) — (ala) cos (216] +6) = 5~ cos (21g] + 6)

(68)

This is identical with (53). Similarly, we can calculate the interference in the presence of
the y-polarized single photon as identical as (55).

Finally, we can calculate the interference in the presence of both x-polarized and y-

polarized photons as follows,
(1) o< (@] + (Coul + W1+ (Cormg ) (1204 [Co) + 18 + o)) (69)
where (z|y) = (y|z) = 0, then

(1) o (Gl + (o) (12 + G + (01 + Cormal) (180 + 1Gorgny))  (70)

This is the sum of the result (53) when only x-polarized photon exists and the result (55)

when only y-polarized photon exists. Therefore (56) is reproduced.
1 1
(I) x1— 5 cos (2|¢|+9)—|—§cos (2|¢| — 0) (71)
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This simple calculation method is the Schrodinger picture in which the calculation of an
indefinite metric is imposed on the state vector. As in the case of single-photon interference,
we can calculate the interference using Heisenberg picture in which the calculation of an
indefinite metric is imposed on the operator. In Heisenberg picture, the photon number
operator is replaced with n = (Al + A;)(fll + A,). Where, 4; and A, (p : polarization =
x, y,--- ,etc.) are the photon annihilation operator that represents a real photon and a
photon annihilation operator that represents a scalar potential polarized in the p direction.

These operators can be defined as follows.
A, = Lnetlemioz j, _ Looioigiorz g qr = L mielgiorz gi _ Lo il —ior2 g1 (79
2 2 2 2
We can reproduce (68) by using the above operators of Heisenberg picture.

(1) = (al(AL + AD)(Ar + Au)ln) = () + (| ALAcln) o 3 — 5 cos (2] +6)  (73)

Note that the Heisenberg picture imposes the indefinite metric calculation on the operator,
so we should replace the ordinary photon annihilation operator for x-polarization A, with
Ay + /Alz, where A, is the photon annihilation operator derived from the scalar potential
A,. Therefore, the photon number operator in the presence of x-polarized and y-polarized
photons is (A; + A,) + (Ay + A,). We can reproduce (71) as follows by choosing the

appropriate phase of these replacements.
(I) = (n|(Al + Al + AL + A) (A, + A, + Ay + A))|n)
= (n|nu|n) + (n|ALA,|n) + (n|na|n) + (n|AJA,[n)
1 1
x1-— 5 €08 (2|9 +9)—|—§cos (2|¢| — 0) (74)

Where, we assume that there are the same number of x-polarized and y-polarized photons.
(nnafn) = (n| Al Auln) = (nlnsfn) = (n| A} daln) = n

Under the condition |n) = |n), + |n),, we can calculate equivalent relations to those
in conventional quantum theory such as A,|n) = A;|n), + Ai|n), = /nln — 1),, Ag|n) =
Ay|n)y + Agln), = /nln — 1), and (n|Al Ay|n) = (n|AJA;|n) = 0. Where |n),, |n), is the n
photon number state of the x- and y-polarized photon respectively.

Using the reconstruction, it is also possible that the polarization direction of the photon
pair created in BBO in figure 4 is controlled by the scalar potential as describe below.

The scalar potential exists in whole space even if there is no photons. Therefore when

the angle of the polarizer 1 is set to |¢|, the scalar potential is affected by the setting. This
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state can be expressed as the sum of |0) where no photon exists and |(j¢) where the scalar
potential is oriented by the rotation of the polarizer 1. This state can be expressed as follows
by a simple calculation method.

L (o)) i Lo i(ol—twl) i
0)+ IGt) = 10) + 7€ A1De/2|0) — 2o o1z (75)

Where, v is the polarization angle of the photon s that would be created by the BBO and
propagates to the direction of the polarizer 1. The propagation speed of the scalar potential
is equal to the speed of light because it is an electromagnetic potential. Therefore, the state
that BBO creates photon [1) with polarization angle || is calculated to be the product of
state which represents the scalar potential arrived at BBO and photon creation operator

AMT of which polarization angle is [¢| as follows.

~ ~ T 1 i(lo|— i 1 —i(|p|— —i
Ayl |0) + Ay [Gp) = |¢>+§’V€”¢' W‘)emlw—ye (Io1=1eh e =20/2 ) (76)

Note that in this setup, the scalar potential propagates a single path to BBO, so the phase
is # = 0. Therefore

(1) ox 3+ 5 cos (21| — 2lu) (77)

Because a single photon is created, (I) = 1 is required and 1) = ¢ is obtained. That is to
say, photons are created at the setting angle of the polarizer 1.

Where, even if the photon pair is created with random polarization from BBO regardless
of the setting angle of the polarizer 1, the polarizations of the photon pair are orthogonal
to each other. Hence, (65) is observed due to the interference between the classical local
perfect correlation determined when the photon pair is created and the oscillatory field of
the scalar potential.

Here, the reconstruction of the EPR correlation can be explained using the objective
physical reality, which the real photons move in the oscillatory field of the scalar potential
that causes interference. Then, at the polarizer, it is possible to interpret that the photon
of the polarization different from that before the interference is created by the interference
between the real photon and the scalar potential, and the photon before the interference is
annihilated. This interpretation is consistent with the quantum field theory that particles
are created and annihilated by the excitation of vacuum. In addition, it has been said
that the quantum theory was proved to be correct due to the violation of Bell’s inequality

by various experimental setups of EPR correlation devised so as not to have a loophole.3”
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However even if we use the picture of objective physical reality, we can obtain the identical
results as quantum theory, therefore the violation of Bell’s inequality does not show the
denial of locality of physical laws and physical reality, nor does it support the validity of

quantum theory.
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IV. APPLICATION

We revealed that by examining photons, electrons, and scalar potentials as objective phys-
ical reality without using probability interpretation, the calculation results of single-photon
interference, single-electron interference, and EPR correlation agree with those obtained by
probability interpretation in the previous chapters. Here, we will discuss some phenomena
peculiar to quantum theory that can be explained by a picture using the objective physical
reality.

For the discussion, it is first necessary to generalize the formation of the oscillatory field
of the scalar potential discussed in the previous chapters. The discussions in the previous
chapter are all setups where there is two paths that divides the space into two. We will
generalize the above setups and examine what kind of oscillatory field is formed when the
whole space-time is divided into three or four to any number, and what kinds of physical
phenomena are caused by that oscillatory field. As a result of the examination, it is shown
that the fluctuation of zero-point energy of the electromagnetic field, Casimir effect, and the
spontaneous symmetry breaking are naturally derived with the image of objective physical
reality.

We also present a general approach for single particle interference associated with the

generalization.
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A. Generalization of the geometry

The division into two paths dealt with in the previous chapter divides the scalar potential
into two, and the divided coefficient was set to 1/2 and the phase difference was set to 6.
In order to extend that into an arbitrary number of divided paths, we introduce divided
coefficients r; and phases 0; of the scalar potential. Then, the scalar potential can be

expressed as follows, where M is the number of divided paths.
M
Z ] €i9j Ao (78)
j=1

where Z]]\il r; = 1. The case of the previous chapter correspond to M = 2, r; = ry = 1/2
and 0; = —0y = 0/2 etc. Therefore, the expected value of the number of photons can be
calculated by the following photon annihilation operator when there is an x-polarize single

photon in arbitrary number of divided paths.

M
A= (ereiejflo, Ay, 0, 0) (79)

J=1

Then

() oc (1] — g AL A,|1)

M
:_{ > rjrkeiwj9k>}<1|AgA0\1>+<1yAIA1\1>

j=1, k=1

M
=— {(r% 754+ + meemﬂ"ew} +1 (80)
7k
Because 0 < r; =< 1, then 0 = (1] — g“”ALfl,,H) < 1. When M — oo and the phases are
completely random, Z;; r;e% converges with 0. The division of the path is caused by the
existence of matter in space-time, and M — oo can be regarded as the actual physical space
where there are many innumerable matter. We call this “real vacuum” in this paper.
On the other hand, M = 1 in (78) can be regarded as a space-time without any substance
in space such as an empty container. We call this “ideal vacuum” in this paper.
Expressing the generalization by a simple calculation method, the following operators

and states can be applied to arbitrary geometry instead of (34) and (39).
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o o
Ay =7 E rie% Ay — v E rie % A
J=1 Jj=1

Ag =7 Z Tje_wj AI — Z Tjeiej/ﬁ (81)
j=1 j=1

|<> = (Verewj — 7273@”]’) |1>S (82)
P =1

From the generalization of the divided path, it can be seen that when some geometry
is brought into the “ideal vacuum” and the path is divided, the expected value fluctuates

depending on the oscillatory field.
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B. Zero point energy of the electromagnetic fields

The electric field operators obtained from traditional quantization procedure for quantum
optics with Coulomb gauge have relationships with harmonic oscillator as follows. (We

examine only x-polarized photon for simplicity.)

1 S
1= (wq +ip)

N

Al = (wg — ip) (83)

S

where ¢ and p are position and momentum operators obeying the commutation relation
|G, p] = ih. Hamiltonian of harmonic oscillator is expressed as follows.

H = % (5* + w?@®) (84)

Then following relations are obtained.

Apoa 1
ta . . Caa A
ATA, = T (p* + w’§* + iwip — iwpq)
1 ~o ]
= (H - 5’”)
AAl =2 (4 Th (85)
Y 2

From (85) and (0]AlA;[0) = 0, traditional zero-point energy has been recognized as
(OIH]0) = Lhw, i,
OLALAO) = o0 (# = g} ) = o (W00~ Ghw) =0 (s0)
hw 2 hw 2
This traditional fixed zero-point energy originates from the definition of the electric field
operators in (83) without the scalar potentials. However we have obtained the idea that

there are potentials in whole space. Then we should replace (83) with followings by using

the operators in (34).

1

A+ Ay = (wd + ip)

Af+ Al = (wq — ip) (87)

9

Therefore Hamiltonian will be the same expression of the interference as follows.
. i a 1
H = hw (—g"”ALAV> + 5l (88)
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Hence the energy of single photon state also fluctuates.
N 1 At 1 A2 1
(1/H|1) = —§M(1|A0A0|1> cosf + §hw(l|A1A1|1) + §hw (89)

The single photon can be observed at some point with § = £N=, (N : oddnumber). By
using Lorentz invariant (1)AJAg|1) = (1]ATA,|1)

N 1 P 1 P 1
(UH[) = Shw(1|AfAo[1) + Shw(1|AJ A1) + S
A2 1
= (1ALA 1) hw + Shew = hw (90)

Therefore, (1|AJ{A1|1> = % This leads to the replacement of the expected photon number

as follows.

AT 1 PRI 1 PR 3
(0[A]A1]0) = =5, (UAJA) =5, (@A[Af2) =3, - (91)

Generally, (0|A1A;|0) is considered to 0. However, we must recognize (0|A1A;]0) = -1
which requires indefinite metric. We will revise this calculation later in this section. Even
with the revision, the conclusion that the zero-point energy fluctuates is the same.

Then absolute value of the single photon interference moves depending on the selection
of (0| Al A1]0). However (I) o : £ 3 cos 0 is maintained.

By using the expectation value, zero-point energy is calculated to be as follows.

M
~ . L A L A 1
(0|H|0) = —hw {(rf +ry 4 +r3) + Z Tjrke’(gj_g’“)} (0] AT A;]0) + Aw(0| AT A;]0) + éhw
J#k
1 M
= éhw {(rf e ry,) Z rjrkei(ef_ek)} (92)
J#k

This shows that the zero-point energy fluctuates such that 0 < (0|#]0) < shw depending
on the path division. This also explains the spontaneous symmetry breaking. From this,
infinite zero-point energy due to infinite degrees of freedom is removed when the phase is
completely random with M — oo in (92).

In the above discussion, we replaced the operator (83) with (87). However, if the operator
Ay is introduced, we should replace the commutation relation of the position and momentum

operators [¢, p| = ih with [¢,, p,] = —¢uih and examine the time axis component.
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Therefore the followings are obtained.

PUR 1

AfAg = o= (Bo” + w?do” + icwiopio — icwpodo)
U (, 1. L (, 1
= a (Ho + 52&)[%),}?0]) = a (Ho + éhw)
P 1 (, 1
AAl = — <H0 — §hw> (93)

where M, is the Hamiltonian corresponds to the energy of time axis. Hence, the total
Hamiltonian #; can be calculated as follows using the Hamiltonian of the spatial component
of (85)

=y~ Hy = b~ ALA,) + Sho t Sh (94)
Here we note that similar to the discussion the above, the last term obtained from the com-
mutation relation between the position and momentum operator of the time axis component
should include a mathematical expression that incorporates the phase by the path division,
similar to { } in (80). We set the mathematical expression to f, then the zero-point energy

can be expressed as follows.
. it A 1 1
(OF]0) = huo(0] (=g ALAL ) 0) + Sh(0]0) + 5 heo(0]£10)
1 1
= ihw + §ﬁwf (95)

In order to determine f, we use the energy of 1-photon state with the help of (80). Finally,

the following zero-point energy expression is obtained.
. A 1 1
(AN = ho(1] (=g ALAL ) 1) + ShoLiT) + ho(1]£]1)
- 1 1
= hw — hw {(’rf +r3 )+ D rj'r’kei(af"k)} + 5w+ Shaf  (96)

i#k

This is always single photon energy Aw in whole space. Therefore, in the case of the ideal

vacuum with 1 split path, {  } will be 1, i.e., f = 1. In the case of the actual vacuum

with M — oo split paths, {  } will be 0, i.e., the value will be f = —1. Otherwise, the

value fluctuates such as —1 < f < 1 depending on { }. Therefore, the zero-point energy

fluctuates as follows depending on the geometry existing in the space.

~ 1 1
0 < (OJHI0) = Shw + Shwof < hw (97)

42



C. Casimir effect

The zero-point energy has been measured through Casimir effect.3® 2 The following cir-
cumstance can be identified as a typical setup for the measurement of Casimir effect. From
the discussion in the zero-point energy, if a certain space that is not “real vacuum” but
“ideal vacuum” is prepared and a certain geometry, e.g. two parallel plates, is placed in the
space, then the zero-point energy of the space and geometry are calculated to be %hw and
0 < (0|H]0) < +hw using (92) respectively or hw and 0 < (0|#]0) < hw using (97) respec-
tively. Because the energy of the geometry is not exceed that of the space, the geometry is
subjected to a compressive stress from the space in both calculations.

This kind of attractive force of the geometry derived from the energy difference is identical

with the basic concept of Van der Waals force which will be the origin of Casimir effect.*®
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D. Spontaneous symmetry breaking

Traditional approach of the spontaneous symmetry breaking, which explores the possi-
bility of Q|0) # 0 or |0) is not an eigenstate of Q, has been discussed using Goldstone boson
or Higgs boson.?®4*. Where |0) is vacuum state.

However, the scalar potential exists on the whole space as mentioned in this paper, and
there are no electron at pinhole 2. Therefore, the state of pinhole 2 |¢);) can be identified as
vacuum instead of |0). We have shown that the identical calculation result with the proba-
bility interpretation is obtained by using the identification. From the relation (i]1s) = 0,
if |19) is an eigenstate of Q, i.e., Qlibe) = a|thy), then (s|Ql1be) = a(iha|the) = 0, where «
is an eigenvalue.

However from (48) and the generalization of the geometry in section IV A, (12|Ql)2)
fluctuates between —¢ and 0 depending on the phase of the scalar potentials. Hence, the
vacuum [¢y) is not an eigenstate of Q, which expresses the spontaneous symmetry breaking.

There is no fluctuation in the real space with completely random phases as shown in
section IVA. That is to say, there is symmetry. We can identify such space as “real
vacuum”. However the fluctuation gains entrance into the real vacuum when the geometry
in the space changes, and eventually the symmetry is broken towards “ideal vacuum” where
has no geometry.

This idea holds even if the origin is set to the “ideal vacuum” instead of “real vacuum”.
The space gains symmetry when M =1 or M — oc.

The above discussion that the real vacuum is filled with potentials of which state exists
under (or above) the original ground state is identical with the spontaneous symmetry
breaking using the analogy of superconductivity when we replace Q or H with energy level
reported by Y. Nambu and G. Jona-Lasinio.*>*® When the phase difference is fixed, the one
vacuum is selected and the selection breaks the symmetry of vacuum.

In addition, as described in section IV B, the fluctuation of the zero-point energy of
electromagnetic fields 0 < (0|#]0) < thw (or hw) also shows that the vacuum is not the
eigenstate of the photon number. That is the spontaneous symmetry breaking. Eventually,
the spontaneous symmetry breaking is caused by the geometry of space-time, which produces

the oscillatory field of the scalar potential.
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E. General approach for single particle interference

By generalizing (40) and (48), single particle interference can be described as follow.

(I) = (o] + (D F ([9) + 1))
= [+ {CIFIQ) + f{¢l¢) + f{Clo) (98)

When ((|F[C) + f(#|C) + f(¢|¢) = —3f + 5[ cos, single particle interferences of F by 2-
path geometry, i.e., (I) = f {% + % oS 49} is generated. Where F is an arbitrary observable
operator of the particle, |¢) is an eigenstate of F', f is the eigenvalue of F under state |¢)
and |¢) is an indefinite metric vector expressing the oscillatory field of the scalar potential.

When F is number operator of the particle n, and |¢) is the single particle state of (98),

the expected number of the particle fluctuates as follows.

(1 +{Dn (1) +16) = 1+ (CIn|¢) + (1) + (¢[1)

1 1
=3 + 5 cos 6 (99)

In the case of arbitrary geometry, the expected number of the particle can be calculated as

follows using similar expression (81), (82) and (80).

M
(I) x — {(r% +r244r)+ errkei(ej_ek)} +1 (100)

itk
The electromagnetic field examined in this paper is a commutative (Abelian) gauge field.
Although the description should be more complicated and future work, the above approach
will be applicable to a non-commutative (non-Abelian) gauge field introduced from the

invariance of the local phase transformation of multicomponent wave functions.

However, such single-particle self-fluctuation without interaction may be the origin of

neutrino oscillation.*”*8
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V. ORIGIN OF THE INDEFINITE METRIC POTENTIAL

In this paper, we reconstruct the quantum theory using the oscillatory field of the scalar
potential, which is the source of the indefinite metric. Although this scalar potential is a
well-known quantity in classical electromagnetism, we examine this scalar potential again
and extract the meaning of the reconstruction of this paper and future issues.

Usually in quantum optics, we can split the electric field and current density by using

Coulomb gauge as follows.?

E:ET+EL, V'ET:O, VXEL:O
i:iT+iL, V'iT:O, VXiLZO (101)
where the indexes “T” and “L” stand for “Transverse” and “Longitudinal”’, respectively.

By using electromagnetic potentials, “Transverse”components of Maxwell’s equations can

be described as follows.

0B 1 OEr .
VXET:_E’ VXB:?W_FMOIT
0A
Er=—-——" .B=0 102
T 8ta \% ( )

where B is the magnetic field. We can also obtain following “Longitudinal” components.

o¢  OE
E = —EOW (103)

Hence the transverse component seems associated with the magnetic field variation, and the
longitudinal component seems associated with charges as the regular scalar potential.

However, these associations are justified in a particular coordinate system, i.e., “relative
associations”. When the coordinate system is changed according to Lorentz transformation,
“Transverse” and “Longitudinal” components are mixed. Then the associations have no
meaning which is the important assertion of relativity*’.

This is why we equate scalar potentials with vector potentials, i.e., identify the number
operators as (1|AAg|1) = (1|ATA;[1) = (1|A}A,[1) = 1 by Lorentz invariance. In addition,
the Coulomb gauge removes the explicit covariance of Maxwell’s equations. Hence we would

better use Maxwell’s equations (4) with Lorentz gauge.
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By utilizing the linearity of the equation (4), we can express Maxwell’s equations with

Lorentz condition as follows.

DA* = O(AY o+ ALL) = g

(mat (vac) (104>
aﬂAu = all(AéLmat) + A?Vac)) =0

where index “mat” and “vac” mean “matter” associated with four-current and “vacuum?”,

I

respectively. If we naturally assume that there are no four-current in vacuum, then A(mat)

and A" ) obey the following Maxwell’s equations respectively.

(vac
DAﬁnat) = MOjM’ aﬂAﬁnat) =0 (105>
7 _ 1 —
DA(VaC) =0, aMA(VaC) =0 (106)

Equation (105) will express substantial photon excited by the four-current. Note that
when we consider the spatial domain far from and exclude the four-current, Equation (106)
replacing A‘(‘V%) with A?mat) can express the motion of the potentials in the domain associated
with the four-current.

In contrast, Equation (106) expresses the motion of the potentials unrelated to “matter”
in vacuum. Therefore, we can imagine that vacuum is the sea filled with the potentials,
which evokes the concept of an ether. Although the static ether has been rejected by special
relativity?®, the above filling potentials are not static entity but propagate at the speed of
light. Aharonov-Bohm effect clearly presents that the potentials without electromagnetic

field can cause electron interference3?:°0-51

. By the same token, the filling potentials in Eq.
(106) can cause interference with substantial photon. This is similar to the concept of
the non-integrable phase factor associated with the multiple-connected region of the space,
which was also noted in the Aharonov-Bohm effect.?! As the space is divided, a phase term
associated with the division is introduced and cause interference.

We generally calculate photon related phenomena using A* in Eq. (104) unconsciously,
i.e., without separation into “matter” and “vacuum”. However, we can not distinguish
A?mat) from A’{vac), which is very much like distinguish sea spray from seawater. Indeed,
no separation will be required because both are ever-changing potentials derived from the
same Maxwell’s equations (104). Therefore, the filling potentials in vacuum can expel and

incorporate the potentials associated with “matter”, which makes us imagine that vacuum

can create and annihilate substantial photon.
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The source of the indefinite metric scalar potential examined in this paper seems to be the
time-axis component of the potential (106) in vacuum though it is difficult to distinguish.

On the other hand, Maxwell’s equations, which has been formulated as a compilation of
classical electromagnetism based on experimental facts of electric and magnetic phenomena
from the Faraday era, can be considered as (105).

Here we recognize that (105) is derived from experimental facts, and (106) is derived as
a gauge field under the local commutative gauge transformation regardless of experimental
facts. Then the recognition emphasize the similarity between the introduction of the gauge
field due to the invariance of the local phase transformation on the space-time structure and
the phenomenon of vacuum fluctuation due to the geometry of the space examined in this
paper.

In the analogy of the electronic circuit or the communication using homodyne detection
mentioned in the previous chapter, (106) corresponds to the bias current (voltage) or the
continuous wave generated from the local oscillator, and (105) corresponds to the signal
wave. If the bias is a stable DC current (voltage), there is no problem in extracting only
the AC current (voltage) as a signal. However when the DC current (voltage) fluctuates,
the signal as the AC current (voltage) also fluctuates.

It is useful for engineering applications to examine the actual physical phenomenon as

the circuit or communication in which the DC current (voltage) fluctuates.
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VI. CONTRADICTION OF THE COVARIANT CANONICAL
QUANTIZATION

In this chapter, We examine the contradiction between Lorentz gauge and commuta-
tion relations in covariant canonical quantization of Maxwell’s equations, and conventional

solution, and propose new solution.

A. canonical quantization and contradiction of commutation relations

First, an overview of canonical quantization and conventional solution are outlined below.

The subject is Maxwell’s equations in free space with zero four-current as follows again.

A — 9,0" A" =0 (107)

In order to adopt canonical quantization, the following classical lagrangian density has been

introduced.
1 o1 AV VAR
Leclass = _4_1 ,LLI/F = _Z(aﬂA" - 3,,14“)(8 AV —0"A )
1 1
= —SOuAD A+ 0,40 A (108)

Indeed the following Euler-Lagrange equation gives Maxwell’s equations (107).

a aL’{jclass i at’gclass
“9(0,4,)  9A,

=0 (109)

By using this lagrangian density, the canonically conjugate variables 7%, i = (1, 2, 3) can

be defined as follows.

i _ afc%ass _ _li(FmFol’)

0A; 40A;

1 a 0 A7 i A0 i A0 0 7
= —Zﬁ((ﬁoflz‘ — 0;Ag)(0"A" — 0'A%) + (0iAg — 0 Ai) (0" A" — 07 A"))

=0'A" - A’ (110)

(e

However the conjugate variable 7° can not be defined as follows.

70 = Qs _, (111)
dA,
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Therefore a number of fixing gauge conditions have been proposed. Well-known gauges are
Coulomb gauge V - A = 0 and Lorentz gauge 0,A* = 0. Because Coulomb gauge spoils
the explicit covariance due to the separation of Ay from the four-vector, fixing the Lorentz

gauge has been examined by using following lagrangian density.

1 1
£y = —ZFWFW — 5(a,JAP)2 (112)

When we use the lagrangian density (112), Maxwell’s equations in Lorentz gauge can be

obtained from Euler-Lagrange equation (109).
A =0 (113)
Here the action integral of (108) is as follows.
S = /d4x'£class
4 1 U AV 1 VAW
=[d m(—ﬁauAya A + 5(’9”14”8 AH) (114)

The second term of the above integral is calculated to be %(@A“)Q by partial integration.
Then the lagrangian density (112) which derives Maxwell’s equations (113) can be calculated

to be following lagrangian density.
1
£y = —§8uAV8"A” (115)

The canonically conjugate variables can be obtained by using this lagrangian density as

follows .

_ 9L _
0A,

7r“ —Ar (116)

Here quantization is performed by replacing the fields with operators and set the following

equal-time commutation relations.
[Af(x, 1), 7 (', 1)) = —[ A" (x, 1), A" (x, 1))
=g 5 (x — x') (117)
[A*(x, 1), A"(X, )] = [ (x, 1), 7" (X, 1)) = O (118)
However (117) and (118) derive the following relations.
[0,AM(x,t), A (X', )] = ig” & (x — x') # 0 (119)
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Hence (119) is inconsistent with Lorentz gauge 0, A* = 0 as an operator.
Therefore some other lagrangian densities have been proposed. The following lagrangian
with auxiliary scalar field B, which is called Nakanishi-Lautrup formalism, will be the most

comprehensive form®?.

1 1
Lnp = _ZFWFW + BO"A, + 50432 (120)

Where « is an arbitrarily real parameter. The inconsistency between Lorentz gauge 9, A* = 0
and (119) can be avoided by using the lagrangian (120), introduction of physical states |phys)
and a restriction of Lorentz gauge in terms of the physical states defined by a subsidiary

condition, i.e., (phys|0,A*|phys) = 0.

B. Extended Lorentz gauge

The approach using (120) seems to be an artificially imposed mathematical technique
by introducing an unreal physical field B and unphysical man-made mathematical formality
called “subsidiary condition”. That is to say, there is a strong tendency to describe by artifi-
cial mathematical techniques that deviate from the mathematical description of natural laws.
In addition, the approach has been introduced for avoidance of negative norm as premises
for “probability interpretation”. However, as mentioned in this paper, the indefinite metric
expresses the physical reality that is inevitably required by theory, which is indispensable to
the law of nature. Just because it violates the probability interpretation, it is considered to
be fatal fault to remove the indefinite metric by making full use of mathematical techniques
according to the artificially introduced hypothesis and conditions.

Hence, we examine the lagrangian density (115) and Maxwell’s equations in Lorentz gauge
(113) again. It is to be noted that Lorentz gauge is dispensable for deriving (113). Indeed
(113) is derived from lagrangian density (112) or (115) independently of Lorentz gauge.

Alternatively the following condition is indispensable from (107).

0,0” AP =0 (121)

Hence from Lorentz invariance

0, A" = e(scaler) (122)
This condition (we call this “extended Lorentz gauge”) also has the following gauge invari-
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ance of (107) by introducing an arbitrary scalar function .
Al = AF 4 9y (123)

Although this replacement has been well known, we can imagine that four-vector A* move
on the bias vector 0*x such as AC signal and bias current (voltage) of an electric circuit or
communication using homodyne detection.

By choosing Oy = 0, (122) can be obtained repeatedly as follows.
A" =0, A"+Ox =0,A" =€ (124)

Hence

Al = A 4 (125)

where Afand f* = f#(x,t) are a general solution of Lorentz gauge, i.e., d,A7 = 0, and a
linear formula as a function of x,¢ with 0,f* = € respectively. The most common linear

formula f* is the same as a coordinate transformation in form described as follows.
[t = Blayz” +b") (126)
where [ is a constant for fixing the appropriate dimension. Therefore
e = fBag +a; + a3 +a3) = Tr(e) (127)

Where, ¢ is 4 x 4 matrix with matrix elements a” multiplied by 5. Here we replace € with

operator ¢ and substitute for (119)

[0, A" (x,t), AV (X', t)] = [¢, A" (X, )] = ig”6*(x — x') # 0 (128)

C. discussion

We examine the commutation relation [0, A", A] = [¢, A] = éA — A¢ # 0 by using ma-
trix representation of the operator. The matrix representation of the photon creation and
annihilation operators, AT and A, and photon number state vectors |n) are expressed as

follows.
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A=100

10) 1)

I
I e R

01 0 0---
00v2 0---
03 ---|, AT =
00 0 0---

,12)

o o = O
o = O O

0o 0 00 ---
1 0 00 ---
0v2 00 -
0 0\/30...

,13)

= o O O

(129)

(130)

When € = eI, where [ is an identity matrix or operator, the operator € just serves as the

constant scalar [¢, A] = €[I, A] = ¢(IA — AI) = 0, then (128) can not be obtained. From

(127), we should adopt the operator € that satisfies Tr(¢€) = Xe% = € when we replace € with

the operator €. Hence, the following matrix representation can be adopted as €, where we

set all diagonal elements to 0 for simplicity. Even if the diagonal element is not 0, the same

result as below can be obtained.

™>
I

e 0 0 0
0 &t 0 0
0 0 &2 0
0 0 0 &%

23

(131)



Here we can calculate as follows.

(€, A] = €A — Aé
[0 % ¢ 0 1 Joet o 0
00 v2e¢'' 0 00 v2¢2 0
=00 0 V32 ---|—]00 0 3% ...
00 0 0 00 0 0
[0 e — gt 0 0 |
0 0 V2% —e®) 0
=0 0 0 V3(e2? — %)
0 0 0 0

(132)

Hence if at least one £%(i > 0) is e # =11 then [¢, A] # 0 will be satisfied.

By utilizing the relationship (127), we can define the operator 0 = ¢ that satisfies Tr(£) =
Y& = 0 because ¢ satisfies Tr(¢) = Ne? = ¢ like (131). Therefore 0 = 9,A%(x,t) satisfies
(119) as the conventional Lorentz gauge

As described in single photon calculation, even if the number of photon becomes 0 due
to interference, there are invisible photons at the space-time due to the interference of the
opposite phase waves.

It is necessary to identify that space with a space-time of the phase state such that
f(6) =0, and it cannot be set to 0 as an empty space-time.

Similarly, considering the right side of the Lorentz condition 9,A* = 0 as empty 0 and
quantizing it as 0 will ignore the space-time that has some geometry .

Since classical Lagrangian density (108) assumes free space which is an ideal vacuum
with no geometry, the same approach will be applicable by introducing a phase into A, that

includes the existence of the geometry.
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VII. SUMMARY

Probability interpretation, which is the basic concept of quantum theory, has been consid-
ered essential in order to match the observation results of quantum phenomena with theory.
However, the probability interpretation had not been able to provide the picture of objective
physical reality like classical physics and gave rise to the famous paradox that an indivisible
particle is in a quantum superposition state that stands for the state that they are divided

into two or more paths instead of objective physical reality.

In addition, the probability interpretation asserts that the divided two particle in EPR
state have a correlation even if they are far away, and one of pair is suddenly change at
the same time from probability existence to a particle as objective physical reality when the
other of pair is observed. This correlation leads to a physical phenomenon that exceeded the
speed of light that contrary to relativity. Even a technology called quantum teleportation

has been developing by applying the physical phenomenon that exceeds the speed of light.

In this paper, we have discarded the probability interpretation that conflicts with com-
mon sense and reconstructed the quantum theory using objective physical reality, which

reproduces the same observation results as the conventional standard quantum theory.

For the reconstruction, we have used an indefinite metric associate with covariant quan-
tization of Maxwell’s equations. Although some mathematical procedures have been devel-
oped to remove it because the indefinite metric contradicts the probability interpretation,
in this paper, we pay attention to the fact that the indefinite metric is inevitably required
from the theory, and have approved that the probability interpretation should be removed
instead. Therefore we have incorporated the indefinite metric into the the calculations of
single photon, single electron interference and EPR correlation as it is. Then by using co-
variant description and simple calculation method, we have shown when the space is divided
into two paths, the scalar potential, which is the source of the indefinite metric, forms an
oscillatory field by the division. We have clarified the objective physical realities that the
single photon, single electron and photon pair having opposite polarizations are move in
the oscillatory field which occurs the interferences and correlations, and shown that the

calculation results agree with the conventional standard quantum theory.

For EPR correlation, various reports have been made that suggest there exists a long-

range correlation beyond the causality.!% 213753755 We believe that these reports can be
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explained by the oscillatory field of the scalar potential caused as the result of path division
and the indefinite metric in this paper.

We have also shown that the number of space division in the ideal vacuum or real vacuum
corresponds to 1 (no division) or oo respectively by generalizing the number of the division
of the space from two into an arbitrary number, and clarified that the oscillatory field due
to the scalar potential is formed when some geometry come into in the ideal space.

Furthermore, we have shown that the zero-point energy fluctuates due to the oscillatory
field of the scalar potential, the removal of the infinite zero-point energy which was difficult
for conventional quantum theory and the Cashmir effect originating from zero-point energy
can be calculated.

Conventionally, there is an argument that the zero-point energy is simply subtracted
to erase in engineering applications. By using an analogy from an electric circuit, we have
discussed that this kind of approach corresponds to the signal of AC coupling which subtract
DC bias voltage (current). And a real physical phenomenon corresponds to the electric
circuit of which bias voltage (current) is not DC component but AC component, which
causes interference with the AC component of the signal.

In addition, we have clarified that the space has symmetry when the number of division
of the space is 1 (no division) or co and at other number of division the oscillatory field of
the scalar potential is generated which breaks the symmetry.

Moreover, we have discussed the generalization of a single particle interference and sug-
gested that the neutrino oscillation may be caused by the self-interference fluctuation due to
the oscillatory field of the physical quantity corresponding to the indefinite metric. In this
generalization, we speculated that the approach for a commutative gauge field such as an
electromagnetic field in this paper could be applied to a non-commutative gauge field, but
it is a future subject to find a concrete expression. However, the introduction of indefinite
metric is the theoretical requirement that should be introduced in any fields.

We have discussed the origin of the scalar potential, which is the essence of this paper,
by separating Maxwell’s equations into two equations associate with matter and vacuum
and shown the picture that vacuum create and annihilate photons as the objective physical
reality.

Finally, we have discussed the contradiction between Lorentz condition as an operator

and commutation relation in covariant canonical quantization of Maxwell’s equations, and
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proposed the new method that can avoid the contradiction by introducing the extended
Lorentz gauge.

Although the probability interpretation and the reconstruction in this paper give the
same calculation results, this can be regarded as a one-to-one correspondence of the inverse
problem. The conventional standard quantum theory is not a systematic representation
of physical observations (outcome) by mathematical expression using objective physical re-
ality, but the assumption replaced by non-physical state (fake reality) called probability
interpretation, because it was initially difficult to explain the observation result (outcome)
by objective physical reality. For example, we can estimate the sound (outcome) from the
shape and state of the musical instrument (reality). On the contrary, from the sound (out-
come), we can estimate some of sound sources, for example, an electric sound devices (fake
reality), in addition to the musical instrument (reality) that actually makes the sound. Even
if the observations (sounds or outcomes) are the same, the true reality is unique.

The reconstruction is definitely superior to probability interpretation because intuitively
reasonable and exactly follows from Maxwell’s equations, relativity and the indefinite metric
derived from covariant quantization and gives the same result as the conventional standard
quantum theory that reproduces the experimental results.

From the reconstruction, the incompleteness of quantum theory, which has been alerted
by A. Einstein, will originates from lack of introduction of indefinite metric.

As A. Einstein continued to insist®, quantum theory should be re-constructed by using

the indefinite metric as an objective physical reality without probability interpretation.
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2 HZETERKIC L B Maxwell FRRRXDEFIE

TERARIE HiHE & 9 2 BIEOEHEN B TR OGRS 2. FEINARYHERSETE & e fd
I CHERERT 5121, Maxwell AREAD & THIZEWT Coulumb 7' — Y 2 FHT 5D T
X7 <, Lorentz 77—V 2 RALEZHLERRZ L 2B TR ALARTH D, 20O LIFIR
%J«Y\B%“C“Eﬁiﬁ"]f’%f%tﬁi RS, TDH, ZOETIE Maxwell HFERD Lorentz 7 —

IZEBEBREAROEFLIZOVWTERRS, HL, ZOETRARSETFIZ, RELAET
DI BB LRI AEHENSEGFEINDE YA FATFEOEAZHSNZT 5T LHH
HTdh s,

ZOHWMDR, ZOETIHEER Lo T, HEFAD Maxwell HFEX
723 4 T2 MV EEHEIRER O Fourier £#1T# L, % ® Fourier {251 % {HH 112
BEHZ, TNoOHEBETFRICKHBEREzRET S e Ta LT 5,

Lorentz 7 — ¥ % 8 H U 7= AT AT OEMS O EHER 7BIIiX, KEDOHMIND,
Lagrangian % & D # O 5 X R AR D 3 E AL 5 BUAGET B EM OB B E L 2 5 72
O, ZTOFFMIZ DOWTIFARETIFRSE 7 HIZTHIZIZHD FWiEind 5.

UL, AEDOE ELTH FEE I TEHEREUFROFHE, FimlEW IRV,

21 Lorentz ¥ —YIC&LBEF1E

HmOHFE L B DI, Tidd Maxwell FREATH 5,

10 1 0¢ .

‘za—)A‘V(V'A%—zE)—‘W‘

1 0 0 1 dg\ _ p
) E(V-A+C—2—at)— £ (1)

ZT Mo &U 8()
Z @ Maxwell &=
D477 MLELT

( 2 at2
HZEDEWMR L VFERTH S,
(1) D&

) WARTYYyIL ¢ & Ak, ZD 4 K% % Minkowski 22 ]

A = (A%, A, A%, A%) = (¢/c, A) (2)
LRt I NG, EMEE p LEMER I HFEKIC, 48R LT
=0 L A D) = i) (3)

LRk E .,



Z Z T, Minkowski 22Dz x° =ct,x' =x, ¥’ =y, X =z L& ET S &, Maxwell
FHFER & Lorentz 52 IZIRDEZE LA TRlR T 5,

DA* = uo /', 9,AF =0 4)
I, BRI
divi+dp/ot =0 (5)
Ix
9" =0 (6)
DEZATREINDS, TI T,
8, = (1/cot, 1/0x, 1/dy, 1/dz) = (1/9x°, 1/dx", 1/9x*, 1/6x°) (7)

TH Y. 0% d Alembertian : O = 9,0 = 8/*0* - A TH 5,
22 KAERZ MV OZEHIZLL T IR Minkowski 5t& T >V )L g, DfIELIEA

1 0 0 0
9 = 9" = 8 _01 _01 8 (8)
0 0 0 -1
ZHWT
Ay =9,A", A¥ =g"A, )
TatHEI N5,

ZT IRD A TERTZ "SIV D 2 RIERIE Lorentz Z#D R TCAZTH D Z LIZIEET 5,
(0 = (x1)? = (D) = () (10)

ZD2WIERIZYA FAGE 2@ - 0It0EHEEZR L, FidodtaT Y VA2 H
W\WT
=g, X' X" = —xx, = Py +2 - =0 (11)

CEHBREINDZLIZHERT S, ZOYA FAREEED T 2 LA IX Minkowski Z2H]
WOERDORZ MVONE, KORHBERIZSEAI NS,

2T, HHEMOEWSG 2EET 5D 4 wERE2 0252, 2D Maxwell /5%
RZWRET D 40K T v vIlld, LTI ONMHEERIC X 5 Fourier £#1 TRl T & 5,

[30]
3

Au(x) = f dk » " [aP(R)e ke + a VT (k)" (k)e™ ] (12)

=0

5



- Ak
k= — ky=1k 13
s o=k (13)

L. BRI FIORM N2 ML n LR 2Z 8L e (k) iEn?=1,n">0 & €0 =n
PLT,. D @ik nit BT AHET
V) - eVk)y =60 A, =1,2 (14)
LBIEND, €D IFIRD & SIZ n ITERT B (k, n) I2ED, EHLT 3,

eDk)y-n=0, [P0 =-1 (15)

ZOREHR, €O 32 H T -k, €D & €@ IR, € I3 DR 2 b L & RIRETEE I
b, FIT, IN6DODRZ MLE LT, IROEERHT 5,

0

0
EON L = @ = 3 =

(16)

—
-0 O O

0
1
0
0

SO O

0

ZD 4 FTEART VY v LD Fourier 8% A, = 33_, aV(k)e (k) & U THE T 1T E# X
ROLZHEREFRET 5 Z & T, BRI L SERGOEFDPTTDNS,

[A.(k), AJ(K)] = —g,,0(k — k) (17)

CoBTFERMT S, WHEIKAD Wy = 0 ICHET AN T -k, §4bb
elk) =0 2 0) DANT—FF V¥ v)b) FREMEHKS L BB E2FHEDO L &4
. (OlA(WA(KNI0) = —5(k — k') 72D T,

(1]1y = —(0[0) f dklf (k)1* (18)

%%, L. |1y = [dkfOAlKI0) TH B, &> THREEED EFEHROBETH 2,

ZIT )y &2 1 lH2REEEZ, MRMBHRIZLD, ZONMIFERICT 2D
HTFPEAET MR EMINT DL, ZOMRIZIYATATH D LWIFERITHD ., R
WOSHHES 5.,

BN ERT MIVORWNENR Y A F AR FI2725 Z ik, Hilbert ZZffl TOXRZ hL
ODHEDERIINTHHDTHD, THFH, YWHAREZ Hilbert 22D X2 b L
lx) £& %, ZDOWNHM (xx) % Hilbert ZZETDORZ MILONEDEHEIZEDLE CTIEEM
(xx)y 205 (xxy =0 x) =0 THDEHREL T, YHKRIEBIZE T DR L R —FT
LEamORREESIE, Hiah oBHINZEDO TR, ABKIZEAINZEDTH

6



%, ZOREMENSROoNDEFERRE L, 2 LRERER L O—BDHAER S N7z
R U TZDEHEEIPHLINTEZEDTH S,

COEFHEMEICINA, HRBNEAEEEOFEEZ., AN T —HIZEDFS LML S
TFHTHELT~YA FATEZ2HEEL, Ay B, IEEME Hilbert 22 T OREGmICE S
Z. MERMREPUEAE L W E M iThbhTnsd, L. 20 &5 2E b,
HER» 0 MARIIZEGFE I ND L DO TIFR . ABNEIEIZ X 28U LT R&ET
Hb,

—H. ZOYAF AfFE1E Maxwell ARER & ARG 5 BARWICEAI NS E D
Thbd, THZ2H, HRAOYHZERIXE T 2 ML L TH Minkowski 22, EH X TH
S X Riemann ZEfij & U Ciddd T, FHEPIEEMEIZR SN D L 5 REMTIE AW,

KX TIE, ZOYA FAFSHEAZHGRD S OMBRDEZF L U TR AN, HERMR
EZHVWEWTE TmOEBEEZIT), REUBRTIOYA FAFSOEAIZL - T, MR
R & BB — Yo+ T, H—&EF Tk, EPR MHEAOEHER R 2 B ICHETRET, H
D, IS DHREPEBIN LY ELEOH G 2525 Z L 2L ML TWVL,

728, Coulomb 7' — Y %2 EAT S &, REFRDIETH 2 MK D AN T —RT v
Vv )V ERRME EEGT S Z L2 IRELEOGRANHEIZ L5 DITinA, Maxwell /5
FEROHBERILZEES Kb E DT, YBiER O RS 2 BRI IEKF ICRK T 5 12
& Lorentz 7 — YV 2 BHTRETH 5,



3 BFTH H—-BFTiH. EPREEOHEXRMEBRRUE
B TODETHE

RETIE, FEROB N7 Tk, B—E 7T, EPR HE ORI L T HERERIC L2
BRI R R, BN TF TR LR —E T THORICHERMNE AT L. Thld
EREICEL VRTINS E R o 2R & H 720l % DREKIZHEI X N7 K 5 ITH
DFHRIT TR BN L2 FHAMT 5, A, BHEEICES L B-SETTHB I UH
—HTFFHBH TR, TOEBMROMLEIZL > TAEHBRDFTH L AN T —KT v ¥ v L
RENGERE L., ZOIREGOF &2 —NF, B—BFPoHlIhenRE—0k & LT
EH) T D ETTFEPBIEI N & \WD, BHNLYILREEZ - GBI Eo NG Z
EEHODITT B,

F7-. EPR I DWW T T ORNE A VR ZEY EIF5, 2@ EPR MBI HE
RFMERHAT DL, BEWCHELT SN ER o7 2 DDOXT2, FRHIZ BRI
MIVTHERIZ D AFAES 2B Xk (Entanglement) & & 27201 ER 63, K
Al D& T D+ DR EHIE Tl SE AN U 72 BRI 2 BIRREE O Y7 DIRAEDSRE T 5 & v
5. MERMRIZ T CRLMATRICFIET 2 TRFEOGRE] & Eo 2R E cERI N
e aHRMT 5, —H. BRRIZL S, MBI, ZAFAE L 2R UL
FIEIRESINTE O, WEAAPHESI NDBIZ, T o DNTFHEBARDEEIZ L > T
RENGERR UIZAN T — KT VoY Ve PRI T720, FRFTRREERHBED »
HEIDIZRZABIEEZHSNIZT S,



S

y 50:50
BS .
Input b» Path 1 '>¥?m
Gaussian beam
50:50
BS
: Output 1
Mirror Path 2 ®
Output 2

1 MZ PG OMIEX. BS: ¥ —A A7) v &

3.1 B—XFFHDHE

311 HERBRICLZ2BE—HXFFHOHE

LI —NTFFHBDOERE2ETNM LYy NY = v X —FHE (Mach-Zehnder
Interferometer : MZ F¥#51) OMIIGH & AR Z R T,

kDB —N T B OFE TIX, Maxwell AREEX (D) I2BWT, i=0&p=0&L7%xZH
HZEMTOERY % Coulomb 7 — Y TAN T —HRT V¥l ¢ ZIHEL, X7 MVERT
YUyl A DAREACZEENSE SN, HFHK, ERERE T a & a" 2HVTE
HifThbh s,

ZOETIVTOR-NTFHBOFEITIE, T OEGHE T

A 1 1
E=—a,exp(if) + —a 19
\/51 P \52 ( )
EEURRE n) DNEAIND, TI T, Quop IR 1, 22 EBBETE2NHOE—RNIZHYT S
KT HHHETTH D, 014 2 DORBKO NI L T BRMETH B, G0 & &),

. EFA 2 DORBIZAEI X NS ETO AHZEM (MZ FEEEAT) 1281 574K,
HBEAE T a L o', BIOCNRTHOMFMEE Iz, UATFTTERI NS,

R R i 1
mmhmw:mwkmw:mmbwwzzn (20)
A oA At At
. a) + a At a1+a2
a= , a'= 21
V2 V2



COBEGHETOHAR ETE 2R FEIZHAIT 3 EBBEHE S LT, Zh e BURE
ZHAWT MZ FBEHENDONRTFEDRUTO LS IZEHAE ST NS, [31]

A NS 1. St
uyxmmwa:Emmpmw+5mmpwn+amwmﬂ@m> (22)

HU (D) 13T BUT IS 2 5 0O5E ORIFHETH 5,
Bt rre UTRTHIZL (n=1) 2RAT 52, EilodRHEIX
(f)oci+%+%c059:%+%cos9 (23)
LEtREIN D,

ZOEHE TR, (19) TEASNA-BHEE FOF., SO FHIHRHE (20), Y614
i, HIREBRE T ODE 21) OX D AR SHL ML 512, MZ T#E» 6 AF LN T
. 2D0DRBEDOREEZICHY T HMMEZME ST, RIEE 1 & 2 DL DORKKITHER
12 CHElZERT 5 LRI NsZ b,

Z OfEFIE. MZ FHEHI AN T BHOBENKE L, KTHEn BAREWVEEIT, ELL
T 02 EONT-HFEL n/2 O T BN OREE BN LW HEtRR
R TR L ZZ NS IFEL L TR Y RO TH S, D& S RizHIZIREX, R
M7 R % 1 o 72 AR FBIC, T OMPLIREZ B URER L U CRIEI TSI 2 #5872
BAEREE LT HEbNTWS, ZOEAREZ AW HERERIZ O\ TIIHEH
HIZZL e EZ 5N 5,

LA U, MZ THGFHZ AR T BHOMEINE K, 2N Ea#IHRZWE—Y T2 U
T EDONZRMTH > TH, TNEFHALEETOMRE L - MkpRE e LT
—HFDMER 1/2 TR 1 & 2 ZFEIFIEET S &R 5 2 213, Hx OHFEFBAVEEIZ
KI5HLDTH 5,

3.1.2 BEHICLE—XFTHOEHE

Z DHERIREID & BB LB EAE 2 o 72 R IC R T 2 %, £3. B 1IZBT
5. MZ FHEANDARNF Y — LA DEMS &2 HEELRT 5,

£9 x-MHAFHTIRE U 72 AR w. EHRER B DY — L0 -8l 5 ARk S 5 &
L. ZOXE—L0BS L, FIZEWHERPAAHEMICESRBIELLTWE Ay YT v
NATRED LT 5,

ZDEE, ANDONE—LBEBFRIFLLTFD LS IZKRBETE 5,

2, .2
E::ex-CE-eXp(—Xj_gy )‘COSGUl—ﬁk) (24)
w
0

10




fHU. e, 1T x-Mih & EATDEAIRT ML, Cp 13F D 2 TAWREIZ AT 2L ELL wo 1T
W —L¥RTH5, EEBIERIZMRTUVIYYNVEANT—RT VY ILEZHWT
WD EHIZET S,

0
E=-—A-V
ot ¢

B=VxA (25)

24) & 25 o, AT MIVEE C ZAWT

1 2 442
A:——ex'CE'eXp(_x 2y )'Sin(wt—ﬁZ)+C
w wo

)

-C=-V¢ (26)
YEED, CEMRLRZ MVEBVXC=0%25%2LTBMRNERICBENT S,
ZIE, CL ¢ LMD AN T~ AZMNTC=V1E V(21+¢)=0 L EHTE, B
BIRD XS ICEHEE NS,

B=VxA
2 2 2 2

+ 2 +
= '[—gey-CE-exp[—x 2y )-cos(wt—ﬁz)— yzeZ-CE-exp(—x Zy )-sin(wt—,Bz)
w w; w-w; w;

(27)

£oT, E & BIFANOHHZEMIZBEASN TS, —FH, RIZ MV, AHT—KT
YR IVIEBRT LB RELLTOWRY, ZORER 24 E—fIThHH, i=0Lp=02%
U 7= Maxwell AR (1) 272 3 MMOBIRTEHRBRD Z LA F R 5,

ZZT, Aoy T7 v —LIdHBEMERIZEVED > TV D, EikE — L D%
w(z) X E A = 1um T, #IH¥EE wy = 10mm & $5 2, z=100m {z# L TH#K 10.5mm
ThHO, MZI DR+ m AT 51X, ZOEMRIED D IFRDKE X2 L THEH
TgéoZ@E~A%dw@:wmh+tﬁfﬁﬁﬁﬁga

t%@&iﬂ\%?ﬁ%@bfmf%ﬁ%EVVWﬁ%Tb%%EkLTV&VO%K
AN —=RTF VY Y VRBREMFET B, ZOAAT—KRT V¥ vIb &S FEINEE
DIFEZ /L T, HEEEZ L TIIRT,

FIRITIPMURT UYL EANDT—RT V¥ )UiE Lorentz ZBH#IZ K> TADIERLU S
A, ZD Lorentz AWM S, RZ MVERTF VYUY ILEANT—RT V¥ v )LIXREIZEIZK
SRETH Y. (IA[Al) = (HATA 1) = (ATAN1) = (HAIAS|1) b T 3R & Z L ichHR
T 5,

11



HEDOHHEALD A, 11283 AH Y =2 x e mE L TWwa & L, FEY R
CEZONDMPEEELHT S, Thbb Ay =0, A3=0F%, L2L., BiddL7Z&LD
AR T —=RT VY VIFREEIZEET 5, Lo T, MZ THEDOATEDTD 4 55K

TV
Ay = (Ao, Ay, 0, 0) (28)

LR TEL I B,

MZ FHEHZ & D 2 DORBEDPFAES 25 G OYHIZZ Y RBRII AN T — KT v
YYNVHRREEINGE I L THS, TIT xWIAFITHEA U BB TER I NS BT
DR 1 ZEE L, AN T —RT U vl Ag R 1 & 2 Oi HIZE X kg R H
25, ZORETIE, MZI ORIE 1122724 iR MVKRT V¥ vl (= Apgan) ) &
RREE 2 12 072 4 JTERT MIVKRT V¥ v )V (=2 Appan) ) IFIRD &S IZRBITE 5,

1 .
Agpathl) = (5610/2140, Ay, 0, 0)
1 .
Ay path2) = (Ee 924, 0, 0, 0) (29)

HU., 0 3RBAEZ L0 AU REEXITHLYT 22 AT — KT V¥ v LORHEE
ThHhd, ZIZT, BIETOERALIZFEV, 4 TRXZ MILERT VY ¥ )LD Fourier £258 %
Ay = Y3 ,aV0el (k) L UTHBFICBEMR, SBBERERETILIORT Uy
NEREHETFE LT T TEIGEREE 25,

ZOBEFLIZREN, MZIRRES 1 & 2 2103 2 06E — NICHRY § 26 F s %
Aty & Appany LEHET D, ZOEHBETORIC S FEF I & 5 HE

ATA = —g, AMA” = —g"ATA, (30)

NEAINS,
MZI 1) D HF- BB F1E A, pant) + A a2y 72D T MZI I ONFBHE 71

=" A ugunt) + Ayeouina) | {Arant) + Avunny} = =5 AgAo + A1 = SA Ay cosd (31)
Sohsb, HU, ANOREBRZ W,
_QWAZ:(pathl)Avr(pathl) = —iAS ot AIAI
_g#VA’u:(path])Av:(pach) = - ‘l—te_lgAgAO
_g#VAZ:(pach)AW(Pathl) = - %elgAzL)AO
A A _ 1 AT A
_g'uyA,u:(pach)AV:(pathz) - = ZA()AO

12



(1) & 1 K THOREE 1) THRATHET 22, () o i —Lcosd WFENZ, MiAHED
FLHE SR YRR

. 11

(I) o< 3 + 3 cos 8 (32)

BESN, (23) AVEHEHINS,

ZT, ANT—KRT Uy BT DOXE % ZBINYNELA L UTHAIZT
25, ZOHE—T MZ THERREFIZHERT S,
B IR EEAREM 2 E T 2D T, MZ FEFE0 AED & D % X33 5K
AMZRBHIZR, &5 T MZ FEETO AT O AT A DI T HBEEE 113 MZ T 5
Ty LRI R I NS, ThbD

-
—

A A " 0. .
Ay = Ay:(pathl) + Ay:(pach) = (COS EAO, Ay, 0, O) (33)

ThHb, MZ FHFOATNTIEHS PICB—HTDFIET D LB 2 2 DDYRRRIZ 2 Y T
HBHH, (28) ZHWT MZ FHEHDANIIBIT 2 HE N TIREBON TR EHET 5 iR
& (U-AJA) + ATADIY =0 2725, L L, Ag=0 2 LTAAT—KTF V¥ v L ENE
T2 FHIIE SR,

—J. 33) TOH=+Nan(N:ABE) L L7z EDNFEIE 1 THD, Lo>T, MZ Tt
DANDAR S —RF ¥y ViF¥aTIEARL (ETIERL, T%2bb Ay #0) WiifHD
WTHBHBHLAE>TWS, 7405 cos(0/2) =0 ERBIRETHE, ZDZers, &
BAZDED DD L, ANT—RTF U v IVIE f(0)-Ay D& S RIS 2 ED Hd & WS
BafEonsd, HU £0) 1% 0 DIREEKTH 5, Z OIRENE ORI IRET LA THL D &
5 EPR MHBHIZBEM U 727 A2 287 L38T 2 Z &g Th b, FEHEDHTIEI O
FGomE, ZOREGE THLURNSEET L LMIRNT 2 LMl kd, LoT,
LR D ZERINLE T DB OREDHIFHEIL (33) ZHWT () o 3+ Jcosf LRI ND, 2
DZEMNE, EEDHTHEAREBMREEZEALTEH, TOREKEETO=+Nr (N : &)
& 732 B AL TG T IR B SR 2,

DL, HERA» SEFEINIAEFHEZHRMRIZL SobhTZITAND &,
MZI Olf JFDREFRIZ AT T — KT V¥ v VDFLEL, Fh MZ T ORRIK D 53 #1Z
Lo THIREIG 2R L. FRIOREE? S AR U728 — K72 Z OIRENIS & T LR 558
We 5, &V HMERYENELEOREN T OoND, BB, TITERLEREDOSEN
X AIRENG DL, Aharonov-Bohm &1 RI2 B 13 5, 22 D% AR TIXE 7k E)
BB ORT VY vy VITHKRE U AHEZEETE AW 2IZHS L TW5, [32,33]

LROFEEHBE T IR Y — L UTETRIRICES A TERAD L, ANT—KTV
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VY VITETEERICB T BN T AER (EE) THO, B—HFTHENT MLKRT Vv
XIS T RAER (BIE) b2 E5ER (BF) LEALILbARETHD, H
L. 258, N1 7 A&ER (BF) IZER (DC) N1 7 AE&ER (EHF) Tlanl, F5
B (BE) LTHLTHNESE23(ERIT. &K (AC) N1 T AER (BIFE) Th
%, BT EL, EOWVWEHEED LIZEBSVINbY, REORESE2Z T TEESHES L
TWAHIBRTH 5,

HE XA UHEARDOEFBEREEOT Iy —2HVE, AhT—KTFroy
WEZENIZE PN @ IR T 5 RRIREG. BT IIMESTH . ZEh TRABIREE
DHERGEFIRE L ESOTHICL DV ESHEREZMO B L TVWDE Z LIZHY L, REMERIZ
REFREREIMED > TV e WS Hitgke 5,

LR OEFT A VA DY LT, RO LS REAT A 2 HBAT L, B
KT FHOFFREIMERTH 5,

P B Ly
Ay = zve 024, - Eye 024,

2
/\/ 1 _l' ~ 1 l‘ ~
AJ:EWH%Q—EWWMI (34)
HU. y* = -1 (T 7&dbbH, yiZ Minkowski T > VIV OIFHIRDFEHRIZH YT 5,

Vigl= Vo= V=-1=y)
ZOBEBATEAND &, BOMEDIFE (1) o« (1A + ADTAY + ADID) FTFRED LS

IZEHETE 5,

NP DV VU [V BV
AJAO:—ZALM——ZﬂA1+Zd%ﬂA1+Ze”Aph
| VISR VI
= _§A1A1 + §A1A1 cos 6
U U s
ATAy = —ye"PATA — Sye PATA,
T v E
A&m:zwﬂmAMi—?@mAyl (35)
BARENIZIRDFER BB O N5,
(1ATA 1y = 1
a1
(HAGAGI1) = =5 + 5 cos o
b A 1 . 1 .
TAY _ i0/2 —i6/2
(LATAI1y = Eyew - 3ve ol
A 1 1 .
<1|AOTA1|1> — Eye i0/2 _ 5)/619/2
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N AN AT A NAIN 1 1
amuﬂn+um&wn+umydn+um&mn:5+§ame (36)
ZOERIZ. 29) DRDODIZ, KOS ATRT VY L EHWEZZ LIZHYET 5,

A a1y = (0 A1, 0,0

n 1 i A
Apur) = (5 ze'H/ZA Sie e 24, 0, 0, 0) (37)

CDHBEHEEARRL TR EEELIERI 25, 2O HEE 2 Y=L
RS LADETHIRT 5L, B 1 IFHRATOAPEEL, BIK2 DAIZAN T —
BT Yy VORENGWNGFIET 5. LWOHRIZZR D, AH T —KRT V¥ v VOIREIGE
ROHGRIIEZE DD, AN T —KRTF VY v ARREMIFAET I VD, Hov T Uk
Y— Lz RITHEGR U - ARG R KON AR L5, BHIZ, PABETHERSE L5112, #&
P ENZ X D IRENGI R O — AL DGR 2 NIHEIC T 5, £o T, ZOfGEEEITEE
FEREAEBT 52V ERTHEMBENTIED 25, BB RY N2 BERICHEET
ZHDTIRBVERZIDIRETH D,

CZECOREIEIAEHEDOFEEERTZ2ANT KT V¥ v VEYRNFELTH 5
EUTHAET L UTI D o203, kDR 15D Heisenberg #i3 & OF Schrodinger
BITHEZ | HBETIZAAN T —RT VY Yy VOREFEEZ M UM 72X %. Heisenberg ffi
BEMRZLIZT D, £5FT2L, REXRT MVIZAA T —KT V¥ ¥ VOREG &%
URHF 72 & U T Schrodinger % % A % Z LN ATREL 72 5,

Schrodinger i/ T 1335 DR & O MFHEIZH T 1 (X721 2: § AL R %) TORE
s +10) &1 ((72132) COBEEGHET E ocAS({%iz—FOD S 1% Schrédinger M ¥
) IZHHI9 % Schrodinger #iffk T O FIRHA T Ay ZHWCEHETE %, HU. |1)s
O XEBEEE OB L B, KT OAPRE 1 2 EET 2 REE, ANT—KT v
VY IVDARPREE2 il e 5 (FETS) REEZRT, i 2 TIMHEN T NLND
T, {0y = 0 D EPNZBENDH B, &0 HMAEHIZ. Hamiltonian H % W T, HEE
T AL Ay BEORIE |, |)s & A = M Agem i v |1yg = UMYy (5 Hig 5 2 &
THzoN5, HBFFEEORR 34) £HWT A %

1 . o
_,ye—lQ/Ze—ﬂ‘(t/h) |1>

" A A 1 /
AN = ﬂ{t/hA 10/2 —iHt/h _

2

o ~ 1
— eﬂ’{l‘/hAS (_ 2

, 1
ye'? — —ye WZ)H>5 (38)
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(
(
A

1 . 1 .
£y = (5749/2 - 576-19/2) I1)s (39)

LEHET D, (IATAN) = (AL AsI) £ 7258, =0 DK ) =0, TRbb (=02

20, ZOMMTMBBIETI N, ZOMGEHRIEDEA % H\\z Schrodinger i %
FAWTH, HERMIRZ 725 O5RE OMAHENBEBE I N 5,
(Iy o (U5 + DAL As ()5 +1¢))

PN I 1 1 1
=1+ (g’lAgASl{) +(1|IO)s +()s =1 = 2 + ECOSQ =3 + ECOSQ (40)

BB, ) =-F+3cos0 TH Y, 0+ tNa(NARE) T () <0 &40, ) EARE
SRR MVTHDZ R0, REXRYZ MUWVZAREG &% M U 72 Schrodinger

BTHE I ENHFETE B,
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X2 MRENRE—E T THBERROMIEN, ErE» oS NZE T2 DO Y
F—LEEABL, A7) =V EOBFZERTZEIN, TOZEMENAIY -V E
DFHNRE—ve LTI nsd,

3.2 $ :F/" E‘I’%:

321 MERBREBVWECBE—EFFHOE

B 2 13— FHERONRRWNE RO TH 5, [29,34] ZOWERE 2EMIZH
HRH2B LW BN FHLAFDRIIL > TS,

R IRE % FA\O 72 BT IR TR, X 2 O B —E T T IR D e R R

¢1 = x1X1ls) , d2 = (x|2)(2[s) (41)
EHWCTEFEZ AT — T HBTHER (BE)
Py = |¢1 + ¢of (42)

WX o TEE I NS, [34] 22T,
(1o2ls) = (BFHEYHR—IV 1 XIE 2 IZEET L | B2 s (BFIF) »5H5 )
(Xo2) =(BFNRAZY =V x IZEET S |BFHAEYE—IV 1 £721E2%2H%)
EWVDHERIRIETH 2,
EydR—L 1 X208 52BN TWE L E, BErad A7) — I AR
(BRHE) ldk% Py =|p12 Pr=|pol> THB, TNSERLDETE P=P +P,# P, &
FAEIN, @WADOE Y E—IVERRIZHEITZEEOTFHE2HEBELZY, XoT, B—F
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FENM EAETERNMNIEH S THADY Y A — IV EFARHIZE - 72 L RO X5 28744
Y. WERMIROEA %2 RERL I NG,

COR—EBTTHBE, B-ObTrTH LR TBHEREZ 525, MRMEIRTIE, BT
FHHETEB SN TFHEETORD D ICEMERE T2 EH L, R 1 28 —-FTH
T BIRE R O 2 2 B H»EET 2 REEE 2, ZOREBCEMEE 2
L TCTH-EBTTEIEIREINS,

BRI, n e TEREE n OB TOVEET S L W05 ETHUIRE |n) ITE S,
QD) ROWHT a » SR I N BN FREF T n = d'a 2, BHEET Q = [Pxjox)
AEHLUTEEMR D, SIT jox) & 4 TEH j, = (gD =L +V-i=00DH
0 TH5, ZDEMBAETIE Q) =ngn) ZiE T 5, $hbL, nBFREIZQD
EARETH S, [35,30]

PRI 1 CREE 2 O S 2R 12 CRBHOBET 5, & \WIREE |1)1e0 2%
Z25e, ZhlX

e = %|1>expie+ \%m 43)

Tk TE %, HLU, 0 IIRERICHE T 2MMETH D, ZORETEMEHE T Q 2K
Lo, BT OMEIRHE (1) 1%,

A I 1
(1) o< (1]1&2QI1) 182 = g (1 + cos §) o 61(5 +5 0089) (44)

I, HIEIOBR LT FHERIUETDH 5,

3.22 BEREAVWZBE—EFTHOFHE

Z DHERFEIR > & BHI R PR FEAE & L o 72 BRI MR T 5 4. X 2 OFEBIRILZ
HILERRF THERET LI Ln6M0D 5, KM2I1I28WT, £k 2873 h MERK S
IR BIRBED j= Ngv DBEFE—L A —HTES, ZI TN ITHAAKREY-
DDBETH. q lFEM, vIFETERETHL, BTE—LDEEN wy DL &, BRI IX
[=nmwjj THEASND, EAYN—)L (Biot-Savart) DIEANZL D&, ZTD LS LETD
EHNIZORBEORE 0 IZHGE RT Yy L a2EL 5,
BFOEHNI—EEE T - AT RET 5 &, HEREDH D DR FVRT v
VX IVIFIRD XD IZEREHEI NS, [36]

Ay=A, =0
I 1

- In— 45
2mepc? n r (45)

A
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fBHU r = \/xZTyZ’C‘W)V)\ g0 IXFFER, ¢ IFNHHET

oT, ZORT MVKRT VY Y IVIEEH S IZEFHE Of:lf‘/ﬂ‘\—}l/f:“ﬁ't“fa?<\ Uil
Oy r—IVEWB I IT 5,

Iz, BifiOBR—NFFHeFERKC, FAlOY Y- 2 ZEBNRYHINELETDH 5
BEWMEHL, MO Y R— NV E2RZEMITAETERT VY v VR TETOEHIZ L -
THEUERT VY Y IUDRGFEETEHE VIR EZ RS LR RS,

ZD &S RGE, BTHEBBEKIZIRO LI ITRINEIRETHS,

W=y exp[z£ (pdt — A - a’x)]

s—Pinholel —screen

Wy = o - exp [z% (pdt — A - dx)] (46)

s—Pinhole2—screen
RELY, E Y, BRT vz i—v1 &2 2lio A2 ) -V EOEF
DWEFEABTH O, Y1 & Y ERT VU vy VDOEEEZIT TR, Erih—Ib 12212
M55 BROB B TH 5.
TR MR T 1%

Pioc /' = 1) + g5 = il + ol —2R€(€Xp[l% (¢dt — A - dX)]lﬁ lﬁz) (47)

s—1—-screen—2—s

AN =y BIZE TR RIBTHEREMIRL T3, HLU, ﬁﬁ%@ltZﬁEy$—w
1 &2 %R7, HRMIRTIEL U F—IL 1 KO 2 28 —BOBHEKICEET 5 LEZTH
5, FEHULEESIZ, Fllovy A—)L 2 B—ETH5E8E, Wbz ﬁrzyv»#ﬁf
TBH5LLT AT ZENZDT, ZNEAZY) — v ETBRINS B RHEDOHHEL & X
LZDMWEETHD, HU, 47) TIEEHEEZEZHNTWEDT, ZOHG% X 0 HMECT

IR E BRI D SAIRFER 7 MIVIZRBAIT T BN D S, 0B, (47) IX Aharonov-Bohm
NP LEFORNTH 5, [32] T OAAHHEIZZMGEIEAY 1 S0 AT HE 72 B fHis C
WHETE DA, 1 AU SR WS ERFEEIR CIXIH AT 2 2 ek, 4=
T—MLLTERT L L5112, ZOLZHEEFEHEE L WD ZHEED, Jifio 2 20 Y v
FDHBE—HFTHR, TD2DODY Y R—LIEET EIG5EDE—EFTHORKT
H5,

CDORAT, BEFRIIEHREZRERYZ FVIZHEL., fGEEEIIE>TE Y A—IL 1
EHETNEATIRE ) ERT Uy AR AL 2 BEETS (FETS) &
WOIREE |yn) 2F 2 5,

BT /1% D Schrodinger #ifk Tlx. BRI DR NVERICETFHEMAT HREIX, BEFO
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IRFE )  EZ2RAER 0 T BURFEL £ 2 |0) DIEFEE LT [Y)0) = |y,0) KL hd
D, TNEFE VRV ZR—F AT BAREE ) EER BT Bk S,

F7z. BB ELEL U TOR-DETVEFEERET. AT —KT ¥ vy
DAL D RAEIE. ATEIO B —H T FHBOFHEIZH Wi Z 5 Bk D Schrodinger i %
ffioT, ONFHEIREI0) & |0) DEREDLETHE |0)+|0) LEZXBIeNHKSE, Z
DRE L BFREBOERZID & [Y)(0) +10) = W)HI0) + [¥)IE) = 1) + W) 72D,
W B TFDPFHEET AN T —RT VY Y VDABFHETHE R —)L 2 LR UIRREY
BADZEWPHERDLZDT Y = W) EEL 22k S,,

FoT 28 VR—NVE-EFTFHIZBETE A7) =V ETOBEMMBEIL, EREET
BZDAIZY =Y ETOBTIRFE |Y) + Yn) THROZ & THEINS, 39) XAE2HEMHT
%k

(Iy o« (il + al) Q (1) + )

1 1 1o 1
= (Y1 (1 +5ve oz — 57’69/2)(2(1 +5ve o2 — Sve 02y )

1 1
= q(i + 3 cos 6) (48)

G BIEOMRTIIAF MO vy h—itid, B—EBFEEANTI—KF ¥y L
MPIFELIRWE WS FBRIZIR B0, fiGEHREEOHTHIH L2 X512, 4, mfle
F—IFET B AN T —RT V¥ v VOIRENG 2 o v F—)VITRES 2D
WEZRoTWADT, ZOR—EFFHBEMEME Y R—IVITFETEAN T —FRT Uy
WIR2 DDOEVR—IVTHEXNIREGZ A L. ZOREGOHZFHlo Yy H—Ln
O AR U-B—BTPIREGE THLRVRSEBLTAZY —VIZRET S, L0
nELND,

20



Screen

~_> yA V\\\\ POl 3
' Pol I *
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[ 78 X M7= Y6, Pol3 1 [a#E 3™ 2 i YEAK.

3.3 EPREEDEE

3.3.1 HEXRMERAH /- EPR#EEDEE

MEHRMRPUZ & BT D% W72 EPR AHEADEIRICIZ, £9°. B 3 1287 Quantum
Eraser (27 H LU T 4) CIEENSREHREFHW-FEBRREFET 5 2 &P HERIZE D,

Z @ Quantum Eraser DFEIZDOWTLAFIZHEE 4 5,

¥ 3 DR TETORARB NG E, A2V — ¥ FIZITHAR OMEERE TR S 1 5 T
AT NG, i, VAV —0EMEZED L —YHD, 714 v —DfflZi@ES L —
PHEERXIETHETE2NETHEN, ZhE, L—FroBRINZL = HEHET
BENTHRTAVY—DEL SMl% @S =DDEWB RN, EEVHRZ 5,

{RIZ. which-path markers & IFIEN SR 1 & 2 B 3 DFRIZT A ¥ —D T <A
B I NS &, 45° OfEMETL =R s HE I L —PHiE, 2o OfFEHRIZ
XoT, MEAM xXWHE y M) ctahsd, ZoOR 227V —r EOFHHEIEHE
EINd, Ik, VL—PHEERT 28T, VA v —Dbofllzfiolznend
&% % which-path makers "G L7z, L EWVWH#Z 5,

B2 which-path makers (ZH1Z T, fRYeHR 3 DMESEARE +45° Xid-45° TR 2 ) =D
ERfCHBEIND &, FHRREIEERNS, ZhE, @M 3 % which-path makers D
Rio CWhBREENIZ L, LEWVWHRZ 5,

INSDEVHZN SR ERRIT, MAEROBEEIZE D, L—PHEHKRT 80T
MW, TAV—DELLMEZES T2 EVWSIFREENZLZD, BZLZDTEHI &n
5. Quantum Eraser (2 7{HL T L) LEENTWS,

MERMRIZ L D, ZOFHMOHEE L BEOBFANRIZ, R 1 2@ - 72 x fmtIR
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& |x) &AmYet 2 238 o 7z y RYGIREE |y) 2> TR S b,
Rt 1 % -5 72 x fRYEIREE [x) (&

1 1
) = —I+)+ —I-) (49)
2 2
Ryt 2 %238 - 72 y fRJEIRRE |y) 1%

1 1
= — ) - —|- 50
) V?H \5|> (50)

LRI NS, HU, |+) & =) i x @iz U CTRGAE +45° £-45° OIREETH 5,

49) & (50) DA T RB &, xf@te y MEIFER L TWS DT TFEmEIENZ WY
ZEIZHHTH DA, (49) & (50) DA IR —RCIRERE TN TWE, L L, R
JCAFE +45° DYEHME D T & w e E-45° ONHMES THfIL. TOHBELETH Y
HHHELAED DT, #ERTHERMIEENT, which-path makers X, L —V X2 HKT 5%
T, TAY—DELLMllZE> TP WS HEREAENIZ LI &I12Rh 5D,

Z 2T, W 3 MRS +45° XiE-45° THREIND &, |+) DIRE, XU |-) DR
BB L =YW IIDMEAMN 3 2385 Z e d, LoT, (49) & (50) DI D4
WZH5 |+) X |-) DELSLDREBIZHZ L =PI & B FHBIPHERNS Z &2
%, T, VL—YREBETAENTL., VAV —DE5 5% 7208\ D E#RD
R 3 I & > TNz I N2 iz 5,

DV —PRAEERTIELTD., TAY—DEE5MllZ2E> 7202\ D BEIROAR)
fb. ERbiE, V=Y HOMEPMEIZ/NI R, BT rRhoE8I28, 49) &
B0) oL K DIT, xWAEF y MAEDRE -1, T EoBlH kR —
HFTHDIZEPDPDLST, RAAE +45° £-45° DIFNE R - -+ % 1/2 DR
TAADIREERIRE NS,

Z DT HIEEOFHE & R T 5 12X, BifioR— AT TFHOREIZBVWTERS
N-BEGEEFICBEWT, WA 1 Ofl2 MZ THFHOREE 1 icES B, FIER2 o
M2 3208 2 ICE SR 2 Z LITIA, WA 1. 2. 312X BT M0 E A % Z Dnlisf
JEICE SR 5 Z L CHKIZEIR I NG, FHREICBVWT, L—¥hr oI nd e —2L4
DX RBHAETHEHEL yRAETHIEGEDOMAEEZEAD, ZHUZLD, #ibd EPR tHE

DEIFE L FH—DRERMF SN S,

ETEETIE, WEHROMEIZET x 2 LIS, LYo HiFInsHE—L4
DX RAEDKTTHB5GE. y WADAEBESE DM 2 2@l 5 Z 2R vi
TTHHM, x I (49) DRRIZ, x @& X R 2 2 RCGIREBOMRAERSDETH S
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EFEZ, MTHMIETE DR Z T ORI E LRI D A E D2 il U 72 AifE & &
SR DI L TEHAENHREL 5, x DI T AR 1 Ol % @# T 2ERIL, F
YR 1 DAEE LTEkE s, ZOEEIETc x #ZmE L TWB DO THAIX 0 &%
N5, ZOmNH 1 Zid@-> 7z x BRI U 72 06 PRI mEIR 312 & 06T Ah@isE
TEBHMERITHY T DR 3 DEEEAE |p| ZAAHICEAL TR I N5,

— 7. @Ytk 2 Oz @i T 5 x DN FIFFEIER 2 12 K - THF @B T E SR
AT B AR r/2 & LTRSS,

Z DGR 2 238 - 72T IR 3 12 & B RS T — gl BEAIND, e,
etk 1 & 2 DDA 0 % x REHNZEAT E, ZHickd, UMTNOEGHE T2 &
BT EeHHKS,

E = Lz&] exp (ilg| + ) + %&2 exp (ig)exp {z(g - |¢|)}
=$¥wmﬂ@+@+$¥wmﬁ@—mﬁ (s51)

COEGHEHEFOHRE ETE 2 FHEETFE LT, ZhEBUREBTHE Z & Thiffi

FEEIZ 22 ) — > EOFBI I ONTRAHE SN,
dwumﬁmm:%wﬂmm+%m@@mwwmw+mwvaww (52)

() VBT RRE 26 TR S 2 B DR E D HIEHE T H 5.,
HeRIBIRCIHNETEM ] (n=1) THEIE-NTTHEEELED. il OMAHLIX

A 1 1
(I x ) cos (2|p| + 6) (53)

CEHREIN S,
WIZ, V=PSB XN R — LD y WEDNTTHE5GE. y w6 %
BEIL., x [REDGE & RKRIZE Z 5 & EIGHEE T .
. 1 r 1, AT
E._-Qialexp{z(§-+|¢0}-kfgiazexp{z(i-—|¢|+eﬂ} (54)
Thh., FirgEons, -
(B o 5 + 5 cos (2491 - 0) (55)
EoT, L—¥U—Lnix DEE y WAOKTE 12 OWKTE~ | B LA TS
B, 2O TR (53) & (55) ORITHZ SN2 LIk s, .

<Bx1—%mum@+m+%am@m—e) (56)
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4 4 EIEFER Quantum Eraser DRERMEER. QWP1 & QWP2 [Z X7V AV v hD
AT U 2 A X TR E U 72 1/4 I EMK. Poll (&R YeH. BBO (B—BaB,0y) #&fid /3
T A MY Y IR AEBUZ & 0BT A FET 5.[24].

INT, ¢ =4m, £3x O, () oc | L7320 FHRIAHEI N, ¢ = £47 T(I) o 1 £5in6
L, THRIEEINS,

L —PRRENIEF I, x @AEDHE N1 L yRAEDHE—-HTFTHEEINIGED,
Z D (56) BEALT B, BAT D EPR HE Z G195 72 8 OB IEZE R Quantum Eraser 1.
Z @ Quantum Eraser DFLIZAWT, V=R HE I N7 x @EDHE Y+ D
GBEL yREOH—NFTHREEITHL L TE Y, EERTH/ SN NF THHRE I (53)
KO (55) L RI—& 5,

4 1Z EPR M % Mt 9 5 72 O DB LE 2R Quantum Eraser D SR DHEIE X % =3,
Z DEERIX, 51D QuantumEraser DX 3 O YeH 3 D& EN % w6 1 ASHH > T\ 5
DEFEURIEIR>T WD, TDORTBBO AL —Fs Bt n Tl E . ik
FRPERUZp & s DRZEFHETZ, TN DHTIXR~ I OREEIZHET U p 134FEHK
1 TR HMZERELUTEZEK Dp THIEI NS, s 13dllZ2ERI G 1/4 FEK 1 &
2BLVTZOHEHDXTIVAY Yy b&ED, HIZAY Y b7 1) X %@L T Ds THIE
INb,

COEBRTIFUTOIEFIZH > TERRAPEE S N, KEETOHREIESND,

1. @R 1. QWP1 XU QWP2 2D £ - 7284, Ds & Dp OFIKFHIZ, —HA
Uy MZEBFH2RINLFREOLRIHNEME NS,

2. QWPI BU'QWP2 2 &RiEY 5 &, FAREIHOBELFIIHEI NS,

3. et 1 2 QWPIL OHElIZ —H 9 & HHIEMKET ©. 5 &, [FFFHDM
EEHIHETHZRT, .

4. Bl EMNTHGEHR | OfEZ 90 RS 5, 5 &, FIKEHROMELEL 3. &

24



RSN U 72 T2 RS

ZOFINED S, REH 1 13F7d O Quantum Eraser DR YeHK 3 12424 LT, QWP1 7=
FQWP2 DEL 5 &R T 50 WO REEREZEELZDBEELEZDLTWVWE XS I
Rz, HiiRk D Quantum Eraser L BLIDBRTH 5, 7z, T p DRAAFAHREL s D
FBERNI 2RI BN A ETIT DN T WA IZEEL 53, TS KT DG HIH
X RN THIVUIK L y @HTH B L2 HBEEZ R ->TWS, 2B, Z0D 3., 4. TF
5 N5 WAFETOFHA Lk D Quantum Eraser TEHE L 72, (53) & (55) TH x50 5,

BBO »* 5 Dp £ T2 BBO 25X 7NV AV v b T TORM L v &< LGa, X
T s ODTHBBIHIOKIZ, JTF p O 112 X 2R HROENZ 1T 5 BIEEN L 42 5,
ZDEEILH, LRFAFOFIHTH - O FHIROFEIFONDS, TDI LI, IR
12 X 2R RIEEFED, TOBHL D BBETHRESINAEZEISICRZS, HL, Tk
[24] THRRENTWS X S1Z, R 1 OHAERIE, Yot s O FEEREH X g h
5. KT p VBT NEHTE TORMMIZTENT 2 Z 213U o5,

MR TIE, ZOBRE s HpBH-HTTHLIHEIZ. KT s IHBONSMHEEL 72
x e CUF y W) ZFEDIREE [x), XU |y), TR L KT p BEBRIZ |x), XiE|y), T
7z, ThoDERDLETH D

1
=7 (Ix)slydp + )sledy ) (57)

DS ORETOHRTFDIRETHL L LTHOHES, TDOX57%, ZHRRHEEEZFEDIRE
DIZEF I N 72 BRI FAE T B & D A RBIZAHER Y 7k f8 (Entanglement) & IEIXH
5, ZOXIREBEBEERICES LADLDETHIRT 2L, KT s KO pldxfltey
fRAEDEREDEDIREE (57) & U THAORKIZE EA, FIORETHT s (£721Fp)
DI % JE LU ZNH x RLDOREE |x) LIRESIND L, 5~ HORKDONT p(F
ZIE ) T s L p BEARIZHNTVES & H, (57) DERESOLEIRETH 2N
THRPREED &, R y IR |y) (i 2. ZEWENERI O FATE & PGS 5 KR
HEMHBE DIFAEZ BT 2RI TH D . MM T 5, BRI, 20 &5 IR
AR FBER B 2 HX D B C, BIEDRHE L 22 5 7 B Fin D R 2t 2 RN R L 720
7% “Einstein, Podolsky and Rosen (EPR)” [5] (Z & % EPR @ XX T 0. BifETIAHBEEF
X ikA& (Entanglement) (& EPRRFEEEL HIEIIND LS ITR>T W5,
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3.3.2 B#EmERVW: EPRBEOFSHEE

Z OB T XRED & S B AR I TR AT R 2 R IR 2 . BRI R Y B SR A &
PEo - HBIZHENER T 5, EIRUZESICRKI3 TEHEX 4 DR TH, THHERIX G3) &
55 TH 5, ZORERIFE TR LU MEERF>TWad e U THMIIZEIET S &
Bonhiw, BFRRFAEORBREEZONTER, TORFROFEMEZLRELZON
Bell DAFERDHENTH 5, [8,9]

UM U, HERMEIR & [F— OFHEAS RS, BRI BB 4 & BB e Y B 527 2 £ -
i TEEoNSEZ X, Y55 TE Bell DAEADNNG Z & 2EKT 3,

DR CHE YR Z Lo i X 0 THERZ2EET 22, ZOFETIEX
3DRIZBWT, @R 1 DfIZR 4 DRIZEB T 20F s DR, @EH 2 Dz %+ p
DR & JfL T (53) & (55 DFHE2EHRT 5,

HHA Y EEZ - 2R e LT, V=Y S5 HIE I N T x (@D H—
Ty DB —HFOnd, F/21E& 1 FOFH 2 HFT, FORELTNVWE LT
%, ¥z, BRENICIZE AT TBOELFAKIIANT —RT VY ¥ VDFEHET 5 DT,
V=D SmEH 1 & 2 2@ d 2 EROEMTD 4 5687 > v Lk

Ay = (Ao, A1, A, 0) (58)

ERUTDODBZLTH D, AU, GHROMED R, YN EF 2 5N D MEET %
A3 =0 & UCTHHL -,

9. X WEOR—HFLANT— KT Vo v WIHES 2B A% HHT 5. I
LIRFTIE (53) OHEORIUTHL T B, x WHOH KT EANT—HKF V¥ v LN
W5 DA % BT B0, x DN 3N | DAaZBBTE, 2 286 T
RV, Ty AAT=FT Uy Y ) VIIEMIZHEEE 0D & TG T DAL FEAE
THOT, ZOHilEH D OEFITIAT 5L, Kx DI E DB 7240 4 ERT
VY WIELLRDIENRZYTH B,

1. 1.
A@pdlnt:(idﬁﬂAum,Aun,0,0) Aupmzntz(iemﬁﬂﬁﬁbAum,0,0,0)69)

ZZT, A2 2@ L2 AN T —RT V¥ v VI x @D+ % FLHEIZ U 7=k >
Tbha2%EALTWS, b, ANT—KRT VI vy VRREIIN-Z 2 IZXBMMER
0, & U Talik O RFRME D 2 2 W1z 431 72,

ZDA4TEKRT VY Y )VBEIER 3 2@ B0, fRYEH 1 2@ L7z 4 2R 7 v
VY NVOEFZDON, x MEDELEDNT2RT x WK S DRI MVET V¥ v VIR
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W3 DEEZAEDN x B AMIZ R L AWEAIF@EBTERWV, UL, AAT—FTV
¥y VIR 3 DEERMIZHY T 5 g DAMHY 7 b &2 TaEtd 50T, AHER
i(pl+6,/2) 75, —FH, W2 Z@BLZAN T —KT Vv Ilidy HRNTEGE
NTWBDT, Rtk 3 DEEEMEZE x iz 0 & UCTEEEICI - 2541, WK 3 O
[ER A REI /2 HBINE N, —i(|p| +6,/2+m) &7 5B, KoT, ZOWNHK3 TD 4 TR
T YILX

Ax pol 1,253) 1 = Ax pol 13) i T A(x pol 253) u

- (%e""ﬁ”@/”flu)o + %e_iq(plw*/%")f‘(mo’ Acor 0. O) “

Yib, ZIT T TR & FRIC, Lorentz REMED S (1AJAo1) = (1]A]A]1) =
(1ATAy = 1 28k 5 &

1 1
(Is) <1|A(TX pol 1, 2536 pol 1, 253)[1) = ) cos(2l¢| + 6) (61)

MEEE NG, REAEIHRE ATA = -, A4A" = —AlAg + ATA, + AlA, + AlAs IS
B, TN 3 TDAN T —KT ¥ v VOIRENG & x @AEDKFHBFHITLI L
W&o TRYEIR 3 2388 T E D FREZROT WL LINTE 5,

A LT, yREDE KT AN T —HRT VY Y VPFET 2 5/I126H, AN T —
BT VY v LS EE A% 0, ¥ LT,

1 1
Ay pol hpu = (Eel(gy/ 2712) A 4y0, 0, 0, 0), A pol 2y = (56 “Aw0, 0, Ay, 0) (62)

Ay pol 1, 253) i = Ay pol 153) u T A(y pol 2-53)

_ ( % (a2 g % T A 0 A 0) 63)

£-T

11
T _
Iy o (AT, 11, 2oz Aiy pot 1,231 = 5+ 5 cos(2Ig +6,) (64)

BREOEND, ANT—RT VY VORENZ L 20MH%% 0=6, —n=-0, LiEI L, B
TDk51z(53) k. (55) La&<HUFENFIHEIND,

1 1 1 1
Iy o< 573 cos(2lpl + 6), (I,) > + 3 cos(2|¢| — 6) (65)
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B2, x DT yIEDE T ROAN T —RT VI v IVIIMFEET 254G
AR 3 TD 4 TR T > ¥ v LI (60) & (63) DHITHZDT, Hx LitHET L L,

1 1
(AT por 1, 29ty pot 1,291 = 1= 5 cos(2lgl +6) + 5 cos2lgl =6)  (66)

fER. (56) BEBEINS,

T, HERROBTLIZIZAREHEZDHODFE FIMS Z & T, KB YELR
FEHEDH MG % 52006, MR 2 <F UAEER (53). (55) KU (56) MEohd Z &
EERUNZ, BIZ, fGHEETEH - OMENEONE Z L2 RT,

G HBEETIR, FEDRFPFELELEVWAN T —RT VY v VETRIEHEL T, RKE)
LR UTWAIREEZE XD Z 212D, ZHIEHE-DEFEETER UK |0) TRE
INb, £oT. ZOFEBRRIIBEWT x @AEDHE—ET-VEEITHFET 2 REEIX, |x) T
WL, )+ 0) LEEWMAEIRETH D, HU, AHT—RT V¥ Y IVRZERE D
WZERNZFET 256, REOBEB WV EBMEEIXI=0 400, THIC L 2IRESE I
KXo, () =0Tdhsb,

THIZHERUT, x @AOBE—NT. yRAEDHE KT DREEZIRD & 5I1TEE,

1 ol i [y
) +12g,0) = 1) + Syele™ ) — Sye e 1)

|y> + |§¢+%7T,y> = |y> + Efyel(lfm"‘zﬂ)e 9/2|y> _ E,ye l(|¢|+27r)€ 9/2|y> (67)

ZITxRAEDBENTPEET DEAED TR LERET L L

cos (2|p| + 6)
(68)
INiE (53) THD, ARRIZy RAEDR—ATFPELETIELEDOTFHEZERET S & (55)
LE—DFERE LD,
BRI xRt e y MAPFEIET 256425 HT 5 L

| =
| =

1 1
<1y o (el + () (1) + 1)) = €alxd = 5 (i) = 2 al) cos (2Ug] +6) =

(I oc (el + (Lguel + O+ gy ]) (10 + 1) + 199 + 1 1,) (69)
THY, (xy)y=Qlx)=0THBH 5,
(I o (ol + Coal) (100 + 10.00) + (O1+ Loy ) () + 51 10,0) (70)

Ik, x RAEDAGFIET 256 DR (53) &, yIRIEDAGFET 2565 DFER (55) D
MThHo.,
Iyoc1— %cos 2|l + 0) + %cos 2|¢l - 0) (71)
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7o T (56) DEHBEIINS,

Z DG EIRIFIREENR 7 MVICAEGFT RO R Z # U AT 72, Schrodinger {5 T H
%, B—NXTTHogE LAk, HETIIAEFTEDOEE Z M U 72 Heisenberg
BTHEEAAIRETH 5, Heisenberg Hifg TN FHHEA I n = A] + A)A +4,) &
BEMZ D, (AU, A & A, (p: polarization = x, y,-- -, etc.) lEFEAEDINET % KT HTH
WEHE T2 p AMICERINTZAN T —RT U vy Vv ERTHFHBEETTHD, XD
LOITEETE D,

i - lye,~|¢|e_,~g/2 A - 1 ye W24, AT = lye—ihﬂ SO2AT l),eiwﬁl AT (72)
2 2 2 2 !
Z DA% I\ T Heisenberg i COEIHE %175 & (68) WEHIHI N5,
(1) = (AT + ADA) + Ain) = il + GIATAI o 5~ S cos @l +6)  (73)

AN Heisenberg B CIREE FICAEFTEOEIREZ LANT 2 DT, x @D T IHW
T I3E% O x MO NEFHBEE T A ICAN T —=RF V¥ vy v 54E U 2T HE
HET A, 2IZ, A+ A ICESHMAIBERDL I LITEET S, £oT, x @k
'y fﬁﬁ%ﬁfﬁf‘é‘éiaA®%?§&?ﬁ%%6i (A +A)+(Ay+A) 275, ZOBESHAIC
X Bt Z BT ERE

<n:<m@j+A1+A§+Ab@@+AX+AQ+Aﬂm>
= (nny|n) + (nlATA |n) + (ningln) + (nAJA,|n)

x 1 - %cos 2|pl + 0) + %cos (2|p| — 6) (74)

nEo, (71) PEBEING, HU., x@AEDHT L y RAEDKRTIZFABGFET S L L
7zo (nimln) = (n|ATA\|n) = (nlnaln) = (n|AJAsln) = n

Z D&M n) = Iny, + In)y DFTIE, Ajln) = Ailn), + Ailn)y = vnln — 1), KO Aaln) =
Asln)s + Aslnyy, = Vnln— 1)y, HiZ (nA]Aslny = (nlAA Iny = 0 &\ o 72, fERORTFHRT
DAL FEDFEPARETH D, HU. |n)y, In)y & x @, y fRIEHET D n KTIRET
»5,

ZOHEMKE WS &, X4 TBBO THRAEIND T HDRALAIEA LT —KT >V
YTk oTHIENG, WHIEXLAREE RS, ZhEMTFIZERT 3,
HFDWEMIFAEL RS TEAN T —RT Y Y VIBEELTWB DT, R 1 Off
D || LREIND L, FREIRUTAAT—RT Uy vy VIFHEEZ T 5, ZOWRE
WHEFDIFEIE U R IREE (0) & AN T — KT V¥ ¥ LAMEYEH 1 DEFEIZ & > TH & )
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SNFRIE |Gy ORIEBZ B Z L AHHS, 2 OREIFMHFEEIZ L DU FD LS 12
KITE B,

L ol i Lo ol i
0) + 1Zig) = 10) + Eyel(lqﬁl WD 9/2|0> _ 576 (¢l=1vD , 9/2|0> (75)

ZZT. ¢ X BBO THREINDMAK | DAMICH#ETTE2HT s DRNEAETH S, Z
DAEEMNIFSINZAT T —RT ¥ v IVIREAR 1 206 RZER-IT{EH# U T BBO 126 25
T3, ZOEBEEIZEFERT VY VRO THHEIZEL, £ > T, BBO MR HE
W) DIEF |y ZFed: U7z RBBIZ, 2D BBO IZEELZAH S — KT ¥ ¥ v LOIRIEIZIF
SEFE | DI TR T Ay 2T T

AT ~ T L oi-o) i Lo ol —i
Alt//I 0) +A|¢I |§|¢|> = |y) + Eye (] le)e 0/2|W>_ 576 (] Itlfl)e 9/2|¢> (76)

THEzZoNBZ D, BB, TORTIFAHT—ERT V¥ v)Lix BBO £ TH—KRK
PELOTANMHO=0TH5, £oT

I 1
() oc o + 5 cos (2] - 2ly) (77)

YEAMEINDEN, MR TORAEINE RS () = 1 BERI N,y =g BESNDE, T
HbH, AR 1 OBREAETHTPERINEZ L 725,

AL, BBO 25 DHFHMN I DK D Rtk 1 OFEMEITHFL TERINDDT
B3, SYRLREBRATREINDGAETENRTHOREIZENVZEZTHD, D%
TRFEAERHIPE S N KR E e 2ME & A0 5 — R T ¥ ¥y VOIREIE & O T
IZ& D, (65) DFEHBEHIENG,

ZZ £ ToD, EPR HHE D HHER 2 HBIN LY EEZHWTHET S L. AHT—K
T YV Y IVOREIG O CEEDNT VN TFHEEURASHEILTWB LIRTE 5, £
UTRAMTIREEDH T E AN T —RTF vV v VOFHBIZ L > T, FHHTE 3R 5R
HDONTFPERI N, THRTONTIEHET 2 LMIRT 5 Z D HEETH D, ZNITESE
DFIRIZ & o> TR FDEEEREIND L WHIGOBTFMDOBZEZILEHNTE2HDTHS, &
B. EPR B % k% 2 ZERARATHIT RN K 512 TR U T, Bell DARERDIEN % MEE
U [37]. ZUZL > TEFRPELWVWI EHRFERINTE 7203, FEIZ2YHLI AL D H
BEHWTEEFmE 2L HUERENPESNED T, Bell DAEXDHNIIYEIEIDE
FME R OISR DB € %2 R T D THL, BEFmOEYEZLFTL2EDTE R,
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4 I5H

ZZET, MR EAVTRBINRYENELL LTHT, BF. ANT—KT Vv
VY IVEZEZT, BT T, B—E T, EPR B OFHEERPHERMIN TR O N
EDL—HTEHILE2BRN, TITIEFEIZ, ZOKBNLRYMINSEEZ AV 72 iE
Tt BE ROV DOE T AE DBRIZ DOV TiHmT .

CDHMDEIE, T, MIEICTERLEZAN T —KRT VY v IVOREIE DK%
— AL T BTN DD, HIEDFHEMIIE T, BM%E 2 DITHEIT 2RIENVFIET 2 RMT
hb, Ik —BILLT3 D, 4 DLEROBETHEILZGHEIZED K S RIRENIG I
B, ZTOREIGIZE > TED LS BYBNBRDBEL 2D %2E%S 5 LT, EliE
5D 0 MIANVF—DFf6 &, Casimir R1F. B IEHIFE DB N ASE B 72 Y B S E
DR EAE > THREEI NS Z L 2RT,

E7z. ZO—MULITAES . R T DO FHBIZDOWT BRI 2 RT,
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4.1 FHREBO—RKIE

R CTHUD o 72 2 BMBEANDRENI AN T —RT vy V&2 2HET2H5DTH D, 2
Blogiz, DEIREE 1/2, M2 0 L RE LD, ERBO D EREICHRY 5 5,
AN T =RT v VOREURE r; EAIH 0; ZEAT B, 5T 5L AEIREKE M
EUT, AAT=RT V¥ VRO LS IZRBETE 5,

M
rieiAg (78)
j=1
Bl X r=1, MEECOr—RAEM=2,r=r=1/2% 6, = -0, = 0/2 FIZHY
$5, &oT, ERBODERKC x OB HTHIEET 25D, ST BINRHEIX
RN THIEE 712 L > TRATE 5,

M
Igz[zyyﬁ&b&,ao] (79)

j=1
(Iy o< (1] = g™ AT A1)

j:l, k=

M
== { rjrke"wk)} (UAJAo1) + (114} A1)
1

M

:—{vﬂ+@+-+&ﬂ+§:qmﬂﬂﬂ}+1 (80)
Jj#k

0<r, 1 THEDTOS(|-gAjA, )< 1,

M — oo D, HREIGZZEVKT 2 X372, rje BRI T ¥ XL THIUL 0 IR
T%, 20E (ol THD, REEODENIHEEEICYEIFHET S THRET S
EDTHH. M — oo [FHEDHAUNR WL OYENFET 5 BIFE DY BEZEH & 2 2
52 eNHkS, ThE” BEOERE" LIRRI LIZT 5,

—7Fi. (718) TM =1 ZZE/IZMOYBE S FIEL R WZEE R ANY) & U TORZEM & #E
ZBZ UKL, ZhE” HEDHEE YIERIreT 5,

ZDO— At Z G EIETRET 2 &, 34) & 39) DRD DT, TROHEFE T LIRFE
PALEIRICEA T2 Z L2 k5, .

[o0]

Ay = )/Z rieiA, - yZ rie A,

J=1 J=1
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Al = yZ rie AT — yZ rie Al (81)

j=1 j=1
0=y D e =y > e |1 (82)
j=1 j=1

Z Do EIRERE D — b 5.7 BIRDOEZE” (265 P DIRIRDPF B IA £ ik 0 23 H| 23
T B e, PIFRHEIIIREIBIZE > TEET 2 Z A 005,
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42 BHiHFD 0 RKRIRILF—

Coulomb 7 — Y % HWEHEED B T HFIIB T 3HETOE T LiX, IROFAFIZE) T
CEBAMTONG, (DA, xifELEDOAEZ D)
. 1
A = —— (g + ip)
! V2hw T
Al = —(wg-ip) (83)

AU, g & pldiERCEEEFHE T Th D, RBEALR (g, p] = ih 1ZH S, FAFIRE 7D
Hamiltonian (%
~ 1
H = (pz + ') (84)

\S}

TREINE, Lo T, UTFOBEFZEIFLNS,
1

A-’- ~ A A A
AA = ﬁ(p + WG + iwgp — zwpq)
1 (~ 1
= — - =h
hw (7{ 2 a))
AAT= 1 (1 Lhe (85)
T hw 2

(85) & (0IATA10) =0 & 0. HERDIY PN TIFEH T F IV F —1F (O[HI0) = Lhw &
I N T Wz, bbb
I
2
CORKDEESI NI RIVF =L, AANT—RT Uy 2EH L 83)ITH
I2HAETOERICERNLTWS, UL, 2EMIZIEANT—RT VY Y VBEET S
EWVWORIEEF TOZELREREZMO L, 83X B4) ZHVTIRD IS IZESMZA LI LM
Hk 2,

<0|AIA1|0>=%<0| (fH )|0>— (<0|ﬂ|0>—1hw) 0 (86)

N n 1

Al +A| = —— (wq +ip)
0 \V2hw

b A 1

A+ AT = —— (wq - ip) (87)
O \Pho

& > T. Hamiltonian I3FE TELE L /- FHOXRH L FEEOERNIZ 5,
H=h WATA Y+ n 88
= o (~g"AJA,) + Shw (88)
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Z ® Hamiltonian T 2 DDORE D ED D 256 ITIFH—- K TFREDO T XV ¥ — L £H)
ER | . .
<wﬁu>:—§mmuAp%unmse+5mmuA}&u>+§hw (89)

HHBMMTIX 0 = £Nr, (N HH) CHE K F2ABHI S N2 0T, (UAAI) =
(HATA,|1) @ Lorentz RZN:%f# 5 &

. 1 o 1 o 1
<u7ﬂ1>::Ehw<uAgA0u>+-5hw<uAjA1u>+-§hw
- 1
= (IATA IDhw + Ehw = hw (90)

EoT. (ATA ) = L &b RONFEPHEDE S A IZEL S

OATAN0) = 3. ATAID = 3, QURIAR =3, 1)
@ (0ATA0) 130 L FEBARETHBA, ZOHETIX(0ATAN0) = -1 LR#LEITH
BT I D . FRAROBAABEL 5B, T OB O\ T AL
ETEN, 0 MZANVF—RESHERITIFALCTH S,

Lo T, BT THOMNEIL (OATA0) DRV S TEHT S, Lhr L. () «
% % 0s @ MR I N5,

OFHEZ AWV, (80) DB THAIIRT ¥R 2L ¥ —IZ

1
(OIH|0) = ~Fiw {(r1 15+ ) + Z rire' 9'«)} (0IATA,10) + hw(OIATA10) + = S

J#k

M
= 1hw {(}"12 + r% + -+ rlzw) + Z rjrkei(gfg")} (92)
2 4
J#k
CEHREIN, Yoz x VX - 28T 5, ZNIXERANIREOHNEZ EFHHL TS
:@’aWB\ﬂmﬁwamﬁéﬁlaﬁéﬁ@kwﬁm51%»¥—iwmwﬁ%
FEEM — co TRMDERIZT VX AR TGHICBREI NG, b, ZhidtoiT
x»#~#%%ﬁ%@%ﬁ’;of%b¢\?ab%OS«wm»sﬁw%mufméo
FEOERTITEET (83) 2 (87) ICEEMA 2D, HAET A) DEAZITIDTHN
XL AL, EB)EEE T ORWBIGR g, pl = ih & (G, Pl = —guilh ITE ESHRZ . R
NETEHEDTERDDNEZYTHL, ZOXMEARDESHMIEED S L,
1
(Po + wdo’ + iwdopo — lwpoQo)
w
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| BN | 1 { ~ 1
=5 (7‘{0 + —lw[CIo,PO]) =3 (7'(0 + Ehw)

2
N
AOAO = % 7"{() - Ehw (93)

rEo5NB, 22T, Hy \XIFREIE S O T 3 )V ¥ — 128 3 % Hamiltonian TH 5,
£ 5T. 4 Hamiltonian & H, % (85) ®Zffk 4> ® Hamiltonian & LT

H = By - Flo = o (~g" A1) + 21+ 1 94

=910 —Hy = a)(—g #y)+§(x)+§(x) (94)

L7%, HU, el s O E, HE)EOHE 7 ORMERY? 55 5 Nz ki O HIZ,
SETOFEMEFAFIC, EEICREOEDRH 255121, DEREOMMEZED ANz
(80) D { }NEEBRIZAMITHERIZE L 2 BRRENPAZIETTHD, ZThz feT5E0
MIRILF—IX

<me:hmm@y%MQmﬂémmw»+?mmmm
1 1
ZIZT, fERIEDBED, 1 HFREOTXLVE—% 80) 2EMALCEHHET I &

<H7?H)::hw(u(—g”AZAV)H>+-%ha&lﬂ)+—%hw(ﬂfﬂ)

J*k

M
: 1 1
:hw——hu{&f+r§+-+rﬁ)+zzry%dwf&}~+§hw4—§hwf (96)

NI EEMTIEEICH T DT RINF — hw 12725, &> THEREED 1 OMED
BZEOLGEG, { JHNIE12R5DT f=1, DEREED M - o DEEDEEDLE,
{ THIZ0ERBEDT f=-1LWVWHEZIND Z L2 5, TNUNDHEIX{ }ITHE-
T, -1<f<1DEizH5,

oT, 0 T2 VF—IT

. 1 1
0 < (OH|0) = Shw + Shof < hw (97)

D &S IZEBDODEREI DAL >TSS L R 5,
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4.3 Casimir 1R

Yo T 3OV ¥F — 13 Casimir #1238 L THIE X T WS, [38, 39, 40, 41, 42] IRDIK
Wi Casimir R DOREMHER L FA—TH 5, HiflioHEHRH, S, WEETSZEM, 20
7 BHEOEE TlEaW OB O kS RRESERR WEMBERS N, HD
AR, B2 2 DDAATHR, HZOEMIZBESI NS L, TOEEE L OBROY 0K
THRILF—IF, (92) ZHVHIEHE~ 1Tho 8E00 < O1HI0) < Lo LEES I, FAkC
(97) ZFAVTH hw BLT0 < (O/HI0) < hw LEHEINZ Z 212D, B S5 TEELT
L, TOMROTHALF—ZZFOEMOTIVE—2BRBEVDT, ZOWIRIE T DZER
5 M %2 B,

IDEIBIFNF—EIZE>T, HBWRIZFEAET 55 11% Casimir I HROPBFHRTH
% Van der Waals JJOEAEZ L F—TH 5, [43]
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4.4 BEANFEDOIEN

ek D BFAIFE DN O EL D STk, Ql0) # 0 £ 721X |0) 1X Q DEIAIREETIX
W2 L%, Goldstone RV X Higgs RV Y ZHWTEmINT W5, [30,44] fHLU,
0) IXFANRAETH B,

UL, B—EBTFFBOHBETRLULEZEIIZ, AHT—RTF V¥ vy VIFREMNITIEAE
L. EVE—IL 2 IZIEFREFELRY, LoT, EViE—IL 2 OIREE [y,) 1E 10y 124K
HH, BELA-HTEDL I 2o THEERMNEFA - DFHAERELFTOND Z L 2R
U7ze 2D ) = 0 DEARD 5. |Yn) 2° Q DEIHIRRE Q) = aly,) TH S5,
W2lQl2) = alynalyr) =0 £ 722133 TH 5, HLU, o IFEEMHETHSD, LHL (48) DFf
B, BLU 41 HODERED A SEIND L DI nlQin) AT —KT VY
VDRI E >T —g 25 0 DTS VWT WS, Lo THZE |y,) 1 Q DEAIRET
FR0, ZHIXEBRTEOBNE R L TW5

41%fr&bt$o’*$L7/&Aaum%%otﬁ%® SR ITEE S DM,
TROLNBERD S, 20X > REMIE” HEOHEE” X5 eMHEkS, L
U, ZOEMOBRIEDEDILIRDZALT 5 LD 5 EWADIAAR, BRI R # DA
L7\ B EZE” (2 h - TXFM 0 AFENE I NG, ZOF 2 3HELZ DK
ZHIZH > THRRYT U, DERBEEM =12 M — co OWMETHIRMEZ R 7-IREIZ 5,

DR, ZEREIERT VYUY I T INTE D, BHEDELDRE I D E22 D HJE
RIEL D L (XIEF) 12hd, EWHHEHIE. QEALFH ETINLF—LALIZEEH
Z1Z, Y. Nambu & G. Jona-Lasinio. [45, 46] 12 & » THR&E S NA-BEEEDO Y Fa Y —
2RO BRSO E FAEDEZTH S, MHENEEEIND &, 1 DOEZLEN
BN, T OERDIINEZ S,

B, A2HTHRAZ &S IT, BB O 0 ST 3L X —OHRH 0 < (H|0) < Lhw(X
Fhw) B, BEPHFBOEARETIEIEVWI L Z2RLTED,. BRUNIEDOENTDH
%, kR, BFEERHEOMNIZ, AT —KRTF Uy VORG24 L 5, RO
BRENZ X > THELTWE Z &Iz,
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4.5 B—HFTHO—MRBYEER L
(40) & (48) & — LT B &, H—Ki T FHEEROEATIRTE L L HEA 5N,

() = (ol + LD F (¢) +15))
= [+ (IFID) + f@l5) + f{Llg) (98)

£ o T {FID + PO + fP) = =3 f + 1 feos@ DRZ, F D - ENIC & 2 H—hi
T, bbb ()= f{L+lcoso) BEL S, L, F K TOLEDA 7HF =T
HE T, |¢) X F OEERE, fFIEF O |¢) REBTOREEES LO, |0) AN T—KRT ¥
¥y VOIRES & FIR S B AEREAR Y PV TH B,

F 2R TOREAET n TH Y. ) 75 (98) DH—Ki TIRIEDWE, B T80 HIRHE 1%
D5, THDbL

(1 +Dn(1) +18) = 1+ (m|g) + (1IZ) + (L11)

1 1
—§+50050 (99)

EEROGEICIE, EELOMAEE 81). (82) &EMDIEAZHWTIXRD X 512 (80)
L=,
M
(Iy o — (r% + r% + -+ r%w) + Z rjrkei(ef_0k> +1 (100)
j#k
A TEL L - EBMIG I (Abelian) 7 — V5 TH D0, %0 DO IREIBEE D 5
IR AHZE LD AR M2 58 A X B JEA# (non-Abelian) 7 — V5126, ZDHD 0 id
BEHAAREEEZEZ 5NN, TORRITE > L EMIZR 23T TH S,
LU, 2D &S BRHEEHADLNE—R 70O HCHES 13 neutrino fRE DO EJF D Al §E
Mhid 5, [47, 48]
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5 AEFERTVIvILOWFAR

AL TAREFRDOFRTH D AN T —RT V¥ v )b &AW T &0 FEHEK %A
oo SOAANT—RT Uy I)VIEHMEBERKTEPODEAHDOETHLMN, HE, ZOA
T —HRKT VX IIIDVTELL T, KX DEHKDOREKS L 5% OE % i
T 5,

W, Coulomb 7 — YV TS NAE FHFTIX, BEGLEREEZUTDLSIZH
HELCHD b s, [31].

E=Er+E, V-Er=0, VxE_=0
i=zip+i,, V-ir=0, Vxip=0 (101)

HU, BAFD “T” & “L” 1 “Transverse : #{” & “Longitudinal : #” Z &Ekd 5, BEA
FUYv IV EHWS E Maxwell HFEERO T B0 1Z

0B 1 JEt
VXET:—E, VXB:CZ or +,Ll()lT
0A
Er=-22 v.B=0 102
T % (102)
CELRTE A, HU, BIIHBEETHS., AKIZLEDBEUTFTO LS 28R TE 5,
EL=-Vy, V-E =2
€0
. 0¢ OEL
—eV— = —g— 103
i = 6V Sy (103)

FoT. THDIHIGOZENZEEL 2R T, LIKFIEAA T —FRT V¥ vILEEMIC
B U728 E X5 Z kRS,

U LAt e, ZdHM 2B TldZe < | REE D JERER TRk U 72 MR 72 B8 C
5, Lorentz ZHUZ K > THEAZ AT 2L T L LEAIFRI D&V, xR E
RiE D Z OREIZERE K S, [49]

AP DFHET (1A A1) = (1ATAII1) = (1AlA 1) = 1 EH—HlLzDE, 20
Lorentz RZEMEN S TH B, F7-. Coulomb 7 — ik Maxwell HFERDIHH A L2 M2
HTDT, 47887 VY v IV EFEFIZHD $ 5 121% Lorentz 7 — ¥ % £ U 7= Maxwell /i
B @) 2ERTL5D00HEYITH 5,

4) DI S, Lorentz 7 — ¥ @ Maxwell 2RI

oA* = ol S +AL ) = ot
(mat) (vac)
aﬂAﬂ = 0 (A(mat) + Al(lvac)) =0 (104)

40



CERHESZ NSNS, HU, IRATE “mat” & “vac” 1%, K& 4 uEHRERICEET S
“matter : ¥)E” & “vacuum : EZ2” OEWRTH D, HZIZIT 4 mEBRIFIELEL RV ERGE

I5E. At‘mat) & Aé’vac) . FEED Maxwell HRERIZRKES Z 21275,
oAb = kol QAR =0 (105)
oA, =0, 8.AL. =0 (106)

(105) 12 4 TERICE > TR I NZEEDONF2RETLIATH S, b, 4 tER
DIFAES 2 I SHENL, 4 TR T VY vV e G X WERBERENRE T2, AL
B AL CEEHZ 72 (106) 132 ORI TO 4 LERICIIRS W KT > > v L OEH %
KELTWS,

—Fi. (106) ZYE BB EZDORT VY y VOEE 2 KRBT 25, Z0OZLns,
BZ2EFIRT Yy LTI NZWMO LD REMLBETHILENAETHD, Ik
T—TNVOM&EREIES, §FikT— 7 )VIZRRERGRIC & D eI zh [49] B3
DZEMZEHTZTHRT VY v IVIEERIET 5 2 LR ARETER T IYHETH 5,

Aharonov-Bohm X RIE KT > ¥ ¥ VINEEEG DFE L R WERTOETFOTHEL &
mZITZEerHLSNIZ U, [32,50,51] [ABRIZ, EIZHBZET > v )L (106) 1%
FEIEDIT (105) & FEE2EI L TW5S, ZHid Aharonov-Bohm 21 H T & FE R M = 1
7o, 2B D 2% EEE SIS L S FE R/ A AT (nonintegrable phase factor) &\ 5 & &
FOLLTW3, [33] MM REIING Z LT, TS MHENEL FHEELHDT
H 5,

AT I B U 72 R “matter : #E” & “vacuum : B2 2 9595 2 &7 <
RO (104) D AH ZHNTWV D, LB L. AL & Al 2201T 2 2 23R,
TN EZDORKZRDTE2E50EDTH S, ERIE. £5 5635 Maxwell HER
(104) ZHr e TEHELIAFEDORT VY VTH O DHIIAETH 5, TNDR, EHZEIZ
MHRT Y VIEYWBIZEE LR T oy e EH L7720, ARAATL DT B
LB, INREENEEONF LR, HHIES L E2ME LTV,

AKX TELRUEARAECHEDHER THDIAN T —RT VY VOHFREEZD L,
WHEH SRR WA, BRI B 2R T Y v L (106) DR S & & 2 2 D0% Y & Hb
nas,

— /3. Faraday OIRH S B, WSBHROERFE 2 FITHER KT OERE L LU
TEAE X N7z Maxwell AFERNIX (105) & E X 5 Z & AHkKS,
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(105) I3 FERFEZ Hfr e U, (106) 13 FERHFF & IZEBR IR i )y — D& D T
RERT =V UTEPNZGTHDEEAD L, KX TEREL-REIEIZL2E
ZEDFES E LW D EMEICET S BR L, BRZE T ORATM SO RZEM &0 D I
ZEEICREET 57 — VIGEADE X OFELMESRFH I N D,

F7z, HIETIND L 72EFRIEPHREX S VA ROBEFDOT Fuy—Tid, (106)
BN 7 2E (BE) PRFERSED S FAET @R RREIZHY U, (105) M55 L
2B WD, N TAPLZELZDCEATHNIX, 55L& L TAC KA %
WO LU THHERND, DCHRAMFES CHEIFXAC KD E LTORFETHRESRESSZ
L2755, BIEOYHBRE, ZNEFEED DC KIS WZREEREE LA 5 & T
FHICHIZS A e Bbn s,
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6 HEZEAICELD Maxwell AREADIEEEFLICHITDF
JEEEEICDWT

ZDETIX, EEZERD Maxwell FRERD EHEE F{LIZHB 1T D Lorentz 7 — ¥ & &t
BROFIE L., TORKDOEEHER L FH U RBET HEEHKIZOVWTHRRS, £, FEHE
FAEDBEE & REHK D F & [k FiEIZ D W T A NI 5,

6.1 EEEBFERURLEHROFE

B EONGIX40ERZ 0 & ULHBEZERIZE T 2 HLPAD Maxwell i TH
%, IhziiEgd s,

oA” -9,0"A" =0 (107)

BIGD S 7SI T7 VEELLTIX. ETIROEIPEHINS,

1 1
£class = _ZF/NFIW = _Z(aﬂAV - avAﬂ)(aﬂAV - (9VAM)

1 1
= S 0uAGA + S0,A,0°A (108)

WPz, 207507 VEERZRMAYT %L, Euler-Lagrange G270 & Maxwell /i

X107 REHIN S,
8£class 6£class

_ - 1
H00,A,)  0A, 0 (109)

LAaL, (108) XDF 7 IV I7 VEELRAT 2L, FHLRER 2, i=(1, 2, 3) 12D
Wk

a£class _ 1o
aA,- T 404,

i

F%)

=-7 a((aoA — 0:A0)(0°A" = A + (0iAg — BoAN(D'A° — 3°AT))

= 9'A° - A (110)

LEZRTEDLHN, FilllRT LD ICEHERLR 2 PEHETERW,

8£CUYS
a0 = e (111)
9
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ZIZ T, BODPDT —VEEFRGEH W AEMREINTWS, K<Honzr—Y
»¥ Coulomb 7 — V-A =0 & Lorentz 7 — ¥ 9,A* = 0 T#H %A, Coulomb 7 — & A
EATRT UYL SY0EEL TED S O THEABRIEEEN kb b, TZTULRD
& 57 Lagrangian % % £ U T Lorentz 7' — Y TO R LB S5,

1 1
£ = —ZFWF’” - z(apAP)2 (112)

Z @ Lagrangian %E % £¢fH 9 % &, Euler-Lagrange /£ (109) %* 5 Lorentz 7 — IZ &
% Maxwell HFEAPE SN D,

DA” =0 (113)

Z Z°C. Lagrangian %% (108) DM R 251HE T2 &

S = fd4x£class

1 1
= f d4x(—§8#AV8“AV+ 2 0uA 0" AY) (114)

LN, MANOE 2 HEHAMA T2 LT 30,4 LEEINE, LoT,
Lagrangian %% (112) IZIROFETRWZ ik b, 55 A, O Lagrangian %% % £
LU TH Maxwell A2 (113) BE SN 5,

1
£ = =3 0uA A" (115)
Z @ Lagrangian & 2 AT X, FELEENLFOLS T2 TERTE 5,
o€,
A,

ZIT, EERKRBEZHEEFICESHA, TS5 ORIKEHMEREZRES S Z L TR
Birbh s,

Vi = —AH (116)

[A*(x, 1), 7" (X, 1)] = —[A*(x,1), A" (X', 1)]
= ig"’6°(x — x') (117)
[AM(x,1), AV (X', 1)] = [n*(x, 1), 7" (X', )] = 0 (118)
LHL, 20 ((117) & (118) 5, IROBBRIE LTINS,
[0,A%(x, ), A”(X, )] = ig”* (x—x') £ 0 (119)
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£oT 119 DEAETTH S 9,A" 1. Lorentz 77—V §,A* =0 L FETH I L &b,

ZIZT. ZOFEEMIHT 5% DM D Lagrangian BENREINT WS, TDOHT,
Nakanishi-Lautrup JE X & IEIZN S HliBh A B 5 —152 00 Ad7z, YRD Lagrangian 25 A3
BbUFNZEDEEZSND, [52].

1 1
£M:—ZﬂJW+BW@+§M¥ (120)

ZIT, alHMfEBDENRTA—-KTH S, Z0 Lagrangian ZEE (120) IZ BT, YHK
AREE |phys)y ZE A U, MBS &Y Lorentz 7 — Y OYHPREEZ FIR T 5, ThbbH
(phys|d,A*|phys) = 0, £9%Z & T, Lorentz 7 —¥ 9,A* =0 & (119) DFJ& % [l S %
O B irbihTtng,

6.2 L8k Lorentz 5 —<

(120) % Fi\7= Nakanishi-Lautrup FZ XD HL Y H\ Tk, FEMIERRA 2 /i8IS B X /iBhs
e Z - 7 AARBEF RS & ORI 22 & JEMBL SR oM THh B L S o 72
RERPEA I N TH 0, BREH OEFARIGLR 2 @M U 72 N2 802 Ers iz &k 250k
DA R, B2, ZOHD N IFHERMR 2 iR LA EEEDOREZHNE LT
BEREINZEDTHD, UL, KX TRz & 512, REFHRIZHEGmD & BRI
Kxnzd, BRIFNZATROYINFELEEZREILTE D, IhEBRBRIZKT S L
TNENTEA U 7RG R ST & » TEBUEFEMFTG 2 B8R U ChRET 5 2 & 1A REEE &
FEZoNb,

& o T, T ZTHE Lagrangian % (115) & Lorentz 7 — ¥ T® Maxwell HF2= (113)
EELRT D,

WA TIEH B0, (113) 2EH§ 51213 Lorentz 7 — VIEMBETIRWNZ E R0 5,
FEBL. (113) 1% Lagrangian %& (112) £721% (115) 58 H I 5,

(107) 725 (113) DEHIZHFEZR DL, Lorentz 7 — Y DR b D IZIROBEBRTH 5,

3,0 A = 0 (121)

£ - T. Lorentz AZM LD
G A" = (2T 5 —) (122)

Z DM (121) %, BE5E Lorentz 7 — Y LRI 2 2§58, ZORMEIIMEED AN T —F
By 2ZEALT, UFOR{H SN —=IULRENEZELTWS,

A = AR + Oy (123)
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RlHonzr—IRENTIEH DM, ZORXRE KM T U-WHENESEE L TEFMH
BEXMEDT F OV —THINT 2 L. 45RF VY vV A MERER (BIE). oy 13N
A 7 AER (BE) CRFERS DGRBS T 5, oy 27 —IBBUZ X > THE
T3, ZOBETREEREEE ACKEAEEKIE L T DC Bl & RET S 2 21y
35,

Oy =0 LEIE. UTFO XS IZHE (122) BE5N 5,

0,A" =0,A" +Oy = 9,A" =€ (124)

£oT
Al = AP 4 (125)

W—fRfECTH 5, AU, A} & Lorentz 7 — ¥, 7405 9,A] =0 D—f&fE, f* = f'(x,1)
8, /" = e 27T x,t DBBTH B,
RbfEHL M ORI, BRI TOEELBEFR LD L5,

[ =pldx” + b (126)
HU, BIXHEYZRIRITCIZHZ B 72DDEBTH S, Lo T
€ = B(a) + a} + a5 +a3) = Tr(e) (127)

EWVWS T LilhB, HU, 2ITd, 2170 HERLTD4Xx4175IC B 2T D% ¢
CEWL, FTIT, e 2B T ICEESHIT (119 1I2AT S L

[0,A%(x,),A"(X, )] = [, A" (X, )] = ig” 6 (x = x') # 0 (128)

WS BERPEH I NG,

6.3 EE

DR T & 2T RHBIR (128) 2 BE T 5, Z0&, El. HBEETOTHIR
REBHLT[0,AM,A] = [6,A] = éA — Aé # 0 2 BT 5,

AR, HIBREE T AT, A OFHIERREBUORERZ FL n) IZ R ORERIFH & RXT ML
THEzZo6N5,
01 0 0 - 0 0 0 0
00 V2 0 - 1 0 00
A=[0 0 0 V3 | Af=|O0 V2 00 (129)
00 0 0 - 0 0 V3 0
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0) = A = 12) = 13) = (130)

OOO»—:‘
OO»—‘O“
O»—‘OO:
'—OOOZ

ZZTé=¢l, AU HIFHAATHE T DL, HET e 1X[6,A]l = €[l,A] = e(IA-AD) =0
CEHE I N (128) OBRIIE SR, (127) 2 R5 2, e DIHE T e NDES 2T
BLUTClde b Tr(d) =26 = € i THHAT e ICBEBSMAL2DONZ L LEZ NG,
FoT e UTUTOIFARREZIS Z ks, HUMHEDA, NAEELZELTOL
I 5, WNAEEDPOUATEUTEHEBROERNVESNS,

(&% 0 0 0
0 &' 0 o0
0 0 &2 0 -
€=l 0 0 0 &3 .. (131)
59 5B,
[6,A] = éA — A¢
0 &0 0 0 0 el 0 0
0 0 V2&!! 0 0 0 V2&*2 0
0o o 0 V3e22 10 o0 0 V33
0 0 0 0 0 0 0 0
0 g0 gl 0 0
0 0 V2(e! — &%) 0
_|lo 0 0 V3(e22 — &%)
0 0 0 0

(132)

FoT, A 1 DD >0) MWl £ THNIE[6,A] #0 ZiET 5 &I
5,

D (127) DERESEIZLT, 3 Tr@) =2 = e 2T 5 (131) D& > LEEE
THL, Tr(®) =X =022k e 2AT 0= LEHTNIE 0= 9,44, &
mBDT, WHED Lorentz 7 —YTH (119) I I b Z i3,
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HB—HTTHOFHAETERREZD, PRI o THETEN 0 Lo TH, ZTORZELT
WWHEAAHDIE D TR THTRRABRLS LR oTVWEDT, f(O) =0 725 &5 LAitHIRED
RERTHHEUTHOBESIBENDHD, ITNEHERBRNEL[LTHDHELTO L LTIER
578\, [ABRIZ, Lorentz 5 9,A" = 0 DAL Z2EEHL 0 LZEARFILTHO0THDS
EEADIEIF, DERESAMAES DIFEM 2 EEH T 5 21Tk 5,

HH S 75 T VEE (108) 130 HIRRE PN O RS TH 5 HHAEM 2 iR L
LTWEDT, Ap IZAEREEDFEZIY AN AHZEAT S & THRBDOID
WHHHEE E A 5N D,
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7 F&ED

BT O REEES T H MR, BEFNHROBIER 2R BES TR0
MHEEZOSNTEZ, U UMERMEIR T, &MY O L 5 2S8R Y EED
fitgzFons, T ELETERVRITFH 2 DL EORIRIZ, HEMHERTHEISIH
TREE Y U T SEAE & I3 BN -, ETEREDERBIZH D L I, HH/H1T
Ry 7 2A%HA7, £7-, EPR MHETIESE S N7 REBIX 5 BT O AL E D 5 35 < (IZHEN
THMBEZERS., BUlS Nz & FARICHERNRIZEED 5 2R, YHENELETH DR 1ITE
LU, ZOZALIIMBDONE XN TWh FIZE BB EET S, LW HEERIZKT 3
Wk Z BA -HB R Z2RRA LU RITNE RSB otz, ZTONEE B -YHEBISL % T¥
PG L LD T8 EFT VER—T =Y a v RIS HEAMBAR B IThh T\ 5,

UD U, REXTIEZ D & 5%, HilliE 2 G € T 2RI 2 HEL T, ZFBN2Y
B EEDHIEIZ & 0 /RO F5 & A — OBIFER LG S5 N 2 Him O FHMEK 217 - 72,

ZDOEMEKRD LT, HERAD Maxwell AFEAD R FALOBRIZBE L 725 LEG &%
Wiz, REHRIIMBEMBIFIZFETS LT, TNZ2IOBRSBEFELGVEFEEINTE
7zo LD U, KX TIIAEFEDHGRD S BRMCEFH I NTWS Z 2IZERL, By
PRONBDARE IR THDH L LT, AEFHEZDH DD XITFHEICHD ANz, £L
T, B—X7 T, B—E 1T, EPRHBEOFEBRZERELSFL TSI 2T, ZEfic
2 DODRBEANDREND BHZEITIE, AEHEDFERTHEIAN T —RT VI Y IVRED
DENC Ko CTIREGZEET 22 %, HERAROHGHEANZL > THS T L,
Z DIRENG O b & FBIN R YBNEEO R T B—E . W AROREE R -
T NPEHT LI LT, THoDFEHPHBENEL S Z 2SN, DA
Rk Fimc—HI 52 2R U7,

EPR HHBEIZ DWW TIEMN G H < REEBHBEINFET 2 2 & 22 U2 EICEd 5
B2 G D THONT WS D [53, 54, 21, 22, 23, 55, 37]. A XD A EFH&E & BB E0Z
KBAHNT—HRT VT Y VOIREGOHBR T, TNoDMEDFIHTEZDLLEZ S,

E7z. ZOZEMD 2 DORENDHEN %, (LFBOSEN BT 2 Z & T, HEBD
1 (HEEL) OBEIFMOEZE, HEHE o OBEIFHEOEZE L X T, HAHDZEM
RO DEDREL D E AN T —RT V¥ ¥ I L DIREIGHIER I NS Z & 250

L7z,
BHIZ, 0 I A NF—IZOWTEANT—RT Uy LVOIREIGIZE D, 6240
LR U. WROEDIFNTIINETH > ZMERKD 0 KX ILVLF—2EHTES
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ZrAERTEHIZ, O MR F—DIED Casimir SR BFHATE B 2R Uz, £
K, THHISHTIE O T AN F—2BMIZG ERTHET 2L VWO EMEHED, 20
& D LHUD BNFEF FEE 70 A TIRIERAT T AEE (BiR) 251WT, 52 ULT
DRFER D 2 BT 5 AC KSR YT HZ L, U LEHEOYHEBIGE LTIk, Z
DETFERIZEWTANAS 7 AEE (B PERTIEZL, F5L LU TORGKS & T
EHEITRENA T ACHY T2 227y —2 UTi#m L 7=,

/2. TOAHT—RT VY v )VORENGH HFIFEDR N Z £ U, 22/ D 7 Elik
FE 1 (EIEL) DG & DEIE co DA ERITINFREZ S, 2 NSO 5 EIE
2725 RENG A E URFMEZ RS, L WO HiREIH S AT L7z,

CDEZZHGL T, R T FEAND—BILIZDOWTIRAR, REEFRITHY T Y5
BEORIMGICEZHCTHRESENR_a— M) VIEHOFRKTH 2 A2 RB L, Z
D— AL TITERESG D & 5 ey — V5% JEvfir — VBIHEHATE 2 LHERIL 7205,
FOEMKMEAEZ KDL Z L IFSBOPETHS, LrL, AEFHEIFTEDL D REGT
HoTHEATRESHRWEETH B,

CORMXDEFTHDANT—RT VY IVOHAIZOWT, YE L EZIZEL T
Maxwell 2% D#EL Ciam U, HZEAVE T2 B THIT 2 BiR 2 BB 72 ) R 52
TEDHIE L UTmRUT=,

BIRIZ, KD Lorentz 7 — ¥ %2 B U 7 A XD Maxwell AR D E¥#RE T(LIZH
WT, AT AR UTO Lorentz 7 — VB EBIRE FJE T HHEEIZDOWTELL,
Lorentz 7 — Y ZHER L7z — V2 ERTEHI L TCIOWH AR TE 2 FHEERELZ,

MERMRINE . R TOFEHRE ZFA— DR EZ 5250, THIEPMED 153 1 ik
DEEERZ 5 Z ks, Bk, & UTYBRKARE ISR (outcome) % &
7 I EAE (reality) ZHW/HAEXRBH THRREINZE DL IXRL D Z OB
R (outcome) ZEHBNRYHIELEIZL > THAT L2 Z LW YWRHETH > 7248, £D
R % BRI & W S FEYHR 2R G (A D reality) ZFELTLE 725D L Bbh
%, HIZIX, 2 (reality) OIRPREN S, BIEDOETEHHE (outcome) ZHEHIT 2 Z
CIIHEETH B, W, BUKERTH S E (outcome) 2 olE, EONPDHFH, T72b5,
FEBIZEZH L TWBEE (reality) DM HAYIOSEIR, Flx 138 - 5EKE (Ao
reality) ZH#EHITE %, KR (5% outcome) DE L TH->TH, AYDJF (reality)
IEMHE—TH 5, EENIZEHIZ 0, Maxwell GRER. HERE K OCHEREARIC L 5 RE
FHED O EEICE NN, ERGEREZ T RO RE Tin e F— DR 2 5 2 5 AH
R IIHERMAIRE VENTWEDIRHS L TH B,

AR ENIX, AEinstein IZ& > THEMIN 2 FMOALTR2IE, REFEDOE
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ADRANZHEK T %, AEinstein AAEJETIR Uil 7= & 512 [5]. /RO EF&miZ. A
HERL D & S IZE BB EIEDRIGZ W THEK I NERETH 5,
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